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ABSTRACT

Stroke is the most common and devastating cerebrovascular disease. Numerous neuroprotective medications, such as scale
and minocycline, have been developed to help the recovery and regeneration of the nervous system post-stroke. However,
the efficacy of minocycline remains unclear. The systematic review and meta-analysis were conducted to summarize the
effects of minocycline in stroke treatment. This systematic review was registered with the International Prospective Register
of Systematic Reviews (PROSPERO), with registration number CRD42023485168. The quality of the eligible studies was
assessed using the Jadad scale. This systematic review included three ischemic stroke trials, seven intracerebral hemorrhage
trials, and one study on acute stroke. There was a significant correlation between minocycline intervention and stroke
severity according to the National Institute of Health Stroke Scale (NIHSS), with a pooled mean difference (MD) of -1.92,
a 95% confidence interval (Cl) of -3.39 to -0.45, and a p-value of 0.01. In the ischemic stroke subgroup, the modified
Rankin scale (mRS) was significantly lower in the minocycline treatment group compared to that of the control group
(MD=-0.89, 95% CI: [-1.54, -0.25], p=0.007). Additionally, matrix metalloproteinase-9 (MMP-9) levels for the
intracerebral hemorrhage subgroup were significantly lower in the minocycline treatment group compared to those of the
control group (MD = -19.93, 95% CI: [-36.9, -2.96], p=0.02). The analysis revealed that minocycline intervention was not
significantly correlated with hematoma volume, mortality, or stroke recurrence. These findings indicate that minocycline
supplementation is a potential intervention strategy for treating ischemic stroke and intracerebral hemorrhage.
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Highlights:

1. As minocycline plays an important role in stroke microglia activation and iron chelation, it is important to further
analyze its effects on stroke treatment.

2. This meta-analysis revealed a significant effect of minocycline therapy, as evidenced by improved functional
outcomes and inhibited matrix metalloproteinase-9 (MMP-9) activity.

3. Minocycline does not significantly affect hematoma volume, mortality, or recurrence stroke rate.

INTRODUCTION scale, previous studies indicate that interventions

should focus on Asian and African nations with low-
Stroke is the most common cerebrovascular disease, income levels (Saini et al. 2021, Pu et al. 2023).
with a high rate of mortality and morbidity. By 2030, Neuroprotective agents have the potential to slow
we expect the global incidence of ischemic stroke to down or even halt the progression of the damaging
rise to 89.32 per 100,000 people. On a worldwide process after a stroke attack, significantly improving
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the quality of life for affected individuals. Patients
receive these substances to preserve, recover, and
regenerate their nervous systems by disrupting the
stroke cascade.

For a long time, tetracycline has offered promising
effects for stroke patients. Two well-known
derivates of tetracycline are doxycycline and
minocycline. However, recent studies have revealed
that minocycline has more efficacy as a
neuroprotective  chemical than  doxycycline.
Minocycline has been found to be able to inhibit the
activation of microglia, which plays an active part in
brain inflammation and degeneration (Yrjanheikki
et al. 1998). In addition, prior research conducted by
Modheji et al. (2016) has found that minocycline
carries a higher capacity to inhibit MMP-9 activity
compared to tetracycline and doxycycline.
Minocycline has multiple mechanisms of action,
including anti-inflammatory and anti-apoptotic,
which contribute to its appeal as a neuroprotective
agent. Aside from that, minocycline demonstrates
activity in multiple acute and chronic animal models
of neurological diseases. Its efficacy has been
demonstrated in preclinical models for the treatment
of hypoxic-ischemic encephalopathy, cognitive
disorder, multiple sclerosis, neuropathic pain,
stroke, and hypomyelination (Hurkacz et al. 2021).
Despite  multiple preclinical trials producing
encouraging data for minocycline, successful bench-
to-bedside translations remain lacking. A multitude
of studies have been published within the past ten
years. Thus, we conducted this systematic review
and meta-analysis to synthesize the treatment effects
of minocycline in cerebral ischemic and
hemorrhagic strokes.

MATERIALS AND METHODS

This systematic review was registered in the
International Prospective Register of Systematic
Reviews (PROSPERQ) under registration number
CRD42023485168. The search strategy for this
systematic review was arranged according to the
Preferred Reporting Items for Systematic Review
and Meta-Analyses (PRISMA) guidelines (Sohrabi
et al. 2021). We searched for relevant studies on
multiple databases, i.e., PubMed, ScienceDirect,
Sage Journals, Taylor & Francis, Google Scholar,
and ClinicalTrials.gov.

We used a set of inclusion criteria to determine the
eligibility of the studies. The inclusion criteria were
as follows: (i) the availability of full texts in English;
(ii) randomized-controlled studies comparing oral or
intravenous minocycline with either placebo or
standard stroke treatment; (iii) the inclusion of
patients diagnosed with acute ischemic or
hemorrhagic stroke; and (iv) the presence of at least
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one of the following outcomes: functional outcome
measured by the modified Rankin Scale (mRS),
National Institutes of Health Stroke Scale (NIHSS),
Glasgow Coma Scale (GCS), or Barthel index;
mortality rate; recurrence rate; or serum matrix
metalloproteinase-9 (MMP-9) level. The exclusion
criteria were: (i) nonrandomized-controlled studies
such as case reports, cohort studies, literature
reviews, or meta-analyses; (ii) the unavailability of
full texts in English; (iii) the unavailability of
original data or abstracts; (iv) animal studies; and (v)
duplicate records (Bramer et al. 2018).

The evaluators selected articles for this systematic
review by removing duplicates, screening titles and
abstracts, and assessing full texts according to the
inclusion criteria. Disagreements were resolved
through discussion. We extracted author name(s),
publication date, study design, total number of
patients, age, sex, patient diagnosis, dosage and
duration of minocycline treatment, control
intervention, outcome, and adverse event (Sohrabi et
al. 2021). We used Review Manager for Mac,
version 5.4.1 for conducting the statistical analysis.
Continuous data were used to analyze MMP-9 levels
and functional outcomes, whereas dichotomous data
were examined to determine side effects and
mortality rates. The heterogeneity of the literature
data was tested using I2. A result with a value of
p<0.05 was considered statistically significant. The
quality of the articles was assessed using the Jadad
scale (Casy et al. 2022).

RESULTS

Table 1 provides the summarized baseline
characteristics of the studies. On the initial search,
we collected a total of 1,650 studies. After sorting,
eleven studies were categorized as eligible and thus
included in this systematic review. The eleven
studies were as follows: three studies on
hemorrhagic stroke conducted by Chang et al.
(2017), Fouda et al. (2017), and Strickland et al.
(2022); seven studies on ischemic stroke carried out
by Lampl et al. (2007), Switzer et al. (2011),
Srivastava et al. (2012), Amiri-Nikpour et al. (2015),
Shamsaei & Mohammadi (2017), Mehta et al.
(2019), and Singh et al. (2019) and one study on
acute stroke reported by (Kohler et al. 2013).

The results of the analysis are gathered in Table 2.
Furthermore, Figure 2 displays the forest plots for
studies related to NIHSS, mRS, and the Barthel
index. The forest plot for NIHSS included eight
studies. The analysis showed the presence of
heterogeneity among the studies, with an 12 value of
>50%. There was a significant association between
minocycline intervention and NIHSS, with a pooled
mean difference (MD) of -1.92, a 95% confidence
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interval (ClI) of -3.39 to -0.45, and a value of p=0.01.

PRISMA 2020 flow diagram for new systematic reviews which included searches of databases and registers only

Identification of studies via databases and registers
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Figure 1. PRISMA flow diagram for the selected studies.
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Table 1. Summary of the baseline characteristics of the selected studies.

No Author, year Country Study design Total Age (y.0.) Sex (M/F)  Diagnosis Drug dosage Comparison Extracted Side effect Jadad
patients outcome score
Hemorrhagic stroke
1. Changetal. USA Multicenter, M:10 57 (13) 55% M Intracerebral  Intravenous Placebo MMP-9 levels, N/A 8
(2017) double-blind, P:10 hemorrhage administration mRS, NIHSS,
and placebo- with volume  of 10 mg/kg Barthel index,
controlled. of <30 cc, bw depression and
<12 hours. (maximum: suicide
700 mg daily) questionnaire
of results,
minocycline hematoma
mixed in 500 volume, edema
mL of normal volume,
saline solution mortality.
over 2 hours
for 5 days.
2. Foudaetal. USA Single-site, M:8 61.9 (12.7) 4/12 Acute Daily No MMP-9, IL-6, Bihemispheric 8
(2017) randomized P:8 cerebral intravenous minocycline  and ferritin embolic strokes
controlled trial. hemorrhage  administration levels, mRS; occurred after a
within 24 of 400 mg of NIHSS, GCS, week, leading
hours. open-label hematoma to herniation
minocycline, volume, and mortality
followed by Hemphill that were not
an oral dose of Scores. related to the
400 mg for 4 medication
days. studied.
3. Strickland et USA Double-blind, M:6 M: 52.6 (44— 47 Imaging- Intravenous Normal MMP-9 levels  N/A 8
al. (2022) randomized P:5 66) confirmed administration  saline (500 measured by
controlled trial. P:59.2 (54— aneurysmal of 10 mg/kg mL). OoD.
68) subarachnoid  bw
hemorrhage.  (maximum:
700 mg daily)
of
minocycline
mixed in 500
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mL of normal
saline solution
over 2 hours

for 4 days.
Ischemic stroke
1. Lampletal. Israel Open-label, M: 74  Minocycline:  35.1% F Ischemic Daily dose of  Placebo NIHSS, mRS, N/A
(2007) evaluator- P77 67.2+11.1 stroke with oral Barthel index,
blinded study. Placebo: an onset of minocycline at death, recurrent
66.2+11.1 0-6 hours. 200 mg for 5 stroke,
days. hemorrhage
transformation.
2. Switzer et USA Nonrandomized, M: 60 Minocycline:  Minocycline:  Ischemic Intravenous No NIHSS, N/A
al. (2011) dose-escalation  P: 44 65.0 (13.7), 53% M stroke with minocycline at  minocycline  hemorrhage
trial. Controls: Controls: an onset of doses of 3, transformation.
61.8 (13.9) 57% M 0-6 hours. 45,6,10
mg/kg bw.
3. Srivastavaet India Single blind, M: 23 Minocycline  31/19 First Minocycline Standard care  NIHSS, There were no
al. (2012) placebo- p: 27 52.7 (15.3), ischemic capsule at 200 Barthel index.  mortality,
controlled trial. Controls: 57 stroke with mg per day. myocardial
(14.2) an onset of infarctions,
6-24 hours. recurrent
strokes, or
hemorrhagic
transformations
in treatment
and control
groups.
4. Singhetal.  Singapore Multicenter, M:69 62 [range 73.4% M Ischemic Daily dose of  Placebo mRS, NIHSS, N/A
(2019) randomized, P: 70 19-88] stroke, with ~ oral Barthel index,
double-blind, 3-48 hours minocycline at mortality,
placebo- of symptom 200 mg for 5 recurrent
controlled trial onset days stroke,
myocardial
infarction
5. Amiri- Iran Single-site, Total: 65.89 (8.35)  25/28 Ischemic Oral Aspirinonly  NIHSS at 30 N/A
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Nikpour et randomized 53 stroke, 6-24  minocycline at days, 60 days,
al. (2015) controlled trial hours 200 mg once and 90 days
daily as an
adjunct to
aspirin for 5
days
6. Mehtaetal. India Prospective, 20 Minocycline:  59/41 Acute 200 mg/day Aspirin, NIHSS, N/A
(2019) single center, patients 58.8 ischemic administered supportive Barthel index,
single-blind, and ineach  Citicoline: stroke per oral care, 500 mg  and mortality
hospital-based group 59.5 affecting the of data
study Edaravone: middle intravenous
57.3 cerebral citicoline
Cerebrolysin: artery twice for 6
61.9 (MCA) weeks, 30 mg
Placebo: 64.9 territory of edaravone
administered
twice over 60
minutes for
14 days, and
30 mL of
intravenous
cerebrolysin
infusion
diluted in
100 mL of
saline
administered
over 60
minutes for
10 days
7.  Shamsaei & Iran Double-blind, 18 Minocycline:  15/21 Ischemic Daily dose of  Placebo NIHSS N/A
Mohammadi randomized patients  69+10.3 stroke, 24 oral
(2017) controlled trial ineach  Placebo: hours minocycline at
group 68+10.3 200 mg for 5
days

Mixed diagnosis
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1. Kohleretal. Australia  Multicenter, M: 47 Minocycline:

(2013) prospective, p: 48 67.7 (11.0)
randomized, No

open-label, minocycline:

blinded, 67.9 (16.3

47/48

Acute
ischemic and
hemorrhagic
stroke, 6-24
hours

Intravenous
administration
of 100 mg of
minocycline
within 24
hours of
stroke onset
and continued
every 12 hours
for 3 days

Nisa’ et al.: Minocycline as Neuroprotective Agent for Stroke

No
minocycline
ne

MRS, NIHSS, N/A
Barthel index,
recurrent

stroke,

creatinine,

ALT, mortality

Legends: M=minocycline; P=placebo; OD=optical density; MMP-9=matrix metalloproteinase-9; mRS=modified Rankin Scale; NIHSS=National Institute of Health Stroke Scale; IL-6=interleukin 6; GCS=Glasgow

Coma Scale; ALT=alanine transaminase.
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Pooled overall effect

Heterogeneity test

Outcome Lower Upper
MD/OR/RR limit limit Z-score (p) df 12 p
95% ClI 95% Cl

NIHSS MD: -1.92 -3.39 -0.45 2.57 (0.01) 7 84%  <0.00001
IS MD: -2.25 -3.77 -0.74 2.91 (0.004) 5 85%  <0.00001
ICH MD: 0.50 -1.71 2.7 0.44 (0.66) 1 0% 0.35
mRS MD: -0.53 -1.26 0.19 1.45 (0.15) 3 89%  <0.00001
IS MD: -0.89 -1.54 -0.25 2.72 (0.007) 1 76% 0.04
ICH MD: -0.0 -0.26 0.26 0.03 (0.98) 1 0% 0.84
Good outcome OR: 2.7 0.84 8.69 1.67 (0.10) 5 77% 0.0006
IS OR: 3.13 0.75 13.11 1.56 (0.12) 3 86% <0.0001
ICH OR: 1.6 0.23 11.3 0.47 (0.64) 1 0% 0.67
Barthel index MD: 2.07 -9.41 13.56 0.35(0.72) 4 93% <000001
IS MD: 3.54 -12.26 19.34 0.44 (0.66) 3 92%  <0.00001
ICH MD: -3.47 -6.25 -0.69 2.44 (0.01) N/A  N/A N/A
Hematoma volume MD: -0.64 -10.13 8.84 0.13 (0.89) 1 17% 0.27
Mortality OR: 1.28 0.34 4.88 0.36 (0.72) 2 0% 0.89
Recurrent stroke OR: 0.6 0.23 1.53 1.08 (0.28) 2 0% 0.81
MMP-9 levels MD: -8.83 -33.29 15.62 0.71 (0.48) 2 52% 0.12
IS MD: 11.30 -14.15 36.75 0.87 (0.38) N/A  N/A N/A
ICH MD: -19.93 -36.9 -2.96 2.3(0.02) 1 0% 0.69

Legends: MD=mean difference; OR=0dds ratio; RR=relative risk; Cl=confidence interval; df= degrees of freedom; IS=ischemic stroke; ICH=

intracerebral hemorrhage; MMP-9=matrix metalloproteinase-9.

The forest plot for mRS incorporated four studies,
which exhibited heterogeneity with an 12 value of
>50%. There was a significant association between

minocycline intervention and

the degree of

functional outcome according to the mRS (pooled

MD=-0.53, 95% Cl=-1.26 to 0.19, p=0.15).

There were six studies in the forest plot for a
favorable outcome, which was indicated by an mRS
score of less than 2. The forest plot showed
heterogeneity among the studies, with an 12 value
greater than 50%. No significant odds ratio was
observed between minocycline intervention and
favorable outcome according to the mRS (pooled

OR=2.71, 95% CI=0.84 to 8.69, p=0.10).

In the forest plot for the Barthel index, five studies
were featured. Heterogeneity was seen among the
studies, with an 12 value of >50%. However, the
forest plot did not demonstrate any significant
association between minocycline intervention and
the scores of the Barthel index assessment (pooled

MD=2.07, 95% Cl=-9.41 to 13.56, p=0.72).
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As displayed in Figure 3, the forest plot analysis for
hematoma volume consisted of two studies. The two
studies did not exhibit any heterogeneity, as

indicated by an 12 value of <50%. The analysis found
no significant association between minocycline
intervention and hematoma volume (pooled MD=-
0.64, 95% CI=-10.13 to 8.84, p=0.89).

Figure 4 displays three studies in each forest plot for
mortality and recurrent stroke. The studies did not
show any heterogeneity, with an 1? value of <50%.
Additionally, no significant odds ratio was observed
between minocycline intervention and mortality
(pooled OR=1.28, 95% CI=0.34 to 4.88, p=0.72) as
well as recurrent stroke (pooled OR=0.60, 95%
Cl=0.23 to 1.53, p=0.28).

In Figure 5, the forest plot included three studies that
examined MMP-9 levels. The three studies
demonstrated heterogeneity, with an 12 value of
>50%. Nevertheless, there was no significant
association between minocycline intervention and
MMP-9 levels (pooled MD=-8.83, 95% CIl=-33.29
to 15.62, p=0.48).
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Experimental Control Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% ClI
6.1.1 Ischemic stroke
Amir-Nlkpour 2014 5 22 26 667 2.2 27 155% -1.67 [-2.85, -0.49]
Lampl 2007 1. 18 74 &5 3B 77 16.1% -4.90[-5.85 -3.95] +———
Mehtz 2019 482 241 20 582 29 20 141X -1.00[-2.65,0.65] —— —
Padma 2012 7.00 279 23 R7B 297 27 143X -1.69[-3.29,-0.09] EEE—
Shamsael 2017 611 205 1B 733 18 1B 153X -1.22[-2.4E, 0.04] Ee—
Switzer 2011 4 4§ 57 7 B5 43 10.6% -3.00[-5.81,-0.19] +
Subtotal (95% CI) 218 212 B5.8% -2.25[-3.77, -0.74] ——aBi—
Heterogenehty: Taw' = 2.03; ChE = 34,27, df = 5 (P < 0.00001); P = B5X
Test for overall effect: Z = 2.91 (P = 0.004)
6.1.2 ICH
Chang 2017 2.1 258 10 1.36 258 10 122X 0.74 [-1.52, 3.00] S B —
Fowda 2017 5.3 6.1B 3 9.3 B46 § 2.0% -4.00[-13.73,5.73] ¢ >
Subtotal (95% CI) 13 16 14.2%  0.50 [-1.71, 2.70] e
Heterogeneity: Taw® = 0.00; ChE = (.6, df = 1 (P = 0.35); F = 0X
Test for overall effect: Z = 0.44 (P = 0.66)
Total (95% CI) 231 228 100.0% -1.92 [-3.39, -0.45] —
Heterogenelty: Taw® = 3.25; ChE = 42.44, df = 7 (P < 0.00001); P = §4% Y X ! 1

Test for overall effect: Z = 2.57 (P = (.01}
Test for subgroup differences: Chi* = 4,06, df = 1 (P = .04}, F = 75.4%

Favours [experimental] Favours [control]

() NIHSS
Experimental Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
6.2.1 ischemic stroke
Lampl 2007 0.0 11 74 21 1.2 77  30.2% -1.20 [-1.57, -0.83] —
Padma 2012 1.7 0.87 23 2.41 097 27  IE.1X -0.54 [-1.05, -0.03] —
Subtotal (95% CI) 97 104 58.3% -0.89 [-1.54, -0.25] —eal——
Heterogenelty: Taw® = 0.17; ChE = 4.24, df = 1 (P = 0.04); F = 76X
Test for overall effect: Z = 2.72 (P = 0.007)
6.2.2 ICH
Chang 2017 1.3 03 m 13 03 10 314X  0.00 [-0.28, 0.28] —T—
Fowda 2017 35 23 B 37 14 B 10.3% -0.20 [-2.07,1.67]
Subtotal (95% CI) 18 18 41.7% -0.00 [-0.26, 0.26] -‘
Heterogenelty: Tauw® = 0.00; ChE = 0.04, df = 1 {P = 0.B4); F = 0X
Tast for overall effect: Z = 0.03 (P = (.98}
Total (95% CI) 115 122 100.0% -0.53 [-1.26, 0.19] ———
Heterogenehty: Tau® = 0.42; Chi* = 27.42, df = 3 (P < 0.00001); F = BOX 5 ) g : )

Test for overall effect: Z = 1.45 (P = (.15}
Test for subgroup differences: ChiE = §.30, df = 1 (P = 0.01}, F = B4.1X

Favours [experimental] Favours [control]

(b) MRS
Experimental Control 0dds Ratio 0Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M=-H, Random, 95% CI
6.4.1 ischemic stroke
Blacker 2013 17 18 1& 22 16.0% 3.18 [0.58, 1B.16] B
Lampl 2007 &7 74 18 77 216X 9.33 [3.B0, 22.8H] —
Padma 2012 1B 23 11 27 103X 5.24 [1.50, 1B.34] e
Singh 2019 47 &9 53 7 225X 0.69 [0.33, 1.44] — T
Subtotal (95% CI) 185 196 79.3% 3.13 [0.75, 13.11] e i——
Total events 149 118
Hetzrogenely: Taw® = 1.77; Chif = 21.31, df = 3 (P < 0.0001); F = B&X
Test for overall effect: Z = 1.56 (P = 0.12)
6.4.2 ICH
Chang 2017 L) 10 ] 10 o.7% 1.00 [0.05, 18.57]
Fouda 2017 2 B 1 B 10.0% 2.33 [0.17, 32.58]
Subtotal (95% CI) 18 18 20.7% 1.60 [0.23, 11.30] ——ee——
Total events 11 10
Heterogenelty: Tau® = 0.00; Chi¥ = 018, df = 1 (P = 0.67); F = 0X
Test for overall effect: Z = 0.47 {P = (.54}
Total (95% CI) 203 214 100.0% 2.70 [0.84, 8.69] Lo
Total events 160 128
Hewrogenelty: Taw® = 1.43; Chi® = 21.65, df = 5 (P = 0.0006); F = 77% h o1 0=1 ] f 100=

Test for overall effect: Z = 1.67 (P = 0.10}
Test for subgroup differences: ChE = (.30, df = 1 (P = 0.58), F = 0%

(c) MRS <2 or good outcome.
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Mean Difference
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Mean Difference

Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
6.3.1 ischemic stroke

Blacker 2013 8536 12.44 18 K7.14 30.45 2 17.0% B.22 [-5.68, 22.12] —_—t—
Lampl 2007 848 125 74 776 24 77 212X 17.30 [11.23, 23.37] —
Mehta 2019 54.25 21.1 2) 74.82 10.83 20 19.1% -20.57 [-30.96, -10.18] e —

Pagdma 2012 753 128 23 67 154 27 I0.5% B.30 [0.54, 16.06] =
Subtotal (95% ClI) 136 146 77.7% 3.54 [-12.26, 19.34] ——e——
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Figure 2. Forest plots showing the analysis results for (a) NIHSS, (b) mRS, (c) good outcome indicated by mRS
below 2, and (d) Barthel index.

Subgroup analyses of studies related to ischemic
stroke

We divided several studies with a focus on ischemic
stroke into different subgroups to better analyze the
administration of minocycline among ischemic
stroke patients. The subgroup analysis of six studies
revealed a significant association between
minocycline intervention and NIHSS (MD=-2.25,
95% Cl=-3.77 to -0.74, p=0.004).

In addition, we analyzed another subgroup
consisting of two studies that examined the mRS of
ischemic stroke patients. The analysis revealed a
significant  association  between minocycline
intervention and mRS among ischemic stroke
patients (MD=-0.89, 95% Cl=-1.54 to -0.25,
p=0.007).

The third subgroup analysis included four studies
that examined favorable outcomes measured using
mRS. The subgroup analysis revealed no significant
association between minocycline intervention and
favorable outcomes according to mRS among
ischemic stroke patients (OR=3.13, 95% CI=0.75 to
13.11, p=0.12).

In the subgroup analysis of two studies, we also
found no significant association  between
minocycline intervention and the Barthel Index
among ischemic stroke patients (MD=3.54, 95%
Cl=-12.26 to 19.34, p=0.66). Furthermore, the
analysis did not reveal any significant association
between minocycline intervention and MMP-9
levels among the ischemic stroke patients
(MD=11.30, 95% CI=-14.15 to 36.75, p=0.38).

Experimental Control Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Chang 2017 1533 B.74 10 1916 1557 10 73.5% -3.83 [-14.90, 7.24]
Fouda 2017 5.2 181 B 17 185 B 265K R.20[-10.24, 26.64]
Total (95% CI) 18 18 100.0% =0.64 [-10.13, 8.84]
Heterogenelty: Che = 1.20, df = 1 (P = 0.27); F = 17% ’-100 -5|0 i SIh 100’

Tast for overall effect: Z = 0.13 (P = .89}

Favours [experimental] Favours [control]

Figure 3. A forest plot for the analysis of hematoma volume.

Experimental Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% Cl M-H, Fixed, 95% CI
Kohler 2013 z 47 2 4 49.7%  1.02[0.14, 7.57]
Mehta 2018 1 20 1 20 24.0% 1.00 [0.06, 17.18]
Singh 2010 z &9 1 70 25.3% 2.06 [0.18, 23.25] =
Total (95% CI) 136 138 100.0% 1.28 [0.34, 4.88]
Total events 5 4

Heterogenehty: Chi: = .23, df = 2 (P = 0.50); F = 0X
Test for overall effect Z = 0.36 (P = .72}
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Experimental Control 0Odds Ratio Odds Ratio
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Figure 4. Each forest plot showing the analysis results for (a) mortality and (b) recurrent stroke.

Subgroup analyses of intracerebral hemorrhage
studies

In this systematic review, there were several
subgroups of studies pertaining to intracerebral
hemorrhage. Two studies revealed that minocycline
intervention was not significantly associated with
NIHSS among intracerebral hemorrhage patients
(MD=0.5, 95% Cl=-1.71 to 2.7, p=0.66). There was
no heterogeneity between these studies, with an 12
value of <50%.

We performed another subgroup analysis of two
studies related to intracerebral hemorrhage. It was
revealed that there was no significant association
between minocycline intervention and mRS among
patients with hemorrhagic stroke (MD=0, 95% Cl=-
0.26 to 0.26, p=0.98).

There were four studies in the subgroup analysis of
minocycline intervention and there were favorable
outcomes determined by mRS. We found no
significant association between these two variables
among hemorrhagic stroke patients (OR=1.6, 95%
Cl=0.23 to 11.3, p=0.64).

We analyzed a subgroup consisting of two studies
on intracerebral hemorrhage. The analysis
demonstrated a significant association between
minocycline intervention and the Barthel index
among intracerebral hemorrhage patients (MD=-
3.47, 95% Cl=-6.25 to -0.69, p=0.01).

Additionally, two studies examined MMP-9 levels
among patients with intracerebral hemorrhage. The
two studies exhibited that there was a significant
mean difference of -19.93 in the MMP-9 levels of
intracerebral hemorrhage patients (95% CI=-36.90
to 15.62, p=0.02).

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
5.1.1 Ischemic stroke
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60
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Tast for everall effect: Z = 0.67 (P = 0.38)

5.1.2 ICH

Chang 2017 26.2 15.8 10 47.2 235 10 49.9% -19.00 [-36.55, -1.45] —i—

Fowda 2017 5.5 &4.7 B 9B.7 706 B 11.3% -33.20 [-99.56, 33.16]
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Heterogenehy: Tau® = 232.14; ChE = 4,17, cdf = 2 (P = 0.12); F = 52X L100 _go Py t 100=

Test for overall effect: Z = .71 (P = .48}
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Figure 5. A forest plot showing the analysis results for MMP-9 levels.

DISCUSSION

Neuroprotective drugs exert their effects in a variety
of ways, such as by lowering inflammation,
increasing cell survival, improving neuronal
function, and protecting against oxidative stress. By
protecting neuronal integrity and function, these
medicines have the potential to halt the course of
neurodegenerative illnesses and enhance general
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brain health. Neuroprotective drugs are essential in
stroke treatment because they reduce damage and
improve outcomes. They protect brain cells against
decreased blood flow and oxygen supply by
targeting  stroke-related processes such as
excitotoxicity, oxidative stress, inflammation, and
apoptosis. Neuroprotective medicines include N-
methyl-D-aspartate (NMDA) receptor antagonists,
anti-inflammatory ~ medications,  antioxidants,
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neurotrophic factors, and other compounds. One of
the emerging antibiotics to improve outcomes

following stroke is minocycline, a second-
generation tetracycline derivative that has been used
as an antibiotic since 1971 (Rusu & Buta 2021).

Efficacy of minocycline for ischemic stroke

Minocycline has demonstrated anti-inflammatory,
anti-apoptotic, and neuroprotective properties in

several models of cerebral ischemia and
neurodegenerative  illnesses.  Myeloid  cells,
including macrophages, dendritic cells, and

neutrophils, migrate to ischemic sites after stroke.
Neutrophils that migrate to lesions may cause
secondary injuries. Minocycline can inhibit
microglial activation and peripheral neutrophil
invasion during stroke. The medication has anti-
inflammatory effects that are associated with toll-
like receptor (TLR)-mediated pathways (Otxoa-de-
Amezaga et al. 2019, Chen et al. 2022, Cao et al.
2023). Minocycline may pass through the blood-
brain barrier due to its high lipophilic properties.
Furthermore, it has been demonstrated to decrease
microglial activation. Minocycline enhances
microglial M2 polarization while also inhibiting M1
polarization. This results in neuronal survival and
neurological functional recovery.

Earlier research conducted by Lu et al. (2021) and
Suérez-Rivero et al. (2023) has demonstrated that
minocycline therapy improved survival rates and
functional outcomes over a 14-day period. As a
result, there was a decrease in brain infarct volume,
recovery of neuronal damage, and suppression of
reactive gliosis. It was found that minocycline
therapy resulted in improved motor function
recovery in peri-infarct tissue. Additionally,
minocycline therapy reduced CD68 cell expression
by 57% while simultaneously increasing glial
fibrillary acidic protein and vimentin expression.
These findings suggest an increase in reactive
astrogliosis (Yew et al. 2019). In an experimental
study carried out by Myers et al. (2023), the effects
of post-stroke minocycline therapy on chronic
microglia and astrocyte expression  were
investigated in a rat model. The study focused on the
expression of ionized calcium-binding adaptor
molecule 1 (Ibal), major histocompatibility
complex-1l (MHC-II), and glial fibrillary acidic
protein (GFAP), as well as cognitive function
performance in behavioral tasks. The findings of the
study demonstrated that minocycline therapy was
effective in improving outcomes. Minocycline may
hinder microglial activation by inhibiting the nod-
like receptor protein 3 (NLRP3) inflammasome
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signaling pathway. This leads to a decrease in pro-
inflammatory factors and an increase in anti-
inflammatory factors in microglia near infarction
sites. Moreover, minocycline reduces the early
phagocytic activity of microglia (Wang et al. 2022,
Qiao et al. 2023, Zhao et al. 2023). This explanation
supports our analysis results, indicating that
minocycline has significant effects on mRS and
NIHSS.

Efficacy of minocycline for hemorrhagic stroke

In relation to microglial activation, a single-dose
administration of minocycline has been found to
improve neuron survival and reduce ischemia-
induced neurodegeneration, which results in
decreased infarct volume. It has also been found that
minocycline decreases tumor necrosis factor alpha
(TNF-a) levels while increasing heat shock protein-
70 (HSP-70) and human antigen R (HuR) levels in
the penumbra. HuR specifically targets HSP-70
transcripts, hence promoting a protective response.
In a study reported by Pawletko et al. (2023), lower
inflammation in brain-damaged regions led to
increased motor ability. This evidence suggests the
regulating effect of minocycline on several
inflammatory cytokines. In our study, we found
significantly lower matrix metalloproteinase-9
(MMP-9) activity levels among stroke patients who
were treated with minocycline. The quantitative
analysis revealed that MMP-9 levels significantly
differed in the intracerebral hemorrhage subgroup.
In contrast, a study conducted by Strickland et al.
(2022) did not find considerable variations between
the minocycline group and the saline group. The
differences were measured by observing the optical
density of MMP-9.

A study reported by Fouda et al. (2017) exhibited no
significant difference in the levels of IL-6, iron, and
ferritin in the plasma of the subjects examined.
Preclinical experiments have demonstrated that
minocycline provides protection against
intracerebral hemorrhage-induced secondary brain
damage at several stages. Minocycline inhibits heme
oxygenase-1 (HO-1) activity, chelates iron, reduces
oxidative stress, prevents various forms of cell
death, protects blood-brain barrier (BBB) integrity,
modulates leukocyte function, and suppresses pro-
inflammatory  activities in  microglia while
increasing their regulatory phenotype. Minocycline,
which acts as an iron chelator and
neuroinflammation inhibitor, effectively reduces
intracerebral hemorrhage-induced iron overload,
brain edema, neuroinflammation, neuron death,
delayed brain  atrophy, and neurological
impairments (Dai et al. 2019, Zhang et al. 2022). A
study conducted by Cao et al. (2018) used magnetic
resonance imaging (MRI) R2* mapping to
investigate the effect of minocycline. The study
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discovered that minocycline decreased intracerebral
hemorrhage-induced perihematomal iron buildup
and brain damage in elderly rats. In a separate study
by Wang et al. (2022b), minocycline effectively
prevented nerve cell death caused by intracerebral
hemorrhage in a juvenile mouse model. This was
achievable as minocycline suppressed the
expression of the tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) signaling
pathway.

Treatment with a high minocycline dosage has been
found to significantly improve neurological function
while also reducing cerebral bleeding and edema.
Minocycline therapy has the potential to prevent
neuronal death in the prefrontal cortex, which is
linked to lower levels of inflammatory cytokines. In
addition, it has been demonstrated that the
purinergic receptor P2X 4 (P2X4R) on microglia
can be activated following subarachnoid
hemorrhage. Minocycline therapy decreases P2X4R
activation and further reduces the phosphorylation
of downstream p38 mitogen-activated protein kinase
(MAPK) (Li et al. 2019). In contrast, our analysis
revealed that hematoma volume in intracerebral
hemorrhage did not differ significantly when
minocycline treatment was compared to the control
group. The non-significant finding might be due to
the limited number of studies evaluated. However,
no clinical study has been conducted on
subarachnoid hemorrhage. More research is
required to draw a conclusion about the possible link
between minocycline therapy and hematoma
volume in hemorrhagic stroke, particularly in cases
of subarachnoid hemorrhage and intracerebral
hemorrhage.

Kohler et al. (2013) conducted a study to assess the
safety of minocycline interventions on the liver and
kidneys using measurements of alanine transferase
(ALT) and creatinine. Between the minocycline
group and the control group there was no significant
difference in adverse events, including rash,
gastrointestinal disorders, pneumonia, urinary tract
infection, and increased ALT or creatinine levels.
Minocycline has shown promise in preclinical
investigations and clinical trials for its ability to
protect neurons from damage and improve stroke
outcomes.

Strength and limitations

There were a few limitations in this study, including
the small number of clinical trials that might limit
the generalizability of the findings and reduce the
statistical power to detect true effects. Several
confounding variables were not accounted for in this
study, such as stroke onset and location, which
might have influenced the non-significant findings
for stroke outcomes, including mortality or recurrent
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stroke. Nevertheless, this meta-analysis employed
rigorous methods, including randomization and
blinded clinical trials, thus increasing the likelihood
of producing reliable results. We also used validated
instruments to enhance the credibility of this study.

CONCLUSION

Minocycline treatment has shown beneficial effects
in improving clinical outcomes in stroke patients.
The inhibitory effect of minocycline on microglial
activation and peripheral neutrophils may confer
restorative benefits in acute stroke. Future large-
scale randomized controlled trials should evaluate
the long-term safety and determine the ideal dosage
and route of administration of minocycline in stroke
patients. Minocycline should not be used as a stand-
alone therapy for stroke, but considered in
combination with other established treatments.

Acknowledgment

We thank everyone who contributed to this meta-
analysis, as well as the patients who participated in
the studies.

Conflict of interest

None.

Funding disclosure
None.
Author contribution

AIN, AAD, and JN contributed to the conception
and design as well as the drafting of the article. AIN
contributed to the analysis and interpretation of the
data as well as statistical expertise. AM, MFQ, R,
and BLH provided the study materials as well as
analyzed and interpreted the data. All authors gave
final approval to the article.

REFERENCES

Amiri-Nikpour MR, Nazarbaghi S, Hamdi-Holasou
M, et al (2015). An open-label evaluator-blinded
clinical study of minocycline neuroprotection in
ischemic stroke: Gender-dependent effect. Acta
Neurologica Scandinavica 131, 45-50. doi:
10.1111/ane.12296.

Bramer WM, De Jonge GB, Rethlefsen ML, et al
(2018). A systematic approach to searching: An
efficient and complete method to develop
literature searches. Journal of the Medical Library


https://onlinelibrary.wiley.com/doi/10.1111/ane.12296
https://onlinelibrary.wiley.com/doi/10.1111/ane.12296

Folia Medica Indonesiana Vol. 60 No. 2

Association. doi: 10.1161/STROKEAHA.117.019
860.

Cao S, Hua Y, Keep RF, et al (2018). Minocycline
effects on intracerebral hemorrhage-induced iron
overload in aged rats. Stroke 49, 995-1002. doi:
10.1161/STROKEAHA.117.019860.

Cao Y, Yue X, Jia M, et al (2023).
Neuroinflammation ~ and  anti-inflammatory
therapy for ischemic stroke. Heliyon 9, e17986.
doi: 10.1016/j.heliyon.2023.e17986.

Casy T, Grasseau A, Charras A, et al (2022).
Assessing the robustness of clinical trials by

estimating Jadad’s score using artificial
intelligence approaches. Computers in Biology
and Medicine 148, 105851. doi:

10.1016/j.compbiomed.2022.105851.

Chang JJ, Kim-Tenser M, Emanuel BA, et al (2017).
Minocycline and matrix  metalloproteinase
inhibition in acute intracerebral hemorrhage: A
pilot study. European Journal of Neurology 24,
1384-1391. doi: 10.1111/ene.13403.

Chen W, Zhang Y, Zhai X, et al (2022). Microglial
phagocytosis and regulatory mechanisms after
stroke. Journal of Cerebral Blood Flow &
Metabolism 42, 1579-1596. doi:
10.1177/0271678X221098841.

Dai S, Hua Y, Keep RF, et al (2019). Minocycline
attenuates brain injury and iron overload after
intracerebral hemorrhage in aged female rats.
Neurobiology of Disease 126, 76-84. doi:
10.1016/j.nbd.2018.06.001.

Fouda AY, Newsome AS, Spellicy S, et al. (2017).
Minocycline in acute cerebral hemorrhage. Stroke
48, 2885-2887. doi: 10.1161/STROKEAHA.117.
018658.

Hurkacz M, Dobrek L, Wiela-Hojenska A (2021).
Antibiotics and the nervous system—which face
of antibiotic therapy is real, Dr. Jekyll
(Neurotoxicity) or Mr. Hyde (Neuroprotection)?
Molecules 26, 7456. doi: 10.3390/molecules26247
456.

Kohler E, Prentice DA, Bates TR, et al (2013).
Intravenous minocycline in acute stroke. Stroke
44, 2493-9. doi: 10.1161/STROKEAHA.113.000
780.

Lampl Y, Boaz M, Gilad R, et al (2007).
Minocycline treatment in acute stroke. Neurology
69, 1404-1410. doi: 10.1212/01.wnl.0000277487.
04281.db.

Li J, Chen S, Fan J, et al (2019). Minocycline
attenuates experimental subarachnoid hemorrhage
in rats. Open Life Sciences 14, 595-602. doi:
10.1515/biol-2019-0067.

Lu Y, Zhou M, Li Y, et al (2021). Minocycline
promotes functional recovery in ischemic stroke
by modulating microglia polarization through
STAT1/STAT6 pathways. Biochemical Pharma
cology 186, 114464. doi: 10.1016/j.bcp.2021.11
4464,

Mehta A, Mahale R, Buddaraju K, et al (2019).

180

Nisa’ et al.: Minocycline as Neuroprotective Agent for Stroke

Efficacy of neuroprotective drugs in acute
ischemic stroke: Is it helpful? Journal of
Neurosciences in Rural Practice 10, 576-581. doi:
10.1055/s-0039-1700790.

Modheji M, Olapour S, Khodayar MJ, et al (2016).
Minocycline is more potent than Tetracycline and
Doxycycline in inhibiting MMP-9 in vitro.
Jundishapur Jundishapur Journal of Natural
Pharmaceutical Products. doi: 10.17795/jjnpp-
27377.

Myers SJ, Agapova V, Patel SV, et al (2023). Acute
minocycline  treatment  inhibits  microglia
activation, reduces infarct volume, and has
domain-specific effects on post-ischemic stroke
cognition in rats. Behavioural Brain Research 455,
114680. doi: 10.1016/j.bbr.2023.114680.

Otxoa-de-Amezaga A, Mir6-Mur F, Pedragosa J, et
al. (2019). Microglial cell loss after ischemic
stroke favors brain neutrophil accumulation. Acta
Neuropathologica 137, 321-341. doi:
10.1007/s00401-018-1954-4.

Pawletko K, Jedrzejowska-Szyputka H, Bogus K, et
al (2023). After ischemic stroke, minocycline
promotes a protective response in neurons via the
RNA-binding protein HUR, with a positive impact
on motor performance. International Journal of
Molecular Sciences 24, 9446. doi:
10.3390/ijms24119446.

Pu L, Wang L, Zhang R, et al (2023). Projected
global trends in ischemic stroke incidence, deaths
and disability-adjusted life years from 2020 to
2030. Stroke 54, 1330-1339. doi:
10.1161/STROKEAHA.122.040073.

Qiao C, Liu Z, Qie S (2023). The implications of
microglial regulation in neuroplasticity-dependent
stroke recovery. Biomolecules 13, 571. doi:
10.3390/biom13030571.

Rusu A, Buta EL (2021). The development of third-
generation tetracycline antibiotics and new
perspectives. Pharmaceutics 13, 2085. doi:
10.3390/pharmaceutics13122085.

Saini V, Guada L, Yavagal DR (2021). Global
epidemiology of stroke and access to acute
ischemic stroke interventions. Neurology. doi:
10.1212/WNL.0000000000012781.

Shamsaei G, Mohammadi P (2017). Effect of oral
minocycline on clinical recovery process in
patients with acute ischemic stroke: A randomized
clinical trial. J Jundishapur Journal of Natural
Pharmaceutical Products. doi: 10.5812/jjnpp.63
792.

Singh R, Augustin SJ, Jane M, et al (2019). Does
minocycline improve recovery after acute
ischemic stroke? Journal of Stroke Medicine 2,
40-46. doi: 10.1177/2516608519856263.

Sohrabi C, Franchi T, Mathew G, et al (2021).
PRISMA 2020 statement: What’s new and the
importance of reporting guidelines. International
Journal of Surgery 88, 105918. doi:
10.1016/j.1jsu.2021.105918.


http://jmla.pitt.edu/ojs/jmla/article/view/283
http://jmla.pitt.edu/ojs/jmla/article/view/283
https://www.ahajournals.org/doi/10.1161/STROKEAHA.117.019860
https://www.ahajournals.org/doi/10.1161/STROKEAHA.117.019860
https://linkinghub.elsevier.com/retrieve/pii/S2405844023051940
https://linkinghub.elsevier.com/retrieve/pii/S0010482522006060
https://linkinghub.elsevier.com/retrieve/pii/S0010482522006060
https://onlinelibrary.wiley.com/doi/10.1111/ene.13403
http://journals.sagepub.com/doi/10.1177/0271678X221098841
http://journals.sagepub.com/doi/10.1177/0271678X221098841
https://linkinghub.elsevier.com/retrieve/pii/S0969996118301736
https://linkinghub.elsevier.com/retrieve/pii/S0969996118301736
https://www.ahajournals.org/doi/10.1161/STROKEAHA.117.018658
https://www.ahajournals.org/doi/10.1161/STROKEAHA.117.018658
https://www.mdpi.com/1420-3049/26/24/7456
https://www.mdpi.com/1420-3049/26/24/7456
https://www.ahajournals.org/doi/10.1161/STROKEAHA.113.000780
https://www.ahajournals.org/doi/10.1161/STROKEAHA.113.000780
https://www.neurology.org/doi/10.1212/01.wnl.0000277487.04281.db
https://www.neurology.org/doi/10.1212/01.wnl.0000277487.04281.db
http://www.ncbi.nlm.nih.gov/pubmed/33817197
http://www.ncbi.nlm.nih.gov/pubmed/33817197
https://linkinghub.elsevier.com/retrieve/pii/S0006295221000605
https://linkinghub.elsevier.com/retrieve/pii/S0006295221000605
https://ruralneuropractice.com/efficacy-of-neuroprotective-drugs-in-acute-ischemic-stroke-is-it-helpful/
https://ruralneuropractice.com/efficacy-of-neuroprotective-drugs-in-acute-ischemic-stroke-is-it-helpful/
https://brieflands.com/articles/jjnpp-18427.html
https://brieflands.com/articles/jjnpp-18427.html
https://linkinghub.elsevier.com/retrieve/pii/S0166432823003984
http://link.springer.com/10.1007/s00401-018-1954-4
http://link.springer.com/10.1007/s00401-018-1954-4
https://www.mdpi.com/1422-0067/24/11/9446
https://www.mdpi.com/1422-0067/24/11/9446
https://www.ahajournals.org/doi/10.1161/STROKEAHA.122.040073
https://www.ahajournals.org/doi/10.1161/STROKEAHA.122.040073
https://www.mdpi.com/2218-273X/13/3/571
https://www.mdpi.com/2218-273X/13/3/571
https://www.mdpi.com/1999-4923/13/12/2085
https://www.mdpi.com/1999-4923/13/12/2085
https://www.neurology.org/doi/10.1212/WNL.0000000000012781
https://www.neurology.org/doi/10.1212/WNL.0000000000012781
https://brieflands.com/articles/jjnpp-63792.html
https://brieflands.com/articles/jjnpp-63792.html
http://journals.sagepub.com/doi/10.1177/2516608519856263
https://linkinghub.elsevier.com/retrieve/pii/S1743919121000522
https://linkinghub.elsevier.com/retrieve/pii/S1743919121000522

Folia Medica Indonesiana Vol. 60 No. 2

Srivastava MP, Bhasin A, Bhatia R, et al (2012).
Efficacy of minocycline in acute ischemic stroke:
A single-blinded, placebo-controlled ftrial.
Neurology India 60, 23. doi: 10.4103/0028-
3886.93584.

Strickland BA, Barisano G, Abedi A, et al (2022).
Minocycline  decreases  blood-brain  barrier
permeability following aneurysmal subarachnoid
hemorrhage: A randomized, double-blind,
controlled trial. Journal of Neurosurgery 136,
1251-1259. doi: 10.3171/2021.6.JNS211270.

Sudrez-Rivero JM, Ldpez-Pérez J, Muela-Zarzuela
I, et al (2023). Neurodegeneration, mitochondria,
and antibiotics. Metabolites 13, 416. doi:
10.3390/metab013030416.

Switzer JA, Hess DC, Ergul A, et al (2011). Matrix
metalloproteinase-9 in an exploratory trial of
intravenous minocycline for acute ischemic
stroke. Stroke 42, 2633-2635. doi:
10.1161/STROKEAHA.111.618215.

Wang W, Liu X, Mao W, et al (2022a). Minocycline
inhibits nerve cell apoptosis caused by
intracerebral hemorrhage in young mice via
TRAIL signaling pathway. Tropical Journal of
Pharmaceutical Research 21, 521-527. doi:
10.4314/tjpr.v21i3.10.

Wang Y, Leak RK, Cao G (2022b). Microglia-
mediated neuroinflammation and neuroplasticity

181

Nisa’ et al.: Minocycline as Neuroprotective Agent for Stroke

after stroke. Frontiers in Cellular Neuroscience.
doi: 10.3389/fncel.2022.980722.

Yew WP, Djukic ND, Jayaseelan JSP, et al (2019).
Early treatment with minocycline following stroke
in rats improves functional recovery and
differentially modifies responses of peri-infarct
microglia  and  astrocytes.  Journal  of
Neuroinflammation 16, 6. doi: 10.1186/s12974-
018-1379-y.

Yrjénheikki J, Keindnen R, Pellikka M, et al (1998).
Tetracyclines inhibit microglial activation and are
neuroprotective in  global brain ischemia.
Proceedings of the National Academy of Sciences
95, 15769-15774. doi: 10.1073/pnas.95.26.15769.

Zhang R, Yong VW, Xue M (2022). Revisiting
minocycline in intracerebral  hemorrhage:
Mechanisms and clinical translation. Frontiers in
Immunology. doi: 10.3389/fimmu.2022.844163.

Zhao K, Wang P, Tang X, et al (2023). The
mechanisms of minocycline in alleviating
ischemic stroke damage and cerebral ischemia-
reperfusion injury. European Journal of
Pharmacology 955, 175903. doi: 10.1016/j.ejphar.

2023.175903.
QUEL)


https://journals.lww.com/10.4103/0028-3886.93584
https://journals.lww.com/10.4103/0028-3886.93584
https://thejns.org/view/journals/j-neurosurg/136/5/article-p1251.xml
https://www.mdpi.com/2218-1989/13/3/416
https://www.mdpi.com/2218-1989/13/3/416
https://www.ahajournals.org/doi/10.1161/STROKEAHA.111.618215
https://www.ahajournals.org/doi/10.1161/STROKEAHA.111.618215
https://www.ajol.info/index.php/tjpr/article/view/225791
https://www.ajol.info/index.php/tjpr/article/view/225791
https://www.frontiersin.org/articles/10.3389/fncel.2022.980722/full
https://jneuroinflammation.biomedcentral.com/articles/10.1186/s12974-018-1379-y
https://jneuroinflammation.biomedcentral.com/articles/10.1186/s12974-018-1379-y
https://pnas.org/doi/full/10.1073/pnas.95.26.15769
https://www.frontiersin.org/articles/10.3389/fimmu.2022.844163/full
https://linkinghub.elsevier.com/retrieve/pii/S0014299923004156
https://linkinghub.elsevier.com/retrieve/pii/S0014299923004156

