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LAY	ABSTRACT	
	

Statins	are	a	class	of	widely	prescribed	cholesterol-lowering	drugs	that	reduce	the	

risk	of	heart	attack	and	stroke.	However,	many	patients	often	complain	of	statin-induced	

muscle	side	effects	(myopathy)	that	impact	their	quality	of	life.	Symptoms	of	this	statin-

induced	myopathy	can	manifest	as	muscle	pain	and	weakness.	The	underlying	biology	

causing	this	condition	is	still	not	well	understood.	Independent	of	its	cholesterol-lowering	

effect,	 statins	 can	 activate	 an	 immune	 receptor	 called	 the	 NLRP3	 inflammasome,	

indicating	that	inflammation	may	contribute	to	myopathy.	Therefore,	the	primary	goal	of	

this	 study	 was	 to	 determine	 if	 this	 immune	 response	 contributes	 to	 statin-induced	

myopathy.	 It	was	 found	that	 inhibition	of	 the	NLRP3	 inflammasome	 lowers	markers	of	

statin	myopathy.	 Results	 from	 this	 study	will	 provide	 further	 insight	 into	mechanisms	

regulating	this	myopathy,	and	may	lead	to	new	treatments	that	can	help	alleviate	statin	

side	effects	in	muscle.	
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ABSTRACT	
	

As	a	front-line	treatment	for	cardiovascular	disease,	statins	are	among	some	of	the	

most	widely	prescribed	drugs	worldwide.	Statins	are	effective	at	lowering	cholesterol,	but	

approximately	7-29%	of	patients	report	some	form	of	adverse	muscle	effect	during	the	

course	 of	 treatment.	 The	 severity	 of	 these	 side	 effects	 ranges	 from	 low-level	 to	 life-

threatening	 myopathy.	 The	 mechanism	 of	 statin	 myopathy	 remains	 ill-defined,	 but	

muscle-specific	E3	ubiquitin	ligases	have	been	implicated.	In	addition,	statins	have	been	

shown	to	activate	caspase-1	(and	increase	IL-1β)	in	immune	cells,	which	is	a	key	effector	

of	 the	 NLRP3	 inflammasome.	 The	 relevance	 of	 this	 inflammatory	 response	 in	 statin	

myopathy	remains	unknown.		

Using	 C2C12	 myotubes,	 an	 in	 vitro	 model	 of	 statin-induced	 myopathy	 was	

developed	 to	 test	 the	 impact	 of	NLRP3	 inflammasome	activation	on	markers	 of	 statin	

myopathy.	 Gene	 expression	 of	 the	 muscle-specific	 E3	 ubiquitin	 ligases	 atrogin-1	 and	

MuRF-1	 (atrogenes)	 were	 used	 as	 markers	 of	 statin-induced	 myopathy.	

Lipopolysaccharide	priming	of	the	NLRP3	inflammasome	was	found	to	lower	the	effective	

dose	of	fluvastatin	required	to	augment	atrogene	expression.	This	effect	correlated	with	

reduced	phosphorylation	of	Akt	and	FOXO3a,	a	transcription	factor	regulating	atrogene	

expression.	Statin-induced	atrogene	expression	was	also	found	to	be	dependent	on	an	

isoprenoid	that	 is	required	for	protein	prenylation	rather	than	cholesterol	biosynthesis	

pathways.	 	Fluvastatin	 increased	caspase-1	activity	 in	a	prenylation-dependent	manner	
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and	selective	inhibitors	of	NLRP3	and	caspase-1	were	able	to	prevent	increased	atrogene	

expression	with	fluvastatin	treatment.	

Therefore,	 the	 NLRP3	 inflammasome	 contributes	 to	 markers	 of	 statin-induced	

myopathy	through	a	prenylation-dependant	pathway	in	muscle	cells.	This	work	presents	

a	novel	mechanism	involved	in	statin	myopathy,	and	has	shown	that	the	inflammasome	

may	represent	a	new	drug	target	to	mitigate	muscle	symptoms	in	patients	taking	statins.		
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1.0	INTRODUCTION	

	
In	the	early	1970s	in	their	search	for	cholesterol-lowering	compounds	for	use	in	

cardiovascular	 disease,	 Endo	 and	 Kuroda	 identified	 a	 product	 from	 mold	 they	 called	

mevastatin1.	 Subsequently	 it	 was	 found	 that	 this	 statin	 compound	 inhibited	 the	 rate-

limiting	 enzyme	 in	 cholesterol	 biosynthesis,	 3-hydroxy-3-methylglutaryl	 coenzyme	 A	

reductase	 (HMGR)2.	 Mevastatin	 competes	 with	 the	 natural	 substrate,	 HMG-CoA	 for	

HMGR	 and	 consequently	 inhibits	 endogenous	 cholesterol	 synthesis.	 Since	 the	 initial	

identification	of	mevastatin,	a	number	of	natural	and	synthetic	strategies	have	been	used	

to	develop	more	potent	statins	that	have	even	greater	affinity	and	prolonged	binding	to	

HMGR.	Nearly	a	dozen	statins	have	been	developed	and	they	now	constitute	one	of	the	

most	commonly	prescribed	class	of	medications	worldwide,	having	become	established	

therapies	for	the	primary	and	secondary	prevention	of	cardiovascular	disease3,4.	Examples	

of	 popular	 statins	 on	 the	 market	 include	 fluvastatin	 (Lescol),	 atorvastatin	 (Lipitor),	

rosuvastatin	 (Crestor),	 lovastatin	 (Mevacor),	 and	 pravastatin	 (Pravacol)5.	 Although	 all	

statins	 have	 the	 same	 primary	 mechanism	 of	 action,	 statins	 can	 differ	 in	 their	

pharmacokinetics	 and	 pharmacodynamics.	 For	 example,	 pravastatin	 is	 extremely	

hydrophilic	compared	to	other	statins,	which	can	impart	significant	clinical	differences	in	

patient	susceptibility	to	statin	effects.	

In	 addition	 to	 the	 inhibition	 of	 endogenous	 cholesterol	 production,	 statin	

inhibition	of	HMGR	also	increases	the	level	of	low-density	lipoprotein	(LDL)	receptors	on	
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hepatocytes,	resulting	in	a	greater	clearance	of	cholesterol	from	the	circulation6.	Statins	

have	also	been	shown	to	inhibit	the	secretion	of	lipoproteins,	and	inhibit	LDL	oxidation,	

which	 represent	 additional	 factors	 that	 may	 reduce	 plaque	 formation	 to	 improve	

cardiovascular	 health7.	 These	multiple	modes	 of	 action	 largely	 account	 for	 the	 potent	

cholesterol-lowering	ability	of	statins,	and	together	are	responsible	for	lowering	patient	

risk	of	cardiovascular	morbidity	and	mortality4,8.		

1.1	THE	MEVALONATE	PATHWAY	

HMGR	catalyzes	the	rate-limiting	step	in	the	mevalonate	pathway,	an	important	

metabolic	pathway	that	provides	cells	with	essential	bioactive	molecules	that	are	vital	for	

many	cellular	processes9.	A	proximal	step	in	this	pathway	is	the	conversion	of	HMG-CoA	

to	mevalonate	by	HMGR.	In	subsequent	steps,	mevalonate	is	then	converted	into	sterol	

isoprenoids,	 such	 as	 cholesterol,	 bile	 acids,	 lipoproteins,	 and	 steroid	 hormones,	 and	 a	

number	 of	 non-sterol	 isoprenoids,	 like	 ubiquinone,	 dolichol	 pyrophosphate,	 and	 the	

farnesyl	 and	 geranylgeranyl	 moieties	 of	 isoprenylated	 proteins	 (Figure	 1).	 Non-sterol	

isoprenoids	 and	 intermediates	 in	 the	 mevalonate	 pathway	 contribute	 to	 post-

translational	 modification	 of	 a	 multitude	 of	 proteins	 involved	 in	 cell	 growth	 and	

proliferation,	 intracellular	 signaling,	 gene	 expression,	 protein	 glycosylation,	 and	

cytoskeletal	assembly6.		
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Figure	1|	The	mevalonate	pathway.	

3-hydroxy	 3-methylglutaryl-CoA	 (HMG-CoA)	 is	 converted	 to	 mevalonate	 by	 HMG-CoA	
reductase,	the	rate-limiting	enzyme	at	the	apex	of	this	pathway,	and	the	target	of	statin	
drugs.	 Mevalonate	 is	 then	 converted	 to	 isopentyl	 pyrophosphate,	 the	 5-carbon	 basic	
isoprene	 unit.	 A	 series	 of	 enzymatic	 reactions	 convert	 isopentyl-PP	 to	 farnesyl	
pyrophosphate	 (a	 15	 carbon	 isoprenoid).	 Farnesyl-PP	 can	 then	 be	 converted	 to	
geranylgeranyl	 pyrophosphate	 (a	 20	 carbon	 isoprenoid)	 with	 the	 addition	 of	 another	
isopentyl-PP.	In	addition,	farnesyl-PP	can	convert	to	dolichyl	phosphate	or	cholesterol.	In	
normal	cells,	isoprenoid	products	and	cholesterol	suppress	HMG-CoA	reductase	through	
means	of	post-translational	downregulation,	creating	a	negative	feedback	loop.	CAAX,	C	
denotes	cysteine,	A	denotes	any	aliphatic	amino	acid,	and	X	may	be	any	amino	acid;	FTase,	
farnesyltransferase;	GGTase,	geranylgeranyltransferase.	Adapted	from	(10).	
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1.1.1	Mevalonate	and	Post-Translational	Modifications	

The	 mevalonate	 pathway	 regulates	 isoprenoid	 intermediates	 such	 as	 the	 15-

carbon	 farnesyl	 pyrophosphate	 (FPP),	 the	 20-carbon	 geranylgeranyl	 pyrophosphate	

(GGPP),	and	dolichol	pyrophosphate.	Both	FPP	and	GGPP	serve	as	prenyl	groups	that	can	

be	added	to	cellular	proteins10.	Protein	prenylation	is	the	post-translational	modification	

process	of	creating	a	 lipidated	hydrophobic	domain	by	attaching	an	 isoprene	to	the	C-

terminal	 of	 a	 protein.	 Usually,	 prenylation	 occurs	 on	 proteins	 containing	 a	 C-terminal	

CAAX	motif	(C	denotes	cysteine,	A	represents	any	aliphatic	amino	acid	and	X	may	be	any	

amino	 acid)11.	 Functionally,	 the	 prenylation	 process	 permits	 the	 covalent	 attachment,	

localization,	and	intracellular	trafficking	of	membrane-associated	proteins	by	means	of	a	

lipid	anchor9.	Types	of	proteins	that	undergo	prenylation	modifications	include	small	GTP-

binding	proteins,	heme	A,	the	𝛾	subunit	of	G	proteins,	and	nuclear	lamins.	Many	proteins	

undergo	geranylgeranylation,	especially	many	of	the	small	GTP-binding	proteins	like	Rho,	

Rac,	Rab11.	These	small	GTP-binding	proteins	function	in	many	diverse	cellular	processes	

ranging	 from	 regulating	 gene	 expression	 to	 protein	 trafficking,	 and	 inhibition	 of	 their	

activity	can	significantly	alter	cellular	function	of	physiology12.	For	example,		the	reduced	

prenylation	and	consequent	inhibition	of	Rho	proteins	leading	to	reduced	proliferation,	is	

thought	 to	 be	 an	 important	 anti-cancer	 effect	 of	 statins13.	 Another	 post-translational	

modification	mediated	by	intermediates	of	the	mevalonate	pathway	is	N-linked	protein	

glycosylation.	Dolichol	pyrophosphate	acts	as	a	carrier	of	oligosaccharides	in	the	assembly	

of	glycoproteins	in	the	endoplasmic	reticulum,	and	its	availability	represents	a	key	factor	
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in	 the	assembly	of	 lipid-linked	oligosaccharides14.	 Interestingly,	 it	has	been	shown	that	

some	growth	factor	receptors,	like	the	insulin-like	growth	factor-1	(IGF1)	receptor,	require	

N-glycosylation	for	its	proper	translocation	to	the	cell	surface15.		

1.2	STATINS	AND	IMMUNITY	

Evidence	 from	 several	 large	 clinical	 trials	 have	 suggested	 that	 changes	 in	 lipid	

levels	alone	may	not	explain	all	of	the	beneficial	effects	of	statins	in	reducing	the	risk	of	

cardiovascular	disease3.	For	example,	results	of	the	CARE16	and	HPS17	trials	showed	that	

the	 cardiovascular	 benefit	 of	 statins	 did	 not	 correlate	 fully	 with	 the	 magnitude	 of	

cholesterol	lowering.	Moreover,	organ	transplant	studies	have	shown	that	statins	reduce	

the	 risk	of	 transplant	arteriopathy	and	 stroke,	which	are	not	normally	associated	with	

elevated	lipid	levels18,19.	These	observations	provide	strong	evidence	in	support	of	diffuse	

statin	effects	beyond	simple	lipid	lowering.		

1.2.1	Mevalonate	and	Immunity	

Evidence	 from	 both	 basic	 and	 clinical	 research	 demonstrates	 that	 statins	 have	

many	 cholesterol-independent,	 or	 pleiotropic	 effects.	 These	 effects	 include	 improving	

endothelial	 vascular	 tone	 and	 decreasing	 surface	 expression	 of	 adhesion	 molecules,	

stabilizing	atherosclerotic	plaques,	antithrombotic	properties,	decreasing	oxidative	stress,	

and	 anti-proliferative	 effects20.	 Recent	 studies	 indicate	 that	 statins	 also	 have	 anti-

inflammatory	 and	 immunomodulatory	 properties.	 Simvastatin	 and	 atorvastatin	 have	

been	shown	to	prevent	cytokine-induced	maturation	of	professional	antigen-presenting	
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cells,	and	can	subsequently	inhibit	T-cell	proliferation21.	These	immunological	effects	of	

statins	were	reversed	with	cellular	restoration	of	mevalonate	or	GGPP,	providing	support	

for	 the	 importance	of	protein	prenylation	 in	 cholesterol-independent	 statin	effects	on	

immunity.	Furthermore,	inhibition	of	protein	prenylation	can	reduce	leukocyte	adhesion,	

as	well	as	reduce	NADPH	oxidase	assembly	to	prevent	the	generation	of	reactive	oxygen	

species	(ROS)	in	endothelial	cells3.	Statins	reduce	levels	of	tumor	necrosis	factor	(TNF)	and	

interleukin	 (IL)-6	 in	 lipopolysaccharide	 (LPS)-treated	 peripheral	 blood,	 which	 is	 also	

associated	with	statin-mediated	decreases	in	protein	prenylation22.	In	contrast	to	the	anti-

inflammatory	properties	of	statins,	a	number	of	recent	studies	have	shown	that	statins	

are	able	to	enhance	the	production	of	the	pro-inflammatory	cytokines	of	the	IL-1	family23.	

Fluvastatin	has	been	shown	to	increase	the	secretion	of	the	pro-inflammatory	cytokines	

1L-1β	and	IL-18	in	Mycobacterium	tuberculosis	stimulated	peripheral	blood	mononuclear	

cells24.	 In	addition	to	fluvastatin,	 lovastatin	can	increase	ROS	and	synergize	with	LPS	to	

trigger	IL-1β	release25.	These	pro-inflammatory	effects	also	appear	to	be	dependent	on	

prenylation	 because	 mevalonate	 treatment	 can	 attenuate	 statin-induced	 secretion	 of	

these	pro-inflammatory	cytokines23,26.	Furthermore,	inhibition	of	the	prenylation	enzyme	

geranylgeranyltransferase,	mimics	the	effect	of	simvastatin	on	IL-1β	and	IL-18	secretion	

in	THP1	monocytes23.		

Intriguingly,	statin-mediated	increases	in	IL-1β	and	IL-18	secretion	is	only	seen	in	

LPS	or	bacteria-treated	(i.e.	primed)	immune	cells.	This	is	important	as	both	IL-1β	and	IL-

18	 are	 synthesized	 in	 inactive	 precursor	 forms	 (i.e	 during	 priming)	 that	 require	 an	



	
MSc.	Thesis	|	Y	Li,	McMaster	University	(Medical	Sciences)	

	 7	

additional	 step	of	 enzymatic	processing	 for	 secretion	of	 a	biologically	 active	protein27.	

Both	of	these	pro-inflammatory	cytokines	can	be	activated	through	cleavage	by	caspase-

1,	which	itself	can	be	indirectly	potentiated	by	priming	signals	like	LPS	and	other	bacterial	

ligands	through	cytosolic	complexes	called	inflammasomes28.		

1.2.2	Caspase-1	

Caspases	 are	 a	 family	 of	 cysteine	 proteases	 that	 are	 primarily	 known	 for	 their	

essential	role	in	apoptosis28.	However,	not	all	caspases	are	involved	in	apoptosis.	Caspase-

1	is	classified	as	an	inflammatory	caspase	because	of	its	regulation	of	pro-inflammatory	

cytokine	 activation.	 This	 response	 can	 also	 initiate	 a	 form	 of	 programmed	 cell	 death	

known	as	pyroptosis.	Unlike	apoptosis,	pyroptosis	mediated	by	caspase-1	is	characterized	

by	 osmotic	 swelling	 and	 the	 subsequent	 rupture	 of	 the	 cell	 membrane,	 with	 the	

mitochondrial	membrane	remaining	intact29,30.	In	contrast,	apoptosis	is	considered	to	be	

immunologically	 silent	 and	 is	 dependent	 on	 caspase-3	 processing28.	 Importantly,	

activation	of	caspase-1	does	not	always	initiate	pyroptosis,	as	this	response	is	primarily	

used	 by	 immune	 cells	 to	 clear	 intracellular	 pathogens	 when	 infected	 by	 bacteria	 and	

viruses30.	Often,	 activation	of	 caspase-1	will	 promote	 inflammatory	 responses	 through	

cleavage	of	IL-1β.		

Caspases	 share	 similarities	 in	 amino	 acid	 sequence,	 structure,	 and	 substrate	

specificity.	They	are	all	 expressed	as	proenzymes	 that	 contain	 three	domains:	an	NH2-

terminal	 domain,	 a	 large	 20kD	 subunit,	 and	 a	 small	 10kD	 subunit31.	 Since	 all	 of	 the	

domains	are	derived	from	the	proenzyme	and	are	cleaved	at	caspase	consensus	sites	for	
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activation,	caspases	can	be	activated	either	autocatalytically,	or	in	a	cascade	by	enzymes	

with	 similar	 specificity.	 As	 proteases,	 caspases	 are	 among	 the	 most	 specific	 with	 an	

absolute	 requirement	 for	 cleavage	 after	 aspartic	 acid	 which	 sits	 in	 the	 P1	 position.	

Recognition	of	at	 least	four	amino	acids	(P4	to	P1)	adjacent	to	the	cleavage	site	is	also	

required	for	efficient	substrate	processing.	Different	tetrapeptide	motifs	are	recognized	

by	different	caspases,	and	specificity	for	each	caspase	is	conferred	primarily	by	the	amino	

acid	in	the	P4	site32.	Recently	it	has	been	shown	that	sequences	flanking	the	tetrapeptide	

also	help	to	confer	substrate	specificity33.	For	caspase-1,	the	target	sequence	has	been	

shown	to	be	tryptophan/tyrosine	at	P4,	valine	at	P3,	any	residue	at	P3,	and	aspartic	acid	

at	P1	 (W/Y-V-X-D)32.	These	differences	 in	motif	 recognition	help	 to	explain	 the	diverse	

biological	 functions	 of	 caspases.	 While	 caspase-1	 is	 well	 known	 to	 function	 in	 the	

maturation	process	of	pro-inflammatory	cytokines,	 it	has	also	been	shown	 to	 regulate	

protein	 translation34,	 ubiquitination-proteasome	 degradation35,	 DNA	 repair36,	

stabilization	of	the	cytoskeleton37,	and	glycolysis38.	As	mentioned	earlier,	the	activation	of	

caspase-1	is	mediated	by	cytosolic	protein	complexes	known	as	inflammasomes33.		

1.3	THE	INFLAMMASOMES	

Activation	of	the	inflammasome	is	a	key	function	mediated	by	the	innate	immune	

system39.	Several	families	of	pathogen	recognition	receptors	are	important	components	

of	 the	 inflammasome	 complex,	 including	 the	 nucleotide-binding	 domain,	 leucine-rich	

repeat	 containing	 proteins	 (NLRs)	 and	 the	 absent	 in	melanoma	 2	 (AIM)-like	 receptors	

(ALRs)40.	Inflammasomes	are	multimeric	protein	complexes	that	assemble	in	the	cytosol	



	
MSc.	Thesis	|	Y	Li,	McMaster	University	(Medical	Sciences)	

	 9	

after	 sensing	 pathogen-	 or	 danger-associated	molecular	 patterns	 (PAMPs	 and	DAMPs,	

respectively).	Different	inflammasomes	are	activated	by	diverse	ligands	and	triggers,	and	

serve	as	a	scaffold	to	recruit	the	inactive	proenzyme	caspase-1	(pro-caspase-1)41.	One	of	

the	best	characterized	inflammasomes	is	the	NLRP3	(nucleotide-binding	domain,	leucine-

rich	 repeat	 containing	 protein,	 pyrin	 domain-containing-3)	 inflammasome39.	 While	 all	

inflammasomes	 recognize	certain	PAMPs	and	DAMPs,	NLRP3	 is	distinct	 in	 its	ability	 to	

recognize	and	respond	to	diverse	stimuli,	making	it	the	most	versatile	inflammasome42.	

The	mechanisms	of	NLRP3	inflammasome	activation	still	lack	consensus,	but	the	majority	

of	studies	support	a	model	where	potassium	efflux	 is	a	unifying	 factor43.	Other	stimuli	

include	the	generation	of	mitochondrial	ROS,	the	release	of	mitochondrial	DNA,	and	the	

release	of	cathepsins	 (lysosomal	proteases	that	degrade	 internalized	proteins)	 into	the	

cytosol44.	 In	 most	 cell	 types,	 NLRP3	 must	 be	 primed	 before	 activation	 of	 this	

inflammasome	can	occur	(Figure	2)45.	A	prototypical	example	of	such	a	priming	event	is	

the	binding	of	LPS	to	toll-like	receptor-4	(TLR4).	This	priming	event	increases	the	cellular	

expression	of	NLRP3	through	nuclear	factor-κB	(NF-κB)	signaling.	Furthermore,	recently	it	

has	 been	 shown	 that	 priming	 can	 also	 rapidly	 induce	 the	 deubiquitination	 of	 NLRP3,	

independent	of	new	protein	synthesis	to	promote	NLRP3	inflammasome	activation46,47.	

Once	 primed,	 NLRP3	 is	 ready	 to	 respond	 to	 stimuli	 to	 assemble	 the	 inflammasome	

complex.	 This	 assembly	 requires	 NLRP3	 to	 associate	 with	 the	 adaptor	 protein	 ASC	

(apoptosis-associated	 speck-like	protein	 containing	a	 carboxy-terminal	CARD),	which	 is	

comprised	of	 the	 caspase	 recruitment	domain	 (CARD)	 linked	 to	 a	 pyrin	domain44.	 The	
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NLRP3:ASC	complex	oligomerizes	and	associates	with	pro-caspase-1,	thus	forming	active	

inflammasome	complexes	(NLRP3:ASC:caspase-1).	The	close	proximity	of	pro-caspase-1	

proteins	then	induces	the	autocatalytic	cleavage	of	pro-caspase-1	into	mature	caspase-1.	

Currently,	 stimuli	 recognized	 as	 NLRP3	 agonists	 include	 ATP,	 pore-forming	 toxins,	

crystalline	substances,	nucleic	acids,	and	fungal,	bacteria,	and	viral	pathogens39.		

	

	

Figure	2|	Steps	to	NLRP3	priming	and	inflammasome	activation.	

When	 pattern	 recognition	 receptors	 or	 cytokine	 receptors	 are	 activated	 by	 their	
respective	ligands,	causing	the	activation	of	the	NF-κB	transcription	factor,	this	leads	to	
the	transcription	and	translation	of	NLRP3	and	pro-IL-1β.	NLRP3	activation	requires	that	
HSP90	and	SGT1	dissociate	from	NLRP3,	and	that	NLRP3	undergoes	deubiquitinylation	by	
the	enzyme	BRCC3.	Once	the	inflammasome	is	fully	assembled	and	activated	forming	a	
complex	with	ASC	and	caspase-1,	active	caspase-1	is	now	able	to	process	pro-IL-1β	into	
its	mature	form.	Adapted	from	(45).	
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1.4	ADVERSE	EFFECTS	OF	STATINS	

Although	statins	are	generally	considered	to	be	well-tolerated,	their	widespread	

use	has	revealed	adverse	effects	that	can	result	in	intolerance,	where	the	only	recourse	is	

discontinuation	 of	 statin	 treatment48,49.	 Of	 the	 reported	 side	 effects	 that	 include	

elevations	 in	 liver	 enzymes	 and	 increased	 risk	 for	 diabetes50,	 the	 most	 common	 and	

potentially	most	serious	side	effect	is	myopathy	or	myotoxicity5.	In	randomized	controlled	

trials,	the	incidence	of	statin	myopathy	ranges	from	1.5-5%,	while	large	community	based	

studies	have	 reported	 that	 10-20%	of	patients	 experience	mild	muscle	 symptoms51–53.	

There	are	over	100	million	statin	prescriptions	each	year	in	the	US	alone	and	with	new	

guidelines	set	forth	by	the	American	Heart	Association,	this	has	pushed	the	number	of	

statin	users	to	over	60	million	in	the	US,	with	many	other	countries	looking	to	follow	this	

trend54.	 Therefore,	 statin-induced	 myopathy	 has	 the	 potential	 to	 affect	 millions	 of	

additional	people55.		

1.4.1	Myopathy	

The	term	myopathy	defines	a	wide	range	of	muscle-related	symptoms.	However,	

the	terminology	around	statin-related	adverse	muscle	events	is	variable	and	has	changed	

over	 the	 years,	 likely	 contributing	 to	 the	 discrepancy	 in	 epidemiological	 data	 on	 the	

prevalence	of	statin	myopathy.	Recently,	a	European	consensus	panel	has	classified	statin	

myopathy	 into	six	grades	based	on	clinical	symptoms	and	creatine	kinase	(CK)	changes	

(Table	 1)56.	 Generally,	 statin-induced	 myopathy	 ranges	 from	 clinically	 asymptomatic	

muscle	 disease	with	 elevated	 serum	 CK,	 to	muscle	 pain	without	 changes	 in	 CK	 levels	
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(myalgia),	 to	 acute	 muscle	 pain	 accompanied	 with	 CK	 elevation	 (myositis),	 and	 to	

potentially	 life-threatening	 rhabdomyolysis57.	 Though	 many	 statin	 users	 will	 only	

experience	mild	 symptoms,	 the	development	of	myopathy	 can	 impact	 daily	 living	 and	

quality	of	life	by	affecting	the	patient’s	ability	to	accomplish	simple	tasks,	or	may	prevent	

their	participation	in	enjoyable	recreational	activities58.		

	

Table	1|	A	consensus	group	standardized	classification	of	statin-related	side-effects	and	
their	frequency.	Adapted	from	(56).	

Statin	Myopathy	
Grade	

Phenotype	 Incidence	 Definition	

0	 CK	rise	 1-26%	 Asymptomatic	
1	 Mild	Myalgia	 0.3-33%	 Muscle	ache	but	no	CK	rise	
2	 Severe	Myalgia	 0.2-2/1000	 Muscle	ache;	CK	4x	the	

upper	limit,	resolves	
3	 Mild	Myopathy	 5/100000	

patient	years	
Muscle	ache;	CK	4-10x	the	
upper	limit,	resolves	

4	 Severe	
Myopathy	

0.11%	 Muscle	ache;	CK	10-50x	the	
upper	limit,	resolves	

5	 Rhabdomyolysis	 0.1-8.4/100000	
patient	years	

CK	50x	the	upper	limit	or	
CK>10x	with	acute	kidney	
injury	

6	 Autoimmune	
necrotizing	
myositis	

2/1000000	per	
year	

HMGR	antibody	in	plasma,	
muscle	biopsy;	non-
resolving	
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1.5	POSSIBLE	MECHANISMS	OF	STATIN	MYOPATHY	

The	etiology	of	statin-induced	myopathy	is	still	unclear,	although	it	 is	 likely	that	

multiple	pathophysiological	mechanisms	contribute	to	statin-induced	myopathy.	Many	of	

the	proposed	mechanisms	of	 statin	myopathy	are	based	on	 inhibition	of	HMGR	 in	 the	

mevalonate	 pathway.	 Potential	 factors	 contributing	 to	 statin	 myopathy	 include:	

alterations	in	muscle	membrane	function	from	reduced	cholesterol	production;	reduced	

coenzyme	 Q10	 (CoQ10)	 production	 resulting	 in	 impaired	 energy	 production	 and	

mitochondrial	 dysfunction;	 and	 alterations	 in	 gene	 expression	 of	 cellular	 components	

regulating	apoptosis	and	protein	degradation.		

1.5.1	Alterations	to	the	Muscle	Membrane	

Cholesterol	 and	 phospholipids	 are	 the	 two	major	 lipid	 components	 of	 the	 cell	

membrane.	As	membrane	cholesterol	content	dictates	membrane	stiffness	and	helps	to	

maintain	 structural	 integrity,	 statin-dependent	 depletion	 of	 cholesterol	 in	 the	 cell	

membranes	of	myocytes	can	predispose	to	myopathy59,60.	Such	alterations	can	modulate	

the	 function	 of	 sodium,	 potassium	 and	 chloride	 channels,	 which	 will	 impact	 muscle	

membrane	excitability	and	could	help	to	explain	the	symptoms	of	muscle	weakness	and	

pain61.		

1.5.2	Mitochondrial	Dysfunction		

Early	experimental	data	showed	that	some	statin-treated	patients	had	lower	levels	

of	circulating	coenzyme	Q10	and	higher	lactate/pyruvate	ratios,	which	is	an	indicator	of	
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abnormal	 mitochondrial	 function62.	 CoQ10,	 or	 ubiquinone,	 is	 a	 steroid	 isoprenoid	

synthesized	 through	 the	mevalonate	 pathway	 that	 functions	 in	 the	 electron	 transport	

chain	 and	 participates	 in	 oxidative	 phosphorylation	 in	 the	 mitochondria63.	 Therefore,	

statin-mediated	inhibition	of	CoQ10	production	in	muscle	may	be	associated	with	reduced	

maximal	mitochondrial	oxidative	phosphorylation	capacity.	 In	addition,	reduced	CoQ10	

content	has	also	been	shown	 to	promote	 the	generation	of	ROS,	as	 it	also	works	as	a	

potent	antioxidant64.	Some	clinical	studies	have	shown	that	CoQ10	co-administration	with	

high-dose	statins	improve	the	perception	of	statin-related	muscle	pain;	however,	many	

other	studies	do	not	support	any	benefit	from	CoQ10	supplementation	when	compared	

to	placebo	 in	patients	on	 commonly	prescribed	 statin	doses65.	 In	 addition	 to	 lowering	

CoQ10,	it	has	been	proposed	that	statins	also	induce	mitochondrial	depolarization.	Acute	

application	 of	 simvastatin	 has	 been	 shown	 to	 cause	 a	 rapid	 dose-dependent	

depolarization	 of	 mitochondrial	 membranes	 in	 bundles	 of	 muscle	 fibers66.	 This	

depolarization	would	suggest	that	statins	can	mediate	the	uncoupling	of	mitochondrial	

oxidative	phosphorylation67.	These	alterations	 in	mitochondrial	 function	can	 lead	to	an	

increase	 in	 cytoplasmic	 calcium	 ions	 and	 sarcoplasmic	 reticulum	 calcium	 overload66.	

When	 overloaded,	 the	 sarcoplasmic	 reticulum	 may	 spontaneously	 release	 calcium	 to	

generate	a	calcium	wave,	which	may	account	for	the	cramps	and	myalgia	described	by	

statin	 myopathy	 patients.	 It	 has	 also	 been	 shown	 in	 vitro	 and	 in	 vivo	 with	 rats	 that	

fluvastatin	 and	 atorvastatin	 treatment	 increases	 resting	 cytosolic	 calcium,	 suggesting	

defects	 in	 calcium	 homeostasis68.	 Such	 changes	 in	 calcium	 homeostasis	 could	 lead	 to	
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caspase-3	 activation	 and	 induce	 apoptosis	 through	 Bcl-2,	 a	 regulatory	 protein	 of	 cell	

death69.	There	is	additional	evidence	that	shows	statin	treatment	can	also	increase	lipid	

peroxidation	and	oxidative	stress.	Kwak	et	al.	showed	that	exposing	human	muscle	cells	

to	simvastatin	resulted	in	impaired	ADP-stimulated	mitochondrial	respiration,	increased	

ROS	production,	and	activation	of	apoptosis70.		

1.5.3	Dysregulation	of	Apoptosis	and	Protein	Degradation	

Statins	have	been	shown	to	 induce	apoptosis	 in	a	variety	of	cell	 types58.	As	the	

mitochondria	 plays	 an	 important	 role	 in	 regulating	 apoptosis,	 any	 disruption	 to	

mitochondrial	function	can	propagate	the	apoptotic	signaling	pathway.	Interestingly,	the	

addition	of	mevalonate	prevents	 statin-induced	apoptosis	 and	activation	of	 caspase-3,	

which	strongly	suggests	that	the	depletion	of	downstream	products	of	the	mevalonate	

pathway	induces	muscle	cell	apoptosis,	at	least	in	vitro71,72.		

In	cell	culture,	statins	have	been	shown	to	diminish	muscle	oxygen	consumption,	

promote	 mitochondrial	 permeability,	 decrease	 ATP	 levels,	 and	 generate	 apoptotic	

proteins73.	In	animal	models,	some	studies	have	shown	statin	treatment	can	increase	ROS	

production	and	mitochondrial	 swelling.	However,	many	other	animal	studies	reveal	no	

changes	 in	mitochondrial	enzyme	activity	during	statin	treatment.	Results	 from	human	

studies	have	been	even	more	inconsistent,	with	only	some	showing	that	statin	patients	

have	 decreased	 CoQ10,	 elevated	 lipids,	 decreased	 enzyme	 activities,	 and	 impaired	

maximal	 oxygen	 uptake	 in	 muscle.	 The	 inconsistency	 in	 the	 data	 surrounding	 the	

pathogenesis	of	statin-induced	myopathy	clearly	 indicates	that	more	work	needs	to	be	
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done	 to	 piece	 together	 the	 possible	 mechanisms	 at	 work	 (Figure	 3).	 Some	 of	 this	

discrepancy	may	be	attributable	to	differences	in	models	of	statin	myotoxicity.	There	may	

be	intrinsic	differences	in	the	progression	of	myopathy	when	looking	at	overt	muscle	cell	

death,	which	is	more	relevant	to	rhabdomyolysis,	compared	to	low-level	myopathy,	which	

is	more	common.	 Intriguingly,	the	effects	of	statins	on	altering	mitochondrial	 function,	

increasing	 ROS,	 and	 reducing	 intracellular	 ATP	 levels	 are	 all	 features	 indicative	 of	 the	

stimuli	and	processes	that	activate	the	NLRP3	inflammasome,	possibly	implicating	a	new	

immune	link	between	statin	treatment	and	myopathy.		

	

	

Figure	3|	Current	theories	of	the	possible	mechanisms	contributing	to	statin	myopathy.	
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1.6	MUSCLE	GROWTH	AND	DAMAGE	

Skeletal	 muscle	 maintenance	 involves	 interconnected	 signals	 that	 coordinate	

hypertrophic	and	atrophic	messages,	culminating	 in	a	balance	between	muscle	protein	

synthesis	and	breakdown.	

1.6.1	IGF1/Akt	Signaling	Cascade	

Skeletal	 muscle	 hypertrophy,	 characterized	 as	 an	 increase	 in	 the	 size	 of	 pre-

existing	myofibers,	 involves	 increased	 protein	 synthesis,	 and	 can	 be	 induced	 by	many	

anabolic	stimuli74.	Signaling	via	IGF1	augments	muscle	growth	and	inhibits	breakdown.	In	

vitro	and	in	vivo,	IGF1	stimulates	both	proliferation	and	differentiation	of	muscle	cells75–

77.	Binding	of	 IGF1	to	 its	receptor	 leads	to	activation	of	 its	 intrinsic	tyrosine	kinase	and	

autophosphorylation,	 thus	 generating	docking	 sites	 for	 insulin	 receptor	 substrate	 (IRS)	

(Figure	4)78.	Phosphorylated	IRS	then	works	to	recruit	and	activate	phosphatidylinositol-

3-kinase	 (PI3K),	 which	 phosphorylates	 membrane	 phospholipids	 to	 generate	

phosphoinositide-3,4,5-triphosphate	 (PIP3).	 PIP3	 acts	 as	 a	 docking	 site	 for	 the	 kinases	

phosphoinositide-dependent	 kinase	 1	 (PDK1)	 and	 Akt.	 Activation	 of	 Akt	 by	

phosphorylation	 at	 threonine	 308,	 leads	 to	 inhibition	 of	 protein	 degradation	 through	

phosphorylation	 and	 nuclear	 exclusion	 of	 Forkhead	 box	 gene	 group	 O	 (FOXO)	

transcription	factors,	and	stimulation	of	protein	synthesis	via	the	mammalian	target	of	

rapamycin	 (mTOR)	 and	 glycogen	 synthase	 kinase	 3β	 (GSK3β).	 mTOR	 can	 form	 two	

different	 protein	 complexes:	 the	 rapamycin-sensitive	 mTORC1	 and	 the	 rampamycin-

insensitive	mTORC2.	mTORC1	is	important	for	phosphorylating	S6	kinase	(S6K)	which	goes	
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on	to	stimulate	factors	involved	in	translation	initiation	and	elongation	to	promote	protein	

synthesis.	 mTORC1	 also	 phosphorylates	 the	 inhibitory	 binding	 proteins	 of	 eukaryotic	

translation	 initiation	 factor	 4E	 (elF4E),	 allowing	 this	 translation	 initiation	machinery	 to	

work.	Activity	of	the	IGF1/Akt	pathway	is	controlled	by	several	feedback	loops.	Negative	

feedback	involves	S6K,	which	inhibits	IRS	through	serine	phosphorylation	at	multiple	sites	

that	lead	to	degradation	and	altered	cell	localization.	Positive	feedback	involves	mTORC2,	

which	phosphorylates	Akt	at	serine	473	and	is	needed	for	maximum	activation	of	Akt	and	

suppression	of	FOXO	activity.		

	

	

Figure	4|	Simplified	insulin-like	growth	factor	1	(IGF1)	signaling	pathway.	



	
MSc.	Thesis	|	Y	Li,	McMaster	University	(Medical	Sciences)	

	 19	

IGF1	 binds	 to	 the	 insulin-like	 growth	 factor	 receptor	 (IGF1rec),	 where	 IRS1	 is	
phosphorylated	 leading	 to	 subsequent	 phosphorylation	 and	 activation	 of	
phosphatidylinositol	3-kinase	(PI3K),	resulting	in	phosphorylation	of	Akt	at	serine	308	by	
PDK1.	All	these	steps	take	place	at	the	inner	surface	of	the	plasma	membrane.	Akt	is	able	
to	inhibit	protein	degradation	by	phosphorylating	the	transcription	factors	of	the	FOXO	
family.	 It	 is	 also	 able	 to	 stimulate	 protein	 synthesis	 indirectly	 via	 mTOR.	 mTORC1	
phosphorylates	S6	kinase	(S6K)	which	stimulates	factors	involved	in	translation	initiation	
and	 elongation.	 Furthermore,	 mTORC1	 activates	 the	 eukaryotic	 translation	 initiation	
factor	 4E	 (eIF4E)	 by	 phosphorylating	 its	 inhibitory	 eIF4E-binding	 proteins	 (4EBPs).	
mTORC2	also	positively	feeds	back	to	Akt	by	phosphorylating	Akt	at	serine	473,	allowing	
for	maximum	activation	of	Akt.	Overall,	products	of	the	FOXO	arm	are	able	to	modulate	
the	effects	achieved	through	the	mTOR	branch	of	the	pathway.	Adapted	from	(78).	
	
	

The	 IGF1/Akt	 pathway	 shares	 most	 of	 its	 components	 with	 the	 insulin/Akt	

pathway,	 and	 the	 two	 pathways	 intersect	 at	 various	 points.	 Recently,	 Mullen	 and	

colleagues	have	shown	that	the	disruption	of	IGF1/Akt	signaling	is	a	causative	factor	in	

simvastatin-induced	mitochondrial	dysfunction	in	C2C12	myotubes,	and	that	HepG2	liver	

cells	 are	 protected	 from	 toxicity	 by	 maintaining	 IGF1/Akt	 signaling	 after	 simvastatin	

treatment79.	 However,	 the	 mechanisms	 behind	 how	 statins	 can	 impair	 the	 IGF1/Akt	

pathway	remain	unknown.	There	is	some	evidence	to	suggest	a	depletion	of	functional	

IGF1	 receptors	 at	 the	 cell	 surface	of	melanoma	 cells	 contributes	 to	 IGF1/Akt	 signaling	

defects15.	Carlberg	et	al.	demonstrated	that	statin-mediated	depletion	of	IGF1	receptor	

N-glycosylation	significantly	contributed	to	reduced	levels	of	functioning	IGF1	receptors	

as	mevalonate	was	able	to	restore	the	expression	of	receptors	at	the	cell	surface,	and	the	

number	of	IGF1	binding	sites.	
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1.6.2	Muscle	Ubiquitin	Ligases	

Skeletal	muscle	atrophy	is	characterized	by	a	shift	towards	protein	degradation.	It	

has	 been	 shown	 that	 the	 proteolysis	 observed	 in	 atrophy	 occurs	 in	 part	 due	 to	 the	

activation	of	ubiquitin-mediated	proteasomal	degradation80.	This	ubiquitin-proteasome	

system	is	characterized	by	the	concerted	action	of	ubiquitin-conjugating	enzymes	that	link	

chains	 of	 the	 polypeptide	 co-factor	 ubiquitin	 on	 to	 proteins	 to	 mark	 them	 for	

degradation81.	The	tagging	process	allows	them	to	be	recognized	by	the	proteasome,	a	

very	large	multi-catalytic	protease	complex	that	degrades	proteins	into	small	peptides82.	

Although	there	are	three	enzymatic	components	required	for	linking	chains	of	ubiquitin	

on	to	proteins	destined	for	degradation,	the	E3	ubiquitin	ligase	is	the	key	component	of	

the	 conjugation	apparatus	 that	 confers	 specificity	 to	 the	 system83.	 E3	ubiquitin	 ligases	

works	 to	 couple	 ubiquitin	 and	 the	 actions	 of	 E1	 (ubiquitin-activating	 enzyme)	 and	 E2	

(ubiquitin-carrier	proteins)	to	the	protein	substrate.	Both	muscle	RING	finger-containing	

protein	1	(MuRF-1)	and	muscle	atrophy	Fbox	protein	(MAFbx)	are	genes	that	encode	for	

muscle-specific	 E3	 ubiquitin	 ligases.	MuRF-1	 localizes	 to	 the	 sarcomere	 and	 has	 been	

shown	 to	bind	 to	myosin	heavy	 chain	 and	myosin	 light	 chain,	 suggesting	 that	MuRF-1	

induces	muscle	 atrophy	 by	 directly	 attacking	 the	 thick	 filament	 of	 the	 sarcomere	 and	

causing	the	proteolysis	of	myosin	proteins74,84,85.	On	the	other	hand,	MAFbx	(also	called	

atrogin-1)	has	been	shown	to	be	a	E3	 ligase	for	eIF3f,	a	protein	 initiation	factor74.	This	

finding	 would	 suggest	 that	 atrogin-1	 activity	 results	 in	 atrophy	 through	 the	

downregulation	of	protein	synthesis.		
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1.6.3	Ubiquitin	Ligases	in	Statin	Myopathy	

Multiple	 models	 of	 atrophy	 including	 denervation,	 high-dose	 dexamethasone	

treatment,	 treatment	 with	 inflammatory	 cytokines,	 and	 immobilization	 all	 induce	 the	

transcriptional	 upregulation	 of	 MuRF1	 and	 atrogin-1	 (collectively	 referred	 to	 as	

atrogenes).	 However,	 other	 models	 of	 atrophy	 like	 Duchenne	 muscular	 dystrophy,	 a	

genetic	 disease	 resulting	 in	 muscle	 degeneration,	 show	 no	 dependence	 on	 altered	

atrogin-1	expression86.	This	suggests	that	atrogin-1	is	not	just	a	general	marker	of	muscle	

atrophy	and	damage.	Interestingly,	statins	have	also	been	shown	to	induce	the	expression	

of	atrogin-1	and	MuRF-1	both	in	vitro	and	in	vivo.	Mallinson	et	al.	showed	that	rats	treated	

with	 simvastatin	 have	 increased	 atrogin-1	 and	 MuRF-1	 gene	 expression87.	 Similarly,	

another	study	by	Hanai	et	al.	showed	that	patients	presenting	with	statin	myopathy	have	

increased	atrogin-1	mRNA	expression,	and	that	lovastatin-treated	C2C12	myotubes	show	

significantly	higher	 levels	of	atrogin-1	mRNA	and	protein88.	 Importantly,	this	study	also	

showed	 that	 myotubes	 from	 atrogin-1	 null	 mice	 were	 resistant	 to	 lovastatin-induced	

myotube	atrophy.	 In	addition,	 increased	atrogin-1	expression	in	statin-treated	cultured	

mouse	myotubes	has	been	shown	to	result	from	a	geranylgeranylation	defect,	where	the	

expression	of	atrogin-1	can	be	prevented	when	geranylgeranol	is	present79,89.	These	data	

show	 that	 statin-induced	 lowering	 of	 isoprenoids	 required	 for	 protein	 prenylation	

increase	atrogenes	and	support	using	atrogin-1	and	MuRF-1	as	markers	of	statin-induced	

myopathy.		
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1.6.4	Regulation	of	Atrogin-1	and	MuRF-1	

The	transcription	of	atrogin-1	and	MuRF-1	is	most	commonly	regulated	by	FOXO	

transcription	factors.	Normally,	the	upregulation	of	these	ubiquitin	ligases	are	blocked	by	

Akt	through	negative	regulation	of	the	FOXO	family	transcription	factors90–92.	Activation	

of	 the	 PI3K/Akt	 pathway	 allows	 Akt	 to	 phosphorylate	 FOXO	 transcription	 factors	 to	

promote	 their	 export	 from	 the	 nucleus	 into	 the	 cytoplasm,	 thereby	 preventing	 the	

transcription	of	atrogin-1	and	MuRF-193.	There	are	 three	members	of	 the	FOXO	family	

found	in	skeletal	muscle:	FOXO1,	FOXO3a,	and	FOXO4.	In	C2C12	myotubes,	the	expression	

of	either	constitutively	active	FOXO1	or	FOXO3a	increased	the	amount	of	E3	mRNA	and	

decreased	 myofiber	 size90.	 In	 addition,	 FOXO1	 transgenic	 mice	 showed	 significantly	

reduced	muscle	mass	and	fiber	atrophy94.	Similarly,	knocking	down	FOXO	expression	is	

able	to	block	the	upregulation	of	atrogin-1	expression	during	atrophy95.		

Additionally,	 atrogin-1	 and	 MuRF-1	 can	 also	 be	 regulated	 by	 the	 NF-κB	

transcription	 factor.	 In	 vivo,	 activation	 of	 NF-κB	 has	 been	 shown	 to	 regulate	 skeletal	

muscle	atrophy	through	regulation	of	MuRF-1	expression96.	Moreover,	activation	of	the	

p38	 stress	 kinase	 pathway	 and	 subsequent	 NF-κB	 activation,	 has	 also	 been	 shown	 to	

increase	 atrogin-1	 and	 MuRF-1	 gene	 expression,	 and	 reduce	 myofibrillar	 protein	 in	

differentiated	C2C12	myotubes97.			
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2.0	RATIONALE,	HYPOTHESES	AND	RESEARCH	AIMS	

2.1	RATIONALE	

Statins	have	been	reported	to	activate	the	NLRP3	inflammasome	through	reduced	

protein	prenylation	in	immune	cells.	In	addition,	protein	prenylation	has	also	been	linked	

to	 increased	 atrogin-1	 expression	 in	models	 of	 statin	myopathy88.	Moreover,	 previous	

work	 in	 the	 Schertzer	 lab	 has	 shown	 that	 statin-mediated	NLRP3	 activation	 promotes	

insulin	 resistance	 in	adipose	 tissue98.	As	 there	are	many	similarities	between	 IGF1	and	

insulin	signaling	pathways,	it	is	possible	that	statins	may	have	a	similar	NLRP3-dependent	

effect	 on	 IGF1	 signaling,	 leading	 to	 increased	 expression	 of	 the	 atrophy-related	 genes	

atrogin-1	and	MuRF-1.	These	support	the	notion	of	potential	links	between	statins,	the	

NLRP3	inflammasome,	and	myopathy.	Therefore,	the	present	studies	were	undertaken	to	

ascertain	if	the	NLRP3	inflammasome	contributes	to	aspects	of	statin-induced	myopathy,	

and	to	establish	if	protein	prenylation	regulates	NLRP3/caspase-1	activity	in	muscle	cells,	

where	statins	promote	markers	of	myopathy	via	inhibition	of	the	IGF1/Akt/FOXO	signaling	

pathway.	

2.2	HYPOTHESIS	

We	hypothesize	that	activation	of	the	NLRP3/caspase-1	inflammasome	in	muscle	

cells	will	promote	statin-induced	myopathy,	and	that	inhibition	of	the	inflammasome	will	

aid	in	myopathy	prevention.	Furthermore,	we	hypothesize	that	the	effects	of	statins	on	

NLRP3	 and	 atrogene	 expression	 are	 dependent	 on	 isoprenoids	 used	 for	 protein	

prenylation.	
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2.3	RESEARCH	AIMS	

Using	C2C12	muscle	cells,	our	research	objectives	were:	

1)	To	establish	a	testable	in	vitro	model	of	statin-induced	myopathy.	

2)	To	determine	if	statins	promote	NLRP3	inflammasome	activity	during	statin	treatment.	

3)	To	 investigate	the	role	of	 the	NLRP3	 inflammasome	 in	promoting	markers	of	statin-

induced	myopathy.	

4)	To	determine	if	any	observed	effects	are	dependent	on	cholesterol	or	isoprenoids.		 	
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3.0	MATERIALS	AND	METHODOLOGY	

3.1	REAGENTS	AND	ANTIBODIES	

Chloroform	and	anhydrous	ethyl	alcohol	were	from	Anachemia,	and	methanol	and	

isopropyl	alcohol	were	from	BDH	VWR	Analytical.	TRIzol®	was	purchased	from	Ambion	

(Thermo	 Fisher	 Scientific).	 Ultrapure	 water,	 DNAse	 I	 10x	 reaction	 Buffer,	 DNAse	 I	

amplification	 grade,	 5x	 first	 strand	 buffer,	 dNTPs	 (dATP,	 dTTP,	 dGTP,	 dCTP),	 and	

SuperScript	III	were	from	Invitrogen	(Thermo	Fisher	Scientific).	10x	PCR	gold	buffer,	MgCl2,	

and	 AmpliTaq	 Gold	 were	 from	 Applied	 Biosystems.	 Oligonucleotide	 primers	 for	 cDNA	

synthesis	(random	hexamers,	random	pentadecamers,	and	Oligo-dT(18))	were	obtained	

from	 the	 McMaster	 University	 MOBIX	 Lab.	 All	 RT-PCR	 (real-time	 polymerase	 chain	

reaction)	primers	were	purchased	from	TaqMan	(Thermo	Fisher	Scientific).	TEMED	was	

purchased	from	Bio-Rad.	DMSO,	NaF,	Na3VO4,	Triton-100,	dithiothreitol	(DTT),	Tween-20,	

NP-40,	 ammonium	persulfate	 ((NH4)2S2O8),	 LONG®	R3	 IGF1,	 and	 25-hydroxycholesterol	

were	purchased	from	Sigma-Aldrich.	cOmplete™	protease	inhibitor	cocktail	tablets	were	

purchased	from	Roche.	Fluvastatin	(sodium	salt),	atorvastatin	(calcium	salt),	pravastatin	

(sodium	 salt),	 and	 geranylgeranyl	 pyrophosphate	 (ammonium	 salt)	 (GGPP)	 were	

purchased	 from	 Cayman	 Chemical.	 Cerivastatin	 sodium	 was	 purchased	 from	 LKT	

Laboratories.	 LPS	 (E.coli	 0111:B4)	 and	 Z-VAD-FMK	were	 purchased	 from	 InvivoGen.	 Z-

WEHD-FMK	was	purchased	from	Abcam,	and	Z56765797	was	from	Enamine.	Bicinchoninic	

acid	(BCA)	assays,	albumin	standards,	and	ECL	western	blotting	substrate	were	purchased	

from	Pierce	Thermo	Fisher	Scientific.	Primary	antibodies	for	polyclonal	anti-phospho-Akt	
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(Ser473),	 anti-phospho-Akt	 (Thr308),	 Akt	 anti-GAPDH,	 and	 anti-phospho-FOXO1	

(Thr24)/FOXO3a	(Thr32)	were	obtained	from	Cell	Signaling	Technology.		

3.2	CELL	CULTURE		

3.2.1	Cell	Culture	Reagents	

Dulbecco’s	 modified	 eagle	 medium	 (DMEM),	 fetal	 bovine	 serum	 (FBS),	 horse	

serum,	phosphate-buffered	saline	(PBS),	trypsin	and	antibiotic	solution	were	from	Gibco©	

ThermoFisher	Scientific.	Cell	growth	media	was	composed	of	DMEM	supplemented	with	

10%	 (v/v)	 FBS	 and	 1%	 (v/v)	 antibiotic	 (10,000units/ml	 of	 penicillin,	 10,000	 ug/mL	 of	

streptomycin,	and	25	ug/mL	of	amphotericin	B)	solution.	Myoblast	differentiation	media	

was	composed	of	DMEM	supplemented	with	2%	(v/v)	horse	serum	and	1%	(v/v)	antibiotic	

solution.		

3.2.2	Cell	Culture	Procedures	

All	experiments	were	conducted	in	the	mouse	C2C12	cells,	a	C3H	muscle	myoblast	

cell	line	(Sigma	Cat	No:	91031101).	Myoblast	cells	were	grown	in	cell	growth	media	and	

maintained	in	a	humidified	atmosphere	of	5%	CO2	at	37°C.	After	myoblast	cells	reached	

90-100%	confluence,	differentiation	into	myotubes	was	initiated	by	switching	the	growth	

media	 to	 differentiation	 media.	 Using	 an	 OMAX	 A3590U	 microscope,	 cells	 were	

monitored	daily	for	fusion	of	myoblasts	into	myotubes	(fiber-like	structures).	On	day	3	or	

4	of	differentiation,	cells	were	treated	under	various	conditions	in	differentiation	media.	

Figure	5	illustrates	the	general	treatment	protocols	used.		
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Figure	5|	Illustration	of	treatment	protocol.	

If	pretreatment	was	required,	C2C12	myotubes	were	treated	for	4	hours	with	LPS.	Cells	
were	washed	twice	with	PBS	before	fresh	media	was	added.	Fluvastatin	treatment	media	
alone,	or	containing	IGF1,	GGPP,	caspase-1	or	NLRP3	inhibitors,	were	placed	on	myotubes	
for	48	hours	before	RNA	or	protein	was	extracted	for	analysis.		
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3.3	GENE	EXPRESSION	ANALYSIS	

3.3.1	RNA	Extraction	from	Cells	

C2C12	myotubes	were	scrapped	and	triturated	with	a	1	mL	pipette	tip	in	TRIzol®	

for	extraction	of	RNA.	To	begin	the	extraction	process,	200	µL	of	chloroform	was	added	

per	1	mL	of	TRIzol®	reagent.	The	samples	were	then	mixed	vigorously	and	centrifuged	at	

4°C	for	15	minutes	at	12,000	x	g.	The	upper	aqueous	phase	was	then	transferred	into	a	

fresh	tube.	The	RNA	was	precipitated	from	the	aqueous	phase	by	mixing	with	isopropyl	

alcohol	(500	µL	of	alcohol	per	1	mL	TRIzol®).	The	samples	were	then	incubated	at	room	

temperature	 for	10	minutes,	and	centrifuged	at	4°C	at	12,000	x	g	 for	10	minutes.	The	

supernatant	 was	 discarded	 and	 the	 gel-like,	 RNA	 pellet	 was	 washed	 twice	 with	 75%	

anhydrous	ethyl	alcohol.	The	pellet	was	spun	down	after	each	wash	at	7,500	x	g	at	4°C	for	

5	minutes.	 Following	 the	 last	wash,	 any	 remaining	 ethanol	was	 allowed	 to	 evaporate	

before	dissolving	the	RNA	pellet	in	UltraPure,	distilled	water.	

3.3.2	cDNA	Synthesis	

RNA	 concentration	 was	measured	 by	 spectrophotometry,	 using	 the	 NanoDrop	

2000	(Thermo	Fisher	Scientific).	To	eliminate	single-	and	double-stranded	DNA	from	each	

sample,	1	µg	of	RNA	was	mixed	with	0.5	µL	of	DNAse	I	10x	Reaction	Buffer	(200	mM	Tris-

HCl	(pH	8.4),	20	mM	MgCl2,	500	mM	KCl)	and	0.5	µL	of	DNAse	I	Amplification	Grade	for	15	

minutes	at	room	temperature.	0.5	µL	of	EDTA	(25	mM),	0.5	µL	of	random	hexamer	primers	

(250	ng/µL)	and	0.5	µL	of	dNTPs	(10	mM)	were	added	to	each	sample.	The	samples	were	

incubated	in	the	SimpliAmp	Thermal	Cycler	(Applied	Biosystems)	at	95°C	for	10	minutes	
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to	 inactivate	 DNAse	 I,	 then	 at	 55°C	 for	 10	minutes	 to	 anneal	 the	 primers.	 cDNA	was	

synthesized	by	adding	2	µL	of	5x	First	Strand	Buffer	(250	mM	Tris-HCl	(pH	8.3),	375	mM	

KCl,	15	mM	MgCl2),	0.5	µL	of	DTT	(0.1	M),	0.5	µL	of	UltraPure,	distilled	water,	and	0.5	µL	

of	SuperScript™	III	to	each	sample,	and	incubating	the	samples	in	the	thermal	cycler	for	

50	minutes	at	55°C,	followed	by	15	minutes	at	70°C.	All	cDNA	samples	were	diluted	1:25	

in	UltraPure	distilled	water	and	stored	at	-20°C.	

3.3.3	RT-qPCR	Reactions	

10	µL	of	each	cDNA	sample	was	mixed	with	10	µL	of	master	mix	(per	sample:	5.1	

µL	UltraPure	water,	2	µL	10x	PCR	Gold	Buffer,	2	µL	MgCl2,	0.4	µL	dNTPs	(10	mM),	0.2	µL	

TaqMan®	primer,	and	0.1	µL	AmpliTaq®	Gold).	For	a	full	list	of	primers	used,	refer	to	Table	

2.	RT-PCR	was	performed	using	a	Rotor-Gene	Q	(Qiagen)	set	to	run	for	50	cycles	(95°C	for	

10	seconds,	then	58°C	for	45	seconds).	All	gene	expression	data	were	normalized	to	the	

respective	RPLP0	(ribosomal	protein,	large,	P0)	housekeeping	control	for	each	sample	and	

analyzed	using	the	comparative	CT	method.	

	

	

	

	

	

	

	

	



	
MSc.	Thesis	|	Y	Li,	McMaster	University	(Medical	Sciences)	

	 30	

Table	2|	Primers	used	in	RT-qPCR.	

Primer	 Gene	 Catalogue	Number	
Rplp0	 Ribosomal	protein	(housekeeper)	 Mm01974474	
Fbxo32	 atrogin-1,	MAFbx	 Mm00499523	
Trim63	 MuRF-1	 Mm01185221	
Il6	 IL-6	 Mm00446190	
Il1β	 IL-1β	 Mm00434228	
Il18	 IL-18	 Mm00434226	
Tnfα	 TNFα	 Mm00443258	
Nod1	 NOD1	 Mm00805062	
Nod2	 NOD2	 Mm00467543	
Tlr4	 TLR4	 Mm00445273	
Mefv	 pyrin	 Mm01342372	
Nlrp3	 NLRP3	 Mm00840904	
	

	

Table	3|	Antibodies	utilized	in	immunoblotting.	

Primary	Antibody	 Dilution	 Catalogue	Number	
Phospho-Akt	(Ser473)	 1:1000	 CST	#4058	
Phospho-Akt	(Thr308)	 1:1000	 CST	#4056	
Akt	 1:1000	 CST	#9272	
Phospho-FOXO1(Thr24)/FOXO3a(Thr32)	 1:1000	 CST	#9464	
GAPDH	 1:1000	 CST	#5174	
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3.4	PROTEIN	ANALYSIS	

3.4.1	Protein	Extraction	from	Cells	

C2C12	cells	were	lysed	in	SBJ	lysis	buffer	(50	mM	HEPES,	150	mM	NaCl,	100	mM	

NaF,	10	mM	NaP2O7,	5	mM	EDTA･2H2O,	and	250	mM	sucrose)	supplemented	with	1%	

Triton-100,	200	mM	Na3VO4,	and	a	quarter	tablet	(in	10	mL	of	buffer)	of	protease	inhibitor	

cocktail.	300	µL	of	lysis	buffer	was	used	per	4	cm2	of	surface	area.	Adherent	cells	were	

scrapped	 using	 a	 cell	 scrapper	 and	 transferred	 to	 a	 fresh	 tube.	 Samples	were	 passed	

through	a	26-gauge	needle	to	ensure	all	cells	were	appropriately	lysed.	The	samples	were	

then	spun	down	at	13,000	x	g	for	15	minutes	at	4°C	to	remove	all	non-solubilized	debris	

from	the	final	lysate	preparations.	All	samples	were	stored	at	-80°C	until	needed.		

3.4.2	Total	Protein	Measurements	

Protein	concentrations	were	measured	by	bicinchoninic	acid	(BCA)	assay.	Lysate	

samples	 were	 diluted	 1:5	 in	 Milli-Q®	 water	 to	 prepare	 25	 µL	 for	 the	 assay.	 Proteins	

standards	were	prepared	using	2	mg/mL	albumin	diluted	in	Milli-Q®	water.	The	assay	was	

run	using	a	clear	96-well	plate.	Following	the	protocol	outlined	by	Pierce,	the	BCA	reagent	

solution	was	made	by	mixing	Reagent	A	and	Reagent	B	in	a	50:1	ratio.	200	µL	of	the	BCA	

reagent	solution	was	added	to	each	sample;	samples	were	run	in	duplicates.	Absorbance	

readings	 were	 taken	 at	 562	 nm	 using	 the	 Synergy	 H4	 Hybrid	 Reader	 (BioTek,	 Fischer	

Scientific)	after	the	samples	had	incubated	with	the	BCA	reagent	solution	for	30	minutes	

at	 37°C.	 Total	 protein	 concentration	 values	 were	 then	 interpolated	 using	 Prism	 6.0	

software,	based	on	the	standard	curve	generated.		



	
MSc.	Thesis	|	Y	Li,	McMaster	University	(Medical	Sciences)	

	 32	

3.4.3	Immunoblotting	

Protein	 lysates	were	prepared	for	 immunoblotting	by	adding	4x	Laemmli	buffer	

(8%	SDS,	 40%	glycerol,	 240	mM	Tris-HCl	 (pH	6.8),	 10%	2-mercaptoethanol,	 and	0.02%	

bromophenol	blue)	1:4	to	lysate	samples.	Lysate	samples	were	then	boiled	at	95°C	for	5	

minutes	to	denature	proteins.	10-20	µg	of	protein	was	loaded	onto	a	10%	SDS-PAGE	gel,	

and	electrophoresis	was	carried	out	at	100V	for	approximately	1	hour	and	45	minutes,	or	

until	the	dye	front	reached	the	bottom	of	the	gel.	Protein	was	transferred	onto	a	PVDF	

membrane	 using	 the	 Trans-Blot	 Turbo	 System	 (Bio-Rad)	 set	 at	 25V	 for	 25	 minutes.	

Membranes	were	then	blocked	in	5%	bovine	serum	albumin	(BSA)	for	1	hour	before	being	

incubated	 with	 primary	 antibody	 overnight	 at	 4°C.	 All	 primary	 antibodies	 and	 their	

respective	dilutions	are	listed	in	Table	3.	Membranes	were	washed	in	Tris-buffered	saline	

with	0.5%	Tween-20	(TBS-T)	four	times,	each	for	10	minutes.	After	washing,	membranes	

were	incubated	with	the	appropriate	horseradish-peroxidase	(HRP)-conjugated	species-

specific	IgG	secondary	antibodies.	Secondary	antibodies	were	diluted	1:5000	in	TBS-T	and	

incubated	with	membranes	 for	 1	 hour	 at	 room	 temperature.	Membranes	were	 again	

washed	in	TBS-T	four	times	for	10	minutes	each	before	developing	the	membrane	using	

Pierce	 ECL	 Western	 Blotting	 Substrate.	 ECL	 solution	 was	 prepared	 according	 to	

manufacturer	directions	and	membranes	were	 incubated	 in	ECL	 solution	 for	at	 least	2	

minutes	before	detection	in	the	Bio-Rad	Imager.	Band	intensities	were	visualized	using	

Bio-Rad	Image	Lab	and	quantified	using	NIH	Imaging	Software	(ImageJ).		
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3.5	MYOTUBE	DIAMETER	ANALYSIS	

	 Images	of	cultured	myotubes	were	taken	on	an	OMAX	microscope	using	Toupview	

3	at	40x	magnification.	Myotube	diameter	measurements	were	obtained	using	NIH	Image	

software	(ImageJ).	Pixel	to	length	scale	was	determined	by	calibrating	a	hemocytometer	

image	 taken	 at	 40x	 magnification.	 To	 analyze	 myotube	 diameters,	 three	 short-axis	

measurements	were	taken	along	the	length	of	a	given	myotube,	and	an	average	of	these	

three	 values	was	 used	 to	 determine	 a	 single	myotube	 diameter	 value.	 A	 total	 of	 100	

myotubes	were	measured	and	replicated	in	three	independent	experiments.		

3.6	CASPASE-1	ACTIVITY	ASSAYS	

3.6.1	FAM-FLICA	Caspase-1	Assay	

Presence	of	active	caspase-1	was	quantified	using	the	FAM-FLICA	Caspase-1	Assay	

Kit,	 a	 fluorescence-based	 assay.	 This	 assay	 kit	 uses	 the	 FLICA	 probe,	 which	 is	 a	 non-

cytotoxic	 fluorescently-labelled	 probe	 that	 covalently	 binds	 only	 to	 active	 caspase	

enzymes.	Active	caspase	enzymes	exhibit	catalytic	and	substrate	specificities	 for	short,	

tetra-peptide	amino	acid	sequences.	This	allows	for	the	generation	of	peptide	sequences	

that	 can	 bind	 competitively	 to	 specific	 caspases.	 For	 caspase-1,	 the	 FAM-YVAD-FMK	

(carboxyfluorescein-YVAD-fluroromethyl	 ketone)	 reporter	 dye	was	 used	 and	 the	 assay	

was	run	according	to	the	manufacturer’s	 instructions	 (ImmunoChemistry	Cat	No:	#98).	

Briefly,	C2C12	myoblasts	differentiated	and	treated	in	a	black,	clear-bottom	96-well	plate.	

To	measure	caspase-1,	1X	FLICA	solution	was	added	to	each	well	and	allowed	to	incubate	

with	the	cells	for	60	minutes	at	37°C,	ensuring	the	plate	was	protected	from	light.	The	
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plate	was	mixed	gently	by	tapping	every	10	minutes	to	ensure	even	distribution	of	FLICA	

in	the	wells.	After	the	one-hour	incubation,	the	assay	plate	was	centrifuged	at	1500	rpm	

for	5	minutes	to	sediment	any	loose	floating	cells	and	the	excess	media	was	then	aspirated	

off.	 Cells	were	 then	 incubated	 at	 37°C	 in	 200	µL	of	 fresh	differentiation	media	 for	 20	

minutes	to	allow	for	any	unbound	FLICA	to	diffuse	out.	This	wash	step,	from	centrifugation	

to	incubation,	was	repeated	twice.	Following	the	three	washes,	50	µL	of	PBS	was	added	

to	each	well.	Fluorescence	intensity	was	measured	using	the	Synergy	H4	Hybrid	Reader	

set	 to	 excite	 at	 a	wavelength	of	 488	nm	and	 read	 an	 emitted	wavelength	of	 530	nm.	

Following	fluorescence	quantification,	the	cells	were	then	lysed	in	50	µL	of	SBJ	lysis	buffer	

supplemented	with	 1%	 Triton-100,	 200	mM	Na3VO4,	 and	 a	 quarter	 tablet	 of	 protease	

inhibitor	cocktail	 for	 total	protein	measurements	by	BCA.	All	 fluorescence	values	were	

then	 normalized	 to	 their	 respective	 total	 protein	 values	 and	 presented	 as	 relative	

fluorescence	units	(RFU)	per	µg	of	protein.			

3.6.2	Fluorometric	Caspase-1	Activity	Assay	

Enzymatic	activity	of	caspase-1	was	measured	using	the	BioVision	Caspase-1/ICE	

Fluorometric	Assay	Kit.	This	assay	detects	the	cleavage	of	substrate	YVAD-AFC	(AFC:	7-

amino-4-trifluoromethyl	coumarin).	Intact	YVAD-AFC	emits	blue	light,	but	upon	cleavage	

by	 caspase-1,	 free	 AFC	 emits	 a	 yellow-green	 fluorescence.	 The	 assay	 was	 prepared	

according	to	manufacturer’s	instructions	with	modifications	(BioVision	Cat	No:	K110-200).	

To	prepare	cell	 lysates	for	the	assay,	treated	myotubes	were	lysed	in	Aussie	buffer	(50	

mM	KH2PO4,	4	mM	EDTA,	1.15%	KCl,	and	0.5	mM	DTT)	 supplemented	with	a	quarter	



	
MSc.	Thesis	|	Y	Li,	McMaster	University	(Medical	Sciences)	

	 35	

tablet	(in	10	mL	of	buffer)	of	protease	inhibitor	cocktail.	Samples	were	passed	through	a	

26-gauge	needle	to	ensure	all	cells	were	appropriately	 lysed,	and	centrifuged	at	4°C	at	

13,000	 x	 g	 for	 15	 minutes	 to	 sediment	 the	 cell	 debris.	 The	 supernatant	 was	 then	

transferred	 to	 a	 fresh	 Eppendorf	 tube	 and	 stored	 at	 -80°C	 if	 the	 assay	was	 not	 being	

performed	on	the	same	day.	Before	preparing	the	enzymatic	assay,	total	protein	of	each	

sample	 was	 measured	 by	 BCA	 (described	 previously).	 Loading	 samples	 were	 then	

prepared	to	ensure	that	equal	amounts	of	protein	were	 loaded	between	samples.	 In	a	

black,	 96-well	 plate,	 50	 µL	 of	 cell	 lysate	 was	 added	 to	 50	 µL	 of	 2X	 Reaction	 Buffer	

(containing	10	mM	DTT).	50	µL	of	Aussie	Buffer	was	added	to	2X	Reaction	Buffer	for	a	

negative	control.	5	µL	of	1	mM	YVAD-AFC	substrate	was	then	added	to	each	sample.	The	

plate	was	read	in	kinetic	mode	at	an	excitation	of	400	nm	and	an	emission	of	505	nm	for	

4.5	 hours	 at	 37°C.	 Fluorescence	 measurements	 were	 taken	 every	 30	 minutes.	 To	

determine	the	fold	increase	in	caspase-1	activity,	treated	samples	were	compared	with	

untreated	control	samples.		

3.7	STATISTICAL	ANALYSES	

Statistical	analyses	were	carried	out	using	Prism	6.0	software	(GraphPad	Software,	

San	Diego,	CA).	Groups	were	compared	using	one-way	analysis	of	variance	(ANOVA)	Tukey	

post	hoc	analysis,	two-way	ANOVA	Tukey’s	multiple	comparison	test,	or	Student’s	T-Test.	

Unpaired	Student’s	T-Test	was	used	when	comparing	two	means.	For	example,	basal	Akt	

phosphorylation	 was	 compared	 between	 untreated	 myotubes	 and	 fluvastatin	 (1	 µM)	
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treated	myotubes	by	T-Test.	One-way	ANOVA	was	used	when	comparing	more	than	two	

means.	For	example,	gene	expression	of	a	given	cytokine	 (such	as	 IL-6)	was	compared	

irrespective	of	other	cytokines,	where	the	three	groups	(untreated	controls,	4-hour	LPS	

treated,	and	4-hour	LPS	pretreatment	with	removal	for	48	hours)	were	analyzed	by	one-

way	 ANOVA.	 Two-way	 ANOVA	 was	 used	 to	 test	 for	 significant	 interaction	 between	

multiple	 means.	 For	 example,	 we	 examined	 how	 the	 categorical	 factors	 of	 no	

pretreatment	and	LPS	pretreatment	on	different	doses	of	fluvastatin-induced	atrogene	

expression.	All	results	are	expressed	as	mean	±	SEM	(standard	error	of	the	mean).	Clinical	

data	 from	 patient	 samples	 are	 expressed	 as	 mean	 ±	 SD	 (standard	 deviation).	 Each	

individual	treatment	well	was	considered	an	independent	experiment,	and	a	minimum	of	

two	cell	passages	were	used	to	generate	the	data	in	each	figure,	except	for	data	shown	in	

Figure	8C	and	13B	where	experiments	were	performed	under	one	cell	passage.	p<0.05	

was	considered	to	be	statistically	significant.	 	
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4.0	RESULTS	

4.1	Priming	of	the	NLRP3	inflammasome	enhances	the	effect	of	fluvastatin	in	myotubes	

We	sought	to	investigate	the	possible	contribution	of	the	NLRP3	inflammasome	in	

muscle	cell	autonomous	responses	that	contribute	to	statin-induced	myopathy.	As	such,	

we	first	addressed	the	concept	of	an	adequate	in	vitro	muscle	cell	model	by	taking	into	

account	the	unique	two-step	priming/activation	mechanism	of	the	NLRP3	inflammasome.	

Using	C2C12	myoblasts	differentiated	into	myotubes,	the	inflammasome	was	primed	by	

treating	myotubes	with	100	ng/mL	of	LPS.	LPS	exposure	for	4	hours	significantly	increased	

transcript	 levels	 of	 the	 inflammasome	 components	 NLRP3,	 pyrin,	 and	 pathogen	

recognition	receptor	NOD1	(Figure	6A),	as	well	as	the	pro-inflammatory	cytokines	IL-1β,	

IL-6	and	TNFα	(Figure	6B).	As	increased	NLRP3	expression	is	a	key	component	of	priming	

this	inflammasome	in	immune	cells99,	these	data	show	that	LPS	is	also	a	sufficient	stimulus	

to	prime	the	NLRP3	inflammasome	in	muscle	cells.	Even	without	LPS	exposure,	10	µM	of	

fluvastatin	treatment	of	C2C12	myotubes	for	48	hours	was	able	to	significantly	increase	

expression	 of	 the	 muscle	 E3	 ubiquitin	 ligases,	 atrogin-1	 and	MuRF-1	 (Figure	 7A,	 7B).	

Importantly,	 LPS	 pretreatment	 for	 4	 hours	 promoted	 a	 significant	 increase	 in	 the	

expression	of	both	atrogin-1	and	MuRF-1	at	a	lower	fluvastatin	dose	(1	µM)	(Figure	7A,	

7B).	This	effect	occurred	despite	the	LPS	being	removed	after	4	hours	prior	to	the	48-hour	

fluvastatin	exposure	in	C2C12	myotubes.	These	data	are	consistent	with	a	model	where	

myotubes	 become	more	 sensitive	 to	 fluvastatin-induced	 atrogene	 induction	when	 the	

NLRP3	 inflammasome	 is	 primed.	 We	 used	 this	 model	 of	 a	 4-hour	 LPS	 pretreatment	
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followed	 by	 a	 48-hour	 fluvastatin	 treatment	 in	 C2C12	 myotubes	 in	 all	 subsequent	

experiments.	This	model	of	LPS-primed	muscle	cell	autonomous	induction	of	atrogenes	is	

not	 unique	 to	 fluvastatin.	 Atorvastatin	 and	 cerivastatin	 treatment	 also	 significantly	

increases	atrogin-1	expression	(Figure	8A,	8B),	with	cerivastatin	being	more	potent	than	

both	 fluvastatin	 and	 atorvastatin.	 Interestingly,	 pravastatin	 treatment	 did	 not	 alter	

atrogene	expression	in	C2C12	myotubes	(Figure	8C).		
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Figure	6|	LPS	treatment	can	prime	the	inflammasome	in	C2C12	myotubes.	

Quantification	 of	 the	 relative	 changes	 in	 gene	 expression	 of	 (A)	 pathogen	 recognition	
receptors	(PRR)	and	(B)	pro-inflammatory	cytokines.	Differentiated	C2C12	myotubes	were	
left	untreated	(CON),	treated	with	100	ng/mL	LPS	for	4	hours	(LPS),	or	treated	with	LPS	
for	4	hours	then	washed	and	left	untreated	for	an	additional	48	hours	before	RNA	was	
collected	(LPS+RM).	(A)	LPS	treatment	for	4	hours	significantly	increased	NLRP3	and	pyrin,	
components	 of	 the	 NLRP3	 inflammasome,	 as	 well	 as	 another	 PRR,	 NOD1.	 (B)	 LPS	
treatment	also	increased	IL6,	TNFα,	and	IL1β	gene	expression.	Data	expressed	are	relative	
to	 their	 respective	 control	 (CON)	 untreated	 conditions.	 n≥4	 with	 individual	 n	 values	
denoted	 above	 each	 bar.	 Values	 are	 mean	 ±	 SEM,	 *significantly	 different	 from	 the	
respective	untreated	controls	(white	bar)	by	one-way	ANOVA.	
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Figure	7|	 LPS	priming	decreases	 the	dose	of	 fluvastatin	 required	 to	 increase	atrogene	
expression	in	C2C12	myotubes.	

Gene	expression	of	atrogin-1	(A)	and	MuRF-1	(B)	in	C2C12	cells	with	LPS	(100	ng/mL)(LPS)	
or	without	LPS	(CON)	pretreatment	before	subsequent	treatment	with	fluvastatin	(0.1,	1,	
10	µM)	for	48	hours.	10	µM	fluvastatin	significantly	increases	both	atrogin-1	and	MuRF-1	
gene	expression,	but	1	µM	fluvastatin	can	increase	expression	only	in	LPS	pretreated	cells	
(red	 and	green	bars).	All	 values	 are	 relative	 to	 respective	 averaged	 controls.	 n≥9	with	
individual	 n	 values	 denoted	 inside	 each	 bar.	 Values	 are	 mean	 ±	 SEM,	 *significantly	
different	as	indicated	by	the	connecting	bars	by	two-way	ANOVA.	 	
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Figure	8|	Several,	but	not	all	statins	increase	atrogenes	in	LPS-primed	C2C12	myotubes.	

cDNA	isolated	from	atorvastatin,	cerivastatin,	or	pravastatin	treated	C2C12	myotubes	at	
various	doses	were	measured	by	RT-PCR.	All	cells	were	pretreated	with	LPS	prior	to	statin	
treatment.	 Both	 atorvastatin	 (A)	 and	 cerivastatin	 (B)	 significantly	 increased	 atrogin-1	
expression.	 However,	 pravastatin	 treatment	 (C)	 did	 not	 affect	 atrogin-1	 expression	 in	
C2C12	myotubes.	All	values	are	relative	to	the	average	of	the	respective	untreated	control	
(white	bar).	n≥3.	Values	are	mean	±	SEM,	*significantly	different	from	untreated	control	
by	one-way	ANOVA.	 	
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4.2	 Fluvastatin-treated	 myotubes	 have	 lower	 Akt/FOXO	 signaling,	 which	 can	 be	
overcome	with	exogenous	IGF1	

Activation	 of	 the	 PI3K/Akt/FOXO	 pathway	 suppresses	 atrogene	 transcription.	

Hence,	we	determined	whether	reduced	phosphorylation	of	Akt	and	FOXO	corresponded	

with	 the	 increased	 atrogene	expression	 in	 fluvastatin-treated	myotubes.	Akt	 regulates	

FOXO	phosphorylation	through	the	partitioning	of	this	transcriptional	regulator	between	

the	 cytosol	 and	 nucleus78.	 Specifically,	 increased	 phosphorylation	 of	 Akt	 promotes	

phosphorylation	of	FOXO,	which	excludes	 these	 transcription	 factors	 from	the	nucleus	

thereby	 reducing	 expression	 of	 their	 targets	 genes.	 Regulation	 of	 both	 atrogin-1	 and	

MuRF-1	 gene	 expression	 can	 be	 controlled	 by	 phosphorylation	 of	 the	 FOXO	 family	

member	FOXO3a90,100.	Akt	has	been	shown	to	phosphorylate	FOXO3a	at	Thr32,	one	of	its	

key	regulatory	sites101,102.		

First,	 the	 results	 showed	 that	 fluvastatin	 treatment	 of	 LPS-primed	 C2C12	 cells	

caused	a	significant	decrease	in	FOXO3a	phosphorylation	(Figure	9A).	It	was	also	found	

that	 fluvastatin	 (1	 µM)	 significantly	 lowered	 Akt	 phosphorylation	 at	 both	 serine	 473	

(Ser473)	and	threonine	308	(Thr308)	(Figure	9B,	9C).	Akt	phosphorylation	at	Ser473	and	

at	Thr308	was	measured	in	fluvastatin-treated	myotubes	stimulated	with	LONG	R3	IGF1	

for	30	minutes.	We	found	that	exogenous	IGF1	resulted	in	a	dose-dependent	increase	in	

Akt	phosphorylation	(Figure	9B,	9C).	A	low	dose	of	IGF1	(0.1	nM)	did	not	overcome	the	

ability	of	fluvastatin	to	decrease	Ser473	Akt	phosphorylation	in	C2C12	myotubes	(Figure	

9B).	However,	a	higher	dose	of	 IGF1	(1	nM)	eliminated	any	effect	of	fluvastatin	on	Akt	

phosphorylation	(Figure	9B,9C).	
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	 We	next	investigated	whether	decreased	phosphorylation	of	Akt	was	reflected	in	

atrogene	expression.	C2C12	myotubes	were	treated	with	0.1	or	1	nM	IGF1	in	the	presence	

or	absence	of	fluvastatin	(1	µM).	As	shown	previously,	fluvastatin	significantly	increases	

atrogin-1	and	MuRF-1	gene	expression	following	a	48-hour	treatment	in	the	absence	of	

exogenous	IGF1.	A	longer	period	of	IGF1	treatment	was	used	to	study	changes	in	gene	

expression,	as	opposed	to	changes	 in	acute	protein	phosphorylation	events.	A	48-hour	

IGF1	treatment	at	doses	of	0.1	nM	and	1	nM	significantly	blunted	atrogene	expression	

compared	 to	 the	 untreated	 (i.e.	 no	 fluvastatin)	 control	 (Figure	 9D,	 9E).	 Fluvastatin-

induced	atrogene	expression	was	significantly	reduced	by	0.1	and	1	nM	IGF1	(Figure	9D,	

9E).	However,	0.1	nM	IGF1	was	unable	to	decrease	atrogene	gene	expression	to	 levels	

observed	with	0.1	nM	IGF1-only	treatment	(Figure	9D,	9E).	These	data	are	consistent	with	

a	model	where	fluvastatin-induced	decreases	in	Akt/FOXO3a	phosphorylation	are	linked	

to	the	induction	of	atrogenes,	but	high	doses	of	IGF1	can	overcome	fluvastatin’s	effects	

on	Akt/FOXO3a	regulation	of	atrogene	expression.	
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Figure	 9|	 Fluvastatin	 impairs	 Akt/FOXO	 signaling	 in	 C2C12	 myotubes,	 which	 can	 be	
overcome	by	exogenous	IGF1.	

(A)	 Protein	 isolated	 from	 LPS-primed,	 fluvastatin-treated	 myotubes	 show	 a	 dose-
dependent	 decrease	 in	 phospho-FOXO3a	 (pFOXO3a);	 *significantly	 different	 from	
untreated	 control	 (white	 bar).	 Basal	 phospho-Akt	 (pAkt)	 (Ser473)	 (B)	 and	 (Thr308)	 (C)	
were	 significantly	 decreased	 in	 fluvastatin	 (1	 µM)-treated	 myotubes.	 In	 myotubes	
stimulated	with	IGF1	for	30	minutes	after	the	48-hour	fluvastatin	treatment	protocol,	a	
low	and	high	dose	of	IGF1	are	both	able	to	increase	pAkt	(B	and	C).	However,	pAkt	(Ser473)	
remains	blunted	in	fluvastatin-treated	cells	stimulated	with	a	low	dose	(0.1	nM)	of	IGF1.	
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Observed	 effects	 in	 Akt	 phosphorylation	 correlate	 well	 with	 atrogin-1	 expression	 in	
myotubes	 co-treated	with	 fluvastatin	 (1	 µM)	 and	 IGF1	 for	 48	 hours.	 IGF1	 significantly	
suppresses	 atrogin-1	 (D)	 and	MuRF-1	 (E)	 gene	 expression	 compared	 to	 the	 untreated	
control	(CON	white	bar).	Additionally,	IGF1	can	partially	suppress	the	fluvastatin-induced	
increase	in	atrogene	expression;	̂ significantly	different	from	the	respective	controls	(CON	
white	bar	or	CON	red/green	bar).	For	representative	blots	below	each	graph,	C=control,	
F1=fluvastatin	(1	µM),	F10=fluvastatin	(10	µM),	I=IGF1	(0.1	or	1nM	as	indicated).	All	values	
are	relative	to	respective	averaged	control	conditions.	n≥6	for	protein	data	and	n≥16	for	
gene	expression	data.	Values	 are	mean	±	 SEM,	 *significantly	 different	 from	untreated	
control	and	as	indicated	by	connecting	bars	by	Student’s	T-Test	for	pAkt	analysis,	and	by	
two-way	ANOVA	for	atrogin-1	and	MuRF-1	expression	analysis.		
	
	
	

	
	

Figure	10|	Representative	blots.	

Example	immunoblots	for	all	antibodies	tested	(A-E).	Numbers	listed	to	the	right	of	each	
image	indicates	the	estimated	molecular	weights	as	determined	based	on	the	protein	
ladder.			 	
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4.3	Restoring	isoprenoids,	but	not	cholesterol,	prevents	fluvastatin-induced	atrophy	and	
atrogin-1	in	muscle	cells	

To	 further	 investigate	 the	 mechanisms	 that	 contribute	 to	 fluvastatin-induced	

myopathy	 in	 C2C12	 myotubes,	 we	 next	 determined	 if	 isoprenoid	 or	 cholesterol	

intermediates	 of	 the	 mevalonate	 pathway	 mediate	 changes	 in	 atrogene	 expression.	

C2C12	 myotubes	 were	 treated	 with	 fluvastatin	 in	 the	 presence	 or	 absence	 of	

geranylgeranyl	pyrophosphate	 (GGPP,	10	µM)	or	25-hydroxycholesterol	 (25HC,	10	µM)	

for	48	hours.	As	expected,	atrogin-1	was	increased	in	myotubes	treated	with	fluvastatin,	

but	co-treatment	with	10	µM	of	GGPP	significantly	lowered	atrogin-1	expression	(Figure	

11A).	 Interestingly,	 co-treatment	 with	 25HC	 significantly	 potentiated	 the	 fluvastatin-

induced	atrogin-1	gene	expression	(Figure	11A).	This	effect	was	also	seen	by	measuring	

the	 diameters	 of	 myotubes.	 Myotubes	 exposed	 to	 GGPP	 and	 fluvastatin	 had	 larger	

diameters	 compared	 to	 fluvastatin	 exposure	 alone	 (Figure	 11B,	 11C).	 In	 contrast,	

Myotubes	exposed	to	both	25HC	and	fluvastatin	had	significantly	smaller	diameters	when	

compared	to	the	fluvastatin-only	treatment	(Figure	11B,	11C).		
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Figure	 11|	 Decreased	 prenylation	 is	 required	 for	 fluvastatin-mediated	 atrophy	 and	
increased	atrogin-1	expression.	

LPS	primed,	fluvastatin	(1	µM)-treated	myotubes	were	co-treated	for	48	hours	with	10	
µM	geranylgeranyl	pyrophosphate	 (GGPP)	or	10	µM	25-hydroxycholesterol	 (25HC).	 (A)	
GGPP	significantly	decreased	atrogin-1	expression,	whereas	25HC	(B)	potentiated	atrogin-
1	expression.	(C)	This	effect	could	be	visualized	in	images	taken	by	light	microscopy,	and	
quantification	of	myotube	diameters	(B)	correlates	with	atrogin-1	gene	expression	data.	
Values	 are	 mean	 ±	 SEM,	 n≥7	 for	 gene	 expression	 data,	 n≥3	 for	 myotube	 diameter	
quantification.	^significantly	different	from	untreated	control	(white	bar),	*significantly	
different	as	indicated	by	connecting	bars	by	one-way	ANOVA.	 	
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4.4	Fluvastatin-treated	myotubes	have	increased	caspase-1	activity,	which	is	mediated	
by	decreased	isoprenoids	

We	next	determined	if	fluvastatin	treatment	alters	caspase-1	activity,	which	is	a	

key	 component	 of	 the	 NLRP3	 inflammasome.	 The	 amount	 of	 active	 caspase-1	 was	

measured	using	a	FAM-FLICA	assay	in	myotubes	treated	in	the	presence	and	absence	of	

fluvastatin	with	and	without	LPS	priming.	We	found	that	the	combination	of	LPS	priming	

and	 fluvastatin	 (1	µM)	 treatment	 caused	 significantly	higher	 levels	of	 active	 caspase-1	

compared	to	both	primed	and	unprimed	myotubes	that	were	not	exposed	to	fluvastatin	

(Figure	12A).	This	result	was	further	confirmed	with	a	different	caspase-1	activity	assay	

that	measures	the	cleavage	of	the	caspase-1	substrate	YVAD	in	C2C12	myotube	lysates.	

Similar	to	the	FAM-FLICA	assay	results,	these	results	showed	that	fluvastatin	treatment	

resulted	 in	 a	 dose-dependent	 increase	 in	 caspase-1	 activity	 in	 LPS	 primed	 C2C12	

myotubes	(Figure	12B).	We	next	determined	if	protein	prenylation	can	regulate	caspase-

1	activity.	The	results	showed	that	providing	the	isoprenoid	GGPP	(10	µM)	decreased	the	

amount	of	active	caspase-1	in	myotubes	treated	with	10	µM	fluvastatin	(Figure	12C).	
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Figure	12|	 Increased	caspase-1	activity	 in	 fluvastatin-treated	myotubes	 is	mediated	by	
decreased	prenylation.	

(A)	Myotubes,	LPS-primed	or	unprimed,	were	treated	with	fluvastatin	(1	µM)	for	48	hours.	
Treatment	media	was	 then	 removed	 and	 FLICA	 solution	was	 added.	 Active	 caspase-1	
measured	as	relative	fluorescence	intensity,	was	significantly	increased	only	in	LPS-primed	
cells.	 (B)	Caspase-1	activity	 increases	 in	a	dose	dependent	manner	 in	 LPS	primed	cells	
treated	with	fluvastatin	(1	µM	and	10	µM)	for	48	hours.	(C)	Increased	active	caspase-1	is	
rescued	by	GGPP	(10	µM)	in	myotubes	treated	with	fluvastatin	(10	µM).	Values	are	mean	
±	SEM,	n≥6	for	all	conditions,	^*significantly	different	from	untreated	controls	(white	bar)	
or	as	indicated	by	connecting	bars,	by	two-way	(A)	or	one-way	ANOVA	(B	and	C).	 	
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4.5	Inhibitors	of	the	NLRP3	inflammasome	and	caspase-1	attenuate	fluvastatin-induced	
atrogin-1	in	myotubes		

We	 next	 determined	 if	 chemical	 or	 peptide-based	 inhibitors	 of	 the	 NLRP3	

inflammasome	 or	 various	 caspases	 regulate	 atrogene	 expression	 during	 fluvastatin	

treatment	 in	C2C12	myotubes.	Two	peptide-based	caspase-1	 inhibitors	were	used:	 the	

pan-caspase	inhibitor	Z-VAD-FMK	and	the	caspase-1	inhibitor	Z-WEHD-FMK,	and	NLRP3	

inflammasome	 inhibition	 was	 achieved	 using	 the	 glyburide	 derivative	 Z56765797	 (3-

chloro-N-(5-chloro-2-methoxyphenyl)-4-methoxybenzamide)	 which	 blocks	 the	 ATP/K+	

activation	 of	 the	 NLRP3	 inflammasome.	 All	 of	 these	 inhibitors	 significantly	 lowered	

atrogin-1	gene	expression	in	myotubes	treated	with	1	µM	or	10	µM	fluvastatin,	compared	

to	fluvastatin	treatment	alone	(Figure	13A,	13B,	13C).		
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Figure	13|	 Inhibitors	of	 caspase-1	and	NLRP3	 rescue	 fluvastatin-mediated	 increases	 in	
atrogin-1.	

LPS-primed	 myotubes	 were	 co-treated	 with	 10	 µM	 pan-caspase	 inhibitor	 Z-VAD-FMK	
(VAD),	10	µM	caspase-1	inhibitor	Z-WEHD-FMK	(WEHD),	or	50	µM	NLRP3	inflammasome	
inhibitor	Z56765797	(Z567)	and	1µM	fluvastatin	for	48	hours	before	RNA	was	collected.	
Analysis	of	gene	expression	shows	caspase-1	inhibitors	(A	and	B)	can	prevent	fluvastatin-
induced	atrogin-1	expression.	A	similar	effect	was	also	observed	with	the	NLRP3	inhibitor	
(C).	 Values	 are	 mean	 ±	 SEM,	 n≥4	 for	 all	 conditions,	 ^significantly	 different	 from	 the	
untreated	control	(white	bar),	*significantly	different	as	indicated	by	the	connecting	bars,	
by	one-way	ANOVA.	
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4.6	GGPP	can	rescue	FOXO3a	signaling	in	fluvastatin	treated	myotubes	

The	 rescue	 effect	 of	GGPP	 and	 inhibitors	 of	 caspase-1	 and	NLRP3	on	 atrogin-1	

expression	may	be	 indicative	of	 improved	Akt	 signaling	as	atrogenes	 can	be	 regulated	

through	decreased	activity	of	this	signaling	pathway92,103.	Fluvastatin	decreased	Ser473	

Akt	 phosphorylation,	 but	 caspase-1	 and	 NLRP3	 inhibitors	 did	 not	 increase	 Akt	

phosphorylation	(Ser473)	signaling	(Figure	14A).	Exogenous	GGPP	had	a	small	effect	on	

Akt	phosphorylation	(Ser473)	since	it	prevented	a	statistically	significant	decline	due	to	

fluvastatin.	 	 However,	 further	 investigation	 showed	 that	 GGPP	 is	 able	 to	 significantly	

increase	FOXO3a	phosphorylation	(Figure	14B),	which	provides	evidence	that	restoring	

prenylation	alters	FOXO3a	regulation	of	atrogene	expression.	
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Figure	 14|	 GGPP	 treatment	 rescues	 fluvastatin	 mediated	 defects	 in	 FOXO3a	
phosphorylation.	

Protein	was	collected	from	LPS-primed,	48-hour	fluvastatin	(1	µM)	and	GGPP	(10	µM)	co-
treated	myotubes.	(A)	pAkt	(Ser473)	was	not	significantly	rescued	by	GGPP,	however	(B)	
pFOXO3a	was.	Values	are	mean	±	SEM,	n≥6	for	all	conditions,	^significantly	different	from	
the	untreated	control	(white	bar),	*significantly	different	as	indicated	by	the	connecting	
bars,	by	one-way	ANOVA.	
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5.0	DISCUSSION	

The	 mechanisms	 contributing	 to	 statin-induced	 myopathy	 remain	 ill-defined.	

Statins	are	widely	used	because	of	their	proven	effectiveness	in	lowering	cholesterol	and	

risk	reduction	of	cardiovascular	events.	Muscle	toxicity	is	the	most	commonly	recognized	

side	 effect	 of	 statins57,	 and	 can	 also	 be	 one	 of	 the	 most	 serious	 side	 effects	 as	

rhabdomyolysis	 can	be	 fatal53.	However,	 the	majority	of	 statin-induced	side	effects	on	

skeletal	muscle	are	related	to	muscle	pain,	exercise	 intolerance,	and	weakness61,104,105.	

There	is	no	established	cell	culture	or	animal	model	that	captures	the	spectrum	of	these	

various	severities	of	statins	on	muscle.	Furthermore,	it	is	not	known	if	the	mechanisms	

underlying	 rhabdomyolysis	 are	 common	 to	 less	 severe	 forms	 of	 statin	 myopathy.	

Therefore,	the	purpose	of	this	thesis	was	to	investigate	if	a	specific	inflammatory	pathway	

was	linked	to	markers	of	statin	myopathy,	using	a	cell	culture	model	that	was	less	severe	

than	 overt	 rhabdomyolysis.	 We	 sought	 to	 provide	 insight	 into	 a	 pathway	 that	 could	

contribute	to	aspects	of	statin	myopathy	without	comprising	the	cardiovascular	benefits	

of	this	drug	class.		

We	aimed	to	understand	if	statins	engaged	a	specific	inflammatory	pathway	and	

contributed	 to	 a	 gene	 program	 involved	 in	 muscle	 cell	 atrophy,	 independently	 of	

cholesterol-lowering	pathways.	Generally,	statins	have	been	associated	with	having	anti-

inflammatory	effects,	and	this	is	thought	to	confer	some	of	the	cardiovascular	benefits.	

However,	recent	evidence	from	in	vitro	and	clinical	studies	have	shown	that	statins	can	

also	generate	a	specific	pro-inflammatory	response	in	immune	cells	via	activation	of	the	
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NLRP3	inflammasome.	We	sought	to	investigate	the	role	of	the	NLRP3	inflammasome	in	

aspects	 of	 statin-induced	myopathy	 using	 an	 in	 vitro	 muscle	 cell	 autonomous	model.	

Statins	alone	are	already	known	to	increase	atrophy-related	genes	(ie.	atrogenes),	which	

are	markers	of	myopathy	in	C2C12	muscle	cells.	However,	previous	in	vitro	models	have	

used	high	statin	doses	between	10-100	µM	of	fluvastatin,	which	are	typically	higher	than	

those	achieved	in	the	circulation	of	statin	patients106,107.	

An	effective	NLRP3	inflammasome	response	generally	involves	two	steps,	namely	

priming	and	activation.	We	found	that	the	commonly	used	priming	agent	LPS,	could	prime	

the	NLRP3	 inflammasome	and	that	statins	could	activate	this	 inflammasome	 in	muscle	

cells.	Importantly,	we	provided	evidence	that	priming	the	NLRP3	inflammasome	with	LPS	

in	 C2C12	 myotubes	 lowered	 the	 dose	 of	 fluvastatin	 required	 to	 increase	 markers	 of	

myopathy	(i.e.	atrogenes)	by	at	least	10-fold.		

We	 showed	 for	 the	 first	 time	 that	 fluvastatin	 increased	 muscle	 cell	 caspase-1	

activity	 in	 an	 isoprenoid-dependent	 manner.	 The	 isoprenoid	 arm	 of	 the	 mevalonate	

pathway	 is	 independent	 of	 the	 biosynthesis	 of	 cholesterol,	 but	 still	 mediated	 by	 the	

primary	 target	 of	 statins,	 HMG-CoA	 reductase.	 Furthermore,	 we	 showed	 that	 statin-

induced	atrogene	induction	was	not	due	to	changes	in	a	specific	cholesterol	intermediate	

(25HC),	 but	 coincided	 with	 decreased	 FOXO3a	 phosphorylation.	 In	 addition,	 we	

discovered	 that	 inhibitors	 of	 caspase-1	 and	 NLRP3	 prevented	 statin-induced	 atrogene	

expression	in	muscle	cells.	These	findings	are	consistent	with	a	model	where	statins	lower	

protein	 prenylation	 and	 activate	 the	 NLRP3/caspase-1	 inflammasome,	 which	 may	
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increase	muscle	atrogene	expression	through	inhibition	of	the	Akt/FOXO	pathway.	This	is	

important	 because	 this	 potential	 mechanism	 of	 statin-induced	 muscle	 myopathy	 is	

independent	of	the	cholesterol-lowering	effect	of	statins,	and	therefore	has	the	potential	

to	 be	 targeted	 separately	 from	 the	 cholesterol-lowering	 statin	 effects	 through	

combinational	drug	therapy.	

5.1	Priming	the	NLRP3	inflammasome	reduces	the	dose	of	fluvastatin	required	to	induce	
atrogenes	

Previous	 studies	 have	 explored	 the	 importance	 of	 atrogenes	 in	 statin-induced	

myopathy.	Hanai	et	al.	provided	the	first	evidence	that	induction	of	the	muscle-specific	

E3	ubiquitin	ligase	atrogin-1	is	necessary	for	the	muscle	damage	observed	in	lovastatin	

treated	C2C12	myotubes	and	zebrafish88.	 In	addition,	 they	showed	that	statin	patients	

with	symptomatic	myopathy	expressed	higher	levels	of	atrogin-1	in	quadricep	biopsies.	

Elevated	atrogene	expression	(atrogin-1	and	MuRF-1)	has	also	been	observed	in	various	

mouse	models	of	statin	myopathy87,108.	In	accordance	with	this	previous	work,	we	have	

shown	 that	 fluvastatin,	 atorvastatin,	 and	 cerivastatin	 increase	 atrogin-1	 expression	 in	

C2C12	 myotubes.	 Interestingly,	 we	 found	 that	 pravastatin	 did	 not	 increase	 atrogin-1	

expression	even	at	a	high	dose	(10	µM).	In	ranked	order	from	most	to	least,	cerivastatin,	

fluvastatin,	and	atorvastatin	are	considered	to	be	hydrophobic	statins,	while	pravastatin	

is	 recognized	 as	 a	 hydrophilic	 statin109.	 This	 may	 be	 one	 factor	 in	 discordant	 muscle	

myopathy	 because	 the	 transport	 of	 pravastatin	 across	 the	 cell	membrane	 requires	 an	

organic	anion	transporter	polypeptide	(OATP).	In	mice,	uptake	of	pravastatin	is	primarily	
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mediated	by	OATP1A4,	which	C2C12	cells	do	not	express	to	an	appreciable	amount110,111.	

In	humans,	the	PRIMO	clinical	study	found	that	the	most	hydrophilic	statins	(pravastatin)	

were	the	least	likely	to	cause	myalgia,	while	lipophilic	statins	(atorvastatin,	simvastatin)	

were	associated	more	with	muscular	adverse	events52.	Moreover,	cerivastatin,	the	most	

hydrophobic	statin,	was	removed	from	market	for	having	an	unacceptably	high	rate	of	

rhabdomyolysis112.		

For	the	first	time,	we	have	also	shown	that	C2C12	myotubes	are	more	sensitive	to	

a	lower	dose	of	fluvastatin	when	myotubes	are	first	primed	with	LPS.	In	immune	cells,	LPS	

is	an	established	priming	agent	for	the	NLRP3	inflammasome.	As	mentioned	before,	this	

cytosolic	immune	receptor	usually	requires	two	steps	to	generate	a	caspase-1	response.	

In	most	cases,	priming	of	the	NLRP3	inflammasome	facilitates	activation	by	a	variety	of	

endogenous	 and	 exogenous	 stimuli.	 However,	 in	 certain	 cells	 caspase-1	 activity	 is	

uncoupled	 from	 a	 two-step	 process	 of	 pathogen	 and	 danger	 signal	 detection.	 For	

example,	macrophages,	but	not	monocytes	 require	priming	and	an	activating	signal	 to	

increase	caspase-1113.	In	addition,	alternate	inflammasome	activation	that	requires	only	

a	single	stimulus	(such	as	a	TLR4	ligand)	can	occur	 in	certain	monocytes114.	Our	results	

demonstrate	that	mouse	muscle	cells	show	responses	 indicative	of	the	canonical,	two-

step	NLRP3	inflammasome.	Our	results	on	the	effects	of	priming	on	atrogene	expression	

are	some	of	the	first	evidence	showing	that	muscle	cells	increase	NLRP3	transcript	levels	

in	response	to	NLRP3	priming	stimuli.	We	also	show	that	this	has	an	effect	on	activation	

of	the	inflammasome	(discussed	below).	Hence,	we	have	found	that	C2C12	muscle	cells	
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can	mount	a	cell	autonomous	NLRP3	inflammasome	response	to	statins,	and	at	least	one	

of	the	effects	of	this	muscle	cell	immune	response	is	increased	atrogene	expression.	

5.2	Prenylation	mediates	statin-induced	caspase-1	activity	in	C2C12	myotubes	

Fluvastatin	 treatment	 dose-dependently	 increased	 caspase-1	 activity	 in	muscle	

cells.	Caspase-1	is	the	key	effector	component	of	the	NLRP3	inflammasome42.	Fluvastatin	

has	 also	 been	 shown	 to	 stimulate	 caspase-1	 activity	 in	 peripheral	 blood	mononuclear	

cells24,	and	more	recently,	fluvastatin	was	shown	to	increase	caspase-1	activity	in	adipose	

tissue98.	This	effect	on	caspase-1	activity	does	not	appear	to	be	limited	to	fluvastatin	as	

simvastatin	has	also	been	found	to	stimulate	caspase-1	mediated	processing	of	pro-IL-1β	

in	THP1	monocytes115.	We	did	not	test	if	multiple	statins	activate	caspase-1	in	muscle	cells.	

However,	we	would	expect	that	this	effect	is	not	specific	to	fluvastatin,	since	we	showed	

that	multiple	statins	increased	atrogene	expression	in	LPS	primed	muscle	cells.	It	has	been	

shown	that	statins	promote	atrogene	induction	by	inhibiting	the	synthesis	of	isoprenoids	

like	GGPP89,116.	Moreover,	 reduced	prenylation	also	mediates	 statin	 induced	caspase-1	

activity	in	immune	cells117,118.	Putting	these	two	concepts	together,	we	found	that	statin-

induced	caspase-1	activity	can	be	regulated	by	GGPP	in	myotubes.	Specifically,	LPS-primed	

myotubes	treated	with	both	fluvastatin	and	GGPP	had	significantly	lower	levels	of	active	

caspase-1	when	compared	to	myotubes	treated	with	only	fluvastatin.	These	results	are	

important	 because	 they	 show	 a	 muscle	 cell	 autonomous	 inflammasome/caspase-1	

response	due	to	statins	that	is	prenylation-dependent.	Caspase-1	activation	is	primarily	

dependent	on	formation	of	 the	NLRP3	 inflammasome,	therefore	our	results	show	that	
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statins	 activate	 the	 NLRP3	 inflammasome	 in	 a	 way	 that	 depends	 on	 depletion	 of	

isoprenoids	required	for	protein	prenylation,	specifically	GGPP.	This	suggests	that	reduced	

protein	prenylation	is	upstream	of	the	NLRP3	inflammasome	in	response	to	statins.	This	

thesis	did	not	 identify	the	specific	prenylated	proteins	that	alter	NLRP3	 inflammasome	

activity,	but	future	experiments	will	try	to	investigate	these	affected	proteins.	

5.3	Inhibitors	of	NLRP3	and	caspase-1	lower	fluvastatin-induced	atrogene	expression	

We	demonstrated	that:	1)	statin-reduced	prenylation	activated	caspase-1	and	2)	

reduced	prenylation	is	required	for	statin-induced	atrogene	expression.	Hence,	we	next	

tested	 if	 blocking	 NLRP3	 and	 caspase-1	 altered	 statin-induced	 atrogene	 responses	 in	

muscle	cells.	

We	 first	 confirmed	 that	 providing	 exogenous	 GGPP	 prevented	 statin-induced	

atrogene	expression	 in	muscle	 cells.	Our	 results	 showing	 that	 restoring	 the	 isoprenoid	

required	 for	 protein	 prenylation	 prevents	 statin-induced	 atrogene	 expression	 is	

consistent	with	previous	reports89.	We	also	showed	that	both	pan-caspase	and	caspase-1	

inhibitors	 (Z-VAD-FMK	 and	 Z-WEHD-FMK)	 and	 the	 NLRP3	 inflammasome	 inhibitor,	

Z56765797	 (a	 glyburide	 derivative),	 all	 prevented	 the	 increased	 atrogin-1	 expression	

caused	by	fluvastatin	treatment	in	muscle	cells.	Our	results	are	consistent	with	a	model	

where	 statins	 lower	 prenylation,	which	 activates	 the	NLRP3/caspase-1	 inflammasome,	

which	is	then	required	to	increase	muscle	atrogenes.	

Additionally,	we	have	ruled	out	a	specific	cholesterol	intermediate	in	these	statin-

induced	effects	on	atrogenes.	This	was	important	for	several	reasons.	First,	 it	has	been	
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shown	 that	 levels	 of	 the	 cholesterol	 intermediate	we	 tested,	 25HC,	 and	 total	 cellular	

cholesterol	are	directly	related.	More	importantly,	25HC	was	recently	found	to	regulate	

inflammasome	 activity	 during	 viral	 infections.	 Reboldi	 et	 al.	 showed	 that	 decreased	

cellular	 content	 of	 25HC	 leads	 to	 increased	 caspase-1	 activity	 and	 increased	 IL-1β	 in	

macrophages119.	As	statins	significantly	inhibit	cholesterol	biosynthesis,	we	would	expect	

a	 similar	 drop	 in	 25HC	 levels,	 which	 could	 then	 activate	 the	 NLRP3	 inflammasome.	

However,	our	results	suggest	that	statin-induced	reductions	in	25HC	is	not	a	mediator	of	

increased	 NLRP3/caspase-1	 inflammasome	 activity	 in	 C2C12	 muscle	 cells.	 Our	 results	

actually	 show	that	providing	exogenous	25HC	can	synergize	with	 fluvastatin	 to	 further	

increase	atrogin-1	expression.	Therefore,	these	results	are	consistent	with	a	model	where	

25HC	synergizes	or	amplifies	inflammatory	signals	outside	of	the	NLRP3	inflammasome,	

as	demonstrated	by	others120.		

5.4	 Exogenous	 IGF1	 can	 overcome	 fluvastatin-mediated	 suppression	 of	 Akt/FOXO	
signaling	in	muscle	cells	

It	was	recently	shown	that	statin-mediated	activation	of	the	NLRP3	inflammasome	

promotes	insulin	resistance	in	adipose	tissue98.	Many	aspects	of	insulin	and	IGF1	signaling	

are	 conserved,	 including	 stress	 kinase	 and	 inflammatory	 suppression	 of	 Akt	 signaling	

downstream	of	insulin/IGF1	receptors121.	Similar	to	statin-mediated	insulin	resistance	in	

adipose	tissue,	we	investigated	if	statins	promoted	IGF1	resistance	or	altered	Akt	signaling	

in	muscle	cells.	 	 In	skeletal	muscle,	the	phosphorylation	status	of	Akt	controls	FOXO3a,	

which	 has	 been	 shown	 to	 be	 a	master	 regulator	 of	 atrogene	 expression.	When	Akt	 is	
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dephosphorylated,	 FOXO3a	also	 remains	dephosphorylated,	 causing	 localization	 in	 the	

nucleus,	thereby	increasing	atrogin-1	and	MuRF-1	transcription	and	increasing	ubiquitin-

proteasome-mediated	proteolysis92.	We	first	assessed	this	phosphorylation	cascade	in	the	

absence	of	IGF1	(i.e.	basal	conditions).	As	expected,	we	saw	a	dose-dependent	decrease	

in	FOXO3a	phosphorylation	with	increasing	doses	of	fluvastatin	in	LPS	primed	muscle	cells.	

In	addition,	we	saw	reduced	basal	phosphorylation	of	Akt	at	both	Ser473	and	Thr308.	This	

is	 consistent	 with	 data	 presented	 by	 Mallinson	 et	 al.	 which	 showed	 lower	 Akt	

(Ser473)/FOXO3a	 signaling	 in	 an	 in	 vivo	 mouse	 model	 of	 statin	 myopathy	 using	

simvastatin87.		

However,	we	have	also	demonstrated	that	exogenous	IGF1	is	able	to	rescue	the	

fluvastatin-mediated	 increase	 in	 atrogin-1	 as	 well	 as	 increase	 Akt	 phosphorylation	 in	

statin-treated	 myotubes.	 This	 would	 suggest	 that	 fluvastatin-treated	 myotubes	 with	

lower	 basal	 Akt/FOXO	 signaling	 are	 still	 responsive	 to	 exogenous	 activators	 of	 Akt	

signaling.	Interestingly,	at	a	low	dose	of	IGF1	(0.1	nM)	Akt	phosphorylation	of	Ser473	was	

not	 as	 robust	 in	 fluvastatin	 treated	 myotubes.	 However,	 basal	 defects	 in	 Akt	

phosphorylation	at	Thr308	were	lost	with	IGF1	treatment.	Phosphorylation	of	Thr308	by	

PDK1	 imparts	only	partial	activation	of	the	 IGF1/PI3K/Akt	pathway122.	However,	partial	

activation	is	sufficient	to	activate	mTORC1,	whose	substrates	include	proteins	involved	in	

protein	 synthesis	 (4EBP1	and	S6K1).	Phosphorylation	of	Akt	at	Ser473	by	mTOR	 in	 the	

IGF1/PI3K/Akt	 pathway	 stimulates	 full	 Akt	 activity	 that	 leads	 to	 additional	 substrate-

specific	phosphorylation	events	in	both	the	cytoplasm	and	nucleus123.	Importantly,	fully	
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active	Akt	mediates	the	phosphorylation	of	FOXO	transcription	factors	regulating	protein	

degradation.	 Therefore,	 restored	 signaling	 in	 fluvastatin	 treated	myotubes	 stimulated	

with	IGF1	(0.1	nM),	implies	the	protein	synthesis	arm	is	restored.	Conversely,	defects	in	

Ser473	Akt	phosphorylation	remain	with	IGF1	(0.1	nM)	stimulation	suggesting	continued	

impairment	of	the	protein	degradation	arm	and	elevated	atrogene	transcription.		

Importantly,	our	results	showed	that	providing	exogenous	GGPP	restored	FOXO3a	

phosphorylation	 during	 fluvastatin	 treatment	 levels	 equivalent	 to	 control,	 untreated	

muscle	cells.	This	provides	direct	evidence	that	GGPP	rescues	atrogin-1	expression	with	

fluvastatin	treatment	in	an	Akt/FOXO	signaling-dependent	manner.	The	effect	of	GGPP	on	

Ser473	phosphorylation	of	Akt	are	less	clear,	but	prenylation	may	also	be	involved	in	the	

regulation	of	 statin-induced	 changes	 in	Akt	 phosphorylation,	 as	 there	 appears	 to	be	 a	

trend	 for	 an	 increase	 in	 Akt	 phosphorylation	when	 GGPP	 is	 provided	with	 fluvastatin	

treatment.	 In	 contrast	 with	 our	 results,	 Ogura	 et	 al.	 showed	 that	 reduced	 Akt	

phosphorylation	in	simvastatin-treated	C2C12	myotubes	could	not	be	rescued	by	GGPP,	

or	the	other	isoprenoid	intermediate	FPP	and	mevalonate124.	However,	this	was	observed	

under	exogenous	 IGF1	stimulating	conditions,	which	could	have	masked	any	effects	of	

rescue	 in	 Akt	 phosphorylation	 given	 the	 substantial	 increase	 in	 Akt	 phosphorylation	

quantified	in	cells	stimulated	with	a	very	high	dose	of	IGF1	(50	nM).	Additionally,	we	saw	

a	more	robust	rescue	in	FOXO3a	phosphorylation	rather	than	Akt	phosphorylation,	which	

provides	more	direct	evidence	for	the	importance	of	this	pathway	in	regulating	atrogenes.	
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5.5	LIMITATIONS	

In	our	model	of	statin-induced	myopathy,	LPS	was	used	as	a	priming	signal	for	the	

NLRP3	inflammasome.	However,	an	LPS	dose	of	100	ng/mL	is	significantly	greater	than	

levels	 achievable	 in	 adult	 humans.	 Even	 patients	 experiencing	 life-threatening	 septic	

shock	are	reported	to	have	circulating	levels	of	LPS	only	in	the	range	of	700	pg/mL125.	In	

healthy	adults,	serum	LPS	levels	are	even	lower	and	may	only	be	as	high	as	1.5	pg/mL126.	

Although	our	choice	of	LPS	dose	may	not	be	clinically	relevant,	it	was	chosen	based	on	

established	cell-based	models	of	inflammasome	priming115,127,128.	It	is	also	important	to	

mention	that	LPS	does	not	represent	the	sole	priming	signal,	as	many	pro-inflammatory	

cytokines	can	also	activate	NFκB	to	prime	the	NLRP3	inflammasome129.		

Additionally,	in	our	analysis	of	FOXO3a	signaling,	phosphorylation	of	FOXO3a	was	

normalized	to	the	GAPDH	loading	control	instead	of	total	FOXO3a.	Therefore,	although	

changes	in	FOXO3a	phosphorylation	were	observed,	it	is	also	possible	that	total	FOXO3a	

protein	content	changes	with	statin	treatment.	Future	experiments	will	need	to	test	for	

protein	levels	of	total	FOXO3a	to	correct	for	this.	Furthermore,	the	majority	of	the	data	

presented	 reflect	 on	 changes	 in	 gene	 expression	 and	 not	 protein	 or	 activity	 levels.	

Although	 changes	 in	 atrogene	 expression	 have	 been	 shown	 to	 correlate	 with	 protein	

levels	in	other	studies,	it	may	be	worthwhile	to	confirm	the	changes	in	gene	expression	

we	 observed	with	 protein	 and	 activity	measures	 of	 these	muscle-specific	 E3	 ubiquitin	

ligases	to	gain	further	insight	into	their	regulation	during	statin	myopathy.		
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Using	 our	 model	 of	 statin	 myopathy,	 we	 showed	 that	 atrophy	 programs	 are	

upregulated	 with	 fluvastatin	 treatment.	 However,	 in	 this	 model,	 treatment	 was	

administered	while	myotubes	were	 still	maturing	 and	differentiating,	which	may	have	

impacted	their	fusion	and	growth.	Therefore,	although	we	have	shown	that	fluvastatin	

treatment	 induces	 atrogene	expression,	 it	 remains	 to	be	determined	 if	 fluvastatin	has	

negative	effects	on	myoblast	fusion	and	myotube	growth	in	our	model.	

In	general,	the	applicability	of	an	in	vitro	model	of	statin-induced	myopathy	poses	

some	challenges	in	interpreting	and	concluding	on	the	generated	data.	It	will	be	important	

to	test	this	model	of	statin-induced	myopathy	in	vivo	and	in	human	muscle	tissue	samples,	

in	 order	 to	 better	 understand	 how	 physiological	 factors	 can	 impact	 our	 findings.	

Importantly,	 cross-talk	 between	 muscle	 and	 other	 cell	 types	 like	 immune	 cells,	 may	

regulate	or	potentiate	statin	myopathy	effects,	as	the	NLRP3	inflammasome	response	is	

most	robust	in	macrophages	and	monocytes.			

5.6	FUTURE	DIRECTIONS	

Additional	work	in	vitro	should	be	conducted	to	better	understand	the	mechanistic	

progression	of	statin-induced	myopathy.	Specifically,	it	will	be	important	to	understand	

how	NLRP3/caspase-1	activation	 induces	atrogene	expression.	As	observed	with	GGPP	

rescue	of	atrogene	expression	through	restoring	FOXO3a	phosphorylation,	inhibitors	of	

caspase-1	and	NLRP3	may	have	a	similar	effect	on	the	phosphorylation	status	of	FOXO3a.	

Protein	samples	from	fluvastatin-treated	myotubes	co-treated	with	Z-VAD-FMK,	Z-WEHD-

FMK	or	Z56765797	for	48	hours	can	be	used	in	immunoblotting	to	probe	for	changes	in	
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FOXO3a	 phosphorylation.	 It	 is	 also	 possible	 that	 NLRP3/caspase-1	 activation	 acts	

downstream	of	FOXO3a.	There	is	evidence	in	cardiomyocytes	demonstrating	that	reduced	

apoptosis	 repressor	with	 caspase	 recruitment	domain	 (ARC),	 a	downstream	protein	of	

FOXO3a,	 upregulates	 caspase-1	 and	 pro-inflammatory	 cytokines	 IL-1β	 and	 IL-18130.	

Therefore,	 if	ARC	 is	 involved	 in	 statin	myopathy,	we	would	expect	 silencing	ARC	using	

siRNA	 in	 LPS-primed	 C2C12	myotubes	 to	mimic	 the	 effects	 of	 fluvastatin	 on	 inducing	

atrogene	 expression.	 Additionally,	 atrogene	 transcription	 has	 also	 been	 found	 to	 be	

regulated	 by	 stress	 kinases97.	 Activation	 of	 the	 p38	 stress	 kinase	 can	 be	measured	 by	

immunoblotting	 to	 determine	 if	 statin-mediated	 atrogene	 expression	 is	 limited	 to	

regulation	 by	 the	 Akt/FOXO3a	 signaling	 pathway	 in	 our	 model	 of	 statin-induced	

myopathy.	Chemical	inhibitors	of	p38	can	also	be	utilized	to	observe	the	effects	of	p38	

signaling	inhibition	on	atrogene	expression.		

As	mentioned	in	limitations,	future	experiments	should	also	aim	to	evaluate	the	

effect	of	statins	on	myoblast	differentiation	and	fusion	to	conclusively	determine	whether	

statins	work	primarily	to	promote	atrophy-related	programs	in	muscle	cells.	This	can	be	

done	by	measuring	markers	of	fusion	such	as	quantifying	the	number	of	myotubes	with	

nuclei	over	a	set	threshold,	or	by	determining	the	fusion	index	by	dividing	the	number	of	

nuclei	 in	myotubes	 by	 the	 total	 number	 of	 nuclei	 analyzed131.	 In	 addition,	 changes	 in	

myotube	 size	 and	 number	may	 be	 indicative	 of	 cell	 death.	 This	 is	 important	 as	 other	

studies	 have	 shown	 that	 statins	 can	 induce	 apoptosis	 in	 a	 variety	 of	 cell	 types58,71.	

Moreover,	activation	of	caspase-1	can	 lead	to	the	 initiation	of	 inflammatory	cell	death	
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(pyroptosis),	which	is	often	seen	in	immune	cells132.	Thus,	future	experiments	will	need	to	

be	 done	 to	 measure	 cell	 death	 in	 our	 model	 of	 statin-induced	 myopathy.	 Cell	

viability/death	 can	 be	 measured	 with	 trypan	 blue	 exclusion	 assays,	 and	 induction	 of	

apoptosis	 could	 be	measured	 using	 caspase-3	 activity	 assays	 in	 primed	 and	 unprimed	

C2C12	 myotubes	 treated	 with	 1	 µM	 of	 fluvastatin.	 Additionally,	 caspase-3	 specific	

inhibitors	can	be	utilized	to	determine	if	inhibiting	apoptosis	can	also	mediate	changes	in	

atrogene	expression	in	our	model.		

To	expand	the	applicability	of	this	work	into	a	clinical	setting,	it	will	be	important	

to	 test	 this	model	 of	 statin-myopathy	 in	 vivo,	 or	 ex	 vivo.	 Using	NLRP3	 knockout	mice	

(NLRP3-/-),	fluvastatin	chow	diet	can	be	administered	ad	libitum	for	several	weeks	to	mimic	

treatment	protocols	in	statin	patients.	Muscle	tissue	would	then	be	collected	to	look	at	

markers	 of	myopathy,	 including	 cross-sectional	 area,	 presence	 of	myopathy,	 atrogene	

gene	 and	 protein	 expression,	 and	 caspase-1	 activity.	 In	 addition,	 implicated	 signaling	

pathways	as	mentioned	above	may	also	be	analyzed	by	 immunoblotting.	Furthermore,	

we	would	also	like	to	develop	an	ex	vivo	model	of	statin-induced	myopathy.	Single	muscle	

fibers	collected	from	the	tibialis	anterior	of	mice	can	be	pretreated	with	LPS,	followed	by	

fluvastatin	 to	measure	 atrogene	 expression.	 Importantly	 this	model	 would	 afford	 the	

ability	 to	 investigate	 the	 contributing	 role	of	 the	NLRP3/caspase-1	 inflammasome	 in	 a	

physiological	 system	 without	 the	 potential	 non-specific	 inhibitor	 effects.	 Fibers	 from	

NLRP3-/-	 mice	 or	 caspase-1-/-	 mice	 can	 both	 be	 used	 to	 further	 elucidate	 the	 statin	

myopathy	signaling	pathway.			
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Finally,	it	will	be	important	to	analyze	samples	from	statin	myopathy	patients	to	

determine	the	relevance	of	the	NLRP3	inflammasome	in	human	myopathies.	Initial	data	

generated	by	Dr.	Jonathan	Schertzer	and	Dr.	Mark	Tarnopolsky,	provide	enticing	evidence	

from	 muscle	 biopsy	 samples	 of	 statin	 myopathy	 patients.	 NLRP3	 gene	 expression	 is	

significantly	higher	in	statin	myopathy	samples	compared	to	control	samples	(Figure	15A).	

Moreover,	 higher	 caspase-1	 activity	 was	 detected	 in	 the	 muscle	 of	 statin	 myopathy	

patients	(Figure	15B).		

	

	

Figure	15|	NLRP3/caspase-1	inflammasome	activity	and	atrogene	expression	in	statin	
myopathy	patients.	

Muscle	biopsy	samples	from	control	and	statin	myopathy	patients	show	elevated	NLRP3	
gene	 expression	 (A)	 and	 caspase-1	 activity	 (B).	 Values	 are	 mean	 ±	 SD,	 n≥4	 for	 all	
conditions,	*significantly	different	from	control	patients	by	Student’s	T-Test.	
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6.0	CONCLUSION	

The	 induction	 and	 progression	 of	 statin-induced	 myopathy	 is	 still	 not	 well	

understood,	 but	 the	 discovery	 of	 atrophy-related	 gene	 programs	 involved	 in	 statin	

myopathy	will	help	in	the	discovery	of	new	pathways	implicated	in	this	disease.	Using	an	

in	vitro	model,	we	presented	work	showing	that	the	activation	of	caspase-1	through	the	

NLRP3	inflammasome	attenuates	statin-induced	myopathy	as	evidenced	by	the	increased	

gene	expression	of	key	atrophy-related	proteins	at	a	lower	dose	of	fluvastatin	in	primed	

C2C12	myotubes.	This	effect	was	found	to	be	dependent	on	the	isoprenoid	depletion	of	

GGPP,	which	was	able	to	rescue	atrogene	induction	by	fluvastatin	through	restoration	of	

FOXO3a	phosphorylation.	Future	research	will	help	to	further	elucidate	the	downstream	

effectors	 of	 the	 NLRP3	 inflammasome	 that	 contribute	 to	 statin-induced	 myopathy.	

Ultimately,	the	novel	finding	of	the	involvement	of	this	inflammatory	pathway	in	statin-

induced	 myopathy	 provides	 greater	 insight	 into	 proteins	 and	 pathways	 that	 can	 be	

targeted	 to	 generate	 new	 drug	 therapies	 for	 patients	 suffering	 from	 statin-induced	

myopathy.		
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