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Abbreviations
CNS: Central Nervous System; BBB: Blood Brain Barrier; 

NVU: Neurovascular Unit; Smcs: Smooth Muscle Cells; 
VEGF: Vascular Endothelial Growth Factor; CBF: Cerebral 
Blood Flow; AD: Alzheimer’s Disease; CSF: Cerebrospinal 
Fluid; S1P: Sphingosine-1-Phosphate; Aβ: Amyloid 
Beta; MMP: Matrix Metalloproteinases; Timps: Tissue 
Inhibitors of Metalloproteinases; PD: Parkinson’s Disease; 
Α-Syn: Α-Synuclein; Evs: Extracellular Vesicles; 6-OHDA: 
6-Hydroxydopamine; RBC: Red Blood Cells; MPTP: 1-Methyl-
4-Phenyl-1,2,3,6-Tetrahydropyridine; Rcbf: Regional Cerebral 
Blood Flow ; DA: Dopamine; HD: Huntington’s Disease; MRI: 
Magnetic Resonance Imaging; TJ: Tight Junction; GLUT1: 
Glucose Transporter 1; SOD: Superoxide Dismutase; ALS: 
Amyotrophic Lateral Sclerosis; PCAM: Platelet Cell Adhesion 
Molecule; GFAP: Glial Fibrillary Acidic Protein; IL: Interleukin; 
CCL: Chemokine (C-C Motif) Ligand; CCR: C-C Chemokine 
Receptor; CXCL: C-X-C Motif Chemokine Ligand; CXCR: C-X-C 
Chemokine Receptor; OCB: Oligoclonal Band; TARDBP: TAR 
DNA-Binding Protein; ANG: Angiogenin; Mrna: Messenger 
RNA; CEC: Circulating Endothelial Cells; MS: Multiple 
Sclerosis; OPC: Oligodendrocyte Precursor Cell; TSC: Total 
Sodium Concentration; ADC: Apparent Diffusion Coefϐicient; 
HIV: Human Immunodeϐiciency Virus; HAD: HIV-1-Associated 
Dementia; HAND: HIV-Associated Neurocognitive Disorder; 

PDGF: Platelet-Derived Growth Factor; CTE: Chronic 
Traumatic Encephalopathy ; TBI: Traumatic Brain Injury; 
Mtbi: Mild Traumatic Brain Injury; Btbi: Blast-Induced 
Traumatic Brain Injury; P-Τ: P-Tau; Igg: Immunoglobulin G; 
HLA: Human Leukocyte Antigen; MIF: Macrophage Migration 
Inhibitory Factor; MCP: Monocyte Chemoattractant Protein; 
ICAM: Intercellular Adhesion Molecule; VCAM: Vascular Cell 
Adhesion Molecule; ICH: Intracerebral Hemorrhage; MAPK: 
Mitogen-Activated Protein Kinases; SAH: Subarachnoid 
Hemorrhage; NADPH: Nicotinamide Adenine Dinucleotide 
Phosphate Hydrogenase; TLE: Temporal Lobe Epilepsy; CD: 
Cluster Of Differentiation; SE: Status Epilepticus; TGF-Β: 
Transforming Growth Factor Beta; CDK: Cyclin-Dependent 
Kinase; HBMEC: Human Brain Microvascular Endothelial Cells

Introduction
Blood vessels of CNS are continuous, non-fenestrated, 

and also contain a series of additional properties that allow 
them to tightly regulate the movement of molecules, ions, 
and cells between the blood and the CNS [1,2]. This heavy 
restriction allows endothelial cells of BBB to tightly regulate 
CNS homeostasis, required for proper neuronal function, as 
well as protect the CNS from toxins, pathogens, inϐlammation, 
injury, and disease [3]. The restrictive nature of the BBB is 
also known to provide an obstacle for drug delivery to the 
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CNS. Major efforts have been made to generate methods to 
modulate or bypass the BBB for delivery of therapeutics [4]. 

Under physiological conditions, the human brain receives 
20% of the cardiac output and uses 20% of the body’s oxygen 
and glucose [5]. Cerebral blood vessels follows the major 
brain circuits tasked with sensation, memory, and motion 
suggesting that the cerebrovascular system plays an important 
role in normal CNS functioning [6-8]. Neurovascular coupling 
and energy substrate used by brain is through the BBB [6]. 
BBB permeability, neurovascular coupling, cell-matrix 
interactions, neurotransmitter turnover, angiogenesis and 
neurogenesis are controlled by neurovascular unit (NVU) 
[5,6].

NVU comprises of vascular cells [e.g, endothelium and 
mural cells including pericytes and smo oth muscle cells 
(SMC s)], glia (e.g, astrocytes, microglia), and neurons [9,10]. 
The BBB is centrally positioned within the NVU and is formed 
by a monolayer of tightly-sealed endothelial cells along the 
vascular tree expressing low paracellular and transcellular 
permeability [8,11,12]. BBB formation during embryogenesis 
is complex and is dependent on various signaling molecules 
like VEG F [13], wnt [14],sonic hedgehog [15], platelet derived 
growth factor-BB–platelet derived growth factor receptor 
beta- signaling [16],axon guidance molecules [17] and BBB 
speciϐic components [8]. BBB maturation and its maintenance 
are controlled by neuronal activity-induced vascular plasticity, 
microRNAs and exosomal regulation, apicobasal polarity of 
BBB endothelium, vascular cell lineages, immunoregulation of 
the BBB [18] and breakdown [19].

In disease states, BBB breakdown and dysfunction 
leads to leakage of harmful blood components into the CNS, 
cellular inϐiltration, and aberrant transport and clearance of 
molecules [8,12], which is associated with cere bral blood ϐlow 
(CBF)  reductions and dysregulation [7], thereby contributing 
to neurological deϐicits.

Diseases associated with BBB dysfunction
Chronic neurodegenerative diseases

Alzh eimer’s disease: Evidences suggest role of 
microbiome in disruption of Aβ metabolism/clearance, 
increased permeability of the BBB, modulation of the 
neuroinϐlammatory response, inhibition of hippocampal 
neurogenesis highlighting the brain gut microbiome axis 
and potential role of gut microbiota in AD [2 0]. Many 
studies supported the idea that BBB dysfunction as a cause 
and consequence of AD [21-23]. Ujiie, et al. reported that 
BBB permeability precedes senile plaque formation in an 
AD mice model [24]. Wu, et al. recently showed the role of 
BBB in lead induced AD-like pathology [25]. A recent study 
by shin and colleagues also reported BBB dysfunction in a 
3D human neural cell culture microϐluidic in vitro model of 
AD [26]. Another study assessed the relationship between 

levels of cereb rospinal ϐluid (CSF)  soluble platelet-derived 
growth factor receptor β (sPDGFRβ), CSF albumin and CSF/
serum albumin ratio, reduced CSF Aβ42 and elevated CSF 
total and phosphorylated tau in AD. They found a positive 
association between pericyte injury and BBB breakdown 
which is related to the severity of AD pathology [27]. One 
study looked at the expression of enzymes implicated in 
ceramide and sphingolipid metabolism and deregulation 
of de novo ceramide biosynthesis and S1P metabolism in 
liver and brain of mice with hyperhomocysteinemia. These 
metabolites can pass through BBB, exert neurotoxic responses, 
increase pro-inϐlammatory cytokines and can cause AD 
like neurodegeneration [28]. He, et al. looked at the link of 
vascular risk factors, metabolic syndrome, BBB disruption 
and risk of AD. They found out altered expression of low-
density lipoprotein receptor-related protein 1 and receptor 
for advanced glycation end products at the microvascular 
endothelial cells dysregulate Aβ tr ansport across the 
BBB. Altered brain insulin signaling, insulin resistance, 
dyslipidemia and white matter lesions contribute to tau and 
Aβ pathogenesis [29]. Matrix metalloproteinases (MMP) 
control the functions of a number of signaling and scaffolding 
molecules involved in BBB disruption and neuronal death. 
MMPs and their physiological inhibitors, tissue inhibitors of 
metalloproteinases (TIMPs), interact at the molecular and 
cellular level thereby initiating neurodegenerative processes 
like AD [30].

Parki nson’s disease: It may be accepted that BBB 
and leakage of serum component into the brain could lead 
to neurodegeneration in Parkin son’s disease (PD) [31]. 
Pathophysiology of PD circles around formation, transmission 
and aggregation of toxic α-synuc lein (α-syn).  Recent evidence 
has suggested about the role of extrace llular vesicles (EVs) 
in  the transport of α-syn between brain regions. One study 
demonstrated red blood cells (RBC) produce α-syn-rich EVs, 
which can cross BBB under inϐlammatory conditions initiated 
by administration of lipopolysaccharide peripherally. Authors 
believe these EVs arising in periphery might initiate or 
contribute to CNS α-syn-related pathology [32]. Another 
study found out an altered BBB has a signiϐicant contribution 
to brain iron accumulation and neuroinϐlammation in the 
6-hydro xydopamine (6-OHDA)  rat model of PD [33].

A recent clinical trial used histologic markers of serum 
iron, protein, RBC extravasation to show a signiϐicant 
increased permeability of BBB in the postcommissural 
putamen of PD patients [34]. Pericytes are known to be a key 
cellular regulator of the BBB. It was shown in a rat model that 
monomeric α-synuclein-activated pericytes may contribute to 
BBB breakdown in patients with PD [35]. One study looked 
at the role of matrix  metalloproteinase-3 (MMP-3)  in the loss 
of dopamin ergic (DA) neu rons in the nigrostriatal pathway 
in a 1-methy l-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
m ouse model of PD. They found MMP-3 can play an important 
role in PD patients with neuroinϐlammatory changes and BBB 
breakdown [36].
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inϐlammatory chemokines such as CCL2, CCL20, and CXCL2, 
which induce immune cell migration and exacerbate BBB 
disruption and neuroinϐlammation [59]. One study reported 
ALS patients with OCBs in C SF may harbor mutations in 
disease-causing genes. The authors also speculated that 
mutations in both TARDBP an d ANG genes may disrupt BBB 
and cause neuroinϐlammation [60]. 

One study reported lost endothelium integrity by 
decreased mRNA tran scription of tight junction proteins in 
autopsied human spinal cords from both sporadic and familial 
forms of ALS [61]. Circulati ng endothelial cells (CECs) in  the 
peripheral blood are associated with endothelium damage. 
One study quantiϐied the CEC levels in whole blood smears 
from ALS patients with moderate stage ((M)ALS), severe stage 
((S)ALS), and healthy controls by CD146 expression using 
immunocytochemistry. They found a signiϐicant reduction 
of CECs in (M)ALS and (S)ALS patients. The authors think 
endothelial damage and/or impaired endothelium repair may 
occur in ALS leading to BBB disruption [62].

Multiple  sclerosis: MS is an autoimmune and 
neurodegenerative disease in which the myelin sheath 
surrounding axons is attacked by immune cells, including 
leukocytes, T cells, B cells, and peripheral macrophages that 
enter the brain through a disrupted BBB [63]. Neuroimaging 
studies using gadolinium enhancement have established that 
BBB disruption is an early feature of MS pathogenesis [64]. IL-
17A is associated with the breakdown of the BBB in relapsing-
remitting MS [65].

Perivascular OPCs can disrupt the BBB, interfere with 
astrocyte endfeet and endothelial tight junction integrity, 
resulting in altered vascular permeability and an associated 
CNS inϐlammation. Aberrant OPC perivascular migration 
responsible for BBB disruption in MS through defective 
oligodendroglial vascular interaction [66].

Human brain endothelial CXCR2 may  contribute to BBB 
disturbance under inϐlammatory conditions with increased 
CXCL5 and CXCL8 expression, where CXCR2 may also represent 
a novel pharmacological target for blood-brain barrier 
stabilization. The study looked at the immunohistochemistry 
of brain biopsies from two patients with active MS which 
revealed upregulation of endothelial CXCR2 compared to 
healthy control tissue [67].

At the BBB, claudin-5 is the most enriched Tj protein 
and its dysfunction has been implicated in MS [68]. Another 
study reported downregulation of claudin-11 expression is 
associated with BBB disintegration in MS [69]. A recent study 
looked at the temporal evolution of acute MS lesions on serial 
sodium MRI during 4 weeks after the initial presentation. 
Quantitative assessment of total sod ium concentration 
(TSC) and  ADC was performed. They reported lesions with a 
reduction of the ADC sodium levels were almost normal and 
precede signs of BBB breakdown [70]. 

One study looked at the permeability of BBB in basal 
ganglia and found out levodopa induced severity of dyskinesia 
correlate with regional ϐlow-metabolism dissociation 
and increased BBB permeability within areas of active 
microvascular remodeling [37]. Ohlin, et al. looked at the 
impact of levodopa treatment on regiona l cerebral blood ϐlow 
(rCBF) a nd metabolism in the basal ganglia in a rat model of 
PD. They found out increases in rCBF on levodopa may be 
accompanied by BBB hyperpermeability in the most affected 
regions [38].

Hunting ton’s disease: A study by Vilaregutk, et al. 
looked at the role of MMPs -2 and -9 in BBB breakdown in 
the striatal lesions induced by the systemic administration 
of 3-nitropropionic acid rat model of Huntington’s disease 
(HD). The y found out there is a bigger role of BBB disruption 
by MMP-9 in the striatal injured areas [39]. A recent study 
used 3- and 7-Tesla magnetic resonance imaging (MRI) as 
well as postmortem tissue analyses to assess blood vessel 
impairments in HD patients. The following ϐindings were 
further investigated in the R6/2 mouse model using in situ 
cerebral perfusion, histological analysis, western blotting, as 
well as transmission and scanning electron microscopy. The 
authors reported increase in blood density, reduction in blood 
vessel diameter and BBB leakage in both the mice model and 
HD patients [40]. Some other studies also reported about the 
evidence BBB disruption in HD [41-44].

Amyotrophic lateral sclerosis: Animal model studies 
have reported previously about the occurrence blood spinal 
cord barrier breakdown before motor neuron injury [45-49]. 
BBB breakdown with decreased levels of IgG, tight junction 
(TJ) prote ins, GLUT1 re duction and perivascular hemosiderin 
deposits has been shown to precede motor neuron loss, 
neuroinϐlammation and motor impairments in SOD1 
muta nts [46,48,49]. A study showed early BBB disruption in 
SOD1G93A rats at a pre-symptomatic stage [50]. Contrary to 
a neuroimaging study which did not ϐind any change in the 
integrity of BBB [51], several studies reported disrupted BBB 
in SOD1G93A mice [52-56].

Microvascular BBB abnormalities was shown in a 
postmortem study of a sporadic ALS patient [57]. A study 
which looked at the damage in the neurovascular unit in 
BBB, reported a possible activation of MMP-9 in ALS patie nts 
and ALS model mice. This damage occurred prior to motor 
neuron degeneration. They also reported on the dissociation 
between the PCAM-1-positive endothelium and GFAP-positive 
astrocyte foot processes in both humans and the animal model 
of ALS [46].

A recent case-control study reported the association 
increased CSF homocysteine with BBB disruption in ALS 
patients [58]. A study reported interleukin-1β Induces BBB 
disruption by downregulating sonic hedgehog in astrocytes. 
They also found IL-1β increased astrocytic production of pro-
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MRI changes suggestive of BBB disruption were also found 
in normally appearing white matter before enhancing lesions 
[71] and in non-enhancing areas in MS [72]. Disruption of 
BBB extend to the initial stages of the disease as evidenced 
at the onset of optic neuritis who develops MS in future 
[73]. A recent study on relapsing remitting MS looked at 
the circulating factors in blood that induce physiological 
and biochemical alterations to the BBB. Disruption of BBB 
endothelium in MS may be due to metabolic dysregulation, 
leading to increased permeability [74]. One study reported 
expression of ϐibronectin by activated astrocytes at acute 
MS lesions, reϐlecting the tissue remodeling at sites of BBB 
breakdown [75].

Other chronic neurodegenerative diseases

HIV-Assoc iated Neurocognitive Disorder: HIV-1-
positive individuals today still develop HIV-1-ass ociated 
dementia (HAD) and  neurocognitive impairment in spite 
of good prognosis with antiretroviral therapy [76,77]. 
Imbalances between MMPs and TIMPs are involved in BBB 
disruption and are implicated in the pathogenesis of HAND 
in H IV-1 patients [78]. HIV-1-infected cells both in CNS and 
periphery can give rise to increased levels of viral proteins, 
including Nef,Tat,gp120 and host inϐlammatory mediators 
like cytokines and chemokines which can affect the integrity 
and permeability of BBB [79]. An animal study involving HIV 
Tg26 mice was associated with increased expression of PDGF-
BB in isolated micro vessels in brain with loss of pericytes and 
subsequent breach of BBB [80].

Chronic traumatic encephalopathy: Chronic traumatic 
encephalopathy (CTE) is associated with repeated mild 
traumatic  brain injury (TBI). It  is reported from all profession 
right from soccer, boxing, war veterans, and wrestling. A case 
of CTE was associated with disruption of BBB in regions of 
dense perivascular p-tau acc umulation [81]. A recent study 
also provided evidence of BBB disruption in regions of intense 
perivascular p-τ deposition in a former professional boxer 
diagnosed with CTE and schizophrenia. This p-τ depos ition 
was linked to loss of tight junction protein claudin-5 and 
enhanced extravasation of endogenous blood components 
such as ϐibrinogen and IgG [82].  Upregulation of cleaved-
caspase-3 is associated with accumulation of caspase-3-
cleaved tau following chronic TBI, suggesting role of apoptosis 
and neuroinϐlammation in delayed BBB damage [83]. 
Repetitive TBI can lead to end stage CTE. Several mechanisms 
responsible are elevated concentration of both tau proteins, 
human leu kocyte antigen (HLA) clas s I proteins, macrophage 
entry into brain parenchyma from disruption of BBB and 
microglial activation at the base of the sulci [84,85].

Acute neurological disorders

Stroke: Dysfunction of BBB is a prominent pathological 
feature of both ischemic and hemorrhagic stroke and is 
typically associated with poor outcome [86-88]. Ischemic 

stroke exhibits extravasation of blood-borne cells, chemicals, 
and ϐluid into brain parenchyma across the impaired BBB as a 
result of increased paracellular and transcellular permeability 
and endothelial degeneration [89]. Astrocytes, an important 
component of the BBB, promotes BBB breakdown in subjects 
with acute ischemic stroke by secreting inϐlammatory factors 
[90].Several factors which determine BBB permeability 
followed by breakdown are mitochondrial bioenergetics, 
microRNAs, MMPs (MMP-2 and MMP-9), cytokines (IL-1β, 
MIF, IL-9 ), chemokines (MCP-1), i mmune cells , adhesion 
proteins (ICAM-1, V CAM-1) [91,94].Recent studies support 
the role of CCL2 in BBB disruption following ICH throu gh 
CCL2-CCR2-p38 MAPK path way [92]. Dysfunction of tight 
junctions and endothelial cells is associated with BBB 
disruption following aneurysmal SAH. Several molecular 
targets have been linked, including receptor tyrosine kinase 
ErbB4, lipocalin-2, netrin-1, toll-like receptor 4, tropomyosin-
related kinase receptor B [93].

Traumatic brain injury: BBB disruption is a known 
consequence of TBI and is associated with poorer outcomes 
[101]. A study on animal model reported BBB alterations after 
TBI occur in two phases, ϐirst occurring within 4-6 hours of 
tissue damage and the second 3 days after injury in the injury 
site cortex and the ipsilateral hippocampus. Brain edema 
peaks at 24 hours after controlled cortical impact brain injury 
and declines after day 3 [95]. Another study which looked at 
the BBB permeability in a mouse model of TBI reported soon 
after trauma, both large and small molecules are able to enter 
the brain in and around the site of injury. BBB restriction 
to large (protein-sized) molecules is restored by 4-5 h after 
injury. However, smaller molecules (286-10,000 Da) are 
still able to enter the brain as long as 4 days postinjury [96]. 
However, Hay, et al. reported post TBI, BBB disruption can 
persist over years. Serum proteins like IgG and ϐibrinogen, 
both markers of BBB disruption were elevated that died in 
acute phase as well as those survived for a year [Johnson VE]. 
Another study reported increased ϐibrinogen in human brain 
6-72 h following severe TBI [103].

A recent study which looked at the BBB integrity 
causing TBI after exposure to blast overpressure reported 
impairment in BBB [97]. A recent study reported interaction 
of several inϐlammatory mechanisms causing persistent 
BBB disruption in mTBI with hypertension [98]. Oxidative 
stress is a major causative factor in the BBB breakdown in 
the sub-acute stages of blast-ind uced traumatic brain injury 
(bTBI). N ADPH oxi dase mediated oxidative stress leads to 
enhanced BBB permeability in bTBI through MMP activation 
[99]. Post TBI astrocyte-derived vascular permeability factors 
including vascular endothelial growth factors, MMP, nitric 
oxide, glutamate and endothelin-1, enhance BBB permeability 
leading to BBB disruption [100]. Several biomarkers has been 
linked to BBB disruption like CSF/serum albumin ratio [104], 
tight junction proteins [105,106], S100B [107,108], Plasma-
soluble prion protein (PrPc) [109,110].
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Epilepsy: The interrelationship between disruption of BBB 
and epilepsy are complex. Dysfunction of BBB may both lead 
to seizures and can be induced by epileptic activity [112]. BBB 
disruption positively correlates with seizure frequency and 
is independent of neuronal loss [109] Persistent leakage of 
serum IgG in the interstitial space and their uptake by neurons 
may lead to hypoperfusion and in neuronal dysfunction 
occurring in temporal lobe epilepsy (TLE) [110].

Recent study looked at activation of innate immune 
system in TLE. They reported persistent increase in monocyte 
inϐiltration, microglia, and perivascular macrophage activation 
in both epileptogenic human and rat hippocampus in relation 
to seizure activity and BBB dysfunction. The expression of 
CD68 and CCL2 was related to the duration of epilepsy and 
type of pathology in humans, whereas the expression of CD68, 
CCL2, and the perivascular macrophage marker CD163 was 
related to the duration of the initial insult and to the number 
of spontaneous seizures in rats. One interesting ϐinding was 
the number of CD163-positive perivascular macrophages 
was also positively correlated to BBB dysfunction in chronic 
epileptic rats [120].

BBB dysfunction is a prominent ϐinding in status epilepticus 
(SE). This is observed within the 1st hour of SE and may last 
for months in epileptogenic brain regions. BBB disruption 
have a role in astroglial dysfunction, neuroinϐlammation, 
increasing neural excitability, reduction of seizure threshold, 
excitatory synaptogenesis, impaired plasticity, and thereby 
generating epileptogenic activity. Transform ing growth factor 
beta (TGF-β) pr oinϐlammatory pathway is involved in BBB 
dysfunction inducing neurovascular dysfunction activated by 
extravasation of serum albumin into the brain [111]. 

TBI and underlying inϐlammatory cascade involved in BBB 
breakdown can trigger epilepsy [113,114,118]. Permanent 
changes in permeability of BBB is associated with progression 
and treatment resistance [115,116]. One study reported 
about endothelial cyclin-de pendent kinase 5 (CDK5), a  key 
central regulator of neuronal excitability. Endothelial-speciϐic 
Cdk5 knockout led to spontaneous seizures in a mice model. 
Increased endothelial chemokine (C-X-C motif) ligand 1 
(Cxcl1) expression, decreased astrocytic glutamate reuptake 
through the glutamate transporter 1 (GLT1), and increased 
glutamate synaptic function was seen in the knockout mice 
[117].

In genetic epilepsies, such as tuberous sclerosis complex 
(TSC) and other related epileptogenic developmental 
pathologies, there is an association between the underlying 
gene mutation, BBB dysfunction, and perivascular 
inϐlammation, but a clear direct evidence is lacking [119].

Miscellanous disorders

Schizophrenia: A weak association exists between 
schizophrenia, Tj protein and claudin-5. Claudin-5 is expressed 

in endothelial cells forming part of the BBB. Schizophrenia 
occurs in 30% of individuals with 22q11 deletion syndrome 
(22q11DS), a population who are haploinsufϐicient for the 
claudin-5 gene. It was reported that targeted adeno-associated 
virus-mediated suppression of claudin-5 in the mouse brain 
results in localized BBB disruption and behavioural changes. 
It was also showed that anti-psychotic medications dose-
dependently increase claudin-5 expression in vitro and in vivo, 
whereas post mortem reports in the brain of schizophrenic 
patients had discontinuous expression of claudin-5 compared 
to age-matched controls [121].

A recent study reported general OSOS (overall severity 
of schizophrenia) dimension and a single-group negative 
symptom dimension are associated with a breakdown of 
BBB [122]. Another study looked at the association of deϐicit 
schizophrenia and leaky paracellular, transcellular, and 
vascular barriers in the BBB. They concluded deϐicit syndrome 
is a result of BBB dysfunction secondary to breakdown of 
paracellular and vascular pathways [123]

Meningitis: When the meninges are inϐlamed, the 
BBB may be disrupted. This disruption may increase the 
penetration of various substances into the brain depending 
on the permeability [124].

In a study, it was reported that signiϐicant induction of 
PDGF-B and ICAM-1 exists in meningitic E. coli mouse as 
well as monolayer hBMECs mo dels. The increase of PDGF-B 
may directly enhance the BBB permeability by decreasing 
the expression of Tj proteins, and the upregulation of ICAM-
1 contributing to neutrophils or monocytes recruitment as 
well as neuroinϐlammation in response to meningitic E. coli 
infection [125].

Streptococcus equi subsp. zooepidemicus (SEZ) is a 
zoonotic pathogen which causes meningitis in humans. A 
study which looked at the BBB permeability of the pathogen 
reported that virulence is because of a newly identiϐied Fic 
domain-containing protein, BifA. BifA was required for SEZ to 
cross the BBB and to cause meningitis in mice model as well 
as translocation across HBMEC monolayers. BifA activation of 
moesin appears to constitute a key mechanism by which SEZ 
disrupts endothelial monolayer integrity to penetrate the BBB 
[126]. Streptococcus pneumoniae causes bacterial meningitis. 
PLY (pneumolysin), a cytotoxin from pneumococcus, is related 
to the infection across BBB. PLY leads to the high expression 
of CERB-binding protein (CBP), which can lead to releasing of 
tumor necrosis factor α thereby enhancing apoptosis of cells, 
a signiϐicant factor leading to permeabilization of BBB [127].

Microglia has an important role in pathophysiology of 
bacterial meningitis. Microglia is responsible in triggering 
neuroinϐlammation, characterized by chemokine and cytokine 
release leading to white blood cell trafϐicking through vascular 
endothelium of brain and BBB disruption [128].
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Ureaplasma species (spp.) are known to cause invasive 
diseases in immunocompromised adults and in neonates, 
including neonatal meningitis. Ureaplasma spp. may provoke 
barrier breakdown by inducing apoptosis in HBMEC [129].

Discussion
This research article has given a molecular and cellular level 

understanding of BBB functions and has raised awareness 
about the role of BBB dysfunction in the pathogenesis of 
different CNS diseases mentioned above. our understanding 
of the BBB at the molecular and cellular level will continue to 
grow based on ϐindings in rodent models, the question remains 
to what extent these ϐindings are translatable to human BBB. 
Elucidating species- speciϐic similarities and differences 
in endothelial and pericyte expression proϐiles remains to 
be fully determined at the transcriptome and proteome 
levels. In terms of studying BBB function in humans, recent 
neuroimaging studies made important advances to allow us to 
measure regional BBB integrity and quantify subtle changes 
in BBB permeability in CNS regions as small as hippocampal 
CA1, CA3, and dentate gyrus subϐields which was lacking 
previously [126].

A critical question to ask and think moving forward is to 
understand what aspects of this BBB dysfunction are healing 
and what aspects are pathological. The current thinking should 
be at what inϐlammation level in brain or blood can cause BBB 
to become dysfunctional, leaky or even damaged completely 
and how to protect or repair a broken BBB. Thinking should 
also focus on delivering drugs into CNS which can cross BBB 
without causing any disturbance in function. We expect that 
imaging methods with 7T MRI and new technologies will 
improve our ability to detect BBB changes in humans, and 
determine how they relate to blood ϐlow changes, changes 
in structural and functional brain connectivity, and cognitive 
and motor deϐicits in different neurodegenerative disorders, 
as well as cell-speciϐic biomarkers of the vascular injury and 
NVU in bioϐluids.

Conclusion
BBB is an important cellular and molecular barrier 

that tightly controls the mileu of CNS to allow for proper 
neuronal functioning. This restrictive barrier is an extremely 
important because it acts as a gatekeeper to protect the 
CNS from toxins, pathogens, inϐlammation which can lead 
to pathology and disease as well as development of CNS-
acting therapeutics which can safely pass through it without 
causing any disintegrity. Finally, based on the current state 
of our knowledge, it is probably time to think about BBB not 
only as an impermeable cellular membrane which protects 
brain from peripheral inϐluences and should be breached for 
therapeutic CNS drug delivery, but also as an enormous source 
of understudied molecular and cellular targets in the disease 
state, which if explored could change the way we think about 

brain diseases and could lead to development of important 
new BBB-based approaches to treat them. Further studies are 
required in future.
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