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4.	INTRODUCTION	

	

The	main	purpose	of	the	present	work	was	to	elucidate	the	role	of	adipose	tissue	and	

fatty	acid	(FA)	metabolism	in	cardiovascular	disease	(CVD).	CVD	is	the	main	cause	of	

death	globally,	although	decreasing	in	Europe,	representing	about	30	%	of	all	deaths	

worldwide	1.	Addressing	risk	factors	can	prevent	CVDs,	especially	atherosclerotic	

disease	and	its	consequences	such	as	myocardial	infarction	(MI)	and	heart	failure	(HF)	2.	

Obesity	cause	adverse	metabolic	effects	and	is	a	major	risk	factor	for	CVD	and	a	growing	

health	problem	in	both	developed	and	developing	countries.	The	risk	of	coronary	heart	

disease,	ischemic	stroke,	and	type	2	diabetes	mellitus	increase	steadily	with	increasing	

body	mass	index	(BMI)	2,	3	and	adipose	tissue	produces	a	variety	of	biologically	active	

substances	relevant	in	CVD,	inflammation,	and	metabolic	disease	4-8.	While	many	

pathological	processes	are	thought	to	be	involved	in	CVD,	compelling	evidence	support	

inflammation	as	a	major	player	in	the	pathogenesis	of	myocardial	disease	9.	Especially,	

atherosclerosis	is	now	commonly	considered	a	chronic	inflammatory	disease	with	

bidirectional	interaction	between	lipids	and	inflammation	10.	Moreover,	the	impact	of	

adipose	tissue	and	FA-derived	metabolites	on	inflammatory	processes	is	now	well	

established	and	adipose	tissues	and	related	biologically	active	substances	may	influence	

every	step	on	the	path	from	being	at	risk	for	disease	to	established	atherosclerosis,	MI,	

and	HF	11.		

	

4.1	INFLAMMATION		

	

Inflammation	is	vital	for	the	host	to	protect	against	invading	pathogens,	but	also	to	

promote	repair	after	tissue	damage.	In	response	to	pathogens	or	sterile	injuries,	a	

sequence	of	events	leads	to	recruitment	of	inflammatory	cells	and	activation	of	the	

immune	system	12.	Although	initially	crucial	for	restoration	of	normal	biological	

homeostasis,	this	very	complex	biological	response	is	potentially	detrimental	if	too	

strong	or	not	properly	resolved.	Persistent	and	unresolved	inflammation	is	recognized	

to	play	a	fundamental	role	in	the	development	of	many	chronic	diseases	like	arthritis,	

several	autoimmune	diseases,	and	atherosclerosis.		

	

The	immune	system	is	commonly	divided	into	two	subsystems,	i.e.	the	innate	and	the	

adaptive	system	12,	13.	The	innate	immune	system	comes	into	play	if	an	infectious	agent	
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passes	the	first	line	of	body	defense;	skin	and	mucosa	membranes.	It	relies	on	germ	line	

encoded	receptors	recognizing	evolutionary	conserved	microbial	molecular	signatures	

(PAMPs	–	pathogen	associated	molecular	patterns)	and/or	normally	concealed	self-

antigens	(DAMPs	–	danger	associated	molecular	patterns;	Figure	1)	to	initiate	a	swift	

and	unspecific	immune	response	recruiting	neutrophils,	natural	killer	cells,	and	

monocytes/macrophages	with	subsequent	production	and	release	of	chemokines	and	

cytokines	13.	The	slower	responsive	adaptive	immune	system	initiates	a	specific	

immunological	memory	after	exposure	to	antigen	(e.g.	pathogens)	and	consists	of	two	

main	groups	of	cells:	B-	and	T-lymphocytes.	The	lymphocytes	are	generated,	matured,	

and	activated	in	lymphoid	tissues	and	their	response	is	mainly	antigen	specific.	

Although	these	two	immunological	subsystems	often	are	described	as	two	separate	

entities,	in	reality,	their	boundaries	are	fluent	and	they	are	very	closely	connected.	In	

fact,	recent	advances	in	immunology	suggest	that	this	division	may	be	overly	simplistic,	

with	emerging	evidence	of	a	breakdown	in	conventional	hallmarks	of	each	system	13.	

Regardless	of	the	components	in	play	during	an	inflammatory	reaction,	the	restoration	

of	normal	homeostasis	is	a	prerequisite	for	maintaining	physiological	function.	This	

active	process	is	termed	resolution	of	inflammation	and	will	be	further	elucidated	below	
14,15.			

	

4.1.1	THE	INNATE	INFLAMMATORY	RESPONSE	

Inflammatory	responses	are	highly	heterogeneous	in	terms	of	cell	types	and	molecular	

mediators	involved.	However,	the	classical	pathway	of	an	inflammatory	response	

consists	of	four	elements:	1)	inducers,	2)	sensors,	3)	mediators,	and	4)	target	cells	and	

tissues	(Figure	1)	16,	17.		

	

Figure	1.	The	components	of	an	inflammatory	response.	

Figure inspired from Medzhitov R17.	
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PAMPs	(microbes)	and	endogenous	DAMPs	(self)	act	as	inducers	of	inflammation	that	

initiate	the	inflammatory	response.	The	sensors	are	pattern	recognition	receptors	such	

as	Toll-like	receptors	(TLR)	and	nucleotide-binding	oligomerization	domain-like	

receptors	(NLR)	expressed	by	macrophages,	dendritic	cells,	mast	cells,	and	other	

residential	cells.	Activation	of	these	innate	immune	receptors	initiates	specific	

intracellular	signaling	leading	to	the	production	and	release	of	inflammatory	mediators	

like	cytokines,	chemokines,	eicosanoids,	and	products	of	proteolytic	cascades.	These	

inflammatory	mediators	recruit	inflammatory	cells	and	act	on	target	tissues	for	

optimizing	adaptation	to	the	tissue	injury	and	infiltrating	cells	17.	The	first	cells	recruited	

to	the	injured	site	are	neutrophils.	Within	the	target	tissue,	neutrophils	release	

proteolytic	enzymes	and	reactive	oxygen	species	(ROS)	that	can	injure	surrounding	

cells.	Neutrophils	also	release	chemotactic	factors	and	induce	accumulation	of	

monocytes	that	mature	to	macrophages,	at	the	site	of	inflammation	17.	Research	has	

identified	many	macrophage	populations,	with	the	inflammatory	(M1)	and	the	

resolution	phase	(M2)	macrophages	as	some	of	the	most	significant.	Even	though	the	M1	

and	M2	nomenclature	is	a	bit	outdated	to	day,	we	will	discuss	the	main	principles	of	the	

phenotypes	below.	The	M1	macrophages	dominate	the	early	phase	of	inflammation	and	

exhibit	phagocytic,	proteolytic,	and	inflammatory	functions.	They	digest	damaged	tissue	

and	clear	the	wound	of	cellular	debris.	The	M2	macrophages	dominate	the	later	phase	of	

inflammation	and	promote	healing	functions	through	efferocytosis,	myofibroblast	

accumulation,	angiogenesis,	and	deposition	of	collagen.	Neutrophils	seem	to	prevail	the	

extravasation	of	inflammatory	monocytes,	but	not	under	the	presence	of	resolution	

phase	monocytes.	Of	note,	it	seems	that	a	short	and	limited	presence	of	neutrophils	is	

necessary	to	initiate	an	inflammatory	reaction	and	attract	the	monocytes	13,	16,	17.	

Moreover,	T	and	B	lymphocytes	will	also	contribute	to	these	pathways,	in	particular	in	

persistent/chronic	inflammatory	disorders	like	atherosclerosis	18.	This	explosion	of	

inflammatory	cells	and	mediators	leads	to	a	self-maintaining	cycle	that	may,	if	left	

unresolved,	increase	e.g.	myocardial	damage.		

	

4.1.2	CYTOKINES	

	Cytokines	are	a	family	of	small	proteins	that	are	important	in	cell	signaling.	Their	

release	from	immune	cells,	endothelial	cells,	and	various	stromal	cells	has	an	effect	on	

the	behavior	of	cells	around	them.	In	addition	to	autocrine	and	paracrine	signaling,	

cytokines	are	involved	in	endocrine	signaling	as	immunomodulating	agents	that	include	

chemokines,	interferons,	interleukins	(IL),	lymphokines,	and	tumor	necrosis	factors		

(TNF)	13.	They	operate	in	networks	and	cascades,	are	highly	redundant,	and	their	net	
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effects	are	influenced	by	other	cytokines.	While	their	effects	includes	a	wide	range	of	

responses	like	cell	activation,	proliferation,	differentiation,	migration,	survival,	and	

death	(necrosis	or	apoptosis),	one	of	the	main	roles	of	cytokines	is	to	regulate	the	

activity	of	immune	cells.	Their	effects	can	be	classified	as	pro-	or	anti-inflammatory,	or	

both,	according	to	their	main	effect	on	immune	activity.	In	addition,	the	response	to	

cytokines	is	also	subject	to	modulation.	This	can	happen	through	other	cytokines,	

receptors	and	receptor	antagonists,	and	intracellular	responses	19.	In	addition	to	the	

signaling	internally	in	the	immune	system,	cytokines	play	an	important	role	in	

communication	between	the	immune	system	and	other	organ	systems,	such	as	adipose	

tissue	20,	21.	Adipocytokines	are	cytokines	secreted	by	adipose	tissue	and	the	first	

adipocytokine	to	be	discovered	was	leptin	in	1994	22.	Since	that	time,	many	have	been	

discovered	and	their	dysregulation	appears	to	play	a	central	role	in	the	connection	

between	inflammation,	adiposity,	metabolic	syndrome,	and	other	co-morbidities	of	

obesity,	including	CVD.		

	

4.1.3	RESOLUTION	OF	INFLAMMATION		

Optimal	healing	and	scar	tissue	formation	requires	timely	induction	and	resolution	of	

inflammation.	If	the	inflammatory	reaction	is	not	controlled	and	resolved	properly,	

potential	detrimental	effects	may	follow.	For	many	years	termination	of	inflammation	

was	believed	to	be	a	passive	process	with	a	simple	dilution	of	inflammatory	signals	and	

subsequent	regress	of	leukocytes.	However,	studies	focusing	on	the	mechanisms	

involved	in	termination	of	inflammation	have	demonstrated	that	arachidonic	acid	(AA)	

is	not	only	substrate	in	the	biosynthesis	of	lipid	mediators	(LM)	initiating	inflammation,	

like	prostaglandins	(PG)	and	leukotriens	(LT),	but	is	converted	to	protective	and	anti-

inflammatory	molecules	like	lipoxins	(LX)	23.	These	findings	suggested	that	resolution	of	

inflammation	is	not	passive,	but	an	active	process	coordinated	by	lipid	mediators	

produced	on	site.	Furthermore,	it	was	demonstrated	that	the	eicosanoids	responsible	

for	initiating	inflammation,	PGE2	and	PGD2,	are	also	important	in	upregulating	the	

expression	of	15-lipoxygenase	(LOX)	that	is	one	of	the	initiating	enzymes	in	the	

resolution	pathway	23.	This	upregulation	results	in	a	lipid	mediator	class	switching,	

producing	specialized	pro-resolving	LMs	(SPM).	Thus,	if	all	ends	well,	the	beginning	of	

inflammation	starts	with	the	initiation	of	its	termination.		

	

The	resolution	phase	is	already	enacting	when	the	early	influx	of	neutrophils	is	halted	

and	accompanied	by	their	timely	apoptosis	(Figure	2).	Monocytes	subsequently	

infiltrate	the	tissue	where	they	differentiate	into	pro-resolving	macrophages	(M2)	that	
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are	highly	responsive	to	the	so-called	find-me	and	eat-me	signals	(e.g.,	nucleotides	and	

externalized	phosphatidylserine)	released	or	presented	by	apoptotic	cells	such	as	

neutrophils.	The	engulfment	of	apoptotic	cells	by	macrophages	is	named	efferocytosis	

and	is	an	anti-inflammatory	process	associated	with	decreased	production	of	

inflammatory	mediators,	thus	coupling	the	initiation	of	inflammation	with	its	ultimate	

resolution	24.	Macrophages	persist	in	injured	tissues	longer	than	short-lived	neutrophils,	

during	which	time	they	are	continuously	reprogrammed	in	response	to	local	cues	to	

facilitate	tissue	repair	and	orchestrate	the	delicate	balance	of	fibrosis	24-27.	Timely	

repression	of	the	inflammatory	response	is	followed	by	activation	of	fibroblasts	that	

secrete	matrix	proteins	in	the	injured	area.	Members	of	the	transforming	growth	factor	

(TGF)-β	family	are	critically	involved	in	suppression	of	inflammation	and	activation	of	a	

pro-fibrotic	program	to	promote	scar	formation	and	restore	tissue	homeostasis	28.	Thus,	

complete	resolution	is	the	ideal	outcome	after	tissue	injury	and	a	protective	and	

physiological	program	that	protects	the	host	against	damage.	

	

	

	

Figure	2.	The	temporal	events	of	self-limited	acute	inflammation.		

The	lipid	mediators	(LM)	biosynthesized	by	leukocytes	during	inflammation	are	critical	to		

promote	resolution.	The	early	stages	of	inflammation	are	marked	by	edema	mediated	by	the	

release	of	pro-inflammatory	LM	and	infiltrating	neutrophils.	Neutrophils	then	undergo	apoptosis	

and	switch	from	releasing	pro-inflammatory	mediators	to	pro-resolving	mediators	(SPM)	that	

signal	the	clearance	of	apoptotic	cells	(efferocytosis)	by	macrophages	(MΦ).	SPMs	halt	further	

neutrophil	recruitment	and	stimulate	a	pro-resolving	macrophage	phenotype	important	for	

tissue	repair.		Figure	is	printed		with	permission	from	the	authors	and	publisher.	Sansbury	et	al,	

Circulation	Research		(www.ahajournals.org/doi/abs/10.1161/circresaha.116.307308)	28.		
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Many	chronic	diseases,	including	atherosclerosis,	type	2	diabetes,	and	probably	HF,	have	

a	pathophysiologically	important	inflammatory	component.	In	these	diseases,	the	

precise	identity	of	the	inflammatory	stimulus	is	often	unknown	or	difficult	to	remove	29.	

Thus,	there	is	interest	in	therapeutically	targeting	the	inflammatory	response.	

Therefore,	new	advances	in	understanding	inflammatory	signaling	and	its	links	to	

resolution	pathways	offer	promise	in	this	area	of	translational	biomedical	research.	

	

4.1.4	SPECIALIZED	PRO-RESOLVING	LIPID	MEDIATORS	–	DETERMINANTS	OF	RESOLUTION		

In	1974,	Serhan,	Hamberg,	and	Samuelsson,	discovered	that	human	neutrophils	

metabolize	AA	to	LXA4	and	B4	in	cell	cultures	30.	Moreover,	they	found	that	the	LXs,	as	

well	as	a	large	number	of	newly	discovered	metabolites	from	other	polyunsaturated	FAs	

(PUFA;	explained	in	chapter	4.3.3),	possessed	anti-inflammatory	activities	and	therefore	

were	crucial	for	initiating	and	controlling	resolution	of	inflammation.	Given	their	potent	

biological	actions,	these	mediators	were	termed	SPMs.	Each	family	of	SPMs	is	

structurally	distinct	and	possesses	potent	pro-resolving	actions	25.	

	

	

	

	

Figure	3.	Biosynthesis	of	lipid	mediator	families	from	omega-6	and	omega-3	fatty	acids.	

A	depiction	of	classic	and	novel	lipid	mediator	families	generated	from	essential	omega-6	and	

omega-3	fatty	acids	(FAs),	arachidonic	acid	(AA),	eicosapentaenoic	acid	(EPA),	docosapentaenoic	

acid	(DPA),	and	docosahexaenoic	acid	(DHA).		

	

	

In	addition	to	AA-derived	LXs,	three	PUFA	SPM	families	that	actively	reprogram	the	host	

immune	response	towards	resolution	have	been	discovered	so	far	(Figure	3).	They	are	

produced	through	the	stereo-selective	conversion	of	eicospentaenoic	acid	(EPA),	
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docosapentaenoic	acid	(DPA),	and	docosahexaenopic	acid	(DHA)	to	resolvins	(Rv),	

protectins	(PD),	and	maresins	(Mar)	24,	25,	27.	The	enzymatic	generation	of	these	families	

occurs	primarily	via	transcellular	biosynthesis,	and	in	some	cases	within	a	single	cell	

type,	via	cyclooxygenase	(COX)	and	LOX	enzymes.	Several	drugs	can	influence	their	

biosynthesis	through	acetylation	and	inhibition	of	e.g.	the	COX	enzymes	and	both	aspirin	

and	statins,	relevant	in	CVD,	have	been	shown	to	trigger	biosynthesis	of	certain	SPMs	24-

27.	As	part	of	their	molecular	mechanism,	SPMs	at	least	exert	their	potent	actions	

(summarized	in	Table	1)	through	activation	of	specific	pro-resolving	G-protein-coupled	

receptors	(GPR),	like	RvD1	activating	GPR32.	However,	the	receptors	for	SPMs	and	their	

signaling	mechanisms	in	resolution	are	yet	to	be	found.	Such	discoveries	may	open	an	

entirely	new	field	in	the	treatment	of	inflammation-associated	diseases,	especially	those	

considered	to	be	the	consequence	of	prolonged	inflammatory	activation	31.	

	

Table	1.	Pro-resolving	mediators:	Physiological	actions	in	resolution.		

Promote	sequestration	of	pro-inflammatory	cytokines	

Cessation	of	neutrophil	infiltration:	stop	signal	to	limit	further	recruitment	and	apoptosis	to	

prevent	further	tissue	damage	

Enhancement	of	macrophage	efferocytosis	of	apoptotic	neutrophils	and	debris	

Actions	at	transcriptional	and	translational	level	

Reduces	pain	

	

	

4.2	FROM	RISK	TO	HEART	FAILURE	

	

4.2.1	RISK	AND	PREVENTION	OF	CARDIOVASCULAR	DISEASE	

Atherosclerosis	is	the	product	of	a	number	of	risk	factors.	Thus,	current	guidelines	on	

the	prevention	of	CVD	recommend	the	assessment	of	several	risk	factors	to	estimate	

total	risk	for	future	atherosclerotic	events.	In	fact,	in	the	past	decades,	research	has	

revealed	over	300	factors	associated	with	increased	risk	for	CVD	32.		It	has	been	reported	

that	90%	of	patients	with	MI	have	at	least	one	modifiable	risk	factor	and	the	most	

important	non-modifiable	risk	factors	include	race,	gender,	age,	and	family	history	of	

CVD	beyond	hypercholesteremia	33,	34.	Important	modifiable	risk	factors	are	listed	in	

Table	2	and	they	are	often	interacting	as	well	as	related	to	life	style	choices	34.		While	

systemic	inflammation	caused	by	e.g.	rheumatoid	arthritis	and	other	autoimmune	

diseases	is	a	risk	factor	in	itself,	several	of	the	other	risk	factors	also	mediate	their	effect	

through	inflammatory	processes	35,	36.		In	particular,	excess	dietary	intake	of	saturated	
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fat	and	insufficient	intake	of	fish,	vegetables,	and	fruits	are	linked	to	increased	risk	for	

atherosclerosis	through	abnormal	lipid	levels,	hypertension,	metabolic	syndrome,	and	

inflammation	34.	Obesity	is	strongly	related	to	all	of	these	risk	factors	34	and	in	addition,	

obese	subjects	have	increased	risk	of	mortality	and	morbidity	with	established	CVD,	

particularly	with	central	deposition	of	adipose	tissue	37,	38.		

	

Table	2.	Modifiable	risk	factors	for	cardiovascular	disease	

Elevated	LDL-c	 Tobacco	

Low	HDL-c	 Diet	

Elevated	blood	pressure	 Physical	inactivity	

Elevated	blood	glucose	 Low	socioeconomic	status	

Inflammation	 Psychological	factors	

Obesity	 	

LDL-c,	low-density	lipoprotein	cholesterol;	HDL-c,	high-density	lipoprotein	cholesterol	

	

4.2.2	CORONARY	ARTERY	DISEASE	

Atherosclerosis	and	plaque	progression	are	processes	driven	by	lipid	and	immune	cell	

accumulation	in	the	wall	of	medium	to	large-sized	arteries	39.	As	inflammation	persists,	

smooth	muscle	cells	proliferate	and	migrate,	building	a	fibrous	cap	around	the	lesion.	

Certain	plaques	are	more	prone	to	instability	and	rupture.	These	plaques	often	have	a	

thinner	fibrous	cap	and	larger	lipid	core	with	more	inflammation.	Advanced	lesions	can	

cause	symptoms	by	the	formation	of	a	stenosis	(angina	pectoris)	or	by	plaque	rupture	or	

erosion	with	subsequent	formation	of	a	thrombus	inside	the	vessel	creating,	if	localized	

in	the	coronary	vessels,	an	acute	coronary	syndrome	(ACS)	40.	Atherosclerotic	plaques	

typically	develop	in	areas	with	turbulent	flow,	leading	to	endothelial	dysfunction.	This	

increases	permeability	in	the	vessel	wall	with	subsequent	accumulation	of	low-density	

lipoprotein	(LDL)	cholesterol.	Once	trapped	inside	the	vessel	wall,	the	LDL-cholesterol	

particles	are	subjected	to	modification	(e.g.	oxidation	by	free	radicals)	and	this	initiates	

an	immune	response	that	leads	to	influx	of	monocytes	that	subsequently	differentiate	

into	macrophages.	Pro-inflammatory	macrophage	subtypes	that	engulf	the	modified	

lipids	become	foam	cells	and	produce	inflammatory	cytokines	and	thrombogenic	

factors.	Inflammation	is	a	hallmark	of	atherosclerotic	disease	and	atherosclerosis	is	now	

commonly	considered	a	chronic	inflammatory	disease.	Recent	studies	have	shown	that	

immune	cells	like	T	cells	and	NK	cells	are	involved	in	atherogenic	processes	10,	41.	

	



	 17	

4.2.3	MYOCARDIAL	INFARCTION		

MI	occurs	when	blood	supply	decreases	or	stops	to	a	part	of	the	heart,	causing	ischemic	

damage	to	the	myocardium.	Unlike	other	causes	of	ACS,	such	as	unstable	angina,	MI	is	

defined	by	evidence	of	myocardial	necrosis	(i.e.	the	presence	of	elevated	plasma	levels	

of	cardiac-spesific	troponins).	The	most	common	symptom	is	chest	pain,	frequently	

radiating	to	the	shoulder,	left	arm,	back,	neck,	or	jaw.	The	prognosis	after	MI	varies	

greatly	depending	on	the	extent	and	location	of	the	affected	myocardium,	and	the	

development	and	management	of	complications.	Complications	may	occur	immediately	

following	the	acute	event,	causing	acute	HF	due	to	pump	failure,	myocardial	rupture,	

arrhythmias,	or	severe	valve	insufficiencies,	or	it	may	take	time	to	develop	causing	

chronic	HF	with	e.g.	myocardial	stiffness	or	loss	of	muscle	function	due	to	scar	

formation	42.	

	

Most	often,	MI	is	the	clinical	manifestation	of	CAD	with	a	partial	or	total	occlusion	of	a	

coronary	artery	leading	to	an	ischemic	injury	and	consequent	loss	of	function	in	the	

supplied	myocardium.	Depending	on	the	ST-segment	changes	on	the	electrocardiogram,	

two	types	of	MI	are	defined:	non-ST-elevation	MI	(NSTEMI)	and	ST-elevation	MI	

(STEMI)	42.	STEMI	is	most	often	characterized	by	rupture	of	an	unstable	atherosclerotic	

lesion	leading	to	complete	occlusion	of	the	coronary	vessel	by	thrombus	formation	

within	the	vessel	lumen.	In	NSTEMI,	there	is	typically	only	partial	occlusion	of	the	

coronary	vessel,	either	a	result	of	plaque	rupture	or	erosion.	However,	also	in	NSTEMI	a	

complete	occlusion	of	a	coronary	vessel	may	occur.		The	incidence	of	STEMI	has	

decreased	steadily	the	last	20	years	to	approximately	3000	cases	in	Norway	in	2016.	In	

contrast,	the	incidence	of	NSTEMI	has	increased	slightly	during	the	same	time	period	

(9596	registered	in	2016)	43.	While	hospital	mortality	is	higher	in	STEMI	patients	(7%)	

as	compared	with	NSTEMI	(3-5%),	the	6	months	mortality	is	quite	similar	at	around	12-

13	%	44.	The	reason	for	this	difference	is	probably	related	to	the	different	pathogenesis	

of	the	diseases	and	the	fact	that	patients	with	NSTEMI	generally	are	older	and	have	

more	comorbidity	44.		MI	is	defined	clinically	as	described	in	Table	3	45.	The	term	acute	

MI	should	be	used	when	there	is	evidence	of	myocardial	necrosis	in	a	clinical	setting,	

consistent	with	acute	myocardial	ischemia.		
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Table	3.	Fourth	universal	definition	of	myocardial	infarction	(MI)	45	

The	term	MI	should	be	used	when	there	is	acute	myocardial	injury	with	clinical	evidence	of	

myocardial	ischemia	and	with	detection	of	a	rise	and/or	fall	of	cardiac	troponin	with	at	least	

one	value	above	the	99th	percentile	upper	reference	limit,	and	with	at	least	one	of	the	

following:	

• -	Symptoms	of	ischemia.	

• -	New	or	presumed	new	significant	changes	in	the	electrocardiogram	(ECG).	

• -	Development	of	pathological	Q-waves	in	the	ECG.	

• -	Imaging	evidence	of	new	loss	of	viable	myocardium	or	new	regional	wall	motion	

abnormality.	

• -	Identification	of	an	intracoronary	thrombus	by	angiography	or	autopsy.	

	

	

4.2.4	MYOCARDIAL	INFARCTION	–	A	PROTOTYPICAL	INFLAMMATORY	RESPONSE		

The	adult	mammalian	heart	has	no	regenerative	capacity.	Therefore,	healing	of	the	

infarcted	myocardium	is	dependent	on	a	sequence	of	cellular	events	that	lead	to	the	

formation	of	a	collagen-based	scar.	MI	triggers	an	intense	inflammatory	response	that	is	

essential	for	cardiac	repair.	Repair	of	the	infarcted	myocardium	can	be	described	in	

three	overlapping	phases:	the	inflammatory	phase,	the	proliferative	phase,	and	the	

maturation	phase.	The	inflammatory	phase	clears	the	site	of	infarction	of	dead	cells	and	

debris	and	is	programmed	to	resolve	46-48.		

	

The	inflammatory	events	include	infiltration	of	heterogeneous	cells	and	the	contribution	

of	many	enzymes	that	alter	the	chemokine	gradient	and	the	inflammatory	response	15.	

Leukocytes	recruited	remove	dead	cells	and	matrix	debris	by	phagocytosis,	while	setting	

the	stage	for	scar	formation.	During	the	proliferative	phase,	macrophage	subpopulations	

secrete	growth	factors	that	activate	fibroblasts	to	myofibroblasts.	The	newly	formed	

myofibroblasts	secrete	extracellular	matrix	proteins	to	preserve	the	structural	integrity	

of	the	heart.	Apoptosis	and	efferocytosis	of	the	majority	of	reparative	cells	marks	the	

end	and	the	infarct	matures	and	a	scar	is	formed	46,	47.	However,	if	the	myocardial	

damage	is	beyond	repair	and	the	inflammatory	and	neurohumoral	responses	are	

maladaptive	(i.e.	excessive	and/or	prolonged),	myocardial	remodelling	will	occur	and	

HF	may	develop.		
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Figure	4.	Early	and	late	inflammation	after	myocardial	infarction	(MI).	

The	healing	after	myocardial	infarction	involves	three	overlapping	phases:	inflammatory,	

proliferative,	and	healing	phases.	Each	is	characterized	by	specific	events	implicating	different	

cells.	Extracellular	matrix	evolves	to	mature	scar	that	ensures	the	stability	and	function	of	the	

heart.	Inspired	by	Liehn	et	al.		46.	

	

	

4.2.5	HEART	FAILURE	DEFINITION,	EPIDEMIOLOGY,	AND	ETIOLOGY	

HF	is	a	clinical	syndrome	caused	by	the	heart´s	inability	to	adequately	pump	and/or	

receive	blood	at	a	rate	commensurate	with	the	requirements	of	the	metabolizing	tissues,	

resulting	in	signs	and	symptoms	like	dyspnoe,	exercise	intolerance	and	fluid	retention	

49.	HF	can	result	from	systolic	impairment	(reduced	“pump-force”)	and/or	diastolic	

impairment	(“pump	stiffness”/increased	filling	pressure)	defined	by	echocardiographic	

or	MRI	indices	such	as	ejection	fraction	(EF).	It	is	a	common	disease	with	prevalence	

between	1	and	2	%.	The	prevalence	rises	sharply	at	75	years	of	age	and	the	prevalence	

in	70-	to	80-year-old	people	is	between	10	and	20%.	The	prognosis	for	patients	with	

established	HF	is	poor	and	the	5-year	survival	rate	has	an	overall	estimate,	although	

decreasing,	of	40-50%	49.	The	main	terminology	used	to	describe	HF	is	historical	and	

based	on	measurement	of	the	left	ventricular	(LV)	EF.	HF	comprises	a	wide	range	of	

patients	and	according	to	guidelines,	three	clinical	categories	are	defined:	Reduced	EF	
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(below	40%),	mid-range	(40-50%)	and	preserved	(above	50%)	(HFrEF,	HFmrEF,	and	

HFpEF,	respectively)	49.	Criteria	are	shown	in	Table	3.	Differentiation	of	patients	with	HF	

based	on	LVEF	is	indeed	important	clinically	(Table	4).	The	main	reasons	for	this	are	

that	the	prognosis,	underlying	etiologies,	demographics,	co-morbidities,	and	response	to	

therapies	are	different	50.	Over	the	years,	an	increased	awareness	has	been	devoted	to	

HFpEF	and	these	patients	make	up	almost	half	the	HF	population.	However,	diagnostic	

criteria	for	this	group	remain	difficult	and	there	are	no	real	treatment	options	except	

symptom	relief	with	diuretics	51.			

	

Table	4.	Definition	of	subtypes	of	heart	failure	49	

HFrEF	 HFmrEF	 HFpEF	

Symptoms	and	signs	 Symptoms	and	signs	 Symptoms	and	signs	

LVEF	<40%	 LVEF	40-49%	 LVEF	≥50%	

	 1. Elevated	levels	of	natriuretic	

peptides	

2. At	least	one	additional	criterion:		

a)	relevant	structural	heart	

disease	(LV	hypertrophy	or	left	

atrial	enlargement)	

b)	diastolic	dysfunction	

1. Elevated	levels	of	natriuretic	

peptides	

2. At	least	one	additional	criterion:		

a)	relevant	structural	heart	

disease	(LV	hypertrophy	or	left	

atrial	enlargement)	

b)	diastolic	dysfunction	

	

	

The	most	common	cause	of	HFrEF	in	the	Western	world	is	ischemic	heart	disease.		

Demonstration	of	an	underlying	cardiac	cause	is	central	to	both	the	diagnosis	and	

treatment	of	HFrEF.	In	addition	to	ischemic	heart	disease,	the	etiology	is	usually	an	

abnormality	of	either	the	myocardium	or	other	myocardial	structures	(e.g.	valves,	

pericardium,	or	conduction	system)	causing	a	ventricular	dysfunction	49,	52.	

Identification	of	the	underlying	problem	is	also	crucial	for	therapeutic	reasons,	as	the	

precise	pathology	may	determinate	specific	treatment.	In	this	thesis,	the	focus	has	been	

on	human	and	murine	HFrEF	and	mainly	features	of	HF	of	this	etiology	will	be	further	

discussed.		

	

4.2.6	PATHOGENESIS	OF	HEART	FAILURE	WITH	REDUCED	EJECTION	FRACTION	

HFrEF	is	a	progressive	disorder,	often	initiated	by	an	index	event,	disrupting	the	hearts	

filling	and	pumping	capacity.	The	predominant	causes	of	HF	in	the	Western	hemisphere	

are	ischemic	heart	disease	and	hypertension	49.	The	decline	in	pumping	capacity	leads	to	



	 21	

activation	of	mechanisms	that	compensate	for	attenuated	myocardial	function	and	

subsequent	loss	of	cardiac	output.	The	compensatory	mechanisms	involve	activation	of	

neurohormonal	and	inflammatory	pathways	resulting	in	myocardial	remodeling.	These	

responses	are	initially	adaptive,	but	convincing	data	demonstrate	that	the	responses	

tend	to	overshoot	and	become	maladaptive	with	subsequent	attenuated	LV	function	

with	development	of	HF	as	a	consequence	(Figure	5)	53,	54.	Detailing	the	exact	

mechanisms	that	promote	this	transition	from	adaptive	to	maladaptive	responses	is	by	

far	one	of	the	greatest	scientific	challenges	in	HF	research	and	still	remains	to	be	fully	

elucidated.		

	

 

 
 
 

		

NEUROHORMONAL	RESPONSES	

In	HFrEF,	cardiac	output	decreases	and	the	body	responds	by	increasing	peripheral	

resistance	to	maintain	blood	pressure	through	activation	of	the	sympathetic	nervous	

system	(SNS)	and	the	renin-angiotensin-aldosteron	system	(RAAS).	First,	renin	release	

is	increased	because	of	reduced	arterial	pressure	in	the	kidneys	and	cleaves	

angiotensinogen	to	angiotensin	I,	which	is	further	cleaved	to	angiotensin	II	(AT-II)	by	

angiotensin	converting	enzyme	(ACE).	AT-II	stimulates	vasoconstriction	through	

angiotensin	receptor	1	(AT1-R)	and,	through	aldosterone	release,	increases	sodium	and	

water	retention	in	the	kidneys.	These	mechanisms	lead	to	an	increase	in	pre-	and	

Figure	5.	Pathogenesis	of	

progressing	chronic	HF.	

Myocardial	injury	attenuates	cardiac	

function	and	activates	the	sympathetic	

nervous	system,	the	renin-

angiotensin-aldosterone	(RAAS)	

system,	and	inflammatory	cytokines.	

Adaptive	responses	become	

maladaptive	which	again	reinforces	

the	maladaptive	responses	with	

consecutive	attenuation	of	heart	

function.	
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afterload	with	subsequent	dilatation	and	increased	workload	for	the	already	failing	

heart.		Second,	SNS	activity	is	stimulated	peripherally	through	the	loss	of	systemic	

arterial	pressure	and	centrally	by	e.g.	decreasing	levels	of	nitric	oxide	(NO)	55,	56.	The	

sympathetic	nervous	system	works	on	β-adrenergic	receptors	and	can	negatively	

impact	the	cardiovascular	system	in	HF	in	several	ways,	exerting	direct	toxic	effects	on	

the	myocardium,	increasing	myocardial	energy	consumption,	and	contributing	to	

myocardial	remodeling	and	life-threatening	arrhythmias.	This,	in	addition	to	positive	

feedback	loops	between	RAAS	and	SNS,	increased	adenosine	A1	receptor	activation,	and	

increased	vasopressin-mediated	volume	control	all	act	together	to	increase	the	blood	

volume,	hereby	worsening	the	symptoms	and	signs	of	HF	55,	56.	Last,	in	response	to	the	

inevitable	increased	ventricular	filling	pressures,	the	myocardium	secrete	natriuretic	

peptides	(e.g.	atrial	natriuretic	peptide	and	BNP)	which	counteract	the	effects	of	RAAS	

with	their	diuretic,	natriuretic,	and	hypotensive	effects	57.	The	plasma	concentrations	of	

such	hormones	are	increased	in	patients	with	symptomatic	HFrEF	and	used	in	

diagnosis.		

	

As	of	now,	the	pharmacological	interventions	proven	efficient	in	HFrEF	are	exclusively	

targeting	these	neurohumoral	mechanisms.	Introduction	of	neurohormonal	antagonists,	

i.e.	β-blockers,	ACE	inhibitors,	AT-II	receptor	antagonists,	aldosterone	antagonists,	and	

lately	the	neprilysin	inhibitor	that	increases	natriuretic	peptides,	in	the	treatment	of	

HFrEF	has	significantly	decreased	morbidity	and	improved	survival	58.	In	addition,	

studies	suggest	that	compensatory	neurohumoral	and	inflammatory	mechanisms	are	

not	only	compensatory,	but	also	initiators	and	mediators	of	maladaptive	cardiac	

remodeling	59-61.	

	

INFLAMMATION	IN	HFREF	

Despite	improvements	in	the	treatment	of	chronic	HFrEF,	it	is	still	a	progressive	

disorder	with	high	morbidity	and	mortality.	In	such,	there	is	still	important	pathogenic	

mechanisms,	as	of	yet	unmodified,	that	may	represent	future	treatment	targets.	Elevated	

inflammatory	biomarkers	are	hallmark	features	of	chronic	HFrEF.	Importantly,	

concentrations	of	many	of	these	biomarkers	correlate	to	disease	activity.	These	

observations	implicate	the	immune	system	as	a	key	player	in	the	pathogenesis	of	

cardiac	remodeling	in	HFrEF	9.		

	

Pro-inflammatory	cytokines	are	elevated	in	HF.	As	example,	TNF,	IL-1,	and	IL-6	are	

increased	in	human	HFrEF,	and	levels	correlate	to	disease	severity	62,	63.	Unfortunately,	
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therapeutic	interventions	aimed	at	limiting	inflammation	in	the	chronic	HFrEF	setting	

have	been	disappointing,	demonstrating	the	complexity	in	the	inflammatory	network	64,	

65.	Early	experimental	studies	provided	convincing	evidence	that	cardiac	overexpression	

of	leads	to	cardiomyopathy	66,	67	and	that	inhibiting	TNF	signaling	is	protective	68,	69.	

However,	other	experimental	studies	have	demonstrated	that	a	titrated	activation	of	

TNF	signaling	in	fact	provides	myocardial	salvage	70,	71.	Importantly,	clinical	studies	have	

demonstrated	absence	of	effect,	or	even	indices	of	deleterious	effects	of	anti-TNF	

treatment	in	human	HF	72,	73.	While	there	are	many	reasons	why	the	TNF-inhibition	

trials	failed,	the	results	should	not	guide	us	away	from	attempting		immunomodulating	

treatment	in	HF.	First,	while	TNF-targeted	treatment	was	beneficial	in	e.g.	

granulomatous	diseases,	TNF	is	highly	expressed	on	cardiomyocytes	and	these	cells	

therefore	became	target	for	elimination.	Second,	the	patients	selected	did	not	have	

particularly	elevated	TNF	levels	and	perhaps	better-individualized	selection	of	patients	

for	therapy	is	important	when	treating	inflammation	in	HF.	Similarly	to	TNF,	

overstimulation	of	the	IL-6/IL-1	signaling	pathways	leads	to	cardiomyopathy.	But	also	

here	data	warrant	caution	as	to	a	binary	view	of	their	cardiac	effects	74,	75.	In	fact,	for	

many	studied	pro-inflammatory	molecules	data	shows	that	both	“too	much	and	too	

little”	inflammatory	signaling	may	be	deleterious	to	the	heart	9,	76.		

	

Most	clinical	intervention	studies	on	targeting	inflammation	in	HF	have	focused	on	only	

one	inflammatory	signaling	pathway,	and	importantly,	interventions	have	been	adjusted	

to	the	extreme	(total	blockade	or	extremely	high	levels).	These	observations	underscore	

an	urgent	need	for	the	development	of	alternative	approaches	that	do	not	interfere	with	

the	initial	immune	response,	but	rather	promote	the	appropriate	level	of	response	or	a	

timely	resolution	of	inflammation. 	

	

MYOCARDIAL	REMODELING	

Myocardial	remodeling	is	an	intrinsic	compensatory	mechanism	that	consists	of	

molecular	and	cellular	events	ultimately	leading	to	altered	myocardial	structure	and	

function.	Depending	on	the	main	stimulus,	the	cardiac	structure	changes	with	a	

concentric	or	eccentric	appearance	in	response	to	pressure	or	volume	overload	77.	As	

previously	mentioned,	the	wound	healing	process	following	MI	is	essential	for	the	heart	

to	recover	and	the	process	results	in	structural	changes	with	scar	formation	and	

thinning	of	the	ventricular	wall.	However,	in	the	non-infarcted	tissue,	cardiomyocyte	

hypertrophy	is	the	prominent	feature	leading	to	increased	LV	mass.	Although	

hypertrophy	initially	represents	a	compensatory	mechanism	to	increase	cardiac	output,	
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the	exhausted	cardiomyocyte	eventually	succumbs,	becomes	dysfunctional	and	

lengthens,	making	the	transition	to	decompensated	HF	77,	78.	Additional	hallmarks	of	

remodeling	are	cardiomyocyte	loss	through	necrosis	and	apoptosis,	changes	in	

extracellular	matrix	quantity	and	quality,	release	of	transforming	growth	factor	(TGF)-β	

that	stimulates	fibroblast-to-myofibroblast	differentiation,	attenuated	sarcomere	

function	due	to	lengthening	of	fibers	(coupling),	altered	Ca2+-handling	(stiffness	and	

force),	and	reactivation	of	a	fetal	pattern	of	gene	expression	79.	Last,	altered	cardiac	

metabolism	in	HF	ultimately	resulting	in	ATP	deficiency	and	impaired	contractility	is	

referred	to	as	“metabolic	remodeling”.	In	a	healthy	state,	most	of	the	ATP	generated	

within	the	heart	is	derived	from	oxidation	of	fatty	acids	(FAs)	and	oxidative	

phosphorylation	in	the	mitochondria.		In	HF	however,	a	“metabolic	remodeling”	

characterized	by	reduced	FA	oxidation	and	mitochondrial	dysfunction	is	described.	In	

contrast,	data	on	glucose	oxidation	is	less	consistent	and	does	not	seem	to	correlate	with	

contractile	function,	but	depend	more	on	both	the	stage	and	pathogenesis	in	HF	80.	

Cardiac	remodeling	is	thought	to	be	an	important	aspect	of	disease	progression	in	HF,	

regardless	of	cause.	However,	the	pathogenic	mechanisms	are	incompletely	understood	

and	therapeutic	interventions	were,	in	the	past,	not	a	recognized	goal	of	therapy.			

	

4.3	ADIPOSE	TISSUE	AND	FATTY	ACIDS	

	

The	worldwide	epidemic	of	obesity	has	brought	considerable	attention	to	research	

aimed	at	understanding	the	biology	of	adipose	tissue	and	adipocytes.	Adipose	tissue	is	a	

multicellular	tissue	consisting	of	adipocytes,	stromal	vascular	cells,	and	various	immune	

cells	with	functions	far	beyond	that	of	a	mere	depot	of	lipids.	Adipose	tissue	functions	as	

a	key	endocrine	organ	by	releasing	multiple	bioactive	substances	that	have	both	pro-	or	

anti-inflammatory	activities,	as	well	as	conveying	signals	modulating	metabolic	

homeostasis	and	growth.	Adipose	tissue	in	obesity	shows	adipocyte	hypertrophy,	

inflammation,	and	impaired	vascular	function.	This	results	in	impaired	lipid	metabolism	

and	elevated	free	FA	levels.	In	addition,	dysregulated	production	of	adipocytokines	may	

contribute	to	obesity-linked	complications	in	CVD	.	Accumulating	evidence	indicates	

that	obesity	causes	chronic	low-grade	inflammation	that	contributes	to	systemic	

metabolic	dysfunction	causing	obesity-linked	disorders	21.	However,	the	relationship	

between	obesity	and	CVD	is	complex	and	not	fully	understood.	While	the	risk	of	

developing	CVD	has	been	shown	to	be	higher	in	patients	who	are	obese,	there	may	be	a	

survival	advantage	for	obese	and	overweight	patients	compared	with	normal	weight	or	
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low	weight	patients	in	HF	81.	Taken	together,	adipose	tissue	exerts	diverse	roles	in	CVD	

that	remain	to	be	elucidated.		

	

4.3.1	ADIPOSE	TISSUE	COMPARTMENTS	AS	RISK	FACTORS	FOR	CARDIOVASCULAR	DISEASE		

Obesity	is	a	risk	factor	for	developing	CVD	risk	factors,	including	hypertension,	

dyslipidemia,	diabetes,	and	the	metabolic	syndrome.	However,	the	distribution	of	fat	

depots	(i.e.	whether	fat	tissue	is	predominately	subcutaneous	or	visceral)	may	convey	a	

differentiated	metabolic	and	CVD	risk.	Individuals	with	upper	abdominal	android	

obesity	distribution	are	at	a	greater	risk	than	those	with	gluteofemoral	gynoid	obesity,	

this	perhaps	even	within	normal	BMI	levels	82-84.	Especially,	fat	present	around	

abdominal	viscera	in	mesentery	and	omentum,	known	as	visceral	adipose	tissue	(VAT),	

has	unique	pathogenic	properties	85.	VAT	is	different	from	adipose	tissue	in	

subcutaneous	areas	(subcutaneous	adipose	tissue;	SAT)	with	regards	to	type	of	

adipocytes,	inflammatory	cell	infiltration,	endocrine	function,	lipolytic	activity,	response	

to	insulin,	and	adipocytokine	production	82.		VAT	is	an	adipose	tissue	and	an	endocrine	

organ	that	signals	to	and	modulates	the	action	and	metabolism	of	the	brain,	liver,	

muscle,	and	vascular	endothelial	cells	86.	Moreover,	it	has	been	discovered	that	VAT	

plays	a	role	in	the	systemic	inflammation	seen	in	metabolic	syndrome	and	it	has	been	

shown	that	VAT	explants	contain	larger	adipocytes	and	produce	more	pro-inflammatory	

mediators	than	SAT	87.	

	

More	recently,	attention	has	turned	to	additional	regional	deposits	of	adipose	tissue	

with	VAT	like	properties,	such	as	the	intrathoracic	and	epicardial	adipose	tissue	(EAT).	

In	2003,	Mazurek	et	al.	performed	biopsies	of	EAT	and	SAT	of	patients	referred	for	

elective	coronary	artery	bypass	surgery	and	found	a	several-fold	higher	expression	of	

inflammatory	markers	in	the	EAT	as	compared	with	SAT	in	the	CAD	patients	88.	

Furthermore,	EAT	showed	dense	T-lymphocyte,	macrophage,	and	mast	cell	infiltration	

that	were	completely	absent	in	SAT	from	the	same	patients.	As	a	consequence	of	EATs	

close	proximity	to	the	heart	and	coronary	vasculature,	EAT	may	also	affect	CVD	in	a	

paracrine	fashion	by	secreting	adipocytokines	and	free	FAs	directly	on	target	cells	and	

into	the	coronary	circulation.	The	absence	of	a	facial	plane	separating	the	adventitia	of	

the	coronary	arteries	and	myocardium	from	remodeled	adipose	tissue	may	favor	the	

development	of	atherosclerotic	lesions	and	myocardial	inflammation	in	a	paracrine	

manner	89,	90.	In	addition,	EAT	thickness	reflects	visceral	adiposity	rather	than	general	

obesity,	and	EAT	volume	has	been	shown	to	correlate	with	the	occurrence	of	metabolic	

syndrome	and	CAD	91.	In	this	thesis,	the	role	of	EAT	in	HF	has	been	examined	and	this	
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will	be	further	discussed	below.	

	

	

	

Figure	6.	Location	of	adipose	tissue	and	types	of	fat	deposits	around	the	heart.	

Figure is printed with permission from the publisher. Auer et al., European Heart Journal 

(https://academic.oup.com/eurheartj/article/38/1/62/2936204)	92.	

 

	

4.3.2	FATTY	ACIDS	AND	THEIR	INFLUENCE	ON	CARDIOVASCULAR	DISEASE		

In	addition	to	adipocytokines,	FAs	are	important	factors	produced	and	released	from	

adipose	tissue	93.	FAs	are	also	made	in	the	liver	or	absorbed	from	the	diet	(essential	

FAs).	Plasma	FAs	are	either	in	the	form	of	esterified	FAs,	e.g.	with	glycerol	to	form	

glyceride,	or	as	free	FAs.	However,	FAs	are	always	bound	to	a	transport	protein,	such	as	

albumin,	lipoproteins,	or	chylomicrons.	High	levels	of	FAs	in	plasma,	and	thereby	high	

substrate	availability,	may	be	detrimental	for	the	heart	due	to	its	incremental	demands	

on	the	heart's	oxygen	consumption	for	a	given	workload.	Elevated	FA	levels	may	

therefore	be	an	important	regulator	of	myocardial	substrate	metabolism	during	

remodeling	and	in	HF	and	may	contribute	to	increased	myocardial	ischemia	and	

dysfunction	93.	FAs	may,	in	addition	to	circulating	as	free	or	esterified	FA,	be	part	of	

phospholipids.	Phospholipids	are	active	components	of	cell	membranes	and	play	an	

important	role	in	signal	transduction	and	cell	metabolism	94.		

	

The	composition	and	balance	of	the	FAs	may	be	of	significance	for	myocardial	function	

95,	96.	Increased	levels	of	saturated	FAs	can	increase	the	risk	of	developing	

atherosclerosis	and	HF,	whereas	n-3	polyunsaturated	FAs	(PUFA;	omega-3	FAs)	may	

reduce	CVD	risk	96.	Cao	et	al.	demonstrated	that	particular	subsets	of	FAs	can	be	

produced,	released,	and	influence	remote	tissues	through	specific	signaling	systems.	
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This	finding	represented	a	paradigm	change	in	our	knowledge	on	intercellular	signaling.	

An	entirely	new	class	of	signaling	molecules	was	defined	with	the	introduction	of	a	new	

“kine”,	the	lipokine	97.	Taken	together,	data	allows	suggesting	that	the	levels,	

composition,	and	molecular	form	of	FAs	contribute	to	the	development	of	CVD.	

However,	details	on	pathogenetic	significance	within	subsets	of	FAs	as	well	as	their	

cellular	and	anatomical	origins	and	their	cardiac	mode	of	action	remain	unresolved.			

	

4.3.3	OMEGA−3	FATTY	ACIDS			

Essential	FAs	are	FAs	that	humans	must	ingest.	The	reason	for	this	is	a	lack	of	ability	to	

introduce	double	bonds	in	FAs	beyond	carbon	9	and	10,	and	the	only	two	FAs	that	are	

known	to	be	essential	for	humans	are	α-linolenic	acid	(ALA)	(an	omega-3	FA)	and	

linoleic	acid	(LA)	(an	omega-6	FA).	Other	FAs	are	sometimes	classified	as	"conditionally	

essential"	as	mammals	are	able	to	elongate	ALA	(C18:3	n-3),	under	normal	conditions	

and	substrate	availability,	to	form	the	important	long-chain	omega−3	FAs,	

eicosapentanoeic	acid	(EPA)	(C20:5	n-3)	and	docosahexanoeic	acid	(DHA)	(C22:6	n-3)	

98.	

	

	

	

	

Figure	7.	Alpha	and	omega	end	of	docosahexanoeic	acid	(DHA)	and		

eicosapentanoeic	acid	(EPA).	

	

	

Omega−3	FAs	are	n-3	polyunsaturated	FAs	(PUFA).	These	FAs	have	two	ends,	the	

beginning	of	the	chain;	the	“alpha”	or	carboxylic	acid	(-COOH)	end,	and	the	methyl	(-

CH3)	end,	which	is	considered	the	"tail"	or	"omega".	FAs	are	commonly	named	by	the	
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location	of	the	first	double	bond,	counted	from	the	omega	(ω-)	end.	Thus,	in	omega-3	

FAs,	the	first	double	bond	is	between	the	third	and	fourth	carbon	atoms	counted	from	

the	tail	end.		The	three	types	of	omega−3	FAs	involved	in	human	physiology	are	ALA,	

found	in	plant	oils,	and	EPA	and	DHA,	both	commonly	found	in	marine	oils.	Sources	of	

plant	oils	containing	ALA	include	edible	nuts	and	flaxseed	oil,	while	sources	of	EPA	and	

DHA	include	fish,	fish	oils,	and	krill	oil	99.		

	

Krill	oil	is	a	marine	oil	extracted	from	a	small	

Antarctic	crustacean	(Euphausia	superba)	that	

contain	a	high	proportion	of	omega−3	FAs	

bound	to	phospholipids.	This	is	in	contrast	to	

the	more	traditional	fish	oils,	where	omega−3	

FAs	are	mainly	bound	to	triglycerides	ethyl	

esters.	This	difference	may	be	important	

because	the	molecular	form	of	omega−3	FAs	

may	be	relevant	for	their	biological	effects.	

This	putative	biological	difference	was	the	

basis	for	a	part	of	this	Thesis’s	ambitions	as	we	

investigated	the	effect	of	phospholipid	bound	

omega-3	FAs	in	experimental	MI	100,	101.		

	

	

Figure	8.	Phospholipid	bound	fatty	acids.	
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5.	HYPOTHESIS	AND	AIMS	

	

The	overall	hypothesis	of	this	thesis	is	that	adipose	tissue,	FAs	and	FA-derived	

mediators	are	involved	in	the	pathogenesis	of	CVD	and	specifically,	it	is	hypothesized	

that:	

	

1. Omega-3	FAs	from	diet	can	modulate	MI	or	subsequent	cardiac	remodeling	in	a	

beneficial	manner.	

2. EAT	produce	mediators	relevant	for	HFrEF	pathogenesis	and	that	this	adipose	depot	is	

different	from	SAT.		

3. Downstream	resolution	mediators	derived	from	AA,	EPA,	DPA,	and	DHA	are	produced	

during	acute	STEMI,	indicating	a	potential	role	of	resolution	in	human	MI.		

	

The	main	aim	was	to	shed	light	on	a	potential	biological	role	of	FAs	and	FA-derived	

mediators	in	MI	and	remodeling,	taking	a	prime	interest	in	the	interactions	between	the	

immune	system	and	adipose	tissue.	Specifically,	the	aim	was:		

	

1. To	study	the	effects	of	phospholipid	bound	omega-3	FAs	on	MI	and	myocardial	

remodeling	and	function	in	a	murine	experimental	MI	model.		

2. To	investigate	if	the	levels	of	FAs	and	mediators	of	CVD	and	inflammation	are	modulated	

in	patients	with	HFrEF	in	two	different	adipose	tissue	depots:	EAT	and	SAT.	

3. To	provide	“proof-of-concept”	that	PUFA-derived	pro-resolving	lipid	mediators,	SPMs,	

are	biosynthesized	and	modulated	during	acute	MI	in	humans.		
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6.	METHODS	AND	METHODOLOGICAL	

CONSIDERATIONS	

	

Basic	research	is	necessary	to	further	our	understanding	of	normal	vs.	disease	states.	

However,	such	understanding	does	not	necessarily	directly	translate	into	clinically	

useful	applications.	Animal	models	and	in	vitro	experiments	are	the	backbone	of	

molecular	science.	They	are	cost-	and	time	effective,	provides	possibilities	for	genetic	

modification,	and	allows	experimental	designs	not	feasible	in	humans.	In	such,	they	

provide	mechanistic	insight	most	often	not	possible	within	human	clinical	studies.	

Translational	research	is	intended	to	bridge	the	gap	between	basic	research	and	the	

clinical	reality.	Knowledge	gained	within	such	approach	may	facilitate	the	transition	of	

basic	knowledge	and	discovery	into	human	therapeutics.		

	

6.1	ANIMAL	MODELS	

	

6.1.1	EXPERIMENTAL	HEART	FAILURE	MODEL	

In	paper	I,	we	used	an	experimental	rat	model	of	MI	and	postinfarction	HF	precipitated	

in	anesthetized	8	weeks	old	male	Wistar	rats	by	surgical	ligation	of	the	proximal	part	of	

the	left	coronary	artery	causing	a	large	transmural	infarction	102.	One	week	after	

surgery,	rats	were	evaluated	with	echocardiography.	Only	rats	with	large	transmural	

infarctions	were	included	in	the	study,	this	to	ensure	later	development	of	HF	(Figure	8).	

In	addition	to	both	sham-operated	rats	and	rats	with	MI	on	control	feed,	one	group	of	

rats	was	pretreated	with	krill	oil	in	the	feed	one	week	prior	to	experimental	MI	and	one	

group	was	switched	from	control	feed	to	krill	oil	feed	one	week	after	experimental	MI.	
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Figure	9.	Flowchart	from	paper	I.	Blue,	control	feed;	red,	krill	oil	feed.		

	

	

Due	to	strict	ethical	regulations,	not	all	research	can	be	performed	on	humans,	and	in	

vitro	and	in	vivo	experimental	models	are	used.	In	paper	I,	the	use	of	a	murine	rat	model	

of	experimental	MI	and	HF	allowed	us	to	use	pretreatment,	control	the	timing	of	

experimental	MI,	and	to	study	harvested	hearts.	Animal	models	of	HF	allow	researchers	

to	study	the	whole	continuum	of	myocardial	remodeling	within	the	heart	tissue,	rather	

than	end-stage	HF	in	e.g.	explanted	human	hearts.	The	use	of	rodents,	as	compared	with	

larger	animals,	has	several	benefits	in	regards	to	cost,	housing,	reproductive	rate,	less	

genetic	variability,	and	possibilities	of	genetic	engineering.	However,	it	is	always	

important	to	seek	confirmation	of	results	in	human	materials	to	the	extent	possible.	

	

It	is	important	to	note,	as	the	study	in	paper	I	is	related	to	FA	analyses	and	lipid	

metabolism,	that	many	key	aspects	of	lipid	metabolism	in	rodents	are	not	identical	to	

humans	103.	In	addition,	in	terms	of	MI,	there	are	several	differences	between	the	human	

disease	and	experimental	infarction	in	rats.	In	humans,	MI	is	usually	a	disease	of	

atherosclerotic	origin	that	affects	middle-aged	and	older	people	with	other	co-

morbidities.	In	rats,	we	induce	a	mechanical	MI	in	healthy	young	rats.	Moreover,	the	

model	of	permanent	ligation	results	in	an	extreme	phenotype	with	a	large	infarcted	area	

and	subsequent	severe	HF.	This	is	in	contrast	to	human	patients	who	now	most	often	

undergo	reperfusion	by	percutaneous	coronary	intervention	(PCI)	within	hours	of	

symptom	debut.	Several	experimental	models	of	ischemia/reperfusion	have	been	

developed,	but	where	not	used	in	this	study	as	we	did	not	have	the	methodology	

available.		
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6.1.2	CARDIAC	IMAGING	

Cardiac	imaging	is	a	valuable	tool	as	researchers	may	examine	heart	structure	and	

function	in	live	animals.		In	paper	I,	echocardiography	was	performed	prior	to	

randomization	7	days	after	the	surgical	procedure	and	after	7	weeks	of	treatment	(8	

weeks	post-surgery).	The	rats	were	sedated	with	0.3	ml/100	g	body	wt	Hypnorm®-

Dormicum®	(fentanyl/fluanisone	+	midazolam)	and	transthoracic	echocardiography	

was	performed	with	a	GE	Vivid	7	scanner	and	a	14-MHz	transducer.	We	evaluated	

infarct	size	for	further	inclusion	in	the	study	and	cardiac	function	and	morphology	by	2-

D	imaging	and	M-mode	recordings.		

	

Magnetic	resonance	imaging	(MRI)	holds	benefits	with	regards	to	evaluating	infarct	size	

and	remodeling	in	murine	models.	However,	MRI	is	time	consuming	and	as	this	was	a	

large	study,	in	our	opinion,	a	rough	evaluation	of	MI	extension	was	sufficient	to	select	

rats	with	large	infarctions	and	subsequent	myocardial	remodeling.	Only	animals	with	

large	transmural	infarctions	7	days	post-MI	were	included	in	the	study	to	ensure	the	

proper	phenotype	of	HF.	The	selection	of	animals	7	days	post-MI	may	introduce	the	risk	

of	bias	as	one	group	of	rats	was	pretreated	with	krill	oil.	For	instance,	such	treatment	

may	affect	infarct	size	as	supported	by	data	reported	from	previous	experimental	

studies	with	PUFA	in	rodents	104,	105.	However,	there	was	no	difference	in	left	ventricular	

end-diastolic	diameter	between	the	MI-rats	with	and	without	pretreatment	with	krill	oil	

7	days	after	induction	of	MI,	indicating	similar	infarct	size.	

	

During	echocardiography,	animals	must	be	sedated	during	examination	and	this	may	

lead	to	low	blood	pressure	and	bradycardia	with	subsequent	cardio	depression,	which	

will	influence	results.	Therefore,	sedation	was	kept	at	the	minimum	level	and	all	animals	

were	monitored	with	temperature	probes	and	heart	rate	during	examination.	Of	note,	as	

recording	and	interpretation	of	echocardiographic	images	are	highly	dependent	on	the	

operator,	one	experienced	and	blinded	researcher	performed	all	recordings	and	

analyses.	In	addition,	paired	echocardiographic	examinations	of	all	animals	with	

baseline	values	for	reference	were	performed	to	standardize	the	observations.		
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6.2	PATIENTS	AND	HUMAN	CONTROLS	

	

6.2.1	PATIENTS	IN	THE	ADIPOSE	TISSUE	STUDY	

In	paper	II,	patients	with	HFrEF	and	patients	with	normal	systolic	function	(controls)	

were	recruited	at	Oslo	University	Hospital,	Rikshospitalet,	before	thoracic	surgery	to	

obtain	adipose	tissue	samples	from	EAT	and	SAT	depots.	The	diagnosis	of	HFrEF	was	

made	according	to	The	European	Society	of	Cardiology’s	definition	of	HFrEF	(EF<40%)	

with	typical	findings	on	echocardiography.	When	adipose	tissue	was	harvested	from	the	

epicardial	depots,	due	to	ethical	considerations,	it	was	not	possible	to	obtain	EAT	from	

completely	healthy	individuals.	Therefore,	patients	with	normal	systolic	heart	function	

were	included	when	undergoing	thoracic	surgery	for	other	diseases	like	CAD,	valve	

disease,	or	aortic	aneurisms	and	served	as	controls.	As	all	of	these	conditions	are	

associated	with	myocardial	remodeling	due	to	e.g.	pressure	or	volume	overload	and	it	is	

likely	that	the	controls	had	some	diastolic	dysfunction	that	may	affect	the	results	in	the	

study.	While	the	diagnostics	of	diastolic	dysfunction	is	both	difficult	and	controversial,	

E/e’	(ratio	between	early	mitral	inflow	velocity	and	mitral	annular	early	diastolic	

velocity)	was	registered	and	reported	to	the	extent	possible.	Furthermore,	the	two	

groups	with	and	without	HFrEF	were	equally	balanced	in	relation	to	the	presence	of	

CAD	(the	most	common	comorbidity	in	the	study).	In	addition,	SAT	samples	were	taken	

both	before	and	after	surgery	to	reveal	a	possible	effect	of	the	surgical	procedure	in	

itself	on	synthesis	of	the	investigated	mediators.	Last,	controls	were	age	and	sex	

matched	to	the	extent	possible.	

		

6.2.2	PATIENTS	IN	THE	RESOLUTION	IN	STEMI	STUDY	

In	paper	III,	patients	presenting	with	STEMI	according	to	ESC	guidelines	(see	chapter	

4.2.3)	were	enrolled	in	the	study	and	blood	was	collected	on	their	admittance	for	PCI	

shortly	after	the	onset	of	MI	symptoms	and	one	and	eight	days	after	the	MI	(Figure	10).	

To	keep	confounding	factors	to	a	minimum,	patients	with	other	comorbidities	known	to	

modulate	inflammation	(e.g.	autoimmune	disease,	infections,	and	malignancies)	and	

patients	using	immunomodulating	drugs	like	steroids	and	COX-inhibitors	(e.g.	NSAIDS)	

were	excluded.	Further,	only	patients	with	significant	coronary	artery	stenosis,	as	

evaluated	by	angiography	(based	on	consensus	criteria	>	70	%),	were	included	to	

eliminate	other	causes	for	transient	ST-segment	elevation	and	increased	troponin	T	

levels	(e.g.	type	2	MI,	takotsubo	cardiomyopathy,	and	(peri-)	myocarditis).	As	we	

wanted	to	examine	trombotic/plaque-related	STEMI	in	this	study,	we	included	two	
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groups	of	controls:	Apparently	healthy	controls	and	patients	with	stabile	CAD.	To	the	

extent	possible,	both	control	groups	were	age-	and	sex-matched.	However,	patients	with	

stable	CAD	are	generally	older	and	have	more	comorbidity	compared	with	STEMI	

patients,	and	we	were	not	always	successful	in	age	matching	this	group.	

		

	

	

	

Figure	10.	Timeline	for	blood	sampling	in	the	“Resolution	in	STEMI”	study.	

	

	

6.3	BLOOD	AND	TISSUE	SAMPLING	

	

6.3.1	BLOOD	SAMPLING	

For	many	mediators,	the	type	of	anticoagulant	in	the	blood	collection	tubes	and	the	

choice	of	plasma	or	serum	have	a	potential	impact	on	data.	In	this	thesis,	we	have	largely	

used	analyses	in	blood	of	both	humans	and	Wistar	rats	to	obtain	our	results.	In	all	three	

studies,	our	preferred	choice	of	blood	processing	was	plasma	made	with	EDTA	as	

anticoagulant.	Plasma	can	also	be	prepared	with	heparin.	However,	heparin	has	been	

shown	to	influence	the	levels	of	circulating	cytokines	due	to	endotoxin	contamination	

and	was	therefore	avoided.	When	preparing	plasma,	several	proteins	are	removed	in	the	

process,	like	fibrinogen,	and	this	may	affect	results	as	several	mediators	often	bind	to	

proteins.	Also,	EDTA	plasma	minimizes	activation	of	cells	before	storage	and	hampers	

degradation	of	cytokines.	Furthermore,	to	avoid	release	of	mediators	from	platelets	

during	coagulation	or	freeze	and	thaw	cycles	we	useed	platelet-poor	plasma	

(centrifuged	at	2000	g	for	20	min)	as	we	analyzed	platelet-derived	mediators.	Other	

factors	like	circadian	rhythm	regulation,	physical	activity,	fasting	state,	and	weight	loss	

may	also	influence	results.	It	is	important	to	keep	in	mind	that	in	both	study	II	and	III	we	

could	not	standardize	a	fasting	state	and	circadian	rhythm	as	most	controls	were	

sampled	during	daytime	and	most	STEMI	and	some	HF	patients	during	nigh	time.	

Moreover,	procedures	and	procedural	drug	administration	may	affect	results.	To	

minimize	and	have	control	over	this	aspect,	blood	in	paper	II	was	drawn	prior	to	



	 35	

heparinization	and	surgery	and	in	paper	III,	before	catheterization	and	procedural	

heparinization.	However,	in	paper	III,	most	stable	CAD	and	STEMI	patients	were	treated	

with	heparin	and	anti-platelet	drugs	prior	to	admission,	possibly	affecting	results	when	

comparing	groups.	Last,	freezing	and	storage	of	blood	may	influence	concentration	of	

many	mediators,	and	especially	SPMs	are	very	vulnerable	to	both	oxidation	and	

degradation.	To	minimize	confounders	and	variability,	all	samples	were	separated	and	

immediately	frozen	at	-80	0C,	thawed	only	once,	and	processed	within	3	months	to	avoid	

degradation.		

	

6.3.2	COLLECTION	OF	TISSUES	

When	collecting	human	biopsies	and	rodent	organs	it	is	extremely	important	to	harvest	

and	handle	the	tissue	with	great	care	to	avoid	change	and	degradation	of	the	mediators	

of	interest.	In	paper	I,	all	relevant	organs	were	harvested	7	weeks	after	experimental	MI	

and	weighed	before	further	handling.	Especially,	the	left	ventricle	was	separated	from	

the	heart	and	sectioned	macroscopically	into	infarcted	tissue,	border	zone,	and	non-

infarcted	tissue.	In	paper	II,	human	SAT	and	EAT	were	sampled	during	thoracic	surgery.	

SAT	samples	were	harvested	before	and	after	sternotomy	to	address	the	effect	of	

surgical	trauma	and	only	the	post-sternotomy	SAT	samples	were	used	for	comparing	

samples	with	EAT.	EAT	was	harvested	from	the	anterior	surface	of	the	heart	adjacent	to	

the	right	coronary	artery	directly	after	sternotomy	(Figure	6),	the	tissue	was	always	

sampled	from	the	same	anatomical	area,	and	parts	of	the	biopsy	with	fibrous	tissue	and	

vessels	were	removed	before	freezing.	All	organs	and	biopsies	were	handled	and	rinsed	

with	great	care	to	avoid	traumatization,	frozen	in	liquid	nitrogen	as	fast	as	possible,	and	

immediately	stored	in	-80	0C	to	avoid	degradation	of	RNA	and	protein.	Although	great	

care	was	taken	when	handling	the	samples,	we	cannot	exclude	smaller	surgical	traumas	

during	harvest.		

	

6.4	GENE	TRANSCRIPTION	AND	PROTEIN	MEASUREMENTS	

	

6.4.1	POLYMERASE	CHAIN	REACTION			

In	paper	I	and	II,	revers	transcriptase	polymerase	chain	reaction	(RT-PCR)	was	used	to	

assess	mRNA	levels	of	several	relevant	mediators.	RT-PCR	is	a	technique	used	to	amplify	

a	single	copy	of	e.g.	a	segment	of	mRNA,	through	reverse	transcription	of	mRNA	to	

cDNA,	generating	thousands	to	millions	of	copies	of	a	particular	genetic	sequence.	RT-

PCR	has	a	number	of	advantages.	It	is	simple	to	understand	and	use,	produces	results	
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rapidly,	and	the	technique	is	highly	sensitive.	Although	PCR	data	can	make	strong	

indications	as	to	corresponding	protein	levels,	one	major	limitation	of	PCR	is	that	there	

is	no	guarantee	that	alterations	seen	on	a	transcriptional	levels	corresponds	to	the	

translational	level.		Neither	does	it	allow	assessments	as	to	putative	alterations	in	

protein	activity	and	specificity	caused	by	post-translational	modifications	like	

glycosylation,	phosphorylation,	sulfonylation	etc.	Results	should	therefore	be	confirmed	

at	protein	level	and	protein	activity	and	specificity	should	be	investigated	when	

possible.		

	

6.4.2	ELISA	AND	MULTIPLEX		

Antibody-based	detection	methods	was	used	in	both	paper	II	and	III	to	assess	

circulating	protein	levels.	ELISA	is	an	assay	technique	designed	for	detecting	and	

quantifying	peptides	and	proteins.	In	an	ELISA,	an	antigen	must	be	immobilized	

(capture)	and	then	complexed	with	an	antibody	linked	to	an	enzyme	producing	a	

colored	derivate	of	a	labeled	molecule	(detection)	that	is	a	measureable	product.	The	

most	crucial	element	of	the	detection	strategy	is	a	highly	specific	antibody-antigen	

interaction,	sensitivity	is	often	limited	to	a	few	pg	per	ml,	and	the	range	of	detection	is	

often	limited.	Multiplex	analyses	are	immunoassays	based	on	beads	(with	change	in	

fluorescence	with	binding)	and	applies	the	same	principles	as	ELISA.	However,	the	

major	advantage	of	this	method	is	the	possibility	of	measuring	several	proteins	in	one	

assay,	which	saves	sample	material.	The	dynamic	range	and	sensitivity	are	usually	much	

greater	than	in	ELISA	assays	which	are	important	when	comparing	patients	with	many-

fold	increase	in	e.g.	a	cytokine	level	as	compared	with	controls.	However,	multiplex	

assay	gives	less	room	for	individual	optimizing	of	sensitivity	with	e.g.	incubation	time,	

temperature,	and	dilution.		

	

6.5	FATTY	ACID	ANALYSES	

	

6.5.1	GAS	CHROMATOGRAPHY	

In	paper	I	and	II,	gas	chromatography	was	used	to	separate,	detect,	and	quantify	FAs	

from	plasma	and	tissue.	To	perform	this	method,	the	FAs	must	first	be	made	volatile	as	

their	corresponding	methyl	esters.	First,	FAs	are	hydrolyzed	from	the	molecules	they	

are	bound	to,	like	glycerol	and	albumin,	extracted	as	free	FAs,	and	then	further	

converted	into	their	corresponding	methyl	esters.	The	method	used	for	extraction	and	
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methylation	of	FAs	in	paper	II	is	described	in	detail	in	a	paper	by	Wergedahl	et	al.	106.	

Gas	chromatography	is	a	method	used	to	separate	and	detect	volatile	components	in	a	

sample	that	can	be	vaporized	without	decomposition	and	the	mobile	phase	is	a	carrier	

gas,	usually	an	inert	gas	such	as	helium.	The	FAs	to	be	analyzed	interact	with	the	walls	of	

the	column	that	are	coated	with	a	stationary	phase	and	elute.	Elution	happens	at	

different	times,	known	as	the	retention	time	of	the	compound,	and	this	ultimately	

provides	the	different	concentrations	of	the	components	in	the	sample.		

	

6.5.2	LIQUID	CHROMATOGRAPHY–TANDEM	MASS	SPECTROMETRY		

In	paper	III,	the	more	advanced	method	liquid	chromatography–tandem	mass	

spectrometry	(LC-MS/MS)	was	used	for	LM-SPM	separation	and	identification.	LC-

MS/MS	is	an	analytical	method	that	combines	the	features	of	high-performance	liquid-

chromatography	(HPLC)	and	tandem-mass	spectrometry	(MS/MS)	to	identify	different	

substances	within	a	test	sample.	HPLC	is	functionally	the	same	as	gas-chromatography,	

but	now	the	mobile	phase	is	a	liquid.	For	identification	and	quantification	of	SPMs,	

samples	must	undergo	solid-phase	extraction	107,	separation	in	the	HPLC	column,	and	

analysis	of	the	spectral	profile	in	the	Photometric	Diode	Array	(PDA)	detector	before	

combining	the	results	with	MS/MS	data	for	further	classification.	MS/MS	has	superior	

selectivity	for	many	analytes	since	it	recognizes	them	by	at	least	two	physical	

properties,	charge	and	mass,	that	gives	a	very	high	standard	of	sensitivity	and	specificity	

107.	The	mass-to-charge	ratio,	or	m/z-value,	gives	rise	to	a	mass	spectrum.	Identification	

of	the	molecular	mass	as	well	as	the	fragmentation	pattern	of	individual	SPMs	is	

possible	based	on	this	spectrum.	For	SPMs	the	multiple	reaction	monitoring	(MRM)	

technique	is	used.	This	method	allows	the	identification	of	individual	isomers	of	SPMs	

having	the	same	molecular	weight.	Further	analyses	of	the	mass	spectrum	and	

fragmentation	patterns	permit	identification	of	the	SPMs	with	high	confidence.		

	

6.6	STATISTICS	

	

When	planning	a	study,	statistics	play	an	important	role	in	study	design,	collecting,	

analyzing,	interpreting	data,	and	drawing	conclusions.	Generally,	statistical	results	

should	be	evaluated	with	great	care,	and	interpreted	in	the	biological	setting	they	are	

produced	from.	A	p-value	of	0.1	could	reflect	important	pathogenic	processes,	whereas	a	

significant	p-value	of	0.01	could	reflect	a	type	I	error.	In	paper	I,	the	only	animal	study	in	

this	thesis,	we	used	non-parametrical	statistics	(Mann-Whitney	U	and	Kruskal-Wallis)	to	
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assess	significance	due	to	small	sample	sizes.	While	in	animal	research	we	tend	to	

operate	with	small	numbers	of	animals	due	to	ethical	and	practical	reasons,	they	have	

indeed	less	inter-individual	variation	than	human	subjects	do.		

	

In	paper	II	and	III,	statistics	were	performed	on	human	samples	with	greater	variation.	

In	paper	II,	we	assessed	the	normality	of	each	variable	analyzed,	transformed	when	

appropriate,	and	performed	the	statistical	tests	accordingly.	In	paper	III,	however,	we	

changed	our	strategy	to	assume	that	the	true	distribution	is	close	enough	to	normality	to	

perform	only	parametrical	statistics	(Students	t-test	and	ANOVA).	All	of	these	

approaches	when	analyzing	data	can	be	justified	using	statistical	arguments.	For	

instance,	if	we	assume	that	the	true	population	is	normally	distributed	(or	close	to	

normal),	then	we	can	make	the	parametric	assumptions	about	the	sampling	distribution,	

regardless	of	sample	size.	In	fact,	when	the	population	is	normal,	even	an	n	of	1	will	

produce	a	normal	distribution	since	you	are	just	reproducing	the	original	distribution.		

	

Common	for	all	three	studies	is	that	a	considerable	number	of	statistical	tests	were	

performed	without	correction	for	multiple	testing,	as	this	would	make	studies	like	this	

difficult	to	perform	because	of	the	need	of	a	very	large	sample	size.	To	reduce	the	

amount	of	tests	performed,	we	analyzed	only	a	priori	hypotheses	and	post	hoc	tests	

were	only	performed	if	the	one-way	analysis	of	variance	(ANOVA)	revealed	significant	

differences.	In	paper	II	and	III,	this	was	especially	important	as	we	examined	several	

variables	in	smaller	cohorts	of	patients.	Multiple	comparisons	are	a	relevant	concern	in	

exploratory	studies	like	these	(type	I	errors).	However,	correction	for	multiple	

comparisons	(e.g.	Bonferoni	correction)	will	make	it	unlikely	to	observe	any	significant	

data.	Even	though	we	tried	to	reduce	the	number	of	tests	performed,	the	issues	with	

multiple	testing	remain.	Therefore,	we	have	interpreted	our	findings	with	great	care,	

underlining	the	hypothesis-generating	nature	of	these	studies.	Last,	a	study	design	like	

the	one	used	in	paper	II	and	II	is	highly	valuable	for	testing	and	proving	biological	

concepts	and	essential	for	creating	hypotheses	to	test	in	larger	groups	of	patients.		

	

6.7	ETHICS	

	

All	animal	experiments	in	paper	I	were	approved	by	The	Norwegian	Animal	Research	

Authority	and	performed	in	accordance	with	institutional	guidelines	and	The	Guide	for	

the	Care	and	Use	of	Laboratory	Animals	(NRC	2011,	National	Academic	Press,	USA)	108.	In	
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paper	II	and	III	informed	written	consent	for	participation	was	received	from	all	

individuals	and	both	studies	were	approved	by	The	regional	committee	for	medical	and	

health	research	ethics	in	the	South-Eastern	Norway	Regional	Health	Authority	(Helse	

Sør-Øst)	and	conducted	according	to	the	Declaration	of	Helsinki.	

	

	 	



	 40	

7.	SUMMARY	OF	RESULTS	

	

7.1	PAPER	I	

Krill	oil	attenuates	left	ventricular	dilatation	after	myocardial	infarction	in	rats	

	

In	this	study,	we	investigated	the	effects	of	krill	oil	on	cardiac	remodeling	and	function	

after	induction	of	MI	in	rats.		

	

Our	main	findings	were:		

• Rats	with	krill	oil	in	the	feed	had	a	significantly	higher	proportion	of	omega-3	FA	in	the	

LV	tissue.	

• Rats	eating	krill	oil	before	and	after	MI	induction	had	significantly	less	LV	dilatation,	

heart	weight,	and	lung	weight	compared	with	rats	eating	krill	oil	from	day	7	after	MI,	ie.	

without	pre-treatment,	and	rats	not	fed	with	krill	oil	at	all.		

• These	beneficial	effects	on	LV	morphology	and	HF	signs	were	mirrored	by	significantly	

decreased	LV	levels	of	mRNAs	encoding	classical	markers	of	LV	stress	(ANP),	ECM	

remodeling	(TIMP-1	and	TGF-β),	and	inflammation	(IL-1β	and	IL-6).	

	

Conclusion:	Our	data	demonstrate	that	supplementation	with	krill	oil	leads	to	a	

proportional	increase	of	n-3	PUFAs	in	myocardial	tissue	and	that	pre-treatment	with	

krill	oil	attenuates	LV	remodeling	after	MI.	
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7.2	PAPER	II	

Altered	levels	of		fatty	acids	and	inflammatory	and	metabolic	mediators	in	

epicardial	adipose	tissue	in	patients	with	systolic	heart	failure.		

	

In	this	explorative	study,	we	investigated	if	the	FA	profile	and	presence	of	relevant	

mediators	were	altered	in	EAT	and	SAT	in	patients	with	HFrEF.		

	

We	observed	some	significant	and	possible	biologically	relevant	differences:	

• SAT	and	EAT	levels	of	monounsaturated	FA	(MUFA),	especially	palmitoleic	acid,	were	

increased	in	HFrEF	patients.	

• DHA	levels	were	decreased	in	EAT	in	HFrEF	patients.	

• In	EAT	of	HFrEF	patients,	mRNA	expressions	of	IL-6,	adrenomedullin,	and	FABP-3	were	

higher	and	PPAR-α	lower	as	compared	with	expression	in	EAT	in	controls.	In	addition,	

mRNA	expression	levels	of	visfatin	and	adiponectin	were	exclusively	higher	in	SAT.		

	

Conclusion:	While	our	data	demonstrate	that	EAT	and	SAT	display	more	molecular	

similarities	than	differences	in	HFrEF,	depot-specific	differences	of	possible	importance	

were	demonstrated.	To	further	elucidate	the	importance	of	EAT,	future	studies	should	

include	a	broader	survey	on	putative	molecular	agents	(proteomics)	and	mechanistical	

investigations.	In	particular,	adipose	tissue	cell-specific	interactions	with	cardiac	cells	

would	provide	valuable	knowledge.			
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7.3	PAPER	III	

Early	increase	of	specialized	pro-resolving	lipid	mediators	in	patients	with	ST-

elevation	myocardial	infarction	

	

In	this	observational	study,	we	aimed	to	profile	plasma	levels	of	omega-3	derived	SPMs	

in	STEMI	patients	and	controls	during	the	first	week	following	MI.		

	

Our	main	findings	were:		

• At	baseline	STEMI	patients	had	markedly	increased	levels	of	SPMs	as	compared	with	

controls	(healthy	volunteers	and	stable	CAD	patients)	and	declining	levels	during	

follow-up.		

• In	contrast,	STEMI	and	CAD	patients	had	lower	levels	of	pro-inflammatory	LM	that	

persisted	throughout	the	observation	period.	This	decrease	was	probably	a	reflection	of	

a	decrease	in	aspirin-regulated	LM.		

• The	dynamics	of	SPMs	were	primarily	reflected	by	n-3	DPA-	and	DHA-derived	PDs,	

mainly	driven	by	PD1,	10s,17s-diHDA	(PDX),	PD2n-3DPA,	and	10s,17s-diHDPA.		

• In	contrast	to	the	rapid	increase	in	most	SPMs,	we	found	that	biosynthesis	of	the	5-LOX	

SPMs	increased	later	in	the	observation	period,	indicating	a	delayed	5-LOX-dependent	

shift	from	biosynthesis	of	pro-inflammatory	leukotrienes	to	SPMs	in	these	patients.	

	

Conclusion.	Omega-3-derived	SPMs	play	a	role	in	acute	MI	inflammation	and	the	rise	

and	fall	of	SPMs	are	potential	targets	for	modulation	and	may	improve	outcome	in	MI.		
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8.	GENERAL	DISCUSSION	

	

Overweight	and	obesity	are	connected	to	CVD	risk	and	prognosis.	Adipose	tissue	

accumulation,	systemic	inflammation,	and	local	myocardial	and	vascular	processes	may	

lead	to	adipose	tissue	remodeling	and	vice	versa.	This	thesis	focused	on	the	regulation	

and	effects	of	adipose	tissue	and	its	functional	mediators	in	relation	to	CVD.	Thus,	the	

three	studies	incorporated	in	the	present	thesis	were	conducted	to	elucidate	the	

interplay	between	fat,	FAs,	inflammation,	and	heart	disease.	The	main	focus	of	the	thesis	

was	FAs	and	adipokines	in	MI	and	remodeling,	with	special	emphasize	on	the	

inflammatory	perspective.	Of	particular	interest	has	been	the	effects	and	modulation	of	

omega-3	FAs.	Collectively,	the	results	presented	in	this	thesis	support	the	hypothesis	

that	adipose	tissue	and	FAs	play	a	pleiotropic	role	in	heart	disease,	with	both	pro-	and	

anti-inflammatory	properties	that	come	into	play	depending	on	the	metabolic	and	

inflammatory	context.	Whereas	the	controversy	of	the	effects	of	omega-3	FAs	will	be	

discussed	below,	our	results	indicate	that	omega-3	FAs	have	beneficial	effects	and	that	

omega-3	FA-derived	SPMs	are	modulated	during	MI	and	remodeling.	Therefore,	they	

demonstrate	potential	as	targets	for	modulation	of	the	active	immune	response	during	

MI.		

	

8.1	ADIPOSE	TISSUE	IN	CARDIOVASCULAR	DISEASE	

	

8.1.1	OVERWEIGHT	AS	RISK	FACTOR	–	CHALLENGING	THE	OBESITY	PARADOX	

While	the	effect	of	obesity	on	heart	disease	seems	to	be	unfavorable,	the	effect	of	

overweight	still	remains	a	highly	controversial	issue.	As	previously	mentioned,	obesity	

and	CVD	have	a	strong	association	and	because	the	subsequent	adipose	tissue	

remodeling	seems	to	affect	the	heart,	some	discussion	on	this	topic	is	warranted	in	this	

thesis.	Whereas	the	study	in	paper	II	was	not	designed	to	assess	the	effect	of	obesity	on	

remodeling	in	HFrEF,	several	of	both	the	controls	and	HFrEF	patients	included	were	

overweight	with	a	BMI	between	25	and	30	kg/m2	and	the	observed	levels	of	adipose	

tissue	mediators	could	of	course	be	reflected	by	this	fact.	Whereas	the	relative	incidence	

of	MI	has	decreased	with	24%	since	2000	and	the	associated	CVD	mortality	rates	have	

continued	to	decline	over	the	last	40	years,	the	prevalence	of	obesity	and	overweight	

has	risen	substantially	in	the	past	three	decades	109-111.	Despite	the	known	deleterious	

effects	on	the	cardiovascular	system	and	association	with	numerous	CVDs,	some	studies	
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questions	the	effects	of	overweight	and	obesity	on	health	outcomes	with	the	

development	of	concepts	such	as	metabolically	healthy	obesity,	‘the	obesity	paradox’,	

and	protective	adipose	tissue	depots	112.		

	

Whereas	obesity	definitely	leads	to	an	increased	risk	of	mortality	on	a	population	level	

113,	studies	also	have	demonstrated	lower	mortality	in	individuals	who	are	overweight,	

an	observation	defined	as	´the	obesity	paradox´.	This	observation	definitely	raises	some	

questions	about	the	complexity	of	adipose	tissue	properties	and	its	influence	on	heart	

disease	114,	115.	 However,	whether	it	may	come	at	the	cost	of	greater	burden	of	CVD	is	

unknown.	There	can	be	many	reasons	for	this	observed	complexity.	A	recent	study	

suggested	a	stronger	association	between	BMI	and	CVD	mortality	when	early	life	BMI	

was	used	as	an	instrument	for	midlife	BMI,	possibly	due	to	less	influence	of	confounding	

factors	116.	Moreover,	´the	obesity	paradox´	was	recently	challenged	by	a	large	study	in	

Journal	of	American	Medical	Association	with	the	observation	that	the	likelihood	of	

having	a	stroke,	heart	attack,	heart	failure,	or	cardiovascular	death	in	overweight	(BMI	

25-30	kg/m2)	middle-aged	men	was	21	%	higher	than	in	normal	weight	men	117.	These	

results	provide	a	critical	perspective	on	CVD	associated	with	overweight	and	challenge	

both	´the	obesity	paradox´	as	well	as	the	view	that	overweight	is	associated	with	greater	

longevity.	The	complexity	of	adipose	tissue	properties	and	effects	on	metabolic	

components	associated	with	CVD,	including	blood	pressure,	glucose	tolerance,	and	

blood	lipids,	may	be	the	reasons	for	these	conflicting	observations	118.	Whereas	most	of	

the	increased	risk	associated	with	obesity	may	be	attributed	to	the	effect	of	these	factors	

119,	previous	results	concerning	direct	effects	of	obesity	and	MI	risk	are	conflicting	120-122.	

Moreover,	while	previous	reports	demonstrate	that	obesity	also	is	an	independent	risk	

factor	for	HF,	increased	BMI	in	patients	with	established	disease	is	associated	with	

decreased	mortality	123,	124.		Whereas	it	is	not	unlikely	that	both	come	into	play,	whether	

increased	BMI	is	a	symptom	of	less	serious	disease	or	if	adipose	tissue	remodeling	in	

these	patients	contributes	to	the	progress	of	HF	remains	to	be	fully	elucidated.	

Furthermore,	differentiation	between	metabolically	healthy	and	unhealthy	obesity	may	

be	important	for	clinical	management,	and	results	from	the	Norwegian	HUNT	study	125	

showed	that	in	relation	to	MI,	obesity	without	metabolic	abnormalities	did	not	confer	

substantial	excess	risk,	not	even	for	severe	or	long-lasting	obesity.	However,	for	HF	even	

metabolically	healthy	obesity	was	associated	with	increased	risk,	particularly	for	long-

lasting	or	severe	obesity	125.		
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Another	issue	is	that	the	anthropometric	index	mostly	used	to	define	obesity,	BMI,	is	

very	limited	with	both	regards	to	the	lack	of	ability	to	discriminate	between	various	fat	

depots	and	the	distribution	of	fat	vs.	muscle	mass.	In	fact,	results	from	a	study	by	

Pischon	et	al.	suggest	that	both	general	adiposity	and	abdominal	adiposity	are	

associated	with	the	risk	of	death	and	support	the	use	of	waist	circumference	or	waist-to-

hip	ratio	in	addition	to	BMI	in	assessing	the	risk	of	death	84.	

	

8.1.2	ENDOCRINE	PROPERTIES	OF	ADIPOSE	TISSUE	–	FRIEND	AND	FOE?	

Adipose	tissue	has	a	great	ability	to	secrete	hormones	and	may	represent	the	largest	

endocrine	tissue	in	humans.	Its	pleiotropic	nature	is	based	on	the	ability	of	fat	cells	to	

secrete	neurohormonal	factors	126.	In	our	study	in	paper	II,	we	evaluated	the	production	

of	FAs	and	mediators	relevant	in	cardiac	remodeling	pathways	in	adipose	tissue	of	

HFrEF	patients	and	controls.	When	assessing	the	overall	observations	in	both	adipose	

tissue	compartments	together	in	relation	to	HFrEF,	we	found	that	adipose	tissue	

generally	have	endocrine	properties	with	production	of	adipocytokines,	and	FAs	with	

relevance	to	HFrEF.	Moreover,	we	found	increased	levels	of	both	detrimental	and	

beneficial	mediators,	results	raising	the	question:	Is	adipose	a	friend	or	foe	in	HFrEF?	

	

As	an	endocrine	organ,	adipose	tissue	is	responsible	for	the	synthesis	and	secretion	of	

FAs	and	hormones	with	activity	in	a	wide	range	of	processes,	like	insulin	sensitivity	and	

inflammation	126.	While	under	normal	physiological	conditions,	adipocytes	and	adipose	

stromal	cells	release	anti-inflammatory	factors	like	adiponectin,	considerable	data	

supports	the	notion	that	visceral	adipose	tissue	dysfunction	and	inflammation	have	

independent	adverse	effects	on	hemodynamics	and	myocardial	structure	112.	When	we	

compared	the	overall	levels	of	measured	mediators	in	both	adipose	tissues	in	our	study,	

we	found	similar	properties	in	HFrEF	compared	with	controls	with	some	exceptions.	As	

mentioned,	most	of	the	participants	in	both	groups	were	not	obese	(mean	BMI	in	HF	

patients	25.9	±	4.3	kg/m2	and	in	controls	27.6	±	5.6	kg/m2),	and	it	may	be	that	the	

observed	lack	of	differences	may	be	related	to	this.	In	fact,	obesity	may	be	a	prerequisite	

for	the	adipose	tissue	remodeling	observed	in	other	studies	as	it	has	also	been	shown	

that	secretion	of	e.g.	pro-inflammatory	substances	from	adipose	tissue	is	triggered	when	

individual	adipocytes	reach	a	critical	size,	which	again	is	related	to	obesity	127.	Despite	

the	similarities,	we	found	some	overall	differences	in	adipose	tissue	mRNA	levels.	First,	

IL-6	(discussed	below)	and	visfatin	levels	were	higher	in	HFrEF	patients.	Visfatin	or	

nicotinamide	phosphoribosyl	transferase	(NAMPT)	has	previously	been	shown	highly	

prevalent	in	adipose	tissue	and	is	principally	produced	by	adipocytes	and	macrophages.	
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On	the	one	hand,	extrinsic	NAMPT	functions	are	tied	to	inflammation	with	potentially	

detrimental	effects	on	the	myocardium	126.	On	the	other	hand,	intrinsic	NAMPT	possess	

enzymatic	activity	being	a	major	salvage	pathway	in	nicotinamide	adenine	dinucleotide	

(NAD)+	generation	with	potential	beneficial	effects	on	myocardial	remodeling	128.	

Second,	we	also	found	regulation	of	adiponectin	(higher)	and	adrenomedullin	(higher;	

natriuretic	and	vasodilatation	properties)	in	HFrEF,	implicating	compensatory	or	

protective	properties	in	adipose	tissue.	Especially	adiponectin,	an	adipose	tissue	specific	

protein,	is	a	highly	sensitive	serum	marker	(lower	levels)	for	future	cardiovascular	

event.	Although	the	mechanisms	for	this	association	remains	to	be	elucidated,	

adiponectin	may	mediate	some	of	the	demonstrated	cardioprotective	effects	of	adipose	

tissue	through	its	anti-inflammatory	properties	11.		

	

In	addition	to	the	observed	differences	in	adipokine	levels,	in	both	adipose	tissue	depots	

there	were	higher	levels	of	MUFA	in	HFrEF,	primarily	reflected	by	palmitoleic	acid	

(POA)	and	oleic	acid	(OA)	levels.	The	observations	on	MUFA	and	POA	are	of	particular	

interest,	as	Oie	et	al.	previously	demonstrated	the	same	pattern	in	the	circulation	of	HF	

patients	129	and	because	there	is	some	evidence	that	MUFA	may	have	some	beneficial	

effects	on	CVD	130.	Especially,	the	MUFA	POA	has	been	demonstrated	to	influence	insulin	

sensitivity	in	an	experimental	model	and	has	been	introduced	as	a	lipokine,	a	lipid	

hormone	connecting	adipose	tissue	to	systemic	metabolism	97.		Thus,	enhanced	levels	of	

MUFA,	and	especially	POA,	in	adipose	tissue	may	contribute	to	higher	plasma	levels.	In	

fact,	POA	may	also	be	linked	to	physiological	hypertrophic	growth	of	cardiac	cells	in	an	

experimental	setting	131.	

	

Taken	together,	adipose	tissue	may	serve	as	both	friend	and	foe,	perhaps	depending	on	

the	study	context	and	the	degree	of	adipose	tissue	remodeling,	a	consequence	of	factors	

like	obesity	and	systemic	inflammation.	Moreover,	the	key	to	understanding	adipose	

tissue	may	be	found	studying	the	cellular	subsets	and	their	subsequent	mediator	

production	in	differentiated	forms	of	obesity,	like	metabolically	healthy	and	unhealthy	

obesity.		

	

8.1.3	ARE	ADIPOSE	TISSUE	COMPARTMENTS	DIFFERENT	IN	HEART	FAILURE?	

Several	studies	have	evidenced	that	adipose	tissue	is	not	uniform,	much	like	the	

differences	between	muscle	tissue	compartments,	with	functional	properties	depending	

on	the	location	in	the	body.	Of	the	overall	observed	differences	of	FAs	and	inflammatory	

and	CVD	mediators	found	in	adipose	tissue	of	HFrEF	patients	mentioned	earlier,	IL-6	
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and	adrenomedulin	were	exclusively	higher	in	EAT	and	adiponectin	and	NAMPT	

exclusively	higher	in	SAT,	indicating	some	depot-specific	differences.	

		

The	various	fat	depots	differ	in	capacity	to	secrete	adipokines,	as	well	as	cellular	

phenotypes	and	composition,	and	a	growing	body	of	literature	demonstrates	that	

altered	body	fat	distribution	is	what	leads	to	the	increased	risk	of	CVD	observed	in	

overweight	individuals	11.	As	mentioned,	EAT	is	a	unique	fat	compartment	with	VAT-like	

properties	88	and	over	the	last	years,	special	attention	has	been	drawn	to	EAT	because	it	

has	several	local	effects	on	the	myocardium	through	para-	or	vasocrine	actions	132.	SAT,	

on	the	other	hand,	is	not	related	to	many	of	the	classic	obesity-related	pathologies,	such	

as	heart	disease,	cancer,	and	stroke,	and	some	evidence	even	suggests	it	might	be	

protective	133.	While	the	expression	of	mRNA	of	adiponectin	and	NAMPT	were	higher	

exclusively	in	SAT,	neither	adipokines	had	corresponding	increase	in	circulating	levels.	

Whether	this	reflects	that	the	increase	in	mRNA	levels	is	not	translated	into	higher	

protein	levels	or	that	the	protein	is	not	systemically	released,	will	need	to	be	further	

investigated.	Whereas	increased	IL-6	mRNA	levels	in	EAT	were	reflected	by	increased	

circulating	levels,	adrenomedullin	levels	were	not,	but	both	peptides	could	potentially	

affect	the	myocardium	in	a	vaso-	and/or	paracrine	manner.	Last,	although	the	change	in	

MUFA	levels	was	not	exclusively	seen	in	EAT,	the	higher	levels	found	in	EAT	in	patients	

with	HFrEF	may	be	of	importance.	Physiologically,	EAT	plays	a	substantial	role	in	energy	

supply	of	free	FAs	to	the	myocardium	and	should	be	considered	a	provider	of	energy	

during	periods	of	high-energy	demand	132,	134.	On	the	other	hand,	EAT	may	also	protect	

the	myocardium	from	the	toxic	effects	of	FAs	due	to	its	capacity	for	fast	utilization	and	

thereby	prevention	of	accumulation	of	lipids	132,	135.	Taken	together,	EAT	may	serve	as	a	

buffering	pool	in	myocardial	energy	homeostasis.	

	

While	additional	studies	are	required	to	increase	mechanistic	insight,	we	can	

hypothesize	that	EAT	is	a	fat	depot	that	may	affect	CVD.	Whereas	our	study	did	not	

display	many	differences	in	expression	of	important	FAs	and	inflammatory	and	

metabolic	mediators	between	SAT	and	EAT	in	HFrEF	patients,	others	have	shown	this	in	

e.g.	CAD	with	borderline	obese	individuals	136,	137.	One	possible	explanation	for	this	may	

be	that	most	of	our	patients	were	not	obese.	Several	of	the	patients,	however,	were	

overweight	and	in	fact,	this	overweight	may	have	been	protective	and	maybe	obesity-

related	adipose	tissue	remodeling	is	a	prerequisite	for	EAT	being	detrimental.		
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8.1.4	EPICARDIAL	ADIPOSE	TISSUE	–	A	CONTRIBUTOR	OR	RECEIVER	OF	INFLAMMATION?	

Mounting	evidence	highlights	the	role	of	adipose	tissue	in	the	development	of	a	systemic	

inflammatory	state	that	contributes	to	cardiovascular	risk	138.	As	previously	stated,	in	

paper	II	we	observed	a	2-fold	higher	EAT	level	of	IL-6	mRNA	in	patients	with	HFrEF,	

indicating	a	depot-specific	regulation.	Considering	the	similar	BMI	and	metabolic	state	

between	patients	and	controls	in	our	study,	the	difference	in	IL-6	expression	in	EAT	may	

in	fact	be	attributable	to	HFrEF.	Circulating	inflammatory	mediators	participate	in	

cardiovascular	pathogenesis	and	many	are	secreted	directly	from	adipocytes	and	

adipose	tissue	macrophages.	In	humans,	approximately	30%	of	the	circulating	IL-6	

originates	from	adipose	tissue	and	concentrations	increase	with	obesity	139.	Moreover,	

IL-6	has	potent	effects	on	the	myocardium	and	serves	as	a	secondary	downstream	

mediator	with	ties	to	both	atherosclerotic	plaque	development,	ischemia-reperfusion	

injury,	and	HF	140.		

	

While	adipose	tissue	may	promote	systemic	inflammation,	systemic	inflammation	may	

also	promote	remodeling	of	adipose	tissue.	Obesity	promotes	systemic	inflammation,	

and	as	with	other	primary	inflammatory	diseases	like	rheumatoid	arthritis,	the	chronic	

inflammatory	state	is	accompanied	by	a	significant	accumulation	of	EAT	141,	142.	It	is	

likely	that	systemic	inflammation	can	drive	adipogenesis,	presumably	an	adaptive	

mechanism	that	prevents	the	deposition	of	FA	in	cells	other	than	adipocytes	138.	Taken	

together,	it	seems	as	a	positive	feedback	loop	is	created	when	accumulated	and	

remodeled	EAT	release	pro-inflammatory	adipocytokines	which	again	contribute	to	

systemic	inflammation.	Thus,	it	seems	like	the	biology	of	EAT	is	affected	by	systemic	

inflammation,	like	in	the	case	of	CAD	and	HF,	promoting	the	expression	of	the	pro-

inflammatory	adipose	phenotype	138,	143-145.	It	is	therefore	noteworthy	that	in	chronic	

inflammatory	states,	the	accumulation	of	EAT	is	closely	associated	with	CAD	

independently	of	obesity.	Thus,	while	EAT	may	be	partly	responsible	for	the	

consequences	obesity	have	on	CAD,	it	may	also	be	a	transducer	mediating	systemic	

inflammation	on	adjacent	tissues,	independently	of	obesity.		

	

It	seems	that	an	unbalanced	production	of	pro-	and	anti-inflammatory	adipocytokines	in	

HFrEF	may	contribute	to	the	HF	pathogenesis	and	our	observations	suggest	that	HFrEF	

is	associated	with	higher	levels	of	pro-inflammatory	mediators	in	adipose	tissue	in	the	

absence	of	obesity.	The	targeted	suppression	of	various	pro-inflammatory	cascades	in	

adipocytes	specifically	represents	an	exciting	new	therapeutic	opportunity	for	the	

cardiovascular	disease	area.	
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8.1.5	CAN	EPICARDIAL	ADIPOSE	TISSUE	ACCUMULATION	AND	DYSFUNCTION	BE	TREATED?	

In	the	clinical	setting,	EAT	can	easily	be	detected	and	measured	by	imaging	techniques	

with	e.g.	CT	146.	While	most	of	the	studies	done	on	EAT	are	imaging	studies	that	have	

been	performed	by	assessing	EAT	volume	and	association	with	various	CVD	outcomes	90,	

132,	not	many	studies	have	examined	the	relationship	between	EAT	and	HF.	However,	

Woerden	et	al.	found	that	HF	patients	have	more	epicardial	fat	compared	with	controls,	

despite	similar	BMI,	and	volume	is	associated	with	biomarkers	related	to	myocardial	

injury	147.	If	the	accumulation	and	dysfunction	of	EAT	are	important	in	the	pathogenesis	

of	CVD,	therapeutic	interventions	that	target	EAT	may	yield	benefits.	Treatment	options	

for	modifying	EAT	including	lifestyle	changes,	bariatric	surgery	and	drugs,	and	

reduction	of	weight	in	obese	patients	are	also	associated	with	a	decrease	in	EAT	volume	

148-150.	Moreover,	this	decrease	is	independent	of	the	method	used	for	weight	reduction.	

Statins	and	anti-diabetic	drugs	have	also	been	shown	to	reduce	EAT	volume,	but	this	

remains	controversial	as	it	is	uncertain	if	the	effect	is	independent	of	weight	loss	132.	

Moreover,	it	has	been	hypothesized	that	the	effects	of	statins	beyond	that	on	blood	

cholesterol	and	lipoproteins	may	be	connected	to	a	reduction	in	epicardial	and	

perivascular	adipose	tissue	inflammation	138.	However,	it	remains	to	be	elucidated	if	

these	effects	are	indirect	effects	through	reduction	of	systemic	inflammation	or	more	

direct	due	to	reduced	EAT	inflammation	as	a	consequence	of	reduced	EAT	volume	or	

remodeling.		

	

8.2	OMEGA-3	FATTY	ACIDS	

	

8.2.1	OMEGA-3	FATTY	ACID	SUPPLEMENTATION	–	A	FALLEN	STAR?	

In	paper	I,	we	investigated	the	effects	of	omega-3	FA	supplement	on	myocardial	

remodeling	and	we	demonstrated	that,	in	an	experimental	setting,	treatment	with	

omega-3	FAs	had	effects	on	LV	remodeling	after	MI.	While	ours	and	many	other	

experimental	studies	on	MI	and	LV	remodeling	have	shown	effects	of	omega-3	FA	

supplements	94,	104,	105,	151,	the	clinical	effects	in	humans	have	become	increasingly	

controversial	over	the	latest	years	152,	153.	Although	earlier	human	intervention	trials	

reported	favorable	effects	of	supplementation	with	omega-3	FAs	on	CVD	outcomes,	

newer	studies	have	been	disappointing	7,	8,	94,	154,	155.	In	the	randomized,	placebo-

controlled	OMEGA	trial	they	showed	no	differences	on	CVD	end	points	after	treatment	

with	omega-3	FAs.	However,	in	that	study,	the	omega-3	FA	supplement	was	added	in	

addition	to	guideline-adjusted	therapy	that	was	considerably	improved	compared	with	
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older	studies	156.	The	consequence	was	that	the	study	lacked	statistical	power	to	detect	

beneficial	effects	due	to	low	event	rates.	Similar	observations	may	explain	at	least	some	

of	the	disappointing	results	also	from	other	studies	over	the	latest	years.	Furthermore,	a	

recent	Cochrane	review	has	challenged	the	belief	that	increased	consumption	of	omega-

3	FAs	reduces	the	risk	of	heart	disease,	stroke,	and	death	157.	The	review	found	that	

omega-3	FA	supplement,	including	both	plant-	and	marine-derived),	has	little	or	no	

effect	on	the	CVD	risk.	Moreover,	they	also	found	that	taking	more	EPA	and	DHA,	

primarily	through	supplements,	also	probably	makes	little	or	no	difference	on	risk	of	

cardiovascular	events.	Of	note,	EPA	and	DHA	probably	did	reduce	triglycerides	and	HDL,	

and	while	reducing	triglycerides	is	likely	to	be	protective	on	heart	diseases,	reducing	

HDL	has	the	opposite	effect.	Whereas	epidemiological	studies	previously	have	

supported	the	relationship	between	high	omega-3	FA	intake	by	eating	fish	and	lower	

CVD	rates,	these	associations	could	be	biased	by	including	patients	with	other	CVD-

reducing	characteristics	that	also	choose	to	eat	fish.	In	many	societies,	eating	fish	is	

associated	with	better	social	status	and	health,	thus	eating	fish	is	highly	confounded	by	

socioeconomic	status	and	other	markers	of	healthy	lifestyle	158.	Despite	the	strengths	of	

the	Cochrane	review,	the	evaluation	of	the	available	data	has	some	limitations.	First,	it	

has	not	been	able	to	correct	for	the	increased	intake	of	omega-3	FAs	over	the	past	20	

years	because	of	change	in	food	production,	and	secondly,	most	of	the	trials	reviewed	

were	in	patients	with	pre-existing	CVD,	hence	secondary	prevention.	In	contrast	to	the	

conclusions	made	by	the	authors	of	the	Cochrane	review,	it	could	be	argued	that	further	

studies	are	necessary	to	evaluate	omega-3	FA	supplement	in	the	context	of	current	

standards	of	clinical	care	in	sufficiently	large	population	and	at	higher	doses.	The	

recently	published	REDUCE-IT	trial	159,	investigated	the	impact	of	4	g	EPA/day	on	

cardiovascular	outcomes	in	patients	with	high	CVD	risk.	The	results	demonstrated	

reduced	risk	of	ischemic	events,	including	cardiovascular	death,	among	those	who	

received	EPA	compared	with	placebo.	The	patients	were	enrolled	mostly	on	the	basis	of	

secondary	prevention	(71%),	and	almost	60%	had	diabetes.	At	baseline,	low-density	

lipoprotein	(LDL)	cholesterol	levels	were	well	controlled	among	the	patients	(median	

value	1.94	mmol/L)	and	triglyceride	levels	were	slightly	elevated	(median	value	2.44	

mmol/L).	After	a	median	follow-up	of	4.9	years,	the	primary	efficacy	end	point	(a	

composite	of	cardiovascular	death,	nonfatal	myocardial	infarction,	nonfatal	stroke,	

coronary	revascularization,	or	unstable	angina	in	a	time-to-event	analysis)	was	reported	

in	22.0%	of	the	patients	in	the	placebo	group	and	in	17.2%	of	the	patients	in	the	

icosapent	ethyl	group	—	an	impressive	25%	lower	risk	in	the	EPA	group.	In	light	of	the	

recent	Cochrane	review,	these	results	were	surprising.	Arguments	over	whether	there	is	
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something	unique	about	EPA	or	the	high	dose	used	can	be	postponed	until	after	the	

results	of	the	STRENGTH	(Statin	Residual	Risk	Reduction	With	Epanova	in	High	

Cardiovascular	Risk	Patients	with	Hypertriglyceridemia)	trial,	another	omega-3	FA,	and	

other	ongoing	fish-oil	studies	become	available.	

	

8.2.2	PRIMARY	VS.	SECONDARY	PREVENTION	WITH	OMEGA-3	FATTY	ACIDS	

Notably,	the	observed	effects	in	paper	I	were	dependent	on	pretreatment	with	omega-3	

FAs	by	use	of	krill	oil.	As	the	rats	were	healthy	before	induction	of	MI,	this	mimics	a	

primary	prevention	setting.	Since	introduction	of	supplement	7	days	after	induction	of	

MI	did	not	demonstrate	the	same	effect,	it	seems	evident	that	the	main	benefit	from	

omega-3	FAs	on	LV	remodeling	in	our	study	was	related	to	events	during	the	acute	

phases	of	remodeling	after	MI.	Although	the	Cochrane	review	found	no	evidence	of	

differential	effects	of	omega-3	FAs	on	mortality	or	cardiovascular	health	by	primary	or	

secondary	prevention,	very	few	primary	prevention	studies	was	included	157,	160.	In	

addition,	a	recent	study	in	Journal	of	American	Medical	Association	pooled	data	from	19	

cohort	studies	indicated	that	higher	concentrations	of	any	of	the	four	individual	omega-

3	FAs	(ALA,	EPA,	DPA	or	DHA)	were	associated	with	a	reduced	risk	of	fatal	CAD,	and	

perhaps	also	incident	CAD.	The	findings	suggest	a	role	for	omega-3	FAs	in	primary	

prevention	of	CVD.		

 

8.2.3	THE	QUESTION	OF	DOSE	AND	TYPE	

In	our	study,	the	amount	of	omega-3	in	the	feed	was	equivalent	to	1.67	g	EPA+DHA	per	

day	in	humans.	Although	the	ideal	daily	intake	of	omega-3	FAs	is	not	firmly	established,	

evidence	from	prospective	secondary	prevention	studies	suggest	that	a	total	intake	of	

EPA	and	DHA	ranging	from	0.5	to	1.8	g/day	significantly	reduces	the	number	of	deaths	

from	heart	disease	161.	Although	dose	recommendations	are	balanced	with	a	warning	

about	potential	excessive	bleeding	in	those	taking	doses	of	>3-5	g	pr	day,	several	studies	

have	shown	that	doses	as	high	as	3-4	g	daily	is	beneficial	for	lipid	levels	155,	157.	

Moreover,	it	may	be	worth	noting	that	in	the	study	by	Jelis	et	al,	where	CVD	outcomes	

were	improved	in	patients	receiving	both	statins	and	EPA,	the	EPA	dose	was	almost	2	

g/day	162.		However,	subgroup	analyses	in	the	previously	mentioned	Cochrane	review	

found	no	differential	effects	by	dose	on	any	outcomes	except	on	serum-triglycerides	157.	

In	addition	to	the	question	about	dose,	it	is	also	not	firmly	established	which	source	of	

omega-3	that	gives	the	most	benefit,	EPA	and	DHA	(mainly	marine	sources)	or	ALA	

(plant	sources).	Last,	cardiovascular	effects	of	eating	more	oily	fish	may	differ	from	
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those	taking	a	fish	oil	supplement	because	fish	(not	fish	oil)	also	is	a	rich	source	of	other	

nutrients	including	selenium,	iodine,	zinc,	calcium,	and	protein,	and	fish	in	the	diet	may	

also	displace	a	variety	of	other	foods	including	sources	of	unfavorable	saturated	FAs	or	

transfats.		

	

8.2.4	DOES	THE	MOLECULAR	FORM	MAKE	A	DIFFERENCE?	

The	omega-3	FA	supplement	given	in	the	rat	feed	in	paper	I	was	in	the	form	of	krill	oil,	a	

marine	oil	containing	a	major	proportion	of	EPA	and	DHA	bound	to	phospholipids,	in	

contrast	to	more	traditional	fish	oils,	where	EPA	and	DHA	are	bound	to	triglycerides	100.	

Whereas	the	molecular	form	of	EPA+DHA	has	impact	on	efficiency	of	absorption	is	an	

issue	for	discussion,	this	difference	may	be	important	as	the	molecular	form	has	been	

suggested	relevant	for	their	biological	effects	163.	Our	study	was	not	designed	to	

compare	krill	oil	with	other	sources	of	EPA	and	DPA,	but	others	have	observed	

differences.	First,	there	may	be	a	difference	in	bioavailability	of	EPA+DHA	after	intake	of	

equivalent	doses	when	comparing	krill	oil	and	fish	oil	101,	and	second,	because	

phospholipids	are	components	in	cell	membranes,	the	phospholipid	form	may	facilitate	

better	transport	through	the	intestinal	wall	and	increase	bioavailability.	Third,	the	

overall	FA	composition	in	krill	oil	is	somewhat	different	from	FA	composition	in	fish	oils,	

with	a	higher	EPA	content	100,	101	that	may	affect	downstream	signal	transduction	and	

production	of	mediators.	The	phospholipid	form	has	also	given	rise	to	the	hypothesis	

that	intake	of	krill	oil	will	ultimately	lead	to	a	higher	incorporation	in	cell	membranes,	

thereby	competing	with	AA	as	a	substrate	for	COX	and	LOX	enzyme	production,	with	

subsequently	increased	levels	of	SPMs	compared	with	pro-inflammatory	eicosanoids	26,	

101,	164,	165.		Last,	krill	oil	contains	other	substances	that	may	have	beneficial	health	effects.	

For	instance,	the	antioxidant	astaxanthin	and	the	conditional	essential	nutrient	choline	

are	abundant	in	krill	oil	and	may	have	effects	on	CVD	101,	166.	Calanus	oil	is	a	relatively	

“new”	marine	oil	that	is	also	rich	in	astaxanthin.	It	is	extracted	from	the	marine	copepod	

Calanus	finmarchicus	and	is	reported	to	reduce	fat	deposition,	suppress	adipose	tissue	

inflammation,	and	improve	insulin	sensitivity	in	high	fat-fed	rodents	167.	

	

8.2.5	OMEGA-3	FATTY	ACIDS	-	ARE	PRO-RESOLVING	LIPID	MEDIATORS	THE	MISSING	

LINK?	

Proposed	mechanisms	for	the	protective	role	of	omega-3	FAs	against	CVD	include	i)	

lowering	the	blood	pressure;	ii)	altering	the	lipid	profile,	especially	reduced	serum-

triglyceride	concentration;	iii)	improving	vascular	endothelial	function,	reducing	
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thrombotic	tendency,	and	increasing	plaque	stability;	iv)	membrane	stabilization	with	

anti-arrhythmic	effects;	and	v)	producing	anti-inflammatory	effects	155,	157.	Many	

hypotheses	exist	on	the	mechanistic	and	molecular	pathways	responsible	for	these	

effects	and	in	this	thesis	it	was	focused	on	the	anti-inflammatory	effects.	The	intake	of	

omega-3	FAs	in	the	diet	has	a	rapid	effect	on	the	composition	of	cellular	membranes	in	

all	tissues.	Given	the	fact	that	FAs	act	as	reservoirs	for	potent	biologically	active	

molecules	it	is	not	surprising	that	they	affect	many	tissues	and	their	functions	168.	

	

In	paper	I	we	found	a	higher	proportion	of	EPA,	DPA,	and	DHA,	and	lower	proportion	of	

AA	in	the	myocardial	tissue	of	krill	oil-treated	animals	as	compared	with	non-treated	

animals.	Furthermore,	in	paper	II,	we	found	lower	levels	of	DHA	in	the	adipose	tissue	of	

patients	with	HFrEF.	In	paper	III	we	looked	into	the	profile	of	SPMs	during	the	acute	

phase	after	MI	and	found	that	the	DHA-	and	DPA-derived	PDs	are	biosynthesized	during	

MI.	Taken	together,	these	studies	suggest	that	increased	incorporation	of	DHA,	and	

perhaps	also	EPA,	into	the	myocardium	and	cardiac	cell	membranes	may	be	beneficial	in	

MI	and	may	attenuate	development	of	HF.	Moreover,	it	is	likely	that	modulation	in	the	

biosynthesis	of	SPMs	and	their	subsequent	impact	on	inflammation	is	a	relevant	

mechanism	in	play.	Supporting	studies	have	shown	that	diet-induced	changes	in	the	

PUFA	composition	of	a	cell	membrane	have	an	impact	on	the	cell's	function,	partly	

because	these	FAs	represent	a	reservoir	of	molecules	that	perform	important	signaling	

or	communication	roles	within	and	between	cells.	In	particular,	dietary	omega-3	FAs	

compete	with	the	omega-6	family	of	PUFA	for	incorporation	into	all	cell	membranes,	and	

among	the	omega-6	FAs	AA	is	especially	important	168.	When	cells	are	activated	by	

external	stimuli,	AA	is	released	from	cell	membranes	and	transformed	into	LM-like	

thromboxane	(Tx),	PGs,	and	leukotrienes.	Interestingly,	dietary	omega-3	FAs	directly	

affect	AA	metabolism	because	they	displace	AA	from	membranes	and	compete	with	AA	

for	the	enzymes	that	catalyze	the	biosynthesis	of	Tx,	PG	and	LT	(COX	and	LOX-enzymes)	

producing	SPMs	instead	14,	169.		

	

Thus,	the	net	effect	of	consuming	omega-3	FA	is:	i)	a	diminished	potential	for	

inflammatory	cells	to	synthesize	AA–derived	pro-inflammatory	LM	and	a	diminished	

potential	for	platelets	to	produce	the	prothrombotic	agent	Tx,	and	ii)	an	increased	

potential	for	inflammatory	cells	to	synthesize	pro-resolving	LM,	thereby	promoting	

resolution.	However,	other	effects	on	inflammation	have	also	been	proposed.	First,	

enriching	cells	or	tissues	with	omega-3	FAs	also	modulates	the	expression	of	adhesion	

proteins	and	intracellular	signaling	pathways	associated	with	the	control	of	
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transcription	factors,	like	nuclear	factor	(NF)-κB,	and	gene	transcription	168.	Second,	the	

enrichment	of	monocyte	membranes	with	omega-3	FAs	results	in	the	synthesis	and	

secretion	of	reduced	quantities	of	cytokines	(e.g.,	TNF,	IL-1β).	It	should	be	emphasized	

that	the	effects	of	omega-3	FAs	should	not	be	compared	with	the	powerful	ability	of	

pharmacologic	agents	to	inhibit	individual	targets,	but	rather	viewed	as	a	gentle	shift	in	

mediator	production,	cell	signaling,	and	gene	expression	towards	a	phenotype	of	

lessened	inflammation.		

	

8.3	THE	IMMUNE	RESPONSE	AND	RESOLUTION	IN	CARDIOVASCULAR	

DISEASE	

	

8.3.1	TARGETING	INFLAMMATION	DURING	MYOCARDIAL	INFARCTION?	

In	paper	III	we	showed,	in	accordance	with	other	studies,	that	acute	STEMI	induce	pro-

inflammatory	cytokines	and	leukocytes	that	produce	a	systemic	inflammatory	reaction	

with	elevated	circulating	CRP.	The	extensive	experimental	evidence	that	MI	is	intricately	

associated	with	activation	of	an	inflammatory	reaction	and	that	the	timely	suppression	

and	spatial	containment	of	the	inflammatory	response	are	determinants	for	myocardial	

remodeling	leads	to	the	belief	that	anti-inflammatory	treatment	may	be	beneficial	in	

CVD.	The	rationale	for	targeting	inflammation	after	MI	is	supported	by	the	fact	that	

inflammation	is	involved	in	all	aspects	of	myocardial	response	to	injury	and	may	hold	

promise	to	reduce	mortality	and	prevent	development	of	HF	in	patients	with	MI.	

However,	although	experimental	studies	showed	promising	results,	both	broad	and	

selective	anti-inflammatory	interventions	have	produced	conflicting	results	in	a	clinical	

setting	170,	171.		As	of	yet,	the	CANTOS	trial	(Canakinumab	Anti-Inflammatory	Thrombosis	

Outcome	Study)	was	the	first	trial	to	provide	support	for	the	inflammatory	hypothesis	

demonstrating	diverse	clinical	benefits	of	inhibiting	IL-1β	in	patients	at	high	risk	of	MI,	

supporting	the	concept	that	selective	and	targeted	inflammatory	treatment	may	be	

beneficial	172.	However,	in	the	CANTOS	trial,	they	also	found	that	patients	treated	with	

canakinumab	had	increased	risk	of	infection,	and	some	reservations	are	required	

regarding	this	fact	and	the	unknown	effects	of	long	term	treatment.	This	also	

emphasizes	the	advantages	of	an	immnomodulative	therapy	in	the	acute	phase	during	

post-MI	inflammation	and	remodeling	to	avoid	lifelong	immunosuppression.			

	

Translation	of	these	concepts	in	the	clinical	setting	requires	understanding	of	the	

complexity	and	heterogeneity	of	post-MI	cardiac	remodeling	in	patients.	Individuals	
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with	overactive	and	prolonged	post-infarction	inflammation	might	benefit	from	anti-

inflammatory	treatment,	whereas	patients	with	exaggerated	fibrotic	reactions	in	the	

myocardium	might	require	inhibition	of	these	cascades.	The	relative	balance	between	

pathological	inflammatory	pathways	and	tissue-reparative	processes	most	probably	

defines	the	trajectory	of	HF	development.	

	

8.3.2	ACTIVATION	OF	RESOLUTION	MECHANISMS	DURING	ACUTE	MYOCARDIAL	

INFARCTION	

Although	supported	by	experimental	studies	173-175,	our	study	reported	in	paper	III	is	the	

first	study	to	show	that	resolution	mediators	are	modulated	in	humans	during	the	first	

week	after	MI.	We	further	observed	that	SPMs	were	biosynthesized	very	early	after	

onset	of	symptoms,	even	before	peaking	levels	of	biomarkers	indicating	myocardial	

damage	(troponin	T)	and	downstream	inflammation	(CRP),	coinciding	with	the	

neutrophil	response	to	injury.	Moreover,	the	increase	in	SPM	levels	declined	within	the	

first	week	after	MI,	indicating	a	time-	and	stimuli-dependent	production.	Hence,	the	

modulation	of	SPMs	observed	in	our	study	after	STEMI	is	a	proof-of-concept	that	

resolution	mediators	are	in	play	during	the	acute	phase	after	MI	in	humans.	Therefore,	

resolution	is	a	potential	therapeutic	target	for	improving	outcome	after	MI,	perhaps	

through	attenuated	maladaptive	myocardial	remodeling.		

	

8.3.3	TARGETING	RESOLUTION	IN	MYOCARDIAL	INFARCTION	

The	restoration	of	inflamed	tissue	to	the	prior	physiological	functioning	and	normal	

homeostasis	to	the	extent	possible	is	termed	resolution	of	inflammation,	and	complete	

resolution	is	the	ideal	outcome	following	an	insult	15,	24.	PUFA-derived	SPMs	limit	

inflammation	and	initiate	resolution	without	causing	immunosuppression,	setting	them	

apart	from	other	anti-inflammatory	strategies.	Thus,	development	of	therapeutics	that	

support	post-MI	resolution	of	inflammation	are	of	translational	interest.	

	

TARGETING	RESOLUTION	IN	ISCHEMIA/REPERFUSION	INJURY	

Although	the	study	reported	in	paper	III	is	purely	an	observational	study,	all	of	the	

patients	were	recruited	on	admittance	for	PCI	and	some	discussion	on	resolution	in	

ischemia/reperfusion	injury	(I/R)	is	warranted.	With	the	increasing	number	of	PCI	

procedures	conducted	during	acute	STEMI	today,	the	damage	inflicted	on	the	

myocardium	during	acute	MI	is	often	the	result	of	two	processes:	ischemia	and	

subsequent	reperfusion	(I/R	injury).	Acute	PCI	aims	to	restore	blood	flow	with	the	
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possible	subsequent	result	of	increased	inflammation	and	oxidative	damage	through	the	

induction	of	oxidative	stress	and	influx	of	pro-inflammatory	cells	176.	To	our	knowledge,	

no	studies	on	SPM	modulation	during	experimental	I/R	in	the	heart	have	been	

performed.	However,	one	study	showed	beneficial	effects	of	PD1	injection	during	I/R	in	

kidneys,	and	PD1	was	indeed	induced	after	MI	in	our	study.	As	the	key	resolution	

mechanisms	are	to	halt	neutrophil	influx,	enhance	apoptosis,	and	promote	

differentiation	of	pro-resolving	macrophages	(M2),	the	enhancement	of	resolution	in	

this	setting	has	a	great	potential	for	beneficial	effects	and	new	studies	are	definitely	

warranted.		

	

LOW-DOSE	ASPIRIN	MODULATES	SPM	BIOSYNTHESIS	

Other	resolution	targets,	beyond	SPMs	themselves,	are	the	enzymes	responsible	for	

biosynthesizing	SPMs.	This	is	actually	not	a	new	concept	in	CVD	as	low-dose	aspirin	in	

addition	to	anti-platelet	actions,	through	suppression	of	Tx	has	anti-inflammatory	and	

pro-resolving	actions	by	inhibiting	COX	enzymes	14.	Aspirin	irreversibly	inhibits	COX-1	

with	a	subsequent	reduced	biosynthesis	of	pro-inflammatory	LM	(Figure	11).		

	

In	paper	III,	all	patients	with	documented	STEMI	and	CAD	received	aspirin	prior	to	

baseline	sampling	and	during	follow	up.	We	demonstrated	a	suppressed	biosynthesis	of		

	

	

	

	

Figure	11.		Aspirin-triggered	lipid	mediator	biosynthesis	during	ST-elevation	infarction.	

Biosynthetic	pathways	involved	in	aspirin-triggered	lipid	mediators.	
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COX-1	dependent	pro-inflammatory	LM	(PGs	and	TxB2)	and	this	observation	may	be	a	

result	of	aspirin	use.	Also,	aspirin	modifies	the	enzymatic	activity	of	COX-2	to	a	LOX-like	

activity,	and	it	has	been	proposed	that	this	aspirin-triggered	transition	with	subsequent	

biosynthesis	of	SPMs	contributes	to	the	anti-inflammatory	effects	of	aspirin	27.	Hence,	

the	effects	of	low-dose	aspirin	beyond	inhibition	of	PGs	and	Txs	are	becoming	

increasingly	apparent,	with	the	resolution-mediating	effects	contributing	to	their	

benefits	in	ACS.	

	

STATINS,	A	POSSIBLE	REGULATOR	OF	SPM	BIOSYNTHESIS?	

Last,	statins	represent	a	widely	used	class	of	therapeutics	that	have	well-documented	

effects	in	CVD,	reducing	LDL-cholesterol	levels	in	humans	177.	In	addition,	observations	

have	suggested	that	statins	also	have	anti-inflammatory	properties.	The	JUPITER	trial	

demonstrated	that	rosuvastatin	reduced	systemic	markers	of	inflammation	and	

provided	additional	benefit	beyond	lowering	LDL-cholesterol	24,	178.	Although	the	anti-

inflammatory	effects	of	statins	remain	somewhat	controversial,	statins	have,	like	

aspirin,	been	shown	to	trigger	the	formation	of	acetylated	COX-2	with	the	net	result	of	

aspirin-triggered	SPMs.	More	recently,	a	novel	series	of	statin-triggered	resolvins,	the	Rv	

thirteens	(RvT)-series,	derived	from	the	intermediate	omega-3	FA	DPA,	with	potent	pro-

resolving	effects	was	discovered	179.	In	paper	III,	we	detected	RvT	series	in	the	patients	

treated	with	statins	and	it	may	be	that	RvT	formation	during	resolution	responses	may	

serve	as	mediators	of	the	anti-inflammatory	actions	of	statins.	

	

8.3.4	BIOSYNTHESIS	AND	ROLE	OF	PRO-RESOLVING	LIPID	MEDIATORS	IN	ADIPOSE	TISSUE	

Although	we	did	not	analyze	SPMs	in	the	adipose	tissue	in	paper	II,	some	discussion	on	

the	importance	of	SPMs	in	adipose	tissue	remodeling	is	of	interest.	As	previously	

mentioned,	during	conditions	of	nutrient	excess,	as	occur	in	obesity,	there	is	an	

expansion	of	adipose	tissue	mass	associated	with	a	state	of	“low-grade”	inflammation	in	

this	tissue.	This	chronic,	unresolved	inflammation	of	adipose	tissue	is	deleterious	and	

the	predominant	underlying	risk	factor	for	the	development	of	obesity-associated	co-

morbidities	180.	In	adipose	tissue,	the	major	long-chain	PUFAs,	AA,	EPA,	and	DHA,	are	

indeed	endogenously	converted	into	SPMs.	In	inflamed	adipose	tissue,	these	mediators	

can	evoke	regulatory	actions	on	adipokine	expression	and/or	secretion	by	adipocytes	

and	tissue-resident	macrophages	(summarized	in	Figure	12)	181.		
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Figure	12.	Summary	of	effects	of	SPMs	on	adipose	tissue.		

Figure	is	modified	from	Spite	et	al.	181.	

	

	

SPMs	can	also	promote	macrophage	polarization	toward	the	anti-inflammatory	M2	

phenotype	in	adipose	tissue,	thereby	promoting	resolution	and	preventing	a	chronic	

inflammatory	state	181.	Since	recent	studies	indicate	that	the	formation	of	SPMs	is	

severely	deregulated	in	inflamed	obese	VAT	and	SPMs	act	as	“break	signals”	of	the	

persistent	cycle	leading	to	chronic	inflammation,	these	endogenous	LM	have	emerged	as	

a	promising	strategy	to	expedite	the	resolution	process	of	inflamed	adipose	tissues.		 	
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9.	CONCLUDING	REMARKS	

	

This	thesis	aimed	at	elucidating	biological	roles	of	FAs	and	FA-derived	mediators	after	

MI	and	during	myocardial	remodeling.	Overall,	our	results	suggest	a	potential	role	for	

FAs	and	FA-derived	mediators	after	MI	and	during	myocardial	remodeling.		

	

Paper	I		

In	this	experimental	rat	study,	we	found	that	supplementation	with	krill	oil	leads	to	a	

proportional	increase	of	n-3	PUFAs	in	myocardial	tissue	and	that	pre-treatment	with	

krill	oil	attenuates	LV	remodeling	after	induction	of	MI.		

Paper	II	

In	this	study	on	patients	with	HFrEF,	we	found	that	EAT	and	SAT	overall	display	several	

molecular	similarities,	but	we	also	report	depot-specific	differences	that	may	have	

pathophysiological	significance	on	the	failing	heart.		

Paper	III	

In	this	study	on	patients	with	STEMI,	we	found	that	PUFA-derived	pro-resolving	

mediators	are	biosynthesized	early	after	onset	of	MI,	suggesting	immediate	activation	of	

“inflammatory	breaks”	after	MI.		
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10.	FUTURE	PERSPECTIVES			

	

The	findings	of	overall	similar	molecular	patterns	within	EAT	and	SAT	in	patients	with	

HFrEF	and	controls	could	imply	that	the	effects	of	putative	adipose	signaling	on	cardiac	

remodeling	in	HF	are	mere	consequences	of	location.	However,	final	resolutions	of	these	

fundamental	questions	are	not	easily	addressed.	Future	studies	would	benefit	from	a	

larger	sample	size	as	well	as	a	more	meticulous	survey	of	molecular	patterns	applying	a	

multitude	of	–omic	platforms.	Future	studies	would	also	need	to	mechanistically	

address	the	importance	of	the	few	molecular	differences	between	EAT	and	SAT	in	HFrEF	

as	well	as	establish	methods	for	demonstrating	the	significance	of	fat	depot	location.		

	

Although	our	study	in	an	experimental	model	of	MI	and	HF	development	suggests	that	

krill	oil	supplementation	could	be	beneficial	by	preventing	maladaptive	remodeling	

through	increasing	n-3	PUFA,	our	study	in	STEMI	patients	suggests	that	the	regulation	

of	lipid-derived	mediators	during	MI	is	rather	complex.	Although	this	thesis	does	not	

provide	evidence	for	it,	a	hypothesis	could	be	that	the	main	benefits	of	n-3	PUFA	

supplements	after	MI	and	in	HF	is	through	the	biosynthesis	of	pro-resolving	mediators.	

Investigations	on	anti-inflammatory	therapy	within	a	broad	spectrum	of	cardiovascular	

diseases	have	been	undertaken	for	decades.	Our	novel	findings	may	provide	a	

foundation	for	future	investigations	within	inflammatory	CVD	research,	shifting	from	an	

anti-inflammatory	focus	to	interventions	enhancing	the	pro-resolving	capacity.	

Specifically,	for	the	pathogenesis	of	MI	and	in	particular	for	the	clinically	relevant	

condition	of	coronary	revascularization	by	PCI	the	type	of	intervention,	dosage,	and	

timing	of	pro-resolving	therapy	on	the	different	phases	after	onset	of	MI	(ischemia,	

reperfusion,	infarct	development,	and	myocardial	remodeling)	should	be	addressed.	

Investigations,	both	further	elucidating	and	subsequently	gene-targeting	the	relevant	

enzyme	apparatus	needed	for	generating	pro-resolving	mediators,	will	reveal	the	

intrinsic	consequence	of	endogenously	produced	pro-resolving	mediators	after	MI	and	

during	development	of	HF.	This	experimental	setup	also	allows	testing	the	hypothesis	

on	whether	n-3	PUFA	supplements	mediate	their	effects	through	the	generation	of	pro-

resolving	mediators.	Finally,	data	from	the	former	proposed	experiments	may	allow	

clinical	studies	on	human	MI	and	HF	intervening	with	selected	SPMs.		

	

We	believe	our	data	do	provide	a	foundation	for	future	experiments	detailing	the	

pathophysiological	consequence	of	adipose	tissue,	FAs,	and	FA-derived	mediators	after	
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MI	and	during	development	of	HF.	Despite	significant	improvements	in	treatment	of	

CVD	over	the	last	decades,	the	burden	of	these	diseases	still	heavily	impact	the	

individual	patients	and	society.	Thus,	there	is	a	desperate	need	for	new	and	efficient	

treatment	strategies	and	hopefully,	the	topics	covered	in	this	thesis	may	provide	such	

opportunities.	
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Krill oil attenuates left ventricular dilatation after
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Abstract

Background: In the western world, heart failure (HF) is one of the most important causes of cardiovascular
mortality. Supplement with n-3 polyunsaturated fatty acids (PUFA) has been shown to improve cardiac function in
HF and to decrease mortality after myocardial infarction (MI). The molecular structure and composition of n-3 PUFA
varies between different marine sources and this may be of importance for their biological effects. Krill oil, unlike
fish oil supplements, contains the major part of the n-3 PUFA in the form of phospholipids. This study investigated
effects of krill oil on cardiac remodeling after experimental MI. Rats were randomised to pre-treatment with krill oil
or control feed 14 days before induction of MI. Seven days post-MI, the rats were examined with echocardiography
and rats in the control group were further randomised to continued control feed or krill oil feed for 7 weeks
before re-examination with echocardiography and euthanization.

Results: The echocardiographic evaluation showed significant attenuation of LV dilatation in the group pretreated
with krill oil compared to controls. Attenuated heart weight, lung weight, and levels of mRNA encoding classical
markers of LV stress, matrix remodeling and inflammation reflected these findings. The total composition of fatty
acids were examined in the left ventricular (LV) tissue and all rats treated with krill oil showed a significantly higher
proportion of n-3 PUFA in the LV tissue, although no difference was seen between the two krill oil groups.

Conclusions: Supplement with krill oil leads to a proportional increase of n-3 PUFA in myocardial tissue and
supplement given before induction of MI attenuates LV remodeling.

Keywords: Heart failure, n-3 polyunsaturated fatty acids, lipids

Background
In the western world, heart failure (HF) is one of the
most important causes of cardiovascular mortality and
myocardial infarction (MI) constitutes a major etiologic
factor precipitating HF [1]. The molecular and cellular
pathological processes that ultimately lead to HF are
collectively referred to as cardiac remodeling and are
characterized by cardiomyocyte hypertrophy, ventricular
dilatation, and development of myocardial fibrosis [2].
Metabolic alterations also occur during development of

HF with the hallmark change being a shift from myocar-
dial oxidation of fatty acids (FA) to utilization of glucose
as the main source of energy generation. Since metabolism

of glucose requires less oxygen, this shift may be beneficial
for the heart [3,4]. However, plasma FA may still consti-
tute an important source of energy in HF, and it has been
suggested that cardiac accumulation of lipids in HF can
result in lipotoxicity and therefore contributes to the
detoriation of cardiac function [4]. However, these issues
are far from clear and even though some FA may be con-
sidered harmful, others, like n-3 polyunsaturated FA
(PUFA), have been shown to decrease mortality after MI
and in HF [5-7]. It has also been suggested that the com-
position of FA bound to the plasma membrane phospholi-
pids may be of importance to myocardial function. In line
with this notion, it has been shown that the pro-inflamma-
tory membrane component arachidonic acid (AA) can be
replaced with eicosapentaenoic acid (EPA) or docosahex-
aenoic acid (DHA) with an increased dietary intake of
these n-3 PUFA [8].
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Krill (Euphausia superba) is a small Antarctic crustacean
and its extracted oil contains a high proportion of n-3
PUFA bound to phospholipids. This molecular makeup is
different from traditional fish oils, where the n-3 PUFA
are mainly bound to triglycerides or ethyl esters [9]. This
difference may be important as the molecular form of n-3
PUFA has been suggested relevant for their biological
effects [10]. Furthermore, phospholipids themselves have
been shown to have beneficial effects on lipid metabolism
[11]. These properties could suggest a beneficial effect of
krill oil during MI and post-MI remodeling. To further
elucidate this issue, we investigated the effects of krill oil
on cardiac remodeling and function in rats after MI.

Results
Effect of krill oil on cardiac structure and function
There were no significant differences in tibia length (TL)
and increase of body weight (BW) after 8 weeks between
the MI groups. However, the heart weight-to-body weight
and the lung weight-to-body weight ratios was significantly
smaller in the MI-krill oil pretreated (PT) group compared
to the MI-control and MI-krill oil non-pretreated (nPT)
groups at 8 weeks (Table 1).
As expected, there was a significant increase in left ven-

tricular (LV) end-diastolic diameter (LVEDD) in the MI-
control group compared to the sham group (Figure 1).
More importantly, the MI-krill oil PT group showed sig-
nificantly less LV dilatation during the treatment period
compared to both the MI-control and the MI-krill oil nPT
group. An increase in LVEDD was seen in the MI-krill oil
nPT group compared to the MI-control group. There
were no differences in the change of posterior wall

thickness (PWT) or fractional shortening (FS) between the
different MI groups. However, the change in relative wall
thickness (RWT) was significantly lower in the MI-krill oil
PT group, compared to the MI-krill oil nPT group.

Effects of krill oil on plasma lipids
Several significant alterations in plasma lipid levels were
observed (Table 2). There were no significant differences
in plasma lipids between the two krill oil groups, except
that high-density lipoprotein (HDL)-cholesterol were
lower in the MI-krill oil PT group compared to the MI-
krill oil nPT group. However, when comparing the two
krill oil groups to the MI-control group, the krill oil
treated groups showed significantly reduced levels of
total-, free- and low-density lipoprotein (LDL)-choles-
terol as well as phospholipids and free FA (FFA) in
plasma. Furthermore, levels of triglycerides were signifi-
cantly higher in the MI-krill oil PT group than in the
MI-control group.

Effects of krill oil on myocardial FA composition
There were no regional myocardial differences (non-
infarcted vs border zone tissue) in the composition of
FA in any of the groups (data not shown). As a conse-
quence, the more elaborate analyses were performed
only on non-infarcted tissue. Whereas the total amount
of FA were unaffected upon induction of MI, the rela-
tive level of saturated FA (SFA) and n-3 PUFA were
slightly elevated in the MI-control group when com-
pared to the sham group. However, compared to the
MI-control group, treatment with krill oil resulted in a
higher myocardial proportion of n-3 PUFA and a lower

Table 1 Effect of krill oil on heart and lung weights and cardiac structure and function at baseline (before MI) and 1
and 8 weeks after induction of MI

Control feed Krill oil feed

Sham MI MI-nPT MI-PT

Baseline: BW (g) 273 ± 3 261 ± 3# 271 ± 2 270 ± 2*

1 week: LVEDD (mm) 5.0 ± 0.2 8.1 ± 0.2### 7.9 ± 0.2 8.3 ± 0.2

PWT (mm) 2.4 ± 0.1 2.2 ± 0.1# 2.3 ± 0.1 2.2 ± 0.1

FS (%) 68 ± 2 21 ± 1### 22 ± 1 21 ± 1

RWT 2.5 ± 0.1 2.2 ± 0.1### 2.3 ± 0.2 2.2 ± 0.1

8 weeks: BW (g) 427 ± 7 397 ± 9# 427 ± 8* 425 ± 6*

TL (mm) 38 ± 0.2 38 ± 0.4 38 ± 0.2 38 ± 0.3

HW/BW (mg/g) 2.7 ± 0.2 3.7 ± 0.2## 3.6 ± 0.2 3.1 ± 0.1*†

LW/BW (mg/g) 3.2 ± 0.1 6.2 ± 0.5## 6.3 ± 0.7 4.3 ± 0.5**†

LVEDD (mm) 6.0 ± 0.2 10.5 ± 0.3### 11.1 ± 0.3 9.8 ± 0.3††

PWT (mm) 3.1 ± 0.2 2.3 ± 0.1## 2.3 ± 0.1 2.4 ± 0.1

FS (%) 69 ± 3 18 ± 1### 16 ± 1 18 ± 1

RWT 3.1 ± 0.2 2.3 ± 0.1### 2.3 ± 0.1 2.4 ± 0.1

MI, myocardial infarction; nPT, non-pretreated; PT, pretreated; BW, body weight; TL, tibia length; HW, hearth weight; LW, lung weight; LEVDD, left ventricular
diastolic diameter; PWT, posterior wall thickness; RWT, relative wall thickness; FS, fractional shortning. Values are mean ± SEM. #P ≤ 0.05 vs sham, ##P ≤ 0.01 vs
sham, ###P ≤ 0.001 vs sham, *P ≤ 0.05 vs MI-control, **P ≤ 0.01 vs MI-control, ***P ≤ 0.001 vs MI-control, †P ≤ 0.05 vs MI-nPT, ††P ≤ 0.01 vs MI-nPT, †††P ≤ 0.001
sv MI-nPT.
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Figure 1 Effect of krill oil on change in myocardial function and structure post-MI. MI, myocardial infarction; nPT, non-pretreated; PT,
pretreated; BW, body weight; LVEDD, left ventricular diastolic diameter; PWT, posterior wall thickness; RWT, relative wall thickness; FS, fractional
shortning.#P ≤ 0.05 vs sham *P ≤ 0.05 vs MI-control. †P ≤ 0.05 vs MI-nPT.
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relative level of n-6 PUFA, resulting in an increased n-3/
n-6 PUFA ratio (Table 3). EPA (20:5 n-3) and DHA
(22:6 n-3), both documented to be beneficial after MI
and in HF in humans, were proportionally increased in
the krill oil-treated groups. There were no differences in
n-3 PUFA, n-6 PUFA, EPA, or DHA between the MI-
krill oil PT and MI-krill oil nPT groups.

Alterations of genes involved in cardiac remodeling
Significantly attenuated levels of mRNA encoding classi-
cal markers of LV stress and matrix remodeling were
observed in the MI-krill oil PT rats compared to the
MI-control rats (Table 4). The same observation was
not seen in the nPT rats. Furthermore, the mRNA levels
of classical inflammatory mediators, like interleukin
(IL)-6, were significantly lower in the MI-krill oil PT
group compared to both the MI-control and MI-krill oil
nPT groups.

Discussion
In the present study, we show that treatment with krill
oil prior to induction of MI attenuates ventricular dila-
tation and hypertrophy. These findings were further
reflected by attenuated increase in lung weight, heart
weight, and altered expression of various genes encoding
peptides known as markers and mediators of myocardial
remodeling. However, when treatment with krill oil was
introduced 7 days after MI, increased ventricular dilata-
tion was seen.
Since the beneficial effects of krill oil were dependent

on initiation of treatment before induction of MI, our
data indicate that krill oil may have a favorable influence
on the initial remodeling process after MI. This hypoth-
esis is supported by previous experimental studies
demonstrating that n-3 PUFA given prior to aortic
banding protects against ventricular remodeling and
dysfunction in rats [8,12-15]. In the GISSI-HF trial,

Table 2 Effect of krill oil on plasma lipid concentrations 8 weeks after MI
Control feed Krill oil feed

Sham MI MI-nPT MI-PT

mmol/L

Total cholesterol 2.09 ± 0,14 1.93 ± 0.08 1.73 ± 0.10* 1.59 ± 0.06**

HDL cholesterol 1.31 ± 0.07 1.33 ± 0.06 1.22 ± 0.06 1.05 ± 0.04***†

LDL cholesterol 0.24 ± 0.04 0.25 ± 0.02 0.20 ± 0.02* 0.16 ± 0.02**

Free cholesterol 0.56 ± 0.04 0.49 ± 0.02# 0.42 ± 0.02* 0.40 ± 0.01**

Triglycerides 1.67 ± 0.24 1.12 ± 0.17 1.53 ± 0.14* 1.59 ± 0.11**

Phospholipids 2.19 ± 0.12 1.91 ± 0.06# 1.75 ± 0.07 1.73 ± 0.05*

FFA 0.15 ± 0.04 0.34 ± 0.05# 0.12 ± 0.03** 0.11 ± 0.02***

Glucose 11.8 ± 0.47 11.6 ± 0.39 11.1 ± 0.37 10.8 ± 0.41

MI, myocardial infarction; nPT, non-pretreated; PT, pretreated; HDL, high density lipoprotein; LDL, low density lipoprotein; FFA, free fatty acids. Values are mean ±
SEM. #P ≤ 0.05 vs sham, *P ≤ 0.05 vs MI-control, **P ≤ 0.01 vsMI-control, ***P ≤ 0.001 vs MI-control, †P ≤ 0.05 vs MI-nPT.

Table 3 Effect of krill oil on myocardial fatty acid composition 8 weeks after MI
Control feed Krill oil feed

Sham MI MI-nPT MI-PT

μg FA/g tissue

Total FA 25240 ± 1342 24911 ± 3701 22585 ± 1912* 23935 ± 1205†

wt.% of total FA

Palmitic acid 9.41 ± 0.25 11.07 ± 0.38## 11.72 ± 0.11*** 11.78 ± 0.11***

EPA 0.18 ± 0.01 0.18 ± 0.01 1.58 ± 0.07*** 1.75 ± 0.06***

DPA 2.04 ± 0.06 2.40 ± 0.09# 3.62 ± 0.08*** 3.61 ± 0.08***

DHA 8.98 ± 0.41 10.6 ± 0.44# 16.06 ± 0.03*** 15.77 ± 0.29***

AA 22.9 ± 0.42 23.77 ± 0.7# 17.16 ± 0.32*** 14.37 ± 0.29***†††

SFA 30.4 ± 0.25 31.8 ± 0.16### 32.0 ± 0.17 31.3 ± 0.15†

MUFA 8.03 ± 0.33 8.8 ± 0.77 8.36 ± 0.22 8.8 ± 0.18

PUFA n-3 11.62 ± 0.44 13.6 ± 0.44## 21.59 ± 0.27*** 21.5 ± 0.31***

PUFA n-6 49.72 ± 0.59 45.6 ± 0.58### 37.89 ± 0.30*** 38.2 ± 0.38***

PUFA n-3/n-6 0.24 ± 0.01 0.30 ± 0.01### 0.57 ± 0.01*** 0.6 ± 0.01***

MI, myocardial infarction; nPT, non-pretreated; PT, pretreated; wt.%, weight percent; FA, fatty acids; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid;
DHA, docosahexaenoic acid; AA, arachidonic acid; SFA, saturated FA; MUFA, monounsaturated FA; PUFA, polyunsaturated FA. Values are mean ± SEM. #P ≤ 0.05
vs sham, ##P ≤ 0.01 vs sham, ###P ≤ 0.001 vs sham, *P ≤ 0.05 vs MI-control, ***P ≤ 0.001 vs MI-control, †P ≤ 0.05 vs MI-nPT, †††P ≤ 0.001 vs MI-nPT.
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significant reductions in overall mortality and hospital
admissions in patients with chronic HF were seen in
patients receiving n-3 PUFA in the form of ethyl esters
[6]. In a sub-study of GISSI-HF, the effects of n-3 PUFA
on LV structure and function were investigated, and a
small but significant effect on LV ejection fraction was
observed [16]. In addition, a small study in patients with
non-ischemic cardiomyopathy demonstrated increased
LV ejection fraction after 12 months of supplementation
with 2 g of n-3 PUFA [17]. However, no effects on LV
structure were found, which support our hypothesis that
krill oil may have beneficial effects on the initial cardiac
remodeling process after MI rather than on the remo-
deling process in the more chronic phases after MI.
The rats pretreated with krill oil showed attenuated

expression of several mRNA known to be involved in the
cardiac remodeling process; tissue inhibitor of matrix
metalloproteinase (TIMP), atrial natriuretic peptide
(ANP), and IL-6. Several studies have shown that the bal-
ance of matrix metalloproteinase (MMP) and their endo-
genous inhibitors TIMP is an important regulator of
ventricular dimensions as they regulate structure and
function of the extracellular matrix (ECM) [18]. Myocar-
dial ANP levels have been observed to increase in response
to hemodynamic overload [19]. Also, elevated levels of
inflammatory cytokines, like IL-6, have been observed in
several studies on HF and cardiac remodeling [20]. In con-
sequence of the assumed involvement of TIMP, ANP, and
IL-6 in the regulation of the ECM structure and function,
lower expression of these mRNA levels in the myocardial
tissue could potentially be related to the echocardio-
graphic finding of less LV dilatation in the rats pretreated
with krill oil.
The beneficial effect of pretreatment with krill oil on

post-infarction cardiac remodeling may also be a result

of a favorable effect on MI size. Previous experimental
studies have observed that n-3 PUFA induces significant
myocardial resistance to ischemia-reperfusion injury and
thereby significant smaller myocardial infarct size in
rodents [21,22]. We therefore hypothesize that pretreat-
ment with krill oil, in addition to possible effects on early
cardiac remodeling, may also lead to smaller MI with less
LV dilatation and hypertrophy. However, in the present
study we have no data on MI size, and this hypothesis
will have to be further explored in forthcoming studies.
The potential beneficial effects of krill oil on post-MI

remodeling could have several explanations. First, as
shown in our study, dietary supplement with n-3 PUFA
leads to slightly reduced myocardial SFA levels. Substitut-
ing PUFA for SFA may be associated with lower risk of
coronary heart disease and studies on isolated myocardial
cells have shown that the SFA palmitic acid induces cardi-
omyocyte apoptosis under certain conditions [23,24]. Sec-
ond, krill oil supplementation induced an increase in
myocardial levels of EPA and DHA, which have been
shown to be incorporated into cell membranes in both
healthy and failing hearts [14,25]. This may lead to an
increased production of anti-inflammatory or resolving
mediators including resolvins of the E series. In contrast
to n-3 PUFA, n-6 PUFA may lead to enhanced generation
of inflammatory mediators including prostaglandin-E2 and
lipoxins. As a consequence, a relative decrease in n-6
PUFA during krill oil supplementation may further
enhance the anti-inflammatory properties of krill oil [8].
Finally, incorporation of n-3 PUFA into mitochondrial
membranes under conditions of myocardial stress has also
been hypothesized to be beneficial as it may help maintain
myocardial oxidative function [26].
Even though this study was not designed as to compare

the effects of fish oil to that of krill oil, other studies allows
hypothesizing that the molecular form of the supplemen-
ted n-3 PUFA is of importance to their various effects
[10]. It was recently demonstrated that the incorporation
of EPA and DHA into myocardial phospholipids was
higher when delivered in the form of krill oil/n-3 phospho-
lipids, compared to n-3 bound in the form of triglycerides
(fish oil) [27]. Two recent studies compared the absorption
of DHA and EPA from triglycerides versus phospholipid
n-3 PUFA sources and they showed that supplementation
with krill oil gave a dose-equivalent higher plasma concen-
tration of EPA and DHA in women and men compared to
fish oil [28,29].

Conclusions
In conclusion, although relatively few rats were studied,
our findings may suggest that treatment with krill oil
before MI leads to attenuated LV dilatation and hyper-
trophy in rats. However, future studies are needed to
establish whether these beneficial effects are

Table 4 Alterations on genes involved in cardiac
remodeling 8 weeks after MI

Control feed Krill oil feed

Sham MI MI-nPT MI-PT

Relative units

ANP 0.17 ± 0.05 2.08 ± 0.35### 2.48 ± 0.36 1.21 ± 0.19*††

MMP-2 0.59 ± 0.13 2.44 ± 0.65# 1.88 ± 0.39 2.41 ± 0.53

MMP-9 0.07 ± 0.02 0.35 ± 0.20## 1.28 ± 0.69 1.68 ± 1.30

TIMP 0.74 ± 0.05 1.71 ± 0.18# 1.60 ± 0.24 1.05 ± 0.14*†

CTGF 0.28 ± 0.01 0.94 ± 0.01 0.87 ± 0.15 1.27 ± 0.19

TGF-b 0.95 ± 0.14 1.83 ± 0.22# 1.90 ± 0.20 1.37 ± 0.11†

TNF-a 1.39 ± 0.30 0.89 ± 0.20 2.24 ± 0.33** 0.99 ± 0.14††

IL-1b 0.89 ± 0.15 0.80 ± 0.10 1.11 ± 0.14 0.66 ± 0.07††

IL-6 0.88 ± 0.38 6.91 ± 2.38## 4.37 ± 0.83 1.92 ± 0.30*†

MCP-1 1.20 ± 0.43 2.43 ± 0.53 3.00 ± 0.54 1.19 ± 0.10††

Values are mean ± SEM. #P ≤ 0.05 vs sham, ##P ≤ 0.01 vs sham, ###P ≤ 0.001
vs sham, *P ≤ 0.05 vs MI-control **P ≤ 0.01 vs MI-control, †P ≤ 0.05 vs MI-nPT,
††P ≤ 0.01 vs MI-nPT.
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consequences of attenuated cardiac remodeling or
reduction of MI sizes. Also, the molecular effects of krill
oil on the heart are not yet clear and need to be exam-
ined further.

Methods
Rat model of MI and treatment protocol
One week prior to induction of MI, male Wistar rats (n =
173) were randomized in to two groups; 1) Pretreatment
(PT) with Superba™ krill oil (Aker BioMarine ASA, Oslo,
Norway) in the feed (n = 45), and 2) control feed (n =
128) (Figure 2). The rats underwent induction of MI by
left coronary artery ligation as previously described [30]. A
group of rats on control feed (n = 8) were sham-operated
for comparison. Surviving rats (n = 97) were evaluated by
transthoracic echocardiography at 7 days post-MI and

only rats with transmural infarctions were included in the
study (n = 53). The MI-rats pretreated with krill oil (n =
18) were then continued on the same diet and rats on con-
trol feed were further randomized to: 1) Treatment with
krill oil (n = 17) and 2) control feed (n = 14). Treatment
was continued for 7 weeks before reevaluation with trans-
thoracic echocardiography and harvesting of the organs.
Mortality was low during the treatment period: MI-krill
oil PT group, 1 rat; MI-krill oil nPT group, 4 rats; MI-krill
oil group, 0 rats; Sham group, 0 rats. The amount of EPA
+DHA in 100 g of feed was 0.47 g, which is equivalent to
0.75% of the energy in the rat diet which corresponds to
1.67 g EPA+DHA/day in a 8.4-MJ/day diet in humans
(Table 5). The “Principle of laboratory animal care” (NIH
publication No. 86-23, revised 1985) was followed as well
as Norwegian national laws regarding animal care.

Wistar rats MI 

MI 

Sham 
operation 

Krill oil 

Control 

Control 

Krill oil 

Krill oil 

Control 

Control 

Control 

Surgery Echo- 
cardiography 

Echo- 
cardiography

14 days 7 days 7 weeks 

E 
u 
t 
h 
a 
n 
a 
s 
i 
a 

Figure 2 Experimental rat model and treatment protocol. Rats with transmural MIs were randomized in to three groups: 1) Krill oil prior to
and after MI, 2) a control diet prior to and after induction of MI, or 3) a control diet prior to and 7 days after induction of MI, thereafter krill oil.
Surviving rats were killed 8 weeks after the surgical procedure. In addition, a sham-operated group of rats were included on a normal feed for
the entire length of the study.
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Echocardiography
Echocardiography was performed prior to randomization
7 days after the surgical procedure and after 7 weeks of
treatment (8 weeks post-surgery). The rats were sedated
with 0.3 ml/100 g body wt Hypnorm®-Dormicum® [2.5%
Hypnorm® (VetaPharma; fentanyl 0.315 mg/ml + fluani-
sone 10 mg/ml) + 25% Dormicum® (Roche; midazolam 5
mg/ml) in water]. Transthoracic echocardiography was
performed with a Vivid 7 scanner (GE) and a 14-MHz
transducer. Two-dimensional-directed M-Mode echocar-
diography was obtained in the parasternal short-axis view
at the level of the papillary muscles. The various echocar-
diographic parameters were calculated as follows: FS =
LVEDD-LV end-systolic diameter (LVESD)/LVEDD)] ×
100; RWT = PWT in diastole/LV internal radius (radius =
0.5 × LVEDD).

Blood and tissue sampling
At the end of the study, blood was drawn from the
abdominal aorta into EDTA-containing tubes and centri-
fuged within 20 min at 4°C (2000g for 20 min), plasma
was aspirated, and then stored at -80°C until further ana-
lyses. The heart and lungs were weighed, and the tibia
lengths were measured. The LV (septum and free wall)
was separated from the rest of the heart and further sec-
tioned into infarcted area, non-infarcted area, and the bor-
der zone between these two regions (approximately width
of 2 mm). The tissue was immediately frozen in liquid
nitrogen and stored at -80°C until further analysis.

Isolation of total RNA, reverse transcription and real-time
PCR analysis
Total RNA was extracted with acid-buffered phenol
(Trizol®, Invitrogen, San Diego, CA), DNase treated,

and further purified using RNeasy mini columns (Qia-
gen, Hilden, Germany). cDNA was prepared using the
High-Capacity cDNA Archive Kit (Applied Biosystems,
Foster City, CA) according to the manufacturer’s
instruction. Primer sequences were designed using the
Primer Express software version 3.0 (Applied Biosys-
tems, Foster City, CA), sequence information can be
provided on request. Quantitative real-time PCR analysis
was performed using an ABI Prism 7300 sequence
detector (Applied Biosystems) and SYBR Green assays
(qPCR Master Mix for SYBR Green I, Eurogentec, Sera-
ing, Belgium). The ribosomal RNA P0 was used as an
internal standard for normalization of target mRNA.

Lipid analysis
Plasma lipids were measured on the Hitachi 917 system
(Roche Diagnostics GmbH, Mannheim, Germany) using
the following kits: total cholesterol (Bayer, Tarrytown,
NY), free cholesterol (Wako Chemicals, Dalton, OH),
HDL-cholesterol (HDL-C Plus, Roche Diagnostics
GmbH), LDL-cholesterol (LDL-C Plus, Roche Diagnos-
tics GmbH), triglycerides (Bayer), and phospholipids
(PAP 150, bioMérieux, Lyon, France).

Free FA and total levels and composition of FA
Plasma free FA (FFA) were measured on the Hitachi 917
system (Roche Diagnostics) using a commercially avail-
able FFA kit (NEFA [non-esterified FA] C, Wako Che-
micals, Neuss, Germany). Measurement of total levels
and composition of FA was performed after extracting
lipids from the myocardial tissue using a mixture of
chloroform and methanol. The extracts were transesteri-
fied using BF3-methanol. To remove neutral sterols and
non-saponifiable material, extracts of fatty acyl methyl

Table 5 Fatty acid composition (grams pr 100 g diet) of the feeds as determined from reference values for the soy
and krill oils mixed into the feeds
Fatty acid Control diet Krill oil diet

g/100 g diet

Palmitic acid 0.68 0.68

Stearic acid 0.29 0.20

Oleic acid 1.46 1.12

Linoleic acid 3.27 2.12

Alpha-linolenic acid 0.44 0.30

EPA 0 0.30

DHA 0 0.17

Arachidonic acid 0.01 0.01

SFA 1.02 1.00

MUFA 1.48 1.18

PUFA n-3 0.44 0.83

PUFA n-6 3.27 2.12

PUFA n-3/n-6 0.13 0.39

FA, fatty acids; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; SFA, saturated FA; MUFA, monounsaturated FA; PUFA, polyunsaturated FA.
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esters were heated in 0.5 M KOH in ethanol-water solu-
tion (9:1). Recovered FA were re-esterified using BF3-
methanol. The methyl esters were quantified by gas
chromatography as previously described [31].

Statistical analysis
All data are presented as mean ± SEM. For comparisons
of two groups, the Mann-Whitney U test was used. For
comparison of over 3 groups, ANOVA with the Krus-
kal-Wallis test was used. If the Kruskal-Wallis revealed
significant differences, subsequent analyses of individual
means were performed with Mann-Whitney U test. A
value of P < 0.05 was considered statistically significant.
SPSS 18.0 was used for all analyses.
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Abstract  
 

Background The discovery that termination of acute inflammation is an active process 

orchestrated by endogenous lipid mediators (LM) derived from polyunsaturated fatty acids, 

also referred to as specialised pro-resolving mediators (SPM), has provided novel therapeutic 

opportunities. The regulation of these processes in humans following acute myocardial 

infarction (MI) remains of interest.  

Aim We aimed to profile plasma levels of SPMs in ST-elevation MI (STEMI) patients during 

the first week following MI. 

Methods Plasma LM concentrations were measured in patients with STEMI (n=15) and 

compared with patients with stable coronary artery disease (CAD; n=10) and healthy controls 

(n=10).  

Results Our main findings were: (i) After onset of MI, STEMI patients had markedly 

increased levels of SPMs as compared with healthy controls and stable CAD patients, with 

declining levels during follow-up. (ii) The increase in SPMs reflected an increase in 

docosapentaenoic acid- and docosahexaenoic acid-derived protectins. (iii) Levels of several 

individual protectins were correlated with the rapid increase in neutrophil counts during 

STEMI, but not with CRP. (iv) We found a shift in 5-LOX activity from the leukotriene B4 

pathway to the pro-resolving RvTs.  

Conclusion The temporal regulation of selected SPMs indicates that resolution mechanisms 

are activated during STEMI. These findings indicate that protective mechanisms are engaged 

early on post MI as part of an endogenous mechanism to limit further tissue damage and 

initiate repair, mechanisms that may be harnessed in the development of novel treatment 

strategies for STEMI patients.   
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Introduction 

Cardiovascular disease (CVD) is the leading cause of death worldwide of which 

atherosclerotic disorders are the most important.(1) Atherosclerosis is now considered a 

chronic inflammatory disease, with an interaction between lipids and inflammation as a major 

characteristic. In clinical studies, increased levels of inflammatory markers are associated 

with accelerated disease and worsened prognosis following atherosclerotic complications like 

myocardial infarction (MI).(2, 3) MI leads to a sterile inflammatory reaction involving both 

recruitment of inflammatory cells and activation of the immune system, a response vital for 

tissue repair.(4) However, if sterile inflammation is prolonged and not resolved, such 

inflammation could aggravate tissue damage with unfavourable effects on the myocardium. 

Indeed, resolution of inflammation is a prerequisite for restoration of tissue integrity and 

function following MI.(4, 5) 

Specialised pro-resolving lipid mediators (SPM) are key effectors of resolution of 

inflammation and are endogenously formed from n-3 (omega-3) polyunsaturated fatty acids 

(PUFA).(6) SPMs are classified according to their n-3 PUFA precursor and further divided 

into subsets of functional families, such as resolvins (Rv), maresins, and protectins. The 

balance of pro-inflammatory mediators and SPMs during acute inflammation, like in MI, 

regulates the duration and strength of the inflammatory response.(5, 7) Commonly used 

medications in CVD may influence the levels of these lipid mediators (LM) in human 

subjects. Thus, while aspirin irreversibly inhibits the ability of cyclooxygenase (COX)-1 to 

form pro-inflammatory products such as prostaglandins (PG), aspirin also switches the 

activity of COX-2 leading to a shift in the product profile from the inflammation-initiating PG 

to epimeric forms of the protectins, resolvins, and lipoxins.(8, 9)  

An exaggerated and prolonged inflammatory response after MI has been proposed to 

be detrimental for cardiac function, both in the short and longer term.(4, 10) We recently 
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found that resolution mechanisms are altered in stable atherosclerotic disorders.(11) However, 

the role of resolution in acute MI is unexplored in humans. We hypothesize that timely 

induction and resolution of inflammation is required for optimal MI healing and aimed to 

profile plasma levels of SPMs in ST-elevation MI (STEMI) during the first week following 

MI. 

  

Materials and methods 

The blood sampling protocol and methods for targeted lipid profiling, biochemical, and 

statistical analyses are available in the Supplementary material online.  

 

Study population 

Patients presenting with STEMI, subjected to primary percutaneous coronary intervention 

(PCI) who met all the following inclusion criteria: (i) significant ST-segment elevation on 

ECG, ii) elevated high-sensitivity troponin T (hsTnT) levels, and iii) an occluded or stenotic 

coronary artery (>50 %) presumed to be the culprit lesion on angiography were consecutively 

included in the study. STEMI patients were admitted within 5 hours (median 2.6 hours) after 

onset of symptoms (Table 1). Coronary angiography and PCI were performed in all patients 

and pharmacological treatment (prehospital, procedural, and secondary preventive treatment) 

was provided in adherence to prevailing guidelines. The STEMI patients were compared with 

patients with stable coronary artery disease (CAD) (n=10) defined as episodes of reversible 

ischemic chest pain with atherosclerotic plaques demonstrated by coronary angiography. To 

keep confounding factors at a minimum, patients with developing signs of heart failure within 

the observation period, other known inflammatory comorbidities (e.g. autoimmune disease, 

infections, and malignancies), and patients using immune modulating drugs (e.g. steroids) and 

COX-inhibitors were excluded. Blood samples were also obtained from ten age- and sex-
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matched apparently healthy controls (based on disease history, clinical examination, and 

clinical chemistry; Table 1 and 2). All healthy volunteers had high-sensitivity C-reactive 

protein (hsCRP) <2.5 mg/L. One patient in each group used a daily n-3 PUFA supplement, in 

the STEMI group 240 mg n-3 PUFA daily, in the stable CAD group 2000 mg n-3 PUFA 

daily, and among healthy volunteers 1200 mg n-3 PUFA daily. The study was approved by 

the Regional Committee for Medical and Health Research Ethics of South-Eastern Norway 

and conducted according to the Helsinki Declaration. All participants provided written, 

informed consent. 

 

Results 

Study population  

Baseline clinical characteristics were comparable in STEMI patients and stable CAD patients. 

However, the stable CAD patients were slightly older, had higher body mass index (BMI), 

and hypertension was more prevalent (Table 1). Further, patients with stable CAD and 

STEMI had received aspirin (300 mg) prior to baseline sampling. Healthy controls were 

matched for age, gender and actual blood pressure with the two patient groups and for BMI 

with the STEMI group (Table 1). As shown in Figure 1, STEMI patients had hsTnT and 

hsCRP peak levels on day 1. In contrast to this pattern, neutrophil counts peaked and were 

tripled already at MI onset compared with stable CAD and healthy volunteers, demonstrating 

an early inflammatory response during MI, with decreasing levels throughout the observation 

period. All recorded biochemical parameters are listed in Table 2.  
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Patients with STEMI have a distinct and early increase in peripheral SPM 

concentrations 

SPMs and eicosanoids from the eicosapentaenoic acid (EPA), n-3 docosapentaenoic acid (n-3 

DPA), docosahexaenoic acid (DHA), and arachidonic acid (AA) bioactive metabolomes were 

identified and quantified in accordance with published criteria, including matching retention 

times on for liquid chromatography (LC) and tandem mass spectrometry (MS/MS) 

fragmentation spectra.(12) Figure 2A-B depict representative multiple reaction monitoring 

chromatograms of selected ion pairs for protectin (PD)1 and PD2n-3 DPA along with 

representative MS/MS spectra and diagnostic ions employed for their identification. To assess 

if STEMI was linked to changes in SPM profiles, we first performed a Partial least squares 

discriminant analysis (PLS-DA) (Figure 2C top) with results obtained from LC-MS/MS 

profiling. The PLS-DA plot shows the systematic clusters among observations (closer plots 

presenting higher similarity in the data matrix)(13) and demonstrates a separation between the 

healthy controls, stable CAD, and STEMI clusters. The corresponding loading plot (Figure 2C 

below) that describes the magnitude and manner the SPMs contribute to the cluster separation 

in the score plot,(13) demonstrated that plasma from STEMI patients was characterized by 

higher levels of several individual LMs such as PD1 and PD2n-3 DPA (VIP score ≥1.0).  

Combining (cumulative values) all individual SPMs and pro-inflammatory LM 

respectively, STEMI patients had an almost doubling of SPM levels (Figure 2D top) only 

hours after onset of MI symptoms and before the observed peak in hsTnT, compared with 

both healthy controls and stable CAD, with declining levels throughout the observation 

period. Of note, the levels of SPMs in plasma were identified within physiologically relevant 

concentrations: 1 pM-10 nM.(14, 15) In line with the administration of aspirin, patients with 

STEMI (p=0.003) and stable CAD (p<0.001), had decreased plasma eicosanoid 

concentrations (Figure 2D, below) at onset of MI and during follow-up. Thus, STEMI patients 



7	
	

have increased levels of SPMs after MI onset and this response is most likely part of the 

endogenous damage limitation pathway to minimise secondary damage post MI.  

 

STEMI patients have elevated levels of DHA- and n-3 DPA-derived protectins  

Having found distinct SPM profiles in STEMI patients when compared with both CAD 

patients and healthy volunteers we next examined the contribution of each of the LM families 

to the overall profiles. In STEMI patients we observed an increase of DHA-derived SPMs, 

and a trend towards increase of n-3 DPA-derived SPMs when compared with stable CAD and 

healthy volunteers (p=0.12 and p=0.07 vs CAD and controls, respectively; Figure 3A). Of 

note, we also found increases in both n-3 DPA and DHA-derived protectins during the early 

hours post MI that decreased during follow-up to levels comparable with those measured in 

both stable CAD patients and healthy volunteers (3- and 4-fold increase, respectively; Figure 

3B-C).  

Assessment of individual mediator concentrations with the protectin metabolomes 

demonstrated an increase in the DHA-derived SPM PD1 and its double deoxygenation isomer 

10S,17S-diHDHA, that also carries biological actions including anti-platelet actions(16, 17), 

after MI onset in STEMI as compared with stable CAD and controls (Figure 4A, right). I 

addition, the levels decreased during follow-up. The regulation of the n-3 DPA derived 

protectins followed similar dynamics as those observed for the DHA-derived congeners, 

whereby PD2n-3 DPA and the protectin pathway marker 10S,17S-diHDPA, increased by three-

fold and ten-fold, respectively, in STEMI patients at onset of MI compared with stable CAD 

and controls with normalization during follow up.  

In contrast with the protectin pathways, the production of RvD5n-3 DPA, which we 

recently found to exert vasculo-protective actions, was reduced in all STEMI patients at all 

three intervals tested and in stable CAD patients when compared with healthy volunteers. 



8	
	

Taken together, these findings strongly indicate a modulated biosynthesis of several SPMs 

with a temporal up regulation of DHA- and n-3 DPA-derived protectins immediately after 

vascular injury suggesting that these mediators may play a role in limiting further tissue 

damage.  

 

Association of individual SPMs with markers of inflammation and hsTnT 

We next assessed whether there was a correlation between individual SPM and systemic 

markers of inflammation. Whereas we found no associations between significantly regulated 

individual SPMs and hsCRP, we found significant correlations between PD1 (r=0.26, 

p<0.04), 10S,17S-diHDA (PDX) (r=0.28, p<0.03), and PD2n-3 DPA (r=0.32, p<0.01) with 

circulating neutrophil counts. In addition, 10S,17S-diHDA (PDX) (r=0.35, p=0.005) was also 

associated with hsTnT.  

 

Low pro-inflammatory LM levels in STEMI and stable CAD primarily reflect effects of 

aspirin 

Aspirin can influence biosynthesis of certain LM and the aspirin triggered pathway for AA is 

shown in Figure 5A. In accordance with the observed decrease in pro-inflammatory LM 

(Figure 2D), STEMI and CAD patients had lower plasma levels of the n-6 PUFA AA-derived 

PG family and thromboxane (Tx) B2 compared with healthy volunteers (Figure 5B). All 

patients in the stable CAD and STEMI group were given 300 mg aspirin prior to the first 

blood sampling and the observed pattern is in line with the mechanism of action of 

aspirin.(18) In addition to a decrease in AA-derived inflammatory LM, aspirin may trigger the 

biosynthesis of the pro-resolving aspirin triggered (AT)-PD1 and notably, patients with 

STEMI had raised levels of AT-PD1 (Figure 5C-D; Supplementary Table S1). 
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Modulation of 5-LOX dependent mediators  

As both leukotrienes (LT) (pro-inflammatory mediators) and several SPM families, including 

Rvs of the E-series, D-series, and T-series, are 5-LOX dependent pathways,(7) we lastly 

looked into the balance and timing of their biosynthesis in STEMI. In terms of AA-derived 5-

LOX products, LT levels as a whole tended (p=0.08) to be higher in STEMI after MI onset as 

compared with stable CAD and for 12-epi-6-trans-LTB4, a biosynthetic pathway marker of 

the potent leukocyte chemoattractant LTB4, the increase was significant (Figure 6). 

Interestingly, SPMs in all the major 5-LOX dependent families were detected in circulation 

during STEMI and especially, RvT4 was the most abundant with peaking levels on day 8 

(p=0.03 vs healthy volunteers). Of note we observed that the ratio of RvT4 to LTB4 was 

higher after one week compared with MI onset, potentially reflecting a shift in the product 

profile of the 5-LOX enzyme from the ionotropic LTB4 to the pro-resolving RvT4. 

 

Discussion 

While data on the regulation of inflammatory pathways during MI is abundant, this is the first 

report on the regulation of SPMs during acute MI. We show that circulating SPMs are 

markedly modulated during STEMI, indicating that resolution processes are activated during 

MI. We found that circulating SPM levels peak within hours after onset of MI symptoms, 

even before the observed maximum release of hsTnT, corresponding with the early neutrophil 

response in circulation. Moreover, in contrast to this rise in pro-resolving mediators, there was 

a marked decline in pro-inflammatory PG and TxB2 throughout the observation period, 

probably reflecting the use of aspirin. Finally, in contrast to the rapid increase in overall SPM 

biosynthesis, there seemed to be a somewhat delayed shift from pro-inflammatory to pro-

resolving LM in the LOX-dependent pathway during STEMI. Our findings show that pro-
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resolving mechanisms are activated early during STEMI, underscoring that resolution of 

inflammation is an active and regulated process.  

 

Early activation of resolution mediators during STEMI 

Our observations suggest that post-MI inflammation and wound healing begins with 

coinciding resolution, indicating that the “inflammation breaks” are activated immediately 

after MI onset. Even though this is the first report on resolution mediators during the acute 

phase of STEMI in humans, SPMs have been shown to modulate post-MI wound healing in 

experimental animal models.(19-21) Diminished resolution of inflammation worsened 

prognosis after experimental MI, as well as promoted plaque instability.(5, 19) In humans, 

some studies have been done on stable CAD. We have reported data in patients with stable 

CAD showing diminished levels of several SPMs(22) and demonstrated the diurnal regulation 

and lower levels of RvDn-3 DPA in CAD patients admitted for PCI.(11) Herein we extend these 

findings by showing a much more marked regulation of SPMs in STEMI patients. Also, and 

most importantly, in contrast to the previously reported decreased RvD1 concentrations in 

stable atherosclerotic disorders, we found markedly up-regulation of several SPMs 

immediately after onset of symptoms in STEMI patients, with a gradual decline during the 

first week.  

 

Protectins drives the early resolving response during STEMI 

This early SPM response in STEMI was mainly driven by the DHA- and n-3 DPA-derived 

protectin families, and especially PD1, 10S,17S-diHDA (PDX), PD2n-3 DPA, and 10S,17S-

diHDPA were higher in STEMI patients shortly after MI onset. DHA derived protectins are 

formed via the stereo selective conversion of DHA by 15-LOX, with both PD1 and 10S,17S-

diHDA (PDX) carrying anti-inflammatory properties.(16) Moreover, 10S,17S-diHDA (PDX) 
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have been shown to inhibit TxA2-induced platelet aggregation(23) and during mouse 

ischemia-reperfusion injury, PD1 administration before ischemia resulted in a reduction in 

functional and morphological kidney injury.(24) The n-3 DPA-derived protectins have been 

found to enhance the resolving capacity of macrophages, partly through induction of 

efferocytosis and a reprogramming of the macrophage phenotype.(25) Of note, PD2n-3 DPA 

reduces neutrophil recruitment during sterile inflammation(26) and interestingly, in contrast to 

maresins that are mostly produced by pro-resolving (M2) macrophages, protectins may also 

be produced by neutrophils.(6) Indeed, herein PD2n-3 DPA, as well as PD1, were positively 

correlated with neutrophil counts shortly after MI onset, and it is tempting to hypothesize that 

the increase in the protectin levels may represent a counteracting mechanism to dampen the 

harmful effect of the initial rise in neutrophils following STEMI.   

 

Aspirin effects on lipid mediator biosynthesis 

Aspirin irreversibly inhibits COX-1 with a subsequent reduced biosynthesis of pro-

inflammatory LM. All our patients (STEMI and CAD) received aspirin prior to baseline 

sampling, and we observed suppressed biosynthesis of COX-1 dependent pro-inflammatory 

LM in these patients (PGs and TxB2). Furthermore, aspirin modifies the enzymatic activity of 

COX-2, where it promotes a shift in  COX-2 activity to 15-LOX-like activity, with the 

consequential biosynthesis of AT-SPMs contributing  to additional anti-inflammatory effects 

of aspirin.(27) Hence, the effects of low-dose aspirin beyond inhibition of PGs and 

thromboxane are becoming increasingly apparent. AT-PD1 exhibits significant higher 

metabolic stability than PD1(16) and in our study AT-PD1 was clearly elevated throughout 

the observation period. Chiang et al. showed that aspirin administered in doses ranging from 

80-650 mg for 8 weeks to healthy volunteers both inhibited PG biosynthesis and increased 

AT-LXA4 in circulation,(28) the latter a pattern that was not seen in the present study. 
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However, the STEMI patients in our study received a single dose of aspirin 300 mg, and only 

a few used aspirin steadily before inclusion, which may explain the lack of differences.  

 

5-LOX derived mediators: important for resolution after the acute phase 

In contrast to the early increase in 15-LOX products, we found a delayed increase in the 

biosynthesis of the 5-LOX SPMs. While 5-LOX activity may also be increased during the 

initial stages, this activity produces LTs. Later in the timeline, possibly regulated by 

protectins, 5-LOX remains in the cytosol where it produces RvTs. Moreover, Fredman et 

al.(7) also showed decreased levels of 5-LOX SPMs in unstable atherosclerotic lesion in both 

human samples and murine models of atherosclerosis and one might speculate if the late (1 

week after MI) rise in 5-LOX SPMs could inhibit further plaque destabilization. Earlier 

reports have shown that 5-LOX deletion impairs wound healing and promotes cardiac rupture 

after MI, indicating a crucial role in post-MI inflammation.(29) If peak level was reached 

within the study observation period, or if the 5-LOX SPMs will continue to rise even further, 

is at present not clear and the importance of this “second hit” of SPMs needs to be further 

clarified.  

 

Global immunosuppression: harmful effects on resolution? 

Experimental studies have shown beneficial effects of SPM administration in relation to 

various disorders like atherosclerosis, ischemic events and MI.(7, 19, 24) Thus, though we 

found increased levels of several SPM immediately following MI, even higher levels may 

potentially be needed to obtain a more balanced resolution of the primary inflammatory 

responses. Moreover, our findings also suggest that global immunosuppression during MI 

may be harmful by inducing downregulation of not only inflammatory, but also pro-resolving 
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pathways. Last, the rise in COX-2 derived SPMs with aspirin treatment may further support a 

negative impact of selective COX-2 inhibitors during MI.  

 

Study limitations  

The aim of our study was primarily to demonstrate that resolution mediators are regulated 

during MI and thus prove a potential for modulation of their dynamics. Accordingly, the 

patients were carefully selected without apparent previous comorbidity to keep confounding 

factors to a minimum. Whereas this was strength in this hypothesis generating study, the 

population may not represent the majority of STEMI patients.  

 

Conclusions 

This is the first report on the regulation of SPMs during acute MI in humans. Our findings 

show that pro-resolving mechanisms are increased early during STEMI, indicating that the 

“inflammation breaks” are activated immediately after MI onset. Our novel findings could 

represent the start of a new era in relation to targeting inflammation during MI, focusing not 

only of anti-inflammatory intervention, but also on enhancing the pro-resolving capacity. 
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Figures 

 

Graphical abstract 

SPMs are key effectors of resolution of inflammation and are endogenously formed from n-3 

polyunsaturated fatty acids and regulates the duration and strength of the inflammatory 

response. Circulating SPMs are markedly increased early during ST-elevation myocardial 

infarction, indicating that resolution processes are activated.  

SPM, specialized pro-resolving lipid mediator 
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Figure 1. STEMI patients present with elevated troponin T and inflammatory markers  

Plasma from healthy volunteers (n=10) and patients with stable CAD (n=10) and STEMI 

(n=15) were collected after MI onset. Repeated samples were drawn from STEMI patients. 

The figure show plasma levels of hsTnT, hsCRP, and neutrophils. All results are expressed as 

mean±SEM. *p<0.05, **p<0.01, ***p<0.001 vs. STEMI baseline. #p<0.05, ##p<0.01, 

###p<0.001 for repeated measures ANOVA for STEMI-baseline, day 1, and 8. 
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Figure 2. Patients with STEMI have a distinct and early increase in SPM biosynthesis 

Plasma from healthy volunteers (n=10) and patients with stable CAD (n=10) and STEMI 

(n=15) were collected after MI onset. Repeated samples were drawn from STEMI patients. 

LM profiles were obtained using LC-MS/MS. (A) Representative multiple reaction 

monitoring (MRM) chromatograms of the LM identified in healthy controls and patients with 

stable CAD and STEMI. Peak heights represent the relative levels of each LM. (B) 

Accompanying MS/MS spectra used for identification of PD1 and PD2n-3 DPA. (C) Partial least 

squares discriminant analysis of the LM-profiles. Top panel, two-dimensional score plot; 

lower panel, two-dimensional loading plot. Gray ellipse in the score plot denotes 95 % CI 

regions. (D) Cumulative values of SPMs and pro-inflammatory LMs (prostaglandins, 

leukotrienes, and thromboxane B2) after MI onset and during study follow up. All results are 

expressed as mean±SEM. *p<0.05, **p<0.01, ***p<0.001 vs. STEMI baseline. #p<0.05, 

##p<0.01, ###p< 0.001 for repeated measures ANOVA for STEMI-baseline, day 1, and day 8.  

LM, lipid mediator; PD, protectin; SPM, specialized pro-resolving lipid mediator. 
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Figure 3. STEMI patients have higher levels of n-3 DPA and DHA derived protectins  

Plasma from healthy volunteers (n=10) and patients with stable CAD (n=10) and STEMI 

(n=15) were collected after MI onset. Repeated samples were drawn from STEMI patients. 

LM were quantified using LC-MS/MS. (A) DHA, n-3 DPA, and EPA metabolomes after MI 

onset and during study follow up. (B) n-3 DPA derived resolvin D-series, protectins, and 

maresins. (C) DHA-derived resolvin D-series, protectins, and maresins. EPA derived series is 

not included as there is only one series embedded in the metabolome. All results are 

expressed as mean±SEM. *p<0.05, **p<0.01, ***p<0.001 vs. STEMI baseline. #p<0.05, 

##p<0.01, ###p< 0.001 for repeated measures ANOVA for STEMI-baseline, day 1, and day 8. 

EPA, eicosapentaenoic acid; n-3 DPA, n-3 docosapentaenoic acid; DHA, docosahexaenoic 

acid. 
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Figure 4. Significantly modulated individual SPMs during STEMI 

Plasma from healthy volunteers (n=10) and patients with stable CAD (n=10) and STEMI 

(n=15) were collected after MI onset. Repeated samples were drawn from STEMI patients. 

LM were obtained using LC-MS/MS. (A) Quantification of PD1, 10S,17S-diHDA, (B) PD2n-3 

DPA, 10S,17SdiHDPA, and (C) RvD5n-3 DPA. Results are expressed as pg/ml and mean±SEM 

*p<0.05, **p<0.01, ***p<0.001 vs. STEMI baseline. #p<0.05, ##p<0.01, ###p< 0.001 for 

repeated measures ANOVA for STEMI-baseline, day 1, and day 8. LM, lipid mediators. 

LM, lipid mediator; PD, protectin; Rv, resolvin  
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Figure 5. Aspirin triggered SPM biosynthesis during STEMI 

Plasma from healthy volunteers (n=10) and patients with stable CAD (n=10) and STEMI 

(n=15) were collected after MI onset. Repeated samples were drawn from STEMI patients. 

LM were obtained using LC-MS/MS. (A) Biosynthetic pathways involved in AT-SPMs. (B) 

Quantification of prostaglandins, TxB2, (C) AT-PD1 (D) AT-LXA4, and (E) Resolvin 

Thirteen series. Results are expressed as pg/ml and as mean±SEM. *p<0.05, **p<0.01, 

***p<0.001 vs. STEMI baseline. #p<0.05, ##p<0.01, ###p< 0.001 for repeated measures 

ANOVA for STEMI-baseline, day 1, and day 8. Refer to Table 1 for patient demographics.  

AT, aspirin triggered; PD, protectin; LX, lipoxin; SPM, specialized pro-resolving lipid 

mediators; Tx, thromboxane.  
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Figure 6. Modulation of 5-LOX dependent mediators  

Plasma from healthy volunteers (n=10) and patients with stable CAD (n=10) and STEMI 

(n=15) were collected after MI onset. Repeated samples were drawn from STEMI patients. 

LM were obtained using LC-MS/MS. (A) AA-derived 5-LOX products. (B) n-3 PUFA-

derived 5-LOX products (C) Ratio of RvT4 to LTB4. Results are expressed as pg/ml and as 

mean±SEM. *p<0.05, **p<0.01, ***p<0.001 vs. STEMI baseline. #p<0.05, ##p<0.01, ###p< 

0.001 for repeated measures ANOVA for STEMI-baseline, day 1, and day 8.  

AA, arachidonic acid; LOX, lipooxygenase; LT, leukotriene; PUFA, polyunsaturated fatty 

acid; Rv, resolvin.  
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Tables 

Table 1. Clinical and hemodynamic characteristics of STEMI patients, stable CAD, and healthy volunteers.  

 Healthy volunteers 

(n=10) 

Stable CAD  

(n=10) 

STEMI  

(n=15) 

Age, years, mean (SD) 61 (10.8) 67 (6.9)* 59 (8.8) 

Female, n (%) 2 (20) 4 (60)  2 (13.3) 

Body mass index, kg/m2, mean (SD) 24.5 (2.0) 31.0 (5.5)** 26.2 (2.2) 

Blood pressure, systolic, mmHg, mean (SD) 125 (17.2) 154 (17.8)* 131 (25.9) 

Blood pressure, diastolic, mmHg, mean (SD) 80 (10.8) 80 (8.9) 79 (11.3) 

Symptom onset to inclusion, hours, mean (min, max) - - 2.6 (0.9, 4.7) 

Maximum hsTnT, ng/L, mean (min, max) - - 2681 (1096, 9557) 

GRACE score, mean (SD) - - 105 (19) 

Multi vessel disease, n (%) 0 4 (40) 7 (47) 

History    

 Diabetes mellitus, n (%) 0 2 (20) 0 

 Current smoking, n (%) 0 0 8 (53) 

 Previous myocardial infarction, n (%) 0 1 (10) 1 (7) 

Medication on admittance    

 Aspirin, n (%) 0 10 (100) 15 (100) 

 Clopidogrel, n (%) 0 1 (6.3) 15 (100) 

 Ticagrelor, n (%) 0 0 0 

 Prasugrel, n (%) 0 0 0 

 Low molecular weight heparin, n (%) 0 0  15 (100) 

 Statin, n (%) 0 9 (90) 3 (20) 

Data given as mean (SD) or number of subjects (%).hsTnt, high-sensitivity Troponin T.  *p < 0.05. **p < 0.01 vs. 

STEMI baseline. 
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Table 2. Clinical biochemistry at MI onset and during follow-up of STEMI patients, stable CAD, and healthy 

volunteers. 

 Healthy Stable STEMI 

 Volunteers CAD Baseline Day 1 Day 8 

hsTnT baseline, ng/L, mean (SD) 8 (3) 15 (17) 79 (70) 2073 (1420) 369 (412) 

NT-proBNP, ng/L, mean (SD) 64 (21) 295 (184) 251 (336) 1196 (817) 406 (299) 

hsCRP, mg/L, mean (SD) 2.5 (4.5) 1.2 (1.2) 6.9 (16.9) 13.4 (24.2) 11.1 (17.6) 

Hb, g/Dl, mean (SD) 14.6 (1.1) 14.1 (0.8) 14.6 (1.1) 13.9 (1.1) 14.3 (0.8) 

Leucocytes, 109/L, mean (SD) 6.6 (1.8) 6.4 (1.7) 12.9 (4.4) 10.2 (3.0) 7.4 (1.5) 

Neutrophils, 109/L, mean (SD) 2.9 (1.8) 3.9 (1.2) 10.0 (4.0) 7.2 (2.6) 4.5 (1.4) 

Monocyte, 109/L, mean (SD) 0.7 (0.4) 0.6 (0.2) 0.8 (0.3) 1.0 (0.3) 0.8 (0.3) 

Lymphocyte, 109/L, mean (SD) 2.6 (1.5) 1.8 (0.5) 1.9 (0.8) 1.9 (0.7) 2.0 (0.7) 

Platelets, 109/L, mean (SD) 260 (62) 234 (75) 260 (49) 244 (61) 295 (96) 

Creatinine, µmol/L, mean (SD) 88.9 (14.5) 81.1 (18.3) 81.3 (14.4) 76.6 (8.9) 84.4 (8.9) 

Tot. cholesterol, mmol/L, mean 

(SD) 

5.4 (0.9) 4.2 (1.1) 4.2 (0.8) 4.9 (0.8) 3.9 (0.7) 

Triglycerides, mmol/L, mean (SD) 1.5 (0.7) 1.4 (0.8) 1.3 (1.3) 1.6 (1.0) 1.2 (0.8) 

LDL-c, mmol/L, mean (SD) 3.3 (1.0) 2.4 (0.9) 3.5 (0.8) 3.2 (0.7) 2.3 (0.7) 

HDL-c, mmol/L, mean(SD) 1.7 (0.6) 1.6 (0.6) 1.3 (0.8) 1.2 (0.3) 1.0 (0.3) 

AST, U/L. mean (SD) 26 (2.6) 26 (3.6) 33 (14.8) 149.6 (70) 27 (8.1) 

ALT, U/L, mean (SD) 25 (6.5) 34 (13.6) 28 (7.7) 40 (14.6) 34 (10.1) 

HbA1c, %, mean (SD) 5.4 (0.3) 6.0 (1.5) 5.6 (0.4) 5.7 (0.4) 5.8 (0.4) 

Data are given as mean (SD). hsTnT, high-sensitivity Troponin T; BNP, brain natriuretic protein; hsCRP, high-

sensitivity C-reactive protein; Hb, haemoglobin; LDL, low density lipoprotein; HDL, high-density lipoprotein; 

AST aspartate aminotransferase; ALT, alanine aminotransferase. 
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Methods 

Blood sampling 

Blood samples were collected from patients and controls at the time of inclusion (mean time 

from symptoms to inclusion was 2,5 hours; Table 1) and in STEMI patients also at days one 

and eight. In STEMI and stable CAD patients, peripheral arterial blood was drawn prior to 

procedural heparinization and catheterization on inclusion into endotoxin-free blood 

collection tubes with ethylenediaminetetraacetic acid (EDTA) as anticoagulant. In healthy 

volunteers and STEMI patients at day one and eight, peripheral venous blood was used. The 

EDTA tubes were immediately placed on melting ice and centrifuged within 30 minutes at 

2000×g for 20 minutes to obtain platelet-poor plasma. Immediately following centrifugation, 

the vials were stored in several aliquots at -80oC for less than six months and thawed only 

once prior to analyses.  

 

Targeted lipid mediator profiling 

Blood was collected in EDTA tubes and centrifuged for 20 min at 2000 x g, and plasma was 

then stored at -80oC. Samples for liquid chromatography-tandem mass spectrometry (LC-

MS/MS)-based lipid mediator profiling were extracted using solid-phase (C-18) extraction 

columns as previously described1. Prior to sample extraction, deuterated internal standards, 

representing each region in the chromatographic analysis (500 pg each) were added to 

facilitate quantification in 4 vol of cold methanol. Samples were kept at -20°C for a minimum 

of 45 minutes to allow protein precipitation. Supernatants were subjected to solid phase 

extraction, methyl formate fraction were collected, brought to dryness and suspended in phase 

(methanol/water, 1:1, vol/vol) for injection on a Shimadzu LC-20AD HPLC and a Shimadzu 

SIL-20AC autoinjector, paired with a QTrap 5500 or QTrap 6500 (Sciex). An Agilent 

Poroshell 120 EC-C18 column (100 mm x 4.6 mm x 2.7 µm) was kept at 50°C and mediators 



eluted using a mobile phase consisting of methanol-water-acetic acid of 20:80:0.01 

(vol/vol/vol) that was ramped to 50:50:0.01 (vol/vol/vol) over 0.5 minutes and then to 

80:20:0.01 (vol/vol/vol) from 2 to 11 minutes, maintained till 14.5 minutes and then rapidly 

ramped to 98:2:0.01 (vol/vol/vol) for the next 0.1 minutes. This was subsequently maintained 

at 98:2:0.01 (vol/vol/vol) for 5.4 min, and the flow rate was maintained at 0.5 ml/minutes. 

QTrap 5500 or QTrap 6500 were operated using a multiple reaction monitoring method. Each 

LM was identified using established criteria including matching retention time to synthetic 

and authentic materials and at least 6 diagnostic ions. Calibration curves were obtained for 

each using synthetic compound mixtures at 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50, 100, and 200 

pg that gave linear calibration curves with a r2 values of 0.98–0.991-3. 

 

Biochemical analyses 

Blood samples were analyzed consecutively using routine methods in clinical biochemistry 

laboratories at Oslo University Hospital Rikshospitalet including analyses of hsCRP on a 

MODULAR platform (Roche Diagnostics, Basel, Switzerland) and hsTnT by 

electrochemiluminescence immunoassay (ELICA; Elecsys 2010 analyzer, Roche 

Diagnostics).  

 

Statistical analyses 

Multivariate analysis (PLS-DA) was performed using SIMCA 14.1 with mean centering and 

unit variance scaling.   All other statistical calculations were performed with Prism 7 for Mac 

OS X (GraphPad Software, SD, California). All continuous variables were compared with 

paired or unpaired Student’s t-tests and categorical variables with the Chi-square test or 

Fisher exact test for observations <5. For comparison of more than two groups, ANOVA and 

repeated measures ANOVA were used and subsequent analyses were performed only if the 



one-way analysis of variance was significant. Association of SPMs to cardiac and 

inflammatory parameters was performed only on significantly elevated SPMs after MI onset 

with non-parametric statistics (Spearman-rho correlation). A value of p≤0.05 was considered 

statistically significant, but should be interpreted with caution.  
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Supplementary Table 

Supplementary Table S1. MI onset and temporal lipid mediators identified in STEMI, stable CAD, and healthy volunteers 

  

 

Lipid mediator levels (plasma; pg/ml) 

 MRM transition Healthy Stable STEMI 

  Q1 Q3 volunteers CAD Baseline Day 1 Day 8 

DHA Bioactive Metabolome 

      Resolvin D-series 

                 RvD1 375 215 2.3 ± 1.5 0.0 ± 0.0 1.0 ± 0.8 0.2 ± 0.1 0.1 ± 0.1 

RvD2 375 141 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 

RvD3 375 147 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

RvD4 375 101 1.8 ± 1.0 2.1 ± 1.1 1.3 ± 0.7 1.3 ± 0.6 3.1 ± 1.8 

RvD5 359 199 0.1 ± 0.1 0.1 ± 0.1 1.3 ± 0.7 0.3 ± 0.2 0.8 ± 0.4 

RvD6 359 159 1.3 ± 0.3 0.8 ± 0.5 1.4 ± 0.6 2.0 ± 0.6 1.7 ± 0.7 

AT-RvD1 375 233 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

AT-RvD3 375 147 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Protectins  

                 PD1 359 153 0.1 ± 0.1** 0.7 ± 0.4* 1.9 ± 0.4 1.3 ± 0.4 1.1 ± 0.4 

PD2 359 261 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

AT-PD1 359 153 0.1 ± 0.1* 1.0 ± 0.6 2.6 ± 0.8 2.5 ± 0.7 2.6 ± 0.9 

10S,17SdiHDHA 359 153 0.2 ± 0.1* 0.3 ± 0.2* 6.3 ± 2.2 3.9 ± 1.4 3.5 ± 1.2 

22-OH-PD1 375 153 0.1 ± 0.1 0.4 ± 0.3 0.4 ± 0.2 0.4 ± 0.2 0.1 ± 0.1 

PCTR1 650 231 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

PCTR2 521 231 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

PCTR3 446 231 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Maresins 

                 MaR1 359 221 3.1 ± 1.5 2.7 ± 1.3 5.2 ± 2.1 7.0 ± 1.5 3.0 ± 1.0 

MaR2 359 191 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.2 0.0 ± 0.0 0.1 ± 0.1 

22-OH-MaR1 375 221 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

14-oxo-MaR1 357 248 0.0 ± 0.0* 0.0 ± 0* 0.8 ± 0.3 0.3 ± 0.2 0.8 ± 0.3 

7S,14SdiHDHA 359 221 2.3 ± 1.1 1.6 ± 1.1 5.5 ± 2.1 2.3 ± 1.3 1.7 ± 1.0 

4S,14SdiHDHA 359 101 0.8 ± 0.4 1.9 ± 1.1 2.2 ± 0.9 1.4 ± 0.5 1.3 ± 0.5 

MCTR1 650 191 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

MCTR2 521 191 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

MCTR3 446 191 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

                  n-3 DPA Bioactive 

                



Metabolome 

Resolvin T series  

                 RvT1 377 211 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

RvT2 377 255 0.8 ± 0.5 0.7 ± 0.6 0.2 ± 0.2 0.4 ± 0.2 0.7 ± 0.5 

RvT3 377 197 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.1 0.0 ± 0.0 

RvT4 361 193 1.2 ± 0.7 3.9 ± 2.1 1.8 ± 0.6 3.4 ± 1.0 3.6 ± 0.8 

Resolvin D-series 

                 RvD1n3 DPA 377 143 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

RvD2n3 DPA 377 261 0.0 ± 0.0 0.0 ± 0.0 0.7 ± 0.4 0.7 ± 0.4 1.4 ± 0.8 

RvD5n3 DPA 361 199 4.6 ± 2.0* 1.0 ± 0.5 1.5 ± 0.5 1.3 ± 0.4 1.3 ± 0.7 

Protectins 

                 PD1n3 DPA 361 183 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.2 0.2 ± 0.2 

PD2n3 DPA 361 263 4.9 ± 1.0** 4.9 ± 2.1* 14.7 ± 3.2 7.2 ± 1.8 5.7 ± 0.8 

10I,17SdiHDPA 361 183 0.1 ± 0.1* 0.0 ± 0.0* 0.9 ± 0.3 0.3 ± 0.2 0.1 ± 0.1 

Maresins 

                 MaR1n3 DPA 361 205 0.1 ± 0.1 0.6 ± 0.3 0.3 ± 0.2 0.4 ± 0.4 0.8 ± 0.4 

MaR2n3 DPA 361 193 21.8 ± 3.1* 25.0 ± 5.6 39.9 ± 8.3 24.0 ± 5.8 24.5 ± 3.2 

7S,14SdiHDPA 361 205 0.3 ± 0.2* 0.8 ± 0.4* 0.0 ± 0.0 0.6 ± 0.3 0.4 ± 0.2 

                  EPA Bioactive Metabolome 

                Resolvin E-series 

                 RvE1 349 161 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.2 0.6 ± 0.5 

RvE2 333 199 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.2 0.0 ± 0.0 

RvE3 333 201 0.4 ± 0.3 0.5 ± 0.5 1.3 ± 0.6 0.9 ± 0.4 1.1 ± 0.5 

                  AA Bioactive Metabolome 

                Lipoxins 

                 LXA4 351 115 0.1 ± 0.0 0.2 ± 0.1* 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.0 

LXB4 351 115 0.0 ± 0.0 0.5 ± 0.5 0.4 ± 0.5 1.2 ± 0.6 0.0 ± 0.0 

5.15-diHETE 335 235 1.4 ± 1.1 1.7 ± 1.2 6.6 ± 2.7 3.8 ± 1.2 6.4 ± 3.3 

AT-LXA4 351 115 0.2 ± 0.1* 0.5 ± 0.2 0.7 ± 0.2 0.1 ± 0.1 0.5 ± 0.4 

AT-LXB4 351 221 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

13.14-dehydro-15-

oxo-LXA4 351 217 0.2 ± 0.1 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.0 0.1 ± 0.1 

15-oxo-LXA4 349 115 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Leukotrienes 

                 LTB4 335 195 1.5 ± 0.2 1.9 ± 0.4 2.8 ± 0.7 1.8 ± 0.2 1.5 ± 0.2 

5S,12SdiHETE 335 195 0.0 ± 0.0 0.1 ± 0.1 0.3 ± 0.2 0.0 ± 0.0 0.1 ± 0.1 



6-trans-LTB4 335 195 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.1 0.0 ± 0.0 

12-epi-6-trans-

LTB4 335 195 0.2 ± 0.1 0.1 ± 0.1* 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 

20-OH-LTB4 351 195 0.1 ± 0.1 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.1 0.0 ± 0.0 

20-COOH-LTB4 365 195 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.1 

LTC4 626 189 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

LTD4 497 189 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

LTE4 440 189 6.6 ± 1.2 2.7 ± 1.4 5.7 ± 1.3 4.8 ± 0.8 5.0 ± 1.6 

Prostaglandins 

                 PGD2 351 189 7.4 ± 2.0* 2.4 ± 0.7 3.3 ± 0.7 1.7 ± 0.4 2.3 ± 0.7 

PGE2 351 189 9.6 ± 3.1** 0.3 ± 0.3 0.6 ± 0.4 0.4 ± 0.2 1.3 ± 0.5 

PGF2α 353 193 16.9 ± 3.2* 5.9 ± 2.0 7.7 ± 2.3 10.3 ± 1.9 10.9 ± 2.7 

                  TXB2 369 169 6.8 ± 2.6** 0.0 ± 0.0 1.2 ± 0.5 0.5 ± 0.3 1.9 ± 0.9 

Quantification and values obtained in plasma of STEMI patients, stable CAD patients, and healthy volunteers. Specific bioactive 

lipid mediator and precursor/pathway markers where: Q1: M-H (parent ion) and Q3 (daughter ion): diagnostic ion in the MS-MS 

along with mean ± SEM values for each of the mediators identified. Results are expressed as pg/ml and the detection limit was 0.1 

pg/ml. All results are expressed as mean ± SEM. *p<0.05. **p<0.01. ***p<0.001 vs. STEMI baseline. #p<0.05 ##p<0.01. ###p<0.001 

for repeated measures ANOVA for STEMI-baseline, day 1, and day 8. LM, lipid mediators. DHA, docosahexaenoic acid; Rv, 

resolvin; AT, aspirin triggered; PD, Protectin; Mar, maresin; EPA, ecosapentaenoic acid; AA, arachidonic acid; LX, lipoxins; LT, 

leukotriene; PG, prostaglandine; TX, thromboxane. 
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