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Abstract: It is well-known that stroke is one of the leading causes of death and disability all over 

the world. After a stroke, the blood-brain barrier subsequently breaks down. The BBB consists of 

endothelial cells surrounded by astrocytes. Microglia, considered the long-living resident immune 

cells of the brain, play a vital role in BBB function. M1 microglia worsen BBB disruption, while 

M2 microglia assist in repairing BBB damage. Microglia can also directly interact with endothelial 

cells and affect BBB permeability. In this review, we are going to discuss the mechanisms respon-

sible for the dual role of microglia in BBB dysfunction after stroke. 
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1. INTRODUCTION 

 Stroke is still one of the main causes of long-term dis-
ability, leading to a substantial burden to the healthcare sys-
tem and economy [1]. Currently, the only available treatment 
for stroke consists of thrombolytic therapy and embolec-
tomy, which have a very limited time window [2]. Previous 
studies have demonstrated that targeting inflammation and 
immunomodulation may offer an extended window of appli-
cation for stroke therapy [3]. Furthermore, numerous studies 
have established that neuroinflammatory mechanisms greatly 
contribute to blood-brain barrier (BBB) damage and disrup-
tion following ischemic stroke. 

 The blood-brain barrier is formed by a continuous layer 
of non-fenestrated endothelial cells (ECs) connected by 
tight-junctions (TJs). Together with pericytes, astrocytes, 
microglia and the surrounding basement membrane, the BBB 
forms a selective physical barrier that separates the blood-
stream from the brain parenchyma [4, 5]. The formation of 
very closed TJs between cerebral ECs comprises the unique 
barrier properties of the BBB [6]. TJs provide asymmetrical 
distribution of the apical and basolateral cell membranes of 
the endothelia and assist in controlling the paracellular per-
meability across the BBB [7]. Three transmembrane proteins  
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play an important role in maintaining the integrity of TJs: 
claudins, occludins, and junctional adhesion molecules 
(JAMs). JAMs interact with intracellular scaffold proteins, 
such as zonula occludens (ZO)-1, ZO-2, and ZO-3, which 
are anchored to actin and the cytoskeleton via cingulin di-
mers [8, 9]. The BBB plays a crucial role in maintaining the 
homeostatic microenvironment of the CNS and protecting 
the brain tissue from exposure to potentially toxic substances 
[10]. During ischemic stroke, the BBB is disrupted, leading 
to vasogenic edema formation and hemorrhagic transforma-
tion [11-13]. Multiple changes at the BBB have been found 
in stroke, such as inflammation, decreased TJs protein ex-
pression, and extended transendothelial permeability [14, 
15]. All components of the BBB can be affected by ische-
mia, including endothelial cells, astrocytes, pericytes, tight-
junctions, and the extracellular matrix [9, 16]. Clinical and 
experimental studies suggest that BBB dysfunction is a 
common consequence of stroke, and that a disruption in 
BBB integrity tends to worsen the outcome of stroke patients 
[16-19]. Extensive animal studies indicate that there are two 
phases of BBB compromise after stroke onset. Firstly, 4-6 h 
after ischemia, an immediate early phase of enhanced per-
meability occurs. Secondly, 2-3 days after stroke, a delayed 
opening of the BBB is observed [20]. 

 Microglia, which constitute up to 10% of the total cell 
population of the brain [21, 22], are resident macrophages in 
the CNS, and function as part of the mononuclear phagocyte 
system. They originate from the mesoderm/mesenchyme 
[10], arise in the brain from the early developmental stage 
and persist into adulthood. In the resting, physiological state, 
the resident microglia constantly monitor the environment. 
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The microglial surveillance supervises the number of syn-
apses, controls neuronal firings, and removes debris, thus 
maintaining homeostasis in the CNS [23, 24]. In addition, 
microglia play a vital role in the immune response and are an 
important component of the neurovascular unit [25, 26]. Mi-
croglia actively communicate with the endothelium, and 
regulate the BBB, both during development and after stroke 
[10]. 

2. MICROGLIA POLARIZATION DIRECTS BBB 
FUNCTION AFTER STROKE 

 After migrating into the brain from the meso-
derm/mesenchyme during development, microglia acquire a 
specific ramified morphological phenotype with low phago-
cytic properties, named ‘resting microglia’ [10, 27]. In re-
sponse to brain injury and immunological stimuli, microglia 
are first responders that are activated, and alter their pheno-
type from resting microglia to activated microglia. The acti-
vated phenotype is characterized by an enlarged cell body 
with short thick processes [27-29]. 

 Activated microglial cells modulate neuroinflammation, 
which is a major source of secondary cell death after cerebral 
ischemia [30-32]. After the stroke, these cells undergo pro-
liferation, chemotaxis, morphological and genetic alterations, 
and generate immunomodulatory molecules [22, 27, 33]. 
Activated microglia play dual roles at the BBB, and conse-
quently, in ischemic stroke. On the one hand, they produce 
high levels of cytokines and chemokines, which upregulate 
EC adhesion molecules and accelerate the infiltration of leu-
kocytes. This activation and consequent neuroinflammation 
contribute to the impairment of the BBB [34-36]. Cytokines 
promote inflammation and injury to the BBB, and the BBB 
reacts with further production of chemokines and cytokines, 
amplifying the pathological response [37]. On the other 
hand, activated microglia can also phagocytose cellular de-
bris and suppress inflammatory responses, which is benefi-
cial for the recovery and reduction of BBB damage (Fig. 1). 
When an injury occurs, microglia can develop into a spec-
trum of different, but overlapping functional phenotypes, 
including classically-activated (pro-inflammatory) and alter-
natively-activated (anti-inflammatory) phenotypes. Classi-
cally-activated microglia are also known as M1 microglia, 
while alternatively-activated microglia are also termed M2 
microglia [10, 38]. 

 A variety of molecules have been shown to modulate the 
direction of microglia polarization, and therefore, they can 
affect BBB function. Lipopolysaccharide and interferon-γ 
can induce microglial differentiation toward the M1 pheno-
type, while CXCL16 and interleukin 4 (IL-4) stimulate M2 
polarization [39]. It was also reported that exposure to condi-
tioned media from oxygen-glucose-deprived cerebral endo-
thelial cells or oxygen-glucose-deprived astrocytes can pro-
mote microglial polarization. Results show that endothelial-
activated microglia were neurotoxic, while astrocyte-
activated microglia promoted neuronal dendritogenesis 
without affecting neuronal viability. These findings prove 
that endothelial cells and astrocytes activate microglia into 
different states, and suggest that a gliovascular switch may 
be involved in the balance between BBB protection and dys-
function [40]. 

3. PRO-INFLAMMATORY M1 MICROGLIA 
PROMOTES BBB DISRUPTION 

 In physiological conditions, M1 microglia are involved in 
microbial defense and tumor resistance [5]. After the stroke, 
activated M1 microglia can produce various pro-
inflammatory molecules, such as inducible nitric oxide syn-
thase (iNOS) [41], nitric oxide (NO), Tumor Necrosis Fac-
tor-α (TNF-α) [42], reactive oxygen species (ROS), IL-1β, 
IL-6, and IL-18 [43] (Table 1). Those inflammatory factors 
are key mediators of BBB damage in ischemic stroke [9]. 
Cytokines can enhance BBB damage and disruption by in-
teracting with the BBB, which includes impairing tight junc-
tion activity, increasing paracellular permeability, facilitating 
leukocyte migration, and inducing adsorptive endocytosis 
[37]. 

 Proinflammatory cytokines activate or enhance the proin-
flammatory response, which involves neutrophil recruitment 
to the ischemic area, further contributing to BBB disruption. 
However, it was demonstrated that some proinflammatory 
cytokines can directly affect the structure of the BBB. It was 
reported that IL-6 treatment of macrovascular endothelial 
cells caused increased permeability and disruption of ZO-1 
cell–cell border immunostaining [44, 45]. A paper by Cohen 
et al. [46] also proved that IL-6 can reduce levels of claudin-
5 and occludin in ovine cerebral microvessels ex vivo [47]. 
ROS, on the other hand, can irreversibly attack cellular lip-
ids, proteins, and DNA, ultimately causing cell death [48]. 
ROS provide a common trigger for many downstream path-
ways that directly target and compromise the BBB, such as 
oxidative damage, tight junction modification, and matrix 
metalloproteinases (MMP) activation [49]. Moreover, iNOS 
enzyme induction promotes NO production [50] and per-
oxynitrite formation during reoxygenation after a stroke, 
which decreases the expression of ZO-1 and increases BBB 
leakage [51]. Peroxynitrite is a powerful oxidant that can 
lead to extensive cellular damage by oxidizing proteins, lip-
ids, and DNA [52], and it can induce toxicity via nitrosyla-
tion of tyrosine residues on proteins [53]. It has been shown 
that oxygen and glucose deprivation of cultured endothelial 
cells induces S-nitrosylation of caveolin-1, consequently 
augmenting MMP-2 and -9 secretion [54]. This demonstrates 
how ROS and nitrosylation can directly affect the BBB. 

 IL-1β and TNF-α, released by microglia during the early 
stage of ischemia [55], can increase the permeability of the 
BBB [56, 57], thus promoting BBB damage. It was demon-
strated in in vitro experiments that IL-1β increases BBB 
permeability by inducing the downregulation of ZO-1, oc-
cludin, and claudin-5 [9, 58, 59]. TNF-α binds to the TNF 
receptor type 1 (p75) expressed on endothelial cells, also 
leading to the downregulation of occludin and subsequent 
increase in BBB permeability [60, 61]. Another TNF-α-
related mechanism of BBB damage is MMP-9 released from 
pericytes, which leads to increased endothelial permeability 
in an in vitro BBB model [62]. These results indicate a close 
microglial–endothelium communication in the mechanisms 
of IL-1/TNF-α-induced cerebrovascular inflammation [9]. It 
has also been demonstrated that M1 microglia cause P-
glycoprotein (P-gp) dysfunction in brain ECs via nicotina-
mide adenine dinucleotide phosphate (NADPH) oxidase ac-
tivation, leading to neurotoxic protein accumulation within 
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the brain [10]. Inflammatory factors secreted by microglia 
may also induce EC necroptosis, and perivascular proin-
flammatory microglia were shown to contribute to BBB 
breakdown and disintegration in ischemic stroke [63]. 

 M1 microglia polarization associated with BBB deterio-
ration seems like a counterproductive physiological response 
after stroke, and one might speculate on the evolutionary 
purpose of such mechanism. While the ancient evolutionary 
origin of microglia/macrophages is well established, the evo-

lutionary roots of the specialized polarization into subsets 
with specific phenotypes are less well defined [64]. How-
ever, there are multiple lines of evidence of macrophage po-
larization in amphibians and fish [65-68]. While their func-
tionality may not be strictly the same as in mammals, it sug-
gests that macrophage polarization and plasticity is an evolu-
tionary ancient trait. In this light, it seems most probable that 
microglia/macrophage and their polarizations evolved to 
counter infections and that detrimental response in stroke is a 
‘side effect’ of innate immune response. In the M1 state, 

 
Fig. (1). Microglia polarization directs BBB function after stroke. Microglia polarize to a spectrum of pro-inflammatory M1/ anti-
inflammatory M2 phenotype in response to stroke. M1 microglia promote ROS production, NLRP3 activation and pro-inflammatory cytoki-
nes secretion, such as IL-6, NO, iNOS, TNF-α, IL-1β and IL-18, which aggravate BBB disruption. M2 microglia release growth and trophic 
factors such as VEGF and anti-inflammatory cytokines such as IL-4, IL-13, IL-10, and TGF-β, which facilitate the repair, or inhibit BBB 
damage. Microglia can also aggregate at the perivascular space to directly interact with the BBB and affect the BBB permeability. (A higher 
resolution / colour version of this figure is available in the electronic copy of the article). 
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microglial cells respond to infection by antigen-presenting 
activity, they produce ROS and iNOS and other pro-
inflammatory cytokines/chemokines to induce infiltration of 
peripheral leukocytes to kill infecting bacteria and clear the 
insult [69]. The M1 phenotype of microglia is usually asso-
ciated with protection during acute early infection stages, but 
it can also be detrimental to host if it persists for a longer 
time. Although microglia/macrophage adaptability provides 
a selective advantage in host resistance to pathogens, this 
same plasticity might be harmful during the stroke. It is un-
likely that mammals evolved an M1 microglial phenotype 
that only serves to exacerbate injury and exerts no positive 
role. Although the consensus is that proinflammatory micro-
glia response is overall detrimental after stroke, there are 
some specific beneficial aspects to it. For example, M1 mi-
croglia contribute to synaptic remodeling and may also drive 
the clearance of cellular debris early after acute brain injury. 
In addition, several factors that are known to be important in 
CNS repair, such as MMP-9, can be released not only from 
M2 but also from M1 cells. We also cannot exclude the pos-
sibility, that there are still some beneficial mechanisms of 
M1 microglia activation waiting to be discovered. In this 
context, both pro-inflammatory and inflammation-resolving 
cells might be important for effective tissue repair at differ-
ent time points after stroke. Another explanation for persis-
tence of M1 response is that it might not be a subject to high 

selection pressure, as stroke usually occurs in older patients 
and in most cases is not deadly, while innate immune re-
sponse is at higher importance to organism. Recent discover-
ies offer new insights into these responses, as they demon-
strate that the cGAS/STING pathway, which in physiological 
conditions is responsible for viral DNA detection, non-
specifically activates microglia through endogenous DNA 
after stroke, which contributes to neuroinflammation. It fur-
ther supports that these detrimental responses in stroke may 
be an adverse effect of the pathogen-recognition pathways 
[70, 71]. 

4. ANTI-INFLAMMATORY M2 MICROGLIA PRO- 
MOTE BBB PROTECTION 

 Contrary, M2-type microglia perform crucial roles in 
limiting inflammation and damage to BBB. The phagocytic 
activity of microglia contributes to cleaning up injured tissue 
and tissue debris, and consequently limits the activation of 
danger associated molecular pattern (DAMP) receptors, 
which ultimately dampens the inflammatory response. Acti-
vated microglia are the primary phagocytes within the brain. 
They phagocytose cellular debris and uptake harmful sub-
stances to reestablish homeostasis by clearing pathogens or 
necrotic cells, consequently attenuating inflammation after 
insults [72, 73]. After the stroke, microglial phagocytosis of 

Table 1. Inflammatory mediators related to microglia and BBB. 

Phenotype Cytokines/Molecules Effects 

M1 microglia 
(pro-inflammatory) 

IL-1β increases BBB permeability by inducing the downregulation of ZO-1, occludin and claudin-5 [9, 58, 59].  

  IL-6 increases permeability and reduces ZO-1, claudin-5 and occludin expression [44-47]. 

  ROS can irreversibly attack cellular lipids, proteins, and DNA and provide a common trigger for many down-
stream pathways that directly target and compromise the BBB, such as oxidative damage, TJ modifica-

tion, and MMP activation [48, 49]. 

  iNOS, NO iNOS enzyme induction promotes NO production and peroxynitrite formation during reoxygenation, 
which decreases the expression of ZO-1 and increases BBB leakage [50, 51]. 

  TNF-α TNF-α binds to p75 expressed on endothelial cells, leading to the downregulation of occludin and subse-
quent increase in BBB permeability [60, 61]. 

promotes MMP-9 release from pericytes, which leads to increased endothelial permeability [62]. 

M2 microglia 
(anti-inflammatory) 

TGF-β can increase proliferation and neuroprotection in the ischemic brain and reduce inflammation [28, 75]. 
inhibits tPA-mediated induction of MMPs to alleviate hemorrhagic transformation after  

thrombolysis [80].  

  IL-10 downregulates NF-κB [78]. 
directly protects the endothelium from oxidative stress via the downregulation of harmful ROS-producing 

enzymes, and/or the upregulation of antioxidant pathways [79]. 

  IL-4, IL-13 they share a common receptor and directly promote the M2 microglia phenotype polarization [81]. 
both downregulate the synthesis of Th1 pro-inflammatory cytokines [81]. 

IL-4 can inhibit Th1-activated macrophages and suppress the secretion of several potent proinflammatory 
mediators, including IL-6, IL-1β, TNF-α, ROS and RNS [82]. 

IL-13 inhibits the production of proinflammatory cytokines, such as IL-6, IL-1β,  
TNF-α, IL-12, and IL-8 [83]. 

  VEGF responsible for new blood vessel formation after injury, helps to establish collateral circulation to bypass 
blocked vessels. 

in later stages of stroke, microglia release VEGF, which promotes angiogenesis and assists in repairing 
the BBB [86]. 
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neuronal cells begins, even before peripheral macrophages 
infiltrate into the brain [74]. It was observed that these 
phagocytotic cells interact with neurons and show neuronal 
engulfment in the ischemic brain [75]. 

 M2-type microglia can produce a variety of anti-
inflammatory cytokines, including IL-10, IL-4, IL-13, and 
TGF-β [76, 77]. Those anti-inflammatory molecules reduce 
the inflammatory response and decrease the recruitment of 
neutrophils and other lymphocytes to the site of injury, 
which can limit the leakage of the BBB. Besides those indi-
rect mechanisms, there are other mechanisms described in 
the literature that can protect the BBB. Interleukin-10 was 
shown to exert its anti-inflammatory effects in part by the 
downregulation of NF-κB [78]. IL-10 can directly protect the 
endothelium from oxidative stress via the downregulation of 
harmful ROS-producing enzymes, and/or the upregulation of 
antioxidant pathways [79]. TGF-β has been reported to in-
hibit tPA-mediated induction of MMPs to alleviate hemor-
rhagic transformation after thrombolysis [80]. TGF-β can 
additionally increase proliferation and neuroprotection in the 
ischemic brain and reduce inflammation [28, 75]. IL-4 and 
IL-13, which share a common receptor, were demonstrated 
to downregulate the synthesis of T helper type 1 (Th1) pro-
inflammatory cytokines. There is also evidence that these 
interleukins can directly promote the M2 microglia pheno-
type polarization [81]. IL-4 can inhibit Th1-activated macro-
phages and suppress the secretion of several potent proin-
flammatory mediators, including IL-6, IL-1β, TNF-α, ROS 
and reactive nitrogen species (RNS) [82]. IL-13 is also able 
to inhibit the production of proinflammatory cytokines, such 
as IL-6, IL-1β, TNF-α, IL-12, and IL-8 [83]. 

 M2-type microglia were demonstrated to produce growth 
and trophic factors such as brain-derived neurotrophic factor 
(BDNF), vascular endothelial growth factor (VEGF), insu-
lin-like growth factor 1 (IGF-1), nerve growth factor (NGF) 
[5, 43], and scavenger receptors [84, 85]. Moreover, M2 mi-
croglia secrete molecules involved in immunoregulation and 
matrix remodeling [5, 43]. All of those factors affect the 
function of BBB in the setting of stroke. M2 microglia are 
also associated with long-term neurovascular remodeling, 
and can promote angiogenesis, thus improving the recovery 
of neurological functions after ischemia [10]. VEGF is re-
sponsible for new blood vessel formation after injury, and 
these newly formed arteries can establish collateral circula-
tion to bypass blocked vessels. In later stages of stroke, mi-
croglia release VEGF, which promotes angiogenesis and 
assists in repairing the BBB [86]. 

 A growing body of evidence reveals diversity in M2 phe-
notype subpopulations, such as M2a, M2b, M2c and Mox, 
each with unique physiological features and distinct biologi-
cal functions. Currently, these subpopulations of M2 cells 
have not yet been fully characterized in CNS injuries and 
stroke and therefore, our picture of microglia phenotypes is 
still incomplete. 

5. RECEPTORS IMPLICATED IN MICROGLIAL 
REGULATION OF BBB FUNCTION 

 Various receptors and downstream pathways can regulate 
mechanisms, which facilitate microglial regulation of BBB 

function during the stroke. Next, we will discuss some of the 
most important ones in more detail. 

 NOD-, LRR- and pyrin domain-containing protein 3 
(NLRP3) is an intracellular sensor that detects a broad range 
of microbial motifs, endogenous danger signals, and envi-
ronmental irritants, leading to the formation and activation of 
the NLRP3 inflammasome. The NLRP3 inflammasome is 
one of the key components of inflammatory responses, and 
contributes to neuroinflammation in ischemic stroke [87, 
88]. Assembly of the NLRP3 inflammasome causes caspase-
1-dependent release of IL-1β and IL-18, as well as cell death 
[89]. After the ischemic injury of the brain, microglia ex-
press NLRP3, and its expression was significantly increased 
in the ischemic cerebral hemisphere, both in the ischemic 
core and the penumbra, with a peak expression at 24 hours 
after reperfusion. Furthermore, more proinflammatory me-
diators were produced following a high expression of 
NLRP3, which also activated microglia-mediated neurotox-
icity, causing more death of neurons and damage to the 
BBB. It was shown that NLRP3 contributed to the upregula-
tion of MMP-2 and MMP-9, decreased tight-junction protein 
expression, and increased endothelial cell permeability, indi-
cating that targeting microglial NLRP3 may be a potential 
therapeutic strategy for reducing BBB damage in ischemic 
stroke [87]. NLRP3 inhibition reduced IL-1β production, 
attenuated neurological deficits and perihematomal brain 
edema after intracerebral hemorrhage (ICH) induction via 
injection of either autologous blood or collagenase. In mice 
with autologous blood-induced ICH, NLRP3 inhibition was 
associated with reduced leukocyte infiltration into the brain 
and decreased microglial production of IL-6. NLRP3 inhibi-
tion was found to improve the blood-brain barrier integrity 
and diminish cell death. The protective effect of NLRP3 in-
hibition was abolished in mice depleted of either microglia 
or Gr-1+ myeloid cells, which suggests that microglia-
expressed NLRP3 is an important contributor to neuroin-
flammation, and consequently, to BBB breakdown in hemor-
rhagic stroke [90]. 

 Purinergic receptor P2Y, G-protein coupled, 12 
(P2RY12), is a type of purinergic receptor expressed on mi-
croglia. Microglial P2Y12 receptors cluster at the microglia–
neuron interface independent of astrocyte end-feet location 
[91]. Microglial activation was shown to down-regulate 
P2Y12, which has been demonstrated to mediate microglial 
neurotoxicity. It was found that deficiency of P2Y12 im-
paired microglial polarization, migration, and the ability to 
extend their processes toward the lesion site in mice model. 
Moreover, P2Y12 knockout mice had reduced microglial 
accumulation in the peri-infarct region and decreased neu-
ronal death after cerebral ischemia [92]. On the other hand, 
there is some data suggesting that the microglial P2RY12 
receptor can have a protective function during BBB rupture. 
It is known that juxtavascular microglia join pericytes and 
astrocytes as critical contributors to the unique barrier func-
tions of brain endothelial cells. Microglial processes rapidly 
form a dense plexiform aggregate at the site of injury when 
the capillary is injured. Congregation of activated juxtavas-
cular microglial processes at sites of capillary injury plays an 
important role in the closure of BBB disruption after injury. 
The resealing of BBB leakage was shown to be stopped 
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when microglial cells were photoablated, showing the impor-
tance of microglia in BBB integrity. Interestingly, it was 
demonstrated that inhibition of P2RY12 receptors attenuated 
microglial process motility and delayed BBB closure [93]. 
Collectively, these results indicate that the microglial 
purinergic receptors could be potential targets for controlling 
microglial activation and limit post-stroke inflammation and 
BBB damage [94]. P2RY12 receptor serves as a good exam-
ple to demonstrate the dual effect of certain receptors on 
microglia function, consequently showing the effect that 
microglial interaction with the BBB has on BBB function. 

 Microglial cannabinoid receptor 2 (CB2R) was shown to 
regulate the microglial effect on the BBB. It is known that 
microglial activation contributes to the pathogenesis of the 
BBB in ICH. CB2R plays a key role in neuroprotection after 
stroke by inactivating central microglia/macrophage, subse-
quently leading to an anti-inflammatory mechanism by in-
hibiting the expression of TNF-α, IL-6, IL-12/IL-23p40, 
monocyte chemoattractant protein-1 (MCP-1), macrophage 
inflammatory peptide (MIP) -1α, and RANTES (CCL5). It 
was found that selective activation of CB2R decreased mi-
croglial activation in a rat thrombin-induced BBB damage 
model. It significantly attenuated thrombin-induced brain 
edema and decreased the number of Iba-1-positive microglia. 
In mammalian cells, the MAP kinases, including p38, p44/42 
and JNK, exert an important role in signaling cascades, which 
regulate cell responses to external stimuli. p44/42 MAPK, 
also termed extracellular signal-regulated kinase (ERK), is 
abundant in the central nervous system, and is activated after 
ischemic preconditioning and cerebral ischemia [95-99]. 
CB2R activation was shown to reduce the number of 
p44/P42(+)/Iba-1(+) microglia, decrease Evans blue ex-
travasation, and inhibit the elevated MMP-9 and MMP-12 
activities. Moreover, these effects were reversed by selective 
CB2R inhibition, further supporting the role of CB2R in the 
aforementioned mechanisms. CB2R stimulation was also 
shown to inhibit microglia/macrophage cell migration, which 
may participate in neuroprotection after intracerebral infusion 
of thrombin and prevent thrombin-induced BBB damage [22]. 

 CX3CR1 and its only known chemokine ligand, 
CX3CL1, are implicated in a range of inflammatory diseases 
[100]. In the CNS, this receptor is exclusively expressed on 
microglia. It was shown that activated CX3CR1 receptors 
participate in the process of microglial activation, and in the 
damage of the BBB. Several studies suggest that CX3CR1-
deficient mice have reduced injury after stroke [63]. Selec-
tive inactivation of microglial CX3CR1 reduced microglial 
migration [101], significantly reduced blood extravasation, 
and protected the BBB [63], thus exerting a neuroprotective 
function after stroke [86]. 

6. MICROGLIA-BLOOD VESSEL INTERACTIONS 

 Vessel-associated microglia initially maintain BBB integ-
rity via expression of the tight-junction protein, claudin-5, 
and by making physical contact with endothelial cells. The 
tight junctions are crucial machinery underlying the BBB 
function. Immunostaining for the tight junction proteins (i.e., 
ZO-1, claudin-5, and occludin) showed a continuous distri-
bution of these proteins along the cell border in brain mi-
crovascular endothelial cells co-cultured with microglia. 

However, treatment with LPS disrupted this pattern, which 
was restored to a normal linear shape by an NADPH oxidase 
inhibitor [35]. It was also shown in in vitro BBB models, 
that adding LPS to the abluminal side induced a reorganiza-
tion of tight-junctions, decreased trans-endothelial electrical 
resistance, and increased the paracellular transport of so-
dium-fluorescein. Likewise, when the co-cultures were 
treated with an NADPH oxidase inhibitor, all characteristics 
of increased permeability of the endothelium were reversed. 
These findings indicate that activated microglia impair BBB 
function by producing ROS through NADPH oxidase [5, 35, 
102]. After ischemia, microglia form perivascular clusters 
and phagocytic structures, which show the close interaction 
between microglia and blood vessel. The accumulation of 
microglia around the vasculature can subsequently cause 
disintegration of the vessels and is associated with the inva-
sion of blood-borne molecules during reperfusion [63, 86]. 
This demonstrates that the interaction of aggregated micro-
glia with endothelial cells can be both protective or detri-
mental, depending on the context and timing after stroke. 

 Following ischemia, activated microglia can also express 
latent matrix metalloproteinase-9 (pro–MMP-9), which con-
tributes to BBB disruption and hemorrhagic transformation 
[103]. Matrix proteins in the circulation, in turn, promote 
microglial cell activation and pro-MMP-9 generation during 
focal cerebral ischemia. These matrix proteins activate mi-
croglia through their specific cell surface matrix receptors. 
This demonstrates a positive feedback-loop mechanism 
where microglia express MMP-9 contributing to BBB 
breakdown. MMP-9 can simultaneously activate microglia, 
which further deteriorates the BBB. Exposure of the 
ischemic region to plasma matrix proteins (such as plasma 
fibronectin or vitronectin) can change the local environment 
of microglial cells, thus stimulating the generation of prote-
ases and attendant pro-inflammatory agonists. Those sub-
stances could start or enlarge cerebral damage by activating 
microglia, generating matrix protease, stimulating endoge-
nous inflammatory responses, or directly modulating astro-
cytic or axonal behavior [104]. 

 The hypoxic tissue in the penumbra activates the upregu-
lation of vascular endothelial growth factor (VEGF). VEGF 
can significantly enhance angiogenesis in the ischemic brain 
and improve neurological function during stroke recovery. 
However, it was also proved that inhibition of VEGF at the 
acute stage of stroke might reduce the BBB permeability and 
the risk of hemorrhagic transformation [105]. VEGF is an 
important signaling protein involved in both vasculogenesis 
and angiogenesis. It is a potent angiogenic factor and acti-
vates quiescent vessels to sprout [106]. This process causes 
the partial opening of the BBB and leakage of serum proteins 
such as fibrinogen and albumin, which transport from the 
blood into the brain parenchyma. These proteins attract mi-
croglia within 24 h after ischemia. Subsequently, perivascu-
lar microglia migrate towards the disrupted blood vessels 
and phagocytize ECs, which contributes to the disintegration 
of blood vessels and aggravates the BBB damage [63]. In the 
late phase of BBB opening, microglia-driven disintegration 
of blood vessels occurs, and is driven by ROS, matrix metal-
loproteinases (MMPs), pro-inflammatory cytokines, and 
phagocytosis [5]. 
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7. PROMISING THERAPIES FOR BBB PROTECTION 

 Certain drug treatments were proven to modulate the 
microglial effects on the BBB in animal models. Here, we 
will discuss the most prominent ones. 

 Minocycline, a member of the tetracycline antibiotic 
family, is an inhibitor of microglial activation [107]. It at-
tenuates infarct volume, tissue loss, neurological deficits, 
and markedly reduces BBB disruption and hemorrhage by 
improving BBB viability and integrity in mice after experi-
mental stroke. It also increases neurogenesis and perfusion in 
ischemic stroke, and reduces the number of microglia and 
macrophages, the levels of iron accumulation, and hemor-
rhage frequency after ICH [33, 108]. Minocycline can pre-
vent excitotoxin-induced microglial proliferation and reduce 
the release of nitric oxide (NO) metabolites and IL-1β. Mi-
nocycline inhibited glutamate-induced transient activation of 
p38 mitogen-activated protein kinase (p38 MAPK) in micro-
glia, which also indirectly protects the BBB [109]. Moreo-
ver, minocycline inhibited the enzymatic activity of gelatin 
proteases activated by ischemia after experimental stroke, 
and results suggest that it might selectively inhibit MMP-9 at 
low doses [110]. During the recovery phase, a single dose of 
minocycline administered early after stroke induced 
neurovascular remodeling by promoting the neuroprotective 
phenotype of microglia alternative activation, which is in-
volved in BBB restoration [111]. Minocycline ameliorated 
neurological outcome and reduced BBB damage, hemor-
rhage, and perivascular microglial accumulation. Studies 
suggest that minocycline treatment could provide long-term 
protection by attenuating BBB permeability and promoting 
microglial polarization towards the M2 phenotype after 
ischemic stroke [94]. Thus, microglial inhibitors, such as 
Minocycline, may prove to be a potential new therapeutic 
agent adjunct to fibrinolysis for the acute treatment of 
ischemic stroke [33, 110]. 

 Adjudin, a small molecular derivative of indazole, per-
forms potent reversible anti-spermatogenic activity by dis-
rupting adhesion of germ cells, most notably spermatids to 
the Sertoli cells [112]. In the context of stroke, Adjudin ex-
hibits additional function to reduce the production of proin-
flammatory mediators by the suppression of NF-κB p65 nu-
clear translocation and DNA binding activity, as well as 
ERK MAPK phosphorylation in immortalized murine BV2 
microglia. It was demonstrated that Adjudin ameliorated 
brain edema and neurological deficits in mice pMCAO 
model [113]. Adjudin markedly inhibited MCAO-induced 
microglial activation in both the cortex and the striatum, ac-
companied by a reduction in the expression and release of 
proinflammatory cytokines TNF-α, IL-1β, and IL-6. Con-
comitantly, Adjudin noticeably prevented BBB disruption 
after ischemia and reperfusion by reducing MMP-9 activity 
[113, 114]. 

 MCC950 is a potent, selective, small-molecule NLRP3 
inhibitor that blocks NLRP3 activation. MCC950 can im-
prove blood–brain barrier integrity and attenuate brain injury 
and inflammation after ICH [90]. It was reported that treat-
ment with MCC950 ameliorated the diabetic rats’ hippo-
campal-dependent memory deficits after ischemic stroke via 
the resolution of inflammation, as seen through increased 

resting microglia and lower IL-1β expression, improved 
BBB integrity, and lower cell death of the neurons in the 
CA1 and Dentate Gyrus regions of the hippocampus [115]. 
Hence, the NLRP3 inflammasome inhibitor is a potential 
treatment for protecting the BBB after stroke. 

 JWH133 is a selective cannabinoid receptor type 2 
(CB2R) agonist. It alleviated brain edema, improved neuro-
logical deficits, suppressed neuroinflammation, and reduced 
BBB damage in a rat ICH model. Further studies indicate 
that JWH133 significantly upregulated the mitogen-activated 
protein kinase phosphatase-1 (MKP-1) signaling pathway, 
which suppressed ICH-induced over-activation of MAPKs. 
JWH133 was also found to inhibit microglial activation and 
macrophage infiltration at 24 h after ICH. The selective 
CB2R agonist can restrain the levels of several proinflamma-
tory cytokines, such as IL-1β, IL-6, and TNF-α, and increase 
the expression of tight junction proteins, such as ZO-1, 
claudin-5, and occludin following ICH. Moreover, JWH133 
significantly reduced the level of tight junction proteins and 
basal lamina-degrading MMP-9 and MMP-2, which helped 
to protect the BBB. These observations suggest that CB2R 
can reverse ICH- induced BBB damage by inhibiting in-
flammation [116]. It was also demonstrated that JWH133 
treatment ameliorated brain injury in a rat ICH model by 
activating the Ras-related C3 botulinum toxin substrate 1 
(Rac1) signaling pathway. Rac1 stabilizes the barrier func-
tion of microvascular endothelial cells, which preserves BBB 
integrity and reduces the development of vasogenic brain 
edema [117]. 

 Infliximab is a human and mouse chimeric monoclonal 
IgG-1 antibody that specifically blocks TNF-α, and has been 
extensively utilized in clinical patients [118]. Infliximab 
blocks necroptosis of EC co-cultured with microglia in oxy-
gen glucose deprivation/reoxygenation in vitro model and 
ameliorates BBB disruption in the stroke model. The thera-
peutic effect of infliximab has been studied in a rat transient 
MCAO model. The results of MRI post-contrast T1-SE se-
quencing and Evans blue extravasation demonstrated that 
infliximab ameliorated BBB disruption after the stroke. In 
addition, TTC staining and MRI T2-TSE sequencing results 
revealed a significant reduction of infarction volume in the 
treatment group compared with the vehicle group. The re-
sults of the neurological severity score showed that multiple 
doses of infliximab improved neurological function on the 
3rd day after MCAO. These findings prove that infliximab is 
efficient and effective in protecting against BBB breakdown 
after stroke [42]. 

 Tyrosine kinase inhibitors (TKI) are targeted therapy first 
developed for various types of malignancies. However, 
many studies have found that TKIs play a beneficial role in 
several neurological and non-neurological disorders, includ-
ing stroke [119-121], Alzheimer’s disease (AD) [122], mul-
tiple sclerosis (MS) [123, 124], rheumatoid arthritis [125], 
asthma [126], and mastocytosis [127]. Among TKIs, 
imatinib and masitinib have the broadest therapeutic spec-
trum. Both drugs showed effectiveness in ischemic stroke 
models [119, 128], but only imatinib has a beneficial effect 
in subarachnoid hemorrhage [121]. Masitinib preserves BBB 
integrity probably through extracerebral inhibition of mast 
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cell recruitment, which also has a highly significant impact 
on neuroinflammatory cascade and activity of microglia in 
the brain [119]. Numerous tyrosine kinases are expressed in 
microglia. Rodent and human studies have shown an in-
crease in active forms of non-receptor tyrosine kinases, Src 
and Lyn in reactive microglia [129, 130]. It has been re-
ported that Aβ serves as a specific stimulus for TK-based 
microglia activation, which causes a pro-inflammatory phe-
notype of AD [130]. Consistently, masitinib and dasatinib 
were demonstrated to ameliorate the symptoms of Alz-
heimer’s disease. Imatinib, also known as Gleevec or ST1-
571, is a tyrosine-kinase inhibitor developed as a small 
molecule therapeutic drug for patients with Bcr-Abl–positive 
chronic myelogenous leukemia [131, 132]. The Abl family 
kinases phosphorylate several cytoskeletal effectors that me-
diate vascular permeability, such as myosin light chain 
kinase, cortactin, vinculin, and β-catenin. They also regulate 
cell-cell and cell-matrix junction dynamics and are activated 
by hyperoxia and contribute to oxidant-induced EC injury. 
Imatinib has been reported to attenuate vascular leakage and 
prevent edema formation under permeability-inducing condi-
tions [133]. Abl inhibition protected the endothelium by 
maintaining vascular endothelial cadherin specific for the 
endothelial adherens junction [134], as well as by activating 
anti-inflammatory signals. The inhibition of Abl works 
against permeability-inducing factors, including thrombin, 
histamine, VEGF, LPS, and oxidative stress [133, 135-138]. 
In a rat ischemia/reperfusion injury (IRI) model, imatinib 
reduced lung injury by playing an anti-permeability and anti-
inflammatory role. Therefore, imatinib could be a novel 
treatment for ischemic injury [139]. Treatment with imatinib 
was also demonstrated to reduce inflammation in a uric acid 
crystal-induced acute gouty arthritis mouse model. Moreo-
ver, it was also indicated that this potent drug can inhibit IL-
1-independent and mast cell-independent pathways [140]. 
Additionally, it has been shown that imatinib and several 
other TKIs, including masitinib, dasatinib, sunitinib, soraf-
enib, and lestaurtinib, had beneficial effects in multiple scle-
rosis. Imatinib attenuated the severity and delayed the onset 
of disease in experimental autoimmune encephalomyelitis 
(EAE), which is an animal model of multiple sclerosis. In 
vitro, imatinib suppressed cell proliferation, MMP-2 expres-
sion and activity, as well as reduced the production of proin-
flammatory cytokines [141]. It was also proved that imatinib 
enhances BBB integrity in EAE by decreasing CNS inflam-
mation, T-cell recruitment and demyelination. This was sup-
ported by the downregulation of the chemokine receptor 2 in 
CNS and lymph nodes, and by the modulation of the periph-
eral immune response towards an anti-inflammatory pheno-
type. Imatinib can still ameliorate neuroinflammation even 
when given after the clinical manifestation of the disease 
[124]. The most frequent target for the TKIs is platelet-
derived growth factor receptor (PDGFR), which plays an 
important role in ischemic stroke and subarachnoid hemor-
rhage. PDGFR-α is an imatinib-sensitive kinase and a central 
regulator of BBB integrity during neuroinflammation. It has 
been shown that imatinib reduces BBB disruption and infarc-
tion volume after experimental ischemic stroke by blocking 
PDGFR-α in the BBB [142]. Taken together, imatinib can be 
a potentially effective treatment for stroke by protecting 
BBB integrity and reducing inflammation. Overall, accumu-

lated data suggest that TKIs are very promising candidates 
for new treatments in neurological diseases [143]. 

CONCLUSION 

 Microglia exert dual roles in BBB dysfunction after 
stroke due to microglial polarization and direct interactions 
with endothelial cells. Proinflammatory microglia contribute 
to BBB deterioration, while anti-inflammatory microglia 
benefit BBB repair by different mechanisms. In response to 
stroke, microglia secrete proinflammatory cytokines and 
contribute to damage of the blood vessels in the early stage, 
but in the later stage, microglial cells can facilitate BBB re-
pair via neovascularization and production of protective fac-
tors. Taken together, a literature review on the subject sug-
gests that with fluctuation of various microglial phenotypes 
after stroke over time, there is a delicate balance in regard to 
microglial sub-polarizations and their interplay with the 
BBB, and timing is an important factor to consider when 
modulating this complex response. Therefore, drugs that can 
alter microglia polarization, increase microglia proliferation 
over time, or inhibit microglial death in the late phase of 
stroke that can prove to be effective in mitigating BBB dam-
age. Reviewed studies show a complicated set of correla-
tions, where microglial cells can be regulated by many path-
ways and mechanisms, which alter microglia activity, and 
consequently affect the BBB function and permeability. Fur-
ther studies are necessary to reveal more connections be-
tween microglia and the BBB, and thus introduce more in-
novative possibilities for clinical therapies. Take home mes-
sage is that microglia are key cells in the context of BBB 
function after stroke, and identifying molecules and signal-
ing pathways involved in controlling the opposing microglial 
responses may lead to strategies that will help maintain the 
BBB integrity and improve patient outcomes. 
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