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Abstract

:

The blood–brain barrier (BBB) is a highly intricate neurovascular structure that plays a crucial role in maintaining neural homeostasis by selectively allowing certain molecules to enter the central nervous system (CNS). However, in the context of Alzheimer’s Disease (AD), a progressive neurodegenerative disorder characterized by a gradual decline in cognitive function, the BBB’s functionality becomes impaired. This impairment leads to the breakdown of the barrier and disrupts its ability to regulate molecular transport effectively. Consequently, cellular infiltration into the CNS occurs, along with aberrant signaling and clearance of molecules, ultimately contributing to neurological deficits. One of the key factors implicated in the failure of amyloid-beta (Aβ) transport, a hallmark of AD, is the decreased expression of low-density lipoprotein receptor-related protein 1 (LRP1). LRP1 plays a crucial role in facilitating the transport of Aβ across the BBB. Additionally, the increased levels of the receptor for advanced glycation end products (RAGE) further contribute to the deregulation of the BBB in AD. These molecular imbalances significantly impact Aβ clearance and contribute to the development and progression of AD. In this review, we aimed to summarize the critical aspects of Aβ transporters in the BBB that become dysfunctional during the pathogenesis of AD.
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1. Introduction


The blood–brain barrier (BBB) is a complex neurovascular structure responsible for the control of neural homeostasis through the selection of molecules that can reach the central nervous system (CNS). It is composed of brain endothelial cells (ECs), pericytes, astrocytes, microglial cells, and smooth muscle cells (SMCs), forming a continuous endothelial membrane within brain microvessels that has sealed cell-to-cell contacts, and forming the neurovascular unit (NVU) that contributes to the regulation of BBB permeability [1]. The BBB is a unique structure where tight junctions and absence of fenestrations result in an almost impenetrable barrier, essential to protect the brain from toxins and other harmful substances. However, it also works as a hermetic barrier, preventing the success of therapies directed to brain disorders through the selection of drugs [2].



Cerebral blood vessels line up with the major brain circuits related to sensation, memory, and motion, suggesting that the cerebrovascular system plays an important role in normal CNS functioning [3]. At the capillary level, BBB integrity is maintained by pericytes [4] that, together with the SMCs and ECs, express many different transcripts encoding a large number of transporters, receptors, active efflux pumps, ion channels, and regulatory molecules [5], whose expression patterns vary along the capillaries [6]. Under disease conditions, BBB breakdown and dysfunction leads to NVU dysregulation and defective signaling, resulting in cellular infiltration into the CNS, along with the aberrant transport and clearance of molecules, contributing to neurological deficits [7].



Neuroinflammation is one of the main consequences of BBB breakdown, resulting in drastic changes in the neural environment, due to microglia activation and the release of several cytokines and oxidative compounds [8]. These environmental changes increase the expression of cell adhesion molecules in ECs, alters the pattern and function of BBB transporters, receptors, and channels, and disrupt tight and adherent junctions, resulting in higher rates of immune cell recruitment and infiltration into the CNS [9]. Infiltrated leukocytes are activated, contributing to the maintenance of a pro-inflammatory environment and leading to NVU disarrangement, along with the detachment of pericytes and astrocytic endfeet from the EC layer. With loss of EC cell-to-cell contacts and NVU disassembly, the BBB loses its barrier capacity, and a large group of molecules can pass freely through the BBB into the CNS [10].



The activation of kinin receptors has been associated with BBB breakdown and neuroinflammation, but the direct role of this activity in the inflammatory profile and permeability of brain microvascular cells has not been fully studied [11]. It has already been observed that activation of the B1 kinin receptor (B1R) in the endothelial cells of brain microcapillaries can lead to an increase in the secretion of pro-inflammatory cytokines (e.g., IL-6 and IL-8) associated with inflammation of endothelial cells and leukocyte adhesion and recruitment, in addition to increased paracellular permeability due to the loss of the tight junction protein [12].



In a pro-inflammatory environment, several cellular changes are observed. Astrocytes and microglia are activated, turning into an inflammatory phenotype, releasing cytokines, such as IL-1, IL-1β, IL-6, IL-18, and tumor necrosis factor (TNF), chemokines, such as C-C motif chemokine ligand 1 (CCL1), CCL5, and C-X-C motif chemokine ligand 1 (CXCL1), small-molecule messengers, including prostaglandins and nitric oxide (NO), and reactive oxygen species by innate immune cells in the CNS, resulting in neuron mitochondrial dysfunction, generating oxidative stress and neuron dysfunction, and death [13], that is the main consequence of neurodegenerative diseases, such as Parkinson’s disease (PD) and Alzheimer’s disease (AD).




2. Pathogenesis of AD


AD is a progressive neurodegenerative disorder and a disease of aging, being characteristic in people over 60 years old, with a higher incidence in elderly people over 75 years old, which is clinically characterized by progression from incipient cognitive impairment to severe cognitive damage, including memory impairment, language deterioration, visuospatial deficits, emotional and thinking problems, and a decrease in motivation [14]. Epidemiological data show that the incidence of AD in the world population has been growing significantly in the last two decades, and projections show that the trend is for an even more accentuated increase in the coming years [15].



It is a disease that is difficult to diagnose early, being mostly identified when the patient begins to develop more acute symptoms of dementia. However, at this stage, the pathology is already well developed, and the patient already has an accumulation of amyloid-β (Aβ) plaques, tau-mediated neuronal dysfunction, and structural changes in the brain [16]. Cerebral plaques containing aggregates of various Aβ peptides derived from the amyloid precursor protein (APP), as well as from the neurofibrillary tangles (NFTs) containing hyperphosphorylated and aggregated tau, are the main hallmarks of AD pathology [17]. Recent studies have shown that amyloid pathology begins earlier than tau pathology in the course of AD development. The amyloid cascade hypothesis states that Aβ becomes abnormal, and that this change triggers cortical tau pathology and tau-mediated neurodegeneration [18,19,20]. Physiologically, in healthy neurons, APP will be digested by α and γ-secretase enzymes that produce soluble polypeptides that can be broken and recycled in the cell. However, when β-secretase binds to γ-secretase, instead of α-secretase, the resulting product is Aβ, an insoluble peptide, which clumps together and forms Aβ plaques, which is neurotoxic [21]. Aβ plaques may cause some problems in the cell, such as the disruption of synapses if they are located between two healthy neurons, impairing memory and generating immune responses, leading to inflammation and damaging the surrounding neurons [22]. Aβ plaques may also cause angiopathy when deposited on the outer side of blood vessels, causing either hemorrhage or the rupture of the vessel [23]. Under normal circumstances, Aβ clearance occurs rapidly. It is estimated that in 13 min Aβ is removed from the brain via transport across the BBB into the bloodstream by the low-density lipoprotein receptor-related protein 1 (LRP1), preventing the accumulation of Aβ in the brain and, consequently, the formation of Aβ plaques [24]. All these phenomena take place in the extracellular compartment. Inside the cell, problems are generated by the NFTs.



NFTs are neurofibrillary tangles of phosphorylated tau proteins that break off the surface of axonal microtubules where they stabilize their packaged structure. Tau binds to the carboxy-terminal half of the microtubules, which has three or four semi-homologous repeats of thirty-one or thirty-two amino acids that are encoded by exon 10 [25]. The lack of tau proteins in the axonal microtubules weakens their structure, which may lead to the loss of their signaling function, since the axon is the main route for transporting molecules to different regions of the cell. It has been already described in the literature that Aβ plaques formed in the extracellular space trigger intracellular signaling that leads to the activation of kinases that, in turn, phosphorylate tau, and lead to the formation of the NFTs [26].




3. Aβ Clearance through the BBB


LRP1 is mainly localized to the abluminal side of the BBB and is the key receptor mediating Aβ transcytosis across the BBB into the circulation [24]. Each species of Aβ has a different transport rate via LRP1-mediated clearance; Aβ40 is cleared at the fastest rate, and Aβ42 is cleared at a faster rate than the vasculotropic Dutch Aβ mutants [27]. Brain-derived Aβ binds to LRP1 at the abluminal side of the BBB and is rapidly internalized into ECs and cleared into the bloodstream. Some EC molecules participate in this process: endothelial cell-dependent clathrin/phosphatidylinositol-binding clathrin assembly protein (PICALM)-mediated internalization of LRP1–Aβ complexes [28]. Clathrin rapidly dissociates from internalized vesicles, and PICALM continues to drive intracellular traffic of Aβ-containing endocytic vesicles through the endothelium, fusing them first with the Rab5-positive and later with the Rab11-positive endosomes, mediating Aβ exocytosis on the luminal side of the BBB [28].



There are many genetic risk factors and brain endothelial genes that can influence LRP1-mediated Aβ clearance, leading to its accumulation in the brain. Apolipoprotein E (APOE) is one of the key factors in controlling Aβ accumulation since its three isoforms, APOE2, APOE3, and APOE4, interact with Aβ in different ways, regulating its metabolism and transport through the BBB [29]. APOE4 is the major risk factor for AD, contributing to vascular and neuronal dysfunction through the Aβ-dependent and independent pathways. Rapid BBB clearance of Aβ complexes with APOE2 and APOE3 is mediated by LRP1; on the other hand, APOE4-Aβ complexes do not interact with LRP1 and are removed via the much slower, very low-density lipoprotein receptor (VLDLR)-mediated internalization and transcytosis, contributing to Aβ accumulation in the brain (Figure 1) [30,31].



In AD brain ECs, PICALM levels are reduced, which can lead to Aβ accumulation in the brain by hindering LRP1-mediated Aβ transport, since the Rab5-positive early-endosome ends up fusing with the Rab7-positive late endosome, which guide endocytic vesicles to lysosomes, resulting in minimal degradation of Aβ during its transcytosis across the BBB. Several AD-associated single-nucleotide polymorphisms (SNPs) have been described as blockers of PICALM expression, impairing Aβ clearance [28].



Clusterin (CLU), a gene which encodes a heterodimeric-secreted chaperone glycoprotein, is the most abundantly expressed apolipoprotein in the brain, being involved with the clearance of extracellular misfolded proteins, and with the regulation of apoptosis, inflammation, and cancer [32]. Clusterin can bind to Aβ preventing its aggregation and export it via LRP2 through the BBB, promoting their clearance from the brain significantly faster [33]. Animal models of transgenic AD mice have shown that the lack or decrease of clusterin results in increased Aβ aggregates in the brain [34].



Mesenchyme homeobox gene 2 (MEOX2) is substantially reduced in AD human brain ECs, which leads to aberrant angiogenesis, vascular regression, endothelial hypoplasia, and accelerated proteasomal degradation of LRP1, contributing to brain hypoperfusion and less LRP1-mediated Aβ clearance from the brain [35]. The glucose transporter GLUT1 is also downregulated in AD brain ECs, causing decreased glucose uptake and LRP1 downregulation via sterol-binding protein-2 (SREBP2)-dependent transcription, resulting in Aβ accumulation [36].



In vascular smooth muscle cells (VSMCs), serum response factor (SRF) and myocardin (MYOD) are upregulated in AD-derived VSMCs. Overexpression of SRF and MYOD initiates a hypercontractile phenotype in cerebral arteries via contractile proteins and Ca2+ homeostasis genes that are regulated by SRF/MYOD, resulting in cerebral hypoperfusion, diminished neurovascular coupling, and transactivation of SREBP2, a transcriptional suppressor of LRP1, reducing LRP1 expression and diminishing Aβ clearance via VSMCs in small penetrating vessels [37].



P-glycoprotein (P-gp), encoded by the ABCB1 gene, also known as multidrug resistance protein 1 (MDR1), is an ATP-binding cassette transporter responsible for decreased drug accumulation in multidrug-resistant cells and often mediates the development of resistance to anticancer drugs [38]. It is highly expressed on the luminal side of the BBB [39], facilitating the clearance of Aβ from the brain [40], and its expression and activity in the brain are inversely correlated with aging, Aβ deposition and AD [41]. Aβ itself has been found to compromise the expression of P-gp, thereby exacerbating Aβ deposition and disease [42].




4. Aβ Uptake through the BBB


Receptor for advanced glycation end products (RAGE) is a cell-surface receptor of the immunoglobulin (IgG) superfamily. It transports Aβ into the brain and accelerates Aβ pathology in AD mouse models. Most cell populations involved with the NVU, such as ECs, VSMCs, pericytes, glial cells, and neurons, express low levels of RAGE that can bind to monomeric Aβ via its V domain, and to aggregated Aβ via its C1 domain [43]. RAGE also mediates Aβ-induced neurotoxicity directly by causing oxidative stress and indirectly by activating microglia, leading to neuroinflammation, and its expression is increased in the ECs and neurons in an Aβ-rich environment, where it mediates the transport of circulating Aβ from the luminal side of the ECs across the BBB into the brain [44]. Blockage or reduced RAGE expression in the ECs may be a potential target to control Aβ influx and toxicity in AD. Contrary to RAGE, the soluble extracellular domain of RAGE (sRAGE), found circulating in the plasma, sequesters circulating RAGE ligands, including Aβ, preventing their interaction with cell-surface RAGE [45]. In AD patients, levels of plasma sRAGE is reduced, indicating that the lack of sRAGE may increase Aβ accumulation (Figure 1), and experimental models using AD mice with sRAGE inhibited showed Aβ accumulation in the brain parenchyma, reinforcing that sRAGE may be a potential therapeutic target for AD [46].




5. The Role of Astrocytes in AD: Implications of Aβ and Tau Pathologies


Astrocytes are a key component of the central nervous system, playing an essential role in maintaining normal brain function. In conjunction with endothelial cells, they comprise the BBB, where, by secreting a range of factors, assumes a pivotal responsibility in upholding the functionality and integrity of the BBB. In addition to their role in BBB homeostasis, these cells are involved in several other functions, such as providing metabolic support, modulating the immune response, and regulating the extracellular environment. Astrocytes are also critical for synaptic plasticity and neuronal communication, and they can modulate the activity of neurons by releasing neurotransmitters and gliotransmitters [47].



One of the key functions of astrocytes is their role in maintaining the extracellular environment. These cells are involved in the regulation of the pH, ionic composition, and osmolarity of the extracellular fluid, which are critical for proper neuronal function. Astrocytes are also involved in the clearance of neurotransmitters, such as glutamate, from the synaptic cleft, preventing the overstimulation of neurons that could lead to excitotoxicity [48]. In addition, astrocytes are involved in the uptake and metabolism of glucose and other metabolites, providing neurons with the energy they need to function properly [49].



Alterations in astrocytic function have been implicated in several neurological disorders, such as Alzheimer’s disease (AD), Parkinson’s disease, and epilepsy. For example, in AD, astrocytes become reactive and release pro-inflammatory cytokines, contributing to the neuroinflammation and neuronal damage seen in the disease [50].



In AD, the accumulation of Aβ oligomers (AβOs) in the brain can alter astrocytic function and contribute to neuroinflammation and neurodegeneration. Aβ oligomers can activate astrocytes, inducing an inflammatory response characterized by the release of pro-inflammatory cytokines, chemokines, and reactive oxygen species. This inflammatory response can lead to the activation of microglia and the further release of pro-inflammatory cytokines, further exacerbating neuroinflammation and neuronal dysfunction. In addition to the pro-inflammatory response, astrocytes can also release glutamate in response to Aβ oligomers, which can lead to neuronal hyperexcitability and further neurotoxicity [51,52].



Furthermore, AβOs can inhibit the production of neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), by astrocytes, leading to impaired neuronal survival and plasticity [53,54].



The interaction between astrocytes and Aβ oligomers is complex and not yet fully understood. However, recent studies have shed light on some of the mechanisms through which AβOs alter astrocytic function. Our group was among the first to demonstrate that AβOs bind to the surface of astrocytes and are internalized, resulting in elevated levels of reactive oxygen species (ROS) and nitrite [55]. For example, Aβ oligomers can bind to several receptors on astrocytes, including Toll-like receptor 4 (TLR4), scavenger receptor class B type I (SR-BI), and receptor for advanced glycation end products (RAGE), leading to the activation of intracellular signaling pathways and the induction of an inflammatory response. Aβ oligomers can also inhibit the activity of neprilysin, a key enzyme involved in Aβ clearance, in astrocytes, leading to further Aβ accumulation and toxicity [56].



Furthermore, Alzheimer’s disease is characterized by the presence of tau protein aggregates in addition to beta-amyloid protein aggregation. While Aβ forms plaques outside of neurons, tau forms neurofibrillary tangles inside them. Both proteins have been implicated in the death of brain cells and the subsequent cognitive decline observed in AD patients. In Alzheimer’s disease, the accumulation of tau in the astrocytes of the dentate gyrus leads to neuronal dysfunction and memory deficits [57].



A recent study using TRAP-seq translatome analysis of astrocytes in mice with Aβ and tau pathology found that while only Aβ influenced the expression of AD-risk genes, both pathologies induced age-dependent changes with overlapping signatures similar to those found in human post-mortem AD astrocytes. This signature included the repression of bioenergetic and translation machinery, inflammation pathways, and protein degradation/proteostasis genes, which were enriched in targets of the inflammatory mediator Spi1 and the stress-activated cytoprotective Nrf2. Thus, both Aβ and tau induce overlapping astrocytic profiles that can have both harmful and adaptive-protective effects. Understanding the effects of Aβ and tau on astrocytes is crucial for developing effective therapies for not only AD, but also for other neurodegenerative diseases [58].




6. The Role of Astrocytes in Synaptic Dysfunction in AD


One of the hallmark features of AD is the loss of synapses in the brain, which has been thought to contribute to the cognitive deficits observed in affected individuals. While neurons have traditionally been considered the primary drivers of synapse loss in AD, recent evidence suggests that astrocytes, a type of glial cell in the brain, may also play an important role [59].



Several studies have demonstrated that astrocytes are closely associated with synapses and are critical for their maintenance and plasticity. In the context of AD, astrocytes have been shown to become reactive and secrete pro-inflammatory cytokines, which can contribute to synapse loss and neurodegeneration [60]. Moreover, astrocytes have been found to play a key role in regulating the clearance of the Aβ protein, a hallmark feature of AD pathology. Dysregulation of Aβ clearance via astrocytes can lead to the accumulation of toxic Aβ aggregates, which can trigger inflammation and synapse loss [61].



While the precise mechanisms by which astrocytes contribute to synapse loss in AD are still being elucidated, recent studies have provided insights into potential therapeutic strategies. For example, one study demonstrated that enhancing the astrocytic clearance of Aβ using a small-molecule drug improved synaptic plasticity and cognitive function in AD mouse models [62]. Another study showed that inhibiting astrocytic pro-inflammatory cytokine production reduced synapse loss and improved cognitive function in a mouse model of AD [63].



Yue and colleagues demonstrated, utilizing an in vitro model, that AβO42 itself does not cause damage to endothelial cells. The conditioned medium of astrocytes, which were previously exposed to AβO42, exhibited the ability to reduce the expression of ZO-1 and Claudin-5, as well as inhibit the phosphorylation of VEGFR2, eNOS, and the signaling pathways of ERK/MAPK and PI3K/AKT [64]. These results suggest that astrocytes could be one of the main sources of factors that could promote BBB disruption. Indeed, a recent report has shown that APOE4, one of the main factors that lead to Aβ accumulation, secreted by astrocytes can impair BBB integrity. APOE4 knock-in mice exhibited an increased BBB permeability with a reduction in the number of astrocytic endfeet, disrupted tight junctions, and an increase in the level of MMP-9 expression [65]. This disruption of the BBB was rescued after one month through specifically knocking out APOE4 from the astrocytes [65]. In the same direction, Kim and coworkers showed that canonical inflammatory factors alone, such as IL1α, TNF, and C1q, were not able to induce the disruption of BBB endothelial cells in vitro [66]. Indeed, contact of endothelial cells with reactive astrocytes in vitro was necessary to induce BBB disruption-like responses and inhibition of astrocytic STAT3 abolishes inflammatory effects on BBB disruption [66].




7. Targeting the BBB and Reactive Astrocytes in AD: Promising Therapeutic Strategies


Clinical strategies for using the BBB in AD treatment are based on trying to control its permeability, opening the BBB in a transient and reversible manner. Studies in rodents and non-human primates have shown that opening the BBB facilitates the efflux of Aβ and tau into the bloodstream, improving the prognosis of animals with AD [67]; this is the reason why numerous clinical trials use focused ultrasound (FUS) technology, which allows the reversible and localized opening of the BBB with little or no adverse effects. However, so far, despite fine control of BBB permeability, clinical outcomes in patients with AD have not been promising, as opening the BBB has not affected the levels of AD markers [68]. Another possibility is the increased influx of drugs or monoclonal antibodies into the brain tissue when the BBB is open. Studies have shown that the influx of these molecules increases considerably when the BBB is opened using the FUS technique, favoring the pharmacological treatment of patients [69]. Table 1 summarizes some of the ongoing or completed clinical trials that use the aforementioned technologies to alter BBB physiology.



Reactive astrogliosis is a hallmark of many neurological diseases, including Alzheimer’s disease. In response to injury or disease, astrocytes undergo morphological and functional changes that can be classified into two main types: A1 and A2. A1 astrocytes are characterized by the upregulation of genes involved in neuroinflammation and phagocytosis, while A2 astrocytes are associated with the production of neurotrophic factors and a decrease in inflammation. In AD, astrocytes display a mixed A1/A2 phenotype, with a predominant A1-like response observed in areas of high amyloid-beta pathology [72,73].



Pharmacological strategies to modulate astrocyte reactivity in AD have been a recent focus of study. One promising approach involves drugs that target TLR4, a receptor involved in the induction of an A1 astrocyte phenotype mediated by microglia. Such drugs have shown potential in reducing neuroinflammation and improving cognitive function in animal models of AD [74].



In a recent study, the authors aimed to investigate the role of the JAK2-STAT3 pathway in controlling astrocyte reactivity in Alzheimer’s disease and to evaluate its potential as a therapeutic target. They found that the JAK2-STAT3 pathway plays a crucial role in the induction and maintenance of reactive astrocytes in vivo, and its inhibition can significantly reduce astrocyte reactivity and amyloid deposition, and improve cognitive deficits in AD mouse models. These findings suggest that targeting the JAK2-STAT3 pathway may be a promising strategy for treating AD [75].



In AD, microglia convert resting astrocytes into reactive astrocytes, making them a major therapeutic target. A recent study has demonstrated that NLY01, a glucagon-like peptide-1 receptor (GLP-1R) agonist, can block microglia-induced astrocyte activation and preserve neurons in AD models, improving spatial learning and memory. The GLP-1 pathway plays a critical role in microglia-reactive astrocyte-associated neuroinflammation in AD, and the effects of NLY01 are mediated through direct actions on Aβ-induced GLP-1R+ microglia, inhibiting astrocyte reactivity. Therefore, drugs that activate GLP-1R, such as NLY01, could represent a promising therapeutic strategy for the treatment of AD and other neurodegenerative diseases [76].



While the presence of reactive astrocytes in Alzheimer’s pathology has been extensively investigated, the impact of the absence of astrocytes in organotypic culture models has been used to understand the role of neuroglial interactions in Alzheimer’s pathology. To investigate the role of astrocytes in AD, researchers have developed an ex vivo model using brain slices from transgenic mice that overexpress Aβ. By selectively ablating astrocytes using a pharmacological agent, these researchers were able to demonstrate that astrocytes are critical for the degradation of Aβ and for the maintenance of synaptic connectivity. Specifically, the pharmacological ablation of astrocytes led to a significant increase in Aβ levels in the brain slices, indicating that astrocytes play a key role in clearing Aβ from the brain. In addition, the loss of astrocytes resulted in a significant decrease in the density of the dendritic spines, which are critical for synaptic connectivity and plasticity [77].



In addition to pharmacological strategies, non-pharmacological interventions, such as exercise, have also been shown to modulate astrocyte reactivity in AD. Exercise has been shown to reduce neuroinflammation and improve cognitive function in mouse models of AD, possibly by promoting an A2-like response in astrocytes [78,79]. Similarly, cognitive stimulation has also been shown to reduce neuroinflammation and improve cognitive function in mouse models of AD [80,81]. Although these results are promising, future studies are needed to confirm the involvement of astrocyte reactivity as the central mechanism underlying the observed benefits in these approaches.



Another strategy that has recently gained a lot of space in clinical trials is the imaging of astrocytes and microglia cells using the positron emission tomography (PET) technique in an attempt to identify the onset of neuroinflammation early [82,83]. The results are promising, as increasingly specific markers are being developed, allowing for the imaging and quantification of activated cells [84]. The objective is to establish a quantitative cut-off point that allows, with imaging, to identify at which stage of the disease the patient is in, and which cells specifically are involved in this process, in addition to better understanding the pathogenesis of AD, identifying new, early therapeutic targets (Table 1).



Advanced imaging techniques and fluid biomarkers have provided valuable tools to measure astrocyte reactivity in vivo, allowing researchers to gain insights into the dynamics of astrocytic responses throughout the course of AD. Emerging evidence suggests that astrocyte dysfunction in AD could be a contributing factor to the observed hypometabolism detected via [18F]FDG-PET imaging. This hypometabolism is a characteristic metabolic impairment seen in the brains of AD patients and has been linked to the functional alterations in astrocytes [85].



In a recent study, researchers found that elevated levels of glial fibrillary acidic protein (GFAP) and chitinase-3-like protein 1 (YKL-40) in the CSF were associated with increased amyloid-β accumulation in the brain; in contrast, higher levels of YKL-40 in the CSF were linked to elevated tau pathology. Structural equation modeling revealed that CSF GFAP and YKL-40 play a role in mediating the effects of Aβ and tau on hippocampal atrophy, ultimately contributing to cognitive impairment. These findings suggest the existence of distinct astrocyte biomarker signatures in response to Aβ and tau, providing valuable new insights into the intricate mechanisms underlying reactive astrogliosis and the development of Alzheimer’s disease [86,87].



Currently, there are no clinical studies investigating the impact of blocking or reversing astrocytic reactivity in Alzheimer’s disease. However, significant progress has been made in understanding this area through preclinical models, which serve as crucial tools for studying cellular and molecular mechanisms in the context of Alzheimer’s disease. Further exploration of the literature is needed to gain deeper insights, such as understanding the molecular mechanisms governing the conversion of A1 into A2 astrocytes, which may aid in the recovery or protection of synaptic deficits. Additionally, investigating the inflammatory signaling of astrocytes and microglia crosstalk will be crucial in triggering the inflammatory response and identifying multi-target drugs to control inflammation, astrocytic reactivity, and amyloid and tau pathology.



Astrocytes offer great promise as potential targets for the development of novel and specific fluid or imaging biomarkers to detect preclinical AD. Their involvement in the pathological processes of AD makes them valuable candidates for identifying the early signs of the disease, aiding in early diagnosis and intervention. Moreover, pharmacologically targeting astrocytes could open up promising avenues for developing effective treatments to combat AD. By understanding and modulating the astrocytic responses associated with AD, researchers may unlock new therapeutic possibilities to halt or slow down the progression of this devastating neurodegenerative disorder.




8. Conclusions


The BBB is vital for the proper functioning of the CNS as it is the main regulator of the nervous microenvironment, regulating the traffic of several molecules. BBB dysregulations are involved with the pathophysiology of a series of diseases, including AD. So far, it is not clear whether dysfunctions in the BBB are causes or consequences of AD, but we already know that it plays a vital role in the development and progression of this neurodegenerative disease, and that some possible therapeutic targets are involved in the processes of the transport of molecules across the BBB. Therefore, unraveling the processes of trafficking molecules across the BBB that are modified in the context of AD, and identifying possible therapeutic targets, can be a good strategy to combat this disease.
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Figure 1. The blood–brain barrier and Alzheimer’s disease: The blood–brain barrier (BBB) is a dynamic and vital structure that plays a crucial role in maintaining the homeostasis of the central nervous system (CNS). However, in the context of Alzheimer’s disease (AD), the BBB’s integrity becomes compromised, leading to chronic neuroinflammation and the accumulation of Aβ and tau proteins in the brain. During the preclinical phase of AD, the tight junctions between endothelial cells of the BBB start to deteriorate, resulting in the increased permeability of blood vessels. This breakdown is followed by the uncoupling of pericytes, further exacerbating the passage of cytokines and Aβ plaques between the brain tissue and the vessel lumen. As the disease progresses to the advanced stage, neurons are adversely affected, resulting in the formation of tau tangles, and a severe neuroinflammatory environment is established. At this point, the BBB experiences an almost complete rupture, severely compromising its function. Overall, the progressive loss of BBB integrity in AD leads to chronic neuroinflammation and the accumulation of the Aβ and tau proteins, and ultimately contributes to the pathogenesis of the disease. 
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