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In neurodegenerative processes of the brain, the hippocampus is primarily affected, leading to subsequent cognitive impairments caused by
increased generation of reactive oxygen and nitrogen species. These reactive species induce apoptosis and necrosis of neurons. Cell therapy
using mesenchymal stromal cells (MSCs) has shown promising potential in activating endogenous mechanisms of neuroregeneration in re-
sponse to ischemic injury of brain structures.

THE PURPOSE of this study is to investigate the therapeutic potential of MSCs from various origins, MSC lysate, and the reference drug citico-
line on the energy component of neuronal metabolism, as well as oxidative and nitrosative stress in the rat hippocampus under conditions of
cerebral ischemia-reperfusion (IR).

MATERIAL AND METHODS. The experiment was conducted on 126 Wistar rats with a modeled pathology (20-minute IR of the internal ca-
rotid arteries). The animals were injected with human umbilical cord Wharton’s jelly-derived MSCs, human and rat adipose-derived MSCs,
rat embryonic fibroblasts, MSC lysate, or citicoline immediately after the removal of the ligatures. Biochemical parameters of carbohydrate
metabolism (glucose, lactate), oxidative (NADPH oxidase activity) and nitrosative stress (NO synthase activity) in the rat hippocampus were
determined on days 7 and 14 after IR under the conditions of cerebral IR and on the background of its correction.

RESULTS. It was established that during ischemia-reperfusion in the rat hippocampus, glucose and lactate levels increase, aerobic glucose
oxidation is inhibited, anaerobic glycolysis intensifies, and lactic acidosis develops in hippocampal cells. Additionally, NADPH oxidase activity
decreases, and an imbalance occurs in the nitric oxide system. A positive effect was observed from the transplantation of human umbilical
cord Wharton’s jelly-derived MSCs and rat embryonic fibroblasts, as well as from the use of citicoline, in stabilizing glucose, lactate, NADPH
oxidase, and nitric oxide levels. In contrast, the transplantation of human and rat adipose-derived MSCs was significantly less effective than
citicoline and demonstrated no statistically significant modulatory effect on biochemical parameters in the hippocampus of experimental
animals with IR.

CONCLUSIONS. Transplantation of human umbilical cord Wharton’s jelly-derived MSCs was not inferior to citicoline and, compared to other
tested MSCs and their lysate, more effectively contributed to the recovery of disturbed energy processes (glucose levels) and the elimination
of metabolic acidosis (lactate levels) in the hippocampus of rats. Moreover, it demonstrated a positive modulatory effect on the oxidant-
antioxidant balance, as indicated by NADPH oxidase activity levels.
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In recent decades, vascular pathology occupies a leading position
among the causes of disability and mortality of working-age people both
in Ukraine and around the world. Among such diseases, the most severe,
and sometimes fatal, is an acute violation of cerebral blood circulation
[4]. The cause of 80 % of strokes is cerebral artery occlusion, which is
accompanied by the development of cerebral infarction [1, 14, 23]. When
the narrowing of the vessel lumen and the instability of the atherosclerotic
plaque, a thrombus is formed, which causes ischemic occlusion. An em-
bolic stroke is explained by a decrease in cerebral blood flow due to the
inflow of an embolus [29].

According to modern ideas, neurodestruction by an ischemic mecha-
nism is accompanied by the development of complex pathobiochemical
cascades, first of all, by violation of energy metabolism and the formation
of mitochondrial dysfunction [2, 4, 5]. As a result, the hyperproduction
of reactive forms of oxygen, nitric oxide, excitotoxicity is triggered, the
permeability of the blood-brain barrier (BBB), signs of inflammation and
the expression of pro-apoptotic proteins increase, that eventually leads
to neuronal cell death and impairment of sensory, motor and cognitive
functions [17, 26, 33].

The use of thrombolytic therapy or endovascular thrombectomy, as
the most effective method of ischemic stroke treatment, is performed
within 3-6 hours [15, 21, 36]. However, recovery of perfusion of ischemic
tissue contributes to the deepening of disorders of metabolic processes
in the brain, which leads to reperfusion injuries [6, 27]. The destruction of
desmosomes and an increase in the distance between individual neurons
promotes the spread of free radicals and secondary messengers, which
causes damage to intact cells and thus increases the focus of the lesion
[6, 32]. During IR, there is significant damage to the hippocampus, the
main structure of the brain associated with learning and memory, which
leads to cognitive impairment [20]. The result of ischemic-reperfusion
damage is increased generation of reactive oxygen species (ROS) and
reactive nitrogen species, which lead to apoptosis and necrosis of neu-
rons [18]. It is worth noting that the hippocampus is primarily damaged
in neurodegenerative processes [34].

Encouraging results regarding endogenous mechanisms of neuro-
regeneration in response to ischemic damage to brain structures were
demonstrated by cell therapy using MSCs [9, 40]. Many preclinical
studies have demonstrated the ability of MSCs to reduce tissue damage,
promoting functional recovery through multiple mechanisms, including
immunomodulation, pro-angiogenic signal transmission, neurotrophic
factor secretion, and neuronal differentiation [9, 24, 40]. Along with
that, MSCs have several advantages over other stem cells due to easier
methods of obtaining, low risk of tumorigenicity and absence of ethical
problems [10].

Among MSCs, attention is drawn to those derived from embryonic
tissue or Wharton’s jelly (WJ-MSCs). MSCs obtained from bone mar-
row or adipose tissue, unlike those from perinatal organs, have certain
limitations, such as an invasive harvesting procedure, a higher risk of
transmitting infectious diseases, donor age, and limited proliferative
potential [35]. WJ-MSCs exhibit a good proliferative potential, a faster
growth rate, and the ability to maintain their multipotency for a greater
number of passages in vitro compared to MSCs derived from bone mar-
row or adipose tissue [25]. Thus, in the study by E. Semenova et al., it
was shown that MSCs derived from different parts of the umbilical cord
varied in their properties. WJ-MSCs, compared to other types of umbilical
cord-derived MSCs, demonstrated a high and stable proliferative potential
and phenotype, which, according to the authors, can be considered a
promising source of stem cells for further clinical applications [35].

In view of this, THE PURPOSE OF THE STUDY is to evaluate the thera-
peutic effect of MSCs of various origins, MSC lysate, and the reference
drug Citicoline on the energy component of neuronal metabolism, oxida-
tive and nitrosative stress in the hippocampus of rats under conditions of
cerebral IR.
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MATERIALS AND METHODS

The experiment was performed on 126 male Wistar rats aged 4
months and weighing 160-190 g on the basis of National Pirogov Memo-
rial Medical University, Vinnytsya, Ukraine. Animals were kept in standard
vivarium conditions and had access ad libitum to food and water. All
manipulations with experimental animals were carried out in accordance
with the International rules and standards of European Communities
Council Directives 86/609/EEC (1986), and according to the principles of
the “European Convention for the Protection of Vertebrate Animals Used
for Experimental and Scientific Purposes” and the Law of Ukraine “On the
protection of animals from cruelty”. The research protocol was approved
by the Committee on Bioethics of our university (protocol No. 2 dated
January 31, 2024).

MSCs and MSC lysate were obtained from the Institute of Molecular
Biology and Genetics (IMBG) of the National Academy of Sciences of
Ukraine. The transfer of cells was carried out on the basis of the Agree-
ment on scientific cooperation between the IMBG and National Pirogov
Memorial Medical University, Vinnytsya (from September 22, 2017).
Methods for obtaining cell cultures from various sources, with adherence
to relevant ethical standards and obtaining informed consent from donors
for the use of biomaterial in the study, as well as the validation of MSCs
according to appropriate compliance criteria, were published in our previ-
ous work [22].

Rats were used as experimental animals because the angioarchitec-
tonics and morphology of the cerebral cortex of rats and humans are simi-
lar. The experimental IR model was made by bilateral occlusion of internal
carotid arteries (ICA) lasting 20 minutes under propofol anesthesia using
“Propofol-Novo” (Novofarm-Biosintez LLC, Ukraine) at a dose of 60 mg/kg
intraperitoneally. The selected model reflects the clinical manifestation
of cerebral infarction and is optimal for experimental studies of potential
neuroprotective substances.

During the experiment, the animals were divided into nine groups (14
in each). Group 1 included intact animals. Group 2 consisted of pseudo/
sham-operated rats, which underwent skin incision and vascular prepara-
tion after anesthesia without ligation of the ICA (to eliminate the impact
of the traumatic experimental conditions) and with a single injection of
0.9 % saline solution into the femoral vein at a dose of 2 mL/kg. Group 3
included animals with control pathology: rats in this group were subjected
to 20-minute cerebral ischemia by ligatures placing on the ICA, which
were removed in 20 minutes (reperfusion) and by injection a 0.9 % saline
solution in the same dose as to group 2. MSCs of various origins were
transplanted into other groups of animals once into the femoral vein im-
mediately after IR at a dose of 1x108 cells/animal in 0.2 mL of 0.9 % saline
solution: group 4 of rats were transplanted with human umbilical cord
Wharton’s jelly-derived MSCs (hUC-MSCs), group 5 — MSCs derived from
rat embryonic fibroblasts (REF), group 6 — MSCs derived from human
adipose tissue (hAT-MSCs), group 7 — MSCs derived from rat adipose
tissue (RAT-MSCs), group 8 — 0.2 mL/animal of lysate derived from
hUC-MSCs (MSC lysate). Group 9 of rats was administered intravenously
with a single dose of the reference drug citicoline “Neuroxon” (Arterium
Corporation, Ukraine) at 250 mg/kg. To achieve a positive effect, the injec-
tion of the studied substances was performed once immediately after IR,
since early transplantation of MSCs leads to rapid neurological recovery,
a decrease in the infarct volume and requires a smaller number (1x10°)
of donor cells [7, 31].

On the 7™ and 14" day, 126 animals (14 rats from each group)
were euthanized under propofol anesthesia (60 mg/kg intraperitoneally)
with rapid extraction of rat brains immediately after decapitation. The
hippocampal tissues were washed with a cold 1.15 % KCI solution and
homogenized at 3000 rpm (Teflon-glass) in a medium containing 1.15 %
KCI (ratio 1:3). The post-nuclear fraction was obtained from the homog-
enates by centrifugation (30 min, 600 xg at -40 °C) and stored at -20 °C
until further analysis. Parameters of carbohydrate metabolism (glucose,
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lactate), oxidative (NADPH oxidase activity level) and nitrosative stress
(NO synthase activity) in the hippocampus were determined under the
conditions of cerebral IR and on the background of its correction.

Biochemical studies were carried out in the scientific-research and
clinical-diagnostic laboratory of National Pirogov Memorial Medical Uni-
versity, certified by the Ministry of Health of Ukraine. Glucose concentra-
tion was determined by the glucose oxidase method using standard kits
(Filicit-Diagnostics, Ukraine). The content of lactate was determined by
the colorimetric method, NADPH-oxidase — by the degree of absorption
of NADPH at 340 nm according to T. Fukui et al. (1997), the total activity
of NO-synthase was measured by the number of formed nitrite anion
NO,- after incubation of the post-nuclear supernatant for 60 min in 1 mL
of medium, contained 50 mM KH,PQ,-NaOH-buffer (pH = 7.0), 1 mM
MgCl,, 2 mM CaCl,, 1 mM NADPH, 2.2 mM L-arginine (Sigma, USA) [16].
The reduction of NADPH was equimolar to the amount of NO produced,
which was recorded spectrophotometrically at a wavelength of 340 nm.
A spectrophotometric method was used to determine the total activity of
NOS and the activity of NADPH oxidase. Optical density measurements
were carried out using the spectrophotometer PD-303 (Apel, Japan).

Statistical analysis of the obtained data was performed with the use
of Statistica 6.0 (StatSoft® Inc., USA). Significance of differences was
assessed using the parametric Student’s t-test and the non-parametric
Mann-Whitney U-test. The results for each experimental group are
presented as the arithmetic mean + standard error of the mean (Mean *
SEM). The difference between the studied parameters was considered
statistically significant at a value p < 0.05.

RESULTS AND DISCUSSION

In the study of intact and sham-operated animals, no differences
were found between the parameters of metabolic processes in the brain
tissues, therefore, we used a group of sham-operated rats as a control
(Table 1).

On the model of IR in rats, we found that as a result of ischemia,
the hippocampus undergoes significant changes in stable parameters
of homeostasis, namely glucose imbalance. Significantly higher glucose
content was noted on the 7"" day of the experiment — up to 63.0 % of the
baseline (p < 0.05). Transplantation of MSCs of various origins, as well
as the use of MSC lysate and citicoline contributed to the stabilization of
carbohydrate metabolism in hippocampal cells after cerebral ischemia,
as evidenced by a lower glucose level. However, quantitative changes
in glucose were more clearly revealed in hUC-MSCs, REF and citicoline,
which significantly reduced glucose content in the hippocampus by an
average of 25.6 %, 16.8 %, and 28.4 %, respectively, compared to the
control pathology group (Table 1).

On the 14" day of the experiment, the increase in glucose content
in the hippocampus was less extensive — up to 42.9 % of the baseline
(p < 0.05). A positive effect of hUC-MSCs and REF transplantation, and
the use of citicoline on the glucose level in hippocampal cells was also
found, with levels being significantly lower by an average of 21.7 %,
11.8 %, and 22.9 %, respectively, compared to the group with control
pathology. When compared with the parameters of group 9 of rats which
were administered citicoline on the background of IR, it was revealed that
therapy with the use of hUC-MSCs was not inferior to this reference drug.

The study of lactate content showed that under the conditions of an
ischemic stroke, the process of aerobic oxidation of glucose was inhibited,
anaerobic glycolysis increased, and lactic acidosis developed in hippo-
campal cells (Table 1). It can be assumed that the activation of anaerobic
glucose catabolism is a consequence of adenosine diphosphate (ADP)
accumulation — an allosteric activator of regulatory enzymes of glycolysis.

On the 7™ day of the study, the lactate level was higher in the hip-
pocampus of groups 3, 4, 5, 6, 7, 8, 9 of experimental animals, which
on average amounted to 352.4 %, 184.3 %, 240.4 %, 320.5 %, 327.7 %,
354.2 % and 177.1 % respectively, compared to sham-operated animals
(p < 0.05). Correction of IR injury of rat brain with the use hUC-MSCs,
REF and citicoline resulted in significantly lower lactate content in hip-
pocampal tissues compared to the control pathology by an average of
37.2 %, 24.8 % and 38.7 %, respectively.

On the 14" day of the experiment, the increase in lactate levels in
the hippocampus was less pronounced in experimental groups 3, 4, 5, 6,
7, 8, and 9 compared to the sham-operated group, averaging 338.7 %,
141.9%,194.2 %, 303.2 %, 309.0 %, 336.8 %, and 129.7 %, respectively
(p < 0.05). It should also be noted that the positive effect of transplanta-
tion of hUC-MSCs and REF, and using citicoline on the lactate levels in
the hippocampus, resulting in significantly lower levels by an average of
44.8 %, 32.9 %, and 47.6 %, respectively, compared to the control
pathology group. Therefore, hUC-MSCs, better than other studied MSCs
and MSC lysate, at the same level as the reference drug citicoline, con-
tributed to the recovery of lactate content in hippocampal tissues on the
background of cerebral IR in rats.

The positive effect of therapy with the studied stem cells and citico-
line on the state of pro-oxidant enzymes in the hippocampus was also
noted. In groups 4, 5, 6, 7, 8, and 9, the activity of NADPH oxidase was
significantly higher than the similar parameters in sham-operated animals
on the 7" day of the experiment, by an average of 19.5 %, 29.6 %, 61.0 %,
67.9 %, 70.4 %, and 7.5 %, respectively, and in the group of animals
with control pathology, the activity of this enzyme was higher by 80.5 %
(Table 1).

Table 1. Indicators of carbohydrate metabolism, oxidative, and nitrosative stress in the rat hippocampus during cerebral ischemia-reperfusion and in response

to its correction

Periods of follow-up ol
ucose,

Biochemical parameters
(M = m, n=14)

Lactate, NADPH oxidase, nmol / minemg  NO-synthase, pmol / minemg

pmol / g of dry tissue pmol / g of dry tissue of protein of protein
Group 1 - Intact rats
7" day 2.3+0.09 1.6 £0.06 1.5+0.07 955+ 3.11
14" day 2.2+0.07 1.5£0.05 1.5+0.09 93.3+1.89
Group 2 - Sham-operated rats
7" day 2.2+0.05 1.7 £0.05 1.6 £0.04 98.1+3.79
14" day 2.3+0.09 1.6 +0.04 1.6+0.03 97.0+3.09
Group 3 - IR (control pathology)
7™ day 35+ 0.15* 75+ 0.106* 29+ 0.(38* 210.0 + 5.031 *
(+63.0 %) (+352.4 %) (+80.5 %) (+114.1 %)
140 day 3.2+0.05* 6.8+0.16* 2.6 +0.09* 200.3+6.64*
(+42.9 %) (+338.7 %) (+69.0 %) (+106.4 %)

120 Cell and Organ Transplantology | November 2024, Vol. 12, No. 2



Periods of follow-up Glucose
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Biochemical parameters
(M = m, n=14)

Lactate, NADPH oxidase, nmol / minemg  NO-synthase, pmol / minemg

pmol / g of dry tissue pmol / g of dry tissue of protein of protein
Group 4 - IR + human umbilical cord Wharton’s jelly-derived MSCs

2.60.08* 47+0.07* 1.9+ 0.06*# 122.7 £ 4.13*#
7t day (+21.3 %) (+184.3 %) (+19.5 %) (+25.1 %)
[-25.6 %] [-37.2 %] [-33.8 %] [-41.6 %]

2.5+0.07* 3.8+0.14* 1.9+ 0.06*# 122.4 +2.29*#
14" day (+11.9 %) (+141.9 %) (+19.4 %) (+26.2 %)
[-21.7 %] [-44.8 %] [-29.4 %) [-38.9 %]

Group 5 - IR + rat embryonic fibroblasts

2.9+0.06*7 5.7 +0.18*% 2.1£0.10%# 152.9 + 3.54*#
7" day (+35.6 %) (+240.4 %) (+29.6 %) (+55.8 %)
[-16.8 %] [-24.8 %] [-28.2 %] [-27.2 %]

2.920.11*% 46022 2.1£0.09*% 148.3 £ 5.37*#
14" day (+26.1 %) (+194.2 %) (+33.6 %) (+52.8 %)
[-11.8 %] [-32.9 %] [-21.0 %] [-26.0 %]

Group 6 - IR + human adipose-derived tissue MSCs

7% da 3.3+0.07*¢ 7.0£0.25* 2.6+0.15*¢ 196.0 + 4.69*¢
y (+52.8 %) (+320.5 %) (+61.0 %) (+99.8 %)

14 da 3.120.10*¢ 6.3+0.28*¢ 2.4+0.08*¢ 183.7 £ 6.05*¢
y (+37.2 %) (+303.2 %) (+56.8 %) (+89.3 %)

Group 7 - IR + rat adipose-derived MSCs

7 da 3.4+0.15* 7.1£0.27* 2.7+0.15*% 201.1 +7.49*¢
y (+55.6 %) (+327.7 %) (+67.9 %) (+105.0 %)

14 da 3.1£0.08*¢ 6.3 +0.20*¢ 2.5+0.12*8 187.6 +10.29*
y (+35.8 %) (+309.0 %) (+61.3 %) (+93.3 %)

Group 8 - IR + lysate of Wharton’s jelly-derived MSCs

7% da 34+0.13* 7.5+0.25* 2.7+0.06*¢ 206.0 +6.72*3
y (+56.5 %) (+354.2 %) (+70.4 %) (+110.0 %)

14 da 3.3+0.04* 6.8 +0.14*S 2.5+0.12*8 193.4 +7.98*¢
Y (+43.8 %) (+336.8 %) (+60.0 %) (+99.3 %)

Group 9 - IR + citicoline

25%0.11* 46+0.15* 1.7 £0.04** 111.6 £ 2.42*
7t day (+16.7 %) (+177.1 %) (+7.5 %) (+13.7 %)
[-28.4 %] [-38.7 %] [-40.4 %) [-46.9 %]

2.5+0.06* 3.6 £0.14* 1.7+0.05** 109.6 + 3.48**
14" day (+10.2 %) (#129.7 %) (+8.4 %) (+12.9 %)
[-22.9 %] [-47.6 %] [-35.9 %] [-45.3 %]

Note: * — p < 0.05 compared to the corresponding time group of sham-operated animals;
#—p < 0.05 compared to the corresponding time group of animals with control pathology;
$ —p < 0.05 compared to the corresponding time group of animals treated with citicoline.
In round brackets — changes of the parameter compared to its level in sham-operated animals; in square brackets — changes compared to the parameter of the

control pathology group.

IR therapy of hippocampus injury with the use of hUC-MSCs, REF
and citicoline had a depriming effect on the activity of NADPH oxidase,
the activity level was significantly lower compared to the similar param-
eters in control animals by an average of 33.8 %, 28.2 %, and 40.4 %,
respectively. On the 14" day of the experiment, the activity of NADPH
oxidase was significantly less elevated in experimental groups 4, 5, 6, 7,
8, and 9 compared to the sham-operated group of rats, averaging 19.4 %,
33.6 %, 56.8 %, 61.3 %, 60.0 %, and 8.4 %, respectively. In the group of
animals with the control pathology, the enzyme activity level was 69.0 %
higher (p < 0.05). Intravenous transplantation (IV) of hUC-MSCs, REF and
administration of citicoline in cerebral IR contributed to a lower NADPH
oxidase activity level in the hippocampus, averaging 29.4 %, 21.0 %, and
35.9 % respectively, compared to the group of animals with the control
pathology (p < 0.05). At the same time, therapy with the use of citicoline
had a more pronounced depriming effect on the activity of NADPH oxi-
dase in the hippocampus of rats with modelling IR, and IV transplantation
of hUC-MSCs was not inferior to the reference drug and was better than
the other tested MSCs and MSC lysate.

The next stage of our research was the identification of the corrective
effect on the total activity of NO-synthases of the tested MSCs, MSC ly-
sate and citicoline, in particular, on the development of nitrosative stress

in the hippocampus during modelling IR of the brain in rats (Table 1).
Thus, the subacute period of a stroke is characterized by an imbalance
in the functioning of the nitric oxide system in the hippocampus, which
is associated with more than twofold activation of NO synthase. Similar
changes were observed in the recovery period of acute cerebral IR. The
corrective effect of the studied MSCs and citicoline on NO metabolism
was manifested in a decrease in the total activity of NO synthases in the
hippocampus. Thus, on the 7™ day of the experiment, significantly lower
total NO-synthase activity was observed in the groups of rats that were
IV injected with hUC-MSCs, REF and citicoline on the background of IR,
averaging 41.6 %, 27.2 %, and 46.9 %, respectively, compared to the
group with the control pathology. On the 14" day of follow-up, the total
activity of NO-synthase in these studied groups remained lower, avera-
ging 38.9 %, 26.0 %, and 45.3 %, respectively (p < 0.05). The effect of
hUC-MSCs, similar to the reference drug citicoline, may be one of the key
mechanisms of their protective effect on hippocampal neurons in model
IR of the brain in rats.

According to many authors, one of the main causes of IR injury in the
hippocampus is the increased production of ROS and energy deficiency
caused by changes in mitochondrial metabolism [2, 39]. Ischemia causes
the accumulation of succinate in hippocampal cells and changes in
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mitochondrial NADPH, which leads to the formation of excessive ROS
[28, 37]. Microglia and astrocytes are the main producers of ROS and
reactive nitrogen species, which together affect synaptic transmission,
playing a crucial role in neuron-glial interaction in the hippocampus |8,
42]. NO synthase is involved in the production of nitrogen monoxide
(NQ), which plays an important role in the immune response, and during
ischemia-reperfusion of brain injury affects synaptic transmission and
non-synaptic communication between neurons and glia [6, 13]. When
oxygen combines with NO, it creates the extremely harmful peroxynitrite
(ONOO-). ROS and reactive nitrogen species, diffusing to myelin mem-
branes of oligodendrocytes during periods of increased neuronal activity,
activate protein kinase C and post-translationally modify the main myelin
protein [8, 42]. Indeed, a number of studies have demonstrated that
mitochondrial dysfunction deepens postischemic injury resulting from
abnormal hyperproduction of ROS, accumulation of calcium ions, defec-
tive mitochondrial biogenesis, which is accompanied by a violation of the
ADP ratio and a decrease in NAD* levels, which subsequently activates
apoptosis [12, 28].

Also, some researchers have found that the pathology of regulatory
mechanisms in the endocrine and autonomic nervous systems during IR,
as well as the release of pro-inflammatory mediators from the brain, acti-
vate the immune response and systemic inflammation. At the same time,
the liver, as the main metabolic organ, contributes not only to immu-
nosuppression after a stroke, but also to stress-induced hyperglycemia
[19]. Systemic hyperglycemia associated with IR injury can contribute to
the inflow of glucose into ischemic brain tissues due to BBB damage [33,
37]. At the stage of energy shifts, this compensation activates the anaero-
bic pathway of glucose metabolism, increasing lactate and hydrogen ion
production, which leads to the development of metabolic acidosis [3].

Regenerative medicine based on the use of MSCs may be a new
treatment option for cerebral IR injury, as it was shown in preclinical
studies. Animal models have shown the promising use of MSCs for
ischemic stroke treatment due to their regenerative and immunomodula-

tory properties [30, 41]. Recent reports indicate that MSCs isolated from
bone marrow may exhibit different functional and molecular phenotypes
depending on the methods and agents used for their isolation [38]. This
highlights the challenges in maintaining consistent quality during cell
culture. Additionally, each type of stem cell has its own advantages and
disadvantages, and it remains unclear which cell type is the most effective
for the treatment of IR in acute cerebrovascular accident. Therefore, the
search for an effective MSC population in the clinic has intensified [11].

Therefore, as a result of the performed research, we found that
the therapeutic IV transplantation of hUC-MSCs at a dose of 1x10%
cells/animal was better at normalizing parameters of carbohydrate meta-
bolism in the rat hippocampus with cerebral IR than the other tested MSCs
and MSC lysate. At the same time, hUC-MSCs compared with citicoline
(250 mg/kg), were not inferior in their effect on the processes of aerobic
and anaerobic oxidation of carbohydrates and, as a result, more effectively
increased the energy fund of neurons.

Also, the use of hUC-MSCs had a depriming effect on the activity
of NADPH-oxidase and NO-synthase in the hippocampus of rats with
cerebral IR and was better than the other studied cells and MSC lysate and
was not inferior to the reference drug. Accordingly, MSCs derived from
fetal and perinatal tissues exert a more pronounced modulatory effect on
biochemical changes in the hippocampus of rats with acute IR compared
to MSCs obtained from human and rat adipose tissue, as well as lysates
of human Wharton’s jelly. We attribute this to the higher regenerative
potential of these cells, which is likely related to their cytological origin.
Mechanisms underlying the favorable results of stromal cell transplanta-
tion include bystander effects, paracrine mechanisms, or regenerative
effects mediated with extracellular vesicles. However, at present, there
are factors contributing to differences between results obtained in ani-
mal models and clinical data, including, in particular, differences in the
preparation, efficiency and functionality of MSCs in terms of tissue origin,
culture and reproduction.

CONCLUSION

1. A 20-minute cerebral ischemia-reperfusion of the internal carotid artery caused disorders of carbohydrate metabolism, and also leds to a
noticeable development of oxidative and nitrosative stress in the hippocampus of the rat brain.

2. Intravenous transplantation of human umbilical cord-derived MSCs, better than other tested cells and MSC lysate, contributed to the re-
covery of disturbed energy processes and eliminated metabolic acidosis in the rat hippocampus, i.e. had a positive modulating effect on
the oxidant-antioxidant balance, which is probably one of the mechanisms of their neuroprotective action.

3. Human umbilical cord-derived MSCs were not inferior to the reference drug citicoline in the results of protecting neurons from oxidative
K stress by NADPH oxidase activity in the post-ischemic rat hippocampus. j
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ITopiBHANBbHMI BIZIMB Me3€HXIMa/IbHUX CTPOMAaTbHUX
KJIiTHH Pi3HOT0 MOXOKEHHS Ta HKepen Ha 6ioximivHi
MOKAa3HIKU B TrinmoKaMmIIli mypis npu imemii-penepdysii
TOTOBHOT'O MO3KY

Kouosaros C. B.!, Mopos B. M.}, Monryxiscpkumit M. B!, Tamxyma H. T, Ilepabina O. I2%, Kopmiom B. A.>

'Binnuupkutl HauionanvHuti meouuHuil ynieepcumem im. M. 1. ITupozosa, Binnuys, Yepaina

2Incmumym cenemuunoi ma pezerepamueroi meduvunu, Y "Havuionanvhuil Hayxosuii yenmp "[ncmumym xapoionoeaii,
KiHIuHOT ma peceHepamueHoi meduuunu imeni akademixa M. . Cmpaxcecka HayionanvHoi akademii meouuHux Hayx
Ykpainu", Kuis, Yxpaina

*Incmumym monexynsapHoi 6ionoezii i eenemuxu Hayionanvroi akademii nayk Yepainu, Kuis, Ykpaina

[lpu HeviposereHepaTnBHUX MPOLECax rofoBHOr0 MO3Ky MepLLI0YeproBo Bifi6yBatoThCA 3HAYHI MOLLIKOLXEHHS Tinokamna 3 HacTynHUMU Kor-
HITUBHUMY MOPYLLIEHHAMN YHACAIAOK MifABULLIEHOI reHepaLlii akTBHUX (hOPM KUCHIO i aKTUBHUX (hopM a30Ty, AKI Mpu3BOAATb A0 anonTo3y
74 HEKPO3Y HepoHiB. OOHAZININBI Pe3yNbTaTy LOAO EHAOreHHNX MeXaHi3aMiB HeVipOBIAHOB/IEHHS Y BIANOBIAL HA iLLEMIYHE MOLIKOAXEHHS
CTPYKTYP rO/I0BHOr0 MO3KY NPOAEMOHCTPYBANA KAITUHHA Tepanis 3 BUKOPUCTAHHAM ME3EHXIMaTbHUX CTpOMansHux kinitnd (MCK).

METOHO JOCTIAXEHHA cTano BuB4eHHSA TepaneBTuyHoro noteryiany MCK pisHoro noxomxenHs 1a gxepen, nisaty MCK i pechepeHc-npe-
n1apary UMTUKOIHY Ha eHEPreTUYHY CKIaf0BY HEPOHA/IbHOro MeTabosismy, OKCUAATUBHOIO Ta HITPO3aTUBHOIO CTPECY B rinoKamii LLypiB 3a
YMOB iemii-penepgpysii (IP) ronosHoro Mo3sky.

MATEPIAJIN TA METOLN. ExcriepumeHT npoBegeHo Ha 126 wypax niHii Bictap i3 Mogenb0BaHoto natonorieto (20-xBuiuHHa IP BHYTPILLHIX
COHHUX apTepiN), IKUM BiApPa3y nicis 3HATTA airatyp TpaHcnnantysamn MCK 3 BaptoHoBux gparnis nynosuxn moguau, MCK 3 xuposoi
TKaHWHY JII0ANHN Ta Lypa, eMOpioHansHi gibpobnactu wypa, nisat MCK, untukosi. BuaHayeHo 6ioXiMidHi MOKa3HWKW BYITIEBOAHOI0 0OMiHy
(I7110K03a, NIaKTar), OKCUZATUBHOIO (akTnBHIiCTb HALJ®H-0kcnaasu) 1a HiTpo3aTnBHOro cTpecy (aktnsHicTs NO-cuHTa3n) B rinokamni Lypis Ha
7-my 1a 14-1y 406y nicns IP ronoBHOro Mo3ky 1a Ha i il Kopekuii.

PE3YJIbTATU. BetaHoBneHo, 1o npu IP B rinokamni ronioBHOro MO3KYy LiypiB MiiBULLYBABCS BMICT I[T1I0KO3M Ta NAKTaTy, NPUrHIYyBaBCs MpoLec
aepoOHOro OKUCHEHHSA TTII0KO3M, I0CUITOBABCSA aHAEPOBHWI TT1IKOI3, PO3BUBABCA N1aKTaTaun[03 ¥ KIITUHAX, 3HUXYBABCS PIBEHb aKTUBHOCTI
HAL®H-okcngasn, BuHnkaB gucbanamc y ¢oyHKLIOHYBaHHI CUCTEMU MOHOOKCH Y a30Ty. Big3Ha4eHO no3uTUBHUIA BIANB TpaHcnnaxtauii MCK
BaptoHoBux gparnis nynoBuHy 04uHN, EMOPIOHabHUX (hi6PO6IACTIB LyPA Ta 3aCTOCYBAHHS UNTUKOJIIHY Ha CTabini3alito PiBHIB ITIHOK0O3N,
naktary, aktusHocti HALJOH-okcuzgasn ta MOHookeu gy a3oty. TparcnnanTayii MCK i3 XnpoBoi TKAHWHW JIOAUHN Ta LLYPa BASBUINCH BiPOrif-
HO MEHLL eqheKTUBHUMU 3a UUTUKOJIIH | HE JeMOHCTRYBAN MOAYIIHOKYUI BIINB HA BIOXIMIYHI MOKA3HUKN B TiNOKamIli Migaoc/aigHNX TBapuH
i3 IP.

BUCHOBKW. Tpa+cnnanTayis MCK 3 BapToHoBux Aparnis mynoBuHu NIOANHN HE MOCTYNanacsa YNTUKOMIHY, Kpalye 3a peLuty JOCTiMKYBaHNX
KIITUH T IX Ni3aty crpusna BigHOBIIGHHIO MOPYLLUEHUX EHEPreTUYHUX MPOLIECIB (3a BIIMBOM HA PIBEHb [TIHOKO3M) Ta ycyBana metabosiyHuii
aymgos (3a 3MIiHOK PIBHA N1aKTaTty) y rinokamni LWypiB, a TaKOX Masna rmo3uTUBHWA MOZY/I00YNI BIINB HA OKCULAHTHO-aHTUOKCULAHTHUI
banatc (3a pisHem aktusHocti HAL®H-okcngasm).

KJIHOY0BI CJI0BA: me3eHxiManbHi CTPDOMAbHI KIITUHY; FiIoOKamn; iLiemis-penepgy3is ron0BHOIr0 MO3KY; BYI/IEBOAHNI 00MiH, OKCUAATUBHUI

cTpec
N

Cell and Organ Transplantology | November 2024, Vol. 12, No. 2 125



