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Cilostazol induces angiogenesis and regulates oxidative stress in a
dose-dependent manner: A chorioallantoic membrane study
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ABSTRACT

Background: In this study, we aimed to investigate the effects of
cilostazol on angiogenesis and oxidative stress using the chorioallantoic
membrane model.

Methods: In this experimental study, the Ross 308 chick embryos were
used. The negative control group (n=10) received no intervention. The
positive control group (n=10) consisted of eggs treated with epidermal
growth factor for inducing angiogenesis. Three cilostazol groups were
designed with 107 (n=10), 10-® (n=10), and 10~° (n=10) M concentrations.
Each egg was punctured on the sixth day of incubation, and drug
pellets were introduced to the positive control and drug groups at the
prespecified doses. Vascular development was evaluated on the eighth
day of application. The total oxidant status, total antioxidant capacity,
and oxidative stress index levels were determined from albumen liquids
obtained with a syringe before and after drug application.

Results: Lower oxidative stress index levels were obtained from
the positive control and cilostazol groups compared to the negative
control albumens (p=0.001). The increments in vascular junctions and
newly developed vascular nodules were evaluated in drug-free and
drug-applied chorioallantoic membranes. The highest activity was
obtained in the 107 M concentration cilostazol group. An increased
angiogenic activity was detected in all drug groups in each concentration
compared to the negative control group (p=0.001). Angiogenic activity
was similar in all the cilostazol-treated groups (p=0.43).

Conclusion: Cilostazol has a positive stimulant effect on angiogenesis
and it seems to suppress oxidative stress during embryonic growth.
Cilostazol exerts these effects significantly and similarly at different
doses.
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Amac¢: Bu calismada, koryoallantoik membran modelinde
silostazoliin anjiyogenez ve oksidatif stres {izerine etkileri
arastirildi.

Calisma plani: Bu deneysel calismada, Ross 308 tavuk embriyolar:
kullanildi. Negatif kontrol grubuna (n=10) miidahale edilmedi. Pozitif
kontrol grubu (n=10), anjiyogenezi indiiklemek i¢in epidermal biiytime
faktorii ile muamele edilmis yumurtalardan oluguyordu. Ug adet
silostazol grubu 107 (n=10), 10 (n=10) ve 10° (n=10) M konsantrasyon
olacak sekilde tasarlandi. Her bir yumurta inkiibasyonun altinci
giiniinde delinerek, ila¢ pelletleri, belirtilen dozlarda pozitif kontrol ve
ila¢ gruplarina verildi. Uygulamanin sekizinci giiniinde damar gelisimi
degerlendirildi. Ilag uygulamasindan &nce ve sonra siringa ile elde
edilen albiimin sivilarindan total oksidatif durum, total antioksidan
kapasite ve oksidatif stres indeksi diizeyleri belirlendi.

Bulgular: Negatif kontrol albiiminlerine kiyasla, pozitif kontrol ve
silostazol gruplarinda daha diisiik oksidatif stres indeksi diizeyleri elde
edildi (p=0.001). ilagsiz ve ilacli koryoallantoik membranlarda vaskiiler
baglantilardaki artig ve yeni gelisen vaskiiler nodiiller degerlendirildi. En
yiiksek aktivite 107 M konsantrasyonlu silostazol grubunda elde edildi.
Negatif kontrol grubu ile karsilastirildiginda, her konsantrasyonda tiim
ilag gruplarinda artmis anjiyojenik aktivite tespit edildi (p=0.001).
Anjiyojenik aktivite silostazol ile tedavi edilen tiim gruplarda benzerdi
(p=0.43).

Sonug: Silostazol anjiyogenez iizerinde olumlu bir uyarict etkiye
sahip olup, embriyonik biiyiime sirasinda oksidatif stresi baskiladigi
goriilmektedir. Silostazol, bu etkileri farkli dozlarda anlamli diizeyde ve
benzer sekilde gostermektedir.

Anabhtar sozciikler: Anjiyogenez, koryoallantoik membran modeli, oksidatif stres.
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Cilostazol (6-[4-(1-cyclohexyl-1H-tetrazol-5-yl)
butoxy]-3,4-dihydro-2(1H)- quinolinone) is a selective
and potent phosphodiesterase type 3 (PDE3) inhibitor
that intercepts adenosine uptake.™ It has vasodilatory
and antiplatelet activities by preventing the inactivation
of cyclic (c) adenosine monophosphate (AMP) (cAMP)
in vascular smooth muscle cells and platelets. Therefore,
cilostazol is used in the intermittent claudication
treatment of patients with peripheral arterial disease.!"*
Controlled trials have shown that cilostazol treatment
in cases of peripheral arterial disease improves both
claudication distance and quality of life.”) More recent
reports have indicated that cilostazol has beneficial
effects on other ischemic events, such as ischemic
stroke.®) Moreover, this agent has protective effects
on endothelial cells and antiproliferative effects
on vascular smooth muscle cells.*# Cilostazol is
a medical substance used to alleviate intermittent
claudication symptoms in patients with peripheral
arterial disease. Previous reports have shown that
this 2-oxo-quinoline derivative has antithrombotic,
vasodilator, antimitogenic, and cardiotonic properties.!!
The effects of cilostazol are based on inhibiting PDE3
activity and preventing cAMP degradation. The PDE
enzyme subtypes are located in cells responsible
for cardiac and vascular contractility, mainly in the
sarcoplasmic reticulum of the heart and smooth muscles
of the vascular system. Cilostazol inhibits the catalytic
PDE3 subtype, causing elevated levels of cAMP in
vessels and platelets."”! An increase in cAMP leads to
increasing levels of activated protein kinase A (PKA),
which inhibits platelet aggregation.” The increase in
activated PKA is also responsible for myosin light-chain
kinase inactivation, which results in vasodilatation.”
Recent studies have claimed that cilostazol may have
further protective effects on organ systems other than
the cardiovascular system, and researches have focused
on other mechanistic effects of cilostazol. Amyloid {3
(AP) accumulation causes elevated oxidant levels in
cells which, in turn, induces apoptosis.'? Conversely,
the activation of mitogen-activated protein kinases
(MAPKSs) provokes pathogenic cellular activities, such
as apoptosis and transformation.”

The chorioallantoic membrane (CAM) model
is a simple method to evaluate many types of
pathophysiological =~ mechanisms.  Specifically,
recent researches have utilized this model to study
inflammatory processes, cytotoxic activities,
tumorigenesis, and angiogenesis.®'% The advantages of
the model are as follows: low cost, no requirement for
ethics committee approval, and ease of application.”
Cardiovascular drugs have been examined using this
model to identify their effects on angiogenesis.”
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In the present study, we examined the angiogenic
properties of cilostazol using the CAM model and
evaluated changes in oxidative stress markers in egg
albumen treated with or without cilostazol.

MATERIALS AND METHODS

Although the CAM model does not require ethics
committee approval, all experimental phases were
conducted in accordance with the Animal Welfare
Act and the Guide for the Care and Use of Laboratory
Animals. The Ross 308 chick embryos were used in
the study.

All eggs were placed in an incubator with a
controlled temperature (37 to 39°C) and humidity
(80 to 85%) for the first six days. Thereafter,
10 mL of albumen was aspirated with a syringe
from a puncture on the bottom side of the eggshell,
which provided more space for the embryo.
Moreover, this albumen sample was used to measure
pre-intervention oxidative stress markers. After the
removal of the albumen, the tip of the eggshell was
removed with micro-forceps, and the developing
embryo was imaged. Eggs without embryos or
viable embryos were excluded from the study. Ten
viable embryos were allocated to each group. Then,
micro-pellets were placed on the embryos, and the
eggs were sealed with stretch film and placed back
into the incubator. On the eighth day of incubation,
the vascular densities of the embryos were evaluated
as previously described.''''?l After the evaluation
of vascular development, 5 mL of albumen was
drawn with a syringe to determine post-application
oxidative stress markers. Figure 1 shows the study
phases.

Grouping and the process of drug delivery

Egg numbers for each group were determined
according to previously described studies.!'?)

Negative control group (n=10): No pellet was
applied to the embryos, which were used as a reference
for normal vascular development.

Positive control group (n=10): Pellets embedded
with 10°® M epidermal growth factor (EGF)
[Heberprot-P®, Heber Biotec SA., Cuba] were placed
on the embryos on the sixth day of incubation, and
vascular development was evaluated two days after
application.

Drug group 1 (n=10): Pellets embedded with 10° M
cilostazol were placed on the embryos on the sixth day
of incubation, and vascular development was evaluated
two days after application.
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Figure 1. (a) A normal chick egg; embryo, air sack, amniotic
fluid, albumen. (b) Removal of albumen via syringe. (c) Enlarged
air sack after albumen removal. (d) Removal of egg shell for
monitoring embryo development from dashed line.

Drug group 2 (n=10): Pellets embedded with 10-°* M
cilostazol were placed on the embryos on the sixth day
of incubation, and vascular development was evaluated
two days after application.

Drug group 3 (n=10): Pellets embedded with 107 M
cilostazol were placed on the embryos on the sixth day
of incubation, and vascular development was evaluated
two days after application.

Angiogenesis scoring

Vascular development of the embryo and the
effects of drug-free or drug-embedded pellets on
capillary density were evaluated under a stereoscopic
microscope. Vessel nodules were scored as described
in previous reports.'"¥! The scoring system involved
the evaluation of variation in capillary density on
the drug-placed area and the surrounding areas as
follows: drug-placed areas were photographed, and
the capillary extent was assessed 48 h after drug
application. The formation of new vessels from the
main branches of the embryo and the extension of
neovascularity were evaluated.

Measurement of oxidative stress markers

Oxidative stress markers were quantified from the
albumen samples drawn pre- and post-application.

Total antioxidant capacity (TAC): The TAC levels
were determined according to a previously described
method.' The method is based on the colorimetric
assessment of TAC using a commercially available
laboratory kit (Rel Assay Diagnostic, Gaziantep,
Turkey). The results were expressed in mmoL Trolox
equiv./L.

Total oxidant status (TOS): The TOS levels were
determined according to a previously described
method.'¥ A commercially available laboratory
test was used to evaluate the oxidation of Fe’*
ions to Fe* jons in an acidic medium. Ferric ions
generated a colored complex with xylenol orange,
and color intensity was measured colorimetrically.
A commercially available laboratory kit (Rel
Assay Diagnostic, Gaziantep, Turkey) was used for
evaluation. The results were expressed in mmoL
H>0; equiv./L.I'9

Oxidative stress index (OSI): The OSI values
were calculated using the following equation: OSI
(arbitrary unit)=TOS (mmoL H>0, equiv./L)/TAC
(mmoL Trolox equiv./L).l""

Statistical analysis

The pro-angiogenic effects combined with
antioxidant efficacy have not yet been studied
systematically in experimental models. Thus, we
tested our hypothesisregarding altered concentrations
of cilostazol by comparing the previously known
angiogenic agent epidermal growth factor.'¥! The
obtained variables were compared statistically
using the SPSS version 15.0 software (SPSS Inc.,
Chicago, IL, USA). Continuous variables were
expressed in mean * standard deviation (SD).
Between the study groups, oxidative stress markers
were compared using the one-way analysis of
variance (ANOVA) test, and Tukey’s range test was
used as a post-hoc test. A p value of <0.05 was
considered statistically significant.

RESULTS

To examine the effects of cilostazol on angiogenesis
in the CAM method, the number of vascular junctions
was determined in two equal-sized rectangular
regions of interest (ROI). Initially, the negative control
group and the positive control group (treated with
epidermal growth factor) were compared to confirm
the model (Figure 2). The mean number of branches
was significantly higher (18.9+6.4 junctions per ROI)
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Figure 2. The effects of different concentrations of Cilostazol on CAM model. Positive control group was created with
application of epidermal growth factor. Drugs were applied to embryos on the sixth day of incubation and vascular
development evaluated in eight-day of application. The angiogenic effects were evaluated by counting the number of
vascular junctions and nodules in two rectangular equally sized regions of interest (ROI) (Black and White rectangles),
which was significantly (*p<0.05) higher in groups treated with Cilostazol and epidermal growth factor. Control (a),
positive control (b), 107 M Cilostazol (c), 10-° M Cilostazol (d), and 10~ M Cilostazol (e), on day 14 of the experiment.

Black arrows: Vessels with multiple nodules and dense junction areas; White arrows: Vessels without nodules or junctions.

in the positive control group than in the negative
control group (13.8+£3.5) (n=10, p=0.01). Examination
of the cilostazol-treated groups revealed a mean of
19.6+8.3 junctions per ROI in the 107 M group,
19.1£5.2 junctions per ROI in the 10°® M group, and
18.7+2.3 junctions per ROI in the 10° M group. The

CAM analysis and comparison of the study groups on
a scatter plot are presented in Figure 2. The angiogenic
activity of cilostazol was found to be statistically
significant compared to the negative control group
(p=0.001). However, there was no significant difference
between the positive control and the cilostazol-treated

Table 1. The oxidative stress markers of albumen from chick embryos

Negative Positive 107 Cilostazol ~ 10 Cilostazol ~ 107 Cilostazol
Control Group  Control Group Group Group Group
(n=10) (n=10) (n=10) (n=10) (n=10)
Mean+SD Mean+SD Mean+SD Mean+SD Mean+SD p*
TOS (mmol H,0; Eq/L) 3.97+0.16 2.74+0.81 2.88+0.003 2.21+0.003 1.91+0.003 0.001
TAC (mmolTroloxEq/L) 0.86+0.17 1.27+0.39 1.69+0.05 1.61+0.003 0.93+0.003 0.001
OSI AU 4.76+0.83 247+1.48 1.70+0.05 1.37+0.001 2.05+0.003 0.001

SD: Standard deviation; TOS: Total oxidative status; TAC: Total antioxidant capacity; OSI: Oxidative stress index; AU: Arbitrary unit; * p<0.05 indicates

statistical significance.
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Table 2. The comparison of oxidative markers between groups (Tukey’s Honestly

Significant Difference)

Markers  Groups Mean+SD p*
10°¢ Cilostazol 2.21+£0.003 0.001
107 Cilostazol Group (n=10) 107 Cilostazol 1.91+0.003 0.001
2) Control 3.97+0.16 0.001
&al
Cz 107 Cilostazol 2.88+0.003 0.001
% 10-° Cilostazol Group (n=10) 107 Cilostazol 1.91+£0.003 0.001
B Control 3970.16 0.001
§ 107 Cilostazol 2.88+0.003 0.001
107 Cilostazol Group (n=10) 10-¢ Cilostazol 2.21+0.003 0.001
Control 3.97+0.16 0.001
10-¢ Cilostazol 1.61+£0.003 0.145
10~ Cilostazol Group (n=10) 107 Cilostazol 0.93+0.003 0.001
=) Control 0.860.17 0.001
e
% 107 Cilostazol 1.69+0.05 0.145
% 10°¢ Cilostazol Group (n=10) 107 Cilostazol 0.93+0.003 0.001
E Control 0.86+0.17 0.001
E) 107 Cilostazol 1.69+0.05 0.001
107 Cilostazol Group (n=10) 106 Cilostazol 1.61+0.003 0.001
Control 0.86+0.17 0.364
10-¢ Cilostazol 1.37+0.001 0.316
107 Cilostazol Group (n=10) 107 Cilostazol 2.05+0.003 0.238
Control 4.76x+0.83 0.001
=) 107 Cilostazol 1.70+0.05 0.316
; 10-¢ Cilostazol Group (n=10) 107 Cilostazol 2.05+0.003 0.004
© Control 4762083 0.001
107 Cilostazol 1.70+£0.05 0.238
107 Cilostazol Group (n=10) 10-¢ Cilostazol 1.37+0.001 0.004
Control 4.76+0.83 0.001

SD: Standard deviation; TOS: Total oxidative status; TAC: Total antioxidant capacity; OSI: Oxidative stress index;

AU: Arbitrary unit; * p<0.05 indicates statistical significance.

groups in terms of the incremental vascular junctions
and newly developed vascular nodules in the CAM
model (p=0.51). The highest angiogenic activity was
observed in the group treated with 107 M cilostazol,
while the drug-administered groups were statistically
similar compared to each other (p=0.43).

Significantly lower OSI values were present in the
groups treated with epidermal growth factor (positive
control) and cilostazol compared to the negative
control group (p<0.05). The lowest OSI values were
observed in the 106 M cilostazol group. The highest
TOS levels were detected during normal embryonic

453



Turk Gogus Kalp Dama
2021;29(4):449-456

growth in the negative control group. The TOS levels
were significantly reduced in the groups treated with
epidermal growth factor and cilostazol, compared
to the negative control group (p<0.05). The highest
TAC levels were observed in the 10° M cilostazol
group. The comparison of the TOS, TAC, and OSI
values between the groups is presented in Table 1.
Significantly lower levels of oxidative stress and
higher levels of antioxidant capacity were found in
all cilostazol-treated groups, compared to those in the
negative control group (Table 2).

DISCUSSION

Our study results showed that cilostazol promoted
angiogenesis in the CAM model. Moreover, oxidative
stress markers were reduced in cilostazol-treated chick
embryos. To the best of our knowledge, this study is
the first to investigate oxidative stress in the albumen
and to assess angiogenesis in the CAM model. The
different doses of cilostazol used in this study had
similar effects on angiogenesis and oxidative stress.

A comprehensive investigation of the angiogenic
properties of substances requires complex animal
models or other in vivo strategies. However, these
complex models require advanced laboratory
infrastructure, expensive equipment, extended
testing time, and multiple animal sacrifices.!*2!!
The CAM is a reference model for the evaluation of
developmental angiogenesis due to the accessibility
and programmability of every stage of development.
In this model, testing materials are usually prepared
in soluble form and planted on the highly vascularized
membrane for the evaluation of pro-angiogenic or
anti-angiogenic potentials.?*?*! After incubation of
chick eggs, primitive embryonic vessel formations
develop in the initial 42 h, and vasculogenesis
begins. Yolk sac-derived mesodermal angioblasts
are responsible for the formation of this primitive
structure, consisting of a simple endothelium,
erythrocytes, and plasma and is activated within
the first 48 h. After Day 10, as the vascular system
matures, growth factors decrease, and accelerated
vasculogenesis terminates. This highly increased
vessel formation is essential for embryo growth and
the regulation of optimal metabolic activity.!*?>24
Previous studies have shown that the external
addition of growth factors, including EGF, promotes
angiogenesis."® Moreover, EGF positively increases
the capillary network.”?! Based on these findings, we
created a CAM model with additional EGF to observe
the induced angiogenesis together with the routine
angiogenesis process. Angiogenesis was evaluated
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in the first eight days, and the evaluation was made
during the most intense period of vasculogenesis. As
expected, the EGF-added group showed significantly
increased angiogenesis compared to the control group.

In a previous study, cilostazol was found to
increase collateral blood flow and vascularity in
a vascular endothelial growth factor (VEGF)-
dependent manner.””! Sanada et al.*”! reported that
this angiogenesis-stimulating effect could be related
to hepatocyte growth factor induction via cAMP and
peroxisome proliferator-activated receptor-gamma (y)
pathways. Oguchi et al.”8 demonstrated that cilostazol
prevented AP-induced cytotoxicity and suppressed
MAPK activation, suggesting that cilostazol could
have a potential role in reducing oxidative stress
through these pathways. Furthermore, cilostazol
was proposed as a cellular protective agent against
oxidative damage in other studies that investigated
other cell types, such as testicular and neuronal
cells.?*3% Although the exact mechanism has not
been fully understood yet, it has been demonstrated
that cilostazol has regulatory effects on plasma
lipoproteins by decreasing plasma triglycerides and
increasing high-density lipoprotein cholesterol.l*!
Similar to previous reports, our results showed that
cilostazol had antioxidant effects. Recent studies have
investigated the effects of cilostazol on angiogenesis
based on the beneficial properties reported previously.
In a cell culture and experimental mouse model
study, Tseng et al.®? found that cilostazol ameliorated
hyperglycemia-induced endothelial dysfunction
and promoted vasculogenesis. They claimed
that cilostazol showed this effect by activating
AMP-activated protein kinase/acetyl-coenzyme
A carboxylase-dependent pathways and
cAMP/PKA-dependent pathways. Moreover, an
increase in circulating CD34* cell populations
was observed in cilostazol-treated subjects.*” In
Sanada et al.’s”” study, improved angiogenesis was
detected in a mouse ischemic hindlimb model.
Similarly, increased angiogenesis and induced cell
proliferation through cAMP activation were detected
in the rat myocardial ischemia-reperfusion model.**
In another experimental hindlimb ischemia study,
Paronis et al.*¥ investigated immune responses,
such as interleukin (IL)-2, IL-4, IL-6, IL-10, IL-17A,
tumor necrosis factor-alpha, and interferon-vy
concentrations, in cilostazol-treated rats and found
that cilostazol promoted anti-inflammatory cytokine
production and induced postoperative angiogenesis.
The present study is the first CAM model study to
investigate physiological development of embryos
treated with cilostazol. Consistent with the literature,
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our results support the idea that cilostazol promotes
angiogenesis and reduces oxidative stress. Moreover,
cilostazol stimulates angiogenesis, at least as EGF.
This study is also the first comparative investigation
of the angiogenic properties of cilostazol in different
doses, showing that cilostazol has pro-angiogenic
potential in 107, 10, and 10> M concentrations.

Nonetheless, some potential limitations to these
preliminary results that primarily stem from the
methodology and experimental design need to be
addressed. First, all results were obtained from the
in ovo CAM model that involves embryological
angiogenesis, which is different from previously
described ischemia-reperfusion models. Second, due
to the nature of the experimental design, these results
should be confirmed in human subjects.

In conclusion, cilostazol showed antioxidant
properties by reducing oxidative stress and increasing
antioxidant capacity. The angiogenic activity was
found to be similar in all cilostazol-treated groups.
Additionally, stronger angiogenesis was observed
in cilostazol-treated chorioallantoic membranes.
Understanding the exact mechanism of action is
potentially useful for implementing new treatment
modalities. The beneficial effects of cilostazol should
be investigated in other ischemia-induced models other
than the hindlimb ischemia model.
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