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Abstract  

The blood-brain barrier regulates the flow of ions, chemicals, and cells by acting as a conduit between blood and cerebral 
tissue. Additionally, it shields the brain against pathogen invasion and immune cell infiltration. It is composed of 
endothelial cells, pericytes, astrocytic end feet, perivascular macrophages, and microglial cells, which help in 
maintaining its integrity. There are various signaling pathways that are also involved in maintaining its integrity. The 
Wnt/β catenin, FZD4/FZD7, Hedgehog and TGF-β signaling pathways were evident to produce components or factors 
which stabilise the BBB. However, the NF-B and ERK signaling pathways caused the creation of MMPs, which increased 
the BBB's permeability. These functions are altered in pathological conditions like Alzheimer’s disease, and Parkinson’s 
disease which are also mentioned. 
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1. Introduction 

The blood-brain barrier regulates the flow of ions, chemicals, and cells when blood and neural tissue come into contact. 
It protects the brain from pathogen invasion and infiltrating immune cells. The BBB was first identified by German 
microbiologist Paul Ehrlich in 1885 [1], following the injection of dyes into the bloodstream. In comparison to the CNS, 
the peripheral tissues had substantially more dye accumulation. Further research using electron microscopy 
demonstrated that endothelial cells create the mammalian blood-brain barrier [2]. Numerous neuronal, vascular, and 
immunological cells are strongly linked to the brain endothelial cells, which aids in preserving the BBB's integrity. 

2. Cells of BBB 

Endothelial cells, perivascular macrophages, pericytes, astrocytic endfeet, and microglial cells make up the blood-brain 
barrier [3].  

2.1.  Endothelial Cells (ECs) 

The inner layer of the blood vessels is composed of modified simple squamous epithelial cells originating from the 
mesodermal area. The continuous intercellular tight junctions (TJs), low rates of transcytosis, and lack of fenestrations 
(pores that permit the exchange of molecules between blood and tissue in peripheral ECs) that limit the movement of 
molecules make the ECs of the blood-brain barrier distinct from those of other tissues [4]. They are the most significant 
factor in the BBB's physical sealing. 
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2.2. Pericytes 

The endothelial cell layer is periodically surrounded by cells called pericytes. Intimate contact between pericytes and 
endothelial cells is essential for the proper development of BBB and the brain's vasculature because the ratio of 
pericytes to endothelial cells in brain vessels is higher than that in peripheral arteries. Transforming growth factor 
(TGF), which binds to receptors on both cell types, is secreted by pericytes and ECs. Platelet-derived growth factor B 
(PDGFB), a different factor, is expressed in endothelial cells and affects pericytes. These and other components are used 
by the pericytes to influence the function of BBB. Interrupted communication between ECs and pericytes can cause 
channel development to be disrupted and increase barrier permeability [5]. 

2.3. Astrocytes 

One of the main glial cell types, astrocytes, surrounds blood capillaries or brain processes. The extracellular matrix 
(ECM) proteins that are produced by the basal process end feet and contribute to the distinctive Basement membrane 
(BM) of the brain capillaries almost completely enshroud the capillary tube. After the BBB has been sealed, these cells 
start to appear in the brain postnatally [5,6]. Because of the biological connection that astrocytes offer between blood 
arteries and neurons, they can transmit signals that control blood flow in response to brain activity [7,8]. Controlling 
the contraction or dilation of the smooth muscle cells that surround capillaries and arterioles, respectively. 

2.4. Immune cells 

Immune cells from various types interact with CNS blood arteries and blood within the CNS. Microglial cells and 
perivascular macrophages make up the CNS cell population. Monocyte-derived cells called perivascular macrophages 
are found on the blood vessel's abluminal surface. They are created from blood-borne progenitor cells, which can pass 
across the BBB and can replenish themselves by 80% in just three months [9–11]. By phagocytosing cell debris, these 
cells serve as the initial line of defense for innate immunity. In the central nervous system (CNS), parenchymal immune 
cells called microglial cells participate in innate immunity, the regulation of wound healing, and neuronal growth 
[12,13]. They can also function in adaptive immunity as cells that deliver antigens. During embryonic development, 
these cells, which come from progenitor cells found in the yolk sac, enter the brain [14]. Several immune cell types in 
the blood, including neutrophils, T cells, and macrophages, interact and modify the BBB characteristics in response to 
an infection, injury, or disease [15,16]. 

 

Figure 1 Neurovascular Unit (NVU). It encompasses the molecular and cellular elements that communicate at the 
point where the blood meets the central nervous system. The vascular basement membrane of the artery contains 

pericytes, which interact with the endothelial cells that make up the vessel walls. Both are covered by astrocyte 
processes collectively. The Neurovascular Unit is made up of the microglia, perivascular macrophages, and neurons 

that interact with astrocytic processes. (Figure adapted from [2]) 
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3. Molecules of the BBB 

3.1. Tight junctions (TJs) 

The intricate tight connections between ECs, which, in contrast to simple tight junctions, offer a high electrical resistance 
(1800 cm2), carry out the barrier function [17]. By creating long, overlapping rows of occlusions between brain ECs, 
they greatly restrict the paracellular transit of macromolecules and polar substances into the central nervous system 
(CNS). This complex web of tightly knit connections is only present in the brain's capillaries. The three integral 
membrane proteins claudin, occludin, and junction adhesion molecules, as well as a variety of intracellular anchor 
molecules like Zonula occludins (ZO-1, ZO-2, and ZO-3), make up the TJs. [18]. 

3.2. Adherens junctions (AJs) 

In order to create adhesive interactions between cells, adhesion junctions are made up of membrane proteins called 
cadherin that connect to the actin cytoskeleton through intermediary proteins called catenins. It is known that certain 
adherent junction and tight junction components interact, especially ZO-1 and catenins, which affects tight junction 
assembly [19]. 

4. Signaling pathways associated with the blood-brain barrier 

4.1. Wnt /β-catenin signaling pathway 

The Canonical wnt / wingless pathway is one of the major pathways regulating brain development acting via β catenin 
stabilization. It promotes catenin's nuclear translocation where it interacts with T cell factor (TCF) or lymphoid 
enhancer factor (Lef) transcription factors to control gene transcription [20, 21, 22]. β catenin interacts with cadherins 
in the adherens junction, where it plays a role in cell-cell adhesion [23]. When Wnt/beta-catenin signaling is genetically 
disrupted, it has been found to cause severe impairments in CNS-specific angiogenesis and BBB characteristics [24, 25, 
26, 27]. Severe vascular abnormalities, such as capillary absence, thickening of the vascular plexus, and hemorrhagic 
malformed arteries, were present in the CNS of mice with a particular catenin mutation [24]. Additionally, the 
inactivation of catenin results in the up-regulation of plasmalemma vesicle-associated protein (PLVAP), which enhances 
transcellular vesicle trafficking and increases BBB permeability to plasma proteins, and the down-regulation of claudin-
3, a paracellular component of TJ [25]. 

 

Figure 2 Wnt signaling and BBB. The main components of adherens junctions and tight junctions at the interface 
between ECs are illustrated. When the Wnt receptors FZD and LRP5/6 are activated, GSK3 is inhibited, stabilising 

beta-catenin so that it can enter the nucleus and activate the T cell-dependent transcription factor (TCF). This results 
in the direct or indirect activation of the cldn3 gene, which produces the claudin protein that strengthens the tight 

junctions. (Figure adapted from Paul Polakis et.al; www.jcb.org/cgi/doi/10.1083/jcb.200810040 

http://www.jcb.org/cgi/doi/10.1083/jcb.200810040
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Multiple sclerosis, AD, PD, and cancer have all been linked to BBB breakdown in terms of both its physical and functional 
features. [28]. since the TJ complexes are where the BBB's physical features are located, enhancing Wnt signaling can 
help treat neurodegenerative diseases by fortifying the TJ. 

4.1.1. FZD4 and FZD7 signaling pathway 

Frizzled signaling is carried out by frizzled proteins having a length of five hundred to seven hundred amino acids with 
linkers, hydrophobic domains, and link to Wnt/β-catenin signaling, which henceforth are composed of frizzled genes. 
Studies report that they were initially identified in fruit flies (Drosophila melanogaster), in an experiment that dealt 
with the polarity levels of epidermal cells [29]. These genes are responsible for various signaling pathways, they act as 
receptors for the well-known Wnt signaling and play a crucial role as receptors. There are majorly 10 frizzled genes in 
humans, respectively named FZD1 to FZD10 with each gene having a different identity percentage of amino acids [29]. 

 

Figure 3 Canonical Wnt signaling facilitated by frizzled receptors. (a) Left side (Wnt signaling (canonical) – ON): The 
frizzled receptor along with the co-receptor LPR6 (Low-density lipoprotein related receptor 6) are both bound to Wnt, 

which in turn formulates combining of Axon with the previously phosphorylated LRP6, and also combining with 
Dvl(Dishevelled) and Ck1 (Casein kinase 1) resulting in the inhibition of GSK3 (Glycogen synthase kinase 3β), whose 

blocking results in the excess of beta-catenin in the cytoplasmic region, further translocating to the nucleus and 
henceforth stimulating gene expression. (b) Right side (Dkk1 Wnt signaling (canonical) – OFF): The Wnt antagonist 

Dkk1 (Dickkopf 1) on binding with the co-receptor LPR6, disables the function of Wnt of signaling through the 
canonical pathway and thereby inhibition of GSK3 since this function is lost, GSK3 performs phosphorylation of β-

catenin and henceforth making it as a target for degrading by the proteasome. (Figure adapted from [30]) 

The main factor causing brain injury is blood-brain barrier malfunction or failure, several reports have proved this along 
with ICH. The permeability levels are henceforth increased which follows up to brain edema build-up of fluid around 
the brain regions resulting in an increase in pressure) which is vascular-derived. Frizzled family receptor 7 (FZD 7) is a 
major receptor located on the endothelial cell surface of the retinal vasculature, and are most important receptors of 
Wnt signaling [31]. Results and studies prove that the expression of FZD7 in the brains of humans and mice is evident. 
Its role is to control vascular permeability and the activation of endothelial cell signaling [32]. Evaluation through Evans 
blue extravasation of BBB permeability, the volume of hematoma cells measured at time intervals of 24 hours and 72 
hours respectively, proved that the values had a considerable increase at 24 hours after the completion ICH, but the 
activation of the FZD 7 resulted in leakage of Evans blue in the region of the hemispheres, leading to dysfunctions in 
BBB [33]. 
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In a similar function of FZD 7, the FZD 4 or Norrin signaling also tends to activate the Wnt pathway in the function of 
retinal vascular development and has a vital influence in assessing the gain or loss function of BBB. According to a study 
carried out in mice to calculate or estimate the dysfunction blood-brain barrier, where the covalent adducts of biotin 
which underwent intracardiac perfusion of Sulfo-NHS-biotin, were taken and stained [34]. The results proved that the 
deletion or removal of the FZD 4, in turn, led to the loss of integrity of blood brain barrier and therefore eradication of 
it is highly localised in the molecular layer [35]. 

4.1.2. Hedgehog signaling pathway 

The hedgehog pathway (Hh) participates in neural guidance, embryonic morphogenesis, and angiogenesis [36,37]. It 
participates in vascular proliferation, development, and repairs adult tissues [38–40]. Sonic Hedgehog (Shh) signaling 
is predominantly involved in morphogenic CNS processes [41–43]. The Gli family of transcription factors then 
stimulates the target genes as a result of Smoothened's (Smo) activation when secreted Shh binds and inactivates the 
Patched-1 (Ptch-1) receptor [44]. Alvarez et al (2011).'s research suggests that perivascular astrocytes use the Hh 
pathway to connect with ECs in the blood-brain barrier because Ptch-1 and Smo were found on cultured BBB ECs but 
not on ECs and pericytes. Alvarez et al. (2011) also found that the mRNAs encoding occluding and claudin-5 were 
upregulated in response to Hh signaling. The deletion of Smo in ECs was associated with a considerable rise in the Blood 
Brain Barrier permeability to the endogenous blood proteins fibrinogen, immunoglobulins, apolipoprotein B, and 
postnatal day 19 (P19). Occludin, claudin-3, claudin-5, ZO1, and p120 expression significantly decreased along with the 
plasma protein leakage into the CNS, and laminin fragmentation and low laminin expression were shown to indicate a 
damaged basement membrane [45].   

4.1.3. Transforming growth factor - beta signaling pathway 

Transforming growth factor, a multifunctional cytokine, has a role in a number of cellular processes, including cell 
proliferation, differentiation, recognition, morphogenesis, wound healing, and death. Single-pass receptors are 
serine/threonine kinase receptors for TGF-beta. They are of two types – TGF-βRI and TGFβRII [46]. When a TGF-beta 
ligand attaches to and combines the type I and type II receptors on the cell surface, signaling is started [47]. 

 

Figure 4 TGF-β signaling. An illustration of Smad signaling through TGF-β receptors and TGF-β. TGF-β binds to TGF-β 
receptor II, activating TGF-β receptor I as a result. Smad2/3 in the cytoplasm is phosphorylated as a result of this. 

Smad2/3 that have been activated bind to Smad4 in the cytoplasm before being mobilised and acting as a 
transcription factor in the nucleus. This causes a range of cell-type-dependent reactions that are crucial for a number 

of processes, including the creation of the BBB and the improvement of tight and adherent junctions (TJs and AJs). 
BBB degradation results from TGF-β pathway dysregulation. (Figure adapted from M Kandasamy 

et.al;http://www.aginganddisease.org/EN/10.14336/AD.2020.0222) 

A receptor complex is formed when the type II receptor phosphorylates the type I receptor, which then phosphorylates 
the R-SMADs intracellularly. R-SMAD that has been phosphorylated joins forces with SMAD4 to go into the nucleus. It 
attaches to particular genes in the nucleus and controls a variety of cellular functions [48]. 

http://www.aginganddisease.org/EN/10.14336/AD.2020.0222
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TGF-beta signaling impacts the formation and permeability of the blood-brain barrier via regulating adherens and tight 
junctions. In one experiment, it was discovered that brain pericytes continuously produce TGF-beta, inducing and 
upregulating blood-brain barrier activity. Thus, tight connections are improved as a result of the TGF-beta pathway 
being activated between brain pericytes and brain endothelial cells [49, 50]. 

Another report shows that SMAD4 stabilizes EC-pericyte interactions by regulation of the transcription of N-cadherin 
in association with Notch signal transduction and therefore disruption of Endothelial TGF-beta/SMAD4 signaling results 
in blood-brain barrier breakdown [51]. 

4.1.4. NF-κB signaling pathway 

As a transcription factor that binds to the enhancer region and controls the production of the immunoglobulin κ  light 
chain in B cells and plasma cells, NF-κB was first identified in 1986 [52].  Nearly all cells express NF-B, which controls a 
wide range of essential processes using a huge number of target genes. The key functions of many of the NF-κB target 
genes are cell division, cell survival control, and inflammation. [53] NF-κB is a complex made up of two separate subunits 
or two subunits that are different from one another. The most prevalent kind is a p50 and p65 heterodimer, which is 
present in almost all cell types. IκB proteins keep the inactive NF-κB dimer in the cytosol. The IκB proteins cover up a 
nuclear transition signal at the NF-κB complex, which isn't released until the IκK (IkappaB kinase) complex 
phosphorylates it, at which point the IκB is broken down. The classical pathway and the alternative signaling pathway 
are the two pathways through which NF-κB enters the nucleus and degrades IκB [54]. 

The NF-κB factor was discovered after inflammation in numerous BBB constituents, including the ECs and astrocytes. 
Blood-brain barrier permeability increases as a result of inflammatory processes. 

NF-κB in Pericyte 

Activation of NF-κB in the pericytes was observed to lead to degradation of the basal membrane by secretion of MMPs 
(MMP-9). Following that, the BBB opens [55].  

NF-κB in ECs 

Endothelial cell activation of NF-κB was found to result in the breakdown of tight junctions, which in turn increased the 
permeability of the EC layer [56]. 

NF-κB in Astrocytes 

Deletion of IκB⍺ was found to continuously activate NF-κB in astrocytes, resulting in inflammation in the brain and the 
breakdown of BBB.  

4.1.5. ERK signaling pathway 

The MAPK pathway, else known as the ERK pathway, is a combination of three major pathways which include the RAS 
- (constituent is a G protein), RAF, MEK, and ERK – (three protein kinases). The point of initiation of the pathway is when 
a ligand binds to RTK (receptor tyrosine kinase), further loss of enzymatic properties is due to mutations in the RAS and 
continues to be attached to GTP making the pathway active throughout. The subsequent simplified schematic diagram 
clearly explains the pathway [57]. 

Several reports have shown that the blood-brain barrier permeability level increase is highly related to the depletion of 
the TJs and AJs in the endothelial cells [58]. Blood-brain barrier hyperpermeability can be induced by the Extracellular 
signal-related kinase (ERK), the process is carried out by altering the compositions of the tight junctions [59], although 
the process is feasible, there is an alternative mechanism where two Matrix Metalloproteins namely MMP2 and MMP9 
regulate the Blood-brain barrier permeability [60]. Another type of MMP, the MMP3 regulates blood-brain barrier 
permeability, and hence an experiment carried out in mice proves this with evidence of Evans blue extravasation [61]. 

Another report showcased the effects of the ERK pathway on the blood-brain barrier, showing reduced blood-brain 
barrier integrity when there occurs a condition of shortage or diminished supply of oxygen to the blood vessels. 
Inhibition of ERK resulted in the prevention of the above-mentioned dysfunction in BBB resulting in brain damage. A 
period of 8 hours of experimentation showed that the leakage of Evans blue was considerably reduced in the mice which 
were treated with ERK inhibitors, thus proving that the ERK activity inhibition reduces brain damage significantly 
during periods of shortage of oxygen [62]. 
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Figure 5 Schematic of the mechanism of ERK 1/2 pathway. This figure showcases the initial activation of Ras or Raf or 
MEK or ERK signaling run by phosphorylation of three tiers, the activated ERK 1/2 functions by phosphorylating 

various substrates in different parts of the cell. (Figure adapted from https://www.mdpi.com/1422-
0067/23/3/1464) 

5. Disorders 

5.1. Alzheimer’s disease 

A degenerative neurological condition called Alzheimer's disease results in the destruction of brain cells. The most 
typical kind of dementia, it is marked by severe cognitive impairments, including memory loss, language decline, 
visuospatial deficits, and emotional issues. Neurofibrillary tangles (NFTs), amyloid plaques, neuroinflammation, and 
oxidative stress are some of the clinical indicators of AD. There is evidence that one of AD's most prevalent 
pathophysiologic features is the blood-brain barrier's malfunction and degradation [63-66]. 

5.1.1. BBB dysfunction in AD 

It has been discovered that BBB disruption can boost or speed up the process of amyloid production in addition to 
reducing the brain's capacity to remove A [67–70]. 

The cleavage of the amyloid precursor protein (APP) in a certain order, first by -secretase and then by -secretase, 
results in the formation of A [71]. An overproduction of A may result from BBB malfunction activating - and  -
secretase [67, 71]. Furthermore, deteriorated BBB performance also causes oxidative stress in the brain [72]. 

Recent research suggests that the pathophysiology of AD is not just excessive production and accumulation but also an 
inability to remove Afrom the brain [65, 73]. The Aclearing process involves several BBB transporters. They include 
the RAGE (receptors for advanced glycation end products) [64,74,75], apolipoproteins [76], low-density lipoprotein 
receptor-related protein 1 (LRP-1) [77,78], efflux transporters ATP-binding cassette subfamily A member 1 (ABCA1), 
P-glycoprotein (P-gp) or ATP-binding cassette subfamily B member 1 (ABCB1), and breast cancer resistance protein 
(BCRP) [77,79,80].  

https://www.mdpi.com/1422-0067/23/3/1464
https://www.mdpi.com/1422-0067/23/3/1464
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5.1.2. Signaling pathways associated with Alzheimer’s 

Wnt signaling 

The secreted glycoproteins known as Wnt ligands function as signaling molecules in a variety of cellular activities [81]. 
Additionally, Wnt ligands may alter the efficiency of inhibitory and excitatory synaptic transmission [82], and Wnt 
signaling activation promotes long-term potentiation while Wnt signaling inhibition inhibits it [83]. Wnt signaling 
dysregulation has also been linked to the pathophysiology of AD [84], and Wnt signaling activity guards against Aβ-
induced synaptic dysfunction [85] and Aβ-dependent cytotoxic effects in hippocampal cultured neurons [86], it 
decreases Aβ deposition and spatial memory loss in APP/PS1 mice [87]. 

There is mounting evidence that the Wnt signaling pathway is crucial to the pathogenesis of Alzheimer's. The brains of 
several rodent AD models and the human brain with AD have both shown downregulation of Wnt signaling [88-92]. A 
study published by Vargas et al. suggests overexpression of Amyloid precursor protein and Presenilin 1 (APP/PS1) in 
an AD transgenic mouse model. An activator of non-canonical Wnt signaling that mimics the effects of Wnt-5a ligand or 
a potentiator of canonical Wnt signaling that requires activation of the signaling by endogenous Wnt-3a ligand 
bilaterally infused for a prolonged period of time improved memory in adult wildtype mice and rescued memory 
impairment in adult APP/PS1 mice, enhanced basal excitatory synaptic transmission in adult APP/PS1 [93]. Thus, these 
findings point to Wnt signaling stimulation as a potential Alzheimer’s therapy. [94]. 

Hedgehog signaling 

The sonic hedgehog pathway is best known for its role in development and in neurogenesis [95-100]. The canonical Shh 
signaling depends on primary cilia for signal transduction [97]. Armato et al. showed that A1-42 reduces the length 
and frequency of primary cilia, which disrupts SHH signaling in NIH3T3 cells. When compared to controls, the 
hippocampus of APP23 mice and AD patients had higher levels of the SHH signal components SHH, SMO, GLI1, & GLI2, 
but PTCH1, PTCH2, and GLI3 had lower levels [101]. In NIH3T3 Shh-Light2 cells, which persistently produce the Gli-
responsive luciferase construct, Vorobyeva et al experiments indicate a considerable decrease in Gli-mediated luciferase 
activity upon treatment with A42 [102]. 

TGFβ Signaling 

Many reports describe changes in TGFβ expression in AD Brains, serum, and CSF [103-109]. TGFβ1 isoform is expressed 
in the CNS as a result of CNS injury and may function as a protective and regenerative response [110].  TGFβ1 
immunoreactivity is increased in or close to amyloid plaques [105,106] and around cerebral blood vessels 
[104,108,109]. TGFβ-1 mRNA levels in the brain vary from person to person but are considerably elevated in 
Alzheimer’s brains than in controls [108,109]. In AD patients’ brains, TGFβ2 immunostaining was likewise elevated in 
activated glia and degenerating neurons [105,110]. Amyloid-beta (Aβ) peptide deposition was shown to be enhanced 
by the co-expression of TGFβ by Wyss-Coray et al. [108]. According to this research, the TGFβ signaling pathway may 
be involved in the degenerative nature of AD. On the other hand, data also show that TGFβ signaling functions as a 
neurotrophic route and aids in the survival of neurons [111]. Additionally, it can improve Aβ clearance, decrease plaque 
deposition, and boost microglial phagocytosis in transgenic mice [109]. Additionally, it has been demonstrated that 
astrocyte-derived TGFβ protects synapses from amyloid-β oligomers (AβOs) in AD models [112]. 

NF-κB Signaling Pathway 

There is accumulating evidence on the role of NF-κB in neurodegenerative diseases. The neurotoxic Aβ peptide, which 
builds up as plaques in Alzheimer's patients, has recently been shown to activate NF-κB in neuroblastoma cells [113] 
and cerebellar granule cells [114]. The production of reactive oxygen intermediates is necessary for this activation. The 
"receptor for advanced glycation end products" (RAGE) is also a receptor for Aβ, as Yan and colleagues discovered [115]. 
Nanomolar concentrations cause cytotoxicity when RAGE is expressed in COS cells. Patients with Alzheimer's disease 
were reported to have active NF-κB in this system in areas around early plaque stages [114]. 

ERK Signaling 

The ERK signal transduction pathway, which may control mitochondrial dynamics in mitochondria generated from AD, 
is poorly understood. Increased oxidative stress, mitochondrial stress, and neural stress are all linked to activated MAP 
kinases ERK [116,117,118]. In -synuclein-mediated alterations in mitochondrial dynamics, ERK activation is 
associated with enhanced mitochondrial fission and DLP1 translocation [119]. By reducing the levels of mitochondrial 
DLP1, the inhibition of ERK 1/ 2 activation restores mitochondrial morphology in AD. According to X.Gan et al., ERK 
activation brought on by oxidative stress increases DLP1 recruitment to mitochondria and causes excessive fission in 
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mitochondrial dynamics, which results in aberrant mitochondrial morphology like fragmentation [120]. Also, we infer 
from [120], that mitochondrial imbalance and dysfunction associated with AD depend on ERK, oxidative stress, & DLP1 
transduction of signals. 

 

Figure 6 Defects in AD mitochondrial dysfunction cause increased mitochondrial ROS generation/accumulation, 
which activates the ERK signaling pathway. Directly or indirectly, ERK activation throws off the equilibrium of 

mitochondrial dynamics, alters the levels of DLP1 expression, and ultimately results in abnormal mitochondrial 
architecture and function. The modification in mitochondrial morphology and function related to AD mitochondrial 

degeneration is rescued by mdivi-1's inhibition of DLP1 expression levels. (Figure adapted from [120]) 

5.2. Parkinson’s disease 

Parkinson's disease (PD) is a complicated progressive neurological ailment that typically affects people over the age of 
60. It is the second most frequent neuropathological ailment and the most common movement disorder. Parkinson's 
disease often manifests as both motor and non-motor symptoms at its onset. Some of the key clinical symptoms of 
Parkinson's disease are tremors, bradykinesia, postural instability, and stiffness. Lewy bodies, which are intracellular 
inclusion bodies, rich in ⍺-synuclein, and the loss of the neurotransmitter dopamine in the substantia nigra pars 
compacta (SNpc) are characteristics of Parkinson's disease [121-124].  

5.2.1. BBB dysfunction in PD 

Disruption of BBB has been linked to neurodegeneration in the SNpc in several animal studies. Because Parkinson's 
disease involves a secondary degree of BBB disruption, the cerebrovasculature is damaged downstream from the first 
insult, exacerbating the condition. The integrity of the striatal BBB was shown to be impaired with disruption in 
research utilizing the MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) paradigm [127]. In addition, there was 
extensive transient albumin leakage, suggesting that the BBB paracellular pathway was disrupted [125-128]. In 
humans, a PET investigation on Parkinson's disease (PD) patients revealed a failure of the BBB transporter system. Gray 
et al. (2015) discovered a substantial increase in BBB permeability in the post-commissural putamen of Parkinson's 
disease patients in histological research [129]. Numerous studies using human and animal models of Parkinson's 
disease show a pathogenic link between BBB collapse and dopaminergic neuronal death. The processes behind 
dysfunction are yet unknown, despite clinical evidence and in vitro research indicating that disruption of the Blood-
Brain Barrier is linked to neuronal cell death and neuroinflammation in Parkinson's disease [130-133]. 

5.2.2. Signaling pathways associated with PD 

Wnt signaling 

Dysregulated Wnt signaling is implicated in the development and progression of Parkinson's disease, according to an 
increasing body of experimental evidence. Parkinson's disease is brought on by a selective degeneration of 
mesencephalic dopaminergic (DA) neurons in the substantia nigra (SNc), which is regulated by canonical Wnt signaling. 
Studies have shown that Wnt1 expression increases the number of rat midbrain DA neurons in vitro and that Wnt1 
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deficiency impairs mesencephalon growth [134-136]. There are different hints that a population of astrocytes has been 
functionally activated. Reactive astrocytes are known for their active proliferation, morphological cell body expansion, 
and increased production of several neurotrophic factors, which are primarily distributed in the nigra and striatum of 
people with PD symptoms. In the MPTP model of PD, these reactive astrocytes and Wnt/β-catenin signaling showed a 
connection between nigrostriatal damage and healing [137]. Degeneration of DA neurons caused by the MPTP insult 
results in the regulation of Frizzled 1 and beta-catenin (Wnt signaling molecules), which in turn triggers the reactivation 
of the glial activation. The primary source of Wnt1 candidate cells is the active and reactive astrocytes found in the 
ventral midbrain. In primary mesencephalic astrocyte-neuron cultures, the Wnt/Fzd signaling inhibition with Dkk1 
abolished the astrocyte-induced neuroprotection against the toxicity of MPP (+). The astrocyte-derived Wnt1 belonging 
to adult midbrain stem cells further boosted DA neurogenesis. 

On the other hand, activation of Wnt/-catenin signaling in living organisms corrected the incapacity of DA neurons to 
recover and also prevented the absence of Wnt transcription in response to MPTP. This suggests that Wnt1 and MPTP-
reactive astrocytes play a neuroprotective role in DA neuronal plasticity. Furthermore, it suggests that in the mature 
mammalian nervous system, Wnt signals might serve as the main mediators of neuron-glial communication. The 
frizzled-1/beta-catenin signaling pathway is a potential candidate in the regulatory circuit for DA neuron-astrocyte 
interaction in the ventral midbrain [138,139]. Additionally, the development of neurons and glia in neurospheres may 
be influenced by the activation or inhibition of Wnt/β-catenin signaling. Gliogenesis from neural stem cells was 
accelerated up by decreasing Wnt signaling. Long-term stimulation of the Wnt signaling pathway by Wnt-7a or GSK3 
inhibitors led to a modest increase in the rate of assisted neuronal differentiation and decreased gliogenesis. Dkk1 
overexpression and Wnt pathway inhibition, however, markedly increased gliogenesis. 

Parkinson's disease treatment may significantly advance thanks to reactive astrocytes and microglia, according to a 
growing body of studies (PD) [140-142]. 

TGFβ- signaling 

The major connecting link between Parkinson’s disease and TGF beta signaling are the family of neurotoxins profoundly 
known as α-synuclein (αSO). They perform by acting on the specialized fivefold glial cells called the astrocytes [143]. 
According to reports [144], patients with Parkinson's disease have much higher amounts of TGF beta in their brain and 
ventricular cerebro-spinal fluid (CSF) than healthy individuals. 

The neurological and motor activities of nerves play a significant role in Parkinson's disease. TGF-beta deficit and the 
downstream gene Smad3 deficient contributed to the enhancement of these neurological and motor functions [145]. 
The major study [146] proved that TGF-beta signaling activation is responsible for the protection of neurons in the mice 
PD models. 

The stimulation of the first counterpart by the neurotoxic-synuclein (SO) results in elevated levels of TGF-beta. This 
further stimulated and greatly enhanced the astrocytes' capacity for synaptogenesis. On the other hand, α-synuclein, 
which controls the loss of synapses, has a significant impact on mesenchymal nerve cells. TGF-beta therapy can treat 
this cause because it safeguards the mesenchymal neurons [147]. 

Hedgehog signaling 

The Sonic Hedgehog protein (SHH) is a functional protein that is essential for the binding of patched receptors (Ptch). 
This pathway is primarily activated in cases of brain traumas and neurodegenerative illnesses like Parkinson's disease. 
They have a beneficial effect by shielding dopaminergic cells grown in culture from the poisonous MPP positive effect 
and restoring TH [tyrosine hydroxylase] positivity in living beings, which further enhances the nigrostriatal pathway 
[148]. 

A study [149] has demonstrated that the Parkinson's disease model will eventually have a higher or increased function 
of the motor neurons; this only happens as a result of overexpression of the Sonic Hedgehog signaling by reducing the 
loss of DA neurons and also stabilising and restoring the nigrostriatal pathway.  

According to the most current study [150], behavioural deficits are reduced, microglial cell activation is inhibited, the 
body's inflammatory response is attenuated, and dopaminergic neurons are protected as a result of Sonic Hedgehog 
signaling through the PI3K/Akt pathway. This work was conducted in two stages: the first stage used a mouse model of 
PD caused by MPTP, and the second stage used a lab model of BV2 microglial cells treated with LPS. 
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NF-kB signaling 

The NF-κB-mediated neuroinflammation plays a significant role in the aetiology of Parkinson's disease. The degradation 
of dopaminergic neurons in Parkinson's disease has been linked to alterations in NF-κB expression and nuclear 
translocation, according to a number of studies [151]. As a crucial regulator of various cellular events, Nuclear Factor-
Kappa B has been implicated in multiple pathophysiological pathways linked with Parkinson's disease (PD), including 
mitochondrial dysfunction, inflammation, misfolded alpha-synuclein accumulation, and synaptic loss [152]. As 
previously stated, the NF- κB complex is made up of two subunits, the most prevalent of which are p50 and p65. It also 
contains Rel proteins like Rel-A, c-Rel, and RelB. The C-terminal Transcriptional Activation Domains (TADs) allows Rel 
proteins to increase the expression of target genes. According to Ghosh et al., Rel-A upregulation may at least partially 
contribute to the degeneration of dopaminergic neurons, as evidenced by the observation of elevated Rel-A subunit 
levels in glial cells and dopaminergic neurons of SN in PD patients. Rel-A suppression also prevented the loss of DA 
neurons in mice treated with MPTP [153]. In contrast, a long-term experiment revealed that mice lacking c-Rel 
developed -synuclein illness, which started in the olfactory bulb and advanced to the SN, followed by an increase in 
microglial activation and the associated motor symptoms. Following these alterations, oxidative/nitrosative stress and 
mitochondrial dysregulation occurred, revealing the neuroprotective effects of c-Rel [154-156]. 

ERK signaling 

The Mitogen-Activated Protein (MAP) Kinase family is a subset in charge of intracellular signaling. They are in charge 
of a number of crucial eukaryotic activities, such as mitosis, cell division, cell death, and survival, among others [157]. 
The ERK 12 isomer is the most prevalent subgroup of the MAP kinase family. Major MAPK pathways known as ERK 1 
and ERK2, are essential for cell differentiation, proliferation, survival, apoptosis, and other processes. Insulin and G 
protein-coupled receptors are activating agents that stimulate signal transmission by interacting with RTKs (Receptor 
with Tyrosine Kinase Activity) and GPCRs (G protein-coupled receptors). The ERK 12 signaling is essential for neuronal 
death in Parkinson's disease, which in turn is the driving force behind all neurodegenerative illnesses [158]. A study 
[159] on the CG4 cell line of the cells covering and further safeguarding nerve cells, particularly in the brain and spinal 
cord, established that the ERK 12 pathway inhibitor, PD98059, can be utilised to either tolerate or prevent hydrogen 
peroxide-induced cell death or apoptosis. Additionally, this inhibitor prevents the glial cells' production of nitric oxide, 
which causes the degeneration of neuronal cells [160]. Further, the inhibitor U0126 stated that striatal neuron death or 
damage induced by dopamine is also a causative result of the ERK ½ activation [161]. Some of the vital processes acting 
as a connective link between Parkinson's disease and ERK signaling include mitochondrial dysfunction, cell survival, 
apoptosis, oxidative stress, etc. [162]. 

6. Conclusion 

The blood brain barrier is a vast field that still needs to be explored insignificantly. In this review paper, we have 
discussed the various cells involved in BBB functioning namely endothelial cells, pericytes, astrocytes, and immune cells, 
and further, molecular junctions such as tight junctions and Adheren junctions were also mentioned. The major plot of 
the review included the signaling pathways associated with BBB, starting from the Wnt/β-catenin signaling, followed 
by FZD4 and FZD7, Hedgehog, transforming growth factor (TGF) - Beta, NF - κβ, and finally ERK signaling. Each signaling 
pathway is explained in detail along with the metabolic working process with reference to various studies and research, 
and appropriate figures were given whenever required.  

In addition to this, two major diseases that cause alterations in the Blood brain barrier (BBB) integrity were brought up 
into discussion - namely Alzheimer’s and Parkinson’s. The altered signaling pathways and BBB dysfunction were 
adequately mentioned in both disorders. To mention, the pathways that were altered in both Alzheimer’s and 
Parkinson’s encompassed Wnt signaling, Hedgehog, transforming growth factor (TGF) - Beta, NF – κβ, and ERK signaling 
pathways. Hence, even after discussing various aspects of BBB, it is still a mystery to humanity and copious research 
and projects are operational in order to bring light and clarity into this field. 
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