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Traumatic brain injury (TBI) makes up a large proportion of acute brain injuries and is a major cause of disability globally. Its
complicated etiology and pathogenesis mainly include primary injury and secondary injury over time, which can cause
cognitive deficits, physical disabilities, mood changes, and impaired verbal communication. Recently, mesenchymal stromal
cell- (MSC-) based therapy has shown significant therapeutic potential to target TBI-induced pathological processes, such as
oxidative stress, neuroinflammation, apoptosis, and mitochondrial dysfunction. In this review, we discuss the main pathological
processes of TBI and summarize the underlying mechanisms of MSC-based TBI treatment. We also discuss research progress
in the field of MSC therapy in TBI as well as major shortcomings and the great potential shown.

1. Introduction

More than 50 million people worldwide suffer from trau-
matic brain injury (TBI) annually, creating a significant
burden on society and families [1]. It has also been shown
that TBI is associated with an increased incidence of com-
mon neurodegenerative diseases such as Alzheimer’s
disease (AD) [2, 3] and Parkinson’s disease [4, 5]. Severe
TBI can trigger a long-term neurodegenerative process
leading to pathological features and clinical manifestations
similar to those of neurodegenerative diseases such as AD,
structural destruction of neurons and functional impair-
ment, and memory and cognitive decline, which in turn
affect speech and motor systems [6]. TBI refers to the
physical damage to brain tissue caused by a violent blow
to the head. The primary injury results from direct
mechanical injury. The secondary injury is characterized
by diffuse axonal injury and inflammation that can protect

tissues from pathogens and remove cell debris; however,
severe cases can lead to neurodegeneration and secondary
neuron death [7–9]. The secondary injury is a progressive
process that lasts from hours to days, which means that
therapeutic interventions can be administered at this stage
to avoid progressive nerve cell death and enhance func-
tional recovery after brain trauma. TBI may disrupt the
blood–brain barrier (BBB) to cause neurochemical, meta-
bolic, and cellular changes [10–12] and activate microglia
and astrocytes.

The activation of microglia and astrocytes leads to the
removal of cellular debris, restoration of the BBB, and pro-
duction of neurotrophic factors [13]. However, inflamma-
tory cells, such as neutrophils, are recruited to accelerate
the inflammatory response and cause damage to peripheral
tissues [14, 15]. The adult brain undergoes limited remod-
eling to compensate for tissue damage after TBI [16].
Therefore, new treatments for TBI can be developed by
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elucidating brain tissue remodeling and internal repair
processes.

Over the past few decades, treatment for TBI has
always been a focus of attention. Three main options are
commonly used to treat TBI: hypothermic therapies
reduce intracranial pressure, decrease inflammatory
responses, and lower cerebral metabolic rate [17]. Surgical
therapies remove most of the skull bone by debridement
decompression to reduce intracranial pressure and remove
hematomas [18]. Pharmacological therapies reduce active
bleeding, nourish the nerves, are anti-inflammatory, and
include erythropoietin [19], tranexamic acid [20], and
recombinant interleukin-1 receptor antagonist [21, 22].

The latest studies have shown that mesenchymal stromal
cells (MSCs) have great potential in treating TBIs due to
their anti-inflammatory and antiapoptotic properties and
the ability to generate new nerves. Similarly, extracellular
vesicles (EVs) released by MSCs cross the BBB and promote
endogenous angiogenesis and neurogenesis, reduce inflam-
mation, and facilitate cognitive and sensorimotor recovery
after TBI. Taken together, this suggests that MSCs may be
a promising cell-free therapy for TBI [23]. In this review,
we summarize the possible molecular or cellular mecha-
nisms of MSCs as a therapeutic approach in TBI pathology.
At the same time, the prospect of cellular therapy, repre-
sented by MSCs and exosome-based, cell-free therapy, is
analyzed to demonstrate its therapeutic potential.

2. TBI-Based Functional Features of MSCs

To date, 125 clinical trials have been conducted using
MSCs for neurological diseases [24], including TBI treat-
ment. The administration of autologous bone marrow
MSCs (BM–MSCs) to patients during the subacute phase
of TBI resulted in improved neurological function in
40% of patients [25]. A stem cell is a type of cell that is
not highly differentiated and has the potential to regener-
ate various tissues, organs, and the human body. These
cells can be classified into totipotent stem cells, multipo-
tent stem cells, and unipotent stem cells according to dif-
ferent differentiation potentials. Stem cells can be induced
to proliferate and differentiate into corresponding tissues
and organs under appropriate conditions, which is of
extraordinary significance in clinical treatment. MSCs are
multipotent stem cells with self-renewal and multidifferen-
tiation abilities [26]. These cells are widely found in a vari-
ety of tissues throughout the body and can be isolated
from many sources, including BM [27], synovial mem-
brane, skeletal muscle [28], adipose tissue [29], and
peripheral blood [30]. MSCs can differentiate into meso-
dermal cells and tissues in different microenvironments
[31]. Such cells have the advantages of easy access, low
immunogenicity, regenerative potential even after freezing,
and the ability to migrate to the lesion [32]. These charac-
teristics make MSCs a promising regenerative treatment
for brain trauma. Initially, the therapeutic efficacy of MSCs
was thought to be based on their ability to differentiate
and replace damaged cells. However, recent studies have
revealed that the repair of damaged tissues is mainly

through cell–cell interactions, paracrine effects, and the
release of EVs [33, 34]. In a rat model of TBI, intrave-
nously administered BM-MSCs can penetrate the BBB
and increase trophic factors in the brain [35]. They can
also selectively migrate to injured areas of brain tissue
and differentiate into neurons and astrocytes [36]. Promot-
ing axonal remodeling in the brain and angiogenesis and
glial cell growth at the site of injury can accelerate the
internal repair process while achieving the goal of promot-
ing neuroprotection, neurorepair, and restoration of motor
function.

Exosomes are small vesicles with a 50-200 nm diameter
containing RNA, mRNA, DNA, and biologically active sub-
stances such as proteins and lipids [37]. Released from
numerous cells, exosomes play a key role in intercellular sig-
nal transduction in physiological or pathological processes
[38]. BM-MSC-derived exosomes reduce neuroinflamma-
tion by releasing anti-inflammatory cytokines and affecting
the apoptosis of activated T cells [39, 40]. It was found that
MSCs promoted neurological recovery in a rat model of TBI
[41]. Even the exosomes secreted by MSCs under hypoxic
conditions can delay neuronal degeneration and promote
neural recovery [42]. Studies have shown that EVs have
low immunogenicity and the ability to stimulate neurovas-
cular repair, characteristics similar to those of MSCs. Com-
pared to MSCs, EVs are more stable and equally capable of
crossing the BBB. The use of EVs reduces safety issues asso-
ciated with the administration of live cells, such as microvas-
cular obstruction and abnormal growth of transplanted cells
[43]. In addition, they have the advantages of being free of
ethical problems, are less invasive, and show low tumorige-
nicity [44], which has extraordinary significance for their
wide range of applications. The cell source of exosomes
can be clonally selected to ensure their standardization and
reproducibility, making the industrial production of exo-
somes more promising [45]. However, proteomic analysis
revealed differences between human MSC-derived exosomes
isolated from BM, adipose, and human umbilical cord peri-
vascular cells [46]. More studies are therefore needed to
determine the best choice of MSCs for exosomes to be used
in TBI treatment.

In short, MSCs and their secreted exosomes are promis-
ing candidates for TBI treatment. Many clinical studies are
underway to determine the optimal route and time of
administration and dosage of MSCs and exosomes, which
are popular directions for future research.

3. The Role of MSCs in Treating TBI

3.1. Mitochondrial Dysfunction and Transfer. Mitochondria
not only produce adenosine triphosphate (ATP) for vari-
ous metabolic activities but are also involved in regulating
cell death. In TBI-related neurological injury, secondary
injury is mainly caused by mitochondrial dysfunction
[47]. Damaged mitochondria trigger a chain of pathologi-
cal events [48], such as excitotoxicity, increased reactive
oxygen species (ROS) production, oxidative stress, mito-
chondrial DNA damage, and mitophagy [49], leading to
decreased cellular energy production [47] and apoptosis.
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Due to the prevalence of mitochondrial dysfunction in
TBI, one potential therapeutic target is to improve mito-
chondrial function. Numerous studies have focused on
mitochondria as therapeutic targets for acute brain injury
in recent years. For example, therapies that reverse mito-
chondrial uncoupling, increase mitochondrial antioxidant
production, or inhibit mitochondrial permeability transi-
tion pores (MPTP) have been investigated [50]. Neuropro-
tective therapies have also been identified as promising
therapies. Reperfusion strategies, hemoglobin management,
and therapeutic (induced) hypothermia do well in neuro-
protective therapy [51]. As a new mechanism of stem cell
therapy, MSC-derived mitochondrial transplantation has
achieved promising results [52]. A series of preclinical
studies and clinical trials have shown that MSCs can
transfer mitochondria to damaged cells via various routes
[34], replace defective mitochondria, or compensate for
their dysfunction [53]. Mitochondrial transfer protects
cells from damage and apoptosis by increasing mitochon-
drial membrane potential, restoring aerobic respiration,
or reducing inflammation. As previously mentioned, neu-
rogenic inflammation is a pathological manifestation of
TBI [52]. Studies have shown that MSCs moderate sec-
ondary injury due to inflammation [54]. Mitochondria
can be transferred between MSCs and immune cells,
including macrophages and T cells [55], regulating their
functions and changing cytokine expression profiles. Mor-
rison et al. reported that MSCs could donate mitochondria
to host macrophages, leading to suppressed cytokine pro-
duction, increasing M2 macrophage marker expression,
and enhanced macrophage phagocytosis [56].

Furthermore, in rats, transferred mitochondria have
been shown to enhance angiogenesis and improve func-
tional recovery of the brain microvascular system [57].
In the process of neuronal apoptosis involved in mito-
chondria, B-cell lymphoma 2 (Bcl-2) family proteins are
proapoptotic factors and promote mitochondrial mem-
brane permeability [58]. An apoptotic cascade is triggered,
and caspases (including caspase-3) are activated, resulting
in caspase-dependent DNase proteolysis and internucleo-
somal DNA fragmentation [59]. Mitochondrial transfer
from MSCs can decrease apoptosis rates in recipient cells
and improve cell survival [60] by regulating the Bcl-2-
associated X protein (Bax)/Bcl-2 ratio and decreasing
caspase-3 expression [61]. The protective effect of mito-
chondrial transfer therapy on nerves and the restoration
of spinal cord function are apparent. Research has indi-
cated that mesenchymal multipotent stromal cells can sup-
ply mitochondria to damaged astrocytes [62]. The transfer
of MSC-derived mitochondria to oxidant-damaged neu-
rons may help increase neuronal survival and improve
metabolism [63]. In a spinal cord injury rat model, mito-
chondria can be transferred from BM-MSCs to injured
motor neurons to significantly improve locomotor func-
tions six weeks after injury [64].

A growing body of research suggests that intercellular
mitochondrial transfer between MSCs and target cells
occurs through tunneling nanotubes (TNTs) [65], micro-
vesicles [66], EVs, gap junctions, and cytoplasmic fusion

[67, 68]. At present, the formation of TNTs is the most
widely accepted theory. TNTs are a type of nanotube that
can transport substances directly between cells, including
proteins, ions, RNA, organelles, viruses, and cytosol [69].
Thus, although mitochondrial transfer is directed and
mostly one-way transportation [52], it can also manifest
as bidirectional transportation [70], meaning that MSCs
may exchange mitochondria with other types of cells.
The regulation of mitochondrial transport directionality
remains to be studied further. Mitochondria also play a
regulatory role in the renewal and differentiation of MSCs.
In other words, a bidirectional interaction exists between
mitochondria and MSCs.

In addition, mitochondrial transfer therapy has other
potential dangers. Transferred mitochondria support
tumor progression by providing energy to cancer cells
[71] and increasing drug resistance [72]. A tumor-
induced inflammatory response leads to the production
of chemokines, which attract MSCs to the site of inflam-
mation. Due to good differentiation capabilities, MSCs
can differentiate into cancer-induced fibroblasts. Such
fibroblasts play a role in immune regulation thus promot-
ing the growth and migration of cancer cells. Studies have
shown that MSCs can transport mitochondria to breast
cancer cells and glioblastoma stem cells to promote tumor
growth. Studies have found that MSCs transfer cytoplas-
mic content but not mitochondria to cancer cells and
may lead to chemotherapy resistance in cancer cells. How-
ever, the specific mechanism of mitochondrial transport
between MSCs and other cells is still unclear. Therefore,
in some cases, mitochondrial transfer should be sup-
pressed. It is worth mentioning that the source and status
of MSCs also affect mitochondrial transfer. The mitochon-
drial transferability of MSCs isolated from different tissue
sources varies. The therapeutic effects of damaged or aged
MSCs are limited and unsuitable for stem cell therapy. In
inflammatory environments, the formation of TNTs is
inhibited, thus affecting the transport of mitochondria
from MSCs to damaged cells. Therefore, the MSC source
should also be considered.

3.2. Oxidative Stress. Oxidative stress is a disorder in the
generation and removal of ROS, a double-edged sword.
While causing some damage, ROS also stimulate repair.
When excess radicals are produced, repair processes are
impaired, leading to oxidative stress and cell death through
apoptosis or necrosis [73]. Studies have shown that during
secondary TBI injury [74], free radical production and oxi-
dative damage are influential in neuronal structures (e.g.,
axons). After axon injury, excessive Ca2+ influx can cause
mitochondrial dysfunction and ROS overproduction [75].
ROS can destroy the integrity of cell membranes and cause
cell damage through lipid peroxidation, protein, and DNA
oxidation and the inhibition of mitochondrial electron
transport chains. ROS can also activate microglia in the
brain to release inducible nitric oxide synthase (iNOS) and
cytokines, leading to inflammation and cell death [76].

Meanwhile, due to a lack of introns and its proximity to
the source of ROS, mitochondrial DNA (mtDNA) is liable to
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oxidative damage. This may lead to decreased respiratory
function and promote ROS production—a vicious cycle that
eventually induces apoptosis [77]. ROS are also known to
trigger the mitochondrial apoptosis cascade through interac-
tion with the permeability transition pore complex protein
[78]. The importance of oxidative stress in mitochondrial
dysfunction and neuronal death after acute brain injury can-
not be ignored and suggests that targeted therapy is
promising.

Many studies have shown that MSCs can protect brain
tissue from severe damage by inhibiting oxidative stress. In
a TBI mouse model, overexpression of specific genes, such
as that for superoxide dismutase 2, in vitro can enhance
the antioxidant effect of MSCs and improve their thera-
peutic effect [79]. Histone deacetylase 1 (HDAC1) pro-
motes stromal cell self-renewal and disease recovery by
enhancing histone acetylation [80]. Silencing HDAC1 in
MSCs attenuates oxidative stress and neuroinflammation,
thus improving its therapeutic effect [81]. In vitro studies
have found that mitochondria from MSCs are reduced in
mouse neurons following hydrogen peroxide exposure
[63]. Transferring mitochondria from MSCs to neurons
impaired by oxidative stress may contribute to the preser-
vation of posttraumatic neurons and restore their function.
In addition, it has been shown that MSCs can mitigate the
effects of oxidative stress in the central nervous system by
changing the activity of ascorbic acid and catalase [82].
MSCs can also increase expression of the antiapoptotic
gene, Bcl-2, and decrease the level of superoxide anion,
thereby protecting brain tissue [83]. Olfactory mucosa
MSCs are helpful in antioxidative stress and neuroprotec-
tion by upregulating SPCA1 expression, reducing Ca2+

overload and Golgi edema and lysis, therefore, playing a
significant role in combatting oxidative stress and facilitat-
ing neuroprotection [84]. In addition, exosomes produced
by MSCs can increase ATP production, reduce oxidative
stress, and activate the phosphoinositide 3-kinase/Akt
pathway [85], which is of great value for the application
of exosomes in TBI treatment. MSC-derived EVs inhibit
proinflammatory responses and reduce oxidative stress
and fibrosis in in vivo models [86]. The above results show
that MSCs play a significant role as antioxidants in treat-
ing TBIs.

In addition, during oxidative stress, astrocyte-derived
exosomes transport neuroprotective apolipoprotein D to
neurons to improve the neuronal survival rate [87]. Mean-
while, astrocyte-derived exosomes protect hippocampal
neurons after TBI by activating the nuclear factor erythroid
2-related factor 2 signaling pathway in animal models to
prevent TBI-induced oxidative stress and neuronal apoptosis
[88]. Recent studies have shown that micro (mi)RNAs
within astrocyte exosomes are different under proinflamma-
tory and oxidative stress conditions versus the resting state
[89]. This has important implications for future studies on
the potential role of miRNAs in cellular communication,
inflammation, and exosome therapy for TBI.

3.3. Neuroinflammation. Neuroinflammation is associated
with secondary TBI injury [90]. TBI leads to neuronal

damage and damages the integrity of the BBB. Immune
cells invade and activate glial cells such as microglia and
astrocytes [91, 92]. Microglia polarize to the M1 (proin-
flammatory) phenotype, and expression of the surface pro-
tein cluster of differentiation 14 (CD14) is promoted,
which is a sign of acute inflammation caused by TBI. Glial
cells continuously release inflammatory mediators, such as
interleukin- (IL-) 1, IL-6, tumor necrosis factor- (TNF-) α,
and other cytokines, to attract more peripheral macro-
phages and neutrophils across the leaky BBB, consequently
converting inflammation from the acute to chronic phase
[93]. At the same time, neurons and microglia are dam-
aged, and cellular adhesion molecules and matrix metallo-
proteinases are secreted in addition to immune cells. The
persistent TBI-induced inflammation can result in neuro-
nal loss and cerebral edema [94] and lead to degenerative
diseases such as AD [95]. TBI can also cause peripheral
inflammation, mainly in the spleen and thymus, which
may lead to multiple organ dysfunction and even death.
Studies have shown that plasma levels of inflammatory
molecules begin to rise 6 hours after TBI and continue
to increase [96]. The release of these inflammatory mole-
cules, including TNF-α, IL-6, and ROS, promotes systemic
diseases such as cancer, atherosclerosis, and diabetes. Neu-
roprotective and anti-inflammatory drugs are potential
therapies for TBI. Many preclinical studies and clinical
trials have demonstrated that MSCs can regulate the
inflammatory microenvironment, thus decreasing inflam-
mation and immune reactions to promote tissue repair
[97, 98]. The therapeutic effects of MSCs regarding neuro-
inflammation are achieved through paracrine factors [99].
Following implantation, MSCs cross the BBB, migrate to
the site of injury, and release trophic factors to recover
neuronal structure and function [100]. MSCs regulate
innate and adaptive immune cells by releasing soluble fac-
tors to enhance anti-inflammatory pathways at the site of
injury [101]. A study in a TBI rat model showed that
MSCs decreased the number of microglia and other
inflammatory cells, reduced the production of proinflam-
matory cytokines, and increased anti-inflammatory cyto-
kines to inhibit TBI-induced inflammatory responses.
MSCs enhance TNF-stimulated gene 6 expression, which
suppresses the NF-κB signaling pathway [102]. When
BM-MSCs were administered seven days after TBI, a
50% reduction in interferon-γ and TNF-α expression was
observed, as well as an increase in neurogenesis and a sig-
nificant decrease in BBB permeability, edema, microglial
activation, and norepinephrine levels [103, 104]. A recent
study of 20 patients with severe TBI showed that after suc-
cessful intravenous MSC treatment, the percentage of neu-
trophils in the blood decreased significantly to normal
levels, and the production of IL-6, C-reactive protein,
TNF-α, and ROS also decreased. It is suggested that
MSC therapy restricts the accumulation of immune cells
and systemic inflammatory cytokines at the injured site.
In addition, compared with the control group, the Glas-
gow score and Health Stroke Scale of the group treated
with MSCs increased starting on the seventh day post-
TBI. This proved that MSC therapy contributed to the
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recovery of motor function and consciousness in patients
with TBI [96].

Moreover, MSCs inhibit phagocytosis and stimulate
microglial polarization to the more neuroprotective and
anti-inflammatory M2 phenotype, thereby ameliorating
functional deficits in rats with TBI [105]. Studies have
shown that proteins in BM-MSC-exosomes injected into
C57BL/6 male mice can downregulate iNOS and upregulate
CD206 and arginase-1, resulting in polarization of microg-
lia/macrophages and inhibition of early neuroinflammation
in TBI [106]. MSCs can also suppress T cell proliferation
and monocyte differentiation, thus affecting dendritic cell
functions and increasing the production of IL-10 [100].

Many studies have shown that infusion is a common
method of drug administration in stem cell therapy. Intrana-
sal secretome administration has been assessed as a noninva-
sive and efficient route of administration that targets cells to
the brain [107]. Administering autologous BM–MSCs by
lumbar puncture has also been shown to be a safe and effi-
cient cell therapy [25]. Focal intracerebral transmission of
MSCs may be more suitable for focal injury as this will
directly target areas of inflammation [105]. Compared to
monotherapy, combination therapy that includes regulatory
T cells and MSCs enhances potency and significantly atten-
uates inflammation after TBI [108]. Combined BM-MSCs
and the peroxisome proliferator-activated receptor gamma
agonist, pioglitazone [109] or propranolol [103] can also
enhance anti-inflammatory effects. Several studies have
shown that intravenous injection of BM mononuclear cells
followed by MSCs improves cognitive function in patients
with TBI [96]. A few studies showed that the reaction of host
immune cells to the transplanted MSCs may be harmful
[110]. Therefore, more research is needed to understand
the long-term impact of stem cell therapy.

3.4. Apoptosis. In addition to trauma-induced primary
damage to the BBB and neuronal death, neuronal and oli-
godendrocytic apoptosis is a marker of secondary brain
injury [111]. After TBI, significant nerve cell death can
be found in the hippocampus. The cell fragments released
from the damaged site can activate an immune response
from microglia and astrocytes, resulting in the release of
inflammatory factors and result in neuroinflammation.
The release of TNF-α can activate the caspase-3 signaling
pathway and induce neuronal apoptosis. Neuronal apopto-
sis is dependent on the opening of MPTP and the release
of cytochrome C [50, 112]. Cytochrome C forms an apop-
tosome in the cytosol by interacting with the protein
cofactor, apoptotic protease activating factor-1, to trigger
an apoptotic cascade. The complex activates procaspase-9
and induces a caspase-9-dependent intrinsic pathway
[113]. Subsequently, caspase-3 and other caspases are acti-
vated resulting in caspase-dependent DNase proteolysis
and internucleosomal DNA fragmentation [59]. Mitochon-
drial pathway-induced apoptosis can be ameliorated by
mitochondrial transfer of MSCs. The paracrine mechanism
of MSCs promotes angiogenesis and is anti-inflammatory
and antiapoptotic [114]. Many studies have shown that
MSCs can improve neuronal survival and cure brain injury

by interfering with the apoptotic pathway [100]. An exper-
iment by Mettang et al. found elevated levels of the proa-
poptotic mediators, Bax and Bad, in a closed head injury
model of TBI [115]. A recent study showed that the neu-
rological function of C57BL/6 male mice treated with
30μg protein equivalent of BM-MSC-exosomes was signif-
icantly improved compared to control mice. The expres-
sion of the proapoptotic protein, Bax, was inhibited,
while the expression of the antiapoptotic protein, Bcl-2,
was enhanced. Injection of MSC-EVs into 3-day-old Wis-
tar rats decreased nerve cell death, white matter micro-
structure destruction, and glial cell proliferation induced
by lipopolysaccharides [116]. MSCs can also downregulate
caspase-3, promote the production of antioxidants, and
secrete neurotrophic factors such as neurotrophin-3
[117]. In addition, various nutritional factors secreted by
MSCs can inhibit endothelial cell apoptosis [118] and pro-
mote the formation of new capillary branches in injured
brain tissue [119]. Angiogenic paracrine factors of MSCs
include human vascular endothelial growth factor, trans-
forming growth factor-β1, monocyte chemotactic protein-
1, and IL-6 [120]. These factors have been proved to
reduce apoptosis and injury volume and improve motor
and cognitive impairment in patients. The paracrine effects
of MSCs play an essential role in regulating apoptosis
pathways, thereby improving neuronal survival rate, pro-
moting angiogenesis, repairing nerve injury, and maintain-
ing the physiological functions of the brain.

4. Comparison of Existing Therapies

With its severe and complex secondary pathologies, TBI
has greatly affected patients’ quality of life and brought a
medical burden onto their families and society. In the past
few decades, traditional treatments, such as hypothermic
therapies, surgery, and drug therapies, have been the main
treatments for TBI. Medical interventions, such as drug
and hypothermia therapies, are usually considered for
patients with mild to moderate TBI. Invasive surgical
treatment is needed for extra-axial hematoma, concus-
sions, and brain edema. However, limitations exist with
traditional treatments. Specifically, the focus is on the
relief of physiological symptoms to maintain quality of life.
However, treatment efficacy is limited and is more likely
to cause secondary trauma. In addition, the pain of long-
term sequelae and lifelong disability cannot be prevented.
In recent years, stem cell therapy has become more popu-
lar. Stem cell transplantation can prevent or reverse dam-
age at the biochemical and cellular levels and relies on
endogenous healing mechanisms to restore brain function.
For elderly patients with TBI, a combination of cell trans-
plantation and other treatments, such as cooling and elec-
trical stimulation, may be needed to promote brain repair.
Stem cell therapy may be more effective in promoting
neuronal regeneration in young people [121]. Stem cells
can be divided into hematopoietic stem cells, MSCs, neural
stem cells (NSCs), epithelial stem cells, and skin stem cells.
Recent studies have shown that various stem cells can
treat neural damage after TBI, including MSCs, NSCs,
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Figure 1: TBI pathology and MSC-related treatment mechanisms. When TBI occurs, the BBB is disrupted, leading to a series of responses
such as hypoxia, edema, and release of inflammatory factors by immune cells. Excessive production of ROS in neurons and alteration of
mitochondrial membrane potential results in a variety of pathological processes, such as oxidative stress, mtDNA damage, mitophagy,
and apoptosis, some of which will eventually lead to cell death. Furthermore, they also enable MPTP to open instantly promoting the
above pathological processes. When we use MSCs to treat TBI, MSCs and their released exosomes can cross the BBB stably and release
various cytokines, such as neurotrophic factors and vascular regeneration factors, to promote nerve and blood vessel repair and
regeneration. MSCs can also deliver healthy mitochondria to neurons through TNTs to enhance the anti-inflammatory, antioxidant, and
antiapoptotic abilities of neurons and eventually improve their functions. BBB: blood-brain barrier; MSC: mesenchymal stromal cell;
MPTP: mitochondrial permeability transition pores; mtDNA: mitochondrial DNA; ROS: reactive oxygen species; TBI: traumatic brain
injury; TNT: tunneling nanotubes.
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multipotent adult progenitor cells, and endothelial progen-
itor cells. Of these, MSCs have the most significant thera-
peutic potential because of the ease of isolation, low
immunogenicity, and ability to differentiate into various
tissue lineages, including brain cells [122]. However, sev-
eral limitations still exist for MSC transplantation. Con-
tamination is probable during the culture and treatment
of MSCs, and in vitro cultured cells are prone to mutation.
Cell transplantation may also lead to the transmission of
foreign pathogens. In addition, MSC transplantation may
provide energy for cancer cells and promote tumor growth
and metastasis. The initiation and regulation of mitochon-
drial transfer from MSCs are not clear. Additionally, the
probability of allogeneic immune rejection cannot be
ignored. Therefore, it is particularly important to improve
the safety of MSC therapy.

5. Conclusion and Future Perspectives

The treatment of TBI has received much attention due to
its high morbidity and complex secondary cascades. Oxi-
dative stress, neuroinflammation, neuronal apoptosis, and
mitochondrial dysfunction are all classic pathological man-
ifestations of TBI. In recent years, MSC transplantation
has been investigated as a therapeutic approach due to
its ability to repair damaged brain tissue in TBI models.
Transplanted MSCs can pass through the BBB and
migrate to damaged brain tissue to play a therapeutic role
through multidirectional differentiation, paracrine effects,
and the release of EVs. Apart from secreting nutritional
factors to exert anti-inflammatory effects and promote
angiogenesis, MSCs can also transfer mitochondria to
damaged neurons via TNTs (Figure 1). Compared with
traditional therapies, MSC treatment can directly improve
TBI-induced pathological changes and promote recovery
of neurological function. However, the efficacy and safety
of MSCs as a potential therapy for TBI remain controver-
sial. Available preclinical studies have shown that the
excellent repairability of MSC may sometimes be trans-
lated into oncogenic ability. The potential risk of an
immune response by the host’s own immune cells to
MSCs is unclear. In addition, the appropriate timing of
drug administration, more efficient routes of administra-
tion, reliable cell sources, and methods of cell culture, stor-
age, and transportation are all worthy of discussion.
Insufficient clinical trials have been conducted to demon-
strate a direct therapeutic effect of MSC therapy on the
pathological manifestations of TBI. In a series of clinical
studies on stroke, despite the fact that MSCs isolated from
different tissues were effective in treating this disease, dis-
parities in efficacy existed between trials. Although trans-
porting MSCs through the intracerebral pathway is most
effective, it is also the most invasive. In contrast, the intra-
venous route is the least invasive and reaches the least
number of MSCs in the damaged brain tissue. Therefore,
it may be challenging to obtain stable cells, deliver MSCs
accurately through a safe delivery method, and obtain sta-
ble efficacy of MSC therapy for TBI. MSC therapy can be
optimized in several ways. For example, genetically modi-

fied MSCs can be the basis for the next generation of
cell-based therapies for TBI. In addition, compared to
monotherapy, combination therapy with other drugs can
enhance the effectiveness of treatment. Furthermore, the
use of MSC-derived exosomes can avoid several problems
associated with cell transplantation. However, further pre-
clinical and clinical studies are needed to discover the
therapeutic potential of MSCs.
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