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Abstract
	 The	 endothelium	 plays	 a	 crucial	 role	 in	maintaining	 vascular	 homeostasis	 by	 producing	
several	 vasodilating	 factors,	 including	 nitric	 oxide	 (NO),	 prostacyclin	 (PGI2),	 and	 endothelium-
dependent	 hyperpolarisation	 (EDH);	 however,	 the	 balance	 between	 endothelial	 relaxing	 and	
contracting	factors	is	disrupted	in	disease	states	such	as	diabetes	mellitus	and	hypertension.	Most	
reported	studies	of	endothelial	dysfunction	in	diabetes	focused	on	the	actions	of	NO;	however,	there	
is	accumulating	evidence	demonstrating	that	in	addition	to	NO,	PGI2	and	EDH	are	likely	to	contribute	
to	the	vasodilatation	of	blood	vessels.	EDH	plays	an	important	role	as	a	regulator	of	vascular	tone	
and	reactivity	in	resistance	and	conduit	arteries	of	animal	models	and	humans.	PGI2	only	plays	a	
minimal	role	in	endothelium-dependent	vasodilatation	but	may	serve	as	an	important	compensatory	
mechanism	in	conditions	in	which	NO	and	EDH	activities	are	decreased.	Further	studies	are	needed	
to	determine	the	exact	roles	of	EDH	and	PGI2	 in	 the	development	of	endothelial	dysfunction	and	
clinical	vasculopathy	in	humans	with	type	1	and	type	2	diabetes.

Keywords: diabetes mellitus, endothelium-dependent hyperpolarisation, endothelium, potassium channels, 
prostacyclin

Introduction

	 Diabetes	mellitus	 (DM)	 is	 a	 growing	 public	
health	 concern	 with	 increasing	 prevalence	
worldwide.	 It	 was	 estimated	 that	 285	 million	
(6.4%)	people	had	DM	in	2010,	and	it	was	projected	
that	 diabetes	 would	 affect	 439	 million	 (7.7%)	
adults	by	2030	(1).	In	Malaysia,	8.3%	of	the	adult	
population	was	diagnosed	with	diabetes	in	1996,	
and	 this	 figure	 had	 increased	 to	 11.6%	 in	 2006	
(2).	DM	is	a	major	contributor	to	cardiovascular	
complications.	 It	 is	 associated	 with	 significant	
mortality	 and	morbidity	 due	 to	 diabetes	 related	
micro-	and	macro-vascular	complications.	
	 Endothelial	cells	play	crucial	roles	in	regulating	
vascular	tone	by	releasing	vasodilator	substances,	
including	nitric	 oxide	 (NO),	 prostacyclin	 (PGI2),	
and	 endothelium-dependent	 hyperpolarisation	
(EDH).	 Impairment	 in	 the	 synthesis	 of	 these	
substances	 may	 lead	 to	 endothelial	 dysfunction	
(3)	and	progression	of	vascular	disease.	Impaired	
endothelium-dependent	 vasodilatation	 is	 seen	
in	 both	 conduit	 and	 resistance	 arteries	 from	
different	 animal	 models	 and	 in	 humans	 with	
diabetes	 (4–6).	 Most	 studies	 of	 endothelial	
dysfunction	 in	 diabetes	 have	 focused	 on	 the	
actions	 of	 NO;	 however,	 blocking	 NO	 synthesis	
with	nitric	oxide	synthase	(NOS)	 inhibitors	does	

not	 always	 prevent	 endothelium-dependent	
vasodilatation	(4,7–9).	Thus,	other	endothelium-
derived	 relaxing	 factors	 (EDRF)	 also	 contribute	
to	 endothelium-dependent	 vasodilatations.	
Accumulating	 evidence	 demonstrates	 that	 PGI2	
and	EDH	contribute	to	the	vasodilatation	of	blood	
vessels.	

Endothelium-Dependent 
Hyperpolarisation (EDH)

	 Endothelium-dependent	 vasodilatation	 in	
response	 to	 various	 neurohumoural	 mediators	
[eg.,	 bradykinin	 (BK)	 and	 acetylcholine	 (ACh)]	
and	 also	 physical	 stimuli	 (eg.,	 shear	 stress)	 are	
attributed	 to	 the	 release	 of	 NO	 and/or	 PGI2	
(10);	 however,	 in	 blood	 vessels	 from	 different	
species,	 responses	 cannot	 be	 totally	 explained	
by	 the	 release	 of	 these	 two	 mediators	 only.	 In	
the	 presence	 of	 cyclooxygenases	 (COX)	 and	
NOS	 inhibitors,	 stimulation	 of	 the	 vascular	
endothelium	is	still	able	to	elicit	vasodilatation	in	
various	vascular	preparations.	The	vasodilatation	
observed	is	associated	with	the	hyperpolarisation	
of	smooth	muscle	that	has	been	attributed	to	EDH	
(4).
	 EDH	 causes	 the	 relaxation	 of	 the	 vascular	
smooth	 muscle	 by	 hyperpolarising	 its	 cell	
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membrane	 and	 closing	 the	 voltage-operated	
calcium	 channels,	 which	 results	 in	 a	 reduced	
intracellular	 free	 calcium	 level	 (11).	 EDH-
type	 responses	 are	 attributed	 to	 a	 number	
of	 mechanisms	 whose	 contribution	 varies	
within	 and	 between	 the	 vascular	 beds	 and	
species	 studied.	 Candidates	 for	 EDH	 	 include	
cytochrome	 P450	 metabolites	 of	 arachidonic	
acid,	 15-epoxyeicosatrienoic	 acid	 (EET)	 (12),	
and	 hydrogen	 peroxide	 (H2O2)	 (13)	 in	 coronary	
arteries,	 EET	 in	 subcutaneous	 arteries	 (14),	
potassium	ion	in	renal	arteries	(15),	EET	in	internal	
mammary	 arteries	 (16),	 and	H2O2	 in	mesenteric	
arteries	 (17).	 EDH-type	 responses	 in	 human	
blood	 vessels	 are	 associated	 with	 the	 activation	
of	various	types	of	potassium	channels,	including	
the	 IKCa	 and	 SKCa	 channels	 in	 the	 endothelium	
in	 particular	 (11).	Recent	 evidence	 suggests	 that	
C-type	natriuretic	peptide	also	serves	as	an	EDH	
mediator	 via	 activation	 of	 the	 inwardly	 rectifier	
K+	 channel	 and	 the	 adenosine	 triphosphate-

dependent	K+	channels	(KATP)	on	smooth	muscles	
and	 subsequent	 hyperpolarisation	 (10,18–20).	
There	 is	 also	 evidence	 that	 supports	 the	 role	 of	
myoendothelial	 gap	 junctions	 (MEGJ)	 as	 the	
route	 for	 EDH-mediated	 responses	 in	 vascular	
smooth	muscles	(Figure	1)	(21).	

Role of EDH-Mediated Responses in 
Diabetes

	 Although	 there	 is	 evidence	 to	 suggest	 that	
EDH-mediated	 responses	 become	 altered	 in	
diseases,	such	as	diabetes	and	hypertension,	and	
aging,	the	exact	nature	of	its	alteration	in	diabetes	
remains	 to	 be	 elucidated.	 In	 vascular	 beds	 of	
various	animal	models	and	in	humans	with	type	
1	 and	 type	 2	 diabetes,	 endothelium-dependent	
vasodilatations	have	been	reported	to	be	reduced,	
unaltered,	 or	 enhanced.	 The	 references	 for	
the	 alterations	 are	 explained	 in	 the	 following	
paragraphs.

Figure	1:	Simplified	figure	for	EDH-type	responses.	The	activation	of	endothelial	muscarinic	receptors	
by	 ACh	 and	 shear	 stress	 exerted	 by	 the	 flowing	 blood	 increase	 endothelial	 intracellular	
calcium	 concentrations	 and	 activate	 SKCa	 and	 IKCa,	 which	 are	 located	 in	 endothelial	 cells.	
Increased	 intracellular	calcium	causes	endothelial	hyperpolarisation.	The	hyperpolarisation	
can	be	 transferred	 from	endothelial	 cells	 to	 the	underlying	 smooth	muscle	 through	MEGJ.	
cAMP	formed	in	EC	may	diffuse	to	underlying	SMC	via	MEGJ,	leading	to	hyperpolarisation	
mainly	through	PKA-dependent	activation	K+	channels.	cAMP	may	also	facilitate	the	spread	
of	currents	through	MEGJ,	enabling	the	hyperpolarisation	of	regions	electrically	distant	from	
the	endothelium.	In	addition,	the	accumulation	of	potassium	ions	in	the	intracellular	space	
activates	Na+/K+	ATPase	and	KIR	channels	on	smooth	muscle	cells	and	causes	hyperpolarisation,	
which	lead	to	vasodilatation.
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Animal model: Type 1 diabetes
	 As	 endocrine	 disorders,	 type	 1	 and	 type	 2	
diabetes	 represent	 quite	 complex	 diseases	 in	
which	 different	 bodily	 systems	 are	 involved.	
The	main	 characteristic	 of	 type-1	 diabetes	 is	 an	
autoimmune	 destruction	 of	 the	 pancreatic	 cells,	
leading	to	deficiency	in	insulin	production.	Type	
1	 diabetes	 model	 is	 commonly	 developed	 using	
the	chemical	ablation	of	the	pancreatic	beta	cells	
using	streptozotocin	(STZ)	(22).

Decreased EDH-Mediated Responses

	 A	 reduction	 in	 the	 contribution	 of	 EDH-
mediated	responses	has	been	reported	in	macro-	
and	 microvasculature	 of	 STZ-induced	 diabetic	
models	 (4,6,23).	 EDH-mediated	 vasodilatation	
produced	by	ACh	diminished	in	retinal	arterioles	
(24),	mesenteric	(4,6)	and	carotid	arteries	of	STZ-
induced	 diabetic	 rats	 (25),	 and	 in	 mesenteric	
arteries	of	diabetic	mice	(26,27).
	 An	 impaired	 EDH-mediated	 response	 may	
arise	 from	 several	 mechanisms.	 This	 includes	
abnormalities	 in	 the	 adenosine	 3’,5’-cyclic	
monophosphate	cyclic	(cAMP)	signaling	pathway	
and	protein	kinase	(PKA)	activity	(28,29)	and	an	
increased	 synthesis	 of	 lysophosphatidylcholine	
(LPC)-induced	inhibition	of	EDH	activity	(26).
	 In	vascular	smooth	muscles,	vasomotor	tone	
is,	 in	 part,	 reliant	 on	 gap	 junction	 permeability	
to	metabolites	 and	 solutes,	 such	 as	 cAMP	 (30).	
cAMP	formed	in	endothelial	cells	may	diffuse	to	
underlying	smooth	muscle	via	MEGJ,	 leading	to	
hyperpolarisation	mainly	through	PKA-dependent	
activation	 K+	 channels.	 It	 may	 also	 facilitate	
the	spread	of	 the	current	through	gap	junctions,	
enabling	 the	 transmission	 of	 EDH-mediated	
responses	to	regions	electrically	distant	from	the	
endothelium	via	EC-EC	gap	junctions	(21).	It	has	
been	 reported	 that	 the	 cAMP	 level	was	 reduced	
in	mesenteric	 arteries	 of	 diabetic	 rats,	 resulting	
from	 the	 increase	 in	 phosphodiesterase	 (PDE)	
activity	 (6).	 Inhibition	 of	 PDE	 activity	 enhances	
EDH-mediated	 vasodilatations	 in	 mesenteric	
arteries	 in	both	control	 and	diabetic	 rats	 (6,29).	
Hence,	it	is	possible	that	the	impairment	of	EDH-
mediated	 responses	 observed	 in	 the	 mesenteric	
arteries	 of	 diabetic	 rats	 occurred	 due	 to	 the	
reduction	in	cAMP	concentration	(6).	It	has	also	
been	 reported	 that	 the	 impairment	 of	 cAMP-
mediated	vasodilatation	seen	in	the	diabetic	state	
may	be	partly	due	to	the	lack	of	PKA	activity	(29);	
however,	the	vasodilatation	of	retinal	arterioles	to	
an	 adenylyl	 cyclase	 activator,	 forskolin,	was	 not	
reduced	in	STZ-induced	diabetic	rats	(24).	Thus,	
although	 the	 decrease	 in	 the	 vascular	 responses	

of	 retinal	arterioles	seems	to	be	attributed	 to	an	
impairment	 in	 EDH-mediated	 vasodilatation,	
diminished	cAMP	activity	is	unlikely	to	play	a	role	
in	the	impairment	of	vasodilatation	in	the	retinal	
arterioles	of	diabetic	rats	(24).
	 Impaired	 EDH-mediated	 vasodilatation	
in	 mesenteric	 arteries	 in	 STZ-induced	 diabetic	
mice	may	 be	 due	 to	 the	 increase	 in	 plasma	 low	
density	 lipoprotein	 cholesterol	 (LDL-C)	 and/or	
lysophosphatidylcholine	(LPC)-induced	inhibition	
of	EDH	production	(26).	In	STZ-induced	diabetic	
animals,	 the	 following	 sequence	 of	 events	 may	
occur:	(a)	STZ-induced	diabetes	augments	plasma	
LDL-C	 (31)	 and	 reduces	 vascular	 superoxide	
dismutase	 (SOD)	 content	 and	 activity	 (26);	 (b)	
the	reduced	SOD	activity	causes	an	accumulation	
of	 superoxide	 anions;	 and	 (c)	 the	 accumulated	
superoxide	 anions	 may	 oxidize	 LDL-C	 (32)	 to	
form	LPC.	LPC,	a	major	phospholipid	component	
(40–50%)	of	oxidised	LDL,	 is	 transferred	 to	 the	
endothelial	 surface	 to	 inhibit	 EDH-mediated	
vasodilatation	 (33).	LPC	 inhibits	EDH-mediated	
relaxation	in	diabetes	presumably	via	a	decreased	
release	of	calcium	from	the	endoplasmic	reticulum	
within	the	endothelium	and/or	a	decreased	influx	
of	 calcium	 concentration	 into	 the	 endothelium	
(26).	 Indeed,	 an	 increased	 cytosolic	 calcium	
concentration	 within	 endothelial	 cells	 is	 a	 key	
step	in	the	synthesis	and	release	of	NO	as	well	as	
EDH	(10).	In	endothelial	cells,	an	agonist	binds	to	
a	 cell	 surface	 receptor,	 leading	 to	 the	hydrolysis	
of	 phosphatidylinositol	 4,5-bisphosphate	 to	
produce	 inositol	 1,4,5-trisphosphate	 (IP3)	 and	
1,2-diacylglycerol.	 IP3	 serves	 as	 a	 mediator	 of	
calcium	release	from	the	endoplasmic	reticulum.	
It	 has	 been	 demonstrated	 that	 LPC	 activates	
protein	 kinase	C	 (PKC),	which	 exerts	 a	negative	
feedback	control	on	the	surface	receptor-coupled	
IP3	 formation	 and	 the	 subsequent	 mobilization	
of	 calcium	 from	 intracellular	 stores	 (34).	
Another	 possibility	 in	 which	 LPC	 may	 cause	
an	 impairment	 of	 EDH-mediated	 responses	 in	
mice	 mesenteric	 arteries	 is	 via	 generation	 of	
superoxide	anions	(26).	Recent	evidence	suggests	
that	 radical	 scavengers	 improve	 the	 impaired	
EDH-mediated	responses	seen	in	animal	model	of	
diabetes	(35).	The	precise	role	of	reactive	oxygen	
species	 (ROS)	 on	 EDH-mediated	 responses	
under	 diabetic	 conditions	 remains	 unclear.	 The	
possible	mechanisms	by	which	ROS	 induces	 the	
impairment	 of	 EDH-mediated	 responses	 are	
alterations	in	EDH	synthesis	and/or	release,	gap	
junction	 integrity,	 and	 K+	 channels	 modulation	
(26).	It	is	difficult	to	identify	the	exact	mechanism	
from	the	currently	available	evidence.
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Increased EDH-Mediated Responses

	 EDH-mediated	 responses	 may	 serve	 as	
compensatory	 mechanisms	 when	 NO-mediated	
vasodilatation	 is	 compromised	 in	 diseases	 such	
as	 diabetes	 (36).	 This	 context	 was	 supported	
by	 observations	 that	 the	 contribution	 of	 EDH-
mediated	 vasodilatations	 were	 increased	 in	 the	
aorta	 (37,38)	 and	 the	 mesenteric	 artery	 (39)	 of	
STZ-induced	diabetic	animals.	It	has	been	shown	
that	superoxide	production	was	 increased	 in	 the	
aorta	in	diabetic	rats,	and	this	may	contribute	to	the	
impairment	in	NO-mediated	vasodilatation.	Some	
evidence	 from	 experimental	 animals	 reported	
that	 endothelial	 NO	 dampens	 EDH-mediated	
responses	 under	 physiological	 conditions	 and	
that	the	latter	becomes	more	apparent	when	the	
production	of	NO	is	curtailed	(40,41).	It	has	been	
demonstrated	that	small	doses	of	the	NO	donor,	
sodium	 nitroprusside,	 inhibited	 EDH-mediated	
vasodilatation	 in	 dog	 coronary	 microcirculation	
(41).	In	addition,	 it	has	also	been	suggested	that	
endotoxin	shock,	characterised	by	a	large	amount	
of	 NO	 production,	 resulted	 in	 the	 inhibition	 of	
cytochrome	P450	enzyme	activity	(42).	
	 In	 summary,	 studies	 in	 animal	 models	
of	 type	 1	 diabetes	 showed	 both	 decreased	 and	
increased	 EDH-mediated	 responses.	 The	 reason	
for	this	discrepancy	may	be	due	to	differences	in	
the	strain	of	rats	used	in	those	studies	as	well	as	
a	variation	in	methodology	between	laboratories.	
For	example,	decreased	EDH-mediated	responses	
were	shown	in	blood	vessels	of	Wistar	rats	(23,25),	
while	 Sprague	 Dawley	 rats	 showed	 increased	
EDH-mediated	 responses	 (37,38).	 In	 addition,	
the	differences	may	also	be	due	to	the	duration	of	
diabetes.	A	longer	duration	of	diabetes	(12	weeks	
or	more)	 (39)	 showed	 increased	 EDH-mediated	
responses	 compared	 with	 shorter	 durations	 of	
diabetes	(10	weeks)	(4)	(Table	1).	

Animal models: Type 2 diabetes
	 The	 type	 2	 diabetes	model	 is	 characterised	
by	 insulin	 resistance	 and	 the	 inability	 of	 the	
pancreatic	beta	cells	to	compensate.	Because	type	
2	 diabetes	 is	 linked	 with	 obesity,	 many	 animal	
models	 with	 type	 2	 diabetes	 are	 obese.	 These	
models	 include	 the	 db/db	 mouse,	 the	 Zucker	
Diabetic	 Fatty	 rat,	 and	 the	 Otsuka	 Long-Evans	
Tokushima	 Fat	 rat	 (OLEFT);	 however,	 not	 all	
type-2	 diabetes	 animals	 are	 obese.	 Thus,	 a	 few	
models	of	type	2	diabetes	have	been	developed	in	
lean	animals.	An	example	of	this	model	is	the	Goto	
Kakizaki	 rat,	 which	 is	 characterised	 by	 glucose	
intolerance	and	defective	glucose-induced	insulin	
secretion	(22).

Decreased EDH-Mediated Responses

	 An	impaired	EDH-mediated	vasodilatation	of	
mesenteric	vascular	beds	have	been	demonstrated	
in	 different	 diabetic	 models	 of	 type-2	 diabetes,	
such	 as	OLEFT	 rats	 (43),	 Zucker	Diabetic	 Fatty	
rats	 (44),	Goto-Kakizaki	 rats	 (45),	 and	 coronary	
arterioles	 of	 db/db	 (diabetic)	 mice	 (46).	 One	
laboratory	 reported	 that	 ACh-induced	 EDH-
mediated	 vasodilatation	 was	 impaired	 in	 the	
sciatic	nerve	epineural	arterioles	from	the	type-2	
diabetic	Zucker	Diabetic	Fatty	rats	(47,48).
	 In	 OLEFT	 rats,	 the	 impairment	 of	 EDH-
mediated	 vasodilatation	 in	 the	 mesenteric	
vascular	bed	was	attributable	not	only	to	a	defect	
in	 the	 cAMP/PKA	 signaling	 activities	 but	 also	
to	defects	 in	 the	activation	of	 the	endothelial	K+	

channels	 (43).	 In	 the	 small	 mesenteric	 arteries	
from	 Zucker	 Diabetic	 Fatty	 rats,	 although	 no	
reduction	in	the	gene	expression	of	IKCa	and	SKCa	

was	 observed,	 SKCa	 dependent	 EDH-mediated	
vasodilatations	 were	 impaired	 (44).	 Indeed,	
defective	 EDH-mediated	 vasodilatations	 can	
be	 expected	 to	be	 caused	by	 any	 significant	 loss	
of	 these	 hyperpolarizing	 K+	 channels	 from	 the	
endothelium.	 In	 mesenteric	 arteries	 of	 Goto-
Kakizaki	rats,	 it	has	been	reported	that	both	the	
EDH-mediated	 responses	 and	 the	 endothelium-
independent	 vasodilatation	 to	 the	 KATP	 channel	
opener	 levcromakalim	 were	 impaired	 (45).	
This	 finding	 provides	 evidence	 that	 the	 smooth	
muscle	 responsiveness	 to	 KATP	 channel	 openers	
is	 impaired	 in	 the	mesenteric	 arteries	 of	 type	 2	
diabetes.
	 It	has	been	demonstrated	that	endothelium-
mediated	 vasodilatations	 were	 predominantly	
NO-dependent	 in	 coronary	 arterioles	 from	 a	
wild	 type	 mice	 (46);	 however,	 in	 db/db	 mice,	
NO-mediated	 vasodilatations	 were	 reduced,	
supporting	 the	 view	 that	 EDH-mediated	
responses	 play	 a	 pivotal	 role	 in	maintaining	 the	
coronary	blood	flow	when	 the	availability	of	NO	
is	 reduced	 in	 diabetic	 mice.	 Three	 mechanisms	
involving	K+,	EETs,	and/or	H2O2	are	reported	to	
be	 involved	 in	 the	 EDH-mediated	 responses	 in	
normal	coronary	circulation	(46).	The	impairment	
of	 H2O2	 responses	 and	 the	 abnormalities	 in	 K+	
channels	 may	 possibly	 be	 mechanisms	 in	 the	
reduction	 of	 EDH-mediated	 vasodilatations	 in	
db/db	mice;	 however	EETs	 is	 unlikely	 to	 play	 a	
role.	The	impaired	vasodilatation	can	be	restored	
by	the	administration	of	the	neutralizing	antibody	
interleukin-6	 (IL-6),	 indicating	 that	 IL-6	 plays	
a	 potentially	 pivotal	 role	 in	 EDH-dependent	
endothelial	dysfunction	in	type	2	diabetes	(46).
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Increased EDH-Mediated Responses

	 Increased	 EDH-mediated	 responses	 have	
been	 shown	 in	 the	 small	 mesenteric	 arteries	
of	 db/db	 mice	 (49).	 In	 this	 study,	 BK-induced	
EDH-mediated	 vasodilatation	 in	 the	mesenteric	
arteries	of	diabetic	mice	were	 regulated	 through	
cytochrome	 P450,	 which	 activated	 the	 high	

conductance	 Ca2+-activated	 K+	 channels	 (BKCa)	
and	 led	 to	hyperpolarisation	and	vasodilatation;	
however,	 ACh-induced	 vasodilatations	 involved	
neither	 cytochrome	 P450	 product	 nor	 H2O2,	
suggesting	 that	 a	 K+-dependent	 EDH-mediated	
response	 may	 play	 a	 role	 in	 ACh-induced	
endothelium-dependent	 responses	 in	 the	 small	
mesenteric	arteries	of	diabetic	mice	(49).

Table	1:	EDH-mediated	responses	and	diabetes
Species Model/Duration	

of	diabetes
Blood	vessels EDH	

responses
Mechanisms

Type	1	diabetes
SD	rat	 STZ/10	w Mesenteric	(4) Decrease Did	not	involve	a	decrease	

in	channel	expression,	
which	may	be	due	to	
a	disruption	of	the	
downstream	pathways	of	
IKCa	and	SKCa	channels

Wistar	rat STZ/12	w Mesenteric	(6) Decrease Reduction	in	cAMP	
Wistar	rat STZ/8	w Retinal	arteriole	(24) Decrease Not	determined
Wistar	rat STZ/10	w Carotid	(25) Decrease May	be	due	to	changes	to	

ATP-sensitive	K+	channels	
on	smooth	muscles

Mice STZ/10	w Mesenteric	(26,	27) Decrease May	be	due	to	LPC-induced	
inhibition	of	EDH

Mice	 STZ/17-18	w Thoracic	aorta	(37) Increase Not	determined
SD	rat STZ/8	w Thoracic	aorta	(38) Increase	 Not	determined
SD	rat STZ/12	w Femoral	and	

mesenteric	(39)
Increase Not	determined

Human Pregnant	women Subcutaneous	(7) Preserved -
Type	2	diabetes
Rat	 OLEFT Mesenteric	(43) Decrease Defect	cAMP/PKA	

signalling	and	endothelial	
K+	channel

Zucker	Diabetic	
Fatty	rat

Mesenteric	(44)
Sciatic	nerve	
epineural	arterioles	
(47,	48)

Decrease -

Goto-Kakizaki	rat Mesenteric	(45) Decrease May	be	due	to	changes	
to	ATP-sensitive	K+	
channels	on	smooth	
muscles

Mice db/db	mice Coronory	(46) Decrease -
Mice db/db	mice Mesenteric	(49) Increase -
Rabbit Alloxan Renal	(50) Preserved -
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Preserved EDH-Mediated Responses

	 In	 isolated	 renal	 arteries	 of	 type	 2	 diabetic	
rabbits,	the	contribution	of	EDH	to	ACh-induced	
vasodilatations	were	 not	 affected	 under	 diabetic	
conditions	(50).	The	EDH	component	was	found	
to	act	mainly	through	BKCa	channels	under	normal	
and	 diabetic	 conditions,	while	 the	KATP	channels	
were	 involved	 in	mediating	 the	ACh	 vasodilator	
response	only	in	normal	preparations	(50).
	 In	 summary,	 the	 animal	 models	 of	 type	 2	
diabetes	have	reported	decreased,	increased,	and	
also	 preserved	 EDH-mediated	 responses.	 The	
reason	for	this	discrepancy	may	be	because	of	the	
differences	in	the	species	used	in	the	studies	and/
or	variable	methodology.	For	example,	decreased	
EDH-mediated	 responses	 were	 shown	 in	 the	
blood	vessels	 of	 rat	models	 (43–45),	while	mice	
(49)	and	rabbit	(50)	models	showed	increased	and	
preserved	EDH-mediated	responses,	respectively.	
In	addition,	the	difference	may	also	be	due	to	the	
age	of	the	animals	used.	For	example,	db/db	mice	
aged	 between	 24–30	 weeks	 showed	 decreased	
EDH-mediated	responses	(46),	whereas	db/db	at	
a	younger	age	(16	weeks)	showed	increased	EDH-
mediated	responses	(49)	(Table	1).

EDH-mediated responses in human studies
	 The	existence	and	 importance	of	EDH	have	
been	 demonstrated	 in	 various	 human	 vascular	
beds.	 It	 was	 reported	 that	 EDH-mediated	
vasodilatations	were	observed	 in	healthy	human	
coronary	arteries	(13),	subcutaneous	arteries	(14),	
renal	 arteries	 (15),	 internal	 mammary	 arteries	
(16),	 and	 mesenteric	 arteries	 (17).	 In	 addition,	
a	 few	 studies	 have	 suggested	 that	 EDH	 plays	 a	
primary	role	in	agonist-induced	vasodilatation	in	
healthy	human	forearm	blood	flow	(51–54).
	 Only	 a	 few	 reports	 on	 the	 EDH-mediated	
response	 in	 diabetic	 patients	 have	 been	 made.	
In	 small	 subcutaneous	 arteries	 from	 pregnant	
women	 with	 well-controlled	 pre-existing	 type	
1	 diabetes,	 EDH-mediated	 responses	 appear	
to	 play	 a	 dominant	 role	 in	 the	 vasodilatation.	
In	 fact,	 the	 vascular	 function	 is	 not	 altered	 by	
the	 presence	 of	 diabetes	 in	 pregnancy	 (7).	 It	
has	 been	 shown	 that	 BK-induced	 endothelial-
dependent	 vasodilatations	 in	both	 subcutaneous	
and	mesenteric	arteries	were	mediated	entirely	by	
EDH	(55).	An	acute	incubation	with	a	high	glucose	
concentration	 (20	 mM)	 impaired	 BK-induced	
vasodilatations	 of	 subcutaneous	 arteries	 but	
enhanced	 vasodilatation	 in	 mesenteric	 arteries,	
whereas	 ACh-induced	 vasodilatation	 in	 both	
blood	vessels	increased	(55).	This	suggests	that	a	
short	period	of	high	glucose	concentration	exerts	

a	variable	influence	on	the	endothelial	function	in	
human	isolated	blood	vessels	that	is	dependent	on	
the	agonist	used	and	the	vessel	studied.

Prostacyclin

	 PGI2	 is	 a	 major	 prostanoid	 produced	 by	
endothelial	 cells	 in	 vitro.	 PGI2	 stimulates	 the	
prostacyclin	receptor	(IP	receptor)	in	the	vascular	
smooth	 muscle,	 producing	 relaxation	 under	
physiological	 conditions	 (56);	 however,	 the	
contribution	 of	 PGI2	 to	 endothelium-dependent	
vasodilatation	 has	 increased	 in	 conditions	 in	
which	 other	 pathways	 leading	 to	 vasodilatation	
are	inhibited.

Role of Prostacyclin in Diabetes

	 Previous	 studies	 on	 the	 role	 of	 PGI2	 in	
endothelium-dependent	 vasodilatations	 in	
diabetes	 have	 yielded	 conflicting	 results.	 A	 few	
studies	 demonstrated	 that	 PGI2	 was	 involved	
in	 the	 preservation	 of	 endothelium-dependent	
vasodilatations	 in	diabetes	 (37,57,58),	while	one	
study	showed	a	contrasting	finding	(4).	Again,	this	
may	be	related	to	a	difference	in	the	study	design.	
It	 has	 been	 demonstrated	 that	 ACh-induced,	
endothelium-dependent	 vasodilatations	 in	 the	
renal	vascular	arteries	are	partly	regulated	by	PGI2	
in	STZ-induced	diabetic	rats	but	not	in	control	rats	
(57).	PGI2	has	also	been	reported	to	contribute	to	
increased	 ACh-induced,	 endothelium-dependent	
vasodilatation	 in	 the	 aorta	 of	 early	 stage	 STZ-
induced	 diabetic	 mice	 (37).	 An	 impairment	 of	
ACh-induced	 vasodilatations	 in	 the	 aorta	 in	
diabetes	 rats	 can	 be	 restored	 by	 oral	 treatment	
with	 the	 PGI2	 analogue,	 beraprost	 sodium	 (58).	
In	 the	 mesenteric	 vascular	 bed	 of	 STZ-induced	
diabetic	 mice,	 endothelial	 dysfunction	 was	
prevented	 by	 a	 complementary	 up-regulation	 of	
COX-2	expression	and	activity	(59).	This	suggests	
that	 PGI2	 signaling	 may	 be	 increased	 as	 a	 way	
of	 partially	 or	 completely	 compensating	 for	 the	
decrease	in	NO-	or	EDH-mediated	responses.
	 In	 contrast,	 endothelium-dependent	
vasodilatations	 in	 the	 mesenteric	 arteries	 of	
either	the	control	or	the	STZ-induced	diabetic	rats																																																																																																																														
were	 not	 affected	 by	 COX	 inhibition	 with	
indomethacin.	 This	 suggests	 that	 there	 was	
no	 contribution	 of	 PGI2	 to	 ACh-induced,	
endothelium-dependent	 vasodilatations	 in	 the	
mesenteric	arteries	of	diabetic	rats	(4).
	 The	 differences	 between	 the	 findings	 from	
the	 studies	by	Shen	et al.	 (2003)	 and	Leo	et al. 
(2011)	may	be	related	to	the	differences	in	animal	
species.	 For	 example,	 the	 diabetic	mice	 showed	



14 www.mjms.usm.my 

Malays J Med Sci. Mar-Apr 2015; 22(2): 8-17

a	 contribution	 of	 PGI2	 in	 their	 endothelium-
dependent	vasodilatations	(37),	whereas	diabetic	
rats	 showed	 no	 contribution	 of	 PGI2	 (4).	 In	
addition,	 the	 discrepancy	 may	 also	 be	 due	 to	
differences	 in	 animal	 strains.	 For	 example,	 the	
Wistar	 rats	 (57)	 showed	 a	 contribution	 of	 PGI2	
in	endothelium-dependent	vasodilatations,	while	
the	Sprague	Dawley	rats	showed	no	contribution	
of	PGI2	(4).
	 PGI2-mediated	 relaxation	 in	 humans	 with	
diabetes	has	so	far	been	poorly	investigated.	PGI2	
production	 has	 been	 shown	 to	 be	 impaired	 in																																																																																																								
the	 cultured	 umbilical	 vein	 endothelial	 cells	 of	
patients	with	type	1	diabetes	60).	The	absence	of	
relaxation	in	response	to	PGI2	has	been	attributed	
to	 an	 early	 dysfunction	 of	 IP	 receptors	 in	 the	
vascular	smooth	muscle	in	the	disease	state	(61).																																																																																																																										
It	 has	 been	 demonstrated	 that	 there	 was	 no	
change	 in	 the	 expression	 of	 the	 IP	 receptor	
protein	 in	 diabetic	 patients	 compared	 with	
healthy	 controls	 subjects;	 however,	 that	 result	
did	not	rule	out	differences	in	the	responsiveness	
of	 the	 receptors	 to	 the	 action	 of	 PGI2	 at	 the	
level	 of	 the	 microcirculation	 (62).	 In	 contrast,	
in	 human	 diabetes,	 COX-2-derived	 PGI2	 can	
play	 a	 compensatory	 role	 for	 the	 decreased	 NO	
bioavailability	in	forearm	blood	flow	(63)	as	well	
as	in	coronary	arterioles	(64).	

Conclusion

	 Firstly,	 in	 addition	 to	 NO,	 EDH	 plays	 an	
important	 role	 as	 a	 regulator	 of	 vascular	 tone	
and	 reactivity.	 The	 endothelium-dependent	
vasodilatations	observed	in	the	resistance	vessels	
of	animal	models	and	humans	are	largely	attributed	
to	EDH.	In	type	1	and	type	2	diabetes,	the	EDH-
mediated	responses	may	be	increased,	decreased,	
or	preserved.	The	nature	 and	mechanism	of	 the	
EDH	 action	 can	 differ	 between	 vascular	 beds,	
animal	species	and	strains,	and	disease	duration	
to	account	for	this	apparent	variability.
	 Secondly,	although	PGI2	only	plays	a	minimal	
role	in	endothelium-dependent	vasodilatations,	it	
can	 exert	 important	 compensatory	 mechanisms	
in	conditions	in	which	NO	and	EDH	activities	are	
decreased,	such	as	in	the	diabetic	state.
	 Further	 investigations	 are	 important	 to	
determine	 the	 exact	 roles	 of	 EDH	 and	 PGI2	 in																																																																																																																	
the	 development	 of	 endothelial	 dysfunctions	
in	 humans	 with	 type	 1	 and	 type	 2	 diabetes.	
Understanding	 the	 pathophysiology	 of	
the	 disordered	 endothelium-dependent	
vasodilatations	 in	 diabetes	 can	 help	 in	
determining	 which	 therapeutic	 agents	 to	 use	 in	

order	to	restore	the	endothelial	 functions	and	to	
reduce	the	vascular	complications	of	diabetes.
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