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Abstract: Background: The active use of stem and progenitor cells in the therapy of various diseases requires the
development of approaches for targeted modification of their properties. One such approach is the induction of a pro-
or anti-inflammatory phenotype. Methods: In this study, we investigated the effect of a pro-inflammatory
environment in vitro on multipotent mesenchymal stromal cells (MSC) by incubation with lipopolysaccharide (LPS).
iCELLigence real-time cell analysis system was used for monitoring cell culture growth. Cell energy metabolism was
assessed using the Seahorse XFp Analyzer. For the rat stroke experiment, we used a photoinduced thrombosis (PT)
model; after 24 h of surgery, vehicle or MSC or LPS-treated MSC was injected i.v. With magnetic resonance imaging
(MRI) we evaluated the volume of ischemic brain injury. For the effect of MSC on neurological deficit after PT we
used three methods: limb placement test, cylinder test, and beam-walking test. Results: LPS exposure led to a
significant increase in cell growth rate and to changes in their energy metabolism: glycolytic activity increased
significantly in the MSC, and non-glycolytic acidification also increased, while basic respiratory parameters were
maintained. With MRI we didn’t reveal changes in the volume of brain damage between all rat groups. Neurological
deficit was less only with using untreated MSC injection. Conclusion: Using LPS-treated MSC in the therapy of
ischemic stroke in rats, we did not observe an increase in the neuroprotective properties of the cells, but instead noted
some decrease in their therapeutic efficacy. We attribute these changes to the formation of a pro-inflammatory

phenotype in MSC.

Abbreviations MCAO Middle cerebral artery occlusion
2-DG 2-deoxy-D-glucose MMP Metalloproteinases

CCCP Carbonyl cyanide m-chlorophenyl hydrazone MRI Magnetic resonance imaging

CI Cell index MSC Mesenchymal stromal cells
DAPI 4',6-diamidino-2-phenylindole OCR Oxygen consumption rate
ECAR Extracellular acidification rate PGE2 Prostaglandin E2

FBS Fetal bovine serum PT Photoinduced thrombosis

IDO Indoleamine 2,3-dioxygenase TNF-a Tumor necrosis factor alpha
IFN-y Interferon-gamma

1 Interleukin Introduction

LPS Lipopolysaccharide

LPT Limb placement test Stroke, a sudden disruption of cerebral blood flow, is now the

second leading cause of death and the most common cause of
disability worldwide, and its prevalence is steadily increasing
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consequences are urgent tasks for medicine and basic
research. It was shown that the number of ischemic stroke
cases, deaths, and disability-adjusted life years increased
worldwide from 1990 (4.07, 2.05, and 40.50 million,
respectively) to 2020 (7.86, 3.15, and 62.53 million,
respectively) [2]. The number of ischemic strokes is
expected to rise to 9.62 million by 2030 [2]. There are
several experimental animal models of ischemic stroke that
mimic human stroke and can be used to explore new
treatment approaches [3]. In this study, we investigated a
model of ischemic stroke caused in rats by
photodynamically induced brain injury (photoinduced
thrombosis, PT). The main advantages of PT are an easy-to-
perform ischemic model with high reproducibility and less
mortality [3].

Current methods for the treatment of ischemic stroke are
very limited and are represented by two main approaches:
thrombolytic therapy (intravenous administration of tissue
plasminogen activator within 4.5 h of symptom onset) [4]
and mechanical thrombectomy [5]. These approaches have a
rather narrow therapeutic window, which limits their
application, and are not always able to prevent the
development of neurological deficits. Therapy based on
mesenchymal multipotent stromal cells (MSC) and stem
cell-derived exosomes has recently emerged as a new
strategy for the treatment of various diseases, including
stroke [6-8]. This is due to the unique properties of these
cells, which include ease of isolation, multipotent
differentiation potential, and high paracrine activity [9,10].

It has been shown that incubation of MSC with
lipopolysaccharide (LPS) or their co-cultivation with
leukocytes affects their production of the cytokines

interleukins (IL) as IL-1a, IL-6, tumor necrosis factor alpha
(TNF-a), the metalloproteinases (MMP) MMP-2 and
MMP-9, resulting in an inflammatory phenotype of the cells
[11,12]. In a traumatic brain injury model, the acquisition of
an inflammatory phenotype by MSC not only did not
reduce their therapeutic efficacy but also enabled them to
more effectively reduce the volume of brain injury and
exhibit more pronounced neuroprotection [13]. However,
LPS’s effects on the cellular physiology of MSC, in particular
energy metabolism, and the possibility of using such cells in
the treatment of ischemic stroke have not yet been studied.
In this study, we investigated the effect of LPS on MSC in
vitro and evaluated their neuroprotective properties in an
ischemic photodynamically-induced stroke model in rats.

Materials and Methods

Assessment of LPS effect on MSC in vitro

MSC for experiments were isolated from the tibial and
femoral bones of 7-9-day-old outbred rat pups by
mechanical dissociation of bone marrow under sterile
conditions [14]. Cells were cultured in a medium consisting
of Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-
12 (DMEM/F-12) (1:1) (C425p and C600p, PanEco,
Moscow, Russia), 10% fetal bovine serum (FBS, FB-1285,
BioSera, Cholet, France), 1% glutamine (F030, PanEco,
Moscow, Russia), 1% vitamins (F315, PanEco, Moscow,
Russia), 1% amino acids (25-030-CI, Corning, NY, USA),
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and 1% penicillin (10,000 units/mL) and streptomycin
(10,000 pg/mL) (PenStrep, PS-B, Capricorn, Ebsdorfergrund,
Germany). The cells were maintained at 37°C with 5% CO,
in a humidified atmosphere. The cells were used for
experiments after the 2nd passage. All cultures were tested
for contamination with mycoplasma and its absence was
confirmed.

LPS treatment of the cells was performed in a culture
medium with LPS from E. coli 0127: B8 (L3129, Sigma,
USA) at a concentration of 10 ng/mL [15]. Cultures
incubated in a medium with the same composition but
without LPS were used as a control. Cell culture growth was
monitored using the real-time cell analyzer iCELLigence™
(ACEA Biosciences, Inc., San Diego, CA, USA). Cell energy
metabolism was assessed using the Seahorse XFp Analyzer
(Seahorse Bioscience, North Billerica, MA, USA) according
to the manufacturer’s recommendations.  Three
measurements were performed in basal conditions and four
measurements after injections of compounds affecting
bioenergetics: D-glucose (10 mM, D8375, Sigma Aldrich, St.
Louis, MO, USA), oligomycin (4.5 uM, 0815255, Macklin,
Pudong, Shanghai, China), carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) (10 uM, C2759, Sigma-
Aldrich, St. Louis, MO, USA), rotenone (2.5 uM, R8875,
Sigma-Aldrich, St. Louis, MO, USA) and antimycin (4 uM,
A-8674, Sigma-Aldrich, St. Louis, MO, USA). Seahorse XFp
measured the oxygen consumption rate (OCR) in the wells,
from which the respiration parameters were calculated, and
the extracellular acidification rate (ECAR), from which the
glycolysis  parameters were calculated. The total
measurement time was 130 min. Data analysis was
performed using XFp Wave 2.6.1 software (wave 2.6.1.,
Seahorse Bioscience). The ECAR and OCR values obtained
were normalized to the number of cells in the wells, which
was determined by staining the cell nuclei with 4,6-
diamidino-2-phenylindole (DAPI, D1306, Thermo Fisher
Scientific, Waltham, MA, USA) after metabolic analysis.

Modeling of photoinduced thrombosi

Experiments were performed on outbred male rats (weight
500-650 g, age 4 months, n = 36) obtained from the
“Stolbovaya” nursery of the Scientific Center for Biomedical
Technologies of the Federal Medical and Biological Agency”
and maintained with a 12/12-h light/dark cycle at constant
temperature (22 = 2°C) in the animal facility of A.N.
Belozersky Institute of Physico-Chemical Biology. All
procedures of rat experiments were approved by the Animal
Ethics Committee of the AN. Belozersky Institute of
Physico-Chemical Biology: Protocol 2/20 dated 12 February
2020.

The previously described photothrombosis protocol was
used [16,17]. Rose Bengal dye (198250, Sigma-Aldrich, St.
Louis, MO, USA) in sterile saline was injected into the
jugular vein (3%, 40 mg/kg) under isoflurane anesthesia.
After 5 min a laser with a wavelength of A = 550 nm was
aimed at the intact skull surface using the RWD 71000
automated stereotaxic instrument (RWD Life Science, Sugar
Land, TX 77478, USA) according to Bregma’s stereotaxic
coordinates: 1 mm anterior and 2.5 mm lateral for
irradiation for 15 min. 24 h after PT induction, the rats
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were randomly divided into three groups: PT group received
saline iv. (n = 12), PT + MSC group received untreated
MSC at a dose of 3 million cells/’kg (n = 13), PT + MSC;ps
group received 3 million cells/kg LPS-treated MSC (n = 11).
The saline or cell suspensions were injected in the jugular
vein under isoflurane (114318, laboratorios Karizoo,
Barcelona, Spain) anesthesia (4% induction; 1.8%
maintenance) induction with Kent Scientific SomnoSuite™
Low-Flow Anesthesia System with Integrated Digital
Vaporizer (Torrington, CT, USA). The experiments with
human cells were approved by the Research Ethics Board of
the V.I. Kulakov National Medical Research Center for
Obstetrics, Gynecology and Perinatology (Protocol No. 2
from 18 February 2022). The study was conducted by the
World Health Organization’s Declaration of Helsinki, and
all participants gave informed consent. Cells were cultured
in DMEM/F12 (1:1) medium with 10% FBS without
antibiotics. Incubation with LPS was performed for 24 h
with the addition of 10 ng/mL.

Evaluation of the neurological deficit

Neurological status was assessed using the Limb Placement
Test (LPT) at 7, 14, and 21 days after PT. A previously
described protocol was used [18] with modifications by
Jolkkonen et al. [19]. The following scores were used for
each task: 2 points—normal response; 1 point—delayed and/
or incomplete response; 0—no response. The total score for
seven tasks was evaluated.

To assess the neurological deficit, a cylinder test was
performed on day 14 after PT. The rats were placed in a
glass cylinder and the number of wall touches with the
forelimbs was recorded for 5 min. The proportion of wall
touches with the limb on the side of the damaged
hemisphere was calculated, which may indicate a
neurological deficit after the injury [20].

The beam walking test [21] was performed on days 14
and 21 after PT. A special setup was used for the test, which
consisted of a dark box with a double board at the exit that
tapered towards the box. The board consists of a lower,
wider part and a narrower upper part. Before the test, the
animals underwent training in which they learned to walk
on the board towards the box. For the test, each rat was
placed in a dark box filled with sawdust for 5 min. The
animal was then placed on the other end of the board and
walked back on its own. In total, each animal underwent
this test 3 times in succession as part of a test. To assess the
neurological deficit, we counted the total step number, half
faults (slips), and foot faults (placing the limb on the
bottom board). The deficit was assessed according to the
following formula:

deficit = foot faults + 0.5 * half faults

total step number

Magnetic resonance imaging (MRI)

The study was performed on day 21 after PT. The work was
performed on a tomograph with a magnetic field induction
of 7 Tesla and a gradient system of 105 mT/m (BioSpec 70/
30, Bruker, Germany). Animals were anesthetized with
isoflurane (1.5%-2%) and placed in a positioning device
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with a stereotaxic and
previously described [22].

A standard rat brain examination protocol was used,
including the acquisition of T2-weighted images. A linear
transmitter with an inner diameter of 72 mm was used to
transmit the radiofrequency signals and a rat brain surface
receiver coil was used to detect the radiofrequency signals.
The following pulse sequences (PS) were used: RARE-PS
based on a spin echo with the parameters: TR = 6000 ms,
TE = 63.9 ms, slice thickness 0.8 mm with a step of 0.8 mm,
matrix size 256 x 384, resolution 0.164 x 0.164 mm/pixel.
The total scanning time for one animal was approximately
25 min. The degree of brain damage was assessed by
graphical analysis of the MRI images with calculation of the
volume of the damaged brain area using Image] 1.52k
software (National Institutes of Health image software,
Bethesda, MD, USA) in mm?>.

thermoregulation system as

Statistical analysis

Statistical analysis of quantitative data was performed using
GraphPad Prism 6 software (GraphPad Software, Boston,
MA, USA). The Shapiro-Wilk test was used to check that
the sample values conformed to the normal distribution. If
the compared samples passed the test for normal
distribution, Student’s ¢-test was used when comparing two
groups. If three groups of animals were compared at three
different time points when calculating the LPT data, a two-
way ANOVA test was used. The Holm-Sidak correction for
multiple comparisons was used to analyze the data from the
metabolic tests. The results of all experiments are expressed
as mean =+ standard error of the mean (SEM). The
significance level was set at p < 0.05 (*p < 0.05, **p < 0.01).
In the iCELLigence study n = 4 in each group. In the
Seahorse XFp analysis, the number of replicates for each
group was 4. The PT group contains 12 rats, PT + MSC
contains 13 rats, and PT + MSC pg contains 11 rats.

Results

Evaluation of the proliferation of MSC under the influence of
LPS

To estimate the growth rate of MSC cultures, we used real-
time determination of the cell index, which is an integrative
feature of cell number calculated by the iCELLigence device
based on electrical impedance (Fig. 1A). In addition, the
dependencies of cell index (CI) on time for each culture
(the first derivative), which characterizes the rate of cell
growth, were determined (Fig. 1A). The median value of
the derivative was calculated at the point of linear cell
growth. The obtained parameter reflects the kinetics of
proliferation of MSC during the period of linear growth of
the cell cultures. Statistical analysis revealed a significant
increase in the growth rate of MSC incubated with
LPS (Fig. 1B).

As a result of analyzing the proliferation rate of MSC in
real-time, a significant increase was observed in cells
incubated several times with LPS at a concentration of
10 ng/mL in 20-30 h from the start of the analysis
compared to control cultures. This indicates an increase in
the proliferative potential of MSC treated with LPS.
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FIGURE 1. The effect of LPS on the proliferation of MSC (n = 4).
(A) The kinetics of MSC proliferation: the change in the mean cell
index (CI) over time and the dependence of the cell index slope in
the cultures studied. (B) The mean slope of the cell index of MSC
in the range of 20-30 h (mean + SEM, **p < 0.01, Student’s ¢-test).

Analysis of the energy metabolism of MSC after LPS exposure
The energy metabolism of MSC, processed, and untreated LPS
was analyzed. Each curve in Fig. 2A describes the change in
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the acidification parameter of the medium (ECAR) in the
cells during the study period under basal conditions (in the
absence of glucose) and after the addition of glucose or
respiratory inhibitors (oligomycin, rotenone) and the CCCP.
Analysis of the energy status of the MSC cultures showed
that LPS caused a significant increase in the following
parameters: basal glycolysis, glycolytic ability, and non-
glycolytic acidification (Fig. 2B). Another important effect of
LPS exposure on MSC is a significant decrease in glycolytic
reserve (Fig. 2B).

Respiration of MSC treated with LPS was also evaluated
separately under basal conditions (cells were in a reaction
medium) and after sequential addition of substances
affecting cell respiration (Fig. 3A). A comparative analysis of
oxygen consumption rate (OCR) showed that the cultures
did not differ significantly in any of the estimated
respiration parameters, indicating a similar level of oxidative
phosphorylation in control cultures of MSC and in cultures
exposed to LPS (Fig. 3B).

The effect of MSC on the volume of brain damage in the PT
model

Analysis of the volume of ischemic brain injury in rats by MRI
(Fig. 4A,B) was performed on day 14 after PT modeling and
revealed no significant differences between the groups of
animals injected with saline (PT), a suspension of MSC
(PT + MSC) and a suspension of MSC treated with LPS (PT
+ MSCips). The average damage volume in the PT group
was (41 + 8.3) mm’, in the PT + MSC group (44.4 +
9) mm?, and in the PT + MSCjpg group (48 + 9) mm’. We
attribute the lack of effect of MSC on infarct volume to the
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FIGURE 2. Assessment of glycolytic activity in MSC (n = 4). (A) Change in the rate of extracellular acidification by MSC cultures; (B) The
values of glycolytic parameters of MSC calculated by ECAR. Data are presented as mean + SEM (*p < 0.05, Student’s t-test, n = 4 in each group).
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fact that the cells were injected 24 h after stroke simulation
when the lesion was already fully formed and it was very
difficult to influence its size.

The effect of MSC on neurological deficit after PT
PT caused a significant decrease in neurological status in rats
in the LPT test from 14 points before surgery to 3.2, 4.6, and

(A)

PT PT+MSC PT+MSC| pg

e

Lesion volume, mm?3
Y
o
:

°
i

FIGURE 4. Evaluation of the neuroprotective effect of MSC and
MSC;ps on the severity of brain damage after PT in rats. (A)
Representative T2-weighted MRI images of brain slices taken 21 days
after stroke induction (the scale bar is 5 mm); (B) The damage volume
assessed by MRI. Data are presented as mean + SEM. In the PT group
n =12, in PT + MSC group n = 13, PT + MSCyps group n = 11.

respiration

The data are presented as mean + SEM,
n = 4 in each group.

Capacity

4.8 points in animals 7 days after PT in the PT, PT + MSC, and
PT + MSCyps groups, respectively (Fig. 5A). Intact MSC
caused an improvement in neurological status in both
periods analyzed, indicating their neuroprotective effect. On
day 14 of the test, a significant difference was observed
between the three study groups. In the PT + MSC group,
the scores were 1.8 times higher than in the PT group and
2.3 times higher than in the PT + MSCypg group.

Fig. 5B shows the data of the “Cylinder” test performed
on the 14th day after PT. There is a slight decrease in the
use of a damaged paw in the MSCips group (1.8 out of
100%) compared to PT and PT + MSC (13% and 19%,
respectively).

The “Beam-walking” test revealed no statistically
significant ~ differences between the desired groups
(Fig. 6A-C). A more pronounced deficiency was observed
for the hind paw compared to the front paw (Fig. 6A,B).
There was a tendency to decrease the severity of the
deficiency in the PT + MSC group, calculated for the hind
limb of the animals (p = 0.057) (Fig. 6B).

Discussion

The main approaches to the treatment of ischemic stroke are
limited by the time window of several hours (4.5 h). Recently,
several treatment methods have been developed that can be
used at a later stage. In particular, the use of MSC (cell
therapy) is possible within 48 h of symptoms [23] or even
has some efficacy in restoring neurological deficits when
administered one month after a stroke [24]. It has also been
shown that MSC therapy 24 h after a stroke (middle
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FIGURE 5. Assessment of the neuroprotective effect of MSC and
MSCyps after induction of brain damage in rats. (A) The effect of
MSC and MSC;ps on neurological status determined by the LPT
test within 21 days after PT, data are presented as mean = SEM,
**p < 0.01 (two-way ANOVA); In PT group n = 12, in PT + MSC
group n = 13, PT + MSCypg group n = 11; (B) The effect of MSC
and MSCips on asymmetry of forelimb use estimated by the
cylinder test 21 days after PT, the three-color column reflects 100%.
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cerebral artery occlusion, MCAO model) led to a significant
improvement in the recovery of sensory and motor
functions [25]. MSC have many advantages: they are able to
avoid the recipient’s immune response, they are easy to
obtain, propagate and potentially store for a long period of
time. In addition, it is possible to modify their properties in
vitro to modulate their therapeutic potential [11].
Previously, it has been shown that the MSC phenotype
induced by a proinflammatory environment can enhance
the neuroprotective potential of cell therapy in a traumatic
brain injury model [13].

In this work, we have shown for the first time the effect of
LPS on the key physiological parameters of MSC: the
proliferative capacity of MSC and glycolysis. Thus, one of
the most interesting effects that LPS had on MSC was an
increase in their glycolytic activity with unchanged
respiration parameters. That is, in the MSC exposed to LPS,
there was a shift in energy metabolism towards aerobic
glycolysis, which should increase their resistance to hypoxia
and could also provide an additional influx of NADH
equivalents. Interestingly, our results are consistent with
data from other authors on changes in MSC energy
metabolism  towards glycolysis induced by other
proinflammatory factors like TNF-a and interferon-gamma
(IFN-y) [26-28]. Metabolic reprogramming towards
glycolysis  has been shown to enhance the
immunomodulatory potential of MSC through increased
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FIGURE 6. Assessment of the severity of the neurological deficit (%)
using the beam-walking test. (A) Calculation of the effect of MSC and
MSCyps on the severity of the deficits in the forelimb of the animals;
(B) Calculation of the effect of MSC and MSC; ps on the severity of
the deficits in the hindlimb of the animals; (C) Summarized data
on the deficits in the forelimb and hindlimb of the rats. Data are
presented as mean + SEM, two-way ANOVA, In PT group n = 12,
in PT + MSC group n = 13, PT + MSCyps group n = 11.

production of indoleamine 2,3-dioxygenase (IDO) and
prostaglandin E2 (PGE2) [26,27]. IDO-mediated conversion
of tryptophan to kynurenine causes suppression of the
whole T-cell population, while regulatory T cells are
stimulated [29]. It has also been shown that MSC treated
with IFN-y has greater therapeutic potential in the
treatment of ischemic brain injury (MCAO) [30]. Therefore,
we expected that cells with a predominance of glycolysis
would also have great neuroprotective properties.

When using MSC 24 h after modeling ischemic
photodynamic-induced stroke, we found the opposite effect
than expected. The cells treated with LPS had lower
therapeutic efficacy. Fig. 5 shows that the use of native stem
cells on the 7th and 14th day after the stroke leads to an
improvement in the neurological status of the animals. This
effect is lost when cells incubated with LPS are used. The
same trend was observed when measuring the neurological
deficit of rats in the beam-walking test (Fig. 6). In the
above-mentioned work where female rats were subjected to
cell therapy in the MCAO model [30], MSC were injected
into the bloodstream 3 h after reperfusion and at a greater
number of 5 x 10° cells/kg. These differences may partly
explain the discrepancy in the results. Despite the fact that
in our work we could not show an improvement in the
therapeutic ability of MSC after exposure to LPS in
the ischemic stroke model, the possibility of changing the
properties of cells during cell therapy remains an interesting
task and requires further research. It can be assumed that a
stroke caused by photothrombosis has a different
pathogenesis than other models in which proinflammatory
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primed MSC are effective. This points to the need to
specifically modify the properties of MSC and test them in
different stroke models.

Limitations of this study: (1) Ischemic stroke is a
heterogeneous disease with complex pathophysiology and
there is no single model that mimics all aspects of human
stroke. Therefore, the results from the rat experiments must
be carefully extrapolated to human stroke. (2) We used cell
therapy 24 h after stroke onset. We did not try other time
points for MSC injection, possibly an earlier time could be
more effective. But in real life where people with stroke
arrive at the hospital within a few hours such a therapy is
impossible. It was shown that arrival at the hospital 4.5 h
after stroke symptoms onset was an independent predictor
of a high degree of functional disability [31,32]. And this is
a very important issue that we have tried to take into account.

Conclusion

The incubation of MSC with LPS led to a significant increase
in the growth rate and a change in the energy metabolism of
the cells. When such MSC were used to treat ischemic strokes
in rats, a slight decrease in therapeutic efficacy was observed.
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