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Abstract. - OBJECTIVE: Pulmonary artery
hypertension (PAH) is devastating disease that
has very serious outcomes. Dysregulated angio-
genesis is one of the main responsible courses
in pathophysiology of disease. Our experimental
research intends to find out and compare the an-
giogenic effects of medications used sildenafil,
iloprost, and bosentan in the treatment of PAH.

MATERIALS AND METHODS: This study was
performed in Department of Biochemistry and
Cancer and Stem Cell Research Laboratory of
our institutes between August and October
2014. Angiogenic activity of sildenafil, iloprost,
and bosentan were examined in vivo in chick
chorioallantoic membrane (CAM) model and in
vitro tube formation assay of human umbilical
vein endothelial cells (HUVECSs). Proliferative
activity of these three agents was also deter-
mined through 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay on HUVECs.

RESULTS: In CAM assay, when compared to
the control and drug groups, treatment with
sildenafil solutions resulted in a significant
dose-dependent increase (budding, sprouting,
extravasation) on CAM vessel growth. While
there was no significant proliferative effect with
iloprost and bosentan, presence of sildenafil
caused a statistically significant proliferation on
HUVECs following 24 and 48 h incubation (p <
0.05) compared to the control group. Comparing
the tube length/area ratio values, there was sta-
tistically significant increase in sildenafil group
with respect to the other 2 groups (p < 0.05). llo-
prost and bosentan did not show a significant
effect.

CONCLUSIONS: The results provide evidence
that sildenafil but not iloprost and bosentan in-
duces angiogenesis in vitro and in vivo. Dysreg-

ulated angiogenesis, as an important pathophys-
iological part in the progression of PAH, may be
triggered by the chronic ingestion of sildenafil in
the long treatment period and may cause nega-
tive effects.
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Introduction

Pulmonary arterial hypertension (PAH) whether
primary or secondary is a disorder characterized by
an elevation in pulmonary artery pressure that can
lead to right ventricular failure and death!?. Con-
temporary one-, three-, five-, and seven-year sur-
vival rates from time of diagnostic right-sided heart
catheterization are 85%, 68%, 57%, and 49%, re-
spectively*. PAH is a multifactorial disease involv-
ing abnormal vascular tone, endothelial dysfunc-
tion, inflammation, dysregulated angiogenesis, and
enhanced thrombosis>®.

Our understanding of angiogenesis has
evolved substantially in the past two decades. To
a very near time, pathophysiology of PAH has
been thought to result from vasoconstriction of
the pulmonary vascular resistance vessels or
from elevated shear stress due to increased shunt
blood flow. Now, the new concepts related to an-
giogenesis have caught up with a need to under-
stand, at a molecular level. Angiogenesis can
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partly help to understand several aspects related
to the pathological presentation of PAH, that can
not solely explained by vasoconstriction’.

There are three commonly used classes of
medications that have shown efficacy in the treat-
ment of PAH: phosphodiesterase-5 inhibitors,
prostanoids, endothelin receptor antagonists.
These medications have different pathway tar-
gets, mechanisms of action, indications, delivery
routes, and side-effect profiles®.

Despite dysregulated angiogenesis is one of the
main responsible course in the pathophysiology of
PAH, we don’t know how these agents affect on
angiogenesis. Our experimental research intends
to find out and compare the angiogenic effects of
medications used in the treatment of PAH.

Materials and Methods

Sildenafil, lloprost and Bosentan Solutions

Various sildenafil solutions were prepared
with serial dilutions from a stock solution of 1,5
mM, which was prepared by dissolving 5 mg
sildenafil (Sigma-Aldrich, I, Seelze, Germany) in
a final volume of 5 mL solution. Stock solutions
of 50 uM iloprost (Ilomedin, Bayer Schering
Pharma AG, Bergkamen, Germany) and 10 mM
bosentan (Tracleer, Actelion Pharmaceuticals
Ltd, Allschwil, Switzerland) were used for the
preparations of required concentrations. The re-
quired concentrations for each assay were deter-
mined according to the recommended dose per
kg, on patients with PAH.

Cell Viability Assay
3-(4,5-dimethylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide (MTT) method was
used to evaluate the cell viability assay with the
same procedures according to our previously pub-
lished study (9). Shortly, the cells (10-20.000/well)
were incubated in a 96-well plate in the presence
of various concentrations of sildenafil (0.5 M, 1
uM, 2.5 uM and 5 uM), iloprost (0.25, 0.5, 1 and 2
uM), and bosentan (0.1, 0.25, 0.5 and 1 uM) in a
final volume of 0.2 mL for 24-48 hours to deter-
mine the effect on endothelial cell proliferation.

In vitro Endothelial Cell Tube
Formation Assay

1 uM of these drug solutions were used to de-
termine their effect on tube formation. This assay
was performed following the steps as described
previously®.

Chick Chorioallantoic Membrane (CAM)
Assay

CAM assay was used for in vivo evaluation of
angiogenesis. Different concentrations of silde-
nafil (50, 100 and 150 puM), iloprost (0.5, 2.5 and
5 uM), and bosentan (100, 250 and 500 uM)
were prepared, and 50 pL of each solution was
used to determine the effect of each solution on
angiogenesis in vivo. A standardized procedure
including the same steps with our published
study was followed to perform CAM assay, and
the effect on CAM vascular area was scored’.

Statistical Analysis

Chi-square test was used for the non-paramet-
ric tests. In addition, Yates correction analysis
was performed for statistically significant differ-
ence. Statistical analysis was carried out using
MedCalc for Windows, version 12.5 (MedCalc
Software, Ostend, Belgium). We used in the
same data situations as a Pearson’s correlation.
The statistical analysis was carried out using Sta-
tistical Package for the Social Sciences software
for Windows, Version 15.00 (SPSS Inc., Chicago,
IL, USA). The value of p < 0.05 was considered
statistically significant.

Results

Cell Viability Assays of Sildenafil, lloprost
and Bosentan

While there was no significant proliferative ef-
fect with iloprost and bosentan, presence of
sildenafil caused a statistically significant prolif-
eration on human umbelical vein endothelial
cells (HUVECS) following 24 and 48 h incuba-
tion (p < 0.05) compared to the control group
(Figure 1).

Effects of sildenafil, lloprost and
Bosentan on Tube Formation

In the tube formation assay, on the 18" hour of
incubation, the results were evaluated. Compar-
ing the tube length/area ratio values, there was
statistically significant increase in sildenafil
group with respect to the other 2 groups (p <
0.05). So, it was found that sildenafil had proan-
giogenic effect (Figures 2 and 3). Iloprost and
bosentan did not show a significant effect.

Sildenafil Induces Angiogenesis on CAM

The vessel formation on each chorioallantoic
membrane (CAM) area was macroscopically
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Figure 1. Cell proliferation of HUVECs under sildenafil,
iloprost and bosentan incubation (cell viability was indicat-
ed as percentage of control). HUVECs: human umbilical

vein endothelial cells.

Figure 2. Ratio of tube length to area under sildenafil, ilo-

prost and bosentan incubation and control.

Figure 3. Tube formations of control group {A)and under sildenafil incubation (B).
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scored as described in previous studies® and the
results were summarized in Table I. Compared
to the control and drug groups, treatment with
sildenafil solutions resulted in a significant
dose-dependent increase (budding, sprouting,
extravasation) on CAM vessel growth. Affected
vessels were thicker and had an increased num-
ber of branching points. Sprouting of new ves-
sels from existing ones can be clearly seen in
Figure 4. The efficacies at different doses of
sildenafil were compared using %2 test, and
there was a statistically significant difference
(Yates correction x2 = 15.191, p < 0.05). The ef-
ficacy of increasing doses was evaluated with
Spearman’s correlation test and a strong correla-
tion was found (r = 0.804, p < 0.001), indicating
the dose dependent effect of sildenafil on angio-
genesis in vivo. The angiogenic effect was clear
especially for the doses of 100 pM and higher.

However, iloprost and bosentan showed no
significant effect. The efficacies at different dos-
es of iloprost were compared using 2 test, and
there was not statistically significant difference
(Yates correction x> = 4.996), similarly with
bosentan (Yates correction %> = 4.557).

Discussion

The past two decades have seen a marked evo-
lution in our approach to the diagnosis and man-
agement of PAH. Multiple randomized controlled
trials have been performed in PAH resulting in
the regulatory FDA approval of three pharmaco-
logical classes: phosphodiesterase type-5 in-
hibitors, prostanoids, and endothelin-receptor an-
tagonists!?. Recently, a soluble guanylate cyclase
stimulator has been also added to armamentari-

um of treatment options!'!.

PAH mechanisms by which the pulmonary ar-
teries in the pulmonary circulation narrow in-
clude pulmonary vasoconstriction, pulmonary
vascular remodeling, and thrombosis in sifu'>!3.
Vascular remodeling involves all 3 layers of the
vascular wall. It is complicated by the finding
that cellular heterogeneity exists within the com-
partment of the pulmonary arterial wall'>!*, Pul-
monary vascular remodeling in PAH includes en-
dothelial angiogenesis, smooth muscle cell pro-
liferation and hypertrophy, adventitial fibroblast
proliferation, myofibroblast differentiation, and
extracellular matrix deposition. Hypoxia is con-
sidered as the predominant factor in the patho-
genesis of PAH. During the early period of hy-
poxic exposure, angiogenesis in the mature pul-
monary circulation is a potentially beneficial
adaptation for gas exchange'>'¢. The lung vascu-
lar homeostasis involves maintaining an ideal
number of capillaries per unit of lung volume.
However, the sustained chronic hypoxia leads to
disorder of the process and excess angiogenesis,
which would impose more pressure on the proxi-
mal pulmonary artery and complicate the course
of PAH, suggesting that excess angiogenesis is a
crucial player in the pathogenesis of PAH".

Cool et al'® wrote that “The most significant
alteration of endothelial cell phenotype in PAH is
the abnormal proliferation of endothelial cells in
pulmonary arteries; in particular, the growth in-
volving branch points of muscularized pul-
monary arteries. Remarkably, the intravascular
growth of endothelial cells results in bulging of
the vascular wall of the compromised vessel,
which imparts a larger vessel diameter than the
proximal (feeder) vascular segment”. The obliga-
tory lining of pulmonary arteries with a monolay-

Table 1. Macroscopic evaluation of the effect of sildenafil treatment on CAM.

Efficacy
Group Ineffective +1 +2 Total
Control n 6 0 0 6
% 100.0 0 0 100
50 uM n 4 2 0 6
% 66.67 33.33 0 100
100 uM n 2 3 1 6
% 33.33 50.0 16.67 100
150 uM n 0 2 5 7
% 0 28.57 7143 100
Total n 12 7 6 25
% 48 28 24 100
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Figure 4. Effect of sildenafil solution on CAM before {A)and after 24 h (B, CJ. A, and B, were photographed using x1.0. C,
was photographed using x4.0 magnification of the white rectangular area on B. White circle shows the area where sildenafil
was placed on first. White arrows show extravasation, budding and sprouting of new vessels from existing vessels. CAM:
chorioallantoic membrane.

er of endothelial cells is disrupted in PAH; there-
fore, the proliferated endothelial cells break the
“law of the monolayer”". Dysregulated endothe-
lial cell and myofibroblast proliferation, smooth
muscle hypertrophy, intimal fibrosis, and en-
hanced thrombosis — features evident in obstruc-
tive and obliterative arteriolar and multi-chan-
neled “plexiform” lesions of PAH — have been
interpreted by some to reflect an underlying
process of dysregulated angiogenesis®.

Recent observations have provided evidence
for dysregulated angiogenic activity in PAH. Ad-
ministration of imatinib, an inhibitor of platelet-
derived growth-factor receptor beta (PDGF-Rp),
which regulates smooth muscle proliferation and
pericyte recruitment, attenuates PAH in rats, and
possibly in humans. In contrast, administering
SU-5416, an antiangiogenic inhibitor of vascular
endothelial growth-factor receptor and PDGF-Rf
signaling, triggers severe pulmonary vascular re-
modeling and PAH in rodents. The potent PDGF-
RP and SRC inhibitor dasatinib attenuates PAH
in rats, whereas chronic dasatinib administration

has been associated with the development of
PAH in man. Angiogenic signaling cascades have
important roles in the development and progres-
sion of PAH.

Tuder et al’ stated that “The pulmonary vascu-
lar growth uses angiogenic molecules in order to
expand and cause PAH in rats, therefore, novel
broad-spectrum therapies against angiogenesis
have been developed. These therapies include
thalidomide, angiostatin, endostatin, and throm-
bospondin among others. One approach is to use
these antiangiogenic approaches to treat PAH.
One important development of such an approach
will be to validate the causal role of the abnormal
proliferation of endothelial cells in pulmonary ar-
teries of patients as the most important contribu-
tor to PAH”.

Endothelial progenitor cells were investigated
as a potential treatment option for their possible
role in vascular homeostasis and angiogenesis.
This area was complicated by a controversy
about identification of circulating progenitors
and their contribution to angiogenesis. This con-
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troversy ex vivo-expanded endothelial-like prog-
enitor cells have shown therapeutic benefit in
short-term studies in animal models of PAH and
in a randomized controlled trial in humans with
idiopathic PAH?!-%,

Pathway, target, mechanisms of action, indica-
tions, delivery routes, and side-effect profiles of
the sildenafil, bosentan and iloprost are well
known, but their angiogenic effects are unknown
while pathophysiology of PAH is consisting of
dysregulated angiogenesis. Although Pyriochou
et al** demonstrated that sildenafil stimulates an-
giogenesis through a mitogen-activated protein
kinase pathway; we do not have any information
about the effect of bosentan and iloprost on an-
giogenesis and comparison of their effect on an-
giogenesis so far. In the current study, we
demonstrated that while sildenafil has stimulator
effect for angiogenesis and proliferative effect for
endothelial cells in vitro and in vivo, both bosen-
tan and iloprost had no similar effects. From this
point of view, it can be speculated that long-term
exposure to sildenafil may provoke dysregulated
angiogenesis by its angiogenic potential. Besides
its beneficial effect, may cause worsening effects
by triggering angiogenesis.

Conclusions

The results of the current study provide evi-
dence that sildenafil but not iloprost and bosen-
tan induces angiogenesis in vitro and in vivo.
Dysregulated angiogenesis, as an important
pathophysiological part in the progression of
PAH, may be triggered by the chronic ingestion
of sildenafil in the long treatment period and may
cause negative effects. However, this must be
confirmed by large randomized clinical trials.

Conflict of Interest

The Authors declare that there are no conflicts of interest.

References

1) Liu YY, LI XC, DuaN Z, YuaN YD. Correlation be-
tween the embolism area and pulmonary arterial
systolic pressure as an indicator of pulmonary ar-
terial hypertension in patients with acute pul-
monary thromboembolism. Eur Rev Med Pharma-
col Sci 2014; 18: 2551-2555.

2) GALE N, HoePER MM, HUMBERT M, TORBICKI A,
VACHIERY JL, BARBERA JA, BEGHETTI M, CORRIS P GAINE

10)

11)

12)

S, GiBBs JS, GOMEZ-SANCHEZ MA, JONDEAU G,
KLepetko W, Oritz C, PEACOCK A, RUBIN L, ZELLWEGER
M, SiIMONNEAU G; ESC COMMITTEE FOR PRACTICE GUIDE-
LINES (CPG). Guidelines for the diagnosis and treat-
ment of pulmonary hypertension: the Task Force
for the Diagnosis and Treatment of Pulmonary
Hypertension of the European Society of Cardiol-
ogy (ESC) and the European Respiratory Society
(ERS), endorsed by the International Society of
Heart and Lung Transplantation (ISHLT). Eur
Heart J 2009; 30: 2493-2537. Erratum in: Eur
Heart J 2011; 32: 926.

Guo L, Liu YJ, Xie ZL. Safety and tolerability eval-
uation of oral bosentan in adult congenital heart
disease associated pulmonary arterial hyper-
tension: a systematic review and meta-analysis.
Eur Rev Med Pharmacol Sci 2014; 18: 638-
645.

BENzA RL, MiLLer DP BARST RJ, BADEscH DB, FRrost
AE, McGooN MD. An evaluation of long-term sur-
vival from time of diagnosis in pulmonary arterial
hypertension from the REVEAL Registry. Chest
2012; 142: 448-456.

TuDER RM, CHACON M, ALGER L, WANG J, TARASEVI-
CIENE-STEWART L, KAsAHARA Y, CooL CD, BisHor AE,
GERACI M, SEMENZA GL, YAcouB M, PoLAk JM,
VoeLkeL NF. Expression of angiogenesis-related
molecules in plexiform lesions in severe pul-
monary hypertension: evidence for a process of
disordered angiogenesis. J Pathol 2001; 195:
367-374.

Tuper RM, Groves B, BADEScH DB, VoeLkeL NF. Exu-
berant endothelial cell growth and elements of in-
flammation are present in plexiform lesions of pul-
monary hypertension. Am J Pathol 1994; 144:
275-285.

Tuber RM, VoEeLkeL NF. Angiogenesis and pul-
monary hypertension: a unique process in a
unique disease. Antioxid Redox Signal 2002; 4:
833-843.

Lee SH, RusiN LJ. Current treatment strategies for
pulmonary arterial hypertension. J Intern Med
2005; 258: 199-215.

YEsiLDAL F AvDIN F, Devect S, TEKIN S, AYDIN [, MAm-
MADOV R, FERMANLI O, Avcu F AcikeL C, OzGURTAS T.
Aspartame induces angiogenesis in vitro and in
vivo models. Hum Exp Toxicol 2015; 34: 260-265.

RosANIO S, PeLicciA F GAaubio C, GReco C, KEYLANI
AM, D'Acostino DC. Pulmonary arterial hyper-
tension in adults: novel drugs and catheter abla-
tion techniques show promise? Systematic re-
view on pharmacotherapy and interventional
strategies. Biomed Res Int 2014; 2014: 743868.
doi: 10.1155/2014/743868.

LarcHE NE, Mousa SA. Riociguat for the manage-
ment of pulmonary arterial hypertension and
chronic thromboembolic pulmonary hypertension.
Drugs Today (Barc) 2013; 49: 761-768.

FREDENBURGH LE, LIANG OD, Macias AA, PoLTE TR,
Liu X, Riascos DF, CHUNG SW, ScHISSEL SL, INGBER
DE, MitsiaLs SA, KOUREMBANAS S, PERRELLA MA. Ab-
sence of cyclooxygenase-2 exacerbates hypoxia-



S. Doganci, V. Yildirim, F Yesildal, G. Erol, M. Kadan, G. Ozkan, F Avcu, T. Ozgurtas

13)

14)

15)

16)

17)

18)

19)

induced pulmonary hypertension and enhances
contractility of vascular smooth muscle cells. Cir-
culation 2008; 117: 2114-2122.

HumBerT M, SitBoN O, SIMONNEAU G. Treatment of
pulmonary arterial hypertension. N Engl J Med
2004; 351: 1425-1436.

HUMBERT M, MORRELL NW/, ARCHER SL, STENMARK KR,
MACLEAN MR, LANG IM, CHRISTMAN BW, WEIR EK,
EickeLBERG O, VOELKEL NF, RaBiINoviTcH M. Cellular
and molecular pathobiology of pulmonary arteri-
al hypertension. J Am Coll Cardiol 2004; 43: 13-
24,

STENMARK KR, FAGAN KA, FrRID MG. Hypoxia-induced
pulmonary vascular remodeling: cellular and mol-
ecular mechanisms. Circ Res 2006; 99: 675-691.

HoweLL K, PREsTON RJ, McLouGHLIN P Chronic hy-
poxia causes angiogenesis in addition to remod-
elling in the adult rat pulmonary circulation. J
Physiol 2003; 547: 133-145.

VoewkeL NF, Douatas IS, Nicows M. Angiogenesis in
chronic lung disease. Chest 2007; 131: 874-879.

CooL CD, STEWART JS, WERAHERA P, MILLER GJ,
WiLiams RL, VoelkeL NF, Tuber RM. Three-dimen-
sional reconstruction of pulmonary arteries in
plexiform pulmonary hypertension using cell spe-
cific markers: evidence for a dynamic and hetero-
geneous process of pulmonary endothelial cell
growth. Am J Pathol 1999; 155: 411-419.

WAGENVOORT CA, WAGENVOORT N. Pathology of Pul-
monary Hypertension. New York: John Wiley &
Sons, 1977, pp. 119-142.

20)

21)

22)

23)

24)

MALHOTRA R, PASKIN-FLERLAGE S, ZAMANIAN RT, ZIMMER-
MAN P, ScHmIDT JW, DeENG DY, SoutHwooD M,
SPENCER R, LAI CS, PARKER W, CHANNICK RN, MORRELL
NW, ELuiotrt CG, Yu PB. Circulating angiogenic
modulatory factors predict survival and functional
class in pulmonary arterial hypertension. Pulm
Circ 2013; 3: 369-380.

ZHAO YD, CourRTMAN DW/, DENG Y, KUGATHASAN L,
ZHANG Q, STEwART DJ. Rescue of monocrotaline-in-
duced pulmonary arterial hypertension using
bone marrow derived endothelial-like progenitor
cells: efficacy of combined cell and eNOS gene
therapy in established disease. Circ Res 2005; 96:
442-450.

TAKAHASHI M, NAKAMURA T, ToBA T, KAJwWARA N, KA-
10 H, SHImizu Y. Transplantation of endothelial
progenitor cells into the lung to alleviate pul-
monary hypertension in dogs. Tissue Eng 2004;
10: 771-779.

WANG XX, ZHANG FR, SHANG YR Znu JH, XiE XD,
TAo QM, ZHu JH, CHEN JZ. Transplantation of au-
tologous endothelial progenitor cells may be
beneficial in patients with idiopathic pulmonary
arterial hypertension: a pilot randomized con-
trolled trial. J Am Coll Cardiol 2007; 49: 1566-
1571.

PYrRIOCHOU A, ZHoU Z, KoIKA V, PETROU C, CORDOPATIS
P SEssa WC, PapaPETROPOULOS A. The phosphodi-
esterase 5 inhibitor sildenafil stimulates angio-
genesis through a protein kinase G/MAPK path-
way. J Cell Physiol 2007; 211: 197-204.



