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pre-clinical studies: A systematic review and meta-analysis
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Abstract. The present systematic review and meta-analysis
aimed to evaluate the efficacy of mesenchymal stromal cells
(MSCs) and MSC-derived exosomes administered in the
acute phase after traumatic brain injury (TBI), comparing
neurological, histopathological and biochemical outcomes
in pre-clinical models. For this purpose, pre-clinical studies
involving MSCs or MSC-derived exosomes administered
to animal models of TBI were reviewed. The present study
analyzed functional outcomes, lesion volume and cognitive
recovery. Meta-analytic techniques (RevMan Web) were used
to calculate effect sizes for each outcome. A total of 46 studies
were included with 1,558 animals for analysis. Both MSC-based
therapies and MSC-derived exosomes significantly improved
neurological function [pooled mean difference (MD), -2.09;
95% confidence interval (CI), -3.06 to -1.13; P<0.0001],
cognitive performance (pooled MD, -16.72; 95% CI, -22.87
to -10.58; P<0.00001) and reduced lesion volume (pooled
MD, -0.15; 95% CI, -0.16 to -0.14; P<0.00001). Subgroup
analyses revealed that MSC-derived exosomes, particularly
intravenously administered, had the largest effects on cogni-
tive recovery and lesion volume reduction. High heterogeneity
(I2=100%) was observed due to variations in study designs,
intervention types and delivery routes. On the whole, as
demonstrated herein, MSC-based therapies and MSC-derived
exosomes demonstrate significant neuroprotective effects in
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TBI, with intravenous MSC-derived exosomes exhibiting the
most promising results. These findings highlight the role of
paracrine mechanisms in MSC-mediated neuroprotection and
support further investigations into cell-free therapies for the
treatment of TBI.

Introduction

Traumatic brain injury (TBI) remains a leading cause of
mortality and long-term disability worldwide, particularly
among young adults and military personnel (1,2). In 2019, an
estimated 27-69 million new cases occurred globally, with
the highest burden in low- and middle-income countries (3).
Acute TBI initiates primary mechanical injury followed by
secondary cascades including neuroinflammation, blood-brain
barrier disruption, excitotoxicity, oxidative stress and progres-
sive neuronal loss (4,5). Despite extensive research, no
pharmacological agent has yet proven unequivocal efficacy in
large phase III trials, leaving supportive care and surgery as
standard management (6,7).

Mesenchymal stromal cells (MSCs) and their secreted
exosomes have emerged as promising regenerative and immu-
nomodulatory therapeutic candidates for acute TBI (8,9).
MSCs exert pleiotropic effects primarily through paracrine
mechanisms (anti-inflammatory cytokines, neurotrophic
factors and extracellular vesicles) (10,11). Exosomes, small
membrane-bound vesicles (30-150 nm) containing proteins,
lipids and nucleic acids, can cross the blood-brain barrier,
modulate microglial polarization, reduce apoptosis, promote
angiogenesis and enhance endogenous repair processes
without the risks associated with cell engraftment (12-15).

Pre-clinical rodent studies using controlled cortical impact
or fluid percussion models have consistently demonstrated
that MSCs and MSC-derived exosomes, administered <7 days
post-injury, significantly reduce lesion volume and cerebral
edema, while preserving neurological function and improving
cognitive outcomes (13,16,17). These beneficial effects
appear to be mediated predominantly by immunomodulation
and restoration of blood-brain barrier integrity (13,18,19).
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Early-phase clinical trials evaluating intravenous (IV) or
intracerebroventricular (ICV) MSC administration in patients
with severe TBI have reported preliminary safety and signals
of efficacy (20,21). However, the clinical translation of
exosome-based therapy remains in its infancy, with no regis-
tered trials specifically addressing acute TBI as of 2024, at
least to the best of our knowledge (22).

Despite the growing body of evidence, considerable
heterogeneity exists regarding cell/exosome source, dose,
timing, route of administration and outcome measures across
studies. Furthermore, systematic synthesis comparing the rela-
tive efficacy and safety of whole MSCs vs. their exosomes in
acute TBI has not yet been performed, at least to the best of our
knowledge. Such an analysis is critical to guide clinical trial
design and regulatory decision-making.

Therefore, the objectives of the present systematic review
and meta-analysis were the following: i) To comprehensively
evaluate the efficacy of MSCs and MSC-derived exosomes
administered in the acute phase following TBI in pre-clinical
(animal) studies; ii) to quantitatively compare neurological,
histopathological and biochemical outcomes between MSC
and MSC-derived cell-free-based interventions; and iii) to
identify optimal therapeutic parameters and knowledge gaps
for future translational research.

Data and methods

International prospective register of systematic reviews
(PROSPERO) registration. The present systematic review was
prospectively registered in PROSPERO (CRD420251236846)
under the title ‘Mesenchymal Stromal Cells and MSC-Based
Cell-Free as Acute Traumatic Brain Injury Therapy:
Systematic Review and Meta-Analysis of preclinical studies’.
The protocol is publicly available at https:/www.crd.york.
ac.uk/PROSPERO/view/CRD420251236846. All methods
were pre-defined in the registered protocol to minimize
reporting bias and ensure methodological transparency. Any
deviations from the protocol will be clearly documented in the
final publication.

Literature search strategy. A systematic literature search was
conducted on November 21, 2024 across four major electronic
databases: PubMed, MEDLINE, Scopus and Cochrane
Library. The search combined controlled vocabulary (MeSH)
and free-text keywords with Boolean operators. The search
utilized a combination of MeSH terms and free-text keywords
as demonstrated in Table I.

To ensure comprehensive coverage, reference lists of
retrieved articles were manually screened through backward
and forward citation searching for additional relevant studies.
To capture contemporary evidence, the search was restricted
to studies published over the past decade (January 1,2015 to
the search date) with no language restrictions. The review was
written and published in English.

Inclusion and exclusion criteria. Studies were included if they
metall of the following: Investigated MSCs and/or MSC-derived
exosomes (MSC-derived cell-free products, conditioned
medium) administered <7 days post-injury (defined as the
acute phase, aligned with the secondary injury cascade in

TBI); pre-clinical in vivo animal models of TBI (any severity
or model); and reported quantitative data for at least one
pre-defined efficacy outcome (Fig. 1). Comparators comprised
vehicle, sham, saline, or standard care. Both randomized and
non-randomized study designs were included. The timing of
administration was extracted from the Methods section of each
study and independently verified by two reviewers (DRA and
AP) to ensure compliance with the <7-day criterion. Articles
not meeting these criteria were excluded (non-traumatic brain
injury models, in vitro-only studies and reviews).

Screening and selection process. The initial search yielded a
broad range of articles, which were filtered based on publica-
tion year, relevancy and study type. Of note, two reviewers
(C and TS) independently screened the titles and abstracts
of all records identified through the systematic search and
manual reference checking. Full-text reports of any record
considered potentially relevant by at least one reviewer (C)
were retrieved and independently evaluated for inclusion
by the same two reviewers (DRA and AP). Any discrepan-
cies between reviewers (DRA and AP) during title/abstract
screening or full-text assessment were first resolved by discus-
sion. Persistent disagreements were adjudicated by a third
reviewer (C). Exclusions at the full-text stage were catego-
rized and recorded. A PRISMA flow diagram was created to
illustrate the study selection process (Fig. 1).

Data extraction and synthesis. Selected articles with key data
were systematically extracted, including the title and authors
of the articles, year of publication, study objectives and meth-
odology, sample size and study population (animal species
demographics), intervention details (MSC and/or exosome
source, route of administration), comparators, and key findings
related to efficacy and safety outcomes. Primary outcomes
were the following: i) Neurological function: Assessed by the
modified neurological severity score (mNSS; score 0-18, lower
scores indicate better function); ii) cognitive performance:
Evaluated using the Morris water maze (MWM) test (typically
reported as mean escape latency in seconds or percentage time
spent in the target quadrant); iii) histopathological outcome:
Lesion volume (mm?), hematoxylin and eosin staining or
magnetic resonance imaging (MRI).

Statistical analysis. Data were extracted independently by
two reviewers (C and TS) using a standardized Excel form.
Disagreements were resolved by discussion or a third reviewer
(O). Extracted items included study details, intervention char-
acteristics, sample sizes and results. Continuous outcomes data
were used directly or converted as the mean and SD. Graphs
were digitized using WebPlotDigitizer (v4.5) when needed
and sensitivity analyses tested earliest or all time points. Data
synthesis was conducted using RevMan Web, aggregating
quantitative data for the meta-analysis where applicable, using
random-effects models. Heterogeneity was assessed with
I2. Authors were contacted to provide any required data not
available in published reports.

Data analysis and interpretation. Extracted data were
analyzed to identify recurring themes, magnitude of treatment
effects, optimal therapeutic parameters and research gaps.
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Table I. Key word search strategy and strings.

Database Search term

Pubmed (‘Brain Injuries, Traumatic’ OR ‘traumatic brain injury’ OR TBI) AND (‘Mesenchymal Stem Cells’ OR
‘mesenchymal stromal cells’ OR MSC OR ‘Exosomes’ OR ‘extracellular vesicles’ OR ‘conditioned medium’)
AND (acute OR ‘acute phase’ OR ‘early administration’ OR ‘7 days’OR ‘<7 days’)

MEDLINE (‘Brain Injuries, Traumatic’ OR ‘traumatic brain injury’ OR TBI) AND (‘Mesenchymal Stem Cells’ OR
‘mesenchymal stromal cells’ OR MSC OR ‘Exosomes’ OR ‘extracellular vesicles’ OR ‘conditioned medium’)
AND (acute OR ‘acute phase’ OR ‘early administration’ OR ‘7 days’OR ‘<7 days’)

Scopus TITLE-ABS-KEY (‘traumatic brain injury’ OR TBI) AND (‘mesenchymal stem cells’ OR ‘mesenchymal
stromal cells” OR msc OR exosomes OR ‘extracellular vesicles’ OR ‘conditioned medium’) AND (acute OR
‘acute phase’ OR ‘early administration’ OR ‘within 7 days’ OR ‘<7 days’)

Cochrane (‘Brain Injuries, Traumatic’ OR ‘traumatic brain injury’ OR TBI) AND (‘Mesenchymal Stem Cells’ OR

Library ‘mesenchymal stromal cells’ OR MSC OR ‘Exosomes’ OR ‘extracellular vesicles’) AND (acute OR
‘acute phase’ OR ‘early administration’)

)
g Total records identified from databases (N = 118,874):
-
- —
S =eapos (N'=13,164) Records duplicate
E PubMed (N = 103,998) » removed (N =11,182)
‘é Mediine (N = 1,673)
= Cochrane library (N = 19)
=) + Records excluded (N = 104,431)
- Title and abstract irrelevant to
Records after duplicates removed > MSC, MSC cell-free therapy, or
g8 (N =107,692) preclinical TBI (N = 89,754)
‘s - Publication year outside between
3 2015-2025 (N = 14,677)
)
n Records screened

(N'=3,261) Full-text articles unavailable online
— (N = 392)

3 l

. . Full-text articles excluded, based on inclusion
é Full-text articles assessed criteria (N = 2,823)

= for eligibility > o .

50 (N = 2,869) - Not preclinical (in vivo) animal models of
5 TBI (N =1,137)

- Did not use MSC or MSC-derived cell-
free products (N = 943)
= - No extractable outcome data (N = 468)

- Not original research (reviews, editorials,
conference abstracts only) (N = 742)

Included

Studies include in quantitative synthesis
(N = 46)

—

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of the study selection process for the present
systematic review.
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Similarities and differences across pre-clinical and clinical
studies were evaluated to assess the translational potential of
MSCs and/or MSC-derived exosomes administered within
7 days following TBI. Meta-analytic techniques included
the calculation of pooled effect sizes with 95% confidence
intervals (CIs) for continuous outcomes (standardized mean
difference) and dichotomous outcomes (risk ratio), with hetero-
geneity assessed using the I? statistic. Subgroup analyses based
on study type, intervention (MSC vs. exosome), timing, dose,
route and TBI severity, along with funnel plot assessments for
publication bias, were conducted to strengthen the validity of
conclusions. The certainty of findings was assessed using the
Cochrane RoB Tools 2.0 checklist to assess the risk of bias
within the studies included in the present systematic review.
The assessment was integrated into the systematic review
and meta-analysis process, which adheres to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) protocols and The Cochrane Handbook. This
approach ensures a rigorous evaluation of the evidence,
aligning with the standards of high-quality systematic reviews
that employ established criteria to determine confidence in the
body of evidence for key outcomes.

Risk of bias and certainty of evidence. Risk of bias was
assessed independently by two reviewers (C and TS) using
SYRCLE's tool for animal studies. Domains were rated
low, high, or unclear risk. Disagreements were resolved
by consensus or a third reviewer (C). Certainty for primary
outcomes (mMNSS, MWM, lesion volume) was evaluated
using an adapted GRADE approach for pre-clinical studies
and the results are shown in Table SI. Beginning from ‘high’,
downgrades were applied for risk of bias (SYRCLE), inconsis-
tency (high I%), indirectness, imprecision and publication bias
(funnel plots/Egger's test).

Results

A total of 118,874 records were identified through database
searching (Scopus, PubMed, Medline, and Cochrane Library).
The PRISMA diagram of the study selection process is
illustrated in Fig. 1. Duplicate entries were removed, titles
and abstracts were screened, and records irrelevant to MSC,
MSC-derived cell-free therapy, or pre-clinical TBI models
were excluded; additional exclusions were due to unavailable
full texts and failure to meet the inclusion criteria. Ultimately,
46 studies were included in the quantitative synthesis (Fig. 1).

Within this final set of studies, 27 pre-clinical studies that
evaluated MSC-based cellular therapies in animal models of
TBI were identified; these are presented in Table II (23-49). In
addition, 19 pre-clinical studies that investigated MSC-derived
cell-free products (such as exosomes or conditioned medium)
were identified; these are presented in Table III (12,13,50-66).
On the whole, these pre-clinical studies provide the core data
for comparing the efficacy of whole-cell MSC therapy and
MSC-derived cell-free approaches on functional outcomes,
lesion volume, and relevant histopathological and molecular
markers.

The total number of animals across all 46 included studies
was 1,558; not all studies reported every primary outcome
(Fig. S1): The mNSS was reported in studies contributing

Figure 2. Characteristics of the 46 preclinical studies, with (A) MSC therapy
vs. cell-free therapy; and (B) injection route from all studies. MCS, mesen-
chymal stem cell; IN, intranasally; IR, intra-retrobulbar; IP, intraperitoneal;
TA, intra-arterial; TV, intravenous; ICV, intracerebroventricular.

403 animals; MWM outcomes were available from studies
with 408 animals; and lesion volume data came from studies
involving 403 animals. This discrepancy arises as some studies
measured only one or two of the three primary outcomes.
All analyses were restricted to studies providing the relevant
outcome data, ensuring transparency.

Characteristics of the pre-clinical studies. The key char-
acteristics of the included interventions are summarized in
Fig. 2. Among the 46 pre-clinical studies, a greater propor-
tion of experiments used MSC-based cell therapy than
MSC-derived cell-free products (59 vs. 41%; Fig. 2A). As
regards the delivery route, almost half of the interventions
were administered IV (48%), followed by ICV injection in
40% of the studies (Fig. 2B). Only a small minority used
alternative routes, such as intranasal delivery (6%) or other less
frequently applied approaches (intra-arterial, intraperitoneal
and intra-retrobulbar; <2% each), indicating that the current
pre-clinical evidence is dominated by systemic IV and ICV
administration strategies.

Risk of bias. The SYRCLE risk-of-bias assessment across
all 46 included pre-clinical studies is summarized in Fig. 3.
Overall, the majority of studies had at least one domain with
an unclear or high risk of bias. In total, 43% of the assessments
were rated as low risk, 53.5% as unclear risk and 3.5% as high
risk. Domains related to random sequence generation, alloca-
tion concealment, random housing and blinding of caregivers
or investigators were predominantly judged as unclear risk due
to insufficient reporting. By contrast, the domains of incom-
plete outcome data, selective reporting and other sources of
bias were mostly assessed as low risk.

Publication bias. The visual inspection of funnel plots for
the three main outcomes is illustrated in Fig. 4. For mNSS
(Fig. 4A), the funnel plot appeared mildly asymmetric, with a
relative paucity of small, imprecise comparisons reporting null
or detrimental effects and a cluster of small studies favoring
MSC-based therapies, suggesting the presence of small-study
effects and possible publication bias. A similar pattern of
moderate asymmetry was observed for lesion volume (Fig. 4C),
where several imprecise studies reported very large reduc-
tions in lesion size without a corresponding number of small
studies showing neutral effects. By contrast, the funnel plot
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Figure 3. Risk of bias assessment with SYRCLE of (A) from all MSC and MSC-derived cell-free therapy studies; (B) percentage of high risk (red), unclear risk

(yellow), low risk (green). MCS, mesenchymal stem cell.

for MWM (Fig. 4B) was more symmetric around the pooled
effect line, providing no strong visual evidence of publication
bias. Nevertheless, given the high between-study heterogeneity
and the experimental nature of the included studies, all pooled
estimates should be interpreted with caution, particularly for
mNSS and lesion volume.

Stratified meta-analysis. The meta-analysis was then strati-
fied by outcome domain. For global neurological function,
92 comparisons reporting mNSS were pooled. Using a

random-effects model with the Hartung-Knapp adjustment,
MSC-based and MSC-derived cell-free therapies significantly
reduced mNSS scores compared with the control (95%
CI; P<0.0001; I’=100%), indicating improved neurological
recovery. The corresponding pooled and stratified effects are
presented in Fig. 5.

For cognitive performance, 51 comparisons reporting
MWM outcomes were combined. The pooled analysis
demonstrated substantially lower (improved) MWM scores
in the treatment groups than in the controls [overall mean
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Figure 4. Funnel plots for all groups for (A) the modified neurological severity score, (B) Morris water maze test, and (C) lesion volume. MD, mean difference.

A Experimental Control Mean difference Mean difference Experimental Control Mean difference difference
Study or Subgroup Mean [SMD] SDSMD) _Total Mean [SMD] SD[SMD] Total Weight IV, Random, 95% CI [SMD] IV, Random, 95% CI[SMD) _Study or Subgroup Mean [SMD] SD[SMD] Total Mean [SMD] SD[SMD] Total  Weight IV, Random, 95% CI[SMD] IV, Random, 95% CI [SMD]
1.1.1 Modifled Neurologlcal Sovarlty Score (mNSS) C 113MsCICV
Bonilla Horcajo et al. 2018 2205 44818 12 an 3.1035 10 1.0% 18.28(15.10, 21.46] — Bondla Horcajo et al. 2018 2205 44818 12 an 3.1035 10 1.0% 18.28(15.10, 21.46) —
Danilina et al. 2017 633 0.4488 7 369 04238 19 1% 264(226.302) Deng ot al.2017 36 084 10 95 1.08 10 1% -5.90(-6.75 , -5.05)
Deng ot al 2017 16 084 10 95 1.08 0 11% 5,90 -6.75. -5.05] Fuotal. 2015 263 10328 3 419 039 3 1% 1.56(-2.81,-0.31) -4
Feng etal. 2017 147 01538 35 184 02482 s L% 0.37(047,027) Haootal. 2019 401 0495 6 626 0361 6 1% -225(:274,-1.76) -
Fuetal. 2015 263 10328 3 419 0394 3w -1.56(281,-031) - Huotal 2018 a7 o 6 533 052 6 1% -1.16(-1.69,-0.63] 1
Guo et al. 2017 398 0.3698 15 1093 0.6986 15 1% 6.95(-7. -6.55] Huetal 2019 623 1.3961 6 802 12515 6 1% ~1.79(-3.29, -0.29) )
Haoetal. 2019 401 04s5 6 626 0361 6 1% 225(:2.74.,1.76] Huang etal. 2021 674 06185 8 86 04153 8 % 186 (:2.38.-1.34) )
Hu otal. 2018 497 041 6 533 052 6 1% “1.16(-1.69. 0.63) Uetal. 2021 178 043% L] 275 02198 6 11% 097136, 0.58)
Hu etal. 2019 623 1.3961 6 802 12515 6 11% ~1.79(-3.29, -0.29) -1 Ma et al. 2021 344 14445 18 456 13333 8 1% -1.12(-203.-0.21)
Huang otal 2021 674 06186 8 86 04153 8 1% 1.86(:2.38, 1.34) . Shen et al. 2016 26 12 6 41 08 6 11% 1.50 (-2.65 , -0.35) 4
Uetal. 2017 312 50842 10 458 25325 10 10% 146497, 205] — Song ot al. 2020 763 06311 2 1283 0573 224 1% 5.20(-5.54 . 4.86)
Uetal 2019 378 5065 0 458 25325 0 10% 080(-431,271] -+ Tork ot al. 2025 58 08 5 92 09 5 1% -3.40(-4.46., -2.34) -
Uetal 2021 178 0439 6 275 02198 6 1% 0.97[1.36, 0.58) Wuetal. 2019 654 62006 10 808 58823 10 08% 154684, 3.76] .~
Uu et al. 2023 6.1 07 30 108 1 30 1% 4.70(-5.14, 4.26) Yan ot al. 2019 376 04984 13 67 onn 13 1% +294(-3.26,-262) ’
Maetal 2021 344 1445 8 456 1333 18 1% 112203, 021) Subtotal (HKSJ) 13 31 154% -1.02(4.25,2.20] L 3
Nietal 2018 161 10659 7 253 14486 7 1% 082225, 041] Tost for overal effect: T = 0,68, df = 13 (P = 0.51)
Qlan etal. 2024 a2 07 3 12 130 1% -13.00(1347,-1259 Heterogenety: Tau* (REMLY) = 26.96; Ch¥* = 57253, af = 13 (P < 0.00001): ' = 100%
Shen ot al. 2016 26 12 6 4 08 6 1% +1.50(-2.65., 0.35) -
Siachov otal. 2015 674 104097 9 428 70465 M 06% 246(:555,1047) —t— D 114MSCIV
Siachov atal, 2015, 99 84805 8 428 Tues M 07% 562(-162.1286] — Daniina etal. 2017 633 04488 7 369 04238 19 1% 264(226,302)
Song et al. 2020 763 06311 2 1283 0573 % 1% 5.20-5.54 . 4.86] Feng ot al. 2017 147 01538 38 184 02482 B 1% 037047 ,0.27)
Tork et al. 2025 58 08 5 92 09 5 1% -3.40(4.46,-2.34) - Guo ot al. 2017 398 0.3698 15 1093 0.6986 15 1% -6.95(-7.35, -6.55)
Turzo et al. IVr 2015 422 03916 " 419 021 " 11% 0.03(-022,0.28) Hao ot al. 2019 40 0495 6 626 0361 6 11% ~225(-2.74 . -1.76) -
Wuetal. 2019 654 6.2006 10 808 5.8823 10 08% ~1.54(-6.84 . 3.76) -_ Uetal 2017 32 5.0842 10 458 25325 10 1.0% ~1.46(-4.97, 2.05) -1
Xu etal. 2020 a7 1.8582 6 634 15215 6 1% <317 (-5.09, -1.25) - Uetal. 2019 378 5.065 10 458 25325 10 1.0% -080(-4.31.271) -T
Yan et al. 2019 are 0.4984 3 67 03171 13 % +2.94(-3.26.-262) . Silachev et al. 2015 674 104097 9 428 7.1465 n 06% 246(-5.55,10.47) gumnd
Znang ot al. 2015 193 04835 8 527 04352 8 11% 3343 89] . Turzo etal. IVr 2015 422 03916 i 419 02rm "% 0.03(-0.22,028)
2Znang et al. 2017 192 05729 8 54 06547 8 1% 3.48(4.08, -2.88) - Subtotal (HKSJ) 106 120 83% 113(3.68,1.43) L
2Znang et al. 2020 176 04534 8 6.19 06769 8 1% 4.43(4.99,-387) . Test for overall effect: T = 1.04, af = 7 (P = 0.33)
2Znang ot al. 20212 233 14835 8 607 14352 8 1% 374517, -231) - Heterogenelty: Tau® (REMLY) = 8.91; Ch¥* = 1330.37, df = 7 (P < 0.00001); I = 100%
Znang ot al. 2024 51 09 20 105 1 20 1% 5.40(:5.99, 4.81]
Subtotal (HKSJ%) 366 381 334% 1.98(3.74,-0.22) * E 1.1.5 Collree.
Test for overall effect: T = 2.30, of = 30 (P = 0.03) Lu ot al. 2023 6.1 07 30 108 1 30 1% ~4.70(-5.14 , 4.26)
Heterogeneity: Tau* (REMLD) = 20.85; Ch* = 5573.26, of = 30 (P < 0.00001); I* = 100% Nietal 2019 161 1.0659 7 253 14486 7% -092(-225.041) 1
B Qian ot al. 2024 42 07 30 72 11 0 1% 13.00(-1347 , -12.53)
1.12MsC Xu etal. 2020 37 1.8582 6 634 15215 6 1% -3.17(-5.09, -1.25) =)
Bonila Horcajo ot al. 2018 205 44m8 2 377 31035 10 10% 18.28(15.10,21.46] —  Znngetal. 2015 193 04835 8 527 042 8 1% -334(:3.79,-289) -
Danilina ot al. 2017 633 0.4488 ¥ 369 04238 19 1% (226.302) 2Znang et al. 2017 192 05729 8 54 0.6547 8 1% +3.48(-4.08, -2.88) #:
Dong ot a1 2017 36 084 10 95 1.08 0 1% -5.90(-6.75 . -5.05] Znang ot al. 2020 176 0454 8 619 06769 8 1% 4.43(4.99,-387) -
Feng otal. 2017 147 0.1538 35 184 02482 33 1% -0.37 -0.47,,-0.21) 2Znang et al. 20213 233 1.4835 8 607 14352 8 1% -374(-5.17,-231) =
Fuetal. 2015 263 1.0328 3 419 03934 3 % +1.56(-2.81,-0.31) - Znang ot al. 2024 51 09 20 105 1 20 1% -540(-5.99 . -4.81) .
Guoetal. 2017 398 0398 15 1093 0696 15 11% 6.95(-7.35,6.55] Subtotal (HKSJ%) 125 125 102% 472(731,212) *
Hao et al. 2019 401 0485 6 626 0361 6 1% 225274, -1.76) Tost for overal ofect: T =4.19, df = 8 (P = 0.003)
Huetal 2018 47 o4t 6 53 052 6 1% 1.16(-1.69, 0.63] Heterogonely: Tau* (REMLY) = 11.26; Chi* = 1201.39,df = 8 (P < 0,00001); " = 99%
Hu etal. 2019 623 1.3961 6 802 12515 6 1% ~1.79(-329,-0.29] -
Huang ot al 2021 674 06186 8 86 04153 8 1% 186238134 . F 116 Call-Froo ICV
Uotal. 2017 312 50842 10 458 25325 10 10% 146497, 208] - Uuetal 2023 6.1 o7 30 108 1 0 1% 4.70(:5.14 , 4.26) B
Uetal. 2019 378 5.065 10 458 25325 10 1.0% -0.80[-4.31.271] -t Qian et al. 2024 42 07 30 1”2 AR 30 11% -13.00(-1347 ,-12.53) .
Uetal. 2021 178 0439 6 275 02198 6 1% -0.97(+1.36.0.58] 1 Subtotal (HKSJ%) L 0 23% 2856158, 43.65)  E—
Ma et al. 2021 344 14445 18 456 13333 18 1% ~1.12(-2.03.-021] Tost for overall effect: T =213, af = 1 (P = 0.28)
Shen ot al. 2016 26 12 6 a1 08 6 1% -1.50(-2.65, 0.35) B Hotorogonelty: Tau' (REML) = 34.39; Chi* = 647.87, df = 1 (P < 0.00001); I' = 100%
Silachev ot al. 2015 674 104097 9 428 7.1465 1 06% 2.46(-5.55, 1047] —_
Song et al. 2020 763 06311 2 1283 0573 24 1% 5.20[5.54, 4.86] G 1.1.7 Cell-Froe IV
Tork et al. 2025 58 08 5 92 09 5 1% 3,40 (-4.46, -2.34] Nietal. 2019 161 1.0659 7 253 14486 7% 092(-225.041) 4
Turzo ot al. IVr 2015 42 03916 " 419 0211 " 11% 0.03(-0.22,0.28) Xu et al. 2020 a7 1.8582 6 634 15215 6 11% -3.17(-5.09, -1.25) -
Wu et al. 2019 654 62006 0 808 58823 10 08% 154 (6.84, 3.76] o 2Znang et al. 2015 193 04835 8 527 04352 8 1% -334(:379. -289)
Yan etal. 2019 376 04984 3 67 03N 13 1% 294326, -262) Znang et al. 2017 192 05729 8 54 06547 8 1% -348(4.08, -2.88) L
Subtotal (HKSJ%) 2 s 26% 038(3.19,1.22) r Znang ot . 2020 176 0454 8 619 06769 8 1% 4.43(4.99,387) -
Test for overall effect: T =0.93, df = 20 (P = 0.36) Znang ot al. 20218 233 14835 8 607 14352 8 1% 374617, 231) -
Heterogeneity: Tau® (REMLY) = 21.34; Chi* = 2476.35, df = 20 (P < 0.00001); I = 100% 3 0 0 v 2 Zhang et al. 2024 5.1 09 20 105 1 20 1% +5.40(-5.99, -4.81) b
o Subtotal (HKSJ3) 65 6 79% 2.58(484,-2.32) )
Test for overall offoct: T = 6.95, df = 6 (P = 0.0004)
Heterogeneity: Tau® (REMLD) = 1.57; Ch* = 55.86, df = 6 (P < 0.00001); I* = 92%
Total (HKSJ3) 1088 127 100.0% +2.09(-3.06, -1.13) ‘
Tost for overall ffect: T = 4.31, df = 91 (P < 0.0001) 20 10 o 2
Tost for subgroup diferonces: ChY* = 15.00, df = 6 (P = 0.02), I = 60.0% oxperimontal  control

Heterogenety: Tou* (REML) = 19.79; Ch¥* = 16719.17, of = 91 (P < 0.00001); I = 100%

Figure 5. Forest plots demonstrating mean effect size and 95% CI values of mNSS for (A) all routes from MSC and cell-free groups; (B) MSC groups; (C) MSC
ICV route groups, (D) MSC IV route groups, (E) cell-free groups, (F) cell-free ICV route groups, and (G) cell-free IV route groups. CI, confidence interval;
mNSS, modified neurological severity score; MCS, mesenchymal stem cell; ICV, intracerebroventricular; IV, intravenous.

difference (MD), -16.72; 95% CI, -22.87 to -10.58; P<0.00001;
1’=100%], these findings are presented in Fig. 6. For struc-
tural brain damage, 50 comparisons reporting lesion volume
were analyzed and a robust reduction in lesion volume was
observed in the treated animals compared with the controls
(overall MD, -0.15; 95% ClI, -0.17 to -0.14; P<0.00001;
1°=98%) (Fig. 7). Overall, across neurological deficit (mNSS),
cognition (MWM) and lesion volume, stratified analyses
consistently favored MSC-based or MSC-derived cell-free
therapies in pre-clinical TBI models, albeit with considerable
between-study heterogeneity.

Subgroup analysis (cell-based vs. cell-free and route of admin-
istration). Subgroup analyses were then performed according
to product type (MSC vs. MSC-derived cell-free products) and

route of administration (ICV, IV or other routes). For mNSS,
subgroup analyses suggested that the magnitude of benefit
varied across intervention types (test for subgroup differences:
P=0.02; I’=60%). As shown in Fig. 5, larger pooled improve-
ments for MSC-derived cell-free products were observed
in mNSS (MD, ~-4.7) compared with MSC-based cellular
therapies, while the ICV delivery of cell-free products yielded
very imprecise estimates with wide confidence intervals due to
the small number of experiments. Despite this variability, all
subgroups favored treatment over the control.

For MWM, consistent cognitive benefits were observed
across subgroups as shown in Fig. 6. Both MSC-based and
cell-free interventions, delivered either ICV or IV, improved
MWM performance to a similar extent, and the test for
subgroup differences was not significant (P=0.78; I*’=0%).
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Experimental Control Mean difierence Mean difference Experimental Control Mean difference Mean difference
Study or Subgroup Mean ) Total  Mean sD Total  Weight 1V, Random, 95% CI IV, Random, 95% CI Study or Subgroup Mean S0 Total  Mean  SD Total  Weight IV, Random, 95% CI IV, Random, 95% CI
A 1.2:1 Morris Water Maze Score 124MSCIV
Deng etal 2017 1081 1083 10 384 378% 10 20% -27.59[-30.03,25.15] = Guoetal. 2017 2461 83333 15 8613 14473 15 20% -61.52(-69.97,-53.07) -
Guo etal. 2017 2461 83333 15 8613 14473 15 20% -61.52(-69.97 ,-53.07] - Kota et al. 2016 2862 16.3077 6 3846 15077 6 1.7% -9.84[-27.61,7.93) —t
Kota et al. 2016 2862 163077 6 3846 15077 6 17%  -9.84[-27.61,7.93] — Uetal. 2019 52 1265 10 2 632 10 20%  2000(11.24,2876) -
Uetal. 2019 52 1265 10 32 632 10 20% 20.00(11.24,28.76] - Shietal. 2018 3852 4.6693 8 10856 12.841 8  20% -70.04[-79.51,-60.57) _
Uetal. 2021 996 1132 6 2242 11321 6 20% -12.46(-13.74,-11.18] Yuan et al. 2020 2154 46154 8 2974 92308 8 20% -820(-1535,-105] —
Liu etal. 2023 48 1643 30 58 1643 30 20% -10.00(-18.31,-1.69] — Znou etal. 2016 42 586 10 321 62 10 20%  1210(6.92,17.28)
Uu etal. 2025 45 824 1 65 93 1 20% -20.00(-27.34 ,-12.66] - Subtotal (Wald?) 57 ST 1M.7% -19.58 [49.89,10.73] <
Maetal. 2021 305 14287 18 18 09292 18 20% 1.25[0.46 , 2.04] Test for overall effect: Z = 1.27 (P = 0.21)
Penzzaroetal. 2019 7683 25.1338 10 81.09 26.3604 10 16% -4.26(-2683,18.31) —_— Heterogeneity: Tau* (REML) = 1407.70; ChF* = 411.67, df = § (P < 0.00001); I* = 99%
Shietal. 2018 3852 46693 8 10856 12841 8 20% -7004(7951,6057)  —
Xu etal. 2020 1923 14.1421 6 3162 11.7669 6 18% -1239[27.11,233] — E 1.2.5 Cellfree
Yan etal. 2019 634 05199 10 205 06211 10 20%  429(4.79,-379) Liuetal. 2023 48 1643 30 58 1643 30 20% -10.00(-18.31,-1.69] -
Yuan et al. 2020 2154 46154 8 2074 92308 8 20% -820[-1535,-105] — Liu etal. 2025 45 824 1 65 93 1 20% -2000(-27.34,-12.66) —
Znang et al. 2017 2507 3.8854 8 4416 3.8648 8  20% -19.09(-22.89,-1529] - Xu et al. 2020 19.23 14.1421 6 3162 11.7669 6 1.8% -12.39(-27.11,2.33] —
2Zhang et al. 2020 20.18 17737 8 3502 92732 8 20% -14.84(:21.38,-8.30) - Znang etal. 2017 2507 38854 8 4416 3.8648 8 20% -19.09[-22.89,-1529) -
Znang etal. 2021a 8 48 8 s5 48 8 20% -27.00[-31.70,-22.30) - Znang et al. 2020 20.18 17737 8 3502 92732 8  20% -14.84[-21.38,-8.30) -
2Zhou etal. 2016 442 56 10 321 62 10 20%  1210(6.92, 17.28] = Znang etal. 2021a 8 48 8 55 48 8 20% -27.00(-31.70,-2230) -
Zhuang etal. 2023 195 708 22 48 1031 22 20% -2850(-33.73,-2327) - Zhuang et al. 2023 195  7.08 22 48 1031 22 20% -2850(-33.73,-23.27) -
Subtotal (Wald?) 204 204 353% -16.59(-26.80,-6.38] * Subtotal (Wald?) 93 93 13.9% -19.75[-24.94,-14.57) (3
Test for overall effect: Z = 3.18 (P = 0.001) Test for overall effect: Z = 7.47 (P < 0.00001)
Heterogenelty: Tau* (REMLD) = 467.65; Chi* = 1377.37, df = 17 (P < 0.00001); I* = 100% Heterogenelty: Tau* (REMLD) = 35.98; Chi* = 26.60, df = 6 (P = 0.0002); I* = 79%
B 122MsC F 1.2.6 Cell free IV
Deng etal.2017 1081 1.083 10 384 37894 10 20% -27.59[-30.03.-25.15) N Xu etal. 2020 19.23 14.1421 6 3162 11.7669 6 1.8% -1239[-27.11,233) —
Guo etal. 2017 2461 83333 15 8613 14473 15 20% -61.52(-69.97,-53.07] - Znang etal. 2017 2507 38854 8 4416 3.8648 8 20% -19.09(-22.89,-15.29] -
Kota etal. 2016 2862 163077 6 3846 15077 6 17%  -984(-27.61,7.93 - Znang et al. 2020 2018 17737 8 3502 92732 8 20% -14.84(-21.38,-830] -
Uetal. 2019 52 1265 10 2 63 10 20%  20.00(11.24,28.76] — Znang et al. 2021a 8 48 8 55 48 8 20% -27.00(-31.70,-2230) -
Uetal. 2021 996 1132 6 2242 11321 6 20% -12.46(13.74,-11.18] Zhuang et al. 2023 195 708 22 48 1031 22 20% -2850(-33.73,-23.27) -
Maetal. 2021 305 14287 18 18 09202 18 20% 1.25[0.46, 2.04] Subtotal (Wald3) 52 52 9.9% -2148[-27.35,-1561] *
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Figure 6. Forest plots demonstrating mean effect size and 95% CI values of MWM for (A) all routes from MSC and cell-free groups; (B) MSC groups; (C) MSC
ICV route groups, (D) MSC 1V route groups, (E) cell-free groups, and (F) cell-free IV route groups. CI, confidence interval; MWM, Morris water maze test;
MCS, mesenchymal stem cell; ICV, intracerebroventricular; I'V, intravenous.

Expermental Contl Experimental Contol
Mean dfrence Mean diference Wean cference Vean dference
Study o Subgroup Mean  SD  Toal  Mean  SD  Toal  Weight IV,Random,95%Cl v, Random, 95% CI Study or Subgroup Mean  SD  Toll  Mean SO Toal  Weight 1V, Random, 95°% CI 1V, Random, 95% CI
A 1.3.1 Leslon Volume D 1.34MSC IV
Dl 6L oL 2017 28 11 ) 10 00k, 1230{4891; 680 = Danilina et al. 2017 725 74 7 88 89 19 00% -1230(-1891,-569] —
Hu etal. 2019 727 0906 5 1035 16106 3 00% -3.08 [-5.07 , -1.09) 495 a2 s 515 48 5 0.0% -20.00(-75.91,3591]
Huang et a. 2021 3299 241921 5 4471 35604 5 00% -1172(-1538.-806] - 05 45 S S18 48 5 Q0% 1000eTer.47sn
(et cuts e 42 B SIS e 5 DOK.a0000/5d], 081 37 3245 9 52291083 1 00% -1500(-4230,1230] ]
Uetal. 2017. 505 45 5 515 48 5 00% -10.00(67.67,47.67) — 0 18 7 23 14 17 00% -300(1384,784] -
Penzzaoelal.2019 12358 31246 10 10668 18005 10 00% 16.90(-545,3925) +— wmmwan 022 00172 & 031 0002 8 192% -009(0.11,-007)
Pischiutta et al. 2025 185 38 8 24 42 8 00% -5.50[-9.42,-1.58) -l Subtotal 51 65 192%  -0.09[0.11,-0.07)
Qian et al. 2024 155 02 20 235 018 20 08% -080[092,-068) Tostfor oversh ofoct: 2734 P <0.00001)
Silachev et al. 2015 37 3245 9 52 29.1033 n 0.0% -15.00 [-42.30 , 12.30) S—— Heterogenelty: Chi* = 15.13, df = 5 (P = 0.010); I* = 67%
Siachev otal. 2015, 0 26 8 52291033 1 00% -1200(3592, 1192 —_
Turtzo et al. ICh2015 20 18 17 23 14 17 00% -3.00(-13.84,7.84) E 1.3.5 Cell Free
Turtzo et al. ICr 2015 % 7 12 29 21 12 00% 100(1429,1629) Fothmea 202 05 98 8 24 42 8 00K SSOfed.-isy £
Tunzoeval; IV 2010 » Z B B T E U AR . Qian etal. 2024 15 02 20 235 018 20 08% -080(052,-068)
Tortzo st sl 2015 $ 2 W 0 W I 00K 200Fi1290:090 Sl Wen et al. 2022 051 00168 5 07 00282 5 135% -019[022,-0.6]
Wen et al. 2022 051 00168 5 07 00282 5 135% -019(022,-0.16] nangetal.2021ta 1732 15503 8 1773 12621 8  00% 0410180088
Wuetal. 2019 053 12385 6 041 1.2855 6 00% 0.12(-1.31,1.55) Znang et al. 2021b 72 09 8 95 0.85 8 00% 230(-3.16 , -1.44]
Yuan ot al. 2020 022 00172 8 031 00302 8 192% -009(0.11,-007) Tt e 2058 %2 o8 2 s 12 2 ook sotas. 1o
2Zhang et al. 2021a 1732 1.5503 8 1773 12621 8 00% -0.41(-1.80,0.98) Subtotal 7 1 143%  -0.24[-0.27,-021)
Znang et al. 20210 72 09 8 95 085 8 00% -230(316,-144) Tostfor overal et Z= 17,06 (P < 0.00001)
2Zhuang et al. 2023 92 08 22 168 12 2 00% -7.60(-8.20 , -7.00) Heterogenelty: Chit = 700.25, df = 5 (P < 0.00001); I = 99%
Subtotal 194 209 336%  -0.16[-0.17,-0.14)
Test for overall effect: Z = 16.75 (P < 0.00001) T —
HOr g Rt S5 2 Al 10, (P< R00001); F Weneta.2022 051 00168 5 07 00282 5 135% -019(022,-0.16]
Zhang et al. 20212 17.32 15503 8 1773 12621 8 00% -0.41-1.80,0.98]
B 132MsC Znang et al. 2021b 72 09 8 95 08 8 00% -230(3.16,-144)
Danilina et a. 2017 s 7 7 88 89 19 00% -1230(1891,-569) - Znsang $18L. 2023 92 08 2 188 12 2 oo% .T60[820,.700)
Hu etal. 2019 7271 0906 5 1035 1.6106 3 00% -3.08[5.07,-1.09] Subtotal 43 43 135% -0.21[0.24,-0.18)
Huang et al. 2021 3299 21821 5 4471 35604 5 00% -1172(-1538,-806) - Testfor overill ect:Z = 14.28 (P <0.00001)
Uetal. 2017 495 42 5 515 48 5  00% .00 [ ,3591) Heterogenelty: Chi* = 602.36, df = 3 (P < 0.00001); I = 100%
Uetal. 2017. 45 5 515 48 5 00% -10.00 [-67.67 , 47.67)
Penzzaoelal. 2019 12358 31246 10 10668 18005 10 00% 16.90(545,3925) s o o1 0% SATERSA50
Siiachev et al. 2015 37 3245 9 52 29.1033 n 0.0% -15.00 [-42.30 , 12.30) S
Turzo et a. ICh2015 0 18 7 23 14 17 00% -300[1384.784) - St o o e 27 9 P <0000y R R
Vi stel. 2010 o83 123 ) o 905  CREMI Test for subgroup differences: ChF = 115.46, df = 5 (P < 0.00001), I = 95.7% experimental  control
Yuan et al. 2020 022 00172 8 031 0002 8 192% -009(0.11,-007) Holeropensly: CHP = 2370,64, & 49 (P <0.00001); P 90%
Subtotal ” 89 193%  -0.09(0.12,-0.07)
Test for overall effect: Z = 7.41 (P < 0.00001)
Heterogenelty: Chi* = 64,81, df = 9 (P < 0.00001); I = 86%
C 133 MSCICV
Hu etal. 2019 727 0906 5 1035 16106 3 00% -3.08[5.07,-1.09)
Huang et al. 2021 3299 21921 5 4471 35604 5 00% -11.72(-15.38,-8.06) -
Peruzzaro et al. 2019 123.58 31.2346 10 10668 18.0056 10 00% 16.90[-5.45, 39.25] S——
Wuetal. 2019 053 12385 6 041 12855 6 00%  012(131,155
Subtotal 26 24 00% -1.90(-3.01,-0.80)
Test for overall effect: Z = 3.38 (P = 0.0007)
i A o E
Heterogeneiy: Chi* = 39.34,df = 3 (P < 0.00001); ¥ = 92% o 2570 25 %0

Figure 7. Forest plots demonstrating mean effect size and 95% CI values of lesion volume for (A) all routes from MSC and cell-free groups; (B) MSC groups,
(C) MSC ICV route groups, (D) MSC IV route groups, (E) cell-free groups, and (F) cell-free IV route groups. CI, confidence interval; MCS, mesenchymal stem
cell; ICV, intracerebroventricular; IV, intravenous.

This finding suggests that, for cognitive recovery, the benefi-
cial effect is relatively robust to the choice of MSC product
type and delivery route.

For lesion volume, subgroup analyses revealed clearer

differences between modalities (test for subgroup differences:
P<0.00001; 1’°=95.7%), As shown in Fig. 7, MSC-derived

cell-free therapies produced the largest reductions in lesion
volume, particularly when delivered intravenously (pooled
MD, -0.21 to -0.24), whereas MSC-based cellular therapies
exhibited, minimal, but still significant effects (pooled MD,
-0.09). Nevertheless, each subgroup exhibited a shift in favor
of treatment compared with the control, indicating that both
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MSC and MSC-derived cell-free approaches confer structural
neuroprotection, with cell-free products, particularly via IV
administration, tending to provide the greatest lesion-reducing
effect.

Taken together, these subgroup findings support a consistent
neuroprotective signal across different MSC-based strategies,
while also suggesting that MSC-derived cell-free products
and IV delivery may be particularly promising for optimizing
functional and structural outcomes after experimental TBI.

Heterogeneity and interpretation. All primary outcomes
exhibited high heterogeneity (I’=98-100% for mNSS, lesion
volume and MWM)), typical in pre-clinical TBI meta-analyses
due to variations in animal species, TBI models, injury severity,
MSC/exosome sources, isolation methods, doses, administra-
tion routes (IV vs. ICV) and follow-up durations. Sensitivity
analyses (leave-one-out analysis) confirmed that pooled
estimates remained directionally consistent and significant in
favor of treatment, with no single outlier dominating the results
(Figs. 5-7). Pre-specified subgroup analyses by product type
(MSC vs. cell-free) and route (IV vs. ICV vs. other) partially
accounted for heterogeneity; notably, IV cell-free interven-
tions showed larger effects on lesion-reducing effect (subgroup
difference P<0.05 for lesion volume). Residual heterogeneity
remained high within subgroups, likely due to unmeasured
factors such as exosome characterization and preconditioning.

Meta-regression was not conducted owing to insufficient
studies per covariate and a very high baseline heterogeneity.
The most robust conclusion is the consistent directional benefit
across diverse pre-clinical settings: MSC-based therapies
and, particularly I'V. MSC-derived (exosomes) demonstrate
clear neuroprotective signals in neurological function, cogni-
tion, and lesion volume. These results underscore paracrine
mechanisms and emphasize the urgent need for standardized
protocols in future pre-clinical studies to facilitate clinical
translation.

Discussion

MSC and cell-free efficacy on functional outcomes. In the
present meta-analysis, 403 animals contributed mNSS data
(194 experimental and 209 controls). Across all product types
and routes, MSC-based interventions significantly improved
global neurological function following experimental TBI, as
shown by a lower mNSS in treated animals (P<0.0001). This
indicates a consistent neuroprotective effect on composite
motor, sensory, reflex and balance deficits, and aligns with
pre-clinical studies in which systemic MSC administration
upregulated neurotrophic factors [brain-derived neurotrophic
factor (BDNF), vascular endothelial growth factor (VEGF)
and nerve growth factor (NGF)] in the peri-lesional cortex,
reduced apoptosis, and improved behavioral recovery (12).
The overall neuroprotective effect is largely attributable to
paracrine mechanisms, whereby MSCs secrete anti-inflamma-
tory cytokines, neurotrophic factors and extracellular vesicles
that modulate the post-injury microenvironment without
requiring long-term cellular engraftment. MSC-derived
exosomes, as key paracrine mediators, carry bioactive cargo
including proteins (BDNF and VEGF for neuroprotec-
tion and angiogenesis) and miRNAs (miR-133b for axonal
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growth and synaptic plasticity, miR-216a-5p for inhibiting
neuroinflammation via BDNF pathways, miR-124-3p for
suppressing Rela/Apolipoprotein E to mitigate neurodegenera-
tion). Recent studies (2024-2025) confirm that these cargoes
enable exosomes to cross the blood-brain barrier efficiently,
deliver targeted payloads to neurons and glia, and regulate
transcriptional/translational processes for repair (67,68).

Immunomodulation is central. Exosomes shift microglial
polarization from pro-inflammatory M1 (iNOS, TNF-a, IL-1§3
and IL-6) to reparative M2 phenotype (Arg-1, CD206 and
IL-10), downregulating NF-kB/MAPK pathways and reducing
oxidative stress/apoptosis (68,69). The study by Liu et al (67)
highlighted exosomal miR-133b and miR-22 upregulation
under hypoxic conditions to facilitate nerve repair, while
Xiong et al (68) emphasized neurorestoration via anti-apop-
totic and anti-inflammatory cargo. These mechanisms
explain greater mNSS improvements with cell-free products,
particularly IV exosomes, as they provide concentrated,
standardized delivery without cell survival issues (8,10-12).
Beyond immunomodulation, both MSCs and MSC-derived
exosomes attenuate neuronal apoptosis, promote angiogenesis,
support neurogenesis and enhance synaptic plasticity, all of
which contribute to the restoration of cortical and subcortical
networks that mediate motor and sensory functions (11,12).
These effects align with the longstanding view that MSCs
exert their therapeutic effects predominantly through para-
crine signaling rather than direct cell replacement, a concept
supported by accumulating pre-clinical and early clinical
evidence in TBI (13,70).

However, high heterogeneity (I>=100%) substantially limits
the precise interpretation of pooled estimates. Sources include
variability in TBI models controlled cortical impact (CCI) and
fluid percussion injury (FPI), injury severity, MSC sources
(bone marrow vs. umbilical cord), exosome isolation/char-
acterization methods, doses, timing (<7 days), routes (IV vs.
ICV) and follow-up durations. This heterogeneity reflects
real-world translational challenges, but also underscores the
robustness of directional benefits across diverse settings (70).
Future studies are required to standardize protocols Minimum
Information for Studies of Extracellular Vesicles (MISEV)
guidelines for exosome characterization, consistent dosing in
particle number or protein content) to reduce variability and
facilitate meta-regression or clinical trial design. Sensitivity
analyses confirmed directional consistency, but residual
heterogeneity within subgroups suggests unmeasured factors
(preconditioning, miRNA cargo profiling) as key contributors.

Although almost all point estimates favored treatment
over control, statistically significant gains were driven mainly
by MSC-derived cell-free preparations, particularly when
delivered intravenously, whereas MSC subgroups exhibited
similar directions, but wider confidence intervals. This pattern
suggests that IV cell-free products, particularly exosomes,
may provide larger and more reliable benefits, likely due to
better bioavailability and targeted immunomodulation.

MSC and cell-free efficacy on cognitive outcomes. For cogni-
tive outcomes, 408 animals with MWM data were included.
Cognitive recovery is a central target for TBI therapies, and tje
pooled MWM analysis revealed that MSC-based interventions
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significantly improved spatial learning and memory compared
with the controls, despite marked between-study heteroge-
neity (P<0.00001; I°=100%). This indicates that, at a global
level, MSC-centered strategies do not only reduce gross
neurological deficits, but also confer measurable benefits on
higher-order functions that rely on hippocampal integrity and
neuroplasticity.

Both MSCs and MSC-derived cell-free products act on
multiple levels of hippocampal circuitry. Pre-clinical TBI
research has demonstrated that intravenous MSC-derived
exosomes enhance spatial learning by increasing dentate
gyrus neurogenesis (BrdU*/DCX* and BrdU*/NeuN* cells),
promoting synaptic plasticity (upregulation of GAP-43,
synaptophysin and PSD-95), and reducing neuronal loss
in CA1-CA3, changes that parallel improved MWM
performance (50). BDNF-induced MSC exosomes further
augment these effects by delivering miR-216a-5p and
other neurotrophic cargos that support neuronal survival
and dendritic complexity, thereby accelerating recovery
of spatial learning following TBI (13). In parallel,
hypoxia-preconditioned MSCs promote oligodendrogen-
esis and remyelination, restore white-matter integrity, and
activate mTOR/HIF-10/VEGEF signaling, which together
improve network connectivity and result in better cognitive
outcomes in MWM testing (42).

Cell-free preparations appear particularly effective
as they concentrate the paracrine signals that drive
hippocampal plasticity. MSC-derived exosomes modu-
late microglial phenotypes in the hippocampus, shifting
from pro-inflammatory M1 to anti-inflammatory M2 via
miR-181b/IL-10-STAT?3 signaling, leading to reduced IL-1§,
IL-6 and TNF-a, less synaptic pruning, and improved MWM
performance (13,52,54). Other exosomal cargos, such as
the long non-coding RNA MALATI have been shown to
activate pro-regenerative and synaptogenic pathways, and
to attenuate chronic neuroinflammation when delivered
intranasally following TBI, again translating into improved
motor and cognitive scores (62). Together with broader
evidence that MSC-based therapies enhance neurogenesis,
angiogenesis and network-level plasticity across neurological
models, these data provide a biological rationale for the
finding of the present study that the majority of MSC-based
and MSC-derived cell-free interventions improve spatial
learning and memory, with the most robust and consistent
cognitive gains arising from standardized exosome-based
strategies (71).

Subgroup analyses revealed that almost all point esti-
mates favored treatment, indicating a broadly consistent
trend toward better MWM performance with both MSC
and MSC-derived cell-free products. However, statistically
significant improvements were largely driven by the cell-free
subgroup (P<0.00001), whereas MSC subgroups (overall
MSC, MSC-ICV and MSC-IV) exhibited effects in the same
direction but failed to reach conventional significance (all
P>0.05), reflecting wide confidence intervals and substantial
heterogeneity. The test for subgroup differences was not
significant (P=0.78, I’=0%), meaning that confidence inter-
vals overlapped and formal interaction testing does not prove
clear superiority of one modality over another. Practically,
these findings suggest that the majority of MSC-based and

cell-free strategies tend to improve cognitive performance,
with the strongest and most statistically robust signal arising
from cell-free interventions. This aligns with the concept
that post-TBI cognitive recovery depends heavily on synaptic
remodeling, neurogenesis and network-level plasticity driven
predominantly by the paracrine cargo of MSC-derived
secretome and extracellular vesicles, while the very high
overall heterogeneity and variable methodological quality
emphasize the need for more standardized MWM protocols,
predefined treatment timing, and rigorous blinding in future
pre-clinical studies.

MSC and cell-free efficacy on structural outcomes. For
structural outcomes, 403 animals contributed lesion volume
data, with 194 animals in the experimental groups and 209 in
the control groups. Lesion volume provides a structural corre-
late of tissue preservation and is closely linked to long-term
functional outcome following TBI. The meta-analysis
demonstrated a very robust and highly significant reduc-
tion in lesion volume in animals treated with MSC-based
interventions compared with controls (P<0.00001, 1*’=98%).
This magnitude of effect indicates that MSC-centered strate-
gies consistently limit the extent of brain tissue loss across
diverse experimental models, injury severities, and treatment
protocols.

At the subgroup level, a markedly coherent pattern was
observed: All subgroups (lesion volume, MSC, MSC-ICV,
MSC-1V, cell-free and cell-free IV) exhibited highly signifi-
cant reductions in lesion size (P<0.001). Thus, in contrast to
the more variable statistical significance observed in mNSS
and MWM, the structural endpoint of lesion volume exhibited
a uniformly strong treatment signal across both cell-based
and cell-free approaches. Nevertheless, the test for subgroup
differences was highly significant, with very high heteroge-
neity between subgroups (P<0.00001, 1°=95.7%), indicating
that the magnitude of neuroprotection is not identical for all
modalities.

This structural protection is consistent with pre-clinical
evidence that MSCs and their extracellular vesicles primarily
act by limiting secondary injury cascades in the peri-lesional
‘penumbra’ rather than reversing the primary mechanical
damage (72). MSC-derived exosomes rapidly reach the
injured cortex and hippocampus, where they modulate
microglia/macrophage polarization from a pro-inflammatory
M1 phenotype to a reparative M2 state, downregulating iNOS
and pro-inflammatory cytokines, while upregulating Arg-1 and
CD206 (12). By dampening neuroinflammation and oxidative
stress, these vesicles reduce apoptotic cell death in neurons
and oligodendrocytes and thereby preserve viable tissue,
which translates into smaller cavitary lesions on histology and
MRI (13,68).

In parallel, MSCs and MSC-derived extracellular
vesicles enhance neurovascular remodeling and white-matter
integrity, two additional processes that constrain lesion
expansion. Hypoxia-preconditioned bone marrow-derived
MSCs promote remyelination and reduce white-matter injury
via mTOR/HIF-la-dependent pathways, leading to reduced
overall lesion volume in mice with TBI (42). MSC/EV
therapies also stimulate angiogenesis and restore blood-brain
barrier integrity, which decreases edema and secondary
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Figure 8. Illustration of the key findings of the present study demonstrating different administration routes of MSCs and exosomes, which affect: (A) Functional
outcomes (mNSS), (B) cognitive outcomes, and (C) structural outcomes (lesion volume) in rodent models of traumatic brain injury. MCS, mesenchymal stem
cell; mNSS, modified neurological severity score; MWM, Morris water maze test.

ischemic damage in the peri-contusional zone (73,74).
Complementary data from broader extracellular vesicle
research indicate that stem cell-derived exosomes can lower
cortical and hippocampal water content and lesion volumes,
while protecting against mitochondrial oxidative stress and
apoptosis (75).

The findings of the present study are summarized by the
illustration in Fig. 8 demonstrating different administration
routes of MSCs and exosomes in rodent TBI models (IN, ICV
and IV) and their effects on functional, cognitive and struc-
tural outcomes. Across all three panels, the bars indicate that
MSC-derived cell-free products, particularly when adminis-
tered IV, tend to produce the greatest improvement compared
with whole-cell MSC therapy.

Although the present meta-analysis revealed consis-
tent neuroprotective effects of MSC-based therapies and
MSC-derived exosomes in acute pre-clinical TBI models, trans-
lation to clinical practice remains challenging, with no registered
trials specifically for acute TBI using MSC-derived exosomes
as of 2025. Key barriers include the lack of standardization in
exosome production, characterization and cargo consistency
(MISEV guidelines), undefined optimal dosing, therapeutic
window (<7 days in rodents vs. variable human timing),
administration route (IV most promising), and long-term safety
concerns (low immunogenicity). To advance translation, future
efforts should prioritize large-animal models for better bridging
to humans, standardized protocols, multicenter pre-clinical
studies with long-term follow-up, and early-phase human trials
focused on safety, biodistribution, and biomarkers (73).

In line with previous pre-clinical TBI meta-analyses,
high statistical heterogeneity limits precise interpretation of
pooled effect sizes, arising from variations in animal species,
TBI models, injury severity, MSC/exosome sources, doses,
routes, timing and follow-up durations; residual heteroge-
neity suggests unmeasured factors; thus, estimates should be
viewed as directional summaries rather than protocol-specific
predictions (73). The risk of bias (SYRCLE tool) was often
unclear or high (43% low risk), particularly in randomization,
blinding and allocation concealment, potentially inflating
positive effects as indicated by funnel plot asymmetry.
Translational limitations include fundamental differences
between rodent models and human TBI (smaller brain size,
distinct neurovascular/immune responses, absence of comor-
bidities such as age or polytrauma, and species-specific
biodistribution/blood-brain barrier penetration), compli-
cating direct extrapolation. Despite these constraints, the
consistent directional benefit across settings supports the
paracrine neuroprotective potential of MSC and exosome
therapies, warranting standardized protocols for improved
reproducibility and clinical relevance.

In conclusion, the present systematic review and meta-anal-
ysis demonstrates that MSC-centered interventions provide
consistent neuroprotective effects in pre-clinical models of
traumatic brain injury. Across the included experiments,
treatment groups exhibited lower neurological deficit scores,
improved performance on cognitive testing, and smaller lesion
volumes than controls, indicating improvement at functional,
cognitive and structural levels. Stratified and subgroup analyses
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further suggested that MSC-derived cell-free products, partic-
ularly when administered intravenously, tended to yield larger
and more precisely estimated benefits than whole-cell MSC
preparations, particularly for cognitive recovery and lesion
volume reduction. Taken together, these findings support a
predominant role of paracrine mechanisms in MSC-mediated
neuroprotection and identify intravenously delivered cell-free
MSC therapies as the most promising MSC-based strategy in
current pre-clinical TBI research.
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