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Abstract

Purpose Methylprednisolone (MP) is a synthetic glucocorticoid known for its anti-inflammatory and immunosuppressive
effects, yet its application in global spinal cord injury (SCI) research has not been thoroughly summarized. This study aims
to assess the current status and trends of methylprednisolone research in SCI, providing insights for future scholarly work.
Methods Articles on methylprednisolone in SCI published from 1975 to 2023 were retrieved from the Web of Science
database. Metrics such as publication counts, H-index values, and data on countries, institutions, authors, and journals were
analyzed. Co-citation, collaboration, and co-occurrence analyses of keywords were performed using CiteSpace.

Results A total of 1,651 articles were identified, and publication numbers showed a consistent annual increase. The United
States and Canada led in publication counts, H-index values, and citations, with the University of Toronto and the Veterans
Health Administration being significant contributors. Bracken M.B. was the leading author. The most frequent keywords
included ‘trauma,” ‘lipid peroxidation,” ‘dose response,” ‘ischemia,” and ‘methylprednisolone.” A co-occurrence analysis
classified 225 keywords into three clusters, highlighting key research areas in SCI.

Conclusions These findings offer valuable insights into authors, countries, institutions, keywords, and research hotspots in
SCI over the past 50 years, guiding future research directions in this field.
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mermans, Souffriau, & Libert [41]), . Glucocorticoids are
a class of drugs with broad anti-inflammatory(Vandewalle,
Luypaert, De Bosscher, & Libert [43]), and immunosuppres-
sive properties [8], which are utilized in clinical settings to
treat a variety of inflammatory diseases [30], allergic reac-
tions [42], and immune system-related disorders [20].

The condition of spinal cord injury (SCI), which can result
in lifelong disability for patients [50], is a significant burden
for those involved, their families, and society as a whole(Fan,
Wei, & Feng [13]), . SCI affected approximately 0.9 million
people annually worldwide in 2019 [48]. The incidence of SCI
was estimated at 20.6 million people in 2019. Among these
individuals with spinal cord injury (SCI), 90% of the cases are
due to trauma. In 2019, falls and road injuries were identified
as the two leading causes of SCI [22, 49].
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During the initial stage of spinal cord injury, a strong
primary inflammation frequently occurs in the spinal cord.
Early research reports suggested that high-dose glucocor-
ticoids may alleviate the inflammatory response following
SCI and possibly promote neural recovery. It is believed that
the early administration of high-dose methylprednisolone
in the acute phase of spinal cord injury can rescue damaged
cells of the spinal cord, reduce the release of inflammatory
mediators, mitigate secondary injury to the spinal cord,
facilitate spinal cord recovery, and decrease the degree and
rate of disability [4, 5].

With the deepening of related research, the mechanism
of methylprednisolone in the treatment of spinal cord injury
has been greatly elucidated. In animal experiments, it can be
observed that following the initiation of methylprednisolone
administration, continuous application of methylpredniso-
lone sodium succinateis Associated with fewer pyknotic
nuclei and more oligodendrocytes and astrocytes surviving
in ventral white matter [35]. As demonstrated by Zou and
colleagues(Zou, Guo, Zhu, Xu, & Liu [51]), , methylpredni-
solone can suppress Al neurotoxic reactive astrocyte activa-
tion and decrease levels of Ibal, Il-1, TNF, and C3., thereby
inhibiting A 1-type astrocyte activation and promoting func-
tional recovery in rats. Through high-throughput sequencing,
it was found that after treatment with Methylprednisolone,
316 genes exhibited differential expression, and in addition
to nerve recovery genes, anti-oxidative, anti-inflammatory,
and anti-apoptotic genes were also upregulated [27].

The current dilemmas surrounding the use of methylpred-
nisolone (MPSS) include: the perception that there is insuf-
ficient evidence supporting the beneficial effects of MPSS
for acute spinal cord injury, and the belief that the evidence
for harmful effects of MPSS administration outweighs any
suggestions of benefit(Bowers, Kundu, & Hawryluk [3]), .

A great deal of controversy surrounds the use of high-
dose shock therapy in the early treatment of spinal cord inju-
ries. It was reported in 1990 that Methylprednisolone could
prove beneficial in the early treatment of spinal cord injury,
but this was quickly followed by a great deal of controversy.
Subsequent clinical trials did not observe similar clinical
achievements as the initial studies and identified many seri-
ous side effects, such as infections. In the meta-analysis con-
ducted by Liu and colleagues, which included three rand-
omized controlled trials and 13 observational studies. At the
final follow-up, there were no significant differences between
the Methylprednisolone group and the control group in terms
of combined motor and sensory scores(Fehlings, Wilson,
& Cho [14]), . In addition, the glucocorticoid group expe-
rienced significantly more adverse events than the control
group, primarily due to gastrointestinal bleeding and respira-
tory infections [28].

Therefore, in recent years, many researchers have focused
on Methylprednisolone in spinal cord injury, and to date, the
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spatial structure of global SCI research has not been analyzed
or summarized.

Methylprednisolone application in Spinal Cord Injury
(SCI) from 1975 to 2023 was examined using Web of Sci-
ence and CiteSpace software. It provided scholars with valu-
able knowledge for incorporating into their future research
plans, by offering insights into the current landscape and
global trends of SCI research.

Methods
Literature sources and search strategy

This study conducted a search in the Web of science Core Col-
lection (WoSCC) database. The search terms used were as fol-
lows: TS = (Spinal Cord Trauma* OR Traumatic Myelopath*
OR Spinal Cord Injur* OR Spinal Cord Transection* OR Spi-
nal Cord Laceration* OR Post-Traumatic Myelopath* OR Post
Traumatic Myelopath* OR Spinal Cord Contusion*)) AND TS
= (Steroid* OR Catatoxic Steroids OR Steroids, Catatoxic OR
Corticoid* OR Adrenal Cortex Hormone OR Corticosteroid*
OR 6-Methylprednisolone OR 6 Methylprednisolone OR Meti-
pred OR Medrol OR Urbason OR Methylprednisolone Hemi-
succinate OR Methylprednisolone Succinate OR Methylpred-
nisolone Sodium Succinate OR Methylprednisolone Sodium
Hemisuccinate OR Methylprednisolone Hemisuccinate Mono-
sodium Salt OR 6 alpha-Methylprednisolone Sodium Hemisuc-
cinate OR A-MethaPred OR Solu-Medrol OR Solumedrol. The
time period was 1975 to 2023, the document type was article.
1509 articles were accepted with complete author, country,
institution, journal, publication year, and citation information,
excluding review articles, meeting abstracts, corrections, and
non-English literature. (Figure 1).

Data collection and statistics

We conducted publication volume statistics and journal
source analysis using Bibliometrix in R version 4.2.1 as
well as VOSviewer version 1.6.18 and Scimago Graphica
for international cooperation analysis. A CiteSpace version
6.2.R2 was used for analyzing author and institutional col-
laborations, clustering, and burst detection of keywords.

Results
Publishing trend

A distribution of publication times and trends can be deter-
mined by analyzing all the literature data on “Methylpredni-
solone therapy for spinal cord injuries” to determine how the
topic has developed and how much academic attention it has
received. In total, 1255 studies have been published related to
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Fig. 1 Flow chart of bibliometric research

Methylprednisolone therapy for spinal cord injuries from 2000
to 2023, and the cumulative publication volumes are on the
rise. However, since 2000, it is noteworthy that the number of
publications annually has not consistently increased, with some
years showing slight decreases and fluctuations. The publication
volume reached its peak in the year 2021, reached at 70.

The growing interest in research indicates that the topic is
attracting scholars’ attention and that it is garnering increasing
attention from scholars (Fig. 2). This indicates a growing atten-
tion from scholars on research in this area, and this relatively
classic treatment method continues to receive significant atten-
tion from the research community.

Author publication volume and most relevant
affiliation

The top ten authors in terms of number of 226 publications
are DE Nicola AF (33 publications), Fehlings MG (31 pub-
lications), Schumacher M (28.

publications), Labombarda F (27 publications), Guen-
noun R(24 publications), Deniselle MCG (22 publications),
Young W(16 publications), Bracken MB (15 publications),

—  Country

" » Journal

pea . Keyword co-
X K d existence
o et networdk
analysis by -
Vosviewer
and
Citespace Citation
Bursts

Garcia-Segura LM (15 publications), Hall ED (15 publica-
tions). The most cited author is Young W (5430). Bracken
MB is the second most cited author (5018). Labombarda F,
Guennoun R, Deniselle MCG, Garcia-Segura LM, and Hall
ED have articles cited around 1000 (Fig. 3). The details of the
top 10 productive affiliations are shown in Fig. 4. University
of Toronto is ranked first, with 90 papers, followed by Uni-
versity of California (69 publications) and US Veterans health
administration (VHA) (69 publications). Furthermore, the
top 10 affiliations locate in North America. (Tables 1 and 2).

Country analysis

At the national level (Fig. 5), the United States and China
are the most prominent countries in terms of publications
with international corresponding authors. The United States
boasts the highest number of publications, followed closely
by China and Canada. In terms of highly cited publications,
the United States exerts the greatest influence in the field,
with a total citation count of 33,910. Canada follows with a
citation count of 5,860, and the United Kingdom has a cita-
tion count of 2,272. Furthermore, the graph depicting the

@ Springer
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Fig.2 Annual publication statistics and cumulative annual publication statistics for literature on steroid medications and spinal cord injury, with
the dashed line representing the curve fitting for the cumulative annual publication volume
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Fig.3 The top ten most prolific and highly cited authors, along with their H-indexes. A chart of the most prolific author in recent years is dis-
played, with circles representing publications and colors representing citations

annual publication volume by the most productive countries
reveals that the United States has consistently maintained
a leading position in publications, followed by China. The
publication volumes of other countries are relatively similar
and do not differ significantly.
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Citation analysis

Among our findings, we discovered that articles from the
United States have the highest total citation count, reaching
33,910, which accounts for approximately 38.70% of the
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Table 1 Authors

Table 2 Most relevant affiliations

Authors Articles Articles Total cited H-index
fractional-
ized
DE NICOLA AF 33 4.88 2064 25
FEHLINGS MG 31 6.22 3774 22
SCHUMACHER M 28 4.07 2135 24
LABOMBARDA F 27 4.32 1645 22
GUENNOUN R 24 3.29 1835 22
DENISELLE MCG 22 343 1261 17
YOUNG W 16 3.77 5430 16
BRACKEN MB 15 6.19 5018 14
GARCIA-SEGURA 15 2.82 1040 15
LM
HALL ED 15 8.48 1336 13

total citations, with an H-index of 67.00 (Table 3). Follow-
ing this, articles from Canada have 5,860 citation counts,
with an H-index of approximately 45.00. The most cited
article is from Bracken MB, published in the New England
Journal of Medicine in 1990, with a total of 1,919 cita-
tions. Following this, the article by Basso DM, published
in Experimental Neurology, has received 1,227 citations.
Next is the article by Tator CH, published in the Journal

Affiliation Articles
UNIVERSITY OF TORONTO 90
UNIVERSITY OF CALIFORNIA SYSTEM 69
VETERANS HEALTH ADMINISTRATION (VHA) 69
UNIVERSITY OF BUENOS AIRES 56
UNIVERSITY SYSTEM OF OHIO 54
UNIVERSITY HEALTH NETWORK TORONTO 52
US DEPARTMENT OF VETERANS AFFAIRS 50
HARVARD UNIVERSITY 44
INSTITUTE OF BIOLOGY AND EXPERIMENTAL 43
MEDICINE

of Neurosurgery in 1991, with a total of 1,197 citations
(Table 4).

Collaboration network analysis

Through in-depth analysis of the collaborative relation-
ships among different countries, research institutions,
and scholars (Fig. 6), we can not only clearly observe
the disparities in publication numbers among the vari-
ous participants but also uncover their interconnections

@ Springer
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Table 3 Most cited countries

most productive countries (stacked area chart). D: Cumulative annual
publication volume of the top 10 most productive countries (percent-
age stacked chart)

Research groups within each of the six major research
groups collaborate closely, but cross-group collaboration,

Country NP % TC H-index

especially across national borders, has not yet been estab-
USA 584 38.70 33910 67 lished. By analyzing the collaboration between various insti-
CHINA 145 9.61 2212 33 tutions, we can also observe that the connectivity among
CANADA 81 5.37 5860 45 research institutions in North America tends to be higher
TURKEY 77 5.10 1725 16 than that of institutions in other regions.
JAPAN 61 4.04 1649 25 Similarly, when analyzing the connectivity between coun-
GERMANY 51 3.38 1235 21 tries, a similar phenomenon can be observed, with the col-
KOREA 50 3.31 1400 13 laboration between China, the United States, and Canada
FRANCE 40 2.65 2163 30 being notably closer. Similarly, the connections between
ITALY 40 2.65 1373 25 some other European countries are also relatively close.
UNITED KINGDOM 35 2.32 2271 15 Furthermore, by analyzing the collaboration within differ-

and respective positions within the broader research field.
This kind of analysis provides us with a comprehensive
perspective to understand the research structure and evo-
lutionary process of the field.

@ Springer

ent time periods, we can observe the research structure and
evolutionary process within the field. Over time, some research
institutions and scholars may emerge while others may fade
away. This evolutionary process reflects the shift in research
interests and hotspots within the field, which aids in predicting
future research directions and potential opportunities.
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Table 4 Most cited document

Total citations TC per year Normalized TC DOI

Document
BRACKEN MB, 1990, NEW ENGL J] MED 1919 54.83
BASSO DM, 1996, EXP NEUROL 1227 42.31
TATOR CH, 1991, ] NEUROSURG 1197 35.21
BRACKEN MB, 1997, JAMA-J] AM MED 1027 36.68
ASSOC
CROWE MJ, 1997, NAT MED 952 34.00
FITCH MT, 2008, EXP NEUROL 777 45.71
POPOVICH PG, 1997, ] COMP NEUROL 748 26.71
FEHLINGS MG, 2012, PLOS ONE 704 54.15
MUZHA 1, 2004, LANCET 703 33.48
BRACKEN MB, 1992, ] NEUROSURG 529 16.03

4.83 https://doi.org/10.1056/NEJM199005173222001
12.51 https://doi.org/10.1006/exnr.1996.0098
6.54 https://doi.org/10.3171/jns.1991.75.1.0015
6.62 https://doi.org/10.1001/jama.277.20.1597
6.13 https://doi.org/10.1038/nm0197-73
15.30 https://doi.org/10.1016/j.expneurol.2007.05.014
4.82 https://doi.org/10.1002/(SICI)1096-9861(19970
120)
13.52 https://doi.org/10.1371/journal.pone.0032037
10.97 https://doi.org/10.1016/s0140-6736(04)17188-2
5.87 https://doi.org/10.3171/jns.1992.76.1.0023

Trend topic analysis and thematic evaluation

The research trend has transitioned from exploring therapeu-
tic mechanisms and targets to focusing on stem cell therapy
and drug delivery from 1993 to 2023 (Fig. 7). The analysis
reveals that the most frequently used terms over the past 30
years include growth-factor receptor, compression injury,
high-dose methylprednisolone sodium succinate, and follow-
up, among others. In the year 2000, the term “intravenous
methyprednisolone” saw widespread use. Between 2005 and
2017, the most prevalent terms were therapeutic evaluation,
clinical-practice guideline, perfusion-pressure, computed-
tomography, regeneration, and functional recovery. This
shift indicates a move from investigating the therapeutic tar-
gets of methylprednisolone to a more detailed assessment of
its specific efficacy. The thematic evolution graph illustrates
how these themes have evolved over the past three decades.

A thematic map provides a visual representation of sig-
nificant themes within a research field, constructed based
on author-provided keywords. This analysis clusters key-
words and identifies the predominant themes in the field.
In the upper left quadrant of the thematic map, we find the
most discussed topics in the field, which are related to motor
themes. The map indicates that these themes include infarc-
tion, radiculopathy, and steroid injections. In the lower right
quadrant, we identify themes that are considered fundamen-
tal and cross-cutting. As depicted on the map, these encom-
pass functional recovery and spinal cord injury.

Summary from relevant research keywords

A co-occurrence network analysis of keywords was per-
formed using VOS viewer, resulting in the division of 225
keywords into 3 clusters (Fig. 8). The largest red cluster,
comprising 82 keywords, predominantly focuses on the ther-
apeutic targets of methylprednisolone, with “neuroprotec-
tion” and “inflammation” being the most emphasized terms.

The green cluster, representing the clinical applications of
methylprednisolone, includes keywords such as “steroids,”
“surgery,” “trauma,” and “randomized controlled trial.” The
blue cluster centers on the advancements of methylpredni-
solone in various other aspects, including contusion, focal
cerebral ischemia, and subarachnoid hemorrhage. We dis-
covered that “Lipid peroxidation™ exhibited the strongest
citation burst (intensity =20.50), followed by “blood flow”
(intensity = 14.03) and “naloxone” (intensity =11.74). The
keywords “trauma,” “lipid peroxidation,” “dose response,”
and “ischemia” garnered earlier and sustained attention
throughout the study period. Furthermore, “regenera-
tion,” “epidemiology,” “stem cells,” and “transplantation”
are among the keywords that remained in a state of high
emergence in 2011. This suggests that these keywords have
recently garnered significant interest and may emerge as
future research hotspots (Fig. 8C).

99 <

Distribution of journals and co-cited journals

Figure 9 shows a dual- map of journals. In the double
map overlay of the journal, the left side is the citing map,
and the right side is the cited map. Citing generally cor-
relates with the cutting edge of knowledge, while being
cited generally correlates with the knowledge foundation.
The curves represent citation links, showing the complete
context of the citations. The longer the vertical axis of the
ellipse, the more papers the journal publishes; the longer
the horizontal axis, the more authors. Publications in the
neurology, sports, ophthalmology (pink trajectory) domain
are clearly influenced by publications in the molecular
biology, genetics, and social sciences (z=3.24, f=3,356)
domains. Furthermore, the molecular, biology, and immu-
nology domains (orange trajectory) were influenced by
publications in the genetics domain (z=7.87, f=7,728).
Subsequently, in our domain overlay analysis, we exam-
ined the distribution and proportion of journals from this

@ Springer
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Fig.6 Author, institutional, and national collaboration networks
database across five fixed domains: Biology and Medicine,
Chemistry and Physics, Psychology and Social Sciences,
Engineering and Mathematics, and Ecology and Environ-
mental Science and Technology. It was found that the lit-
erature is mainly concentrated in Biology and Medicine.
Discussion

Research status and quality of global publications

This study provides a bibliometric analysis of the applica-
tion of methylprednisolone in spinal cord injury research
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over the past 50 years. Following the year 2000, we
observed an increase each year in the number of publica-
tions on methylprednisolone’s use in spinal cord injury
research. Specifically, during the period from 2000 to
2010, the number of annual publications rose from 30 to
60 articles. However, after 2010 and into the 2020s, the
number of published papers experienced considerable
fluctuations, but the peak values no longer exceeded 70
articles. At the country, institutional, or author level, the
H index and citation count are indicators of the quality
and academic impact of publications. At the author level,
DE Nicola AF from the Instituto de Biologia y Medicina
Experimental in Buenos Aires, Argentina, is the most
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prolific author, having published a total of 33 articles.
Young W from Rutgers University has accumulated a total
of 5,430 citations, with an H-Index reaching 16. The most
highly cited publication is the article by Bracken MB, pub-
lished in The New England Journal of Medicine in 1990,
which has accumulated approximately 1,919 citations in
total. Among the top ten most productive institutions in

Relevance degree
(Centrality)

rant (bottom left): emerging or fading themes. Fourth quadrant (lower
right corner): basic and transversal themes

terms of publication output, the majority are concentrated
in North America. The University of Toronto stands out as
the most productive institution, having published 90 arti-
cles. The only institution outside of the North American
region is the University of Buenos Aires. Subsequently,
the thematic words have also undergone a shift, evolving
from the initial focus on mechanism and targets to the
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current emphasis on the refinement of evaluation systems.
It can be found that currently some scholars believe that
the controversy over the efficacy of methylprednisolone is
due to the imperfection of its evaluation system. The use
of a more scientific evaluation system can better verify its
effectiveness. For example, Evaniew et al. [12] adopted
statistical methods including Propensity Score Matching,
Multivariate Model, and Negative Binomial Regression in
statistics to conduct evaluation with more scientific strate-
gies. And the large-scale clinical experiment conducted
by Fehlings’s team that further investigated the temporal
changes in the use of steroids at North American Clinical
Trials Network (NACTN) centers. The primary outcome
was the change in the rate of steroid use per year between
2008 and 2018. Secondary outcomes included cardiac,
gastrointestinal and genitourinary (GIGU), pulmonary, and
dermatological complications. It can be seen from this that
the improvement of the evaluation of the specific efficacy
of methylprednisolone is an important research focus at
present [19].

Research hotspots and trends
Through keyword co-occurrence and cluster analysis, hot-

spots in the field can be identified. Keywords such as trauma,
lipid peroxidation, dose response, ischemia, blood flow, and

@ Springer

tirilazad mesylate were the main focuses of research from
1990 to 2000. Between 2010 and 2020, transplantation, epi-
demiology, and stem cells emerged as the primary keywords.

Research frontiers and knowledge base

A knowledge base is comprised of a collection of co-cited
articles. In this study, keywords were divided into 3 clus-
ters (see Fig. 9A). A summary of the most frequently cited
and pivotal articles within each cluster, which constitute the
knowledge base for each research frontier, is presented.

Lipid peroxidation

In spinal cord injury (SCI), lipid peroxidation encompasses the
process where an overabundance of free radicals induces oxi-
dative damage to lipid molecules within the spinal cord [23].
Reactive species include hydroxyl radical, superoxide anion,
peroxide anion, hydrogen peroxide, nitric oxide, peroxynitrite,
lipid peroxyl, and lipid alkoxyl [33]. The pathophysiological
consequences of oxidative stress arise from the interaction of
these reactive species with lipids, proteins, DNA, cell orga-
nelles, and mitochondria. This interaction leads to membrane
peroxidation, DNA damage, and mitochondrial dysfunction,
ultimately initiating a cascade of inflammatory responses and
cell death, exacerbating the degree of injury in SCI.
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Methylprednisolone, a glucocorticoid, functions by inhib-
iting inflammatory reactions and reducing the production
of free radicals. During secondary spinal cord injury, it sta-
bilizes cell membranes and diminishes lipid peroxidation
products.

According to research reports, methylprednisolone has
been shown to inhibit the peroxidation of lipids under
in vitro conditions [51]. In addition, high-dose methylpred-
nisolone (30 mg/kg, intravenous injection) has also demon-
strated supportive effects on energy metabolism, prevention
of the progression of ischemia following trauma, inhibi-
tion of membrane lipid hydrolysis, reversal of intracellular

calcium accumulation, and improvement in neurofilament
degradation [10]. The combination therapy with hyperbaric
oxygen (HBO) has also been demonstrated to significantly
decrease malondialdehyde levels and increase ferric reduc-
ing ability of serum ferric reducing antioxidant power
levels compared to other treatment groups. Concurrently,
the HBO + MP group exhibited a significant reduction in
the expression of TNF-a and Caspase-3(Ahmadi, Zargari,
Nasiry, & Khalatbary [2]), . Recent research has established
a single-nucleus transcriptome atlas to compare the effects of
different drugs, including methylprednisolone, minocycline,
and chondroitinase ABC (ChABC), on spinal cord injury
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(SCI). Single-cell sequencing analysis indicates that both
methylprednisolone and minocycline modulate the immune
response to SCI. Specifically, the surviving neurons revert to
their baseline transcriptional state following treatment with
methylprednisolone. Moreover, methylprednisolone treat-
ment enables the surviving neurons to downregulate tran-
scriptional programs associated with stress responses in both
innate and adaptive immune reaction cells [38].

Controlled trial

In animal studies, methylprednisolone may be beneficial in
acute spinal cord injury, but whether it is clinically effective
remains to be determined [7]. A randomized, double-blind,
placebo-controlled multicenter trial evaluating the efficacy
and safety of methylprednisolone was conducted in patients
with acute spinal cord injury as part of the National Acute
Spinal Cord Injury Study. However, in this study published
in 1984, the researchers did not find any significant dif-
ferences in the recovery of relevant indicators at the six-
week follow-up. Instead, an increased incidence of wound
infections was observed [4]. A randomized, double-blind,
placebo-controlled study of patients with acute spinal cord
injury (treated within 14 h) found that, after six months,
Patients administered methylprednisolone within eight hours
of their injury showed notable improvements in motor func-
tion, pinprick sensation, and touch compared to those who
received a placebo [5]. In a subsequent large-scale rand-
omized controlled trial conducted in 1997, the primary focus
was on the duration of methylprednisolone administration,
either for 24—48 h. At 6 weeks, patients treated with methyl-
prednisolone for 48 h demonstrated enhanced motor recov-
ery compared to those treated for 24 h. Acute spinal cord
injury patients who receive methylprednisolone within 3 h
of the injury should continue the treatment regimen for 24
h. Patients should be maintained on steroid therapy for 48
h after methylprednisolone is initiated between 3 and 8 h
post-injury [6]. Three large-scale clinical controlled trials
have demonstrated the efficacy of methylprednisolone in
treating acute spinal cord injuries. However, in subsequent
clinical controlled trials, similar experimental results have
not been observed. For instance, in a retrospective nonran-
domized study by Levy et al. [26] in 1996, it was indicated
that the administration of methylprednisolone did not signifi-
cantly enhance functional outcomes in patients with gunshot
wound injuries to the spine. Additionally, it did not increase
the number of complications patients experienced during
hospitalization. Several studies have investigated whether
high-dose methylprednisolone (MP) can induce acute corti-
costeroid myopathy (ACM). In a prospective cohort study,
they found that MP at the dose recommended by the North
American Spine Cord Injury Consortium (NASCIS) may
indeed lead to the development of ACM [31]. From the
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aforementioned large-scale controlled trials, it is evident
that future studies on the treatment of spinal cord injury
with methylprednisolone require more rigorous design in
several aspects. This includes the establishment of a well-
structured trial design encompassing appropriate sample
selection, randomization methods, and intervention strate-
gies. Additionally, stricter inclusion and exclusion criteria
should be implemented to enhance the reliability and valid-
ity of the findings.

Corticosteroids

Other types of steroid hormones have been used in the treat-
ment of spinal cord injuries in addition to methylprednisolone.
For instance, dexamethasone, being a more long-acting gluco-
corticoid, has also been experimented with in the acute phase
treatment of spinal cord injury, in comparison to methylpred-
nisolone. In contrast to dexamethasone, methylprednisolone
(MP) is distinguished by its additional capacity to bind to the
mineralocorticoid receptor, thereby eliciting sodium-retain-
ing effects [45]. The results of a randomized trial by Srensen
et al. have found that among patients suffering from metastatic
spinal cord compression due to solid tumors. Treatment suc-
cess, defined as gait function after treatment, was achieved in
81% of patients who received dexamethasone, compared to
63% who did not(Sgrensen, Helweg-Larsen, Mouridsen, &
Hansen [39]), . However, some studies have pointed out that
dexamethasone faces similar issues to those of methylpred-
nisolone, which is the risk of complications such as gastro-
intestinal bleeding and wound infection under the high-dose
steroid shock therapy. Consequently, low-dose dexamethasone
may also be more effective in treating spinal cord injuries than
high-dose dexamethasone [25].

Neuroprotection

With the implementation of large-scale clinical trials,
in vitro experiments have also been conducted to vali-
date the neuroprotective effects of methylprednisolone.
Using an in vitro model of the rat spinal cord, Samanos
et al.(Sdmano, Kaur, & Nistri [34]), investigated whether
methylprednisolone sodium succinate (MPSS) could record
reflexes, fictive locomotion, and perform morphological
analysis of damage to the spinal cord neurons and glial
cells. The results revealed that the application of MPSS
(6-10 uM) for 24 h after a 1-hour exposure to a patho-
logical medium protected astrocytes and oligodendrocytes,
particularly in the ventrolateral white matter. In a similar
study, Sdmano utilized a simplified in vitro model of the rat
spinal cord to simulate the process of neuronal damage due
to excessive activation of glutamate receptors. The findings
demonstrated that MPSS could protect glial cells from the
insults of hypoxia and metabolic dysfunction, yet it was
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insufficient in preventing neuronal death. Furthermore, the
study showed that the combined administration of MPSS
with riluzole did not confer additional benefits [35]. Using
the N2a cell line, it was discovered that methylprednisolone
treatment for 30 min followed by exposure to 100 uM H,0,
for 24 h significantly reduced the percentage of apoptotic
cells, maintained a healthy morphology, and demonstrated
downregulation of the autophagic protein. By suppressing
autophagy and apoptosis, pretreatment with methylpred-
nisolone confers neuroprotective effects against oxidative
damage [16]. Based on the above research findings, some
scholars have proposed the study of a targeted delivery nano
N-(2-hydroxypropyl) methacrylamide copolymer-based MP
prodrug nanomedicine (Nano-MP), envisioning the delivery
of MP to the spinal cord injury (SCI) segment to avoid the
systemic side effects associated with the use of high-dose
methylprednisolone [47]. The relevant experiments have
demonstrated the effective prevention of glucocorticoid-
induced muscle atrophy and osteoporosis [32].

Apoptosis

In spinal cord injuries, apoptosis plays a critical role in pro-
grammed cell death [37]. As a result of spinal cord injury, an
inflammatory response occurs, leading to an increase in cell
apoptosis, which may exacerbate neurological damage dem-
onstrated by nuclear DNA fragmentation and caspase activa-
tion. Unlike necrosis, apoptosis is primarily mediated by free
radical damage, glutamatergic excitotoxicity, and inflamma-
tory injury [40]. Reports indicate that apoptosis can occur
in oligodendrocytes(Caprariello, Mangla, Miller, & Selkirk
[9]), , astrocytes(Kim, Park, & Hwang [24]), , microglia
[29], and neurons(Hollville, Romero, & Deshmukh [21]), .
It appears within four hours of injury and peaks eight hours
later (Abbaszadeh, Fakhri, & Khan [1]), . Apoptosis can
occur through mitochondrial mediated [17] and death recep-
tor-regulated pathways [11]. In the mitochondrial pathway
of apoptosis, BCL-2 is upregulated, resulting in an increase
in Cyto-C release, ultimately leading to cyto-C release into
the cytosol. As part of the apoptosome complex, Cyto-C
binds to apoptotic protease activating factor-1 (Apaf-1) and
caspase-9. Fas, TNF receptor 1, TRAMP, TRAIL-R1 and
TRAIL-R2 are key death receptors belonging to the tumor
necrosis factor (TNF) superfamily which induce apoptosis
when bound to ligands [18].

Due to the demonstrated inhibitory effect of methylpred-
nisolone on autophagy in other diseases models(Sauiie,
Bryce-Alberti, Portmann-Baracco, & Accinelli [36]), ,
several researchers have thoroughly investigated how meth-
ylprednisolone inhibits cell death following spinal cord
damage. MP reduced the proportion of oligodendrocytes
and astrocytes positive for Apostain+ cells in the rostral,

caudal and lesion zone of rats following an acute spinal cord
contusion injury(Vaquero, Zurita, Oya, Aguayo, & Bonilla
[44]), . Meanwhile, methylprednisolone and transplanta-
tion of amniotic membrane mesenchymal stem cells (AM-
MSCs) have synergistic therapeutic effects, as discovered
by Gao et al. [15]. Using MP (50 mg/kg) and AM-MSCs
simultaneously reduced TNF-, IL-1, IL-6, IL-17, IFN-,
and TUNEL + cell expression in rats following spinal cord
injury, as well as caspase-3, Bax, and Bcl-2 expression. In
the future, we believe that the development of blood apop-
totic markers should focus on analyzing free DNA, caspase
enzymes, and apoptotic cytokines in serum, such as tumor
necrosis factor-alpha (TNF-«) and interleukin-6 (IL-6). This
approach will enable a more comprehensive assessment
of the apoptotic state and prognosis following spinal cord
injury in clinical settings(Wimmer, Sachet, & Oehler [46]), .

Future research directions

Examining the research trends of methylprednisolone (MP)
treatment in spinal cord injury (SCI) reveals that future stud-
ies will primarily focus on guidelines, clinical practices, and
global standards. There are still no effective pharmacologi-
cal treatments for SCI, as previously mentioned. The unclear
understanding of the pathophysiology of the condition and
patient heterogeneity has led to the ambiguity of drug treat-
ment approaches in this domain. Despite these inadequacies,
methylprednisolone is still widely used by physicians due to
the lack of alternative treatment options. We believe that in the
future, not only will the efficacy of the existing methylpred-
nisolone therapy need to be addressed, but also the question
of whether low or high doses of methylprednisolone are more
effective, as well as the development of novel drug delivery
systems to further reduce the systemic side effects of meth-
ylprednisolone. To establish the overall effectiveness of this
treatment approach for spinal cord injury (SCI), randomized
prospective clinical trials involving humans are necessary.
Due to the difficulty in obtaining pathological samples in
the field of spinal cord injury, the efficacy of current basic
research is challenging to directly validate in clinical patients
with spinal cord injury. However, in the future, the devel-
opment of blood biomarkers, along with advancements in
behavioral studies, functional imaging, and larger-scale con-
trolled trials, is expected to further bridge the gap between the
foundational discoveries related to methylprednisolone and
the formulation of clinical application strategies.

Conclusion
Since nearly 40 years ago, methylprednisolone (MP) has

been widely used in clinical settings to treat spinal cord
injury (SCI). Theoretically, MP has been shown to inhibit
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the secondary injury cascade following SCI, including the
inflammatory response of early neurons and lipid peroxida-
tion. However, discussions regarding the efficacy and safety
of MP continue, and it is essential to consider the acceptable
risk profile of the medication, as well as the autonomy that
patients should be afforded, until a safer and more effective
treatment method for acute spinal cord injury is identified.

In this research, we provided an overview of the coun-
tries, institutions, researchers, scientific journals, and
citation data that have contributed to the scholarly work
on this subject. Collaboration between different academic
groups in the field needs to be strengthened, according
to our research. Currently, the research on MP for spinal
cord injury faces a challenge of a disconnect between
clinical and basic research. Clinical teams slightly col-
laborate more closely with basic research teams, and
there is a lack of advanced technologies and research
methods such as single-cell sequencing for basic research
on specific mechanisms. The exact explanations are still
limited to traditional ones, such as the apoptosis of neu-
rons and glia cells, oxidative stress at the site of injury.
In addition, it appears that high-dose glucocorticoids
increase the risk of adverse events in patients with acute
spinal cord injury, in contrast to the relatively uncer-
tain better neurologic recovery. Therefore, in the future,
it may be necessary to further establish close connec-
tions with other materials and pharmaceutical teams to
promote innovation and progress in the administration
methods of methylprednisolone.

Limitations

We present the first bibliometric evaluation and system-
atic analysis of publications related to methylprednisolone
therapy for spinal cord injuries. However, there are some
drawbacks. First of all, by excluding comments and other
types of literature, some popular research topics may have
been missed. In addition, we omitted some research due
to our use of only one database, WoSCC, while ignoring
other databases such as PubMed, Scopus, and Embase.
Thirdly, excluding non-English articles may affect the
conclusion. Especially in our study, we found that some
researchers from certain countries, such as Argentina or
Brazil, might be omitted due to such inclusion criteria.
Consequently, future research should not rely solely on
a single database and should focus on newly published
papers. Finally, it is important to note that we selected the
time frame of 1975 to 2023 because only four articles were
sporadically published in this field from 1950 to 1973,
with the majority of significant research commencing in
1975.
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