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Research progress of stem cell therapy for neurological diseases

Abstract 
Neurological diseases are considered one of the leading causes of death and disability 
worldwide; not only do patients suffer, but they also place a significant economic burden 
on families and society. Traditional medications now show limited efficacy, and surgical 
interventions can be dangerous. The need to develop new medicines is critical as more 
people become aware of the immense burden this disease imposes on society and the limited 
number of viable therapeutic options that currently exist. Modern research is increasingly 
focusing on novel and potent approaches to treat neurological illnesses to address these 
challenges. One promising method is the stem cell-based therapy. The development of stem 
cell transplantation techniques and cellular therapies in recent years has provided new hope 
for the treatment of neurological disorders. Stem cell therapies have demonstrated therapeutic 
potential in animal models, and different types of stem cells have been used in clinical trials. In 
this study, we explored the applications of mesenchymal stem cells, dental pulp stem cells, and 
induced pluripotent stem cells in neurological diseases. In recent years, we have examined the 
current status and progress of stem cell applications in treating neurological diseases, both 
domestically and internationally, and reviewed some of the key challenges encountered.
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Introduction

Neurological diseases are a huge challenge for modern medicine, 
and are the second leading cause of death worldwide [1]. 
Neurological diseases include neurodegenerative diseases and 
neurological trauma, such as Alzheimer's disease (AD) and 
Parkinson's disease (PD), which is a neurodegenerative disease. 
Additionally, studies have reported that AD has rapidly become an 
epidemic, with the number of cases expected to reach 152 million 
by 2050 [2].
    Therefore, curing neurological disorders is an urgent challenge 
for healthcare systems worldwide [3]. Neurological disorders 
include both peripheral and central nervous system disorders, with 
central nervous system disorders having a more complicated and 
challenging pathogenesis [3, 4]. Currently, there are few treatment 
options available for neurological disorders. Moreover, there 
are only a limited number of approved drugs on the market, and 
these drugs can slow the progression of the disease [5]. Several 
side effects can also occur when they are used [6]. Currently, 
there are significant therapeutic limitations in both surgical and 
pharmaceutical treatments for neurological illnesses. Stem cell 
research has been progressing steadily ever since the discovery 
of stem cells. Stem cell transplantation is increasingly being 
studied in relation to neurological diseases as a result of advances 
in cell therapy. Several major stem cell types such as embryonic 
stem cells (ESCs) and mesenchymal stem cells (MSCs) have 
demonstrated therapeutic potential and are strongly associated 
with cardiovascular and neurological diseases [7, 8]. Previous 
studies, such as Cebrian-Silla et al., surveyed cell populations in 
the mouse V-SVZ and found that neurons from the mouse SVZ 
migrated to the olfactory bulb [9]. Subsequently, new neurons were 
discovered in the mammalian brain[10], which was confirmed by 
further studies. Identification of these novel neurons has raised the 
possibility of using stem cells to treat neurological disorders.
    Stem cells can release growth factors that aid in nerve 
regeneration. Consequently, many new clinical studies are now 
investigating how to regenerate neural tissue by modulating 
the innate immune response, reducing demyelination rates, or 
minimizing oxidative stress. Furthermore, given that some stem 
cells raise ethical and moral concerns when used, in this paper, we 
introduce the application of MSCs, dental pulp stem cells (DPSCs), 
and induced pluripotent stem cells (iPSCs) three types of stem cells 
with minimal ethical and moral implications. This will provide 
theoretical groundwork for the future treatment of neurological 
diseases.

Classification and characteristics of stem cells

Stem cell classification

There are various criteria for categorizing stem cells; in this 
context, classification is based on the different potentials of stem 
cells to more effectively utilize their differentiation capabilities.
    1. Totipotent stem cells: which have the ability to self-renew and 
differentiate into any type of cell. For example, embryonic stem 
cells (ESCs), which exhibit morphological characteristics similar 
to those of early embryonic cells, have strong differentiation 
potential.
    2. Pluripotent stem cells can differentiate into a variety of cell 
types but have a somewhat reduced capacity for differentiation 
compared to totipotent stem cells. They also have a relatively 
limited developmental capacity. Examples include mesenchymal 
stem cells (MSCs) and induced pluripotent stem cells (iPSCs).
    3. Unipotent stem cells are found in the adult tissues and 
organs. These cells can differentiate only in a single direction, 
producing one specific type of cell. Examples include stem cells 

in the basal layer of epithelial tissues and myogenic stem cells in 
muscles, which exist in a stable state of self-renewal [11, 12]. This 
classification is showed in Figure 1.

Functions and properties of stem cells

Since their initial discovery in the 1860s, stem cells have been 
extensively researched and developed. The key characteristics 
of stem cells are as follows: (1) Self-renewal and differentiation 
potential: Stem cells are capable of continuous renewal and can 
differentiate into various types of cells or tissues. (2) Migration 
and homing abilities: Stem cells possess the ability to migrate to 
stem cell niches within different tissues and organs, where they 
perform specific activities based on the needs of the body [13]. 
(3) Low immunogenicity: Research has demonstrated that stem 
cells have low immunogenicity and exhibit "immune privilege" 
properties. They can stimulate specific immune cells that activate, 
proliferate, and differentiate, ultimately producing an immune 
response to antigens [14]. (4) Easily identifiable characteristics: 
Similar to MSCs, dental pulp stem cells (DPSCs) and stem cells 
from human exfoliated deciduous teeth (SHEDs) express MSC-
related surface markers, such as leukocyte differentiation antigen 
and stromal cell antigen [15, 16]. (5) Secretion of active factors: 
Stem cells secrete growth factors, cytokines, and neurotrophic 
factors, which are biologically active molecules that regulate the 
metabolism and reproduction of tissue cells [17-19]. (6) Stem cell 
microenvironment: The stem cell microenvironment, also referred 
to as stem cell microniches, helps maintain the functional state of 
stem cells and prevents their excessive proliferation [20].

Pathogenesis of neurological diseases

There is currently no viable treatment for neurodegenerative 
illnesses such as AD and PD, which can only halt the disease 
process and cannot be cured [21]. Some countries have approved 
cannabidiol-based modalities to treat pain and spasticity in patients 
with MS, and some of the drugs currently in the market reportedly 
do not even help patients with their pain [6]. A clear understanding 
of the pathogenic mechanisms may aid in drug development.
    Neurological disorders are a group of diseases affecting the 
central and peripheral nervous systems. They can be categorized 
into three primary groups based on the pathophysiological 
mechanisms underlying their development: (1) disorders, including 
PD and AD, which are thought to be caused by the death of certain 
neurons or glial cells. (2) Acute damage causes nonspecific cell 
death (stroke or mechanical injury) in conditions such as traumatic 
brain injury (TBI) and traumatic spinal cord injury (SCI). (3) 
Diseases characterized by impaired nerve cell function, such 
as impaired neuromuscular junction (NMJ) function [22]. In 
summary, most diseases are caused by cell loss or death. On the 
other hand, stem cells have the ability to differentiate and secrete 
neurotrophic factors that promote cell growth and survival. Thus, 
stem cell therapy may have therapeutic potential for neurological 
disorders. 

Applications of stem cells in neurological disorders 

The incidence of various neurological disorders within the 
population remains high and continues to rise; however, there 
are still no effective treatments available. This presents a 
significant challenge for the scientific community in developing 
successful therapies for neurological disorders. Modern research 
is progressively focusing on novel and potent approaches to treat 
patients with neurological conditions, with stem cell-based therapy 
emerging as a promising strategy to address these issues.
    In recent years, stem cell therapy has expanded rapidly, and 
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specialists in this field have conducted extensive studies on the 
application of stem cells in the treatment of neurological disorders. 
These findings suggest that stem cell therapy may be a viable 
treatment option for these conditions. To better illustrate the 
therapeutic potential of stem cells, we selected several types of 
stem cells that have demonstrated relatively good therapeutic 
efficacy in treating different neurological disorders for discussion 
and review purposes.

Mesenchymal stem cells

Mesenchymal stem cells (MSCs) were first proposed by Caplan 
et al. in the early 1990s and have since been found to perform 
various functions derived from different sources [23]. For instance, 
bone marrow mesenchymal stem cells (BM-MSCs) are promising 
candidates for the treatment of brain and spinal cord injuries. 
Similarly, adipose-derived mesenchymal stem cells hold potential 
for ovarian injury treatment and skin regeneration, whereas 
umbilical cord mesenchymal stem cells show promise for treating 
lung diseases and acute respiratory distress syndrome (ARDS) [23].
MSCs are a class of self-renewing, proliferating, and differentiating 
multipotent stem cells with immunoregulatory and neuroprotective 
properties. These cells can differentiate into specific mature cells 

such as nerve cells, bone cells, and cardiomyocytes in response 
to particular environmental stimuli. Additionally, MSCs secrete 
a variety of neurotrophic factors that promote the restoration of 
nervous system function and help mitigate the inflammatory 
response [24].
    (1) Alzheimer's disease.  Alzheimer's disease (AD) is the most 
common form of progressive neurodegenerative disease and the 
leading cause of dementia. It typically begins with mild cognitive 
impairment and short-term memory loss [25], and its pathogenesis 
is complex. It is well established that these symptoms are caused 
by degeneration of neurons in the hippocampus and cortex, which 
are essential for language, learning, and memory. Additionally, the 
deposition of amyloid-beta (Aβ) plaques is considered a hallmark 
of AD. Several treatment approaches for AD have been explored, 
including gene therapy, immunotherapy, peptidomimetic therapy, 
metal chelators, anti-amyloid, anti-tau, anti-neuroinflammatory, 
and neuroprotective drugs [26, 27]. However, these methods have 
significant limitations, such as difficulties in crossing the blood-
brain barrier, challenges in identifying causative genes, and 
obstacles in performing gene editing, particularly in clinical trials. 
Stem cell therapy has significant advantages over other treatments, 
such as the ability of secreted exosomes to cross the blood-brain 
barrier. Stem cell therapy has been applied in a large number of 

Figure 1. Schematic diagram of the differentiation potential of differentiating stem cells.
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animal models of AD. Indeed, the beneficial effects of extracellular 
vesicles from mesenchymal stem cells (MSCs) in modulating 
the inflammatory response have been reported after prolonged 
intravenous or intracerebroventricular administration in different 
mouse models of attention deficit disorder. Furthermore, Losurdo 
M showed for the first time that extracellular vesicles (EVs) from 
cytokine-pretreated MSCs, which can induce immunomodulatory 
and neuroprotective effects in AD, can be administered nasally. 
After reaching the brain, MSC-EVs reduce microglial activity 
and boost dendritic spine density [28]. BM-MSCs are a promising 
option to secrete anti-inf lammatory and trophic factors and 
migrate to sites of inflammation and injury. For example, Redondo 
Castro et al. discovered that in vitro induction of BM-MSCs with 
IL-1 increases the expression of the trophic factor G-CSF through 
an IL-1 receptor type 1 (IL-1R1) mechanism and induces activated 
microglia to reduce the secretion of inflammatory mediators 
[29]. Additionally, Li et al. demonstrated that BM-MSCs not only 
modulate the expression of inflammatory factors, reducing the 
expression levels of IL-1 and IL-6, but also increase TGF-β levels, 
while simultaneously reducing oxidative stress and improving 
cognitive function. Although the aforementioned reports illustrate 
that MSCs can mediate inflammatory responses by regulating 
gene expression, their therapeutic effects diminish after in 
vitro expansion. To test this issue could be addressed, several 
researchers have cultured MSCs using tanshinone IIA (TIIA). 
According to Huang et al., tension-cultured mesenchymal stem 
cells (TIIA-MSCs) reduced the expression of interleukins (IL-1, 
IL-4, IL-6, and IL-10) and tumor necrosis factor (TNF-α) in rats, 
with IL-6 being the main distinction between the TIIA-MSC and 
MSCs groups. Additionally, TIIA-MSCs reduced the expression of 
Aβ generation-related mRNAs (BACE1 and PS1), marking the first 
time that TIIA-MSCs were found to be more neuroprotective than 
MSCs and offered better protection against the production of toxic 
proteins [30]. The findings of this study support the clinical use of 
MSCs, offering fresh hope for the treatment of AD, by indicating 
that the efficacy of MSCs is closely related to their regulation 
of Aβ production, which promotes the survival of hippocampal 
neurons by reducing BACE1 expression. Recently, as research has 
progressed, extracellular vesicles (EVs) derived from MSCs have 
also been found to be effective, as they exhibit immunoprotective 
and immunomodulatory capabilities similar to those of host MSCs, 
and have thus been identified as therapeutic candidates. According 
to Cone et al., mice treated with hMSC-EVs displayed cognitive 

abilities that were significantly higher than those of 5XFAD mice 
treated with saline [31]. This finding highlights the therapeutic 
benefits of extracellular vesicles and opens up a potential treatment 
option for AD. In addition to animal models, several experimental 
clinical studies have been conducted using MSCs. The results of 
a phase I clinical trial demonstrated the therapeutic potential of 
human umbilical cord blood mesenchymal stem cells injected into 
the lateral ventricles of individuals with AD dementia. Following 
this, MSCs were administered to nine patients with moderate-to-
severe AD dementia via the right ventricle, showing their viability, 
safety, and tolerability. However, a transient febrile condition, 
lasting–1-2 days after each MSC injection was consistently 
observed [32]. Whether this symptom is related to the dose of the 
injected MSCs requires further investigation. Beyond AD, MSCs 
have also been found to stimulate regeneration pathways and 
promote axon reconstruction around ischemic lesions in various 
animal models of stroke [33]. Additionally, other types of stem 
cells have been explored in AD research (Table 1)., such as DPSCs 
[34], SHED [35], ESCs [36], and NSCs [37].
    (2) Parkinson's disease. Parkinson's disease (PD) is caused by 
the degeneration of dopaminergic neurons in the substantia nigra 
of the brain. The primary symptoms of the disease include resting 
tremors, muscle stiffness, slowness of movement, and reduced 
ability to perform fine motor tasks [33]. PD is also accompanied by 
cognitive impairment as well as sleep and olfactory disturbances. 
Levodopa, along with methyldopa, is currently a widely used 
medication for the treatment of PD, both of which require long-
term use. In addition to pharmacological treatment, adjuvant 
therapies and surgical deep brain stimulation (DBS) are also used 
to manage PD [38]. Although DBS has proven effective in some 
patients, it is an invasive surgical procedure, which excludes 
many patients from eligibility. Therefore, stem cell therapy for 
PD has gradually gained attention as a potential treatment option.
Several investigations were first conducted using animal models 
to help prepare for clinical trials. First, behavioral testing using 
human BM-MSCs in a rat model of PD revealed a decrease in 
uncoordinated limb movements [39]. This led to a glimpse of the 
therapeutic potential of BM-MSCs. Subsequently, researchers 
questioned whether the efficacy of BM-MSCs could be related to 
the transplantation site. The next step was to directly inject BM-
MSCs into the striatum in a rodent model of PD. This showed 
not only improved motor activity and enhanced neurogenesis but 
also induced neuroblast migration [40], which also indicates the 

Table 1. Effectiveness of different types of stem cells applied to AD.

Stem Cell Types Advantages Functions References

DPSCs Easy access to materials and 
multipotential

Inhibition of Tau protein phosphorylation
Improves cell viability
Reduction of apoptosis
Protection of microtubules

[34]

SHED Simple access to resources and potential Improves cell viability [35]

ESCs Unlimited self-renewal 
ability Improved cognitive ability in mice [36]

NSCs Differentiation in direction Improved spatial memory impairment in model 
mice [37]

DPSCS: dental pulp stem cells; SHED: deciduous milk tooth stem cells; ESCs: embryonal stem cell; NSCs: neural stem cell.
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importance of the stem cell transplantation modality. It has also 
been reported that MSC treatment inhibit synaptic nucleoproteins 
in PD models. Interestingly, Bcl2, an anti-apoptotic factor, was also 
upregulated. In PD mice, the expression of pro-apoptotic factors 
such as Bax and caspase 3 is reduced after MSC transplantation, 
suggesting a cytoprotective role in neurodegeneration [41]. PD 
may soon be cured if it is possible to specifically regulate the 
degeneration of dopaminergic neurons. In animal models of 
PD, MSCs are currently mostly supplied intracerebrally, but the 
therapeutic effect has not yet reached the optimal level. Recently, 
attempts to infuse medications intravenously, intra-arterially, and 
intensely have been documented in the literature. For example, 
after intravenous injection of adipose-derived mesenchymal 
stem cells (AD-MSCs), it was shown that AD-MSC treatment 
reduced astrocyte density and spatial memory impairment in PD 
can be improved [42]. In addition, intranasal administration of 
endometrial stem cells has been reported as a suitable treatment 
for PD. Intranasal injection can be used as a noninvasive method 
to improve PD symptoms in a dose-dependent manner in mouse 
models [43].
    Animal studies have demonstrated that MSCs can affect PD 
symptoms, alter disease progression, and help control their 
manifestations. Subsequently, numerous experimental clinical 
studies have been conducted in various countries. Three 
techniques have been used to evaluate the outcomes of PD clinical 
trials: intracerebral stereotactic injections, systemic infusions, and 
intranasal infusions of BM-MSCs. Autologous BM-MSCs were 
injected into the subventricular zone of seven PD patients, and 
some experienced long-lasting improvements in motor function 

[44]. In another clinical trial, BM-MSCs were infused into the 
cerebral arteries of five patients with progressive supranuclear 
palsy, which shares some motor symptoms with PD. Unlike 
typical PD patients, these individuals generally experienced rapid 
declines in motor function, but clinical stability was observed 
for at least six months [45]. Additionally, patients with idiopathic 
PD who received allogeneic BM-MSCs or adipose tissue-derived 
mesenchymal cells showed positive changes in functional recovery, 
as well as improvements in facial expression and gait, according to 
a standard PD rating scale. MRI results also  indicated enhanced 
functional connectivity between the striatum and substantia nigra 
[46]. Moreover, stem cell types other than MSCs have shown 
potential in aiding the development of dopaminergic neurons 
(Figure 2).

Dental pulp stem cells

Dental pulp stem cells (DPSCs), derived from the neural crest, are 
relatively easy to obtain and isolate [47]. To date, eight different 
types of stem cells have been identified [48] (Figure 3). DPSCs 
can be classified into two main categories: immature and mature. 
DPSCs express markers such as STRO-1, CD146, CD105, CD73, 
and CD90 [49]. Additionally, immature dental stem cells express 
embryonic stem cell (ESC) markers, such as OCT-4, Nanog, and 
SSEA-3, which aid in distinguishing between different stem cell 
types.
    (1) Stroke. A blockage or rupture of a blood vessel in the brain 
can result in stroke, which is characterized by a disruption of the 
blood flow to a portion of the brain [50]. As a result, patients may 

Figure 2. Differentiation of different types of stem cells into dopaminergic neurons. AD- MSCs: adipose tissue-derived mesenchymal stem cells; 
BM- MSCs: bone marrow-derived mesenchymal stem cells; NSCs: neural stem cells; UC-MSCs: umbilical cord-derived mesenchymal stem cells; 
bFGF: basic fibroblast growth factor; BME: b-Mercaptoethanol; BDNF: Brain-derived neurotrophic factor; FGF8: fibroblast growth factor 8; 
NGF: nerve growth factor; SHH: sonic hedgehog. 
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experience motor, sensory, or speech deficits, as well as higher 
levels of brain dysfunction. These disorders require immediate 
medical care. For example, the tissue fibrinogen activator 
intravenous thrombolysis has a therapeutic time window and 
must be administered within 4.5 hours of the infarction's onset, or 
somewhat later if treated endovascularly, but not later than within 
24 h [51]. Due to these time constraints, many patients miss the 
ideal time for therapy, making it urgently necessary to develop new 
treatment solutions to address this challenging issue. Ischemia-
reperfusion is mostly used for the construction of animal models 
of stroke. In the current study, either ischemia was followed by 
intravenous injection of DPSCs or intracerebral injection was 
chosen in some studies. In experiments in which DPSCs were 
administered immediately after ischemia, after 3 or 4 hours, 
or even 24 hours, the therapeutic time window for DPSCs was 
explored. DPSCs were isolated from the impacted third molars 
of healthy volunteers and then intracranially injected 24 h post-
ischemic stroke in Sprague Dawley rats that had been subjected to 
2 h of middle cerebral artery occlusion [52]. DPSCs transplantation 
ameliorates neurological deficits and cerebral edema, reducing 
infarct size and decreasing the proportion of TUNEL-positive 
nuclei. In addition, it increases the number and proportion of 
NeuN-positive cells in the ischemic penumbra, increases the 
proportions of Bcl-2 and Bax, and down-regulates caspase 3 
production in the cortical infarct areas. It also reduced the infarct 
volume and decreased the percentage of TUNEL-positive nuclei. 
Surprisingly, in all of these studies, there was a significant 
improvement in motor and cognitive function and a decrease 
in infarct volume in the DPSCs implantation group compared 
to the control group. In addition to the research mentioned 
above, the majority of investigations used DPSCs 24 hours after 
cerebral ischemia, regardless of the method of administration 
(intravenous or intracerebral). This suggests that DPSCs have a 
broad therapeutic window, providing optimism for patient care [53]. 

At 24 and 72 h after recovery, transplanted DPSCs significantly 
reduced infarct volume and reversed motor impairment. The 
infarct volume was dramatically reduced and motor function was 
significantly enhanced by DPSC transplantation 3 hours after 
reperfusion. Additionally, when compared to the control group, 
DPSC significantly reduced microglial activation, the expression 
of pro-inflammatory cytokines, and neuronal degeneration in the 
cortical ischemia border region [54]. Intriguingly, treatment with 
DPSCs restored forelimb extension in a rat model of stroke, and 
28 days later, rats treated with stem cells displayed decreased 
immunolabeling for glial fibrillary acidic protein in tissue 1 
mm from the infarct zone, suggesting a reduced proliferation of 
reactive astrocytes [55]. DPSC-derived exosomes can maintain 
neurovascular unit (NVU) integrity by regulating endogenous 
NG2 glial cell proliferation and differentiation, thereby reducing 
acute ischemic stroke (AIS)-induced injury and promoting repair. 
Research is ongoing, but it has been discovered that neural/glial 
antigen 2 (NG2)-expressing glial cells (NG2-glia) play a key role 
in regulating the (NVU) after AIS [56]. Previously, intracerebral 
or intraventricular administration was thought to be the most 
effective way to administer stem cell medications [54]. However, a 
recent study has shown that intravascular administration of DPSCs 
in a rodent model of focal cerebral ischemia reduced ischemic 
injury and improved motor function and proved to be the best way 
to treat stroke, especially when applied in the acute phase [51].
    (2) Peripheral nerve injury. Peripheral nerve injury is one of the 
most common types of traumatic injuries to the nervous system. 
Although the peripheral nervous system has a greater capacity 
for regeneration compared to the central nervous system, several 
factors influence the degree of functional recovery after repair, 
primarily depending on the ability of Schwann cells to repair the 
injury [57]. Various treatment approaches have been explored 
depending on the type of injury. The gold standard for treating 
peripheral nerve injuries is nerve grafting and Schwann cell 
transplantation [58]. However, both procedures have limitations, 
such as limited availability of donor nerves, neuromuscular 
pain, donor site morbidity, and costs associated with secondary 
surgeries. If the differentiation capacity of stem cells can be 
utilized, this issue can be resolved. Takaoka et al. differentiated 
neural lineage cells (NLCs) from dental pulp stem cells (DPSCs) 
[59]. Additionally, NLCs were injected into immunocompromised 
rats with a 10 mm sciatic nerve defect to study the number of 
surviving cells and the level of differentiation in vivo. These 
findings demonstrated that NLCs increased endothelial cells, 
Schwann cells, and neuronal activity in a paracrine-dependent 
manner. Two weeks after transplantation, NLCs differentiated 
into platelet-derived growth factor receptor alpha (PDGFR) 
and oligodendrocyte progenitor cells (OPCs). After 12 weeks 
of observation, it was discovered that Schwann cell-like cells 
had survived and that there had been improvements in axonal 
development, remyelination, electrophysiological activity, and 
muscle atrophy [60]. The results of this work show how broadly 
applicable the DPSCs neural induction process is, and they also 
raise the possibility that NLCs created from human DPSCs could 
be a useful source for treating peripheral nerve damage. DPSCs 
can also work with biomaterials to accomplish various tasks. It 
has been reported that biomaterial nerve conduits embedded in 
DPSCs (polylactic acid-glycolic acid conduits) can promote the 
regeneration of damaged facial nerves [59]. Luo used a scaffold 
material synthesis scheme to create a third-generation neural 
regeneration catheter and selected a 10% GFD formulation (10% 
GelMA hydrogel, recombinant human basic fibroblast growth 
factor, and DPSCs) to fill cellulose/soy protein isolate composite 
membrane tubes [60]. This formed the CSM-GFD. Furthermore, 
a 15 mm long sciatic nerve defect in a rat model was repaired 
using a CSM-GFD catheter. The CSM-GFD catheter was found 

Figure 3. Origin of different types of dental pulp cells. DPSCs: dental 
pulp stem cells; GMSCs: gingival mesenchymal stem cells; DFSCs: 
dental capsule stem cells; ABMSCs: alveolar mesenchymal stem cells; 
PDLSCs: periodontal stem cells; SCAD: apical milk tooth stem cells; 
SHED: deciduous milk tooth stem cells; TGPC: dental germ stem 
cells.
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to regenerate neural tissue, such as neurons, Schwann nerve cells, 
and bone marrow stromal cells, at the histological level 12 weeks 
after implantation. Sciatic Nerve Function Index examination 
indicated that the CSM-GFD had recovered physically and 
functioned normally. In another study, differentiated DPSCs 
attached to a collagen scaffold demonstrated Schwann cell-
associated characteristics and encouraged axon growth and myelin 
production in an in vitro model [61]. In addition to their ability 
to function independently, secreted neurotrophic factors have 
similar functions, including nerve growth factor, brain-derived 
neurotrophic factor, and glial cell line neurotrophic factor. These 
neurotrophic elements encourage the regeneration of peripheral 
nerves and offer defense against degeneration of facial motor 
neurons [62]. Axonal regeneration is aided by neurotrophic factors 
produced by cells derived from dental pulp and Schwann cells. In 
a mouse model, a tetracycline (Tet) induction system expressing 
the OLIG2 gene was used, which was then transfected into 
human DPSCs to encourage the repair and regeneration of injured 
peripheral nerves [63].
    (3) Optic nerve injury. Photoreceptors, bipolar cells, and retinal 
ganglion cells (RGCs) constitute the retina, which is a component 
of the central nervous system [64]. Traumatic optic neuropathy 
(TON) can result from head injury, and chronic eye diseases, 
such as glaucoma, can also lead to a delayed loss of RGCs [65] 
and a corresponding decline in visual function [47]. Treatments 
for this condition include hyperbaric oxygen therapy, Chinese 
medicine (acupuncture, acupressure), and medications such as 
mannitol injections, burkholderia eye drops, and acetazolamide 
tablets. However, the ability to repair and regenerate retinal and 
optic nerve damage is limited by the presence of axonal growth 
inhibitory molecules and reduction of neurotrophic growth factors 
[66]. More studies are being conducted using stem cells to treat 
optic nerve injuries because of their ability to secrete various 
neurotrophic factors. First, DPSCs were injected into a rat model 
with an injured optic nerve, and the results demonstrated that 
DPSCs might support RGC survival and axonal regeneration 
through neurotrophin-mediated regulatory pathways [67]. In 
addition to DPSCs, BM-MSCs have also been investigated for 
the treatment of optic nerve injuries [68]. The results showed that 
hDPSC significantly promoted neuroprotection and neurogenesis 
in axotomized RGCs compared to hBMSC or MSC. It also 
identified VGF as a novel and potentially therapeutic hDPSC-
derived neurotrophic factor (NTF) [69]. These findings suggest 
that DPSCs are a promising source for treating optic nerve 
injuries based on the treatment outcomes. Further studies found 
that intravitreal transplantation of DPSCs in an animal model of 
glaucoma preserved visual function for 35 days post-therapy and 
prevented RGC mortality [70]. However, its long-term efficacy 
in maintaining vision is limited, and re-infusion of stem cells or 
DPSCs could be considered to improve long-term outcomes. In 

the past, implanting primary photoreceptors partially restored 
visual function [71]. Since then, DPSCs have been shown to 
induce photoreceptor formation, and transplantation into the 
vitreous humor has been found to restore retinal nerve function 
and promote axonal regeneration [67]. After receiving FGF2 and 
SHH therapy, DPSCs develop into RGC and express high levels 
of neurotrophic factors, opening up the possibility of treating 
glaucoma [69]. More studies are being conducted using stem 
cells to treat optic nerve injury because they secrete a variety of 
neurotrophic factors. First, DPSCs were injected into a rat model 
of injured optic nerve, and the results demonstrated that DPSCs 
might support RGC survival and axonal regeneration through 
neurotrophin-mediated regulatory pathways [67]. BM-MSCs 
have also been investigated for optic nerve injury in addition 
to DPSCs [68]. The results showed that hDPSC significantly 
promoted neuroprotection and neurogenesis in axotomized RGCs 
compared to hBMSC or MSC. It also identified VGF as a novel 
and potentially therapeutic hDPSC-derived neurotrophic factor 
(NTF) [69]. This shows that DPSCs are a good source for treating 
optic nerve injuries based on the treatment outcomes. Another 
study found that intravitreal transplantation of DPSCs in an 
animal model of glaucoma preserved visual function for 35 days 
after therapy and prevented RGC mortality [70]. However, the 
efficacy of long-term maintenance of vision is poor, and reinfusion 
of stem cells or DPSCs could be considered for modification to 
enable long-term performance. Previously, implanting primary 
photoreceptors into the body partially restored visual function [71]. 
Since then, DPSCs have been shown that DPSCs can induce the 
formation of photoreceptors, and transplantation into the vitreous 
humor has been shown to restore function in retinal nerves and 
promote axonal regeneration [67]. After receiving FGF2 and 
SHH therapy, DPSCs develop into RGC and have a high level of 
NFT expression, opening the door to the possibility of treating 
glaucoma [69].

Induced pluripotent stem cells

Induced pluripotent stem cells (IPSCs) were successfully created 
from human fibroblasts in 2007 [72]. Since the discovery of these 
stem cells, their source of stem cells has been renewed (Figure 4). 
Since then, research on these cells has continued, revealing that 
IPSCs have differentiation potential similar that to of embryonic 
stem cells (ESCs), although there are some differences, as outlined 
in Table 2.
    (1) Traumatic brain injury. Traumatic Brain Injury (TBI) is the 
leading cause of death and disability in children and adults. The 
lifetime of impaired cognition, motor function, and general quality 
of life may result from the severity of TBI, which is estimated to 
affect 64-74 million individuals worldwide annually [73]. It is now 
difficult to determine how to effectively treat patients with TBI 

Table 2. Differences between IPSCs and ESCs.

Items IPSCs ESCs

Features

Can be obtained from adult autologous somatic cells Can only be derived from early blastocysts, which 
has limitations

No allogeneic immuno-matching issues Risk of tumor formation

Ethical and moral issues involved Ethical and moral issues involved

More suitable for clinical applications Banned by most countries
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and improve their quality of life. Currently, IPSCs cell-induced 
NSCs may be a promising strategy for stem cell replacement for 
brain injury in animal research trials [74]. For instance, Nieves 
et al. used NSCs derived from iPSCs transplantation to study the 
pathophysiology of male and female adult mice using a unilateral 
cortical contusion (CCI) model of sensorimotor brain injury 
[75]. Nieves et al. noted that the damaged host environment was 
better tolerated by NSCs compared to astrocytes. The NSCs and 
neuroblasts that survived gathered near the injection site in the 
corpus callosum below, as well as in the deep cortical layer. The 
outcomes of this study are intriguing and should demonstrate 
the possible use of stem cells. They used sensorimotor behavior 
tests and somatotopic estimates of host neurons, astrocytes, and 
microglia within the infected cortex to ascertain the effect of 
transplantation on neuropathology. The results revealed that the 
positive and negative effects of cell transplantation depend on the 
sex of the host, highlighting the significance of developing patient-
specific therapeutic approaches for TBI. A recent study has shown 
that it is possible to follow the fate of IPSCs cell-induced NSCs 
in the host brain using in vivo MRI tracking techniques, such 
as the use of MEMRI by Jiang et al. to detect the neural activity 
induced by implanted IPSCs cells in local brain regions and to 
show the viability of this protocol [74]. This is true despite the 
promising outcomes of preclinical research. However, the existing 
in vitro models used to investigate TBI are insufficient because 
they do not faithfully imitate all elements and a variety of traumas. 
This is because of the pathogenic mechanisms of brain injury 
and its complexity. The advantage of using iPSCs technology is 
its ability to obtain specific cell types (neurons, astrocytes, and 
microglia) from healthy controls and people with a particular 
disease [76], which creates an ideal environment for screening the 
effects of targeted drugs. They also replicate brain development 
and illness more accurately than primary rodent cell cultures and 
immortalized human cancer cell lines. Additionally, by creating 
2D and 3D model systems, iPSCs have the potential to create 
assays that are more complex and physiologically relevant [77]. In 
summary, iPSCs may have significant efficacy in the treatment of 
TBI.
    (2) Spinal cord injury: The debilitating condition known as 
Spinal Cord Injury (SCI) affects the central nervous system 

and triggers several reactions, including ischemia, oxidative 
stress, inf lammation, activation of apoptotic pathways, and 
motor dysfunction, which cause disability and multiple sequelae 
in patients [78, 79]. The common sequelae include paralysis 
and quadriplegia. Additionally, secondary SCI creates a 
microenvironment in the injured area that is unfavorable for neural 
regeneration following the structural damage caused by primary 
trauma. In the acute phase, current treatment options include 
maintaining the airway, breathing, and circulation or stabilizing 
the airway through early intubation along with spinal prophylaxis 
[80]. External spinal stabilization methods, such as avoidance of 
hypotension or use of cervical collars and backboards, are also 
employed to reduce dysfunction. Stem cell therapy has shown 
promising outcomes in the treatment of SCI. For instance, Lavoie 
recently used hiPSC-generated cells to treat moderate contusive 
SCI in adult immunodeficient rats by transplanting them into 
region-specific spinal cord neural progenitor cells (sNPCs). 
After 12 weeks, the transplanted sNPCs continued to grow and 
differentiate into neurons and glia that filled the lesion lumen 
and initiated an in vivo transcriptional program for the thoracic 
spinal cord. In addition, neurogenesis within the spinal cord 
tissue of neighboring hosts is promoted, resulting in the formation 
of synapses and myelin in host oligodendrocytes. Axons of 
transplanted hiPSC-derived sNPC cells extended cephalad and 
caudally from the SCI graft site, reaching the supraspinal regions 
approximately 6 cm cephalad. This finding suggests that iPSC-
derived sNPCs can offer SCI patients a specific cell source that can 
act as a relay system at the site of injury [81]. Moreover, stem cell-
derived exosomes have been identified as potential treatments for 
SCI. Exosomes from induced pluripotent stem cells (iPSCs-Exos) 
have been found to accelerate SCI recovery in LPS-treated bone 
marrow-derived macrophages (BMDMs), switch the polarization 
of M1 macrophages to the M2 phenotype, and enhance motor 
function in SCI mouse models in vivo [82]. Further investigation 
revealed that a functional participant in iPSCs-Exos is miR-199b-
5p, whose overexpression induces M1 macrophage polarization to 
the M2 phenotype and promotes nerve regeneration in SCI. Rescue 
studies have shown that miR-199b-5p modulates cell growth factor 
(Hgf) and phosphatidylinositol 3-kinase (PI3K) signaling pathways 
to induce macrophage polarization and facilitate SCI recovery.

Figure 4. Schematic diagram of induced pluripotent stem cell differentiation. Fibroblasts are transformed into iPSCs in the presence of 
four inducing factors: Oct4, Sox2, Klf4, and c-Myc. Thereafter, they can be transformed into neural stem cells under certain conditions and 
differentiate into other cell types such as neurons. 
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Additionally, iPSC-derived neural stem/progenitor cells were 
discovered to reduce remyelination [83], promote synaptogenesis 
and neurotrophic factor secretion [84], and improve functional 
recovery following SCI in a rat model. The risk of tumor 
formation is also being investigated [85]. Researchers have found 
that intrathecal implantation may yield better long-term effects, 
suggesting that different transplantation sites may result in 
varying outcomes [86]. Stem cell therapy has shown promising 
outcomes in the treatment of SCI. For instance, Lavoie recently 
used hiPSC-generated cells to treat moderately contusive SCI in 
adult immunodeficient rats by transplanting them into region-
specific spinal cord neural progenitor cells (sNPC). After 12 
weeks, transplanted sNPCs continued to grow and differentiate 
into neurons and glia that filled the lesion lumen and produced 
an in vivo transcriptional program for the thoracic spinal cord. In 
addition, neurogenesis within the spinal cord tissue of neighboring 
hosts is promoted, resulting in the formation of synapses and 
myelin in host oligodendrocytes. Axons of transplanted hiPSCs 
from sNPC-derived cells extend cephalad and caudally from the 
SCI graft site, reaching the supraspinal regions approximately 
6 cm cephalad. This finding suggests that iPSC-derived sNPC 
can offer SCI patients a cell source that can act as a relay system 
at the site of injury [81]. In addition, stem cell-derived exosomes 
have been identified as potential treatments for SCI. Exosomes 
from induced pluripotent stem cells (iPSCs-Exo) have been 
shown to accelerate SCI recovery in LPS-treated bone marrow-
derived macrophages (BMDM), change the polarization of M1 
macrophages to the M2 phenotype, and enhance motor function in 
SCI mouse models in vivo [82]. A functional participant of iPSCs-
Exos was discovered through further investigation to be miR-199b-
5p, whose overexpression induced M1 macrophage polarization 
to the M2 phenotype and promoted nerve regeneration in SCI. 
Rescue studies have shown that miR-199b-5p modulates cell 
growth factor (Hgf) and phosphatidylinositol 3-kinase (PI3K) 
signaling pathways to induce macrophage polarization and SCI 
recovery. Additionally, IPSC-derived neural stem/progenitor 

cells were discovered to reduce remyelination [83], promote 
synaptogenesis and neurotrophic factor secretion [84], and 
improve functional recovery following SCI in a rat model. The risk 
of tumor formation has also been studied [85]. Researchers have 
discovered that intrathecal implantation may yield better long-term 
effects, demonstrating that different locations of transplantation 
may result in different outcomes [86].

Discussion and outlook

In summary, we have focused on the potential and efficacy of 
MSCs, DPSCs, and IPSCs in neurological therapy (Figure 5). 
For example, neurodegenerative diseases, such as AD and PD, 
have shown significant improvement following the application 
of stem cell therapy in animal models. Beyond the substantial 
enhancement of motor and sensory functions, stem cell therapy 
also alleviates conditions such as sweat gland secretion disorders 
and orthostatic hypotension in patients. These therapeutic effects 
cannot be achieved using traditional treatment methods, making 
stem cell therapy uniquely advantageous for treating neurological 
injuries and diseases. Additionally, extracellular vesicles have 
proven effective in treating neurological illnesses [28, 31, 82]. 
They possess anti-inflammatory properties, promote macrophage 
polarization, and facilitate glial cell polarization to an anti-
inflammatory state in vitro, with their functions classified for 
better utilization.
    Surgery, along with neurotrophic and rehabilitative training, 
is a common treatment option. Currently, stem cell therapy for 
neurotraumatic diseases has achieved relatively positive results, 
improving the therapeutic effect of stem cells and reducing the risk 
of transplantation [87, 88], and the specific mechanism of action of 
stem cells is the focus of subsequent research.
    First, ethical and moral issues are faced when it comes to 
the application of stem cells. Second, the heterogeneity of stem 
cells must be considered. For example, BM-MSCs are a mixed 
population of cells with different cell subpopulations, some 

Figure 5.  Stem cell therapy for neurological disorders. Neurological disorders were partially improved or restored after stem cell therapy. At the 
same time, the secretion of neurotrophic factors can also improve their functions.



M. Usman Taj et al./Asia Pac J Surg Exp & Pathol 2024; 1: 36-48 45

of which have multipotent properties and some of which have 
potential properties [89]. Common side effects of BM-MSC 
injections are usually rare, with the most common being low or 
moderate fever; however, body temperatures rarely exceed 38°C. 
A small percentage of patients may also experience a minor 
headache following the injection, occasionally along with nausea 
and vomiting, which usually disappears in about half a day. 
After receiving an MSC injection, a small percentage of patients 
may experience facial flushing, although this will eventually go 
away. Finally, MSCs often suffer from senescence and decreased 
differentiation capacity, limiting their widespread application [90]. 
3D culture techniques can be combined to maximize the stem cell 
potential.
    Compared to BM-MSC, DPSCs have a higher self-proliferative 
and immunomodulatory capacity and are easier to access with 
fewer ethical issues. These characteristics make DPSCs an 
ideal source of stem cells for regenerative medicine and disease 
treatments. However, as was already indicated, there are certain 
variations between DPSC and SHED in terms of associated 
factor expression, differentiation, and proliferation. Therefore, an 
additional analysis of cellular characteristics was performed to sort 
particular cell groups.
    Informed consent is a major ethical issue in the derivation and 
application of IPSCs, and IPSCs can only be induced from somatic 
cells if the cell donor consents to the removal of the cells from 
their body for IPSC derivation [91]. Currently, the method by 
which transcription factors cause cells to become iPSCs is poorly 
understood, and the success rate of reprogramming is low. When 
differentiated cells are transplanted into the body, the method of 
adding four "reprogramming" genes or replacing defective genes 
in sick cells has the potential to cause cancer. Additionally, serious 
ethical problems arise when transplanted differentiated cells 
cause unchecked cell proliferation and tumor growth at the site of 
implantation.
    Although iPSCs are capable of differentiation, proliferation, 
and development, IPSCs are genetically and epigenetically less 
stable because of their propensity to change cell karyotypes, 
fast proliferation, and high differentiation potential. In addition, 
whether iPSCs are the same as human ESCs in terms of their 
biological properties and how they recognize and remove 
cancer cells during induced differentiation needs to be further 
investigated. Differentiating iPSCs into specific cell types and 
delivering differentiated cells safely and effectively into the body 
are key considerations. Most importantly, current stem cell therapy 
is expensive and unaffordable for the average family. Therefore, the 
safety and reliability assessment system for clinical applications 
needs to be improved.
    It takes time to go from cell access to transplantation, and 
shortening that time also needs to be considered [92]. The 
biological activity of stem cells in the body decreases with age. 
One of the best sources of stem cells has been discovered to be 
DPSCs, which are also simple to harvest. Because of this, stem 
cells can be grown from it to create a personal cell bank. In 
addition, stem cells can be transplanted in a variety of ways, and 
it is important to determine which neurological disorders are best 
served by different transplantation methods [33]. Simultaneously, 
the blood-brain barrier prevents drug molecules from reaching 
the site of cure. However, the study discovered that exosomes 
could penetrate the blood-brain barrier, whether or not the drug 
molecules could be wrapped in them, which will be utilized as a 
carrier of drug molecules.
    Among the chal lenges facing d r ug developers of 
neurodegenerative disease therapies are that symptoms are often 
complex and that animal models do not fully recapitulate the 
unique features of the human nervous system. However, the 
technology of human iPSCs will allow us to generate neuronal 

cells from a single patient, thus eliminating the species specificity 
problem inherent when using animal models. A strong link 
between AD and the apolipoprotein E (APOE) gene has now 
been found [93, 94]. The use of iPSCs to construct cell lines 
with different APOEs has improved our understanding of AD 
pathogenesis. In addition, Chang et al. found that iPSCs from AD 
patients with genetic mutations was able to recapitulate the cellular 
features of AD, and this cellular model was constructed to provide 
a suitable pathological model for drug screening [95]. Currently, 
iPSCs have been widely used for modeling heart diseases, 
studying genetic arrhythmias, neurological diseases, and many 
other disease models, which provides a possible way to develop 
and exploit new drugs [96]. If iPSCs technology can be utilized to 
develop new drugs and screen effective drug classes, it will be a 
big step forward for the treatment of neurological diseases.
    In summary, we can draw the following conclusions: stem cells 
have the potential to treat neurological diseases, and it is hoped 
that they will soon be used in clinical settings.
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