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Ischemic stroke, caused by impaired blood flow to the brain, remains one of the medical conditions associated
with high mortality and long-term disability. Ischemia followed by recanalization of the occluded vessel
(via thrombolysis or thrombectomy) triggers a cascade of biochemical events in the affected brain regions,
resulting in ischemia-reperfusion injury and neuronal death. Conventional treatment of ischemic stroke,
involving the use of antithrombotic and neuroprotective agents, is not always sufficiently effective or safe.
Regenerative medicine, particularly stem cell transplantation, has emerged as a promising therapeutic
approach for cerebral ischemia-reperfusion injury. Numerous experimental studies, along with some
clinical trials, have investigated various types of stem cells. Stem cell-based therapy holds the potential to
develop more effective and comprehensive strategies targeting neuroregeneration in the ischemia-damaged
brain. This review aims to provide an updated perspective on acute cerebral ischemia-reperfusion, with
particular emphasis on the underlying pathogenesis and morphological changes in both the ischemic core
and penumbra, as well as the therapeutic prospects of stem cell-based interventions for cerebroprotection
in acute ischemic stroke.
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INTRODUCTION

Cerebral stroke is a pathological condition
that belongs to emergency states. Among the
different types of stroke, ischemic strokes occur
much more frequently, accounting for 65-87%
of cases, while hemorrhagic strokes (including
intracerebral hematomas and subarachnoid
hemorrhages) represent only 10-20% [1].

A characteristic feature of stroke course is
the rapid and often irreversible development of
pathophysiological and biochemical processes,
frequently resulting in neuronal death and even
the destruction of entire brain regions. These
processes include [2]:

- a decrease in cerebral blood flow;

- a reduction in the synthesis of macroergic
substances, such as ATP (adenosine triphos-
phate);

- dysfunction of active ion transport;
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- activation of the glutamate cascade,
involving excessive glutamate release from
presynaptic terminals of ischemic neurons into
the intercellular space;

- calcium release from the intracellular
stores;

- activation of multiple enzymes - phos-
pholipase, xanthine oxidase, and calpain
protease - as well as accumulation of arachido-
nic acid;

- oxidative stress with accumulation of free
radicals and reactive forms of oxygen;

- inflammation and genetically programmed
neuron death.

The use of advanced diagnostic methods for
acute cerebrovascular accidents, particularly
neuroimaging, has enabled the study of cerebral
ischemia and its progression at the molecular
level, contributing to the development of modern
concepts of ischemic stroke pathogenesis [3, 4].
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Pathological mechanisms of cerebral
ischemia-reperfusion injury

Contemporary understanding of ischemic
stroke pathogenesis involves the concept of a
threshold level of cerebral blood flow. When
blood flow drops below this critical threshold,
oxygen supply becomes insufficient, resulting
in ischemia [5]. Impaired venous outflow also
plays a significant role in this process [2]. The
resulting hypoxia triggers an acute energy deficit
in neurons, initiating the “ischemic cascade”, a
sequence of molecular and cellular events that
ultimately leads to irreversible damage to ner-
vous tissue [6]. Researchers have distinguished
a specific sequence of metabolic disturbances
that occur during the progression of acute brain
ischemia. The initial response is triggered when
cerebral blood flow falls below 55 ml/100 g/min,
leading to the suppression of protein synthesis
[7]. A further decrease to below 35 ml/100
g/min activates anaerobic glycolysis. When
cerebral perfusion drops below 20 ml/100 g/
min, neuronal bioelectrical activity, a requisite
to hold energy stockpiles, is inhibited, this is
accompanied by the excessive release of excit-
atory neurotransmitters such as glutamate and
aspartate [8]. When cerebral blood flow criti-
cally declines to 10-12 ml/100 g/min or less (the
lower ischemic threshold), anoxic depolariza-
tion of cell membranes occurs within 6-8 min,
ATP synthesis ceases, membrane function is
disrupted, and neurons lose potassium while ac-
cumulating calcium, sodium, and water through
osmosis [8]. These processes leads to necrosis of
neurons, glial cells, and endothelial cells, lead-
ing to the infarct core formation. Clinically, this
is manifested by signs of neurological deficit
[5, 7]. Surrounding the infarct core is a border
zone that forms within the first hours of cerebral
ischemia. In this region, cerebral blood flow is
reduced to approximately 18-20 ml/100 g/min
(the upper ischemic threshold). Here, although
synaptic transmission is impaired, cellular
energy supply and ion pump function remain
intact [9]. Cells in this zone are less severely
affected by ischemia and remain viable for a
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limited period (typically 3-6 h), with cell death
primarily occurring via apoptosis. This area is
known as the ischemic penumbra [10, 11]. In the
penumbra, the deficits in glucose and oxygen are
less severe, allowing cells to generate a limited
amount of ATP. Cells in the “ischemic penum-
bra” may either progress to irreversible dam-
age, thus expanding the infarct area, or recover
normal function if perfusion is rapidly restored
[12]. The time during which these cells remain
viable and capable of recovery is referred to as
the “therapeutic window”, the critical period
when treatment is most effective [13]. Accord-
ing to current understanding, neurodestruction
caused by ischemia is accompanied by patho-
biochemical cascades complex. These begin
primarily with impaired energy metabolism
and mitochondrial dysfunction, leading to the
excessive production of reactive oxygen species
and nitric oxide, excitotoxicity, disruption of
the blood-brain barrier, inflammation, and the
expression of pro-apoptotic proteins. Together,
these processes result in neuronal death and the
impairment of sensory, motor, and cognitive
functions [13, 14].

The formation of an ischemic focus in acute
cerebral blood flow disorders is accompanied
by destructive and degenerative changes in
the cytoarchitecture of nervous tissue. This is
evidenced by a reduction in neuronal area and
density, as well as a decrease in nucleic acid
content. Reduced cerebral blood supply, resulting
from either cerebral artery occlusion or central
hemodynamic disturbances, limits the delivery of
oxygen and glucose to the brain. In the necrotic
core, where oxygen and glucose levels are
critically low, glycolysis is activated, but ATP
production is insufficient. This is accompanied by
excessive lactate accumulation, depletion of ATP
reserves, and failure of the sodium-potassium
pump, all of which contribute to mitochondrial
dysfunction. It is now well established that
increased lactate production leads to both
intracellular and extracellular acidosis [15].

Acidosis occurring and spreading within the
penumbra zone of cerebral infarction promotes
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the interaction of acid-sensing ion channel la
(ASICla) with receptor-interacting protein
kinase 1 (RIP1) and its activation. RIP1 is critical
effector of inflammatory responds and activates
cell death through both caspase-dependent
apoptosis and caspase-independent necroptosis
[16]. In addition, the acidic environment, along
with calpain activation, increases lysosomal
membrane permeability, allowing the release of
lysosomal proteases, cathepsins and hydrolases,
into the cytosol, leading to autolysis [17].

Nerve cells also lose K™ ions and remain
in a state of sustained depolarization due to
the opening of voltage-dependent sodium and
calcium channels, as well as the activation of
N-methyl-D-aspartate (NMDA) and a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors [14, 18]. This leads to
elevated intracellular concentrations of Na* and
Ca?', resulting in increased osmotic pressure and
enhanced water influx into the cells, causing
cytotoxic swelling in brain tissue [8, 19].

Cells swell and eventually undergo plasma
membrane rupture, releasing their contents,
including neurotransmitters, into the interstitial
space. This allows glutamate to bind to NMDA
receptors on neighboring and even distant cells.
The accumulation of glutamate and aspartate
in the synaptic cleft leads to overactivation
of ionotropic glutamate receptors. As a result,
intracellular calcium concentration increases,
while potassium ions accumulate in the extra-
cellular space [13, 14]. A high intracellular
Ca?" level activate various enzymes, including
phospholipases, calpains, and proteases, which
contribute to cytoskeletal degradation [14].
This form of cell death, known as oncosis (or
necrosis), affects not only neurons but also
astrocytes and oligodendrocytes [10].

To develop modern approaches to pathoge-
netic therapy for ischemic stroke, it is essential
to determine which type of cellular destruction
prevails during acute cerebral blood flow
impairment. From the standpoint of evidence-
based medicine, thrombolytic therapy is currently
the standard treatment for ischemic stroke [12].
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However, the restoration of perfusion in
the ischemic zone can exacerbate metabolic
disturbances, this leads to the development of
reperfusion injury in brain tissue. Destruction
of desmosomes and increased spacing between
neurons facilitate the spread of both free
radicals and secondary messengers, affecting
neighboring intact cells and thereby expanding
the lesion area [6, 11]. Under conditions of
acute cerebral blood flow disruption, apoptotic
cell death predominates over necrotic one, as it
can induce all the factors involved in secondary
neuronal damage. In ischemia-reperfusion
(IR) conditions, IR modelling clinically ref-
lects the post-perfusion cerebral injury after
thrombolysis, most neurons undergo apoptosis
[20].

Apoptotic cell death is not followed by
inflammation development, as membrane
integrity is not disturbed. During apoptosis,
cells undergo DNA fragmentation, degradation
of cytoskeletal and nuclear proteins, protein
cross-linking, and the formation of apoptotic
bodies, which are subsequently subjected to
phagocytosis. Thus, apoptotic neuronal death is
considered a ‘lesser evil’ compared to necrosis,
offering certain advantages for the brain despite
the overall reduction in cell number [21].

Multiple mechanisms contribute to cell
destruction in the penumbra zone. Reactive
oxygen species (ROS), along with glutamate
binding to NMDA and other glutamate receptors,
increase intracellular Ca®" concentration. This
increase in calcium promotes mitochondrial
permeability and the release of cytochrome
C and apoptosis-inducing factor into the
cytoplasm, initiating both caspase-dependent
and caspase-independent apoptotic pathways
[22]. Excessive intracellular calcium and a sharp
rise in oxidative processes also stimulate nitric
oxide synthesis. When ROS production exceeds
the capacity of the antioxidant defense system,
oxidative stress develops [23].

Increased intracellular calcium activates
calpains, which cleave pro-apoptotic Bcl-2
family protein, promoting their mitochondrial
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translocation with formation of pores in the
outer mitochondrial membrane. This ensures
the release of subsequent cytochrome C in the
intrinsic or mitochondrial pathway of apoptosis
[22].

Necroptosis is a form of regulated necrosis in
which RIP1 phosphorylates and activates RIP3,
leading to the expression and activation of mixed-
lineage kinase domain-like protein (MLKL).
Phosphorylated MLKL then oligomerizes at
the plasma membrane, ultimately disrupting
membrane integrity [24]. Apoptosis-inducing
factor (AIF), released from mitochondria
following the opening of the mitochondrial
permeability transition pore, translocates to the
nucleus where it induces chromatin degradation
and activates poly(ADP-ribose) polymerase
(PARP). The PARP product, poly(ADP-ribose),
inhibits hexokinase, resulting in bioenergetic
collapse and triggering a distinct form of cell
death known as parthanatos [21, 22].

The principal sources of reactive oxygen
species (ROS) in brain tissue are nicotinamide
adenine dinucleotide phosphate (NADPH)
oxidase, xanthine oxidase, and monoamine
oxidase (MAO) [25]. Accumulation of ROS
affects the endoplasmic reticulum, leading to
calcium depletion within it and Ca?* influx into
the cytoplasm, ultimately resulting in calcium
overload and the initiation of apoptosis [26].
ROS also activate microglia, which begin
releasing interleukin (IL)-1p, IL-6, and tumor
necrosis factor (TNF)-a within minutes after the
onset of acute oxygen and glucose deprivation
[27]. Astrocytes become activated as well,
promoting their proliferation and the secretion
of pro-inflammatory cytokines, chemokines, and
matrix metalloproteinases [23]. These cytokines
promote aggregation of inflammatory cells and
enhance inflammatory cytokines output, further
worsening brain dysfunction [28]. Moreover,
cytokines amplify the expression of chemokines
such as chemokine ligand 1 (CXCL1) and
monocyte chemoattractant protein-1 (MCP-1,
also known as CCL2) in endotheliocytes, leading
to infiltration of damaged tissue by peripheral
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monocytes/macrophages, thereby intensifying
the inflammatory response [29].

Activation of microglia, together with
excessive stimulation of NMDA receptors
(excitotoxicity), leads to the binding of TNF-a
to its receptors on the cell surface, recruitment
of the Fas-associated death domain (FADD), and
subsequent activation of procaspase-8, thereby
initiating the autolytic cascade of the extrinsic
apoptotic pathway [21, 27].

The subsequent stages of the ischemic cascade
involve gene expression and the development
of delayed consequences of ischemia, such as
local inflammatory responses and microvascular
disturbances, which lead to damage to the blood-
brain barrier and neuronal death [19]. Endothelial
dysfunction, along with structural and functional
alterations of the vascular wall associated with
arterial hypertension, atherothrombosis, and
hypercoagulability, increases permeability of the
blood-brain barrier, exacerbates microcirculatory
disturbances, promotes blood clot formation,
and raises the risk of ischemic brain damage
[30]. Neuronal loss within the infarct zone can
also cause the death of distant neurons through
transneuronal degeneration [22], resulting from
disrupted synaptic interactions and excessive
NMDA receptor activation, which in turn
enhances the expression of pro-apoptotic factors
such as Puma, APAF-1, and caspase-9 [31].

Therefore, a key strategy in cytoprotection
involves the development and clinical imple-
mentation of novel approaches aimed at pre-
venting or limiting apoptosis. In most cases,
inhibition of this form of cell death is consi-
dered beneficial, and selective suppression of
apoptosis plays a critical role in the realization
of cytoprotective mechanisms. Attenuating
the ischemic cascade by protecting neurons
in the penumbra represents a promising direc
tion for neuroprotective therapy [32]. Thus,
it can be concluded that selectively pre-
serving programmed cell death pathways in
the circumstances of acute cerebral circulatory
disorders is a suboptimal cytoprotective strategy.
Instead, the search for new therapeutic agents
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capable of simultaneously inhibiting both
programmed and non-programmed cell death
pathways is promising.

Cell therapy of cerebral ischemia,
implementation prospects

Stem cell transplantation has become a
new impetus in the therapy of ischemic stroke,
acting as a key component of regenerative
strategies. Initially, stem cells were used as a
therapy for replacing lost cells. Now the views
of scientists are focused on the ability of stem
cells to release substances that interfere with
multiple pathogenetic cascades and contribute to
the survival, transmigration, differentiation, and
functional integration of transplanted cells into
the brain in acute ischemia [33]. This shift was
driven by the results of experiments on animal
models and several clinical trials [34].

Neural stem cells (NSCs) can be obtained
from the inner cell mass of a blastocyst
between 5 and 7 days after conception, prior to
implantation in the uterus. At this stage, they
are referred to as embryonic stem cells (ESCs),
which have the potential to differentiate into
NSCs. Alternatively, if cells are isolated from the
fetal nervous system between 7 and 21 days after
conception, they are classified as multipotent
neural stem cells capable of differentiating into
neurons, astrocytes, and oligodendrocytes [35].

NSCs exhibit several precedences over other
types of stem cells by virtue of:

- a strong resemblance to brain tissue [36],

- a lower risk of rejection, both for inter-
individual and inter-species transplanted NSC
cells, compared to neurocytes [37],

- significant chemotaxis, when NSCs can
migrate toward the site of injury [38].

Recent studies have revealed that chemo-
kine factor-la (SDF-1a/CXCL12), derived
from stromal cells, tends to accumulate in the
ischemic zone, where it interacts with CXCR4
receptors on NSCs or with monocyte chemotac-
tic protein-3/cinnamoyl-coenzyme A reductase,
promoting the migration of these cells to the
affected region [39]. Endogenous proliferation
of NSCs in the subventricular zone and dentate
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gyrus region, as well as the migration of these
cells to the area of ischemic damage, increases
following NSC transplantation within the first
two days after stroke onset [40]. In this man-
ner, they are able to replace damaged neural
cell types and also produce neuroprotective and
regenerative growth factors [41]. By releasing
nerve growth factor, brain-derived neurotrophic
factor, and glial cell line-derived neurotrophic
factor (GDNF), transplanted NSCs attenuate the
pro-inflammatory cascade and thereby suppress
secondary injury processes [42].

This mechanism of transplanted NSC ac-
tion is known as the “bystander effect.” The
bystander effect can also be observed fol-
lowing intravenous administration of NSCs.
However, intraparenchymal transplantation of
fetal NSCs in rodent models of ischemic stroke
has been associated with reduced expression of
IL-1B, IL-6, intracellular adhesion molecule-1
(ICAM-1), TNF-a, MCP-1, and vascular cell
adhesion molecule-1 (VCAM-1), thereby en-
hancing their immunomodulatory ability [43].
However, NSCs, while retaining their multipo-
tent differentiation potential, exhibit a tendency
to early senescence [44].

NSCs can, at least theoretically, be obtained
from the subventricular and subgranular zones
of the human brain. However, their abundance
decreases with age, and in addition, in vitro cul-
turing changes their cellular state and promotes
immune rejection [37].

Another approach involves the generation
of induced pluripotent stem cells (iPSCs)
through retroviral transduction of the OSKM
genes: octamer-binding transcription factor 4
(Oct4), sex-determining region Y-box 2 (Sox2),
Kriippel-like factor 4 (Klf4), and the avian
myelocytomatosis virus oncogene homologue
(c-Myc) [45]. In the presence of specific inducers
and proteins, these iPSCs can differentiate into
NSCs [46]. However, the resulting iPSCs may
carry chromosomal aberrations, which contribute
to their tumorigenic and immunogenic potential
[47]. The transdifferentiation of non-neural
cells (such as astrocytes or pericytes, whether
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differentiated or proliferating) into neuronal
cells is a promising method for obtaining
NSCs. This can be achieved through retrovirus-
mediated co-expression of various transcription
factors [48]. This approach bypasses the
pluripotent cell stage and thereby reduces the
risk of neoplasia [49]. Nevertheless, the use of
NSCs raises numerous ethical, religious as well
as scientific concerns [33].

Cell therapy using mesenchymal stromal
cells (MSCs) has shown beneficial effects on
endogenous neuroregenerative mechanisms in
response to ischemic damage to brain structures
[50].

MSCs are defined by the Committee on
Mesenchymal Stromal Cells of the International
Society for Cell and Gene Therapy (ISCT)
according to the following criteria:

- plastic adherence;

- expression of the CD73, CD90, CD105
markers;

- lack of expression of the hematopoietic and
endothelial CD11b, CD14, CD19, CD34, CD45,
CD79a, and HLA-DR markers;

- capability of differentiation into adipocyte,
chondrocyte, and osteoblast lineages in vitro
[51].

Numerous preclinical studies have demon-
strated the capacity of MSCs to alleviate tissue
damage and promote functional recovery
through multiple mechanisms, including immu-
nomodulation, proangiogenic signaling, sec-
retion of neurotrophic factors, and neuronal
differentiation [50]. MSCs also offer several
advantages over other stem cells, such as easier
methods of isolation, low tumorigenic risk, and
the absence of ethical concerns [52]. MSCs can
be obtained from various sources, including
bone marrow, tooth buds and pulp, adipose
tissue, liver, umbilical cord, umbilical cord
blood, and placenta [47].

MSCs lack human leukocyte antigen class
II (HLA-IT) molecules, which makes them less
immunogenic. In ischemic stroke, MSCs reduce
microglial activation, protect mitochondrial
function, and inhibit neuronal apoptosis during
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the acute phase [53]. They also suppress the
release of pro-inflammatory cytokines, promote
angiogenesis, and reduce blood-brain barrier
damage in the subacute phase [54]. MSCs are
pluripotent cells derived from adult tissues,
making them ethically preferable for both
preclinical and clinical research [55]. The
mechanisms underlying the beneficial effects
of stromal cell transplantation include bystander
effects, paracrine signaling, and extracellular
vesicle-mediated restorative actions [56].

Various types of stem cells have been
studied as monotherapy in animal models of
ischemic stroke. For example, mesenchymal
stem cells derived from the human amniotic
membrane (amniotic mesenchymal stem cells,
AMSCs) have been transplanted into rats
with experimentally induced ischemic stroke,
where they modulate the immune response
by suppressing pro-inflammatory cytokine
expression and increasing the expression of
the CD200 factor. Additionally, rats receiving
AMSC-derived MSCs show reduced microglial
activation in the penumbra and improved
behavioral responses. Therefore, CD200 modu-
lates pro-inflammatory cytokines level and
microglial activation, thus increasing the poten-
tial for recovery after ischemic brain injury [57].

The efficacy of human amniotic epithelial
cells (hAECs) has been investigated in animal
models of cerebral ischemia, including both
young and aged mice (7-14 weeks and 20-22
months old, respectively, of both sexes) as
well as adult marmots. When administered
intravenously 1.5 h after stroke induction,
hAECs migrated to the ischemic zone and
reduced infarct volume, inflammation, and
functional deficits. Administration of hAECs 1
to 3 days post-stroke also resulted in improved
functional recovery in mice of both sexes and
age groups. Thus, systemic hAEC administration
demonstrates notable neuroprotective effects
and facilitates recovery mechanisms [58].

The protective effect of human umbilical
cord blood-derived mesenchymal stem cells
(hUCB-MSCs) has been demonstrated in
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rats with transient cerebral ischemia [59].
Intravenous administration of hUCB-MSCs
prevented the induction of tissue inhibitors of
metalloproteinases and matrix metalloproteina-
ses [59].

Bone marrow-derived cells have been
extensively studied in recent years, they include
mesenchymal stem cells (MSCs), bone marrow
mononuclear cells (BM-MNCs), multipotent
adult progenitor cells (MAPCs), endothelial
progenitor cells (EPCs), and multilineage-
differentiating stress-enduring (Muse) cells
[60]. Autologous BM-MNC:s are relatively easy
to obtain and can be transplanted immediately
after extraction from the bone marrow, which
makes them particularly suitable for patients in
the acute or subacute phases of ischemic stroke
[61]. EPCs represent another class of bone
marrow-derived stem cells capable of readily
differentiating into mature vascular endothelial
cells; however, their limited numbers restrict
clinical application [34, 61]. Additionally, EPC-
based therapies raise certain ethical concerns
[62].

Thus, most preclinical studies show promi-
sing results for the use of stem cells in the
treatment of ischemic stroke, but the outcomes
of the relatively few clinical trials have been
less encouraging [50]. This discrepancy may be
attributed to the stark contrast in regenerative
capacity between young, generally healthy
animal models and elderly patients with multiple
chronic diseases. For example, Xu et al. [63]
reported a reduction in the proliferative and
angiogenic potential of EPCs and MSCs in
individuals with coronary heart disease and
metabolic disorders.

Disruption of the blood-brain barrier is a sec-
ondary pathological manifestation of ischemic
stroke and represents a key target for novel treat-
ments of acute cerebral circulation disorders.
An electron microscopy study demonstrated the
ability of human bone marrow-derived endothe-
lial progenitor cells (h(BMEPCs) to restore the
blood-brain barrier in adult Sprague—Dawley
rats subjected to transient middle cerebral ar-
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tery occlusion. In this study, B-galactosidase-
prelabeled hBMEPCs were administered intra-
venously 48 h after the occlusion. Ultrastructural
analysis of microvessels on day 5 post-ischemia
revealed typical blood-brain barrier pathology
in untreated rats. In contrast, rats that received
hBMEPC transplantation showed restoration
of the vascular network in the motor cortex and
striatum, with no evident perivascular edema
[64].

EPCs, along with the chemokine CXCL12,
support neurogenesis and angiogenesis in the
brain by secreting trophic factors. CXCL12 at-
tracts oligodendrocyte progenitor cells (OPCs),
neural progenitor cells, and EPCs to the affected
area. Increased vascular density and preservation
of myelin sheath integrity were also reported in
animals that received this treatment [65].

In other studies, adipose-derived mesenchy-
mal stem cells (ADMSCs) have demonstrated
therapeutic potential in animal models of isch-
emic stroke by promoting functional recovery
through the upregulation of markers associated
with brain repair. Burrow et al. [66] reported
that ADMSCs proliferate more rapidly and reach
higher population doubling levels than bone
marrow-derived MSCs from the same donor.
Consequently, ADMSCs exhibit greater prolif-
erative capacity and retain their differentiation
potential more effectively than bone marrow
MSCs, making them a promising cell type for
the development of cell-based therapies in re-
generative medicine.

Among MSCs, Wharton’s jelly-derived
MSCs (WJ-MSCs) have attracted significant
attention. It is worth noting that MSCs derived
from bone marrow or adipose tissue, in contrast
to perinatal organs, have some limitations in
terms of their use, such as an invasive procure-
ment procedure, a higher risk of infectious
disease transmission, the age of the donor, and
the limited proliferative potential of MSCs
[67]. WI-MSCs have several benefits over other
MSCs due to simple and non-invasive methods
of their obtaining and significant yield compared
to other sources, a low risk of tumorigenicity, a
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lower tendency to induce a “graft-versus-host”
reaction after their administration, and absence
of ethical problems [52]. They also demonstrate
strong proliferative potential, rapid growth
rates, and the ability to retain multipotency over
more passages in vitro compared to bone mar-
row- or adipose-derived MSCs [68]. Semenova
et al. [67] reported that MSCs obtained from
different regions of the umbilical cord exhibit
varying properties. Among them, WJ-MSCs
showed a high and stable proliferation potential
and phenotype, which can be considered as a
promising base of stem cells for forward clini-
cal application.

Key factors influencing the successful use of
MSCs include effective dosage, delivery route,
and optimal timing of transplantation [69].
Therefore, the efficacy of MSCs largely depends
on the method of administration. Guo et al. [55]
suggest that intraparenchymal transplantation is
the most effective delivery route for stroke pa-
tients, as it allows for the highest concentration
of MSCs to be delivered directly to the infarcted
area, thereby maximizing neurological recovery.
However, the surgical procedure itself carries
the risk of brain damage and serious complica-
tions in stroke patients. Moreover, intracerebral
transplantation is limited by the number of cells
that can be safely injected without increasing
intracranial volume, a limitation that systemic
administration can overcome [34].

In addition to the intraparenchymal route,
MSCs can be administered less invasively via
intravenous, intra-arterial, intranasal, or in-
trathecal delivery. Among these, intra-arterial
transplantation is considered effective; however,
its efficacy largely depends on the dose of stem
cells delivered, as cell number significantly in-
fluences both migration rate and infarct volume.
Notably, lower doses of intra-arterially admin-
istered MSCs have been associated with better
therapeutic outcomes [70]. Although this route
offers improved functional recovery, it carries
the risk of cerebral microvascular embolism, the
formation of intra-arterial emboli, which may
further impair local cerebral blood flow [71].
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Intravenous transplantation is an effective
and minimally invasive delivery method that
avoids the serious side effects discussed above
[72]. However, following intravenous admin-
istration, the majority of transplanted cells
accumulate in the liver, spleen, kidneys, and
especially the lungs; only about 4% of the in-
jected cells reach the ischemic brain tissue [55].

In the RESSTOREOI study, improvement in
functional recovery was observed following the
use of adipose-derived mesenchymal stem cells
(ADMSCs) in adult male Sprague—Dawley rats
with middle cerebral artery occlusion. Intrave-
nous administration of ADMSCs at a dose of
2 - 10¢ cells led to behavioral recovery, which
was evaluated using the Rogers Functional As-
sessment Scale (assessing sensory responses,
reflexes, and basic motor functions), as well
as performance in the cylinder and sticker tests
over a 42-day follow-up period. Tissue curing
was assessed using histological markers for
angiogenesis (RECA-1), gliosis (GFAP), and
glial scar formation [73]. In particular, the neu-
roprotective effects of ADMSC in the ischemic
brain injury were found by Tsupykov et al. [74].

Both NSCs and MSCs from various sources
have been widely studied in animal models of
ischemic stroke. NSCs have been shown to mi-
grate to the peri-infarct zone and differentiate
into neuronal cell types, while MSCs exert more
rapid effects primarily through the “bystander
effect.” Transplantation of NSCs within the first
7 days after ischemic injury (during the acute
or subacute phase) significantly reduced infarct
size, likely by inhibiting apoptosis and second-
ary tissue damage, as well as preserving neuro-
nal circuitry. A meta-analysis also showed that
relatively low doses of NSCs (below 1-10° cells/
kg) delivered into the brain parenchyma led to
substantially better functional recovery, possi-
bly due to effective migration to the injury site
and attenuation of ischemic progression [75].
However, unlike MSCs, NSCs carry a potential
risk of tumorigenesis [76].

MSCs lack HLA-II molecules, this makes
them less immunogenic. In the acute phase of
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ischemic stroke, MSCs have been shown to in-
hibit neuronal apoptosis, preserve mitochondrial
function, and reduce microglial activation in
rats [53]. In the subacute phase, they promote
angiogenesis, reduce blood—brain barrier disrup-
tion, and inhibit the release of pro-inflammatory
cytokines [54].

MSCs are pluripotent cells derived from
adult human tissues, making them ethically pref-
erable for both preclinical and clinical research
[55]. The mechanisms underlying the beneficial
effects of stromal cell transplantation include
bystander effects, paracrine mechanisms, and
extracellular vesicle-mediated repair [56]. In
animal models of cerebral ischemia, the effective
MSCs dose for achieving significant functional
and histological recovery has been determined to
be 1-10¢ cells per animal [77]. In a study by Lin
[78], a higher dose of MSCs (4 - 10°), adminis-
tered intravenously to mice with middle cerebral
artery occlusion, did not result in a significantly
greater reduction in infarct size compared to a
lower dose (1-10°). In addition, allogeneic trans-
plantation more effectively reduced the extent of
ischemic injury than xenotransplantation, likely
due to reduced immunological rejection [79].

According to Guo et al. [55], MSCs trans-
plantation can be performed within a time win-
dow of up to 7 days after the onset of cerebral
ischemia, but transplantation within the first 6
hours appears to yield significantly better recov-
ery of sensorimotor indicators. In other studies,
the interval from ischemia onset to stem cell
transplantation ranged from 10 min [80] to up
to 3 weeks [81]. Therefore, MSC transplantation
within 7 days after ischemic stroke may be con-
sidered the optimal treatment window; however,
earlier transplantation led to better neurological
recovery, reduced infarct volume, and required
fewer donor cells (1-10°).

Prospects for further development

However, several aspects of cell therapy
remain not fully understood, including the
choice of cell type, cell dose, and administration
route. Therefore, closer integration between
basic and clinical research is essential. Recent
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studies indicate that MSCs isolated from
bone marrow can exhibit varying functional
and molecular phenotypes depending on the
methods used [61], highlighting challenges
in maintaining consistent cell quality during
preparation. Additionally, each stem cell type
has its own advantages and disadvantages, and
currently it remains unclear which cell type is
most effective for treating cerebral ischemia in
acute cerebrovascular events.

C.B. KonoBauos, B.M. Mopo3,
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JOCIIAKEHHS TA JIKYBAHHS IIE-
MIYHO-PENEP®Y3IMHOI'O YPAKEHHSA
I'OJIOBHOI'O MO3KY

Binnuyvkuil Hayionanbrull MeOuuHUll YHigepcumem im.

M.I Iupoeosa; e-mail: serhii.konovalov555@gmail.com
[temivyHMit 1HCYIBT, OCHOBHOIO MPUYUHOIO SKOTO € TOpY-
LICHHST KPOBOIIOCTa4YaHHs TOJOBHOTO MO3KY, 3aJIMIIA€THCS
OJIHUM 13 3aXBOPIOBaHb, SIKi CYHPOBOKYIOTHCS BHCOKOIO
CMEpPTHICTIO Ta iHBaxigizauiero. lmemis 3 mogaabmIoio
peKaHami3amier0 OKI030BaHOI CyIUHH (depe3 TpoMOOoi3uc
9l TPOMOEKTOMIIO) CYIPOBOIKYETHCS KackagoM OioXimid-
HUX peakmiif y ileMi3oBaHUX JUISHKAaX TOJOBHOT'O MO3KY,
HACJIJIKOM SIKHX € BUHUKHEHHS imeMiqHo-penepdy3iitHnx
YLIKO/KEHb Ta 3arudeib KIiTHH Mo3Ky. Tpaauiiiina Teparmis
IIEMIYHOTO 1HCYNBTY, sika 0a3yeThcs Ha BUKOPHUCTAHHI
AHTUTPOMOOTHYHUX Ta HEHPOINPOTEKTOPHUX 3ac00iB, HE
3aBKIM € epeKTUBHOW Ta Oe3ne4Hor. PereneparuBHa
MEJIUIMHA 3 TPAHCIIAHTALIEI0 CTOBOYPOBUX KIITHUH IIPH
nepedpanpHiil imewmii-penepdy3ii HUHI NepCHEKTUBHUN
HAIPSIMOK Yy JIKYBaHHI iIIEeMiYHOr0 iHCYIbTy. Y Gararbox
EKCIIEPUMEHTAIIBHUX JOCII/UKEHHSIX Ta B JASSKUX KIIIHIYHAX
BUNPOOYBaHHSX 3aCTOCOBYIOTHCS CTOBOYPOBI KIIITHHH Pi3HUX
tumiB. KiiTHHHA Teparmis Ha OCHOBI CTOBOYPOBHX KIITHH
Jla€ 3MOTY PO3pOOUTH OUTbII €(PEKTUBHUN Ta OC3MCUHHIA
TepareBTUYHUH ITi/IXi]], HalpaBJIeHUI Ha HEHPOBITHOBICHHS
TIpH ileMigHO-penepdy3iiHOMY ypaXkeHi FOJIOBHOTO MO3KY.
Mertoto 11bOro oriisiay OyJI0 y3arajabHEHHs Cy4aCHUX MOTIISIB
Ha mpoOJieMy TOCTpoi imeMii-penepdysii TOIOBHOTO MO3KY,
30KpeMa MaToreHe3y Ta MOp(oJIOTiYHIM 3MiHaM y HEpBOBIil
TKaHHHI, SKi BUHUKAIOTh y (GOKycCi imeMii Ta insHNi
[IeMiYHOT HaiBTiHI (ITEHyMOpPH), @ TAKOXK ITEPCIICKTUBAM BH-
KOPHUCTaHHS KJIITHHHOI Tepartii CTOBOYpOBUMH KIITHHAMH ITPH
TOCTPOMY iIIEMIYHOMY IHCYIBTI (IPOTEKIT | pereHeparii).
KirouoBi cioBa: imemisi-penepdysis TOJIOBHOTO MO3KY;
MaToreHe3; MopQOIOTivHi 3MiHH; ME3eHXIMAIbHI CTPOMAaJIbHI
KIITHHA.
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