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General	Introduction:	

The	 growing	 increase	 in	 the	 prevalence	 of	 obesity	 and	 type	 2	 diabetes	 mellitus	 (T2D)	

imposes	 an	 important	 global	 health	 issue,	 as	 this	 is	 associated	 with	 high	 morbidity	 and	

mortality	and	causes	a	major	burden	on	health	care	costs.	Indeed,	the	major	determinants	

of	obesity	and	T2D	are	high	caloric	 intake	and	reduced	physical	activity,	but	 these	 factors	

cannot	entirely	explain	the	 increasing	prevalence	of	these	clinical	manifestations.	Hence	 it	

has	been	speculated,	that	this	development	could	be	attributed	to	drastic	lifestyle	changes	

in	response	to	the	 industrialization	of	our	modern	society,	which	may	not	be	restricted	to	

changes	in	diet	and	physical	activity	[1].		

With	this	in	mind,	it	is	important	to	realize	that	about	15-20%	of	the	working	population	is	

involved	 in	 shift	 work	 or	 regularly	 travels	 across	 several	 time	 zones	 [2].	 However,	

disengaging	from	our	natural	day-night	rhythm	is	not	limited	to	occupational	environment,	

but	rather	has	become	an	indispensable	part	of	our	society.	In	fact,	in	Central	Europe	over	

70%	of	a	surveyed	population	suffers	from	social	jetlag	[3]	–	a	condition	at	which	one	suffers	

from	 a	 jetlag	 imposed	 by	 social	 aspects,	 such	 as	working	 in	 shift	 or	 partying	 through	 the	

night.	 Similar	 to	 travelling	 time-zones,	 social	 jetlag	 occurs	 by	 a	 misalignment	 of	 the	

behavioral	 cycle	 (food,	 sleep,	 activity)	with	 the	 internal	 biological	 clock.	 To	 date,	 it	 is	 not	

fully	 understood	 how	 disturbances	 of	 the	 biological	 clock	 promote	 the	 risk	 to	 develop	

obesity	 and	 T2D;	 yet	 epidemiological	 studies	 demonstrate	 compelling	 evidence	 for	 an	

association	of	 shift	work	 [4],	 late	meal	 timing	 [5],	 late	chronotype	 [6]	and	social	 jetlag	 [7]	

with	increased	risk	for	obesity	and	T2D.		

	

The	biological	clock	

Our	 normal	 day-night	 rhythms	 in	 biological	 processes	 are	 orchestrated	 by	 the	 central	

biological	 clock.	 Interestingly,	 circadian	 rhythms	are	also	 found	 in	 single	cells	and	 in	 small	

multicellular	 organisms.	 Depending	 on	 the	 organism,	 these	 circadian	 rhythms	 can	 be	

imposed	by	environmental	cues	such	as	oscillation	in	light	intensity	and	wavelength	as	well	

as	ambient	temperature.	The	term	circadian	stems	from	the	Latin	“circa”	(about)	and	“dies”	

(day).	However,	 rhythms	 can	also	originate	 from	 rhythmicity	 in	behavioral	 cues	–	 such	as	

sleep-wake,	and	 fast-fed	phases.	The	alignment	of	 the	environmental	and	behavioral	cues	

can	offer	advantages	 in	 survival,	which	are	 specific	 to	 the	organism.	Hence,	humans	have	

evolved	adhering	 to	 the	 solar	 cycle.	 This	 alignment	 to	 a	 circadian	 rhythm	 is	 enabled	by	 a	
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mechanism	known	as	 the	biological	 clock.	According	 to	our	 current	understanding,	which	

mainly	 originates	 from	 rodent	 studies,	 the	 biological	 clock	 comprises	 of	 a	 central	 clock	 –	

situated	in	the	suprachiasmatic	nucleus	(SCN)	of	the	hypothalamus.	This	central	clock	senses	

time	 by	 accounting	 for	 important	 internal	 and	 external	 time	 cues,	 such	 as	 ambient	 light,	

activity	and	food	consumption.	The	central	clock	is	thought	to	be	composed	of	a	neuronal	

network	 to	 produce	 robust	 neuronal	 and	 humoral	 outputs	 to	 orchestrate	 the	 circadian	

organization	 of	 behavioral,	 physiological,	 neuronal	 and	 cellular	 processes.	 In	 order	 to	

synchronize	 the	 entire	 body,	 peripheral	 cells	 are	 considered	 to	 further	 sustain	molecular	

clocks	that	enable	cells	to	keep	track	of	time	individually.	To	result	in	temporal	homeostasis,	

each	peripheral	molecular	clock	comprises	of	an	autonomous	but	adaptable	mechanism	to	

resonate	in	synchrony	with	the	body.	In	CHAPTER	3	of	this	thesis,	a	detailed	explanation	of	

the	 molecular	 clock	 is	 given.	 In	 general,	 the	 molecular	 clock	 is	 suspected	 to	 govern	

fundamental	 tissue	 specific	 functions	 to	 anticipate	 when	 a	 tissue	 should	 excel	 in	 its	

physiological	function.		

	

	

Figure	 1:	 BMAL1	 and	 CLOCK	 heterodimerize	 to	 initiate	 clock	 controlled	 gene	 expression	 (CCGE).	

Subsequently,	PER	and	CRY	are	expressed	forming	a	repressive	complex	to	suppress	CCGE.	An	interlocked	

feedback	 loop	 is	 formed	by	 cyclic	REVERBA	expression.	 In	 addition,	 the	 core	molecular	 clock	 is	 further	

regulated	by	activity	of	SIRT1	and	REVERBA,	driven	by	the	cellular	energy	state	and	nutrient	availability.	

The	molecular	clock	can	drive	gene	expression	to	orchestrate	tissue	specific	function	to	the	time	in	need.		

	 	

Repressor	Complex
PER	/	CRY

SIRT1

Rate-limiting	 Enzymes

Clock	Controlled	Gene	Expression

Activator	 Complex
CLOCK	/	BMAL1

Feedback	loop	
Genes

Energy	Metabolism
Genes	

Cellular Time Keeping Cellular Function

Mitochondrial	 Biogenesis

REVERBA

NAD+

NAMPT

Cellular Energy State



CHAPTER	1	

	10	

The	biological	clock	and	metabolism	

The	research	on	the	impact	of	the	biological	clock	is	complex,	as	environmental,	behavioral	

and	 circadian	 rhythms,	 are	 indispensably	 intertwined.	 In	 general,	 circadian	 rhythms	 are	

characterized	 as	 intrinsic	 rhythms	 that	 occur	 independently	 from	 environmental	 and	

behavioral	time	cues.	In	fact,	identifying	circadian	rhythms	requires	the	absolute	isolation	or	

constant	 presence	 of	 time	 cues	 such	 as	 light	 or	 food.	 For	 this	 purpose,	 constant	 routine	

protocols	have	been	employed	in	humans,	using	constant	light	and	hourly	ingestion	of	food.	

An	alternative	to	 investigate	the	origin	of	a	rhythm	is	 to	 isolate	cells	of	a	certain	tissue	to	

study	tissue	specific	circadian	rhythmicity	in	vitro.	In	CHAPTER	2,3	and	4	this	methodology	

was	 set-up	 and	 employed	 using	 human	 primary	 myotubes	 isolated	 from	 human	 skeletal	

muscle.	While	these	studies	reveal	the	origin	of	a	rhythm,	the	physiological	impact	remains	

to	be	measured	in	a	normal	lifestyle	situation	to	conclude	its	relevance	to	metabolic	health.	

Hence,	 it	 is	 of	 great	 importance	 to	 first	 characterize	 human	whole-body	 temporal	 energy	

homeostasis	 in	 a	 normal	 day-night	 rhythm,	 with	 aligned	 circadian,	 behavioral	 and	

environmental	rhythms,	as	was	studied	in	CHAPTER	5.	On	this	basis,	to	further	the	question	

can	be	addressed	how	a	disturbed	biological	clock	contributes	 to	derangements	 in	energy	

metabolism,	 and	 hence	 to	 determine	 the	 impact	 of	 circadian	 misalignment	 on	 insulin	

sensitivity	and	mitochondrial	metabolism	as	was	studied	in	CHAPTER	6.	

	

Outline:	

The	 purpose	 of	 the	 research	 outlined	 in	 this	 thesis	 was	 to	 investigate	 a	 possible	 link	

between	the	disruption	of	the	human	biological	clock	and	derangements	in	human	energy	

metabolism,	 and	 to	determine	 to	which	extent	 this	 contributes	 to	 the	etiology	of	 obesity	

and	type	2	diabetes	mellitus.		

To	investigate	this,	we	employed	two	different	strategies:	A	cellular	model	(CHAPTER	2,	3,	

4)	 and	 human	 intervention	 studies	 (CHAPTER	 5,	 6).	 CHAPTER	 2	 briefly	 summarizes	 the	

methodological	development	of	a	cellular	model	that	was	used	to	explore	circadian	rhythms	

of	 human	 skeletal	muscle.	 Subsequently	 in	CHAPTER	 3,	 this	model	 is	 used	 to	 investigate	

intrinsic	 circadian	 rhythms	 in	 skeletal	 muscle	 cultures	 of	 donors	 with	 a	 wide	 range	 in	

metabolic	 health;	 from	athletes	 to	 lean	 sedentary	men,	 and	obese	but	otherwise	healthy	

men	 to	 obese	 type	 2	 diabetic	 patients.	 In	 these	 groups,	 we	 also	 characterize	 group	
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differences	 in	 rhythmic	 expression	 of	 genes	 encoding	metabolic	 sensors	 and	 rate-limiting	

enzymes.	 In	 CHAPTER	 4,	 we	 explore	 whether	 such	 differences	 translate	 to	 changes	 in	

temporal	 mitochondrial	 respiration,	 and	 whether	 human	 mitochondrial	 function	 is	

intrinsically	rhythmic.		

The	second	part	of	this	thesis	sheds	light	on	rhythmic	energy	homeostasis	of	healthy	human	

volunteers.	In	CHAPTER	5,	we	describe	an	exploratory	study	with	young	male	volunteers	to	

characterize	 the	 24-hour	 variation	 in	whole	 body	 energy	metabolism	 and	 skeletal	muscle	

mitochondrial	function	as	well	as	molecular	clock	gene	expression.	Against	this	background,	

in	CHAPTER	6,	we	investigated	the	effect	of	a	12-hour	misalignment	of	the	biological	clock	

with	 the	 behavioral	 cycle	 on	 insulin	 sensitivity,	 mitochondrial	 metabolism	 and	 energy	

metabolism	in	healthy	volunteers.		

Finally,	 in	 CHAPTER	 7,	 we	 discuss	 the	 findings	 of	 this	 thesis	 in	 the	 light	 of	 the	 current	

literature	and	speculate	about	possible	aspects	to	improve	future	prevention	and	treatment	

strategies	for	obesity	and	type	2	diabetes.		
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Abstract	

	

The	 biological	 clock	 has	 been	 proposed	 to	 be	 an	 intricate	 part	 in	 governing	 cellular	 and	

tissue	 specific	 processes.	 Cells	 sustain	 a	 molecular	 clock	 to	 regulate	 gene	 expression	

temporally.	 With	 its	 central	 role	 in	 cellular	 and	 whole-body	 homeostasis,	 a	 disturbed	

molecular	 clock	 has	 been	 linked	 to	 several	 clinical	manifestations	 ranging	 from	 cancer	 to	

cardiovascular	 and	 metabolic	 diseases.	 However,	 identifying	 which	 processes	 are	 truly	

orchestrated	 by	 the	 molecular	 clock	 and	 which	 are	 induced	 by	 environmental	 and	

behavioral	rhythms	is	technically	very	demanding	in	living	organisms.	Hence,	here	we	report	

the	validation	of	a	cellular	model,	 to	enable	studying	circadian	rhythms	of	human	skeletal	

muscle.		

Biopsy	derived	human	primary	myocytes	were	differentiated	to	myotubes.	Serum	shock	was	

employed	 to	synchronize	human	myotubes	 to	determine	molecular	clock	gene	expression	

over	 a	 time	 course	 of	 72	 hours.	 Cultures	 of	 different	 donors	 showed	 similar	 phase	 with	

pronounced	 amplitude	 in	 core	 molecular	 clock	 gene	 expression.	 For	 this	 model,	 we	

obtained	 human	 myocytes	 from	 donors	 ranging	 in	 metabolic	 health;	 from	 healthy	 lean	

athletes	and	sedentary	lean	to	obese	and	type	2	diabetic	patients.	To	be	able	to	relate	the	

molecular	 characteristics	 of	 the	molecular	 clock	 to	metabolic	 parameters,	 the	 donor’s	 in	

vivo	metabolic	phenotype	of	the	corresponding	cultures	was	characterized.		

In	conclusion,	we	demonstrate	a	cellular	model	 that	could	be	used	 to	 investigate	 intrinsic	

circadian	rhythms	of	skeletal	muscle	independent	of	donor	(patho)physiology.	Further,	this	

model	 bears	 the	 potential	 to	 be	 used	 for	 testing	 optimal	 drug	 timing	 and	 efficacy,	 to	

improve	and	develop	pharmacological	strategies.	
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Introduction	

	

Human	skeletal	muscle	 is	a	central	organ	 in	energy	metabolism.	As	 it	accounts	 for	80%	of	

the	postprandial	glucose-uptake,	it	has	great	influence	on	glucose	homeostasis	[1].	Given	its	

size	and	 its	central	 role	 in	 facilitating	human	 locomotion,	 it	also	accounts	 for	 the	greatest	

share	 of	 total	 energy	 expenditure	 in	 humans,	 both	 in	 activity	 and	 at	 rest	 [2].	 With	 its	

influence	on	plasma	glucose	clearance	and	energy	expenditure,	skeletal	muscle	metabolism	

is	 important	 in	 the	 etiology	 of	 obesity	 and	 type	 2	 diabetes.	 In	 type	 2	 diabetes,	 glucose	

uptake	 in	 skeletal	muscle	 is	 reduced	 due	 to	 insulin	 resistance.	 Interestingly,	 at	 the	 same	

time	 impairments	 in	 mitochondrial	 function	 have	 been	 reported	 in	 patients	 with	 type	 2	

diabetes.	 The	 underlying	mechanisms	 that	 lead	 to	 such	metabolic	 derangements	 are	 still	

under	 investigation.	 In	 this	 thesis,	 the	possible	 link	of	 circadian	disturbances	on	a	 cellular	

and	 whole-body	 level	 are	 discussed.	 This	 chapter	 recapitulates	 the	 methodological	

development	of	a	cell	model	 that	enables	 investigating	the	nature	of	circadian	rhythms	 in	

human	 skeletal	muscle	 in	 primary	 cell	 cultures	 of	 donors	with	 different	metabolic	 health	

status.	

Before	 starting	 this	 thesis	 project,	 data	 from	 animal	 studies	 have	 suggested	 that	 in	

mammalian	 organs	 autonomous	molecular	 clocks	 govern	 tissue	 specific	 gene	 expression,	

explained	 in	 detail	 in	CHAPTER	 3.	 Thus,	 the	molecular	 clock	was	 subjected	 to	 temporally	

orchestrate	tissue	specific	function	in	human	skeletal	muscle.	For	instance,	insulin	sensitivity	

was	reported	to	be	regulated	by	intrinsic	circadian	rhythms	as	shown	in	cultured	rat	primary	

myotubes	[3].	Further,	it	could	be	shown	that	disrupting	the	molecular	clock	by	knockout	of	

BMAL1,	led	to	insulin	resistance	in	mice	[4].	Together,	this	suggested	that	the	insulin	action	

depends	 on	 an	 intact	molecular	 clock.	 Additionally,	 it	 could	 be	 shown	 that	 the	molecular	

clock	governs	expression	of	 tissue	 specific	 targets,	 as	 shown	 for	MyoD,	which	 is	 a	master	

regulator	 in	myogenesis	 [5].	 Upon	molecular	 clock	 disruption,	 using	 Clock∆19	 and	 Bmal1-/-	

mutant	 mice,	 skeletal	 muscle	 was	 functionally	 impaired.	 For	 instance,	 mutant	 mice	 had	

reduced	muscle	force	together	with	a	substantial	reduction	in	mitochondrial	respiration	and	

volume,	 when	 compared	 to	 wildtype	mice	 [5].	 The	muscle-specific	 ablation	 of	 BMAL1	 in	

another	mouse	model	also	showed	impaired	muscle	force	[6].	 Intriguingly,	this	model	also	

demonstrates	 that	 disruption	 of	 the	 muscle	 molecular	 clock	 resulted	 in	 impaired	 insulin	
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stimulated	glucose	uptake	[6].	Also	REVERBA,	a	molecular	clock	gene	of	the	repressing	loop,	

was	 shown	 to	 have	 a	 central	 role	 in	 the	 regulation	 of	mitochondrial	 function	 [7].	Whilst	

overexpression	 of	 REVERBA	 improved	 mitochondrial	 function,	 deficiency	 in	 REVERBA	

resulted	 in	 reduction	 of	 mitochondrial	 content	 and	 oxidative	 function	 [7].	 Noteworthy,	

together	the	findings	of	Andrews	et	al.	 [5],	Woldt	et.	al.	 [7]	and	Ramsey	et	al	 [8]	revealed	

that	there	is	a	close	link	between	molecular	clock	genes	and	the	AMPK-SIRT1-PGC1	cascade.	

This	cascade	is	of	particular	interest	as	it	plays	a	crucial	role	in	the	regulation	of	(oxidative)	

metabolism	 in	 skeletal	muscle	 and	 has	 been	 associated	with	 promoting	metabolic	 health	

[9],	as	shown	in	aging,	calorie	restriction,	food	compound	supplementation	and	exercise.		

	

Hence,	 we	 hypothesized	 that	 skeletal	 muscle	 sustains	 a	 molecular	 clock	 with	 intrinsic	

circadian	rhythms.	In	order	to	address	this,	we	here	describe	a	selection	of	cell	experiments	

that	 lead	 to	 creation	 of	 a	 novel	 cellular	 model	 to	 investigate	 human	 skeletal	 muscle	

circadian	 rhythms,	 isolated	 from	 donor	 physiology.	 We	 were	 particularly	 interested	 in	

setting-up	 a	 model	 using	 human	 primary	 myotubes,	 to	 allow	 the	 translation	 of	 results	

obtained	in	mouse	studies	towards	potential	human	relevance.		

	

Methods	and	Results:		

	

Study	design	and	subject	characteristics	

We	included	primary	myotubes	from	subjects	that	had	previously	participated	in	our	studies	

[10,	11].	Human	primary	myotubes	were	cultured	from	the	following	four	groups:	1)	young	

endurance	trained	 lean	athletes	 (trained	 lean	-	TL),	2)	age-matched	young,	 lean	sedentary	

controls	(untrained	lean	-	UL),	and	3)	middle-aged	healthy,	obese	subjects	(OB)	and	4)	BMI-	

and	age-matched	type	2	diabetes	patients	(T2D)	(Table	1).	).	Inclusion	criteria	for	endurance	

trained	 athletes	 were	 performing	 endurance	 exercise	 (long-distance	 running,	 cycling,	

swimming)	at	least	three	times	a	week	for	the	past	2	years	and	a	VO2max	>	55	ml/min/kg;	

all	other	subjects	performed	less	than	1h	of	exercise	per	week	for	the	past	2	years.	Type	2	

diabetic	 patients	 were	 diagnosed	 at	 least	 1	 year	 prior	 to	 the	 study,	 were	 non-insulin	

dependent,	 were	 well-controlled	 (HbA1c	 <64	 mmol/mol),	 and	 had	 no	 diabetes-related	

comorbidities.	All	type	2	diabetes	patients	had	been	treated	with	metformin	or	metformin	+	



A	MODEL	FOR	THE	MOLECULAR	CLOCK	

	 17	

sulfonylureas	for	at	 least	6	months.	All	studies	were	approved	by	the	local	Medical	Ethical	

Committee	of	Maastricht	University	according	 to	 the	declaration	of	Helsinki	principles.	All	

participants	gave	their	written	informed	consent.	

	

Primary	muscle	cell	culture	

As	described	in	detail	[10,	11],	biopsies	were	obtained	after	an	overnight	fast	between	8	to	

9	AM.		

Primary	 skeletal	 muscle	 cell	 cultures	 were	 established	 by	 isolating	 and	 growing	 needle	

biopsy	derived	satellite	cells	in	media	supplemented	with	16%	FBS	(Gibco,	Thermo	

Fisher	 Scientific,	Waltham,	 USA)	 at	 37	 °C	 and	 5%	 CO2.	 After	 7-10	 days,	 mono-nucleated	

satellite	 cells	migrated	and	adhered	 to	 the	culture	dish.	The	 remainder	of	 the	biopsy	was	

removed.	An	additional	proliferation	phase	of	14	days	was	used	 to	augment	cell	number.	

When	the	donor	culture	reached	70-80%	confluence,	cells	were	trypsinized	(Gibco,	Thermo	

Fisher	 Scientific,	 Waltham,	 USA)	 and	 stored	 in	 liquid	 nitrogen.	 This	 option,	 to	 have	

repeatedly	access	 to	donor	cultures,	 is	one	of	 the	advantages	of	 this	model.	For	 instance,	

several	donor	cultures	can	be	compared	in	the	same	experimental	setup	and	used	again	for	

another	experimental	 approach	at	 a	 later	 stage,	 ensuring	 low	passage	numbers.	 For	each	

donor	biopsy,	initial	satellite	cultures	yielded	approximately	10-16	aliquots	containing	5x105	

cells.	

For	each	experiment,	differentiation	to	multi-nucleated	skeletal	myotubes	was	 induced	by	

seeding	mono-nucleated	 satellite	 cells	 confluently	 in	 differentiation	media	 (5x104	 cells/10	

cm2;	passage	<	5);	Minimum	Essential	Medium	α	(Gibco,	Thermo	Fisher	Scientific,	Waltham,	

USA)	supplemented	with	2%	FBS	(Gibco,	Thermo	Fisher	Scientific,	Waltham,	USA)	and	fetuin	

(Sigma-Aldrich,	St.	Louis,	USA).	Every	other	day	differentiation	media	was	changed.	

As	previously	reported	by	us	[10]	and	others,	cultured	myotubes	retain	their	in	vivo	muscle	

phenotype	in	terms	of	insulin	sensitivity	[12-14]	and	mitochondrial	lipid	metabolism	[10,	14,	

15].	

	

In-vitro	synchronization	of	primary	myotubes	

Individual	cells	are	proposed	to	run	on	individual	clocks.	 If	multiple	cells	are	being	studied	

for	 intervention	 or	 donor	 effects	 on	 clock	 related	 processes,	 differences	may	 fade,	 if	 the	

cells	 run	 asynchronously.	 Thus,	 prior	 to	 the	 actual	 experiment,	 cells	 needed	 to	 be	
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synchronized.	 Various	 stimuli	 have	 been	 demonstrated	 to	 be	 able	 to	 synchronize	 cells.	

Because	 the	 ultimate	 goal	 of	 this	 model	 has	 been	 to	 compare	 cultures	 of	 donors	 with	

different	 health	 status,	 we	 aimed	 to	 use	 a	 synchronization	 agent	 that	 was	 not	 directly	

regulating	 or	 interfering	 with	 mitochondrial	 oxidative	 capacity	 or	 insulin	 sensitivity.	

Therefore,	 we	 refrained	 from	 using	 compounds	 such	 as	 dexamethasone,	 as	 it	 is	 a	 highly	

potent	glucocorticoid	analog,	which	was	reported	to	induce	insulin	resistance	in	muscle	[16,	

17].	 Hence,	 we	 employed	 the	 widely-used	 serum	 shock	 as	 a	 synchronization	 stimulus.	

Serum	 shock	 consisted	 of	 a	 two-hour	 incubation	 with	 fresh	 differentiation	 media,	

supplemented	with	50%	horse	serum	(Gibco,	Thermo	Fisher	Scientific,	Waltham,	USA).	After	

serum	shock,	cultures	were	washed	and	supplemented	with	fresh	differentiation	media.		

	

Synchronization	Protocols	

We	first	attempted	to	investigate,	whether	human	skeletal	muscle	myotubes	indeed	express	

core	clock	genes	 in	an	oscillatory	manner.	Hence,	cultures	were	harvested	4-hourly	 for	48	

hours,	 starting	 from	 16	 hours	 after	 serum	 shock.	 In	 this	 first	 pilot,	 we	 used	 aliquots	 of	

myocytes	harvested	from	an	obese	donor	pool,	comprising	of	six	different	donor	cultures.	

As	 hypothesized,	 we	 found	 oscillatory	 gene	 expression	 of	 the	 core	molecular	 clock	 gene	

BMAL1	with	a	first	peak	around	36	hours	after	serum	shock	(figure	1).	Additional	analysis	of	

repressor	genes	PER	and	CRY	revealed	opposed	gene	expression	rhythms	(data	not	shown),	

as	 described	 for	 the	mammalian	 clock	 [18].	 A	 practical	 disadvantage	 of	 this	 experimental	

design	 is	 that	 the	continuous	sampling	 for	 several	 consecutive	days	 is	very	demanding	on	

the	experimentator	in	terms	of	sleep	and	daily	schedule	(figure	1A).	Thus,	in	a	second	pilot	

we	implemented	two	parallel	timelines,	in	order	to	be	able	to	measure	molecular	clock	gene	

oscillation	 for	 three	 consecutive	days.	One	 timeline	 consisted	of	 a	 batch	of	 serum	 shocks	

started	 in	 the	morning,	 whilst	 another	 batch	 was	 initiated	 12	 hours	 later,	 as	 outlined	 in	

figure	 1A.	With	 this	 approach,	 harvesting	 cultures	 could	 be	 scheduled	more	 flexible,	 and	

therefore	favouring	the	sleep	and	daily	schedule	of	the	experimentator.		

When	 comparing	 the	 BMAL1	 expression	 profiles	 of	 the	 linear-	 with	 the	 parallel	 timeline	

model,	 in	both	approaches	an	oscillatory	pattern	occurs	with	peaks	and	troughs	at	similar	

times	(figure	1B).	Given	the	practical	advantages	for	the	experimentator	and	the	longer	time	

period	 that	 could	 be	 observed,	 we	 pursued	 the	 investigation	 with	 the	 parallel	 timeline	

model.	
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Figure	1:	A)	time	schedule	of	serum	shock	(grey	blocks).	Numbers	indicate	time	after	serum	

shock	 at	 harvest	 (black	 bars).	 Upper	model,	 linear	 timeline	 consists	 of	 one	 time	 point	 for	

serum	shock	and	consequent	4-hourly	harvest.	Below,	parallel	timeline	consists	of	two	serum	

shock	batches	at	 8AM	and	8PM,	allowing	a	 simpler	 scheduling	 for	 the	 experimentator.	B)	

BMAL1	expression	in	synchronized	human	primary	myotubes	of	obese	donor	cultures	of	the	

two	different	methodolical	approaches.	Scale	is	reversed;	lower	Ct	numbers	represent	higher	

expression.	

	

Gene	expression	and	correction	

On-dish	 TRIzol	 lysis	 (Qiagen,	Hilden,	Germany)	was	 applied	 to	 ensure	 high	 yield	 and	 RNA	

integrity.	RNA	was	further	purified	using	the	RNeasy	kit	from	Qiagen	(Hilden,	Germany).	The	

quality	and	yield	of	RNA	was	assessed	using	a	NanoDrop	spectrophotometer	(Thermo	Fisher	

Scientific,	 Waltham,	 USA).	 The	 high-capacity	 RNA-to-cDNA	 kit	 from	 Applied	 Biosystems	

(Foster	City,	USA)	was	used	for	transcription	of	0.5	μ	g	RNA	to	cDNA.	Transcript	abundance	

linear timeline

0 12 24 36 48 60 72

25

26

27

28

Time after serum shock [h]

C
t V

al
ue

parallel timeline

0 12 24 36 48 60 72

25

26

27

28

Time after serum shock [h]

C
t V

al
ue

linear	timeline
Day	1 Day	2 Day	3 Day	4

16
20
24
28
32
36
40
44
48

0
4
8
24
32
48
56
72

16
20
40
64

Day	1 Day	2 Day	3 Day	4

lin
ea

r t
im

el
in

e
tim

el
in

e 
1

tim
el

in
e 

2
A B



CHAPTER	2	

	20	

was	determined	using	a	7900HT	Fast	Real-Time	PCR	System	(RT-pPCR)	(Applied	Biosystems,	

Waltham,	USA).		

Transcript	abundance	is	usually	normalized	for	housekeeping	genes	(HKG)	in	RT-QPCR,	but	

housekeeping	genes	can	sometimes	be	affected	by	the	experimental	condition	itself.	Hence,	

using	a	single	HKG	comes	with	the	risk	to	induce	variation	and	possibly	alter	effect	size.	As	

up	 to	 20%	 of	 protein	 coding	 transcripts	 are	 subject	 to	 circadian	 control	 [19],	 first	 we	

selected	HKG	to	test	for	circadian	variation:	HPRT1,	ACTB,	RPLP0,	GAPDH,	18S,	RPL26,	GUSB	

and	 CYPB.	 In	 figure	 2A,	 in	 pooled	 cells	 of	 T2D	 HPRT1	 expression	 fluctuated	 over	 time	

(∆Ct>1),	as	also	seen	for	other	common	HKG	(data	not	shown).	We	found	that	RPL26,	GUSB	

and	CYPB	were	the	three	HKG	with	the	least	temporal	variation	(figure	2),	in	each	of	the	the	

four	 donor	 groups,	 shown	 in	 detail	 in	 supplemental	 figure	 1	 of	 CHAPTER	 3.	 To	 further	

minimize	 the	 influence	 of	 the	 variability	 of	 each	 housekeeping	 gene	 on	 target	 gene	

normalization,	a	geometric	mean	of	the	three	housekeeping	genes	was	used	for	each	time	

point.	 This	 approach	 resulted	 in	 a	 geometric	mean	with	 strong	 robustness	 over	 time,	 as	

shown	exemplarily	for	T2D	myotubes	in	figure	2A.	Therefore,	the	geometric	mean	was	used	

as	the	internal	reference	for	the	comparative	gene	expression	analysis	for	the	remainder	of	

the	study.		

	

Figure	 2:	 Housekeeping	 gene	 expression	 of	 T2D	 myotube	 culture.	 A)	 Comparison	 of	

expression	 of	 commonly	 used	 HKG	 HPRT1	 against	 the	 geometric	 mean,	 comprised	 of	 B)	

RPL26,	C)	GUSB,	D)	CYPB	expression.	Values,	represent	quantification	of	4-hourly	harvested	

cultures	n=1.	Black	squares	depict	GEOMEAN,	black	circles	depict	HPRT1	expression.	Scale	is	

reversed;	lower	Ct	numbers	represent	higher	expression.	
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As	demonstrated	 in	 figure	1,	clock	genes	were	expressed	 in	a	 time	dependent	manner.	 In	

that	experiment,	we	used	pools	of	individual	cell	cultures.	Although	pooled	cells	reduce	the	

number	of	test	samples	vastly,	the	use	of	a	culture	pool	does	not	allow	correlational	analysis	

of	 the	corresponding	donor	 in	vivo	data.	Furthermore,	 the	use	of	a	pool	bears	the	risk,	of	

unequal	proliferation	and	differentiation	between	 the	donors	and	hence	 the	pool	may	be	

dominated	by	 a	 single	 donor,	 rather	 than	 representing	 the	mean	 response	of	 the	 donors	

included.	Hence,	we	aimed	to	investigate	if	a	pool	of	cells	is	representative	to	the	rhythms	

of	the	individual	cultures.	To	this	end,	cultures	of	three	individuals	were	grown	and	seeded	

individually	parallel	to	the	pool	of	the	same	three	donors.	As	depicted	in	figure	3,	cultures	of	

pool	and	lean	individuals	share	similar	peak	and	trough	times	for	the	activator	gene	BMAL1	

and	 repressor	 loop	 genes	 PER2	 and	 REVERBA.	 Close	 observation	 of	 all	 three	 transcript	

profiles	reveals	that	the	pool	resembles	the	profiles	of	lean	donor	1	and	2	more	accurately	

than	 that	 of	 donor	 3.	 Indeed,	 for	 BMAL1,	 PER2	 and	 REVERB	 two-way	 ANOVA,	 revealed	

significant	differences	for	time	and	donor	interaction	(p<0.01).	This	indicates	that	although	

all	 cultures	 appear	 to	have	 the	 same	circadian	phase,	 individual	 gene	expression	 rhythms	

vary	 between	 donors.	 Therefore,	we	 preferred	 investigating	 the	molecular	 clock	 genes	 in	

individual	cultures.	In	this	way	we	achieved	a	more	accurate	representation	of	the	intimate	

link	between	donor	physiology	and	its	molecular	clock.		

	

	
Figure	3:	Molecular	clock	gene	expression	of	activator	A),	and	repressor	 feedback	 loops	B)	

and	C).	Values	are	 relative	expression	of	 single	 timepoints	of	 three	different	donors	and	a	

culture	of	all	three	donors	pooled	immediately	before	differentiation.		
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Figure	4:	Panels	depict	gene	expression	either	without	serum	shock	(WOSS)	or	after	serum	

shock	(SS).	A)	Geometric	mean	of	RPL26,	GUSB	and	CYPB,	B)	core	molecular	clock	genes	of	

activator	complex	and	C)	repressor	 loop,	D)	metabolic	markers.	Data	is	represented	in	Ct	–	

cycle	of	 threshold.	Scale	 is	 reversed;	 lower	Ct	numbers	represent	higher	expression.	Values	

are	mean	with	SEM,	n=3	 	
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As	mentioned	before,	cultured	myotubes	were	reported	to	retain	their	muscle	phenotype	in	

terms	 of	 insulin	 sensitivity	 [12-14]	 and	 mitochondrial	 lipid	 metabolism	 [10,	 14,	 15].	 We	

therefore	 aimed	 to	 investigate	 if	 cell	 cultures	 originating	 from	 different	 donor	 groups	

display	 differences	 in	 molecular	 clock	 gene	 expression.	 However,	 since	 in	 our	 circadian	

studies,	muscle	 cell	 cultures	were	 exposed	 to	 serum	 shock,	we	 also	 aimed	 to	 examine	 if	

serum	shock	affects	muscle	cell	gene	expression.	Therefore,	we	measured	gene	expression	

in	fully	differentiated	primary	myotubes	of	UL	and	T2D	donors	first	without	synchronization	

(without	serum	shock	–	WOSS).	We	found	similar	housekeeping	gene	expression	between	

groups	(figure	4A,	p>0.05),	allowing	the	comparison	of	raw	Ct	(cycle	of	threshold)	between	

groups.	Students	t-test	revealed	that	before	serum	shock	SIRT1	expression	was	significantly	

lower	in	T2D	cultures	compared	to	UL	(p=0.017)	(Figure	4D).	Further	we	observed	trends	for	

lower	expression	of	REVERBA	(p=0.062,	figure	4C)	and	elevated	CLOCK	expression	(p=0.087,	

Figure	 4B)	 in	 T2D	 compared	 to	 UL.	 Lower	 expression	 of	 SIRT1	 has	 been	 associated	 to	

overweight	and	T2D	[20].	Previously,	in	animal	and	human	experiments,	lower	expression	of	

SIRT1	 and	 REVERBA	 has	 been	 associated	 to	 attenuated	mitochondrial	 function	 [7,	 9,	 21].	

REVERBA	also	had	been	shown	to	be	relevant	for	muscle	lipid	metabolism	in	animal	studies	

[7,	 22].	 A	 characteristic	 of	 skeletal	 muscle	 in	 T2D	 is	 excess	 storage	 of	 neutral	 lipids.	 To	

examine	 if	 serum	 shock	 had	 effects	 on	muscle	 gene	 expression,	we	 then	 compared	 gene	

expression	without	serum	shock	with	gene	expression	at	0h	baseline	after	serum	shock	(SS).	

After	 serum	 shock,	 none	 of	 the	 measured	 genes	 were	 statistically	 different	 expressed	

between	groups	anymore	(p>0.05),	suggesting	that	differences	between	donor	groups	could	

be	lost	by	serum	shock	treatment.		

Therefore,	we	tested	whether	mitochondrial	function	was	different	between	donor	cultures	

after	serum	shock,	as	previously	published	in	supplemental	figure	of	CHAPTER	3.	Here,	we	

compared	the	respiration	rates	of	human	primary	myotube	cultures	of	TL	with	UL	and	OB	

with	 T2D	 to	 estimate	 mitochondrial	 function.	 Indeed,	 we	 found	 reduced	 mitochondrial	

respiration	 in	 cultures	 of	 T2D	 donors	 when	 compared	 to	 healthy	 controls	 (OB).	 This	

indicated	that	also	after	serum	shock	donor	phenotype	characteristics	were	retained.		
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Conclusion	

Taken	together,	here	we	demonstrated	a	selection	of	experiments	that	were	a	directive	to	

setting	 up	 a	 cellular	 model,	 which	 could	 be	 used	 to	 investigate	 the	 make-over	 of	 the	

molecular	clock	 in	health	and	metabolic	disease.	We	show	that	human	primary	myotubes	

can	be	used	to	study	circadian	rhythmicity	in	gene	expression,	but	did	not	reveal	differences	

between	donor	groups	after	serum	shock.	For	future	experiments,	options	for	changing	the	

culture	milieu	 to	 a	more	 pathophysiologic	 environment	 could	 be	 used	 to	 reveal	 how	 the	

molecular	 clock	 of	 healthy	 and	 T2D	 donors	 changes	 under	 hyperinsulinemic	 and	

hyperglycemic	 conditions.	 Furthermore,	 this	 model	 bears	 the	 potential	 to	 be	 used	 for	

testing	 drug	 timing	 and	 temporal	 drug	 efficacy,	 to	 improve	 and	 develop	 pharmacological	

strategies.		
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Abstract:	

Cell	 and	 animal	 studies	 have	 demonstrated	 that	 circadian	 rhythm	 is	 governed	 by	

autonomous	 rhythmicity	 of	 clock	 genes.	 Although	 disturbances	 in	 circadian	 rhythm	 have	

been	 implicated	 in	metabolic	 disease	 development,	 it	 remains	 unknown	whether	muscle	

circadian	 rhythm	 is	 altered	 in	 human	 models	 of	 type	 2	 diabetes.	 Here	 we	 used	 human	

primary	 myotubes	 (HPM)	 to	 investigate	 if	 rhythmicity	 of	 clock-	 and	 metabolic	 gene	

expression	 is	altered	 in	donors	with	obesity	or	 type	2	diabetes	compared	to	metabolically	

healthy	donors.	HPM	were	obtained	 from	 skeletal	muscle	biopsies	of	 four	 groups:	 type	2	

diabetic	 patients	 and	 their	 BMI-	 and	 age-matched	 obese	 controls	 and	 from	 lean,	 healthy	

and	young	endurance	trained	athletes	and	their	age-matched	sedentary	controls.	Cultured	

HPM	were	synchronized	by	serum	shock	and	subsequent	gene	expression	was	measured	for	

72	 hours.	 HPM	 display	 robust	 circadian	 rhythms	 in	 clock	 genes,	 but	 REVERBA	 displayed	

dampened	 rhythmicity	 in	 type	 2	 diabetes.	 Furthermore,	 rhythmicity	 in	NAMPT	 and	 SIRT1	

expression	was	only	observed	 in	HPM	 from	 trained	athletes.	Rhythmicity	 in	expression	of	

key-regulators	of	carbohydrate	and	lipid	metabolism	was	modest.	We	demonstrate	that	in	

human	 skeletal	 muscle	 REVERBA/B,	 NAMPT	 and	 SIRT1	 circadian	 rhythms	 are	 affected	 in	

donors	of	sedentary	life	style	and	poor	health	status.	
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Introduction		

Skeletal	muscle	 plays	 an	 important	 role	 in	maintaining	whole	 body	 energy	 and	 substrate	

metabolism	and	is	responsible	for	~	80%	of	postprandial	glucose	uptake	in	humans	[1].	Type	

2	diabetes	(T2D)	is	indeed	characterized	by	disturbances	in	skeletal	muscle	insulin	sensitivity	

and	mitochondrial	 function	 [2,	3],	and	 the	disability	of	 skeletal	muscle	 to	adjust	 substrate	

oxidation	to	glucose	or	fat	availability	-	called	metabolic	inflexibility	-	is	associated	with	the	

development	of	muscle	 insulin	 resistance	and	type	2	diabetes	 [4].	These	 findings	not	only	

illustrate	 the	 importance	 of	 skeletal	 muscle	 in	 modulating	 blood	 glucose	 levels,	 but	 also	

indicate	 that	 in	 order	 to	 maintain	 metabolic	 health	 a	 fast	 switch	 between	 substrates	 is	

necessary	to	cope	with	the	daily	nutrient	challenges.	

To	anticipate	such	metabolic	adjustments	at	the	cellular	levels,	peripheral	tissues	generate	

circadian	 oscillations	 by	 an	 intricate	 transcriptional-translational	 feedback	 loop,	 known	 as	

the	molecular	clock.	This	clockwork	involves	an	activating	limb,	comprising	the	heterodimer	

of	 Brain	 and	 muscle	 ARNT-Like	 1	 (BMAL1)	 and	 circadian	 locomotor	 output	 cycles	 kaput	

(CLOCK).	 This	 complex	 promotes	 gene	 expression	 at	 E-boxes,	 and	 controls	 thereby	 the	

expression	of	period	(PER),	cryptochrome	(CRY)	and	nuclear	receptor	subfamily	1,	group	D,	

member	 1	 (REVERBA).	 The	 repressing	 limb	 comprises	 REVERBA,	 REVERBB	 and	 the	

heterodimer	of	PER	with	CRY.	The	timely	shifted	translocation	of	the	PER/CRY	heterodimer	

into	the	nucleus	inhibits	the	activating	limb.	Independently,	REVERBA	inhibits	the	expression	

of	BMAL1	[5,	6].	 In	addition,	 the	cellular	energy	status,	 reflected	by	nicotinamide	adenine	

dinucleotide	(NAD+),	can	activate	sirtuin	1	(SIRT1),	which	in	turn	represses	the	active	limb	by	

deacetylation	of	both	activating	and	repressing	limb	components	[7].	The	fine-tuning	of	this	

mechanism	is	closely	regulated	on	both	limbs	by	post-transcriptional	modifications	[7-9].	

Apart	from	keeping	time,	this	clockwork	governs	the	transcription	of	clock-controlled	genes,	

such	as	tissue-specific	 transcription	factors	of	carbohydrate-	and	 lipid	metabolism	[10-13],	

but	 also	 of	 genes	 involved	 in	 mitochondrial	 biogenesis	 [13,	 14].	 Notwithstanding,	 the	

peripheral	molecular	clock	of	skeletal	muscle	is	also	sensitive	to	hypothalamic-independent	

signals	such	as	fasted-fed	cycles	and/or	physical	exercise	[10,	15-18].	

In	 recent	years,	evidence	 is	emerging	 that	disturbances	 in	 the	circadian	clock	may	 lead	 to	

metabolic	 diseases.	 For	 example	 glucose	 homeostasis	 was	 severely	 disturbed	 in	 rodent	

knock	out	and	deficiency	models	of	BMAL1	[19-22],	REVERBA	[23],	PER	[20]	and	CRY	[24].	
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Also,	 liver-	 and	 overall	 body	 fat	were	 adversely	 affected	 in	 knockout	mice	 of	 BMAL1	 and	

REVERBA.	 Lastly,	 the	muscle-specific	 inactivation	 of	 Bmal1	 in	mice	 lead	 to	muscle	 insulin	

resistance,	 altered	 muscle	 glucose	 metabolism	 and	 ultimately	 to	 substantially	 elevated	

muscle	and	body	weight	[25].	

Also	in	human	studies,	clock	gene	expression	is	associated	with	metabolic	health,	as	adipose	

tissue	clock	gene	expression	was	shown	to	correlate	with	waist	circumference	[26]	and	BMI	

[27].	 Furthermore,	 macronutrient	 availability	 has	 been	 shown	 to	 influence	 clock	 gene	

expression	 in	 blood	 monocytes	 of	 healthy	 subjects	 [28].	 However,	 whether	 circadian	

rhythmicity	 of	 clock	 and	 metabolic	 genes	 in	 muscle	 is	 altered	 in	 humans	 with	 type	 2	

diabetes	 is	 so	 far	 unknown.	 In	 order	 to	 characterize	 the	 autonomous	molecular	 clock	 of	

human	muscle	 in	relation	to	type	2	diabetes,	a	human	primary	myotube	model	was	used.	

Human	 primary	myotubes	maintain	many	 of	 the	metabolic	 characteristics	 of	 their	 donor	

[29-31].	 Moreover,	 it	 was	 recently	 shown	 that	 circadian	 rhythmicity	 of	 clock	 genes	 is	

maintained	 in	 human	 primary	 myotubes	 derived	 from	 healthy	 donors	 [32].	 Therefore,	

human	primary	myotubes	 can	be	used	 to	 investigate	 if	 circadian	 rhythmicity	 in	metabolic	

gene	expression	is	affected	in	type	2	diabetes.	Here,	we	cultured	human	primary	myotubes	

from	 donors	 with	 a	 broad	 range	 in	 metabolic	 health	 status	 and	 insulin	 sensitivity,	 i.e.	

ranging	 from	 young	 healthy	 endurance	 trained	 athletes	 to	 type	 2	 diabetes	 patients.	 We	

aimed	to	investigate	whether	gene	expression	of	key	metabolic	pathways	in	cultured	human	

primary	 myotubes	 displayed	 circadian	 rhythmicity	 and	 whether	 this	 is	 impacted	 by	 the	

phenotypic	characteristics	of	the	donor.	
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Results	

Clock	genes	show	circadian	rhythmicity	in	human	primary	myotubes	

We	 first	 determined	 gene	 expression	 profiles	 of	 the	 core	molecular	 clock	 components	 to	

examine	 circadian	 rhythmicity.	 BMAL1	 expression	 showed	 24-hour	 rhythmicity	 in	 all	 four	

donor	 groups	 as	 detected	 by	 JTK_CYCLE	 (figure	 1A,	 p<0.01).	 One-way	 ANOVA	 analysis	

revealed	that	in	all	groups	gene	expression	was	indeed	significantly	different	between	time	

points	(p<0.05),	and	post-hoc	analysis	revealed	significant	differences	between	peaks	at	36h	

and	64h	after	serum	shock	and	a	corresponding	nadir	at	24h,	48h	and	72h	after	serum	shock	

in	all	groups	(p<0.05).	Two-way	ANOVA	revealed	no	significant	interaction	effect	for	BMAL1	

expression,	suggesting	that	the	rhythmicity	of	BMAL1	expression	was	not	different	between	

donor	groups	(p>0.05).	

It	has	previously	been	 reported,	 that	 the	heterodimer	partner	of	BMAL1,	CLOCK,	 features	

minimal	circadian	variation	[33,	34].	Here,	we	confirm	that	CLOCK	gene	expression	revealed	

no	circadian	rhythmicity	in	human	primary	myotubes	(figure	1A,	JTK_CYCLE	p>0.05).		

	

Expression	of	negative	feedback	loop	genes	show	circadian	rhythmicity	

The	components	of	 the	 repressor	complex	–	PER2	and	CRY1	–	are	known	to	oscillate	 in	a	

12h	to	16h	shift	to	the	rhythm	of	BMAL1.	Indeed,	PER2	showed	circadian	rhythmicity	for	all	

donor	groups	(figure	1B,	JTK_CYCLE	p<0.001),	One-way	ANOVA	analysis	revealed	that	gene	

expression	was	 indeed	 significantly	 different	between	 time	points	 of	 cells	 from	untrained	

lean	 (UL)	 and	 sedentary	 obese	 (OB)	 (p<0.05),	 and	 post-hoc	 analysis	 revealed	 significant	

differences	in	time	with	peaks	at	24h	and	52h	and	nadirs	at	36h	and	64h	after	serum	shock,	

which	is	in	anti-phase	with	the	expression	profile	of	BMAL1	(figure	1A,B).	Although	similar	

rhythmicity	 was	 visible	 in	 cells	 of	 trained	 lean	 (TL)	 and	 type	 2	 diabetic	 patients	 (T2D),	

differences	 in	 time	did	 just	not	 reach	 statistical	 significance	 (p=0.13	and	p=0.12	 in	TL	and	

T2D	respectively).	

Gene	expression	of	CRY1	also	showed	significant	circadian	rhythmicity	in	all	groups	(figure	

1B,	 JTK_CYCLE	 p<0.01).	 The	 circadian	 rhythm	 patterns	 of	 PER2	 and	 CRY1	 were	 not	

significantly	 different	 between	 donor	 groups,	 as	 we	 observed	 no	 interaction	 effect	 using	

two-way	ANOVA	analysis	(p>0.05).	
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Figure	1:	Rhythmic	gene	expression	of	core	components	of	the	molecular	clock.		

The	 relative	 transcript	abundance	of	 the	positive	 (A)	and	negative	 limb	 (B)	 components	of	

the	 molecular	 clock	 was	 quantified	 by	 RT-PCR	 and	 normalized	 to	 the	 corresponding	

geometric	 mean	 of	 RPL26,	 CYPB	 and	 GUSB.	 Each	 value	 consists	 of	 the	 average	 of	 the	

independent	 cultures	 from	 three	 different	 donors.	 The	 value	 of	 the	 sample	 taken	

immediately	after	serum	shock	(0h)	was	normalized	to	1.	Expression	profiles	of	synchronized	

differentiated	 primary	myotube	 cultures	 from	 trained	 lean	 (black	 triangle),	 untrained	 lean	

(open	diamond),	obese	 (black	circle)	and	 type	2	diabetes	patients	 (open	circle)	are	 shown.	

Data	are	mean	±	SEM.	

	

	

Next,	 we	 measured	 the	 transcripts	 of	 genes	 that	 have	 been	 reported	 to	 be	 under	 the	

transcriptional	 control	 of	 CLOCK	and	BMAL1,	 and	 to	be	 involved	 in	 the	 fine-tuning	of	 the	

circadian	 clock.	 Both	 for	 REVERBA	 and	 REVERBB,	 24-hour	 circadian	 rhythmicity	 was	

observed	in	athletes,	lean	sedentary	and	obese	subjects	(figure	2A,	JTK_CYCLE	p<0.001),	but	

the	rhythm	was	dampened	in	type	2	diabetes	patients	(figure	2A,	JTK_CYCLE	p>0.05).	One-

way	ANOVA	analysis	revealed	significantly	different	REVERBA	levels	between	time	points	in	

all	groups	(figure	2A,	p<0.05).	Post-hoc	analysis	revealed	that	REVERBA	peaked	at	20	to	24h	

and	again	at	40h	 to	44h,	with	 the	corresponding	nadirs	at	32h	and	52-56h.	For	REVERBB,	

highest	expression	was	determined	at	24h	and	at	48h,	and	 lowest	expression	at	16h,	36h	

and	56h	 (figure	 2A)	 in	 all	 groups	except	 for	 type	2	diabetes	patients	 (ANOVA	TL,	UL,	OB:	

p<0.001,	T2D:	p=0.473).		

A	 circadian	 rhythm	was	 observed	 for	 SIRT1	 only	 in	 athletes	 (figure	 2B,	 p<0.05).	One-way	

ANOVA	 also	 revealed	 a	 statistical	 significant	 time	 effect	 in	 athletes	 only	 (p<0.05),	 with	

highest	expression	at	24h	and	52h,	 and	 lowest	expression	at	36	and	64h.	 In	 concordance	

with	SIRT1	expression,	analysis	of	NAMPT	expression	also	confirmed	a	circadian	rhythm	in	

athletes	 only	 (figure	 2B,	 p<0.001),	 although	 one-way	 ANOVA	 did	 not	 reveal	 significant	

differences	between	the	time	points.	
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Figure	2:	Rhythmic	gene	expression	of	molecular	clock	components.		

The	 relative	 abundance	 of	 transcripts	 that	 are	 under	 the	 control	 of	 the	 Ebox	 domain	was	

quantified	by	RT-PCR	and	normalized	to	the	corresponding	geometric	mean	of	RPL26,	CYPB	

and	 GUSB.	 Each	 value	 consists	 of	 the	 average	 of	 the	 independent	 cultures	 from	 three	

different	 donors.	 The	 value	 of	 the	 sample	 taken	 immediately	 after	 serum	 shock	 (0h)	 was	

normalized	to	1.	Expression	profiles	of	synchronized	differentiated	primary	myotube	cultures	

from	trained	 lean	 (black	triangle),	untrained	 lean	 (open	diamond),	obese	 (black	circle)	and	

type	2	diabetes	patients	(open	circle)	are	shown.	Data	are	mean	±	SEM.	

	

	

Modest	circadian	rhythmicity	in	expression	of	genes	involved	in	substrate	metabolism	

We	next	measured	transcript	abundance	of	genes	that	are	key	regulators	in	cellular	glucose	

metabolism.	Circadian	rhythmicity	determined	by	JTK_CYCLE	was	found	in	gene	expression	

of	 glycogen	 synthase	1	 (GYS1)	 for	 type	2	diabetes	patients	only,	 but	not	 for	 its	 inhibitory	

regulator	–	the	glycogen	synthase	kinase	3	beta	(GSK3b).	For	hexokinase	II	(HKII)	JTK_CYCLE	

indicated	rhythmicity	in	sedentary	lean	and	tendencies	in	obese	and	type	2	diabetic	donors	

(figure	 2,	 UL	 p<0.05;	 OB	 p=0.07;	 T2D	 p=0.09,	 TL	 p=1.00);	 However,	 one-way	 ANOVA	

revealed	 no	 significant	 differences	 in	 HKII	 gene	 expression	 in	 time	 in	 sedentary	 lean	

(p>0.05).	Also,	as	can	be	seen	from	figure	3,	the	pattern	of	HKII	suggests	a	linear	increase	in	

HKII	over	time.	Finally,	we	measured	insulin	receptor	substrate	1	(IRS1)	–	a	gene	involved	in	

insulin-stimulated	glucose	uptake	–	which	only	revealed	a	rhythmic	pattern	using	JTK_CYCLE	

in	athletes	(supplemental	figure	3,	JTK_CYCLE	p<0.01).		

We	 next	 also	 determined	 gene	 expression	 of	 several	 genes	 in	 mitochondrial	 function.	

Therefore,	 we	 measured	 the	 mitochondrial	 adenine	 nucleotide	 transporter	 (ANT)	 that	

exchanges	ATP	and	ADP	in	the	mitochondrial	matrix.	Further	we	quantified	the	peroxisome	

proliferator-activated	receptor	alpha	(PPARa)	and	delta	(PPARd),	which	both	are	involved	in	

regulating	lipid	metabolism	and	mitochondrial	biogenesis.	Circadian	rhythmicity	was	found	

in	gene	expression	of	ANT	in	sedentary	lean	and	for	PPARa	in	athletes	(JTK_CYCLE	p<0.05),	

but	 one-way	 ANOVA	 did	 not	 reveal	 significant	 differences	 in	 time	 for	 any	 of	 the	 groups	

(figure	4,	p>0.05).	
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Figure	3:	Expression	profiles	of	cellular	glucose	metabolism	genes.		

The	relative	abundance	of	transcripts	that	encode	proteins	of	cellular	glucose	and	glycogen	

metabolism	was	quantified	by	RT-PCR	and	normalized	to	the	corresponding	geometric	mean	

of	RPL26,	CYPB	and	GUSB.	Each	value	consists	of	 the	average	of	 the	 independent	 cultures	

from	three	different	donors.	The	value	of	the	sample	taken	 immediately	after	serum	shock	

(0h)	 was	 normalized	 to	 1.	 Expression	 profiles	 of	 synchronized	 differentiated	 primary	

myotube	cultures	from	trained	 lean	(black	triangle),	untrained	 lean	(open	diamond),	obese	

(black	circle)	and	type	2	diabetes	patients	(open	circle)	are	shown.	Data	are	mean	±	SEM.	 	
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Figure	4:	Expression	profiles	of	genes	involved	in	mitochondrial	metabolism.		

The	 relative	 transcript	 abundance	 of	 transcripts	 that	 encode	 proteins	 involved	 in	

mitochondrial	 function	 and	 biogenesis	 was	 quantified	 by	 RT-PCR	 and	 normalized	 to	 the	

corresponding	geometric	mean	of	RPL26,	CYPB	and	GUSB.	Each	value	consists	of	the	average	

of	 the	 independent	 cultures	 from	 three	 different	 donors.	 The	 value	 of	 the	 sample	 taken	

immediately	after	serum	shock	(0h)	was	normalized	to	1.	Expression	profiles	of	synchronized	

differentiated	primary	myotube	cultures	are	plotted	as	follows:	trained	lean	(black	triangle)	

against	 untrained	 lean	 (open	 diamond)	 and	 obese	 (black	 circle)	 against	 type	 2	 diabetics	

(open	circle).	Data	are	mean	±	SEM	 	
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For	PPARd,	circadian	 rhythmicity	was	observed	 in	athletes,	obese	and	T2D	using	 JTK-cycle	

(JTK_CYCLE	 p<0.05),	 and	 one-way	 ANOVA	 analysis	 revealed	 significantly	 different	 gene	

expression	 levels	 of	 PPARd	 between	 time	 points	 in	 athletes	 and	 obese,	 p<0.001	 and	

p<0.009,	respectively.	Post-hoc	analysis	revealed	that	PPARd	was	significantly	higher	at	28h	

vs.	 36h	 in	 TL.	 Furthermore,	 we	 determined	 gene	 expression	 of	 DGAT1,	 the	 rate-limiting	

enzyme	 in	 the	 conversion	 of	 diacylglycerol	 into	 triacylglycerol.	 Circadian	 rhythm	 was	

revealed	 in	 lean	sedentary	subjects	only	using	 JTK-CYCLE	 (supplemental	 figure	3,	p>0.05),	

but	one-way	ANOVA	did	not	reveal	significant	differences	in	time	in	lean	sedentary	subjects	

(supplemental	figure	3).		

	

	

	

	
	

Figure	5:	Correlative	analysis	of	circadian	rhythmicity	with	the	metabolic	phenotype	of	the	

donor.	

The	 plot	 displays	 the	 association	 (Spearman’s	 Rho	 test	 for	 nominal	 data)	 between	 the	

metabolic	 phenotype	 of	 the	 donor	 with	 the	 amplitude	 of	 the	 JTK_CYCLE	 based	 peak	 and	

nadir	for	REVERBA.	Data	are	relative	expression	amplitude	with	95%	CI	as	error	bars.	 	
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Discussion	

Rodent	 studies	 have	 revealed	 the	 importance	 of	 the	 CLOCK/BMAL1	 component	 in	 the	

regulation	of	autonomous	circadian	rhythm	in	skeletal	muscle	[14,	25].	Recently,	circadian	

rhythmicity	was	also	shown	in	human	primary	myotubes	[32],	which	we	confirm	here.	Our	

results	reveal	that	circadian	rhythmicity	for	the	core	clock	components	was	not	affected	by	

the	metabolic	 status	of	 the	donor.	 Interestingly	however,	REVERBA	and	REVERBB	analysis	

showed	no	circadian	rhythmicity	in	human	primary	myotubes	derived	from	type	2	diabetes	

patients,	 and	 rhythmicity	 for	 SIRT1	 and	 NAMPT	 was	 only	 observed	 in	 myotubes	 from	

endurance	trained	athletes.	These	findings	may	suggest	that	the	molecular	clock	system	in	

human	 skeletal	 muscle	 is	 affected	 by	 metabolic	 condition	 and	 may	 be	 involved	 in	 the	

etiology	of	chronic	metabolic	disease.		

	

The	aim	of	 the	current	 study	was	 to	examine	 if	 circadian	 rhythmicity	 in	 skeletal	muscle	 is	

affected	by	the	characteristics	of	the	donors,	whom	were	ranging	in	metabolic	health	from	

endurance	trained	athletes	to	metabolically-compromised	T2D	patients.	We	find	that	serum	

shock	 is	 capable	 of	 inducing	 synchronization	 in	 human	primary	myotubes	 from	 a	 skeletal	

muscle	biopsy.	 In	 line	with	 the	study	of	Balsalobre	et	al.	 [35],	also	 in	human	muscle	cells,	

oscillation	of	autonomous	 clock	 components	persists	at	 least	 throughout	72h	after	 serum	

shock	synchronization.	This	robust	oscillation	was	reflected	by	all	measured	components	of	

the	 transcriptional-translational	 feedback	 loop.	 Especially,	 BMAL1	 and	 REVERBA	

demonstrated	the	highest	amplitudes	in	rhythmicity.	Furthermore,	the	characteristic	phase	

delay	of	REVERBA/B,	PER	and	CRY	to	BMAL1,	previously	observed	in	human	biopsies	[34,	36]	

and	human	primary	myotubes	[32],	was	confirmed	in	the	present	study.		

	

It	 has	 previously	 been	 demonstrated	 that	 cultured	 myotubes	 retain	 their	 in	 vivo	 muscle	

phenotype	in	terms	of	insulin	sensitivity	[29,	30]	and	mitochondrial	lipid	metabolism	[31].	In	

the	current	study,	we	confirm	that	also	after	the	procedure	of	serum	shock,	mitochondrial	

function	was	reduced	in	type	2	diabetic	patients	compared	to	obese	controls	(supplemental	

figure	2).	Despite	this,	we	did	not	 find	any	differences	 in	circadian	rhythmicity	 in	the	core	

molecular	 clock	 components	BMAL1,	CRY1	and	PER2	between	donor	 groups,	which	 could	

indicate	that	the	core	molecular	clock	is	not	affected	in	muscle	of	type	2	diabetic	patients,	
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as	 was	 shown	 in	 temporal	 series	 of	 human	white	 adipose	 tissue	 biopsies	 [36].	 However,	

circadian	rhythmicity	was	affected	by	the	donor	characteristics	for	REVERBA/B	and	for	SIRT1	

and	NAMPT.	Thus,	circadian	rhythmicity	 for	REVERBA/B	was	detected	 in	all	groups	except	

for	type	2	diabetes	patients.	Furthermore,	interestingly,	we	could	only	confirm	rhythmicity	

for	 NAMPT	 and	 SIRT1	 expression	 in	 human	 primary	 myotubes	 derived	 from	 endurance-

trained	 athletes.	 As	 SIRT1	 and	 NAMPT	 have	 been	 shown	 to	 be	 associated	 to	 metabolic	

health	 [37-39]	 it	 is	 interesting	 that	 intrinsic	 rhythmicity	 is	 less	 robust	 in	 sedentary	 lean,	

obese	 and	 T2D	 donor	 cells.	 Furthermore,	 it	 should	 be	 noted	 that	 all	 cells	 were	 cultured	

under	 optimized	 and	 constant	 cell	 culture	 conditions.	 Given	 the	 differences	 in	metabolic	

flexibility	 between	diabetic	 patients	 and	 (un)trained	healthy	 lean	 subjects,	 it	may	be	 that	

the	 differences	 in	 circadian	 rhythmicity	 as	 measured	 in	 the	 current	 model	 may	 be	

underestimated.	 In	 that	 context,	 it	 may	 be	 interesting	 to	 expose	 synchronized	 skeletal	

myotubes	 with	 excess	 palmitate	 or	 glucose	 substrates	 and	 investigate	 whether	 circadian	

rhythmicity	is	more	pronouncedly	affected	under	such	diabetogenic	conditions.	

	

We	 did	 demonstrate	 rhythmicity	 of	 regulatory	 genes	 in	 glucose	 and	 lipid	 metabolism	 or	

mitochondrial	 biogenesis	 using	 JTK_CYCLE,	 but	 these	 rhythms	 were	 not	 robust.	 This	

contrasts	 to	 findings	 in	mouse	 liver	 [7,	 40,	 41]	 as	well	 as	 heart	 and	 skeletal	muscle	 [42].	

Further,	murine	skeletal	muscle	was	shown	to	maintain	rhythms	of	glucose	metabolites	and	

corresponding	rate-limiting	enzymes,	such	as	GLUT4,	HKII	and	PDK4	[25].	However,	we	did	

not	 observe	 rhythmic	 expression	 of	 HKII,	 GYSI	 or	 GSK3B	 mRNA	 in	 synchronized	 human	

myotubes	 of	 all	 groups.	 In	 addition,	 no	 circadian	 expression	 of	 IRS1	 was	 detected,	 in	

contrast	to	murine	muscle	and	liver	[43].	Whilst	lipid	metabolism	is	highly	diurnal	in	mouse	

liver,	white	 adipose	 tissue	 and	 aorta,	 only	moderate	 rhythm	was	detected	 in	 the	present	

study	 for	 DGAT1	 [10,	 44]	 and	 PPARa	 [10,	 12]	 or	 PPARd	 [11].	 In	 line	with	 the	 absence	 of	

oscillations	 in	 metabolic	 gene	 expression,	 the	mitochondrial	 gene	 ANT	 is	 expressed	 with	

minimal	 variation	over	 time.	 It	 should	 be	 noted	 that	 even	when	 rhythmicity	 in	metabolic	

gene	expression	was	observed,	the	amplitude	of	the	rhythm	was	very	low	in	comparison	to	

the	clock	genes.	

	

In	conclusion,	we	demonstrate,	 that	circadian	components	of	 the	molecular	clock,	namely	

REVERBA/B,	 SIRT1	 and	 NAMPT,	 that	 are	 associated	 with	 mitochondrial	 function	 and	
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metabolic	 health,	 showed	 lack	 of	 circadian	 rhythmicity	 in	 human	primary	myotubes	 from	

type	 2	 diabetic	 patients.	Modest	 circadian	 rhythmicity	 was	 observed	 in	 few	 downstream	

genes	of	the	molecular	clock	system,	such	as	metabolic	genes	involved	in	glucose	and	lipid	

metabolism.	 Future	 studies	 are	 needed	 to	 examine	 if	 circadian	 rhythmicity	 can	 also	 be	

observed	in	physiological	measures	such	as	insulin	sensitivity	or	mitochondrial	function.	

	

Methods:	

Study	design	and	subject	characteristics	

In	 the	 present	 study,	 we	 included	 human	 primary	 myotubes	 from	 subjects	 that	 had	

previously	participated	in	our	studies	[45,	46].	We	cultured	human	primary	myotubes	from	

the	 following	 four	 groups:	 1)	 young	 endurance	 trained	 athletes	 (TL)	 and	 2)	 their	 age-

matched	 young,	 lean	 sedentary	 controls	 (UL),	 and	 3)	 healthy,	 obese	 subjects	 (OB)	 and	 4)	

BMI-	 and	 age-matched	 type	 2	 diabetic	 patients	 (T2D)	 (table	 1).	 Inclusion	 criteria	 for	

endurance	 trained	 athletes	 were	 performing	 endurance	 exercise	 (long-distance	 running,	

cycling,	 swimming)	 at	 least	 three	 times	 a	week	 for	 the	 past	 2	 years	 and	 a	 VO2max	 >	 55	

ml/min/kg;	 all	 other	 subjects	 performed	 less	 than	1h	of	 exercise	per	week	 for	 the	past	 2	

years.	Type	2	diabetic	patients	were	diagnosed	at	least	1	year	prior	to	the	study,	were	non-

insulin	 dependent,	 were	 well-controlled	 (HbA1c	 <64	 mmol/mol),	 and	 had	 no	 diabetes-

related	 comorbidities.	 All	 type	 2	 diabetes	 patients	 had	 been	 treated	 with	 metformin	 or	

metformin	 +	 sulfonylureas	 for	 at	 least	 6	months.	 All	 studies	 were	 approved	 by	 the	 local	

Medical	Ethical	Committee	of	Maastricht	University	according	to	the	declaration	of	Helsinki	

principles	of	1975,	as	revised	in	1983.	All	participants	gave	written	informed	consent.		

	
Table	1:	Donor	Characteristics	

	
Trained	lean	 Untrained	Lean	 Obese	 Type	2	Diabetic	

Average	 ±SEM	 N	 Average	 ±SEM	 N	 Average	 ±SEM	 N	 Average	 ±SEM	 N	

Age	 [yr]	 22.0	 1.0	 3	 22.3	 1.2	 3	 57.3	 12.9	 3	 59.0	 7.0	 3	

BMI	 [kg/m2]	 19.2	 1.4	 3	 21.3	 1.4	 3	 30.2	 1.4	 3	 30.3	 0.3	 3	

M-Value	40	mU	 [mmol/kgFFM/min]	 76.1	 5.9	 3	 50.6	 13.6	 3	 26.8	 3.0	 3	 19.5	 10.8	 3	

Fat	mass	 [%]	 13.8	 0.3	 3	 15.5	 5.4	 3	 30.9	 4.9	 3	 34.7	 3.4	 3	

VO2-max	 [mL/min/kg]	 61.4	 5.1	 3	 41.8	 0.8	 3	 28.4	 3.7	 3	 27.5	 4.3	 3	

Data	are	expressed	as	means	±	standard	error	of	mean.	
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Hyperinsulinemic-euglycemic	clamp	

Peripheral	 insulin	 sensitivity	 was	 measured	 by	 a	 two-step	 hyperinsulinemic-euglycemic	

clamp,	 according	 to	 Sparks	et	 al	 [45].	 The	M-value	was	 calculated	as	 the	glucose	 infusion	

rate	 required	 to	 maintain	 euglycemia	 (5.5	 mmol/l)	 under	 hyperinsulinemic	 conditions	

(insulin	infusion	at	40	mU/m2/min)	and	was	corrected	for	fat-free	mass	(FFM).	

	

Maximal	aerobic	exercise	

A	stepwise	progressive	exercise	test	until	exhaustion	was	performed	on	a	stationary	bike	to	

measure	whole	body	oxygen	uptake	as	a	reflection	of	physical	fitness.	Simultaneous	breath	

gas	 analysis	 to	 measure	 maximal	 oxygen	 (VO2max)	 uptake	 and	 carbon	 oxide	 production	

(VCO2)	 was	 performed	 under	 standardized	 laboratory	 conditions.	 Exercise	 was	 stopped	

when	 the	 subjects	 were	 unable	 to	maintain	 cadence	 >60	 RPM,	 heart	 rate	 exceeded	 220	

minus	age	or	at	a	respiratory	exchange	ratio	>1.10.		

	

Primary	muscle	cell	cultures		

As	described	before	 [45],	muscle	biopsy	 specimens	were	 taken	 from	 the	musculus	 vastus	

lateralis	 according	 to	 Bergström	 [47]	 and	 processed	 the	 same	 day	 for	 cell	 culture.	 All	

biopsies	were	obtained	 in	the	overnight	 fasted	state	between	8	to	9	AM.	Primary	skeletal	

muscle	 cell	 cultures	 were	 established	 by	 isolating	 and	 growing	 needle	 biopsy	 derived	

satellite	 cells	 in	 media	 supplemented	 with	 16%	 FBS	 (Gibco,	 Thermo	 Fisher	 Scientific,	

Waltham,	USA)	 at	 37°C	 and	5%	CO2.	Differentiation	 to	multi-nucleated	 skeletal	myotubes	

was	 induced	by	seeding	mono-nucleated	satellite	cells	confluently	 in	differentiation	media	

(passage	<5);	Minimum	Essential	Medium	α	(Gibco,	Thermo	Fisher	Scientific,	Waltham,	USA)	

supplemented	 with	 2%	 FBS	 (Gibco,	 Thermo	 Fisher	 Scientific,	 Waltham,	 USA)	 and	 fetuin	

(Sigma-Aldrich,	St.	Louis,	USA).	Every	other	day	differentiation	media	was	changed.	

	

In-vitro	synchronization	of	primary	myotubes	

On	day	 seven	of	 differentiation,	multi-nucleated	 skeletal	myotubes	were	 synchronized	by	

serum	shock	[35].	Serum	shock	consisted	of	a	two-hour	incubation	with	fresh	differentiation	

media,	 supplemented	 with	 50%	 horse	 serum	 (Gibco,	 Thermo	 Fisher	 Scientific,	 Waltham,	

USA).	After	serum	shock,	cultures	were	washed	and	supplemented	with	fresh	differentiation	

media.	All	individual	cultures	of	the	four	donor	groups	were	synchronized	on	the	same	day.	
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Cultures	were	harvested	0,	16,	20,	24,	28,	32,	36,	40,	44,	48,	52,	56,	64,	or	72	hours	after	

synchronization	by	placing	the	culture	plate	on	ice	and	washing	thoroughly	with	Dulbecco's	

Phosphate-Buffered	 Saline	 (Gibco,	 Thermo	 Fisher	 Scientific,	 Waltham,	 USA).	 Supernatant	

was	immediately	removed	and	cell	lysis	was	initiated.	

	

Transcript	quantification	and	normalization	

RNA	 isolation	was	 performed	on-dish	 by	 TRIzol	 lysis	 (Qiagen,	Hilden,	Germany).	 RNA	was	

further	purified	by	the	RNeasy	kit	from	Qiagen	(Hilden,	Germany).	The	quality	and	yield	of	

RNA	 was	 assessed	 using	 a	 NanoDrop	 spectrophotometer	 (Thermo	 Fisher	 Scientific,	

Waltham,	USA).	 The	 high-capacity	 RNA-to-cDNA	 kit	 from	Applied	 Biosystems	 (Foster	 City,	

USA)	was	used	for	transcribing	0.5	µg	RNA	to	cDNA.	Transcript	abundance	was	determined	

using	 a	 7900HT	 Fast	 Real-Time	 PCR	 System	 (Applied	 Biosystems,	 Waltham,	 USA).	 Three	

housekeeping	 genes	 (HKG),	 namely	 RPL26,	 GUSB	 and	 CYPB,	 were	 identified	 to	 be	 stably	

expressed	in	synchronized	multi-nucleated	myotubes	throughout	time	(supplemental	figure	

1)	 by	 both	 GeneNorm	 [48]	 and	 Bestkeeper	 [49].	 To	 further	 minimalize	 the	 variability	 in	

housekeeping	 gene	normalization,	 the	 geometric	mean	of	 the	 three	housekeeping	 genes,	

which	 showed	 strong	 robustness	 in	 time,	 was	 used.	 Therefore,	 the	 geometric	mean	was	

used	 as	 the	 internal	 reference	 for	 the	 comparative	 gene	 expression	 analysis	 in	 the	

remainder	of	the	study.	Thus,	each	sample	was	normalized	to	the	corresponding	sample	at	

time	of	serum	shock	by	comparative	gene	expression	analysis.	

Mitochondrial	function	–	Oxygen	Consumption	Rate	(OCR)	measurements	

To	determine	whether	cultures	of	the	four	donor	groups	kept	the	donor	phenotype,	human	

primary	myotube	were	 plated	 and	 differentiated	 on	 a	 Seahorse	 Bioscience	 96-well	 plate.	

One	 hour	 prior	 to	 measurement,	 differentiation	 medium	 was	 changed	 to	 Seahorse	

Biosciences	 XF	media	 according	 to	 the	 XF	 Cell	Mito	 Stress	 Test	 Kit	 (Seahorse	 Bioscience,	

USA,	North	Billerica).	Oligomycin,	 FCCP	 and	 rotenone	with	 antimycin	A	was	 added	 to	 the	

cells	 to	 determine	 the	 oxygen	 consumption	 rates	 for	 basal	 mitochondrial	 respiration,	

maximal	 respiration	 and	 mitochondrial	 proton	 leak	 (supplemental	 figure	 2).	 OCR	 was	

corrected	for	non-mitochondrial	respiration	(rotenone	with	antimycin	A	respiration).	
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Statistical	analysis	

Results	 are	 presented	 as	means	 ±	 SEM	 derived	 from	 three	 independent	 cultures	 of	 each	

donor	group.	Gene	expression	was	tested	for	rhythmicity	using	the	JTK_CYCLE	package	for	R	

in	Windows	8	[50];	for	this,	data	from	4-hourly	sampled	time	points	(between	16h	and	56h)	

determining	the	best	fit	for	20,	24	or	28	hours	of	period	length	was	used.	In	case	JTK_CYCLE	

indicated	rhythmicity,	we	tested	whether	gene	expression	between	time	points	16h	to	56h	

was	statistically	significant	by	one-way	ANOVA,	followed	by	Bonferroni	post-hoc	analysis	for	

determination	of	 peak	 and	nadir	 in	 rhythmic	 expression	profiles.	 If	 significant	 rhythmicity	

was	observed,	two-way	ANOVA	was	also	performed	to	detect	group	differences	in	circadian	

rhythmicity	 between	 groups.	 A	 p-value	 <0.05	 was	 considered	 statistically	 significant.	

Statistical	analyses	were	performed	using	the	statistical	program	SPSS	23.0	for	Mac	OS	X.	
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Supplemental	figures:	
	

	

Supplemental	Figure	1:	Temporal	gene	expression	stability	of	housekeeping	genes.	Gene	

Expression	of	the	housekeeping	genes	RPL26	(reverse	black	triangles),	GUSB	(black	triangle)	

and	 CYPB	 (black	 squares)	 in	 time	 after	 serum	 shock	 (hours).	 The	 geometric	 mean	 (open	

diamonds)	 consists	 of	 the	 raw	 ct-values	 of	 all	 three	 housekeeping	 genes	 per	 time	 point.	

Data	are	mean	±	SEM.	n	=	3	for	each	group.	



CHAPTER	3	
	

	46	

	
Supplemental	Figure	2:	Respiratory	capacity	of	donor	phenotypes	in	cultured	myotubes.		

The	 oxygen	 consumption	 rate	 (OCR)	 of	 the	 mitochondrial	 basal	 respiration	 (A),	 maximal	

respiration	(B)	and	mitochondrial	proton	leak	(C)	are	depicted	relative	to	the	control	group	

(TL	vs	UL;	OB	vs	T2D).	OCR	is	corrected	for	non-mitochondrial	respiration	(antimycin	A	and	

rotenone).	Data	are	mean	±	SEM.	
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Supplemental	Figure	3:	Expression	profiles	of	IRS1	and	DGAT1.		

The	 relative	 transcript	 abundance	 of	 IRS1	 that	 encodes	 a	 protein	 involved	 in	 intracellular	

insulin	 signaling	 and	 DGAT1	 that	 encodes	 a	 protein	 involved	 in	 triglyceride	 synthesis	 was	

quantified	by	RT-PCR	and	normalized	to	the	corresponding	geometric	mean	of	RPL26,	CYPB	

and	 GUSB.	 Each	 value	 consists	 of	 the	 average	 of	 the	 independent	 cultures	 from	 three	

different	 donors.	 The	 value	 of	 the	 sample	 taken	 immediately	 after	 serum	 shock	 (0h)	 was	

normalized	to	1.	Expression	profiles	of	synchronized	differentiated	primary	myotube	cultures	

are	plotted	as	follows:	trained	 lean	(black	triangle)	against	untrained	 lean	(open	diamond)	

and	obese	(black	circle)	against	type	2	diabetics	(open	circle).	Data	are	mean	±	SEM	
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Abstract	

	

Day-night	 rhythms	 in	human	energy	metabolism	and	mitochondrial	 respiration	have	been	

demonstrated	 (CHAPTER	 5).	 So	 far	 it	 is	 unknown	 whether	 such	 rhythms	 are	 induced	 by	

behavioral	 and	 environmental	 cycles	 or	 governed	 by	 a	 circadian	 molecular	 clock.	 To	

investigate	this,	we	used	human	primary	myotubes	to	examine	whether	rhythms	in	muscle	

mitochondrial	respiration	indeed	originate	from	intrinsic	circadian	rhythms.	Additionally,	we	

explored	whether	mitochondrial	respiration	over	time	is	altered	in	cultures	of	donors	with	

obesity	or	 type	2	diabetes	compared	 to	 those	of	metabolically	healthy	donors.	Therefore,	

human	primary	myotubes	were	obtained	from	skeletal	muscle	biopsies	of	four	groups:	type	

2	diabetes	patients	and	their	BMI-	and	age-matched	obese	controls	and	from	lean,	healthy	

and	young	endurance	trained	athletes	and	their	age-matched	sedentary	controls.		

In	synchronized	human	primary	myotubes	mitochondrial	respiration	was	measured	6-hourly	

using	high	 resolution	 respirometry	over	a	 time-course	of	30	hours.	 In	none	of	 the	groups	

mitochondrial	 respiration	 resembled	 rhythmicity.	 However,	 we	 observed	 a	 markedly	

reduced	mitochondrial	respiration	in	cultures	of	T2D	patients.	Interestingly,	in	cultures	of	all	

groups	we	encountered	a	pronounced	rhythm	in	total	protein	content.		

In	 conclusion,	 our	 data	 demonstrates	 that	 human	 skeletal	muscle	 cells	 in	 culture	 do	 not	

display	 an	 intrinsic	 circadian	 rhythmicity	 in	mitochondrial	 respiration.	 The	 reason	 for	 the	

24h	variation	in	total	cellular	protein	content	could	not	be	revealed	from	the	present	study	

and	needs	future	investigation.	
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Introduction:		

The	human	sleep-wake	cycle	is	associated	with	fluctuations	in	substrate	metabolism	as	food	

consumption	and	physical	activity	occur	predominantly	during	the	wake	phase.	In	order	to	

resonate	 with	 these	 daily	 nutritional	 challenges,	 peripheral	 organs	 such	 as	 liver,	 white	

adipose	tissue	and	skeletal	muscle	play	 important	roles	 in	maintaining	whole	body	energy	

balance.	In	a	recent	human	study,	we	demonstrated	that	in	young	healthy	male	volunteers,	

predominantly	carbohydrates	are	utilized	during	the	wake	phase,	while	substrate	utilization	

switches	 progressively	 to	 fat	 oxidation	 during	 the	 sleep	 phase	 [1].	 Surprisingly,	we	 found	

that	not	only	whole	body	energy	expenditure	was	highest	in	the	late	evening	hours,	but	also	

skeletal	muscle	mitochondrial	oxidative	capacity	revealed	highest	values	in	the	late	evening	

hours	 (figure	 1).	 In	 fact,	 mitochondrial	 oxidative	 capacity	 displayed	 24-hour	 oscillations,	

although	 it	 remains	 elusive	 whether	 this	 rhythm	 is	 imposed	 by	 circadian-	 or	 behavioral	

cycles,	such	as	food	intake	and	physical	activity	(figure	1).		

To	 date,	 in	 animal	 studies,	 several	 circadian	 genes	 from	 the	 molecular	 clock	 have	 been	

causally	 linked	to	the	regulation	of	mitochondrial	metabolism	[2],	mitochondrial-	 integrity,	

density	[3]	and	dynamics	[4].	In	addition,	we	recently	found	in	a	study	using	human	primary	

myocytes	 [5],	 that	 the	 rhythmicity	 of	 two	 key-regulators	 of	mitochondrial	 biogenesis	 and	

the	molecular	clock,	REVERBA	and	SIRT1,	was	affected	by	the	characteristics	of	the	donors,	

being	 either	 overweight	 or	 type	 2	 diabetic,	 when	 compared	 to	 healthy	 controls.	

Noteworthy,	 in	 vivo	 and	 ex	 vivo	 mitochondrial	 oxidative	 capacity	 is	 diminished	 in	 both	

subject	groups	when	compared	to	healthy	lean	controls.	

	

So	far,	it	is	unknown	if	the	rhythmicity	in	mitochondrial	function	that	we	observed	in	human	

skeletal	muscle	is	driven	by	circadian	or	behavioral	(food,	activity)	rhythmicity.	Therefore,	in	

the	 current	 study	 we	 aimed	 to	 investigate	 mitochondrial	 rhythmicity	 in	 skeletal	 muscle	

isolated	 from	 behavioral	 cues,	 as	 outlined	 in	 figure	 1.	 Hence,	 we	 synchronized	 cultured	

human	primary	skeletal	myotubes	of	young	lean	donors,	obese	subjects	and	type	2	diabetes	

patients,	 and	 examined	 if	 the	 previously	 observed	 rhythmicity	 in	 in	 vivo	 mitochondrial	

function	is	maintained	in	skeletal	muscle	cells	isolated	from	human	volunteers.	
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Figure	1:	Is	mitochondrial	function	under	circadian	control?	

Upper	 panel	 displays	 day-night	 rhythmicity	 of	 human	 skeletal	 muscle	 in	 mRNA	 and	

mitochondrial	 function	 [1].	 Light,	 Sleep-wake	 cycles,	 fast-fed	 cycles	 as	 well	 as	 physical	

activity	are	strong	time	cues	 for	maintaining	day-night	rhythms	 in	all	mammals.	 In	human	

skeletal	muscle	tissue,	molecular	clock	genes	oscillate	in	a	24-hour	rhythm	to	orchestrate	the	

timing	 of	 cellular	 functions.	 Whether	 the	 observed	 rhythms	 in	 mitochondrial	 oxidative	

capacity	are	intrinsically	circadian	or	induced	by	the	behavioral	cycles	remains	elusive.	Lower	

Panel	demonstrates	effect	of	synchronization	by	serum	shock	in	cultured	cells	(adapted	from	

[6]).	Once	synchronized,	the	molecular	clock	continues	to	oscillate	for	several	days	in	human	

primary	muscle	cultures.	Isolated	from	all	physiological	cycles	and	signals,	rhythms	in	cellular	

funtion	 –	 such	 as	 mitochondrial	 oxidative	 capacity	 –	 would	 be	 considered	 to	 be	 intrinsic	

circadian	rhythms.		
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Methods:	

Study	design	and	subject	characteristics	

We	included	primary	myotubes	from	subjects	that	had	previously	participated	in	our	studies	

[7,	 8].	Human	primary	myotubes	were	 cultured	 from	 the	 following	 four	 groups:	 1)	 young	

endurance	trained	athletes	(TL),	2)	age-matched	young,	lean	sedentary	controls	(UL),	and	3)	

middle-aged	 healthy,	 obese	 subjects	 (OB)	 and	 4)	 BMI-	 and	 age-matched	 type	 2	 diabetes	

patients	 (T2D)	 (Table	 1).	 Endurance	 trained	 athletes	 were	 included	 when	 they	 were	

performing	endurance	exercise	activities	(long-distance	running,	cycling,	swimming)	at	least	

three	 times	 a	 week	 for	 the	 past	 2	 years	 and	 had	 a	 VO2max	 >	 55	 ml/min/kg;	 all	 other	

subjects	were	 performing	 less	 than	 1h	 of	 exercise	 per	week	 for	 the	 past	 2	 years.	 Type	 2	

diabetes	 patients	 were	 diagnosed	 at	 least	 1	 year	 prior	 to	 the	 study,	 were	 non-insulin	

dependent,	 were	 well-controlled	 (HbA1c	 <64	 mmol/mol),	 and	 had	 no	 diabetes-related	

comorbidities.	All	type	2	diabetes	patients	had	been	treated	with	metformin	or	metformin	+	

sulfonylureas	for	at	least	6	months.		

	

The	 metabolic	 phenotypes	 were	 determined	 as	 previously	 described	 [5].	 In	 short,	 a	

hyperinsulinemic-euglygemic	clamp	was	used	to	measure	peripheral	insulin	sensitivity	and	a	

stepwise	 progressive	 exercise	 protocol	 was	 used	 to	 measure	 maximal	 aerobic	 capacity	

(VO2-max).		All	studies	were	approved	by	the	local	Medical	Ethical	Committee	of	Maastricht	

University	 according	 to	 the	 declaration	 of	 Helsinki	 principles.	 All	 participants	 gave	 their	

written	informed	consent.	

	
Table	1:	Donor	Characteristics	

	
Trained	lean	 Untrained	Lean	 Obese	 Type	2	Diabetic	

Average	 ±SEM	 N	 Average	 ±SEM	 N	 Average	 ±SEM	 N	 Average	 ±SEM	 N	

Age	 [yr]	 22.0	 1.0	 3	 22.3	 1.2	 3	 57.3	 12.9	 3	 59.0	 7.0	 3	

BMI	 [kg/m2]	 19.2	 1.4	 3	 21.3	 1.4	 3	 30.2	 1.4	 3	 30.3	 0.3	 3	

M-Value	40	mU	 [mmol/kgFFM/min]	 76.1	 5.9	 3	 50.6	 13.6	 3	 26.8	 3.0	 3	 19.5	 10.8	 3	

Fat	mass	 [%]	 13.8	 0.3	 3	 15.5	 5.4	 3	 30.9	 4.9	 3	 34.7	 3.4	 3	

VO2-max	 [mL/min/kg]	 61.4	 5.1	 3	 41.8	 0.8	 3	 28.4	 3.7	 3	 27.5	 4.3	 3	

Data	are	expressed	as	means	±	standard	error	of	mean.	

	

Primary	muscle	cell	cultures		

As	 reported	before	 [5],	primary	 skeletal	muscle	cell	 cultures	were	established	by	 isolating	

and	culturing	satellite	cells	derived	from	muscle	biopsies.	Differentiation	to	multi-nucleated	

skeletal	 myotubes	 was	 induced	 by	 seeding	 mono-nucleated	 satellite	 cells	 confluently	 in	
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differentiation	 media	 (passage	 <5),	 consisting	 of	 minimum	 essential	 medium	 α	 (Gibco,	

Thermo	Fisher	Scientific,	Waltham,	USA)	supplemented	with	2%	fetal	bovine	serum	(Gibco,	

Thermo	Fisher	Scientific,	Waltham,	USA)	and	fetuin	(Sigma-Aldrich,	St.	Louis,	USA).		

	 	

Mitochondrial	function	–	Oxygen	Consumption	Rate	(OCR)	measurements	

Human	 primary	myotubes	were	 differentiated	 for	 7	 days	 on	 Seahorse	 Bioscience	 96-well	

plates	 before	 serum	 shock	 synchronization,	 as	 previously	 described	 [5].	 Cultures	 were	

measured	18,	24,	30,	36,	42	and	48	hours	after	synchronization	using	the	XF	Cell	Mito	Stress	

Test	Kit	 (Seahorse	Bioscience,	USA,	North	Billerica)	 to	determine	cellular	 respiration.	After	

measuring	baseline	oxygen	consumption	rate	(OCR),	oligomycin	–	a	complex	V	inhibitor	–	is	

added	 to	 measure	 non-ATP-linked	 (leak)	 respiration.	 Addition	 of	 carbonyl	 cyanide-p-

trifluoromethoxyphenylhydrazon	(FCCP)	–	a	mitochondrial	membrane	protonophore	–	was	

used	 to	 assess	 maximal	 capacity	 of	 the	 electron	 transport	 chain	 and	 maximal	 oxygen	

consumption	 rate.	 By	 using	 complex	 I	 and	 III	 inhibitors	 (rotenone	 and	 antimycin	 A,	

respectively)	the	electron	transport	chain	was	blocked,	revealing	non-mitochondrial	derived	

respiration.	 Mitochondrial	 basal	 respiration	 is	 defined	 by	 subtracting	 non-mitochondrial	

respiration	from	baseline	OCR.	Coupled	respiration	is	defined	by	subtracting	oligomycin	OCR	

from	 baseline	OCR.	Maximal	mitochondrial	 respiration	 is	 determined	 by	 subtracting	 non-

mitochondrial	 respiration	 from	 FCCP	OCR.	Mitochondrial	 spare	 capacity	 is	 determined	 by	

subtracting	 baseline	 OCR	 from	 FCCP	 OCR.	 Mitochondrial	 proton	 leak	 is	 determined	 by	

subtracting	non-mitochondrial	respiration	from	oligomycin	OCR.		

	

Cellular	protein	content	

Immediately	after	the	Seahorse	measurement	cells	were	washed	twice	with	PBS	before	lysis	

with	0.1	M	NaOH	solution.	In	these	cell	lysates,	the	photometric	Biorad	DC	Assay	was	used	

to	 determine	 absorption	 at	 750	 nm	 after	 20	min	 incubation	 using	 the	microplate	 reader	

SpectraMax	M2	(Molecular	Devices,	LLC,	California,	USA).	As	reference	for	protein	content	

of	 all	 total	 lysates,	 a	 protein	 standard	 curve	 of	 albumin	 solved	 in	 0.1	 M	 NaOH	 (Sigma-

Aldrich,	 St.	 Louis,	 USA)	 was	 measured	 with	 the	 given	 concentrations:	 2.5,	 1.25,	 0.625,	

0.3125,	0.15625	and	0	mg/ml.		
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Statistical	analysis	

Results	 are	 presented	 as	means	 ±	 SEM	 derived	 from	 three	 independent	 cultures	 of	 each	

donor	 group.	Cellular	 respiration	was	 tested	 for	 statistical	 significant	differences	between	

the	time	points	18h	to	48h	and/or	groups	using	two-way	ANOVA.	Statistical	analyses	were	

performed	using	 the	 statistical	program	SPSS	23.0	 for	Mac	OS	X.	24-hour	protein	 content	

was	 tested	 for	 rhythmicity	 performing	 COSINOR	 analysis,	 by	 non-linear	 fit	 to	 sine	 wave	

function	in	Graphpad	Prism	5.0a	on	Mac	OS	X.	

	

Results	

Oxygen	consumption	over	time	is	consistently	lower	in	T2D	

The	 aim	 of	 this	 study	 was	 to	 investigate	 whether	 intrinsic	 skeletal	 muscle	 mitochondrial	

metabolism	 displays	 circadian	 rhythmicity	 in	 synchronized	 human	 primary	myotubes	 and	

whether	such	circadian	rhythmicity	would	be	affected	by	the	donor	group.	Two-way	ANOVA	

revealed	 no	 time	 nor	 time*group	 interaction	 effect	 in	 uncorrected	 oxygen	 consumption	

rates	(figure	2)	(TL	p>0.05,	UL	p>0.05,	OB	p>0.05,	T2D	p>0.05).	However,	a	group	effect	was	

observed	for	OCR,	showing	that	oxygen	consumption	rates	were	~50%	lower	in	cells	of	T2D	

donors	(figure	2)	when	compared	to	OCR	in	cells	of	TL,	UL	and	OB,	for	all	respiration	states	

(B_OCR	p<0.001,	Oligo_OCR	p<0.001,	FCCP_OCR	p<0.001,	R.AA_OCR	p<0.001).		

	

Mitochondrial	respiratory	capacity	is	not	rhythmic		

We	 next	 adjusted	 OCR	 for	 non-mitochondrial	 respiration	 to	 determine	 parameters	 of	

mitochondrial	 respiration	 (figure	 3).	 As	 for	 uncorrected	 OCRs,	 baseline	 mitochondrial	

respiration	rate,	maximal	respiration,	mitochondrial	spare	capacity,	proton	leak	respiration	

and	coupled	 respiration	did	not	 show	a	 significant	 time	effect	 in	any	of	 the	donor	groups	

(two-way	ANOVA,	TL	p>0.05,	UL	p>0.05,	OB	p>0.05,	T2D	p>0.05).	However,	two-way	ANOVA	

revealed	a	significant	group	effect,	with	lowest	respiration	values	in	type	2	diabetes	patients	

(B_OCR	p<0.001,	Oligo_OCR	p<0.001,	FCCP_OCR	p<0.001,	R.AA_OCR	p<0.001).		
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Figure	2:	Raw	cellular	oxygen	consumption	rate	(OCR):		

A)	 baseline	 respiration	 rate	 B)	 oligomycin-induced	 mitochondrial	 uncoupling,	 C)	 FCCP-

induced	 maximal	 respiration	 and	 D)	 non-mitochondrial	 respiration.	 n	 =	 3,	 error	 bars	 are	

±SEM	

	

	

Total	protein	content	is	rhythmic	

Mitochondrial	 respiration	measurements	were	performed	 in	cells	 that	were	differentiated	

in	 the	 seahorse	 96	 well	 plates.	 To	 normalize	 for	 putative	 differences	 in	 cell	 number,	 we	

determined	 total	 protein	 content	 and	 corrected	 OCRs	 for	 cellular	 protein	 content.	

Remarkably,	 total	 protein	 content	 showed	 significant	 oscillations	 over	 the	 24-hour	 time	

period.	 Thus,	 two-way	 ANOVA	 showed	 a	 significant	 time	 (p<0.001)	 and	 group	 (P<0.001)	

effect	for	total	protein	content	(Figure	4A),	but	no	group*time	interaction	was	observed.		

Protein	content	was	then	used	to	normalize	mitochondrial	respiration	rates.		
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Figure	3:	Parameters	of	mitochondrial	metabolism	

	A)	 Mitochondrial	 basal	 respiration	 is	 determined	 by	 subtracting	 non-mitochondrial	

respiration	from	baseline	oxygen	consumption	rate.	B)	Maximal	mitochondrial	respiration	is	

determined	by	subtracting	non-mitochondrial	 respiration	 from	FCCP	OCR.	C)	Mitochondrial	

spare	capacity	is	determined	by	subtracting	baseline	OCR	from	FCCP	OCR.	D)	Mitochondrial	

proton	 leak	 is	 determined	 by	 subtracting	 non-mitochondrial	 respiration	 from	 oligomycin	

OCR.	E)	Coupled	respiration	is	determined	by	subtracting	oligomycin	OCR	from	baseline	OCR.	

n	=	3	,	error	bars	are	±SEM	
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Upon	protein	correction	two-way-ANOVA	revealed	significant	time	effects	in	mitochondrial	

respiration	 (B_OCR_Prot	 p=0.003,	 Oligo_OCR_Prot	 p=0.003,	 FCCP_OCR_Prot	 p<0.001,	

R.AA_OCR_Prot	p=0.017,	MBRR_Prot	p=0.009,	CR_Prot	p=0.019,	PL_Prot	p=0.011,	MR_Prot	

p<0.001,	MSRC_Prot	p=0.012),	except	for	proton	leak	respiration	(p=0.109).	In	addition,		

mitochondrial	 function	 normalized	 for	 cellular	 protein	 content	 remained	 lower	 in	 T2D,	

compared	 to	 TL,	 UL	 and	 OB	 (MBRR_Prot	 p=0.008,	 CR_Prot	 p=0.025,	 PL_Prot	 p=0.009,	

MR_Prot	p<0.001,	MSRC_Prot	p=0.011).	

	

Discussion	

Skeletal	 muscle	 is	 a	 major	 contributor	 to	 daily	 human	 energy	 metabolism.	 Recently,	 we	

showed	in	human	muscle	biopsies	taken	over	a	24-hour	period,	that	human	skeletal	muscle	

mitochondrial	 function	 possesses	 circadian	 rhythmicity	 [1].	 In	 the	 current	 study,	 we	

examined	if	the	rhythmicity	in	mitochondrial	function	is	a	cell	autonomous	characteristic	of	

muscle	that	is	retained	in	human	primary	myotubes.	Our	results	showed	that	mitochondrial	

respiration	in	human	primary	myotubes	did	show	rhythmicity,	but	only	when	mitochondrial	

respiration	 was	 normalized	 for	 muscle	 cell	 protein	 content,	 which	 in	 itself	 showed	

rhythmicity.	

When	analyzing	whether	mitochondrial	function	was	affected	by	the	metabolic	phenotype	

of	 the	 donor,	 no	 difference	 in	 rhythmicity	 between	 groups	 were	 observed.	 However,	 as	

previously	 reported	 [5],	 we	 confirmed	 ~50%	 lower	 mitochondrial	 respiration	 in	 human	

primary	muscle	cells	derived	from	T2D	donors	in	comparison	to	cellular	respiration	of	TL,	UL	

and	OB	donors.	 Interestingly,	 this	attenuation	 in	mitochondrial	 function	was	present	at	all	

time	 points	 and	 was	 reflected	 by	 both	 raw	 and	 protein-normalized	 oxygen	 consumption	

rates.	 This	 finding	 is	 in	 line	 with	 previous	 studies	 demonstrating	 that	 human	 primary	

myotubes	 retain	 their	 in	 vivo	 muscle	 phenotype	 in	 terms	 of	 lower	 mitochondrial	 lipid	

metabolism	and	reduced	insulin	sensitivity.	Interestingly,	in	the	current	study,	the	reduced	

mitochondrial	 function	 in	 T2D	 remained	 also	 after	 the	 serum	 shock	 procedure,	 which	

sufficiently	 resynchronizes	 the	 muscle	 transcriptional-translational	 feedback	 loop	 as	

demonstrated	previously	 [5].	 Therefore,	 this	 finding	 indicates	 that	human	primary	muscle	

cells	 resemble	 the	 functional	 phenotypical	 characteristics	 of	 the	 donor	 groups	 also	

throughout	time.		
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Figure	4:	Circadian	rhythmicity	in	total	protein	content	and	normalized	respiration		

A)	 total	 protein	 content	 with	 corresponding	 COSINOR	 fit,	 B)	 parameters	 of	 mitochondrial	

respiration	normalized	for	total	protein.			 	
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Despite	the	albeit	large	inter-individual	variance	encountered	within	all	four	donor	groups,	

we	conclude	that	under	synchronized	but	constant	cell	culture	conditions,	skeletal	myotube	

mitochondrial	 respiration	 did	 not	 oscillate	 in	 an	 intrinsic	 circadian	 manner.	 The	 same	

conclusion	 could	 be	 made	 when	 assessing	 mitochondrial	 basal	 respiration	 rate	 (MBRR),	

coupled	 (CR)	and	uncoupled	 (PL)	mitochondrial	 respiration	as	well	 as	mitochondrial	 spare	

respiratory	capacity	(MSRC)	and	maximal	respiration	(MR).	Again,	none	of	these	functional	

mitochondrial	 parameters	 were	 intrinsically	 rhythmic.	 However,	 since	 mitochondrial	

respiration	measurements	were	made	 in	 96-well	 plates,	 and	differences	 in	 differentiation	

could	potentially	affect	the	results,	we	used	total	protein	content	as	a	proxy	for	cell	number.		

When	doing	so	in	our	current	cell	study,	we	unexpectedly	found	that	total	protein	content	

itself	 showed	 rhythmicity.	 Although	 similar	 number	 of	 cells	 were	 seeded,	 total	 protein	

content	 (often	used	as	a	measure	of	 total	cell	content)	 revealed	robust	 rhythmic	patterns	

with	a	 fluctuation	of	approximately	50%,	 in	all	 four	groups.	These	rhythmic	patterns	were	

aligned	 in	phase	between	 the	groups	and	did	not	differ	 in	amplitude.	After	 correcting	 for	

protein	content,	mitochondrial	respiration	did	show	circadian	rhythmicity,	although	it	needs	

to	 be	 stressed	 that	 such	 circadian	 rhythm	 in	 mitochondrial	 function	 was	 completely	

dependent	on	protein	normalization.		

As	 this	 oscillation	did	not	originate	 from	mitochondrial	 respiration	per	 se,	 it	 is	 difficult	 to	

conclude	 if	 mitochondrial	 respiration	 is	 truly	 rhythmic	 in	 human	 primary	 myotubes.	

Unfortunately,	 further	 elucidation	 of	 mitochondrial-DNA	 copy	 number	 and	 protein	

composition	could	not	be	pursued	nor	could	the	reason	for	the	rhythmicity	in	total	protein	

content	 be	 revealed.	 Hence,	 future	 studies	 should	 investigate	 whether	 overall	 protein	

content	 indeed	changes	over	 time	or	whether	 the	observed	rhythm	 in	protein-normalized	

respiration	 could	 also	 be	 explained	 independently	 by	 rhythms	 in	 mitochondrial	 protein	

abundance	or	–activity,	to	result	 in	a	putative	true	rhythm	of	mitochondrial	respiration.	 In	

that	context,	we	previously	reported	that	protein	content	of	 the	mitochondrial	complexes	

did	not	show	rhythmicity,	nor	did	mitochondrial-DNA	copy	[1].	 It	 therefore	seems	unlikely	

that	 the	 rhythmicity	 in	 total	 protein	 content	 observed	 in	 the	 current	 study	 is	 of	 true	

translational	value,	and	suggest	that	overall,	mitochondrial	function	does	not	show	circadian	

rhythmicity	in	myotubes	cultured	from	human	volunteers.		
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Although	this	conclusion	may	not	appear	to	be	 in	 line	with	our	recent	finding	that	human	

skeletal	 muscle	 displays	 a	 24-hour	 rhythm	 in	 mitochondrial	 oxidative	 capacity,	 a	 major	

difference	–	by	design	–	between	our	current	cell	study	and	the	human	study,	is	the	absence	

of	 fasted/fed	 cycles	 or	 physical	 activity	 regimes.	 Since	 our	 intention	 was	 to	 investigate,	

whether	such	rhythmicity	in	mitochondrial	is	intrinsic	to	skeletal	muscle	cells,	we	needed	to	

isolate	 those	 from	 physiological	 entraining	 time	 cues.	 Noteworthy,	 the	 skeletal	 muscle	

molecular	clock	drives	circadian	cellular	processes	[5,	9],	but	it	has	also	been	demonstrated	

elaborately,	that	 in	mice	with	a	non-functional	central	clock	fasted/fed	cycles	and	physical	

activity	regimes	are	sufficient	to	restore	circadian	clock	rhythms	in	peripheral	tissues	such	as	

skeletal	muscle	and	 liver	 [10-13].	These	findings	may	suggest	that	behavioral	cues	such	as	

food	 intake	 and	 physical	 activity	 are	 highly	 potent	 behavioral	 cues	 to	 adapt	 the	 muscle	

molecular	 clock.	 Given	 that	 under	 the	 constant	 and	 optimized	 culture	 conditions	

mitochondrial	 respiration	 did	 not	 show	 rhythmicity	may	 suggest	 that	 the	 behavioral	 cues	

have	a	major	 impact	on	 the	 circadian	 rhythmicity	observed	 in	our	previous	human	 study.	

However,	 the	difference	between	models	and	the	effect	of	serum	shock	on	mitochondrial	

respiration	 cannot	 be	 ignored	 and	 further	 research	 is	 needed	 to	 address	 if	 in	 human	

mitochondrial	respiration	is	truly	intrinsically	rhythmic.		

	

In	 conclusion,	 our	 data	 demonstrates	 that	 human	 skeletal	muscle	 cells	 do	 not	 display	 an	

intrinsic	 circadian	 rhythmicity	 in	mitochondrial	 respiration,	 although	24h	variation	 in	 total	

cellular	 protein	 content	 precludes	 strong	 conclusion	 on	 the	 question	 if	 mitochondrial	

respiration	may	be	affected	by	the	molecular	clock.	The	reason	for	the	24h	variation	in	total	

cellular	 protein	 content	 could	 not	 be	 revealed	 from	 the	 present	 study	 and	 needs	 future	

investigation.		
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Abstract	

Objective:	A	disturbed	day-night	rhythm	is	associated	with	metabolic	perturbations	that	can	

lead	to	obesity	and	type	2	diabetes	mellitus	(T2DM).	In	skeletal	muscle,	a	reduced	oxidative	

capacity	 is	 also	 associated	 with	 the	 development	 of	 T2DM.	 However,	 whether	 oxidative	

capacity	 in	 skeletal	 muscle	 displays	 a	 day-night	 rhythm	 in	 humans	 has	 so	 far	 not	 been	

investigated.	

Methods:	Lean,	healthy	subjects	were	enrolled	in	a	standardized	living	protocol	with	regular	

meals,	physical	activity	and	sleep	to	reflect	our	everyday	 lifestyle.	Mitochondrial	oxidative	

capacity	was	examined	in	skeletal	muscle	biopsies	taken	at	five	time	points	within	a	24-hour	

period.	

Results:	Core	body	temperature	was	lower	during	the	early	night,	confirming	a	normal	day-

night	rhythm.	Skeletal	muscle	oxidative	capacity	demonstrated	a	robust	day-night	rhythm,	

with	 a	 significant	 time	 effect	 in	 ADP-stimulated	 respiration	 (state	 3MO,	 state	 3MOG	 and	

state	3MOGS,	p<0.05).	Respiration	was	lowest	at	1PM	and	highest	at	11PM	(state	3MOGS:	

80.6	±	4.0	vs.	95.8	±	4.7	pmol/mg/s).	Interestingly,	the	fluctuation	in	mitochondrial	function	

was	 also	 observed	 in	 whole-body	 energy	 expenditure,	 with	 peak	 energy	 expenditure	 at	

11PM	 and	 lowest	 energy	 expenditure	 at	 4AM	 (p<0.001).	 In	 addition,	 we	 demonstrate	

rhythmicity	 in	 mRNA	 expression	 of	 molecular	 clock	 genes	 in	 human	 skeletal	 muscle.	

Conclusions:	Our	 results	 suggest	 that	 the	biological	 clock	drives	 robust	 rhythms	 in	human	

skeletal	muscle	oxidative	metabolism.	 It	 is	 tempting	 to	 speculate	 that	 disruption	of	 these	

rhythms	 contribute	 to	 the	 deterioration	 of	 metabolic	 health	 associated	 with	 circadian	

misalignment.	
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Introduction	

Many	 metabolic	 processes	 are	 synchronized	 to	 day-night	 cycles	 by	 the	 circadian	 clock,	

thereby	 anticipating	 changes	 in	metabolic	 activity	 associated	 with	 feeding	 or	 fasting	 and	

physical	activity	or	rest	[1].	In	our	modern	“24/7”	society,	however,	many	individuals	do	not	

adhere	to	the	lifestyle	 imposed	upon	us	by	nature.	 In	this	respect,	epidemiological	studies	

have	shown	that	circadian	misalignment	–	desynchronization	between	the	intrinsic	circadian	

and	 behavioral	 cycles,	 as	 is	 typical	 in	 shift-work	 –	 is	 associated	 with	 obesity,	 insulin	

resistance	and	type	2	diabetes	mellitus	(T2DM)	[2-5].	Moreover,	 intervention	studies	have	

shown	that	challenging	behavior	by	controlled	circadian	misalignment	results	 in	metabolic	

aberrations	like	decreased	glucose	tolerance	and	insulin	sensitivity	[6-8].	Circadian	rhythms	

are	governed	by	a	central	circadian	clock,	which	is	situated	in	the	suprachiasmatic	nucleus	

of	the	hypothalamus	and	is	sensitive	to	light	as	the	most	important	time	cue	(Zeitgeber)	[9].	

Interestingly,	 peripheral	 tissues	 have	 their	 own	 clocks.	 These	 peripheral	 clocks	 are	

synchronized	 by	 the	 central	 clock,	 but	 they	 can	 also	 be	 influenced	 by	 behavior,	 such	 as	

feeding	 or	 exercise	 [10,	 11].	 The	 peripheral	 clock	 consists	 of	 transcriptional-translational	

feedback	 loops.	 The	 positive	 loop	 consists	 of	 the	 heterodimer	 of	 the	 CLOCK	 (circadian	

locomotor	 output	 cycles	 kaput)	 and	 BMAL1	 (brain	 and	muscle	 ARNT-like	 1)	 proteins.	 The	

negative	feedback	loop	is	mediated	via	heterodimers	of	the	proteins	PER	(Period)	and	CRY	

(Cryptochrome),	 which	 repress	 CLOCK/BMAL-1-controlled	 gene	 expression	 [9,	 12].	

Interestingly,	 in	mouse	 and	 cell	models,	 several	 components	 of	 the	molecular	 clock	 have	

been	causally	 linked	to	mitochondrial	metabolism	[13],	mitochondrial	 integrity	and	density	

[14],	 mitochondrial	 dynamics	 [15]	 and	 metabolic	 flexibility	 [16].	 So	 far	 however,	 it	 is	

unknown	 whether	 mitochondrial	 metabolism	 also	 displays	 a	 day-night	 rhythm	 in	 human	

skeletal	 muscle.	 Such	 data	 would	 be	 relevant,	 since	 reduced	 skeletal	 muscle	 oxidative	

capacity	 is	associated	with	T2DM	[17,	18].	 It	 is	 tempting	 to	speculate	 that	disturbances	 in	

day-night	 rhythm	 may	 affect	 muscle	 mitochondrial	 metabolism	 and	 thereby	 deteriorate	

metabolic	 health.	 Here,	 we	 investigated	 whether	 skeletal	 muscle	 mitochondrial	 function	

displays	 day-night	 rhythmicity	 by	 taking	 multiple	 muscle	 biopsies	 from	 healthy,	 lean	

volunteers	 within	 a	 24h	 period,	 under	 tightly	 controlled	 experimental	 conditions.	 To	 this	

end,	we	used	a	well-controlled	research	setting	that	reflects	real	life	conditions,	with	regular	

meals,	 physical	 activity	 and	 a	 regular	 sleep/wake	 cycle.	 For	 this	 reason,	we	 use	 the	 term	
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day-night	rhythm	instead	of	circadian	rhythm	[19].	We	here	show	that	gene	expression	 in	

muscle	 displays	 rhythmicity,	which	 is	 specifically	 evident	 for	 the	 core	 components	 of	 the	

molecular	clock.	Furthermore,	we	are	the	first	to	show	the	presence	of	a	day-night	rhythm	

in	human	skeletal	muscle	oxidative	capacity.	

	

Material	and	methods	

Participants	

Twelve	young	lean	male	Caucasian	individuals	(age	±	SD:	22.2	±	2.3	years,	BMI	±	SD:	22.4	±	

2.0	kg/m2)	participated	in	this	study.	The	participants	did	not	engage	in	exercise	more	than	

3	 hours	 per	 week,	 were	 non-smokers,	 had	 no	 active	 diseases	 and	 used	 no	 medication,	

verified	 by	 a	medical	 questionnaire.	 Participants	were	 selected	 for	 having	 a	 regular	 sleep	

duration	(normally	7-9	hours/night),	not	having	done	shift	work	or	having	travelled	across	

more	than	one	time	zone	for	at	least	3	months.	A	morningness-eveningness	questionnaire	

(MEQ-SA)	was	used	to	exclude	extreme	morning	larks	or	night	owls	(MEQ-SA	score	mean	±	

SD:	50	±	7).	All	participants	provided	written	informed	consent.	The	study	was	approved	by	

the	Ethics	Committee	of	the	Maastricht	University	Medical	Center,	monitored	by	the	Clinical	

Trial	Center	Maastricht	and	conducted	in	accordance	with	the	principles	of	the	declaration	

of	Helsinki.	All	measurements	were	performed	between	November	2014	and	July	2015.	The	

study	was	registered	at	clinicaltrials.gov	with	identifier	NCT02261168.	

	

Pre-study	conditions	

One	 week	 prior	 to	 the	 study,	 participants	 were	 instructed	 to	 maintain	 a	 standardized	

lifestyle.	 This	 lifestyle	 included	 (trying	 to)	 sleep	 every	 night	 from	11PM	until	 7AM,	 eating	

breakfast,	 lunch	and	dinner	at	 regular	 times	 (at	9AM,	2PM	and	7PM)	with	no	 in-between	

snacks	 or	 drinks	 other	 than	 water.	 In	 this	 period	 subjects	 refrained	 from	 alcohol	 and	

caffeine.	Participants	were	instructed	not	to	exercise	three	days	prior	to	the	study.	Two	days	

before	 the	 study,	 we	 provided	 standardized	 meals	 (see	 below)	 to	 ensure	 standardized	

caloric	 and	 macronutrient	 intake	 for	 all	 participants.	 Lifestyle	 was	 monitored	 by	

accelerometry	 (activPAL3	 physical	 activity	 monitor,	 PAL	 Technologies,	 Glasgow,	 UK)	 and	

food-	and	sleep-diaries,	and	checked	at	the	start	of	the	first	study-day.	
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Study	design	

Participants	were	admitted	to	the	research	unit	at	noon	on	study	day	1	and	stayed	for	44	

hours	 in	 total,	 under	 standardized	 conditions	 mimicking	 a	 real-life	 situation.	 The	 first	

studyday	was	mainly	used	to	standardize	and	monitor	meals,	physical	activity	and	bedtime.	

Meals	were	provided	at	fixed	times	(9AM,	2PM	and	7PM).	To	prevent	a	sedentary	lifestyle,	

participants	 went	 for	 a	 15-minute,	 low-intensity	 walk	 accompanied	 by	 a	 researcher	 one	

hour	 after	 every	 meal.	 Directly	 hereafter,	 participants	 were	 instructed	 to	 stand	 for	 15	

minutes	before	they	were	allowed	to	sit	again.	In-between	meals,	physical	activity	and	tests,	

the	participants	stayed	in	a	respiration	chamber;	a	small	room	with	a	bed,	toilet,	sink,	desk,	

chair,	 TV	 and	 computer.	 During	 the	 first	 study-day	 we	 performed	 no	 measurements.	 At	

11PM,	 the	 lights	 of	 the	 respiration	 chamber	 were	 turned	 off	 and	 the	 participants	 were	

instructed	 to	 try	 to	 sleep.	 During	 this	 night,	 sleeping	 metabolic	 rate	 was	 measured	 by	

whole-room	 indirect	 calorimetry	 (Omnical,	 Maastricht	 Instruments,	 Maastricht,	 The	

Netherlands)	(20).	

The	 second	 study-day,	 participants	 were	 awakened	 at	 6:30AM.	 Hereafter,	 participants	

swallowed	 a	 telemetric	 pill	 for	 measurement	 of	 core-body	 temperature.	 Next,	 an	

intravenous	cannula	was	placed	in	the	forearm	for	subsequent	blood-draws.	The	first	blood-

draw	was	at	8AM,	followed	by	an	indirect	calorimetry	measurement	using	a	ventilated	hood	

while	 awake	 and	 at	 rest	 in	 supine	 posture	 to	 calculate	 resting	 energy	 expenditure	 and	

substrate	oxidation.	Directly	hereafter,	the	first	skeletal	muscle	biopsy	was	taken	(described	

below).	 These	 measurements	 (blood	 draw,	 ventilated	 hood	 measurement	 and	 skeletal	

muscle	biopsy)	were	 repeated	 five	 times	within	 24	hours:	 at	 8AM,	1PM,	6PM,	11PM	and	

4AM	the	next	day.	Additional	blood	samples	were	taken	2-hourly	(10AM,	12PM,	2PM,	4PM,	

8PM,	 10PM,	 0AM,	 2AM,	 6AM	 and	 8AM).	 The	 timing	 of	 meals	 and	 physical	 activity	 was	

similar	 to	 study-day	 1	 and	 subjects	 stayed	 within	 the	 respiration	 chamber	 in-between	

measurements.	After	the	11PM	biopsy,	participants	went	back	to	the	respiration	chamber	

to	sleep	with	lights	off.	At	4AM,	the	participant	was	woken-up	and	the	last	measurements	

were	 performed,	 after	which	 the	 subject	was	 allowed	 to	 sleep	 until	 7AM.	After	 the	 8AM	

blood	draw	the	study	protocol	ended.	
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Study	meals	

Two	 days	 before	 the	 study	 and	 during	 the	 study	 participants	 were	 provided	 with	

standardized	 meals,	 according	 to	 Dutch	 and	 US	 dietary	 guidelines.	 Caloric	 intake	 for	

consumption	at	home	was	calculated	by	multiplying	 the	estimated	resting	metabolic	 rate,	

obtained	with	 the	Harris-Benedict	 formula	 [21]	with	 an	 activity	 factor	 of	 1.5.	 Participants	

were	provided	with	optional	extra	snacks	to	eat	with	their	meals	if	they	were	still	hungry,	up	

to	an	activity	factor	of	1.7.	For	the	first	study-day	in	the	laboratory,	energy	requirement	was	

calculated	by	multiplying	the	estimated	resting	metabolic	rate	with	an	activity	factor	of	1.35,	

because	of	limited	physical	activity	in	the	research	facility.	For	the	second	study-day,	energy	

requirement	 was	 calculated	 by	multiplying	 the	 sleeping	metabolic	 rate	 of	 the	 first	 study	

night	 (measured	 by	 whole-room	 indirect-calorimetry)	 by	 1.5.	 During	 the	 study	 days,	

participants	 received	 3	 meals	 daily.	 Breakfast	 accounted	 for	 ~21	 energy%,	 lunch	 for	 ~30	

energy%	and	dinner	for	~49	energy%.	Daily	macronutrient	composition	was	~52	energy%	as	

carbohydrates,	~31	energy%	as	fat	(~9%	saturated)	and	~14	energy%	as	protein.	No	snacks	

or	drinks	other	than	water	were	provided	in-between	meals.		

	

Skeletal	muscle	biopsies	and	respirometry	

Five	 skeletal	muscle	 biopsies	were	obtained	 from	 the	m.	 vastus	 lateralis	 according	 to	 the	

Bergström	method	 [22]	 under	 local	 anesthesia	 (1%	 lidocaine,	 without	 epinephrine).	 Each	

biopsy	was	taken	from	a	separate	incision	at	least	2	cm	from	the	previous	incision,	moving	

from	distal	to	proximal.	The	first	biopsy	was	randomly	taken	from	the	left	or	right	leg,	and	

each	subsequent	biopsy	was	taken	from	the	other	leg.	Part	of	the	biopsy	was	immediately	

placed	in	ice-cold	preservation	medium	(BIOPS,	OROBOROS	Instruments,	Innsbruck,	Austria)	

and	 used	 for	 measurement	 of	 mitochondrial	 oxidative	 capacity.	 For	 this	 analysis,	 intact	

muscle	 fibers	 were	 permeabilized	 and	 measured	 for	 oxygen	 consumption	 upon	 several	

substrates	 using	 an	 Oxygraph	 (OROBOROS	 Instruments).	 During	 the	 assay,	 muscle	 fibers	

were	 supplemented	 with	 malate,	 octanoylcarnitine,	 ADP,	 glutamate,	 succinate	 and	

carbonylcyanide	 p-trifluoromethoxyphenylhydrazone	 (FCCP)	 as	 described	 previously	 [23].	

The	remaining	part	of	the	muscle	biopsy	was	immediately	frozen	in	melting	isopentane	and	

stored	in	-80°C	until	further	analysis.	
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Indirect	calorimetry	

To	calculate	whole-body	energy	expenditure,	respiratory	exchange	ratio	(RER),	glucose	and	

fat-oxidation,	oxygen	consumption	and	carbon	dioxide	production	were	measured	with	an	

automated	 respiratory	 gas	 analyzer	 using	 a	 ventilated	 hood	 system	 (Omnical;	 IDEE,	

Maastricht,	 the	 Netherlands).	 Calculations	 of	 energy	 expenditure	 and	 substrate	 oxidation	

were	made	with	the	assumption	of	a	negligible	protein	oxidation	[24,	25].		

	

Measurement	of	core-body	temperature		

Core-body	temperature	was	measured	by	a	swallowed	telemetric	pill	(CorTemp	HT150002;	

HQ	 Inc.).	 The	 telemetric	 pill	measured	 the	 core-body	 temperature	 every	 10	 seconds	 and	

sent	 the	 information	 wirelessly	 to	 a	 portable	 receiver	 worn	 outside	 the	 body	 on	 the	

stomach.	 For	 further	 analysis,	 we	 used	 temperature	 averages	 of	 every	 10	minutes,	 after	

excluding	false	measurements.		

	

Gene	transcript	quantification:	

RNA	was	isolated	from	50	mg	of	muscle	material	by	TRIzol	lysis	(Qiagen,	Hilden,	Germany).	

RNA	was	further	purified	by	the	RNeasy	kit	from	Qiagen	(Hilden,	Germany).		

Microarray	analysis:	RNA	integrity	was	assessed	using	a	Bioanalyzer	2100	(Agilent)	and	RIN	

were	 above	 9.0.	 RNAs	were	 then	 processed	 to	 generate	 labeled	 ssDNA	 using	 the	Whole	

Transcript	cDNA	synthesis	and	amplification	and	the	Terminal	Labeling	kit	as	suggested	by	

the	manufacturer	 (Affymetrix).	 Samples	were	hybridized	 to	HuGene	2.0	 arrays	 and	native	

.CEL	 files	 imported	 into	 GeneSpring	 (v13.1.1,	 Agilent)	 after	 quality	 controls	 using	 the	

Affymetrix	Expression	Console.	The	RMA16	algorithm	was	used	for	summarization	and	data	

was	 normalized	 to	 the	 median	 of	 all	 samples.	 Normalized	 intensity	 values	 were	 used	 to	

generate	 a	 self-organized	 map	 (distance	 metric:	 Euclidean;	 number	 of	 iterations:	 500).	

Protein-encoding	 genes	 from	 specific	 clusters	 were	 searched	 against	 the	 GO	 Biological	

Process,	 KEGG	 and	 Reactome	 databases	 using	 the	Metascape	 tool	 [26].	 Microarray	 data	

have	 been	 deposited	 in	 NCBIs	 Gene	 Expression	 Omnibus	 (GEO,	

http://www.ncbi.nlm.nih.gov/geo/)	 and	 are	 accessible	 through	 GEO	 accession	 number	

GSE79934.	

RT-QPCR:	RNA	integrity	was	assessed	using	a	Bioanalyzer	(Agilent	Technologies,	Santa	Clara,	

USA)	 and	 yield	 was	 measured	 using	 a	 NanoDrop	 spectrophotometer	 (Thermo	 Fisher	
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Scientific,	 Waltham,	 USA).	 The	 high-capacity	 RNA-to-cDNA	 kit	 from	 Applied	 Biosystems	

(Foster	City,	USA)	was	used	for	transcribing	0.5	μg	RNA	to	cDNA.	Transcript	abundance	was	

determined	 using	 a	 7900HT	 Fast	 Real-Time	 PCR	 System	 (Applied	 Biosystems,	 Waltham,	

USA).	 To	minimize	 the	variability	 in	 reference	gene	normalization,	 the	geometric	mean	of	

three	reference	genes	(RPL26,	GUSB	and	CYPB),	which	were	individually	stably	expressed	in	

time,	was	used.	 This	 geometric	mean	was	used	as	 the	 internal	 reference	 for	 comparative	

gene	expression	analysis	in	the	remainder	of	the	study	[27].		

	

Protein	analysis	

Western	 blot	 analyses	 were	 performed	 in	 RIPA-lysates	 of	 human	 muscle	 tissue.	 Protein	

concentration	 was	 determined	 using	 the	 Bio-Rad	 RC/DC	 kit	 (Bio-Rad	 Laboratories,	

Veenendaal,	The	Netherlands).	Equal	amounts	of	protein	were	loaded	on	12%	TGX	gels	(Bio-

Rad	 Laboratories)	 or	 4-12%	 Bolt	 gradient	 gels	 (Novex,	 Thermo	 Fisher	 Scientific,	 Bleiswijk,	

The	 Netherlands).	 Proteins	 were	 transferred	 to	 nitrocellulose	 with	 the	 Trans-Blot	 Turbo	

transfer	system	(Bio-Rad	Laboratories).	Primary	antibodies:	a	cocktail	of	mouse	monoclonal	

antibodies	 directed	 against	 human	 OXPHOS	 (dilution	 1:10,000;	 ab110411,	 Abcam,	

Cambridge,	UK),	 two	mitochondrial	markers	 directed	 against	 TOMM20	 (dilution	 1:10,000;	

ab186734;	 Abcam),	 porin/VDAC	 (dilution	 1:10,000;	 sc-8828,	 Santa	 Cruz	 Biotechnology,	

Dallas,	 Texas),	 SR-actin	 (dilution	 1:5,000;	 A-2172;	 Sigma	 Aldrich,	 Zwijndrecht,	 The	

Netherlands),	 PGC-1	 (dilution	 1:10,000,	 516557,	 Calbiochem),	 FIS-1	 (dilution	 1:1000,	 sc-

98900,	 Santa	 Cruz	 Biotechnology,	 Dallas,	 Texas),	 PINK-1	 (dilution	 1:2000,	 sc-33796,	 Santa	

Cruz	Biotechnology,	Dallas,	Texas)	and	OPA-1	 (dilution	1:2500,	612606,	Becton	Dickinson).	

The	specific	proteins	were	detected	using	secondary	antibodies	conjugated	with	 IRDye680	

or	 IRDye800,	 and	 were	 quantified	 with	 the	 CLx	 Odyssey	 Near	 Infrared	 Imager	 (Li-COR,	

Westburg,	Leusden,	The	Netherlands).		

	

Statistics	

Data	are	presented	as	mean	±	SEM	(standard	error	of	the	mean)	unless	indicated	otherwise.	

Statistical	 analyses	 were	 performed	 with	 the	 use	 of	 IBM	 Statistical	 Package	 for	 Social	

Sciences	 for	 MAC,	 version	 23	 (SPSS,	 Inc.).	 The	 effect	 of	 time	 on	 outcome	 variables	 was	

analyzed	 by	 repeated	 measures	 ANOVA.	 If	 the	 assumption	 of	 sphericity	 was	 violated	

(Mauchly’s	 test),	we	 applied	Greenhouse-Geisser’s	 correction.	 In	 case	 repeated	measures	
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ANOVA	 revealed	 significant	 effects	 for	 the	 oxidative	 capacity	 and	 indirect	 calorimetry	

analyses,	 Bonferroni	 adjusted	 post-hoc	 analyses	 were	 applied	 to	 look	 at	 significant	

differences	between	specific	time-points.	Statistical	significance	was	defined	as	a	p-value	<	

0.05.	 In	 addition,	 if	 repeated	measures	ANOVA	 resulted	 in	 a	 significant	 effect	 of	 time	 for	

targets	 of	 mRNA	 and	 protein	 expression	 and	 oxidative	 capacity	 states,	 we	 tested	 for	

rhythmicity	using	the	JTK_CYCLE	package	in	R	3.2.1	with	Windows	8	[28].	For	this	analysis,	

values	were	normalized	to	subject	mean	prior	to	analysis.	

	

Results	and	discussion	

Participants	 adhered	 to	 a	 controlled	 normal	 lifestyle	 and	 displayed	 a	 normal	 day-night	

rhythm	in	core-body	temperature.	To	investigate	whether	mitochondrial	oxidative	capacity	

displays	a	day-night	 rhythm,	we	performed	an	observational	 study	 in	which	 twelve	young	

lean	 male	 volunteers	 were	 admitted	 to	 our	 metabolic	 research	 unit	 for	 two	 days	 under	

controlled	 conditions,	 mimicking	 our	 normal	 daily	 life.	 The	 study	 protocol	 is	 graphically	

depicted	 in	 figure	 1.	 Prior	 to	 the	 study	 days,	 subjects	 were	 instructed	 to	 adhere	 to	 a	

standardized	 lifestyle,	 including	 fixed	 sleeping	 times,	 which	 was	 monitored	 by	

accelerometry.	 During	 the	 second	 study-day	 we	 recorded	 core-body	 temperature	 to	

examine	 the	 presence	 of	 a	 normal	 day-night	 rhythm	 (supplemental	 figure	 1).	 Indeed,	 all	

subjects	 showed	a	characteristic	day-night	pattern	 in	 core-body	 temperature	with	highest	

temperature	 at	 the	 end	 of	 the	 day	 and	 a	 decrease	 in	 temperature	 after	 midnight	 [29],	

indicating	that	chronotypes	were	similar	across	participants.	

	

	

	

Figure	1:	Study	design.		

Participants	stayed	in	the	research	facility	for	44	hours	starting	at	noon	of	day	1.	During	the	

second	 study-day	 we	 performed	 all	 measurements.	 B,	 breakfast;	 L,	 lunch;	 D,	 dinner;	 M,	

measurement	(indirect	calorimetry	and	muscle	biopsy).	
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Figure	2:	Time-dependent	expression	of	transcripts	in	human	skeletal	muscle.		

(A)	Time-dependent	gene	expression	was	assessed	by	microarray	analysis	of	RNA	extracted	

from	a	single	donor	(N	.	1).	Protein-encoding	transcript	expression	patterns	were	visualized	

as	a	self-organizing	map	(Euclidean	distance	metrics).	The	color	scale	indicates	upregulated	

genes	 (red)	and	downregulated	genes	 (green)	 relative	 to	 the	global	median	signal	of	each	

array.	The	arrow	indicates	clusters	of	genes	showing	the	most	prominent	peak	of	expression	



DAY-NIGHT	RHYTHM	IN	HUMAN	SKELETAL	MUSCLE	OXIDATIVE	CAPACITY	

	

	 77	

at	the	indicated	time	point	(4	AM,	cluster	1	and	11	PM,	cluster	2).	(B	and	C)	Gene	annotation	

enrichment	analysis.	The	genes	extracted	from	cluster	1	and	2	were	searched	using	multiple	

databases	 (GeneOntology	 Biological	 Processes,	 KEGG	 pathways	 and	 Reactome)	 and	

statistically	 enriched	 terms	 were	 determined	 using	 the	 Metascape	 tool.	 The	 most	

significantly	 enriched	 terms	 are	 indicated	 for	 cluster	 1	 (GO	 biological	 processes,	 panel	 B,	

peak	 expression	 4	 AM)	 and	 cluster	 2	 (Reactome,	 panel	 C,	 peak	 expression	 11	 PM).	

Statistically	 significant	 terms	 were	 hierarchically	 clustered	 and	 converted	 into	 a	 network.	

Each	term	is	represented	by	a	circle	node,	of	which	the	size	is	proportional	to	the	number	of	

genes	 in	 the	 term.	 The	 color	 of	 the	 node	 indicates	 the	 statistical	 significance	 of	 the	 term	

belonging	 to	 the	 cluster	 (see	 color	 scale).	 The	 most	 significant	 term	 characterizing	 each	

cluster	is	indicated.	Similarities	between	terms	are	indicated	by	connecting	lines.	

	

	

	
	

Figure	3:	Rhythmicity	of	core	molecular	clock	genes	in	human	skeletal	muscle.		

Diurnal	mRNA	 expression	 of	 the	 arrhythmic	muscle	 filament	 gene	 TTN	 (A),	 the	 core	 clock	

genes	 CLOCK	 and	 BMAL1	 (B),	 PER2	 and	 CRY1	 (C),	 measured	 by	 RT-QPCR.	 Data	 are	

normalized	to	the	geometric	mean	of	3	housekeeping	genes	and	presented	as	mean	±	SEM.	

*p	<	0.05	for	the	effect	of	time	in	all	depicted	genes.	

	
	
Human	skeletal	muscle	displays	oscillations	in	RNA	of	metabolic	and	core	molecular	clock	

genes	

During	 the	 second	 study	day,	we	performed	 five	 consecutive	 skeletal	muscle	biopsies.	 To	

prevent	 meal	 interference,	 the	 biopsies	 were	 taken	 immediately	 before	 the	 three	meals	
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(8AM,	 1PM,	 6PM),	 before	 bedtime	 (11PM)	 and	 one	 time	 during	 the	 night	 (4AM)	 after	

waking	up	the	participant.	

To	 examine	 if	 skeletal	 muscle	 displays	 rhythmicity	 in	 gene	 expression,	 we	 analyzed	 RNA	

using	 DNA	microarrays	 in	 subsequent	 biopsies	 from	 a	 single	 donor	with	 a	 representative	

rhythm	in	mitochondrial	oxidative	capacity.	This	analysis	revealed	that	14.5%	of	transcripts	

(4094	out	of	28168)	displayed	a	cyclic	expression	peaking	at	different	times,	75%	of	 them	

corresponding	 to	 protein-encoding	 transcripts	 (figure	 2A).	 Term	enrichment	 against	Gene	

Ontology,	KEGG	and	Reactome	databases	indicated	that	gene	clusters	displaying	a	maximal	

expression	 in	the	 late	evening	or	during	the	night	(11PM,	4AM)	are	notably	related	to	the	

core	clock	machinery	(4AM,	figure	2B)	including	REV-ERB-α,	REV-ERB-β,	PER3	and	DBP	and	

to	the	TCA	cycle/respiratory	electron	transport	chain	(11PM,	figure	2C)	such	as	components	

of	 NADH	 dehydrogenase	 complexes	 (NDUFA4,	 NDUFA8)	 and	 of	 ATP	 synthase	 (ATP5F1,	

ATP5G3,	 APTP5A1,	 ATP5L).	 Collectively,	 these	 analyses	 suggested	 the	 existence	 of	 a	

functional	 core	 clock	 machinery	 and	 oscillations	 in	 mitochondrial	 metabolism	 in	 human	

skeletal	muscle.	

Expression	 of	 core	 clock	 genes	 was	 validated	 in	 all	 participants	 by	 RT-QPCR	 assays.	 TTN	

mRNA	 expression,	 measured	 as	 an	 arrhythmic	 muscle	 filament	 gene,	 did	 not	 vary	

throughout	 the	 24-hour	 period	 (p=0.331,	 figure	 3A).	 CLOCK	 mRNA	 showed	 significant	

variation	 over	 time	 (ANOVA	 p<0.001),	 but	 rhythmicity	 was	 of	 rather	 low	 amplitude	

(JTK_CYCLE	 p<0.001;	 figure	 3B),	 consistent	 with	 previous	 observations	 in	 several	 mouse	

tissues	 [30].	 BMAL1	mRNA	 exhibited	 a	 robust	 sinusoidal	 rhythm,	with	 highest	 expression	

around	 midnight,	 and	 lowest	 expression	 in	 the	 morning	 and	 early	 afternoon	 (ANOVA	

p<0.001,	 JTK_CYCLE	 p<0.001;	 figure	 3B).	 Of	 the	 negative	 feedback	 loop,	 PER2	 was	 most	

abundantly	 expressed	 in	 the	 early	 morning	 (p=0.019,	 figure	 3C).	 CRY1	 was	 most	 highly	

expressed	 in	 the	night,	 however	 the	 amplitude	was	 rather	 low	 (p=0.006,	 figure	3C).	 Both	

were	confirmed	to	be	rhythmic	by	JTK_CYCLE	(p<0.001).	

Together,	 our	 data	 show	 robust	 rhythmicity	 of	 the	 molecular	 clock	 in	 human	 skeletal	

muscle,	which	is	consistent	with	the	demonstration	of	an	oscillating	molecular	clock	in	other	

human	cells	and	tissues	like	leukocytes	[31],	follicle	cells	[32]	and	adipose	tissue	[33]	and	in	

primary	 cultures	 of	 human	 muscle	 [34].	 In	 addition,	 micro-array	 analysis	 in	 sequential	

biopsies	obtained	from	a	single	donor	revealed	cyclic	expression	of	several	clusters	of	genes,	

including	 genes	 involved	 in	 important	 mitochondrial	 pathways.	 A	 previous	 study	
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investigating	 the	 molecular	 clock	 in	 human	 adipose	 tissue	 biopsies	 demonstrated	 peak		

expression	 of	 BMAL1	 at	 the	 very	 end	 of	 the	 light-phase,	 similar	 to	 our	 current	 results	 in	

human	 skeletal	 muscle	 [33].	 Interestingly,	 that	 study	 examined	 adipose	 tissue	 gene	

expression	 under	 a	 standardized	 circadian	 rhythm	 protocol	 with	 subjects	 in	 the	 resting	

condition	and	with	hourly	nutritional	drinks,	 thereby	 limiting	 the	 influence	of	behavior	on	

the	 core	molecular	 clock	 expression.	 The	 similarity	 in	 results	 suggests	 that	 the	molecular	

clock	patterns	we	here	observe	 in	 skeletal	muscle	may	 indeed	be	dominated	by	circadian	

rhythmicity.	This	is	further	underscored	by	findings	in	animals,	as	in	mouse	skeletal	muscle	

[35]	 and	mouse	 liver	 [13,	 15],	 BMAL1	mRNA	 is	 highest	 at	 the	 end	 of	 the	 dark-phase	 and	

beginning	 of	 the	 light	 phase.	 Since	 mice	 are	 nocturnal	 animals,	 this	 corresponds	 with	 a	

highest	BMAL1	expression	at	the	end	of	the	active	phase	and	beginning	of	the	rest	phase,	

similar	to	our	findings	in	human	skeletal	muscle.		

	

Human	skeletal	muscle	oxidative	capacity	displays	a	day-night	rhythm	

To	investigate	whether	the	rhythmicity	in	mitochondrial	and	molecular	clock	genes	was	also	

reflected	 in	 day-night	 rhythms	 of	muscle	mitochondrial	 oxidative	 capacity,	we	 performed	

high-resolution	respirometry	in	freshly	isolated	permeabilized	muscle	fibers.	Skeletal	muscle	

oxidative	capacity	demonstrated	a	clear	day-night	rhythm,	with	a	significant	time	effect	 in	

ADP-stimulated	 (state	 3)	 respiration	 fuelled	 by	 different	 substrates	 (state	 3	 MO,	 state	 3	

MOG	and	state	3	MOGS	p=0.042;	0.016;	0.042	respectively,	figure	4A).	Mitochondrial	state	

3	respiration	was	lowest	at	1PM,	and	highest	at	11PM	(state	3	MOGS:	80.6	±	14.0	vs.	95.8	±	

16.3	 pmol/mg/sec,	 mean	 ±	 SD).	 Differences	 between	 these	 timepoints	 were	 statistically	

significant	 for	 state	 3	MO	 (p=0.032)	 and	 state	 3	MOG	 (p=0.027),	 although	 it	 just	 did	 not	

reach	 significance	 for	 state	 3	 MOGS	 (p=0.132)	 after	 Bonferroni	 adjustment	 for	 multiple	

testing.	Furthermore,	JTK_CYCLE	analysis	of	mitochondrial	respiration	confirmed	rhythmicity	

for	state	3	MO	(p=0.007),	3MOG	(p=0.039)	and	3	MOGS	(0.041).	
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Figure	4:	Mitochondrial	oxidative	capacity	 in	human	skeletal	muscle	displays	a	day-night	

rhythm.		

(A)	ADP-stimulated	respiration	of	permeabilized	muscle	fibers	upon	a	lipid	substrate	(state	3	

MO);	fuelled	by	complex	I	linked	substrates	(state	3	MOG)	and	upon	parallel	electron	input	

into	complex	I	and	II	(state	3	MOGS).	(B)	Maximally	uncoupled	respiration	upon	FCCP	(State	

U).	 M,	 malate;	 O,	 octanoylcarnitine;	 G,	 glutamate;	 S,	 succinate.	 Data	 represents	 oxygen	

consumption	per	mg	wet	weight	per	second	and	is	depicted	as	mean	±	SEM.	*p<0.05	for	the	

effect	of	time	in	all	states.	#p<0.05	vs	1PM	for	Bonferroni-adjusted	post-hoc	analysis.	

	

	

Maximally	uncoupled	respiration,	reflecting	the	maximal	capacity	of	the	electron	transport	

system,	 demonstrated	 similar	 oscillations	 although	 the	 effect	 of	 time	 did	 not	 reach	

significance	(p=0.121,	figure	4B).	It	is	interesting	to	note	that	the	difference	in	mitochondrial	

state	3	respiration	between	1PM	and	11PM	was	on	average	20%,	which	is	in	the	same	range	

as	the	difference	in	mitochondrial	function	between	patients	with	T2DM	and	BMI-matched	

controls	 [17,	 36],	 indicating	 that	 the	magnitude	of	 the	day-night	 rhythm	 in	mitochondrial	

function	 is	 of	 physiological	 relevance.	 Previous	 studies	 in	 animal	 models	 of	 metabolic	

diseases	 do	 show	 disrupted	 circadian	 rhythmicity	 in	molecular	 clock	 of	metabolic	 tissues	

and	in	plasma	metabolites	[37,	38],	and	it	is	therefore	tempting	to	speculate	that	day-night	

rhythmicity	 in	 muscle	 mitochondrial	 metabolism	 is	 altered	 in	 T2DM	 and	 prediabetic	

patients.	 Such	 disturbances	 in	 circadian	 rhythmicity	 of	 mitochondrial	 function	 may	

contribute	 to	 reduced	metabolic	 flexibility	 that	 is	 observed	 in	metabolically	 compromised	
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individuals	 and	 thereby	 contribute	 to	 the	 development	 of	 metabolic	 diseases,	 consistent	

with	findings	that	circadian	misalignment	is	associated	with	obesity	and	T2DM	[2-4].	If	this	is	

indeed	 the	 case,	 restoring	 circadian	 rhythmicity	 may	 comprise	 a	 potential	 new	 basis	 for	

lifestyle	advice	and	provide	treatment	options	for	T2DM.	

How	mitochondrial	function	can	show	circadian	rhythmicity	cannot	be	completely	revealed	

from	the	current	study	 in	humans.	However,	 to	 investigate	 if	 the	rhythm	in	mitochondrial	

respiration	is	caused	by	intrinsic	variation	in	mitochondrial	oxidative	capacity,	rather	than	by	

variation	in	mitochondrial	density,	we	measured	several	markers	of	mitochondrial	content.	

Mitochondrial-DNA	 copy	 number	 –	 the	 ratio	 between	 the	 DNA	 copy	 number	 of	 a	

mitochondrial	(ND1)	and	a	nuclear	gene	(LPL)	–	did	not	reveal	a	day-night	rhythm	(p=0.437,	

figure	 5A).	 Also,	 western	 blot	 analysis	 of	 structural	 subunits	 of	 the	 five	 mitochondrial	

respiratory	chain	complexes	did	not	reveal	a	statistically	significant	effect	of	time	(figure	5B-

G).	In	addition,	the	mitochondrial	outer	membrane	proteins	VDAC	and	TOMM-20	did	not	

display	day-night	rhythmicity	(figure	5H-I).	The	non-mitochondrial	protein	SR-Actin	was	also	

stable	throughout	the	day	(figure	5J).	Together,	these	results	suggest	that	in	skeletal	

muscle,	intrinsic	mitochondrial	function	(rather	than	mitochondrial	content)	displays	

circadian	rhythmicity.	

	

We	 next	 investigated	whether	mitochondrial	 dynamics	 or	mitochondrial	 biogenesis	 could	

play	 a	 role	 in	 the	 circadian	 rhythmicity	 of	 intrinsic	mitochondrial	 function.	Mitochondrial	

fission	 and	 fusion	 occur	 as	 a	 result	 of	 changes	 in	 energy	 demand,	 influence	 substrate	

metabolism	 and	 are	 controlled	 by	 the	 circadian	 clock	 in	 mouse	 liver	 [15,	 39].	 Here,	 we	

quantified	 proteins	 involved	 in	 mitochondrial	 biogenesis	 and	 mitochondrial	 dynamics	 in	

skeletal	muscle	biopsies.	PGC-1α,	the	master	regulator	of	mitochondrial	biogenesis,	did	not	

show	a	significant	difference	over	time	(p=0.901,	figure	6A).	 Interestingly	however,	FIS1,	a	

marker	 of	 mitochondrial	 fission,	 displayed	 significant	 time-differences,	 with	 a	 pattern	

matching	 the	 rhythm	 in	 mitochondrial	 oxidative	 capacity	 (p=0.016,	 figure	 6B),	 although	

JTK_CYCLE	analysis	did	not	confirm	significant	rhythmicity.	

	

PINK-1,	a	marker	of	mitophagy,	follows	a	rhythm	opposing	FIS-1,	although	this	time-effect	

just	did	not	 reach	 statistical	 significance	 (p=0.061,	 figure	6C).	Noteworthy,	 in	murine	 liver	

FIS-1	and	PINK-1	24-hour	expression	patterns	are	also	opposed	[15].		 	
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Figure	 5:	 Mitochondrial	 content	 and	 mitochondrial	 marker	 proteins	 do	 not	 show	

rhythmicity.		

(A)	 Measurement	 of	 mitochondrial	 DNA	 copy	 number	 (DNA	 copy	 numbers	 of	 the	

mitochondrial-encoded	 gene	 ND1	 divided	 over	 the	 nuclear	 encoded	 gene	 LPL).	 (B)	

Representative	western	blot	depicting	the	oxidative	phosphorylation	complexes	of	all	time-

points	 (C-G)	Protein	 levels	of	specific	subunits	of	complex	 I-V	of	 the	mitochondrial	electron	

transport	 chain,	measured	 by	western	 blotting.	 (G-I)	 Protein	 levels	 of	 other	mitochondrial	

(VDAC,	TOMM-20)	and	non-mitochondrial	(SR-Actin)	proteins	measured	by	western	blotting.	

Representative	 western	 blot	 images	 are	 displayed	 below	 their	 respective	 graphs.	 Data	

expressed	as	mean	±	SEM.	p>.05	for	the	effect	of	time	in	all	panels.	

	

Furthermore,	 the	mitochondrial	 fusion	marker	 OPA-1	 showed	 a	 significant	 decrease	 over	

time,	across	all	time	points	(p=0.045,	figure	6D,	without	significant	rhythmicity	in	JTK_CYCLE	

analysis).	These	results	suggest	that	mitochondrial	dynamics	may	be	 involved	 in	governing	

mitochondrial	capacity	around	the	clock,	although	mechanistic	studies	in	preclinical	models	

are	needed	to	further	investigate	underlying	mechanisms.		

	

The	physiological	relevance	of	the	rhythmicity	in	oxidative	capacity	cannot	be	deduced	from	

the	current	 study.	 It	 is,	however,	 interesting	 to	note	 that	aerobic	performance	also	peaks	

later	 in	 the	day	 [40,	 41].	Our	 results	 could	 therefore	 form	a	physiological	 explanation	 for	

these	 findings.	 An	 earlier	 study	 found	 that	 chronotype	 influences	 the	 time-point	 of	 peak	

performance	[41].	In	our	study,	we	only	included	participants	with	an	average	chronotype.	

Future	 studies	 will	 be	 needed	 to	 investigate	 whether	 early	 and	 late	 chronotypes	 have	 a	

different	time-point	of	peak	mitochondrial	function.	

	

Whole-body	energy	expenditure	peaks	before	midnight	

We	 next	 examined	 if	 day-night	 rhythmicity	 in	 muscle	 mitochondrial	 function	 was	 also	

associated	with	rhythmicity	in	whole-body	measures	of	energy	metabolism.	To	this	end,	we	

performed	 indirect	 calorimetry	 analyses	 to	 determine	 resting	 energy	 expenditure	 and	

substrate	oxidation	at	 the	same	time	points	of	 the	muscle	biopsy.	 Interestingly,	 similar	 to	

mitochondrial	 respiratory	 capacity,	 resting	 energy	 expenditure	 showed	 a	 significant	 time	
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effect,	with	highest	energy	expenditure	at	11PM	(p<0.001	for	the	time-effect;	p=0.005	for	

Bonferroni	adjusted	post-hoc	analysis	11PM	vs	4AM;	figure	7A).		

	

Figure	6:	Mitochondrial	dynamics	rather	than	mitochondrial	biogenesis	displays	a	significant	

time-effect.	Protein	 levels	of	mitochondrial	biogenesis	 regulator	PGC-1α	 (A),	mitochondrial	

fission	protein	FIS-1	(B),	mitophagy	protein	PINK-1	(C)	and	mitochondrial	fusion	protein	OPA-

1	(D).	Representative	western	blot	images	are	displayed	below	their	respective	graphs.	

	

	

It	 is	well	known	that	 lowest	 levels	of	energy	expenditure	can	be	measured	when	subjects	

are	 asleep,	 denoted	 as	 sleeping	 metabolic	 rate.	 Even	 though	 the	 participants	 were	

awakened	before	measurements,	resting	energy	expenditure	was	still	 lowest	at	4AM.	This	

clearly	 illustrates	day-night	 rhythmicity	 in	energy	expenditure,	 independent	of	 sleep.	RER,	

carbohydrate	 oxidation	 and	 fat	 oxidation,	 displayed	 variation	 with	 feeding	 and	 fasting	

periods,	with	a	significantly	lower	carbohydrate	oxidation	and	RER,	and	a	higher	fat		
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Figure	7:	Whole-body	resting	energy	expenditure	peaks	at	the	same	time	as	skeletal	muscle	

oxidative	capacity	whereas	substrate	oxidation	exhibits	a	clear	feeding	and	fasting	pattern.	

Whole-body	 resting	 energy	 expenditure	 (A),	 respiratory	 exchange	 ratio	 (B),	 carbohydrate	

oxidation	 (C)	 and	 fat	 oxidation	 (D)	 during	 the	 second	 study-day,	 calculated	 from	 oxygen	

consumption	 and	 carbondioxide	 production	 measured	 by	 indirect	 calorimetry.	 Data	

presented	as	mean	±	SEM.	*p<0.01	 for	 the	effect	of	 time.	#p<0.05	 for	Bonferroni-adjusted	

post-hoc	analysis.	

	

	

oxidation	in	the	fasted	state	(8AM	and	4AM)	and	a	higher	carbohydrate	oxidation	and	RER,	

and	a	lower	fat	oxidation	in	the	fed	state	(1PM,	6PM	and	11PM)	(p<0.001	for	the	time-effect	

in	RER	and	carbohydrate	oxidation	and	p=0.007	for	the	time-effect	 in	 fat	oxidation,	 figure	

7B,C,D).	Bonferroni-adjusted	post-hoc	analyses	confirmed	that	RER,	carbohydrate-	and	fat-	
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Figure	 8:	 Plasma	metabolites	 and	 insulin	 display	marked	 variations	 over	 24	 hours,	mostly	

associated	with	feeding-fasting.	Plasma	levels	of	glucose	(A),	insulin	(B),	free	fatty	acids	(C)	

and	 triglycerides	 (D)	 throughout	 the	 second-study	 day.	 Data	 depicted	 as	 mean	 ±	 SEM.	

*p<0.001	for	the	effect	of	time.	

	

	

oxidation	were	 significantly	 different	 at	 6	 PM	 and	 11PM,	when	 compared	with	 8AM	 and	

4AM	(p<0.05;	figure	7A,B,C,D).	

	

Plasma	metabolites	peak	according	to	meals	

To	 examine	 the	 diurnal	 pattern	 in	 circulating	 substrates,	 we	 took	 15	 blood	 samples	

throughout	the	second	study-day	to	assess	glucose,	insulin,	free	fatty	acids	and	triglycerides	

(figure	 8A-D).	 As	 expected,	 plasma	 glucose	 and	 insulin	 displayed	marked	 peaks	 after	 the	

meals,	 with	 an	 overall	 maximum	 after	 the	 dinner,	 being	 the	 most	 energy	 dense	 meal.	

Furthermore,	plasma	glucose	 increased	slightly	during	the	 late	evening	and	night,	possibly	

reflecting	 an	 increase	 in	 endogenous	 glucose	 production	 together	 with	 decreased	
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carbohydrate	oxidation.	Free	fatty	acids	reflected	the	fasting-feeding	pattern	with	increased	

free	 fatty	 acids	 before	 the	meals	 and	 during	 the	 night	when	 fat	 oxidation	 is	 highest	 and	

decreased	free	fatty	acids	after	the	meals.	Plasma	triglycerides	displayed	a	rise	throughout	

the	waking	day	with	a	peak	after	dinner,	being	 the	meal	with	 the	highest	energy	density.	

During	the	night,	plasma	triglycerides	decreased	again.		

	

Circadian	vs.	day-night	rhythmicity	

In	this	study,	we	aimed	to	examine	changes	 in	skeletal	muscle	mitochondrial	 function	and	

whole-body	 metabolism	 throughout	 24	 hours	 with	 a	 standardized	 protocol	 designed	 to	

mimic	 our	 daily	 lifestyle.	 To	 this	 end,	 our	 protocol	 included	 a	 normal	 sleep-wake	 cycle,	

normal	meals	with	a	regular	calorie	distribution	and	(limited)	physical	activity.	As	a	result,	

our	protocol	does	not	allow	us	to	evaluate	the	influence	of	the	endogenous	circadian	clock	

per	se.	However,	to	control	the	influence	of	meals	and	physical	activity,	we	performed	our	

measurements	under	controlled	conditions	with	meals	and	 light	activity	bouts	at	 least	3-4	

hours	 before	 the	 measurements.	 Such	 a	 protocol	 therefore	 reflects	 day-night,	 and	 not	

circadian	rhythmicity,	and	allows	extrapolation	of	the	results	to	a	normal	daily	lifestyle.	The	

demonstration	 of	 a	 day-night	 rhythm	 in	mitochondrial	 function	 in	 lean	 volunteers	 allows	

future	studies	to	investigate	if	such	rhythmicity	is	disturbed	in	volunteers	with	compromised	

metabolic	 health,	 such	 as	 T2DM.	 If	 rhythmicity	 of	 mitochondrial	 metabolism	 is	 indeed	

disturbed	 in	 subjects	 with	 compromised	 metabolic	 health,	 this	 may	 open	 therapeutic	

strategies	 to	 restore	 circadian	 rhythmicity	 possibly	 via	 REV-ERB-α	 agonists	 or	 nutritional	

compounds	as	resveratrol,	as	they	have	previously	been	proven	to	be	successful	 in	mouse	

studies	 [42,	 43].	 Furthermore,	 it	may	 open	 a	 new	 field	 of	 research	 directed	 towards	 the	

timing	of	interventions	that	boost	mitochondrial	function,	and	ultimately	these	studies	may	

reveal	 how	 circadian	 disruption	 can	 lead	 to	 metabolic	 disturbances,	 as	 has	 been	

demonstrated	in	both	human	and	animal	studies	[6,	7,	44-46].		
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Conclusion	

In	conclusion,	we	here	demonstrate	the	presence	of	a	profound	day-night	rhythm	in	human	

skeletal	muscle	mitochondrial	oxidative	capacity.	Peak	oxidative	capacity	and	highest	resting	

energy	expenditure	coincide	at	the	end	of	the	day,	thereby	partly	matching	the	time	phase	

of	 peak	 physical	 performance	 as	 described	 in	 literature	 [40,	 41].	 In	 addition,	 we	 found	

significant	 variations	 over	 time	 in	 proteins	 involved	 in	 mitochondrial	 dynamics,	 possibly	

linking	 the	 circadian	 clock	 with	 mitochondrial	 metabolism.	 Future	 investigations	 should	

increase	 the	 focus	 on	 the	 regulatory	 mechanisms	 underlying	 the	 current	 observations.	

Moreover,	 it	 should	be	examined	 if	 disturbances	of	 the	 rhythm	 in	human	 skeletal	muscle	

oxidative	 capacity	 play	 a	 pivotal	 role	 in	 the	 development	 of	 the	 adverse	 metabolic	

consequences	of	circadian	misalignment.		
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Supplemental	figures	
 

 
 
Supplemental	 figure	 1:	 Core-body	 temperature	 displayed	 a	 characteristic	 day-night	

rhythm.		

Core-body	 temperature	measurements	 throughout	 the	 second	 study-day.	 Dots	 represent	

mean	values	of	10-minute	averages,	lines	depict	SEM.	p<.001	for	the	effect	of	time.	
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Abstract	
Background:	Circadian	misalignment,	such	as	in	shift	work,	has	been	associated	with	
obesity	 and	 insulin	 resistance.	 Animal	 studies	 have	 shown	 that	 the	 molecular	
circadian	 clock	 in	 skeletal	 muscle	 is	 necessary	 for	 insulin	 sensitivity	 and	 glucose	

tolerance.	 However,	 direct	 effects	 of	 circadian	 misalignment	 on	 insulin	 sensitivity	
and	the	circadian	clock	have	never	been	 investigated	 in	humans.	We	hypothesized	
that	 circadian	 misalignment	 leads	 to	 a	 decrease	 in	 insulin	 sensitivity	 and	 to	 a	

disturbed	molecular	clock	in	skeletal	muscle.	
Methods:	 Fourteen	healthy	 young	 lean	men	 (age	22.4	 ±	 2.8	 years;	 BMI	 22.3	 ±	 2.1	
kg/m2	[mean	±	SD])	participated	in	a	randomized	cross-over	study	to	determine	the	

influence	 of	 controlled	 circadian	 misalignment	 on	 insulin	 sensitivity,	 assessed	 by	
hyperinsulinemic	two-step	euglycemic	clamping.	Participants	were	studied	after	a	3-
day	 control	 period	 and	 after	 a	 3.5-day	misalignment	 period	 performed	 by	 a	 12-h	

rapid	shift	 in	a	respiration	chamber,	 isolated	from	external	time	cues.	Glucose,	FFA	
and	 triglyceride	 levels	were	 determined	 in	 plasma	 samples	 after	 an	 overnight	 fast	
(either	at	7	AM	or	7	PM).	We	also	performed	muscle	biopsies	 in	 the	morning	and	

evening	of	the	last	test	of	each	study	condition	(7	AM	and	7	PM).	
Results:	 Circadian	 misalignment	 resulted	 in	 a	 significant	 decrease	 in	 peripheral	
insulin	 sensitivity,	 which	 was	 almost	 completely	 due	 to	 non-oxidative	 glucose	

disposal	 in	 skeletal	 muscle	 (Rate	 of	 disappearance:	 35.2	 ±	 2.4	 vs.	 30.3	 ±	 1.3	
mg/kg/min;	control	vs.	misalignment;	p=0.029).	Fasting	glucose	and	FFA	levels	were	
higher	in	circadian	misalignment	(Glucose:	5.0	±	0.1	vs.	5.2	±	0.1	mmol/l;	control	vs.	
misalignment;	p	=	0.015;	FFA:	389	±	47	vs.	525	±	48	µmol/l;	control	vs.	misalignment;	
p	=	0.006).	Sleeping	(4.96	±	0.12	vs.	5.16	±	0.15	kJ/min;	control	vs.	misalignment,	p	=	

0.014)	 and	 resting	metabolic	 rate	 (5.09	 ±	 0.17	 vs.	 5.35	 ±	 0.16	 kJ/min;	 control	 vs.	
misalignment;	p=0.14)	were	higher	during	misalignment.	
Intriguingly,	 skeletal	 muscle	 gene	 expression	 of	 the	 circadian	 clock	 genes	 BMAL1,	

PER2,	 CRY2,	 REV-ERB-α	 did	 not	 align	 to	 the	 new	 behavioral	 rhythm,	 illustrating	
misalignment	of	the	core	molecular	clock	in	human	skeletal	muscle.	
Conclusions:	Controlled	circadian	misalignment	leads	to	decreased	peripheral	insulin	

sensitivity	 and	disturbed	 glucose,	 FFA	 levels	 and	energy	metabolism.	Moreover,	 in	
circadian	 misalignment	 the	 skeletal	 muscle	 circadian	 clock	 was	 misaligned	 to	 the	
behavioral	routine.	Our	findings	show	that	circadian	misalignment	leads	to	metabolic	

disturbances	in	healthy	subjects,	which	supports	a	causal	role	in	the	development	of	
type	2	diabetes	mellitus.	
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Introduction	
The	 dramatic	 increase	 in	 the	 prevalence	 of	 obesity	 and	 type	 2	 diabetes	 mellitus	
(T2DM)	 is	 an	 important	 global	 health	 issue,	 as	 it	 comes	 with	 high	 morbidity	 and	
mortality	 and	 poses	 a	 major	 burden	 on	 health	 care	 costs.	 Obesity	 and	 type	 2	
diabetes	 mellitus	 are	 both	 strongly	 associated	 with	 a	 westernized	 lifestyle	 of	 low	
physical	 activity	 levels	 and	 high	 food	 intake.	 However,	 recently	 it	 has	 been	
recognized	that	also	our	24-hour	culture,	characterized	by	working	and	eating	 late,	
reduced	 sleep	 (quality)	 and	 excessive	 light	 exposure,	 should	 be	 considered	 as	 a	
lifestyle	 factor	 that	may	negatively	 impact	metabolic	health.	 Indeed,	observational	
studies	 show	 that	 circadian	misalignment,	 such	as	 in	 shift	work,	 is	 associated	with	
adverse	 metabolic	 consequences	 and	 increased	 risk	 to	 develop	 T2DM	 [1-3].	
Moreover,	 laboratory	 studies	 with	 controlled	 circadian	 misalignment	 have	
demonstrated	 detrimental	 effects	 on	 (postprandial)	 glucose-	 and	 insulin	 levels,	
which	may	indicate	decreased	insulin	sensitivity	[4-6].	
	
Circadian	rhythmicity	of	metabolism	is	regulated	by	the	core	circadian	clock,	which	
consists	of	a	transcriptional-translational	feedback	loop,	in	which	the	transcriptional	
activators	 BMAL1	 and	 CLOCK	 induce	 expression	 of	 their	 own	 repressors	 CRY	 and	
PER,	 generating	 24-hour	 oscillations	 which	 affect	 up	 to	 ~20%	 of	 the	 genome	
transcripts.	 Importantly,	 circadian	 oscillators	 are	 present	 throughout	 every	 body	
tissue,	 including	 skeletal	 muscle	 [7,	 8],	 which	 is	 a	 major	 organ	 involved	 in	 the	
regulation	of	glucose	homeostasis.	The	circadian	clock	 is	 increasingly	recognized	as	
key	 regulator	 of	 many	 metabolic	 processes,	 and	 serves	 to	 anticipate	 metabolic	
challenges	and	demands	across	a	normal	day	[9].	Importantly,	systemic	or	localized	
disruption	of	circadian	rhythm	in	animal	models	has	been	associated	with	impaired	
glucose	metabolism	and	the	development	of	mitochondrial	dysfunction.	Ablation	of	
BMAL1	 in	 mice	 resulted	 in	 decreased	 fatty	 acid	 oxidation	 as	 well	 as	 oxygen	
consumption	 rates	 of	mitochondria	 [10,	 11].	Moreover,	mice	with	 liver	 or	 skeletal	
muscle	specific	ablation	of	BMAL1	developed	insulin	resistance	[12,	13].	
So	far,	evidence	that	disturbing	the	day-night	rhythm	can	also	affect	skeletal	muscle	
metabolism	 in	 humans	 is	 limited.	We	have	 previously	 shown	 that	 also	 in	 humans,	
skeletal	muscle	 is	 characterized	 by	 a	 day-night	 rhythm	 in	 among	others	molecular	
clock	 gene	 expression	 and	 mitochondrial	 respiratory	 capacity.	 It	 is	 known	 that	
mitochondrial	function	is	disturbed	in	the	insulin	resistant	state	[14,	15],	but	so	far	it	
is	unknown	if	disturbing	day-night	rhythm	in	humans	also	leads	to	disturbed	skeletal	
muscle	metabolism	and/or	insulin	resistance.	
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We	here	investigated	if	circadian	misalignment	would	lead	to	disturbances	in	muscle	

metabolism	and	insulin	resistance	in	human	volunteers.	To	this	end,	we	performed	a	

detailed	 human	 translational	 intervention	 study	 in	 which	 insulin	 sensitivity	 –	

assessed	by	hyperinsulinemic	euglycemic	clamp	–	and	molecular	analysis	of	muscle	

biopsies	was	performed	after	a	3-day	control	condition	and	after	a	3.5-day	period	in	

which	day-night	rhythm	was	shifted	by	12	hours.	

	

Material	and	methods	
Participants	
Fourteen	 healthy	 lean	 young	men	 (Age:	 22.4	 ±	 2.8	 years;	 BMI:	 22.3	 ±	 2.1	 kg/m2;	

Mean	±	SD)	participated	in	the	study.	Participants	were	non-smokers,	had	no	active	

diseases,	used	no	medication	and	did	not	engage	in	exercise	for	more	than	3	hours	

per	 week,	 verified	 by	 questionnaires.	 In	 addition,	 participants	 reported	 regular	

bedtimes	 (11	PM	±	2	hours),	 regular	 sleep	duration	of	 7-9	hours,	 did	not	 perform	

shift-work	or	traveled	across	more	than	one	time	zone	in	the	last	three	months	and	

were	 not	 morning	 larks	 or	 night	 owls,	 assessed	 with	 a	 morningness-eveningness	

questionnaire	(MEQ-SA:	54	±	7,	Mean	±	SD).	The	study	was	conducted	in	accordance	

with	the	principles	of	the	declaration	of	Helsinki,	approved	by	the	Ethics	Committee	

of	 the	 Maastricht	 University	 Medical	 Center	 and	 monitored	 by	 the	 Clinical	 Trial	

Center	Maastricht.	All	participants	provided	written	informed	consent.	The	included	

measurements	 were	 performed	 between	 February	 2016	 and	 February	 2017.	 The	

study	was	registered	at	clinicaltrials.gov	with	identifier	NCT02580513.	

	

Pre-study	conditions	
Seven	 days	 prior	 to	 the	 study	 periods,	 participants	 were	 instructed	 to	maintain	 a	

standardized	normal	lifestyle,	including	(trying	to)	sleep	from	11	PM	until	7	AM	and	

consuming	 meals	 at	 regular	 times,	 consistent	 with	 the	 times	 during	 the	 study	

(breakfast,	lunch,	snack	and	dinner	at	8	AM,	12:30	PM,	3	PM	and	8	PM).	In	additions,	

participants	were	asked	to	abstain	from	consumption	of	caffeine	and	alcohol.	Three	

days	before	the	study	periods,	participants	were	instructed	not	to	perform	physical	

exercise.	Two	days	before	the	study	periods,	participants	were	provided	with	meals	

to	 ensure	 standardized	 distribution	 of	 calories	 and	 macronutrients	 (see	 below).	

Compliance	 to	 the	prescribed	 lifestyle	was	monitored	with	 food-	 and	 sleep	diaries	

and	 by	 a	 light-detecting	 wrist	 accelerometer	 (Actiwatch	 Spectrum,	 Philips-

Respironics,	Murrysville	PA,	USA).	
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Study	conditions	
In	 the	 study,	 each	 participant	 underwent	 one	 control	 period	 and	 one	 period	 in	

circadian	misalignment,	in	a	randomized,	crossover	fashion,	with	a	wash-out	of	3	to	

9	weeks.	Prior	to	the	first	study	period,	the	participants	were	not	aware	of	the	order	

of	 the	 study	 periods.	 During	 their	 stay,	 the	 participants	 resided	 in	 a	 private	

respiration	 chamber;	 a	 small	 room	 with	 a	 bed,	 toilet,	 sink,	 desk,	 chair,	 TV	 and	

computer.	 In	 the	 respiration	 chamber;	 environmental	 conditions	 were	 tightly	

controlled,	 including	 dim-light	 (4	 lux	 in	 the	 horizontal	 angle	 of	 gaze)	 during	 wake	

phases	 and	 darkness	 during	 sleep	 opportunities,	 no	 devices	 that	 can	 display	 time	

(e.g.	 watch,	mobile	 phone,	 laptop,	 tablet),	 no	 internet	 and	 no	 live	 television.	 The	

screen	emittance	of	the	TV	and	computer	in	the	respiration	chamber	were	adapted	

to	not	exceed	the	permitted	light	intensity	of	4	lux	and	could	be	used	to	work,	listen	

to	music	or	watch	movies.	During	their	stay,	participants	were	isolated	from	external	

time	 cues	 and	 could	 only	 be	 in	 contact	 with	 the	 researchers.	 For	 specific	 study	

procedures	 (placement	of	 intravenous	 canula,	 indirect	 calorimetry,	 skeletal	muscle	

biopsy	 and	 the	hyperinsulinemic	 euglycemic	 clamp),	 participants	were	 transported	

to	an	adjacent	clinical	room	in	a	wheelchair,	during	which	they	wore	a	blindfold	and	

earplugs	to	prevent	excess	light	and	possible	audiovisual	signals	that	might	indicate	

whether	 it	 was	 day	 or	 night.	 The	 clinical	 room	 had	 similar	 dim-light	 conditions.	

During	 procedures	 for	which	 light	was	 required	 (placement	 of	 intravenous	 canula,	

muscle	biopsy),	participants	wore	welding	goggles	 shade	5	 (Uvex	Ultravision	9301-

245,	Uvex,	Fürth,	Germany)	to	limit	light	exposure.	

	

Study	design	
The	 study	 design	 is	 graphically	 depicted	 in	 figure	 1.	 For	 the	 control	 period,	
participants	were	admitted	to	the	research	unit	at	7:45	PM	on	day	1	and	stayed	until	

5PM	 on	 day	 4.	 Sleep	 opportunities	 were	 from	 11	 PM	 until	 7	 AM,	 during	 which	

participants	were	required	to	switch	off	the	lights	and	try	to	sleep.	Participants	were	

not	allowed	to	sleep	during	wake	periods.	During	the	test	days	(except	for	the	 last	

test-day),	participants	 received	breakfast,	 lunch,	a	snack	and	dinner	 (see	below)	at	

fixed	 times	 (8	AM,	12:30	PM,	15	PM	and	8	PM,	 respectively).	One	hour	after	each	

meal,	 participants	 were	 instructed	 to	 perform	 a	 30-minute,	 light	 physical	 activity,	

consisting	of	3x5	minutes	of	step	exercises	and	3x5	minutes	of	standing.	In	addition,	

participants	 were	 instructed	 to	 follow	 a	 standardized	 lifestyle	 with	 fixed	 activities	

(making	the	bed,	doing	the	dishes,	15-minutes	standing,	sitting	at	desk	or	free	time)	

to	prevent	differences	between	the	2	study	conditions.	Sleeping	metabolic	rate	was		
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Figure	1:	Study	design	

Participants	 underwent	 a	 control	 and	 a	 misalignment	 condition	 in	 a	 randomized	

cross-over	 design.	 B,	 breakfast;	 L,	 lunch;	 S,	 snack;	 D,	 dinner;	 M,	 measurement	 of	

blood	 substrates,	 energy	 metabolism	 and	 muscle	 biopsy;	 Clamp,	 hyperinsulinemic	

euglycemic	 clamp.	Gray	bars	 indicate	waking	hours	with	4	 lux	ambient	 light,	 black	

bars	indicate	sleep	opportunity	with	lights	out.	

	

measured	 by	 whole-room	 indirect	 calorimetry	 (Omnical,	 Maastricht	 Instruments,	

Maastricht,	The	Netherlands)	during	the	first	night,	which	was	used	for	estimation	of	

caloric	requirements.	

	

After	waking	up	on	the	third	study	day,	participants	ingested	a	thermometer	capsule	

(Equivital,	 Philips-Respironics,	 Murrysville	 PA,	 USA)	 to	 measure	 core-body	

temperature	 (CBT)	 for	24	hours.	Due	 to	early	excretion	of	 the	capsule	or	 technical	

failure	 complete	 CBT	 measurements	 were	 obtained	 in	 8	 participants.	 At	 7	 PM,	

participants	 underwent	 a	 blood	 draw,	 directly	 followed	 by	 a	 30-minute	 resting	

indirect	calorimetry	measurement	and	a	skeletal	muscle	biopsy	(see	below).	During	

the	sleep	opportunity	between	day	3	and	4,	we	measured	sleeping	metabolic	rate	in	
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the	 respiration	 chamber	 by	 whole-room	 indirect	 calorimetry	 (Omnical,	Maastricht	

Instruments,	Maastricht,	The	Netherlands).		

	

On	the	fourth	study	day,	participants	were	awakened	at	6:45	AM.	Starting	at	7	AM,	

an	intravenous	cannula	was	placed	in	the	antecubital	vein,	followed	by	a	blood	draw,	

indirect	calorimetry	and	skeletal	muscle	biopsy,	similar	to	the	previous	day.	After	the	

biopsy,	 a	 two-step	 hyperinsulinemic	 euglycemic	 clamp	 was	 performed	 to	 assess	

peripheral	 and	hepatic	 insulin	 sensitivity	 (see	below).	During	 this	 test,	 participants	

stayed	 fasted.	 Directly	 after	 this	 test	 (which	 takes	 approximately	 8	 hours),	

participants	were	 provided	with	 a	meal	 and	were	 allowed	 to	 go	 home	 as	 soon	 as	

plasma	glucose	was	stabilized.	

	

For	the	misaligned	period,	participants	were	also	admitted	at	7:45	PM	on	day	1	and	

had	a	normal	sleeping	opportunity	 from	11	PM	until	7	AM.	On	day	2,	we	 imposed	

circadian	misalignment	by	shifting	the	behavioral	cycle	by	12	hours.	This	was	realized	

by	instructing	participants	to	switch	off	the	lights,	lie	in	bed	and	try	to	sleep	from	3	

PM	until	7	PM.	At	7	PM,	participants	were	awakened	and	started	a	new	behavioral	

morning.	 From	 this	 point,	 study	 procedures	 are	 equal	 to	 the	 control	 period,	 but	

shifted	by	12	hours	 (misalignment	7	PM	day	2	 is	equal	 to	control	7	AM	day	2,	 see	

figure	1).	Consequently,	breakfast,	lunch,	snack	and	dinner	are	served	at	8	PM,	12:30	

AM,	3	AM	and	8	AM	and	consecutive	sleep	opportunities	were	scheduled	 from	11	

AM	until	 7	 PM.	 The	 blood	 draw,	 indirect	 calorimetry	 and	 skeletal	muscle	 biopsies	

were	 performed	 on	 day	 4	 at	 7	 AM	 (behavioral	 evening)	 and	 at	 7	 PM	 (behavioral	

morning).	The	hyperinsulinemic	euglycemic	clamp	started	after	the	7	PM	biopsy.	

	

Study	meals	
Two	days	before	and	during	the	study,	participants	were	provided	with	standardized	

meals	 according	 to	 Dutch	 and	 US	 dietary	 guidelines.	 Caloric	 requirements	 for	

consumption	at	home	and	the	first	evening	of	the	study	period	were	calculated	by	

multiplying	the	resting	metabolic	rate,	estimated	using	the	Harris-Benedict	formula,	

with	an	activity	factor	of	1.5.	In	addition,	as	it	is	difficult	to	predict	the	exact	energy	

expenditure	of	 the	participants,	we	provided	additional	 snacks	 to	 reach	an	energy	

intake	equal	to	the	resting	metabolic	rate	multiplied	by	a	factor	of	1.7.	Participants	

were	allowed	 to	eat	 these	additional	 snacks	directly	 after	 their	meals,	only	 if	 they	

were	still	hungry.	Caloric	requirements	for	consecutive	study	days	were	estimated	by	
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multiplying	the	recorded	sleeping	metabolic	rate	(see	below)	with	an	activity	factor	

of	1.5.	

	

Caloric	 intake	was	divided	over	3	daily	meals	and	a	snack.	Breakfast	accounted	 for	

~20	energy%,	 lunch	 for	~25	energy%,	a	 snack	 for	~10	energy%	and	dinner	 for	~45	

energy%.	Daily	macronutrient	distribution	was	~52	energy%	as	 carbohydrates,	 ~31	

energy%	 as	 fat	 (~9%	 saturated)	 and	 ~14	 energy%	 as	 protein.	 Breakfast	 and	 lunch	

were	bread	meals,	while	dinner	was	a	warm	meal,	resulting	in	a	relatively	higher	fat	

content	 for	dinner,	as	 is	 common	 in	The	Netherlands.	Besides	 the	meals,	no	other	

snacks	or	drinks	than	water	were	provided.	

	

Indirect	calorimetry	
To	 determine	 whole-body	 energy	 expenditure,	 respiratory	 exchange	 ratio	 (RER),	

glucose-	and	fat-oxidation,	oxygen	consumption	and	carbon	dioxide	production	were	

measured	 with	 an	 automated	 respiratory	 gas	 analyzer	 using	 a	 ventilated	 hood	

system	(Omnical;	Maastricht	Instruments,	Maastricht,	the	Netherlands).	Calculations	

of	energy	expenditure	and	substrate	oxidation	were	made	with	the	assumption	of	a	

negligible	protein	oxidation	[16,	17].	For	sleeping	metabolic	rate,	we	used	the	lowest	

3-hour	 mean	 energy	 expenditure	 of	 the	 sleep	 period,	 measured	 by	 whole-room	

calorimetry	 (Omnical,	 Maastricht	 Instruments,	 Maastricht,	 The	 Netherlands),	

extrapolated	to	24-hour	energy	expenditure	[18].	

	

Skeletal	muscle	biopsies	and	respirometry	
During	each	study	period,	two	skeletal	muscle	biopsies	were	obtained	according	to	

the	Bergström	method	[19]	from	the	m.	vastus	 lateralis	under	 local	anesthesia	(1%	

lidocaine,	without	epinephrine).	Biopsies	were	taken	moving	from	distal	to	proximal,	

alternating	between	the	left	or	right	leg.	The	leg	of	the	first	biopsy	was	randomized	

and	 subsequent	 biopsies	 were	 taken	 from	 the	 other	 leg,	 moving	 from	 distal	 to	

proximal.	For	the	7AM	and	7PM	biopsies,	part	of	the	biopsy	was	immediately	placed	

in	ice-cold	preservation	medium	(BIOPS,	OROBOROS	Instruments,	Innsbruck,	Austria)	

and	used	for	measurement	of	mitochondrial	oxidative	capacity.	For	this	analysis,	we	

permeabilized	 intact	muscle	 fibers	 and	measured	 their	 oxygen	 consumption	 upon	

several	 substrates	 using	 high-resolution	 respirometry	 (Oxygraph,	 OROBOROS	

Instruments,	 Innsbruck,	 Austria).	 Substrates	 used	 to	 consecutively	 supplement	

muscle	 fibers	 during	 this	 assay	 were	 malate,	 octanoylcarnitine,	 adenosine	

diphosphate	 (ADP),	 glutamate,	 succinate	 and	 carbonylcyanide	 p-
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trifluoromethoxyphenylhydrazone	 (FCCP)	 (trace	 1)	 or	 malate,	 pyruvate,	 ADP,	

glutamate,	succinate	and	FCCP	(trace	2),	as	described	previously	[20].	The	remaining	

part	of	the	muscle	biopsy	was	immediately	frozen	in	melting	isopentane	and	stored	

in	-80°C	until	further	analysis.	

	

Mitochondrial	electron	 transport	chain	complexes	were	quantified	by	western	blot	

analysis	as	previously	described	[8].	Human	muscle	tissue	was	 lysed	in	RIPA	buffer.	

Protein	 concentration	 was	 determined	 using	 the	 Bio-Rad	 RC/DC	 kit	 (Bio-Rad	

Laboratories,	Veenendaal,	The	Netherlands).	Equal	amounts	of	protein	were	loaded	

on	12%	TGX	gels	(Bio-Rad	Laboratories).	Proteins	were	transferred	to	nitrocellulose	

with	 the	 Trans-Blot	 Turbo	 transfer	 system	 (Bio-Rad	 Laboratories).	 Primary	

antibodies:	 a	 cocktail	 of	 mouse	 monoclonal	 antibodies	 directed	 against	 human	

OXPHOS	(dilution	1:10,000;	ab110411,	Abcam,	Cambridge,	UK).	The	specific	proteins	

were	 detected	 using	 secondary	 antibodies	 conjugated	 with	 IRDye800,	 and	 were	

quantified	with	 the	CLx	Odyssey	Near	 Infrared	 Imager	 (Li-COR,	Westburg,	Leusden,	

The	 Netherlands).	 The	 individual	 total	 intensity	 of	 Complex	 I,	 II,	 III,	 IV	 and	 V	 was	

quantified	and	is	expressed	in	relative	units	(RU).	

	

Gene	transcript	quantification	
RNA	 was	 isolated	 from	 50	 mg	 of	 muscle	 material	 by	 TRIzol	 lysis	 (Qiagen,	 Hilden,	

Germany).	 RNA	 was	 further	 purified	 by	 the	 RNeasy	 kit	 from	 Qiagen	 (Hilden,	

Germany).	RNA	yield	was	measured	using	a	NanoDrop	spectrophotometer	(Thermo	

Fisher	 Scientific,	Waltham,	 USA).	 The	 high-capacity	 RNA-to-cDNA	 kit	 from	 Applied	

Biosystems	 (Foster	 City,	 USA)	 was	 used	 for	 transcribing	 0.5	 mg	 RNA	 to	 cDNA.	

Transcript	 abundance	 was	 determined	 by	 RT-QPCR	 using	 a	 CFX348	 TouchTM	 Real-

Time	 PCR	 detection	 system	 (Bio-Rad;	 Hercules,	 CA).	 To	minimize	 the	 variability	 in	

reference	 gene	 normalization,	 we	 used	 the	 geometric	 mean	 of	 three	 reference	

genes	 (RPL26,	 GUSB	 and	 CYPB),	 which	 were	 previously	 demonstrated	 to	 be	

expressed	robustly	independent	of	time	[8,	21]	and	metabolic	phenotype	[21].	This	

geometric	mean	was	used	as	the	internal	reference	for	comparative	gene	expression	

analysis	in	the	remainder	of	the	study.	

	

Hyperinsulinemic	euglycemic	clamp	
To	 determine	 peripheral	 and	 hepatic	 insulin	 sensitivity,	 we	 performed	 a	 two-step	

hyperinsulinemic	 euglycemic	 clamp	with	 infusion	 of	 D-[6,6-2H2]glucose	 tracer	 [22].	

First,	a	primed	continuous	infusion	of	D-[6,6-2H2]glucose	was	given	for	two	hours	to	
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determine	baseline	endogenous	glucose	production	(EGP),	glucose	appearance	(Ra)	
and	glucose	disposal	(Rd)	[23].	Next,	insulin	was	infused	at	a	primed	continuous	low	
rate	(10	mU/m2/min)	for	3	hours,	to	assess	hepatic	insulin	sensitivity	(suppression	of	
EGP	 by	 insulin).	 Finally,	 insulin	 was	 infused	 at	 a	 primed	 high	 rate	 for	 2	 hours	 (40	
mU/m2/min)	 to	determine	peripheral	 insulin	sensitivity	 (glucose	Rd).	During	 insulin	
infusion,	 blood	 was	 frequently	 sampled	 and	 glucose	 levels	 directly	 analyzed	 in	
arterialized	blood.	Glucose	was	co-infused	at	an	accordingly	variable	rate	to	maintain	
euglycemia	 (5.0	 mmol/L).	 During	 the	 last	 30	 minutes	 of	 each	 step,	 substrate	
oxidation	was	measured	 by	 indirect	 calorimetry	 and	 blood	was	 sampled	 every	 10	
minutes.	Steele's	single	pool	non-steady	state	equations	were	used	to	calculate	Ra	
and	Rd	of	glucose	[24].We	assumed	a	distribution	volume	of	0.160	L/kg	for	glucose.	
	
Statistics	
Data	 are	 presented	 as	mean	±	 SEM	 (standard	 error	 of	 the	mean)	 unless	 indicated	
otherwise.	 Statistical	 analyses	 were	 performed	 with	 the	 use	 of	 IBM	 Statistical	
Package	for	Social	Sciences	for	MAC,	version	23	(SPSS,	 Inc.).	The	effect	of	circadian	
misalignment	 on	 outcome	 variables	 was	 assessed	 by	 paired	 samples	 T-test.	
Statistical	significance	was	defined	as	a	p-value	<	0.05.	
	

Results	

12-h	rapid	shift	in	behavior	induces	circadian	misalignment	

In	the	current	study,	we	used	a	rapid	shift	protocol	to	induce	circadian	misalignment.	

To	 test	 if	 the	volunteers	were	 indeed	 in	 circadian	misalignment,	we	 recorded	core	

body	temperature	(CBT)	using	an	ingested	thermopill	allowing	the	measurement	of	

24h	 core	 body	 temperature.	 As	 can	 be	 seen	 in	 figure	 1,	 core	 body	 temperature	

follows	a	pronounced	circadian	rhythm,	with	high	body	temperature	during	waking	

hours,	a	decrease	in	the	late	evening	and	remaining	low	values	during	sleep	(figure	2	

A).	 Consistent	with	 circadian	misalignment,	 core	 body	 temperature	 remained	 high	

during	the	day	even	though	subjects	were	sleeping	during	day	time	and	decreased	in	

the	 late	 evening	 when	 subjects	 were	 awake,	 indicating	 that	 the	 central	 circadian	

clock	 indeed	 was	misaligned	 to	 the	 behavioral	 shift	 and	maintained	 the	 circadian	

phase	of	 the	control	condition	 (figure	2	B).	Therefore,	 the	rapid	shift	protocol	was	

successful	in	inducing	circadian	misalignment.	
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Figure	2:	Core	Body	Temperature	(CBT)	in	the	control	and	misalignment	condition	

Core	body	temperature	(°C)	recordings	were	obtained	every	15	seconds	and	averaged	

per	 subject	 into	 30	 min	 intervals.	 Depicted	 are	 control	 condition	 (A)	 and	

misalignment	 condition	 (B).	 Sleeping	 periods	 are	 indicated	 by	 wide	 grey	 bars.	 The	

small	grey	bars	 indicate	30	min	bouts	of	physical	activity	performed	one	hour	after	

each	meal.	Data	is	expressed	as	mean	±	SEM.	*	p	<	0.05.	
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Sleeping	metabolic	rate	is	higher	during	circadian	misalignment		

To	 examine	 if	 circadian	 misalignment	 of	 body	 temperature	 was	 also	 reflected	 in	

alterations	 in	 energy	 expenditure,	 we	 determined	 whole-body	 sleeping	 metabolic	

rate	using	whole-body	respiratory	rooms.	Sleeping	metabolic	rate	was	defined	as	the	

lowest	energy	expenditure	during	sleep	for	three	consecutive	hours.	Consistent	with	

higher	 body	 temperature	 during	 the	 sleeping	 phase,	 SMR	 was	 elevated	 upon	

circadian	misalignment	 compared	 to	 control	 condition	 (4.96	±	0.12	vs.	 5.16	±	0.15	

kJ/min,	 control	 vs.	 misalignment	 p	 =	 0.014,	 figure	 3).	 Substrate	 oxidation	 during	

sleep	 was	 not	 affected	 by	 circadian	 alignment	 (RER:	 0.83	 ±	 0.01	 vs.	 0.84	 ±	 0.01,	

control	vs.	misalignment	p	=	0.687).	We	also	determined	resting	energy	expenditure	

15	 min	 after	 subjects	 woke	 up	 at	 either	 7	 AM	 or	 7	 PM	 in	 the	 control	 and	

misalignment	 condition	 respectively.	 Although	 mean	 energy	 expenditure	 again	

seemed	to	be	higher	upon	circadian	misalignment,	this	effect	did	not	reach	statistical	

significance	 (EE:	 5.09	 ±	 0.17	 vs.	 5.35	 ±	 0.16	 kJ/min,	 control	 vs.	 misalignment	 p	 =	

0.14).	 Carbohydrate	oxidation	 (0.162	±	0.014	vs.	0.152	±	0.022	g	min-1,	 control	vs.	

misalignment	p	=	0.707)	 and	 fat	oxidation	 (0.065	±	0.006	vs.	 0.076	±	0.009	g/min,	

control	vs.	misalignment	p	=	0.31)	were	not	affected	by	circadian	misalignment.	

	

Mitochondrial	oxidative	capacity	is	elevated	upon	circadian	misalignment	

Skeletal	muscle	is	one	of	the	determinants	of	resting	metabolic	rate	and	we	recently	

showed	day-night	rhythmicity	in	mitochondrial	function	[8].	Therefore,	we	measured	

ex	 vivo	 mitochondrial	 oxidative	 capacity	 using	 high-resolution	 respirometry	 in	

isolated	permeabilized	muscle	fibers	in	biopsies	obtained	at	7	AM	and	7	PM	in	both	

control	 condition	 and	 circadian	 misalignment.	 ADP-stimulated	 mitochondrial	

respiration	 (State	 3)	 upon	 octanoylcarnitine	 as	 a	 substrate	 did	 not	 show	morning-

evening	 variation,	 neither	 in	 the	 control	 nor	 in	 the	misalignment	 condition	 (state	

3MO:	43.1	±	3.8	and	43.3	±	3.7	pmol/mg*s	in	control	condition	at	7	AM	and	7	PM,	p	

=	0.925	and	44.6	±	3.5	and	45.6	±	3.5	pmol/mg*s	 in	misaligned	condition	at	7	AM	

and	7	PM,	p	=	0.674,	figure	4	A).		
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Figure	3:	Sleeping	Metabolic	Rate	(SMR)	is	increased	in	circadian	misalignment	

Sleeping	 metabolic	 rate	 was	 measured	 in	 a	 whole-body	 room	 calorimeter	 and	

defined	as	the	lowest	energy	expenditure	during	sleep	during	three	consecutive	hours	

(A).	Respiratory	Exchange	Ratio	 (RER)	during	 the	 same	period	 is	depicted	 in	 (B).	As	

can	 be	 seen	 in	 (C),	 the	 increased	metabolic	 rate	 upon	 circadian	misalignment	was	

present	during	 the	entire	 sleeping	period.	Data	 is	 expressed	as	mean	±	SEM.	*	p	<	

0.05.	
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However,	when	the	glycolytic	metabolite	pyruvate	was	used	as	a	substrate,	state	3	

respiration	 showed	higher	 respiration	at	 7	PM	compared	 to	7	AM	 in	 the	 circadian	

misalignment	condition	(state	3MP:	69.3	±	4.3	and	78.9	±	5.8	pmol/mg*s,	misaligned	

condition	at	7	AM	and	7	PM,	p	=	0.015,	 figure	 4)	 but	not	 in	 the	 control	 condition	

(state	3MP:	65.6	±	4.4	and	71.0	±	5.1	pmol/mg*s	in	control	condition	at	7	AM	and	7	

PM,	p	=	0.198,	figure	4	B).	As	a	result,	state	3	respiration	was	higher	upon	circadian	

misalignment	when	measured	in	the	‘overnight’	fasted	state	(state	3	MP:	p	=	0.034).	

To	 test	 if	 overall	mitochondrial	 copy	number	or	 density	 affected	 these	 results,	we	

measured	 total	 protein	 expression	 of	 mitochondrial	 electron	 transport	 chain	

complexes,	which	were	not	statistically	different	(4.95	±	0.42	and	4.94	±	0.34	RU,	7	

AM	 and	 7	 PM	 vs.	 5.03	 ±	 0.51	 and	 5.29	 ±	 0.49	 RU,	 7	 AM	 and	 7	 PM,	 control	 vs.	

misalignment	p	≥	0.05)	

	

Fasting	plasma	metabolites	are	altered	in	circadian	misalignment	

We	 next	 investigated	 the	 effect	 of	 circadian	 misalignment	 on	 overnight	 fasted	

clinically	relevant	plasma	values.	Thus,	plasma	metabolites	were	measured	after	an	

overnight	fast	for	10	hours	either	at	7	AM	or	7	PM	during	the	control	condition	and	

circadian	 misalignment	 respectively	 (figure	 5).	 Glucose	 levels	 were	 significantly	

increased	 upon	 circadian	misalignment	 (5.0	 ±	 0.1	 vs.	 5.2	 ±	 0.1	mmol/l,	 control	 vs.	

misalignment	p	=	0.015),	while	 insulin	 levels	were	not	 statistically	 changed	 (12.0	±	

1.1	vs.	10.9	±	1.0	µU/ml,	control	vs.	misalignment	p	=	0.209).	Plasma	FFA	levels	were	

markedly	 increased	 upon	 circadian	 misalignment	 (389	 ±	 47	 vs.	 525	 ±	 48	 µmol/l,	

control	 vs.	 misalignment	 p	 =	 0.006)	 whereas	 plasma	 triglyceride	 levels	 were	

decreased	(0.76	±	0.05	vs.	0.60	±	0.04	mmol/l,	control	vs.	misalignment	p	=	0.004).		

	

Insulin	sensitivity	is	decreased	in	circadian	misalignment	

We	next	 investigated	 if	 the	changes	 in	plasma	values	upon	circadian	misalignment	

were	 due	 to	 a	 reduction	 in	 insulin	 sensitivity.	 To	 this	 end,	we	 performed	 a	 2-step	

hyperinsulinemic	euglycemic	clamp	after	an	overnight	fast,	either	at	8	AM	or	8	PM	in	

the	control	and	misaligned	condition	respectively.	We	infused	labeled	6-6-D2	tracer	

glucose	 to	 distinguish	 the	 relative	 contribution	 of	 liver	 and	 peripheral	 (mainly	

muscle)	insulin	sensitivity.	 	
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Figure	4:	Mitochondrial	oxidative	capacity	at	7AM	and	7PM.		

ADP	stimulated	mitochondrial	respiration	(state	3)	and	maximal	uncoupled	(state	U)	

respiration	 in	 isolated	 permeabilized	 muscle	 fibers	 upon	 octanoylcarnitine	 (A)	 or	

pyruvate	 (B)	 as	 a	 substrate.	 M,	 malate;	 O,	 octanoylcarnitine;	 P,	 pyruvate.	 Data	

represents	 oxygen	 consumption	 rates	 per	 mg	 wet	 weight	 per	 second,	 depicted	 as	

mean	±	SEM.	*	p	<	0.05.	
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Circadian	misalignment	had	no	effect	on	endogenous	glucose	production	(EGP)	upon	

low	dose	 insulin	 stimulation	 (EGP:	2.2	±	0.3	vs.	 2.4	±	0.2	µmol/kg*min,	 control	vs.	

misalignment	 p	 =	 0.424	 figure	 6	 B),	 nor	 on	 the	 percentage	 suppression	 of	 EGP,	

suggesting	that	circadian	misalignment	had	no	effect	on	hepatic	insulin	sensitivity.	In	

line,	during	high	insulin	infusion,	EGP	was	fully	suppressed	in	both	study	conditions	

again	 suggesting	 similar	 hepatic	 insulin	 sensitivity.	 In	 contrast,	 however,	 circadian	

misalignment	resulted	in	a	~14%	lower	peripheral	insulin	sensitivity	–	as	determined	

by	 the	 insulin	 stimulated	 glucose	 disposal	 –	 during	 high	 insulin	 infusion	 (delta	 Rd:	

35.2	±	2.4	vs.	30.3	±	1.3	µmol/kg*min,	control	vs.	misalignment	p	=	0.029,	figure	6	

A).	The	decrease	 in	 insulin-stimulated	glucose	uptake	upon	circadian	misalignment	

was	 not	 accounted	 for	 by	 a	 reduced	 insulin-stimulated	 glucose	 oxidation	 (delta	

glucose	oxidation:	11.2	±	0.8	vs.	11.9	±	1.1	µmol/kg*min,	control	vs.	misalignment,	p	

=	 0.583,	 figure	 6	 C).	 However,	 insulin	 stimulated	 non-oxidative	 glucose	 disposal	 –	

mainly	 accounted	 for	 by	 glycogen	 storage	 –	 was	 ~23%	 lower	 upon	 circadian	

misalignment,	suggesting	decreased	ability	to	form	glycogen	(delta	NOGD:	23.7	±	2.4	

vs.	18.4	±	1.4	µmol/kg*min,	control	vs.	misalignment	p	=	0.024,	figure	6	D).	

	

Since	 FFA	 levels	 were	 increased	 during	 fasting	 conditions	 upon	 circadian	

misalignment,	 we	 also	 determined	 adipose	 tissue	 insulin	 sensitivity	 by	 measuring	

insulin-induced	suppression	of	lipolysis	during	the	clamp.	First,	FFA	levels	during	the	

basal	section	of	the	clamp	(first	2.5	hours,	no	insulin	infusion)	were	indeed	elevated	

in	 circadian	 misalignment	 compared	 to	 control	 condition	 (386	 ±	 36	 vs.	 521	 ±	 43	

µmol/l	control	vs.	misalignment	p	<	0.001).	Upon	low	and	high	dose	insulin	infusion,	

fatty	 acid	 levels	 decreased	 and	 were	 not	 different	 between	 control	 and	

misalignment	condition	(low	insulin	infusion:	74	±	11	vs.	81	±	12	µmol/l,	control	vs.	

misalignment	p	=	0.422;	high	 insulin	 infusion:	23	±	2	vs.	26	±	3	µmol/l,	 control	vs.	

misalignment	p	=	0.456),	suggesting	that	circadian	misalignment	did	not	negatively	

affect	adipose	tissue	insulin	sensitivity.	

	

Taken	 together,	 these	 results	 indicate	 that	 circadian	 misalignment	 results	 in	 an	

impairment	 of	 peripheral	 insulin	 sensitivity,	 which	 can	 be	 accounted	 for	 by	 a	

reduced	capacity	for	non-oxidative	glucose	disposal.	 	
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Figure	5:	Plasma	metabolites	are	altered	in	circadian	misalignment			

Plasma	levels	of	glucose	(A),	Insulin	(B),	free	fatty	acids	(C)	and	triglycerides	(D)	were	

measured	in	the	‘overnight’	fasted	state	15	min	after	awaking	at	7	AM	or	7	PM	in	the	

control	and	misalignment	condition	respectively.	Data	are	expressed	as	mean	±	SEM.	

*	p	<	0.05;	**	p	<	0.01.	
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Figure	6:	Insulin	sensitivity	is	decreased	in	circadian	misalignment		

Insulin-stimulated	glucose	disposal	 is	expressed	as	Rd	low	insulin	-	Rd	basal	(left)	and	

Rd	 high	 insulin	 -	 Rd	 basal	 (A).	 Endogenous	 glucose	 production	 (EGP)	 suppression	

during	low	and	high	insulin	infusion	steady	state	is	depicted	in	(B).	Oxidative	glucose	

disposal	 (C)	 and	 non-oxidative	 glucose	 disposal	 (NOGD)	 were	 corrected	 for	 basal	

values.	 All	 values	 were	 calculated	 for	 the	 last	 30	 min	 of	 the	 basal,	 low	 and	 high	

insulin	steady	states.	Data	are	presented	as	mean	±	SEM.	Rd,	rate	of	disappearance.	*	

p	<	0.05.	
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Core	molecular	clock	of	skeletal	muscle	does	not	adapt	rapidly	to	12-hour	shifted	

behavior	

It	has	been	shown	that	peripheral	tissues	have	their	own	molecular	clock	that	may	

be	 involved	 in	 the	 regulation	 of	 intrinsic	 energy	 metabolism.	 Since	 circadian	

misalignment	affected	peripheral	insulin	sensitivity,	which	is	mainly	accounted	for	by	

skeletal	muscle,	we	next	 investigated	 if	 the	core	molecular	clock	showed	disturbed	

circadian	rhythmicity.	To	this	end,	we	took	two	muscle	biopsies:	one	was	taken	12	

hours	 before	 and	 the	 other	 one	 directly	 before	 the	 hyperinsulinemic-euglycemic	

clamp	(control	condition:	7	PM	and	7	AM	of	the	next	day;	misalignment	condition:	7	

AM	and	7	PM	of	the	same	day).	We	have	previously	shown	that	also	in	humans	the	

core	 molecular	 clock	 components	 show	 day-night	 rhythms	 in	 skeletal	 muscle	 [8].	

Therefore,	 we	 first	 determined	 if	 the	 core	 molecular	 clock	 components	 were	

disturbed	 upon	 circadian	 misalignment.	 In	 the	 control	 condition,	 the	 core	 clock	

genes	 BMAL1,	 CRY1	 and	 PER2	 displayed	 diurnal	 differences	 in	 mRNA	 expression	

levels,	concordant	with	our	previous	study	[8]	(figure	7).	Intriguingly,	upon	circadian	

misalignment,	mRNA	expression	levels	of	the	core	clock	genes	kept	the	same	diurnal	

pattern	as	in	control	condition,	suggesting	that	the	core	molecular	clock	machinery	

in	skeletal	muscle	was	driven	by	circadian	rhythmicity	and	did	not	align	with	the	new	

day-night	 rhythm.	 We	 next	 investigated	 if	 this	 effect	 was	 only	 specific	 for	 core	

molecular	clock	genes.	Therefore,	we	measured	mRNA	levels	of	representative	key	

metabolic	 genes:	 whereas	 some	 genes	 displayed	 unchanged	 mRNA	 expression	

levels,	 other	 genes	 (i.e.	 HKII)	were	mainly	 driven	 by	 circadian	 rhythmicity,	while	 a	

third	 category	 of	 regulatory	 genes	 (i.e.	 IRS1),	 displayed	 expression	 levels	 that	

seemed	to	be	aligned	with	the	new	behavioral	schedule	(figure	8).	

	

Discussion	

A	substantial	part	of	the	working	population	is	engaged	in	shift-work,	which	affects	

the	 normal	 day-night	 rhythm	 and	 is	 associated	 with,	 amongst	 others,	 metabolic	

diseases.	 Indeed,	animal	studies	have	shown	that	disruption	of	the	molecular	clock	

leads	to	metabolic	aberrations	among	others	in	skeletal	muscle	and	results	in	insulin	

resistance.	So	far,	it	is	unknown	if	circadian	disruption	affects	muscle	metabolism		
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Figure	7:	Core	molecular	clock	genes	are	not	adapted	to	behavioral	 rhythm	upon	

circadian	misalignment	

mRNA	 expression	 levels	 of	 the	 core	 molecular	 clock	 genes	 BMAL1	 (A),	 CLOCK	 (B),	

REV-ERB	α	(C),	PER2	(D)	and	CRY1	(E)	in	skeletal	muscle	measured	by	RT-QPCR.	Data	

are	 normalized	 to	 the	 geometric	mean	 of	 3	 housekeeping	 genes	 and	 presented	 as	

mean	±	SEM.	*	p	<	0.05	in	control	vs	circadian	misalignment	in	the	‘overnight’	fasted	

state.	

	

	

and	insulin	sensitivity	in	humans.	Here,	we	studied	the	effects	of	controlled	circadian	

misalignment	 on	 insulin	 sensitivity	 and	 on	 both	 whole-body	 and	 skeletal	 muscle	

mitochondrial	 metabolism.	 We	 show	 that	 short-term	 circadian	 misalignment	

resulted	in	a	significant	decrease	in	insulin	sensitivity	in	healthy	young	subjects	that	

was	mainly	due	 to	 impairment	 in	 insulin-stimulated	non-oxidative	glucose	disposal	

but	unaffected	by	hepatic	insulin	sensitivity.	In	addition,	we	show	that	the	molecular	

biological	clock	and	several	other	key	metabolic	genes	in	skeletal	muscle	were		 	
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Figure	8:	Metabolic	genes	expression	levels	upon	circadian	misalignment.		

mRNA	expression	levels	of	the	metabolic	genes	PPAR	delta	(A),	DGAT1	(B),	HKII	(C),	

NAMPT	(D)	SIRT1	(E)	and	IRS1	(F)	in	skeletal	muscle	measured	by	RT-QPCR.	Data	are	

normalized	to	the	geometric	mean	of	3	housekeeping	genes	and	presented	as	mean	

±	SEM.	*	p	<	0.05	in	control	vs	circadian	misalignment	in	the	‘overnight’	fasted	state.	

	

	

misaligned	 relative	 to	 the	 behavioral	 routine,	 which	 may	 underlie	 a	 disturbed	

metabolism.	Interestingly	and	in	contrast,	another	set	of	genes	aligned	rapidly	to	the	

new	 behavioral	 routine	 that	 was	 imposed	 by	 our	 study	 protocol.	 Together,	 these	

results	 show	 that	 circadian	misalignment	 induced	metabolic	 disturbances	 that	 can	

be	detected	at	the	molecular	level	in	human	skeletal	muscle	and	may	contribute	to	

the	risk	for	insulin	resistance	upon	circadian	misalignment.	

	

Controlled	circadian	misalignment	decreased	insulin	sensitivity	–	as	measured	by	the	
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increase	 in	 plasma	 glucose	 levels.	 This	 finding	 corroborates	 indirect	 observations	

from	 earlier	 studies,	 demonstrating	 higher	 plasma	 glucose	 levels	 after	 a	 meal,	

despite	 concomitantly	 increased	 levels	 of	 plasma	 insulin	 [5,	 6]	 upon	 circadian	

misalignment.	 Interestingly,	 the	 decrease	 in	 insulin	 sensitivity	 under	 misaligned	

conditions	 was	 not	 due	 to	 a	 reduction	 in	 hepatic	 insulin	 sensitivity,	 as	 the	

suppression	 of	 hepatic	 glucose	 output	 upon	 physiological	 concentrations	

(10mU/m
2
/min)	 of	 insulin	 infusion	was	 similar	 in	 both	 study	 conditions,	 indicating	

that	hepatic	insulin	sensitivity	is	not	affected	during	circadian	misalignment.	In	fact,	

the	decrease	in	insulin	sensitivity	could	be	completely	attributed	to	a	23%	decrease	

in	 insulin-stimulated	 non-oxidative	 glucose	 disposal	 (NOGD),	 compensated	 by	 a	

somewhat,	 but	 non-significant,	 higher	 insulin-stimulated	 glucose	 oxidation.	 The	

tendency	 towards	 higher	 glucose	 oxidation	 fits	 with	 the	 observation	 that	

mitochondrial	ADP	stimulated	state	3	respiration	upon	pyruvate	as	a	substrate	was	

higher	 in	 circadian	 misalignment.	 Why	 non-oxidative	 glucose	 disposal	 is	 reduced	

upon	circadian	misalignment	cannot	be	deduced	from	the	current	study.	In	healthy	

subjects,	glucose	taken	up	into	skeletal	muscle	is	mostly	stored	as	glycogen	[25],	and	

it	 is	 therefore	 possible	 that	 already	 small	 alterations	 in	 pathways	 responsible	 for	

NOGD	could	explain	the	observed	decrease.	

	

In	line	with	the	reduced	insulin	sensitivity	after	circadian	misalignment,	we	found	a	

small,	 but	 significant	 increase	 in	plasma	glucose	 concentration	after	 an	 ‘overnight’	

fasting	 period	 in	 the	 misaligned	 condition	 compared	 to	 the	 control	 condition.	

Notably,	 elevated	 fasting	 glucose	 is	 an	 important	 diagnostic	 marker	 in	 the	

development	of	pre-diabetes	and	points	 towards	a	disturbed	glucose	homeostasis.	

Fasting	 insulin	 levels	 were	 not	 changed	 in	 circadian	 misalignment,	 which	 may	

suggest	 decreased	 responsiveness	 of	 the	 pancreatic	 beta-cells	 to	 increase	 insulin	

secretion	to	maintain	glucose	levels	under	the	insulin-resistant	conditions.	Elevated	

fasting	 glucose	 could	 also	 originate	 from	 increased	 hepatic	 glucose	 output,	 but	

results	obtained	using	the	hyperinsulinemic	euglycemic	clamp	did	not	point	towards	

differences	 in	 either	 basal	 Rd	 or	 basal	 EGP	 between	 control	 and	 misaligned	

conditions.	 Apart	 from	 plasma	 glucose	 levels,	 circadian	misalignment	 also	 lead	 to	

higher	fasting	FFA	levels	and	lower	triglyceride	levels.	Fasting	FFA	levels	are	mostly	
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determined	 by	 lipolysis	 from	 adipose	 tissue,	which	 is	 suppressed	 following	 insulin	

stimulation.	We	therefore	measured	FFA	levels	under	fasting	conditions	immediately	

after	 awakening	and	again	during	 the	basal	 resting	period	of	 the	 insulin	 clamp.	Of	

note,	 FFA	 levels	 remained	 markedly	 elevated	 ~2.5	 hours	 after	 awakening.	

Nevertheless,	 insulin	 stimulated	 suppression	 of	 FFA	 was	 not	 impaired,	 suggesting	

that	adipose	tissue	insulin	sensitivity	was	not	affected	by	circadian	misalignment.	To	

our	knowledge	this	 is	the	first	study	to	measure	adipose	tissue	insulin	sensitivity	 in	

circadian	 misalignment	 in	 humans.	 These	 findings	 are	 of	 interest,	 since	 intrinsic	

circadian	 rhythmicity	 of	 adipose	 tissue	 lipolysis	 has	 been	 shown	 in	 mice	 [26].	

Moreover,	 a	 recent	 human	 trial	 shows	 that	 the	 adipose	 tissue	 molecular	 clock	

responds	 to	 delayed	 meal	 timing	 with	 a	 shift	 in	 circadian	 phase	 [27].	 The	 lower	

concentration	 of	 triglyceride	 levels	 in	 circadian	 misalignment	 cannot	 easily	 be	

explained.	 Since	 the	 majority	 of	 plasma	 triglycerides	 under	 fasting	 conditions	 are	

stored	 in	 VLDL	 particles	 that	 are	 secreted	 by	 the	 liver,	 an	 intrinsic	 circadian	

regulation	 seems	 possible.	 In	 fasted	 rats,	 VLDL	 levels	 are	 lower	 during	 the	 active	

phase	 compared	 to	 the	 resting	 phase	 [28],	 however,	 human	data	 to	 support	 such	

regulation	is	lacking.	

Together,	 these	 results	 highlight	 that	 the	 negative	 consequences	 of	 circadian	

misalignment	extend	beyond	the	reduction	of	insulin	sensitivity	and	are	visible	under	

fasting	conditions.	

	

Circadian	misalignment	also	resulted	in	a	significantly	higher	sleeping	metabolic	rate	

(SMR)	and	a	tendency	for	higher	resting	energy	metabolism.	These	results	are	in	line	

with	previous	reports	of	higher	SMR	after	3	days	of	circadian	misalignment,	induced	

by	 an	 artificial	 27-h	 forced	 desynchrony	 protocol	 [29].	 An	 elevation	 of	 energy	

metabolism	 may	 seem	 beneficial	 when	 regarded	 in	 the	 context	 of	 body	 weight	

regulation,	 but	 in	 general	 improvements	 in	metabolic	 health	 are	 characterized	 by	

reductions	in	energy	metabolism,	due	to	improved	energy	efficiency.	Therefore,	the	

increase	 in	 sleeping	 metabolic	 rate	 is	 further	 proof	 for	 an	 unfavorable	 metabolic	

profile	during	circadian	misalignment.	
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Analysis	 of	 gene	 expression	 in	 skeletal	 muscle	 suggests	 that	 in	 circadian	

misalignment	 several	 genes	 were	 misaligned	 to	 the	 behavior	 of	 subjects,	 which	

might	relate	to	the	changes	in	metabolism.	To	the	best	of	our	knowledge,	this	is	the	

first	 demonstration	 in	 humans	 that	 a	 short-term	 misalignment	 of	 3	 days	 is	 not	

enough	 to	 re-align	 the	 molecular	 clock	 in	 skeletal	 muscle	 and	 also	 affects	 other	

crucial	metabolic	genes.	Hence,	it	is	tempting	to	speculate	that	this	may	underlie	the	

metabolic	 disturbances	 observed	 upon	 circadian	 misalignment.	 However,	 some	

other	genes,	for	example	IRS1	showed	almost	reversed	expression	patterns	and	thus	

was	 adapted	 to	 the	 new	 behavior	 cycle;	 this	 divergent	 effect	 of	 circadian	

misalignment	on	metabolic	gene	expression	may	result	in	misalignment	of	metabolic	

genes	 that	 under	 normal	 conditions	 may	 work	 together	 in	 regulating	 metabolic	

homeostasis.	These	results	highlight	the	need	to	comprehensively	study	the	effects	

of	misalignment	on	skeletal	muscle	regulatory	pathways	by	e.g.	micro-arrays.	

	

In	 conclusion,	 this	 study	 demonstrated	 that	 controlled	 circadian	 misalignment	

reduced	 insulin	 sensitivity,	 which	 supports	 the	 role	 of	 circadian	 disruption	 in	 the	

development	 of	 insulin	 resistance	 and	 T2DM.	 Furthermore,	 we	 showed	 that	 the	

molecular	 clock	 in	 skeletal	 muscle	 is	 affected	 by	 circadian	 misalignment.	 From	 a	

clinical	perspective,	fasting	plasma	glucose,	FFA	and	resting	energy	requirements	are	

elevated	in	circadian	misalignment,	demonstrating	adverse	metabolic	consequences	

in	 healthy	 subjects.	 Future	 studies	 should	 assess	 whether	 similar	 results	 can	 be	

found	in	individuals	at	risk	for	the	development	of	T2DM.	
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General	discussion	and	future	perspectives:	

Through	 the	 last	 century,	 changes	 in	 social-	 and	 economic	 status	 together	 with	

technological	advance	such	as	artificial	light	and	fridges	have	enabled	humans	to	disengage	

from	their	primordial	day-night	rhythm.	Obviously,	this	comes	not	without	risks.	Since	1980	

the	obesity	prevalence	has	more	than	doubled	in	over	70	countries	[1],	while	the	number	of	

T2D	diagnoses	almost	quadrupled	[2].	This	development	entails	 increased	risks	for	obesity	

related	comorbidities,	ultimately	resulting	in	shortened	burden	free	lifetime	and	overall	life	

expectancy	[1,	3].	Further,	epidemiological	studies	indicate	that	the	recent	lifestyle	changes	

contribute	 to	 a	 disruption	 of	 day-night	 rhythm,	which	 has	 been	 associated	with	 negative	

consequences	 for	metabolic	 health	 [4-7].	Unravelling	by	which	mechanism	 this	 disruption	

contributes	 to	 derangements	 in	 metabolic	 health	 may	 be	 of	 great	 value	 to	 strengthen	

current	prevention	and	treatment	strategies.	Therefore,	this	thesis	focusses	on	investigating	

the	role	of	the	biological	clock	in	human	energy	metabolism	and	the	putative	involvement	

of	peripheral	rhythms	in	the	etiology	of	obesity	and	T2D.		

	

Do	human	peripheral	tissues	possess	a	molecular	clock?		

The	presence	of	circadian	rhythms	is	a	fundamental	characteristic	of	living	cells.	From	single	

cell	 to	 multicellular	 organisms	 behavioral	 and	 physiological	 rhythms	 are	 present.	 While	

there	is	broad	understanding	in	how	organs	interact	in	mammalian	physiology,	it	is	less	well	

known	 how	 rhythms	 are	 involved	 in	 cellular	 and	 whole	 body	 homeostasis	 throughout	

repetitive	day	and	night	cycles.	

According	 to	 our	 current	 understanding,	 the	 mammalian	 timing	 system	 comprises	 of	 a	

central	 clock	 –	 situated	 in	 the	 suprachiasmatic	 nucleus	 (SCN)	 of	 the	 hypothalamus	 –	 this	

clock	 orchestrates	 the	 temporal	 organization	 of	 behavioral,	 physiological,	 neuronal	 and	

cellular	processes.	Additional	peripheral	molecular	clocks	are	assumed	to	be	maintained	in	

virtually	every	cell	of	the	organism,	allowing	cells	to	individually	keep	track	of	time.	To	result	

in	temporal	homeostasis,	such	a	peripheral	molecular	clock	consists	of	an	autonomous	but	

adaptable	mechanism,	 that	 facilitates	 cellular	 time	 keeping	 to	 allow	 peripheral	 organs	 to	

resonate	in	synchrony.	This	mechanism	is	explained	in	detail	in	CHAPTER	3.		

When	starting	this	thesis	project,	data	on	rhythms	in	human	peripheral	tissues	was	limited	

to	 –	 rather	 accessible	 –	 skin	 and	 blood	 cells	 and	 white	 adipocytes.	 Especially	 for	
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metabolically	 important	 tissues	 that	 are	 not	 readily	 accessible	 like	 pancreas,	 liver	 and	

skeletal	 muscle,	 data	 had	 not	 yet	 been	 available.	 Hitherto,	 findings	 from	 animal	 studies	

pointed	 towards	 an	 intimate	 link	 between	 peripheral	 molecular	 clocks	 and	 whole-body	

metabolism	 regulation.	 In	 this	 respect,	we	 had	 hypothesized	 that	 healthy	 human	 skeletal	

muscle	also	possesses	a	 circadian	molecular	 clock	 to	 contribute	 to	 temporal	homeostasis.	

Hence,	as	reported	in	CHAPTER	2,	we	developed	and	tested	a	cellular	model	that	employed	

serum	shock	to	result	in	synchronization	of	cultured	human	primary	myotubes.	This	model’s	

particular	 value	 is	 that	 cells	with	 the	 donor’s	 genetic	 and	 possibly	 epigenetic	 background	

can	be	observed	outside	of	their	 (patho-)physiological	milieu.	Hence,	rhythms	occurring	 in	

such	isolation	can	be	considered	truly	intrinsic.	Identifying	whether	a	particular	rhythm	is	of	

intrinsic	 or	 behavioral	 origin	 is	 of	 great	 value	 as	 it	 increases	 our	 understanding	 by	which	

factors	human	time	keeping	is	driven.	Indeed,	intrinsic	circadian	rhythms	were	sustained	in	

synchronized	 human	 skeletal	 myotubes	 for	 at	 least	 72	 hours	 (CHAPTER	 3).	 Interestingly,	

although	nutritional	supply	and	other	culture	conditions	were	kept	constant,	expression	of	

the	cellular	energy	sensors	–	SIRT1	and	REVERBA	–	was	also	intrinsically	rhythmic.	This	is	of	

particular	 interest,	 as	 these	 sensors	 are	 thought	 to	 be	 part	 of	 a	 bilateral	 regulatory	

intersection	 between	 the	 molecular	 clock	 and	 cellular	 energy	 metabolism.	 In	 parallel,	

another	 cell	 study	 published	 concordant	 circadian	 rhythms	 of	 the	 molecular	 clock,	 using	

different	 agents	 for	 synchronization	 –	 forskolin	 and	 dexamethasone	 [8].	 Together,	 the	

findings	of	CHAPTER	3	and	Perrin	et	al.	[8],	indicate	that	circadian	rhythms	were	relevant	in	

human	skeletal	muscle	function.	Therefore,	in	CHAPTER	5	it	was	explored,	whether	24-hour	

rhythms	 were	 also	 present	 in	 serial	 human	 skeletal	 muscle	 biopsies	 and	 whole	 body	

metabolism.	 Indeed,	 in	 vivo	 human	 skeletal	 muscle	 also	 sustains	 24-hour	 rhythms	 in	

molecular	clock	gene	expression	under	normal	behavioral	cycles.	

These	 findings	 are	 in	 line	 with	 extensive	 animal	 studies	 underpinning	 that	 mammalian	

peripheral	 tissues	 possess	 a	 circadian	molecular	 clock	 in	 virtually	 every	 tissue:	 heart	 [9],	

pancreas	[10],	liver	[11],	white	adipose	tissue	[12]	skeletal	muscle	[13]	and	many	more.		

	

What	is	the	role	of	the	biological	clock	in	metabolic	health?	

The	 biological	 clock	 orchestrates	 cellular	 function,	 some	 of	 which	 are	 tissue	 specific	

Segregating	molecular	processes	 spatially	 and	 temporally	 is	 fundamental	 to	prosper	 in	 an	

intermittently	changing	milieu.	For	example,	the	concurrent	activation	of	glycogen	depletion	
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and	its	re-synthesis	in	skeletal	muscle	metabolism,	would	result	in	futile	cycles.	Hence,	the	

muscle	molecular	clock	is	a	governing	mechanism	for	anticipating	recurring	phases.	Indeed,	

in	 CHAPTER	 3	 it	 was	 demonstrated	 that	 metabolic	 key-regulators	 can	 be	 intrinsically	

rhythmic	in	synchronized	muscle	cells	of	healthy	donors.	This	signalizes	that	human	skeletal	

muscle	intrinsically	anticipates	diurnal	fast-fed	states	on	a	cellular	level.		

In	parallel	to	this	project,	other	in	vitro	studies	were	published	reporting	that	the	peripheral	

molecular	 clock	 governs	 cellular	 functions	 that	 are	 relevant	 in	 metabolic	 health.	 For	

instance,	Perrin	et	al.	[8]	found	CLOCK-dependent	temporal	regulation	in	myokine	release	in	

synchronized	 human	 myoblasts,	 while	 Peek	 et	 al.	 [14]	 reported	 intrinsic	 rhythmicity	 of	

mitochondrial	 function	 in	 mouse	 myotubes.	 In	 line	 with	 this,	 Feneberg	 et	 al.	 [15]	 found	

rhythms	in	 insulin	sensitivity	 in	synchronized	rat	myotubes.	Clearly,	these	studies	together	

with	 CHAPTER	 3	 concert	 in	 demonstrating	 that	 the	 molecular	 clock	 is	 central	 in	

orchestrating	temporal	tissue	specific	cell	function.	Noteworthy,	as	described	in	CHAPTER	5,	

the	human	skeletal	muscle	biopsy	analysis	of	one	exemplary	participant	confirmed	that	14.5	

%	of	all	expressed	transcripts	were	rhythmic.	This	 is	concordant	with	findings	from	animal	

circadian	 rhythm	 studies;	 it	 is	 generally	 accepted	 that	 in	 any	 given	 mouse	 tissue	

approximately	 10%	 of	 the	 transcriptome	 is	 under	 circadian	 control.	 Obviously,	 when	

comparing	transcriptomic	analysis	of	different	organs,	the	ratio	of	rhythmic	transcripts	can	

vary	 largely,	 possibly	 also	 due	 to	methodological	 and	model	 differences.	 Still,	 it	 has	 been	

concluded	in	a	comparative	analysis	that	more	than	43%	of	all	protein	coding	transcripts	are	

rhythmic	in	one	or	more	organs	[16].	Importantly,	many	but	not	all	cyclic	transcript	result	in	

rhythmically	expressed	proteins	[17].	Interestingly,	we	found	total	protein	content	itself	to	

be	 intrinsically	 rhythmic	 in	 synchronized	human	myotubes,	as	described	 in	CHAPTER	4.	 In	

the	 light	 of	 posttranslational	 mechanisms	 the	 functional	 implication	 of	 cyclic	 proteins	 is	

even	more	complex	and	needs	further	investigation	[18].	

	

Synchronizing	all	organs	benefits	temporal	homeostasis.		

Producing	 single	 molecules	 transiently,	 and	 being	 able	 to	 switch	 on	 and	 off	 complete	

pathways	 to	 circumvent	 renewal	 of	 a	 molecular	 machinery	 in	 a	 next	 cycle,	 is	 a	 vast	

advantage	 for	 cellular	 physiology	 [19].	 When	 considering	 this	 on	 a	 whole-body	 level,	

preparing	an	individual	to	a	short	time	frame	to	result	in	absolute	peak	performance,	rather	
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than	performing	just	well	at	all	times,	can	in	both	cases	provide	a	certain	advance	in	natural	

selection.	

A	physiological	example	at	which	timing	plays	an	important	role	is	the	day-night	rhythm	of	

substrate	utilization.	The	central	nervous	system	can	exclusively	utilize	carbohydrates.	With	

food	consumption	being	halted	during	sleep,	prudent	carbohydrate	metabolism	can	prevent	

excess	 utilization	 by	 peripheral	 organs.	 As	 displayed	 in	 CHAPTER	 5,	 the	 body	 utilizes	

carbohydrates	throughout	the	day.	In	turn,	during	sleep	fat	is	predominantly	oxidized	until	

resuming	 food	 consumption	 in	 the	 morning.	 That	 these	 substrate	 utilization	 preferences	

underlie	 an	 anticipatory	 adaptation	 by	 peripheral	 organs	 is	 apparent	 when	 examining	

postprandial	clearance	of	energy	substrates:	During	day-time	clearance	of	dietary	fat	did	not	

result	in	an	increased	fat	utilization,	in	fact	it	decreased	progressively	until	midnight.	

Independent	of	circadian	timing,	the	capacity	to	adjust	substrate	oxidation	to	alterations	in	

substrate	 availability	 (e.g.	 during	 sleep	 and	 postprandial	 state),	 often	 referred	 to	 as	

metabolic	 flexibility,	 has	 been	 linked	 to	 metabolic	 health	 [20].	 The	 capacity	 to	 adjust	

substrate	 oxidation	 to	 substrate	 supply	 is	 most	 likely	 also	 dependent	 on	 mitochondrial	

metabolism.	Hence,	we	hypothesized	in	CHAPTER	5	that	mitochondrial	function	in	muscle	of	

young	 healthy	 volunteers	 is	 rhythmic.	 Indeed,	mitochondrial	 oxidative	 capacity	 displayed	

24-hour	oscillations	with	a	maximal	peak	in	the	late	evening.	Interestingly,	human	exercise	

peak	 performance,	 which	 is	 largely	 dependent	 on	 mitochondrial	 function,	 has	 been	

reported	to	occur	 in	 the	evening	 [21,	22].	 In	 terms	of	energy	preservation	as	described	 in	

the	 supplementary	 section	 of	 CHAPTER	 5	 and	 in	 CHAPTER	 6,	 core	 body	 temperature	 is	

dropping	during	sleep,	which	coincides	with	lowest	energy	consumption	within	24	hours.		

Against	 this	 background,	 it	 can	 already	 be	 suggested	 that	 human	 energy	 metabolism	 is	

strongly	 linked	 to	 temporal	 organization	 of	 peripheral	 organ	 function.	 In	CHAPTER	 6,	 we	

confirmed	this	suggestion	by	misaligning	the	biological	clock	with	the	behavioral	cycles,	as	

discussed	in	the	next	section.	

	

Disturbances	of	the	biological	clock	cause	acute	and	long-term	metabolic	derangement	

Prior	 to	 the	 study	 described	 in	 CHAPTER	 6,	 it	 was	 established	 in	 animal	 studies	 that	 a	

disrupted	 peripheral	 clock	 in	 one	 or	more	 organs	 can	 lead	 to	 substantial	 impairments	 of	

metabolic	health.	 In	part,	this	could	be	explained	by	employing	gene	perturbation	studies,	

demonstrating	that	core	clock	genes	can	drive	tissue	specific	function	in	vivo.	For	instance,	
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the	hepatic	clock	governs	fasting	glycemic	control	and	glucose	disposal	[23],	the	pancreatic	

clock	 governs	 insulin	 release	 [10,	 24,	 25],	 the	 adipose	 clock	 governs	 lipid	 storage	 and	

mobilization	 [26,	 27]	 and	 the	 skeletal	 muscle	 clock	 governs	 glucose	 uptake	 and	

mitochondrial	 function	 [28,	 29].	 Long	 term,	 chronic	 disruption	 by	 global	 and	 peripheral	

clocks	 can	 severely	 impact	 glucose	 and	 lipid	metabolism	with	 peculiar	manifestations	 for	

each	 clock	 gene,	 as	 reviewed	 in	 detail	 [30].	 Ultimately,	 whole-body	 implications	 such	 as	

increased	body	weight	[28],	increased	adiposity	[31,	32]	and	also	diabetic	conditions	[24,	33]	

have	been	observed.		

These	metabolic	 implications	could	be	better	understood	when	considering	 that	 temporal	

homeostasis	 is	 dependent	 on	 a	 hierarchic	 circadian	 timing	 system.	 In	 mice,	 it	 has	 been	

demonstrated	by	lesioning	the	SCN	of	mice	that	the	SCN	harbors	the	central	clock	[34,	35].	

In	fact,	it	was	shown	that	the	a	transplanted	SCN	imposed	the	donor’s	circadian	phase	and	

behavioral	cycles	to	the	host	mice	[36].	When	the	central	clock	is	defective,	as	in	ablation	of	

the	SCN,	mice	lose	their	rhythmicity.	 Interestingly,	 independent	of	the	SNC,	the	peripheral	

clock	 can	 also	 be	 entrained	 by	 behavioral	 rhythms	 such	 as	 restricted	 feeding	 [37]	 and	

scheduled	exercise	[38].	However,	when	forcing	mice	with	an	 intact	SCN	to	consume	food	

out	 of	 their	 rhythm	 (i.e.	 resting	 phase),	 this	 led	 to	 overweight,	while	 control	mice	 fed	 at	

normal	times	with	equal	caloric	intake	remained	at	normal	weight	[26].	

As	common	in	shift	work	and	other	social	jetlag	conditions,	such	shift	in	behavioral	rhythms	

against	the	circadian	rhythm	is	defined	as	circadian	misalignment,	as	discussed	elaborately	

in	 CHAPTER	 6.	 Previous	 human	 studies	 demonstrated	 that	 circadian	misalignment	 led	 to	

impaired	glucose	control	in	healthy	participants	[39,	40].	However,	it	could	not	be	revealed,	

whether	 this	 was	 due	 to	 misalignment	 of	 human	 peripheral	 clocks,	 and	 whether	 insulin	

sensitivity	 per	 se	 was	 impaired.	 The	 data	 from	 CHAPTER	 5	 suggests	 that	 temporal	

organization	is	key	in	normal	lifestyle	energy	homeostasis.	Hence,	in	CHAPTER	6	a	circadian	

misalignment	 protocol	 was	 used	 to	 create	 novel	 understanding	 about	 the	 metabolic	

implications	on	liver,	muscle	and	whole-body	level	in	healthy	volunteers.	Indeed,	we	found	

prominent	 anomalies	 of	 human	 metabolism	 in	 circadian	 misalignment.	 Peripheral	

misalignment	was	confirmed	by	inversed	profiles	of	core	molecular	clock	genes	and	by	core	

body	 temperature	 after	 two	 days	 of	 misalignment,	 entailing	 strong	 disturbances	 in	

metabolic	homeostasis.	For	instance,	peripheral	insulin	sensitivity	in	circadian	misalignment	

was	reduced.	This	derangement	occurred	in	parallel	with	elevated	plasma	levels	of	glucose,	
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free	fatty	acids	and	lowered	triglyceride	levels.	Similar	observations	on	plasma	levels	were	

previously	reported	by	others	[39,	40].	Furthermore,	sleeping	metabolic	rate	was	increased	

during	 circadian	 misalignment.	 Interestingly,	 mitochondrial	 oxidative	 capacity	 driven	 by	

pyruvate,	 was	 markedly	 increased	 in	 circadian	 misalignment,	 but	 not	 for	 metabolites	 of	

beta-oxidation.		

Hence,	with	CHAPTER	6,	we	demonstrate	overt	metabolic	implications	that	result	from	only	

2	 days	 of	maximal	 circadian	misalignment.	 Albeit	 not	 yet	 studied,	 it	 seems	 reasonable	 to	

suggest	 that	 (given	 the	 inflexibility	of	 the	 central	 and	molecular	 clock)	 such	misalignment	

would	persist	throughout	several	days.	Hence,	 implicating	even	greater	risks	for	metabolic	

health.	These	findings	may	be	highly	relevant	to	people	with	recurring	misalignment,	such	

as	 in	 regular	 time-zone	 travelling	 and	 to	 people	 suffering	 from	 regular	 social	 jetlag,	 as	 in	

shift	work.		

	

Could	 the	 biological	 clock	 be	 used	 as	 a	 target	 to	 improve	 prevention	 and	 treatment	

strategies	for	obesity	and	T2D?		

A	 frequent	observation	 in	 the	etiology	of	T2D	 is	 the	association	of	progressively	 impaired	

mitochondrial	 function	and	reduced	 insulin	sensitivity.	 In	healthy	human	subjects,	glucose	

metabolism	 is	diurnal,	with	higher	glucose	tolerance	[41,	42]	and	 insulin	sensitivity	 [43]	 in	

the	morning	compared	to	the	evening.	Similar	findings	have	been	reported	when	identical	

meal	tests	were	used	to	determine	markers	of	glucose	tolerance	[44,	45].	These	findings	are	

supported	by	the	24-hour	rhythm	in	glucose	metabolism	characterized	in	CHAPTER	5.	In	this	

chapter,	 we	 further	 demonstrate	 that	 healthy	 men	 do	 have	 a	 24-hour	 rhythm	 in	

mitochondrial	 function.	 As	 shown	 in	 CHAPTER	 6,	 circadian	 misalignment	 affected	

mitochondrial	function	and	insulin	sensitivity,	both	of	which	were	demonstrated	to	rely	on	

proper	functioning	of	the	molecular	clock,	as	discussed	above.		

In	 CHAPTER	 6,	we	 used	 a	 12-hour	 misalignment	 protocol,	 which	 is	 an	 extreme	 form	 of	

circadian	 misalignment.	 However,	 there	 are	 also	 other	 studies	 with	 less	 radical	

interventions,	 resulting	 in	 observations	 concordant	 to	 our	 findings.	 For	 instance,	 ambient	

light	is	an	important	time	cue	to	the	SCN.	Interestingly,	morning	exposure	to	bright	ambient	

light	 in	 type	2	diabetes	patients,	 induced	elevated	 fasting	and	postprandial	glucose	 levels,	

but	not	in	healthy	controls	[46].	This	underscores	the	importance	of	the	biological	clock	in	
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glucose	homeostasis	 and	emphasizes	 the	 importance	of	 artificial	 light	 conditions	 in	home	

and	nursing	environment	for	long-term	glucose	control.	

Further,	 as	mentioned	 previously,	 adverse	 timing	 of	 food	 consumption	 e.g.	 scheduled	 at	

time	 of	 sleep	 can	 result	 in	 increased	 adiposity	 in	 animals	 [26,	 47].	More	 importantly,	 as	

demonstrated	 in	 a	 human	 study,	 shifted	 timing	 of	meals	 also	 results	 in	modest	 circadian	

misalignment:	Switching	from	early	to	late	meals	for	several	days	resulted	in	a	phase	shift	in	

the	peripheral	clock	of	white	adipose	tissue,	whilst	subjective	hunger,	sleepiness	and	central	

clock	markers	did	not	shift	in	phase	[48].	Furthermore,	eating	late-lunch	was	associated	to	

lower	 effectiveness	 of	 a	 20-week	weight-loss	 intervention	 [49].	 In	 addition,	 also	 delaying	

sleep	by	4	hours,	without	sleep	loss,	reduced	rhythmicity	in	human	blood	transcriptome	in	a	

forced-desynchrony	 protocol	 [50].	 These	 findings,	 together	 with	 the	 conclusions	 from	

CHAPTER	5	and	6,	strengthen	the	assumption	that	the	alignment	of	the	behavioral	cycle,	as	

in	food	intake	and	activity,	with	the	circadian	clock	is	beneficial	for	metabolic	health.		

Another	important	aspect,	which	is	of	demographic	and	societal	impact	is	that	humans	live	

by	different	chronotypes.	Especially,	a	late	chronotype	was	associated	with	a	higher	risk	to	

develop	obesity	and	T2D	when	compared	to	early	chronotypes	[51,	52].	While	chronotype	

can	change	throughout	 lifespan,	 there	 is	also	a	genetic	component	 in	our	biological	clock.	

Amongst	 others,	 SNPs	 in	 core	 clock	 genes	 have	 been	 associated	 to	 weight-loss	 response	

[53],	meal-time	preference	[49]	and	even	type	2	diabetes	risk	[54].		

Although	 not	 addressed	 in	 this	 thesis	 project,	 another	 important	 factor	 demands	 to	 be	

mentioned:	 dysbiosis.	 Obviously,	 discussion	 of	 the	 relation	 between	 microbiome	 and	

metabolic	health	[55,	56]	are	beyond	the	scope	of	this	thesis,	but	data	from	animal	studies	

indicates	 that	 the	 gut	microbiota	 has	 a	 circadian	 phase	 [56].	 Therefore,	 misalignment	 of	

host	and	gut	microbiome	phases	can	lead	to	dysbiosis	[57],	entailing	metabolic	implications,	

such	 as	 glucose	 intolerance	 and	 promote	 obesity	 [56,	 57].	 Whether	 a	 putative	 dysbiosis	

would	have	relevant	impact	on	human	metabolism	remains	to	be	studied	in	the	future.		

	

Finally,	in	the	present	thesis,	we	further	hypothesized,	that	disturbances	in	the	makeover	of	

the	human	molecular	clock	contribute	to	the	pathophysiology	of	metabolic	disease.	Hence,	

in	CHAPTER	3	we	sought,	whether	muscle	cells	of	obese	and	T2D	patients	were	different	in	

core	 clock	 gene	 expression	 and	metabolic	 gene	 expression	 compared	 to	 healthy	 donors.	

While	 core	 clock	 genes	 were	 similarly	 rhythmic	 in	 all	 groups,	 we	 found	 dampened	
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rhythmicity	 in	expression	of	 the	cellular	energy	sensors	–	SIRT1	and	REVERBA	–	 in	cells	of	

obese	and	T2D.	

SIRT1,	is	an	intricate	part	of	the	AMPK-SIRT1-PGC1a	axis,	an	intricate	pathway	that	is	central	

to	 cellular	 energy	 metabolism.	 Noteworthy,	 data	 published	 by	 Stenvers	 et	 al.	 [58]	 also	

report	 dampened	 rhythms	 for	 transcripts	 of	 the	 AMPK	 pathway	 in	 human	white	 adipose	

tissue	obtained	 from	T2D	patients.	The	role	of	 this	pathway	 is	central	 in	 the	regulation	of	

metabolism	 [59],	 and	 it	 has	 been	 found	 that	 activation	of	 this	 pathway	–	 for	 example	by	

food	 compound	 supplementation,	 drug	 treatment,	 calorie	 restriction	 and	 exercise	 -	 is	 a	

promising	strategy	for	the	prevention	and	treatment	of	metabolic	diseases.		

Furthermore,	in	CHAPTER	4,	we	found	markedly	impaired	temporal	mitochondrial	function	

in	 myotubes	 of	 T2D,	 when	 compared	 to	 the	 other	 groups.	 It	 is	 important	 to	 note,	 that	

synchronization	 of	 T2D	 myotubes	 lead	 to	 robust	 rhythms	 in	 core	 clock	 genes	 and	 total	

protein	content,	but	synchronization	was	not	sufficient	 in	rescuing	impaired	mitochondrial	

function	 and	 rhythms	 in	 some	 circadian	 genes.	 Hence,	 restoring	 robust	 rhythms	may	 be	

certainly	beneficial	for	metabolic	health	on	whole-body	scale,	but	cannot	be	considered	to	

rescue	mitochondrial	dysfunction	in	T2D	in	this	model.		

	

In	 conclusion,	 the	 data	 presented	 in	 this	 thesis	 strengthens	 the	 current	 idea	 that	 the	

biological	 clock	 is	 an	 important	 risk	 factor	 to	 metabolic	 diseases.	 Clearly,	 the	 data	 from	

CHAPTER	 5	 and	 6,	 together	 with	 the	 current	 literature,	 demonstrate	 that	 circadian	

misalignment	triggers	metabolic	aberrations	which	in	the	long-run	may	result	 in	metabolic	

disease.	Hence,	prevention	and	 treatment	strategies	of	circadian	misalignment	deserve	 to	

be	considered	as	first-line	treatment	and	prevention	for	metabolic	disorders	like	obesity	and	

type	 2	 diabetes.	 Thus,	 next	 to	 counting	 calories,	 also	 timing	 the	 consumption	 of	 food	 is	

essential	to	maintain	metabolic	health.	Certainly,	against	the	background	of	CHAPTER	3	and	

4,	 there	 is	 still	 need	 to	 unravel	 the	 ramifications	 of	 the	 molecular	 makeover	 of	 the	

peripheral	 clocks	 and	 cellular	 metabolism	 in	 humans.	 Ultimately,	 chronotherapeutic	

approaches	could	be	used	to	improve	treatment	efficacy	in	metabolic	diseases.	
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Summary	

The	 growing	 increase	 in	 the	 prevalence	 of	 obesity	 and	 type	 2	 diabetes	 mellitus	 (T2D)	

imposes	an	 important	global	health	 issue,	as	 this	 is	associated	with	high	co-morbidity	and	

mortality	and	causes	a	major	burden	on	health	care	costs.	Indeed,	the	major	determinants	

of	obesity	and	T2D	are	high	caloric	 intake	and	reduced	physical	activity,	but	 these	 factors	

cannot	entirely	explain	the	increasing	prevalence	of	these	clinical	manifestations.	Hence,	it	

has	been	speculated	that	this	development	could	be	attributed	to	drastic	 lifestyle	changes	

in	response	to	the	 industrialization	of	our	modern	society,	which	may	not	be	restricted	to	

changes	in	diet	and	physical	activity	[1].	More	particular,	disruption	of	the	biological	rhythm	

has	been	subjected	to	play	a	central	role	in	metabolic	disease	development.	Such	disruption	

can	 occur	 when	 our	 internal	 biological	 clock	 is	 misaligned	 to	 our	 behavioral	 cycle	 (food,	

sleep,	activity),	as	in	across	time-zone	travel.	Misalignment	can	also	occur	in	more	common	

situations	such	as	working	shifts,	partying	through	the	night	or	sleeping	 in	on	weekends	–	

also	known	as	 ‘social	 jetlag’.	 In	Central	Europe	over	70%	of	a	 surveyed	population	suffers	

from	social	jetlag	[2].	To	date,	it	 is	not	fully	understood	how	disturbances	of	the	biological	

clock	promote	the	risk	to	develop	obesity	and	T2D;	yet	epidemiological	studies	demonstrate	

compelling	 evidence	 for	 an	 association	 of	 shift	 work	 [3],	 late	 meal	 timing	 [4],	 late	

chronotype	[5]	and	social	 jetlag	 [6]	with	 increased	risk	 for	obesity	and	T2D.	Hence,	 in	 this	

thesis	we	examined	the	possible	link	between	the	disruption	of	the	human	biological	clock	

and	 derangements	 in	 human	 energy	 metabolism,	 and	 investigated	 to	 which	 extent	 this	

contributes	to	the	etiology	of	obesity	and	type	2	diabetes	mellitus.		

	

In	 type	 2	 diabetes	 etiology	 altered	 skeletal	muscle	mitochondrial	metabolism	 and	 insulin	

resistance	 are	 central,	 therefore	we	 employed	 two	 strategies	 to	 examine	 the	 role	 of	 the	

skeletal	muscle	molecular	clock:	First,	a	cellular	model	was	set	up	and	used	(CHAPTER	2,	3,	

4)	 to	 characterize	 the	 molecular	 clock	 in	 skeletal	 muscle	 of	 healthy,	 obese,	 and	 type	 2	

diabetes	 patient	 donors.	 Subsequent	 human	 intervention	 studies	 were	 conducted	 to	

characterize	 the	 human	 energy	 metabolism	 under	 normal	 and	 misalignment	 conditions	

(CHAPTER	5,	6).	
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A	methodological	 approach	 is	described	 in	CHAPTER	2	 that	 lead	 to	 the	development	of	 a	

skeletal	muscle	cellular	model	to	investigate	circadian	rhythms	in	vitro.	For	this	purpose,	we	

discuss	 the	 use	 of	 straight	 versus	 parallel	 timeline	 synchronization.	 In	 line	with	 this,	 data	

reliability	 for	time	point	and	time	course	robustness	was	demonstrated	by	 introduction	of	

multiple	reference	gene	correction,	rather	than	conventional	single	gene	correction.	Serum	

shock	 was	 used	 to	 align	 the	 cellular	 rhythms	 of	 the	 individual	 cells	 in	 culture.	

Synchronization	was	highly	reproducible	also	between	cultures	of	different	donors.	Analysis	

of	 clock	 and	metabolic	 genes	 at	 baseline	 was	 used	 to	 confirm	 that	 serum	 shock	 did	 not	

adversely	 alter	 target	 gene	 expression	 nor	 donor	 metabolic	 phenotype	 in	 culture.	

Intriguingly,	we	encountered	 first	 indications	of	altered	gene	expression	between	cultures	

of	 sedentary	 lean	 healthy	 subjects	 and	 type	 2	 diabetes	 patients	 for	 clock	 genes	 and	

regulators	of	the	molecular	clock	(CLOCK,	REVERBA	and	SIRT1).		

	

Subsequently,	in	CHAPTER	3	this	model	was	used	to	investigate	whether	circadian	rhythms	

were	 different	 amongst	 donors	 with	 different	 states	 of	 metabolic	 health.	 Hence,	 we	

examined	circadian	rhythms	in	in	vitro	synchronized	cultures	of	donors	with	a	wide	range	in	

metabolic	 health;	 from	athletes	 to	 lean	 sedentary	men,	 and	obese	but	otherwise	healthy	

men	to	obese	type	2	diabetes	patients.	Over	a	72-hour	time	course	synchronized	cultures	of	

all	 four	 groups	 displayed	 robust	 circadian	 rhythms	 in	 core	 clock	 gene	 expression.	

Additionally,	we	 found	modest	 rhythmic	expression	of	key-regulators	 in	carbohydrate	and	

lipid	metabolism.	It	 is	noteworthy,	that	regulatory	genes	of	the	molecular	clock	with	input	

from	 metabolic	 pathways,	 such	 as	 REVERBA	 and	 SIRT1	 were	 dampened	 in	 amplitude	 in	

cultures	 of	 type	 2	 diabetes	 patients.	 Intriguingly,	 both	 genes	 are	 important	 regulators	 in	

energy	metabolism	and	also	in	mitochondrial	biogenesis.	

	

Hence,	 in	 CHAPTER	 4,	 we	 proceeded	 with	 the	 cellular	 model	 to	 explore	 whether	 such	

differences	 translate	 to	 changes	 in	 mitochondrial	 respiration,	 and	 to	 answer	 whether	

human	 mitochondrial	 function	 is	 intrinsically	 rhythmic.	 However,	 observed	 changes	 in	

mitochondrial	respiration	in	a	time	course	of	30	hours	with	6-hourly	measurements	did	not	

resemble	 rhythmicity.	 Unexpectedly,	 we	 encountered	 pronounced	 rhythmicity	 in	 protein	

content	in	cultures	of	all	groups;	the	reason	for	the	24-hour	variation	in	total	cellular	protein	

content	 could	 not	 be	 revealed	 from	 the	 present	 study.	 Yet,	 regardless	 of	 total	 protein	
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content,	a	markedly	reduced	mitochondrial	function	could	be	observed	in	cultures	of	type	2	

diabetes	donors	at	all	time	points,	in	comparison	to	the	groups.	

	

With	the	novel	 findings	 from	the	preceding	chapters,	 in	CHAPTER	5	we	hypothesized	that	

human	skeletal	muscle	 is	also	rhythmic	 in	vivo,	as	well	as	whole-body	energy	metabolism.	

To	examine	 this,	 in	CHAPTER	5	young,	 lean,	healthy	men	were	enrolled	 in	a	 standardized	

protocol	 with	 regular	 meals,	 physical	 activity	 and	 sleep	 to	 reflect	 our	 everyday	 lifestyle.	

Skeletal	muscle	biopsies	were	taken	5-hourly	for	24	hours	to	assess	mitochondrial	function	

and	 gene	 expression.	 In	 addition,	 whole-body	 resting	 energy	 expenditure	 and	 substrate	

oxidation	 were	measured.	 Indeed,	 clock	 expression	 was	 found	 to	 be	 circadian	 in	 human	

skeletal	muscle.	 Interestingly,	 also	 skeletal	muscle	mitochondrial	 function,	 assessed	 by	ex	

vivo	high	resolution	respirometry,	 revealed	a	24-hour	rhythm,	with	a	peak	at	11PM	and	a	

trough	 at	 1PM.	 Intriguingly,	 the	 peak	 of	 whole-body	 energy	 expenditure	 coincided	 with	

highest	 skeletal	mitochondrial	 function,	while	 being	 lowest	 at	 4AM.	 These	 findings	 are	of	

relevance,	 as	 type	 2	 diabetes	 is	 characterized	 by	 low	 energy	 expenditure	 and	 reduced	

mitochondrial	 function.	 It	 is	 tempting	 to	 speculate	 that	 disturbing	 the	 day-night	 rhythm	

could	derange	metabolic	health	by	altering	mitochondrial	function.		

	

It	 has	 been	 indicated	 by	 animal	 studies	 that	 the	molecular	 clock	 drives	 important	 tissue-

specific	 functions,	 that	 orchestrate	 whole-body	 homeostasis.	 Given	 the	 findings	 of	 the	

preceding	chapter,	we	hypothesized	that	the	molecular	clock	under	circadian	misalignment	

would	not	re-align	rapidly	resulting	in	metabolic	disturbances	such	as	insulin	resistance	and	

altered	mitochondrial	 function.	 To	 this	 end,	 as	 described	 in	CHAPTER	 6,	 we	 conducted	 a	

randomized	cross-over	trial	at	which	healthy	young	male	subjects	were	examined	during	a	

3-day	control	period	and	a	3.5-day	misalignment	period	 (12-hour	 rapid	shift).	Metabolism	

was	 assessed	 by	 measuring	 insulin	 sensitivity,	 mitochondrial	 function	 and	 whole-body	

energy	 expenditure.	 Indeed,	 under	 circadian	misalignment	 the	 skeletal	 muscle	molecular	

clock	did	not	 re-align	to	 the	new	behavioral	 rhythm	within	3	days.	Furthermore,	circadian	

misalignment	 led	 to	 decreased	 peripheral	 insulin	 sensitivity	 and	 disturbed	 plasma	

metabolites.	 Ultimately,	 increased	 mitochondrial	 oxidative	 capacity	 as	 well	 as	 increased	

sleeping	 metabolic	 rate,	 indicated	 mistimed	 and	 impaired	 mitochondrial	 efficiency.	
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Together,	 these	 findings	 support	 the	 association	 of	 circadian	 misalignment	 with	 the	

increased	risk	to	develop	type	2	diabetes.		

	

As	 discussed	 in	 CHAPTER	 7,	 these	 findings	 underscore	 that	 circadian	 misalignment	 as	 in	

Jetlag-conditions	can	inflict	metabolic	disturbances	in	healthy	subjects.	Hence,	disruption	of	

the	 biological	 clock	 by	 altered	 gene	 expression	 or	 circadian	 misalignment	 could	 indeed	

contribute	to	the	development	of	metabolic	disease	such	as	type	2	diabetes	mellitus.	
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Zusammenfassung	

Die	 stetige	 Zunahme	 von	 Obesitas	 und	 Typ	 2	 Diabetes	 Mellitus	 (T2D)	 stellt	 ein	 großes	

gesundheitliches	 Problem	 dar,	 da	 diese	 mit	 Folgeerkrankungen	 und	 einer	 erhöhten	

Sterblichkeitsrate	 einhergeht.	 Darüber	 hinaus	 verursachen	 diese	 Erkrankungen	 weltweit	

eine	 hohe	 finanzielle	 Belastung	 für	 das	 Gesundheitssystem.	 Es	 ist	 bekannt,	 dass	 zu	 den	

Risikofaktoren	von	Obesitas	und	Typ	2	Diabetes	sowohl	eine	hochkalorische	Ernährung	als	

auch	 eine	 geringe	 körperliche	 Aktivität	 gehören,	 doch	 diese	 Faktoren	 alleine	 können	 die	

zunehmende	 Prävalenz	 dieser	 Krankheitsbilder	 nicht	 vollständig	 erklären.	 Deshalb	 wird	

schon	 seit	 längerem	 vermutet,	 dass	 diese	 Entwicklung	 mit	 den	 drastischen	 Lebensstil-

Veränderungen	 der	 heutigen	 Gesellschaft	 zusammenhängt,	 welche	 sich	 aus	 der	

Industrialisierung	ergeben	und	sich	nicht	nur	auf	Veränderungen	in	der	Ernährung	und	der	

körperlichen	 Aktivität	 beschränken.	 Es	 wird	 davon	 ausgegangen,	 dass	 eine	 Störung	 der	

biologischen	Uhr	eine	maßgebliche	Rolle	bei	der	Entwicklung	von	Stoffwechselerkrankungen	

spielt.	 Diese	 Störungen	 kommen	 zustande,	 wenn	 unsere	 innere	 biologische	 Uhr	 nicht	

synchron	zu	unserem	Verhalten	 läuft.	Damit	 ist	gemeint,	dass	die	Nahrungsaufnahme,	der	

Schlaf	 und	 die	 Aktivitätsphasen	 asynchron	 zu	 unserer	 inneren	Uhr	 laufen,	wie	 es	 z.B.	 bei	

Interkontinentalflügen	 der	 Fall	 ist.	 Doch	 dieser	 Zustand	 entsteht	 noch	 viel	 häufiger	 in	

unserem	alltäglichen	 Leben,	 nämlich	 immer	 dann,	wenn	 z.B.	 Schichtarbeit,	 „Durchfeiern“,	

oder	 langes	 Ausschlafen	 am	 Wochenende	 praktiziert	 werden.	 Dieser	 Zustand	 wird	 als	

„soziales	Jetlag“	bezeichnet.	Nach	Erhebungen	in	Zentraleuropa	sind	mittlerweile	mehr	als	

70%	der	Bevölkerung	davon	betroffen	[3].	Zurzeit	ist	noch	nicht	geklärt,	wie	die	Störungen	

der	 biologischen	 Uhr	 das	 Risiko	 fettleibig	 zu	 werden	 und	 Typ	 2	 Diabetes	 zu	 entwickeln,	

begünstigen.	 Jedoch	 weisen	 epidemiologische	 Studien	 darauf	 hin,	 dass	 Schichtarbeit	 [4],	

späte	Nahrungsaufnahme	am	Abend	[5],	später	Chronotyp	[6]	und	„soziales	Jetlag“	[7]	das	

Risiko	erhöhen	Obesitas	und	Typ	2	Diabetes	zu	entwickeln.		

Vor	diesem	Hintergrund	wurde	in	der	vorliegenden	Studie	genau	diese	mögliche	Verbindung	

zwischen	 der	 biologischen	Uhr	 und	 dem	 humanen	 Stoffwechsel	 untersucht,	mit	 dem	 Ziel	

mögliche	Mechanismen	in	der	Ätiologie	von	Obesitas	und	Typ	2	Diabetes	zu	identifizieren.		

	

Charakteristisch	 für	 Typ	 2	 Diabetes	 ist	 die	 in	 Skelettmuskulatur	 vorliegende	 verminderte	

mitochondriale	 Kapazität	 sowie	 eine	 Insulinresistenz.	 Daher	 wurden	 zwei	 Strategien	



ZUSAMMENFASSUNG	

	 139	

angewendet,	 um	 die	 Rolle	 der	 molekularen	 biologischen	 Uhr	 im	 Skelettmuskel	 zu	

untersuchen.	Zuerst	wurde	ein	zelluläres	Modell	entwickelt	und	genutzt	(Kapitel	2,	3,	4),	um	

die	molekulare	Uhr	des	Skelettmuskels	von	gesunden,	fettsüchtigen	und	Typ	2	Diabetikern	

zu	charakterisieren.	Des	Weiteren	wurde	der	Stoffwechsel	in	Humanstudien	unter	normalen	

Lebensbedingungen	 sowie	 nach	 einer	 zirkadianen	 Phasenverschiebung	 charakterisiert	

(Kapitel	5,	6).		

	

Die	methodische	 Entwicklung	 des	 Zellmodells	 zur	 Untersuchung,	 ob	 zirkadiane	 Rhythmen	

intrinsisch	in	Skeletettmuskelzellen	erzeugt	werden	können,	wird	in	Kapitel	2	beschrieben.	

Zu	 diesem	 Zweck	 wird	 zuerst	 der	 Nutzen	 eines	 singulären	 sowie	 parallelen	 Zeitlinien-

Ansatzes	 demonstriert.	 Des	 Weiteren	 werden	 die	 Referenzgenpool-Normalisierung	 der	

Normalisierung	 mit	 einzelnen	 Referenzgenen	 gegenübergestellt,	 um	 die	 gesteigerte	

Robustheit	 der	 Normalisierung	 für	 einzelne	 Datenpunkte	 sowie	 Daten	 im	

Experimentenverlauf	zu	demonstrieren.	Mit	dem	Ziel	die	individuellen	Zellen	einer	Zellkultur	

zur	 Synchronisation	 anzuregen,	 wurden	 diese	 kurzzeitig	 mit	 Serum	 behandelt.	 Die	

Synchronisation	 war	 bei	 allen	 Spenderkulturen	 reproduzierbar.	 Eine	 Quantifizierung	 der	

molekularen	Uhr-Gene	 sowie	weiterer	Gene	des	 Stoffwechsels	 zeigten,	 dass	 die	 Prozedur	

der	 Synchronisation	 nicht	 den	 Phänotyp	 des	 Spenderstoffwechsels	 in	 den	 Zellkulturen	

beeinträchtigte.	

Interessanterweise	 konnten	bei	 dieser	 ersten	Analyse	Unterschiede	 in	der	 Expression	 von	

Genen	der	molekularen	Uhr	sowie	deren	Regulatoren	in	den	Zellkulturen	von	gesunden	und	

Typ	2	Diabetikern	festgestellt	werden.	

	

Anschließend	 wurde	 dieses	 Zellmodel	 in	 Kapitel	 3	 zur	 Anwendung	 gebracht,	 um	 zu	

untersuchen,	 ob	 die	 zirkadiane	 Rhythmik	 durch	 den	 Spenderstoffwechsel	 in	 Zellkulturen	

verändert	 ist.	 Hierfür	 wurden	 Spenderzellen	 von	 Ausdauersportlern	 mit	 denen	 von	

schlanken	 gesunden	 Nichtsportlern	 verglichen.	 Des	 Weiteren	 wurden	 Spenderzellen	 von	

fettsüchtigen,	aber	darüber	hinaus	gesunden	Freiwilligen,	mit	denen	von	Typ	2	Diabetikern	

verglichen.	 Über	 einen	 erfassten	 Zeitverlauf	 von	 72	 Stunden	 zeigten	 die	 synchronisierten	

Kulturen	 aller	 vier	 Gruppen	 robuste	 zirkadiane	 Rhythmen	 in	 der	 Genexpression	 der	

molekularen	 Uhr.	 Ferner	 wurden	 nur	 moderate	 Rhythmen	 in	 Stoffwechselgenen	 des	

Kohlehydrat-	und	Fettstoffwechsels	festgestellt.	Auffallend	war	jedoch,	dass	regulatorische	
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Gene	 der	 molekularen	 Uhr,	 die	 als	 Sensoren	 des	 Energiestoffwechsels	 wirken,	 (REVERBA	

und	SIRT1)	einen	gedämpften	Rhythmus	in	Zellkulturen	der	Typ	2	Diabetiker	aufzeigten.	Es	

handelt	sich	bei	diesen	Genen	überdies	um	zentrale	Regulatoren	des	Energiestoffwechsels	

und	der	mitochondrialen	Biogenese.		

	

Um	zu	untersuchen,	ob	diese	Unterschiede	in	der	Genexpression	zu	einer	Veränderung	im	

mitochondrialen	 Stoffwechsel	 führen	 könnten,	 und	 auch	 um	 zu	 beantworten,	 ob	

mitochondriale	Kapazität	einen	 intrinsischen	zirkadianen	Rhythmus	hat,	wurde	erneut	das	

Zellmodel	 verwendet,	 wie	 in	 Kapitel	 4	 beschrieben.	 Hierzu	 wurde	 die	 mitochondriale	

Kapazität	 in	 einem	 Zeitverlauf	 von	 30	 Stunden	 6-stündlich	 gemessen.	 Unerwarteterweise	

wurde	 nicht	 im	mitochondrialen	 Stoffwechsel	 ein	 Rhythmus	 festgestellt,	 sondern	 in	 dem	

Gesamtproteingehalt	 der	 gemessenen	 Proben.	 Die	 Ursache	 für	 diese	 in	 allen	 Gruppen	

festgestellte	rhythmische	Fluktuation	konnte	in	der	vorliegenden	Studie	nicht	abschließend	

geklärt	werden.	 Jedoch,	unabhängig	vom	Proteingehalt,	 konnte	eine	 starke	Reduktion	der	

mitochondrialen	 Kapazität	 zu	 allen	 Zeitpunkten	 in	 den	 Zellkulturen	 der	 Typ	 2	 Diabetiker	

festgestellt	werden.		

	

Mit	 den	 Erkenntnissen	 der	 vorangehenden	 Kapitel	 wurde	 in	 Kapitel	 5	 die	 Hypothese	

aufgestellt,	dass	der	Energiestoffwechsel	sowohl	auf	Ebene	des	Skelettmuskels	als	auch	im	

gesamten	 Körper	 rhythmisch	 ist.	 Um	 dies	 zu	 untersuchen,	 wurden	 schlanke,	 junge	

männliche	 Freiwillige	 unter	 standardisierten	 normalen	 Lebensbedingungen	 gemessen	

(normale	 Mahlzeiten,	 durchschnittliche	 körperliche	 Aktivität	 und	 normaler	 Schlaf).	 Im	

Verlauf	 von	 24	 Stunden	 wurden	 5-stündlich	 die	 mitochondriale	 Kapazität,	 der	

Ganzköperstoffwechsel	und	die	Genexpression	gemessen.		

Damit	 konnte	 bestätigt	 werden,	 dass	 in	 der	 Tat	 auch	 im	 Skelettmuskelgewebe	 die	

Expression	 von	 molekularen	 Uhr-Genen	 zirkadianer	 Natur	 ist.	 Auffallenderweise	 zeigten	

sowohl	 die	 mitochondriale	 Kapazität	 des	 Skelettmuskels	 als	 auch	 der	

Ganzkörperstoffwechsel	 einen	 Tag-Nacht-Rhythmus,	 der	 sein	 Maximum	 um	 23	 Uhr	

erreichte.	 Hingegen	 lag	 der	 Tiefpunkt	 des	 Ganzkörperstoffwechsels	 um	 4	Uhr	 nachts	 vor,	

während	 dieser	 erst	 um	 13	 Uhr	 bei	 der	 mitochondrialen	 Kapazität	 des	 Skelettmuskels	

auftrat.		
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Mit	 dem	 Vorwissen,	 dass	 Typ	 2	 Diabetes	 durch	 eine	 niedrigere	 mitochondriale	 und	

Ganzkörperstoffwechselaktivität	 charakterisiert	 ist,	 liegt	 die	 Vermutung	 nahe,	 dass	 eine	

Störung	 des	 Tag-Nacht-Rhythmus	 den	 Ganzkörperstoffwechsel	 durch	 eine	 veränderte	

mitochondriale	Kapazität	nachteilig	beeinflussen	kann.		

	

Erkenntnisse	 aus	 Tierversuchen	 haben	 bereits	 Hinweise	 darauf	 geliefert,	 dass	 die	

molekulare	Uhr	wichtige	gewebespezifische	Funktionen	steuert,	um	das	Gleichgewicht	des	

Körpers	 zu	 begünstigen.	 Anhand	 der	 vorangegangenen	 Studien	 wurde	 in	 Kapitel	 6	 die	

Hypothese	 aufgestellt,	 dass	 sich	bei	 einer	 akuten	Verschiebung	der	 zirkadianen	Phase	die	

molekulare	Uhr	nicht	an	die	neue	Phase	anpasst,	wodurch	Skelettmuskelfunktionen	gestört	

werden	können,	wie	z.B.	die	mitochondriale	Kapazität	und	die	Insulinsensitivität.		

Um	 dies	 näher	 zu	 untersuchen,	 wurden	 junge	 gesunde	 männliche	 Freiwillige	 für	 3	 Tage	

unter	normalen	Lebensbedingungen	und	 für	3,5	Tage	zur	zirkadianen	Phasenverschiebung	

einem	 standardisierten	Alltag	 unterzogen.	Die	Analyse	der	Genexpression	 zeigte,	 dass	 die	

Gene	 der	 molekularen	 Uhr	 tatsächlich	 den	 ursprünglichen	 Rhythmus	 beibehalten.	

Stoffwechselbasierte	Messungen	der	Probanden	ergaben,	dass	bei	Phasenverschiebung	eine	

Reduktion	der	Insulinsensitivität	auftritt.	Des	Weiteren	konnte	eine	erhöhte	mitochondriale	

Kapazität	 im	Skelettmuskel	 sowie	ein	 im	Schlaf	erhöhter	Energiestoffwechsel	vorgefunden	

werden;	letztere	Ergebnisse	weisen	auf	eine	verminderte	mitochondriale	Effizienz	hin.		

	

Wie	 in	Kapitel	 7	 ausführlich	 diskutiert,	 unterstreichen	 diese	 Erkenntnisse	 die	 Vermutung,	

dass	 zirkadiane	 Phasenverschiebung,	 wie	 sie	 im	 „sozialen	 Jetlag“	 vorkommt,	

Stoffwechselstörungen	in	gesunden	Menschen	hervorrufen	kann.	Dementsprechend	könnte	

die	Störung	der	biologischen	Uhr,	durch	 sowohl	veränderte	Genexpression	als	auch	durch	

zirkadiane	 Phasenverschiebung,	 zu	 der	 Entstehung	 von	 Stoffwechselstörungen	 wie	 Typ	 2	

Diabetes	beitragen.	
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Valorization	

	

Background	

Through	 the	 last	 century,	 changes	 in	 social-	 and	 economic	 status	 together	 with	

technological	advance	such	as	artificial	light	and	fridges	have	enabled	humans	to	disengage	

from	their	primordial	day-night	rhythm.	Obviously,	this	comes	not	without	risks.	Since	1980	

the	obesity	prevalence	has	more	than	doubled	in	over	70	countries	[7],	while	the	number	of	

T2D	diagnoses	almost	quadrupled	[8].	This	development	entails	 increased	risks	for	obesity	

related	comorbidities,	ultimately	resulting	in	shortened	burden	free	lifetime	and	overall	life	

expectancy	[7,	9].	Further,	epidemiological	studies	indicate	that	the	recent	lifestyle	changes	

contribute	 to	 a	 disruption	 of	 day-night	 rhythm,	which	 has	 been	 associated	with	 negative	

consequences	for	metabolic	health	[3,	6,	10,	11].	With	this	in	mind,	it	is	important	to	realize	

that	about	15-20%	of	 the	working	population	 is	 involved	 in	 shift	work	or	 regularly	 travels	

across	several	time	zones	[12].	However,	disengaging	from	our	natural	day-night	rhythm	is	

not	 limited	 to	occupational	environment,	but	 rather	has	become	an	 indispensable	part	of	

our	society.	In	fact,	in	Central	Europe	over	70%	of	a	surveyed	population	suffers	from	social	

jetlag	[2]	–	a	condition	at	which	one	suffers	from	a	jetlag	imposed	by	social	aspects,	such	as	

working	in	shift,	partying	through	the	night	or	sleeping	in	on	weekends.	Similar	to	travelling	

time-zones,	 social	 jetlag	 occurs	 by	 a	 misalignment	 of	 the	 behavioral	 cycle	 (food,	 sleep,	

activity)	 with	 the	 internal	 biological	 clock.	 To	 date,	 it	 is	 not	 fully	 understood	 how	

disturbances	of	the	biological	clock	promote	the	risk	to	develop	obesity	and	T2D.		

	

Target	groups	and	clinical	relevance	

The	 manifestation	 of	 obesity	 and	 type	 2	 diabetes	 is	 mainly	 caused	 by	 behavioral	 and	

environmental	 factors,	such	as	 low	level	of	physical	activity	and	energy	dense	diets.	 It	has	

been	shown	that	potent	and	cost-effective	treatment	strategies	can	be	increasing	physical	

activity	 and	 reducing	 calorie	 intake	 to	 improve	 skeletal	 muscle	 mitochondrial	 function,	

peripheral	 insulin	 sensitivity	 and	 overall	 metabolic	 health.	 Yet,	 such	 interventions	 are	

difficult	 to	 implement	 and	 maintain	 in	 a	 population	 that	 has	 been	 living	 the	 opposite	

lifestyle	 for	 years.	 In	 the	 light	of	 the	 central	 aspect	of	 social	 jetlag,	 it	 appears	 to	be	even	

more	 difficult	 to	 expect	 sufficient	 compliance.	 The	 difficulties	 are	 versatile	 e.g.	 rapidly	
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changing	 schedules	 can	 impede	 implementing	 new	 habits,	 food	 consumption	 at	 arbitrary	

times	can	alter	social	interaction	and	choice	for	food,	tiredness	can	impact	willingness	and	

capability	to	comply	with	food	and	exercise	regimes.	Nevertheless,	epidemiological	studies	

demonstrate	compelling	evidence	for	an	association	of	shift	work	[3],	 late	meal	timing	[4],	

late	 chronotype	 [5]	 and	 social	 jetlag	 [6]	 with	 increased	 risk	 for	 obesity	 and	 T2D,	 thus	

demanding	effective	treatment	strategies.		

	

Additionally,	as	 reported	 in	 this	 thesis,	we	 included	healthy	young	participants	enduring	a	

12-hour	 circadian	 misalignment.	 In	 contrast	 to	 the	 target	 population,	 these	 participants	

were	 guided	 to	 maintain	 a	 normal	 lifestyle	 with	 respect	 to	 diet,	 activity	 and	 sleep,	 also	

during	misalignment.	 	Yet,	without	altering	food	intake,	physical	activity	or	sleep	duration,	

circadian	 misalignment	 in	 healthy	 young	 participants	 led	 to	 acute	 decreased	 insulin	

sensitivity	 and	 adverse	 energy	 metabolism.	 It	 should	 be	 noted,	 that	 dietary	 choices	 and	

physical	activity	in	individuals	in	real	life	may	alter	vastly	due	to	aspects	of	free	choice	and	

also	 environmental	 availability	 (e.g.	 healthy	 food	 prepared	 freshly	 at	 3	 AM)	 [13-15].	

Thereby,	 the	potential	metabolic	health	 threat	 for	 the	population	suffering	 regularly	 from	

jetlag	may	likely	be	even	larger	than	demonstrated	in	our	healthy	volunteers.		

	

Innovation	

In	 this	 thesis,	we	 used	 a	 two-strategy	 approach	 employing	 in	 vitro	 and	 in	 vivo	 studies	 to	

investigate	 the	 link	between	biological	 clock	disruption	and	deranged	energy	metabolism.	

We	 first	 targeted	 to	 prove	 that	 human	 skeletal	 muscle	 cells	 indeed	 employ	 a	 molecular	

clockwork	and	 to	 further	examine	whether	 such	clockwork	might	be	altered	by	metabolic	

state.	To	this	end,	we	raised	a	unique	cell	bank	of	primary	skeletal	muscle	cells	of	human	

donors	ranging	in	metabolic	health.	This	cell	bank	we	used	to	compare	intrinsic	(genetic	and	

possibly	epigenetic)	aspects	of	the	skeletal	muscle	molecular	clock	and	metabolism	isolated	

from	 donor	 (patho)physiology.	 In	 this	 thesis,	 as	 indicated	 by	 the	 in	 vitro	 model	 studies,	

rhythmic	expression	of	metabolic	regulators	of	the	molecular	clock	are	dampened	 in	well-

synchronized	 cells	 of	 type	 2	 diabetes	 patients.	 Thus,	 we	 identified	 two	 regulatory	

intersections	that	could	serve	as	promising	targets	in	novel	drug	prevention	and	treatment	

strategies.	 Further,	 the	 general	 concept	 of	 this	 model	 may	 also	 be	 used	 for	 fine-tuning	

treatment	timing	to	improve	drug	efficacy	of	novel	and	existing	drugs.	
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Furthermore,	with	the	state	of	the	art	Metabolic	Research	Unit	Maastricht,	we	were	capable	

of	providing	authentic	‘normal	–	but	standardized	–	living	conditions’	to	examine	biological	

rhythms	 in	human	energy	metabolism.	Most	comparable	human	studies	so	far	were	using	

complex	 behavioral	 intervention	 routines	 with	 limited	 translation	 to	 normal	 living	

conditions.	With	 the	 human	 studies	 performed	 in	 this	 thesis,	 detailed	 characterization	 of	

skeletal	muscle	and	whole	body	metabolism	under	‘normal	day’	conditions	were	achieved.	

Especially,	showing	that	acute	12-hour	circadian	misalignment	itself	can	lead	to	substantial	

metabolic	 adverse	 events,	 such	 as	 decreased	 peripheral	 insulin	 sensitivity	 and	 altered	

mitochondrial	function	in	healthy	young	lean	volunteers	is	an	alarming	result.	It	is	tempting	

to	 speculate,	 that	 individuals	with	 severe	 overweight	 or	 type	 2	 diabetes	may	 suffer	 from	

greater	 health	 implications	 upon	 circadian	 misalignment,	 due	 to	 manifested	 reduced	

metabolic	flexibility.		

	

Societal	relevance	

Over	the	last	decades,	awareness	about	circadian	rhythm	has	been	raising	interest	in	both	

academia	and	industry.	Current	technological	advances	have	made	it	fairly	easy	to	monitor	

behavioral	 and	physiological	 aspects	 of	 our	 everyday	 lives.	Mobile	 phones	 and	wearables	

nowadays	can	measure	by	default	e.g.	light	exposure,	heart	rate,	physical	activity	levels,	and	

can	be	used	to	actively	assist	in	implementing	lifestyle	changes.	Although,	these	applications	

and	 devices	 do	 not	 always	 reach	 the	 standards	 necessary	 to	 be	 useful	 in	 assisting	 to	

implement	 a	healthy	 lifestyle,	 but	 a	 trend	 towards	 improved	usability	 and	 functionality	 is	

undeniable.	 	 However,	 the	 current	 hype	 that	 increased	 the	 availability	 of	 these	

‘technological	 advances’	 to	 the	 general	 population	 must	 be	 noticed	 with	 care,	 as	 the	

predictive	value	for	individuals	with	regard	to	their	health	advantages	can	be	limited.		

	

Furthermore,	the	findings	from	this	thesis	underscore	the	idea	that	treatment	strategies	for	

metabolic	 diseases	 such	 as	 type	 2	 diabetes	 may	 benefit	 from	 implementing	

chronotherapeutic	approaches.	This	could	be	realized	on	different	levels,	such	as	modifying	

artificial	light	and	ambient	temperature	in	housing	and	nursing	environment,	but	also	timed	

administration	of	drugs	 that	were	 fine-tuned	 to	 the	 time	of	highest	efficacy.	Additionally,	

given	 the	 technological	 advances,	 personalized	 day-night	 rhythm	 coaching,	 considering	
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aspects	of	social	and	work	life,	healthy	diet	and	physical	activity	level	may	be	implemented	

to	strengthen	current	prevention	and	treatment	strategies.	

	

Conclusion	

This	thesis	has	shed	light	on	the	subjected	link	between	disturbances	of	the	molecular	clock	

and	 human	 metabolic	 health.	 A	 vast	 majority	 of	 the	 world’s	 population	 is	 at	 risk	 for	 a	

disturbed	 biological	 clock	 and	 therefore	 is	 at	 risk	 to	 suffer	 from	metabolic	 derangement.	

Hence,	 profound	 understanding	 by	 which	 the	 disruption	 of	 the	 biological	 clock	 leads	 to	

metabolic	disease	 is	needed	to	provide	effective	 treatment	strategies.	Here,	we	 identified	

two	molecular	 intersections	between	the	molecular	clock	and	metabolism	that	are	altered	

in	 type	 2	 diabetes.	 Further,	 we	 were	 able	 to	 demonstrate	 that	 maximal	 circadian	

misalignment	leads	to	serious	metabolic	derangements	in	young	healthy	men.	This	alarming	

result	is	important,	as	the	vast	majority	of	individuals	regularly	exposed	to	social	jetlag	is	of	

lower	 metabolic	 health,	 and	 hence	 may	 be	 at	 even	 greater	 risk	 to	 develop	 adverse	

metabolic	conditions.		
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