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Cerebrovascular diseases and their sequalae, such as ischemic stroke, chronic cerebral hypoperfusion, and vascular dementia are significant contributors to adult disability and cognitive impairment in the modern world. Astrocytes are an integral part of the neurovascular unit in the CNS and play a pivotal role in CNS homeostasis, including ionic and pH balance, neurotransmission, cerebral blood flow, and metabolism. Astrocytes respond to cerebral insults, inflammation, and diseases through unique molecular, morphological, and functional changes, collectively known as reactive astrogliosis. The function of reactive astrocytes has been a subject of debate. Initially, astrocytes were thought to primarily play a supportive role in maintaining the structure and function of the nervous system. However, recent studies suggest that reactive astrocytes may have both beneficial and detrimental effects. For example, in chronic cerebral hypoperfusion, reactive astrocytes can cause oligodendrocyte death and demyelination. In this review, we will summarize the (1) roles of ion transporter cascade in reactive astrogliosis, (2) role of reactive astrocytes in vascular dementia and related dementias, and (3) potential therapeutic approaches for dementing disorders targeting reactive astrocytes. Understanding the relationship between ion transporter cascade, reactive astrogliosis, and cerebrovascular diseases may reveal mechanisms and targets for the development of therapies for brain diseases associated with reactive astrogliosis.
Keywords: reactive astrocytes, ion transporters, vascular dementia, VCID, Alzheimer’s disease, NKCC1, ZT-1a, BCAS
1 INTRODUCTION
Astrocytes are crucial for brain health, supporting functions like neuron connectivity, blood flow regulation, energy provision, waste clearance, and chemical balance (Bélanger et al., 2011). Reactive astrocytes, activated in response to brain damage or disease or with aging, contribute to conditions like mild cognitive impairment and Alzheimer’s disease (Habib et al., 2020; Price et al., 2021). Additionally, vascular contributions to cognitive impairment and dementia (VCID) including Post-stroke dementia (PSD) are recognized as significant causes of dementia, often co-existing with Alzheimer’s disease (AD). Despite this recognition, the mechanisms of VCID remain poorly understood (Price, Johnson and Norris, 2021). Several studies from our lab and others implicated the role of several ion transporters in reactive astrogliosis and dementing disorders including VCID (Schaub and Schnitker, 1988; Bhuiyan et al., 2024a). This review explores the potential involvement of astrocytes in the development of VCID and AD and emphasizes reactive astrocytes as potential targets for developing broad therapeutic interventions.
1.1 Exploring reactive astrocytes and cerebrovascular involvement in VCID, with emphasis on PSD and AD
Cerebrovascular disease encompasses a range of medical conditions affecting blood circulation and the blood vessels in the brain, leading to disruptions in blood flow caused by conditions such as stenosis, thrombosis, embolism, or hemorrhage. Dementia is a syndrome characterized by a chronic or progressive decline in cognitive function, extending beyond normal aging effects (WHO, 2023). It impacts memory, thinking, orientation, comprehension, learning capacity, language, and judgment, often accompanied by changes in mood and behavior (WHO, 2021). Currently the seventh leading cause of death globally (WHO, 2023), dementia affected 55.2 million people in 2019, with projections estimating the number of dementia patients to be 78 million in 2030 and 139 million in 2050 (WHO, 2023). The associated global costs are anticipated to rise to US$1.7 trillion by 2030, reaching US$2.8 trillion when accounting for increased care expenses (Livingston et al., 2020; WHO, 2021). Numerous cerebrovascular diseases, stroke being one of the most studied, compromise the supply of blood to the brain, contributing to the development of dementia (Thacker et al., 2013; Iadecola et al., 2016; Gottesman et al., 2017). After Alzheimer’s disease (AD), cerebrovascular disease is the second most prevalent factor associated with cognitive disorders, commonly known as VCID (vascular contributions to cognitive impairment and dementia) (Corriveau et al., 2016), is estimated to contribute as the major or only etiological factor in 15%–25% cases and is often coexisting with AD (Gorelick et al., 2011; Oveisgharan et al., 2022). The World Health Organization has recently released the Blueprint for Dementia Research and highlighted VCID as a specific area that needs increased attention (WHO, 2017; Cataldi et al., 2023). With the aging of populations and an annual increase of 7.7 million new cases, the severity of the health crisis linked to dementia is approaching alarming levels, potentially giving rise to a “dementia epidemic” with profound socioeconomic consequences (Corriveau et al., 2016; Patterson, 2018; Iadecola et al., 2019). Due to substantial economic and health burdens, coupled with the absence of effective therapeutic interventions, there is a pressing demand for the advancement of treatments targeting VCID. Acknowledging the crucial role of reactive astrogliosis in cerebrovascular and dementing disorders, this review emphasizes the potential strategy of targeting astrocyte signaling for therapy development in disorders associated with VCID, specifically highlighting post-stroke dementia (PSD) and AD.
The clinical diagnostic criteria for VCID show some ambiguity, and there is a difference of preference regarding the usage of the terms VCI (Vascular Cognitive Impairment) and VCID (Gorelick et al., 2011; Hainsworth et al., 2021). VCID involves the neurovascular unit failing to cope with insults during aging, associated with systemic and cerebral vascular disease, proteinopathy, metabolic disease, and/or immune response, resulting in cognitive decline (Snyder et al., 2015). The primary feature of VCID is that cognitive impairments can be traced back to brain injury caused by cerebrovascular disease. VCID research spans various clinical diagnoses, encompassing cerebrovascular and cardiovascular diseases, stroke, AD, and other dementias from a vascular origin. Various pathophysiological processes for VCID associated with cerebrovascular disease have been identified through human brain imaging, post-mortem studies, and evidence from animal models (Iadecola et al., 2019; Hosoki et al., 2023).
Vascular Impairment of Cognition Classification Consensus Study (VICCCS) guideline defines PSD as a subcategory of VCID (Iadecola et al., 2019). PSD and post-stroke cognitive impairment (PSCI) impact around one-third of stroke survivors, predominantly within the initial 6 months. PSD is characterized not as a distinct disease but as an unspecified dementia syndrome that manifests after a stroke (Mijajlovic et al., 2017; Iadecola et al., 2019). Stepwise associations are observed between the severity of cerebrovascular events and both pre-event and post-event dementia, regardless of age, with the risk being affected by prior strokes, recurrent strokes, and markers of cerebral susceptibility (Pendlebury et al., 2019). Data from STROKOG (international cohorts in the Stroke and Cognition Consortium), a consortium of post-stroke/TIA (transient ischemic attack) or high vascular risk studies from around the world shows 44% of stroke survivors in hospital-based cohorts have global cognitive impairment (Lo et al., 2019). Stroke survivors experience faster cognitive decline in the first 1–3 years after onset compared to those without a stroke history (Lo et al., 2022). Diabetes is linked to poorer cognitive performance 3–6 months post-stroke (Lo et al., 2020). PSD is characterized by white matter lesions and reactive astrogliosis (Chen et al., 2016; Huang et al., 2020). PSD remain highly prevalent and disabling even after clinical recovery (Jokinen et al., 2015; Pendlebury, Rothwell and Oxford Vascular, 2019). Several acknowledged risk factors for poststroke dementia are potentially modifiable, suggesting that targeted interventions, therapeutics, or management strategies have the potential to reduce the risk of poststroke dementia (Rost et al., 2022). Reactive astrocytes in the glial scar are recognized as a major obstacle to neurite regeneration, hampering the overall functional recovery from a stroke. Gaining deeper insights into the mechanisms of reactive astrogliosis and glial scar formation could reveal new therapeutic targets aimed at fostering neurological functional recovery following a stroke and PSD (Liu and Chopp, 2016; Zhang et al., 2018; Huang et al., 2020).
Cerebral vascular pathology frequently coexists with AD pathology and plays a significant role in shaping the clinical cognitive profile of AD (Kalaria and Ballard, 1999; Iadecola, 2013). Epidemiological research suggests that the origins of PSD can be associated with AD or a blend of AD and vascular dementia in 29%–61% of individuals affected by PSD in developed countries (Leys et al., 2005). Within this framework, the “double-hit theory” proposes that experiencing severe cognitive impairment during a stroke may elevate the likelihood of developing dementia. This implies that an ischemic stroke could instigate supplementary pathophysiological mechanisms, potentially setting off a secondary degenerative pathway. This pathway may interact with the pathology of AD, hastening the progression of primary neurodegeneration (Thiel et al., 2014; Huang et al., 2020). Reactive astrocytes also contribute causatively to the pathophysiology and cognitive decline in AD (Chun and Lee, 2018; Price, Johnson and Norris, 2021). Alois Alzheimer, after whom the disease is named, first noticed the pathological changes in astrocytes within the brains of individuals with dementia, observing the abundant presence of glial cells within neuritic plaques (Alzheimer, 1910). Evidence from imaging studies indicates that astrogliosis could be an early occurrence in the disease (Arranz and De Strooper, 2019; Pelkmans et al., 2024) and this is further supported by biomarker studies (Mila-Aloma et al., 2020; Rodriguez-Giraldo et al., 2022). The characteristics of ‘reactive astrocytes’ appear to be influenced by different triggers, introducing uncertainties in predicting their phenotype solely from marker gene expression. The impact of AD-associated proteopathy (Aß and tau) on astrocytes remains an unresolved question (De Strooper and Karran, 2016; Arranz and De Strooper, 2019; Jiwaji et al., 2022). Given the critical role of reactive astrogliosis in different cerebrovascular and dementing disorders, targeting astrocyte signaling will be a potential viable strategy to develop therapy for dementing disorders like VCID associated with reactive astrogliosis, including PSD and AD. This review will mainly focus on how to target astrocyte signaling to develop therapy for dementing disorders.
2 ROLES OF ASTROCYTES IN THE BRAIN
Astrocytes are the most abundant and diverse glial cell types in the central nervous system (CNS) and play essential roles in the organization and maintenance of brain structure and function. As a key component of the neurovascular unit, astrocytes regulate cerebral blood flow through various mechanisms. Astrocytic endfeet wrap intraparenchymal blood vessels and release prostaglandins and nitric oxide which can either dilate or constrict blood vessels (Belanger and Magistretti, 2009). Other physiological functions of astrocytes include the maintenance of fluid, ion, pH, and neurotransmitters homeostasis in the extracellular space, promoting myelin sheath formation, synapse formation and maturation (Nishida and Okabe, 2007; Allen and Eroglu, 2017; Traiffort et al., 2020). Astrocytes removes excessive glutamate and helps to maintain normal neuronal activity and excitability (Mahmoud et al., 2019). Astrocytes serve as repositories for glycogen, acting as a reserve energy source in the brain. When faced with energy demand or low glucose levels, astrocytes metabolize glycogen into glucose, providing essential glucose and ATP to support normal brain function (Brown and Ransom, 2007; Magistretti and Allaman, 2015). Astrocytes enhance neuronal glucose uptake by increasing GLUT1 (glucose transporter type 1) activity (Simpson et al., 2007), with recent studies showing that astrocytic insulin signaling links to GLUT1 activity, fostering glucose uptake (Garcia-Caceres et al., 2016). Notably, astrocytic insulin receptor (Insr) ablation disrupts brain astroglial morphology and energy homeostasis (Garcia-Caceres et al., 2016; Gonzalez-Garcia et al., 2021). Additionally, astrocytes provide defense against oxidative stress via ROS-detoxifying enzymes (i.e., glutathione S-transferase, glutathione peroxidase, and catalase) to augment oxidative energy metabolism (Desagher et al., 1996; Dringen et al., 1999). Astrocytes also play compensatory role after ischemic stroke where astrocytes differentiated into neural progenitors and contributed to improved behavioral recovery (Li W et al., 2022). In the presence of astrocytes, neurons also show greater resistance to toxic doses of nitric oxide, hydrogen peroxide, superoxide anion or iron (Dringen et al., 1999; Belanger and Magistretti, 2009).
On the contrary, in response to CNS insults such as ischemia, infection or stress, astrocytes undergo a massive change in morphology, gene expression, and function, known as reactive astrogliosis (Escartin et al., 2019; Escartin et al., 2021). Although reactive astrogliosis are the hall mark of many metabolic and cerebrovascular disorders (Li T et al., 2019; Sofroniew, 2020), debate persists on whether the function of reactive astrocytes in conditions such as stroke and its aftermath (post-stroke neurodegeneration or PSD), along with other cognitive disorders like AD and related vascular dementias, is protective or cytotoxic. Based on their functional characteristics, reactive astrocytes can be categorized into two types, namely, inflammatory “A1” astrocyte and protective “A2” astrocyte (Liddelow et al., 2017; Sofroniew, 2020). It is important to recognize that A1/A2 paradigm is a straightforward and debatable classification method (Escartin, Guillemaud and Carrillo-de Sauvage, 2019) because several recent single-cell and single-nucleus RNA sequencing (sNuc-seq) studies reported many subpopulations of astrocytes with distinct gene expression profile (Guo et al., 2021; Hasel et al., 2021). For example, using sNuc-seq of the hippocampi of 7-month-old mice of either WT or a transgenic model of AD (5xFAD), Habib et al. found six clusters of astrocytes based on their transcriptional profiles (Habib et al., 2020). Notably, within the AD brain, they identified a distinct subset of astrocyte (cluster 4) with elevated levels of Gfap, termed disease-associated astrocytes (DAAs). These astrocytes appeared at early disease stages and increased in abundance with disease progression. Compared to WT astrocytes, those in AD exhibited increased expression of pan-reactive and inflammation/A1 astrocyte signatures but did not show an increase in A2 astrocyte signatures (Habib et al., 2020). Interestingly, most of the A1 signature genes were found to be expressed by DAAs, suggesting that DAAs and A1 astrocytes share similar neurodegenerative cascades including response to toxic compounds and inflammation. While further studies are warranted to fully understand the roles of various reactive astrocyte subpopulations, here we briefly highlight the role of “A1” and “A2” astrocytes in the context of cerebrovascular diseases.
2.1 Proinflammatory A1 astrocytes
A1/A1-like astrocytes, also known as proinflammatory or cytotoxic reactive astrocytes, show potent cytotoxicity by releasing a soluble toxin, precipitating in death of a subset of CNS neurons and oligodendrocytes (OL) (Liddelow et al., 2017). Co-culture with A1 astrocytes manifests significant neuronal death, underscoring their critical role on neurodegeneration. Induction of an A1-like state is frequently orchestrated by microglial-secreted cytokines, including interleukin-1 α (IL-1α), tumor necrosis factor α (TNFα), and complement component 1q (C1q) (Liddelow et al., 2017; Yun et al., 2018). Evidence suggests that M1 microglia activation triggers A1 astrocytes phenotype (Liddelow et al., 2017). Once activated, A1-like astrocytes deviate from their typical supportive functions, instead releasing factors deleterious to neighboring neurons and oligodendrocytes (Liddelow et al., 2017; Li X et al., 2020). Exploration of the A1 astrocyte transcriptome has identified 57 induced genes, with complement component 3 (C3) being a predominant marker (Zamanian et al., 2012). Several studies implicate A1-like and AD astrocytes in synaptic loss through the upregulation of complement component (C3 and C1q), synapse elimination through phagocytosis and synaptotoxicity due to impaired glutamate transport and signaling in neurodegenerative diseases including Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), and multiple sclerosis (MS) (Wu et al., 2019; Dalakas et al., 2020; Hulshof et al., 2022). Additionally, investigations suggest that the upregulation of DAA and A1-like reactive genes in the aging brain may contribute to cognitive decline and heightened vulnerability to neurodegenerative processes (Clarke et al., 2018; Habib et al., 2020). The activation of NLRP3 inflammasome in microglia also serves as a trigger for the transformation of astrocytes into the A1 subtype (Xiao et al., 2022). In acute trauma, neuroinflammatory A1 reactive astrocytes may be induced by NF-κB signaling (Brambilla et al., 2005). Downregulation of STAT3 is also implicated in A1 astrocyte induction (Reichenbach et al., 2019). Noteworthy pathways contributing to A1 astrocyte activation include glutamate and ATP release, inflammatory mediator secretion (prostaglandin D2 and IFN-γ), and cytotoxin Lipocalin 2 (LCN2) secretion (Bi et al., 2013; Li K et al., 2019). This intricate network underscores the multifaceted nature of A1 astrocyte responses in various neurological contexts, from neurodegenerative diseases to acute injury, shedding light on potential therapeutic targets for modulating their functions.
2.2 Neuroprotective A2 astrocytes
A2 astrocytes, activated in response to brain injury or stroke, showcase a neuroprotective phenotype characterized by the upregulation of numerous neurotrophic factors such as BDNF, VEGF and bFGF (Li K et al., 2019). These factors play a pivotal role in promoting the survival and growth of neurons, as well as facilitating synapse repair through the increased expression of thrombospondins (Christopherson et al., 2005). Research highlights the diverse roles of A2 astrocytes in promoting CNS recovery and repair following ischemic stroke (Li S et al., 2022). Hyvärinen et al. showed, co-stimulation with microglial IL-1β and TNF-α produces A2 astrocyte phenotype, possibly induced by M2 microglia activation (Hyvarinen et al., 2019). Studies indicate that A2 astrocytes promote the expression of transforming growth factor β (TGF-β), contributing to axon formation and neuroprotection (Ruocco et al., 1999; Li T et al., 2020). The specific markers for identifying A2 astrocytes include S100 calcium-binding protein A10 (S100A10), a member of the S100 protein family, known for its roles in cell proliferation, membrane repair, and inhibition of apoptosis (Li T et al., 2019). In contrast to A1 astrocytes, A2 astrocytes do not express C3, making it an effective marker for distinguishing between the two phenotypes (Li T et al., 2019; Fei et al., 2022). Studies involving selective ablation of scar-forming reactive astrocytes, marked by the STAT3 activation, underscore the importance of these cells in preventing excessive inflammation and maintaining blood-brain barrier integrity (Sofroniew, 2015). Because A2 astrocytes contribute to survival, growth, and repair of neurons and OLs, strategies that promote the formation of A2 astrocytes could be a promising approach for treating cerebrovascular injuries and PSD.
3 ION TRANSPORTER CASCADE CENTRAL TO REACTIVE ASTROGLIOSIS
Upon insult or injury, reactive astrogliosis response is orchestrated by intricate signaling cascades that often involve ion channels and transporters (McConnell et al., 2019). At the forefront of this dynamic process are ion channels such as aquaporins, transient receptor potential (TRP) channels, Ca2+-activated K+ (KCa) channels, ATP-sensitive K+ (K-ATP) channels, and ion cotransporters including Na+-K+-2Cl- cotransporter 1 (NKCC1) and sodium-hydrogen exchanger isoform 1 (NHE1) (Figure 1). The initiation of reactive astrogliosis often stems from disruptions in ion homeostasis, particularly involving Ca2+, K+, and water flux (Song et al., 2019). Aquaporin-4 (AQP4), a pivotal water channel highly expressed in astrocytes, plays a dual role in lymphatic drainage and interstitial fluid exchange. Its deficiency impedes the clearance of solutes, contributing to astrocytic swelling and cerebral edema. TRP channels, sensitive to various stimuli, mediate Ca2+ influx, crucial for astrocytic function (Wang et al., 2022; Zhou et al., 2022). However, under pathological conditions, TRP channels are activated by reactive oxygen species (ROS), inflammatory factors, leading to Ca2+ dysregulation and astrocytic Ca2+ overload (Shigetomi et al., 2013; Wang et al., 2022). KCa channels, notably KCa3.1, respond to intracellular Ca2+ levels, participating in membrane potential regulation. In reactive astrogliosis, KCa3.1 activation elevates pro-inflammatory factors, linking ion dysregulation to neuroinflammation. K-ATP channels, sensitive to ATP levels, contribute to astrocyte-mediated glutamate uptake and spatial K+ buffering, disruptions of which are implicated in neurodegenerative diseases.
[image: Figure 1]FIGURE 1 | Schematic summary of ion transporter signaling involved in reactive astrogliosis, oligodendrocytes death, and cognitive impairment. Cerebral ischemia or hypoperfusion triggers upregulation and activation of astrocytic WNK-SPAK-NKCC1 cascade proteins, causing intracellular Na+ overload, cell swelling and hypertrophy, and ultimately leading to astrogliosis. Different cytotoxic molecules (Lcn2, C3, TNF-α, α1ACT, IFN-γ, NO, H2O2, and cathepsin) secreted by reactive astrocytes mediate the death of oligodendrocytes and neurons, leading to demyelination and cognitive impairment. Moreover, ischemia-induced activation of NHE1 contributes to microglial activation which subsequently induces reactive astrogliosis through the secretion of pro-inflammatory cytokine cocktails (TNF-α, IL-1α, and C1q).
Ion transporters cascades also play a vital role in regulating the intra- and extra-cellular pH, Na+, K+, and Ca2+ homeostasis and astrocyte function. However, when overstimulated, ion transporters can contribute to inflammation, excitotoxicity, and reactive astrogliosis, contributing to cerebrovascular diseases (Boscia et al., 2016). The ion transporters within astrocytes orchestrates a complex cascade central process of astrogliosis following CNS insults. Ion transporter NKCC1, NHE1, sodium-calcium exchanger (NCX), and sodium-bicarbonate cotransporter (NBC) are known to be involved in reactive astrogliosis following CNS insults or stress (Annunziato et al., 2013). Rapidly activated by cytokines in the ischemic penumbra, astrocytes transform into reactive states and form glial scars. The delicate balance between detrimental and restorative functions of reactive astrocytes hinges on the activities of these ion transporters. NHE1, ubiquitously expressed in the central nervous system, regulates pH and cell volume homeostasis. Its activation during ischemia contributes to astrocytic swelling and the release of proinflammatory cytokines, yet its inhibition showcases promise in reducing brain edema and inflammation for tissue repair. NCX, in both forward and reverse modes, emerges as a key player in synaptic plasticity, excitotoxicity, ER stress, and astrocyte apoptosis. NKCC1, dominant in the brain, is pivotal for cell volume regulation and excitotoxicity. Interestingly, studies from our lab and others found that NKCC1 activity causes astrocytic intracellular Na+ overload, hypertrophy, and swelling, and leads to astrogliosis after in vitro and in vivo ischemia or ammonia-induced toxicity (Su et al., 2002; Rangroo Thrane et al., 2013). This highlights NKCC1 protein as a potential therapeutic target for various CNS diseases associated with reactive astrogliosis including VCID, PSD and AD. Moreover, NKCC1 activity is regulated by two downstream regulatory kinases–WNK [“with no lysine” (K)] kinase and SPAK/OSR1 (Ste20/SPS1-related proline/alanine-rich kinase and oxidative stress-responsive kinase 1) kinases (Richardson et al., 2008; Zhang et al., 2020). The WNK and SPAK kinases are involved in multiple neurological disorders (Begum et al., 2015; Karimy et al., 2017; Zhao et al., 2017).
Hence, similar to NKCC1, WNK-SPAK kinases emerge as promising drug targets for addressing vascular-origin dementing illnesses. This highlights a novel method of intervention for neurological changes in cerebrovascular diseases by targeting and modulating reactive astrocyte signaling through the regulation of NKCC1, WNK-SPAK kinases. Developing approaches to regulate astrocyte reactivity, whether by restoring homeostatic functions or promoting a neuroprotective phenotype, may offer a new strategy to mitigate neuroinflammation and, consequently, impede the progression of dementia in conditions such as AD, PSD, and other forms of VCID.
4 THERAPEUTIC STRATEGIES TO ATTENUATE REACTIVE ASTROGLIOSIS AND ASSOCIATED CEREBROVASCULAR DISEASES
An emphasis in recent research has been on the proactive management of 12 modifiable risk factors, outlined by the World Health Organization in their guidelines for reducing the risk of cognitive decline and dementia (Livingston et al., 2020). This offers optimism that early intervention in areas such as astrogliosis could potentially reverse dementia entirely. Here we have summarized potential therapeutic strategies (Table 1) to attenuate reactive astrogliosis and associated neurological changes in cerebrovascular diseases.
TABLE 1 | Potential therapeutic agents for cerebrovascular diseases.
[image: Table 1]4.1 Ion transporter cascade inhibitors
Since multiple ion transporters and their upstream regulatory kinases play critical roles in reactive astrogliosis process, pharmacological inhibitors for those proteins and kinases represent as promising drugs for cerebrovascular and neurodegenerative diseases.
One such inhibitor is the specific NKCC1 inhibitor, Bumetanide that shows promise as a potential therapy for AD (Taubes et al., 2021; Graber-Naidich et al., 2023a; Graber-Naidich et al., 2023b; Boyarko et al., 2023) and for modifying post-stroke brain changes (O'Donnell et al., 2004). Recently, Bumetanide has emerged as a leading repurposed FDA-approved drug candidate for treating APOE4-related AD (Taubes et al., 2021; Graber-Naidich et al., 2023a). A computational analysis with the Connectivity Map database identified Bumetanide as the top-scoring drug capable of reversing the APOE4-specific transcriptomic signatures of AD. Bumetanide treatment of human APOE4 knock-in (KI) mice (homozygous APOE4/APOE4) exhibited improved memory function, as assessed by the Morris water maze (MWM) test, and reduced brain electrophysiological and pathological deficits. In J20/APOE4 mice (APPFAD, human APP-751/770-Swe-Ind), Bumetanide treatment reduced Aβ plaque accumulation and rescued hyperactivity (Taubes et al., 2021). Human studies reveal a significant link between Bumetanide exposure and a lowered prevalence of AD in individuals aged 65 and above. Data from two electronic health record databases (Taubes et al., 2021) support this association, indicating Bumetanide’s potential as a therapeutic agent for AD and various dementias. A recent Phase IIa clinical trial has been initiated to assess Bumetanide’s safety and tolerability in confirmed AD patients, while also investigating its efficacy in those with mild cognitive impairment or mild dementia due to AD (Clinical Trials.gov Identifier: NCT06052163).
In a mouse model of VCID, Bumetanide attenuated chronic hypoperfusion-induced white matter damage and cognitive impairment (Yu et al., 2018). The administration of Bumetanide following bilateral carotid artery stenosis (BCAS) surgery did not visibly impact astrocytic and microglial reactivity. Nevertheless, Bumetanide administration promoted the proliferation of OPCs, increased cell densities in the oligodendrocyte lineage, facilitated oligodendrocyte proliferation and differentiation, evident in the heightened number of NG2-positive OPCs and myelination by GST-π-expressing oligodendrocytes in the corpus callosum (Yu et al., 2018). This action mitigated white matter damage induced by chronic hypoperfusion and ameliorated working memory impairment resulting from BCAS (Yu et al., 2018). These findings may have indirect implications for astrocyte reactivity through mechanisms of crosstalk between astrocytes and oligodendrocytes (Nutma et al., 2020). Moreover, many studies showed Bumetanide treatment significantly improved neurological and cognitive function in rodent model of ischemic stroke and brain injury (Bhuiyan et al., 2017; O'Donnell et al., 2004). Bumetanide treatment significantly decreased astrogliosis, brain edema and infarction. To improve BBB permeability, several lipophilic Bumetanide prodrugs including BUM5, BUM13, STS66, have recently been developed (Tollner et al., 2014; Romermann et al., 2017; Huang et al., 2019). Post-stroke administration of the NKCC1 inhibitor STS66 has been reported to attenuate astrogliosis, brain edema, and infarction, while improving neurological function after ischemic stroke. This suggests that Bumetanide and its prodrugs hold therapeutic potential for cerebrovascular and dementing disorders. Notably, the novel NKCC1 inhibitor STS66 surpasses Bumetanide and STS5 in reducing ischemic infarction, swelling, and neurological deficits in large-vessel transient ischemic stroke and permanent focal ischemic stroke with hypertension comorbidity (Huang et al., 2019).
NKCC1 activity is regulated by its upstream regulatory kinases–WNK and SPAK/OSR1 (Vitari et al., 2006). Recently we have developed a specific SPAK inhibitor, ZT-1a (Zhang et al., 2020) which can efficiently enter ischemic brain. Post-stroke administration of ZT-1a showed inhibitory effect on WNK-SPAK-NKCC1 signaling cascade leading to neuroprotective outcome including reduction of cerebral infarct volume, swelling, white matter lesions and improvement of neurological function after ischemia (Zhang et al., 2020; Bhuiyan et al., 2022), suggesting ZT-1a has therapeutic potential against PSD. Indeed, our very recent study found that chronic administration of ZT-1a attenuates the WNK-SPAK-NKCC1 signaling, prevents BCAS-induced WML and cognitive impairment in a mouse model of VCID (Bhuiyan et al., 2024b). We found that post-BCAS administration of ZT-1a (5 mg/kg, i. p) in C57BL/6J male mice prevented OL cell death and improves learning and memory function assessed by MWM and novel object recognition tests. Importantly, ZT-1a treatment significantly decreased reactive astrogliosis, increased oligodendrocytes differentiation and survival. Moreover, ZT-1a increased S100A10+GFAP+ protective astrocytes while reducing C3d+ A1 cytotoxic astrocytes in white matter tracts of mouse brains (Bhuiyan et al., 2024a). These findings underscore the therapeutic potential of ZT-1a in ameliorating the detrimental effects of cytotoxic reactive astrocytes in VCID and other forms of dementia.
The ion transporter NHE1 is pivotal in activating microglia and inducing reactive astrogliosis in various brain diseases, including several conditions implicated in the development of VCID (Liu et al., 2021; Luo et al., 2021). Genetic ablation of Nhe1 resulted in reduced reactive astrogliosis, microglial activation, cerebral infraction, white matter lesions, and improved neurological function in mouse model of ischemic stroke (Begum et al., 2018; Song et al., 2018). This exhibits NHE1 as a therapeutic target for cerebrovascular and dementing disorders. Interestingly, recent studies from our lab showed that pharmacological inhibition of NHE1 with potent HOE642 inhibitor (Cariporide) and Rimeporide improved white matter integrity and cognitive function by reducing reactive astrogliosis in mouse models of VCID and ischemic stroke (Liu et al., 2021; Metwally et al., 2023). HOE642 treatment prevented demyelination by increasing myelin forming cells, oligodendrocytes and maintained white matter microstructure as evidenced in mouse brain with MRI imaging. HOE642 also reduced astrogliosis and microgliosis confirmed by lower count of GFAP+ and Iba1+ cells co-localization NHE1 protein in corpus callosum and external capsule of mouse brain. The application of HOE642 resulted in a downregulation of inflammatory genes (Lcn2, Il1r1, IL-1β, IL-6, TNF-α, Il2rg, Tnfsf8, Mmp9, Cxcr2, Ccl5, and Itgal) as well as reduction in both pan-reactive (Vim, Lcn2, Cd44, Cxcl10, Hspb1, Gfap, Serpina3n, Osmr, and Timp1) and A1 (Gbp2, H2-D1, C3, C4b, Psmb8, Serping1, and Srgn) astrocyte markers (Liu et al., 2021). These studies demonstrate that HOE642 can attenuate microgliosis and astrogliosis, most probably inflammatory A1 reactive astrocytes, a common pathology of AD, PSD, and several other vascular dementias. However, the mechanism of inhibition of A1 reactive astrocytes by HOE642, either by M1 microgliosis inhibition which has been shown to increase A1 reactive astrocytes or direct inhibition of A1 reactive astrocytes formation remains elusive (Park et al., 2021). The effect of HOE642 in AD and PSD remains poorly understood. Therefore, additional research is necessary to investigate the potential of HOE642 in inhibiting A1 reactive astrocytes and combating neurodegenerative diseases such as AD, PD, PSD, or related vascular dementias.
Collectively, inhibitors of ion transporters and their regulatory kinases demonstrate promise as potential therapeutic agents for treating cerebrovascular and dementing disorders. Nonetheless, future research should delve into the development of ion transporter inhibitors and their signaling inhibitors with favorable pharmacokinetic characteristics and enhanced blood-brain barrier permeability for clinical applications in dementia treatment.
4.2 GLP-1R agonist
Glucagon-like peptide-1 (GLP-1) hormone secreted from intestinal cells induces insulin secretion from pancreatic β cells upon binding to the GLP-1 receptor (GLP-1R) on the surface of β cells (Klegeris, 2021). GLP-1 can freely cross the blood-brain barrier and can regulate many neuroendocrine functions including learning and memory, rewards behavior, and reduces hunger-driven feeding, food’s hedonic value, and motivation along with its known incretin effect in hyperglycemic conditions (Diz-Chaves et al., 2020). Interestingly, reduced activity of GLP-1R in the CNS results in microglia activation and reactive astrogliosis (Park et al., 2021), suggesting that activation of GLP-1R by GLP-1R agonist could be a viable strategy to attenuate activation of microglia and astrogliosis in neurodegenerative diseases.
Given that GLP-1R agonists are presently employed in treating type 2 diabetes, their application for testing in VCID and AD could be swiftly implemented. Aligning with this hypothesis, several GLP-1R agonists have shown neuroprotective efficacy against AD and Parkinson’s disease (PD) pathology, reducing microgliosis and astrogliosis (Aviles-Olmos et al., 2013; Athauda et al., 2017; Park et al., 2021). For example, a pegylated exendin-4 GLP-1R agonist, NLY01, penetrates CNS and blocks pathologic α-synuclein-induced microglial activation both in vitro and in vivo, inhibits secretion of inflammatory cytokines IL-1α, TNFα, and C1q, in turn prevents reactive astrogliosis in human A53T α-synuclein (hA53T) transgenic mouse model of PD (Yun et al., 2018) It was shown that the GLP-1R agonist, NLY01, protects against dopaminergic neuronal loss and behavioral deficits in a mouse model of sporadic PD and extends survival in a model of familial α-synucleinopathy. NLY01 prevented microglial secretion of IL-1α, TNFα, and C1q, decreased expression of several A1 astrocyte genes (H2-T23, Serping1, H2-D1, Ggta1, Iigp1, Gbp2, Fbln5, Ugt1a, Fkbp5, Psmb8, Srgn, and Amigo2) and attenuated microglia activation and A1 astrogliosis evidenced by reduced number of Iba-1+ and C3d+GFAP+ cells (Yun et al., 2018). These results clearly show that the protective effects of NLY01 were attributed to the inhibition of microglial activation, and subsequent attenuation of cytotoxic reactive astrogliosis, a process implicated in neurodegeneration. NLY01, designed to reduce inflammation by targeting microglia and astrocytes, showed promise in slowing disease progression and extending lifespan in animal models, and was well-tolerated in a Phase I trial (NCT03672604) for healthy adults. However, in a Phase II clinical trial known as NLY01-PD-1 (NCT04154072) for early and untreated PD, it did not demonstrate superiority over a placebo in slowing motor symptom progression overall. Nevertheless, there is intrigue as NLY01 showed a beneficial effect in patients under 60, suggesting potential interest for further clinical evaluation in younger individuals with PD and other dementing conditions.
In transgenic mouse models of AD, 5xFAD and 3xTg-AD, subcutaneous injection of NLY01 (1 or 10 mg/kg; twice a week) for 4 months significantly reduced cognitive deficits confirmed by MWM (Park et al., 2021). NLY01 reduced pathologic oligomeric Aβ1-42-induced microglia activation and secretion of IL-1α, TNFα, and C1q, subsequently reduced reactive astrogliosis (Park et al., 2021). Researchers involved in advancing NLY01, has commenced a Phase IIB Alzheimer’s study, characterized as a multicenter, randomized, double-blinded, placebo-controlled trial projected to enroll over 500 patients across 100 sites in the US, Canada, and Europe. Additionally, it is in the developmental stage for stroke treatment.
In a mouse model of ischemic stroke, Semaglutide (an FDA approved GLP-1R agonist for type-2 diabetes mellitus) administration (30 nM/kg every 5 days until 28 days) significantly reduced levels of inflammatory cytokines (IL-1α, TNFα, and C1q), Iba-1+ microglia/macrophages, and C3d+/GFAP+ A1 reactive astrocytes (Zhang et al., 2022). Semaglutide-mediated attenuation of reactive astrogliosis resulted in reduced BBB damage, brain infarction and improved neurological function (Zhang et al., 2022). Encouragingly, the GLP-1R agonist Semaglutide is currently in two phase III clinical trials to evaluate the efficacy and safety of Semaglutide in the treatment of dementia (EVOKE, NCT04777396 and EVOKE Plus, NCT04777409). It is also currently in phase 3 trials, aiming to assess its impact on heart disease and stroke in individuals who are overweight or obese (SELECT NCT03574597), which has great significance in dementia considering the role of obesity in contributing to VCID (Buie et al., 2019; Zlokovic et al., 2020).
Therefore, repurposing of FDA-approved GLP-1R agonists with improved pharmacokinetics, could be potential therapeutic strategy for the treatment of neurodegenerative diseases associated with microgliosis and reactive astrogliosis, including AD, PD, PSD, and VCID.
4.3 Inflammasome inhibitor
Acuate or chronic cerebral hypoperfusion (CCH)-stimulated inflammasome activation causes reactive astrogliosis and white matter lesions, a major pathology of vascular cognitive impairments (VCI) and dementia (VCID).
In a mouse model of VCID, CCH activates NOD-like receptor family, pyrin domain containing 3 (NLRP3), absent in melanoma 2 (AIM2) inflammasome in reactive astrocytes in white matter tracts in mouse brain, as shown by higher numbers of AIM2 and NLRP3 in GFAP+ cells at 4 weeks after BCAS procedure (Matsuyama et al., 2020; Xu et al., 2023). CCH disrupts ionic homeostasis (decreased K+, increased Ca2+, and Na+), increases mitochondrial ROS production and activates NLRP3 inflammasome in VCID (Poh et al., 2022). NLRP3 activation facilitates cleavage of pro-caspase-1 into its active form, leading to the subsequent processing of pro-inflammatory cytokines, notably interleukin-1 beta (IL-1β) and IL-18 within microglia and astrocytes, contributing to the pathogenesis of VCID including white matter lesions (Poh et al., 2021; Li L et al., 2022; Wang et al., 2023). NF-κB signaling activation also induces NLRP3 inflammasome-mediated IL-1β and IL-18 maturation which activate downstream inflammatory cascades including transformation of neurotoxic A1 astrocytes and various cell death pathways including apoptosis, and pyroptosis (Aachoui et al., 2013; Li L et al., 2022; Wang et al., 2023; Wong et al., 2023). In depression-like mice, after 2–6 weeks of chronic mild stress (CMS), the NLRP3 inflammasome activates microglia, leading to the release of an A1 cocktail l (TNF-α, IL-1α, and C1qA) and upregulation of related A1 astrocyte genes (H2-T23, Serping1, H2-D1, Ugt1a5, Fkbp5, Ligp1, Fbln5, Ggta1, C3, Gbp2, Pmsb8 and Amigo2) (Li S et al., 2022). The study demonstrates that NLRP3 inflammasome activation induces neurotoxic A1-like astrocytes, and the caspase-1 pathway plays a crucial role in this process. Additionally, the NF-kB pathway is implicated in the activation of microglial NLRP3 inflammasome and A1-like astrocytes in the depression model. CMS-induced reactive astrogliosis and depression and anxiety-like behavior were attenuated in Nlrp3 Global knockout (Nlrp3−/−) mice (Li W et al., 2022). Nlrp3 ablation in Nlrp3Micro−/− and Nlrp3Astro−/− mice shows that NLRP3 inflammasome regulates microglial activation, release of cytokines (TNF-α, IL-1α, and C1q) which promotes transformation of neurotoxic A1 astrocytes, neuronal death, and cognitive impairments in mice (Li S et al., 2022). NLRP3 inflammasome inhibition reduces reactive astrogliosis, a key hallmark of neurodegenerative diseases (Freeman and Ting, 2016; Xu et al., 2023). Pharmacological inhibition of NLRP3 inflammasome have shown therapeutic potential against AD, PD, and VCID (Liang et al., 2022; Xu et al., 2023).
In a mouse model of experimental autoimmune encephalomyelitis (EAE), a selective NLRP3 inflammasome inhibitor, MCC950 significantly reduces astrogliosis in the cortex, corpus callosum, hippocampus, and white matter tract of mouse brain (Hou et al., 2023). MCC950 treatment prevented EAE-induced demyelination as shown by increased NG2+, Oligo2+ cells, and MBP levels and improved cognitive function assessed by MWM test. MCC950 treatment prevented transformation of cytotoxic A1 astrocytes (with reduced C3d expression) whereas enhanced transformation of protective A2 astrocytes (as shown by increased S100A10 expression) in GFAP + astrocytes. Notably, NLRP3 inflammasome inhibitor, MCC950 blocks microglial conversion to M1 microglia, and in turn prevents conversion of cytotoxic A1 reactive astrocytes by activated microglia (Hou et al., 2020; Hou et al., 2023). In transgenic AD mouse model of APP/PS1/Nlrp3−/−, NLRP3 deficiency reduces amyloid-β deposition and cognitive dysfunction by microglial mediated amyloid-β phagocytosis (Heneka et al., 2013). In CRND8 APP transgenic mice (TgCRND8) model of AD, NLRP3 inhibitor JC-124 administration (50 mg/kg/day, five times per week for four consecutive weeks) significantly reduces number of Iba-1+ microglia/macrophages and Aβ deposition, although, it does not alter the number of GFAP + astrocytes in the brain (Yin et al., 2018). In traumatic brain injury (TBI) rat model, JC-124 treatment decreases brain inflammation as shown by reduced expression of IL-1β, TNF-alpha, and iNOs (Kuwar et al., 2019). Oral administration of OLT1177, an NLRP3 inhibitor reduces microglial activation and improves cognitive deficits in APP/PS1 mice (Lonnemann et al., 2020).
The leading direct NLRP3 inflammasome inhibitor, RRx-001, is a parenterally administered small molecule with the capability to penetrate the blood-brain barrier (Oronsky et al., 2023). RRx-001 is currently being investigated not only for its anti-inflammatory properties but also as a potential treatment for neurodegenerative diseases such as PD and AD (Jayabalan et al., 2023). Additionally, this promising compound, also known as Nibrozetone, is in the early stages of phase I trials for its use as an experimental radiation sensitizer in individuals with brain metastases as it shields normal cells from harm (BRAINSTORM NCT02215512). Exploring the therapeutic implications of RRx-001 in modifying astrogliosis represents a novel avenue worth investigating for VCID, PSD and AD.
Minocycline (a semisynthetic tetracycline antibiotic) inhibited NLRP3 inflammasome activation, reduced the number of Iba-1+ microglial cells, IL-1β expression, and improves neurological outcome in a rat model of early brain injury (EBI) (Li et al., 2016). In a mouse model of ischemic stroke, minocycline treatment (1–50 mg/kg/day of minocycline for 3–14 consecutive days) inhibits NLRP3 expression in microglia confirmed by reduced number of NLRP3+ IBA-1+ cells. Minocycline also reduces IL-1β and IL-18 cytokines level and cerebral infract volume (Hayakawa et al., 2008; Lu et al., 2016). A phase II clinical trial is underway to investigate the effectiveness of Minocycline in enhancing neurological outcomes in patients undergoing endovascular revascularization for acute ischemic stroke (NCT05367362) with one of the end points being assessment of instrumental activities of daily living. The rationale behind this study is based on the promising anti-inflammatory and protease inhibitory properties demonstrated by Minocycline in various preclinical stroke models (Sheng et al., 2018).
Taken together, NLRP3 inhibitors clearly show efficacy in attenuating microglial activation and reactive astrogliosis, representing inflammasome inhibitors as potential drug class for the treatment of cerebrovascular related dementia including AD, PSD, and VCID.
4.4 Blocking inflammatory cytokines and Aβ deposition
Pro-inflammatory cytokines secreted by microglia including IL-1α, IL-18, TNFα, and C1q play a crucial role in the conversion of inflammatory A1 astrocytes, Aβ deposition, demyelination, and neurodegeneration (Lee et al., 2021; Gao et al., 2023). Pharmacological inhibition or antibody-mediated neutralization pro-inflammatory cytokines have shown therapeutic potential against AD, PSD, and other categories of VCID.
Proinflammatory cytokines, such as IL-1 family, IL-6, and TNF-α, are elevated in the plasma, brains, and cerebrospinal fluid of patients with AD (Cacabelos et al., 1991; Su et al., 2016). IL-1β cytokine is known to be elevated in AD pathology (Di Bona et al., 2008; Forlenza et al., 2009). An IL-1R blocking antibody (anti-IL-1R) significantly alleviates cognitive deficits, markedly attenuates tau pathology, and inhibits amyloid-β formation by decreasing NF-κB transcriptional activity in AD model (Kitazawa et al., 2011). Inhibition of IL-1 signaling reduces several tau kinases including GSK-3β, and p38–MAPK, and phosphorylated tau levels as well as expression of S100B, a marker of inflammatory A1 astrocyte in the brain of AD mice (Kitazawa et al., 2011). Several FDA approved drugs including Rilonacept (IL-1 blocker), Anakinra (IL-1R antagonist) and Canakinumab (IL-1β neutralizing antibody) have been used against rheumatoid arthritis (Arnold et al., 2022). However, their efficacy against neurodegenerative diseases needs to be explored. Interestingly, a Phase II clinical trial, titled “ACTION” (NCT04834388), is investigating the potential of Anakinra to mitigate secondary brain damage following spontaneous hemorrhagic stroke. Moreover, endogenous IL-18 neutralization with anti–IL-18 IgG inhibits cytokine production and NF-κB activation in rat model of vascular injury (Maffia et al., 2006), suggesting its potential for the treatment of dementia of vascular origin.
A C1q-neutralization antibody reduces microglia-dependent synaptic loss and cognitive impairments in a mouse model of LPS-induced neuroinflammation (Wu et al., 2023). Notably, a humanized anti-C1q antibody; ANX005 (immunoglobulin G4 recombinant anti-body) is now in Phase I clinical trials for the treatment of autoimmune and neurodegenerative diseases (Lansita et al., 2017). Endogenous TNFα neutralization also provide neuroprotection against focal ischemic injury (Barone et al., 1997). TNF-α inhibitors, including Etanercept and type-II human TNF-α receptor to a transferrin receptor antibody reduces activation of microglia and tau deposition (Ou et al., 2021). Another TNF-α inhibitors, Adalimumab reduces AD pathology and neurotoxicity by inhibition of NF-κB and improves cognitive deficits (Park et al., 2019). Furthermore, in a rat model of VCID, administration of Adalimumab not only suppressed the activity of NF-κB, but also decreased microglial activation (Xu J et al., 2021). This led to a mitigation of neuronal loss in the hippocampi and an improvement of learning and memory function, providing more evidence supporting the potential of adalimumab for VCID and related dementias.
Recently, FDA approved two anti-amyloid anti-bodies; Aducanumab (human monoclonal antibody) and Lecanemab (humanized IgG1 antibody), which markedly reduce Aβ deposition in brain (Fedele, 2023). Aducanumab neutralizes oligomeric forms of Aβ in cerebral amyloid angiopathy (CAA) lesions. Aducanumab prominently binds with parenchymal Aβ but not vascular Aβ in either cortex or hippocampus and clears Aβ deposits from brains by recruiting Iba1-positive microglia and GFAP-positive astrocyte to Aβ plaques. Microglia and astrocytes clear pathological Aβ deposits through phagocytosis and degrades in CNS and moderately improves spatial working memory (Ries and Sastre, 2016; Sevigny et al., 2016; Kong et al., 2022). Lecanemab, an anti-Aβ protofibril antibody, demonstrates efficacy in reducing cognitive decline in early AD patients; however, its mechanism for Aβ plaque clearance remains inadequately understood (Prillaman, 2022; van Dyck et al., 2023). Lecanemab is the subject of multiple clinical trials including phase III studies for early-stage AD and disease progression (NCT03887455, NCT05925621, NCT04468659, NCT01767311, NCT05269394, etc.). Gantenerumab, a subcutaneously administered anti-Aβ IgG1 monoclonal antibody with high affinity for aggregated Aβ, demonstrated promising results in reducing amyloid plaque burden in early AD; however, it did not show a significant impact on slowing clinical decline compared to a placebo at 116 weeks (Bateman et al., 2023). Solanezumab, designed to target monomeric amyloid in individuals with elevated brain amyloid levels, did not demonstrate a reduction in cognitive decline compared to a placebo over a 240-week period in those with preclinical AD (Sperling et al., 2023). The drug’s mechanism involves binding to the central epitope of monomeric amyloid-β, known as the nucleation site for Aβ oligomerization. Acting as an “amyloid beta sink,” Solanezumab facilitates the flux of amyloid beta from a central to peripheral compartment, increasing peripheral elimination and solubilizing amyloid-β in the cerebrospinal fluid to reestablish equilibrium (Willis et al., 2018). The potential efficacy of these drugs in the broader context of astrogliosis and VCID including PSD remains unexplored.
These studies illustrate the potential therapeutic efficacy of antibodies neutralizing pro-inflammatory cytokines, receptors associated with inflammation, and anti-amyloid antibodies in addressing cerebrovascular and neurodegenerative diseases, including AD, PSD, and various forms of VCID.
4.5 Choline-containing phospholipids
Choline-containing phospholipids, influencing transglutaminase activity, may impact astrocyte differentiation, proliferation, and reactivity (Bramanti et al., 2008; Tayebati et al., 2009). Understanding these astrocyte functions offers valuable insights into neurodegenerative processes and potential therapeutic interventions (Lee et al., 2022; Lo et al., 2022). Choline alphoscerate (alpha glyceryl phosphorylcholine, α-GPC), a cognition-enhancing choline-containing phospholipid, is explored for countering cognitive impairment in conditions like AD and stroke (Tayebati, Di Tullio, Tomassoni and Amenta, 2009). Recognized as a parasympathetic agent, α-GPC, used as a registered drug or nutraceutical (Parker et al., 2022), has demonstrated in preclinical studies to increase acetylcholine release (Wang et al., 2009), improve learning and memory, and is under evaluation in clinical trials for efficacy and Safety in VCID Patients (NCT05050604) (Salvadori et al., 2021; Jeon et al., 2023). Choline-containing phospholipids emerge as an unexplored category of drugs in the context of PSD and reactive astrogliosis.
5 THERAPEUTIC CHALLENGES AND FUTURE DIRECTIONS
The development of novel treatments for cognitive health conditions, including PSD, AD, and other VCIDs, faces numerous obstacles. These include challenges associated with multiple comorbidities, various neurodegenerative pathologies, blood-brain barrier (BBB) permeability, polypharmacy, and disease specificity.
Neuronal and glial cation-chloride cotransporters, particularly NKCC1, are promising targets for central nervous system (CNS) drugs (Löscher and Kaila, 2022). However, significant challenges exist in drug design, including isoform specificity, pharmacokinetics, and safety properties. Bumetanide, often considered an NKCC1 blocker, lacks specificity between NKCC1 and NKCC2. Off-target effect is also another concern. For example, in the case of Bumetanide, the induction of diuresis, concomitant risk for hypokalemic alkalosis and potential ototoxicity clearly limits the application of bumetanide for chronic treatment of CNS disorders (Sica, 2004; Auer et al., 2020).
One significant challenge in designing CNS drugs is their ability to effectively cross the BBB (Banks, 2008). Existing NKCC1 inhibitors face poor blood-brain barrier permeability (Löscher and Kaila, 2022). For example, bumetanide encounters pharmacokinetic constraints due to its limited BBB penetration. Strategies like using lipophilic prodrugs or derivatives aim to enhance central nervous system (CNS) delivery (Auer, Schreppel, Erker and Schwarzer, 2020) but may introduce associated toxicity risks, as seen with STS5/BUM5 in stroke models (Huang et al., 2019).
In certain conditions like stroke, ischemia-induced BBB leakage presents an opportunity for drug delivery, albeit with unpredictable results (Ronaldson et al., 2024). Changes in BBB permeability can lead to ionic imbalances and the accumulation of toxic metabolic substances, disrupting synaptic, neuronal, and oligodendrocyte functions. Moreover, impaired glucose transport across the BBB and reduced regional metabolic rates in AD (Patching, 2017) further complicate treatment approaches.
The complexity of dementia, compounded by multiple comorbidities and pathologies, impedes the efficacy of single-target treatments (Park et al., 2017; Growdon et al., 2021; Riedl et al., 2022). Polypharmacy in patients exacerbates treatment challenges, increasing the risk of adverse reactions (Hohl et al., 2001; Doumat et al., 2023). Clinical trial recruitment often excludes individuals with multiple conditions, despite representing a significant real-world cohort, potentially leading to disparities between trial outcomes and real-world application. Additionally, disease-specific drugs may limit their applicability across different dementia types. For instance, cholinesterase inhibitors show limited efficacy in VCID (Battle et al., 2021) compared to AD (Xu H et al., 2021; Majidazar et al., 2022), and some drugs like memantine is only recommended for Alzheimer’s (Levine and Langa, 2011).
Despite recent successes in immunotherapy trials, challenges persist, including patient non-response and disease recurrence due to evolving resistance. Age-related immune system impairment may further complicate immunotherapy outcomes in elderly patients (Castelo-Branco and Soveral, 2014; Weyand and Goronzy, 2016).
Amyloid-related imaging abnormalities (ARIA) represents a major side effect of AD immunotherapy (Sperling et al., 2011; Withington and Turner, 2022). Identifying early biomarkers of ARIA represent an important challenge to ensure safe and beneficial effects of immunotherapies, given that different promising clinical trials in prodromal and subjects at risk for AD are underway (DiFrancesco et al., 2015). ARIA is a term introduced in 2010 to encompass a spectrum of MRI findings observed in patients receiving investigational anti–amyloid beta (Aβ) immunotherapies for AD. The two types of amyloid-related imaging abnormalities (ARIA) present distinct characteristics: ARIA-E, identified by magnetic resonance imaging (MRI) showing evidence of vasogenic edema (VE) and/or sulcal effusion on fluid-attenuated inversion recovery (FLAIR), indicating inflammation at the affected vessels; and ARIA-H, distinguished by hemosiderin deposits, microhemorrhages (MHs), and superficial siderosis on T2*-weighted gradient echo (T2*-GRE) or susceptibility-weighted imaging (SWI), indicative of cerebral amyloid angiopathy (CAA) (Barakos et al., 2013). The ARIA concern has garnered heightened attention following the presentation of highly promising Phase 1b trial data for aducanumab (NCT01677572) (Salloway et al., 2022). The recent revelation that cerebrospinal fluid (CSF) anti-Aβ autoantibodies contribute significantly to the development of ARIA-like events associated with cerebral amyloid angiopathy-related inflammation has sparked considerable interest in the realm of immunotherapy (DiFrancesco, Longoni and Piazza, 2015).
In conclusion, tackling these challenges necessitates a comprehensive approach that takes into account the varied needs and intricacies of patients with cognitive impairments, and entails tailored designs for both preclinical and clinical studies.
6 CONCLUDING REMARKS
In summary, this review highlights the intricate involvement of astrocytes in cerebrovascular diseases and neurodegenerative disorders, specifically focusing on VCIDs such as PSD and also AD. The interplay between A1 and A2 astrocytes in reactive astrogliosis, notably the NKCC1-related ion transporter cascade, emerges as a promising therapeutic target. The review explores strategies, including inhibitors and agonists of signaling molecules, to address cognitive impairments. Despite these positive developments, the critical need for effective therapies for dementing disorders is emphasized, given the substantial burden on healthcare systems in an aging world. Ongoing research is crucial to formulate targeted interventions such as the SPAK inhibitor ZT-1a, capable of modulating astrocyte signaling and mitigating factors contributing to neurodegenerative diseases leading to dementia (VCID and AD). A multifaceted approach may hold the key to advancing strategies against these formidable yet partially reversible disorders.
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