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Abstract
Ischemic stroke is the third leading cause of death and disability worldwide, with no available satisfactory prevention or 
treatment approach. The current treatment is limited to the use of “reperfusion methods,” i.e., an intravenous or intra-arterial 
infusion of a fibrinolytic agent, mechanical removal of the clot by thrombectomy, or a combination of both methods. It should 
be stressed, however, that only approximately 5% of all acute strokes are eligible for fibrinolytic treatment and fewer than 
10% for thrombectomy. Despite the tremendous progress in understanding of the pathomechanisms of cerebral ischemia, the 
promising results of basic research on neuroprotection are not currently transferable to human stroke. A possible explanation 
for this failure is that experiments on in vivo animal models involve healthy young animals, and the experimental protocols 
seldom consider the importance of protecting the whole neurovascular unit (NVU), which ensures intracranial homeostasis 
and is seriously damaged by ischemia/reperfusion. One of the endogenous protective systems activated during ischemia and 
in neurodegenerative diseases is represented by neuropeptide Y (NPY). It has been demonstrated that activation of NPY 
Y2 receptors (Y2R) by a specific ligand decreases the volume of the postischemic infarction and improves performance in 
functional tests of rats with arterial hypertension subjected to middle cerebral artery occlusion/reperfusion. This functional 
improvement suggests the protection of the NVU. In this review, we focus on NPY and discuss the potential, multidirectional 
protective effects of Y2R agonists against acute focal ischemia/reperfusion injury, with special reference to the NVU.
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Introduction

Ischemic stroke is a major clinical and socioeconomic prob-
lem of the aging population in industrialized countries. The 
World Health Organization (WHO) estimates that every year 
approximately 15 million people across the world suffer 
from ischemic stroke, 5 million of whom die, which makes 
ischemic stroke the third leading cause of death worldwide 
[1, 2]. Many of those who survive an ictus become inca-
pacitated, facing difficulties in performing daily activities.

The current treatment for ischemic stroke is limited to 
the use of “reperfusion methods”, i.e., an intravenous or 
intra-arterial infusion of a thrombolytic agent such as a 
recombinant tissue plasminogen activator (rt-PA, alteplase); 
mechanical removal of the clot by surgical intravascular 
intervention; or a combination of these methods [2–4]. 
These therapies involve a serious risk of complications, such 
as hemorrhagic transformation and secondary brain edema, 
which may further exacerbate a patient’s condition or lead to 
death [5]. In addition, it should be stressed that only approxi-
mately 5% of all acute strokes are eligible for fibrinolytic 
treatment [6] and fewer than 10% for thrombectomy [7].

Despite the tremendous progress in understanding the 
pathomechanisms of cerebral ischemia, the promising 
results of basic research on neuroprotection are not cur-
rently transferable to human stroke. One explanation for 
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this failure is that experiments on in vivo animal mod-
els involve healthy young animals that do not suffer from 
arterial hypertension, hyperlipidemia, diabetes, or cardiac 
arrhythmia, all of which are well-known risk factors of 
human stroke [8]. This, in addition to the single-target 
treatment approach, without protection of glial cells and 
blood vessels, might be the major reason for the failure of 
experimentally recognized neuroprotective strategies to be 
transferred to the bedside.

It has become obvious that basic research should take into 
consideration the complexity of the ischemic pathophysiol-
ogy and its accompanying diseases. Ischemia-related pro-
cesses affect all cell types in the brain, including the immune 
system [9, 10]. This fact has been overlooked for a long time 
as most experimental studies on protecting against ischemia 
only focused on the protection of neurons [11]. This attitude 
changed when the concept of the multicomponent neurovas-
cular unit (NVU) was introduced in 2001 to accentuate the 
importance of the strong and unique coupling between brain 
cells (neurons and astrocytes) and the cerebral microvascu-
lature (https:// www. ninds. nih. gov/ About- NINDS/ Strat egic- 
Plans- Evalu ations/ Strat egic- Plans/ Stroke- Progr ess- Review- 
Group). However, to date, no therapy targeting the NVU has 
been proposed for patients with acute stroke.

Over the last few decades, attention has been paid to ther-
apies based on endogenous protective and repair processes 
[12]. These processes, occurring in parallel with a damaging 
cascade of excitotoxicity, involve the release of the inhibi-
tory neurotransmitter GABA and adenosine and the activa-
tion of ATP-sensitive  K+ channels to oppose excitotoxicity, 
anti-inflammatory and anti-apoptotic signaling, and repair/
regeneration processes.

One class of endogenous substances with potential pro-
tective properties are neuropeptides, which serve as cotrans-
mitters or neuromodulators under physiological circum-
stances and are known to also be activated in response to 
brain injury and in neurodegenerative diseases [13]. Due to 
the absence of specific reuptake mechanisms and their spe-
cial kinetics, neuropeptides exert long-lasting effects. One 
of the most abundant neuropeptides in the brain, expressed 
by multiple neuronal systems, is neuropeptide Y (NPY) [14, 
15]. The biological actions of this peptide in mammals are 
mediated by 5 types of specific receptors, namely Y1, Y2, 
Y4, Y5, and Y6 [16]. It has been demonstrated that the acti-
vation of Y2 receptors (Y2R) by a specific ligand decreases 
the volume of the postischemic infarction and improves gait 
parameters in rats with arterial hypertension subjected to 
middle cerebral artery occlusion/reperfusion [17, 18]. The 
functional improvement suggests the protection of the NVU. 
In this minireview, we focus on Y2R and discuss the poten-
tial, multidirectional protective effects of the specific ligands 
of these receptors against acute focal ischemia/reperfusion 
injury, with special reference to the NVU.

On How the Ischemic Cascade Affects 
the Neurovascular Unit

The NVU is a structural and functional entity composed 
of neurons, astrocytes, and the microvascular endothe-
lium, which, together with perivascular astrocytic foot 
processes, pericytes, and the extracellular matrix, form 
the blood–brain barrier (BBB). These structural compo-
nents are intimately and reciprocally linked to each other 
to ensure brain homeostasis, including an efficient system 
of microflow control [19]. Disintegration and dysfunction 
of the NVU due to cerebral ischemia leads to loss of the 
normal function of the ischemic region. During the first 
minutes of focal cerebral ischemia, the ischemic region 
becomes spatially divided into an ischemic core with 
insufficient blood flow (oxygen and glucose supplies) to 
retain cellular integrity and a surrounding penumbra where 
the collateral flow maintains sufficient oxygen and glu-
cose levels to ensure cellular integrity for some time. The 
cells located in the ischemic core cannot be salvaged and 
undergo necrosis, while those in the penumbra die slowly 
over time via apoptosis and may be rescued. Therefore, 
the aim of therapy in stroke is to save the penumbra. The 
ischemia-induced processes occurring in the core of the 
infarct include the failure of ATP production and, in con-
sequence, the inability to maintain the membrane poten-
tial, leading to  Na+ and  Ca2+accumulation within cells and 
an increase of the extracellular  K+ concentration.

Intracellular accumulation of ions is associated with 
the passive influx of water into cells, i.e., cytotoxic/ionic 
edema and disintegration of neurovascular unit [20]. 
Edema can result in the compression of microvessels in 
the penumbra in the vicinity of the core of the infarct and 
can further decrease perfusion. Edema can also decom-
pensate the intracranial volume-pressure relationship, 
resulting in increases of intracranial pressure and second-
ary vascular compression. The increase of the intracel-
lular concentration of  Ca2+ results in an excessive release 
of the excitatory aminoacid glutamate, the generation of 
oxygen and nitrogen-free radicals, and the activation of 
 Ca2+-dependent catabolic enzymes. In addition, glial cells 
deprived of ATP lose their ability to buffer potassium ions 
and to remove glutamate from the extracellular space [19]. 
The glutamate accumulating and diffusing in the extracel-
lular space leads to excitotoxicity, whereas the increased 
concentration of extracellular potassium ions together with 
glutamate triggers peri-infarct depolarizations (PIDs) [21].

Both glutamate and PIDs are the main factors that 
gradually recruit the penumbral zone to the ischemic core. 
Glutamate, diffusing in the interstitial space, reaches the 
penumbra and excites ionotropic and metabotropic recep-
tors in a non-physiological, excessive, and prolonged 
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manner, resulting in energy depletion, in an influx of 
 Ca2+ into the cytosol, and subsequently, the gradual death 
of cells located in the penumbra due to the activation of 
 Ca2+-dependent catabolic enzymes and the induction of 
apoptosis [22, 23].

Intracellular accumulation of  Ca2+ occurs not only as a 
result of prolonged activation of NMDA receptors. There 
are at least three other  Ca2+ permeable membrane chan-
nels activated during brain ischemia. One of them is acid-
sensing ion channel (ASIC1a), activated due to metabolic 
acidosis, largely caused by recurrent episodes of PIDs [24, 
25]. Opening of this channel significantly increases the intra-
cellular pool of calcium ions, and contributes to neuronal 
death in the penumbra [26, 27]. The remaining two chan-
nels belong to the superfamily of cation/Ca2+ exchangers, 
represented by  K+-independent (NCXs) and  K+-dependent 
 Na+-Ca2+ exchangers (NCKXs) [28, 29]. Both channels are 
bi-directional membrane ion transporters. Depending on the 
energetic state of the cell and ionic intra- and extracellular 
fluid composition, these channels may conduct in forward 
(calcium exit) or reverse (calcium entry) mode. The partici-
pation of these channels in ischemic neuronal death has been 
well documented [30–32].

The loss of energy/ionic homeostasis disrupts the com-
munication of neurons with glial and endothelial cells. 
Astrocytes exposed to glutamate toxicity, similar to neurons, 
suffer from  Ca2+overload, cytotoxic edema, and mitochon-
drial depolarization, followed by free radical damage [33]. 
In addition, the cerebral microvasculature in the penumbra 
loses its physiological regulation due to the impairment of 
endothelial/smooth muscle cells function caused by oxi-
dative/nitrosative stress, amplified by progressive inflam-
matory processes [34–36]. In consequence, excitotoxicity 
causes the disintegration and dysfunction of the NVU.

Transient PIDs, spreading from the core into the penum-
bra, also promote the enlargement of the core, by recruit-
ing penumbra. It has been demonstrated that the infarction 
volume is correlated positively with the number of PIDs 
[37, 38]. PIDs also result in damage to the NVU due to the 
activation of metalloproteinases and disruption of the BBB 
[39]. The severity of ischemic BBB damage and the degree 
of vasogenic edema have been reported to correlate with the 
number of PID episodes [39]. PIDs may also deepen micro-
flow deficits in the cerebral cortex in the penumbra due to 
the constriction of microvessels [40, 41]. The degradation 
of the extracellular matrix of microcirculatory endothelial 
cells by metalloproteinases and the decreased synthesis of 
integrin α6β4 in astrocytes disrupt astrocyte-endothelium 
communication [42].

The damage to the NVU in the penumbra can be exac-
erbated by reperfusion [43–45]. This phenomenon, known 
as reperfusion injury, has a multifactorial etiology. First, 
during reperfusion, complex PIDs and cycles of hyperemia/

hypoperfusion, with elevations of extracellular potassium 
ions to vasoconstrictive concentrations, continue and deepen 
the neurovascular uncoupling [41]. Reperfusion and PIDs 
may also lead to further dysfunction of the vascular inwardly 
rectifying potassium (Kir) channels, which adds to the dete-
rioration of the neurovascular coupling [46–48].

In addition, leukocytes activated by oxidative stress 
upon the restoration of tissue perfusion play a critical role 
in reperfusion injury. Leukocytes release metalloprotein-
ases, which, in addition to having neurotoxic properties, 
degrade the extracellular matrix and tight junctions proteins 
of the BBB [49]. The leaky BBB allows more leukocytes 
to infiltrate brain tissue, where they release proinflamma-
tory cytokines and cause inflammation [50]. Furthermore, 
activated leukocytes express adhesion molecules and inter-
act with aggregating platelets, forming leukocyte-platelet 
aggregates that adhere to the inner walls of the capillaries 
and venules, resulting in an obstruction of the microcircula-
tion [35, 51]. Additionally, activated platelets may release 
vasoconstrictors, such as ATP and thromboxane  A2, and 
chemotactic mediators, attracting migrating leukocytes [52, 
53]. Due to the no-reflow phenomenon, the microvessels will 
be not perfused despite the successful recanalization of the 
clotted larger inflow vessel. No-reflow may also be caused 
by compression of the smallest microvessels by the swollen 
perivascular astrocytic end-feet processes.

Activated leukocytes produce oxygen-free radicals 
(mainly superoxide anion,  O2−). The main  O2−-producing 
enzyme found in leukocytes and macrophages is NADPH 
oxidase, which also occurs abundantly in endothelial cells 
stimulated by cytokines and in the presence of an increased 
intracellular  Ca2+ concentration [54–56]. Superoxide anion 
interacts with nitric oxide to produce the highly toxic nitro-
gen-free radical peroxynitrite [57–59].

All of these processes can lead to hemorrhagic transfor-
mation during reperfusion and contribute to the aggravation 
of BBB damage, vasogenic brain edema, and increase of 
the influx of leukocytes into the brain parenchyma. These 
complications significantly reduce the usage of rt-PA [45].

Basic Concepts of a Multitarget Treatment of Stroke 
to Ensure NVU Protection

Taking into consideration the mechanisms responsible for 
the ischemic brain damage and the endogenous processes 
that counteract the evolution of ischemia-related degenera-
tion, we attempt to characterize the ideal protective com-
pound (Fig. 1). The protectant should be applied in the early 
emergency phase, when the viable penumbra still exists, to 
support the recruitment of collaterals to prolong the viability 
of the penumbra. At the same time, the protectant should 
inhibit the overstimulation of neurons and activation of 
glial cells by counteracting the cascade associated with the 
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 Ca2+ overload of these cells. Stabilization of the membrane 
potentials and ionic/water homeostasis of cells located in 
the penumbral/ischemic area are the most important goals 
in this early phase. The substance should also reduce oxida-
tive/nitrosative stress and exhibit anti-inflammatory prop-
erties. Deactivation of leukocytes will significantly reduce 
the level of free radical stress in inflammatory cells and in 
the endothelium by reducing the concentration of proin-
flammatory cytokines. All of these actions will stabilize the 
integrity of the NVU during the acute phase of ischemic 
stroke. The ideal protective compound should also inhibit 
the adverse phenomena associated with reperfusion, such as 
the propagation of PIDs and activation of proinflammatory 
leukocytes, and, in the later phase of reperfusion, support 
endogenous repair processes, such as angiogenesis and neu-
rogenesis. Selective agonists of Y2R seem to fulfill most of 
these criteria, as will be discussed below.

The Protective Potential of Y2 Receptors 
Against Acute Ischemic NVU Injury

The Distribution and Physiological Functions of Y2 
Receptors in the Central Nervous System (CNS)

Neuropeptide Y Y2 receptor is a member of the class A 
family of seven-transmembrane G protein–coupled recep-
tors. The human Y2R consists of 381 amino acids, and its 
preferred native agonists (unselective) are NPY and peptide 
YY. Interestingly, the endothelial serine protease dipepti-
dyl peptidase 4 cleaves full-length NPY1-36 into NPY3-
36, which selectively activates Y2 receptors [60, 61]. There 
are also several synthetic Y2R-specific ligands, such as the 
C-terminal NPY fragment (13–36) [NPY13-36] and other 
peptide and nonpeptide compounds [62, 63]. The genes that 
encode Y2R are localized in the 4q31 chromosomal segment 

in humans, and in rat and mouse, the Y2R gene is in the 
2q31 and 3 E3 segments, respectively [64–67]. More than 
92% of the amino acid sequence of Y2R is similar across 
mammals, which emphasizes the importance of Y2R in criti-
cal metabolic processes [68].

The distribution and density of the Y2 receptor in the 
CNS varies depending on the anatomical location. In 
humans, in situ hybridization studies of postmortem brain 
tissues have revealed high levels of the Y2R-mRNA signal in 
neurons throughout the cortical regions, the CA2 region of 
the hippocampus, the lateral geniculate nucleus, the amyg-
dala, the substantia nigra, the hypothalamus, and the cerebel-
lum and low levels of the Y2R-mRNA in the striatum [69]. 
Similarly, in the rat brain, Y2R is widely expressed. Y2R-
mRNA is located within the hippocampus, hypothalamus, 
and amygdala. In the cerebral cortex, the signal is present at 
a low level [70]. Data obtained from agonist-induced bind-
ing autoradiography of Y2R in the rat brain further supports 
the above mentioned distribution based on transcript identi-
fication. Functional detection of Y2R confirms the distribu-
tion of the receptor throughout the cortical and subcortical 
parts of the rat brain [71]. In mice, immunohistochemical 
studies of the location of Y2R also showed the common 
presence of this receptor in many brain regions, including 
cortical areas, the basal forebrain, the nucleus accumbens, 
the amygdala, the hippocampus, the hypothalamus, and the 
substantia nigra compacta. At the synaptic level, the Y2R 
protein can be found both pre- and postsynaptically, with the 
predominance of presynaptic location [72, 73].

Y2R has been also detected in human cerebral astrocytes 
and in the neurons of monkey and rat spinal cords [74, 75]. 
Y2 receptors are also present in the endothelium of cerebral 
blood vessels, as demonstrated by functional study on iso-
lated rat middle cerebral arteries (MCA), in which a selec-
tive agonist of Y2R was used [76]. According to this study, 
Y2R activation leads to a dose-dependent vasodilation of rat 

Fig. 1  The time course of spatio-temporal infarct evolution without (A) and with a protective treatment (B) and fundamental concepts of the 
ischemic stroke therapy (C). The detailed explanation is provided in the text
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MCAs. This response is mediated by endothelial nitric oxide 
(NO) and the activation of cGMP-dependent relaxation of 
smooth muscle cells.

Y2R is involved in the modulation of many physiological 
processes in the CNS, such as stress and emotional reactions, 
circadian rhythms, memory processes, energetics/appetite, 
and blood pressure regulation [77, 78]. The main function 
of Y2R in all these processes is the inhibition of the release 
of neurotransmitters from presynaptic terminals, among oth-
ers, the inhibition of the release of excitatory glutamic acid 
[79, 80]. This observation is the basis for research on the 
neuroprotective potential of neuropeptide Y and its analogs 
that selectively activate Y2R.

Y2 Receptor Stimulation Exerts Protective Effects 
in Experimental Stroke Models

Experimental research provides evidence that the agonists 
of Y2Rs may be promising candidates for stroke treatment 
and may include multiple targets [17, 18, 81]. There is a 
direct demonstration of the protective effect of Y2R stimu-
lation against in vitro and in vivo excitotoxicity and in cer-
ebral ischemia studies, in which anY2R selective agonist 
(NPY13-36) was used [17, 81]. These studies demonstrated 
for the first time that NPY13-36 could exert significant 
protection on neurochemical, structural, and behavioral 
changes after stroke. The protective effects were observed 
when the compound was applied during ischemia and in 
the reoxygenation/reperfusion phase. The similar result was 
found in animals with essential arterial hypertension [18]. 
Interestingly, a significant increase in NPY immunostain-
ing has been reported in the cerebral cortex in peri-infarct 
regions after permanent middle cerebral artery occlusion in 
rats [82]. Figure 2 presents an analysis of the results of the 
degree/extent of the damage in in vitro and in vivo mod-
els of cerebral ischemia. A subgroup mini meta-analysis 
(two subgroups, both with n = 2 studies) was performed 
according to Higgins JPT et al. [83, 84] and Goh JX et al. 
[85]. This analysis revealed significantly large effect sizes 
(total effect size: RMSSE = 1.29, Z = 6.11, P < 0.00001) 
and a high resemblance of the efficiency magnitude of the 
action of NPY13-36 against ischemic cell death in all the 
applied modes of the treatment (total heterogeneity: I2 = 2%, 
P = 0.38). This result demonstrates the comparable effects of 
the magnitude of treatment with the Y2R agonist in models 
consisting only of neurons (neuronal cultures) and in mod-
els including the whole neurovascular unit (rats). There was 
also no difference between normotensive and hypertensive 
rats (subtotal heterogeneity within the MCAO/R subgroup: 
I2 = 0%, P = 0.37). This finding suggests that the Y2R ago-
nist protects not only neurons but also other components 
of the NVU against ischemia/reperfusion, and it is only as 
effective in protecting the ischemic brain of the animals with 

concomitant arterial hypertension as that without comor-
bidities. Despite the lack of significant total heterogeneity, 
NPY13-36 was probably more coherently effective in in vivo 
models, which better explains its total effect—as indicated 
by the large statistical weight of the in vivo subgroup (sub-
total weight = 68.7%)—in comparison with the in vitro sub-
group (subtotal weight = 31.3%).

Putative Mechanisms of the Y2R‑Related Protective 
Effects in Experimental Stroke Models

Recruitment of Collateral Flow to the Penumbra 
by the Activation of Endothelial NOS

The penumbra, which is supplied with some oxygen dur-
ing ischemia, suffers from more oxidative/nitrosative stress 
than the core, which results in a reduction of endothelial 
nitric oxide production [86, 87] and the constriction of the 
blood vessels supplying the penumbra. Stimulation of Y2R 
by a selective agonist might increase collateral flow to the 
penumbra by increasing endothelial NO production and 
vasodilation [76]. The effect of the selective stimulation of 
Y2R on collateral flow in the ischemic brain has not been 
reported to date. However, based on the temporal profile data 
regarding the functional state of endothelial NO synthase 
after MCA occlusion/reperfusion in rat, the improvement of 
collateral flow after stimulation of Y2R should be possible 
for at least 6 h after ischemia/reperfusion. Yagita et al. have 
shown that endothelial NO synthase (eNOS) mRNA and 
protein expression, as well as eNOS-ser117 phosphorylation, 
increases by a few-fold in the ischemic penumbra up to 6 h 
after MCA occlusion/reperfusion [88]. NO released after 
Y2R stimulation, will not only increase blood flow to the 
penumbra but also will inhibit platelet and leukocytes adhe-
sion and scavenge oxygen free radicals [89]. This, in turn, 
will oppose vessel plugging and no-reflow of the microcir-
culation. All of these actions should improve the survival of 
the penumbra.

Counteraction of the Overexcitation of Cells 
in the Penumbra by Inhibiting cAMP/PKA Activity

Y2R is a metabotropic receptor associated with  Giα subu-
nit of the G protein. The activation of this receptor results 
in inhibition of the activity of adenylyl cyclase (AC), and 
decrease in the intracellular cyclic adenosine monophos-
phate (cAMP) concentration and the associated protein 
kinase A (PKA) activity. This ultimately decreases neuronal 
excitation. As already mentioned, neuronal overexcitation 
during the course of ischemia is mainly caused by glutamic 
acid, which stimulates the NMDA, AMPA, and metabo-
tropic receptors, and by unbuffered  K+, which accumulates 
in the extracellular space and increases the spread of PIDs. 
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Although the main intracellular mediator associated with 
the stimulation of NMDA receptors is  Ca2+, the intracellular 
concentration of cAMP also increases when these receptors 
are activated. The increase in intracellular concentration 

of cAMP occurs secondary to the stimulation of adenylyl 
cyclase by the  Ca2+/calmodulin complex [90].

Cyclic AMP has been demonstrated to be an important 
intracellular messenger of the signaling associated with 

Fig. 2  The forest plot presenting the comparison of the effects of 
a selective agonist of Y2 receptor – NPY 13–36 on the ischemic 
damage in  vitro (OGD, neuronal cell culture) measured as cellu-
lar mortality-survival level and in  vivo (MCAO/R in two strains of 
rats) measured as infarction volume at 72  h after 90-min focal cer-
ebral ischemia/reperfusion. The results of each model have been cal-
culated to a common measure, a standardized effect size – RMSSE. 
On the forest plot, squares and horizontal lines represent individual 
study RMSSE and 90% confidence intervals (CI) and diamonds rep-
resent overall weighted mean RMSSE and 90% CI. The random-
effects subgroup meta-analysis (in vitro subgroup and in  vivo sub-
group) revealed high significances of overall weighted mean effect 
sizes (P = 0.00001–0.0004) and absence of significant heterogeneity 
(I2) between them (total) and within the subgroups/models (subtotal). 
Note that all confidence intervals are overlapping and Total I2 = 2%, 
P = 0.38. This result demonstrates comparable effects magnitude of 
treatment with Y2R agonist both in models consisting only of neu-
rons (neuronal cultures) and in models comprising whole neurovascu-
lar unit (rats). There is also no difference between normotensive and 
hypertensive rats. This suggests that Y2R activation protects not only 
neurons but also other components of NVU against ischemic dam-
age, also in the rat model of essential arterial hypertension. The com-
paratively analyzed Y2R treatment models have parallel types and 
numbers of groups (“only ischemia,” “treatment during ischemia,” 
and “treatment 30  min after ischemic episode”). NPY13-36 doses 
applied: OGD model – 1 µM added to the culture media; MCAO/R 
models – 10 µg/6 µl administered into the lateral cerebral ventricle. 
RMSSE – the root mean square standardized effect; SE – the standard 
error of effect size; CI – confidence interval; heterogeneity was tested 
by Cochrane’s Q  (chi2) at a significance level of P < 0.09 and quanti-
fied by I2 – inconsistency value, which tells what part of the observed 
variance reflects the true variation of effects, not caused by sampling 
error (I2 ≥ 25% is a considerable heterogeneity) [Higgins JPT, et  al., 
2003]; OGD – 3-h oxygen–glucose deprivation of mouse primary 
neuronal cortical cultures model; MTT – 3-[4,5-dimethyl-thiazol-
2-yl]-2,5-diphenyltetrazolium bromide, a degree of its reduction is 

an indicator of cell culture viability; LDH – lactate dehydrogenase, 
a concentration of which in the culture media indicates the level of 
cells damage. MCAO/R – 90-min middle cerebral artery occlusion 
with reperfusion model in rats; TTC – 2,3,5-triphenyltetrazolium 
chloride, TTC staining indicates the extent of infarct volume in brain 
coronal sections. Domin H., et  al. (2017) (OGD and MCAO/R in 
normotensive rats models); Przykaza L., et  al. (2016) (MCAO/R in 
hypertensive rats model). The statistical procedure of the subgroup 
mini meta-analysis [Goh J.X. et al., 2016] by generic inverse variance 
method was conducted as follows: three groups were considered for 
analysis, based on creation of three-group one-way ANOVA parallel 
models. In the OGD model: OGD group (control group), Y2R ago-
nist before and after OGD, Y2R agonist 30 min after OGD; in both 
MCAO/R models: MCAO/R group (control group), MCAO/R Y2R 
agonist during ischemia, MCAO/R Y2R agonist 30 min after reperfu-
sion. Data from the results of the OGD model (means and standard 
errors of the means) were extracted morphometrically from the pub-
lished graphs using the WebPlotDigitizer off-line software [Drevon 
D., et al., 2017]. Group sizes were taken from the published text (in 
MCAO/R hypertensive rats model the size of groups is: n = 10, n 
= 7, n = 6). In each one-way ANOVA model, the post hoc analysis 
revealed significant intergroup diversity between control and both 
groups with Y2R agonist (same effects directions). Based on means, 
SEMs and outputs of one-way ANOVA models and standardized 
effect sizes were calculated for each entire ANOVA model – the root 
mean square standardized effect (RMSSE). Standard errors of effect 
sizes were estimated based on modification of Wald test: SE = effect 
size/Z, where Z is the standard normal deviate corresponding to the 
P value (one-tailed normal distribution table) given from one-way 
ANOVA F-test [Higgins J.P.T., et  al., 2019]. The subgroups were 
assigned based on the in vitro or in vivo type of model experimental 
procedure. Subgroup random-effects meta-analysis (with the related 
forest plot) was done using the RevMan 5.3 software (Review Man-
ager 5.3, Copenhagen: The Nordic Cochrane Centre, The Cochrane 
Collaboration, 2014)
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the activation of NMDA receptors. It has been shown that 
intracellular cAMP enhances the release of excitatory neu-
rotransmitters by increasing  Ca2+ secretion from the smooth 
endoplasmic reticulum (SER) as a result of the phospho-
rylation of ryanodine receptors (RyR) by PKA and the 
increased opening probability of this channel [91]. In addi-
tion, activation of the adenylyl cyclase/cAMP/PKA path-
way facilitates exocytosis [92]. Moreover, cyclic AMP and 
protein kinase A enhance transmission through the NMDA 
receptor channel, which indicates that the excitability of 
this channel is increased by PKA-dependent phosphoryla-
tion [93]. Similarly, activation of AC/cAMP signaling in 
striatal neurons facilitates corticostriatal transmission and 
potentiates the excitatory effects of activation of the NMDA 
and AMPA receptors [94]. It is widely known that neurons 
located in the striatum synthesize large amounts of adenylyl 
cyclase and that an increase in the intracellular cAMP level 
increases their excitation [95, 96]. Importantly, increases 
in AC activity and in the intracellular cAMP concentration 
have also been observed in cerebral ischemia models [97]. 
This cellular excitation can also be potentiated by inhibit-
ing the conductance of Kir channels through activation of 
cAMP/PKA pathway [98]. An increase in the intracellular 
cAMP level was also detected during the course of corti-
cal spreading depression caused by KCl application on the 
rat cerebral cortex surface in vitro and in vivo [99, 100] 
and during the course of epileptic-like audiogenic seizures 
in epilepsy-prone rats [101]. On the other hand, the acute 
increase of the intracellular cAMP concentration in nonex-
citable astrocytes will attenuate glutamate reuptake through 
endocytosis of glutamate transporters GLT-1 and GLAST 
[102–104]. This enhances and prolongs the excitation of the 
postsynaptic neuron.

In addition, acute increase of the activity of astrocytic 
cAMP/PKA signaling leads to phosphorylation of aqua-
porin-4 (AQP4), which ultimately increases water perme-
ability of the membrane, and promotes cytotoxic edema of 
astrocytes [20, 105, 106]. In regard to astrocytic AQP4, it 
has been demonstrated that this protein significantly contrib-
utes to the propagation of depolarizing waves by increasing 
the extracellular concentration of  K+ [107].

Taken together, administration of cAMP inhibitors 
(such as an agonist of Y2R) during acute phase of cerebral 
ischemia, should suppress ischemia-induced excitotoxicity 
and cytotoxic edema.

There are no data available in the accessible literature 
on the inhibition of postischemic excitotoxicity and/or PIDs 
after stimulation of Y2R. However, Y2R stimulation has 
been demonstrated to suppress excitotoxicity in epileptic 
attacks, both in experiments as well as in patients suffering 
from epilepsy [108–112]. The intracellular mechanisms con-
nected with the suppression of neuronal excitability during 
the stimulation of Y2 receptors consist, in addition to the 

direct inhibition of cAMP/PKA signaling, of attenuation of 
the conductance of the N and P/Q calcium channels [78, 80] 
and an increase in the conductance of the Kir channels [113]. 
Inhibition of calcium channels results in decreased exocy-
tosis, whereas increased conductance of the Kir channels 
leads to hyperpolarization of the neuronal membrane and 
decreased excitability of the cell. Moreover, decrease of the 
cAMP/PKA signaling may also suppress the conductance 
of ASIC1a channels and diminish toxic calcium overload 
[114, 115]. Reductions of ischemic energetic/ionic distur-
bances and excitotoxicity, achieved through Y2R activation, 
should protect the cross-talk between the neuron and the 
astrocyte as the most important part of the neurovascular 
unit coherence.

Inhibition of Oxidative/Nitrosative Stress, 
Neuroinflammation, and Apoptosis

Oxidative and nitrosative stress during ischemia are conse-
quences of excitotoxicity and an increased intracellular  Ca2+ 
concentration, which stimulate cyclooxygenase and neuronal 
nitric oxide synthase (nNOS) to generate prostanoids and 
NO, respectively [86, 87]. During the generation of these 
compounds, a free radical superoxide is formed. The reac-
tion of the superoxide anion with NO results in the produc-
tion of a very aggressive nitrogen-free radical peroxinitrate. 
Peroxynitrite promotes lipid peroxidation, mitochondrial and 
DNA damage, protein nitration and oxidation, depletion of 
antioxidant reserves, and breakdown of the blood–brain bar-
rier [59]. These free radicals are produced during ischemia, 
mainly in the penumbra and particularly upon reperfusion 
[86]. Although there is no direct proof that stimulation of 
Y2R receptors results in the inhibition of lipid peroxidation 
during ischemia, such an effect has been demonstrated in the 
hippocampus and in the prefrontal cortex in mice after an 
intraventricular injection of amyloid-β [116].

Reactive oxygen/nitrogen species are known to activate 
sterile inflammation, which means activation of resident 
microglia and infiltration of peripheral leukocytes into the 
brain parenchyma [117]. In this context, it has been reported 
that peripheral monocytes express Y2 receptors and that the 
stimulation of these receptors can significantly reduce the 
recruitment of monocytes into the brain [118]. According to 
recently published data, selective activation of Y2 receptors 
decreased the number of activated microglia and inducible 
NOS positive cells, as well as reduced the levels of proin-
flammatory TNF-alpha and NF-kB in the brain in a mouse 
model of Huntington’s disease [119]. All in all, these data 
strongly suggest that activation of Y2R in the acute stroke 
may inhibit neuroinflammation.

Furthermore, inhibition of calpain/caspase 3 apoptotic 
pathway observed after administration of a selective Y2R 
agonist in in vitro model of brain ischemia [17, 61] points 
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to a direct inhibition of apoptosis, the main mechanism of 
cell death in the penumbra. In the context of apoptosis, it 
is worth to mention that selective stimulation of Y2R is 
protective against methamphetamine neurotoxicity, up- and 
downregulating the protein levels of anti-apoptotic Bcl-2 and 
pro-apoptotic Bax, respectively [120].

Stimulation of the Endogenous Repair Processes: 
Angiogenesis and Neurogenesis

Angiogenesis is a complex process involving the formation 
of new blood vessels and is regulated by many growth fac-
tors. The most important of these growth factors are basic 
fibroblast growth factor (bFGF) and vascular endothelium 
growth factor (VEGF). In the adult organism, angiogenesis 
is stimulated mainly under pathological situations.

Postischemic damage to the BBB induces regenerative 
angiogenesis in the mature rat brain [121, 122] as well as in 
stroke patients, as documented by histological and immuno-
histochemical studies of postmortem tissue [123]. Experi-
mental studies on animal models show that angiogenesis can 
be induced as soon as the first day after an ischemic episode 
[121, 122] and is postulated to be one of the endogenous 
regenerative processes after experimental and human stroke 
[124, 125].

Y2R agonists are known to play a role in the induction/
progression of angiogenesis [125–128]. The potency and 
efficacy of Y2R ligands in stimulating angiogenesis have 
been shown to be similar to FGF and VEGF [126, 129, 
130]. It has been suggested that NPY Y2R ligands may 
act upstream of VEGF and FGF and may be a key factor 
or master “on switch” to initiate angiogenesis [126, 131]. 
Stimulation of Y2R has been shown to induce angiogenesis 
through endothelial cell proliferation, survival, and migra-
tion [126, 132, 133]. There are no data on the stimulation of 
postischemic angiogenesis by agonists of Y2R in the brain, 
but the positive effects of Y2R stimulation on postischemic 
angiogenesis in the myocardium and skeletal muscles are 
well documented [61, 126, 128]. Furthermore, Robich MP 
et al. proved a significant decrease of antiangiogenic factors 
endo- and angiostatin—in the ischemic myocardium of the 
animals treated with selective agonist of Y2R [61]. Thus, 
it can be assumed with high probability that activation of 
Y2R will result in the stimulation of angiogenesis in the 
penumbra in ischemic/postischemic brain.

As far as adult neurogenesis is concerned, there is a good 
evidence that NPY stimulates neurogenesis and this process 
depends mainly on the activation of Y1 receptor, but some, 
although scanty, publications indicate that Y2 receptors may 
be also involved [134, 135]. Alvaro et al.’s study has shown 
that retinal neural cell proliferation increased twofold when 
treated with a selective Y2R agonist NPY13-36 and this 
effect was completely abolished by Y2R antagonist [135]. 

As similar, but less potent effect was caused by administra-
tion of Y1 and Y5 receptor agonists, the authors concluded 
that NPY stimulated neurogenesis through an oligomer 
composed by Y1, Y2, and Y5 receptors. In the case of an 
oligomer receptor, administration of an antagonist of one 
of the components of the oligomer is enough to block this 
complex. The possibility that NPY receptors form homo- or 
heterodimers was suggested by some functional and molecu-
lar studies [133, 136].

In the context of angio- and neurogenesis, it should be 
mentioned that these processes are related. It has been 
demonstrated that cerebral endothelial cells activated by 
ischemia promote proliferation and differentiation of neural 
stem cells, while neural progenitor cells isolated from the 
ischemic subventricular zone promote angiogenesis [137].

Although there are no data on the direct effect of Y2R 
stimulation on postischemic neurogenesis in the brain, it has 
been documented that selective Y2R agonist upregulated 
expression of brain-derived neurotropic factor (BDNF), 
one of the most important stimulators of neurogenesis in 
the adult brain, in the mouse model of Huntington’s disease 
[119].

Therapeutic Perspective

Clinically, combating recurrent episodes of cortical spread-
ing depolarizations, excitotoxicity, and neuroinflammation 
while supporting repair mechanisms is extremely important 
not only in acute ischemic stroke but also in other neuro-
logical diseases, such as subarachnoid hemorrhage, trau-
matic brain injury, and epilepsy or migraine. All of these 
diseases also lead to the degeneration of the NVU; hence, 
its protection as well as induction of its regeneration is very 
important.

Agonists of Y2R receptors might be promising protect-
ants of the NVU against acute cerebral ischemia with rep-
erfusion; however, many more animal studies are needed 
to confirm the proposed role of this peptide as a multitar-
get protectant. It would be particularly important to study 
the role of NPY 13–36 in the endogenous protection of the 
NVU.

A compound which protects neurovascular unit against 
ischemia/reperfusion could be a support of traditional reca-
nalization methods but, although this idea seems attrac-
tive, there is a long way to go before clinical trials may be 
proposed.

The utility of NPY ligands as potential therapeutics is 
also limited due to the presence of the BBB; however, trials 
are currently being conducted on the delivery of peptides 
to the brain. It has been demonstrated in a few studies that 
when using cell-penetrating peptides (CPPs) as carriers of 
nonpenetrating compounds, the delivery of such compounds 
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to cells is possible. In a study by Bright et al., an antagonist 
of δ-PKC (that did not penetrate the BBB) conjugated to a 
CPP significantly reduced the brain infarct area and neuro-
logical deficit after intra-arterial or intraperitoneal admin-
istration in rats after MCAO/R [138]. Moreover, several 
therapeutics conjugated to CPPs, after successful preclinical 
studies, have been tested in clinical trials [139].

Summary of the Hypothetical Mechanisms 
of the Protection of NVU Against Acute 
Ischemia/Reperfusion by Activation of NPY2 
Receptors

In this minireview, we summarize the basic knowledge of 
the putative mechanisms that underlie the defense against 
ischemia/reperfusion injury of the brain elicited by stimu-
lation of Y2R. Currently, there is not much data about the 
exact mechanisms of Y2R in stroke, which is why most 
of the mechanisms proposed here come from research on 
diseases that have a partially similar pathophysiology to 
ischemic stroke. However, based on the presented experi-
mental evidence, the mechanisms underlying the complex 
protective effects of Y2R agonists in ischemic stroke are 
worth to be studied.

The hypothetical mechanism of NVU protection by the 
activation of neuropeptide Y Y2 receptors (Y2R) in the 

ischemic penumbra during acute cerebral ischemia and 
early reperfusion is presented in Fig. 3. In the presynaptic 
site (upper left corner), Y2R stimulation leads to inhibi-
tion of the conductance of voltage-gated calcium channels 
(VGCC), which results in a decrease of the influx of extra-
cellular calcium ions  (Ca2+) into the presynaptic terminal. 
Simultaneously, reduction of adenylate cyclase and cAMP/
PKA activity leads to decrease of ryanodine receptor (RyR) 
phosphorylation which reduces  Ca2+ mobilization from the 
smooth endoplasmic reticulum (SER). The total concentra-
tion of  Ca2+ in the presynaptic nerve ending does not rise 
as much as without Y2R stimulation, and less glutamate 
is released into the synaptic cleft. Activation of Y2R in 
the postsynaptic terminal (lower left corner) results in the 
decrease of intracellular cAMP/PKA activity and ultimately 
in the reduction of the excitability of the NMDA receptor. 
Furthermore, activation of Y2R results in opening of the 
G protein–coupled inwardly rectifying potassium channel 
(Kir), which allows K + ions to live the cell and hyperpo-
larizes the postsynaptic site. All in all, the transmission 
of the excitatory signal is decreased. In turn, activation of 
Y2R in the peri-synaptic astrocyte (middle) and decrease of 
intracellular cAMP/PKA activity results in the decreased 
internalization of membrane glutamate transporters (GLT-1) 
and allows more effective removal of the neurotransmitter 
from the synaptic cleft. All of these processes tend to quench 
neurons and may alleviate glutamate excitotoxicity and 

Fig. 3  Hypothetical mechanisms of NVU protection by the activation 
of neuropeptide Y Y2 receptors (Y2R) in the NVU in the ischemic 
penumbra activated during acute phase of cerebral ischemia and rep-
erfusion. The detailed description is provided in the text. Legend: 
AQP4 – aquaporin-4,  Ca2+ – calcium ions, cAMP – 3’,5’-cyclic aden-
osine monophosphate, eNOS – endothelial nitric oxide synthase, Kir 
– G protein-coupled inwardly rectifying potassium channel, GLT-1 

– glutamate transporter 1,  H2O – water molecule,  K+ – potassium 
ion,  Na+ – sodium ion, NF-kB – nuclear factor kappa B, NMDA-R 
– N-methyl-D-aspartate receptor (glutamate receptor), NO – nitric 
oxide, PKA – cAMP-dependent protein kinase (protein kinase A), 
SER – smooth endoplasmic reticulum, VGCC – voltage-gated cal-
cium channel
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peri-infarct depolarizations. Moreover, inhibition of cAMP/
PKA signaling in astrocytes by Y2R agonist decreases phos-
phorylation of AQP4 protein which results in the internali-
zation of this water channel and reduces astrocytic edema 
in acute stroke. Simultaneously, activation of Y2R in the 
endothelial cells (right) stimulates nitric oxide synthase 
(eNOS) and nitric oxide (NO) production. NO ensures relax-
ation of smooth muscle cells of precapillary vessels, thus 
increasing blood flow to the penumbral/oligemic regions. 
Increased production of endothelial NO results also in the 
suppression of inflammation due to the inhibition of nuclear 
factor kappa B (NF-kB). Moreover, binding of NPY13-36 
to Y2R on monocytes results in decrease of their activation 
and adhesion to the vascular wall (not shown). Inhibition 
of monocyte activation results in alleviation of oxidative/
nitrosative stress, which may reduce the no-reflow effect and 
the production of ROS during reperfusion.
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