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Alzheimer’s disease (AD) is a common neurodegenerative disorder characterized by the accumulation of amyloid-beta (Aβ), hyperphosphorylation of tau, and neuroinflammation in the brain. The blood–brain barrier (BBB) limits solutes from circulating blood from entering the brain, which is essential for neuronal functioning. Focusing on BBB function is important for the early detection of AD and in-depth study of AD pathogenic mechanisms. However, the mechanism of BBB alteration in AD is still unclear, which hinders further research on therapeutics that target the BBB to delay the progression of AD. The exact timing of the vascular abnormalities in AD and the complex cause-and-effect relationships remain uncertain. Thus, it is necessary to summarize and emphasize this process. First, in this review, the current evidence for BBB dysfunction in AD is summarized. Then, the interrelationships and pathogenic mechanisms between BBB dysfunction and the risk factors for AD, such as Aβ, tau, neuroinflammation, apolipoprotein E (ApoE) genotype and aging, were analyzed. Finally, we discuss the current status and future directions of therapeutic AD strategies targeting the BBB. We hope that these summaries or reviews will allow readers to better understand the relationship between the BBB and AD.
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1. Introduction

Currently, there are more than 50 million dementia patients worldwide, with Alzheimer’s disease (AD) accounting for approximately 60–80% (Author, 2022). AD is a progressive and irreversible neurodegenerative disease, and its clinical manifestations include memory loss, cognitive dysfunction, and behavioral disturbances (Frozza et al., 2018). The pathological features of AD include Aβ accumulation, abnormal tau protein metabolism, and a neuroinflammatory response (Breijyeh and Karaman, 2020). Recent autopsy studies have shown that dysfunction of the blood–brain barrier (BBB) is closely associated with AD (Kurz et al., 2022). Disruption of BBB integrity in AD was found to precede symptoms of cognitive impairment by several years, with brain capillary damage and BBB disruption in the hippocampus considered early biomarkers of cognitive dysfunction (Nation et al., 2019). Disruption of the BBB results in nonselective entry of solutes from circulating blood into the extracellular fluid of the central nervous system (CNS), where the neurons are located, further damaging the affected brain tissue and triggering neurodegeneration (Zhao et al., 2015). BBB disruption is increased in AD patients, which may be due to pathological changes and factors associated with AD, such as Aβ pathology, tau pathology, neuroinflammation, apolipoprotein E epsilon4 (ApoE ε4) allele, and advanced age. Focusing on BBB dysfunction in AD is of great significance for both the early detection of AD and the in-depth study of AD pathogenic mechanisms. Therefore, there is an urgent need to investigate the association between AD and BBB dysfunction and its underlying mechanisms. Here, we first summarized the evidence of BBB dysfunction in AD. Then, we analyzed the interrelationships and pathogenic mechanisms between AD and BBB dysfunction and the risk factors for AD, such as Aβ, tau, neuroinflammation, ApoE4 and aging. Finally, we discussed the current research status and potential future directions to reveal the mechanism by which the BBB contributes to AD pathology and develop BBB-targeted drug therapy for AD.



2. Molecular structure and functional characteristics of the BBB

The capillaries of the human brain are 650 km long, accounting for more than 85% of the total vascular length of the brain (Zlokovic, 2008; Pardridge, 2015). The BBB is a highly specialized brain endothelial cell (BEC) membrane (Zenaro et al., 2017). The BBB is mainly composed of BECs linked together by tight junction (TJ) proteins that are covered by a continuous basement membrane, pericytes and astrocyte terminal protrusions (Langen et al., 2019). The TJ complex is a unique molecular structure of the BBB and is composed of claudins, occludins, zonula occludens-1 (ZO-1), ZO-2, ZO-3, and adhesion molecules (Maiuolo et al., 2018). Pericytes share the basement membrane with BECs and regulate vascular permeability by releasing activating signals and controlling resting BEC differentiation (Langen et al., 2019). The protrusions of astrocytes extend into the capillaries with dilated ends and adhere as “end-feet” to the basement membrane of the vessels, which makes it more difficult for harmful substances to enter (Langen et al., 2019). Microglia are located outside the BBB and are able to sense microorganisms in the CNS and engulf and destroy those they encounter (Zenaro et al., 2017). Therefore, microglia are another line of immune defense against potential pathogens or toxins that cross the BBB. The majority of proteins and molecules do not pass directly through the BBB. Small molecules such as amino acids, glucose, vitamins and other trace elements needed by the brain need to be mediated through specific carriers, while biological macromolecules such as functional proteins and hormones require receptor-mediated transport to be able to pass through the BBB (Tiani et al., 2019). The BBB restricts the entry of blood products, circulating metals, pathogens and red blood cells into the brain, thereby stabilizing the internal environment of the brain tissue and ensuring that neurons and glial cells are able to work at their optimal level (Zlokovic, 2008; Sweeney et al., 2019). Future studies need to find effective targets for preventing or repairing neurovascular dysfunction, thereby slowing or halting the progression of AD.



3. Evidence of BBB dysfunction in AD

Due to vascular degeneration, altered molecular transport between the blood and brain, abnormal angiogenesis, cerebral underperfusion and inflammatory responses, BBB dysfunction may initiate and promote a “vicious cycle” of disease processes leading to progressive synaptic and neuronal dysfunction (Zlokovic, 2008). Numerous studies have shown evidence of the BBB-AD relationship in AD autopsy specimens, imaging data, cerebrospinal fluid, and animal models (Bowman et al., 2007; Zhao et al., 2015; Nelson et al., 2016; Wang et al., 2022). Here, we summarize the evidence for BBB dysfunction in AD (Tables 1, 2).



TABLE 1 Evidence of BBB dysfunction in AD patients.
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TABLE 2 Evidence of BBB dysfunction in animal models of AD.
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3.1. Evidence of BBB dysfunction in autopsy specimens

Evidence from postmortem brain tissue analysis demonstrated BBB dysfunction in AD patients (Zipser et al., 2007; Ryu and McLarnon, 2009). Common metrics include brain infiltration of circulating cells, leakage of blood-derived proteins (such as fibrinogen, thrombin and albumin), and structural changes in BBB components. Chen and Strickland (1997) highlights that laminin degradation catalyzed by circulating fibrinolytic enzymes disrupts neuronal extracellular matrix interactions and sensitizes hippocampal neurons to cell death. In addition, postmortem studies have demonstrated blood-derived protein accumulation, BBB-specific cell degeneration and vascular endothelial damage in the brain parenchyma of dementia patients (Wisniewski and Kozlowski, 1982; Slemmon et al., 1994). The postmortem brain results showed that peripheral macrophage infiltration was present in AD patients (Fiala et al., 2002). This finding may be due to increased glial cell activation in the brain and BBB dysfunction (Bettcher et al., 2021; Cisbani and Rivest, 2021). Although evidence from postmortem brain tissue of AD patients suggests that BBB dysfunction is a major player in AD pathology, it is difficult to exclude the possibility of BBB damage and changes in biochemical indicators due to lack of circulatory and internal environmental imbalance in the postmortem period by autopsy analysis. Moreover, it is difficult to obtain evidence of BBB damage and BBB dynamic changes in early AD from autopsy specimens.



3.2. Evidence of BBB dysfunction in neuroimaging data

Due to the rapid development of neuroimaging technology, AD diagnosis has also moved away from the previous stage of neuropathological biopsy/postdeath autopsy to realize the diagnosis of early BBB dysfunction (Bernal et al., 2021; Ohene et al., 2021). Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) using a paramagnetic gadolinium-based contrast agent was able to detect BBB leakage in patients with early AD (Montagne et al., 2015). DCE-MRI results showed that compared with control subjects, early AD patients had significantly increased vascular leakage in gray matter and cortex, which correlated with cognitive decline (van de Haar et al., 2016). A 3 T susceptibility weighted imaging (SWI) study showed that approximately 46% of AD patients had microhemorrhages (Uetani et al., 2013), and the percentage of such microhemorrhages was even higher with 7Tesla MRI, rising to 78% (Brundel et al., 2012). In addition, the extent of coexisting vascular factors should be considered when interpreting BBB disruption. Cheng et al. (2023) noted that in AD patients, BBB injury is accompanied by severe cerebral small-vessel disease (CSVD), including microhemorrhages. The heterogeneity of concomitant vascular pathology in the AD brain may also contribute to the differences in these findings. These data provide experimental support for the role of BBB dysfunction in the pathophysiology of AD and suggest that more sensitive imaging techniques may help to further observe changes in the BBB in future studies.

In addition, abnormalities in BBB transporters are often observed in patients with mild cognitive impairment (MCI) and early AD (Szablewski, 2021). Brain uptake of the radiolabeled glucose analog 18F-fluorodeoxyglucose is dependent on glucose transporter proteins in the BBB endothelium (Kato et al., 2016). Recently, a study examined 18F-fluoro-2-deoxy-D-glucose positron emission tomography (18FDG-PET) in patients with AD and MCI and healthy individuals who served as controls. The results showed a significantly lower FDG standardized uptake value ratio (SUVr) in the dentate gyrus (DG) of AD/MCI patients and significantly lower volumes of cornu ammonis (CA1), DG and whole hippocampus in AD and MCI patients (Carlson et al., 2020). In addition, reduced transporter P-glycoprotein (P-gp) activity can be found by using 11C-verapamil PET imaging in AD patients (Deo et al., 2014). Detecting BBB transporter alterations by PET imaging provides new ideas and directions for exploring pathophysiological alterations in AD.



3.3. Evidence of BBB dysfunction in cerebrospinal fluid

Albumin (Alb) is a low molecular weight protein that is neither synthesized in the nervous system nor involved in its metabolism. Therefore, the ratio of clear protein in cerebrospinal fluid and blood, the albumin quotient (Q-Alb), is often used as a measure of BBB leakage (Musaeus et al., 2020). In several previous studies, Q-Alb was elevated in patients with AD and MCI (Skillback et al., 2017). However, a meta-analysis suggested that Q-Alb is not an appropriate biomarker for the diagnosis of AD (Olsson et al., 2016). Cerebrospinal fluid albumin levels may be influenced by protein hydrolytic cleavage and albumin uptake by brain macrophages, microglia, astrocytes, neurons, and oligodendrocytes (Braganza et al., 2012; LeVine, 2016). Therefore, it is advisable to use other measurements together with Q-Alb when assessing BBB permeability. Recently, Sweeney et al. (2020) developed a highly sensitive and reproducible standard assay protocol for soluble platelet-derived growth factor receptor β (PDGFRβ) immunoassay with a dynamic range of 100 to 26,000 pg/mL. Several studies have confirmed elevated levels of PDGFRβ in the cerebrospinal fluid of patients with AD and MCI (Miners et al., 2019; Nation et al., 2019). This suggests that PDGFRβ in cerebrospinal fluid could serve as a potential biomarker for BBB dysfunction in AD, which still needs to be confirmed by more studies (Sagare et al., 2015).



3.4. Evidence of BBB dysfunction in animal research

Pathological evidence of cerebrovascular and BBB dysfunction in AD transgenic mouse models has also been frequently reported (Montagne et al., 2017). Cao et al. (2019) found that early and progressive BBB dysfunction, vascular density, and cerebral blood flow decreased in APPswe/PS1Δe9 (APP/PS1) double transgenic AD model mice. In 5XFAD model mice that expressed mutations in the human amyloid precursor protein (APP) and Presenilin-1 (PS1) genes, increased BBB permeability and reduced PDGFRβ + pericyte numbers were observed (Giannoni et al., 2016). Another study found that P301L transgenic mice had an anomalous helical shape of cortical vessels, reduced vessel diameter, increased vessel density, and altered expression levels of angiogenesis-related genes [such as vascular endothelial growth factor A (VEGFA), serpin family E member 1 (SERPINE1) and urokinase-type plasminogen activator (PLAU)] (Bennett et al., 2018). Similar results were found in a 13-month-old transgenic rat model of AD with APPswe and PS1Δe9 mutations (TgF344-AD) (Dickie et al., 2021). In conclusion, evidence from animal studies suggests that BBB dysfunction is a major factor in AD pathology and that this may be an early event in AD.

The animal model obtained by simulating the aging process reproduces the pathological changes of AD more realistically. However, aging is only one of the risk factors for the development of AD, which is a pathological change that occurs on the basis of aging and is different from the normal physiological aging process, so the aging animal model cannot truly replace the AD model. Current research on AD has been conducted mainly in AD disease models, most of which are transgenic mouse models. There are a variety of transgenic mice that express genes related to AD, such as APP, PS1, tau, and ApoE. Mouse models carrying multiple mutations in APP showed Aβ deposition and cognitive deficits but no neurogenic fiber tangles or neuronal death (Li et al., 2023). Mouse models carrying a combination of mutations in APP and other genes [e.g., PS1, Presenilin-2 (PS2), and microtubule-associated protein tau (MAPT)] showed earlier and more aggressive pathological and behavioral changes than mouse models carrying only APP mutations (Li et al., 2023). However, the aging process in rodents does not fully reflect human pathology. One study used zebrafish as a model animal for functional studies and found that claudin-5-deficient zebrafish exhibit impaired BBB (Deshwar et al., 2023). Nonetheless, the utilization of zebrafish in AD-related BBB research is constrained due to its remarkable neuronal regenerative capabilities (Bhattarai et al., 2017). Compared to humans and mice, Drosophila is less relevant to humans and does not have the complex behavioral patterns of humans. Therefore, for more complex experiments, the use of more evolved non-human primates that are morphologically and genetically closest to humans may be a better choice for the future. It is worth noting that the relevance of physiological versus pathological brain aging cannot be fully captured by any current animal model. Since aging is the most important risk factor for late-onset AD, this is an important factor that cannot be fully captured in “advanced aging” models because they do not fully encapsulate the temporal and multifactorial aspects of human aging. Given that the neuropathological basis of AD remains unclear and that each model has its own advantages and limitations, comprehensive consideration should be given to selecting the most appropriate animal model for targeted studies.




4. BBB dysfunction accelerates AD

Many studies have demonstrated BBB damage in patients with AD, including vascular leakage, microhemorrhages, accumulation of perivascular blood-derived products, and dysfunction of the neurovascular units (NVUs) (Sweeney et al., 2018). Emerging studies have shown that many important pathological factors of AD, including Aβ, tau, neuroinflammation, ApoE4, and aging, are associated with BBB damage. We describe the relationship between BBB dysfunction and these AD pathological factors below.


4.1. BBB dysfunction correlates with AD pathology


4.1.1. BBB dysfunction accelerates Aβ deposition

Aβ production is a process in which APP is sequentially cleaved first by β-secretase and then by γ-secretase (Atwal et al., 2011). In animal models of AD, 70–85% of Aβ in the brain is mainly cleared across the BBB, with only a very small fraction cleared through intercellular fluid (Shibata et al., 2000). Aβ deposition is highly heterogeneous and contains multiple fragments, mainly from the catabolism of Aβ40/Aβ42, which exhibit different aggregation properties (Hartz et al., 2012). Aβ peptides that mainly adopt the protofibrillar conformation, such as Aβ42 and Aβ4-42, have the greatest effect on BBB permeability, while peptides that mostly remain as monomers in the form of Aβ1-16 and Aβ1-34 or form low molecular weight oligomers such as Aβ40 and Aβ4-34 have the greatest effect on EC monolayer transendothelial electrical resistance (Hartz et al., 2012). Numerous studies have shown that lipoprotein receptor-related protein-1 (LRP1) and receptor for advanced glycation end products (RAGE) in the BBB are essential for regulating Aβ homeostasis in the brain (Moir and Tanzi, 2005; Sharma et al., 2012). In a physiological state, Aβ binds to LRP1, and peripheral clearance of Aβ occurs with the assistance of the adenosine triphosphate (ATP)-binding cassette transporter protein P-gp, which transports Aβ out of the brain across the BBB (Storck et al., 2018; Erdo and Krajcsi, 2019; Figure 1). Simultaneously, RAGE expressed by BEC can bind to peripheral free Aβ to reuptake it into the brain (Cai et al., 2016; Figure 1). When LRP1 is reduced or RAGE is increased on the BBB, peripheral clearance of Aβ is blocked, and re-entry of Aβ into the brain is increased, accelerating Aβ accumulation in AD (Shang et al., 2019; Figure 1). In addition, BBB dysfunction may activate β-secretase and γ-secretase cleavage of APP, ultimately leading to Aβ overproduction (Atwal et al., 2011; Zhang et al., 2013). In the AD state, Aβ production far exceeds the clearance capacity of the BBB, exacerbating Aβ accumulation in the brain (Parodi-Rullan et al., 2021). Aβ aggregation is observed in the vessel walls of most patients with AD, a phenomenon or disease called cerebral amyloid angiopathy (CAA) (DeTure and Dickson, 2019). Moreover, the number of BBB TJ proteins was reduced by 30% to 40%, and glial cell aggregation and activation and fibrinogen leakage into the brain parenchyma were presented (Carrano et al., 2012). Aβ oligomers were found to act directly on BECs to inhibit their wingless and int-1 (Wnt)/beta-catenin (β-catenin) signaling, thereby disrupting BBB function (Wang et al., 2022).
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FIGURE 1
 BBB dysfunction accelerates Aβ deposition. Under physiological conditions, Aβ binds to LRP1, and peripheral clearance of Aβ occurs with the assistance of P-gp, which transports Aβ out of the brain across the BBB. Simultaneously, RAGE expressed by endothelial cells can bind to peripheral free Aβ to reuptake it into the brain. When LRP1 expression decreases and RAGE expression rises in the BBB, peripheral clearance of Aβ is blocked, and re-entry into the brain increases, which leads to Aβ accumulation in the brain. In addition, decreased GLUT1 expression in endothelial cells leads to BBB disruption and transcriptional repression of LRP1, which accelerates Aβ pathology and leads to secondary neurodegenerative changes, neuronal loss, and brain atrophy. Thus, the malignant accumulation of Aβ in the brain may become a destructive feedback loop that may eventually induce neuronal damage in the brain, leading to impaired cognitive and memory functions.


Furthermore, several studies performed in MCI patients and early AD patients have shown that decreased glucose transporter 1 (GLUT1) expression suppresses glucose transport through the BBB prior to brain atrophy, neurodegenerative manifestations, or conversion to AD, leading to impaired local glucose uptake, which in turn causes inadequate neuronal energy sources (Simpson et al., 1994; Winkler et al., 2015). Reduced expression of GLUT1 in BEC triggers the damage of the BBB and transcriptional repression of LRP1, which accelerates Aβ pathology and ultimately causes glial cell inflammatory responses, neuronal damage, and brain atrophy (Figure 1). Aβ deposits impair the ability of the BBB to transport nutrients, remove metabolic waste, and prevent the invasion of harmful substances, leading to worsening vascular pathology in the AD brain, further neurodegeneration, and a vicious cycle leading to progressive cognitive decline (Figure 1).



4.1.2. BBB dysfunction expedites tau formation and dispersion

Neurofibrillary tangles (NFTs) are another major pathological feature in AD and are formed by abnormal aggregation of neuroprogenitor fibers, the main component of which is highly phosphorylated tau (P-tau). Overphosphorylation inhibits tau binding to microtubules, resulting in the formation of paired helical filaments (PHFs), which then form NFTs in AD (Crespo-Biel et al., 2012; Figure 2). These alterations trigger instability of the cytoskeleton (Kolarova et al., 2012), leading to impaired transport of substances, degeneration of nerve fibers and ultimately cell death (Liu et al., 2007; Figure 2).
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FIGURE 2
 BBB dysfunction expedites tau formation and dispersal. Tau protein status determines the binding and stability of microtubule protein aggregates in neuronal cells. Hyperphosphorylation causes tau protein to lose its ability to bind microtubules, which triggers the formation of PHF and subsequently leads to the formation of NFTs. In addition, tau protein interacts with glial cells and leads to the release of proinflammatory cytokines, causing the dysfunction of TJ proteins, atrophy of pericytes, and disruption of basement membranes, which in turn exacerbates damage to the BBB. Eventually, the pathological effects of tau in the brain may spread to endothelial cells and pericytes, inducing and accelerating BBB dysfunction, which in turn leads to neuronal activity dysfunction.


Although tau has not been studied as extensively as Aβ in AD pathology, the association between tau and the BBB will be further explored as the importance of tau in AD becomes increasingly recognized. A recent study showed that cultured primary rat BECs exposed to oligomeric tau changed the endothelial properties of the BBB and promoted the migration of blood to brain cells (Majerova et al., 2019). Using a tau disease transgenic rat model (SHR-72), Majerova et al. (2019) found numerous undulating protrusions on the luminal surfaces of BECs, markedly inhomogeneous basement membranes, and twisted or distorted TJs. Interestingly, direct exposure of BEC to aggregated tau protein alone did not elicit any significant response, whereas migration of peripheral blood monocyte-derived macrophages (PB-MoM) increased 24 h after addition of aggregated tau in the presence of glial cells (Majerova et al., 2019). This finding indicates that glial cells drive neuroinflammation in tau lesions and may accelerate BBB damage (Figure 2). Glial cells activate and release proinflammatory cytokines, including interleukin-1beta (IL-1β), tumor necrosis factor-alpha (TNF-α), and interleukin-6 (IL-6), which alter endothelial properties (Zilka et al., 2009; Lee et al., 2010; Figure 2). The progressive increase in immunoreactive cells with incremental NFT loading suggests that activated glial cells promote the immune response to tau neurogenic fiber pathology (Zilka et al., 2009). This finding suggests that the crosswalk between oligomeric tau proteins and glial cells causes neuroinflammation, and disruption of TJ proteins disrupts pericytes and basement membranes, thereby exacerbating BBB damage (Figure 2). In addition, BBB dysfunction impedes the clearance of oligomeric tau proteins (Tarasoff-Conway et al., 2015). Excess tau is released outside the cell and internalized by the surrounding neurons and cells, which promotes the diffusion of tau throughout the brain (Bolos et al., 2016). Tau lesions induce and accelerate BBB damage and circulating immune cell permeability, eventually spreading throughout the cortex, leading to neurological failure, neurodegeneration, and cognitive decline (Figure 2).



4.1.3. BBB: an important bridge between neuroinflammation and systemic inflammation

The chronic inflammatory microenvironment in the AD brain shows high levels of CNS glial cells, including microglia and astrocytes, that produce proinflammatory cytokines after being activated through pattern recognition receptors (PRRs) or ATP (Chen et al., 2021). Inflammatory cytokines trigger the upregulation of matrix metalloprotease 9 (MMP9) in BECs, which attacks components of the endothelial basal layer and TJs (Yang et al., 2016). The main inflammatory cytokines that damage the BBB and induce neurodegeneration are IL-1β, TNF-α, and IL-6 (Yang et al., 2022; Figure 3). IL-1β increases BBB leakage and exacerbates CNS degeneration by activin receptor-like kinase (ALK)-small mothers against decapentaplegic (SMAD) pathway (Sun et al., 2022). Aslam et al. (2012) found that TNF-α reduced claudin-5 expression levels by activating the nuclear transcription factor-kappa B (NF-κB) signaling pathway, thereby disrupting TJ structure. IL-6 levels were increased by the activation of astrocytes induced by TNF-α and IL-1β through the NF-κB signaling pathway, while IL-6 was negatively regulated by the Wnt/β-catenin pathway (Edara et al., 2020). In addition, activation of C3a receptors in BEC resulted in increased BBB permeability due to increased intracellular calcium ion (Ca2+) levels disrupting vascular endothelial calmodulin-based adhesion junctions (Propson et al., 2021). The dysfunction of the BBB, in turn, enhances the inflammatory response of the brain.
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FIGURE 3
 The BBB is an important bridge between neuroinflammation and systemic inflammation. The main factors that disrupt the BBB and induce neurodegeneration are three inflammatory cytokines: IL-1β, TNF-α, and IL-6. In addition, inflammatory cytokines in the CNS can activate glial cells and alter their function, leading to microglial activation and further release of proinflammatory cytokines to breakdown TJ proteins, further disrupting the functional and structural integrity of the BBB. In turn, the early and progressive perivascular activation of glial cell aggregation triggered by BBB dysfunction contributes to neuronal damage in neuroinflammatory diseases.


During inflammation, neutrophils and T lymphocytes outside the CNS are recruited into the CNS via cytosis or the paracellular pathway to secrete proinflammatory cytokines and chemokines, which further disrupt the integrity of the BBB and exacerbate brain tissue damage (Carrano et al., 2012). Cytokines secreted by immune cells disrupt TJs at a late stage to open the paracellular pathway, which allows more immune cells to cross the BBB, especially T-helper 1 (Th1) cells and T-helper 17 (Th17) cells (Liebner et al., 2018). There is a high level of neutrophil infiltration in the AD hippocampus, which leads to the production of the neurotoxic cytokine interleukin-17 (IL-17) and neutrophil extracellular traps (Zenaro et al., 2015). An intense inflammatory reaction may produce autotoxicity in neurons, thus exacerbating the progression of AD and other nervous system diseases (McGeer and McGeer, 1995; Figure 3). In addition, the entry of proinflammatory cytokines into the CNS can trigger the activation and proliferation of microglia and further damage the integrity of the BBB (John et al., 2003; Figure 3). Microglial activation and proliferation decompose TJ proteins by releasing proinflammatory cytokines and promoting oxidative stress (Shigemoto-Mogami et al., 2018; Figure 3). Damage to the BBB recruits more immune cells and cytokines into the brain parenchyma, which in turn induces neurodegeneration. Infiltrating immune cells, microglia and astrocytes may activate each other, driving chronic inflammation and preventing BBB repair, accompanied by pericyte damage and neuronal loss, thus further contributing to cognitive decline (Figure 3).




4.2. ApoE4: increased susceptibility to BBB dysfunction

In humans, ApoE has three isoforms: ApoE2, ApoE3, and ApoE4. ApoE4 is the most common risk factor for sporadic AD (Verghese et al., 2011), and it was recently identified as the most overlapping gene between AD and vascular pathology (Lin et al., 2019). ApoE4 transgenic model mice showed an increase in BBB vulnerability (Nishitsuji et al., 2011; Bell et al., 2012), while the BBB integrity of mice carrying ApoE2 and ApoE3 was not affected (Bell et al., 2012). Compared with ApoE3 carriers, AD patients who are ApoE4 carriers have significantly increased pericellular degeneration and BBB dysfunction (Halliday et al., 2016; Riphagen et al., 2020). Relative to 12-month-old ApoE2 and ApoE3 mice, the cerebral vascularization of ApoE4 mice decreased structurally, and the basement membrane became thinner, indicating that the blood vessels were atrophied (Alata et al., 2015). A recent population-based study found that in elderly individuals with normal cognition, ApoE4 gene carriers showed significant BBB leakage, while ApoE3 carriers did not exhibit BBB leakage until the mild cognitive dysfunction stage (Montagne et al., 2020). In late AD patients, plasma proteins such as prothrombin can be found in microvascular walls and peripheral nerve membranes, and BBB leakage may be more common in patients with at least one ApoE ε4 allele (Zipser et al., 2007). Human ApoE4 induces cholesterol/lipid homeostasis dysregulation, increased inflammatory signaling, and decreased β-amyloid uptake in astrocytes generated from pluripotent stem cells (de Leeuw et al., 2022). Jackson et al. (2022) found that ApoE4 derived from astrocytes increased the permeability of the BBB by specifically upregulating the expression of MMP9 and destroying TJs and astrocyte terminal feet (Figure 4). In addition, Halliday et al. (2016) found a significantly faster rate of intracerebral pericyte loss in ApoE4 carriers than in ApoE3 carriers in autopsies of AD patients. Subsequent studies in ApoE4 transgenic mice showed that reduced levels of LRP1 in mouse brain pericytes led to activation of the proinflammatory signaling pathway cyclophilin A (CypA)/MMP9, which in turn damaged the TJs between BECs (Halliday et al., 2016; Figure 4). The dysfunction of the BBB mediated by the CypA-MMP9 pathway leads to the uptake of neurotoxic proteins from various blood sources by neurons, as well as a reduction in microvascular and cerebral blood flow, thus causing secondary neuronal damage and cognitive decline (Figure 4).
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FIGURE 4
 ApoE4 contributes to increased susceptibility to BBB dysfunction. ApoE4 derived from astrocytes and pericytes leads to decreased LRP1 expression on pericytes, resulting in activation of the proinflammatory signal CypA/MMP9, which in turn disrupts the TJ between endothelial cells. Disruption of the BBB leads to neuronal uptake of multiple blood-derived neurotoxic proteins, as well as reduced microvascular and cerebral blood flow, which in turn causes secondary neuronal damage and cognitive decline.




4.3. Aging: a primary risk factor for BBB

Aging is an important factor that accelerates BBB dysfunction (Tibbling et al., 1977). Tables 3, 4 summarize the results of studies on age and BBB dysfunction. In the aging process, the loss of TJs, a decrease in astrocyte end foot coverage and the hardening of blood vessels were observed in the BBB (Marques et al., 2013). Compared with 3-month-old young control mice, 24-month-old C57BL/6 J mice exhibited significantly increased immunoglobulin G (IgG) exosmosis and significantly increased expression of glial fibrillary acidic protein (GFAP), 78-kDa glucose-regulated protein (GRP78) and cyclooxygenase-2 (COX-2) in the cerebral cortex and hippocampus. Additionally, the expression of the TJ protein occludin and, to a lesser extent, ZO-1 in the BBB of 24-month-old C57BL/6 J mice was significantly reduced compared with that in young mice (Elahy et al., 2015). In aged mice, receptor-mediated endocytosis transport was significantly reduced, while nonreceptor-mediated (nonspecific) endocytosis transport was increased, resulting in nonspecific entry of plasma proteins into the brain (Munji and Daneman, 2020). Pelegri et al. (2007) noted that endogenous IgG extravasation levels were significantly higher in brain microvessels in the hippocampus of 12-month-old senescence-accelerated mouse prone 8 (SAMP8) mice than in control nonsenescent (susceptible to accelerated senescence, SAMR1) mice. Ueno et al. (1993) reported that the rates of radioactive serum albumin transfer in the parietal cortex and hippocampus of 22-month-old SAMR1 mice and the hippocampus of 13-month-old SAMP8 mice were higher than those of young mice of the corresponding genetic background. BBB disruption in the hippocampus of senescent SAMP8 mice may underlie learning and memory deficits. The cortices of young (2–3 months) and old (18–22 months) C57BL/6 J mice were analyzed using single-nucleus RNA-sequencing (snRNA-seq) and found to be enriched for differentially expressed genes in TJs, the TGF-β signaling pathway and the inflammatory signaling pathway between BBB-associated and non-BBB-associated clusters (Zhan et al., 2023). Among them, connexin 43 (Cx43) downregulation in cadherin-5 (Cdh5)+ cell is one of the most significant changes in the natural aging process of the BBB, and Cx43 deficiency leads to cognitive dysfunction during aging (Zhan et al., 2023).



TABLE 3 The manifestation of the aging BBB in humans.
[image: Table3]



TABLE 4 The manifestation of the aging BBB in animal models.
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Aging is considered an inevitable and irreversible life process. BBB leakage occurs in normal aging as well as in AD. BBB dysfunction is also strongly associated with cognitive impairment and AD in most older adults (Farrall and Wardlaw, 2009). Recently, increases in BBB permeability of the hippocampus and other subregions during normal aging have been preliminarily confirmed by using improved DCE-MRI technology (Nation et al., 2019). During the stage of MCI and AD, BBB integrity is further disrupted, and its increased permeability is significantly correlated with cerebrospinal fluid soluble PDGFRβ levels and precedes cerebrospinal fluid Aβ and tau protein abnormalities (Nation et al., 2019). Human high-resolution MRI shows that the loss of BBB integrity in the hippocampus gradually increases with age, which is more serious in individuals with MCI (Montagne et al., 2015). Dysfunction of the BBB in AD is manifested by the accumulation of blood-borne fibrinogen in the hippocampus and perivascular areas of the cortex and is accompanied by reductions in TJ, claudin-5, and GLUT1 in BECs (Wang et al., 2022). In the APP/PS1 mouse, BBB dysfunction began at 4 months, became severe at 9 months, and progressively worsened with age (Wang et al., 2022). With healthy aging, the BBB undergoes many changes that may be adaptive but may also be reactive to age-related diseases. Aging makes the BBB of AD more susceptible to inflammatory cytokines, and BBB injury tends to invite more immune cells and cytokines into the brain parenchyma, thus inducing neuroinflammation. Therefore, AD should be detected and diagnosed early, and appropriate interventions should be taken at an early stage to prevent and slow the development of dementia.




5. Therapeutic potential


5.1. Repair and closure of dysfunctional BBB

When the BBB malfunctions, the leaking proteins and cells alter the environment of the nerve cells, leading to nerve cell death and disease progression. Since cerebrovascular factors are associated with AD disease, repairing cerebrovascular injury may slow the disease process of cognitive impairment (Kang et al., 2010; Paul et al., 2012). Angiotensin receptor blockers (ARBs) restore the structural integrity of the BBB, increase the expression of claudin-5 and ZO-1 in aged rats, and improve cognitive function (Rodriguez-Ortiz et al., 2023). In contrast, repair of the BBB with activated protein C (APC) and its cytoprotective analogs not only protects BBB integrity but also slows the progression of neurological diseases (Winkler et al., 2014; Griffin et al., 2015). APC enhances endothelial membrane integrity by activating renin angiotensin system (Ras)-related C3 botulinum toxin substrate 1 (Rac1)-dependent cytoskeletal stabilization and downregulating MMP9 in the BBB, thereby protecting the glial environment from systemic effects (Zlokovic, 2011). A recent study in a 5XFAD mouse model showed that treatment with 3K3A-APC, a cell signaling analog of the endogenous hemoproteinase APC, improved BBB integrity and 40–50% parenchymal and cerebrovascular Aβ deposition formation (Lazic et al., 2019). Inhibition of the pro-inflammatory CypA-MMP9 pathway of BBB degradation in pericytes using the CypA inhibitor Debio-025 improved BBB integrity and prevented cognitive decline in E4FAD mice (produced by crossing 5XFAD with ApoE4+/+-targeted replacement mice) (Montagne et al., 2021). The study of the gut microbiome is rapidly expanding with the recent development of high-throughput bioassays, allowing us to better understand the composition and function of such a complex ecosystem. Furthermore, through DCE-MRI technology, it was found that transplantation of induced pluripotent stem cell (iPSC) pericytes into the hippocampus of PdgfrbF7/F7 mice with peripheral cell defects can restore BBB permeability and increase neuronal count and neurite density in the hippocampus (Allison Bosworth et al., 2023). Thus, replacing dysfunctional pericytes with cell therapy has the potential to restore impaired BBB and brain function (Faal et al., 2019).

In addition, the human gut harbors approximately 100 trillion microorganisms, which are implicated in the integrity of the intestinal epithelial barrier, intestinal metabolism, and the maintenance of immune homeostasis (Valdes et al., 2018). Gut microbes and metabolites are regulators of BBB integrity and brain health (Parker et al., 2020). Compared to conventionally reared mice, germ-free mice have decreased expression of TJ-related proteins such as occludin and claudin-5, resulting in increased BBB permeability (Braniste et al., 2014). In germ-free mice colonized with Clostridium tyrobutyricum or Bacteroides thetaiotaomicron producing short-chain fatty acids, expression of the TJ proteins occludin and claudin-5 was enhanced and BBB permeability decreased (Braniste et al., 2014). Feeding Bifidobacterium improves intestinal dysbiosis, decreases fecal and blood levels of lipopolysaccharide and inflammatory factors, and increases the expression of TJ-related proteins in 5XFAD mice, which reduces Aβ load in the brain and improves cognitive function (Lee et al., 2019). In a randomized, double-blind, controlled clinical trial, after continuous administration of probiotic milk (containing Lactobacillus and Bifidobacterium) to AD patients for a total of 12 weeks, the patients experienced a significant decrease in the levels of inflammatory factors in their bodies and a reduction in BBB leakage (Akbari et al., 2016). In addition, fecal microbiota transplantation (FMT) is a therapeutic modality to transplant the intestinal microflora of a healthy donor into the intestinal tract of a patient, and the intestinal flora of patients who receive FMT can be comprehensively regulated so that part of the intestinal flora homeostasis can be reestablished or restored. Animal model studies have found that transplantation of feces from wild-type mice into AD mice (5XFAD, APP/PS1 mice) for 4 consecutive weeks can reduce Aβ deposition in the brains of AD mice, attenuate glial cell hyperactivation and the level of neuroinflammation secondary to it, and attenuate BBB permeability, thus improving the cognitive function of the mice (Sun et al., 2019; Kim et al., 2021). Thus, probiotic supplementation and FMT, among other means, may influence the composition of the intestinal microbiota and the production of its metabolites, which, by mediating structural and functional alterations of the BBB, may in turn affect AD neuropathology and cognitive function.



5.2. Eliminating the consequences of BBB dysfunction

When the BBB opens, plasma proteins enter the glial space and become neurotoxic. Therefore, neutralizing toxic accumulation may be a valuable therapeutic approach for the treatment of neurodegenerative diseases associated with BBB pathology. Indeed, depletion of accumulated fibrinogen in the brain with ancrod (a fibrinogen-removing agent) or by genetic manipulation reduces neuroinflammation and vascular lesions in APP mice (Paul et al., 2007). On the other hand, brain accumulation of BBB damage causing red blood cell extravasation and free neurotoxic iron causing oxidative stress could be successfully controlled by iron chelators and antioxidant treatment (Winkler et al., 2014). A recent study showed that deletion of brain endothelial LRP1 leads to loss of BBB integrity, neuronal loss, and cognitive deficits in Lrp1lox/lox mice (an endothelial-specific Lrp1 knockout mouse) and that these deficits can be reversed by endothelial-specific LRP1 gene therapy (Nikolakopoulou et al., 2021). Compared to the vector, artesunate-treated 5XFAD mice showed a 2-fold increase in brain capillary phosphatidylinositol-binding clathrin assembly protein (PICALM) levels and a 34–51% reduction in Aβ42 and Aβ40 levels, Aβ and thioflavin S load, and vascular Aβ load in the cortex and hippocampus (Kisler et al., 2023). Artesunate also increased circulating Aβ42 and Aβ40 levels by 2-fold, confirming accelerated clearance of Aβ from the brain to the blood (Kisler et al., 2023). In addition, a high-affinity RAGE-specific inhibitor (FPS-ZM1), which blocked Aβ binding to the V domain of RAGE, reduced brain levels of Aβ40 and Aβ42 and normalized cognitive performance and cerebral blood flow responses in aged APPsw/0 mice (Deane et al., 2012).



5.3. Increased efficiency of drug delivery to targeted brain tissue

While the BBB provides for the dynamic and complex physiological environment of the CNS due to its properties, it also serves as a critical barrier to intracerebral drug delivery. This results in almost all large molecule drugs and over 98% of small molecule drugs failing to cross the BBB (Zhang et al., 2016). The main problem with therapeutic compounds is that they lose bioavailability, solubility, stability, or efficacy before reaching the target site. Therefore, researchers have proposed treatment measures to increase the efficiency of drug delivery to brain tissue.

Currently, one main approach is to encapsulate or load the drug on a suitable carrier to pass it through the BBB. Drug-loaded nanoparticles (NPs) enhance the permeability of the therapeutic compound through the BBB, thus reaching the corresponding target in the brain without losing its properties and thus treating the lesion more effectively and precisely (Zhong et al., 2023). At present, strategies to increase the brain penetration and potency of neurotherapeutic agents using existing carrier-mediated cytokines (CMT) (Erickson and Banks, 2013) and receptor-mediated cytokines (RMT) (Jones and Shusta, 2007; Niewoehner et al., 2014; Yu et al., 2014; Bray, 2015) of the BBB system have been explored. Zhou et al. (2020) found that Gal-NP@siRNA (a glycosylated “triple-interaction” stabilized polymeric siRNA nanomedicine) had good blood stability and could effectively penetrate the BBB through glucose-controlled GLUT1-mediated transport and improve cognitive dysfunction in AD mice without significant side effects. An increasing number of researchers are working on new nanotechnology strategies to improve drug delivery in the CNS. Zhang et al. (2023) used the natural Ca2+ antagonist magnesium ion (Mg2+) and siRNA targeting the core regulatory factor cyclophilin D (CypD) of the mitochondrial permeability transition pore (mPTP) to be encapsulated into the nanobrake to achieve targeted delivery of brain mitochondrial dysfunction cells across the BBB. Similarly, the covalent organic framework (SC@COF-T5) functionalized with amyloidogenic peptide fragment KLVFF (T5) and loaded with superoxide dismutase and catalase possessed excellent ROS scavenging activity, and the modification of the targeting peptide T5 endowed the nanoparticles with the ability to cross the BBB and bind to brain Aβ (Ren et al., 2023). In contrast, genetically engineered neural stem cell membrane-encapsulated traceable nanopreparations (RVG-NV-NPs) were able to monitor and evaluate in vivo their blood circulation, BBB crossing, and neuronal targeting processes without affecting the targeting properties of the nanopreparations, and they could inhibit the pathological process of Aβ, effectively protect neurons from Aβ-induced apoptosis, and maintain cognitive ability in AD mice (Huang et al., 2023). In addition, a class of multifunctional nanoparticles for externally controlled targeted delivery and release of drugs, called magnetoelectric nanoparticles, has recently been discovered (Pardo et al., 2021). Jongpil Kim and Youngeun Kwon have shown that electromagnetized gold nanoparticles (AuNPs) promote adult hippocampal neurogenesis, which improves cognitive function and memory consolidation in aged mice (Chang et al., 2021). Thus, increased efficiency of drug delivery to target brain tissue may prevent and reverse the course of human neurological disorders.




6. Conclusions and perspectives

The BBB is essential for providing the proper environment to allow normal neurological function and to protect the CNS from injury. BBB dysfunction is a pathological feature of AD, and this phenomenon may occur early in disease progression. BBB dysfunction may exacerbate Aβ production deposition, tau protein hyperphosphorylation, and neuroinflammation. In turn, these AD-related pathologies can exacerbate BBB disruption. However, it is not clear which of the two is the triggering factor. Currently, despite these explorations, the mechanisms regulating altered BBB function in AD patients remain unclear, which hinders further studies targeting functional regulation of the BBB to slow AD progression. The effects of complex multicellular structures and disease are difficult to accurately reproduce in vitro, and functional aspects of the BBB are not easily studied in vitro. Therefore, the use of in vitro models with excessive air leakage to study permeability may be problematic, and further studies are needed to improve the methods to detect the effects of BBB dysfunction on AD. While there are a variety of animal models available to aid in AD research, however, most models only exhibit some of the symptoms of AD. Future AD research could combine multiple model organism systems, using a simpler model organism (e.g., Drosophila) as an initial BBB test, which would help us narrow down the genes involved in the etiology of AD, and then go deeper in more complex model organisms (e.g., zebrafish, mice, or even non-human primates). High-throughput histological techniques and spatial proteomics, which have emerged in recent years, will help to provide new insights into the cellular and molecular mechanisms of BBB transporter function. Furthermore, to date, therapeutic efforts for neurological lesions remain heavily invested in the direct protection of axonal integrity and synaptic and overall neuronal health, with less research on BBB composition and maintenance of stability and integrity. It is hoped that an in-depth understanding of how the BBB affects the early stages of AD will be conducive to the identification of new effective targets for preventing or repairing the BBB, thereby slowing or halting the progression of AD. Most notably, even strategies to improve BBB function cannot overcome Aβ and tau. Therefore, unless specific mechanisms by which Aβ and tau affect the BBB become targets, the effects of Aβ and tau on the BBB will remain.
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