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Abstract

:

Old age increases the risk of Alzheimer’s disease (AD), the most common neurodegenerative disease, a devastating disorder of the human mind and the leading cause of dementia. Worldwide, 50 million people have the disease, and it is estimated that there will be 150 million by 2050. Today, healthcare for AD patients consumes 1% of the global economy. According to the amyloid cascade hypothesis, AD begins in the brain by accumulating and aggregating Aβ peptides and forming β-amyloid fibrils (Aβ42). However, in clinical trials, reducing Aβ peptide production and amyloid formation in the brain did not slow cognitive decline or improve daily life in AD patients. Prevention studies in cognitively unimpaired people at high risk or genetically destined to develop AD also have not slowed cognitive decline. These observations argue against the amyloid hypothesis of AD etiology, its development, and disease mechanisms. Here, we look at other avenues in the research of AD, such as the presenilin hypothesis, synaptic glutamate signaling, and the role of astrocytes and the glutamate transporter EAAT2 in the development of AD.
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1. Introduction


Old age comes with many geriatric syndromes, disabilities, and diseases [1]. Yet, nothing compares to Alzheimer’s disease (AD), a most devastating disorder of the human mind and the major cause of dementia. Alois Alzheimer called it “eine eigenartige Erkrankung der Hirnrinde” (a peculiar disease of the cortex) [2].



AD is the most common aging-associated neurodegenerative disease, diagnosed by slowly progressive and irreversible memory loss and other disturbance in cognition, followed by remarkable changes in behavior and personality, and, in the end, loss of self. The last-mentioned term “Loss of self” means that subjective but realistic self-experiencing in dementia is gradually degrading. Some researchers such as Bomilcar et al. describe this process in a multidimensional way [3]. AD is characterized by extracellular amyloid plaques and intracellular neurofibrillary tangles in the brain. Advanced or old age and family history of dementia are the only high-risk factors of AD. These are the risks we cannot do anything about. Other risks include cerebrovascular and cardiovascular diseases, diabetes, head trauma, obesity, psychiatric diseases, and stroke [4,5,6]. APOE4 is the only major genetic risk factor of AD [7]. Inherited dominant mutations in the APP, PS1 or PS2 genes cause 1% of AD, the early-onset familial forms of AD [8,9,10]. APOE e4 increases risk for AD and is also associated with an earlier age of disease onset. Having one or two APOE e4 alleles increases the risk of developing AD, even very early in life in the absence of most AD pathological changes in the brain. About 25 percent of people carry one copy of APOE e4, and 2 to 3 percent carry two copies. Approximately 15% to 25% of the general population carries an APOE e4 allele; APOE e3—the most common—does not seem to affect the risk of AD. About 2 to 3 percent of the world’s population have two copies of APOE e4. Studies show that up to 60% of them will develop AD by age 85, compared with 10 to 15 percent of the general population [11].



AD is diagnosed every 3 s, with the incidence of 10% in people at age 65, 20% at 75, and 40% at 85. Worldwide, 50 million people have AD, estimated to reach 150 million in 2050. In the US, $1 billion a day is spent for healthcare of 6.2 million people living with AD at home or long-term care facilities [12,13,14]. In 2020, the National Institute of Aging supported AD research and clinical trial studies with $2.8 billion [15].




2. APP and Aβ Peptides


APP (amyloid precursor protein), a membrane protein with one transmembrane domain, is so named after its proteolytic metabolism, which generates Aβ peptides forming amyloid, an insoluble extracellular aggregate of β-sheet fibrils. Proteinase β-secretase cuts APP outside the membrane, followed by γ-secretase which cuts APP in the middle of the transmembrane domain, thereby releasing 37–43 amino acid-long Aβ peptides, most often the Aβ40, and then the Aβ42 peptide. α-secretase, which cuts APP outside the membrane in the Aβ domain, prevents Aβ peptide production. γ-secretase is made of four proteins, with presenilin PS1 or PS2 as the proteolytic enzyme component. Aβ peptides are generated inside the cell on endosomal membranes [16,17,18,19,20]. APP is expressed in most tissues and cells, including erythrocytes, leucocytes, and platelets [21,22,23,24]. In the blood, platelets have the most APP and Aβ peptides.



APP was cloned by four groups in 1987, and the first APP mutation causing early-onset familial forms of AD was reported in 1987. John Hardy has written an interesting memoir of those days [25]. Cloned from a brain cDNA library as a 675-amino acid protein by Müller-Hill and colleagues, APP has “features characteristic of glycosylated cell-surface receptors” [26].




3. The Amyloid Cascade Hypothesis


”While there may be many causes of Alzheimer’s disease (AD), the same pathological sequence of events […] is likely to occur in all cases. […] The pathological cascade for the disease process is likely to be beta-amyloid deposition—tau phosphorylation and tangle formation—neuronal death. The development of biochemical understanding of this pathological cascade will facilitate the rational design of drugs to intervene in this process.” Thus wrote John Hardy and David Allsop in 1991 [27].



According to the amyloid cascade hypothesis [25,28,29], AD begins in the brain with Aβ peptide accumulation, aggregation, and amyloid formation. Formulated in 1991-1992, the hypothesis has dominated AD research, drug discovery, and clinical trial studies ever since [30]. The hypothesis is supported by the molecular genetics of the early-onset familial forms of AD, caused by inherited dominant mutations in the APP, PS1 or PS2 genes. Some 300 pathogenic mutations have been identified which cause AD at age 22–60, the age of onset depending on the gene and the particular mutation. For example, the PS1 mutation E280A causes AD at the median age of 49. PS1 has the most mutations, which can result in increased, decreased or no Aβ peptide production, or in increased or decreased Aβ42/40 ratio (see below), Aβ42 being the more hydrophobic peptide prone to aggregation and amyloid formation [31,32,33,34].



Several observations and experimental studies are against the hypothesis. The natural history of AD progression does not correlate with brain amyloid formation, therefore amyloid cannot be causally linked to AD [35,36]. Brain amyloid PET scans of cognitively unimpaired people often look the same as the PET scans of people with AD [37]. At brain autopsy, 30% of people without AD had typical amyloid formation characteristics of AD brains [38,39]. In short, as David Snowdon put it in his great ‘Nun Study’ in 1997: “Brain amyloid is not synonymous with dementia” [40].



The amyloid cascade hypothesis in Alzheimer’s disease is also not supported by the ambiguous, quite controversial results of clinical trials of drugs with β- or γ-secretase inhibitors or with anti-Aβ antibodies, especially clinical trials before the introduction of aducanumab to treatment. Two identical Phase 3 clinical trials, EMERGE and ENGAGE, evaluated the safety and efficacy of aducanumab in the treatment of Alzheimer’s disease. The data analysis conclusions at the end of the study at 78 weeks were as follows: In EMERGE, high-dose aducanumab reduced the severity of clinical dementia as measured by dementia severity scales. In the ENGAGE study, aducanumab did not reduce pre-study clinical worsening. Even when the drugs reduced the production of Aβ peptides and amyloid in the brain, they did not clearly slow cognitive decline, or slowed it only slightly. Worse still, the drugs often harmed the study volunteers, causing serious health problems including infections, skin cancers, cerebral vascular edema, cerebral microhemorrhages, severe cognitive decline, and death [41,42].




4. AD Biomarkers


Development of aging-associated diseases and disabilities happens over many decades, before the first signs and symptoms appear, such as high blood glucose level in diabetes and high cholesterol level and elevated blood pressure in cerebrovascular and cardiovascular diseases [43]. Glucose- and cholesterol-lowering drugs, blood pressure drugs, as well as simple lifestyle changes offer effective prevention, treatment, and disease management. AD has no signs and symptoms until it is diagnosed as such, when there is not much that can be done to help and treat the patient [44]. Current AD drug therapies with acetylcholine esterase inhibitors (donepezil, galantamine, and rivastigmine), or memantine, an inhibitor of NMDA receptor and synaptic glutamate signaling, only provide symptomatic and temporary relief; they do not stop or slow the course of AD progression [45,46]. Hence, research efforts to find biomarkers forecasting AD before it begins are good news for everybody [47,48,49]. Sensitive and specific AD biomarkers could help in early diagnosis, prognosis, and counseling in prevention and treatment of AD with disease-modifying therapies (when they become available).



In recent years, a conceptual shift occurred in the field of Alzheimer’s disease considering the disease as a continuum from preclinical disease characterized by normal cognition and abnormal brain biomarkers to mild cognitive impairment and then clinically apparent dementia. Neuroimaging and CSF biomarkers are being used to detect preclinical AD. There is increasing awareness of the appearance of extracellular amyloid B (Abeta) plaques and neurofibrillary tangles in the intra-cellular environment, the best-known hallmarks of AD, but they are not the ultimate cause of AD. Especially alterations in the blood-brain barrier have also emerged as early markers of this disease. Neuropathology of AD begins many years before symptoms appear and as much as 30 years before dementia occurs. New tests might be able to diagnose the disease when symptoms are very mild or even before the symptoms start. It is very important taking into account that early intervention could offer the best chance of therapeutic success in the future. However, in the absence of disease-modifying therapies, AD biomarkers face an ethical issue in medical practice: forecasting AD decades before its clinical onset may do more harm than good [50,51,52,53].



When Ray et al. [54] studied blood proteins, they found 18 that characterized 90% of people with mild cognitive impairment (MCI), who would 2–6 years later be diagnosed with AD. Mapstone et al. [55] studied blood lipids and found 10, including eight phosphatidylcholine lipids, that correlated with 90% accuracy with the age of onset of MCI and AD diagnosis 2–3 years later.



When Leszek et al. [56] analyzed the serum of AD patients for advanced glycation end-products, they found a novel antigen epitope, which was significantly reduced in AD patients compared to control subjects, whereas the antigen-antibody complexes were elevated in AD patients. This novel epitope was detected with antibodies made in mice against the antigen synthesized in vitro in anhydrous conditions [57]. This antigen epitope may represent a totally different pool of protein adducts, different from known fluorescent advanced glycation end-products. Its structure and function in human physiology and pathology, if any, remains to be elucidated. Further, whether this antigen epitope may serve as a novel AD biomarker remains to be studied.



DIAN (Dominantly Inherited Alzheimer Network) is an international registry of families carrying inherited dominant mutations in the APP, PS1 or PS2 genes, which cause the early-onset familial forms of AD, of 0.5 million people or 1% of AD [58,59,60,61]. DIAN provides an unprecedented, unique opportunity to uncover molecular details and cellular mechanisms at work decades before AD begins.



When Bateman et al. [62] studied cognitively unimpaired people carrying the PS1 mutation E280A, they found many changes in AD biomarkers 10–25 years early to the expected age of onset of AD (age 49 with E280A), such as less Aβ peptides in the cerebrospinal fluid, less glucose uptake and more amyloid in the brain by PET imaging, and more brain atrophy by MRI. These are remarkable findings considering that the people with the E280A mutation were cognitively unimpaired at the study time. Of note, they also found “impaired episodic memory” 10 years ahead of AD. Compared to other AD biomarkers, measuring ‘episodic memory’ is safe, non-invasive, cost-effective, and takes no time.



Recently, Mattsson-Carlgren et al. [63] monitored for six years (at base line) cognitively unimpaired and impaired study participants and found p-tau217 (tau protein phosphorylated at threonine 217) plasma level increased faster in cognitively impaired over the cognitively unimpaired participants. Moreover, p-tau217 increased even faster in cognitively impaired participants who developed AD.



Palmqkvist et al. [64] reported that plasma p-tau217 in AD patients was seven times higher over the control subjects and could distinguish AD from other neurodegenerative brain diseases such as frontotemporal dementia, vascular dementia, and Parkinson’s disease. Plasma p-tau217 correlated with tau PET imaging in patients with amyloid but did not correlate in patients without amyloid. Most impressively, when they studied people carrying the PS1 E280A mutation, they found p-tau217 increased linearly on a logarithmic scale from 1 pg/mL in people at age 25 to 30 pg/mL in people at age 60. In contrast, in people from the same kindred without the mutation, p-tau217 stayed the same at 1 pg/mL. Thus, in the mutation carriers, p-tau217 is forecasting AD 20 years before its expected onset at age 49. It is peculiar, though, that p-tau217 was not increased in people without the mutation, even at age 60. Because of the 10% incidence of AD at age 65, one would expect some of the control subjects of one hundred had shown elevated p-tau217 as a sign of developing AD.




5. AD Drug Trials


A popular argument to ‘explain’ the unsuccessful clinical trials in mild to moderate AD patients has been ‘too little too late’. While the drugs reduced Aβ peptide production and brain amyloid, they did slow cognitive decline because, as the argument goes, at the time of intervention, AD had already progressed beyond the point of therapy [65].



Trials with β-secretase inhibitors in cognitively unimpaired people aged 65–85 at high risk for AD due to AP-OE4 or elevated brain amyloid PET scan were all stopped early after 12 months because of the emergence of adverse events and serious health problems, including impaired cognition [66,67,68,69,70]. Similarly, a recent 5-year trial with anti-Aβ antibodies gantenerumab or solanezumab in cognitively unimpaired people carrying the PS1 mutation E280A was terminated due to lack of efficacy in preventing cognitive decline. Solanezumab even enhanced cognitive decline [71].



The US Food and Drug Administration (FDA) on 6 January 2023 approved lecanemab, a monoclonal antibody for the treatment of early Alzheimer’s disease [72]. Lecanemab reduced markers of amyloid in AD and resulted in moderately less decline on measures of cognition and function than placebo at 18 months of treatment slowed cognitive decline by 27% compared with placebo but was associated with adverse events. As reported by van Dyck CH et al. [73], lecanemab slowed cognitive decline by 0.45 points as measured by CDR-SB, an 18-point scale. At the study entry, baseline CDR-SB was 3.2. During the 18-month trial, CDR-SB increased 1.66 points in the control group and 1.21 points in the Lecanemab group, a difference of 0.45 points, or 27% (0.45/1.66). This 27% as the clinical benefit of lecanemab treatment can be misleading and a wrong comparison. What matters at the end of the trial is the difference in the total CDR-SB (which includes the 3.2 baseline), that is, 4.86 in the control group and 4.41 in the lecanemab group, or 9.3% (0.45/4.86). 9.3% is unlikely to provide clinically meaningful benefit in people living with mild to moderate Alzheimer’s disease.



It is fair to say, the absence of disease-modifying drug treatments for AD today is due to the amyloid cascade hypothesis, a misguided hypothesis of AD etiology, its origin, and disease mechanisms which has dominated drug discovery and clinical development in AD for 30 years. However, we must learn what the clinical trial failures can teach us about AD. The drugs engaged their intended targets, as measured by reduced Aβ peptide production and brain amyloid formation. Discovering the ‘off-targets’ engaged by the drugs, and the effects thereof, could help uncover causes for the trial failures, which in turn, could lead to better AD drugs and much-needed success in preventive trial studies in AD.




6. The Presenilin Hypothesis


Presenilin PS1 is the proteolytic enzyme component of γ-secretase, which cuts APP to produce Aβ peptides which form amyloid in the brain. Mutations in PS1 are the most common cause of early-onset AD. According to the amyloid cascade hypothesis of AD, Aβ peptides and brain amyloid formation cause neurodegeneration and dementia. As discussed above, many observations and facts are against the amyloid hypothesis.



The presenilin hypothesis of AD by Shen and Kelleher [74] suggests that loss of essential functions of PS1 is associated with neurodegeneration and dementia. This is a strikingly novel idea, because it calls for AD treatment by increasing γ-secretase activity, rather than decreasing it, as has been done in the past.



The presenilin hypothesis is derived from a few key observations. Inactivation of one copy of the PS1 gene in the adult mouse brain causes progressive neurodegeneration and memory loss, whereas mice overproducing Aβ peptides in the brain have no neurodegeneration. Pathogenic PS1 mutations which increase Aβ42 production also decrease Aβ40 production and impair other PS1-dependent events. Inhibitors of γ-secretase can enhance the production of Aβ42 while reducing other γ-secretase activities, thus mimicking the effects of pathogenic PS1 mutations.



When Sun et al. [34] studied 138 pathogenic PS1 mutations on the in vitro production of the Aβ42 and Aβ40 peptides by γ-secretase, they could not find any correlation between the amount of Aβ peptides produced or the Aβ42/40 ratio and the age of onset of AD (Figure 1). Remarkably, one third of the PS1 mutations produced no Aβ peptides (and yet they dominate in causing AD at different ages of onset). This observation agrees with the study (referred to above) in which inactivation of one PS1 gene in the adult mouse brain caused neurodegeneration and progressive memory loss. As more evidence for the presenilin hypothesis, a loss-of-function pathogenic mechanism of PS1 in AD is generated; it already seems clear it does not involve Aβ peptides and brain amyloid. Cataloguing PS1 interacting proteins and target substrates should help find many events regulated by PS1. One of the proteins is glutamate transporter EAAT2 [75], and there are 149 substrates for PS1 [76].




7. Synaptic Glutamate Signaling


The human brain has 86 billion neurons, 85 billion glia cells (astrocytes, oligodendrocytes, and microglia), and 1000 trillion synapses [77,78]. Synapses are covered by astrocytes, which play an essential role in synapse formation, synaptic activity, and neural circuit development [79,80,81,82,83,84,85].



A total of 85% of neurotransmission is excitatory. Glutamate mediates 95% of excitatory signaling; the remaining 5% is acetylcholine, dopamine, glycine, histamine and serotonin signaling. Fifteen percent of neurotransmission is inhibitory, mediated by GABA (γ-amino butyric acid) derived from glutamate. Excitatory synapses target dendrite spines, and inhibitory synapses target the neuron cell body.



In the neural circuit, neurons are subject to both excitatory and inhibitory input, synchronized and connected in their activity [85,86]. Brain activity, as studied by EEG or MEG, appears differently synchronized and connected in AD patients compared to cognitively unimpaired people, and studies have revealed hippocampal hyperactivation in mild cognitive impairment and in asymptomatic early-onset AD [87,88,89,90,91,92].



Synaptic glutamate signaling begins when glutamate, released from the nerve ending, enters the synaptic cleft and binds to postsynaptic glutamate membrane receptors. This allows Ca2+ inflow, which initiates calcium-regulated signaling events in the postsynaptic neuron [93,94,95,96,97]. However, as soon as the glutamate signaling starts it is stopped in 1 ms by astrocytes, which take up and clear glutamate from the synapses. This makes the glutamate signaling essentially an on-or-off event, necessary for a high-speed neurotransmission with precision [98,99,100]. Fast glutamate clearance also prevents ‘excitotoxicity’ caused by extended glutamate signaling and excessive Ca2+ inflow and calcium signaling, which can impair synaptic structure and function and cause synapse loss and, in the end, neuron cell death.




8. Astrocyte Glutamate Transporter EAAT2


Humans have five glutamate transporters, also called excitatory amino acid transporter (EAAT), which differ in tissue and cell distribution, sub-cellular location, and glutamate uptake kinetics [101,102,103]. Astrocytes express most of the glutamate transporter EAAT2, representing 1% of brain protein and 95% of synaptic glutamate uptake [104]. By electron microscope studies, 90% of EAAT2 is found in the perisynaptic astrocyte membrane processes around synapses [105]. As described in more detail elsewhere [106], in transgenic mouse models of AD, increasing EAAT2 expression slows disease progression, and decreasing EAAT2 expression enhances disease progression. There is less EAAT2 in the human AD brain. Here are a few examples:



When APPswe/ind mice (which express 40% less EAAT2 in the brain) were crossed with transgenic EAAT2 mice expressing 2-fold more EAAT2, EAAT2 expression was normalized in the crossed mice, which also showed improved “cognitive functions, restored synaptic integrity, and reduced amyloid plaques” [107]. Moreover, in APPswe, Ind mice, a drug-induced increase of EAAT2 protein (by increased mRNA translation) improved “cognitive functions, restored synaptic integrity, and reduced amyloid plaques.” These effects were not seen if EAAT2 was inhibited with dihydrokainate. Even after stopping the drug treatment, the effects were observed for one month, which prompted the authors to write: “EAAT2 is a potential disease modifier with therapeutic potential for AD” [108].



When APPswe/PS1dE9 mice were crossed with transgenic mice carrying only one EAAT2 gene, the crossed mice with one EAAT2 gene, showed increased spatial memory problems at 6 months and behavioral disorders at 9 months. These results suggest that impaired synaptic glutamate uptake (due to reduced EAAT2 expression) enhances the progression of AD caused by APP and PS1 mutations [109].



In a study of midfrontal cortex of postmortem brains of AD patients, levels of EAAT2 (measured by [3H]aspartate binding), synaptophysin, and brain spectrin degradation products were compared to brains of control subjects. In comparison to control brains, AD brains had 30% less [3H]aspartate binding, 48% less of synapto-physin, and increased levels of brain spectrin degradation products. These results suggest that decreased EAAT2 activity in AD is associated with increased synaptic damage and neurodegeneration [110].



As shown by Jacob and colleagues [111], in a study of EAAT1, EAAT2 and glutamate receptors in AD brains, EAAT1 and EAAT2 gene and protein expression were already reduced in the early stages of AD progression, in hippocampus in gyrus frontalis medialis. The loss of EAAT1 and EAAT2 proteins was particularly obvious in the vicinity of amyloid plaques. This study supports the causal role of impaired synaptic glutamate uptake and glutamate ‘excitotoxicity’ in the pathogenesis of AD dementia.



These examples indicate EAAT2 as a novel target for disease-modifying therapies in AD. Discovery and clinical development of drugs increasing EAAT2 expression or activity could offer new treatments to prevent or slow AD progression [112,113,114]. Interestingly, Falcucci et al. [115] have discovered a small-molecule drug (GT949), which in astrocyte-neuron cell culture protects neurons against glutamate ‘excitotoxicity’.




9. In Perspective


The amyloid cascade hypothesis has almost singularly guided AD research, drug development, and clinical trials by targeting Aβ peptides and brain amyloid. Inherited dominant mutations in APP, PS1 or PS2 cause early-onset AD, and yet, after 30 years of research, we know little about the molecular and cellular mechanisms of their action in the development of AD. Even though clinical trial studies with Aβ amyloid-lowering drugs have been nothing but failures in slowing cognitive decline, and often times only harmed the study participants volunteering for the trials, the hypothesis is not dead yet, as exemplified by the FDA approval, on 7 June 2021, of aducanumab (an anti-Aβ antibody) for the treatment of AD [116].



Naturally, of course, APP is more than the precursor protein for Aβ peptides, and Aβ peptides do much more than form amyloid, as discussed in more detail elsewhere [106]. For example, APP is a G protein-coupled receptor (GPCR) important in learning and memory [117]. In embryonic brain development, APP is involved in neural circuit formation, by the elimination of synapses, dendrites, axons, and neurons [118]. APP plays a role in cancer progression and metastasis formation [119], and APP inhibits proteinases [120]. APP and Aβ peptides are involved in cerebral hemostasis, capillary blood flow, thrombotic and fibrinolytic events, and hemorrhagic and ischemic strokes [121,122]. Aβ peptides are potent wide-spectrum antimicrobial peptides, an ancient arm of the innate immune system against infections by bacteria, fungi, and viruses [123,124].



Development of AD takes time, 65, 75, 85 or more years before the signs and symptoms appear, as if it could be progressing at different paces. Considering that development of AD happens in many steps, one of which is the rate-limiting step, removing that step would introduce another rate-limiting step, which (the way rate-limiting steps work) would increase the pace of AD development. After removing that step, there would be another step doing the same. Is there a rate-limiting step in the development of Alzheimer’s dementia? [106].



A case in point here is the E280A mutation of PS1, which causes AD at age 49. Recent studies by Vélez et al. [125] have discovered three gene variants in people carrying the E280A mutation, which acted recessively to delay the age of onset of AD by 6–11 years, and one gene variant which accelerated the age of onset by 8 years. It seems, these recessive gene variants can interfere with the pathogenic mechanism of action of the PS1 E280A mutant (which is not known), by decreasing or increasing the pace of AD development. In another study, Vélez et al. [126] found that two copies of the APOE2 gene could delay AD onset by 11 years in the E280A mutant carriers.



Most strikingly, however, a recent case report [127] describes an elderly woman in Christchurch, New Zealand, with the E280A mutation and an unusually high amount of brain amyloid yet experiencing no cognitive impairment until her mid-seventies. She also had two copies of the APOE3Christchurch mutation R136S, which apparently had been protecting her for 30 years against the PS1 mutant E280A.



The significance of these observations is obvious. Studies on the mechanism of action of these recessive gene variants in slowing the pace of AD development may help in finding drugs that can do the same and delay the onset of AD [125]. Such drugs, in combination with the awareness of lifestyle risk factors [49,50], will provide better prevention and treatment of AD.



Today, AD is an incurable disease. Fifty million people are living with AD, and hundreds of millions of family members, friends, physicians, and professional caregivers are living with AD patients. What we need now is a dementia-friendly society, accessible to everyone.
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Figure 1. The comparison between amyloid and presenilin hypotheses. The amyloid hypothesis proposed that mutation in PSEN1 results in presenilin dysfunction, thus change in γ-secretase activity resulting in relative increase of the Aβ42/Aβ40 ratio, which is significantly increased in AD pathologies. The presenilin hypothesis does not exclude the amyloid hypothesis but complements it. It presents theory that PSEN1 mutation and following loss of presenilin normal activity in brain triggers neurodegeneration and dementia also without coexisting amyloid formation. Created with BioRender.com. 
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