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INTRODUCTION

In 2005, a novel dinucleotide uridine adenosine tetraphosphate (Up4A) was identified in the
endothelium thereby being recognized as a novel endothelium-derived factor (Jankowski et al.,
2005). Up4A is the first dinucleotide found in living organisms containing both a purine and a
pyrimidine moieties (Jankowski et al., 2005). Up4A is biosynthesized through vascular endothelial
growth factor receptor (VEGFR) 2 in response to pharmacological and mechanical stimuli
(Jankowski et al, 2013). The plasma concentrations of Up,A in healthy subjects are in the
vasoactive range suggesting that Up,A may contribute to cardiovascular regulation (Jankowski
etal,, 2005). Of importance, several pieces of evidence have reported that the plasma level of Up4A is
elevated in patients with hypertension and with chronic kidney diseases, and that Up4A (via intra-
aortic bolus injection) increases mean arterial pressure in rats in vivo (Jankowski et al.,, 2005;
Jankowski et al., 2007; Schuchardt et al., 2012). These observations suggest a potential role for Up,A
in the pathogenesis of cardiovascular disease.

During the following years, the research was focused on the vascular effect of Up,A in different
vascular beds of various species. This mainly includes the acute effect of Up4A on vascular function in
both health and various cardiovascular diseases including hypertension, atherosclerosis, myocardial
infarction, and diabetes, and the trophic effect of Up4A on vascular proliferation, migration,
angiogenesis, and calcification (Matsumoto et al., 2015; Zhou et al,, 2019). Up,A exerts biological
effects by activating purinergic receptors (PRs) to regulate cardiovascular (dys)function. PRs are divided
into P1R and P2R categories. Four subtypes of P1Rs (adenosine receptors) have been identified, namely
AIR, Aj5R, AjpR, and A3R. At least seven P2XRs, and eight P2YRs have been identified to date
(Burnstock, 2017). In the vasculature, activation of AIR and A3R can induce contraction, whereas
activation of A,4R and AR typically produce vascular relaxation (Zhou et al.,, 2019). In contrast to
P1Rs, the effects of the activation of P2R subtypes may be tissue- and cell-dependent. In general,
activation of P2R subtypes in endothelial cells are thought to induce vasodilation, while activation of
P2Rs in smooth muscle cells can induce vasoconstriction (Zhou et al., 2019). Of note, the
pharmacological action of Up,A on vascular function and the Up,A-mediated purinergic signaling
have been shown to be altered in cardiovascular disease (Zhou et al., 2019). However, the endogenous
role of Up,A in the regulation of cardiovascular homeostasis and particularly the role of Up,A in the
development and progression of cardiovascular disease remain largely unclear. This study briefly
summarizes the available information regarding the vascular action of Up,A and its mediated purinergic
signaling in various cardiovascular diseases during a 15-year research period and raises critical questions
and perspectives for the future research direction in order to better understand the biological role of
Up,A in the development of cardiovascular disease.
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UP,A BIOSYNTHESIS AND CATABOLISM

Up4A is biosynthesized by activation of VEGFR2 in the
endothelium (Jankowski et al., 2013). After incubation of ADP
and UDP with VEGFR2, human dermal endothelial cells
generate increasing concentrations of Up,A, while there is no
Up,A formation when incubating ADP and UDP with VEGFR1
or VEGFR3 (Jankowski et al., 2013). The domain of Tyr-1175 of
VEGFR2 is essential for the enzymatic activity for Up,A
synthesis (Jankowski et al., 2013). UpysA could facilitate
VEGFR2-mediated signaling pathways e.g. p42/44 mitogen-
activated protein kinase phosphorylation (Jankowski et al.,
2013). Given that VEGFR2 is abundantly expressed in
endothelial cells, the Up,A biosynthesis may play a significant
role in cardiovascular homeostasis.

In addition to endothelial cells, Up,A was found to be
generated in renal tubular cells, human liver hepatocellular
carcinoma cells, human acute monocytic leukemia cells, and
murine macrophage cells (Zhou et al, 2019). As these cells
express VEGFR2, Up4A synthesis is likely also mediated by
activation of VEGFR2. It is of interest to know whether
VEGFR2-expressing cells are generally capable of synthesizing
Up4A. Of further importance, several cardiovascular diseases
including diabetes have demonstrated an altered VEGFR2
expression and function (Fountas et al., 2015). Whether such
alteration may affect Up4A generation and subsequent purinergic
activation accounting for the development and progression of
disease remains unknown and warrants further studies.

Catabolism of Up4A is poorly understood. Dinucleotides can
be degraded to mononucleotides by ecto-nucleotidases
(including CD39 and CD37) (Burnstock, 2017). These ecto-
nucleotidases are ubiquitously present in different cells,
including vascular endothelial and smooth muscle cells
(Burnstock, 2017). This implies that Upy,A may be also
degraded through those ecto-nucleotidases, and that the Up,A-
mediated vascular effects can be exerted by its degradation
products. However, existing evidence suggest that Up,A-
mediated vascular effects are direct, but not indirect through
its degradation or inhibition of purinergic enzymes as mentioned
above (Zhou et al., 2019). It is speculated that the catabolism of
UpsA may be through other types of ecto-nucleotidases e.g.
nucleotide pyrophosphatase/phosphodiesterases. Further studies
are needed to explore this mechanism. Of note, activity of these
nucleotidases are altered in cardiovascular disease (Burnstock,
2017; Zhou et al., 2020). It is of importance to know in the future
studies whether altered nucleotidase activity may influence the
catabolism of Up,A contributing to the initiation and/or
development of cardiovascular disease.

UP,A AND VASCULAR ACTIONS

Using pharmacological approach, the 15-year research on
Up,A has unveiled vascular effects of Up,A in various
cardiovascular diseases. The UpsA-mediated PR activation
and possible downstream pathways have been characterized

in hypertension, diabetes, atherosclerosis, and myocardial
infarction. In addition, Up,A exerts various trophic effects
through activation of P2YRs inducing angiogenesis in
endothelial cells, proliferation and migration in smooth
muscle cells, and development of calcification (Zhou et al.,
2019). These chronic effects may also play a role for vascular
remodeling and atherogenesis.

Hypertension

Vascular reactivity to Up,A is altered in hypertension. In
deoxycorticosterone acetate-salt rats, Up,A-induced contraction is
heterogeneously affected among various vessels. Thus, Up,A-
induced vascular contraction was increased in basilar, renal, and
femoral arteries, but was decreased in small mesenteric arteries, and
unchanged in thoracic aortas and pulmonary arteries (Matsumoto
et al,, 2011; Matsumoto et al., 2012). Activation of P2YR
contributed to the increased Up,A-induced contraction in basilar,
femoral, and renal arteries (Matsumoto et al., 2011; Matsumoto
et al,, 2012). In angiotensin II-induced hypertensive mice, Up,A-
induced contraction in aortas was decreased likely due to P2X;R
desensitization (Zhou et al., 2017b). These observations may imply
that vascular PR activity rather than circulating UpyA may
determine the role of Up,A in setting of hypertension. However,
further investigations regarding the relationship between altered
circulating Up,A and vascular PR activity in hypertension are
needed. In contrast to vasoconstrictor effect, Up4A produces
potent relaxation in porcine coronary small arteries (Zhou et al.,
2013b; Sun et al,, 2019). In a swine model with pressure-overload-
induced hypertension, Up,A-induced relaxation was impaired in
coronary small arteries isolated from hypertensive swine compared
to control. ARs other than A,4R and P2Y;;R among P2Rs are
proposed contributing to the reduced relaxation to UpsA in
hypertensive swine (Zhou et al., 2018a).

Diabetes

Diabetes is an important risk factor for the development of
cardiovascular diseases including atherosclerosis and ischemic
heart disease (Pereira et al., 2018; Zhou et al., 2018b). Diabetes-
associated vascular complications are the leading causes of
increased morbidity and mortality worldwide (Zhou et al,,
2018b). Up4A-induced contraction in renal arteries of healthy
rats, which was enhanced in vessels from Goto-Kakizaki (GK)
rats likely due to activation of suramin-sensitive P2Rs
(Matsumoto et al., 2014). Up4A-induced contraction was
decreased in aortas and renal arteries of the Otsuka Long-
Evans Tokushima Fatty (OLETF) diabetic rats as compared to
control Long-Evans Tokushima Otsuka (LETO) rats at basal
tone (Matsumoto et al., 2016; Matsumoto et al., 2017). Of note,
the Up,A-induced renal contraction in OLETF rats was
increased with age and duration of diabetes, whereas the
Up4A-induced contraction in LETO rats was not associated
with age (Matsumoto et al., 2016). With elevated tone by
phenylephrine, Up,A produced a mild relaxation in aortas
isolated from OLETF rats as compared to the vasoconstrictor
effect by UpsA in LETO rats (Matsumoto et al., 2017). The
involvements of PRs in different vascular responses to Up,A in
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this model need further investigations. However, Up,A can
stimulate other endothelium-derived factors e.g. vasoconstrictor
prostanoids PGF,,, PGE,, and thromboxane (TxA,) are
generated in response to UpsA to promote its contraction and
nitric oxide is released to suppress Up4A effects in OLETF rats
(Matsumoto et al.,, 2017). Interestingly, Up4A-induced relaxation in
coronary small arteries was maintained in swine with diabetes and
endothelial dysfunction compared to normal swine (Zhou et al,
2017a). This is due to a balanced purinergic activation (reduced
vasodilator A,4R and P2X,R vs. increased vasodilator P2Y,;R) and
endothelium-derived factor-mediated effects (vasodilator CYP 2C9
vs. vasoconstrictor CYP 2C9 and TxA2) in response to Up4A (Zhou
et al., 2017a).

Coronary Atherosclerosis and

Myocardial Infarction

Plaque formation due to atherosclerosis in coronary vasculature
is a major cause of ischemic heart disease. When the plaque
ruptures, the ensuing thromboembolism may lead to ischemia
and myocardial infarction (Marzilli et al., 2012). Despite all four
ARs and many P2Rs are involved in the development of
atherosclerosis and targeting P2Y,R is an effective strategy
commonly used in patients with acute coronary syndrome
(Burnstock, 2017), the experimental evidence for the
involvement of PRs in coronary atherosclerosis is lacking. In
coronary arteries isolated from ApoE knockout mice treated with
a high fat diet, in which lesions were observed, P2X;R expression
was decreased in endothelial cells, while P2X ;R expression
remained unaltered in smooth muscle cells. Hence, the smooth
muscle to endothelial cell ratio of P2X;R was increased,
suggesting a net vasoconstrictor effect of P2X;R in coronary
atherosclerosis (Teng et al., 2017). Indeed, infusion of Up4A into
isolated hearts from ApoE knockout mice with high fat diet
decreased coronary flow more as compared to hearts from
control mice through activation of vasoconstrictor P2X;R
(Teng et al.,, 2017). In contrast to ex vivo experiments, a bolus
i.v. injection of Up4A increased coronary blood flow to a similar
extent between control and atherosclerotic mice (Teng et al,
2017). This vasodilator effect of Up,A is not influenced by the
hemodynamic changes by the drug infusion. However, the
possibility of a UpsA degradation to purine or adenosine to
induce coronary vasodilation in vivo condition remain
undetermined, which warrants further investigations. In swine
after myocardial infarction, the sensitivity of the coronary small
arteries to Up,A was reduced (Zhou et al.,, 2013a). The reduced
vasodilator response to Up,A is due to a reduced contribution of
P1R (A,pR was proposed to be involved) (Zhou et al., 2013a).

CONCLUSIONS AND PERSPECTIVE

The 15-year research on Up4A in cardiovascular system has
yielded fruitful outcomes. Up,A produces both short-term and
long-term vascular effects through both P1R and P2R. The
Up.A-induced effects not only depend on various vascular beds

but also different species. The involvement of PRs in response
to Up4A is altered in various cardiovascular diseases. However,
endogenous role of Up,A in the regulation of vascular function
remains unclear. Although the vasoactive effect of Up,A may
depend on receptor activity, the contribution of the Up,A
plasma levels to vascular (dys)function in cardiovascular
disease warrants further investigations. Future research
directions need to focus on the following aspects to better
understand the role of UpsA in the development and
progression of cardiovascular disease: 1) Does the altered
plasma levels of Up4A in cardiovascular disease merely serve
as a diagnostic biomarker, and/or can endogenous Up,A
(including local concentration of UpyA e.g. in coronary
microcirculation) activate corresponding PRs serving as a
causative factor? What are causal factors and mechanisms
underlying regulation of local/circulating Up,A levels? 2)
Given that Up,A can activate both P1Rs and P2Rs expressed
in different cells of the cardiovascular system, it remains to be
investigated which receptors play an essential role. 3) Can
Up4A biosynthesis and its mediated main purinergic
signaling be targeted for the treatment of cardiovascular
disease? Whether targeting a single receptor or multiple
receptors at the same time yields in the most effective
therapeutic effects. 4) What are the mechanisms underlying
the Up,A-mediated effect in vivo condition? 5) Can Up,A-
mediated vascular effect be eventually translated into human
situation? It may take many other 15 years to address all these
important questions and concerns. However, the successful
characterization of vascular effect of Up4A and PRs involved
in cardiovascular disease mentioned in the present study have
paved the way for the next research step.
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