


Review Article
NEURODEGENERATION IN ALZHEIMER’S DISEASE: INTEGRATING MECHANISM WITH TRANSLATIONAL THERAPEUTIC STRATEGIES

ABSTRACT
Alzheimer disease (AD) is a progressive neurodegenerative disease and the most common cause of dementia in the world, which has a gradual deterioration of memory, thinking and autonomy. The AD pathogenesis is a multifaceted and intricate interaction between molecular/cellular processes like amyloid-ß (Aß) aggregation, tau hyperphosphorylation, neuroinflammation, synaptic dysfunction, vascular changes, and genetic predisposing factors (APOE 4 allele). The amyloid cascade proposal suggests that when there is an anomaly in the handling of amyloid precursor protein, it will cause aggregation of Aß, which will culminate into the development of toxic oligomers and as well as extracellular plaques, and the eventual destruction of neurons. Tau pathology is also associated with a further role in neurodegeneration by causing intracellular neurofibrillary tangles and impairment of transport via axons. The studies on biomarkers obtained in recent years, such as cerebrospinal fluid biomarkers, plasma phosphorylated tau, and neuroimaging, such as structural MRI, have greatly augmented the exquisite rooting of the disease by detecting and classifying in its initial phases using AT(N) biomarker framework. Symbolic treatment has changed to disease-modifying treatment designed to inhibit the cholinergic system, glutamatergic system, anti-amyloid monoclonal antibodies, anti-tau therapy, and neuroinflammatory and metabolic dysfunction modulators. New technologies such as gene-editing, stem cell-therapy, exosome-therapy, digital-neuromodulation technologies etc also add to the translational therapeutic landscape. Moreover, multidomain lifestyle intervention, cognitive engagement, and any preventive approach to vascular risk management can be vital to eliminate the risk and development of diseases. Irrespective of these developments, there are still major challenges in translational research, such as heterogeneity of diseases, evaluation limitations of preclinical models, and inability to intervene clinically promptly. Precision medicine methods with multimodal biomarkers, early-stage diagnostics, and combination therapy should be considered in the future research to enhance the clinical outcomes and decrease the worldwide Alzheimer disease burden.
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1. INTRODUCTION 
Alzheimer disease (AD) is a progressive neurodegenerative disorder and the most prevalent cause of dementia in the globe, which is marked by progressive impairment of the memory, cognition, and behavior that eventually disrupt the day-to-day functioning. AD is accelerating in the world burden because of aging of the population, and it presents a significant cause of disability in elderly people, making it a key issue of focus among the general population [1].
Extracellular deposition of amyloid-ß (Aß) plaques and intracellular accumulations of hyperphosphorylated tau protein in the form of neurofibrillary tangles are the neuropathological hallmarks of Alzheimer disease. These diseased aggregates interfere with neuronal communication, damage synapse plasticity, and eventually result in a progressive loss of neurons and atrophy of the brain, especially the memory-related regions of hippocampus and cortex [2].
Even though the amyloid cascade hypothesis has remained the primary hypothesis in AD studies, new discoveries point to the fact that Alzheimer disease is a complex condition that entails the complex interplay among amyloid toxicity, tau pathology, neuroinflammation, oxidative stress, mitochondrial dysfunction, and dysfunctional protein clearance systems [3].
These molecular processes are not the only factors that control susceptibility to disease, genetic factors are also very important. APOE ε4 allele, mutations in APP, PSEN1, PSEN2, and other genes play a significant role in predisposing people to develop the Alzheimer disease by affecting the processing of amyloid, lipid metabolism, and mechanisms of neuronal repair [4].
The synergistic interaction between amylin-ß and tau is another recent development that has pointed to the role of the two pathologies in causing neurodegeneration. Research indicates the possibility of abnormal tau phosphorylation and aggregation as a result of accumulation of amyloid, which further propagates neuronal impairment and hastens cognitive impairment [5].
The breakthrough in neurobiology has also shown that neuroinflammation and glial cell activation play a major role in the progression of disease. Pro-inflammatory mediators released by activated microglia and astrocytes increase neuronal damage and enhance further deposition of pathological proteins, enhancing neurodegenerative reactions [6].
With this intertwined nature of these systems, modern therapeutic studies are moving towards translational approaches, which combine both mechanistic and interventions. These strategies are disease-modifying therapy based on amyloid and tau, biomarker-based early diagnosis, and novel modalities such as gene-based therapy, immunotherapy, and multi-target pharmacological therapy [7].
2. LITERATURE SEARCH METHODOLOGY
A broad literature search was conducted in the key electronic databases (Publmed, Scopus, and Google Scholar) to search and define the relevant literature on Alzheimer disease. The search strategy was search through a combination of key words i.e., Alzheimer disease, amyloid -Beta, tau pathology, neuroinflammation, oxidative stress, biomarkers and therapeutic strategies. Articles were selected based on their relevance to the scope of the review, with priority given to recent peer-reviewed publications (primarily from the last decade), as well as seminal studies that have significantly contributed to the understanding of disease mechanisms and therapeutic approaches. Only articles published in English were considered.
The reference lists of the identified articles were then screened manually to come up with more relevant studies in order to make the coverage complete. The focus has been on the research that covers both mechanistic plus translational therapeutic approaches, such as preclinical and clinical investigations. The review articles, original research papers, and consensus guidelines were taken into account to offer a balanced and current view of the field.
2. PATHOGENIC MECHANISM
2.1 Amyloid-β (aβ) and the Amyloid Cascade
One of the most popular models that can be used to explain the pathogenesis of the Alzheimer disease is the amyloid cascade hypothesis. This hypothesis holds that an abnormal accumulation of amyloid-ß (Aß) peptides in the brain is the starting point and a cascade of neurodegenerative events causes cognitive impairment. Sequential proteolytic processes on the amyloid precursor protein (APP) produce amyloid peptides as a result of ß-secretase (BACE1) and ɣ-secretase enzymatic activity. This process results in peptides of different lengths with the most common ones being Aß40 and Aß42. The Aß42 protein is more hydrophobic and aggregation-prone, which results in oligomers and extracellular amyloid plaques which is a significant neuropathological characteristic of Alzheimer disease [8].
The emerging body of evidence indicates that soluble Aß oligomers are especially neurotoxic as well as contribute significantly to early synaptic dysfunction. These oligomers interfere with synaptic signaling, impair long-term potentiation, alter calcium homeostasis and cause oxidative stress in neurons. In addition, Aggregation of Aß may stimulate the activation of microglia and astrocytes, which leads to neuroinflammatory mechanisms that worsen the destruction of neurons. It is also hypothesized that deposition of amyloid plaques facilitates tau hyperphosphorylation and synaptic formation of a neurofibrillary tangle, and thus connects amyloid pathology with subsequent tau-mediated neurodegeneration [9].
Altogether, the amyloid cascade hypothesis states that abnormal production of Aß, aggregation, and clearance are combined to trigger the cascade of molecular and cellular events leading to the progressive neurodegeneration in the Alzheimer disease [9]. 
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Fig. 1: Amyloid-β aggregation and toxicity. Graphical depiction of amyloid-ß aggregation between monomers, soluble oligomers and insoluble fibrils. Soluble oligomers are extremely toxic and lead to the neuronal malfunction and the aggregation process might depend on several factors.
amyloid- β in three main states:
Amyloid-ß (Aß) is a hydrophobic part of the amyloid precursor protein (APP) derived by the successive fissure of the protein by ß and ɣ -secretases. In the brain, Aß forms take up three key conformational and aggregational forms—Monomeric, Oligomeric, and Fibrillar Aß [10].
· Monomeric Aß
Monomeric Aß is the soluble and most physiological form of the peptide. It usually occurs in the interstitial fluid, and cerebrospinal fluid where the most common isoforms are Aß40 and Aß42 [11]. In low concentrations, monomeric Aß isoform might also be involved in the regulation of synapses, neurosurvival and neuroplasticity [10]. But under pathological conditions, monomeric Aβ is the precursors of other higher-order aggregates because of its inherent misfoldation propensity [12].
· Oligomeric Aβ
Oligomeric Aß assemblies of misfolded Aß Oligomers include dimers, trimers, and higher-order assemblies of Aß monomers into soluble, small, and oligomeric lattices [13]. These oligomers are commonly viewed as the most neurotoxic peptide of Aβ, with harmful effects on the structure and functioning of the synapses [12]. Oligomeric Aß interferes with long-term potentiation (LTP), interferes with calcium homeostasis and causes oxidative stress as well as impairs neuronal signalling pathways [10,13]. There is ever-growing evidence that soluble Aß oligomers play the primary role in the cognitive impairment of the Alzheimer disease [11].
· Fibrillar Aβ
Fibrillar Aß was insoluble, ß-sheet-containing aggregates that appear as a result of polymerization of oligomeric Aß [10]. These fibrils depose extracellularly to create amyloid plaques, which is a classical neuropathological sign of the Alzheimer disease [11]. Even though fibrillar Aβ is not considered as acutely toxic as oligomeric species, it causes chronic neurodegeneration through the process of powering up microglial activation, neuroinflammation, synaptic loss, and neuronal harm [13].
[image: ]
Fig 2: Amyloid plaque formation pathway. Examples of the amyloid-ß development through monomers to oligomers, protofibrils, fibrils and the development of a plaque, which is linked to neuronal damage in Alzheimer disease.]

	Aß40 and Aß42 are the most common amyloid-b isoforms present in amyloid plaques of human beings and, of the isoforms, Aß42 is believed to be more neurotoxic. During aging of the brain and in the pathology of Alzheimer, the fibrillar Aß slowly deposits within the brain parenchyma, and when it does, it forms plaques triggered by toxic effects on the brain. [14].
The chain of the pathological events associated with the amyloid cascade of the Alzheimer disease can be summed up as follows:
Aß production →Aggregation of amyloid →Aggregates into neurons Degration →Affective decline and dementia.
Table 1: Pathogenic mechanism of Alzheimer’s Disease [15-20]
	 Mechanism
	Primary Driver / Key Players
	Pathological Process
	Impact on Neurodegeneration

	Amyloid-ß (Aß) Cascade
	APP cleavage Aß42 monomers, oligomers, and plaques
	Inequalities between the production of Aß and its clearance; accumulation of extracellular plaques.
	Theoretically, the trigger; causes proteotoxicity and results in downstream tau spreading [15].

	Tau Pathology
	Hyperphosphorylated tau; MAPT gene
	Development of intracellular Neurofibrillary Tangles (NFTs) in paired helical filaments
	Direct relationship with cognitive loss; inhibits axonal transport and leads to microtubule collapse [16].

	Neuroinflammation

	Microglia (TREM2), Astrocyte, Pro-inflammatory cytokines (IL-1 ß, TNF-ɑ).
	Persistent glial stimulation; the primed microglia are unable to clear Aß and instead, release neurotoxins.
	Maintains a vicious cycle of injury; causes bystander neuronal death [17].

	Synaptic & Network Failure
	Glutamate signaling; BDNF decrease; Mitochondrial pathology.
	Dendritic spine loss; dysfunctional Long-Term Potentiation (LTP); network asynchrony.
	The nearest counterpart of memory loss; detaches functional brain areas [18].

	Vascular Contribution
	BBB Leakage; 
CAA.
	Reduce cerebral blood flow; persistent hypoxia; intrusion of systemic toxins in the parenchyma.
	Enhances Aß deposition and restricts clearance; frequently appears as mixed dementia [19].

	Genetics & Risk Modifiers
	APOE4, TREM2, CLU; Modifiable factors (hypertension, diabetes).
	Modulation of lipid metabolism, immune response and amyloid processing.
	Establishes age of onset and vulnerability or resistance to pathology [20].



2.2 The Executioner: The Tau Pathology And Neurofibrillary Tangles
Although Aß may trigger the process, the death of neurons is directly related to the Tau protein. It was determined by Braake and Braak et al. (1991) that Tau pathology is caused by pathological hyperphosphorylation of the micro tubule-associated protein tau and proliferates throughout the brain in a predictable anatomical sequence referred to as Braak stages. These intracellular Neurofibrillary Tangles (NFTs) induce the breakdown of the neuronal cytoskeleton resulting in the disruption of axonal transportation and subsequent cellular apoptosis. The severity of clinical cognition decline has a higher correlation with accumulation of tau neurofibrillary tangles rather than with the load of Aß aggregates [16].
2.3 The Amplifier: Glial Dysfunction and Neuroinflammation.
AD development is now regarded as more of an immunological failure. According to Heneka et al. (2015), Aß aggregates and Tau presence activate a long-term inflammatory reaction of the microglia and astrocytes. Being an activation of the protective ion in early phases, these glial cells can be protective though in the long run, their chronic stimulation leads to dysfunction and the release of pro-inflammatory cytokines like IL-1B and TNF- alpha. This persistent neuroinflammation forms a vicious circle of the immune response itself being neurotoxic and contributes even more to the build-up of Aß and the phosphorylation of Tau [17].
2.4 The Mediator: APOE4 and Genetic Predisposition
The pace at which this pathogenic cascade runs is strongly determined by the genetic background of the patient. The main genetic factor in the progression of the late-onset of Alzheimer disease (Corder et al., 1993). Compared to other forms of APOE (APOE2 or APOE3), the APOE4 is less efficient in clearing the Aß amyloid in the brain parenchyma. Moreover, the APOE4 was also demonstrated to worsen the compromising of the BBB and also regulate immune response, in effect reducing the triggering threshold of the amyloid cascade to initiate [18].
3.  Biomarkers and diagnosis
· Cerebrospinal Fluid (CSF) Amyloid Biomarkers
The loss of Aß42 concentration in the cerebrospinal fluid, particularly in terms of Aß42/Aß40 ratio, is among the first biochemical markers of the disease of Alzheimer. The decrease is caused by soluble Aß42 solubility being sequestered into insoluble extracellular amyloid plaques into the brain parenchyma [21]. Longitudinal investigations indicate that the CSF amyloid changes may be observed a decade or two before the clinical manifestations, which makes them useful in preclinical AD detection [22]. Ratios Aß42/Aß40 enhance diagnostic specificity by reducing inter-personal differences in amyloid production and increase the distinction of AD and other neurodegenerative diseases [23]. Thus, CSF amyloid biomarkers are central in biological diagnosis at early stages.
· CSF Tau Biomarkers (Total Tau and Phosphorylated Tau)
The level of both neuronal and axonal damage is reflected in CSF t-tau but tau hyperphosphorylation and formation of neurofibrillary tangles which is a major pathological process of AD are only seen in phosphorylated tau (p-tau181 and p-tau217).[21]. High CSF p-tau is strongly associated with tau PET scan and cognitive debilitation, especially episodic memory loss [24]. Tau isoforms p-tau217 have been shown to have the greatest diagnostic specificity in differentiating AD and other tauopathies/non-AD dementia [25]. Therefore, the CSF tau biomarkers do not only indicate neurodegeneration, but also give disease-specific pathological confirmation.
· Plasma phosphorylated Tau (Blood-Based Biomarkers)
The development of new technologies of data analysis made it possible to identify the presence of phosphorylated tau species in plasma, specifically, p-tau181 and p-tau217, which are strongly correlated with CSF biomarkers and amyloid PET positivity [26]. Plasma p-tau levels increase at an early stage of the disease and have the potential to forecast further decrease in cognition, thus are potential screening and disease progression tools of the future [27]. In comparison with CSF analysis, biomarkers in the blood are minimally invasive, cost-effective, and can be used in large-scale clinical application [28]. Recent studies indicate that plasma p-tau217 can be used to demonstrate the pathology of the Alzheimer disease at an earlier stage before the occurrence of the observable changes in its diagnosis through imaging methods [25, 27]. These results explain the need to incorporate blood biomarkers into the daily diagnostic processes.
· Neurodegeneration as a Marker in Structural MRI
Structural magnetic resonance imaging (MRI) has become common in measuring the atrophy of the brain in relation to neurodegeneration in AD. The most typical one is hippocampal atrophy, which is closely associated with episodic memory lapse and severity of the disease [29]. Further development of cortical atrophy in medial temporal cortex, posterior cingulate and parietal areas indicates progressive loss of the neurons [29, 30]. The longitudinal studies of MRI show that brain volume decreases progressively with age and thus qualifies as a neurodegeneration (N) biomarker in AT(N) framework [31]. Moreover, MRI can be used to diagnose the condition as well as distinguish it to other causes of cognitive decline.
· [bookmark: _Hlk227104283]Framework of AT (N) Classification
The AT(N) system suggests that the definition of the Alzheimer disease ought to be based on both the biomarker evidence based on the biological facts and not on clinical signs. According to this model, biomarkers can be divided into three broad groups:
A (Amylid pathology): CSF Aß42 or PET of amyloid.
T (Tau pathology): determined with the help of CSF phosphorylated tau (p-tau) or tau PET imaging.
N (Neurodegeneration): Structural MRI atrophy, or neurofilament light chain (NfL).
This model enables AD to be staged at preclinical, prodromal, and dementia stages according to the profiles of biomarkers [31]. The framework can improve diagnostic accuracy, enable patient stratification during clinical trials, and enable a timely therapeutic intervention before the neurons are permanently damaged [28, 31]. Addition of biomarkers in the blood to the AT(N) system also enhances accessibility and feasibility in clinical practice contexts [28].
4. Prevention strategies – evidence and recommendation
· Managing vascular risk factors.
Hypertension, diabetes mellitus, hyperlipidemia, obesity, and smoking are also considered as some of the vascular risk factors that contribute to the risk of developing the AD because they promote chronic cerebral hypoperfusion, the breaking of the BBB, oxidative stress, and neuroinflammatory mechanisms [32, 33]. It has also been noted that midlife hypertension is a specific factor that has led to a decline in cognitive ability later in life because of cumulative microvascular injury [34]. Clinical trials evidence indicates that reactive blood pressure management has a low chance of mild cognitive impairment and is possible to delay the onset of dementia [35]. On the same note, good glycemic control in diabetes and lipid can decrease neurovascular damage and amyloid-induced pathology [36, 37]. Multidomain lifestyle interventions aiming to promote vascular health, i.e. physical exercise, healthy diet and vascular risk assessment, have demonstrated small yet significant cognitive advantages in high-risk groups [38, 39]. Hence, the early detection and intensive intervention of modifiable vascular risk factors are still among the evidence-based interventions to prevent or postpone the progression of the AD.
· Multidomain Lifestyle Intervention
A multidomain intervention combining dietary change, frequent physical activities, cognitive tasks, and management of vascular risks in persons with high risk of dementia who are older than 60 years. Some of the largest randomized and cluster-based prevention trails have shown that multidomain prevention can be globally maintained and enhance executive function, at least in high-risk groups, and when initiated in midlife [40,41]. Mechanistic as well as longitudinal studies have also indicated that multidomain prevention has additives or synergistic effects as compared to single-domain studies [42]. The scalability and feasibility of multidomain prevention to real-life settings [43].
· Cognitive Engagement and Education
Those who are more educated and better mentally engaged are likely to develop a better cognitive reserve, which improves the resilience of the brain and postpones the manifestation of clinical symptoms in the case of underlying neuropathology [44,45]. Higher education level and an increased time lapse before clinical symptoms occur and progression are reduced by epidemiological cohort studies have demonstrated that higher levels of education decrease the risk of getting dementia and slow down the rate of progression to clinical symptoms [46]. Cognitive training regimens conducted in older adults have been demonstrated to generate long-lasting benefits in memory and reasoning skills and utilized in averting dementia [47]. 
· Public Health and Clinical Implementation
To a public health and clinical implementation, prevention of dementia should become a component of cardiovascular and non-communicable disease prevention. Population-attributable risk findings propose that the shift of the key risk factors including hypertension, diabetes, obesity, smoking, depression and physical inactivity would slow down or avert a huge percentage of dementia cases across the globe [48,49]. The international strategies emphasize the significance of screening of dementia risks, educating about lifestyle health, and managing vascular risks in primary care facilities, especially the countries with the scarce resources in which the prevalence of dementia is increasing rapidly [50,51]. 
5. Therapeutic landscape
· Symptomatic therapies
The available symptomatic management in Alzheimer disease (AD) focuses mainly on the deficiencies of neurotransmitters, particularly those of the cholinergic and glutamatergic systems. Donepezil, rivastigamine, and galantamine are cholinesterase inhibitors which promote synaptic acetylcholine release, and result in small improvements in cognition, behavior, and daily functioning in mild-to-moderate AD [52, 53]. The antagonist of NMDA receptors that improves the excitotoxicity in sport of glutamate and is used in the treatment of the moderate-to-severe Alzheimer disease is memantine [54]. The combination of memantine and cholinesterase inhibitors may yield further curative effect during the advanced types of the disease [55]. Nevertheless, these treatments are symptomatic and they fail to change the neurodegenerative process.
· [bookmark: _Hlk227104123]Anti-Amyloid Monoclonal Antibodies-Disease-Modifying Therapies
Amyloid- 2 pathology has been attacked by means of disease-modifying strategies. Aducanumab has been shown to lower the amount of amyloid plaques evidenced by PET scan but the clinical benefit of this agent is controversial [56]. Lecanemab showed amyloid clearing as well as slight cognitive decline in early AD [57]. Donanemab also demonstrated considerable plaque clearance/slowing of clinical progression in early symptomatic AD [58]. Nonetheless, such therapies should be associated with close observation, because of their adverse effects on the safety, such as amyloid-related imaging abnormalities (ARIA), such as brain edema and microhemorrhage [59]. Such therapies are a major move towards biological targeted treatment methods. Clinical trials have recently shown that disease-modifying amyloid-pathology therapies could slow cognitive loss in early Alzheimer disease but their long-term safety and effectiveness are under investigation [60].

· Anti-Tau and Other Direct Pathology Modulators
Since tau pathology and cognitive impairment have a high correlation, anti-τu approaches are meant to prevent tau aggregation, phosphorylation, or propagation. Numerous treatment strategies are under investigation such as monoclonal antibody targeting extracellular tau, vaccination therapy involving tau, antisense oligonucleotides, and small-molecule inhibitors [61, 62]. Even though clinical efficacy evidence is still scarce, biomarker research indicates that there is engagement of targets and prevention of pathological tau propagation [63]. There is also a possibility that tau targeting is especially significant in later disease progression when tau load has a stronger relationship with neuronal loss and the severity of symptoms.
· Attacking Neuroinflammation, Synaptic Resilience, and Metabolism
Neuroinflammation is also essential to AD. The active exploration is in the process of modulating microglial activation functions, such as TREM2 signaling, and innate immune responses [64]. Methods to improve synaptic resilience by means of neurotrophic support and the mitigation of oxidative stress are also being studied [65]. Moreover, insulin resistance, and dysfunction of the mitochondrion itself, has also contributed to the experiment of intranasal insulin and GLP-1 receptor agonists as possible therapeutic agents [66, 67]. These methods expand the therapeutic target of amyloid and tau to systemic and cellular processes that cause neurodegeneration. The development of Alzheimer diseases is driven by several pathological mechanisms that are linked, which are oxidative stress, neuroinflammation and metabolic dysfunction resulting into the destruction of synapses and neurodegeneration. Such a multidimensional character underlines the shortcomings of single-target therapies and justifies the necessity of the multi-target approach to therapy [68].
· Non-Drug and Non-Procedure Interventions
Non-drug strategies including structured physical exercise, cognitive training and dietary adjustment encourage neuroplasticity and have a potential to delay cognitive deterioration [69]. New approaches like the gamma-frequency sensory stimulation have demonstrated possibilities to alter the neural activity oscillation and can lessen the amyloid burden at early phases of research [70]. These practices can be used as an addition to the pharmacological therapy.
[bookmark: _Hlk227104855]5.1 Gene and Cell-Based Therapies
The therapeutic approaches based on genes are more focused on binding to molecular mechanisms of disease, such as regulation of gene expression and protein synthesis. They have several approaches, including viral vectors-mediated gene delivery, RNA-based therapies, which are already under other investigation, but with promising preclinical results, their implementation in clinical practice is still low and needs to be verified [71]
· Gene-Editing and Gene-Delivery Systems
Strategies of gene-editing, including CRISPR/Cas9, have the prospect of directly altering the genes involved in Alzheimer disease (AD) like APP and APOE and, therefore, decreasing the level of amyloid-ß and, accordingly, changing the progression of the disease at a molecular scale [72]. Simultaneously, gene delivery systems with adeno-associated virus (AAV) are in progress to deliver neuroprotective genes or silence neuro-pathogenic pathways into the central nervous system to offer a lasting therapeutic expression [73]. In spite of the fact that these methods are still in their preclinical stages, they could be potential precision-medicine technologies against upstream hereditary factors of neurodegeneration.
· [bookmark: _Hlk224072597]Stem Cells-Based Therapy 
A new approach that has been developed is the use of stem cell- based therapies to enhance neuronal repair and regeneration and studies that have been conducted recently have shown promising results in preclinical research and in early clinical studies [74]. The therapies with stem cells, specifically MSCs and neural stem cells, have shown to decrease the amyloid deposition, activate neuroinflammation, and improve the synaptic plasticity in experimental models of AD [75] It is believed that the therapeutic effects are only achieved through the paracrine discharge of neurotrophic and immunomodulatory factors but not by direct neuronal substitution. Initial preclinical research shows that it is safe and feasible and more extensive studies should be conducted to determine efficacy [76]. 
Exosome and Extracellular Vesicle Therapeutics
Stem cell exosomes have become an exosome cell-free therapeutic approach in AD. These nano-sized vesicles have the potentiality of entering the BBB and transporting regulatory microRNAs and proteins that decrease amyloid burden and tau phosphorylation and regulate neuroinflammatory reactions [77]. According to preclinical experiments, there is enhanced cognitive and synaptic performance and functionality after exosoe administration that speaks volumes about their translational potential and low safety risks relative to whole-cell transplantation [78].
[bookmark: _Hlk227105405]5.2 Digital and Device-Based Therapies
There is growing clinical trial interest in non-pharmacological treatment modalities, such as cognitive training, behavioral therapy, and monitoring technologies, as an adjunct used to improve cognitive ability and quality of life in Alzheimer disease [79]. Nevertheless, these interventions, with increased popularity, are still in need of additional standardization and strong clinical validation to determine their long-term effectiveness and applicability to clinical settings.
Digital therapeutics and computerized forms of cognitive training that run on mobile apps have been found to enhance memory, executive functioning, and attention in both patients with mild impaired cognitive and patients with early Alzheimer disease, and have the potential to become scalable adjunctive therapy [80]. Wearable technologies and remote monitoring systems also allow one to constantly measure cognitive and behavioral alterations, which allows identifying changes and providing an individual approach to intervention [81].
Transcranial direct current stimulation which is a non-invasive brain stimulation has little yet to be positive in regard to cognitive performance in enhancing cortical excitability and muscle of synaptic plasticity on patients with AD [82]. Constant transcranial magnetic stimulation (rTMS) has also demonstrated positive results on the global cognition and language performance with cognitive training protocols [83].
Most recently, gamma frequency (40 Hz) non-invasive sensory stimulation has been of interest due to its ability to synchronize neural activity and decrease amyloid pathology, and initial human trials indicate that it is safe and feasible [84]. Also, deep brain stimulation (DBS) of memory related circuits including the fornix is under study as a possible treatment to control maladaptive neural networks in AD [85].
Together, the digital and device-based treatments present the potential of promising complementary therapeutic approaches that can potentially increase neuroplasticity, manage symptoms, and provide personalized treatment, but there is still need to conduct long-term studies of their efficacy and the overall validation of the approach.
6. Translational Gaps, Challenges and Future Directions
6.1 Research Gap [86-88]
In spite of major advances, there are still a number of research gaps in the Alzheimer’s disease (AD):
· The existing preclinical models are not complete copies of sporadic AD, restricting translational success.
· There is inadequate disease heterogeneity with minimal patient-specific approaches.
· Lack of strong relationships between changes in biomarkers and clinical results is a significant limitation.
· Absence of standard procedures of integrating multimodal biomarkers.
· New treatments are not well-validated clinically.
6.2 Challenges
Besides gaps in research, a number of practical and translational obstacles to progress exist:
· Poor success in clinical trials, even following encouraging preclinical studies [87].
· Inability to diagnose at an early stage, because symptoms do not manifest themselves until after an irreversible neurodegeneration [89].
· Safety in new therapy (e.g., amyloid-related imaging abnormalities (ARIA) with monoclonal antibodies, gene therapy risks) [59].
· Expensive and inaccessible high-level diagnostics and treatments.
· Multifaceted mechanisms of disease, of which single-target therapy will not be enough [91].
6.3 Future Direction 
The future research should concentrate on:
· Development of precision medicine approaches using biomarker and genetic profiling [88,90].
· Biomarkers and AI-based tools on the base of blood and early-stage diagnosis [28].
· Combination therapies with multiple pathological pathways are used [91].
· Development of higher forms of human models (organoids, iPSC models).
· Validation by large-scale longitudinal clinical trials [92].
· Digital therapeutics and real-world monitoring system [81].
7. Limitations of the Study
There are various limitations that can be identified with this review. First, the research is founded on already published literature and this might have variation in study design, demographic characteristics as well as reporting bias. Second, numerous of the mentioned therapeutic interventions, especially those based on genes, cells, and digital interventions, remain in the preclinical or early clinical phases, which restricts their clinical translatability in the short term. Third, the intricacy of the disease that is affected by genetic, metabolic and environmental factors renders Alzheimer disease difficult to extrapolate the results on all groups of patients. Moreover, despite the fact that the use of biomarkers has enhanced early diagnosis, its relationships with clinical outcomes are inconsistent. Lastly, the swift development of this area implies that not all the new evidence might have been reflected in the time of writing.
CONCLUSION
Alzheimer disease is a progressive, multifactorial, neurodegenerative disease that is associated with complicated interactions of amyloid pathology, tau aggregation, neuroinflammation, synapse dysfunction, and metabolic abnormalities. Significant advancement in biomarker investigation especially in AT(N) framework have allowed biological diagnosis to be made earlier and more accurately thus allowing timely intervention. Although symptomatic therapies show a limited clinical effect, recent disease-modifying therapies, particularly the anti-amyloid monoclonal antibody, are a significant change towards a more core pathologically-focused approach. There are also new approaches, such as anti-tau agents, neuroinflammation modulators, gene-based, cell-based therapies, and digital neuromodulators, which continue to increase the treatment landscape. Still, there are major issues of translational difficulty, such as lack of heterogeneity in diseases, late intervention, and poor predictive validity of preclinical models. The advances of the future will be based on precision medicine methodologies, combination therapy, initial biomarker-based treatment and the incorporation of multidisciplinary preventive measures. In general, advances in the level of diagnosis techniques, as well as treatment plans, are a reason to hope that there is a chance of improving clinical control over the Alzheimer disease and even preventing its noticeable increase on a global scale.
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