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GENERAL ABSTRACT

The maintenance of intramuscular creatine (Cr) is important for sustainability of skeletal
muscle mass across the life-course. Creatine transporter (CreaT) is the only known specific Cr
transporter which embedded in the cell membrane as a gate-keeper that transports Cr from
blood into skeletal muscle. The impairments of structure and functions in CreaT will lead to
insufficient intracellular Cr concentration, resulting in the disturbance of cellular energy
homeostasis, metabolic disorders, muscle atrophy and neurological disorders. Impaired energy
homeostasis could also have implications for dysregulated proteostasis, and muscle atrophy.
Maintenance of proteostasis is essential to sustain skeletal muscle mass and therefore vital to
health across the life-course. This is especially important to populations in the context of
musculoskeletal ageing and scenarios of disease/injury. In this regard, detections of tissue
CreaT content may aid the clinical diagnosis of diseases. As such, to understand the CreaT
regulation mechanisms and its role in Cr metabolism can help the development of therapeutic
interventions to improve intramuscular Cr levels and support muscle mass in health and disease.
However, the role of CreaT in modulating Cr metabolism in skeletal muscle remains largely
unexplored. The existing measurement techniques lack precision to fully explain the regulatory
role of CreaT in different physiological scenarios of muscle deterioration. Accordingly,
Chapter 2 of this thesis validated and optimized an immunofluorescence microscopy technique
and provided a more precise approach to identify CreaT protein expression and distribution in
human skeletal muscle. A new method of calculation was designed and developed to identify
CreaT protein intensity in specific sub-cellular regions. By using these developed methods,
Chapter 3 of this thesis investigated whether CreaT distribution and sub-cellular expression is

altered in older age. A sub-set of quadriceps muscle biopsy samples from 6 young and 6 older



healthy individuals were involved in study to identify CreaT content and distribution, Creatine
kinase (CK) and high-energy phosphagens. No significantly difference of CreaT content was
observed between young and older individuals but with a declined concentration of
phosphocreatine (PCr) (P<0.05) in older muscles. CreaT protein localisation was determined
to predominantly distribute at the cell peripheral in both young and old individuals (P<0.05)
but with fibre type specific difference in old individuals. These results demonstrated that Cr
metabolism did alter by ageing, however, CreaT content remains relatively unaffected.
Chapter 4 of this thesis investigated the effect of immobilization on CreaT protein expression
and distribution in human skeletal muscle. The 7-days leg immobilization trial was undertaken
in which 15 healthy young individuals. The results elucidated that 7 days immobilization lead
to a declined muscle isometric strength and fat free mass (P<0.01), in addition with a reduced
type II muscle fibre cross-section area (CSA) (P<0.05). CreaT protein content was greater in
immobilised leg compared control leg (P<0.01). CreaT was mainly distribute at the cell
peripheral in both immobilised and control legs with fibre type specific difference (P<0.01).
These outcomes determined that the greater muscle fibre CreaT expression with immobilization
may have important implications for skeletal muscle energy production during disuse-induced
atrophy and in the recovery of muscle mass upon re-loading.

In conclusion, this thesis provides a novel immunofluorescence approach to investigate CreaT
activities in human skeletal muscle. This developed method provides valuable insight into the
role of CreaT in alteration in intramuscular Cr metabolism across the spectrum of health and
disease. In addition, this thesis enhances our understanding of CreaT protein expression and

sub-cellular localisation in the role of Cr in skeletal muscle physiology.
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Chapter 1

General Introduction




1.1. The Importance of Skeletal Muscle in Humans

Skeletal muscle accounts for approximately 40%-50% of body weight and functions to maintain
posture, aids locomotion, and represents an important nutrient store and metabolic regulator
(45). The architecture of skeletal muscle is exquisitely arranged and muscle mass can be
generally determined by number and size of muscle fibres. Each muscle fibre contains nuclei,
mitochondria, T-tubules, satellite cells, sarcoplasmic reticulum, bundle of myofibrils and is
surrounded by a sarcolemma (105). The sarcolemma is associated with multiple proteins and
physically connects to the internal myofilament, which forms a protein complex. These protein
complexes (principally actin and myosin) play important roles in muscle contraction and
relaxation. Skeletal muscle contains 50-75% of whole body proteins and around 30-50% whole-
body protein turnover (17, 32). Dysfunction of these proteins may result in muscle disorders
that manifest in atrophy (62). Additionally, due to the large amount of skeletal muscle in
proportion to body mass, it is an important site for whole-body metabolic regulation (75).

Theoretically, skeletal muscle mass is reliant on overall protein net balance. The net balance of
muscle protein depends on the processes of protein synthesis and degradation, and both of the
processes are associated with various factors such as nutrient ingestion, hormonal status,
physical activity and disease (7, 136, 165). Muscle strength is important in supporting posture
and movement, which strongly influence activities of daily living. It has been well established
that muscle strength in adults reaches peak levels between 20 and 35 years of age (56) before
gradually declining at an average rate of 6-8% per decade from the fourth or fifth decade of life
onwards (33) (Figure 1.1). The reduction of skeletal muscle mass and strength are commonly
accompanied with increasing risk of disability and mortality (1, 22). Therefore, maintenance of
skeletal muscle mass is vital to maintain physical function, quality of life and health-span. In

addition to the roles defined above, skeletal muscle contributes to amino acid storage and



energy production for muscle contraction. Muscle contraction and cellular activities are mostly

reliant on the production of adenosine triphosphate (ATP) (136).
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Figure 1.1 Changes of muscle mass and strength in lifespan. Muscle strength in adults reach

to the peak levels between 20 and 35 years of age before gradually declining at an average rate

of 6-8% per decade start from the fourth to fifth decade until further (33).

1.2. Human Skeletal Muscle Energy Production

1.2.1 ATP Generation

Muscle contraction requires energy, which is provided by ATP synthesis. There are three
different metabolic reactions that produce ATP to maintain tissue homeostasis and contraction
in human skeletal muscle (60, 167) (Figure 1.2). The first pathway to generate ATP is the

phosphagen system also called ATP - PCr (Phosphocreatine) system or CK-PCr (Creatine



Kinase). This is the fastest pathway to generate ATP via PCr and does not demand the presence
of oxygen (60, 178). The ATP - PCr system works as the predominate energy system, providing
an immediate source of energy to support high intensity exercise lasting ~10 seconds (19).
However, this process is highly reliant on the amount of PCr and ATP storage in skeletal muscle
and may explain why fatigue occurs rapidly. The second reaction is glycolysis, which generates
ATP from blood glucose or muscle glycogen and provides energy to meet the skeletal muscle
requirements from 30 seconds up to 2 minutes of exercise. Glycolysis is thought of as a bridge-
pathway to provide high ATP flux for a limited period between high and moderate exercise
intensities (60, 133). The third pathway is mitochondrial respiration, which generate ATP from
glucose and fat oxidation in mitochondria. During prolonged activity, this oxidative
phosphorylated pathway is the major source of ATP, which is catalysed at the inner and outer
mitochondria membranes via mitochondria creatine kinase (CK-Mt) (87, 178). These three
reactions work individually or combined with each other to continually supply energy to muscle

cells during exercise or maintain cell homeostasis at rest (Figure 1.3).
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Figure 1.2 Human skeletal muscle ATP generation systems. Three pathways involve in a
skeletal muscle ATP generation. During short intensive exercise, skeletal muscle generates
ATP mainly via the anaerobic pathways. Cr is transported into skeletal muscle cells vis its
specific transporter protein CreaT and participate in the phosphagen pathway to generate 1
molecule of ATP by catalysing CK, when the storage of PCr exhausted, glucose becomes
involved in the process of ATP production. Glucose participates in both anaerobic and aerobic
processes to generate ATP. When the oxygen is insufficient, glucose breakdowns into pyruvate
and lactate to generate 2 molecules of ATP. During prolonged exercise, glucose or glycogen
and free fatty acids are the major sources of ATP generation with sufficient oxygen. In this
oxidative ATP generation process, aerobic glycolysis occurs in the cytoplasm to produce ATP

from glycogen where free fatty acids take place in mitochondrial and transform into Acetyl CoA

to enter Krebs cycle to produce ATP 36 molecules of ATP.
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Figure 1.3 Skeletal muscle energy continuum production during exercise and at rest. The

storage of ATP is quickly depleted within 2s. The three energy systems are combined to work

together to replenish ATP to support muscle contractions.



1.2.2. The Phosphagen System

The phosphagen system uses phosphorylated creatine (PCr) to generate ATP at a very rapid
rate. This system typically consists of three reactions. The first reaction is phosphocreatine
together with Adenosine Diphosphate (ADP) and protons (H") to produce ATP and Cr via
creatine kinase (CK) catalysing; the second reaction is ADP producing adenosine
monophosphate (AMP) and ATP by catalysing adenylate kinase (AK); and the third reaction is
the production of AMP via AMP deaminase and, eventually, the production of ammonia (NH4")
(60). The phosphagen system serves three major functions to ensure the efficiency of energy
utilization (167). Firstly, it functions to several physiology processes and plays essential roles
in numerous metabolic activities. Secondly, this system functionally produces AMP which
presents as an effective activator in the phosphorylase process to produce immediate fuel for
glycolysis (87, 174). Thirdly, this system play roles on maintaining the AMP to ADP ratio in
skeletal muscle required to sustain sufficient free energy release during ATP hydrolysis (87).

This mechanism will be illustrated and described in further detail in section 1.4.2.

A number of activities are highly reliant on the phosphagen system due to its advantage in
providing a large amount of ATP rapidly during high intensity exercises. Although the capacity
of total PCr is limited, ~85% of PCr can be resynthesized within 4.5 min (60). The total Cr pool
can be increased by using oral Cr supplementation or other combined supplementation

strategies (37, 66, 72).



1.3. Skeletal Muscle Creatine Synthesis and Metabolism

1.3.1. Creatine (Cr) Homeostasis

Creatine is a non-essential dietary compound and can either be ingested from food or be
produced endogenously (29, 85). Cr comes from the Greek word for ‘flesh’ and was first found
in meat in 1835 (151, 181). Subsequent to this in 1927, PCr was been found to hydrolyse in
skeletal muscle under contraction (181). Cr is mainly synthesized in kidney, liver and pancreas
by using three different amino acids which include arginine, glycine and methionine, catalysed
by two enzymes, L-arginine:glycine amidinotransferase (AGAT) and guanidinoacetate N-
methyltransferase (GAMT) (14). Cr is principally transported to high energy demanded tissues
via blood, such as skeletal muscle (5), and is degraded to creatinine via the kidneys. The daily
excretion of creatinine is ~1-2% (~2g per day) (14, 144). Therefore, dietary Cr consumption is
important to maintain the skeletal muscle Cr pool to support muscle contractile activities and a
stable metabolic homeostasis. The total body Cr pool (Free Cr + PCr) is ~120 -130 mmol/kg
dry mass in human (72, 147). However, the range could fall between 70 and 160 mmol/kg in
different populations (13). In humans, nearly 95% of Cr, of which 60-70% is in the form of PCr
stores (~70 mmol/kg dry muscle) (133) resides in skeletal muscle to maintain intracellular
levels of ATP via PCr degradation and supply energy to all cells in body during exercise (147,
167). The major physiological function of Cr is to buffer the energy concentration in tissue to
meet the high-energy requirement, especially in skeletal muscle and the brain. The full
biosynthesis of Cr is shown in Figure 1.4.

The key function of intramuscular Cr is represented as a temporal energy shuttle (176) to restore
ATP and maintain energetic homeostasis in human skeletal muscle (70). The importance of Cr

is not only reflected as an energy buffer and energy carrier but also play roles in cellular energy



metabolism. In the past two decades, researchers have found that Cr plays a role in preventing
excessive levels of ADP in cells and to control the ration of ADP to ATP. This is important for
the production of oxidative energy in mitochondria. Moreover, Cr is also considered to be an
antioxidant that decreases the damage of oxygen free radicals to cells. Cr aids to buffer cell PH.
This is important especially during high intense exercise. Furthermore, Cr is responsible for

transferring energy from the mitochondria to cytoplasm via variety of different forms of CK

(108).
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Figure 1.4 Cr biosynthesis. Dietary and endogenous Cr transport into skeletal muscle via blood
stream with a specific sodium/chloride depended creatine transporter protein. The endogenous
Cr is firstly synthesised by Glycine and arginine which catalysed by AGAT and process GAA
and Ornithine, GAA then transport to liver through blood. In liver, GAA and S-Adenosyl
methionine catalysed by GAMT to form of Cr. Cr releases to blood stream from live and enters
into skeletal muscle tissues via creatine transporter. About 1-2% of Cr degrade into creatinine

and excrete from muscle cell via urine into kidney.



1.3.2. Creatine Kinase (CK) Activity

The production of ATP via PCr/Cr is a rapid process, which requires enzymes to catalyse the
reaction. CK is the enzyme which catalyse the reversible exchange of high energy phosphate
between PCr and Cr to product ATP and ADP (23). There are at least four CK isoforms
participant in metabolic activities inside body, which are mostly distributed in the skeletal
muscle (CK-MM), in heart muscle (CK-MB), in brain tissue (CK-BB) or mitochondria (CK-
Mt) (10, 174). Each CK isoenzyme has a particular function due to its specific localisation (174,
176), whereas CK-BB is correlated with several brain diseases (150) and CK-MB is related
with some myocardial disorders. CK-MM is mainly bound to myofibrillar protein is the main
source of total CK concentration in serum (23). CK-MM is closely coupled to glycolysis and
generates ATP to maintain muscle tissue activities, impaired CK-MM activities are associated
with muscle dysfunction (10). CK-Mt is closely coupled to the electron transport chain, uses
mitochondrial ATP to resynthesize PCr and has been linked with mitochondrial myopathies
(112).

Functionally, total CK levels are effected by several factors, such as gender (22), age (174),
muscle mass and physical activity (10). Young healthy males have high serum CK levels, which
slightly decrease with ageing (88) (Figure 1.5). Healthy females present lower levels of CK
than males at rest and post-exercise (10). High levels of serum CK after exercise training in
healthy individuals may represent muscle tissue damage and fatigue (23). However, elevated
CK levels present at rest may be a biomarker of clinical diseases (23, 155). Therefore, clinical
measurement of CK activities and characterization of its isoforms have become key predictors
of diagnosing myopathies, risk of cardiovascular diseases (26, 155), neurological disorders (89),

osteoarthritic disorders (6) and obesity (71).
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Figure 1.5 Effect of age on skeletal muscle creatine kinase (CK) activity (88).

1.3.3. Creatine Utilization During Muscle Contraction

Energy is important for cells to complete multiple biological activities and can be sourced from
food. When food enters body, it can be digested into fat, protein and carbohydrate, and all of
these need to be prior converted into ATP and then supply energy to cells (83). Therefore, ATP
can be considered as a medium between food and cellular energy. Whilst cells require ATP to
function, however, the amount of ATP in each cell is limited (15). Therefore, the maintenance
of sufficient ATP is important to sustain cellular biological function during muscle contraction,
especially high intensity exercise.

During moderate intensity exercise, absence of any regeneration, the total amount of
intramuscular ATP is only sufficient to sustain muscle contraction for ~10 seconds (36). ATP
is continuously re-generated to meet the energy requirements of working muscle. Although the
main source of muscle ATP regeneration is derived from the breakdown of fat and glycogen,

ATP regeneration via these pathways requires a longer time than PCr regeneration. Therefore,
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in short duration high-intensity exercise, such as weightlifting or sprinting, the speed of ATP
re-generation from fat and glycogen will not be enough to preserve the energy demand for
continued muscle contraction. In these situations, the energy required is mainly supplied by
high energy phosphagens. Muscle contractions can lead to an immediate increase in
intramuscular ADP concentration, which results in hydrolysis of PCr by CK catalyzation. PCr
is an important high energy phosphate that can be used to quickly replenish ATP. However, the
amount of PCr is limited in skeletal muscle, and is typically depleted during high-intensity
exercise. The reduction of PCr concentration can further result in decreased exercise
performance leading to fatigue (20, 87). ATP can be rapidly re-generated from this reaction
without any oxygen and preserve muscle contraction for approximately 10 seconds. Therefore,
an elevation of intramuscular Cr levels can improve fatigue resistance and endurance capability
during high-intensity exercise. Previous research showed that the Cr supplementation intake
can increase the total Cr pool and, therefore, elevate cellular Cr/PCr concentration. This
elevation can enhance the concentration of PCr and provide more energy to support exercise
contraction during for high intensity, short duration and repeated bound of exercise (140). The
potential roles of Cr and PCr in skeletal muscle metabolism and energy delivery are present in

Figure 1.6
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Figure 1.6 Schematic representation of the potential roles of Cr and PCr in skeletal muscle

metabolism and energy delivery (149).

1.3.4 The Role of Creatine Supplementation

Creatine supplementation has been used as a diary supplement to enhance an athlete physical
performance for over 150 years. Cr supplementation individually or combined with resistance
training enhances skeletal muscle mass and strength gains (34, 157), improves muscle
performance and fatigue resistance (21), enhances cognitive function (8, 124), can prevent
osteoporosis (39, 69), increases muscle cell blood glucose utilization (80, 126) and increases
neuroprotection (1, 92). These ergogenic and health benefits are mainly governed through the
elevation of PCr/Cr storage and its re-synthesis (66, 163) to generate more ATP. This has
previously been observed in a human study which showed the muscle total Cr pool can be

enhanced by ~10%-20% following Cr supplementation (134). The enhancement of
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intramuscular Cr pool may relate to the increased lean muscle mass. In most cases the lean
muscle mass enhancement when resistance exercise is combined with Cr supplementation is
within the range of 1-2 kg (54, 153). The mechanisms through which Cr supplementation
modulates muscle Cr metabolism and function to improve of muscle mass and performance are
yet to be clearly defined. Based on previous findings, this increased muscle mass/size is
potentially due to stimulation of muscle protein synthesis (48), inhibition of muscle protein
breakdown (32) or augmented water retention (86, 121). It has been reported that the increased
muscle mass after Cr supplementation is related to the enhanced number of muscle satellite
cells and cell nuclei (45, 114). Basically, the nucleus is a fundamental cellular component,
which contains DNA (deoxyribonucleic acid). Muscle cells contain a number of nuclei and
associate with muscle size (95). Satellite cells (SC) play a "navigation" role and
distribute between sarcolemma and the basal membrane. When resistance training can result in
a muscle damage, the SC will proliferate (i.e. multiple SC’s). These new SC enter the
cytoplasmic matrix and then begin to form new muscle fibers and additional nuclei. This
potential mechanism was reported by Olsen, et al. (2006), who showed that Cr supplementation
in combination with resistance training lead to a greater increase in the number of skeletal
muscle SC and myonuclei concentration than resistance exercise alone (114). Although,
conflicting findings exist to suggest that Cr supplementation may not improve muscle
performance, strength, bone mineral content (98, 128), this may be explained by the dosage and

duration Cr supplementation, or even potentially the variable baseline Cr status of muscle (32).
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1.4. Role of Creatine in Skeletal Muscle Protein Turnover

1.4.1. Cellular Signaling Association with Skeletal Muscle Protein Turnover

Skeletal muscle mass is highly related to the net balance of muscle protein synthesis (MPS) and
muscle protein breakdown (MPB) (64, 142). It has been well determined that skeletal muscle
mass can be changed rapidly due to variety of stimulating factors, such as amino acids/protein
intake, physical activities and nutrient availability (21). Previous research showed that amino
acids/ protein ingestion can increase the amounts of substrate and signal for MPS, whereas other
constituents of meals such as carbohydrate stimulate a slight inhibition of MPB (67, 76). These
processes result in a positive net balance between MPS and MPB and overall muscle protein
accretion. In addition to dietary consumption of amino acid/protein, muscle contraction
(physical activities) induced muscle repair/regeneration is another stimuli of muscle protein
turnover, especially following resistance exercise (RE) (59).

The Mammalian Target of Rapamycin (mTOR) which consist of two complexes (mTORC1
and mTORC?2) is a key regulator of MPS (77, 136). This pathway is sensitive to amino acid
(AA), cellular energy levels and growth factors and plays a key role on the regulation of protein
translation and cell growth (90) in response to different types of mechanical stimulation (64).
Whereas mTORC?2 is sensitive to insulin and plays important role on regulating cytoskeleton,
cell survival and insulin sensitivity (59, 90). To date, several target proteins has been well
determined to involve in the regulation of mTOR signaling activity. One of the downstream
targets of mTOR is the ribosomal protein S6 p70 Kinase 1 (p70S6K1) which, together with a
upstream target Protein Kinase B (PKB or Akt), forms the Akt-mTOR-p70S6K signaling axis,
which is involved in protein translation of mRNA (127, 183) and cell growth (90). The

phosphorylation of S6K1 activates its kinase capacity and mediates phosphorylation of
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ribosomal protein S6 to activate protein translation (76). Previous research from animal
knockout models has elucidated that S6K1 is a key regulator of muscle hypertrophy. Another
well-known mTORCI target is the eukaryotic initiation factor 4E binding protein 1 (4E-BP1)
(110, 125). This protein is inhibited and modulated by mTORC1 signaling pathway to suppress
the translation initiation cap binding protein elF4E. Intensive resistance exercise elevates 4E-
BP1 phosphorylation and reduces the binding of 4E-BP1 and elF4E, resulting in greater rates
of translation initiation (52, 65). Alternatively, the Akt signaling pathway can modulate pro-
line Akt substrate 40 kDa (PRAS40) function and may play a role in the inhibition of mTORC1
signaling (50). Ultimately, as MPS is a high energy demanding cellular process, it is not
surprising that specific regulators exist to modulate mTOR signaling. Indeed, it is well
described that mTORCI1 signaling is repressed by AMP (Adenosine monophosphate)-activated
protein kinase (AMPK) through the elevation of Tuberous Sclerosis Complex 2 (TSC2) activity

(107).

1.4.2. Sensors of Cellular Energy Status

AMPK is an intracellular energy sensor and plays key roles in the regulation of anabolic and
catabolic cellular processes and the modulation of exercise-induced adaptation (82, 143).
AMPK responds to decreased cellular energy status and is activated in response to metabolic
changes (164) in order to sustain energy homeostasis (31, 120). Protein synthesis requires four
high-energy phosphates per peptide bond during the translation process (170). AMPK can move
to the nucleus and modulate transcription status to promote energy production and meet cellular
energy requirements (180). Alternatively, AMPK may also be involved in transport activity to

modulate energy status (18).

15



Skeletal muscle AMPK signaling is activated in response to an increase in the ratio of
AMP:ATP (120) that follows a reduction in ATP concentration (182). Activated AMPK
signaling can inhibit cellular energy consuming processes, such as MPS (57, 182). It has also
been demonstrated that the AMPK pathway can modulate glucose levels via glucose uptake
processes. This indicates a potential association between AMPK and glucose transporter
(GLUTA4) activity (82), which is a key membrane transporter in skeletal muscle. GLUT4 plays
a role in the transport of glucose into skeletal muscle in response to insulin production,
mechanical loading and metabolic changes, thereby altering cellular energy status (135).
Previously, Cr supplementation has been shown to increase resting muscle glycogen stores (9)
and enhance muscle cell glucose utilization (80, 126) in human skeletal muscle. Cr participates
in the energy production process together with glucose and mitochondria to generate ATP and
meet cellular energy demands. Taken together, intramuscular Cr likely interacts with the other
energy production systems to modulate intercellular energy homeostasis. As an energy
modulator, AMPK responds to all the changes in energy status and, therefore, may also play
roles in regulating intracellular Cr concentration via Cr uptake processes and may potentially
up-regulate creatine transporter expression (CreaT) expression in skeletal muscle. Indeed,
previous research showed that an elevation of intramuscular Cr: PCr ratio induced an activation
of AMPK phosphorylation (99, 119). However, Cr or PCr concentration alone may not affect
AMPK activity (120). Finally, AMPK has been shown in different levels of activation in
different muscle fibre types (94). Specifically, Kirstensen et al. (2015) determined divergent
AMPK responses accompanied different ratios of Cr: PCr in response to various types of
exercise. Whereas the Cr: PCr ratio increased to a greater extent after interval (1.5 min cycling
with 2.5 min interval) cycling exercise at ~100% Vozpeak compared with 30 min of continuous

cycling exercise at ~70% of Voopeak (28%) (94). The expression of Human skeletal muscle
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a2B2y3 AMPK complexes is lower in Type I fibre compared with Type II fibre (94). Due to
the different pattern of fibre recruitment with different exercise forms, the different levels of
AMPK expression may be associated with the intramuscular Cr uptake processes. To consider
the function of CreaT protein in Cr metabolism, AMPK may play roles in regulating Cr uptake
via modulation of CreaT expression, which has important implications for skeletal muscle
energy metabolism, especially during intensive exercise. The potential signaling pathways of

the interaction between cellular energy sensor status and Cr are displayed in Figure 1.7.

Cr supplementation
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Figure 1.7 Cellular signaling of energy sensor status and hypertrophy signaling. Following Cr
supplementation, Cr is transported into skeletal muscle cell via CreaT protein and results in an
increase of the ratio of Cr: PCr. High-intensity resistance training increases the ratio of Cr:
PCr by decreasing PCr concentration and activating AMPK signaling to generate energy. P13-
K: Phosphoinositide 3-kinase; Akt: Protein kinase B; PRAS40: Proline-rich AKTI substrate 1,
P70SK. P70-S6 Kinase 1; TSC2: Tuberous Sclerosis Complex 2; Rheb: Ras homolog; mTOR:

The mammalian target of rapamycin; 4E-BP1: Eukaryotic translation initiation factor 4E-
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binding protein 1; GLUT4. Glucose transporter type 4, AMPK: 5' adenosine monophosphate-
activated protein kinase; PGC-la: Peroxisome proliferator-activated receptor gamma

coactivator I-alpha; TBCID1: TBC1 Domain Family Member 1.

1.4.3. Interactions Between Creatine and Skeletal Muscle Protein Turnover

As mentioned in section 1.3.4, the enhancement in muscle mass with Cr supplementation during
resistance training may be due to an augmented MPS response. This point of view has been
reported in a number of studies, which showed Cr supplementation interacts with the proteins
involved in the mTOR signaling pathway. Deldicque et al. (2005) reported that 5 days of high
dosage (20g/day) of Cr supplementation intake combined with high intensity resistance
exercise resulted in significant increases in 4E-BP1 phosphorylation in skeletal muscle (48).
Burke et al. (2004) showed that 8 weeks of Cr supplementation in combination with resistance
exercise increased intracellular insulin-like growth factor-1 (IGF-1) content by 67% (47). This
was supported by Snow et al. (2008) and reported the Cr supplementation (0.4g/kg Cr + 0.4g/kg
glucose) in combination with 65% Voozpeak cycling exercise, led to the phosphorylation of
proteins in the Akt signaling pathway (148). Safdar et al. (2008) reported that a short-term Cr
supplementation increased Akt content (132). As mentioned in section 1.4.3, AMPK signaling
is activated by alterations in the intramuscular Cr: PCr ratio. Cr supplementation has greater
ability to increase cellular PCr levels than free Cr (53, 120). This unbalanced elevation result
in an increased Cr: PCr ratio which may therefore activate AMPK signaling pathway and

modulate mTOR signaling.
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1.5. Creatine Transporter in Skeletal Muscle Cells

1.5.1. SLC6 Family and Creatine Transporters in Human

To date, creatine transport has been assigned to two different transporters; 1 and 2 (CreaT1 and
CreaT?2). It has been well studied that CreaT]1 is associated with the SLC6A8 gene and mainly
distributes in high energy demanding tissue such as the brain, heart and skeletal muscle.
Whereas, CreaT2 found in kidney and retina (177). CreaT is one of the members in SLC6
family, particular in the y-aminobutyric acid (GABA) transporter catalogue. All SLC6 members
transport sodium/chloride ions together with their organic substrate to across cell membranes
(130). In many cases, translocation of amino acids is against their concentration and coupled
with transmembrane ion gradients. These ions can provide the energy to aid Cr access into
muscle cells (129). The SLC6 family are tightly regulated by the interaction of other proteins
(27), which leads to changes in transporter localisation. The changes of transporter localisation
may occur via two potential mechanisms: firstly, binding with other proteins can result in
movement of the transporter from intracellular membranes to cell surface; secondly, binding
with other proteins can lead to stabilization and retention of the transporters at the cell surface

(27, 49). The mechanism of membrane transport system is displayed in Figure 1.8.
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Figure 1.8 Access mechanism of membrane transporters. The transporters work as a shuttle to

transport substrate from extracellular space to the cytoplasm (93).

1.5.2. The Role of CreaT in Cr Metabolism

CreaTl (referred as CreaT) is currently the only known transporter protein of Cr, and is
characterised as a highly-specific, saturable sodium/chloride (Na*/Cl) gradient-dependent
protein (146, 158), predominantly located at the sarcolemmal membrane in skeletal muscle.
CreaT activity is important for skeletal muscle Cr uptake and metabolism (17). Indeed, muscle
myopathies characterised by diminished intramuscular Cr and PCr have been linked to CreaT
dysfunction (78, 159, 162). Similar to the function with other SLC6 transporter family members
(38), CreaT activation is correlated with several different elements, such as extracellular and

cytosolic Cr levels and the concentration of electric ions (117).
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It has been well established that Cr uptake is a saturable process (167). In human skeletal
muscle, the size of the Cr pool is relatively constant, whereas a reduction in intramuscular Cr
concentration is associated with an increased content of CreaT protein (43, 146). Cr
supplementation leads to a noticeable elevation of plasma Cr levels (147), and has been reported
to significantly increase intramuscular TCr concentration. However, this elevation is not
accompanied by altered CreaT mRNA and protein content in human skeletal muscle (158). As
a specific transporter of Cr, CreaT protein expression should logically associate with cellular
Cr/PCr levels. However, these divergent results indicate that other factors may affect the Cr
uptake process. CreaT protein activity is highly associated with the electrochemical gradients
Na" and CI". Cr requires 2 Na* ions to drive the energy force to enter muscle cells (24). An
insufficient concentration of ions potentially results in low Cr uptake kinetics via CreaT protein
(3). A previous study found a replacement of NaCl gradient by a potassium or lithium chloride
gradient in the sarcolemmal vesicles, completely abolished Cr transport (177) (Figure 1.9).
Nevertheless, it has been demonstrated that CreaT needs only a relatively small portion of ions
to enter muscle cells (25).

Recent research has indicated that skeletal muscle is able to synthesize very little Cr
endogenously. Several studies have used CreaT knockout mice to investigate the contribution
of CreaT to Cr uptake and muscle metabolism. in CreaT knockout mice, Skelton et al. (2011)
identified reduced total body weight, undetectable brain and skeletal muscle Cr concentration,
decreased heart, serum and testes Cr levels. Interestingly, the reduction in Cr content was not
present in all organs of CreaT knockout mice, in particular the kidney which is the primary
location of Cr synthesis (141). In line with Skelton’s study, Russell et al. (2014) demonstrated
a reduction of Cr content in CreaT knockout mouse model (131). This result suggest that

skeletal muscle itself may able to produce a small amount of Cr endogenously (131). However,
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the amount of Cr in CreaT knockout mice is insufficient to support normal tissue activities.
Collectively, CreaT knockout mouse studies demonstrate that the essential and critical pathway
for creatine transport is via its specific CreaT transporter. CreaT is therefore an irreplaceable
component of Cr metabolism, with the absence of CreaT resulting in a decrease in TCr, PCr
and ATP content as well impaired muscle mass and function.

In skeletal muscle, the distribution of CreaT protein content occurs in a fibre-type specific
manner, with data demonstrating that the soleus and red gastrocnemius (greater proportion of
Type I fibres) contain ~2-3 greater CreaT content than the white gastrocnemius muscle (greater
proportion of Type II fibres) (146). These data suggest that Type I fibres may contain more
CreaT than Type II fibres, a finding that has been confirmed in human muscle (109). Although,
other potential signalling proteins, such as mTOR, AMPK, SGK1 (serum and glucocorticoid-
regulated kinase 1 and), PGC- la and PGC-1 B (Peroxisome proliferator-activated receptor
gamma coactivator l-alpha, 1-gamma) (30, 139) have been suggested to modulate CreaT
mRNA, protein expression and activity, the potential inhibition and stimulatory factors
involved in CreaT molecular biology (from transcription to translation) are yet to be well

understood.
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Figure 1.9 Effect of ions in Cr transport procedure. Cr transport is considerably diminished
when uptake buffers containing ions other than CI were used. Exchange of Na* lead to a

significant loss of Cr transport activity (177).

1.5.3. Capillary Recruitment in Skeletal Muscle

Blood vessels are an important part of the circulatory system, transporting blood throughout
body. There are three main types of blood vessels, including arteries, capillaries and veins. The
arteries export blood from heart, capillaries exchange water and chemicals between cell tissues
and blood and the veins return the blood from the capillaries to heart. Nitric oxide (NO) is a
small gaseous and lipophilic molecule which involves in various biological processes as an
universal mediator, such as neurotransmission via different pathways (40, 63, 169). Endothelial
nitric oxide synthase (eNOS) is an enzyme which participants in the synthesis of nitric oxide
(NO) and predominantly activate the generation of NO in the vascular endothelium
(58). Skeletal muscle is perfused by a complex network of capillaries, delivery oxygen and
substrates to working cells, simultaneously eliminating metabolic wastes. Cr are transported to
high energy demanded tissues via this blood vessels network. Previous studies reported that Cr
uptake displayed at conditionally immortalized mouse brain capillary endothelial cells (TM-
BBB), which is Na* and C1~ dependent (113). CreaT is expressed in TM-BBB cells and isolated
mouse brain micro-vessels (113). Furthermore, high expression of CreaT was observed in the
mouse brain capillaries by confocal immunofluorescent microscopy (113). Additionally,
GABA transporter were reported to localize at blood-brain barrier (BBB) (156). These results
imply that CreaT plays an important role in supplying Cr with a high efficiency of Cr transport

at blood—tissue junctions.
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1.6. Impaired Creatine Metabolism in Disease

Cr homeostasis is influenced by several factors, such as endogenous Cr synthesis and
degradation, dietary Cr ingestion and the efficiency of Cr uptake in tissues. Impaired Cr
hemostasis is associated with various type of diseases, which especially affect the functions of
high-energy demand organs, such as the brain and skeletal muscle. Insufficient Cr will cause
an abnormal energy homeostasis and disturbed cellular functional. Endogenous Cr deficiency
disorders are induced by mutation in AGAT, GAMT and SLC6AS (51). These patients typically
suffer from intellectual disabilities, a delay of language development, mental retardation and
behavioural abnormalities (137). GAMT deficiency and AGAT deficiency can be treated by Cr
supplementation (55). Whereas, SLC6AS deficiency is thought to be difficult or impossible to
treat with Cr supplementation (123). This is due to the important function of CreaT in Cr

metabolism, with the loss of this transport carrier resulting in a barrier to Cr entry into cells.

Despite mutation-related deficiency disorders, myopathies also interact with abnormal Cr
homeostasis (160). Patients suffering from myopathies such as Hereditary muscle disease,
Duchenne muscular dystrophy (DMD), Becker muscular dystrophy (BMD), spinal muscle
atrophy (SMA), or diabetic myopathy suffer from progressive weakness by impaired energy
regulation, leading to contractile failure (i.e., mitochondrial myopathy, McArdle’s disease)
(159, 161). In addition, Tarnopolsky et al. reported reduced CreaT mRNA and possibly protein
content in myopathies compared with a healthy population (162). Furthermore, DMD disturbs
homeostatic concentration of ions (177), as the function of the CreaT protein is highly
dependent on the concentration of the sodium and chloride gradient. Impaired ion homeostasis
may reduce Cr uptake rates and therefore decrease the intramuscular TCr pool. Other

neurological disorders such as Parkinson’s disease and Alzheimer’s disease have been reported
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to associate with abnormal Cr metabolism (160). This is not surprising, as Cr functions to
energy generating processes to sustain cellular activities. Overall, balanced Cr metabolism is
important for patients suffering from different diseases to attenuate the loss of muscle mass and

functional disability, and this appears to be highly dependent on CreaT expression and activity.

1.7. Muscular Ageing and Disuse

1.7.1. Ageing-Induced Changes in Skeletal Muscle

Ageing-related loss of skeletal muscle mass and strength (terms as sarcopenia) leads to a
reduction of muscle function and performance, increased risk disability and mortality (42, 104).
Currently, these aged-related skeletal muscle changes impact over 50 million people and for
the next 30 years will rise dramatically, affecting more than 200 million people worldwide (44,
96). The predicted climate of geriatric syndromes will place a significant stress on our
healthcare resources (5). As such, the development of appropriate therapeutic interventions to
counteract age-related musculoskeletal deterioration is paramount. Previous studies found that
the age-related loss of muscle mass occurs relative of fibre-specific changes (111, 122), with a
reduction in total number of both Type I and Type II fibres and a predominant atrophy of Type
II fibres (122, 138). Type Il muscle atrophy in ageing results in lager percentage of slow twitch
Type I muscle, as evidenced by slower contraction times in older muscle (138).

Aged-related loss of muscle mass reflects a progressive decline in anabolism and increase in
catabolism, alongside with a reduced muscle regenerative capacity (111). Previous studies have
highlighted that there are several potential mechanisms that drive sarcopenia progression,
which include impairments in MPS (179), alterations of nutrition intake (83, 101), hormonal

impairments (111), inflammatory changes (111) and reductions in physical activity (16, 68,
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179). Loss of muscle mass is in response to negative energy balance are due to the imbalanced
rate of MPS and MPB (41, 83). Previous studies showed that MPS declines by ~30% with
ageing (68), whereas almost no changes of MPB (11), which lead to negative net balance of
protein turnover. Imbalanced protein turnover will disrupt protein homeostasis, which refers
to proteostasis. Proteostasis is generally related to the location, conformation, and turnover of
individual proteins (12). Impaired proteostasis result in the accretion of damaged proteins. In
skeletal muscle, accretion of these damage protein could result in the reduction of quantity and
quality of contractile proteins. Protein turnover is important to sustain muscle proteome.
Improvement of proteostasis is associated with the increased net balance of protein turnover.
This improvement is achieved by regeneration new, functional proteins and degrading damaged
proteins. Protein turnover is a high energy-consuming process (127, 143). Protein synthesis
requires 12-72 ATP molecules for each amino acid to be synthesised (12), whereas the
energetic cost of protein breakdown has yet to be clearly understood. Nonetheless, in order to
meet the energy requirement of protein turnover, a consistent source of energetic production is
fundamental to sustain proteostasis.

Cr supplementation has been shown to augment muscle mass and strength with ageing and
other diseases, with well-defined benefits for skeletal muscle performance and the health of
other tissues, such as the brain (35, 144). Intracellular Cr levels in older individuals are ~25%
lower than younger adults (28, 145). Generally, individuals with lower intramuscular TCr
concentrations display a greater ability to enhance intracellular Cr with supplementation (72).
Therefore, it is logical to expect that older adults (with lower intramuscular TCr) could expect
a significant benefit from Cr supplementation combined with resistance exercise than younger
individuals (with higher intramuscular TCr). Indeed, a 12-week resistance training study in

older adults showed an enhancement of lean muscle mass accretion with Cr supplementation
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(118). Similarly, Tarnopolsky reported a significant increase in fat-free mass and muscle
strength following 6 month resistance exercise combined with Cr supplementation with in older
men and women (65-85 yrs) (157). Brose et al reported that a combination of Cr
supplementation and resistance exercise enhanced intramuscular PCr and TCr concentration,
fat-free mass, isometric knee extension strength and muscle function in older men and women
following 14 weeks intervention (28). The mechanisms through which Cr supplementation
augments resistance exercise-induced skeletal muscle remodeling and enhances cellular Cr
concentration have yet to be fully understood. In skeletal muscle, the Cr-PCr system has been
shown to transfer high-energy phosphates from mitochondria to cytoplasm via various types of
CK (4, 108). This is the major contributor to meet energy requirement of muscle contraction,
as the regeneration of PCr will increase ADP concentration for mitochondrial respiration (175).
Increased cellular Cr concentration after Cr supplementation intake may provide sufficient Cr
and increase the capability of energy transfer from mitochondria to working tissues. Therefore,
this may explain the beneficial effects of Cr supplementation in supporting skeletal muscle
mass remodeling with exercise training. As CreaT is currently the only known transporter
protein of Cr and appears to be essential in skeletal muscle Cr uptake and metabolism (17),
alterations of CreaT may have implications for aged-related muscle loss via maintenance of

proteostasis.

1.7.2 Disuse-Induced Muscle Atrophy

Muscle atrophy is initiated by several causes, including progressive ageing (81, 154), muscle
disuse (173) and disease (152). Loss of muscle mass leads to a reduction in muscle strength and
function. Short periods of muscle unloading (i.e. during hospitalization or immobilization)

results in a considerable loss of skeletal muscle mass and strength, which is generally
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accompanied by a lengthy recover time following re-ambulation, a higher risk of injury and
impaired metabolic health (97, 168). Therefore, short periods of immobilization have important
clinical relevance, and effective strategies are required to attenuate the loss of muscle mass and
function during short periods muscle disuse.

Evidences suggests that disuse-induced muscle atrophy is potentially due to a negative net
balance of muscle protein turnover (171). The mechanical unloading of skeletal muscle
significantly impairs cellular homeostasis, which result in an initiation of muscle remodelling
processes (171). Previously, it has been demonstrated that just 5-days of leg immobilization
diminished fasted and fed-state MPS rates in healthy young individuals. Accordingly, it is clear
that disuse induced skeletal muscle atrophy in humans is driven by diminishing of both
postabsorptive and postprandial MPS (77, 116). In contrast to the impairment of MPS during
muscle disuse, the role of MPB in disuse induced atrophy is unclear. Studies have suggested
that MPB does not change during prolonged bed rest (116, 171). Furthermore, others have
suggested that the changes in muscle protein turnover may occur rapidly after the onset of
disuse (i.e. the first few days) whilst the muscle attempts to restore homeostasis (171).
Short-term disuse-induced muscle atrophy is accompanied with reduction of high-energy
phosphagens in muscle (79, 106). Cr supplementation has been shown to attenuate the reduction
of intramuscular PCr concentration during seven days of cast-immobilization (61), in line with
suggestions that Cr supplementation may counteract muscle atrophy during disuse (91). Several
studies even suggest that Cr supplementation may potentially be more effective in scenarios of
disuse (73) and disease (100, 103) induced muscle deterioration. Specifically, Johnston et al.
showed that Cr supplementation protected muscle mass and strength compared with a placebo
with 21 days of immobilization in humans (84). In rats, Aoki et al. also reported that 14 days

of Cr supplementation (5g/kg over 7 days prior-to and during 7 days of immobilization)
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attenuated the loss of muscle mass in soleus and gastrocnemius muscles in rats (102).
Collectively, these findings lend support to the effectiveness of Cr supplementation as a strategy
to protect against disuse-induced muscle deterioration. Furthermore, it is apparent that
alterations in intramuscular Cr and/or PCr may play a role in disuse-induced muscle atrophy.
However, the relative mechanistic link between alterations in muscle morphology and Cr
metabolism during disuse are yet to be understood. As a specific transporter of Cr, CreaT
expression and sub-localisation may have implications for disuse-induced muscle atrophy.
Specifically, muscle unloading results in a declines in energy requirements and appetite/hunger
(172). One hypothesis is that low cellular energy status during disuse may initiate AMPK
signaling as a means to preserve cellular ATP and energy homeostasis (18, 180), but also inhibit
the mTOR signalling pathway. In support of this notion, Darrabie et al. reported that AMPK
activation increased the amount of CreaT protein localisation at the cell surface in
cardiomyocytes (46). Furthermore, Cr supplementation has been shown to increase cellular
energy status and decrease glycolysis via inhibition of AMPK pathway in chicken pectoralis
muscle (184). On the basis of the existing evidence, alterations in cellular energy status appear
to be associated with AMPK activation. Therefore, CreaT expression and distribution may

implicated in muscle atrophy during disuse events.
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1.8. Overview and Knowledge Gaps

CreaT is integral for Cr entry into skeletal muscle cells and plays key roles in regulating cellular
Cr metabolism. As a part of energy generation system, sufficient Cr is essential to maintain
energy homeostasis (either independently generates ATP or interact with mitochondria and
glucose to generate ATP). It has been well established that a number of cellular metabolic
processes require a large amount of energy, including muscle protein turnover. A negative net
balance of protein turnover leads to the reduction of muscle mass, with implications for strength,
function and numerous comorbidities. Therefore, the maintenance of intramuscular Cr is
important for sustainability of skeletal muscle mass across the life-course. Loss of skeletal
muscle can be initiated by various reasons, such as progressive ageing and disuse (i.e. during
illness or injury) and disease. Muscle atrophy conditions are associated with the decline in
intramuscular high energy phosphagens, whereas Cr supplementation has the potential to
increase muscle mass and strength in the elderly and attenuate disuse-induced muscle atrophy.
Collectively, the weight of evidence supports the key role of Cr metabolism in the maintenance
of muscle health. As such, investigations of CreaT protein expression and sub-cellular
localisation are vital in order to enhance our understanding of the role of Cr in skeletal muscle
physiology. Alterations in CreaT may explain muscle deterioration in conditions of ageing and
disuse atrophy, and therapeutic interventions to support muscle health may well need to be
targeted to CreaT. However, the role of CreaT in modulating Cr metabolism in skeletal muscle
remain largely unexplored. To date, measurements of CreaT have been conducted through
traditional methods to determine gene expression (mRNA) and protein content in muscle
homogenates, or relatively basic microscopy techniques. As CreaT protein only functions at
cell membrane, existing measurement techniques may lack of precision to fully explain the

regulatory role of CreaT in different physiological scenarios of muscle deterioration.
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1.9 Aim and Hypotheses

Based on the established knowledge gaps, the first aim of this thesis was to develop a
sophisticated immunofluorescence microscopy technique to study CreaT expression and
localisation in human skeletal muscle (Chapter 2). We hypothesized that our newly developed
technique would reveal more accurate information on skeletal muscle CreaT than previous
studies including, for the first time, data to show that CreaT co-localized predominantly to cell
membranes. By using this newly developed immunofluorescence microscopy technique, the
second aim of this thesis was to investigate the CreaT expression and sub-cellular localisation
in skeletal muscle from healthy young and older individuals (Chapter 3). We hypothesized that
skeletal muscle CreaT protein expression would be reduced in aged skeletal muscle, particularly
at the cell periphery, thereby offering a potential explanation for age-related differences in Cr
metabolism. The third aim of this thesis was to investigate the effect of immobilization on
CreaT protein expression and sub-cellular localisation in human skeletal muscle (Chapter 4).
We hypothesized that, alongside reductions in muscle mass and strength, CreaT protein
expression and localisation at the cell periphery would be lower in muscle that had undergone
7-days of immobilization compared with the contralateral non-immobilized control limb, allied

to observations from others that disuse results in a diminution of muscle PCr.

31



1.10. Reference

1. Adriano E, Garbati P, Salis A, Damonte G, Millo E, Balestrino M. Creatine salts
provide neuroprotection even after partial impairment of the creatine transporter.

Neuroscience 340: 299-307, 2017.

2. AKkki A, Yang H, Gupta A, Chacko VP, Yano T, Leppo MK, Steenbergen C,
Walston J, Weiss RG. Skeletal muscle ATP kinetics are impaired in frail mice. Age

(Omaha) 36: 21-30, 2014.

3. Allen DG. Skeletal muscle function: Role of ionic changes in fatigue, damage and

disease. Clin Exp Pharmacol Physiol 31: 485-493, 2004.

4. Allen PJ. Creatine metabolism and psychiatric disorders: Does creatine supplementation

have therapeutic value? Neurosci Biobehav Rev 36: 1442-1462, 2012.

5. Ambrose AF, Paul G, Hausdorff JM. Risk factors for falls among older adults: A

review of the literature. Maturitas 75: 51-61, 2013.

6. Article O. Levels of C-reactive protein, creatine kinase-muscle and aldolase A are
suitable biomarkers to detect the risk factors for osteoarthritic disorders: A novel

diagnostic protocol. 10: 25-35, 2019.

7. Atherton PJ, Wilkinson DJ, Smith K, Lund JN, Phillips BE, Mitchell WK. Human
Skeletal Muscle Protein Metabolism Responses to Amino Acid Nutrition. Adv Nutr An

Int Rev J 7: 828S-838S, 2016.

8. Avgerinos KI, Spyrou N, Bougioukas KI, Kapogiannis D. Effects of creatine
supplementation on cognitive function of healthy individuals: A systematic review of

randomized controlled trials. Exp Gerontol 108: 166—173, 2018.

32



10.

11.

12.

13.

14.

15.

16.

B. Op ’t Eijnde, B. Ursoa, E.A. Richter, P.L. Greenhaff and PH. Effect of Oral
Creatine Supplementation on Human Muscle GLUT4 Protein Content After

Immobilization. Diabetes 50, 2001.

Baird MF, Graham SM, Baker JS, Bickerstaff GF. Creatine-kinase- and exercise-
related muscle damage implications for muscle performance and recovery. J Nutr Metab

2012, 2012.

Balagopal P, Schimke JC, Ades P, Adey D, Nair KS. Age effect on transcript levels
and synthesis rate of muscle MHC and response to resistance exercise. Am J Physiol

Endocrinol Metab 280: E203-208, 2001.

Balch WE, Morimoto RI, Dillin A, Kelly JW. Adapting proteostasis for disease

intervention. Science (80-) 319: 916-919, 2008.

Balsom PD, Séderlund K, Ekblom B. Creatine in Humans with Special Reference to

Creatine Supplementation. Sport Med 18: 268-280, 1994.

Barcelos RP, Stefanello ST, Mauriz JL, Gonzalez-Gallego J, Soares FAA. Creatine
and the Liver: Metabolism and Possible Interactions. Mini-Reviews Med Chem 16: 12—

18, 2016.

Barclay CJ. Energy demand and supply in human skeletal muscle. J Muscle Res Cell

Motil 38: 143-155, 2017.

Beaudart C, Dawson A, Shaw SC, Harvey NC, Kanis JA, Binkley N, Reginster JY,
Chapurlat R, Chan DC, Bruyére O, Rizzoli R, Cooper C, Dennison EM, Adib G,
Brandi ML, Chevalley T, Clark P, Dawson-Hughes B, El Maghraoui A, Engelke K,
Fielding R, Foldes AJ, Gugliemi G, Kaufman JM, Larijani B, Lems W, van Loon

LJC, Lyritis GP, Maggi S, Masi L, McCloskey E, Messina OD, Papaioannou A,

33



17.

18.

19.

20.

21.

22.

23.

24.

Szulc P, Veronese N. Nutrition and physical activity in the prevention and treatment of

sarcopenia: systematic review. Osteoporos Int 28: 1817-1833, 2017.

Bennett SE, Bevington A, Walls J. Creatine and creatinine metabolism. Miner

Electrolyte Metab 18: 192—195, 1992.

Bernardi H, Raibon A, Sanchez AMJ, Candau RB, Csibi A, Pagano AF. The role of
AMP-activated protein kinase in the coordination of skeletal muscle turnover and energy

homeostasis. Am J Physiol Physiol 303: C475—C485, 2012.

Bogdanis GC, Nevill ME, Boobis LH, Lakomy HK. Contribution of phosphocreatine
and aerobic metabolism to energy supply during repeated sprint exercise. J Appl Physiol

80: 876884, 1996.

Bogdanis GC, Nevill ME, Boobis LH, Lakomy HK. Contribution of phosphocreatine
and aerobic metabolism to energy supply during repeated sprint exercise. J Appl Physiol

80: 876884, 2017.

Bonilla DA, Moreno Y. Molecular and metabolic insights of creatine supplementation

on resistance training. Rev Colomb Quimica 44: 11-18, 2016.

BORGES O, ESSEN-GUSTAVSSON B. Enzyme activities in type I and II muscle
fibres of human skeletal muscle in relation to age and torque development. Acta Physiol

Scand 136: 29-36, 1989.

Brancaccio P, Maffulli N, Limongelli FM. Creatine kinase monitoring in sport

medicine. Br Med Bull 81-82: 209-230, 2007.

Brault JJ, Abraham KA, Terjung RL. Muscle creatine uptake and creatine transporter
expression in response to creatine supplementation and depletion. J Appl Physiol 94:

2173-2180, 2003.

34



25.

26.

27.

28.

29.

30.

31.

32.

33.

Brault JJ, Terjung RL. Creatine uptake and creatine transporter expression among rat

skeletal muscle fiber types. AJP Cell Physiol 284: C1481-C1489, 2003.

Brewster LM. Creatine kinase: how an obsolete test for skeletal muscle disease became

a risk factor for hypertension. J Pediatr 190: 291, 2017.

Broer S, Gether U. The solute carrier 6 family of transporters. Br J Pharmacol 167:

256-278,2012.

Brose A, Parise G, Tarnopolsky MA. Creatine Supplementation Enhances Isometric
Strength and Body Composition Improvements Following Strength Exercise Training in

Older Adults. Journals Gerontol Ser A Biol Sci Med Sci 58: B11-B19, 2003.

Brosnan ME, Brosnan JT. The role of dietary creatine. Amino Acids 48: 1785-1791,

2016.

Brown EL, Snow RJ, Wright CR, Cho Y, Wallace MA, Kralli A, Russell AP. PGC-
la and PGC-1f increase CrT expression and creatine uptake in myotubes via ERRa.

Biochim Biophys Acta - Mol Cell Res 1843: 2937-2943, 2012.

Browne GJ, Finn SG, Proud CG. Stimulation of the AMP-activated Protein Kinase
Leads to Activation of Eukaryotic Elongation Factor 2 Kinase and to Its Phosphorylation

at a Novel Site, Serine 398. J Biol Chem 279: 12220-12231, 2004.

Candow D, Forbes S, Chilibeck P, Cornish S, Antonio J, Kreider R. Variables
Influencing the Effectiveness of Creatine Supplementation as a Therapeutic Intervention

for Sarcopenia. Front Nutr 6: 124, 2019.

Candow DG. Sarcopenia: Current theories and the potential beneficial effect of creatine

application strategies. Biogerontology 12: 273-281, 2011.

35



34.

35.

36.

37.

38.

39.

40.

41.

42.

Candow DG, Chilibeck PD, Burke DG, Mueller KD, Lewis JD. Effect of different
frequencies of creatine supplementation on muscle size and strength in young adults. J

Strength Cond Res 25: 1831-1838, 2011.

Candow DG, Chilibeck PD, Forbes SC. Creatine supplementation and aging

musculoskeletal health. Endocrine 45: 354-361, 2014.

Cannon DT, Bimson WE, Hampson SA, Bowen TS, Murgatroyd SR, Marwood S,
Kemp GJ, Rossiter HB. Skeletal muscle ATP turnover by 31P magnetic resonance
spectroscopy during moderate and heavy bilateral knee extension. J Physiol 592: 5287—

5300, 2014.

Casey A, Greenhaff PL. Does dietary creatine supplementation play a role in skeletal

muscle metabolism. Am J Clin Nutr 72: 607S-17S, 2000.

Chen NH, Reith MEA, Quick MW. Synaptic uptake and beyond: The sodium- and
chloride-dependent neurotransmitter transporter family SLC6. Pflugers Arch Eur J

Physiol 447: 519-531, 2004.

Chilibeck PD, Candow DG, Landeryou T, Kaviani M, Paus-Jenssen L. Effects of
creatine and resistance training on bone health in postmenopausal women. Med Sci

Sports Exerc 47: 1587-1595, 2015.

Cockceroft JR. Exploring vascular benefits of endothelium-derived nitric oxide. Am J

Hypertens 18: 177-183, 2005.

Coen PM, Musci R V., Hinkley JM, Miller BF. Mitochondria as a target for mitigating

sarcopenia. Front Physiol 10, 2019.

Cooper R, Kuh D, Hardy R. Objectively measured physical capability levels and

mortality: Systematic review and meta-analysis. BMJ 341: 639, 2010.

36



43.

44,

45.

46.

47.

48.

49.

Cooper R, Naclerio F, Allgrove J, Jimenez A. Creatine supplementation with specific
view to exercise/sports performance: an update. J. Int. Soc. Sport. Nutr. 2012 (2012). doi:

10.1186/1550-2783-9-33.

Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, Martin
FC, Michel JP, Rolland Y, Schneider SM, Topinkova E, Vandewoude M, Zamboni
M. Sarcopenia: European consensus on definition and diagnosis. Age Ageing 39: 412—

423,2010.

Dangott B, Schultz E, Mozdziak PE. Dietary creatine monohydrate supplementation
increases satellite cell mitotic activity during compensatory hypertrophy. Int J Sports

Med 21: 13-16, 2000.

Darrabie MD, Arciniegas AJL, Mishra R, Bowles DE, Jacobs DO, Santacruz L.
AMPK and substrate availability regulate creatine transport in cultured cardiomyocytes.

Am J Physiol Metab 300: E§70-E876, 2011.

Darren G. Burke, Darren G. Candow, Philip D. Chilibeck, Lauren G. MacNaeil,
Brian D. Roy, Mark A. Tarnopolsky and TZ. Effect of Creatine Supplementation and
Resistance-Exercise Training on Muscle Insulin-Like Growth Factor in Young Adults.

Int. J. Sport Nutr. Exerc. Metab. .

Deldicque L, Louis M, Theisen D, Nielens H, Dehoux M, Thissen JP, Rennie MJ,
Francaux M. Increased IGF mRNA in human skeletal muscle after creatine

supplementation. Med Sci Sports Exerc 37: 731-736, 2005.

Derave W, Straumann N, Olek RA, Hespel P. Electrolysis stimulates creatine
transport and transporter cell surface expression in incubated mouse skeletal muscle:

potential role of ROS. Am J Physiol Metab 291: E1250-E1257, 2006.

37



50.

51.

52.

53.

54.

55.

56.

57.

Drummond MJ, Dreyer HC, Fry CS, Glynn EL, Rasmussen BB. Nutritional and
contractile regulation of human skeletal muscle protein synthesis and mTORCI1

signaling. J Appl Physiol 106: 1374—1384, 2009.

Efraim H. Rosenberg, Cristina Marti'nez Mun~oz, Ofir T. Betsalel, Silvy J.M. van
Dooren, Matilde Fernandez, Cornelis Jakobs, Ton J. deGrauw, Tjitske Kleefstra,
Charles E. Schwartz and GSS. Functional Characterization of Missense Variants in
the Creatine Transporter Gene (SLC6AS): Improved Diagnostic Application. Ann

Neurol 28: 365-373, 2007.

Egan B, Zierath JR. Exercise metabolism and the molecular regulation of skeletal

muscle adaptation. Cell Metab 17: 162—-184, 2013.

Eijnde BO, Derave W, Wojtaszewski JFP, Richter EA, Hespel P. AMP kinase
expression and activity in human skeletal muscle: Effects of immobilization, retraining,

and creatine supplementation. J Appl Physiol 98: 1228—1233, 2005.

Ellery SJ, LaRosa DA, Kett MM, Della Gatta PA, Snow RJ, Walker DW, Dickinson
H. Dietary creatine supplementation during pregnancy: a study on the effects of creatine
supplementation on creatine homeostasis and renal excretory function in spiny mice.

Amino Acids 48: 1819-1830, 2016.

Fahmi Nasrallah, BS, Moncef Feki, MD, and Naziha Kaabachi P. Creatine and
Creatine Deficiency Syndromes: Biochemical and Clinical Aspects. Pediatr Neurol

(2010). doi: 10.1016/j.pediatrneurol.2009.07.015.

Fernando R, Drescher C, Nowotny K, Grune T, Castro JP. Impaired proteostasis

during skeletal muscle aging. Free Radic Biol Med 132: 58—66, 2019.

Ferretti RI, Guimaraes Moura EI, Carvalho dos Santos V, José Caldeira E, Conte

38



58.

59.

60.

61.

62.

63.

64.

65.

M, Yuri Matsumura C, Pertille A, Mosqueira M. High-fat diet suppresses the positive
effect of creatine supplementation on skeletal muscle function by reducing protein
expression of IGF-PI3K-AKT-mTOR pathway. (2018). doi:

10.1371/journal.pone.0199728.

Forstermann U, Miinzel T. Endothelial nitric oxide synthase in vascular disease: From

marvel to menace. Circulation 113: 1708-1714, 2006.

Francaux M, Demeulder B, Naslain D, Fortin R, Lutz O, Caty G, Deldicque L.
Aging reduces the activation of the mTORCI1 pathway after resistance exercise and
protein intake in human skeletal muscle: Potential role of REDD1 and impaired anabolic

sensitivity. Nutrients 8: 1-16, 2016.

Franchini E. Interaction among Skeletal Muscle Metabolic Energy Systems during

Intense Exercise. J Nutr Metab 2010: 308-309, 2012.

Fransen JC, Zuhl M, Kerksick CM, Cole N, Altobelli S, Kuethe DO, Schneider S.
Impact of creatine on muscle performance and phosphagen stores after immobilization.

Eur J Appl Physiol 115: 1877-1886, 2015.

Frontera WR, Ochala J. Skeletal Muscle: A Brief Review of Structure and Function.

Behav Genet 45: 183-195, 2015.

Garthwaite J. Concepts of neural nitric oxide-mediated transmission. Eur J Neurosci

27:2783-2802, 2008.

Goodman CA. The Role of mTORCI1 in Regulating Protein Synthesis and Skeletal
Muscle Mass in Response to Various Mechanical Stimuli. Rev Physiol Biochem

Pharmacol 160: 1-24, 2014.

Goodman CA, Mayhew DL, Hornberger TA. Recent progress toward understanding

39



66.

67.

68.

69.

70.

71.

72.

73.

the molecular mechanisms that regulate skeletal muscle mass. Cell Signal 23: 1896—

1906, 2011.

Greenhaff PL, Bodin K, Soderlund K, Hultman E. Effect of oral creatine
supplementation on skeletal muscle phosphocreatine resynthesis. Am J Physiol Metab

266: E725-E730, 1994.

Greenhaff PL, Karagounis LG, Peirce N, Simpson EJ, Hazell M, Layfield R,
Wackerhage H, Smith K, Atherton P, Selby A, Rennie MJ. Disassociation between
the effects of amino acids and insulin on signaling, ubiquitin ligases, and protein turnover

in human muscle. Am J Physiol Metab 295: ES95-E604, 2008.

Greenlund LJS, Nair KS. Sarcopenia - Consequences, mechanisms, and potential

therapies. Mech Ageing Dev 124: 287-299, 2003.

Gualano B, Rawson ES, Candow DG, Chilibeck PD. Creatine supplementation in the
aging population: effects on skeletal muscle, bone and brain. Amino Acids 48: 1793—

1805, 2016.

Guimaraies-Ferreira L. Role of the phosphocreatine system on energetic homeostasis

in skeletal and cardiac muscles. Einstein (Sdo Paulo) 12: 126131, 2014.

Haan YC, Oudman I, Diemer FS, Karamat FA, van Valkengoed IG, van Montfrans
GA, Brewster LM. Creatine kinase as a marker of obesity in a multi-ethnic population.

Mol Cell Endocrinol 442: 24-31, 2017.

Harris RC, Séderlund K, Hultman E. Elevation of creatine in resting and exercised

muscle of normal subjects by creatine supplementation. Clin Sci 83: 367-374, 1992.

Hespel P, Eijnde BOT, Van Leemputte M, Urso B, Greenhaff PL, Labarque V,

Dymarkowski S, Van Hecke P, Richter EA. Oral creatine supplementation facilitates

40



74.

75.

76.

77.

78.

79.

80.

81.

the rehabilitation of disuse atrophy and alters the expression of muscle myogenic factors

in human. J Physiol 536: 625-633, 2001.

Heymsfield SB, Gonzalez MC, Lu J, Jia G, Zheng J. Skeletal muscle mass and quality:
Evolution of modern measurement concepts in the context of sarcopenia. Proc Nutr Soc

74: 355-366, 2015.

Hochachka P, McClelland G. Cellular metabolic homeostasis during large-scale
change in ATP turnover rates in muscles. [Online]. J Exp Biol 386: 381-386, 1997.

http://jeb.biologists.org/content/200/2/381.short.

Hodson N, Philp A. The Importance of mTOR Trafficking for Human Skeletal Muscle

Translational Control. Exerc Sport Sci Rev 47: 46-53, 2019.

Idris I, Smith K, Atherton PJ, Wilkinson DJ, Greenhaff PL, Rudrappa SS. Human
Skeletal Muscle Disuse Atrophy: Effects on Muscle Protein Synthesis, Breakdown, and

Insulin Resistance—A Qualitative Review. Front Physiol 7: 1-10, 2016.

Ikeda K, Kinoshita M, Iwasaki Y, Wakata N, Tarnopolsky M, Martin J. Creatine
monohydrate increases strength in patients with neuromuscular disease. Neurology 54:

537-537, 2012.

J. D. MacDougall, G. R. Ward, D. G. Sale and JRS. Biochemical adaptation of human
skeletal muscle to heavy resistance training and immobilization. Am Physiol Soc 43:

700-703908686, 1977.

J.J.Zuo. Effects of Creatine Monohydrate Supplementation on Glucose Homeostasis in

Skeletal Muscle of Broilers. J Anim Vet Adv : 87-97, 2014.

Janssen I, Heymsfield SB, Ross R. Low relative skeletal muscle mass (sarcopenia) in

older persons is associated with functional impairment and physical disability. J Am

41



82.

83.

&4.

85.

86.

87.

88.

9.

Geriatr Soc 50: 889—-896, 2002.

Janzen NR, Whitfield J, Hoffman NJ. Interactive Roles for AMPK and Glycogen from

Cellular Energy Sensing to Exercise Metabolism. /nt J Mol Sci 19, 2018.

John W. Carbone, James P. McClung and SMP. Skeletal Muscle Responses to
Negative Energy Balance: Effects of Dietary Protein. Am. Soc. Nutr. Adv. Nutr. (2012).

doi: 10.3945/an.111.001792.0n.

JOHNSTON APW, Burke DG, LAUREN, MACNEIL G, CANDOW DG. EFFECT
OF CREATINE SUPPLEMENTATION DURING CAST-INDUCED
IMMOBILIZATION ON THE PRESERVATION OF MUSCLE MASS, STRENGTH,
AND ENDURANCE [Online]. J. Strength Cond. Res. journals.lww.com/nsca-

jscr/Abstract/2009/01000/Effect of Creatine Supplementation During.19.aspx.

Joncquel-Chevalier Curt M, Voicu PM, Fontaine M, Dessein AF, Porchet N,
Mention-Mulliez K, Dobbelaere D, Soto-Ares G, Cheillan D, Vamecq J. Creatine

biosynthesis and transport in health and disease. Biochimie 119: 146—-165, 2015.

Juhn MS TM. Potential side effects of oral creatine supplementation: a critical review.

Clin J Sport Med. .

Julien S. Baker, Marie ClareMcCormick and RAR. Interaction among Skeletal

Muscle Metabolic Energy Systems during Intense Exercise. J Nutr Metab 13, 2010.

Kaczor JJ, Ziolkowski W, Antosiewicz J, Hac S, Tarnopolsky MA, Popinigis J. The
effect of aging on anaerobic and aerobic enzyme activities in human skeletal muscle.

Journals Gerontol - Ser A Biol Sci Med Sci 61: 339-344, 2006.

Kim J, Amante DJ, Moody JP, Edgerly CK, Bordiuk OL, Smith K, Matson SA,

Matson WR, Scherzer CR, Rosas HD, Hersch SM, Ferrante RJ. Reduced creatine

42



90.

91.

92.

93.

94.

95.

96.

97.

kinase as a central and peripheral biomarker in Huntington’s disease. Biochim Biophys

Acta - Mol Basis Dis 1802: 673—681, 2010.

Kim J, Guan K-L. Amino Acid Signaling in TOR Activation. Annu Rev Biochem 80:

1001-1032, 2011.

Kley RA, Tarnopolsky MA VM. Creatine for treating muscle disorders (Review).

Cochrane Collab : 2-4,2011.

Kraemer WJ, Beeler MK, Post EM, Luk H-Y, Lombard JR, Dunn-Lewis C, Volek
JS. Physiological Basis for Creatine Supplementation in Skeletal Muscle and the Central

Nervous System. Second Edi. Elsevier Inc.

Kristensen AS, Andersen J, Jorgensen TN, Serensen L, Eriksen J, Loland CJ,
Stremgaard K. SLC6 Neurotransmitter Transporters: Structure , Function , and

Regulation. Pharma Rev 63: 585-640, 2011.

Kristensen DE, Albers PH, Prats C, Baba O, Birk JB, Wojtaszewski JFP. Human
muscle fibre type-specific regulation of AMPK and downstream targets by exercise. J

Physiol 593: 2053-2069, 2015.

Larsson L, Degens H, Li M, Salviati L, Lee Y il, Thompson W, Kirkland JL, Sandri
M. Sarcopenia: Aging-Related Loss of Muscle Mass and Function. Physiol Rev 99: 427—

511, 2019.

Lauretani F, Russo CR, Bandinelli S, Bartali B, Cavazzini C, Di Iorio A, Corsi AM,
Rantanen T, Guralnik JM, Ferrucci L. Age-associated changes in skeletal muscles

and their effect on mobility: an operational diagnosis of sarcopenia. J App! Physiol 95:

1851-1860, 2003.

Leermakers PA, Kneppers AEM, Schols AMWJ, Kelders MCJM, Theije CC,

43



98.

99.

100.

101.

102.

103.

104.

Verdijk LB, Loon LJC, Langen RCJ, Gosker HR. Skeletal muscle unloading results
in increased mitophagy and decreased mitochondrial biogenesis regulation. Muscle

Nerve (2019). doi: 10.1002/mus.26702.

Lobo DM, Tritto AC, da Silva LR, de Oliveira PB, Benatti FB, Roschel H, Niefl} B,
Gualano B, Pereira RMR. Effects of long-term low-dose dietary -creatine

supplementation in older women. Exp Gerontol 70: 97-104, 2015.

LOON LJC VAN, MURPHY R, OOSTERLAAR AM, CAMERON-SMITH D,
HARGREAVES M, WAGENMAKERS AJM, SNOW R. Creatine supplementation

increases glycogen storage but not GLUT-4 expression in human skeletal muscle. Clin

Sci 106: 99—-106, 2004.

Louis A, Lebacq J, Poortmans JR, Belpaire-Dethiou MC, Devogelaer JP, Van
Hecke P, Goubel F, Francaux M. Beneficial effects of creatine supplementation in

dystrophic patients. Muscle and Nerve 27: 604—610, 2003.

Louise A. Berner, Gabriel Becker, Maxwell Wise, Jimmy Doi P. Characterization of
Dietary Protein among Older Adults in the United States: Amount, Animal Sources, and

Meal Patterns. PlumX Metrics 113: 809-815, 2013.

M.S. Aoki, W.P. Limaa, E.H. Miyabaraa, C.H.A. Gouveiab ASM. Deleteriuos effects
of immobilization upon rat skeletal muscle: role of creatine supplementation. PlumX

Metrics. .

Mark Tarnopolsky JM. Creatine monohydrate increases strength in patients with

neuromuscular disease. Neurology. .

Marzetti E, Calvani R, Tosato M, Cesari M, Di Bari M, Cherubini A, Collamati A,

D’Angelo E, Pahor M, Bernabei R, Landi F. Sarcopenia: an overview. Aging Clin Exp

44



105.

106.

107.

108.

109.

110.

Res 29: 11-17, 2017.

McLoon LK, Vicente A, Fitzpatrick KR, Lindstrom M, Pedrosa Domellof F.
Composition, architecture, and functional implications of the connective tissue network

of the extraocular muscles. Investig Ophthalmol Vis Sci 59: 322329, 2018.

Michelle B. Trevino, Xiaolei Zhang, Robert A. Standley, Miao Wang, Xianlin Han,
Felipe C. G. Reis, Muthu Periasamy, Gongxin Yu, Daniel P. Kelly, Bret H.
Goodpaster, Rick B. Vega and PMC. Loss of mitochondrial energetics is associated
with poor recovery of muscle function but not mass following disuse atrophy. Michelle
B Trevino, Xiaolei Zhang, Robert A Standley, Miao Wang, Xianlin Han, Felipe C G Reis,
Muthu Periasamy, Gongxin Yu, Daniel P Kelly, Bret H Goodpaster,Rick B Vega Paul M

Coen 45:37,2019.

Mihaylova MM, Shaw RJ. The AMP-activated protein kinase (AMPK) signaling
pathway coordinates cell growth, autophagy, & metabolism. Nat Cell Biol 13: 1016—

1023, 2012.

Miotto PM, Holloway GP. In the absence of phosphate shuttling, exercise reveals the
in vivo importance of creatine-independent mitochondrial ADP transport. Biochem J 473:

2831-2843, 2016.

Murphy RM, Tunstall RJ, Mehan KA, Cameron-Smith D, McKenna MJ, Spriet
LL, Hargreaves M, Snow RJ. Human skeletal muscle creatine transporter mRNA and
protein expression in healthy, young males and females. Mol Cell Biochem 244: 151—

157,2003.

Murton AJ. Muscle protein turnover in the elderly and its potential contribution to the

development of sarcopenia. Proc Nutr Soc 74: 387-396, 2015.

45



111.

112.

113.

114.

115.

116.

117.

118.

Narici M V., Maffulli N. Sarcopenia: Characteristics, mechanisms and functional

significance. Br Med Bull 95: 139-159, 2010.

O’Gorman E, Beutner G, Dolder M, Koretsky AP, Brdiczka D, Wallimann T. The
role of creatine kinase in inhibition of mitochondrial permeability transition. FEBS Lett

414: 253-257, 1997.

Ohtsuki S, Tachikawa M, Takanaga H, Shimizu H, Watanabe M, Hosoya K ichi,
Terasaki T. The blood-brain barrier creatine transporter is a major pathway for

supplying creatine to the brain. J Cereb Blood Flow Metab 22: 1327—-1335, 2002.

Olsen S, Aagaard P, Kadi F, Tufekovic G, Verney J, Olesen JL, Suetta C, Kjzer M.
Creatine supplementation augments the increase in satellite cell and myonuclei number

in human skeletal muscle induced by strength training. J Physiol 573: 525-534, 2006.

Ostrovidov S, Hosseini V, Ahadian S, Fujie T, Parthiban SP, Ramalingam M, Bae
H, Kaji H, Khademhosseini A. Skeletal Muscle Tissue Engineering: Methods to Form

Skeletal Myotubes and Their Applications. Tissue Eng Part B Rev 20: 403—436, 2014.

Patrick Kortebein, Arny Ferrando, Juan Lombeida, Robert Wolfe WJE. Effect of
10 Days of Bed Rest on Skeletal Muscle in Healthy Older Adults. Am Med Assoc 297,

2007.

Peral MJ, Garcia-Delgado M, Calonge ML, Duran JM, De la Horra MC,
Wallimann T, Speer O, Ilunddin AA. Human, rat and chicken small intestinal Na+-CI-

-creatine transporter: Functional, molecular characterization and localisation. J Physiol

545:133-144, 2002.

Pinto CL, Botelho PB, Carneiro JA, Mota JF. Impact of creatine supplementation in

combination with resistance training on lean mass in the elderly. J Cachexia Sarcopenia

46



119.

120.

121.

122.

123.

124.

125.

126.

Muscle 7: 413421, 2016.

Ponticos M, Lu OL, Morgan JE, Hardie DG, Partridge VTA, Carline D. Dual
regulation of amp-activated protein kinase and the control of creatine kinase in skeletal

muscle. FASEB J 12: 1688-1699, 1998.

Ponticos M, Lu QL, Morgan JE, Hardie DG, Partridge TA, Carling D. Dual
regulation of the AMP-activated protein kinase provides a novel mechanism for the

control of creatine kinase in skeletal muscle. EMBO J 17: 1688-1699, 1998.

Powers ME, Arnold BL, Weltman AL, Perrin DH, Mistry D, Kahler DM, Kraemer
W, Volek J. Creatine Supplementation Increases Total Body Water Without Altering

Fluid Distribution. J Athl Train : 44-50, 2003.

Rachel Nilwik, Tim Snijders, Marika Leenders, Bart B.L. Groen, Janneau van
Kranenburg, Lex B. Verdijk LJC van L. The decline in skeletal muscle mass with
aging is mainly attributed to a reduction in type II muscle fiber size. Exp Gerontol 48:

492-498, 2013.

Rae CD, Broer S. Creatine as a booster for human brain function. How might it work?

Neurochem Int 89: 249-259, 2015.

Rawson ES, Venezia AC. Use of creatine in the elderly and evidence for effects on

cognitive function in young and old. Amino Acids 40: 1349-1362, 2011.

Robert A. Saxton and David M. Sabatini. mTOR Signaling in Growth , Metabolism ,

and Disease . Cell 168: 960-976, 2017.

Rooney KB, Bryson JM, Digney AL, Rae CD, Thompson CH. Creatine
supplementation affects glucose homeostasis but not insulin secretion in humans. Ann

Nutr Metab 47: 11-15, 2003.

47



127.

128.

129.

130.

131.

132.

133.

134.

135.

Rose AJ, Richter EA. Regulatory mechanisms of skeletal muscle protein turnover

during exercise. J Appl Physiol 106: 1702—-1711, 2008.

Roy BD, De Beer J, Harvey D, Tarnopolsky MA. Creatine monohydrate
supplementation does not improve functional recovery after total knee arthroplasty. Arch

Phys Med Rehabil 86: 1293-1298, 2005.

Rudnick, G., Krimer, R., Blakely, R. D., Murphy, D. L., & Verrey F. The SLC6
transporters: perspectives on structure, functions, regulation, and models for transporter

dysfunction. Pfliigers Arch J Physiol 466: 25-42,2014.

Rudnick G, Krimer R, Blakely RD, Murphy DL, Verrey F. The SLC6 transporters:
Perspectives on structure, functions, regulation, and models for transporter dysfunction.

Pflugers Arch Eur J Physiol 466: 25-42,2014.

Russell AP, Ghobrial L, Wright CR, Lamon S, Brown E, Kon M, Skelton MR, Snow
RJ. Creatine transporter (SLC6AS8) knock out mice display an increased capacity for in

vitro creatine biosynthesis in skeletal muscle. Front Physiol 5 AUG: 1-6, 2014.

Safdar A, Yardley NJ, Snow R, Melov S, Tarnopolsky MA. Global and targeted gene
expression and protein content in skeletal muscle of young men following short-term

creatine monohydrate supplementation. Physiol Genomics 32: 219-228, 2008.

Sahlin K. Muscle Energetics During Explosive Activities and Potential Effects of

Nutrition and Training. Sport Med 44: 167-173, 2014.

Sahlin K, Tonkonogi M, Séderlund K. Energy supply and muscle fatigue in humans.

Acta Physiol Scand 162: 261-266, 1998.

Sakamoto K, Holman GD. Emerging role for AS160 / TBC1D4 and TBCIDI1 in the

regulation of GLUT4 traffic Emerging role for AS160 / TBC1D4 and TBC1DI in the

48



136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

regulation of GLUT4 traffic. 28-37, 2013.

Sandri M, Blaauw B, Schiaffino S, Dyar KA, Ciciliot S. Mechanisms regulating

skeletal muscle growth and atrophy. FEBS J 280: 42944314, 2013.

Santacruz L, Jacobs DO. Structural correlates of the creatine transporter function

regulation: the undiscovered country. Amino Acids 48: 20492055, 2016.

Scott W, Stevens J, Binder-macleod SA. Human Skeletal Muscle Fiber Type

Classifications. Phys Ther 81: 1810-1816, 2001.

Shojaiefard M, Christie DL, Lang F. Stimulation of the creatine transporter SLC6AS8

by the protein kinase mTOR. Biochem Biophys Res Commun 341: 945-949, 2006.

da Silva Azevedo AP, Michelone Acquesta F, Lancha AH, Bertuzzi R, Poortmans
JR, Amadio AC, Cerca Serrio J. Creatine supplementation can improve impact control

in high-intensity interval training. Nutrition 61: 99—104, 2019.

Skelton MR, Schaefer TL, Graham DL, deGrauw TJ, Clark JF, Williams MT,
Vorhees C V. Creatine transporter (CrT; Slc6a8) knockout mice as a model of human

CrT deficiency. PLoS One 6: 1-10, 2011.

Smiles WJ, Hawley JA, Camera DM. Effects of skeletal muscle energy availability on

protein turnover responses to exercise. J Exp Biol 219: 214-225, 2016.

Smiles WJ, Hawley JA, Camera DM. Effects of skeletal muscle energy availability on

protein turnover responses to exercise. J Exp Biol 219: 214-225, 2016.

Smith RN, Agharkar AS, Gonzales EB. A review of creatine supplementation in age-

related diseases: more than a supplement for athletes. F1000Research : 1-11, 2014.

Smith SA, Montain SJ, Matott RP, Zientara GP, Jolesz FA, Fielding RA. Creatine

49



146.

147.

148.

149.

150.

151.

152.

153.

supplementation and age influence muscle metabolism during exercise. J Appl Physiol

85:1349-1356, 1998.

Snow RJ, Murphy RM. Creatine and the creatine transporter: A review. Mol Cell

Biochem 224: 169-181, 2001.

Snow RJ, Murphy RM. Factors Influencing Creatine Loading into Human Skeletal

Muscle. Exerc Sport Sci Rev 31: 154-158, 2003.

Snow RJ, Wright CR, Quick MJ, Garnham AP, Watt KK, Russell AP, Centre T.
The effects of acute exercise and creatine supplementation on Akt signalling in human

skeletal muscle. : 3125, 2007.

Spriet LL, Perry CGR, Talanian JL. Legal pre-event nutritional supplements to assist

energy metabolism. Essays Biochem 44: 27-44, 2008.

Steeghs K, Benders A, Oerlemans F, De Haan A, Heerschap A, Ruitenbeek W, Jost
C, Van Deursen J, Perryman B, Pette D, Briickwilder M, Koudijs J, Paul J,
Veerkamp J, Wieringa B. Altered Ca2+responses in muscles with combined

mitochondrial and cytosolic creatine kinase deficiencies. Cell 89: 93—103, 1997.
Stephens FB, GREENHAFF PL. Creatine. In: Sports Nutrition. 2014.

Stephens NA, Gallagher 1J, Rooyackers O, Skipworth RJ, Tan BH, Marstrand T,
Ross JA, Guttridge DC, Lundell L, Fearon KC, Timmons JA. Using transcriptomics
to identify and validate novel biomarkers of human skeletal muscle cancer cachexia.

Genome Med 2: 1-12, 2010.

Stout J, Sue Graves B, Cramer J. Effects of creatine supplementation on the onset of
neuromuscular fatigue threshold and muscle strength in elderly men and women (64 - 86

years). J Nutr Heal Aging 11: 459—64, 2007.

50



154.

155.

156.

157.

158.

159.

160.

161.

Suetta C, Frandsen U, Jensen L, Jensen MM, Jespersen JG, Hvid LG, Bayer M,
Petersson SJ, Schroder HD, Andersen JL, Heinemeier KM, Aagaard P, Schjerling
P, Kjaer M. Aging Affects the Transcriptional Regulation of Human Skeletal Muscle

Disuse Atrophy. PLoS One 7, 2012.

Tai H, Cui L, Liu M, Guan Y, Li X, Shen D, Zhang K, Liu S, Wu S, Ding Q, Hu Y.
Creatine kinase level and its relationship with quantitative electromyographic

characteristics in amyotrophic lateral sclerosis. Clin Neurophysiol 129: 926-930, 2018.

Takanaga H, Ohtsuki S, Hosoya KI, Terasaki T. GAT2/BGT-1 as a system
responsible for the transport of y-aminobutyric acid at the mouse blood-brain barrier. J

Cereb Blood Flow Metab 21: 1232-1239, 2001.

Tamopolsky M, Zimmer A, Paikin J, Safdar A, Aboud A, Pearce E, Roy B, Doherty
T. Creatine monohydrate and conjugated linoleic acid improve strength and body

composition following resistance exercise in older adults. PLoS One 2, 2007.

Tarnopolsky M, Parise G, Fu MH, Brose A, Parshad A, Speer O, Wallimann T.
Acute and moderate-term creatine monohydrate supplementation does not affect creatine
transporter mRNA or protein content in either young of elderly humans. Mol Cell

Biochem 244: 159-166, 2003.

Tarnopolsky MA. Creatine as a therapeutic strategy for myopathies. Amino Acids 40:

1397-1407, 2011.

Tarnopolsky MA, Beal MF. Potential for creatine and other therapies targeting cellular

energy dysfunction in neurological disorders. Ann Neurol 49: 561-574, 2001.

Tarnopolsky MA, Parise G. Direct measurement of high-energy phosphate compounds

in patients with neuromuscular disease. Muscle and Nerve 22: 1228-1233, 1999.

51



162.

163.

164.

165.

166.

167.

168.

169.

170.

Tarnopolsky MA, Parshad A, Walzel B, Schlattner U, Wallimann T. Creatine
transporter and mitochondrial creatine kinase protein content in myopathies. Muscle and

Nerve 24: 682—-688, 2001.

Thomas W Buford, Richard B Kreider, Jeffrey R Stout, Mike Greenwood, Bill
Campbell, Marie Spano, Tim Ziegenfuss, Hector Lopez JL and JA. International
Society of Sports Nutrition position stand: creatine supplementation and exercise. J. Int.

Soc. Sports Nutr. (2007). doi: 10.1186/1550-2783-4-Received.

Thomson D. The Role of AMPK in the Regulation of Skeletal Muscle Size, Hypertrophy,

and Regeneration. Int J Mol Sci 19: 3125, 2018.

Tipton KD, Hamilton DL, Gallagher 1J. Assessing the Role of Muscle Protein
Breakdown in Response to Nutrition and Exercise in Humans. Sport Med 48: 53—64,

2018.

Tseng BS, Marsh DR, Hamilton MT, Booth FW. Strength and aerobic training
attenuate muscle wasting and improve resistance to the development of disability with

aging. J Gerontol A Biol Sci Med Sci 50 Spec No: 113-119, 1995.

Turner CE, Gant N. Chapter 2.2 - The Biochemistry of Creatine. Magn. Reson.

Spectrosc. (2014). doi: https://doi.org/10.1016/B978-0-12-401688-0.00007-0.

Vandenborne K, Elliott MA, Walter GA, Abdus S, Okereke E, Shaffer M, Tahernia
D, Esterhai JL. Longitidunal study of skeletal muscle adaptations during and

rehabilitation. Muscle and Nerve 21: 1006-1012, 1998.

Villanueva C, Giulivi C. Subcellular and cellular locations of nitric-oxide synthase

1soforms as determinants of health and disease. Free Radic Biol Med 49: 307-316, 2010.

WALKER JC, WILLOWS DR. Mechanism and regulation of Mg-chelatase. Biochem

52



171.

172.

173.

174.

175.

176.

177.

178.

J327:321-333, 1997.

Wall BT, Dirks ML, Van Loon LJC. Skeletal muscle atrophy during short-term disuse:

Implications for age-related sarcopenia. Ageing Res Rev 12: 898-906, 2013.

Wall BT, van Loon LJ. Nutritional strategies to attenuate muscle disuse atrophy. Nutr

Rev 71: 195-208, 2013.

Wall BT, Morton JP, van Loon LJC. Strategies to maintain skeletal muscle mass in
the injured athlete: Nutritional considerations and exercise mimetics. Eur J Sport Sci 15:

53-62, 2015.

Wallimann T, Tokarska-Schlattner M, Neumann D, Epand RM, Epand RF, Andres
RH, Widmer HR, Hornemann T, Saks V, Agarkova I, Schlattner U. The
Phosphocreatine Circuit: Molecular and Cellular Physiology of Creatine Kinases,

Sensitivity to Free Radicals, and Enhancement by Creatine Supplementation. 2007.

Wallimann T, Tokarska-Schlattner M, Schlattner U. The creatine kinase system and

pleiotropic effects of creatine. Amino Acids 40: 1271-1296, 2011.

Wallimann T, Wyss M, Brdiczka D, Nicolay K, Eppenberger HM. Intracellular
compartmentation, structure and function of creatine kinase isoenzymes in tissues with
high and fluctuating energy demands: the ‘phosphocreatine circuit’ for cellular energy

homeostasis. Biochem J 281: 21-40, 1992.

Walzel B, Speer O, Boehm E, Kristiansen S, Chan S, Clarke K, Magyar JP, Richter
EA, Wallimann T. New creatine transporter assay and identification of distinct creatine

transporter isoforms in muscle. Am J Physiol - Endocrinol Metab 283: E390-E401, 2002.

Wen S, Wang C, Gong M, Zhou L. An overview of energy and metabolic regulation.

Sci. China Life Sci. (2018). doi: 10.1007/s11427-018-9371-4.

53



179.

180.

181.

182.

183.

184.

Wilkinson DJ, Piasecki M, Atherton PJ. The age-related loss of skeletal muscle mass
and function: Measurement and physiology of muscle fibre atrophy and muscle fibre loss

in humans. Ageing Res Rev 47: 123—-132, 2018.

Witczak CA, Sharoff CG, Goodyear LJ. AMP-activated protein kinase in skeletal
muscle: From structure and localisation to its role as a master regulator of cellular

metabolism. Cell Mol Life Sci 65: 3737-3755, 2008.

Wyss M, Braissant O, Pischel I. Creatine and Creatine Kinase in Health and Disease.

Subcell Biochem 46: 309-334, 2007.

Xiao B, Sanders MJ, Underwood E, Heath R, Carmena D, Jing C, Walker PA,
Eccleston JF, Lesley F, Saiu P, Howell SA, Aasland R, Martin SR, Carling D,
Gamblin SJ. Europe PMC Funders Group Structure of Mammalian AMPK and its

regulation by ADP. Nature 472: 230-233, 2011.

Yoon MS. mTOR as a key regulator in maintaining skeletal muscle mass. Front Physiol

8:1-9,2017.

Zhang L, Wang X, Li J, Zhu X, Gao F, Zhou G. Creatine Monohydrate Enhances
Energy Status and Reduces Glycolysis via Inhibition of AMPK Pathway in Pectoralis

Major Muscle of Transport-Stressed Broilers. J Agric Food Chem 65: 6991-6999, 2017.

54



Chapter 2

General Methods and Method Development

55



2.1 Introduction

Skeletal muscle CreaT expression is associated with intramuscular Cr concentration which, in
turn, is uniquely sensitive to resistance exercise and Cr supplementation consumption. Previous
data suggest that changes in cellular energy status through exercise and/or Cr supplementation
intake may initiate signalling pathways which stimulate Creal mRNA expression and
upregulate CreaT protein content in human skeletal muscle (1). However, it is difficult to link
the physiological relevance of changes in CreaT protein content with CreaT activity since
CreaT is thought to function at the cell membrane (4, 23). Therefore, the measurement of CreaT
mRNA and protein content in a whole muscle homogenates may lack of precision to explain
CreaT biology and the CreaT response to changes in cellular energy status in different
physiological scenarios. Immunofluorescence microscopy methods could therefore be used to
provide stronger evidence to determine CreaT content, sub-cellular localisation and
functionality. However, previous studies investigating CreaT protein have been limited due to
the low expression levels of the CreaT and/or a lack of specificity/sensitivity of CreaT
antibodies (6, 18, 21). Previously, an immunofluorescence microscopy method was
development and used to detect CreaT activities in neurons of rat and human tissues (7, 14, 15).
However, little is known about CreaT biology in skeletal muscle tissue, which is the
predominant site of creatine storage in the human body. Murphy et al. were the first to use an
immunofluorescence microscopy technique to visualize the intramuscular location of CreaT
protein in rat skeletal muscle, and determined that CreaT was predominately localized at cell
membrane, with some signal also present throughout the rest of the cell (16). Following this
technique, the same group conducted a human study and reported a muscle fibre-type specific
expression of CreaT protein content (17). Important to note is that ‘cocktail” antibodies (mixed

CreaT and MHCI) were used in this study, which may have influenced the intensity of the
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fluorescent signal and adversely affected the findings. Furthermore, although negative controls
(without secondary antibodies) were applied, the typical weakness of most commercially
available CreaT antibodies means that other critical antibody controls need to be implemented
(i.e. primary antibodies controls between CreaT and MHCI), to avoid unreliable conclusions.
Therefore, the aim of the present chapter was to validate and optimize a contemporary
sophisticated immunofluorescence microscopy technique to study fibre-type CreaT content and

sub-cellular localisation in human skeletal muscle.

2.2 Ethical Approval

Human skeletal muscle samples used in Chapters 2-4 were obtained from School of Sport,
Exercise and Rehabilitation Sciences, University of Birmingham. Ethical approval for the
collection of muscle samples was granted by the NHS West Midlands Black Country and
Solihull Research Ethics Committees (13/WM/042, 15/WM/0228 and 17/EM/0086) and
conformed to the principles of the Declaration of Helsinki (7% version). Written informed

consent was obtained from all participants before samples were collected.

2.3 Human Skeletal Muscle Collection and Preparation

2.3.1 Sample Collection

Skeletal muscle samples used for immunofluorescence histological microscopy and western
blot method development were obtained from the vastus lateralis of a sub-set of six healthy
human individuals. Muscle tissues samples were collected by using the Bergstrom percutaneous
needle biopsy technique, under local anaesthesia (Bergstrom, 1975). Samples were cleaned by

using sterile saline to remove excess blood and dissected visible fat and collagen. Biopsy tissue

57



was then snap frozen in liquid nitrogen for western blot or placed in Tissue-Tek OCT compound
(Sakura, 4583) and frozen in liquid nitrogen-cooled isopentane for immunofluorescence

microscopy (Sigma Aldrich, 270342) before being stored at -80°C until later analysis.

2.3.2 Sample Preparation for Immunofluorescence Staining

Embedded muscle samples were fixed in front of a microtome blade (Bright 5040, Bright
Company limited, Huntingdon, England) by Tissue-Tec OCT under -25°C temperature. An
appropriate angle and position were adjusted before sectioning. Following adjustment cryo-
sections (10 um) were collected onto glass microscope slides (VWR International) and left in
room temperature for 30 min to remove excess crystallized water before stored in the -80 °C
freezer. Slow steady rotation of the hand wheel was required while cutting sections to ensure
the sections were kept flat and smooth. This was important to ensure consistent quality of

muscle sections for subsequent steps of staining.

2.3.3 Sample Preparation for Western Blot

Snap-frozen skeletal muscle samples of ~30 mg, were powdered on dry ice by using a pestle
and mortar, homogenised buffer (50 mM Tris-HCL, 1mM Ethylene glycol tetra-acetic acid
(EGTA), 1 mM Ethylenediaminetetraacetic acid (EDTA), 10 mM B-Glycerophosphate, 50 mM
NaF) with a Protease Inhibitor Tablet (Roche No. 05892791001) and 0.5mM sodium
orthovanadate was added to the muscle sample. Then the muscle tissue was placed in eppendorf
tubes and kept on ice. Approximately 300ul lysis buffer was rapidly added into the tube and
homogenized with an electric homogenizer. This step was repeated for three times; 70% ethanol
and Millipore water were applied between repeats to keep the blade in a clean condition. The

volumes of lysis buffer were determined by the amount of tissue present. Then the homogenate
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was left on ice for 10 min before being vortexed. Samples were centrifuged at 8000xg 10 min
at 4°C temperature and the supernatant was aspirated and placed in a new eppendorf tube kept
on ice. A detergent compatible (DC™) protein assay was used to determine protein
concentration, the protein standards were diluted by using a serial dilution with bovine serum
albumin (BSA) and lysis buffer. 100ul of 4 x Laemmli buffer (Bio-Rad) was used to minimize
dilution of the samples together with an appropriate volume of homogenised buffer (dilute
samples at 20x) added to samples before boiling at 95 °C temperature for 5 min. All samples

were normalised at a protein concentration of 2 ug/ul.

2.4 Enzymatic Analysis

Skeletal muscle biopsy samples were cleaned to remove macroscopic blood and dissected free
of any visible fat and collagen. Then approximately 10mg of freeze-dried skeletal muscle
tissues was powdered, and metabolites extracted in 0.5 M perchloric acid (containing 1 mM
EDTA), followed by neutralisation with 2.2M K2CO3 (Sigma Aldrich, Gillingham, UK). Cr,
PCr and ATP were determined enzymatically in muscle extracts according to the method of
Harris et al, modified to accommodate use of a 96-well plate spectrophotometer (9). TCr is
reported as the sum of PCr and Cr. Metabolite contents were corrected for non-muscle

constituents by using muscle ATP content.

2.5 Immunoblotting

2.5.1 Immunoblotting Protocol

An equal amount of protein extract (20ug) was loaded and separated on 10% acrylamide gels

by SDS-PAGE for approximately 1 h at 23 mA/gel with 5 pl molecular weight markers (Bio-
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Rad, UK). A pooled sample was used as a gel control to ensure all wells were loaded with same
amount of protein. Proteins were then transferred to a biotrace nitrocellulose membrane (Pall
Laboratory, Portsmouth, U.K.) for 1h at 100 V in 1x Tris/Glycine buffer with 20 % methanol.
The transfer duration was dependent on the molecular weight of protein, with larger proteins
normally involving a lengthier transfer period time. Membranes were subsequently stained with
Ponceau S solution and washed 4-5 times with water (until there were no traces of Ponceau in
the water and all lanes were clearly defined) and imaged immediately to validate the transfer of
protein from each lane. Then membranes were blocked in 5% skim dry milk in TBST (Cell
Signalling, USA) to prevent potential non-specific background binding. After blocking,
membranes were incubated overnight at 4°C in anti-Creatine transporter (CreaT) antibody
(ab62196) (1:1000 in Tris-buffer saline, with 0.1% Tween (TBST)) (same antibody used in
immunofluorescence staining), and anti-Creatine Kinase (CK) MM antibody (ab54637). In the
peptide blocking experiment, anti-SLC6AS antibody (abcam, ab62196) was pre-incubated with
its corresponding peptide (abcam, ab216175) (5 times greater than primary antibody
concentration) at 4 °C overnight. Membranes were then washed 3 x 5 min with TBST, and
incubated in goat anti-rabbit [gG Horseradish peroxidase (HRP) conjugated secondary (Thermo
Fisher, cat.31460, 1:10000 in TBST) for 2 h at room temperature before washing in TBST and
detected by Immobilon Western chemiluminescent HRP substrate (Merck Millipore, Watford,
UK). Images were captured by using a G:BOX Chemi XT4 imager with GeneSys capture
software (Syngene, Cambridge, U.K.). A Chemi Genius Bioimaging Gel Doc System (Syngene)
was used to image capture and bands quantification. Ponceau S was used as a loading control
to identify that the gel lanes were loaded with sample, and used as a comparison to determine

the protein expression levels in different samples. Proteins were expressed relative to Ponceau
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S to verify the efficiency of the current western blot protocol, and specificity of the antibody

on binding with the target protein, which may not be present in the experimental samples.

2.5.2 Antibody Optimization

Immunoblotting was used to identify the antibody expressed a particular single protein at the
expected molecular weight (2) and used as a comparable evidence to determine total skeletal
muscle CreaT content. CK concentration was optimized by different dilutions and the amount
of protein loading. Antibodies used in western blot are listed in Table 2.1. All general

procedures for western blotting in this thesis were the same.

Table 2.1 Summary of antibodies used for western blot

Primary antibody Source Dilution Secondary antibody  Dilution

Anti-rabbit HRP-
Polyclonal anti-SLC6AS antibody  abcam,
1:400  linked antibody IgG 1:10000
with rabbit antigen, IsoType IgG ab62196

70748
Anti-rabbit HRP-
abcam,
SLC6AS peptide 1:80 linked antibody IgG 1:10000
ab216175
70748
Monoclonal anti-Creatine Kinase Anti-mouse HRP-
abcam,
MM antibody with mouse antigen, 1:8000 linked antibody IgG 1:10000
ab54637
IsoType I1gG1 7076S
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2.6 CreaT Immunofluorescence Microscopy Method Development

The CreaT protein immunofluorescence staining protocol was optimised by determining
immunogen peptide control, different fixation solutions, antibody dilutions, primary and
secondary antibody control experiments to produce the optimal images and quantifiable data.
The entire optimised protocol is outlined in detail in section 2.6.1. The immunofluorescence
staining protocol for analysis of CreaT in human skeletal muscle was optimized by using
negative controls, this was performed to ensure the specificity of the CreaT protein antibody.
Pre-cut cryo-sections were removed from the freezer ~15 min before fixation in order to remove

any ice or water on the surface of sections.

2.6.1 CreaT Immunofluorescence Staining Protocol

All primary antibodies, secondary antibodies, blocking peptides and experimental dilutions

used for immunofluorescence staining in this thesis are listed in Table 2.2.

2.6.1.1 CreaT Co-stain with Dystrophin

Sections were fixed in 4% paraformaldehyde (PFA) solution (Fisher, UK) for 10 min at room
temperature. Samples were then washed for 3x 5 min in phosphate buffered saline (PBS) with
0.2% Tween (PBS-T) to remove the fixation reagent before blocking with 5% normal goat
serum (NGS) (Invitrogen, UK) in 1% bovine serum albumin solution (1% BSA) for 1 h at room
temperature. In blocking peptide experiments, the anti-SLC6AS8 antibody (ab62196, abcam,
Cambridge, UK) was pre-incubated with its corresponding peptide (ab216175) (at 5 x greater
than the primary antibody concentration) for 1 h at room temperature. Following the blocking

stage, primary antibody CreaT (goat-anti-rabbit IgGa, 1:150, abcam, Cambridge, UK) and
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dystrophin (mouse IgGa, 1:100) were incubated at 4°C overnight. Sections were washed 3 x 5
min following primary antibody incubation and then incubated with secondary antibodies for 2
h at room temperature. Following secondary antibody incubation, muscle sections were washed
with PBST 2 x 5 min and PBS 1 x 5 min to remove the remaining secondary antibodies.
Sections were then left to dry for ~15 min at room temperature and mounted with 10ul
ProLong® Gold Antifade Mountant (P36930, Invitrogen™, UK,) and covered with glass
coverslips to protect the sections and maintain optimal conditions for fluorescence signals.

Slides were left to dry overnight in a dark place before capturing images.

2.6.1.2 CreaT Co-stain with eNOS

Sections were fixed with acetone to ethanol mixed solution in a 3:1 dilution (Fisher, UK) for 5
min at room temperature. Samples were then washed for 3x 5 min in phosphate buffered saline
(1xPBS) with 0.2% Tween (PBS-T) to remove the fixation reagent before blocking with 5%
normal goat serum (NGS) (Invitrogen, UK) in 1% bovine serum albumin solution (1% BSA)
for 1 h at room temperature. Following the blocking stage, primary antibody CreaT (goat-anti-
rabbit IgGa, 1:200, abcam, Cambridge, UK) and eNOS (mouse IgGa, 1:200) were incubated at
4°C overnight. Sections were washed for 3 x 5 min following primary antibody incubation and
then incubated with secondary antibodies (goat-anti-mouse IgG1 594, 1:200 and got anti-rabbit,
1:200 in 1xPBS) for 2 h at room temperature. Following secondary antibody incubation, muscle
sections were washed with PBST 3x 5 min to remove the remaining secondary antibodies and
then incubated with WGA (1:20) at room temperature for 30 min. WGA was used to mark cell
borders. Then sections were washed with PBST for 2x 5Smin and 1x Smin PBS following WGA
incubation. Slides were then left to dry for about 15 min at room temperature and mounted with

10ul ProLong® Gold Antifade Mountant (P36930, Invitrogen™, UK,) and covered with glass
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coverslips to protect the sections and maintain optimal conditions for fluorescence signals.

Slides were left to dry overnight in a dark place before capturing images.

2.6.1.3 Skeletal Muscle Fibre-type Staining

Sections were incubated with Triton X 100 (0.02%) for 5 min at room temperature to identify
skeletal muscle fibre type distribution. Samples then washed 3 x5 min in phosphate buffered
saline (PBS) with 0.2% Tween (PBS-T) to remove the fixation reagent. Sections were then
blocked in 5% normal goat serum (Invitrogen, UK) in 1 x PBS for 90 min at room temperature.
Following blocking stage, sections were incubated with primary antibodies MHCI (IgG2b,
BAF8, DSHB, Iowa, US) and MHCII (IgG1, SC.71, DSHB, lowa, US) at room temperature
overnight. On day two, sections were washed for 3 x 5 min in 1 x PBS-T at room temperature
after primary antibody incubation. Secondary antibodies were then applied to sections for 90
min to detect fibre type distribution at room temperature. Wheat germ agglutinin (WGA) was
used in skeletal muscle fibre type distribution experiments to mark sarcolemmal membranes.
Following secondary antibody incubation, sections were then washed for 2 X 5 min with PBS-
T and 1 x 5 min with PBS and left to dry for ~15 min. In the end, sections were mounted with
10ul ProLong® Gold Antifade Mountant (P36930, Invitrogen™, UK,) and covered with glass
coverslips to protect the sections and to maintain optimal conditions for fluorescence signals.

Slides were left to dry overnight in a dark place before capturing images.

64



Table 2.2 Summary of antibodies used in immunofluorescence microscopy

Primary antibody Source Dilution  Secondary antibody  Dilution
Polyclonal anti-SLC6A8 ] )
abcam, Goat anti-rabbit IgG
antibody with rabbit antigen, 1:150 1:200
ab62196 Alexa®488
IsoType IgG cXa
abcam, Goat anti-rabbit IgG
SLC6AS peptide 1:40 1:200
ab216175 Alexa®488
Monoclonal anti-Dystrophin ~ DSHB, .
Goat anti-mouse
antibody with mouse antigen, MANDYSI1  1:100 1:200
IgG2a Alexa®594
IsoType IgG2a 3B7
Purified Mouse Anti- BD Goat anti-mouse
. 1:200 1:200
eNOS/NOS Type III Transduction IgG1 Alexa®594
Monoclonal anti-MHC1
. DSHB, Goat anti-mouse
antibody with mouse antigen, 1:25 1:100
BAFS IgG2b Alexa®546
IsoType IgG2b
Monoclonal anti-MHCII .
) Goat anti-mouse
antibody with mouse antigen, SC-71 1:20 1:100
IgG1l Alexa®488
IsoType I1gG1
o W11263, Alexa Fluor® 350
Wheat Germ Agglutinin-350 ) 1:50 _ N/A
Invitrogen Conjugated
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2.6.2 Antibody Validation

The accuracy of immunofluorescence is dependent on the specificity of the primary antibody
that is only targeted to the desired protein of interest. In this thesis, a number of systematic
control experiments were combined to determine immunofluorescence staining specificity and
to identify ideal conditions of the target proteins in human skeletal muscle. The antibody control
tests included peptide blocking, primary and secondary antibodies controls. Theoretically,
numerous methods could be used to determine the specificity of an antibody (3), knockout
animal models, mass spectrometry, expression profiles (online) and peptide blocking are all
widely used methods to determine antibody specificity, and each method has advantages and
disadvantages. For example, knockout animal models are a very powerful antibody validation
technique and typically guarantee no/limited expression of the target gene or protein.
Nevertheless, animal facilities and expertise access are required in this method, these can be
quite time-consuming and expensive to generate. Fortunately, we were able to obtain muscle
tissue samples from wild-type and CreaT KO mice, kindly donated by Professor Rod Snow
(Deakin University, Australia), used in their groups earlier work (20). CreaT KO tissue allowed
us to generate a direct validation of our CreaT antibody specificity (in mixed muscle
homogenates only, as no sections were available). In addition, peptide blocking was also used
here as a reliable method for antibody validation/specificity, with the advantage that only a

small volume of sample required.

2.6.2.1 CreaT Protein Antibody Peptide Blocking

In this study, CreaT antibody and its immunogen peptide control test were carried out to

confirm antibody specificity and selectivity in an immunofluorescence microscopy experiment.
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As peptide immunogens have the advantage of generating antibodies for a single isoform of a
protein, and is therefore appropriate to validate the CreaT antibody used in this thesis. The anti-
SLC6AS8 antibody (ab62196, abcam, Cambridge, UK) was pre-incubated with its
corresponding peptide (ab216175) together on a saturating concentration (5 times greater than
the primary antibody concentration) for 1 h at room temperature. The remaining stages of
peptide control experiments were as same as the CreaT co-staining with dystrophin

experimental procedures described above.

2.6.2.2 Primary Antibody Optimization

To confirm the most appropriate concentration of CreaT primary antibody, a series of dilutions
were performed under the same staining procedures and same concentration of secondary
antibody. The superior dilution was selected based on the highest signal, lowest background
noise level and the lowest amount of antibody usage. The concentration of dilution was based
on recommendations from the antibody manual guide. The CreaT protein antibody was diluted
with the recommended concentration (1:200) and compared with 1:100 and 1:150 dilution.
Furthermore, the specificity of protein stains was validated by negative control staining.
Phosphate buffered saline (1xPBS) was used to dilute antibodies, reagents and washing steps.

The incubation condition of the primary antibody was 4°C overnight.

2.6.2.3 Secondary Antibody

By considering species cross-reactivity, 5% normal goat serum was incubated with muscle
sections before secondary antibody incubation to reduce potential unspecific binding from
secondary antibodies. All secondary antibodies used in this thesis were conjugated with

Alexa@ series fluorophores (Invitrogen, Paisley, UK) unless specifically mentioned. When the
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experiment has several different proteins co-stained together, secondary antibodies targeting
different proteins were detected by different Alexa dye fluorophores. For examples, CreaT
primary antibody was distinguished by secondary antibody conjugated with Alexa 488 (Green
stain), Dystrophin primary antibody was detected by secondary antibody conjugated with Alexa
594 (Red stain). Validation experiments were also developed to prevent potential cross-binding

between secondary antibodies during co-stain experiments.

2.6.2.4 CreaT Co-stain with MHCI

In this thesis, cross-binding controls have been applied when performing multiple antibody
stain. The validation of CreaT antibody specificity has been described in previous paragraphs.
Therefore, in this section, a cross-binding control test was based on the staining of CreaT. This
cross-binding control has been performed by controlling of MHCI primary antibody and
secondary antibody. Sections were divided into two different groups, both of which were
incubated with CreaT primary antibody and homologous secondary antibody in the first
instance. In these control experiments, group one was applied to identify non-specific binding
of the MHCI primary antibody. Group two was applied to determine the effects of MHCI
primary and secondary antibody staining on potential binding with the CreaT stain. Following
CreaT primary antibody incubation, in first group, section one was incubated with both primary
and secondary antibody, however, section two was incubated with MHCI primary antibody but
without secondary antibody. In group two, section one was incubated with MHCI primary
antibody and corresponding secondary antibody. Section two was simply incubated with 5%
GS in PBS instead of MHCI primary antibody and incubated with PBS to take the place of its
corresponding secondary antibody. The remaining steps of the immunofluorescence staining

protocol were processed by following the protocol in section 2.6.1.1 and the competition
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staining which was finalized together with the positive controls. The specificity of the
antibodies targeting MHCI and MHCII to identify muscle fibre-type (22, 24), dystrophin and

WGA to mark the cell membrane (12) have all been confirmed in earlier studies.

2.6.3 Antibody Control

For each tissue staining protocol, certain controls were carried out (5). PBS with 5% normal
goat serum was applied to the tissues instead of primary antibody to make sure no tissue
autofluorescence or no-specific secondary antibody binding with muscles sections. When no
positive staining visualised on sections, non-autofluorescence or non-specific secondary
antibody bind were confirmed.

Immunoblot was used as a primary antibody control to determine the specificity of the primary
antibody at the correct molecular weight. The protocol of immunoblot has been described in
previous paragraph (2.5).

To ensure no cross-reactions and appropriate labelling, controls were performed in which only
one primary antibody was applied to the tissue with all secondary antibodies. When the signal
was observed only with its corresponding secondary antibody, the antibody was confirmed as
targeting to its primary antibody with no cross-reactions arising.

To confirm each fluorophore only released a signal that was detected in a single channel,
controls were carried out in which only one target was stained. Images were captured in all

channels to confirm that signal was only detected in the channel specific to the target stain.

2.6.4 Fixation Optimization

An appropriate fixation is essential for immunofluorescence staining. In this thesis, fixation

method, time and temperature were considered in optimizing immunofluorescence protocol.
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4% formaldehyde (PFA) was used in the immunofluorescence staining as a fixation solution.
This fixation method results in low levels of shrinkage and good preservation of cellular
structure for a wide range of cells and tissues and does not cause substantial structural changes

to proteins. Triton X-100 was used in immunofluorescence detection of muscle fibre types.

2.6.5 Image Capture

Wide-field image capture was completed by using Nikon E600 with a 40x0.75 numerical
aperture objective. Images per area were captured under three colour filters achieved by a
SPOTRT KE colour shot CCD camera (Diagnostic Instruments Inc., MI, USA), illuminated by
a 170 W Xenon light source. For image capture, the Texas-Red (540-580mm) excitation filter
was used to capture signals of dystrophin (sarcolemma) or MHCI (Type I fibres), which were
conjugated with Alexa Fluor 546 or 594 fluorophores and CreaT or MHCII (Type 1II fibres)
stains tagged with Alexa 488 fluorophore (green) visualised under the FITC (465-495 nm)

excitation filter. DAPI UV (340-380 nm) filter was used to view WGA-350 (blue) signals.

2.6.6 Image Analysis

All microscope images were processed under grey/white raw image format. The association
between CreaT and cellular organelles was measured by co-localisation. The subcellular
distribution of CreaT was measured by quantification analysis.

In co-localisation analysis, approximately seven regions per section were randomly selected
and captured under same microscope setting. Images were processed and analysed under the
Image-Pro Plus 5.1 software (Media Cybernetics, MD., USA.) and Image J software. Image
signals from WGA and Dystrophin were used to evaluate cell membrane borders, then merged

with the corresponding target proteins images to classify the correlation between proteins and
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the sarcolemmal membrane. Pearson’s correlation coefficient was used to measure co-
localisation of target proteins and Dystrophin in immunofluorescence images. Background
images were captured per section, CreaT content intensity and co-localisation experiment data
were analysed by excluding background noise. All images analysis methods were kept

consistent within the same study.

2.6.7 Image Quantitation Analysis

Each slide contained two young and two old skeletal muscle biopsy sample sections, a total of
three slides replicates, were stained, imaged and quantified. On average, approximately eight
images were captured per section, and each capture contained at least eight muscle fibres.
Approximately 80 fibres per subject were used for analysis. During quantification, background
images were taken from each section to lower the background noise. CreaT fluorescence
intensity was quantified by measuring the signal intensity within the intracellular regions of a
mask created by the dystrophin stain in a fibre type specific manner as determined from the

MHCI stain.

2.6.8 Calculation

Ring area mean integrate density was used to identify CreaT protein content intensity around
cell membranes. Image J software was used to ensure the enlarged inner CSA was consistently
in each cell. First of all, cell membranes have been circled along the cell membrane (which
determined by dystrophin) to get outbound CSA (named as A) and integrate density values
(named as B), then the circles were enlarged with a fixed distance (-10 pixel units) to get the
inner CSA (named as A') and integrate density values (named as B'). This fixed distance was

selected following a series of selection tests. By using the Image J software, the enlarged
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distance has been selected as 1 pixel units, 2 pixel units, 5 pixel units, 10 pixel units, 15 pixel
units and 20 pixel units in 6 different sections. Each section contains at least 7 muscle fibres (at
40 X magnification). 10 pixel units were selected for all the analysis of localisation in this thesis.
This is due to this fixed distance is appropriated to just include all the spots clusters around cell
membranes and not too far away from cell membranes. The ring area was identified as inner
CSA subtracted from outbound CSA (A- A') and ring area integrate density was identified as
inner CSA intensity subtracted from outbound CSA integrate density (B- B'). Then mean ring
area intensity was calculated by ring area integrate density (B- B') divided by ring area (A- A').
CreaT protein expression has been indicated by using this method. CreaT intensity and density
are present by using a relative unit of measurement to show the ratio of amount of substance,

refer as arbitrary unit (a.u. or AU). The calculations are listed below:

Raw integrate density (RawIntDen) = Sum of pixel values in selection

Integrate density = RawIntDen * (Area in scaled units)

Mean intensity = integrate density / area in pixels

(B— B)
(A= A)

Ring area mean intensiy =
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Draw a circle alongside
dystrophin stain to mark
cell membrane.

Enlarge the circle with -10 pixel
unit to make a inner border.

Save the two circles in ROI
(Region Of Interest) manager.

Applied the ROl manager
on the CreaT stain image.

Figure 2.1 1llustration of the steps involved in Ring area calculation.

2.6.9 Statistics

Repeated immunofluorescence images quantification and colocalisation analysis were applied
to ensure the repeatability of antibodies from same muscle samples before formal studies. The
repeated stain and measurement for specific antibody was evaluated by the range of coefficient

of variation (CV) between duplicates. In experimental chapters, all immunofluorescence
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imaged quantification was performed in duplicate (2 sections of same sample on 1 slide). The
data for each subject was the mean value of two duplicate sections on one slide. For statistical
analysis, Pearson’s correlation coefficient values and protein fluorophore intensity obtained
from seven to eight areas per section were input into statistics software SPSS, version 22. An
unpaired T-test was used to identify the significant difference of data at same time point
between different groups. A paired t-test was used to determine Type I and Type II muscle
fibres in same subject. Repeated measurements were used in multi-comparison conditions (i.e.
fibre types % specific cellular regions). Significant difference was determined by P < 0.05. Data
was presented as Mean + SD. GraphPad Prism was used to present figures and tables (GraphPad

Prism for Mac version, San Diego, California).

2.7 Results of CreaT Antibody Optimization

2.7.1 Antibody Validation

In human skeletal muscle samples, a positive CreaT protein stain was observed in the centre
area and the ring area (green stain). The intensity of the CreaT stains were brighter around ring
area (cell membranes) than the central area stain (Figure 2.2A). Incubation of the CreaT
primary antibody with the immunogen blocking peptide prior to application to the muscle
section, almost completely abolished CreaT staining intensity in all cell regions, leaving only
background fluorescence and confirming specificity of the antibody (Figure 2.2B, Figure
2.2C). Western blotting (Figure 2.2D) was applied to human skeletal muscle to confirm the
specificity of CreaT primary antibody, which should only detect the antibody in a single band
at the specified molecular weight (~70 kDa). Exclusion of the CreaT primary antibody resulted

in no staining, confirming that the secondary antibody specific bound to the target protein
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without any tissue autofluorescence. Additionally, not only the peptide blocking experiments
applied to validate the specificity of CreaT antibody. CreaT protein Knockout (KO) and wild
type (WT) mice tissue were used to investigate the specificity of CreaT protein antibody, results
showed that KO mice tissue did not present bands on membrane where the WT tissues display
faint but detectable bands around 70 KDa (Figure 2.3). Taken together, these data suggested
that the anti-CreaT primary antibody (ab62196, abcam, Cambridge, UK) used in the current

study is specific to the CreaT protein in human skeletal muscle.
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CreaT | - —75 kDa
~70 kDa
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CreaT CreaT + Peptide
1 1

Figure 2.2 Immunofluorescent and Immunoblotting CreaT peptide blocking. Human skeletal
muscle marked with CreaT (green stain) to detect CreaT protein, Dystrophin (Red stain) to
mark sarcolemma. A. CreaT antibody only. B. CreaT antibody with its peptide blocking. C.
CreaT peptide blocking in western blot, the two bands on left side are CreaT antibody only,
and the other two bands on right side are CreaT with peptide. D. Human skeletal muscle CreaT

protein Western blot.
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CreaT ~ 70 KDa

Ponceau

-

Figure 2.3 Detection of Creal KO and WT mice skeletal muscle. KO (n=3) and wild type

(n=3).

Validation of CreaT primary antibody concentration.

CreaT primary antibody was serially diluted at 1:100,1:150 and 1:200. All secondary antibodies
were diluted by 1:200. The best dilution was determined by the signal strength, the background
noise and the amount of antibody usage. The images in Figure 2.4 showed that a 1:150 primary
body dilution was the best of three due to its lower background noise, the visualised signal and

the lower antibody usage.
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Figure 2.4 CreaT antibody dilution. Human skeletal muscle marked with CreaT (green stain) to
detect CreaT protein, Dystrophin (Red stain) to mark sarcolemma. A is CreaT antibody diluted at

1:100, B is CreaT antibody diluted at 1:150, C is CreaT antibody diluted at 1:200.



A CreaT primary antibody negative control (no CreaT primary antibody but a secondary
antibody co-stain with dystrophin primary and secondary antibodies) was applied to ensure the
exclusive of unspecific fluorescence of the primary antibody. The results of this experiment are

shown in Figure 2.5, suggesting that the CreaT primary antibody was specific to the target.

Non CreaT+ 2Ab Dystrophin + 2Ab

Figure 2.5 Antibody controls. Sections stained only with the secondary antibody of Creal. Human

skeletal muscle marked with dystrophin (Red stain) to mark sarcolemma.

2.7.2 Basal CreaT Intensity and Co-Localisation in Human Skeletal Muscle

CreaT staining in human skeletal muscle appears as large clusters at the cell periphery with
smaller spots spread throughout the rest of the cell, as can be seen in Figure 2.6. This was
demonstrated through CreaT co-stain with the cell membrane marker dystrophin. The
localisation of CreaT in human skeletal muscle shown throughout this thesis revealed that
CreaT was mainly associated with the cell membranes in all muscle fibre-types, similar to

observations in previous studies (16).
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Figure 2.6 Immunofluorescent stain of CreaT and Dystrophin. Human skeletal muscle marked with
CreaT (green stain) to detect CreaT protein, Dystrophin (Red stain) to mark cell membrane. All
images subtracted their background intensity when calculated CreaT intensity to decrease the effect

of background noise.
2.7.3 CreaT Co-stain with MHCI

In group one, the section was incubated with both primary and secondary (CreaT co-stain with
MHCI). Greater CreaT protein was observed in Type I compared with Type II fibres (shown in
Figure 2.7A). In the CreaT stained section excluding the MHCI primary antibody, the signal
intensity was less bright (Figure 2.7B). In group two, section one was incubated with both

primary and secondary (CreaT co-stain with MHCI) (Figure 2.8A). Exclusion of MHCI and its
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corresponding secondary antibody showed the same result with control test 1B (Figure 2.8B),
(The section stains with CreaT primary + CreaT corresponding secondary + MHCI
corresponding secondary antibody) confirming that the secondary antibody did not react with
CreaT antibodies. Taken together, the results of the two cross-binding control experiments
determined that the MHCI primary antibody potentially results in non-specific staining that
caused a higher fluorescence signal, which may impact the quantification of CreaT intensity.
Considering the cross-binding effects between antibodies, these results suggest that when
CreaT is co-stained with MHCI, the intensity would be greater than CreaT protein stained alone.
Therefore, in this thesis, when MHCI staining was required, it was completed on different

sections to CreaT to avoid co-staining.
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A B

CreaT+MHCI+GAR488+GAMSS5 CreaT + GAR488+GAMSSS

-

Figure 2.7 Immunofluorescent CreaT co-stain MHCI control test 1. Human skeletal muscle marked
with CreaT (green stain) to detect CreaT protein, MHCI (Red stain) to determine Type I muscle

fibres and wheat germ agglutinin (WGA) to mark cell membranes. A. CreaT and MHCI primary
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antibody with corresponding secondary antibodies; B. CreaT antibody without MHCI primary

antibody but with both secondary antibodies.

A B
CreaT+MHCI+GAR488+GAM555 CreaT + GAR488

Figure 2.8 Immunofluorescent CreaT co-stain with MHCI control test 2. Human skeletal muscle
marked with CreaT (green stain) to detect CreaT protein, MHCI (Red stain) to determine Type I

muscle fibres and wheat germ agglutinin (WGA) to mark cell membranes. A. CreaT and MHCI
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primary antibody with their secondary antibodies. B. CreaT primary antibody with its secondary

antibody.

2.7.4 Human Skeletal Muscle Fibre-type Distribution and Cross Section Area (CSA)

Human skeletal muscle fibre-type distribution was determined by immunofluorescence staining
of muscle cross section area (CSA) of Type I and Type II fibres (Figure 2.9C). MHCI (red
stain) expressed Type I muscle fibres and MHCII (green stain) conveyed Type Il muscle fibres.
Type I and Type II muscle fibres were divided by cell membrane borders, which were stained

with a blue colour by using WGA (wheat germ agglutinin).

2.7.5 Fibre-type Specific CreaT Expression

In this thesis, fibre-type specific immunofluorescence CreaT protein expression was achieved
by analysing serial sections combined. For example, as can be seen in Figure 2.9 sections from
the same subject were prepared on two separate slides at the same position. Following the
sections management (Figure 2.9B). Slide one was incubated with CreaT and dystrophin
antibody to determine CreaT protein (captured by x40 magnification) (Figure 2.9 A), and slide
two was incubated with MHCI, MHCII and WGA to detect muscle fibre type distribution
(captured by x 20 magnification) (Figure 2.9C). The sections on slide two were used to identity
the muscle fibre-types in slide one. Following this, CreaT expression could be determined in

different fibre types.
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Figure 2.9 Immunofluorescent human skeletal muscle fibre type specific Creal expression. A.
Human skeletal muscle marked with CreaT (Green stain) and co-stained with dystrophin (Red stain)
to detect CreaT intensity (40X magnification). B. Sections management to determine fibre specific
CreaT expression. C. Human skeletal muscle marked with MHCI (red stain) to detect Type I muscle
fibres, MHCII (green stain) to determine Type Il muscle fibres and wheat germ agglutinin (WGA)
to mark cell membranes. Type I muscle fibres are labelled as I, Type Il muscle fibres are labeled as

1I. Area of (4) are shown in white square of (C)

2.7.6 CreaT Co-stain with eNOS Secondary Antibody Control

To determine CreaT interaction with the microvasculature, CreaT was co-stained with anti-
eNOS antibody, as a marker of capillaries surrounding human skeletal muscle fibres. Secondary
antibody control tests were applied to ensure the secondary antibodies were only targeted to
either eNOS or CreaT primary antibodies. When CreaT was co-stained with eNOS and both
secondary antibodies (Figure 2.10A), positive stains of both CreaT (green stain) and eNOS
(red stain) were present on images. When eNOS primary antibody was excluded (Figure 2.10B),
the positive red stain disappeared, indicating the secondary antibody of eNOS does not cross-
react with other antibodies used in this experiment. Similarly, exclusion of CreaT primary
antibody (Figure 2.10C) resulted in a non-positive stain on images, indicating that the

secondary antibody of CreaT does not cross-react with other antibodies.
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CreaT + eNOS + both 2 Ab

CreaT +both 2 Ab eNOS + both 2 Ab

B C

Figure 2.10 Immunofluorescence detection of CreaT and eNOS antibody control tests. Human
skeletal muscle sections were marked with CreaT antibody (Green stain) to determine CreaT
expression, endothelial nitric oxide synthase (eNOS) antibody (Red stain) to identify
microvascular, Wheat Germ Agglutinin (WGA) was used to indicate cell membranes. A. Both

CreaT and eNOS primary antibody target with their secondary antibodies. B. CreaT primary
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antibody target with its secondary antibody together with eNOS secondary antibody. C. eNOS
primary antibody target with its secondary antibody together with CreaT secondary antibody.
All images were captured at the same 40 X magnification. Scale bar on the right bottom of

images was set at 25um.
2.7.7 Creatine Kinase (CK) Antibody Optimization

CK primary antibody was serially diluted at 1:4000 and 1:8000. And the amount of loading
protein was tested by 10ug and 20 ug at both dilutions. All secondary antibodies were diluted
by 1:10000. The best dilution was determined by the signal strength and relative background
noise (Figure 2.11). It was determined that a 1:8000 primary antibody dilution loaded at 10ug
was the best of the four combinations, due to its lower background noise and the visualised

signal.

Dillution: 1:4000
Protein loading: 20ug w ~43 kDa

Dillution: 1:8000 .
Protein loading: 20ug - . — ‘ 43 kDa

Dillution: 1:8000
Protein loading: 10ug P ——— ) — 43 kDa

Figure 2.11 Total Creatine Kinase (CK) antibody dilutions. Three different dilutions were tested in

western blot experiments.
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2.8 Attempts Made to Fix with Different Solutions

As fixation plays an important role in the immunofluorescence staining process, comparison
between different fixation approaches were tested here (Figure 2.12). Acetone and Ethanol
(3:1) and 4% Paraformaldehyde (PFA) fixing methods were carried out these experimental
tests. There was no visualised difference between the different fixation approaches. However,
PFA was chosen for the experiments in this thesis was due to its character in preserving good
cellular structure of tissues (10). Furthermore, PFA is a widely used fixation approach and the
stability of PFA has been well investigated (11, 13). Therefore, in this thesis, 4% PFA has been

used as fixation solution. Two different fix solutions were listed in Table 2.3.
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4% PFA Acetone: Ethanol (3:1)

25 um

Figure 2.12 Immunofluorescent stain of CreaT in different fixations. Human skeletal muscle
marked with CreaT (green stain) to detect CreaT protein and wheat germ agglutinin (WGA) to
mark cell membranes. A. CreaT antibody fixed by 4% paraformaldehyde (PFA), B. CreaT antibody

fixed by acetone and ethanol (3:1).



Table 2.3 Solutions used for Immunofluorescence staining.

Fixation  Permeabilization Blocking Mountant
) ) Prolong® Gold
CreaT intensity & 5% normal goat )
4% PFA  PBST and/or PBS antifade regent Cat
Co-localisation serum in 1%BSA
No. P36930
3:1
) ) Prolong® Gold
CreaT intensity & Acetone 5% normal goat
PBST and/or PBS antifade regent Cat
Co-localisation to serum in 1%BSA
No. P36930
ethanol

2.9 Attempts Made to Co-Stain with MHCI

Previous studies used an immunofluorescence microscopy protocol of CreaT, indicated that
Type I muscle fibres have greater CreaT protein compared to Type II muscle fibres (17).
However, the Cocktail’ antibodies (mixed CreaT and MHC) and negative control (without
secondary antibodies) were applies in this study (16, 17). However, it has been reported that
CreaT antibodies were experienced some issue in previous study, such as lack of
specificity/sensitivity (6, 18, 21), more control tests should be considered in this method
development, such as primary antibodies controls (between CreaT and MHCI), lack of critical
antibody controls may lead to unreliable conclusions. In the first place, we followed similar
immunofluorescence staining protocol of previous study. Significantly difference of CreaT
protein distribution was observed between Type I and Type II muscle fibres (show in Figure
2.13), however, when we excluded MHCI primary antibody, the greater significant brighter
signal disappeared and replaced by a less-bright signal, this results has been shown in Figure
2.7B. Therefore, we decided to stain CreaT protein and fibre types individually rather than use
a ‘cocktail’ antibody. A series staining method (described in Figure 2.9 ) was used to determine

fibre type specific CreaT distribution.
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CreaT/MHCI

Merge

Figure 2.13 Immunofluorescent CreaT stain with MHCI. Human skeletal muscle marked with

CreaT (green stain) to detect CreaT protein and wheat germ agglutinin (WGA) to mark cell
membranes. Top panels are CreaT antibody with WGA; bottom panels are MHCI antibody with

WGA.

2.10 Attempts Made to Quantify CreaT Co-Localisation with Dystrophin

CreaT and dystrophin co-localisation are showed in Figure 2.14. The co-localisation of CreaT
and dystrophin was quantified automatically by the software by using Pearson’s correlation
coefficient (PCC). The results were occasionally inaccurate due to the indistinct stain of
dystrophin (low signal), which may have generated a high PCC despite no detectably greater
CreaT signal at cell membrane in images. Therefore, PCC values were not appropriate to
determine co-localisation between CreaT and cell borders in this thesis. Instead, an alternative
experimental approach to solve the problem was conducted, by analysing a specific region of
CreaT protein expression (described above in Section 2.6.8). The reproducibility was
quantified as the coefficient of variance (CV), CV value for colocalisation between CreaT and

dystrophin was 8.6%.



Background

Pearson's correlation coefficient (r)
o
N
1

| | | | | |
Section 1 Section 2 Section 3 Section 4 Section 5 Section 6

Figure 2.14 Pearson's correlation coefficient measurement of CreaT and dystrophin co-localisation. Human skeletal muscle marked with CreaT (green

stain) to detect CreaT protein and dystrophin to mark cell membranes. All values were eliminated background levels.
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2.11 Discussion

This chapter outlines a validated and optimized method for immunofluorescence and
immunoblotting experiments to investigate fibre-type specific CreaT protein content and sub-
cellular distribution in human skeletal muscle. Both primary and secondary antibodies were
applied to immunofluorescence and immunoblotting methods to successfully target specific
proteins of interest in human skeletal muscle, as confirmed via a series of antibody validation
control tests to ensure the specificity and avoid potential unspecific binding. An appropriate
multiple antibody ‘cocktail’ co-stain method was optimized to identify fibre-specific CreaT
protein content intensity and association with the cell periphery. An appropriate fixation
approach was determined and optimized to ensure the quality of immunofluorescence staining.
Although, no visualised difference was observed between acetone to ethanol and 4%PFA, 4%
PFA was chosen for the experiments in this thesis was due to its character in preserving good
cellular structure of tissues.

Immunofluorescence microscopy-derived total CreaT protein was observed in human skeletal
muscle in a fibre-type specific manner, with greater expression noted in Type I fibres. This
result is in line with previous findings in rodent and human skeletal muscles (4, 16, 17).
Although, the present data are consistent with previous studies, following several cross-binding
control tests, our experimental results indicated that previous immunofluorescence methods
may have potentially resulted in non-specific binding between CreaT protein and MHCI
primary antibody, which would erroneously increase the intensity of CreaT protein in Type I
fibres. Therefore, extending on the earlier attempts at CreaT staining, our optimized protocol
provides a more accurate and reliable indication of fibre-type CreaT protein content and

distribution in human skeletal muscle.
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The present study demonstrated sub-cellular CreaT protein localisation in specific regions in
human skeletal muscle by using a new calculation method (fully described in section 2.6.8).
Specifically, we identified that the CreaT isoform with a molecular weight of ~70 kDa was
predominantly localized to the cell periphery in Type I and Type II muscle fibres. This finding
has been described previously in both rats and human skeletal muscles, but never before
quantified as we have done here (19, 21, 25). We initially attempted to use Pearson’s correlation
coefficient (PCC) to determine co-localisation of CreaT with dystrophin (cell membrane
marker) (8). However, this method showed high values of co-localisation (r*> of ~0.8),
potentially due to the low intensity values of dystrophin that generated an insufficient signal in
the red channel (8), or due to the high background noise in some sections (8). As PCC values
showed variability between different sections, we do not believe this parameter could accurately
represent true co-localisation between CreaT and dystrophin. Therefore, we developed a new
analysis method to determine CreaT localisation at cell border regions, to confirm that CreaT
does indeed reside predominantly at the cell periphery.

Taken together, these validated and optimised methods provide a more precise approach to
identify CreaT protein in human skeletal muscle, permitting greater depth of investigation into
creatine metabolism in human skeletal muscle. Additionally, these techniques could provide
valuable insight into the role of CreaT in alterations in intramuscular Cr metabolism across the
spectrum of health and disease. Finally, these methodological advancements provide a platform
to further investigate the distribution of CreaT protein and its location-associated functions, (i.e.
Cr uptake and energy expenditure) in physiological scenarios of altered muscle morphology

and energy status.
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ABSTRACT

Background: 1t is well established that the creatine transporter (CreaT) protein plays an
important role in intramuscular creatine (Cr) uptake and metabolism. However, the
mechanisms of skeletal muscle CreaT regulation remain largely unexplored. Studies have
demonstrated that Type I muscle fibres contain greater CreaT protein content, inversely
associated with Cr content Additionally, reduced intramuscular Cr and lower CreaT content in
a characteristic of some skeletal muscle myopathies and may be implicated in age-related
muscle deterioration. Purpose: The aim of this study was to used previously validated and
optimized immunofluorescent staining and immunoblotting methods to investigate whether
CreaT distribution and sub-cellular expression is altered in older age. Method: A sub-set of
quadriceps muscle biopsy samples from 6 young (26.8+4.3 yrs) and older (68.8+2.0 yrs)
healthy individuals were used for immunoblotting and immunofluorescence microscopy
analysis to identify fibre-type CreaT content and distribution, Creatine kinase (CK) content
and high-energy phosphagens. A new developed method of calculation was used to identify
CreaT protein intensity in specific sub-cellular regions, referred as ring (sarcolemmal
membrane) and centre (non-membrane bound) CreaT intensity. Results: A CreaT positive stain
was visualized in skeletal muscle with no clear age-related difference. CreaT content was
greater in Type I compare with Type II fibres in old individuals. Additionally, a greater CreaT
content was observed close to sarcolemmal membrane regions (per ring area and centre area
CreaT content) (Young: 100.69 AU £ 7.18 vs. 96.25 AU + 7.13, P = 0.018, Old: 85.84 AU +
2.55 vs. 81.82 AU + 3.02, P < 0.01,) with no fibre-type or age-related differences.
Intramuscular CK (Young: 1.33 £ 0.08, Old: 0.98 + 0.01, P <0.01) and PCr (Young: 69.33 +
3.05, Old: 61.09 + 1.81, P <0.05) content were lower in old vs. young muscle.

Conclusion: These findings confirmed suggestions that intramuscular creatine metabolism is

altered by ageing, and show for the first time that CreaT protein content remains relatively
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unaffected. CreaT appears to be mainly distributed close to cell membranes with significant
fibre-type specific differences in old but not young individuals, perhaps due to the relatively

small sample size used for analysis.
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3.1 Introduction

Creatine (Cr) is an non-essential component involved in high-energy phosphate metabolic
processes that plays an important role in storage, transport and regulation of cellular energy
(54). Cr is primarily synthesized in kidneys and liver, and is transported into muscle cells
through the blood stream (58). Nearly 95% of total Cr (TCr) is stored in skeletal muscle as free
or phosphocreatine (PCr) to generate high intracellular levels of adenosine triphosphate (ATP)
via the creatine kinase (CK) reaction (8, 13). CK is expressed in high-energy demand tissues
and organs. For example, CK content is greater in glycolytic Type II muscle fibres compared
with more oxidative Type I fibres (34).

Cr supplementation increases intramuscular TCr and the PCr pool (24, 49) which results in a
greater ATP buffering capacity, and augments the magnitude of improvement in muscle
strength, mass and performance with exercise training (12, 18), albeit with some variation (4,
39). An explanation for the variable response to Cr supplementation may be related to the Cr
uptake capacity across muscle cell membranes, which is regulated by creatine transporter
(CreaT) proteins (36, 44). Currently, studies of human skeletal muscle CreaT are scarce and,
consequently, our understanding of intramuscular Cr transport mechanisms remains poorly
defined.

CreaT is currently the only known highly-specific, saturable sodium/chloride (Na*/Cl")
gradient-dependent protein (47, 51), thought to be predominantly located at sarcolemmal
membranes in human skeletal muscle. Therefore, skeletal muscle CreaT content and sub-
cellular distribution is likely to be an important determinant Cr uptake and metabolism. Indeed,
muscle myopathies characterised by diminished intramuscular Cr and PCr have been linked to
CreaT dysfunction (27, 52, 53). It has also been reported that intracellular Cr content is
inversely correlated with the rate of Cr transport (30). Additionally, studies demonstrate that

CreaT protein expression is higher in slow-twitch muscles in rodents and humans (11, 36).
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Since the last studies of human skeletal muscle CreaT were published >15 years ago, there has
been no further exploration of human skeletal muscle CreaT kinetics, using contemporary
techniques to understand whether this pathway of muscle metabolic regulation is implicated in
pathological conditions of skeletal muscle deterioration, or potentially a suitable therapeutic
target.

The aged-related loss of muscle mass and strength, termed sarcopenia (20, 38), is characterized
by the reduction in Type II muscle fibre size and number (22, 23). Sarcopenia ultimately
reduces physical function, increases risk of frailty, disability and premature mortality (22, 33)
and presents a significant socio-economic challenge in the face of global population ageing
(20). Given recent evidence that lower-limb intramuscular PCr is reduced in older age (17), Cr
supplementation is one strategy with the potential to increase muscle strength/function, cellular
bioenergetics and metabolic function in aged skeletal muscle, particularly when combined with
exercise training (16, 42). However, although Cr supplementation is generally reported to
enhance muscle strength and mass in older individuals, the ergogenic response is inconsistent
and/or diminished compared with that seen in younger individuals (17, 19, 39). The potential
ergogenic benefits of Cr supplementation in the elderly may therefore be dependent on CreaT
content and/or function, although CreaT kinetics as a function of age have yet to be explored
(51).

Therefore, the aim of the present study was to confirm i) whether high-energy phosphates for
Cr metabolism are altered in ageing and ii) to use newly developed and validated
immunofluorescent staining and western blotting methods to determine fibre-type CreaT
protein content and sub-cellular distribution in young and old human skeletal muscle. We
hypothesized that CreaT would be higher in Type I vs. Type II muscle fibres, and would be
located primary at the cell periphery. In addition, we posited that ageing would reduce skeletal

muscle CreaT protein content and distribution in a fibre-specific manner, thereby offering a
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potential explanation for age-related differences in muscle mass and Cr metabolism reported

elsewhere.

3.2 Materials and Methods

3.2.1 Human Skeletal Muscle Collection and Preparation

Ethical approval for the collection of muscle samples was granted by the NHS West Midlands
Black Country and Solihull Research Ethics Committees (13/WM/042 and 15/WM/0228) and
conformed the principles of the Declaration of Helsinki (7% version). Written informed consent
was obtained from all participants before samples were collected. As this study analysis was
retrospective, there was insufficient muscle biopsy material available to perform all
experiments in tissue the same cohort of young and old individuals. Therefore, samples used
for western blot and immunofluorescence microscopy analysis of CreaT and CK were collected
from 6 young and 6 healthy older individuals (characteristics presented in Table 2). Samples
for enzymatic analysis of intramuscular high-energy phosphates (Cr, PCr and ATP) were
determined from biopsy tissue obtained from 8 healthy young and 8 older individuals
(characteristics presented in Table 3) in order to confirm earlier reports of diminished PCr in
lower limb muscles of older adults (15). All participants were confirmed without any
uncontrolled hypertension, diabetic, obese conditions and neuromuscular or cardiovascular
diseases. In addition, participants with any medication and smoking history that might affect
muscle metabolism were excluded from this study. Muscle biopsies were obtained from the
vastus lateralis using the Bergstrom percutaneous needle biopsy technique (6), under local
anaesthesia. Samples were cleaning by using sterile saline to remove excess blood and
dissected free of any visible fat and collagen. Biopsy tissue was then snap frozen in liquid

nitrogen (enzymatic analysis and western blot), or placed in Tissue Tek OCT compound and
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frozen in liquid nitrogen-cooled isopentane (immunofluorescence microscopy) before being

stored at -80°C freezer until experimental analysis.

3.2.2 Enzymatic Analysis

Approximately 10mg of freeze-dried tissue was powdered, after removal of macroscopic blood
and connective tissue, and metabolites extracted in 0.5 M perchloric acid (containing 1 mM
EDTA), followed by neutralisation with 2.2M K2CO3 (Sigma Aldrich, Gillingham, UK). Cr,
PCr and ATP were determined enzymatically in muscle extracts according to the method of
Harris et al, modified to accommodate use of a 96-well plate spectrophotometer. TCr is
reported as the sum of PCr and Cr. Metabolite contents were corrected for non-muscle

constituents by using muscle ATP content.

3.2.3 Immunofluorescence Staining

The thickness of cryosections was 10um for all subjects. Details of this experimental procedure

are presented in Chapter 2.

3.2.3.1 CreaT Intensity

Sections were fixed at room temperature in 4% paraformaldehyde (PFA) solution (Fisher, UK)
for 10 min and then washed 3x5 min in phosphate buffered saline (PBS) with 0.2% Tween
(PBS-T). Sections were then blocked in 5% normal goat serum (Invitrogen, UK) in 1% bovine
serum albumin solution (1% BSA) for 1 h at room temperature and then incubated with anti-
SLC6AR8 antibody (ab62196, abcam, 1:150, Cambridge, UK) and dystrophin (mouse I1gGa,
1:100) mixed antibody in 1xPBS at 4°C overnight. On following day, sections were washed

for 3 X 5 min in 1% PBS-T and secondary antibodies were then applied to sections for 120 min
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at room temperature. After secondary antibody incubation, Sections were then left to dry for
~10 min and mounted with 20ul Mowiol ® 4-88 (SIGMA-Aldrich, Gillingham, UK) and
covered with glass coverslips. Slides were left to dry overnight in a dark place before capturing
images. Primary antibodies, secondary antibody, blocking peptides, experimental dilutions and

details of experimental procedures are listed in Chapter 2.

3.2.3.2 Muscle Fibre Types

Sections were incubated with Triton X 100 (at 0.02% concentration in 1xXPBS) for 5 min and
then blocked in 5% normal goat serum (Invitrogen, UK) in 1x PBS for 90 min at room
temperature. Sections were incubated with MHCI (IgG2b, BAFS, DSHB, Iowa, US) and
MHCII (IgG1, SC.71) mixed primary antibodies (in 1xXPBS) at room temperature overnight.
The following day, sections were washed for 3 x 5 min in 1XPBS-T and incubated in secondary
antibodies and WGA mixed solutions in 1xXPBS for 90min at room temperature. Following
secondary antibody incubation, sections were then washed 2 x 5 min with PBS-T and 1 X 5
min with PBS and left to dry. The remaining processes was similar with CreaT intensity
experiments. Primary antibodies, secondary antibody, experimental dilutions and details of

experimental procedures are listed in Chapter 2.

3.2.3.3 CreaT Co-localize with Capillaries

Sections were fixed at room temperature in acetone and ethanol (3:1) mixed solution (Fisher,
UK) for 5 min and then washed 35 min in phosphate buffered saline (PBS) with 0.2% Tween
(PBS-T). Sections were then blocked in 5% normal goat serum (Invitrogen, UK) in 1 x PBS
for 1 h at room temperature and then incubated with eNOS primary antibody (BD Transduction,
#610297, 1:200) and CreaT (ab62196, Abcam, 1:150, Cambridge, UK) mixed antibody in
I1xPBS at 4°C overnight. On the following day, sections were washed 3 % 5 min in 1xXPBS-T

and incubated in secondary antibodies and Wheat Germ Agglutinin (WGA-350) mixed
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solutions in 1xPBS for 60 min at room temperature. The remaining processes were as same as
the CreaT intensity experiment. All antibodies and solutions used in this study are listed in

Chapter 2.

3.2.4 Image Capture

Wide-field image capture was completed by using Nikon E600 with a 40x0.75 numerical
aperture objective. Images per area were captured under three colour filters achieved by a
SPOTRT KE colour shot CCD camera (Diagnostic Instruments Inc., MI, USA), illuminated by
a 170 W Xenon light source. For image capture, the Texas-Red (540-580mm) excitation filter
was used to capture signals of dystrophin (sarcolemma), MHCI (Type I fibres) eNOS
(capillaries). FITC (465-495 nm) excitation filter were used to capture signals of CreaT or
MHCII (Type II fibres). DAPI UV (340-380 nm) filter was used to view WGA-350 (cell
membranes) signals and stains in blue. Wide-field images for CreaT were obtained using 40x
objective and muscle fibre types were obtained using 20x objective. All images processing
and analysis were carried out in Image Pro Plus 5.1 (Media Cybernetics, MD., USA). CreaT
fluorescence intensity was used to identify differences abundance of CreaT protein. Ratio of
ring area and centre area mean CreaT protein density was used to indicate the distribution of

CreaT around cell membranes.

3.2.5 Immunoblotting

Snap-frozen samples ~30 mg, were homogenised in a buffer (50 mM Tris-HCL, 1mM Ethylene
glycol tetra-acetic acid (EGTA), 1 mM Ethylenediaminetetraacetic acid (EDTA), 10 mM B-
Glycerophosphate, 50 Mm NaF) with a Protease Inhibitor Tablet (Roche No. 05892791001).
Samples were centrifuged at 800xg 10 min at 4°C and the resulting supernatant was aliquot.

Protein concentration was determined by a DC protein assay and prepared at equal amounts of
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protein in 4xLaemmli sample buffer. Protein (20ug) was loaded and separated on 10%
acrylamide gels by SDS-PAGE for 40 min. Protein then transferred to a nitrocellulose
membrane (Whatman, Dassel, Germany) at 100V for lh. Then membranes stained with
Ponceau S solution and blocked in 5% skim milk before primary antibody incubation overnight
at 4°C. Membranes were wash 3 x 5 min with TBST, and then incubated in goat anti-rabbit
IgG Horseradish peroxidase (HRP) conjugated secondary for 1 h at room temperature before
washing in TBST and detected by Immobilon Western chemiluminescent HRP substrate
(Merck Millipore, Watford, UK). Images were captured by using a G:BOX Chemi XT4 imager
with GeneSys capture software (Syngene, Cambridge, U.K.). A Chemi Genius Bioimaging Gel
Doc System (Syngene) was used to image and quantify bands. Proteins are expressed relative
to Ponceau loading control. Details of antibodies and experimental procedures are listed in

Chapter 2.

3.2.6 Calculations

Ring area mean integrate density was used to identify CreaT protein content intensity around
cell membranes. CreaT intensity and density are present by using a relative unit of
measurement to show the ratio of amount of substance and refer as arbitrary unit (a.u. or AU).

Details of calculation are listed in Chapter 2.

3.2.7 Statistics

SPSS 22 was used for all statistical analyses. An unpaired student T-test was used to compare
1) muscle high phosphagens, ii) fibre CSA and fibre proportion iii) total intramuscular CreaT
content, iv) creatine kinase, v) TCreaT intensity and vi) muscle fibre-type specific CreaT
intensity between young and old. A repeated measurement was used to compare CreaT protein

content in per CSA and CreaT protein content in ring and centre area. Significance was set at
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P <0.05. Data are reported as Mean = SD.

3.3 Results

3.3.1 Participant Characteristics

There were no significant differences in body mass, height, BMI, fat mass, fat-free mass, or
appendicular lean body (ALM) mass which involved in analysis of intramuscular CreaT and
CK protein content (Table 3.1). No significant differences were observed in body mass, height
or BMI between young and old participants included in analysis of intramuscular high-energy

phosphates (Table 3.2).

Table 3.1 Participant characteristics and intramuscular CreaT and CK protein content.

Young (n=6) Old (n=6) P value

Male/Female 3/3 4/2 -
Age (yrs) 26.8+4.3 68.8 £2.0%* 0.001
Body Mass (kg) 71.9 £ 14.0 78.1£17.6 0.69
Height (m) 1.8+0.1 1.7+0.1 0.40
BMI (kg/m?) 232429 269+5.5 0.19
FM (kg) 18.9+6.1 242 +11.5 0.34
FFM (g) 49.2 +10.6 50.1 +£8.9 0.81
% FFM 68.5+6.3 65.0+7.7 0.41
% FM 26.5+6.9 30.4+£8.5 0.40
ALM (kg) 29.9 + 14.0 22.6 +4.8 0.13

BMI: bod mass index, FM: fat mass, FFM: fat-free mass, ALM: appendicular lean mass.
Significant difference was set at P < (.05, indicates a significant difference from young, **

represent significant difference P < 0.01. Values are present as mean + SD.
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3.3.2 Intramuscular High-energy Phosphates

There was no significant difference observed in ATP, free Cr and TCR (Table 3.2). PCr was

significantly lower in old compared with young individuals (P < 0.05).

Table 3.2 Participant characteristics and intramuscular high-energy phosphates.

Young (n=8) Old (n=8) P value
Male/Female 5/3 6/2 -

Age (yrs) 22.1+29 71.1 £3.9%* <0.001
Body Mass (kg) 79.3+£5.2 79.1+7.4 0.95
Height (m) 1.8+0.1 1.8+0.1 0.84
BMI (kg/m?) 24.6+2.0 247+2.2 0.92
ATP (mmol/kg/dry wt) 27.39+3.33 24.00+ 3.91 0.08
Free Cr (mmol/kg/dry wt) 52.14 £ 4.06 55.58+4.58 0.13
PCr (mmol/kg/dry wt) 69.33 +6.95 61.09 +5.11* 0.02
TCr (mmol/kg/dry wt) 121.46 + 7.62 116.66+ 7.05 0.99

BMI: bod mass index, ATP: adenosine triphosphate, Cr: creatine, PCr,; phosphocreatine, TCr:
total creatine. Significant difference set at P < 0.05, indicates a significant difference from
young * represent significant difference P < 0.05, ** represent significant difference P < 0.01.

Values are present as mean + SD.

3.3.3 Intramuscular CreaT and CK Protein

There was no significant difference in western blot-derived CreaT protein content between
young and old muscle (Figure 3.1A) (P = 0.166). CK protein content was significantly higher

in young compared with old muscle (P <0.01, Figure 3.1B).
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Figure 3.1 Intramuscular total CreaT protein (A) and total CK (B).Values are presented as
mean £ SD. Significant difference was set at P < 0.05. * represent P<0.05. Comparison

between groups are tested by Un-paired test.

3.3.4 Skeletal Muscle Fibre Type CSA and Composition

Chapter 4 Immunofluorescence microscopy of skeletal muscle Type I and Type 11 fibres were
stained on both young and old skeletal muscle tissues (Figure 3.2 A & B) The proportion of
type Il muscle fibre is significant greater compare to type I muscle fibres in young individuals,
no significant difference of fibre type proportion was observed in old muscles (P < 0.05)
(Figure 3.2D). No significant differences of type I and type II cross section area (CSA) were

observed between young and old individuals (Figure 3.2C).
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Figure 3.2 Human skeletal muscle fibre distribution (A) and cross section area (CSA) (B). Sections
marked with MHCI (Red stain), MHCII (Green stain) and WGA (Blue stain) in Young (a) and Old
(b) muscles. Box whisker plots representing median, interquartile range (IQR), and minimum and
maximum values of Type I and Type Il muscle fibre type distribution (4) and CSA (B) values in 6

young and 6 old subjects. + shows mean values, significant levels were set at P<0.05. * represent

significant difference P < 0.05.

3.3.5 CreaT Protein Content

There was no significant difference in CreaT protein intensity between young and older
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individuals (Figure 3.3).
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Figure 3.3 CreaT protein intensity in young and old skeletal muscle tissues. Values are Mean
+ SD. Repeated measurements were used to analysis the difference between young and old

individuals. Significance was set at P < 0.05.
3.3.6 Fibre-type CreaT Protein Content

Immunofluorescence microscopy of fibre-type CreaT content is presented in Figure 3.4A.
There was no significant difference in CreaT protein intensity between Type I and Type II
muscle fibres in healthy young individuals (Type I: 95.82 £+ 25.64 vs. Type II: 97.57 + 23.87,
P =0.73). However, in older healthy adults, CreaT protein intensity was significantly greater
in Type I compared with Type Il muscle fibre (Type I: 84.01 +10.59 vs. Type II: 80.53 £9.99,

P = 0.004) (Figure 3.4B).
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Figure 3.4 Serial sections detections of fibre type specific CreaT protein intensity. A. Top panel is
Immunofluorescent (40X magnification) detection of CreaT protein content and localisation.
Sections marked with CreaT (Green stain) and co-stained with dystrophin (Red stain). The small
white box of top panel shows CreaT distribute at cell membranes as the bright spots cluster on old
skeletal muscle samples. Bottom panel is Immunofluorescent (20X magnification) detection of Type
I and Type Il muscle fibres in young and old individuals. Sections marked with MHIC (Red stain)
and MHCII (Green stain). Type I muscle fibres are labelled as I, Type Il muscle fibres are labelled
as 1. Areas of top panel are shown in white square of bottom panel. Arrows in A indicate the bright
cell membranes. B. CreaT protein intensity in Type I and Type Il muscle fibres. Values are Mean +
SD. Repeated measurements were used to analysis the difference between young and old
individuals. Significance was set at P < 0.05. * shows significant difference P < 0.05, ** shows

significant difference P < 0.01.

3.3.7 CreaT Protein Sub-cellular Location

CreaT protein mean intensity in the ring area was significantly greater than centre area in both
young and older individuals (Young: Ring area 100.69 + 23.73 vs. Centre area 96.25 + 23.56,
P=0.02; Old: 85.84 +8.54 vs. 81.82+10.13, P <0.01, Figure 3.5A). No significant difference
of specific areas (ring and centre) CreaT protein intensity between young and older participants.
However, while normalised into fibre Type In combination with specific areas, centre area
Type I muscle fibre CreaT intensity showed significant difference compare to Type II fibre in
old individuals (Centre, Type I: 83.57 £ 4.08 vs. Type II: 80.07 + 3.82, P <0.01, Figure 3.5C).
In addition, ring area CreaT intensity in Type I muscle tended to be significantly greater than
Type Il muscle fibres (Ring, Type I: 87.15 + 4.08 vs. Type I1: 84.53 = 3.82, P = 0.054, Figure
3.5B). No significant differences of CreaT content were observed in young individuals in fibre

type specific ring and centre areas.
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Figure 3.5 Intramuscular CreaT protein intensity in ring and centre area. A. CreaT intensity in
ring and centre areas. B. Ring area fibre type specific CreaT intensity between young and old. C.
Centre area fibre type specific CreaT intensity between young and old. Values are Mean + SD.
Repeated measurements were used to analysis the difference between young and old individuals.
Significance was set at P < 0.05. * shows significant difference P < 0.05, ** shows significant
difference P < 0.01. Ring areas are the areas that selected 10 pixel units’ distance from cell

membranes towards to centre of cells.
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3.3.8 Intramuscular CreaT and Capillary Co-localisation

Immunofluorescence microscopy results showed that capillaries were localized at cell
membranes Figure 3.6. However, due to the quantification methods used, we are unable to
accurately estimate co-localisation between eNOS (used to detect capillaries) and CreaT.
Visually, no apparent difference of eNOS co-localized together with CreaT protein was

observed between young and older individuals.
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Figure 3.6 Immunofluorescent detection of CreaT and eNOS. Sections were marked with
CreaT (Green stain) and co-stained with endothelial nitric oxide synthase (eNOS) (Red stain)
to identify capillilaries in skeletal muscle. Wheat Germ Agglutinin (WGA) was used to mark
cell membranes. Images from two individuals in young and old group are displayed. All images

were captured at the same magnification (40X).

3.4 Discussion

The present study findings confirmed previous reports that lower-limb intramuscular
phosphocreatine (PCr) may be reduced in older vs. younger individuals, which may explain
the well described decreased in exercise performance fatigue in aged skeletal muscle (9, 30,
34). Further to these data, in a separate sub-set of muscle biopsy samples, we demonstrated no
discernible difference in muscle fibre-specific CreaT protein content or sub-cellular
localisation between young and older individuals. However, immunoblotting revealed that
creatine kinase (CK) content was greater in young compared with older muscle tissues.

These findings are in line with previous research which showed the PCr content is lower in
older vs. young healthy skeletal muscle (5, 35). Age-related muscle loss is associated with a
reduction in muscle fibre size and number, particularly in Type II fibres (3, 45, 50). However,
in our study, we did not find any significant difference in fat-free mass, fibre number or cross
section area (CSA) between young and older individuals, potentially due to the healthy status
of our older volunteers, and limited sample size. Ultimately, the absence of any clear
phenotypic or muscle morphological difference between young and older individuals may
explain why we did not detect any difference in CreaT protein content between young and
older skeletal muscle. Nonetheless, our data clearly indicate that. Analogous to our findings,
previous research reported that CreaT mRNA is not altered by ageing (55) and increased

intracellular Cr levels through Cr supplementation occurred in the absence of any change in
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CreaT content (49). Therefore, it is possible that CreaT protein content may be relatively stable
across the adult life-course in healthy muscle cells as chronological ageing per se does not
appear to alter intramuscular CreaT content or sub-cellular localisation. The activity of CreaT
is closely associated with two electrochemical gradients in Na" and Cl and it has been reported
that Cr requires 2 Na" ions to provide the energy for entry into muscle cells (10). An insufficient
concentration of ions could potentially result in a lower Cr uptake rates via CreaT protein (1)
and may explain the lower PCr in ageing reported here and elsewhere (17), but unchanged
CreaT content. In line with this notion, it has previously been shown that replacement of NaCl
gradient with a potassium or lithium chloride gradient in an extravehicular medium, completely
abolished Cr transport (61). Nevertheless, studies reported that CreaT enters muscle cells only
need a small portion of ions (11). Therefore, any reduction in ion concentration may fully
explain the potentially blunted capacity of creatine transport into muscle cells in ageing.

Skeletal muscle is incapable of Cr synthesis and the intracellular Cr pool is dependent on the
rate of Cr uptake. Therefore, the concentration of intramuscular Cr may be an important
determinant of CreaT protein regulation. It has been determined that the transport of Cr through
CreaT is a saturable process (58). Indeed, an increase in Cr uptake rate is related to a decrease
in intramuscular Cr concentration (39, 48). This has been supported by Cr supplementation in
vegetarians, who display low levels of intramuscular Cr. However, following 5 days of
supplemental Cr loading, the Cr pool increased robustly in vegetarians to a similar level in
omnivores. These findings suggest that a greater Cr uptake rate with Cr supplementation may
be due to greater CreaT content and/or transport capacity (62). In present study, we did not
observe a significant difference of TCr between young and older individuals. It is possible that
the similar TCr content between groups would be accompanied by similar Cr uptake rate,
which may explain why we did not observe any difference in CreaT content between young

and older muscles. Finally, as PCr is an energy shuttle in ATP re-synthesis (52, 58), a decreased
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PCr reported in aged muscle may alter energy regeneration processes and stimulate the
activation of energy related signalling pathways, such as AMPK (7, 31). Although speculative,
the changes of AMPK activity in aged skeletal muscle may explain the corresponding
alterations in muscle PCr despite similar CreaT content. Previous studies determined that
ageing is associated with the reduction of AMPK signalling capacity and therefore interrupting
cellular homeostasis (48). AMPK activity was reported to play roles in muscle metabolic
adaptation through the oxidative capacity of mitochondrial (30). Considering the important
function of PCr/Cr is reflected as an energy carrier to shuttle high-energy phosphagens between
mitochondrial and cellular ATP consumption site (20). Furthermore, PCr/Cr also plays a role
in preventing excessive levels of ADP in cells and controls the ratio of ADP to ATP (34), which
is important for the production of oxidative energy in mitochondria. Therefore, AMPK activity
may alter muscle PCr in aged skeletal muscle.

In the present study, staining of CreaT in human skeletal muscle tissue displayed a strong
immuno-reactivity at the cell membrane, which was confirmed by the higher ring area CreaT
protein intensity levels around sarcolemma membrane compared to centre area CreaT content
in young and older adults. These findings are aligned to earlier work, in which CreaT was
reported to localize predominantly at the cell periphery in Type I and Type Il muscle fibres (41,
55, 63). One unanticipated finding was intramuscular CreaT protein content did not differ
between Type I and Type II muscle fibres in young individuals, despite being significantly
greater in Type I vs. Type 11 fibres in older individuals. The absence of fibre-type difference in
CreaT in younger individuals is in contrast with the findings of Murphy et al. (38). The
conflicting findings in fibre-specific CreaT content between young and old muscle may due to
the small sample size and higher variance in CreaT intensity observed, whereas older muscle
CreaT intensity in this study was highly consistent across individuals. The predominant

localisation of CreaT at the cell membrane is aligned to its role in Cr uptake and restoration
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after scenarios of cellular energy depletion, such as high intensity exercise (58). The peripheral
localisation of CreaT also corresponds to its purported role as a neurotransmitters (22, 44, 47).
It stands to reason that a stable expression of CreaT at cell membranes is important to maintain
intermuscular Cr level and energy homeostasis.

Skeletal muscle is perfused by a complex network of capillaries and other micro-vessels, that
provide working tissues with a supply of oxygen and nutrients. As Cr transport into muscle
cells occurs via the bloodstream, we also considered the role of skeletal muscle capilliarization
in transporting Cr and determined co-localisation between CreaT and these blood vessels.
Muscle eNOS protein content has been shown to be correlated with capillary density (27) and
predominantly localizes near sites of mitochondrial respiration (27, 54). In the present study,
due to the analysis technique used, we could not accurately quantify the co-localisation of
CreaT and eNOS. In any case, visual inspection of images did not reveal a strong immuno-
reactivity between CreaT and eNOS. Irrespective, it would be prudent to better understand the
relationship between CreaT and eNOS in older age. Of particular interest, would be the study
of CreaT and eNOS kinetics and complex interactions in response to exercise and Cr
supplementation, as a possible explanation to some of the observed variability in the anabolic
response of aged muscles to these non-pharmacological stimuli.

There are some limitations in this study. Firstly, as a small-scale pilot investigation, this study
included just six young and six older individuals for analysis. Thus, with a small sample size,
caution must be applied to our findings, which may not best represent the wider young and
older populations. Additionally, this study included both male and female participants. Gender
difference may also be a considerable factor that influences intramuscular Cr regeneration, as
females generally present lower CK levels and tissue enzyme activity (2, 14). In addition, males
are shown to have greater response to Cr supplementation in fat free mass compare with

females (14). Intramuscular Cr concentration is highly correlated with skeletal muscle mass,
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the lower muscle strength and smaller muscle mass in female (28) potentially vary the TCr
levels. Further research of CreaT protein expression and Cr metabolism should consider

gender-related differences in age-related studies of CreaT kinetics.
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3.5 Conclusion

In conclusion, this study has applied the immunofluorescence method that developed in chapter
2 to visualise the content and localisation of CreaT in young and older individuals. The present
findings suggest that aspects of intramuscular creatine metabolism are altered by ageing,
whereas CreaT protein content remains relatively unaffected, and may potentially be stable
across the life-course in healthy individuals. CreaT protein mainly distributes around cell
membranes in young and older individuals, and demonstrated a clear fibre-type difference in
old individuals, that was not apparent in the young. These findings provide a platform to
investigate whether fibre-specific CreaT expression/activity is a rate-limiting step in the muscle
anabolic response to exercise and supplemental creatine interventions that may support muscle
mass and strength with advancing age. Future studies should now focus on further elucidating
the possible underlying mechanisms of altered cellular energy status in older age. Additionally,
identifying how other physiological scenarios of altered muscle morphology and cellular
energy status, such as disuse and Cr supplementation, regulate CreaT content and expression
should also be undertaken. As CreaT is the essential mechanism by which Cr enters muscle
cells, approaches to maintain intramuscular CreaT protein content or activity could have
substantial relevance in the prevention or treatment of conditions of musculoskeletal

deterioration.
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ABSTRACT

Background: Periods of physical disuse (inactivity/immobilization0) results in the loss of
muscle mass and strength, through alterations in protein turnover that may be related to
dysregulated energy homeostasis. Specifically, postabsorptive and postprandial muscle protein
synthesis rates are down-regulated with disuse alongside a reduction in the content of high
energy phosphates content in muscle. However, the driven mechanism of these alterations is
unknown, but may relate to alterations may relate to Creatine transporter (CreaT) expression
which is essential for Cr entry into muscle cells. Purpose: The aim of this study was to
investigate the effect of immobilization on CreaT protein expression and distribution in human
skeletal muscle. Method: An optimized immunofluorescence microscopy technique was
applied to recognize CreaT in human skeletal muscle. Following this, skeletal muscle samples
from 15 healthy young individuals (23.1 £ 3.5 yrs) were used analyzed for CreaT distribution
and expression in different fibre types after 7-days unilateral leg immobilization (IMMOB)
compared with a non-immobilized control limb (CTRL). A new calculation method was
developed to identify CreaT protein intensity in specific muscle fibre regions, referred to as
ring (cell membrane) and centre (non-membrane bound) CreaT intensity. Results: Skeletal
muscle isometric strength was significantly lower in IMMOB vs. CTRL after 7-days
immobilization (P < 0.01), along with significantly lower leg fat free mass (P < 0.01). Skeletal
muscle Type II fibre cross-section area (CSA) was significantly smaller in IMMOB compared
with CTRL (P = 0.028). No significantly difference of Type I fibre CSA was observed between
IMMOB and CTRL (P = 0.07). CreaT mean intensity was greater in IMMOB vs. CTRL (P <
0.01), with significantly greater expression in Type I fibres (P < 0.01). Within each fibre-type,
ring area CreaT mean intensity was greater than centre area intensity in both IMMOB and

CTRL (P <0.01). The greater CreaT content in IMMOB vs. CTRL may be partly explained by
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a trend for greater CreaT in Type I fibres (P = 0.074). Conclusion: In summary, we report
higher CreaT protein expression throughout muscle fibres following short-term limb
immobilization. The greater muscle fibre CreaT expression with immobilization may have
important implications for skeletal muscle energy production during disuse-induced atrophy

and in the recovery of muscle mass upon re-loading.
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4.1 Introduction

Short periods of disuse result in a considerable loss of skeletal muscle mass (8, 36). The loss of
muscle mass with repeated episodes of disuse over the life-course may ultimately lead to
impairments in strength, functional capacity and increased risk of disability and metabolic
disease (35). The reduction of skeletal muscle mass and strength during disuse events is
generally accompanied by a lengthy recovery time, a higher risk of injury and impaired
metabolism (19, 33). Therefore, given the important clinical implications of short-term disuse,
it is imperative to understand the driving mechanisms in order to develop effective strategies to
attenuate disuse-induced muscle deterioration. Previous studies suggest that disuse-induced
muscle atrophy results from alterations in muscle protein turnover that could, potentially, be
linked to dysregulated energy homeostasis (34, 35). Specifically, muscle protein synthesis and
breakdown may be adversely affected in the first few days of disuse, during which the rate of
muscle atrophy is most rapid and muscle attempts to restore or rebalance cellular energy
homeostasis (35).

The phosphagen system uses phosphocreatine (PCr) to generate and maintain ATP at a very
rapid rate (2). The only known source of Cr entry into skeletal muscle cells is through the
creatine transporter (CreaT) (9). It has been demonstrated that disuse-induced muscle atrophy
is accompanied by a reduction in intramuscular high-energy phosphagens (16, 21), which could
be an important mediator of the muscle atrophy process. However, the mechanistic link between
alterations in muscle mass and high-energy phosphagens during disuse are yet to be investigated,
but may be related to alterations in CreaT content and sub-cellular localisation, as an important
gate-keeper for Cr entry into cells and mediator of intracellular PCr and/or Cr concentrations.
Accordingly, the aim of this study was to use newly developed immunoflouresence microscopy

techniques to determine the effect of immobilization on CreaT protein expression and sub-
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cellular distribution in human skeletal muscle. We hypothesized that, alongside expected
reductions in muscle mass and strength, CreaT protein expression and cellular distribution
would be lower with immobilization, aligned to observations from others that disuse diminishes

intramuscular PCr.

4.2 Methods

4.2.1 Ethical Approval

Human skeletal muscle samples were obtained from School of Sport, Exercise and
Rehabilitation Sciences, University of Birmingham. Ethical approval for the collection of
muscle samples was granted by the NHS East Midlands Research Ethics Committees
(17/EM/0086) and conformed the principles of the Declaration of Helsinki (7" version).

Written informed consent was obtained from all participants before samples were collected.

4.2.2 Participants

Fifteen recreational healthy young male participants aged between 18-35 years old were
recruited to complete 7-days of unilateral leg immobilization, with no history of regularly
trained resistance or endurance training (in the past 3 years duration). All participants were
confirmed without any diabetic, obese conditions and had no-smoking history. The purpose of
the study was clearly explained to the participants and a general health questionnaire was
assigned before recruitment to identify any potential known cardiovascular or metabolic
disorder that would endanger them during testing. All participants were informed of the nature
and the possible risk of this experimental procedure before they sign the consent of take part in

this study.
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4.2.3 Experimental Design

Participants firstly performed an assessment of leg strength on a customised machine to
determine the isometric strength. Following three days activity, participants was reported to lab
to undergo assessments of height, weight and a 7-min dual-energy x-ray absorptiometry (DEXA;
Discovery DXA Systems, Hologic Inc., Bedford, MA, US) scan to determine regional and
whole-body composition (fat and fat-free mass) after fasting overnight. During analysis,
participants lay in a supine position with their feet placed shoulder width apart. By the end of
preliminary testing, participants were informed with instructions on how to safely ambulate on
crutches prior to immobilization phase by a trained physiotherapist. The leg to be immobilized
was randomly selected and counterbalanced for left/right. Then the immobilized leg was locked
at a 30° angle of flexion to prevent participants from performing weight baring exercises and
covered in anti-tamper tap to ensure it remained in place during 7-days period of immobilization.
Participants were asked to remove the leg brace overnight and complete ankle exercise to
minimise potential risks. After the 7-day immobilization phase, participants reported to
laboratory following a 10 h overnight fast for repeat DEXA scanning immediately after
removing the knee brace. Skeletal muscle biopsy samples were obtained from the quadriceps
of immobilized (IMMOB) and non-immobilized control legs (CTRL). Post-immobilization
quadriceps muscle isometric strength was measured the day after muscle biopsy sampling for

participant comfort.

4.2.4 Human Skeletal Muscle Sample Collection

A portion of the muscle biopsy samples (~20mg) were used for immunofluorescence

microscopy analysis of CreaT proteins were collected from 15 young healthy individuals
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(characteristics presented in Table 4.1). Skeletal muscle biopsies were obtained from the vastus
lateralis using the Bergstrom percutaneous needle biopsy technique, under local anaesthesia.
Samples were cleaned using sterile saline to remove excess blood and dissected free of any
visible fat, collagen and connective tissues. Biopsy tissue was then placed in Tissue Tek OCT
compound and frozen in liquid nitrogen-cooled isopentane before being stored at -80°C freezer

until experimental analysis.

4.2.5 Human Skeletal Muscle Immunofluorescence Microscopy

Embedded muscle samples were fixed in front of a microtome blade (Bright 5040, Bright
Company limited, Huntingdon, England) and cryosections (10um) were collected onto room

temperature uncoated glass slides (Thermo Scientific, Hungary).

4.2.5.1 CreaT Intensity

Sections were fixed at room temperature in 4% paraformaldehyde (PFA) solution (Fisher, UK)
for 10 min and then washed 3x5 min in phosphate buffered saline (PBS) with 0.2% Tween
(PBS-T). Sections were then blocked in 5% normal goat serum (Invitrogen, UK) in 1% bovine
serum albumin solution (1% BSA) for 1 h at room temperature and then incubated with anti-
SLC6AS8 antibody (ab62196, abcam, 1:150, Cambridge, UK) and dystrophin (mouse 1gGa,
1:100) mixed antibody in 1xPBS at 4°C overnight. On following day, sections were washed
for 3 x 5 min in 1% PBS-T and secondary antibodies were then applied to sections for 120 min
at room temperature. After secondary antibody incubation, Sections were then left to dry for
~10 min and mounted with 20ul Mowiol ® 4-88 (SIGMA-Aldrich, Gillingham, UK) and
covered with glass coverslips. Slides were left to dry overnight in a dark place before capturing

images. Primary and secondary antibodies, experimental dilutions and other details are
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provided in Chapter 2.

4.2.5.2 Muscle Fibre Morphology

Sections were incubated with Triton X 100 (at 0.02% concentration in 1xPBS) for 5 min and
then blocked in 5% normal goat serum (Invitrogen, UK) in 1x PBS for 90 min at room
temperature. Sections were incubated with MHCI (IgG2b, BAF8, DSHB, lowa, US) and
MHCII (IgG1, SC.71) mixed primary antibodies (in 1xPBS) at room temperature overnight.
The following day, sections were washed for 3 x 5 min in 1xPBS-T and incubated in secondary
antibodies and WGA mixed solutions in 1xXPBS for 90min at room temperature. Following
secondary antibody incubation, sections were then washed 2 X 5 min with PBS-T and 1 x 5 min
with PBS and left to dry. Primary and secondary antibodies, experimental dilutions and other

details are provided in Chapter 2.

4.2.6 Immunofluorescence Microscopy Image Capture

Wide-field image capture was completed using a Nikon E600 with a 40x0.75 numerical
aperture objective. Images per area were captured under three colour filters achieved by a
SPOTRT KE colour shot CCD camera (Diagnostic Instruments Inc., MI, USA), illuminated by
a 170 W Xenon light source. For image capture, the Texas-Red (540-580mm) excitation filter
was used to capture signals of dystrophin (sarcolemma), MHCI (Type I fibres). FITC (465-495
nm) excitation filter were used to capture signals of CreaT or MHCII (Type II fibres). DAPI
UV (340-380 nm) filter was used to view WGA-350 (cell membranes) signals and stains in
blue. Wide-field images for CreaT were obtained using 40x objective and muscle fibre types
were obtained using 20x objective. All images processing and analysis were carried out in

Image Pro Plus 5.1 (Media Cybernetics, MD., USA). CreaT fluorescence intensity was used to
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identify the abundance of CreaT protein, as described in chapter 2.

4.2.7 Calculations

Ring area mean integrate density was used to identify CreaT protein content intensity around
cell membranes. CreaT intensity and density are present by using a relative unit of measurement
to show the ratio of amount of substance, refer as arbitrary unit (AU). Details of the calculations

are provided in Chapter 2.

4.2.8 Statistics

All analyses were carried out using SPSS, version 22. Paired student T-test was used to compare
variables between control and immobilised legs in same participant i) total intramuscular CreaT
content, ii) total CreaT protein intensity, and iii) CreaT co-localisation. A repeated
measurement was used to compare i) fibre CSA and fibre type composition, ii) CreaT protein
mean intensity in fibre type specific manner and iii) ring and centre area intensity. A p value
descriptive data was generated for all variables and the significance levels were set at P<0.05.
Data are reported as Mean + SD. Prism 8 (GraphPad Software, California, US) were used to

draw the graphs.

4.3 Results

4.3.1 Muscle Morphology and Strength

Muscle morphology and strength data are presented in Table 4.1. Isometric strength in IMMOB
was significantly reduced at post- compared with pre-immobilization (Pre: 698Nm =+ 213 vs.

Post: 502Nm + 219; P < 0.01). No significant difference in isometric strength was found
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between pre and post immobilization in CTRL (Pre: 667Nm = 188 vs. Post: 586Nm =+ 250, P =
0.067). Leg fat free mass was significantly lower following immobilization in IMMOB (Pre:
9.35kg+ 1.27 vs. Post: 9.01kg + 1.58, P <0.01). No significant difference in leg lean mass was
found in CTRL between pre and post intervention (Pre: 9.15kg + 1.23 vs. 9.15kg + 1.30, P =
1.00). Type II muscle fibre cross section area (CSA) was significantly smaller in IMMOB
compared to CTRL (5561um? + 1865 vs. 6320 um? + 1597, respectively; P = 0.028). No
significant difference in Type I muscle fibre CSA was found between IMMOB and CTRL
(4700 um? + 1233 vs. 5425 um? + 1253; P = 0.07). The proportion of Type II fibres in the
vastus lateralis was greater Type I fibres in IMMOB and CTRL limbs (P<0.01), with no

difference in the proportion of Type I to II fibres between limbs.
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Table 4.1 Participants muscle morphology and isometric strength characteristics.

CTRL (N=15) IMMOB (N=15)
Pre Post Pre Post

Knee extensor isometric strength (kg) 667 + 188 586 =250 698 + 213 502 £ 219**
Leg fat free mass (kg) 9.15+1.23 9.15+1.30 9.35+1.27 9.01 £ 1.58%*
Type I fibre CSA (um?) --- 5425+ 1253 --- 4805 + 1256
Type II fibre CSA (um?) --- 6320 + 1597 --- 5561 + 1804*

Type I fibre (%) --- 40 + 8 --- 43+9

Type 1I fibre (%) -—- 60+9 - 57+£9

Data are presented as Mean + SD. Symbols indicate significantly different from CTRL, significant difference was set at P < 0.05, *

indicates P < 0.05, ** indicates significant difference P < 0.01.
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Figure 4.1 Immunofluorescence microscopy images of human skeletal muscle fibre types.

Sections marked with MHCI (Type I fibres) (Red stain), MHCII (Type Il fibres) (Green stain)
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and WGA (Blue stain). WGA was used to mark cell membranes. Magnification of images are

20% objective, Scale bars are 50 um.

4.3.2 Skeletal Muscle CreaT Protein content

Total CreaT content was normalised to fibre CSA to obtain per area CreaT protein content
intensity (Figure 4.2 and 4.3). Results showed that CreaT protein intensity was significantly

greater in IMMOB than in CTRL (CTRL 34.84 + 6.45 vs. IMMOB 41.94 + 7.51, P = 0.018).
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Figure 4.2 Human skeletal muscle CreaT protein mean intensity in CTRL and IMMOB.
Repeated measurements were used to analysis the difference between CTRL and IMMOB legs.
Values are mean + SD. Significance was set at P < 0.05. * shows greater CreaT content P < (.05.

a.u. means arbitrary unit.
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Figure 4.3 Immunofluorescence microscopy images of CreaT protein intensity in CTRL and
IMMOB. Sections were marked with CreaT protein (Green stain), Dystrophin (Red stain).
Dystrophin was used to mark cell membranes. Magnification of images are 40% objects. Scale

bars are 50um.
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4.3.3 Fibre Type Specific CreaT Protein Content

CreaT protein content normalised to fibre area, total intramuscular CreaT protein IntDensity
was divided by fibre CSA in CTRL and IMMOB legs to obtain per area CreaT density (Figure
4.4). Type I muscle showed significantly greater CreaT protein intensity values compared with
Type Il muscle fibres in both CTRL and IMMOB (CTRL: Type [ 47.54 + 8.00 vs. Type 1141.32
+5.27,P <0.01; IMMOB: Type I 56.61 + 12.34 vs. Type 11 48.90 +9.73, P <0.01). IMMOB
Type I muscle fibres CreaT protein intensity (56.61 £ 12.34) was significantly greater than
IMMOB Type II and CTRL Type II fibres and tended to be greater compare with CTRL Type
I fibres. IMMOB Type I vs. IMMOB Type II, P <0.01; IMMOB Type I vs. CTRL Type II, P

=0.002; IMMOB Type I vs. CTRL Type I, P =0.074)
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Figure 4.4 CreaT protein intensity in fibre type specific manners in CTRL and IMMOB. Values
are set at Mean + SD. Repeated measurements was used to indicate significant difference of
CreaT protein intensity between Type I and Type Il muscle fibres, and between CTRL and
IMMOB. Significance was set as P < 0.05. * shows significantly greater CreaT intensity Type

I vs. Type Il fibre within the same limb, ** shows significance P < (.01 within the same limb;,
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Figure 4.5 Immunofluorescence microscopy images of fibre type specific CreaT intensity in
CTRL and IMMOB. Serial sections were stained for MHCI (Red stain), MHCII (Green stain),
and WGA (Blue stain) on top panels of group A (CTRL) and B (IMMOB) with 20x
magnification, stained for CreaT protein (Green stain) and dystrophin (Red stain) on bottom
panels of group A and B with 40x magnification. Scale bars of images are all set at 50um.
These serial sections stain represent the fibres in muscle fibre type stain sections (areas in
white box) equivalent the fibres in section stained for CreaTl protein intensity. The

quantification was carried out using dystrophin stain to mark cell membranes.

4.3.4 CreaT Content in Specific Areas (ring and centre)

Ring and centre area CreaT intensity were applied to determine the CreaT sub-cellular
distribution (Figure 4.5). In both CTRL and IMMOB, ring area CreaT protein mean intensity
was significantly greater compared with the centre area (CTRL: Ring area 50.41 + 7.89, Centre
area 43.67 £ 6.81, P <0.01; IMMOB: Ring area 59.29 + 11.85, Centre area 51.93 + 10.81, P <
0.01). When comparing CreaT mean intensity between CTRL and IMMOB, ring area CreaT
mean intensity was significantly greater in IMMOB than CTRL (CTRL: 50.41 + 7.89 vs.
IMMOB: 59.29 + 11.85, P <0.01). Centre area CreaT protein mean intensity was significantly
greater in IMMOB group compare to CTRL (CTRL: 43.67 + 6.81 vs. IMMOB: 51.93 + 10.81,

P <0.01) (Figure 4.6).
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Figure 4.6 CreaT protein intensity in ring and centre areas. Values are set at Mean + SD.
Repeated measurements was used to indicate significant difference of CreaT protein intensity
in different areas (Ring and Centre area), and between CTRL and IMMOB conditions.
Significance was set as P < 0.05. * shows significantly greater CreaT intensity in ring vs.
centre area within the same limb, ** shows significance P < 0.01 within the same limb; +
shows significance of P < 0.05 in same areas between limbs, ++ shows significant difference

of P < 0.01 in same areas between limbs.

4.3.5 Fibre Type CreaT Content in Specific Area

CreaT intensity in ring and centre areas were normalised into per CSA area content in different
fibre types (Figure 4.7). In the ring area, within same limbs, CreaT protein intensity was
significantly greater in Type I compared with Type II muscle fibres in both CTRL and IMMOB
(CTRL: Type I 53.48 + 7.99 vs. Type 1l 47.34 + 6.75, P = 0.004, IMMOB: Type I 62.38 +
12.34 vs. Type 11 56.19 + 10.92, P = 0.002). No significant difference in ring CreaT intensity
was found between CTRL and IMMOB (Figure 4.7A). In the centre area, CreaT protein

intensity was greater in Type I compared to Type II muscle fibres in both CTRL and IMMOB
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(CTRL: Type 146.65 +7.07 vs. Type 11 40.69 £ 5.26, P =0.02, IMMOB: Type I 55.85 £ 10.80
vs. Type II 48.01 £ 9.67, P <0.01). No significant difference in centre CreaT content was

observed between CTRL and IMMOB (Figure 4.7B).
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Figure 4.7 CreaT protein intensity in specific regions in Type I and Type Il muscle fibres. A
represents CreaT protein content in per ring area in different muscle fibre types, B represents
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used to indicate significant difference of CreaT protein intensity in different areas (Ring and
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the same limb.
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4.4 Discussion

The present study is the first to investigate alteration in intramuscular CreaT protein during a
short-term disuse in humans. Our findings showed that 7-days of unilateral leg immobilization
(via knee bracing) induced a reduction in skeletal muscle fat free mass and isometric strength
in human skeletal muscles, which corroborates with the findings in previous immobilization
studies (1, 17, 20). In addition, muscle fibre CSA was ~11% lower in Type I muscle fibres and
~12% lower in Type II muscle fibres from immobilized vs. non-immobilized limbs (IMMOB
and CTRL, respectively). Again, this observation is consistent with that of Suetta et al. who
reported an ~10% reduction in muscle fibre CSA in young individuals after 4 days of limb
immobilization (30) as well as other short-term bed rest studies (15).

The immunofluorescence microscopy method optimised in Chapter 2 and further developed in
Chapter 3 of this thesis has been used herein to investigate the effect of immobilization on
fibre-type CreaT protein expression and sub-cellular distribution for the first time in humans.
Given evidence that periods of disuse may adversely affect cellular energetics in humans, we
hypothesized that CreaT protein expression would be lower in an IMMOB vs. CTRL. In
contrast to our hypothesis, intramuscular CreaT protein content was actually greater in
immobilized vs. non-immobilized muscle, indicative of a potential increase in CreaT with
disuse. Although the mechanisms through which immobilization initiated an apparent increase
in intramuscular CreaT are unclear , this result may be explained by potential reductions in PCr
/ Cr levels in muscle, as reported elsewhere with disuse-induced muscle atrophy (11, 22, 29).
Considering the reduction in locomotor activity, mechanical tension and energy expenditure
that typically occurs during immobilization, energy-related signalling pathway may initiate an
up-regulation of CreaT expression as a compensatory mechanism to maintain sufficient
intramuscular Cr uptake for cellular energetics, although this contention requires further

investigation.
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In human skeletal muscle, Cr pool size is relatively constant and the process of Cr uptake via
CreaT is suggested to be a saturable process. As such, the amount of intracellular Cr storage
may be a ‘modulator’ to regulate the content and distribution of CreaT protein. This notion is
in agreement with evidence that CreaT protein is extremely sensitive to the amount of
intramuscular Cr and is up-regulated when Cr is reduced (7, 28). In addition, a decreased Cr
uptake rate has been associated with a lower creatine and sodium concentration in rat muscle
(27). This notion may also be indirectly supported by evidence from Cr supplementation
studies, which suggest that short-term creatine loading (~20g/day or 0.2-0.3/kg/day over 5-7
days) can significantly improve intracellular Cr concentration in different populations (7, 13,
14, 18), after which lower Cr maintenance doses over the following few weeks will not further
increase intracellular Cr levels (5, 14). The less effectiveness of Cr supplementation during
maintenance dose may due to the Cr storage level in skeletal muscle appears to reach saturable
level. Therefore, Cr supplementation is potentially be more effective in the populations that
suffering low intramuscular Cr levels. Considering the lifestyle associated changes in older
individuals, intake a maintenance dose of Cr supplementation may be benefit to ageing muscle
and functions. Additionally, prolonged Cr supplementation (i.e. >several weeks) does not
continually increase the intramuscular TCr pool (14). Thus, circulating creatine concentrations
following prolonged supplementation may provide a signal to skeletal muscle that
intramuscular Cr storage is saturated. Therefore, only certain amount of CreaT protein may be
required to support the task of transporting Cr to the intracellular space. Muscle may gradually
adapt to an environment of sufficient Cr over time (37) and potentially lead to a down-
regulation of CreaT. This potential mechanisms of Cr modulation has also been supported by
work in mice, which demonstrates that prolonged Cr supplementation decreased the degree of
muscle mass and strength improvement and down-regulated CreaT protein expression (4, 12).

At present, the specific promoter of CreaT gene expression and down-regulation of
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intramuscular Cr level remains unclear. However, the AMPK molecular pathway has been well
accepted to play roles in regulating CreaT activities due to its responsiveness to ratios of Cr:
PCr (9, 38) and warrants further investigation. In summary, skeletal muscle Cr uptake occurs
specifically via CreaT, and the expression of CreaT may be modulated by intramuscular Cr
and/or PCr levels. Immobilization-induced muscle atrophy may decrease the intramuscular Cr
pool and disrupt energy homeostasis, subsequently modulate CreaT expression (potentially
through the AMPK signalling pathway). The mechanistic regulation of the observed greater
CreaT in IMMOB vs. CTRL requires further complementary analysis of intramuscular high-
energy phosphagens (Ct/PCt/ATP) and AMPK signaling, that were unavailable for this study
due to limited tissue availability.

In terms of fibre-type specific CreaT protein expression, we report that Type I muscle
expressed greater CreaT protein content than Type II muscle fibres. This finding is consistent
with earlier work (3, 24, 31) and supports an inverse relationship between Cr content and CreaT
expression, in which Type I fibres may have a greater capacity for Cr uptake compared with
Type II fibres. In order to explore the difference in CreaT between IMMOB and CTRL, we
analyzed CreaT content at the fibre-specific level. The idea that the greater CreaT content in
IMMOB vs. CTRL might be explained by preferential Type II fibre atrophy and an increase in
the relative proportion of Type I fibres (i.e. a shift to a ‘slow’ muscle phenotype) is not entirely
supported by our findings. Specifically, whilst we report a significantly lower Type II fibre
CSA in IMMORB vs. CTRL, there was a trend for a lower Type I fibre CSA and no difference
in the proportion of Type I and II fibres between limbs. Given the relationship between muscle
morphology and TCr (6, 7), a decrease in muscle fibre CSA may be a key factor of the reduction
of intramuscular Cr content with disuse. Although there are differences in PCr content between
Type I and Type I fibres, the significantly lower Type II fibre CSA and trend for a lower Type

I fibre CSA in IMMOB vs. CTRL, indicative of a reduction in fibre size with disuse, may have
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reduced intramuscular PCr content, as has been reported elsewhere previously (11).
Subsequently, this disuse-induced impairment in high-energy phosphagens and energy
homeostasis may have promoted an upregulation of CreaT expression. Indeed, whilst we did
not detect fibre-specific differences in CreaT content between IMMOB and CTRL limbs,
significant differences between limbs became apparent when all CreaT content of all fibres
was combined.

Although we were unable to detect a fibre-specific differences in CreaT content to explain the
greater CreaT content in IMMOB vs. CTRL, we applied a novel immunofluorescence
microscopy imaging technique to determine whether there were differences in the sub-cellular
localisation of CreaT between limbs. Consistent with previous studies (23, 24), our findings
showed that CreaT was distributed predominantly at the cell membrane region in both Type I
and II fibres. For the first time, we also showed that CreaT content was greater at the membrane
and throughout the rest of the cell in IMMOB vs. CTRL. There are a number of possible reasons
to explain why CreaT would associate with cell membranes, not least of which is the
requirement to support intramuscular Cr uptake after energy depletion (e.g. following high
intensity exercise contractions (32)). Furthermore, the predominant membrane localisation of
CreaT is also consistent with its purported role as a neurotransmitter (10, 25, 26). When
considering fibre-type specific differences in CreaT expression together with CreaT sub-
cellular localisation, the greater expression of CreaT in Type I fibres may due to the different
functions of Type I (oxidative) and Type II (glycolytic) fibres. Thus, future investigations
should aim to understand the role of CreaT in substrate utilization in distinct fibres (i.e.
localisation with mitochondria and lipid droplets) and changes in the sub-cellular localisation
of CreaT in response to altered cellular energy and phosphagen status (i.e. following

demanding exercise and/or supplemental creatine loading).
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4.5 Conclusion

In summary, this study aimed to investigate the effect of short-term disuse on muscle fibre-
specific CreaT protein expression and sub-cellular distribution in human skeletal muscle. We
report that 7-days of immobilization resulted in a substantial loss of skeletal muscle mass, fibre
area and isometric strength. In addition, immobilization apparently increased CreaT protein
content. Although we cannot be certain, we speculate that the potential unbalanced energy
homeostasis induced by muscle atrophy may have initiated the expression or up-regulation of
CreaT to attenuate cellular energy depletion. Our findings also show that CreaT is distributed
mainly at the cell membrane with a greater expression in Type I over Type II muscle fibres,
potentially related to its role in Cr uptake. Finally, the increase in intramuscular CreaT content
with immobilization was evident at the cell membrane and throughout the whole cell. Thus,
this study is the first comprehensive investigation of the impact of disuse-induced muscle
atrophy on CreaT protein expression. These findings provide an evidence for future research
to examine whether fibre-specific CreaT expression/activity is a rate-limiting step in the muscle
anabolic response to exercise and supplemental creatine interventions that may attenuate disuse
induced muscle atrophy. As CreaT is the essential modulator by which Cr enters muscle cells,
maintenance of CreaT protein content and capacity, in addition to cellular energy homoeostasis

could be an important point of intervention.
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5.1 Implications of Thesis

The importance of skeletal muscle plasticity in health and disease is becoming ever more clear
through growing research efforts. The weight of evidence supports the key role of cellular Cr
metabolism in the maintenance of skeletal muscle health. To date, the role of CreaT in
modulating Cr metabolism in skeletal muscle are yet to be fully understood, and the last
investigation on the role of skeletal muscle CreaT sub-cellular function was conducted more
than 15 years ago. In this thesis, we developed new techniques and generated proof of concept
data to show how CreaT is modulated in models of muscle ageing and disuse (i.e. accelerated
ageing). In this regard, the work completed over the course of this thesis provides a framework
for future studies on skeletal muscle morphology and Cr metabolism during disuse. Alterations
in CreaT may explain muscle deterioration in conditions of ageing and disuse atrophy, and the

therapeutic interventions to support muscle health may well need to be targeted to CreaT.

5.2 Novel Findings in Thesis

5.2.1 Detection of CreaT via Immunofluorescence Microscopy Techniques

CreaT protein activity is important for modulating muscle Cr metabolism in response to ageing
and physical activity. The measurement of gene expression, mRNA and protein content have
been the most widely used techniques to investigate CreaT (43, 49, 50). However, CreaT only
function at the cell membrane, therefore, muscle homogenate measurements may lack the
precision to explain the activities of CreaT in response to intracellular Cr alterations in different
situations. The immunofluorescence microscopy method could be therefore providing a
stronger evidence to determine CreaT content and activities in response to Cr uptake.

Immunofluorescence microscopy data on CreaT have been reported in both rodent models and
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human muscle tissue (29, 30). This thesis applied a series control tests to validate and optimize
a new method of immunofluorescence and immunoblotting analysis, before investigating
CreaT content and sub-cellular localisation in human muscle tissues (Chapters 3 and 4). Both
peptide blocking and CreaT KO tissue controls confirmed that the CreaT antibody we used in
this thesis was specifically targeted to CreaT protein. Our immunofluorescence method
indicated that the immunofluorescence methods used by others previously lacked appropriate
primary antibody controls when applying mixed antibody ‘cocktails’ in their analysis. MHCI
primary antibody led to unspecific binding of the CreaT protein signal, which erroneously
increased the intensity of the CreaT protein stain in Type I muscle fibres. Therefore, extending
on the previous CreaT staining methods, in Chapter 2 of the present thesis, we stained CreaT
protein and fibre types separately, and used a series of muscle sections to determine fibre-type
specific CreaT content. Our optimized immunofluorescence microscopy technique provided a
more accurate and reliable way to determine CreaT protein distribution and sub-cellular
localisation in human skeletal muscle. Following these technical developments, in Chapter 3
of this thesis, we found that CreaT protein was significantly greater Type I compared to Type
II fibres in older individuals, with no detectable difference in younger individuals. Furthermore,
CreaT was expressed predominantly at the cell periphery in both young and older individuals
(Figure 5.1A). In Chapter 4 of this thesis, CreaT protein content was significantly greater in
muscle following 7-days of immobilization (IMMOB) compared with the non-immobilized
contralateral control limb (CTRL), in line with reductions in fibre size and strength in IMMOB.
CreaT was greater in Type I compared to Type II muscle fibres in both CTRL and IMMOB
group, and was expressed predominantly at the cell periphery in both limbs. The greater CreaT
content in IMMOB vs. CTRL may be explained by a trend for an increase in Type I fibres

(Figure 5.1B). There are a number of possible explanations for the discrepant fibre-type CreaT
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content in young individuals in Chapter 3, where we saw no difference in fibre-type CreaT, and
Chapter 4, where we saw greater Type I fibre CreaT in younger individuals. Chapter 3 included
a total of 12 samples (six young and six older) from male and female volunteers, which may
explain the variability in CreaT content in the young, which is presented in Figure 5.1A. In
contrast, Chapter 4 included a total of 26 samples from males only (thirteen CTRL and thirteen
IMMOB) for analysis. Therefore, despite this discrepancy, we believe our findings are in
general agreement with earlier work (5, 29, 30), demonstrating that CreaT protein content
differs between fibre-types in human skeletal muscle. Future research based on CreaT protein
investigation should apply a caution when estimating sample size requirements.

The specific sub-cellular region calculation method developed herein offers a new insight to
study CreaT protein localisation in muscle fibres. By using this novel method, skeletal muscle
CreaT protein was found to localize predominantly at the cell periphery, as identified by greater

ring area intensity compared to centre area intensity in all groups (Chapter 3 and Chapter 4).
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Figure 5.1 Fibre type specific CreaT Intensity from all volunteers involved in this thesis.

5.2.2 The Effect of Ageing in Muscle CreaT Expression and Cr Metabolism
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Ageing is associated with various impairments in skeletal muscle cellular regulation that results
in a high risk of disability, impaired physical function, hospitalisation, and even mortality (3,
27, 42). These cellular impairments are often directly correlated with sarcopenia and frailty in
old population (11). Skeletal muscle frailty is a complex geriatric syndrome that habitually
increases skeletal muscle weakness to stressors, leading to a declined physiologic storage that
cause impairment of cellular homeostasis (11, 31). Cellular metabolic homeostasis is generally
associated with steady energy turnover (22). PCr/Cr has been shown to play important role in
sustaining energy homeostasis (20, 48) and cellular Cr uptake is highly depended on its specific
CreaT. Based on previous studies, ageing individuals have been found to have lower
intramuscular PCr and/or Cr concentration compared to healthy young individuals, especially
in the quadriceps (9, 38, 41), an observation that was confirmed in our preliminary findings in
Chapter 3. Further to this, our data showed a significantly greater intramuscular PCr
concentration in young compared with older muscle, which was accompanied with a
significantly higher creatine kinase (CK) content in young compared with old. These findings
are in line with previous research showing that PCr content is lower in older vs. young healthy
skeletal muscle (4, 28). Meanwhile, we were unable to detect any significant difference of either
Type I or Type Il muscle fibre size between young and old individuals. As such, the suggestion
that the reduced PCr content in ageing muscle may due to Type II fibre atrophy (8), does not
appear to explain our findings, although it should be noted that samples for analysis of PCr
were obtained from a different cohort to those analyzed for fibre morphology and CreaT.
Therefore, the lower PCr concentration present in Chapter 3 and elsewhere, may not
necessarily be driven by a reduction in muscle fibre size. It should also be noted that the
participants in Chapter 3 were in relatively good health, which may explain the absence of any

clear morphological or fibre-type CreaT difference between young and older individuals.
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Therefore, the potential decrease of PCr in ageing muscle could potentially be due to altered
food intake (particularly meat), with lower food intake in older population has been previously
reported (7, 26). Taken together, these findings suggest that intramuscular Cr metabolism may
be altered by chronological ageing, whereas CreaT protein content remains relatively
unaffected. This dissociation between Cr and CreaT protein may be explained by the unchanged
energy homeostasis in these healthy old muscles. From the data, no changes were found in ATP
levels between young and older muscles. Therefore, we may conclude that chronical ageing per
se may not necessarily lead to a diminution of cellular energetics and homeostasis. Under
conditions of cellular energy homeostasis, CreaT expression and/or translocation does not
appear to be altered. This conclusion is partly in agreement with previous studies, in which Cr
supplementation significantly increased intramuscular Cr concentration, whereas CreaT mRNA
and protein content (in muscle homogenates) remained relatively unaffected (43). Beyond a
scenario of healthy ageing, lower intramuscular PCr and/or Cr concentrations have closely
linked to musculoskeletal disorders, cancer and neurological disorders.

Overall, balanced creatine metabolism is important for patients suffering from different
diseases to attenuate the loss of muscle mass and physical function. To understand the
mechanisms of CreaT regulation and its role in Cr metabolism may therefore help to improve

intramuscular Cr levels through therapeutic interventions.

5.2.3 Disuse-induced Muscle Atrophy and CreaT

Skeletal muscle inactivity, mechanical unloading or disuse/immobilization occur as a
consequence of illness or injury. This muscle disuse leads to a reduction in muscle mass,
strength, functional capacity and a decline in cellular metabolic rate. During disuse, the loss in

muscle fibre CSA is generally fast, with the mean rate of ~1.0% per day (34, 45), which is most
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apparent at the onset of immobilization. In Chapter 4, we observed a decrease muscle fibre
CSA and strength that was accompanied with a greater CreaT protein content after 7-days of
immobilization. No direct evidence has been shown to explain the potential mechanistic link
between muscle atrophy and Cr metabolism. However, the findings in Chapter 4 could be
explained by the fact that disuse induces low energy requirements and alterations in
appetite/hunger (47). Low energy usage during immobilization may alter cellular energy status
and up-regulate CreaT in to generate more skeletal muscle Cr to restore energy homeostasis. In
addition, muscle atrophy has been reported to associate with reduced intramuscular PCr / Cr
levels (16, 28, 41). Taken together, these findings indicate that there may be a potential link
between the alterations in CreaT content, reductions in intramuscular PCr concentration
(reported elsewhere) and the loss of skeletal muscle mass during disuse (shows in Figure 5.2).
Prior to disuse, intramuscular PCr and CreaT are stable, therefore could provide sufficient
energy to maintain muscle mass. Short periods of disuse (0-1 week) may lower cellular energy
status, which may initiate signalling pathways that lead to a rapid muscle atrophy through
impaired muscle protein synthesis rates and/or elevated breakdown. The impaired energy status
during disuse may also initiate CreaT expression in order to increase Cr entry into muscle cells.
During recovery from disuse, muscle reloading will likely restore cellular energy homeostasis.
Therefore, sufficient CreaT protein may be required to assist in the restoration of intramuscular
Cr levels. This mechanism is supported by the studies in which Cr supplementation was
reported to disuse muscle atrophy in rats and humans (32). Furthermore, in Chapter 4, we
observed a great sub-cellular location of CreaT protein at the cell periphery, which reflects the

functional role of CreaT at cell membranes in transporting Cr from blood into skeletal muscle.
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Figure 5.2 Theoretical schematic of the potential associated alterations of skeletal muscle

atrophy, PCr and CreaT content during disuse, and the potential role of Cr supplementation.

5.3 The Role of CreaT Protein in Skeletal Muscle: An Updated Overview

The findings of this thesis generate important new knowledge of the regulation of CreaT
expression and localisation in human skeletal muscle. To sum up the findings of CreaT
distribution in this thesis, we observed that CreaT protein is not altered by ageing but is greater
with muscle disuse-induced muscle atrophy. The initiation of muscle atrophy occurs in various
scenarios of altered proteostasis and cellular energy status, including 1) ageing; ii) disuse, such
as immobilization and bet rest; and iii) chronic diseases, such as diabetes and acquired muscular
disorders (13). Considering the implications of our findings in the context of these scenarios,

we show that CreaT expression in human skeletal muscle can be identified in three different
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conditions. Firstly, in healthy skeletal muscle, CreaT expression and sub-cellular localisation
is consistent in young and older individuals, although larger sample size experiments are
required to confirm this. This potential mechanism is in agreement with previous findings from
Tarnopolsky, which reported that acute and moderate-term Cr supplementation did not alter
CreaT mRNA or protein content in either young or older individuals (43). The second scenario
is disused induced atrophy, such as physical inactivity, immobilization or bed rest, leading to a
decline in postabsorptive and postprandial MPS (34) and the cellular metabolic environment.
Up-regulation of CreaT expression in disuse may be initiated as a consequence of the changed
cellular metabolic environment, as a means to recruit greater Cr entry in skeletal muscle to
restore energy balance and normal metabolic processes. Finally, in disease related disordered
muscles, CreaT function and expression may down-regulate by the impaired physiological
environment (44). Although, no data were presented in this thesis. Based on previous findings,
the reduction of CreaT content appeared after prolonged Cr supplementation ingestion in rat
model (19), which suggested the effectiveness of physiological stimuli on the role of the
modulation of CreaT expression. In addition, lower CreaT protein content accompanied with
the declined Cr and/or PCr concentrations was generally appeared in various muscular disorder
diseases (i.e. mitochondrial cytopathy, inflammatory myopathy) (21, 35, 44). These evidences
may reflect the potential correlation between CreaT and muscular disease are as a consequence

of altered physiological environment.

5.4 Limitations of Research

There are some limitations in this thesis. Firstly, the study in Chapter 3 just included six young
and six older individuals, with a small sample size, caution must be applied, as the findings

may not represent the whole population, future research based on CreaT protein research should
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involve more subject sample to analyse. Additionally, due to the analysis technique basis, we
could not quantify the co-localisation of CreaT and eNOS and we did not observe a strong
immune-reactivity between CreaT and eNOS. An analysis technique should be developed to
analysis the co-localisation between CreaT and eNOS. Furthermore, both Chapter 3 and 4 are
just provided baseline values, as no intervention (exercise or supplementation) were included
in these two studies, in chapter 4, we just took a biopsy after immobilization (for comparison
against the non-immobilized control leg). As no biopsies were taken before immobilization, we
do not have the muscle fibre CSA values before immobilization and cannot comment on how
this may have shifted. However, it is to be expected that immobilization would lead to a
reduction in type II and, to a lesser extent, type I fibres, thereby a ‘slowing’ of skeletal muscle

phenotype.

5.5 Future Directions

This thesis provides a novel insight of CreaT alterations in ageing and muscle disuse. We
suggest that skeletal muscle CreaT expression is not altered in healthy ageing, but may be
altered in ageing when significant atrophy is present (i.e. in inactive older adults). The reduction
of PCr and CK levels in ageing may affect CreaT movement or capacity in response to
alterations in cellular energy status (i.e. with Cr supplementation or depleting exercise), but
may not alter CreaT content per se, which warrants further investigation. Furthermore, we do
not know the specific modulating mechanisms underlying the regulation of CreaT expression.
In order to better understand the role of CreaT in cellular Cr metabolism and its functions in
skeletal muscle physiology, more investigations are required. Taking into account the available
methods, and various complex factors that affect transport mechanisms, future studies should

consider the combined application of various methods to study the physiological role of CreaT.
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For instance, immunofluorescence microscopy approaches to CreaT expression and sub-
cellular localisation could be combined with CreaT protein expression in muscle homogenate
and high-energy phosphagens levels across different models (i.e. disuse, illness), which we
were unable to do herein due to tissue availability. Based on our proposed hypothesis of the
potential role of CreaT in short-term disused model, future studies should examine associations
between disuse-induced muscle atrophy and alterations in Cr metabolism. This could be
achieved in large-sample human trials or using CreaT KO animals. In addition, future studies
should also determine the effect of prolonged disuse (>7-days) and subsequent recovery and re-
loading on CreaT expression and sub-cellular localisation together with other comprehensive
indices of Cr metabolism. Based on fibre-type specific CreaT content data generated in this
thesis, future studies should examine the effect of manipulating training variables alters muscle
Cr metabolism and CreaT activities in relation to muscle hypertrophy and strength accretion.
Finally, studies are required to understand the effects of Cr supplementation interventions,
along and combined with exercise training, on CreaT protein expression and sub-cellular

localisation across the health-span.
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