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The renin—angiotensin system (RAS) exerts profound physiological effects on blood pressure regulation and
fluid homeostasis, mainly by modulating renal, cardiovascular, and central nervous systems. Angiotensin (Ang)-
(1-7), an end-product of RAS, is recognized by its cardiovascular protective properties through stimulation of the
Mas receptor, including vasodilation, anti-inflammatory, and antihypertensive actions, and consequently,
counter-regulating the well-known Ang ll-elicited actions. The overall hypothesis of this study is that Ang-(1-7)
inhibits Ang Il-induced ERK1/2 activation in vascular smooth muscle cells (VSMCs), via regulation of mitogen-
activated protein phosphatase-1 (MKP-1) activity. Aortas from male Wistar rats were incubated with Ang-(1-7)
or vehicle. Concentration-response curves to Ang Il were performed in endothelium-denuded aortas, in the
presence or absence of ERK1/2 (PD98059) inhibitor or Mas receptor (A-779) antagonist. Expression of proteins
was assessed by western blot, and immunohistochemistry was conducted in VSMCs. Ang-(1-7) incubation
decreased Ang ll-induced contractile response in aortas, and this effect was not observed in the presence of
PD98059 or A-779. Stimulation of VSMCs with Ang-(1-7) prevented Ang Il-induced ERK1/2 phosphorylation,
but not C-Raf-activation. Furthermore, Ang Il decreased MKP-1 phosphorylation in VSMCs. Interestingly,
simultaneous incubation of Ang-(1-7) with Ang Il favored MKP-1 phosphorylation, negatively modulating
ERKZ1/2 activation in VSMCs. The results suggest that Ang-(1-7) counter-regulates actions evoked by Ang Il
overproduction, as observed in cardiovascular diseases, mainly by modulating MKP-1 activity. This evidence
suggests that the role of Ang-(1-7) in MKP-1-regulation represents a target for new therapeutic development.
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Ang-(1-7) inhibits Ang ll-induced ERK 1/2 activation

The renin—angiotensin system (RAS) is well
recognized for its physiological effects in the
regulation of blood pressure and fluid homeostasis.
In the vasculature, angiotensin (Ang)-Il, one of the
most abundant component of this system, promotes
several pro-hypertensive actions primarily via
activation of vascular-resistance mechanisms (1,2).
However, the RAS complexity has been
demonstrated, and other members from the RAS
also display the capacity to modulate vascular
effects, while some others display Ang-Il counter
actions. For example, Ang-(1-7) is accepted as an
important biologically active peptide in the RAS.
Ang-(1-7) can be generated by different enzymes,
but the most potent and well known Ang-(1-7)-
generating enzyme is angiotensin converting
enzyme 2 (ACE2), which can generate Ang-(1-7)
from the hydrolysis of Ang Il or Ang | (3).

Ang-(1-7) has been previously identified in
the circulation, kidney, heart, and in the vasculature
(4, 5), and this peptide exerts its effects mainly
through the Mas receptor activation. Taking into
consideration the distinct actions evoked by Ang-
(1-7) and Ang I, the overall effect raised by these
components from the RAS are mainly driven by the
balance between the vasoconstrictor/proliferative
and vasodilator/anti-proliferative actions of Ang-II
and Ang-(1-7), respectively (5-8).

Chronic elevation of Ang-1l contributes to a
plethora of cardiovascular deleterious effects (2). In
vascular  smooth  muscle cells (VSMCs),
overproduction  of Ang-ll results in sustained
activation of the three major mitogen-activated
protein kinases (MAPKSs) pathway subfamilies,
including extracellular signal-regulated kinases
(ERK1/2) (9, 10), which favors vasoconstriction,
vascular remodeling, and elevation of blood
pressure.  Conversely, Ang-(1-7), following
stimulation of the Mas receptor, shows
cardiovascular protective properties (8,11), such as
prevention of wvascular hypertrophy (12),
thrombosis (13) and fibrosis (14), among others.
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Such phenotype displayed by Ang-(1-7) has been
credited to different mechanisms, including the
production of vasodilation-induced factors (15) and
attenuation of vasoconstriction-related pathways
(e.g., ERK1/2) (16).

Extracellular signal-regulated kinase 1/2
(ERK1/2) is a kinase belonging to the mitogen-
activated protein kinase (MAPK) family, and can
be activated by various extracellular signals (17).
At the molecular level, a cascade of
phosphorylation and dephosphorylation modulates
the activation status of ERK1/2 (18). Activated
ERKZ1/2 phosphorylates substrates in the cytoplasm
or nucleus, and thereby is involved in various
physiological and pathological processes, such as
cell growth, development, proliferation, and
differentiation (19, 20). When activated, the
ERK1/2 also modulates the activity of caldesmon
and calponin, allowing the actin-myosin interaction,
eliciting vascular contraction (20, 21).

Many phosphatases act as major regulators of
MAPKs pathway, and are likely to be one of the
most  energy-efficient  controllers in  their
deactivation process (18, 22). In mammalian cells,
the dual-specificity protein phosphatases, also
known as the MAP kinase phosphatases (MKPs),
are the primary phosphatases responsible for
deactivation of ERK1/2 (18). In this regard, MKP-1
was the first MKP identified which belongs to a
family of inducible nuclear dual-specificity
phosphatases  exerting catalytic activity to
dephosphorylation and inactivation of MAP kinase
isoforms in mammalian cells and tissues (23, 24).
Since MKP-1 deactivates MAPKS, this phosphatase
regulates a number of physiological and
pathophysiological processes including immunity,
metabolic homeostasis, cellular responses to anti-
cancer drugs, muscle regeneration, and neuronal
function (18, 24).

A body of evidence suggests that Ang-II
decreases MKP-1 activity (25), favoring ERK1/2
activation. Besides that, the interplay between Ang-



Il and Ang-(1-7), and their action on MKP-1
activity has not been investigated in VSMCs.
Therefore, in this study, we test the hypothesis that
Ang-(1-7) counterbalances Ang Il-mediated
ERK1/2 activation, which attenuates the vascular
contractile response evoked by Ang I, via
modulation of MKP-1 activity.

Materials and methods

Animals

Male Wistar rats, 10-12 weeks-old, obtained
from the colony of the Federal University of Mato
Grosso, Brazil, were used in this study. All
experimental procedures were approved by the
Ethics Committee on Animal Research (CEUA) of
the Federal University of Mato Grosso (protocol
23108.166477/2016-20) and are in accordance with
the Guidelines of the Brazilian College of Animal
Experimentation (COBEA). The animals were
treated in accordance with Guide for the Care and
Use of Laboratory Animals (8th edition, National
Academies Press).
Vascular functional studies

After euthanasia, the thoracic aorta was
removed and cleaned from fat tissue in an ice-cold
physiological salt solution, containing 130 mM
NaCl, 14.9 mM NaHCOs3;, 4.7 mM KCI, 1.18 mM
KH,PO,, 1.18 mM MgSO,7H,0, 156 mM
CaCl,-2H,0, 0.026 mM EDTA, and 55 mM
glucose (Synth Ltd., Brazil), as described
previously (26). Endothelium was mechanically
removed, and arterial segments were carefully
mounted as ring preparations in standard organ
chambers for the recording of isometric tension by a
PowerLab 8/SP  data  acquisition  system
(ADInstruments Pty Ltd., Australia). Vascular
segments were immersed in the physiological
solution, at 37 °C, and were continuously bubbled
with a mix of 95% O, and 5% CO, under a resting
tension of 30 mN. After a 60 min equilibration
period, aorta integrity was assessed first by vascular
stimulation with a high potassium solution (120
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mM KCI; Synth Ltd., Brazil); and after washing
and a new stabilization period, the absence of the
endothelium was verified by contracting the
segments with phenylephrine (1 pM PE; Sigma
Chemical, USA) followed by stimulation with
acetylcholine [10 uM ACh; Sigma Chemical,
USA). The absence of ACh-induced relaxation was
assumed as the complete endothelium elimination,
as described previously (27). Concentration-
responses to Ang Il (1 nM to 1 pM; Millipore,
USA) were performed in the absence or in the
presence of Ang-(1-7) (10 uM; GenOne
Biotechnologies, Brazil), incubated for 5 min. As
previously described by other authors, in some
experiments, arteries also were incubated with
PD98059 (10 uM ERK1/2 inhibitor; Tocris, USA)
(28), Mas receptor antagonist (10 uM A779;
Abcam, USA) (29) or membrane-permeable analog
of the cAMP inhibitor (100 uM Rp-AMPS; Tocris
Bioscience, USA) (30), for 40 min, prior to the
incubation with either Ang-(1-7) or vehicle. To
avoid the possibility of Ang Il tachyphylatic
responses, concentration-response curves to Ang Il
were performed only once in each vascular
preparation, and therefore, incubations with the
inhibitors were performed in a parallel vascular
preparation from the same animal.
VSMCs isolation and culture

VSMCs were isolated from rat thoracic aortas
by the explant technique, as previously described
(31). Cultures were maintained in Dulbecco’s
modified Eagle’s medium (Gibco-BRL, USA)
supplemented with 10% FBS (Invitrogen, USA)
and antibiotics. Immunoreactivity assays were used
to characterize the VSMCs and to confirm the
absence of other cell types in the cultures. The cells
expressed a-smooth muscle actin and calponin,
which are contractile proteins and were used to
identify VSMCs. No positive immunoreactivity to
von Willebrand factor VIII or CD31 (PECAM-1),
which are markers of endothelial cells, was detected
(data not shown).
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VSMCs from second to third passage were
used to avoid significant phenotypic modulation
(32). After reaching maximum confluence, and 24 h
after serum removal, cells were incubated with Ang
Il (1 uM; 5 min) or with vehicle (H,O, similar
volume), in the presence or absence of Ang-(1-7)
(10 pM, 5 min) or Ang-(1-7) + cAMP antagonist
(Rp-AMPS, 100 pM; 5 min).

Western blot analysis

Proteins (40 pg) extracted from VSMCs were
separated by electrophoresis on a 10%
polyacrylamide gel, and subsequently transferred to
a nitrocellulose membrane, and western blots were
performed as previously described (33). Non-
specific binding sites were blocked with 5% skim
milk in Tris-buffered saline solution with Tween
(TBS-T) for 1 h at 24 °C. Membranes were then
incubated with primary antibodies overnight, at 4
°C, under constant agitation. Antibodies to total
forms of proteins were as follow: total MKP-1
(Abcam, USA) and ERKZL/2 (Cell Signaling
Technology, USA). Immunoblots for non-
phosphoproteins were carried out in the same
membranes used to evaluate their phosphorylated
forms:  ERK1/2™22204  (Cell  Signaling
Technology, USA), DUSP1/MKP-1%%° (R&D
Systems, USA) and C-Raf*"*® antibody (Cell
Signaling Technology, USA). After incubation with
respective secondary antibodies, signals were
visualized using chemiluminescence and images
were captured using Image Quant LAS 4000, USA.
Immunocytochemistry

Immunocytochemistry  for  phosphorylated
forms of ERK1/2 and MKP-1 was performed in
cultured VSMCs from rat aorta, as previously
described, plated on glass coverslips (5000
cells/cm?). After 24 h in serum-free medium, cells
were washed, fixed in 4 % paraformaldehyde for 10
min, permeabilized (0.1 % Nonidet P40; Sigma-
USA) and incubated in blocking buffer (1 % (w/v)
BSA in PBS) for 30 min at room temperature (25
°C). Cells were incubated with the primary
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antibodies, anti-phosphorylated ERK 1/27"202/Tyr204

(Cell Signaling Technology, 1:1000- USA) and
anti-phosphorylated DUSP1/MKP-1 7% (Sigma-
Aldrich, 1:500 - USA), for 1 h, at 37 °C and
counterstained with goat anti-rabbit 1gG Alexa
Fluor 647) (1:500 dilution; red fluorescence,
Abcam- USA) and with goat anti-mouse 1gG Alexa
Fluor 488 (1:500 dilution, green fluorescence,
Abcam- USA), at 4 °C. Cells were then incubated
with 5 pl/ml 4°,6-diamidino-2-phenyindole (DAPI;
Sigma- USA) for 15 min to detect nuclei, as
previously described (34, 35). Cover slips were
mounted, and labeled cells were examined using a
Zeiss microscope and software.
Data Analysis

The results are shown as mean = SEM (n),
where n represents the number of animals used in
the experiments (n= 6-8). Contractions were
recorded as changes in the displacement from
baseline, and are represented as  mN.
Concentration—-response curves were fitted using a
non-linear interactive fitting program (GraphPad
Prism 5.0; GaphPad software; USA) and two
pharmacological parameters were obtained: the
maximal effect generated by the agonist (or Egz)
and pD, values were calculated as the — log half
maximal effective concentration (ECsg). Statistical
analyses were performed using one-way ANOVA
followed by Tukey post-hoc test or Student’s T test.
Values of P<0.05 were considered statistically
significant.

The regulatory role of Ang-(1-7) was tested
upon Ang ll-induced vasoconstriction. Ang-(1-7)
incubation decreased Ang ll-induced contraction in
aortas (Emax (MN) 4.36 + 0.4 vs 6.0 £ 0.5, Ang-(1-7)
and vehicle, respectively; (Figure 1A; Table 1).
Ang-(1-7) action is prevented when vessels are
simultaneously incubated with A779 (10 uM), a
Mas receptor antagonist (Eax (MN) 6.0 + 0.8 vs 5.6
+ 0.5, vehicle and Ang-(1-7), respectively). A
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similar effect was observed with Rp-AMPS (100 + 0.3, vehicle and Ang-(1-7), respectively; Table 1).
UM), a CAMP inhibitor (Ej.x (MN) 7.0 £ 0.3 vs 6.7 The effect of Ang-(1-7) was also determined

Table 1. pD, and E .« values for angiotensin Il-induced contraction in endothelium-denuded rat aortas treated

with Angiotensin-(1-7).

Vehicle (n=8) Ang-(1-7) (n=8)

pDZ Emax pDZ Emax
Ang |1 7.2+0.17 6.0+0.5 7.78+0.19 436+04
Ang Il + A779 7.76 +0.22 6.0+0.8 7.95+0.26 56+0.5
Ang Il + Rp-AMPS 8.33+0.05 70+0.3 8.21+0.08 6.7+0.3
Ang Il + PD98059 7.91+0.16 40+0.2 8.03+0.14 3.6+0.2

The results are presented as mean + SEM of n = 8 in each experimental group. The pD, values are —-logECs, and Enmax Values represent the
contractions induced by angiotensin Il and are represented as mN. A779: Mas receptor antagonist; Rp-AMPS: cAMP inhibitor;
PD98059: ERK1/2 inhibitor. * P < 0.05 vs. vehicle (H,0).

(A) | O \Vehicle
® Ang-(1-7)

i
o

Tension (MN)
5

0 9 8 7 6
Angiotensin Il (Log [M])

(B)

81 O Vehicle + PD98059
B Ang-(1-7) + PD 98059

Tension (MmN)
s

Angiotensin Il (Log [M])

Fig.1. Ang-(1-7) decreases vasoconstriction induced by Ang Il and this effect is not observed in the presence of ERK 1/2 inhibitor. A:
Incubation with Ang-(1-7) (10 uM), for 5 min, decreases contractions to Ang Il in endothelium-denuded rat aortas vs. vehicle (H.O, n=8 for
each group). B: ERK 1/2 inhibitor (PD98059, 10 uM) abolishes differences between Ang-(1-7) and vehicle groups in contractile-response

induced by Ang Il. The contraction values were calculated in relation to the tension (mN), and corrected by the length (mm) of each vessel.
The results are presented as mean + SEM for each experimental group. The statistical significance of the data was determined using the
Student’s t test. * P < 0.05 vs. vehicle.
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in the presence of PD98059 (10 pM), a I1-induced contraction in both groups (Emax (MN)
pharmacological inhibitor for ERK1/2. As 4.0 £ 0.2 vs 3.6 £ 0.2, vehicle and Ang-(1-7),
expected, incubation with PD98059 decreased Ang respectively; Figure 1B).

Vehicle Ang Il Ang (1-7) Ang Il +
Ang (1-7)
(A)

C-Raf - Phospho

B-actin
8=
26
Q
@
T
XX O 4
05
(7]
2
a2
0
Vehicle  Angll  Ang-(1-7) Angll+
Ang-(1-7)
Ang Il +
(B) Control Ang Il Ang (1-7) Ang (1-7)

Phospho - ERK1/2 - — s
+-

4m

N * T

|

Phospho-ERK1/2/Total-Erk1/2
N

Control Ang Il Ang-(1-7) Ang Il +
Ang-(1-7)

Fig.2. Ang-(1-7) prevents Ang ll-induced ERK1/2 phosphorylation, but not C-Raf-phosphorylation. A: Incubation of VSMCs with
Ang Il (1 uM, for 2 min), increased the phosphorylation of C-Raf, and Ang-(1-7) (10 uM, for 5 min) in the presence of Ang Il, did not
change this pattern-response. B: Ang Il increased vascular ERK1/2 phosphorylation, an effect that was prevented by Ang-(1-7). Bar graphs

show the relative expression of phosphorylated C-Raf 5** or phosphorylated ERK1/2™20%™2%* after normalization to the corresponding
total protein expression (B) or B-actin protein expressed (A) and presented as arbitrary units (n=6). Results are presented as mean + SEM in
each experimental group. * P < 0.05 vs. vehicle (H,0); 1 P <0.05 vs. Ang-(1-7).
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Ang Il +
Ang (1-7)

Phospho-MKP1 — = o

2.5+

Control Ang Il Ang (1-7)

2.0
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1.0+ —I_

* T

0.54

Control Ang Il  Ang-(1-7) Angll +
Ang-(1-7)

Phospho-MKP-1/Total MKP-1

Fig.3. Ang Il decreases MKP-1 phosphorylation in VSMCs, and this effect is abolished by Ang-(1-7). Incubation of VSMCs with Ang
11 (1 pM, for 2 min), decreased the phosphorylation of MKP-1%"%%° and Ang-(1-7) (10 uM, for 5 min) was able to revert this response. Bar
graphs show the relative expression of phosphorylated MKP-15¢*° after normalization to the corresponding total protein expression, and are

expressed as arbitrary units (n=6). Results are presented as mean £ SEM in each experimental group. * P < 0.05 vs. vehicle (H;0); T P <
0.05 vs. Ang-(1-7).

Nucleus Phospho-ERK 1/2 Phospho-MKP-1 Merge

Basal -- --
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Fig.4. Ang-(1-7) promotes MKP-1 activation and prevents ERK1/2 phosphorylation in VSMCs, upon Ang Il stimulation.
Immunohistochemistry demonstrating that Ang Il increased the phosphorylation of ERK1/2™22™2% \whereas it decreased MKP-15¢%°
phosphorylation in VSMCs. Ang Il effects are not observed when cells were previously incubated with Ang-(1-7) (10 uM, n=5 for each
group), where augmented phosphorylation of MKP-1%% was observed. cAMP antagonist Rp-AMPS (100 M) abrogated Ang-(1-7) effects

on ERK1/2 and MKP-1 phosphorylation. Blue: DAPI stained nuclei; green: ERK1/2™2%#™2% phosphorylation (primary anti-ERK1/2
phosphorylated antibody and secondary anti-mouse IgG antibody Alex Fluor 488); red: MKP-1 5% phosphorylation (primary anti-MKP-1
phosphorylated antibody and secondary anti-rabbit IgG antibody- Alexa Fluor 647). Marked cells were examined using a phase contrast
microscope (Zeiss®) with magnification of 20x..
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Stimulation of VSMCs with Ang Il increased
the phosphorylation of C-Raf and ERK1/2 (Figure
2A-B). Considering the interplay between Ang Il
and Ang-(1-7), we the determined the effect of
Ang-(1-7) in components of the C-Raf-ERK1/2
signaling pathway. While Ang-(1-7) did not prevent
C-Raf phosphorylation (Figure 2A), it significantly
affected the phophorylation status of ERKL1/2
(Figure 2B).

Overexpression of Ang Il decreased the
phosphorylation of MKP-1 in VSMCs. Single
incubation with Ang-(1-7) did not affect MKP-1
phophorylation. Interestingly, simultaneous
incubation of Ang-(1-7) and Ang Il incremented
MKP-1 phosphorylation (Figure 3).

These results were further confirmed with
immunohistochemistry analysis. Incubation of
VSMCs with Ang Il negatively modulated MKP-1
augmented ERK1/2

phosphorylation. The effect of Ang Il on MKP-1-

phosphorylation  and

activation was prevented when cells were incubated
with Ang-(1-7), and consequently, this peptide
attenuated ERK1/2 phosphorylation. The effects of
Ang-(1-7) were abolished in the presence of the
CAMP antagonist (Rp-AMPS) (Figure 4).

Discussion

Ang-(1-7) is considered as the main antagonist
of Ang-Il actions (7,8). However, our current
understanding of the interplay between Ang-Il and
Ang-(1-7) and their action on MKP-1 in VSMCs,
and consequently in vascular function is still
incomplete. Therefore, identifying the role of Ang-
(1-7) in MKP-1-regulation directly through the
VSMCs may help predict the outcome effects of
RAS under physiological and pathological
conditions.

Our data provide evidence that Ang-(1-7)
decreases Ang ll-induced vasoconstriction, and this
effect is not observed when arteries are incubated
with an ERKZ1/2 inhibitor. Indeed, Ang-(1-7)
attenuates Ang ll-induced ERK1/2 activation in
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VSMCs, through an MKP-1-dependent mechanism.
Taken together, our data propose a new mechanism
for Ang-(1-7) counter-regulation of the actions
evoked by Ang Il stimulation, via MKP-1
activation.

Ang-(1-7)-incubation decreases the contractile
response induced by Ang Il in endothelium-
denuded aortas, through a mechanism dependent on
Mas receptor activation and cAMP production. The
anti-contractile effects displayed by Ang-(1-7) upon
Mas receptor activation may, in the long term,
contribute to vascular remodeling and blood
pressure regulation. Mounting evidence suggests
that Ang-(1-7) exerts its effects mainly through the
Mas receptor (36), thereby leading to Ang-lI-
antagonistic effects, such as vasodilation (37) and
anti-inflammatory effects (7).

It is a consensus in the literature that Ang-(1-
7)/Mas axis induces the relaxation of VSMCs
through stimulation of nitric oxide and by the
release of prostaglandins and/or endothelial
dependent  hyperpolarizing  relaxation factor
(37,38), as well as favoring the potentiation of
bradykinin (39). This evidence suggests that a
possible  mechanism by which  Ang-(1-7)
counteracts the Ang ll-actions could be related to
stimulation of vasorelaxation factors derived from
endothelial cells.

However, another possibility is that vascular
protective effect of Ang-(1-7), on Ang ll-induced
vasoconstriction, is directly related to the signaling
pathways activated in VSMCs. An important
observation on this regard was the lack of Ang-(1-
7)-evoked response upon Ang ll-stimulation, when
vessels were previously incubated with an inhibitor
for ERK1/2. In VSMCs, Ang Il leads to increased
phosphorylation of ERK1/2 (40,41), culminating in
several vascular events, including vasoconstriction,
inflammation, endothelial fibrosis, and vascular
dysfunction (41, 42). In accordance with our
hypothesis, Ang-(1-7) has been shown to inhibit
ERK1/2 in experimental model of allergic asthma



(43), cardiac remodeling (44), and microvascular
damage during hypertension (45). Our results go
along with these previous reviews, since Ang-(1-7)
was able to prevent Ang ll-induced contraction in
endothelium-denuded rat aortas, proposing a
protective mechanism for Ang-(1-7) directly driven
by VSMCs.

The magnitude and duration of ERK1/2
phosphorylation are crucial in determining its
biological responses. Therefore, specific protein
phosphatases governing its activity play an
important role in controlling ERK activation (46).
Once activated, C-Ras initiates the sequential
phosphorylation events that ultimately result in
ERK activation, which regulates the activity of
several transcriptional factors, leading to cell-
specific biological responses (46, 47). Thus,
phosphorylation is an important event for ERK1/2
to become fully active (47). Interestingly, Ang-(1-
7) treatment prevented Ang ll-induced ERK1/2
phosphorylation but did not affect C-Raf-
phosphorylation. Similar results were previously
observed in the heart (48), kidney (49) and blood
vessels (50). However, the actual mechanism of
ERK1/2 inhibition evoked by Ang-(1-7), upon Ang
Il-stimulation is still unclear.

Considering that Ang-(1-7) can regulate
several intracellular signal transduction cascades in
VSMCs, the next step was to evaluate the effect of
Ang-(1-7) on an important regulatory member of
MAPKs, MKP-1. The physiological protein
phosphatase for C-Raf is not known, although it can
be dephosphorylated in vitro by protein
phosphatase 1 and protein phosphatase 2A (47).
However, MKP-1 is recognized as the dual-
specificity MAPK phosphatase, and it is well-
established as a negative regulator of ERK1/2 in
mammalian cells and tissues. When MKP-1 is
phosphorylated, its degradation is inhibited and its
half-life grows over two or three folds;
consequently, leading to greater activation of this
phosphatase (42, 51). Amongst all MKPs, MKP-1
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is the most widely studied and it has been suggested
that MKP-1 is likely to be one of the most energy-
efficient modes for deactivation of MAPK (22).
Consequently, some studies indicate that this
phosphatase has the potential to serve as a
therapeutic strategy for the treatment of diseases
(52). In the present study, treatment with Ang-(1-7),
itself, did not modify MKP-1 expression. On the
other hand Ang Il  decreases MKP-1
phosphorylation in VSMCs, and this effect was
abolished by Ang-(1-7). Thus, one might speculate
that Ang Il decreases MKP-1 activity favoring
ERK1/2 activity, and finally, wvasoconstriction.
Opposing the Ang Il-evoked actions, Ang-(1-7)
prevents MKP-1 dephosphorylation induced by
Ang Il in VSMCs.

The contribution of alternative ways, other
than Ang-(1-7), to counter-regulate Ang ll-actions
via ERK1/2 are under clinic use, reinforcing the
importance of this new proposed pathway. It has
been reported that the angiotensin type 2 receptor
stimulates  protein  dephosphorylation,  which
counterbalances protein phosphorylation induced
by angiotensin type 1 receptor, thus, affecting the
signaling pathways within the cell, leading mainly
to the opposite cellular actions (7). Besides that, it
has been shown that Ang Il evokes ERK1/2
activation via both angiotensin type 1 and type 2
receptors (53). Therefore, the use of renin-
angiotensin-aldosterone system inhibitors can also
play a relevant role in these signaling pathways, in
a synergic manner as Ang-(1-7).

In this sense, studies have been showing that
the combination of Ang-(1-7) along with an
angiotensin 11 type 1 receptor blocker (losartan) was
more effective in vascular protective -effect,
regression of glomerulosclerosis, and anti-
atherosclerosis effects relative to either separate
treatment (54, 55). Therefore, the different renin-
angiotensin-aldosterone system inhibitors may
promote cardiovascular protective properties
through different mechanisms, consequently that
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combined treatment with two renin-angiotensin-
aldosterone system inhibitors might have a
favorable effect than monotherapy.

Considering that activation of ERKZ1/2 in
vascular tissues is observed in several pathological
conditions including hypertension, diabetes, and
atherosclerosis, our study provides further evidence
that the role of Ang-(1-7) in MKP-1-regulation may
represent a target for new therapeutic development.
Together, these findings pave the way for the
development of new combination strategies that use
Ang-(1-7), along with other currently used renin-
angiotensin-aldosterone system inhibitors, for the
treatment of cardiovascular diseases (56).

In conclusion, these findings show that Ang-
(1-7) prevents Ang ll-evoked actions, restoring
MKP-1-activation, and consequently, attenuating
ERK1/2 activity in VSMCs, and consequently,
reducing vascular contractility. It is important to
mention that MKP-1-activation is not observed
when VSMCs are treated with Ang-(1-7), in the
absence of Ang-Il. This new proposed mechanism
of action elucidates the vascular protective effects
promoted by Ang-(1-7) directly through the
VSMCs upon contractile-stimuli, and opens the
possibility for other signaling pathways to be
involved in this process.

Acknowledgements

This work was supported by several Brazilians
grants from: a) Conselho Nacional de
Desenvolvimento  Cientifico e  Tecnol6gico
[(CNPq) grant number 45777/2014-1 (to V.V.L.)];
b) Fundacdo de Amparo a Pesquisa do Estado de
Mato Grosso [(FAPEMAT) grant number
0324552/2018 (to F.R.G.)]; and c) Coordenacédo de
Aperfeicoamento de Pessoal de Nivel Superior
(CAPES- Finance Code 001).

Conflict of interest

The authors declare that they have no conflict

of interest.

References

59 IntJ Mol Cell Med Winter 2020; Vol 9 No 1

1. Lin L, Liu X, Xu J, et al. Mas receptor mediates
cardioprotection of angiotensin-(1-7) against Angiotensin Il-
induced cardiomyocyte autophagy and cardiac remodelling
through inhibition of oxidative stress. J Cell Mol Med
2016;20:48-57.

2. Montezano AC, Nguyen Dinh Cat A, Rios FJ, et al.
Angiotensin Il and vascular injury. Curr Hypertens Rep
2014;16:431.

3. Velez JC, Ryan KJ, Harbeson CE, et al. Angiotensin 1 is
largely converted to angiotensin (1-7) and angiotensin (2-10) by
isolated rat glomeruli. Hypertension 2009;53:790-7.

4. Santos RA. Angiotensin-(1-7). Hypertension 2014;6:1138-47.
5. Chappell MC, Marshall AC, Alzayadneh EM, et al. Update on
the Angiotensin converting enzyme 2-Angiotensin (1-7)-MAS
receptor axis: fetal programing, sex differences, and intracellular
pathways. Front Endocrinol (Lausanne) 2014;4:201.

6. Ferreira AJ, Bader M, Santos RA. Therapeutic targeting of the
angiotensin-converting enzyme 2/Angiotensin-(1-7)/Mas
cascade in the renin-angiotensin system: a patent review. Expert
Opin Ther Pat 2012;22:567-74.

7. Zhang H, Chen F, He Y, et al. Sensitivity of non-small cell
lung cancer to erlotinib is regulated by the Notch/miR-
223/FBXW7 pathway. Biosci Rep 2017;37.

8. Touyz RM, Montezano AC. Angiotensin-(1-7) and Vascular
Function: The Clinical Context. Hypertension 2018;71:68-9.

9. Balbi AP, Francescato HD, Marin EC, et al. Roles of mitogen-
activated protein kinases and angiotensin Il in renal
development. Braz J Med Biol Res 2009;42:38-43.

10. Xi XP, Graf K, Goetze S, et al. Central role of the MAPK
pathway in ang ll-mediated DNA synthesis and migration in rat
vascular smooth muscle cells. Arterioscler Thromb Vasc Biol
1999;19:73-82.

11. Hay M, Vanderah TW, Samareh-Jahani F, et al. Cognitive
impairment in heart failure: A protective role for angiotensin-(1-
7). Behav Neurosci 2017;131:99-114.

12. Guo L, Yin A, Zhang Q, et al. Angiotensin-(1-7) attenuates
angiotensin Il-induced cardiac hypertrophy via a Sirt3-dependent
mechanism. Am J Physiol Heart Circ Physiol 2017;312:
H980-HI1.

13. Fang C, Stavrou E, Schmaier AA, et al. Angiotensin 1-7 and
Mas decrease thrombosis in Bdkrb2-/- mice by increasing NO

and prostacyclin to reduce platelet spreading and glycoprotein


http://www.fapesp.br/
http://www.fapesp.br/

VI activation. Blood 2013;121:3023-32.

14. Lu W, Kang J, Hu K, et al. Angiotensin-(1-7) relieved renal
injury induced by chronic intermittent hypoxia in rats by
reducing inflammation, oxidative stress and fibrosis. Braz J Med
Biol Res 2017;50:e5594.

15. Ferrario CM. Angiotensin-converting enzyme 2 and
angiotensin-(1-7): an evolving story in cardiovascular regulation.
Hypertension 2006;47:515-21.

16. Sampaio WO, Souza dos Santos RA, Faria-Silva R, et al.
Angiotensin-(1-7) through receptor Mas mediates endothelial
nitric oxide synthase activation via Akt-dependent pathways.
Hypertension 2007;49:185-92.

17. Saito Y, Berk BC. Transactivation: a novel signaling
pathway from angiotensin Il to tyrosine kinase receptors. J Mol
Cell Cardiol 2001;33:3-7.

18. Keyse SM. Protein phosphatases and the regulation of
mitogen-activated protein kinase signalling. Curr Opin Cell Biol
2000;12:186-92.

19. Kong T, Liu M, Ji B, et al. Role of the Extracellular Signal-
Regulated Kinase 1/2 Signaling Pathway in Ischemia-
Reperfusion Injury. Front Physiol 2019;10:1038.

20. Nunes KP, Toque HA, Caldwell RB, et al. Extracellular
Signal-Regulated Kinase (ERK) Inhibition Decreases Arginase
Activity and Improves Corpora Cavernosal Relaxation in
Streptozotocin  (STZ)-induced Diabetic Mice. J Sex Med
2011;3335-44.

21. Hatch V, Zhi G, Smith L, et al. Myosin light chain kinase
binding to a unique site on F-actin revealed by three-dimensional
image reconstruction. J Cell Biol 2001;154:611-7.

22. Liu Y, Shepherd EG, Nelin LD. MAPK phosphatases-
regulating the immune response. Nat Rev Immunol 2007;7:
202-12.

23. Pervin S, Singh R, Freije WA, et al. MKP-1-induced
dephosphorylation of extracellular signal-regulated kinase is
essential for triggering nitric oxide-induced apoptosis in human
breast cancer cell lines: implications in breast cancer. Cancer
Res 2003;63:8853-60.

24. Seternes OM, Kidger AM, Keyse SM. Dual-specificity MAP
kinase phosphatases in health and disease. Biochim Biophys
Acta Mol Cell Res 2019;1866:124-43.

25. Liu PQ, Lu W, Wang TH, etal. [MKP-1 regulates the

Sousa-Lopes A et al.

cardiomyocyte hypertrophic responses induced by angiotensin
11]. Sheng Li Xue Bao 2000;52:365-70.

26. Giachini FR, Carneiro FS, Lima VV, etal. Pyk2 mediates
increased adrenergic contractile responses in arteries from
DOCA-salt mice - VASOACTIVE PEPTIDE SYMPOSIUM. J
Am Soc Hypertens 2008;2:431-8.

27. Bressan AF, Fonseca GA, Tostes RC, et al. Interleukin-10
negatively modulates extracellular signal-regulated kinases 1 and
2 in aorta from hypertensive mouse induced by angiotensin Il
infusion. Fundam Clin Pharmacol 2019;33:31-40.

28. Miguez JSG, Dela Justina V, Bressan AFM, et al. O-
Glycosylation with O-linked beta-N-acetylglucosamine increases
vascular contraction: Possible modulatory role on Interleukin-10
signaling pathway. Life Sci 2018;209:78-84.

29. Murugan D, Lau YS, Lau WC. Angiotensin 1-7 Protects
against Angiotensin Il-Induced Endoplasmic Reticulum Stress
and Endothelial Dysfunction via Mas Receptor. PLoS One
2015;10:1-12.

30. Nishihara H, Hwang M, Kizaka-Kondoh S, et al. Cyclic
AMP promotes cAMP-responsive element-binding protein-
dependent induction of cellular inhibitor of apoptosis protein-2
and suppresses apoptosis of colon cancer cells through ERK1/2
and p38 MAPK. J Biol Chem 2004;279:26176-83.

31. Ross R. The smooth muscle cell. Il. Growth of smooth
muscle in culture and formation of elastic fibers. J Cell Biol
1971;50:172-86.

32. Carrillo-Sepulveda MA, Barreto-Chaves ML. Phenotypic
modulation of cultured vascular smooth muscle cells: a
functional analysis focusing on MLC and ERK1/2
phosphorylation. Mol Cell Biochem 2010;341:279-89.

33. Lima VV, Giachini FR, Carneiro FS, et al. O-GIcNAcylation
contributes to the vascular effects of ET-1 via activation of the
RhoA/Rho-kinase pathway. Cardiovasc Res 2011;89:614-22.

34. Zhou L, Xue H, Wang Z, et al. Angiotensin-(1-7) attenuates
high  glucose-induced  proximal  tubular  epithelial-to-
mesenchymal transition via inhibiting ERK1/2 and p38
phosphorylation. Life Sci 2012;90:454-62.

35. Giachini FR, Chiao CW, Carneiro FS, et al. Increased
activation of stromal interaction molecule-1/Orai-1 in aorta from
hypertensive rats: a novel insight into vascular dysfunction.

Hypertension 2009;53:409-16.

Int J Mol Cell Med Winter 2020; Vol 9 No 1 60



Ang-(1-7) inhibits Ang ll-induced ERK 1/2 activation

36. Santos RA, Simoes e Silva AC, Maric C, et al. Angiotensin-
(1-7) is an endogenous ligand for the G protein-coupled receptor
Mas. Proc Natl Acad Sci U S A 2003;100:8258-63.

37. Zhang F, Tang H, Sun S, etal. Angiotensin-(1-7) induced
vascular relaxation in spontaneously hypertensive rats. Nitric
Oxide 2019;88:1-9.

38. Yang G, Istas G, Hoges S, et al. Angiotensin-(1-7)-induced
Mas receptor activation attenuates atherosclerosis through a
nitric oxide-dependent mechanism in apolipoproteinE-KO mice.
Pflugers Arch 2018;470:661-7.

39. Fernandes L, Fortes ZB, Nigro D, et al. Potentiation of
bradykinin by angiotensin-(1-7) on arterioles of spontaneously
hypertensive rats studied in vivo. Hypertension 2001;37:703-9.
40. Liu G, Hitomi H, Rahman A, et al. High sodium augments
angiotensin Il-induced vascular smooth muscle cell proliferation
through the ERK 1/2-dependent pathway. Hypertens Res
2014;37:13-8.

41. Shen YJ, Zhu XX, Yang X, et al. Cardamonin inhibits
angiotensin Il-induced vascular smooth muscle cell proliferation
and migration by downregulating p38 MAPK, Akt, and ERK
phosphorylation. J Nat Med 2014;68:623-9.

42. Giachini FR, Sullivan JC, Lima VV, et al. Extracellular
signal-regulated kinase 1/2 activation, via downregulation of
mitogen-activated protein kinase phosphatase 1, mediates sex
differences in desoxycorticosterone acetate-salt hypertension
vascular reactivity. Hypertension 2010;55:172-9.

43. Lu W, Kang J, Hu K, et al. Angiotensin-(1-7) inhibits
inflammation and oxidative stress to relieve lung injury induced
by chronic intermittent hypoxia in rats. Braz J Med Biol Res
2016;49:e5431.

44. Wang LP, Fan SJ, Li SM, et al. Protective role of ACE2-
Ang-(1-7)-Mas in myocardial fibrosis by downregulating
KCa3.1 channel via ERK1/2 pathway. Pflugers Arch
2016;468:2041-51.

45. Carver KA, Smith TL, Gallagher PE, et al. Angiotensin-(1-7)
prevents angiotensin  Il-induced fibrosis in  cremaster
microvessels. Microcirculation 2015;22:19-27.

46. Roskoski R, Jr. ERK1/2 MAP kinases: structure, function,
and regulation. Pharmacol Res 2012;66:105-43.

61 IntJ Mol Cell Med Winter 2020; Vol 9 No 1

47. Galetic 1, Maira SM, Andjelkovic M, etal. Negative
regulation of ERK and Elk by protein kinase B modulates c-Fos
transcription. J Biol Chem 2003;278:4416-23.

48. Giani JF, Gironacci MM, Munoz MC, et al. Angiotensin-(1-
7) has a dual role on growth-promoting signalling pathways in
rat heart in vivo by stimulating STAT3 and STAT5a/b
phosphorylation and inhibiting angiotensin Il-stimulated ERK1/2
and Rho kinase activity. Exp Physiol 2008;93:570-8.

49. Su Z, Zimpelmann J, Burns KD. Angiotensin-(1-7) inhibits
angiotensin Il-stimulated phosphorylation of MAP kinases in
proximal tubular cells. Kidney Int 2006;69:2212-8.

50. Zhang F, Ren X, Zhao M, et al. Angiotensin-(1-7) abrogates
angiotensin ll-induced proliferation, migration and inflammation
in VSMCs through inactivation of ROS-mediated PI3K/Akt and
MAPKI/ERK signaling pathways. Sci Rep 2016;6:34621.

51. Brondello JM, Pouyssegur J, McKenzie FR. Reduced MAP
kinase phosphatase-1 degradation after p42/p44MAPK-
dependent phosphorylation. Science 1999;286:2514-7.

52. Doddareddy MR, Rawling T, Ammit AJ. Targeting mitogen-
activated protein kinase phosphatase-1 (MKP-1): structure-based
design of MKP-1 inhibitors and upregulators. Curr Med Chem
2012;19:163-73.

53. Hagihara GN, Lobato NS, Filgueira FP, et al. Upregulation
of ERK1/2-eNOS via AT2 receptors decreases the contractile
response to angiotensin 1l in resistance mesenteric arteries from
obese rats. PLoS One 2014;9:e106029.

54. Xu C, Ding W, Zhang M, et al. Protective effects of
angiotensin-(1-7) administrated with an angiotensin-receptor
blocker in a rat model of chronic kidney disease. Nephrology
(Carlton) 2013;18:761-9.

55. Yang J, Sun Y, Dong M, et al. Comparison of angiotensin-
(1-7), losartan and their combination on atherosclerotic plaque
formation in apolipoprotein E knockout mice. Atherosclerosis
2015;240:544-9.

56. Nehme A, Zibara K. Cellular distribution and interaction
between  extended  renin-angiotensin-aldosterone  system

pathways in atheroma. Atherosclerosis 2017;263:334-42.



