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Research Article ABSTRACT

Keywords: Angiotensin 1l (Ang 1) causes atherosclerosis and hypertension by damaging the vascular structure. One of

Superoxide anion the major systems causing hypertension is defined as superoxide anion (O"), which is known to have a
Hypertension powerful effect on hypertension progression, produced by NAD(P)H oxidase following Ang Il stimulation
VSMC of vascular smooth muscle cells (VSMCs). Our aim in this study has been to determine whether Src
Angiotensin 1l phosphorylation in VSMCs precedes NADPH oxidase activation. Spontaneous hypertensive (SHR) and
normotensive Wistar-Kyoto rat (WKY) VSMCs were stimulated by Ang Il alone and by Ang Il after
incubation with AT1R, NAD(P)H oxidase, Src, and PKC inhibitors. The cytochrome c reduction method
was employed to measure the AT1R-mediated O, production by NAD(P)H oxidase. The change in Src
phosphorylation was detected by the western blot method after the incubation of VSMCs. Following the
Ang Il stimulation, Src phosphorylation and O, production were found to increase in both groups in
comparison with the control group. However, after the Ang Il stimulation, Src phosphorylation was reduced
with inhibitors other than DPI in both groups. All inhibitors applied after Ang Il stimulation suppressed O
- formation in both groups. The results suggest that Src and protein kinase C phosphorylation precedes
NAD(P)H oxidase activation. In this respect, the ability to control Src phosphorylation in the pathway of
NAD(P)H oxidase induction by Ang Il emerges as important in drug development and treatment of
cardiovascular diseases in hypertensive patients.
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1. Introduction

powerful  vasoconstrictor,  stimulates mitogenic  and
proinflammatory events. Smooth muscle cell (SMC) growth is
stimulated by high Ang Il concentrations which increase
inflammation and ultimately accelerate (LDL) oxidation [6,7].
The oxidative impacts of Ang Il cause various vascular diseases
through vascular smooth muscle cell proliferation [8-11]. Ang

Hypertension is defined as systolic blood pressure values
higher than 140 mmHg and/or diastolic blood pressure values
above 90 mmHg, where no changes have been made to this
recommended classification belonging to the 2003 and 2007
ESH/ESC guidelines [1].

Increased peripheral resistance due to the narrowing of
the lumen of resistant vessels is among the major symptoms of
hypertension [2]. A small constriction in the vascular lumen
may change considerably the vascular resistance. Functional
and structural changes may occur in small arteries and
arterioles, determining environmental resistance due to
hypertension [3]. These changes may manifest themselves as
the increased activity of contractile agents, the growth of
vascular smooth muscles, increased endothelial function, and
vascular inflammation [4].

Remarkably, this condition is associated with increased
oxidative stress. Although it has been long known that the
oxidation of lipoproteins and low-density lipoproteins causes
atherosclerosis, recent studies have shown that early
inflammatory events may also cause atherosclerosis [5].

Angiotensin Il (Ang 1) represents the primary molecule
of the renin-angiotensin system which affects the regulation of
vascular structure and function. Moreover, Ang Il, as a

Il displays these effects by stimulating various intracellular
signaling steps that increase different reactive oxygen species,
especially superoxide anion [12,13]. Ang Il activates the
NADH/NAD(P)H oxidase enzyme complex and stimulates
superoxide anion (Oz") production [9,11,12].

After having understood that Ang |1 stimulates NAD(P)H
oxidase activation, various studies have been conducted to
understand better this pathway. The demonstration that the Src
inhibitor PP1/PP2 reduces the formation of Ang Il-induced Oz
- suggests that Src phosphorylation is highly important for
stimulating NAD(P)H oxidase activation by Ang Il [14-17].
Nevertheless, it has been argued that PKC, which activates
NAD(P)H oxidase by phosphorylating the p47phox subunit, is
an essential molecule in the direct activation of NAD(P)H
oxidase by Ang Il. Goldblatt was first to reveal the relationship
between PKC and Oz generation in vessels isolated from 2K1C
rat thoracic aorta using the PKC inhibitor chalphostin C [18].
Cai et al. indicated that the main pathway of NAD(P)H oxidase
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activation after Ang Il stimulation was to activate the growth
factor receptors by C-Src and PKC [19].

Based on these observations, we have investigated
whether Src phosphorylation might take place prior to
NAD(P)H activation in rat vascular smooth muscle cells
(VSMCs). We also examined the change in the amount of Oz~
released between both groups (spontaneous hypertensive rat
(SHR) and normotensive Wistar-Kyoto rat (WKY)). Our data
shows that NAD(P)H oxidase activation with Ang Il
stimulation occurrs after the phosphorylation of Src and PKC.
We have also determined that Oz~ generation increases in both
cell lines stimulated by Ang I1. Nevertheless, O2~ generation is
significantly higher in SHR than in WKY.

2. Material and Method

In this research, male rats aged 11-12 weeks were used in
two groups as spontaneous hypertensive SHR (Harlan
Laboratories, USA) and normotensive Wistar-Kyoto rat
(WKY). Rats were kept at a temperature of 23 + 2 °C with an
equal 12-hour light-dark cycle, and no dietary restrictions were
applied. The tail-cuff method was employed for recording
systolic blood pressure in prewarmed conscious rats [20].

Approval for the experimental protocol was received
from the Animal Care and Use Committee of Akdeniz
University, and the study was carried out according to the
Declaration of Helsinki and the International Association for
the Study of Pain (IASP) guidelines.

2.1. Cell Culture

The isolation of VSMCs was performed from the thoracic
aorta of SHR and WKY rats, as specified by Giinter et al. [21].
Both cell groups were cultured by isolating five normotensive
and five spontaneous hypertensive rats from the thoracic aorta
(5 WKY and 5 SHR). The cells were cultured until passage 5,
and some of them were stored frozen in liquid nitrogen. VSMCs
were cultured in Dulbecco's Modified Eagle Medium (DMEM)
and supplemented by 10% fetal bovine serum. VSMCs between
passages 6 and 12 were utilized in the experiments and placed
in 6-well plates for the experiments (BD Falcon). After
reaching the target confluence, the cells were allowed to
incubate with serum-free medium for 24 hours before the
experiments for immobilization.

2.2. Experimental Protocols

During the experiments, VSMCs in all groups were
stimulated by Ang Il (100 nmol/L, Sigma) when various
pharmacological inhibitors, including Losartan (10 umol/L,
angiotensin type 1 receptor (AT1R) antagonist, Merck Sharp &
Dohme), DPI (10 umol/L, NAD(P)H oxidase inhibitor, Sigma),
PP1 (10 pmol/L, Src family tyrosine Kkinase inhibitor,
Calbiochem), and GF109203X (2 pmol/L, PKC inhibitor,
Sigma) were either absent or present. The concentrations of the
inhibitors used in this study were determined from the
previously studied selectivity and sensitivity concentrations
[16, 22-27]. In all of the inhibitor studies performed during the
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research, vascular smooth muscle cells were incubated with
inhibitors before the Ang Il stimulation.

Protein concentrations were identified with the Pierce
Micro BCA protein assay kit (Pierce, Rockford, IL) as indicated
in the manual.

2.3. Western Blotting

After stimulation, proteins in lysates from VSMCs were
separated by Polyacrylamide Gel Electrophoreses (PAGE) and
transferred to a nitrocellulose membrane. The incubation of
nitrocellulose membranes was performed at room temperature
for a period of 1 hour in a 5% skim milk solution prepared with
Tris-buffered saline with the purpose of preventing non-specific
binding. After blocking, the membranes were allowed to
incubate with the phosphospecific antibody at +4 °C overnight.
Anti-phospho-Src was used as the primary antibody (Tyr416,
Upstate, 1:1000). The membranes were incubated in the
secondary antibody for one hour at room temperature following
overnight incubation with the primary antibody. The signals on
the membranes were revealed using chemiluminescence
visualized by film autoradiography (PicoWest Super Signal,
Pierce, Rockford, IL.). The density of the bands formed on the
film was densitometrically quantified by means of Scion Image
software (NIH, ScionCorp, Frederick, MD.). After
immunoblotting, the membranes were stripped of immune
complexes by utilizing a stripping buffer. To normalize the
proteins loaded into the wells, the membranes were labeled with
b-actin antibody.

2.4. Superoxide Anion Measurement

The cytochrome c reduction method was employed to
measure Ang Il-stimulated Oz generation via NAD(P)H
oxidase. Cytochrome ¢ was formed as a result of the reaction of
Oz with cytochrome c. Cytochrome c is a molecule with the
maximum absorbance at 550 nm in the spectrophotometer. We
have also determined the Oz amount in the medium according
to the amount of cytochrome c formed in the reaction [28].

2.5. Data Analysis

Blood pressure measurements were presented as mean =+
SD, and statistical analyses were carried out by the Mann-
Whitney U test (*p<0.001; SHR vs. WKY). Significance was
accepted at the p<0.05 level.

Passage-matched sets of SHR and WKY VSMCs were
used in all experiments. Western blotting data were presented
as mean + SD for a minimum of five experiments. The analysis
of blots was carried out by means of Scion Image software, and
every blot is representative of a minimum of five experiments.
Statistical analyses were performed by the Kruskal-Wallis H
test (*p<0.05; Ang Il vs. other inhibitor applications).
Significance was considered at the p<0.05 level.

Data on Oz production are given as mean + SD.
Statistical analyses were carried out by the Wilcoxon matched-
pairs signed-ranks test (*p<0.05; Ang Il stimulation vs. other
inhibitor applications) and the Mann-Whitney U test (# p<0.05;
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SHR vs. WKY). Significance was considered at the p<0.05
level.

3. Results

3.1. Analysis Results

Blood Pressure: The blood pressure of the animals was
measured by employing the tail-cuff method prior to the
experiments, and the mean values were calculated. Higher
blood pressure was determined (p<0.001) in SHR (189.6 + 1.4
mm Hg) in comparison with WKY (132.6 + 2.8 mm Hg).

The impact of Ang Il concentration on Src
phosphorylation: Src phosphorylation depended on Ang Il
concentration. Src phosphorylation was maximum at 1-1000
nM for 5 minutes, and the maximum Src phosphorylation was
identified at a 100 nM concentration of Ang Il in both groups
in this research. We presented the western blot results of the
WKY group below (Fig 1).

Ang ll-induced time-dependent phosphorylation of Src: Src
phosphorylation depends on the time course of Ang Il
incubation. The maximum responses were obtained during 5
minutes in both groups. Hence we used a 100 nM concentration
of Ang Il for 5 minutes in this study. We present the western
blot results of the WKY group in Fig 2.

During an experiment aimed to review the elevation in Src
phosphorylation due to Ang Il concentration, it could be
observed that the increase in maximum phosphorylation is the
result of incubation with 100 nmol/L Ang Il for 5 min in
VSMCs (Figure 1). As a result of the incubation of VSMCs
with 100 nmol/L Ang Il at various times, it can be determined
that the maximum Src phosphorylation results from 100 nmol/L
Ang Il stimulation for 5 minutes (Fig 2). For this reason, the
subsequent Src experiments were conducted with 100 nmol/L
Ang Il stimulation for a period of 5 minutes.

Impact of Ang Il with/without specific inhibitors on Src
phosphorylation: Ang Il (100 nM for 5 minutes) stimulation
increases Src phosphorylation in both SHR and WKY groups
in comparison with controls. On the contrary, priorb to the Ang
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Il stimulation, VSMCs were pre-incubated with losartan (AT1R
blocker), DPI (NAD(P)H oxidase inhibitor), PP1 (inhibitor of
Src), and GF109203X (inhibitor of PKC). No significant
reduction has been revealed in Src phosphorylation in both
groups as a result of incubation with DPI, the NAD(P)H oxidase
inhibitor, before stimulating VSMCs with Ang Il. However,
after incubation with inhibitors other than DPI, the Src
phosphorylation in VSMCs was significantly reduced in both
SHR and WKY groups (Fig 3).

Ang ll-induced superoxide anion production: In comparison
with the control group (*p<0.05), the Oz~ amount in the VSMCs
of SHR and WKY rats increased significantly after being
stimulated with Ang 1. Following the Ang Il stimulation, it has
been found that the formation superoxide anion increases by
approximately 3.6 fold as compared to the control group in
WKY group. In the SHR group, the fold rate has been found to
be of 3.8. In both SHR and WKY groups, all inhibitors
decreased Oz generation despite Ang Il stimulation (Fig 4).

4.  Discussion

Various mechanisms and reasons have been proposed to
define hypertension for years. Different vasoconstrictive
mechanisms, involving the renin-angiotensin-aldosterone
system, endothelin system, vasopressin system, and reactive
oxygen radicals (ROS), have been found to play a significant
part in developing experimental or human hypertension [29].

The impacts of ROS on the cardiovascular system have
recently become an important research subject. Different ROS
family members have different effects on cellular functions. In
the vascular system, we can list some of the main effects of
ROS members, such as cell growth, division, migration,
differentiation, and stimulation of many kinases in intracellular
signaling pathways. These effects of ROS are often associated
with pathologic changes in hypertension [30-33].

Various stimuli affecting the functions of VSMCs, such
as cell growth, division, migration, and differentiation, are
known, and Ang Il is among the important ones. Ang Il is
indicated by these impacts via NAD(P)H oxidase-derived ROS
[31-34].
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Fig 1. Impact of Ang Il concentrations on Src phosphorylation in VSMCs cultured from WKY and SHR rats. VSMCs were incubated with Ang
11'1 — 1000 nM for 5 min. The highest Src phosphorylation was detected after 100 nM Ang Il incubation in both groups. Bars show the mean +
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Fig 3. Impacts of inhibitors on the Ang Il-induced phosphorylation of Src. Serum-starved VSMCs were pre-incubated with the indicated
concentrations of losartan (AT1R blocker), DPI (NAD(P)H oxidase inhibitor), PP1 (Src inhibitor), and GF109203X (PKC inhibitor) for a period
of 30 min and stimulated with Ang Il for a period of 5 min. Western blot results are shown as averages of five repeated experimental results. The
average relative intensities of the bands for Src phosphorylation are shown below the blots. Bars demonstrate the mean + SD of five experiments.
*P < 0.05 vs. control group.
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000000 and H20, activate tyrosine kinases [35, 36] and are also thought
to be associated with the phosphorylation of Src and MAPK [16,
Fig 4. Impacts of inhibitors on Ang Il-induced O, generation. Serum- 36,37].
starved VSMCs were pre-incubated with the indicated concentrations . X
of losartan (AT1R blocker), DPI (NAD(P)H oxidase inhibitor), PP1 Munzel et al. and Lassegue and Griendling have

(Src inhibitor), and GF109203X (PKC inhibitor) for a period of 30 min demonstrated that NAD(P)H oxidase organizes cellular
and stimulateq with Ang Il for a period. 0f_5 min. Representative results functions, including growth, proliferation, and cardiovascular
of five experiments are shown. Bars indicate the mean = SD of five L it
experiments. *P < 0.05 vs. control group. reconstruction in cardiovascular cells [38,39].

Morawietz et al. claim that the renin-angiotensin system
is related to cardiovascular disorders while reporting that
NAD(P)H oxidase subunits are over-expressed in SRH rats

In the present study, we have measured systolic blood [40].
pressure in two groups (SHR and WKY) and can argue that the

In our study, we suggest that Src upregulation by Ang Il
can be a significant mediator of elevated Oz in VSMCs.
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Zafari et al. have proved that Ang Il stimulation increases
the amount of hydrogen peroxide (H202) formed out of
NAD(P)H oxidase. The researchers claimed that before Ang Il
stimulation, cells were incubated with DPI (10 uM; inhibitor of
NAD(P)H oxidase), and NAD(P)H oxidase activity was
suppressed. Moreover, after the incubation of smooth muscle
cells with losartan, it has been demonstrated that the inhibition
of H20:2 increases along the stimulation of angiotensin [9].

Cruzado et al. indicate that Ang Il increases the formation
of NAD(P)H-inducible ROS in VSMCs from SHR in
hypertension development. The researchers suggest that
although the oxidative stress assessed concerning IGF-1R due
to Ang Il stimulation in VSMCs obtained from SHR is related
to an increased blood pressure, this might not be the main event
in hypertension pathogenesis [41].

We have previously demonstrated that prior to the
stimulation of Ang Il cells incubated with losartan and DPI, the
amount of superoxide anion is reduced significantly and
decreases to basal levels [42].

We have investigated Src phosphorylation in VSMCs,
isolated from WKY and SHR. After incubation with the
inhibitors and Ang 11 (100 nM, 5 min) of VSMCs, we found that
Src phosphorylation increases in both groups. However, the
increase in Src phosphorylation is significantly higher in SHR
than in WKY. Nevertheless, before Ang Il stimulation, VSMCs
were pre-incubated with losartan (AT1R blocker), DPI
(NAD(P)H oxidase inhibitor), PP1 (inhibitor of Src), and
GF109203X (inhibitor of PKC). In both SHR and WKY groups,
no statistically significant difference has been detected between
the Src phosphorylation of cells allowed to incubate with
inhibitors before Ang Il stimulation and the Src phosphorylation
of the control group, except for the group incubated with DPI
(Figure 3). In this situation, we consider that NAD(P)H oxidase
activation occurres after Src phosphorylation in this pathway.

Touyz et al. show that c-Src seriously regulate superoxide
anion production via NAD(P)H oxidase due to stimulating
p47phox phosphorylation. These new findings describe the
NAD(P)H oxidase subunits, especially p47phox, as downstream
targets of c-Src [15].

We have revealed that the Oz amount increases in two
groups after the Ang |1 stimulation and all inhibitors used in this
study suppress the formation of Oz anion in both groups.

Sesiah et al. point out that Ang Il activates PKC, initiating
oxidase activity [16]. Cifuentes et al. claim that oxidase
activation after c-Src in the intracellular signal transduction
pathway may play an essential part in the selective stimulation
of redox-sensitive signaling pathways [43]. Moreover, we have
showed that PKC and Src phosphorylation may take place prior
to NAD(P)H oxidase activation and found that Ang Il induces
NAD(P)H oxidase activation via Src.

5. Conclusion

In conclusion, we have shown that Ang Il stimulation
increases Oz~ generation in VSMCs isolated from hypertensive
rats. We have also revealed that this pathway runs through the
NAD(P)H oxidase enzyme complex, which is related to the
elevated Src phosphorylation following the PKC activation.
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Based on our data, Src can be identified as an upstream mediator
of the intracellular signal transduction pathway regulating Ang
Il-induced Oz~ generation in VSMCs (Fig 5).
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Cell Membrane ATI

Oxidase

l 9,

\, Src
PKC f

Fig 5. Role of Src in forming O2-. via NAD(P)H oxidase following the
stimulation of Ang Il in rat VSMCs.
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