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Abstract

Mesenchymal stem cells (MSCs) have been widely used in the treatment of
ischemic stroke. However, factors such as high glucose, oxidative stress, and aging
can lead to the reduced function of donor MSCs. The p38 mitogen-activated protein
kinase (MAPK) signaling pathway is associated with various functions, such as
cell proliferation, apoptosis, senescence, differentiation, and paracrine secretion.
This study examined the hypothesis that the downregulation of p38 MAPK
expression in MSCs improves the prognosis of mice with ischemic stroke. Lentiviral
vector—-mediated short hairpin RNA (shRNA) was constructed to downregulate the
expression level of p38 MAPK in mouse bone marrow-derived MSCs. The growth
cycle, apoptosis, and senescence of MSCs after infection were examined. A mouse
model of ischemic stroke was constructed. After MSC transplantation, the recovery
of neurological function in the mice was evaluated. Lentivirus-mediated shRNA
significantly downregulated the mRNA and protein expression levels of p38 MAPK.
The senescence of MSCs in the p38 MAPK downregulation group was significantly
reduced, but the growth cycle and apoptosis did not significantly change. Compared with the control group, the infarct volume was
reduced, and the neurological function and the axonal remodeling were improved in mice with ischemic stroke after transplantation
of MSCs with downregulated p38 MAPK. Immunohistochemistry confirmed that in the p38 MAPK downregulation group, apoptotic
cells were reduced, and the number of neuronal precursors and the formation of white matter myelin were increased. In conclusion,
downregulation of p38 MAPK expression in MSCs improves the therapeutic effect in mice with ischemic stroke, an effect that may
be related to a reduction in MSC senescence. This method is expected to improve the efficacy of MSCs in patients, especially in
patients with underlying diseases such as diabetes, thus providing a basis for clinical individualized treatment for cerebral infarction.

Impact Statement

Factors such as high glucose, oxidative stress, and
aging can lead to the reduced function of donor
mesenchymal stem cells (MSCs). In this study, we
demonstrated that p38 mitogen-activated protein
kinase (MAPK) interference in exogenous MSCs
by infection with lentivirus could reduce cell senes-
cence and promote the recovery of neurological
function and axonal remodeling in stroke mice. This
gene-based MSC therapy provides a new potential
individualized treatment strategy for ischemic stroke
patients, especially for patients with underlying dis-
eases such as diabetes.
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confirmed to have good safety and neuroprotective effects
after cerebral infarction. MSCs can effectively reduce inflam-
mation, regulate immune responses, inhibit neuronal apop-
tosis, promote angiogenesis and fiber regeneration, thereby
accelerating the recovery of neurological function and

Introduction

Ischemic stroke has a high incidence, high prevalence, and
high recurrence rate, with a poor prognosis and extremely
high disability and mortality rates. For many patients out-

side the therapeutic time window of thrombolytic therapy,
the repair of neurological damage after stroke is extremely
important. Mesenchymal stem cells (MSCs) are mesodermal
cells that can be obtained from a variety of sources, such as
adipose tissue, bone marrow (BM), and umbilical cord blood.
Through many animal and clinical studies, MSCs have been
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improving prognosis.'? In addition, the effect of BM-derived
MSCs is superior to that of umbilical cord blood- and adipose
tissue-derived MSCs. In addition to homing to the injury site,
MSCs can not only differentiate into neurons, glial cells, and
endothelial cells but also promote the repair of neurological
damage through the secretion of trophic factors by exosomes
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next to the injured environment.? After the in vitro labeling
of MSC exosomes, we dynamically monitored the homing
process of exosomes to the cerebral infarction site in vivo
and observed their neuroprotective effects.* However, the
application of MSCs is complicated by certain donor factors,
such as old age and underlying diseases.> Factors such as
high glucose, oxidative stress, and aging can cause MSCs
to undergo senescence and apoptosis, thus hindering cell
expansion and reducing paracrine secretion; therefore, the
therapeutic potential of autologous MSCs in these patients
is significantly reduced.5 It is thus necessary to develop
effective methods to improve cell function and improve the
efficacy of cerebral infarction treatment. We believe that the
targeted regulation of senescence signaling pathways in
MSCs may be an effective strategy to rejuvenate MSCs.

P38 mitogen-activated protein kinase (MAPK) belongs
to the family of mitogen-activated protein kinases, is a key
kinase that promotes proliferation and transmits stress
signals in cells, and is a key regulator of several cellular
physiological processes including proliferation, apoptosis,
senescence, differentiation, and paracrine secretion.® The
p38 MAPK signaling pathway is closely related to various
influencing factors, such as hyperglycemia, endothelial
nitric oxide synthase/nitric oxide (eNOS/NO), and oxida-
tive stress.”® p38 MAPK gene interference has been reported
to effectively inhibit high glucose-induced osteoblast apop-
tosis? and aldosterone-induced cardiomyocyte apoptosis.!?
A p38 MAPK-specific inhibitor has been shown to not only
significantly inhibit the senescence of MSCs during viral
transduction and improve their proliferation and differ-
entiation!! but also improve the hematopoietic function of
hematopoietic stem cells and the angiogenic function of
endothelial progenitor cells in a stressful or high-glucose
environment.®!? These studies emphasized the cell-auton-
omous role of p38 MAPK signaling in stem cells; however,
there is no report indicating the role of the regulation of p38
MAPK signaling, which is ubiquitous in stromal cells, in the
treatment of ischemic stroke by MSCs.

p38 MAPK is widely present in various tissues and cells
in the body. The systemic inhibitor would inevitably affect
the normal physiological processes of other tissues and cells.
The production of cytokines in cerebral ischemia/reperfu-
sion injury is also closely related to the p38 MAPK pathway.
The use of inhibitors in the early stage of cerebral infarction
can significantly inhibit neutrophil chemotaxis and super-
oxide production, reduce inflammatory responses, and
improve patient prognosis.!* However, the inflammatory
response plays a double-edged role in the course of cerebral
infarction.!* In the early stage, the inflammatory response
can aggravate ischemic brain injury, but in the later stage,
it can remove cell debris associated with necrotic brain tis-
sue and degrade the extracellular matrix, thereby promoting
angiogenesis and neurogenesis. The long-term use of p38
MAPK inhibitors may simultaneously inhibit the two-sided
effects of inflammatory responses. In addition, the dose of
such inhibitors is also difficult to control, the inhibitory effect
of small doses is poor, the maintenance time of the plasma
concentration is limited, thus not allowing continuous
improvements in the working environment of exogenous
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MSCs; while large doses will inhibit the activities of other
upstream and downstream kinases.

Therefore, in this study, we test the hypothesis that the
expression of p38 MAPK in exogenous MSCs can be down-
regulated in a long-term, high-efficiency, specific and sta-
ble manner through the use of RNA interference (RNA1)
technology. The effect of stem cell treatment was dynami-
cally evaluated from the aspects of infarct volume and the
integrity of white matter fiber tracts via magnetic resonance
imaging (MRI).

Materials and methods
Cell culture

C57BL/6 mouse BM-derived MSCs were purchased from
Cyagen Biosciences (Guangzhou, China).* The cells were
seeded into six-well plates (Corning, Corning, NY, USA)
in a single-cell suspension. Approximately (2.5-3.5) X 10°
cells in 2mL of complete medium were seeded in each well.
The medium was Dulbecco’s modified Eagle’s medium
(DMEM)/F12 (Hyclone, Logan, UT, USA) supplemented
with 10% fetal bovine serum (FBS) (Gibco, Paisley, UK), and
the cells were cultured in an incubator at 37°C with 5% CO,
and saturated humidity.

Lentiviral vectors production and infection of
MSCs

The construction and preparation of lentiviral vectors were
completed by Cyagen Biosciences (Guangzhou, China).
RNAIi sequence design software was used to design three
RNAI target sequences about the target gene p38 MAPK, and
the target sequence with the highest interference efficiency
(CCAACAATTCTGCTCTGGTTA) was selected to synthe-
size the lentiviral vector p38-short hairpin RNA (shRNA)
containing enhanced green fluorescent protein (eGFP) gene.
A negative control viral vector only containing eGFP gene,
that is, NC-shRNA (TTCTCCGAACGTGTCACGT), was
randomly selected. Using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA), the lentiviral vector and the packaging
plasmid ViraPower™ Lentiviral Packaging Mix (Invitrogen)
were co-transfected into 293FT cells for amplification. After
48h, the virus-containing supernatant was collected and cen-
trifuged at 3000 r/min for 15min at 4°C to remove cell debris.
After filtration through a 0.45-micron filter, supernatant rich
in lentiviral particles was collected and concentrated for later
use. The tenth echelon dilution method was used to measure
the infective viral titer. Briefly, HEK293T cells were plated
in a 96-well plate at a density of 2 X 10* cells/100 uL in each
well, and infected with a serial dilution of lentiviral vectors.
Culture media were replaced with fresh media 6 h after infec-
tion, and the number of fluorescent cells in each well was
determined 96h after infection. The final infection titer of
the lentiviral particles was 108 transducing units (TU)/mL.
Third-generation MSCs with a good growth status and
appropriate cell density (30-50% confluence) were selected.
The original medium was removed from the cells and
replaced with fresh complete medium. The cells were placed
in an incubator to equilibrate before transfection. The cells



were randomly divided into two groups, that is, gene knock-
down group (p38-shRNA group) and negative control group
(NC-shRNA group), which were stably transfected with
lentiviral p38 MAPK-shRNA or control lentiviral shRNA,
respectively. Cells were transferred to serum-free media
containing 5mg/mL polybrene (Sigma-Aldrich, St. Louis,
MO, USA) and lentiviral particles at multiplicity of infection
(MOI) of 30. The cells were cultured in an incubator for 12 h,
and the medium was replaced with fresh complete medium.
Cells were passaged after 72h of infection. Infection effi-
ciency was determined based on the expression of green
fluorescent protein (GFP) in the cells observed by an inverted
fluorescence microscope (Carl Zeiss, Jena, Germany).

Reverse transcription—quantitative polymerase
chain reaction and western blot

Reverse transcription—quantitative polymerase chain reac-
tion (RT-qgPCR) was performed to determine the level of p38
MAPK mRNA expression. Total RNA was extracted using
a kit (Takara, Japan). Reverse transcription was performed
using a Takara PrimeScript RT reagent kit with gDNA Eraser
(Perfect Real Time). The human GAPDH (hGAPDH) gene
was used as an internal control to quantitatively analyze
the relative expression of the target gene in samples. Three
replicate wells were analyzed for each sample, and the rela-
tive quantification was performed using the 2-44¢t method.

Western blot was performed to determine the level of
P38 MAPK protein expression. Cells were lysed with radio-
immunoprecipitation assay (RIPA) lysis buffer (Beyotime,
China), and 30 ug of total protein was used for Western blot
analysis. The proteins were separated in a 12% separation
gel and then transferred (wet transfer at 300 mA for 70min)
to a membrane, which was blocked in 5% non-fat milk for
1h. The membranes were then incubated with rabbit anti-
mouse p38 MAPK primary antibody (1:1000, Cell signal-
ing Technology, Danvers, MA, USA) and GAPDH antibody
(1:2000, Abcam, Cambridge, MA, USA) at 4°C overnight.
Then, the membranes were incubated with horseradish per-
oxidase (HRP)-conjugated goat antirabbit secondary anti-
body (1:1000, Life Technologies, The Netherlands) for 1.5h
at room temperature. Images were analyzed using Image]J
analysis software.

Fluorescence-activated cell sorting

MSCs survival after infection was determined through cell
cycle and cell apoptosis analyses by fluorescence-activated
cell sorting (FACS). MSCs with good condition after infection
were selected and cultured for 48 h. The cells were harvested
by trypsin digestion and washed twice with phosphate-buff-
ered saline (PBS) and fixed with 70% ice cold ethanol at 4°C
overnight, followed by treatment with povidone-iodine (P]I,
Sigma-Aldrich) solution at a final concentration of 50 pg/mL.
Cellular DNA content was detected with FACS and cell cycle
analysis was performed with BD FACSDiva™ software.
For detection of cell apoptosis, an Annexin V-APC/PI
detection kit (Elabscience, China) was used according to
the manufacturer’s instructions. The cells were suspended
in 400 uL of Annexin V binding solution at a concentration
of approximately 1X10° cells/mL. Then, 5uL of Annexin

V-APC staining solution was added to the cell suspension,
and the solution was gently mixed and incubated at 4°C in
the dark for 15min. After adding 10 pL of PI staining solu-
tion, the cell suspension was gently mixed and incubated at
4°C in the dark for 5min. Within 1h, the percentage of early
apoptotic cells was determined with FACS.

p-galactosidase staining of MSCs

MSCs with good condition after infection were selected and
cultured for fourdays. For B-galactosidase staining, 1mL
of fixation solution was added to the cells after washing
with PBS once, followed by fixation at room temperature for
15min. Subsequently, the cell fixation solution was removed,
and the cells were washed with PBS 3 times (3 min each). The
staining solution was prepared following the instructions
provided with the kit (Beyotime, China). After the PBS was
removed, 1mL of the staining solution was added to each
well, the six-well plate was sealed with a plastic wrap to
prevent evaporation, and the cells were incubated at 37°C
overnight. Cell senescence was observed under an inverted
microscope.

Animal model

All animal experiments were approved by the Institutional
Animal Care and Use Committee of the Medical School of
Southeast University (SYXK 2021-0022). C57BL/ 6] mice (25—
27 g, 8-10weeks, male) were adapted to the experimental
conditions for sevendays before experimentation. A focal
cerebral infarction mouse model was established using the
photochemical method. Mice were maintained under anes-
thesia with 1.0% isoflurane. After the scalp of the mice was
depilated, the mice were fixed in the prone position, rhoda-
mine (100mg/kg) was injected intraperitoneally, and a cold
light (4mm diameter) was then centered 2.0 mm to the right
of the bregma for 15min. Twenty-fourhours later, success-
ful modeling was determined using T2-weighted imaging
(T2WI).

After another 24 h, the mice were randomly divided into
two groups, followed by intracardiac injection of MSCs trans-
fected with lentiviral p38 MAPK-shRNA or control lentiviral
shRNA, respectively. Approximately 150 pL of MSC suspen-
sion (containing 10° cells) was injected slowly into the left
ventricle. After the injection, the mice were kept warm until
they were fully awake and were then returned to their cages.

Neurological function scores

On the 14th day after MSC injection, the mice in each group
were assessed using the modified neurological severity
score (MNSS) and the foot-fault test to evaluate behavioral
functions. The mNSS score reflected the severity of nerve
damage in the mice. This score was determined by motor,
sensory, reflex, and balance tests with scores ranging from 0
to 18 (Supplemental Material). Higher test scores indicated
more severe neurological deficits.!> In the foot-fault test, mice
were placed on a wire mesh (the length and width of each
cell was 1cm), and a camera recorded the number of times
mice stepped into the mesh with their left forelimb and the
number of all steps in 5min, allowing the calculation of a
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percentage of steps in the mesh. There were six to eight mice
in each group, and scoring was performed by an experi-
menter who blinded to the grouping.

MRI and quantification

MRI was performed using a 7.0 T small animal magnetic res-
onance scanner (Bruker PharmaScan, Ettlingen, Germany).
T2-weighted imaging (T2WI) and diffusion tensor imaging
(DTI) were used to evaluate the infarct volume and white
matter fiber tract remodeling. Inhalation anesthesia was
used during the MRI scan. The induction dose of isoflurane
mixed with oxygen was 5%, and the maintenance dose was
1%. Model mice were placed in prone position with the head
in the center of the surface coil, and the head of the mouse
was fixed. Respiratory rhythm and amplitude were moni-
tored, the dose of anesthetic was adjusted to keep the res-
piratory rate at 25-35 breaths per minute, and a water system
was used to keep the mice warm.

T2WI was acquired using a relaxation enhanced rapid
acquisition sequence. The scanning parameters are as follow-
ing: repetition time (TR)=3000ms; echo time (TE)=36ms;
field of view (FOV)=2cm X 2 cm; matrix =256 X 256; flip
angle =180°; number of excitations (NEX)=2; number of
slices =12; slice thickness=1mm. T2WI was scanned before
and on day 21 after MSC injection, with five to six animals
in each group. The images were analyzed using Image] soft-
ware. The volumes of the infarcted area and the contralat-
eral brain tissue were delineated and calculated, and the
difference in volume percentage of the infarcted lesion to
the contralateral brain tissue between day 0 and day 21 was
calculated.

DTI was acquired using an echo planar imaging
sequence. The scanning parameters are as following:
TR=5000ms; TE=32.2ms; b value=0 and 1000s/mm?;
FOV=1.6cm X 1.6cm; matrix =128 X 128; NEX =2; number
of slices=12; slice thickness=0.6 mm; 30 distinct diffusion
directions and five reference images. DTI was scanned on day
21 after MSC injection, with five to six animals in each group.
Image analyses and data measurements were performed
using the ParaVision 5.0 software (Bruker PharmaScan MRI).
A tensor map was created from the images, and the fractional
anisotropy (FA) of the internal capsule (IC) on the right side
of the brain was calculated. Fiber tracking was performed
using the TrackVis (version 0.5.2.1; Massachusetts General
Hospital, Boston, MA, USA) and Diffusion Toolkit (version
0.6.2.1; Massachusetts General Hospital) software.

Immunohistochemistry

On day 21, the animal brains were dissected and embed-
ded in paraffin or optimum cutting temperature (OCT)
compound.

The paraffin-embedded brains were sectioned into 4 pum
slices and incubated with a rabbit polyclonal antimyelin
basic protein (MBP) antibody (Abcam, Cambridge, UK) at
4°C. Then, the slices were examined under a microscope
(Zeiss, Germany).

The OCT-embedded brains were cryostat-sectioned into
10um and incubated with rat monoclonal anti-BrdU (Abcam,
USA), and rabbit anti-Dcx (Abcam, USA) antibodies followed
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by staining with secondary Alexa Fluor antibodies (Thermo
Fisher Scientific, Waltham, MA, USA), including goat anti-
rabbit 488 and goat antirat TRITC. In addition, a terminal
transferase-mediated dUTP nick-end labeling (TUNEL)
assay was performed using an In Situ Cell Death Detection
Kit Fluorescein (Roche, Indianapolis, IN, USA) to measure
neuronal cell death. These sections were scanned by confo-
cal microscopy (Olympus, LEXT, Japan). Quantification was
performed by an investigator blinded to the experimental
groups.

Statistics

The SPSS software, version 18, was used to process all
experimental data. Numerical data are expressed as the
mean + SD. For statistical comparisons, the independent
sample t-test was used to compare the means between two
groups. A P value of less than 0.05 was considered statisti-
cally significant.

Results
Infectivity of lentiviruses in MSCs

The infectivity of viral preparations was tested on MSCs.
Immunocytochemistry indicates that more than 80% of
MSCs were GFP positive in the p38 MAPK-shRNA group
and the NC-shRNA group after infection (Figure 1(a)), and
the cells were in good condition, indicating acceptable trans-
fection efficiency.

Lentiviral p38 MAPK-shRNA infection
downregulates mRNA and protein expression
levels of p38 MAPK in MSCs

The level of p38 MAPK mRNA expression in the p38-shRNA
group was significantly downregulated, that is, 27.67 = 5.67%
of that in the control group (Figure 1(b), P <0.01). In addi-
tion, compared with that in the NC-shRNA group, the level
of p38 MAPK protein expression in the p38-shRNA group
was also significantly lower (Figure 1(c), P <0.01), indicating
successful p38 MAPK interference of MSCs.

Downregulation of p38 MAPK does not affect the
cell cycle and cellular apoptosis of MSCs

Compared with those in the NC-shRNA group, the percent-
ages of cells in the G1, S, and G2 phases in the p38-shRNA
group did not change significantly (Figure 2(a) and (b),
P>0.05). In addition, there was no significant difference
in the percentage of early apoptotic cells between the p38-
shRNA group and the NC-shRNA group (Figure 2(c) and
(d), P>0.05).

Downregulation of p38 MAPK decreases cellular
senescence in MSCs

Compared with that in the NC-shRNA group, the number of
senescent MSCs in the p38-shRNA group was significantly
lower (Figure 3(a)), and there was a significant difference
between the two groups (Figure 3(b), P <0.01). These results
suggest that treatment of MSCs with p38 MAPK interfer-
ence could reduce cellular senescence, which may further
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Figure 1. Infectivity of lentiviruses in mesenchymal stem cells (MSCs). (a) Representative fluorescent microscopy images illustrated the expression of GFP in MSCs
infected with lentivirus (scale bar=30pum). Quantitative analysis of the level of p38 MAPK mRNA (b) and protein expression (c) in MSCs after lentiviral transfection.
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enhance the biological function and then improve the thera-
peutic effect of MSCs.

MSCs infected with p38-shRNA promote the
recovery of neurological function and a reduction
in infarct volume in mice

The successful rate of mouse modeling was approximately
95%, and the mice without lesions in the brain confirmed
by T2-weighted MRI were excluded from the experiments.
All selected animals were in good condition. Two groups
of MSC-transplanted mice were subjected to mNSS assess-
ments (Figure 4(a)) and foot-fault tests (Figure 4(b)) on day
14 after MSC injection to score their neurological deficits.
MSC transplantation in the p38-shRNA group significantly
reduced the behavioral deficits in mice on day 14 (Figure 4(a)
and (b), P <0.05).

Representative T2-weighted images of MSC-transplanted
mice on day 21 in two groups are shown in Figure 4(c). The
difference in the size of the cerebral infarction lesion at day

0 and day 21 in each group was compared, and the results
indicated that compared with that in the NC-shRNA group,
the difference in the infarction volume before and after
MSC transplantation in the p38-shRNA group significantly
increased (Figure 4(d), P <0.05), indicating that the infarc-
tion volume significantly decreased and that the treatment
effect was significant.

MSCs infected with p38-shRNA increase axonal
remodeling in mice

In vivo DTI was performed to evaluate the integrity of white
matter fibers in the brains of mice in each group on day 21
after MSC injection. Region of interest (ROI) was set at the
bilateral internal capsule (Figure 5(a)). DTI reconstruction
showed that the corticospinal tract on the right side showed
continuity interruption and loss of anatomical structure
morphology (Figure 5(a)) and that MSC transplantation in
the p38-shRNA group significantly increased the FA value
(Figure 5(b), P <0.05) and the number and length of fiber
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Figure 2. Downregulation of p38 MAPK does not affect the cell cycle or cellular apoptosis of mesenchymal stem cells (MSCs). (a) Representative images of the cell
cycle analyzed by FACS are shown in the upper panel. (b) DNA content during different periods of the cell cycle indicated that there was no significant difference
between p38-shRNA infected MSCs and NC-shRNA-infected MSCs. (c) Representative images of cell apoptosis analyzed by FACS are shown in the lower panel.
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Figure 3. Downregulation of p38 MAPK decreases cellular senescence in mesenchymal stem cells (MSCs). (a) Senescence-associated B-galactosidase staining
assays of MSCs in two different groups are shown. Senescent cells exhibit high expression of SA-B-gal in blue staining (scale bar=30um). (b) Quantitative analysis of
the number of senescent MSCs showed significant differences between the two groups (**P < 0.01), indicating that downregulation of p38 MAPK decreases cellular

senescence in MSCs.

tracts (Figure 5(c) and (d), P <0.05) in the ipsilateral inter-
nal capsule.

Immunohistochemical staining (Figure 5(e)) also showed
that in the p38-shRNA group, the number of MBP-positive
cells in the ipsilateral internal capsule significantly increased
(Figure 5(f), P <0.05), indicating that the damage on the
myelin of the internal capsule improved significantly.

MSCs infected with p38-shRNA promote
neurogenesis and decrease apoptosis in mice

On day 21 after MSC injection, brain tissue was frozen and
sectioned, and apoptotic cells at the edge of the lesion (black
frame, Figure 6(a)) and proliferating neural precursor cells
in the ipsilateral subventricular zone (red frame, Figure 6(a))
were determined. Compared with MSC transplantation in
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Figure 4. Mesenchymal stem cells (MSCs) infected with p38 MAPK-shRNA promote the recovery of neurological function and a reduction in infarct volume in

mice. Quantitative analysis of modified neurological severity score (MNSS) analysis (a) and foot-fault tests (b) in mice of two groups on day 14 (*P <0.05). (c)
Representative T2-weighted images of MSC-transplanted mice in two groups on day 21 are shown in the lower panel. Infarct regions are outlined by yellow dotted line.
(d) Quantitative analysis of delta infarct volume, that is, the difference in the infarction volume at day 0 and day 21 showed a significant reduction in infarct volume in

mice treated with p38 MAPK-shRNA infected MSCs (*P < 0.05).

the NC-shRNA group, MSC transplantation in the p38-
shRNA group significantly reduced the number of apoptotic
cells at the edge of the infarct (Figure 6(b) and (c), P <0.01)
and significantly increased the number of BrdU/Dcx double-
positive cells in the subventricular zone (Figure 6(d) and
(e), P<0.05), indicating that MSC transplantation combined
with p38MAPK interference reduced cell apoptosis at the
edge of the lesion and promoted neurogenesis in the subven-
tricular zone after stroke in mice.

Discussion

The results of this study indicated that the inhibition of
p38 MAPK signaling in MSCs could reduce cell senes-
cence, enhance function, and improve the efficacy of stroke
treatment.

MSCs can differentiate into chondrocytes, adipocytes, and
osteoblasts and can transdifferentiate into endothelial cells,
glial cells, and neurons. Because BM-MSCs are easy to iso-
late and expand, the risk of immune rejection in allogeneic
transplantation is relatively low, and thus, they are the main
source of cell therapy for many diseases. More than 700 clini-
cal trials have been registered.!® There are two mechanisms
by which BM-MSCs effectively treat stroke: at the periph-
eral level, with a reduction in inflammatory response and
immune regulation, and at the central level, with effects
on angiogenesis, neurogenesis, astrocytes, axons, and
oligodendrocytes.

However, due to the limited number of available cells, the
use of BM-MSCs is limited. Therefore, to become a clinical
option, BM-MSCs must undergo several in vitro expansions
to obtain sufficient cell numbers for immediate application,
a process that leads to another bottleneck, that is, the repli-
cative senescence or premature senescence of BM-MSCs.”
Regardless of the age of the donor, BM-MSCs inevitably
acquire a senescent phenotype after long-term in vitro expan-
sion, further hindering their long-term function. Even limited
in vitro passage can lead to the rapid aging of MSCs, which
is characterized by excessive reactive oxygen species (ROS)
production and a transition to adipogenic differentiation.18-20
The premature senescence of in vitro cultured BM-MSCs is
associated with oxidative stress. The increase in oxidative
stress leads to the loss of stem cell characteristics and the
destruction of the self-renewal and differentiation ability of
MSCs, which has a significant impact on their therapeutic
potential.!® In addition, factors such as high glucose can also
lead to cell senescence, with the main causative factors being
mitochondrial dysfunction and oxidative stress.?! High lev-
els of glucose enhance mitochondrial metabolism and induce
mitochondrial ROS production through the tricarboxylic
acid cycle and oxidative phosphorylation.?? Cell senescence
induced by these stress-related factors can reduce the effi-
cacy of transplanted BM-MSCs in tissue regeneration and
the treatment of autoimmune and inflammatory diseases.

Researchers are actively employing new strategies to
develop new drugs against cell aging. Candidate drugs are
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Figure 5. Mesenchymal stem cells (MSCs) infected with p38 MAPK-shRNA increase axonal remodeling in mice. (a) Diffusion weighted imaging reconstruction
showed that the corticospinal tract on the bilateral side. Region of interest was set at the bilateral internal capsule. Quantitative analysis of fractional anisotropy (FA)
value (b) and the number (c) and length (d) of fiber tracts in the ipsilateral internal capsule showed significant differences between the two groups. (e) Representative
myelin basic protein (MBP) immunohistochemical staining of the ipsilateral internal capsule region are shown (scale bar=100um). (f) Statistical analysis of MBP
staining in two groups showed significantly increased number of MBP-positive cells in the ipsilateral internal capsule in the p38-shRNA treated MSCs group. *P <0.05.
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either senolytic (kill and remove senescent cells) or senom-
orphic (modify the phenotype of senescent cells to attenuate
tissue damage).?>-? Senomorphic agents include a variety of
compounds with different targets and are designed to reduce
the senescence-associated secretory phenotype (SASP) and

senescent markers without causing apoptosis.?* Recent
studies have shown that MSCs incubated with tryptophan
metabolites produced through the tryptophan hydroxylase
(TPH) pathway can resist replicative senescence and cell
senescence induced by hyperglycemia or oxidative stress.
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It has been reported that 5-methoxytryptophan (5-MTP) can
rescue BM-MSCs from high glucose-induced senescence?
and that melatonin can protect MSCs from replicative and
stress-induced senescence.?” Melatonin and 5-MTP represent
anew class of phenotypic compounds that may help protect
MSCs against aging and age-related diseases.

The p38 MAPK pathway, which is well known to play an
important role in many pathological diseases and in stress-
induced cellular senescence, is also a key player in MSC
senescence.?® The CXCR4 signaling pathway in MSCs can
reduce oxidative stress?* and promote osteogenesis®*® and
hematopoietic recovery.???! However, with aging, the expres-
sion of CXCR4 in MSCs decreases, resulting in MSC dys-
function.??1-33 Studies have shown that long-term cultured
MSCs induce senescence phenotypes by activating the p38
MAPK signaling pathway and reducing CXCR4 expression,
which leads to increased ROS production and increased adi-
pogenesis, as evidenced by the upregulation of C/EBPa and
PPARg gene expression. In contrast, MSCs treated with
p38 MAPK inhibitors can avoid premature senescence by
increasing CXCR4 expression and reducing oxidative stress,
thereby promoting osteogenic differentiation.? Because of
its role in various physiological activities, such as differentia-
tion, mitosis, survival and apoptosis, p38 MAPK has become
a potential therapeutic target for stem cells. The inhibition
of p38 MAPK signaling by drugs can reduce the senescence
of MSCs!! and endothelial progenitor cells,® enhance the
supporting function of MSCs on hematopoietic stem cells,3*
and improve the therapeutic effect of MSCs on myocardial
infarction.®® Our study also confirmed that gene modifica-
tion based on viral vectors can inhibit p38 MAPK signal-
ing in exogenous MSCs, reduce cell senescence, and thus,
improve neurological function, increase axonal remodeling,
promote neurogenesis, and decrease neuronal apoptosis in
ischemic stroke mice.

The established mouse cranial DTI scanning protocol in
this study demonstrated that MSC transplantation in the
p38 MAPK-inhibited group led to a significant increase in
the number and length of white matter fibers in the ipsilat-
eral internal capsule area after cerebral infarction in mice.
DTl s a type of functional MRI that tracks the white matter
fibers by describing the anisotropy of water molecule diffu-
sion to assess the integrity and continuity of tissue structure.
Tissue structure (membrane, organelles, macromolecules,
etc.) and biochemical properties (temperature and viscosity)
can fundamentally affect the diffusion of water molecules;
therefore, the tissue fiber structure under pathological condi-
tions can affect the diffusion characteristics and anisotropy
of water molecules. DTI has been widely used for assess-
ing the central nervous system and plays an important role
in the evaluation of ischemic brain diseases, white matter
lesions, brain developmental disorders, and the prognosis
of brain tumors.?”-* FA is one of the main parameters used
to describe the anisotropy of white matter fibers, is related
to the integrity, compactness, and parallelism of the myelin
sheath, and can reflect the integrity of white matter fibers.*
The internal capsule is the most important white matter fiber
in brain tissue. The motor nerve axon forms a fiber tract that
originates from the ipsilateral cerebral cortex and travels
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to the contralateral spinal cord after passing through the
ipsilateral internal capsule. The results of this study showed
that on day 21 after MSC injection, the FA value of the inter-
nal capsule on the ipsilateral side was still significantly low,
indicating damage to brain white matter fiber tracts and the
persistent presence of wallerian degeneration. While, in the
P38 MAPK-inhibited group, MSCs promoted an increase in
the FA value of the ipsilateral internal capsule after stroke
in mice. In addition, ex vivo MBP immunohistochemical
staining also confirmed that MSC transplantation in the p38
MAPK-inhibited group increased the myelination of nerve
fibers in the ipsilateral internal capsule. This gene-based
MSC therapy provides a new potential treatment strategy
for ischemic stroke and can reduce cell senescence, promote
MSC homing, and improve therapeutic efficacy, with broad
implications in stem cell biology.
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