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Abstract 

Skeletal	muscle	 is	 a	major	 component	 of	 body	mass,	 and	 not	 only	 controls	 voluntary	

movements	but	also	serves	as	a	major	source	of	body	heat.	A	loss	of	muscle	mass,	also	

described	 as	 muscle	 wasting	 or	 atrophy,	 can	 be	 detrimental	 to	 overall	 health.	 An	

imbalance	 between	 protein	 synthesis	 and	 degradation	 is	 thought	 to	 contribute	 to	

muscle	wasting.	

One	 of	 the	 key	 causes	 of	 muscle	 wasting	 is	 oxidative	 stress	 caused	 by	 a	 mismatch	

between	reactive	oxygen	species	(ROS)	generation	and	degradation.	As	the	mechanisms	

that	underly	oxidative	stress	and	muscle	wasting	are	still	unknown,	it	was	hypothesized	

that	an	increase	in	oxidative	stress	decreases	the	rate	of	protein	synthesis	leading	to	a	

net	loss	of	total	protein.	

The	first	part	of	the	thesis	investigated	the	effects	of	oxidative	stress	on	the	level	of	total	

protein	content.	Using	a	C2C12	myotube	culture	model,	levels	of	hydrogen	peroxide	were	

modulated	 with	 catalase	 and	 glucose	 oxidase.	 The	 treated	 myotubes	 were	 harvested	

with	trichloroacetic	acid	(TCA)	and	levels	of	total	protein	content	were	measured	using	

the	micro	BCA	assay.	As	expected,	the	level	of	total	protein	was	significantly	increased	

with	catalase	treatment	and	decreased	with	glucose	oxidase	treatment.		

Since	 the	 level	 of	 total	 protein	 was	 regulated	 with	 the	 balance	 between	 protein	

synthesis	 and	 degradation,	 the	 level	 of	 protein	 synthesis	 and	 the	 rate	 of	 protein	

degradation	 were	 then	 measured.	 Unexpectedly,	 the	 level	 of	 protein	 synthesis	 was	

significantly	 decreased	 with	 catalase	 treatment	 and	 not	 significantly	 affected	 with	

glucose	oxidase	treatment.	The	rate	of	protein	degradation	was	significantly	decreased	

with	 catalase	 treatment	 but	 still	 not	 significantly	 affected	 with	 glucose	 oxidase	

treatment.	To	 explain	how	 the	 levels	 of	 protein	 synthesis	were	affected,	 the	 signaling	

pathways	were	then	observed.		

Previous	 studies	 have	 found	 the	 4EBP1	 signaling	 pathway	 and	 eIF2α pathway	 are	
affected	by	oxidative	stress.	When	the	rate	of	phosphorylation	of	4EBP1	decreases,	the	

level	of	protein	synthesis	is	reduced	by	suppressing	the	activity	of	eIF4E.	In	the	present	

study,	 the	 rate	 of	 phosphorylation	 of	 4EBP1	 was	 not	 affected	 by	 either	 catalase	 or	

glucose	oxidase.	The	eIF2α pathway	was	then	 investigated.	While	 the	phosphorylation	
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of	eIF2α	increases,	the	level	of	protein	synthesis	is	reduced	by	suppressing	the	activity	

of	eIF2B.	As	expected,	the	rates	of	phosphorylation	of	eIF2α	were	increased	after	both	

catalase	 and	 glucose	 oxidase	 treatment.	 This	 suggested	 that	 the	 eIF2α	 signaling	

pathway	 is	 involved	 in	 inducing	 the	 changes	 in	 protein	 synthesis	 in	 myotubes	 in	

response	to	oxidative	stress.		

To	 further	 explore	 the	 effect	 of	 ROS	 on	 muscle	 proteins,	 the	 C2C12	 myotubes	 were	

treated	with	catalase	and	glucose	oxidase	and	thiol	oxidation	assessed.	Thiol	groups	are	

potentially	 powerful	 antioxidants	 which	 react	 to	 oxidative	 stress.	 They	 contain	

sulfhydryl	 (‐SH)	 groups	 that	 are	 readily	 oxidized	 to	 form	 stable	 disulphide	 bonds.	

Previous	studies	have	shown	that	the	structure	of	thiols	in	various	cell	types	are	altered	

in	 response	 to	 oxidative	 stress.	 In	 the	 present	 study,	 2	 tag	 method	 developed	 for	

labeling	muscle	samples	(Armstrong	et	al.	2011)	was	adapted	to	label	the	C2C12	culture	

samples.	Using	this	method,	thiol	oxidation	in	C2C12	myotubes	was	observed	for	the	first	

time.	 However,	 unexpectedly,	 total	 thiol	 oxidation	 and	 thiol	 oxidation	 of	 specific	

proteins	 were	 not	 found	 to	 be	 significantly	 changed	 by	 catalase	 or	 glucose	 oxidase	

treatment.		
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Chapter 1 Literature review 

1.1 Introduction 

Oxidative	 stress	 occurs	 when	 there	 is	 an	 imbalance	 between	 oxidant	 generation	 and	

degradation	and	it	can	result	in	the	wasting	of	muscle	mass	in	different	conditions.	This	

review	describes	the	role	of	hydrogen	peroxide,	catalase	and	glucose	oxidase	on	protein	

levels,	protein	turnover,	signalling	pathways	and	thiol	oxidation	in	skeletal	muscle	cells.	

The	review	begins	with	a	description	of	the	role	of	oxidative	stress,	thiol	oxidation,	and	

effects	 of	 oxidative	 stress	 on	 muscle.	 This	 is	 followed	 by	 the	 description	 of	 skeletal	

muscle	 biology,	 skeletal	 muscle	 models,	 muscular	 proteins	 and	 two	 types	 of	 muscle	

wasting,	sarcopenia	and	cachexia.	The	descriptions	of	protein	degradation	and	protein	

synthesis	that	are	involved	in	the	process	of	muscle	wasting	are	then	discussed.	Finally,	

the	role	of	the	mTOR/4EBP1	and	PERK/eIF2α	signalling	pathways	that	may	involve	in	

the	modulation	of	protein	synthesis	 in	muscle	wasting	are	discussed.	Five	hypotheses	

are	 proposed	 to	 demonstrate	 the	 possible	 interactions	 between	 oxidative	 stress	 and	

C2C12	myotubes	under	different	levels	of	hydrogen	peroxide.	

1.2 Oxidative stress 

1.2.1 Overview 

Reactive	 oxygen	 species	 (ROS)	 is	 a	 collective	 term	 that	 broadly	 describes	 a	 group	 of	

reactive	compounds	derived	from	oxygen	(Table	1.1)	(Halliwell	et	al.	1994;	Circu	et	al.	

2010).	 The	 oxidants	 are	 generated	 continuously	 as	 a	 consequence	 of	 aerobic	

metabolism	in	organelles	such	as	mitochondria	and	peroxisomes	(Doria	et	al.	2012),	or	

a	number	of	external	agents	such	as	ultraviolet	(UV)	light	(Fig.	1.1)	(Barbieri	et	al.	2012;	

Terrill	et	al.	2013).	
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Table	1.1	Formation	and	properties	of	different	forms	of	ROS	
Different	forms	of	ROS	can	be	derived	from	superoxide	by	the	sequential	addition	of	electrons,	and	
each	of	them	has	different	properties	in	the	cell.	Reprinted	by	permission	from	Macmillan	Publishers	
Ltd:	[Current	Opinion	in	Clinical	Nutrition	and	Metabolic	Care]	(3971721443198),	copyright	(Arthur	
et	al.	2008).	

	O2		+		e‐	 	O2‐		+		e‐	 H2O2 	+e‐ •OH	+	e‐ H2O	

Superoxide Hydrogen	peroxide Hydroxyl	radical

Negatively	charged	
radical	ion	

Uncharged,	non‐
radical,	relatively	

stable	

Highly	reactive	radical

Properties	of	
interest	

Reacts	with	nitric	
oxide	to	form	
peroxinitrite	

Cause	formation	of	
disulfide	bonds	

Primary	agent	of	protein,	
DNA	and	lipid	damage	

During	physiological	homeostasis,	 an	overall	oxidative	balance	 is	maintained	 in	 tissue	

by	matching	 the	production	of	ROS	via	 the	 removal	 action	by	a	variety	of	 antioxidant	

systems.	In	this	environment,	ROS	serves	as	a	signalling	molecule	to	stimulate	or	act	as	a	

secondary	messenger	in	variety	of	signalling	transduction	pathways	(Arthur	et	al.	2008;	

Barbieri	et	al.	2012;	Terrill	et	al.	2013).	Lowing	ROS	 levels	below	the	homeostatic	set	

point	may	 interrupt	 the	 physiological	 function	 in	 cellular	 proliferative	 responses	 and	

host	 defenses.	 Oxidative	 stress	 also	 occurs	 when	 the	 action	 of	 antioxidants	 are	

outweighed	 by	 the	 generation	 of	 ROS	 (Terrill	 et	 al.	 2013).	 Oxidative	 stress	 has	 been	

implicated	 in	 numerous	 conditions	 including	 ageing,	 inflammatory	 disorders,	 cancer,	

muscle	wasting	 and	muscular	dystrophies	 (Fig.	 1.1)	 (Finkel	 et	 al.	 2000;	Tidball	 2005;	

Barbieri	et	al.	2012;	Terrill	et	al.	2013).	

Figure	1.1	The	sources	and	cellular	responses	to	ROS		
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Reprinted	 by	 permission	 from	 Macmillan	 Publishers	 Ltd:	 [Nature]	 (3971711505027),	 copyright	
(Finkel	et	al.	2000).	

1.2.2 Hydrogen peroxide, catalase and glucose oxidase 

Hydrogen	peroxide,	a	non‐radical,	weak	oxidant	with	a	relatively	long	half‐life,	is	one	of	

these	ROS.	This	small	and	stable	molecule	can	diffuse	readily	within	cells	and	across	cell	

membranes	and	also	act	as	a	signalling	molecule	to	activate	a	large	number	of	signalling	

pathways	(Bienert	et	al.	2006;	Rhee	2006;	Veal	et	al.	2007;	Arthur	et	al.	2008;	Paulsen	et	

al.	2010;	Barbieri	et	al.	2012).	

Catalase	is	an	enzyme	that	can	remove	hydrogen	peroxide	from	the	cell	to	decrease	the	

level	of	oxidative	stress.	Catalase	decomposes	hydrogen	peroxide	to	water	and	oxygen	

by	successive	reduction	of	the	catalase	iron	by	hydrogen	peroxide	and	its	re‐oxidation	

by	O2	(Fig	1.2)	(Keilin	et	al.	1938;	Jones	et	al.	1968).	

	

Figure	1.2	Catalase	decomposition	of	hydrogen	peroxide	

In	contrast,	glucose	oxidase	is	an	enzyme	that	can	generate	hydrogen	peroxide	through	

the	 glucose/glucose	 oxidase	 pathway	 (Fig	 1.3)	 (Weiss	 et	 al.	 1981;	 Starkebaum	 et	 al.	

1986;	 Salazar	 et	 al.	 1997).	 This	 can	 result	 in	 the	 steady	 accumulation	 of	 hydrogen	

peroxide	in	the	cell	(Starkebaum	et	al.	1986;	Day	et	al.	1997;	Salazar	et	al.	1997),	which	

can	increase	oxidative	damage	and	stress.		

	

	

Figure	1.3	Glucose	oxidase	composition	of	hydrogen	peroxide	

Different	kinds	of	ROS	are	involved	in	a	variety	of	signaling	pathways.	They	also	impact	

on	a	wide	array	of	proteins	such	as	kinases,	phosphates	and	transcription	 factors	 that	

contain	 reduction‐oxidation	 (redox)	 sensitive	 residue	 (Table	 1.2)	 (Arthur	 et	 al.	 2008;	

Paulsen	et	al.	2010).	

4Fe3‐	+	2H2O2	=	4Fe2‐	+	4H‐	+2O2
4Fe2‐	+	4H‐	+	O2=	4Fe3‐	+	2H2O

2H2O2	=	2H2O	+O2

β‐D‐glucose	+	O2 
Glucose	oxidase 

D‐gluconolactone	+	H2O2 
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Table	1.2	Redox‐regulated	proteins	and	complexes		
Reprinted	by	permission	from	Macmillan	Publishers	Ltd:	[American	Chemical	Society],	copyright	
(Paulsen	et	al.	2010).		

Stimulation Organism(A) ROS	source(B) Effect	of	stimulation	
Epidermal	growth	factor	

(EGF)	
Hs,	M,	R NOX	(C) Proliferation	

Platelet‐derived	growth	
factor	(PDGF)	

Hs,	M,	R NOX Proliferation/migration	

Basic	fibroblast	growth	
factor	(bFGF)	

B NOX Proliferation	

Vascular	endothelial	
growth	factor	(VEGF)	

P	 L Angiogenesis/proliferation	

Granulocyte‐
macrophage	colony‐
stimulating	factor	

	(GM‐CSF)	

H ND Proliferation/migration	

Insulin	 M,	R NOX,	Cytokines Glucose	uptake/transport	
Lipopolysaccharide	

(LPS)	
M NOX Induction	of	immune	response

Interleukin‐1β	(IL‐1β)	 Hs,	M NOX,	L Induction	of	immune	response
Interleukin‐3	(IL‐3)	 Hs ND Induction	of	immune	response
Interleukin‐4	(IL‐4)	 Hs NOX Induction	of	immune	response
CD28	stimulation	 Hs L Induction	of	immune	

response/proliferation	
Tumour	necrosis	factor	

α	(TNF‐α)	
B,	M,	Hs NOX Apoptosis	

Transforming	growth	
factor‐β1	(TGF‐β1)	

M ND
Agonist	of	
GPCRs(D)	

Cell	cycle	arrest	

Angiotensin	II	(AngII)	 R NOX Hypertrophy	
Lysophosphatidic	acid	

(LPA) 
Hs NOX,	L Proliferation	

Thrombin	 Hs NOX Proliferation	
Serotonin	 Ha NOX,	

Other	
stimulants	

Proliferation	

Wounding	 Z	 NOX Leukocyte	recruitment	
Oxidative	Stress D MT Differentiation	

Reoxygenation	after	
hypoxia	

R MT O2•‐	burst	

(A) B, bovine; D, Drosophila melanogaster; Ha, hamster; Hs, human; M, mouse; Z, zebrafish. 
(B) NOX, NADPH oxidase; M, mitochondria; L, lipoxygenase; ND, not determined. 
(C) For many of these cases, the specific NOX isoform activated is unknown. Each NOX 
isoform demonstrates disparate tissue expression, and continued studies will be required to 
elucidate the regulation of each NOX isoform in response to diverse external signals. 
(D) GPCRs= guanosine triphosphate (GTP)-binding protein (G protein)-coupled receptors.	

1.2.3 Thiol oxidation 

Hydrogen	peroxide	modifies	protein	function	by	oxidizing	the	thiol	group	of	the	target	

proteins	 to	 form	disulfide	 bonds	 (Bienert et al. 2006; Rhee 2006; Arthur et al. 2008).	 Thiols	

are	organic	sulfur	derivatives,	identified	by	the	presence	of	sulfhydryl	residues	(‐SH)	at	

their	active	site.	Biological	 thiols	 include	 low‐molecular‐weight	 free	 thiols	and	protein	

thiols,	 the	 functional	 group	 of	 the	 amino	 acid	 cysteine	 are	 important	 in	 cellular	

antioxidant	defences	and	redox	signalling	 (Baty	et	al.	2005;	Terrill	et	al.	2013).	 In	 the	
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presence	 of	 ROS,	 ‐SH	 residues	 of	 thiol	 proteins	 (such	 as	 cysteine)	 may	 undergo	

reversible	 structural	 modifications,	 whereby	 the	 ‐SH	 bonds	 are	 broken	 and	 disulfide	

bonds	are	formed.	

The	modification	on	thiols	 is	one	of	 the	major	cellular	consequences	of	ROS	exposure,	

including	hydrogen	peroxide	exposure.	Oxidation	of	thiol	proteins	is	crucial	to	cells	as	it	

affects	various	cell	functions	including	protein	structure,	protein	to	protein	interactions,	

catalysis,	 electron	 transfer,	 ion	 channel	 modulation,	 signalling	 pathway,	 post‐

translational	 protein	 modifications,	 and	 transcription	 activation	 (Baty	 et	 al.	 2005;	

Arthur	 et	 al.	 2008;	 Paulsen	 et	 al.	 2010;	 Terrill	 et	 al.	 2013).	 Hydrogen	 peroxide,	 for	

example,	can	affect	numerous	signalling	pathways	by	oxidizing	the	thiol	groups	of	 the	

target	proteins	 (Neal	et	al.	1998;	Rhee	2006;	Arthur	et	al.	2008;	Barbieri	et	al.	2012).	

However,	this	modification	could	be	reversed	back	to	the	thiol	forms	via	thiol/disulfide	

exchange	through	the	action	of	antioxidant	molecules	or	enzymes	such	as	glutaredoxin	

or	peroxiredoxins	(Bienert et al. 2006; Rhee 2006; Arthur et al. 2008; Terrill et al. 2013). 

1.2.4 Effects of oxidative stress in muscle and pathology 

Oxidative	 stress	has	been	 implicated	 in	 the	pathology	of	numerous	muscular	diseases	

such	as	muscular	dystrophies	(Terrill	et	al.	2013)	that	are	characterized	by	progressive	

skeletal	muscle	wasting	and	degeneration.	It	has	been	shown	that	muscle	function	can	

be	 improved	 after	 treatment	 with	 antioxidants	 in	 different	 muscle	 wasting	 models	

(Table	1.3)	(Bonetto	et	al.	2009;	Terrill	et	al.	2013).	

Table	1.3	Effectiveness	of	antioxidant	treatment	to	skeletal	muscle	wasting		
Reprinted	by	permission	from	Macmillan	Publishers	Ltd:	[Free	Radical	Biology	and	Medicine]	
(3971721188561),	copyright	(Bonetto	et	al.	2009).	

Antioxidant	treatment	 Effective	disease Ineffective	or	uncertain
Vitamin	E Diabetes Ageing,	ALS	
Vitamin	C Diabetes Ageing,	ALS	
Resveratrol	 Ageing,	diabetes Cancer	cachexia	

Dehydroepiandrosterone	 Diabetes, cancer	cachexia ALS	
Ornithine,	cysteine,	NAC	 Cancer	cachexia,	DMD ALS	

Carnitine Cancer	cachexia,	ageing,	ALS,	
diabetes	

‐	

Epigallocatechin	gallate	 DMD ‐	
Low‐intensity	training	 Ageing,	diabetes,	cancer	

cachexia,	DMD	
‐	

ALS= amyotrophic lateral sclerosis
DMD= Duchenne muscular dystrophy 
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Duchenne	 muscular	 dystrophy	 (DMD)	 is	 one	 of	 the	 muscular	 diseases	 and	 the	

relationship	between	DMD	and	oxidative	stress	has	been	extensively	investigated.	The	

severity	of	dystropathology	 in	vivo	can	be	 reduced	with	 thiol‐reducing	antioxidant	N–

acetylcysteine	 (NAC)	 ,	as	measured	by	decreased	 levels	of	plasma	creatine	kinase	and	

reduced	 myonecrosis,	 and	 the	 thiol	 oxidation	 can	 also	 be	 reduced	 with	 NAC	 in	

dystrophic	muscle	(Terrill	et	al.	2013).	

1.3 Skeletal muscle biology 

1.3.1 Overview 

In	 skeletal	 muscle,	 contractile	 proteins	 (such	 as	 troponin,	 tropomyosin,	 myosin	 and	

actin)	contain	thiol	side	chains	that	are	sensitive	to	oxidation,	and	these	modifications	

may	 alter	 excitation/contraction	 coupling	 and	 cross‐bridge	 cycling,	 and	 therefore	

modulate	muscle	contraction	(Terrill	et	al.	2013).	

About	 40	%	 of	 human	 body	mass	 consists	 of	 skeletal	muscle	 and	 there	 are	 over	 600	

individual	 skeletal	muscles	 are	 related	 in	 daily	 life	 such	 as	 breathing,	 eating,	 posture,	

walking	 and	 reflexes	 (Shavlakadze	 et	 al.	 2006;	 Saladin	 2011).	 Muscle	 is	 highly	

metabolically	 active,	with	 the	 resting	metabolic	 rate	of	 skeletal	muscle	 accounting	 for	

about	20‐30	%	of	resting	whole‐body	oxygen	consumption	and	also	serves	as	a	major	

source	of	body	heat	(Zurlo	et	al.	1990).	

Skeletal	muscle	(Fig.	1.4)	 is	composed	of	bundles	of	muscle	 fibres	called	 fascicles.	The	

cell	 membrane	 surrounding	 the	 muscle	 cell	 is	 called	 sarcolemma,	 and	 beneath	 the	

sarcolemma	 is	 called	 sarcoplasm	 that	 contains	 the	 cellular	 proteins,	 organelles,	 and	

myofibrils.	 The	 myofibrils	 are	 composed	 of	 contractile	 units	 called	 sarcomeres	 that	

consist	 of	 thick	myosin	 filaments	 and	 thin	 actin	 filaments.	 The	 arrangement	 of	 these	

filaments	 gives	 skeletal	 muscle	 its	 striated	 appearance,	 and	 the	 muscle	 contract	 by	

sliding	the	thick	and	thin	filaments	along	each	other	so	the	skeletal	muscle	is	capable	of	

remarkable	adaptations	in	response	to	altered	activity	(Sakuma	et	al.	2015).	There	are	

three	kinds	of	muscle	 connective	 tissue:	 the	epimysium,	covers	 the	whole	muscle;	 the	

perimysium,	covers	the	bundles	of	muscle	fibres;	the	endomysium,	covers	each	muscle	

fibre.	
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Figure	1.4	Structure	of	skeletal	muscle	
Skeletal	 muscle	 is	 made	 up	 of	 muscle	 fibres	 that	 are	 composed	 by	 myofibrils	 that	 consist	 thick	
myosin	 filaments	 and	 thin	 actin	 filaments.	 There	 are	 three	 connective	 tissues:	 epimysium,	
perimysium,	and	endomysium	that	connects	all	muscle	tissues	together	(IvyRose	2003;	Gebski	2009;	
MedicaLook	 2012).	 Reprinted	 by	 permission	 from	Macmillan	 Publishers	 Ltd:	 [Muscle	 and	 Nerve]	
(3972350046350),	copyright	(Gillies	et	al.	2011)	

1.3.2 Main proteins in skeletal muscle 

The	two	main	proteins	found	in	muscle	are	myosin	and	actin	and	both	are	involved	in	

muscular	function.	Myosins	(Fig.	1.5)	are	a	key	part	of	the	contractile	proteins	of	muscle	

and	 play	 an	 important	 role	 in	 signal	 transduction	 and	 the	 establishment	 of	 polarity	

(Bähler	 2000).	 They	 also	 act	 as	 actin‐based	 motors	 that	 play	 a	 fundamental	 role	 in	

different	forms	of	eukaryotic	motility	including	cell	crawling,	cytokinesis,	phagocytosis,	

growth	 cone	 extension,	 maintenance	 of	 cell	 shape,	 and	 organelle/particle	 trafficking	

(Berg et al. 2001).	

Members	of	the	myosin	superfamily	are	defined	by	the	presence	of	a	heavy	chain	with	a	

conserved	~80kDa	catalytic	domain.	In	most	myosins,	the	catalytic	domain	is	followed	

by	 an	 α‐helical	 light	 chain‐binding	 region	 consisting	 of	 one	 or	 more	 IQ	 motifs.	 Most	

myosins	also	have	a	C‐terminal	 tail	 and/or	an	N‐terminal	extension	 thought	 to	confer	

class‐specific	 properties	 such	 as	 membrane	 binding	 or	 kinase	 activity	 (Hodge	 et	 al.	

2000;	Berg	et	al.	2001).	
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Figure	1.5	Myosin	structure	and	contractile	apparatus	in	muscle	(Richfield	2014)	

Actin	plays	a	key	role	in	muscle	contraction,	cell	mobility,	and	other	cell	processes	and	

functions	 including	 cell	 division,	 endocytosis,	 secretion,	 signal	 transduction,	 the	

regulation	 of	 enzyme	 activity,	 and	 the	maintenance	 of	 cell	 shape.	Actin	 has	 also	 been	

shown	 to	 regulate	 the	 activity	 of	membranes	 and	 participate	 in	 transcription,	mRNA	

transport	and	translation	and	synaptic	transmission	(Khaitlina 2001).	

Actin	 has	 α,	 β,	 and	 γ‐isoforms	 that	 have	 been	 classified	 according	 to	 differences	 in	

mobilities	 (Storti	 et	 al.	 1976;	 Whalen	 et	 al.	 1976;	 Rubenstein	 et	 al.	 1977;	 Khaitlina	

2001).	These	isoforms	cannot	substitute	for	each	other,	and	the	high‐level	synthesis	of	

exogenous	 actins	 lead	 to	 changes	 in	 cell	 organization	 and	morphology.	 This	 suggests	

that	 actins	 are	 functionally	 specialized	 for	 the	 tissues	 in	 which	 they	 predominate	

(Khaitlina 2001).	

1.3.3 Muscle differentiation and C2C12 myotubes model 

The	development	of	skeletal	muscle	in	vivo	and	the	differentiation	of	myoblasts	in	vitro	

are	accompanied	by	a	change	in	isoactin	patterns.	Only	cytoplasmic	β‐	and	γ‐actins	are	

participated	in	early	muscle	development	and	in	pre‐fused	cultured	myoblasts		(Storti	et	

al.	 1976;	 Whalen	 et	 al.	 1976).	 During	 development,	 the	 relative	 amount	 of	 α‐actin	

increases	until	it	becomes	the	predominant	actin	species.	This	increase	happens	by	day	
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20	of	embryonic	development	 in	chicken	 thigh	muscle	 (Storti	et	al.	1976).	 In	cultured	

chicken	embryonic	myoblasts,	this	increase	begins	at	about	44	hr	after	plating.	At	96	hr,	

when	 fusion	 is	 complete	 and	 the	 myotubes	 begin	 to	 spontaneously	 contract,	 α‐actin	

becomes	the	major	component	in	the	culture	(Rubenstein	et	al.	1977).	

The	murine	immortalized	cell	cell	line,	C2C12,	is	an	in	vitro	model	used	for	studies	of	the	

molecular	basis	of	skeletal	muscle	cell	differentiation	(Kislinger	et	al.	2005;	Montesano	

et	al.	2013).	C2C12	cells	were	originally	obtained	from	the	thigh	muscle	of	C3H	mice	after	

crush	 injury	 and	 are	 capable	 of	 differentiation	 (Yaffe	 et	 al.	 1977).	 In	 this	 model,	

undifferentiated	 myoblasts	 are	 recognized	 as	 flat,	 fusiform	 or	 star‐shaped	 cells,	

scattered	on	the	substrate	and	rigorously	mono‐nucleated.	After	reaching	confluence,	or	

24	hr	after	 serum	exchange	 from	20	%	 fetal	bovine	serum	(FBS)	 to	2	%	horse	serum	

(HS),	the	orientation,	length,	and	thickening	of	these	myoblasts	are	considered	to	be	at	

an	early	stage	of	differentiation	at	 this	point.	Later,	 these	cells	begin	 to	 fuse	and	 form	

multi‐nucleated	myotubes	(Fig.1.6)	(Kislinger	et	al.	2005;	Ko	et	al.	2006;	Montesano	et	

al.	2013).	

Figure	1.6	Changes	in	C2C12	cell	morphology	in	response	to	myogenic	
differentiation	

Light	 microscopy‐based	 images	 of	 undifferentiated	 proliferating	 C2C12	 myoblasts	 (myoblast)	 and	
differentiating	cells	at	various	time	points	(2,	4,	6‐day‐old)	following	serum	starvation.	Bar,	450	μm	
Reprinted	 by	 permission	 from	 Macmillan	 Publishers	 Ltd:	 [Molecular	 &	 Cellular	 Proteomics],	
copyright	(Kislinger	et	al.	2005).		

Myoblast 2-day-old

4-day-old 6-day-old
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1.3.4 Muscle wasting 

Loss	 of	muscle	mass	 or	muscle	wasting,	 is	 related	 to	 a	 poor	 quality	 of	 life,	 increased	

morbidity	 and	 mortality,	 and	 affected	 metabolic	 functions.	 Two	 common	 forms	 of	

muscle	wasting	are	sarcopenia	and	cachexia	(Table	1.4).	

Table	1.4	Metabolic	consequences	of	sarcopenia	and	cachexia	
Reprinted	by	permission	from	Macmillan	Publishers	Ltd:	[Annual	Review	of	Medicine],	copyright	
(Dodson	et	al.	2011)	

Metabolic	condition	 Sarcopenia Cachexia	
Muscle	protein	synthesis	 Decreased Decreased	
Muscle	protein	degradation	 No	change Increased	
Muscle	mass,	strength,	and	

function	
Decreased Decreased	

Fat	mass Increased No	change	or	decreased	
Basal	metabolic	rate	and	total	

energy	expenditure	
Decreased Increased	

Inflammation	 No	change Increased	
Insulin	resistance	 Increased Increased	

Severe	muscle	wasting	is	known	as	cachexia	and	often	accompanies	disease	states	such	

as	 cancer,	 immunodeficiency	 diseases,	 HIV/AIDS,	 rheumatoid	 arthritis,	 chronic	 renal	

insufficiency	 and	 chronic	 uremia	 (Thomas	 2007;	 Tazi	 et	 al.	 2010;	White	 et	 al.	 2011;	

Palus	et	al.	2014).	Cachexia	affects	up	 to	80	%	of	patients	with	advanced	cancers	and	

also	 accounts	 for	 nearly	 30	%	of	 cancer‐related	 deaths	 (Glass	 et	 al.	 2010;	 Zhou	 et	 al.	

2010).	 Although	 the	 mechanism	 of	 cancer	 cachexia	 is	 poorly	 understood,	 multiple	

biological	 pathways	 and	 factors	 such	 as	 tumour‐specific	 proteolysis‐inducing	 factor	

(PIF)	 and	 tumour	necrosis	 factor	α	 (TNF‐α)	 are	 thought	 to	 be	 involved.	 In	 particular,	

TNF‐α	has	been	shown	to	have	a	direct	catabolic	effect	on	skeletal	muscle	and	leads	to	

muscle	wasting	through	the	ubiquitin‐proteasome	system	(UPS).	Oxidative	stress	is	also	

thought	to	play	a	key	role	in	cachexia	by	stimulating	the	UPS	(Lenk	et	al.	2010;	Silverio	

et	al.	2011;	Sakuma	et	al.	2012).	

Sarcopenia	is	associated	with	a	progressive	decline	of	muscle	mass,	quality	and	strength	

as	a	result	of	ageing	and	is	associated	with	loss	of	muscle	fibres,	especially	the	type	IIa	

fibres.	Estimates	of	the	prevalence	of	sarcopenia	range	from	13	%	to	24	%	in	adults	over	

60	years	of	age	to	more	than	50	%	in	adults	aged	80	years	and	older	(Fig.1.7).	This	loss	

of	muscle	mass	 is	most	notable	 in	 the	 lower	 limb	muscle	groups,	with	vastus	 lateralis	

being	most	affected.	Sarcopenia	is	involved	in	a	multifactorial	process	includes	physical	
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activity,	nutritional	intake,	oxidative	stress	and	hormonal	changes	(Thomas	2007;	Lenk	

et	al.	2010;	Sakuma	et	al.	2012;	Sakuma	et	al.	2015).	

Figure	1.7	Changes	in	muscle	mass	with	age	
Computed	tomography	(CT)	scan	of	 the	upper	 leg	(midthigh	 level)	 in	a	25	(A)	and	81	year	old	(B)	
male,	matched	 for	body	mass	 and	height.	Decreased	muscle	 area,	 increased	 subcutaneous	 fat,	 and	
increased	 fat	 and	 connective	 tissue	 infiltration	 into	 the	muscle	 can	be	 seen	 in	 the	 elderly	 subject.	
Reprinted	by	permission	from	Macmillan	Publishers	Ltd:	[Journal	of	Applied	Physiology],	copyright	
(Koopman	et	al.	2009).	

Loss	 of	muscle	mass	 can	 result	 from	myofibre	 death	 or	 from	 the	 reduction	 in	 size	 of	

individual	myofibres	due	to	a	net	loss	of	protein	content	resulting	from	the	unbalanced	

protein	 degradation	 and	 synthesis	 (Balagopal	 et	 al.	 1997;	 Smith	 et	 al.	 1999;	 Tisdale	

2001;	Jackman	et	al.	2004;	Khal	et	al.	2005;	Shavlakadze	et	al.	2006;	Moylan	et	al.	2007;	

Thomas	2007;	Arthur	et	al.	2008;	Bonetto	et	al.	2009;	Evans	2010;	Penna	et	al.	2010;	

Sakuma	et	al.	2015).	ROS	is	presumed	to	delay	the	differentiation	process	of	myoblast	to	

myotubes	by	oxidatively	damaging	the	cell	(Arthur	et	al.	2008;	Barbieri	et	al.	2012).	An	

imbalance	in	protein	degradation	and	synthesis	has	been	observed	in	muscle	cells	after	

hydrogen	peroxide	treatment	(Jackman	et	al.	2004).	

1.4 Protein turnover 

1.4.1 Overview 

The	 turnover	 of	 protein	 in	 muscle	 is	 controlled	 by	 protein	 degradation	 and	 protein	

synthesis	 mechanism,	 and	 an	 imbalance	 in	 these	 two	 can	 result	 in	 muscle	 wasting.	

A. B.
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Protein	degradation	 involves	 the	rapid	modulation	of	cellular	 function	and	removal	of	

damaged	 molecules	 by	 two	 systems:	 the	 ubiquitin‐proteasome	 system	 (UPS)	 and	

lysosomal	autophagy	(LA)	system.	Proteins	are	targeted	for	destruction	by	the	UPS	via	a	

series	 of	 enzymatic	 reactions	 that	 tag	 them	with	 ubiquitin.	 In	 contrast	 to	 UPS,	 LA	 is	

restricted	 to	 the	 cytoplasm	 but	 is	 capable	 of	 degrading	 a	 much	 wider	 spectrum	 of	

substrates,	 which	 tend	 to	 be	 long‐lived	 proteins	 (Korolchuk	 et	 al.	 2010).	 Protein	

synthesis	 involves	 three	 main	 processes:	 initiation,	 elongation	 and	 termination.	

Initiation,	 in	 particular,	 is	 involved	 with	 different	 kinds	 of	 initiation	 factors	 that	 are	

regulated	by	various	signalling	pathways	that	may	be	affected	by	oxidative	stress.	

1.4.2 Protein degradation 

Ubiquitin‐proteasome system (UPS) 

In	 eukaryotic	 cells,	 the	 ATP‐dependent	 UPS	 is	 essential	 for	 regulating	 protein	

degradation	 in	 the	 cytosol	 and	 nucleus,	 including	muscle	 proteins	 (Palus	 et	 al.	 2014;	

Sakuma	et	al.	2015).	Proteins	are	targeted	for	this	degradation	by	a	series	of	enzymatic	

reactions	 that	 label	 them	with	ubiquitin	 (a	76	amino	acid	 residue)	 in	a	process	called	

poly‐ubiquitylation	 (Ciechanover	 et	 al.	 1980;	 Hershko	 et	 al.	 1980;	 Korolchuk	 et	 al.	

2010).	This	marks	the	target	protein	 for	 transportation	to	the	26S	proteasome,	where	

the	 protein	 is	 degraded	 into	 oligopeptides	 and	 then	 released	 into	 the	 cytoplasm	 or	

nucleoplasm	for	further	digestion	into	amino	acid	by	peptidases	(Korolchuk	et	al.	2010;	

Sakuma	et	al.	2015).	

The	 specificity	 and	 selectivity	 of	 the	 ubiquitylation	 process	 is	 controlled	 by	 three	

enzymes,	E1,	E2	and	E3	(Fig.	1.8).	E1	enzymes	activate	ubiquitin	function	to	attack	the	

substrate	amino	group.	The	activated	ubiquitin	is	then	transferred	from	E1	enzymes	to	

E2	enzymes	which	are	also	called	ubiquitin‐carriers	or	conjugating	proteins.	The	most	

remarkable	feature	of	ubiquitylation	is	the	extraordinary	diversity	of	its	target	protein	

substrate	and	E3	enzymes,	 the	unique	ubiquitin	 ligase,	are	 the	key	 in	 this	 recognition	

process.	 The	 activated	 ubiquitin	 is	 transferred	 on	 the	 onto	 the	 lysine	 residues	 of	 the	

target	 protein	 substrate	 by	 E3	 enzymes	 after	 the	 recognition	 process	 (Pickart	 et	 al.	

2004;	Lecker	et	al.	2006;	Ciechanover	2010;	Korolchuk	et	al.	2010).	The	target	protein	

becomes	mono‐ubiquitylated	in	one	or	more	places	with	this	process,	however,	 this	 is	

insufficient	for	proteasome	targeting	as	this	targeting	requires	poly‐ubiquitylation	of	at	

least	 four	ubiquitins.	These	poly‐ubiquitin	chains	are	 formed	 in	 subsequent	 rounds	at	
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the	 lysine	 residues	 of	 ubiquitin	 (position	 6,	 11,27,	 31,	 33,	 48	 and	 68).	 All	 these	 sites	

could	be	an	acceptor	of	another	ubiquitin.	(Fushman	et	al.	2010;	Korolchuk	et	al.	2010;	

Sakuma	et	al.	2015).	

Figure	1.8	Ubiquitin‐proteasome	system	(UPS)	
The	are	several	steps	 involved	 in	the	UPS	process.	 (1)	ubiquitin	(Ub)	 is	activated	by	 the	ubiquitin‐
activating	enzyme,	E1	enzyme;	 (2)	activated	ubiquitin	 is	 transferred	 to	a	ubiquitin‐carrier	protein,	
E2	enzyme;	(3)	E2	enzyme	transfers	the	activated	ubiquitin	to	the	target	protein	substrate	which	is	
bound	 specifically	 to	 a	 unique	 ubiquitin	 ligase,	 E3	 enzyme;	 (4)	 the	 transfer	 of	 activated	 ubiquitin	
could	be	done	via	an	additional	thiol‐ester	intermediate	on	E3	enzyme;	(5)	successive	conjugation	of	
ubiquitin	 to	 one	 another	 generates	 a	 poly‐ubiquitin	 chain;	 (6)	 poly‐ubiquitin	 chain	 serves	 as	 the	
binding	and	degradation	signal	 for	 the	downstream	26S	proteasome,	 the	protein	substrate	 is	 then	
degraded	 into	 short	 peptides;	 (7)	 free	 and	 reusable	 ubiquitin	 is	 released	 by	 de‐ubiquitinating	
enzymes	(DUBs)	for	future	use.	Reprinted	by	permission	from	Macmillan	Publishers	Ltd:	[Rambam	
Maimonides	Medical	Journal],	copyright	(Ciechanover	2010;	Ciechanover	2012).	

Poly‐ubiquitylation	 marks	 the	 target	 protein	 for	 transportation	 to	 a	 barrel‐shaped	

organelle,	 26S	 proteasome	 which	 consists	 of	 a	 20S	 central	 complex	 and	 two	 19S	 lid	

complexes.	The	19S	complexes	control	the	entry	by	removing	the	poly‐ubiquitin	chain	

and	unfolding	the	target	protein	before	entering	the	20S	complex	through	the	narrow	

catalytic	pore	(Nandi	et	al.	2006;	Korolchuk	et	al.	2010;	Sakuma	et	al.	2015).	Once	inside	

the	 20S	 complex,	 the	 proteins	 are	 exposed	 to	 trypsin‐,	 chymotrypsin‐	 and	 peptidyl‐

glutamyl	peptide‐hydrolyzing‐like	activities	of	the	proteasome	(Heinemeyer	et	al.	1997;	

Korolchuk	 et	 al.	 2010).	After	 the	whole	UPS	process,	 short	 peptides	derived	 from	 the	

target	protein	and	reusable	ubiquitin	are	then	released	(Glickman	et	al.	2002).	
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Lysosomal‐autophagy (LA) system 

In	 addition	 to	 the	 UPS,	 the	 degradation	 of	most	 long‐lived	 proteins,	macromolecules,	

biological	 membranes,	 and	 whole	 organelles,	 including	 the	 mitochondria,	 ribosomes,	

the	 endoplasmic	 reticulum,	 and	 peroxisomes	 also	 occurs	 by	 autophagy	 which	 is	

associated	 with	 lysosomes	 (Sakuma	 et	 al.	 2015).	 The	 various	 hydrolytic	 enzymes	 in	

lysosome	 are	working	 optimally	 at	 an	 acidic	 environment,	 therefore,	 the	 lysosome	 is	

surrounded	 by	 a	 membrane	 to	 protect	 cellular	 contents	 from	 enzymatic	 actions	

(Ciechanover	2010).	

The	 digest	 action	 of	 lysosome	 is	 dynamic	 and	 it	 targets	 substrates	 specifically	 in	

numerous	ways	which	include:	(1)	receptor‐mediated	endocytosis	and	pinocytosis;	(2)	

phagocytosis	 also	 known	 as	 herterophagy;	 and	 (3)	 microautophagy	 and	

macroautophagy	in	the	lysosomal	lumen	(Fig.	1.9)	(Mortimore	et	al.	1987;	Ciechanover	

2005;	 Ciechanover	 2010).	 For	 example,	 mitochondria,	 endoplasmic	 reticulum	 (ER)	

membranes,	 glycogen	bodies	 and	other	 cytoplasmic	 entities	 are	 degraded	by	 lysosme	

under	 extreme	 conditions	 by	macroautophagy	 (Ashford	 et	 al.	 1962;	 Mortimore	 et	 al.	

1987;	Ciechanover	2010).	

Figure	1.9	Lysosomal	digestion		
Reprinted	 by	 permission	 from	Macmillan	 Publishers	 Ltd:	 [Rambam	Maimonides	Medical	 Journal],	
copyright	(Ciechanover	2010;	Ciechanover	2012).	
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1.4.3 Protein synthesis 

Initiation 

Translation	 is	 a	 cyclical	process	 (Fig.	1.10)	and	 ribosomal	 subunits	 that	participate	 in	

initiation	 are	 recycled	 from	 post‐termination	 ribosomal	 complexes	 (post‐TCs)	 that	

consist	of	an	80S	ribosome	bound	to	mRNA,	a	P‐site	deacylated	tRNA	and	at	 least	one	

eukaryotic	release	factor	1	(eRF1).	These	post‐TCs	are	disassembled	by	releasing	these	

factors	 and	 dissociating	 the	 ribosomes	 into	 subunits	 before	 the	 process	 of	 initiation	

(Jackson	et	al.	2010).	

To	start	initiation,	eukaryotic	initiation	factors	(eIFs)	(Table	1.5)	such	as	eIF2	with	the	

anticodon	 loop	 of	 an	 initiator	 tRNA	 (Met‐	 tRNAMeti)	 and	 recycled	 40S	 ribosomal	 unit	

from	disassembled	post‐TCs	are	attached	 together	 to	 form	43S	pre‐initiation	 complex	

for	 the	 attachment	 to	mRNA	 (Unbehaun	 et	 al.	 2004;	 Fraser	 et	 al.	 2007;	 Jackson	 et	 al.	

2010).	However,	before	this	attachment,	the	secondary	structure	of	mRNA	needs	to	be	

sufficiently	 unwound	 to	 allow	 the	 loading	 of	 the	 43S	 pre‐initiation	 complex.	 This	

process	requires	 the	work	of	eIF4F	complex	 (consists	of	eIF4E,	eIF4G	and	eIF4A)	and	

eIF4B	to	unwind	the	5’	cap‐proximal	region	of	mRNA	in	an	ATP‐dependent	manner	to	

prepare	it	 for	ribosomal	attachment.	Once	the	43S	pre‐initiation	complex	binds	to	this	

unwound	mRNA,	it	starts	the	scanning	for	the	initiation	codon	which	is	usually	the	first	

AUG	triplet	(—GCC(A/G)CCAUGG—,	with	a	purine	at	the	‐3	and	a	G	at	the	+4	position	)	

from	5’	 to	3’	direction	(Kozak	1991;	Pestova	et	al.	2002;	 Jackson	et	al.	2010).	The	48S	

pre‐initiation	complex	is	then	formed	after	the	binding	of	initiator	tRNA	(Met‐	tRNAMeti)	

to	the	initiation	codon.	The	60S	ribosomal	unit	the	binds	to	this	48S	complex	with	the	

release	 of	 the	 rest	 initiation	 factors	 to	 form	 80S	 initiation	 complex	 to	 achieve	 next	

progress	of	translation,	the	elongation	of	the	peptide	(Pisarev	et	al.	2006;	Yu	et	al.	2009;	

Jackson	et	al.	2010).	
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Table	1.5	Eukaryotic	initiation	factors	
Reprinted	by	permission	from	Macmillan	Publishers	Ltd:	[Nature	Reviews	Molecular	Cell	Biology]	
(3971781259397),	copyright	(Jackson	et	al.	2010)	

Name	 Function
eIF2	 Forms	an	eIF2‐GTP‐Met‐tRNAMeti ternary	complex	that	binds	to	the	40S	subunit,	thus	

mediating	ribosomal	recruitment	of	Met‐	tRNAMeti	
eIF3	 Binds	40S	subunits,	eIF1,	eIF4G	and	eIF5;	promotes	attachment	of	43S	complexes	to	

mRNA	and	subsequent	scanning;	and	possesses	ribosome	dissociation	and	anti‐
association	activities,	preventing	joining	of	40S	and	60S	subunits	

eIF1	 Ensures	the	fidelity	of	initiation	codon	selection;	promotes	ribosomal	scanning;	
stimulates	binding	of	eIF2‐GTP‐Met‐tRNAMeti	to	40S	subunits	

eIF1A	 Stimulates	binding	of	eIF2‐GTP‐Met‐ tRNAMeti to	40S	subunits	and	cooperates	with	eIF1	
in	promoting	ribosomal	scanning	and	initiation	codon	selection	

eIF4E	 Binds	to	the	5’	cap‐proximal	region	of	mRNA	
eIF4A(1)	 DEAD‐box	ATPase	and	ATP‐dependent	RNA	helicase	
eIF4G(2)	 Binds	eIF4E,	eIF4A,	eIF3,	PABP,	and	mRNA	and	enhances	the	helicase	activity	of	elF4A
eIF4F	 A	cap‐binding	complex,	comprising	eIF4E,	eIF4A	and	eIF4G;	unwinds	the	5′

cap‐proximal	region	of	mRNA	and	mediates	the	attachment	of	43S	complexes	to	it;	and	
assists	ribosomal	complexes	during	scanning	

eIF4B	 An	RNA‐binding	protein	that	enhances	the	helicase	activity	of	eIF4A	
eIF4H	 An	RNA‐binding	protein	that	enhances	the	helicase	activity	of	eIF4A	and	is	homologous	

to	a	fragment	of	eIF4B	
eIF5	 A	GTPase‐activating	protein,	specific	for	GTP‐bound	eIF2,	that	induces	hydrolysis	of	

eIF2‐bound	GTP	on	recognition	of	the	initiation	codon	
eIF5B	 A	ribosome‐dependent	GTPase	that	mediates	ribosomal	subunit	joining	
eIF2B	 A	guanosine	nucleotide	exchange	factor	that	promotes	GDP–GTP	exchange	on	eIF2

(1) Two paralogues (eIF4AI and eIF4AII), encoded by different genes, are functionally indistinguishable, 
but eIF4AIII has no activity as an eIF.  
(2) Two paralogues (eIF4GI and eIF4GII), encoded by different genes, are functionally similar but show 
some selectivity towards different mRNAs. eIF4GI is generally the more abundant. 
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Figure	1.10	Cyclical	process	of	translation	
(1)	Recycling	of	post‐termination	complexes	(post‐TCs)	to	separate	40S	and	60S	ribosomal	subunits;	
(2)	 formation	 of	 eIF2‐GTP‐Met‐tRNAMeti;	 (3)	 formation	 of	 43S	 preinitiation	 complex	 with	 a	 40S	
ribosomal	subunit,	eIF1,	eIF1A,	eIF3,	eIF2‐GTP‐Met‐tRNAMeti,	and	eIF5;	(4)	activation	of	mRNA	by	the	
ATP‐dependent	manner	of	eIF4F	and	eIF4B;	(5)	attachment	of	43S	preinitiation	complex	to	mRNA	
region;	(6)	scanning	of	the	start	codon	(AUG);	(7)	recognition	of	the	initiation	codon;	(8)	joining	of	
60S	ribosomal	subunit	to	48S	complex	and	concomitant	displacement	of	eIF2‐GDP	and	other	factors	
(eIF1,	eIF3,	eIF4B,	eIF4F,	and	eIF5)	mediated	by	eIF5B;	(9)	release	of	eIF1A	with	eIF5B	followed	by	
the	 assembly	 of	 elongation‐competent	 80S	 ribosome.	 Reprinted	 by	 permission	 from	 Macmillan	
Publishers	Ltd:	[Nature	Reviews	Molecular	Cell	Biology]	(3971781259397),	copyright	(Jackson	et	al.	
2010).	

(2)
(1)

(3)

(4)

(5)
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Elongation 

The	 peptide	 elongation	 process	 (Fig.	 1.11)	 is	 highly	 conserved	 across	 eukaryotes,	

prokaryotes	and	the	archaea	(Spahn	et	al.	2001;	Ramakrishnan	2002;	Kapp	et	al.	2004).	

To	start	this	process,	a	peptidyl	tRNA	sits	in	the	ribosomal	P‐site	and	an	aminoacyl	tRNA	

is	brought	 to	 the	 ribosomal	A‐site	as	a	 ternary	complex	with	 the	elongation	 factor	1A	

(eEF1A;	 EF‐Tu	 in	 bacteria)	 and	 GTP.	 tRNA,	 the	 anticodon,	 corresponds	 to	 the	 three	

bases	of	 the	codon	on	the	mRNA.	When	correct	codon‐anticodon	pairing	occurs,	 three	

bases	of	rRNA	in	the	40S	ribosomal	subunit	induce	the	swing	out	and	interaction	with	

the	 resulting	 mRNA‐tRNA	 duplex	 to	 stabilize	 the	 tRNA	 binding	 and	 prevent	 other	

aminoacyl	 tRNA	 binding	 via	 hydrolysis	 of	 GTP	 by	 eEF1A‐GTPase	 (Ogle	 et	 al.	 2001;	

Rodnina	et	al.	2001;	Ramakrishnan	2002;	Kapp	et	al.	2004).	The	aminoacyl	tRNA	in	the	

A‐site	 then	 swings	 to	 the	 peptidyl	 transferase	 site	 to	 form	peptide	 bond	 in	 a	 process	

called	accommodation	after	the	release	of	eEF1A‐GDP(Ramakrishnan	2002;	Kapp	et	al.	

2004).	

The	 P‐site	 tRNA	 is	 then	 deacylated	 and	 the	 peptide	 chain	 is	 transferred	 to	 the	 A‐site	

tRNA	to	form	peptide	chain.	The	A‐site	tRNA	with	peptide	chain	is	then	translocated	to	

P‐site	via	hydrolysis	of	GTP	by	factor	2	(eEF2;	EF‐G	in	bacteria).	This	cycle	is	repeated	

until	a	stop	codon	is	encountered	and	termination	begins	(Ramakrishnan	2002;	Moore	

et	al.	2003;	Kapp	et	al.	2004;	Peske	et	al.	2004).	
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Figure	1.11	Translation	elongation	in	bacteria	
The	process	of	elongation	is	highly	conserved	across	the	three	kingdoms	of	life.	This	diagram	shows	
the	process	of	elongation	 in	bacteria	which	 is	similar	to	eukaryotes.	Reprinted	by	permission	from	
Macmillan	Publishers	Ltd:	[Cell]	(3971790172892),	copyright	(Ramakrishnan	2002).	

Termination 

Termination	of	translation	(Fig.	1.12)	occurs	in	response	to	a	stop	codon	(5’‐UAG‐3’,	5’‐

UGA‐3’,	or	5’‐UAA‐3’)	in	the	ribosomal	A‐site	(Bertram	et	al.	2001;	Ramakrishnan	2002;	

Kapp	et	al.	2004).	Unlike	other	codons	which	is	recognized	by	aminoacyl	tRNA,	the	three	

stop	 codons	 are	 recognized	 by	 eukaryotic	 release	 factors	 (eRFs).	 In	 eukaryotes,	 two	

release	factors	(eRF1	and	eRF3)	function	as	a	termination	complex	(Zhouravleva	et	al.	

1995;	Keeling	et	al.	2011).	The	eRF1	recognizes	and	binds	to	all	three	stop	codons	in	the	

ribosomal	A‐site	and	mediates	the	release	of	the	nascent	polypeptide	from	the	ribosome	

(Song	et	al.	2000;	Bertram	et	al.	2001;	Kapp	et	al.	2004;	Keeling	et	al.	2011).	The	eRF3	

acts	as	a	GTPase	to	assist	eRF1	in	stop	codon	recognition	and	release	of	the	polypeptide	

(Bertram	et	al.	2001;	Salas‐Marco	et	al.	2004;	Keeling	et	al.	2011).	

Termination	ends	with	release	of	the	completed	polypeptide	from	the	P‐site	tRNA	which	

is	believed	to	 involve	peptidyl	 transferase	at	 the	centre	of	 the	ribosome	(Caskey	et	al.	

1971;	Arkov	et	al.	1998;	Seit‐Nebi	et	al.	2001;	Zavialov	et	al.	2002;	Kapp	et	al.	2004).	
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Figure	1.12	Translation	termination	
Reprinted	 by	 permission	 from	Macmillan	 Publishers	 Ltd:	 [WILEY	 INTERDISCIPLINARY	 REVIEWS:	
RNA]	(3971790698161),	copyright	(Keeling	et	al.	2011)	

1.5 Signalling pathway 

1.5.1 Overview 

During	translation	and	the	other	processes	involved	in	protein	production,	a	substantial	

amount	 of	 energy	 and	 cellular	 material	 is	 consumed.	 For	 these	 reasons,	 mammalian	

cells	have	evolved	elaborate	mechanisms	to	regulate	translation	in	response	to	various	

stimuli	that	indicates	down‐regulation	is	requited	for	cell	survival.	These	stimuli	include	

changes	 in	 nutrient	 availability,	 cellular	 energy,	 stress,	 hormones	 and	 growth	 factors	

(Fig.	1.13)(Ma	et	al.	2009).	

Figure	1.13	Inhibition	of	translation	under	different	types	of	stress		
Reprinted	 by	 permission	 from	 Macmillan	 Publishers	 Ltd:	 [Molecular	 Cell]	 (3971790974348),	
copyright	(Spriggs	et	al.	2010)	
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In	skeletal	muscle,	a	range	of	extracellular	anabolic	or	catabolic	stimulus	are	involved	in	

dynamic	regulation	of	production	in	muscle	fibres,	and	this	regulation	occurs	primarily	

at	the	initiation	of	translation	(Syntichaki	et	al.	2006;	Ma	et	al.	2009;	Tisdale	2009).	The	

initiation	 factors	 eIF4E	 and	 eIF2B,	 in	 particular,	 from	 the	 mTOR1/4EBP1	 and	

PERK/eIF2α	signalling	pathways,	play	important	roles	in	this	regulation.	

1.5.2 mTOR/4EBP1 pathway 

In	 eukaryotes,	 the	 eIF4F	 complex	 (comprised	 of	 eIF4E,	 eIF4G	 and	 eIF4A)	 plays	 a	 key	

role	 in	 initiation.	The	eIF4E	subunit,	 in	particular,	 is	one	of	 the	main	regulators	of	 the	

assembly	 of	 the	 eIF4F	 complex	 (Duncan	 et	 al.	 1987;	 Powers	 et	 al.	 2011)	 and	 is	

controlled	 by	 its	 reversible	 association	 with	 the	 4E‐binding	 proteins	 such	 as	 4EBP1	

(Kimball	et	al.	2006;	Spriggs	et	al.	2010;	Powers	et	al.	2011).	The	4EBP1	can	block	eIF4F	

assembly	though	competition	with	eIF4G	for	eIF4E	binding	(Kimball	et	al.	2006;	Powers	

et	 al.	 2011).	 When	 4EBP1	 is	 phosphorylated	 via	 the	 mTOR	 pathway,	 4EBP1	 is	

dissociated	from	eIF4E	to	allow	translation	to	proceed	(Pham	et	al.	2000;	Kimball	et	al.	

2006;	 Powers	 et	 al.	 2011).	 Conversely,	 dephosphorylation	 of	 4EBP1	 by	 a	 protein	

phosphatase	results	in	increased	association	of	4EBP1	with	eIF4E	and	inhibition	of	the	

formation	 of	 the	 eIF4F	 complex	 (Fig.	 1.14)	 which	 leads	 to	 a	 decrease	 in	 translation	

(Pham	et	al.	2000;	Powers	et	al.	2011).	

Figure	1.14	Regulating	cap‐dependent	translation	initiation	
The	recruitment	of	 the	40S	ribosomal	subunit	 to	 the	5′	end	of	mRNA	 is	a	crucial	and	rate‐limiting	
step	 during	 cap‐dependent	 translation.	 A	 number	 of	 translation	 initiation	 factors,	 including	 the	 5′	
cap‐binding	protein	 eukaryotic	 translation	 initiation	 factor	 4E	 (eIF4E),	 have	 essential	 roles	 in	 this	
process.	 Hypophosphorylated	 4E‐BPs	 bind	 tightly	 to	 eIF4E,	 thereby	 prevents	 its	 interaction	 with	
eIF4G	and	thus	inhibits	protein	synthesis.	The	mTORC1‐mediated	phosphorylation	of	4e‐BPs	release	
the	 4E‐BPs	 from	 eIF4E,	 resulting	 in	 the	 recruitment	 of	 eIF4G	 to	 the	 5′	 cap,	 and	 thereby	 allowing	
translation	 initiation	 to	 proceed.	 Reprinted	 by	 permission	 from	Macmillan	 Publishers	 Ltd:	 [Nature	
Reviews	Molecular	Cell	Biology]	(3971791370596),	copyright	(Ma	et	al.	2009).	
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Mammalian	TOR	(mTOR)	exists	in	two	distinct	complexes	called	complex	1	(mTORC1)	

and	 complex	 2	 (mTORC2)	 (Guertin	 et	 al.	 2007).	 mTOR	 responds	 to	 various	 stresses	

including	 genotoxic,	 nutrient,	 energy	 and	 oxidative	 stress	 (Sengupta	 et	 al.	 2010)	 and	

plays	a	critical	role	in	diabetes	and	ageing	(Zoncu	et	al.	2011).	Studies	have	shown	the	

level	 of	 protein	 synthesis	 decreases	 in	 old	 age	 due	 to	 decreased	 phosphorylation	 of	

4EBP1	(Fig.	1.15)(Drummond	et	al.	2008).	It	has	also	been	shown	that	insulin	and	IGF‐1	

activation	of	the	PI3K/Akt/mTOR	pathway	leads	to	an	increase	in	protein	synthesis	and	

a	decrease	 in	protein	degradation	 resulting	 in	hypertrophy	of	 the	muscle	 (Palus	et	al.	

2014).	

Figure	1.15	mTORC1	pathway	and	ageing	
mTOR	 regulated	 the	 process	 of	 ageing	 via	 different	 factors.	 With	 a	 depression	 in	 translation	 via	
eIF4E/4EBP1	 pathway,	 ageing	 was	 then	 generated.	 Reprinted	 by	 permission	 from	 Macmillan	
Publishers	Ltd:	[Aging	(Albany	NY)],	copyright	(Hands	et	al.	2009).	

Many	 studies	 suggest	 that	 oxidants	 depress	 protein	 synthesis	 by	 decreasing	

phosphorylation	of	4EBP1,	thereby	inhibiting	initiation	of	translation	(Fig.	1.16)(Pham	

et	 al.	 2000;	 Shenton	 et	 al.	 2006;	 Zhang	 et	 al.	 2009;	 Powers	 et	 al.	 2011).	 Hydrogen	

peroxide	has	been	found	to	stimulate	dephosphorylation	of	4EBP1	by	increasing	protein	

phosphatase	 (PP1/PP2A)	 activity	 and	 resulting	 in	 an	 increase	 in	 the	 association	
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between	 4EBP1	 with	 eIF4E,	 and	 a	 decrease	 in	 protein	 synthesis	 (Pham	 et	 al.	 2000;	

Powers	et	al.	2011).	

Figure	1.16	Effects	of	ROS	on	mTOR/4EBP1	pathway	
Adapted	from	(Powers	et	al.	2011).	

1.5.3 PERK/eIF2α pathway 

eIF2α	 is	 assumed	 to	 be	 another	mechanism	 involved	 in	 the	 regulation	 of	 translation	

inanition	 by	 phosphorylation	 (Spriggs	 et	 al.	 2010).	 eIF2	 consists	 of	 three	 subunits	

(α,β,γ)	 and	 is	 one	 of	 the	 key	 initiation	 factors	 that	 carries	 the	 initiator	 tRNA	 (Met‐	

tRNAMeti)	 with	 GTP	 to	 form	 the	 43S	 pre‐initiation	 complex.	 During	 the	 process	 of	

initiation,	eIF2	is	transformed	from	the	GTP	form	to	a	GDP	form	but	it	can	be	recycled	

for	 the	 next	 translation	 process	 by	 eIF2B	 to	 progress	 the	 GTP‑exchange	 reaction.	

However,	phosphorylation	of	eIF2α at	residue	Ser51	prevents	this	reaction	by	inhibiting	

the	 dissociation	 of	 eIF2	 from	 eIF2B	 (Deng	 et	 al.	 2002;	Dang	Do	 et	 al.	 2009;	Ma	 et	 al.	

2009;	Powley	et	al.	2009;	Spriggs	et	al.	2010).	
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There	are	four	kinases	involved	in	the	phosphorylation	of	eIF2α	in	response	to	a	range	

of	 external	 stresses.	 These	 include	GCN2,	 PERK,	HRI,	 and	PKR	 (Fig.	 1.13)	 (Deng	 et	 al.	

2002;	Harding	et	al.	2003;	Cullinan	et	al.	2006;	Dang	Do	et	al.	2009;	Spriggs	et	al.	2010;	

Emara	 et	 al.	 2012).	 In	 the	 mice	 that	 bear	 the	 cachexia‐inducing	 MAC	 16	 tumour,	

phosphorylation	of	eIF2α	and	PKR	have	been	shown	to	increase	without	changes	in	the	

amount	of	 eIF2α	 and	PKR.	These	mice	also	 show	a	decrease	 in	weight	and	myosin	as	

phosphorylation	of	 eIF2α	 increases	 (Eley	 et	 al.	 2007).	This	has	 also	been	observed	 in	

vitro	studies	of	MCF7	and	MCF12A	cells	(Kim	et	al.	2000).	

The	 PERK/eIF2α	 pathway	 is	 also	 involved	 in	 the	 responds	 of	 endoplasmic	 reticulum	

(ER)	to	stress.	To	maintain	homeostasis	in	eukaryotic	cells,	ER	senses	and	responses	to	

cellular	 stresses	 in	 a	 range	 of	 ways	 including	 the	 unfolded	 protein	 response	 (UPR)	

(Schroder	et	al.	2005;	Cullinan	et	al.	2006;	Back	et	al.	2009;	Chang	et	al.	2010).	The	UPR	

is	 reduces	 ER	 stress	 by	 clearing	 misfiled	 proteins	 in	 the	 ER	 though	 PERK/eIF2α	

pathway	(Harding	et	al.	2001;	Ozcan	et	al.	2004;	Cullinan	et	al.	2006;	Liang	et	al.	2006;	

Shenton	et	al.	2006;	Rutkowski	et	al.	2007;	Scheuner	et	al.	2008;	Back	et	al.	2009).	This	

pathway	 leads	 to	 a	 reduction	 in	 protein	 synthesis,	 which	 reduces	 protein	 folding	

demands	 and	 allows	 for	 the	 clearance	 of	 misfolded	 proteins	 (Cullinan	 et	 al.	 2006;	

Rutkowski	et	al.	2007;	Back	et	al.	2009).	

Recent	evidence	suggests	 that	 there	 is	a	close	relationship	between	ER	stress,	protein	

misfolding,	 and	 oxidative	 stress	 (Fig.	 1.17).	 In	 this	 relationship,	 ROS	 leads	 to	 the	

accumulation	of	misfolded	proteins	in	the	ER,	creating	a	cycle	of	ER	stress	and	oxidative	

stress	(Terai	et	al.	2005;	Scheuner	et	al.	2008;	Back	et	al.	2009;	Chang	et	al.	2010).	As	

the	PERK/eIF2α	pathway	has	been	shown	to	play	a	role	 in	 the	clearance	of	misfolded	

proteins,	 the	 PERK/eIF2α	 pathway	 is	 also	 likely	 to	 be	 involved	 in	 the	 response	 to	

oxidative	stress.	



25

Figure	1.17	The	relationship	between	ER	stress	and	ROS	
Protein	 folding	 within	 the	 ER	 lumen	 was	 ushered	 by	 a	 family	 of	 oxidoreductase	 that	 catalyzed	
disulfide	bond	formation	and	isomerization.	Under	ER	stress,	there	was	an	increase	in	the	formation	
of	 incorrect	 intermolecular	 and/or	 intramolecular	 disulfide	 bonds	 that	 leaded	 to	 the	 formation	 of	
ROS.	 In	turn,	ROS	could	also	cause	ER	stress	through	modification	of	proteins	and	 lipids	that	were	
necessary	 to	 maintain	 ER	 homeostasis.	 Reprinted	 by	 permission	 from	 Macmillan	 Publishers	 Ltd:	
[Endocrine	Reviews]	(3971800940503),	copyright	(Scheuner	et	al.	2008).	
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Aim 

An	 increase	 in	 oxidative	 stress	 has	 been	 seen	 to	 occur	 alongside	muscle	wasting	 and	

changes	 in	 protein	 turnover	 in	 various	 conditions	 and	 disease	 such	 as	 cancer,	 type	 2	

diabetes,	chronic	 inflammation	and	ageing	(Sohal	et	al.	1996;	Klaunig	et	al.	1998;	Wei	

1998;	Finkel	et	al.	2000;	Atalay	et	al.	2002;	Evans	et	al.	2002;	Wei	et	al.	2002;	Maritim	et	

al.	2003;	Robertson	2004;	Khal	et	al.	2005;	Phillips	et	al.	2005;	Rolo	et	al.	2006;	Valko	et	

al.	2006;	Park	et	al.	2007;	Thomas	2007;	Chen	et	al.	2008;	Bonetto	et	al.	2009;	Park	et	al.	

2009;	Evans	2010;	Reuter	et	al.	2010;	Terrill	et	al.	2013).	A	decrease	in	oxidative	stress	

with	 antioxidant	 has	 also	 been	 shown	 to	 improve	 muscle	 pathology	 and	 decrease	

necrosis	(Terrill	et	al.	2013).	This	suggests	that	oxidative	stress	may	impact	on	muscle	

wasting.	While	the	signalling	pathway	involved	in	protein	synthesis	and	oxidative	stress	

is	not	yet	clear,	the	mTOR/4EBP1	and	PERK/eIF2α	pathways	are	considered	the	most	

likely	pathways	affected	by	oxidative	stress.	

This	 study	 uses	 the	 skeletal	 muscle	 culture	 system	 of	 C2C12	 myotubes	 to	 study	 the	

effects	of	hydrogen	peroxide	mediated	oxidative	stress,	specifically	the	effect	of	catalase	

and	glucose	oxidase	on	(i)	total	protein	levels,	(ii)	protein	synthesis	levels	and	protein	

degradation	 rates,	 (iii)	 phosphorylation	 rates	 of	 4EBP1	 and	 eIF2α,	 and	 (iv)	 thiol	

oxidation	 of	 whole	 protein,	 actin,	 and	 myosin.	 As	 direct	 application	 of	 hydrogen	

peroxide	into	the	medium	would	likely	be	cytotoxic	(Halliwell	et	al.	2000),	catalase	and	

glucose	oxidase	were	applied	 to	 the	C2C12	 culture	media.	Glucose	oxidase	 is	known	 to	

generate	endogenous	hydrogen	peroxide	continuously		(Boveris	et	al.	1972;	Grune	et	al.	

1995;	Grune	et	al.	1997).	
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Chapter 2 Material and Methods 

2.1 Cell Culture 

In	this	study,	immortalized	cultures	were	used	as	in	vitro	models	for	in	vivo	myofibres.	

The	 source	 of	 the	 cell	 cultures	 and	 their	 preparation	 are	 described	 below.	 The	 C2C12	

culture	 techniques	 developed	 in	 our	 laboratory	 were	 adapted	 in	 this	 study	 (Gebski	

2009).	In	this	study,	all	myotubes	were	treated	under	serum‐starved	condition	to	avoid	

the	any	possible	effect	of	enzymes	in	the	serum.	

2.1.1 Proliferation 

C2C12	mouse	myoblasts	originated	from	the	thigh	muscle	of	C3H	mice	after	crush	injury	

(Yaffe	 et	 al.	 1977).	 This	 cell	 line	 was	 purchased	 from	 the	 American	 Type	 Culture	

Collection	 (ATCC,	 Manassas,	 USA).	 In	 this	 study,	 all	 experiments	 were	 performed	 on	

cells	at	passage	4.	

The	C2C12	myoblasts	were	stored	as	cryopreserved	stocks	in	liquid	nitrogen.	They	were	

frozen	 at	 a	 concentration	of	 approximately	0.5‐1.5	×	 106	 cells/ml	 in	 freezing	medium	

consisting	 of	 Dulbecco’s	 Modified	 Eagle	 Medium	 (DMEM;	 Invitrogen,	 11965‐118)	

supplemented	with	1	%	(v/v)	of	penicillin/streptomycin	(Invitrogen,	15070‐063),	20	%	

Fetal	 Bovine	 Serum	 (FBS;	 Invitrogen,	 16000044)	 and	 10	%	 (v/v)	 dimethyl	 sulfoxide	

(DMSO;	Sigma,	D2650).	

Cells	were	thawed	under	sterile	conditions	in	a	laminar	flow	hood	by	adding	1ml	of	pre‐

warmed	(37°C)	proliferation	medium	consisting	of	DMEM	supplemented	with	1	%	(v/v)	

of	penicillin/streptomycin	and	20	%	of	FBS.	The	cells	were	thawed	slowly	by	aspirating	

with	1	ml	of	proliferation	medium.	It	was	then	transferred	to	a	falcon	tube	with	5	ml	of	

proliferation	 medium.	 The	 cells	 were	 centrifuged	 at	 1500	 rpm	 for	 5	 min	 at	 room	

temperature	 in	 a	 centrifuge	 (Eppendorf	 ,	 5702).	 The	 supernatant	was	 then	 discarded	

and	the	cell	pellet	was	resuspended	in	1ml	of	proliferation	medium	and	transferred	to	a	

T‐75	cm2	flask	(Falcon)	with	10	ml	of	proliferation	medium.	The	cells	were	incubated	at	

37°C	in	5	%	CO2	and	95	%	air.	
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2.1.2 Trypsinization and seeding of myoblasts 

The	myoblasts	took	approximately	5‐7	days	to	reach	80‐90	%	confluence	in	culture.	For	

seeding,	 the	proliferation	medium	was	 first	removed	and	the	cells	were	washed	twice	

with	 5	 ml	 phosphate‐buffered	 saline	 (PBS,	 Medicago,	 09‐8912‐100)	 then	 7	 ml	 of	

Trypsin/EDTA	solution	(Sigma,	T4049)	was	added	to	the	flask.	After	incubation	at	37°C	

for	5	min,	cell	detachment	was	confirmed	by	microscopic	examination	of	the	flask.	The	

trypsin	 reaction	was	 stopped	 by	 the	 applying	 5	ml	 of	 proliferation	medium.	 The	 cell	

suspension	was	then	transferred	to	a	15	ml	falcon	tube	and	centrifuged	at	1500	rpm	for	

5	 min	 at	 room	 temperature.	 The	 supernatant	 was	 discarded	 and	 the	 cell	 pellet	 was	

resuspended	 in	1ml	of	proliferation	medium.	10	µl	of	 cell	 suspension	was	diluted	20‐

times	with	Trypan	Blue	solution	(Sigma,	T8154)	 in	a	0.6	ml	microcentrifuge	 tube	and	

transferred	 to	 a	 haemocytometer	 (Brand,	 717805)	 to	 determine	 the	 total	 cell	 count	

under	the	light	microscope.	Four	quadrants	(Fig.	2.1)	were	counted	separately	and	the	

total	count	was	averaged.	

Figure	2.1	Haemocytometer	
Cells	were	counted	 in	the	four	 large	squares	(A,	B,	C,	and	D),	which	are	further	subdivided	 into	16	
smaller	squares.	The	average	number	of	cells	was	taken	and	multiplied	by	1	×	104	and	the	Trypan	
blue	dilution	factor	(20).	
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The	concentration	of	the	cell	suspension	was	calculated	using	the	multiplication	factor	

(104)	derived	from	the	volume	of	each	of	the	four	counted	squares	(0.1	mm	deep	and	1	

×	 1	mm	 square)	which	 equates	 to	 a	 volume	 of	 0.1	mm3	 or	 0.0001	ml	 (10‐4	ml).	 The	

formula	used	to	determine	the	cell	content	ration	was:	

The	cell	 suspension	was	 then	diluted	 in	proliferation	medium	to	a	 final	 concentration	

depending	on	the	intended	use	of	the	cells	and	the	size	of	the	culture	dish	to	be	seeded.	

2.1.4 Treatment conditions 

Catalase	and	glucose	oxidase	were	used	to	modulate	the	level	of	hydrogen	peroxide	in	

the	myotubes.	Catalase	 is	 an	anti‐oxidase	 that	 reduces	 the	 level	of	hydrogen	peroxide	

and	glucose	oxidase	is	an	oxidase	that	increases	the	level	of	hydrogen	peroxide.	IGF	and	

dexamethasone	 (DEX)	 were	 used	 as	 controls	 in	 the	 experiments	 focused	 on	 protein	

turnover.	

All	treatments	started	at	day	7	of	fusion.	Catalase	(Sigma‐Aldrich,	C3155)	was	applied	at	

3000	units/ml,	 glucose	 oxidase	 (Sigma‐Aldrich,	 G7141)	was	 applied	 at	 10	munits/ml,	

IGF	 (Sigma‐Aldrich,	 Australia)	 was	 applied	 at	 20	 ng/ml,	 and	 DEX	 (Sigma‐Aldrich,	

Australia)	was	applied.	All	 treatments	were	refreshed	every	24	hr	until	 the	cells	were	

harvested.	

2.2 Protein extraction 

Proteins	 from	myotubes	 were	 extracted	 using	 either	 TCA	 acetone	 or	 a	 phospho‐safe	

method	depending	on	the	intended	use	of	the	cells.	

2.2.1 TCA acetone extraction 

Following	treatment	(Section	2.1.4),	myotube	cultures	were	washed	twice	with	PBS	and	

lysed	with	 20	%	 (w/v)	 trichloroacetic	 acid	 (TCA)	 in	 acetone	 to	 denature,	 precipitate	

proteins	and	prevent	 further	redox	reactions	(Armstrong	et	al.	2011).	As	observed	by	
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Armstrong	 and	 coworkers	 (2011),	 application	 of	 the	 TCA	 turned	 the	 protein	 pellet	

white	but	not	the	supernatant	confirming	the	proteins	were	present	in	the	pellet	not	the	

supernatant.	

After	washing,	700	µl	of	20	%	TCA/acetone	was	added	to	each	dish	and	the	myotubes	

were	 detached	 using	 a	 cell	 scraper	 (SARSTEDT,	 831830).	 The	 supernatant	 and	 the	

resulting	pellet	that	contain	the	myotubes	were	transferred	to	a	1.5	ml	microcentrifuge	

tube	 and	 then	 centrifuged	 at	 10000rpm	 for	 5	 min	 (4°C)	 in	 a	 centrifuge	 (Eppendorf,	

5417R).	To	remove	the	remaining	TCA	in	the	samples,	the	supernatant	was	discharged	

and	the	protein	pellets	were	washed	twice	with	1	ml	of	acetone.	The	protein	pellet	was	

then	resuspended	in	300	µl	of	Tris	buffer	(50	mM	Tris	with	0.5	%	SDS).	

To	completely	resuspend	the	proteins,	the	sample	was	sonicated	at	40	%	amp	for	2	min	

on	ice,	following	by	30	min	of	vortexing.	The	sample	was	then	transferred	to	a	new	1.5	

ml	microcentrifuge	tube	for	protein	quantification	(Section	2.3.2).	

2.2.2 Phospho‐safe extraction 

For	western	blotting,	the	proteins	from	myotubes	were	extracted	using	a	phospho‐safe	

method.	Following	treatment	(Section	2.1.4),	myotube	cultures	were	washed	twice	with	

PBS	 and	 lysed	 with	 a	 phospho‐safe	 extraction	 cocktail	 consisting	 of	 2.5	 ml	 of	

PhosphoSafe	Extraction	Buffer	(Novagen,	71296)	and	a	quarter	of	a	protease	inhibitor	

tablet	(Roche,	04693159001).	

After	 washing	 with	 1	 ml	 of	 PBS	 (4°C)	 twice,	 100	 µl	 of	 cold	 phospho‐safe	 extraction	

cocktail	was	added	into	each	dish	and	myotubes	were	detached	using	a	cell	scraper.	The	

supernatant	and	the	resulting	pellet	that	contain	the	myotubes	were	transferred	to	a	1.5	

ml	 microcentrifuge	 tube	 and	 incubated	 on	 ice	 for	 20	 min.	 Halfway	 through	 the	

incubation,	the	sample	was	vortexed	for	approximately	5	sec.	After	the	incubation,	the	

sample	was	vortexed	again	followed	by	centrifugation	at	12000	g	for	10	min	(4°C)	in	a	

centrifuge	 (Eppendorf,	 5417R).	 97	 µl	 of	 supernatant	 was	 transferred	 to	 a	 0.6	 ml	

microcentrifuge	 tube	 for	western	blotting	and	remaining	supernatant	was	 transferred	

to	another	0.6	ml	microcentrifuge	tube	for	protein	quantification	(Section	2.3.1).	
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2.3 Protein quantification 

The	protein	samples	were	quantified	by	different	methods	depending	on	the	 intended	

use	of	cells.		

2.3.1 Bradford assay 

For	western	blotting,	 the	protein	samples	were	quantified	using	 the	Bradford	method	

(Bradford	 1976).	 Following	 harvesting	 (Section	 2.2.2),	 the	 Bio‐Rad	 Protein	 Assay	 Kit	

(Bio‐Rad,	 500‐0001)	was	 used	 to	 quantify	 the	 concentration	 of	 each	 sample.	 Protein	

samples	 were	 quantified	 with	 reference	 to	 a	 Bovine	 serum	 albumin	 (BSA)	 standard	

absorbance	curve.	BSA	standards	of	known	concentrations	(0,	100,	200,	300,	400,	and	

500	µg/ml)	prepared	by	serial	dilution	of	BSA	(stock	concentration	1	mg/ml)	in	0.01	M	

PBS.	

The	protein	samples	were	 first	diluted	20‐fold	with	0.01	M	PBS	and	 then	10	µl	of	 the	

diluted	protein	sample	and	standards	were	transferred	in	triplicate	to	the	wells	of	a	96‐

well	 plate.	 200	 µl	 of	 Bio‐Rad	 reagent	 was	 then	 added	 to	 each	 well.	 The	 plate	 was	

incubated	for	10	min	with	gentle	shaking	on	a	shaker	at	room	temperature	and	at	the	

end	of	this	incubation	period,	the	absorbance	of	each	well	was	measured	at	595	nm	in	a	

plate	reader	(BioTek	Powerwave	XS	Spectrophotometer	with	KC4	ver.3.4	program).	The	

concentration	of	the	protein	samples	was	extrapolated	from	the	BSA	standard	curve.	

2.3.2 Micro BCA assay 

The	micro	BCA	assay	kit	(Sigma,	QPBCA‐1KT)	was	used	to	access	total	protein	content.	

After	harvesting	and	resuspension	(Section	2.2.1),	protein	samples	were	quantified	with	

reference	to	a	Bovine	Serum	Albumin	(BSA)	standard	absorbance	curve.	BSA	standards	

of	known	concentrations	(0,	5,	10,	20,	30,	and	40	µg/ml)	prepared	by	serial	dilution	of	

BSA	 (stock	 concentration	 40	µg/ml)	 in	 Tris	 buffer	 (2	mM	 Tris	with	 0.5	%	 SDS).	 The	

working	reagent	was	composed	with	25	parts	of	reagent	A,	25	parts	of	reagent	B,	and	1	

part	of	reagent	C.	

1	µl	of	protein	sample	was	diluted	25‐fold	with	0.5	%	SDS	and	a	further	10‐fold	dilution	

with	Tris	buffer	(2	mM	Tris	with	0.5	%	SDS)	in	a	1.5	ml	microcentrifuge	tube.	This	was	
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followed	 by	 adding	 250	 µl	 of	 working	 reagent	 added	 into	 each	 tube.	 200	 µl	 of	 each	

standard	was	transferred	to	1.5	ml	microcentrifuge	tubes	and	200	µl	of	working	reagent	

was	 then	 added	 into	 each	 tube.	 These	microcentrifuge	 tubes	were	 vortexed	 and	 then	

incubated	for	1	hr	at	at	60°C.	The	microcentrifuge	tubes	were	vortexed	again	and	100	

µl	of	incubated	solution	was	then	aliquoted	in	triplicate	to	each	well	of	a	384‐well	plate.	

The	absorbance	of	each	well	was	measured	at	562	nm	in	the	BioTek	plate	reader.	

2.3.3 Detergent compatible (DC) protein assay 

For	 2‐tag	 labeling,	 the	 protein	 samples	 were	 quantified	 using	 the	 DC	 assay	 method.	

After	 dual‐labeling	 (Section	 2.7.2),	 a	 DC	 assay	 kit	 (Bio‐Rad,	 500‐0112)	 was	 used	 to	

quantify	 the	 concentrations	 of	 each	 sample.	 Protein	 samples	 were	 quantified	 with	

reference	to	a	Bovine	Serum	Albumin	(BSA)	standard	absorbance	curve.	BSA	standards	

of	known	concentrations	(0,	0.1,	0.2,	0.3,	0.4,	0.6,	0.8,	and	1	mg/ml)	prepared	by	serial	

dilution	of	BSA	(stock	concentration	1	mg/ml)	in	assay	buffer	consisting	of	Tris	buffer	

(0.5	M	Tris	with	0.5	%	SDS)	diluted	1:1	with	distilled	double	deionized	(ddi)	water.		

Before	performing	the	quantification,	the	reagent	A’	was	made	with	1	ml	of	reagent	A,	

20	µl	of	 reagent	C,	 and	1.02	ml	of	ddi	water.	7.5	µl	of	protein	sample	was	diluted	1:1	

with	Tris	buffer	(0.5	M	Tris	with	0.5	%	SDS)	and	followed	with	another	1:1	dilution	with	

ddi	water	in	a	1.5	ml	microcentrifuge	tube.	30	µl	of	each	standard	was	transferred	to	a	

1.5	ml	microcentrifuge	 tube.	 105	 µl	 of	 reagent	 A’	 and	 255	 µl	 of	 reagent	 B	were	 then	

added	 to	 each	 microcentrifuge	 tube.	 The	 tubes	 were	 vortexed	 for	 5	 min	 and	 then	

incubated	 for	 10	 min	 at	 room	 temperature.	 100	 µl	 of	 incubated	 solution	 was	 then	

aliquoted	in	triplicate	to	each	well	of	a	384‐well	plate.	The	absorbance	of	each	well	was	

measured	at	750	nm	in	the	BioTek	plate	reader.	

2.4 Measurement of protein synthesis 

The	level	of	protein	synthesis	in	myotubes	was	measured	using	radioactive	leucine.	

2.4.1 Incorporation of radioactive leucine 

7‐day‐old	C2C12	myotubes	were	treated	with	treatments	(catalase,	glucose	oxidase	and	

IGF)	for	24	hr	under	serum‐starved	conditions.	The	following	day,	1	µCi	of	radioactive	



33

leucine	 (leucine,	L‐[3,4,5‐3H(N)],	PerKinElmer,	NET‐460)	with	 treatments	was	applied	

to	these	myotubes	for	24	hr.	

2.4.2 Harvest 

After	 radioactive	 leucine	 incorporation	 and	 treatment,	 the	myotubes	were	 harvested.	

Prior	 to	 harvesting,	 the	 medium	 was	 removed	 from	 each	 dish	 and	 transferred	 to	 a	

centrifuge	tube	 for	 later	determination	of	radioactivity.	700	µl	of	TCA/acetone	(20	%)	

was	 added	 to	 each	 dish	 and	 myotubes	 were	 detached	 using	 a	 cell	 scraper.	 The	

supernatant	and	the	resulting	pellet	that	contain	the	myotubes	were	transferred	to	a	1.5	

ml	microcentrifuge	 tube	 centrifuged	 at	 10000	 g	at	 room	 temperature	 in	 a	 centrifuge	

(Eppendorf,	5415C).	The	supernatant	was	discarded	without	disturbing	the	pellet	and	

the	pellet	was	then	washed	twice	with	500	µl	of	leucine	solution	(1	mM	L‐leucine	in	0.6	

M	 HClO4,	 Sigma,	 L8000).	 The	 sample	was	 then	 resuspended	 in	 300	 µl	 of	 NaOH	 (300	

mM).	The	sample	was	heated	to	40°C	and	vortexed	until	fully	solubilized.	

2.4.3 Radiation analysis 

100	µl	of	supernatant	and	protein	sample	were	transferred	into	tubes	containing	2	ml	of	

scintillation	 cocktail	 solution	 and	 vortexed	 for	 5	 sec.	 The	 radioactivity	 was	 then	

measured	 in	 a	 scintillation	 counter.	The	 incorporation	 rate	of	 radioactive	 leucine	was	

obtained	as	follows:	

The	 amount	 of	 incorporated	 radioactive	 leucine	 was	 then	 obtained	 by	 timing	 the	

incorporation	rate	of	radioactive	leucine	as	follows:	

The	 amount	 of	 non‐radioactive	 leucine	 in	 DMEM	 was	 obtained	 from	 supplier.	 The	

concentration	of	L‐leucine	in	DMEM	was	0.802	mM	and	2	ml	of	DMEM	was	used	in	each	

dish.	Therefore,	the	amount	of	non‐radioactive	leucine	in	each	dish	was	1.604	µmol.	The	
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ratio	 of	 radioactive	 leucine	 in	 total	 leucine	 could	 then	be	 calculated	with	 the	 value	of	

non‐radioactive	leucine	and	radioactive	leucine	as	follows:	

The	 ratio	 of	 radioactive	 leucine	 was	 then	 used	 to	 covert	 the	 amount	 of	 radioactive	

leucine	incorporation	to	total	leucine	incorporation	as	follows:	

2.5 Measurements of protein degradation 

The	rate	of	protein	degradation	in	myotubes	was	measured	using	radioactive	leucine.	

2.5.1 Incorporation of radioactive leucine 

Radioactive	lecuine	(1	µCi)	was	applied	to	the	6‐day‐old	C2C12	myotubes	under	serum‐

contained	conditions.	The	medium	was	removed	the	next	day	and	treatments	(catalase,	

glucose	oxidase,	 IGF,	and	DEX)	were	applied	to	these	 labeled	myotubes	 for	48	hr.	The	

treatment	was	refreshed	every	24	hr	and	the	radioactivity	 levels	 in	the	spent	medium	

were	determined.	

2.5.2 Harvest 

After	 radioactive	 leucine	 incorporation	 and	 treatment,	 the	myotubes	were	 harvested.	

Prior	 to	 harvesting,	 the	 medium	 was	 removed	 from	 each	 dish	 and	 transferred	 to	 a	

centrifuge	tube	 for	radioactivity	analysis.	700	µl	of	TCA/acetone	(20	%)	was	added	to	

each	dish	and	myotubes	were	detached	using	a	 cell	 scraper.	The	 supernatant	and	 the	

resulting	pellet	that	contain	the	myotubes	were	transferred	to	a	1.5	ml	microcentrifuge	

tube	 centrifuged	at	10000	g	at	 room	 temperature	 in	a	 centrifuge	 (Eppendorf,	5415C).	

The	 supernatant	was	discarded	without	 disturbing	 the	pellet	 and	 the	pellet	was	 then	
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washed	 twice	with	500	µl	 of	 leucine	 solution	 (1	mM	L‐leucine	 in	0.6	M	HClO4,	 Sigma,	

L8000).	The	 sample	was	 then	 resuspended	 in	300	µl	 of	NaOH	 (300	mM).	The	 sample	

was	heated	to	40°C	and	vortexed	until	fully	solubilized.	

2.5.3 Radiation analysis 

100	µl	of	supernatant	and	protein	sample	were	transferred	into	tubes	containing	2	ml	of	

scintillation	 cocktail	 solution	 and	 vortexed	 for	 5	 sec.	 The	 radioactivity	 was	 then	

measured	 in	 a	 scintillation	 counter.	 The	 ratio	 of	 radioactive	 leucine	 release	 was	 as	

obtained	as	follows:	

Unlike	DMEM,	 the	 concentration	 of	 leucine	 in	 serum	was	not	 able	 to	 be	measured	 or	

obtained.	 Therefore,	 the	 ratio	 of	 radioactive	 leucine	 release	was	 taken	 as	 the	 rate	 of	

protein	degradation.	

For	 data	 presentation,	 the	 rates	 of	 protein	 degradation	 of	 all	 other	 treatment	 groups	

were	normalized	to	the	rate	of	protein	degradation	of	untreated	cultures	as	follows:	

2.6 Western Blot 

Western	 blotting	 was	 used	 to	 detect	 the	 specific	 proteins	 and	 signaling	 pathways	

affected	 by	 catalase	 and	 glucose	 oxidase	 treatment.	 Two	 types	 of	 western	 blotting	

procedures	were	used.	The	Sodium	dodecyl	sulfate	polyacrylamide	gel	electrophoresis	

(SDS‐PAGE)	 was	 used	 to	 establish	 the	method.	 The	 Bio‐Rad	 system	was	 used	 for	 all	

subsequent	experiments.	
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2.6.1 SDS Polyacrylamide Gel Electrophoresis (SDS‐PAGE) 

After	 treatment,	 the	myotubes	were	 harvested	 using	 a	 phospho‐safe	method	 (Section	

2.2.2)	and	quantified	using	the	Bradford	assay	(Section	2.3.1).	These	quantified	proteins	

were	separated	by	SDS‐PAGE	on	12	%	(resolving)	polyacrylamide	gel	under	denaturing	

conditions.	 Protein	 samples	 were	 prepared	 by	 adding	 3×	 protein	 loading	 buffer	

(consisting	 of	 0.19	M	 Tris	 pH6.8,	 6	%	 (w/v)	 SDS,	 30	%	 (v/v)	 glycerol,	 0.03	%(w/v)	

Bromophenol	Blue	and	0.3	M	DTT)	to	the	protein	samples	and	then	heat‐denatured	at	

95°C	for	5	min.	

SDS‐PAGE	gels	were	prepared	prior	to	electrophoresis.	The	resolving	gel	(see	Table	2.1)	

was	poured	into	the	glass	plate	assembly,	overlaid	with	ddi	water	and	left	to	polymerise	

for	approximately	20	min	at	room	temperature.	Following	removal	of	the	ddi	water,	the	

stacking	 gel	 (see	 Table	 2.1)	 was	 then	 poured	 on	 top	 of	 the	 set	 resolving	 gel	 and	 gel	

combs	were	inserted	immediately.	APS	and	TEMED	were	added	to	both	solutions	prior	

to	pouring.	

Table	2.1	Composition	of	resolving	and	stacking	gel	
Reagent	 12	%	Resolving	gel 4	%	Stacking	gel

1.5	M	Tris	(pH	8.8)	 7.5	ml

0.5	M	Tris	(pH	6.8)	 3.75	ml	

10	%	SDS	 300	µl 150	µl	

30	%	Acrylamide/Bis	solution,	37:5:1 12	ml 1.95	ml	

ddi	water	 9.87	ml 8.25	ml	

10	%	APS	 300	µl 75	µl	

TEMED	 30	µl 15	µl	

Once	the	stacking	gel	had	polymerized,	the	gel	casting	chamber	was	then	transferred	to	

a	gel	tank	containing	cold	1×	electrode	buffer	consisting	of	6.06	g	Tris,	28.83	g	Glycine,		

2	g	SDS	and	made	up	 to	1	L	with	ddi	water.	The	gel	combs	were	removed	and	all	 the	

remaining	un‐polymerized	polyacrylamide	was	flushed	out	of	 the	wells	with	electrode	

buffer.	 Prepared	 protein	 samples	 and	 5	 µl	 of	 Precision	 Plus	 Protein™	 Kaleidoscope	

Standards	 (Bio‐Rad,	 161‐0375)	 were	 loaded	 in	 the	 wells	 and	 the	 gel	 was	

electrophoresed	for	approximately	2	hr	at	120	V	at	4°C.	
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While	 the	 gel	 was	 electrophoresing,	 polyvinylidene	 difluoride	 (PVDF)	 membrane	

(Amersham)	was	soaked	in	methanol	for	5	sec.	The	soaked	membrane	with	filter	papers	

and	 sponge	pads	were	pre‐soaked	 in	 transfer	buffer	 (consisting	of	3.03	 g	Tris,	 14.4	 g	

Glycine,	100	ml	Methanol	and	made	up	to	1	L	with	ddi	water)	at	4°C.	

After	 electrophoresis,	 the	 gel	 was	 assembled	 in	 the	 transfer	 cassette	 (Fig.	 2.2)	 and	

placed	 in	 the	 electroblotting	 tank	 filled	 with	 cold	 transfer	 buffer.	 The	 proteins	 were	

transferred	from	gel	to	the	PVDF	membrane	via	electrophoresis	at	100	V	for	90	min	at	

room	temperature.	

Figure	2.2	The	assemble	of	transfer	cassette	
The	polyacrylamide	gel	and	membrane	were	sandwiched	between	the	pre‐soaked	sponges	and	filter	
papers	 in	 transfer	 buffer.	 Proteins	 on	 the	 gel	were	 transferred	 to	 the	membrane	 from	 cathode	 to	
anode.	

After	 transfer,	 the	PVDF	membrane	was	removed	and	washed	briefly	 in	Tris	Buffered	

Saline	(TBS	pH	7.5;	consisting	of	12.1	g	Tris,	9	g	NaCl,	made	up	to	1	L	with	ddi	water	and	

pH	 with	 HCl)	 with	 0.1	 %	 (v/v)	 Tween‐20	 (TBS‐T).	 The	 washed	 membrane	 was	
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incubated	 in	 blocking	 buffer	 (5	%	 skim	milk	 in	 TBS‐T)	 for	 1	 hr	 at	 room	 temperature	

with	gentle	shaking.	This	was	followed	by	washing	with	TBS‐T	twice,	10	min	each	time,	

and	 incubated	 with	 diluted	 primary	 antibody	 at	 4�	 overnight	 with	 gentle	 shaking.	

Primary	antibodies	(Table	2.2)	were	diluted	1:1000	in	TBS‐T	containing	5	%	BSA.	The	

previously	optimized	protocols	provided	by	supplier	(Cell	Signaling)	were	adopted.	

Table	2.2	Primary	antibodies	
Antibody CatLog No.	

Phospho‐4EBP1	(Thr37/46)	Rabbit	mAb 2855

Phospho‐eIF2α	(Ser51)	XP® Rabbit	mAb 5199

4EBP1	Rabbit 9452

eIF2α	Rabbit 9722

Akt	Rabbit 9272

After	 the	 incubation,	 the	membrane	was	washed	with	TBS‐T	 twice,	10	min	each	 time,	

and	 incubated	 with	 secondary	 antibody	 (Thermo,	 31460)	 diluted	 1:5000	 in	 TBS‐T	

containing	 5	 %	 skim	 milk	 for	 1	 hr	 at	 room	 temperature	 with	 gentle	 shaking.	 The	

membrane	 was	 washed	 briefly	 twice	 with	 TBS‐T	 and	 then	 incubated	 with	

chemiluminescent	 substrate	 solution	 (Table	 2.3)	 for	 5	min	 at	 room	 temperature.	 The	

signal	was	exposed	to	film	and	the	film	was	developed	in	a	dark	room.	

Table	2.3	Chemiluminescence	substrate	solution	used	for	protein	detection	

Product	 Provider	
Protein	

abundance	on	
membrane	

SuperSignal	West	Pico	
Chemiluminescent	Substrate	

Thermo	
Scientific	

High	

Western	Lighting	Ultra PerkinElmer Low	

Luminata	Crescendo	Western	HRP	
substrate	

Millipore Medium	

2.6.2 Bio‐Rad system 

Western	 Blot	 analysis	 using	 Bio‐Rad	 system	 was	 adopted	 for	 all	 subsequent	

experiments.	

After	 treatment,	 the	myotubes	were	 harvested	 using	 a	 phospho‐safe	method	 (Section	

2.2.2)	and	quantified	using	the	Bradford	assay	(Section	2.3.1).	These	quantified	proteins	

samples	 were	 separated	 by	 precast	 gradient	 gels	 (Bio‐Rad,	 456‐1086).	 The	 gel	 was	

placed	 in	 a	 gel	 tank	 containing	 1×	 electrode	 buffer	 (diluted	 1	 in	 10	 from	 10	 ×	 Tris/	
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Glycine/	SDS,	Bio‐Rad,	161‐0772)	and	the	gel	combs	were	removed.	10	µg	of	the	protein	

sample	and	4	µl	of	Precision	Plus	Protein™	Kaleidoscope™		Standards		were	then	loaded	

in	the	wells	and	the	sample	were	electrophoresed	at	150	V	for	approximately	1.5	hr	at	

room	temperature.	

Protein	 transfer	was	 carried	out	using	 the	Trans‐Blot®	Turbo™	Transfer	 System	 (Bio‐

Rad,	 170‐4155),	 which	 involves	 semi‐dry	 protein	 transfer.	 The	 gel	 was	 sandwiched	

between	 the	nitrocellulose	membrane	 and	 filter	 papers	 from	 the	Trans‐Blot®	Turbo™	

Mini	 Nitrocellulose	 Transfer	 Packs	 (Bio‐Rad)	 and	 transfer	 was	 performed	 using	 the								

3	min	protein	transfer	program	(turbo	setting).	

After	 transfer,	 the	membrane	was	washed	with	TBS‐T	and	blocked	 in	blocking	buffer.	

After	blotting,	the	membrane	was	washed	with	TBS‐T	and	incubated	in	diluted	primary	

antibody	at	4°C	overnight	with	gentle	 shaking.	The	membrane	was	 then	washed	with	

TBS‐T	and	 incubated	 in	secondary	antibody	for	1	hr	at	room	temperature	with	gentle	

shaking.	The	membrane	was	washed	briefly	twice	with	TBS‐T	and	then	incubated	with	

chemiluminescence	substrate	solution	(Table	2.3)	for	5	min	at	room	temperature.	The	

signal	was	detected	and	captured	by	using	ChemiDoc™	MP	System	(Bio‐Rad,	170‐8280)	

and	Image	Lab™	Software	Version	4.0	(Bio‐Rad).	

2.6.3 Densitometry analysis 

Densitometry	was	performed	on	the	western	blotting	result	images	(Sections	2.6.1	and	

2.6.2)	 using	 the	 NIH	 Image	 freeware	 program	 Image	 Processing	 and	 Analysis	 in	 Java	

(Image	 J)	 (http://rsb.info.nih.gov/ij/).	 The	 phosphorylation	 level	 of	 a	 specific	 protein	

was	 expressed	 as	 the	 densitometry	 ratio	 of	 the	 phosphorylated	 protein	 to	 the	 total	

amount	of	that	protein,	for	example	(phosphorylated	eIF2α/total	eIF2α).	Total	Akt	was	

used	as	a	loading	control.	

2.7 Measurements of thiol oxidation‐2 tag labeling 

General	 oxidation	 and	 oxidation	 of	 specific	 proteins	were	 assessed	 by	 2	 tag	 labeling.	

This	 method	 was	 developed	 in	 our	 laboratory	 for	 labeling	 animal	 protein	 samples	

(Armstrong	et	al.	2011)	and	was	adapted	here	to	label	cell	culture	samples.		
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2.7.1 Preparation of protein samples 

Three	 dishes	 of	 myotubes	 from	 each	 culture	 batch	 were	 treated	 with	 catalase	 and	

glucose	oxidase.	After	treatment,	the	myotubes	were	harvested	with	20	%	TCA/acetone	

(Section	 2.2.1)	 but	 only	 one	 dish	 was	 resuspended	 in	 Tris	 buffer	 for	 protein	

quantification	(Section	2.3.2).	The	remaining	dishes	were	kept	in	TCA/acetone	for	2	tag	

labeling	(dual	labeling).	

2.7.2 Dual labeling of protein thiols with fluorescent tags 

The	myotubes	in	TCA/acetone	were	sonicated	at	40	%	Amps	for	2	min	on	ice.	This	was	

followed	by	transferring	100	µg	of	the	protein	pellet	to	a	1.5	ml	microcentrifuge	tube.	

The	 tubes	 were	 then	 centrifuged	 at	 10000rpm	 for	 5	 min	 (4°C)	 in	 a	 centrifuge	

(Eppendorf,	 5417R).	 The	 supernatant	 was	 discharged	 and	 the	 protein	 pellet	 was	

washed	 with	 cold	 acetone	 (150	 µl,	 4°C).	 The	 centrifugation	 and	 washing	 steps	 were	

repeated	to	remove	any	residual	TCA	before	suspension	and	labeling.	

After	 removal	 of	 TCA,	 the	 reduced	 protein	 thiols	 in	 protein	 sample	were	 labeled.	 To	

perform	 this	 labeling,	 the	protein	pellet	was	 suspended	 in	50	µl	 of	Tris	 buffer	 (0.5	M	

Tris	with	0.5	%	SDS,	pH7.3)	and	5	µl	of	5	mM	BODIPY	FL‐N‐(2‐aminoethyl)	maleimide	

(FLm,	 Invitrogen,	 B10250).	 To	 fully	 suspend	 the	 protein	 pellet,	 the	 samples	 were	

sonicated	at	40	%	Amps	for	1	min	on	ice	followed	by	vortexing	and	incubation	at	room	

temperature	for	30	min	in	dark.	To	remove	the	excess	FLm,	the	samples	were	applied	

and	mixed	with	200	µl	of	cold	acetone	and	then	incubated	overnight	at	‐20°C	for	protein	

precipitation.	The	protein	sample	was	centrifuged	at	10000	rpm	for	10	min	(4°C)	next	

day	 and	 resulted	 protein	 pellet	 was	 washed	 with	 200	 µl	 of	 cold	 acetone	 to	 remove	

unbound	FLm.	This	was	followed	by	an	incubation	overnight	at	‐20°C.	On	the	next	day,	

the	 protein	 sample	was	 centrifuged	 at	 10000rpm	 for	 10	min	 (4°C)	 and	 the	 resulting	

protein	 pellet	 was	 resuspended	 in	 50	 µl	 of	 Tris	 buffer	 (0.5	 M	 Tris	 with	 0.5	 %	 SDS,	

pH7.0).	 21	 µl	 of	 the	 suspended	 protein	 sample	 was	 transferred	 to	 a	 0.6	 ml	

microcentrifuge	tube.	

As	 oxidized	 thiols	 needed	 to	 be	 reduced	 before	 labeling,	 4	 µl	 of	 25	 mM	 Tris(2‐

carboxyethyl)	 phosphine	 hydrochloride	 (TCEP,	 Sigma,	 C4706)	 was	 added	 and	 mixed	
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with	 the	 21	 µl	 of	 FLm‐labeled	 protein	 sample	 to	 give	 a	 final	 TCEP	 concentration	 of											

4	mM.	This	was	followed	by	incubation	for	1	hr	in	the	dark	at	room	temperature.	

After	reduction,	the	protein	sample	was	mixed	with	25	µl	of	Tris	buffer	(0.5	M	Tris	with	

0.5	%	SDS,	pH7.0)	and	5	µl	of	5	mM	TEXAS	RED‐C2‐malemide	(TRm,	Invitrogen,	T6008)	

to	label	the	oxidized	thiols.	After	incubation	for	1	hr	in	the	dark	at	room	temperature,	

excess	TRm	dye	was	 removed	by	mixing	 the	sample	with	220	µl	of	 cold	acetone	 then	

incubated	 overnight	 at	 ‐20°C	 for	 protein	 precipitation.	 On	 the	 next	 day,	 the	 protein	

sample	was	centrifuged	at	10000rpm	for	10	min	(4°C)	and	the	resulting	protein	pellet	

was	 resuspended	 in	25	µl	of	Tris	buffer	 (0.5	M	Tris	with	0.5	%	SDS,	pH7.0)	and	 then	

mixed	with	100	µl	of	cold	acetone.	The	sample	was	spun	down	with	mini‐centrifuging	

and	then	incubated	overnight	at	‐20°C	for	protein	precipitation.	The	protein	sample	was	

centrifuged	 at	 10000rpm	 for	 10	min	 (4°C)	 next	 day	 and	 resulting	 protein	 pellet	was	

resuspended	and	incubated	again	overnight	at	‐20°C	for	protein	precipitation.	After	the	

final	centrifugation,	the	resulting	protein	pellet	was	resuspended	in	50	µl	of	Tris	buffer	

(0.5	M	Tris	with	0.5	%	SDS,	pH7.0).	7.5	µl	of	dual‐labeled	protein	sample	was	taken	to	

measure	 the	 level	of	protein	content	 (Section	2.3.3)	and	 the	rest	was	kept	 to	quantify	

the	level	of	fluorescence	(Sections	2.7.3	and	2.7.4).	

2.7.3 Fluorescence measurement using a plate reader 

Fluorescence	 measurements	 of	 FLm	 and	 TRm	 for	 the	 protein	 samples	 were	

standardized	 to	 FLm	 and	 TRm	 standard	 curves	 (Table	 2.4).	 To	 prepare	 the	 standard	

curves,	 each	dye	was	diluted	 from	5	mM	to	1.5	mM	by	mixing	6	µl	of	5	mM	dye	with					

14	 µl	 of	 DMSO.	 The	 60	 µM	 dye/ovalbumin	 stock	 solution	 was	 consisting	 of	 16	 µl	 of							

1.5	mM	dye,	160	µl	of	2	mM	ovalbumin	(Sigma,	A5378)	and	224	µl	of	Tris	buffer	(0.5	M	

Tris	with	0.5	%	SDS,	pH7.0).	This	solution	was	incubated	in	dark	for	30	min	before	use.	

For	 the	 TRm	 standard	 curve,	 the	 dye/ovalbumin	 stock	 solution	 was	 further	 diluted							

8‐fold.	

After	incubation,	all	standards	were	diluted	10‐fold	with	0.1	M	NaOH,	and	each	protein	

sample	was	diluted	32‐fold	with	0.1	M	NaOH.	All	diluted	standards	and	protein	samples	

were	 aliquoted	 in	 triplicate	 (100	 μl/	 well)	 to	 each	 well	 of	 a	 384‐well	 plate.	 The	

fluorescence	 of	 each	 sample	 was	 then	 measured	 using	 a	 fluorescent	 plate	 reader	
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(Fluostar	Optima)	with	wavelengths	set	at	485	nm	excitation	and	520	nm	emission	for	

FLm	and	595	nm	excitation	and	610	nm	emission	for	TRm.	

Table	2.4	Dilution	for	FLm	and	TRm	standards	
FLm	(µM)	 TRm	(µM) Stock	solution	(µl) Tris	buffer	(µl)	

0	 0	 0 100	

6	 0.75	 10 90	

12	 1.5	 20 80	

24	 3.0	 40 60	

36	 4.5	 60 40	

48	 6.0	 80 20	

60	 7.5	 120 0	

2.7.4 SDS‐PAGE 

After	 the	 protein	 quantification	 (Section	 2.3.3),	 dual‐labeled	 protein	 samples	 were	

separated	with	precast	 gradient	 gel	 (Section	2.6.2).	 To	quantify	 reduced	 and	oxidized	

thiols	of	a	specific	protein	bands,	 in‐gel	FLm	and	TRm	standard	curves	were	prepared	

(Section	 2.7.2)	 with	 several	 modifications.	 Firstly,	 the	 stock	 solution	 was	 made	 by	

mixing	4	µl	of	60	µM	FLm/ovalbumin,	1	µl	of	60	µM	TRm/ovalbumin	and	95	µl	of	2	mM	

ovalbumin	that	gave	a	 final	concentration	of	2.4	µM	FLm	with	0.6	µM	TRm.	The	blank	

ovalbumin	was	consisting	of	3	µl	of	Tris	buffer	(0.5	M	Tris	with	0.5	%	SDS,	pH7.0)	with	

97	 µl	 of	 2	 mM	 ovalbumin.	 The	 in‐gel	 standards	 were	 then	 prepared	 by	 a	 range	 of	

dilutions	with	this	ovalbumin	solution	(Table	2.5).	

Table	2.5	In‐gel	FLm/TRm	standards	
FLm/TRm	(nmol)	 Stock	solution	(µl) Ovalbumin	(µl)	

0/0	 0 10

0.0048/0.0012	 2 8

0.0096/0.0024	 4 6

0.0144/0.0036	 6 4

0.0192/0.0048	 8 2

0.024/0.006	 10 0

After	preparing	the	in‐gel	standards,	3×	protein	loading	buffer	was	added	to	the	protein	

samples	and	standards	and	then	heat‐denatured	at	95°C	for	5	min.	3	µg	of	protein	and	

10	 µl	 of	 each	 standard	 were	 loaded	 and	 the	 gel	 was	 electrophoresed	 at	 150	 V	 for	
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approximately	1.5	hr	at	room	temperature.	The	fluorescence	of	each	lane	was	measured	

using	 a	 typhoon	 gel	 scanner	 (GE	 Healthcare	 Life	 Science,	 Typhoon	 Trio)	 with	

wavelengths	set	at	520	nm	for	FLm	and	610	nm	for	TRm.	Following	gel	analysis	using	

the	Image	J	software,	the	amount	of	reduced	and	oxidized	thiols	in	specific	protein	was	

determined	with	reference	to	the	FLm/TRm	standard	curves.	

2.8 Statistics 

All	 data	 were	 analyzed	 with	 one‐way	 ANOVA	 with	 post‐hoc	 tests	 (unstacked)	 on	

Statplus	(AnalystSoft,	U.S.A.).	The	p‐value	was	obtained	using	Fisher’s	Least	Significant	

Difference	 (Fisher	 LSD).	 The	 stats	 only	 performed	 when	 experiments	 were	 repeated	

more	than	three	times.	
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Chapter  3:  Development  of  methods  for  the  study  of  protein 
content  in C2C12 myotubes  in  response  to  treatment with catalase 
and glucose oxidase 

3.1 Introduction 

Sarcopenia	and	cachexia	are	two	types	of	muscle	wasting.	Sarcopenia	is	a	reduction	in	

muscle	mass	and	strength	that	occurs	with	ageing	and	is	associated	with	a	reduction	in	

motor	unit	number	and	atrophy	of	muscle	fibers,	especially	type	IIa	fibers.	The	loss	of	

muscle	mass	is	clinically	important	because	it	leads	to	diminished	strength	and	exercise	

capacity	 as	 a	 result	 of	 the	 loss	 of	 5	 %	 of	 muscle	 mass	 per	 decade	 of	 life	 from	 40s	

onwards	and	more	after	 the	age	of	65	 (Lenk et al. 2010).	 Cachexia	 is	widely	 recognized	

as	severe	wasting	accompanying	disease	states	such	as	cancer	(Tazi et al. 2010)	(Fig.	3.1)	

or	 immunodeficiency	 (Thomas 2007).	 About	 80	 %	 of	 all	 cancer	 patients	 suffer	 from	

cachexia	which	 leads	 to	 impaired	mobility	 and	 accounts	 directly	 for	 around	 20	%	 of	

cancer‐related	 deaths	 (Glass et al. 2010; Mathew 2011; Silverio et al. 2011; Wang et al. 

2011; Wysong et al. 2011).	

Figure	3.1	Changes	in	muscle	mass	accompanying	cancer	
Compared	with	a	healthy	mouse	 (A),	 the	hindlimb	of	a	mouse	bearing	C26	colon	carcinoma	(B)	 is	
severely	atrophied	at	3	weeks	 following	 transplantation.	Reprinted	by	permission	 from	Macmillan	
Publishers	Ltd:	[BMC	Cancer],	copyright	(Aulino	et	al.	2010;	Coletti	2013).	

Previous	studies	of	 sarcopenia	and	cachexia	have	shown	 that	an	 increase	 in	oxidative	

stress	 can	 induce	 a	 decrease	 in	 muscle	 size.	 In	 sarcopenia	 patients,	 an	 increase	 in	

A. B.
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oxidative	 stress	with	 age	 resulting	 in	 changes	 to	mitochondrial	 function	 is	 thought	 to	

play	an	important	role	in	the	decline	of	physiologic	function.	Mitochondrial	production	

of	 superoxide	 anions	 has	 been	 proposed	 to	 be	 the	 primary	 source	 of	 this	 oxidative	

stress	 (Mansouri	 et	 al.	 2006)	 and	 the	 oxidative	 damage	 of	 mitochondria	 has	 been	

demonstrated	 to	 increase	 the	 generation	 of	 hydrogen	 peroxide	 in	 cells	 (Lass	 et	 al.	

1998).	The	 increased	generation	of	 these	 reactive	oxygen	 species	 (ROS)	 is	 thought	 to	

induce	the	oxidation	of	muscle	proteins	and	subsequent	loss	of	muscle	mass	(Capel	et	al.	

2005).	

In	 cachexia,	 tumour‐bearing	animals	 show	 loss	of	muscle	weight	 for	up	 to	 two	weeks	

after	tumour	implantation	(Guarnier	et	al.	2010).	This	loss	of	muscle	mass	is	thought	to	

result	 from	 an	 increased	 rate	 of	 protein	 degradation	 as	 regulated	 by	 the	 ubiquitin‐

proteasome	proteolytic	pathway	(Penna	et	al.	2010;	Eddins	et	al.	2011;	Mathew	2011;	

Wang	 et	 al.	 2011).	 Loss	 of	 muscle	 mass	 is	 also	 thought	 to	 be	 linked	 to	 increased	

oxidative	 stress	 resulting	 from	 decreased	 antioxidase	 activity	 and	 high	 levels	 of	 ROS	

generation	(Mantovani	et	al.	2002;	Mantovani	et	al.	2002;	Lenk	et	al.	2010;	Silverio	et	al.	

2011).	 Further	 evidence	 to	 support	 a	 role	 of	 the	 attenuation	 of	 muscle	 wasting	 in	

tumour‐bearing	mice	after	treatment	with	the	antioxidant	EGCG	derived	from	green	tea	

is	further	evidence	to	support	a	role	for	oxidative	stress	in	muscle	wasting	(Wang	et	al.	

2011).	

While	oxidative	stress	 is	 thought	 to	be	a	key	cause	of	muscle	wasting	 in	cachexia	and	

sarcopenia,	it	is	not	certain	how	this	oxidative	stress	effects	protein	degradation.	In	the	

C2C12	 murine	 model	 of	 muscle	 wasting,	 oxidative	 stress	 of	 these	 myotubes	 has	 been	

shown	 to	 decrease	 protein	 levels.	 When	 these	 myotubes	 were	 treated	 with	 100	 μM	

hydrogen	 peroxide,	 the	 rate	 of	 ubiquitin	 conjugation	 by	 the	 ubiquitin‐proteasome	

proteolytic	pathway	 increased	 leading	 to	protein	degradation	 (Li	et	al.	2003).	Further	

understanding	 of	 the	 mechanism	 underlying	 these	 myotube	 changes	 in	 response	 to	

changes	 in	 hydrogen	 peroxide	 induced	 by	 catalase	 and	 glucose	 oxidase,	 however,	 is	

required.	 This	 includes	 the	 role	 of	 protein	 turnover,	 signaling	 pathways,	 and	 thiol	

oxidation.	To	better	understand	 these	mechanisms,	methods	need	 to	be	developed	 to	

measure	 these	changes	 in	 the	C2C12	model.	This	 chapter	describes	 the	optimization	of	

existing	methods	to	harvest	and	quantify	protein	levels	in	the	C2C12	model	in	response	

to	catalase	and	glucose	oxidase	treatment.	
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3.2 Methods 

All	methods	are	described	in	detail	in	Chapter	2.	

Myotube	cultures	

The	 myotubes	 were	 cultured	 in	 35mm	 petri	 dishes.	 In	 the	 preliminary	 experiments	

which	 aimed	 to	 optimize	 protein	 extraction,	 a	 single	 untreated	 or	 catalase‐treated	

culture	 sample	 was	 used.	 In	 the	 preliminary	 experiments	 which	 aimed	 to	 optimize	

protein	quantification,	different	concentrations	of	bovine	serum	albumin	(BSA)	 in	Tris	

buffer	were	used.	 In	all	subsequent	experiments,	protein	extraction	and	quantification	

was	 performed	 for	 up	 to	 three	 petri	 dishes	 per	 treatment	 for	 every	 treatment	 group	

(untreated,	catalase,	and	glucose	oxidase).	These	experiments	were	repeated	up	to	five	

times	using	fresh	C2C12	cultures.	

Protein	extraction	

Trichloroacetic	acid	(TCA)	was	used	to	protonate	all	thiols	and	to	precipitate	the	cellular	

proteins	 to	 prevent	 their	 subsequent	 oxidation	 (Aslund et al. 1999; Delaunay et al. 2000).	

To	 extract	 proteins	 from	 the	myotubes,	 the	 petri	 dishes	 containing	myotube	 cultures	

were	 washed	 briefly	 twice	 with	 1ml	 phosphate	 buffered	 saline	 (PBS).	 20	 %	

TCA/acetone	 (w/v)	 (700	 µl)	 was	 then	 added	 to	 the	 petri	 dishes	 and	 the	 cells	 were	

harvested	with	a	cell	scraper.	The	TCA/acetone	and	cells	were	transferred	to	a	1.5	ml	

microcentrifuge	tube	and	the	tubes	were	then	centrifuged	at	10000rpm	for	5	min	(4°C).	

The	supernatant	was	discharged	and	the	protein	pellet	was	washed	with	cold	acetone	(1	

ml).	The	centrifugation	and	washing	steps	were	repeated	to	remove	any	residual	TCA.	

The	protein	pellet	was	 then	suspended	 in	Tris	buffer	 (300	µl,	50	mM	Tris	with	0.5	%	

SDS,	pH7.0)	and	quantified	using	the	micro	BCA	assay.	
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Protein	quantification‐	micro	BCA	assay	

The	commercial	kit	from	Sigma	(QuantiPro™	BCA	Assay	Kit,	QPBCA‐1KT)	was	used	to	

quantify	the	total	protein	content	for	each	treatment	group.	1	µl	of	the	protein	sample	

was	diluted	25‐fold	with	SDS	buffer	(0.5	%	SDS),	 followed	by	another	10‐fold	dilution	

with	Tris	buffer	(2	mM	Tris	with	0.5	%	SDS,	pH7.0)	in	a	1.5	ml	microcentrifuge	tube.	250	

µl	 of	 the	 cocktail	 reagent	 (A:B:C=25:25:1)	 was	 added	 into	 each	 diluted	 sample	 and	

incubated	 for	1	hr	at	60°C.	The	 incubated	solution	 (100	µl)	was	 then	 transferred	 to	a	

384‐well	plate	and	the	absorbance	was	analyzed	at	562	nm	in	a	plate	reader	(BioTek,	

PowerWave	HT).	

3.3 Results 

3.3.1 Modifying the extraction method to extract proteins from C2C12 myotubes 

An	 existing	 method	 developed	 in	 our	 laboratory	 for	 the	 extraction	 of	 protein	 from	

muscle	(Armstrong	et	al.	2011)	was	adapted	to	suit	C2C12	tissue	culture	samples.	In	the	

existing	muscle	 tissue	protocol,	1	ml	of	20	%	TCA/acetone	 is	used	 to	extract	proteins	

from	20mg	of	skeletal	muscle.	Since	the	amount	of	protein	in	each	tissue	culture	dish	is	

much	 less	 than	 in	 the	 skeletal	 muscle	 samples	 used	 in	 the	 existing	 method,	 the	

myotubes	were	harvested	with	a	range	of	20	%	TCA/acetone	volumes	(20	µl,	40	µl,	100	

µl,	 300	 µl,	 500	 µl,	 and	 700	 µl).	 Using	 this	 range	 of	 TCA/acetone	 volumes,	 100	 µl	 of	

TCA/acetone	was	found	to	be	the	minimum	volume	required	to	cover	the	surface	of	the	

dish.	Although	300	µl	 and	500	µl	were	 sufficient	 to	 cover	 the	 surface	of	 the	dish,	 the	

acetone	rapidly	evaporated	at	these	low	volumes,	making	extraction	more	difficult	and	

reducing	 protein	 yields	 (Fig.	 3.2).	 Therefore,	 700	 µl	 TCA/acetone	 was	 used	 in	 all	

subsequent	experiments.	
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Figure	3.2	The	total	protein	content	
Myotubes	 (7‐day‐old)	 were	 harvested	 with	 different	 volumes	 of	 20	 %	 TCA/acetone.	 The	 protein	
pellet	was	washed	with	acetone	and	just	resuspended	with	Tris	buffer.	The	protein	content	was	then	
measured	using	the	micro	BCA	assay.	

After	resuspension	with	Tris	buffer,	most	of	the	protein	pellet	remained	unsuspended.	

Therefore,	 we	 presumed	 that	 sonication	 was	 needed	 for	 full	 suspension.	 A	 range	 of	

sonication	times	were	tested	from	30	sec	to	2	min.	Over	this	range	of	sonication	times,	

the	protein	pellet	was	found	to	be	fully	resuspended	after	sonication	at	40	%	amp	for	2	

min	 and	 protein	 recovery	 was	 increased	 substantially	 (Fig.	 3.3).	 Therefore,	 in	 all	

subsequent	experiments,	the	protein	pellets	were	sonicated	using	these	conditions.	
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Figure	3.3	The	total	protein	content	
Myotubes	 (7‐day‐old)	 were	 harvested	 with	 different	 volumes	 of	 TCA/acetone	 and	 washed	 with	
acetone.	The	protein	content	was	then	measured	using	the	micro	BCA	assay.	The	protein	pellet	was	
resuspended	and	sonicated	at	40	%	amp	for	2min	on	ice	in	Tris	buffer.	

3.3.2 Method to quantify protein content in C2C12 myotubes 

In	 the	 existing	 method	 for	 the	 extraction	 of	 protein	 from	muscle	 taken	 from	 animal	

models,	the	detergent	compatible	protein	assay	(DC	assay,	Bio‐rad	500‐0112)	was	used	

to	 assay	 the	 skeletal	 muscle	 samples.	 However,	 as	 tissue	 culture	 samples	 generally	

produce	 lower	 protein	 levels	 than	 animal	 models,	 it	 was	 predicted	 that	 this	 method	

would	 not	 be	 sensitive	 enough	 to	 detect	 changes	 in	 protein	 levels	 at	 these	 low	

concentrations.	 Preliminary	 experiments	 using	 a	 range	 of	 low	 concentration	 bovine	

serum	 albumin	 (BSA)	 solutions	 prepared	 using	 Tris	 buffer	 were	 undertaken	 to	

determine	 the	 suitability	 of	 the	DC	 assay	 and	 protein	 assays	 for	 the	 quantification	 of	

protein	levels	in	C2C12	myotubes	in	response	to	changes	in	oxidative	stress.	

The	 DC	 assay	 is	 designed	 for	 samples	 suspended	 in	 detergent‐based	 solution.	 To	

determine	if	this	assay	is	suitable	for	the	C2C12	cultures,	BSA	was	first	dissolved	in	Tris	

buffer	 (50	mM	 Tris	 with	 0.5	%	 SDS)	 at	 0‐0.4	mg/ml	 and	 then	 assayed	 using	 the	 DC	

method.	 As	 expected	 and	 as	 evident	 in	 standard	 curve,	 this	 assay	 was	 not	 sensitive	

enough	 to	detect	 low	 levels	of	BSA	(Fig.	3.4)	and	 therefore	unlikely	 to	be	 the	suitable	

method	for	the	C2C12	tissue	culture	samples	in	this	study.	
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Figure	3.4	The	standard	curve	of	DC	assay	in	Tris	buffer	
BSA	in	Tris	buffer	from	0	to	0.4	mg/ml	was	used	to	perform	DC	assay.	The	absorbance	was	analyzed	
at	750	nm	in	a	plate	reader	(BioTek,	PowerWave	HT).	

The	Bradford	 assay	 (Bio‐rad,	 500‐0006)	 is	 another	 common	method	used	 to	quantify	

the	concentration	of	protein	samples.	To	perform	this	assay,	BSA	was	first	dissolved	in	

Tris	 buffer	 (50	 mM	 Tris	 with	 0.5	 %	 SDS)	 from	 0‐0.4	 mg/ml.	 After	 mixing	 with	 the	

working	reagent,	the	SDS	in	the	Tris	buffer	reacted	with	the	working	reagent	to	produce	

a	precipitate	that	prevented	accurate	measurement	of	absorbance.	Therefore,	this	assay	

was	not	used	for	further	analysis	of	the	C2C12	model.	

The	 micro	 BCA	 assay	 was	 then	 tested	 for	 protein	 detection	 sensitivity	 using	 a	

commercial	Kit	(Sigma,	QuantiPro™	BCA	Assay	Kit,	QPBCA‐1KT).	This	kit	is	designed	to	

give	a	linear	response	from	0.5	to	30	µg/ml	of	protein.	To	assess	the	suitability	of	this	

kit	 to	protein	detection	 from	 tissue	 culture	 samples,	BSA	was	dissolved	 in	Tris	buffer	

(50	mM	Tris	with	0.5	%	SDS)	from	0‐0.04	mg/ml	and	assayed.	As	evident	from	standard	

curve	 (Fig.	 3.5‐A),	 this	 assay	 was	 not	 sensitive	 enough	 to	 analyze	 low	 concentration	

protein	samples	under	these	conditions.	

According	 to	 the	 product	 technical	 bulletin	 for	 the	 micro	 BCA	 assay,	 the	 maximum	

allowable	Tris	 concentration	 for	 the	assay	 is	50	mM	and	 the	maximum	allowable	SDS	

concentration	is	5	%.	To	test	if	Tris	or	the	combination	of	Tris	plus	SDS	was	interfering	

with	the	BSA	quantification,	0‐0.04	mg/ml	BSA	standards	were	then	prepared	in	in	0.5	
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%	SDS	 solution	 and	 2	mM	Tris	 buffer	with	 0.5	%	 SDS.	 As	 evident	 from	 the	 standard	

curves	 (Fig.	 3.5‐B	 and	 Fig.	 3.5‐C),	 a	 reduction	 on	 the	 Tris	 concentration	 allowed	 low	

concentration	 protein	 samples	 to	 be	 detected.	 In	 all	 subsequent	 experiments,	 the	

protein	levels	of	C2C12	myotubes	were	quantified	with	the	micro	BCA	assay	with	2	mM	

Tris	and	0.5	%	SDS.	

Figure	3.5	Standard	curve	for	micro	BCA	assay	using	BSA	in	various	buffers	
BSA	 (0	 to	 0.04	 mg/ml)	 in	 different	 buffers	 assayed	 using	 the	 micro	 BCA	 assay.	 (A)	 High	
concentration	Tris	buffer	(50	mM	Tris	with	0.5	%	SDS)	(B)	0.5	%	SDS	solution	(C)	Low	concentration	
Tris	 buffer	 (2	 mM	 Tris	 with	 0.5	 %	 SDS).	 Absorbance	 was	 analyzed	 at	 750	 nm	 in	 a	 plate	 reader	
(BioTek,	PowerWave	HT).	

3.3.3 Measuring the level of protein content in C2C12 myotubes in response to 
catalase and glucose oxidase 

To	 investigate	 the	 changes	 in	 protein	 levels	 in	 response	 to	 changes	 in	 hydrogen	

peroxide	 and	 oxidative	 stress	 levels,	 the	 myotubes	 were	 treated	 with	 catalase	 and	

glucose	oxidase	in	serum‐starved	conditions	for	48	hr	and	72	hr,	with	treatments	being	

refreshed	every	24	hr.	This	myotubes	were	then	harvested	with	20	%	TCA/acetone	and	

the	protein	 levels	quantified	using	the	micro	BCA	assay.	As	expected,	 the	 level	of	 total	

protein	 was	 significantly	 increased	 after	 treatment	 with	 catalase	 for	 72	 hr	 and	

significantly	 decreased	 after	 treatment	 with	 glucose	 oxidase	 for	 48	 hr	 (Fig.	 3.6).	

Evidence	of	myotube	death	was	apparent	in	the	72h	samples	likely	due	to	the	age	of	the	

cultures.	 To	 investigate	 changes	 in	 protein	 turnover,	 signaling	 pathways,	 and	 thiol	

oxidation	 in	 response	 to	 catalase	 and	 glucose	 oxidase	 treatment,	 all	 subsequent	

experiments	were	analyzed	after	48	hr	of	treatment.		
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Figure	3.6	Total	protein	levels	in	C2C12	myotubes	in	response	to	catalase	and	
glucose	oxidase	treatment	

Myotubes	(7‐day‐old)	were	left	untreated	or	treated	with	catalase	(3000	units/ml;	Cat.),	or	glucose	
oxidase	(10	munits/ml;	GluO.)	for	48	hr	in	serum‐starved	conditions.	Protein	samples	were	collected	
as	 described	 in	 Chapter	 2.2.1	 and	 quantified	 as	 described	 in	 Chapter	 2.3.2.	 (A)	 This	 data	 was	 an	
average	of	five	experiments	for	each	treatment	group	(2‐3dishes/treatment	group)	(B)	This	data	was	
an	average	of	four	experiments	for	each	treatment	group	(2‐3dishes/treatment	group).72	hr	data	is	
not	shown	because	myotube	death	was	evident	at	this	time‐point.	Data	is	shown	as	mean	±	SEM.	

3.4 Discussion 

In	 the	 present	 chapter,	 the	 impact	 of	 catalase	 and	 glucose	 oxidase	 on	 total	 protein	

content	 was	 examined	 using	 protein	 extraction	 and	 quantification	 methods.	 These	

methods	were	firstly	optimized	for	myotube	culture	samples	and	this	is	the	first	report	

of	 changes	 in	 total	 protein	 content	 in	 C2C12	 myotubes	 in	 response	 to	 catalase	 and	

glucose	oxidase	treatment.	

Using	protein	extraction	and	quantification	methods,	 the	level	of	total	protein	 in	C2C12	

myotubes	 was	 found	 to	 be	 increased	 after	 treatment	 with	 catalase	 for	 72	 hr	 and	

decreased	 after	 treatment	 with	 glucose	 oxidase	 for	 48	 hr.	 This	 finding	 is	 similar	 to	

previous	studies	of	patients	with	muscle	loss	(Thomas	2007;	Lenk	et	al.	2010;	Tazi	et	al.	

2010).	While	oxidative	stress	is	thought	to	induce	these	losses	in	muscle	mass	(Lass	et	

al.	1998;	Mantovani	et	al.	2002;	Mantovani	et	al.	2002;	Capel	et	al.	2005;	Mansouri	et	al.	

2006;	Lenk	et	al.	2010;	Silverio	et	al.	2011),	 the	exact	mechanisms	that	underly	 these	
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losses	 are	 not	 clear	 yet	 but	 an	 imbalance	 between	 the	 level	 of	 protein	 synthesis	 and	

degradation	is	thought	to	be	involved	(Balagopal	et	al.	1997).	In	Chapter	4,	methods	to	

investigate	 changes	 in	 protein	 turnover	 by	measure	 the	 changes	 in	 protein	 synthesis	

and	degradation	in	C2C12	myotubes	are	developed.	
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Chapter  4:  Development  of  methods  for  the  measurement  of 
protein synthesis and degradation in C2C12 myotubes in response to 
treatment with catalase and glucose oxidase 

4.1 Introduction 

The	balance	between	protein	synthesis	and	degradation	controls	protein	levels	within	a	

cell	 organism	 (Bassell et al. 1997). When	muscle	wasting	 occurs,	 there	 is	 a	 decrease	 in	

protein	synthesis	and/or	an	increase	in	protein	degradation,	which	leads	to	a	decrease	

in	 total	 protein	 content.	 Oxidative	 stress	 is	 thought	 to	 be	 a	 key	 intermediary	 in	

promoting	 muscle	 wasting	 (Muller	 et	 al.	 2006;	 Arthur	 et	 al.	 2008).	 In	 this	 study,	 an	

inducer	 of	 oxidative	 stress,	 hydrogen	 peroxide,	 is	 used	 to	 investigate	 the	 effects	 of	

oxidative	stress	in	myotubes.	

In	Chapter	3,	an	increase	in	the	total	protein	content	was	observed	in	myotubes	treated	

with	 catalase,	 which	 reduces	 cellular	 hydrogen	 peroxide	 levels	 (Jones	 et	 al.	 1968;	

Boveris	et	al.	1972;	Orr	et	al.	1994;	Day	et	al.	1997).	A	decrease	in	total	protein	content	

in	myotubes	treated	with	glucose	oxidase	was	also	observed.	Glucose	oxidase	increases	

the	 level	 of	 hydrogen	 peroxide	 in	 cells	 (Weiss	 et	 al.	 1981;	 Starkebaum	 et	 al.	 1986;	

Salazar	et	al.	1997).	While	the	mechanisms	that	induced	these	changes	in	total	protein	

in	 these	 myotubes	 are	 not	 clear,	 hydrogen	 peroxide	 mediated	 changes	 in	 protein	

synthesis	have	been	reported	in	other	studies.	

In	yeast	cells,	the	level	of	protein	synthesis	has	been	shown	to	decrease	in	response	to	

up	 to	 2mM	hydrogen	 peroxide	 (Shenton et al. 2003; Shenton et al. 2006).	 In	 Clone9	 cell,	 a	

cell	 culture	model	 of	 normal	 liver	 epithelial	 cells,	 the	 rate	 of	 protein	 degradation	 has	

been	 shown	 to	 increase	 in	 response	 up	 to	 1	mM	 hydrogen	 peroxide	 or	 a	 continuous	

hydrogen	peroxide	flux	generated	by	the	glucose/glucose	oxidase	reaction	(Grune	et	al.	

1995;	Grune	et	al.	1997).	When	hemoglobin	is	pre‐treated	with	0.5	to	50	mM	hydrogen	

peroxide,	the	rate	of	protein	degradation	has	also	been	found	to	increase	(Fligiel	et	al.	

1984).	In	muscle	cells,	protein	synthesis	has	also	been	shown	to	decrease	in	response	to	

100	 µM	 hydrogen	 peroxide	 (Orzechowski et al. 2002)	 and	 the	 expression	 of	

arogin1/MAFbx,	 the	 ubiquitin	 ligase	 gene	 that	 mediates	 muscle	 atrophy,	 is	 also	

enhanced	in	response	to	hydrogen	peroxide	(Li	et	al.	2005). 
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Given	 the	 apparent	 importance	 of	 hydrogen	 peroxide	 in	 protein	 synthesis	 and	

degradation,	 the	 present	 study	 set	 out	 to	 investigate	 changes	 in	 the	 level	 of	 protein	

synthesis	 and	 the	 rate	 of	 protein	 degradation	 in	myotubes	 treated	with	 catalase	 and	

glucose	oxidase	by	adapting	established	methods	(Pollard	1996;	Reinheckel	et	al.	2000;	

Casey	 et	 al.	 2002;	 Catalgol	 et	 al.	 2009).	 As	 insulin	 growth	 factor	 (IGF)	 is	 known	 to	

increase	 the	 level	 of	 protein	 synthesis	 and	 decrease	 the	 rate	 of	 protein	 degradation	

(Pham et al. 2000; Brink et al. 2001; Li et al. 2004; Sacheck et al. 2004; Zhao et al. 2007; 

McGilchrist et al. 2011; Chen et al. 2012; Clemmons 2012),	 IGF	was	 used	 as	 the	 control	 for	

the	protein	synthesis	and	degradation	experiements.	As	tumour	necrosis	factor	(TNF)	is	

known	to	increase	protein	degradation	rates	(Li	et	al.	2000;	Li	et	al.	2005;	Lecker	et	al.	

2006),	it	was	used	as	a	control	for	the	initial	protein	degradation	studies.	TNF	was	later	

replaced	 by	 dexamethasone	 (DEX)	 which	 is	 known	 to	 increase	 protein	 degradation	

rates	(Sacheck et al. 2004; Sandri et al. 2004).	

4.2 Methods 

All	methods	are	described	in	detail	in	Chapter	2.	

Myotube	cultures	

The	 myotubes	 were	 cultured	 in	 35mm	 petri	 dishes.	 In	 the	 preliminary	 experiments	

which	aimed	to	optimize	the	time	point	of	the	incorporation	of	radioactivity,	three	petri	

dishes	 per	 treatment	 for	 every	 treatment	 group	 (untreated,	 catalase,	 TNF)	 from	 one	

single	 C2C12	 culture	 was	 used.	 In	 all	 subsequent	 experiments,	 two	 petri	 dishes	 per	

treatment	 for	 every	 treatment	 group	 (untreated,	 catalase,	 glucose	 oxidase,	 IGF,	 and	

dexamethasone).	These	experiments	were	repeated	up	to	eight	times	using	fresh	C2C12	

cultures.	 In	 this	 study,	 all	 myotubes	 were	 treated	 under	 serum‐starved	 condition	 to	

avoid	the	any	possible	effect	of	enzymes	in	the	serum.	

Protein	synthesis	

Protein	 synthesis	was	assessed	by	measuring	 the	 incorporation	of	 radioactive	 leucine	

(leucine,	 L‐[3,4,5‐3H(N)]	 into	 protein.	 The	 experiments	were	 carried	 out	 in	 7‐day‐old	

C2C12	myotube	cultures	(Section	2.4)	 treated	with	catalase,	glucose	oxidase,	or	 IGF	 for	

24	hr.	The	refreshed	treatment	plus	radioactive	leucine	(0.5	µCi/ml)	were	then	applied	

to	the	cultures	for	a	further	24	hr.	The	level	of	radioactive	leucine	in	the	protein	pellet	
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and	 supernatant	 was	 then	 analyzed	 using	 a	 scintillation	 counter.	 Protein	 synthesis	

results	 are	 expressed	 as	 the	 total	 leucine	 incorporation	 per	 dish	 per	 24	 hr	

(µmol/dish/24hr)	and	statistical	analysis	was	performed	using	StatPlus.	

Protein	degradation	

Protein	 degradation	 was	 assessed	 by	 measuring	 the	 release	 of	 radioactive	 leucine	

(leucine,	L‐[3,4,5‐3H(N)]	from	cells.	The	experiments	were	carried	out	in	6‐day‐old	C2C12	

myotube	 cultures	 (Section	 2.5)	 pre‐labeled	 for	 24	 hr	 with	 radioactive	 leucine	 (0.5	

µCi/ml,	 leucine	 (L‐[3,4,5‐3H(N)]).	 The	 pre‐labeled	 myotubes	 were	 then	 treated	 with	

catalase,	glucose	oxidase,	IGF,	or	DEX	for	48	hr,	and	treatment	was	refreshed	every	24	

hr.	The	level	of	radioactive	leucine	in	protein	pellet	and	supernatant	was	then	analyzed	

using	 a	 scintillation	 counter.	 Protein	 degradation	 results	 are	 presented	 as	 the	

percentage	 of	 the	 radioactive	 leucine	 release	 per	 dish	 per	 24	 hr	 (%/dish/24hr)	 and	

statistical	analysis	was	performed	using	StatPlus.	

4.3 Results 

4.3.1 Establishment of method for measuring protein synthesis in C2C12 myotubes 

To	measure	the	level	of	protein	synthesis	in	C2C12	myotubes,	the	amount	of	radioactive	

leucine	 (leucine,	 L‐	 [3,4,5‐3H(N)])	 incorporated	 into	 newly	 synthesized	 proteins	 was	

assessed.	To	establish	this	method,	a	preliminary	experiment	was	undertaken	applying	

radioactive	leucine	(1	µCi/ml,	initial	activity)	and	catalase	to	7‐day‐old	myotubes	for	24	

hr.	 The	 protein	 pellets	 and	 supernatant	were	 collected	 and	 the	 leucine	 incorporation	

was	assessed.	

This	 preliminary	 experiment	 showed	 there	 was	 no	 significant	 changes	 in	 protein	

synthesis	 in	 the	 catalase‐treated	 myotubes	 compared	 to	 the	 untreated	 cultures,	

however,	 the	 incorporation	of	radioactive	 leucine	within	 the	catalase	 treatment	group	

was	 highly	 variable	 (Fig	 4.1‐A).	 This	 high	 level	 of	 variability	 in	 leucine	 incorporation	

suggests	that	the	measurement	might	be	affected	by	some	metabolic	disturbances	in	the	

catalase	treatment	group.	

To	 minimize	 metabolic	 disturbance	 (Pollard	 1996),	 all	 myotubes	 were	 subsequently	

labeled	in	pre‐conditioned	media	prior	to	the	addition	of	radioactive	leucine	by	treating	
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the	7‐day‐old	myotubes	with/without	treatment	for	24	hr	in	serum‐starved	conditions.	

The	media	with/without	treatment	was	then	refreshed	and	the	myotubes	were	exposed	

to	radioactive	leucine	(0.5	µCi/ml,	initial	activity)	for	a	further	24	hr.	This	resulted	in	a	

reduction	in	the	variability	of	leucine	incorporation	and	an	increase	in	leucine	uptake,	in	

both	the	catalase‐treated	group	and	untreated	group	(Fig.	4.1‐B).	

Figure	4.1	Leucine	incorporation	in	C2C12	myotbes	treated	with	catalase	
(A)	 Myotubes	 (7‐day‐old)	 were	 left	 untreated	 or	 treated	 with	 catalase	 (3000	 units/ml;	 +Cat.)	
together	 with	 radioactive	 leucine	 (1	 µCi/ml,	 initial	 activity)	 for	 24	 hr	 under	 serum‐starved	
conditions.	(B)	Myotubes	(7‐day‐old)	were	pre‐conditioned	with	catalase	(3000	units/ml;	+Cat.),	or	
insulin	growth	factor	(30	ng/ml;	+IGF)	for	24	hr	under	serum‐starved	conditions	Radioactive	leucine	
(0.5	µCi/ml,	initial	activity)	and	fresh	catalase	were	then	applied	to	these	pre‐conditioned	myotubes	
for	 a	 further	 24	 hr	 under	 serum‐starved	 conditions.	 The	 total	 leucine	 incorporation	 in	 each	
treatment	group	was	expressed	as	mean	±	SEM	(n=3/treatment	group).	The	supernatant	and	protein	
pellet	were	collected	and	assayed	simultaneously	for	radioactivity	as	described	in	Chapter	2,	section	
2.4.3.	

All	 subsequent	 protein	 synthesis	 measurements	 used	 this	 pre‐conditioned	media.	 As	

levels	 of	 unincorporated	 radioactive	 leucine	 were	 also	 high,	 the	 initial	 levels	 of	

radioactive	leucine	were	decreased	from	1	µCi/ml	to	0.5	µCi/ml	for	all	subsequent	tests.	

4.3.2 Establishment of method for measuring protein degradation in C2C12 
myotubes 

To	measure	 the	rate	of	protein	degradation	 in	 the	C2C12	myotubes,	 the	release	rate	of	

radioactive	 leucine	 (leucine,	L‐	 [3,4,5‐3H(N)])	was	assessed.	To	establish	 this	method,	
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catalase	or	tumour	necrosis	factor	(TNF)	was	applied	to	7‐day‐old	myotubes	for	24	hr.	

Radioactive	 leucine	 (0.5	µCi/ml,	 initial	 activity)	 and	 fresh	 catalase	 or	 TNF	were	 then	

applied	 to	 these	 pre‐treated	 myotubes	 for	 another	 48	 hr,	 with	 refreshment	 of	 these	

treatments	after	the	first	24	hr.	The	protein	pellets	and	supernatant	were	collected	and	

the	release	of	 radioactive	 leucine	was	assessed.	There	was	no	significant	difference	 in	

protein	 degradation	 in	 either	 the	 catalase‐	 or	 TNF‐treated	 group	 compared	 to	 the	

untreated	the	group	(Fig.	4.2).	

Figure	4.2	Radioactive	leucine	release	from	C2C12	myotubes	treated	with	catalase	
and	TNF	

Myotubes	 (7‐day‐old)	 were	 left	 untreated	 or	 treated	 with	 catalase	 (3000	 units/ml;	 +Cat.)	 and	
tumour	necrosis	factor	(20	ng/ml;	+TNF)	for	24	hr.	Fresh	catalase	or	TNF	with	radioactive	leucine	
(0.5	µCi/ml,	initial	activity)	were	applied	to	these	myotubes	for	a	further	24	hr.	Fresh	catalase	or	TNF	
were	applied	to	these	labeled	and	treated	myotubes	for	another	24	hr.	The	percentage	of	the	release	
of	 radioactive	 leucine	 from	each	 treatment	 group	was	 expressed	 as	mean	±	 SEM	 (n=3	 /treatment	
group).	 The	 supernatant	 and	 protein	 pellets	 were	 collected	 and	 assayed	 simultaneously	 for	
radioactivity	 as	 described	 in	 Chapter2,	 section	 2.5.3.	 The	 myotubes	 were	 cultured	 under	 serum‐
starved	conditions.	

As	 shown	 in	 Fig.	 4.1‐B,	 the	 amount	 of	 leucine	 incorporation	 was	 different	 between	

treatments,	which	may	have	impacted	on	the	accurate	measurement	of	leucine	release.	

To	equalize	the	amount	of	incorporated	leucine	prior	to	measure	release,	the	6‐day‐old	

myotubes	were	pre‐labeled	with	radioactive	leucine	(0.5	µCi/ml,	 initial	activity)	under	

serum‐contained	condition	for	24	hr	prior	to	any	treatment.	These	myotubes	were	then	

treated	 with	 IGF,	 DEX,	 and	 TNF	 for	 48	 hr	 under	 serum‐starved	 conditions,	 with	 the	
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treatments	refreshed	after	the	first	24	hr.	As	evident	in	Fig.	4.3,	under	these	conditions,	

changes	were	observed	in	the	IGF	and	DEX	treatment	groups	and	the	variability	within	

treatments	groups	was	low.	However,	after	several	rounds	of	experiments,	no	change	in	

protein	 degradation	was	 observed	 in	 the	 TNF‐treated	myotubes.	 Therefore,	 DEX	 and	

IGF	were	used	as	controls	instead	of	TNF	in	all	subsequent	experiments.	

Figure	4.3	Radioactive	leucine	release	from	pre‐labeled	C2C12	myotubes	with	
various	treatments	

Myotubes	 (6‐day‐old)	 were	 pre‐labeled	 with	 radioactive	 leucine	 (0.5	 µCi/ml,	 initial	 activity)	 in	
serum‐containing	 medium	 (2	 %	 horse	 serum)	 for	 24	 hr.	 These	 labeled	 myotubes	 were	 then	 left	
untreated	or	treated	with	insulin	growth	factor	(30	ng/ml;	+IGF),	dexamethasone	(40	ng/ml;	+DEX),	
or	tumour	necrosis	factor	(20	ng/ml;	+TNF)	in	serum‐free	medium	for	48	hr.	Fresh	treatments	were	
replaced	after	24	hr.	The	percentage	 release	of	 radioactive	 leuine	 from	each	 treatment	group	was	
normalized	with	untreated	group	and	expressed	as	mean	±	SEM	[n=4	culture	batches	(+IGF,	+DEX);	
n=5	culture	batches	(+TNF)](unpublished	data).	The	supernatant	and	protein	pellets	were	collected	
and	assayed	simultaneously	for	radioactivity	as	described	in	Chapter	2,	Section	2.5.3.	*p<0.05	

4.3.3 Measuring protein synthesis in C2C12 myotubes 

Using	the	conditions	established	in	section	4.1,	the	myotubes	were	pre‐conditioned	and	

then	treated	with	catalase,	glucose	oxidase	and	IGF.	The	level	of	protein	synthesis	was	

significantly	decreased	after	catalase	treatment	(Fig.	4.4‐A).	While	a	significant	decrease	

in	protein	synthesis	was	not	observed	after	glucose	oxidase	treatment	(Fig.	4.4‐B),	there	

was	 a	 significant	 increase	 with	 IGF	 treatment,	 indicating	 the	 system	 is	 capable	 of	

detecting	changes	of	protein	synthesis	in	C2C12	myotubes.	
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Figure	4.4	Protein	synthesis	in	C2C12	Myotubes	with	catalase	and	glucose	oxidase	
treatment	

(A)	Myotubes	(7‐day‐old)	were	left	untreated	or	treated	with	catalase	(3000	units/ml;	+Cat.)	or	IGF	
(30	ng/ml;	+IGF)	for	24	hr.	Radioactive	leucine	(0.5	µCi/ml,	initial	activity)	with	fresh	catalase	or	IGF	
together	were	then	applied	to	these	pre‐conditioned	myotubes	for	a	further	24	hr.	(B)	Myotubes	(7‐
day‐old)	 were	 left	 untreated	 or	 treated	 with	 glucose	 oxidase	 (10	 munits/ml;	 +GluO.)	 for	 24	 hr.	
Radioactive	 leucine	 (0.5	 µCi/ml,	 initial	 activity)	 with	 fresh	 glucose	 oxidase	 together	 were	 then	
applied	 to	 these	 pre‐conditioned	myotubes	 for	 a	 further	 24	 hr.	 The	 total	 leucine	 incorporation	 in	
each	 treatment	 group	 was	 expressed	 as	 mean	 ±	 SEM	 [n=8	 culture	 batches	 (+Cat.);	 n=4	 culture	
batches	 (+IGF,	 +GluO.)].	 The	 supernatant	 and	 protein	 pellets	 were	 collected	 and	 assayed	
simultaneously	for	radioactivity	as	described	in	Chapter2,	Section	2.4.3.	The	myotubes	in	(A)	and	(B)	
were	cultured	under	serum‐starved	conditions.	*p<0.05,	**p<0.005	

4.3.4 Measuring protein degradation in C2C12 myotubes 

Using	the	conditions	established	in	section	4.2,	the	myotubes	were	preconditioned	and	

then	 treated	 with	 catalase,	 glucose	 oxidase,	 IGF	 and	 DEX.	 As	 expected,	 the	 rate	 of	

protein	 degradation	 was	 significantly	 decreased	 after	 catalase	 treatment.	 While	 a	

significant	increase	in	protein	degradation	rate	was	not	observed	after	glucose	oxidase	

treatment	(Fig.	4.5).	The	IGF	significantly	decreased	the	rate	of	protein	degradation	and	

the	DEX	significantly	increased	the	rate	of	protein	degradation,	indicating	this	system	is	

capable	of	detecting	changes	of	protein	degradation	in	C2C12	myotubes.	
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Figure	4.5	Radioactive	leucine	release	from	C2C12	myotubes	with	various	
treatments	

Myotubes	 (6‐day‐old)	 were	 pre‐labeled	 with	 radioactive	 leucine	 (0.5	 µCi/ml,	 initial	 activity)	 in	
serum‐contained	 medium	 (with	 2	 %	 horse	 serum)	 for	 24	 hr.	 These	 labeled	 myotubes	 were	 left	
untreated	or	treated	with	catalase	(3000	units/ml;	+Cat.),	glucose	oxidase	(10	munits/ml;	+GluO.),	
insulin	growth	factor	(30	ng/ml;	+IGF),	or	dexamethasone	(40	ng/ml;	+DEX)	in	serum‐free	medium	
for	48	hr.	Fresh	treatments	were	refreshed	at	the	first	24	hr.	The	percentage	release	of	radioactive	
leuine	 from	each	treatment	group	was	normalized	with	untreated	group	and	expressed	as	mean	±	
SEM	 [n=5	culture	batches	 (+Cat.);	 n=4	 culture	batches	 (+GluO,	+IGF,	 +DEX)].	The	 supernatant	 and	
protein	pellets	were	collected	and	assayed	simultaneously	for	radioactivity	as	described	in	Chapter	2,	
Section	2.5.3.	*p<0.05	

4.4 Discussion 

Incorporation	 of	 radioactive	 amino	 acids	 into	 proteins	 is	 frequently	 used	 to	measure	

changes	 in	 protein	 synthesis	 and	 degradation	 (Ratan	 et	 al.	 1994;	 Grune	 et	 al.	 1995;	

Pollard	1996;	Reinheckel	et	al.	2000;	Siwik	et	al.	2001;	Casey	et	al.	2002;	Shenton	et	al.	

2003;	 Shenton	 et	 al.	 2006;	 Catalgol	 et	 al.	 2009).	 To	 measure	 changes	 in	 protein	

synthesis	 and	 degradation	 in	 C2C12	myotubes,	 two	novel	 controls	were	 used:	 IGF	 and	

DEX.	 Using	 these	 controls,	 the	 methods	 developed	 in	 this	 study	 were	 found	 to	 be	

effective	in	measuring	protein	turnover	in	C2C12	myotubes.	
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These	methods	were	then	used	to	show,	for	the	first	time,	how	protein	turnover	in	C2C12	

myotubes	is	affected	by	catalase	and	glucose	oxidase	treatment.	When	protein	turnover	

in	 C2C12	 myotubes	 was	 measured	 after	 expose	 to	 catalase,	 there	 was	 a	 significant	

decrease	in	protein	synthesis	and	degradation.	This	is	consistent	with	the	known	action	

of	catalase,	which	decreases	oxidative	stress	 in	cells	by	decreasing	hydrogen	peroxide	

levels,	and	the	increase	in	total	net	protein	observed	in	these	myotubes	after	exposure	

to	 catalase	 in	 Chapter	 3.	 However,	 in	 response	 to	 glucose	 oxidase	 treatment,	 protein	

synthesis	and	degradation	in	the	C2C12	myotubes	was	not	changed	significantly	despite	a	

significant	 decrease	 in	 total	 net	 protein	 observed	 in	 response	 to	 this	 treatment	 in	

Chapter	3.	Even	though	the	changes	in	protein	turnover	after	glucose	oxidase	treatment	

were	not	significant,	decreased	protein	synthesis	and	increased	protein	degradation	is	

often	 indicative	 of	 a	 decrease	 in	 protein	 levels.	 According	 to	 Finkel	 and	 coworkers,	 a	

decrease	 in	 oxidative	 stress	 might	 in	 itself	 stress	 to	 the	 cell,	 resulting	 in	 decreased	

protein	synthesis.	

A	range	of	conflicting	results	have	been	observed	in	other	studies	 focusing	on	protein	

turnover	in	different	cell	types	exposed	to	hydrogen	peroxide.	In	some	studies,	protein	

synthesis	 decreased	 and	 protein	 degradation	 increased	 in	 response	 to	 hydrogen	

peroxide	 (Grune et al. 1997; Orzechowski et al. 2002; Shenton et al. 2003; Shenton et al. 

2006).	In	a	study	of	cardiac	fibroblasts,	collagen	synthesis	levels	were	shown	to	decrease	

after	 exposure	 to	 hydrogen	 peroxide,	 but	 the	 level	 of	 total	 protein	 synthesis	 did	 not	

change	(Siwik et al. 2001).	

Further	studies	of	the	signaling	pathway	that	induce	changes	in	protein	synthesis	may	

provide	a	better	understanding	of	how	muscle	cells	response	to	hydrogen	peroxide.	In	

skeletal	muscle,	regulation	of	protein	synthesis	occurs	primarily	at	the	initiation	phase	

of	 protein	 translation,	 which	 involves	 at	 least	 13	 initiation	 factors,	 many	 of	 which	

assemble	 from	 numerous	 subunits	 (Syntichaki	 et	 al.	 2006;	 Tisdale	 2009).	 As	 these	

events	are	coordinated	by	initiation	factors	eIF4E	and	eIF2B	(Syntichaki	et	al.	2006),	the	

mechanism	by	which	catalase	and	glucose	oxidase	affect	these	initiation	factors	in	C2C12	

myotubes	was	addressed	in	Chapter	5.	
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Chapter  5:  Development  of  methods  for  the  study  of  signaling 
pathway  on  protein  synthesis  in  C2C12 myotubes  in  response  to 
treatment with catalase and glucose oxidase 

5.1 Introduction 

Changes	 in	 total	 protein	 content	 (Chapter	 3)	 and	 protein	 turnover	 (Chapter	 4)	 were	

observed	 in	 C2C12	 myotubes	 after	 catalase	 and	 glucose	 oxidase	 treatment.	 The	

mechanism	 that	 induces	 these	 changes	 in	protein	 synthesis,	 however,	 is	not	 clear	but	

may	involve	changes	to	signaling	pathways	in	response	to	hydrogen	peroxide	exposure.	

Previous	studies	suggest	the	4EBP1	signaling	pathway	may	be	involved	in	mediation	of	

protein	synthesis.	When	phosphorylation	of	eukaryotic	translation	initiation	factor	4E‐

binding	protein	1	(4EBP1)	decreases,	activity	of	eukaryotic	initiation	factor	4E	(eIF4E)	

is	 suppressed	 leading	 to	 a	 reduction	 in	 protein	 synthesis.	 In	 PC12	 cells	 from	

phaeochromocytoma	of	the	rat	adrenal	medulla,	phosphorylation	of	4EBP1	decreases	in	

response	to	up	to	2	mM	hydrogen	peroxide	in	a	dose‐dependent	manner.	Moreover,	this	

reduction	 can	 be	 attenuated	 by	 pre‐treating	 the	 cells	 with	 5	 mM	 of	 reactive	 oxygen	

species	 (ROS)	 scavenger,	 N‐acetyl‐cysteine	 (NAC)	 (Chen et al. 2010).	 A	 decrease	 in	

phosphorylation	of	4EBP1	in	response	to	elevated	level	of	hydrogen	peroxide	has	also	

been	 observed	 in	 a	 range	 of	 cell	 types,	 such	 as	 aged	 muscle	 cells,	 human	 lung	

adenocarcinoma	cells,	mouse	embryonic	 fibroblasts	and	cardiac	myocytes	 (Patel	et	al.	

2002;	Zhang	et	al.	2009;	Wu	et	al.	2010;	Emara	et	al.	2012).	

Other	studies	have	shown	that	another	signaling	pathway,	the	eIF2α	pathway,	may	also	

be	 involved	 in	 the	 mediation	 of	 protein	 synthesis.	 When	 phosphorylation	 on	 the	 α	

subunit	 of	 eukaryotic	 initiation	 factor	 2	 (eIF2α)	 increases,	 activity	 of	 the	 eukaryotic	

initiation	factor	2B	(eIF2B)	is	attenuated	leading	to	a	reduction	in	protein	synthesis.	In	

PC12	 cells,	 phosphorylation	 of	 eIF2α	 increases	 in	 response	 to	 1‐3	 mM	 of	 hydrogen	

peroxide	in	a	dose‐dependent	manner.	Moreover,	this	induction	could	be	abolished	by	

pre‐treating	the	cells	with	10	mM	of	NAC	(O'Loghlen	et	al.	2003).	This	increase	in	eIF2α	

phosphorylation	has	also	been	observed	in	a	range	of	cell	types,	such	as	yeast	cells	and	

aged	skeletal	muscle	(Shenton et al. 2006; Mascarenhas et al. 2008; Wu et al. 2010). 
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Given	the	apparent	importance	of	hydrogen	peroxide	in	phosphorylation	of	4EBP1	and	

eIF2α,	the	present	study	set	out	to	investigate	the	changes	in	phosphorylation	of	4EBP1	

and	 eIF2α	 with	 catalase	 and	 glucose	 oxidase.	 Methods	 are	 developed	 and	 used	 to	

determine	the	effects	in	C2C12	myotubes.	

5.2 Methods 

All	methods	are	described	in	detail	in	Chapter	2.	

Myotube	cultures	

The	 myotubes	 were	 cultured	 in	 35mm	 petri	 dishes.	 In	 the	 preliminary	 experiments	

which	aimed	to	establish	western	blot	method,	two	to	three	untreated	or	treated	culture	

samples	were	used.	 In	all	 subsequent	experiments,	 two	petri	dishes	per	 treatment	 for	

every	 treatment	 group	 (untreated,	 catalase,	 and	 glucose	 oxidase).	 These	 experiments	

were	repeated	up	to	three	times	using	fresh	C2C12	cultures.	

Protein	extraction	

Phospho‐safe	extraction	cocktail	was	used	to	extract	all	proteins	and	to	prevent	the	loss	

of	 phosphorylated	 protein	 during	 the	 process	 of	 extraction.	 To	 extract	 proteins	 from	

myotube	cultures,	the	petri	dishes	containing	the	myotube	cultures	were	placed	on	ice	

and	washed	briefly	twice	with	1ml	of	cold	(4°C)	phosphate	buffered	saline	(PBS).	100µl	

of	 phospho‐safe	 extraction	 cocktail	 was	 then	 added	 to	 the	 petri	 dishes	 and	 the	 cells	

were	harvested	with	a	cell	scraper.	The	phospho‐safe	extraction	cocktail	and	cells	were	

transferred	to	a	1.5	ml	microcentrifuge	tube.	The	tubes	were	placed	on	ice	for	20	min	

and	vortexed	for	5	sec	every	10	min.	The	tubes	were	then	centrifuged	at	10000rpm	for	

5	min	(4°C).	The	majority	of	the	supernatant	(96	µl)	was	kept	for	electrophoresis,	and	

the	remaining	supernatant	was	kept	for	protein	quantification.	

Protein	quantification	

The	Bio‐Rad	Protein	Assay	Kit	was	used	to	quantify	the	protein	in	each	myotube	sample.	

Protein	 samples	were	 quantified	with	 reference	 to	 a	 BSA	 standard	 absorbance	 curve.	
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BSA	standards	of	known	concentrations	 (0,	100,	200,	300,	400,	and	500	µg/ml)	were	

prepared	by	serial	dilution	of	BSA	(stock	concentration	1	mg/ml)	in	0.01M	PBS.		

The	protein	 samples	were	 first	 diluted	20‐fold	with	0.01M	PBS	 and	 then	10	µl	 of	 the	

diluted	protein	sample	and	standards	were	transferred	in	triplicate	to	the	wells	of	a	96‐

well	 plate.	 200	 µl	 of	 Bio‐Rad	 reagent	 was	 then	 added	 to	 each	 well.	 The	 plate	 was	

incubated	for	10	min	with	gentle	shaking	on	a	shaker	at	room	temperature	and	at	the	

end	of	this	incubation	period,	the	absorbance	of	each	well	was	measured	at	595	nm	in	a	

plate	 reader.	 After	 protein	 quantification,	 the	 concentration	 of	 each	 sample	 was	

calculated	and	the	proteins	were	then	separated	by	electrophoresis.	

Western	Blot‐	SDS	Polyacrylamide	Gel	Electrophoresis	(SDS‐PAGE)	system	

Self‐made	 12	 %,	 1.5	 mm	 thick	 acrylamide	 gels	 were	 used	 in	 the	 preliminary	

experiments.	 20	 µg	 of	 the	 protein	 sample	 and	 4	 µl	 of	 Precision	 Plus	 Protein™	

Kaleidoscope™	Standards	(Bio‐Rad,	161‐0375)	were	loaded	in	the	wells	and	the	sample	

were	electrophoresed	for	approximately	2.5	hr	at	120	V	at	4°C.	The	separated	samples	

were	then	transferred	at	4°C	from	the	gel	to	a	PVDF	membrane	overnight	at	30	mA.	

The	membrane	was	 then	washed	 briefly	 twice	with	TBS‐T	 buffer	 and	 incubated	with	

blocking	buffer	 (5	%	 skim	milk	 in	TBS‐T)	 for	1	hr	 at	 room	 temperature.	The	blocked	

membrane	was	 then	washed	 twice,	10	min	each	 time,	with	TBS‐T	and	 incubated	with	

diluted	primary	antibody	at	4°C	overnight	with	gentle	shaking.	The	membrane	was	then	

washed	 again	 with	 TBS‐T	 twice,	 10	 min	 each	 time,	 and	 incubated	 with	 diluted	

secondary	 antibody	 for	 1	 hr	 at	 room	 temperature	 with	 shaking.	 The	membrane	was	

then	 briefly	 washed	 twice	 with	 TBS‐T	 and	 then	 incubated	 with	 chemiluminescence	

substrate	solution	for	5	min	at	room	temperature.	The	signal	was	exposed	to	film	and	

the	film	was	then	developed	in	a	dark	room.	



66

Western	Blot‐	Bio‐Rad	system	

Precast	gradient	gels	(Bio‐Rad,	456‐1086)	were	used	in	all	subsequent	experiments.	10	

µg	of	the	protein	sample	and	4	µl	of	Precision	Plus	Protein™	Kaleidoscope™	Standards	

(Bio‐Rad,	161‐0375)	were	loaded	in	the	wells	and	the	sample	were	electrophoresed	for	

approximately	 1.5	 hr	 at	 room	 temperature.	 The	 separated	 samples	 were	 then	

transferred	for	7	min	from	the	gel	to	a	membrane	(Bio‐Rad,	170‐4158)	with	Trans‐Blot®	

Turbo™	 Transfer	 System	 (Bio‐Rad,	 170‐4155)	 on	 turbo	 setting.	 The	 membrane	 was	

then	washed	briefly	 twice	with	TBS‐T	buffer	and	 incubated	with	blocking	buffer	(5	%	

skim	milk	 in	 TBS‐T)	 for	 1	 hr	 at	 room	 temperature.	 The	 blocked	membrane	was	 then	

washed	 twice,	 10	 min	 each	 time,	 with	 TBS‐T	 and	 incubated	 with	 diluted	 primary	

antibody	at	4°C	overnight	with	gentle	shaking.	The	membrane	was	then	washed	again	

with	TBS‐T	twice,	10	min	each	time,	and	incubated	with	diluted	secondary	antibody	for	

1	hr	at	room	temperature	with	shaking.	The	membrane	was	then	briefly	washed	twice	

with	TBS‐T	and	then	incubated	with	chemiluminescence	substrate	solution	for	5	min	at	

room	 temperature.	 The	 signal	 was	 detected	 and	 captured	 by	 using	 ChemiDoc™	 MP	

System	(Bio‐Rad,	170‐8280)	and	Image	Lab™	Software	Version	4.0	(Bio‐Rad).	Images	of	

these	membranes	were	then	analyzed	using	ImageJ.	

Akt	was	used	as	 the	 loading	 control	 and	 is	 commonly	used	by	our	 laboratory	 for	 this	

purpose	(Tan	2013;	Tan	et	al.	2015).	

Antibodies	

The	 primary	 antibodies	 used	 in	 this	 research	 (p‐eIF2α	 at	 Ser51	 (5199),	 p‐4EBP1	 at	

Thr37/46	 (2855),	 eIF2α	 (9722),	 4EBP1	 (9452),	 and	Akt	 (9272))	were	 obtained	 from	

Cell	 Signaling	 (Danvers,	 U.S.A).	 All	 primary	 antibodies	were	 diluted	 1:1000	with	 5	%	

BSA	in	TBS‐T.	The	secondary	anti‐rabbit	antibody	(Thermo,	31460)	was	diluted	1:5000	

with	5	%	skim	milk	in	TBS‐T.	
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5.3 Results 

5.3.1 Optimization of method for measuring 4EBP1 phosphorylation in C2C12 
myotubes 

To	measure	phosphorylation	on	4EBP1	in	C2C12	myotubes,	western	blotting	was	used	to	

detect	 phosphorylated	 4EBP1	 (p4EBP1)	 and	 total	 4EBP1	 (4EBP1).	 Preliminary	

experiments	were	performed	to	determine	the	required	antibody	dilution	factors	and	to	

optimize	the	blotting	method	for	the	myotubes.	

20	µg	of	protein	samples	 from	the	myotube	cultures	were	separated	and	the	signal	of	

p4EBP1	 and	 4EBP1	 was	 detected	 using	 western	 blot‐SDS‐PAGE	 system.	 The	 dilution	

factor	 of	 primary	 antibodies	 was	 1:1000	 with	 5	 %	 BSA	 in	 TBS‐T,	 and	 1:10000	 for	

secondary	antibody	with	5	%	skim	milk	 in	TBS‐T.	The	membrane	was	 incubated	with	

chemiluminescence	substrate	(Millipore,	WBLUR0100)	for	5	min	at	room	temperature.	

Using	 this	protocol,	 the	p4EBP1	and	4EBP1	bands	were	 clearly	 visible	 and	 there	was	

little	 background	 (Fig.	 5.1).	 As	 this	 protocol	 was	 shown	 to	 be	 suitable	 for	 the	

measurement	 of	 phosphorylation	 of	 4EBP1	 in	 C2C12	 myotubes	 it	 was	 used	 for	 all	

subsequent	experiments.	

Figure	5.1	Detection	of	phosphorylated	4EBP1	and	total	4EBP1	
Myotubes	(7‐day‐old)	were	 left	 in	serum‐starved	conditions	(Untreated	24	hr)	or	serum‐contained	
conditions	(+2	%	HS	24	hr)	for	24	hr.	Protein	samples	were	collected	as	described	in	Chapter	2.2.2	
and	quantified	as	described	in	Chapter	2.3.1.	Western	blot	was	performed	with	20	µg	C2C12	myotubes	
samples	as	described	above	and	60	µg	animal	sample	 (muscle	 from	mice,	obtained	 from	Associate	
Professor	Tea	Shavlakadze)	to	detect	the	signal	of	p4EBP1	and	4EBP1.	The	exposure	time	of	p4EBP1	
was	1	min,	and	4EBP1	was	4	min.	The	process	of	western	blot	was	as	described	in	Chapter	2.6.1.	

p4EBP1

4EBP1
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5.3.2 Optimization of method for measuring eIF2α	phopsphorylation in C2C12 
myotubes 

To	measure	phosphorylation	on	eIF2α	in	C2C12	myotubes,	western	blotting	was	used	to	

detect	 phosphorylated	 eIF2α	 (peIF2α)	 and	 total	 eIF2α	 (eIF2α).	 As	 with	 the	 previous	

4EBP1	detection	method,	 the	antibody	dilution	 factors	and	blotting	conditions	needed	

to	be	optimized,	so	a	series	of	preliminary	experiments	were	conducted.	

Using	the	same	dilution	factors	and	conditions	for	detection	of	4EBP1,	western	blot	was	

performed	 for	 peIF2α	 and	 eIF2α.	 For	 eIF2α,	 the	 bands	 could	 be	 detected	 using	 this	

protocol	 (Fig.	 5.2).	 However,	 these	 conditions	 were	 not	 suitable	 for	 peIF2α	 as	 the	

background	staining	of	the	blot	obscured	the	peIF2α	bands	(data	not	shown).	To	reduce	

the	background	 staining	of	 the	peIF2α	 blot,	 the	peIF2α	 primary	antibody	was	diluted	

with	5	%	skim	milk	 in	TBS‐T.	However,	 this	did	not	 reduce	 the	background	(data	not	

shown).	

Figure	5.2	Detection	of	total	eIF2α	
Myotubes	(7‐day‐old)	were	collected	or	left	in	different	conditions	that	myotubes	were	incubated	in	
serum‐starved	 conditions	 (Untreated),	 serum‐starved	 conditions	 with	 catalase	 (3000	 units/ml;	
+Cat.),	 serum‐starved	 conditions	 with	 glucose	 oxidase	 (10	 munits/ml;	 +GluO.),	 serum‐containing	
conditions	(+2	%	HS),	or	serum‐containing	conditions	with	catalase	(3000	units/ml;	+2	%	HS+Cat.)	
for	48	hr.	Protein	samples	were	collected	as	described	in	Chapter	2.2.2	and	quantified	as	described	in	
Chapter	2.3.1.	Western	blot	was	performed	with	20	µg	C2C12	myotubes	samples	as	described	above	
to	detect	the	signal	of	eIF2α.	The	eIF2α	primary	antibody	was	diluted	1:1000	with	5	%	BSA	in	TBS‐T.	
The	film	was	exposed	to	signal	for	5	sec	and	developed	for	5	sec.	The	process	of	western	blot	was	as	
described	in	Chapter	2.6.1.	

eIF2α
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Low	 affinity	 between	 the	 antibody	 and	 peIF2α	 on	 the	 membrane	 may	 have	 been	

responsible	 for	 the	 high	 level	 of	 background	 staining.	 To	 increase	 affinity	 of	 this	

antibody,	 the	 primary	 antibody	 was	 used	 at	 a	 higher	 concentration	 by	 reducing	 the	

dilution	 factor.	 The	 blotting	 process	 was	 repeated	 with	 a	 range	 of	 primary	 antibody	

dilutions	 (1:250	 to	 1:1000)	with	 5	%	 skim	milk	 in	 TBS‐T.	 High	 levels	 of	 background	

staining	were	still	present	and	the	peIF2α	bands	were	barely	distinguishable	on	the	blot	

even	at	the	dilution	factor	of	1:250	(Fig.	5.3).	

Figure	5.3	Detection	of	phosphorylated	eIF2α	
Myotubes	(7‐day‐old)	were	collected	or	left	in	different	conditions	that	myotubes	were	incubated	in	
serum‐starved	 conditions	 (Untreated),	 serum‐starved	 conditions	 with	 catalase	 (3000	 units/ml;	
+Cat.),	 serum‐starved	 conditions	 with	 glucose	 oxidase	 (10	 munits/ml;	 +GluO.),	 serum‐containing	
conditions	(+2	%	HS),	or	serum‐containing	conditions	with	catalase	(3000	units/ml;	+2	%	HS+Cat.)	
for	48	hr.	Protein	samples	were	collected	as	described	in	Chapter	2.2.2	and	quantified	as	described	in	
Chapter	2.3.1.	Western	blot	was	performed	with	20	µg	C2C12	myotubes	samples	as	described	above	
to	detect	the	signal	of	peIF2α.	The	peIF2α	primary	antibody	was	diluted	1:250	with	5	%	skim	milk	in	
TBS‐T.	The	film	was	exposed	to	signal	for	5	min	and	developed	for	5	sec.	The	process	of	western	blot	
was	as	described	in	Chapter	2.6.1.	

To	 reduce	 the	 background	 staining,	 5	 %	 BSA	 in	 TBS‐T	 was	 used	 as	 blocking	 buffer	

instead	of	5	%	skim	milk	 in	TBS‐T.	As	shown	 in	Fig.	5.4,	 the	background	staining	was	

reduced	but	was	still	high.	

peIF2α
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Figure	5.4	Detection	of	phosphorylated	eIF2α	
Myotubes	(7‐day‐old)	were	collected	or	left	in	different	conditions	that	myotubes	were	incubated	in	
serum‐starved	 conditions	 (Untreated),	 serum‐starved	 conditions	 with	 catalase	 (3000	 units/ml;	
+Cat.),	 serum‐starved	 conditions	 with	 glucose	 oxidase	 (10	 munits/ml;	 +GluO.),	 serum‐containing	
conditions	(+2	%	HS),	or	serum‐containing	conditions	with	catalase	(3000	units/ml;	+2	%	HS+Cat.)	
for	48	hr.	Protein	samples	were	collected	as	described	in	Chapter	2.2.2	and	quantified	as	described	in	
Chapter	2.3.1.	20	µg	C2C12	myotubes	samples	as	described	above	were	used	to	perform	western	blot	
as	described	 in	Chapter	2.6.1	but	with	5	%	BSA	 in	TBS‐T	as	blocking	buffer	 to	detect	 the	signal	of	
peIF2α.	The	peIF2α	primary	antibody	was	diluted	1:250	with	5	%	skim	milk	in	TBS‐T.	The	film	was	
exposed	to	signal	for	5	min	and	developed	for	5	sec.	

To	solve	the	 low	dilution	and	background	staining	issue,	 the	peIF2α	primary	antibody	

was	 replaced	 with	 a	 hypersensitive	 antibody	 (5199,	 Cell	 Signaling)	 and	 the	 blotting	

process	as	section	5.1	was	repeated.	As	shown	 in	Fig.	5.5,	using	 this	antibody,	peIF2α	

bands	were	 clear	 and	 the	 background	 staining	was	 greatly	 reduced.	Measurement	 of	

phosphorylation	 of	 eIF2α	 in	 C2C12	myotubes	 in	 all	 subsequent	 experiments	 used	 this	

antibody	that	diluted	with	5	%	BSA	in	TBS‐T	and	5	%	skim	milk	in	TBS‐T	was	used	as	

blocking	buffer.	

Figure	5.5	Detection	of	phosphorylated	eIF2α	
Myotubes	(7‐day‐old)	were	left	untreated	or	treated	with	catalase	(3000	units/ml;	+Cat.)	for	48	hr	in	
serum‐starved	 conditions.	 Protein	 samples	 were	 collected	 as	 described	 in	 Chapter	 2.2.2	 and	
quantified	 as	described	 in	Chapter	 2.3.1.	Western	blot	was	performed	with	20	µg	C2C12	myotubes	
samples	as	described	above	to	detect	the	signal	of	peIF2α	by	using	ChemiDoc™	MP	System	(Bio‐Rad,	
170‐8280)	and	the	exposure	time	was	1	sec.	The	process	of	western	blot	was	as	described	in	Chapter	
2.6.1.	

peIF2α

peIF2α
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5.3.3 Measuring the rate of phosphorylation on 4EBP1 in C2C12 myotubes 

In	Chapter	3	and	4,	 the	changes	 in	total	protein	content	and	protein	turnover	in	C2C12	

myotubes	 in	 response	 to	 catalase	 and	 glucose	 oxidase	 treatment	 suggest	 the	

phosphorylation	 on	 4EBP1	 may	 change	 in	 response	 to	 different	 levels	 of	 hydrogen	

peroxide.	To	test	this,	these	myotubes	were	treated	with	catalase	and	glucose	oxidase	in	

serum‐starved	conditions	 for	48	hr	and	 the	 levels	of	phosphorylated	4EBP1,	 the	 total	

4EBP1,	 and	 the	 total	 Akt	 were	 assessed.	 The	 phosphorylation	 on	 4EBP1	 was	 not	

significantly	changed	in	either	the	catalase‐treated	or	glucose	oxidase‐treated	myotubes	

(Fig.	5.6).	

Figure	5.6	4EBP1	phosphorylation	in	C2C12	myotubes	after	catalase	and	glucose	
oxidase	treatment	

Myotubes	(7‐day‐old)	were	left	untreated	or	treated	with	catalase	(3000	units/ml;	+Cat.),	or	glucose	
oxidase	 (10	 munits/ml;	 +GluO.)	 for	 48	 hr	 in	 serum‐starved	 conditions.	 Protein	 samples	 were	
collected	as	described	in	Chapter	2.2.2,	quantified	as	described	in	Chapter	2.3.1,	and	the	process	of	
western	 blot	 was	 as	 described	 in	 Chapter	 2.6.2.	 (A)	 Phosphorylated	 4EBP1(Thr37/46)	 and	 total	
4EBP1	with	 total	Akt	used	as	 the	 loading	control.	The	membrane	 image	had	been	cropped	to	only	
show	 the	 relevant	 treatments.	 (B)	Phosphorylation	 levels.	This	data	 represents	an	average	of	 four	
experiments	for	each	treatment	group	(two	dishes/treatment	group)	and	is	shown	as	mean	±	SEM.	

5.3.4 Measuring eIF2α phosphorylation in C2C12 myotubes 

As	 the	 eIF2α	 pathway	 is	 another	 pathway	 that	 may	 modulates	 the	 rate	 of	 protein	

synthesis,	 the	 myotubes	 were	 treated	 with	 catalase	 and	 glucose	 oxidase	 in	 serum‐

starved	 conditions	 for	 48	 hr,	 then	 harvested,	 and	 quantified.	 Western	 blotting	 was	

undertaken	 for	phosphorylated	eIF2α,	 total	eIF2α,	 and	 total	Akt.	The	phosphorylation	
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on	 eIF2α	was	 significantly	 increased	 in	 these	 C2C12	myotubes	 in	 response	 to	 catalase	

and	glucose	oxidase	treatment	(Fig.	5.7).	

Figure	5.7	eIF2α	phosphorylation	in	C2C12	myotubes	after	catalase	and	glucose	
oxidase	treatment	

Myotubes	(7‐day‐old)	were	left	untreated	or	treated	with	catalase	(3000	units/ml;	+Cat.),	or	glucose	
oxidase	 (10	 munits/ml;	 +GluO.)	 for	 48	 hr	 in	 serum‐starved	 conditions.	 Protein	 samples	 were	
collected	as	described	in	Chapter	2.2.2,	quantified	as	described	in	Chapter	2.3.1,	and	the	process	of	
western	 blot	was	 as	 described	 in	 Chapter	 2.6.2.	 (A)	 Phosphorylated	 eIF2α(Ser51)	 and	 total	 eIF2α	
with	 total	 Akt	 as	 the	 loading	 control.	 The	 membrane	 image	 had	 been	 cropped	 to	 only	 show	 the	
relevant	treatments.	(B)	Phosphorylation	levels.	This	data	represents	an	average	of	four	experiments	
for	each	treatment	group	(two	dishes/treatment	group)	and	is	shown	as	mean	±	SEM.	

5.4 Discussion 

Although	 protein	 synthesis	 is	 known	 to	 be	 modulated	 by	 signaling	 pathways,	 how	

catalase	and	glucose	oxidase	modulate	changes	in	protein	synthesis	is	unknown.	In	the	

present	 chapter,	 the	 impact	 of	 catalase	 and	 glucose	 oxidase	 on	 signaling	 pathways	 in	

C2C12	myotubes	was	examined	with	western	blotting.	

Phosphorylation	 of	 4EBP1	 was	 not	 found	 to	 be	 significantly	 changed	 by	 catalase	 or	

glucose	 oxidase	 treatment.	 This	 suggests	 that	 4EBP1	 might	 not	 be	 involved	 in	 the	

changes	in	protein	synthesis	induced	by	catalase	and	glucose	oxidase	in	C2C12	myotubes.	

This	 is	on	contrast	to	previous	studies	in	other	cell	types	that	have	shown	that	4EBP1	

phosphorylation	 decreases	 in	 response	 to	 increased	 hydrogen	 peroxide	 (Patel et al. 

2002; Zhang et al. 2009; Chen et al. 2010; Wu et al. 2010; Emara et al. 2012).	
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Other	studies	suggest	that	the	eIF2α	pathway	is	responsible	for	the	changes	induced	by	

hydrogen	 peroxide	 in	 various	 cells	 (O'Loghlen	 et	 al.	 2003;	 Shenton	 et	 al.	 2006;	

Mascarenhas	 et	 al.	 2008;	 Wu	 et	 al.	 2010).	 In	 C2C12	 myotubes,	 we	 found	 the	 rate	 of	

phosphorylation	 on	 eIF2α	 was	 increased	 significantly	 in	 response	 to	 catalase	 and	

glucose	 oxidase.	 This	 may	 account	 for	 the	 changes	 in	 protein	 synthesis	 in	 C2C12	

myotubes	in	response	to	catalase	and	glucose	oxidase	in	Chapter	4.	

In	 addition	 to	 the	 impact	 that	 hydrogen	 peroxide	 has	 on	 protein	 content,	 protein	

turnover	and	signalling	pathways,	 this	ROS	has	been	shown	 to	enhance	or	 inhibit	 the	

formation	 of	 disulfide	 bonds	 in	 select	 proteins	 in	 a	 dose‐dependent	 manner.	 These	

disulfide	 bonds	 are	 formed	 while	 the	 thiol	 (–SH)	 groups	 of	 redox	 sensitive	 cysteine	

residues	are	oxidized	and	 leads	 to	 changes	 in	protein	 function	 (Bienert et al. 2006; Rhee 

2006),	however,	how	thiol	oxidation	changes	in	response	to	catalase	and	glucose	oxidase	

treatment	is	unknown.	In	Chapter	6,	to	investigate	changes	in	thiol	oxidation,	a	method	

to	measure	changes	in	thiol	groups	in	C2C12	myotubes	is	developed.	
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Chapter 6: Development of a method to measure thiol oxidation in 
C2C12 myotubes in response to treatment with catalase and glucose 
oxidase 

6.1 Introduction 

Changes	 in	 total	 protein	 content	 (Chapter	 3),	 protein	 turnover	 (Chapter	 4)	 and	 the	

eIF2α	pathway	(Chapter	5)	were	observed	in	C2C12	myotubes	after	catalase	and	glucose	

oxidase	treatment.	The	mechanisms	that	induced	these	changes,	however,	are	not	clear	

but	may	involve	thiol	oxidation	in	responsive	to	hydrogen	peroxide	exposure	(Baty et al. 

2005).	

Thiols	 contain	 sulfhydryl	 (‐SH)	 groups	 that	 are	 readily	 oxidized	 to	 form	 stable	

disulphide	 bonds	 and	 are	 important	 in	 cellular	 antioxidant	 defences	 and	 redox	

signalling	 (Mulier et al. 1998; Baty et al. 2005; Terrill et al. 2013).	 Previous	 studies	 suggest	

these	 thiol	 groups	 may	 be	 oxidized	 in	 response	 to	 hydrogen	 peroxide.	 In	 Jurkat	 T‐

lymphocyte	cells,	structural	changes	in	some	thiol	group‐containing	proteins	have	been	

observed	 in	 response	 to	 200	 µM	 hydrogen	 peroxide	 (Baty et al. 2005).	 Similar	 results	

have	been	found	in	a	range	of	cells,	such	as	yeast	cells	(Delaunay et al. 2000; Imlay 2008). 

Given	the	apparent	importance	of	hydrogen	peroxide	in	cell	function,	the	present	study	

set	 out	 to	 adapt	 a	method	 established	 to	 investigate	 changes	 in	 the	 thiol	 oxidation	 of	

total	 protein,	 myosin	 and	 actin	 in	 muscle	 tissue	 (Armstrong	 et	 al.	 2011)	 to	 C2C12	

cultured	cells.	

6.2 Methods 

All	methods	are	described	in	detail	in	Chapter	2.	

Myotube	cultures	

The	 myotubes	 were	 cultured	 in	 35mm	 petri	 dishes.	 In	 the	 preliminary	 experiments	

which	 aimed	 to	 optimize	 precipitation	 efficiency	with	 ethanol	 or	 acetone,	 one	dish	 of	

untreated	 and	 catalase‐treated	 myotubes	 were	 used.	 In	 all	 subsequent	 experiments,	

three	 petri	 dishes	 per	 treatment	 for	 every	 treatment	 group	 (untreated,	 catalase,	 and	

glucose	 oxidase)	 were	 tested.	 One	 dish	 was	 used	 for	 protein	 quantification	 and	 the	
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remaining	two	dishes	were	used	for	2	tag	labeling.	These	experiments	were	repeated	up	

to	four	times	using	fresh	C2C12	cultures.	

Protein	extraction	

Trichloroacetic	acid	(TCA)	was	used	to	protonate	all	thiols	and	to	precipitate	the	cellular	

proteins	 to	 prevent	 their	 subsequent	 oxidation	 (Aslund et al. 1999; Delaunay et al. 2000).	

To	 extract	 proteins	 from	 the	myotubes,	 the	 petri	 dishes	 containing	myotube	 cultures	

were	 washed	 briefly	 twice	 with	 1ml	 phosphate	 buffered	 saline	 (PBS).	 20	 %	

TCA/acetone	 (w/v)	 (700	 µl)	 was	 then	 added	 to	 the	 petri	 dishes	 and	 the	 cells	 were	

harvested	with	a	cell	scraper.	The	TCA/acetone	and	cells	were	transferred	to	a	1.5	ml	

microcentrifuge	tube.	One	sample	was	then	centrifuged	at	10000rpm	for	5	min	(4°C)	in	

preparation	 for	 protein	 quantification.	 The	 supernatant	was	 then	 discharged	 and	 the	

protein	 pellet	was	washed	with	 cold	 acetone	 (1	ml).	 The	 centrifugation	 and	washing	

steps	 were	 repeated	 to	 remove	 any	 residual	 TCA.	 The	 protein	 pellet	 was	 then	

suspended	 in	 Tris	 buffer	 (300	µl,	 50	mM	Tris	with	 0.5	%	 SDS,	 pH7.0)	 and	 quantified	

using	the	micro	BCA	assay.	The	samples	for	2	tag	labeling	were	left	in	TCA/acetone.	

Protein	quantification‐	micro	BCA	assay	

The	commercial	kit	from	Sigma	(QuantiPro™	BCA	Assay	Kit,	QPBCA‐1KT)	was	used	to	

quantify	the	total	protein	content	for	each	treatment	group.	1	µl	of	the	protein	sample	

was	diluted	25‐fold	with	SDS	buffer	(0.5	%	SDS),	 followed	by	another	10‐fold	dilution	

with	Tris	buffer	(2	mM	Tris	with	0.5	%	SDS,	pH7.0)	in	a	1.5	ml	microcentrifuge	tube.	250	

µl	 of	 the	 cocktail	 reagent	 (A:B:C=25:25:1)	 was	 added	 into	 each	 diluted	 sample	 and	

incubated	 for	1	hr	at	60°C.	The	 incubated	solution	 (100	µl)	was	 then	 transferred	 to	a	

384‐well	plate	and	the	absorbance	was	analyzed	at	562	nm	in	a	plate	reader	(BioTek,	

PowerWave	HT).	

2	tag	labeling	
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Samples	for	2	tag	labeling	were	left	in	20	%	TCA/acetone,	and	sonicated	at	40	%	Amps	

for	 2	 min	 on	 ice.	 100	 µg	 of	 the	 protein	 pellet	 was	 then	 transferred	 to	 a	 1.5	 ml	

microcentrifuge	tube.	The	excess	TCA	was	removed	for	the	process	of	labelling.	

After	removal	of	TCA,	the	protein	samples	were	labelled	with	first	tag,	BODIPY	FL‐N‐(2‐

aminoethyl)	maleimide	(FLm,	Invitrogen,	B10250).	This	tag	labels	the	reduced	form	of	

in	protein	samples.	To	perform	this	labelling,	50	µl	of	Tris	buffer	(0.5	M	Tris	with	0.5	%	

SDS,	pH7.3)	with	5	µl	of	FLm	(5	mM)	was	added	to	the	protein	pellet,	which	was	then	

got	 sonicated	at	40	%	Amps	 for	1	min	on	 ice.	The	 resulting	 labelled	sample	was	 then	

vortexed	 and	 incubated	 at	 room	 temperature	 for	 30	 min	 in	 dark.	 Excess	 FLm	 was	

removed	 by	 two	 rounds	 of	 precipitation.	 Each	 time,	 200	 µl	 of	 ice‐cold	 acetone	 was	

added	to	 the	sample	 followed	by	 incubation	overnight	at	 ‐20°C	and	centrifugation	 the	

following	morning.	The	resulting	protein	pellet	was	 then	resuspended	 in	50	µl	of	Tris	

buffer	(0.5	M	Tris	with	0.5	%	SDS,	pH7.0).	

The	oxidized	thiols	were	then	labelled	with	the	second	tag,	Texas	red	maleimide	(TRm,	

Invitrogin,	T6008).	To	perform	this	labelling,	21	µl	of	FLm‐labelled	protein	sample	was	

then	 taken	 and	mixed	 with	 4	 µl	 of	 TCEP	 (25	 mM)	 in	 a	 0.6	 ml	 microcentrifuge	 tube,	

followed	by	incubation	at	room	temperature	for	1	hr	in	the	dark.	The	samples	were	then	

mixed	with	25µl	Tris	buffer	(0.5	M	Tris	with	0.5	%	SDS,	pH7.0)	and	5µl	of	TRm	(5	mM),	

vortexed	briefly	and	 incubated	at	room	temperature	 for	1	hr	 in	 the	dark.	Excess	TRm	

was	removed	by	the	application	of	220	µl	ice‐cold	acetone	and	incubation	overnight	at	‐

20°C.	The	protein	pellet	was	centrifuged,	resuspended	with	25	µl	Tris	buffer	(0.5	M	Tris	

with	0.5	%	SDS,	pH7.0)	then	precipitated	again	overnight	with	100	µl	of	ice‐cold	acetone	

at	‐20°.	This	centrifugation,	resuspension,	and	precipitation	step	was	repeated	and	the	

resulting	2	tag	labelled	protein	pellet	was	then	resuspended	in	50	µl	of	Tris	buffer	(0.5	

M	Tris	with	0.5	%	SDS,	pH7.0).	
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Protein	quantification‐DC	assay	

The	DC	assay	kit	(Bio‐Rad,	500‐0112)	was	used	to	quantify	the	protein	content	of	the	2	

tag	labelled	protein	samples.	Tris	buffer	(0.25	M	Tris,	0.25	%	SDS,	pH7.0)	was	used	as	

the	assay	buffer.	7.5	µl	of	each	protein	sample	was	diluted	two‐fold	with	Tris	buffer	(0.5	

M	Tris	with	 0.5	%	 SDS,	 pH7.0)	 followed	 by	 a	 further	 two‐fold	 dilution	with	DDi.	 The	

samples	were	then	treated	according	to	the	kit	instructions	using	the	supplied	working	

reagents.	 The	 final	 product	 was	 aliquoted	 in	 triplicate	 (100	 µl/well)	 into	 a	 384‐well	

plate	and	the	absorbance	was	analyzed	at	750nm	in	a	plate	reader	(BioTek,	PowerWave	

HT).	

FLm	and	TRm	quantification	

The	 rate	 of	 thiol	 oxidation	 was	 measured	 using	 a	 fluorescent	 assay	 and	 gel	

electrophoresis.	

The	analysis	of	 fluorescent	measurement	was	standardized	to	FLm	and	TRm	standard	

curves.	 The	 standard	 curve	 for	 FLm	 was	 prepared	 from	 0	 to	 60	 µM	 with	 60	 µM	

FLm/ovalbumin	 stock	 solution.	 For	 TRm,	 it	 was	 prepared	 from	 0	 to	 7.5	 µM	 with	

TRm/ovalbumin	stock	solution.	All	prepared	standards	were	diluted	10‐fold	with	0.1	M	

NaOH	and	10	µl	of	protein	samples	were	diluted	32‐fold	with	0.1	M	NaOH.	The	diluted	

standards	 and	 protein	 samples	were	 aliquoted	 in	 triplicate	 (100	µl/well)	 into	 a	 384‐

well	plate.	The	fluorescence	of	each	sample	was	then	measured	using	a	fluorescent	plate	

reader	 (Fluostar	 Optima)	 with	 wavelengths	 set	 at	 485	 nm	 excitation	 and	 520	 nm	

emission	for	FLm	and	595	nm	excitation	and	610	nm	emission	for	TRm.	

The	gel	analysis	was	performed	by	electrophoresis	with	precast	gels	from	Bio‐Rad.	To	

quantify	 the	 reduced	 and	 oxidized	 thiols	 of	 specific	 protein,	 in‐gel	 Flm	 and	 TRm	

standards	were	prepared	as	 for	 the	 fluorescent	plate	 reader	measurement.	The	 in‐gel	

FLm	standards	were	prepared	from	0	to	0.024	nmol,	and	0	to	0.006	nmol	for	in‐gel	TRm	

standards.	 After	 electrophoresis,	 the	 fluorescence	 of	 each	 lane	was	measured	 using	 a	

typhoon	gel	scanner	(GE	Healthcare	Life	Science,	Typhoon	Trio)	with	wavelengths	set	at	

520	nm	for	FLm	and	610	nm	for	TRm.	Following	gel	analysis	using	the	Image	J	software,	



78

the	 amount	 of	 reduced	 and	 oxidized	 thiols	 in	 specific	 protein	 was	 determined	 with	

reference	to	the	FLm/TRm	standard	curves.	

6.3 Results 

6.3.1 Optimize the 2 tag method for C2C12 myotubes model 

An	 existing	 method	 developed	 in	 our	 laboratory	 for	 2	 tag	 labelling	 in	 muscle	 tissue	

(Armstrong et al. 2011)	was	adapted	to	suit	the	C2C12	tissue	culture	samples.	This	method	

requires	100	µg	of	myotube	protein.	While	muscle	samples	can	be	easily	weighed,	it	is	

difficult	to	weigh	myotube	tissue	culture	samples.	As	the	protein	levels	within	the	same	

treatment	groups	were	found	to	be	similar	in	previous	experiments	(see	Chapter	3),	it	

was	assumed	that	protein	amounts	would	be	approximately	the	same	within	the	same	

treatment	groups	and	 the	 samples	 could	be	weighed	 in	TCA/acetone.	Therefore,	 after	

protein	 quantification	 of	 one	 representative	 myotube	 sample,	 the	 remainder	 of	 the	

samples	were	sonicated	in	TCA/acetone	at	40	%	Amps	for	2	min	on	ice	then	the	volume	

representing	100	µg	of	sample	was	aliquoted	into	a	fresh	tube.	Residual	TCA	was	then	

removed	from	this	100	µg	sample	by	washing	twice	with	300	µl	ice‐cold	acetone.	

According	to	the	original	protocol,	the	protein	pellet	should	be	precipitated	repeatedly	

with	ice‐cold	(‐20°C)	ethanol	after	FLm	and	TRm	labelling.	To	test	if	the	protein	samples	

from	the	myotubes	could	be	precipitated	using	an	ethanol	solvent,	 two	separated	100	

µg	protein	aliquots	were	taken	from	one	sample,	centrifuged,	resuspended	with	50	µl	of	

Tris	buffer	(0.5	M	Tris	with	0.5	%	SDS,	pH7.3)	and	then	precipitated	with	either	ice‐cold	

(‐20°C)	 ethanol	 or	 acetone.	 As	 shown	 in	 Fig.	 6.1,	 there	was	 a	 50	%	protein	 loss	with	

ethanol	precipitation	but	 little	 loss	with	acetone	precipitation.	Therefore,	acetone	was	

used	for	precipitation	in	all	subsequent	experiments.	As	higher	protein	concentrations	

were	 believed	 to	 increase	 precipitation	 efficiency	 based	 on	 precipitation	 kinetics	

(Devidal	 et	 al.	 1997),	 the	 protein	 pellet	 was	 resuspended	 in	 lower	 amounts	 of	 Tris	

buffer	 than	 original	 protocol	 recommended.	 The	 labelled	 myotube	 protein	 samples	

were	 suspended	 with	 25	 µl	 of	 Tris	 buffer	 during	 the	 removal	 of	 excess	 TRm	 and	

resuspended	with	50	µl	of	Tris	buffer	for	the	final	analysis.	
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Figure	6.1	Total	protein	levels	after	precipitation	with	ethanol	and	acetone	
100	µg	samples	from	C2C12	myotubes	were	suspended	in	50	µl	of	Tris	buffer	(0.5	M	Tris	with	0.5	%	
SDS,	pH7.3),	sonicated,	and	precipitated	with	ice‐cold	ethanol	or	ice‐cold	acetone	overnight	at	‐20°C.	
Protein	content	was	then	measured	using	the	micro	BCA	assay.	

6.3.2 Measuring total thiol oxidation in fluorescently labeled C2C12 myotubes using 
a fluorescent plate reader 

In	Chapter	3	 to	5,	 the	 changes	 in	C2C12	myotubes	 in	 response	 to	 catalase	 and	glucose	

oxidase	treatment	suggest	that	thiol	oxidation	may	be	changed	in	response	to	different	

levels	of	hydrogen	peroxide.	To	test	this,	these	myotubes	were	treated	with	catalase	and	

glucose	 oxidase	 in	 serum‐starved	 conditions	 for	 48	 hr	 and	 the	 fluorescence	 of	 the	

labelled	samples	was	assessed.	The	thiol	oxidation	in	total	protein	was	not	significantly	

changed	in	either	the	catalase‐treated	or	glucose	oxidase‐treated	myotubes	(Fig.	6.2).	
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Figure	6.2	Thiol	oxidation	in	C2C12	myotubes	in	response	to	catalase	and	glucose	
oxidase	treatment	

Myotubes	(7‐day‐old)	were	left	untreated	or	treated	with	catalase	(3000	units/ml;	+Cat.),	or	glucose	
oxidase	 (10	 munits/ml;	 +GluO.)	 for	 48	 hr	 in	 serum‐starved	 conditions.	 The	 fluorescence	 was	
measured	after	labelling	the	thiols	in	the	protein	samples.	This	data	was	an	average	of	4	experiments	
for	 each	 treatment	 group	 (2	 dishes/treatment	 group)	 and	 was	 shown	 as	 mean	 ±	 SEM.	 Protein	
samples	were	collected	as	described	 in	Chapter	2.2.1	and	 labelled	as	described	 in	Chapter	2.7.	The	
labelled	 protein	 content	 was	 quantified	 as	 described	 in	 Chapter	 2.3.3	 and	 fluorescence	 was	
measured	as	described	in	Chapter	2.7.3.	

6.3.3 Measuring thiol oxidation in C2C12 myotubes on actin and myosin by gel 
electrophoresis 

Although	the	thiol	oxidation	was	not	significantly	changed	in	total	protein,	it	is	likely	to	

have	significant	changes	in	specific	proteins	such	as	myosin	and	actin.	To	test	this,	the	

labelled	protein	samples	were	separated	by	electrophoresis	and	the	gels	were	scanned	

using	a	typhoon	fluorescence	scanner.	As	shown	in	Fig.	6.3	and	6.4,	the	thiol	oxidations	

of	 myosin	 and	 actin	 were	 not	 significantly	 changed	 in	 either	 the	 catalase‐treated	 or	

glucose	oxidase‐treated	myotubes.	
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Figure	6.3	Thiol	oxidation	on	myosin	in	C2C12	myotubes	in	response	to	catalase	
and	glucose	oxidase	treatment	

Myotubes	(7‐day‐old)	were	left	untreated	or	treated	with	catalase	(3000	units/ml;	+Cat.),	or	glucose	
oxidase	 (10	 munits/ml;	 +GluO.)	 for	 48	 hr	 in	 serum‐starved	 conditions.	 Protein	 samples	 were	
collected	as	described	in	Chapter	2.2.1	and	labelled	as	described	in	Chapter	2.7.	3	µg	labelled	protein	
was	loaded	to	the	gel	and	the	fluorescence	was	then	detected	with	typhoon	fluorescence	scanner.	(A)	
Image	of	 scanned	 gel.	 (B)	Average	 thiol	 oxidation	on	myosin	 of	 4	 experiments	 for	 each	 treatment	
group	 (2	 dishes/treatment	 group)	 represented	 as	mean	 ±	 SEM.	 The	 labelled	 protein	 content	was	
quantified	 as	 described	 in	 Chapter	 2.3.3	 and	 fluorescence	was	measured	 as	 described	 in	 Chapter	
2.7.4	

Figure	6.4	Thiol	oxidation	on	actin	in	C2C12	myotubes	in	response	to	catalase	and	
glucose	oxidase	treatment	

Myotubes	(7‐day‐old)	were	left	untreated	or	treated	with	catalase	(3000	units/ml;	+Cat.),	or	glucose	
oxidase	 (10	 munits/ml;	 +GluO.)	 for	 48	 hr	 in	 serum‐starved	 conditions.	 Protein	 samples	 were	
collected	as	described	in	Chapter	2.2.1	and	labelled	as	described	in	Chapter	2.7.	3	µg	labelled	protein	
was	loaded	to	the	gel	and	the	fluorescence	was	then	detected	with	typhoon	fluorescence	scanner.	(A)	
Image	of	 scanned	 gel.	 (B)	Average	 thiol	 oxidation	on	myosin	 of	 4	 experiments	 for	 each	 treatment	
group	 (2	 dishes/treatment	 group)	 represented	 as	mean	 ±	 SEM.	 The	 labelled	 protein	 content	was	
quantified	 as	 described	 in	 Chapter	 2.3.3	 and	 fluorescence	was	measured	 as	 described	 in	 Chapter	
2.7.4	
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6.4 Discussion 

After	adapting	a	method	 to	measure	 thiol	 oxidation	 in	muscle	 tissue	 to	measure	 thiol	

oxidation	in	C2C12	cell	cultures,	it	was	found	that	total	thiol	oxidation	and	thiol	oxidation	

of	 myosin	 and	 actin	 were	 not	 significantly	 changed	 by	 catalase	 or	 glucose	 oxidase	

treatment	of	 these	myotubes.	This	 is	 in	contrast	 to	previous	studies	of	 increased	thiol	

oxidation	 of	 proteins	 from	 yeast	 cells	 and	 human	 umbilical	 vein	 endothelial	 cells	 in	

response	to	hydrogen	peroxide	treatment	(Delaunay	et	al.	2000;	Imlay	2008).	However,	

another	study	that	subsequently	used	this	method	has	been	able	to	detect	an	increase	in	

thiol	oxidation	in	C2C12	myotubes	in	response	to	oxidant	treatment	using	diamide	(Tan	

et	 al.	 2015),	 suggesting	 this	 system	 is	 capable	 of	 measuring	 thiol	 oxidation	 in	 C2C12	

myotubes.	

The	duration	of	oxidant	treatment	is	thought	to	be	the	possible	reason	for	the	absence	

of	thiol	oxidation	observed	in	present	study.	In	yeast	cells,	thiol	oxidation	was	observed	

after	treating	the	cells	with	hydrogen	peroxide	for	2.5	min,	but	was	not	evident	after	1	

hr	 hydrogen	 peroxide	 treatment	 (Delaunay et al. 2000).	 In	 A548	 cells	 treated	 with	 0.1	

mM	hydrogen	 peroxide,	 an	 initial	 decrease	 in	 intracellular	 non‐protein	 thiols	 (NPSH)	

was	observed	from	0‐2	hr	and	followed	by	a	subsequent	recovery	by	8	hr	of	hydrogen	

peroxide	treatment.	These	changes	in	NPSH	were	attributed	to	thiol	oxidation	since	the	

level	of	NPSH	increased	with	antioxidant	treatment	(2	mM	NAC)	for	up	to	2	hr	(Mulier et 

al. 1998).	

In	the	present	study,	the	myotubes	were	treated	with	catalase	and	glucose	oxidase	for	a	

period	 of	 48	 hr	 to	 investigate	 longer	 term	 down‐stream	 effects,	 like	 changes	 in	 the	

signalling	pathways.	As	the	effects	of	these	treatments	on	thiol	oxidation	may	have	been	

transient	 and	 early	 in	 treatment,	 this	 study	 may	 not	 have	 been	 able	 to	 detect	 them.	

Studies	of	C57BL/6J	female	mice	have	shown	that	age‐related	thiol	oxidation	cannot	be	

detected	in	gastrocnemius	muscles	of	these	mice	from	3‐29	months	of	age	(Tohma	et	al.	

2014),	further	suggesting	that	the	effects	of	hydrogen	peroxide	on	muscle	protein	thiols	

may	by	early	and	 transient	and	unlikely	 to	be	detected	 in	 longer‐term	models.	Future	

studies	 could	 focus	 on	 assessing	 thiol	 oxidation	 in	 these	 myotubes	 over	 a	 range	 of	

shorter,	more	frequent	time	points.	
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Chapter 7: General discussion 

7.1 Introduction 

Oxidative	stress	is	defined	as	an	imbalance	between	the	generation	of	reactive	oxygen	

species	 (ROS)	 and	 a	 reduction	 in	 protective	 mechanism	 such	 as	 antioxidase	 activity.	

This	 imbalance	 leads	 to	 damage	 in	 biomolecules	with	 potential	 impact	 on	 the	whole	

organism	(Reuter	et	al.	2010).	Proteins	in	particular	are	easily	attacked	by	ROS	resulting	

in	 changes	 in	 structure	 and	 enzyme	 activity.	 Oxidative	 stress	 can	 also	 affect	 the	

activation	 of	 transaction	 factors,	 can	 alter	 signalling	 pathways	 and	 can	 damage	

membranes	(Klaunig	et	al.	1998).	

Oxidative	 stress	 and	 oxidative	 damage	 to	 tissues	 are	 thought	 to	 play	 a	 key	 role	 in	 a	

range	 of	 chronic	 diseases	 and	 conditions	 including	 cancer,	 diabetes,	 and	 ageing	

(Jefferson	1980;	Rooyackers	et	al.	1996;	Aruoma	1998;	Wei	1998;	Baynes	et	al.	1999;	

Brown	et	al.	2001;	Atalay	et	al.	2002;	Ryazanov	et	al.	2002;	Martinez‐Vicente	et	al.	2005;	

Valko	 et	 al.	 2006).	 In	 cancer	 cells,	 an	 increase	 in	 the	 generation	 of	 ROS	 enhances	

metabolic	stress	and	proliferative	capacity	(Chen	et	al.	2008;	Reuter	et	al.	2010).	In	both	

types	of	diabetes,	elevated	glucose	 levels	 induce	 the	generation	of	mitochondrial	ROS,	

nonenzymatic	 glycation	 of	 protein,	 and	 glucose	 autooxidation	 (Evans	 et	 al.	 2002;	

Maritim	 et	 al.	 2003;	 Robertson	 2004;	 Rolo	 et	 al.	 2006;	 Scheuner	 et	 al.	 2008).	 The	

generation	rate	of	hydrogen	peroxide	from	mitochondria	is	increased	(Sohal	et	al.	1996;	

Wei	 et	 al.	 2002)	 inducing	 the	 accumulation	 of	 irreversibly	 modified	 proteins	

(Tavernarakis	 2008).	 These	 oxidized	 proteins	 have	 been	 implicated	 in	 a	 number	 of	

aging	processes	and	diseases,	most	notably	Alzheimer’s	disease	(Klaunig	et	al.	2010).	

In	this	study,	the	responses	of	C2C12	myotubes	to	catalase	and	glucose	oxidase	treatment	

were	assessed	 to	 investigate	 the	mechanisms	of	muscle	wasting	 induced	by	oxidative	

stress.	

7.2 Muscle wasting 

Muscle	wasting	 involves	 loss	of	muscle	protein	mass	 and	 function.	Cachexia	 is	widely	

recognized	 as	 severe	 wasting	 accompanying	 disease	 states.	 Up	 to	 80	%	 of	 advanced	

cancer	 patients	 have	 cachexia	 and	 20	 %	 of	 cancer‐related	 deaths	 are	 thought	 to	 be	

linked	to	this	condition	(Glass	et	al.	2010;	Tazi	et	al.	2010;	Mathew	2011;	Silverio	et	al.	
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2011;	Wang	 et	 al.	 2011;	Wysong	 et	 al.	 2011).	 In	 elderly	with	undiagnosed/diagnosed	

diabetes,	declines	 in	muscle	mass	and	total	body	mass	have	also	been	associated	with	

cachexia	(Park	et	al.	2007;	Park	et	al.	2009).	Sarcopenia,	is	the	loss	of	muscle	mass	with	

ageing	and	causes	diminished	strength	and	exercise	capacity	 (Phillips et al. 2005; Lenk et 

al. 2010). 

Since	oxidative	stress	is	thought	to	induce	these	losses	in	muscle	mass	(Lass	et	al.	1998;	

Mantovani	et	al.	2002;	Mantovani	et	al.	2002;	Capel	et	al.	2005;	Mansouri	et	al.	2006;	

Lenk	et	al.	2010;	Silverio	et	al.	2011),	it	was	hypothesized	that	the	total	protein	content	

in	 C2C12	myotubes	would	 change	 in	 response	 to	 changes	 in	 hydrogen	 peroxide	 levels	

modulated	by	catalase	and	glucose	oxidase	treatment.	Overall,	the	total	protein	content	

was	 increased	with	 catalase	 treatment	 for	 72	 hr	 and	 decreased	with	 glucose	 oxidase	

treatment	 for	 48	 hr	 (Fig.	 3.6).	 These	 findings	 validated	 the	 use	 of	 C2C12	model	 for	

investigating	the	mechanisms	that	underly	myotube	protein	responses	to	catalase	and	

glucose	oxidase	treatment.	

7.3 Protein turnover 

An	imbalance	between	protein	synthesis	and	protein	degradation	leads	to	a	decrease	in	

total	protein	content	and	results	in	muscle	wasting	(Balagopal	et	al.	1997;	Evans	2010).	

In	cachexia	patients,	abnormalities	in	protein	metabolism	have	been	linked	to	decreases	

in	 protein	 synthesis	 and	 increases	 in	 protein	 degradation	 in	 skeletal	muscle	 (Tisdale	

2001).	Other	studies	of	cancer	patients	with	cachexia	have	found	that	protein	synthesis	

is	significantly	decreased	(Emery	et	al.	1984;	Smith	et	al.	1999)	and	this	has	also	been	

observed	in	diabetes	patients	and	elderly	patients	with	muscle	wasting	(Millward	et	al.	

1976;	Jefferson	1980;	Gelfand	et	al.	1987;	Rooyackers	et	al.	1996;	Balagopal	et	al.	1997;	

Anthony	 et	 al.	 2002).	 Increases	 in	 protein	 degradation	 are	 also	 observed	 in	 cachexia	

patients	with	cancer	or	diabetes	(Gelfand	et	al.	1987;	Smith	et	al.	1999;	Tisdale	2001;	

Bach	et	al.	2005),	and	actin	and	myosin	have	been	found	to	be	selectively	targeted	for	

degradation	in	cachexia	patients	(Evans	2010).	

Based	on	 these	previous	 studies	and	 the	 changes	of	 total	protein	content	observed	 in	

this	 study	 in	 response	 to	catalase	and	glucose	oxidase	 treatment,	 it	was	hypothesized	

that	 catalase	would	 increase	protein	 synthesis	 and	decrease	protein	degradation,	 and	

glucose	oxidase	would	decrease	protein	synthesis	and	increase	protein	degradation	in	
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C2C12	myotubes.	However,	as	described	in	Chapter	4,	the	level	of	protein	synthesis	was	

significantly	decreased	in	response	to	catalase	treatment	and	there	was	little	change	in	

protein	synthesis	after	glucose	oxidase	treatment	(Fig.	4.4).	In	addition,	while	the	rate	of	

protein	degradation	was	significantly	decreased	in	response	to	catalase	treatment,	there	

was	little	change	after	glucose	oxidase	treatment	(Fig.	4.5).	

7.4 Signalling pathways 

Previous	studies	have	shown	that	the	regulation	of	protein	synthesis	in	skeletal	muscle	

occurs	 primary	 at	 the	 initiation	 phase	 of	 protein	 translation	 and	 the	 initiation	 factor	

eIF4E	 and	 eIF2	 are	 involved	 in	 this	 regulation	 (Syntichaki	 et	 al.	 2006;	 Tisdale	 2009).	

eIF4E,	 as	 described	 in	 Chapter	 1,	 regulates	 protein	 synthesis	 via	 its	 reversible	

association	with	4E‐binding	proteins,	including	4EBP1,	through	the	mTOR	pathway.	The	

protein	 synthesis	 is	 increased	 when	 4EBP1	 is	 phosphorylated,	 and	 a	 decrease	 in	

phosphorylation	of	4EBP1	has	been	 linked	 to	ageing,	 cancer	and	diabetes	 (Shah	et	 al.	

2000;	Syntichaki	 et	 al.	2006;	Armengol	 et	 al.	 2007;	Eley	et	 al.	 2007;	Drummond	et	 al.	

2008;	Hands	et	al.	2009).	

Based	on	these	studies,	the	changes	in	total	protein	(Chapter	3)	and	in	protein	synthesis	

(Chapter	4)	observed	in	this	study,	it	was	hypothesized	that	phosphorylation	of	4EBP1	

would	 decrease	with	 both	 catalase	 and	 glucose	 oxidase	 treatment	 in	 C2C12	myotubes.	

However,	 phosphorylation	 of	 4EBP1	 was	 not	 found	 to	 be	 significantly	 changed	 with	

either	catalase	or	glucose	oxidase	treatment	(Fig.	5.6),	suggesting	that	4EBP1	might	not	

be	involved	in	protein	synthesis	changes	in	response	to	catalase	and	glucose	oxidase.	

eIF2,	as	described	in	Chapter	1,	decreases	protein	phosphorylation	by	phosphorylation	

of	 its	 α	 subunit	 through	 the	 PERK/eIF2α	 pathway.	 As	 a	 link	 between	 eIF2α	

phosphorylation	and	weight	loss	has	been	observed	in	cancer	and	diabetes	studies	(Kim	

et	al.	2000;	Harding	et	al.	2001;	Ozcan	et	al.	2004;	Eley	et	al.	2007;	Scheuner	et	al.	2008),	

it	was	hypothesized	that	eIF2α	phosphorylation	in	C2C12	myotubes	would	increase	after	

catalase	 and	 glucose	 oxidase	 treatment.	 As	 expected,	 increases	 in	 eIF2α	

phosphorylation	were	observed	for	both	treatments	(Fig.	5.7),	suggesting	that	eIF2α	 is	

involved	in	the	regulation	of	protein	synthesis	in	C2C12	myotubes.	
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7.5 Thiol oxidation 

Proteins	 can	 respond	 to	 ROS	 in	 different	 ways,	 including	 the	 formation	 of	 disulfide	

bonds	 from	 thiol	 groups	 containing	 cysteine	 residues	 (Atalay	 et	 al.	 2002;	 Poon	 et	 al.	

2004;	Valko	et	al.	2006).	The	 formation	of	 these	disulfide	bonds	are	 thought	 to	play	a	

key	 role	 in	 cancer	 (Toyokuni	 et	 al.	 1995;	Klaunig	 et	 al.	 1998;	Kumar	 et	 al.	 2008)	 and	

both	types	of	diabetes	(Maritim	et	al.	2003;	Robertson	2004;	Rolo	et	al.	2006).	

As	 significant	 changes	 on	 level	 of	 total	 protein	 content,	 protein	 turnover,	 and	 eIF2α	

pathway	were	observed	in	C2C12	myotubes	in	response	to	catalase	and	glucose	oxidase	

treatment	in	the	present	study,	it	was	hypothesized	that	thiol	oxidation	would	decrease	

with	 catalase	 treatment	 and	 increase	with	 glucose	 oxidase	 treatment.	 However,	 thiol	

oxidation	 was	 not	 found	 to	 be	 significantly	 changed	 by	 either	 catalase	 or	 glucose	

oxidase.	 Subsequent	 studies	 undertaken	 in	 this	 laboratory	 support	 this	 observation	

(Tohma	et	al.	2014;	Tan	et	al.	2015).	

7.6 Future studies 

Overall,	 this	study	shows	that	the	C2C12	myotube	model	can	be	used	to	investigate	the	

relationship	 between	 oxidative	 stress	 and	muscle	 wasting.	 Changes	 in	 protein	 levels,	

protein	 synthesis,	 protein	 degradation	 and	 eIF2α	 phosphorylation	 were	 observed	 in	

response	to	catalase	and	glucose	oxidase	treatment	in	these	myotubes,	but	no	changes	

were	found	in	thiol	oxidation	in	the	current	study.	The	extended	duration	of	treatment,	

chosen	to	explore	the	long‐term	down‐stream	effects	of	changes	in	hydrogen	peroxide	

levels,	 might	 be	 the	 reason	 why	 thiol	 oxidation	 was	 not	 detected.	 Further	 studies	

focused	 on	 earlier	 and	 more	 frequent	 sampling	 of	 the	 cultures	 may	 give	 a	 better	

indication	of	the	role	of	thiol	oxidation	in	this	process.		

While	 it	 is	 unknown	 if	 exogenous	 enzymes	 can	 be	 taken	 up	 by	 C2C12	 myotubes,	 the	

changes	 observed	 in	 total	 protein	 levels,	 protein	 turnover	 and	 signalling	 pathway	

observed	 in	 this	 study	 suggest	 glucose	 oxidase	 and	 catalase	 mediate	 these	 changes,	

probably	after	cellular	uptake	from	the	media.	Future	studies	could	also	be	undertaken	

to	compare	intracellular	and	extracellular	levels	of	hydrogen	peroxide	following	glucose	

oxidase	 and	 catalase	 treatment	 to	 confirm	 the	 changes	 observed	 were	 a	 result	 of	

intracellular	hydrogen	peroxide	production	(Beers	et	al.	1952;	Pick	et	al.	1980;	Pick	et	
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al.	 1981).	 Hydrogen	 peroxide	 could	 potentially	 be	 used	 as	 a	 control,	 although	 direct	

application	 is	 likely	 to	 cause	 significant	 cell	 death.	 Alternatively,	 uptake	 of	 these	

enzymes	could	be	monitored	by	packaging	them	in	fluorescently	labelled	nano	particles	

such	as	liposomes.	However,	previous	research	in	our	laboratory	and	others	has	shown	

the	 activity	 of	 enzymes	decreases	 in	 a	 time‐dependent	manner	 	 (Tse	 et	 al.	 1987;	Kho	

2010).	 Therefore,	 in	 addition	 of	 being	 time‐consuming	 and	 difficult,	 the	 expected	

reduction	 in	 enzyme	 activity	 may	 also	 make	 the	 results	 of	 this	 potential	 approach	

difficult	to	interpret.	

Further	 studies	may	 also	 focus	on	 the	other	possible	protein	 target	 sites	 that	may	be	

affected	by	oxidative	stress,	such	as	the	backbone	and	other	side	chains.	Ultimately,	it	is	

hoped	 that	 a	 better	 understanding	 of	 the	 mechanisms	 underlying	 muscle	 wasting	

induced	by	oxidative	stress	will	lead	to	new	therapies	for	muscle	wasting.	
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