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Objective(s): Tadalafil	 can	 restore	 endothelial	 function	 and	 treat	 atherosclerosis.	 However,	 the	
effect	 of	 tadalafil	 on	 transplant	 arteriosclerosis	 remains	 unclear.	 In	 this	 study,	 we	 explore	 the	
effects	of	tadalafil	on	allograft	vasculopathy.	
Materials and Methods:	 Male	 Brow‐Norway	 rats	 supplied	 aorta	 grafts	 for	 Male	 Lewis	 rats.	 All	
recipients	were	divided	into	3	groups:	saline	as	placebo	(control)	treated	group,	low	dose	tadalafil	
(0.5	 mg/kg/day)	 treated	 group,	 and	 high	 dose	 tadalafil	 (1.0	 mg/kg/day)	 treated	 group.	 Eight	
weeks	 after	 transplantation,	 the	 grafts	 were	 harvested	 at	 and	 analyzed	 by	 histological	 and	
Western	blot	analysis.	An	enzyme‐linked	immunosorbent	assay	(ELISA)	was	used	for	measure	of	
plasma	cyclic	guanylate	monophosphate	(cGMP).	
Results:	 the	 treatment	 with	 tadalafil	 significantly	 alleviated	 the	 neointimal	 thickness	 of	 aortas	
compared	with	the	control	group	(P<0.05).	Tadalafil	also	remarkably	enhanced	the	production	of	
cGMP	 in	 plasma	 and	 expression	 of	 cGMP‐dependent	 kinase	 I	 (PKG‐I)	 and	RhoA	 compared	with	
control	group	(P<0.05).		
Conclusion: These	results	showed	that	tadalafil	can	attenuate	graft	arteriosclerosis	by	cGMP	‐PKG‐
I	pathway.	
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Introduction	
In	recent	years,	acute	rejection	inducing	graft	loss	

has	 been	 obviously	 reduced,	 but	 chronic	 rejection	
still	 limits	 the	 graft’s	 long‐term	 survival.	 It	 is	 well‐
known	 that	 the	 development	 of	 chronic	 rejection	
results	 in	graft	 arteriosclerosis	which	 is	 common	 in	
most	 cases,	 finally	 leading	 to	 short‐term	 graft	
survival	(1).	This	progressive	graft	arteriosclerosis	is	
characterized	 by	 diffuse	 concentric	 intimal	
thickening,	 migration	 and	 proliferation	 of	 vascular	
smooth	 muscle	 cells	 (VSMC)	 from	 their	 normal	
position	in	the	tunica	media	to	the	intimal	region	(2).	
Similar	 to	 native	 arteriosclerosis,	 endothelial	
dysfunction	 can	 accelerate	 allograft	 vascular	
remodeling	and	arteriosclerosis.	

Nitric	 oxide	 (NO)	 has	 been	 regarded	 as	 a	 key	
mediator	 in	 the	 development	 of	 transplant	
arteriosclerosis	(3),	and	causes	vasodilation,	protects	
the	blood	vessel	from	endogenous	injury	and	inhibits	
VSMC	proliferation	and	migration	(4,	5).	

Phosphodiesterase	 type	 5	 (PDE5)	 plays	 an	
important	 role	 in	 hydrolyzing	 cyclic	 guanylate	
monophosphate	(cGMP),	which	can	enhance	vascular	
tone	 through	 regulation	 of	 NO	 activity	 and	 is	
expressed	 throughout	 various	 tissues,	 including	 the	
vascular,	visceral,	and	pulmonary	smooth	muscles.		

Activation	 of	 NO‐cGMP	 pathway	 via	 inhibiting	
PDE5	activity	could	cause	smooth	muscle	relaxation	
and	 VSMC	 proliferation	 inhibition.	 Thus,	 NO	
enhancing	therapies	are	an	attractive	area	to	explore.	
To	 date,	 no	 studies	 have	 evaluated	 this	 strategy	 in	
transplant	arteriosclerosis.	Sildenafil,	a	kind	of	PDE5	
inhibitor,	 improves	 brachial	 artery	 function	 in	 a	
small	 group	 of	 hypertensive	 male	 heart	 transplant	
recipients	 (6).	 In	 a	 recent	 study,	 Balarini	 confirmed	
that	 sildenafil	 could	 restore	 endothelial	 function,	
reduce	oxidative	stress	and	treat	atherosclerosis	in	a	
murine	 model	 (7).	 Therefore,	 we	 investigated	 the	
effect	of	chronic	low‐dose	tadalafil	(a	PDE5	inhibitor)	
administration	 on	 allograft	 arteriosclerosis	 in	 a	 rat	
model	 of	 aortic	 transplantation.	 Tadalafil	 has	 a	
unique	characteristic,	which	is	a	long	half‐life	of	17.5	
hr	when	taken	on	a	full	stomach	(8).	

 
Materials	and	Methods	
Animals	

Twenty	 four	 male	 Brow‐Norway	 (BN)	 rats																
and	 twenty	 four	 male	 Lewis	 rats	 (body	 weight,												
220–250	g)	 were	 obtained	 from	 Vital	River	
Laboratory	Animal	 Technology	 Co,	 Ltd.	 (Beijing,	
China).	All	rats	were	housed	in	plastic	cages	and	had	
free	 access	 to	 rodent	 chow	 and	 tap	 water.	 Animals’	
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body	 weights	 and	 food	 intake	 were	 measured	
weekly.	 All	 animal	 procedures	 conformed	 to	
international	 guidelines	 and	 were	 approved	 by	
Wenzhou	 Medical	 University	 Animal	 Policy	 and	
Welfare	Committee.	
	
Aorta	transplantation	

Aortic	 transplantations	 were	 performed	 as	
previously	 described	 (9).	 Allogeneic	 aortic	 trans‐	
plantation	 was	 performed	 using	 BN	 rats	 as	 donors	
and	 Lewis	 rats	 as	 recipients.	 Pentobarbital	 (60	
mg/kg)	 was	 used	 to	 anesthetize	 these	 rats	 by	
intraperitoneal	 injection.	 The	 thoracic	 aorta	 was	
harvested	from	BN	rats	after	intravenous	injection	of	
heparin.	 Then	 the	 aortic	 grafts	 were	 transplanted	
into	 recipients	 with	 an	 end‐to‐end	 anastomosis	
technique.		

The	 recipients	 were	 randomized	 into	 three	
groups:	 one	 group	 received	 saline	 vehicle	 after	 an	
allograft	 for	 8	weeks	 (control	 group);	 one	 group	
received	low	dose	tadalafil	(0.5	mg/kg/day),	and	one	
group	 received	 high	 dose	 tadalafil	 (1.0	mg/kg/day)	
after	an	allograft	for	8	weeks.	At	the	end	of	the	study,	
the	 rats	 were	 anesthetized	 and	 the	 grafts	 were	
harvested	for	analysis.		
	
Histopathology	

Graft	 vessel	 tissues	 were	 fixed	 in	 10%	 formalin	
for	48	hr	and	embedded	in	paraffin	and	cut	into	4 µm	
slices.	 Following	 deparaffinization	 and	 rehydration,	
every	 section	 of	 graft	 tissue	 was	 stained	 with	
hematoxylin	 and	 eosin	 for	 general	 morphological	
examination	 as	 described	 previously	 (10).	 The	
intima	area	was	calculated	by	subtracting	the	lumen	
area	 from	 the	 area	 enclosed	 by	 the	 internal	 elastic	
lamina	lining.	
	
cGMP	Assay 

Rats	were	anesthetized	and	blood	samples	of	each	
recipient	 were	 collected	 by	 cardiac	 puncture	 and	
centrifuged	at	3000	rpm	for	15	min	at	4	°C	to	prepare	
plasma.	 Plasma	 blood	 sample	 of	 each	 recipient	was	
collected	after	euthanasia	and	centrifuged	for	15	min	
at	3000	rpm	and	stored	at	 ‐80	 °C.	 cGMP	 level	 in	 the	
plasma	of	all	rats	were	measured	by	ELISA	using	the	
cGMP	 Complete	 Kit.	 Rat	 cGMP	 ELISA	 kit	 was	
purchased	 from	Westang	 (Shanghai,	 China).	 Briefly,	
the	 plasma	 samples	 were	 initially	 precipitated,	
extracted,	 evaporated	 to	 dryness,	 and	 then	
reconstituted	 in	 an	 assay	 buffer.	 The	 samples	 and	
standards	were	 acetylated	 to	 allow	 the	detection	of	
nucleotides	in	the	picomolar	range.	
	
Western	blot	assay	
	Graft	vessel	tissues	of	all	groups	were	homogenized	

in	 lysis	buffer	and	 the	supernatants	were	collected	by	
centrifugation	at	12,000	×	g	and	4	°C.	After	determining	
the	total	protein	concentration,	twenty	micrograms	of	
protein	 per	 specimen	 were	 run	 on	 10%	 SDS‐

polyacrylamide	 gel	 electrophoresis	 and	 then	
transferred	 to	 nitrocellulose	 membranes.	 After	
blocking	 at	 room	 temperature	 and	 incubation	 with	
different	 primary	 antibodies,	 the	 membranes	 were	
washed	 and	 incubated	 with	 secondary	 horseradish	
peroxidase‐conjugated	 antibody	 at	 room	
temperature (11‐13).	 An	 enhanced	 chemilu‐
minescence	 kit	 (Amersham,	 USA)	 was	 used	 to	
visualize	 the	 antigen‐antibody	 complexes,	 and	 the	
intensity	 of	 the	 protein	 bands	was	 quantified	 using	
the	 Quantity	 one	 software	 (Version	 4.6.2,	 Bio‐Rad,	
USA).	 The	 primary	 antibodies	 against	 cGMP‐
dependent	 kinase	 I	 (PKG‐I)	 and	 RhoA	 were	
purchased	 from	 Abcam	 (Cambridge,	 MA,	 USA),	 and	
β‐actin	 was	 purchased	 from	 Santa	 Cruz	
Biotechnology	(Santa	Cruz,	CA).	
	
Statistical	analysis	

Data	 are	 presented	 as	 means±standard	 error	 of	
the	mean	(SEM).	Statistical	analyses	were	performed	
using	 one‐way	 analysis	 of	 variance	 and	P<0.05	was	
considered	 significant.	 SPSS	 software	 (version	 13;	
SPSS)	was	used	for	statistical	analyses.	
	
Results	
Neointimal	thickness	

To	determine	whether	allograft	arteriosclerosis	
could	 be	 alleviated	 by	 tadalafil,	 we	 examined	 the	
neointimal	hyperplasia	of	aortic	grafts	by	histological	
examination	 at	 8	 weeks	 after	 transplantation.	 As	
shown	 in	 Figure	 1,	 treatment	 with	 tadalafil	
decreased	 intimal	 thickening	 compared	 with	 saline	
controls	 and	 there	 was	 no	 significant	 difference	 in	
intimal	 thickening	 between	 low‐dose	 and	 high‐dose	
tadalafil	 groups.	 The	 results	 showed	 that	 tadalafil	
can	alleviate	transplant	arteriosclerosis.	

	

 
	

	

Figure	 1.	 Histological	 findings	 (hematoxylin‐eosin	 staining;	
magnification	×	200)	 in	aortic	graft	 specimens	obtained	8	weeks	
after	 transplantation.	 Specimens	 are	 from	 rats	 given	 an	 allograft	
and	saline	vehicle	 (A),	 an	allograft	 and	0.5	mg/kg/day	 (B),	or	an	
allograft	and	1.0	mg/kg/day	of	tadalafil	(C).	The	intimal	thickening	
is	thinner	in	the	rats	given	tadalafil	than	the	rats	given	saline	(D).	
There	 was	 no	 significant	 difference	 between	 the	 tadalafil	
treatment	groups	(0.5	mg/kg/day	vs.	1.0	mg/kg/day)	
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Figure	2.	 The	 plasma	 cyclic	 guanylate	monophosphate	 levels	 in	
different	groups	after	eight	weeks	of	treatment	with	tadalafil		
	
Plasma	cGMP	concentrations	

A	significant	 increase	 in	plasma	cGMP	levels	was	
observed	 in	 rats	 receiving	 tadalafil	 compared																		
to	 saline	 controls	 (P<0.05,	 Figure	 2)	 and	 there	was	
also	 no	 significant	 difference	 in	 plasma	 cGMP													
levels	 between	 the	 tadalafil	 treatment	 groups																											
(0.5	mg/kg/day	vs.	1.0	mg/kg/day).	
	
PKG‐I,	RhoA	expression	in	aortic	allografts	

We	next	examined	expression	of	PKG‐I	and	RhoA	
in	 aortic	 allografts	 in	 the	 3	 groups	 (Figure	 3).															
The	 experimental	 groups	 receiving	 tadalafil	
demonstrated	 markedly	 upregulated	 expression	 of	
PKG‐I	 compared	 to	 the	 saline	 controls	 (P<0.05).	 As	
compared	to	saline	controls,	RhoA	expression	of	the	
group	 treated	 with	 tadalafil	 was	 downregulated											
(P<0.05).	 We	 did	 not	 detect	 that	 the	 expression	 of	
PKG‐I	 and	 RhoA	 protein	 were	 remarkably	 different	
between	 the	 tadalafil	 treatment	 groups	 (0.5	
mg/kg/day	vs.	1.0	mg/kg/day).	
	

	
	

	
Figure	 3.	 Western	 blotting	 showed	 the	 expression	 of	 cGMP‐
dependent	 kinase	 I	 (PKG‐I)	 and	 RhoA	 in	 the	 different	 groups	 of	
tadalafil	doses.	*P<0.05,	compared	with	the	control	group	

Discussion	
Chronic	 rejection	 of	 vascular	 graft	 is	 a	 wholly	

peculiar	 arteriosclerotic	 entity.	 The	 pathogenesis	 of	
graft	 arteriosclerosis	 is	 a	 multi‐factorial	 complex,	
associated	 with	 both	 immunologic	 and	 non‐
immunologic	risk	factors	(14,	15).	As	a	consequence	
of	 these	multi‐factorial	 injuries,	 the	 vessel	 tends	 to	
constrict,	 accompanied	 by	 platelet	 activation,	
proliferation,	 and	 vascular	 inflammation,	 leading	 to	
intimal	 thickening	 and	 VSMC	 proliferating	 (16).	 In	
our	 study,	 these	 features	were	 also	observed	 in	 the	
aortic	 allografts,	 suggesting	 that	 our	 rat	model	was	
similar	to	human	allograft	arteriosclerosis.	

In	this	study,	we	found	that	 intimal	thickening	in	
rat	 aortic	 allografts	 was	 remarkably	 reduced	 by	
administration	 of	 tadalafil	 compared	 to	 the	 saline	
controls.	 In	addition,	tadalafil	could	 increase	plasma	
cGMP	level,	up‐regulate	the	expression	of	PKG‐I	and	
decline	 activation	 of	 RhoA.	 These	 findings	 suggest	
that	 tadalafil	 may	 inhibit	 allograft	 arteriosclerosis	
through	 NO‐cGMP‐PKG‐I	 pathway.	 We	 did	 not	 find	
any	 significant	 difference	 between	 0.5	 and	 1.0	
mg/kg/day	tadalafil.	Maybe	there	will	be	differences	
between	the	two	groups	with	prolonged	treatment.	

Ahmad	et	al	(17)	indicated	that	endothelium	which	
regulates	 vascular	 tone	 and	 structure	 by	 releasing	
vasoactive	 substances,	 plays	 a	 crucial	 role	 in	 sensing	
changes	 in	 hemodynamic	 forces	 and	 blood‐borne	
signals.	It	is	reported	that	transplant	recipient	immune	
response	 to	 the	 donor	 endothelium	 may	 determine	
allograft	 adaptation	 and/or	 vascular	disease,	 however	
the	 mechanisms	 remain	 unknown	 (18).	 Allograft	
vasculopathy	 development	 is	 generally	 considered	 to	
begin	 as	 a	 response	 to	 injury,	 and	 then	 endothelial	
dysfunction	and	intimal	hyperplasia	develop	as	a	result	
of	 vascular	 remodeling	 in	 response	 to	 repetitive	
transplant‐related	 endothelial	 injury.	 The	 continual	
vascular	 remodeling	 and	 fibroproliferative	
modifications	of	the	vessel	wall	ultimately	contribute	to	
allograft	 arteriosclerosis.	 Modification	 of	 endothelial‐
derived	 NO	 availability	 is	 a	 feasible	 management	
strategy	 because	 the	 allograft	 arteriosclerosis	 is	
initiated	 by	 an	 endothelial	 dysfunction.	 NO	 regulates	
vessel	tone,	blood	fluidity	and	vascular	cell	growth.	It	is	
well	 established	 that	 NO	 regulates	 vascular	 tone	
through	 activation	 of	 guanyly1	 cyclase,	 elevation	 of	
cGMP,	 and	 activation	 of	 PKG.	 The	 effects	 of	NO‐cGMP	
pathway	 on	 vascular	 contraction	 appears	 to	 be	
regulated	 specifically	 by	 PKG	 (19).	 The	 specific	
substrates	 for	 PKG	 in	 smooth	 muscle	 include	 the	
regulatory	 myosin‐binding	 subunit	 of	 myosin	
phosphatase,	 calcium‐activated	maxi	 K+	 channels,	 and	
IRAG	(IP3	receptor	associated	cGMP	kinase	substrate),	
which	 lead	 to	 a	 reduction	 of	 intracellular	 Ca2+	
concentration	 or	 reduction	 in	 sensitivity	 to	 Ca2+	 and	
thereby	 decreased	 smooth	muscle	 tone	 (20).	 Besides,	
endothelial‐derived	 NO	 regulates	 blood	 fluidity	 and	
vascular	cell	growth.	Tomasoni	et	al	(21)	reported	that	
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the	 correction	 of	 endothelial	 dysfunction	 reduces	 the	
progression	of	arteriosclerosis.	

PDE5,	 as	 a	major	 cGMP‐hydrolyzing	 PDEs,	 could	
effectively	control	cGMP/PKG	signaling	pathway	and	
exists	 in	 all	 types	 of	 VSMC	 (22).	 Inhibition	 of	 PDE5	
causes	 a	 higher	 rate	 of	 accumulation	 of	 cGMP	 in	
response	to	the	NO	and	restores	endothelial	function.	
After	 heart	 transplantation,	 treatment	 with	 the	
PDE5‐inhibitor	was	able	to	reduce	the	contractility	in	
cardiomyocytes	 by	 activation	 of	 the	 cGMP/PKG	
signaling	 pathway	 (23).	 Additionally,	 increased	
cGMP	can	inhibit	NADPH	oxidase	expression/activity	
which	 is	 able	 to	 reduce	·O2‐	production,	 and	
consequently	restore	NO	bioavailability	(24).	Balarini	
et	 al	 (7)	 confirms	 that	 the	 treatment	 with	 chronic	
sildenafil	restores	endothelial	function	and	alleviates	
oxidative	 stress	 in	 a	 mice	 atherosclerotic	 model	
based	 on	 reduction	 in	 plaque	 deposition	 in	 these	
mice.	Another	study	reported	that	 inhibitor	of	PDE5	
treatment	can	enhance	the	expression	and	activity	of	
eNOS	 which	 could	 also	 explain	 the	 reduction	 in	
allograft	arteriosclerosis	lesions	(25).	

We	 also	 found	 a	 significant	 down‐regulation															
of	 RhoA	 expression	 in	 tadalalif	 treatment																		
groups	after	transplantation.	The	RhoA/Rho‐Kinases	
pathway	plays	an	 important	 role	 in	many	biological	
processes	 including	 VSMC	 proliferation	 and	
migration	in	vessels	(26).	This	probably	explains	the	
role	 of	 RhoA/Rho‐Kinases	 pathway	 in	 allograft	
arteriosclerosis.	Activation	of		PKG‐I	can	presumably	
lead	to	RhoA	phosphorylation	and	inhibition	of	RhoA	
activity	 (27).	 Sildenafil	 increases	 cGMP	 levels	 in	
VSMC	 by	 reducing	 cGMP‐hydrolyzing,	 and	 elevated	
cGMP	 activates	 PKG‐I	 which	 will	 further	 inhibit	
RhoA/Rho‐Kinases	 pathway	 (28).	 We	 speculated	
that	cGMP‐dependent	regulation	of	RhoA	expression	
might	 be	 a	 key	 component	 of	 the	 determinant	
function	 of	 the	 graft	 artery	 in	 normal	 and	
pathological	 conditions.	 Our	 study	 showed	 that	
chronic	 low	 tadalafil	 could	 diminish	 RhoA/Rho‐
Kinases	activity	and	alleviate	neointima	formation.	
	
Conclusion	

In	 summary,	 tadalafil,	 a	 kind	 of	 PDE5	 inhibitor,	
may	play	a	positive	role	in	the	prevention	of	allograft	
vasculopathy	 in	 a	 rat	 aortic	 transplant	 model.	 The	
results	show	that	PDE5	inhibitors	hold	promise	to	be	
a	 potential	 adjunctive	 therapy	 for	 reduction	 of	 the	
incidence	of	transplant	vasculopathy.	
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