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ABSTRACT

Endothelial dysfunction and vascular reactivity defects secondary to metabolic and immunological disorders
carry risk of serious cardiovascular complications. Here, the effects of the phosphodiesterase (PDE) inhibitors
vardenafil and cilostazol were examined against rheumatoid arthritis (RA)/diabetes mellitus (DM)-co-morbidity-
induced endothelial dysfunction and vascular reactivity defects. After setting of RA/DM-co-morbidity model,
rats were divided into a normal control group, an RA/DM-co-morbidity group, and two treatment groups re-
ceiving oral vardenafil (10 mg/kg/day) and cilostazol (30 mg/kg/day) for 21 days after RA/DM-co-morbidity
induction. Aorta was isolated for biochemical estimations of the pro-inflammatory vasoconstrictor molecules
angiotensin-II (Ang-II) and endothelin-1 (ET-1), the adhesion molecules P-selectin and vascular cell adhesion
molecule-1 (VCAM-1), the energy sensor adenosine-5’-monophosphate-activated protein kinase (AMPK), and the
vasodilator anti-inflammatory molecule vasoactive intestinal peptide (VIP) using enzyme-linked immunosorbent
assay (ELISA) and western blot analysis. Inmunohistochemical estimations of endothelial nitric oxide synthase
(eNOS) and matrix metalloproteinase (MMP)-2 were performed coupled with histopathological examination
using routine hematoxylin and eosin (H&E) and special Masson trichrome staining. The in vitro study was
conducted using aortic strips where cumulative concentration response curves were done for the endothelium-
dependent relaxing factor acetylcholine and the endothelium-independent relaxing factor sodium nitroprusside
after submaximal contraction with phenylephrine. Vardenafil and cilostazol significantly improved endothelial
integrity biomarkers in vivo supported with histopathological findings in addition to improved vasorelaxation in
vitro. Apart from their known PDE inhibition, up-regulation of vascular AMPK and eNOS coupled with down-
regulation of Ang-II, ET-1, P-selectin, VCAM-1 and MMP-2 may explain vardenafil and cilostazol protective
effect against RA/DM-co-morbidity-induced endothelial dysfunction and vascular reactivity defects.

1. Introduction

Hyperglycemia and insulin resistance observed in type 2 diabetes
mellitus (DM) trigger systemic inflammation and damage the vascu-

The vascular bed normally exerts a degree of reactivity to a number
of physiologic challenges, which is a necessity to perform its functions.
According to Manuck et al. [1], cardiovascular reactivity may be de-
fined as the physiologic changes from a resting or baseline state to some
type of physical challenge. Abnormally exaggerated vascular reactivity
to stressful conditions may increase risk of cardiovascular complica-
tions like hypertension and coronary artery disease [2,3]. On the other
side, vascular reactivity may be adversely affected by other patholo-
gical conditions including diabetes mellitus [4] and rheumatoid ar-
thritis [5].
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lature via different mechanisms. The elevated free fatty acids avail-
ability observed in insulin resistance uncouples mitochondrial function
in endothelial cells thus generating reactive oxygen species (ROS) and
impairing endothelial nitric oxide synthase (eNOS) activity [6]. The
decrease in eNOS expression and the increase in vascular oxidative
stress results in increasing the expression of vasoactive factors like
endothelin-1 (ET-1) [7] and adhesion molecules like P-selectin [8],
which in turn promote the secretion of interleukin-6 (IL-6) and tumor
necrosis factor-a (TNF-a) [9]. Besides, alteration in insulin signaling
mediates an increase in the levels of other stressful vasoactive peptides
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such as angiotensin II (Ang-II) [10]. As defense mechanism, the cell
energy sensor adenosine-5’-monophosphate-activated protein kinase
(AMPK) was reported to ameliorate endothelial dysfunction in meta-
bolic syndromes like diabetes [11].

Endothelial dysfunction is generally a hallmark in chronic in-
flammatory diseases like rheumatoid arthritis (RA) [12]. In RA in-
flammatory cascade, low density lipoprotein cholesterol (LDL-C) is re-
tained in the endothelium and becomes modified to oxidized form [13].
This causes endothelial activation, leading to an increased expression of
adhesion molecules like P-selectin and an increased release of in-
flammatory cytokines such as IL-1, IL-6 and TNF-a [14]. The pro-in-
flammatory cytokine TNF-a triggers the releases of other adhesion
molecules including vascular cell adhesion molecule-1 (VCAM-1) which
is known to help regulate inflammation-associated vascular adhesion
and vascular reactivity [15]. Side by side, the gelatinase A or matrix
metalloproteinase-2 (MMP-2), together with other gelatinases, is re-
ported to be overproduced in joints in rheumatoid arthritis [16]. Based
on its ability to degrade extracellular matrix, the MMP-2 was reported
to adversely affect vascular reactivity and enhance vascular injury [17].
Alternatively, the anti-inflammatory molecule vasoactive intestinal
peptide (VIP) plays an important modulator role in the pathogenesis of
arthritis-induced defects in vascular reactivity [18].

Phosphodiesterases (PDEs) is a group of enzymes that degrade the
phosphodiester bonds in cyclic nucleotides [19]. Several isoforms of
PDE exist, namely PDE-1, 2, 3, up to 12. Some PDE isoforms are cAMP-
specific, others are ¢cGMP-specific and others are non-specific. Inhibi-
tion of several isoforms of PDEs was old known to possess clinical
significance [20]. Vardenafil is a highly selective and potent inhibitor of
PDE-5 [21]. Continuous PDE-5 inhibition was found to reduce expres-
sion of vascular inflammatory proteins including inducible nitric oxide
synthase (iNOS), cyclo-oxygenase-2 (COX2) and VCAM-1 thus pro-
moting tissue protection [22]. It was also reported that the vasodilator
effect of PDE-5 inhibition was mediated in part through inhibition of
the ET pathway via blocking ETA/ETy receptors [23]. Cilostazol is a
PDE-3 inhibitor and is a unique antiplatelet agent. It was reported to
inhibit platelets activation in hypercholesterolemic rats via AMPK and
eNOS activation, together with NF-kf, P-selectin and VCAM-1 sup-
pression [24-26]. Cilostazol was also found to block extracellular cal-
cium influx in mouse smooth muscle cells and arteries, impairing ET-
induced vasoconstriction [27,28].

Based on the aforementioned data, the present investigation aims to
study the effect of vardenafil and cilostazol against RA/DM co-mor-
bidity-induced defects in vascular reactivity in rats. To fulfill this pur-
pose, the pro-inflammatory vasoconstrictor molecules Ang-II and ET-1,
the adhesion molecules P-selectin and VCAM-1, the energy sensor
AMPK, and the vasodilator ant-inflammatory molecule VIP were esti-
mated using enzyme-linked immunosorbent assay (ELISA) and western
blot analysis. Immunohistochemical estimations of eNOS and MMP-2
were also performed coupled with histopathological examination using
routine hematoxylin and eosin (H&E) and special Masson trichrome
staining. The in vitro study was conducted using rat aortic strips where
cumulative concentration response curves were done for the en-
dothelium-dependent relaxing factor acetylcholine (Ach) and the en-
dothelium-independent relaxing factor sodium nitroprusside (SNP)
after submaximal contraction with phenylephrine (PE).

2. Material and methods
2.1. Material

2.1.1. Animals

In the present investigation, adult female albino rats, weighing
180-200 g, were used. Animals were obtained from the Animal House
of Nahda University, Beni-Suef, Egypt, and were kept in the animal
room for 14 days for adaptation before being used in laboratory ex-
periments. Animals were fed on standard forage and tap water ad
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libitum throughout the adaptation and the experimental periods, except
for groups receiving high fat diet (HFD) according to the experimental
protocol. Animals were kept in a pathogen-free air-conditioned room
under stable temperature and relative humidity, with 12-h/12-h dark/
light cycles. Handling of animals and animal care were done according
to the guidelines of Beni-Suef Animal House approved by the
Pharmacology and Toxicology Department, Faculty of Pharmacy, Beni-
Suef University, based on the guidelines indicated by the re-
commendations of the National Institutes of Health (NIH) Guide for
Care and Use of Laboratory Animals.

2.1.2. Drugs, chemicals and reagent kits

Complete Freund's adjuvant (CFA; catalog no. MFCD00131105),
streptozotocin (STZ; catalog no. MFCD00006607), vardenafil (catalog
no. MFCD09027942) and cilostazol (catalog no. MFCD00866780) were
purchased from Sigma-Aldrich Chemical Company (St. Louis, MO,
USA). ELISA kits of ACPA (anti-citrullinated peptide antibody; catalog
no. MBS2606863), insulin (catalog no. MBS724709), ET-1 (catalog no.
MBS704215), P-selectin (catalog no. MBS012813), Ang II (catalog no.
MBS705139), VCAM-1 (catalog no. MBS027532) and VIP (catalog no.
MBS025730) were purchased from MyBioSource (San Diego, USA). The
primary antibodies for immunohistochemical estimation of eNOS (cat-
alog no. PA1-037) and MMP-2 (catalog no. PA1-16667), and for
Western blot analysis of AMPK (catalog no. PA5-36045) were pur-
chased from ThermoFisher Scientific (Rockford, USA). All other used
chemicals, solvents and reagents were obtained from official sources
and were all of analytical grade.

2.2. Experimental design

Two sets of experiments were performed; in the first one, setting of
RA/DM co-morbidity model was performed, while in the second one,
the effect of vardenafil and cilostazol on RA/DM co-morbidity-induced
defect in vascular reactivity was performed.

In the first set, 24 weight-matched healthy acclimatized rats were
randomly divided into 4 groups, each of 6 rats. The first group was kept
as a normal control group receiving vehicles only. The second group
was kept as RA control group and received CFA only. The third group
was kept as DM control group and received STZ only. The fourth group
was kept as RA/DM co-morbidity group and received both CFA and STZ
in the indicated schedules. At the end of the experiment, fasting blood
glucose, fasting serum insulin and serum ACPA were measured to
confirm induction of DM and RA, in addition to aorta tissue ET-1, P-
selectin and VIP levels as measures of vascular integrity.

In the second set, 24 weight-matched healthy acclimatized rats were
divided into 4 groups, namely a normal control group receiving vehicles
only, a RA/DM co-morbidity control group, a vardenafil treatment
group and a cilostazol treatment group. Test agents were administered
once daily for 21 consecutive days starting from day 16 after induction
of RA/DM co-morbidity (Fig. 1). Vardenafil was administered in a dose
of 10 mg/kg/day, p.o. [29,30]. Cilostazol was administered in a dose of
30 mg/kg/day, p.o. [26,31]. At the end of the experiment, animals were
fasted overnight and blood and tissue samples were collected for as-
sessment of all abovementioned biomarkers of vascular integrity, cou-
pled with histopathological and immunohistochemical assays. Rat body
weights were also recorded on a weekly basis in both sets.

2.3. Methodology

2.3.1. Induction of DM and RA

2.3.1.1. Induction of DM. Rats were fed for 3 weeks with a high fat diet
(HFD) containing 25% raw sheep fat lard prepared as described earlier
by Khalifa et al. [32], then injected with a single i.p. dose of STZ
(45 mg/kg) dissolved in sodium citrate buffer (0.1 M; pH = 4.5). Rats
were then given 20% glucose solution in drinking water for 48h to
prevent hypoglycemia. Blood glucose was measured in the tail vein on
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Fig. 1. A diagram showing experimental design of the in vivo induction of RA/DM co-morbidity. CFA: complete Freund's adjuvant; DM: diabetes mellitus; HFD: high

fat diet; RA: rheumatoid arthritis; STZ: streptozotocin.

the 3rd day after STZ injection using ACCU-CHEK® device (Roche,
USA). Rats with a glucose level higher than 300 mg/dL were considered
diabetic [33].

2.3.1.2. Induction of RA. Arthritis was induced wusing three
subcutaneous doses of CFA, each of 0.4 ml, injected in three different
limbs, with 3 days interval between every two doses [34].

2.3.1.3. Induction of RA/DM co-morbidity. After 3 weeks of HFD
feeding, induction of DM was performed using STZ as described
above. On day 3 after STZ administration, confirmation of DM
induction was performed, then CFA was administered on days 4, 7
and 10. Induction of RA was reported to take place within 10-12 days
of the first dose of CFA [35]. Therefore, treatment with test agents
started twelve days after the first CFA dose, i.e. on day 16, for 21 days
then rats were sacrificed (Fig. 1).

2.3.2. Sampling

2.3.2.1. Serum sampling. Blood samples were collected from the retro-
orbital plexus using heparinized micro-tubes. Blood was left to
coagulate on crushed ice then centrifuged at 3000 rpm for 10 min
using a cooling centrifuge (Sigma 3-30 k, USA). The supernatant clear
serum layer was withdrawn and stored at —80°C deep freezer (Als
Angelantoni Life Science, Italy) until the time of assay of ACPA and
fasting serum insulin.

2.3.2.2. Tissue sampling. After blood withdrawal, animal were killed by
cervical dislocation, underwent midline thoracotomy and the thoracic
cavity was washed with isotonic saline. The aorta was exposed,
carefully dissected free of adjacent tissue, and divided into two parts;
the first portion was preserved at —80 °C and kept for the time of assay
of Ang-II, ET-1, P-selectin, VCAM-1, AMPK and VIP; the second portion
was fixed in 10% isotonic formalin solution in normal saline for 48 h
and kept for the time of the histopathological study and
immunohistochemical estimation of MMP-2 and eNOS.

2.3.3. Assessment of serum and tissue biomarkers

Serum insulin and ACPA as well as aorta tissue Ang-II, ET-1, P-se-
lectin, VCAM-1 and VIP levels were estimated using ELISA test reagent
kits according to the manufacturer's instructions based on the sandwich
technique described earlier [36-38] using ELISA Processing System
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(Model Spectra Max Plus-384 Absorbance Microplate Reader, USA).
Tissue levels of total and phosphorylated AMPK (t-AMPK and p-AMPK)
were measured by the Western blot technique described earlier [39]
using BioRad mini protein electrophoresis separation unit (Model
1658004, Germantown, USA) and presented as p-AMPK/t-AMPK re-
lative expression.

2.3.4. Histopathological study

After tissue hardening, aorta tissues were washed with water then
with serial dilutions of alcohol for dehydration. Specimens were then
cleared in xylene and embedded in paraffin wax at 56 °C in hot air oven
for 24 h. Blocks were then transversely sectioned into 5pm sections
using sledge microtome, then stained with standard Hematoxylin and
Eosin (H&E) staining as described earlier by Banchroft and Steven [40].
Alternatively, other sections were stained with the special Masson's
trichrome stain using standard techniques for photomicroscopic ob-
servations [41].

2.3.5. Immunohistochemical assay

Immunohistochemical assay of eNOS and MMP-2 was performed
based on the principle described earlier by Merz et al. [42]. Briefly,
paraffin-embedded tissue sections of 5-um thickness were dehydrated
first in xylene and then in graded ethanol solutions. The slides were
then blocked with 5% bovine serum albumin (BSA) in Tris-buffered
saline (TBS) for 2 h. The sections were then incubated overnight at 4 °C
with the primary antibodies against eNOS or MMP-2. After washing the
slides with TBS, the sections were incubated with secondary antibody.
Sections were then washed with TBS and incubated for 10 min in a
solution of 0.02% diaminobenzidine containing 0.01% H,0,. Coun-
terstaining was performed using hematoxylin, and the slides were vi-
sualized under a light microscope by the aid of a histopathologist
blinded to the study.

2.3.6. Invitro study

The in vitro study was conducted as previously described by Rhee
et al. [43]. Briefly, thoracic aorta was carefully collected at the end of
the experiment and rapidly transferred to aerated Krebs-Henseleit
buffer solution adjusted at pH7.4 and temperature 37 + 0.5°C. The
aorta was carefully dissected from surrounding fat and connective
tissue and cut into short transverse segments. Segments of the rat
thoracic aorta, excluding the aortic arch region, of 1 mm length was
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Fig. 2. Fasting blood glucose, fasting serum insulin, serum ACPA and body weight changes in rats with RA, DM and RA/DM co-morbidity. DM: diabetes mellitus; RA:
rheumatoid arthritis. *Significantly different from the normal control group, ®Significantly different from the RA control group, “Significantly different from the DM

control group at p < 0.05.

mounted in 10 ml of Krebs-Henseleit buffer and kept at 37 °C in organ
baths, continuously aerated, between 2 stainless steel pins, 200 pm in
diameter each. A basal tension of approximately 1.5g was applied
gradually to the aortic rings throughout the experiment using routinely

calibrated isometric force displacement transducers (MLT0201/D, AD
Instruments) connected to a Powerlab/8S data acquisition system and
Chart® software that measures changes in circumferential tension and
recorded as units of gram (g) tension. Tissues were left to equilibrium
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Fig. 3. Tissue ET-1, P-selectin and VIP in rats with RA, DM and RA/DM co-morbidity. DM: diabetes mellitus; ET-1: endothelin-1; RA: rheumatoid arthritis; VIP:
vasoactive intestinal peptide. Significantly different from the normal control group, *Significantly different from the RA control group, “Significantly different from

the DM control group at p < 0.05.

for a period of 45-60 min while physiological solution was changed
every 15 min. Aortic tissue viability was then assessed using KCl and
endothelium viability and function were assessed using phenylephrine
and acetylcholine. Cumulative concentration response curves were
done for the endothelium-dependent relaxing factor Ach and the en-
dothelium-independent relaxing factor SNP after submaximal contrac-
tion with PE.

2.4. Statistical analysis

Results were expressed as means = standard error of the mean
(S.E.M). All statistical analyses of biochemical estimations were per-
formed by one-way analysis of variance (ANOVA) test followed by
Tukey-Kramer post hoc test by the aid of the statistical package for so-
cial sciences (SPSS; version 19.0) computer software program (SPSS
Inc., Chicago, IL, USA) with a value of p < 0.05 considered statistically
significant. Quantification of western blot bands was performed using
Image J program software (NIH, USA).
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3. Results
3.1. Results of the first set; RA/DM co-morbidity induction

3.1.1. Fasting blood glucose, fasting serum insulin, serum ACPA and body
weight changes

Normal control rats showed fasting blood glucose level of
102.80 + 3.74mg/dl, which did not show significant changes upon
induction of RA using CFA. Alternatively, rats with STZ-induced DM
and rats with RA/DM co-morbidity showed about 2.6-fold and 2.3-fold
increases of fasting blood glucose, respectively, as compared to normal
control rats (Fig. 2).

Fasting serum insulin of normal control rats showed a mean value of
2.16 + 0.28 ng/ml, which showed significant increases in RA rats (1.5
folds), in DM rats (2.3 folds) and in RA/DM co-morbidity rats (3.5 folds)
as compared with normal control values (Fig. 2).

Serum ACPA level of normal control rats showed a mean value of
0.28 * 0.04 ng/ml, which was significantly increased in RA group, DM
group and RA/DM co-morbidity group to reach about 28 folds, 14 folds
and 49 folds, respectively, as compared with normal control level
(Fig. 2).

Weekly estimations of rat body weights revealed no significant
difference among animal groups at the end of each week.
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Fig. 4. Effect of vardenafil and cilostazol on aorta tissue Ang-II, ET-1, P-selectin, VCAM-1 and VIP as well as body weight changes in rats with RA/DM co-morbidity.
Ang-II: angiotensin-II, DM: diabetes mellitus; ET-1: endothelin-1; VCAM-1: vascular cell adhesion molecule-1; RA: rheumatoid arthritis; VIP: vasoactive intestinal
peptide. *Significantly different from the normal control group, "Significantly different from the RA/DM control group at p < 0.05.

3.1.2. Tissue ELISA of ET-1, P-selectin and VIP

Aorta tissue levels of ET-1, P-selectin and VIP in normal control rats
were estimated to be 2.79 * 0.25pg/ml, 2.46 + 0.28 ng/ml and
2.09 *= 0.21 pg/ml, respectively. These values were significantly in-
creased in RA rats, DM rats and RA/DM co-morbidity rats regarding ET-
1 (about 15 folds, 11 folds and 24 folds, respectively), P-selectin (about
3 folds, 5 folds and 7 folds, respectively) and VIP (about 9 folds, 9 folds
and 14 folds, respectively), as compared with normal control levels
(Fig. 3).

3.2. Results of the second set; effect of test agents on RA/DM co-morbidity

3.2.1. Tissue ELISA of Ang-II, ET-1, P-selectin, VCAM-1 and VIP as well as
body weight changes

Rats with RA/DM co-morbidity showed significantly higher levels of
tissue Ang-II, ET-1, P-selectin, VCAM-1 and VIP compared with normal
control levels, reaching about 318%, 2409%, 849%, 740% and 1715%,
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respectively. Treatment of rats with vardenafil or cilostazol sig-
nificantly decreased the elevated tissue levels of Ang-II, ET-1, P-se-
lectin, VCAM-1 and VIP, reaching about 36%, 16%, 24%, 32% and
14%, respectively, regarding vardenafil and about 46%, 15%, 18%,
33% and 13%, respectively, regarding cilostazol as compared with RA/
DM co-morbidity control. Mean body weight of cilostazol-treated rats
was significantly lower than the respective mean body weight of RA/
DM co-morbidity control (Fig. 4).

3.2.2. Tissue western blot analysis of AMPK

Rats with RA/DM co-morbidity showed significantly lower tissue p-
AMPK/t-AMPK relative expression, reaching about 14% of its normal
control level. Treatment of rats with vardenafil or cilostazol sig-
nificantly increased p-AMPK/t-AMPK levels to reach about 3 folds and
2 folds, respectively, as compared with RA/DM co-morbidity control
(Fig. 5).
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Fig. 5. Effect of vardenafil and cilostazol on aorta tissue p-AMPK/t-AMPK relative expression in rats with RA/DM co-morbidity. AMPK: adenosine-5’-monopho-
sphate-activated protein kinase; t-AMPK: total AMPK; p-AMPK: phosphorylated AMPK; DM: diabetes mellitus; RA: rheumatoid arthritis. *Significantly different from
the normal control group, "Significantly different from the RA/DM control group at p < 0.05.

3.2.3. Histopathological study

3.2.3.1. Routine H&E staining. Normal control rat sections showed
average intima with average endothelial cells, average media with
average smooth muscle cells showing elongated nuclei and eosinophilic
cytoplasm, and average elastic tissue with sub-medial clefting. The RA/
DM control sections showed aortic wall with intimal destruction, sub-
intimal clefting and edema, medial clefting with marked medial
destruction and smooth muscle cells showing small pyknotic nuclei
and vacuolated cytoplasm, together with marked sub-medial
separation. The vardenafil-treated sections showed aortic wall with
average intima, minimal medial clefting with average smooth muscle
cells and average elastic lamina, and minimal sub-medial separation.
The cilostazol-treated sections showed aortic wall with intact intima,
minimal medial clefting with average smooth muscle cells and average
elastic lamina and sub-medial separation (Fig. 6).

3.2.3.2. Special Masson trichrome staining. Normal control sections
showed aortic wall with average collagen distribution in sub-intima
and through the media. RA/DM sections showed aortic wall with excess
collagen in the media (Fig. 7). Vardenafil-treated sections showed
aortic wall with excess collagen in the sub-intima and in the media.
Cilostazol-treated sections showed aortic wall with minimal collagen in
sub-intima and excess collagen in the media (Fig. 7).

3.2.4. Immunohistochemical assay

3.2.4.1. eNOS. Normal control sections showed aortic wall with strong
cytoplasmic reactivity in endothelial cells and smooth muscle cells
regarding eNOS. RA/DM sections showed mild eNOS reactivity in
endothelial cells and smooth muscle cells. Vardenafil-treated sections
showed aortic wall with mild cytoplasmic reactivity in endothelial cells
and no reactivity in smooth muscle cells. Cilostazol-treated sections
showed aortic wall with mild cytoplasmic reactivity in endothelial cells
and no reactivity in smooth muscle cells (Fig. 8).
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3.2.4.2. MMP-2. Normal control sections showed aortic wall with no
cytoplasmic reactivity in endothelial cells and smooth muscle cells
regarding MMP-2. RA/DM sections showed strong MMP-2 reactivity in
endothelial cells and smooth muscle cells. Vardenafil-treated sections
showed aortic wall showed mild cytoplasmic reactivity in endothelial
cells and in smooth muscle cells. Cilostazol-treated sections showed
aortic wall with mild cytoplasmic reactivity in endothelial cells and in
smooth muscle cells (Fig. 9).

3.2.5. Invitro study

With logarithmic cumulative increase of phenylephrine concentra-
tion, aorta tissue contraction (as percentage of KCl contraction) showed
gradual increase regarding all groups. Alternatively, acetylcholine and
sodium nitroprusside showed gradually increased relaxation of pheny-
lephrine-induced contraction. Regarding the endothelium-dependent
relaxing factor acetylcholine, minimal relaxation was evident for RA/
DM co-morbidity group while maximal relaxation was evident for
normal control group at most acetylcholine concentrations. Vardenafil-
and cilostazol-treated rat groups showed significant improvements of
relaxation at high concentrations of acetylcholine. Alternatively, re-
garding the endothelium-independent relaxing factor sodium ni-
troprusside, cilostazol-treated rat group showed improved relaxation at
high sodium nitroprusside concentrations, but maximal relaxation was
evident for the vardenafil-treated rat group at high concentrations of
sodium nitroprusside (Fig. 10).

4. Discussion

In the present investigation, the effects of the PDE-5 inhibitor var-
denafil and the PDE-3 inhibitor cilostazol were examined against RA/
DM co-morbidity-induced defects in vascular integrity and reactivity in
experimental rats in vivo and in vitro.

Results of the present investigation showed that induction of RA/
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Fig. 6. Photomicrographs of aorta sections stained with routine H&E staining showing the effect of vardenafil and cilostazol administration in rats with RA/DM co-
morbidity. 1A: Normal control section (200 x magnification) showing blood vessel wall with average intima (black arrow), average media (red arrow), and normal
sub-medial clefting (blue arrow); 1B: Normal control section (400 X magnification) showing average intima with average endothelial cells (black arrow), average
media with average smooth muscle cells showing elongated nuclei with eosinophilic cytoplasm (red arrow) and average elastic tissue (blue arrows); 2A: RA/DM co-
morbidity section (200 X magnification) showing sub-intimal clefting (black arrow), edema (red arrow) and medial clefting (blue arrow) with marked medial
destruction (violet arrow); 2B: RA/DM co-morbidity section (400 X magnification) showing sub-intimal edema (black arrow), marked medial destruction (red arrow)
with smooth muscle cells showing small pyknotic nuclei and vacuolated cytoplasm (blue arrows) and marked sub-medial separation (violet arrow); 3A: Vardenafil
treatment section (200 X ) showing blood vessel wall with average intima (black arrow), average media (red arrow) and minimal sub-medial separation (yellow
arrow); 3B: Vardenafil treatment section (400 X ) showing average intima (black arrow), average media with average smooth muscle cells (red arrow) and average
elastic lamina (blue arrow) with average adventitia (violet arrow); 4A: Cilostazol treatment section (200 x) showing blood vessel wall with intact intima (black
arrow), average media (red arrow) and minimal sub-medial separation (blue arrow); 4B: Cilostazol treatment section (400 X ) showing intact intima (black arrow)
with minimal medial clefting (red arrow), average smooth muscle cells (blue arrow) and average elastic lamina (yellow arrow). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

DM co-morbidity in rats was associated with vascular reactivity defect histopathological examination (Figs. 6 and 7). In agreement with our
as evidenced by ameliorated vasorelaxation of aorta preparation by the findings, RA and DM were long reported to be associated with vascular
endothelium-dependent relaxing factor acetylcholine or the en- defects, where Feng et al. [44] reported that microparticles emerging in
dothelium-independent relaxing factor sodium nitroprusside (Fig. 10). diabetic serum promote endothelial dysfunction. Similarly, Rahman

This was coupled with endothelial injury evidenced from et al. [4] correlated glycemic markers with impaired vascular reactivity
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Fig. 7. Photomicrographs of aorta sections stained with special Masson trichrome staining showing the effect of vardenafil and cilostazol administration in rats with
RA/DM co-morbidity. 1A: Normal control section (200 x magnification) showing average collagen distribution in the media (black arrow); 1B: Normal control
section (400 X magnification) showing average collagen distribution in sub-intima (black arrow) and through the media (red arrow); 2A: RA/DM co-morbidity
section (200 X magnification) showing blood vessel wall with intimal destruction (black arrow) and excess collagen in the media (red arrow), with marked medial
destruction (yellow arrow); 2B: RA/DM co-morbidity section (400 X magnification) showing intimal destruction (black arrow) and excess collagen in the media (red
arrow) with marked medial destruction (yellow arrow); 3A: Vardenafil treatment section (200 X ) showing blood vessel wall with excess collagen in the sub-intima
(black arrow) and in the media (red arrow); 3B: Vardenafil treatment section (400 x) showing excess collagen in the sub-intima (black arrow) and in the media
(yellow arrow); 4A: Cilostazol treatment section (200 x ) showing vessel wall with excess collagen in the media; 4B: Cilostazol treatment section (400 X ) showing
minimal collagen in sub-intima (black arrow) and excess collagen in the media (red arrow). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

clinically. Alternatively, Bordy et al. [45] and Erre et al. [46] claimed
that endothelial dysfunction is a common complication of RA, while
Adawi et al. [47] reported that RA-induced endothelial dysfunction is a
leading cause to accelerated atherosclerosis.

On the other side, our results showed that vardenafil and cilostazol
treatments significantly improved vascular integrity and reactivity by
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comparable degrees (Figs. 6, 7 and 10). In agreement, Clavé et al. [48]
reported the beneficial effects of the PDE-5 inhibitors sildenafil and
taladafil on microvascular dysfunction in patients with pulmonary hy-
pertension secondary to congestive heart failure. Similarly, Santi et al.
[49] reported that daily treatment with vardenafil improves endothelial
inflammation in patients with type 2 DM. Side by side, cilostazol was
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Fig. 8. Photomicrographs of rat aorta sections im-
munostained for endothelial nitric oxide synthase
(eNOS) showing the effect of vardenafil and cilos-
tazol administration on RA/DM co-morbidity. 1:
Normal control section (400X magnification)
showing blood vessel wall with strong cytoplasmic
reactivity to eNOS in endothelial cells (black arrow)
and smooth muscle cells (red arrow); 2: RA/DM co-
morbidity section (400X magnification) showing
blood vessel wall with mild cytoplasmic reactivity to
eNOS in endothelial cells (black arrow) and in

smooth muscle cells (yellow arrow); 3: Vardenafil

treatment section showing mild cytoplasmic re-
activity to eNOS in endothelial cells (black arrow)
and no reactivity in smooth muscle cells (red arrow);
4: Cilostazol treatment section showing mild cyto-
plasmic reactivity to eNOS in endothelial cells (black
arrow) and no reactivity in smooth muscle cells (red
arrow). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 9. Photomicrographs of rat aorta sections im-
munostained for matrix metalloproteinase-2 showing
the effect of vardenafil and cilostazol administration
on RA/DM co-morbidity. 1: Normal control section
(400 x magnification) showing vessel wall with no
reactivity to MMP-2 in endothelial cells or smooth
muscle cells; 2: RA/DM co-morbidity section (400 X
magnification) showing blood vessel wall showing
strong cytoplasmic reactivity to MMP2 in endothelial
cells (black arrow) and in smooth muscle cells (red
arrow); 3: Vardenafil treatment section showing

blood vessel wall with mild cytoplasmic reactivity to
MMP-2 in endothelial cells (black arrow) and in
smooth muscle cells (red arrows); 4: Cilostazol
treatment section showing blood vessel wall with
mild cytoplasmic reactivity to MMP-2 in endothelial
cells (black arrow) and in smooth muscle cells (red
arrows). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

reported to improve endothelial dysfunction in patients with cerebral
ischemia [50]. In addition, Asal and Wojciak [51] recorded the bene-
ficial effect of cilostazol against diabetes-induced vascular complica-
tions. The beneficial effects of vardenafil and cilostazol regarding en-
dothelial integrity were mostly attributed to PDE inhibition and
consequent up-regulation of nitric oxide pathways, but other pathways
seem to exist.

In the current study, aorta tissue isolated from rats with RA/DM co-
morbidity showed significant suppression of the anti-inflammatory and
energy-preserving enzyme AMPK levels compared with normal control
level, which were significantly corrected by vardenafil or cilostazol
treatments (Fig. 5). In agreement, decline of AMPK levels in different
tissues was reported in various experimental models of RA [52,53] and
DM [54,55]. Since AMPK plays an essential role in maintaining cellular
energy homeostasis, up-regulation of active phosphorylated AMPK
seems to explain, at least partly, the beneficial effects of test agents.
According to Lu et al. [11], AMPK could play an important role in
ameliorating diabetes-induced endothelial dysfunction. In support,
AMPK-mediated vasorelaxation was evident in diabetic rats receiving
AMPK activator [56]. The effect of vardenafil on AMPK was not in-
vestigated earlier, while cilostazol was reported to exert anti-platelet
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and anti-inflammatory effects in hypercholesterolemic rats through
AMPK activation [26].

Rats with RA/DM co-morbidity showed elevated aorta level of the
vasoconstrictor pro-inflammatory molecules Ang-II and ET-1, which
were significantly improved by vardenafil and cilostazol treatments
(Fig. 4). Endothelial production of Ang-II, ET-1 and other inflammatory
molecules was reported to be massively up-regulated during the course
of RA [57] or DM [58,59] progression. Ang-II was reported to be a
potent pro-inflammatory molecule in different experimental models
[60,61], while ET-1 production was considered as a predictor and
prognostic marker of coronary artery disease [62]. No previous data
showed the effect of vardenafil or cilostazol on vascular Ang-II pro-
duction, while few data were available regarding their effect on ET-1
production, including the work of Santi et al. [49] showing the effect of
chronic vardenafil administration on ET-1 production in diabetic pa-
tients with erectile dysfunction, and the work of Negrini et al. [63]
showing the effect of cilostazol on ET-1 production in systemic sclerosis
patients with Raynaud's phenomenon.

Aorta levels of the adhesion molecules P-selectin and VCAM-1 were
significantly increased in rats with RA/DM co-morbidity compared with
normal control levels, but were significantly improved by vardenafil
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Fig. 10. The in vitro contraction and relaxation curves of different treatment groups.

and cilostazol treatments (Fig. 4). In agreement, soluble VCAM-1 was
considered a disease marker in several rheumatic diseases [64], while
serum and tissue P-selectin levels were increased in rats with diabetic
nephropathy [65]. According to Kong et al. [15] and earlier studies,
VCAM-1 is closely associated with the progression RA and other im-
munological disorders. The elevated ACPA level in RA was reported to
enhance platelet activation and P-selectin production of [66]. Accu-
mulating evidence showed that P-selectin played a vital role in the
progression of immunological endothelial dysfunction, as leukocyte
adhesion to vascular endothelium was mediated through binding of
endothelium P-selectin with leukocyte P-selectin glycoprotein ligand-1
[67]. Side by side, VCAM-1 was reported to play an important pro-
inflammatory role in the progression of systemic atherosclerosis man-
ifestations like peripheral artery disease [68]. We reported no earlier
data concerning the effect of vardenafil on vascular P-selectin, but
Veres et el. [69] concluded that PDE-5 inhibition by vardenafil could
improve vascular graft function through down-regulation of VCAM-1.
On the other hand, cilostazol was old known to down-regulate adhesion
molecules in different models of endothelial dysfunction. Omi et al.
[70] reported that cilostazol could inhibit glucose-induced endothelial-
neutrophil adhesion in cultured human endothelial cells through de-
creasing adhesion molecules like VCAM-1 expression via PDE-3 in-
hibition and NO production. Similarly, Gao et al. [71] reported that
PDE-3 inhibition by cilostazol could protect diabetic rats against vas-
cular inflammation through down-regulation of VCAM-1 mediated by
inhibition of nuclear factor-kappaB.

In the current investigation, induction of RA/DM co-morbidity was
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associated with elevation of the aorta tissue level of VIP which was
decreased again by vardenafil and cilostazol treatments (Fig. 4). Al-
though VIP is known to be a potent anti-inflammatory and vasodilator
neuropeptide [18], its expression was reported to increase in some
immunopathological conditions [72], probably as an adaptive response.

Concerning our results, RA/DM co-morbid rats showed suppressed
aorta tissue level of eNOS, which was significantly restored by test
agents (Fig. 8). Previous investigations reported similar results in dif-
ferent models of RA [73,74] and DM [75,76]. The eNOS expression is of
great importance in maintaining endothelial integrity and vascular re-
activity. The study by Hou et al. [77] showed that eNOS enhancement
could reverse homocysteine-induced endothelial dysfunction in human
internal mammary arteries. Prolonged administration of PDE-5 in-
hibitors in male rabbits was reported to have endothelial cytoprotective
effect mediated by eNOS up-regulation [78]. Additionally, cilostazol
was reported to protect against DM-induced microvascular brain injury
in rats via up-regulation of eNOS [79].

Results of the current study showed significant aortic MMP-2 up-
regulation in rats with RA/DM co-morbidity, which was also corrected
by vardenafil and cilostazol treatments (Fig. 9). RA and DM progression
are well-known to be associated with vascular oxidative stress [80,81].
Such oxidative stress could enhance induction of metalloproteinases
like MMP-2 thus destroying endothelial glycocalyx essential for pro-
tecting the endothelium [82]. We reported no earlier data concerning
the effect of vardenafil on vascular MMP-2. However, cilostazol was
reported to possess vasculoprotective effect on rat coronary arterioles
against aldosterone-induced vascular injury via down-regulation of
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expression of a number of pro-inflammatory genes encoding for MMP-2
and other proteins. In the same manner, cilostazol was reported to
ameliorate ethanol-induced endothelial dysfunction in cultured human
brain vascular endothelial cells via inhibition of ROS-mediated MMP-9
activation [83].

Finally, our results showed that mean body weight of cilostazol-
treated rats was significantly lower than the corresponding mean body
weight of RA/DM co-morbidity control rats (Fig. 4). This may be ex-
plained by the findings of Wada et al. [84] where cilostazol was re-
ported to reduce adipocyte size and improve insulin resistance in obese
diabetic mice.

5. Conclusion

In conclusion, vardenafil and cilostazol seem promising agents for
correcting vascular integrity and reactivity defects induced by experi-
mental RA/DM co-morbidity. This effect may be mediated by up-reg-
ulation of vascular tissue AMPK and eNOS coupled with down-regula-
tion of Ang-II, ET-1, P-selectin, VCAM-1 and MMP-2. Further clinical
trials are needed to prove these effects.
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