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Abstract  
To review the neuroprotective effects of minocycline in focal cerebral ischemia in animal models. By 
searching in the databases of PubMed, ScienceDirect, and Scopus, and considering the inclusion and 
exclusion criteria of the study. Studies were included if focal cerebral ischemia model was performed in 
mammals and including a control group that has been compared with a minocycline group. Written in 
languages other than English; duplicate data; in vitro studies and combination of minocycline with other 
neuroprotective agents were excluded. Neurological function of patients was assessed by National Institute 
of Health Stroke Scale, modified Rankin Scale, and modified Barthel Index. Neuroprotective effects were 
assessed by detecting the expression of inflammatory cytokines. We examined 35 papers concerning the 
protective effects of minocycline in focal cerebral ischemia in animal models and 6 clinical trials which had 
evaluated the neuroprotective effects of minocycline in ischemic stroke. These studies revealed that mi-
nocycline increases the viability of neurons and decreases the infarct volume following cerebral ischemia. 
The mechanisms that were reported in these studies included anti-inflammatory, antioxidant, as well as 
anti-apoptotic effects. Minocycline also increases the neuronal regeneration following cerebral ischemia. 
Minocycline has considerable neuroprotective effects against cerebral ischemia-induced neuronal damages. 
However, larger clinical trials may be required before using minocycline as a neuroprotective drug in isch-
emic stroke.
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Introduction 
Stroke is one of the most common causes of mortality and 
disability. Ischemic stroke is the second cause of mortality 
and the third cause of disability worldwide (Jianrong et al., 
2019). Cerebral ischemia occurs when blood flow to an area 
of brain is impaired, which eventually causes neuronal death 
in the ischemic region. Currently, the only pharmacotherapy 
in such strokes is the use of thrombolytic agents (Moussad-
dy et al., 2018). Nevertheless, thrombolytic agents cannot 
improve cognitive and motor dysfunction in patients with 
cerebral ischemia (Broome et al., 2016). 

Various studies have indicated that inflammation, oxi-
dative stress, and apoptosis are involved in the damage to 
neurons following cerebral ischemia (Shirley et al., 2014; 
Kawabori and Yenari, 2015; Radak et al., 2017). After throm-
bolytic therapy, reperfusion causes increased production of 
free oxygen and nitrogen radicals, which leads to neuronal 
apoptosis in the ischemic region (Pan et al., 2007; Sun et al., 
2018). Minocycline is a broad-spectrum antibiotic belonging 
to the group of tetracyclines which has anti-inflammatory, 
antioxidant, and anti-apoptotic effects (Kelly et al., 2004; 
Abbaszadeh et al., 2018). Concerning the role of these fac-
tors in motor and cognitive disorders caused by cerebral 
ischemia, numerous studies have been performed about the 

neuroprotective effects of minocycline against the cerebral 
ischemia-induced injury in animal models. In addition, sev-
eral clinical trials have been performed about the protective 
effects of minocycline against cerebral ischemia damages 
(Fagan et al., 2010; Switzer et al., 2011, 2012; Amiri-Nikpour 
et al., 2015).

Microglia account for 5–10 percent of all cells found 
within the brain. In neurodegenerative disorders including 
cerebral ischemia, microglia cells are activated in the brain 
(Hickman et al., 2018). This activation plays a significant role 
in damage to neurons following cerebral ischemia (Weinstein 
et al., 2010; Taylor and Sansing, 2013). Furthermore, follow-
ing cerebral ischemia, the levels of inflammatory cytokines 
such as interleukin (IL)-1, tumor necrosis factor (TNF)-α, 
IL-6, and IL-18 are elevated in the ischemic brain tissue, 
which can be associated with the activation of microglia 
(Lambertsen et al., 2012; Taylor and Sansing, 2013). Follow-
ing cerebral ischemia, expression of cyclooxygenase (COX)-2 
enzyme which is involved in inflammatory processes results 
intheproduction of free radicals and damage to neurons 
(Vidale et al., 2017). Furthermore, the matrix metallopro-
teinases (MMPs) produced in microglia is also involved in 
the damages caused by cerebral ischemia (Dong et al., 2009). 
Various studies have revealed the anti-inflammatory effects 
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of minocycline in the brain. 
Minocycline is a potent inhibitor of microglial activation 

and this inhibitory effect causes diminished production 
of inflammatory cytokines including TNF-α and IL-1β by 
microglia (Garwood et al., 2010; Abraham et al., 2012). 
Furthermore, minocycline reduces the production of in-
flammatory mediators such as COX-2 and inducible nitric 
oxide synthase via its inhibitory effects on the activity of 
nuclear factor kappa B in microglia (Tikka and Koistinaho, 
2001; Nikodemova et al., 2006). On the other hand, with 
reducing the activity and proliferation of T-cells, minocy-
cline leads to a significant reduction in the production of 
inflammatory cytokines including TNF-α and interferon-γ 
(Giuliani et al., 2005; Szeto et al., 2011). The inhibitory ef-
fects of minocycline on the activity of inducible nitric oxide 
synthase, COX-2 and MMPs enzymes have an important 
role in reducing the neuronal injury caused by inflamma-
tory processes after cerebral ischemia (Yrjänheikki et al., 
1999; Koistinaho et al., 2005).

A few minutes following stroke, severe ischemia in the 
ischemic core zone can result in necrosis of neurons. How-
ever, the neurons within the penumbra, a rim of tissue 
surrounding the ischemic core are metabolically active, in 
spite of lacking any proper function. These neurons undergo 
apoptosis during several hours to several days following ce-
rebral ischemia (Radak et al., 2017). Therefore, we can rescue 
these neurons by anti-apoptotic agents (Kelly et al., 2004; Ra-
dak et al., 2017). Following the cerebral ischemia, excitatory 
amino acids including glutamate are released to the extracel-
lular space. Glutamate then binds to N-methyl-D-aspartate 
and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid receptors and activates these ligand-dependent calcium 
channels that results in increased intracellular calcium (Lai 
et al., 2014). Meanwhile, the acidic conditions caused by ce-
rebral ischemia lead to opening acid sensitive ion channels 
and entrance of calcium ion through these channels into the 
cell. Elevation of intracellular calcium concentration leads to 
release of pro-apoptoticagents including cytochrome C and 
Smac/DIABLO from the mitochondria to the cytoplasm, 
which by attaching to apoptotic protease activating factor 1 
molecule causes formation of apoptosome containing apop-
totic protease activating factor 1, adenosine triphosphate/
deoxyadenosine triphosphate, cytochrome C, and inactive 
form of caspase-9 (Jin et al., 2001; Niizuma et al., 2010). For-
mation of apoptosome leads to the activation of caspase-9 
and eventually caspase-3. By degrading poly(adenosine 
diphosphate-ribose) polymerase (PARP) protein, caspase-3 
causes its deactivation and eventually DNA damage and 
apoptosis (Broughton et al., 2009; Niizuma et al., 2010). 
Previous studies have suggested that cerebral ischemia leads 
to activation of apoptosis by increasing the release of cyto-
chrome C and enhancing the activity of caspases through the 
mitochondria dependent pathway (Niizuma et al., 2010). On 
the other hand, cerebral ischemia causes activation of neuro-
nal apoptosis through a caspase-independent pathway. Fol-
lowing cerebral ischemia, adenosine triphosphate depletion 
from the ischemic cells leads to the release of pro-apoptotic 

proteins such as apoptosis inducing factor (AIF), endonucle-
ase G, and bcl2/adenovirus E1B 19 kDa protein-interacting 
protein 3 through the pores in the mitochondrial membrane 
to the cytoplasm (Cho and Toledo-Pereyra, 2008; Broughton 
et al., 2009). AIF causes DNA fragmentation and apoptosis 
after translocation from the mitochondria to the cell nucle-
us (Cho and Toledo-Pereyra, 2008). Bcl2/adenovirus E1B 
19 kDa protein-interacting protein 3 is also involved in the 
apoptosis caused by cerebral ischemia through the impair-
ment of mitochondrial function (Cho and Toledo-Pereyra, 
2008; Broughton et al., 2009). Following cerebral ischemia, 
DNA damage causes the activation of p-53 tumor inhibitor 
transcription factor in response to oxidative stress that leads 
to the activation of caspases and pro-apoptotic proteins in-
cluding p53 upregulated modulator of apoptosis, Bax, Bak 
and NOX-A (Niizuma et al., 2009). Minocycline causes the 
inhibition of apoptosis through both caspase-dependent and 
caspase-independent pathways (Sancho et al., 2011). Pre-
vious studies have demonstrated that minocycline reduces 
the expression of caspase-3 and inhibits its activation medi-
ated by apoptotic protease activating factor 1 (Sancho et al., 
2011). Furthermore, minocycline increases the expression 
of anti-apoptotic proteins (Bcl-2, Bcl-XL), and decreases the 
expression of pro-apoptotic (Bax, Bak, Bid, and Fas), and 
P53 proteins (Wang et al., 2004; Sancho et al., 2011; Chen 
et al., 2012). Minocycline also reduces the release of cyto-
chrome c and SMAC from the mitochondria (Wang et al., 
2004; Chen et al., 2012). Moreover, by reducing the activity 
of extracellular signal-regulated kinases 1/2 activity, mino-
cycline leads to the inhibition of P38-dependent apoptosis 
(Corsaro et al., 2009). In caspase-independent pathway, 
minocycline inhibits DNA fragmentation caused by AIF by 
inhibiting the translocation of AIF to the cell nucleus and 
the activity of PARP-1 (Heo et al., 2006; Wu et al., 2015). 
Studies have suggested that the inhibition of PARP-1 may be 
involved in the protective and anti-inflammatory effects of 
minocycline (Klöfers et al., 2017).

Overproduction of free oxygen radicals during cerebral 
ischemia leads to oxidative stress in the ischemic region of 
the brain (Li and Yang, 2016). The most important free rad-
icals involved in the damage caused by cerebral ischemia 
include superoxide anion (O2

–), hydroxyl radical (OH·), and 
hydrogen peroxide (H2O2) (Nita et al., 2001; Li and Yang, 
2016). Under physiological conditions, antioxidant enzymes 
including catalase, superoxide dismutase, and glutathione 
peroxidase play important roles in the protection against the 
brain injury induced by free radicals (Nita et al., 2001). Fol-
lowing ischemia/reperfusion, overproduction of free radicals 
causes failure of the antioxidant defense system and there-
fore oxidative stress (Nita et al., 2001; Li and Yang, 2016). 
Through DNA damage, lipid peroxidation, and changing the 
structure and function of proteins, oxidative stress causes 
injury and death of neurons in the ischemic region (Mura-
likrishna Adibhatla and Hatcher, 2006). Minocycline has rad-
ical scavenging properties because of the presence of pheno-
lic ring in its structure (Dai et al., 2017) (Figure 1). Previous 
studies suggested that minocycline causes quenching of free 
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4. Papers were written in languages other than English.
5. Experiments were conducted in vitro.

Results
Data extraction
Paper search was performed based on Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRISMA) 
guidelines (Figure 2). In total, 755 articles were identified. 
Relevant studies were selected based on the inclusion cri-
teria of the study. Finally, 35 papers in animal studies and 
6 clinical trials were selected and approved for systematic 
review (Figure 2). The oldest and newest papers were related 
to 1999 and 2019, respectively. Overall, from among all of 
the papers, 10 (30%) has been published over the past three 
years (Table 1).

Study characteristics
The neuroprotective effects of various doses minocycline in 
experimental models of focal cerebral ischemia were sum-
marized in Table 1. We also listed studies that reported an-
ti-inflammatory, antioxidant, anti-apoptotic, and neurogen-
esis effects of minocycline in animal models of focal cerebral 
ischemia in Table 2.

The animal models used in cerebral ischemia
In these studies, four animal models including middle cere-
bral artery occlusion, bilateral common carotid arteries oc-
clusion, endothelin-1 induced striatal ischemia, cortical pho-

Figure 1 Minocycline structure.

oxygen radicals including superoxide anion, hydroxyl radical, 
and hydrogen peroxide under oxidative stress conditions (Dai 
et al., 2017). Studies have also revealed that minocycline de-
creases the level of lipid peroxidation caused by cerebral isch-
emia, where this reduction is associated with enhanced ac-
tivity of antioxidant enzymes including catalase, superoxide 
dismutase, and glutathione peroxidase (Sonmez et al., 2013; 
Ortega-Arellano et al., 2017). Therefore, in this study we per-
formed a systematic review of the neuroprotective effects of 
minocycline against deficits induced by experimental model 
of focal cerebral ischemia. We also systematically reviewed 
all available clinical trials that evaluated the neuroprotective 
effects of minocycline in acute ischemic stroke.

Data and Methods 
The studies conducted on neuroprotective effects of mino-
cycline on focal cerebral ischemia injury in animal models 
were identified from databases of PubMed, Science Direct, 
and Scopus. The method of searching the papers was based 
on the following terms and words: “minocycline” AND “ce-
rebral ischemia” OR “focal cerebral ischemia” OR “cerebral 
ischemia reperfusion” OR “cerebral I/R” OR “transient ce-
rebral ischemia” OR “cerebral ischemic attack” OR “middle 
cerebral artery occlusion” OR “MCAO” OR “bilateral occlu-
sion of common carotid arteries” OR “stroke” OR “transient 
ischemic attack”.

The inclusion criteria parameters were:
1. The studies were performed in mammals.
2. Focal cerebral ischemia models including middle cerebral 
artery occlusion, bilateral common carotid arteries occlu-
sion, endothelin-1 induced striatal ischemia, cortical photo-
thrombic vascular occlusion were used.
3. Minocycline should not have been used with another 
agent with a potential of neuroprotection
4. A control group was included in the experimental design.
5. The experiments were performed in vivo.
The exclusion criteria:
1. Non-focal cerebral ischemia models including were used.
2. Minocycline was combined with other drugs or therapeu-
tic methods.
3. Duplicate data.

Records after duplicates removed: n = 468

Articles identified through 
database searching (PubMed, 
SienceDirect, Scopus): n = 755

Articles excluded with reasons: 
-Not principally related to 
cerebral ischemia; 
-Not minocyclineadministration; 
-Not English article; 
-Not in vivo study.

Full text articles assessed for eligibility: n = 88

Full text articles excluded with 
reasons: 
-Not focal cerebral ischemia 
model; 
-Combined other treatment

41 studies included in the systematic review: 
animal studies (n = 35), clinical studies (n = 6)
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Figure 2 Flowchart of study selection process.
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Table 1 Summary of the neuroprotective effects of minocycline in focal cerebral ischemia

Study Route and dosage Species (sex) Model Treatment time Neuroprotective effects

Yew et al. 
(2019)

90 mg/kg (1 h after 
ischemia), 50 mg/kg (12, 
24, 36 and 48 hours after 
ischemia)
i.p.

Male wistar 
rat

Cortical 
photothrombic 
vascular occlusion 
(permanent focal 
ischemia)

1, 12, 24, 36 and 48 
hours after ischemia

1.Improved the rate of motor function recovery;
2. Decreased number of activated phagocytic cells (macrophage and 
microglia);
3. Increased number of activated astrocytes.

Tanaka et 
al. (2018)

100 mg/kg
i.p.

Male ICR 
mice

pMCAO Single dose, 60 
minutes before 
reperfusion

1.Reduced infarct size;
2. Inhibition of microglial activation

Naderi et 
al. (2017a)

40 mg/kg
i.p.

Male Wistar 
rat

tBCCAO (20 minutes) Immediately before 
I/R

1. Improved learning and memory;
2. Enhanced neuronal viability;
3. Reduction of lipid peroxidation;
4. Decreased IL-1β and TNF- α levels;
5. Inhibition of microglial activation.

Naderi et 
al. (2017b)

40 mg/kg 
i.p.

Male Wistar 
rat

tBCCAO (20 minutes) Once daily for 7 days 
after I/R

1. Improved learning and memory;
2. Enhanced neuronal viability;
3. Reduction; of lipid peroxidation
4. Decreased IL-1β and TNF-α levels;
5. Inhibition of microglial activation.

Lu et al. 
(2016)

25, 50 mg/kg
i.p.

Male 
C57BL/6 mice

tMCAO (60 minutes) Once daily for 3 days 
after reperfusion 
(first dose: 60 
minutes after 
reperfusion)

1. Decreased infarct volume (25, 50 mg/kg);
2. Improvement of neurological deficits (25, 50 mg/kg);
3. decreased brain edema (25, 50 mg/kg);
4. Decreased IL-1β and IL-18 levels (25, 50 mg/kg);
5. Inhibition of microglial activation;
6. Attenuation of NLRP3 inflammasome signaling.

Jin et al. 
(2015)

90 mg/kg
i.p.

Male 
C57BL/6 mice

tMCAO (2 hours) 12 hours before or 
after ischemia, then 
twice daily until 
sacrificed

1. Decreased infarct size;
2. Improvement of neurological function;
3. Decreased brain edema;
4. Decreased expression of inflammatory cytokines (IL-1β, TNF-α, IL-6, 
MCP-1);
5. Increased expression of MCPIP-1 in the cerebral cortex;
6. Inhibition of NF-κB-signaling pathway.

Park et al. 
(2015)

45 mg/kg
i.v.

Male Spague-
Dawley rat

tMCAO (30 minutes) Single dose, 30 
minutes before 
ischemia

1. Improved neurobehavioural function;
2. Decreased infarct volume;
3. Enhanced neuronal survival;
4. Reduction of apoptosis;
5. Decreased the number of activated astrocytes.

Soliman et 
al. (2015)

20 mg/kg
i.v.

Male Wistar 
rat

tMCAO (90 minutes) Single dose 0 hour 
after reperfusion

1. Decreased infarct volume;
2. Improved Neurobehavioural and motor functions.

Yang et al. 
(2015)

3 mg/kg
i.v.

Male 
hypertensive 
rat

tMCAO (90 minutes) Single dose, onset of 
reperfusion

1. Decreased infarct volume;
2. Decreased brain edema;
3. Improvement of cerebral blood flow;
4. Reduction of BBB permeability;
5. Increased tight junction proteins (zonula occluden-1, occludin, clandin-5) 
in ischemic cortex;
6. Inhibition of microglial activation;
7. Decreased expression of proinflammatory cytokines (IL-1β and TNF-α);
8. Increased expression of antinflammatory cytokines (IL-10 and TGF-β);
9. Decreased activity of MMP-2 and MMP-9.

Zhao et al. 
(2015)

50 mg/kg
p.o.

Female 
Wistar rat

pBCCAO Daily for 4 weeks; 
first dose: 4 days 
after ischemia

1. Improved learning and memory;
2. Increased expression of BDNF, CREB and pCREB;
3. Enhanced neuronal plasticity.

Hoda et al. 
(2014)

6 mg/kg
i.v.

Male 
C57BL/6 mice

Thromboembolic 
MCAO (permanent 
focal ischemia)

Single bolus at 
60 minutes after 
reperfusion

1. Decreased infarct volume;
2. Improved cerebral blood flow.

Aras et al. 
(2013)

90 mg/kg
p.o.

Male Wistar 
rat

tBCCAO (20 minutes) 48, 24, 1 hours 
before ischemia

1. Improved neuronal morphology;
2. Reduced neuronal degeneration;
3. Reduced lipid peroxidation;
4. Inhibition of NO production;
5. Reduced CK levels in blood.

Cardoso et 
al. (2013)

50 mg/kg
i.p.

Male Wistar 
rat

Endothelin induced 
striatal ischemia

Twice a day, during 
the first 2 days after 
ischemia

1. Inhibition of microglial activation;
2. Improved sensorimotor deficits;
3. Enhanced neuronal survival.

Tao et al. 
(2013)

3 mg/kg
i.v.

Male 
Sprague-
Dawley rat

tMCAO (2 hours) Twice a day for 14 
days; first dose: 
immediately after 
reperfusion)

1. Reduction of BBB permeability;
2. Decreased expression of repulsive guidance molecule A;
3. Enhanced axonal regeneration;
4. Improved Sensorimotor deficits.

Zheng et al. 
(2013)

22.5 mg/kg (first dose: 
45 mg/kg)
i.p.

Male 
Sprague-
Dawley rats

tBCCAO (2 hours) Immediately after 
I/R (first dose), then 
every 12 hours until 
sacrificed

1. Improved learning and memory;
2. Decreased infarct volume;
3. Enhanced neuronal viability;
4. Inhibition of apoptosis;
5. Decreased expression of caspase-3 and PARP-1.

Hoda et al. 
(2011)

6 mg/kg
i.v

Male and 
female 
C57BL/6 mice

Thromboembolic 
MCAO (permanent 
focal ischemia)

Single bolus at 
60 minutes after 
reperfusion

1. Decreased infarct volume in male and female mice;
2. Improved neurological deficits;
3. Reduced mortality at 24 hours post stroke for aged mice;
4. Decreased expression of MMP-9 in male and female mice.

Park et al. 
(2011)

45 mg/kg
s.c.

Male 
C57BL/6 mice

Cortical 
photothrombic 
vascular occlusion 
(permanent focal 
ischemia)

30 minutes before 
ischemia and 2 
hours after ischemia

1. Decreased infarct volume;
2. Decreased expression of TNF-α;
3. Decreased expression of MCP-1 and IDO.
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Table 1 Continued

Study Route and dosage Species (sex) Model Treatment time Neuroprotective effects

Cai et al. 
(2010)

50 mg/kg
p.o.

Female Wistar 
rat

pBCCAO Once a day for 4, 8, and 16 weeks 1. Decreased expression of COX-2 and NF-κB;
2. Decreased IL-1β and TNF-α levels.

Chu et al. 
(2010)

45 mg/kg
i.p.

Male Sprague-
Dawley rat

tMCAO 
(90 
minutes)

2 and 12 hours after ischemia, 
then every 12 hours for 5 days

1. Improved motor and neurobehavioural functions;
2. Decreased infarct volume;
3. Enhanced neuronal viability;
4. Decreased expression of 5-LPO in microglia and astrocytes.

Martín et 
al. (2011)

10 mg/kg
i.v.

Male Sprague-
Dawley rat

tMCAO (2 
hours)

Once a day for 6 days (first dose: 1 
hour after ischemia)

Decreased expression of PBR/TSPO

Kim et al. 
(2009)

45 mg/kg (first dose: 90 
mg/kg)
i.p.

Male Sprague-
Dawley rat

tMCAO (2 
hours)

90 mg/kg on reperfusion and 45 
mg/kg daily until sacrifice

1. Decreased the number of PMNL cells;
2. Reduction of myeloperoxidase activity;
3. Inhibition of microglial activation;
4. Promotion of neurogenesis.

Matsukawa 
et al. (2009)

20 mg/kg
i.v.

Male Spague-
Dawley rat

tMCAO 
(30 
minutes)

Single bolus at 60 minutes after 
reperfusion

1. Improved neurological deficits;
2. Decreased infarct volume;
3. Increased expression of Bcl-2;
4. Reduction of apoptosis;
5.  Enhanced neuronal survival.

Cai et al. 
(2008a)

50 mg/kg
p.o.

Female Wistar 
rat

tMCAO 
(60 
minutes)

12 or 24 hours after reperfusion 1. Decreased infarct volume;
2. Increased expression of VEGF;
3. Decreased expression of IL-1β and TNF-α.

Cai et al. 
(2008b)

50 mg/kg
p.o.

Female Wistar 
rat

pBCCAO Once a day, for 4, 8, or 16 weeks 1. Improved learning and memory;
2. Decreased expression of iNOS;
3. Increased expression of eNOS.

Hayakawa 
et al. (2008)

10 mg/kg
i.p.

Male ddY mice tMCAO 
(4 hours)

Once a day for 14 days 1. Improved neurological deficits;
2. Enhanced neuronal viability;
3. Inhibition of microglial activation;
4. Inhibition of apoptosis;
5. Decreased expression of HMGB in striatum and plasma;
6. Improved striatal atrophy.

Chu et al. 
(2007)

22.5, 45 mg/kg
i.p.

Male Sprague-
Dawley rat

tMCAO 
(30 
minutes)

30 minutes and 2 hours after 
reperfusion on the first day an 
twice daily on the second and 
third day

1. Improved neurological deficits;
2. Decreased infarct volume;
3. Reduced production of IgG;
4. Decreased expression of 5-LPO;
5. Reduced production of leukoterienes (cysLT and LTB4).

Liu et al. 
(2007)

50 mg/kg per day for 7 
days and 25 mg/kg per 
day for 21 days
i.p.

Male Sprague-
Dawley rat

tMCAO 
(60 
minutes)

50 mg/kg once daily (beginning 4 
days after reperfusion) for 1 weeks, 
followed by 25 mg/kg daily for 3 
weeks

1. Promotion of neurogenesis in the hippocampus;
2. Inhibition of microglial activation;
3. Improved motor function;
4. Improved learning and memory.

Tang et al. 
(2007)

45 mg/kg per day
i.p.

Male CB6/F1 
mice

tMCAO 
(45 
minutes)

45 mg/kg, 30 minutes and 12 
hours after reperfusion, then 22.5 
mg/kg twice a day for up to 7 days

1. Decreased infarct volume;
2. Improved sensorimotor functions;
3. Inhibition of apoptosis;
4. Inhibition of microglial activation;
5. Decreased uptake of Annexin-V in ischemic neurons.

Cai et al. 
(2006)

45 mg/kg
i.p.

Male Sprague-
Dawley rat

tBCCAO 
(30 
minutes)

12 hours before and immediately 
after the reperfusion and then 
every 24 hours for 3 days

1. Enhanced neuronal viability;
2. Inhibition of apoptosis;
3. Inhibition of microglial activation;
4. Decreased expression of IL-1β and iNOS;
5. Reduced oxidative and nitrosative stress;
6. Protection from oligodendrocytes against ischemia. 

Cho et al. 
(2006)

First dose: 45 mg/kg, 
22.5 mg/kg twice a day 
for 7 days
i.p.

Male Wistar 
rat

pBCCAO 45 mg/kg immediately after 
reperfusion, 22.5 mg/kg twice a 
day from 1–7 days, 22.5 mg/kg 
once a day from days 8–14

1. Decreased neuronal injury in the white matter (optic tract, internal 
capsule and corpus callosum);
2. Reduced axonal damage in the ischemic region;
3. Protection from myelin basic protein against damage caused by ischemia;
4. Inhibition of microglial activation;
5. Decreased expression of MMP-2 in the activated microglia.

Machado et 
al. (2006)

45 mg/kg
i.p.

Male Wistar 
rat

tMCAO (3 
hours)

Twice a day (first dose immediately 
after the onset of reperfusion)

Inhibition of MMPs (MMP-2 and MMP-9) activities

Koistinaho 
et al. (2005)

First dose: 45 mg/kg; 
second dose: 60 mg/kg; 
then 45 mg/kg per day
i.p.

Male mice pMCAO 12 hours before or 2 hours after 
reperfusion: 45 mg/kg; 24 hours 
after reperfusion: 60 mg/kg; then 
45 mg/kg per day until killed

1. Decreased infarct volume;
2. Decreased expression of MMP-9.

Morimoto 
et al. (2005)

90 mg/kg
i.p.

Male ddY mice pMCAO 60 minutes before/30 minutes after 
or 4 hours after reperfusion

1. Decreased infarct volume;
2. Decreased brain edema;
3. Improved neurological deficits.

Xu et al. 
(2004)

3, 10 mg/kg
i.v.

Male Sprague-
Dawley rat

tMCAO (90 
minutes)

4, 5 or 6 hours after reperfusion 1. Decreased infarct size;
2. Improved neurological deficits.

Yrjänheikki 
et al. (1999)

45 mg/kg per day
i.p.

Male Sprague-
Dawley rat

tMCAO 
(90 
minutes)

45 mg/kg twice a day for the first 
day; 22.5 mg/kg for the subsequent 
2 days (first dose: 12 hours before 
or 2 hours after reperfusion)

1. Decreased infarct volume (post-treatment and pre-treatment);
2. Inhibition of microglial activation (post-treatment and pre-treatment);
3. Decreased expression of IL-1β in microglia (pre-treatment);
4. Decreased PGE2 concentration in the penumbra region (pre-treatment).

5-LPO: 5-Lipooxygenase; BBB: blood-brain barrier; BDNF: brain-derived neurotrophic factor; CK: creatine kinase; COX-2: cyclooxygenase-2; CPVO: cortical 
photothrombic vascular occlusion; CREB: cyclic-adenosine monophosphate response element binding; cysLT: cysteinyl leukotrienes; eNOS: endothelial nitric oxide 
synthase; HMGB: high mobility group box 1; i.p.: intraperitoneal injection; i.v.: intravenous injection; I/R: ischemia/reperfusion; IDO: indoleamine 2,3-dioxygenase; 
IgG: immunoglobulin G; IL-10: interleukin-10; IL-18: interleukin-18; IL-1β: interleukin-1β; IL-6: interleukin-6; iNOS: inducible nitric oxide synthase; LTB4: 
leukotriene B4; MCP-1: monocyte chemoattractant protein-1; MCPIP1: monocyte chemotactic protein-induced protein 1; MMP: matrix methalloproteinase; NF-
κB: nuclear factor kappa B; NLRP3: NACHT, LRR and PYD domains-containing protein 3; NO: nitric oxide; p.o.: oral administration; PARP-1: poly(adenosine 
diphosphate-ribose) polymerase 1; pBCCAO: permanent bilateral common carotid arteries occlusion; PBR/TPSO: peripheral benzodiazepine receptor/18-kDa 
translocator protein; pCREB: phosphorylated CREB; PGE2: prostaglandin E2; pMCAO: permanent middle cerebral artery occlusion; PMNL: polymorphonuclear 
leukocytes; s.c.: subcutaneous injection; tBCCAO: transient bilateral common carotid arteries occlusion; TGF-β: transforming growth factor-β; tMCAO: transient 
middle cerebral artery occlusion; TNF-α: tumor necrosis factor-α; VEGF: vascular endothelial growth factor.
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tothrombic vascular occlusion have been used for induction 
of focal cerebral ischemia in 23, 9, 1, 2 and 2 papers, respec-
tively (Table 1). In the studies that used the middle cerebral 
artery occlusion model, middle carotid artery was occluded 
temporarily (tMCAO) in 18 papers and permanently (pM-
CAO) in 5 papers. In addition, among the studies that used 
the bilateral common carotid arteries occlusion model, the 
occlusion of common carotid arteries were temporary (tB-
CCAO) in 5 papers and permanent (pBCCAO) in 4 papers. 
Furthermore, endothelin-1 induced striatal ischemia and 
cortical photothrombic vascular occlusion led to transient 
ischemia in the striatum and permanent ischemia in the cor-
tex, respectively (Table 1). A total of 25 studies used rats and 
10 studies used mice as experimental subjects (Table 1). The 
duration of middle carotid artery occlusion in tMCAO was 
30, 45, 60, 90 minutes, 2, 3, and 4 hours in 3, 1, 3, 5, 4, 1, and 
1 paper(s), respectively (Table 1). In addition, the duration 
of common carotid arteries occlusion in the tBCCAO model 
was 30 and 20 minutes as well as 2 hours in 1, 3, and 1 pa-
per(s), respectively (Table 1).

Drug administration
In the papers which have been reviewed, minocycline was 
administered by the intraperitoneal, intravenous, oral, and 
subcutaneous routes, in 20, 9, 5, and 1 paper(s), respectively. 
The dose of minocycline for intraperitoneal administration 
varied between 10 and 100 mg/kg. However, most studies 
were performed within the dose range of 40–50 mg/kg. In 
addition, in 7 articles, minocycline was administered intra-
venously within the dose range of 3–35 mg/kg. For oral ad-
ministration, the doses of minocycline were 50 and 90 mg/kg 
in 4 and 1 paper(s), respectively. Furthermore, in one paper, 
minocycline was administered subcutaneously at 45 gm/kg. 
The duration and method of minocycline administration in 
the papers are summarized in Table 1.

The neuroprotective effects of minocycline on focal cerebral 
ischemia
All of 35 papers that studied the neuroprotective effects of 
minocycline in animal models of focal cerebral ischemia 
are presented in Table 1. Major neuroprotective effects of 
minocycline include anti-inflammatory, antioxidant, an-
ti-apoptotic, and neurogenesis effects. As mentioned in 
Table 2, minocycline had anti-inflammatory, antioxidant, 
anti-apoptotic, and neurogenesis effects in 24, 5, 5, and 4 
studies, respectively. In four papers, no mechanism was pre-

sented for neuroprotective effects of minocycline as it only 
decreased infarct volume and improved motor and neurobe-
havioral function of the animals (Xu et al., 2004; Morimoto 
et al., 2005; Hoda et al., 2014; Soliman et al., 2015). Severe 
cerebral ischemia leads to neuronal injury and death in the 
ischemic region. A large number of studies suggest that 
minocycline protect neurons against the damage caused by 
cerebral ischemia. Treatment with minocycline increases the 
viability of neurons and decreases neurodegeneration caused 
by cerebral ischemia, and these effects of minocycline lead 
to significant reduction of the infarct volume and cerebral 
edema following the cerebral ischemia/reperfusion (Table 
1). Furthermore, treatment with minocycline improves 
the neurological deficits and neurobehavioral dysfunction 
caused by neuronal injury after cerebral ischemia (Table 1). 
Additionally, it significantly improves memory and learning 
dysfunction caused by cerebral ischemia (Table 1).

There were 24 studies that reported anti-inflammatory 
effects of minocycline in animal models of focal cerebral 
ischemia (Table 2). Fourteen papers reported that mino-
cycline had inhibitory effects on microglial activation in-
duced by cerebral ischemia (Table 1). Furthermore, various 
studies revealed that minocycline decreases production of 
leukotrienes (one paper), immunoglobulin G (one paper) 
and inflammatory cytokines including IL-1β (six papers), 
TNF-α (five papers), IL-18 (one paper) and IL-6 (one paper). 
However, it increases the production of anti-inflammatory 
cytokines including IL-10 and transforming growth fac-
tor-β (one paper). Furthermore, minocycline decreases the 
expression of COX-2 (one paper), lipooxygenase (2 papers) 
and inflammatory mediators including monocyte chemoat-
tractant protein-1 (two papers), indoleamine 2,3-dioxygenase 
(one paper) and peripheral benzodiazepine receptor/18-kDa 
translocator protein (one paper). Minocycline also showed 
neuroprotective effects through a decrease in the activity of 
MMP-2 and MMP-9 enzymes (six prepares) and the inhibi-
tion of NACHT, LRR and PYD domains-containing protein 
inflammasome signaling (one paper).

Five studies demonstrated that antioxidant properties play 
an important role in the neuroprotective effects of minocy-
cline against ischemia/reperfusion-induced neuronal dam-
age (Table 2). Malondialdehyde, a product of lipid peroxida-
tion, is commonly known as a marker of oxidative damage. 
In these studies, minocycline decreased lipid peroxidation 
(three papers), inducible nitric oxide synthase expression 
(one paper) and nitric oxide production (one paper) caused 

Table 2 The mechanism of the neuroprotective effects of minocycline

Study Mechanism of minocycline neuroprotection

Yrjänheikki et al., 1999; Koistinaho et al., 2005; Cai et al., 2006, 2008a, 2010; Cho et al., 2006; 
Machado et al., 2006; Chu et al., 2007, 2010; Liu et al., 2007; Tang et al., 2007; Hayakawa et al., 
2008; Kim et al., 2009; Martín et al., 2011; Park et al., 2011; Cardoso et al., 2013; Jin et al., 2015; 
Yang et al., 2015; Lu et al., 2016; Naderi et al., 2017a, b; Tanaka et al., 2018; Yew et al., 2019

Anti-inflammation

Cai et al., 2006, 2008b; Aras et al., 2013; Naderi et al., 2017a, b Anti-oxidant
Tang et al., 2007; Hayakawa et al., 2008; Matsukawa et al., 2009; Zheng et al., 2013; Park et al., 2015 Anti-apoptotic
Liu et al., 2007; Kim et al., 2009; Tao et al., 2013; Zhao et al., 2015 Neurogenesis
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by cerebral ischemia (Table 1).
In five studies, minocycline had anti-apoptosis effects and 

decreased the neuronal apoptosis caused by cerebral isch-
emia (Table 2). Zheng et al. (2013) reported that minocycline 
decreases the number of terminal deoxynucleotidyl transfer-
ase dUTP nick end labeling-positive cells and expression of 
caspase-3 and PARP-1 (Table 1). Minocycline also increased 
expression of Bcl-2 as an anti-apoptotic protein in the isch-
emic region (Matsukawa et al., 2009). Moreover, Tang et al. 
(2007) reported that minocycline reduces Annexin-V uptake 
of ischemic neurons, which represents a reduction in apopto-
sis induced by cerebral ischemia (Table 1).

In 4 studies, minocycline increased neurogenesis following 
cerebral ischemia (Table 2). Zhao et al. (2015) reported that 
minocycline increases the expression of cyclic-adenosine 
monophosphate response element binding, phosphorylated 
cyclic-adenosine monophosphate response element bind-
ing, and brain-derived neurotrophic factor, that leads to 
structural reorganization in ischemic region. Furthermore, 
minocycline reduces repulsive guidance molecule A expres-
sion which causes axonal regeneration in the neurons of 
the ischemic region (Tao et al., 2013). In addition to these 
studies, Liu et al. (2017) and Kim et al. (2009) showed that 
minocycline administration enhances the neurogenesis in 
the ischemic region of the brain (Table 1).

In 15 studies, minocycline improved motor dysfunction 
and neurological deficits due to focal cerebral ischemia. 
Furthermore, 9 papers reported that minocycline attenuates 
cognitive impairments and neurobehavioral dysfunctions 
caused by cerebral ischemia (Table 1).

Clinical studies
In addition to the studies in animal models, clinical trials 
which had evaluated the neuroprotective effects of mino-
cycline in ischemic stroke were also reviewed individually 
(Table 3). Fagan et al. (2010) performed an open-label, 
dose-escalation study to investigate the pharmacokinetic 
properties and the side-effects of minocycline in patients 
with acute ischemic stroke in Georgia Medical College at 

Kentucky University, USA. In this study, minocycline was 
infused for 1 hour at doses of 3, 4.5, 6, and 10 mg/kg, once 
daily for 3 consecutive days. The patients underwent clinical 
examination for 90 days. The results of this study showed 
that minocycline was well tolerated at the studied doses with 
only one dose limiting toxicity at 10 mg/kg dose. The results 
also showed that minocycline is well tolerated in combina-
tion with tissue plasminogen activators (tPA) and no severe 
hemorrhage occurred in tPA-treated patients. Furthermore, 
pharmacokinetic studies on minocycline showed that it has 
a half-life of 24 hours and can be administered once daily 
(Fagan et al., 2010). As found in animal studies, minocycline 
has anti-inflammatory effects and reduces the production 
of inflammatory cytokines caused by cerebral ischemia in 
experimental models. Concerning the effects of minocycline 
on MMP-9 and IL-6 in clinical studies, 2 papers were pub-
lished in 2011 and 2012. In these studies conducted as non-
randomized dose escalation clinical trial in the University 
of Kentucky by Switzer et al. (2011, 2012), minocycline was 
infused within six hours after the onset of ischemic stroke 
at the doses of 3, 4.5, 6, and 10 mg/kg during 1 hrs, and its 
administration was repeated every 12 hours for 3 days. The 
results demonstrated that minocycline significantly reduc-
es the levels of MMP-9 and IL-6 at 24 hours after ischemic 
stroke (Switzer et al., 2011, 2012). In another clinical trial, 
Padma Sirvastara et al. (2012) performed a single blinded 
open-label study in India Institute of Medical Sciences in 
New Delhi, India to investigate the neuroprotective effects 
of minocycline in 50 patients with ischemic stroke. In this 
study, the patients were categorized into two groups: one 
received minocycline at 200 mg/day orally for five days and 
the other received placebo. Clinical assessments for evaluat-
ing the neurological deficits were performed using National 
Institute of Health Stroke Scale, modified Barthel Index, and 
modified Rankin Scale. The results demonstrated that oral 
administration of minocycline for five days improves the 
neurological function in 30 and 90 days after the onset of 
stroke (Padma Srivastava et al., 2012). Also, an open-label 
evaluator blinded clinical study was performed by Ami-

Table 3 Summary of minocycline clinical trials in acute ischemic stroke

Study Dosage and route Results

Amiri-Nikpouret al. (2015) 200 mg/d orally for 5 days Improved the neurological function
Kohler et al. (2013) 100 mg/day intravenously, every 12 

hours up to five doses
1. Minocycline is well tolerated in patients with ischemic stroke;
2. Minocycline does not cause any significant improvement in neurological function.

Padma Sirvastara et al. (2012) 200 mg/d orally for 5 days Improved the neurological function in 30 and 90 days after the onset of stroke
Switzer et al. (2012) Infusion for 1 hour at doses of 3, 4.5, 

6, and 10 mg/kg, repeated every 12 
hours for 3 consecutive days

Minocycline significantly reduces the levels of IL-6, 24 hours after ischemic stroke

Switzer et al. (2011) Infusion for 1 hour at doses of 3, 4.5, 
6, and 10 mg/kg, repeated every 12 
hours for 3 consecutive days

Minocycline significantly reduces the levels of MMP-9, 24 hours after ischemic 
stroke

Fagan et al. (2010) Infusion for 1 h at doses of 3, 4.5, 
6, and 10 mg/kg, once daily for 3 
consecutive days

1. Minocycline was well tolerated: only one dose limiting toxicity at 10 mg/kg dose;
2. Minocyclineis well tolerated in combination with tPA: no severe hemorrhage 
occurred;
3. Minocycline has a half-life of 24 hours.

IL-6: Interleukin-6; MMP-9: matrix metalloproteinase-9; tPA: tissue plasminogen activators.
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ri-Nikpour et al. (2015) from January to December 2012 
on 60 patients with ischemic stroke at Urmia University of 
Medical Sciences in Iran. In the study, the neurological func-
tion of patients was assessed by National Institute of Health 
Stroke Scale score and the results showed that patients with 
acute ischemic stroke who received oral minocycline 200 
mg/day for 5 days manifested better neurological function 
than patients who received placebo (Amiri-Nikpour et al., 
2015). Therefore, these studies demonstrated that mino-
cycline improves neurological function following cerebral 
ischemia. But in a study conducted by Kohler et al. (2013), 
different results were reported. This study was a randomized 
multicenter open-label blinded endpoint evaluation pilot 
study and was performed in 3 hospitals in Perth, eastern 
Australia. A total of 95 patients with ischemic stroke were 
studied and minocycline was administered at the dose of 100 
mg/day intravenously, every 12 hours up to five doses. The 
first dose was administered 24 hours following the ischemic 
stroke. Neurological function of patients was assessed by 
National Institute of Health Stroke Scale, modified Rankin 
Scale, and modified Barthel Index. The results suggested that 
although minocycline is well tolerated in patients with isch-
emic stroke, it does not cause any significant improvement 
in clinical signs of these patients. Nevertheless, it was noted 
that this study was performed on a few patients with isch-
emic stroke, and more extensive clinical trials should be per-
formed to accurately investigate the neuroprotective effects 
of minocycline in ischemic stroke (Kohler et al., 2013). 

Discussion and Conclusions
In the present study, we conducted a systematic review of 
all available animal studies and clinical trials to evaluate the 
neuroprotective effects of minocycline on cerebral ischemia. 
The results of this study revealed that minocycline can be 
used to improve neurological outcomes and preventing neu-
ronal damages caused by cerebral ischemia through its an-
ti-inflammatory, anti-oxidant and anti-apoptotic properties. 
The results of these studies showed that minocycline reduces 
the infract volume and enhances neuronal survival through 
its protective effects against neuronal injury caused by cere-
bral ischemia (Park et al., 2015). This review shows that the 
anti-inflammatory effects of minocycline play an important 
role in its neuroprotective effects. Minocycline is a strong 
inhibitor of microglial activation (Naderi et al., 2017a, b). 
After cerebral ischemia, minocycline inhibits the activation 
of microglia in the ischemic region. It also decreases the 
production of pro-inflammatory cytokines such as IL-1β 
and TNF-α and inhibits the activity of enzymes involved in 
the inflammatory processes such as MMPs and COX (Yang 
et al., 2015; Naderi et al., 2017a, b). Inhibitory effect of mi-
nocycline on microglial activation is accompanied by a pro-
motion of remyelination and an increased survival of oligo-
dendrocytes (Defaux et al., 2011). Cai et al. (2006) reported 
that minocycline increases survival of oligodendrocytes and 
promotes neuronal viability and remyelination after cerebral 
ischemia in rat.

The results of this review suggest that anti-inflammatory 

mechanisms of minocycline may be involved in its neuro-
protective effects against damage caused by ischemia (Table 
1). The previous studies have also shown that minocycline 
has anti-oxidant effects and causes scavenging of oxygen free 
radicals due to the presence of phenolic ring in its structure 
(Dai et al., 2017). A number of studies suggest that the re-
duction of lipid peroxidation and the enhancement of the 
activity of anti-oxidant enzymes such as glutathione perox-
idase and superoxide dismutase have an important role in 
the neuroprotective effect of minocycline (Yrjänheikki et al., 
1999; Yang et al., 2015; Zhao et al., 2015; Naderi et al., 2017a, 
b). Various studies have indicated that neuronal apoptosis 
plays an important role in brain damage following cerebral 
ischemia (Radak et al., 2017). On the other hand, minocy-
cline inhibits the apoptosis through Caspase-dependent and 
independent pathways (Wang et al., 2004; Heo et al., 2006; 
Sancho et al., 2011; Klöfers et al., 2017). The studied articles 
showed that minocycline exhibits neuroprotective effects 
on ischemia/reperfusion by inhibiting apoptosis (Cai et al., 
2008a; Park et al., 2015; Yang et al., 2015).

Some studies have also demonstrated that minocycline 
increases the neurogenesis and accelerates the recovery after 
cerebral ischemia (Liu et al., 2007; Kim et al., 2009; Tao et 
al., 2013; Zhao et al., 2015). The results of this review can 
help us recognize this drug as a neuroprotective agent for 
the improvement of neurological dysfunction following 
stroke. Thrombolytic agents such as tPA are currently used 
in the treatment of acute ischemic stroke (Piccardi et al., 
2018). However, reperfusion following thrombolytic therapy 
may exacerbate the brain injury caused by cerebral ischemia 
(Piccardi et al., 2018). Therefore, administration of neuro-
protectants may lead to the reduction of neuronal injury in-
duced by reperfusion. The clinical trials presented in this re-
view show that minocycline is well tolerated in patients with 
ischemic stroke, when administered concurrently with tPA 
(Fagan et al., 2010). Moreover, these studies revealed that 
treatment with minocycline significantly improves neurolog-
ical outcome in acute ischemic patients (Padma Srivastava 
et al., 2012; Kohler et al., 2013; Amiri-Nikpour et al., 2015). 
Moreover, in 2 clinical trials, treatment with minocycline has 
reduced the plasma levels of IL-6 and the activity of MMP-
9 within 24 hours after ischemic stroke (Switzer et al., 2011, 
2012). Therefore, it seems that the anti-inflammatory effects 
of minocycline have an important role in the improvement 
of neurological dysfunction caused by cerebral ischemia. 
According to the results of this systematic review, which in-
dicates the effectiveness of minocycline in reducing neuronal 
injury and neurological deficits caused by cerebral ischemia, 
it can be used in the clinical treatment of acute ischemic 
stroke as a neuroprotectant in the future. However, larger 
clinical trials are needed to accurately assess the effects of 
this drug in stroke. 
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