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Abstract: Introduction: Minocycline as a tetracycline derivative agent with anti-inflammatory and neuroprotective properties,
has been investigated in both experimental and clinical settings. This study aimed to evaluated the therapeutic effi-
cacy of Minocycline in acute traumatic spinal cord injury (SCI). Methods: This systematic review and meta-analysis
was conducted in accordance with Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020
guidelines. Major electronic databases were comprehensively searched to identify preclinical animal studies and human
clinical studies evaluating minocycline, alone or in combination therapies, for acute traumatic SCI management. Risk
of bias was assessed using Joanna Briggs Institute (JBI) critical appraisal tools tailored to study design. Qualitative syn-
thesis included all eligible studies, while quantitative synthesis was restricted to clinical studies reporting extractable
effect estimates for neurological improvement. Results: A total of 9 studies met inclusion criteria for qualitative syn-
thesis. Preclinical studies demonstrated consistent biological effects of minocycline on inflammatory markers, oxida-
tive stress, and histopathological outcomes, particularly in combination therapies, although functional recovery with
minocycline monotherapy was inconsistent. Clinical studies indicated that minocycline was generally well tolerated;
however, most trials did not demonstrate statistically significant improvements in neurological or functional outcomes.
Only two clinical studies provided suitable data for meta-analysis, yielding a pooled odds ratio of 1.70 (95% confidence
interval (CI): 0.95–3.06) for neurological improvement, which did not reach statistical significance. Conclusion: Current
evidence suggests that while minocycline exhibits promising biological activity and an acceptable safety profile in acute
traumatic SCI, robust clinical efficacy has not been conclusively demonstrated. Well-designed, adequately powered
randomized controlled trials with standardized outcome reporting are required to determine whether these biological
effects translate into meaningful functional recovery.
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1. Introduction

Traumatic spinal cord injury (SCI) is a severe neurological

condition associated with substantial global health and so-

cioeconomic burden. The worldwide incidence of traumatic

SCI is estimated at 13–40 cases per million population an-

nually, accounting for approximately 250,000–500,000 new

cases each year(1, 2). Although SCI has traditionally affected
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younger individuals, recent epidemiological trends indicate

a growing proportion of elderly patients, largely due to low-

energy falls (3). Traumatic SCI disrupts supraspinal control

of spinal circuitry, resulting in profound motor and sensory

impairments. Clinically, affected individuals may develop

spastic paralysis, complete or partial sensory loss, and dyses-

thetic sensations below the level of injury. Beyond the acute

neurological deficits, patients frequently experience chronic

secondary complications, including spasticity, neuropathic

pain, autonomic dysfunction, urinary and bowel inconti-

nence, pressure ulcers, and osteoporosis (2). The economic

burden of SCI is considerable, with estimated lifetime costs

per individual ranging from 0.7 to 2.5 million U.S. dollars,

particularly among patients injured at a younger age, those

with higher neurological levels of injury, and those requiring
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intensive long-term care (4, 5). Despite advances in acute

care, traumatic SCI remains a major clinical challenge be-

cause no pharmacological therapy has demonstrated clear

and sustained neuroprotective efficacy capable of limiting

secondary injury or promoting meaningful neurological re-

covery. Current management of acute traumatic SCI focuses

primarily on minimizing secondary injury through early sur-

gical decompression and spinal stabilization, which are rec-

ommended to reduce ongoing mechanical damage to the

spinal cord(6-9). While these interventions address the pri-

mary insult, they do not reverse established neurological

deficits or adequately prevent the cascade of secondary in-

jury mechanisms, including inflammation, oxidative stress,

and apoptosis (2, 10, 11). Methylprednisolone sodium succi-

nate (MPSS), once widely used as an adjunctive pharmaco-

logical treatment, has demonstrated only modest and incon-

sistent benefits in motor function preservation and is associ-

ated with significant adverse effects, such as increased infec-

tion risk and gastrointestinal complications (12). Subsequent

studies have failed to confirm its clinical efficacy, leading to

a global decline in its use (13). Given the absence of con-

sistent long-term functional or quality-of-life benefits, major

clinical guidelines now advise against routine MPSS admin-

istration in acute SCI management (14). Consequently, there

has been increasing interest in alternative pharmacological

strategies that target specific secondary injury pathways, par-

ticularly neuroinflammation and microglial activation.

Minocycline, a second generation tetracycline antibiotic, has

emerged as a candidate neuroprotective agent due to its

pleiotropic biological effects independent of its antimicro-

bial properties. Experimental studies have demonstrated

that minocycline can inhibit microglial activation, suppress

the production of pro inflammatory cytokines such as tu-

mor necrosis factor α (TNF α) and interleukin 6 (IL 6),

reduce oxidative stress, and attenuate apoptotic signaling

pathways following central nervous system injury (15-20).

Given the critical role of microglia and inflammatory medi-

ators in shaping tissue injury and repair after SCI, modu-

lation of these pathways by minocycline provides a biolog-

ically plausible rationale for its therapeutic investigation in

this context (19, 20). Moreover, advances in drug delivery ap-

proaches, including nanoparticle based co delivery systems,

have further expanded interest in minocycline, particularly

in combination with established anti inflammatory agents

such as methylprednisolone (21, 22).

However, despite compelling mechanistic justification, the

evidence for minocycline efficacy in SCI remains incon-

sistent across preclinical and clinical studies. Several ex-

perimental studies have failed to demonstrate meaningful

neuroprotection or functional recovery with minocycline

monotherapy in animal models of cervical and thoracic SCI

(23), whereas others have reported favorable biochemical

or histological effects, particularly when minocycline is ad-

ministered in combination with agents such as methylpred-

nisolone or FK506 (tacrolimus)(21, 22, 24, 25). These findings

raise important questions regarding the context dependency

of minocycline’s therapeutic effects, including dosing, timing

of administration, injury severity, and the potential necessity

of combination therapy to achieve clinically relevant benefit.

In the clinical setting, evidence remains limited and incon-

clusive. A phase II randomized controlled trial investigat-

ing intravenous minocycline in acute traumatic SCI demon-

strated biological activity but did not establish definitive

functional superiority over placebo (26). Subsequent anal-

yses focusing on cerebrospinal fluid and serum biomarkers

suggested potential modulation of inflammatory and neu-

roaxonal injury markers, yet the clinical significance of these

findings remains uncertain(27, 28). More recent pilot stud-

ies have explored combined pharmacological approaches,

including minocycline with methylprednisolone, reporting

signals of neurological improvement; however, these studies

are constrained by small sample sizes, heterogeneous dos-

ing regimens, and variability in outcome assessment (29).

Collectively, these limitations hinder clear interpretation of

minocycline’s clinical efficacy and translational relevance.

Given the persistent uncertainty surrounding the role of

minocycline in SCI, a comprehensive synthesis of both pre-

clinical and clinical evidence is warranted. The present sys-

tematic review and meta analysis aimed to critically evaluate

the efficacy and safety of minocycline in experimental animal

models and human patients with acute SCI.

2. Methods

2.1. Study design and setting

This systematic review and meta-analysis was conducted in

accordance with the Preferred Reporting Items for System-

atic Reviews and Meta-Analyses (PRISMA) 2020 guidelines

(24). To ensure methodological transparency and avoid un-

necessary duplication, the protocol was prospectively reg-

istered in the International Prospective Register of System-

atic Reviews (PROSPERO) on 18 November 2025. The full

protocol is publicly available in PROSPERO (Registration ID:

CRD420251185674).

2.2. Search strategy

A comprehensive literature search was conducted in Novem-

ber 2025 across the following electronic databases: PubMed,

Scopus, Web of Science, Embase, and the Cochrane Library.

No restrictions were applied regarding language or publi-

cation date to ensure broad coverage of relevant literature.

Articles published in languages other than English were to

be translated if included, although no such articles were

ultimately retrieved.

The search included the following keywords: Minocycline;

Spinal Cord Injury; Traumatic Spinal Cord Injury; Neuropro-

tective Therapy; Corticosteroids; Methylprednisolone.

An example of the PubMed search query is presented below:

( "Minocycline"[MeSH Terms] OR Minocin[tiab] OR

"Minocin MR"[tiab] OR "Minocycline Hydrochloride"[tiab]
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OR "Hydrochloride, Minocycline"[tiab] OR Minocy-

cline[tiab] OR Minakne[tiab] OR Arestin[tiab] OR Dy-

nacin[tiab] OR Lederderm[tiab] OR Blemix[tiab] OR Cy-

clomin[tiab] OR Cyclops[tiab] OR Dentomycin[tiab] OR

Klinomycin[tiab] OR Minoclir[tiab] OR Minolis[tiab] OR

Minoplus[tiab] OR Mestacine[tiab] OR Minomycin[tiab] OR

Minotab[tiab] OR Mynocine[tiab] OR "Minocycline deriva-

tive"[tiab] OR "Minocycline therapy"[tiab] OR "Minocycline

treatment"[tiab] OR "Minocycline administration"[tiab]

) AND ( "Spinal Cord Injuries"[MeSH Terms] OR "Spinal

Cord Injury"[tiab] OR "Spinal Cord Injuries"[tiab] OR

"Spinal Injury"[tiab] OR "Spinal Injuries"[tiab] OR "Spinal

Cord Trauma"[tiab] OR "Traumatic Myelopathy"[tiab]

OR "Myelopathy, Traumatic"[tiab] OR "Post-Traumatic

Myelopathy"[tiab] OR "Spinal Cord Contusion"[tiab] OR

"Spinal Cord Laceration"[tiab] OR "Spinal Cord Transec-

tion"[tiab] OR "Spinal Cord Damage"[tiab] OR "Spinal

Cord Lesion"[tiab] OR "Spinal Cord Compression"[tiab]

OR "Traumatic Spinal Cord Injury"[tiab] OR "Acute Spinal

Cord Injury"[tiab] OR "SCI"[tiab] OR ("Spinal Cord"[tiab]

AND Injury[tiab]) ). The complete search strategies for all

databases are provided in Supplementary File 1.

Additionally, the reference lists of all eligible studies and

relevant review articles were manually screened, which

resulted in the identification of one additional study that

was not retrieved through the initial database search but met

the inclusion criteria and was therefore included in the final

analysis.

2.3. Eligibility criteria

We initially aimed to include human studies only. How-

ever, because combination therapy with minocycline (e.g.,

minocycline plus methylprednisolone or other agents) is an

emerging field with limited clinical evidence, high-quality

animal studies were also included to capture the full scope

of available data. Notably, previous systematic reviews have

already evaluated minocycline monotherapy in animal mod-

els; therefore, this review focused specifically on studies as-

sessing combination therapy. The following limits and filters

were applied: Language: no language restrictions; Popula-

tion type: both human and animal studies were eligible; and

Date range: no date restrictions (from database inception to

the date of search).

Studies were excluded if they met any of the following:

1. Study design–related exclusions: Case reports or case se-

ries, reviews, meta-analyses, conference abstracts, letters, or

book chapters, studies without available full text.

2. Population or condition–related exclusions: Studies con-

ducted exclusively in chronic spinal cord injury models,

studies involving non-traumatic causes of spinal cord injury

(e.g., demyelinating diseases, ischemic injury), studies inves-

tigating traumatic brain injury (TBI) instead of spinal cord

injury.

3. Intervention–related exclusions: Studies assessing corti-

costeroid or methylprednisolone monotherapy without any

minocycline arm.

4. Outcome–related exclusions: Studies not reporting out-

comes relevant to this review, including neurological recov-

ery, sensory or motor improvement, hospitalization dura-

tion, or functional neurologic decline (FND).

2.4. PICO Framework

Population(P): Human participants or animal models with

acute traumatic spinal cord injury. Studies involving non-

traumatic etiologies (e.g., demyelinating diseases, tumors,

infections) or chronic SCI were excluded.

Intervention (I): Minocycline therapy administered in the

acute phase of injury, either as monotherapy, or in combi-

nation with another agent, such as methylprednisolone (cor-

ticosteroid) or other adjunctive treatments.

Comparator (C): Any control group not receiving minocy-

cline, including placebo, standard care, or alternative ther-

apies.

Outcomes (O): Studies assessing at least one of the follow-

ing were eligible: neurological outcomes, including mo-

tor or sensory function recovery; functional improvement;

hospitalization-related outcomes, such as duration of stay

(for human studies); and any validated neurobehavioral or

functional neurological score (for animal studies).

2.5. Screening and selection

A total of 1,530 records were identified through database

searches (PubMed: 210; Scopus: 572; Web of Science: 429;

Embase: 306; Cochrane Library: 13). All records were im-

ported into Rayyan software for duplicate removal, resulting

in 823 unique publications for screening.

Title and abstract screening were independently conducted

by AG, MM, and MF. Discrepancies were resolved through

discussion, and unresolved conflicts were adjudicated by a

fourth reviewer (FT). An Excel-based exclusion sheet, devel-

oped by FF, was used to document excluded studies, includ-

ing: article title, first author, country of origin, year of publi-

cation, DOI, and reason for exclusion.

Following initial screening, 26 studies were retained for full-

text assessment. Manual screening of reference lists identi-

fied one additional eligible study, which was included in the

final analysis.

Full-text screening was independently performed by ME and

RQ. Disagreements were resolved by discussion or consulta-

tion with a third reviewer (FT). Ultimately, 9 studies met all

inclusion criteria and were selected for data extraction. An

Excel-based inclusion and exclusion sheets, developed by FF,

was used to document included and excluded studies, 2 in-

dependent included sheets contain: article title, first author,

country of origin, year of publication, DOI, population, in-

tervention, comparison group, outcome and study design;

also 2 independent excluded sheets, which contain: article

title, first author, country of origin, year of publication, DOI

and reason for exclusion are used and attached to the sup-

plementary files.
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2.6. Data extraction

A standardized data extraction form was developed by FF.

Data extraction was independently performed by MH and

AS.

The following variables were extracted:

Population: Study characteristics (first author, publication

year, DOI, funding source, study region, study design, center

type, study period, ethical approval number, conflict of in-

terest statement, blinding method, risk of bias), type, inclu-

sion criteria, exclusion criteria, follow-up duration, sample

size, age, sex, mechanism of injury, completeness of injury,

neurological level of injury, time from injury to enrollment,

baseline ASIA Impairment Scale (AIS), baseline ASIA motor

score, baseline ASIA sensory score (Pin-prick), baseline ASIA

sensory score (Light touch), baseline Spinal Cord Indepen-

dence Measure (SCIM), baseline Functional Independence

Measure (FIM), baseline Modified Rankin Scale (mRS), Other

reported functional or neurological baseline measures

Intervention: Intervention alone or combined, timing of ini-

tiation post-injury, Initiation setting (emergency room (ER),

intensive care unit (ICU), intraoperative), method of in-

duction, initial dose, maintenance dose & duration, time

to reach target dose, use of sedation or neuromuscular

blockade, concurrent treatments, type of surgery, steroid

type/dosage/duration.

Comparison: Control group treatment description

Outcomes: Improvement in AIS grade, change in ASIA motor

score, mortality rate, change in ASIA sensory score, change

in SCIM score, change in FIM score, change in Walking Index

for Spinal Cord Injury (WISCI) II score, change in quality-of-

life score, length of ICU stay, length of hospital stay, safety

and adverse outcomes, timing of outcome assessments, con-

comitant injury, statistical adjustment, adverse events, main

findings, notes.

After completing data extraction, two articles were excluded

from the analysis due to statistical insufficiency, including in-

complete reporting of outcome measures and lack of suffi-

cient data for effect size calculation, which prevented their

inclusion in quantitative synthesis.

2.7. Risk of bias assessment details

Methodological quality and risk of bias were independently

assessed by MM and MJ using Joanna Briggs Institute Critical

Appraisal Checklists (appropriate for study design: random-

ized clinical trial (RCT), cohort; quasi-checklist for animal

studies), RCT assessment included randomization, alloca-

tion concealment, intervention delivery, blinding, outcome

measurement, retention, statistical analysis, trial design; Co-

hort assessment included participant selection, exposure

and outcome measurement, confounding control, follow-

up adequacy, analysis appropriateness; Checklist items were

rated as Yes, No, Unclear, Not applicable. Reviewers were

blinded to authorship and outcomes; discrepancies between

MM and MJ were resolved through discussion and consen-

sus.

2.8. Data synthesis and statistical analysis

Only studies that reported extractable quantitative outcomes

on AIS/Frankel grade improvement following intravenous

minocycline administration for acute traumatic spinal cord

injury were eligible for quantitative synthesis. After screen-

ing all available clinical and preclinical data by FF, only two

human clinical studies provided suitable numerical effect

sizes and were therefore included in the meta-analysis. Both

studies directly reported odds ratios (ORs) and 95% confi-

dence intervals (CIs) comparing neurological improvement

between minocycline-treated patients and control groups.

Log-transformed odds ratios (log ORs) and standard errors

were extracted from the two studies and pooled using a

random-effects model based on restricted maximum likeli-

hood (REML). Because only two studies were available (k=2),

classical tests for publication bias, including Egger’s regres-

sion test, Begg’s rank correlation, and trim-and-fill, were not

performed, as these procedures are statistically invalid for

meta-analyses with fewer than three studies. A funnel plot

was generated solely for descriptive visualization, without in-

ferential interpretation. All analyses were performed using R

version 4.5.1 and the metafor package.

3. Results

3.1. Study selection

The study selection process is outlined in the PRISMA 2020

flow diagram (Figure 1). The initial search identified 1,530

records across all targeted databases. After removing dupli-

cates, 539 unique studies remained and were screened by

title and abstract. Following this stage, 26 studies were re-

tained for full-text assessment based on predefined inclusion

criteria. Upon full-text review, 9 studies met the eligibility cri-

teria and were included in the final synthesis. Reasons for

exclusion at this stage were documented separately. The fi-

nal included studies consisted of 5 preclinical animal exper-

imental studies ,1 observational study based on previously

conducted randomized clinical trial data, and 3 randomized

controlled trials (RCT(. All included studies investigated the

therapeutic effects of minocycline in traumatic spinal cord

injury (SCI).

3.2. Characteristics of included studies

A total of nine eligible studies, published between 2010 and

2024, were included in the final synthesis. These studies orig-

inated from Canada (n=4), China (n=2), Turkey (n=1), Saudi

Arabia (n=1), and Iran (n=1). Five studies were preclinical ex-

perimental investigations in animal models, two were RCTs,

and two were clinical cohorts or observational analyses de-

rived from randomized trial datasets. Sample sizes ranged

from 32 to 94 participants in clinical studies and 30 to 80

animals in preclinical experiments. Substantial heterogene-

ity was observed across studies with respect to minocycline

dosage, route of administration, and treatment duration. In-

terventions included intraperitoneal administration in ani-
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mal models, intravenous administration in human trials, and

oral or nanoparticle based delivery approaches in experi-

mental settings. Follow up durations varied considerably,

ranging from 72 hours in biomarker focused clinical studies

to 24 months in long term assessments of neurological and

functional recovery (Table 1).

3.3. Risk of bias assessment

Overall risk of bias for the included studies was assessed us-

ing the Joanna Briggs Institute (JBI) Critical Appraisal Tools,

with checklist selection tailored to each study design(30, 31).

A summary of study level risk of bias judgments is presented

in Table2, and domain specific assessments are illustrated

in Figures2A–C. Among experimental animal studies, overall

methodological quality was generally favorable. Three stud-

ies, were judged to be at low risk of bias, reflecting appro-

priate experimental design, standardized injury induction,

clearly defined intervention protocols, and comprehensive

outcome assessment. Two nanoparticle based combination

therapy studies were rated as having moderate and moder-

ate–high risk of bias, primarily due to insufficient reporting

of allocation procedures, limited blinding of outcome assess-

ment, and potential performance bias related to complex in-

tervention delivery. Among clinical studies, one randomized

controlled trial was judged to be at low risk of bias, supported

by adequate randomization procedures, comparable base-

line characteristics between groups, and complete outcome

reporting. The phaseII trial by Casha etal. (2012) was as-

sessed as having moderate risk of bias, mainly due to limi-

tations in blinding and sample size constraints inherent to

early phase clinical trials. The two prospective cohort stud-

ies derived from the phaseII trial dataset were rated as having

moderate risk of bias, reflecting potential confounding, lack

of adjustment for key prognostic variables, and reliance on

secondary biomarker analyses rather than functional end-

points. No study was excluded from the qualitative synthe-

sis on the basis of risk of bias alone; however, methodolog-

ical limitations were carefully considered when interpreting

the strength and translational relevance of the available evi-

dence.

3.4. Outcomes

3.4.1 Animal studies (5 studies)
1) The study by Jae H. T. Lee (23)

Jae H. T. Lee (23) and colleagues conducted an experimental

study to evaluate the effects of adjunctive minocycline ad-

ministration in a rat model of cervical spinal cord injury. A

total of 39 rats were included, of which 9 received minocy-

cline treatment and 30 served as untreated controls. Animals

were followed for 8 weeks post-injury.

Functional recovery was assessed using a comprehensive be-

havioral test battery, including the horizontal ladder test,

cylinder rearing test, modified Montoya’s staircase test,

grooming test, and sensory evaluation for mechanical allo-

dynia. For each test, outcomes were analyzed both relative

to baseline performance (pre-injury) and between treatment

groups.

Both groups demonstrated significant motor and sensory

deficits following spinal cord injury compared with their

own baseline values, confirming the success of injury induc-

tion. However, no statistically significant differences were

detected between the minocycline-treated group and con-

trol group across any behavioral outcome measures during

follow-up, indicating that minocycline did not confer mea-

surable functional improvement in this study.

Additionally, histological analyses were performed to assess

tissue preservation and axonal response, including spared

white and gray matter quantification, as well as corticospinal

(CST) and reticulospinal tract (RST) sprouting. Consistent

with the behavioral outcomes, no significant differences

were observed between groups in any of the histological pa-

rameters.

2) The study by Feng Lin et al. (21)

The study by Feng Lin et al. (21) was conducted on 48

rats subjected to spinal cord injury (SCI), followed by an 8-

week evaluation period. A total of 24 rats received minocy-

cline during the study, while 24 animals served as untreated

controls. Functional recovery was assessed using the Basso,

Beattie, Bresnahan (BBB) locomotor rating scale, along with

measurement of bladder function recovery time. In addition,

histological analysis and immunohistochemistry were per-

formed to evaluate tissue preservation. The expression lev-

els of pro-inflammatory cytokines, including tumor necrosis

factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6

(IL-6), were quantified in the supernatants of injured spinal

cord tissue lysates.

This study was primarily designed to examine the efficacy

of nanoparticle-based drug delivery to the central nervous

system. Therefore, eight experimental groups were included

for comparison. To assess the therapeutic effect of minocy-

cline independently (without nanocarriers), three drug-only

groups were evaluated: minocycline monotherapy, methyl-

prednisolone monotherapy, and a combination of both

agents. Across these three groups, no statistically significant

differences in locomotor recovery or pro-inflammatory fac-

tors were reported. Although the article did not provide ex-

act numerical values for all comparisons, examination of the

presented charts indicated no significant differences in out-

comes among the groups.

3) The study by Leman Sencar etal. (25)

The study by Leman Sencar and colleagues was designed to

evaluate the effects of combined minocycline and methyl-

prednisolone (MP) treatment on inflammatory responses

following spinal cord injury (SCI), with a particular focus on

TNF α and IL 6 expression. The combined regimen was

compared with each agent administered alone. A total of

80 rats were randomized into six experimental groups, of

which three key groups (n=15 per group) received minocy-

cline alone, MP alone, or minocycline + MP and were in-

cluded in this review.
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Across all evaluated outcome domains, the combined

minocycline + MP regimen consistently demonstrated su-

perior effects compared with either monotherapy. This

included greater reductions in inflammatory markers, im-

proved structural preservation, and enhanced functional re-

covery measures. While both monotherapy groups showed

partial biological activity, neither achieved improvements

comparable to those observed with the combined treatment.

• Inflammatory outcomes (TNF α and IL 6 expression)

At 24hours post injury, animals treated with minocycline

(MC) and methylprednisolone (MP) showed a significant in-

crease in pro inflammatory cytokine expression. The com-

bined treatment group also demonstrated an early increase

in TNF α and IL 6 expression; however, this increase was not

statistically significant compared with the control group. By

72hours post injury, all three treatment groups exhibited re-

duced TNF α and IL 6 expression relative to the 24 hour time

point. Nevertheless, cytokine levels remained significantly

higher than those observed in the control group. Among the

treatment strategies, the combination therapy produced the

greatest and most sustained reduction in cytokine expression

at both time points.

• Histopathological outcomes

Evaluation of tissue injury demonstrated time dependent dif-

ferences among treatment groups. Minocycline treatment

was associated with delayed neuroprotection, characterized

by reduced edema, hemorrhage, and cavitation primarily

at later time points. MP treatment resulted in more pro-

nounced early tissue preservation, whereas the combina-

tion therapy provided the most extensive overall protection,

with improved neural tissue integrity observed at both 24

and 72hours. Because tissue damage severity was assessed

using observer based methods, statistical comparisons be-

tween groups were not performed.

• Oxidative stress marker

Both monotherapy groups demonstrated significantly in-

creased levels of malondialdehyde (MDA) and decreased lev-

els of superoxide dismutase (SOD) compared with the con-

trol group. In contrast, the combination therapy group ex-

hibited smaller changes in MDA and SOD levels than either

monotherapy group, although these values remained signifi-

cantly different from those of the control group.

4) The study by Mohammad Ahmad etal. (24)

Mohammad Ahmad etal. investigated the therapeutic ef-

fects of minocycline (MC) on spinal cord injury (SCI) us-

ing 32 rats with a 29 day follow up period. Although the

total sample size was reported, the exact number of an-

imals receiving MC monotherapy was not clearly speci-

fied. The study compared minocycline monotherapy, FK506

(tacrolimus) monotherapy, combined minocycline + FK506

therapy, and untreated SCI controls. A comprehensive range

of outcomes was assessed, including behavioral measures

(BBB locomotor score, Tarlov score, inclined plane test, and

functional deficit scoring), histopathological analysis, and

biochemical parameters (spinal monoamines [5 HT and 5

HIAA], lipid peroxidation levels, glutathione [GSH] activity,

and myeloperoxidase [MPO] activity). Overall, minocycline

monotherapy consistently demonstrated greater neuropro-

tective effects than FK506 alone across assessed outcome do-

mains. The combined minocycline + FK506 treatment pro-

duced the greatest overall improvements relative to either

monotherapy.

• Behavioral outcomes:

Across all behavioral assessments, including BBB scoring,

Tarlov score, inclined plane performance, and functional

deficit scoring, minocycline treatment resulted in significant

functional improvement compared with the untreated SCI

group and showed consistently greater improvement than

FK506 alone. The combined treatment group demonstrated

superior behavioral recovery compared with both monother-

apy groups.

• Histopathological outcomes

Minocycline treatment was associated with better preserva-

tion of spinal cord tissue compared with FK506 monother-

apy. However, the combination therapy produced the most

pronounced tissue preservation among all experimental

groups.

• Biochemical outcomes

Minocycline monotherapy exerted measurable antioxidant

and anti inflammatory effects. In comparison, the combined

treatment group showed greater improvements across bio-

chemical markers, indicating a more favorable overall bio-

chemical profile than either monotherapy.

5) The study by ShenBin etal. (22)

The study by ShenBin etal. was conducted on 40 rats and pri-

marily evaluated the effectiveness of nanoparticle based de-

livery systems for minocycline (MC) and methylprednisolone

(MP) following spinal cord injury (SCI). The study did not

assess minocycline monotherapy; instead, different delivery

strategies for combined MP + MC treatment were compared.

The findings indicated that treatment outcomes varied sub-

stantially according to the drug delivery method.

• Anti inflammatory outcomes

Combined MP and MC administered as free drug dispersion

reduced TNFα and IL 1β levels relative to untreated SCI con-

trols, although the magnitude of reduction was smaller than

that observed with nanoparticle based formulations: Com-

bined MP and MC delivered via non targeted nanoparticles

(MP + MC–NPS) produced greater reductions in inflamma-

tory cytokines compared with the free drug formulation. The

albumin targeted MP + MC nanoparticle formulation (Albu-

min–MP + MC–NPS) demonstrated the largest reductions in

TNFα and IL 1β among all treatment groups. Overall, reduc-

tions in pro inflammatory cytokines were observed across all

MP + MC treatment groups, with the greatest reductions as-

sociated with albumin targeted nanoparticle delivery.

• Behavioral outcomes

Animals treated with free Combined MP and MC exhibited

modest functional improvements compared with untreated

SCI controls. MP + MC–NPS treatment resulted in greater
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behavioral recovery than the free drug formulation. The Al-

bumin–MP + MC–NPS group showed the most pronounced

functional improvements across all assessed post injury time

points.

• Histological outcomes

Free MP + MC treatment was associated with a moderate re-

duction in lesion volume. Greater pseudocyst reduction was

observed in the MP + MC–NPS group compared with the

free drug formulation. The Albumin–MP + MC–NPS group

demonstrated the smallest lesion volumes and the greatest

preservation of spinal cord morphology.

• Cytotoxicity and safety outcomes

Nanoparticle based MP + MC formulations showed low cyto-

toxicity at therapeutic doses. In contrast, free MP + MC treat-

ment was associated with higher toxicity at increased doses,

whereas nanoparticle delivery mitigated dose related toxic-

ity.

3.4.2 Human studies (4 studies):
1) The study by JensKuhle etal. (27)

This study investigated serum neuro-filament light chain

(NfL) concentrations as a biomarker of neuronal injury and

spinal cord injury (SCI) severity. Serum samples were ob-

tained from participants enrolled in a phase II random-

ized, placebo controlled clinical trial evaluating minocycline

treatment in acute SCI. When all SCI subtypes treated with

minocycline were analyzed together, minocycline admin-

istration did not result in a statistically significant reduc-

tion in serum NfL levels compared with placebo. Consis-

tent with this finding, no significant differences were ob-

served between treatment groups in clinical outcome mea-

sures, including ASIA motor scores, pinprick sensation, and

light touch scores. Subgroup analysis of patients with mo-

tor complete SCI (cSCI; n=13) identified lower serum NfL

concentrations in the minocycline treated group (n=6) com-

pared with placebo treated patients (n=7). However, no cor-

responding statistically significant differences were detected

between groups in clinical outcome measures within this

subgroup. Dose stratified analyses further showed greater re-

ductions in serum NfL levels among patients receiving high

dose minocycline compared with placebo. As observed in the

primary and subgroup analyses, these biomarker changes

were not accompanied by measurable improvements in clin-

ical outcomes.

2) The study by StevenCasha etal. (26)

This study was a single center, double blind, randomized,

placebo controlled phase II clinical trial designed to evalu-

ate the effects of minocycline compared with placebo in pa-

tients with spinal cord injury (SCI). A total of 52 patients were

included, with 27 allocated to the minocycline group and 25

to the placebo group. Among patients receiving minocycline,

five received a low dose and twenty two received a high dose.

Neurological recovery was assessed using American Spinal

Cord Injury Association (ASIA) motor and sensory scores over

a 12 month follow up period. Patients treated with minocy-

cline demonstrated a mean increase of six ASIA motor points

compared with placebo (95% CI: 3–14); however, this differ-

ence did not reach statistical significance (P=0.20). In sub-

group analyses of patients with cervical SCI (n=25), minocy-

cline treatment was associated with a greater mean improve-

ment in ASIA motor score compared with placebo (mean dif-

ference 14 points; 95% CI: 0–28). Within this subgroup, nu-

merically larger motor score differences were observed in pa-

tients with motor incomplete injuries relative to those with

motor complete injuries, although none of these subgroup

comparisons reached statistical significance. Sensory out-

comes showed a similar pattern. Improvements in ASIA pin-

prick and light touch scores were numerically greater in the

minocycline group compared with placebo; however, these

differences were not statistically significant (pinprick: mean

difference 9 points, P=0.15; light touch: mean difference

7 points, P=0.27). Functional recovery was assessed using

the Spinal Cord Independence Measure, Functional Inde-

pendence Measure, London Handicap Scale, and Short Form

36. Across all functional outcome measures, patients receiv-

ing minocycline demonstrated numerically greater improve-

ments compared with placebo, but no statistically significant

differences were detected between groups.

3) The study by SteveCasha etal. (28)

The effects of minocycline on cerebrospinal fluid (CSF)

biomarkers following acute spinal cord injury (SCI) were

evaluated. The biomarkers analyzed included interleukin

1β (IL 1β), matrix metalloproteinase 9 (MMP 9), C C mo-

tif chemokine ligand 2 (CCL2), C X C motif chemokine 10

(CXCL10), neurofilament heavy chain (NfH), heme oxyge-

nase 1 (HO 1), neural cell adhesion molecule (NCAM), and

nitric oxide oxidation products (NOx). Serial CSF samples

were obtained from 29 patients enrolled in a phase II ran-

domized, placebo controlled trial investigating intravenous

minocycline in acute traumatic SCI. Patients were allocated

to receive either minocycline or placebo. Comparative anal-

yses between the minocycline treated and placebo treated

groups did not demonstrate statistically significant differ-

ences in most CSF biomarkers. Although early between

group differences were observed in NfH levels, these differ-

ences were not statistically significant and were not main-

tained at later time points. In contrast, HO 1 concentrations

increased at day7 in placebo treated patients, whereas this

delayed increase was attenuated in the minocycline group.

This difference between treatment groups reached statisti-

cal significance (P=0.013). HO 1 was the only CSF biomarker

demonstrating a statistically significant difference associated

with minocycline treatment in this study. No formal statisti-

cal analysis was reported assessing the association between

minocycline treatment and ASIA motor score as a clinical

treatment outcome.

4) The study by Ali Meshkini et al. (29)

They investigated the effects of minocycline in combination

with methylprednisolone (MP), compared with MP alone, in

patients with acute traumatic spinal cord injury (SCI) in a

double-blind, single-center randomized clinical trial. A to-
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tal of 54 patients (27 per group) were randomized and fol-

lowed for 6 months. Neurological recovery was assessed us-

ing the Frankel Grading System at baseline and at 3 and 6

months after injury. At the 3-month follow-up, improvement

to higher functional grades (Frankel D or E) was observed in

7.4% of patients treated with MP alone and in 22.2% of pa-

tients treated with combined minocycline and MP; however,

this difference did not reach statistical significance (odds ra-

tio [OR] 1.34; 95% confidence interval (CI): 0.997–1.813; p =

0.052). At the 6-month follow-up, a greater proportion of pa-

tients in the combination therapy group achieved improve-

ment to Frankel grades D or E compared with the MP-only

group (48.1% vs. 33.3%, respectively). Mixed-effects anal-

ysis demonstrated a statistically significant association be-

tween combination therapy and neurological improvement

at 6 months (OR 1.45; 95% CI 1.074–1.952; p = 0.015).

In other words, the addition of minocycline to standard

methylprednisolone therapy was associated with a signifi-

cant improvement in neurological outcomes at 6 months, as

measured by Frankel grade, whereas no significant difference

was observed at 3 months. These findings suggest a poten-

tial delayed neurological benefit of minocycline when used

as part of combination therapy in acute traumatic SCI.

3.5. Quantitative synthesis of clinical outcomes

Two clinical studies were included in the quantitative synthe-

sis. Both evaluated intravenous minocycline in patients with

acute cervical spinal cord injury and reported AIS/Frankel

grade improvement as a dichotomous outcome. Casha

(2012)(26) demonstrated a large but imprecise treatment ef-

fect (OR = 2.97; 95% CI: 1.00–8.81). Meshkini (2024)(29)

reported a smaller but statistically significant improvement

(OR = 1.45; 95% CI: 1.08–1.95). When pooled using a

random-effects model, the combined effect favored minocy-

cline but did not reach statistical significance (OR = 1.70; 95%

CI: 0.95–3.06). A funnel plot of log OR versus standard er-

ror was produced; however, because only two studies con-

tributed data, no assessment of asymmetry or publication

bias was feasible (Figure 3). No additional clinical or preclin-

ical outcomes were eligible for meta-analysis due to insuf-

ficient or incompatible numeric reporting.Individual study

characteristics and effect estimates are summarized in Table

3.

The corresponding forest plot illustrates the variability in ef-

fect magnitude between the two contributing trials.

Due to the inclusion of only two studies, formal assessment

of publication bias was not feasible. A funnel plot was gener-

ated for descriptive purposes only and is presented in Figure

3, without inferential interpretation.

3.6. Heterogeneity across included studies

Substantial heterogeneity was observed across the included

studies with respect to study design, intervention strategy,

outcome measures, and follow-up duration. Human clini-

cal studies differed in their use of minocycline as monother-

apy versus combination therapy with methylprednisolone,

as well as in dosing regimens, routes of administration, and

timing of treatment initiation. Outcome assessment var-

ied considerably, with neurological recovery evaluated us-

ing ASIA motor and sensory scores, Frankel grading, or com-

posite functional scales, limiting direct quantitative compar-

ison across trials. Follow-up periods ranged from short-term

biomarker assessment within the first 8 days to clinical out-

come evaluation at 3, 6, and 12 months, contributing to tem-

poral heterogeneity in reported effects.

Additional heterogeneity arose from differences in patient

populations and injury characteristics, including variability

in injury level (cervical versus thoracic or lumbar), injury

severity (motor-complete versus motor-incomplete SCI),

and the inclusion or exclusion of central cord syndrome.

Several studies reported subgroup-specific effects, such as

greater neurological improvement or biomarker modulation

in cervical or motor-complete SCI, while pooled analyses

across all SCI subtypes frequently failed to demonstrate sta-

tistically significant treatment effects. Methodological het-

erogeneity was also evident between clinical and preclinical

studies. Animal models employed diverse injury paradigms

(compression or hemisection), outcome metrics (behav-

ioral scores, histopathology, biochemical markers), and drug

delivery approaches, including nanoparticle-mediated co-

delivery systems, which are not directly comparable to hu-

man clinical protocols. Collectively, these sources of hetero-

geneity precluded formal meta-analysis and necessitated a

qualitative synthesis of results.

4. Discussion

This systematic review and exploratory meta-analysis criti-

cally evaluated the available preclinical and clinical evidence

regarding the efficacy and safety of minocycline in acute

traumatic spinal cord injury (SCI). The principal finding is a

clear dissociation between the consistent biological effects

observed in experimental models and the limited, hetero-

geneous, and largely statistically non-significant functional

benefits reported in clinical studies. This translational gap

has been repeatedly described in SCI research and remains a

major obstacle to successful therapeutic development (32).

The quantitative synthesis, restricted to two clinical stud-

ies with extractable effect estimates (Casha etal., 2012 (26);

Meshkini etal., 2024 (29)), yielded a pooled odds ratio of 1.70

(95% CI 0.95–3.06) for neurological improvement, which did

not reach statistical significance. Although the point esti-

mate suggests a possible trend toward benefit, the wide con-

fidence interval reflects limited statistical power and sub-

stantial uncertainty. Given the small number of eligible stud-

ies, this analysis should be interpreted as exploratory and

hypothesis-generating rather than confirmatory.

Several methodological and clinical factors likely contribute

to the absence of a statistically robust treatment effect. First,

the two studies differed markedly in route of administra-

tion and dosing strategy. Casha etal. employed early intra-
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venous minocycline with high loading doses followed by ta-

pering (26), whereas Meshkini etal. used a lower-dose oral

regimen over a shorter duration (29). These pharmacoki-

netic differences may have resulted in variable central ner-

vous system exposure, thereby attenuating pooled effect es-

timates. Second, baseline neurological status, injury level,

and injury completeness—key determinants of recovery af-

ter SCI—were not uniformly stratified or adjusted for across

studies, introducing residual confounding that limits compa-

rability.

The findings of this review are broadly consistent with previ-

ously published institutional and trial-based evidence. The

phase II randomized controlled trial by Casha etal. demon-

strated acceptable safety and modest improvements in ASIA

motor scores, particularly in patients with cervical injuries,

but these changes did not reach statistical significance (26).

Subsequent prospective cohort analyses derived from the

same trial population identified biologically relevant ef-

fects, including modulation of cerebrospinal fluid and serum

biomarkers associated with axonal injury severity, without

consistent translation into durable functional recovery (27,

28).

In contrast, the more recent randomized pilot study by

Meshkini etal. reported statistically significant improvement

in Frankel grade at six months when minocycline was ad-

ministered in combination with methylprednisolone, com-

pared with methylprednisolone alone (29). This discrep-

ancy suggests that minocycline may exert greater therapeu-

tic benefit as part of a multimodal neuroprotective strat-

egy rather than as monotherapy. Similar synergistic ef-

fects have been reported in experimental nanoparticle-based

delivery systems combining minocycline and methylpred-

nisolone, which demonstrated enhanced anti-inflammatory

effects and improved histological outcomes in animal mod-

els (21, 22). This meta-analysis synthesizes the only two

available human clinical datasets that reported extractable

quantitative outcomes on AIS/Frankel grade improvement

following intravenous minocycline administration in acute

traumatic spinal cord injury (26, 29). Both studies demon-

strated directionally positive effects favoring minocycline,

which is consistent with the biological rationale suggesting

that this agent may attenuate secondary injury processes af-

ter SCI. Nevertheless, despite encouraging signals from indi-

vidual trials, the pooled effect estimate did not reach statis-

tical significance (OR = 1.70; 95% CI: 0.95–3.06). The wide

confidence interval reflects substantial imprecision arising

from the very small number of eligible studies and limited

sample sizes. Importantly, the two contributing trials dif-

fered in effect magnitude: Casha et al. (26) reported a large

but highly imprecise estimate, whereas Meshkini et al. (29)

observed a more modest yet statistically significant benefit.

When combined, these data yield a positive but non signifi-

cant trend, underscoring the instability of pooled estimates

derived from minimal evidence bases. Assessment of pub-

lication bias was not feasible due to the inclusion of fewer

than three studies. Established statistical methods for de-

tecting small study effects are invalid under such conditions,

and although a funnel plot was generated for descriptive pur-

poses, it carries no inferential value. Taken together, these

findings suggest a promising yet inconclusive therapeutic

signal. While minocycline remains a biologically plausi-

ble neuroprotective agent, supported by preclinical research

and biomarker modulation observed in human studies (27,

28), the current clinical evidence is insufficient to support

definitive efficacy claims or routine clinical recommenda-

tions. Larger, methodologically rigorous trials are required

to determine whether these directionally positive findings

translate into clinically meaningful and reproducible neuro-

logical benefit. Preclinical investigations included in this re-

view consistently demonstrated that minocycline modulates

key secondary injury mechanisms following SCI, including

neuroinflammation, oxidative stress, and apoptotic signaling

pathways (24, 25). However, functional recovery outcomes

were variable, particularly in studies evaluating minocycline

monotherapy. Notably, a rigorously designed cervical contu-

sion model failed to demonstrate significant neuroprotective

or functional benefits despite adequate drug exposure (23).

In contrast, studies combining minocycline with FK506 or

methylprednisolone reported more favorable behavioral and

biochemical outcomes (24, 25).

This pattern mirrors the clinical evidence and underscores a

fundamental translational challenge in SCI therapeutics: bi-

ological activity does not necessarily equate to meaningful

neurological recovery. Differences in injury models, thera-

peutic windows, outcome sensitivity, and pharmacodynam-

ics between animal experiments and human trials likely con-

tribute to this disconnect. As emphasized in recent narrative

reviews, many neuroprotective agents with strong preclini-

cal rationale have failed to demonstrate definitive clinical ef-

ficacy in SCI, highlighting the need for more rigorous trans-

lational frameworks (32).

The mechanisms of minocycline’s effects in spinal cord in-

jury are largely derived from preclinical and biomarker based

investigations and provide a biologically plausible, though

indirect, framework for interpreting the clinical findings of

this review. Experimental studies have consistently demon-

strated that minocycline inhibits microglial activation and

suppresses NF B–mediated inflammatory signaling, resulting

in reduced expression of pro inflammatory cytokines such as

TNF α and IL 6 (15, 24, 25). These effects appear to mitigate

early inflammatory cascades that contribute to secondary

tissue damage after SCI.

Downstream consequences of attenuated neuroinflamma-

tion observed in animal models include reductions in oxida-

tive stress markers, reflected by improved SOD/MDA ratios,

and decreased activation of apoptotic pathways such as cas-

pase 3, ultimately promoting preservation of neural tissue

and synaptic architecture (23-25). In preclinical combina-

tion studies, particularly those utilizing targeted nanoparti-

cle delivery systems, these molecular and histological ben-
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efits were more pronounced, suggesting that drug delivery

characteristics may substantially influence mechanistic effi-

cacy (22).

In human studies, mechanistic support remains limited but

suggestive. Biomarker analyses demonstrated partial mod-

ulation of neuroinflammatory or injury related markers, in-

cluding early, non sustained reductions in serum neurofila-

ment light chain (27) and a significant attenuation of CSF HO

1 elevation at day seven following injury (28). Importantly,

these biomarker changes were not consistently accompanied

by statistically significant improvements in functional clini-

cal outcomes, underscoring the challenge of translating bio-

logical effects into measurable neurological recovery.

Taken together, available evidence indicates that minocy-

cline exerts reproducible anti inflammatory and neuropro-

tective effects at the molecular and cellular level, primar-

ily supported by preclinical data. While these mechanisms

offer a biologically reasonable explanation for the direc-

tionally positive trends observed in some clinical outcomes,

they should be interpreted as hypothesis generating rather

than confirmatory. Further studies integrating mechanistic

biomarkers with adequately powered functional endpoints

are required to clarify whether these biological effects trans-

late into clinically meaningful benefit in patients with acute

traumatic SCI.

5. Strengths of the study

This systematic review and meta analysis was conducted us-

ing a rigorous and transparent methodological framework

that strengthens the credibility of its findings. A comprehen-

sive literature search was performed across five major elec-

tronic databases, PubMed, Scopus, Web of Science, Embase,

and the Cochrane Library, in accordance with PRISMA 2020

guidelines (33). The absence of language or publication date

restrictions, together with manual reference screening, max-

imized coverage and reduced the likelihood of selection bias.

Study screening, full text selection, data extraction, and risk

of bias assessment were independently conducted by mul-

tiple reviewers, with predefined conflict resolution proce-

dures. This multi reviewer approach substantially mini-

mized subjective bias and enhanced methodological reliabil-

ity. Methodological quality was systematically assessed us-

ing Joanna Briggs Institute critical appraisal tools tailored to

each study design, providing a structured evaluation of inter-

nal validity.

In addition, detailed extraction of population characteristics,

injury profiles, intervention protocols, timing parameters,

outcome measures, and safety data enabled a nuanced qual-

itative comparison across heterogeneous studies. Although

quantitative synthesis was restricted by the limited number

of eligible clinical trials, the application of appropriate ran-

dom effects models for pooled analysis and transparent re-

porting of statistical constraints contributed to an accurate

and cautious interpretation of effect estimates.

6. Limitations and implications for in-
terpretation

Important limitations should also be acknowledged. The

clinical evidence base remains limited and heterogeneous,

with only two studies eligible for quantitative synthesis, re-

sulting in insufficient power to detect small to moderate

treatment effects. Formal assessment of publication bias

and between-study heterogeneity was not feasible. Variabil-

ity in dosing regimens, routes of administration, follow-up

duration, and outcome measures further constrained com-

parability. Additionally, many preclinical studies lacked ex-

tractable, drug-specific quantitative outcomes, precluding

their inclusion in meta-analysis, and limiting cross-species

inference.

In much more specific vision: The available evidence is de-

rived from a relatively small number of heterogeneous stud-

ies (n=9; total N=512), with only a limited subset focus-

ing exclusively on patients with traumatic spinal cord in-

jury. Considerable variability was observed across studies

with respect to methodological design, patient demograph-

ics, injury characteristics (including level and completeness),

minocycline dosing regimens (100–200mg/day), formulation

and route of administration (intravenous versus oral), tim-

ing of treatment initiation, duration of therapy, and selection

of primary outcomes. These sources of clinical and method-

ological heterogeneity, together with unmeasured factors

such as genetic background or rehabilitation protocols, limit

the generalizability of findings and restricted quantitative

synthesis to an exploratory level. Follow up durations were

predominantly short to mid term (up to six months), pre-

venting reliable assessment of long term efficacy and safety.

Moreover, the inclusion of open label and single blind de-

signs introduced a moderate risk of performance and detec-

tion bias, which should be considered when interpreting re-

ported treatment effects. Only two clinical studies (26, 29)

provided extractable numerical data suitable for quantita-

tive pooling, resulting in limited statistical power, increased

uncertainty in effect estimates, and the inability to formally

assess between study heterogeneity. Standard approaches

for evaluating publication bias, including Egger’s regression,

Begg’s test, and trim and fill, were not applicable due to

the small number of studies, and the funnel plot generated

was intended for descriptive visualization only. Methodolog-

ical differences between these two trials, particularly regard-

ing sample size, dosing strategies, and timing of minocy-

cline administration, further contribute to potential incon-

sistency. Additionally, other clinically relevant neurological

outcomes, such as ASIA motor and sensory scores, SCIM, and

FIM, could not be pooled because of incompatible report-

ing formats or insufficient numerical data. Finally, although

preclinical investigations of minocycline in SCI are extensive

(22-25), most lacked extractable, drug specific quantitative

outcomes, precluding their formal integration into the meta

analysis. Collectively, these limitations underscore the sub-

stantial gap between current evidence and the establishment
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of minocycline as a routine clinical therapy for spinal cord in-

jury.

These limitations necessitate cautious interpretation of the

findings and preclude definitive conclusions regarding clini-

cal efficacy. While minocycline appears safe and biologically

active, the current evidence does not support its routine clin-

ical use for improving neurological or functional outcomes

following acute traumatic SCI.

7. Clinical implications

The available evidence suggests that minocycline is gener-

ally well tolerated in patients with acute spinal cord injury

and demonstrates biologically neuroprotective effects, pri-

marily supported by preclinical studies and limited human

biomarker data (23-25, 27, 28). However, current clinical ev-

idence remains insufficient to support routine therapeutic

use or definitive efficacy conclusions.

Small clinical trials have explored minocycline administra-

tion during the acute and subacute phases of SCI, indicat-

ing an acceptable safety profile but yielding inconsistent and

largely non significant improvements in functional neurolog-

ical outcomes, including ASIA motor and sensory scores (26,

27). Although experimental data suggest that early modula-

tion of post injury neuroinflammation may be beneficial, the

optimal therapeutic window, dosing strategy, and duration of

treatment have not been established in humans.

Given the absence of clarifying, confirmatory randomized

evidence, minocycline should presently be regarded as an in-

vestigational or adjunctive therapeutic candidate rather than

a standard component of SCI management. Its use outside

clinical trial settings should be guided by institution specific

protocols and careful risk–benefit assessment. The integra-

tion of minocycline with existing clinical strategies, including

surgical decompression, hemodynamic optimization, and

rehabilitation, remains exploratory and requires validation in

adequately powered, controlled studies.

Overall, while minocycline represents a promising candidate

targeting secondary inflammatory injury mechanisms in SCI,

substantial gaps persist between current exploratory evi-

dence and widespread clinical application. Larger, method-

ologically rigorous randomized trials are necessary before

minocycline can be recommended as part of routine clinical

practice.

8. Future Directions

Targeted and well-designed research is essential to translate

the potential of minocycline into a definitive treatment for

acute spinal cord injury (SCI). To establish efficacy and de-

fine optimal dosing and therapeutic windows, large-scale,

multicenter, double-blind Phase III randomized controlled

trials (RCTs) in homogeneous SCI populations are required.

Evaluating combination therapies, such as minocycline with

methylprednisolone, other neuroprotective agents, or inten-

sive neurorehabilitation, represents a logical next step. Stud-

ies should also assess long-term outcomes (1–2 years) includ-

ing functional status, quality of life, and late adverse effects.

Cost-effectiveness analyses and investigations into predic-

tive biomarkers (e.g., serum NfL, cytokine profiles) are criti-

cal for identifying responsive patient subgroups and optimiz-

ing treatment strategies.

Future research should prioritize adequately powered, multi-

center RCTs with standardized intervention protocols to en-

able valid meta-analytic synthesis. Harmonized reporting of

AIS grade, ASIA motor and sensory scores, and functional re-

covery measures such as SCIM and FIM is essential. Long-

term follow-up and stratification by injury level and severity

will further strengthen clinical conclusions.

Preclinical studies should provide transparent, quantita-

tive reporting of minocycline-specific outcomes to facilitate

translational analyses. Investigations into optimal dosing,

therapeutic time windows, and interactions with surgical

or rehabilitation strategies are also warranted. Given the

promising yet statistically inconclusive findings, further rig-

orous clinical trials are needed to clarify the therapeutic po-

tential of minocycline in acute SCI.

9. Conclusions

This systematic review and exploratory meta analysis high-

lights a clear dissociation between the robust biological ef-

fects of minocycline observed in preclinical models and the

limited and inconsistent clinical benefits demonstrated in

human studies of acute traumatic spinal cord injury. While

minocycline appears to be safe and biologically active, par-

ticularly in modulating inflammatory and oxidative path-

ways, current clinical evidence does not support its rou-

tine use for improving neurological or functional outcomes.

The findings underscore the need for adequately powered,

methodologically rigorous randomized trials with standard-

ized outcome reporting and long term follow up to determine

whether minocycline can meaningfully contribute to thera-

peutic strategies for acute SCI.

9.1. Abbreviations

AIS: ASIA Impairment Scale

ASIA: American Spinal Injury Association

BBB: Basso, Beattie, and Bresnahan locomotor rating scale

CI: Confidence Interval

CSF: Cerebrospinal Fluid

CXCL10: C-X-C motif chemokine ligand 10

FIM: Functional Independence Measure

FND: Functional Neurologic Decline

FK506: Tacrolimus

GSH: Glutathione

HO-1: Heme Oxygenase-1

IL-1β: Interleukin-1 beta

IL-6: Interleukin-6

IP: Intraperitoneal

IV: Intravenous

JBI: Joanna Briggs Institute
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MC: Minocycline

MDA: Malondialdehyde

MMP-9: Matrix Metalloproteinase-9

MPO: Myeloperoxidase

MP: Methylprednisolone

NfH: Neurofilament Heavy Chain

NfL: Neurofilament Light Chain

NCAM: Neural Cell Adhesion Molecule

NOx: Nitric Oxide Metabolites

OR: Odds Ratio

PO: Per os (oral administration)

RCT: Randomized Controlled Trial

SCI: Spinal Cord Injury

SCIM: Spinal Cord Independence Measure

SOD: Superoxide Dismutase

TBI: Traumatic Brain Injury

TNF-α: Tumor Necrosis Factor alpha
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Table 1: Characteristics of included studies

Study N Minocycline
group size

Control
group size

Minocycline intervention Follow
up

Method Initiation dose Maintenance
Jae H.T.
Lee 2010;
Canada

39 9 30 (in three
groups)

Intraperitoneal
(IP) injection

90 mg/kg/day 90
mg/kg/day
for 3 days

8 weeks

Feng Lin
2022; China

48 24 (groups 2,
4, 6, 7)

24 (groups
1, 3, 5,
untreated
sham)

IV injection 10 mg/kg MC IV; 10 mg/kg MC + 14 mg/kg
MP; 32 mg/kg (low dose or L-) MC-PαLA-
MP NPs; 64 mg/kg (high dose or H-) MC-
PαLA-MP NPs

No (single
injection)

8 weeks

Leman Sen-
car 2020;
Turkey

80 30 50 IV injection 90 mg/kg 50
mg/kg/day

72 h

Mohammad
Ahmad
2016; Saudi
Arabia

32 – – Oral (PO) Minocycline 50 mg/kg alone / Minocycline
50 mg/kg + FK506 1 mg/kg

Daily for
three weeks

29 days

Shen Bin
2017; China

40 30 10 IP MP+MC dispersion, MP+MC-NPs,
albumin-MP+MC-NPs (equivalent to
10 mg of each MP and MC/kg single IV
dose)

No (single
injection)

8 days

Jens Kuhle
2014;
Canada

94 14 67 (healthy
controls), 13
(placebo)

IV injection IV minocycline 200 mg twice daily (low
dose) / loading dose of 800 mg tapered by
100 mg every 12 h until 400 mg was reached
(high dose)

200 mg ev-
ery 12 h

–

Steven
Casha 2012;
Canada

52 27 (5 low
dose, 22
high dose)

25 IV injection 200 mg, twice daily, for 7 days (low dose),
800 mg loading dose then taper by 100 mg
every 12 h to 400 mg twice daily, for 7 days
(high dose)

Twice daily
for 7 days

12
months

Steve
Casha 2018;
Canada

35 – – IV 200 mg, twice daily, for 7 days / or 800 mg
loading dose then taper by 100 mg every 12
h to 400 mg twice daily, for 7 days

Twice daily
for 7 days

24
months

Ali Meshkini
2024; Iran

54 27 27 Orally (PO) 50 mg Minocycline orally every 12 h for one
week

50 mg
Minocy-
cline orally
every 12 h
for one week

6
months

N: sample size; IP: intraperitoneal; IV: intravenous; PO: per os (oral administration); mg/kg: milligrams per kilogram;
mg: milligrams; MC: minocycline; MP: methylprednisolone; MPs: microparticles; NPs: nanoparticles; FK506: tacrolimus;
PaLA: poly (α lipoic acid); MC PaLA MP NPs: minocycline loaded poly (α lipoic acid) methylprednisolone nanoparticles;
L: low dose; H: high dose; h: hours.

Table 2: Risk of Bias assessment

Study Name Study Type Risk
Minocycline-loaded poly (lipoic acid)–methylprednisolone prodrug nanoparticles for spinal cord
injury

Experimental Moderate

Nano-carrier mediated co-delivery of methylprednisolone and minocycline in rats Experimental Moderate–High
Effectiveness of minocycline and FK506 alone and in combination after experimental spinal cord
injury

Experimental Low

Lack of neuroprotective effects of simvastatin and minocycline in a model of cervical spinal cord
injury

Experimental Low

Effects of combined treatment with methylprednisolone on TNF-α and IL-6 expression in experi-
mental spinal cord injury

Experimental Low

Results of a phase II placebo-controlled randomized trial of minocycline in acute spinal cord injury RCT Moderate
Serum neurofilament light chain as a biomarker of human spinal cord injury severity and outcome Prospective cohort Moderate
Cerebrospinal fluid biomarkers in human spinal cord injury from a phase II minocycline trial Prospective cohort Moderate
Combined treatment with Minocycline and methylprednisolone in acute traumatic spinal cord in-
jury: A pilot study

RCT Low

RCT: Randomized controlled trial.
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Figure 1: Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of study inclusion. NfL: neuro-filament

light chain.
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Figure 2: Joanna Briggs Institute (JBI) Checklist for Cohort Studies (Q1–Q11); B: JBI Checklist for Randomized Controlled Trials (RCTs)

(Q1–Q13); and C: JBI Checklist for Experimental Studies (Q1–Q9).

Figure 3: Forest plot illustrates the variability in effect magnitude between the two contributing trials (left); publication bias funnel plot (right).

CI: confidence interval; OR: odds ratio.
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Table 3: Risk of Bias assessment

Author MC-
treated:total

Outcomes Statistical outcome

Study N Outcome Main findings
Jae H. T. Lee 9:39 Behavioural outcomes:

• Horizontal ladder test

• Cylinder rearing test

• Modified Montoya’s staircase test

• Grooming test

• Sensory evaluation for mechanical allodynia

Histological recovery: White matter and gray mat-
ter sparing, axonal sprouting in corticospinal and
rubrospinal tracts

No statistically significant differences

Feng Lin 24:48 Functional recovery:
BBB locomotor rating scale
Histological analysis
Immunohistochemistry
Expression levels of pro-inflammatory cytokines:
TNF-α, IL-1β, and IL-6

No statistically significant differences

Leman Sencar 30:80 Inflammatory outcomes:
TNF-α and IL-6 expression
Histopathological outcomes
Oxidative stress markers:
MDA, SOD

Significant decrease in TNF-α and IL-6 expressions
in the combined treatment group (MP+MC) at 24
hours after injury.
Increase in the number of inflammatory cells at the
injury site.
Decreased lipid peroxidation and neuronal and glial
cell death were also observed in the combined treat-
ment group.
There was a significant decrease in MDA and an in-
crease in SOD levels in the MP+MC group.

Mohammad Ah-
mad

?:32 Behavioural outcomes:

• BBB locomotor score

• Tarlov score

• Inclined plane test

• Functional deficits scoring

Histopathological outcomes
Biochemical parameters:

• 5-HT and 5-HIAA

• Lipid peroxidation levels

• GSH activity

• MPO activity

The effects of the tested drugs for SCI recovery were
as follows:
FK506 + minocycline > minocycline > FK506 in all
studied parameters.
Thus, minocycline and FK506 may prove to be a po-
tential therapy cocktail to treat acute SCI.

Shen Bin 2017 30:40 Anti-inflammatory outcomes:
TNF-α, IL-1β
Behavioural outcomes
Histological outcomes
Cytotoxicity and safety outcomes

Albumin-MP+MC nanoparticles were non-toxic
and provided superior anti-inflammatory, neuro-
protective, and functional benefits in SCI rats com-
pared with non-targeted formulations, enabling
site-specific, controlled drug delivery, reduced le-
sion volume, and lower effective doses.

Jens Kuhle 2014 14:94 Biomarker of neuronal damage and SCI:
Serum NfL concentrations

Minocycline-treated patients exhibited significantly
lower serum NfL concentrations compared with the
placebo group, indicating reduced axonal injury.

Steven Casha
2012

27:52 Neurological recovery:
ASIA motor and sensory scores
Functional recovery:

• Spinal Cord Independence Measure

• Functional Independence Measure

• London Handicap Scale

• Short Form-36

No statistically significant improvement
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Table 4: Risk of Bias assessment

Author MC-
treated:total

Outcomes Statistical outcome

Study N Outcome Main findings
Steve Casha 2018 – CSF biomarkers:

IL-1β, MMP-9, CCL2, CXCL10, NfH, HO-1, NCAM,
and NOx

HO-1 was the only CSF biomarker that showed a
statistically significant difference.

Ali Meshkini
2024

27:54 Neurological recovery:
Frankel grading score

The addition of minocycline to standard methyl-
prednisolone therapy was associated with a signif-
icant improvement in neurological outcomes at 6
months, as measured by Frankel grade, whereas no
significant difference was observed at 3 months.

Abbreviations: MC: minocycline; SCI: spinal cord injury; BBB: Basso–Beattie–Bresnahan locomotor rating scale;
TNF α: tumor necrosis factor alpha; IL 1β: interleukin 1 beta; IL 6: interleukin 6; MP: methylprednisolone;
MDA: malondialdehyde; SOD: superoxide dismutase; FK506: tacrolimus; 5 HT: 5 hydroxytryptamine (serotonin);
5 HIAA: 5 hydroxyindoleacetic acid; GSH: glutathione; MPO: myeloperoxidase; NfL: neurofilament light chain;
ASIA: American Spinal Injury Association; CSF: cerebrospinal fluid; MMP 9: matrix metalloproteinase 9; CCL2: C C motif
chemokine ligand 2 (monocyte chemoattractant protein 1); CXCL10: C X C motif chemokine ligand 10 (interferon gamma
induced protein 10); NfH: neurofilament heavy chain; HO 1: heme oxygenase 1; NCAM: neural cell adhesion molecule;
NOx: nitric oxide metabolites (nitrate/nitrite).
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Supplementary table 1: Search Strategy in different databases

PubMed = 210 • ( "Minocycline"[MeSH Terms] OR Minocin[tiab] OR "Minocin MR"[tiab] OR "Minocy-
cline Hydrochloride"[tiab] OR "Hydrochloride, Minocycline"[tiab] OR Minocycline[tiab] OR Mi-
nakne[tiab] OR Arestin[tiab] OR Dynacin[tiab] OR Lederderm[tiab] OR Blemix[tiab] OR Cyclomin[tiab]
OR Cyclops[tiab] OR Dentomycin[tiab] OR Klinomycin[tiab] OR Minoclir[tiab] OR Minolis[tiab] OR
Minoplus[tiab] OR Mestacine[tiab] OR Minomycin[tiab] OR Minotab[tiab] OR Mynocine[tiab] OR
"Minocycline derivative"[tiab] OR "Minocycline therapy"[tiab] OR "Minocycline treatment"[tiab] OR
"Minocycline administration"[tiab] ) AND ( "Spinal Cord Injuries"[MeSH Terms] OR "Spinal Cord In-
jury"[tiab] OR "Spinal Cord Injuries"[tiab] OR "Spinal Injury"[tiab] OR "Spinal Injuries"[tiab] OR "Spinal
Cord Trauma"[tiab] OR "Traumatic Myelopathy"[tiab] OR "Myelopathy, Traumatic"[tiab] OR "Post-
Traumatic Myelopathy"[tiab] OR "Spinal Cord Contusion"[tiab] OR "Spinal Cord Laceration"[tiab] OR
"Spinal Cord Transection"[tiab] OR "Spinal Cord Damage"[tiab] OR "Spinal Cord Lesion"[tiab] OR
"Spinal Cord Compression"[tiab] OR "Traumatic Spinal Cord Injury"[tiab] OR "Acute Spinal Cord In-
jury"[tiab] OR "SCI"[tiab] OR ("Spinal Cord"[tiab] AND Injury[tiab]) )
Scopus = 572
• ( TITLE-ABS-KEY("Minocycline") OR TITLE-ABS-KEY(Minocin) OR TITLE-ABS-KEY("Minocin MR")
OR TITLE-ABS-KEY("Minocycline Hydrochloride") OR TITLE-ABS-KEY("Hydrochloride, Minocy-
cline") OR TITLE-ABS-KEY(Minakne) OR TITLE-ABS-KEY(Arestin) OR TITLE-ABS-KEY(Dynacin) OR
TITLE-ABS-KEY(Lederderm) OR TITLE-ABS-KEY(Blemix) OR TITLE-ABS-KEY(Cyclomin) OR TITLE-
ABS-KEY(Cyclops) OR TITLE-ABS-KEY(Dentomycin) OR TITLE-ABS-KEY(Klinomycin) OR TITLE-
ABS-KEY(Minoclir) OR TITLE-ABS-KEY(Minolis) OR TITLE-ABS-KEY(Minoplus) OR TITLE-ABS-
KEY(Mestacine) OR TITLE-ABS-KEY(Minomycin) OR TITLE-ABS-KEY(Minotab) OR TITLE-ABS-
KEY(Mynocine) OR TITLE-ABS-KEY("Minocycline derivative") OR TITLE-ABS-KEY("Minocycline ther-
apy") OR TITLE-ABS-KEY("Minocycline treatment") OR TITLE-ABS-KEY("Minocycline administra-
tion") ) AND ( TITLE-ABS-KEY("Spinal Cord Injury") OR TITLE-ABS-KEY("Spinal Cord Injuries") OR
TITLE-ABS-KEY("Spinal Injury") OR TITLE-ABS-KEY("Spinal Injuries") OR TITLE-ABS-KEY("Spinal
Cord Trauma") OR TITLE-ABS-KEY("Traumatic Myelopathy") OR TITLE-ABS-KEY("Myelopathy, Trau-
matic") OR TITLE-ABS-KEY("Post-Traumatic Myelopathy") OR TITLE-ABS-KEY("Spinal Cord Contu-
sion") OR TITLE-ABS-KEY("Spinal Cord Laceration") OR TITLE-ABS-KEY("Spinal Cord Transection")
OR TITLE-ABS-KEY("Spinal Cord Damage") OR TITLE-ABS-KEY("Spinal Cord Lesion") OR TITLE-ABS-
KEY("Spinal Cord Compression") OR TITLE-ABS-KEY("Traumatic Spinal Cord Injury") OR TITLE-ABS-
KEY("Acute Spinal Cord Injury") OR TITLE-ABS-KEY(SCI) OR (TITLE-ABS-KEY("Spinal Cord") AND
TITLE-ABS-KEY(Injury)) )
Wos = 429
• TS=( "Minocycline" OR "Minocin" OR "Minocin MR" OR "Minocycline Hydrochloride" OR "Hy-
drochloride, Minocycline" OR "Minakne" OR "Arestin" OR "Dynacin" OR "Lederderm" OR "Blemix" OR
"Cyclomin" OR "Cyclops" OR "Dentomycin" OR "Klinomycin" OR "Minoclir" OR "Minolis" OR "Mino-
plus" OR "Mestacine" OR "Minomycin" OR "Minotab" OR "Mynocine" OR "Minocycline derivative"
OR "Minocycline therapy" OR "Minocycline treatment" OR "Minocycline administration" ) AND TS=(
"Spinal Cord Injury" OR "Spinal Cord Injuries" OR "Spinal Injury" OR "Spinal Injuries" OR "Spinal Cord
Trauma" OR "Traumatic Myelopathy" OR "Myelopathy, Traumatic" OR "Post-Traumatic Myelopathy"
OR "Spinal Cord Contusion" OR "Spinal Cord Laceration" OR "Spinal Cord Transection" OR "Spinal
Cord Damage" OR "Spinal Cord Lesion" OR "Spinal Cord Compression" OR "Traumatic Spinal Cord In-
jury" OR "Acute Spinal Cord Injury" OR "SCI" OR ("Spinal Cord" AND Injury) )
Embase = 306
• ( ’exp minocycline’/exp OR minocycline:ti,ab,kw OR minocin:ti,ab,kw OR ’minocin mr’:ti,ab,kw OR
’minocycline hydrochloride’:ti,ab,kw OR ’hydrochloride, minocycline’:ti,ab,kw OR minakne:ti,ab,kw OR
arestin:ti,ab,kw OR dynacin:ti,ab,kw OR lederderm:ti,ab,kw OR blemix:ti,ab,kw OR cyclomin:ti,ab,kw
OR cyclops:ti,ab,kw OR dentomycin:ti,ab,kw OR klinomycin:ti,ab,kw OR minoclir:ti,ab,kw OR mino-
lis:ti,ab,kw OR minoplus:ti,ab,kw OR mestacine:ti,ab,kw OR minomycin:ti,ab,kw OR minotab:ti,ab,kw
OR mynocine:ti,ab,kw OR ’minocycline derivative’:ti,ab,kw OR ’minocycline therapy’:ti,ab,kw OR
’minocycline treatment’:ti,ab,kw OR ’minocycline administration’:ti,ab,kw ) AND ( ’exp spinal cord in-
jury’/exp OR ’spinal cord injury’:ti,ab,kw OR ’spinal cord injuries’:ti,ab,kw OR ’spinal injury’:ti,ab,kw
OR ’spinal injuries’:ti,ab,kw OR ’spinal cord trauma’:ti,ab,kw OR ’traumatic myelopathy’:ti,ab,kw
OR ’myelopathy, traumatic’:ti,ab,kw OR ’post-traumatic myelopathy’:ti,ab,kw OR ’spinal cord con-
tusion’:ti,ab,kw OR ’spinal cord laceration’:ti,ab,kw OR ’spinal cord transection’:ti,ab,kw OR ’spinal
cord damage’:ti,ab,kw OR ’spinal cord lesion’:ti,ab,kw OR ’spinal cord compression’:ti,ab,kw OR ’trau-
matic spinal cord injury’:ti,ab,kw OR ’acute spinal cord injury’:ti,ab,kw OR sci:ti,ab,kw OR (’spinal
cord’:ti,ab,kw AND injury:ti,ab,kw) )
Cochrane = 13
• ( Minocycline OR "Minocycline Hydrochloride" OR "Hydrochloride, Minocycline" OR Minocin OR
"Minocin MR" OR Minakne OR Arestin OR Dynacin OR Lederderm OR Blemix OR Cyclomin OR Cy-
clops OR Dentomycin OR Klinomycin OR Minoclir OR Minolis OR Minoplus OR Mestacine OR Mino-
mycin OR Minotab OR Mynocine OR "Minocycline derivative" OR "Minocycline therapy" OR "Minocy-
cline treatment" OR "Minocycline administration" ) AND ( "Spinal Cord Injury" OR "Spinal Cord In-
juries" OR "Spinal Injury" OR "Spinal Injuries" OR "Spinal Cord Trauma" OR "Traumatic Myelopathy"
OR "Myelopathy, Traumatic" OR "Post-Traumatic Myelopathy" OR "Spinal Cord Contusion" OR "Spinal
Cord Laceration" OR "Spinal Cord Transection" OR "Spinal Cord Damage" OR "Spinal Cord Lesion" OR
"Spinal Cord Compression" OR "Traumatic Spinal Cord Injury" OR "Acute Spinal Cord Injury" OR SCI
OR ("Spinal Cord" NEAR/3 Injury) )
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