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Abstract

Traumatic brain injury (TBI) remains one of the leading causes of mortality and long-
term disability worldwide, particularly among young and working-age populations. Despite
significant advances in neurocritical care and neurosurgical techniques, effective therapeutic
strategies aimed at promoting neural repair and preventing the secondary systemic
consequences of TBI remain limited. This review provides a comprehensive overview of
current experimental approaches to cell-based therapy for TBI, with particular emphasis on
mesenchymal stem cells (MSCs) and MSC-derived exosomes. The pathophysiology of TBI
involves primary mechanical injury followed by a complex cascade of secondary pathological
events, including neuroinflammation, hypoxia, oxidative stress, and disturbances in cerebral
microcirculation. Microglial activation is considered a key driver of secondary brain injury,
contributing to sustained neuroinflammatory responses and subsequent neurodegenerative
changes. Although endogenous regenerative mechanisms, including activation of neural stem

cells and the release of neurotrophic factors, are initiated following injury, they are insufficient
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to achieve complete functional recovery. MSCs have demonstrated considerable therapeutic
potential owing to their ability to home to injured tissues, modulate inflammatory responses,
and promote neuroregeneration. More recently, increasing attention has focused on MSC-
derived exosomes, which represent a promising cell-free therapeutic alternative with several
favorable characteristics, including low immunogenicity, high stability, and the capacity to
cross the blood—brain barrier. Experimental studies have demonstrated that exosomes transfer
bioactive molecules, including RNAs and proteins, to recipient cells, thereby modulating gene
expression and promoting functional recovery. In conclusion, MSC-derived exosomes represent
a promising and rapidly evolving therapeutic strategy for the treatment of TBI and its systemic
consequences. Nevertheless, further experimental studies are required to elucidate their
mechanisms of action, biodistribution, and interactions with target cells in both the central
nervous system and peripheral organs.

Key words: traumatic brain injury; cell therapy; mesenchymal stem cells;
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Traumatic brain injury (TBI) remains one of the most significant challenges in
contemporary medicine because of its high prevalence and increasing annual incidence
worldwide [1]. Despite substantial advances in medical science and improvements in
neurocritical care and neurosurgical management, TBI continues to be associated with high rates
of mortality and long-term disability, particularly among young and working-age individuals [2].

According to the World Health Organization (WHQO), TBI ranks third among the leading
causes of death and disability worldwide, following cardiovascular and oncological diseases [3].
Notably, even mild TBI has been shown to result in persistent cognitive, social, and occupational
impairment, leading to reduced work capacity and imposing a substantial medical, social, and
economic burden.

TBI pathogenesis is classically divided into two interconnected phases: primary and
secondary brain injury [4, 5]. Primary injury occurs immediately following the mechanical
insult and is characterized by direct damage to neurons, astrocytes, oligodendrocytes, and
other glial cells. These pathological changes result in diffuse axonal injury, disturbances in
cerebral blood flow and cerebrospinal fluid circulation, subarachnoid and intraventricular
hemorrhages, hydrocephalus, and venous congestion [5-7].

Secondary brain injury develops as an inflammatory response developing in reaction to

the primary damage. It has been shown that within the first hours after TBI, secondary injury is



accompanied by hypoxia, hypoxemia, and hypercapnia, resulting in disruption of cerebral
oxygen homeostasis. These alterations are subsequently followed by impaired cerebral
microcirculation and tissue oxygenation, ultimately leading to ischemic brain injury [7-10].

Accumulating experimental evidence indicates that microglial dysfunction plays a central
role in the development of secondary brain injury following TBI. In response to traumatic injury,
microglia become activated and maintain a sustained inflammatory and immune response,
thereby contributing to persistent neuroinflammation and the subsequent development of
epileptogenic and neurodegenerative processes [10, 11]. Neuroinflammation has also been
implicated in the pathogenesis of moderate and severe TBI, hypoxic-ischemic brain injury
following stroke, chronic infections, and a wide range of neurodegenerative disorders [12, 13].

Microglia are the first resident immune cells of the central nervous system to respond to
brain injury and neuroinflammation. Their activation is closely associated with astroglial
responses and results in a broad spectrum of phenotypic and functional changes that depend on
the nature and severity of the injury. Owing to their remarkable phenotypic plasticity, microglia
continuously adapt to alterations within the local neural microenvironment. Consequently, these
cells play a dynamic role in regulating neuroinflammatory responses, influencing both tissue
repair and the progression of neuronal dysfunction and neurodegeneration [13, 14].

In addition to local pathological alterations within the brain, growing experimental
evidence indicates that TBI induces a systemic response affecting multiple organs and
physiological systems [15, 15]. These systemic effects are manifested by a wide range of
morphological and functional alterations not only at the site of injury but also in peripheral
organs. During the acute phase of severe TBI, hepatic and renal dysfunction may develop,
accompanied by functional disturbances involving the coronary vasculature and myocardium
[17]. Furthermore, experimental studies have demonstrated that even mild TBI induces
significant hemodynamic and morphological changes in the liver, myocardium, and kidneys in
both sexually mature and immature rats [18].

Concurrently with neuroinflammation, endogenous regenerative mechanisms are
activated following TBI. These processes include enhanced angiogenesis and neurogenesis
mediated by the proliferation of neural stem cells (NSCs) within the subventricular zone and the
hippocampus [18, 19]. Experimental studies in animal models have demonstrated a two- to four-
fold increase in the number of stem cells within the ipsilateral subventricular zone compared
with the contralateral hemisphere [19]. These findings suggest that activated NSCs migrate

toward the injured region and contribute to neuronal and glial repair processes [20].



In parallel, several neurotrophic factors, including brain-derived neurotrophic factor
(BDNF), neurotrophins, and interleukin-10, are released and contribute to tissue regeneration.
Nevertheless, endogenous NSCs alone are insufficient to achieve complete functional recovery
because of the persistent and robust immune-inflammatory response that accompanies TBI [21].

Taken together, the complex pathophysiological mechanisms and considerable clinical
burden associated with TBI highlight the urgent need for novel therapeutic strategies aimed at
promoting neurological recovery while preventing secondary systemic complications. This
need is particularly relevant in mild TBI, which is increasingly recognized as a systemic
disorder rather than an isolated brain injury. Consequently, considerable research efforts have
been directed toward the development of experimental cell-based therapeutic approaches for
TBI.

The aim of the work was to provide a comprehensive overview of current
experimental approaches to cell-based therapy for traumatic brain injury, with particular
emphasis on mesenchymal stem cells and MSC-derived exosomes.

Various stem cell populations have been investigated for the treatment of TBI, including
totipotent stem cells, progenitor cells at different stages of differentiation, fetal and adult brain-
derived cells, embryonic neuronal cells, mesenchymal stem cells (MSCs), and endothelial
progenitor cells [22, 23]. Among these, MSCs have attracted the greatest attention owing to their
favorable biological characteristics and broad therapeutic potential. MSCs can be isolated from
multiple tissue sources, including bone marrow, adipose tissue, placenta, umbilical cord, and
amniotic membrane, among others [23].

MSC-based therapy has demonstrated considerable promise in regenerative medicine
for the treatment of injuries affecting both the central nervous system and peripheral organs,
including the heart, kidneys, and liver [24, 25]. Following transplantation, exogenous MSCs
exhibit the ability to home to sites of tissue injury, where they interact with cells of the brain
parenchyma. These cells suppress the expression of axonal growth inhibitory molecules while
stimulating the production of neurotrophic and plasticity-associated factors that enhance
neurite outgrowth, promote neuroregeneration, and facilitate functional neurological recovery
following brain injury [25].

Experimental studies have demonstrated that MSC administration via different routes,
including intra-arterial, intravenous, and intracerebral delivery, produces beneficial therapeutic
effects following TBI [26]. Interestingly, the distribution of transplanted MSCs within the brain
is influenced by the route of administration. Following intracerebroventricular transplantation,

MSCs migrate predominantly toward the lesion border zone, including the ipsilateral brain



parenchyma and hippocampus [25, 26], whereas relatively few cells are detected within the
contralateral hemisphere [27]. In contrast, intravenously administered MSCs exhibit a broader
biodistribution and migrate not only to the injured brain but also to peripheral organs, including
the heart, lungs, liver, kidneys, and spleen [27, 28].

Recent studies have demonstrated that MSCs, similar to other stem cell populations,
actively synthesize and secrete large numbers of exosomes into the extracellular environment
[29-31]. Exosomes are nanosized membrane-bound extracellular vesicles, approximately 30—
100 nm in diameter, that are released by virtually all cell types. They contain a diverse cargo of
bioactive molecules, including messenger RNA (mRNA), microRNA (miRNA), and proteins,
which participate in intercellular communication under both physiological and pathological
conditions [30]. MSC-derived exosomes exhibit several favorable biological characteristics,
including low immunogenicity, prolonged stability in the peripheral circulation, and the ability to
cross the blood-brain barrier [29, 30]. Consequently, intravenous administration of MSC-derived
exosomes has demonstrated promising therapeutic effects in experimental TBI as well as in
models of internal organ injury [31].

Experimental evidence indicates that exosomes transfer proteins and regulatory RNAs to
recipient cells, thereby modulating gene expression through epigenetic mechanisms and altering
cellular function. Furthermore, recent studies have demonstrated that MSC-derived exosomes
improve cognitive function in experimental models of TBI in both rats and mice [31].

Importantly, exosome-based therapy avoids several potential complications associated
with the transplantation of viable proliferating cells. Compared with cell-based therapies,
exosomes possess a favorable safety profile, as they are incapable of replication, do not induce
microvascular embolism, and can be stored for prolonged periods without significant loss of
biological activity [32]. Consequently, elucidating the mechanisms responsible for the
regenerative properties of MSC-derived exosomes has become a major focus of current
experimental research.

A comprehensive understanding of their therapeutic effects on functional brain recovery,
together with their underlying molecular mechanisms, will be essential for the successful
development of MSC-derived exosomes as an effective therapeutic strategy for TBI and its
associated complications [31, 32].

Thus, based on the available experimental evidence, it can be concluded that intravenous
administration of mesenchymal stem cell (MSC)-derived exosomes currently represents one of
the most extensively investigated therapeutic approaches for the treatment of TBI. These

exosomes promote regenerative processes not only within the injured brain but also in peripheral



organs affected by TBI. However, significant gaps remain in our understanding of the
pathogenetic mechanisms underlying exosome transport across the blood—brain barrier, the
delivery of their protein and RNA cargo to target parenchymal cells, and their effects on
morphological and functional alterations in internal organs following TBI, particularly after mild
injury.

A more comprehensive understanding of these mechanisms will not only facilitate the
development of effective therapeutic strategies for the treatment of TBI and its systemic
consequences but may also contribute to the design of novel preventive approaches in the
management of brain trauma. Therefore, further experimental studies aimed at elucidating these
fundamental mechanisms are essential for establishing the scientific basis required for the safe
and effective clinical translation of MSC-derived exosome therapy for traumatic brain injury.

Conclusions

1. MSC-derived exosomes represent a promising and rapidly evolving therapeutic
strategy for the treatment of TBI and its systemic consequences.

2. Further experimental studies are required to elucidate their mechanisms of action,
biodistribution, and interactions with target cells in both the central nervous system and

peripheral organs.

References

1. Dewan MC, Rattani A, Gupta S, Baticulon RE, Hung Ya-C, Punchak M. et al.
Estimating the global incidence of traumatic brain injury. J Neurosurg. 2018; 130(4): 1080-
1097. doi: 10.3171/2017.10.JNS17352.

2. Capizzi A, Woo J, Verduzco-Gutierrez M. Traumatic Brain Injury: An Overview
of Epidemiology, Pathophysiology, and Medical Management. Med Clin North Am. 2020;
104(2): 213-238. doi: 10.1016/j.mcna.2019.11.001.

3. Maas AIR, Menon DK, Manley GT, AbramsM, Akerlund C, Andelic N. et al.
INTBIR Participants and Investigators. Traumatic brain injury: progress and challenges in
prevention, clinical care, and research. Lancet Neurol. 2022; 21(11): 1004-1060. doi:
10.1016/S1474-4422(22)00411-2.

4. Moroz VM, Shandra OA, Vastyanov RS, Yoltukhivsky MV, Omelchenko OD.
Physiology. Vinnytsia : Nova Knyha, 2016: 722.

5. Werner C, Engelhard K. Pathophysiology of traumatic brain injury. Br J
Anaesth. 2007; 99(1):4-9. doi: 10.1093/bja/aem131.



6. Kalashnikov VY, Oros MM, Stoyanov OM, Vastyanov RS, Melnik YuV.
Features of cerebral blood flow reactivity in patients with post-traumatic epilepsy. World
Journal of Applied Medical Sciences. 2026; 3(3): 32-34. doi: 10.65336/WJAMS.2026.3304

7. Masel BE, DeWitt DS. Traumatic brain injury: a disease process, not an event.
J Neurotrauma. 2010; 27(8):1529-40. doi: 10.1089/neu.2010.1358.

8. Vastyanov RS, Kirchev VV, Muratova TM, Kashchenko OA, Vastyanova OV,
Tatarko SV. et al. Comparative analysis of motor and emotional behavioral disorders in
conditions of experimental chronic ischemic and chronic convulsive syndromes. World of
Medicine and Biology. 2021; 2(76): 183-188. doi: 10.26724/2079-8334-2021-2-76-183-188

9. Vastyanov RS, Stoyanov AN, Demidov VM, Bylsky DV, Antonenko SA,
Nescoromnaya NV. et al. Traumatic and hypoxic damages: common pathogenetic
mechanisms. Journal of Education, Health and Sport. 2016; 6(9): 285-304.

10.  Zhang H, Zhang X, Chai Y,. Wang Y, Zhang J, Chen X. Astrocyte-mediated
inflammatory responses in traumatic brain injury: mechanisms and potential interventions.
Front Immunol. 2025; 16: 1584577. doi: 10.3389/fimmu.2025.1584577.

11.  Savytskyi IV, Frenkel SM, Vastyanov RS, Stoyanov OM, Dobrovolskyi VV,
Zayats LM. et al. Changed convulsive sensitivity of animals after mild brain trauma in
conditions of generalized seizure activity. World of Medicine and Biology. 2023; 4(86): 217-
222. doi: 10.26724/2079-8334-2023-4-86-217-222

12.  Loane DJ, Kumar A. Microglia in the TBI brain: The good, the bad, and the
dysregulated. Exp Neurol. 2016; 275-3(3): 316-327. doi: 10.1016/j.expneurol.2015.08.018.

13. Muzio L, Viotti A, Martino G. Microglia in Neuroinflammation and
Neurodegeneration: From Understanding to Therapy. Front Neurosci. 2021; 15:742065. doi:
10.3389/fnins.2021.742065.

14.  Gaddam SS, Buell T, Robertson CS. Systemic manifestations of traumatic brain
injury. Handb Clin Neurol. 2015; 127:205-18. doi: 10.1016/B978-0-444-52892-6.00014-3.

15.  Probst C, Mirzayan MJ, Mommsen P, Tegeder T, Geerken L, Maegele M. et al.
Systemic inflammatory effects of traumatic brain injury, femur fracture, and shock: an
experimental murine polytrauma model. Mediators Inflamm. 2012; 2012:136020. doi:
10.1155/2012/136020.

16.  Vastyanov RS, Stoyanov OM, Dobrovolskyi VV, Plakida OL, Talalayev KO,
Babienko VV. et al. Monoaminergic neurotransmission activity modulation could activate the
compensatory-adaptation capacities in conditions of experimental brain trauma. World of
Medicine and Biology. 2024; 3(89): 214-219. doi: 10.26724/2079-8334-2024-3-89-214-219



17. Ming GL, Song H. Adult neurogenesis in the mammalian brain: significant
answers  and  significant  questions. Neuron. 2011, 70(4):687-702. doi:
10.1016/j.neuron.2011.05.001.

18.  Gage FH, Temple S. Neural stem cells: generating and regenerating the brain.
Neuron. 2013; 80(3): 588-601. doi: 10.1016/j.neuron.2013.10.037.

19.  Adugna DG, Aragie H, Kibret AA, Belay DG. Therapeutic Application of Stem
Cells in the Repair of Traumatic Brain Injury. Stem Cells Cloning. 2022; 15:53-61. doi:
10.2147/SCCAA.S369577.

20.  Zhang K, Jiang Y, Wang B, Li T, Shang D, Zhang X. Mesenchymal Stem Cell
Therapy: A Potential Treatment Targeting Pathological Manifestations of Traumatic Brain
Injury. Oxid Med Cell Longev. 2022; 2022:4645021. doi: 10.1155/2022/4645021.

21.  Chen C, Hu N, Wang J, Xu L, Jia 4, X-L, Fan X. et al. Umbilical cord
mesenchymal stem cells promote neurological repair after traumatic brain injury through
regulating Treg/Thl7 balance. Brain Res. 2022, 1775:147711. doi:
10.1016/j.brainres.2021.147711.

22.  Xiong Y, Mahmood A, Chopp M. Emerging potential of exosomes for treatment
of traumatic brain injury. Neural Regen Res. 2017; 12(1): 19-22. doi: 10.4103/1673-
5374.198966.

23.  Zhang Y, Chopp M, Meng Y, Katakowski M, Xin H, Mahmood A. et al. Effect
of exosomes derived from multipluripotent mesenchymal stromal cells on functional recovery
and neurovascular plasticity in rats after traumatic brain injury. J Neurosurg. 2015; 122(4):856-
67. doi: 10.3171/2014.11.JNS14770.

24.  Liu X, Wu C, Zhang Y, Chen S, Ding J, Chen Z. Hyaluronan-based hydrogel
integrating exosomes for traumatic brain injury repair by promoting angiogenesis and
neurogenesis. Carbohydr Polym. 2023; 306: 120578. doi: 10.1016/j.carbpol.2023.120578.

25.  Zhang ZW, Wei P, Zhang GJ, Yan J-X, Zhang S, Liang J. et al. Intravenous
infusion of the exosomes derived from human umbilical cord mesenchymal stem cells enhance
neurological recovery after traumatic brain injury via suppressing the NF-xB pathway. Open
Life Sci. 2022; 17(1):189-201. doi: 10.1515/biol-2022-0022.

26.  Moghassemi S, Dadashzadeh A, Sousa MJ., Vlieghe H, Yang J, Leon-Félix CM,
et al. Extracellular vesicles in nanomedicine and regenerative medicine: A review over the last
decade. Bioact Mater. 2024; 36: 126-156. doi: 10.1016/j.bioactmat.2024.02.021.



27. Chen Y, LiJ, Ma B, , Li N, Wang S, Sun Z. et al. MSC-derived exosomes
promote recovery from traumatic brain injury via microglia/macrophages in rat. Aging (Albany
NY). 2020; 12(18):18274-18296. doi: 10.18632/aging.103692.

28.  Ghosh S, Garg S, Ghosh S. Cell-Derived Exosome Therapy: A Novel Approach
to Treat Post-traumatic Brain Injury Mediated Neural Injury. ACS Chem Neurosci. 2020;
11(14):2045-2047. doi: 10.1021/acschemneuro.0c00368.

29. Khan NA, Asim M, ElI-Menyar A, Biswas KH, Rizoli S, Al-Thani H. The
evolving role of extracellular vesicles (exosomes) as biomarkers in traumatic brain injury:
Clinical perspectives and therapeutic implications. Front Aging Neurosci. 2022; 14:933434. doi:
10.3389/fnagi.2022.933434.

30.  Abedi M, Hajinejad M, Atabi F, Sahab-Negah S. Exosome Derived from Human
Neural Stem Cells Improves Motor Activity and Neurogenesis in a Traumatic Brain Injury
Model. Biomed Res Int. 2022; 2022:6409346. doi: 10.1155/2022/6409346.

31.  Vaughn MN, Winston CN, Levin N, Rissman RA, Risbrough VB Developing
Biomarkers of Mild Traumatic Brain Injury: Promise and Progress of CNS-Derived Exosomes.
Front Neurol. 2022; 12: 698206. doi: 10.3389/fheur.2021.698206.

32.  Zhuang Z, Liu M, Luo J, Zhang X, Dai Z, Zhang B. et al. Exosomes derived
from bone marrow mesenchymal stem cells attenuate neurological damage in traumatic brain
injury by alleviating glutamate-mediated excitotoxicity. Exp Neurol. 2022; 357:114182. doi:
10.1016/j.expneurol.2022.114182.

Author's contributions:

Conceptualization, (Appelhans O.L.); methodology, (Appelhans O.L., Toporova
0.K)); formal analysis, (Prus 1.V.); data curation, (Prus R.V..); writing - original draft
preparation, (Prus 1.V.); writing - review and editing, (Prus L.V., Prus R.V.); supervision,
(Appelhans O.L.).

All authors read and agreed with the publish version of the manuscript.

Funding

This research received no external funding.

Institutional Review Board Statement

Not applicable



Informed Consent Statement

Not applicable

Data Availability Statement
Not applicable

Conflicts of Interest
Author declares no conflict of interest.

10



