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Abstract

Endothelial nitric oxide synthase (eNOS) and receptor-type vascular endothelial protein tyrosine phosphatase (VE-PTP) are
one of the majors signaling pathways related to endothelial health in diabetes. Several reports have shown that the inhibition
of VE-PTP can lead the nitric oxide production, although repeated studies showed that VE-PTP regulated the eNOS exclusive
at Ser1177 in indirect-manner. A recent, exciting paper (Siragusa et al. in Cardiovasc Res, 2020. https://doi.org/10.1093/
cvr/cvaa213), showing that VE-PTP regulates eNOS in a direct-manner, dephosphorylating eNOS at Tyr81 and indirect at
Ser1177 and the effects of a VE-PTP inhibitor, AKB-9778, in the blood pressure from diabetic patients.
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Receptor tyrosine kinase (RTK) signalling is an important
pathway which play a role in wide range of complex physi-
ological functions, such as, regulates vascular permeabil-
ity, inflammation and angiogenesis and its dysregulation
is closely related to cancer and neonatal death during ges-
tation, in consequence of undevelopment blood and lym-
phatic in gestation (Du and Lovly 2018; Navia-Pelaez et al.
2018). Among the RTK, endothelial-enriched tunica interna
endothelial cell kinase 2 (Tie2) is a cell-surface receptor
and one of the major regulator kinase on vascular main-
tenance (Ghosh et al. 2016). Its regulation is mediated by
angiopoietins, angiopoietin 1 (ANG1) acts as an agonist and
angiopoietin 2 (ANG?2), as an antagonist. The physiological
functions mediated by Tie2 is mediated by the ligand ANG1,
and consequently activation of phosphoinositide 3-kinase
(PI3K) and AKT, as shown in Fig. 1.

Besides the ligands, vascular endothelial protein tyrosine
phosphatase (VE-PTP) is crucial protein for regulation of
Tie2, acting dephosphorylating the receptor, consequently
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inactivating Tie2 (Souma et al. 2018). Previous studies have
shown that VE-PTP is upregulated in some pathological
states, such as, renal microvasculature (Carota et al. 2019)
and heart (Siragusa et al. 2020) of diabetic rodents. VE-PTP
downregulation and knockdown increases the endothelial
permeability, leukocyte extravasation (Juettner et al. 2019)
and it is lethal to newborns in consequence of defects in
angiogenesis (Dominguez et al. 2007).

Besides the well described role of VE-PTP on angiogen-
esis and vascular maintenance though the Tie2 pathway, VE-
PTP is an important protein that regulate the endothelial in
several pathways, in this context, this manuscript discusses
the main advances made in VE-PTP, focusing on role of
regulation of eNOS and its role on vascular function, well
described by Siragusa et al. (2020).

Nitric oxide (NO) synthases (NOS) catalyze the conver-
sion of L-arginine and oxygen to L-citrulline and NO. The
eNOS is expressed in endothelial cells and is a fundamental
modulator of endothelial homeostasis (Siragusa and Fleming
2016; Ruviaro et al. 2020). Impairment in eNOS signaling
result in decreased NO bioavailability and endothelial dys-
function, which is characteristic feature of cardiovascular
and metabolic diseases, such as hypertension, atherosclero-
sis, diabetes and metabolic syndrome (Brandes et al. 2005;
Napoli et al. 2006; Parreira et al. 2018).

The activity of the eNOS enzyme depends on the avail-
ability of its substrate L-arginine, cofactors and interacting
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Fig.1 Tie2 is regulated by

angiopoietin 1 (ANG1) and 2 <>
(ANG?2). ANGI acts as an ago-
nist inducing the Tie2 signaling,
which consists in the activation
of phosphoinositide 3-kinase
(PI3K) and AKT leading to the
physiological responses related o -
to this receptor. Although, 4 TIE2

ANG?2 acts as an antagonist, !

inhibiting Tie2 signaling

proteins, intracellular levels of Ca®* as well as post-trans-
lational modifications, including phosphorylation (Forst-
ermann and Sessa 2012). Phosphorylation has been dem-
onstrated at specific serine (Ser) (Fisslthaler et al. 2008),
threonine (Thr) (Chattopadhyay et al. 2014) and tyrosine
(Tyr) (Fulton et al. 2008).

eNOS can be activated by several substances, one impor-
tant signaling pathway is the vascular endothelial growth
factor (VEGF) that activates vascular endothelial growth
factor receptor 2 (VEGFR2) (Wang et al. 2004). The
VEGFR?2 activation leads to phosphorylation of AKT on
residue S473 and consequently, eNOS on Ser1177, which
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induces the synthesis of nitric oxide (Di Lorenzo et al. 2013;
Goel et al. 2013). In resting endothelial cells, VE-PTP and
VEGFR?2 form a complex, the VE-PTP acts as an inactivator
of VEGFR2, although, this complex is disrupted by activa-
tion of VEGF on VEGFR?2, and PI3K is activated leading to
phosphorylation on AKT at Ser473 and consequently eNOS
at Ser1177, finally, inducing the release of NO through this
pathway, as shown in Fig. 2.

Another important pathway that VE-PTP regulates
the eNOS is through the junction complex, which con-
sists of VE-cadherin, VEGFR2, and CD31, its complex
is activated mainly by shear stress and consequently the
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Fig.2 The role of VE-PTP in phosphorylation of eNOS at Serl1177.
VE-PTP and VEGFR2 (vascular endothelial growth factor receptor
2) form a complex in resting cells, which VE-PTP acts inhibiting the
VEGFR?2 pathway. Although, when VEGFR?2 is activated by VEGF
(vascular endothelial growth factor) the complex is interrupted, which
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induces the VEGFR?2 dimerization and activation, leading to the AKT
phosphorylation at Ser473 and consequently on eNOS at Ser1177. On
endothelial junctions, the activated junctions complex formed by VE-
cadherin, VEGFR2, and CD31 acts in the same signaling pathway of
VEGR2, although, VE-PTP acts inactivating this pathway
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purinergic receptor P2Y,, which leads to the phosphoryla-
tion of Ser1177, similar to the phosphorylation through
the activation of VEGFR2 (Albarran-Juarez et al. 2018;
Iring et al. 2019).

While the regulation of eNOS by alterations in serine
phosphorylation is well studied, relatively little attention
has been paid to the role of tyrosine phosphorylation.
Tyr81 has emerged as the major phosphorylation site of
tyrosine of eNOS and it is mediated by Src kinase (Fulton
et al. 2008). Several substances were described to phos-
phorylate eNOS on this residue, such as, bradykinin, ATP,
estrogen, angiopoietin that consequently induces the pro-
duction of nitric oxide. Thus, the knockdown of Tyr81 on
aortae from mice strongly impairs the relaxation induced
by endothelium-dependent agonists (Fulton et al. 2005,
2008).

A recent report (Siragusa et al. 2020), the authors found
that in human umbilical vein endothelial cell (HUVEC)
stimulated with Yodal, an agonist that mimic shear stress,
the phosphorylation on eNOS at Tyr81 is partially abol-
ished with the inhibition of Src and ABL1, and the release
of NO is compromised by the inhibition of this tyrosine
kinases.

Similar to the activation of the junctions in the endothe-
lial cells and phosphorylation of eNOS at Ser1177, the
activation of this complex also activates Src and ABLI
pathway inducing the phosphorylation of Tyr81 and conse-
quently the nitric oxide production. Besides, the VE-PTP
can act directly dephosphorylating eNOS on Tyr81 when
this residue is phosphorylated (Siragusa et al. 2020), as
illustrated in Fig. 3. To find this result, the authors man-
aged a phosphatase assay, using the immunoprecipitated of
HUVECs stimulated HUVECs with Yodal, in a cell-free
in vitro reaction, the immunoprecipitated was incubated
or not with the VE-PTP inhibitor, AKB-9778, interest-
ing in non-incubated reactions the Tyr81 of eNOS was

Fig.3 The role of VE-PTP in
phosphorylation of eNOS at
Tyr81. Activated endothelial
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kinases, ABL1 and Src, which H
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eNOS at Tyr81. VE-PTP acts VEGFR2 .
inhibiting the tyrosine kinases, CD31
ABL1 and Src, and also dephos-
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dephosphorylating in a time-dependent manner and AKB-
9778 abolished the dephosphorylation of eNOS at Tyr81.

The authors found important role of inhibition of VE-
PTP, in isolated aortae from healthy mice, the inhibition of
VE-PTP induced relaxation in endothelium intact situation
and the prior treatment of the vessels of diabetic aortae with
the inhibitor of VE-PTP (AKB-9778) restored the endothe-
lial function. In phase 2 clinical trial with diabetic patients,
AKB-9778 was administrated subcutaneously, after 30 and
90 min the systolic and diastolic blood pressure consistently
was reduced (Siragusa et al. 2020).

The endothelial dysfunction and impaired angiogenesis
related to diabetes play a crucial role in the pathophysiol-
ogy of this disease. Tie2 and VE-PTP are one of the majors
signaling pathways related to endothelial health in diabetes
(Campochiaro and Peters 2016; Hussain et al. 2019). A pre-
vious report (Carota et al. 2019) showed that VE-PTP is
overexpressed in human endothelial cells stimulated with a
high concentration of glucose or hypoxia and in the animal
model of diabetes and hypertension. The higher expression
of VE-PTP in these different models was associated with the
lower expression of eNOS, that compromise the endothelial
health.

It is important to highlight, AKB-9778 has emerged as a
pharmacological tool to inhibit VE-PTP, and it is a poten-
tial candidate in the treatment of diabetic retinopathy (Cam-
pochiaro and Peters 2016) diabetic macular edema (Cam-
pochiaro et al. 2015). The action mechanism to improve
these effects are major through the inhibition of VE-PTP
and consequently increasing the activity of Tie2, which
decreases the cellular permeability and restores the vascu-
lar maintenance(Goel et al. 2013; Miller and Fortun 2018).

Although, there is evidence of the use of VE-PTP inhibi-
tor in diabetic retinopathy and diabetic macular edema
reporting its effects on the Tie2 pathway, very few reports
have been studying its effects on the nitric oxide pathway,
in particular, the effects on the endothelial function. Since
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diabetes remains a major public health concern with impor-
tant disease burden, and its physiopathology is closely
related to the damage of the vascular/endothelial health and
its damage can lead to the failure of different organs, such
as eyes, kidneys, limbs, and, in men, penis. Siragusa et al.
(2020) assessed partially the complex effect of VE-PTP on
eNOS from a molecular and functional point of view. The
expanding knowledge of the effects of VE-PTP, in particular,
the endothelial dysfunction in diabetes, in particular nitric
oxide pathway, allows for exciting new horizons endothelial
diabetes related-diseases treatment care.
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