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	ABSTRACT		

	

Brown	adipose	 tissue	 (BAT)	 generates	heat	 in	 a	process	 referred	 to	as	non-shivering	

thermogenesis	 (NST).	 The	 process	 is	 dependent	 on	 the	 proton	 leak	 activity	 of	 uncoupling	

protein1	(UCP1),	a	protein	found	in	the	mitochondrial	inner	membrane.	Physiologically,	NST	is	

activated	 by	 environmental	 cold,	 and	 to	 a	 lesser	 extent,	 diet.	 NST	 is	 an	 energetically	 costly	

process,	and	thus	activated	BAT	consumes	remarkable	amounts	of	fatty	acids	and	glucose,	which	

positively	influences	systemic	metabolism.	Studies	in	mice	have	shown	that	defective	BAT	activity	

can	contribute	 to	 the	development	of	obesity,	and	 increased	BAT	activity	can	protect	against	

obesity.	In	humans,	amounts	of	BAT	are	highest	in	newborns,	and	atrophy	with	age.	BAT	is	also	

a	secretory	organ	that	releases	‘batokines’	and	other	signaling	molecules,	some	of	which	are	in	

small	extracellular	vesicels	(sEV).	The	latter	may	act	on	BAT	itself	in	a	autocrine	fashion,	or	on	

other	tissues	in	an	endocrine	fashion,	which	may	also	contribute	to	the	systemic	effect	of	BAT	

activity.	The	overall	aim	of	my	Ph.D.	thesis	was	to	elucidate	molecular	mechanisms	controlling	

BAT	activity	and	its	regulatory	effects	on	other	tissues/cells.							

In	 my	 first	 project,	 the	 deacetylation	 control	 of	 BAT	 activity	 was	 studied	 in	 mice.	

Mitochondrial	deacetylation	 is	mainly	mediated	by	Sirtuin	3	 (SIRT3).	Previous	studies	 showed	

that	cold	increases	the	transcript	level	of	SIRT3	in	BAT,	and	that	fasted	Sirt3	knockout	(Sirt3KO)	

mice	are	cold	 intolerant,	suggesting	a	potential	 thermoregulatory	role	of	SIRT3.	However,	the	

molecular	mechanisms	by	which	SIRT3	regulates	BAT	thermogenesis	are	not	fully	understood.	

Here,	we	examined	functional	links	between	SIRT3	and	UCP1.	To	study	this,	wild-type	(WT)	and	

Sirt3KO	mice	were	 used	 to	 perform	physiological,	molecular,	 and	 proteomic	 analyses	 of	 BAT	

when	it	is	activated	by	cold	or	by	the	β3-adrenergic	agonist,	CL316,243.	Our	findings	indicated	
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that	 the	 absence	 of	 SIRT3	 in	 ad	 libitum	 fed	mice	 led	 to	 impaired	 use	 of	 BAT	 lipid	 droplets,	

defective	thermoregulation	and	decreased	BAT	mitochondrial	respiration,	without	affecting	the	

expression	of	UCP1.	Label-free	mass	spectrometry	revealed	that	the	absence	of	SIRT3	increased	

the	 acetylation	 status	 of	 several	 BAT	 mitochondrial	 proteins	 including	 UCP1	 and	 proteins	

involved	in	crucial	pathways	upstream	of	UCP1,	such	as	the	complexes	of	the	electron	transport	

chain	 (ETC)	 and	 acylcarnitine/fatty	 acid	 oxidation	 (FAO)	 metabolism.	 Therefore,	 we	 next	

examined	the	effect	of	hyperacetylated	sites	found	in	those	BAT	mitochondrial	proteins	on	their	

functions.	 Mutagenesis	 work	 conducted	 in	 a	 cellular	 model	 revealed	 that	 SIRT3-regulated	

acetylation	 sites	 on	 UCP1	 did	 not	 impact	 proton	 leak	 respiration	when	 UCP1	was	 activated.	

However,	analysis	of	acylcarnitines	in	the	blood	showed	that	the	absence	of	SIRT3	resulted	in	a	

decrease	 in	 the	 levels	 of	 selected	 medium-chain	 and	 long-chain	 acylcarnitines.	 Additionally,	

functional	 analysis	 of	 ETC	 complexes	 in	BAT	mitochondria	 demonstrated	 that	 the	 absence	of	

SIRT3	decreased	the	activities	of	complex	I	and	complex	II	(CI	and	CII),	which	could	impair	the	

production	 of	 proton	motive	 force,	 required	 for	 the	 activity	 of	 UCP1.	 Altogether	 our	 results	

indicate	 that	 SIRT3	 regulates	 BAT	 thermogenesis	 indirectly	 by	 targeting	 proteins	 involved	 in	

crucial	pathways	upstream	of	UCP1.		

In	my	second	project,	we	studied	the	metabolic	response	of	BAT	to	hypoxia	 in	naked	

mole	 rats	 (NMRs).	 NMRs	 are	 exceptionally	 tolerant	 to	 hypoxic	 environments;	 during	 acute	

hypoxia	their	body	temperature	is	decreased	nearly	to	the	ambient	temperature.	The	underlying	

mechanisms	of	these	observations	are	not	well	understood.	We	hypothesized	that	BAT	activity	

in	 NMRs	 is	 decreased	 during	 hypoxia.	 To	 study	 this,	 NMRs	were	 exposed	 to	 normoxia	 (21%	

O2/1hr),	hypoxia	(7%	O2/1hr),	or	hypoxia	followed	by	recovery	(21%	O2/1hr).	Thermal	imaging,	
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body	temperature	measurements,	thermogenic	protein	and	overall	protein	ubiquitination	levels,	

and	 mitochondrial	 morphology	 analyses	 of	 BAT	 were	 conducted.	 In	 addition,	 the	 level	 of	

thermogenic	proteins	in	iBAT	from	different	species	of	mole	rats	were	examined	under	normoxic	

or	 hypoxic	 conditions	 for	 comparative	 and	 evolutionary	 analyses.	 Our	 results	 illustrated	 that	

during	acute	hypoxia,	NMRs	had	rapidly	decreased	their	body	temperature	close	to	the	ambient	

temperature.	Also,	thermal	imaging	showed	that	heat	produced	in	interscapular	BAT	region	in	

hypoxic	NMRs	was	decreased	 regardless	of	 the	degree	 to	which	BAT	was	activated.	Western	

blotting	analysis	revealed	that	levels	of	UCP1	and	selected	ETC	proteins	were	markedly	decreased	

in	hypoxic	NMRs.	Also,	UCP1	was	decreased	in	some,	but	not	all	other	species	of	mole	rats	that	

were	studied.	To	probe	possible	mechanisms	of	these	marked	acute	decreases	in	mitochondrial	

proteins,	 levels	of	ubiquitinated	proteins	in	BAT	were	examined	and	found	to	be	increased	by	

hypoxia.	Consistently,	ultrastructural	analyses	of	BAT	by	electron	microscopy	indicated	abnormal	

mitochondrial	 morphology	 in	 BAT	 of	 hypoxic	 NMRs,	 including	 abnormal	 cristae	 and	 jagged	

membranes	 suggesting	 that	 mitophagy	 events	 may	 be	 induced	 during	 hypoxia.	 Further	

investigations	are	needed	to	examine	the	potential	role	of	proteasome-mediated	degradation	or	

mitophagy	mechanisms	in	BAT	during	hypoxia.	Our	results	reveal	that	hypoxia	diminished	BAT	

thermogenesis	 in	 NMRs,	 at	 least	 in	 part,	 by	 targeting	 mitochondrial	 thermogenesis	 related	

proteins	and	by	altering	mitochondrial	morphology.		

In	my	third	project,	the	metabolic	effects	of	BAT-derived	sEV	on	skeletal	muscle	(SkM)	

cells	were	investigated.	BAT	releases	sEV	and	its	activation	increases	the	release	of	sEV.	However,	

the	roles	of	activated	BAT-derived	sEV	are	not	well	understood.	Generally,	sEV	are	involved	in	

interorgan	 communication	 and	 contain	 regulatory	moleculaes	 that	 can	 be	 taken	 by	 recipient	
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tissues	or	cells	to	regulate	their	functions.	During	cold	exposure,	BAT	and	skeletal	muscle	(SkM)	

produce	NST	and	shivering,	respectively,	to	maintain	controlled	body	temperature.	Defects	in	the	

thermogenic	 function	 in	one	of	 the	 tissue	 leads	 to	 increase	 the	heat	production	 in	 the	other	

tissues,	 suggesting	 cross-talk	mechanisms	 between	 BAT	 and	 SkM.	 Given	 the	 role	 of	 sEV,	 we	

questioned	 whether	 activated	 BAT-derived	 sEV	 effect	 the	 function	 of	 SkM	 cells.	 Thus,	 we	

investigate	the	metabolic	effects	of	sEV	released	from	acutely	activated	BAT,	in	vivo	or	in	vitro,	

on	SkM	myoblast	bioenergetics.	Our	findings	demonstrated	that	BAT	releases	sEV	and	its		acute	

activation	 does	 not	 significantly	 impact	 the	 size	 and	 concentration	 of	 sEV	 released	 in	mouse	

plasma	 or	 conditioned	 medium.	 Surprisingly,	 bioenergetics	 analyses	 illustrated	 that	 neither	

plasma	 sEV	 from	 CL316,243-injected	 mice	 nor	 sEV	 from	 conditioned	 medium	 of	 CL316,243-

treated	 BAT	 explants	 had	 impacts	 on	 C2C12	 myoblasts	 bioenergetics	 following	 one	 day	 of	

treatment.	To	conclude,	our	findings	demonstrate	that	sEV	released	from	acutely	activated	BAT	

do	 not	 influence	 the	 bioenergetics	 of	 C2C12	 myoblasts	 under	 normal	 metabolic	 conditions.	

Further	investigations	are	needed	to	examine	the	effects	of	BAT-derived	sEV	on	SkM	cells	under	

different	metabolic	conditions	or	time-frames.		

Overall,	the	findings	reported	in	this	thesis	expand	our	understanding	of	the	control	of	

BAT	and	 its	systemic	roles	 in	thermoregulatory	metabolism,	which	 is	 important	 in	the	field	of	

metabolic	physiology.			
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CHAPTER	1:	GENERAL	INTRODUCTION	

1.1	THE	ENERGY		

1.1.1	THE	ENERGY	SOURCE:	FOOD	

Food	is	a	fundamental	requirement	for	all	mammals	including	humans	because	it	has	

essential	 nutrients	 needed	 for	 the	 basic	 performance	 and	 function	 of	 the	 human	 body.	

Specifically,	food	nutrients	are	involved	in	several	important	biological	roles.	First,	they	are	used	

to	build	and	maintain	all	the	tissues	and	organs.	Second,	they	regulate	the	biochemical	reactions	

that	take	place	 in	the	body	tissues	and	organs.	Third,	they	provide	energy	to	support	energy-

demanding	reactions,	and	additional	energy	that	can	be	stored		for	subsequent	use	(Kohlmeier,	

2003).	 These	 are	 needed	 for	 healthy	 physiological	 processes	 during	 normal	 or	 stressful	

conditions.	Despite	the	necessity	of	food,	the	current	effortless	access	to	highly	palatable	foods	

and	 reduced	 physical	 activities	 in	 developing	 and	 developed	 countries	 often	 leads	 to	 the	

disruption	of	the	energy	balance	in	the	human	body,	which	leads	eventually	to	the	development	

of	metabolic	disease:	obesity.		

1.1.2	THE	DISRUPTION	OF	ENERGY	BALANCE	AND	OBESITY	

Energy	transduction	in	the	human	body	obeys	the	first	law	of	thermodynamics	of	energy	

conservation,	which	states	that	energy	cannot	be	created	or	destroyed,	but	is	converted	from	

one	 form	 to	 another	 (Walsh,	 2013).	 To	maintain	whole	 body	 energy	 balance,	 the	 amount	 of	

dietary	energy	intake	should	be	equal	to	the	expended	energy	(Hill	et	al.,	2012).	However,	if	the	

intake	 energy	 is	 greater	 than	 the	 expended	 energy,	 this	 results	 in	 the	 disruption	 of	 energy	

balance.	As	a	consequence,	the	remaining	energy	is	stored	mainly	in	the	adipose	tissues	(ATs),	
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and	leads	to	an	increase	in	body	mass,	which	if	it	continues	chronically,	it	can	lead	to	obesity	(Hill	

and	Commerford,	1996;	Spiegelman	and	Flier,	2001).		

1.	2	OBESITY		

1.2.1	OBESITY	DEFINITION	AND	ITS	ASSESSMENT	MODES	

Recently,	obesity	was	pronounced	as	a	disease	by	the	Canadian	and	American	Medical	

Associations	and	the	World	Health	Organization	(WHO)	(James,	2008;	Pollack,	2013;		Rich,	2105),	

and	is	defined	as	an	abnormal	accumulation	of	fat	within	the	human	body.	In	the	clinical	field,	

there	are	several	assessment	approaches	used	to	classify	the	level	and	severity	of	obesity.	The	

most	common	measurement,	which	is	the	body	mass	index	(BMI),	is	traditionally	used	to	assess	

obesity	based	on	 the	 individual’s	weight	 (in	 kg)	divided	by	 the	 individual’s	height	 (in	m2).	An	

individual	 is	 considered	 overweight	 or	 obese	when	 their	 BMI	 is	 between	 25-29.9	 kg/m2	 or	 ≥	

30kg/m2,	respectively	(Jensen	et	al.,	2014).	However,	the	BMI	approach	has	some	limitations	due	

to	the	following	reasons.	First,	it	does	not	consider	other	factors	such	as	age,	sex,	or	muscle	mass,	

which	may	affect	the	 interpretation	of	the	 individual’s	BMI.	Second,	BMI	only	measures	body	

weight,	but	does	not	accurately	measure	the	body	fat	mass/distribution.	Therefore,	other	means	

were	developed	for	the	measurements	of	fat	mass/distribution.	One	of	these	means	is	waist-to-

hip	ratio	(WHR),	which	is	a	measure	of	relative	central	abdominal	obesity.	Another	approach	is	

waist	circumference	(WC),	which	has	also	been	suggested	to	be	used	as	a	anthropometric	tool	

for	measuring	central	abdominal	obesity	in	clinical	practice	(Hu,	2008;	Lau	et	al.,	2007).	WC	is	

used	as	a	risk	predictor	of	obesity-related	metabolic	complications	when	women	and	men	have	

greater	 than	 35	 inches	 and	 40	 inches,	 respectively	 (Wang	 et	 al.,	 2005).	 Additional	modes	 of	

measurement	have	also	evolved	to	allow	precise	measurement	of	abdominal/central	and	overall	
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adiposity,	including	Dual	Energy	X-ray	Absorptiometry	(DEXA),	Computerized	Tomography	(CT)	

and	Magnetic	Resonance	Imaging	(MRI)(Hu,	2008).	

	

1.2.2	PREVALENCE	OF	OBESITY		

According	to	the	WHO,	the	global	prevalence	of	obesity	nearly	tripled	between	1975	

and	2016	(World	Health	Organization,	2018).	Based	on	the	most	recent	population	statistics,	in	

2016,	there	are	more	than	1.9	billion	overweight	adults	around	the	world,	650	million	of	whom	

are	considered	obese	(World	Health	Organization,	2018).	A	study	done	by	Kelly	et	al.	estimated	

that	57.8%	of	the	world’s	adults	population	could	be	overweight	or	obese	by	the	year	2030	if	this	

trend	of	 increased	weight	gain/obesity	continues	(Kelly	et	al.,	2008).	 In	2018,	recent	statistics	

done	on	the	population	of	Canada	showed	that	63.1%	of	Canadians	whose	age	are	18-year-old	

or	older	were	obese	or	overweight	(Statistics	Canada,	2019).	The	prevalence	of	obesity	around	

the	world	is	greater	in	women	than	in	men	(Ng	et	al.,	2014).	In	2014,	it	was	reported	that	more	

than	half	a	billion	adults	were	considered	 to	be	obese,	 representing	11%	of	men	and	15%	of	

women.	In	addition,	the	prevalence	of	obesity	can	be	different	dependent	on	the	geographical	

regions.	For	example,	the	population	of	United	States	of	America	has	the	highest	prevalence	of	

obesity	 (27%	 of	 the	 population),	 whereas	 the	 population	 of	 South-East	 Asia	 has	 the	 lowest	

prevalence	 of	 obesity	 (5%	 of	 the	 population)	 (Organisation	 mondiale	 de	 la	 santé,	 2014).	

Moreover,	 obesity	 prevalence-related	 studies	 illustrated	 that	 the	 increased	 rate	 of	 obesity	 is	

positively	correlated	with	age.	For	instanse,	in	most	countries,	the	proportion	of	obese	individuals	

increases	from	mid	to	late	adulthood		(Haslam	and	James,	2005).	Notably,	being	overweight	or	

obese	causes	a	higher	percentage	of	deaths	worldwide	compared	with	being	underweight	(World	
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Health	Organization,	2018).	All	these	studies	indicate	that	the	progression	of	overweight/obesity	

has	 alarmingly	 increased	 internationally	 in	 different	 groups	of	 people	with	different	 genders,	

races	and	ages.		

	

1.2.3	COMORBIDITIES	OF	OBESITY	

The	 increased	 rate	 of	 obesity	 has	 become	 a	 major	 health	 issue	 that	 can	 threaten	

people’s	lives.	Obesity	negatively	impacts	the	normal	physiological	functions	of	the	body,	which	

can	ultimately	lead	to	death.	It	has	been	reported	that	there	is	a	positive	association	between	

obesity	 and	 an	 increased	 rate	 of	 mortality	 between	 2-	 to	 3-	 fold	 (Adams	 et	 al.,	 2006).	

Furthermore,	a	study	of	1.46	million	white	adults	illustrated	that	mortality	is	positively	correlated	

with	being	overweight	and	obese	(de	Gonzalez	et	al.,	2010).	Other	recent	work	established	the	

association	of	weight	gain	and	obesity	with	an	increased	all-cause	mortality	in	Asia,	Australia	and	

New	Zealand,	Europe,	and	North	America	(Global	BMI	Mortality	Collaboration	et	al.,	2016).	

With	regard	to	the	impact	of	obesity	on	other	body	systems,	obesity	increases	the	risk	for	

other	metabolic	diseases.	Obesity	is	a	major	risk	factor	for	type	2	diabetes	mellitus		(T2D),	as	it	

can	disturb	 the	uptake	and	metabolism	of	glucose,	particularly	 in	 skeletal	muscle,	 i.e.,	 insulin	

resistance	(Chan	et	al.,	1994;	Colditz	et	al.,	1995;	DeFronzo	et	al.,	2015;	Guh	et	al.,	2009;	Menke	

et	 al.,	 2014).	 Other	 comorbidities	 of	 obesity	 include	 cardiovascular	 diseases	 (CVD)	 (including	

hypertension,	and	stroke)	and	dyslipidemia	(Klop	et	al.,	2013;	Manson	et	al.,	1990,	1995;	Willett	

et	al.,	1995).	Several	cancer	types	have	also	been	positively	associated	with	obesity	(Apovian,	

2016;	 Bray	 et	 al.,	 2016,	 2017a;	 Garfinkel,	 1985;	 Guh	 et	 al.,	 2009;	 Khaodhiar	 et	 al.,	 1999).	

Additional	diseases	and	disorders	 associated	with	obesity	 include	 sleep	apnea,	osteoarthritis,	
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hyperuricemia,	 gall	 bladder	 disease,	 infertility,	 polycystic	 ovary	 syndrome	 and	 reproductive	

hormonal	 imbalances	(Andersen,	1992;	Felson,	1995;	Guh	et	al.,	2009;	Khaodhiar	et	al.,	1999;	

Partinen,	 1995;	 Soulez	 et	 al.,	 1996).	Moreover,	 it	 has	 been	 reported	 that	 there	 is	 a	 positive	

association	 between	 obesity	 and	 mood	 disorders,	 such	 as	 depression,	 and	 this	 positive	

association	can	lead	to	the	development	of	binge-eating	disorder	(BED)	(Khaodhiar	et	al.,	1999;	

de	Zwaan,	2001).	The	energy	disruption,	obesity	and	comorbidities	associated	with	obesity	are	

summarized	in	Figure	1.1.	
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Figure	1.1:	Illustrative	diagram	of	energy	balance	disruption,	i.e.,	a	positive	energy	balance,	

which	leads	to	obesity	and	obesity	associated	diseases.	
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1.2.4	OBESITY	AND	ITS	LEADING	FACTORS	

Obesity	is	a	complex	disease	that	can	be	caused	by	myriad	factors.	These	factors	can	be	

classified	as	non-genetic	or	genetic.	The	following	sections	elaborate	on	the	involvement	of	these	

factors	in	the	progression	of	obesity.		

1.2.4.1	OBESITY	AND	NON-GENETIC	FACTORS		

Many	studies	have	discussed	numerous	non-genetic	factors	that	can	contribute	to	the	

development	of	obesity,	 including	endocrine	disorders	(Bougnères	et	al.,	2008;	Reinehr	et	al.,	

2007;	Scerif	et	al.,	2011),	gut	microbiome	(Angelakis	et	al.,	2012;	Burcelin,	2012;	Jess,	2014;	Taber	

et	al.,	2013;	Turta	and	Rautava,	2016),	environmental	factors,	such	as	exposure	to	endocrine-

altering	 toxins	 (Carwile	 and	 Michels,	 2011;	 Trasande	 et	 al.,	 2012;	 Warner	 et	 al.,	 2014),	

socioeconomic	factors	(Bray	et	al.,	2016,	2017b;	Wang,	2001),	lifestyle	factors,	such	as	high-fat	

and	high-carbohydrate	diets	(Bray	et	al.,	2016,	2017a),	and	physical	inactivity	(ten	Hacken,	2009;	

Pietiläinen	et	al.,	2008)	and	reduced	sleep	(Jiang	et	al.,	2009;	Wang	et	al.,	2017)	.		

This	 section	 mainly	 describes	 the	 relationship	 between	 obesity	 and	 changes	 in	 the	

lifestyle	of	the	modern	world.	Two	of	the	most	common	causes	of	obesity	are	overeating	and	

lack	of	exercise.	Regarding	overeating,	several	studies	have	demonstrated	a	positive	association,	

in	both	young	and	old	adults,	between	an	 increased	BMI	and	 the	 increased	 rate	of	 fast	 food	

consumption,	as	well	as	the	frequency	of	restaurant	visits	(Duffey	et	al.,	2007;	Jeffery	and	French,	

1998;	Jeffery	et	al.,	2006;	Pereira	et	al.,	2005).	Moreover,	a	questionnaire-based	study	revealed	

that	 weight	 gain	 is	 positively	 associated	 with	 an	 increase	 of	 total	 energy	 intake	 in	 women	

between	the	ages	of	20-45	years	(French	et	al.,	2000).	It	has	been	thought	that	the	composition	

of	a	diet	can	be	involved	in	the	development	of	obesity.	For	example,	diets	that	include	high	fats	
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or	carbohydrates	without	fiber	can	lead	to	obesity	(Bray	et	al.,	2016,	2017b).	Other	studies	have	

shown	 that	 consuming	 sugar-sweetened	beverages	 also	 leads	 to	obesity	 (Taber	 et	 al.,	 2013).	

Recently,	 Hall	 et	 al.	 have	 reported	 that	 eating	 ultra-processed	 food	 for	 two	 weeks	 leads	 to	

increased	energy	intake,	body	weight	and	carbohydrate	and	fat	consumption		(Hall	et	al.,	2019).		

In	addition	to	overeating,	physical	inactivity	can	be	an	important	factor	that	contributes	

to	weight	gain/obesity.	Various	studies	have	evaluated	the	effects	of	physical	inactivity	on	body	

weight.	For	instance,	a	population-based	prospective	study	was	conducted	in	the	USA	on	men	

and	women	between	the	ages	of	18-30	years.	Over	the	course	of	seven	years,	a	decrease	in	the	

physical	activities	was	associated	with	weight	gain	in	both	genders	(Lewis	et	al.,	1997).	Moreover,	

other	follow	up	studies	conducted	on	youth	demonstrated	a	positive	association	between	lack	

of	exercise,	and	 increased	BMI	and	skinfold	thickness	 in	females	(Kimm	et	al.,	2005).	Another	

study	was	done	on	a	 Finnish	population	during	 their	 transition	period	 from	adolescence	 into	

adulthood	to	examine	the	effect	of	being	inactive	on	body	weight.	The	study	indicated	that	there	

is	a	significantly	increased	association	between	lack	of	activity	with	being	overweight	in	males,	

as	 well	 as	 with	 obesity	 in	 men	 and	 women,	 and	 with	 severe	 abdominal	 obesity	 in	 women	

(Tammelin	et	al.,	2004).	 	 In	addition,	other	studies	have	 focused	on	the	effects	of	 time	spent	

watching	 television	 or	 playing	 video	 games/electronic	 devices	 on	weight	 gain/obesity.	 These	

studies	 showed	 that	 childhood	 obesity	 is	 positively	 correlated	 with	 increased	 time	 spent	 on	

television	or	video	games	(Dietz	and	Gortmaker,	1985).	Furthermore,	it	has	been	reported	that	

children	who	have	no	access	to	electronic	entertainment	devices	within	their	bedrooms	have	

improved	sleep	duration	and	quality,	which	are	known	to	impact	weight	gain	(Chen	et	al.,	2008;	

Dube	et	al.,	2017).	A	study	performed	on	adults	demonstrated	that	men	who	spent	more	than	
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three	hours/day	watching	television	had	a	predisposition	to	developing	obesity	compared	to	men	

who	spent	one	hour/day	watching	television	(Tucker	and	Friedman,	1989).		

In	conclusion,	these	studies	collectively	confirm	the	involvement	of	increased	food	

intake	and	decreased	physical	activity	in	the	development	of	weight	gain/obesity.		

	

1.2.4.2	OBESITY	AND	GENETIC	FACTORS	

Numerous	studies	have	reported	that	obesity	can	be	strongly	influenced	by	genetic	factors.	In	

most	cases	the	effects	are	polygenic,	and	there	are	over	500	genetic	loci	associated	with	obesity		

(Loos,	2018).	However,	in	rare	cases,	there	are	single	gene	mutations	that	lead	to	obesity,	as	is	

the	 case	 in	 Prader-Willi	 syndrome,	 Bardet-Biedl	 syndrome,	 Alström	 syndrome	 and	 Cohen	

syndrome	(Budisteanu	et	al.,	2010;	Butler,	2011;	Marshall	et	al.,	2011;	Suspitsin	and	Imyanitov,	

2016).		

Furthermore,	obesity	is	associated	with	single	nucleotide	polymorphisms	(SNPs),	which	

are	single	position	nucleotide	changes	in	DNA.	SNPs	can	occur	in	some	genes	encodong	proteins	

needed	for	the	regulation	of	the	body	composition.	Examples	of	these	proteins	are	peroxisome	

proliferator	 activated	 receptor-γ	 (PPAR-γ),	 lipoprotein	 lipase	 (LPL),	 leptin	 receptor	 (LEPR),	

monoamine	oxidase	A	(MAOA)	and		paraoxonase	1	(PON1)	and	paraoxonase	2	(PON2),	which	can	

regulate	adipocyte	differentiation,	triglyceride	metabolism,	leptin	levels,	monoamine	levels,	and	

low-density	 lipoprotein	 oxidation,	 respectively	 (Camps	 et	 al.,	 2009;	 Fuemmeler	 et	 al.,	 2008;	

Spiegelman	et	al.,	1997;	Wang	and	Eckel,	2009;	Yang	and	Barouch,	2007).	Importantly,	genetic	

studies	conducted	in	humans	demonstrated	that	mutations	in	genes	that	control	the	function	of	

ATs	can	be	associated	with	obesity	 (Arner	and	Hoffstedt,	1999;	Cassard-Doulcier	et	al.,	1996;	
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Fumeron	et	al.,	 1996;	Oppert	et	al.,	 1994;	Strosberg,	1997).	Examples	of	 these	genes	 include	

mutations	 in	the	β3-adrenergic	receptor	(β3-AR)	and	uncoupling	protein	1	(UCP1),	which	play	

important	roles	in	non-shivering	thermogenesis,	which	takes	place	in	brown	adipose	tissue	(BAT).	

It	 has	 been	 reported	 that	 the	 substitution	mutation	 of	 (Trp64Arg)	 in	 the	 β3-AR	 leads	 to	 an	

impaired	function	of	the	receptor	in	human	fat	cells	(Arner	and	Hoffstedt,	1999;	Umekawa	et	al.,	

1999).	 In	 addition,	 the	 polymorphism	 of	 Trp64Arg	 of	 the	β3-AR	 was	 found	 in	 individuals	

characterized	with	obesity	from	different	populations	(Arner	and	Hoffstedt,	1999;	Kadowaki	et	

al.,	1995;	Kim-Motoyama	et	al.,	1997;	Strosberg,	1997),	and	it	was	associated	with	decreases	in	

the	basal	metabolic	rate	(BMR)	in	obese	Finns	(Sipiläinen	et	al.,	1997).	Another	thermogenic	gene	

that	 is	 also	 associated	with	 obesity	 encods	 for	 UCP1,	 exclusively	 expressed	 in	 BAT,	where	 it	

uncouples		respiration	from	ATP	production	in	mitochondria	and	dissipates	energy	in	the	form	of	

heat	(Cannon	and	Nedergaard,	2004).	Various	studies	conducted	in	Québec	families	and	Eastern	

Asian	 populations	 have	 demonstrated	 different	 polymorphisms	 of	 A3826G,	 A1766G	 and	

Ala64Thr	of	UCP1	gene	that	are	associated	with	dysregulated	fat	metabolism,	weight	gain	and	

resistence	to	weight	loss	on	a	low-calorie	diet,	and	obesity	and	diabetes	(Cassard-Doulcier	et	al.,	

1996;	 Fumeron	 et	 al.,	 1996;	 Oppert	 et	 al.,	 1994;	 Shin	 et	 al.,	 2005;	 Soo	 Kim	 et	 al.,	 2005).	

Interestingly,	 it	 has	 been	 reported	 that	 obese	 individuals	 who	 have	 a	 combination	 of	 both	

mutations	A3826G	in	UCP1	and	Trp64Arg	in	β3-AR	have	an	additive	effect	on	weight	gain	that	is	

faster	than	that	 in	 individuals	without	mutations	or	with	only	one	mutation	(Fogelholm	et	al.,	

1998).		

Furthermore,	 epigenetics	 can	 play	 an	 integral	 role	 in	 the	 development	 of	 obesity.	

Epigenetics	 are	 defined	 as	 DNA	methylation	 and	 histones	 modification	 events	 that	 result	 in	
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changes	 in	 gene	 expression	 without	 affecting	 the	 sequence	 of	 DNA	 (Herrera	 et	 al.,	 2011).	

Epigenetics	can	be	developed	in	utero	and	early	life,	and	can	be	affected	by	the	maternal	nutrition	

(Lee,	2015).	Numerous	studies	have	examined	the	effect	of	 in	utero	under-nutrition	and	over-

nutrition	 on	 the	 metabolism	 of	 the	 offspring	 and	 their	 susceptibility	 to	 developing	 chronic	

diseases	including	obesity	 in	their	adulthood.	It	has	been	illustarated	that	there	is	a	U-shaped	

relationship	 between	 maternal	 malnutrition,	 either	 undernutrition	 or	 overnutrition,	 and	 the	

development	of	obesity	in	adulthood	of	the	offspring	(Grattan,	2008).	According	to	the	Barker	

theory, known	as	the	fetal	origins	hypothesis,	initiated	based	on	observations	during	the	Dutch	

hunger	winter	(1944-1945),	it	was	proposed	that	the	fetal	adaptation	to	in	utero	undernutrition	

can	 cause	 altered	 metabolism	 and	 physiology	 in	 the	 offspring	 in	 adulthood	 (Barker,	 1997;	

Roseboom	 et	 al.,	 2001).	 Moreover,	 it	 has	 been	 shown	 that	 a	 poor	 maternal	 diet	 in	 early	

pregnancy	 can	 lead	 to	 abdominal	 obesity	 in	women	 at	 age	 of	 50	 years (Ravelli	 et	 al.,	 1999).	

Another	 study	 in	 rats	 showed	 that	 maternal	 undernutrition	 during	 pregnancy	 may	 result	 in	

obesity	in	the	adult	offspring	(Vickers	et	al.,	2000).	Moreover,	a	research	study	conducted	in	our	

lab	has	examined	the	effects	of	 in	utero	undernutrition	on	the	metabolism	of	the	offspring	 in	

mice.	 Briefly,	 offspring	 from	undernourished	 dams	 showed	 impaired	metabolic	 physiology	 in	

skeletal	muscle	 (SkM)	and	 increased	adiposity	 (Beauchamp	et	al.,	2015a).	Also,	another	study	

conducted	in	our	lab	illustrated	that	in	utero	undernutriton	in	mice	can	led	to	impared	cardiac	

respiration	 in	adult	offspring	 (Beauchamp	et	al.,	2015b).	Not	only	 in	utero	undernutrition	can	

predispose	offspring	to	metabolic	diseases,	but	also	prepregnancy	and	in	utero	overnutrition	can	

also	affect	the	health	of	offspring.	Another	study	conducted	in	our	lab	elucidated	that	maternal	

overnutrition-induced	obesity	 in	mice	can	 lead	 to	metabolic	diseases	 in	 the	 the	offsprings,	 in	
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which	they	showed	alterations	in	the	mitochondrial	function	of	red	gastrocnemius	muscle		such	

as	 increased	 mitochondrial	 leak	 respiration	 and	 reduced	 reactive	 oxygen	 species	 (ROS)	 in	

response	to	palmitoyl	carnitine	(McMurray	et	al.,	2019).		

To	sum	up,	research	demonstrates	the	involvement	of	many	complex	non-genetic	and	

genetic	factors	in	the	development	of	obesity.	Of	particular	relevance	to	this	thesis,	some	of	these	

genetic	mutations	associated	with	obesity	occur	in	genes	that	control	the	function	of	BAT.			

	
1.2.5	Treatment	and	Prevention		

Adipose	tissue	 loss	 is	 the	main	goal	 in	the	treatment	of	obesity.	Treating	obesity	can	

reduce	the	mortality	and	morbidity	associated	with	obesity	(Jensen	et	al.,	2014).	As	obesity	is	a	

chronic	disease	that	is	caused	by	the	complex	interplay	of	many	factors,	the	many	contributing	

factors	should	be	considered	in	the	selection	of	suitable	treatments	for	obesity	(Eckel	et	al.,	2014;	

Garvey	et	al.,	2014;	Jensen	et	al.,	2014).	With	the	greater	understanding	of	this	disease,	many	

different	treatment	approaches	have	been	developed;	there	are	three	main	treatment	options:	

1)	 lifestyle	 modifications,	 including	 diet	 and	 exercise;	 2)	 pharmacotherapy;	 and	 3)	 bariatric	

surgery.	

Despite	the	available	therapeutic	options	to	treat	obesity	and	its	associated	morbidities,	

the	prevalence	of	obesity	has	not	been	changed	substantially,	and	for	that	reason	there	 is	an	

increasing	 body	 of	 experimental	 studies	 conducted	 on	mice	 and	 humans	 with	 the	 hopes	 of		

developing	more	effective	strategies	to	treat	obesity.		
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1.3	ADIPOSE	TISSUES	
		

Physiologically,	 ATs	 are	 involved	 in	 the	 regulation	 of	 whole-body	 metabolism	

homeostasis.	There	are	three	major	classifications	of	ATs,	including	white	adipose	tissue	(WAT),	

BAT	and	beige	adipose	tissue.	Structurally,	ATs	are	composed	of	adipocytes	and	other	cell	types	

such	as	 stromovascular cells,	 immune	cells	 and	preadipocytes	 (Kershaw	and	Flier,	 2004).	 The	

three	 types	 of	 AT	 are	 considerably	 distinct	 from	 each	 other	 in	 terms	 of	 their	 physiological	

functions,	developmental	origins,	cellular	structures,	and	anatomical	locations	(Choe	et	al.,	2016;	

Harms	and	Seale,	2013;	de	Jong	et	al.,	2015;	Nedergaard	et	al.,	2007,	2011;	Seale	et	al.,	2008;	

Villarroya	et	al.,	2017).	This	is	summarized	in	Figures	1.2	and	Figure	1.3.	The	subsequent	sections	

will	focus	on	the	different	types	of	ATs.		

	

1.3.1	WHITE	ADIPOSE	TISSUE	

WAT	 is	 the	most	 predominant	 type	 of	 AT	 in	 the	 body.	 It	 is	metabolically	 less	 active	

compared	to	other	ATs	and	acts	mainly	as	an	energy	storing	tissue.	Due	to	the	previous	reasons,	

WAT	has	a	low	density	of	blood	vessels	and	nerves	(Lim	et	al.,	2013).	Also,	white	adipocytes	from	

WAT	have	a	distinct	appearance	compared	to	brown	and	beige	adipocytes.	White	adipocytes	are	

spherical	cells	containing	a	central	large	lipid	droplet	that	takes	up	much	of	the	space	within	the	

cytoplasm,	and	there	are	few	mitochondria	(Sanchez-Gurmaches	et	al.,	2016).	White	adipocytes	

are	originally	derived	from	multipotent	mesenchymal	stem	cells	(MSCs).	Based	on	cell	 lineage	

tracing	 studies,	white	 adipocytes	 arise	 from	distinct	 lineages	 that	do	not	express	 a	myogenic	

transcriptional	 marker	 called	 myogenic	 factor	 5	 (Myf5)	 (Seale	 et	 al.,	 2008).	 In	 terms	 of	 the	

anatomical	location	of	WAT,	there	are	two	major	types	classified	as	visceral	WAT	(vWAT),	which	
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is	localized	in	the	abdominal	cavity	and	subcutaneous	WAT(sWAT),	which	is	found	underneath	

the	skin	(Choe	et	al.,	2016;	Park	et	al.,	2014).	Also,	WAT	can	be	classified	based	on	its	distribution	

in	the	body.	For	example,	android	WAT	 is	mainly	 located	 in	the	upper	part	of	 the	body	while	

gynoid	WAT	is	found	in	the	lower	part	of	the	body	(Esteve	Ràfols,	2014).	Examples	of	vWAT	and	

sWAT	in	rodents	and	humans	are	summarized	in	Figure	1.3.		

As	mentioned	above,	the	main	function	of	WAT	is	to	store	excess	dietary	energy,	in	the	

form	of	triglycerides	(TGs).	WAT	is	metabolically	flexible,	and	responds	to	changes	in	the	energy	

balance	 status	of	 the	body.	 For	 instance,	during	 fasting,	WAT	 is	 stimulated	by	noradrenaline,	

which	in	turn	activate	lipases	such	as	adipose	triglyceride	lipase	(ATGL)	and	hormone	sensitive	

lipase	(HSL).	These	lipases	hydrolase	lipid	droplets	releasing	into	the	circulation	free	fatty	acids	

(FFAs),	which	are	used	by	other	 tissues	 such	as	 liver,	 skeletal	muscle,	 and	BAT	 to	meet	 their	

metabolic	 needs	 (Braun	 et	 al.,	 2018;	 Harmelen	 et	 al.,	 1997;	 Rosen	 and	 Spiegelman,	 2014;	

Schweiger	 et	 al.,	 2006).	 However,	 following	 meals,	 the	 level	 of	 glucose	 in	 the	 circulation	 is	

elevated	 causing	 an	 induction	 of	 insulin	 release.	 Then,	 insulin	 negatively	 affects	 the	 lipolysis	

actions	of	ATGL	and	HSL,	positively	increases	the	uptake	of	glucose	through	glucose	transporter	

4	(GLUT4)	and	induces	de	novo	lipogenesis	(DNL)	to	package	the	excess	energy	as	lipid	droplets.	

Consequently,	WAT	expands	its	mass	to	accommodate	excess	nutrients	and	energy	(Chakrabarti	

et	al.,	2013;	Claus	et	al.,	2005;	Herman	et	al.,	2012).	This	metabolic	expanding	feature	of	WAT	

can	 be	 achieved	 by	 two	 ways,	 increasing	 the	 size	 of	 adipocytes	 i.e.,	 by	 hypertrophy	 or	 by	

recruiting	new	adipocytes	 i.e.,	hyperplasia.	The	plasticity	of	WAT	protects	several	tissues	such	

liver,	skeletal	muscle,	and	heart	from	lipotoxicity	that	could	impair	their	functions	(Longo	et	al.,	

2019).	 In	 addition,	 WAT	 functions	 as	 a	 thermal	 insulator	 in	 the	 body	 (Carrillo	 et	 al.,	 2018).	
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Moreover,	WAT	has	been	considered	as	an	a	ctive	endocrine	organ	releasing	adipokines	such	as	

leptin,	whose	discovery	was	followed	by	that	of	adiponectin	(Scherer	et	al.,	1995;	Zhang	et	al.,	

1994).	Indeed,	WAT	releases	several	adipokines	that	act	as	signaling	and	regulatory	molecules,	

and	permit	communication	with	distant	organs	to	regulate	their	functions	(Frühbeck	et	al.,	2001;	

Rajala	and	Scherer,	2003;	Trayhurn	and	Beattie,	2001;	Trayhurn	and	Wood,	2004).	For	instance,	

WAT	secretes	some	adipokines	e.g.,	leptin,	adiponectin	(AdipoQ);	cytokines	e.g.,	tumor	necrosis	

factor	(TNF-α),	 interleukin	6	(IL-6);	chemokines	e.g.,	monocyte	chemotactic	protein-1	(MCP1);	

acute	 phase	 proteins	 e.g.,	 plasminogen	 activator	 inhibitor-1	(PAI-1);	 inflammation-related	

adipokines	 e.g.,	 nerve	 growth	 factor	(NGF)	 and	 vascular	 endothelial	 growth	 factor	 (VEGF)	

(Trayhurn,	2005).		

	

1.3.2	BROWN	ADIPOSE	TISSUE		

BAT	 is	a	thermogenic	tissue	that	exists	abundantly	 in	hibernating	animals	and	rodents.	 It	was	

thought	that	in	humans	BAT	exists	only	in	babies;	however	radiological	imaging	of	BAT	in	human	

adults	by	using	the	positron	emission	tomography	computerized	tomography	(PET-CT)		electron	

microscopy	and	immunostaining	analyses	revealed	that	human	adults	actually	have	significant	

functional	 BAT	 (Cypess	 et	 al.,	 2009;	 Hany	 et	 al.,	 2002;	 van	Marken	 Lichtenbelt	 et	 al.,	 2009;	

Virtanen	et	al.,	2009;	Zingaretti	et	al.,	2009).	In	terms	of	the	anatomical	locations,	BAT	of	mice	is	

mainly	 found	 in	 the	 interscapular,	 axillary	 and	 perirenal	 depots,	 and	 in	 humans,	 BAT	 is	

predominantly	 located	 in	 the	supraclavicular	and	paravertebral	depots	 (Choe	et	al.,	2016).	As	

speculated	 previously,	 the	 physiological	 importance	 of	 the	 anatomical	 location	 of	 BAT	 is	 to	

function	as	a	internal	heating	source	that	is	supported	by	many	blood	vessels,	and	when	BAT	is	
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activated,	 it	 becomes	 as	 an	 active	 metabolic	 heater	 that	 provides	 heat	 directly	 to	 the	

bloodstream	to	heat	vital	tissues,	ensuring	proper	function	of	these	tissues	in	cold	enviroments	

(Sacks	and	Symonds,	2013).	Anatomical	locations	of	BAT	in	mice	and	humans	are	described	in	

Figure	1.3.	

In	contrast	to	WAT,	BAT	burns	stored	energy	and	produces	heat	through	a	process	called	

non	shivering	thermogenesis	(NST)	as	a	defense	mechanism	against	cold	environments	(Foster	

and	 Frydman,	 1978,	 1979;	Himms-Hagen,	 1985;	Nedergaard	 et	 al.,	 2011;	 Smith	 and	Horwitz,	

1969).	BAT	thermogenesis	is	mainly	under	the	control	of	the	sympathetic	nervous	system	(SNS),	

which	releases	norepinephrine	(NE)	to	bind	to	β3-AR	on	brown	adipocytes	resulting	in	signaling	

cascades	needed	for	the	activation	of	BAT	as	detailed	below	in	section	1.5.1.	There	are	several	

stimuli	that	can	induce	BAT	thermogenesis	such	as	cold	exposure	or	diet	or	a	pharmacological	

agent,	e.g.		a	β3-AR	agonist	like	CL316,243	(Cannon	and	Nedergaard,	2004;	von	Essen	et	al.,	2017;	

Himms-Hagen,	1990).	When	BAT	is	activated,	it	subsequently	increases	its	thermogenic	capacity	

through	BAT	hyperplasia,	which	can	further	enhance	BAT	thermogenesis	(Bukowiecki	et	al.,	1982;	

Fukano	et	al.,	2016).	The	control	mechanisms	of	BAT	activation	will	be	discussed	in	details	below	

in	section	1.5.	

To	 support	 its	 function,	 BAT	 is	 richly	 innervated	 with	 sympathetic	 nerves	 to	 ensure	

sufficient	sympathetic	control	and	stimulation	(Contreras	et	al.,	2015).	The	effect	of	experimental		

BAT	denervation	on	thermogenesis	has	been	well	studied	and	published	work	has	shown	that	

denervation	of	BAT	can	lead	to	impaired	thermogenesis,	increased	body	fat	mass,	and	decreased	

whole-body	energy	expenditure	(Dulloo	and	Miller,	1984;	Fischer	et	al.,	2018;	Rothwell	and	Stock,	

1984;	Vaughan	and	Bartness,	2012).	Moreover,	BAT	is	highly	vascularized	with	blood	vessels	to	
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provide	sufficient	nutrient	and	oxygen	supply	for	its	metabolic	demands,	and	to	allow	rapid	efflux	

of	the	heat	into	the	blood	circulation	(Contreras	et	al.,	2015).	Little	is	known	about	the	effect	of	

insufficient	 amount	 of	 oxygen,	 hypoxia,	 on	 BAT	 and	 its	 thermogenic	 function.	 However,	 it	 is	

known	that	hypoxia	reduces	whole-body	temperature	in	mice	and	humans	(Kottke	and	Phalen,	

1948).	 In	 rodent	 studies,	 Shimizu	 et	 al.	 have	 shown	 that	 obesity	 reduces	 the	 density	 of	 the	

vascular	capillaries	in	BAT	and	induces	hypoxia	in	this	tissue,	which	can	lead	to	BAT	whitening	

and	dysfunction	(Shimizu	et	al.,	2014).	Moreover,		hypoxia	has	an	inhibitory	effect	on	the	central	

and	neural	 feedback	pathways	 involved	 in	shivering	thermogenesis	 in	squirrels	 (Tattersall	and	

Milsom,	2009).	A	mouse	study	showed	that	a	combination	of	chronic	hypoxia	and	cold	exposure	

led	to	decreased	NE-induced	respiration	compared	with	control	mice	(Beaudry	and	McClelland,	

2010).	 To	 our	 knowledge,	 no	 study	 has	 examined	 the	 effect	 of	 acute	 hypoxia	 on	 BAT	

thermogenesis	and	the	molecular	mechanisms	involved.	In	order	to	better	understand	how	BAT	

responds	to	acute	hypoxia,	we	examined	the	effects	of	acute	hypoxia	on	BAT	thermogenesis	in	a	

unique	mammalian	 species	 called	 the	 naked	mole	 rat	 (NMR),	which	 is	 exceptionally	 hypoxia	

tolerant.	Chapter	3	describes	this	study.				

BAT	 is	 mainly	 composed	 of	 brown	 adipocytes	 that	 contain	 multiple	 multilocular	

cytoplasmic	 lipid	 droplets.	 Furthermore,	 brown	 adipocytes	 are	 highly	 enriched	 with	

mitochondria,	which	in	turn	have	a	high	amount	of	UCP1	at	approximately	10%	of	mitochondrial	

protein	(Busiello	et	al.,	2015;	Cannon	and	Nedergaard,	2004;	Nicholls,	2006).	UCP	1	is	a	member	

of	 the	 uncoupling	 protein	 family,	 which	 has	 five	 known	 members,	 all	 of	 which	 are	 found	

exclusively	in	the	mitochondrial	inner	membrane	(Demine	et	al.,	2019).	Also	uncoupling	protein	

3	(UCP3)	was	found	to	expressed	in	BAT	but	at	levels	approximately	400	times	less	compared	to	
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UCP1	 (Hilse	 et	 al.,	 2016).	UCP1	 is	 the	main	mediator	 of	NST	 and	mice	 lacking	UCP1	 are	 cold	

intolerent	and	have	blunted	oxygen	consumption	after	treatment	with	CL316,243	(Enerbäck	et	

al.,	1997).		

In	 addition	 to	 its	 thermogenic	 role,	 BAT	 can	 release	 regulatory	 molecules	 called	

batokines	 that	 have	 beneficial	 impacts	 on	 BAT	 itself	 (autocrine	 effect)	 and	 on	 other	 tissues	

(paracrine	 and	 endocrine	 effects).	 Examples	 of	 these	 regulatory	molecules	 include	 fibroblast	

growth	factor	21	(FGF21),	neuregulin	4	(NRG4),	and	vascular	endothelia	growth	factor	(VEGF),	

myostatin,	 and	12,13-dihydroxy-9Z-octadecenoic	acid	 (12,13-diHOME)	 (Hondares	et	 al.,	 2011;	

Kong	et	al.,	2018;	Lagercrantz	et	al.,	1998;	Stanford	et	al.,	2018;	Wang	et	al.,	2014).		

Notably,	 BAT	 can	 also	 release	 small	 extracellular	 vesicles	 (sEV)	 and	 BAT	 activation	

increases	 the	 release	 of	 sEV	 (Chen	 et	 al.,	 2016).	 sEV	 are	 involved	 in	 cellular	 signaling	 and	

interorgan	communication;	their	size	is	less	than	200	nm	(Théry	et	al.,	2018);	are	formed	through	

a	regulated	process;	and	contain	cargo	carrying	bioactive	molecules,	including	proteins,	nucleic	

acids	 and	 lipids	 (Akers	 et	 al.,	 2013;	 Ostrowski	 et	 al.,	 2010;	 Raposo	 and	 Stoorvogel,	 2013).	

Published	 work	 by	 Chen	 et	 al.	 has	 shown	 that	 microRNA-92a	 packaged	 in	 sEV	 is	 inversely	

correlated	with	activated	BAT	in	mice	and	humans	and	can	be	used	as	a	biomarker	of	BAT	activity	

(Chen	et	al.,	2016).	The	biological	effects	of	sEV	derived	from	BAT	on	other	tissues/cells	has	not	

been	fully	explored.	To	date,	one	study,	conducted	by	Thomou	et	al.,	showed	that	BAT	releases	

sEV	containing	microRNAs	that	are	taken	up	by	the	liver	and	regulate	gene	expression	(Thomou	

et	al.,	2017).	Further	investigation	is	required	to	have	a	better	understanding	of	the	functional	

roles	of	BAT-derived	sEV	on	other	tissues/cells.	Chapter	4	will	focus	on	the	metabolic	effects	of	

BAT-derived	sEV	on	skeletal	muscle	cell	bioenergetics.		
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BAT	has	been	suggested	as	having	therapeutic	potential	to	treat	obesity	for	the	following	

reasons.	First,	as	mentioned	above,	it	was	firmly	evident	that	functional	BAT	does	exist	in	adult	

humans	 (not	 only	 in	 infants).	 BAT	 is	 more	 active	 in	 healthy	 lean	 individuals	 than	 in	 obese	

individuals	 (Cypess	et	al.,	2009;	van	Marken	Lichtenbelt	et	al.,	2009;	Nedergaard	et	al.,	2007;	

Virtanen	et	al.,	2009).	Second,	in	rodents	and	humans,	activated	BAT	utilizes	remarkable	amounts	

of	energy	substrates	such	as	fats	and	carbohydrates,	resulting	in	increased	whole-body	energy	

expenditure	(Abreu-Vieira	et	al.,	2015;	Saito,	2013).	Recognition	of	the	metabolic	role	of	BAT	in	

energy	metabolism	and	the	potential	of	BAT	as	a	treatment	for	obesity	propels	researchers	to	

conduct	further	studies	on	this	tissue	in	order	to	understand	how	it	is	regulated.	In	this	thesis,	

chapters	2	and	3	will	focus	on	the	regulation	of	BAT	activity.		

	

1.3.3.	BEIGE	ADIPOSE	TISSUE	

Beige	adipose	tissue	is	composed	of	inducible	brown-like	adipocytes.	These	cells	possess	

thermogenic	capacity	in	response	to	some	environmental	and	metabolic	stressors	such	as	chronic	

cold	exposure,	exercise,	and	the	long-term	administration	of	adrenergic	agonists	(Himms-Hagen	

et	 al.,	 2000;	 Kajimura	 et	 al.,	 2015).	 Beige	 adipocytes	 are	 found	 as	 clusters	 of	 cells	 emerging	

sporadically	within	WAT	depots.	Once	they	are	induced,	they	cause	changes	in	the	colour	of	WAT	

through	a	process	called	browning	of	WAT;	the	beige	colour	is	as	a	result	of	mitochondriogenesis	

(Ghorbani	 and	 Himms-Hagen,	 1997;	 Young	 et	 al.,	 1984).	 The	 developmental	 origin	 of	 beige	

adipocytes	is	sophisticated.	Several	studies	reportd	that	beige	adipocytes	can	be	derived	from	

lineages	 that	 do	 not	 express	 Myf5	 (Sanchez-Gurmaches	 et	 al.,	 2012;	 Seale	 et	 al.,	 2008),	 as	

illustrated	in	Figure1.2.	However,	other	studies	have	shown	that	some	beige	adipocytes	can	be	
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derived	from	Myf5	expressing	precursors	or	from	smooth	muscle		(Long	et	al.,	2014;	Sanchez-

Gurmaches	et	al.,	2012).	The	formation	of	beige	adipocytes	is	still	debated	and	different	theories	

have	been	proposed.	Briefly,	beige	adipocytes	can	be	developed	from	the	de	novo	differentiation	

of	 beige	 adipocyte	 precursors,	 from	 pre-existing	 mature	 beige	 adipocytes,	 or	 from	 white	

adipocyte	 transdifferentiation	 (Kajimura	 et	 al.,	 2015).	 Generally,	 when	 beige	 adipocytes	 are	

induced,	they	exhibit	morphological	features	seen	in	classic	brown	adipocytes	such	as	many	small	

lipid	droplets	and	condensed	mitochondria	containing	high	amounts	of	UCP1	(Cousin	et	al.,	1992;	

Ghorbani	and	Himms-Hagen,	1997;	Ikeda	et	al.,	2018).		

Animal	studies	illustrated	that	the	thermogenic	capacity	of	beige	adipocytes	is	mainly	

independent	of	UCP1	function.	It	has	been	observed	that	cold	exposed	UCP1-deficient	mice	have	

higher	respiration	in	inguinal	WAT	compared	with	wild	type	mice	or	UCP1	deficient	mice	housed	

at	thermoneutrality	(Ukropec	et	al.,	2006).	Moreover,	UCP1	deficient	mice	that	were	chronically	

treated	with	β3-adrenergic	agonist	exhibited	increased	metabolic	rate,	body	temperature	and	

respiration	in	WAT	depots.	All	of	these	observations	indicate	that	there	are	UCP1	independent	

thermogenic	mechanisms	occurring	in	WAT	in	response	to	thermogenic	stimuli	(Granneman	et	

al.,	2003).	Examples	of	these	mechanisms	include	futile	creatine	pathways	(Kazak	et	al.,	2015),	

which	were	shown	to	play	important	roles	in	the	regulation	of	whole-body	energy	homeostasis	

and	UCP1	 independent	thermogenesis.	However,	a	recent	study	demonstrated	that	there	are	

two	types	of	beige	adipocytes	 that	have	UCP1	or	not.	 It	was	shown	that	UCP1	positive	beige	

adipocytes	 actually	 possess	 two	 thermogenic	 mechanisms,	 which	 are	 UCP1-dependent	 or	

creatine-driven	(Bertholet	et	al.,	2017).				
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Figure	1.2:	The	developmental	origin	and	cellular	structure	of	different	adipocytes.				
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Figure1.3:	Anatomical	locations	of	ATs	in	mice	and	humans,	modified	from	(Choe	et	al.,	2016).		
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1.4	BAT	THERMOGENESIS			

1.4.1	BAT	FUEL	UTILIZATION	AND	THERMOGENESIS		

As	mentioned	above,	activated	BAT	utilizes	glucose	and	fatty	acids	from	the	circulation,	

and	 its	own	stores	of	 fatty	acids,	 to	meet	 its	metabolic	needs	 for	 thermogenesis.	During	cold	

exposure,	 the	 activities	 of	 metabolic	 pathways	 are	 upregulated	 including	 the	 uptake	 and	

oxidation	of	glucose;	the	uptake	and	oxidation	of	FAs	and	de	novo	lipogenesis	(Yu	et	al.,	2002).	It	

is	 known	 that	FFAs	are	 the	primary	energy	 source	 for	BAT	during	 its	 activation.	As	described	

below	in	section	1.5.1,	adrenergic	activation	of	BAT	thermogenesis	induces	the	release	of	FFAs	

from	intracellular	TGs	 in	 lipid	droplets	through	lipolysis.	Also,	 in	response	to	cold,	the	 level	of	

plasma	TG-rich	lipoproteins	is	decreased	via	the	action	of	lipoprotein	lipase	(LPL)	that	releases	

FFAs	 to	 be	 taken	 up	 by	 cells	 through	 the	 fatty	 acid	 transporter,	 CD36	 (Bartelt	 et	 al.,	 2011).	

Internalized	FFAs	are	reesterified	 for	 fatty	acid	oxidation	 (FAO)	or	are	stored	as	 lipid	droplets	

(Bartelt	 et	 al.,	 2011).	 Gene	 expression	 studies	 have	 demonstrated	 that	 glucose	 metabolism	

related	genes	are	considerably	upregulated	in	BAT	during	cold	exposure	(Hao	et	al.,	2015).	Cold	

exposure	increases	the	expression	of	glucose	transporters	1	and	4	(Glut1	and	Glut4)	(Bartelt	et	

al.,	2011).	Moreover,	adrenergic	stimulation	of	brown	adipocytes	induces	the	expression	of	Glut1	

and	the	translocation	to	the	plasma	membrane	(PM)	of	Glut4	(Olsen	et	al.,	2014;	Shimizu	et	al.,	

1998).	Despite	the	up-regulation	of	glucose	metabolism	related	genes	and	glucose	transporters,	

glucose	 oxidation	 is	 somewhat	 restricted	 because	 glucose	 flux	 is	 directed	 to	 the	 pentose	

phosphate	pathway,	which	provides	reducing	equivalents	in	the	form	of	NAPDH	for	de	novo	fatty	

acid	synthesis.	Moreover,	glucose	is	used	to	synthesize	glycerol	to	support	de	novo	lipid	synthesis	

(Hao	et	al.,	2015).	Therefore,	it	is	considered	that	glucose	is	not	a	main	energy	substrate	for	BAT	



	 24	

thermogenesis,	 but	 it	 is	 largely	 needed	 for	 lipogenesis.	 To	 evaluate	 the	 contribution	 of	

intracellular	 TG	pools	 to	BAT	 thermogenesis	 in	 vivo,	 a	 study	was	 conducted	on	 rats	 in	which	

adipocyte	TG	lipolysis	was	inhibited	by	using	nicotinic	acid	(NiAc).	The	data	revealed	that	the	skin	

temperature	of	interscapular	BAT	was	decreased	by		90%	after	acute	cold	and	by	71%	after	cold	

acclimation.	Consistently,	the	increased	oxidative	metabolism	in	BAT	was	blunted	in	acute	(84%)	

and	chronic	(73%)	cold	exposure.	Published	data	also	show	that	intracellular	TG	pools	are	major	

thermogenic	 substrates	 (Labbé	 et	 al.,	 2015).	 Although,	 the	 molecular	 mechanisms	 that	

orchestrate	these	metabolic	pathways	are	not	fully	clear.	

During	BAT	activation,	TG	 lipid	droplets	will	be	hydrolyzed	by	specific	enzymes.	After	

being	hydrolyzed,	the	released	FFAs	are	used	for	UCP1	activation	and	to	support	the	β-oxidation	

pathway.	This	will	be	explained	in	section	1.5.1.			

	

1.4.2	BAT	MITOCHONDRIAL	BIOENERGETICS		

Mitochondria	are	very	dynamic	organelles	within	cells.	Functionally,	they	are	considered	

as	 the	powerhouses	of	 the	 cells	 because	of	 their	main	 function,	 generating	ATP	by	oxidative	

phosphorylation.	However,	 in	brown	adipocytes	their	main	function	 is	heat	production.	 	Also,	

mitochondria	 play	 essential	 roles	 in	 various	 cellular	 processes	 such	 as	 metabolism,	 calcium	

signaling,	 apoptosis,	 and	 ROS	 generation	 and	 detoxification	 (Duchen,	 2004;	 Tzameli,	 2012).	

Notably,	 tissues	 that	have	high	energy	demands	have	many	mitochondria,	 such	as	 the	heart,	

skeletal	 muscle,	 and	 BAT	 (Farmer,	 2008;	 Marín-García	 and	 Goldenthal,	 2002).	 In	 BAT	

mitochondria,	energy	is	released	as	heat	instead	of	being	captured	in	the	form	of	ATP	(Cannon	

and	Nedergaard,	2004).		
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Our	understanding	of	the	structure	of	mitochondria	has	been	advanced	through	the	use	

of	many	different	experimental	approaches	including	live	cell	imaging,	electron	microscopy	and	

mitochondrial	 sub-fractionation	 analyses	 (Frey	 et	 al.,	 2006;	 Jakobs,	 2006;	 Pallotti	 and	 Lenaz,	

2001).	 Morphologically,	 mitochondria	 are	 composed	 of	 two	 double	 membranes,	 the	

mitochondrial	outer	membrane	(MOM)	and	the	mitochondrial	 inner	membrane	(MIM),	which	

both	have	a	high	amount	of	phospholipid	such	as	cardiolipin	and	a	 low	level	of	cholesterol	to	

ensure	 efficient	 mitochondrial	 function	 (Mileykovskaya	 et	 al.,	 2005;	 Simbeni	 et	 al.,	 1991;	

Sustarsic	et	al.,	2018).	In	terms	of	the	structural	differences	between	these	two	mitochondrial	

membranes,	 MOM	 separates	 mitochondria	 from	 the	 cytoplasm	 and	 it	 is	 highly	 permeable,	

allowing	molecules	 less	 than	 6	 kilodalton	 (kDa)	 to	 freely	 diffuse	 through	membrane	proteins	

called	 porins.	 In	 comparison	 to	 the	 MOM,	 MIM	 separates	 mitochondrial	 matrix	 from	 the	

mitochondrial	 intermembrane	space,	and	it	 is	selectively	 impermeable	to	most	 ions	and	small	

molecules.	 Also,	MIM	has	 a	much	 larger	 surface	 area	 than	MOM	due	 its	 folds,	 called	 cristae	

(Cooper,	2000).	Cristae	are	very	dynamic	structures	whose	formation	can	be	affected	by	some	

nutritional	and	metabolic	conditions	such	as	starvation	(Patten	et	al.,	2014).	The	formation	of	the	

cristae	 is	 dependent	 mainly	 on	 two	 master	 proteins	 called	 optic	 atrophy	 1	 (OPA1)	 and	

mitochondrial	contact	site	and	cristae	organizing	system	(MICOS)	complex	and	this	has	an	impact	

on	mitochondrial	respiration	(Frezza	et	al.,	2006;	Pfanner	et	al.,	2014).	

Mitochondria	constantly	undergo	fission	and	fusion	to	maintain	healthy	functioning		of	

this	 organelle.	 The	 regulatory	 mechanisms	 that	 control	 mitochondrial	 fission	 and	 fusion	 are	

complex	and	not	fully	understood.	However,	there	are	important	mitochondrial	proteins	needed	

for	the	control	of	fission	and	fusion.	For	instance,	mitofusins1	and	2	(Mfn1	and	Mfn2)	are	located	
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in	MOM,	and	OPA1	is	located	in	MIM,	and	these	proteins	are	essential	for	mitochondria	fusion.	

On	 the	 contrary,	 dynamin	 related	 protein	 1	 (Drp1)	 plays	 an	 important	 role	 in	mitochondrial	

fission	(van	der	Bliek	et	al.,	2013;	Shaw	and	Nunnari,	2002).	Interestingly,	mitochondrial	fission	is	

a	 fundamental	 regulator	of	 cold-induced	BAT	 thermogenesis	 and	energy	expenditure	 in	mice	

(Park	et	al.,	2019;	Wikstrom	et	al.,	2014).		

Uncoupled	respiration	in	BAT	mitochondria	is	also	supported	by	the	action	of	proteins	

found	upstream	of	UCP1	 such	 as	 proteins	 in	 the	 electron	 transport	 chain	 (ETC)	 (Cannon	 and	

Nedergaard,	2004).	There	are	over	80	proteins	in	the	four	complexes	of	the	ETC.	The	multiprotein	

complexes	are	NADH	dehydrogenase	or	complex	1	(CI),	succinate	dehydrogenase	or	complex	II	

(CII),	cytochrome	oxidoreductase	or	complex	III	(CIII),	and	cytochrome	c	oxidase	or	complex	IV	

(CIV).	During	oxidation	reactions	taking	a	place	in	the	mitochondrial	matrix,	reducing	equivalent	

(electron)	carriers	such	NADH	+	H	and	FADH2	shuttle	electrons	to	the	ETC.	While	the	electrons	

move	 through	 the	 ETC	 until	 the	 final	 electron	 acceptor,	 oxygen,	 protons	 are	 pumped	 to	 the	

intermembrane	space	from	CI,	CIII	and	CIV,	generating	a	proton	motive	force	(PMF).	The	PMF	

drives	proton	back	to	the	mitochondrial	matrix	through	UCP1;	heat	does	not	emanate	from	UCP1	

itself,	but	from	all	of	the	upstream	oxidation	reactions	that	are	active	when	UCP1	is	stimulated	

(Cannon	and	Nedergaard,	2004;	Lodish	et	al.,	2000).		

As	 electrons	move	 through	 the	ETC	 complexes,	 some	 can	escape	and	associate	with	

molecular	oxygen	to	form	ROS.	ROS	such	as	superoxide	are	mainly	formed	at	CI	and	CIII	in	the	

ETC	and	can	be	converted	to	other	 forms	of	ROS	such	as	hydrogen	peroxide	(Murphy,	2009).	

Depending	on	the	level	and	duration	of	ROS	levels,	there	can	be	oxidative	damage	or	beneficial	

effects	(e.g.,	signaling)	in		cells	(Sarangarajan	et	al.,	2017).	In	regard	to	BAT	thermogenesis,	it	has	
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been	shown	that	ROS	can	augment	UCP1	dependent	thermogenic	respiration	(Chouchani	et	al.,	

2016),	as	detailed	below	in	section	1.5.4.1.	

	

1.5	THE	CONTROL	OF	BAT	THERMOGENESIS		

BAT	 function	 can	 be	 controlled	 at	 different	 levels,	 acutely	 and	 chronically.	 The	

subsequent	sections	will	focus	on	the	various	known	levels	of	control	of	BAT	thermogenesis.			

		

1.5.1	BAT	THERMOGENESIS	UNDER	THE	CONTROL	OF	SYMPATHETIC	NERVOUS	SYSTEM	

	The	 SNS	 is	 the	 predominant	 signaling	 pathway	 that	 induces	 BAT	 thermogenesis.	

Released	NE	mainly	activates	β3-AR,	the	most	abundant	adrenergic	receptor	(AR)	on	the	plasma	

membrane	of	brown	adipocytes	in	rodents	(Cannon	and	Nedergaard,	2004;	Lafontan	and	Berlan,	

1993).	Several	isoforms	of	AR	are	expressed	on	the	plasma	membrane	of	adipocytes	including	

α1-AR,	α2-AR,	β1-AR,	β2-AR,	and	β3-AR	but	their	physiological	roles	vary,	depending	on	the	fat	

depot	and	the	animal	species	(Lafontan	and	Berlan,	1993).	All	of	these	receptors	belong	to	the	

G-protein	coupled	receptor	(GPCR)	family.	Several	studies	have	demonstrated	the	importance	of	

β3-AR	in	thermogenesis,	energy	expenditure,	and	weight	loss.	β3-AR	is	found	on	brown	and	white	

adipocytes.	The	activation	of	 this	 receptor	 leads	 to	heat	production	 in	brown	adipocytes	and	

lipolysis	 in	white	adipocytes.	Since	the	discovery	of	β3-AR	and	its	activators,	this	receptor	has	

gained	a	lot	of	attention	due	to	its	ability	to	induce	lipolysis	and	NST	(Arch,	2002).	Another	reason	

for	the	great	interest	in	this	AR	is	related	to	the	fact	that	the	β3-AR	is	almost	exclusively	expressed	

in	these	adipose	tissues	(and	not	in	the	heart,	for	example).	Thus	the	idea	of	developing	β3-AR-

selective	 agonists	 for	 the	 potential	 treatment	 of	 obesity	 attracted	wide	 attention.	 The	 other	
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adrenergic	receptors	are	not	involved	in	BAT	thermogenesis;	however,	β1-AR	is	required	for	the	

development	 and	 proliferation	 of	 brown	 adipocytes,	 which	 is	 needed	 to	 recruit	 BAT	 during	

chronic	induction	of	thermogenesis	(Bronnikov	et	al.,	1992,	1999;	Lafontan	and	Berlan,	1993).	

In	response	to	cold	or	excessive	food	intake,	SNS	releases	NE	as	a	neurotransmitter	that	

acts	on	brown	adipocytes	to	activate	signaling	pathways	(Cannon	and	Nedergaard,	2004;	Leblanc	

et	 al.,	 1982;	 Zhang	and	Bi,	 2015).	 In	detail,	NE	binds	 to	β3-AR	on	brown	adipocytes	 and	 this	

binding	 results	 in	 the	 activation	 of	 canonical	 AR–Gs–adenylyl	 cyclase	 (AC)-cyclic	 adenosine	

monophosphate	(cAMP)-	protein	kinase	A	(PKA)	signaling	pathway.	The	activation	of	the	latter	

pathway	leads	eventually	to	the	lipolysis	of	the	intracellular	lipid	droplets.	As	a	result,	FFAs	are	

released	from	the	lipid	droplets	to	serve	as	direct	UCP1	activators	and	as	oxidative	substrates	

used	 in	 FAO.	While	 FFAs	 act	 as	direct	UCP1	activators,	 specifically	 long	 forms	of	 FFAs,	which	

directly	 bind	 to	UCP1	 releasing	 its	 purine	 nucleotide	 inhibition.	 Purine	 nucleotides	 (PNs)	 can	

compete	with	 FFAs	 to	 inhibit	UCP1	 activity	 in	 a	 simple	 competitive	mechanism	 (Cannon	 and	

Nedergaard,	2004;	Fedorenko	et	al.,	2012;	Himms-Hagen,	1985;	Shabalina	et	al.,	2004).	These	

mechanisms	are	depicted	in	Figure	1.4.	
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Figure1.4:	 Adrenergic	 activation	 of	 BAT	 thermogenesis,	 modified	 from	 (Cannon	 and	

Nedergaard,	2004).	
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1.5.2	FACTORS	RELEASED	BY	VARIOUS	TISSUES	CONTROL	BAT	ACTIVITY		
	

Although	 the	 SNS	 is	 known	 as	 the	main	 regulator	 of	 BAT	 thermogenesis,	 there	 is	 a	

growing	body	of	research	demonstrating	how	BAT	thermogenesis	can	be	augmented	acutely	and	

chronically	through	additional	mechanisms.	BAT	thermogenesis	can	be	induced	by	various	other	

molecules	released	from	other	organs.	Moreover,	these	molecules	can	act	on	the	recruitment	

and/or	the	activity	of	BAT	and	some	of	these	molecules	are	able	to	induce	the	browning	of	WAT.	

In	the	following	section,	the	focus	is	on	some	of	these	released	factors	from	the	thyroid	gland,	

heart,	liver,	and	skeletal	muscles.		

1.5.2.1	THYROID	GLAND	DERIVED	REGULATORS	OF	BAT	ACTIVITY	

The	thyroid	 is	a	butterfly-shaped	gland	 located	 in	 the	neck	secreting	hormones	

that	 can	 regulate	body	 functions	 such	as	development,	 growth,	and	metabolism.	The	 thyroid	

gland	produces	 thyroxine	 (T4),	 a	prohormone,	 and	 triiodothyronine	 (T3),	 the	active	hormone	

form.	 It	 is	 known	 that	 the	 increased	 activity	 of	 thyroid	 derived	 hormones	 promotes	 energy	

expenditure	and	metabolism	(Brent,	2012;	Oetting	and	Yen,	2007).	Studies	conducted	in	mice	

examined	the	effect	of	hypothyroidism,	reduced	levels	of	thyroid	hormones,	or	hyperthyroidism,	

increased	levels	of	thyroid	hormones,	on	WAT	browning	and	BAT	activity	(Weiner	et	al.,	2016).	

They	 found	 that	 mice	 with	 either	 hypothyroidism	 or	 hyperthyroidism	 have	 increased	

thermogenic	genes	expression	in	WAT	and	induced	browning	of	WAT.	Interestingly,	BAT	activity	

was	 reduced	 in	 hypothyroid	 mice	 and	 activated	 in	 hyperthyroid	 mice	 (Weiner	 et	 al.,	 2016).	

Mechanistically,	thyroid	hormones	activate	BAT	by	acting	on	their	receptors,	thyroid	hormone	

receptors	(TRs),	 in	brown	adipocytes	or	in	hypothalamic	neurons	(Weiner	et	al.,	2017).	T3	can	

activate	BAT	thermogenesis	and	WAT	browning	through	its	action	in	the	ventromedial	nucleus	
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of	the	hypothalamus	(VMH)	(López	et	al.,	2010;	Martínez-Sánchez	et	al.,	2016).	T3	reduces	AMP-

activated	 protein	 kinase	 (AMPK)	 pathways	 in	 the	 VMH,	 which	 decreases	 ceramide-

induced	endoplasmic	reticulum	(ER)	stress,	which	in	turn	activates	BAT	thermogenesis	(Martínez-

Sánchez	 et	 al.,	 2017).	 In	 addition,	 thyroid	 hormones	 bind	 to	 their	 receptors	 (TR-β)	 in	 brown	

adipocytes	 to	 activate	 nuclear	 dependent	 signaling	 pathways	 that	 induce	 expression	 of	

thermogenic	genes	including	UCP1	(Cioffi	et	al.,	2018).	Recently,	a	study	has	demonstrated	that	

T3	can	induce	the	expression	of	UCP1	in	brown	adipocytes	through	the	action	of	the	transcription	

factor	 named	 carbohydrate-response	 element-binding	 protein	 (ChREBP),	 which	 binds	 to	 the	

UCP1	 gene	 promoter	 (Katz	 et	 al.,	 2017).	 In	 this	 study,	 it	was	 also	 shown	 that	 knockdown	 of	

ChREBP	 leads	 to	 a	 decrease	 in	 the	 expression	 of	 UCP1	 and	 respiration	 in	 brown	 adipocytes	

treated	with	T3	(Katz	et	al.,	2017).		

	

1.5.2.2	HEART-DERIVED	REGULATORS	OF	BAT	ACTIVITY	

The	heart	can	regulate	the	thermogenic	capacity	and	related	genes	of	brown	and	white	

adipocytes	through	its	endocrine	factors	called	atrial	natriuretic	peptide	(ANP)	and	ventricular	

natriuretic	peptide	 (BNP).	 It	has	been	reported	that	 the	 levels	of	 these	natriuretic	peptides	 is	

increased	in	response	to	some	stressors	such	as	cardiac	wall	stress,	hypoxia,	cold	exposure	and	

exercise	(Gruden	et	al.,	2014).	The	action	of	these	natriuretic	peptides	(NPs)	on	brown	and	white	

adipocytes	 is	 dependent	 on	 their	 binding	 to	 their	 receptors	 on	 adipocytes	 called	 natriuretic	

peptide	 receptor	 A	 (NPRA)	 and	 natriuretic	 peptide	 receptor	 C	 (NPRC)	 (Chinkers	 et	 al.,	 1989;	

Waldman	et	al.,	1984).	A	study	conducted	by	Collins’	group	showed	that	mice	exposed	to	cold	

for	6	hours	had	elevated	circulating	plasma	level	of	BNP	and	increased	transcript	levels	of	ANP	
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and	BNP	in	the	heart.	Moreover,	mice	injected	with	BNP	or	human	adipocytes	treated	with	BNP	

had	increased	expression	of	BAT	specific	thermogenic	genes	including	UCP1,	PPAR-γ,	peroxisome	

proliferator	activated	receptor-γ	coactivator1-α		(PGC1-α)	and	induced	mitochondrial	biogenesis	

and	respiration	(Bordicchia	et	al.,	2012).	They	also	proposed	a	model	wherein	the	activation	of	

NPRA	induces	the	activation	of	guanylyl	cyclase(GC)-cyclic	guanosine	monophosphate	(cGMP)-

protein	kinase	G	(PKG)	signaling	pathways,	which	leads	to	lipolysis	and	increases	the	expression	

of	thermogenic	proteins	to	promote	thermogenesis	(Bordicchia	et	al.,	2012).	They	also	showed	

that	mammalian	target	of	rapamycin	complex	1	(mTORC1)	activation	is	needed	for	the	increase	

in	the	expression	of	UCP1	in	beige	adipocytes	as	a	part	of	WAT	browning	and	thermogenesis	(Liu	

et	al.,	2018).		

	

1.5.2.3	LIVER-DERIVED	REGULATORS	OF	BAT	ACTIVITY		

The	 liver	 is	 a	 dynamic,	 organized	 and	 multifunctional	 organ	 that	 is	 composed	 of	 a	

heterogeneous	population	of	cells.	It	is	involved	in	fundamental	biological	mechanisms	such	as	

the	metabolism	of	dietary	nutrients	supplied	by	the	portal	vein,	the	regulation	of	blood	volume,	

the	support	of	immune	system,	and	the	secretion	of	hormones	(Bechmann	et	al.,	2012;	Gordillo	

et	al.,	2015;	Gruppuso	and	Sanders,	2016;	Hijmans	et	al.,	2014;	Rui,	2014;	Trefts	et	al.,	2015,	

2017).	Several	studies	have	demonstrated	the	regulatory	role	of	hepatic	hormones	on	different	

tissues	involved	in	the	regulation	of	whole-body	energy	homestasis	including	BAT.	In	particular,	

a	hormone	secreted	mainly	by	 the	 liver	named	 fibroblast	growth	 factor	21	 (FGF21)	has	been	

shown	to	regulate	neonatal	BAT	thermogenesis	(Hondares	et	al.,	2010).	A	study	conducted	on	

neonatal	mice	 examined	 the	 abundance	 and	 involvement	 of	 FGF21	 in	 the	 regulation	 of	 BAT	
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thermogenesis	needed	at	birth.	In	this	study,	it	was	found	that	the	gene	expression	in	the	liver	

and	plasma	level	of	FGF21	are	dramatically	elevated	in	response	to	suckling.	The	induction	of	the	

hepatic	FGF21	requires	the	action	of	the	transcriptional	factor,	peroxisome	proliferator	activated	

receptor-α	(PPAR-α).	Also,	the	neonatal	mice	that	were	injected	with	FGF21	exhibited	enhanced	

body	 temperature	 and	 increased	 expression	 of	 thermogenic	 genes	 in	 BAT	 compared	 with	

controls.	 Moreover,	 a	 similar	 response	 (uncoupled	 respiration)	 was	 observed	 in	 brown	

adipocytes	treated	with	FGF21	in	vitro.	These	findings	demonstrated	the	importance	of	FGF21	in	

the	activation	of	BAT	(Hondares	et	al.,	2010).		

Recently,	 a	 study	 conducted	 in	 mice	 discovered	 a	 hepatic	 suppressor	 of	 BAT	

thermogenesis	called	Tsukushi	(TSK)	(Wang	et	al.,	2019b).	It	was	initially	discovered	in	the	chick	

lens	in	2004	and	identified	as	an	extracellular	signaling	molecule	that	belongs	to	small	leucine-

rich	proteoglycan	(SLRP)	family.	Since	its	discovery	it	has	been	reported	that	TSK	interacts	with	

several	signaling	pathways	to	regulate	numerous	developmental	processes	(Ohta,	2014;	Ohta	et	

al.,	2004).	TSK	can	modulate	BAT	thermogenesis	by	acting	on	sympathetic	signaling	in	BAT.	In	

their	study,	it	was	shown	that	the	level	of	TSK	was	dramatically	enriched	in	the	liver	compared	to	

other	 tissues	under	 conditions	 in	which	BAT	activity	and	energy	expenditure	were	enhanced.	

Also,	TSK	deficient	mice	showed	elevated	body	temperature,	resistance	to	high-fat-diet	induced	

obesity,	 induced	 adrenergic	 activation,	 and	 increased	 thermogenic	 machinery	 and	 energy	

expenditure.	To	conclude,	TSK	released	by	the	liver	in	response	to	increased	energy	expenditure,	

can	negatively	impact	the	activity	of	BAT	by	suppressing	its	sympathetic	activation	(Wang	et	al.,	

2019b).		
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1.5.2.4	SKELETAL	MUSCLE-DERIVED	REGULATOR	OF	BAT	THERMOGENESIS	

Skeletal	muscles	(SkM)	and	BAT	have	strong	cellular	and	functional	links.	As	mentioned	

above,	parenchymal	cells	in	SkM	and	BAT	are	derived	from	the	same	progenitor,	MyF5	containing	

precursors	(Seale	et	al.,	2008).	Also,	SkM	and	BAT	generates	shivering	and	NST	thermogenesis,	

respectively	for	integrated	responses	to	a	cold	environment	(Golozoubova	et	al.,	2001).	During	

exercise,	SkM	is	a	highly	metabolic	tissue,	utilizing	energy-rich	molecules	and	releasing	myokines	

that	positively	 impact	other	tissues.	A	particular	exercise-induced	myokine	that	has	beneficial	

effects	on	the	browning	of	WAT	and	thermogenesis	is	termed	irisin,	and	it	is	a	cleavage	product	

of	a	membrane	bound	protein	named	fibronectin	type	III	domain	5	(FNDC5)(Boström	et	al.,	2012).	

Spiegelman’s	group	discovered	this	exercise-induced	myokine	and	demonstrated	that	it	is	able	

to	induce	beige	adipocytes	in	WAT	of	mice.	The	elevated	level	of	irisin	is	dependent	on	the	action	

of	 the	 co-transcriptional	 factor,	 PGC1-α	 (Boström	 et	 al.,	 2012).	 After	 the	 discovery	 of	 irisin,	

additional	studies	conducted	by	the	same	group	and	by	others	have	identified	other	examples	of	

exercise-induced	myokines	such	as	β-aminoisobutyric	acid	 (BAIBA)	and	meteorin-like	 (Metrnl)	

that	 lead	 to	 increased	browning	of	WAT	and	 thermogenesis	 (Rao	et	 al.,	 2014;	Roberts	et	 al.,	

2014).		

Recently,	Chouchani’s	group	discovered	that	the	metabolite,	succinate,	can	be	released	

by	shivering	muscle	during	acute	cold	exposure,	and	can	induce	BAT	thermogenesis	(Mills	et	al.,	

2018).	 Succinate	 is	 an	 intermediate	 product	 in	 the	 tricarboxylic	acid	(TCA)	 cycle	 and	 can	 be	

oxidized	 by	 its	 mitochondrial	 enzyme	 succinate	 dehydrogenase	 (SDH).	 In	 their	 study,	 they	

demonstrate	 that	 succinate	 is	 avidly	 taken	 up	 by	 BAT	 during	 acute	 cold	 exposure	 and	 has	 a	

stimulatory	effect	on	BAT	activity.	Moreover	the	administration	of	succinate	in	mice	was	able	to	
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boost	whole-body	oxygen	consumption	and	BAT	thermogenesis.	These	mechanisms	were	shown	

to	 be	 UCP1	 dependent	 since	 the	 metabolic	 and	 thermogenic	 effects	 of	 succinate	 were	 not	

observed	 in	 UCP1	 deficient	 mice	 Brown	 adipocytes	 treated	 with	 succinate	 had	 increased	

mitochondrial	 uncoupled	 respiration.	 Succinate-induced	 respiration	 in	 brown	 adipocytes	was	

decreased	by	either	the	inhibitor	of	SDH	(malonate)	or	the	inhibitor	of	electron	transfer	between	

SDH	and	the	ubiquinone	pool	(atpenin	A5).	To	sum	up,	they	discovered	unexpected	thermogenic	

role	of	succinate	 in	BAT	thermogenesis	 independent	of	β-adrenergic	stimulation	during	acute	

cold	exposure	in	which	succinate	oxidation	by	SDH	drives	ROS	production	and	BAT	thermogenesis	

(Mills	et	al.,	2018).			

	

1.5.3	TRANSCRIPTIONAL	CONTROL	OF	BAT	THERMOGENESIS	

In	response	to	adrenergic	stimulation	of	BAT,	gene	transcriptional	events	are	induced	to	promote	

the	expression	of	thermogenic	genes	such	as	UCP1	and	other	BAT	specific	mitochondrial	genes	

that	are	needed	to	control	thermogenesis.	As	described	above,	BAT	thermogenic	stimuli	such	as	

NE	or	CL316,243	bind	to	the	β3-AR	on	brown	adipocytes	resulting	in	an	increased	level	of	cAMP,	

which	activates	PKA	in	the	cytoplasm.	Activated	PKA	phosphorylates	and	activates	transcriptional	

factors	directly	or	indirectly	through	other	signaling	pathways,	including	p38	mitogen	activated	

protein	 kinase	 (MAPK)	 and	mTORC1.	 Activated	 PKA	 phosphorylates	 directly	 a	 transcriptional	

factor	called	cAMP	response	element	binding	protein	(CREB),	which	binds	to	its	identified	binding	

sites	on	the	DNA	sequences	called	cAMP	response	element	(CRE)	to	promote	the	transcription	

of	PGC1-α,	which	coactivates	nuclear	receptor	proteins	such	as	PPAR-γ		(Wicksteed	and	Dickson,	

2017).	Moreover,	 activated	PKA	phosphorylates	p38MAPK,	which	 in	 turn	phosphorylates	 and	
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activates	the	transcription	factor	called	activating	transcription	factor	2	(ATF2)	and	coactivator	

PGC1-α.	 In	 addition,	 it	 has	 been	 shown	 that	 activated	 PKA	 phosphorylates	 and	 activates	 the	

mTORC1,	which	leads	eventually	to	promote	the	gene	expression	of	PPAR-α.	The	induction	of	all	

of	 the	 previously	 mentioned	 nuclear	 transcriptional	 factors	 and	 coactivators	 stimulates	 the	

expression	of	UCP1	(Barbera	et	al.,	2001;	Liu	et	al.,	2016;	Shi	and	Collins,	2017).	On	the	other	

hand,	to	suppress	the	expression	of	UCP1	gene,	liver	X	receptor-α	(LXRα)	binds	to	its	ligand	called	

receptor-interacting	protein	140	 (RIP140)	 to	 form	a	RIP14-LXRα	complex,	 that	competes	with	

PPAR-γ	from	the	enhancer	of	UCP1	gene.	RIP140	binds	to	PGC1-α	to	 inhibit	 its	transcriptional	

activity	on	the	UCP1	promoter	acting	as	a	suppressor	of	UCP1	gene	expression	(Collins	et	al.,	

2010;	Wang	et	al.,	2008).	

	
1.5.4	POST-TRANSLATIONAL	CONTROL	OF	BAT	THERMOGENESIS		

Post-translational	modifications	 (PTMs)	 are	 alterations	 of	 proteins	 through	 attaching	

functional	 chemical	 groups	 to	 the	 amino	 acid	 sequences,	 and	 these	modifications	 commonly	

result	 in	 changes	 in	 the	 activity	 of	 the	 proteins	 (Walsh	 et	 al.,	 2005).	 PTMs	 events	 can	 occur	

enzymatically	or	non-enzymatically,	and	take	a	place	either	with	protein	translation	process	or	

concomitant	with	translation	(Walsh	et	al.,	2005).	The	following	section	will	focus	on	the	recent	

studies	that	have	demonstrated	different	PTMs	that	affect	UCP1	induced	thermogenesis.		

	

1.5.4.1	ROS	AND	SULFENYLATION	CONTROL	OF	BAT	THERMOGENESIS	

Chouchani	 et	 al	 demonstrated	 that	 UCP1-dependent	 thermogenesis	 in	 mice	 are	

supported	by	mitochondrial	ROS	(Chouchani	et	al.,	2016).	In	their	in	vivo	studies,	they	showed	

that	 pharmacological	 inhibition	 of	 mitochondrial	 ROS	 with	 the	 administration	 of	 the	
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mitochondria-targeted	 antioxidant	 (MitoQ)	 to	 cold	 acclimated	 or	 CL316,243	mice	 resulted	 in	

reduced	 body	 temperature,	 energy	 expenditure	 and	UCP1-dependent	 thermogenesis.	 During	

thermogenesis,	mitochondrial	ROS	production	resulted	in	a	more	oxidized	redox	state	 in	BAT,	

and	increased	levels	of	protein	sulfenic	acids.	Specifically,	cysteine253	of	UCP1	was	identified	in	

the	 sulfenylated	form.	Whereas,	mutation	of	 this	 cysteine	causes	decreased	UCP1-dependent	

respiration	following	the	addition	of	the	ATP	synthase	inhibitor,	oligomycin,	and	subsequent	NE	

stimulation	 in	 brown	 adipocytes.	 In	 conclusion,	 BAT	 thermogenesis	 is	 supported	 by	

mitochondrial	 ROS,	 which	 promote	 cysteine	 sulfenylation	 and	 augmented	 UCP1	 activity	

(Chouchani	et	al.,	2016).			

	
1.5.4.2	SUCCINYLATION	CONTROL	OF	BAT	THERMOGENESIS	
	

Recently,	Kahn’s	group	demonstrated	 the	 importance	of	succinylation	control	of	BAT	

thermogenesis	(Wang	et	al.,	2019a).	Succinylation	is	mainly	mediated	by	sirtuin	5	(SIRT5),	which	

belongs	 to	 the	 Sirtuins	 family.	 SIRT5	 also	 plays	 roles	 in	 mitochondrial	 demalonylation	 and	

glutarylation	(Hirschey	and	Zhao,	2015;	Kumar	and	Lombard,	2018;	Park	et	al.,	2013;	Tan	et	al.,	

2014).	In	their	study,	they	analyzed	BAT	mitochondrial	function	and	morphology	in	a	BAT-specific	

knockout	of	Sirt5	in	mice.	Their	data	revealed	that	the	absence	of	SIRT5	in	BAT	results	in	increased	

levels	of	protein	succinylation	and	malonylation.	In	addition,	they	found	that	SIRT5	targets	lysine	

sites	 in	 UCP1	 and	 other	 BAT	 mitochondrial	 proteins,	 such	 as	 glutamate	 dehydrogenase	 and	

succinate	 dehydrogenase,	 and	 that	 the	 activity	 of	 these	 proteins	 in	 BAT	 of	 SIRT5KO	 was	

decreased.	 Importantly,	 the	 mutation	 of	 lysine	 succinylation	 sites	 in	 UCP1	 decreased	 UCP1	

stability	and	function.	Cumulative	evidence	from	their	work	illustrated	that	the	absence	of	SIRT5	

in	BAT	results	in	defective	BAT	mitochondrial	function	and	metabolic	inflexibility.	Their	findings	
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support	the	overall	conclusion	that	succinylation	of	BAT	mitochondrial	proteins	including	UCP1	

plays	an	important	role	in	BAT	thermogenesis	(Wang	et	al.,	2019a).				

Previous	 studies	 have	 explained	 the	 regulatory	 effects	 of	 PTM	 on	 UCP1-mediated	

thermogenesis	although	the	importance	of	other	types	of	PTMs	needs	to	be	explored.	Therefore,	

we	 studied	 the	 effect	 of	mitochondrial	 deacetylation	 on	UCP1-mediated	 respiration	 and	BAT	

thermogenesis,	as	detailed	in	Chapter	2.	
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1.6	PROJECT	RATIONALES,	OBJECTIVES	AND	HYPOTHESES		

The	overall	goals	of	my	doctoral	research	are	to	elucidate	molecular	mechanisms	that	control	

BAT	activation	and	thermogenesis	and	to	study	the	effects	of	sEV	released	by	BAT.	Investigations	

were	conducted	 in	different	animal	and	cellular	models	as	detailed	below.	Specific	rationales,	

objectives	and	hypotheses	as	follows:								

Rationale	1:	Several	studies	demonstrated	that	mitochondrial	deacetylation	mediated	by	sirtuin3	

(SIRT3),	 a	 mitochondrial	 NAD+-dependent	 deacetylase,	 is	 an	 important	 post-translational	

modification	 mechanism	 that	 targets	 and	 regulates	 the	 activity	 of	 numerous	 mitochondrial	

proteins	 (Hirschey	et	 al.,	 2010,	 2011;	 Jing	 et	 al.,	 2013).	 Importantly,	mice	 lacking	 SIRT3	were	

previously	 shown	 to	 be	 cold	 intolerant	 when	 fasted	 (Hirschey	 et	 al.,	 2010).	 Moreover,	 the	

transcript	level	of	SIRT3	in	BAT	is	increased	upon	cold	exposure	(Shi	et	al.,	2005).	Previous	findings	

thus	suggested	that	SIRT3	may	play	a	role	in	BAT	thermoregulation.	However,	no	study	as	yet	

had	focused	on	a	direct	functional	link	between	SIRT3	and	UCP1.					

Objective:	To	investigate	if	the	absence	of	SIRT3	impacts	BAT	thermogenesis	in	mice,	and	if	there	

is	a	functional	relationship	between	SIRT3	and	UCP1.		

Hypothesis:	SIRT3	controls	BAT	thermogenesis	by	deacetylating	and	enhancing	the	function	of	

UCP1	and/or	its	upstream	proteins.		

Rationale	2:	Oxygen	supply	is	essential	for	BAT	thermogenesis	to	ensure	sufficient	ETC	activity.	

Previous	studies	in	various	mammalian	species	showed	that	hypoxia	causes	decreases	in	body	

temperature		(DiPasquale	et	al.,	2015;	Gautier	et	al.,	1987;	Gordon	and	Fogelson,	1991;	Kottke	

and	Phalen,	1948).	The	underlying	mechanisms	of	the	hypoxic	inhibition	of	body	temperature	are	

not	fully	understood.	Based	on	the	previous	observations,	it	is	suggested	that	hypoxia	may	affect	
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the	function	of	BAT	since	it	is	an	avid	consumer	of	oxygen	when	active.	For	a	better	understanding	

of	 how	 hypoxia	 affects	 BAT	 function,	 we	 studied	 naked	 mole	 rats	 (NMRs),	 (Heterocephalus	

glaber)	 during	 acute	 hypoxia	 because	 of	 their	 remarkable	 ability	 to	 survive	 under	 hypoxic	

conditions	 compared	 to	 other	 mammals.	 NMRs	 are	 highly	 unusual	 in	 that	 they	 are	 able	 to	

tolerate	minutes	of	complete	anoxia,	hours	at	3%	O2,	and	days	to	weeks	at	8%	O2	(Chung	et	al.,	

2016;	Pamenter	et	al.,	2015,	2018;	Park	et	al.,	2017).			

Objective:		To	examine	the	thermogenic	effect	of	acute	hypoxia	on	BAT	thermogenesis	in	NMRs	

in	vivo,	and	the	metabolic	effect	of	acute	hypoxia	on	BAT	thermogenesis	related	proteins.		

Hypothesis:	 Acute	 hypoxia	 decreases	 the	 function	 of	 BAT,	 at	 least	 in	 part,	 by	 targeting	 the	

degradation	of	thermogenic	proteins,	resulting	in	a	decrease	in	body	temperature.		

Rationale	3:	Activated	BAT	releases	sEV	whose	biological	roles	are	poorly	understood	(Chen	et	

al.,	2016).	Generally,	sEV	are	involved	in	interorgan	communication	and	can	be	taken	up	by	other	

cells	 and	 tissues	 regulating	 their	 functions	 (Raposo	 and	 Stoorvogel,	 2013).	 BAT	 and	 SkM	 are	

functionally	 linked.	While	 BAT	 is	 responsible	 for	 NST,	 SkM	 generates	 heat	 through	 shivering	

thermogenesis	during	cold	exposure	(Golozoubova	et	al.,	2001).	BAT	and	SkM	are	complimentary	

in	 their	 functions.	 If	 BAT	or	 SkM	have	defects	 in	 their	 thermogenic	 functions,	 one	 tissue	 can	

compensate	to	some	extent	for	the	defect	in	the	other	(Bal	et	al.,	2017;	Golozoubova	et	al.,	2001),	

suggesting	cross-talk	mechanisms	between	SkM	and	BAT.	Therefore,	we	speculated	that	acutely	

activated	BAT-derived	sEV	can	regulate	the	bioenergetics	of	skeletal	muscle	cells.				

Objective:	To	study	the	effects	of	activated	BAT	derived	sEV	on	C2C12	myoblast	bioenergetics.		

Hypothesis:	Acutely	activated	BAT-derived	sEV	modulate	the	bioenergetics	of	C2C12	myoblasts.	
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2.2	ABSTRACT		

Objective:	 Brown	 adipose	 tissue	 (BAT)	 is	 important	 for	 thermoregulation	 in	many	mammals.	

Uncoupling	protein	1	(UCP1)	is	the	critical	regulator	of	thermogenesis	in	BAT.	Here	we	aimed	to	

investigate	the	deacetylation	control	of	BAT	and	to	investigate	a	possible	functional	connection	

between	UCP1	and	sirtuin	3	(SIRT3),	the	master	mitochondrial	lysine	deacetylase.		

Methods:	 	We	carried	out	physiological,	molecular,	and	proteomic	analyses	of	BAT	from	wild-

type	and	Sirt3KO	mice	when	BAT	is	activated.	Mice	were	either	cold	exposed	for	2	days	or	were	

injected	with	 the	 β3-adrenergic	 agonist,	 CL316,243	 (1mg/kg;	 i.p.).	Mutagenesis	 studies	 were	

conducted	in	a	cellular	model	to	assess	the	impact	of	acetylation	lysine	sites	on	UCP1	function.	

Cardiac	 punctures	 were	 collected	 for	 proteomic	 analysis	 of	 blood	 acylcarnitines.	 Isolated	

mitochondria	were	used	for	functional	analysis	of	OXPHOS	proteins.	

Results:	Our	findings	showed	that	SIRT3	absence	in	mice	resulted	in	impaired	BAT	lipid	use,	whole	

body	thermoregulation,	and	respiration	in	BAT	mitochondria,	without	affecting	UCP1	expression.	

Acetylome	profiling	of	BAT	mitochondria	revealed	that	SIRT3	regulates	acetylation	status	of	many	

BAT	mitochondrial	proteins	including	UCP1	and	crucial	upstream	proteins.	Mutagenesis	work	in	

cells	suggested	that	UCP1	activity	was	independent	of	direct	SIRT3-regulated	lysine	acetylation.	

However,	SIRT3	impacted	BAT	mitochondrial	proteins	activities	of	acylcarnitine	metabolism	and	

specific	electron	transport	chain	complexes,	CI	and	CII.	

Conclusions:	 Our	 data	 highlight	 that	 SIRT3	 likely	 controls	 BAT	 thermogenesis	 indirectly	 by	

targeting	pathways	upstream	of	UCP1.		

Keywords:	Brown	adipose	tissue;	Thermogenesis;	Thermoregulation;	Mitochondria;	Uncoupling	

protein	1;	Sirtuin	3;	Acetylation;	Oxidative	phosphorylation;	Fatty	acid	oxidation;	Acylcarnitines	
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2.3	INTRODUCTION		

Brown	adipose	tissue	(BAT)	helps	many	mammals,	including	humans,	maintain	body	temperature	

in	cold	environments	through	a	process	called	non-shivering	thermogenesis		(Blondin	et	al.,	2014;	

Himms-Hagen,	1985;	Nicholls	and	Locke,	1984;	U	Din	et	al.,	2016).	BAT	thermogenesis	can	be	

stimulated	 by	 cold	 exposure	 and	 by	 pharmacological	 administration	 of	 adrenergic	 receptor	

agonists	(Cannon	and	Nedergaard,	2004).	BAT	activation	results	in	the	uptake	and	oxidation	of	

large	amounts	of	glucose	and	fatty	acids	(FAs)	in	a	process	that	can	markedly	increase	whole	body	

energy	expenditure	in	mice	(Bartelt	et	al.,	2011;	Yu	et	al.,	2002).		

BAT	 thermogenesis	 is	 dependent	 on	 the	 activity	 of	 uncoupling	 protein-1	 (UCP1),	 an	

abundant	 protein	 in	 the	 mitochondrial	 inner	 membrane	 that	 induces	 proton	 leak-mediated	

respiration	(Enerbäck	et	al.,	1997;	Heaton	et	al.).	When	BAT	is	activated,	UCP1	gene	expression	

is	increased	by	the	action	of	multiple	transcription	factors	including	the	peroxisome	proliferator	

activated	receptor	(PPAR)	and	CCAAT/enhancer	binding	protein	(C/EBP)	families	and	cyclic	AMP	

(cAMP)	response	binding	protein	(CREB),	as	well	as	thyroid	hormone	(Rabelo	et	al.,	1995;	Shore	

et	al.,	2013).	These	transcription	factors	are	activated	by	p38	mitogen-activated	protein	kinase	

(MAPK),	which	is	considered	as	the	central	mediator	of	the	cAMP	signaling	pathway	that	induces	

brown	adipocyte	thermogenesis	(Cao	et	al.,	2004).	UCP1-mediated	thermogenesis	falls	under	the	

regulation	of	 the	 sympathetic	nervous	 system	via	 the	activation	of	 adrenergic	 receptors,	 and	

subsequently	stimulation	of	 lipolysis	 in	BAT.	The	liberated	FAs	are	then	used	for	the	allosteric	

activation	of	UCP1,	and	to	support	greatly	increased	rates	of	mitochondrial	fatty	acid	oxidation	

(FAO).	The	latter	provides	reducing	equivalents/electrons	to	drive	the	electron	transport	chain	

(ETC),	 which	 establishes	 the	 inner	 membrane	 protonmotive	 force	 that	 in	 turn	 drives	 the	
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protonophore	activity	of	UCP1	(Cannon	and	Nedergaard,	2004;	Nicholls	and	Rial,	1999;	Shabalina	

et	al.,	2004).	

BAT	has	high	expression	of	sirtuin	3	(SIRT3),	which	is	an	NAD+-dependent	deacetylase	in	

the	 mitochondria	 (Lombard	 et	 al.,	 2007).	 A	 previous	 study	 showed	 that	 cold	 increases	 the	

transcription	of	SIRT3	mRNA	in	BAT;	however	the	impact	on	protein	levels	is	unclear	(Shi	et	al.,	

2005).	SIRT3	is	the	master	regulator	of	deacetylation	in	the	mitochondria	(Lombard	et	al.,	2007)	

while	 the	 other	 mitochondrial	 sirtuins,	 SIRT4	 and	 SIRT5	 do	 not	 have	 significant	 roles	 in	

mitochondrial	deacetylation	(Du	et	al.,	2011;	Haigis	et	al.,	2006;	Lombard	et	al.,	2007;	Tan	et	al.,	

2014).	 Large-scale	 acetylome	 analyses	 from	multiple	 studies	 demonstrate	 that	mitochondrial	

proteins	are	frequently	targets	for	lysine	acetylation	(Anderson	and	Hirschey,	2012;	Hirschey	et	

al.,	2010,	2011;	Jing	et	al.,	2013).	While	lysine	acetylation	outside	of	the	mitochondria	is	catalyzed	

by	 lysine	 acetyltransferase	 (KAT)	 enzymes,	 no	 mitochondrial	 KAT	 enzyme	 in	 BAT	 has	 been	

described	to	date.	Overall	mitochondrial	acetylation	levels	are	correlated	with	the	level	of		acetyl-

CoA	(Weinert	et	al.,	2014),	and	much	of	the	acetylation	that	occurs	in	mitochondria	is	thought	to	

occur	non-enzymatically,	owing	in	part	to	the	high	concentrations	of	acetyl-CoA	as	a	product	of	

FAO	(Pougovkina	et	al.,	2014).	SIRT3	appears	to	play	a	critical	role	in	reversing	these	such	non-

enzymatic	acetylation,	which	are	generally	 thought	 to	have	an	 inhibitory	effect	on	enzymatic	

activities	in	mitochondria	(Weinert	et	al.,	2015).		

Consistent	with	this,	Hirschey	et	al	showed	that	the	absence	of	SIRT3	in	fasting	mice	is	

associated	 with	 decreased	 FAO	 rates	 in	 various	 tissues,	 including	 BAT,	 and	 these	 mice	 are	

intolerant	to	acute	cold	stress	(Hirschey	et	al.,	2010).	Altogether	these	findings	are	consistent	
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with	 the	 notion	 that	 SIRT3	 could	 be	 a	 critical	 regulator	 of	 BAT	 thermogenesis,	 and	 that	 the	

underlying	molecular	mechanisms	merit	investigation.	

To	 investigate	 the	 control	 of	 SIRT3-mediated	deacetylation	of	 BAT	 thermogenesis,	we	

studied	 the	metabolic	phenotypes	of	BAT	 from	Sirt3	knock-out	 (Sirt3KO)	mice	 that	were	cold	

exposed	for	2	days,	or	were	held	at	thermoneutrality	and	injected	with	the	β3-adrenergic	agonist	

CL316,243.	 We	 report	 that	 mice	 deficient	 in	 SIRT3	 display	 widespread	 defects	 in	 BAT	 lipid	

use/oxidation	and	in	thermoregulation	even	in	fed	conditions.	We	also	show	that	respiration	is	

decreased	in	mitochondria	isolated	from	BAT	of	Sirt3KO	mice	relative	to	wild-type	controls.	While	

SIRT3	impacted	acetylation	sites	on	UCP1	in	room	temperature	housed	mice,	there	were	little	

SIRT3-dependent	 effects	 at	 these	 same	 sites	 after	 cold	 stress	 and	mutation	 of	 these	 sites	 to	

prevent	acetylation	did	not	affect	protein	function	in	a	cellular	model.	In	contrast,	the	absence	

of	SIRT3	impacted	acetylation	on	diverse	FAO/	acylcarnitine-	related	enzymes	and	ETC	proteins	

in	BAT	mitochondria	under	both	conditions.	Functions	controlled	by	these	proteins	are	defective	

in	Sirt3KO	mice	under	conditions	that	activate	BAT	 in	vivo.	Together,	our	findings	suggest	that	

SIRT3	 indirectly	 controls	 BAT	 thermogenesis	 by	 deacetylating	 and	 promoting	 the	 function	 of	

pathways	upstream	of	UCP1.		

	

2.4	MATERIALS	AND	METHODS	

2.4.1	ANIMALS	

Sirt3	whole	body	 knock-out	 (KO)	mice	were	described	previously	 (Palacios	et	 al.,	 2009).	Sirt3	

knock-out	was	confirmed	by	PCR	before	experimentation.	Mice	were	given	ad	libitum,	a	standard	

rodent	 chow	 (44.2%	 carbohydrates,	 6.2%	 fat,	 and	 18.6%	 crude	 protein;	 diet	 T.2018,	 Harlan	
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Teklad,	Indianapolis	IN)	and	water,	and	were	housed	with	a	12/12	h	light-dark	cycle	in	ventilated	

cages.	At	an	age	of	5-8	weeks,	male	mice	were	used	in	two	different	experimental	approaches	to	

maximize	 the	 activity	 of	 BAT.	Mice	were	 kept	 either	 at	 room	 temperature	 (24°C),	 housed	 in	

groups	of	2-3	mice,	or	were	exposed	to	4°C	for	2	days,	housed	individually,	with	free	access	to	

water	and	food.	Body	weights	were	taken,	as	well	as	the	weights	of	epididymal	white	adipose	

tissue	(eWAT)	and	interscapular	BAT	(iBAT)	after	sacrificing	mice	by	cervical	dislocation.	Tissues	

were	 used	 immediately	 for	 experiments	 or	 were	 flash	 frozen	 and	 stored	 at	 -80	 °C	 for	 later	

analyses.	In	other	experiments,	mice	were	injected	with	the	β3-adrenergic	agonist,	CL	316,243	

(1	mg/kg	i.p.)	and	were	housed	at	28	°C.	All	animal	experimental	procedures	were	in	accordance	

with	the	guidelines	and	principles	of	the	Canadian	Council	of	Animal	Care	and	after	the	approval	

of	the	Animal	Care	Committee	of	the	University	of	Ottawa.	

2.4.2	BODY	COMPOSITION	AND	COMPREHENSIVE	METABOLIC	PHENOTYPING		

EchoMRI	(EchoMRI,	Houston	TX)	was	used	to	assess	lean	body	mass,	and	fat	mass	of	mice.	To	

examine	 characteristics	 of	 metabolic	 phenotype	 we	 used	 a	 Comprehensive	 Lab	 Animal	

Monitoring	System	(CLAMS;	Columbus	Systems,	Columbus	OH).	During	CLAMS	analyses,	mice	

were	housed	 individually	 at	 28°C	 for	 at	 least	 2	days	 for	 acclimation	purposes	 and	 then	were	

exposed	to	4°C	for	two	days	in	the	CLAMS	system.		In	other	experiments	to	address	BAT-specific	

thermogenic	activity,	mice	were	studied	at	thermoneutrality	(28°C)	before	and	after	CL	316,243	

injections.	Mice	were	fasted	3	hours	prior	to,	and	following	the	10:00	bolus	i.p.	injection	of	CL	

316,243	(1mg/kg)	to	avoid	food	associated	effects	(e.g.,	foraging	activity;	thermic	effect	of	food).	

Pre-CL	injection	values	were	averaged	(07:00-10:00).		Post-CL	injection	values	were	those	at	90-

minute	post-injection.	
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2.4.3	HISTOLOGICAL	ANALYSES	OF	BAT		

iBAT	from	mice	that	were	housed	at	room	temperature	or	exposed	to	the	cold	was	dissected,	

cleaned	 to	 remove	 any	 white	 adipose,	 muscle	 or	 connective	 tissues,	 and	 then	 fixed	 in	 10%	

formalin	overnight.	iBAT	was	then	ethanol	dehydrated	and	stored	in	70%	ethanol	prior	to	paraffin	

embedding.	Paraffin	embedded	tissue	was	sectioned	to	 the	 largest	surface	area	and	used	 for	

Hematoxylin	and	Eosin	(H&E)	staining.		After	H&E	staining,	Mirax	Viewer	Image	software	(version	

1.6)	 was	 used	 to	 analyze	 the	 sections	 in	 a	 ZEISS-MIRAX	 Midi	 Slide	 scanning	 system	 (Zeiss	

Microimaging,	Oberkochen,	Germany,	and	3DTech,	Budapest,	Hungary)	and	digital	images	were	

acquired	at	20x	magnification.	Images	were	extracted	using	Aperio	ImageScope	software	(version	

12.3.3;	 Leica	 Biosystems),	 and	 the	 extracted	 images	 were	 analyzed	 using	 FIJI	 (ImageJ;	 NIH)	

software	(Schindelin	et	al.,	2012).	The	range	thresholding	that	was	applied	across	all	replicate	

images	in	all	conditions	was	(200-255).	Finally,	the	total	image	area	was	measured,	and	a	percent	

lipid	area	was	calculated.	

2.4.4	CORE	BODY	TEMPERATURE	MEASUREMENT																																																																																																																						

The	core	body	temperature	of	mice	was	measured	using	an	anal	thermometer	(Physitemp	TH-

8	Thermalert	Monitoring	Thermometer,	Physitemp,	USA)	before	and	after	cold	exposure.		

2.4.5	BAT	MITOCHONDRIAL	ISOLATION		

Mitochondria	were	isolated	from	iBAT	of	WT	and	Sirt3KO	mice	as	described	previously	(Shabalina	

et	al.,	2010).	Briefly,	on	the	day	of	the	experiment,	iBAT	of	1-3	male	mice	from	each	genotype,	

was	quickly	dissected,	cleaned	and	kept	on	ice.	iBAT	was	then	rapidly	cut	with	scissors	into	small	

pieces,	before	being	homogenizing	in	0.25M	sucrose	using	4	to	5	strokes	in	a	Potter	Elvehjem	
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teflon–glass	 tissue	grinder.	The	 iBAT	homogenate	was	subjected	 to	differential	 centrifugation	

steps	 starting	with	 a	 spin	 at	 8500g	 for	 10	min,	 to	 remove	 the	 fat	 layers.	 After	 removing	 the	

supernatant,	the	wall	of	the	tubes	was	wiped	to	remove	any	residual	amount	of	fat	following	by	

re-suspending	 pellets	 in	 the	 sucrose	 buffer	 (0.25M).	 To	 remove	 nuclei	 and	 cell	 debris,	 the	

suspension	was	then	spun	at	800g	for	10	min.	The	mitochondria-containing	supernatants	were	

collected	and	were	spun	at	8500g	for	10	min	to	pellet	the	mitochondria.	Finally,	the	mitochondria	

were	washed	with	0.25M	sucrose	containing	0.3%	fatty	acid-free	bovine	serum	albumin	for	10	

min	 at	 8500g	 to	 remove	 endogenous	 fatty	 acids.	 The	 mitochondrial	 pellet	 was	 gently	 re-

suspended	in	specific	buffers	depending	on	the	downstream	applications	(see	below).	

2.4.6	WESTERN	BLOTTING	

Mitochondrial	pellets	were	 resuspended	 in	0.25M	sucrose	 supplemented	with	10mM	sodium	

butyrate	 (Sigma	Aldrich),	 10mM	nicotinamide	 (Sigma	Aldrich)	 and	 protease	 inhibitor	mixture	

(Complete	 Mini,	 Roche).	 Protein	 concentration	 was	 quantified	 using	 the	 Bradford	 method	

(Biorad).	10μg	of	mitochondrial	proteins	was	loaded	per	lane	onto	a	12%	SDS-polyacrylamide	gel.	

After	electrophoresis,	proteins	were	transferred	by	electro-blotting	to	nitrocellulose	membrane.	

Nitrocellulose	membrane	was	used	for	all	blots	and	was	blocked	with	5%	BSA	for	1	hour.	After	

that,	membranes	were	incubated	with	primary	antibodies	to	examine	the	expression	of	SIRT3,	

UCP1,	 total	 mitochondrial	 acetylation	 levels,	 and	 oxidative	 phosphorylation	 (OXPHOS)	

complexes.	Western	blotting	was	performed	with	the	following	antibodies:	anti-SIRT3	antibody	

(1:	1,500;	Cell	Signaling,	#5490S);	anti-UCP-1	antibody	(1:	3,000;	Sigma	Aldrich,	#U6382);	anti-

acetylated	lysine	antibody	(1:1500;	Calbiochem	#ST1027);	total	OXPHOS	rodent	antibody	cocktail	

(1:2000;	 Abcam,	 #Ab110413);	 and	 anti-cytochrome	 c	 oxidase	 antibody	 (1:	 4,000;	 Invitrogen	
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#459600).	Cytochrome	c	oxidase	was	used	as	a	mitochondrial	loading	control.	Western	blots	of	

UCP1	and	total	mitochondrial	acetylation	in	Figures	2.2D	and	2.3C	were	probed	from	the	same	

membrane.	Quantification	was	performed	by	using	the	ImageJ	software	(NIH).		

2.4.7	LABEL	FREE	MASS	SPECTROMETRY	ACETYLOME	PROFILING	

Sample	preparation	for	acetylome	profiling	followed	a	protocol	originally	developed	for	yeast	S.	

cerevisiae	(Downey	et	al.,	2015),	with	appropriate	modifications	implemented	for	mouse	BAT.	

For	each	treatment	group	(warm	or	cold),	all	samples	were	processed	at	the	same	time	to	ensure	

consistency.	 N=6	 for	 each	 treatment	 group,	 where	 a	 single	 biological	 replicate	 is	 one	

mitochondrial	protein	prep	from	iBAT	 isolated	from	one	mouse.	Generation	of	AcK	peptides:	

Mitochondrial	protein	samples	were	suspended	in	1mL	of	AcK	buffer	(8M	Urea,	0.1	M	Tris-HCl	

pH	8.0,	150	mM	NaCl,	10	mM	sodium	butyrate	 (Sigma	Aldrich	303410),	10	mM	nicotinamide	

(Sigma	Aldrich	3376),	with	Roche	protease	 inhibitor	 tablet	 (w/o	EDTA).	Resuspended	samples	

were	quantitated	using	a	BCA	assay.	For	each	sample,	0.4	or	1.4	mg	of	mitochondrial	protein	

from	iBAT	of	room	temperature	housed	or	cold	exposed	mice,	respectively,	was	reduced	using	

TCEP	(Sigma	Aldrich	C4706–2,	4	mM	final	concentration)	prior	to	alkylation	with	iodoacetamide	

(Sigma	Aldrich	 L1149–5G,	10	mM	 final	 concentration),	 and	quenching	with	DTT	 (10	mM	 final	

concentration).		Subsequently,	samples	were	diluted	to	<	2M	urea	with	0.1	M	Tris-HCl	pH	8.0	and	

digested	 with	 trypsin	 (Pierce	 90058,	 ~15μg/sample).	 Digestions	 were	 performed	 at	 room	

temperature	 overnight.	 Samples	 were	 acidified	 using	 10	 %	 TFA	 to	 a	 pH	 of	 <3,	 which	 was	

monitored	by	spotting	on	pH	paper.	Samples	were	clarified	by	centrifugation	at	10,000g	at	room	

temperature	to	remove	precipitate	and	loaded	onto	a	Sep	Pak	tC18	column	(Waters).	Column	

activation	was	with	 1	ml	 80%	ACN/0.1%	TFA.	 Equilibration	was	with	 3	 ×	 1	ml	 0.1%	TFA.	 The	
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columns	were	washed	with	 5	 ×	 1	ml	 0.1%	 TFA.	 Bound	 peptides	were	 eluted	with	 1	ml	 40%	

ACN/0.1%	 TFA.	 AcK	 enrichment:	 The	 eluted	 peptides	 were	 frozen	 and	 lyophilized	 prior	 to	

resuspension	in	AcK	IP	buffer	(0.1	M	Tris-HCl	pH	8,	50	mM	NaCl,	Roche	protease	inhibitor	tablet	

w/o	 EDTA)	 and	 clarification	 by	 centrifugation	 (2	 minutes	 at	 10,000	 rpm).	 Supernatant	 was	

incubated	with	50	μL	packed	volume	of	ImmuneChem	anti-AcK	agarose	beads	(ICP0388)	at	4	°C	

for	2	hours.	Beads	were	washed	 twice	with	1mL	 lysis	buffer	 and	 twice	with	1mL	water.	 Two	

elutions	of	60	μL	of	0.15%	TFA	(10	minutes)	were	pooled.	Peptides	were	purified	on	Pierce	C18	

spin	tips	(84850)	according	to	manufacturer’s	instructions.	Elutions	were	dried	on	a	speed	vac.	

Mass	spectrometry	analysis:	Mass	spectrometry	analysis	was	carried	out	on	a	Thermo	Fisher	

Orbitrap	 Fusion	 with	 an	 Easy	 nLC	 1200	 ultra-high	 pressure	 liquid	 chromatography	 system	

interfaced	via	a	Nanospray	Flex	nanoelectrospray	source.	Peptide	samples	were	 injected	on	a	

C18	reverse	phase	column	(25	cm	x	75	um	packed	with	ReprosilPur	C18	AQ	1.9	um	particles).	

Peptides	were	separated	via	an	organic	gradient	from	5%	to	30%	ACN	in	0.1%	formic	acid	(112	

minutes,	 flow	 rate	 of	 300	 nl/min).	 All	 samples	 were	 analyzed	 in	 technical	 duplicate.	 Data	

acquisition:	 The	 mass	 spectrometer	 acquired	 the	 spectra	 in	 a	 data-dependent	 manner	

throughout	the	gradient,	acquiring	a	full	scan	in	the	Orbitrap	(at	120,000	resolutions	with	an	AGC	

target	of	200,000	and	a	maximum	injection	time	of	100	ms).	This	was	followed	by	as	many	MS/MS	

scans	as	could	be	acquired	on	the	most	abundant	ions	in	3s	in	the	dual	linear	ion	trap	(rapid	scan	

type,	intensity	threshold	of	5000,	HCD	collision	energy	of	29%,	AGC	target	of	10,000,	a	maximum	

injection	time	of	35	ms,	and	an	isolation	width	of	1.6	m/z).	For	this	dataset,	singly	and	unassigned	

charge	 states	 were	 rejected.	 Dynamic	 exclusion	 was	 enabled	 with	 a	 repeat	 count	 of	 1,	 an	

exclusion	duration	of	20	s,	and	an	exclusion	mass	width	of	+/-	10	ppm.	Extraction:	Raw	mass	
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spectrometry	data	were	assigned	to	murine	protein	sequences.	MS1	intensities	extracted	with	

the	MaxQuant	software	package	(version	1.5.5.1)	 (Cox	and	Mann,	2008).	Data	were	searched	

against	the	SwissProt	murine	protein	database	(downloaded	on	January	11,	2016).	In	addition	to	

lysine	 acetylation,	 variable	 modifications	 were	 allowed	 for	 N-terminal	 protein	 acetylation,	

methionine	 oxidation.	 A	 static	 modification	 was	 used	 for	 carbamidomethyl	 cysteine.	 Data	

analysis:	 The	 MaxQuant	 data	 were	 analyzed	 using	 our	 in-house	 computational	 pipeline	 for	

statistical	analysis	of	relative	quantification	with	fixed	and/or	mixed	effect	models,	implemented	

in	the	MS	stats	Bioconductor	package	(version	3.3.10)	(Choi	et	al.,	2014).	Contaminants,	decoy	

hits,	 and	 peptides	 not	 containing	 acetyllysine	 residues	 were	 removed.	 Samples	 for	 each	

comparison	 (WT	 versus	 Sirt3KO	 in	 either	 warm	 or	 cold	 conditions)	 were	 normalized	 across	

fractions	by	median-centering	the	log2-transformed	MS1-intensity	distributions.	MS	stats	group	

comparison	 functions	were	 run	with	 the	 following	 settings:	 no	 interaction	 terms	 for	missing	

values,	no	 interference,	unequal	 intensity	 feature	variance,	 restricted	 technical	and	biological	

scope	of	replication.	Statistically	significant	changing	sites	between	wild-type	and	Sirt3KO	mice	

were	selected	by	applying	a	log2-fold-change	(>1.0)	and	an	adjusted	p-value	(<0.05)	corrected	

for	multiple	testing	threshold.	Warm	and	cold	treatment	conditions	were	analyzed	separately	

since	these	groups	were	analyzed	at	different	times.	Peptides	identified	by	MaxQuant	that	did	

not	contain	KAc	sites	were	extracted	from	the	data	to	compare	KAc	site	changes	to	underlying	

protein	abundance	changes.	The	data	were	analyzed	by	MSstats	in	an	identical	fashion	as	the	KAc	

site	analysis.	Protein	L2FC	values	were	normalized	by	median-centering	to	account	for	systematic	

sample	loading	errors	and	then	were	plotted	against	KAc	site	L2FC	values	where	both	protein	and	

site	 values	 could	 be	 calculated.	 GO	 term	 enrichment:	 Analysis	 was	 performed	 using	 the	
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Metascape	analysis	tool	(Tripathi	et	al.,	2015).	Proteins	with	KAc	sites	with	L2FC	Sirt3KO/WT	>	

1.0	or	L2FC	and	with	adjusted	p-value	<	0.05	were	extracted	as	the	gene	set	for	enrichment.	A	

custom	background	gene	set	was	set	as	the	full	list	of	proteins	detected	in	each	experiment.	The	

top	term	in	each	summary	group	are	shown.		

2.4.8	PLASMID	DESIGN	

Synthetic	murine	UCP1	constructs	were	ordered	from	ATUM	(https://www.atum.bio).	UCP1(WT)	

encodes	the	sequence	dictated	by	Uniprot	accession	P12242.	UCP1(K-R)	and	UCP1(K-Q)	constructs	

contain	 mutations	 coding	 for	 appropriate	 changes	 to	 lysines	 56	 and	 151.	 Constructs	 are	

expressed	 from	 the	 CMV	 promoter	 in	 vector	pD2610-v10.	 The	 GFP	 control	 vector	 was	 also	

purchased	 from	 ATUM	 and	 encodes	 GFP	 under	 the	 control	 of	 the	 same	 vector,	 with	 the	

designation	of	pD2610-v10-03.		

2.4.9	CULTURE	AND	TRANSFECTION	OF	HEK293T	CELLS		

HEK293T	cells	were	cultured	in	high	glucose	DMEM	medium	(Gibco,	ThermoFisher)	provided	with	

10%	FBS	 (Wisent)	 and	1%	Antibiotics-Antimycotic	 (Gibco,	 ThermoFisher).	HEK293T	 cells	were	

passaged	when	they	reached	90%	confluency.	For	transfection,	70,000	cells	were	seeded	per	well	

in	 24-well	 plates	 and	 left	 overnight.	 24	 hours	 after	 seeding,	 cells	 were	 transfected	with	 the	

different	 plasmids	 (500ng/well)	 as	 described	 in	 the	 manufacturer’s	 protocol	 (ThermoFisher,	

#15338100).	 After	 8	 hours	 of	 transfection,	 the	 cells	 were	 trypsinized	 and	 their	 viability	 was	

measured	to	be	greater	that	90%	using	Trypan	blue	staining.	Transfected	cells	were	seeded	in	

96-well	Seahorse	plates	or	24-well	dishes	for	western	blot	confirmation	of	UCP1	expression.	After	

24h,	cells	were	analyzed	using	a	Seahorse	96e	XF	Analyzer	and	a	modified	mitochondrial	stress	

assay.	The	latter	assay	was	conducted	as	follows.	
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2.4.10	SEAHORSE	ANALYSIS	OF	UCP1-MEDIATED	LEAK	RESPIRATION	IN	TRANSFECTED	CELLS		

On	the	day	of	the	assay,	growth	medium	was	changed	to	Seahorse	medium	for	1	h	prior	to	the	

actual	analyses;	this	medium	consisted	of	phenol-free	DMEM,	including	10mM	glucose,	10mM	

pyruvate,	and	0.4%	BSA.	The	mitochondrial	stress	test	protocol	was	modified	to	examine	UCP1-	

mediated	 proton	 leak,	 and	 the	 following	 reagents	 were	 used:	 (4-[(E)-2-(5,6,7,8-Tetrahydro-

5,5,8,8-tetramethyl-2-naphthalenyl)-1-propenyl]	benzoic	acid)	(TTNPB;	15	μM	or	30	μM;	Sigma,	

#T3757),	 2μg/ml	 oligomycin	 (Sigma,	 #O4876),	 carbonilcyanide	p-

triflouromethoxyphenylhydrazone	(FCCP;	3μM;	Sigma,	#C2920),	2μM	rotenone	(Sigma,	#R8875)	

and	2μM	antimycin	A	(Sigma,	#A8674).	The	Seahorse	protocol	was	as	follows:	Basal	respiration	

(3	cycles;	3	min	mix	and	3	min	measure),	TTNPB	injection	(4	cycles;	3	min	mix	and	3	min	measure);	

oligmycin	(3	cycles;	3	min	mix	and	3	min	measure);	FCCP	(3	cycles;	3	min	mix	and	3	min	measure),	

and	finally,	injected	together,	rotenone	and	antimycin	A	(3	cycles;	3	min	mix	and	3	min	measure).	

TTNPB	was	added	as	a	first	injection	in	order	to	activate	UCP1,	and	then	proton	leak	respiration	

was	measured	as	that	following	the	addition	of	oligomycin	(to	inhibit	ATP	synthase).	To	assess	

UCP1-dependent	 respiration,	 we	 compared	 OCR	 values	 in	 the	 presence	 of	 oligomycin	 from	

vehicle	treated	or	TTNPB	treated	cells	 in	each	 individual	transfection	condition	(GFP-,	UCP1wt,	

UCP1K--R	and	UCP1K--Q	transfected	HEK	293	cells).	

2.4.11	 CLARK	 ELECTRODE	 BASED	 ANALYSES	 OF	 UCP-DEPENDENT	 RESPIRATION	 IN	 BAT	

MITOCHONDRIA	

Mitochondria	were	 re-suspended	 in	 a	 buffer	 containing	 (20mM	TES	(pH	 7.2),	 100mMKCl	 and	

0.6%	fatty-acid-free	BSA).	Respiration	rates	of	iBAT	mitochondria	were	determined	in	Oxytherm	

(HansaTech,	 Kings	 Lynn,	UK)	 Clark	 electrode	 systems	 at	 37°C,	 at	 0.25	mg-0.35mg	protein/mL	
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in100mM	KCL,	20mM	TES	(pH	7.2),	4mM	KH2PO4,	2mM	MgCl2,	and	1mM	EDTA	and	0.3%	fatty	

acid-free	bovine	serum	albumin.	Mitochondria	were	energized	with	25	μM	palmitoyl-L-carnitine	

(PLC;	 Sigma,	 #P1645)	 or	 5mM	 glycerol-3-phosphate	 (G3P;	 Sigma,	 #G7886)	 plus	 5mM	malate	

(Sigma,	 #M1000).	 Malate	 was	 added	 to	 replenish	 TCA	cycle	 intermediates	 lost	 during	 the	

isolation	process.	After	stable	rates	of	oxygen	consumption	were	determined,	2mM	guanosine	

5'-diphosphate	 (GDP;	 Sigma,	 #G7127)	 was	 then	 added	 to	 determine	 UCP1-dependent	

respiration.	Oxygen	consumption	rates	were	normalized	to	mitochondrial	protein,	as	determined	

by	Bradford	assays.	

2.4.12	 HIGH	 RESOLUTION	 RESPIROMETERY	 OF	 THE	 ACTIVITIES	 OF	 ELECTRON	 TRANSPORT	

CHAIN	COMPLEXES	IN	BAT	MITOCHONDRIA	

Respiration	 rates	 linked	 to	each	electron	 transport	 chain	 complex	 (CI,	 CII,	 CIII	 and	CIV),	were	

determined	 using	 high	 resolution	 respirometry	 (HRR)	 (Oxygraph-2k;	 Oroboros,	 Innsbruck,	

Austria).	To	rule	out	the	possibility	that	these	respiratory	rates	were	confounded	by	effects	of	

SIRT3	on	UCP1	we	began	each	experiment	by	uncoupling	the	mitochondria	by	adding	1.4	µM	

FCCP	(Sigma,	#C2920)	prior	to	the	addition	of	substrates	and	inhibitors.	The	Oxygraph-2k	units	

were	calibrated	and	all	measurements	were	performed	at	37°C.	Rates	were	determined	for	100	

μg	of	mitochondrial	protein	 in	2	ml	of	buffer	 (110mM	sucrose,	60mM	K-lactobionate,	20mM	

HEPES,	 20mM	 taurine,	 10mM	 KH2PO4,	 3mM	MgCl2,	 0.5mM	 EGTA,	 1	 g/l	 BSA,	 pH	 7.1),	 in	 the	

presence	of	5mM	malate	(Sigma,	#M1000)	and	1.4	µM	FCCP.	Rates	specifically	associated	with	

each	of	 the	complexes	were	assessed	as	 follows:	Complex	 I	 [5mM	pyruvate	 (Sigma,	#P2256);	

followed	 with	 0.5	 µM	 rotenone	 (Sigma,	 #R8875)	 to	 inhibit	 CI],	 Complex	 II	 [10mM	 succinate	

(Sigma,	#S2378);	followed	by	5mM	malonate	(Sigma,	#M1296)	to	inhibit	CII],	Complex	III	[5mM	
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G3P	(Sigma,	#G7886);	followed	by	1	µM	antimycin	A	(Sigma,	#A8674)	to	inhibit	CIII],	and	Complex	

IV	[0.5mM	TMPD	(Sigma,	#3134)	and	2mM	ascorbate	(Sigma,	#A4034);	followed	by	100mM	azide	

(Sigma,	 #S2002)	 to	 inhibit	 CIV].	 Oxygen	 consumption	 rates	 (OCR)	 were	 normalized	 to	

mitochondrial	protein	levels,	as	determined	by	Bradford	assays.	

2.4.13	PLASMA	ACYLCARNITINE	ANALYSES		

To	stimulate	BAT	thermogenesis,	mice	were	injected	with	the	β3-adrenergic	agonist,	CL316,243	

(1mg/kg;	 i.p.).	Ninety	min	 later,	mice	were	anaesthetized	and	blood	was	collected	by	cardiac	

puncture	 for	 plasma	 acylcarnitine	 measurements.	 Blood	 samples	 were	 dried	 on	 filter	 paper	

(Whatman	ProteinSaver	903)	and	stored	at	−20°C.	Measurements	were	done	at	the	Newborn	

Screening	 lab	 at	 the	 Children’s	Hospital	 of	 Eastern	Ontario	 (CHEO)	 using	mass	 spectrometry.	

Methods	are	described	in	(Beauchamp	et	al.,	2015).		

2.4.14	STATISTICAL	ANALYSIS	

Data	are	represented	as	mean	±	SEM.	Two-tailed	Student’s	t-tests,	one-way	ANOVA	and	two-way	

ANOVA	with	multi-comparison	tests	were	used	to	determine	statistical	significance.	Statistical	

significance,	and	Ns,	are	described	in	the	figure	legends.	

2.4.15	ACETYLATION	ANNOTATIONS	

The	annotation	and	associated	analyses	presented	 in	Supplementary	Table	3	were	performed	

using	the	functionality	of	SLiMSearch	tool	as	previously	described	(Krystkowiak	and	Davey,	2017).	

The	identified	acetylation	sites	were	annotated	with	overlapping	sequence	annotation,	including	

information	 describing	 protein	 modular	 architecture,	 post-translational	 modifications,	 any	

solved	protein	structures,	SNPs	and	experimentally	characterized	functional	regions.		
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2.4.16	DATA	AVAILABILITY		

The	 mass	 spectrometry	 proteomics	 data	 have	 been	 deposited	 to	 the	 ProteomeXchange	

Consortium	 via	 the	 PRIDE	 (Perez-Riverol	 et	 al.,	 2019)	 partner	 repository	 with	 the	 dataset	

identifier	PXD013056.	The	cold	stress	dataset	is	annotated	under	the	‘MD10’	keys	and	the	room	

temperature	experiment	is	annotated	under	the	‘OMDYS21-32’	keys.			

	

2.5	RESULTS	

2.5.1	SIRT3	ABSENCE	DOES	NOT	AFFECT	METAMORPHIC	CHARACTERISTICS	OF	MICE	

To	 investigate	 the	 role	 of	 SIRT3	under	 cold	 stress,	we	began	by	 comparing	body	weight,	 body	

composition	and	metabolic	characteristics	in	Sirt3KO	and	wild	type	(WT)	mice	at	the	whole	body	

level.	Previous	work	in	mice	has	established	that	during	1	day	at	4°C,	BAT	is	stimulated	to	such	a	

high	 extent	 that	 shivering	 thermogenesis	 becomes	 minimal	 (Golozoubova	 et	 al.,	 2001;	

Nedergaard	and	Cannon,	2013;	Stier	et	al.,	2014).	Therefore,	to	assess	effects	on	BAT	thermogenic	

processes,	mice	were	challenged	to	the	cold	(4°C)	for	2	days.	Under	these	conditions,	we	found	

Sirt3KO	mice	showed	no	differences	in	total	body	weight,	lean	mass	and	fat	mass	as	determined	

by	Echo-MRI,	 relative	 to	WT	mice	 (Figure	2.1A-C).	Both	Sirt3KO	and	WT	mice	 also	 showed	no	

differences	 in	 epididymal	white	 adipose	 tissue	 (eWAT)	 or	 interscapular	 brown	adipose	 tissue	

(iBAT)	mass	before	and	after	cold	exposure	(Figure	2.1D,	E).	To	study	the	effect	of	the	cold	on	the	

resting	metabolic	rate,	oxygen	consumption	(VO2)	was	assessed	before	and	after	cold	exposure.	

Measurements	normalized	to	lean	body	mass	showed	that	WT	and	Sirt3KO	mice	had	similarly	

increased	metabolic	rates	upon	cold	exposure	(Figure	2.1F).		
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2.5.2	SIRT3	ABSENCE	RESULTS	IN	IMPAIRED	BAT	LIPID	USE	AND	THERMOREGULATION	IN	MICE	

While	 there	 were	 no	 changes	 to	 these	 phenotype	 characteristics	 of	 Sirt3KO	mice	 upon	 cold	

exposure	at	the	whole	body	level,	we	also	examined	the	metabolic	and	morphologic	changes	within	

BAT	itself.	Since	it	has	been	reported	that	the	mRNA	level	of	SIRT3	is	increased	in	BAT	in	response	

to	the	cold	(Shi	et	al.,	2005),	we	first	tested	the	impact	of	cold	on	SIRT3	protein	levels	by	isolating	

mitochondria	from	iBAT	of	room	temperature	housed	or	cold	exposed	mice.	Surprisingly,	SIRT3	

protein	level	in	WT	mice	was	not	increased	upon	cold	exposure	(Figure	2.1G,	H).	

While	previous	work	demonstrates	that	FAs	derived	from	white	adipose	tissue	(WAT)	

support	BAT	thermogenesis	(Schreiber	et	al.,	2017;	Shin	et	al.,	2017),	FAs	are	also	supplied	locally	

from	BAT	lipid	droplets	(Cannon	and	Nedergaard,	2004).	Therefore,	we	measured	lipid	droplet	

content	 in	BAT	of	WT	and	Sirt3KO	mice	using	quantitative	morphometry.	WT	mice	 showed	a	

significant	reduction	in	lipid	droplet	content	in	iBAT	sections	after	2	days	of	cold	exposure,	but	

this	 same	 significant	 decrease	was	 not	 observed	 in	 Sirt3KO	mice	 (Figure	 2.1I,	 J).	 These	 data	

suggest	decreased	FA	utilization	in	the	absence	of	SIRT3.		Moreover,	unlike	WT	mice,	there	was	

no	decrease	in	the	RER	of	Sirt3KO	mice	after	CL316,243	injection	indicating	a	fatty	acid	oxidation	

defect	upon	BAT	activation	(Supplementary	Figure	2.1C,	D).	Consistent	with	a	functional	impact	

on	 lipid	 use	 and	 fatty	 acid	 oxidation	 when	 BAT	 is	 activated,	 Sirt3KO	 mice	 had	 a	 significant	

reduction	in	their	ability	to	maintain	core	body	temperature	in	response	to	the	cold	(Figure	2.1K).		

Therefore,	while	 Sirt3KO	were	 outwardly	 phenotypically	 normal,	 they	 had	 defects	 consistent	

with	 a	 role	 for	 SIRT3	 in	 thermoregulation.	 Next,	 we	 investigated	 the	 functional	 relationship	

between	SIRT3	and	BAT	mitochondrial	respiration.		
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2.5.3	IMPAIRED	RESPIRATION	IN	BAT	MITOCHONDRIA	OF	SIRT3KO	MICE		

To	 study	 UCP1-dependent	 proton	 leak	 respiration,	 isolated	 iBAT	 mitochondria	 from	 room	

temperature	housed	WT	and	Sirt3KO	mice	were	energized	by	25μM	palmitoyl-L-carnitine	(PLC)	

since	 long	 fatty	 acids	 are	 activators	 and	 substrates	 for	 BAT	 mitochondria	 (Cannon	 and	

Nedergaard,	2004;	Silva	et	al.,	2005).	UCP1	activity	was	subsequently	inhibited	by	adding	2mM	

guanosine	diphosphate	(GDP).	Mitochondria	isolated	from	BAT	of	Sirt3KO	mice	showed	defective	

UCP1-dependent	respiration	relative	to	those	from	WT	mice	(Figure	2.2A).	Moreover,	Sirt3KO	

mitochondria	function	was	examined	glycerol-3-phosphate	(G3P),	which	is	an	excellent	substrate	

for	BAT	mitochondrial	respiration	(Shabalina	et	al.,	2013)	and	provides	reducing	equivalents	that	

enter	 the	 electron	 transport	 chain	 at	 Complex	 III.	 BAT	 mitochondria	 from	 either	 room	

temperature	housed	or	cold	exposed	WT	and	Sirt3KO	mice	were	energized	by	5mM	G3P	and	

UCP1	activity	was	then	inhibited	by	adding	2mM	GDP.	Under	these	conditions,	UCP1-dependent	

respiration	in	Sirt3KO	mitochondria	was	lower	than	that	in	WT	mice	(Figure	2.2B,	C).	UCP1	levels	

after	cold	exposure	were	increased	by	cold	stress	in	both	WT	and	Sirt3KO	mice,	but	we	found	no	

observable	difference	between	genotypes	(Figure	2.2D,	E).	Thus,	the	absence	of	SIRT3	itself	did	

not	 affect	 the	 expression	 of	 UCP1	 protein,	 suggesting	 that	 the	 decrease	 in	 UCP1-dependent	

respiration	in	Sirt3KO	mice	might	be	due	to	changes	in	UCP1	activity.	 	

2.5.4	COLD	STRESS	AND	SIRT3	INDUCE	ACETYLATION	AND	DEACETYLATION,	RESPECTIVELY,	OF	

BAT	MITOCHONDRIAL	PROTEINS		

We	reasoned	that	SIRT3	could	 impact	UCP1	activity	directly	by	regulating	acetylation	of	UCP1	

lysine	 residues,	 or	 indirectly	 by	 regulating	 critical	 pathways	 required	 for	UCP1	 function	 (e.g.,	

upstream	oxidation	reactions	that	supply	electrons	to	the	respiratory	chain,	or	the	respiratory	
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chain	itself).	To	investigate	these	potential	modes	of	regulation,	we	used	label-free	quantitative	

acetylome	profiling	to	compare	non-histone	protein	acetylation	 in	 iBAT	mitochondria	 isolated	

from	WT	or	Sirt3KO	mice	(Figure	2.3A).	SIRT3	impacted	the	acetylation	status	of	hundreds	of	sites	

(or	site	combinations)	in	separate	experiments	carried	out	for	room	temperature	housed	or	cold	

stressed	mice	(Supplementary	Table	1).	There	was	a	significant	correlation	between	acetylome	

profiles	in	room	temperature	and	cold	stressed	mice	(Figure	2.3B	&	Supplementary	Figure	2A).	

As	expected	based	on	the	role	of	SIRT3	as	a	 lysine	deacetylase,	the	vast	majority	of	 impacted	

acetylation	marks	were	upregulated	rather	than	downregulated	in	Sirt3KO	mice	(Figure	2.3B	&	

Supplementary	Figure	2A).	This	was	confirmed	by	western	blotting	experiments	(Figure	2.3C,	D).	

For	 most	 of	 the	 significantly	 upregulated	 acetylations,	 the	 observed	 fold	 change	 (log2FC	

Sirt3KO/WT)	seemed	to	be	more	dramatic	at	room	temperature	than	in	the	cold	(Figure	2.3E	&	

Supplementary	Figure	2B).	This	may	be	explained	in	part	by	the	intriguing	observation	that	cold	

stress	 itself	 increases	 the	baseline	of	acetylation	 in	wild-type	mice	 (Figure	2.3C,	D).	Since	our	

room-temperature	and	cold-stressed	samples	were	processed	for	mass	spectrometry	at	different	

times,	 identification	of	 those	acetylations	 impacted	by	cold-stress	 independently	of	SIRT3	will	

require	additional	experiments.	Notably,	analysis	of	non-acetylated	peptides	recovered	 in	our	

experiments	suggested	that	changes	in	acetylation	status	could	not	be	explained	by	changes	in	

protein	levels	(Supplementary	Figure	2.3A,B	&	Supplementary	Table	S2).	

GO-term	enrichment	of	statistically	significant	upregulated	sites	(log2FC	Sirt3/KO	=	≥	1,	

adjusted	P	value	≤	0.05)	using	Metascape	indicated	enrichment	of	proteins	assigned	to	fatty	acid	

metabolic	processes	and	the	mitochondrial	matrix	under	room	temperature	and	cold	stressed	

conditions	(Figure	2.3F	&	Supplementary	Figure	2C).	Cold	stressed	mice	also	showed	preferential	
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SIRT3-regulation	 of	 proteins	 functioning	 in	 the	 tricarboxylic	 acid	(TCA)	cycle	 (Figure	 2.3F	 &	

Supplementary	Figure	2C).	Altogether,	our	data	point	to	a	significant	contribution	for	SIRT3	in	the	

regulation	of	the	BAT	mitochondrial	acetylome,	with	enrichment	in	pathways	that	are	likely	to	

intersect	with	UCP1	function.	Functional	annotation	of	acetylation	sites	uncovered	in	our	work	

using	the	SLiMSearch	tool	uncovered	many	sites	in	close	proximity	to	known	regulatory	regions,	

domains,	motifs	and	other	previously	identified	PTMs	(Supplementary	Table	S3).		

2.5.5	ACETYLATION	OF	LYSINES	ON	UCP1	DOES	NOT	AFFECT	UCP1	LEAK	RESPIRATION		

In	 support	of	 acetylation	playing	 a	direct	 role	 in	UCP1	 function	within	BAT	mitochondria,	we	

uncovered	four	acetylations	on	UCP1	 in	both	room	temperature	and	cold	stressed	mice	(K56,	

K67,	K73	and	K151).	K56	and	K151	showed	a	significant	increase	in	acetylation	in	samples	from	

Sirt3KO	 mice,	 but	 only	 when	 housed	 at	 room	 temperature	 (~	 3-fold	 each,	 Figure	 2.4A	 &	

Supplementary	Table	1).	Intriguingly,	these	residues	are	located	in	similar	positions	in	the	first	

two	of	 the	 three	matrix-side	 loops	of	 the	protein	 (Klingenberg	et	al.,	1999),	and	 theoretically	

would	be	accessible	 to	matrix	SIRT3	activity.	To	determine	 if	acetylation	of	K56	and	K151	are	

important	 for	 UCP1-dependent	 leak	 respiration,	 we	 established	 an	 in	 vitro	 assay	 expressing	

mouse	UCP1	in	HEK293T	cells.	UCP1	function	has	previously	been	examined	in	HEK293	(Jastroch	

et	al.,	2011,	2012;	Oelkrug	et	al.,	2013).	Cells	were	transfected	with	plasmids	expressing	wild-type	

murine	UCP1(WT)	or	mutant	UCP1	variants	in	which	these	residues	cannot	be	acetylated,	i.e.,	UCP1	

(Kà	R)	or	that	mimic	constitutive	acetylation,	i.e.,	UCP1	(Kà	Q).	A	plasmid	expressing	GFP	from	the	

same	vector	was	used	as	a	negative	control.	 Importantly,	 since	HEK293T	cells	do	not	express	

UCP1	endogenously,	these	constructs	provided	the	only	source	of	UCP1,	and	the	UCP1	variants	

were	 expressed	 at	 similar	 levels	 (Figure	 2.4B).	Herein,	we	 used	 	 the	 retinoic	 acid	 analogue	 ,	
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TTNPB,	to	activate	UCP1	in	intact	HEK293T	cells	rather	than	long	chain	FAs.	In	brown	adipocytes,	

unlike	HEK293	cells,	long	chain	FAs	are	rapidly	taken	up	and	then	used	for	the	activation	of	UCP1,	

and	fueling	of	beta-oxidation.	Previous	work	has	demonstrated	that	the	fatty	acid	transporter,	

CD36,	is	not	expressed	in	HEK293	cell	(Xu	et	al.,	2013)	as	it	is	in	brown	adipocytes.	Thus	we	used	

TTNPB,	 which	 is	 cell	 permeable,	 to	 induce	 UCP1	 leak	 respiration,	 as	 used	 before	 in	 UCP1	

expressing	HEK293	cells	in	plate-based	respirometry	assays	(Oelkrug	et	al.,	2013;	Rial	et	al.,	1999;	

Tomás	et	al.,	2004).		

As	expected,	GFP	transfected	cells	did	not	show	TTNPB-induced	respiration	(Figure	2.4C,	

D).	In	contrast,	UCP1(WT)	transfected	cells	had	increased	UCP1-mediated	leak	respiration	(Figure	

2.4E,	 F).	A	 similar	 effect	on	 leak	 respiration	was	observed	with	acetyl-defective	UCP1	 (Figure	

2.4G,	H)	and	with	acetyl-mimic	forms	of	UCP1	(Figure	2.4I,	J),	suggesting	that	these	lysines	alone	

cannot	 account	 for	 the	 impact	 of	 SIRT3	 on	 UCP1	 dependent	 respiration.	 Therefore,	 we	

investigated	if	the	lower	rate	of	UCP1-dependent	respiration	in	Sirt3KO	mitochondria	was	instead	

due	 to	 SIRT3-mediated	 regulation	 of	 upstream	 proteins	 of	 UCP1	 that	 are	 involved	 in	 vital	

pathways	supporting	UCP1-mediated	thermogenesis.	Specifically,	we	focused	on	the	FAO	and	

ETC	pathways.	

2.5.6	DECREASED	PLASMA	LEVELS	OF	MEDIUM	AND	LONG	CHAIN	ACYLCARNITINES	IN	SIRT3KO	

MICE	

Beyond	being	an	allosteric	agonist	of	UCP1	activity,	FAs	are	a	major	energy	substrate	for	active	

BAT.	 To	 be	 taken	 up	 into	mitochondrial	 for	 oxidation,	 long	 chain	 FAs	 are	 first	 converted	 to	

acylcarnitines	 and	 then	 are	 transported	 to	 mitochondria	 matrix	 via	 carnitine	 acylcarnitine	

translocase	(CACT)	(Houten	and	Wanders,	2010).	Defective	FAO	can	lead	to	increased	circulating	



	 89	

levels	of	acylcarnitines,	and	fasted	Sirt3KO	mice	have	previously	been	shown	to	have	a	defect	in	

liver	mitochondrial	FAO	and	an	accumulation	of	long	chain	acylcarnitines	in	the	plasma	(Hirschey	

et	al.,	2010).	In	our	study,	our	acetylome	profiling	data	showed	that	SIRT3	negatively	regulated	

lysine	acetylations	on	many	proteins	involved	in	the	uptake	and	oxidation	of	fatty	acids	and	in	

the	metabolism	of	acylcarnitines	in	BAT	from	both	room	temperature	housed	and	cold	exposed	

mice	(Figure	2.5A	&	Supplementary	Table	1).	Many	of	the	lysine	residues	with	strongly-regulated	

acetylations	are	located	in	important	functional	regions	of	target	proteins,	as	identified	by	our	

SlimSearch	 annotation	 (Figure	 2.5A	 and	 Supplementary	 Table	 S3).	 Regulation	 of	 these	

acetylations	may	be	particularly	important	for	FAO	and	acetylcarnitine	metabolism.		

To	examine	the	impact	of	SIRT3	absence	on	the	level	or	the	production	of	acylcarnitines	

when	BAT	is	activated,	mice	were	injected	with	a	standard	bolus	of	the	β3-adrenergic	receptor	

selective	agonist	CL	316,243	(1	mg/kg	i.p.),	to	induce	BAT	activity.	Blood	samples	were	collected	

90	min	post-injection	by	cardiac	puncture	for	MS/MS	acylcarnitine	analyses.	These	experiments	

revealed	that	Sirt3KO	mice	had	no	differences	in	short	chain	acylcarnitines	(Figure	2.5B),	but	had	

decreased	levels	of	select	medium-chain	(C12:1OH)	and	long-chain	(C14OH,	C16:1OH,	C16OH,	

C18:1,	C18:1OH,	C18:2OH)	acylcarnitines,	compared	to	WT	mice	(Figure	2.5C,	D).		

2.5.7	IMPAIRED	ACTIVITIES	OF	ETC	PROTEIN	COMPLEXES	IN	SIRT3KO	BAT	MITOCHONDRIA	

ETC	proteins	have	a	 fundamental	 role	 in	UCP1-dependent	 respiration	because	 their	 activities	

drive	the	production	of	protonmotive	force,	which	is	necessary	for	UCP1	activity.	Our	acetylome	

profiling	showed	that	proteins	from	each	of	the	ETC	complexes	have	many	SIRT3	regulated	sites	

(Figure	2.6A).	Many	of	these	were	located	in	defined	domains,	motifs	or	other	regions	of	interest	
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(Figure	2.6A	and	Supplementary	Table	3).	Western	blotting	analysis	showed	that	SIRT3	absence	

does	not	affect	the	expression	levels	of	marker	proteins	for	each	of	the	ETC	complexes	between	

WT	and	Sirt3KO	mice	(Figure	2.6B	&	Supplementary	Figure	4A-D).	However,	there	was	an	effect	

of	cold	on	the	expression	of	the	CIII	marker	protein,	which	reached	statistical	significance	in	WT	

mice,	but	not	in	Sirt3KO.	To	determine	if	there	were	functional	differences	in	the	activities	of	the	

complexes	(CI,	CII,	CIII	and	CIV),	we	designed	UCP1-independent	respiration	protocols	in	which	

we	were	able	to	examine	each	complex	individually.	Analyses	of	CI,	CII,	CIII	and	CIV	activities	were	

conducted	using	high	resolution	respirometry	(O2K-Oroboros)	in	isolated	mitochondria	from	BAT	

of	WT	or	Sirt3KO	room	temperature	housed	(Figure	2.6C-F)	and	cold	exposed	mice	(Figure	2.6G-

J).	 The	 chemical	 uncoupler	 carbonylcyanide	p-triflouromethoxyphenylhydrazone	 (FCCP),	 was	

added	 at	 the	 beginning	 of	 each	 respiration	 experiment	 to	 exclude	 any	 involvement	 of	 UCP1	

function	in	the	analyses.	Relative	to	WT	controls,	CI	was	impaired	in	BAT	mitochondria	of	Sirt3KO	

mice	in	room	temperature	[31%	decreased	versus	WT;	(Figure	2.6C)]	and	both	CI	and	CII	were	

decreased	under	cold	stressed	conditions	[25%	and	29%,	respectively;	(Figures	2.6G,	H)].	Taken	

together,	 these	 results	 indicate	 that	 the	 absence	 of	 SIRT3	 results	 in	 decreased	 activities	 of	

complexes	I	and	II	in	BAT.		
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2.6	DISCUSSION			

2.6.1	 DEACETYLATION	 OF	 UPSTREAM	 PROTEINS	 OF	 UCP1	 AS	 A	 REGULATOR	 OF	 BAT	

THERMOGENESIS	

The	control	of	BAT	thermogenesis	can	be	exerted	at	many	levels:	total	amount	of	tissue;	number	

of	brown	adipocytes	in	each	depot;	number	of	mitochondria	in	each	cell;	levels	of	UCP1	protein	

per	mitochondrion;	and	finally	the	degree	to	which	UCP1	is	activated	acutely	by	effectors	such	as	

FA	upon	adrenergic	activation	(Cannon	and	Nedergaard,	2004;	Himms-Hagen,	1990).	Work	from	

the	Spiegelman	lab	also	provides	evidence	that	UCP1-mediated	thermogenesis	is	regulated	by	

reactive	 oxygen	 spices	 (ROS)	 and	 cysteine	 sulfenylation	 of	 UCP1	 (Chouchani	 et	 al.,	 2016).	

Recently,	 it	 has	 been	 reported	 that	 BAT	 thermogenesis	 can	 be	 regulated	 independently	 of	

adrenergic	 activation	 by	 unexpected	 metabolites	 such	 as	 succinate,	 and	 its	 oxidation	 by	 CII	

activates	ROS	induced	thermogenesis	(Mills	et	al.,	2018).	However,	an	unanswered	question	is	

whether	deacetylation	of	UCP1	and/or	the	upstream	pathways	of	UCP1,	i.e.,	the	supply	and	flux	of	

electrons	from	FA	oxidative	reactions,	controls	BAT	thermogenesis.	

Our	work	is	the	first	to	identify	and	elaborate	the	connections	between	SIRT3,	the	master	

deacetylase	in	the	mitochondria,	and	BAT	thermogenesis	in	mice.	We	provide	evidence	that	the	

absence	of	SIRT3:	(1)	 impairs	use	of	BAT	 lipid	content,	 (2)	 impairs	thermoregulation	 in	mice	(3)	

increases	 BAT	mitochondrial	 protein	 acetylation,	 (4)	 increases	UCP1	 lysine	 acetylation,	 but	 the	

mutation	of	these	sites	does	not	affect	UCP1	leak	respiration,	(5)	 increases	lysine	acetylation	in	

proteins	that	play	key	roles	in	FA	uptake	and	oxidation,	and	that	this	is	associated	with	decreases	

in	circulating	medium-	and	long-	acylcarnitines,	and	finally,	(6)	increases	the	lysine	acetylation	of	

ETC	complex	subunits,	which	is	associated	with	their	impaired	activities.	Thus,	we	provide	strong	
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evidence	 that	 SIRT3-mediated	 deacetylation	 is	 fundamentally	 important	 in	 driving	 BAT	

thermogenesis	and	SIRT3	is	indirectly	regulating	UCP1	thermogenesis.	

Previous	 work	 demonstrates	 that	 that	 non-enzymatic	 mitochondrial	 acetylation	 is	

driven	by	high	levels	of	acetyl-CoA	produced	by	FAO	(Pougovkina	et	al.,	2014).	It	has	also	been	

suggested	 that	 SIRT3	 may	 play	 a	 critical	 role	 in	 promoting	 the	 reversal	 of	 non-enzymatic	

acetylations	(Weinert	et	al.,	2015).	Altogether,	our	work	is	consistent	with	a	model	wherein	a	rise	

in	acetyl	CoA	levels	driven	by	cold	stress	results	in	increased	non-enzymatic	acetylations.	Here,	

we	propose	that	UCP1-mediated	thermogenesis	is	compromised	due	to	a	failure	to	deacetylate	

substrate	uptake	and	oxidation	proteins	that	function	upstream	of	UCP1	in	Sirt3KO	mice.	This	

model	does	not	lessen	the	centrality	of	UCP1	activation	in	the	control	of	BAT	thermogenesis,	but	

demonstrates	the	importance	of	fatty	acid	uptake	and	oxidation	reactions,	and	of	subsequent	

redox	reactions	in	the	ETC,	which	collectively	generate	the	heat	when	BAT	is	activated.		

2.6.2	PHENOTYPES	OF	SIRT3KO	MICE	

While	 we	 ultimately	 defined	 SIRT3	 as	 a	 critical	 regulator	 of	 BAT	 thermogenesis,	 we	

observed	no	differences	in	body	composition,	elevation	of	VO2	upon	cold	exposure	or	CL316,243	

injection,	iBAT	weight,	mitochondrial	content	and	UCP1	content	between	WT	and	Sirt3KO	mice.	

Our	results	are	supportive	and	consistent	with	previous	findings	that	Sirt3KO	mice	show	normal	

body	weight	(Lombard	et	al.,	2007).	However,	Sirt3KO	mice	have	impaired	BAT	lipid	use	upon	cold	

exposure	and	do	not	show	a	significant	decrease	RER	after	BAT-specific	activation	as	seen	in	WT	

mice,	which	could	be	an	indicator	of	less	activated	BAT	in	Sirt3KO	mice.	Hirschey	et	al.	previously	

showed	that	acute	cold	stress	(6	hours)	is	associated	with	cold	intolerance	in	Sirt3KO	mice,	but	

only	when	mice	were	fasted	(Hirschey	et	al.,	2010).	Here	we	have	demonstrated	that	Sirt3KO	
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mice	under	normal	housing	conditions	with	ad	libitum	access	to	food	are	cold-intolerant	at	48h,	a	

time	 at	 which	 BAT	 thermogenesis	 is	 normally	 the	 major	 thermoregulatory	 mechanism	 and	

shivering	thermogenesis	is	normally	minimal.	Interestingly,	VO2	is	not	different	between	WT	and	

Sirt3KO	mice.	This	was	unexpected,	but	given	that	these	analyses	were	conducted	 in	a	whole	

body	knockout	mice,	it	was	not	entirely	surprising	since	metabolic	responses	to	cold	are	highly	

complex	and	represent	an	aggregated	consequence	of	the	effects	of	cold	on	many	systems	(e.g.,	

neural,	muscular,	circulatory).	It	is	possible	that	the	thermoregulatory	phenotype	of	the	whole	

body	Sirt3KO	mice	is	affected	by	the	absence	of	SIRT3	in	tissues	other	than	BAT.	In	spite	of	the	

complexity	of	 the	study	model,	specific	activation	of	BAT	by	a	β3-adrenergic	 receptor	agonist	

proved	that	the	activity	of	BAT	in	Sirt3KO	mice	is	impaired.	It	is	also	possible	that	Sirt3KOmice	

have	defective	regulation	of	heat	loss	as	seen	in	other	mouse	models	in	which	altered	heat	loss	

contributes	to	thermoregulation	in	mice	(Fischer	et	al.,	2016).		

2.6.3	MECHANISM	OF	SIRT3	FUNCTION	IN	BAT	THERMOGENESIS	

UCP1	 is	 essential	 for	BAT	 thermogenesis,	 and	 induction	 of	UCP1	 in	Sirt3KO	mice	was	

similar	 to	 that	 observed	 in	WT	mice.	 This	 observation	 contrasts	 with	 previous	 work	 in	 vitro.	

Specifically,	Shi	et	al	reported	that	overexpression	of	SIRT3	in	the	brown	adipocyte	cell	line,	HIB1B,	

resulted	in	increased	expression	of	UCP1	mRNAs	and	that	overexpression	of	dominant	negative	

forms	 of	 SIRT3	 leads	 to	 down-regulated	 expression	 of	 UCP1	 (Shi	 et	 al.,	 2005).	 Instead,	 our	

observation	is	consistent	with	the	in	vivo	findings	of	Lombard	and	colleagues	who	showed	that	the	

absence	of	SIRT3	does	not	affect	the	expression	of	UCP1	 in	mouse	BAT	(Lombard	et	al.,	2007).	

Despite	the	wild-type	expression	level	of	UCP1,	UCP1-mediated	respiration	in	mitochondria	from	

Sirt3KO	 mice	 was	 significantly	 decreased	 under	 cold	 stress.	 This	 was	 not	 observed	 in	 room	
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temperature	 housed	 animals.	 Cold	 stress	 may	 provide	 an	 optimal	 scenario	 under	 which	 to	

evaluate	the	function	of	UCP1	when	it	is	fully	activated,	and	it	was	in	these	conditions	that	we	

found	defective	UCP1-mediated	respiration	in	Sirt3KO	mice.	Our	acetylome	work	suggests	that	

the	functional	relationship	between	UCP1	and	SIRT3	stems	from	an	impact	of	SIRT3	on	upstream	

regulatory	pathways.	

2.6.4	REGULATED	ACETYLATIONS	DRIVING	THERMOGENESIS	

We	identified	four	acetylation	sites	on	UCP1	in	mitochondria	from	mouse	BAT	(K56,	K67,	

K73	and	K151)	and	this	is	consistent	with	a	previous	study	that	identified	three	acetylation	sites		

(K67,	K73	and	K151)	in	UCP1	in	BAT	homogenate	from	rat	(Lundby	et	al.,	2012).	Mutation	of	the	

two	SIRT3-regulated	sites	(K56	and	K151)	did	not	impact	UCP1	function	in	a	cell	culture	system.	

Yet,	we	cannot	completely	rule	out	a	role	for	acetylation	in	the	direct	regulation	of	UCP1.	Point	

mutants	of	UCP1	were	assayed	in	a	HEK293T	cell	line,	which	has	previously	been	used	to	study	

the	effects	of	novel	activators	of	UCP1,	such	as	TTNPB	(Oelkrug	et	al.,	2013).	However,	this	system	

may	 not	 account	 for	 variables	 that	 normally	 play	 important	 roles	 in	UCP1	 function	 in	 brown	

adipocytes.	For	example,	the	HEK293T	cell	model	clearly	cannot	fully	recapitulate	the	effects	of	

cold	on	 signaling	 and	metabolic	 processes	 that	 occur	 in	 vivo.	We	also	 focused	exclusively	 on	

acetylation	sites	that	face	the	mitochondrial	matrix.	Other	acetylations	that	were	not	tested	or	

that	were	not	 identified	 in	our	work	could	also	be	 important	for	UCP1	function.	Finally,	UCP1	

acetylation/deacetylation	 could	 function	 redundantly	 with	 other	 PTMs	 such	 as	 sulfenylation	

(Chouchani	et	al.,	2016),	or	indirect	modes	of	UCP1	regulation	that	we	describe	here.	Notably,	

our	observation	that	SIRT3	did	not	impact	UCP1	acetylation	sites	in	cold	stress	suggests	that	any	

such	regulation	is	unlikely	to	account	for	the	impact	of	SIRT3	on	UCP1-dependent	respiration.		
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BAT	oxidizes	a	large	amount	of	FAs	from	the	circulation	originating	from	white	adipose	

tissue	(WAT)	or	from	the	lipolysis	of	lipid	droplets	in	BAT.	Defects	in	FAO	cause	the	release	of	

acylcarnitines	from	mitochondria	into	the	circulation	(Aguer	et	al.,	2014;	McCoin	et	al.,	2015),	

and	 given	 our	 mitochondrial	 acetylome	 results,	 we	 originally	 hypothesized	 that	 circulating	

acylcarnitines	would	be	increased.	However,	our	results	show	that	the	plasma	levels	of	medium-

chain	 and	 long-chain	 acylcarnitines	 in	 Sirt3KO	 mice	 were	 lower	 compared	 to	 WT	 mice.	 The	

following	interpretations	are	possible:	1)	decreased	formation	of	acylcarnitines,	which	requires	

the	uptake	of	FA	by	BAT	mitochondria,	and/or,	2)	increased	consumption	of	acylcarnitines	by	BAT	

mitochondria.	We	favor	the	former,	given	that	our	results	show	the	acetylation	of	many	of	the	

enzymes	involved	in	acylcarnitine/fatty	acid	metabolism	in	BAT	mitochondria,	which	could	result	

in	a	negative	impact	on	enzymatic	activity.	For	example,	our	acetylome	profiling	revealed	that	

CACT,	 the	 main	 mitochondrial	 enzyme	 that	 regulates	 the	 entry	 of	 acylcarnitines	 to	 the	

mitochondria	for	FAO	processes,	was	hyper-acetylated	in	Sirt3KO	mitochondria	and	this	could	

decrease	its	function.	However,	other	interpretations	are	possible:	there	may	be	indirect	effects	

of	 the	 activation	 of	 BAT	 thermogenesis	 by	 the	 use	 of	 CL	 compound,	 wherein	 increases	 in	

circulating	 free	 fatty	 acids	 from	 WAT	 or	 BAT	 result	 in	 genotype-specific	 differences	 in	

acylcarnitine	metabolism	in	other	tissues,	such	as	the	liver.	Further	research	is	needed	to	clarify	

the	role	of	SIRT3	in	acylcarnitine	metabolism	in	activated	BAT.		

Multi-tissue	quantitative	acetylome	work	 shows	 that	 SIRT3	expression	varies	between	

tissues	such	as	 liver,	heart,	kidney,	brain,	and	skeletal	muscle	 (Dittenhafer-Reed	et	al.,	2015).	

Moreover,	the	mitochondrial	regulation	mediated	by	SIRT3	in	various	tissues	is	in	a	tissue-specific	

fashion	 and	 there	 are	 differences	 in	 the	 degree	 of	 how	much	 SIRT3	 regulates	 the	metabolic	
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pathways	 in	 different	 tissues	 (Dittenhafer-Reed	 et	 al.,	 2015),	 suggesting	 the	 importance	 of	

studying	the	role	of	SIRT3	in	regulating	the	metabolic	pathways	in	BAT	and	in	its	activated	status.	

Given	the	unique	function	and	important	physiological	role	of	BAT,	we	studied	the	role	of	SIRT3	

in	regulating	the	ETC	pathway	in	BAT	mitochondria,	which	is	not	well-characterized.	For	the	first	

time,	 we	 report	 that	 Sirt3KO	 mitochondria	 from	 iBAT	 of	 cold	 exposed	 mice	 have	 impaired	

activities	 of	 CI	 and	 CII	 during	 cold	 stress	 and	 this	 correlates	 with	 the	 increased	 acetylation	

observed	on	 subunits	 from	CI	 and	CII	 proteins.	 These	observations	extend	 the	work	of	other	

groups	who	show	that	CI	and/or	CII	function	are	decreased	in	isolated	mitochondria	from	liver	of	

Sirt3KO	mice	 (Ahn	et	 al.,	 2008;	Cimen	et	 al.,	 2010).	 Finley	et	 al.	 found	a	 trend	 (p	=	0.07)	 for	

decreased	enzymatic	activity	of	CII	in	BAT	mitochondria	from	Sirt3KO	mice,	but	these	analyses	

were	 not	 carried	 out	 under	 conditions	 that	 activate	 BAT,	 and	 more	 importantly,	 they	 were	

spectrophotometric	Vmax-type	assays,	rather	than	assays	of	 its	activity	within	the	functioning	

respiratory	chain	(Finley	et	al.,	2011).	Although	previous	work	identified	SIRT3	regulated	sites	in	

Subunit	A	of	CII	in	liver	mitochondria	(Cimen	et	al.,	2010;	Finley	et	al.,	2011),	here	our	acetylome	

profiling	data	identify	SIRT3	regulated	lysine	acetylation	sites	in	subunit	A	and	subunit	B	of	CII	in	

BAT	mitochondria	 from	mice	 housed	 in	 room	 temperature	 and	 cold	 conditions,	 suggesting	 a	

mechanism	for	the	impact	of		SIRT3	on	CII	function	specifically	in	this	tissue.	While	we	show	that	

CI	and	CII	proteins	are	equally	expressed	 in	BAT	mitochondria	from	WT	and	Sirt3KO	mice,	we	

cannot	rule	out	the	possibility	that	the	functional	defects	described	herein	stem	from	decreased	

stability	of	some	subunits	of	CI	and	CII	that	were	not	examined.	Alternatively,	hyper-acetylation	

in	the	absence	of	SIRT3	may	impair	complex	functions	without	affecting	overall	protein	levels.	An	

unresolved	question	 is	 the	fraction	of	each	target	protein	population	that	 is	acetylated	 in	the	
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presence	 and	 absence	 of	 SIRT3.	 Previous	 efforts	 to	 quantify	 stoichiometry	 of	 individual	

acetylation	sites	suggests	that	even	regulated	acetylations	often	involve	only	a	small	fraction	of	

the	 target	population	at	any	one	 time	 (Hansen	et	al.,	2019;	Weinert	et	al.,	2015;	Zhou	et	al.,	

2016).	In	the	mitochondria,	these	low-level	acetylations	may	represent	a	form	of	protein	damage	

that	disrupt	critical	functions	only	when	a	threshold	is	reached	across	many	proteins	in	a	given	

pathway	(Weinert	et	al.,	2015).	On	the	other	hand,	acetylations	impacting	a	larger	fraction	of	a	

target	 population	 may	 be	 better	 situated	 to	 disrupt	 critical	 protein-protein	 interactions	 or	

directly	inhibit	important	enzymatic	activities.		

2.7	CONCLUSION	

Altogether,	our	results	demonstrate	for	the	first	time	that	SIRT3-mediated	deacetylation	

of	an	extensive	array	of	mitochondrial	proteins	in	BAT	plays	a	fundamental	role	in	thermogenesis.	

We	 propose	 a	 model	 wherein	 UCP1-mediated	 thermogenesis	 is	 indirectly	 regulated	 by	

deacetylation	of	many	substrate	uptake	and	oxidation	pathways	that	are	upstream	of	UCP1.	Our	

proteomics	 findings	 provide	 an	 extensive	 resource	 for	 future	 investigations	 into	 these	

mechanisms,	and	others,	in	the	context	of	the	newly	described	functional	connections	between	

SIRT3	and	UCP1.	
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Figure	 2.1:	Sirt3KO	mice	 have	 normal	morphometrics	 but	 impaired	 use	 of	 lipid	 in	 BAT	 and	
impaired	thermoregulation	upon	cold	exposure.	
WT	and	Sirt3KO	mice	were	housed	at	room	temperature	(23oC)	or	were	exposed	to	4	°C	for	2	
days.	A)	Whole	body	weight,	B)	 Lean	mass,	C)	 Fat	mass,	D)	Epididymal	white	adipose	 tissues	
(eWAT),	E)	interscapular	brown	adipose	tissues	(iBAT)	was	measured,	N=8-9/	group.		
F)	WT	and	Sirt3KO	mice	were	kept	either	at	28	 °C	or	4	 °C	 in	CLAMS.	VO2	was	measured	and	
normalized	to	lean	body	mass,	N=8-9/	group.	
G)	Western	blotting	analysis	of	SIRT3	expression	 in	 isolated	mitochondria	 from	 iBAT	of	either	
room	temperature	housed	or	cold	exposed	WT	and	Sirt3KO	mice.	N=3/group		
H)	Quantification	of	SIRT3	western	blotting.		
I)	H	&	E	stained	sections	of	iBAT	of	room	temperature	housed	or	cold	stressed	WT	and	Sirt3KO.	
N=4-6/group.	Scale	bar	for	all	images:	50	µm.	
J)	Lipid	droplet	surface	area	percentage,	as	analyzed	by	quantitative	morphometry.	N=4-6/group.	
K)	Core	body	temperature,	measured	before	and	after	cold	exposure.	N=	8/group.		
Data	are	represented	as	mean	±	SEM.	Two-way	ANOVA	with	Tukey's	test,	**p<0.01,	***p<0.001,	
****p<0.0001.	
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Figure	2.2:	UCP1	dependent	respiration	is	decreased	in	BAT	of	Sirt3KO	mice.		
A)	 UCP1	 dependent	 respiration	 was	 measured	 in	 isolated	 mitochondria	 from	 iBAT	 of	 room	
temperature	housed	WT	and	Sirt3KO	mice.	0.35mg	Mitochondria	were	energized	with	25μM	PLC	
and	UCP1	 dependent	 respiration	was	 determined	 as	 that	which	was	 inhibited	 by	 2mM	GDP.	
N=6/group.	
B)	 UCP1	 dependent	 respiration	 was	 measured	 in	 isolated	 mitochondria	 from	 iBAT	 of	 room	
temperature	housed	WT	and	Sirt3KO	mice.	0.25mg	Mitochondria	were	energized	with	5mM	G3P	
and	UCP1	 dependent	 respiration	was	 determined	 as	 that	which	was	 inhibited	 by	 2mM	GDP.	
N=4/group.	
C)	 UCP1	 dependent	 respiration	 were	 measured	 in	 isolated	 mitochondria	 from	 iBAT	 of	 cold	
exposed	WT	and	Sirt3KO	mice.	0.25mg	Mitochondria	were	energized	with	5mM	G3P	and	UCP1	
dependent	respiration	was	determined	as	that	inhibited	by	2mM	GDP.	N=4/group.	
D)	Western	blotting	analysis	of	UCP1	expression.	N=3/group.		
E)	Quantification	of	UCP1	western	blotting.	
Data	are	 represented	as	mean	±	 SEM.	 Student’s	 t-test;	 Two-tailed	and	 two-way	ANOVA	with	
Sidak's	test	were	used,	*p<0.05	and	**p<0.01.	
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Figure	2.3:	Cold	and	the	absence	of	SIRT3	increase	mitochondrial	acetylation.	
A)	 Schematic	 diagram	 of	 acetylome	 profiling	 of	 isolated	 BAT	 mitochondria.	 Proteins	 were	
extracted	 from	 iBAT	 mitochondria	 under	 denaturing	 conditions	 prior	 to	 trypsinization	 and	
immunopurification	 with	 anti-acetyllysine	 antibodies	 and	 analysis	 using	 Orbitrap	 MS,	 as	
described	in	the	experimental	procedures.	Two	distinct	experiments	were	carried	out	comparing	
wild-type	to	Sirt3KO	animals,	housed	at	either	room	temperature	(experiment	1)	or	at	4	°C	for	2	
days	(experiment	2).	N=6	BAT	mitochondria	samples	for	each	genotype.	
B)	Measured	Log2FC	Sirt3KO/WT	was	plotted	for	acetylated	 lysines	detected	via	MS	for	room	
temperature	 versus	 cold	 treated	mice.	 Log2FC	 computed	 using	MSStats,	 as	 described	 in	 the	
experimental	 procedures.	 Linear	 regression	 calculated	 using	 GraphPad	 Prism.	 This	 analysis	
includes	significant	and	non-significant	changes.		
C)	Total	mitochondrial	acetylation	was	assessed	by	western	blotting	from	samples	described	in	
Figure	 2.2D.	 N=3/group.	 Note:	 same	 blots	 as	 Figure	 2.2D	 were	 probed	 for	 mitochondrial	
acetylation.	As	such,	the	loading	control	of	the	acetylation	blot	is	the	same	loading	control	in	
as	Figure	2.2D.	
D)	Quantification	of	mitochondrial	acetylation	western	blotting.		
Data	are	represented	as	mean	±	SEM.	Two-way	ANOVA	with	Sidak's	test	was	used,	**p<0.01.	
E)	Greater	measured	 impact	of	 SIRT3	at	 room	 temperature	 relative	 to	 cold	 stressed	animals.	
Measured	 Log2FC	 Sirt3KO/WT	 was	 plotted	 for	 acetylated	 lysines	 detected	 via	 MS	 for	 room	
temperature	 versus	 cold	 treated	mice.	 Log2FC	 computed	 using	MSStats,	 as	 described	 in	 the	
experimental	 procedures.	 Linear	 regression	 calculated	 using	 GraphPad	 Prism.	 Plotted	 are	
significantly-regulated	 sites	 detected	 in	 samples	 from	 room	 temperature	 housed	 animals,	
regardless	of	fold-change	versus	corresponding	fold-change	detected	in	cold	stressed	animals,	
regardless	of	significance.	Red	line	indicates	the	best	fit	line	of	linear	regression.	The	blue	line	
represents	slope	=	1.	The	majority	of	data	points	above	blue	line	suggests	more	dramatic	changes	
in	room	temperature	housed	animals.	The	graph	contains	a	subset	of	the	data	plotted	in	Figure	
2.3B.	
F)	GO-term	enrichment	of	SIRT3-regulated	lysine	acetylation	sites	calculated	using	Metascape	for	
room-temperature	and	cold-regulated	sites	(log2	Sirt3KO/WT	>1;	adjusted	p>	0.05).	Only	sites	
for	which	numerical	p	values	should	be	calculated	are	shown.	q	values	represent	p	values	of	GO-
term	analyses	following	adjustment	for	multiple-testing.		
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Figure	2.4:	Acetylation	of	lysines	on	UCP1	does	not	affect	UCP1	leak	respiration.	
A)	 Regulated	 sites	 were	 detected	 in	 UCP1	 from	 BAT	 mitochondria	 isolated	 from	 room	
temperature	housed	WT	and	Sirt3KO	mice.	 Error	bars	 represent	 standard	error	of	 the	mean.	
Asterisks	represent	p<0.01.	In	corresponding	cold	stressed	WT	and	Sirt3KO	mice,	no	sites	with	
statistically-significant	changes	were	detected.	
B)	 Western	 blotting	 of	 UCP1	 expression	 in	 HEK293T	 cells	 that	 were	 transfected	 with	 GPF,	
UCP1(wt),	UCP1(K->R)	and	UCP1	(K->Q)	plasmids.		
C)	A	representative	trace	of	functional	analyses	of	GFP	transfected	cells	that	were	injected	with	
a	vehicle	control	or	injected	with	15	μM	or	30	μM	TTNPB.			
D)	UCP1	leak	respiration	measurements	of	GFP	transfected	cells.	N=4.	
E)	A	representative	trace	of	functional	analyses	of	UCP1(wt)	transfected	cells	that	were	injected	
with	a	vehicle	control	or	injected	with	15	μM	or	30	μM	TTNPB.			
F)	UCP1	leak	respiration	measurements	of	UCP1(wt)	transfected	cells.	N=4.	
G)	A	representative	trace	of	functional	analyses	of	UCP1(K->R)	transfected	cells	that	were	injected	
with	a	vehicle	control	or	injected	with	15	μM	or	30	μM	TTNPB.			
H)	UCP1	leak	respiration	measurements	of	UCP1(K->R)	transfected	cells.	N=4.	
I)	A	representative	trace	of	functional	analyses	of	UCP1	(K->Q)	transfected	cells	that	were	injected	
with	a	vehicle	control	or	injected	with	15	μM	or	30	μM	TTNPB.			
J)	UCP1	leak	respiration	measurements	of	UCP1	(K->Q)	transfected	cells.	N=4.	
All	the	trace	graphs	are	representative	of	four	independent	experiments	and	UCP1	leak	graphs	
are	an	average	of	the	four	independent	experiments.	Data	are	represented	as	mean	±	SEM.	One-
way	ANOVA	with	Bonferroni's	test	was	used;	*p<0.05.	
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Figure	2.5:	Sirt3KO	mice	have	decreased	levels	of	medium-	and	long-chain	acylcarnitines.	
A)	Measured	Log2FCs	of	acetylation	sites	in	selected	proteins	related	to	fatty	acid	oxidation	or	
acylcarnitine	 metabolism	 from	 iBAT	 mitochondria	 isolated	 from	 room	 temperature	 or	 cold	
stressed	 WT	 and	 Sirt3KO	 mice.	 N=6/group.	 Indicated	 sites	 are	 those	 located	 in	 “regions	 of	
interest”	from	supplementary	table	3	with	≥2	or	great	increase	in	Sirt3KO	mice.	
B-D)	Plasma	acylcarnitine	analyses	of	WT	and	Sirt3KO	mice	that	were	injected	with	CL316.243	(1	
mg/kg	i.p.)	to	acutely	activate	BAT.	Cardiac	puncture	blood	samples	were	collected	90min-post	
injection	used	for	MS/MS	based	acylcarnitines	analysis.		
B)	Measurement	of	short-chain	(C3-C5),	C)	medium-chain	(C6-C12),	D)	long-chain	acylcarnitines	
(C>12).	N=8/group.	Data	are	represented	as	mean	±	SEM.	Student’s	t-test;	Two-tailed;	*p<0.05,	
**p<0.01.		
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Figure	2.6:	Sirt3KO	mice	have	impaired	ETC	function.	
(A)	Measured	Log2FCs	of	lysine	acetylation	sites	in	selected	proteins	from	ETC	complexes	CI-CIV	
from	 isolated	mitochondria	 from	 iBAT	 of	 room	 temperature	 housed	 or	 cold	 exposed	WT	 or	
Sirt3KO	 mice.	 N=6/group.	 Indicated	 sites	 are	 those	 located	 in	 “regions	 of	 interest”	 from	
supplementary	table	3	with	≥2	or	great	increase	in	Sirt3KO	mice.	
(B)	Western	blotting	analysis	of	OXPHOS	protein	expression	in	isolated	BAT	mitochondria.	N=3/	
group.	
(C-F)	High	resolution	respirometry	functional	analyses	of	ETC	proteins	in	mitochondria	isolated	
from	BAT	of	room	temperature	housed	WT	and	Sirt3KO	mice.	
(C)	Complex	I	(CI)	linked	respiration;	(D)	Complex	II	(CII)	linked	respiration;	(E)	Complex	III	(CIII)	
linked	respiration;	(F)	Complex	IV	(CIV)	linked	respiration.	N=	6-14.	
(G-J)	High	resolution	respirometry	functional	analyses	of	ETC	proteins	in	mitochondria	isolated	
from	BAT	of	cold	exposed	WT	and	Sirt3KO	mice.	
(G)	Complex	I	(CI)	linked	respiration;	(H)	Complex	II	(CII)	linked	respiration;	(I)	Complex	III	(CIII)	
linked	respiration;	(J)	Complex	IV	(CIV)	linked	respiration.	N=	6-12.	Data	are	presented	as	mean	±	
SEM.	Student’s	t-test;	Two-tailed;	*p<0.05.	
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3.2	ABSTRACT	

Eusocial	 naked	 mole-rats	 (NMRs)	 are	 among	 the	 most	 hypoxia-tolerant	 mammals.	 During	

hypoxia,	body	temperature	(Tb)	decreases	to	ambient	temperature	via	unknown	mechanisms.	In	

small	 mammals,	 non-shivering	 thermogenesis	 in	 brown	 adipose	 tissue	 (BAT)	 is	 critical	 to	 Tb	

regulation.	We	hypothesized	that	hypoxia	decreases	iBAT	thermogenesis	in	NMRs.	To	test	this,	

we	held	animals	at	20,	30,	or	36°C	and	measured	changes	in	Tb	during	normoxia	and	hypoxia	(7%	

O2;	1	hr).	Interscapular	thermogenesis	was	high	in	normoxia	but	heat	production	from	this	region	

ceased	 during	 hypoxia	 and	 Tb	 decreased.	 In	 isolated	 iBAT	 from	 animals	 treated	 for	 1	 hr	 in	

normoxia	or	hypoxia	we	found	that	hypoxia:	1)	rapidly	decreased	UCP1	and	electron	transport	

chain	(ETC)	complexes	II-IV	expression	in	iBAT,	2)	increased	ubiquitination	of	iBAT	proteins,	and	

3)	 altered	 mitochondrial	 ultrastructural	 characteristics.	 In	 comparative	 experiments,	 UCP1	

expression	was	decreased	in	hypoxia	in	3	other	social	African	mole-rats	species	but	not	a	solitary	

species.	 These	 findings	 suggest	 that	 the	 ability	 to	 rapidly	 down-regulate	 thermogenesis	 to	

conserve	energy	in	hypoxia	may	have	evolved	preferentially	in	social	species.	

	

Keywords:	 hypoxic	 metabolic	 response;	 thermoregulation;	 non-shivering	 thermogenesis;	

metabolic	rate;	passive	cooling,	uncoupling	protein	1	
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3.3	INTRODUCTION	

Animals	 that	 inhabit	 hypoxic	 environments	 have	 evolved	 elegant	 suites	 of	 physiological	

adaptations	that	enable	them	to	thrive	in	low	oxygen	niches	(Bickler	and	Buck,	2007;	Buck	and	

Pamenter,	2018;	Dzal	et	al.,	2015).	The	key	to	tolerating	hypoxia	is	to	match	metabolic	demand	

to	reduced	energy	supply	(Buck	and	Pamenter,	2006;	Hochachka,	1986;	Hochachka	et	al.,	1996),	

and	hypoxia-tolerant	animals	typically	exhibit	robust	decreases	in	metabolic	rate	when	oxygen	is	

limited	(Dzal	et	al.,	2015;	Guppy	and	Withers,	1999).	Cold-induced	thermogenesis	is	among	the	

most	energy-intensive	processes	in	small	mammals	and	many	hypoxia-tolerant	mammals	employ	

thermoregulatory	strategies	to	reduce	body	temperature	(Tb)	and	facilitate	reduced	metabolic	

demand	 in	 hypoxia	 (Ramirez	 et	 al.,	 2007;	 Steiner	 and	 Branco,	 2002).	 Naked	 mole-rats	

(Heterocephalus	glaber)	are	among	the	most	hypoxia-tolerant	mammals	identified	and	tolerate	

minutes	of	complete	anoxia,	hours	at	3%	O2,	and	days	to	weeks	at	8-10%	O2		(Chung	et	al.,	2016;	

Pamenter	et	al.,	2015,	2018;	Park	et	al.,	2017).	In	acute	hypoxia,	the	rate	of	oxygen	consumption	

(an	 indirect	 measure	 of	 metabolic	 rate)	 of	 adult	 naked	 mole-rats	 decreases	 by	 up	 to	 85%	

(Pamenter	 et	 al.,	 2015,	 2018),	 and	 Tb	 decreases	 to	 near	 ambient	 levels	 	 (Dzal	 et	 al.,	 2019;	

Houlahan	et	al.,	2018;	Ilacqua	et	al.,	2017;	Kirby	et	al.,	2018;	Pamenter	et	al.,	2019).	Although	this	

degree	of	metabolic	rate	and	Tb	suppression	is	not	remarkable	among	hypoxia-tolerant	species	

(Guppy	and	Withers,	1999),	it	is	important	to	note	that	other	mammals	that	are	capable	of	similar	

or	more	extreme	metabolic	rate	suppression	in	severe	hypoxia	typically	enter	into	a	coma-	or	

torpor-like	state	until	O2	 levels	are	restored	(Guppy	and	Withers,	1999;	Hayden	and	Lindberg,	

1970).	Conversely,	naked	mole-rats	remain	conscious	and	active	in	hypoxia,	albeit	to	a	reduced	

degree	(Houlahan	et	al.,	2018;	Ilacqua	et	al.,	2017;	Kirby	et	al.,	2018).		
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Naked	mole-rats	 have	 previously	 been	 described	 as	 the	 only	 poikilothermic	mammal	

because	their	Tb	was	found	to	conform	closely	to	ambient	temperature	(Ta)	across	a	wide	range	

of	 experimental	 temperatures	 (Buffenstein	 and	 Yahav,	 1991).	 However,	 in	 this	 earlier	 study,	

naked	mole-rats	were	exposed	to	high	air	flow,	which	would	enhance	the	rate	of	convective	heat	

loss	 across	 their	 naked	 skin	 surface	 and	 potentially	 mask	 the	 ability	 of	 these	 animals	 to	

endogenously	regulate	Tb.	Indeed,	naked	mole-rats	are	poor	thermoregulators	due	to	their	lack	

of	 insulating	 fur	 and	 fat	 (DALY	 and	 BUFFENSTEIN,	 1998),	which	 allows	 for	 rapid	 loss	 of	 heat	

through	convective	mechanisms.	However,	the	definition	of	poikilothermia	stipulates	that	

1)	Tb	 is	 largely	dependent	on	Ta,	 and	2)	 the	organism	be	unable	 to	endogenously	 regulate	Tb	

without	 external	 assistance	 (e.g.,	 through	 basking	 or	 huddling	 strategies).	 It	 is	 therefore	

important	to	note	that	several	other	studies	have	demonstrated	that	naked	mole-rats	maintain	

their	Tb	well	above	Ta	in	a	range	of	temperatures	and	under	conditions	with	low	or	no	gas	flow	to	

experimentally	 dissipate	 heat	 via	 convective	 cooling	 across	 the	 skin	 surface.	 For	 example,	

Withers	and	Jarvis	reported	a	Ta-Tb	differential	ranging	from	1.15	±	0.07	to	13.2	±	0.92°C	in	naked	

mole-rats	exposed	to	Tas	ranging	from	34-15°C	(Withers	and	Jarvis,	1980),	McNab	reported	a	Ta-

Tb	differential	ranging	from	0	to	8.2°C	in	Tas	ranging	from	37-10°C	(McNab,	1966),	and	Kirby	et	al.	

reported	a	Ta-Tb	differential	ranging	from	3-8°C	in	Tas	ranging	from	30-20°C	(Kirby	et	al.,	2018).	

Concomitantly,	metabolic	rate	is	substantially	elevated	in	cold	temperatures,	likely	reflecting	the	

high	metabolic	cost	of	thermogenesis	(Kirby	et	al.,	2018;	Withers	and	Jarvis,	1980),	particularly	

in	 this	 small,	 naked	 mammal	 (Sumbera,	 2019).	 Taken	 together,	 these	 findings	 refute	 the	

classification	 of	 naked	 mole-rats	 as	 poikilothermic	 mammals;	 this	 species	 may	 be	 more	
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accurately	considered	heterothermy	because	they	are	weakly	capable	of	thermogenesis,	but	are	

generally	not	very	efficient	thermoregulators	(Kirby	et	al.,	2018).	

This	 ability	 to	 thermoregulate,	 even	 weakly,	 is	 likely	 important	 to	 the	 ecophysiology	 of	 this	

species	 as	 naked	 mole-rat	 burrow	 temperatures	 have	 a	 warm	 but	 variable	 thermal	 range,	

spanning	<	25°C	to	<	45°C	(Holtze	et	al.,	2018).	

Importantly,	the	metabolic	cost	that	may	be	attributed	to	thermoregulation	in	the	cold	is	

substantial,	and	the	metabolic	rate	of	naked	mole-rats	held	in	cold	temperatures	is	>2	to	4-fold	

greater	than	when	they	are	held	within	the	thermoneutral	zone	of	this	species	(Kirby	et	al.,	2018;	

Withers	and	Jarvis,	1980).	However,	the	whole	animal	metabolic	rate	of	naked	mole-rats	in	acute	

hypoxia	is	not	significantly	different	between	cold	and	warm	experimental	conditions	(Kirby	et	

al.,	2018).	These	observations	suggest	two	intriguing	hypotheses:	specifically,	that	naked	mole-

rats:	 1)	 employ	 active	 thermogenesis	 in	 cold,	 normoxic	 conditions,	 and	 2)	 thermogenesis	 is	

reduced	during	acute	hypoxia	to	conserve	energy	and	support	the	robust	hypoxic	metabolic	rate	

suppression	previously	reported	in	this	species	(Chung	et	al.,	2016;	Dzal	et	al.,	2019;	Kirby	et	al.,	

2018;	Pamenter	et	al.,	2015,	2018,	2019).	The	primary	mechanism	of	cold-induced	thermogenesis	

in	small	mammals	is	through	uncoupling	protein-1	(UCP1)-mediated	mitochondrial	uncoupling	in	

brown	 adipose	 tissue	 (BAT)	 (i.e.,	 non-shivering	 thermogenesis	 (NST).	 Activation	 of	 UCP1	

uncouples	the	mitochondrial	proton	gradient	from	ATP-synthesis,	resulting	 in	heat	generation	

through	 futile	 cycling	 of	 the	 electron	 transport	 chain	 (ETC)	 (Argyropoulos	 and	 Harper,	 2002;	

Nedergaard	et	al.,	2001).	Importantly,	naked	mole-rats	express	functional	BAT	(Daly	et	al.,	1997;	

Hislop	and	Buffenstein,	1994;	Woodley	and	Buffenstein,	2002);	however,	no	study	has	directly	

examined	 thermogenic	 adaptations	 to	 hypoxia	 or	 the	underlying	mechanisms	 in	 this	 species.	
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Given	 the	 high	 cost	 of	 thermoregulation	 (particularly	 for	 a	 small	 and	 naked	 rodent)	 and	 the	

requisite	need	to	lower	metabolic	demand	in	hypoxia,	such	an	investigation	is	of	pressing	interest	

in	 the	 study	 of	 ecophysiological	 adaptations	 to	 life	 in	 hypoxia	 in	 this	 fascinating	 species.	

Therefore,	in	the	present	study	we	employ	in	vivo	thermal	imaging	in	combination	with	molecular	

biology	and	electron	microscopy	approaches	to	 interrogate	thermogenic	adaptations	to	acute	

hypoxia	in	naked	mole-rat	interscapular	BAT	(iBAT).	We	also	explore	the	underlying	molecular	

mechanism	 in	 iBAT	 from	naked	mole-rats	and	several	closely	 related	hypoxia-tolerant	African	

mole-rat	species.		

	

3.4	MATERIALS	AND	METHODOLOGY	

3.4.1	ANIMALS	

Naked	mole-rats	were	bred	 at	 the	University	 of	Ottawa	and	 group-housed	 in	 interconnected	

multi-cage	systems	at	30°C	and	21%	O2	in	50%	humidity	with	a	12L:12D	light	cycle.	Cryptomys	

hottentotus	mahali	(CHM),	Cryptomys	hottentotus	pretoriae	(CHP),	Georychus	capensis	(GC),	and	

Cryptomys	 hottentotus	 hottentotus	 (CHH)	 were	 wild	 captured	 in	 South	 Africa	 and	 were	

individually	housed	at	the	University	of	Pretoria	at	~27°C	and	21%	O2	 in	50%	humidity	with	a	

12L:12D	 light	 cycle.	 Animals	 were	 fed	 fresh	 tubers,	 vegetables,	 fruit	 and	 Pronutro	 cereal	

supplement	 (Bokomo	 Food	 Products,	 Namibia)	 ad	 libitum.	 Animals	 were	 not	 fasted	 prior	 to	

experimental	trials.		

All	experimental	procedures	were	approved	by	the	University	of	Ottawa	Animal	Care	Committee	

(protocol	#2535),	in	accordance	with	the	Animals	for	Research	Act	and	by	the	Canadian	Council	

on	 Animal	 Care.	 Trapping	 and	 experiments	 conducted	 in	 South	 Africa	 were	 conducted	 with	
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appropriate	 government	 permits	 and	with	 experimental	 procedures	 approved	 by	 the	 animal	

ethics	 committee	 of	 the	 University	 of	 Pretoria	 (EC069-17).	 All	 experiments	 were	 performed	

during	daylight	working	hours	in	the	middle	of	the	animals’	12L:12D	light	cycle.	Naked	mole-rats	

that	are	housed	within	colony	systems	do	not	exhibit	circadian	rhythmicity	of	general	locomotor	

activity	(Riccio	and	Goldman,	2000a),	and	exhibit	 inconsistent	rhythmicity	of	Tb	and	metabolic	

rate	(Riccio	and	Goldman,	2000b);	however,	significant	changes	in	these	latter	parameters	were	

only	reported	in	animals	during	the	nocturnal	phase	of	their	circadian	cycle	with	no	significant	

changes	 observed	 during	 the	 daylight	 period	 of	 this	 cycle.	 Therefore,	 since	 we	 only	 ran	

experimental	trials	during	the	daylight	period,	we	do	not	expect	our	results	to	be	influenced	by	

circadian	rhythms.	We	did	not	conduct	in	vivo	experiments	in	the	other	mole-rat	species.		

We	examined	physiological	 responses	 to	environmental	hypoxia	and/or	 collected	 tissue	 from	

seventy-three	male	and	female	non-breeding	subordinate	adult	(1-2-year-old)	naked	mole-rats	

weighing	48.3		4.9	g	(mean	±	SEM).	Non-breeding	(subordinate)	naked	mole-rats	do	not	undergo	

sexual	development	or	express	sexual	hormones	and	thus	we	did	not	take	sex	into	consideration	

when	evaluating	our	results	(Holmes	et	al.,	2009).	We	also	collected	tissues	from	6-10	animals	

per	species	of	CHM	(109.1	±	6.6	g),	CHP	(114.8	±	12.3	g),	GC	(133.2	±	19.0	g),	and	CHH	(78.7	±	5.5	

g),	following	3	hrs	of	normoxia	or	hypoxia	(see	below).		

3.4.2	EXPERIMENTAL	DESIGN	AND	TISSUE	COLLECTION	

	Surface	temperatures	were	measured	via	thermal	imaging	from	forty-one	animals	divided	into	

5	experimental	groups:	(i)	20°C,	30°C,	30°C	+	sham	saline	injection,	30°C	+	isoproterenol	injection,	

and	 36°C.	 For	 all	 groups	 (and	 following	 saline	 or	 saline	 +	 drug	 injections	 where	 applicable),	

baseline	recordings	were	obtained	for	1	hr	in	normoxia	(21%	O2,	0%	CO2,	balance	N2)	and	then	
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the	incurrent	gas	composition	was	switched	to	7%	(O2,	0%	CO2,	balance	N2)	for	1	hr	followed	by	

1	hr	in	normoxia	(recovery).	Following	experimentation,	animals	were	returned	to	their	colonies.	

The	temperature	of	the	room	in	which	the	experiments	were	conducted	was	held	at	20,	30,	or	

36°C	and	animals	were	acclimated	for	at	least	2-3	hrs	at	the	appropriate	temperature	prior	to	

commencing	 experimentation.	 These	 temperatures	 were	 selected	 since	 an	 Ta	 of	 30°C	 is	 the	

housing	 temperature	of	our	colonies,	and	 is	near	 the	 thermoneutral	 zone	of	naked	mole-rats	

(which	 spans	 from	 ~30.5-34°C)	 (Yahav	 and	 Buffenstein,	 1991);	 the	 20°C	 experimental	

temperature	was	selected	to	increase	the	thermal	scope	within	which	the	animals	were	able	to	

respond	 through	 thermoregulatory	 adaptations	 to	 hypoxia;	 naked	 mole-rats	 have	 a	 higher	

metabolic	 rate	 in	colder	 temperatures	 relative	 to	near	 their	 thermoneutral	 zone	 (Kirby	et	al.,	

2018),	 and	 thus	 repeating	 our	 experiments	 in	 this	 temperature	magnifies	 the	 impact	 of	 our	

treatments	on	metabolic	rate	and	Tb	and	therefore	our	ability	to	detect	any	physiological	changes	

in	 this	 condition.	 The	 36°C	 experimental	 temperature	was	 selected	 to	 examine	 thermogenic	

responses	in	an	Ta	at	which	naked	mole-rats	would	likely	not	need	to	actively	thermoregulate	

(i.e.,	above	their	thermoneutral	zone).		

In	other	experiments,	thirty-two	naked	mole-rats	were	exposed	to	either	normoxia	or	1	hr	of	

acute	 hypoxia	 (7%	O2).	 All	 of	 these	 experiments	were	 conducted	 at	 an	 Ta	 of	 30°C.	 Similarly,	

captured	populations	of	CHM,	CHP,	GC,	and	CHH	were	divided	into	two	treatment	groups	(n	=	3-

6	per	treatment	per	species)	and	exposed	to	3	hrs	of	normoxia	or	hypoxia	(5%	O2)	at	~	28°C.	Note	

that	these	experiments	were	conducted	in	Pretoria,	which	is	at	mild	altitude	resulting	in	normoxic	

ambient	oxygen	level	of	18	kPa.	At	the	end	of	each	exposure,	animals	were	sacrificed	as	described	
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below,	with	tissue	collected	for	molecular	biology	and	electron	microscopy	approaches	over	ice	

and	stored	at	-80	°C	until	analyzed.		

3.4.3	COLLECTION	AND	ANALYSIS	OF	THERMOGRAPHIC	DATA	

FLIR	thermal	images	were	captured	directly	to	radiometric	video	files	using	an	infrared	thermal	

imaging	camera	(Make:	FLIR,	Model:	SC	660)	connected	to	a	computerized	acquisition	program	

(Thermacam	 Researcher	 Pro	 v	 2.9).	 Images	were	 captured	 every	 10	 seconds	 throughout	 the	

experimental	period.		Image	analysis	followed	that	described	previously	(Greenberg	et	al.,	2012;	

McCafferty	et	al.,	2013;	Tattersall,	2016).	Emissivity	was	assumed	to	be	0.96,	air	temperature	and	

reflected	environment	temperatures	were	set	to	20,	30	or	36°C,	respectively,	relative	humidity	

set	to	50%,	the	object	distance	set	to	0.35	meters,	and	the	transmittance	of	the	Germanium	IR	

window	set	to	0.95	(determined	empirically).	Image	analysis	was	conducted	every	fifth	minute	

during	the	experimental	period,	by	drawing	regions	of	interest	(ROI)	over	the	interscapular	and	

hind	back	regions.		Average	temperatures	across	the	entire	ROI	were	extracted.	

3.4.4	BODY	TEMPERATURE	MEASUREMENTS	

Body	temperature	was	measured	using	a	handheld	radio	frequency	identification	(RFID)	reader	

that	 scanned	 individual	 naked	 mole-rats	 instrumented	 with	 subcutaneous	 RFID	 microchips	

(Destron	Fearing,	Dallas,	TX)	every	10	mins,	as	described	previously	(Kirby	et	al.,	2018).		

3.4.5	WESTERN	BLOTTING	

Interscapular	 brown	 adipose	 tissue	 (iBAT)	 was	 dissected	 from	 naked	 mole-rats	 or	 different	

species	of	mole-rats	that	were	kept	either	in	normoxia	(21%	O2)	or	hypoxia	(5%	O2)	for	1	or	3	hrs.	

After	 dissection,	 iBAT	was	 snap-frozen	 and	 stored	 at	 -80	 °C	 until	 it	was	 used	 for	 the	 protein	

expression	analysis.	On	the	day	of	the	experiment,	the	frozen	tissue	was	thawed	on	ice,	cleaned	
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from	white	fat,	cut	into	small	pieces,	and	subsequently	homogenized	in	500μl	of	homogenizing	

buffer,	 consisting	of	0.25M	sucrose	 supplemented	with	protease	 inhibitor	mixture	 (Complete	

Mini,	Roche).	 iBAT	was	manually	homogenized	on	ice	 in	a	Potter	Elvehjem	Teflon–glass	tissue	

grinder	using	4	to	5	strokes.	The	homogenate	was	spun	at	8500g	for	10	mins	at	4°C	to	remove	

lipid	containing	supernatant	layer,	which	was	discarded.	Based	on	pellet	size,	50	–	100	μl	of	0.25M	

sucrose	buffer	was	added	to	gently	resuspend	the	pellet.	Protein	concentration	was	measured	

by	a	Bradford	assay	(Biorad).	10	μg	of	the	homogenate	protein	was	loaded	per	lane	onto	a	12%	

SDS-polyacrylamide	gel,	which	in	turn	was	run	for	1-1.5	hrs	at	130	volts.	The	separated	proteins	

were	 transferred	 to	 a	 nitrocellulose	membrane	 for	 1	 hr	 at	 100	 volts.	 Successful	 transfer	was	

determined	 by	 Ponceau	 S	 staining.	Membranes	were	 then	 incubated	with	 5%	 bovine	 serum	

albumin	 for	 30	 mins	 to	 block	 non-specific	 binding	 sites.	 Levels	 of	 specific	 proteins	 were	

determined	 using	 the	 following	 primary	 antibodies:	 UCP1	 antibody	 (1:3,000;	 Sigma	 Aldrich,	

#U6382);	 total	oxidative	phosphorylation	 (OXPHOS)	 rodent	antibody	cocktail	 (1:2000;	Abcam,	

#Ab110413);	 and	 anti-ubiquitin	 antibody	 (1:2000;	 Abcam,	 #Ab7780).	 Quantification	 was	

performed	by	using	the	ImageJ	software	(NIH).				

3.4.6	TRANSMISSION	ELECTRON	MICROSCOPY	(TEM)		

Naked	mole-rats	were	anesthetized	with	Ketamine	(200mg/kg)	+	Xylazine	(10mg/kg)	and	then	

perfusion-fixed	via	cardiac	puncture	using	2%	formaldehyde	and	2.5%	glutaraldehyde.	Following	

fixation,	iBAT	was	dissected	and	further	fixed	overnight	at	4°C	in	2.5%	glutaraldehyde	in	0.15M	

sodium	cacodylate	buffer,	pH	7.4,	and	washed	three	times	with	washing	buffer.	Samples	were	

post-fixed	with	1%	aqueous	OsO4	+	1.5%	aqueous	potassium	ferrocyanide	for	2	h	and	washed	

three	times	with	washing	buffer.	Specimens	were	dehydrated	in	a	graded	ethanol-dH2O	from	30,	
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50,	70,	80,	90	to	100%	ethanol.	The	samples	were	infiltrated	with	a	graded	Epon-ethanol	series	

(1:1,	 3:1),	 embedded	 in	 100%	Epon	and	 then	polymerized	 in	 an	oven	at	 60°C	 for	 48	h.	Ultra	

thin	sections	 (90–100	 nm	 thick)	were	 prepared	 from	 the	 polymerized	 blocks	with	 a	 Diatome	

diamond	knife	using	a	Leica	Microsystems	EM	UC7	ultramicrotome,	transferred	onto	200-mesh	

copper	grids,	and	stained	with	4%	uranyl	acetate	for	6	min	and	Reynold's	lead	for	5	min.	The	TEM	

grids	were	imaged	by	a	FEI	Tecnai	G2	Spirit	120	kV	TEM	equipped	with	a	Gatan	Ultrascan	4000	

CCD	Camera	Model	895.	The	proprietary	Digital	Micrograph	16-bit	images	(DM3)	were	converted	

to	unsigned	8-bit	TIFF	images.	

3.4.7	DATA	COLLECTION	AND	STATISTICAL	ANALYSIS	

One-factor	repeated	measure	ANOVAs	were	used	to	examin	the	main	effects	of	acute	inspired	

PO2	on	surface	temperature	and	Tb	data.	Tukey	post-tests	were	used,	when	appropriate,	to	assess	

changes	 in	 variables	 from	 normoxic/resting	 conditions.	Western	 blot	 data	 were	 analysed	 by	

unpaired	Student’s	 t-tests.	Values	are	 reported	as	mean	±	S.E.M.	All	 statistical	 analyses	were	

performed	using	GraphPad	Prism	6	(GraphPad	Prism,	La	Jolla,	CA,	USA),	with	a	significance	level	

of	P	<	0.05.	
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3.5	RESULTS	

3.5.1	NAKED	MOLE-RATS	EMPLOY	INTERSCAPULAR	THERMOGENESIS	IN	NORMOXIA	BUT	NOT	

HYPOXIA	

We	first	examined	surface	temperatures	in	awake	and	freely	behaving	naked	mole-rats	during	1	

hr	 of	 normoxia	 and	 in	 30°C,	which	 is	 the	 Ta	 at	which	 our	 animals	 are	 housed.	We	 observed	

evidence	 for	 robust	 heat	 production	 in	 normoxia,	 with	 a	 particularly	 high	 degree	 of	 heat	

production	apparent	in	the	interscapular	region,	and	that	the	Tb	of	naked	mole-rats	was	~	3°C	>	

Ta	(Figure	3.1A&C).	Upon	exposure	to	an	acute	hypoxic	challenge	(7%	O2)	surface	temperature	

rapidly	fell	such	that	the	animal	largely	disappeared	into	the	background	in	the	thermal	image	

(Figure	3.1B&C).	 In	all	experiments,	 the	 temperature	measured	 from	the	 interscapular	 region	

was	greater	than	the	dorsal	surface	skin	temperature	or	the	core	Tb	in	normoxia,	but	with	the	

onset	of	hypoxia,	all	body	temperature	measurements	(RFID	chip	and	FLIR	analysis),	including	in	

the	interscapular	region,	collapsed	to	within	1°C	of	the	Ta	(Figure	3.1D).	Upon	reoxygenation,	all	

temperature	measurements	returned	towards	normoxic	values	following	a	lag-time	of	~	20-40	

mins.		

We	then	repeated	this	experimental	protocol	in	a	Ta	of	20°C	to	increase	the	thermal	scope	within	

which	animals	might	respond	to	a	hypoxic	challenge	(Figure	S1A&B).	In	this	colder	temperature	

and	under	normoxia,	the	naked	mole-rat	Tb	was	~	7-9°C	>	Ta,	suggesting	that	these	animals	were	

actively	attempting	to	thermoregulate	in	the	cold	Ta.	However,	with	the	onset	of	hypoxia,	all	body	

temperature	measurements	again	collapsed	towards	the	Ta,	such	that	Tb	in	hypoxia	was	~	1°C	>	

Ta.	Finally,	we	repeated	 this	experimental	protocol	at	an	Ta	above	 the	 thermoneutral	 zone	of	

naked	mole-rats	(36°C,	Figure	S1C&D).	At	this	Ta,	Tb	was	not	significantly	different	from	Ta	and	
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the	degree	of	thermogenesis,	as	measured	by	interscapular	thermal	imaging,	was	minimal.	With	

the	onset	of	hypoxia	and	subsequent	reoxygenation,	Tb	was	unchanged.	

3.5.2	ADRENERGIC	 STIMULATION	OF	 INTERSCAPULAR	 THERMOGENESIS	 IN	NORMOXIA	BUT	

NOT	HYPOXIA	

In	 response	 to	 cold	 exposure,	 the	 mammalian	 sympathetic	 nervous	 system	 releases	

noradrenaline	to	stimulate	β-adrenergic	receptors,	which	are	localized	primarily	within	adipose	

tissues.	Activation	of	these	receptors	coordinates	the	release	of	energy	from	triglyceride	droplets	

in	 white	 adipose	 tissue	 (WAT)	 and	 BAT	 to	 support	 UCP1-driven	 thermogenesis	 (Cannon	 and	

Nedergaard,	2004).	These	properties	of	BAT	and	UCP1	led	us	to	reinvestigate	the	ability	of	naked	

mole-rats	 to	 regulate	 their	Tb	 through	BAT	 thermogenesis	upon	adrenergic	activation	 in	 vivo.	

Specifically,	we	examined	the	regulation	of	BAT	NST	via	the	injection	of	saline	(sham	controls)	or	

the	general	β-adrenergic	agonist	isoproterenol	(dissolved	in	saline).	Saline	alone	had	no	effect	on	

Tb	or	thermogenesis	in	normoxia	or	hypoxia	(Figure	S2A&B);	however,	injection	of	isoproterenol	

resulted	in	enhanced	thermogenesis	in	the	interscapular	region	such	that	surface	temperatures	

from	this	region	were	~	2-3°C	greater	(Figure	S2C&D)	than	in	sham-treated	controls.	Intriguingly,	

with	the	subsequent	onset	of	hypoxia,	this	enhanced	activation	of	interscapular	thermogenesis	

was	nonetheless	curtailed	and	all	measurements	of	Tb	decreased	to	within	~	1°C	of	the	Ta	(30°C).	

3.5.3	 HYPOXIA	 DECREASES	 THE	 EXPRESSION	 OF	 UCP1	 AND	 MITOCHONDRIAL	 OXPHOS	

PROTEINS	IN	NAKED	MOLE-RAT	iBAT		

To	understand	the	mechanism	underlying	the	rapid	change	in	interscapular	thermogenesis,	we	

next	held	naked	mole-rats	for	1	hr	in	normoxia	or	acute	hypoxia	(7%	O2)	at	30°C,	and	then	rapidly	

dissected	 iBAT.	 We	 then	 examined	 the	 expression	 of	 UCP1	 protein	 as	 well	 as	 that	 of	
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mitochondrial	OXPHOS	 complexes	 I-V.	We	 found	 that,	 following	1	hr	 of	 acute	hypoxia,	UCP1	

protein	expression	decreased	by	98%	(Figure	3.2A&B).	Similarly,	the	expression	of	mitochondrial	

ETC	complexes	II,	III,	and	IV	proteins	decreased	by	61,	30,	and	63%,	respectively	(Figure	3.2C&D).	

3.5.4	 HYPOXIA	 INCREASES	 PROTEIN	 UBIQUITINATION	 AND	 ALTERS	 MITOCHONDRIAL	

MORPHOLOGY	IN	NAKED	MOLE-RAT	iBAT		

Our	observation	of	 rapid	 changes	 in	 iBAT	mitochondrial	protein	expression	prompted	 further	

investigation	 of	 the	 underlying	 mechanisms.	 Since	 hypoxia	 is	 a	 powerful	 regulator	 of	

ubiquitination	and	proteasomal	degradation	of	proteins	(Wade	et	al.,	2018),	we	next	examined	

the	ubiquitination	 levels	 of	 iBAT	proteins	 in	 naked	mole-rats	 exposed	 to	hypoxia	 in	 vivo.	We	

found	that	the	ubiquitination	levels	 in	hypoxic	 iBAT	homogenates	were	significantly	 increased	

compared	to	homogenates	from	normoxic	animals	(Figure	3.3A&B).	These	protein	changes	hint	

at	the	potential	for	changes	in	the	morphology	or	dynamics	of	BAT	mitochondria.	We	therefore	

next	 used	 electron	 microscopy	 to	 examine	 the	 morphology	 and	 ultrastructure	 of	 iBAT	

mitochondria	from	naked	mole-rats	treated	in	normoxic	or	hypoxic	conditions.	We	found	that	

iBAT	from	normoxic	naked	mole-rats	contained	abundant	mitochondria	with	dense	cristae	and	

intact	 inner	 membranes.	 Conversely,	 iBAT	 from	 hypoxic	 naked	 mole-rats	 had	 significant	

mitochondrial	 morphological	 abnormalities,	 including	 decreased	 and	 jagged	 cristae	 and	

undefined	 mitochondrial	 membranes,	 consistent	 with	 the	 possibility	 of	 mitochondrial	

degradation	 (Figure	 3.3C&D).	 Importantly,	 there	 were	 also	 degradative,	 or	 lysosome-like	

vacuoles	 between	 iBAT	 mitochondria	 from	 hypoxic	 naked	 mole-rats	 (Figure	 3.3C&D).	 Taken	

together,	our	electron	microscopy	analysis	demonstrates	hypoxia-induced	abnormalities	in	the	

ultrastructure	of	iBAT	mitochondria.		
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3.5.5	HYPOXIA	DECREASES	EXPRESSION	OF	UCP1,	BUT	NOT	OXPHOS	PROTEINS	IN	iBAT	FROM	

RELATED	AFRICAN	MOLE-RATS	

To	examine	whether	hypoxia-induced	degradation	of	thermogenic	proteins	observed	in	naked	

mole-rats	occurs	also	in	iBAT	of	other,	closely	related	mole-rat	species,	we	similarly	examined	

the	effect	of	hypoxia	on	the	expression	of	UCP1	and	OXPHOS	proteins	 in	 iBAT	dissected	from	

CHH,	CHM,	CHP,	and	GC	following	 in	vivo	 treatment	 in	either	normoxic	or	hypoxic	conditions	

(Figures	 	 3.4&3.5).	 As	 in	 naked	mole-rats,	 iBAT	 homogenates	 from	CHH,	 CHM,	 and	 CHP	 also	

exhibited	significant	decreases	or	a	strong	trend	towards	decreasing	UCP1	expression	in	hypoxia	

(Figure	 3.4),	 although	 UCP1	 expression	 was	 unchanged	 in	 GC.	 Conversely,	 the	 expression	 of	

OXPHOS	proteins	was	generally	unchanged	by	hypoxia,	with	the	exception	of	complexes	III	and	

IV	in	CHH,	which	were	significantly	increased	by	acute	hypoxia	(Figure	3.5).	

	

3.6	DISCUSSION	

In	 the	 present	 study,	 we	 demonstrate	 for	 the	 first	 time	 that	 acute	 hypoxia	 diminishes	

interscapular	 thermogenesis	 in	 naked	 mole-rats,	 consistent	 with	 previous	 observations	 of	

substantial	 hypoxia-mediated	 suppression	 of	 whole	 body	 metabolic	 rate	 in	 this	 species	

(Houlahan	et	al.,	2018;	Ilacqua	et	al.,	2017;	Kirby	et	al.,	2018).	Specifically,	our	study	provides	

evidence	 that	 in	 naked	 mole-rats,	 hypoxia:	 1)	 decreases	 interscapular	 thermogenesis	 at	

temperatures	near	or	below	thermoneutrality,	2)	causes	a	significant	reduction	in	the	expression	

of	 UCP1	 and	 ETC	 proteins	 in	 iBAT,	 3)	 increases	 the	 degree	 of	 protein	 ubiquitination	 of	 iBAT	

proteins,	and	4)	induces	abnormal	ultrastructural	characteristics	in	iBAT	mitochondria,	such	as	

reduced	cristae	density.	Furthermore,	acute	hypoxia	tends	to	decrease	UCP1	expression	in	iBAT	
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from	 3	 out	 of	 4	 related	 African	mole-rat	 species	 but	 does	 not	modify	 iBAT	OXPHOS	 protein	

expression.	Taken	together,	our	results	demonstrate	that	hypoxia	depresses	iBAT	thermogenesis	

in	 naked	 mole-rats	 via	 unique	 mechanisms	 that	 are	 mediated,	 at	 least	 in	 part,	 by	 targeted	

reductions	in	mitochondrial	content	and	of	key	thermogenic	proteins,	including	UCP1.		

3.6.1	HYPOXIA-TOLERANT	SPECIES	DECREASE	THERMOGENESIS	IN	HYPOXIA	

In	most	small	mammals,	BAT	thermogenesis	is	an	energy-intensive	process	that	can	drastically	

impact	 whole-body	 energy	 homeostasis.	 BAT	 thermogenesis	 is	 activated	 largely	 by	 the	

sympathetic	 nervous	 system	 and	 is	 regulated	 through	 transcriptional	 and	 post-translational	

mechanisms	(Cannon	and	Nedergaard,	2004;	Cao	et	al.,	2004;	Chouchani	et	al.,	2016;	Oelkrug	et	

al.,	 2015;	 Sebaa	 et	 al.,	 2019;	 Wang	 et	 al.,	 2019).	 Previous	 studies	 indicate	 the	 existence	 of	

functional	iBAT	in	naked	mole-rats,	as	demonstrated	by	pharmacological	thermogenic	activation	

(Daly	et	al.,	1997;	Hislop	and	Buffenstein,	1994;	Woodley	and	Buffenstein,	2002).	Indeed,	when	

BAT	is	thus	activated,	whole	animal	oxygen	consumption	is	greatly	increased	and	this	increase	in	

thermogenic	oxygen	demand	explains	most	of	the	increases	in	whole	body	oxygen	consumption	

in	naked	mole-rats	under	these	conditions	(Goldman	et	al.,	1999;	Hislop	and	Buffenstein,	1994;	

Woodley	and	Buffenstein,	2002).	Our	study	confirms	and	extends	this	knowledge;	we	show	that	

naked	mole-rats	 do	 actively	 thermoregulate	 and	engage	BAT	 thermogenesis	 at	 temperatures	

near	or	below	thermoneutrality	or	following	treatment	with	an	adrenergic	agonist.		

Beyond	 normoxic	 conditions,	 our	 work	 is	 the	 first	 to	 demonstrate	 that	 hypoxia	

decreases	 BAT	 thermogenesis	 in	 naked	 mole-rats.	 Notably,	 we	 observed	 a	 hypoxia-induced	

decrease	 in	 BAT	 thermogenesis	 in	 animals	 that	 had	 received	 injections	 of	 either	 saline	 or	

isoproterenol.	These	results	indicate	that	hypoxia	diminishes	BAT	thermogenesis	regardless	of	



	 135	

the	degree	to	which	BAT	is	activated	when	hypoxia	is	encountered.	Intriguingly,	acute	hypoxia	

also	 reduces	 thermogenesis	 in	 other	 mammalian	 models	 of	 hypoxia-tolerance,	 including	

hibernators	 and	 neonates	 (Mortola	 and	 Dotta,	 1992;	 Rohlicek	 et	 al.,	 1998),	 although	 the	

underlying	mechanisms	are	poorly	understood.	For	example,	studies	conducted	on	neonatal	dogs	

and	 cats	 and	 on	 adult	 ground	 squirrels	 have	 revealed	 that	 hypoxia	 decreases	 shivering	

thermogenesis	in	these	models	(Barros	et	al.,	2001;	Gautier	et	al.,	1987;	Tattersall	and	Milsom,	

2003).	 Conversely,	 adult	 hypoxia-intolerant	 mammals	 may	 require	 far	 longer	 durations	 of	

hypoxic	exposure	to	 induce	thermogenic	remodeling.	For	example,	adult	mice	held	 in	chronic	

hypoxia	significantly	decrease	oxygen	consumption	by	almost	30%	after	a	treatment	with	NE,	

compared	to	control	mice	(Beaudry	and	McClelland,	2010).		

3.6.2	NAKED	MOLE-RAT	iBAT	UCP1	EXPRESSION	CHANGES	MORE	RAPIDLY	THAN	IN	MICE	

UCP1	is	essential	for	BAT	thermogenesis	(Enerbäck	et	al.,	1997;	Himms-Hagen,	1985;	Nicholls,	

2006),	is	expressed	in	mitochondria	from	classical	BAT	and	beige	adipose	tissue,	and	is	located	in	

the	mitochondrial	inner	membrane	(Argyropoulos	and	Harper,	2002;	Nedergaard	et	al.,	2001).	It	

is	 estimated	 that	 UCP1	 comprises	 approximately	 10%	 of	 BAT	mitochondrial	 protein	 content	

(Busiello	et	al.,	2015).	It	is	well	established	that	defects	in	the	activity	of	UCP1	resulting	from	post-

translation	modifications	or	the	absence	of	UCP1	can	impact	BAT	thermogenesis	(Chouchani	et	

al.,	2016;	Enerbäck	et	al.,	1997;	Sebaa	et	al.,	2019;	Wang	et	al.,	2019);	mice	lacking	UCP1	are	cold	

intolerant(Enerbäck	et	al.,	1997).	Given	this	essential	role	for	UCP1	in	BAT	thermogenesis,	we	

examined	the	effect	of	acute	hypoxia	on	UCP1	protein	levels	in	iBAT	and	found	that	these	are	

significantly	decreased	following	only	1	hr	of	in	vivo	hypoxia.	Our	observation	is	consistent	with	

a	study	conducted	on	mice	in	which	4	wks	of	chronic	hypoxia	(480	mmHg)	decreases	transcript	
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and	protein	levels	of	UCP1	(Beaudry	and	McClelland,	2010).	The	turnover	of	UCP1	depends	on	

the	metabolic	status	of	BAT;	in	mouse	brown	adipocytes	the	turnover	of	UCP1	takes	3.7	±	0.4	

days	 in	basal	conditions	and	8.4	±	0.9	days	upon	chronic	adrenergic	stimulation	(Moazed	and	

Desautels,	2002).	Intriguingly,	Kim	and	colleagues	report	that	naked	mole-rat	UCP1	has	a	unique	

gene	sequence,	compared	to	other	mammals,	which	results	in	the	loss	of	the	tight	regulation	of	

UCP1	activity	by	purine	nucleotides	(Kim	et	al.,	2011).		

3.6.3	 HYPOXIA	 INDUCES	 MITOCHONDRIAL	 REMODELING	 OF	 iBAT,	 POTENTIALLY	 THROUGH	

UBIQUITINATION	AND	MITOPHAGY		

In	addition	to	UCP1,	hypoxia	also	decreases	the	levels	of	CII,	CII,	and	CIV	ETC	proteins	in	naked	

mole-rat	 iBAT.	The	 turnover	of	 these	complexes	 in	mice	can	vary	depending	on	 the	 tissue	or	

treatments	that	cause	metabolic	changes	in	mitochondria	(Karunadharma	et	al.,	2015),	but	are	

in	general	considerably	slower	than	the	rate	that	we	observe	in	naked	mole-rat	iBAT.	The	rapid	

degradation	of	thermogenic	proteins	in	iBAT	of	naked	mole-rats	could	be	mediated	by	two	well-

known	and	-characterized	mechanisms:	the	ubiquitin-proteasome	system	(UPS)	and	mitophagy.		

In	 UPS	 dependent	 pathways,	 targeted	 proteins	 are	 ligated	 with	 ubiquitin	 and	 then	

degraded	 by	 proteasomes.	 Importantly,	 protein	 ubiquitination	 is	 a	 post-translational	

modification	 that	 leads	 to	 the	 degradation	 of	 protein	 not	 only	 through	 proteolysis	 but	 also	

through	mitophagy	as	in	the	Pink1/Parkin	dependent	mitophagy	mechanism	(Cairó	et	al.,	2019;	

Harper	et	al.,	2018;	Pickles	et	al.,	2018).	Naked	mole-rats	have	a	very	high	rate	of	proteasome	

activity	 compared	 to	 other	 rodents	 (Pride	 et	 al.,	 2015).	 Furthermore,	 they	 have	 a	 unique	

proteasome	and	high	level	of	cytosolic	activators	for	proteasomes	(Rodriguez	et	al.,	2012,	2014),	

which	could	explain	the	rapid	degradation	of	the	thermogenic	proteins	observed	in	our	study.	
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However,	 proteasome	 function	 has	 only	 been	 examined	 in	 normoxia	 in	 this	 species	 and	 the	

effects	of	hypoxic	exposure	on	these	energy-intensive	systems	remains	to	be	determined.	For	

example,	 naked	mole-rats	 downregulate	ATP-dependent	 heat-shock	 protein	 function	 in	 early	

hypoxia	but	not	that	of	ATP-independent	heat-shock	proteins	(Nguyen	et	al.,	2019),	highlighting	

the	potential	for	plasticity	in	this	system	to	conserve	in	hypoxia.			

There	is	also	a	possibility	that	thermogenic	proteins	are	degraded	through	mitophagy	as	

naked	mole-rats	have	a	very	high	 rate	of	mitophagy	compared	 to	other	 rodents	 (Zhao	et	al.,	

2014).	It	has	been	previously	shown	that	hypoxia	can	induce	mitophagy	in	different	experimental	

models	(Fuhrmann	et	al.,	2013).	Mitophagy	may	occur	in	hypoxia	as	a	protective	mechanism	to	

remove	damaged	mitochondria	for	tissue/cell	survival	(Zhang	et	al.,	2016).	In	hypoxia-tolerant	

organisms,	 low	oxygen	exposure	can	 increase	mitophagy	regulators	such	as	phosphoglycerate	

mutase	family	member	5	(PGAM5)	(Sokolova	et	al.,	2019).	Recent	studies	in	mice	demonstrate	

that	depolarized	BAT	mitochondria	are	degraded	through	Pink1/Parkin-dependent	mitophagy,	

and	one	of	the	fundamental	steps	in	this	mechanism	is	the	ubiquitination	of	proteins	found	in	

the	mitochondrial	outer	membrane	(Cairó	et	al.,	2019).	Mechanistically,	Pink1	is	recruited	on	the	

mitochondrial	 outer	 membrane	 of	 damaged	 or	 defective	 mitochondria.	 Then,	 Pink1	

phosphorylates	ubiquitin	molecules	that	bind	to	Parkin,	which	is	a	ubiquitin	ligase,	resulting	in	its	

activation.	After	this,	the	activated	from	of	Parkin	ubiquitinates	proteins	(Cairó	et	al.,	2019).		Since	

protein	ubiquitination	is	involved	in	both	mechanisms,	UPS	and	mitophagy,	and	also	serves	as	a	

marker	 for	protein	degradation,	we	next	examined	the	total	 level	of	protein	ubiquitination	 in	

iBAT	 homogenates	 from	 normoxic	 and	 hypoxic	 naked	 mole-rats.	 We	 found	 that	 protein	
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ubiquitination	is	significantly	increased	by	hypoxia	in	naked	mole-rat	iBAT,	suggesting	a	potential	

for	UPS	or	mitophagy	events	that	may	be	induced	in	hypoxic	conditions.		

While	the	degree	of	thermogenic	mitochondrial	protein	expression	is	important	for	BAT	

function,	mitochondrial	 structure	 and	 ultrastructure	 can	 also	 be	 important	 (Wikstrom	 et	 al.,	

2014).	Mitochondria	have	two	sets	of	membranes:	an	outer	and	an	inner.	The	highly	permeable	

outer	 membrane	 separates	 mitochondria	 from	 the	 cytoplasm	 and	 the	 highly	 selectively	

impermeable	inner	membrane	separates	the	matrix	from	the	intermembrane	space.	The	inner	

membrane	has	 a	much	 larger	 surface	 than	 the	 outer	membrane	 and	 the	 inner	membrane	 is	

folded	to	form	cristae,	where	UCP1	and	ETC	proteins	are	located.	Thus,	we	also	examined	the	

ultrastructure	of	BAT	mitochondria	in	normoxia	and	hypoxia	and	found	that	hypoxia	disrupts	the	

ultrastructure	of	mitochondria,	including	decreased	cristae	density	and	apparent	degradation	of	

the	outer	membranes.	Hypoxia	also	induces	the	formation	of	dense	vacuole-like	structures	that	

require	 further	 analysis.	 Altogether	 our	 findings	 are	 consistent	 with	 increased	 proteolysis	 or	

mitophagy	during	hypoxia,	which	may	lead	to	decreased	levels	of	UCP1	and	ETC	proteins	that	we	

observed	in	hypoxia	iBAT.		

3.6.4	THE	RESPONSE	OF	NAKED	MOLE-RAT	iBAT	TO	HYPOXIA	IS	UNIQUE	AMONG	MOLE-RATS.	

Based	on	the	results	from	our	study	and	previously	published	work,	it	is	clear	that	the	turnover	

of	 UCP1	 and	 ETC	 proteins	 occurs	 in	 an	 animal-,	 tissue-,	 and	 treatment-	 specific	 manner.	

Therefore,	we	expanded	our	 investigation	to	examine	the	turnover	of	UCP1	and	ETC	proteins	

after	hypoxia	exposure	in	four	other	hypoxia-tolerant	African	mole-rat	species	related	to	naked	

mole-rats,	 including	 3	 social	 species	 (CHH,	 CHM,	 CHP)	 and	 on	 solitary	 species	 (GC).	 Hypoxia	

causes	distinct	patterns	of	thermogenic	proteins	in	these	4	mole-rats	that	are	divergent	from	the	
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pattern	observed	in	naked	mole-rats.	Specifically,	hypoxia	decreases	or	tended	to	decrease	the	

expression	of	UCP1	in	the	social	but	not	the	solitary	mole-rat	species	but	did	not	consistently	

modify	ETC	proteins.	

These	differences	may	be	due	to	the	social	structure	within	which	these	species	commonly	live.	

For	example,	cooperatively	breeding	and	eusocial	African	mole-rat	species,	which	include	naked	

and	Damaraland	mole-rat	(Fukomys	damarensis),	have	relatively	large	colony	sizes	(Bennett	et	

al.,	1993)	and	construct	complex	tunnel	systems	with	a	relatively	warm	but	nonetheless	variable	

temperature	range	(19.6	to	29.3°C)	(Roper	et	al.,	2001).	The	number	of	colony	members	within	

a	 burrow	 system	 likely	 plays	 a	 critical	 role	 in	 the	 respiratory	 gas	 concentrations	 and	 the	

temperatures	individual	mole-rats	experience.	For	example,	CO2	concentrations	in	the	burrow	

system	of	solitary	GC	mole-rats	are	~	1.2%,	whereas	eusocial	Damaraland	mole-rats,	which	live	

in	colonies	of	up	to	40	individuals,	have	CO2	concentrations	as	high	as	6.4%	(Roper	et	al.,	2001).	

Furthermore,	even	though	the	environmental	temperatures	experienced	are	similar	between	the	

solitary	GC	and	eusocial	Damaraland	mole-rats	(and	also	naked	mol-rats),	individual	Damaraland	

and	naked	mole-rats	likely	experience	a	smaller	true	temperature	range	as	they	employ	huddling	

in	 nest	 chamber	 (a	 portion	 of	 the	 burrow	 system	 which	 is	 expected	 to	 have	 the	 lowest	 O2	

concentration,	especially	during	huddling)	(Kotze	et	al.,	2008).	Along	this	gradient	of	the	social	

organization	lie	several	social	species,	such	as	the	CHH,	CHP,	and	CHM	mole-rats	investigated	in	

this	study.	The	maximum	colony	size	for	these	species	is	~	20	individuals	with	a	mean	colony	size	

of	 7	 	 (Bennett	 and	 Faulkes,	 2000;	 Bennett	 et	 al.,	 1990;	 van	 Jaarsveld	 et	 al.,	 2019).	 Thus,	 the	

respiratory	 gas	 concentrations	 of	 their	 burrow	 systems	 are	 expected	 to	 fall	 in	 between	 the	

solitary	and	eusocial	species;	however,	this	has	not	been	documented	to	date.	Therefore,	the	
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variation	seen	between	naked	mole-rats,	CHH,	CHP,	and	CHM,	and	GC,	may	reflect	an	inverse	

relationship	between	the	severity	of	hypoxia	and	the	thermal	range	experienced	by	an	individual	

mole-rat,	which	is	determined	by	the	number	of	colony	members	within	a	burrow	system.	Taken	

together,	 these	 results	 suggest	 that	 the	 rapid	 cycling	 and	 downregulation	 of	 thermogenic	

proteins	 in	 naked	 mole-rat	 iBAT	 is	 a	 mechanism	 novel	 to	 this	 species	 that	 likely	 evolved	

independently	and	as	a	result	of	the	unique	social	and	environmental	niches	that	this	species	

occupies.		

	

3.7	CONCLUSIONS	

Our	results	support	the	overall	conclusion	that	naked	mole-rats	are	capable	of	adapting	to	acute	

hypoxia	 by	 diminishing	 iBAT	 thermogenesis	 and	 that	 this	 is	 partially	 achieved	 by	 acutely	

decreasing	the	levels	of	thermogenic	proteins	and	altering	mitochondrial	ultrastructure.	Further	

elucidation	 of	 adaptive	 mechanisms	 in	 iBAT	 of	 naked	 mole-rats	 will	 lead	 to	 a	 better	

understanding	of	 potentially	 unique	mechanisms	within	 the	biology	of	 this	 tissue	 that	 allows	

these	 interesting	 animals	 to	 survive	 in	 extreme	 conditions.	 It	 is	 likely	 that	 decreases	 in	 iBAT	

activity	 (and	 the	 associated	 thermogenesis)	 occur	 as	 part	 of	 the	 larger	 adaptive	mechanism	

during	 hypoxia,	 as	 uncoupling	 in	 BAT	 to	 facilitate	 NST	 is	 a	 highly	 costly	 metabolic	 process,	

requiring	large	amounts	of	oxygen.	In	addition,	it	is	likely	that	these	metabolic	changes	in	iBAT	

mitochondria	 invoke	 reliance	 on	 anaerobic	metabolic	 pathways	 such	 as	 glycolysis	 to	 survive	

(Pamenter	et	al.,	2019).	Further	analyses	of	aerobic	and	anaerobic	pathways	in	naked	mole-rat	

iBAT	during	normoxia,	hypoxia,	and	following	reoxygenation	are	warranted.	
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3.9	FIGURES	
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Figure	3.1:	Naked	mole-rat	thermogenesis	ceases	in	acute	hypoxia	and	body	temperature	drops	

to	 ambient	 levels.	 (A&B)	 FLIR	 thermal	 images	 of	 a	 naked	 mole-rat	 following	 60	 minutes	 of	

exposure	to	normoxia	(A:	21%	O2)	or	hypoxia	(B:	7%	O2).	(C)	Summaries	of	ambient	temperature	

(Ta,	black	circles),	 core	body	 temperature	 (Tb,	 red	circles),	 interscapular	brown	adipose	 tissue	

temperature	 (TBAT,	 green	 triangles),	 and	dorsal	 skin	 surface	 temperature	 (Trump,	blue	 squares)	

from	naked	mole-rats	exposed	to	a	normoxia	à	hypoxia	à	recovery	protocol	in	30°C		(n	=	10).	

(D)	Summaries	of	temperature	difference	between	physiological	temperatures	and	Ta	in	the	final	

10	mins	of	each	treatment	period.	Data	are	mean	±	SEM	(repeated	measures	ANOVA	with	Tukey	

post-test).	Asterisks	 indicate	significant	difference	 from	normoxic	controls	 (p	<	0.05).	Daggers	

indicate	significant	difference	from	hypoxia.	
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Figure	3.2:	Thermogenic	protein	expression	decreases	in	acute	hypoxia.	(A)	Summary	of	UCP1	

expression	in	interscapular	BAT	from	naked	mole-rats	treated	in	normoxia	(red	bars,	n	=	13)	or	1	

hr	of	hypoxia	(7%	O2,	blue	bars,	n	=	5).	Data	are	mean	±	SEM.	(B)	Western	blot	image	of	UCP1	

protein	bands	and	total	protein	quantified	with	ponceau	S.	(C)	Summary	of	ETC	complexes	I-IV	

and	F1FoATPase	protein	expression	in	 interscapular	BAT	from	naked	mole-rats	treated	as	 in	A.	

Data	are	mean	±	SEM.	(D)	Western	blot	image	of	oxidative	phosphorylation	protein	bands	and	

total	protein	gel	expression	quantified	with	ponceau	S.	Asterisks	indicate	significant	difference	

from	normoxic	controls	(unpaired	students	t-test;	p	<	0.05).	
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Figure	3.3:	Acute	hypoxia	increases	protein	ubiquitination	and	induces	abnormal	mitochondrial	

morphology	naked	mole-rat	BAT.	(A)	Summary	of	western	blot	analysis	of	protein	ubiquitination	

levels	in	interscapular	BAT	(iBAT)	homogenates	from	naked	mole-rats	held	at	30°C	in	normoxia	

(21%	O2,	n	=	6)	or	after	1	hr	of	hypoxia	(7%	O2,	n	=	6).	(B)	Western	blot	image	of	ubiquitinated	

protein	bands	and	total	protein	gel	expression	quantified	with	ponceau	S.	Data	are	mean	±	SEM.	

Asterisks	 indicate	 significant	difference	 from	normoxic	 controls	 (unpaired	 students	 t-test;	p	<	

0.05).	(C&D)	Representative	electron	micrographs	of	iBAT	from	naked	mole-rats	held	at	30°C	in	

normoxia	(C)	or	hypoxia	(D).	White	arrowheads	indicate	abnormal	mitochondrial	cristae	and	red	

arrowhead	indicates	degradative	or	lysosome-like	vacuoles.	Scale	bars:	0.5	μm.	
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Figure	3.4:	Acute	hypoxia	generally	reduces	UCP1	expression	in	interscapular	BAT	from	cousin	

species	of	African	mole-rat.	(A)	Summary	of	western	blot	analysis	of	UCP1	protein	expression	in	

interscapular	BAT	homogenates	from	4	species	of	African	mole-rats	related	to	naked	mole-rats	

(CHH:	Cryptomys	hottentotus	hottentotus,	CHM:	Cryptomys	hottentotus	mahali,	CHP:	Cryptomys	

hottentotus	pretoriae,	GC:	Georychus	capensis)	treated	in	28°C	in	normoxia	(18%	O2,	n	=	5-6	each)	

or	after	3	hrs	of	hypoxia	(5%	O2,	n	=	4-5	each).	Data	are	mean	±	SEM.	Asterisks	indicate	significant	

difference	from	normoxic	controls	(unpaired	students	t-test;	p	<	0.05).	(B)	Western	blot	images	

of	UCP1	protein	expression	from	A,	and	total	protein	gel	expression	quantified	with	ponceau	S.		
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Figure	3.5:	Hypoxia	does	not	consistently	modify	ETC	protein	expression	in	cousin	species	of	

African	 mole-rat.	 (A-E)	 Summaries	 of	 western	 blot	 analysis	 of	 ETC	 protein	 expression	 in	

interscapular	BAT	homogenates	from	4	species	of	African	mole-rats	related	to	naked	mole-rats	

(CHH:	Cryptomys	hottentotus	hottentotus,		CHM:	Cryptomys	hottentotus	mahali,	CHP:	Cryptomys	

hottentotus	pretoriae,	GC:	Georychus	capensis)	treated	in	28°C	in	normoxia	(18%	O2,	n	=	4-6	each)	

or	after	3	hrs	of	hypoxia	(5%	O2,	n	=	4-5	each).	Data	are	mean	±	SEM.	Asterisks	indicate	significant	

difference	from	normoxic	controls	(unpaired	students	t-test;	p	<	0.05).	(F-I)	Western	blot	images	

of	 ETC	 protein	 expression	 from	 CHH,	 CHM,	 CHP,	 and	 GC,	 and	 total	 protein	 gel	 expression	

quantified	with	ponceau	S.	
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4.2	ABSTRACT	

The	physiological	function	of	brown	adipose	tissue	(BAT)	is	non-shivering	thermogenesis	(NST).	

How	 this	 unique	 tissue	 responds	 and	 signals	 to	 other	 tissues	 to	 allow	 integrative	 adaptive	

responses	to	a	cold	environment	is	complex	and	poorly	understood.	While	NST	occurs	in	BAT,	

shivering	thermogenesis	occurs	in	skeletal	muscle	(SkM).	BAT	releases	signaling	and	regulatory	

molecules	called	BATokines,	some	of	which	are	in	small	extracellular	vesicles	(sEV).	We	aimed	to	

determine	 if	 sEV	 released	 from	acutely	activated	BAT	 in	vivo	 and	 in	vitro	had	effects	on	SkM	

myoblast	bioenergetics.	Our	results	revealed	that	acute	activation	of	BAT	either	in	vivo	or	in	vitro	

did	 not	 significantly	 affect	 the	 size	 and	 concentration	 of	 sEV	 released	 in	 mouse	 plasma	 or	

conditioned	media,	respectively.	Unexpectedly,	bioenergetics	analyses	demonstrated	that	sEV	

released	from	acutely	activated	BAT	either	in	vivo	or	in	vitro	did	not	affect	bioenergetics	of	C2C12	

myoblasts	following	a	24h	treatment.	 In	conclusion,	acutely	activated	BAT-derived	sEV	do	not	

impact	C2C12	myoblast	bioenergetics	under	normal	cellular	and	metabolic	 conditions.	Future	

research	should	however	examine	how	BAT-derived	sEV	could	affect	the	energetics	of	SkM	cells	

under	additional	conditions	or	different	time-frames.	

		

	

Keywords:	extracellular	vesicles,	 thermogenesis,	 skeletal	muscle,	mitochondria,	β3-adrenergic	

receptor	agonist,	cellular	respiration,	glycolysis,	metabolic	flexibility			
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4.3	INTRODUCTION	

Parenchymal	 cells	 in	 brown	 adipose	 tissue	 (BAT)	 and	 skeletal	 muscle	 (SkM)	 share	 common	

cellular	 origins	 and	 the	 tissues	 play	 essential	 roles	 in	 mammalian	 thermoregulation.	

Developmentally,	 brown	 adipocytes	 and	myocytes	 are	 both	 derived	 from	myogenic	 factor-5	

(Myf5)	expressing	progenitors.	The	bidirectional	fate	switch	of	the	progenitors	is	determined	by	

the	action	of	master	regulators	such	as	PRM16	and	miRNA133		(An	et	al.,	2017;	Seale	et	al.,	2008;	

Yin	 et	 al.,	 2013).	 Functionally,	 BAT	 is	 responsible	 for	 non-shivering	 thermogenesis	 (NST),	 and	

shivering	 thermogenesis	 is	mediated	by	SkM	(Cannon	and	Nedergaard,	2004;	Enerbäck	et	al.,	

1997;	Golozoubova	et	al.,	2001).	Shivering	and	NST	are	important	for	the	survival	of	the	organism	

in	 cold	 environments,	 and	 both	 processes	 require	 tremendous	 amounts	 of	 energy,	 thereby	

augmenting	whole-body	energy	expenditure	 (Bal	et	al.,	2017;	Cannon	and	Nedergaard,	2011;	

Festuccia	et	al.,	2011;	Periasamy	et	al.,	2017;	Sepa-Kishi	et	al.,	2017;	Yu	et	al.,	2002).		

BAT	and	SkM	are	complementary	 in	their	thermoregulatory	functions.	Mouse	studies	

demonstrate	that	during	the	first	days	of	cold	exposure,	ST	gradually	decreases	as	NST	is	highly	

induced	(Golozoubova	et	al.,	2001;	Nedergaard	and	Cannon,	2013;	Stier	et	al.,	2014).	Moreover,	

when	 the	production	of	 heat	 in	one	of	 the	 tissues	 is	 defective,	 the	other	 tissue	 increases	 its	

function	 to	 compensate	 for	 the	 defect	 in	 heat	 production	 in	 the	 other	 (Bal	 et	 al.,	 2017;	

Golozoubova	et	al.,	2001).	Thus	there	 is	 functional	cross-talk	between	BAT	and	SkM,	some	of	

which	is	thought	to	be	mediated	through	the	release	of	BATokines	and	myokines,	respectively	

(Boström	et	al.,	2012;	Kong	et	al.,	2018;	Rao	et	al.,	2014;	Roberts	et	al.,	2014;	Stanford	et	al.,	

2018).	
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A	 potential	mechanism	 that	may	 facilitate	 functional	 links	 between	 BAT	 and	 SkM	 is	

through	small	extracellular	vesicles	(sEV).	sEV	are	released	by	most	cell	types	and	can	be	found	

in	 different	 biological	 fluids,	 as	 well	 as	 in	 a	 conditioned	 media	 of	 cultured	 cells.	 They	 are	

characterized	 with	 a	 diameter	 less	 than	 200	 nm	 (Théry	 et	 al.,	 2018).	 They	 carry	 regulatory	

molecules	that	can	be	taken	up	by	the	recipient	cells,	and	regulate	their	function	(Gurunathan	et	

al.,	2019).	Recent	studies	have	reported	that	chronically	activated	BAT	increases	the	release	of	

sEV	(Chen	et	al.,	2016).	Another	study	showed	that	miRNA-carrying	sEV	derived	from	BAT	can	

regulate	 liver	 gene	 expression	 (Thomou	 et	 al.,	 2017).	 Many	 questions	 remain	 regarding	 the	

regulatory	role	of	BAT-derived	sEV	in	other	tissues/cells.	For	example,	it	is	unknown	if	sEV	derived	

from	activated	BAT	have	regulatory	effects	on	the	bioenergetics	of	SkM	tissue.	

Given	the	strong	links	between	BAT	and	SkM	and	the	regulatory	role	of	sEV,	we	speculated	

that	activated	BAT	releases	sEV	that	may	modulate	SkM	myoblast	bioenergetics.	In	order	to	study	

this,	we	collected	sEV	released	from	acutely	activated	BAT,	 in	vivo	and	 in	vitro,	and	examined	

their	metabolic	effects	in	C2C12	myoblasts.			

	

4.4	MATERIALS	AND	METHODS	

4.4.1	ANIMALS	

Male	129S1/SvlmJ	mice,	aged	5-7	weeks,	were	used	for	all	experiments.	They	were	housed	at	

room	temperature	(24°C)	and	were	kept	in	an	individually	ventilated	cage	system	with	a	12/12	

light-dark	 cycle.	 They	 were	 given	 a	 standard	 rodent	 diet,	 ad	 libitum,	 composed	 of	 44.2%	

carbohydrates,	6.2%	fat,	and	18.6%	crude	protein	(diet	T.2018,	Harlan	Teklad,	Indianapolis	IN)	

and	water.	All	experimental	animals	were	maintained	under	the	guidelines	and	principles	of	the	
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Canadian	 Council	 of	 Animal	 Care	 and	 the	 approval	 of	 the	 Animal	 Care	 Committee	 of	 the	

University	of	Ottawa.	

4.4.2	IN	VIVO	BAT	ACTIVATION	STUDIES	AND	PLASMA	COLLECTION		

Mice	were	housed	individually	at	thermoneutrality	(28°C)	for	2	days	for	acclimation	purposes,	

with	free	access	to	water	and	food.	After	2	days	of	acclimation,	mice	were	injected	with	either	

saline	or	the	β3-adrenergic	agonist	CL	316,243	(1	mg/kg	i.p.)	to	activate	BAT	in	vivo.	90min	post-

injection,	mice	were	anesthetized	with	3%	isoflurane	to	collect	heparinized	blood	samples	via	

cardiac	puncture.	For	plasma	collection,	whole	blood	was	spun	at	1500	g	for	20	min	at	4°C.	Plasma	

samples	were	frozen	at	-80°C	until	they	were	used	for	sEV	extraction	as	done	previously	(Thrush	

et	al.,	2018).	

4.4.3	IN	VITRO	BAT	ACTIVATION	STUDIES	AND	CONDITIONED	MEDIA	COLLECTION	

For	each	experimental	preparation,	interscapular	brown	adipose	tissue	(iBAT)	was	dissected	from	

five	WT	mice	 for	 subsequent	 pooling	 (this	 number	of	mice	was	necessary	 in	 order	 to	 collect	

sufficient	vesicles	from	the	conditioned	media	of	the	incubated	tissue).	Tissue	was	transferred	

into	ice-chilled	0.25M	sucrose	buffer,	and	any	white	adipose	and	muscle	tissues	were	removed.	

iBAT	was	then	minced	and	weighed.	All	steps	were	done	on	ice.	Immediately	after	mincing,	iBAT	

was	 treated	either	with	 saline	or	CL	316,243	 (100nM)	 in	10	ml	of	high	glucose	DMEM	media	

(Gibco,	 Thermo	 Fisher	 Scientific)	 with	 1%	 Antibiotics-Antimycotic	 (Gibco,	 Thermo	 Fisher	

Scientific).	 90	min	 post-treatment,	 the	 conditioned	media	 of	 treated	 iBAT	was	 collected	 and	

filtered	through	cell	strainers	(pore	size,	70μm)	to	remove	minced	BAT.	The	filtered	conditioned	

media	samples	were	stored	at	4°C	until	the	following	day	for	sEV	extraction.	
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4.4.4	sEV	EXTRACTION	

sEV	were	extracted	by	differential	centrifugation,	as	previously	described	(Guo	et	al.,	2017)		with	

minor	modifications.	sEV	extraction	began	with	equal	volumes	of	plasma	sample	or	conditioned	

media	 from	 experimental	 groups.	 First,	 large	cell	debris	 and	 contaminating	 particles	 were	

removed	by	spinning	the	samples	at	4°C:	300	x	g	for	10min;	2,000	x	g	for	10min;	and	10,000	x	g	

for	30	minutes.	To	pellet	the	sEV,	the	supernatant	was	then	spun	in	an	ultracentrifuge	at	100,000	

x	g	for	2	hours	at	4°C.	sEV	were	washed	by	resuspending	in	PBS	and	spinning	again	at	100,000	x	

g	for	30	minutes	at	4°C.	The	final	sEV	pellet	was	resuspended	in	30	µL	of	PBS	for	the	next	analyses.	

Of	note,	the	PBS	used	here	and	in	the	Zetaview	analysis	had	previously	been	spun	at	100,000	x	g	

for	2	hours	to	remove	any	particles	of	sEV	size.	Extracted	sEV	were	stored	at	4°C	for	cell	treatment	

within	a	week	or	western	blotting	analyses.	

4.4.5	WESTERN	BLOTTING	

sEV	 pellets	 were	 mixed	 with	 loading	 dye,	 consisting	 of	 1M	 Tris/HCL	 (pH=6.8),	 8%	 SDS,	 40%	

glycerol,	5%	β-mercaptoethanol,	0.25M	EDTA	(pH=8),	0.2%	bromophenol	blue.	The	sEV	samples	

were	denatured	for	5	min	at	95°C	and	stored	at	 -20°C	for	western	blotting	analyses.	Samples	

were	run	on	a	12%	SDS-	polyacrylamide	gel	for	1-1.5	h	at	130	volts	and	were	then	transferred	

onto	a	nitrocellulose	membrane	for	1	h	at	100	volts.	The	membrane	was	blocked	with	5%	BSA	

for	1	hour	at	room	temperature.	To	check	for	sEV	markers,	the	blocked	membrane	was	incubated	

overnight	 at	 4°C	 with	 primary	 antibodies:	 anti-alix	 (1:1000,	 BD	 Transduction	 Laboratories,	

#611621),	 anti-flotillin-2	 (1:1000,	 Cell	 Signaling,	 #42A3)	and	 calnexin	 (1:1000,	 Cell	 Signaling,	

#2679).	The	membrane	was	then	washed	three	times	for	10	min	each	at	room	temperature	and	

incubated	 with	 secondary	 antibody	 (goat	 anti-mouse	 IgG,	 1:5000)	 or	 (goat	 anti-rabbit	 IgG,	
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1:10000)	for	1	hour	at	room	temperature.	The	membrane	was	then	washed	again	three	times	for	

10	min	each	at	room	temperature.	To	visually	detect	the	bands,	membrane	was	covered	with	

HRP	detection	reagent	(Pierce	ECL	Western	Blotting	Substrate,	Thermo	Fisher	Scientific,	#32106)	

and	exposed	to	x-ray	film	for	protein	band	detection.	Note: western	blots	in	Figure	1A	were	from	

the	same	membrane.			

4.4.6	ZETAVIEW	NANOPARTICLE	TRACKING	ANALYSIS	

sEV	 samples	 first	 were	 diluted	 in	 PBS	 that	 was	 pre-spun	 to	 remove	 any	 sEV-sized	 particles.	

Nanoparticle	tracking	analyzer,	(ZetaView	PMX-110,	ParticleMetrix),	was	used	to	characterize	the	

sEV	 samples.	 Setting	 used	 for	 measuring	 sEV	 by	 Nanoparticle	 Tracking	 as	 follows:	 for	 pre-

acquisition	 parameters	 (Sensitivity	 85,	 Shutter	 Speed	 40,	Frame	 Rate	 (fps)	 30,	Resolution	

Highest,	Camera	 Gain	 770,	 Positions	 Measured	 11)	 and	 for	 post-acquisition	 parameters	

(Minimum	Brightness	15,	Minimum	Size	 (pixels)	10,	Maximum	Size	 (pixels)	500).	The	analyzer	

was	 first	 calibrated	 with	 polystyrene	beads	 with	 known	 diameter	 size	 of	 102nm	 (Microtrac,	

#900383)	prior	to	sample	readings.	After	calibration,	the	diluted	samples	were	loaded	into	the	

cell	of	the	analyzer	and	the	dilution	factor	was	entered	in	the	Zetaview	software	for	corrections	

before	starting	the	analyses.	The	analyzer	measures	each	sample	at	eleven	different	positions	

throughout	the	Zetaview	cell.	After	automated	analysis	of	all	the	eleven	positions	and	removal	

any	of	outlier	positions,	the	size	(nm)	and	concentration	(particles/ml)	of	the	sEV	were	calculated.	

Corresponding	software,	ZetaView	analyzer	(8.02.31),	was	used	to	export	the	measurements	of	

the	sEV	samples.			
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4.4.7	BIOENERGETIC	ANALYSIS	OF	C2C12	MYOBLASTS	

C2C12	myoblasts	were	cultured	in	high	glucose	DMEM	media	(Gibco,	Thermo	Fisher	Scientific)	

supplemented	 with	 10%	 FBS	 (Wisent	 Bioproducts)	 and	 1%	 Antibiotics-Antimycotic	 (Gibco,	

Thermo	Fisher	Scientific).	C2C12	myoblasts	were	split	when	their	confluency	reached	80%.	For	

bioenergetic	analyses,	10,000	C2C12	myoblasts	were	seeded	per	well	 in	the	Seahorse	96-well	

plates	 (Agilent)	and	were	 incubated	 in	 sEV-depleted	growth	media.	Eight	hours	 following	cell	

seeding,	myoblasts	were	treated	with	an	equal	plasma/conditioned	media	volume	(5	µl)	of	sEV	

from	each	experimental	condition.	These	were	as	follows:		plasma	sEV	absolute	numbers	were	

2.200	±	0.257	x107	and	3.167	±	0.534	x107	for	saline	and	CL	treated	mice,	respectively	(mean±	

SEM).	For	the	in	vitro	studies,	they	were	1.606	±	0.202	x107	and	2.772	±	0.557	x107	for	saline	and	

CL	 treated	 BAT	 explants,	 respectively	 (mean±SEM).	 This	 equivalent	 plasma/medium	 volume	

approach	was	used	to	model	physiological	effects	of	sEV	released	 in	vivo	 into	 the	circulation.	

After	 24	hours,	 sEV-containing	medium	medium	was	 replaced	with	 Seahorse	medium,	which	

consists	of	(DMEM,	25mM	glucose,	1mM	pyruvate,	and	4mM	glutamine,	pH=7.4).	Immediately	

prior	to	analysis,	the	plate	was	kept	in	a	CO2-free	incubator	for	45	minutes.	During	analysis	in	the	

Seahorse	XFe96	system	(Agilent),	the	following	injections	were	included	in	the	protocol:	2μg/ml	

oligomycin	(3	cycles;	3	min	mix	and	3	min	measure)	to	determine	leak	respiration;	2.4μM	FCCP	

(3	cycles;	3	min	mix	and	3	min	measure)	to	induce	maximal	respiration;	5.5μM	antimycin	A	and	

7.7μM	rotenone	(3	cycles;	3	min	mix	and	3	min	measure)	to	inhibit	mitochondrial	respiration;	

and	20μM	monensin	(3	cycles;	3	min	mix	and	3	min	measure)	to	induce	the	maximal	glycolytic	

rate.		
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4.4.8	STATISTICAL	ANALYSIS		

Data	are	presented	as	mean±	SEM.	A	Student’s	unpaired	two-tailed	t-test	was	used	and	statistical	

significance	was	 determined	using	Graph	 Pad	 Prism	7	 (GraphPad	 Prism,	 La	 Jolla,	 CA,	USA).	 P	

values	were	considered	as	significant	at	P	<0.05.	

	

4.5	RESULTS		

4.5.1	 ACUTE	 ACTIVATION	OF	 BAT	WITH	 CL316,243	 DID	 NOT	 IMPACT	 PLASMA	 sEV	 SIZE	 OR	

CONCENTRATION		

Even	in	the	basal	(non-activated)	state,	BAT	has	been	shown	to	release	sEV	into	the	circulation,	

and	 is	 considered	as	one	of	 the	major	 sites	of	miRNA-containing	 sEV	 in	mice	 (Thomou	et	al.,	

2017).		However,	the	effect	of	acute	activation	of	BAT	on	the	release	of	circulatory	sEV	has	not	

yet	been	reported.	According	to	a	previously	published	study	 (Hankir	et	al.,	2017),	acute	BAT	

activation	in	vivo	was	performed	with	the	injection	of	CL316,243	in	mice	and	post-injection,	BAT	

activity	was	assessed	for	1h	by	 infrared	thermal	 imaging.	 In	our	study,	we	followed	the	same	

protocol	with	minor	modifications.	Mice	were	injected	with	either	saline	(controls)	or	CL316,243	

(1	mg/kg)	 and	 90	min	 post-injection,	 blood	 samples	were	 collected	 for	 sEV	 extraction.	 Then,	

extracted	sEV	were	used	to	check	for	sEV	markers.	Western	blotting	results	showed	the	existence	

of	positive	sEV	markers	 including	alix	and	flotillin-2	and	a	negative	sEV	marker	calnexin	 in	the	

extracts	of	sEV	from	different	groups	(Figure	4.1A).	Also,	we	investigated	the	effect	of	CL316,243	

treatment	 on	 the	 characteristics	 of	 plasma	 sEV.	 The	 size	 distribution	 analyses	 of	 plasma	 sEV	

demonstrated	successful	extraction	of	sEV	 in	each	group	(Figure	4.1B&1C).	Zetaview	analyses	

indicated	that	the	median	size	of	sEV	extracted	from	plasma	of	CL316243	injected	mice	was	not	
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different	 compared	with	 those	 extracted	 form	 control	mice.	 The	median	 size	 of	 sEV	 in	 both	

groups	 is	 around	 150nm	 (Figure	 4.1D).	 Moreover,	 acute	 activation	 of	 BAT	 in	 vivo	 did	 not	

significantly	affect	the	concentration	of	sEV	in	plasma,	as	seen	in	(Figure	4.1E).		

	

4.5.2	 PLASMA	 sEV	 RELEASED	 UPON	 ACUTE	 ACTIVATION	 OF	 BAT	 IN	 VIVO	 DID	 NOT	 AFFECT	

BIOENERGETICS	OF	C2C12	MYOBLASTS		

Although	 the	median	 size	 and	 concentration	 of	 plasma	 sEV	were	 not	 impacted	 by	 the	 acute	

activation	of	BAT	in	vivo,	we	next	examined	the	metabolic	effects	of	BAT-derived	sEV	on	C2C12	

myoblasts.	To	examine	this,	we	treated	C2C12	myoblasts	with	sEV	from	plasma	of	saline-injected	

or	CL316,243-injected	mice.	Based	on	our	previously	published	sEV	treatment	protocol	(Thrush	

et	al.,	2018),	C2C12	myoblasts	were	treated	with	sEV	for	24h.	Then,	oxygen	consumption	rate	

(OCR)	and	extracellular	acidification	rate	(ECAR)	measurements	were	assessed	in	the	sEV	-treated	

C2C12	myoblasts.	 Surprisingly,	 sEV	 collected	 from	plasma	of	CL316,243-injected	mice	had	no	

effects	on	mitochondrial	 respiration	of	C2C12	myoblasts,	 including	basal,	 leak,	maximal,	ATP-

linked,	and	spare	capacity	 respiration	 rates,	compared	 to	 the	controls	 (Figure	4.2A).	Then	we	

examined	 ECAR,	 a	 proxy	 measure	 of	 glycolysis,	 at	 all	 of	 the	 same	 conditions	 used	 for	 OCR	

determinations.		There	were	no	differences	in	ECAR	between	groups	under	any	of	the	conditions	

(Figure	4.2B).	We	then	determined	if	there	were	differences	in	metabolic	flexibility	of	the	sEV	

treated	C2C12	myoblasts.	Results	demonstrate	that	C2C12	myoblasts	treated	with	plasma	sEV	

from	CL316,243-injected	mice	showed	a	slight	decrease	in	their	metabolic	flexibility	compared	

to	the	controls	(Figure	4.2C).	Thus,	based	on	these	findings,	we	conclude	that	sEV	collected	from	
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plasma	 of	 CL316,243-injected	 mice	 do	 not	 significantly	 impact	 the	 bioenergetics	 of	 C2C12	

myoblasts	under	these	experimental	conditions.			

4.5.3	ACUTE	ACTIVATION	OF	BAT	IN	VITRO	DID	NOT	IMPACT	THE	SIZE	OR	CONCENTRATION	OF	

RELEASED	sEV	

As	the	activation	of	BAT	in	vivo	affects	metabolic	activity	in	other	tissues,	e.g.,	increased	cardiac	

output	due	to	increased	metabolic	demands	of	NST,	and	as	our	aim	was	to	specifically	examine	

sEV	from	BAT,	we	next	conducted	 in	vitro	studies	of	sEV	released	exclusively	from	BAT.	 It	has	

been	reported	that	chronic	cold	exposure	in	mice	can	increase	the	release	of	sEV	from	BAT	that	

was	cultured	ex	vivo	(Chen	et	al.,	2016).	However,	it	remained	unknown	whether	acute	activation	

of	BAT	ex	vivo	 increases	the	release	of	sEV.	Here,	we	studied	sEV	released	from	BAT	that	was	

acutely	 activated	 with	 CL316,243	 and	 examined	 the	 characteristics	 of	 released	 sEV.	 In	 each	

experiment,	BAT	was	dissected	from	5	mice,	cultured	ex	vivo,	and	treated	with	either	saline	or	

CL316,243	for	90min.	Then,	we	characterized	the	sEV	collected	from	the	conditioned	media	in	

each	group.	The	size	distribution	analyses	of	sEV	collected	from	conditioned	media	demonstrated	

successful	extraction	of	sEV	in	each	group	(Figure	4.3A&3B).	However,	there	were	no	statistical	

differences	 in	 the	 median	 sizes	 of	 sEV	 between	 groups	 which	 is	 ~	 150nm	 (Figure	 4.3C).	 In	

addition,	the	concentration	of	sEV	showed	a	strong	trend	for	an	increase	in	the	number	of	BAT-

derived	sEV	after	CL316,243	treatment	(P	=	0.07)	(Figure	4.3D).		

4.5.4	sEV	RELEASED	FROM	ACUTELY	ACTIVATED	BAT	IN	VITRO	DID	NOT	AFFECT	BIOENERGETICS	

OF	C2C12	MYOBLASTS		

Next,	we	investigated	the	effects	of	sEV	that	were	exclusively	derived	from	BAT	explants	on	the	

bioenergetic	 characteristics	 of	 C2C12	 myoblasts.	 Therefore,	 sEV	 released	 in	 the	 conditioned	
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media	 of	 saline-treated	 BAT	 or	 CL316,243-treated	 BAT	 were	 used	 for	 C2C12	 myoblast	

treatments.	 Consistent	 with	 in	 vivo	 observations,	 bioenergetics	 analysis	 of	 the	 sEV-treated	

myoblasts	demonstrated	that	sEV	released	from	in	vitro	activated	BAT	did	not	impact	OCR	and	

ECAR	 in	 C2C12	 myoblasts	 in	 any	 of	 the	 tested	 conditions	 (Figure	 4.4A&B).	 We	 then	 again	

considered	aspects	of	metabolic	flexibility.	Our	results	clearly	demonstrated	no	differences	in	the	

metabolic	flexibility	between	different	groups	of	the	sEV-treated	C2C12	myoblasts	(Figure	4.4C).	

Taken	together,	 in	vitro	results	indicated	that	sEV	released	from	acutely	activated	BAT	did	not	

impact	the	bioenergetics	of	C2C12	myoblasts.															

	

4.6	DISCUSSION		

While	BAT	plays	a	fundamental	role	in	whole-body	energy	metabolism	and	thermogenesis,	it	is	

also	known	 that	BAT	acts	as	an	active	 secretory	organ	of	 signaling	and	 regulatory	molecules,	

which	can	be	packaged	in	sEV	(Cannon	and	Nedergaard,	2004;	Chen	et	al.,	2016;	Thomou	et	al.,	

2017;	Villarroya	and	Giralt,	2015).	sEV	are	found	in	many	different	biological	fluids	and	contain	

regulatory	molecules	such	as	lipids,	proteins,	and	nucleic	acids;	they	can	target		recipient	cells	or	

tissues	through	various	specific	mechanisms	(Zhang	et	al.,	2015,	2019).	It	has	been	shown	that	

adipose	tissues	including	BAT	are	major	sources	of	miRNAs	packaged	in	sEV	and	the	ablation	of	

these	tissues	 in	mice	 leads	 to	marked	decreases	 in	circulating	 levels	of	sEV-packaged	miRNAs	

(Thomou	et	al.,	2017).		3T3-L1	derived	white	adipocytes	have	been	shown	to	release	miRNAs	in	

sEV,	which	can	regulate	gene	expression	in	C2C12	myotubes.	Ying’s	group	showed	that	miRNA-

130b	released	in	the	conditioned	medium	of	TGF-β-treated	white	adipocytes	was	taken	up	by	

C2C12	 myotubes.	 When	 they	 transfected	 miRNA-130b	 in	 C2C12	 myotubes,	 the	 level	 of	
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peroxisome	proliferator-activated	 receptor-γ	 coactivator	 1	 alpha	 (PGC1α)	 in	C2C12	myotubes	

was	decreased	 (Wang	et	al.,	 2013).	Another	 study	 reported	 that	obese	mouse	white	adipose	

tissue	(WAT)	that	was	cultured	ex	vivo	 can	release	sEV	 into	the	culture	medium.	When	WAT-

derived	fluorescently	labelled	sEV	were	injected	intravenously	into	mice,	sEV	were	shown	to	be	

taken	up	by	blood	monocytes,	regulating	their	activation	(Deng	et	al.,	2009).	

Indeed,	there	is	increased	interest	in	BAT-derived	sEV	and	their	biological	roles.	To	our	

knowledge,	there	have	only	been	two	studies	that	investigated	the	impact	of	BAT	activation	on	

the	characteristics	of	circulating	sEV,	i.e.,	changes	in	the	miRNA	content	of	sEV	(Chen	et	al.,	2016)	

or	the	effects	of	sEV	on	distant	tissues	(Thomou	et	al.,	2017).	In	2016,	Chen	et	al.	demonstrated	

that	chronic	activation	of	BAT	induces	the	release	of	BAT-derived	sEV	and	they	concluded	that	

miRNA-92a	packaged	in	sEV	can	be	used	as	a	biomarker	of	the	activity	of	BAT	in	mice	and	humans	

(Chen	et	al.,	2016).	Another	study	conducted	by	Thomou	et	al.	showed	that	BAT-derived	miRNAs	

released	in	sEV	can	regulate	gene	expression	of	fibroblast	growth	factor	21	(FGF21)	in	the	liver	

(Thomou	et	al.,	2017).		

BAT	and	SkM	have	essential	and	interrelated	functions	in	mammalian	thermoregulation.	

In	cold	environments,	ST	and	NST	in	SkM	and	BAT,	respectively,	allow	adaptation	and	survival.		

Because	 it	 is	not	 known	whether	BAT-derived	 sEV	 contain	molecules	 that	 can	modulate	 SkM	

metabolism,	the	goal	of	this	study	was	to	investigate	whether	sEV	released	from	acutely	activated	

BAT	can	modulate	the	bioenergetics	of	C2C12	myoblasts	following	a	24h	treatment.	Our	results	

clearly	 demonstrate	 that:	 1)	 BAT	 does	 release	 sEV,	 2)	 acute	 activation	 of	 BAT	 does	 not	

significantly	impact	the	characteristics	of	released	sEV	(although	there	is	a	trend	for	increased	
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numbers),	and	3)	 sEV	derived	 from	acutely	activated	BAT	 in	vivo	or	 in	vitro	do	not	affect	 the	

bioenergetics	of	C2C12	myoblasts	under	commonly	used	cell	culture	conditions.	

Yet,	 there	 are	 a	 number	 of	 limitations	 in	 our	 study	 that	 warrant	 against	

overinterpretation.	sEV	can	affect	target	cell	functions	through	receptor	activation,	and	through	

protein	 delivery	 to	mediate	 acute	 effects,	 as	well	 as	 through	miRNA	 delivery,	which	may	 be	

needed	to	mediate	longer	term	effects	(i.e.,	days).	Chen	et	al.	showed	that	chronic	activation	of	

BAT	in	mice,	that	were	either	kept	at	18 °C	for	7	days	followed	by	4 °C	for	7	days	or	injected	daily	

with	CL316,243	for	7	days,	causes	distinct	patterns	of	circulating	miRNA-containing	sEVs	(Chen	

et	 al.,	 2016).	 Some	 of	 the	 latter	 miRNAs	 were	 previously	 reported	 by	 others	 to	 affect	

mitochondrial	 metabolism	 in	 C2C12	 myoblasts	 during	 differentiation	 through	 decreased	

expression	of	subunits	of	CI	and	CIV	of	the	electron	transport	chain	(Siengdee	et	al.,	2015).	In	our	

study,	we	examined	BAT-derived	sEV	and	their	metabolic	effects	on	C2C12	myoblasts;	further	

research	 is	needed	 to	 look	 for	any	metabolic	effects	of	BAT-derived	sEV	on	C2C12	myoblasts	

during	or	following	differentiation	into	myotubes.	Furthermore,	it	is	possible	that	the	cargo	of	

acutely	 activated	 BAT-derived	 sEV	 targets	 certain	 mitochondrial	 pathways	 that	 were	 not	

examined	in	this	study,	e.g.,	fatty	acid	oxidation.		

Notably,	OCR	measurements	of	C2C12	myoblasts	 treated	with	plasma	 sEV	are	 lower	

than	 OCR	 measurements	 of	 C2C12	 myoblasts	 treated	 with	 sEV	 from	 conditioned	 media,	

suggesting	that	distinct	sEV	are	released	in	mouse	plasma	vs	conditioned	media.	It	could	be	that	

plasma	sEV	contain	inhibitory	molecules,	that	may	reduce	the	maximal	respiratory	capacity	of	

C2C12	myoblasts.	In	our	study,	plasma	sEV	were	collected	from	mice	kept	at	thermoneutrality		

(28°C)	for	more	than	2	days,	and	it	has	been	previously	shown	that	mice	kept	at	thermoneutrality	
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for	a	week	have	high	serum	levels	of	myostatin	(a	muscle	inhibitor)	(Kong	et	al.,	2018).	In	another	

study,	 it	was	shown	that	myostatin	can	be	released	 in	 isolated	sEV	(Kim	et	al.,	2018).	Thus,	 it	

could	be	that	myostatin	and/or	other	potential	inhibitory	molecules	such	as	miRNAs	reduce	the	

maximal	respiration	characteristics	of	C2C12	myoblasts.							

Considering	 the	 integrative	 thermogenic	 responses	 of	 SkM	 and	 BAT	 during	 cold	

exposure,	 with	 BAT	 thermogenesis	 augmenting,	 as	 ST	 in	 SkM	 diminishes	 (Nedergaard	 and	

Cannon,	2013),	the	sEV	signaling	from	SkM	to	BAT	may	actually	be	more	important	than	signaling	

from	BAT	to	SkM.		Indeed,	ST	is	energetically	very	costly,	and	interferes	with	an	animal’s	capacity	

to	perform	regular	activities	(e.g.,	foraging),	and	it	would	make	sense	that	SkM	signaling	to	BAT	

‘furnaces’	occurs	under	these	conditions.	Of	note	are	the	studies	demonstrating	that	exercise	

induces	WAT	browning,	through	the	release	of	myokines	such	as	irisin,	β-aminoisobutyric	acid	

and	Metrnl	(Boström	et	al.,	2012;	Rao	et	al.,	2014;	Roberts	et	al.,	2014),	indicating	communication	

from	SkM	to	BAT.	However,	the	idea	that	SkM	ST	specifically	induces	BAT	NST	through	an	sEV-

mediated	mechanism	needs	investigation.	

In	 summary,	 our	 findings	 show	 that	 sEV	 released	 from	acutely	 activated	BAT	do	not	

impact	 standard	 bioenergetic	 characteristics	 of	 C2C12	 myoblasts	 under	 normal	 metabolic	

conditions.	Further	research	is	needed	to	examine	the	potential	impact	of	BAT-derived	sEV	under	

different	metabolic	conditions	or	time-frames.	
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4.8	FIGURES		
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Figure	4.1:	Characterization	of	plasma	sEV	from	mice	injected	with	saline	or	CL316,243.		

A)	Western	 blots	 of	 the	 positive	 sEV	 markers	 (alix	 and	 flotillin-2)	 and	 negative	 sEV	 marker,	

calnexin.	 Representative	 particle	 size	 distribution	 graphs	 of	 sEV	 collected	 from	 plasma	 of	 B)	

saline-injected	mice	and	C)	CL316,243-injected	from	three	different	experiments.	D)	The	median	

size	and	E)	concentration	of	sEV	collected	from	plasma	of	mice	injected	with	saline	or	CL316,243.	

N=3/group.	Data	are	represented	as	mean	±	SEM.	Student’s	t-test.	
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Figure	4.2:	Plasma	sEV	from	mice	injected	with	CL316,243	do	not	impact	bioenergetics	of	C2C12	

myoblasts.	A)	Oxygen	consumption	rate	(OCR)	and	B)	extracellular	acidification	rate	(ECAR)	were	

measured	in	C2C12	myoblasts	that	were	treated	with	sEV	collected	from	plasma	of	mice	injected	

with	saline	or	CL316,243.	C)	Metabolic	profile;	values	used	were	those	from	OCR	and	ECAR	

at	basal	and	FCCP-induced	maximal	respiration	conditions.	N=3/group.	Data	are	represented	as	

mean	±	SEM.	Student’s	t-test.	
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Figure	4.3:	Characterization	of	sEV	collected	from	conditioned	media	of	BAT	explants	treated	

with	either	saline	or	CL316,243.	Representative	particle	size	distribution	graphs	of	sEV	collected	

from	 conditioned	media	 of	 A)	 saline-treated	 BAT	 and	 B)	 CL316,243-treated	 BAT,	 from	 three	

different	experiments.	C)	The	median	size	and	D)	concentration	of	sEV	collected	from	conditioned	

media	of	BAT	treated	with	either	saline	or	CL316,243.	N=9/group.	Data	are	represented	as	mean	

±	SEM.	Student’s	t-test.	
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Figure	 4.4:	 sEV	 released	 from	 BAT	 explants	 treated	 with	 CL316,243	 do	 not	 impact	 the	

bioenergetics	 of	 C2C12	 myoblasts.	 A)	 Oxygen	 consumption	 rate	 (OCR)	 and	 B)	 extracellular	

acidification	rate	(ECAR)	were	measured	in	C2C12	myoblasts	that	were	treated	with	sEV	collected	

from	 conditioned	 media	 of	 saline-treated	 and	 CL316,243-treated	 BAT.	 C)	 Metabolic	 profile;	

values	used	were	those	from	OCR	and	ECAR	at	basal	and	FCCP-induced	maximal	respiration	

conditions.	N=9/group.	Data	are	represented	as	mean	±	SEM.	Student’s	t-test.	
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CHAPTER	5:	GENERAL	DISCUSSION	
	

Over	the	past	decades,	BAT	has	gained	great	attention	due	to	its	therapeutic	potential	

of	 being	 targeted	 to	 combat	 metabolic	 diseases,	 such	 as	 obesity.	When	 it	 is	 activated,	 BAT	

oxidizes	tremendous	amounts	of	lipids	and	glucose	to	match	its	metabolic	demands.	Initially,	BAT	

was	thought	to	only	be	present	in	human	infants	and	small	rodents.		Later	on,	BAT	was	confirmed	

to	be	present	in	adult	humans	(Cypess	et	al.,	2009;	Hany	et	al.,	2002;	van	Marken	Lichtenbelt	et	

al.,	 2009).	 These	 facts	 about	BAT	have	propelled	 researchers	 to	 conduct	 studies	 on	different	

experimental	 models,	 including	 hibernating	 and	 non-hibernating	 species,	 to	 broaden	 our	

understanding	 of	 the	 regulation	 and	 physiological	 functions	 of	 BAT.	 These	 comparative	

physiological	studies	of	BAT	have	clarified	the	differences	between	these	experimental	models	

in	 adapting	 to	 environmental	 conditions,	 which	 turn	 on/off	 BAT	 function.	 In	 addition	 to	 its	

thermogenic	function,	BAT	releases	regulatory	molecules,	such	as	batokines	and	sEV,	which	have	

recently	become	a	focus	of	BAT	research.	In	the	same	vein,	this	Ph.D.	thesis	will	further	extend	

our	understanding	of	the	regulation	and	function	of	BAT	from	different	experimental	models	and	

physiological	aspects.		

The	goal	of	Chapter	2	was	to	 investigate	the	regulation	of	BAT	thermogenesis	by	the	

master	mitochondrial	deacetylase,	SIRT3,	in	mice.	BAT	thermogenesis	is	mainly	under	the	control	

of	the	sympathetic	nervous	system,	which	releases	NE	to	bind	its	receptors	on	brown	adipocytes.		

The	 latter	 induces	 signaling	 cascades	 that	 eventually	 lead	 to	 the	 release	 of	 FFAs	 from	 lipid	

droplets	 to	 activate	 UCP1	 (Cannon	 and	 Nedergaard,	 2004;	 Nicholls,	 2006).	 When	 UCP1	 is	

activated,	it	uncouples	the	activity	of	the	ETC	system	from	the	synthesis	of	ATP	to	produce	heat.	

In	 addition	 to	 the	 above	decribed	mechanisms,	BAT	 thermogenesis	 is	 controlled	 at	 the	post-
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translation	level.	Recent	studies	have	shown	that	BAT	thermogenesis	can	be	controlled	by	the	

sulfenylation	of	UCP1	cysteine	residues,	and	the	succinylation	of	UCP1	and	other	mitochondrial	

proteins	 (Chouchani	 et	 al.,	 2016;	 Wang	 et	 al.,	 2019).	 Along	 these	 lines,	 we	 examined	 the	

possibility	 that	 mitochondrial	 protein	 deacetylation	 mediated	 by	 SIRT3	 controls	 BAT	

thermogenesis.	This	notion	is	based	on	two	observations	in	the	literature,	which	suggested	a	role	

for	 SIRT3	 in	 BAT	 thermogenesis.	 First,	 Shi	 et	 al.	 showed	 that	 cold	 exposure	 increases	 the	

transcript	level	of	SIRT3	in	BAT	of	mice	(Shi	et	al.,	2005).	Second,	Hirschey	et	al.	demonstrated	

that	fasted	mice	lacking	SIRT3	are	cold-intolerant	when	exposed	to	acute	cold	(Hirschey	et	al.,	

2010).	However,	it	was	not	known	by	which	mechanism	SIRT3	controls	BAT	thermogenesis.	In	

our	study	described	in	Chapter	2,	we	elucidated	that	SIRT3	indirectly	controls	BAT	thermogenesis	

by	deacetylating	and	promoting	the	function	of	mitochondrial	proteins	involved	in	acylcarnitine	

metabolism,	FAO	and	the	ETC	pathway,	which	are	upstream	of	UCP1.			

In	detail,	after	2	days	of	cold	exposure,	we	demonstrate	that	Sirt3KO	mice	have	normal	

phenotypes,	 and	 exhibit	 no	 differences	 in	 the	 weights	 of	 the	 whole-body,	 eWAT	 and	 iBAT,	

compared	to	WT	mice.	Our	observations	are	consistent	with	a	study	reporting	that	Sirt3KO	mice	

had	normal	body	weight	 (Lombard	et	al.,	 2007).	While	Sirt3KO	mice	have	a	generally	normal	

phenotype,	BAT	of	Sirt3KO	mice	exhibits	defects	in	its	morphology	and	activation.	It	is	well	known	

that	BAT	activation	requires	the	utilization	of	FFAs	derived	from	lipid	droplets	 in	BAT	or	WAT	

(Cannon	and	Nedergaard,	2004;	Schreiber	et	al.,	2017;	Shin	et	al.,	2017).	Our	results	revealed	

that	Sirt3KO	mice	do	not	show	a	significant	decrease	in	BAT	lipid	content	after	cold	exposure	as	

seen	 in	WT	mice.	Consistently,	Sirt3KO	mice	do	not	 show	a	 significant	 	decrease	 in	RER	after	

CL316,243	injection,	as	observed	in	WT	mice.	These	results	are	indicative	of	less	activated	BAT	in	



	 188	

Sirt3KO	mice.	Given	the	important	role	of	BAT	in	thermoregulation,	we	examined	the	ability	of	

Sirt3KO	mice	 to	 maintain	 their	 body	 temperature	 after	 2	 days	 of	 cold	 exposure	 when	 BAT	

thermogenesis	is	the	main	thermoregulatory	mechanism	(Golozoubova	et	al.,	2001;	Nedergaard	

and	 Cannon,	 2013;	 Stier	 et	 al.,	 2014).	 Our	 findings	 show	 that	 Sirt3KO	 mice	 have	 impaired	

thermoregulation	following	2	days	of	cold	exposure.	However,	since	the	absence	of	SIRT3	is	at	

the	whole-body	 level,	we	should	acknowledge	the	 fact	 that	 thermoregulatory	defects	seen	 in	

Sirt3KO	mice	might	be	also	due	to	aggregated	responses	from	different	tissues	known	to	play	

important	roles	in	thermogenesis	such	as	brain,	muscle,	and	heart.	Thus,	we	next	performed	in	

vitro	experiments	to	confirm	whether	the	absence	of	SIRT3	has	an	effect	on	the	thermogenic	

respiration	of	BAT	mitochondria.	

Because	UCP1	 is	the	mediator	of	thermogenesis	 in	BAT,	we	studied	UCP1-dependent	

respiration	 in	 BAT	 mitochondria	 from	 Sirt3KO	 mice.	 We	 showed	 that	 UCP1-dependent	

respiration	 is	 significantly	 decreased	 in	 BAT	mitochondria	 from	 Sirt3KO	mice.	 Importantly,	 a	

defect	in	UCP1-dependent	respiration	is	independent	of	the	level	of	UCP1.	Our	results	show	that	

BAT	of	Sirt3KO	mice	has	levels	of	UCP1	that	are	similar	to	those	in	WT	mice,	which	is	consistent	

with	 previous	 findings	 showing	 that	 the	 absence	 of	 SIRT3	 does	 not	 affect	 the	 level	 of	 UCP1	

(Lombard	et	al.,	2007).	Moreover,	the	level	of	UCP1	after	cold	exposure	is	significantly	increased	

in	BAT	of	both	WT	and	Sirt3KO	mice.	Thus,	we	speculated	that	the	decrease	in	UCP1-dependent	

respiration	may	 be	 due	 to	 defects	 in	 the	 activity	 of	 UCP1	 and/or	 its	 upstream	proteins.	 Our	

speculation	was	based	on	previous	published	studies	conducted	in	the	liver	and	skeletal	muscle	

of	Sirt3KO	mice,	which	demonstrated	the	negative	effects	of	the	absence	of	SIRT3	on	the	activity	

of	some	mitochondrial	proteins	(Hirschey	et	al.,	2010;	Jing	et	al.,	2013).			
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Therefore,	 we	 performed	 label-free	 quantitative	 acetylome	 profiling	 on	 isolated	

mitochondria	from	WT	and	Sirt3KO	mice	kept	in	warm	or	cold	conditions.	Our	acetylome	profiling	

results	confirm	that	SIRT3	is	a	major	acetylation	regulator	in	BAT	mitochondria,	and	deacetylases	

an	extensive	number	of	mitochondrial	proteins.	Consistently,	our	acetylation	blots	show	a	major	

increase	 in	 mitochondrial	 protein	 acetylation	 in	 the	 absence	 of	 SIRT3.	 Interestingly,	 our	

acetylation	blots	illustrate	that	cold	exposure	itself	can	increase	protein	acetylation	levels	in	BAT	

mitochondria,	which	could	be	related	to	the	increased	level	of	acetyl-CoA	produced	from	FAO,	

which	 in	 turn	 can	 lead	 to	 non-enzymatic	 acetylation	 events	 (Pougovkina	 et	 al.,	 2014).	

Furthermore,	our	acetylome	profiling	indicates	that	UCP1	and	its	upstream	proteins,	involved	in	

crucial	pathways,	are	directly	targeted	by	SIRT3.	

	We	identified	four	lysine	acetylation	sites	on	UCP1	(K56,	K67,	K73	and	K151),	which	is	

consistent	with	a	previous	study	that	showed	three	acetylation	sites	(K67,	K73	and	K151)	on	UCP1	

in	BAT	homogenate	from	rats	(Lundby	et	al.,	2012).	We	found	two	direct	SIRT3-regulated	lysine	

sites	on	UCP1	 (K56	and	K151)	 and	demonstrated	 that	mutations	of	 these	 sites	 in	 a	HEK293T	

cellular	 model	 do	 not	 impact	 leak	 respiration	 following	 UCP1	 activation	 with	 TTNPB,	 used	

previously	as	a	UCP1	activator	(Oelkrug	et	al.,	2013;	Tomás	et	al.,	2004).	These	results	suggest	

that	the	two	lysine	sites	(K56	and	K151)	are	not	required	for	UCP1	activity.	However,	we	cannot	

completely	rule	out	the	possibility	of	direct	deacetylation	control	of	UCP1	for	several	reasons.	

First,		HEK293	cells	have	been	previously	used	to	study	the	activity	of	ectopically	expressed	UCP1	

(Oelkrug	et	al.,	2013),	and	our	analyses	were	conducted	in	HEK293T	cells,	and	it	is	possible	that	

these	cells	do	not	possess	all	of	the	factors	or	mechanisms	required	for	the	control	of	UCP1.	For	

instance,	 HEK293T	 cells	 are	 not	 physiologically	 capable	 to	 respond	 to	 cold	 stress	 as	 brown	
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adipocytes	can	do	in	vivo.	Moreover,	we	only	focused	on	the	two	acetylation	sites	regulated	by	

SIRT3	(K56	and	K151),	while	the	other	sites	might	play	important	roles	for	BAT	thermogenesis.	

Furthermore,	lysine	deacetylation	of	UCP1	may	share	a	redundant	role	with	other	PTMs,	such	as	

cysteine	sulfenylation,	or	may	function	indirectly	with	the	deacetylation	of	proteins	upstream	of	

UCP1	(to	be	discussed	below).		

As	FAO	is	essential	for	BAT	thermogenesis,	we	then	examined	the	impact	of	the	absence	

of	SIRT3	on	proteins	 involved	in	acylcarnitine	metabolism	and	FAO.	Defects	 in	FAO	lead	to	an	

accumulation	of	acylcarnitines	in	the	circulation	(Aguer	et	al.,	2014;	McCoin	et	al.,	2015).	Based	

on	 our	 acetylome	 profiling,	 we	 thought	 that	 there	 would	 be	 an	 increase	 in	 the	 level	 of	

acylcarnitines	 in	 the	 circulation	 of	 Sirt3KO	mice	 after	 BAT	 activation.	 In	 contrast	 to	 this,	 our	

acylcarnitines	analyses	showed	that	circulatory	levels	of	selected	medium-chain	and	long-chain	

acylcarnitines	 were	 decreased	 in	 Sirt3KO	 mice.	 There	 are	 a	 few	 ways	 to	 interpret	 these	

unexpected	 findings.	 Potentially,	 the	 formation	 of	 acylcarnitines	 is	 decreased	 in	 BAT	

mitochondria	due	to	a	decrease	in	the	uptake	or	entry	of	FA	into	the	mitochondria	of	Sirt3KO	

BAT.	 Given	 our	 proteomics	 results,	 several	 enzymes	 involved	 in	 FAO	 and	 acylcarnitines	

metabolism	 are	 hyperacetylated	 in	 Sirt3KO	 BAT	 mitochondria	 and	 could	 have	 decreased	

functions.	An	example	is	carnitine	acylcarnitine	translocase	(CACT),	which	is	responsible	for	the	

entry	 and	 oxidation	 of	 acylcarnitines.	 Another	 possibility	 is	 that	 BAT	 activation	 achieved	 by	

CL316,243	injection	might	lead	to	secondary	effects	on	acylcarnitine	metabolism	in	other	tissues,	

such	as	liver.	As	a	result,	it	may	contribute	to	distinct	patterns	of	acylcarnitines	in	a	genotype-

specific	manner.	Future	research	should	be	conducted	in	order	to	obtain	a	better	understanding	

of	the	role	of	SIRT3	in	the	metabolism	of	acylcarnitines	in	BAT.		
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	While	UCP1	is	the	main	controller	of	BAT	thermogenesis,	ETC	proteins	are	involved	in	

the	generation	of	proton	motive	force,	which	drives	protons	back	to	the	mitochondrial	matrix	

through	UCP1.	Therefore,	we	examined	the	effect	of	the	absence	of	SIRT3	on	the	activity	of	ETC	

proteins,	which	has	not	been	previously	examined	in	intact	BAT	mitochondria.	Importantly,	we	

examined	the	activity	of	each	of	the	complexes	of	the	ETC	pathway,	independent	of	the	activity	

of	UCP1.	For	the	first	time,	our	functional	analyses	indicated	that	the	activities	of	CI	and	CII	in	

BAT	mitochondria	from	cold	exposed	Sirt3KO	mice	were	significantly	decreased.	These	defects	

are	associated	with	the	hyperacetylation	of	lysine	sites	found	on	CI	and	CII	subunits.	Importantly,	

the	absence	of	SIRT3	does	not	impact	the	level	of	these	proteins.	Our	results	are	consistent	with	

previously	 published	work,	which	 showed	 that	 the	 activities	 of	 CI	 and	 CII	were	 decreased	 in	

isolated	liver	mitochondria	from	Sirt3KO	mice		(Ahn	et	al.,	2008;	Cimen	et	al.,	2010).	Moreover,	

a	 study	 conducted	 by	 Finley	 et	 al.	 showed	 a	 strong	 trend	 (p=0.07)	 for	 decreased	 enzymatic	

activity	of	CII	in	BAT	mitochondria	when	BAT	was	not	activated	(Finley	et	al.,	2011).	Importantly,	

we	demonstrated	a	significant	defect	in	CII	when	BAT	is	maximally	activated.	Furthermore,	while	

other	studies	identified	lysine	sites	in	subunit	A	of	CII	in	liver	mitochondria	(Cimen	et	al.,	2010;	

Finley	et	al.,	2011),	we	found	SIRT3-regulated	lysine	sites	in	both	subunits	A	and	B	of	CII	in	BAT	

mitochondria.		This	could	suggest	that	SIRT3	deacetylases	lysine	sites	on	mitochondrial	proteins	

in	a	tissue-specific	manner.		

Altogether,	 our	 findings	 in	 Chapter	 2	 illustrate	 that	 SIRT3	 indirectly	 regulates	 BAT	

thermogenesis	 by	 targeting	 pathways	 upstream	 of	 UCP1.	 Our	 work	 does	 not	 lessen	 the	

requirement	of	UCP1	in	BAT	thermogenesis,	but	delineates	the	importance	of	SIRT3	in	controlling		

substrate	uptake/oxidation	pathways	upstream	of	UCP1,	including	FAO	and	ETC	pathways.	Also,	
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our	 mass	 spectrometry-based	 acetylome	 analysis	 provides	 an	 extensive	 resource	 for	 future	

investigations	of	fundamental	metabolic	pathways	in	BAT.	

In	 Chapter	 3,	 we	 investigated	 the	 effect	 of	 acute	 hypoxia	 on	 BAT	 thermogenesis	 in	

NMRs,	and	elucidated	some	of	the	adaptive	mechanisms	involved.	As	mentioned	earlier,	BAT	is	

a	 highly	 metabolic	 tissue	 that	 requires	 high	 amounts	 of	 energy	 supplies	 and	 sufficient	

sympathetic	control.		For	that	reason,	it	is	highly	innervated	and	vascularized	(Contreras	et	al.,	

2015;	Lim	et	al.,	2013).	When	BAT	thermogenesis	is	induced,	sympathetic	signaling	and	oxygen	

consumption	are	increased.	Several	studies	have	shown	the	importance	of	sympathetic	signaling	

in	BAT	thermogenesis,	and	that	denervation	of	BAT	leads	to	defective	BAT	thermogenesis	and	

decreased	 whole-body	 energy	 expenditure	 (Dulloo	 and	 Miller,	 1984;	 Fischer	 et	 al.,	 2018;	

Rothwell	and	Stock,	1984;	Vaughan	and	Bartness,	2012).	The	effects	of		acute	hypoxia	on	BAT	

thermogenesis	 are	 not	 well	 understood.	 However,	 it	 is	 known	 that	 hypoxia	 decreases	 body	

temperature	in	mammals	(Ramirez	et	al.,	2007;	Steiner	and	Branco,	2002).	Moreover,	previous	

studies	have	demonstrated	that	hypoxia	diminished	shivering	thermogenesis	in	cats	and	ground	

squirrels	(Barros	et	al.,	2001;	Gautier	et	al.,	1987),	and	that	chronic	hypoxia	decreased	whole-

body	oxygen	consumption	in	mice	after	a	treatment	with	NE	(Beaudry	and	McClelland,	2010).	

Here,	we	studied	the	effect	of	acute	hypoxia	on	BAT	in	the	NMR,	which	is	widely	recognized	as	

the	most	hypoxia-tolerant	mammal	(Buck	and	Pamenter,	2018;	Chung	et	al.,	2016;	Park	et	al.,	

2017).	It	has	been	previously	been	shown	that	NMRs	have	functional	BAT	that	can	be	induced	by	

thermogenic	stimuli	(Daly	et	al.,	1997;	Hislop	and	Buffenstein,	1994;	Woodley	and	Buffenstein,	

2002).	Upon	acute	hypoxia,	NMRs	have	decreased	oxygen	consumption	and	body	temperatures	
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that	approximate	ambient	temperatures	(Kirby	et	al.,	2018).	Thus,	we	hypothesized	that	acute	

hypoxia	decreases	BAT	thermogenesis	in	NMRs.		

For	 the	 first	 time,	 our	 findings	 elucidated	 that	 acute	 hypoxia	 diminishes	 BAT	

thermogenesis	 in	 NMRs	 supporting	 the	 survival	 of	 NMRs	 in	 extreme	 conditions.	 We	

demonstrated	 that	 hypoxia	 causes	 1)	 decreased	heat	 production	 in	 the	 interscapular	 area	of	

NMRs,	 regardless	 of	 the	 extent	 to	 which	 BAT	 is	 activated,	 2)	 decreased	 levels	 of	 selected	

thermogenic	proteins,	including	UCP1,	3)	decreased	levels	of	UCP1	in	some	African	mole	rats,	4)	

increased	protein	ubiquitination	levels	in	BAT	of	NMRs,	and	5)	abnormal	ultrastructures	of	BAT	

mitochondria	of	NMRs.	To	our	knowledge,	our	work	is	the	first	to	investigate	the	direct	effect	of	

acute	 hypoxia	 on	 BAT	 thermogenesis	 in	 NMRs,	 and	 thereby	 contribute	 to	 an	 improved	

understanding	 of	 the	 adaptive	 mechanisms	 involved.	 Moreover	 our	 work	 investigated	 the	

molecular	mechanisms	involved	in	NMR	adaptaion	to	acute	hypoxia.		

As	 previously	 mentioned,	 UCP1	 is	 the	 main	 regulator	 of	 BAT	 thermogenesis	 and	

accounts	for	~10%	of	BAT	mitochondrial	proteins	(Busiello	et	al.,	2015).	Our	findings	show	that	

following	 just	 one	 hour	 of	 hypoxia	 there	 are	 significantly	 decreased	 levels	 of	 UCP1	 protein.	

Previous	work	showed	that	chronic	hypoxia	decreased	the	transcript	and	protein	levels	of	UCP1	

in	BAT	of	mice	(Beaudry	and	McClelland,	2010).	Given	the	crucial	involvement	of	the	ETC	system	

in	BAT	thermogenesis,	we	also	examined	the	level	of	OXPHOS	proteins	in	BAT	of	normoxic	and	

hypoxic	NMRs.	We	found	that	the	levels	of	selected	OXPHOS	proteins	including	CII,	CIII,	CIV	are	

significantly	decreased	after	one	hour	of	hypoxia.	Beyond	the	rapid	degradation	of	various	BAT	

mitochondrial	proteins,	we	also	examined	the	effect	of	hypoxia	on	BAT	of	different	African	mole	

rat	species.	It	is	clear	that	African	mole	rats	have	distinct	patterns	of	protein	degradation	where	
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some	species	had	significant	decreases	or	trends	for	decreases	in	the	levels	of	UCP1	in	response	

to	acute	hypoxia.	However,	the	levels	of	OXPHOS	proteins	in	hypoxic	African	mole	rats	were	not	

changed,	except	 for	CIII,	 and	CIV,	which	were	 increased	 in	CHH.	Others	have	 shown	 that	 the	

turnover	 rates	 of	 OXPHOS	 proteins	 are	 highly	 variable	 in	 different	 mouse	 tissues	 and	 vary	

depending	 on	 the	 treatments	 that	 cause	 changes	 in	 the	 metabolic	 status	 of	 mitochondria	

(Karunadharma	 et	 al.,	 2015).	 Thus,	 our	 findings	 are	 consistent	 with	 the	 notion	 that	 the	

degradation	of	UCP1	and	OXPHOS	proteins	occurs	in	a	tissue-,	and	animal-	dependent	manner.			

It	 is	 not	 clear	 how	 these	 thermogenic	 proteins	 in	 BAT	 of	 hypoxic	 NMRs	 are	 rapidly		

degraded.	Two	well-known	mechanisms	involved	in	mitochondrial	protein	degradation	are	the		

ubiquitination	proteasome	system	(UPS)	and	the	mitophagy	system	(Harper	et	al.,	2018;	Lavie	et	

al.,	 2018;	 Pickles	 et	 al.,	 2018).	 Both	 mechanisms	 facilitate	 the	 turnover	 of	 proteins	 by	

ubiquitinating	proteins	that	are	targeted	for	degradation.	We	found	that	the	total	level	of	protein	

ubiquitination	 in	 BAT	 from	 hypoxic	 NMRs	 is	 significantly	 increased	 compared	 to	 BAT	 from	

normoxic	NMRs,	consistent	with	the	idea	of	the	induction	of	protein	degradation	mechanisms	

during	hypoxia.	However,	future	investigations	are	needed	to	assess	the	role	of	UPS	or	mitophagy	

mechanisms	 in	 BAT	 of	 hypoxic	 NMRs.	 Our	 results	 are	 consistent	 with	 previous	 studies	

demonstrating	how	NMRs	have	very	high	rates	of	proteolysis	and	autophagy	compared	to	mice	

(Rodriguez	 et	 al.,	 2012,	 2014;	 Zhao	 et	 al.,	 2014).	 As	 the	 levels	 of	 thermogenic	 proteins	 are	

important	for	BAT	thermogenesis,	the	integrity	and	ultrastructure	of	BAT	mitochondria	are	also	

fundmental	 (Wikstrom	et	 al.,	 2014).	 As	 described	 above,	mitochondria	 are	 composed	of	 two	

membranes,	 the	 outer	 and	 inner	membranes.	 The	 inner	membrane	 has	 a	 larger	membrane	

surface	area,	and	is	extensively	folded	to	form	cristae,	where	thermogenic	proteins	are	located	
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(Cooper,	2000).	Ultrastructure	analysis	of	BAT	mitochondria	demonstrated	that	hypoxia	caused	

mitochondrial	 abnormalities,	 such	 as	 degradation	 of	 mitochondrial	 outer	 membrane	 and	

decreased	cristae	density.	Our	ultrastructure	findings	are	consistent	with	our	western	blotting	

results,	which	demonstated	that	hypoxia	leads	to	decreases	in	the	level	of	thermogenic	proteins.	

In	summary,	our	observations	in	Chapter	3	show	that	BAT	of	NMR	responds	to	acute	

hypoxia	by	decreasing	its	thermogenic	function,	which	is	achieved,	at	least	in	part,	by	decreasing	

the	 level	of	UCP1	and	 selected	 thermogenic	proteins	 and	by	altering	 the	morphology	of	BAT	

mitochondria.	More	research	focusing	on	the	understanding	of	the	adaptive	mechanisms	evolved	

in	hypoxic	NMR	will	allow	us	to	have	a	broader	understanding	about	the	physiology	of	this	tissue	

in	these	species.			

The	research	conducted	in	Chapter	4	was	carried	out	to	expand	our	understanding	of	

the	 secretory	 role	 of	 BAT,	 and	 to	 examine	 the	 effects	 of	 BAT-derived	 sEV	 on	 SkM	 cell	

bioenergetics.	 While	 BAT	 is	 the	 major	 site	 of	 NST	 thermogenesis,	 BAT	 is	 recognized	 as	 an	

endocrine	organ	releasing	regulatory	molecules	called	batokines,	which	can	control	the	function	

of	other	tissues	(Pfeifer,	2015;	Villarroya	and	Giralt,	2015).	Recently,	it	has	been	shown	that	BAT	

can	release	sEV,	and	that	 its	activation	leads	to	an	 increase	 in	the	release	of	sEV	(Chen	et	al.,	

2016;	Thomou	et	al.,	2017).	However,	the	regulatory	roles	of	sEV	released	from	activated	BAT	

are	not	well	investigated.	In	general,	sEV	are	released	by	most	cell	types	and	promote	a	means	

for	tissue	cross-talk.	sEV	can	target	the	fuction	of	the	recipient	cells	through	their	content	(cargo)	

(Gurunathan	 et	 al.,	 2019).	 During	 cold	 exposure,	 BAT	 and	 SkM	 are	 responsible	 for	 NST	 and	

shivering	thermogenesis,	respectively,	and	if	one	of	the	tissue	has	defects	in	the	production	of	

heat,	the	other	tissue	compensates	for	the	heat	production	defects	in	the	other	(Bal	et	al.,	2017;	
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Golozoubova	et	al.	2001),	sugessting	a	cross-talk	mechanism	induced	between	the	two	tissues.	

We	 questioned	 whether	 sEV	 released	 from	 activated	 BAT	 regulate	 bioenergetics	 of	 SkM	

myoblasts.	Our	findings	demonstrate	that	BAT	can	release	sEV	and	its	acute	activation	does	not	

significantly	effect	the	size	and	concentration	of	released	sEV.	In	contrast	to	what	we	speculated,	

our	 bioenergetics	 results	 demonstrate	 that	 BAT-derived	 sEV	 do	 not	 affect	 the	 cellular	

bioenergetics	of	C2C12	myoblasts	following	a	24h	treatment.	However,	we	cannot	completely	

rule	out	a	role	for	activated	BAT-derived	sEV	in	regulating	the	cellular	bioenergetics	of	muscle	

cells	for	various	reasons.	The	metabolic	effects	of	sEV	on	C2C12	myoblasts	might	be	pronounced	

with		shorter	or	longer	treatments.	For	instance,	sEV	may	modulate	the	function	of	recipient	cells	

through	 receptor	 activation	 or	 protein	 delivery	 to	 mediate	 short	 effects	 or	 through	 miRNA	

delivery	to	mediate	longer	effects.	Also,	previous	published	work	of	Chen	et	al.	demonstrated	

that	chronic	activation	of	BAT	causes	distinct	patterns	of	miRNAs	packaged	in	sEV	(Chen	et	al.,	

2016).	 Other	 research	 groups	 illustrated	 that	 some	 of	 these	 miRNAs	 regulate	 mitochondrial	

energy	metabolism	in	C2C12	during	differentiation	by	targeting	genes	encoding	subunits	of	CI	

and	CIV	of	the	ETC	system	(Siengdee	et	al.,	2015).	Therefore,	further	investigation	needs	to	be	

conducted	to	examine	the	effects	of	activated	BAT-derived	sEV	on	C2C12	myoblasts	during	or	

after	 differentiation	 into	 myotubes.	 Also,	 it	 is	 possible	 that	 these	 sEV	 might	 target	 cellular	

pathways	that	were	not	examined	in	our	study	(e.g.,	when	cells	are	oxidizing	fatty	acids).		

Of	note,	the	maximal	respiration	of	C2C12	myoblasts	treated	with	plasma	sEV	is	lesser	

than	those	treated	with	sEV	from	conditioned	medium,	suggesting	distinct	sEV	released	in	plasma	

vs	conditioned	medium.	Possibly,	plasma	sEV	may	contain	inhibitory	molecules	that	decrease	the	

maximal	respiration	of	C2C12	myoblasts.	Notably,	plasma	used	for	sEV	extraction	was	collected	
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from	mice	kept	at	thermoneutrality	for	2	days	and	 it	was	recently	reported	that	mice	kept	at	

thermoneutrality	for	7	days		have	elevated	serum	levels	of	myostatin,	known	as	a	muscle	function	

inhibitor	(Kong	et	al.,	2018).	Another	study	showed	that	myostatin	can	be	released	in	sEV	(Kim	et	

al.,	2018).	Therefore,	we	speculate	that	plasma	sEV	might	contain	inhibitory	molecules	such	as	

myostatin	and/or	miRNAs,	which	may	decrease	the	maximal	respiration	of	C2C12	myoblasts.	

Altogether,	our	results	show	that	sEV	from	acutely	activated	BAT	in	vivo	and	in	vitro		do	

not	affect	the	bioenergetics	of	C2C12	myoblasts	maintained	under	normal	cell	culture	conditions.	

However,	 it	 would	 be	 of	 interest	 to	 examine	 the	 effects	 of	 these	 sEV	 on	 C2C12	 myoblasts	

maintained	under	different	metabolic	conditions	or	under	time-frames	of	treatments.		

Overall,	my	Ph.D.	 research	has	expanded	our	understanding	of	 the	biology	of	BAT	 in	

different	experimental	models.	We	demonstrate	that	BAT	thermogenesis	is	negatively	regulated	

by	 mitochondrial	 acetylation	 resulting	 from	 the	 absence	 of	 SIRT3,	 and	 by	 acute	 hypoxia.	

Furthermore,	 we	 investigated	 the	 effects	 of	 BAT-derived	 sEV	 on	 the	 bioenergetics	 of	 SkM	

myoblasts	to	provide	a	basis		for	future	investigations.	Further	studies	are	needed	to	advance	our	

understanding	of	the	physiology	of	BAT,	which	is	required	for	designing	therapeutic	strategies	

targeting	this	tissue.	
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CHAPTER	6:	APPENDIX		
	
6.1	SUPPLEMENTARY	FIGURES	FOR	CHAPTER	2	
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Supplementary	Figure	1	related	to	Figure	2.1	

VO2	was	assessed	in	(A)	WT	mice	and	(B)	Sirt3KO	mice	that	were	kept	at	28	°C	and	were	injected	

with	CL316,243	(1mg/kg;	i.p.).	VO2	values	were	assessed	before	and	after	CL316,	243	injection.	

N=6/group.	RER	values	associated	with	the	selected	VO2	values	were	assessed	in	(C)	WT	mice	and	

(D)	 Sirt3KO	 mice.	 N=6/group.	 Data	 are	 represented	 as	 mean	 ±	 SEM.	 Student’s	 t-test;	 Two-

tailed,	*p<0.05,	***p<0.001,	****p<0.0001.	
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Supplementary	Figure	2	related	to	Figure	2.3		

A)	Measured	Log2FC	Sirt3KO/WT	was	plotted	for	acetylated	lysines	detected	via	MS	for	room	

temperature	 versus	 cold	 treated	 mice.	 Log2FC	 computed	 using	MSStats	 as	 described	 in	 the	

experimental	 procedures.	 Linear	 regression	 calculated	 using	 GraphPad	 Prism.	 This	 analysis	

includes	only	measured	changes	that	were	deemed	to	be	statistically	significant	(adjusted	p	value	

<	0.05)	in	both	room	temperature	and	cold	stressed	conditions.	This	graphs	contains	a	subset	of	

the	data	plotted	in	Figure	3B.	

B)	 Plotted	 are	 significantly-regulated	 sites	 detected	 in	 samples	 from	 cold	 stressed	 animals,	

regardless	 of	 fold-change	 versus	 corresponding	 fold-change	 detected	 in	 room	 temperature	

animals,	regardless	of	significance.	Red	line	 indicates	the	best	fit	 line	of	 linear	regression.	The	

blue	line	represents	slope	=	1.	The	majority	of	datapoints	above	blue	line	suggests	more	dramatic	

changes	in	room	temperature	housed	animals.	This	analysis	is	complementary	to	that	descried	

in	Figure	3E	and	contains	a	subset	of	the	data	plotted	in	Figure	3B.	

C)	GO-term	enrichment	of	SIRT3-regulated	lysine	acetylations	sites	calculated	using	Metascape	

for	room	temperature	and	cold	regulated	sites	(log2	Sirt3KO/WT	>1;	adjusted	p>	0.05).	Included	

as	regulated	sites	were	those	detected	in	6	biological	replicates	of	Sirt3KO	and	not	detected	in	

any	WT	samples,	for	which	no	p	value	could	be	calculated.	q	values	shown	represent	p	values	of	

GO-term	analyses	following	adjustment	for	multiple-testing.		
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Supplementary	Figure	3	related	to	Figure	2.3	

Comparison	of	Log2FC	(Sirt3KO/WT)	for	acetylated	peptides	versus	estimated	protein	abundance	

Log2FC	(Sirt3	KO/WT)	for	mice	housed	under	cold	stress	(A)	or	room-temperature	(B)	conditions.	

Protein	abundance	 is	based	on	 intensities	of	non-acetylated	peptides	bound	to	beads	used	 in	

anti-acetyllysine	immunoprecipitations.		
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Supplementary	Figure	4	related	to	Figure	2.6	

Quantification	 of	 western	 blotting	 analysis	 of	 OXPHOS	 protein	 expression	 in	 isolated	

mitochondria	 from	BAT	of	 room	 temperature	housed	or	 cold	 exposed	WT	and	Sirt3KO	mice.	

N=3/group.	A)	Quantification	results	of	CI	expression,	B)	Quantification	results	of	CII	expression,	

C)	Quantification	results	of	CIII	expression,	and	D)	Quantification	results	of	CV	expression.	Data	

are	represented	as	mean	±	SEM.	Two-way	ANOVA	with	Sidak's	test	was	used,	**p<0.01.		
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6.2	SUPPLEMENTARY	TABLES	FOR	CHAPTER	2	
	

Since	the	size	and	content	of	the	supplementary	tables	for	Chapter	2	are	very	huge,	we	would	

like	to	ask	the	examiners	please	to	look	at	the	online-avaliable	supllementary	tables	found	in	the	

paper	entitled:	SIRT3	controls	brown	fat	thermogenesis	by	deacetylation	regulation	of	pathways	

upstream	of	UCP1.	

Here	is	also	the	online	link	that	takes	you	to	the	all	supplementary	tables.	

Please	use	this	link:	

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6601363/	
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6.3	SUPPLEMENTARY	FIGURES	FOR	CHAPTER	3	
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Supplementary	Figure	1	related	to	Figure	3.1	

Naked	mole-rat	actively	thermoregulate	in	cold	but	not	hot	temperatures.	(A&C)	Summaries	of	

ambient	 temperature	 (Ta,	black	circles),	 core	body	 temperature	 (Tb,	 red	circles),	 interscapular	

brown	adipose	tissue	temperature	(TBAT,	green	triangles),	and	dorsal	skin	surface	temperature	

(Trump,	 blue	 squares)	 from	 naked	 mole-rats	 exposed	 to	 a	 normoxia	à	 hypoxia	à	 recovery	

protocol	 in	 20ºC	 (A:	n	 =	 6),	 or	 36ºC	 (C:	n	 =	 10).	 (B&D)	 Summaries	of	 temperature	difference	

between	 physiological	 temperatures	 and	 Ta	 at	 20ºC	 (B),	 or	 36ºC	 (D).	 Data	 are	mean	 ±	 SEM	

(repeated	measures	ANOVA	with	Turkey	post-test).	Asterisks	indicate	significant	difference	from	

normoxic	controls.	Daggers	indicate	significant	difference	from	hypoxia.	
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Supplementary	Figure	2	related	to	Figure	3.1	

Adrenergic	stimulation	enhances	non-shivering	thermogenesis	in	normoxia.	(A&C)	Summaries	of	

ambient	 temperature	 (Ta,	black	circles),	 core	body	 temperature	 (Tb,	 red	circles),	 interscapular	

brown	adipose	tissue	temperature	(TBAT,	green	triangles),	and	dorsal	skin	surface	temperature	

(Trump,	 blue	 squares)	 from	 naked	 mole-rats	 exposed	 to	 a	 normoxia	à	 hypoxia	à	 recovery	

protocol	 in	 30ºC	 following	 injection	 of	 saline	 (A:	n	 =	 10),	 or	 isoproterenol	 (C:	n	 =	 10).	 (B&D)	

Summaries	of	temperature	difference	between	physiological	temperatures	and	Ta	for	the	same	

animals	as	 in	A&C.	Data	are	mean	±	SEM	(repeated	measures	ANOVA	with	Turkey	post-test).	

Asterisks	 indicate	 significant	 difference	 from	 normoxic	 controls.	 Daggers	 indicate	 significant	

difference	from	hypoxia.	
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