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Abstract 

Exercise stimulates the expression of PPAR-y co-activator I-a (PGC I-a), 

which in turn increases the levels of the myokine, Irisin. Irisin is synthesized as 

part of a 209 amino acid (aa) long precursor protein, Fibronectin Type III 

Domain Containing Protein 5 (FNDC5), which is proteolytically cleaved at the 

C terminal to give rise to the 112 amino acid long Irisin protein. Irisin induced 

upon exercise, promotes browning of white adipose tissue through binding to 

CD 13 7+ precursor cells, resulting in increased energy expenditure, reduced 

adiposity and improved insulin sensitivity. 

A novel function of Irisin on skeletal muscle has been reported in this thesis. 

Recombinant Irisin protein induced a number of pro-myogenic and exercise 

response genes in myotubes. Moreover, treatment of C2C 12 myoblasts with 

recombinant murine Irisin protein resulted in increased myoblast proliferation 

and fusion, leading to increased myogenic differentiation. Expression analysis 

of myoblast differentiation markers showed upregulation of Myosin Heavy 

Chain (MHC) in response to Irisin treatment, which validated the increased 

differentiation noted. Moreover, the primary fusion marker, Myomaker was also 

shown to be upregulated by Irisin treatment. In addition, evidence presented in 

this thesis revealed that the increased myogenic differentiation observed 

following Irisin treatment is, at least in part, due to IL6. These data reveal that 

Irisin positively regulates myogenesis through enhancing myoblast growth, 

differentiation and fusion. 

Mice injected with recombinant mUrIne Irisin displayed increased muscle 

weights, distinct hypertrophy in un-injured muscle and enhanced grip strength, 

further supporting the pro-myogenic function of Irisin. Mechanistically, Irisin 

promoted skeletal muscle hypertrophy, through increasing protein synthesis and 

inhibiting protein degradation pathways. Expression analysis confirmed that 

Irisin activates the protein synthesis pathways via Akt, Erk and MAPK 

activation. In addition, Irisin inhibits the protein degradation pathway by 

reducing the expression of E3 ubiquitin ligases, Atrogin-I and MuRF-I. 
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To further study the pro-myogenic capacity of Irisin, we next assessed the 

effect of Irisin during muscle regeneration. Treatment with Irisin resulted in 

significant myofiber hypertrophy and increased centrally placed nuclei, further 

supporting the role of Irisin 111 promoting myoblast fusion. 

Immunocytochemistry revealed that injection of Irisin during skeletal muscle 

regeneration increased Satellite cell activation, as shown by higher numbers of 

MyoD positive nuclei in the early stages of regeneration. This data was further 

validated in vitro, where we observed a larger population of activated, fusion 

competent (PaxTMyoDI) and proliferating Satellite cells (Pax7"MyoD\ 

suggesting a direct role of Irisin on Satellite cells activation. These results 

reveal that increased circulatory levels of Irisin may further induce skeletal 

muscle hypertrophy by activating Satellite cells. 

In addition to assessing Irisin function during muscle regeneration the effect of 

Irisin on muscle growth was further assessed in models of muscle atrophy and 

wasting. We investigated if Irisin could rescue or reverse muscle atrophy 

associated with denervation. Irisin injection distinctly rescued the loss of 

skeletal muscle mass and reduced myofiber cross sectional area noted 111 

response to denervation-induced muscle atrophy, which was associated with 

enhanced Satellite cell activation and reduced protein degradation. The effect of 

Irisin on dystrophic muscle loss was further assessed using the mdx mouse 

model of Duchenne Muscular Dystrophy (DMD). Results revealed that Irisin 

treatment resulted in reduced fibrotic tissue accumulation and muscle necrosis 

as well as improved sarcolemmal stability in mdx mice. Furthermore, increased 

muscle mass and myofiber hypertrophy, was noted upon Irisin treatment of mdx 

mice, which was more significant in adult mice and during prolonged Irisin 

treatment. 

Collectively, the data presented in this thesis underscores the imp0l1ant 

autocrine/paracrine function of Irisin on skeletal muscle and the potential 

benefit of Irisin in promoting muscle growth and repair/healing and protection 

from muscular atrophy. 
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1. Introduction 

1.1 Skeletal Muscle 

1.1.1 Skeletal Muscle Structure and Organization 

There are three types of muscles in the body; smooth, cardiac and skeletal 

muscle. Skeletal muscle is one of the largest organs in the human body and 

contributes to 50% of our body mass I. Skeletal muscle is critical for voluntary 

movement during normal daily activities, such as walking and sitting upright. 

Skeletal muscles are striated2
, consisting of multinucleated fibers, which are in 

fact a syncitium that is formed from the fusion of multiple muscle precursor 

cells, termed myoblasts. Skeletal muscle plays an important role in regulating 

whole body metabolism3
. As such, skeletal muscle is a storage site for major 

metabolites, including glucose in the form of glycogen, amino acids in the form 

of muscle protein and fatty acids4
. Skeletal muscle is composed of muscle 

fibers, blood vessels and nerves and is surrounded by an extracellular matrix 

(ECM), which is critical for its maintenance and function. The ECM consists of 

three different layers of connective tissue, the epimysium, perimysium and 

endomysium. The epimysium surrounds multiple fascicles that are made up of 

many bundles of muscle fibers. Each fascicle is enclosed by the perimysium. 

The perimysium contains blood vessels, nerves and collagen. Each muscle fiber 

found within fascicles is further surrounded by the endomysium, which 

contains blood capillaries. Collagen and proteoglycans are also major 

components of the ECM and together, they determine the structural 

organization of the ECM (Figure 1.1). 
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Tendon Epimysium Endomysium 

Figure 1.1: Skeletal muscle structure 

The entire skeletal muscle is enclosed by the epimysium. Skeletal muscle is 
made up of fascicles, which are wrapped around by the perimysium. Each 
fascicle contains muscle fibers, which are in turn, enclosed by the endomysium. 
Figure was adapted from Wikimedia, 
https:llcommons.wikimedia.org/wiki/File: IIlu _muscle _ structure.jpg#filelinks. 
(This image is in the public domain). 

1.1.2 Sarcomeric Structure 

Each muscle fiber is enclosed by a plasma membrane, termed the sarcolemma, 

and are made up of multiple myofibrils. Each myofibril consists of 

approximately 10,000 contractile units, known as sarcomeres5
. Sarcomeres are 

the contractile functional units of skeletal muscle and are responsible for 

generation of force, which is translated to movement. The sarcomere contains 

several proteins, such as thin actin filaments and thick myosin filaments and 

additional proteins that regulate their interaction, such as troponin and 

tropomyosin
6

. Myosin is made up of 2 globular heads and is arranged in a head­

to-tail fashion. Myosin heads contain ATPase activity, which hydrolyses 

adenosine triphosphate (A TP) required for generation of force during muscle 

contraction. Approximately, 300 heads are present in each myosin thick 

filament
7

. On the other hand, actin filaments in the muscle are globular proteins, 

which form helical filaments after polymerization. Actin molecules contain 

docking sites for myosin, which interact during muscle contraction8. 
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Figure 1.2: Structure of the sarcomere 
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I band Milne 

Diagram a muscle fiber made up of multiple myofibrils, which consist of 
repeated contractile units, known as sarcomeres. The sarcomere above shows 
the thick filaments (myosin), thin filaments (actin), I band, A band, Z discs, M 
line, zone of overlap and H zone. Figure was adapted from OpenStax 
Wikimedia, 
https://commons.wikimedia.orglwikilFile: I 022_ Muscle _Fibers_{small).jpg. 
(This image is licensed under the terms of the Creative Commons Attribution 
License). 

The sarcomere structure IS highly organized (Figure 1.2). The sarcomere 

functional unit extends from one Z disc to other. The Z disc is the line which 

divides the isotropic band (I band) and is the anchoring point for the actin 

filaments. The I band consists of only actin filaments. The anisotropic band (A 

band) on the other hand consists of the zone of overlap between actin and 

myosin filaments and the entire length of myosin filaments. The differences in 

density and distribution of the filaments make the sarcomere appear as banded 

regions due to the darker A band and the lighter I band. The M line is the 

anchoring point for the myosin filaments on either side of the sarcomere 

(Figure 1.2). During skeletal muscle contraction, the zone of overlap extends 

and the length of the sarcomere shortens as the thin and thick filaments slide 
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across each other. During the resting state, Titin protein is responsible for 

maintaining the integrity of the sarcomere and spans from the Z disc to the M 

line. The concerted shortening of the sarcomere across the muscle fibers pulls 

on the connective tissue, which in turn pulls on the tendon or aponeurosis, to 

which they are connected, in order to generate movement9• 

1.1.3 Skeletal Muscle as a Locomotion Organ 

Skeletal muscle fibers are highly responsive to neuromuscular signals that lead 

to muscle contraction. During the resting state, there is unequal distribution of 

charges across the sarcolemma, which maintains the electric potential 

difference at -90m V. The A TP-driven sodium-potassium pump on the 

sarcolemma maintains a high concentration of potassium ions and a low 

concentration of sodium ions in the intracellular space relative to the outside of 

the sarcolemma. Acetylcholine (ACh) released from the neurons diffuses across 

the neuromuscular junctions and binds to the nicotinic ACh receptors present 

on the sarcolemma !o. When neuromuscular signals reach the threshold level, 

the chemically regulated ion channels open, allowing extracellular sodium ions 

to rush into the muscle cell while less potassium ions leave the muscle cell. 

This exchange of ions results in the depolarization and subsequent generation of 

an action potential, which travels rapidly along the sarcolemma. The 

sarcolemma forms deep invaginations that span across the muscle fibers, known 

as transverse tubules (T-tubules) (Figure 1.3). which are responsible for 

transmitting the depolarization signal throughout the muscle fibers uniformly!!. 

During the resting state, terminal cisternae, the bulge from the sarcoplasmic 

reticulum on either side of the T-tubules (Figure 1.3). stores calcium ions, 

which are relcased once the action potential reaches them via the T-tubules. 

The released calcium ions bind to troponin, resulting in a conformation change 

in the structure of tropomyosin. which normally blocks the myosin binding sites 

on actin filaments. Hence, allowing for myosin-actin interaction and finally, the 

contraction of sarcomeres as the actin filaments move closer to the center of the 

sarcomere, in an ATP-dependent manner6. 
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Sarcoplasmic Reticulum 

Figure 1.3: Structure of a muscle fiber 
Diagram of an individual muscle fiber displaying the myofibrils, sarcolemma, 
sarcoplasmic reticulum, T-tubules, terminal cisternae, thick filaments (myosin), 
thin filaments (actin) and myofibrils. Figure was adapted from BruceBlaus, 
Wikimedia, Blausen.com staff. "Blausen gallery 2014". Wikiversity Journal of 
Medicine. 001 :10.1 5347/wjm/2014.01O. 

1.1.4 Muscle Fiber Types 

There are primarily three different types of skeletal muscle fibers that are used 

in response to different forms of physical activity or stress on skeletal muscle . 

These different muscle fiber types are Type I slow twitch oxidative fibers, Type 

lIa fast twitch oxidative fibers and Type lib fast twitch glycolytic fibers. 

The Type I slow twitch fibers are used mostly during long periods of endurance 

exercise, as they are able to produce large amounts of A TP for a prolonged 

period. Type I slow twitch fibers contract repeatedly over a long period, 

although slower than that of the fast twitch fibers . Type I fibers are rich in 

mitochondria and can generate their ATP in the mitochondria via oxidative 

phosphorylation. Hence, Type I slow twitch muscle fibers are aerobic in nature 

and are enriched with blood vessels to supply oxygen, carried by myoglobin to 
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the muscle, which also gives these muscle fibers their distinctive red colour. 

Type 1 slow twitch muscle fibers are smaller and produce less force than fast 

twitch fibers, but are the most resistant to fatigue l2 \3. 

Fast twitch, Type lIa oxidative fibers on the other hand can contract rapidly but 

are able to use both aerobic and anaerobic energy sources to generate A TP and 

break it down to provide energy for muscle contraction. Type IIa fibers contain 

more mitochondria, blood capillaries and myoglobin than Type lib fibers, 

giving these fibers their red colour. Type lIa fibers can produce energy quickly 

by utilizing both aerobic and anaerobic metabolism. However, Type lIa fibers 

are more prone to fatigue than Type 1 fibers. As such Type lIa fibers are 

generally used during moderate training activities 12, \3. 

Type lib fast twitch glycolytic fibers can contract very rapidly (three times 

faster than slow, Type la fibers) to generate a large amount of force over a short 

period of time, especially during high intensity activities, such as sprinting. 

Type lib fast twitch fibers are much bigger in size than slow twitch fibers, as 

they are packed with myofibers. Type lib fast twitch fibers are glycolytic in 

nature and can breakdown glycogen rapidly for high intensity activity and 

hence, they have little mitochondria. However, Type lib fast twitch fibers 

fatigue easily due to lactic acid build up, since these fibers utilize anaerobic 

respiration to produce small amounts of A TP rapidly, which is then broken 

down in order to provide energy to contracting muscle fibers. Type lib fast 

twitch fibers have little intracellular myoglobin and low capillary density, hence, 

these muscle fibers appear white in colour l2 
\3. 

1.2 Myogenesis 

1.2.1 Embryonic Myogenesis 

Myogenesis is the process in which muscle fibers are formed from myogenic 

progenitor/precursor cells, termed myoblasts 14. During embryonic myogenesis, 

the first muscle fibers are formed from mesoderm-derived structures, termed 

somites, and are found in the mesodermal germ layer. Additional muscle fibers 

are subsequently formed along the initial template fibers 15, 16. Resident 

myogenic progenitors in skeletal muscle proliferate extensively at first, which is 
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subsequently decreased as the number of myonuclei reaches a steady state, at 

which time there is a peak in the synthesis of myofibrillar proteins l7. Upon 

maturation of skeletal muscle, these myogenic progenitors will become 

quiescent and function as Satellite cells (Section 1.2.2.1), also known as muscle 

stem cells. 

During embryogenesis, skeletal muscle is formed from somites, which are 

derived specifically from the paraxial mesoderm germ layerl8. Increasing 

retinoic acid concentration enables the distinction of the dorsal and ventral 

segments of the somites l5 . The dorsal portion of somites gives rise to the 

dermomyotome, which then forms the hypaxial and epaxial dermomyotome l9. 

The hypaxial dermomyotome generates body and limb musculature, while the 

epaxial dermomyotome generates deep back musculature. The ventral portion 

of the somites on the other hand, forms the sclerotome which gives rise to 

cartilage and bone. Apart from head muscles, all skeletal muscles are derived 

from the dermomyotome J9 . 

Cells in the dermomyotome express the paired-box transcription factors Pax3 

and Paxio. Hepatocyte growth factor (HGF) and subsequent binding of HGF 

to the receptor tyrosine kinase c-met, promotes the delamination of muscle 

progenitor cells from the epithelium of the dermomyotome and subsequent 

migration of progenitor cells into the limb buds21
• Pax3 functions upstream of 

c-Met and regulates c-Met expression22
. Pax3 expressing cells direct cells in the 

dermomyotome into a myogenic lineage, which subsequently express Pax 7 and 

b I . fi b . d fi I . "3 74 25 ecome musc e progenItors or em rYOnIC an eta myogenesls- ,-, . 

After migration into the limb buds, muscle progenitor cells start expressing 

MyoD and Myf5 which are basic-helix-Ioop-helix (bHLH) transcription factors 

that play significant roles in embryonic myogenesis. Myf5 is the first bHLH 

transcription factor to be expressed in embryogenesis and acts upstream of 

MyoD22. However, Myf5 and MyoD have redundant functions and can 

compensate for the absence of the other. Homozygous Myf5 knockout results 

in normal skeletal muscle morphology and expression of muscle specific genes 

but with reduced muscle fibers size and mass26
. Similarly, a knockout of MyoD 

26 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



results in a significant spike in Myf5 expression resulting in normal musculature, 

although myogenesis is delayed26 n. However, a double knockout of both 

MyoD and M;15 results in the complete absence of skeletal muscle27. 

Myogenin and MRF4, are also part of the same bHLH family. Myogenin is 

required for terminal differentiation while MRF4 is expressed after the onset of 

terminal differentiation 28. Myoblasts undergo repeated cycles of proliferation 

and upon depletion of growth factors, withdraw from the cell cycle and become 

committed to differentiation. Committed myoblasts express myogen in and align 

themselves before fusing with one another, or with existing myofibers. While 

knockout of myogenin results in normal myoblast populations, terminal 

differentiation is absent, underscoring the critical role of myogen in in myogenic 

differentiation
29

. The final bHLH transcription factor, MRF4, functions as a 

maturation factor for myotubes, promoting mature muscle fiber formation 3o. 

1.2.2 Post-natal Myogenesis 

1.2.2.1 Satellite Cells 

Post-natal adult skeletal muscle, like all regenerating tissues, relies on 

mechanisms that compensate for the turnover of terminally differentiated cells 

to maintain tissue homeostasis 31, 32. Post-natal muscle growth and repair is 

primarily attributed to the function of muscle stem cells (also known as satellite 

cells), which reside between the sarcolemma and endomysium of muscle 

fibers
33 

34. At birth, 30% of the muscle nuclei in mice are satellite cells, but the 

numbers reduce and stabilize at 5% during adulthood 35 . 

Satellite cells normally exist in a quiescent state and express high levels of Pax7 

and low levels of MyoD (Pax7
4 

MyoD-) but are activated in response to signals 

resulting from stimuli such as injury or muscle stress36. During exercise, stretch 

or damage skeletal muscle fibers secrete HGF into the extracellular matrix in 

order to activate Satellite cells via a Nitric oxide (NO)-dependent pathwa/7 

Activated satellite cells express the myogenic marker MyoD and become 

positive for both Pax7 and MyoD (Pax7 1 MyoD'). Satellite cells re-enter the cell 

cycle and undergo repeated rounds of proliferation in the presence of growth 

factors. Growth factors, such as Insulin-like growth factor (lGF) and fibroblast 
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growth factor (FGF) can stimulate proliferation of activated satellite cells38
,39, 

Activated satellite cells express the early myogenic markers Myf5 and MyoD, 

which are required for proliferation of myoblasts, MyoD is essential for 

myoblasts to commit to differentiation (Figure 1.4), 

Once nutrients like FGF or IGF are depleted, myoblasts withdraw from the cell 

cycle and secrete fibronectin into the extracellular matrix. Fibronectin is present 

in the ECM in abundance and plays an important role during myogenesis and 

muscle regeneration (See Section 1.2.2.2 Skeletal Muscle Regeneration). 

Secreted fibronectin then binds to the major fibronectin receptor, aSp I integrin 

on myoblasts to initiate migration and alignment of myoblasts to facilitate 

fusion4o, 41. This enables myoblasts to proceed with differentiation. Myogenin, 

which functions downstream of MyoD, is responsible for myoblast 

differentiation into myotubes29. Myogenin positive myoblasts fuse and give rise 

to multinucleated myofibers42. The presence of different molecular markers in 

satellite cells and satellite cell-derived myoblasts during post-natal myogenesis 

have been extensively characterized (Figure 1.4), which allow for the 

identification of the different cell types at each stage. 
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Figure 1.4: Illustration of the different markers that are expressed in 
satellite cells and myoblasts during different stages of myogenesis 
The lines extending from both sides of each marker indicate the different stages 
of myogenesis that the particular marker is expressed. CD34 and Pax7 are 
markers of quiescent Satellite cells. Myf5 is the first myogenic marker to be 
expressed in activated, proliferating myoblasts. MyoD is expressed 
subsequently in activated, proliferating myoblasts and is required for myoblast 
commitment to differentiation. Myogenin is expressed downstream of MyoD 
and is essential for fusion of myoblasts into myotubes. Figure was adapted and 
modified from Zammit, P. S., Partridge, T. A., & Yablonka-Reuveni, Z. (2006). 
The skeletal muscle satellite cell: the stem cell that came in from the 
cold . Journal of Histochemistry & Cvtochemistly,54(11), 1177-1191. 
(Permission to lise this image has been granted by Copyright Clearance Centre , 
See Appendix 61). 

For the Satellite cell population to maintain itself at a steady state, self-renewal 

is critical. Satellite cells have two potential fates; they can become either fusion 

competent or fusion incompetent myoblasts. Fusion competent cells, which 

normally express MyoD and lack Pax7 expression, fuse with one another or 

fuse with existing myofibers. However, fusion incompetent myoblasts lose 

MyoD expression while retaining its Pax7 expression and hence, returns to a 

state of quiescence to maintain the satellite cell pool, a process known as 

satellite cell self-renewal. 

Two models of self-renewal have been proposed to date. Firstly, it is thought 

that satellite cell self-renewal may occur through symmetric division, where 
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satellite cells divide to give rise to two identical daughter cells committed to 

myogenesis or identical daughter satellite cells committed for self-renewaI43, 44. 

The second model relies on asymmetric division, where satellite cells divide 

and give rise to an identical daughter stem cell for self-renewal and a second 

fusion competent daughter cell, which either fuses to give rise to new muscle 

fibers or fuses directly with damaged myofibers, to repair the injury and 

contribute to the pool of nuclei found within skeletal muscle fibers45, 46. 

Approximately 10% of the Satellite cell population undergoes asymmetric 

division47. 

1.2.2.2 Skeletal Muscle Regeneration 

As alluded to above (see section 1.2.2.1 Satellite cells), skeletal muscle has the 

innate ability to repair and regenerate itself in response to injury. Skeletal 

muscle regeneration is a highly coordinated process and has several phases, the 

degeneration phase, inflammation phase, repair phase and finally re-innervation 

and re-vascularization48. During degeneration, muscle fibers undergo necrosis 

due to stress or muscle damage. Inflammation involves infiltrating monocytes 

that orchestrate the inflammation process. Myofiber debris is cleared and 

muscle repair then occurs. During the repair phase, satellite cells are activated. 

Activated satellite cells proliferate, differentiate and fuse to form new muscle 

fibers in order to replace damaged ones49 (See 1.2.2.1 Satellite cells). 

Rgenerating muscle undergoes re-vascularization and re-innervation as well to 

enable muscles to function normalll8
. Finally, formation of scar tissue occurs 

and muscles regain their functional capacity50 (Figure 1.5). 

When skeletal muscle undergoes trauma or injury, myofibers undergo rapid 

necrosis with a disruption to the sarcolemma, which triggers multiple modes of 

responses from the muscle. The first mode of response to muscle damage is 

inflammationsl
. This process involves mainly neutrophils and macrophages52. 

The resident macrophages located in the epimysium and perimysium of the 

muscle are the first to kick-start the inflammation process53 . Resident 

macrophages are involved in clearing bacteria or damaged muscle debris and 

secrete pro-inflammatory cytokines54. These macrophages release 

chemoattractants, which attract circulating neutrophils48 . The population of 

30 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



neutrophils undergoes a distinct increase within the first few hours of muscle 

injury and secrete pro-inflammatory cytokines, free radicals and proteases48. 

The proteases are involved in the degradation of muscle debris, while free 

radicals target the necrotic muscle fibers for phagocytosis. Pro-inflammatory 

cytokines attract circulating macro phages to the site of injurls. 

Infiltrating macrophages are crucial for successful regeneration since depletion 

of the circulating monocytes has been shown to block muscle regenerations6. 

The infiltrating macrophages are a heterogeneous population with the presence 

of pro-inflammatory and anti-inflammatory SUb-populations. CD68+ pro­

inflammatory macrophages are key players in the inflammation process and 

these macrophages secrete high levels of pro-inflammatory cytokines, such as 

tumor necrosis factor-a (TNF-a), III P and ILl257
. They are also involved in 

the phagocytosis of necrotic fibers and muscle debriss7. Pro-inflammatory 

macrophages can also be induced to synthesize nitric oxide synthase in order to 

produce nitric oxide, which would be responsible for killing intracellular 

pathogens
s7

. Following the inflammation process, anti-inflammatory CDI63 j 

macrophages then dominate the site of regeneration. Anti-inflammatory 

macrophages deactivate the pro-inflammatory macrophages by secreting anti­

inflammatory cytokines, such as IL 1058
. Pro-inflammatory macrophages were 

shown to promote myoblast proliferation while the anti-inflammatory 

macrophages promote skeletal muscle regeneration by inducing myoblast 

differentiation and fusion 56
. Importantly, inhibition of anti-inflammatory 

macrophages leads to reduced muscle fiber size56 . 

During muscle repair, regenerating muscle fibers undergo extracellular matrix 

remodeling, re-vascularization and re-innervation48
. Muscle repair involves the 

rebuilding of the extracellular matrix around the damaged muscle fiber. 

Macrophages secrete growth factors, such as transforming growth factor- P 

(TGF-P), basic fibroblast growth factor (bFGF) and platelet-derived growth 

factor (PDGF), which are essential for attracting fibroblasts to the site of 

inj ury59. Fibroblasts migrate and proliferate in order to produce new ECM 

components including, collagen, fibronectin, elastin, proteoglycans and laminin. 

These components form a scaffold for newly forming myofibers and restore the 
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integrity of the ECM60 . Satellite cells use the sarcolemma of damaged muscle 

fibers and these components of the ECM to ensure muscle fibers are re-formed 

in the same position and also to direct the formation of neuromuscular junctions 

for the process of re-innervation6o . Proteases and the specific inhibitors are 

what regulate the formation and degradation of the ECM. Protein fragments, 

which are generated as a result of the degradation ofECM, are also important in 

ensuring normal muscle tissue repair61
• In situations of prolonged inflammation 

where there are high levels of the cytokine TGF-p, myoblasts can be triggered 

to transform into myofibroblasts, which further contribute to muscle fibrosis
62

, 

63 

Angiogenesis, the formation of new blood vessels is another crucial process in 

skeletal muscle regeneration as it helps to re-vascularize skeletal muscle fibers 

at the injury site, in order to allow new muscle fibers to grow and mature in the 

presence of oxygen and nutrients 60,64. This allows the injured area to become 

functional again. 
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Figure 1.5: Schematic representation of skeletal muscle regeneration 
Diagram representing the different stages of regeneration in skeletal muscle 

including, inflammation involving neutrophils and macrophages, satellite cell 

activation and fusion to form new myofibers or transformation into 

myofibroblasts for scar tissue formation. Satellite cells also undergo self­

renewal to maintain its population. Image was adapted and modified from 

Burks, T. N. , & Cohn, R. D. (2011). Role ofTGF-p signaling in inherited and 

acquired myopathies. Skeletal Muse/e, 1(1), I. (This image has been obtained 
from Open Access article distrihuted under the terms of the Creative Commons 
Attribution License) 

1.3 Skeletal Muscle Dystrophy 

Duchene Muscular Dystrophy (DMD) IS a very common form of muscle 

wasting seen in young boys and is caused by mutations in the dystrophin gene(,s. 

Mutation of the dystrophin gene results in the production of detective 

dystrophin, a sub-sarcolemmal protein leading to membrane fragility and 

muscle necrosis
66

. Membrane fragility occurs because absence of functional 

dystrophin prevents the formation of the link between the endomysium and 

cytoskeleton resulting in the breakdown of protein complexes of the muscle 

membraneS? 

Multiple rounds of degeneration in dystrophic muscle are accompanied by 

chronic inflammation in the muscle. TGF-BI, which is highly present during 
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inflammation, is known to be a potent regulator of tissue healing and fibrosis 

and high levels of TGF-pl induces the conversion of myoblasts into fibrotic 

tissue6o
,67. Moreover, TGF-p I is known to inhibit the activation of satellite cells 

and differentiation of myoblasts38
. Satellite cells are the primary pro-myogenic 

cells in skeletal muscle and are critical for successful muscle regeneration. 

However, due to consistent cycles of degeneration and regeneration during 

DMD, Satellite cells either lose their ability to repair damaged muscle or the 

population becomes exhausted. Moreover, myofibers are progressively replaced 

by collagen, which promotes fibrosis and weakening of muscle, as elastic 

myofibers are replaced by non-elastic connective tissue68
. 

The functionality of muscle deteriorates in muscular dystrophy patients over 

time, which leads to the weakening of muscle in humans66
. In the late stages of 

the muscular dystrophy, patients become wheelchair bound since activities like 

walking become challenging and patients often die prematurely due to heart and 

respiratory failure69
. Currently there are no known therapies to overcome DMD 

or for that matter, any form of muscular dystrophy. 

To study the dystrophic phenotype, mdx mice have been used in this thesis. The 

naturally occurring mdx mouse model of DMD70 is one of the most widely used 

models to study the pathophysiology of DMD. At an early stage of the disease 

(3 weeks of age), mdx mice undergo a sudden onset of muscular necrosis71
. 

This acute onset of muscular dystrophy provides a good platform to investigate 

various potential therapeutics aimed at reducing necrosis and improving muscle 

strength. Mdx muscle growth is slower than that of wild type controls and hence, 

they have smaller muscle fibers, reduced myonuclear domains and less 

myonuclei72. Three-week-old young mdx mice undergo severe and repeated 

rounds of muscle fiber destruction and regeneration. Hence, a large population 

of necrotic muscle fibers is present73
. After 8 weeks of age, the extent of muscle 

fiber necrosis decreases and stabilizes despite repeated rounds of fiber necrosis 

and regeneration73
. By 12-14 weeks of age, dystrophic muscle fibers attain the 

maximum size and become hyper-nucleated, which is evidence of muscle 
. 72 regeneratIOn . 
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1.4 Mechanisms Regulating Skeletal Muscle Mass 

Skeletal muscle mass is regulated through the interplay of several factors, 

which maintain a critical balance between protein synthesis and protein 

degradation. Protein turnover due to synthesis and degradation is an ongoing 

process, which maintains skeletal muscle mass in a steady state74• Myonuclear 

accretion and eventual myonuclear loss are also responsible for regulation of 

skeletal muscle mass75
. 

A shift in the balance towards increased protein synthesis, stimulated by 

circumstances such as resistance exercise, which involves the bearing of a load, 

can promote skeletal muscle hypertrophy76, 77. 78. Skeletal muscle hypertrophy is 

a phenomenon defined by an increase in muscle fiber size and muscle mass 76. 

Increased protein synthesis enables new muscle proteins and contractile 

filaments to be incorporated into existing myofibers, thus allowing for greater 

force to be generated74
. 

On the other hand, during chronic disease situations, such as cancer, AIDS" 

sepsis, starvation or denervation, degradation or breakdown of muscle protein 

ensues, primarily via the ATP-dependent ubiquitin proteasome pathway. This 

leads to the loss of skeletal muscle mass and strength and hence, muscle 

d I 74 un ergoes a1rop 1y . 

Satellite cells have also been shown to playa critical role in regulating skeletal 

muscle mass. Apart from processes involving muscle repair and regeneration, 

satellite cells can enhance skeletal muscle mass and promote muscle 

hypertrophy by fusing to existing muscle fibers and contributing to myonuclear 

domaill expansion 75. Upon stimuli like exercise, satellite cells can also undergo 

post-natal myogenesis (Sec section 1.2.2.1 Satellite cells) to fuse and promote 

muscle hypertrophy. Although it was previously established that satellite cell 

activation is necessary for muscle hypertrophy, recent transgenic studies 

established that hypertrophy of skeletal muscle can occur without the presence 

of satellite cell activation and fusion 75. However, in most occurrences of 

hypel1rophy, satellite cell activation is observed. 
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1.4.1 Protein synthesis 

Hypertrophy of skeletal muscle can also be attributed to increased protein 

synthesis, via the Akt/mTOR79
,80 and Erkll2 pathways80. Endurance exercise, 

such as cycling81 and running82, increases phosphorylation of Erk 112. Recently, 

resistance exercise, such as weight lifting has also been shown to enhance 

Erk I 12 phosphorylation and activation83 . Activation of Erk I 12 in turn 

phosphorylates downstream targets, such as mitogen- and stress-activated 

protein kinase (MSK I 12), p90 ribosomal S6 kinase (p90rSk
) and MAPK­

interacting kinase (MnkI/2)84, 85, 86. Mnkl/2 activates the elongation initiation 

factor 4E (eIF4E), which promotes the synthesis of muscle proteins (Figure 1.6). 

Several growth factors contribute to the activation of the protein synthesis 

pathways. Increased muscle load or exercise simulates the expression of the 

growth factor, IGF-I, which can function in an autocrine or paracrine manner to 

induce muscle hypertrophy and hence, increase muscle mass87, 88. Increased 

levels of IGF-l, results in binding of IGF-I to the IGF-l receptor tyrosine 

kinase, which induces a conformational change, resulting in receptor trans­

phosphorylation and downstream phosphorylation and subsequent activation of 

insulin receptor substrate-l (IRS-I). Activation of IRS-l in turn, activates 

Phosphoinositide 3-kinase (PI(3)K) and the Ptdlns-regulated kinase Akt. 

Increased phosphorylation of Akt at Ser473 activates Akt, which leads to a 

cascade of reactions, including activation of the rapamycin sensitive kinase 

mTOR, which plays a central role in integrating various stimuli (including 

growth factors and nutritional stimulation) to upregulate protein synthesis74. 

Raptor protein plays an important role in the regulation of mTOR activation. 

Raptor is a scaffold protein, which enables the recruitment of downstream 

proteins such as p70S6K and PHAS-1I4E-BPl to the mTOR complex, hence, 

activating the protein synthesis pathwal9, 90. However, phosphorylation of 

raptor at Ser722/792 interferes with its activity as a scaffold protein and hence, 

fully suppresses the activity of mTOR complex91 . Activation of p70S6K and 

inhibition of PHAS-1I4E-BP I by mTOR is known to promote protein synthesis, 

increase muscle fiber size and repress muscle fiber atrophy74. The Akt/mTOR 

signaling pathway is sufficient to regulate skeletal muscle growth. Activation of 

the Akt/mTOR pathway gives rise to more contractile filaments being added to 
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myofibers, which enables skeletal muscle to produce greater force 74, The levels 

of Akt and activation of Akt are known to increase during hypertrophy74, Akt 

activation can also promote muscle hypertrophy via phosphorylation and 

inhibition of glycogen synthase kinase-3 (GSK-3), which prevents the 

inhibitory effect ofGSK-3 on protein synthesis74 (Figure 1.6), 

The activity of Akt can be further regulated by phosphatase and tensin homolog 

(PTEN) and SH2-domain-containing inositol 5'-phosphatase (SHIP), which are 

two phosphatases that dephosphorylate and inactivate Ake4, The downstream 

effect of altering Akt activation on muscle growth is well established, 

Overexpression of PTEN has been shown to inactivate Aktl and results in 

reduced cell size
92

, 93, 94, In addition, overexpression of SHIP2 inhibits muscle 

hypertrophy79,95, 

1.4.2 Protein degradation 

Studies have shown that exercise is able to reverse skeletal muscle atrophy by 

increasing muscle mass and muscle fiber cross sectional area (CSA), even in 

the presence of spinal cord injury96, In addition, PPAR-y co-activator I-a 

(PGC I-a), which is strongly stimulated during exercise, can protect muscle 

from denervation-induced atrophy and muscular dystroph/7 (See section 1,5), 

Muscle atrophy results from conditions such as cancer cachexia, aids, fasting, 

Type 2 diabetes, muscle disuse and in response to denervation 9&, Protein 

breakdown increases during atrophy, which is primarily linked to activation of 

the A TP-dependent ubiquitin proteasome pathway99, In several models of 

atrophy, the two ubiquitin E3 ligases, known as muscle ring finger protein I 

(MuRF-I) and muscle atrophy F-box protein (MAFbx), also knovm as Atrogin­

I, are specifically upregulated in skeletal muscle79, 99, 100, 101. 102, Increased 

expression of Atrogin-I and MuRF-I leads to increased ubiquitination of 

muscle proteins and enhanced protein degradation via the ubiqllitin proteasome 

pathwa/
9

, It was found that inhibiting the expression of Atrogin-I led to 

increased MlIRF-I expression and vice versa, which suggested the presence of 

, h I fib' I' 103 a mechal1lsm to compensate for t e oss 0 eit leI' u iqll1tin 19ase , 

Suppression of both Atrogin-I and MuRF-l together, promotes myotube 
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hypertrophy, which was associated with enhanced protein synthesis 103
. In 

addition, loss of both Atrogin-l and MuRF-l also prevented dexamethasone­

induced myotube atrophy by preventing protein degradation 103
. Moreover, mice 

lacking either Atrogin-l or MuRF-l showed resistance to muscle atrophylO4. 

In addition to regulating protein synthesis, Akt has a crucial role in controlling 

muscle protein breakdown. Activation of Akt (p-Akt) leads to phosphorylation 

of the Forkhead BoxO (FoxO) family of transcription factors (FoxOl, Fox03 

and Fox04) 105, sequestering them in the cytoplasm and effectively rendering 

them inactive. Inactivation of FoxO transcription factors, in turn leads to 

decreased expression of downstream effector proteins Atrogin-l and MuRF-l 

(Atrogenes), resulting in a significant reduction in protein degradation and 

hence, atrophy 99 (Figure 1.6). Several other factors have also been implicated 

in causing skeletal muscle atrophy. Excess or lack of endocrine factors, such as 

glucocorticoids or thyroid hormone, can result in atrophy 106. In vitro, TNF-a 

was able to induce atrophy of muscle cells, which could be rescued by 

treatment with anti-TNF agents 107. In addition, the growth factor Myostatin is 

also a potent inducer of muscle atrophy (See section 1.5.2 Myostatin). 
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Figure 1.6: Schematic diagram of protein synthesis and protein breakdown 
pathways in skeletal muscle 
Diagram showing different pathways involved in protein synthesis and protein 

degradation in skeletal muscle. Pathways linked to increased protein synthesis, 

including PI3-K-Akt, mTOR and MAPK-Erk I 12, and protein degradation, 

including the ubiquitin proteasome pathway, are depicted. Muscle activity and 

anabolic growth factors signal to enhance protein synthesis and reduce protein 

degradation. Image was adapted and modified from Argadine, H. M., Mantilla, 

C. 8., Zhan, W. Z., & Sieck, G. C. (2011). Intracellular signaling pathways 

regulating net protein balance following diaphragm muscle 

denervation. American Journal ql Physiology-Cell Physiology, 300(2). C318-

C327. (Permission to use this image has heen granted hy Copyright Clearance 
Centre, see Appendix 6.2 ). 
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1.5 Growth Factors that Regulate Muscle Growth 

Skeletal muscle is an endocrine organ that adapts to changes in physical activity, 

at least in part through the production of growth factors, termed myokines, 

which include myostatin, IL4, IL6, IL 7, III 5, myonectin, follistatin-Iike I and 

leukemia inhibitory factor (LIF)108. Myokines are secreted into the bloodstream 

as endocrine molecules, which in tum, could regulate several physiological 

processes in numerous tissues, such as liver, bone, pancreas, adipose tissue and 

the vascular system (Figure 1.7). In addition, myokines can also act in an 

autocrine or paracrine manner directly on skeletal muscle (Figure 1.7). The 

function and mechanism of action of three critical myokines, IL6, myostatin 

and Irisin, are discussed in this section. 

t Llpolys s 

~ 
/ FGF-2 

Figure 1.7: Skeletal muscle as a secretory organ 

t Hepat c glucose 
prod~iOn 
dur na exelClse 

t Hepatic CXCL-l 
prod~ion 

Figure illustrating the effect of different secreted myokines on skeletal muscle 

and their interaction and cross talk with other organs, such as adipose tissue, 

bone, liver, pancreas and the vascular system. The secreted factor IL6 has an 

autocrine/paracrine function and signals to enhance glucose uptake, lipolysis, 

muscle hypertrophy and fat oxidation. On the other hand, myostatin secreted 

from skeletal muscle has an inhibitory effect on muscle hypertrophy/growth. 

Black arrows in this diagram represent upregulation or an activating effect, 

while red blunted arrows represent an inhibitory effect. Figure was adapted 

from Pedersen, B. K., & Febbraio, M. A. (2012). Muscles, exercise and obesity : 

skeletal muscle as a secretory organ. Nature Reviews Endocrinology, 8(8), 457-

465. (Permission to use this image has been granted by Copyright Clearance 

Centre, see Appendix 6.3). 
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1.5.1IL6 

Skeletal muscle is an important source of IL6. IL6 is a myokine that is secreted 

in increased amounts from contracting skeletal muscle, proportional to the 

length of exercise or the intensity of workload the skeletal muscle is exposed 

to109. IL6 mRNA transcription undergoes a rapid increase immediately after 

exercise, suggesting that IL6 transcription is a consequence of muscle 

contraction liD. Although IL6 is also a pro inflammatory cytokine, the 

expression of IL6 during exercise occurs without exercise-induced local muscle 

damage and independent of the inflammatory cytokine, TNF_a110. Functional 

overloading of skeletal muscle gives rise to increased muscle-specific IL6 

expression, with an associated increase in muscle cross sectional area III. 

Consistent with this, knockdown of IL6 blunted the hypertrophic effect noted in 

response to muscle overload, reinforcing the significance of IL6 in mediating 

hypertrophic growth 112. 

In the classical IL6 signaling pathway, IL6 binds to the membrane bound IL6 

receptor, which then dimerizes with gp 130 113
, subsequently activating JAK. 

Activated JAK in turn, phosphorylates the cytoplasmic region of gp130, which 

enables the docking of signal transducer and activator of transcription (STAT) 

cytosolic transcription factors 114. JAKs then phosphorylate the receptor bound 

ST A Ts, allowing them to dissociate from the receptor, dimerize and trans locate 

to the nucleus. Inside the nucleus, STA Ts bind to enhancers promoting the 

transcription of target genes 115 116, 117. The suppressor of cytokine signaling 

(SOCS) family of proteins target specific members of the JAK/ST AT pathway 

and inhibits the IL6 signalling pathway I 18, 119, 120, Interestingly, it has been 

shown that activation of the JAK/ST A T pathway enables STAT proteins to 

increase the expression of SOCS3, which fomls the basis of a negative 

feedback mechanism to inhibit JAK/ST AT signaling. Several studies have 

shown that increased circulating IL6 resulted in increased skeletal muscle 
· PI 12) expreSSIOn of SOCS3 -, -. 

IL6 regulates satellite cell-mediated skeletal muscle hypertrophyili. Previous 

studies have revealed that IL6 is a critical regulator of satellite cell proliferation. 

Specifically, IL6 has been shown to enhance satellite cell proliferation via the 
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STA T3 pathway and subsequent regulation of proliferation markers, including 

Cyclin D and c-Myc ili . In addition to enhanced proliferation, increased IL6 

concentration has been linked to enhanced myogenic differentiation and fusion 

of myoblasts l23. Specifically, siRNA-mediated knockdown of IL6 has been 

shown to result in reduced myoblast differentiation and fusion 123
, which was 

reversed upon either overexpression or addition of IL6 protein 123. Downstream 

of IL6, the JAKIST AT pathway has also been reported to be involved in 

promoting myoblast differentiation l24. Both Erk and PI(3)K/Akt pathways can 

also be activated by IL6, which result in increased protein synthesis and hence, 

muscle hypertrophyl23. 

1.5.2 Myostatin 

The TGF-p superfamily Myostatin, also known as growth and differentiation 

factor 8 (GDF8), is a potent negative regulator of skeletal muscle growth and 

myogenesis l25, 126. Myostatin is expressed predominantly in skeletal muscle but 

is also expressed to a lesser extent in other tissues 127. Consistent with Myostatin 

function as negative regulator of muscle growth, animals that lack myostatin, or 

a functional Myostatin protein, display a 'double muscling' phenotype and 

hence, have distinctly larger skeletal muscle mass 125, 126. Myostatin, as a 

secreted growth factor, binds to receptors to initiate downstream signaling. 

Specifically, myostatin binds to the Activin receptor type lIB (ActRIIB, type 2 

receptor), which dimerizes with Activin receptor like kinase 4/5 (Alk4/5, type 1 

receptor), initiating activation of canonical Smad2/3/4 signalingl28. 

Myostatin IS able to negatively regulate myoblast proliferation and 

differentiation. Myostatin regulates proliferation by increasing the expression of 

the cyclin-dependent kinase inhibitor p21, thereby resulting in reduced 

expression and activity of key cell cycle regulators, including cyclin dependent 

kinase 2 (Cdk2)129, 130. This results in the accumulation of hypo-phosphorylated, 

active retinoblastoma protein (p-Rb), which blocks the cell cycle at the G 1 

h . . . h S h 130 P ase, preventmg transitIOn to t e p ase . Myostatin also inhibits 

myogenesis by blocking differentiation and fusion of myoblasts. Myostatin 

treatment reduces the expression of the myogenic regulatory factors MyoO, 

Myf5 and Myogenin 131. Mechanistically, Myostatin binding to its receptor, 
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phosphorylates Smad3 and inhibits transcription of MyoD vIa Smad3 

association with MyoD. Hence, differentiation of myoblasts is inhibited 131. 

Myostatin has also been shown to be a potent inducer of skeletal muscle 

wasting. Previous studies have shown that Myostatin can reduce protein 

synthesis in skeletal muscle and results in loss of skeletal muscle mass through 

reducing protein synthesis via inhibition of Akt and mTOR signaling l32, 133. 

Another study reported that Myostatin treatment inhibited Akt phosphorylation 

and activation, which in turn increased the levels of active FoxO I. Hence, 

increased expression of the downstream targets, including Atrogin-l and 

MuRF-l was observed. As a result, Myostatin reversed the Akt dependent 

hypertrophy pathway and enhanced protein degradation via the ubiquitin 

proteasome pathwayl34. Thus, resulting in myotube atrophy (reduction in 

diameter ofmyotubes) and muscle wasting l34. 

In addition, studies have revealed that Myostatin negatively regulates skeletal 

muscle regeneration by regulating Satellite cell activation, migration, 

differentiation and self- renewal 135 . Myostatin also regulates the inflammation 

phase of muscle regeneration. It is proposed that myostatin inhibits the 

migration of macrophages to the site of injury136 while attracting more 

fibroblasts, which further express myostatin and differentiate into myo­

fibroblasts l37, 138. As a result, collagen and connective tissue accumulates more 

rapidly, enhancing fibrosis 137,138. In agreement with this, absence of myostatin 

leads to reduced fibrotic tissue accumulation and as such, improved muscle 

h I· 116 ea mg' . Moreover, regenerating muscle in myostatin-null mice showed 

enhanced migration and accumulation of macrophages and myogenic cells 

(activated Satellite cells) and hence, improved muscle regeneration 136. In 

addition, inflammation subsided more rapidly in injured muscle of myostatin­

null mice indicating an accelerated inflammatory response in the absence of 
. 116 myostatm ' . 
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1.5.3 Irisin 

1.5.3.1 Discovery of Irisin 

Endurance exercise results in the elevated expressIOn of the nuclear 

transcriptional co-activator, PGCI-a, in skeletal muscle fibers l39. PGCI-a is 

known to control mitochondrial biogenesis, oxidative metabolism in various 

cell types, angiogenesis and fibre-type switchingl4o. Increased expression of 

PGC I-a also provides resistance to muscular dystrophy and muscle atrophy 

caused by denervation97. In addition, increasing PGC I-a expression in muscle 

prevents muscle wasting during ageingl41. Overexpression of PGCI-a has also 

been linked with improved life span in mice and helps to prevent age-related 

diabetes and obesityl41. 

A recent study revealed that PGC I-a induces the expression of the gene 

Fibronectin type III domain containing S (Fndc5) , which encodes for a 209 

amino acid (aa) long, type I precursor membrane protein FNDCS I39. Bostrom et 

at., 2012, further revealed that FNDCS is cleaved at the C terminus to give rise 

to a 112 aa long hormone, known as Irisin, which is secreted from skeletal 

muscle\39 (Figure 1.8). Given the fact that Irisin is secreted form skeletal 

muscle and that the levels of Irisin increase in response to PGC I-a during 

exercise, Irisin was initially referred to as a PGC I-a-dependent myokine 

secreted after endurance exercise (swimming). 
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Figure 1.8: FNDC5 is proteolytically cleaved and secreted into circulation 
FNDC5 is synthesized as a 209-amino acid protein and C' terminally cleaved 

into a 112-amino acid protein, termed Irisin. The image on the upper panel 

shows the structure on FNDC5 and the cleaved mature circulating form, Irisin 

that consists of the Fibronectin III domain. SP: signal peptide, H: hydrophobic 

region, C: C terminal region. Mature Irisin spans from amino acid 29 to amino 

acid 140 as labeled above. The lower panel in this figure shows the full 

sequence of the 209 amino acid protein, FNDC5. The underlined region 

highlights the amino acid sequence of Irisin. Image was adapted and modified 

from Bostrom, P. , Wu, J., Jedrychowski, M. P., Korde, A., Ye, L. , Lo, J. c., ... 
& Kajimura, S. (2012). A PGC I-a-dependent myokine that drives brown-fat­

like development of white fat and thermogenesis. Nature, 481(7382), 463-468. 

(Permission to use this image has been granted by Copyright Clearance Centre, 
see Appendix 6.4 ). 

1.5.3.2 Role of Irisill ill Adipose Tissue durillg Obesity alld Type 2 Diabetes 

There are three types of adipose tissues in the body; white adipose tissue (W AT) 

and two types of brown adipose tissue, namely, classical brown adipose tissue 

(BA T) and beige adipose tissue. W AT stores energy in the form oftriglycerides. 

W AT contains a single large lipid droplet (unilocular) and few mitochondria l42
. 

Conversely, BAT primarily utilizes glucose and fat as opposed to storing it, as 

such BAT is known to have a high rate of fatty acid oxidation and glucose 

uptake, potentially protecting against obesity and insulin resistance through 

increasing energy expenditure 143. BAT has numerous scattered small lipid 

droplets (multilocular) and contains numerous mitochondria l43
. BAT expresses 

elevated levels of mitochondrial uncoupling protein-I (Ucp-l), which leads to 
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uncoupling of oxidative phosphorylation from ATP production 144. This imparts 

thermogenic capacity to BAT, with excess chemical energy dissipated as heat 

through non-shivering thermogenesis. Hence, BAT also protects against 

hypothermia l45. Developmentally, WAT is developmentally derived from a 

non-MyfS lineage, whereas BAT is derived from a MyfS+ lineage common to 

skeletal muscle l45. 

Beige or brown-in-white (Brite) adipose tissue is located within WAT depots. 

However, beige adipocytes have a distinct gene expression pattern from either 

white or brown adipose tissue and express specific markers, such as CD 13 7 and 

TMEM26 145 . In a basal state, beige adipose tissue resembles W A T 

phenotypically and expresses low levels of the thermogenic marker, Ucp-I. 

However, just like BAT, beige adipose tissue is highly sensitive to cAMP 

stimulation. In response to cAMP stimulation, the levels of Ucp-I and overall 

respiration rate are increased in beige adipose tissue l45, allowing beige 

adipocytes to function like BAT. 

Although a myokine, the initial discovery of Irisin was associated with the 

identification of a novel role for Irisin in regulating white adipose tissue 

metabolism. Importantly, Irisin has been shown to act on beige adipocytes 

within the W A T population and induce the expression of "brown/beige fat 

genes", such as Ucp-I, Cidea, Cptl band Di02, which enables beige adipose 

tissue to function in a similar manner to BAT. Increased expression of these 

browning genes was shown to be partly mediated by peroxisome proliferator­

activated receptor-a (PPAR_a)139. Since BAT and beige adipose tissue have 

greater mitochondrial content, it was suggested that increased beige adipose 

content in response to Irisin action allows for increased oxygen consumption 

d d·· h b d 140 146 147 (F' I 9) an energy expen Iture In teo y .. Igure.. 
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Figure 1.9: Exercise and Irisin induces browning of white adipose tissue 
Exercise stimulates the expression of PGC I-a in skeletal muscle, which in turn 

upregulates the expression of FNDC5. FNDC5 is cleaved at the C terminal 

region to produce the mature protein Irisin, which is released into circulation. 

Irisin then binds to a receptor on CD 13 7+ beige adipocytes , which are highly 

responsive to the myokine. Ucp-I protein is upregulated as a result, which 

promotes a BAT-like phenotype in WAT with increased mitochondrial 

respiration and enhanced energy expenditure. Figure was adapted and modified 

from Castillo-Quan. J. I. (2012). From white to brown fat through the PGC- Iu­

dependent myokine Irisin: implications for diabetes and obesity. Disease 

Models and Mechanisms, 5(3), 293-295. (This image has been obtained Fom 
Open Access article distribllled IInder the terms or the Creative COl1lmons 

Attribution Non-Commercial .','hare Alike License) 

Subsequent to the initial discovery of Irisin by Bostrom et al., (20 J 2), several 

other studies in rodents and in humans have been publ ished to support the role 

of Irisin in fighting obesity and insulin resistance. Specitically, Irisin was able 

to reduce body weight and enhance glucose homeostasis 14X. Moreover, Irisin 
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has been shown to stimulate the expression of "brown fat" genes which could 

prevent obesity and Type 2 diabetes l48 . In a separate study, reduced levels of 

I .. . . I· I d . . . h T 2 d· b 149 ISO I nSIn In clrcu ation were a so note In patients Wit ype Ia etes ' . n 

mice, Irisin has also been shown to have beneficial effects on Type 2 diabetes 

by improving glucose utilization and fatty acid oxidation via AMPK 

regulation lSI. In addition, exogenous addition of Irisin to diabetic mice led to 

reduced fat mass and lowered levels of triglycerides and total cholesterol in 

serum's,. 

1.5.3.3 Effect of Resistance and Endurance Exercise on Irisin 

Irisin has been shown to be upregulated by both endurance and resistance 

exercise. Several models of exercise have been used in mice and in humans 

to show the different effects exercise has on the circulating levels of Irisin. 

Endurance exercise (swimming) was shown to reduce body fat mass and 

increase the expression of Irisin in Wistar rats fed with high fat diet 152. 

Another study revealed that resistance exercise resulted In a significant 

increase in circulating Irisin. However, an increased level of Irisin was not 

observed after aerobic training 153
• Mice undergoing a resistance exercise­

training regime showed increased serum Irisin levels and increased Irisin 

expression in the soleus muscle, which was accompanied by improved grip 

strength,s4. This effect was paralleled in humans undergoing resistance 

exercise training, where increased Irisin levels in circulation were associated 

with enhanced muscle strength IS4. Hence, increased levels of Irisin are 

positively correlated to muscle strength. In another publication, men who 

underwent resistance exercise displayed higher levels of Irisin in circulation, 

than those who either underwent endurance exercise or a combination of both 

types of exercise 155
. These results confirm that Irisin levels are enhanced in 

response to exercise and further suggest that resistance exercise may result in 

the greatest increase in circulating Irisin. 
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1.5.3.4 Controversy Relating to Irisin 

I.S.3.4.1 Is Human Irisin a Myth? 

While the presence of Irisin and increased expression of Irisin in response to 

exercise has been well established in mouse models, contrasting results have 

been reported in humans. While Bostrom et al., (2012) noted the presence of 

Irisin in human serum and increased serum Irisin levels in humans after 

exercise
l39

; a study Raschke et aI., (2013) reported that the effect of Irisin in 

humans is unclear, as the gene encoding FNDCS found in rodents and primates 

displays a mutation in the conserved start codon in humans. Specifically, the 

codon is mutated from the typical ATG (Methionine) start codon to ATA, 

which codes for Isoleucine. It was further shown that transfection of an 

FNDCS construct, which used the AT A start codon, into HEK293 cells, 

resulted in production of only ~ 1 % of the full length FNDCS protein that was 

produced in HEK293 cells transfected with an FNDCS construct containing the 

ATG start codon
l56

. Raschke et aI., (2013) also failed to observe any distinct 

increase in FNDC5 mRNA expression upon electrical pulse stimulation of 

primary human myotubes (in vitro model of muscle contraction) although there 

was a significant increase in PGCl-a. mRNA. Moreover, no increase in FNDC5 

mRNA was noted after endurance or strength training in humans. Hence, it was 

concluded that it would be unlikely that the beneficial effects of Irisin in mice 

could be translated to humans '56 . 

A further report by Albrecht et aI., (20 IS) calls into question all prevIous 

reports that use commercial ELISA kits to detect Irisin 157. In this study, they 

have reported that antibodies from several ELISA kits have shown cross 

reactivity with non-specific proteins in the serum of humans and animals. 

Albrecht et aI., (20 I S) further claimed that Irisin protein transcribed from the 

mutated AT A start codon would produce a truncated FNDCS protein from an 

in-frame A TG codon and hence, lack the first 44 amino acids. It would hence 

be unlikely that the truncated protein would be translated l57 . 

Another study by Pekkala et al., (2013) revealed that although there was a 

robust increase in PGC-l(J. mRNA after a single bout of resistance exercise, 

only a moderate increase in FNDC5 mRNA was observed. Pekkala et al., (2013) 
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claimed that this result demonstrated a poor relationship between PGC-l a and 

FNDC5. Secondly, Pekkala et at., (2013) reported that PGC-Ja and FNDC5 

expression in skeletal muscle and Irisin levels in serum do not show a 

difference after either endurance or aerobic exercise or a combination of both 

endurance and resistance exercises l58
. No correlation between obesity or fasting 

glucose/insulin levels and FNDC5 expression was also noted. However, it was 

indicated that the glycosylation status of Irisin in serum may affect the analysis 

ofIrisin levels in their studyJ58. 

Kurdiova T et at., (2014) reported that although PGCJ-a expression doubled in 

differentiated myotubes post-exercise mimetic treatment, FNDC5 expression in 

myotubes and Irisin levels in the medium were reduced l59
. Moreover, myotubes 

derived from subjects with Type 2 diabetes showed increased FNDC5 

expression and hence, FNDC5 showed a negative correlation with insulin 

sensitivity and a positive relationship with fasting glucose levels 159. 

1.5.3.4.2 Human Irisin is Translated from a Non-Canonical Start Codon 

In direct response to controversy regarding the existence of human Irisin 

protein, work by Jedrychowski et at., (2015) has confirmed that the A TA non­

canonical start codon does indeed result in the translation of full length 

FNDC5 160
. Importantly, not only was FNDC5 protein present, but using state­

of-the-art tandem mass spectrometry, Jedrychowski et at., (2015) were able to 

detect Irisin in human serum at a molecular weight of 12kDa160
• Furthermore, 

Jedrychowski et at., (2015) showed that in response to aerobic exercise Irisin 

levels were significantly increased in humans 160. Baseline circulating levels of 

Irisin in sedentary individuals was found to be 3.6ng/ml, whereas the levels 

increased to 4.3ng/ml in circulation in response to exercise. Importantly, 

Jedrychowski et at., (2015) further pointed out that poor detection limits for 

ELISA kits (with a minimum detection limit of 100ng/ml) together with 

incomplete protein deglycosylation could have contributed to the inability to 

detect circulating levels of Irisin in previous studies 160. 
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1.5.3.5 Where Does Research 011 Irisill Stand Today? 

Although there have been controversial reports on Irisin function in humans, to 

date there are close to 400 publications on Irisin (based on an online PubMed 

search) and its multifarious functions on different organs in the body. 

1.5.3.5.1 Proposed Mechanism for Irisin Signaling in Beige Adipocytes 

A recent study investigated the mechanism of action of Irisin in regulating the 

expression of Ucp-I in beige adipocytes. Zhang et ai., (2014) proposed that 

Irisin upregulates Ucp-I via the phosphorylation and activation of p38 MAPK 

and Erk pathways. In agreement with this, inhibition of the p38 MAPK and Erk 

pathways inhibited Irisin-mediated induction of Ucp-l. Therefore, this study 

identified a novel signaling pathway through which Irisin regulates browning of 

white adipose tissue l48. 

1.5.3.5.2 Evolution of Irisin Secretion from Shivering in Muscle 

In a recent study, secretion of Irisin from contracting skeletal muscle during 

exercise has been recently suggested to evolve from muscle contraction during 

the process of shivering l61 . Shivering is a phenomenon where muscle contracts 

in order to generate heat when exposed to cold in order to maintain the body 

temperature at a homeostatic level 161 . During cold exposure, both shivering and 

non-shivering thermogenesis is employed to generate heat in the bodyl61. 

Results from Lee ct al., (2014) revealed that shivering stimulates the secretion 

of Irisin from skeletal muscle, while non-shivering thermogenesis induces the 

secretion of FGF21, an adipokine that also promotes browning of white fat l61 . It 

was further shown that, both Irisin and FGF21 have the capacity to upregulate 

the browning programme in human beige adipocytes 161. In addition, results 

revealed that the level of Irisin secreted was proportional to the intensity of 

shivering, which was in a similar magnitude to exercise-induced Irisin 

secretion l61 . Lee et al., (2014) postulated that exercise might be mimicking 

contracting muscle during shivering and lead to the secretion of Irisin, so that it 

could function alongside FGF21 to enhance the browning programme in white 

fat lnl
. 
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1.5.3.5.3 Irisin Secretion from Other Organs 

Although initially identified as a Myokine, with ~ 72% of circulating Irisin 

secreted from skeletal muscle, recently it has been shown that small amounts of 

I . . h . d d d fi h· d· . 162 d I· 163 nSIn are synt eSlze an secrete rom w Ite a Ipose tissue an Iver . 

Within W A T, it has been reported that post-exercise, subcutaneous adipose 

tissue secretes the highest levels of Irisin, followed by visceral adipose tissue 

and brown adipose tissue depots 162. 

1.5.3.5.4 Role of Irisin in Other Organs/Organelles 

Liver 

The role of Irisin has been studied in several tissues. Recently, Irisin levels have 

been associated with intra-hepatic triglyceride content l64
, where treatment with 

recombinant Irisin protein inhibited palmitic acid-induced lipogenic markers 

and lipid accumulation in liver cells. Irisin was also able to reduce oxidative 

stress by reducing the expression of inflammatory markers such as NFKB, 

COX-2, p38 MAPK, TNF-a, IL6 and superoxides. This suggested that Irisin 

may be able to prevent fatty liver disease due to triglyceride accumulation in 

the liver and could relieve oxidative stress l65
. 

Brain 

The PGCI-a-FNDC5 pathway has been shown to be upregulated in the 

hippocampus in mice after exercise. Increased levels of FNDC5 due to exercise 

and as such, increased levels of circulating Irisin, induces the expression of 

brain-derived neurotrophic factor (Bdnf) and other neuroprotective genes in the 

brain, indicating that Irisin may have a potential to treat neurodegenerative 

diseases as we1l 166
. 

Kidney 

Irisin has been suggested to playa role in chronic kidney disease. Plasma Irisin 

I I ··fi I I . . . h h . k·d d· 167 168 169 eve s were slgm Icant y ower In patients Wit c romc I ney Isease ' . 

and moreover, the reduction in plasma Irisin was inversely related to blood-urea 

nitrogen and creatinine levels l69
. 

Mitochondria 

It has been reported that Irisin treatment enhances oxidative metabolism 

significantly and upregulates expression of PGC I-a, nuclear respiratory factor I 

(NRFI), mitochondrial transcription factor A (TFAM), glucose transporter 4 
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(GLUT4) and mitochondrial uncoupling protein 3 (UCp_3)170 Upregulation of 

these genes has been linked to increased mitochondrial biogenesis 170. 

1.6 Aims and Objectives 

Previous studies have attempted to define a role for Irisin in regulating skeletal 

muscle mass. Circulating Irisin levels have been positively correlated with 

biceps circumference and IGF-I levels in humans l63 . Similarly, in myostatin­

null (Mstn-null) mice, which display dramatically increased skeletal muscle 

mass and pronounced browning of white adipose tissue, increased activation of 

AMPK-PGC-I a-FNDC5 pathway has been shown to lead to elevated Irisin 

levels l71 . Activation of AMPK is known to inhibit mTOR activity and hence, 

protein synthesis, while increasing proteolysis. It is interesting to surmise that 

activation of the AMPK- PGC-I a-FNDC5- Irisin axis may therefore work 

downstream of AMPK, as part of a feedback mechanism, to help rebuild and 

repair skeletal muscle in response to negative energy situations, such as in 

response to exercise. In addition, recent work has revealed that Irisin is able to 

stimulate muscle growth-related genes in humans 172. It has been further shown 

that Irisin levels are increased during myogenic differentiation and that Irisin 

treatment results in increased p-Erk expression, which is involved in protein 

synthesis 172. Taken together, these previous studies suggest that increased Irisin 

levels could promote skeletal muscle growth. Given these previous studies and 

the fact that Irisin is a muscle-secreted growth factor (myokine) I hypothesized 

that Irisill may fUllction ill (Ill alltocrille/paracrille mamler to exert belleficia/ 

effects Oil ske/eta/mllscle growth. 

Previously published work is suggestive of beneficial effects of Irisin on 

skeletal muscle growth. However, to date, no in depth study has clearly defined 

a specific role for Irisin in regulating skeletal muscle growth, or for that matter, 

identified signaling pathways involved in Irisin function in skeletal muscle or 

the potential benefits Irisin might confer to muscle repair. With this in mind the 

work performed in my thesis aimed to systematically investigate the effect of 

Irisin on skeletal muscle growth, repair and regeneration and during conditions 

of muscle atrophy and wasting. To address my hypothesis and overall research 
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aim, I have undertaken the following objectives: 

1. Elucidate the role of Irisin on skeletal muscle myogenesis in vitro. 

2. Investigate if Irisin acts as a growth factor to induce skeletal muscle 

hypertrophy in resting muscle. 

3. Delineate molecular mechanisms through which Irisin functions in 

muscle. 

4. Investigate the role of Irisin in skeletal muscle regeneration using a 

mouse model of muscle injury. 

5. Study the therapeutic potential of Irisin in vivo using atrophy and 

muscle wasting models. 
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2. Materials and Methods 

2.1 Materials 

The following section outlines all materials and composition of materials used 

for the studies undertaken and described in this thesis. 

2.1.1 Composition of Reagents 

The compositions of reagents used in th is thesis are described in tables 

provided in the following section. 

2.1.1.1 Reagellts Used for Irisill purificatioll 

Reagents used for the purification of murine recombinant Irisin protein are 

provided in the following tables. The composition of each reagent is also 

provided. 

Table2.l: TAEbuffer 

T.·\E Buffer Amount/Yolume 

Tris-acetate 40mM 

EDTA (pH 8.0) 2mM 

Table 2.2: J% DNA gel 

1% DNA Gel Amount/Volume 

Ultra Pure ™ Agarose Ig 

I x TAE buffer 100ml 

Table 2.3: DNA loading dye (lOx) 

DNA Loading D)e (lOx) Amount/Yolume 

Tris-acctate 40mM 

ELnA (pH 8.0) 2mM 

Tllble 2.4: Binding buffer 

Binding Burfel' Amount/Volume 

1M Tris-Ilydrochloric acid (llel) pi I 8.0 25ml 

5M Sodium Chloride (NaCI) 20ml 

Glycerol 50ml 

Imidazole 0.68g 

Top up MQ water to 500ml 
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Table 2.5: Dialysis buffer 

[)ial~sis Buffer Amoullt/\ olume 

1 M Tris-HCI pH 8.0 100ml 

NaCI 5.844g 

Top up MQ water to I Litre 

Table 2.6: Imidazole 

Imidazole ,.\ mou IIt/\ 'olu /lie 

1 ) 50mM Imidazole 0.102g 

Binding buffer 50ml 

2) 200mM Imidazole 1.25g 

Binding buffer 50ml 

Table 2. 7: Isopropyl P-D-l-thiogalactopyranoside (IPTG) 

IPTG 1.25g 

MilliQ water 5ml 

Table 2.8: Ampicillin 

,\ /IIpicillill ,\ /IIOU IItlY olu /lie 

Ampicillin Ig 

MilliQ water 10ml 

2.1.1.2: Reagents Used/or Methylene Blue Photometric Endpoint Assay 

Reagents used for the methylene blue photometric endpoint assay to assess cell 

proliferation are provided in the following tables. The composition of each 

reagent is also provided. 

Table 2.9: Fixative 

10%. Fonnall 0.9'Yc. Salille \/llollnt/\' oill/lle 

NaCI 8.7g 

40% Formaldehyde solution 250ml 

MilliQ water 750ml 
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Table 2.10: 1:1 Ethanol/O.IM Hc/ 

1:1 Ethanol/O.11\1 HCI Amount/Volume 

100% Ethanol 500ml 

IMHCI 50ml 

MilliQ water 540ml 

Table 2. J I: Borate bUffer 

0.0 1:\1 Borate buffer Amount/\· olume 

Sodium Tetraborate 7.63g 

MilliQ water 2 Litres 

Adjust pH to 8.0 with HCI As required 

Table 2.12: Hel 

11\1 UCI Amount/Volume 

11.6MHCI 43ml 

MilliQ water 457ml 

Table 2.13: Methylene blue 

:\leth)lene Blue Amount/Volume 

Methylene blue powder 4g 

0.0 I M Borate buffer 400ml 

2.1.1.3: Reagellts/or Proteill Extractioll ami Westem Blot Analysis 

All reagents used for protein extraction and Western Blot (lmmunoblot) 

analysis of protein levels are provided in the following tables. The composition 

of each reagent is also provided. 

Table 2.14: Protein lysis bl~lfer for total protein extraction from myoblasts and myotubes 

Protein Lysis Buffer A mou nt/\' olume 

1M Tris-HCI p\l 7.S O.Sml 

SM NaCI 0.5ml 

O.SM ED')'i\ O.lml 

IGEPAL Ci\-630 1O~1 

Complete with protease inhibitor V2 tablet 

Top up with MilliQ water to 10ml 
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Table 2.15: RIPA Buffer for total protein extraction from muscle tissue 

RW\ Bllffer .\ 1II01lIlt/\' olllllle 

Aprotinin 400111 

700mM NaV04 30 III 

SOOmM NaF l.4ml 

O.SM EDTA 140 III 

Protease inhibitor tablet '/2 a tablet 

MilliQ water Top up tol4ml 

100mM PMSF( to be added before use) 140 III 

Table 2.16: 6% Resolving protein gel (for detection of Utrophin, a high molecular weight 

protein) 

Resoh ing Gel ,\ 1110 nnt/Y olllllle 

30% Acrylamide 4ml 

Tri-HCI pH8.8 7.5ml 

10%SDS 200111 

10%APS 200 111 

TEMED 20111 

MilliQ water 8.lml 

Table 2. / 7: 4% Stacking protein gel (for detection of Utrophin, a high molecular weight 

protein) 

Stacking Gel A 1II0Ilnt/\' olulII(, 

30% Acrylamide Iml 

Tri-HCI pH6.8 750~tI 

10% SDS 60111 

10%APS 60111 

TEMED lO~tI 

MilliQ water 4.lml 

Table 2./8: Tris-glycine SDS running buffer 

Tris-GI~'Cine Running Bllffer Amount/Y olnme 

Tris 30g 

Glycine l8.8g 

10% SDS 10mi 

MilliQ water Top up to 1000ml 
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Table 2.19: Transfer buffer for Western blots 

Transfer Buffel' Amount!\'olume 

Tris IS.lg 

Glycine 7Sg 

Methanol 1000mi 

MilliQ water Top up to SOOOml 

Table 2.20: Tris buffered saline- tweell (TBS-T) 

TBS-T Amount/\' oillme 

1M Tris-lICL pH 7.S SOml 

5MNaCI 30ml 

TWEEN-20 1m! 

MilliQ water Top up to IOOOm! 

2.1.1.4: Reagel1t ... Used/or RNA electrophoresis 

All reagents used for RNA electrophoresis are provided ill the following tables. 

The composition of each reagent is also provided. 

Table 2.21: MOPS buffer (lOx) 

MOPS Buffer Amount/Volume 

MOPS 41.9g 

1M Soidum Acetatc SOll11 

0.5 M ED1'A 10mi 

MilliQ water Top lip to SOOml 

Adjust pI I to 7. iilter sterilize and protect from 

light 

Table 2.22: 1% RNA gel 

I % RNA Gel . AmountNolume .. ' 
\ " H 

Ultra Pure Agarose Ig 

r-----------------------------------------.-------------------------Formaldehyde I liml 

lOx MOPS 10mi 

MilliQ water Top lip to 1001111 

~--.-----------------------------.-----------------------.--~ 
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Table 2.23: RNA loading dye (2x) 

RI\ ~ Load ing D~ I' . \ 111011 nt/\' 01111111' 

MOPS (lOx) 10% 

Deionized formaldehyde 20% 

Deionized formam ide 50% 

Bromophenol blue 0.02% 

Glycerol 5% 

EDT A (pH 8.0) ImM 

Ethidium bromide (EtBr) 4OIlg/ml 

2.1.1.5: Reagents used for Immunohistochemistry (IHC) and 

Immunocytochemistry (ICC) 

All reagents used for IHC and ICC are provided in the following tables. The 
composition of each reagent is also provided. 

Table 2.24: Carrageenan ). (0.35%) 

Carragl'l'nall i. ~1II01lIlt/\'011l1ll1' 

Carrageenan I. 0.175g 

IxPBS Top up to 50ml 

Table 2.25: Triton X-JOO (0.1%) usedfor IHC staining 

Tritoll :\-100 (0.1°;',) \ 111011 IIt/\'olll IIII' 
I 

Triton X-I 00 

MilliQ water IOml 

Table 2.26: 20:2:1 Fixative used in Differentiation assay 

20:2: I Fixative Alllollllt/\'olllme 

70% Ethanol 20ml 

Formalin 2ml 

Acetic acid Iml 

Table 2.27: Scott's tap water for H&E staining 

Scott's Tap \\ atl'r A 1110 II II t/\'ol II IIII' 

Sodium Bicarbonate 3.5g 

Magnesium Sulphate 20g 

MilliQ water Top up to 1000ml 
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Table 2.28: 4% Para formaldehyde used asfixlltivefor IHC staining 

4% Paraformaldeh)de (4'Yo PF.\) .\mount/Yolu me 

Paraformaldehyde 40g 

I x PB S (heated to 70°C) 800ml 

Sodium hydroxide (NaOlI) As required to dissolve PFA 

Hydrochloric acid (HCI) As required for solution to reach pH 6.9 

MilliQ water Top up to I Litre 

2.1.1.6: Reagellts Used/or III Vivo Studies 

All reagents used for in vivo animal studies are provided in the following tables. 

The composition of each reagent is also provided. 

Table 2.29: Notexin solution for in ~'ivo muscle injury model 

;'I;otexin Amount/Volume 

Notexin powder 

Saline Iml 

Table 2.30: Dialysis buffer used as ~'e"icle control for in vh'o studies 

Dial) sis Buffet' Amount/Volume 

1M Tris-HCI pH8.0 100mi 

NaCI 5.844g 

Top up MQ water to I Litre 

Table 2.3 I: Evans blue dye injected in young (5-week-old) mdx mice 

Evans Blue Amount/\'olume 

Evans blue powder 50mg 

Ix PBS 5 III I 

Table 2.32: Anesthetic mixture injected in mice prior to scilltic lleTl'e illjuIJ' 

Anesthetic Mixture Amount/Volume 

20mg/ml Ketamine Iml 

1001llg/ml Xylazine 0.51111 

Ix PBS 8.5ml 
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2.1.1. 7: Reagents Usedfor Adipogenic Differentiation 

All reagents used for adipogenic differentiation of Human Adipose-Derived 

Stem Cells (hADSCs) and 3T3L1 cells are provided in the following tables. 

The composition of each reagent is also provided. 

Table 2.33: Red blood cell (RBC) lysis buffer 

H.BC L~sis Buffcr . \ mount/Y olu mc 

Ammonium chloride (NH4CI) 824mg 

Potassium bicarbonate (KHC03) 100mg 

EDTA 4mg 

Ix PBS Top up to 100ml 

Filter sterilize before use 

Table 2.34: 0.2% Gelatin used to coat cell culture plates 

0.2'1.. Gelatin Amount/Yolllmc 

Gelatin powder 2g 

MilliQ water 1000ml 

DMEM/FI2 was used for hADSCs cultures while DMEM + GlutaMAX was used for 3T3L I 

cultures. 

Table 2 .. U: Induction medium 

Indul,tion :'.Iedium . \ mOil nt/\' olume 

FBS 10% 

PIS 1% 

IBMX 0.5mM 

Dexamethasone 111M 

Insulin O.Olmglml 

DMEM In 200ml 

(F 12 for hADSCs/GlutaMAX jor 3T3L I) 

Table 2.36: Insulin medium 

Insulin ;\Iedium Amount/Y olume 

FBS 10% 

PIS 1% 

Insulin O.Olmglml 

DMEM In 200m I 

(F12 for hADSCs/GlutaMAX for 3T3LI) 
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2.1.2 Antibodies 

Details of primary, secondary and tertiary antibodies used III this thesis are 
given in this section. 

Table 2.37: Antibodies used/or Western blot Allalysis 

Primar~ ComJlan~1 Dilution Animal Secondar~ ComJlan~ I Animal 

Antibod~ Catalogue No. ·\ntibod~ Catalogue No. 

MyoD Santa Cruz 1:500 Rabbit Anti-Rabbit Bio-Rad (USA) Goat 

(USA) sc-304 HRP 1706515 

P21 BD Pharmingen 1:200 Mouse Anti-Mouse Bio-Rad (USA) Goat 

556430 IIRP 1721011 

Myogenin Santa Cruz (USA) 1:400 Rabbit Anti-Rabbit Bio-Rad (USA) Goat 

sc-576 HRP 1706515 

MI-IC DSHB (USA) 1:400 Mouse Anti-Mouse Hio-Rad (USA) Goat 

(MF20) AB 2147781 IIRP 1721011 

p-Akt Santa Cruz (USA) 1:500 Rabbit Anti-Rahhit Bio-Rad (USA) Goat 

(Scr473) sc-7985 HRP 1706515 

p-Erk Santa Cruz (USA) 1:500 Goat Anti-Goat Bio-Rad (USA) Rahhit 

sc-16982 HRP 1721034 

p-Raptor Cell Signalling 1:500 Rahhit Anti-Rahbit Hio-Rad (USA) Goat 

(Ser792) (USA) 2083 HRP 1706515 

Atrogin-I Ahnova (Taiwan) 1:500 Goat Anti-Goat Hio-Rad (USA) Rahbit 

(11-300) PABI562 IIRP 1706515 

MuRF-I Regeneron (Gift) 1:500 Mouse Anti-Mouse Bio-Rad (USA) Goat 

(H-145) IIRP 1721011 

FoxOI Santa Cruz (USA) 1:500 Rabbit Anti-Rabhit Bio-Rad (USA) Goat 

sc-11350 HRP 1706515 

p-FoxOI Santa Cruz (lJSA) 1:500 Rabbit Anti-Rabbit Bio-Rad (USA) Goat 

sc-I01681 IIRP 1706515 

Utrophin Santa Cruz (USA) 1 :200 Mouse Anti-Mouse Bio-Rad (USA) Goat 

sc-33700 IIRP 1721011 

Vinculin Sigma-Aldrich 1:5000 Mouse Anti-Mouse Bio-Rad (USA) Goat 

(USA) V9131 HRI' 1721011 

Ucp-I Ahcam 1:500 Rabhit Anti-Rahhit Bio-Rad (USA) Goat 

Ah 10983 IlRP 1706515 

GAI'I)II Santa Cruz (liSA) 1:10.000 Mouse Anti-Mouse Bio-Rad (llSA) Goat 

sc-32233 IIRP 1721011 

u-Tubulin Sigma- Aldrich I: 10.000 Mouse Anti-Mouse Bio-Rad (USA) Goat 

(USA) '1'9026 HRP 1721011 
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Table 2.38: Antibodies used/or MyoD IHC staining on regenerating muscle sections 

,\nlibod~ endlo,!,' '\0. Dilution ,\ntibod~ I ~ pc: 

MyoD Santa Cruz (USA) 304 1:50 Primary 

Goat Anti-rabbit Thermo Fisher 1:300 Secondary 
IgG Alexa Fluor® Scientific (USA) 
568 Al lOll 

DAPI Molecular Probes, 1:1000 
Invitrogen (USA) 
DI306 

Table 2.39: Antibodies used/or Pax7 and MyoD ICC staining on primary myoblast cultures 

\ntihod~ ( "t,i1(l,!,' ,\". Dilution \ntibod~ I ~ pc: 

Pax7 DSHB (USA) 1:100 Primary 
AB528428 

MyoD Santa Cruz (USA) 1:100 Primary 
304 

Sheep Anti- Mouse GE Healtheare Life 1:300 Secondary 
IgG Biotin Sciences (USA) 

RPNIOOI 
Goat Anti-rabbit Thermo Fisher 1:300 Secondary 
IgG Scientific (USA) A-
Alexa Fluor® 594 11037 

Streptavidin Alexa Thermo Fisher 1:400 Tertiary 
Fluor® 488 Scientific (USA) 
conjugate SI1223 

DAPI Molecular Probes, 1: 1000 -
Invitrogen (USA) 
DI306 

Table 2.40: Antibodies used/or IgM staining on adult (6-week-old) mdx mice 

Alltib(ld~ (atalo,!,' No. Dilution ,\ntibOlI~ I ~ pc 

Goat anti-mouse 
IgM-FITC 
conjugated 

DAPI 

2.1.3 Enzymes 

Sigma-Aldrich (USA) I: I 00 
F9259 

Molecular Probes. I: I 000 
Invitrogen (USA) 
DI306 

Details of enzymes used in this thesis are given in this section. Details of the 

company are also provided. 
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Table 2.4 J: List 0/ enzymes used in this thesis 

Enz,mes COlli pan, 
T4 DNA ligase New England Biolabs (NEB) 
Taq DNA polymerase Thermo Fisher Scientific 
BamHI New England Biolabs (NEB) 
Ndel New England Biolabs (NEB) 
Reverse Transeriptase Bio-Rad (iSeript™ eDNA Synthesis Kit) 
RNase I-I Bio-Rad (iSeript™ eDNA Synthesis Kit) 
Tryp~in Gibeo 

2.1.4 Oligonucleotides 

All oligonucleotides (primers) were synthesized and purchased from Sigma­

Aldrich, Singapore and were stored at _20DC. Primers were diluted 40-fold from 

IOO!lM to 2.S!lM for subsequent quantitative real time polymerase chain 

reactions (qPCR). Oligonucleotide information is listed below in Table 2.42. 'F' 

denotes forward primers, while' R' denotes reverse primers. 

Table 2.42: Oligonucleotides used/or quantitative real-time PCR (qPCR) reactions 

Primer Sequellce (5' - 3') 

Sox8-F 5'-CTG TGG CGC TTG CTG AGT-3' 

Sox8-R 5"-CGG CCA GTC lTC ACA erc TT-3' 

!fey/-F 5"-TGC CTT TGA GAA ACA GGC T-3' 

!fey/-R 5"-AGG CAT TCC CGA AAC CCA AT-3' 

Hp-F 5"-TTC TAC ACiA CTA CGG GCC GA-3' 

Hp-R 5"-CCe ACA CAC TGC ere ACA TT-3' 

IL6-F 5'-GGG ACT GAT GCT GGT GAC AA-3' 

IL6-R 5'-T(;C CAT TGC ACA ACT crr TTC T-3' 

Cxcl /-F 5'-CCG AAG TCA TAG CCA CAC TCA-3' 

('xcl/-R 5'-(iTG CCA TCA GAG CAG TCT GT-3' 

Plx3-F 5'-CCC GCA GCiT TCiT GAA ACA G-3' 

Plx3-R 5'-TAG GGG TTC CAC TTT GTG CC-3' 

Mvomaker-F 5'-GAC AGT GAG CAT CGC lAC CA-3' 

Myomaker-R 5'-GT! CAT CAA AGT eGG CCA GT-3' 

Cave olin- 3-F 5"-GGA TCT GGA AGC TCG GAT CAT-3' 

Cuveo/il1- 3-R 5'-TCC GCA ATC ACG TCT TCA AAA '1'-3' 

GAPf)fI-F 5'-ACA ACT TTG GCA lTG TGG AA-3' 

GAPD"-R 5' -CiA T GC A GGG ATG ATG TTC TG-3' 
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Primer Scqucnce (5' - .r) 

lrisin-F 5'-CAT ATG GAC AGC CCC TCA GCC CCT-3' 

lrisin-R 5'-GGA TCC TCA erc crr CAT GGT CAC CTC-3' 

Ucp-I-F 5'-ACT GCC ACA CCT CCA GTC ATT -3' 

Ucp-l-R 5'- CTT TGC CTC ACT CAG GAT TGG-3' 

2.1.5 List of Chemicals 
A comprehensive list of chemicals used in this thesis is provided below. Details 
of the company where the chemicals were purchased from are also provided. 

Table 2.43: List of chemicals used in this thesis 

Chemicals Comllan~ 

Ikb Plus DNA Ladder Thermo Fisher Scientific 
4x LDS sample loading dye Invitrogen 
6x DNA loading dye Thermo Fisher Scientific 
Acetic acid Sigma-Aldrich 
Acrylamide Biorad 
Ammonium chloride (NH4CI) Sigma-Aldrich 
Ammonium persulfate (APS) Biorad 
Ampicillin Sigma-Aldrich 
Aprotinin Sigma-Aldrich 
Bovine serum albumin Sigma-Aldrich 
Bovine calf serum Thermo Fisher Scientific 
Bromophenol blue Sigma-Aldrich 
B-mercaptoethanol (P-ME) Sigma-Aldrich 
Carrageenan }, Sigma-Aldrich 
Chloroform Merck. Millipore 
Collagenase type IA Sigma-Aldrich 
Coomassie blie Biorad 
Chick embryo extract (CEE) Biomed Diagnostics 
DAPI Molecular Probes 
DEPC water 1st Base 
Dexamethasone Sigma-Aldrich 

DharmaFECT I Dharmacon 
Dulbecco's Modified Eagle Medium (DMEM) + GlutaMAX Gibco 
Dulbecco's Moditied Eagle Medium (DMEM)/ F 12 Gibco 
DPX Sigma-Aldrich 
Ethylenediaminetetraacetic acid (EDT A) 1st Base 
Eosin Merck Millipore 
Ethanol Merck Millipore 
Ethidium bromide (EtBr) Biorad 
Evans blue dye Sigma-Aldrich 
Fetal Bovine Serum Gibco 
Formaldehyde Sigma-Aldrich 
Gelatin Sigma-Aldrich 
Glycerol Invitrogen 
Glycine Biorad 
Ilematoxylin Merck Millipore 
Horse serum Gibco 
Hydrochloric acid (HCl) Merck Millipore 
lGEPAL Fluka 
Imidazole Sigma-Aldrich 
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Chemicals COlllpan~ 

3-isobutyl-I-methylxanthine (IBMX) Sigma-Aldrich 
I so pentane Sigma-Aldrich 
Isopropanol Merck 
Isoprogyl 0_-0-I-thiogalactoIJrfanoside JIPTG) Sigma-Aldrich 
Insulin solution from Bovine pancreas Sigma-Aldrich 
Ketamine Parnell Pharmaceuticals 
Lennox Broth(LB) BO Biosciences 
L-glutamine Sigma-Aldrich 
Magnesium sulphate Sigma-Aldrich 
Matrigel Corning 
Methanol Merck Milliporc 
Methylene bluc Sigma-Aldrich 
3-(N-morpholino)propanesulfonic acid (MOPS) Sigma-Aldrich 
Normal goat serum (NGS) Sigma-Aldrich 
Normal sheep serum (NSS) Sigma-Aldrich 
Notexin Latoxan 
NuPAGE®(20x) MES buffer Novex 
O.C.T Sakura Finetek 
OPTI-MEM I reduced serum media Gibco 
Paraformaldebyde (PF A) Sigma-Aldrich 
Penicillin/Streptomycin Gibco 
Phenylmethylsulfonyl fluoride (PM SF) Sigma-Aldrich 
OXOIDTM Phosphate buffered saline Thermo Fisher Scientific 
Ponceau S Sigma-Aldrich 
Potassium bicarbonate (KlIC03) Sigma-Aldrich 
Prolong Gold Anti-Fade Invitrogen 
Protease Inhibitor (PI) Roche 
Protein assay dye reagent concentrate (5x) Biorad 
SeeBlue Plus 2 protein ladder Invitrogen 
Sirius Red/Fast Green collagen staining kit Chondrex 
Skim milk Sigma-Aldrich 
Slowtade gold anti-fade with DAPI Invitrogen 
Sodium acetate Sigma-Aldrich 
Sodium bicarbonate Sigma-Aldrich 
Sodium chloride (NaCl) 1st Base 
Sodium dodeeyl sulfate (SOS) Sigma-Aldrich 
Sodium fluoride (NaF) Sigma-Aldrich 
Sodium hydroxide (NaOI-I) Merck 
Sodium orthovandate (NaV04) Sigma-Aldrich 
Sodium tetraborate Sigma-Aldrich 
SsoFast EvaGreen supermix Biorad 
Tetramethylethylenediamine (TEMED) Biorad 
Tris 1st Base 
Triton X-I 00 Promega 
TrizolCR) Thermo Fisher Scientific 
Tryphan blue Sigma-Aldrich 
Tween 20 Promega 
X2'lazine Troy Laboratories 
Xylene Sigma-Aldrich 
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2.2 Methods 

2.2.1 Expression and Purification of Recombinant Irisin Protein 

Recombinant murine Irisin protein was expressed and purified using the pET 

expression system (Novagen, USA). Mouse Irisin cDNA (encoding amino acids 

29-140 of FNDC5 protein: ds psapvnvtvr hlkansavvs wdvledevvi gfaisqqkkd 

vrmlrfiqev ntttrscalw dleedteyiv hvqaisiqgq spasepvltk tpreaekmas 

knkdevtmke) were PCR amplified and cloned into the pET -16b expression 

vector in frame with 10 Histidine residues using standard molecular biology 

techniques as explained in detail below. Mature mouse Irisin cDNA was PCR 

amplified using total RNA from mouse muscle as a template. The primers used 

for cloning are given below: 5' CAT ATG GAC AGC CCC TCA GCC CCT 3', 

5' GGA TCC TCA CTC CTT CAT GGT CAC CTC 3'. The resulting PCR 

product was resolved on a DNA gel and purified using the QIAquick Gel 

Extraction Kit, according to the manufacturer's protocol (Qiagen, Cat # 28704). 

Subsequently, T A cloning was performed to insert the PCR product with A and 

T overhangs into the pGEM-T easy cloning vector. The ligated vector was then 

transformed into DH5a E. coli competent cells and positive transformants 

(white colonies) were selected for plasmid DNA extraction and purification. 

Plasmid DNA extraction and purification was performed using the QIAprep 

spin miniprep kit (Qiagen kit, Cat # 27104), after which the plasmid DNA was 

sequence verified to ensure that no mutations were present in the sequence. 

To sub clone the Irisin fragment into the pET-16b expression vector, the 

pGEM-T easy vector containing the Irisin insert was double digested with 

BamHI and NdeI restriction enzymes and was subsequently resolved using 

DNA gel electrophoresis. The band corresponding to the expected size of Irisin 

was extracted and purified from the gel using the QIAquick Gel Extraction Kit. 

The purified fragment was then cloned into BamHI and NdeI restriction sites of 

the pET -16b expression vector. The Irisin containing pET -16b vector was 

transformed into DH5a cells and positive transformants were selected and 

subjected to DNA extraction/purification and sequencing, to ensure the vector 

was mutation free. The Irisin-pET -16b vector construct was then transformed 

into the BL21 E. coli strain (Agilent Technologies, USA), with another round 

of DNA extraction/purification and sequencing performed. Transformed BL21 
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cells were cultured in Lennox broth (LB) (BO Biosciences, USA), containing 

Ampicillin (Sigma Aldrich, USA) (lOOmg/liter), overnight as a starter culture. 

The starter culture was diluted into 4L of LB medium plus Ampicillin and was 

further grown to an optical density (00) of 0.8 at S9Snm. Bacteria were then 

induced to produce Histidine-tagged Irisin protein through addition of I mM 

isopropyl-I-thio-p-D-glalactopyranoside (JPTG) (Thermo Fisher Scientific, 

USA) for 2.Sh. Bacteria were then harvested by centrifugation for 20 minutes at 

6000rpm, resuspended in IOOml of binding buffer, sonicated and centrifuged 

for 30minutes at 10,000g to pellet cell debris. The resulting supernatant was 

stirred gently with Ni-NTA agarose resin (Qiagen, Germany) for 2 hours at 4°C. 

Ni-NTA agarose beads with Histidine-tagged Irisin bound were centrifuged for 

a further IS minutes at SOOOrpm. The resin was then washed with binding 

buffer and centrifuged at 2SOOrpm for 2 minutes, for a total of S times. The Ni­

NT A agarose beads with Histidine-tagged Irisin were then packed into an 

affinity column and non-specific proteins were removed with I x wash of SOmM 

Imidazole (Sigma Aldrich, USA). Fractions containing recombinant Irisin 

protein were eluted from the Ni-NTA agarose column using 200mM Imidazole. 

Eluted Histidine-tagged Irisin protein was pooled and dialyzed against three 

changes of Dialysis buffer for a period of 3h and tilter sterilized before use for 

in vitro and in vivo experiments. Endotoxin levels in the recombinant Irisin 

protein was estimated uaing the ToxinSensor Chromogenic LAL kit (GenScript, 

USA), according to the manufacturer's protocol. 

2.2.2 DNA Agarose Gel Electrophoresis 

DNA agarose gels were made by boiling Ultra pureiM agarose powder in I x 

TAE buffer (1 st base, Ultra pure grade) for 2 minutes or until completely 

dissolved. The mixture was then cooled under running water at RT and 2JlI of 

Ethidium Bromide (EtBr) was added/SOml of I x T AE buffer /agarose mixture. 

The gel was then poured into the horizontal gel electrophoresis system (Thermo 

Fisher Scientific, USA) and allowed to solidify for 30 minutes. Samples were 

loaded onto the gel using a 6x DNA gel loading dye (Thermo Fisher Scientific, 

USA) to a final concentration of I x. The DNA gel was then resolved at 90V for 

40 minutes. 
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2.2.3 Animal Care and Treatment 

Wild-type C57BLl6J and mdx male mice used were obtained from the Nanyang 

Technological University (NTU) Animal house, A*STAR Biological Resource 

Centre, Singapore or InVivos, Singapore. All experiments were performed on 

3-8-week-old mice according to NTU Institutional Animal Care & Use 

Committee (IACUC) approved protocols. All mice were maintained on 

standard chow diet at a constant temperature of 20DC under an artificial 12h 

light and 12h dark cycle with ad libitum access to food and water at the NTU 

animal house. To assess the pro-myogenic function of Irisin, 5-week-old 

C57BLl6J mice were injected with 2.5~g/g body weight of Irisin twice a week 

intraperitoneally (IP) for 4 weeks and control animals were injected with 

Dialysis Buffer (DB), as the vehicle control. For the control peptide animal 

trial, we used the N-terminal His-tag portion of the recombinant Irisin fusion 

protein coded by the pET -16b vector. The 20-amino acid long peptide 

(MGHHHHHHHHHHSSGHIEGR) was synthesized by Merck, Sigma Aldrich. 

Similar to the previous animal trial, 5-week-old C57BLl6J mice were injected 

with 2.5~g/g body weight of His-tag peptide three times-a-week 

intraperitoneally (lP) for 4 weeks and control animals were injected with 

Dialysis Buffer (DB), as the vehicle control. Body weight, food consumption 

and water intake were measured. Following the trial, mice were sacrificed by 

CO2 asphyxiation and M. tibialis anterior (TA), M. extensor digitorum longus 

(EDL), M gastronemius (Gas), M. soleus (Sol), M. Quadriceps (Quad), M. 

biceps femoris (BF) were collected for further experiments. T A muscle tissue 

was also embedded in optimum cutting temperature compound (O.C.T) (Sakura 

Finetek, USA), frozen in liquid nitrogen cooled isopentane (Sigma Aldrich, 

USA) and stored at -80D C for subsequent sectioning and staining. 

Injury of resting muscle was performed through injection of Notexin. 1 OO~g of 

Notexin powder (Latoxan, L8104) was dissolved in 1 ml of autoclaved saline, 

which was further diluted to 1 O~g/ml before injection. The hind limb area was 

shaved using an electric shaver and mice were anesthetized through IP injection 

of a mixture of ketamine (Parnell Pharmaceuticals, Australia) and xylazine 

(Troy Laboratories, Australia) at 0.1 mill Og of body weight. A small incision 
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was made on the left TA muscle and 15~tl of I O~lg/ml Notexin was injectcd 

along the longitudinal axis of left T A muscles of 6-week-old C57BLl6J wild­

type mice using a 28-gauge needle (Hamilton Co., USA). The right TA muscle 

was used as an uninjurcd control. Mice were injected IP with either DB or 

recombinant Irisin protein (2.5ug/g body weight) three times-a-week, one week 

prior to the injury and also following Notexin injury for the duration of the trial. 

TA muscles were weighed and O.C.T embedded as mentioned above from mice 

at Days I, 2, 3 and 10 post-Notexin-induced injury. 

In order to investigate if Irisin reduces denervation-induced atrophy of skeletal 

muscle, 8-week-old C57BLl6J male mice were anesthetized through IP 

injection of a mixture of ketamine and xylazine at 0.1 mill Og of body weight. 

Hair on the hind limb was shaved using an electric shaver. A small incision was 

made and the sciatic nerve of the left Icg was isolated and transectcd using 

surgical scissors. The skin was glued to close the wound. The contra-lateral 

(right) leg was used as the uninjured control. Mice were IP injected with either 

DB or Irisin (2.5flg/g body wcight) for one week prior to injury and two weeks 

post-injury, at a frequency of three times-a-week. Following conclusion of the 

trial, mice were sacrificed by CO2 asphyxiation and TA, EDt, Gas and Sol 

muscles were collected for further cxperiments. TA muscle tissuc was also 

embedded in O.C.T, as mentioned above for subsequcnt sectioning and staining. 

Experimcnts to assess the effcct of Irisin on muscular dystrophy werc 

performed on 3-6-week-old male mel;.: mice. To monitor the effcct of Irisin on 

dystrophic muscle growth. three trials were performed. In thc first trial, young 

3-week-old mel;.: micc were injected three times-a-week for two wecks and all 

hind limb muscles were collected for extensive characterization of the melx 

phenotype. Cross sectional area and extent of muscle fiber damage was 

analyzed. A second trial was performed in ordcr to assess muscle cross­

sectional area and fibrotic tissue accumulation by injecting 6-\veek-old adult 

md't mice with either DB or recombinant Irisin protein (2.5/1g/g body wcight) 

three timcs-a-weck for a total of 2 wecks. In the final trial using the melt mouse 

model, 4-week-old mel\' micc werc injected II' with either DB or recombinant 

Irisin protein (2.5 flg/g body wcight) thrce times-a-week for a total of 4 wecks to 
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analyze if a longer period of treatment enhances muscle weights and grip 

strength. 

The gnp strength for all mdx mIce in the 4-week trial was measured 

immediately prior to dissection. Six readings were obtained for each mouse, 

with a 30 second rest between each reading. The highest three values were used 

to calculate the average grip strength for each mouse in both the DB and Irisin 

injected groups. For mdx mice studies, food intake was measured before every 

injection. Following conclusion of each trial, mice were sacrificed by C02 

asphyxiation and T A, EDL, Gas, Sol, Quad, BF muscles were harvested, 

weighed and stored for further experiments. T A muscle tissue was embedded in 

O.C.T, as mentioned above for subsequent sectioning and staining. 

2.2.4 Muscle Fiber Cross Sectional Area Measurement 

Transverse sections (l0llm) were cut from the midbelly regIOn of O.c. T 

embedded T A muscles using a Cryostat (Leica CM 1950, Germany) and 

muscle sections were mounted on Superfrost Plus Microscope Slides (Thermo 

Fisher Scientific, USA) and subsequently stained with Gill's Haematoxylin and 

counterstained with 1 % Eosin (Merck) (H&E), as per the protocol described in 

Table 2.44 

Table 2.44: Myofiber H&E staining procedure 

Reagent DII,'ation of eXJloslI"e 

Haematoxylin I minute 

Rinse with tap water Until clear 

Blue with Scott's Tapwater 2 minutes 

Rinse with tap water Until clear 

1% Eosin 2 minutes 

Rinse with tap water Until clear 

50% Ethanol 3 dips 

70% Ethanol 3 dips 

95% Ethanol 2 minutes 

100% Ethanol 2 minutes x 2 

Xylene 5 minutes x 2 

Mount with DPX mountant 
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Mounted and stained TA muscle sections were imaged and tiled using the Leica 

CTR 6500 microscope equipped with the Leica DFC 420 camera, Image Pro 

Plus software (Media Cybernetics, Bethesda, MD) and a lOx objective. The 

CSA of 200 muscle fibers from 5 random fields (1000 fibers per mouse) from 

both DB treated and Irisin treated mice were measured using Image Pro Plus 

software and data was analyzed using Microsoft Excel. 

2.2.5 Immunohistochemical Staining of Muscle Sections 

Muscle sections were fixed with 4% paraformaldehyde (PFA) (Sigma Aldrich, 

USA) in Phosphate Buffered Saline (PBS) (pH 7.4) for 10min and then 

permeabilized with 0.1 % Triton X-IOO (Promega, USA) for 10 min. Sections 

were blocked with 5% Normal Sheep Serum (NSS) (Sigma Aldrich, USA), 5% 

Normal Goat Serum (NGS) (Sigma Aldrich, USA) and 0.35% Carrageenan 

lambda (CA) (Sigma Aldrich, USA) in PBS for I hour at room temperature and 

incubated with anti-MyoD (Santa Cruz 304 [I :50]) primary antibody overnight 

at 4°C. Sections were then incubated with secondary antibody (Alexa 

Fluor® 568 goat anti-rabbit [I :300]) for I hour at room temperature. Sections 

were counterstained with DAPI (Molecular Probes, USA) [I: I 000] for 5 min in 

PBS and mounted using Prolong Gold Anti-Fade (Thermo Fisher Scientific, 

USA). Stained samples were analyzed and MyoD positive nuclei were counted, 

with the number of MyoD positive nuclei expressed as a percentage of total 

DAPI positive nuclei. Images from twenty random microscopic fields for each 

treatment were analyzed per mouse using the Leica CTR 6500 microscope 

equipped with the Leica DFC 420 camera and ImageJ software (NIH, USA). 

2.2.6 Cell Culture 

A TCC murine C2C 12 myoblasts (Yaffe and Saxel, 1977) 173 were maintained in 

proliferation medium, consisting of Dulbecco's Modified Eagle's Medium 

(OM EM) (Invitrogen, USA), 10% Fetal Bovine Serum (FBS) (HyCione, 

Thermo Scientific, USA) and I % Penicillin/Streptomycin (P/S) (Gibco, 

Invitrogen, USA). 36CI5Q primary human myoblasts were a gift from Drs. 

Vincent Mouly and Gillian Butler-Browne from the Institut de Myologie, Paris, 

France and were maintained in proliteration medium, consisting of DMEM, 20% 

FBS, 10% Horse Serum (I-IS), I % Chicken Embryo Extract (CEE) and 1% PIS. 
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36C 15Q human myoblasts were always grown/plated on Matrigel Basement 

Membrane Matrix (Corning, USA) coated plates/coverslips. 

2.2.6.1 Myoblast Proliferation Assay 

C2C 12 myoblasts were seeded at a density of 1000 cells/well in 96-well-plates 

in proliferation medium and incubated at 3 JOC in a 5% CO2 incubator. 

Proliferating myoblasts were treated with either DB 
. . 

or mcreasmg 

concentrations of recombinant Irisin protein (250ng/ml, 1000ng/ml and 

2000ng/ml) and fixed at Oh, 24h, 48h and 72h proliferation. The point at which 

myoblasts attached was taken as Oh. Myoblasts were fixed with 200111 of 

fixative solution per well [10% formaldehyde (Sigma- Aldrich, USA) and 0.9% 

NaCl]. Plates were wrapped in aluminum foil and stored at room temperature 

(RT) until assessment of proliferation was performed using the methylene blue 

photometric end point assay (Thomas et a!., 2000)130. Initially, fixative was 

removed from each cell culture plate. After washing with PBS, 100111 of 

methylene blue (I % methylene blue in 0.01 M borate buffer, pH 8.5) was added 

to each well and incubated for 30 minutes at RT. Methylene blue was removed 

and each well was washed with 200111 borate buffer [0.01 M sodium tetraborate 

(Sigma Aldrich, USA, pH 8.5)] four times. 200111 of 0.1 M HCI: Ethanol 1: 1 

was added to each well to release the blue dye bound to the cell membrane. The 

absorbance of each well was read using a microplate reader (model 3550, Bio 

Rad, USA) at 655nm. Absorbance at 655nm is directly proportional to the total 

cell number. Each treatment for each time point was performed in sixteen wells. 

2.2.6.2 Myoblast Differentiation Assay 

C2C12 myoblasts were seeded on plastic thermanox cover slips (Nalge Nunc 

International, USA) in 24-well-plates at a density of 15,000 cells/cm2; while 

36C 15Q human primary myoblasts were seeded at a density of 25,000 cells/cm2. 

After overnight cell attachment, myoblasts were induced to differentiate in low 

serum differentiation medium [DMEM with 2% Horse Serum (HS) (Hyclone, 

Thermo Scientific, USA) and 1 % PIS] at 37°C, 5% CO2 and were treated with 

either DB or recombinant Irisin protein (250ng/ml or 1000ng/ml) during 

differentiation. At Oh, 24h, 48h, 72h and 96h post-induction of differentiation, 
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myotubes were fixed with 70% ethanol, formalin and acetic acid in a 20:2: I 

ratio and washed with I ml of PBS three times before H&E staining was 

performed. Each treatment was perfonned in triplicates per time point. Images 

of non-over-Iapping areas from three cover slips were taken in a bright field 

microscope at each time point (Leica CTR 6500 microscope equipped with the 

Leica DFC 420 camera). To analyze myotube number, 10 random images were 

obtained per coverslip at a lOx magnification and the total number of myotubes 

was counted in each image using the ImageJ software (NIH, USA). Fusion 

index was measured by dividing the number of nuclei found within the 

myotubes by the total number of nuclei in each image. 

2.2.6.3 Immunocytochemistry of Primary Myoblast Cliitures 

Primary cultures were isolated from mouse hind limb muscle tissue. Muscle 

tissues collected from wild type mice were minced well in PBS and centrifuged 

for 10 minutes at 3000rpm to remove the PBS. Minced muscles were 

resuspended in filter sterilized 0.2% Collagenase Type IA (Sigma Aldrich, 

USA) in DMEM (Muscle tissues collected from each mouse was resuspended 

in 3ml of Collagenase mix) and incubated at 37°C for 90 minutes on a shaker at 

70rpm (low shaking). The suspension was centrifuged at 3000rpm for 10 

minutes and collagenase liquid was removed. The pellet was resuspended in 

12ml of PBS and triturated for 5 minutes before passing the suspension through 

a 100!lM nylon cell strainer (BD Falcon, USA). The filtered suspension was 

further centrifuged at 3000rpm for 10 minutes and the pellet was resuspended 

in 8ml of warm Satellite cell proliferation media (DMEM, 20% FBS, 10% HS, 

I % Chick embryo extract (CEE) (Biomed Diagnostics, Singapore), 1% PIS). 

The suspension was pre-plated on a non-coated 10cm dish and left at 37°C and 

5% CO2 for 3 hours for removal of fibroblasts from the culture. Subsequently, 

the "fibroblast free" cell suspension was plated onto a 10cm cell culture dish 

coated with 10% Matrigel (Corning, USA) and incubated overnight at 37°C. 5% 

CO2. After overnight attachment, primary myoblasts were trypsinized and 

seeded at a density of 10,000 cells/well in 8-well chamber slides (Thermo 

Fisher Scientific, USA). 
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Primary myoblasts cultures were treated with recombinant Irisin protein 

(250ng/ml, 700ng/ml or 1000ng/ml) and were fixed 24h post-Irisin treatment 

with 4% paraformaldehyde in Phosphate Buffered Saline for 15 minutes. Fixed 

primary myoblasts were then treated with 0.1 % Triton X-I00 for 10 min to 

permeabilize the cells. Cells were blocked with 5% Normal Sheep Serum 

(NSS), 5% Normal Goat Serum (NGS) and 0.35% CA in PBS for I hour at 

room temperature and incubated with primary antibodies, anti-Pax7 (OSHB 

AB528428) [1: 1 00] and anti-MyoO (Santa Cruz, SC-304) [I: 1 00] overnight at 

4°C. After washing, myoblasts were incubated with Sheep anti-mouse IgG 

biotinylated secondary antibody (1 :300) for I hour at room temperature. Lastly, 

cells were incubated with Streptavidin conjugated Alexa Fluor® 488 tertiary 

antibody (1 :400) and Goat anti-rabbit Alexa Fluor® 594 (1 :300) secondary 

antibody for 1 hour at room temperature in the dark. OAPI staining was 

performed for 5 min (I :1000 dilution in PBS) and slides were mounted using 

Prolong Gold Anti-Fade. Stained cells were analyzed for the numbers of Paxr 

and MyoO+ myoblasts. Images from ten random microscopic fields per 

treatment were analyzed using the Leica CTR 6500 microscope (lOx objective) 

equipped with the Leica OFC 420 camera and Image] software (NIH, USA). 

2.2.6.4 Transient Transjection ojC2C12 Myoblast.5 

C2C 12 myoblasts were seeded on 6-well-plates or on plastic thermanox cover 

slips in 24-well-plates at density of 12,500cells/cm2 in antibiotic-free 

proliferation medium (without PIS). After overnight attachment, 4001.11 of 

medium was removed and replaced with 400I.d of transfection reagent. The 

preparation of the transfection reagent is as follows: For each well, 8)11 of 

DharmaFECT 1 transfection reagent was added to 192)11 of filter sterilized 

OPTI-MEM® medium (Life Technologies, USA). In a separate tube, an 

appropriate volume of the 5)1M stock of either IL6 targeting siRNA (IL6-

siRNA) or control non targeting siRNA (scramb-siRNA) (Oharmacon, Inc, 

USA) suspension was added to OPTI-MEM medium (total of 200)11), such that 

the final concentration of siRNA in each well would be 25nM. The mixtures 

were then incubated for 5 minutes at RT. The siRNA-OPTI-MEM® suspension 

mix was then added to DharmaFECT 1-0PTI-MEM® mix and incubated at RT 

for 20 minutes. The final mixture of 400)11 was added to each well in the plates 
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and rocked vigorously. C2CI2 myoblasts were transfected for 24h.The target 

sequences for the IL6 targeting siRNA are as follows: I) CCU AGU GCG UUA 

UGC CUA A; 2) UUA CAC AUG UUC UCU GGG A; 3) GGA CCA AGA 

CCA UCC AAU U and 4) CUA CCA AAC UGG AUA UAA U. 

Following transfection, C2CI2 myoblasts were switched to differentiation 

medium and treated with either DB or Irisin (I OOOng/ml) for 48h and myotubes 

were collected with I ml of Trizol® reagent/well. RNA was extracted from 

myotubes and quantitative real-time PCR (qPCR) was used to measure gene 

expression changes (see section 2.2.8 below). Myotubes differentiated for 72h 

with either DB or Irisin (IOOOng/ml) was stained with H&E for histological 

analysis. Each treatment was perfonned in triplicates per time point. Images of 

non-over-Iapping areas from three cover slips with H&E stained myotubes were 

taken in a bright field microscope at each time point (Leica CTR 6500 

microscope equipped with the Leica DFC 420 camera). To analyze myotube 

number, 10 random images were obtained per coverslip at a lOx magnification 

and the total number of myotubes was counted in each image using the ImageJ 

software (NIH, USA). Fusion index was measured by dividing the number of 

nuclei found within the myotubes by the total number of nuclei in each image. 

2.2.7 Isolation of Human Adipose-Derived Stem Cells (hADSCs) and 

Adipogenic Differentiation 

Details regarding establishment of the human prImary ADSCs has been 

described below. The collection of white adipose tissue biopsies and generation 

of human primary ADSCs cultures has been approved by the Domain Specific 

Review Board (DSRB: #2013/00171) of National University Hospital, 

Singapore. Approximately I g of white adipose tissue was digested with Type 

IA collagenase (I mg/ml) in BSA (20mg/ml) for 90 minutes at 37°C with 

shaking (l20rpm). The suspension was centrifuged for 10 minutes at 800g and 

the cell pellet was suspended in 9ml of red blood cell lysis buffer and incubated 

for 10 minutes. The cells were centrifuged again for 10 minutes at 800g and 

resuspended in growth medium, consisting of DMEM/F-12 (Gibco, Thermo 

Fisher Scientific, USA), supplemented with 20% FBS and 1% PIS, and 

subsequently filtered through a I OO~lm nylon cell strainer. The filtrate was 
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further centrifuged for 10 minutes at 800g and the pellet was resuspended with 

hADSC growth medium. 

To induce adipogenic differentiation, hADSC cells were seeded on 10cm dishes 

coated with 0.2% gelatin and grown in DMEM/F12, 10% FBS and 1% PIS. 

Cells were grown to confluence for 3 days before treatment with Induction 

medium (DMEM/F-12, 10% FBS, 1% PIS, 0.5mM IBMX, 1flM 

dexamethasone, O.Olmg/ml Insulin) containing DB or Irisin for a further 48 

hours. The induction medium was then replaced with Insulin medium 

(DMEM/F-12, 10% FBS, 1 % PIS, 0.01 mglml insulin) for another 48 hours in 

the presence of either DB or Irisin. hADSCs were differentiated for 21 days in 

the presence of either DB or recombinant murine Irisin protein at a 

concentration of 4flg/ml. 

The murine embryonic fibroblast cell line 3T3L1 (ATCC-CL173), which can 

be induced to differentiate into adipocytes in culture, was also used in this study. 

3T3Ll cells were maintained in growth medium consisting of DMEM + 

GlutaMAX, 10% Bovine Calf Serum (BCS) (Gibco, Thermo Fisher Scientific) 

and 1 % PIS. To induce adipogenic differentiation, 3T3 L1 cells were seeded on 

10cm dishes coated with 0.2% gelatin and grown in DMEM with 2mM L­

glutamine, 10% FBS and 1 % PIS. Cells were grown to confluence for 72 hours 

and kept at that state for another 48 hours to arrest cell division. 3T3L1 cells 

were then treated with Induction medium (DMEM+ GlutaMAX, 10% FBS, 1 % 

PIS, 0.5mM IBMX, 1 flM dexamethasone, 0.01 mg/mllnsulin) containing DB or 

Irisin for a further 48 hours. The induction medium was then replaced with 

Insulin medium (DMEM+ GlutaMAX, 10% FBS, 1 % PIS, 0.01 mg/ml insulin) 

for another 48 hours in the presence of either DB or Irisin. 3T3L1 cells were 

induced to undergo adipogenic differentiation for 4 days (after addition of 

induction medium) in the presence of either DB or recombinant murine Irisin 

protein at a concentration of 0.5flg/ml. 

2.2.8 Protein Extraction and Western Blot (Immunoblot) Analysis 

To isolate total muscle proteins, 50mg of muscle tissue was homogenized in 

RIPA buffer (Ix Phosphate buffered saline, 1% IGEPAL CA-630 (v/v), 0.1 % 
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• 

Sodium dodecyl sulfate (w/v), O.S% Sodium deoxycholate (w/v)), SOmM 

Sodium fluoride) using the Tissue Lyser 11 instrument (Qiagen, USA) at 30Hz 

(3 x I minute). To isolate total cell proteins from in vitro experiments, C2C 12 

cultures were re-suspended in protein lysis buffer (I M Tris HCI pH 7.S, SM 

NaCI, O.SM EDTA, IGEPAL CA-630, Protease Inhibitor, MilliQ Water) and 

syringed 20 times with a I ml syringe and 26-gauge needle. Subsequently, both 

muscle homogenates and C2C12 myoblasts/myotubes lysates were centrifuged 

at 12,000rpm for 10 minutes at 4°C and the supernatant was collected. Protein 

estimations were performed using Protein assay dye reagent concentrate (Sx) 

(BioRad, USA). S-20llg of protein was resolved by SDS-PAGE (NuPage 4-12% 

gradient, Bis-Tris pre-cast polyacrylamide gels, Invitrogen, USA) and 

transferred to nitrocellulose membrane by wet transfer using the Trans-Blot® 

Cell system (BioRad, USA) for 2 hours at 4°C. For mdx mice studies, SO~lg of 

total protein was resolved by SDS-PAGE (8% Tris-Glycine acrylamide gel) and 

transferred to nitrocellulose membrane by wet transfer for 2 hours at 4°C. 

Membranes were stained with Ponceau S (Fluka, Sigma-Aldrich, USA) to 

confirm equal loading of protein samples. 

For Western Blot analysis membranes were blocked for 1 hour at room 

temperature with S% milk (Sigma, USA) in T-BST and subsequently incubated 

with primary antibodies overnight at 4°C (for details of primary antibodies and 

dilutions see Table 2.37). The membranes were then washed with TBS-T (3 x 

10 minutes), followed by secondary antibody incubation for 1 hour at room 

temperature (RT. (for details of secondary antibodies and dilutions see Table 

2.3 7). Following secondary antibody incubations, membranes were washed as 

stated above and HRP activity was detected using Western Lightning 

Chemiluminescence Reagent Plus (NELl 04; Perkin Elmer Life Sciences, USA). 

Kodak films were exposed to the membranes and detected bands were 

subsequently quantified using Quantity One imaging software and a Calibrated 

Densitometer (Bio-Rad GS-800, USA). In addition, bands were also detected 

using the ChemiDoc Touch Imaging System (BioRad, USA) and were analyzed 

using Image Lab software (BioRad, USA). 
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2.2.9 Total RNA Extraction, Reverse Transcription and Quantitative Real­

Time PCR (qPCR) 

Total RNA was isolated from C2C12 myotubes usmg TRIzol® reagent 

(Invitrogen, USA). Samples were incubated for 5 minutes at RT before 200111 

of chloroform was added for every 1 ml of TRIzol® reagent added. Tubes were 

shaken vigorously for 15 seconds by hand and further incubated at RT for 3 

minutes. Samples were then centrifuged at 12,000g for 15 minutes at 4°C. The 

aqueous phase was separated and 500111 of 100% isopropanol was added to the 

aqueous phase (for every Iml of TRIzol® added to the sample) followed by 

incubation at RT for 10 minutes. Samples were centrifuged again at 12,000g for 

10 minutes at 4°C. The supernatant was removed and the pellet was washed 

with Iml of 75% ethanol (for every Iml of TRIzol® added to the sample). 

Samples were then vortexed briefly before centrifuging at 7500g for 5 minutes 

at 4°C. The ethanol wash was discarded and the pellet was air dried for 10 

minutes. Pellets were re-suspended in 30-50111 of DEPC water (1 st Base, 

Singapore), depending on the size of the pellet, and incubated at 60°C for 10 

minutes before utilizing the RNA for downstream applications. 

RNA integrity was monitored by RNA electrophoresis. Illg of total RNA was 

used to synthesize cDNA according to the iScript cDNA Synthesis kit protocol 

(Bio-Rad, USA, Cat # 1708891). All reactions were performed according to the 

iScript protocol: Priming for 5 minutes at 25°C, reverse transcription for 20 

minutes at 46°C and reverse transcription inactivation for I minute at 95°C. 

Quantitative real-time PCR (qPCR) reactions were carried out in triplicates 

using SsoFast EvaGreen Supermix (Bio-Rad, USA) and the CFX96 Real-Time 

System (Bio-Rad, USA). All reactions were performed using the following 

thermal cycle conditions: 95° C for 3 minutes, followed by 40 cycles of a three­

step reaction, denaturation at 95° C for 10 seconds, annealing at 60° C for 10 

seconds, elongation at 72° C for 20 seconds, followed by a melting curve from 

65° C to 95° C in 10 second increments of 0.5° C. Gene expression fold change 

was calculated using the ~~Ct method, normalized against the expression of 

Gapdh. Primer stocks (l OO~lM; Sigma-Aldrich, Singapore) were diluted to 

2.51lM prior to qPCR. The sequences of the primers used in this study are 

provided in Table 2.42 (See Materials section). 
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2.2.10 Microarray Analysis 

C2C 12 myoblasts were seeded at a density of 20,000 cells/cm2 in a 10cm cell 

culture dish and induced to differentiate in low serum differentiation medium 

(DMEM, 2% HS and 1% PIS) at 37°C, 5% CO2 for 72h and further treated with 

either DB or Irisin (1000nglml) for 6h, 12h, 24h and 48h. RNA was collected 

using 2ml of TRIzol® for each 10cm dish and RNA isolation was performed 

according to the manufacturer's protocol, as described in section 2.2.9. Purified 

isolated RNA was then subjected to sequencing on a standard lIIumina 

MouseRefS- V2.0 expression bead chip. Both coding and non-coding 

transcripts were analyzed. This platform is able to analyze about 24,000 coding 

genes and 300 non-coding genes. However, microRNAs were not analyzed. 

Data analysis was performed, as per in-house protocols (Sciencewerke, 

Singapore). In the microarray experiment, a total of 20,000 genes were detected. 

Only genes that were upregulated or downregulated by ~1.5-fold were 

considered significant. For genes that had multiple probes (with different 

accession numbers), the probe that displayed the greatest change (either up- or 

down-regulation) was considered. Approximately 1000 genes were 

downregulated by more than 1.5 fold and another 1000 genes were upregulated 

more than 1.5 told after Irisin treatment of differentiated myotubes. 

2.2.11 Assessment of Mitochondrial Function 

C2C 12 myoblasts were seeded equally at a density of 15,000 cells/well in an 

XFc24 plate (Seahorse Biosciences, USA) and induced to differentiate in 

differentiation medium (DMEM 2%HS, I%P/S) for 72h. Myotubes were treated 

with either DB or Irisin (IOOOng/ml) for a further 24h or 48h. The oxygen 

consumption rate (OCR) was measured using the XFe24 extracellular Flux 

Analyzer, according to the manufacturer's protocol (Seahorse Biosciences). 

Differentiated myotubes were equilibrated in pre-warmed (37°C) assay medium 

(DMEM containing 0.45g of glucose and I ml of 100mM Sodium pyruvate at a 

pH of 7.4). Baseline OCR and OCR following sequential addition of 

Oligomycin (111M), Carbonyl cyanide-4(tritluoromethoxy) phenylhydrazone 

FCCP (0.5I1M) and Rotenone/Antimycin (0.5~lM) were assessed. Each of these 

drugs targets different components of the mitochondrial electron transport chain, 

81 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



which enables the calculation of, A TP-linked respiration, maximal respiration 

and non-mitochondrial respiration, respectively. 

Oligomycin specifically targets and inhibits the function of complex V, which 

is A TP synthase, resulting in reduced OCR. The difference between the basal 

OCR and the resulting OCR after Oligomycin treatment of the myotubes 

determines A TP-linked respiration (A TP production) in the myotubes (Figure 

2.1). OCR due to proton leak can also be calculated by deducting the OCR 

values after Oligomycin injection from the non-mitochondrial respiration rate. 

FCCP is an uncoupling agent that disrupts mitochondrial membrane potential 

thereby removing the proton gradient. As a result, electrons flow freely 

allowing for maximum oxygen consumption, as such, calculation of maximal 

respiration can be made (Figure 2. I). Spare respiratory capacity can be 

determined by deducting basal respiration from maximal respiration (Figure 

2.1). Injection of Antimycin A and Rotenone blocks complex III and complex I 

function, respectively. As a result, this completely inhibits mitochondrial 

respiration and as such non-mitochondrial respiration can be determined 

(Figure 2.1 ). 
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Fi2ure 2.1: Seahorse XF Cell Mito Stress Test profile displayin2 the key 
parameters that can be measured durin2 mitochondrial respiration 
Graph displays a typical profile of mitochondrial respiration (OCR; pmol/min) 
in cultured cells over time. Oligomycin, FCCP and a mixture of Antimycin A & 
Rotenone are injected sequentially to target different components of the 
electron transport chain, which enables the determination of Basal Respiration, 
ATP-linked respiration, Proton Leak, Maximal Respiration , Spare Respiratory 
Capac ity and Non-mitochondrial Respiration in cultured cells. Image adapted 
and modified from Rose, S., Frye, R. E., Slattery, J. , Wynne, R. , Tippett, M. , 
Pavliv, 0., ... & James, S. J. (2014). Oxidative stress induces mitochondrial 
dysfunction in a subset of autism Iymphoblastoid cell lines in a well-matched 
case control cohort. PLoS One, 9( I), e85436. (This image has heen ohtained 
F om Open Access article distributed under the terms qfthe Creative Commons 
Attribution License) 

2.2.12 Measurement of Fibt'osis 

Muscle sections were stained using the Sirius Red/Fast Green collagen staining 

kit (Chondrex Inc, WA). Musc le sections mOllnted 011 g lass s lides were washed 

with PBS and immersed in Sirius Red/Fast Green Dye solution for 30 minutes 

at room temperature. Excess dye was washed off with di stilled water. Stained 

sections were then dried and mounted using OPX mounting medium (Merck, 

USA ). Images of the stained tissue sections were captured and tiled using the 

Le ica CTR 6500 microscope, equipped with the Leica OFC 420 camera, Image 

Pro Plus software and a lOx objective. The extent of collagen deposition (red 

sta in) was quantified by determining the total area that was sta ined red across 
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the entire muscle cross section using Image Pro Plus software. The total area 

stained red was normalized to the total T A muscle cross sectional area and 

expressed as a percentage, to represent percentage fibrotic area. 

2.2.13 Measurement of Fibers with Centrally Placed Nuclei and Necrotic 

Area in mdx Muscle Sections 

Transverse sections (l0llm) were cut from the midbelly region of O.C.T 

embedded T A muscles from mdx mice injected with either DB or Irisin using a 

Cryostat. Sections were subsequently stained with H&E (refer to Table 2.44 for 

protocol details). The CSA of 200 myofibers from 5 random fields were 

analyzed per section (l000 myofibers in total per mouse). Centrally placed 

nuclei is a hallmark of regenerated muscle fibers and indicative of the extent of 

fusion. The number of myofibers with centrally placed nuclei were counted and 

expressed as a percentage of total myofiber number in the muscle section. 

Analysis for centrally placed nuclei was performed using the ImageJ software 

(NIH, USA). Necrotic myofibers were identified based on areas of fragmented 

sarcoplasm, influx of mononucleated cells and hyper-contracted muscle fibers. 

The total area of necrotic myofibers was quantified and normalized against the 

total muscle cross sectional area and expressed as a percentage, to represent 

percentage necrotic fiber area using Image Pro Plus software. All images of the 

H&E stained tissue sections were captured and tiled using the Leica CTR 6500 

microscope, equipped with the Leica DFC 420 camera, Image Pro Plus 

software and a lOx objective. 

2.2.14 IgM Immunohistochemical Staining of Muscle Sections 

IgM is produced by B cells and is restricted to the circulation. IgM accumulates 

in damaged muscle fibers due to leaky membrane and is proportional to the 

extent of muscle damage. To detect IgM positive myofibers in mdx mouse 

muscle, sections were fixed with ice-cold acetone for 2 minutes and washed 3 

times with 1 xPBS for 5 minutes each. Blocking was performed for 1 hour at 

room temperature with 1% BSA (Sigma Aldrich, USA) and 5% Horse serum in 

1 xPBS. Sections were subsequently incubated with Goat anti-mouse IgM-FITC 

conjugated antibody (1: 1 00, Sigma Aldrich, F9259) for 1 hour and washed 

again 3 times with 1 xPBS for 5 minutes each. Sections were mounted with 
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Slowfade Gold Anti-Fade reagent, containing DAPI (Molecular Probes, USA), 

and visualized using the Leica CTR 6500 microscope equipped with the Leica 

DFC 420 camera and Image Pro Plus software. Stained samples were analyzed 

and the area of the IgM positive muscle fibers were quantified and expressed as 

a percentage of the total cross sectional area of the muscle section using Image 

Pro Plus software. All images of the IgM stained tissue sections were captured 

and tiled using the Leica CTR 6500 microscope, equipped with the Leica DFC 

420 camera, Image Pro Plus software and a lOx objective. 

2.2.15 Injection of Evans Blue Dye 

5-week-old male rndx mice were injected IP with a solution of 1 % Evans Blue 

Dye (EBD) (Sigma Aldrich, USA) at a volume of 10111 per gram body weight 

24h prior to hind limb muscle collection. EBD forms a conjugate with serum 

albumin, which is restricted to circulation but accumulates in damaged muscle 

fibers. The extent of EBD accumulation is indicative of muscle damage and 

was assessed based on the area of the muscle section that showed red 

fluorescence divided by the total area of the muscle section. All images of the 

Evans Blue dye stained tissue sections were captured and tiled using the Leica 

CTR 6500 microscope, equipped with the Leica DFC 420 camera, Image Pro 

Plus software and a lOx objective. 

2.2.16 Creatine Kinase Assay 

A creatine kinase (CK) assay was performed to assess the extent of muscle 

damage in the mdx mice injected with either DB or Irisin. CK is usually present 

in muscle. but leaks into serum in response to myofiber damage. Blood 

collected from the heart of mdx mice injected with either DB or Irisin was 

centrifuged at 1500g for 10 minutes and serum was collected. Assessment of 

CK levels in serum was performed using the Creatine Kinase Activity Assay 

Kit (Abnova. KA3766), according to the manufacturer's protocol. The CK 

enzyme converts Creatine and A TP (provided in kit) to phosphocreatine and 

ADP. The resulting ADP forms an intermediate product via the action of the 

CK enzyme mix (provided in kit). CK developer (provided in kit) then converts 

the intermediate product into a colored product that can be detected at a 

wavelength of 450nm. The color intensity determines the absorbance reading, 
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which is proportionate to the level of CK present in serum and hence, the extent 

of muscle damage. In a clear bottom 96-well-plate, 50111 of serum from either 

DB or Irisin injected mice, diluted 500 times in CK assay buffer (provided in 

the kit) and 50111 of reaction mix (34111 CK Assay Buffer + 2111 CK Enzyme 

Mix + 2111 CK Developer + 2111 ATP + 10111 ofCK Substrate) was incubated for 

40 minutes at 37°C and absorbance was measured every 2 minutes. NADH 

standards were made by adding 0, 2, 4, 6, 8 and 10111 of 1 mM NADH standard 

to 50, 48, 46, 44, 42 and 40111 of CK Assay Buffer respectively, and 

subsequently topping up the wells with 50111 of reaction mix. Absorbance 

readings obtained from standard wells were used to plot the standard curve and 

the amount of NADH was calculated from the curve. Creatine kinase activity 

was determined using the following formula: Amount of NADH calculated 

from standard curve/ (reaction time*volume of sample added into 

well) *dilution factor. 

Creatine kinase levels were measured at a wavelength of 450nm usmg a 

Microplate Spectrophotometer (BioRad, USA) and the MPM 6 software 

(BioRad. USA). Calculations were performed according to the manufacturer's 

instructions as explained above and CK values were represented as mU/mL. 

2.2.17 Statistical Analysis 

Statistical analysis was performed using two-tailed Student's t-test to compare 

differences between two treatment groups in one categorical variable. An F-test 

was performed prior to Student's t-test to assess for equal variance between two 

groups. Variance between two groups was considered equal when the F-value 

was smaller than F-critical and unequal if F-value was larger than F-critical 

values. 

One-way-ANOV A, followed by a Tukey's post-hoc test was performed for all 

experiments that required multiple comparisons between three or more groups 

from one categorical variable. 

Two-way-ANOV A, followed by Scheffe's post-hoc test was performed for all 

experiments that required the comparison between two categorical variables 

that could influence the numerical output. For all experiments. results were 

considered significant at p< 0.05 (*), p< 0.01 (**) and p< 0.001(***). All data 

is presented as mean ± S.E.M. 
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3. Results 

*The results in this section has heen communicated to Nature Communications 

3.1 Irisin Treatment Induces the Expression of Ucp-l 

To study the role of Irisin in skeletal muscle we expressed and purified a 

Histidine tagged recombinant Irisin protein. Polyacrylamide gel electrophoresis 

and Coomassie blue staining revealed a single purified Irisin band running at 

~ 15KDa (Figure 3.1 a). At I: 100 dilution of the purified recombinant Irisin 

protein, we observed a low endotoxin level of I in the recombinant protein
l74

. 

Previously published work revealed that Irisin induces the expression of Ucp­

I \39. In order to test the biological activity of our recombinant murine Irisin 

protein, we treated differentiated human adipose-derived stem cells (hADSCs) 

with recombinant Irisin protein. A significant ~4-fold increase in Ucp-l 

expression was noted in hADSCs after treatment with Irisin (Figure 3.1 b). We 

further noted a significant ~ 18% increase in Ucp-l expression in Irisin treated 

3T3 L1 fibroblasts during adipogenic differentiation (Figure 3.1 c). These data 

suggested that the purified recombinant murine Irisin was biologically active 

and as such, this recombinant protein was further utilized to understand the role 

of Irisin in skeletal muscle. 
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Figure 3.1: Purified recombinant Irisin protein enhances the expression of 
Ucp-l 

, 

(a) Image of Coomassie stained polyacrylamide gel showing recombinant His­
tagged Irisin protein. Recombinant Iri sin prote in was detected as a single band 
at ~ 15kDa. Lane I shows the SeeBlue Plus 2 Pre-Stained ladder. Lanes 2, 3 and 
4 show I ~t1 , 2 ~1 and 5~t1 of the purified His-tagged Irisin protein, respectively. 
(b) Graph displaying qPCR analys is of Ucp-l expression in human 
subcutaneous white adipose-derived stem ce lls (hADSCs) after 2 1 days of 
adipogenic diffe rentiation in the presence of either dialysis buffer (DB; Control) 
or Irisin (4~glml) (n=2 biolog ical replicates). (c) Graph display ing qPCR 
analysis of Ucp -l in 3T3 LI fibroblasts after 4 days of adipogenic 
differentiation in the presence of either DB (Contro l) or Irisin (O. 5 ~glml) (n=3 
biological replicates). Error bars represent mean ± SEM. Student 's T-test and 
one-way ANOYA was performed for Figure 3. 1 b and Figure 3 .1 c respectively. 
Significance is indicated with * (p<O.05). 
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Exercise Regulated Gene LSymbol) 6h 12h 24h 48h 
Cxcll 142.7 153.0 76.8 93.1 

Cd74 2.6 2.7 3.5 3.0 

Nr~1 - - 1.8 2.9 

Np - - - 2.9 

Thbd 1.5 2.0 1.5 2.4 

GGJZ43 -1.6 - - 2.3 

Soes3 - 2.1 3.1 2.2 
Upregulated Cendl 2.4 - - -1.6 

Tiparp - - 2.9 -
Sod3 2.3 2.4 1.7 -
Timpl 2.1 1.6 - 1.5 
MmplO 3.3 - - -

Hp - 1.8 3.4 -

Prdx6 - -1.5 3.3 -

Plx3 2.5 5.1 8.9 6.8 

Crispjd2 -1.8 - -3.0 -3.5 

Cob/II - -1.6 -2.6 -
Downregulated lrak4 - - -1.6 -

Gpdll - -2.1 - -
Pd~fb - - -1.6 -1.6 

Satellite Cell 
Regulation Gene (Symbol) 6h 12h 24h 48h 

Heyl -2.9 -3.6 -3.1 -3.4 
Inhibit Differentiation 

of Satellite Cells O~n -2.3 -1.5 -1.9 -1.6 

Sox8 -1.5 -2.0 -2.6 -1.6 
Skeletal Muscle 

Regeneration Gene (Symbol) 6h 12h 24h 48h 
CIs 1.6 1.6 1.8 3.9 

Ccl2 38.5 40.7 13.2 3.9 

Cel7 10.4 18.7 7.6 4.9 

Cxell6 10.6 10.8 7.4 3.2 

Upregulated 
Mmp9 22.6 10.6 5.2 -

Ereg 3.5 - - -
Fig! -1.6 2.6 2.2 1.9 

Mtl 2.9 2.3 1.9 1.7 

Cxcll2 - 2.8 4.3 2.5 

MegflO -1.6 -1.8 -\.7 -2.0 
Downregulated PIau -1.8 -2.0 -1.6 -
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Muscle Growth and 
Myogenesis Gene (Symbol) 6h 12h 24h 48h 

Sema3f 1.8 - 1.5 1.6 
116 6.4 6.7 2.5 3.6 

1I6ra 1.6 -
Shqi 2.4 - - -

117 2.0 1.5 1.7 2.4 
Hypertrophy and 

Serpina3g 17.8 7.1 8.4 7.9 Growth Factors 
TKfbi - - 1.7 2.4 

Bmp4 -4.3 1.9 2.6 2.1 

TnfrsfJlb - - 2.0 1.7 

AJ;Xt2 - 2.6 3.4 -

Table 3.1: Irisin treatment promotes the expression of pro-myogenic and 
exercise-related genes in myotubes 
Table listing differentially expressed genes, identified through microarray 
analysis, between myotubes treated with either DB (Control) or Irisin for 6h, 
12h, 24h and 48h. Genes have been manually separated into Exercise Regulated, 
Satellite Cell Regulation, Skeletal Muscle Regeneration and Muscle Growth 
and Myogenesis categories. Gene symbols and fold changes at each treatment 
time point are given. Negative numbers reflect fold repression of gene 
expression. Only genes that were upregulated or downregulated by ~ 1.5-fold 
were selected. 
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3.2 Irisin Treatment Induces Transcriptome Changes That Are Consistent 

with Exercise and Enhanced Myogenesis 

To identify gene expression changes induced by Irisin, we performed 

microarray on RNA isolated from either DB or Irisin treated C2C12 myotubes. 

Only genes that were upregulated or downregulated by ~1.5-fold were analyzed 

for each time point. Of these selected genes, we noted that genes involved in 

exercise, satellite cell regulation, skeletal muscle regeneration, muscle growth 

and myogenesis were differentially expressed between DB and Irisin treated 

myotubes (Table 3.1). A number of target genes identified from the microarray 

were validated through qPCR. Subsequent qPCR analysis confirmed reduced 

expression of negative regulators of myogenic differentiation, including Sox8 

(Figure 3.2a) and HeyL (Figure 3.2b), following treatment with Irisin. 

Moreover, exercise-induced and secreted factors, such as Haptoglobin (Hpj 

(Figure 3.2c) and Interleukin 6 (lL6) (Figure 3.2d), which promote skeletal 

muscle hypertrophy, were significantly upregulated by Irisin treatment. The 

expression of Cxcll, a chemokine highly expressed in skeletal muscle and 

secreted during exercise, was elevated at all time points analyzed, with a sharp 

significant increase in Cxcl] noted 6 hours post Irisin treatment (Figure 3.2e). 

Another exercise-secreted factor, Pentraxin-3 (Ptx3) (Figure 3.2f) also showed 

a marked upregulation at all Irisin treatment time points. Overall, these data 

reveal that Irisin treatment results in gene expression changes associated with 

both exercise and improved myogenesis in muscle cells. 
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Figure 3.2: Irisin treatment results in gene expression changes consistent 
with exercise and improved myogenesis 
Graphs displaying qPCR analysis of Sox8 (a), HeyL (b), Hp (c), IL6 (d), Cxcll 
(e) and Ptx3 (f) in 72h differentiated C2CI2 myotubes treated with DB (Control) 
or recombinant Irisin protein for Oh, 6h, 12h, 24h and 48h. All qPCR graphs 
show gene expression normalized to gapdh (n=3 biological replicates for all 
figure panels above). Error bars represent mean ± SEM. For all figure, two-way 
ANOYA was performed and significance is indicated with * (p<0.05), ** 
(p<O.OI) and *** (p<O.OOI). 
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3.3 Irisin Enhances Myoblast Proliferation and Myoblast Fusion during 

Myogenic Differentiation 

In order to investigate if Irisin enhances myoblast proliferation, a methylene 

blue photometric end point assay, where the absorbance at 655nm is 

proportional to myoblast number, was performed. A significant increase in the 

number of myoblasts at 48h and 72h of proliferation was noted after treatment 

with Irisin (Figure 3.3a). Moreover, we observed a dose dependent increase in 

the number of myoblasts at 48h after treatment with increasing concentrations 

of Irisin (250ng/ml, 1000ng/ml and 2000ng/ml), when compared to DB treated 

control (Figure 3.3a). 

To further investigate the effect of Irisin on myogenesis, differentiating C2C 12 

myotubes were treated with Irisin. A significant increase in the number of 

myotubes was noted at both 72h and 96h of differentiation in C2C 12 myotubes 

treated with Irisin, when compared to DB treated controls (Figure 3.3b and 

3.3c). The significant increase in myotube number could be due to enhanced 

fusion. Consistent with this, a significant increase in myoblast fusion index was 

observed at both 72h and 96h of differentiation following Irisin treatment 

(Figure 3.3d). We further analyzed the gene expression of fusion markers. Irisin 

treatment resulted in significantly increased expression of the primary fusion 

marker, Myomaker, at 72h differentiation (Figure 3.3e). Although we observed 

an increasing trend of the secondary fusion marker, Caveolin-3 (Figure 3.3f), 

the increase was not statistically significant. Taken together, these data suggest 

that Irisin improves myoblast fusion and myogenesis. 
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Figure 3.3: Irisin promotes skeletal muscle differentiation by enhancing 
myoblast fusion 
(a) Graph showing absorbance readings of cells treated with DB (Control) or 
increasing concentrations of Irisin (2S0ng/ml, 1 OOOng/ml and 2000ng/ml) at Oh, 
24h, 48h and 72h proliferation. Absorbance reading at 655nm is proportional to 
the number of cells present and hence, indicative of myoblast proliferation 
(n= 16 biological replicates). (b) Representative images of H&E stained 
myoblasts at Oh, 24h, 48h, 72h and 96h differentiation in the presence of DB 
(Control) or Irisin (2S0nglml and I OOOng/ml). (c) Graph showing quantification 
ofmyotube number at Oh, 24h, 48h, 72h and 96h differentiation in the presence 
of DB (Control) or Irisin (2S0nglml and I OOOng/ml) (n=3 biological replicates). 
(d) Graph showing quantification of fusion index at Oh, 24h, 48h, 72h and 96h 
differentiation in the presence of DB (Control) or Irisin (2S0ng/ml and 
I OOOng/ml) (n=3 biological replicates). Graphs displaying qPCR analysis of (e) 
Myomaker and (t) Caveolin-3 expression normalized to GAPDH in 
differentiating myoblasts (24h, 48h, 72h and 96h) treated with DB (Control) or 
Irisin (I OOOng/ml) (n=3 biological replicates). Error bars represent mean ± 
SEM. For all relevant figures, two-way ANOV A was performed and 
significance is indicated with * (p<O.OS), ** (p<O.Ol) and *** (p<O.OOl). 
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We next measured the levels of key proteins involved in myogel1lc 

differentiation, in myotubes treated with either DB (Control) or Irisin (Figure 

3Aa). We observed no distinct change in the expression of the myogenic 

regulatory factors, MyoD (Figure 3Aa and 3Ab) and Myogenin (Figure 3Aa 

and 3Ac) after treatment with Irisin. However, we observed a significant 

increase in p21 expression at 96h differentiation (Figure 3.4a and 3 Ad). 

Importantly, we noted a distinct increase in the expression of Myosin Heavy 

Chain (MHC) at 72h and 96h differentiation (Figure 3Aa and 3.4e). MHC is an 

essential contractile protein of muscle fibers, as such an increase in MHC 

further supports the increase in myotube number (Figure 3.3c) and fusion index 

(Figure 3.3d) observed previously. These results suggest that Irisin-mediated 

enhancement of myogenic differentiation may not be due to increased 

expression of critical myogenic regulatory factors. 
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Figure 3.4: Irisin enhances the levels of myosin heavy chain during 
differentiation 
(a) IB analysis of MyoD, MHC, Myogenin and p21 protein levels. The levels of 
GAPDH were assessed as a loading control. Graphs show densitometric 
analysis of (b) MyoD, (c) Myogenin (d) p2l and (e) MHC levels in arbitrary 
units (AU), normalized to GAPDH. Since MyoD, Myogenin and MHC IB 
analysis was perfonned on the same membrane, the same GAPDH was used to 
normalize the results . All IBs were performed on proteins collected from 
differentiating myotubes at 24h, 48h, 72h and 96h treated with either DB 
(Control) or Irisin (1000ng/ml) (n=3 biological replicates for all figure panels 
above). Error bars represent mean ± SEM. For all relevant figures, two-way 
ANOV A was perfonned and significance is indicated with * (p<O.05) and ** 
(p<O.OI ). 
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3.4 Irisin Enhances Myogenic Differentiation and Myoblast Fusion in 

Human Primary Myoblasts 

To understand if treatment with recombinant murine Irisin protein would result 

in a similar phenotype in humans, we treated differentiating 36C lSQ human 

primary myotubes with either DB (Control) or increasing concentrations of 

Irisin (2S0ng/ml and lOOOng/ml) (Figure 3.Sa). Similar to the C2C12 myoblast 

differentiation assay, we noted a significant increase in myotube number at 48h 

and 72h differentiation, with a trend to increased myotube number at 96h, albeit 

not statistically significant (Figure 3.Sb). The fusion index of differentiating 

myotubes was also enhanced at 48h and the increase became statistically 

significant at 72h differentiation after Irisin treatment (Figure 3.Sc). These data 

suggest that murine recombinant Irisin protein is able to enhance myogenic 

differentiation in both mouse and human myotube cultures. 
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Figure 3.5: Irisin enhances myogenesis in primary human myoblast 
cultures 
(a) Representative images of H&E stained 36CI SQ human primary myoblasts 
at 24h, 48h, 72h and 96h differentiation in the presence of either DB (Control) 
or Irisin (2S0ng/ml and I OOOng/ml). (b) Graph showing quantification of 
myotube number at Oh, 24h, 48h, 72h and 96h differentiation in the presence of 
either DB (Control) or Irisin (2S0ng/ml and 1000ng/ml). (c) Graph showing 
quantification of myotube fusion index at Oh, 24h, 48h, 72h and 96h 
differentiation in the presence of either DB (Control) or Irisin (2S0ng/ml and 
1000ng/ml) (n=2 biological replicates for all figure panels above). Error bars 
represent mean ± SEM. For all relevant figures, two-way ANOYA was 
performed and significance is indicated with * (p<O.OS) and ** (p<O.O I). 
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3.5 Irisin Injection Increases Muscle Mass, Induces Muscle Hypertrophy 

and Enhances Grip Strength in Mice 

To assess if the pro-myogenic function of Irisin is maintained in vivo. we 

injected 5-week-old C57BLl6J male mice with either DB (Control) or 

recombinant Irisin protein twice a week, for 4 weeks. As expected, body 

weights increased in both DB and Irisin injected mice across the 4-week 

regimen (Figure 3.6a). However, the percentage change in body weight was 

significantly greater and more rapid in Irisin injected mice, when compared to 

DB injected controls (Figure 3.6a). We speculated that this increase in body 

weight could be due to an increase in muscle mass. In agreement with this, a 

significant increase in Quad, BF, TA and EDL muscle weights was seen in 

mice injected with Irisin. when compared to DB injected mice (Figures 3.6b 

and 3.6c). 

Measurement of grip strength further indicated that the increased muscle mass 

translated into enhanced grip strength in mice injected with Irisin (Figure 3.6d). 

Since Irisin is an exercise-induced hormone, we next analyzed if injecting Irisin 

promotes hypertrophy of skeletal muscle. Subsequent analysis clearly revealed 

noticeable hypertrophy of myotibers upon Irisin injection (Figure 3.6e). 

Moreover, a marked reduction in the number of myotibers with smaller CSA 

«2000f.lIn\ concomitant with a distinct increase in the number of l11yofibers 

with larger CSA (>2000/1111\ was noted in mice subjected to 4 weeks of Irisin 

injection, when compared to DB injected mice (Figure 3.6f). 

To ensure the increased muscle mass noted upon Irisin injection was specific to 

the injected Irisin protein, we next performed an in vivo trial where mice were 

injected with either DB (Control) or a His-tag peptide. Unlike the Irisin animal 

injection trial, we did not observe any significant difference in percentage body 

weight change between mice injected with either DB or His-tag peptide (Figure 

3.7a). Furthermore, there was no significant difference in hind limb skeletal 

muscle weights between DB and His-tag peptide injected mice (Figure 3.7b and 

3.7c). To further contirm that injection of the His-tag peptide had no effect on 

skeletal muscle fiber size. we performed histological analysis (Figure 3.7d) and 

quantified the cross-sectional area of T A muscle l11yofibers from both DB and 
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His-tag peptide injected mice. Results confirmed no significant difference in 

myofiber CSA between T A muscles extracted from DB or His-tag peptide 

injected mice (Figure 3.7d and 3.7e). Collectively, these data confirm that 

injection of Irisin specifically resulted in the hypertrophy of skeletal muscle 

observed. 
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Figure 3.6: Irisin injection results in increased skeletal muscle mass and 
strength 
(a) Graph showing body weight change (% from initial) in mice injected with 
either DB (Control) or recombinant Irisin protein (2.5Ilg/g body weight) twice a 
week for 4 weeks. Body weights were measured prior to each injection. Graphs 
displaying (b) Gas, Quad, BF and (c) TA, EDL and Sol muscle weights of mice 
injected with either DB (Control) or Irisin (2.5Ilg/g body weight) twice a week 
for 4 weeks. All hind limb muscle weights were normalized to tibia length (d) 
Graph showing the grip strength of mice (in Newtons; N) injected with either 
DB (Control) or Irisin (2.5~lg/g body weight) twice a week for 4 weeks (11=5 
mice for DB injected group and n=4 mice for Irisin injected group for all figure 
panels above). (e) Representative images ofH&E stained TA muscle from mice 
injected with either DB (Control) or Irisin (2.5Ilg/g body weight) twice a week 
for 4 weeks. Images were captured using a 20x objective. Scale bar represents 
IOOllm. (f) Graph showing the distribution of TA myofiber cross sectional area 
(CSA) in mice injected with either DB (Control) or Irisin (2.51lg/g body weight) 
twice a week for 4 weeks. (n=3 mice per group). Error bars represent mean ± 
SEM. Two-way ANOYA was performed in Figure 3.6a and Student's T-test 
was performed for the remaining relevant figures. Significance is indicated with 
* (p<O.05), ** (p<O.Ol) and *** (p<O.OOI). 

102 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



a 
30 __ Control 

~ 25 
~==-­
£~20 _c 
.t: .-
2' E 15 
CDO 
~.t: 
?i~ 10 
o~ 

[l) 5 

c 

o 

e 

- .. His-tag peptide 

3 579 
Injection No. 

11 13 

oControl 
.His-tag peptide 

o Control 
• His-tag peptide 

b 
.t: 0.14 OControl 
Ol • His-tag peptide c 0.12 ~ 
ro 0.10 :Q-
~ 50.08 
01-
'Qi ~O 06 
~ . 
CD 0.04 

C3 
til 0.02 ::l 
~ 

0 

d 

Figure 3.7: Injection of a control His-tag peptide neither increases skeletal 
muscle mass nor promotes myofiber hypertrophy 
(a) Graph showing body weight change (% from initial) in mice injected with 
either DB (Control) or Histidine-tagged (His-tag) peptide (2.5~lg!g body weight) 
three times-a-week for 4 weeks. Body weights were measured prior to each 
injection. Graphs displaying (b) Gas, Quad, BF and (c) TA, EDL and Sol 
muscle weights of mice injected with either DB (Control) or His-tag peptide 
(2.5~g!g body weight) three times-a-week for 4 weeks. All hind limb muscle 
weights were normalized to tibia length (n=5 mice for each group). (d) 
Representative images of H&E stained T A muscle from mice injected with 
either DB (Control) or His-tag peptide (2.5~g!g body weight) three times-a­
week for 4 weeks. Images were captured using a 20x objective. Scale bar 
represents I OO~m. (e) Graph showing the T A myofiber CSA distribution of 
mice injected with either DB (Control) or His-tag peptide (2.5~g!g body weight) 
three times-a-week for 4 weeks (n=3 mice per treatment group). Error bars 
represent mean ± SEM. Two-way ANOYA was performed in Figure 3.7a and 
Student's T-test was performed for the remaining relevant figures. 
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We next analyzed the levels of components of three main pathways that 

activate protein synthesis; Akt, mTOR and Erk1/2, since activation of these 

pathways have been shown to promote skeletal muscle hypertrophy. Treatment 

of C2C 12 myotubes with recombinant Irisin protein resulted in a significant 

increase in the levels ofp-Akt (Ser473) (Figure 3.8a and 3.8b). As p-Akt in turn 

activates mTOR, we next analyzed the activity of mTOR by studying the 

phosphorylation of Raptor. We noted a significant reduction in the 

phosphorylation of Raptor (Ser792) upon treatment with Irisin (Figure 3.8a and 

3.8c), which is indicative ofmTOR activation. Irisin treatment also resulted in a 

significant increase in the levels of active p-Erk1l2 (Figure 3.8a and 3.8d). 

Taken together these data suggest that Irisin promotes skeletal muscle 

hypertrophy through activating pathways that promote protein synthesis. 

The Akt pathway is closely linked to protein degradation 175, where increased 

levels of p-Akt have been shown to phosphorylate and inactivate FoxO 

transcription factors, resulting in reduced expression of the ubiquitin E3 ligases, 

Atrogin-I and MuRF-I and reduced ubiquitin proteasome pathway-mediated 

protein degradation. Therefore, we next analyzed the levels of p-FoxOI, 

Atrogin-l and MuRF -I in Irisin treated myotubes. Subsequent analysis revealed 

increased levels of inactive p-FoxOI following treatment with recombinant 

Irisin protein (Figure 3.8e and 3.8f). Although the increase in the level of p­

FoxOI was not statistically significant, we observed a significant reduction in 

the levels of both Atrogin-I (Figure 3.8e and 3.8g) and MuRF-I (Figure 3.8e 

and 3.8h) following Irisin treatment. These data reveal that Irisin not only 

activates anabolic pathways but may also reduce catabolic pathways in skeletal 

muscle, which we suggest would contribute to the hypertrophy of skeletal 

muscle observed. 

104 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



a 

p-Akt 

p-Erk1/2 

GAPDH 

p-Raptor 

GAPDH 

c 

~ 2 
~1.8 
'115 1.6 
~1A 
~1.2 
« 1 
,gO.8 

Control 
~ ~ ____ .. , .• --t·.··,· 
ik .. ! 'L ~.~ •• ¥. 

.... ...--... ,... 1'-'"" 

.................. ...;.. .. -.. : 
-<'. .. 

- - . --- - -

Irisin 

.. . 
'-- ---L--._ __ ~_.L. 

f '. ~ • '- •• 

I ....... , '._. 

d 

p 

-62kDa 

-38kDa 

-38kDa 
188kDa 

-38kDa 

::J p-Akt 

::t 0.5 oControl 

u 
';:: 

Qi 
E 
.8 0.1 
'iii 

.Irisin 

53 0 o --"""---

p-Raptor ::J p-Erk 1/2 
o Control 
.Irisin 

<C 1.2 oControl * 
en .Irisin 
'iii 
>-
~ 0.8 

CZ; 0.6 
';:: 

~ OA 

~ 0.2 
c 

* 

~0 .6 
.8 0A 
.~ 0.2 
~ 0+---""'---- ~ O~-..L...--

e Control Irisin 

62kDa 
38kDa 

p-FoxOllFox01 p-Fox01 

MuRF-1 

Tubulin 
'"\,:.T...,... !:.I'" ," Ir ~ ,,~ • '(: '.f' ',: 14 

-49kDa 

~1.2 
';;;1 
'iii 

~. ~_ ,/., ,,, ~ ., _.,., • 1.. ..... 

~0 .8 
Fox01 

Tubulin 

Atrogin-1 

Ponceau S 

g~ 
::> 
<C 2.5 

115 2 
>-

~ 1.5 
u 
';:: 
Qi 
E 
.8 0.5 
iii 

. J 

l 1 . f! ' 

Atrogin-1 

a; O~-..L...-­
o 

OControl 
.Irisin 

-62kDa 
-49kDa 

38kDa 

-38kDa 

h ~ 
::J 2.5 
« 
~ 2 
~ 
~ 1.5 
« 
u 
';:: 
Qi 
E 
.8 0.5 
'iii 

c 
CZ; 0.6 

~0.4 
,g0.2 
en 
a; O--~-­o 

MuRF-1 
OControl 
.Irisin 

* p=O 012 

a; 0---'--­
o 

105 

oControl 
.Irisin 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Figure 3.8: Irisin treatment activates protein synthesis pathways and 
reduces protein degradation 
(a) IB analysis of p-Akt, p-Raptor and p-Erk 112 protein levels. The levels of 

GAPDH were assessed as a loading control. Graphs show densitometric 
analysis of p-Akt (b), p-Raptor (c) and p-Erkll2 (d) levels in arbitrary units 
(A.U), normalized to GAPDH. Since p-Akt and p-Erk 112 IB analysis was 
performed on the same membrane, the same GAPDH was used to normalize the 
results. (e) IB analysis of FoxOI, p-FoxOI, Atrogin-I and MuRF-1 protein 
levels. The levels of either Tubulin or Ponceau S were assessed as loading 
controls. Graphs show densitometric analysis of p-FoxO I levels normalized to 
total FoxOI (p-FoxOl/FoxOI) (t), Atrogin-l (g) and MuRF-1 (h) levels in 
arbitrary units (A.U), normalized to either Tubulin or Ponceau S. Since p­
FoxOl and MuRF-1 IB analysis was performed on the same membrane, the 
same Tubulin was used to normalize the results. All IBs were performed on 
proteins collected from nh-differentiated myotubes treated with either DB 
(Control) or Irisin (IOOOng/ml) for a further 48h. Wherever necessary, 
intervening irrelevant bands were removed from the IBs, which is denoted by a 
gap between boxes in the figures (n=3 biological replicates for all figure panels 
above). Error bars represent mean ± SEM. For all relevant figures, Student's T­
test was performed. Significance is indicated with * (p<O.05) and ** (p<O.Ol). 
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Figure 3.9: Irisin treatment improves mitochondrial function in myotube 
cultures 
(a-b) Graphs displaying mitochondrial oxygen consumption rate (OCR) 
(pmole/min). OCR was measured at the basal state and in response sequential 
injection of Oligomycin, FCCP and Antimycin A/Rotenone in 72h 
differentiated myotubes treated with either DB (Control) or Irisin (1 OOOng/ml) 
for a further 24h (a) and 48h (b). Mitochondrial respiration was measured by 
the XFe24 Extracellular Flux Analyzer (Seahorse Bioscience). Graphs showing 
(c) Basal respiration, (d) ATP-linked respiration, (e) Maximal respiration and (t) 
Spare respiratory capacity are shown. (g) Graph displaying the average total 
protein content of DB (Control) and Irisin treated 72h differentiated myotube 
samples used for the OCR assessment above (n= 10 biological replicates for all 
figure panels above). Error bars represent mean ± SEM. For all relevant figures, 
two-way ANOV A was performed. Significance is indicated with * (p<O.OS), ** 
(p<O.Ol) and *** (p<O.OOl). 
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3.6 Irisin Treatment Results in Improved Mitochondrial Oxygen 

Consumption, Primarily Due to Increased Myogenic Differentiation 

It is known that exercise improves respiratory capacity and increases the 

production of adenosine triphosphate (A TP). Hence, we treated myotubes with 

either DB or Irisin and assessed mitochondrial oxygen consumption rate (OCR). 

Measurement of OCR was measured at the basal state and over time in response 

to sequential injection of Oligomycin, FCCP and Antimycin A/Rotenone, 

which allows us to measure A TP-linked respiration, maximum respiration and 

non-mitochondrial respiration, respectively. Results revealed that Irisin 

treatment led to increased OCR at both 24h (Figure 3.9a) and 48h (Figure 3.9b) 

treatment time points. Specifically, our results reveal that Irisin treatment 

significantly improved Basal respiration (Figure 3. 9c), ATP-linked respiration 

(Figure 3.9d), Maximal respiration (Figure 3.ge) and Spare respiratory capacity 

(Figure 3.9f), which measures the ability of the cell to respond when there is 

increased demand for energy. It is important to mention that, consistent with 

increased myogenic differentiation and hypertrophy, we observed increased 

total protein content in Irisin treated myotube cultures, when compared to DB 

treated controls (Figure 3.9g). As such, upon normalization of OCR to total 

cell protein content, although a trend to enhanced mitochondrial OCR was 

maintained, the increase was no longer statistically significant. Taken together 

these data suggest that the enhanced mitochondrial OCR noted upon Irisin 

treatment may be secondary to the enhanced myogenic differentiation and 

hypertrophy observed. 
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3.7 Irisin Signals via the IL6 Pathway during Myogenesis 

Treatment with recombinant Irisin induced IL6 expression in myotubes (Table 

3.1 and Figure 3.2d), increased myoblast proliferation (Figure 3.3a) and 

enhanced myogenic differentiation (Figure 3.3b-3.3d). Since it has been 

previously reported that IL6 expression is induced during myogenic 

differentiation I 12 and that IL6 regulates myoblast proliferation III, we proposed 

that Irisin may signal via IL6 to promote increased myoblast proliferation and 

differentiation. In order to investigate this hypothesis, we treated proliferating 

myoblasts with either DB (Control) or Irisin for 24h, 48h and 72h. Gene 

expression analysis revealed that Irisin treatment resulted in a significant 

increase in IL6, after 24h of treatment (Figure 3.1 Oa). Consistent with this result, 

we also observed a significant increase in the expression of Stat3, a downstream 

target of IL6, after 24h of Irisin treatment (Figure 3.10b). Socs3, a negative 

regulator of the IL6 pathway, is known to be upregulated after IL6 activation
l76

. 

Consistent with this, we observed increased Sacs3 expression at 24h, 48h and 

72h of proliferation in response to Irisin treatment (Figure 3.1 Oc). 

In order to investigate if Irisin induces the IL6 pathway during myogentc 

differentiation, differentiating myotubes were treated with either DB (Control) 

or Irisin and gene expression was analyzed. Subsequent qPCR analysis 

confirmed Irisin regulation of IL6, with increased IL6 expression noted over a 

treatment time course (Figure 3.10d). Interestingly, we observed no distinct 

increase in the expression of Stat3 during differentiation although a trend of 

increased Stat3 expression was noted (Figure 3.1 Oe). However, we did observe 

a marked increase in Sacs3 expression in response to 24h of Irisin treatment 

(Figure 3.101). 

110 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



a 
<0'6 
:::::! 
~5 
o 
·iii 4 
III 
~ 
~3 
w 
«2 
z 
0:: 1 E 

c 
c;) 1.8 
CI) 

g 1.6 
~ 1.4 
§ 1.2 
. ~ 1.0 
<J) a. 0.8 
ttl 0.6 
« 0.4 z 
0:: 0.2 
E 0 

e 

~1.6 
~1.4 

~1.2 
c 
.Q 1.0 
III 

~ 0.8 
L.. 

~0.6 
w 
«0.4 
z 
0:: 0.2 
E 0 

*** 

24 

o Control 
.Irisin 

** 

48 
Time (h) 

* 

24 48 72 
Time (h) 

oControl 
.Irisin 

o Control 
.Irisin 

72 

96 

b 
c;) 1.8 
1§ 1.6 
~ 1.4 
c 
.Q 1.2 
III 
~ 1.0 
0.0.8 
x 
wO. 
~ 0.4 
0:: 02 E . 

o 

d 

f 

<0'0.6 
-.J 
::::"0.5 
c 
o 
·iii 0 4 III . 
<J) 

~0.3 
w 
«0.2 
z 
~0.1 

o 

c;) 1.6 
CI) 

g1.4 
~1.2 
c 
.Q 1.0 
III 

~0.8 
~0.6 
w 
«0.4 
z 
0:: 0.2 
E 0 

*** 

24 48 
Time (h) 

o Control 
.Irisin 

** 

24 48 72 
Time (h) 

*** 

24 

I ! 

48 72 
Time (h) 

Figure 3.10: Irisin treatment activates the IL6 pathway 
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Graphs displaying qPCR analysis of IL6 (a), Stat3 (b) and Socs3 (c) in 24h, 48h 
and 72h proliferating myoblasts treated with either DB (Control) or Irisin 
(IOOOng/ml). Graphs displaying qPCR analysis of IL6 (d), Stat3 (e) and Socs3 
(f) in 24h, 48h, 72h and 96h differentiating myoblasts treated with either DB 
(Control) or Irisin (n=3 biological replicates for all figure panels above). Error 
bars represent mean ± SEM. Two-way ANOY A was performed for all figure 
panels. Significance IS indicated with * (p<O.05), ** (p<O.OI) and *** 
(p<O.OOI ). 
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To further probe the involvement of IL6 in Irisin signaling, we knocked down 

IL6 in differentiating myoblasts and queried if Irisin is effective in enhancing 

myogenesis in the absence of IL6. Treatment with IL6 specific siRNA (IL6-

siRNA), but not control scrambled siRNA (scramb-siRNA) was indeed very 

effective in reducing (~80% down regulation) IL6 mRNA expression at 48h 

differentiation (Figure 3.11 a). While Irisin treatment induced significant 

expression of IL6 in scramb-siRNA transfected myotubes at 48h differentiation, 

a significant inhibition in Irisin-mediated induction of !L6 was observed in the 

presence of IL6-specific siRNA (Figure 3.11 a). 

To further validate the role of IL6 in the Irisin signaling pathway, we performed 

histological analysis (Figure 3.11 b) and assessed the differentiation potential of 

myoblasts transfected with either control scramb-siRNA or IL6-siRNA and 

treated with either DB (Control) or Irisin for 72h. Both myotube fusion index 

and myotube number was significantly increased in scramb-siRNA transfected 

myotubes treated with Irisin, when compared to DB treated, scramb-siRNA 

transfected, myotubes (Figure 3.11 c and 3.11 d) which is consistent with results 

presented earlier (see Figure 3.3c and 3.3d). In contrast, knockdown of !L6 in 

myotubes resulted in impaired differentiation and hence, a reduction in fusion 

index (Figure 3.llc) and myotube number (Figure 3.lld) was noted in DB 

treated, IL6-siRNA transfected, myotubes. Importantly, a significant reduction 

in myotube fusion index (Figure 3 .11 c) and myotube number (Figure 3.11 d) 

was also observed in Irisin treated, IL6-siRNA transfected, myotubes, which 

was comparable to the reduction noted in DB treated, /L6-siRNA transfected, 

myotubes. Thus, these data suggest that Irisin may, at least in part, signal 

through IL6 to enhance myoblast proliferation and differentiation and resulting 

skeletal muscle hypertrophy. 
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Figure 3.11: Irisin signals through IL6 to regulate myogenesis 
(a) Graph displaying qPCR analysis of fL6 in 48h differentiated DB (Control) 
or Irisin treated myoblasts transfected with either scrambled siRNA (scramb­
siRNA) or 1L6-specific siRNA (lL6-siRNA). All qPCR gene expression results 
were normalized to gapdh. (b) Representative images of H&E stained scramb­
siRNA and 1L6 knockdown (lL6-siRNA) transfected myoblasts differentiated 
for 72h in the presence of either DB (Control) or Irisin (IOOOng/ml). Graphs 
showing quantification of myotube fusion index (c) and myotube number (d) in 
scramb-siRNA and fL6-siRNA transfected myoblasts differentiated for 72h in 
the presence of either DB (Control) or Irisin (I OOOng/ml) (n=3 biological 
replicates for all figure panels above). Error bars represent mean ± SEM. For all 
relevant figures, two-way ANOV A was performed. Significance is indicated 
with * (p<O.05) and *** (p<() .OOI). 
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3.8 Irisin Promotes Satellite Cell Activation and Expansion during Skeletal 

Muscle Regeneration 

We next tested the efficacy of Irisin in improving skeletal muscle regeneration. 

Wild type mice were injected with either DB or recombinant Irisin protein one 

week prior to Notexin-induced injury and three times-a-week for a further 

period of I, 2, 3 and 10 days post-injury. Subsequent immunohistochemical 

analysis of MyoD (a marker of activated satellite cells) revealed increased 

percentage of MyoD positive cells on Day 2 (Figure 3.12a and 3.12b) and Day 

3 (Figure 3.12c and 3.12d) post-Notexin-induced injury in mice injected with 

Irisin, when compared to DB-injected controls. These data suggest that Irisin 

treatment resulted in greater influx and/or activation of Satellite cells, which 

would result in higher numbers of proliferating MyoD positive myoblasts. 

To assess if Irisin directly activates satellite cells, primary murine satellite cells 

were cultured, treated with recombinant Irisin protein and subjected to 

immunocytochemistry to assess the populations of cells positive for Pax7 and 

MyoD (Figure 3.13a). The percentages of Pax7+/MyoD- (quiescent Satellite 

cells), Pax7+/MyoD+ (proliferating myoblasts) and PaxTlMyoD+ (committed 

myoblasts) cells were assessed in cultures treated with either DB or 

recombinant Irisin protein (Figure 3.13a). Treatment with Irisin resulted in a 

marked reduction in the percentage of quiescent Satellite cells (Pax7+ /MyoD-) 

(Figure 3.13b), concomitant with an increase in the percentages of proliferating 

(Pax7"/MyoDt) (Figure 3.13c) and committed myoblasts (PaxT/MyoDt) 

(Figure 3.13d). These data suggest that Irisin treatment leads to increased 

Satellite cell activation and proliferation. 
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Figure 3.12: Irisin promotes activation of satellite cells in regenerating 
skeletal muscle 
(a) Representative images of MyoD immunostaining of T A muscle sections 
from DB (Control) or Irisin injected mice at day 2 post-Notexin injury. Images 
were captured using a 40x objective. Scale bar represents IOOllm. Nuclei were 
counterstained with DAPI. White asterisks denote representative MyoD 
positive cells. Linear brightness and contrast of the' Merge' panel was adjusted 
to visualize MyoD t cells. This linear adjustment did not in any way alter 
interpretation of the results. (b) Graph displaying the percentage of MyoD 
positive cells in T A muscle sections from DB (Control) or Irisin injected mice 
at day 2 (n=3 mice for both groups) post-Notexin injury. (c) Representative 
images of MyoD immunostaining of T A muscle sections from DB (Control) or 
Irisin injected mice at day 3 post-Notexin injury. Images were captured using a 
40x objective. Scale bar represents 1 OO~un. Nuclei were counterstained with 
DAPI. White asterisks denote representative MyoD positive ceIls. Linear 
brightness and contrast of the 'Merge' panel was adjusted to visualize MyoD+ 
cells. This linear adjustment did not in any way alter interpretation of the 
results. (b) Graph displaying the percentage of MyoD positive cells in T A 
muscle sections from DB (Control) or Irisin injected mice at day 3 (n=2 mice 
for control group and n=3 mice for Irisin injected group) post-Notexin injury. 
Error bars represent mean ± SEM. For all relevant figure panels, Student's T­
test was performed. Significance is indicated with * (p<O.05). 
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Figure 3.13: Irisin treatment activates satellite cells ill vitro 
(a) Representative images of MyoO and Pax7 immunostaining of primary 
satellite cell cultures treated with either DB (Control) or Iris in (I OOOng/ml) for 
24h. Linear brightness and contrast of "Oapi', 'Pax?' and ' MyoO' panels was 
adjusted to visualize the positively stained nuclei. This linear adjustment did not 
in any way alter interpretation of the results. Images were captured llsing a lOx 
objective. Scale bar represents 10011m. Graphs displaying the percentage of (b) 
quiescent (Pax7 t /MyoO·), (c) proliferating (Pax7+/l\1yoO I) and (d) committed 
(/PaxTIMyoO") satellite cells present following treatment with either DB 
(Control) or increasing concentrations of Irisin (250ng/ml , 700ng/ml and 
I OOOng/ml) for 24h (n=2 biological replicates for all figure panels above). Error 
bars represent mean ± SEM . For all relevant figures , one-way ANOV A was 
performed. 
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3.9 Irisin Injection Leads to Hypertrophy and Increased Fusion during 

Skeletal Muscle Regeneration 

Next we assessed the effect of Irisin treatment on resulting muscle fibre size 

and centrally formed nuclei in regenerated skeletal muscle. Subsequent analysis 

of muscle fiber CSA revealed more myofibers with larger (> l500!lm2) CSA, 

concomitant with a reduction in myofibers with smaller «1500!lm2) CSA in 

regenerated muscle subjected to Irisin injection, when compared to DB-injected 

controls (Figure 3.14a and 3.14b), thus confirming that Irisin injection leads to 

hypertrophy of skeletal muscle. Consistent with the hypertrophy phenotype 

seen in the regenerated skeletal muscle, and with the enhanced fusion noted 

previously (Figure 3.3b and 3.3d), we observed an increase in the percentage of 

regenerated myofibers that contained two centrally formed nuclei, with a 

concomitant decrease in the percentage of myofibers with one centrally formed 

nuclei, in mice injected with recombinant Irisin protein (Figure 3.14c). 

Centrally placed nuclei is a hallmark of regenerated muscle fibers and 

indicative of activated myoblast fusion. Hence, these data suggest that Irisin 

treatment leads to enhanced fusion of satellite cells to myofibers during skeletal 

muscle regeneration in vivo. 
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Figure 3.14: Irisin improves r·egene.-ation of Notexin-injured skeletal 
muscle 
(a) Representative images of H&E stained T A muscle at day 10 post Notexin­
injury from mice injected with either DB (Control) or Irisin (2 .5!lg/g of body 
weight). Images were captured using a 20x objective. Scale bar represents 
IOO!lm. Graphs showing the distribution of T A myofiber cross-sectional area 
(CSA) (b) and the percentage of myofibers with 1, 2, 3, or 4 centrally placed 
nuclei (c), at day 10 post Notexin-injury from mice injected with either DB 
(Control) or Irisin (2.5!lg/g of body weight) (n=3 mice for both groups). Error 
bars represent mean ± SEM. For all relevant figure panels, Student's T-test was 
performed. Significance is indicated with * (p<O.05) and *** (p<O.OOl). 
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3.10 Irisin Rescues Denervation-induced Atrophy 

To investigate the role of Irisin during skeletal muscle atrophy, we utilized a 

model of denervation-induced atrophy. Mice were pre-injected for one week 

with DB or Irisin prior to sciatic nerve transection. Mice were further injected 

with either DB or Irisin for an additional two weeks post-injury. We observed a 

significant increase in the average body weight of Irisin injected mice at the 

initial stage (Figure 3.ISa). Overall, mice injected with Irisin showed a greater 

percentage increase in body weight (~13.7%), when compared to DB-injected 

mice (~12.2%) during the trial (Figure 3.ISb). However, this difference was not 

statistically significant. Comparison of muscle weights revealed a significant 

increase in denervated Gas (p<O.OI) and Sol (p<O.05) muscle weights (Figure 

3.ISc) upon Irisin injection. We also noted an increase in denervated TA 

muscle weights after Irisin injection, although the increase was not statistically 

significant. A significant increase in denervated skeletal muscle mass following 

Irisin injection suggests that Irisin may have an important role in rescuing 

skeletal muscle atrophy. 

We next performed histological analysis to quantify myofiber CSA in non­

denervated and denervated T A muscle from Control (DB) and Irisin-injected 

mice (Figure 3.ISd). Subsequent analysis of myofiber CSA confirmed that 

Irisin injection leads to hypertrophy of skeletal muscle fibers (Figure 3.ISe and 

3.ISt). Consistent with induction of atrophy, denervation leads to reduced 

myofiber CSA (Figure 3.ISe and 3.ISt). Due to sciatic nerve transection a 

considerable increase in the number of smaller muscle fibres «lOOOllm\ 

concomitant with a decrease in larger muscle fibres (> ISOOllm2
) was observed 

in TA muscles of denervated DB-injected control mice (Figure 3.1Se and 3.ISt). 

Consistent with the increase in muscle weights observed in Irisin injected mice 

(Figure 3.ISc), we noted an increase in the numbers of larger muscle fibres 

(> 1 OOOllm2
), with a concomitant decrease in smaller fibres «IOOOllm\ in 

Irisin injected denervated mice, when compared to denervated DB-injected 

controls (Figure 3.ISe and 3.ISt). In agreement with this, the average T A 

muscle CSA of Irisin injected denervated mice was significantly (p<O.OJ) 

increased, when compared to DB injected denervated control mice (Figure 

3.1Sg). 
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Figure 3.15: Irisin rescues denervation-induced loss of muscle mass 
(a) Graph showing average body weight (g) of mice injected with either DB 
(Control) or Irisin (2.5~g/g body weight) three times-a-week, I week prior to, 
and 2 weeks post-transection of the sciatic nerve. Body weights were measured 
prior to each injection. (b) Graph showing the percentage change in body 
weight (from initial) in mice injected with either DB (Control) or Irisin pre- and 
post-sciatic nerve transection (n=6 mice for both groups for all figure panels 
above) (c) Graph displaying average weights of denervated T A, EDL, Gas and 
Sol muscles of mice injected with either DB (Control) or recombinant Irisin 
protein pre- and post-sciatic nerve transection. All hind limb muscle weights 
were normalized to tibia length (n=5 mice for DB injected group and n=6 mice 
for Irisin injected group). (d) Representative images of H&E stained non­
denervated and denervated T A muscle from mice injected with either DB 
(Control) or Irisin. Images were captured using a 20X objective. Scale bar 
represents lOO~m. (e) Histogram and (f) line graph showing the distribution of 
non-denervated and denervated TA myofiber CSA in mice injected with either 
DB (Control) or Irisin. (g) Graph displaying the average total CSA of 
denervated TA muscles from mice injected with either DB (Control) or Irisin 
(n=3 mice for both groups). Error bars represent mean ± SEM. Two-way 
ANOYA was performed for Figure 3.15a and Student's T-test was performed 
for Figures 3.15b, 3.15c and 3.15g. Significance is indicated with * (p<O.05) 
and ** (p<O.Ol). 
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Figure 3.16: Irisin rescues denervation-induced muscle atrophy through 
activating satellite cells and reducing protein degradation 
(a) Representative images of MyoD immunostaining of denervated T A muscles 
sections from mice injected with either DB (Control) or Irisin. Images were 
captured using a 20x objective. Scale bar represents IOOllm. Nuclei were 
counterstained with DAPI. White asterisks denote representative MyoD 
positive cells. Linear brightness and contrast of the 'Merge' panel was adjusted 
to visualize MyoD+ nuclei. This linear adjustment did not in any way alter 
interpretation of the results. (b) Graph displaying the percentage of MyoD 
positive cells in denervated TA muscle sections from mice injected with either 
DB (Control) or Irisin. (c) IB analysis of Atrogin-land MuRF-l protein levels 
in non-denervated Gas muscle from mice injected with DB (control) and 
denervated Gas muscle from mice injected with either DB (Control) or Irisin. 
The levels of GAPDH were assessed as a loading control. Arrow indicates 
Atrogin-l band. (d) Graph shows densitometric analysis of Atrogin-l levels in 
arbitrary units (A.U), normalized to GAPDH. (e) Graph shows densitometric 
analysis of MuRF-l levels in arbitrary units (A.U), normalized to GAPDH (n=3 
mice per group for all figure panels above). Error bars represent mean ± SEM. 
Student's T-test was performed for Figure 3.16b and one-way ANOV A was 
performed for Figures 3.16d and 3.l6e. Significance is indicated with * (p<O.05) 
and ** (p<O.Ol). 
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3.11 Treatment with Irisin Leads to Increased Satellite Cell Activation and 

Reduced Markers of Protein Degradation during Denervation-Induced 

Muscle Atrophy 

Skeletal muscle injury leads to activation of Satellite cells, which function to 

repair and regenerate skeletal muscle tissue. As such, we next performed 

immunocytochemistry on TA muscle sections to determine the numbers of 

nuclei positive for MyoD (a marker of activated satellite cells) (Figure 3.16a). 

Subsequent quantification revealed a significant increase in the numbers of 

MyoD positive nuclei, consistent with increased Satellite cell activation, in 

Irisin injected denervated T A muscle, when compared to respective DB­

injected controls (Figure 3.16b). These data suggest that Irisin treatment results 

in increased activation of Satellite cells during denervation-induced skeletal 

muscle atrophy. 

Atrogin-l and MuRF-l are two E3 ubiquitin ligases that are used as reliable 

markers for protein degradation during atrophic conditions, including 

denervation
104

. Therefore, we next measured the protein levels of both Atrogin-

1 and MuRF-l in non-denervated and denervated Gas muscle isolated from 

DB-injected mice and denervated Gas muscle from Irisin injected mice. As 

expected, we observed a significant increase in Atrogin-I (Figure 3.16c and 

3.16d) and MuRF-1 (Figure 3.16c and 3.16e) protein levels in response to 

denervation-induced skeletal muscle atrophy. However, injection of Irisin 

resulted in a notable reduction in Atrogin-I (Figure 3.16c and 3.16d) MuRF-I 

(Figure 3.16c and 3.16e) protein levels in denervated muscle, \vhen compared 

to denervated muscle isolated from DB-injected control mice. These data 

suggest that Irisin treatment leads to reduced expression of key markers of 

skeletal muscle wasting during denervation-induced muscle atrophy. 
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*The results in this section has been communicated to Oncotarget 

3.12 Irisin Injection Promotes Muscular Hypertrophy in Young mdx Mice 

Histidine-tagged Irisin protein was expressed and purified from E. coli using 

Ni-Agarose resin and resolved on SDS-PAGE. The results confirmed that 

recombinant Irisin used for the following trials is a homogenous, purified 

protein (Figure 3.17a). To assess the effect of Irisin on dystrophic muscle loss, 

young (3-week-old) mdx mice were injected with either DB or Irisin three­

times-a-week for two weeks. Irisin injected mice showed a significant increase 

in body weight in the second week of Irisin injection (Figure 3.17b), which was 

maintained until completion of the trial (Figure 3.17b). No distinct difference in 

food intake was noted between DB and Irisin injected mice (Figure 3.17c). 

Analysis of hind limb muscle tissue weights revealed an increase in the weights 

of all muscles analyzed (Figure 3.17d and 3.17e). However, only Sol muscle 

showed a significant increase in weight in Irisin injected mice (Figure 3.17d 

and 3.17e). Histological analysis on transverse sections of the M. tibialis 

anterior (T A) muscle revealed hypertrophy of muscle fibers (Figure 3.171); 

with an increased proportion of fibers with larger cross sectional area 

(>2500~m2) and a reduced proportion of fibers with smaller cross sectional area 

«2500~m2) (Figure 3.17g and 3.17h). 
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Figure 3.17: Irisin injection increases muscle mass and promotes 
hypertrophy in young mdx mice 
(a) Representative image of Coomassie stained protein gel displaying purified 
recombinant His-tagged Irisin protein. A single band at ~ 15kDa was detected 
for recombinant Irisin protein. Lane I shows the SeeBlue Plus 2 Pre-Stained 
ladder. Lanes 2, 3 and 4 show Illg, 21lg and 31lg of the purified His-tagged 
Irisin protein, respectively. (b) Graph showing percentage change in body 
weight (from initial) of young (3-week-old) male mdx mice injected three 
times-a-week with either DB (vehicle control) or Irisin (2.5Ilg/g body weight) 
for two weeks. Body weights were measured prior to each injection. (c) Graph 
showing average daily food intake per mouse. Food intake was measured prior 
to each injection over the two-week trial. (d) Graph showing the average weight 
of T A, EDL and Sol skeletal muscle tissue from young mdx mice injected with 
either DB or Irisin for two weeks. (e) Graph showing the average weight of 
Quad and Gas skeletal muscle tissue from young mdx mice injected with either 
DB or Irisin for two weeks. All hind limb muscle weights were normalized to 
tibia length (n=5 mice per group for all figure panels above). (1) Representative 
images of Haematoxylin and Eosin (H&E) stained T A muscle cross sections 
obtained from young mdx mice injected with either DB or Irisin for two weeks. 
Images were captured using a 20x objective. Scale bar represents IOOllm. (g-h) 
Graphs showing the distribution of T A myofiber CSA from young mdx mice 
injected with either DB or Irisin for two weeks. (n=3 mice per group). Error 
bars represent mean ± SEM. Two-way ANOV A was performed for Figure 
3.17b and Student's T-test was perfonned for Figures 3.17d, 3.17e, 3.17g and 
3.17h. Significance is indicated with * (p<O.05), ** (p<O.OI) and *** (p<O.OOI). 
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Figure 3.18: Irisin injection protects young mdx mice from dystrophic­
associated skeletal muscle degeneration 
(a) Graph showing the percentage of myofibers with centrally placed nuclei in 
TA muscle from young mdx mice injected with either DB or Irisin for two 
weeks. (b) Graph showing the percentage necrotic fiber area in T A muscle from 
young mdx mice injected with either DB or Irisin for two weeks. (c) 
Representative images of Evans blue dye (EBD) stained TA muscle cross 
sections obtained from young mdx mice injected with either DB or Irisin for 
two weeks. White arrows indicate representative EBD positive myofibers. EBD 
positive myofibers were visualized using fluorescent microscopy under a 20x 
objective. Scale bar represents I OO~m. (d) Graph showing the percentage of 
EBD incorporation in T A muscle of young mdx mice injected with either DB or 
Irisin for two weeks. (e) Western Blot analysis of Utrophin protein levels in 
Gas muscle isolated from young mdx mice injected with either DB or Irisin for 
two weeks. The levels of Vinculin were assessed as a loading control. (f) 
Graph showing densitometric analysis of Utrophin protein levels in arbitrary 
units (A.U), normalized to Vinculin (n=3 mice for per group for all figure 
panels above). (g) Graph showing creatine kinase activity in the serum of young 
mdx mice injected with either DB or Irisin (n=5 mice for both groups). Error 
bars represent mean ± SEM. For all relevant figures, Student's T-test was 
performed. Significance is indicated with * (p<O.05). 
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3.13 Irisin Injection Protects Young mdx Mice from Dystrophic Myofiber 

Damage 

Skeletal muscle In mdx mice undergoes constant cycles of degeneration and 

regeneration. One of the hallmark features of newly formed (regenerated) 

muscle fibers is centrally placed nuclei. As such we next quantified the number 

of myofibers with centrally placed nuclei in DB and Irisin injected mice to 

assess if Irisin treatment improves postnatal myogenesis in young mdx mice. 

Our analysis revealed a ~20% increase (albeit not statistically significant) in the 

percentage of myofibers with centrally placed nuclei in mice injected with Irisin, 

when compared to DB controls (Figure 3.18a). The percentage of necrotic 

muscle fibres was also quantified between DB and Irisin injected mdx mice, as 

assessed through the presence of infiltrating mono-nucleated cells, myofibres 

with fragmented sarcoplasm and hyper-contracted myofibers. Subsequent 

quantification revealed a 9% reduction in necrotic myofibers in mdx mice 

injected with Irisin, when compared to DB treated controls (Figure 3.18b). 

However, the reduction was found not to be statistically significant (Figure 

3.18b). We further injected Evans Blue Dye (EBD) into DB or Irisin injected 

mdx mice (Figure 3.18c) to assess myofibre permeability. Red fluorescent EBD 

positive myofibres were assessed and the percentage of fluorescent muscle 

fibers was quantified through microscopy. Results revealed a significant 75% 

reduction in red fluorescent fibers in the TA muscle of mdx mice injected with 

Irisin, when compared to DB injected mice (Figure 3.18d). 

The levels of Utrophin are indicative of the extent of muscular dystrophy, as 

Utrophin compensates for the abscnce of Dystrophin in /IIdx mice. As such, we 

next assessed the levels of Utrophin in M Gastrocnemius (Gas) muscle 

following two weeks of Irisin injection. Results revealed a 35% reduction (not 

statistically significant) in the levels of Utrophin in mdx mice injected with 

Irisin, when compared to vehicle-injected controls (Figure 3.18e and 3.18f). We 

next measured the creatine kinase (CK) activity in the serum of the //ldx mice, 

which is used as a marker to identify the extent of mllscular dystrophy, since 

increased CK levels are associated with muscular dystrophy. We did not 

observe a distinct difference in CK activity in serum collected from mdx mice 

injected with Irisin (Figure 3.18g). Taken together, these data suggest that Irisin 
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treatment is able to at least in part alleviate the dystrophic phenotype observed 

in young mdx mice. 

3.14 Irisin Promotes Skeletal Muscle Hypertrophy in Adult mdx Mice 

In order to determine the therapeutic potential of Irisin in alleviating the 

dystrophic phenotype observed in adult mdx mice, 6-week-old (adult) mdx mice 

were injected with either DB or Irisin three-times-a-week for two weeks. No 

significant difference in body weight (Figure 3.19a) or food intake (Figure 

3.19b) was noted between DB and Irisin injected adult mdx mice, although a 

slight increase in food intake was noted in Irisin injected mice prior to the last 

injection (Injection 7). However, consistent with results obtained upon injection 

of young mdx mice with Irisin (Figure 3.17d and 3.17e), a tendency towards 

increased weights of all hind limb muscles was seen in adult mice injected with 

Irisin, although the increase in muscle weights observed were not statistically 

significant (Figure 3.19c and 3.19d). Histological analysis on transverse 

sections of the T A muscle revealed hypertrophy of muscle fibers (Figure 3.1ge). 

Specifically, an increased proportion of fibers with larger cross sectional area 

(>2000Ilm2) and a reduced proportion of fibers with smaller cross sectional area 

«2000Ilm2) was observed in Irisin injected adult mdx mice, when compared to 

DB injected mice (Figure 3.19f and 3.19g). It is noteworthy to mention that T A 

muscles from adult mdx mice injected with Irisin had a large number of 

myofibers with very large cross sectional area (>4000Ilm2), when compared to 

DB injected mice (Figure 3.19f and 3.19g). These data strongly suggest that 

Irisin promotes significant skeletal muscle hypertrophy in adult mdx mice. It is 

also important to mention that two weeks of Irisin treatment resulted in a more 

profound hypertrophy of skeletal muscle in adult mdx mice, when compared to 

young mdx mice (Compare Figure 3.17g and 3.17h with 3.19f and 3.19g). 
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Figure 3.19: Irisin increases muscle weight and promotes muscle 
hypertrophy in adult mdx mice 
(a) Graph showing change in body weight of adult (6-week-old) male mdx mice 
injected three times-a-week with either DB (vehicle control) or Irisin (2.5~g/g 
body weight) for two weeks. Body weights were measured prior to each 
injection. (b) Graph showing average daily food intake (g) per mouse. Food 
intake was measured prior to each injection over the two-week trial. (c) Graph 
showing the average weight of T A, EDL and Sol skeletal muscle tissue from 
adult mdx mice injected with either DB or Irisin for two weeks. (d) Graph 
showing the average weight of Gas, Quad and BF skeletal muscle tissue from 
adult mdx mice injected with either DB or Irisin for two weeks. All hind limb 
muscle weights were normalized to tibia length (n=6 mice per group for all 
experiments above). (e) Representative images of Haematoxylin and Eosin 
(H&E) stained T A muscle cross sections obtained from adult mdx mice injected 
with either DB or Irisin for two weeks. Images were captured using a 20x 
objective. Scale bar represents 1 OO~m. (f-g) Graphs showing the distribution of 
T A myofiber CSA from adult mdx mice injected with either DB or Irisin for 
two weeks. (n=4 mice per group for all figure panels above). Error bars 
represent mean ± SEM. Two-way ANOV A was performed for Figure 3.19a and 
Student's T-test was performed for Figures 3.19c, 3.19d, 3.19f and 3.19g. 
Significance is indicated with * (p<O.05), ** (p<O.Ol) and *** (p<O.OOl). 
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Figure 3.20: Irisin protects adult mdx mice from fibrosis and muscle fiber 
degeneration 
(a) Graph showing the percentage of myofibers with centrally placed nuclei in 
T A muscle from adult mdx mice injected with either DB or Irisin for two weeks 
(n=4 mice for both groups). (b) Representative images of Sirius red and Fast 
green stained T A muscle cross sections obtained from adult mdx mice injected 
with either DB or Irisin for two weeks. The green stain indicates non­
collagenous proteins, while the red stain indicates collagen. Black arrows 
indicate representative fibrotic areas. Images were captured using a 40x 
objective. Scale bar represents JOOllm. (c) Graph showing the percentage 
fibrotic area (red stain), expressed as a percentage of total muscle section area, 
in T A muscle from adult mdx mice injected with either DB or Irisin for two 
weeks, as assessed through Sirius red and fast green staining. (d) Graph 
showing the percentage necrotic fiber area, expressed as a percentage of total 
muscle section area, in T A muscles from adult mdx mice injected with either 
DB or Irisin for two weeks (n=3 mice for both groups) (e) Representative 
images of IgM antibody stained T A muscle sections obtained from adult mdx 
mice injected with either DB or Irisin for two weeks. White arrows indicate 
representative IgM positive myofibers. Images were captured using a 20x 
objective. Scale bar represents lOOllm. (f) Graph showing IgM positively 
stained area, expressed as a percentage of total muscle section area, in T A 
muscle sections from adult mdx mice injected with either DB or Irisin for two 
weeks. (g) Western Blot analysis of Utrophin protein levels in Gas muscle 
isolated from adult mdx mice injected with either DB or Irisin for two weeks. 
The levels of Vinculin were assessed as a loading control. (h) Graph showing 
densitometric analysis of Utrophin protein levels in arbitrary units (A. U), 
normalized to Vinculin (n=4 mice for both groups). Error bars represent mean ± 
SEM. For all relevant figures, Student's T-test was perfonned. Significance is 
indicated with * (p<0.05) and ** (p<O.Ol). 

136 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



3.15 Irisin Protects against Fibrosis, Myofiber Necrosis and Sarcolemmal 

Instability 

To further understand the beneficial effects of Irisin on mdx muscle, we next 

analyzed the difference in the proportion of regenerating muscle fibers, as 

represented by the number of centrally placed nuclei, between adult mdx mice 

injected with either DB or Irisin. It is interesting to note that despite the 

increase in myofiber cross sectional area noted in the T A muscle from Irisin 

injected mdx mice, the proportion ofmyofibers with centrally placed nuclei was 

not significantly different (Figure 3.20a), with ~4l % and ~46% of myofibers 

containing centrally formed nuclei in DB and Irisin injected mdx mice, 

respectively. To confirm that the increase in muscle weights (Figure 3 .19c and 

3.l9d) was not due to increased accumulation of fibrotic tissue and collagen, 

we performed Sirius Red (collagen) and Fast green (non-collagenous proteins) 

staining of skeletal muscle sections of T A muscle from DB and Irisin injected 

mdx mice (Figure 3.20b). Subsequent quantification of the fibrotic area (Red) 

revealed a significant ~4-fold reduction in fibrosis in TA muscle from Irisin 

injected mdx mice, when compared to DB injected mice (Figure 3.20c), 

suggesting that Irisin treatment protected dystrophic muscle fibers against 

fibrotic tissue accumulation. We next assessed the numbers of necrotic muscle 

fibres in muscles isolated from adult mdx mice injected with either DB or Irisin. 

Adult mdx mice injected for two weeks with Irisin displayed a dramatic 43% 

reduction in necrotic muscle fibers, when compared to respective DB controls 

(Figure 3.20d). Taken together these data reveal a role for Irisin in protecting 

against myofiber necrosis in adult md, mice. 

Myofibers in mdx mIce have reduced sarcolemmal stability, which allows 

proteins that are usually found only in circulation to enter and accumulate in the 

degenerating muscle fibers. To understand the role of Irisin in protecting 

sarcolemmal integrity of mdx mice muscle, we investigated the accumulation of 

IgM protein in myofibers, which is typically restricted to circulation in healthy 

mice. Subsequent analysis revealed that a large proportion of the myofibers 

from mdx mice injected with DB stained positively for IgM (Figure 3.20e). 

However, Irisin injection resulted in a significant 58% reduction in IgM 

accumulation in myofibers from mdx mice (Figure 3.20t). These data suggest 
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that Irisin improves the sarcolemmal stability of dystrophic myofibers. Lastly, 

we investigated the levels of Utrophin in adult mdx mice injected with either 

DB or Irisin. Similar to the results obtained above (Figure 3.18e and 3.18t), we 

observed a 22% reduction in Utrophin levels in adult mdx Gas muscle (Figure 

3.20g and 3.20h). However, the reduction was not statistically significant. 

3.16 Prolonged Irisin Treatment Increases Muscle Weights and Enhances 

Grip Strength of Adult mdx Mice 

As described above, short-term (2 weeks) injection of Irisin into mdx mice 

tended to increase skeletal muscle weights, although the increase noted in 

muscle weights were not statistically significant. Given this, we next wanted to 

investigate whether or not increasing the duration of Irisin treatment of mdx 

mice could improve skeletal muscle weight and function. To study this, 4-

week-old mdx mice were injected with either DB or Irisin, three-times-a-week 

for 4 weeks. No significant difference in body weight (Figure 3.21 a) or food 

intake (Figure 3.2Ib) was noted between mdx mice injected with either DB or 

Irisin for 4 weeks. However, analysis of individual hind limb skeletal muscle 

weights revealed a significant increase in T A, Sol and Gas muscle weights in 

Irisin injected mdx mice, when compared to DB injected controls (Figure 3.21 c 

and 3.21 d). The weights of EDL, Quad and BF skeletal muscles also showed an 

increase, however, the increase was not statistically significant (Figure 3.21 c 

and 3.21 d). Importantly, 4 weeks of Irisin injection further resulted in a 

significant increase (~2-fold) in the forelimb grip strength of mdx mice (Figure 

3.2Ie). These data indicate that prolonging the duration of Irisin treatment 

could improve both skeletal muscle mass and muscle strength of mdx mice. 
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Figure 3.21: Prolonged Irisin injection increases skeletal muscle mass and 
enhances muscle function in adult mdx mice 
(a) Graph showing change in average body weight (g) of adult (4-week-old) 
male mdx mice injected three times-a-week with either DB (vehicle control) or 
Irisin (2.5~lg/g body weight) for four weeks. Body weights were measured prior 
to each injection. (b) Graph showing average daily food intake (g) per mouse. 
Food intake was measured prior to each injection over the four-week trial. (c) 
Graph showing the average weight of T A, EDL and Sol skeletal muscle tissue 
from adult mdx mice injected with either DB or Irisin for four weeks. (d) Graph 
showing the average weight of Gas, Quad and BF skeletal muscle tissue from 
adult mdx mice injected with either DB or Irisin for four weeks. All hind limb 
muscle weights were normalized to tibia length. (e) Graph showing the 
forelimb grip strength (N) of adult mdx mice injected with either DB or Irisin 
for four weeks. Grip strength was assessed prior to termination of the mice 
(n=3 mice for the DB injected control group and n=4 mice for the Irisin injected 
group). Error bars represent mean ± SEM. Two-way ANOVA was performed 
for Figure 3.21a and Student's T-test was performed for Figures 3.21c, 3.21d 
and 3.21 e. Significance is indicated with * (p<O.05). 
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4. Discussion 

Irisin is a novel exercise-induced myokine. Functional studies have revealed 

that Irisin promotes browning of beige adipose precursor cells in white fat 

tissue resulting in increased energy expenditure I 39, 171, 177, 178, 179, 180. Since Irisin 

is an exercise-secreted factor, I reasoned that Irisin may function to enhance 

skeletal muscle myogenesis and promote hypertrophy, similar to what is noted 

in response to exercise. Consistent with this, recent studies have revealed a 

potential role for Irisin in regulating skeletal muscle growth, where Irisin levels 

positively correlated with biceps circumference in humans l63
. Moreover, Irisin 

was able to stimulate the expression of muscle growth related genes and reduce 

Myostatin levels in myocytes by activating the Erk pathway 172. Improved 

muscle strength and function was also positively correlated with Irisin levels in 

serum 154. However, to date, an in-depth analysis of Irisin regulation of skeletal 

muscle and for that matter the potential molecular mechanisms through which 

Irisin may influence skeletal muscle have been largely unexplored. As such, I 

have undertaken a systematic approach using both in vitro and in vivo model 

systems to further define the role of Irisin in regulation of skeletal muscle 

growth. Results from these studies have revealed that Irisin is a positive 

regulator of skeletal muscle growth, as such, treatment with Irisin leads to 

improved myogenesis, skeletal muscle hypertrophy, enhanced muscle strength 

and improved skeletal muscle regeneration. Moreover, I have shown that 

exogenous treatment with Irisin not only improves skeletal muscle regeneration 

but is also able to rescue, at least in part, skeletal muscle atrophy associated 

with denervation and muscular dystrophy. Taken together, these data reveal that 

Irisin may have therapeutic potential in improving skeletal muscle growth and 

overcoming the profound loss of skeletal muscle mass associated with muscle 

wasting conditions. 

The recombinant Irisin protein used in this study was purified using an E. coli 

based system. There are a number of benefits to using E. coli bacteria to 

produce recombinant proteins. E. coli has unmatched rapid growth kinetics and 

in optimal conditions, the doubling time is 20 minutes, which makes this 

. 181 M . . C" I' h system a convement one . oreover, It IS easy to tranSlorm E. co i WIt 

exogenous DNA in a very short amount of time l82
. However, recombinant 
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proteins expressed from gram negative E. coli may be inadvertently 

contaminated with endotoxin l83 . Endotoxin is a complex lipopolysaccharide 

(LPS) found on the cell membrane of E. coli and other gram negative 

bacterial 84, which is shed upon cell death and can result in severe systemic 

effects I 85. Specifically, endotoxin can induce a severe inflammatory response 

and result in a sudden increase in inflammatory cytokines such as TNF-a, IL-I p, 
IL8, IL6, which can result in severe pathological responses 186. As such, I 

initially measured the endotoxin levels in the recombinant Irisin protein used in 

this study and results revealed that endotoxin levels were found to be low 

17\ 1.0 EU/ml). Importantly, treatment with Irisin protein did not result in cell 

death in vitro, as visualized under a light microscope. Furthermore, mice 

injected with Irisin in vivo did not show any adverse change in movement or 

behavior and there was no notable difference in their food or water 

consumption. Upon gross pathological examination, mice injected with Irisin 

did not show any inflammation, toxicity in organs or fluid retention in the body. 

Therefore, I concluded that the recombinant murine Irisin protein used in this 

thesis was non-toxic and as such was suitable for my proposed studies. 

Another disadvantage of using the bacterial system is that E. coli bacteria do 

not have systems for protein glycosylationl 87 
IRS. However, circulating Irisin 

has been previously shown to exist in a glycosylated form 148. Importantly, 

production of eukaryotic proteins that normally undergo post translational 

modification lIsing the prokaryotic system may result in reduced activity of the 

protein I 87, 188. Hence, it is quite possible that the recombinant Irisin protein used 

in my studies may have reduced bioactivity. Previous studies have clearly 

demonstrated that Irisin can increase the levels of Ucp-I in white adipose tisslle, 

Given this, we further assessed the bioactivity of the recombinant Irisin protein 

through quantifying changes in Ucp-l in adipocyte cultures following Irisin 

treatment. Treatment with recombinant Irisin protein was able to significantly 

upregulate the expression of Ucp-l in both hA DSCs and 3T3 LI cells during 

adipogenic differentiation (Figure 3.1 band 3.1 c), indicating that the Irisin 

protein used in this thesis is biologically active. 
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Microarray analysis revealed that myotubes treated with Irisin showed gene 

expression changes similar to that noted in response to exercise (Table 3.1). 

Notably, genes that inhibit differentiation of Satellite cells were down regulated 

(Ogn, Sox8, Heyl), while the expression of hypertrophy and growth factors (IL6 

and Serpina3g) were increased, supporting that Irisin could be a pro-myogenic 

growth factor. In agreement with this, treatment with Irisin resulted in enhanced 

myoblast proliferation (Figure 3.3a), together with increased myoblast fusion 

and myotube number during myogenic differentiation (Figure 3.3b-3.3d). 

However, the enhanced differentiation phenotype observed in response to Irisin 

treatment was not due to increased expression of key myogenic differentiation 

markers, including MyoD, Myogenin or p21. Despite this, increased levels of 

MHC were noted following Irisin treatment, which is consistent with the 

enhanced myotube number observed (Figure 3.4a-3.4e). These data indicated 

that Irisin may not improve myogenesis through enhancing the expression of 

myogenic regulatory factors. Further analysis revealed that Irisin upregulates 

the expression of the primary fusion marker, Myomaker, a membrane protein 

which is necessary and sufficient for the fusion of myoblasts to each other l89 

(Figure 3.3e). Therefore, I concluded that Irisin may promote myogenesis 

thorough enhancing myoblast fusion. 

In addition to studies on murine myoblast cultures, I further assessed the 

function of Irisin on human primary myoblasts. Consistent with results noted in 

murine myoblasts, treatment with Irisin resulted in a significant increase in 

myotube number and myoblast fusion 111 human myoblasts during 

differentiation (Figure 3.5). These data reveal that human myoblasts are 

responsive to murine Irisin protein and further suggests the presence of an, as 

yet unidentified, Irisin-responsive receptor in human myoblasts, which is able 

to interact and initiate downstream signaling events in response to Irisin 

treatment. However, further experiments need to be performed to confirm the 

effect of human Irisin protein on human myoblasts and muscle. 

The role of Irisin during myogenesis was further investigated using a mouse 

model of Notexin-induced muscle injury and regeneration. Consistent with the 

improved myogenesis noted in vitro, Irisin injected into regenerating muscle 
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resulted in a distinct increase in the numbers of MyoD positive nuclei at Day 2 

and Day 3 of regeneration (Figure 3.12a-3.12d). MyoD is a marker of activated 

and proliferating myoblasts and in fact, Day 2 and Day 3 are key stages during 

early regeneration where inflammation and Satellite cell recruitment and 

activation are the dominant processes48
. Further analysis of the role of Irisin in 

Satellite cell activation revealed an increase in the proportion of proliferating 

myoblasts (Pax7+ IMyoDi) in primary murine myoblasts upon treatment with 

Irisin (Figure 3.13a and 3.13c). Irisin treatment also increased the percentage of 

fusion competent myoblasts (PaxTIMyoD+) in primary murine cultures (Figure 

3.13a and 3.13d). These data suggest that Irisin may directly regulate Satellite 

cell activation and proliferation, which is further consistent with the enhanced 

myoblast proliferation noted in C2C 12 myoblasts following Irisin treatment 

(Figure 3.3a). Ten days post-muscle injury, a greater percentage of regenerated 

myofibers with 2 centrally placed nuclei was noted in Irisin injected mice, 

indicating greater fusion of activated Satellite cells to repair damaged 

myofibers (Figure 3.14c). Importantly, this increased fusion of satellite cells is 

consistent with the hypertrophy noted in Irisin injected regenerated muscle 

tissue (Figure 3.14b) and moreover, the increase in Myomaker and enhanced 

fusion index and myotube number noted after Irisin treatment in vitro. Overall. 

these data support the hypothesis that Irisin is a pro-myogenic factor and is able 

to promote muscle hypertrophy by enhancing Satellite cell activation and fusion. 

The microarray data and qPCR validation showed that Irisin strongly induces 

the expression of IL6 Crable 3.1 and Figure 3.2d). Similar to Irisin, previous 

publications have revealed that IL6 is secreted during exercise 109 and is also 

induced during myogenic differentiation 112. Moreover. loss of I L6 leads to 

reduced myogenic differentiation, whereas increased levels of IL6 promote 

myogenic differentiation 112. IL6 has also been previously shown to also 

regulate skeletal muscle hypertrophy by activating Satellite cells. Consistent 

with this, loss of IL6 results in reduced satellite cell proliferation. in a Stat3-

dependant manner, which in turn impairs skeletal muscle hypertroph/ II. Taken 

together, these studies prompted me to further investigate the Irisin-IL6 axis to 

understand if Irisin may exel1 its effects via the IL6 pathway. Irisin was found 

to distinctly increase the expression of IL6 in proliferating myoblasts (Figure 
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3.10a) and differentiating myotubes (Figure 3.1 Od). Importantly, knock down of 

IL6 in differentiating myotubes, not only impaired myogenic differentiation and 

myotube formation, but also interfered with Irisin-mediated enhancement of 

myogenic differentiation (Figure 3.11 c and 3.11 d). Therefore, these data reveal 

that Irisin, at least in part, signals through IL6 to enhance myogenesis (Figure 

3.11 ). 

Injection of Irisin into wild type mice resulted in an increase in muscle weights, 

significant muscle hypertrophy and enhanced forelimb grip strength (Figure 

3.6b-3.6f). Importantly, the beneficial effects of Irisin on skeletal muscle mass 

and function were not observed in mice injected with the control His-tag 

peptide (Figure 3.7). These data indicate that Irisin-induced hypertrophy and 

improvement in muscle function are specific. Skeletal muscle hypertrophy can 

be induced through increasing anabolism (protein synthesis), reducing 

catabolism (protein degradation)74, 190, 191 and activating Satellite cells l92
. We 

have observed in the current study that Irisin is able to activate Satellite cells in 

vitro in primary myoblast cultures and in vivo to enhance the activation and 

function of Satellite cells in damaged muscle. We have further revealed 

increased levels of p-Akt and p-Erkll2, together with reduced levels of p­

Raptor following Irisin treatment and thus, increased activation of protein 

synthesis pathways (Figure 3.8a-3.8d). Previous work has revealed that Irisin 

levels are increased in myostatin-null mice through a mechanism involving 

AMPK (AMPK-PGCl-a-FNDC5). Given that AMPK is increased in situations 

where energy (A TP) is depleted and moreover, has been previously shown to 

inhibit mTOR and protein synthesis, AMPK upregulation of Irisin seems to be 

contradictory to the increased protein synthesis signaling noted upon Irisin 

treatment in the current thesis. In this thesis I have shown Irisin treatment 

results in reduced phosphorylation of Raptor. Phosphorylation inactivates raptor, 

through interfering with the ability of Raptor to act a scaffold protein for mTOR, 

as such, Irisin-mediated reduction in raptor phosphorylation would potentially 

lead to activation of the mTOR complex. We speculate that Irisin may work 

downstream of AMPK to lift AMPK-mediated inhibition of mTOR and protein 

synthesis, and as such, may form the basis of a feedback loop. Reduced levels 

of Atrogin-l and MuRF-l, two muscle-specific E3 ubiquitin ligases responsible 
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for degrading muscle proteins via the ubiquitin proteasome pathway, were also 

observed in myotubes treated with Irisin (Figure 3.8e-3.8h). The 

phosphorylation status of FoxO transcription factors has an important role in 

regulating the expression of Atrogin-l and MuRF-1. Specifically, reduced 

phosphorylation of FoxO transcription factors leads to increased expression of 

Atrogin-l and MuRF-1 and vice versa97
, 99, 134. As we observed reduced 

expression of both Atrogin-l and MuRF-1 following Irisin treatment we 

expected to observe increased phosphorylation of FoxOI in response to Irisin. 

However, the difference in the levels of phosphorylated FoxOl noted upon 

Irisin treatment was not statistically significant (Figure 3.8f). This data suggests 

that Irisin may signal through alternative pathways to regulate key components 

of the protein degradation pathway. I speculate that Irisin may influence the 

expression and/or activity of upstream regulators of Atrogin-l and MuRF-I, 

such as NF_KB I93
, myostatin/TGF-pI 34 and p38 MAPK 194 pathways. However, 

further work will need to be undertaken to verify this. Microarray results and 

subsequent qPCR validation revealed a significant upregulation of Hp in 

response to Irisin treatment in vitro. Interestingly, previous studies have shown 

that in the absence of Hp the levels of Atrogin-l and MuRF-I are increased and 

protein synthesis is reduced l95
. Therefore, it is quite possible that Irisin may 

also signal via Hp to regulate protein synthesis and protein degradation 

pathways. However, further rescue experiments need to be performed to study 

if Irisin is able to promote hypertrophy of skeletal muscle in the absence of Hp. 

Overall, these results suggest that Irisin can promote skeletal muscle 

hypertrophy by shifting the balance towards increased anabolism and reduced 

catabolism, coupled with increased Satellite cell activation and fusion. 

Since Irisin was able to reduce the levels of enzymes that promote protein 

degradation, the role of Irisin in denervation-induced atrophy was investigated. 

Denervation, due to sciatic nerve transection, leads to profound skeletal muscle 

wasting through activation of Atrogin-I and MuRF-1 and the ubiquitin 

proteasome pathway'n 196. Previously published results have revealed that 

exercise can rescue denervation induced skeletal muscle atrophy and in fact 

promotes re-innervation of muscle fibers 197 Consistent with this, results ill this 

thesis demonstrated that Irisin partially rescued denervation-induced muscle 
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fiber atrophy through increasing Satellite cell activation and also by reducing 

Atrogin-I and MuRF -1 levels (Figure 3 .I6b-3 .I6e). Irisin is thus able to reduce 

protein degradation and enhance the available pool of Satellite cells, which 

contributes to improved maintenance of muscle mass during denervation­

induced muscle atrophy. 

Exercise has been shown to upregulate the expression of PGC I-a, which has 

previously been reported to play an important role in mitochondrial 

biogenesis l98
. Since Irisin treatment results in similar changes to skeletal 

muscle as observed in response to exercise, the effect of Irisin on mitochondrial 

function was studied. We observed a significant improvement in the Basal, 

ATP-linked, maximal mitochondrial respiration and spare respiratory capacity, 

indicating that Irisin treatment results in improved mitochondrial oxygen 

consumption in vitro. However, upon normalization of the results to total 

protein content the differences in mitochondrial oxygen consumption became 

statistically insignificant, due to the fact that Irisin treatment enhanced 

myogenic differentiation and as such, total protein content. This suggests that 

Irisin may not directly enhance mitochondrial function and/or number and that 

the increased mitochondrial oxygen consumption may be as a consequence of 

increased myotube number and size. 

The results discussed above reveal that Irisin could potentially confer beneficial 

effects of exercise, including improved muscle strength and functionality, 

without the need for physical exertion and muscle wear and tear, which could 

be detrimental for individuals suffering from DMD, where exercise can 

b h d 
. 199 exacer ate t e egeneratlve process . 

Young mdx mice, a model of DMD, show an acute onset of muscular dystrophy 

at 3 weeks of age, with distinct muscle fiber necrosis73, 200. This acute necrotic 

pathology appears to decrease in intensity from about 8 weeks of age in mdx 

mice73
,200. Importantly, young 3-week-old mdx mice injected with Irisin show 

increased muscle weights and a trend towards increased myofiber size (Figure 

3.I7f-3.17h). A typical consequence of muscular dystrophy is damage to 

muscle fibers. Under normal physiological conditions, the muscle membrane is 
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impermeable to circulating proteins, such as albumin. However, during 

muscular dystrophy, when the sarcolemmal integrity is compromised, muscle 

fibers become permeable to serum albumin, which binds strongly to Evans blue 

dye. 20t Albumin-Evans blue dye conjugate permeates across the muscle 

membrane and accumulates in the damaged fibers. As such, Evans blue dye 

uptake in muscle can be used as a marker of muscle damage202, 203. Consistent 

with improved muscle structure, Irisin injected mdx mice showed a ~ 75% 

reduction in Evans blue dye uptake in muscle fibers, which provides evidence 

to suggest that Irisin may function to protect muscle fibers from sarcolemmal 

damage in the absence of dystrophin (Figure 3.18 c-3.18d). 

Creatine kinase is mainly found in skeletal muscle tissue, heart muscle and in 

the brain204
. However, sarcolemmal damage of muscle fibers, such as during 

muscular dystrophy, causes creatine kinase to leak into circulation205
. Although 

we noted a significant reduction in Evans blue dye uptake in mdx muscle fibers 

upon Irisin injection (Figure 3.18c-3.18d), injection of Irisin protein was unable 

to alter the levels of serum creatine kinase in mdx mice (Figure 3.18g). The 

disparity between Evans blue dye uptake and creatine kinase levels in serum 

may be due to the increase in muscle mass noted in mdx mice upon Irisin 

injection. Specifically, the increased muscle mass and hypertrophy noted upon 

Irisin injection could provide the potential for greater amounts of available 

creatine kinase to leak into circulation. In other words, despite the reduction in 

Evans blue dye accumulation and protection of sarcolemmal membrane 

integrity noted in mdx mice upon Irisin injection (Figure 3.18c-3.18d). a 

reduction in serum creatine kinase levels was not observed since there was an 

overall increase in total muscle tissue. Therefore, creatine kinase levels in this 

study may not accurately reflect the status of the myofiber damage in Irisin 

treated mdx mice. In agreement with this, a recent publication by Relizani et af., 

(2014) reported that blockade of Myostatin signaling in mdy mice, using a 

soluble form of the Activin Type II B receptor (sActRIIB), resulted in increased 

myofiber size in Soleus muscles without altering the overall levels of CK in 

serum (ref). It could also be possible, that the protective role of Irisin on 

skeletal muscle structure may not be enough to reduce the levels of creatine 
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kinase in serum and perhaps a prolonged Irisin treatment regimen may have 

been required. 

Injection of Irisin into adult mdx mIce resulted in increased muscle tissue 

weights (Figure 3.19c-3.19d). Moreover, distinct hypertrophy of skeletal 

muscle fibers was observed in adult mdx mice injected with Irisin (3.1ge-3.19g). 

This was notably different from the result observed in young mdx mice injected 

with Irisin for the same duration, where we observed a mild hypertrophy 

(Figure 3.17f-3.17h). Hypertrophy of adult mdx skeletal muscle was 

accompanied by a remarkable reduction in muscular fibrosis, which is an 

indication of improved muscle regeneration206 (Figure 3.20b and 3.20c). The 

replacement of contractile muscle tissue with non-contractile fibrotic tissue 

over repeated rounds of degeneration and regeneration reduces the contractile 

capacity of muscle, leading to a gradual loss in muscle strength68
. Consistent 

with improved muscle regeneration, injection with Irisin also resulted in a 

marked increase in muscle strength in adult mdx mice (Figure 3.21e). Moreover, 

a greater reduction in muscle fiber necrosis was noted in adult mdx mice 

(~43%) (Figure 3.20d), when compared to young mdx mice (~9%) (Figure 

3.1Sb) after Irisin injection. 

IgM is an antibody secreted by B cells and it is found mainly in the circulation. 

Similar to albumin entering muscle fibers from circulation due to compromised 

sarcolemmal integrity, IgM, a 900kDa molecule normally found in the 

endomyisum or perimysisum, is able to gain entry into the damaged muscle 

fibers203
. Distinctly reduced levels of IgM accumulation in muscle fibers of 

adult mdx mice injected with Irisin (Figure 3.20e and 3.20f), served as further 

validation of Irisin's role in protecting sarcolemmal stability in the absence of 

dystrophin. 

Ubiquitous dystrophin (Utrophin) has similar function and structure as 

dystrophin, although Utrophin is of a lower molecular mass207
. The expression 

of Utrophin was found to be much higher in mdx mice lacking dystrophin208
. 

Consistent with reversal of dystrophic phenotype, reduced Utrophin levels were 

observed in both young (Figure 3.ISt) and adult mice (Figure 3.20h) in 
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response to Irisin injection, suggesting that Irisin may be able to signal to, at 

least in part, compensate for the loss of Dystrophin in mdx mice. 

A much stronger protective response was elicited in adult mdx mice injected 

with Irisin as compared to young mdx mice, with a greater increase in muscle 

fiber cross sectional area and a more pronounced reduction in myofiber necrosis. 

I propose that this difference in Irisin effect between young and adult mdx mice 

may be due to the natural stabilization of the phenotype exhibited in adult mdx 

. I 18k f 73 200 A I f h' .. . fl' . mIce as t ley reac I wee s 0 age' . s a resu tot IS, lI1JectIOn 0 [ISll1 

may result in a more pronounced protective effect in adult mdx mice, as 

opposed to young mdx mice, which display a more acute muscle damage 

phenotype73
. 200. Interestingly, prolonging the duration of the Irisin injection 

trial to 4 weeks resulted a clear increase in skeletal muscle mass and muscle 

strength in adult mdx mice, which further validates the pro-myogenic capacity 

of Irisin to improve muscle mass and functionality. 

It is possible that Irisin may influence the levels and function of additional 

growth factors to improve the dystrophic phenotype in mdx mice. It has 

previously been reported that inhibition of myostatin upregulates FNDC5 

expressIOn and hence, circulating Irisin levels 171. Interestingly, Myostatin 

inhibition has been shown to reverse fibrotic tissue accumulation in dystrophic 

mice209 and reduce the severity of dystrophy, thereby enhancing muscle 

strength2
J(). Given that Irisin has the ability to exert pro-myogenic effects on 

muscle, it is possible that Irisin could playa role in reduced fibrosis noted in 

response to lack of myostatin. Consistent with this, mdx mice injected with 

Irisin display a significant reduction in fibrotic tissue accumulation in muscle 

(Figure 3.20b & 3.20c). Moreover. mdx mice injected with Irisin showed a 

significant improvement in grip strength (Figure 3.21 e) and distinct 

hypertrophy of skeletal muscle (figure 3.1ge-3.19g). Irisin treatment has been 

previously shown to significantly increase IGf-1 expression in human 

myocytes 172. Importantly, IGF-I has been reported to aid in the rescue of 

muscle loss and reduce fibrosis in mdx micec
,8. Thus, Irisin regulation of IGf-1 

may be a further mechanism through which Irisin functions to partially 

prevent/reverse dystrophic muscle loss in mdx mice68
. Overall, results in this 
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thesis show that Irisin may be a promising therapeutic target for treating 

muscular dystrophy. 

In this thesis, the function of Irisin in regulating muscle growth was 

systematically studied using in vitro and in vivo murine models. Results have 

revealed that Irisin is a pro-myogenic factor, which promotes skeletal muscle 

hypertrophy in mice. Irisin further enhances muscle regeneration and is able to 

rescue denervation-induced atrophy of muscle mass. Moreover, Irisin may play 

an important role in preventing, or reversing, dystrophic muscle loss. Taken 

together, these data reveal that treatment with Irisin, or situations that lead to 

increased Irisin levels, may have therapeutic potential in enhancing skeletal 

muscle growth and preventing skeletal muscle atrophy. 

Based on the four different mouse trials, Irisin injection has consistently 

resulted in skeletal muscle hypertrophy. These data are important as they 

suggest that Irisin may have therapeutic potential in alleviating conditions that 

result in loss of skeletal muscle mass. Moreover, human and mouse Irisin share 

100% sequence homology, which suggests that the Irisin receptor binding site 

in the Irisin protein may be the same between mice and humans. As such, Irisin 

could also confer positive effects on skeletal muscle of humans. As a 

therapeutic, Irisin protein could be injected into skeletal muscle of humans 

suffering from muscle loss or muscle wasting during conditions, such as 

prolonged periods of bed rest that result in disuse atrophy. Irisin could also be 

beneficial in enabling the rebuilding of muscle mass when an individual is 

unable to exercise, such as conditions when an individual has a limb in a cast. 

Irisin could also complement physiotherapy to accelerate the recovery of 

muscle mass and strength of patients. In conditions of muscular dystrophy, 

Irisin could also enhance muscle strength and mass, which could significantly 

reduce morbidity of the disease as well as mortality. 

Although, Irisin mnmcs the phenotype of exercIse 111 promoting muscle 

hypertrophy and myogenesis, there is insufficient evidence to show that Irisin 

has the potential to replace exercise entirely. Exercise results in a multitude of 

physiological effects on the body, which has not been assessed in response to 
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Irisin treatment. For example aerobic exercise Increases cardiac output and 

heart muscle undergoes hypertrophy to enable the heart to pump more blood 

per stroke and hence, can supply more oxygen throughout the body. In response 

to exercise skeletal muscle consumes more oxygen and blood capillary density 

also increases in muscle. Exercise also exerts its effect on the endocrine system, 

resulting in enhanced levels of catecholamines, growth hormones, 

adrenocorticotropic (ACTH)-cortisol, testosterone, estradiol-progesterone and 

glucagon to name just a few. Hence, instead of replacing exercise, treatment 

with Irisin may act as a supplement to exercise and protect against loss of 

muscle mass and weakening of muscle. 
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Figure 4.1: Irisin enhances myogenesis and promotes skeletal muscle 
hypertrophy 
(a) Schematic diagram summarizing the role of Irisin in skeletal muscle. 
Binding of Irisin to an unknown receptor on skeletal muscle activates several 
pathways. Irisin activates Satellite cells, which can directly fuse to contribute to 
myonuclear domain expansion. Activated Satellite cells can also undergo 
repeated rounds of proliferation, differentiation and fusion. Irisin enhances 
fusion by increasing expression of the primary fusion marker, Myomaker. 
Enhanced myogenic differentiation can be validated by the increase in MHC 
expression. Irisin signals through IL6 to positively regulate myogenesis. Irisin 
also enhances protein synthesis pathways by activating p-Akt and p-Erk as well 
as by reducing raptor activity (not shown in this diagram). p-Akt and p-Erk 
activation can occur via IL6 signaling as well. Irisin also reduced the expression 
of key protein degradation markers, such as Atrogin-I and MuRF I. In 
dystrophic conditions, Irisin is able to reduce fibrotic tissue accumulation and 
enhance sarcolemma stability (purple outline on skeletal muscle). These 
processes subsequently give rise to skeletal muscle hypertrophy. SC: Satellite 
cells, MN: Myonucleus, MHC: Myosin Heavy Chain. 
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5. Future Prospective 

Sarcopenia is defined as the loss of skeletal muscle mass and strength due to 

ageing and is associated with the increased morbidity and mortality observed 

with ageing. Sarcopenia is a multi-factorial syndrome, which remains to be 

fully understood. However, it is known that physical inactivity could be a 

contributing factor to the progression of sarcopenia. Exercise has been 

presented as an important prevention or treatment for the elderl/ II
. Exercise 

has been shown to be effective in increasing muscle mass and function in older 

people. Moreover, resistance and endurance training have improved muscle 

strength and function in sarcopenic muscle212
• Given this, and the results 

presented in this thesis, it would indeed be interesting to investigate the role of 

Irisin during sarcopenia. Aged mice usually undergo loss of skeletal muscle 

mass, consistent with sarcopenia. As such, I would like to assess the effect of 

exogenous Irisin injection into aged mice, to ascertain if injection of Irisin 

could reduce the loss of muscle mass and enhance muscle function in 

sarcopenic mice. Results from this study would reveal the utility of Irisin as a 

potential therapeutic to protect against age-related loss of skeletal muscle mass 

and function. 

Recently, Jedrychowski et al., (20 \5) have confirmed the presence of 

I · I . C I' d .. II' . 160 circulating Irisin in humans, w 1IC 1 IS 11II11er II1crease 10 oWll1g exercIse . 

Although it has been previously reported that human and mouse mature Irisin 

protein sequences are 100% identical 139, the biological effect of human Irisin on 

human skeletal muscle is yet to be fillly studied. Results presented in this thesis 

revealed that human primary myoblasts were able to respond in a similar 

manner to murine myoblasts treated with murine recombinant Irisin protein. 

resulting in a significant increase in myotube number and myoblast fusion. 

These data suggest that human and mouse Irisin may have a similar function, or 

that the receptor and/or receptor binding domain between human and mouse 

Irisin may be identical. To identify the Irisin receptor in muscle. I will utilize 

biotinylated Irisin to isolate interacting proteins, including the potential Irisin 

receptor, using the affinity trapping method. Interacting proteins will be 
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identified by LC-MALDl-MS/MS213. Mutational analysis will then be 

employed to identify specific protein domains important for Irisin binding. 

Results reported in this thesis show that Irisin is able to increase mitochondrial 

oxygen consumption in myoblast cultures. However, normalization of data to 

total protein content suggested that this phenomenon may be secondary to the 

increased myotube number and myoblast fusion observed. As such, it would be 

interesting to study in further detail whether or not Irisin is able to increase 

mitochondrial number and/or function and whether Irisin plays a role in 

mitochondrial fusion, fission or even mitophagy. To study this, I propose to 

investigate the gene and protein expression changes of important mitochondrial 

fusion (Mfn2, Opal), fission (Drpl, Fisl) and mitophagy (PINK, Parkin) 

markers in muscle tissue or myotubes after Irisin treatment. To investigate the 

role of Irisin in altering mitochondrial number, FACS analysis can be 

performed after staining with Mito Tracker green. This dye accumulates in live 

mitochondria and hence, would enable quantification of mitochondrial number. 

Electron microscopy can also be performed to observe if Irisin changes 

mitochondrial morphology or topology. PGC I-a has been associated with 

increased mitochondrial biogenesis and is also known to increase the 

expression of FNDC5 in skeletal muscle. In this thesis, I have shown an 

increase in mitochondrial oxygen consumption after Irisin treatment. It would 

be interesting to investigate if PGC I-a can promote mitochondrial biogenesis 

via Irisin. To study this, FNDC5 can be knocked down using siRNA targeted 

knockdown in C2CI2 myotubes. To assess mitochondrial biogenesis, 

mitochondrial DNA copy number can be measured against nuclear DNA copy 

number in FNDC5 knockdown myotubes using qPCR analysis. 

In this thesis, I have shown that Irisin activates components of protein synthesis 

pathways and reduces markers involved in protein degradation. However, 

protein synthesis or protein degradation rates have not been directly quantified. 

Performing these experiments will add value to this study. Protein synthesis 

assay kits are available where nascent protein synthesis can be measure using 

L-homopropargylglycine (HPG), which is an analog of methionine and contain 

a fluorescent moiety. HPG will be incorporated instead of methionine during 

154 

I 

..l 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



active protein synthesis and newly formed proteins will contain a fluorescent 

tag which can then be detected by image based analysis. Protein degradation 

can also be assessed by measuring the expression levels of enzymes found in 

the 20s core component in the Proteasome, such as caspase like, trypsin like 

and chymotrypsin like. This will give an indication of the enzyme activity in 

the proteasome and whether or not Irisin is able to reduce proteasomal enzyme 

activity. 

Overall, results in this thesis reveal that Irisin is indeed a pro-myogel1lc 

myokine, and as such warrants further investigation to unravel potential, as yet 

undiscovered, benefits. 
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