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Abstract

One serious lesion to the central nervous system is spinal cord injury (SCI).
Due to its intricate pathophysiological mechanisms and the irreparability of
nerve cells, conventional rehabilitation approaches often prove inadequate
for achieving full recovery. Consequently, most patients can only enhance
their capacity for self-care in daily activities through early and proactive reha-
bilitation interventions. Stem cells are a class of cells that have the capacity to
differentiate and are capable of safely and effectively differentiating into vari-
ous types of neurons to repair or compensate for damaged cells, thereby ex-
erting therapeutic effects. Currently, research on stem cell-based therapeutics
for SCl is actively progressing and has yielded promising results. We discussed
the anatomy, pathophysiological, the potential mechanisms of traditional
therapy and stem cell therapy for SCI. The types of stem cells commonly used
in current research and the latest progress in spinal cord therapy are described.
Hope to serve as a resource for the use of stem cells in clinical settings.
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1. Introduction

Spinal cord injury (SCI) is a severe neurological disorder, causing varying degrees
of impairment in motor, sensory, and autonomic nervous functions and consti-
tutes one of the most challenging neurological injuries in clinical treatment [1].
The etiological factors commonly associated with SCI include traumatic, pharma-

cological, infectious, neoplastic, and congenital origins. Among these, Traumatic
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spinal cord injury (T'SCI) is the most common type of SCI, which includes injuries
resulting from traffic accidents, falls from elevated surfaces, and other forms of
trauma [2]. Subsequently to the occurrence of SCI, additionally to the immediate
harm done to the tissue of the spinal cord, a cascade of secondary injuries, includ-
ing inflammation, edema, and necrosis—that ensue post-injury will further exac-
erbate SCI [3]. SCI not only impairs the physical health of patients, imposes a
heavy psychological burden on them, but also reduces their quality of life. Addi-
tionally, the high medical costs following SCI constitute a significant financial
burden for patients’ families [4]. According to incomplete statistics, the preva-
lence of spinal cord injuries is currently between 236 and 4178 cases per million
people worldwide, and has manifested a notable upward trend in recent years [5].
The majority of individuals with SCI are unable to achieve complete recovery. An
analysis of the data related to SCI revealed that less than one-third of the patients
demonstrated functional improvement after treatment [6]. Patients with SCI typ-
ically require an extended hospital stay for comprehensive rehabilitation training
and specialized nursing to attain a specific degree of functional recovery [5].
Nonetheless, the extent of functional recovery remains significantly limited, and
the prognosis for elderly patients with comorbidities such as diabetes, cardiovas-
cular and cerebrovascular diseases, and cognitive impairment is even more diffi-
cult. Consequently, the pursuit of more effective therapeutic strategies for SCI
presents a considerable challenge for clinical traits. Due to the non-regenerative
characteristics of nerve cells, current primary therapeutic strategies for SCI focus
on mitigating secondary injuries, including high-dose steroid pulse therapy and
early surgical decompression. The mechanism underlying high-dose steroid pulse
therapy is likely linked to its anti-inflammatory effects at the injury site, and sur-
gical decompression keeps the damaged spinal cord from experiencing additional
compression [7] [8]. Nevertheless, these therapeutic strategies do not achieve the
restoration of neural functions. Surgical decompression is presently considered
relatively safe. Early surgical intervention for SCI patients is increasingly becom-
ing standard practice, however, the evidence supporting its efficacy remains no-
tably limited [7]. Under certain triggered conditions, stem cells are a type of cell
that has the capacity to develop into other cell types. Consequently, the multipo-
tent differentiation capacity of stem cells suggests their potential application in
generating various cell types and tissues, including neurons. This capability may
allow the damaged spinal cord tissue repair, hence permitting the restoration of
spinal cord [7]. This article highlights the most recent developments in stem cell
transplantation for spinal cord injury while also examining the therapeutic op-
tions currently used to treat the condition, concentrating especially on mesenchy-
mal stem cells in this situation. This paper analyzes the progress in stem cell ther-
apy research, intending to provide scientific and rational guidance for the treat-

ment of spinal cord injury patients and future related scientific investigations.

2. Pathophysiology of Spinal Cord Injury

The spinal cord is the tissue inside the spinal canal that consists of two major parts,
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gray matter and white matter. The structure houses the cell bodies of neurons,
along with ascending and descending fibers that transmit sensory, motor, and au-
tonomic nervous information [9]. The normal physiological functions of the spi-
nal cord involve interactions among different cell types, including neurons, mi-
croglia, astrocytes, and oligodendrocytes. Following SCI, these cell interactions
are disrupted, rendering the recovery of spinal cord function more challenging [3]
[10]. There exist numerous causes of SCI, yet their pathophysiological mecha-
nisms are similar in cases of SCI [11]. SCI can be classified into two stages based
on pathophysiological changes: primary injury and secondary injury. Acute, sub-
acute, and chronic stages of secondary damage can be distinguished based on the
progression of the condition. Different stages exhibited diverse characteristics, en-
compassing a number of pathological alterations including inflammation, ische-

mia, and apoptosis [12] [13].

2.1. Primary Injury

Primary injuries are predominantly mechanical in nature, such as spinal cord con-
tusions resulting from spinal displacement following trauma, as well as compres-
sion and laceration. Among them, spinal cord compression constitutes the most
prevalent etiology of SCI, which may result in harm to the blood-spinal cord bar-
rier (BSCB) and local capillaries [14] [15]. The BSCB serves as a crucial protective
structure t that preserves the spinal cord microenvironment’s integrity against
both endogenous and exogenous influences, and dysfunction of the BSCB can give
rise to edema and subsequent secondary neural injury [16] [17]. Neurogenic shock
resulting from SCI can lead to hypotension. Given that systemic blood pressure
and perfusion pressure are directly correlated, this condition results in reduced
perfusion of the injured spinal cord and influenced local microcirculation, hin-
dering the delivery of essential nutrients and oxygen to neural tissue, thereby pre-

venting improvement in spinal cord function [18] [19].

2.2. Secondary Injury

This phase may manifest within hours to days following the onset of primary in-
jury, involving changes such as ischemia, edema, and inflammatory cell infiltra-
tion, ultimately leading to irreversible processes including neuronal apoptosis, ne-
crosis, axonal degeneration, demyelination, and glial scar formation [20]. The fol-
lowing section provides a detailed description of the pathophysiological changes
occurring during the secondary injury stage.

2.2.1. Ischemia and Edema of the Spinal Cord

Following the initial injury, the vascular supply to the spinal cord is impaired,
resulting in ischemia [21]. Cellular edema occurs as the consequence of ischemia.
The main cause of ionic edema development is the blood-spinal cord barrier’s
enhanced permeability, causes ions and water to escape from the interstitial space
[3] [22]. The cell membrane’s pore size increases as a result of endothelial damage

and inflammation, thereby allowing large plasma-derived molecules to permeate
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the membrane. Vasogenic edema is the result of this imbalance between intracel-

lular solutes and water input [23].

2.2.2. Immune Response Following SCI

Through the compromised blood-spinal cord barrier, hematogenous immune
cells such as neutrophils, mononuclear macrophages, and lymphocytes infiltrate
the spinal cord tissue [20]. These cells secrete pro-inflammatory or immunoregu-
latory factors that are essential to the immune response. Local inflammatory re-
sponses following SCI encompass a diverse array of cell types, such as microglia,
astrocytes, and dendritic cells. Peripheral immune cell populations, including
macrophages and neutrophils, which are vital in the development of inflammation
following spinal cord injury (SCI). Subsequently, an intensified inflammatory re-
sponse is caused by the release of pro-inflammatory cytokines (INF-q, IL-1, IL-
6, and IL-10) and the increase of inflammatory mediators (leukotrienes, brady-
kinin, and prostaglandins) [24]. Furthermore, the downregulation of miR-96 fol-
lowing SCI serves as a key element in the exacerbation of the inflammatory re-
sponse [25]. After SCI, a stable and persistent inflammatory response can signifi-
cantly impede tissue repair, regeneration, and the restoration of neural function
[26]. Recent investigations have established inflammation as a crucial component
impacting secondary injury severity [27], and the subsequent section will concen-

trate on the immune cells previously discussed.

2.2.3. The Mechanisms of Immune Cells Mediated Inflammatory
Response

Microglia: Microglia exhibit physiological roles analogous to those of macro-
phages in the brain and spinal cord, acting as the central nervous system’s (CNS)
primary and most crucial line of defense in the immune response. An increasing
number of studies are demonstrating that microglia might be important target
cells for SCI-related neural repair [28] [29]. There are mainly two phenotypes of
microglia, and their phenotypic transformation is mainly dependent on the local
microenvironment. The M1 phenotype primarily increases inflammatory reac-
tions and exacerbates neuroinflammation; conversely, the M2 phenotype has anti-
inflammatory properties locally and facilitates tissue repair [30]. Therefore, effec-
tively inducing microglial polarization from the pro-inflammatory M1 phenotype
to the anti-inflammatory M2 phenotype while releasing cytokines that reduce in-
flammation to modify the inflammatory microenvironment can mitigate inflam-
matory responses and reduce secondary injuries [31]. Shuhei Kobashi et al estab-
lished mouse models of SCI and subsequently injected M1 and M2 microglia, in-
duced by interleukin (IL)-4 or granulocyte macrophage colony-stimulating factor
(GM-CSEF), into the spinal canals of these SCI mice. Their findings indicate that
early on following a spinal cord injury, microglia can mitigate immune cell infil-
tration within the injured spinal tissue and reduce apoptosis of adjacent neuronal
cells and oligodendrocytes, thereby enhancing the stability of the damaged spinal

cord. Notably, axonal transport was improved to varying extents in both M1- and
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M2-treated groups; however, recovery of motor function was significantly supe-
rior in those receiving M2 treatment compared to those treated with M1. This
contrasts with the traditionally accepted perspective that the M1 phenotype pro-
motes inflammation, as it also possesses beneficial properties. This study revealed
that M2 macrophages exhibit reduced capabilities in migration and phagocytosis
compared to M1 microglia. Furthermore, in the context of SCI, could contribute
to while the therapeutic effects are probably mediated via the collaborative actions
of both M2 and M1 microglia [32]. Additionally, prior investigations have estab-
lished connections between microglial polarization/inflammatory responses with
Nrf2/HO-1 signaling pathways [33]; specifically, Nrf2 acts as a cytoprotective fac-
tor capable of activating downstream HO-1 gene expression upon inflammatory
stimuli while concurrently inhibiting inflammation via nuclear transcription fac-
tor (NF-«B) signaling [34].

Astrocytes: The glial scar formation is a reactive mechanism of cells. Neuron
are non-regenerative, and thus the nervous system’s recovery is primarily led by
astrocytes [35] [36]. In the initial seven days after a spinal cord injury, astrocytes
are activated. The fundamental process may entail the release of specific cytokines,
such as TNF, from damaged spinal cord tissue, which bind to gp130 receptors.
This interaction subsequently activates the STAT3-alACT signaling axis through
phosphorylation of Janus kinase (JAK) [37]. Astrocytes can be categorized into
two distinct types: A1 and A2. The Al subtype demonstrates neurotoxic proper-
ties and is associated with the promotion of inflammation, whereas the A2 subtype
facilitates axon regeneration and confers neuroprotection [38] [39]. The for-
mation of astrocytic scars serves a dual purpose in the context of SCI: it mitigates
inflammation and confines the lesion area, while simultaneously, growth-inhibi-
tory molecules including semaphorin 3A and chondroitin sulfate proteoglycans
(CSPGs) are secreted by the astrocytes in these scars. This secretion hinders neu-
ronal and axonal repair and regeneration, ultimately complicating the recovery of
motor and sensory functions [40] [41]. Changnan Xie ef a/. found that conditional
astrocyte YAP knockout in astrocytes of SCI mice inhibited glial scar formation.
Conversely, activation of the YAP signaling pathway promoted astrocyte prolifer-
ation. This study elucidates that the mechanism underlying astrocyte proliferation
following SCI may involve significant upregulation of bFGF mRNA4, its binding
to the FGF receptor, and subsequent activation of YAP via the RhoA pathway.
Ultimately, YAP enhances astrocyte proliferation by negatively regulating CRM1-
mediated nuclear distribution of p27Kipl, thereby facilitating glial scar formation
[42]. In addition to the previously mentioned pathways, following spinal cord in-
jury (SCI), G protein-coupled receptors and receptor tyrosine kinases on the cell
membrane activate phosphatidylinositol 3-kinase (PI3K), which subsequently
makes the serine residue at position 473 (Ser473) and the threonine residue at
position 308 (Thr308) on AKT phosphorylated. At this stage, AKT becomes acti-
vated. Furthermore, mTORC?2 facilitates maximal activation of AKT, ultimately

promoting astrocyte proliferation [43] [44]. In summary, astrocytes can promote
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their proliferation through the previously mentioned YAP pathway (bFGFRhoA-
YAP-p27Kipl) and the PI3K/AKT signaling pathway. Ultimately, reactive astro-
cytes use the integrin-cadherin pathway to engage with type I collagen and aid in
the creation of glial scars [45] [46].

Neutrophil: Previous studies have indicated that neutrophils are detrimental to
the pathophysiological changes associated with SCI. The primary reasons for
this can be summarized as follows: Firstly, by releasing pro-inflammatory media-
tors such as proteolytic enzymes, lysosomal enzymes, and reactive oxygen species
(ROS), activate other immune cells and glial cells, thereby intensifying the in-
flammatory cascade and exacerbating tissue damage [47]-[49]. Secondly, Through
the promotion of neuroinflammation and the disruption of the blood-spinal
cord barrier, neutrophils create neutrophil extracellular traps (NETs), which fur-
ther exacerbate secondary damage [50] [51]. However, an increasing amount of
study in the last few years has demonstrated that neutrophils can also exert bene-
ficial effects. Investigators have identified a novel subpopulation of neutrophils:
CD14*Ly6G*" granulocytes. Following the onset of inflammation, the active com-
ponent in zymosan with regenerative properties—f-1,3-glucan, can activate Ly6G""
neutrophils. Upon activation, these neutrophils promote axonal regeneration and
protect damaged neurons by growth factors like NGF and IGF-1 being secreted.
However, when researchers administered anti-NGF and anti-IGF-1 antibodies to
the experimental mice, the ability of CD14"Ly6G"" neutrophils to facilitate axonal
regeneration was not entirely abolished. This suggests that additional growth fac-
tors may be involved in this process, warranting further investigation [52] [53].
Stirling et al utilized an antibody targeting the lymphocyte antigen 6 complex lo-
cus (Ly6G) to treat mice with moderate T9/10 contusion injuries. Employing ad-
vanced imaging techniques, they successfully visualized neutrophil recruitment at
the injury site for the first time. Their findings revealed a 90% reduction in neu-
trophil numbers following the forementioned antibody treatment, whereas mon-
ocytes and lymphocytes showed no discernible alterations. Notably, this decrease
in neutrophil levels exacerbated spinal cord injury in the mice, as the absence of
neutrophils resulted in diminished levels of several growth factors, including FGFs
and VEGF, thereby downregulating the regenerative environment of the injured
spinal cord post-SCI. These results underscore that neutrophils play a beneficial
role following spinal cord injury [54]. Furthermore, the early infiltration of neu-
trophils can accurately orchestrate the aggregation of macrophages through the
secretion of enzymes and other factors, thereby creating an environment condu-
cive to phagocytosis by macrophages [55].

Bone marrow-derived macrophages: There are two different kinds of macro-
phages: M1 and M2. The main characteristics of the M1 phenotype are harmful
and pro-inflammatory effects. In contrast, the M2 phenotype generates anti-in-
flammatory substances, and predominantly exhibits beneficial roles, including
neuroprotection and facilitation of nerve regeneration [56]. Unexpectedly, prior

research has demonstrated that macrophages in the injured tissue following SCI
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are primarily inclined to the M1 phenotype [57]. Antje Kroner et a/. developed a
spinal cord contusion mouse model to assess the expression of several M1 and M2
markers in adult mice’s spinal cord macrophages 15 days after spinal cord dam-
age. They found that the MAP kinase-activated protein kinase 2 (MK2) may in-
fluence the pro-inflammatory processes of macrophages in SCI, leading to an in-
crease in TNF expression. Furthermore, iron can also induce elevated TNF ex-
pression, ultimately resulting in the macrophages in the wounded tissue to even-
tually polarize toward the M1 phenotype and aiding in the transformation of M2
macrophages into their functional state [58]. In another study, it was revealed that
myelin debris produced locally following spinal cord injury (SCI) is regulated by
the endogenous glucocorticoid receptor (GRs) signaling pathway, which mediates
the phagocytosis of myelin and induces phenotypic alterations in M2 macro-
phages, ultimately resulting in the formation of foam macrophages. This process
contributes to the persistence of chronic inflammation and increases harm to the
spinal cord injury [56] [59]. Furthermore, according to current research, the lipid
catabolism pathway may be another critical mechanism for regulating macro-
phage polarization and phenotype [60]. The findings from these investigations
provide potential therapeutic targets for promoting M2 polarization in future in-

terventions.

2.2.4. Neurotransmitters Also Exert an Influence on the Development of
Secondary Injury Following SCI

After SCI, Excitatory amino acid levels, including those of glutamate and aspar-
tate, are observed to be elevated. In the central nervous system, glutamate is an
excitatory neurotransmitter. Nevertheless, excitotoxicity, oxidative damage, and
calcium-dependent nitric oxide production can be caused by excessive glutamate
levels, which collectively contribute to secondary SCI [46]. Following the occur-
rence of secondary injury, the exacerbated damage caused by free radicals and
lipid peroxidation within the cell membrane—coupled with a series of signaling
events associated with secondary injury in the affected tissue, ultimately culmi-
nates in neuronal death [61]. As acute secondary injuries persist and transition
into the subacute phase, axonal demyelination, Wallerian degeneration, neuronal
apoptosis, and the development of fibrotic glial scars are the hallmarks of this
stage. [62]. After SCI, at the chronic stage of secondary injury, the established glial
scar undergoes further maturation, accompanied by changes such as cyst for-
mation and axonal degeneration [63]. Given that primary SCI is inherently un-
predictable and irreversible, subsequent secondary injuries frequently account for
permanent loss of motor function, sensory perception, and other neurological ca-
pabilities following SCI. Consequently, an increasing number of researchers are
focusing on targeting secondary injury as a therapeutic intervention during this

critical regulatory period.

3. Therapeutic Method

Surgical intervention, medication management, treatment for rehabilitation and
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nursing care are currently the main clinical treatment techniques for spinal cord
injury (SCI). During the acute stage of therapy, the focus is on stabilizing the pa-
tient’s condition and taking life-saving measures. In the chronic phase, the prin-
cipal objectives are to restore functional capabilities, prevent complications. Fur-
thermore, during the therapeutic process, patients exhibiting symptoms of low
mood, depression or suicidal ideation may necessitate psychological intervention

or support from a mental health professional [64].

3.1. Medicine Treatment

In previous drug treatments during the acute phase, corticosteroids have been rec-
ognized as the standard therapeutic intervention throughout TSCI’s acute phase.
Methylprednisolone (MP) was previously the only FDA-approved pharmaceutical
product used to treat spinal cord injury. Its mechanism of action primarily in-
volves enhancing spinal cord blood supply, repairing the blood-spinal cord bar-
rier’s integrity, scavenging excessive reactive oxygen species, mitigating secondary
inflammatory infiltration, and promoting the secretion of neurotrophic factors
[20]. However, a considerable amount of clinical evidence indicates that high dos-
ages of MP are linked to negative side effects, such as gastrointestinal bleeding and
respiratory tract infections, which may ultimately result in mortality [65] [66].
Due to the limited evidence supporting its precise therapeutic efficacy and the
prevalence of various adverse effects, corticosteroids have largely been discontin-
ued in most treatment protocols for spinal cord injuries. One class of pharmaceu-
tical medicines is represented by nonsteroidal anti-inflammatory medications
(NSAIDs) that achieve their anti-inflammatory effects primarily via cyclooxygenase
(COX) inhibition. In the realm of pharmacological interventions for SCI, NSAIDs
are acknowledged as effective agents in mitigating inflammation and edema
within the spinal cord [67]. Research employing rat models of spinal cord contu-
sion has revealed that the damaged spinal tissue has a markedly elevated expres-
sion of COX-2. COX-2 inhibition has been demonstrated to improve motor func-
tion [68], potentially through the suppression of Rho-A signaling [67]. Due to the
current lack of publicly available guidelines on the safe and effective dosing of
nonsteroidal anti-inflammatory drugs for acute SCI, coupled with the absence of
definitive clinical trials demonstrating their therapeutic efficacy, these agents are
not routinely employed in clinical practice despite their potential benefits in treat-
ing spinal cord injury. Furthermore, researchers have identified a variety of po-
tential pharmacological candidates targeting the pathophysiological mechanisms
underlying SCI, including naloxone, minocycline, riluzole, magnesium, gabapen-
tin, and GM-1 ganglioside [14] [69] [70]. However, these agents remain confined
to preclinical studies or theoretical frameworks at present, and drug-based thera-

peutic strategies for functional recovery in chronic SCI continue to be limited.

3.2. Surgical Therapy

During the severe stage of SCI, the primary aim of surgical intervention is to
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achieve decompression and restore spinal stability. The question of whether early
surgical intervention is warranted for SCI patients has been a subject of ongoing
debate among researchers and clinical practitioners. Patients who had decompres-
sion surgery within 24 hours had a significantly higher rate of two-level improve-
ment in the American Spinal Injury Association (ASIA) impairment scale than
those who had delayed decompression surgery, according to the findings of a 6-
month follow-up study on patients who had surgical intervention after SCI [71].
However, some critics argue that because the timing of surgical decompression
was not determined randomly, there may be significant subjective bias in selecting
candidates for early surgery by surgeons. Despite these critiques concerning sub-
jectivity and research design, numerous studies evaluating the timing of surgical
decompression have indicated that early intervention can mitigate neurological

damage, enhance prognosis, and reduce complications [72]-[74].

3.3. Rehabilitation Therapy

Despite the significantly low rate of motor, sensory, and autonomic function re-
covery after SCI, numerous clinical cases have indicated that patients who initiate
rehabilitation exercises promptly after the stabilization of vital signs exhibit im-
proved prognoses and significantly fewer complications. Typically, rehabilitation
interventions for SCI encompass limb functional training, physical therapy, repet-
itive transcranial magnetic stimulation, and hyperbaric oxygen (HBO) therapy
[75]. The potential mechanisms underlying HBO include a reduction in cellular
apoptosis as well as a decrease in inflammation and edema. Increased oxygen ten-
sion in the spinal cord during HBO treatment may lessen spinal cord ischemia
damage and improve clinical results [76]. Furthermore, timely rehabilitative care
is essential for preventing complications like pneumonia, pressure ulcers, and

deep vein thrombosis [75].

3.4. Stem Cell Therapy

While notable advancements have been achieved in surgical interventions, phar-
macological treatments, and rehabilitation, their efficacy in addressing motor and
sensory dysfunctions following SCI remains markedly limited. Currently, no ther-
apeutic intervention has demonstrated the ability to significantly mitigate the se-
vere long-term sequelae associated with SCI [77]. In 2001, Orlic et a/ simulated
coronary heart disease by ligating the coronary artery in mice and then giving the
left ventricle of the experimental subjects a direct injection of bone marrow stem
cells. According to their research, the c-kit/SCF (stem cell factor) signaling path-
way could allow the injected bone marrow stem cells to move to the damaged
location, facilitating myocardial regeneration, ultimately leading to a reduction in
infarct size and an improvement in cardiac hemodynamics [78]. This study is the
first to show that necrotic cardiac tissue can be replaced by bone marrow stem
cells, and facilitate cardiomyocyte regeneration, thereby challenging the prevail-

ing notion that stem cell functions are restricted to the specific cell types of their
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originating organs. However, at that time, it remained unclear whether adult car-
diac cells produced SCF. Consequently, the effectiveness of bone marrow stem cell
transplantation as a treatment for coronary heart disease patients. Nevertheless,
these findings have instilled new optimism for a variety of refractory diseases.
Consequently, the use of stem cell therapy in treatment regimens for different or-
gan ailments has grown. In the previous few years, Stem cells have been used in a
number of fundamental and clinical investigations to treat spinal cord injuries.
Numerous preclinical animal studies and several phase III clinical trials have re-
ported partial improvements in sensory and motor functions associated with SCI
[79] [80]. Currently, it is generally accepted that stem cells’ therapeutic effects
mainly appear in three important areas. Firstly, stem cells exhibit multi-differen-
tiation potential, which is essential for the replacement of degenerative and ne-
crotic cells. Secondly, the damaged microenvironment’s inflammatory reactions
are lessened by the anti-inflammatory substances secreted by these cells. Lastly, a
wide range of cytokines, growth factors, and cell adhesion molecules that are nec-
essary for enhancing the microenvironment and facilitating tissue regeneration
are secreted by stem cells [81] [82].

Three main types of stem cells can be distinguished based on their developmen-
tal stage: induced pluripotent stem cells, adult stem cells, and embryonic stem cells
(ESCs). Mesenchymal stem cells (MSCs), neural stem cells (NSCs/NPCs), induced
pluripotent stem cells (iPSCs), olfactory ensheathing glial cells (OECs), hemato-
poietic stem cells, and skin-derived progenitor cells are some of the other subtypes
of adult stem cells [20]. In contemporary research, a variety of stem cell types are
available for cell transplantation, each exhibiting distinct advantages and disad-
vantages. Because of their advantageous characteristics, MSCs have emerged as a
prominent candidate in regenerative medicine preclinical and clinical research.
These include ease of accessibility, extensive biological effects, minimal ethical
concerns, and low immunogenicity [83]. The following sections will offer a de-
tailed analysis of the commonly employed stem cell types in contemporary re-
search, with a specific focus on the progress achieved in the study of mesenchymal

stem cells.

3.4.1.ESCs

ESCs were initially isolated and grown from mice in 1981, showing an exceptional
capacity to differentiate into any sort of cell [84]. ESCs can develop into neurons
and glial cells in the context of SCI, thereby substituting dysfunctional cells or
tissues [85]. Prior research has demonstrated that the transplantation of ESCs is
effective in facilitating recovery after SCI. However, the use of ESC transplanta-
tion raises concerns regarding teratoma formation, immune rejection, and ethical

dilemmas associated with embryo destruction [86].

3.4.2.iPSCs
Cellular reprogramming or adult somatic cells can be used to create IPSCs,

thereby circumventing associated ethical concerns; however, they carry a risk of
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tumorigenesis. A growing body of research has substantiated the potential for
treating SCI via iPSC transplantation [87]. For instance, Nori et al showed that
human iPSC-derived cells could survive and differentiate into neurons, astrocytes,
and oligodendrocytes when they were implanted into NOD/SCID mice. In the
mice, functional recovery was shown, and subsequent tracking revealed no tumor
formation [88]. A contusive SCI model was developed by Kobayashi ef al. in ma-
caques and transplanted hipsc-derived neural progenitor cells (npc) to the lesion
site. The study revealed that the transplanted cells were capable of secreting neu-
rotrophic factors including CNTF and VEGF, and new blood vessels emerged at
the lesion site. In addition, hiPSC-NS/PCs can prevent the injury center from de-
myelinating and enhance axon regeneration, thus promoting functional recovery
after spinal cord injury [89]. Although iPSCs may lead to teratoma formation,
their pluripotency and beneficial effects in SCI warrant future investigations
aimed at developing transplantation strategies that minimize teratogenic risks
while maximizing the therapeutic potential of iPSCs. Encouragingly, recent stud-
ies have indicated that immunosuppressants may possess the ability to mitigate

the tumorigenic potential associated with iPSCs [90].

3.4.3.NS/PCs

Multipotent cell types known as NSCs and NPCs have been isolated from the ep-
endymal layer around the spinal cord’s central canal, the hippocampal region, and
the subventricular zone of the lateral ventricles [91]-[93]. NSCs have the innate
capacity to produce several kinds of brain cells and can be obtained from a range
of source. The mechanism by which NSCs exert their effects involves releasing
pro-regenerative factors and replacing lost neural cells in SCI, as well as neu-
rotrophic factors, to protect damaged tissue. Consequently, following SCI, Neural
stem cell transplantation can facilitate the replacement of injured cells such as
neurons, oligodendrocytes, and astrocytes. Currently, there is a growing body of
research focused on this form of cell transplantation [94] [95]. In rats suffering
from SCI, Zigian Ma et al showed that epidermal neural crest stem cells (EPI-
NCSC) could activate the PI3K/AKT signaling pathway, preventing neuronal
death and providing a neuroprotective effect. The results reflect the therapeutic
role of this pathway in SCI, but more studies are needed to fully elucidate the un-
derlying molecular mechanisms [96]. Rosenzweig et al. established an SCI model
in rhesus monkeys, proving that NPCs were transplanted lived and developed into

neurons and astrocytes, allowing for functional recovery [97].

3.4.4. MSCs

Multipotent cells called mesenchymal stem cells can be obtained from bone mar-
row, blood, or other dermal tissues. They are a subset of adult stem cells with the
ability to develop into a variety of cell types, such as adipocytes, myocytes, chon-
drocytes, and osteoblasts [98] [99]. In comparison to other types of stem cells,
MSCs have a number of benefits over other kinds of stem cells, including: 1) They

can be readily isolated and stored and come from a variety of sources; 2) the risk
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of teratoma formation is significantly lower than that associated with iPSCs or
ESCs; 3) they are not subject to ethical constraints [100] [101]. According to a case
study on the application of combination therapy based on mesenchymal stem cells
for chronic SCI, this approach is both safe and effective, with a majority of patients
demonstrating varying degrees of motor and sensory function recovery [102]. The
limitation of MSCs relative to iPSCs and ESCs is their comparatively lower repro-
ducibility. MSCs may affect SCI through a variety of possible methods, including
the paracrine release of anti-inflammatory cytokines and neurotrophic factors,
angiogenesis promotion, and decreased glial scar formation [103] [104]. T Brain-
derived neurotrophic factor (BDNF), nerve growth factor (NGF), vascular endo-
thelial growth factor (VEGF), glial cell line-derived neurotrophic factor (GDNF),
insulin-like growth factor-1 (IGF-1), basic fibroblast growth factor (bFGF), epi-
dermal growth factor (EGF), and fibroblast growth factor (FGF) are the main neu-
rotrophic factors released by mesenchymal stem cells [105] [106]. These neu-
rotrophic factors are essential for shielding injured neurons, promoting their sur-
vival, facilitating axon regeneration, and enhancing angiogenesis [107]. For exam-
ple, nerve growth factor (NGF) primarily interacts with the TrkA and p75NTR
receptors to activate intracellular signaling pathways. Similarly, the TrkB receptor
is primarily activated by brain-derived neurotrophic factor (BDNF), which starts
downstream signaling cascades that include the MAPK/ERK and PI3K/Akt path-
ways [108] [109].

In the realm of immune regulation, MSCs are essential for immune modulation
because they secrete growth factors like interleukin 10 or transforming growth
factor A1, which increase the synthesis of anti-inflammatory factors including
TGEF-p1, IL-1p, IL-6, and TNF-a [110]. Furthermore, MSCs facilitate macro-
phages change from the pro-inflammatory M1 phenotype to the anti-inflamma-
tory M2 phenotype, thereby exerting immunoregulatory functions [111]. MSCs
also engage directly with natural killer (NK) cells or upregulating CD73 expres-
sion on these cells to convert AMP into adenosine [112]. Additionally, MSCs me-
diate direct interactions with NK cells through TLR4 expression, which lowers the
synthesis of cytokines that promote inflammation. Moreover, direct cell fusion is
one way that mesenchymal stem cells can provide therapeutic effects [107] [113].
Currently, t bone marrow-derived mesenchymal stem cells (BMMSCs), adipose-
derived mesenchymal stem cells (ADSCs), and umbilical cord-derived mesenchy-
mal stem cells (UCMSCs) are the three main types of MSCs used in stem cell
transplantation research. A comprehensive description will be provided in the

subsequent chapter.

4. Mesenchymal Stem Cells in SCI Treatment
4.1. BMMSCs

Mercedes Zurita et al carried out a study in which BMMSCs were administered
via intramedullary injection to pigs with spinal cord injury. The results demon-

strated that, after 12 weeks, The average score on the motor function evaluation
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scale for the wounded pigs was 6.2, with some individuals even regaining the abil-
ity to stand independently. Moreover, histological analysis revealed the presence
of neurons and astrocytes within the affected regions [114]. These findings pro-
vide compelling evidence for the potential of bone marrow-derived mesenchymal
stem cells as a treatment in sophisticated mammalian models of spinal cord injury.
Furthermore, research by Chizuka Ide et a/ has demonstrated that transplantation
of these stem cells significantly promotes axonal regeneration and tissue repair
following SCI in rat models [115].

4.2. ADSCs

ADSCs are more abundant than their bone marrow counterparts and are notably
more accessible, facilitating easier procurement and isolation. ADSCs have been
shown to be both safe and beneficial, with applications in the transplantation for
a variety of conditions, including cosmetic reconstruction surgeries, chronic ul-
cers associated with lower limb arterial diseases, and SCI. ADMSC transplanta-
tion’s effectiveness has been confirmed in a number of central nervous system
(CNS) injury models and is connected to the regulation of inflammatory. Adi-
pose-derived mesenchymal stem cells may have therapeutic benefits for SCI mice
by inhibiting the Jagged1/Notch signaling pathway, resulting in reduced phos-
phorylation of JAK/STATS3 in astrocytes and subsequent downregulation of in-
flammatory mediator post-SCI, according to Zhilai Zhou et al These findings
align with previously proposed mechanisms suggesting an anti-inflammatory
function of ADSCs in the management of spinal cord injuries [116]. There was no
indication of tumorigenicity or other unfavorable side effects in the preliminary
research evaluating the safety profile of intravenous AD-MSC treatment. A study
investigating autologous AD-MSC transplantation via intrathecal delivery in-
volved 14 patients with spinal cord injury; following intervention, 10 patients
demonstrated sensory improvement while MRI assessments revealed stable lesion
sizes. Importantly, none experienced severe adverse events related to AD-MSC
treatment [117]. Zhou et al’s research further established that ADMSC transplan-
tation can mitigate neuroinflammation, promote nerve tissue preservation, and
ultimately enhance functional recovery in rats subjected to SCI [116]. Adipose-
derived mesenchymal stem cells were delivered intrathecally to patients with trau-
matic SCI in a phase 1 experiment by Mohamad Bydon et al. observing that among
10 participants receiving this intervention, 7 exhibited improvements in their AIS

grades compared to baseline measurements [118].

4.3. UCMSCs

UCMSC:s exhibit superior in vitro expansion capabilities, a more rapid prolifera-
tion rate, and reduced immunogenicity compared to BM-MSCs [119]. However,
their derivation from umbilical cord blood raises potential ethical concerns. Con-
sequently, compared to the two mesenchymal stem cell types previously de-

scribed, research on umbilical cord-derived mesenchymal stem cells (UC-MSCs)
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has been comparatively limited. In a clinical trial investigating UC-MSC treatment
for SCI, 22 patients received intrathecal injections of UC-MSCs; among these par-
ticipants, 13 demonstrated improvements in motor function, sensory perception,
and bladder voiding capabilities without any significant adverse reactions re-
ported [120]. Importantly, regarding optimal timing for cell transplantation, nu-
merous studies indicate that during the acute phase various inflammatory cell
types can compromise transplanted stem cells’ viability while glioma formation in
chronic stages may inhibit axonal regeneration. As such, it is widely accepted that
the subacute phase which lasts 10 - 14 days after the damage represents an ideal
window for cell transplantation [121]. However, in this study, all selected patients
were in the chronic stage of SCI. Nevertheless, they demonstrated improvements
in motor and sensory functions following treatment. This research implies that
the subacute period should not be the exclusive time frame for bone marrow mes-
enchymal stem cell transplantation following SCI—a significant advancement in
determining time windows for future stem cell therapies.

In conclusion, mesenchymal stem cells, especially adipose-derived mesenchy-
mal stem cells and bone marrow-derived stem cells, have been widely used in an-
imal models of SCI research and show higher promise for the regenerative therapy
of SCI than other types of stem cells. However, the efficacy of mesenchymal stem
cell therapy for SCI remains a subject of debate [82]. Less than 1% of implanted
mesenchymal stem cells move to the damaged tissue, according to certain research
[122]. Reactive oxygen species production, inflammatory cell infiltration into the
injured area, and disruptions in the local microenvironment may all be responsi-
ble for the transplanted stem cells’ poor differentiation potential and low survival
rate [123].

4.4. Paracrine Factors Secreted by Mesenchymal Stem Cells

In the last few years, building upon the foundation of mesenchymal stem cell
transplantation, researchers have identified that MSC-secreted paracrine factors
have a variety of advantageous properties, such as anti-inflammatory, anti-apop-
totic, antioxidant properties, as well as promoting angiogenesis and neural regen-
eration [124] [125]. Investigations into these paracrine mechanisms have been ac-
tively pursued. Recent studies suggest that these effects are primarily mediated by
exosomes (Exo) [126]. Compared to traditional cellular transplantation methods,
this approach has attracted significant attention as an innovative cell-free thera-
peutic strategy for SCI [127]. Studies have shown that MSCS-EXOS has similar
effects to MSCs, and has the advantages of stable existence in the blood circulation
without being swallowed by the macrophage system, easy transfer and storage
[128].

Adipose-derived mesenchymal stem cell exosomes (ADMSC-Exo) have been
shown by Yi Luo et al to activate the Nrf2/HO-1 pathway by reducing the expres-
sion of M1 microglia, increasing the expression of M2 microglia, and inhibiting

inflammatory factors at the localized injury site after SCI. They demonstrated that
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ADMSC-Exo not only lessens SCI but also helps rats regain their motor function
by creating a rat model of the condition, corroborating findings from previous
studies. However, this research has yet to elucidate the specific mechanisms un-
derlying the Nrf2/HO-1 pathway; thus, understanding its complex mechanisms
remains a challenge for future investigations [129]. Nine patients with full sub-
acute spinal cord damage participated in a phase I clinical trial that showed no
significant adverse effects after receiving intrathecal injections of allogeneic hUC-
MSC exosomes, suggesting a good safety profile. Every individual showed differ-
ing levels of improvement in their motor and sensory abilities. This trial repre-
sents the first clinical data regarding the application of intrathecal allogeneic exo-
somes for the care of individuals with SCI. However, since this study primarily
aimed to assess safety and involved a limited sample size, it could not adequately
evaluate precise efficacy. Larger sample numbers in upcoming phase II/III clinical
trials are necessary for additional efficacy evaluation [130]. Min Chen et al. were
the first to demonstrate in a rat model of spinal cord injury that exosomes derived
from bone marrow mesenchymal stem cells, which contain miR-26a-5p, can bind
to the 3°-UTR of their target mRNA, leading to the downregulation of EZH2 ex-
pression, an increase in BDNF and TrkB levels, and the promotion of KCC2 tran-
scription, thereby enhancing recovery from spinal cord injury [131]. IFN regula-
tory factor 5 (IRF-5) is an inflammatory factor that promotes differentiation of
macrophages into the M1 phenotype. The exosome miRNA-125a derived from
BMMSCs exerts its neuroprotective effect by regulating the expression of IRF-5 in
spinal cord injury [132]. LinWang et al. found that the exosomes of MSCs have a
powerful anti-inflammatory effect, which can inhibit the transformation of mac-
rophages to M1 phenotype by reducing the expression of inflammatory factors
such as TNF-a and NF-xB, and ultimately improve spinal cord function [133].
Furthermore, Azar Abbas ef al established a mouse model of SCI to show that
iPSCs-derived exosomes containing miRNAs could promote neuroprotection and
mitigate neuronal inflammation, thereby facilitating functional recovery post-
SCI. In comparison to direct transplantation of iPSCs, exosome-based therapy ex-
hibits lower immunogenicity and greater therapeutic efficacy. These findings sug-
gest that the efficacy and safety of exosomes as an emerging therapeutic modality
based on stem cell transplantation are not coincidental, indicating significant po-

tential for future development [134].

5. Traditional Chinese Medical Therapy in China

Traditional Chinese medicine interventions, including acupuncture and herbal
therapies such as triptolide, tanshinone, ginsenosides, genistein, and curcumin,
have demonstrated the ability to facilitate the recovery of neurological function
[135] [136].

5.1. Acupuncture

Research has demonstrated that tropomyosin can be activated by acupuncture via
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the PI3K/Akt and ERK1/2 signaling pathways. This activation subsequently
causes cyclic AMP (cAMP) to rise, resulting in the upregulation of BDNF gene
transcription, thereby facilitating functional recovery. Furthermore, it has been
shown that acupuncture can inhibit epidermal growth factor receptor activity,

promote axon regeneration, and reduce glial scar formation [137] [138].

5.2. Herbal Therapies

Experiment studies have demonstrated that triptolide exerts anti-inflammatory
effects and promotes spinal cord recovery by upregulating miR-96 expression, in-
hibiting TNF-a and IL-1 in microglia, and reducing the levels of intermediate
filament proteins [139]. Dan Luo et al found that sodium tanshinone IIA sul-
fonate (STS) can inhibit MMP activation, promote the synthesis of tight junction
(T7) and adherens junction (AJ]) proteins, thereby decreasing the permeability of
the damaged blood-spinal cord barrier (BSCB), alleviating secondary damage, and
aids in the spinal cord’s functional recovery [136]. The effectiveness of STS as a
treatment in the early phases of spinal cord injury was first demonstrated by this
study. Furthermore, Le Qi et al. established a rat model of SCI and discovered that
Rb1 and Rh2 reduce the expression of inflammatory mediators to produce anti-
inflammatory actions through toll-like receptor 4 (TLR4) and NF-kB pathways.
When Xin-Wu Li et a administered genistein to SCI mice, they discovered that
the mice’s Basso-Beattie-Bresnahan (BBB) scores were noticeably higher than
those of the control group. They proposed that its anti-inflammatory mechanism
may be associated with promoting M2 macrophage activation via inhibition of
TLR4/MyD88/TRAF6 signaling [140].

5.3. Traditional Chinese Medicine

Ping Yang et al discovered that the combination of bone marrow mesenchymal
stem cell transplantation and Buyang Huanwu Decoction (BYHWD) considera-
bly enhanced forelimb motor function in mice after SCI, exhibiting a synergistic
effect on the neuroprotection of red nucleus neurons impacted by SCI, in contrast
to individual treatments with BYHWD or bone marrow mesenchymal stem cell
transplantation. The underlying mechanism may involve the upregulation of
cAMP levels, activation of CREB, and subsequent phosphorylation of RhoA,
which inhibits its downstream signaling pathways while promoting NGF expres-
sion [141]. Ding et al used acupuncture in combination with bone marrow mes-
enchymal stem cell transplantation for treating SCI rats; after 10 weeks, they ob-
served Rats undergoing spinal cord transection showed improved motor evoked
potentials and higher Basso-Beattie-Bresnahan (BBB) scores [142]. Liu et al. re-
ported that this combined treatment increased the survival rate of mesenchymal
stem cells (MSCs). According to the suggested mechanism, acupuncture increases
cAMP levels in the damaged spinal cord, which raises endogenous NT-3 expres-
sion and eventually promotes MSC differentiation into oligodendrocytes and neu-
ron-like cells [143].
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6. Summary and Discussion

As we continue to learn more about the mechanisms behind SCI, various rehabil-
itation physical therapy techniques, such as ultrasound stimulation, magnetic
stimulation, and electrical stimulation, have made significant advancements [119]
[144] [145]. For example, Ye-Hui Liao et al demonstrated that low-intensity fo-
cused ultrasound applied to the lumbar vertebrae of SCI rats can stimulate neu-
ronal cell membranes, thereby upregulating KCC2 expression, successfully acti-
vating spinal cord neural circuits and effectively alleviating spasticity in these an-
imals [146]. A growing amount of studies have demonstrated the significance of
traditional Chinese medicine in treating SCI models. In particular, it has been
demonstrated that sodium tanshinone ITA sulfonate (STS) can lessen secondary
injury, encourage spinal cord function recovery, and decrease the permeability of
the injured blood-spinal cord barrier (BSCB) [136]. Triptolide exerts its effects by
inhibiting certain inflammatory mediators through upregulation of miR-96 ex-
pression, ultimately facilitating spinal cord recovery. One hundred spinal cord
damage patients participated in a randomized controlled trial, which found that
acupuncture treatment administered during the early stages of post-injury signif-
icantly improved Functional Independence Measure scores [139]. Furthermore,
acupuncture therapy has been shown to increase mesenchymal stem cells’ capac-
ity for differentiation in multiple investigations [142]. Despite the availability of
numerous advanced treatment regimens, the intricacy of the neurological system
and the permanent nature of nerve injury continue to pose significant challenges
that hinder the rehabilitation process for patients with SCIL. In 2001, Orlic et al.
demonstrated through bone marrow stem cell transplantation that it could recon-
stitute cardiomyocytes and reduce infarct size. Although the encoding factors for
stem cells involved in this pathway have not been confirmed in adult cardiomyo-
cytes, this study established a theoretical foundation for subsequent developments
in stem cell therapy and provided new hope for many clinically challenging dis-
eases. In the treatment of spinal cord injuries, stem cell therapy has demonstrated
significant promise [78]. Unlike conventional rehabilitation regimens, stem cells
possess self-renewal capabilities and can differentiate into various cell types. Stem
cell transplantation may exert its effects by reducing neuroinflammation and pro-
moting axonal growth, among other mechanisms [125]. As currently the only po-
tentially curative approach for SCI, stem cell therapy has garnered significant in-
terest from numerous clinical research centers. Nowadays, mesenchymal stem
cells, induced pluripotent stem cells, embryonic stem cells, and neural stem cells
are among the many cell types used in stem cell treatment. Preliminary data sug-
gests that stem cell transplantation is safe and feasible as scientists continue to
progress their understanding of the pathophysiological mechanisms underlying
SCI. MSCs have emerged as a compelling candidate in stem cell therapy due to
their diverse sources, ease of isolation and accessibility, and exemption from eth-
ical constraints. MSCs facilitate the recovery of both motor and sensory capabili-

ties without causing major side effects by promoting cellular regeneration and
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exerting immunomodulatory effects through the paracrine release of neu-
rotrophic factors and inflammatory mediators. In a clinical study examining the
effectiveness of UC-MSC therapy for SCI, intraventricular injection of UC-MSC
was administered to 22 SCI patients, resulting in functional improvement in some
individuals. Importantly, no significant adverse reactions were reported among
all participants [120]. Earlier clinical trials and animal research have demon-
strated the viability and safety of using different kinds of stem cells to treat SCI;
however, despite the significant potential of stem cell therapy, the instability of
the local microenvironment following SCI and the complexity of neural damage
often result in several limitations when using stem cell therapy alone, including
high costs and low survival rates [147]. Therefore, challenges such as low survival
rates at the injury site necessitate further investigation into optimal administra-
tion routes and delivery vehicles. For example, Liang Wang et al utilized a patch
composed of micro-platelet-like graphene nanoplatelets combined with NSCs im-
planted into the subarachnoid space of SCI mice, which demonstrated improved
hind limb activity. Notably, this electromagnetic cellular patch facilitated neu-
ronal differentiation, increasing the proportion of neurons from 12.5% to 33.7%,
thereby indicating its potential to enhance therapeutic efficacy in SCI treatment
[119]. Min Chen ef a/. administered the treatment to rats with spinal cord injury
by means of the combination of Bilobalide (a component isolated from ginkgo
leaves) and BMSC transplantation. They found that, in contrast to any single ther-
apy, the combined treatment of Bilobalide and BMSCs was more beneficial for the
recovery of SCI. The study also unveiled that the mechanism of Bilobalide lies in
promoting neuronal differentiation through the FMRP/WNKI1 pathway [148].
The functionalized scaffolds have garnered significant attention for their potential
to enhance the therapeutic efficacy of exosomes derived from mesenchymal stem
cells. Research has demonstrated that the establishment of GS scaffolds enables
the effective loading of these exosomes onto the scaffolds, facilitating their tar-
geted delivery to injury sites and thereby synergistically promoting SCI repair
[77]. These research outcomes manifest that in the future treatment of spinal cord
injury, in contrast to single therapeutic modalities, the combination of multiple
approaches will exhibit greater superiority and development potentiality. Recently
emerging cell and bioengineering technologies may be considered for combined
transplantation with stem cells to enhance their survival rate in the damaged area
[149]. Biomaterials are substances that are compatible with tissues and have few
harmful reactions when implanted. Its advantages lie in its exceptional biocom-
patibility and elimination of toxicity. Although biomaterials have been evaluated
through in vitro and in vivo studies, further studies in higher-level animal models
are needed to assess their clinical potential and safety concerns [149]. The incor-
poration of these novel technologies has the capacity to increase stem cell ther-
apy’s effectiveness for SCI, improve safety and immune compatibility, maximize
the integration, survival, and transport of stem cells into host tissues, which will

ultimately result in better clinical outcomes and more potent treatments [150].
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For instance, advancements in reprogramming techniques could possibly address
the moral issues around ESCs or iPSCs, thereby enhancing their therapeutic value
for spinal cord injury. Recent developments in traditional Chinese medicine have
revealed its significant therapeutic potential in SCI. Several animal studies that
combine stem cell transplantation and traditional Chinese medicine have shown
enhanced MSC survival rates, changes in the local microenvironment at the injury
site, and enhanced targeted migration and differentiation of MSCs towards the
spinal cord [141]. However, current research remains predominantly limited to
animal models, and cell therapy protocols effective in rodents and primates may
not translate effectively to human applications [151] [152]. As a basis for iterative
practice and demonstration aimed at attaining clinical translation, future research
will require a significant number of comparable case models and treatment ap-
proaches. Given that recovery from SCI is a prolonged process, psychological as-
sessment along with timely and effective psychological interventions for patients

is essential.
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