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Abstract	

Background:	Chronic	heart	disease	imposes	a	significant	disease	burden	to	society.	Of	

patients	diagnosed	with	heart	failure,	30-40%	die	within	one	year.	Even	with	the	advent	of	

new	treatments	mortality	decreased	only	by	10%	absolute	risk	reduction	between	1995	and	

2005.		

	

Objective:	The	aim	of	this	project	thesis	is	to	explore	a	potential	role	for	PDE1	as	a	mediator	

of	cardiac	pathology	and	as	target	for	future	pharmacological	therapy	of	cardiac	disease	

based	on	the	available	literature.		

	

Method:	A	systematic	literature	searche	in	PubMed	performed	during	Q1	2017.	Eight	search	

terms	was	applied	in	PubMed,	and	three	predefined	inclusion	criteria	was	used	to	evaluate	

whether	each	article	should	be	included	for	further	analysis	in	this	project	thesis.	

	

Results:	The	systematic	literature	search	identified	a	total	of	68	publications,	and	of	these	20	

were	included	based	on	the	predefined	inclusion	criteria.	Based	on	the	included	

publications,	the	role	of	PDE1	as	possible	future	treatment	target	was	analyzed	for	cardiac	

hypertrophy	and	heart	failure,	pulmonary	hypertension	and	arterial	hypertension.	For	these	

three	disease	categories,	experimental	evidence	from	preclinical	models	was	available.	

These	were	consistent	with	beneficial	effects	for	PDE1	inhibition	in	cardiac	hypertrophy,	

heart	failure	and	pulmonary	hypertension.	The	role	of	PDE1	inhibition	in	arterial	

hypertension	was	little	studied,	and	little	or	no	literature	was	available	for	the	effect	of	PDE1	

inhibition	in	other	cardiac	diseases.	

	

Conclusion:	Existing	evidence	hints	at	a	potential	for	a	future	role	of	PDE1	inhibition	in	

management	of	cardiac	hypertrophy	and	cardiac	failure	as	well	as	pulmonary	hypertension.	
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Abbreviations	

	
ADH	 	 Anti-diuretic	hormone	
AMP	 	 Adenosine	monophosphate	
BFBO	 	 Berberis	orthobotrys	
Ca2+	 	 Calcium	
CaMK	 	 Ca2+/calmodulin-dependent	protein	kinase	
cAMP	 	 Cyclic	adenosine	monophosphate	
cGMP	 	 Cyclic	guanine	monophosphate	
CVD	 	 Cardiovascular	disease	
ECC	 	 Excitation-contraction	coupling	
HDAC	 	 Histone	deactylase	
HFpEF	 	 Heart	failure	with	preserved	ejection	fraction		
HFrEF	 	 Heart	failure	with	reduced	ejection	fraction		
LTCC	 	 L-Type	Calcium	Channel	
NCD	 	 Non-communicable	diseases	
NCX	 	 Sodium/calcium	exchanger	
NFAT	 	 Nuclear	factor	of	activated	T	cells	
NO	 	 Nitric	oxide	
PDE	 	 Phosphodiesterase	
PKA	 	 Protein	kinase	A	
PKG	 	 Protein	kinase	G	
RAAS	 	 Renin-angiotensin-aldosterone	system	
RyR	 	 Ryanodine	receptor	
SERCA2	 SR	calcium	ATPase	
SR	 	 Sarcoplasmatic	reticulum	
TGF-ß	 	 Transforming	growth	factor-ß	
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1.	Introduction	

1.1	What	is	chronic	heart	disease	and	how	common	is	it?	

Cardiovascular	disease	is	an	overarching	term	for	diseases	involving	the	heart	or	blood	

vessels.	Cardiovascular	disease	(CVD)	is	the	leading	cause	of	mortality	globally.	In	2012,	CVD	

caused	17.5	million	deaths	which	constituted	46%	of	all	deaths	due	to	non-communicable	

diseases	(NCD).	In	comparison,	cancer,	caused	8.2	million	deaths	which	constituted	22%	of	

all	deaths	due	to	NCD.(1)	Improved	treatment	of	hypertension	and	coronary	disease	are	

allowing	patient	to	survive	an	early	death.	This	survival,	along	with	an	aging	population	is	

leading	to	a	sharp	increase	in	heart	failure.	(2)	Even	with	optimal	treatment	the	median	time	

of	survival	for	men	with	congestive	heart	failure	is	only	1.7years	and	for	women	3.2-years.	

(3)	Clearly	there	is	much	room	for	improvement.		

	

Heart	failure	occurs	when	the	heart	is	unable	to	pump	enough	blood	to	meet	the	demands	

of	the	body	or	is	able	to	do	so	only	at	an	elevated	filling	pressure.	Heart	failure	is	usually	

referred	to	as	heart	failure	with	reduced	ejection	fraction	(HFrEF)	or	with	preserved	ejection	

fraction	(HFpEF).	HFrEF	is	often	referred	to	as	systolic	heart	failure,	and	is	characterized	by	

reduced	ability	of	the	left	ventricle	to	contract.	In	HFpEF	(often	referred	to	as	diastolic	heart	

failure)	the	ability	of	the	left	ventricle	to	relax	is	impaired.		

	

One	of	the	major	contributing	factors	to	disease	in	the	cardiovascular	system	is	

hypertension.	This	can	be	systemic,	or	confined	to	the	pulmonary	circulation,	also	known	as	

pulmonary	hypertension.	In	order	to	maintain	adequate	perfusion	of	all	organ	systems	the	

heart	needs	to	overcome	the	vascular	resistance.	Chronic	exposure	to	hypertension	often	

leads	to	pathologic	changes	in	cardiac	tissue	that	is	detrimental	to	the	health	of	the	patient.	

	

1.2	The	pathophysiology	of	chronic	heart	disease	

In	order	to	compensate	for	the	inadequate	circulation,	the	body	activates	several	

mechanisms	in	an	attempt	to	improve	the	delivery	of	blood	and	oxygen.	Activation	of	the	

sympathetic	system,	through	baroreceptors,	leads	to	an	increase	in	catecholamines	

(adrenalin	and	noradrenalin)	in	an	effort	to	maintain	cardiac	output	with	an	increase	in	heart	

rate,	increased	myocardial	contractility,	and	peripheral	vasoconstriction.	Chronic	
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sympathetic	activation	severely	negatively	impacts	heart	function	over	time.	Excessive	and	

chronic	sympathetic	activation	is	associated	with	cardiac	myocyte	apoptosis,	hypertrophy	

and	focal	myocardial	necrosis.	(4)		

	

Activation	of	the	renin-angiotensin-aldosterone	system	(RAAS)	also	leads	to	vasoconstriction	

(angiotensin)	and	an	increase	in	blood	volume,	through	the	retention	of	salt	and	water	

(aldosterone).	The	increase	in	blood	volume	will	lead	to	an	increase	in	contractility	through	

the	Frank-Starling	principle.	Furthermore,	there	may	be	progressive	cardiac	dilatation	or	

alterations	in	cardiac	structure	(remodelling),	or	both.	A	third	and	important	hormonal	

regulator	of	cardiovascular	function	are	natriuretic	peptides.	The	natriuretic	peptides	

antagonize	some	of	the	effects	of	RAAS	activation	by	inducing	natriuresis	and	vasodilation.	

Recently,	there	has	been	increased	interest	in	promoting	these	effects	by	inhibiting	the	

breakdown	of	these	natriuretic	peptides	through	the	use	of	neprilysin	inhibitors.	(5)	

	

While	some	of	these	mechanisms	are	helpful	in	improving	the	cardiac	output	in	the	short	

term,	they	are	a	significant	contributor	to	the	pathological	development	and	long	term	

mortality.	Current	treatment	focuses	on	inhibiting	these	high	level	mechanisms,	they	fail	to	

address	and	prevent	pathology	in	the	cardiomyocytes.	In	order	to	treat	and	prevent	the	

underlying	causes	of	chronic	heart	disease	it	is	necessary	to	understand	the	basic	regulators	

of	cardiac	physiology	and	their	role	in	the	pathophysiology	of	cardiac	disease.	

	

1.3	Cardiac	contractility	and	excitation-contraction	coupling	

The	contraction	of	the	cardiomyocyte	happen	through	a	process	called	excitation-

contraction	coupling	(ECC).	In	ECC,	a	depolarization	of	the	cardiomyocyte	membrane	causes	

an	influx	of	calcium	through	the	L-type	calcium	channel	(LTCC).	This	influx	of	calcium	(Ca²⁺)	

activates	ryanodine	receptors	(RyR)	which	releases	a	larger	amount	of	Ca²⁺	from	the	

sarcoplasmatic	reticulum	(SR).	This	leads	to	an	increase	in	the	cytosolic	Ca²⁺	concentration	

(coined	a	Ca²⁺	transient),	which	leads	to	a	binding	of	Ca²⁺	to	troponin	C	which	triggers	a	

contraction.	The	contraction	is	terminated	by	pumping	the	Ca²⁺	out	of	the	cytosol,	mainly	

either	back	in	to	the	SR	through	the	cardiac	SR	Ca²⁺ATPase	(SERCA2)	pump	or	out	of	the	cell	

through	the	sodium/calcium	exchanger	(NCX).	(6)	At	the	termination	of	the	ECC,	
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approximately	30%	of	the	Ca²⁺	is	pumped	out	of	the	cytosol	through	the	NCX	and	

approximately	70%	is	pumped	back	into	the	SR	via	the	SERCA2.		

	

1.4	Short	term	regulation	of	cardiac	contractility	

The	two	main	ways	the	cardiac	contractility	is	regulated	in	the	short	term	is	through	either	

altering	the	duration	or	amplitude	of	the	Ca²⁺	transient,	or	by	altering	the	sensitivity	of	the	

myofilaments	to	Ca²⁺.	ß-adrenergic	stimulation	of	the	cardiomyocyte	stimulates	adenylyl	

cyclase	to	produce	cyclic	adenosine	monophosphate	(cAMP).	cAMP	will	then	activate	

protein	kinase	A	(PKA).	PKA	phosphorylates	several	proteins	important	to	ECC,	including	RyR,	

phospholamban	and	the	LTCC.	The	phosphorylation	of	phospholamban	leads	to	an	increase	

in	the	activity	of	the	SERCA2	pump	and	thus	an	increase	in	the	SR	Ca²⁺	content.	This	will	in	

turn	lead	to	an	increase	in	the	Ca²⁺	released	from	the	SR	by	the	RyR	and	an	increase	in	

amplitude	of	the	Ca²⁺	transient	followed	by	increased	contractility.	This	whole	cascade	of	

events	is	terminated	in	part	by	the	degradation	of	cAMP	by	a	class	of	enzymes	known	as	

phosphodiesterases	(PDE),	which	converts	cAMP	into	adenosine	monophosphate	(AMP).	

PDE’s	capable	of	decomposing	cAMP	include	PDE	1,	2,	3,	4,	7,	8,	10,	11.	

	

1.5	Impaired	Ca²⁺	handling	in	the	failing	heart	

In	addition	to	being	the	signal	responsible	for	cardiomyocyte	contraction,	Ca²⁺	serves	several	

other	roles	as	a	second	messenger	(7).	This	functionality	is	dependent	on	maintaining	a	

balanced	homeostasis	across	the	sarcolemma,	cytosol	and	SR	set	by	Ca²⁺	channels,	ATP	

dependent	transporters,	and	ion	exchangers	working	in	synergy	with	Ca²⁺	binding	proteins.	

In	heart	failure,	low	SR	Ca²⁺	is	typically	observed,	which	is	thought	to	be	a	primary	cause	of	

contractile	dysfunction	as	less	Ca²⁺	is	available	for	SR	Ca²⁺	release	in	each	contraction	This	

decrease	is	mainly	attributed	to	reduced	activity	by	the	SERCA2	pump	and	an	increased	leak	

of	Ca²⁺	through	the	RyR	channel.	Studies	have	also	shown	an	increased	phosphorylation	of	

the	LTCC,	leading	to	an	increased	influx	of	Ca²⁺	through	the	LTCC.	Modification	of	this	

channel	activity	through	pharmacological	intervention	has	proven	detrimental	to	survival	in	

studies	(8).		
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Another	feature	of	the	impaired	Ca²⁺	handling	in	heart	failure	is	the	prolongation	of	the	Ca²⁺	

transient.	This	is	primarily	due	to	a	decrease	in	SR	Ca²⁺	uptake	because	of	SERCA2a	

dysfunction.	Studies	in	both	animal	models	as	well	as	human	patients	show	a	decreasd	

SERCA2a	expression	and	activity.	(9)	This	contributes	to	a	decreasd	SR	Ca²⁺	content	which	in	

turn	leads	to	a	reduced	Ca²⁺	release	from	the	SR	in	diastole	and	contractile	dysfunction.		

	

1.6	Long	term	regulation	of	cardiac	contractility	and	regulation	of	cardiac	hypertrophy	

through	second	messenger’s	

In	the	presence	of	a	chronic	demand	for	an	increased	cardiac	output,	the	body	will	attempt	

to	increase	the	cardiac	mass	and	contractile	fibers	in	a	process	known	as	cardiac	

hypertrophy.	Cardiac	hypertrophy	is	a	complex	process	that	involves	multiple	signaling	

pathways	and	is	still	not	fully	understood.	However,	several	signaling	pathways	have	been	

identified	and	are	associated	with	the	development	of	cardiac	hypertrophy.	The	

hypertrophic	response	in	highly	trained	athletes	and	in	patients	with	pathologic	cardiac	

disease	seems	to	differ	in	several	key	ways	(10).	Here	we	will	discuss	pathologic	cardiac	

hypertrophy.		

	

Amongst	the	signaling	pathways	that	mediate	pathologic	cardiac	hypertrophy	are	the	

calcineurin–nuclear	factor	of	activated	T	cells	(NFAT),	and	endothelin	induced	increase	in	

IP3.	(11)	These	pathways	are	in	part	controlled	by	Ca²⁺	signaling.	(12)	Ca²⁺	also	alters	gene	

transcription	through	protein	kinases	(Ca2+/calmodulin-dependent	protein	kinase	II	(CaMKII)	

and	CaMKIV)	by	altering	the	phosphorylation	state	of	histone	deactylases	(HDACs).		

	

1.7	Cyclic	nucleotides	and	cardiac	hypertrophy	

Both	cAMP/PKA	and	cyclic	guanine	monophosphate	(cGMP)/	protein	kinase	G	(PKG)	

signaling	have	been	linked	to	cardiac	hypertrophy.	ß-adrenergic	activation	promotes	cardiac	

hypertrophy	and	remodeling	and	have	been	shown	to	be	mediated	by	cAMP/PKA	

activation(13).	This	effect	is	believed	to	be	mediated	by	the	global	cAMP	and	PKA	activity,	

but	recent	findings	also	indicates	that	local	pools	of	cAMP	have	the	opposite	effect	on	

cardiac	hypertrophy,	namely	be	preventing	cardiac	hypertrophy	by	phosphorylating	NFAT	

(14).	Thus,	the	hypertrophic	effects	of	cAMP-PKA	signaling	might	depend	on	the	balance	
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between	global	and	local	cAMP	levels,	where	the	cAMP	degrading	enzyme	

phosphodiesterase	2	(PDE2)	might	provide	an	important	barrier	between	these	two	

compartments.	PDE2	inhibition,	in	contrast	to	PDE3	and	PDE4	inhibition,	was	able	to	reduce	

cardiac	hypertrophy	in	a	compartment	that	is	suggested	to	reduce	NFAT	induced	

hypertrophy.	

	

Other	studies	have	also	shown	that	cardiac	hypertrophy	can	be	prevented	by	activation	of	

PKG	by	an	unknown	mechanism.	cGMP	is	a	second	messenger	protein	that	is	produced	by	

different	guanylate	cyclases	that	are	activated	by	nitric-oxide	(NO)	and	natriuretic-peptides.	

The	termination	of	this	signaling	pathway	is	mediated	through	PDE’s	that	decompose	cGMP	

into	guanylate	monophosphate.	PDE’s	capable	of	this	decomposition	include	PDE	1,	2,	3,	5,	

6,	9.	It	has	been	reported	that	PDE1	is	the	major	cGMP	hydrolyzer	in	the	human	

myocardium.	(15)	

	

Phosphodiesterase	5	is	a	cGMP	hydrolyzer	capable	of	regulating	NO	generated	cGMP.	

Numerous	studies	have	shown	the	efficacy	of	PDE5	inhibition	on	preventing	cardiac	

hypertrophy	in	animal	models.	(16)	These	same	findings	have	however	not	been	replicated	

in	human	trails.	(17)	Incidental	findings	have	suggested	that	this	may	be	due	to	different	

level	of	expression	of	PDE1	and	PDE5	in	human	versus	animal	models.		

	

In	a	2015	study	(18)	Lee	d	coworkers	were	able	to	demonstrate	the	capacity	for	PDE9A	

inhibition	to	reverse	pre-established	heart	disease.	Phosphodiesterase	9	is	a	cGMP	

hydrolyzer	capable	of	regulating	natriuretic	peptide	generated	cGMP	in	cardiomyocytes.	

These	effects	were	shown	to	be	PKG	dependent.	They	were	also	able	to	demonstrate	that	

the	effects	of	PDE9	inhibition	was	PDE5	independent	because	PDE9	and	PDE5	control	

different	pools	of	cGMP.	This	was	postulated	to	explain	why	PDE5	was	unsuccessful	in	

treating	cardiomyopathy	in	some	studies.	

	

1.8	Phosphodiesterase	1	

Phosphodiestarase	1	(PDE1),	also	known	as	Ca²⁺	-calmodulin	dependent	phosphodiesterase	

is	an	enzyme	believed	to	play	a	pivotal	role	in	the	cross	talk	between	cAMP,	cGMP	and	Ca²⁺	
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signaling.	(19)	PDE1	consists	of	three	subtypes,	PDE1A,	PDE1B	and	PDE1C.	Each	subtype	is	

further	subdivided	into	various	isoforms	which	are	believed	to	be	tissue	specific.	(20)		

	

The	different	subtypes	of	PDE1	also	exhibit	different	affinity	for	cAMP	and	cGMP.	(21)	PDE1A	

and	PDE1B	have	both	a	higher	affinity	for	cGMP	then	cAMP.	A	regulatory	role	for	PDE1A	and	

PDE1B	on	cGMP	has	been	demonstrated	in	vivo	in	various	cell	lines.	(22)	PDE1C	has	almost	

equal	affinity	for	both	cAMP	and	cGMP	with	a	slight	advantage	towards	cAMP.	However,	it	

should	be	noted	that	despite	similar	affinity,	the	Vmax	for	cAMP	is	10	times	higher	in	PDE1C,	

and	PDE1C	has	been	showed	to	regulate	cAMP	in	vivo	(23).		

	

Regulation	of	PDE1	is	not	fully	understood,	however,	the	activity	of	PDE1	is	almost	entirely	

dependent	on	the	binding	of	Ca²⁺	and	calmodulin.	(20)	Calmodulin	is	a	small	molecule	which	

is	able	to	bind	two	Ca²⁺	ions.	There	are	two	binding	sites	for	calmodulin	on	the	PDE1	

enzyme.	Thus,	PDE1	will	bind	four	Ca²⁺	ions.	Inactivation	of	PDE1	is	accomplished	by	

phosphorylation	by	PKA	or	CaMKII	on	a	single	site,	which	will	change	the	confirmation	and	

greatly	reduce	the	binding	of	calmodulin	to	the	phosphodiesterase.	(19)	PDE1	is	then	

dephosphorylated	by	Ca²⁺-CaM-dependent	protein	phosphatase	(calcineurin;	protein	

phosphatase	2B),	an	event	that	happens	in	response	to	an	increase	in	cytosolic	Ca²⁺.	This	

suggests	that	PDE1	is	inactivated	by	an	increase	in	cAMP	and	is	activated	by	an	increase	in	

intracellular	Ca²⁺.	

	

The	aim	of	this	thesis	is	to	explore	a	potential	role	for	PDE1	as	a	mediator	of	cardiac	

pathology	and	as	target	for	future	pharmacological	therapy	of	cardiac	disease	based	on	

available	literature.		 	
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2.	Material	and	methods	

In	this	paper,	our	aim	has	been	to	find	relevant	articles	where	PDE1	as	a	drug	target	can	be	

connected	to	heart	disease.		

	

We	performed	a	systematic	search	using	these	terms	in	

https://www.ncbi.nlm.nih.gov/pubmed	within	the	period	Q1	2017:	

	

Search	terms	

• PDE1	AND	cardiomyopathy	

• PDE1	AND	cardiac	hypertrophy	

• PDE1	AND	cardiac	remodeling		

• PDE1	AND	hypertension	

• PDE1	AND	heart	failure	

• PDE1	AND	aortic	stenosis	

• PDE1	AND	arrhythmias	

• PDE1	AND	atrial	fibrillation	

	

Our	criteria	for	inclusion	were	as	following:	

1. Original	articles	

2. Articles	that	investigate	PDE1	

3. Articles	that	investigate	disease	primarily	within	the	cardiovascular	system		

	

Our	criteria	for	exclusion	were	as	following:	

1. Reviews	or	Editorials	

2. Articles	primarily	pertaining	to	other	organ	systems	

3. Articles	that	do	not	investigate	PDE1	 	



	 13	

3.	Results	

3.1	Number	of	results	from	pubmed	by	search	term	

The	searches	in	Pubmed	discovered	a	total	of	68	articles	tallied	up	from	the	different	search	

terms	with	some	overlap,	i.e.	that	some	articles	were	hits	in	more	than	one	search.	The	total	

number	of	included	papers	was	20,	which	were	distributed	amongst	the	search	terms	as	

shown	in	Table	1.	For	a	complete	list	of	papers	discovered	in	the	search,	see	appendix	1.		

	

Table	1	

Search	Term	 Number	of	results	 Number	included*	 References	

PDE1	AND	

cardiomyopathy	

1	 0	 	

PDE1	AND	cardiac	

hypertrophy	

7	 5	 (24)	(25)	(26)	(27)	

(28)	

PDE1	AND	cardiac	

remodeling	

8	 3	 (24)	(29)	(27)	

PDE1	AND	

hypertension	

32	 14	 (27)	(30)	(31)	

(32)	(33)	(34)	(35)	

(36)	(37)	(38)		

(39)	(40)	(29)	(25)		

PDE1	AND	heart	

failure	

14	 5	 (24)	(41)	(25)	(42)	

(43)	

PDE1	AND	aortic	

stenosis	

1	 1	 (43)	

PDE1	AND	

arrhythmias	

5	 1	 (44)	

PDE1	AND	atrial	

fibrillation	

0	 0	 	

Total	 68	 29	(20**)	 	

*Several	search	terms	have	overlapping	results.	This	is	not	indicated	in	this	table.	

**	Number	of	unique	articles	included	
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3.2	Cardiac	hypertrophy,	fibrosis	and	heart	failure	

In	this	section,	all	identified	papers	that	mainly	investigated	any	role	for	PDE1	in	mediating	

cardiac	hypertrophy,	fibrosis	and/or	heart	failure	will	be	collectively	discussed.	Whether	

PDE1	is	regulated	in	any	of	the	disease	states	will	firstly	be	discussed	collectively,	then	any	

reported	functional	effects	by	PDE1	in	cells,	before	in	vivo	effects	by	PDE1	intervention	is	

summarized	in	separate	sections.	

	

3.2.1	PDE1	expression	and	activity	in	cardiomyocytes	

Several	studies	suggest	that	PDE1	signaling	is	upregulated	in	cardiac	hypertrophy.	Mokni	and	

coworkers	observed	that	PDE1A	and	PDE1C	mRNA	levels	in	left	ventricles	was	increased	

after	two	weeks	of	angiotensin	II	treatment	(25).	This	corresponded	to	their	observation	of	

increased	cGMP	PDE1	activity,	but	cAMP	PDE1	activity	was	not	measured.	This	is	in	line	with	

the	study	by	Yanaka	and	coworkers	that	observed	PDE1A	mRNA	levels	was	slightly	increased	

two	weeks	after	aortic	banding	(28).	This	study	also	reported	increased	cGMP	PDE1	activity	

in	cardiac	hypertrophy,	which	the	authors	of	this	study	attributed	to	increased	

Ca²⁺/calmodulin	activation	of	PDE1.	These	studies	are	in	correspondence	to	findings	by	

Miller	and	coworkers	that	observed	PDE1A	expression	to	be	upregulated	in	cardiomyocytes	

after	TAC	in	mice,	and	after	both	ISO	and	angiotensin	II	treatment	of	cardiomyocytes	(26).		

	

Molecular	changes	in	cardiac	hypertrophy	and	heart	failure	compared	to	healthy	individuals	

are	often	overlapping,	but	also	many	differences	between	the	two	disease	states	exist.	In	

line	with	the	observations	of	PDE1	regulation	in	hypertrophic	hearts,	Knight	and	coworkers	

observed	upregulated	PDE1	mRNA	levels	in	transverse	aortic	constriction	operated	rats	and	

also	increased	PDE1C	protein	levels	in	cardiac	tissue	from	failing	human	hearts	(24).		

	

This	corresponded	to	findings	by	Johnsen	and	coworkers,	who	determined	that	the	

contribution	of	PDE1	to	total	cAMP	and	cGMP	PDE	activity	was	surprisingly	high	(41).	In	this	

study	more	than	50%	of	the	cAMP	PDE	activity	was	attributed	to	PDE1	and	more	than	80%	

of	the	cGMP	PDE	activity	was	attributed	to	PDE1	in	humans.	Corresponding	findings	of	PDE1	

activity	in	failing	human	hearts	were	reported	by	Vandeput	and	coworkers,	who	used	

sildenafil	in	various	doses	and	demonstrated	that	sildenafil	did	not	affect	cGMP	PDE	activity	
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at	concentrations	specific	to	PDE5,	but	did	significantly	affect	cGMP	PDE	activity	at	

concentrations	specific	to	PDE1	in	failing	human	myocardium	(42).		

	

Altogether,	there	seems	to	be	consistency	in	the	literature	that	PDE1	is	a	significant	

hydrolyzer	of	cAMP	and	cGMP	in	the	myocardium,	and	that	PDE1	is	upregulated	both	in	

hypertrophy	and	heart	failure.	Notably,	PDE1	activity	is	high	in	failing	human	myocardium	

corresponding	to	the	findings	in	preclinical	models.	

	

3.2.2	PDE1	expression	and	activity	in	cardiac	fibroblasts	

Cardiac	fibrosis	is	a	hallmark	of	chronic	heart	disease.	It	is	in	part	caused	by	differentiation	of	

cardiac	fibroblasts	into	active,	collagen	secreting	myofibroblast.	Only	two	of	the	articles	

identified	in	this	project	thesis	reported	PDE1	expression	and/or	activity	in	cardiac	

fibroblasts	(29)	(24).	The	activated	myofibroblasts	in	the	study	by	Miller	and	coworkers	

showed	an	upregulation	of	PDE1A	in	animal	cells.		

	

This	finding	is	in	contrast	to	a	study	by	Knight	and	coworkers	who	observed	that	PDE1C	is	

upregulated	in	cardiomyocytes	but	not	in	cardiac	fibroblasts	(24).	

	

3.2.3	Functional	effects	by	PDE1	in	cardiomyocytes	and	fibroblasts	in	vitro	

The	identified	literature	in	this	project	thesis	collectively	reported	three	functional	effects	by	

PDE1	in	cardiomyocytes	and	cardiac	fibroblast	in	vitro.	Namely,	effects	on	hypertrophic,	

pathological	growth	of	cardiomyocytes,	apoptosis	of	cardiomyocytes	and	myofibroblast	

differentiation.		

	

Cellular	hypertrophy	in	vitro	was	induced	by	phenylepinephrine	in	a	study	by	Miller	and	was	

evaluated	by	3H-leucine	incorporation,	cell	area	size,	and	re-expression	of	the	foetal	gene	

program	(26).	Importantly,	the	presence	of	PDE1	inhibitor	counteracted	cellular	hypertrophy	

in	all	assays	in	this	work.	This	effect	was	linked	to	cGMP-PKG	dependent	effects	as	the	

authors	of	this	study	observed	that	inhibition	of	PDE1	lead	to	an	increase	in	cGMP	

concentration	and	PKG	activity	in	cardiomyocytes.	Interestingly,	another	study	using	PDE1C	

deficient	cardiomyocytes	showed	the	anti-hypertrophic	effects	of	PDE1C	to	be	PKA	

dependent(24).	Apoptosis	in	isolated	cells	was	attenuated	by	PDE1	inhibition	or	PDE1C	
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inactivation	after	angiotensin	II	treated	cardiomyocytes	in	a	work	by	Knight	and	coworkers	

(24).This	effects	were	reported	to	be	PKA	dependent.		

	

Miller	and	coworkers	studied	the	potential	role	for	PDE1	in	regulating	the	activity	of	

myofibroblasts	(29).	PDE1	inhibition	by	the	PDE1	selective	inhibitor	IC86340	or	PDE1A	shRNA	

significantly	reduced	Angiotensin	II	or	transforming	growth	factor-ß	(TGF-ß)-induced	

myofibroblast	activation,	collagen	synthesis,	and	pro-fibrotic	gene	expression	in	rat	

myofibroblasts.	Collectively,	these	three	reports	indicated	PDE1	inhibition	to	exert	anti-

hypertrophic,	anti-apoptotic	and	anti-fibrotic	effects	in	vitro.		

	

3.2.4	Cardiac	effects	of	PDE1	inhibition	in	vivo	

Of	the	studies	included	in	this	project	thesis,	three	studies	investigated	whether	PDE1	

modulation	in	vivo	had	any	disease	modifying	effects	in	preclinical	disease	models	of	cardiac	

hypertrophy,	fibrosis	and	heart	failure.	

	

In	rats	that	had	ISO	induced	hypertrophy,	Miller	and	coworkers	observed	reduced	

hypertrophy	in	animals	treated	with	PDE1	inhibitor	(26).	This	finding	was	confirmed	ex	vivo	

by	the	observation	of	less	cell	surface	area,	heart	weight/tibia	length	and	re-expression	of	

the	foetal	gene	program	in	animals	treated	with	PDE1	inhibitor	compared	to	control	

treatment.	This	data	was	thus	in	correspondence	with	anti-hypertrophic	effects	in	single	

cells.	Further,	this	finding	was	corroborated		in	another	study	using	the	same	model,	also	by	

Miller	and	coworkers	(29).	This	time,	mice	treated	chronically	with	isoproterenol	and	PDE1	

inhibitor	was	reported	to	have	less	fibrosis	as	evident	by	immunohistochemistry.	In	concert,	

these	findings	indicate	that	PDE1	inhibition	to	have	both	anti-hypertrophic	and	anti-fibrotic	

effects	in	mice	chronically	stimulated	with	ß-adrenergic	agonists.		

	

Importantly,	and	in	correspondence	to	the	findings	in	animal	models	with	cardiac	

hypertrophy	and	fibrosis	induced	by	ß-adrenergic	activation,	Knight	and	coworkers	also	

found	anti-hypertrophic	and	anti-fibrotic	effects	in	PDE1C	deficient	mice	after	transverse	

aortic	constriction.	In	addition,	PDE1C	deficient	mice	were	resistant	to	heart	failure	

development	as	they	had	preserved	ejection	fraction,	preserved	fractional	shortening,	and	

preserved	left	ventricular	internal	diameter	compared	to	control	animals	(24).	These	in	vivo	
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effects	were	confirmed	by	demonstration	of	reduced	re-expression	of	the	foetal	gene	

program.		

	

Altogether,	three	out	of	three	studies	that	were	included	in	this	project	thesis	concluded	

that	PDE1	inhibition	in	vivo	exerted	beneficial	effects	in	two	different	models	of	chronic	

heart	disease	by	demonstrating	anti-hypertrophic,	anti-fibrotic	and	cardio	protective	effects	

in	mice.	

	

3.3	Pulmonary	Hypertension	

In	this	section,	all	identified	papers	that	mainly	investigated	any	role	for	PDE1	in	mediating	

pulmonary	hypertension	will	be	collectively	discussed.	Whether	PDE1	is	regulated	in	any	of	

the	disease	states	will	firstly	be	discussed	collectively,	and	any	reported	functional	effects	by	

PDE1	in	cells	before	in	vivo	effects	by	PDE1	intervention	is	summarized	in	separate	sections.	

	

3.3.1	PDE1	expression	and	activity	

In	three	of	the	studies	included	in	this	project	thesis,	PDE1	expression	or	activity	was	

examined	in	lung	arteries	in	patients	or	rodents	with	pulmonary	hypertension.	Two	studies	

investigated	PDE1	expression	in	human	patients	with	pulmonary	hypertension,	Schermuly	

and	coworkers	demonstrated	an	upregulation	of	PDE1C	mRNA	in	lung	arteries	in	patients	

with	idiopathic	pulmonary	artery	hypertension	(27).	This	finding	was	mirrored	in	a	study	by	

Murray	and	coworkers	who	also	found	that	PDE1C	mRNA	and	in	addition	PDE1A	mRNA	in	

lung	arteries	was	strongly	upregulated	in	both	idiopathic	pulmonary	artery	hypertension	and	

secondary	pulmonary	artery	hypertension	(31).		

	

Four	studies	investigated	whether	PDE1	activity	was	altered	in	pulmonary	hypertension,	two	

in	rats	and	one	in	humans.	The	PDE	activity	was	measured	in	rats	exposed	to	chronic	hypoxia	

by	Maclean	and	coworkers	(32).	Here	they	show	an	increased	PDE1	activity	in	lung	arteries	

for	cGMP	and	cAMP	compared	with	controls.	Phillips	and	coworkers	were	unable	to	

demonstrate	a	significant	contribution	to	cAMP	PDE1	activity	in	healthy	pulmonary	artery	

smooth	muscle	cells	and	coronary	artery	muscle	cells	from	rats	(33).		
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In	human	samples,	Murray	and	coworkers	demonstrated	a	robust	increase	in	cAMP	PDE1	

activity	in	both	pulmonary	artery	smooth	muscle	cells	from	patients	with	either	idiopathic	

pulmonary	hypertension	or	secondary	pulmonary	artery	hypertension	(31).	Altogether,	

these	articles	show	an	increased	mRNA	expression	for	PDE1A	and	PDE1C	in	pulmonary	

hypertension,	and	with	one	exception,	PDE1	activity	for	cGMP	and	cAMP	were	robustly	

upregulated	in	lung	arteries	from	idiopathic	pulmonary	hypertensive	subjects.	Importantly,	

all	studies	in	human	patients	with	pulmonary	hypertension	demonstrated	upregulated	PDE1	

mRNA	levels	and	activity.	

	

3.3.2	Functional	effects	of	PDE1	inhibition	in	pulmonary	hypertension	

Functional	effects	of	PDE1	in	pulmonary	hypertension	were	examined	in	four	papers	that	

were	included	in	this	project	thesis.	One	study	examined	the	effect	of	PDE1	inhibitors	in	

vascular	smooth	muscle	cells,	two	papers	investigated	the	effects	of	PDE1	inhibitors	in	

isolated	lungs	and	two	studies	examined	the	role	of	PDE1	in	preclinical	models	of	pulmonary	

hypertension.	

	

Pulmonary	hypertension	is	typically	characterized	by	increased	proliferation	of	vascular	

smooth	muscle	cells	that	contributes	to	the	increased	resistance	to	blood	flow	in	this	

disease.	Phillips	and	coworkers	reported	that	PDE1	inhibitors	induced	less	cell	proliferation	

of	vascular	smooth	muscle	cells	(33).	In	line	with	this,	pulmonary	artery	pressure	was	

reduced	by	PDE1	inhibition	in	isolated	lung	specimens	from	rats	and	mice	with	pulmonary	

hypertension	(33).	In	the	study	by	Schermuly	and	coworkers,	PDE1	inhibition	was	shown	to	

reduce	vascular	resistance	in	both	healthy	controls	and	mice	with	pulmonary	hypertension,	

and	increased	sensitivity	towards	PDE1	inhibitor	was	observed	in	the	disease	animals	(27).	

Thus,	the	functional	data	in	isolated	lungs	are	consistent	with	both	PDE1	inhibition	reducing	

vascular	resistance	in	lung	arteries,	and	increased	PDE1	activity	in	this	disease.	

	

Of	the	three	included	studies	that	investigated	PDE1	inhibitor	modulated	pulmonary	

hypertension,	two	were	performed	in	models	of	long	term	remodeling	after	pulmonary	

hypertension	and	one	in	an	acute	model	of	pulmonary	hypertension	induced	by	

thromoboxane.	Schermuly	and	coworkers	tested	infusion	of	PDE1	inhibitor	concomitantly	

with	iloprost	inhalation	on	rabbits	and	found	a	lower	pulmonary	artery	blood	pressure	in	the	
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treated	animals	compared	to	controls	(30).This	finding	was	later	extended	by	Schermuly	and	

coworkers	(27).	They	observed	reduced	systolic	pressure	in	the	right	ventricle,	and	less	

hypertrophy	of	the	right	ventricle	after	PDE1	inhibition	in	rats	with	both	monocrotalin	

induced	pulmonary	hypertension	and	hypoxia	induced	pulmonary	hypertension.	

	

In	a	model	of	acute	pulmonary	hypertension	in	sheep,	PDE1	inhibition	did	not	alter	

pulmonary	or	systemic	hemodynamics	alone,	but	augmented	the	NO	induced	reduction	in	

blood	pressure	(34).		

	

Altogether,	both	studies	that	investigated	PDE1	inhibitors	in	animal	models	with	chronic	

pulmonary	hypertension	reported	improved	pulmonary	hemodynamics	by	PDE1	inhibition,	

while	the	role	of	PDE1	inhibition	in	acute	preclinical	models	were	less	clear.	No	reports	on	

pulmonary	hemodynamics	in	human	patients	were	identified.	

	

3.4	Hypertension	

In	this	section,	all	identified	papers	pertaining	to	the	role	of	PDE1	in	hypertension	will	be	

discussed.	In	the	first	section,	all	results	on	PDE1	expression	levels	and	activity	in	

hypertension	models	are	described,	while	functional	effects	by	PDE1	in	hypertension	is	

discussed	in	the	last	section.	

	

3.4.1	PDE1	expression	and	activity	

Of	the	studies	included	in	this	project	thesis,	two	studies	investigated	PDE1	expression	in	

systemic	arteries	and	one	study	investigated	PDE1	activity	in	the	aorta.	Giachini	and	

coworkers	observed	that	in	a	hypertension	model	where	rats	was	treated	with	angiotensin	

II,	upregulated	levels	of	protein	for	PDE1A	and	PDE1C	in	the	aorta	and	small	mesenteric	

arteries	was	measured	(37).	A	similar	observation	was	done	by	Dollé	and	coworkers	who	

observed	increased	mRNA	and	protein	levels	of	PDE1A	and	PDE1C	in	a	mouse	model	of	

vascular	aging	(Ercc1d-/-)	compared	to	control	mice	(40).	

	

Only	one	study	identified	in	this	project	thesis	examined	PDE1	activity	in	systemic	arteries,	

Hubert	and	coworkers	reported	no	PDE1	dependent	cAMP	degradation	in	aortic	specimens	
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with	or	without	functional	endothelium	in	neither	sham	or	aorta	banded	rats	(43).	None	of	

the	identified	studies	in	this	project	thesis	examined	PDE1	activity	in	systemic	arteries	from	

hypertensive	models.	Thus,	there	is	some	evidence	that	PDE1	isoforms	are	upregulated	in	

systemic	arteries	in	hypertension,	but	the	PDE1	levels	in	healthy	controls	are	low,	and	no	

PDE1	activity	was	observed	in	aortic	preparations	from	rats	without	hypertension.		

	

In	addition	to	local	mechanisms	for	vasoconstriction,	studies	have	been	conducted	to	

ascertain	the	role	for	PDE1	in	regulating	the	release	of	systemic	mediators	of	blood	pressure.	

Renin	is	one	such	systemic	regulator.	Ortiz-Capisano	and	coworkers	were	able	to	determine	

that	PDE1	is	a	regulator	of	renin	release	and	that	PDE1	inhibition	blocked	the	release	of	

renin	from	juxtaglomerular	cells	(38).	Western	blotting	revealed	the	isoform	involved	to	be	

PDE1C.	

	

3.4.2	Functional	effects	of	PDE1	signaling	

Of	the	identified	studies	in	this	project	thesis,	three	examined	functional	effects	of	PDE1	

inhibition	in	vascular	samples	from	animal	models	with	hypertension	or	vascular	aging.	In	

addition,	one	study	by	Alamgeer	and	coworkers	isolated	the	ethyl	acetate	fraction	of	

Berberis	orthobotrys	(BFBO),	a	root	discovered	in	Pakistan,	and	tested	its	effects	on	isolated	

coronary	artery	rings	(36).	A	significant	relaxation	was	observed,	however	since	BFBO	was	

determined	to	affect	multiple	PDE’s	it	is	impossible	to	determine	the	contribution	from	PDE1	

in	this	regard.		

	

Thieme	and	coworkers	did	not	observe	any	changes	in	either	renal	blood	flow	or	blood	

pressure	after	PDE1	inhibition	in	mice	that	had	been	infused	with	angiotensin	II	to	create	an	

acute	hypertension	(35).	Despite	a	small	relaxant	effect	of	PDE1	inhibition	in	aortic	rings	ex	

vivo,	PDE1	inhibition	also	induced	dilation	of	aortic	rings	from	an	animal	model	of	vascular	

aging,	where	Ecc1d	deficient	mice	had	increased	effect	compared	to	controls.		

	

Increased	response	to	PDE1	inhibition	in	aorta	rings	was	also	reported	by	Giachini	and	

coworkers,	who	observed	that	rats	treated	with	angiotensin	II	for	14	days	to	induce	

hypertension	had	an	increased	vasoconstrictive	response	to	phenylephrine,	measured	as	
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vascular	contraction	in	the	aorta	and	small	mesenteric	arteries,	and	that	this	effect	could	be	

abolished	by	PDE1	inhibition	(37).		

	

In	total,	three	articles	discuss	the	effects	of	specific	PDE1	inhibition	in	vascular	samples	from	

animal	models	with	hypertension	or	vascular	aging.	All	of	them	were	able	to	demonstrate	an	

effect	by	PDE1	inhibition	directly	on	the	aorta,	however	only	the	study	by	Thieme	and	

coworkers	measure	systemic	blood	pressure,	and	they	did	not	observe	any	effects	by	PDE1	

inhibition.	

	

	

3.5	Other	Cardiac	Diseases	

One	outcome	in	this	project	thesis	was	that	the	results	from	the	searches	roles	of	PDE1	in	

arrhythmias,	atrial	fibrillation,	myocardial	infarction	and	cardiomyopathy,	had	a	total	of	one	

article	matching	the	inclusion	criteria	as	described	in	Materials	and	methods	and	shown	in	

Table	1	and	Appendix	1.	This	indicates	that	little	is	known	on	the	role	of	PDE1	in	these	

diseases.	In	this	section,	the	included	papers	within	these	search	terms	will	be	discussed	

collectively.		

		

Kauman	and	coworkers	examined	the	effects	of	PDE1	inhibition	on	basal	sinoatrial	rate	and	

noradrenalin	evoked	tachycardia	in	right	rat	atria	(44).	At	high	concentrations,	PDE1	

inhibition	caused	marginal	tachycardia	but	did	not	significantly	change	the	chronotropic	

potency	of	noradrenaline.	PDE1	inhibition	did	not	alter	the	basal	sinoatrial	rate.		

	

Other	than	that,	this	project	thesis	did	not	identify	any	other	publications	on	PDE1	and	

cardiac	electrophysiology	and	arrhythmias.		 	
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4.	Discussion	

	

In	this	project	thesis	we	have	performed	a	systematic	literature	search	with	the	aim	to	

evaluate	a	possible	role	for	PDE1	as	a	future	drug	target	in	chronic	cardiac	disease.	20	

original	papers	matched	our	inclusion	criteria	and	the	majority	of	papers	had	been	

investigating	various	roles	of	PDE1	in	cardiac	hypertrophy,	fibrosis,	heart	failure	and	

pulmonary	hypertension.	Altogether,	PDE1	inhibition	seems	as	a	promising	future	target	for	

treatment	of	these	disease	states	based	on	results	in	rodent	models	of	heart	disease	which	

will	be	discussed	further	in	the	following	section.		

	

One	of	the	great	challenges	in	any	investigation	of	PDE1	function	is	the	lack	of	isoform	

specific	inhibitors.	Other	methods	for	teasing	out	the	effects	of	the	different	isoforms	exist	

and	should	be	employed	in	order	to	gain	a	better	understanding	of	the	role	of	each	isoform.	

This	would	greatly	help	in	determining	which	pathway(s)	is/are	central	in	the	cardio	

protective	effects	demonstrated	and	in	developing	future	treatments	that	would	utilize	

these	pathways.	Of	the	three	isoforms	of	PDE1,	both	PDE1A	and	PDE1C	have	been	shown	to	

serve	distinct	roles	in	the	myocardium.	PDE1A	have	been	implicated	in	regulating	

cardiomyocyte	hypertrophy	(26),	while	PDE1C	have	been	implicated	in	the	proliferation	of	

smooth	muscle	cells	of	the	aorta	(23),	and	PDE1A	was	found	to	be	upregulated	in	pulmonary	

smooth	muscle	cells	(27).	It	should	however	be	noted	that	as	long	as	isoform	specific	PDE1	

inhibitors	are	not	available,	both	isoforms	would	have	been	inhibited	in	all	instances	and	the	

upregulation	that	is	discovered	in	all	instances	could	be	correlation	and	not	causal.	The	

development	of	transgenic	mouse	models	with	selective	PDE1C	inactivation	is	an	important	

step	forward	to	obtain	more	knowledge	on	isoform	specific	mechanism,	but	could	be	biased	

of	other	roles	of	PDE1	that	cAMP/cGMP	degradation	such	as	protein-protein	interactions	

with	other	proteins.	Thus,	any	effect	by	either	PDE1	inhibitors	or	PDE1	isoform	inactivation	

should	be	interpreted	with	care.	

	

4.1	Cardiac	hypertrophy,	fibrosis	and	heart	failure		

As	described	in	the	results	section,	several	studies	have	investigated	whether	PDE1	is	

upregulated	in	cardiomyocytes	and	fibroblasts	in	vitro	and	in	vivo	after	hypertrophic	
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remodeling.	While	PDE1A	seems	to	be	the	dominant	isoform	regulating	fibroblast	activation,	

results	in	cardiomyocytes	seems	to	be	less	clear.	By	using	siRNA	in	isolated	cardiomyocytes	

Miller	and	coworkers	concluded	that	PDE1A	was	that	main	isoform	inducing	hypertrophy	in	

vitro	(26).	A	later	study	demonstrated	clear	cardioprotective	effects	by	PDE1C	inactivation	in	

TAC	operated	mice	(24).	Thus,	the	role	of	PDE1A	versus	PDE1C	in	mediating	cardiac	

hypertrophy	is	not	clear,	but	both	studies	clearly	indicate	that	PDE1	inhibition	is	beneficial	

by	limiting	cardiac	hypertrophy,	fibrosis	and	cardiac	dysfunction.	A	difference	between	these	

studies	was	that	Miller	and	coworkers	investigated	PDE1A	inactivation	in	vitro	after	ß-

adrenergic	activation,	while	Knight	and	coworkers	used	TAC	induced	hypertrophy	in	PDE1C	

deficient	mice	in	vivo.	Another	difference	was	that	the	PDE1A	dependent	effect	was	

reported	to	be	mediated	through	cGMP/PKG	activity,	while	the	PDE1C	effect	was	due	to	

cAMP-PKA	activity.	None	of	the	studies	reported	downstream	targets,	and	more	studies	are	

needed	to	investigate	the	separate	roles	of	PDE1A/cGMP/PKG	and	PDE1C/cAMP/PKA	

pathways	and	their	downstream	targets	in	cardiac	hypertrophy	and	remodeling.	Little	is	

known	on	the	role	of	PDE1	in	human	chronic	heart	disease,	but	PDE1	activity	measurements	

in	failing	human	myocardium	indicates	high	PDE1	activity	as	percentage	of	total	PDE	activity	

(41).	Importantly	there	were	no	reports	on	negative	effects	of	PDE1	inhibition	in	any	of	

these	studies,	but	notably,	neither	mortality,	frequency	of	arrhythmias	or	side	effects	were	

reported	in	any	of	the	included	studies	in	this	project	thesis.	Thus,	PDE1	inhibition	seems	as	

a	promising	future	treatment	principle	for	cardiac	hypertrophy,	fibrosis	and	dysfunction,	but	

more	studies	are	needed	before	clinical	testing	is	feasible.	Among	others	to	evaluate	the	risk	

for	arrhythmias	by	PDE1	inhibition	and	to	develop	PDE1	inhibitors	that	is	suitable	for	chronic	

administration	in	a	clinical	setting.	

	

4.2	PDE5	versus	PDE1	in	clinical	trials	using	sildenafil		

No	clinical	trials	with	PDE1	inhibitors	have	been	performed	in	human	patients	suffering	from	

chronic	heart	disease,	but	trials	using	the	PDE5	inhibitor	sildenafil	might	shed	some	light	on	

PDE1	and	its	possible	cardioprotective	role.	An	interesting	property	with	sildenafil	is	its	

reported	inhibitory	effect	also	on	PDE1.	While	sildenafil	is	generally	regarded	as	highly	

selective	for	PDE5	inhibition,	it	is	also	known	to	be	an	inhibitor	of	PDE1	at	higher	

concentrations.	Several	studies	showing	cardioprotective	benefits	in	mice	have	been	
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conducted	with	concentrations	of	sildenafil	≥	1.0	µM	(16).	At	this	concentration	inhibition	of	

both	PDE5	and	PDE1	is	expected	(26).	The	IC50	value	for	PDE1	is	350nM	(45).		

	

Human	trails	have	already	been	carried	out	using	the	PDE5	selective	inhibitor	sildenafil.	

These	trials	did	not	show	any	cardioprotective	effects	in	humans.	Possible	explanations	for	

the	treatment	failure	of	PDE5	inhibition	in	humans	could	stem	from	the	relative	difference	in	

the	contribution	to	cGMP	hydrolytic	activity.	In	failing	mouse	hearts,	the	contribution	of	

PDE5	accounts	for	43%	of	the	PDE1	activity	of	cGMP	in	left	ventricular	myocardium.	Contrast	

this	with	studies	in	humans	which	have	shown	that	PDE5	only	contribute	<5%	of	the	PDE1	

activity	in	failing	hearts.	(26)	

	

This	finding	would	suggest	a	role	for	PDE1	as	a	mediator	of	the	cardioprotective	effects	

shown	in	preclinical	trials	using	sildenafil	(46),	Further	credence	to	this	possibility	is	gained	

from	the	article	by	(26)	who	do	show	a	reduction	in	cardiac	hypertrophy	in	vivo	by	PDE1	

inhibition.	Adding	further	evidence	to	this	is	the	study	by	Knight	et	al	(24)	who	also	are	able	

to	demonstrate	a	reduction	in	myocyte	apoptosis	and	hypertrophy,	and	demonstrated	

reduced	fibrosis	in	animal	models.	In	conclusion,	no	studies	have	directly	targeted	PDE1	in	

human	trials,	but	results	from	trials	using	sildenafil	for	treatment	of	chronic	heart	provides	

another	layer	of	evidence	that	indicates	PDE1	to	be	cardioprotective	in	rodent	models.	

	

4.3	Pulmonary	hypertension	

Several	studies	included	in	this	project	thesis	have	investigated	the	role	of	PDE1	inhibition	in	

pulmonary	hypertension.	Some	notable	observations	highlights	this	as	a	promising	future	

therapy	for	pulmonary	hypertension.	Firstly,	PDE1	isoforms	PDE1	and	PDE1C	seems	to	be	

heavily	upregulated	in	human	patients	suffering	from	either	idiopathic	pulmonary	

hypertension	or	secondary	pulmonary	hypertension	(31).	Secondly,	PDE1	inhibitors	seems	to	

reduce	the	systolic	blood	pressure	in	the	lung	circulation	without	having	any	significant	

systemic	detrimental	effects	(27).	This	indicates	that	PDE1	mostly	regulates	arteries	in	the	

lung	circulation	and	not	in	the	systemic	circulation.	This	is	a	clear	advantage	that	will	reduce	

the	risk	of	side	effects	of	PDE1	inhibitors	if	tested	in	patients	with	pulmonary	hypertension.	

Thirdly,	PDE1	inhibition	was	able	to	significantly	reduce	pulmonary	blood	pressure	and	also	

secondary	right	ventricular	hypertrophy	in	the	one	preclinical	trial	in	an	animal	model	of	
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chronic	hypertension	(27).	This	was	observed	both	for	pulmonary	hypertension	induced	by	

both	hypoxia	and	monocrotaline.	Little	is	known	on	underlying	causes	of	idiopathic	

pulmonary	hypertension	in	humans,	and	more	studies	on	functional	effects	in	lung	tissue	

from	these	patient	groups	would	probably	facilitate	later	clinical	trials	to	test	PDE1	inhibitors	

against	pulmonary	hypertension.	Nevertheless,	PDE1	inhibition	seems	as	an	attractive	

strategy	for	treatment	of	pulmonary	hypertension	that	is	worth	future	investigations.	

	

	

4.4	Hypertension		

Investigations	concerning	hypertension	as	a	possible	target	for	PDE1	inhibition	is	still	

preliminary	and	more	studies	are	needed	as	no	preclinical	trials	of	PDE1	inhibitors	in	animal	

models	of	arterial	hypertension	have	been	conducted.	However,	promising	results	indicate	a	

mechanism	for	PDE1	in	aging	arteries	as	results	have	shown	that	senescent	smooth	muscle	

cells	were	able	to	regain	most	of	their	age	induced	loss	of	contractility	with	presence	of	a	

PDE1	inhibitor	(40).	Another	possible	benefit	of	targeting	PDE1	in	hypertension	is	the	role	

that	PDE1	plays	in	the	releases	of	renin	for	the	juxtaglomerular	cells	(38).	As	a	major	driver	

of	blood	pressure	regulation,	renin	might	contribute	to	hypertension.	PDE1	inhibition	seems	

to	not	alter	blood	pressure	in	healthy	animals	(35),	and	little	is	known	to	the	effect	of	PDE1	

inhibition	in	disease	models	of	hypertension.	One	study	used	angiotensin	II	to	induce	chronic	

hypertension	observed	reduced	blood	pressure	by	PDE1	inhibition,	which	corresponded	to	

other	observations	on	upregulated	PDE1	levels	in	arteries	from	hypertensive	animals	(37).	

However,	more	studies	are	needed	in	other	animal	models	of	hypertension,	as	for	example	

spontaneously	hypertensive	rats	or	salt	sensitive	rats,	to	further	verify	if	PDE1	is	a	potent	

target	in	hypertension.	
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5.	Conclusion	

Exciting	evidence	hints	at	a	potential	for	a	future	role	of	PDE1	inhibition	in	management	of	

cardiac	hypertrophy	and	cardiac	failure	as	well	as	pulmonary	hypertension.	Little	is	known	

on	the	role	of	PDE1	in	other	cardiac	diseases	and	further	studies	are	needed	to	evaluate	this.		
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Appendix	1	
	
Table	2	
PDE1	AND	cardiac	hypertrophy	 Lead	author	 Type	of	article	 Included	 Remarks	

[Cyclic	nucleotide	phosphodiesterases:	role	in	the	heart	and	therapeutic	
perspectives].	

Bedioune	I	 Review	 NO	 French	

PDE1C	deficiency	antagonizes	pathological	cardiac	remodeling	and	
dysfunction.	

Knight	WE	 Original	 YES	 	

Cyclic	nucleotide	phosphodiesterases	in	heart	and	vessels:	A	therapeutic	
perspective.	

Bobin	P	 Review	 NO	 	

Concerted	regulation	of	cGMP	and	cAMP	phosphodiesterases	in	early	cardiac	
hypertrophy	induced	by	angiotensin	II.	

Mokni	W	 Original	 YES	 	

Role	of	Ca2+/calmodulin-stimulated	cyclic	nucleotide	phosphodiesterase	1	in	
mediating	cardiomyocyte	hypertrophy.	

Miller	CL	 Original	 YES	 	

Phosphodiesterase	1	upregulation	in	pulmonary	arterial	hypertension:	target	
for	reverse-remodeling	therapy.	

Schermuly	RT	 Original	 YES	 	

Myocardial	phosphodiesterases	and	regulation	of	cardiac	contractility	in	
health	and	cardiac	disease.	

Osadchii	OE	 Review	 NO	 	

cGMP-phosphodiesterase	activity	is	up-regulated	in	response	to	pressure	
overload	of	rat	ventricles.	

Yanaka	N	 Original	 YES	 	

	 	 	 	 	
PDE1	AND	cardiac	remodeling		 		 		 		 		

PDE1C	deficiency	antagonizes	pathological	cardiac	remodeling	and	
dysfunction.	

Knight	WE	 Original	 YES	 	

Cardiac	Phosphodiesterases	and	Their	Modulation	for	Treating	Heart	Disease.	 Kim	GE	 Review	 NO	 	
Nanodomain	Regulation	of	Cardiac	Cyclic	Nucleotide	Signaling	by	
Phosphodiesterases.	

Kokkonen	K	 Review	 NO	 	
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Cyclic	nucleotide	phosphodiesterase	1A:	a	key	regulator	of	cardiac	fibroblast	
activation	and	extracellular	matrix	remodeling	in	the	heart.	

Miller	CL	 Original	 YES	 	

Role	of	phosphodiesterases	in	adult-onset	pulmonary	arterial	hypertension.	 Murray	F	 Review	 NO	 	
Targeting	cyclic	nucleotide	phosphodiesterase	in	the	heart:	therapeutic	
implications.	

Miller	CL	 Review	 NO	 	

[Novel	concepts	in	the	pathobiology	of	pulmonary	arterial	hypertension].	 Rosenkranz	
S.	

Review	 NO	 German	

Phosphodiesterase	1	upregulation	in	pulmonary	arterial	hypertension:	target	
for	reverse-remodeling	therapy.	

Schermuly	RT	 Original	 YES	 	

	 	 	 	 	
PDE1	AND	hypertension	 		 		 		 		

Phosphodiesterase	5	inhibition	ameliorates	angiotensin	II-
dependent	hypertension	and	renal	vascular	dysfunction.	

Thieme	M	 Original	 YES	 	

[Cyclic	nucleotide	phosphodiesterases:	role	in	the	heart	and	therapeutic	
perspectives].	

Bedioune	I	 Review	 NO	 	

Endothelium-independent	vasorelaxant	effect	of	a	Berberis	orthobotrys	root	
extract	via	inhibition	of	phosphodiesterases	in	the	porcine	coronary	artery.	

Alamgeer	 Original	 YES	 	

Cyclic	nucleotide	phosphodiesterases	in	heart	and	vessels:	A	therapeutic	
perspective.	

Bobin	P	 Review	 NO	 	

Pharmacological	Profile	of	GPD-1116,	an	Inhibitor	of	Phosphodiesterase	4.	 Nose	T	 Original	 YES	 	
Role	of	Phosphodiesterase	5	and	Cyclic	GMP	in	Hypertension.	 Mergia	E	 Review	 NO	 	
Phosphodiesterase	1	regulation	is	a	key	mechanism	in	vascular	aging.	 Bautista	Niño	

PK	
Original	 YES	 	

Cyclic	nucleotide	phosphodiesterase	1	and	vascular	aging.	 Yan	C.	 Editorial	 NO	 	
Modulation	of	Polycystic	Kidney	Disease	Severity	by	Phosphodiesterase	1	and	
3	Subfamilies.	

Ye	H	 Original	 NO	 Does	not	
pertain	to	
relevant	organ	
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system	or	
disease.	

Phosphodiesterase	1A	modulates	cystogenesis	in	zebrafish.	 Sussman	CR	 Original	 NO	 Does	not	
pertain	to	
relevant	organ	
system	or	
disease.	

NADPH	oxidase	4	deficiency	reduces	aquaporin-2	mRNA	expression	in	
cultured	renal	collecting	duct	principal	cells	via	increased	PDE3	and	PDE4	
activity.	

Féraille	E	 Original	 NO	 Does	not	
pertain	to	
relevant	organ	
system	or	
disease.	

Vasodilatory	activity	and	antihypertensive	profile	mediated	by	inhibition	of	
phosphodiesterase	type	1	induced	by	a	novel	sulfonamide	compound.	

Pontes	LB	 Original	 NO	 Study	lacks	
sufficient	
evidence	for	
the	effect	of	
the	novel	
compound	
LASSBio-985	on	
PDE1	

Cyclic	nucleotide	phosphodiesterase	1A:	a	key	regulator	of	cardiac	fibroblast	
activation	and	extracellular	matrix	remodeling	in	the	heart.	

Miller	CL	 Original	 YES	 	

PDE1	isozymes,	key	regulators	of	pathological	vascular	remodeling.	 Chan	S	 Review	 NO	 	
Role	of	phosphodiesterases	in	adult-onset	pulmonary	arterial	hypertension.	 Murray	F	 Review	 NO	 	
Decreased	cGMP	level	contributes	to	increased	contraction	in	arteries	from	
hypertensive	rats:	role	of	phosphodiesterase	1.	

Giachini	FR	 Original	 YES	 	

Concerted	regulation	of	cGMP	and	cAMP	phosphodiesterases	in	early	cardiac	
hypertrophy	induced	by	angiotensin	II.	

Mokni	W	 Original	 YES	 	

Expression	and	function	of	phosphodiesterases	in	nitrofen-induced	
congenital	diaphragmatic	hernia	in	rats.	

van	der	Horst	
IW	

Original	 NO	 Does	not	
pertain	to	
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relevant	organ	
system	or	
disease.	

Cyclic	nucleotide	signaling	in	polycystic	kidney	disease.	 Wang	X	 Original	 NO	 Does	not	
pertain	to	
relevant	organ	
system	or	
disease.	

Calcium-dependent	phosphodiesterase	1C	inhibits	renin	release	from	
isolated	juxtaglomerular	cells.	

Ortiz-
Capisano	MC	

Original	 YES	 	

Phosphodiesterase	inhibition	in	heart	failure.	 Movsesian	M	 Review	 NO	 	
[Novel	concepts	in	the	pathobiology	of	pulmonary	arterial	hypertension].	 Rosenkranz	S	 Review	 NO	 German	
Phosphodiesterase	1	upregulation	in	pulmonary	arterial	hypertension:	target	
for	reverse-remodeling	therapy.	

Schermuly	RT	 Original	 YES	 	

Expression	and	activity	of	cAMP	phosphodiesterase	isoforms	in	pulmonary	
artery	smooth	muscle	cells	from	patients	with	pulmonary	hypertension:	role	
for	PDE1.	

Murray	F	 Original	 YES	 	

Phosphodiesterase	type	4	expression	and	anti-proliferative	effects	in	human	
pulmonary	artery	smooth	muscle	cells.	

Growcott	EJ	 Original	 NO	 Wrong	PDE	

Inhibition	of	phosphodiesterase	1	augments	the	pulmonary	vasodilator	
response	to	inhaled	nitric	oxide	in	awake	lambs	with	acute	
pulmonary	hypertension.	

Evgenov	OV	 Original	 YES	 	

Lung	vasodilatory	response	to	inhaled	iloprost	in	experimental	
pulmonary	hypertension:	amplification	by	different	type	phosphodiesterase	
inhibitors.	

Schermuly	RT	 Original	 YES	 	

cAMP	phosphodiesterase	inhibitors	potentiate	effects	of	prostacyclin	analogs	
in	hypoxic	pulmonary	vascular	remodeling.	

Phillips	PG	 Original	 YES	 	

4-(3-Chloro-4-methoxybenzyl)aminophthalazines:	synthesis	and	inhibitory	
activity	toward	phosphodiesterase	5.	

Watanabe	N	 Original	 NO	 Wrong	PDE	
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Phosphodiesterase	isoforms	in	the	pulmonary	arterial	circulation	of	the	rat:	
changes	in	pulmonary	hypertension.	

Maclean	MR	 Original	 YES	 	

Antiplatelet	and	antiproliferative	effects	of	SCH	51866,	a	novel	type	1	and	
type	5	phosphodiesterase	inhibitor.	

Vemulapalli	S	 Original	 NO	 Study	is	
nonspesific	as	
to	which	PDE	it	
targets	and	
what	effects	
can	be	
attributed	to	
each.	

	 	 	 	 	
PDE1	AND	heart	failure	 		 		 		 		

[Cyclic	nucleotide	phosphodiesterases:	role	in	the	heart	and	therapeutic	
perspectives].	

Bedioune	I	 Review	 NO	 	

PDE1C	deficiency	antagonizes	pathological	cardiac	remodeling	and	
dysfunction.	

Knight	WE	 Original	 YES	 	

Cardiac	Phosphodiesterases	and	Their	Modulation	for	Treating	Heart	Disease.	 Kim	GE	 Review	 NO	 	
Cyclic	nucleotide	phosphodiesterases	in	heart	and	vessels:	A	therapeutic	
perspective.	

Bobin	P	 Reveiw	 NO	 	

Alteration	of	vascular	reactivity	in	heart	failure:	role	of	phosphodiesterases	3	
and	4.	

Hubert	F	 Original	 NO	 Wrong	PDE	

[Role	of	cyclic	nucleotide	phosphodiesterases	in	the	cAMP	compartmentation	
in	cardiac	cells].	

Mika	D	 Reveiw	 NO	 French	

Profiling	of	cAMP	and	cGMP	phosphodiesterases	in	isolated	ventricular	
cardiomyocytes	from	human	hearts:	comparison	with	rat	and	guinea	pig.	

Johnson	WB	 Original	 YES	 	

Phosphodiesterase	inhibition	in	heart	failure.	 Movsesian	
MA	

Reveiw	 NO	 	

Concerted	regulation	of	cGMP	and	cAMP	phosphodiesterases	in	early	cardiac	
hypertrophy	induced	by	angiotensin	II.	

Mokni	W	 Original	 YES	 Appears	in	
previous	search	



	 37	

cGMP-hydrolytic	activity	and	its	inhibition	by	sildenafil	in	normal	and	failing	
human	and	mouse	myocardium.	

Vandeput	F	 Original	 YES	 	

Phosphodiesterase	inhibition	in	heart	failure.	 Movsesian	M	 Reveiw	 NO	 	
[Novel	concepts	in	the	pathobiology	of	pulmonary	arterial	hypertension].	 Rosenkranz	S	 Reveiw	 NO	 	
Phosphodiesterase	regulation	of	nitric	oxide	signaling.	 Kass	DA	 Reveiw	 NO	 	
Myocardial	phosphodiesterases	and	regulation	of	cardiac	contractility	in	
health	and	cardiac	disease.	

Osadchii	OE	 Reveiw	 NO	 	

	 	 	 	 	
PDE1	AND	myocardial	infarction	 		 		 		 		

Angiotensin-converting	enzyme	inhibition	prevents	myocardial	infarction-
induced	increase	in	renal	cortical	cGMP	and	cAMP	phosphodiesterase	
activities	

Clauss	F	 Original	 NO	 Wrong	organ	
system	

Cyclic	nucleotide	phosphodiesterase	1A:	a	key	regulator	of	cardiac	fibroblast	
activation	and	extracellular	matrix	remodeling	in	the	heart	

Miller	CL	 Original	 YES	 	

	 	 	 	 	
PDE1	AND	arrhythmias	 		 		 		 		

Regulation	of	murine	cardiac	function	by	phosphodiesterases	type	3	and	4.	 Beca	S	 Review	 NO	 	

Phosphodiesterases	reduce	spontaneous	sinoatrial	beating	but	not	the	'fight	
or	flight'	tachycardia	elicited	by	agonists	through	Gs-protein-coupled	
receptors.	

Kaumann	AJ	 Review	 NO	 	

Phosphodiesterases	do	not	limit	beta1-adrenoceptor-mediated	sinoatrial	
tachycardia:	evidence	with	PDE3	and	PDE4	in	rabbits	and	PDE1-5	in	rats.	

Kaumann	AJ	 Original	 YES	 	

Potency,	selectivity,	and	consequences	of	nonselectivity	of	PDE	inhibition.	 Bischoff	E	 Review	 NO	 	
Pharmacological	induction	of	delayed	and	prolonged	cardiac	protection:	The	
role	of	prostanoids.	

Szekeres	L	 Review	 NO	 	
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PDE1	AND	cardiomyopathy	 		 		 		 		

[Cyclic	nucleotide	phosphodiesterases:	role	in	the	heart	and	therapeutic	
perspectives].	

Bedioune	I	 Review	 NO	 French	

	 	 	 	 	
PDE1	AND	aortic	stenosis	 		 		 		 		

Alteration	of	vascular	reactivity	in	heart	failure:	role	of	phosphodiesterases	3	
and	4.	

Hubert	F	 Original	 YES	 	

	 	 	 	 	
PDE1	AND	atrial	fibrillation		 		 		 		 		

No	results	 	 	 	 	
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