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Dimethyl Fumarate Preconditioning can Reinforce the
Therapeutic Potential of Bone Marrow Mesenchymal Stem Cells
through Trophic Factor Profile Enhancement
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Background: Numerous studies have confirmed the therapeutic efficacy of bone marrow-derived mesenchymal stem cells (BM-MSCs) in
addressing neurologic disorders. To date, several preconditioning strategies have been designed to improve the therapeutic potential of these
stem cells. This study was designed to evaluate the preconditioning effect of dimethyl fumarate (DMF) on the expression of main trophic
factors in human BM-MSCs.

Materials and Methods: Initially, the identity of stem cells was confirmed through the evaluation of surface markers and their capacity for
osteogenic and adipogenic differentiation using flow cytometry and differentiation assay, respectively. Subsequently, stem cells were subjected
to different concentrations of DMF for 72 hours and their viability was defined by MTT assay. Following 72-hour preconditioning period with
10 uM DMF, gene expression was assessed by quantitative RT-PCR.

Results: Our findings demonstrated that the isolated stem cells expressed cardinal MSC surface markers and exhibited osteogenic and adipogenic
differentiation potential. MTT results confirmed that 10 uM DMF was an optimal dose for maintaining cell viability. Preconditioning of stem
cells with DMF significantly upregulated the expression of BDNF, NGF, and NT-3. Despite a slight increase in transcript level of GDNF and
VEGF after DMF preconditioning, this difference was not statistically significant.

Conclusions: Our findings suggest that DMF preconditioning can enhance the expression of major neurotrophic factors in human BM-MSCs.
Given the curative potential of both BM-MSCs and DMF in various neurological disease models and preconditioning outcomes, their combined
use may synergistically enhance their neuroprotective properties.
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INTRODUCTlON of investigations report the trophic and immunomodulatory
effects of transplanted stem cells that are linked to their paracrine
activity rather than their ability to replace neural cells. In this
context, mesenchymal stem cells (MSCs), known for their

Stem cell therapy is an emerging strategy to treat neurological
impairments. According to the regenerative capacity of stem
cell-based therapies, their application has been widely explored in
basic research and preclinical studies. Up until now, the majority
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potential paracrine effects, stand out as a highly sought-after cell
source.l'! MSCs can be obtained from various sources including
adipose tissue, bone marrow, teeth, and birth-associated
tissues like the umbilical cord and placenta. Currently, bone
marrow-derived mesenchymal stem cells (BM-MSCs) are the
most widely used source of MSCs that have been considered
the gold standard in cell therapy due to their well-characterized
properties.” The therapeutic potential of BM-MSCs is attributed
to their secretome, which is a complex mixture of soluble
fraction constituted by cytokines and growth factors and
vesicular fraction composed of microvesicles and exosomes.
This secretome plays a pivotal role in mediating antiapoptotic,
angiogenic, and immunomodulatory effects, making BM-MSCs
a promising candidate for various neurological diseases in
animal models and clinical trials, notably ischemic stroke. Since
2005, several clinical trials assessed the safety, feasibility, and
efficacy of BM-MSCs transplantation as an ideal candidate
for destructive conditions of stroke.[ Despite promising
outcomes, BM-MSCs may lose their biological functions
during isolation and in vitro expansion and face a hostile
environment post-transplantation, limiting their therapeutic
efficacy. Hence, the development of strategies to preserve
their characteristics, prolong their survival, and enhance their
neuroprotective properties has become imperative.®’ Among
these strategies, preconditioning approaches, including exposure
to hypoxic conditions and pretreatment with various biological,
chemical, and pharmacological agents have been developed.
Preconditioning with pharmacological agents has been used to
optimize the secretory profile of BM-MSCs and improve their
restorative potential.®! Dimethyl fumarate (DMF), marketed as
Tecfidera® (formerly known as BG12; Biogen, USA), serves as
a first-line treatment of relapsing-remitting multiple sclerosis!”
and has a history of application in psoriasis dating back to
the 1990s.18) The therapeutic benefits of DMF mainly stem
from its immunomodulatory and antioxidative mechanisms.”’
Accumulating data suggests that DMF can strongly reduce
neuronal cell death upon ischemic insult through pleiotropic
cytoprotective and anti-inflammatory effects.'” Preclinical
studies have demonstrated its ability to reduce brain edema and
improve neurological outcomes in animal models of ischemic
stroke.['"'2 Furthermore, previous research has confirmed
DMF’s preconditioning effect in enhancing the secretory profile
of hair follicle stem cells.!"™ These collective findings raise the
possibility that DMF may induce the upregulation of trophic
factors in BM-MSCs, potentially enhancing their performance
post-transplantation. Combining DMF with BM-MSCs, each
with its own therapeutic potential and preconditioning benefits,
may synergistically boost their protective and neurorestorative
capabilities in the context of neural damage, such as ischemic
stroke. Therefore, this study was designed to investigate the
impact of DMF preconditioning on the trophic factor profile
of human-derived BM-MSC:s. In this study, we characterized
isolated stem cells, determined the optimal DMF dosage, and
subjected the cells to 24, 48, and 72 hours of preconditioning
with DMF. We then assessed the expression of key trophic
factors, including brain-derived neurotrophic factor (BDNF),
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glial cell line-derived neurotrophic factor (GDNF), nerve
growth factor (NGF), neurotrophin-3 (N7-3), and vascular
endothelial growth factor (VEGF) in treated stem cells. The
objectives of this study are rooted in the evolving landscape of
stem cell therapy for neurological impairments. This research
holds the promise of not only improving our understanding of
the interplay between DMF and BM-MSCs but also paving the
way for more effective treatments in the realm of neurological
disorders, offering hope to patients suffering from conditions
like ischemic stroke. Ultimately, this study contributes to the
ongoing efforts to optimize stem cell therapies for neurological
impairments, taking us one step closer to realizing their full
potential in clinical applications.

MarteriALs AND METHODS

In vitro expansion of human BM-MSCs

Human BM-MSCs were purchased from the Royan Institute
for Stem Cell Biology and Technology (Royan Stem Cell
Bank, #RSCBO0178, Tehran, Iran). These stem cells were fed
with alpha-modified minimum essential medium (o-MEM,
Bio Idea, #BI-1010-05) supplemented with 10% fetal
bovine serum (FBS, Bio Idea, # BI-1201), 1% penicillin/
streptomycin (Bio Idea, # BI-1203), and 1% L-glutamine (Bio
Idea, # BI-1202), and standard incubator condition (37°C,
saturated humidity and 50 mL/L CO,) were used to expand
the cells. The third passage of BM-MSCs, characterized by
a desirable confluence (70%), was used for DMF treatment.

Identification of human BM-MSCs

To assess cell morphology, BM-MSCs in the third passage
were stained with crystal violet and fluorescein diacetate (FDA
#F7378 Sigma, 25 ug/ml) staining was carried out to reveal
both morphology and viability of stem cells as described
previously.'*!3! Finally, cells were visualized using a ZOE
fluorescent microscope (Bio-Rad, USA).

For the identification of BM-MSCs, flow cytometry was
employed to evaluate the expression of cardinal cell surface
markers. The cells were incubated with primary conjugated
antibodies targeting CD73, CD90, CD105, CD29, CD45, and
CD34 at 4°C for 30 min. Here, a minimum of 10° cells per
sample was analyzed. Antibodies details are listed in Table 1.

Flow cytometric analysis was conducted using a BD
FACSCalibur (BD, Biosciences), and the final histograms
of target markers were generated with FlowJo v10
software (FlowJo LLC).

Table 1: The list of conjugated primary antibodies used
in immunophenotyping experiment

Primary antibody Company Cat. No.
CD73-PE/Cyanine7 BioLegend 344009
CD90-APC BioLegend 328113
CD105-PE BioLegend 323205
CD29-PerCP ImmunoSteps 080210
CD45-FITC/CD34-PE BD Biosciences 341071
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To confirm the multipotency of isolated stem cells, their
osteogenic and adipogenic potentials were evaluated by
culturing them in OsteoPlus medium (Bioidea, #BI-1102)
and AdipoPlus medium (Bioidea, #BI-1101), respectively, for
21 days. Next, cells were fixed with 4% paraformaldehyde for
20 min and stained with Alizarin Red (Bioidea, #BI-1801)
to detect calcified extracellular matrix deposits or Oil Red
O (Bioidea, #BI-1802) to stain neutral lipids followed by
several washing steps. Images were captured using an Olympus
IX71 inverted microscope (Olympus, Japan).

Study design and group assignment

To compare the inducing effects of DMF treatment on the
trophic factor profile of BM-MSC:s in this in vitro study, three
groups were assigned as follows: control (CTRL), vehicle,
and DMF-treated. The control group comprised stem cells
incubated with o-MEM supplemented with 10% FBS. The
vehicle group was composed of cells exposed to o-MEM with
10% FBS and 1% dimethyl sulfoxide as the drug solvent. The
DMF-treated group involved stem cells treated with o-MEM,
10% FBS, and 10 uM DMF.

Cell viability assay for DMF dose-response

To determine the optimal DMF dose for BM-MSCs treatment,
cell viability was assessed following exposure to different DMF
concentrations (1, 5, 10, 25, 50, and 100 uM). In this regard,
the mitochondrial activity of treated stem cells was measured
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The selection of DMF concentrations
is informed by existing literature, clinical relevance, and our
preliminary study.

Here, stem cells were seeded at a density of 10* cells per well
in a 96-well plate, followed by replacement of the growth
medium with a medium containing 10% FBS and various
DMEF concentrations. After a 72-hour treatment period of stem
cells with DMF in normal culture conditions, the medium was
discarded, and 200 ul MTT solution (0.5 mg/ml, # M5655,
Sigma-Aldrich) was added to each well. After approximately
3 hours of incubation, the MTT solution was gently aspirated,
and acidic isopropanol (0.01 N HCI in absolute isopropanol,
100 pl/well) was added to dissolve formazan crystals. Finally,
the developed color was measured at 570 nm using a microplate
absorbance reader (BioTek, USA).

Preconditioning of human BM-MSCs with DMF

Once human BM-MSCs in the third passage reached 70%—80%
confluence, cells were preconditioned with 10 uM DMF (selected
dose based on the MTT assay) for 24, 48, and 72 hours under
a 37°C and 5% CO, environment. Corresponding control and
vehicle groups were considered for each time point (24, 48,
and 72-hour culture) with the same culture conditions. Notably,
the culture medium for each experimental group remained
unchanged during the treatment period.

RNA extraction, cDNA synthesis, and qRT-PCR
Total RNA was extracted from all experimental groups at the
end of each time point using YTzol (#YT9063, Yekta Tajhiz
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Azma, Iran). cDNA was synthesized from 1 ug total RNA
using a reverse transcriptase kit (Cat No: YT4500; Yekta Tajhiz
Azma, Iran). Next, quantitative real time-PCR (qQRT-PCR) was
carried out using primers [listed in Table 2] and RealQ Plus 2x
MasterMix Green (Cat. No: A325402; Ampliqon, Denmark) on
an ABI StepOne Real-Time PCR system (Applied Biosystems,
USA). B-actin served as an internal housekeeping gene, and
each sample was examined in triplicate to calculate the mean
gene expression. Finally, the arithmetic formula of 2"AACT
was applied to calculate the fold changes of relative gene
expressions.

Statistical analysis

GraphPad Prism (Version 7.03, GraphPad Software, Inc., San
Diego, CA) was applied to analyze the collected data. After
normality assessments by the Shapiro—Wilk test, a one-way
analysis of variance (ANOVA) with Tukey post hoc correction
was performed to detect the statistical differences among the
experimental groups. A P < (0.05 was considered statistically
significant, and the data are presented as means + SEM.

ResuLts
Identification of human BM-MSCs

Microscopic evaluation of cultured human BM-MSCs
in the third passage (P3) coupled with crystal violet and
FDA staining revealed their characteristic spindle-shaped
morphology [Figure la-c]. Also, flow cytometry analysis
confirmed the identity of these isolated stem cells, which
exhibited positivity for cardinal MSC markers, including
CD29 (99.8%), CD105 (99.7%), CD73 (99.9%), and
CD90 (98.7%), while displaying negligible expression of
CD34 (0.095%) and CD45 (0.021%), markers associated
with hematopoietic stem cells [Figure 1d-i]. In addition,
the Alizarin red staining of cultured cells in an osteogenic
medium demonstrated the presence of abundant calcified
nodules [Figure 1j] and Oil Red O staining of cells cultured

Table 2: Primer sequences (5’-3’) used in quantitative
polymerase chain reaction (qPCR)

Gene Sequence Amplicon
length (bp)

BDNFF TGTGCCGGGTGTGTAATC 102

BDNF R CTCACCTGGTGGAACTGG

GDNF F GTGACTCAAATATGCCAGAGGA 115

GDNF R GGAAGCACTGCCATTTGTTTAT

NGFF GTCCGGACCCAATAACAGTTT 76

NGFR GGACATTACGCTATGCACCTC

NT-3 F CGTCCACCTTTCTCTTCATGTC 82

NT-3R CACCTGTAAGATCGTGGCAAA

GFAPF GAGAACCGGATCACCATTCC 144

GFAPR CTGGTGAGCCTGTATTGGTATAA

VEGF F CTCCACCATGCCAAGTGGTC 105

VEGF R GCAGTAGCTGCGCTGATAGA

ACTBF ATCAAGATCATTGCTCCTCCTG 111

ACTBR GTCATACTCCTGCTTGCTGAT
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Figure 1: Characterization of human BM-MSCs. The microscopic evaluation of cultured human BM-MSCs (a) in third passage and crystal violet (b)
and FDA (c) staining showed typical spindle-shaped cell morphology of isolated stem cells, scale bar: 100 um. Flow cytometric analysis of key
mesenchymal stem cell surface markers revealed that cultured cells were positive for CD105, CD29, CD73, and CD90, while they were negative for
CD45 and CD34 which are hematopoietic markers (d-i). The Alizarin red staining of cultured cells in osteogenic medium demonstrated the presence
of abundant calcified nodules (j), sale bar: 500 um. The Qil Red O staining of cells cultured under adipogenic condition revealed the accumulation
of lipid-filled cells (k and 1), scale bar: 50 um. These results confirm the osteogenic and adipogenic differentiation potential of isolated stem cells

under adipogenic condition revealed the accumulation of
lipid-filled cells [Figure 1k and I]. These morphological
characteristics, immunophenotypic properties, and
differentiation potential collectively authenticate the identity
of the cultured stem cells.

Viability of BM-MSCs treated with DMF

The MTT assay was employed to ascertain the optimal DMF
dose for BM-MSC treatment. According to the obtained data,
there was no significant difference between the viability
of stem cells in CTRL, vehicle, and cells treated with 1,
5, 10, and 25 uM DMF. However, treatment with higher

4

concentrations of DMF (50 and 100 uM) for 72 hours resulted
in significant decrease in cell viability (P <0.001) [Figure 2a].
In addition, the morphological evaluation of the treated stem
cells prior to MTT assay [Figure 2b] and following crystal
violet staining [Figure 2c] corroborated these findings. Cells
treated with 1, 5, 10, and 25 uM DMF maintained normal
morphology, whereas higher drug concentrations not only
induced cell death but also caused morphological alterations.
Based on these results and previous studies,'* a concentration
of 10 uM DMF was selected as the suitable dose to investigate
its preconditioning impact on trophic factor expression in
human BM-MSCs.
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Figure 2: The effect of DMF treatment on survival and morphology of human BM-MSCs. The MTT assay was performed 72 hours after human
BM-MSCs treatment with various concentration of DMF. (a) The result indicated that 50 and 100 uM DMF can significantly reduce the survival rate
of stem cells, while no significant difference was detected between rests of experimental groups. The data are expressed as mean + SEM and their
analysis was performed using one-way ANOVA (n = 3). Also, morphological evaluation of treated stem cells prior MTT assay (b) and following crystal
violet staining (c) revealed that cells treated with 1, 5, 10, and 25 uM DMF present normal morphology, while higher drug concentration leads to cell
death and morphological alteration

DMF preconditioning enhances the BDNF expression

Treatment of BM-MSCs with DMF resulted in the upregulation
of several trophic factors. BDNF is one of the trophic factors
that its expression affected by DMF preconditioning. On day
one, the relative expression of BDNF was significantly higher in
DMEF-treated group than in other experimental groups (CTRL
vs. DMF, P=0.041; Vehicle vs DMF, P=0.0377). On day two, a
meaningful difference was detected only between DMF-treated
cells and vehicle group (P =0.0987). However, on the third day
of treatment, BDNF expression was significantly upregulated
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in preconditioned stem cells compared to CTRL (P = 0.0028)
and vehicle groups (P = 0.0026) [Figure 3].

DMF preconditioning increases NGF transcript level

Another trophic factor that is expression upregulated following
DMF treatment is NGF. Here, an increasing pattern of
expression was observed in DMF preconditioned stem cells.
While no significant difference was detected in NGF mRNA
levels among experimental groups after 24 hours of treatment,
on day two, transcript levels of NGF significantly increased in
DMF-treated cells compared to the CTRL group (P =0.0275).
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Figure 3: The effect of DMF treatment on BDNF expression. The expression of BONF was assessed following 24, 48 and 72 hours of preconditioning
with 10 uM DMF. The qRT-PCR results revealed that the transcript level of BDNF in DMF-treated group significantly increased after 24 hours of treatment
compared to other groups. Also, expression level of BDNF was significantly higher in DMF preconditioned stem cells after 72 hours of treatment. The
data are expressed as mean = SEM and their analysis was performed using one-way ANOVA and Tukey post hoc test (n = 3). *P < 0.05; **P < 0.01

A more pronounced difference was observed following
72 hours of treatment in the preconditioned groups (CTRL vs.
DMF, P = 0.0019; Vehicle vs DMF, P=0.0101) [Figure 4].

DMF preconditioning upregulates NT-3 expression level
NT-3 is another member of NTs family. In this study,
the transcript level of NT-3 altered in BM-MSCs after
undergoingDMF treatment. The quantification of the
obtained data revealed that expression of N7-3 significantly
increased following 72 hours of preconditioning with
10 uM DMF (CTRL vs. DMF, P < 0.001; Vehicle vs DMF,
P <0.001) [Figure 5].

DMF preconditioning has no significant effect on GDNF
and VEGF expression level

Following preconditioning of BM-MSCs with 10 uM DMF,
the expression levels of GDNF and VEGF were detected by
qRT-PCR. Here, no significant differences in transcript levels
of GDNF and VEGF were observed among experimental
groups. Although, on day three, an upregulation was observed
in the DMF-preconditioned group, this alteration was not
significantly higher than CTRL group (GDNF: CTRL vs. DMF,
P =0.1069; Vehicle vs DMF, P = 0.0359; VEGF: CTRL vs.
DMF, P = 0.0908; Vehicle vs DMF, P=0.0391) [Figure 6].

Discussion

In the current study, we evaluated the effect of DMF
preconditioning on the trophic factors profile of human
BM-MSCs, highlighting the potential implications for
neuroprotection and regenerative medicine. Our collected
results revealed that DMF preconditioning significantly
increased the transcript levels of BDNF, NGF, and N7T-3 in
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these stem cells. Although DMF pretreatment increased the
expression of GDNF and VEGF, these upregulations were
not statistically significant. The regenerative potential of
BM-MSCs has garnered substantial attention in the field of
regenerative medicine. Their therapeutic efficacy primarily
stems from their multilineage differentiation capabilities
and, notably, their paracrine effects. Rather than replacing
damaged cells, BM-MSCs contribute to tissue repair
predominantly by paracrine action of their secretome.!'" This
secretome contains a wide range of angiogenic, antiapoptotic,
immunomodulatory, and growth factors, which support cell
survival and tissue regeneration in neurological diseases. In
this context, preconditioning strategies using pharmacological
agents have gained attention for their ability to optimize the
secretory profile of MSCs, enhancing their therapeutic potential
for various conditions.['”? Previous studies have explored the
preconditioning effects of pharmacological agents such as
lithium chloride and valproic acid, which significantly increase
the expression of genes associated with neuroprotection
including BDNF, GDNF, NGF, and NT-3.1'%2! In our study,
we focused on DMF preconditioning as a potential strategy for
enhancing the therapeutic potential of BM-MSCs in the context
of ischemic stroke. We found thata 10 uM DMF treatment led
to a significant increase in BDNF expression in BM-MSCs,
with the maximum effect observed on the third day. This
finding is consistent with previous investigations that reported
BDNF upregulation in hair follicle stem cells, following a 72
hour treatment.!'* BDNF is the most prevalent growth factor
in the brain, promoting neuronal survival and differentiation
through interaction with tyrosine kinase receptors.”? BDNF
is one of the important mediators in the MSC secretome
that prevents glutamate-induced neuronal death.”! Animal
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Figure 4: The effect of DMF treatment on NGF expression. The evaluation of NGF transcript level by qRT-PCR revealed no significant difference between
groups after one day treatment with 10 uM DMF. However an increasing pattern of NGF transcript was detected on day two and three. Following
three days culture, the NGF expression level significantly upregulated in DMF preconditioned group compared to vehicle and CTRI groups. The data
are expressed as mean + SEM and their analysis was performed using one-way ANOVA and Tukey post hoc test (n = 3). *P < 0.05; **P < 0.01
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Figure 5: The influence of DMF preconditioning on N7-3 expression. The analysis of data obtained from gRT-PCR demonstrated that preconditioning
with 10 uM DMF significantly increase transcript level of NT-3 on day three. However no significant was detected between groups on day one and two.
The data are expressed as mean = SEM and their analysis was performed using one-way ANOVA and Tukey post hoc test (n = 3). ***P < 0.001

models of stroke have shown promising outcomes with direct
BDNF administration or grafting of engineered stem cells that
stably express this trophic factor, resulting in reduced infarct
volume, enhanced neurogenesis, and improved functional
recovery.?*»! Therefore, DMF preconditioning may serve as
a priming approach to elevate baseline BDNF expression in
BM-MSCs, enhancing their therapeutic potential for conditions
like ischemic stroke.

NGF is another trophic factor whose expression affected by
DMEF exhibited increased expression after 48 and 72 hours of
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preconditioning. NGF is the first discovered member of NT
family, which plays a crucial role in the functional integrity
of cholinergic neurons in the central nervous system (CNS)
and the development and maintenance of peripheral nervous
system neurons.! In CNS, the cortex is the primary site
for NGF production. However, in the context of cerebral
ischemia, there is a significant decrease in the endogenous
NGF expression within the infarcted cortex. To date, several
strategies have been developed to deliver NGF to the ischemic
brain.l?”?® Thus, transplantation of BM-MSCs following
DMF preconditioning could serve as an excellent strategy
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Figure 6: The effect of DMF preconditioning on GDNF and VEGF expression. The assessment of GDNF (a) and VEGF (b) expression following DMF
preconditioning demonstrated no significant difference between experimental groups. The data are expressed as mean + SEM and their analysis was

performed using one-way ANOVA and Tukey post hoc test (n = 3)

for locally delivering NGF to damaged tissue, promoting
the survival of host neurons. Additionally, the upregulation
of NGF may directly influence BM-MSCs, enhancing their
immunomodulatory potential and paracrine activity through
NGEF receptors. Recently, Babaie and colleagues have reported
overexpression of BDNF and NGF in the hippocampus of a rat
model of Alzheimer’s disease following the transplantation
of DMF-preconditioned rat adipose-derived MSCs.*) NT-3,
a member of NT family, exhibited significant upregulation
following 72 hours of preconditioning with 10 uM DMEF.
NT-3 is the third neurotrophic factor in NGF family, which
has been characterized after NGF and BDNF. NT-3 has been
shown to have a neuroprotective effect in rat models of
middle cerebral artery occlusion, lessening ischemic brain
injury.B% NT-3 contributes to the function and development
of locomotor circuits, including corticospinal tract (CST) and
descending serotonergic axons and afferents from skin and
muscle that mediate tactile and proprioception sensation. It
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has been well established that delivery of NT-3 to CNS can
promote the recovery of animal models of CNS injury.B*!
Duricki and colleagues showed that injection of viral vector
expressing NT-3 into forelimb muscles, 24 hours after
ischemic stroke, can improve CST sprouting and sensorimotor
recovery.’? The recent finding of this group demonstrated
that 24-hour-delayed intramuscular infusion of NT-3 protein
can improve sensorimotor function after ischemic stroke.**
Moreover, several studies indicated the functional recovery
in animal models of brain and spinal cord injury following
transplantation of engineered MSC to overexpress NT-3 or
administration of their enriched supernatants.?*3¢! Hence,
transplantation of the DMF-preconditioned BM-MSCs
or their secretome, owing to overexpression of N7-3, can
be considered as a neuroprotective strategy in various
neurological conditions. Notably, this N7-3 upregulation
in human BM-MSCs is consistent with a previous study
by Salehi and colleagues that reported an eight-fold
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increase in N7-3 expression level in hair follicle stem
cells following three days of DMF treatment.['¥] We also
evaluated the expression of VEGF and GDNF in our study.
Despite a slight increase in their transcript levels after DMF
preconditioning, these differences were not statistically
significant. This observation is in line with an earlier report
that demonstrated DMF preconditioning did not significantly
alter VEGF expression at various time points.['¥) However,
due to high baseline expression of VEGF in BM-MSCSs, as
assessed by qRT-PCR, these stem cells can still contribute
to angiogenesis in target injured tissue upon transplantation.
This higher expression of VEGF in BM-MSCs primarily
depends on their source of isolation.?”? GDNF, a member
of the transforming growth factor-f superfamily, is a potent
neurotrophic factor promoting the survival of dopaminergic
neurons and motoneurons.P® Our data revealed that GDNF
expression level in human BM-MSCs remained unchanged
following DMF preconditioning. In contrast, a previous
study showed that treatment of hair follicle stem cells with
DMF significantly decreased the GDNF transcripts at various
time points.!"*! While the precise mechanisms by which
DMF induces the expression of trophic factors in human
BM-MSCs require further investigation, several potential
pathways can be considered. One potential mechanism is
the activation of the nuclear factor erythroid 2-related factor
2 (Nrf2) pathway by DMF. DMF has been shown to activate
Nrf2, a transcription factor that plays a key role in cellular
antioxidant responses. Activation of Nrf2 can lead to the
transcriptional upregulation of various cytoprotective genes,
including those encoding neurotrophic factors like BDNF.”!
Therefore, it is possible that DMF-induced Nrf2 activation
in BM-MSCs may contribute to the increased expression
of BDNF and other trophic factors observed in our study.
Furthermore, DMF has been reported to modulate various
signaling pathways, including the mitogen-activated protein
kinase (MAPK) pathway.[*) The MAPK pathway is involved
in the regulation of gene expression, and its activation can
lead to the upregulation of neurotrophic factors. DMF’s
ability to modulate MAPK signaling in BM-MSCs may play
a role in the observed increase in trophic factor expression.
Another potential mechanism is the modulation of epigenetic
factors by DMF.*! Epigenetic modifications, such as DNA
methylation and histone acetylation, can regulate gene
expression. DMF has been shown to exert epigenetic effects,
including histone deacetylase (HDAC) inhibition. HDAC
inhibition can result in a more permissive chromatin state,
allowing for increased gene transcription. It is possible that
DMF-induced epigenetic changes in BM-MSCs contribute
to the upregulation of trophic factors like NGF and NT-3.

To contextualize our study within the broader landscape of
cell-based therapies, it is essential to highlight recent FDA
and EMA-approved cell therapy products. These approvals
exemplify the practical application of innovative medical
treatments in clinical settings and underscore the diversity of
cell-based approaches. Notable examples include Kymriah and
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Yescarta, both CAR-T cell therapies designed for leukemia
and lymphoma treatment, Provenge, an autologous dendritic
cell-based immunotherapy for prostate cancer, and Alofisel,
an allogeneic stem cell therapy indicated for Crohn’s disease.
These therapies serve as striking illustrations of how cell-based
approaches are offering tailored and personalized solutions for
a wide array of diseases. They also emphasize the ongoing
challenges and opportunities within the dynamic field of cell
therapy, underlining the importance of continued research and
innovation to expand the horizons of these groundbreaking
treatments.

ConcLusionN

In conclusion, given the growing interest in the application
of human MSCs for treating various neurological conditions,
including stroket*?, our study proposed DMF preconditioning
as a simple yet effective method to enhance the therapeutic
potential of human BM-MSCs. The combination of DMF
and BM-MSCs, leveraging the therapeutic potential of
each, along with the preconditioning outcome, may present
a synergistic effect that enhances their neuroprotective and
regenerative potential in the context of ischemic stroke.
Nevertheless, further in vitro investigations are needed to
explore the impact of DMF preconditioning on BM-MSCs
at various passage numbers, with the aim of maximizing
the therapeutic efficacy of this preconditioning strategy.
Moreover, future in vivo studies can further elucidate the
therapeutic potential of this pharmacological preconditioning
in animal models of ischemic stroke and other neurological
conditions.
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