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Abstract

Introduction: The review provides relevant information about arginase 2, the role of this enzyme in the formation of
endothelial dysfunction and, as a consequence, the development of cardiovascular diseases.

History of the discovery of arginase and its functions: The discovery of arginase took place long before its active
study as a substance that affects the formation of endothelial dysfunction.

Role of arginase 2 in the development of a number of cardiovascular diseases: The role of NO synthase and argi-
nase 2 in the formation of oxidative stress is determined. The pathophysiological mechanisms of the development of a
number of cardiovascular diseases, such as coronary heart disease, atherosclerosis, and aortic aneurysm, are described.
The modern possibilities of treatment of endothelial dysfunction in the pathology of the cardiovascular system and the
possibility of creation of new drugs are considered. An increase in the activity of arginase 2 was proven to occur in
the case of the development of coronary heart disease (CHD), hypertension, type II diabetes mellitus, hypercholester-
olemia, as well as in the process of aging. According to the WHO, coronary heart disease and apoplectic attack have
topped the list of causes of death worldwide over the past 15 years.

Arginase 2 as a potential pharmacological target: The purpose of this literature review is to determine the possibili-
ties of use of arginase 2 as a new target for the pharmacological correction of cardiovascular diseases.
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Intr OdllCtiOIl which is manifested in a decrease in the bioavailability

of nitric oxide (Durante et al. 2007). This causes research
Cardiovascular and metabolic diseases are at the moment  interest in the pathophysiological mechanisms of the oc-
recognized by the WHO as the most important global  currence and development of the endothelial component
health problem. The leading role in the pathogenesis of of these diseases (Korokin et al. 2011; Pokrovskii et al.
these pathologies is played by endothelial dysfunction, 2012; Danilenko et al. 2017).

Copyright Demchenko SA et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY 4.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.


mailto:ikoklin@mail.ru
https://doi.org/10.3897/rrpharmacology.6.50942
https://doi.org/10.3897/rrpharmacology.6.50942

48 Demchenko SA et al.: Role of Arginase 2 as a potential pharmacological target for...

Speaking about the bioavailability of nitric oxide, one
cannot disregard the role of the essential arginine amino acid,
which is a substrate for NO synthase and arginase. These are
the metabolic enzymes that support the homeostasis of the
NO-synthase-arginine-arginase system and provide a sta-
ble level of nitric oxide. Two fundamental mechanisms for
reducing of the amount of NO have been described: a de-
crease in its synthesis and excessive deactivation of reactive
oxygen species (ROS) (Durante et al. 2007).

Mammal arginase, a manganese-metalloenzyme that
hydrolyzes L-arginine to L-ornithine and urea, participates
in the regulation of nitric oxide synthesis, while compet-
ing for the substrate with nitric oxide synthase. Three
isoforms of NO synthase are currently known: neuronal
NOS (nNOS, or NOS-1), neuronal NOS (iNOS, or NOS-
2) and endothelial NOS (eNOS, or NOS-3) (Berkowitz et
al. 2003). An increased expression of arginase leads to an
increase in the consumption of arginine and the synthesis
of urea and ornithine; at the same time the availability of
arginine for NO synthase decreases and, as a result, the
production of nitric oxide decreases. A number of studies
have shown the critical contribution of arginase to the de-
velopment of cardiovascular and metabolic diseases: an
increase in arginase activity has been revealed in the case
of hypertension, type II diabetes mellitus, hypercholes-
terolemia, atherosclerosis, and as the aging process pro-
gresses (Gerstein et al. 2008).

For now, two isoforms of arginase are known that cata-
lyze the same reaction. Arginase 1 is a protein that con-
sists of 322 amino acids and is conventionally considered
to be a liver isoform. Although arginase 1 was originally
detected only in the liver, it has now been proven that it
can be found in endothelial cells and vascular myocytes,
being a cytosolic enzyme. Arginase 2, in turn, is distrib-
uted in many organs and tissues and is a mitochondrial
enzyme, which is by 58% identical in structure to argin-
ase 1 (Ash et al. 2000). Due to the active involvement of
arginine in the synthesis of ornithine and urea, competi-
tive to NO synthase, arginase causes excessive formation
of reactive oxygen species, which, in turn, contributes to
oxidative stress. In addition, this enzyme is an inducer of
the synthesis of polyamines and proline (Li et al. 2001),
and also contributes to the processes of proliferation and
remodelling of smooth muscle fibres of a vessel wall.

There are studies suggesting the anti-inflammatory
effect of superexpression of arginase 1 by its interaction
with endothelial NO synthase in rabbits.

Pro-inflammatory mediators, reactive oxygen and ni-
trogen species (RONS), glucose, and oxidized low-den-
sity lipoprotein (ox-LDL) are endogenous stimulators of
arginase expression. Reducing the level of L-arginine, the
above factors are predictors of the formation of endothe-
lial dysfunction. After oxidation, low-density lipoproteins
bind to the lectin-like receptors of LDL-1 and stimulate
the activation of arginase. Oxidized LDL also block the
production of NO through increased synthesis of caveolin
I, which interferes with the activity of NO synthase (John
and Schmeider 2003).

The development of an inflammatory reaction is ac-
companied by macrophages producing lipopolysaccha-
rides, interleukins (IL-4, IL-6) and interferons-gamma,
which are inducers of arginase activity (Eelen et al. 2018).
In addition, inflammation disrupts the function of carriers
of cationic amino acids that are involved in the transport
of arginine, which also leads to a decrease in NO synthe-
sis. The discovery of such an endogenous vasodilator as
nitric oxide fundamentally changed the understanding of
endothelial functions.

Furchgott and Zawadzki (1980) demonstrated the in-
volvement of endothelial cells in support of hemovascular
homeostasis. These authors showed that the endothelium
performs not only a barrier function, but also participates
in the most complicated scheme of regulation of vascular
tone, producing a number of vasodilating and vasocostric-
tor factors. The imbalance of these factors leads to the
development of endothelial dysfunction, which underlies
the formation of atherosclerotic vascular disease, as well
as the development of cardiovascular, renal and metabolic
diseases (Pokrovsky et al. 2008).

Taking into account the importance of NO metabolism
in the formation of cardiovascular pathology and the fact
that arginase causes a decrease in the bioavailability of
nitric oxide, the reason why the relationship between NO
and arginase is currently recognized as a key regulatory
pathway of the vascular system becomes clear. There is
only one substrate for arginase — L-arginine, the active
use of which can provoke not only a deficiency of NO,
but also a decrease in its protective effects on endotheli-
um: prevention of abnormal vasoconstriction, inhibition
of platelet aggregation and a decrease in the expression
of adhesion molecules on the surface of endothelial cells
(Verdegem et al. 2014).

Recent studies have shown that an increased arginase
activity accompanies the development of cardiometabolic
diseases, such as hypertension, ischemic reperfusion le-
sions, diabetes mellitus and the aging process (Mapanga
and Essop 2016). These data have become the prerequi-
site for a more active study of the possibility of inhibiting
arginase in order to correct endothelial dysfunction.

History of the Discovery of Arginase and Its Functions

In 1904, Kossel and Dakin, when administrating the
studied enzyme which would later be known as “arginase”
into the liver of mammals, noted a decrease in arginine
levels and a hydrolysis process linked to it, resulting in
the formation of ornithine and urea. After that event, other
researchers began to report the presence of arginase in var-
ious organs and tissues of animals. So Clementi discov-
ered this enzyme in the liver of amphibians, fish, turtles
and kidneys of birds. The obtained data were further sup-
plemented by Edlbacher and Rottler, who in their turn re-
vealed arginase in the liver, kidneys, thymus, testicles and
placenta of mammals, and also showed that the amount
of enzyme in males was higher (Kossel and Dakin 1904).

In 1927, Chaudhuri carried out studies on 32 birds
and showed the presence of arginase in their kidneys and
testicles, and also confirmed the previously expressed as-
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sumption about the gender difference in the distribution of
this enzyme: arginase was present in the genitals of only
males (Chaudhuri 1927). In the future, the sexual differ-
ence in the metabolism of arginase and the role of steroid
hormones in the realization of its effects were actively
discussed; this enzyme was also assumed to participate in
some pathological processes (Tousoulis et al. 2002).

Subsequent studies proved not only the presence of ar-
ginase in organs and tissues in various animal species, but
also an active participation of this enzyme in the forma-
tion of cardiovascular disorders. For example, Buga et al.
(1996) for the first time described the process of arginase
expression in rat aortic endothelial cells and noted that en-
dogenous inhibition of this enzyme by NG-hydroxy-L-ar-
ginine (an intermediate compound in the synthesis of NO
from L-arginine) could provide a sufficient amount of ar-
ginine for NO synthesis.

The relationship between the arginase activity and en-
dothelial dysfunction due to the aging process was shown
by Berkowitz et al. (2016), who performed a compara-
tive analysis of old and young Wistar rats (Steppan et al.
2016). The dependence of atherosclerotic vascular chang-
es on the arginase activity was actively studied by a team
of researchers under the supervision of Ryoo. They were
the first to describe a high potential of pharmacological
inhibition of arginase in order to protect a vessel wall
from atherosclerotic changes (Aldemir et al. 2003).

Role of arginase 2 in the
development of a number of
cardiovascular diseases

The direct connection between the development of endo-
thelial dysfunction and the formation of cardiovascular
pathology is the fact proved by many experimental and
clinical studies (Demougeot et al. 2005; Morris et al.
2005; Yakushev et al. 2015; Koklin and Danilenko 2019).
Ludmer et al. (1988) in their unique work described the
vasoconstrictive effect of acetylcholine in patients with
atherosclerosis. Using angiography of the coronary arte-
ries, they found that intracoronary administration of this
drug causes a vascular spasm, which provokes the forma-
tion of endothelial dysfunction.

Coronary heart disease (CHD), hypertensive disease,
advanced atherosclerosis, vascular disorders in type II
diabetes mellitus, in pulmonary hypertension, and in hy-
poestrogenic conditions, as well as a number of other pro-
cesses are accompanied by hypoxia and, consequently, the
transition of endothelium to hypoxic metabolism (Hein et
al. 2003; Demougeot et al. 2005). Under conditions of
oxygen deficiency, mitochondrial respiration is impaired
and the ability of cytochrome to bind oxygen is reduced,
due to which a large number of electrons are formed,
which cause the synthesis of ROS, rather than NO, from
arginine. It is these metabolic changes that are fundamen-
tal in the formation of endothelial dysfunction. Hypoxia is

a cause of the excessive activity of the transcription factor
1, which contributes to neovascularization in the area of
ischemia. Reperfusion tissue injuries are also accompa-
nied by activation of oxidative stress and a decrease in the
activity of NO synthase (Hein et al. 2003; Villalba et al.
2016). There is evidence of increased glycolysis process-
es in endothelial cells under the conditions of hypoxia.

As soon as the relationship between endothelial dys-
function and an early development of atherosclerosis was
described (Drexler et al. 1991), the connection between
impaired metabolism of endothelial cells and elementary
changes in a vessel wall became apparent. Dhawan et al.
(2005) created an experimental model on monkeys fed a
high-cholesterol diet in order to demonstrate the interde-
pendence of NO and endothelial dysfunction. In the ani-
mals that were at the same time injected with L-arginine, an
expressed decrease in formation of ateromas was observed,
due to an adequate endothelial function and an increased
NO level (Chicoine et al. 2004). In a similar vein, several
other experimental studies were carried out, and all of them
showed the relationship between a low level of arginase,
accompanied by the formation of endothelial dysfunction,
and the development of the atherosclerotic process, as well
as a more serious cardiovascular pathology in the future.

Atherosclerosis is a chronic progressive condition, in
which atherosclerotic plaques are deposited on the en-
dothelial surface of the major arteries, which causes nar-
rowing of the vessel lumens and damage to the suben-
dothelial layers. This is a multifactorial lesion of a vessel
wall, but cholesterol and inflammatory mediators make
the largest contribution to the formation of atheromas. At
the initial stage of an atherosclerotic plaque formation,
functional or structural damage to the vessel wall occurs.
This contributes to the accumulation of adhesion mole-
cules with subsequent fixation of monocytes on endothe-
lial cells, after which they migrate to the subendothelial
space and turn into macrophages. Along with this process,
there is an active accumulation of LDL in the intima. Ac-
tivation of oxidative stress and an increase in the number
of reactive oxygen species, which include superoxide ani-
on, leads to the oxidation of these lipoproteins to oxidized
LDL (Kovamees et al. 2015).

As mentioned above, a decrease in the bioavailability
of nitric oxide is a key link in the pathogenesis of cardio-
vascular diseases. However, the development of endothe-
lial dysfunction against the background of deficiency of
NO, is not always accompanied by atherosclerotic chang-
es in blood vessels (Lefer and Lefer 1996). A complex
cascade of reactions and interactions between circulating
substances, cellular receptors and intracellular signaling
mechanisms always leads to a disrupted hemovascular
homeostasis. The main mechanism to support the bio-
availability of nitric oxide is to maintain a constant bal-
ance between the activity of endothelial NO synthase and
arginase isoforms. The first signs of atherosclerosis are re-
corded when an imbalance occurs, which involves exces-
sive production of ROS, a decrease in the availability of
NO, or both of these processes (Pokrovskaya 2008). Ar-
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ginase is involved in the process of atherogenesis mainly
due to the creation of deficiency of nitric oxide, which
causes vasoconstriction, inhibition of platelet aggregation
and adhesion of leukocytes to a blood vessel wall and the
formation of atheromas.

Another scenario for the development of atherosclero-
sis is through the oxidation of low density lipoproteins,
which facilitate the conversion of phagocytes into foam
cells. This process leads to the synthesis of reactive oxy-
gen species catalyzed by NADPH oxidase. In the experi-
mental models with monkeys, the data were also obtained
demonstrating that hypercholisterinemia stimulated the
synthesis of asymmetric dimethyl-L-arginine (ADMA),
which is an endogenous inhibitor of NO synthase.

Ryoo et al. (2013), studying the role of arginase 2 in
the development of atherosclerosis, found that oxidized
LDL stimulated the release of this enzyme and reduced
the production of NO. In that study, mice with the de-
letion of the arginase 2 gene were used, which received
a diet rich in cholesterol. As a result, in such animals a
decreased arginase function improved the functional state
of endothelial cells, compared with the intact mice. Thus,
the study showed that genetic inhibition of arginase had a
protective effect on endothelium (Loscalzo 2001).

The hypothesis of oxidative modification as a critical
stage in the development of atherosclerosis is also worth
mentioning. According to this theory, for atherosclerotic
changes to happen, it is not enough just to increase the
amount of LDL; these lipoproteins have to undergo oxi-
dative changes: oxidized LDL are recognized by specific
macrophage receptors, absorbed by phagocytes and accu-
mulate in them.

The special role of arginase 2 is confirmed by the study
on mice with artificial inhibition of arginase gene expres-
sion. The activity of arginase 2 in the endotheliocytes of
such animals was significantly reduced, which suggested
the primacy of this isoform of this enzyme (Topal et al.
20006). In other studies, inhibition of this very arginase 2,
including in the animals fed a high cholesterol diet, led to
the restoration of endothelial function, increased NO level
and vasodilation (Ignarro et al. 2001).

One of the known mechanisms of activation of ather-
osclerotic changes is apoptosis of endothelial cells. Con-
firming this, Sushek et al. (2003) demonstrated that the
expression of interleukin-1, tumor necrosis factor a and
interferon gamma in rats with the blocked arginase 2 gene
led to apoptosis of endothelial cells at the administration
of hydrogen peroxide. At the same time, at high levels of
nitric oxide, no cell death was observed, which suggested
a protective effect of arginine on endothelium.

An increase in the amount of ROS caused by a high
activity of arginase 2 is one of the reasons for the for-
mation of endothelial cell dysfunction in animals with
atherosclerosis. The same direct relationship is observed
in the development of coronary heart disease and vas-
cular disorders in patients with type 2 diabetes mellitus.
However, the effect of arginase on endothelial cells in
vivo has not been fully studied yet. Nevertheless, many

researchers agree that the formation of ROS is stimulat-
ed by pro-inflammatory factors and leads to an impaired
endothelial function.

Pro-inflammatory conditions in blood vessels have a
direct relationship with impaired endothelial function and
the development of atherosclerosis. The production of
cytokines stimulates the activity of arginase and reduces
the expression of the NO synthase gene, ultimately lead-
ing to an increase in the production of reactive oxygen
species. In this vein, Spillmann et al. (2014) studied the
relationship between liver X-receptors (LXR, a hormone
receptor involved in cholesterol reverse transport) and an
increased activity of tumor necrosis factor. The results
obtained by these researchers suggest that LXR agonists
decrease mRNA expression and arginase 2 activity, and
therefore, restore the bioavailability of NO.

Cai et al. (2020) focused on the study of inflammatory
factors responsible for the formation of endothelial dys-
function. They showed an increase in the arginase activity
in the aorta of rats when exposed to serum amyloid A-li-
poprotein produced by the liver.

Aneurysms are local balloon-like expansions in an ar-
terial wall, which are mainly caused by an impaired en-
dothelial function, a destroyed extracellular matrix and
a decreased number of smooth muscle cells. The forma-
tion of an aneurysm is based on the development of an
inflammatory process, accompanied by the activation of
oxidative stress and, as a result, by an increase in ROS
originating from macrophages, smooth muscle cells, fi-
broblasts, and endothelial cells. A recent study provides
the data confirming the crucial role of endothelial ROS
in aortic dissection in transgenic mice with endothelium
specific increased expression of NADPH oxidase 2. In the
studied cases, an increase in the reactive oxygen species
in blood was connected with an increase in episodes of
aortic dissection in response to stimulation by angiotensin
2 (Vandekeere et al. 2015; Rafii et al. 2016) ROS induce
endothelial cells to secrete cyclophillin A, which, in turn,
causes the activation of the inflammatory process of a
vessel wall, the production of matrix metalloproteinases
and remodelling of a vessel wall, which ultimately leads
to its dissection. Thus, in the prevention of aneurysm and
aortic dissection, the most important step is the correction
of metabolic disorders of endothelial cells.

Another mechanism contributing to the develop-
ment of endothelial dysfunction is shear stress, which
is a predisposing moment in the atheroma formation
process (Sonin et al. 2002). It is the stress acting along
the surface area (a vessel wall) and is part of the total
stress. Teupser et al. (2006), when studying pig carotid
endothelial cells, demonstrated an increased expression
of arginase 2 after induction of shear stress by an oscilla-
tory change compared to the level of this stress over the
previous three days. To confirm the role of this enzyme
in the described changes, a control group of animals was
introduced into the study, to which the arginase inhibitor —
hydroxy-nor-L-arginine (Nor-NOHA) was administered,
which led to a decrease in ROS production and an increase
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in the proliferation of smooth muscle cells of the vessel
wall. Regarding this effect, Xiong et al. (2017) studied
the role of arginase 2 in the proliferation of smooth mus-
cle fibres of a vessel wall using human umbilical veins as
an example and demonstrated that activation of this en-
zyme potentiated proliferative processes in vascular cells.
Xiong et al. (2017) also observed the progression of aging
and activation of apoptosis in the absence of arginine 2,
emphasizing the progression of atherosclerosis due to the
resulting weakness of the vascular layers. The adminis-
tration of thrombin into cells of a human umbilical vein
increased the expression of arginase 18 hours later, and
a peak effect was reached 24 hours later. In that study,
an HMG-CoA inhibitor fluvastatin, which distorts the
RhoA-ROCK pathway and leads to a decrease in argin-
ase expression under the influence of thrombin, was also
administered. The similar effects were observed in that
study with the administration of other ROCK inhibitors.

Studying the role of arginase 2 in inflammatory re-
actions, Ming et al. (2012) found its protective effect in
the development of insulin resistance, type 2 diabetes
and atherosclerosis in mice with a deficiency of this iso-
form. The group of researchers supervised by Weissman,
when comparing a vascular function between transgenic
C57BI1/6 mice with enhanced expression of the arginase 2
gene and control groups of animals, revealed an endothe-
lium-mediated vasodilation disorder induced by ACh in
the transgenic group. Those authors also proved that an
increased activity of arginase 2, regardless of the level of
lipids in plasma, was a sufficient reason for the develop-
ment of inflammatory changes and the formation of ather-
osclerosis (Zhang et al. 2015).

There is evidence in the literature that arginase has not
only a harmful effect on the functional state of endotheli-
um, but this enzyme can also have a beneficial effect on
the vessel wall. This ability, as the case may be, to play
either a protective or damaging role puts arginase in an
even more interesting perspective. For example, Teupser et
al. (2000), studying genes for predisposition to atheroscle-
rosis, showed that an increased expression of the arginase
1 gene in macrophages promotes resistance to atheroscle-
rotic changes, presumably by implementation of anti-in-
flammatory mechanisms. The atheroprotective role of this
isoform of arginases is realized in several ways, such as
differential activation of macrophages, modulation of an
inflammatory response in smooth muscle cells of a vessel
wall, and an impaired stability of an atherosclerotic plaque.

Arginase 2 as a potential
pharmacological target

As it follows from all the above data, an increase in the
arginase gene expression and/or a direct increase in its
activity undoubtedly leads to the formation of endothe-
lial dysfunction and the development of atherosclerotic
vascular changes. The main pathway for the action of

this enzyme is realized through a competitive effect on
NO synthase and a decrease in NO production (Iyer et al.
2002; Boger 2014).

In the early 1990s, arginase inhibitors were developed,
initially, to study the effects that occur when the activity
of this enzyme decreases. However, the observed effects
brought promising results in terms of correcting the en-
dothelial function, decreasing a cholesterol level, stabiliz-
ing blood pressure and normalizing metabolic disorders
(Morris et al. 1997).

Arginase inhibitors are classified into selective and
non-selective, as well as into specific, directly blocking the
enzyme itself, and non-specific, acting indirectly. In order
to inhibit arginase, there was an attempt made to use an in-
termediate compound of NO synthesis — N-hydroxy-L-ar-
ginine (NOHA). But the attempt failed due to the fact
that this substance was also a coenzyme of the P450 cy-
tochrome, and No-hydroxy-nor-L-arginine (nor-NOHA)
was synthesized to substitute it. Difluoromethylornithine,
which blocks ornithine decarboxylase and, accordingly,
increases the amount of arginine via uric acid metabolism,
was studied in vitro and in vivo as an arginase inhibitor.
A side effect of this substance was the development of
independent vascular reactions and the accumulation of
ornithine (Shi et al. 2001). Such substances as S-(2-bo-
ronoethyl)-L-cysteine, 2(S)-amino-6-hexanoic acid and
L-norvaline are also interesting in terms of blocking the
effects of arginase. The currently known arginase inhibi-
tors are low-selective or non-selective and affect both ar-
ginase 2 and arginase 1. In the experiment, hyperammone-
mia was observed in the mice with an arginase 1 knockout
gene and all the animals died on the 10-14% days of post-
natal development (Kasten et al. 2013). The identification
of such side effects of a decreased activity of arginase 1
indicates the relevance of searching for a highly selective
arginase 2 inhibitor with the expressed cardioprotective
and endothelioprotective properties. Moreover, at the mo-
ment there are no drugs from the group of selective argin-
ase 2 inhibitors at the global pharmaceutical market (Jung
et al. 2005; Salmito et al. 2015).

One of the recent clinical studies showed that arginase
inhibitors had a positive effect on endothelium in patients
with familial hypercholesterolemia. In patients with ath-
erosclerosis, endothelial dysfunction correlates with the
plasma content of natural arginine analogues, competitive
endogenous inhibitors of NO synthase. There are two such
substances: asymmetric dimethylarginine (ADMA) and
monomethylarginine (L-NMMA). A number of previous-
ly mentioned studies suggested a possible productive use
of L-arginine, both in monotherapy and in combination
with antihypertensive drugs in cases of endothelial dys-
function caused by ADMA and/or L-NMMA. In (Loya-
ga-Rendon et al. 2005), it was shown that such a therapy
(latter) clearly increased the activity of endothelial NO
synthase and, as a result, increased NO synthesis, which
was expressed in correcting endothelial dysfunction.

The data of the studies already completed as of todate
directly or indirectly confirm a high potential of even
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non-specific inhibition of arginase. For example, in rats
with metabolic syndrome treated with citrulline, norva-
line or ornithine, normalization of blood pressure levels
was observed compared with the control group. Such an
effect was achieved directly by the increase in the bio-
availability of nitric oxide and indirectly by reversing
hypertriglyceridemia and insulin resistance (Durante et
al. 2007; Xu et al. 2014). Holowatz and Kenney (2007)
proved the connection of essential arterial hypertension
with the reduced reflex vasodilation of skin vessels and
found that acute nonspecific inhibition of arginase re-
stored this reflex. Atorvastatin has a similar effect, its ad-
ministration for months resulted in the restoration of the
function of skin microcirculation vessels in patients with
hypercholesterolemia, and the observed effect was medi-
ated by a decrease arginase activity. The analysis of all the
studies whose results are available at the moment shows
that there are a number of metabolic processes catalyzed
by this enzyme, which can be potentially influenced in
order to correct cardiometabolic disorders.

Conclusion

At the moment, there are a large number of studies confir-
ming the participation of arginase in the regulation of the
bioavailability of nitric oxide, the formation of endotheli-
al dysfunction, the development of atherosclerosis, and a
number of other cardiovascular and metabolic disorders.
However, the pathophysiological mechanisms of the argi-
nase in various conditions are not completely clear, which
makes it imperative to describe in detail the molecular pa-
thways of the metabolism of this enzyme.

References

B Aldemir D, Tufan H, Tecder-Unal M, Tiirkoglu S, Ogiis E, Kayhan
Z, Haberal M (2003) Age-related alterations of oxidative stress and
arginase activity as a response to intestinal ischemia-reperfusion in
rat kidney and liver. Transplantation Proceedings 35(7): 2811-2815.
https://doi.org/10.1016/j.transproceed.2003.08.048 [PubMed]

B Ash DE, Cox JD, Christianson DW (2000) Arginase: a binuclear
manganese metalloenzyme. Metal Ions in Biological Systems 37:
407-428. [PubMed]

B Berkowitz DE, White R, Li D, Minhas KM, Cernetich A, Kim S,
Burke S, Shoukas AA, Nyhan D, Champion HC, Hare JM (2003)
Arginase reciprocally regulates nitric oxide synthase activity
and contributes to endothelial dysfunction in aging blood ves-
sels. Circulation 108(16): 2000-2006. https://doi.org/10.1161/01.
CIR.0000092948.04444.C7 [PubMed]

B Boger RH (2014) The pharmacodynamics of L-arginine. Alterna-
tive Therapies in Health and Medicine 20(3): 48-54. https:/doi.
org/10.1093/jn/137.6.1650S [PubMed]

B Buga GM, Singh R, Pervin S, Rogers NE, Schmitz DA, Jenkinson
CP, Cederbaum SD, Ignarro LJ (1996) Arginase activity in endothe-
lial cells: Inhibition by N(G)-hydroxy-L-arginine during high-output
NO production. American Journal of Physiology-Heart and Cir-

The main obstacle to a more accurate understanding of
the difference in the effects of the two isoforms of arginas-
es seems to be the difficulty in creating a specific inhibitor
for each of them. This difficulty is due to the great simi-
larity of the chemical structure of these enzymes (58%),
which have almost identical metal clusters and active site
configurations in their compositions. Nonspecific inhi-
bition of the activity of both arginases is a problem of
current studies, since it does not make it possible to deter-
mine which isoform the observed effects belong to.

Clinical trials are strictly limited, so few researchers have
evaluated the role of arginase in humans. The study of reac-
tions catalyzed by isoforms of this enzyme is a vast area for
the development of new methods of treatment and preven-
tion of many clinical conditions. A large number of effective
studies which have been carried out in recent decades in-
dicate the participation of arginase in the formation of en-
dothelial dysfunction, and, consequently, of cardiovascular
and metabolic diseases. The introduction of a pharmacologi-
cal agent selectively inhibiting the activity of arginase 2 into
a therapy of such conditions will significantly expand the
prospects for the correction of these pathological processes.

Thus, to identify the details of the mechanisms of tran-
scription, transduction, as well as the action of arginase it-
self and to develop pharmacological methods of affecting
these processes in the treatment and prevention of cardio-
vascular and metabolic diseases are a very promising area
for further research.

Conflict of interest

The authors have no conflict of interest to declare.

culatory Physiology 271(5): 1988-1998. https://doi.org/10.1152/
ajpheart.1996.271.5.H1988 [PubMed]

B Cai X, Ahmad G, Hossain F, Liu Y, Wang X, Dennis J, Freedman B,
Witting PK (2020) High-density lipoprotein (HDL) inhibits serum
amyloid a (saa)-induced vascular and renal dysfunctions in apolipo-
protein e-deficient mice. International Journal of Molecular Sciences
21(4): E1316. https://doi.org/10.3390/ijms21041316 [PubMed]

B Chaudhuri AC (1927) A study of arginase content in the fowl with spe-
cial reference to sex. The Journal of Experimental Biology 2(2): 97-101.

B Chicoine LG, Paffett ML, Young TL, Nelin LD (2004) Arginase in-
hibition increases nitric oxide production in bovine pulmonary arte-
rial endothelial cells. American Journal of Physiology. Lung Cellular
and Molecular Physiology 287(1): 60-68. https://doi.org/10.1152/
ajplung.00194.2003 [PubMed]

B Danilenko LM, Pokrovskii MV, Kesarev OG, Timokhina AS, Sernov
LN (2017) Derivatives of 5-hydroxynicotinic acid: New compounds
with cardioprotective action. Asian Journal of Pharmaceutics 11(3):
S640-S646. https://doi.org/10.22377/ajp.v11i03.1472

B Demougeot C, Prigent-Tessier A, Marie C, Berthelot A (2005) Argi-
nase inhibition reduced endothelial dysfunction and blood pressure

rising in spontaneously hypertensive rats. Journal of Hypertension


https://pubchem.ncbi.nlm.nih.gov/compound/Citrulline
https://pubchem.ncbi.nlm.nih.gov/compound/Norvaline
https://pubchem.ncbi.nlm.nih.gov/compound/Norvaline
https://pubchem.ncbi.nlm.nih.gov/compound/L-Ornithine
https://pubchem.ncbi.nlm.nih.gov/compound/Nitric-oxide
https://pubchem.ncbi.nlm.nih.gov/compound/Nitric-oxide
https://doi.org/10.1016/j.transproceed.2003.08.048
https://www.ncbi.nlm.nih.gov/pubmed/14612127
https://www.ncbi.nlm.nih.gov/pubmed/10693141
https://doi.org/10.1161/01.CIR.0000092948.04444.C7
https://doi.org/10.1161/01.CIR.0000092948.04444.C7
https://www.ncbi.nlm.nih.gov/pubmed/14517171
https://doi.org/10.1093/jn/137.6.1650S
https://doi.org/10.1093/jn/137.6.1650S
https://www.ncbi.nlm.nih.gov/pubmed/24755570
https://doi.org/10.1152/ajpheart.1996.271.5.H1988
https://doi.org/10.1152/ajpheart.1996.271.5.H1988
https://www.ncbi.nlm.nih.gov/pubmed/8945918
https://doi.org/10.3390/ijms21041316
https://www.ncbi.nlm.nih.gov/pubmed/32075280
https://doi.org/10.1152/ajplung.00194.2003
https://doi.org/10.1152/ajplung.00194.2003
https://www.ncbi.nlm.nih.gov/pubmed/14977627
https://doi.org/10.22377/ajp.v11i03.1472

Research Results in Pharmacology 6(1): 47-55

53

23(5): 971-978. https://doi.org/10.1097/01.hjh.0000166837.78559.93
[PubMed]

Dhawan V, Handu SS, Nain CK, Ganguly NK (2005) Chronic L-ar-
ginine supplementation improves endothelial cell vasoactive func-
tions in hypercholesterolemic and atherosclerotic monkeys. Molec-
ular and Cellular Biochemistry (1-2): 1-11. https://doi.org/10.1007/
s11010-005-1810-4 [PubMed]

Drexler H, Zeiher AM, Meinzer K, Just H (1991) Correction of endo-
thelial dysfunction in coronary microcirculation of hypercholestero-
laemic patients by L-arginine. Lancet 338(8782-8783): 1546—1550.
https://doi.org/10.1016/0140-6736(91)92372-9 [PubMed]

Durante W, Johnson FK, Johnson RA (2007) Arginase: a critical
regulator of nitric oxide synthesis and vascular function. Clinical
and Experimental Pharmacology and Physiology 34(9): 906-911.
https://doi.org/10.1111/j.1440-1681.2007.04638.x [PubMed] [PMC]
Eelen G, de Zeeuw P, Treps L, Harjes U, Wong BW, Carmeliet P
(2018) Endothelial cell metabolism. Physiological Reviews 98(1):
3-58. https://doi.org/10.1152/physrev.00001.2017 [PubMed] [PMC]
Fish RD, Nabel EG, Selwyn AP, Ludmer PL, Mudge GH, Kirshen-
baum JM, Schoen FJ, Alexander RW, Ganz P (1988) Responses
of coronary arteries of cardiac transplant patients to acetylcholine.
The Journal of Clinical Investigation 81(1): 21-31. https://doi.
org/10.1172/JCI113297 [PubMed] [PMC]

Furchgott RF, Zawadzki JV (1980) The obligatory role of endothe-
lial cells in the relaxation of arterial smooth muscle by acetylcho-
line. Nature 288(5789): 373-376. https://doi.org/10.1038/288373a0
[PubMed]

Gerstein HC, Miller ME, Byington RP, Goff Jr DC, Bigger JT, Buse
JB, Cushman WC, Genuth S, Ismail-Beigi F, Grimm Jr RH, Prob-
stfield JL, Simons-Morton DG, Friedewald WT (2008) Effects of
intensive glucose lowering in type 2 diabetes. The New England
Journal of Medicine 358(24): 2545-2559. https://doi.org/10.1056/
NEJMo0a0802743 [PubMed] [PMC]

Hein TW, Zhang C, Wang W, Chang CI, Thengchaisri N, Kuo L (2003)
Ischemia-reperfusion selectively impairs nitric oxide-mediated dilation
in coronary arterioles: counteracting role of arginase. FASEB Journal
17(15): 2328-2330. https://doi.org/10.1096/1].03-0115fje [PubMed]
Hemmrich K, Suschek CV, Lerzynski G, Kolb-Bachofen VV (2003)
iNOS activity is essential for endothelial stress gene expression pro-
tecting against oxidative damage. Journal of Applied Physiology 95(5):
1937-1946. https://doi.org/10.1152/japplphysiol.00419.2003 [PubMed]
Holowatz LA, Kenney WL (2007) Up-regulation of arginase activity
contributes to attenuated reflex cutaneous vasodilatation in hyper-
tensive humans. The Journal of Physiology 581(2): 863—872. https:/
doi.org/10.1113/jphysiol.2007.128959 [PubMed] [PMC]

Ignarro LJ, Buga GM, Wei LH, Bauer PM, Wu G, del Soldato P
(2001) Role of arginine-nitric oxide pathway in the regulation of vas-
cular smooth muscle cell proliferation. Proceedings of the National
Academy of Sciences of the United States of America 98(7): 4202—
4208. https://doi.org/10.1073/pnas.071054698 [PubMed] [PMC]
Iyer RK, Yoo PK, Kern RM, Rozengurt N, Tsoa R, O’Brien WE, Yu H,
Grody WW, Cederbaum SD (2002) Mouse model for human arginase
deficiency. Molecular and Cellular Biology 22(13): 4491-4498. https:/
doi.org/10.1128/MCB.22.13.4491-4498.2002 [PubMed] [PMC]

John S, Schmeider RE (2003) Potential mechanisms of impaired
endothelial function in arterial hypertension and hypercholester-
olemia. Current Hypertension Reports 5(3): 199-207. https://doi.
org/10.1007/s11906-003-0021-1 [PubMed]

Jung AS, Kubo H, Wilson R, Houser SR, Margulies KB (2005) Mod-
ulation of contractility by myocyte-derived arginase in normal and
hypertrophied feline myocardium. American Journal of Physiology.
Heart and Circulatory Physiology 290(5): 1756—-1762. https://doi.
org/10.1152/ajpheart.01104.2005 [PubMed]

Kasten J, Hu C, Bhargava R, Park H, Tai D, Byrne JA, Marescau B,
De Deyn PP, Schlichting L, Grody WW, Cederbaum SD, Lipshutz
GS (2013) Lethal phenotype in conditional late-onset arginase 1 de-
ficiency in the mouse. Molecular Genetics and Metabolism 110(3):
222-230. https://doi.org/10.1016/j.ymgme.2013.06.020 [PubMed]
Koklin IS, Danilenko LM (2019) Combined use of arginase II inhib-
itors and tadalafil for the correction of monocrotaline pulmonary hy-
pertension. Research Results in Pharmacology 5(3): 79-85. https://
doi.org/10.3897/rrpharmacology.5.39522

Kossel A, Dakin HD (1904) Uber salmin und clupein. Z. Pysiologisische
Chemie 41(5): 407-415. https://doi.org/10.1515/bchm2.1904.41.5.407
Korokin MV, Pokrovskiy MV, Novikov OO, Gudyrev OS, Gureev
VYV, Denisyuk TA, Korokina LV, Danilenko LM, Ragulina VA, Kon-
ovalova EA, Belous AS (2011) A model of hyperhomocysteine-in-
duced endothelial dysfunction in rats. Bulletin of Experimental
Biology and Medicine [Biulleten Eksperimental’noi Biologii i Med-
itsiny] 152(2): 213-215. https://doi.org/10.1007/s10517-011-1491-9
[PubMed] [in Russian]

Kovamees O, Shemyakin A, Eriksson M, Angelin B, Pernow J
(2015) Arginase inhibition improves endothelial function in patients
with familial hypercholesterolaemia irrespective of their cholester-
ol levels. Journal of Internal Medicine 279(5): 477—-484. https://doi.
org/10.1111/joim.12461 [PubMed]

Lefer AM, Lefer DJ (1996) The role of nitric oxide and cell adhesion
molecules on the microcirculation in ischemiareperfusion. Cardio-
vascular Research 32(4): 743-751. https://doi.org/10.1016/S0008-
6363(96)00073-9 [PubMed]

Li H, Meininger CJ, Hawker Jr JR, Haynes TE, Kepka-Lenhart D,
Mistry SK, Morris Jr SM, Wu G (2001) Regulatory role of arginase I
and I in nitric oxide, polyamine, and proline syntheses in endothelial
cells. American Journal of Physiology. Endocrinology and Metabo-
lism 280(1): 75-82. https://doi.org/10.1152/ajpendo.2001.280.1.E75
[PubMed]

Loscalzo J (2001) An experiment in nature: genetic L-arginine defi-
ciency and NO insufficiency. The Journal of Clinical Investigation
108(5): 663—664. https://doi.org/10.1172/JC113848 [PubMed] [PMC]
Loyaga-Rendon RY, Sakamoto S, Beppu M, Aso T, Ishizaka M,
Takahashi R, Azuma HA (2005) Accumulated endogenous nitric
oxide synthase inhibitors, enhanced arginase activity, attenuat-
ed dimethylarginine dimethylaminohydrolase activity and intimal
hyperplasia in premenopausal human uterine arteries. Athero-
sclerosis 178(2): 231-239. https://doi.org/10.1016/j.atherosclero-
5i5.2004.09.006 [PubMed]

Mapanga RF, Essop MF (2016) Damaging effects of hyperglycemia
on cardiovascular function: spotlight on glucose metabolic path-
ways. American Journal of Physiology. Heart and Circulatory Physi-
ology 310(2): 153—173. https://doi.org/10.1152/ajpheart.00206.2015
[PubMed]

Ming XF, Rajapakse AG, Yepuri G, Xiong Y, Carvas JM, Ruffieux J,
Scerri I, Wu Z, Popp K, Li J, Sartori C, Scherrer U, Kwak BR, Mon-
tani JP, Yang Z (2012) Arginase II promotes macrophage inflam-
matory responses through mitochondrial reactive oxygen species,
contributing to insulin resistance and atherogenesis. Journal of the


https://doi.org/10.1097/01.hjh.0000166837.78559.93
https://www.ncbi.nlm.nih.gov/pubmed/15834282
https://doi.org/10.1007/s11010-005-1810-4
https://doi.org/10.1007/s11010-005-1810-4
https://www.ncbi.nlm.nih.gov/pubmed/15786711
https://doi.org/10.1016/0140-6736(91)92372-9
https://www.ncbi.nlm.nih.gov/pubmed/1683971
https://doi.org/10.1111/j.1440-1681.2007.04638.x
https://www.ncbi.nlm.nih.gov/pubmed/17645639
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1955221/
https://doi.org/10.1152/physrev.00001.2017
https://www.ncbi.nlm.nih.gov/pubmed/29167330
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5866357/
https://doi.org/10.1172/JCI113297
https://doi.org/10.1172/JCI113297
https://www.ncbi.nlm.nih.gov/pubmed/3121675
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC442468/
https://doi.org/10.1038/288373a0
https://www.ncbi.nlm.nih.gov/pubmed/6253831
https://doi.org/10.1056/NEJMoa0802743
https://doi.org/10.1056/NEJMoa0802743
https://www.ncbi.nlm.nih.gov/pubmed/18539917
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4551392/
https://doi.org/10.1096/fj.03-0115fje
https://www.ncbi.nlm.nih.gov/pubmed/14563685
https://doi.org/10.1152/japplphysiol.00419.2003
https://www.ncbi.nlm.nih.gov/pubmed/12882997
https://doi.org/10.1113/jphysiol.2007.128959
https://doi.org/10.1113/jphysiol.2007.128959
https://www.ncbi.nlm.nih.gov/pubmed/17347269
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2075195/
https://doi.org/10.1073/pnas.071054698
https://www.ncbi.nlm.nih.gov/pubmed/11259671
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC31203/
https://doi.org/10.1128/MCB.22.13.4491-4498.2002
https://doi.org/10.1128/MCB.22.13.4491-4498.2002
https://www.ncbi.nlm.nih.gov/pubmed/12052859
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC133904/
https://doi.org/10.1007/s11906-003-0021-1
https://doi.org/10.1007/s11906-003-0021-1
https://www.ncbi.nlm.nih.gov/pubmed/12724051
https://doi.org/10.1152/ajpheart.01104.2005
https://doi.org/10.1152/ajpheart.01104.2005
https://www.ncbi.nlm.nih.gov/pubmed/16327014
https://doi.org/10.1016/j.ymgme.2013.06.020
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lethal+phenotype+in+conditional+late-onset+arginase+1+deficiency+in+the+mouse.
https://doi.org/10.3897/rrpharmacology.5.39522
https://doi.org/10.3897/rrpharmacology.5.39522
https://doi.org/10.1515/bchm2.1904.41.5.407
https://doi.org/10.1007/s10517-011-1491-9
https://www.ncbi.nlm.nih.gov/pubmed/22808463
https://doi.org/10.1111/joim.12461
https://doi.org/10.1111/joim.12461
https://www.ncbi.nlm.nih.gov/pubmed/26707366
https://doi.org/10.1016/S0008-6363(96)00073-9
https://doi.org/10.1016/S0008-6363(96)00073-9
https://www.ncbi.nlm.nih.gov/pubmed/8915192
https://doi.org/10.1152/ajpendo.2001.280.1.E75
https://www.ncbi.nlm.nih.gov/pubmed/11120661
https://doi.org/10.1172/JCI13848
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC209388/
https://doi.org/10.1016/j.atherosclerosis.2004.09.006
https://doi.org/10.1016/j.atherosclerosis.2004.09.006
https://www.ncbi.nlm.nih.gov/pubmed/15694929
https://doi.org/10.1152/ajpheart.00206.2015
https://www.ncbi.nlm.nih.gov/pubmed/26519027

54

Demchenko SA et al.:

Role of Arginase 2 as a potential pharmacological target for...

American Heart Association 1(4): €000992. https://doi.org/10.1161/
JAHA.112.000992 [PubMed] [PMC]

Morris CR, Kato GJ, Poljakovic M, Wang X, Blackwelder WC,
Sachdev V, Hazen SL, Vichinsky EP (2005) Dysregulated arginine
metabolism, hemolysis-associated pulmonary hypertension, and
limited substrate availability in sickle cell disease. JAMA 294(1):
81-90. https://doi.org/10.1001/jama.294.1.81 [PubMed] [PMC]
Morris Jr SM, Bhamidipati D, Kepka-Lenhart D (1997) Human type
II arginase: sequence analysis and tissue-specific expression. Gene
193(2): 157-161. https://doi.org/10.1016/S0378-1119(97)00099-1
[PubMed]

Pokrovskaya TG (2008) The role of pharmacological correction of
the metabolic pathway of L-arginine/NO in modeling nitric oxide
deficiency. Kuban Scientific Medical Journal [Kubanskiy Nauchnyy
Meditsinskiy Zhurnal] (4): 122—125. [in Russian]

Pokrovskii MV, Pokrovskaya TG, Gureev VV, Barsuk AA, Pro-
skuryakova EV, Korokin MV, Gudyrev OS, Belous AS, Kochkarov
VI, Danilenko LM, Levashova OV, Mal’tseva NV, Polyanskaya OS
(2012) Correction of endothelial dysfunction by L-arginine under
experimental pre-eclampsia conditions. Experimental and Clinical
Pharmacology [Eksperimentalnaya i Klinicheskaya Farmakologiya]
75(2): 14-16. [PubMed] [in Russian]

Pokrovsky MV, Pokrovskaya TG, Kochkarov VI, Artyushkova EB
(2008) Endothelioprotective effects of L-arginine in experimen-
tal modeling of nitric oxide deficiency. Experimental and Clinical
Pharmacology [Eksperimentalnaya i Klinicheskaya Farmakologiya]
71(2): 29-31. [PubMed] [in Russian]

Rafii S, Butler JM, Ding BS (2016) Angiocrine functions of or-
gan-specific endothelial cells. Nature 529(7586): 316-325. https:/
doi.org/10.1038/nature17040 [PubMed] [PMC]

Salmito FT, de Oliveira Neves FM, Meneses GC, de Almeida Leitao
R, Martins AM, Liborio AB (2015) Glycocalyx injury in adults with
nephrotic syndrome: Association with endothelial function. Clinica
Chimica Acta; International Journal of Clinical Chemistry 447: 55—
58. https://doi.org/10.1016/j.cca.2015.05.013 [PubMed]

Shi O, Morris Jr SM, Zoghbi H, Porter CW, O’Brien WE (2001)
Generation of a mouse model for arginase II deficiency by targeted
disruption of the arginase II gene. Molecular and Cellular Biology
21(3): 811-813. https://doi.org/10.1128/MCB.21.3.811-813.2001
[PubMed] [PMC]

Sonin DL, Syrensky AV, Galaguza MM, Nekrasova MK, Tsyrlin VA
(2002) The role of nitric oxide in the regulation of the extensibility of
arterial vessels in normo- and hypertensive rats. Arterial Hyperten-
sion [Arterialnaya Ghipertenziya] 6: 57—-64. [in Russian]

Spillmann F, Van Linthout S, Miteva K, Lorenz M, Stangl V, Schul-
theiss HP, Tschope C (2014) LXR agonism improves TNF-a-induced
endothelial dysfunction in the absence of its cholesterol-modulating
effects. Atherosclerosis 232(1): 1-9. https://doi.org/10.1016/j.ath-
erosclerosis.2013.10.001 [PubMed]

Steppan J, Tran HT, Bead VR, Oh'Y, Sikka G, Bivalacqua TJ, Bur-
nett AL, Berkowitz DE, Santhanam L (2016) Arginase inhibition re-
verses endothelial dysfunction, pulmonary hypertension, and vascu-
lar stiffness in transgenic sickle cell mice. Anesthesia and Analgesia
123(3): 652-658. https://doi.org/10.1213/ANE.0000000000001378
[PubMed] [PMC]

Teupser D, Burkhardt R, Wilfert W, Haffner I, Nebendahl K, Thiery
J (2006) Identification of macrophage arginase I as a new candidate

gene of atherosclerosis resistance. Arteriosclerosis, Thrombosis,
and Vascular Biology 26(2): 365-371. https://doi.org/10.1161/01.
ATV.0000195791.83380.4c [PubMed]

Topal G, Brunet A, Walch L, Boucher JL, David-Dufilho M (2006)
Mitochondrial arginase II modulates nitric-oxide synthesis through
nonfreely exchangeable L-arginine pools in human endothelial cells.
The Journal of Pharmacology and Experimental Therapeutics 318(3):
1368-1374. https://doi.org/10.1124/jpet.106.103747 [PubMed]
Tousoulis D, Antoniades C, Tentolouris C, Goumas G, Stefanad-
is C, Toutouzas PL (2002) L-Arginine in cardiovascular disease:
dream or reality? Vascular Medicine 7(3): 203-211. https://doi.
org/10.1191/1358863x02vm434ra [PubMed]

Vandekeere S, Dewerchin M, Carmeliet P (2015) Angiogenesis re-
visited: an overlooked role of endothelial cell metabolism in vessel
sprouting. Microcirculation 22(7): 509-517. https://doi.org/10.1111/
micc.12229 [PubMed]

Verdegem D, Moens S, Stapor P, Carmeliet P (2014) Endothelial cell
metabolism: parallels and divergences with cancer cell metabolism.
Cancer and Metabolism 2: 19. https://doi.org/10.1186/2049-3002-2-
19 [PubMed] [PMC]

Villalba N, Sackheim AM, Nunez IA, Hill-Eubanks DC, Nelson MT,
Wellman GC, Freeman K (2016) Traumatic brain injury causes en-
dothelial dysfunction in the systemic microcirculation through argi-
nase-1-dependent uncoupling of endothelial nitric oxide synthase.
Journal of Neurotrauma 34(1): 192-203. https://doi.org/10.1089/
neu.2015.4340 [PubMed] [PMC]

White AR, Ryoo S, Li D, Champion HC, Steppan J, Wang D,
Nyhan D, Shoukas AA, Hare JM, Berkowitz DE (2007) Knock-
down of arginase I restores NO signaling in the vasculature of old
rats. Hypertension 47(2): 245-251. https://doi.org/10.1161/01.
HYP.0000198543.34502.d7 [PubMed]

Woo A, Shin W, Cuong TD, Min B, Lee JH, Jeon BH, Ryoo S (2013)
Arginase inhibition by piceatannol-3’-O-B-D-glucopyranoside im-
proves endothelial dysfunction via activation of endothelial nitric
oxide synthase in ApoE-null mice fed a high-cholesterol diet. Inter-
national Journal of Molecular Medicine 31(4): 803—810. https://doi.
org/10.3892/ijmm.2013.1261 [PubMed]

Xiong Y, Yepuri G, Montani JP, Ming XF, Yang Z (2017) Arginase-II
deficiency extends lifespan in mice. Frontiers in Physiology 8: 682.
https://doi.org/10.3389/fphys.2017.00682 [PubMed] [PMC]

Xu Y, An X, Guo X, Habtetsion TG, Wang Y, Xu X, Kandala S,
Li Q, Li H, Zhang C, Caldwell RB, Fulton DJ, Su Y, Hoda MN,
Zhou G, Wu C, Huo Y (2014) Endothelial 6-phosphofructo-2-kinase
(PFKFB3) plays a critical role in angiogenesis. Arteriosclerosis,
Thrombosis, and Vascular Biology 34(6): 1231-1239. https://doi.
org/10.1161/ATVBAHA.113.303041 [PubMed] [PMC]

Yakushev VI, Gureev VV, Pokrovsky TV, Korokin MV, Gudyrev
OS, Pokrovskaya TG, Beskhmelnitsyna EA, Litvinova AS, Elagin
VV (2015) Endothelioprotective and cardioprotective activity of
a selective arginase II inhibitor in experiment. Kuban Scientific
Medical Journal [Kubanskiy Nauchnyy Meditsinskiy Zhurnal] (3):
139-142. [in Russian]

Zhang E, Guo Q, Gao H, Xu R, Teng S, Wu Y (2015) Metformin
and resveratrol inhibited high glucose-induced metabolic memory of
endothelial senescence through SIRT1/p300/p53/p21 pathway. PLoS
One. 10: e0143814. https://doi.org/10.1371/journal.pone.0143814
[PubMed] [PMC]


https://doi.org/10.1161/JAHA.112.000992
https://doi.org/10.1161/JAHA.112.000992
https://www.ncbi.nlm.nih.gov/pubmed/23130157
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3487353/
https://doi.org/10.1001/jama.294.1.81
https://www.ncbi.nlm.nih.gov/pubmed/15998894
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2065861/
https://doi.org/10.1016/S0378-1119(97)00099-1
https://www.ncbi.nlm.nih.gov/pubmed/9256072
https://www.ncbi.nlm.nih.gov/pubmed/22550853
https://www.ncbi.nlm.nih.gov/pubmed/18488903
https://doi.org/10.1038/nature17040
https://doi.org/10.1038/nature17040
https://www.ncbi.nlm.nih.gov/pubmed/26791722
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4878406/
https://doi.org/10.1016/j.cca.2015.05.013
https://www.ncbi.nlm.nih.gov/pubmed/26027550
https://doi.org/10.1128/MCB.21.3.811-813.2001
https://www.ncbi.nlm.nih.gov/pubmed/11154268
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC86672/
https://doi.org/10.1016/j.atherosclerosis.2013.10.001
https://doi.org/10.1016/j.atherosclerosis.2013.10.001
https://www.ncbi.nlm.nih.gov/pubmed/24401210
https://doi.org/10.1213/ANE.0000000000001378
https://www.ncbi.nlm.nih.gov/pubmed/27537757
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5032625/
https://doi.org/10.1161/01.ATV.0000195791.83380.4c
https://doi.org/10.1161/01.ATV.0000195791.83380.4c
https://www.ncbi.nlm.nih.gov/pubmed/16284191
https://doi.org/10.1124/jpet.106.103747
https://www.ncbi.nlm.nih.gov/pubmed/16801455
https://doi.org/10.1191/1358863x02vm434ra
https://doi.org/10.1191/1358863x02vm434ra
https://www.ncbi.nlm.nih.gov/pubmed/12553744
https://doi.org/10.1111/micc.12229
https://doi.org/10.1111/micc.12229
https://www.ncbi.nlm.nih.gov/pubmed/26250801
https://doi.org/10.1186/2049-3002-2-19
https://doi.org/10.1186/2049-3002-2-19
https://www.ncbi.nlm.nih.gov/pubmed/25250177
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4171726/
https://doi.org/10.1089/neu.2015.4340
https://doi.org/10.1089/neu.2015.4340
https://www.ncbi.nlm.nih.gov/pubmed/26757855
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5198065/
https://doi.org/10.1161/01.HYP.0000198543.34502.d7
https://doi.org/10.1161/01.HYP.0000198543.34502.d7
https://www.ncbi.nlm.nih.gov/pubmed/16380531
https://doi.org/10.3892/ijmm.2013.1261
https://doi.org/10.3892/ijmm.2013.1261
https://www.ncbi.nlm.nih.gov/pubmed/23443634
https://doi.org/10.3389/fphys.2017.00682
https://www.ncbi.nlm.nih.gov/pubmed/28943853
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5596098/
https://doi.org/10.1161/ATVBAHA.113.303041
https://doi.org/10.1161/ATVBAHA.113.303041
https://www.ncbi.nlm.nih.gov/pubmed/24700124
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4120754/
https://doi.org/10.1371/journal.pone.0143814
https://www.ncbi.nlm.nih.gov/pubmed/26629991
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4668014/

Research Results in Pharmacology 6(1): 47-55 55

Author contributions

B Sergey A. Demchenko, PhD student, Department of Pharmacology and Clinical Pharmacology, e-mail: demchen-
koserg@mail.ru The author was engaged in collecting, analyzing and interpreting the data for the paper.

B Ivan S. Koklin, surgeon of the Surgical department, e-mail: ikoklin@mail.ru. Under the supervision of the scien-
tific consultant, the author conducted an analysis of Russian and foreign literature.

B Natalya Y. Koklina, assistant of the Department of Traumatology and Orthopedics, e-mail: ikoklin@mail.ru, OR-
CID ID http://orcid.org/0000-0002-2109-8882. The author prepared final copy of the manuscript to be sent to the
editorial office.


mailto:demchenkoserg@mail.ru
mailto:demchenkoserg@mail.ru
mailto:ikoklin@mail.ru
mailto:ikoklin@mail.ru
http://orcid.org/0000-0002-2109-8882

	Role of Arginase 2 as a potential pharmacological target for the creation of new drugs to correct cardiovascular diseases
	Abstract
	Introduction
	Role of arginase 2 in the development of a number of cardiovascular diseases
	Arginase 2 as a potential pharmacological target
	Conclusion
	Conflict of interest
	References
	Author contributions

