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Purpose: Intimal thickening, which results from the response to arterial damage caused 
by therapeutic interventions or other reasons, is usually called as neointima. Neointimal 
hyperplasia is a main step in the pathogenesis of late-term restenosis, which is developed 
after vascular interventions. Reduction in nitric oxide (NO)/cyclic guanosine monophos-
phate (cGMP) signaling plays a substantial role in the pathogenesis of neointima forma-
tion. Phosphodiesterase V is detected in the peripheral coronary and pulmonary vascular 
smooth muscle cells and in the cardiac tissue. Based on the effects of phosphodiesterase V 
inhibitors on vascular smooth muscle cells, in the present study, the effect of tadalafil, a 
new member of phosphodiesterase V inhibitors, on neointimal hyperplasia was investi-
gated in the rabbit carotid artery anastomosis model.
Materials and Methods: Fourteen male New Zealand white rabbits weighing between 2.5-3 kg, 
were used. The rabbits were randomly divided into two equal groups; tadalafil group 
received oral tadalafil (2 mg/kg/day), and PBS group received sterile PBS solution (normal 
saline; 2 mg/kg/day) for 28 days after the surgery. The right carotid arteries of all rabbits 
were anastomosed in an end-to-end fashion using 8/0 polypropylene suture. The rabbits 
were sacrificed at the end of the postoperative period of 28 days. After sacrificing, firstly 
anastomosis segment on the right carotid artery and secondly a part of the left carotid 
artery (as control) of each rabbit were removed. Morphometric examination of tissue 
sections was performed under a light microscope connected to an image capture system.
Results: There was a significant difference between the right and left carotid arteries in 
terms of intimal area and intima/media ratio both in tadalafil and PBS groups (p <0.001 
for each). Intimal area and intima/media ratio were increased in the right carotid arteries 
compared to the left carotid arteries (p <0.001 for each). Besides, when the right carotid 
arteries of both groups were compared using covariance analysis, it was observed that 
intimal area and intima/media ratio in the anastomosis site were significantly reduced 
with tadalafil treatment (p <0.001).
Conclusion: The present study was promising in terms of tadalafil use as a new agent for 
the prevention of neointimal hyperplasia, which is the leading cause of late-term graft 
failure in vascular surgery.
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Introduction

The term neointima is frequently used for intimal 
thickening, which results from response to arterial dam-
age caused by either therapeutic interventions or other 
reasons. Neointimal hyperplasia is a main factor in the 
pathogenesis of restenosis, which occurs following arte-
riosclerosis, vascular damage and angioplasty, and of the 
late-term graft failure in vascular surgery.1–4) Neointimal 
hyperplasia is developed in three steps: destruction of 
extracellular matrix (ESM), proliferation of vascular 
smooth muscle cells (VSMC), and their migration from 
media to intima.

Reduction in nitric oxide (NO)/cyclic guanosine mono-
phosphate (cGMP) signaling plays an important role in 
the pathogenesis of neointima formation.5) Experimental 
studies have demonstrated that neointimal proliferation 
is reduced by endothelial NO synthase gene transfer.6) It 
has also been demonstrated that YC-1, a benzyl indazole 
derivative that stimulates soluble guanylyl cyclase (sGC) 
activity and cGMP production, reduces neointimal 
hyperplasia after balloon angioplasty in the rat carotid 
artery.7)

Phosphodiesterase V (PDE5) catalyzes cGMP destruc-
tion in smooth muscle cells and consequently reduces 
intracellular cGMP concentration. PDE5 inhibitors are 
routinely used in the treatment of erectile dysfunction. 
PDE5 has been detected in the peripheral coronary and 
pulmonary vascular smooth muscle cells and in the cardiac 
tissue.8) Among this group, FDA approved the use of silde-
nafil in the treatment of patients with pulmonary hyperten-
sion. Studies on sildenafil, a PDE5 inhibitor, have reported 
its antiproliferative effect on human pulmonary arterial 
smooth muscle cells.9–11) However, clinical studies on the 
use of this group of drugs in Reynaud’s phenomenon, 
essential hypertension and stroke have been continuing.12)

Tadalafil is the new member of PDE5 inhibitors with 
the longest half-life; thus, easy to use as a single dose.8) 
In the present study, based on the effects of PDE5 inhib-
itors on vascular smooth muscle cells, the effect of tada-
lafil on neointimal hyperplasia was investigated in rabbit 
carotid artery anastomosis model.

Materials and Methods

Preparation of animals
The present study was approved by the Local Ethics 

Committee of Dokuz Eylul University, Faculty of Medi-
cine. All animals received humane care in compliance 

with the Principles of Laboratory Animal Care formu-
lated by the National Society for Medical Research and 
the Guide for the Care and Use of Laboratory Animals. 
In the present study, 14 male New Zealand white rabbits 
weighing between 2.7–3.2 kg were used. The rabbits 
were randomly divided into two equal groups: tadalafil 
group received oral tadalafil (2 mg/kg/day) for 28 days 
after the surgery, and PBS group received sterile PBS 
solution (normal saline; 2 mg/kg/day) for 28 days after 
the surgery. Rabbits that died before the 28-day postop-
erative period were excluded. The rabbits were kept in 
separate cages during the postoperative period. The rab-
bits were fed ad libitum with standard rabbit chow and 
allowed free to access tap water. The drug treatment was 
well-tolerated by the rabbits. Neither the body weights 
nor the survival periods of the rabbits in each group were 
affected by the treatment protocol (data not shown).

Application of carotid artery anastomosis model 
All surgical procedures were performed by the same 

surgical team using 3.5x surgical loupe (Designs for 
Vision Inc., Ronkonkoma, New York, USA). Prior to the 
surgery, all rabbits were anesthetized with intramuscular 
xylazine (3 mg/kg) and ketamine (50 mg/kg) mixture. 
The right carotid artery was explored through an oblique 
incision performed on the right side of the neck. Rabbits 
were heparinized with 100 IU/kg heparin. Three minutes 
after heparinization, the proximal and distal parts of the 
artery were controlled and a full-thickness transsection 
of the right carotid artery was performed. Then, both 
ends of the right carotid artery was anastomosed in an 
end-to-end fashion using 8/0 polypropylene suture, the 
layers were closed to recreate the anatomic plane, and 
the surgical procedure was finalized. All rabbits were 
administered xylazine for postoperative analgesia.

The rabbits were sacrificed on the postoperative 28th 
day using a high-dose pentothal (150 mg/kg). Immedi-
ately after sacrificing, firstly anastomosis segment on the 
right carotid artery and secondly a part of the left carotid 
artery (as control) of each rabbit were removed. All sam-
ples were examined under a light microscope (Olympus 
BH2, Tokyo, Japan). Tissues were taken for histological 
examination.

Histological examination
Morphometry

The obtained tissues were kept in the tubes containing 
10% formalin for 24–48 hrs. Then, they were embedded 
in paraffin and serial sections of 5 mm thickness were 
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mounted onto glass slides. After staining with orcein light 
green, the sections were mounted in Entellan mounting 
medium. Ten samples for each artery were examined 
under a light microscope (Olympus BH2, Tokyo, Japan) 
connected to an image capture system and the images 
were transferred to the computer using a digital video 
camera (Olympus DP71, Tokyo, Japan). Multiple fields 
(up to 5) were selected at maximal intimal thickness 
from each section of each sample in a systematic random 
pattern and images were analyzed using Image Tool soft-
ware version 3.00 (Uthscsa). Intima, media and lumen 
areas (mm2) were measured and the intima/media ratio 
(index values) was calculated.

Statistical analysis
Data were analyzed using the Statistical Package for 

the Social Sciences version 17.0 (SPSS Inc., Chicago, 
Illinois, USA). Based on the assumption that the data 
were normally distributed, the repeated-measures analy-
sis of variance (ANOVA) was used. For the changes in 
which interaction was important, for the intergroup com-
parisons independent paired t-test was used for the left 
carotid arteries, whereas convergence readiness was 

used for the right carotid arteries. For the intragroup 
comparisons between the left and right carotid arteries, 
t-test was used. A p value <0.05 was considered signifi-
cant.

Results

Histological examination
Intimal thickening at the anastomotic sites occurred in 

both groups in different ratios. In the PBS group, no inti-
mal hyperplasic tissue was observed in the left carotid 
arteries, whereas massive intimal hyperplasic tissue was 
observed in the right carotid arteries (Fig. 1). In the tada-
lafil group, no intimal hyperplasic tissue was observed in 
the left carotid arteries; however, less massive intimal 
hyperplasic tissue was observed in the right carotid arter-
ies compared to that of the PBS group (Fig. 2).

There was a significant difference between the right 
and left carotid arteries in terms of intimal area both in 
tadalafil and PBS groups (p <0.001 for each). Intimal 
area was increased in the right carotid arteries compared 
to the left carotid arteries; however, this increase was 
four times higher in the PBS group than the tadalafil 

P-1 P-2

Fig. 1  Carotid artery views of the PBS group; (P-1), Cross-sectional image of the left carotid artery; (P-2), Cross- 
sectional image of the right carotid artery (staining with orcein light green).
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group. When the right carotid arteries of both groups 
were compared by covariance analysis, it was observed 
that intimal area in the anastomosis site was significantly 
decreased with the tadalafil treatment (p <0.001; Fig. 3).

When the groups were examined in terms of intima/
media ratio, a statistically significant difference was 
observed between the right and left carotid arteries in favor 
of increment (p <0.001 for each). As a consequence, tadalafil 

Tad-1 Tad-2

Fig. 2  Carotid artery views of the tadalafil group; (Tad-1), Cross-sectional image of the left carotid artery; (Tad-2), Cross- 
sectional image of the right carotid artery (staining with orcein light green).

Fig. 3 Intimal area values in the PBS and tadalafil groups
	 l  Left versus right carotid arteries in the PBS group 

(p <0.001)
 ¥  Left versus right carotid arteries in the tadalafil group 

(p <0.001)
	 m  Intergroup comparison for right carotid arteries 

(p <0.001)

Fig. 4 Intima/Media ratios in the PBS and tadalafil groups
	 l  Left versus right carotid arteries in the PBS group 

(p <0.001)
 ¥  Left versus right carotid arteries in the tadalafil group 

(p <0.001)
	 m  Intergroup comparison for right carotid arteries 

(p <0.001)
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treatment caused a significant decrease in intima/media 
ratio in the anastomosis site (p = 0.001; Fig. 4).

There was no significant difference both between the 
tadalafil and PBS groups and the right and left carotid 
arteries in terms of lumen area and media area (p >0.05). 
There was also no significant difference between the left 
carotid arteries of tadalafil and PBS groups according to 
intimal area and intima/media ratio.

Discussion

Neointimal hyperplasia is an exaggerated healing pro-
cess occurring in the vessel walls following an injury. 
Restenosis due to neointimal hyperplasia limits the suc-
cess of many vascular interventions such as bypass graft-
ing, endarterectomy, and balloon angioplasty with or 
without stenting. Injury-induced neointimal hyperplasia 
develops through a complex process including platelet 
aggregation, leukocyte chemotaxis, VSMC proliferation 
and migration, extracellular matrix (ECM) changes, and 
endothelial cell proliferation.13–15) In order to improve 
vascular damage, effective potential treatments on these 
mechanisms, which play a role in the pathophysiology of 
neointimal hyperplasia, have been investigated.

NO-based therapies have been investigated since 
the role of NO in the pathophysiology of neointimal 
hyperplasia has been propounded. NO-based therapies 
have been recommended to take place among pharmaco-
logical approaches in the vascular surgery due to their 
potential clinical effects on neointimal hyperplasia for-
mation.14) Agents or mechanisms, of which potential 
effects on neointimal hyperplasia are being investigated, 
include Nutlin-3, a non-genotoxic activator of the p53 
pathway,16) cinaciguat, the novel soluble guanylate 
cyclase activator,17) gene therapy,18) trichostatin A, a his-
tone deacetylase inhibitor,19) estrogen,20) and abciximab, 
a monoclonal antibody raised against alpha IIb Beta3 
integrin.21)

PDE inhibitors as well are among the agents that are 
being investigated. The PDE superfamily plays a role in 
the hydrolysis of the second messenger molecules, it cat-
alyzes cyclic adenosine and cGMP to inactive nucleotide 
monophosphates. The PDE superfamily comprises 11 dif-
ferent family members classified based on their specific-
ity for the cyclic nucleotides, inhibitors, and cloning and 
sequencing properties.22)

Cilostazol, a PDE3 inhibitor, has many pharmaco-
logical effects including vasodilation, inhibition of plate-
let activation and aggregation, thrombosis inhibition, 

increased blood flow to the limbs, improvement in serum 
lipids with the reduction of triglycerides and elevation of 
high density lipoprotein cholesterol, and VSMC growth 
inhibition.23) Owing to these effects, cilostazol is used to 
reduce the risk for restenosis and repeat revascularization 
after percutaneous coronary interventions.24) Similarly, 
coated balloons and stents with various agents are used 
as well.25,26)

Sildenafil, vardenafil and tadalafil are three PDE5 
inhibitors which were approved worldwide for the treat-
ment of male erectile dysfunction. Sildenafil and tadala-
fil were also approved in the treatment of pulmonary 
arterial hypertension. Many clinical trials have investi-
gated the effects of PDE5 inhibitors on the treatment of 
additional indications.22) Interest in the effects of PDE5 
inhibitors on cardiovascular field, particularly on heart 
and arteries, has been gradually increasing.27,28)

Experimental studies conducted with PDE5 inhibitors 
have demonstrated that these drugs cause substantial 
decrease in TGF-ß1 levels by increasing cGMP levels.29) 
The primary effect of cGMP is to inhibit proliferation 
and migration of VSMC and to change oxidative and 
apoptotic signals, and thus, to reduce neointimal hyper-
plasia.30,31) Studies have demonstrated the relation 
between TGF-ß1 and neointimal hyperplasia.32,33) In a 
study, it has been reported that YC-1, which is a partial 
PDE5 inhibitor, reduces neointimal hyperplasia after 
balloon angioplasty in rat carotid artery.7) Verdanafil, 
which is also a selective PDE5 inhibitor, has been shown 
to be effective in decreasing neointimal hyperplasia after 
carotid endarterectomy in rats.29) In the present study as 
well, the effect of tadalafil, a PDE5 inhibitors, on neoin-
timal hyperplasia process was investigated. Various 
 animal models including mouse, rat, rabbit, and pig are 
being used while investigating potential therapeutic 
approaches for neointimal hyperplasia. It has been 
reported that mouse is the most suitable animal for the 
initial testing of drugs due to both economical and prac-
tical reasons. Vein grafting is also appropriate in rabbits 
to test pharmaceuticals, especially when diabetes, hyper-
tension or hypercholesterolemia complicates the disease. 
When clinically relevant, vein grafting may also be per-
formed in pigs and a well-characterized model of neoin-
timal formation (similar to the clinical situation) can be 
obtained within the graft.34) In the present study, male 
New Zealand white rabbits were used.

Tadalafil differs from the other PDE5 inhibitors, such 
as vardenafil and sildenafil, due to its pharmacokinetic 
profile including maximum plasma level achieved 2 hours 
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after oral administration, half-life of 17.5 hours, and effi-
cacy lasting for 36 hours.35)

Similar to the previous studies,36) in the present study, 
neointimal hyperplasia was observed at the anastomosis 
site on the postoperative 28th day in rabbit carotid artery 
anastomosis model. However, a remarkable decrease in 
neointimal hyperplasia at the anastomotic site was 
obtained with tadalafil treatment after postoperative 
period of 28 days. This finding was similar to the results 
in the literature regarding the effects of the drugs on 
cGMP signaling in neointimal hyperplasia created by 
various experimental models.7,29)

In conclusion, the present study showed that tadalafil, 
a new member of PDE5 inhibitor family with the lon-
gest half-life, inhibited neointimal hyperplasia in rabbit 
carotid artery anastomosis model. Tadalafil may be a 
promising drug to enhance vascular patency and to 
prevent neointimal hyperplasia after revascularization 
 procedures.
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