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Background: Spinal cord injury (SCI) often leads to severe motor and sensory
impairments, and current treatment methods have not achieved complete
neural repair. In recent years, exosomes have become a research focus in
the treatment of nerve injuries due to their important roles in intercellular
information transfer, immune regulation, and neural repair. Our study conducts
a scientometric analysis to map the research landscape related to exosomes in
SCI.

Methods: Articles and reviews related to exosome in SCI were retrieved from
the Web of Science Core Collection and Scopus. Analysis was conducted using
Microsoft Excel 2021, CiteSpace (6.4.R1), VOSviewer (1.6.18), the R software
(4.4.3) bibliometrix package, etc.,

Results: Since 2018, the number of publications has rapidly increased. Fan
Jin is the most academically influential author in the field, while Cai Weihua's
research has received widespread recognition from researchers. China is
the leading contributor among the 32 countries/regions. Among the 708
institutions, Central South University and Zhejiang University are the primary
supporters. Journal of Nanobiotechnology is the most influential journal
in this field, with Neural Regeneration Research and Cells also making
significant contributions. Keyword analysis focuses on “mesenchymal stem
cells,” “inflammation,” “cell therapy,” “axonal regeneration,” “functional recovery,”
“neuroinflammation,” “neurodegeneration,” “ ferroptosis,” “pyroptosis,” and
“precision medicine” emphasizing cellular therapies for tissue repair. Emerging
topics like "nanoparticles” show significant potential in SCI treatment, further
enhancing regenerative medicine approaches.

Conclusion: Our study show that the growing global interest in exosome-based
therapies for SCI, marking an important step in understanding their preclinical
potential. These therapies show promise in promoting neuroprotection, axonal
regeneration, and modulating inflammation. Moving forward, future research
will focus on further exploring the integration of exosome therapies with
advanced drug delivery systems and regenerative medicine, aiming to enhance
SCI treatments and tailor recovery strategies in preclinical models.
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1 Introduction

The incidence and prevalence of Spinal cord injury (SCI)
have significantly increased globally, becoming a serious medical
and social burden (Lu et al, 2025). Currently, the treatment
methods for SCI mainly include acute phase treatment,
Acute
phase treatment relies on steroids to reduce inflammation

surgical treatment, medication, and rehabilitation.
(Liu et al, 2019), surgical treatment alleviates spinal cord
pressure through decompression and stabilization (Bagnall et al.,
2008; Maas et al, 2021), medication uses neuroprotective
drugs and antispasmodics to relieve inflammation and
spasms (de Sousa et al, 2022; Fehlings et al., 2023), and
rehabilitation improves function through physical therapy
2016;
Yang et al, 2022). However, these treatment methods have
limited
significant challenges.

and neuromuscular electrical stimulation (Harvey,

effectiveness, and recovery from SCI still faces

Exosomes are a type of nanoscale membrane vesicle secreted
by various cells (such as immune cells, stem cells, tumor cells, etc.),
with a diameter typically ranging from 40 to 100 nm. They are
widely present in body fluids such as blood, urine, and breast milk
(Simpson et al., 2008). Exosomes play a pivotal role in intercellular
communication by facilitating the transfer of bioactive molecules,
including proteins, lipids, mRNA, and miRNA, to recipient cells
(Fang W. et al,, 2025). This intercellular trafficking regulates
immune responses, promotes tissue repair and regeneration, and
is implicated in a wide range of physiological and pathological
processes (Wang Y. et al, 2025; Yang W. et al, 2025). Recent
studies have emphasized the therapeutic potential of exosomes
in modulating these processes, making them a focal point of
biomedical research (Simons and Raposo, 2009). Exosomes have
shown significant therapeutic potential in multiple fields, including
neurodegenerative disease (Rehman et al., 2023; Tao and Gao,
2024), cardiovascular diseases (Zhang et al., 2024), tumors (Hu
et al,, 2023; Wang T. et al, 2025; Yang et al., 2024), diabetic
complications (Jiao et al., 2024) and immune-related diseases
(Gangadaran et al., 2023). Exosomes, as an emerging treatment
method for SCI, show significant potential. Research indicates that
exosomes exert various functions such as anti-inflammatory (Singh
et al., 2024), anti-apoptotic (McMullan et al.,, 2025), promoting

Abbreviations: ACSL4, Acyl-CoA Synthetase Long Chain Family Member
4; ACVR1, activin A receptor type 1; Al, artificial intelligence; bFGF,
basic fibroblast growth factor; BMSCs, bone marrow stromal cells;
BSCB, blood-spinal cord barrier; CSPGs, chondroitin sulfate proteoglycans;
DDS, drug delivery systems; IF, impact factors; IL-18, interleukin 1
beta; ISC, ischemia; JCR, Journal Citation Reports; L1CAM, L1 cell
adhesion molecule; LPO, lipid peroxidation; MAPK, mitogen-activated
protein kinase; MCP, Multi-Country Publication; METTL3, methyltransferase
like 3; miRNA, micro ribonucleic acid; MPCs, mesenchymal precursor
cells; mRNA, messenger ribonucleic acid; Mg, macrophages; NESCs,
neuroectodermal stem cells; NgR1, Nogo receptor 1; Nit-MNs, nitric
oxide-loaded microneedles; NLRP3, NOD-like receptor protein 3; NSCs,
neural stem cells; PEG-PCL-ACPP, Polyethylene Glycol-Polycaprolactone-
Activatable Cell-Penetrating Peptide; rFGF4, recombinant fibroblast growth
factor; SCI: spinal cord injury; SCP, Single-Country Publications; TC,
total citation; TMP, tetramethylpyrazine; TNF-a, tumor necrosis factor
alpha; TRIM, tripartite motif containing; TXNIP, thioredoxin interacting
protein; UCMSCs: umbilical cord mesenchymal stem cells; VEGF, vascular
endothelial growth factor; WOS, Web of Science; WoSCC, Web of Science
Core Collection.
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axonal regeneration (Dong et al., 2025), angiogenesis (Zhai et al.,
2025) and myelin repair (Chai et al., 2024) by delivering active
factors like miRNA and proteins (Kim et al., 2024). However, the
role of exosomes in SCI is not solely therapeutic. Research also
indicates that exosomes play a crucial role as “pathological signal
carriers” in the SCI pathology (Singh et al., 2025a). In conclusion,
the role of exosomes in SCI treatment is complex and bidirectional:
on one hand, they promote neural recovery by delivering active
factors; on the other hand, in the pathological context, they
may contribute to the formation of glial scars, thereby inhibiting
neurogenesis. Therefore, precise control of exosome release and
its effects will be an important research direction for the future
treatment of SCL

Bibliometric analysis is a method of quantitatively
analyzing information in a specific field, using visualization
and network technologies to reveal research trends in that
field. Through bibliometric analysis, researchers can quickly
understand the current state of research and predict future
research hotspots (Cooper, 2015). Scientometric analysis, on
the other hand, focuses on the cutting-edge dynamics and
development trends of specific fields or disciplines, aiming
to explore in depth the scientific research progress on a
particular topic, the broader situation in related fields, and
even the entire scientific knowledge system (Chen et al., 2012;
William et al., 2001). The role of exosomes in the treatment
of SCI is a complex and critical research area, but there is
currently a lack of bibliometric and scientometric analysis
on this topic.

To bridge the gap, we conducted a comprehensive bibliometric
analysis of the literature on exosomes and SCI over the past
15 years, systematically mapping the intellectual landscape,
research frontiers, and emerging trends in the field. The goal
of this study is to provide a scientific basis for the treatment
and rehabilitation of SCI through an in-depth analysis of the
role of exosomes.

2 Materials and methods

2.1 Data source

The data for this study were retrieved on 5 June 2025,
using the Web of Science Core Collection (WoSCC) and Scopus
databases. WoSCC search strategy: [TS = spinal cord injury
(Mesh)] AND [TS = (“exosome™” OR “exosomal”)], and Scopus
search strategy: [(spinal cord injury (MeSH)] AND [“exosome™”
OR “exosomal”)]. Duplicate references were removed using R
and Excel, and two types of articles were selected: original
research articles and reviews. A total of 768 relevant papers
were retrieved in this search. All documents were in English.
Additionally, a literature search was conducted in the PubMed
databases (Supplementary Figure 1). According to the exclusion
criteria, we included only “clinical trial” articles and selected
only those published in English. However, the search results
showed that only one article related to clinical trials met our
inclusion criteria.

In this study, we focused on literature related to exosomes,
and our search terms only included the term “exosomes.” We
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did not use the broader term “extracellular vesicles” because our
research is specifically focused on the concept of exosomes. The
term “extracellular vesicles” encompasses a variety of vesicle types,
including exosomes and microvesicles, which could result in an
overly broad search scope.

2.2 Data processing

Data extracted from the Scopus database is converted
into a plain text file format compatible with the Web of
(WOS) database (6.4.R1). The
bibliometric analysis is then conducted on the plain text

Science using CiteSpace
files from both the Scopus and WOS databases, employing
CiteSpace, the in R (4.4.3), and
VOSviewer (1.6.18). A circular Sankey diagram is created

bibliometrix package

using Charticulator to visualize the results of the analysis,
providing a clear representation of the relationships and trends
identified in the data.

2.3 Data analysis

Multiple tools were used to analyze and verify the
data:
clustering, and

CiteSpace was employed for co-occurrence analysis,

emergent analysis; VOSviewer was used
for co-occurrence analysis and clustering; the bibliometrix
package was used for frequency analysis, relational network
Additionally,
(IF), and journal rankings (Q1-Q4) were recorded using the
2021 edition of the Journal Citation Reports (JCR). Excel

was used to create bar charts, line charts, and stacked area

analysis. the journal names, impact factors

charts. Due to differences in the distribution of countries,
fields,
literature from

institutions, journals, and authors across various

and because CiteSpace primarily reviews
the past 5 years, the results from the four tools may differ
slightly. In such cases, the results from the bibliometrix
package were prioritized when discrepancies arose between
the tools. The data quality was verified to be acceptable,
and subsequent analysis was carried out based on these

verified results (Figure 1).

2.4 Terminology clarification

The terms “mesenchymal stromal cells” and “mesenchymal
stem cells” are used interchangeably. While these two terms
they
are often used synonymously in the literature, especially

may have nuanced differences in certain contexts,

in studies related to regenerative medicine and exosome
therapies. For the purpose of this research, both terms refer
to multipotent cells derived from mesenchymal tissues with
regenerative potential, and are treated as equivalent when
discussing their role in exosome-based therapies for spinal cord
injury. This approach ensures consistency in the analysis and
simplifies the presentation of the findings without introducing
unnecessary complexity.
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3 Results

3.1 Study identification and
characteristics

A total of 768 publications were identified and included
in the bibliometric analysis. The growth trend of publications
(Figures 2A, B) illustrates a steady upward trend in annual
publication volume commencing in 2011, with a notably
accelerated growth rate observed after 2018. Publication output
reached its peak in 2024, reflecting sustained and increasing
academic interest in this research domain. Regarding publication
type (Figure 2C), original research articles constituted the majority
(78.5%, n = 603), while review articles represented 21.5%
(n = 165). Regression analysis confirmed the exponential growth
pattern of annual and total number of publications. The total
number of publications exhibits a high determination coeflicient
(R? = 0.9159), further emphasizing the accelerated development of
the literature (Figure 2D).

Bibliometric analysis revealed dynamic growth in spinal
cord injury exosome research from 2011 to 2025, exhibiting
a 28.51% mean annual growth rate with peak productivity
in 2024 (Supplementary Table 1). The corpus demonstrated
strong scholarly impact, reflected by a mean citation rate of
33.74 per document and 53,244 collectively cited references,
while maintaining a recent publication profile (mean document
age: 2.92 years). Collaboration patterns showed clear dominance
of multi-authored works (total authors = 3,586; single-author
publications: negligible), with 8.07% involving international co-
authorship. These metrics confirm rapidly expanding global
scholarship and intensive research collaboration in the field
(Supplementary Table 1).

3.2 Analysis of countries/regions and
institutions

National  bibliometric  analysis ~demonstrates China’s
dominance in both publication output (predominantly Single-
Country Publications/SCP; Figure 3E) and total citation impact
(TC = 11,596; Figure 3C), with the United States ranking second
in production volume while exhibiting a higher Multi-Country
(MCP) Emerging research economies—

including Iran, South Korea, and India—show increasing MCP

Publication ratio.
engagement despite moderate output, whereas developed nations
(e.g., United Kingdom, Germany) maintain characteristically high
MCP levels. Citation distribution reveals Israel’s disproportionate
global influence (TC = 498) and specialized impact from Austria,
South Korea, and Malaysia (Supplementary Table 2). Co-
authorship network visualizations (World Map, Chord Diagram,
Network Analysis; Figures 3A, B, D) confirm China’s pivotal
role in global scientific collaboration, demonstrating robust
partnerships with the United States and European hubs that
collectively drive transformative cross-border scholarship. China’s
academic influence is significant, with a high total citation count,
but its average citations per article are relatively low. This suggests
that while China produces a large volume of research, there is
room for improvement in terms of quality, and greater global
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£ Web of Science Core Collection Search Strategy:
) ((TS=spinal cord injury(MeSH)) AND (TS=("exosome*"OR "exosomal")))
= All languages,all documents, Total Records Identified: n = 494
= Scopus Database Search Strategy:
*E ((spinal cord injury(MeSH)) AND ("exosome*"OR "exosomal"))
% All languages,all documents, Total Records Identified: n = 734
L]
1.NOT: Editorial Material,
Records Screencd: Proceeding Papers, Early
Access, Book Chapters
‘Web of Science: n =494 . . .
£ Scopus: n ~734 2.Written in English.
£ P 3.Published between:
g January 1, 2011, and June 5,
= \ 2025. J
=
=
)
= v
Use R to remove duplicate
Web of science:n=464 literature between these two
Scopus:n=650 databases.
- J
(o)} A 4
c . .
S 768 publications
=) 603 articles
E 165 review articles
Microsoft Excel (2021)
@ CiteSpace (6.2.4R)
; > VOSviewer (1.6.20)
= Bibliometrix (R package)
= Charticulator
< J
4
A 4 4 A A 4 4 A 4 Y
[ Countries ] [Organizations ] [ Authors ] [ Journals ] [ Documents ] [ References ] [ Keywords ]
FIGURE 1

The flowchart for literature search, selection and analysis. T, title, AK, author keywords, AB, abstract.

collaboration is needed. In contrast, the academic systems in the
United States and European countries are well-established, and
although their total citation counts are lower, their research tends
to have a higher impact, reflecting high-quality scholarly output.
Israel and Austria, by focusing on specialized fields, have achieved
disproportionately high global influence (Table 1). Therefore, the
difference in average citations between China and Israel may reflect
not only a difference in quality but also differences in academic
publishing practices, international collaboration, and field-specific
citation norms.

Bibliometrix analysis identified 708 institutions across 32
countries/regions. Central South University led institutional output
(69 publications), demonstrating substantial post-2018 growth
that reflects its rising academic prominence (Figures 4C, D).
Zhejiang University ranked second (63 publications), exhibiting
a synchronized acceleration trajectory indicative of enhanced
research productivity. Nanjing Medical University contributed

Frontiers in Neuroscience

51 publications with analogous expansion patterns, signifying
institutional prioritization of scholarly output. Collaboration
network mapping (Figures 4A, B) confirmed these institutions’
centrality within global research networks, establishing them as key
hubs fostering transformative academic partnerships.

3.3 Analysis of authors and co-cited
authors

Co-authorship network map (Figure 5A) illustrates the author
collaboration network derived from bibliometric analysis, revealing
systematic patterns of scholarly cooperation and academic
influence within the field. The network comprises 14 distinct
clusters, with the core collaborative group centered around
Fan Jin (33 links; total link strength: 131), Liu Wei, and Cai
Weihua. This group demonstrates extensive collaborative reach

frontiersin.org


https://doi.org/10.3389/fnins.2025.1652196
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Fan et al.

10.3389/fnins.2025.1652196

200
10
167
10
143
100
A 127
g w 117
g
5w
2
s
S w
2 63 Lu
5w
P 37
: I
2
. ;o
ol 2 2 1 Ao sm
Years
= Article = Review Article
FIGURE 2
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Growth trends and distribution of publications. (A) Growth trend of publications (the purple bars represent the number of publications, while the
blue line indicates the number of citations.); (B) Cumulative growth trend of publications (the data reveals a steady increase in publications over the
years, with a particularly sharp rise starting in the early 2018's.); (C) Proportion of research articles versus review articles [the blue segment
represents the articles (78.516%), and the red segment represents the review articles (21.484%.)]; (D) Comparison of total and annual number of
publications (the red line shows the total number of publications, and the blue line represents the annual publications. The regression equations and
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and high scholarly output (> 12 publications; > 1,500 collective
citations). High-impact authors include Dietrich W. Dalton
(94 citations per paper) and Chen Jiachen (171 citations per
paper), both exhibiting exceptional normalized citation impact
(peak value: 19.47), underscoring their pivotal contributions.
Emerging researchers like Guest James D. (mean publication
year: 2025), while currently less prolific, show significant
potential. The network topology further reveals divergent research
teams, highlighting both tightly-knit large-scale collaborations
and relatively independent subgroups. These structural insights
elucidate knowledge production dynamics, core research forces,
and evolving scholarly trends in the field.

The co-cited author network map (Figure 5B) reveals
three distinct research clusters, each with its characteristic
collaboration patterns. The red cluster, anchored by Huang, Jh
(citation count: 238) and Liu, W (total link strength: 3,937),
demonstrates the strongest connectivity and citation impact,
indicating their leadership in experimental neuroscience research.
The green cluster, featuring Zhang, Y (citation count: 283)
and Wang, Y (total link strength: 2,153), showcases robust
interdisciplinary connections, suggesting a focus on translational
research applications. Meanwhile, the blue cluster is characterized
by more focused collaboration among theoretical researchers,
including Xin, Hq (citation count: 164) and Phinney, Dg. Network
topology analysis identifies Zhang, Y and Liu, W as pivotal hubs
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bridging different research domains. Furthermore, the geographical
distribution of authors highlights both regional (primarily Chinese
researchers in the green cluster) and international (notably, Théry,
C and Van Niel, G in the red and blue clusters) collaboration
patterns. These structural insights provide valuable perspectives on
the current research landscape and knowledge diffusion pathways
in this field.

3.4 Analysis of journals and co-journals

Based on the bibliometric analysis using the bibliometrix
package, a total of 768 papers are distributed across 308 journals.
The journal with the highest number of related publications is
Neural Regeneration Research (28 papers, 3.65%), followed by
Cells (24 papers, 3.13%), Journal of Nanobiotechnology (24 papers,
3.13%), International Journal of Molecular Sciences (23 papers),
and Molecular Neurobiology (22 papers) (Figures 5C and Table 2).
In terms of journal impact, as measured by the h-index, Journal
of Nanobiotechnology holds the highest impact among the 308
journals in this field, with an h-index of 15. The top five journals
with the highest h-indices are Cells (h-index = 14), International
Journal of Molecular Sciences (h-index = 14), Stem Cell Research
& Therapy (h-index = 12), and Neural Regeneration Research
(h-index = 11) (Table 2).
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FIGURE 3

Global trends and collaboration networks in scientific publications on exosomes in spinal cord injury (2011-2025). (A) Global collaboration map of
co-authorship networks (Bibliometrix) (darker blue shades reflect higher publication output, with lines depicting international collaborative ties.);
(B) Country collaboration network (Charticulator) (this diagram shows how countries work together on research. Each curved line represents joint
publications between two countries. Thicker lines mean more cooperation). (C) Country influence by citation impact (Bibliometrix) (this chart
illustrates the citation impact by country, highlighting the most influential nations in the research field.); (D) Country collaboration network
(Bibliometrix) (this network map shows the connections between countries based on their co-authored research papers. Each circle represents a
country — larger circles mean more publications. Lines between countries show collaboration, and the closer the countries are, the stronger their
research ties). (E) The top 10 countries responsible for the number of studies (this chart shows the countries with the highest number of published
studies, ranked accordingly). MCP, multiple-country publications; SCP, single-country publications.

Bradford’s Law is a fundamental principle in bibliometrics,  the core field, as defined by Bradford’s Law, and the top five

suggesting that scientific journals in a given field can be divided  journals by publication count, more than half are categorized

into core and subsequent sectors based on the number of as JCR Ql journals. This indicates a high quality of the

publications, following a l:n:n? distribution. In this study, we literature included in this analysis (Table 2). The journals with

analyzed 18 core journals (Figure 5D). Among the journals in  the highest impact factors are Journal of Nanobiotechnology
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TABLE 1 Top 10 countries by total citation count in academic
articles (2011-2025).

Country Total Average article
citations citations

China 11,596 34.70
United States 2,215 71.50
Israel 498 166.00
Iran 457 17.60
Austria 449 74.80
Korea 415 37.70
Malaysia 214 71.30
Italy 207 34.50
United Kingdom 164 32.80
India 121 17.30

(IF: 10.6, Ql) and Neural Regeneration Research (IF: 5.9,
Q1).

Using VOSviewer, we constructed collaboration and co-citation
journal networks and conducted classification (Figures 5E, F). The
analysis of journals with more than five publications revealed that
the network comprises 35 core journals that meet the criteria,
forming three distinct clusters with characteristic disciplinary
focuses (Figure 5E). The first cluster (blue) centers around Stem
Cell Research and Therapy, focusing primarily on stem cell clinical
translation research. The second cluster (red) includes journals
such as Journal of Nanobiotechnology, which concentrate on
nanomaterials and tissue engineering research. The third cluster
(green) is represented by Frontiers in Immunology, with an
emphasis on exploring the mechanisms of neural regeneration.
Remarkably, the collaboration network among these high-output
journals exhibits a significant multi-center structural pattern. Stem
Cell Research & Therapy serves as the core hub of the network
(degree centrality = 32), maintaining close collaborations with
several secondary journals (average collaboration strength = 7.8).
Cross-cluster analysis shows that immunology journals play a
critical bridging role in linking different research directions,
while emerging high-output journals in recent years tend to
form interdisciplinary collaborations, accounting for 63% of new
collaborations.

The co-citation network (co-citations > 260) includes 30 high-
impact journals (Figure 5F), which can be categorized into three
primary clusters. The first cluster (blue) focuses on nanotechnology
and biomaterials, with journals such as Acs Nano and Biomaterials,
reflecting the rapid advancement of nanomedicine. The second
cluster (green) is centered on stem cell and immunology research,
with Stem Cell Res Ther standing out for its high total link strength
and citation count, highlighting its pivotal role in interdisciplinary
research. The third cluster (red) includes top-tier journals like Cell,
Nature, and Science, alongside specialized journals in neuroscience,
such as J Neurosci and ] Neurotraum, underscoring the close
integration of basic research and clinical applications. Notably,
open-access journals, such as Plos One and Sci Rep, hold an equal
standing within the network alongside traditional high-impact
journals, illustrating the widespread recognition of open science.
The analysis of co-citation relationships reveals clear knowledge

Frontiers in Neuroscience

10.3389/fnins.2025.1652196

flow patterns, including the translation of nanotechnology into
biomedical applications and the deep intersection between stem cell
research and immunology.

3.5 Analysis of references and articles

The reference collaboration network (Figure 6A) shows that
core references such as Kalluri and LeBleu (2020), Li et al. (2020),
Zhou et al. (2022) are located at the center of the network, with
numerous collaboration links and citations. Their research has
garnered significant attention in recent years, resulting in larger
nodes and strong academic connections with other researchers.

The CiteSpace-generated cluster dependency diagram and
cluster timeline diagram provide an in-depth analysis of the
citation network, revealing the citation relationships between
different literature themes and their temporal trends. The cluster
dependency diagram (Figure 6B) illustrates the relationships
between various research fields based on citations, displaying
a total of ten clusters: “Tensin homolog siRNA repair’ (#0)
focuses on gene repair and RNA interference techniques, especially
research related to tensin homolog, offering new insights into
cellular repair and gene therapy; “MSC-derived extracellular
vesicles” (#3) mainly involves research on extracellular vesicles
derived from mesenchymal stem cells (MSCs), exploring their
applications in medicine and stem cell therapies; “Engineered
hybrid” (#6) represents interdisciplinary innovative research,
particularly in the field combining materials science and biology,
emphasizing the application of engineered hybrids; “Rat” (#7)
is dedicated to research using rodent models, particularly for
neuroscience and disease models, providing essential experimental
data to support human disease treatment; “Meta-analysis study”
(#8) focuses on meta-analytic research, aiming to integrate
multiple study results and assess relationships and differences
between various studies; “Spinal cord injury pathobiology” (#9)
addresses the pathophysiology of spinal cord injuries, exploring
biological mechanisms and therapeutic strategies for spinal cord
damage; “Hypoxic preconditioned mesenchymal stem cells” (#10)
investigates the effects of hypoxic preconditioning on mesenchymal
stem cells and their applications in regenerative medicine,
advancing innovation in stem cell therapies; “Neurodegenerative
diseases” (#12) deals with neurodegenerative diseases, such as
Alzheimer’s and Parkinson’s disease, studying their molecular
mechanisms and exploring potential treatments; “Functional
recovery” (#13) focuses on functional recovery, particularly in
the rehabilitation of nerve and muscle damage, dedicated to
improving patients’ recovery processes; “Promising opportunities”
(#14) represents emerging research fields with significant potential
for development, reflecting innovative and promising themes in
current scientific research.

Through the cluster timeline diagram (Figure 6C), we can
clearly observe the developmental trajectories of different fields
over time. Emerging fields such as “promising opportunities” (#14)
and “MSC-derived extracellular vesicles” (#3) exhibit rapid growth,
reflecting the widespread attention and investment by the scientific
community in new technologies and methods. In contrast, more
established fields such as “spinal cord injury pathobiology” (#9)
and “neurodegenerative diseases” (#12) demonstrate stable output,
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10 institutions by number of publications (excel); (D) Research publication trends of the top 5 institutions (excel)

indicating that research in these areas continues to progress.
Additionally, fields like “rat” (#7) show a decline or stagnation
in output, which may be attributed to the introduction of new
technologies or a shift in academic focus.

3.6 Analysis of keyword

3.6.1 Keyword frequency analysis

Keywords represent the focus of research, and they can
identify research hotspots and trends within a specific field. The
bibliometrix package was used to perform statistical analysis on
both Keywords Plus and Author Keywords, yielding a total of
5,579 Keywords Plus and 1,666 Author Keywords. Subsequently,
VOSviewer and CiteSpace were employed to merge and analyze
the keywords. The results from VOSviewer indicated that there
were 1,666 Author Keywords, with 57 keywords appearing more
than eight times (Figure 7A). In CiteSpace, the g-index (K = 25)
was applied to select 545 keywords for subsequent analysis, aiming
to include as much data as possible within the permissible range.
In the keyword co-occurrence network, the number of nodes
corresponds to the total number of keywords included in the
analysis (Figures 7E, F). The size of the nodes reflects the frequency
of the keywords” appearance, while the connections between nodes
indicate the co-occurrence of two keywords within the same paper.

Frequency analysis was conducted on Keywords Plus, Author
Keywords, and all keywords, and the results are presented in
the form of word clouds (Figures 7C, D). The top 10 keywords

Frontiers in Neuroscience

primarily focus on treatment methods for spinal cord injury,
particularly research on exosomes, stem cell therapy, as well as
inflammation and immune mechanisms. Other areas of research
include neurobiology, cellular mechanisms, and repair processes.
Among these, the keyword “spinal cord injury” appeared most

» «

frequently, followed by “exosomes,” “mesenchymal stem cells,” and
“inflammation.” When analyzing the centrality, degree, and ¢ (X)
values of the nodes, the terms most commonly associated with
spinal cord injury and exosome research were “mesenchymal stem

cells

» o«

cell therapy” and “stem cells” (Supplementary Table 3).
These terms are emphasized due to their relevance to recovery and
repair mechanisms, which are closely associated with the role of
exosomes in cellular communication and the healing process.

3.6.2 Keyword evolution and emergence analysis
The keyword network diagram and associated data generated
by VOSviewer (Figure 7B) reveal trends based on the average

» o«

publication years. Keywords such as “ferroptosis,” “pyroptosis,”
and “blood-spinal cord barrier” exhibit more recent average
publication years around 2023, indicating that these topics
represent emerging research frontiers, potentially related to novel
forms of cell death mechanisms or neuroprotective strategies.
In contrast, keywords like “spinal cord injury, “exosomes,
and “mesenchymal stem cells” are concentrated around 2022,
highlighting their continued prominence in current research,
particularly in the fields of tissue repair and cellular therapy.
On the other hand, keywords such as “multiple sclerosis” and
“stroke” with average publication years around 2020, suggest that
these areas of research may have reached a more mature stage
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Network analysis of authors and journals on exosomes in spinal cord injury: co-authorship and co-citation relationships. (A) Co-authorship network
map (the network graph represents the collaboration patterns among research institutions or authors. Each node corresponds to an institution or
author, with the size of the node indicating the degree of collaboration and the colors representing different research fields or regions.);
(B) Co-cited author network map (this network illustrates the relationships between authors based on co-citation patterns. The colors represent
different clusters of authors, with the size of the nodes indicating the frequency of co-citations.); (C) Top 10 journals by number of publications
(excel) (the length of each bar represents the publication count, highlighting the journals with the most published research articles). (D) Core journal
identification based on Bradford's law (Bibliometrix) (the x-axis shows the rank of journals based on the number of articles published, while the
y-axis indicates the number of articles.); (E) Journal co-occurrence network map (VOSviewer) (each node represents a journal, with the size of the
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or are now entering deeper phases of investigation. In terms
of citation impact, keywords such as “therapeutics,” “stroke,
and “immunomodulation” demonstrate higher average citation
counts, indicating that their research outcomes have substantial
academic or clinical value. Additionally, topics related to “axonal
regeneration” and “functional recovery,” which are closely tied
to nerve repair, also show significant citation counts, reflecting
the ongoing attention in the field of regenerative medicine. It
is noteworthy that some emerging topics, such as “ferroptosis”
and “traumatic brain injury,” despite their recent publication
years, have lower average citation counts, likely due to their
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research being in the early stages. These topics, however, hold
significant potential for future development. Regarding research
intensity and connectivity, keywords like “spinal cord injury,”
“exosomes,” and “mesenchymal stem cells” show high link
strength and frequency of occurrence, indicating their central role
within the research network and suggesting that they serve as
hubs for interdisciplinary research. Furthermore, topics such as
“neuroinflammation” and “neurodegeneration” are associated with
multiple clusters, indicating their broad impact on research in

neurological diseases.
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TABLE 2 Top 10 influential journals on exosomes in spinal cord injury research (2011-2025).

10.3389/fnins.2025.1652196

1 Journal of Nanobiotechnology 15 24 2.5 923 24 2020 10.6 Q1
2 Cells 14 24 2 1092 24 2019 5.1 Q2
3 International Journal of Molecular 14 23 1.556 796 23 2017 49 Q1
Sciences
4 Stem Cell Research and Therapy 12 21 1.5 831 21 2018 1.2 Q4
5 Frontiers in Immunology 11 15 1.571 509 15 2019 5.7 Q1
6 Neural Regeneration Research 11 21 1.833 487 28 2020 5.9 Q1
7 Frontiers in Cell and Developmental 9 13 1.5 325 13 2020 4.6 Q1
Biology
8 Frontiers in Cellular Neuroscience 9 12 1.286 249 12 2019 42 Q2
9 Molecular Neurobiology 9 18 1.125 348 22 2018 4.6 Q1
10 Frontiers in Molecular Neuroscience 7 8 0.875 189 8 2018 3.5 Q2
IE, impact factor; JCR, Journal Citation Reports.
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their relationships based on co-citation. The color gradient reflects the publication years, with newer references in darker shades.); (B) Reference
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Using CiteSpace for keyword burst analysis (Figure 8), we can
gain more detailed insights into research hotspots and cutting-
edge developments within specific time periods, as well as predict
future research trends. The citation burst data from 2011 to
2025 reveals that keywords can be categorized into three periods
based on their burst times and intensities, reflecting different
stages of academic development. In the early period (2011-
2015), the research focus was primarily on basic medicine and
neuroscience. Keywords such as “cerebrospinal fluid” and “bone
marrow” exhibited high burst intensities. This period’s research
mainly explored the foundational theories of neuroinjury and
regenerative medicine, with particular attention on the potential
of bone marrow in stem cell therapy and the role of cerebrospinal
fluid in neuroprotection. Moving into the middle period (2016-
2020), as technological advancements and clinical demands grew,
the research direction shifted toward therapeutic applications.
Keywords like “spinal cord injury” and “transplantation” showed
significant bursts in 2016 and 2017, reflecting the academic
community’s deepening focus on stem cell transplantation and
spinal cord injury repair. At the same time, emerging research
fields such as “stromal cells” and “extracellular vesicles” gained
considerable attention from 2017 to 2018, highlighting the
increasing importance of cell therapy and molecular mechanism
studies in regenerative medicine. By the later period (2021-2025),
precision medicine and cell therapy became central research areas.
Keywords such as “Parkinson’s disease,” “conditioned medium,’
and “protein function” saw rapid growth after 2020, indicating
that the treatment of neurodegenerative diseases has become a
core focus of academic research. Furthermore, with the ongoing
development of nanotechnology, keywords like “nanoparticles”
and “MAPK signaling” exhibited significant bursts, suggesting that
nanotechnology has broad prospects in drug development and
disease treatment.

4 Discussion

A statistical analysis was performed on 768 articles concerning
the use of exosomes in SCI, which are indexed in the Web of
Science and Scopus from 2011 to 2025. The objective was to assess
the temporal and spatial distribution of literature in this area,
contributions from authors, key publications, research hotspots,
and emerging trends (Figure 9).

4.1 Inflammatory responses and ischemia

Spinal cord injury leads to initial damage that causes
tissue destruction and triggers the activation of immune cells
and inflammatory responses, further exacerbating pathological
changes. Immune cells such as neutrophils, macrophages, and
microglia release cytokines (such as TNF-a, IL-1B) that not
only worsen the injury but also promote the role of the
complement system in secondary damage. Therefore, regulating
the inflammatory response has become key to treating SCI (Liu
etal., 2021). The impact of ischemia (ISC) on the immune response
also poses challenges for treatment; ISC exacerbates neural damage
by triggering immune cascade reactions and disrupting the blood-
brain barrier, and regulating the immune response has been
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shown to help reduce damage and accelerate recovery during the
acute inflammatory phase (Gao et al, 2025; Liu et al, 2021).
However, excessive activation of the immune response, particularly
the overexpression of the NLRP3 inflammasome and IL-1B,
may worsen secondary damage and increase treatment difficulty
(Borim et al,, 2025; Singh et al., 2025b). In immune regulation,
macrophages (M¢) play an important role. M¢ release pro-
inflammatory factors and participate in repair through oxidative
stress and the activation of the NLRP3 inflammasome. M2-
type macrophages can alleviate inflammation and promote tissue
regeneration, but their dual role needs to be balanced to avoid
immune suppression (de Paz Linares et al., 2025; Kili¢ et al., 2025;
Xu et al, 2025; Yan et al, 2025). The activation of astrocytes
can either exacerbate or alleviate the inflammatory response;
regulating their activity can reduce pro-inflammatory cytokines,
thereby mitigating damage and promoting repair (Bartak et al,
2025; Kojder et al., 2025).

4.2 Oxidative stress and lipid
peroxidation

Oxidative stress is a significant factor in SCI, contributing to
neuroinflammation and neuronal cell death. Research indicates
that interventions such as gene therapy, hyperbaric oxygen therapy,
and pharmacological agents like zinc ions and gallic acid can
mitigate oxidative stress and facilitate recovery from SCI (Bai et al.,
2025; Diaz et al., 2025; Li et al., 2025d; Liu et al., 2025¢). Exosomes
present a promising therapeutic avenue for alleviating oxidative
stress by lowering malondialdehyde levels and boosting antioxidant
activity, thereby supporting recovery from SCI (Hoseinynejad et al.,
2025). Exosomes derived from bone marrow mesenchymal stem
cells have demonstrated the ability to enhance oxidative stress
management and mitochondrial function, offering protection to
cardiomyocytes, which may also be advantageous for SCI (Zhuang
Y. et al,, 2025). Despite challenges related to their production and
delivery, the potential of exosomes to diminish oxidative stress
and assist in the repair process positions them as a promising
treatment for SCI. Lipid peroxidation (LPO) is a critical contributor
to secondary damage in SCI, worsening neuronal injury through
mechanisms such as ferroptosis (Mai et al., 2025; She et al., 2025).
Natural compounds like tanshinone IIA, flavonoids, and quercetin
have been found to inhibit LPO, reduce ferroptosis, and promote
healing (Li et al, 2025f; Mai et al., 2025; Xiong et al., 2025).
Furthermore, ginkgo biloba extract and tetrahydropalmatine have
demonstrated antioxidant properties (Li et al., 2025a; Wu Z. et al,,
2025). Mesenchymal stem cell-derived exosomes may help prevent
ferroptosis in SCI by modulating LPO and iron metabolism (Saadh
et al., 2025). However, the role of exosomes is multifaceted, as some
may worsen oxidative stress and increase LPO (Swati et al., 2025),
while certain iron-rich exosomes could inhibit LPO and ferroptosis
(Battaglia et al., 2025). These observations underscore the necessity
for further investigation to enhance exosome-based therapies.

4.3 Apoptosis and necroptosis

Apoptosis and necroptosis are critical processes in SCI
that significantly affect the severity of the injury and hinder
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recovery. Apoptosis often impedes recovery by causing cell  the injury by fostering neuroinflammation and neuronal loss.
death and worsening damage, while necroptosis, a type of  Photobiomodulation therapy has been demonstrated to decrease

programmed cell death linked to inflammation, exacerbates  apoptosis and edema in the early stages of SCI, enhance motor
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Top 25 Keywords with the Strongest Citation Bursts
Keywords Year Strength Begin End 2011-2025

cerebrospinal fluid 2011 4652011 2021
central nervous system 2012 3.132012 2019
bone marrow 2013 492013 2021
spinal cord injury 2012 6.32016 2019
transplantation 2017 6.132017 2020
extracellular vesicles 2017 3.72017 2018
stromal cells 2018 9.22018 2020 e —
functional recovery 2018 8.08 2018 2020 —
neurovascular plasticity 2018 5.192018 2020 I ——
mesenchymal stromal cells 2018 3.742018 2020 e
cytology 2018 3.312018 2020 B —
cell isolation 2019 3.642019 2020 —
promote functional recovery 2019 2.96 2019 2020 —
proliferation 2019 2.96 2019 2020 —
brain ischemia 2011 3.772020 2022
parkinson disease 2020 3.632020 2022 —
conditioned medium 2020 3.232020 2022 P
in vitro 2018 3.622021 2023 ——
protein function 2021 3.28 2021 2022 S e—
cd81 antigen 2021 3.282021 2022 —
quality of life 2022 3.94 2022 2023 —
pi3k/akt signaling 2022 3.282022 2023 —
polarization 2023 3.472023 2025 —
nanoparticle 2023 3.12023 2025 —_—
mapk signaling 2023 3.12023 2025 =

FIGURE 8

Top 25 keywords with strongest citation bursts on exosomes in spinal cord injury. The blue line indicates the timeline, and the red phase represents

the outbreak period. It is based on the burst test to detect sudden changes in information like documents and keywords.

function, and reduce the volume of injury (Campo et al.,, 2025).
Likewise, zinc ions can mitigate apoptosis by inhibiting the
TNF-a signaling pathway and diminishing immune inflammatory
responses, indicating their potential therapeutic benefits (Bai et al.,
2025). In SCI treatment, exosomes can modulate both apoptosis
and necroptosis. Stromal cells, especially mesenchymal stem cells,
show potential in promoting anti-apoptotic effects crucial for cell
survival and tissue regeneration in SCI. Exosomes from adipose-
derived stromal cells play a key role in inhibiting apoptosis by
modulating apoptotic regulators like Bax and Bcl2, reducing the
Bax/Bcl2 ratio. This modulation is vital for neural cell survival,
improving recovery outcomes (Ma et al.,, 2025; Yao et al., 2025).
However, in certain situations, particularly when loaded with
chemotherapeutic agents, exosomes may also promote apoptosis
by enhancing the transmission of apoptotic signals (Zhu et al,
2025). Thus, the role of exosomes in SCI treatment is multifaceted,
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as they can support cell survival while also potentially triggering
cell death, reflecting a dual role in the recovery process of SCI
(Hollanda et al., 2025). Similar to apoptosis, necroptosis can worsen
neuroinflammation and neuronal damage through programmed
cell death in SCI. Research has indicated that inhibiting necroptosis
(e.g., using luteolin and sodium butyrate) can help reduce
neuronal loss and inflammation, thereby alleviating injury (Cui
et al, 2025; Liu et al., 2025e). The activation of necroptosis-
related pathways, such as the ACVRI and METTL3-NLRP3 axis,
has been linked to increased neuropathic pain, suggesting that
targeting these pathways may offer therapeutic opportunities
(Guan etal., 2025; Zhang et al., 2025d). Furthermore, exosomes can
mitigate the necroptosis process by modulating necroptosis-related
pathways (for instance, by delivering miR-20a-5p that targets the
TXNIP/NLRP3 pathway via M2 polarized macrophage exosomes),
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Graphical representation of spinal cord injury.

thereby reducing inflammation and promoting recovery from SCI
(Zhang et al., 2025¢).

4.4 Ferroptosis

Spinal cord injury is intricately linked to ferroptosis, an iron-
dependent form of cell death characterized by oxidative stress and
iron overload. This process significantly contributes to neuronal
damage and impairs recovery following SCI (She et al., 2025).
Key indicators of ferroptosis activation in SCI include elevated
lipid peroxidation and the expression of ferroptotic proteins, such
as ACSL4. Additionally, proteins like TRIM32 and TRIM28 play
critical roles in promoting ferroptosis, which exacerbates neuronal
injury and impedes motor recovery (Liu et al, 2025b; Zhou
et al,, 2025). The deposition of excess iron post-SCI further drives
ferroptosis in microglia, contributing to sustained neuronal loss
(Ouyang et al., 2025)

Several therapeutic approaches have shown promise in
targeting ferroptosis to mitigate its detrimental effects on
SCI. Natural flavonoids and tetramethylpyrazine (TMP) have
demonstrated potential in reducing iron overload and lipid
peroxidation, offering neuroprotective effects and improving
motor function in SCI models (Li et al., 2025f; Tao et al,
2024). In addition, combining exosomes with deferoxamine in a
hydrogel scaffold has proven effective in inhibiting ferroptosis and
enhancing recovery following SCI (Zou et al., 2025). Exosomes have
emerged as a promising therapeutic strategy, potentially reversing
ferroptosis and promoting neuroprotection in SCI. Beyond
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neuronal damage, ferroptosis also contributes to the destruction
of the blood-spinal cord barrier (BSCB), particularly through
excessive ferroptosis in endothelial cells, further complicating SCI
recovery (Wu M. et al, 2025). Nanoparticles have emerged as
a significant tool in modulating ferroptosis, an iron-dependent
cell death process relevant to SCI. For example, nanoparticles
coated with bovine serum albumin can induce ferroptosis by
releasing metal ions that catalyze the Fenton reaction, producing
reactive hydroxyl radicals and enhancing therapeutic efficacy
in cancer treatment (Yin et al., 2025). On the other hand,
nanoparticles like Lip-1 inhibit ferroptosis by chelating iron and
upregulating glutathione peroxidase 4, suggesting a protective role
in neurodegenerative diseases (Zhang et al., 2025¢). Additionally,
cobalt nanoparticles can induce ferroptosis through lysosomal
degradation and reactive oxygen species generation, showing
their dual role in either promoting or inhibiting cell death
depending on the context (Fan and Guo, 2025). This complexity
of nanoparticle-mediated ferroptosis modulation offers potential
therapeutic strategies for SCI and other neurodegenerative diseases.

4.5 Axonal regeneration

Promoting axonal regeneration following SCI is a crucial
objective in therapy. Exosomes derived from human umbilical
cord mesenchymal stem cells (UCMSCs) show significant
therapeutic potential by reducing inflammation and promoting
the growth of new neurons and axons when combined with
biomimetic magnetoelectric hydrogels, thereby accelerating
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axonal regeneration and functional recovery after SCI (Liu et al,,
2025a). Additionally, exosomes promote nerve repair by clearing
myelin debris and enhancing axonal myelination (Li et al., 20265
Zamanian et al,, 2025). In peripheral nerve injuries, exosomes
also demonstrate their potential to promote axonal regeneration,
myelin repair, muscle protection, and vascularization (Aldali
et al., 2025; Chang et al., 2025). Neural stem cells (NSCs) play an
important role in axonal regeneration after SCI. When NSCs are
combined with mesenchymal progenitor cells, they can improve
the survival rate of NSCs and promote their differentiation into
oligodendrocytes, further enhancing axonal regeneration (White
et al., 2025). Furthermore, the combined treatment of UCMSCs
and their secretions significantly improved motor function and
language abilities in patients with traumatic axonal injury (Faried
et al., 2025). VEGF promotes vascular and axonal regeneration
after spinal cord injury through exosomes (Yun et al., 2025). Basic
fibroblast growth factor (bFGF) combined with delivery systems
such as hydrogels significantly enhances axonal regeneration
and neural functional recovery (Li et al., 2023; Zhu et al., 2024).
Recombinant fibroblast growth factor (rFGF4) further promotes
nerve repair by regulating the polarization of microglia and
macrophages to the reparative M2 subtype (Li et al., 2024). These
studies support the potential of interventions in the treatment of
SCI and provide new directions for future therapeutic strategies.

4.6 Neuronal regeneration and synaptic
plasticity

Neuronal regeneration and synaptic plasticity are key to
recovery from SCI. Research indicates that transcutaneous
auricular vagus nerve stimulation enhances nerve regeneration
by promoting myelin repair and axonal remodeling, which is
associated with improvements in synaptic plasticity. This is
evidenced by restored synaptic ultrastructure and increased
functional imaging metrics, both of which correlate with
neurological recovery (Zhang et al., 2025b). Additionally,
inhibiting the NgR1 factor can increase synaptic plasticity and
improve neuronal regeneration (Zhang et al, 2025a). These
findings suggest that neuronal regeneration is closely related to
synaptic plasticity, and combined treatment of both may aid
in the recovery from spinal cord injury. Exosomes have been
shown to promote neuronal regeneration and support synaptic
plasticity. Exosomes derived from BMSCs can reduce apoptosis,
inhibit inflammation, promote axonal growth, and improve motor
function (Liu et al., 2025d). When used in conjunction with
hydrogels, BMSCs further promote neuronal proliferation and
differentiation, enhancing functional recovery (Sun et al., 2025).
BMSCs exosomes rich in miR-219-5p and the miR-17-92 cluster
can reduce neuronal apoptosis, inhibit ferroptosis, and promote
neurological recovery (Dong et al, 2024; Wang et al,, 2024). In
addition, the combined use of BMSCs transplantation and double
leaf glycosides can accelerate neuronal differentiation and improve
functional recovery (Chen et al., 2024). Studies have shown that
exosomes derived from antler bud progenitor cells are more
effective in SCI repair than exosomes derived from BMSCs (Yang S.
et al., 2025). Research on amniotic membrane transplantation and
mesenchymal progenitor cell transplantation indicates that these
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exosomes can promote nerve regeneration, support the survival
of neural stem cells, and facilitate oligodendrocyte differentiation
(Parmar et al., 2025; White et al., 2025).

4.7 Drug delivery systems

Drug delivery systems (DDS) are essential for enhancing the
treatment of SCI by improving the administration and effectiveness
of therapeutic agents. Intrathecal targeted drug delivery systems
have been found to significantly decrease the analgesic needs of
patients with cervical SCI, offering a viable alternative for those
who do not respond to standard therapies (Yoo et al., 2025).
Exosomes, as an innovative DDS, can efficiently transport bioactive
molecules that encourage anti-inflammatory and neurogenic
processes, addressing the challenges of regeneration in SCI (Mao
et al., 2025). However, the application of intrathecal DDS may
also result in serious complications, such as spinal cord injury
due to catheter tip granulomas, underscoring the importance of
careful monitoring (Mo et al., 2025). Advanced DDS, such as bigels,
provide mechanical support and localized therapeutic delivery,
showing potential in enhancing neurotherapeutic applications for
SCI (Moswatsi et al., 2025). The development of dual DDS, like Nit-
MNs, has shown promise in facilitating SCI repair by improving
microglial homeostasis and restoring neural function (He et al.,
2025). Additionally, combining nanoparticle drug delivery systems
with Plexin B2 targeted therapy can improve neural healing
following SCI (Wang Q. et al., 2025). A polymer-based nanoparticle
DDS, PEG-PCL-ACPP, has been created to enhance targeted
delivery and sustained release of glibenclamide at the SCI site,
demonstrating significant anti-inflammatory and neuroprotective
effects (Zhuang Z. et al., 2025). Moreover, the localized delivery
of extracellular vesicles derived from mesenchymal stem cells via
hydrogel systems has notably improved recovery outcomes in
SCI models (Cao et al, 2025). In summary, research on various
DDS (including nanoparticles, hydrogels, and collagen scaffolds)
is crucial for improving the effectiveness of SCI treatment, as the
current treatment outcomes are still unsatisfactory (Li et al., 2025c).

4.8 Research trends and future directions
in SCI therapeutic technologies

Recent advancements in SCI treatment include stem cell
therapy, which has improved neuron survival and functional
recovery through neuroectodermal stem cells (NESCs) and MPCs.
Autologous bone marrow mesenchymal stem cell transplantation
has also shown efficacy in enhancing motor and sensory functions
in SCI patients (Alastra et al, 2025; Belldk et al, 2025;
White et al, 2025). Hydrogel technology, with its excellent
biocompatibility and conductivity, has demonstrated significant
potential in SCI treatment. Piezoelectric hydrogels promote
neural stem cell differentiation and motor function recovery, and
combining hydrogels with genetically engineered cells enhances
the therapeutic effect (Han et al, 2025; Shi et al., 2025; Zhao
et al., 2025). Exosomes can promote neuronal regeneration, reduce
inflammation and apoptosis, and when combined with hydrogels,
further enhance treatment effects (Chen et al., 2025; Liu et al.,
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2025d). Bone material technology, particularly when combined
with bone marrow stem cells and growth factors, shows promise
in improving functional recovery and bone regeneration, though
challenges remain in material standardization and production
(Jagadale et al., 2025; John et al., 2025), Gene therapy delivers
anti-inflammatory cytokines and regulates autophagy to promote
neural function recovery (Choi et al, 2025; Ding et al., 2025).
DDS, such as exosomes as carriers, are emerging as new methods
for SCI treatment due to their targeting capabilities and nerve
regeneration properties (Mao et al., 2025; Ullrich et al., 2025).
These technologies provide promising prospects for SCI treatment
and help optimize future clinical strategies. With advancements
in regenerative medicine, biomaterials, and genetic engineering,
SCI treatments are becoming more precise, personalized, and
systematic. The development of intelligent biological scaffolds will
enhance the directional release of active factors and maintain cell
functions (You et al.,, 2023). Additionally, the integration of digital
technologies like Al and big data will accelerate the personalization
of treatment decisions (You et al, 2023). Despite challenges
like ethical regulation and cell source safety, interdisciplinary
integration suggests that SCI treatment will shift from “replacement
repair” to “functional regeneration” (Raji et al., 2025).

4.9 Challenges and prospects

Exosomes have shown great potential in the treatment of
SCI, but there are several challenges in their clinical translation,
primarily related to the standardization of production, treatment
safety, and the complexity of their mechanisms of action. The
lack of standardized protocols for the production and management
of exosomes has led to inconsistencies in clinical applications,
limiting their widespread use (Lin et al, 2025). Additionally,
the compositional variability and complex mechanisms of action
of exosomes, particularly the involvement of specific miRNAs
such as miR-5121 and miR-24-3p, make their therapeutic effects
and safety more difficult to predict (Li et al., 2025¢; Wang X.
et al., 2025). Moreover, exosomes induced by SCI may possess
pro-inflammatory characteristics, which could exacerbate tissue
damage and increase inflammation, highlighting the need for
strategies to mitigate these adverse effects (Fang Y. et al., 2025).
Currently, there is only 1 registered clinical trial, and large-scale
clinical application still needs to break through the production
standardization barrier (Supplementary Figure 1).

Nevertheless, the prospects of exosome therapy for SCI
remain highly promising. With advances in gene engineering,
nanotechnology, and other fields, exosomes are expected to
enable more precise and personalized treatments. Exosomes
derived from stem cells have shown multiple beneficial effects,
particularly in enhancing neural regeneration, reducing
inflammation, and stabilizing the blood-spinal cord barrier,
offering significant therapeutic potential (Lin et al, 2025).
For instance, exosomes derived from A2 astrocytes have
been shown to play a key role in promoting neurofunctional
recovery and repairing the blood-spinal cord barrier in
mice through the miR-5121-mediated AKT2/mTOR/p70S6K
pathway (Wang X. et al, 2025). Additionally, the combination

of umbilical mesenchymal stem cell-derived exosomes and
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neural stem cell fibers has effectively improved motor
function recovery and reduced inflammation (Li et al,
2025b).

Clinically, exosomes also show potential in drug delivery
and axon myelination. Intrathecal administration of exosomes
purified from human plasma has been demonstrated to improve
axonal myelination and reduce cavity size in rats following spinal
cord injury, further indicating their beneficial role in recovery
(Zamanian et al., 2025). Moreover, exosomes derived from bone
marrow mesenchymal stem cells have been found to alleviate spinal
cord injury by reducing cell apoptosis and inflammation, with
miR-24-3p playing a crucial role in this protective effect (Li et al.,
2025e).

Looking ahead, the prospects for exosome therapy remain
extremely promising. As technology continues to evolve, exosomes
are expected to be combined with other therapeutic approaches,
such as gene therapy and stem cell therapies, to further enhance
efficacy and overcome the limitations of single-treatment methods.
With improvements in production processes and standardization,
exosome therapy is poised to become an effective treatment for
spinal cord injury in the future.

5 Limitations

Although this study conducted a comprehensive bibliometric
analysis of exosome-based therapies for spinal cord injury
from 2011 to 2025, several limitations must be acknowledged.
First, the analysis relied solely on the Web of Science and
Scopus databases, excluding other sources and gray literature,
which may have led to the omission of important research.
Second, citation counts as a measure of impact may be biased,
as they are influenced by journal impact factors, potentially
overlooking newer or innovative studies. Additionally, the study
is dominated by research from China, which may not fully
represent global contributions, particularly from regions with
lower research output. The time frame of 2011-2025 also limits
the capture of earlier foundational work or recent emerging
trends. Due to the lack of a national-level H-index calculation
tool, total citations/citations per capita was used as a proxy in
this study, and future research suggests the development of an
algorithm for this purpose. Despite using bibliometric tools like
CiteSpace, VOSviewer, and R-bibliometric, their analytical scope
is limited, particularly in capturing interdisciplinary complexities.
Furthermore, while the study identifies trends in exosome therapy
for spinal cord injury, it lacks an in-depth exploration of
clinical applications, which are influenced by patient variability,
treatment protocols, and long-term outcomes. Lastly, the dataset
was intentionally focused on English-language publications to
ensure consistency and comparability. While this approach
facilitated a unified analysis, it may have underrepresented research
contributions from non-English-speaking regions, potentially
excluding valuable insights from global research and affecting
the completeness of our findings. Future studies could consider
expanding the scope of the data to include non-English
publications to provide a more comprehensive representation of
global research.
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6 Conclusion

Our study underscores the growing interest in exosome-
based therapies for SCI, focusing on their preclinical potential in
promoting neuroprotection, axonal regeneration, and modulating
inflammation. While promising, further research is needed to
investigate the integration of exosome therapies with advanced
drug delivery systems and regenerative medicine to optimize SCI
treatment and personalize recovery strategies in clinical settings.

Author contributions

HF:  Supervision, ~Writing - review & editing,
Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Validation, Visualization, Writing — original
draft. JG: Project administration, Software, Supervision, Validation,
Funding acquisition, Resources, Visualization, Writing - original
draft, Writing - review & editing, Conceptualization, Data
curation, Formal analysis, Investigation, Methodology. QC:
Conceptualization, Data curation, Formal analysis, Funding
acquisition, Project administration, Resources, Supervision,
Validation, Investigation, Methodology, Software, Visualization,
Writing - review & editing. SS: Conceptualization, Data
curation, Formal analysis, Funding acquisition, Investigation,
Methodology, Project administration, Resources, Software,
Supervision, Validation, Visualization, Writing - review & editing.
JG: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Validation,
Writing - review & editing. XL: Conceptualization, Data
curation, Formal analysis, Funding acquisition, Investigation,
Methodology,
Supervision, Validation, Visualization, Writing - review & editing.

JL: Conceptualization, Data curation, Formal analysis, Funding

Resources, Software, Supervision, Visualization,

Project administration, Resources, Software,

acquisition, Investigation, Methodology, Project administration,

Resources, Software, Supervision, Validation, Visualization,

Writing - review & editing.

Funding

The author(s) declare that financial support was received
for the research and/or publication of this article. This
work was supported by Central Governments Guidance on
Local Science and Technology Development Fund Project

References

Alastra, G., Quadalti, C., Baldassarro, V., Giuliani, A., Giardino, L., and Calza, L.
(2025). The influence of pathological extracellular matrix on the biological properties
of stem cells: Possible hints for cell transplantation therapies in spinal cord injury. Int.
J. Mol. Sci. 26:3969. doi: 10.3390/ijms26093969

Aldali, F., Yang, Y., Deng, C., Li, X., Cao, X, Xu, J., et al. (2025). Induced pluripotent
stem cell-derived exosomes promote peripheral nerve regeneration in a rat sciatic
nerve crush injury model: A safety and efficacy study. Cells 14:529.

Frontiers in Neuroscience

10.3389/fnins.2025.1652196

(YDZTSX20231A060), Fundamental Research Program of Shanxi
Province (202303021221221), and National Clinical Key Specialty
Construction Project Scientific Research Fund (2024-ZZ-025).

Acknowledgments

We would like to thank the editor and the reviewers for
their valuable comments and suggestions to improve the quality
of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.2025.
1652196/full#supplementary- material

Bagnall, A., Jones, L., Duffy, S., and Riemsma, R. (2008). Spinal fixation surgery
for acute traumatic spinal cord injury. Cochrane Database Syst. Rev. 2008:CD004725.
doi: 10.1002/14651858.CD004725.pub2

Bai, M., Sang, Z., Cui, Y., Feng, H., Liu, Y., Dai, Z,, et al. (2025). Multi-omics
analysis identified and confirmed TNF-a as a key initiator of the inflammatory
response following spinal cord injury. Int. J. Biol. Macromol. 311:143866. doi: 10.1016/
j.ijbiomac.2025.143866

frontiersin.org


https://doi.org/10.3389/fnins.2025.1652196
https://www.frontiersin.org/articles/10.3389/fnins.2025.1652196/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2025.1652196/full#supplementary-material
https://doi.org/10.3390/ijms26093969
https://doi.org/10.1002/14651858.CD004725.pub2
https://doi.org/10.1016/j.ijbiomac.2025.143866
https://doi.org/10.1016/j.ijbiomac.2025.143866
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Fan et al.

Bartak, M., Krahel, W., Gregorczyk-Zboroch, K., Chodkowski, M., Potarniche, A.,
Dtugosz, E., et al. (2025). Cytokine profile analysis during sialodacryoadenitis virus
and mouse hepatitis virus JHM strain infection in primary mixed microglia and
astrocyte culture-preliminary research. Cells 14:637. doi: 10.3390/cells14090637

Battaglia, A., Sacco, A., Giorgio, E., Petriaggi, L., Elzanowska, J., Cruz, A., et al.
(2025). Expulsion of iron-rich ferritin via CD63-mediated exosome drives ferroptosis
resistance in ovarian cancer cells. Front. Cell. Dev. Biol. 13:1532097. doi: 10.3389/fcell.
2025.1532097

Belldk, T., Fekécs, Z., Toérok, D., Kristof, R., Esezoobo, O., Marton, A., et al. (2025).
Systemic stem cell treatment rescues injured motoneurons by reducing L-selectin
expression on leukocytes. Stem Cell. Res. Ther. 16:237. doi: 10.1186/s13287-025-
04283-9

Borim, P., Gatto, M., Mota, G., Meirelles, A., Dos Santos, A., Pagan, L., et al. (2025).
Nlrc4 inflammasome expression after acute myocardial infarction in rats. Int. J. Mol.
Sci. 26:3697. doi: 10.3390/ijms26083697

Campo, P., Assis, L., Silva, S., Carvalho, R., Parisi, J., Ribeiro, A., et al. (2025).
Photobiomodulation (PBM) therapy for functional recovery using an experimental
model of spinal cord injury in rats. . Spinal Cord Med. doi: 10.1080/10790268.2025.
2488571 Online ahead of print.

Cao, J., Zhang, X, Guo, J., Wu, J,, Lin, L., Lin, X,, et al. (2025). An engineering-
reinforced extracellular vesicle-integrated hydrogel with an ROS-responsive release
pattern mitigates spinal cord injury. Sci. Adv. 11:eads3398. doi: 10.1126/sciadv.ads3398

Chai, Y., Liu, Y., Liu, Z., Wei, W., Dong, Y., Yang, C,, et al. (2024). Study on the
role and mechanism of exosomes derived from dental pulp stem cells in promoting
regeneration of myelin sheath in rats with sciatic nerve injury. Mol. Neurobiol. 61,
6175-6188. doi: 10.1007/s12035-024-03960-9

Chang, J., Yin, X., Zhang, M., Liu, J., and Zhao, L. (2025). Bridging bioengineering
and nanotechnology: Bone marrow derived mesenchymal stem cell-exosome solutions
for peripheral nerve injury. World J. Stem. Cells 17:101161. doi: 10.4252/wjsc.v17.il.
101161

Chen, C,, Hu, Z, Liu, S., and Tseng, H. (2012). Emerging trends in regenerative
medicine: A scientometric analysis in CiteSpace. Expert Opin. Biol. Ther. 12, 593-608.
doi: 10.1517/14712598.2012.674507

Chen, H.,, Xu, H., Zhang, W, Luo, Z., Zhang, Z., Shi, H,, et al. (2025). HucMSCs-
derived exosomes protect against 6-hydroxydopamineinduced Parkinson’s disease in
rats by inhibiting caspase-3 expression and suppressing apoptosis. Curr. Stem. Cell.
Res. Ther. 20, 266-278. doi: 10.2174/011574888X301827240613063513

Chen, M., Xu, G., Guo, W., Lin, Y., and Yao, Z. (2024). Bilobalide activates
autophagy and enhances the efficacy of bone marrow mesenchymal stem cells
on spinal cord injury via upregulating FMRP to promote WNK1 mRNA decay.
Neurochem. Res. 50:33. doi: 10.1007/s11064-024-04287-6

Choi, B., Lee, S., Chung, S., Barcelona, E., Hong, J., and Lee, S. J. (2025).
PLGA nanoparticle-mediated anti-inflammatory gene delivery for the treatment of
neuropathic pain. Nanomedicine 20, 943-954. doi: 10.1080/17435889.2025.2487410

Cooper, 1. (2015). Bibliometrics basics. J. Med. Libr. Assoc. 103, 217-218. doi: 10.
3163/1536-5050.103.4.013

Cui, Y., Cen, Q,, Feng, J., Wei, J., Wang, L., Chang, C,, et al. (2025). Sodium butyrate
alleviates spinal cord injury via inhibition of NLRP3/Caspase-1/GSDMD-mediated
pyroptosis. Metab. Brain Dis. 40:157. doi: 10.1007/s11011-025-01589-8

de Paz Linares, G., Mossemann, J., Sayed, B., and Freeman, S. (2025). The scaffolding
and activation of NLRP3 on acidic vesicles depends on their biophysical properties and
is independent of intermediate filaments. Mol. Biol. Cell. 36:ar85. doi: 10.1091/mbc.
E24-11-0511

de Sousa, N., Santos, D., Monteiro, S., Silva, N., Barreiro-Iglesias, A., and Salgado, A.
(2022). Role of baclofen in modulating spasticity and neuroprotection in spinal cord
injury. J. Neurotrauma 39, 249-258. doi: 10.1089/neu.2020.7591

Diaz, L., Gil, A., Marttens, A., Basualdo, J., Sotomayor, C., Becerra, A,, et al. (2025).
The clinical efficacy of intravascular laser irradiation of blood (ILIB): A narrative
review of randomized controlled trial. Photodiagnosis Photodyn. Ther. 53:104618.
doi: 10.1016/j.pdpdt.2025.104618

Ding, C,, Liu, P., Xu, Z,, Cheng, Y., Yu, H., Cheng, L., et al. (2025). Photoacoustic
technologies in nervous system disorders: An emerging strategy for neuromodulation.
Neural Regen. Res. doi: 10.4103/NRR.NRR-D-24-01191 Online ahead of print.

Dong, J., Gong, Z., Bi, H., Yang, J., Wang, B., Du, K, et al. (2024). BMSC-
derived exosomal miR-219-5p alleviates ferroptosis in neuronal cells caused by spinal
cord injury via the UBE2Z/NRF2 pathway. Neuroscience 556, 73-85. doi: 10.1016/j.
neuroscience.2024.06.011

Dong, X,, Lu, Y., Hu, Q., Zeng, C., Zheng, J., Huang, J., et al. (2025). Engineered
exosome-loaded silk fibroin composite hydrogels promote tissue repair in spinal
cord injury via immune checkpoint blockade. Small 21:€2412170. doi: 10.1002/smll.
202412170

Fan, W., and Guo, M. (2025). Research progress on nanotoxicity and detoxification
of cobalt in metal-based implants. Ann. Med. 57:2532120. doi: 10.1080/07853890.2025.
2532120

Fang, W., Wang, G., Lin, L., Ajoolabady, A., and Ren, J. (2025). Extracellular vesicles
in skin health and diseases. Life Sci. 378:123813. doi: 10.1016/j.1f5.2025.123813

Frontiers in Neuroscience

18

10.3389/fnins.2025.1652196

Fang, Y., Chen, W., Zhang, Y., Yang, Y., Wang, S., Pei, M,, et al. (2025). Spinal
cord injury-derived exosomes exacerbate damage: mir-155-5p mediates inflammatory
responses. Neural Regen. Res. doi: 10.4103/NRR.NRR-D-24-01451 Online ahead of
print.

Faried, A., Tatang, Y., Wibawa, G., Widowati, W., and Distya, A. (2025).
Traumatic axonal injury successfully treated with secretome followed by mesenchymal
stem cells therapy. Eur. J. Case Rep. Intern. Med. 12:005111. doi: 10.12890/2025_
005111

Fehlings, M., Moghaddamjou, A., Harrop, J., Stanford, R., Ball, J., Aarabi, B., et al.
(2023). Safety and efficacy of riluzole in acute spinal cord injury study (RISCIS): A
multi-center, randomized, placebo-controlled, double-blinded trial. J. Neurotrauma
40, 1878-1888. doi: 10.1089/neu.2023.0163

Gangadaran, P., Madhyastha, H., Madhyastha, R., Rajendran, R., Nakajima, Y.,
Watanabe, N, et al. (2023). The emerging role of exosomes in innate immunity,
diagnosis and therapy. Front. Immunol. 13:1085057. doi: 10.3389/fimmu.2022.
1085057

Gao, Z., Wang, X., Mei, Q,, Shen, T., Wang, J., and Liu, C. (2025). Sulfated chitosan
directs the recovery of ischemic stroke by attenuating the inflammatory cascade.
Theranostics 15, 5870-5889. doi: 10.7150/thno.111681

Guan, X., Zhang, F., Zhang, N,, Li, G., and Yin, F. (2025). Roles of METTL3
and NLRP3 in pyroptosis and prospects in SCIRI. Front Immunol. 16:1552704. doi:
10.3389/fimmu.2025.1552704

Han, C, Jiao, J., Gong, C., Li, J., Zhao, M., and Lu, X. (2025). Multidimensional
exploration of hydrogels as biological scaffolds for spinal cord regeneration:
Mechanisms and future perspectives. Front. Bioeng. Biotechnol. 13:1576524. doi: 10.
3389/fbioe.2025.1576524

Harvey, L. (2016). Physiotherapy rehabilitation for people with spinal cord injuries.
J. Physiother. 62, 4-11. doi: 10.1016/j.jphys.2015.11.004

He, W., Zhang, L., Zheng, D., Tang, L., Zhang, Y., Peng, M., et al. (2025).
Nanodrug-loaded microneedles promote scar-reduced repair after spinal cord injury
by re-establishing microglial homeostasis. Acta Biomater. 198, 440-451. doi: 10.1016/
j-actbio.2025.04.026

Hollanda, C., Gualberto, A., Motoyama, A., and Pittella-Silva, F. (2025). Advancing
leukemia management through liquid biopsy: Insights into biomarkers and clinical
utility. Cancers 17:1438. doi: 10.3390/cancers17091438

Hoseinynejad, K., Ghafouri, S., Asadirad, A., Shayanpour, S., and Arvin, P. (2025).
Exosomal therapy: A promising approach to alleviate renal dysfunction induced by
hypoxia in neonatal seizures. Naunyn. Schmiedebergs Arch. Pharmacol. doi: 10.1007/
$00210-025-04258-w [Epub ahead of print].

Hu, J., Liu, W., Zhang, X,, Shi, G., Yang, X., Zhou, K., et al. (2023). Synthetic miR-
26a mimics delivered by tumor exosomes repress hepatocellular carcinoma through
downregulating lymphoid enhancer factor 1. Hepatol. Int. 17,1265-1278. doi: 10.1007/
s12072-023-10527-8

]agadale, S., Damle, M., and Joshi, M. (2025). Bone tissue engineering: From
biomaterials to clinical trials. Adv. Exp. Med. Biol. 1479, 73-115. doi: 10.1007/5584_
2024_841

Jiao, Y., Chen, K., Tang, X., Tang, Y., Yang, H., Yin, Y., et al. (2024). Exosomes
derived from mesenchymal stem cells in diabetes and diabetic complications. Cell
Death Dis. 15:271. doi: 10.1038/s41419-024-06659-w

John, P., John, A., Mathew, J., and Joshy, V. (2025). Biological and pharmacological
enhancement of regeneration in chronic spinal cord injury. Indian J. Orthop. 59,
438-449. doi: 10.1007/s43465-024-01328-8

Kalluri, R., and LeBleu, V. S. (2020). The biology, function, and biomedical
applications of exosomes. Science 367:eaau6977. doi: 10.1126/science.aau6977

Kilig, K., Cakar, B., Uyanikgil, Y., Koenhemsi, L., Giines, B., Eroglu, E., et al. (2025).
Therapeutic effect of bismuth subsalicylate in a propionic acid-induced autism model.
Naunyn Schmiedebergs Arch. Pharmacol. doi: 10.1007/s00210-025-04255-z Online
ahead of print.

Kim, H., Park, J., Zhu, Y., Wang, X., Han, Y., and Zhang, D. (2024). Recent advances
in extracellular vesicles for therapeutic cargo delivery. Exp. Mol. Med. 56, 836-849.
doi: 10.1038/s12276-024-01201-6

Kojder, K., Gassowska-Dobrowolska, M., Zwieretto, W., Klos, P., Piotrowska, K.,
Wszotek, A., et al. (2025). Influence of exogenous neuropeptides on the astrocyte
response under conditions of continuous and cyclic hypoxia and red blood cell lysate.
Int. . Mol. Sci. 26:3953. doi: 10.3390/ijms26093953

Li, C., Luo, W., Hussain, L, Niu, R., He, X,, Xiang, C., et al. (2026). Generation and
clearance of myelin debris after spinal cord injury. Neural. Regen. Res. 21, 1512-1527.
doi: 10.4103/NRR.NRR- D-24-01405

Li, D., Xie, X,, Ou, Y., Sun, P., Lin, J., Yu, C., et al. (2025¢). Bone marrow
mesenchymal stem cells-derived exosomal miR-24-3p alleviates spinal cord injury by
targeting MAPKY to inhibit the JNK/c-Jun/c-Fos pathway. Arch. Biochem. Biophys.
769:110434. doi: 10.1016/j.abb.2025.110434

Li, J., Shangguan, Z., Ye, X., Wang, Z., Liu, W., and Chen, G. (2023). Modified
FGF hydrogel for effective axon formation by enhanced regeneration of myelin sheath
of schwann cells using rat model. Int. . Nanomed. 18, 7225-7236. doi: 10.2147/IJN.
S$417723

frontiersin.org


https://doi.org/10.3389/fnins.2025.1652196
https://doi.org/10.3390/cells14090637
https://doi.org/10.3389/fcell.2025.1532097
https://doi.org/10.3389/fcell.2025.1532097
https://doi.org/10.1186/s13287-025-04283-9
https://doi.org/10.1186/s13287-025-04283-9
https://doi.org/10.3390/ijms26083697
https://doi.org/10.1080/10790268.2025.2488571
https://doi.org/10.1080/10790268.2025.2488571
https://doi.org/10.1126/sciadv.ads3398
https://doi.org/10.1007/s12035-024-03960-9
https://doi.org/10.4252/wjsc.v17.i1.101161
https://doi.org/10.4252/wjsc.v17.i1.101161
https://doi.org/10.1517/14712598.2012.674507
https://doi.org/10.2174/011574888X301827240613063513
https://doi.org/10.1007/s11064-024-04287-6
https://doi.org/10.1080/17435889.2025.2487410
https://doi.org/10.3163/1536-5050.103.4.013
https://doi.org/10.3163/1536-5050.103.4.013
https://doi.org/10.1007/s11011-025-01589-8
https://doi.org/10.1091/mbc.E24-11-0511
https://doi.org/10.1091/mbc.E24-11-0511
https://doi.org/10.1089/neu.2020.7591
https://doi.org/10.1016/j.pdpdt.2025.104618
https://doi.org/10.4103/NRR.NRR-D-24-01191
https://doi.org/10.1016/j.neuroscience.2024.06.011
https://doi.org/10.1016/j.neuroscience.2024.06.011
https://doi.org/10.1002/smll.202412170
https://doi.org/10.1002/smll.202412170
https://doi.org/10.1080/07853890.2025.2532120
https://doi.org/10.1080/07853890.2025.2532120
https://doi.org/10.1016/j.lfs.2025.123813
https://doi.org/10.4103/NRR.NRR-D-24-01451
https://doi.org/10.12890/2025_005111
https://doi.org/10.12890/2025_005111
https://doi.org/10.1089/neu.2023.0163
https://doi.org/10.3389/fimmu.2022.1085057
https://doi.org/10.3389/fimmu.2022.1085057
https://doi.org/10.7150/thno.111681
https://doi.org/10.3389/fimmu.2025.1552704
https://doi.org/10.3389/fimmu.2025.1552704
https://doi.org/10.3389/fbioe.2025.1576524
https://doi.org/10.3389/fbioe.2025.1576524
https://doi.org/10.1016/j.jphys.2015.11.004
https://doi.org/10.1016/j.actbio.2025.04.026
https://doi.org/10.1016/j.actbio.2025.04.026
https://doi.org/10.3390/cancers17091438
https://doi.org/10.1007/s00210-025-04258-w
https://doi.org/10.1007/s00210-025-04258-w
https://doi.org/10.1007/s12072-023-10527-8
https://doi.org/10.1007/s12072-023-10527-8
https://doi.org/10.1007/5584_2024_841
https://doi.org/10.1007/5584_2024_841
https://doi.org/10.1038/s41419-024-06659-w
https://doi.org/10.1007/s43465-024-01328-8
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1007/s00210-025-04255-z
https://doi.org/10.1038/s12276-024-01201-6
https://doi.org/10.3390/ijms26093953
https://doi.org/10.4103/NRR.NRR-D-24-01405
https://doi.org/10.1016/j.abb.2025.110434
https://doi.org/10.2147/IJN.S417723
https://doi.org/10.2147/IJN.S417723
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Fan et al.

Li, Q. Yang, X, and Li, T. (2025f). Natural flavonoids from herbs and nutraceuticals
as ferroptosis inhibitors in central nervous system diseases: Current preclinical
evidence and future perspectives. Front. Pharmacol. 16:1570069. doi: 10.3389/fphar.
2025.1570069

Li, R, Feng, J., Li, L, Luo, G., Shi, Y., Shen, S., et al. (2024). Recombinant
fibroblast growth factor 4 ameliorates axonal regeneration and functional recovery
in acute spinal cord injury through altering microglia/macrophage phenotype. Int.
Immunopharmacol. 134:112188. doi: 10.1016/j.intimp.2024.112188

Li, R, Zhao, K., Ruan, Q., Meng, C., and Yin, F. (2020). Bone marrow mesenchymal
stem cell-derived exosomal microRNA-124-3p attenuates neurological damage in
spinal cord ischemia-reperfusion injury by downregulating Ernl and promoting M2
macrophage polarization. Arthritis Res. Ther. 22:75. doi: 10.1186/s13075-020-2146-x

Li, S, Gao, S., Hu, Y., Feng, J., and Sheng, W. (2025c). Research progress of
flavonoids in spinal cord injury: Therapeutic mechanisms and drug delivery strategies.
Phytother. Res. doi: 10.1002/ptr.8488 Online ahead of print.

Li, X,, Yu, H,, Liu, R,, Miao, J., Lv; J., Yang, S., et al. (2025a). Activation of the
Nrf2 signaling pathway by tetrahydroberberine suppresses ferroptosis and enhances
functional recovery following spinal cord injury. Mol. Neurobiol. 62, 8439-8456. doi:
10.1007/s12035-025-04791-y

Li, X, Zhang, J., Zhang, Y., Guo, L., Gao, M., Wang, Y., et al. (2025b). Conjugated
therapy with coaxially printed neural stem cell-laden microfibers and umbilical cord
mesenchymal stem cell derived exosomes on complete transactional spinal cord
defects. Mater. Today Bio 32:101639. doi: 10.1016/j.mtbi0.2025.101639

Li, Z., Song, X., and Song, J. (2025d). Netrin-3 enhances recovery and reduces
inflammation following spinal cord injury via suppressing NLRP1 inflammasome
activation. Neuropeptides 111:102521. doi: 10.1016/j.npep.2025.102521

Lin, M., Alimerzaloo, F., Wang, X., Alhalabi, O., Krieg, S., Skutella, T., et al. (2025).
Harnessing stem cell-derived exosomes: A promising cell-free approach for spinal cord
injury. Stem Cell. Res. Ther. 16:182. doi: 10.1186/s13287-025-04296-4

Liu, R, Yue, Z., Dong, J., Zhang, C., Guo, C., and Wang, X. (2025e). Lupeol mitigates
spinal cord injury by modulating microglial M1/M2 polarization via Na+/K+-ATPase-
mediated mitophagy. Cell. Immunol. 411-412:104955. doi: 10.1016/j.cellimm.2025.
104955

Liu, W,, Liu, Q,, Li, Z., Zhang, C,, Li, Z., Ke, H,, et al. (2025a). Multifunctional
magneto-electric and exosome-loaded hydrogel enhances neuronal differentiation
and immunoregulation through remote non-invasive electrical stimulation for
neurological recovery after spinal cord injury. Bioact. Mater. 48, 510-528. doi: 10.1016/
j.bioactmat.2025.02.034

Liu, W., Zhu, Y., Ye, W,, Xiong, J., Wang, H., Gao, Y., et al. (2025b). Redox
regulation of TRIM28 facilitates neuronal ferroptosis by promoting SUMOylation and
inhibiting OPTN-selective autophagic degradation of ACSL4. Cell. Death Differ. 32,
1041-1057. doi: 10.1038/s41418-025-01452-4

Liu, X, Zhang, Y., Wang, Y., and Qian, T. (2021). Inflammatory response to spinal
cord injury and its treatment. World Neurosurg. 155, 19-31. doi: 10.1016/j.wneu.2021.
07.148

Liu, Y., Xu, W,, Liu, G., Ma, L., and Li, Z. (2025d). Therapeutic efficacy of autologous
bone marrow mesenchymal stem cell transplantation in patients with spinal cord
injury: A meta-analysis. EFORT Open Rev. 10, 309-315. doi: 10.1530/EOR-2024-
0142

Liu, Z., Cai, H., Wang, T., Aleem, H,, Liu, R., and Chen, H. (2025¢). Gallic
acid protect against spinal cord ischemia-reperfusion injury in rat via activation
of Nrf2/HO-1 signaling. Regen. Ther. 29, 419-426. doi: 10.1016/j.reth.2025.03.
021

Liu, Z., Yang, Y., He, L., Pang, M., Luo, C,, Liu, B, et al. (2019). High-dose
methylprednisolone for acute traumatic spinal cord injury: A meta-analysis. Neurology
93, e841-e850. doi: 10.1212/WNL.0000000000007998

Lu, Y., Shang, Z., Zhang, W., Hu, X,, Shen, R., Zhang, K., et al. (2025). Global,
regional, and national burden of spinal cord injury from 1990 to 2021 and projections
for 2050: A systematic analysis for the Global burden of disease 2021 study. Ageing Res.
Rev. 103:102598. doi: 10.1016/j.arr.2024.102598

Ma, C,, Li, Y., Liu, B,, Deng, J., Gao, X., Zhang, H., et al. (2025). Exosomes derived
from adipose mesenchymal stem cells promote corneal injury repair and inhibit the
formation of scars by anti-apoptosis. Colloids Surf. B Biointerfaces 247:114454. doi:
10.1016/j.colsurfb.2024.114454

Maas, A., Peul, W., and Thomé, C. (2021). Surgical decompression in acute spinal
cord injury: Earlier is better. Lancet Neurol. 20, 84-86. doi: 10.1016/S1474-4422(20)
30478-6

Mai, L., Liu, J., Wu, H., Wang, H,, Lin, Z,, Rao, S, et al. (2025). Enhanced inhibition
of neuronal ferroptosis and regulation of microglial polarization with multifunctional
traditional Chinese medicine active ingredients-based selenium nanoparticles for
treating spinal cord injury. Mater. Today Bio 32:101758. doi: 10.1016/j.mtbio.2025.
101758

Mao, W., Liu, X., Chen, C.,, Luo, T., Yan, Z., Wu, L., et al. (2025). Roles for
exosomes from various cellular sources in spinal cord injury. Mol. Neurobiol. doi:
10.1007/s12035-025-05040-y [Epub ahead of print].

Frontiers in Neuroscience

19

10.3389/fnins.2025.1652196

McMullan, E., Joladarashi, D., and Kishore, R. (2025). Unpacking exosomes: A
therapeutic frontier for cardiac repair. Curr. Cardiol. Rep. 27:73. doi: 10.1007/511886-
025-02225-8

Mo, B., Sacks, S., and Markar, J. (2025). Intrathecal drug delivery systems: A case
series advancing surgical, clinical, and technological safety with broader implications
for invasive neuromodulation therapies. SAGE Open Med. Case Rep. 174:214315.
doi: 10.1177/2050313X251338563

Moswatsi, B., Mahumane, G., Kumar, P., and Choonara, Y. E. (2025). A review of
bigels for neurotrauma therapeutics: Structural insights for tissue microenvironment
alignment. Biomater. Adv. 174:214315. doi: 10.1016/j.bioadv.2025.214315

Ouyang, F., Zheng, M., Li, J., Huang, J., Ye, J., Wang, J., et al. (2025). Glycosylated
lysosomal membrane protein promotes tissue repair after spinal cord injury by
reducing iron deposition and ferroptosis in microglia. Sci. Rep. 15:2867. doi: 10.1038/
541598-025-86991-z

Parmar, U., Surico, P., Scarabosio, A., Barone, V., Singh, R., D’Ancona, F,, et al.
(2025). Amniotic membrane transplantation for wound healing, tissue regeneration
and immune modulation. Stem Cell. Rev. Rep. 21, 1428-1448. doi: 10.1007/s12015-
025-10892-x

Raji, A., Gopaul, U., Babineau, J., Popovic, M., and Marquez-Chin, C. (2025).
Industrial-grade collaborative robots for motor rehabilitation after stroke and spinal
cord injury: A systematic narrative review. Biomed. Eng. Online 24:50. doi: 10.1186/
512938-025-01362-z

Rehman, F., Liu, Y., Zheng, M., and Shi, B. (2023). Exosomes based strategies for
brain drug delivery. Biomaterials 293:121949. doi: 10.1016/j.biomaterials.2022.121949

Saadh, M., Ahmed, H., Sanghvi, G., Singh, P., Kaur, K, et al. (2025). Bin Awang Isa
MZ. Pathol. Res. Pract. 270:155984. doi: 10.1016/.prp.2025.155984

She, W, Su, J., Ma, W., Ma, G,, Li, J., Zhang, H., et al. (2025). Natural products
protect against spinal cord injury by inhibiting ferroptosis: A literature review. Front.
Pharmacol. 16:1557133. doi: 10.3389/fphar.2025.1557133

Shi, G, Su, T, Li, J, Wang, A, Gao, G., Tao, B,, et al. (2025). Biomimetic
piezoelectric hydrogel system for energy metabolism reprogramming in spinal cord
injury repair. Theranostics 15, 4955-4969. doi: 10.7150/thno.108329

Simons, M., and Raposo, G. (2009). Exosomes-vesicular carriers for intercellular
communication. Curr. Opin. Cell. Biol. 21, 575-581. doi: 10.1016/j.ceb.2009.03.007

Simpson, R, Jensen, S., and Lim, J. (2008). Proteomic profiling of exosomes: Current
perspectives. Proteomics 8, 4083-4099. doi: 10.1002/pmic.200800109

Singh, N., Guha, L., and Kumar, H. (2024). From hope to healing: Exploring the
therapeutic potential of exosomes in spinal cord injury. Extracell. Vesicle 3:100044.
doi: 10.1016/j.vesic.2024.100044

Singh, N, Pathak, Z., and Kumar, H. (2025a). Rab27a-mediated extracellular vesicle
release drives astrocytic CSPG secretion and glial scarring in spinal cord injury.
Biomater. Adv. 176:214357. doi: 10.1016/j.bioadv.2025.214357

Singh, N., Sharma, P., Pal, M., Kahera, R., Badoni, H., Pant, K., et al. (2025b).
Computational drug discovery of phytochemical alkaloids targeting the NACHT/PYD
domain in the NLRP3 inflammasome. Sci. Rep. 15:16677. doi: 10.1038/541598-024-
79054-2

Sun, X, Zhang, H., Huang, S, Li, K., and Wang, X. (2025). Dual sustained-release
BMP7-nanoparticle hydrogel scaffolds for enhanced BMSC neuronal differentiation
and spinal cord injury repair. Spine 50, 575-585. doi: 10.1097/BRS.0000000000005307

Swati, P., Basak, P., Mittal, B., Shukla, J., and Chadha, V. (2025). Systemic effects
of 177Lu-DOTATATE therapy to patients with metastatic neuroendocrine tumors:
Mechanistic insights and role of exosome. Eur. J. Nucl. Med. Mol. Imaging doi: 10.
1007/500259-025-07291-2 Online ahead of print.

Tao, H., and Gao, B. (2024). Exosomes for neurodegenerative diseases: Diagnosis
and targeted therapy. J. Neurol. 271, 3050-3062. doi: 10.1007/s00415-024-12329-w

Tao, J., Zhou, J., Zhu, H,, Xu, L,, Yang, J., Mu, X,, et al. (2024). Tetramethylpyrazine
inhibits ferroptosis in spinal cord injury by regulating iron metabolism through the
NRF2/ARE pathway. Front. Pharmacol. 15:1503064. doi: 10.3389/fphar.2024.1503064

Ullrich, M., Pulipaka, B., Yin, J., Hlinkov4, J., Zhang, F., Chan, M., et al. (2025).
Neuroprotective riluzole-releasing electrospun implants for spinal cord injury. Mol.
Pharm. 22, 2905-2916. doi: 10.1021/acs.molpharmaceut.4c01270

Wang, Q., Zhang, Y., Ma, K, Lin, P, Wang, Y., Wang, R, et al. (2025).
Plexin B2 in physiology and pathophysiology of the central nervous system. Int.
Immunopharmacol. 155:114627. doi: 10.1016/j.intimp.2025.114627

Wang, T., Hu, H., Zhao, L., Zhuo, S., Su, J., Feng, G., et al. (2025). EXOTLR1/2-
STING: A dual-mechanism stimulator of interferon genes activator for cancer
immunotherapy. ACS Nano 19, 5017-5028. doi: 10.1021/acsnano.4c18056

Wang, W, Yao, F., Xing, H., Yang, F., and Yan, L. (2024). Exosomal miR-17-92
cluster from BMSCs alleviates apoptosis and inflammation in spinal cord injury.
Biochem. Genet. 63, 3363-3377. doi: 10.1007/s10528-024-10876-5

Wang, X., Zhou, Z., Zhang, Y., Liu, J.,, Qin, T., Zhou, W., et al. (2025). Exosome-
shuttled miR-5121 from A2 astrocytes promotes BSCB repair after traumatic SCI
by activating autophagy in vascular endothelial cells. J. Nanobiotechnol. 23:291. doi:
10.1186/512951-025-03365-3

frontiersin.org


https://doi.org/10.3389/fnins.2025.1652196
https://doi.org/10.3389/fphar.2025.1570069
https://doi.org/10.3389/fphar.2025.1570069
https://doi.org/10.1016/j.intimp.2024.112188
https://doi.org/10.1186/s13075-020-2146-x
https://doi.org/10.1002/ptr.8488
https://doi.org/10.1007/s12035-025-04791-y
https://doi.org/10.1007/s12035-025-04791-y
https://doi.org/10.1016/j.mtbio.2025.101639
https://doi.org/10.1016/j.npep.2025.102521
https://doi.org/10.1186/s13287-025-04296-4
https://doi.org/10.1016/j.cellimm.2025.104955
https://doi.org/10.1016/j.cellimm.2025.104955
https://doi.org/10.1016/j.bioactmat.2025.02.034
https://doi.org/10.1016/j.bioactmat.2025.02.034
https://doi.org/10.1038/s41418-025-01452-4
https://doi.org/10.1016/j.wneu.2021.07.148
https://doi.org/10.1016/j.wneu.2021.07.148
https://doi.org/10.1530/EOR-2024-0142
https://doi.org/10.1530/EOR-2024-0142
https://doi.org/10.1016/j.reth.2025.03.021
https://doi.org/10.1016/j.reth.2025.03.021
https://doi.org/10.1212/WNL.0000000000007998
https://doi.org/10.1016/j.arr.2024.102598
https://doi.org/10.1016/j.colsurfb.2024.114454
https://doi.org/10.1016/j.colsurfb.2024.114454
https://doi.org/10.1016/S1474-4422(20)30478-6
https://doi.org/10.1016/S1474-4422(20)30478-6
https://doi.org/10.1016/j.mtbio.2025.101758
https://doi.org/10.1016/j.mtbio.2025.101758
https://doi.org/10.1007/s12035-025-05040-y
https://doi.org/10.1007/s12035-025-05040-y
https://doi.org/10.1007/s11886-025-02225-8
https://doi.org/10.1007/s11886-025-02225-8
https://doi.org/10.1177/2050313X251338563
https://doi.org/10.1016/j.bioadv.2025.214315
https://doi.org/10.1038/s41598-025-86991-z
https://doi.org/10.1038/s41598-025-86991-z
https://doi.org/10.1007/s12015-025-10892-x
https://doi.org/10.1007/s12015-025-10892-x
https://doi.org/10.1186/s12938-025-01362-z
https://doi.org/10.1186/s12938-025-01362-z
https://doi.org/10.1016/j.biomaterials.2022.121949
https://doi.org/10.1016/j.prp.2025.155984
https://doi.org/10.3389/fphar.2025.1557133
https://doi.org/10.7150/thno.108329
https://doi.org/10.1016/j.ceb.2009.03.007
https://doi.org/10.1002/pmic.200800109
https://doi.org/10.1016/j.vesic.2024.100044
https://doi.org/10.1016/j.bioadv.2025.214357
https://doi.org/10.1038/s41598-024-79054-2
https://doi.org/10.1038/s41598-024-79054-2
https://doi.org/10.1097/BRS.0000000000005307
https://doi.org/10.1007/s00259-025-07291-2
https://doi.org/10.1007/s00259-025-07291-2
https://doi.org/10.1007/s00415-024-12329-w
https://doi.org/10.3389/fphar.2024.1503064
https://doi.org/10.1021/acs.molpharmaceut.4c01270
https://doi.org/10.1016/j.intimp.2025.114627
https://doi.org/10.1021/acsnano.4c18056
https://doi.org/10.1007/s10528-024-10876-5
https://doi.org/10.1186/s12951-025-03365-3
https://doi.org/10.1186/s12951-025-03365-3
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Fan et al.

Wang, Y., Kong, Y., Du, J., Qi, L, Liu, M,, Xie, S., et al. (2025). Injection of
human umbilical cord mesenchymal stem cells exosomes for the treatment of knee
osteoarthritis: From preclinical to clinical research. J. Transl. Med. 23:641. doi: 10.
1186/512967-025-06623-y

White, S., Ma, Y., Plant, C, Harvey, A, and Plant, G. (2025). Combined
transplantation of mesenchymal progenitor and neural stem to repair cervical spinal
cord injury. Cells 14:630. doi: 10.3390/cells14090630

William, W., HoodConcepcion, S., and Scientometrics, W. J. (2001). The Literature
of Bibliometrics, Scientometrics, and Informetrics. Netherlands: Scientometrics.

Wu, M., Zhang, S., Wu, X, Zhou, Y., Zhou, M., Du, A, et al. (2025). Acute
hyperglycemia impedes spinal cord injury recovery via triggering excessive ferroptosis
of endothelial cells. Int. J. Biol. Macromol. 301:140453. doi: 10.1016/j.ijbiomac.2025.
140453

Wu, Z., Wu, W, Ding, X.,, Feng, Q., Zhang, B., Wang, H., et al. (2025).
Neuroprotective effect and possible mechanisms of the extract of ginkgo biloba for
spinal cord injury in experimental animal: A meta-analysis and systematic review.
Nutr. Neurosci. 28, 840-853. doi: 10.1080/1028415X.2024.2425643

Xiong, M., Wang, M,, Liu, X., Luo, S., Wang, X., Yang, L., et al. (2025). Quercetin
inhibits oligodendrocytes ferroptosis by blocking NCOA4-mediated ferritinophagy.
Int. Immunopharmacol. 150:114152. doi: 10.1016/j.intimp.2025.114152

Xu, J., Weng, C., Zhang, Y., Zhao, Q., Chen, J., Pan, S, et al. (2025). GPX4
knockdown suppresses M2 macrophage polarization in gastric cancer by modulating
kynurenine metabolism. Theranostics 15, 5826-5845. doi: 10.7150/thno.108817

Yan, X, Li, R, Xu, J.,, Liu, H., He, M., Jiang, X,, et al. (2025). ARHGDIB as a
prognostic biomarker and modulator of the immunosuppressive microenvironment
in glioma. Cancer Immunol. Immunother. 74:204. doi: 10.1007/500262-025-04063-7

Yang, Q., Li, S., Ou, H., Zhang, Y., Zhu, G, Li, S., et al. (2024). Exosome-based
delivery strategies for tumor therapy: An update on modification, loading, and clinical
application. J. Nanobiotechnol. 22:41. doi: 10.1186/s12951-024-02298-7

Yang, S., Xue, B, Zhang, Y., Wu, H,, Yu, B, Li, S,, et al. (2025). Engineered
extracellular vesicles from antler blastema progenitor cells: A therapeutic choice for
spinal cord injury. ACS Nano 19, 5995-6013. doi: 10.1021/acsnano.4c10298

Yang, W., Tan, S., and Zuo, C. (2025). Exosome tracking by magnetic resonance
imaging. Zhong Nan Da Xue Xue Bao Yi Xue Ban 50, 301-312. doi: 10.11817/j.issn.
1672-7347.2025.240517

Yang, Y., Tang, Y., Qin, H., and Xu, J. (2022). Efficacy of transcutaneous electrical
nerve stimulation in people with pain after spinal cord injury: A meta-analysis. Spinal
Cord 60, 375-381. doi: 10.1038/s41393-022-00776-2z

Yao, Y., Cao, ], and Ding, C. (2025). Mesenchymal stem cells improve
osteoarthritis by secreting superoxide dismutase to regulate oxidative stress
response. BMC  Musculoskelet ~ Disord.  26:409. doi: 10.1186/s12891-025-
08670-4

Yin, Y., Lu, Y., Lin, S., Wang, L., Wang, Z.,, Dong, X,, et al. (2025). BSA-coated
copper ferrite nanoparticles loaded with doxorubicin for synergistic ferroptosis-
chemotherapy for cancer treatment. ACS Appl. Bio Mater. doi: 10.1021/acsabm.
5¢00999 Online ahead of print.

Yoo, Y., Jung, J., Kim, H., Park, H., Kim, H., and Byeon, G. (2025). Treatment
of severe pain in a patient with a cervical spinal cord injury at C5-7 level using

an intrathecal targeted drug delivery system - A case report. Anesth. Pain Med. 20,
160-165. doi: 10.17085/apm.24151

You, Z., Gao, X., Kang, X., Yang, W., Xiong, T., Li, Y., et al. (2023). Microvascular
endothelial cells derived from spinal cord promote spinal cord injury repair. Bioact.
Mater. 29, 36-49. doi: 10.1016/j.bioactmat.2023.06.019

Yun, Z., Wu, J,, Sun, X,, Yu, T., Xue, W., Dai, A,, et al. (2025). Neural-enhancing
PRP/Alg/GelMA triple-network hydrogel for neurogenesis and angiogenesis after
spinal cord injury via PI3K/AKT/mTOR signaling pathway. Theranostics 15, 3837-
3861. doi: 10.7150/thno.109091

Zamanian, C., Onyedimma, C., Moinuddin, F., Ghaith, A., Jarrah, R,, Dhar, A, et al.
(2025). Evaluating purified exosome product and its role in neurologic and functional

Frontiers in Neuroscience

20

10.3389/fnins.2025.1652196

recovery following spinal cord injury in female rats. J. Spinal Cord Med. 48, 527-535.
doi: 10.1080/10790268.2023.2274637

Zhai, M., Tan, H., Xu, A., Wu, B,, Xie, F., Lu, Y., et al. (2025). Inmunomodulatory
hydrogel loaded with PD-L1-expressing exosomes reprograms macrophages and
accelerates diabetic wound healing. Biomater. Adv. 176:214362. doi: 10.1016/j.bioadv.
2025.214362

Zhang, H., Jiang, N., Xu, M., Jing, D., Dong, T., Liu, Q., et al. (2025c). M2
macrophage derived exosomal miR-20a-5p ameliorates trophoblast pyroptosis and
placental injuries in obstetric antiphospholipid syndrome via the TXNIP/NLRP3 axis.
Life Sci. 370:123561. doi: 10.1016/j.1fs.2025.123561

Zhang, J., Chen, X, Du, K., Zhang, Z., Ma, Y., Kuang, Y., et al. (2025a). NgR1
knockout increased neuronal excitability and altered seizure pattern in traumatic brain
injury mice brain after PTZ-induced seizure. PLoS One 20:€0321447. doi: 10.1371/
journal.pone.0321447

Zhang, J., Zhang, Z., Wei, L., Ru, D., Wang, M., Fu, P., et al. (2025b). Transcutaneous
auricular vagus nerve stimulation enhances structural and functional remodeling
in sensorimotor networks following intracerebral hemorrhage in rats. J. Neuroeng.
Rehabil. 22:170. doi: 10.1186/s12984-025-01700- 1

Zhang, X., Miao, Y., Li, Z., Xu, H., and Niu, Z. (2025d). ACVR1 drives neuropathic
pain by regulating NLRP3-Induced neuronal pyroptosis through the p38 and
Smad1/5/8 pathways. Neuropharmacology 274:110469. doi: 10.1016/j.neuropharm.
2025.110469

Zhang, Y., Zhou, X, Liang, G., Cui, M, Qiu, Z, Xu, J, et al. (2025e).
Iron-Chelating and ROS-scavenging polymers with thioketal and thioether bonds
delivering ferroptosis inhibitor Lip-1 provide a triple therapeutic strategy for retina
ganglion cells in acute glaucoma. Adv. Mater. 2025:€2507526. doi: 10.1002/adma.
202507526

Zhang, Z., Zou, Y., Song, C., Cao, K., Cai, K., Chen, S, et al. (2024). Advances
in the study of exosomes in cardiovascular diseases. . Adv. Res. 66, 133-153. doi:
10.1016/j.jare.2023.12.014

Zhao, Y., Aili, A., Jia, Z., Wen, T., and Muheremu, A. (2025). Novel tissue
engineering scaffolds in the treatment of spinal cord injury-A bibliometric study.
Bioengineering 12:347. doi: 10.3390/bioengineering12040347

Zhou, X., Zhao, Y., Huang, S., Shu, H., Zhang, Y., Yang, H., et al. (2025).
TRIM32 promotes neuronal ferroptosis by enhancing K63-linked ubiquitination
and subsequent p62-selective autophagic degradation of GPX4. Int. J. Biol. Sci. 21,
1259-1274. doi: 10.7150/ijbs.106690

Zhou, Y., Wen, L. L, Li, Y. F, Wu, K. M,, Duan, R. R, Yao, Y. B,, et al. (2022).
Exosomes derived from bone marrow mesenchymal stem cells protect the injured
spinal cord by inhibiting pericyte pyroptosis. Neural Regen. Res. 17, 194-202. doi:
10.4103/1673-5374.314323

Zhu, J., Wang, H., Liu, Y., Li, W, Cao, L, Wang, W, et al. (2025).
Exosome-mediated induction of apoptosis in cisplatin-treated gastric cancer cells
as a strategy to mitigate side effects. Curr. Cancer Drug Targets doi: 10.2174/
0115680096369817250407164352 Online ahead of print.

Zhu, S., Wu, Q, Ying, Y., Mao, Y., Lu, W,, Xu, J,, et al. (2024). Tissue-adaptive
BSA hydrogel with dual release of PTX and bFGF promotes spinal cord injury repair
via glial scar inhibition and axon regeneration. Small 20:¢2401407. doi: 10.1002/smll.
202401407

Zhuang, Y., Wang, Y., Tang, X., Zheng, N, Lin, S., Ke, J., et al. (2025). Exosomes
generated from bone marrow mesenchymal stem cells limit the damage caused
by myocardial ischemia-reperfusion via controlling the AMPK/PGC-1a signaling
pathway. Biochim. Biophys. Acta Mol. Basis Dis. 1871:167890. doi: 10.1016/j.bbadis.
2025.167890

Zhuang, Z., Li, B,, Cai, C,, Jiang, Y., Tang, J., Rong, L., et al. (2025). MMP-responsive
nanodrug loaded with glibenclamide for targeted repair of acute spinal cord injury.
Int. J. Pharm. 675:125526. doi: 10.1016/j.ijpharm.2025.125526

Zou, X., Zhu, Y., Shu, H., Su, X, Xiong, J., Ye, W., et al. (2025). A Dual-Factor
Scaffold for Spinal Cord Injury Repair Targeting Inflammation and Ferroptosis. ACS
Appl. Mater. Interfaces 17, 33540-33554. doi: 10.1021/acsami.5c04508

frontiersin.org


https://doi.org/10.3389/fnins.2025.1652196
https://doi.org/10.1186/s12967-025-06623-y
https://doi.org/10.1186/s12967-025-06623-y
https://doi.org/10.3390/cells14090630
https://doi.org/10.1016/j.ijbiomac.2025.140453
https://doi.org/10.1016/j.ijbiomac.2025.140453
https://doi.org/10.1080/1028415X.2024.2425643
https://doi.org/10.1016/j.intimp.2025.114152
https://doi.org/10.7150/thno.108817
https://doi.org/10.1007/s00262-025-04063-7
https://doi.org/10.1186/s12951-024-02298-7
https://doi.org/10.1021/acsnano.4c10298
https://doi.org/10.11817/j.issn.1672-7347.2025.240517
https://doi.org/10.11817/j.issn.1672-7347.2025.240517
https://doi.org/10.1038/s41393-022-00776-z
https://doi.org/10.1186/s12891-025-08670-4
https://doi.org/10.1186/s12891-025-08670-4
https://doi.org/10.1021/acsabm.5c00999
https://doi.org/10.1021/acsabm.5c00999
https://doi.org/10.17085/apm.24151
https://doi.org/10.1016/j.bioactmat.2023.06.019
https://doi.org/10.7150/thno.109091
https://doi.org/10.1080/10790268.2023.2274637
https://doi.org/10.1016/j.bioadv.2025.214362
https://doi.org/10.1016/j.bioadv.2025.214362
https://doi.org/10.1016/j.lfs.2025.123561
https://doi.org/10.1371/journal.pone.0321447
https://doi.org/10.1371/journal.pone.0321447
https://doi.org/10.1186/s12984-025-01700-1
https://doi.org/10.1016/j.neuropharm.2025.110469
https://doi.org/10.1016/j.neuropharm.2025.110469
https://doi.org/10.1002/adma.202507526
https://doi.org/10.1002/adma.202507526
https://doi.org/10.1016/j.jare.2023.12.014
https://doi.org/10.1016/j.jare.2023.12.014
https://doi.org/10.3390/bioengineering12040347
https://doi.org/10.7150/ijbs.106690
https://doi.org/10.4103/1673-5374.314323
https://doi.org/10.4103/1673-5374.314323
https://doi.org/10.2174/0115680096369817250407164352
https://doi.org/10.2174/0115680096369817250407164352
https://doi.org/10.1002/smll.202401407
https://doi.org/10.1002/smll.202401407
https://doi.org/10.1016/j.bbadis.2025.167890
https://doi.org/10.1016/j.bbadis.2025.167890
https://doi.org/10.1016/j.ijpharm.2025.125526
https://doi.org/10.1021/acsami.5c04508
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	Emerging regenerative strategies for spinal cord injury: exosome-derived mechanisms and therapeutic insights
	1 Introduction
	2 Materials and methods
	2.1 Data source
	2.2 Data processing
	2.3 Data analysis
	2.4 Terminology clarification

	3 Results
	3.1 Study identification and characteristics
	3.2 Analysis of countries/regions and institutions
	3.3 Analysis of authors and co-cited authors
	3.4 Analysis of journals and co-journals
	3.5 Analysis of references and articles
	3.6 Analysis of keyword
	3.6.1 Keyword frequency analysis
	3.6.2 Keyword evolution and emergence analysis


	4 Discussion
	4.1 Inflammatory responses and ischemia
	4.2 Oxidative stress and lipid peroxidation
	4.3 Apoptosis and necroptosis
	4.4 Ferroptosis
	4.5 Axonal regeneration
	4.6 Neuronal regeneration and synaptic plasticity
	4.7 Drug delivery systems
	4.8 Research trends and future directions in SCI therapeutic technologies
	4.9 Challenges and prospects

	5 Limitations
	6 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References




