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Therapeutic potential of
melatonin-pretreated human
dental pulp stem cells (hDPSCs)
in an animal model of spinal cord
Injury
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Dental pulp stem cells (DPSCs) show potential for treating neurodegenerative and traumatic diseases
due to their neural crest origin. Melatonin (MT), an endogenous neurohormone with well-documented
anti-inflammatory and antioxidant properties, has shown promising results with MSCs in terms of
engraftment, proliferation, and neuronal differentiation in animal SCI models. However, the effects
of melatonin preconditioning on human dental pulp stem cells (hnDPSCs) for SCI treatment remain
unclear. This study investigates the impact of melatonin preconditioning on hDPSCs engraftment,
neural differentiation, and neurological function in rats with SCI. Forty-two male Sprague-Dawley
rats were divided into six groups: Control, Sham, Model, Vehicle, Lesion Treatment A (SCI + hDPSCs),
and Lesion Treatment B (SCI + MT-hDPSCs). After obtaining hDPSCs, stem cells were evaluated using
flow cytometry. Cell viability was assessed using the MTT assay. SCl was induced in the Model, Vehicle,
Lesion Treatment A, and Lesion Treatment B groups. The Lesion Treatment A and B groups received
hDPSCs and hDPSCs pretreated with melatonin, respectively, 1 week after SCI, while the Vehicle group
received only an intravenous injection of DMEM to simulate treatment. The other groups were used
for behavioral testing. Immunohistochemistry (IHC) was employed to assess hDPSCs engraftment
and differentiation at the SCI site. Motor function across the six groups was evaluated using the
Basso, Beattie, and Bresnahan (BBB) score. Histological studies and cell counts confirmed hDPSCs
implantation at the injury site, with a significantly higher presence in the MT-hDPSCs compared

to hDPSCs (p <0.01). IHC revealed that hDPSCs and MT-hDPSCs differentiated into neurons and
astrocytes, with greater differentiation observed in the MT-hDPSCs compared to the hDPSCs (p < 0.01
and p < 0.05, respectively). Functional improvement was noted in both SCI+ hDPSCs and SCI + MT-
hDPSCs groups compared to SCl and Vehicle groups from Week 4 onward (p < 0.001). Significant
differences were also observed between the SCI+ hDPSCs and SCl + MT-hDPSCs groups starting

from Week 7 (p < 0.01). Preconditioning hDPSCs with melatonin enhances engraftment, neuronal
differentiation, and greater performance improvement compared to hDPSCs alone in the SCl animal
model.
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BBB score Basso, Beattie, and Bresnahan score

SCI Spinal cord injury

MSCs Mesenchymal stem cells

ADSCs Adipose-derived stem cells

ADMSCs Adipose-derived mesenchymal stem cells
BMSCs Bone marrow stem cells

ESC Embryonic stem cell

iPSC Induced pluripotent stem cells

DSCs Dental stem cells

GDNF Glial cell-derived neurotrophic factor
BDNF Brain-derived neurotrophic factor
CNTF Ciliary neurotrophic factor

ROS Reactive oxygen species

ERS Endoplasmic reticulum stress

PBS Phosphate-buffered saline

FBS Fetal bovine serum

MASCIS Multicenter animal spinal cord injury study
TUJ-1 Beta-III tubulin antibody

GFAP Glial fibrillary acidic protein

H&E Hematoxylin and eosin

SD Standard deviation

ANOVA Analysis of variance

NeuN Neuron-specific nuclear protein

HGF Hepatocyte growth factor

IFN-y Interferon gamma

Spinal cord injury (SCI) is a serious neurological disorder leading to permanent sensory and motor dysfunctions
due to loss of neurons, glia and incomplete axonal regeneration after injury"2. This devastating condition exerts
an impact on the patient’s mental, physiological, and social well-being state?. Since there is no effective treatment
for SCI, patients have to bear the significant financial burden of their healthcare and rehabilitation treatment.
The incidence of SCI is growing worldwide, estimated at 10.4 to 83 cases per million annually, which also ranges
from 20.7 to 83.0 in North America®. The development of advantageous treatments for SCI has been challenging
due to its complicated pathophysiology. The pathophysiology of SCI is a biphasic event that is characterized by
a primary injury followed by a secondary phase of injury’. During the acute phase, a primary focal mechanical
insult disrupts tissue homeostasis, which triggers a secondary injury process. Then, the second phase activates
resident microglia and infiltrates blood-derived macrophages to commence severe inflammation by releasing
high levels of multiple neurotoxic factors, inducing necrotic and apoptotic death in neurons, oligodendrocytes,
and astrocytes. This reaction spreads beyond the primary injury site and leads to irreversible demyelination and
axonal damage®.

Despite existing challenges, there is growing interest in finding novel therapeutic strategies for efficient SCI
repair®. Lately, in addition to pharmacologic therapy and surgical intervention, diverse therapeutic options have
been tested to cure SCI, including cell-based strategies, neuroprotective factors, and neuroregenerative agents’.
Although there are currently few neuroprotective and regenerative therapies that directly exert beneficial
effects, cell therapies with neuroprotective and neuroregenerative properties may illustrate a new horizon in
the treatment of SCI°. However, finding an ideal stem cell type to treat nerve injuries is challenging due to
variations in the physiological and biological functions of different types of stem cells, feasibility of access, risk of
post-transplant rejection, and high costs!?. Hence, several types of stem cells have been investigated as potential
therapeutic candidates for SCI, including central nervous system stem cells, mesenchymal stem cells (MSC),
embryonic stem cells (ESC), induced pluripotent stem cells, and fetal-derived neural stem cells”!1~!3. However,
the utility of induced pluripotent stem cells(iPSC) and embryonic stem cells in the clinic is currently limited
due to ethical and safety concerns'®. So far, MSCs have been the most commonly studied cell type in SCI, and
studies have shown MSCs/progenitor cells obtained from mesodermal tissues as a potential source for neural
regeneration®'®,

To date, numerous populations of mesenchymal stem cells have been discovered, isolated, and characterized
in several dental tissues, including dental pulp stem cells (DPSCs)'®!”. Since DPSCs originate from neural crests,
they possess remarkably higher neural stem cell properties compared to bone marrow-derived mesenchymal stem
cells. Other characteristics that indicate DPSCs as a good candidate for cell therapy are their easy accessibility,
their potential for autologous transplantation, and their ability to produce trophic factors, including glial
cell-derived neurotrophic factor (GDNF), brain-derived neurotrophic factor (BDNF), and ciliary neurotrophic
factor (CNTF) that promote neuronal survival®. Moreover, DPSCs have also been shown to have enhanced
neurogenic, angiogenic, and regenerative potential. DPSCs present an engrossing and versatile stem cell source
for tissue engineering®. Despite the fact that stem cell therapy has shown promising clinical outcomes, some
barriers, including the rejection of cell engraftment in the target tissue, remain a major obstacle!®. Hence, studies
have demonstrated that 80% of cells die within 72 h after transplantation®. It has been widely acknowledged that
this issue is partly owing to the oxidative stress induced by reactive oxygen species (ROS) at the site of injury,
leading to inhibition of cell proliferation, adhesion, and migration at the graft site. In this regard, research has
shown that antioxidant preconditioning raises engraftment efficacy and stimulates cell proliferation!*.

Melatonin, an endogenous hormone produced by the pineal gland, is one of the preconditioning antioxidants
proven to promote cell viability. This hormone is associated with angiogenesis and inflammatory pathways
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and, at the molecular level, acts as an antioxidant by removing ROS and reducing endoplasmic reticulum
stress (ERS)?!?2. In addition, preconditioning of adipose-derived stem cells (ADSCs) and bone marrow stem
cells (BMSCs) with melatonin has been shown to enhance cell viability in various conditions, including liver
fibrosis, ischemic kidney, and neural stem cells®?2. However, the role of melatonin preconditioning on human
dental pulp stem cells (hDPSCs) for SCI treatment is still obscure. This study examines the effects of melatonin
preconditioning on hDPSCs engraftment, neural differentiation, and neurological function in rats with SCI.

Results

hDPSCs isolation and culture

According to isolation and culture findings, MT-hDPSCs achieved higher confluency (60-70%) compared to
hDPSCs (30-40%) within 4-5 days in the culture medium (Fig. 1).

Flow cytometry analysis of hDPSCs
The flow cytometric analysis revealed positive expression of cell surface markers (CD44, CD90, and CD73) and
negative expression of markers (CD45 and CD34), indicating the mesenchymal nature of hDPSCs (Fig. 2).

Cell viability assay

The analysis of the MTT assay between the MT-hDPSCs and hDPSCs groups revealed that the optical density
(OD) absorbance of the MT-hDPSCs group (1.31 +0.41) was significantly higher than that of the hDPSCs group
(0.18 +0.10), indicating increased cell viability in MT-hDPSCs compared to hDPSCs (p < 0.01, Fig. 3).

Confirmation model

H&E staining confirmed the presence of hollow cystic cavities at the SCI site in all groups, including Vehicle
(SCI+DMEM), SCI+hDPSCs, and SCI+MT-hDPSCs, thus verifying the SCI model. Additionally, the
therapeutic groups of SCI+hDPSCs and SCI+MT-hDPSCs showed a reduction in size and disappearance of
cystic cavities (Fig. 4).

The localization of hDPSCs and MT-hDPSCs at the SCl site

THC analysis revealed the presence of hDPSCs and MT-hDPSCs at the SCI site, with an average of 4.83 +1.537
hDPSCs and 12+1.592 MT-hDPSCs observed in the field of view at 20X magnification, suggesting a higher
engraftment of MT-hDPSCs at the lesion site [t (10) =3.239, p <0.01] (Fig. 5).

Differentiation of hDPSCs and MT-hDPSCs into neurons

B-tubulin III (TUJ-1) staining was conducted in the Vehicle, SCI+MT-hDPSC, and SCI+hDPSC groups to
assess the differentiation of hDPSCs and MT- hDPSCs into neurons. The results indicated that B-tubulin III
(TUJ-1) expression was present in both experimental groups receiving hDPSCs and MT- hDPSCs. Furthermore,
the number of B-tubulin III stained cells at the SCI site was significantly higher in the SCI4+MT-hDPSCs group
(12.67 +1.647) compared to the SCI+hDPSCs group (4.83 +1.352) [t(10) =3.677, p<0.01)] (Fig. 6).

Differentiation of hDPSCs and MT-hDPSCs into astrocytes

GFAP staining was performed on the Vehicle, SCI+MT-hDPSC, and SCI+hDPSC groups to evaluate the
differentiation of hDPSCs and MT- hDPSCs into astrocytes. GFAP expression was observed in both experimental
groups. However, the number of GFAP-stained cells at the SCI site was significantly higher in the SCI+MT-
hDPSC group (11.5+1.76) compared to the SCI+hDPSC group (4.83 +1.35) [t(10) =2.998, p <0.05] (Fig. 7).
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Fig. 1. The morphology and confluency of hDPSCs and MT-hDPSCs. (A) Undifferentiated hDPSCs and (B)
undifferentiated MT-hDPSCs display a flattened fibroblast-like morphology under phase-contrast microscopy.
Within 4-5 days in culture medium, MT-hDPSCs (60-70%) reached higher confluency than hDPSCs
(30-40%) (Magnification: X20). hDPSCs human dental pulp stem cells, MT melatonin.
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Fig. 2. Isolation and identification of human dental pulp stem cells (hDPSCs). The expression of hDPSC
surface markers was detected by flow cytometry. The cells were positive for CD44, CD90, and CD73 and
negative for CD34 and CD45.

BBB score evaluation

In the first week after cell transplantation, motor test scores were low across all groups except the Control
group, which showed significant differences compared to the other groups (Week 1: f (5,41)=1205.28,
p<0.001). However, by the fourth week, the BBB scores for the SCI+MT-hDPSCs and SCI+hDPSCs groups
were significantly higher compared to the SCI and Vehicle groups (Week 4: f (5,41)=198.639, p<0.001);
Additionally, the BBB scores for the Control and Sham groups were significantly higher than those of the
other groups. Significant differences persisted in the fifth week (Week 5: f (5,41)=151.80, p<0.001), sixth
week (Week 6: f (5,41) =204.731, p<0.001), seventh week (Week 7: f (5,41) =191.104, p <0.001), and eighth
week (Week 8: f (5,41)=197.617, p<0.001), with the SCI+MT-hDPSCs and SCI+hDPSCs groups showing
significant differences from the SCI and Vehicle groups. Significant differences were also observed between the
SCI+hDPSCs and SCI+MT-hDPSCs groups throughout the testing period, starting from Week 7 (p <0.01;
Fig. 8).

Discussion

Our study indicated that pretreatment of human dental pulp stem cells (hDPSCs) with melatonin (MT) enhances
their viability and potentially promotes their proliferation. As a result, the MT-hDPSCs achieved a higher cell
density within 4-5 days. Furthermore, the confluency level of melatonin-pretreated hDPSCs (MT-hDPSCs)
was notably higher compared to untreated hDPSCs, reaching 60-70% before transplantation. These findings
are consistent with our previous research, which demonstrated the positive impact of melatonin on ADMSCs
viability and proliferation, as well as a higher cell density in MT- ADMSCs compared to untreated ADMSCs
within the same time frame?’. Various studies have suggested that melatonin may enhance the rate of cell
proliferation in certain cell types**~28. In line with our findings, numerous authors have reported that melatonin
promotes the viability?® and proliferation?30:3! of DPSCs at certain concentrations. However, some studies have
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Fig. 3. Cell viability assay. The results of the MTT assay showed a significantly higher optical density (OD)
absorbance in the MT-hDPSCs group (1.31+0.41) compared to the hDPSCs group (0.18 +0.10), indicating
enhanced cell viability in MT-hDPSCs. This difference was statistically significant (p <0.01).

Fig. 4. Spinal cord injury confirmation model. Hematoxylin and eosin (H&E) staining of spinal cord

lesions demonstrated that the (D) Control group had normal spinal tissue. In contrast, the (A) Vehicle
(SCI+DMEM), (B) SCI+hDPSCs, and (C) SCI+MT-hDPSCs groups displayed hollow cystic cavities at the
injury site, confirming the presence of spinal injury (Magnification: X20). hDPSCs human dental pulp stem
cells, MT melatonin, SCI spinal cord injury.

found that melatonin does not affect the viability of hDPSCs*® and may even reduce DPSCs proliferation®. These
inconsistencies may be due to variations in melatonin concentrations and conditioning periods used in different
studies. Some research has explored the dose-dependent effects of melatonin on the viability*!*2, proliferation,
and differentiation of DPSCs’!, suggesting that concentrations of 1 uM and 25 uM are ideal for pretreatment,
as they are well-tolerated without inducing toxic effects. Additionally, other studies have shown that treatment
with 0.1 uM and 10 uM melatonin for four days promotes DPSCs viability*!. Authors have also demonstrated
that hDPSCs treated with intermediate concentrations of melatonin (10-300 uM) displayed significantly higher
proliferation than untreated counterparts®. In our study, we selected 5 uM melatonin for pretreatment based
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Fig. 5. Evaluation of hDPSCs and MT-hDPSCs at the SCI site. (A) At the site of injury, hDPSCs and MT-
hDPSCs were labeled with Dil, and their nuclei were labeled with DAPI. (B) A comparison of the number of
Dil-positive cells among the Vehicle (SCI+DMEM), SCI+hDPSCs, and SCI+ MT-hDPSCs groups showed
that the number of MT-hDPSCs at the SCI site was significantly higher than that of hDPSCs (**p < 0.01).
hDPSCs human dental pulp stem cells, MT melatonin, SCI spinal cord injury; magnification: X20.

on previous experiments®’, finding that this concentration enhances cell viability and potentially promotes
proliferation within 4-5 days. Overall, melatonin inhibits the production of inflammatory cytokines, encourages
the proliferation of MSCs, and protects these cells from apoptosis, according to in vitro and in vivo research.
The anti-apoptotic and protective actions of melatonin involve regulating the genes that produce ROS and
antioxidants*!. However, although different types of MSCs share common phenotypic characteristics, they may
not respond similarly to the same stimuli. In other words, melatonin’s effects on MSC proliferation depend on
the MSC type and the melatonin concentration®*?®. In our study, the number of engrafted hDPSCs pretreated
with melatonin was significantly higher at the SCI site compared to untreated hDPSCs. This increase could be
attributed to enhanced cell migration, increased cell proliferation, or reduced apoptosis**. The role of melatonin
in cell migration has been demonstrated in other studies as well. For instance, Garcia-Bernal et al. have shown that
melatonin (10-300 umol/L) positively affects hDPSC migration®’. Furthermore, others reported that melatonin
stimulates the motility of umbilical cord MSCs through melatonin receptor 2 signaling, which involves the
downstream phosphorylation of focal adhesion kinase and paxillin, increased levels of active Cdc42 and Arp2/3,
and the stimulation of cytoskeletal proteins such as profilin 1, cofilin 1, and F-actin?’. Additionally, melatonin
has been shown to exert various receptor-mediated effects on MSCs, including enhanced survival, motility,
engraftment, and cell differentiation. These effects appear to be linked to interactions between receptors and
matrix enzymes, resulting in improved homing of MSCs following the pre-administration of a combination of
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Fig. 6. Differentiation of hDPSCs and MT-hDPSCs into neurons assessed by B-Tubulin III (TU]J-1) staining.
(A) At the site of injury, the nuclei of hDPSCs and MT-hDPSCs were labeled with DAPI, the cells themselves
were labeled with Dil, and their neuron differentiation was labeled with p-tubulin III. (B) A comparison of
the number of B-tubulin III-positive cells among the Vehicle (SCI+DMEM), SCI+hDPSCs, and SCI+MT-
hDPSCs groups demonstrated that MT-hDPSCs differentiated into neurons significantly more than hDPSCs
at the SCI site (**p <0.01). hDPSCs human dental pulp stem cells, MT melatonin, SCI spinal cord injury;
magnification: X20.

melatonin and MSCs?***3%. Moreover, melatonin is known to reduce oxidative stress®’, creating a more favorable
microenvironment that promotes stem cell survival and recruitment to the injury site*. These findings suggest
that melatonin’s effects on hDPSC migration and proliferation may be advantageous for tissue restoration by
regulating both MSC migration and self-renewal in vivo®®. Moreover, the combination of increased migratory
capacity and improved survival in a supportive environment may explain why melatonin-pretreated hDPSCs
are found in significantly greater numbers at the SCI site compared to their untreated counterparts, ultimately
leading to enhanced therapeutic outcomes in tissue repair and regeneration.

The current study revealed that hDPSCs and MT-hDPSCs differentiate into neurons and astrocytes,
with greater differentiation observed in the MT-hDPSCs compared to the hDPSCs. To date, several studies
have demonstrated the differentiation capability of human dental pulp stem cells into mature neurons®¥,
oligedencrocyte®’, neuron-like cells (characterized with neuron-specific nuclear protein (NeuN), tyrosine
hydroxylase neuronal markers and by morphological features)®?, cholinergic neurons (via nerve growth
factor)®®, motor neuron-like cells*, astrocytes and Schwann cells®. In this regard, numerous studies have
utilized DPSCs in animal SCI models®3%37:40-43_ Consistent with our findings, some studies demonstrated that
hDPSCs were able to express some glial markers, such as GFAP, and differentiate from astrocytes in a mouse SCI
model*®. Moreover, some others demonstrated that IV-administered hDPSCs migrate to the lesion boundary
area in the ischemic rat brain and differentiate into astrocytes and neurons**. Besides, authors have shown
that pretreatment and post-treatment with hDPSCs or CM-hDPSCs provide superior cytoprotective effects on
astrocytes in an in vitro ischemic model compared to hMSCs, likely due to reduced reactive gliosis and the
suppression of free radicals and the proinflammatory cytokine IL-1p expression*®. Despite this, some studies
indicate that while DPSCs can differentiate into mature neurons and oligodendrocytes, they do not differentiate
into astrocytes*®. Overall, transplanted DPSCs have been shown to offer distinct therapeutic advantages for
the treatment of SCI, including (1) suppression of the early inflammatory response; (2) inhibition of SCI-
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Fig. 7. Differentiation of hDPSCs and MT-hDPSCs into astrocytes according to GFAP staining. (A) At the

site of injury, the nuclei of hDPSCs and MT-hDPSCs were labeled with DAP], the cells were labeled with Dil,
and their differentiation into astrocytes was labeled with GFAP. (B) A comparison of the number of GFAP-
positive cells among the Vehicle (SCI+ DMEM), SCI+hDPSCs, and SCI+MT-hDPSCs groups revealed that
MT-hDPSCs differentiated into astrocytes more than hDPSCs at the SCI site (*p < 0.05). ADPSCs human dental
pulp stem cells, MT melatonin, SCI spinal cord injury; magnification: X20.

induced apoptosis in neurons, astrocytes, and oligodendrocytes, thereby promoting the preservation of neural
fibers and myelin sheaths; (3) regeneration of transected axons through the direct inhibition of multiple axon
growth inhibitors signals (such as chondroitin sulfate proteoglycans and myelin-associated glycoprotein) via
paracrine mechanisms; and (4) cell replacement in the damaged spinal cord through the differentiation capacity
of pulp stem cells into oligodendrocytes, neurons, and astrocytes®. Besides, DPSCs have been found to exhibit
a higher level of hepatocyte growth factor (HGF) expression, further supporting their potential use in spinal
cord repair’’. HGF has previously been reported to exert a neurotrophic effect on CNS neurons, including
spinal motor neurons, and also acts as an axon chemoattractant®4’. More recently, Kitamura et al. reported
that HGF enhances endogenous repair and promotes functional recovery following SCI*°. Animals treated with
HGF-expressing MSCs showed increased axonal growth beyond the glial scar and improved forepaw function
after SCI°. Additionally, HGF was shown to inhibit glial scar formation by reducing astrocytic activation. The
inadequate blood supply following SCI is a significant barrier to regeneration, underscoring the importance of
angiogenesis in the endogenous regenerative response after injury. FGF2 and EGF have already been implicated
in angiogenesis. VEGE, a key pro-angiogenic regulator, has also been shown to be expressed by dental stem
cells (DSCs), and its expression, along with FGF, was upregulated following exposure to interferon-gamma
(IFN-y). VEGF has further been implicated in neurogenesis and has been shown to exhibit both neurotrophic
and neuroprotective properties®.

Despite numerous promising results with DPSCs in SCI treatment, significant challenges remain in using
DMSCs for SCI regeneration, including the low rate of cell engraftment and survival after transplantation®t. In
this regard, we found that preconditioning hDPSCs with melatonin enhanced cell engraftment and survival and
promoted their differentiation into neurons and astrocytes, compared to untreated hDPSCs. These results align
with our previous findings on the impact of melatonin on ADSCs engraftment and neuronal differentiation™.
Besides, in the present study, functional improvements were observed in both the SCI+hDPSCs and SCI+MT-
hDPSCs groups compared to the SCI and Vehicle groups starting from Week 4. Consistent with these findings,
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Fig. 8. Assessment of Basso, Beattie, and Bresnahan (BBB) scores in the Control, Sham, Model (SCI), Vehicle
(SCI+DMEM), SCI+hDPSCs, and SCI+MT-hDPSCs groups. During the first week after cell transplantation,
significant differences were noted between the Control group and the other groups (Week 1: f(5, 41) =1205.28,
p<0.001). By the fourth week, the BBB scores for the SCI+MT-hDPSCs and SCI+hDPSCs groups

were significantly higher compared to the SCI and Vehicle groups (Week 4: f(5, 41) =198.639, p <0.001).
Additionally, the BBB scores for the Control and Sham groups were significantly higher than those of the other
groups. These significant differences persisted through the fifth week (Week 5: f(5, 41) =151.80, p <0.001),
sixth week (Week 6: f(5, 41) =204.731, p <0.001), seventh week (Week 7: f(5, 41) =191.104, p <0.001), and
eighth week (Week 8: f(5, 41) =197.617, p < 0.001), with the SCI+ MT-hDPSCs and SCI+hDPSCs groups
showing significant improvements compared to the SCI and Vehicle groups. Significant differences were also
observed between the SCI+hDPSCs and SCI+MT-hDPSCs groups throughout the testing period, starting
from Week 7 (p <0.01). a. Indicates P<0.001 for the Control and Sham groups versus the SCI, Vehicle,

SCI+ ADSC, and SCI+MT-ADSC groups; d. Indicates P<0.001 for the SCI+hDPSCs and SCI+MT-hDPSCs
groups compared to the SCI group; c. Indicates P<0.001 for the SCI+hDPSCs and SCI+MT-hDPSCs groups
compared to the Control, Sham, and SCI groups; e. Indicates P<0.01 for the SCI+MT-hDPSCs group versus
the SCI+hDPSCs group. hDPSCs: human dental pulp stem cells; MT: melatonin; SCI: spinal cord injury.

other studies have shown that hDPSCs facilitate locomotor function recovery in SCI models®”*!. Moreover, we
found significant differences between the SCI+hDPSCs and SCI+MT-hDPSCs groups from Week 7 onward.
Opverall, melatonin has garnered attention for its ability to enhance cell activities and preserve the functional
integrity of MSCs by regulating reactive oxygen species generation and anti-inflammatory responses?*. However,
while melatonin’s effects have been explored in various MSC types, its role in melatonin pretreatment of DPSCs
within SCI models and the underlying mechanisms are still limited. Melatonin has been shown to induce neuronal
differentiation by increasing YAPY357 phosphorylation and inhibiting YAP activity, suggesting an active Hippo
signaling pathway®'. Additionally, some studies indicate that melatonin enhances the immunoregulatory and
anti-inflammatory properties of hDPSCs, with increased soluble TGF-p secretion playing a key role in the
observed immunomodulatory effects. Furthermore, melatonin promotes the expression of CD146 in DPSCs,
which is associated with enhanced self-replication and immunomodulation®®. Despite these insights, further
research is needed to fully elucidate the mechanisms underlying the effects of melatonin-pretreated hDPSCs in
SCI models.

Limitations

While this study highlights the positive effects of melatonin-pretreated hDPSCs on engraftment, neural
differentiation, and functional recovery in a spinal cord injury model, there are a few important limitations to
consider. One key limitation is that we did not conduct in-depth molecular assessments, such as analyzing the
expression of neurotrophic factors (NTFs), which are known to support nerve protection and repair. Moreover,
although we used immunohistochemistry (IHC) to examine cell engraftment and differentiation, we did not
specifically measure NTF expression at the injury site. Future studies should focus on incorporating gene
expression analysis and THC for important NTFs, such as brain-derived neurotrophic factor (BDNF), glial cell
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line-derived neurotrophic factor (GDNF), and nerve growth factor (NGF), to enhance our understanding of
how melatonin-pretreated hDPSCs contribute to neural recovery.

Conclusion
Preconditioning hDPSCs with melatonin enhances engraftment, neuronal differentiation, and overall
performance improvement compared to hDPSCs alone in an SCI animal model.

Methods

Animals

Forty-two eight-nine-week-old male Sprague-Dawley rats, each weighing about 250-300 g, were provided from
the Animal Care Center of Guilan University of Medical Sciences. The rats were housed in an animal room with
a constant temperature (22-25 °C) and humidity level (50-60%) with a 12/12 light/dark cycle. The rats had ad
libitum access to a standard diet and water. The experimental protocols were approved by the Ethical Committee
of the Guilan University of Medical Sciences (Helsinki Declaration) and were conducted in accordance with
animal ethics guidelines of the national health and research institutes. The Rats were divided randomly into six
groups (n=7) as outlined below:

Control: This group of rats did not receive any treatment or injury.

Sham (Laminectomy): This group underwent surgical stress.

Model (SCI): This group experienced lesions without any therapeutic intervention.

Vehicle (SCI+DMEM): DMEM was administered intravenously to this group one week after SCI.

Lesion treatment A (SCI+hDPSCs): One week after SCI, 1x 10° cells/200 pl of hDPSCs was administered
intravenously to this group.

Lesion treatment B (SCI+ MT-hDPSCs): One week after SCI, 1 X 106 cells/200 pl of hDPSCs pretreated with
melatonin was transplanted intravenously to this group.

Al ol

o

Isolation and culture of hDPSCs

The isolation of hDPSCs was accomplished according to the protocol modified by Gronthos et al.'®. Briefly,
discarded normal human-impacted third molars were collected from 18 to 25 years old patients after obtaining
informed consent from the participants. The extracted teeth were rinsed with phosphate-buffered saline (PBS,
Gibco) containing 1% (v/v) penicillin-streptomycin (Invitrogen, USA). Dental pulp tissues were carefully
removed from the dental cavities and minced into small pieces using sterile surgical scissors. The pulp tissues
were then enzymatically digested with 3 mg/mL collagenase type I (Roche Diagnostics) and 4 mg/mL dispase
(Sigma-Aldrich) for 1 h at 37 °C with gentle agitation. To eliminate any cellular debris, the mixture was filtered
through a 70-pm-pore-size nylon mesh. The cells were centrifuged at 400 g for 5 min and cultured in DMEM/
F12 (1:1) (GIBCO-BRL) supplemented with 10% fetal bovine serum (FBS; Invitrogen), 2 mM L-glutamine
(Sigma-Aldrich), and 1% (v/v) penicillin-streptomycin. The cells were incubated at 37 °C with 5% CO2 in a
humidified chamber. Upon reaching 80% confluency, the cells were trypsinized and passaged at a 1:3 ratio®. The
cultures were subsequently expanded through two additional successive subcultures, with the medium being
replaced every two days. The cells were monitored daily under an inverted microscope.

Flow cytometry analysis of adult human dental pulp stem cells

To confirm the isolated cells as hDPSCs, the expression levels of positive markers (CD90, CD73, and CD44)
and negative markers (CD45 and CD34) on the cell surface were assessed. Briefly, hDPSCs at the third passage
were harvested using 0.25% trypsin and 0.02% EDTA, followed by washing with 0.01 M PBS. Subsequently,
suspensions containing 50 ml at a cell concentration of 10%/ml were used as the test samples. These samples were
then incubated for 20 min with anti-human CD90, CD73, CD45, CD44, and CD34 antibodies (BD Bioscience,
USA). After being rinsed twice in PBS, the cells were analyzed using an NxT Flow Cytometer (AttuneTM;
Thermo Fisher Scientific, USA).

Melatonin pretreatment

To pretreat with melatonin, hDPSCs were subjected to incubation with 5 uM melatonin (M5250-1G, Sigma,
USA) for 24 h following the third passage®*°2°3. Subsequently, all preconditioned cells underwent three washes
with PBS to eliminate any remaining melatonin prior to subsequent analysis.

Cell labeling

The hDPSCs were suspended in a complete medium at a concentration of 1 x 106 cells/mL and labeled with 1 uM
CellTracker™ Cm-dil (Qcbio Science & Technologies Co., Ltd., Shanghai, China). The labeling process involved
incubation at 37 °C for 5 min, followed by a 10-minute incubation at 4 °C. Afterward, the cells were washed three
times with PBS and then harvested for cell transplantation.

Cell viability assay

The MTT assay, using 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT, Sigma, USA),
measures mitochondrial metabolic activity to indicate the number of viable cells in culture. In brief, cells were
seeded into a 96-well plate at a density of 1.0x 10° cells per well. After washing with PBS, 100 pl of culture
medium containing 50 pl of MTT reagent was added to each well. The cells were then incubated at 37 °C with 5%
CO; for 1 h. After incubation, 200 pl of dimethyl sulfoxide (DMSO) was added to dissolve the formazan crystals,
and absorbance was measured at 630 nm using an ELISA reader.
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The spinal cord injury model

We employed Lee et al.'s clip compression method for inducing SCI*%. Following anesthesia with ketamine
(60 mg/kg, Dr. Mojallali Co., Tehran, Iran) and xylazine (20 mg/kg, Dr. Mojallali Co., Tehran, Iran), clip
compression injury was induced at the 9-10th thoracic segments by surgically removing their dorsal processes
under sterile conditions. The wound was then closed with sutures. Postoperatively, rats received care, including
daily subcutaneous administration of cefazolin (50 mg/kg, Sobhan Darou Pharmaceutical Company, Iran) for
5 days and twice-daily abdominal compression to empty their urinary bladders. Three days after spinal cord
injury, animals were examined, and those with a Basso, Beattie, and Bresnahan (BBB) score higher than three
were excluded. Additionally, five cross-sections of micro-straws were made from the lesion site to confirm the
model’s validity>*.

BBB score

Following cell transplantation, we utilized the BBB score on a weekly basis to assess and monitor the neurological
function of the animals™® for a duration of up to 8 weeks. The BBB scale, established by the Multicenter Animal
Spinal Cord Injury Study (MASCIS), serves as the primary metric for evaluating motor recovery in rats with
spinal cord injuries®. This scale assigns scores ranging from 0 (indicating no observable hind limb movement)
to 21 (representing normal locomotion). Rats with scores between 0 and 7 (indicating the early stage of recovery)
demonstrated minimal or no hindlimb movement, those with scores from 8 to 13 (reflecting the intermediate
stage of recovery) displayed uncoordinated steps, while rats scoring between 14 and 21 (indicative of the late
stage of recovery) exhibited coordinated forelimb and hindlimb movement®’.

Histopathological and immunohistochemistry studies

Sixty days following cell transplantation, spinal tissues were harvested for assessing cell engraftment and were
stained with anti-p-tubulin III (TUJ-1) and anti-glial fibrillary acidic protein (GFAP) antibodies to identify
differentiation into neurons and astrocytes, respectively. At the end of the experiment, the animals were
euthanized under deep anesthesia (xylazine 10 mg/kg+ketamine 100 mg/kg i.p.). After induction of deep
anesthesia, perfusion with 4% paraformaldehyde in PBS buffer was conducted, and the spinal tissues were
then collected and fixed with 4% paraformaldehyde. Subsequently, the tissues underwent processing and were
paraffin-embedded (Merck, Germany). Sections of spinal tissues, 5 um thick, were prepared using a microtome.
To assess the number of implanted cells, three sections at intervals of every 20 sections from the lesion epicenter
were chosen per rat. After clearance and dehydration of sections, antigen retrieval was performed. The spinal
sections were then incubated overnight at 4 °C with human primary antibodies against f-tubulin III and
GFAP, following incubation with a blocking solution. Subsequently, the sections were washed with PBS and
incubated with goat anti-human secondary antibody for 2 h at room temperature. After PBS washing, nuclei
were counterstained with DAPI for 30 min, and the sections were mounted. Labeled stem cells were directly
observed using fluorescent microscopy and the OLYSIA Bio Report Soft Imaging System. Cell counting was
conducted by identifying dying cells whose nuclei were stained with DAPI. Additionally, Hematoxylin and Eosin
(H&E) staining were performed to confirm spinal cord injury.

Statistical analysis

The findings were presented as mean + standard deviation (SD). The normality of values was assessed using
the Kolmogorov-Smirnov test. A one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test for
comparisons, was utilized to statistically analyze BBB scores. Other data were analyzed using independent t-tests.
Statistical analysis was conducted using IBM SPSS Statistics for Windows, version 26 (IBM Corp, Armonk, NY,
USA), with a significance set at P<0.05.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.
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