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Abstract 

Alzheimer’s disease (AD) is a complex neurodegenerative disorder traditionally 

associated with amyloid-β (Aβ) plaques and tau tangles. However, emerging evidence 

suggests a broader pathophysiological spectrum beyond the amyloid-centric and tau-

centric hypotheses. This review explores alternative mechanisms contributing to AD, 

including neuroinflammation, oxidative stress, mitochondrial dysfunction, gut-brain 

axis dysregulation, cerebrovascular impairments, and metabolic dysregulation. We 

discuss the role of microglial activation, cytokine dysregulation, and blood-brain 

barrier (BBB) integrity in disease progression. Additionally, metabolic factors such as 

insulin resistance and glucose hypometabolism are examined in the context of AD as 

“Type 3 diabetes.” Advancements in multi-omics, neuroimaging, and artificial 

intelligence-driven diagnostic approaches are highlighted as promising tools for early 

detection and personalized treatment strategies. Lastly, we evaluate multi-targeted 

therapeutic interventions, including nutraceuticals, polypharmacology, regenerative 

medicine, and precision neurology, as future directions for AD management. A 
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paradigm shift towards an integrative, systems biology approach is crucial for 

effective therapeutic development. 

Keywords: Alzheimer’s disease, neuroinflammation, oxidative stress, mitochondrial 

dysfunction, gut-brain axis, cerebrovascular dysfunction, metabolic dysregulation, 

amyloid-β 

 

 

 

1. Introduction 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized 

by cognitive decline, synaptic dysfunction, and neuronal loss, predominantly affecting 

the aging population (Scheltens et al., 2021). Traditionally, AD pathogenesis has been 

attributed to the accumulation of amyloid-beta (Aβ) plaques and tau neurofibrillary 

tangles, forming the basis of the amyloid cascade and tauopathy hypotheses (Selkoe 

& Hardy, 2016). However, despite decades of research, clinical trials targeting 

amyloid and tau have largely failed to yield significant therapeutic benefits, 

suggesting that AD is a multifaceted disorder with diverse underlying mechanisms 

(Morris et al., 2023). 

Emerging evidence highlights the role of neuroinflammation, oxidative stress, 

mitochondrial dysfunction, gut-brain interactions, vascular pathology, and metabolic 

dysregulation in AD progression (De Strooper & Karran, 2023). These alternative 

pathways underscore the need for a paradigm shift from a singular proteinopathy-

focused model to a holistic perspective encompassing interconnected biological 

systems. Integrative approaches leveraging systems biology, multi-omics profiling, 

and precision medicine are now being explored to redefine AD pathophysiology and 

therapeutic strategies (Hampel et al., 2021). 

This review aims to expand beyond amyloid- and tau-centric paradigms, synthesizing 

current knowledge on the multifactorial mechanisms contributing to AD. By 

exploring neuroinflammatory cascades, mitochondrial bioenergetics, vascular 

integrity, microbiome dysbiosis, and metabolic disruptions, this paper provides a 

comprehensive analysis of the neurodegenerative continuum. Furthermore, emerging 

diagnostic biomarkers and multi-targeted therapeutic interventions will be discussed, 

offering insights into future directions in AD research and management. 

2. The Neurodegenerative Continuum: Rethinking Alzheimer’s Pathology 

2.1 Concept of AD as a Spectrum Disorder 

Alzheimer’s disease (AD) is increasingly recognized as a heterogeneous disorder 

rather than a singular disease entity, existing along a neurodegenerative continuum 

that involves overlapping pathological processes and variable disease trajectories 

(Jack et al., 2018). Traditional clinical classifications distinguish between preclinical, 

mild cognitive impairment (MCI), and late-stage dementia; however, recent research 

suggests that AD pathology may begin decades before clinical symptoms manifest, 

challenging the conventional linear progression model (Dubois et al., 2021). The 

concept of AD as a spectrum disorder aligns with precision medicine approaches that 
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account for genetic, metabolic, and environmental variations influencing disease 

susceptibility and progression (Frisoni et al., 2022). 

2.2 Heterogeneous Pathophysiological Contributions 

Beyond amyloid and tau pathology, AD is driven by multiple interconnected 

mechanisms, including neuroinflammation, mitochondrial dysfunction, vascular 

impairment, and metabolic dysregulation (Hampel et al., 2021). Neuroinflammatory 

responses mediated by microglial activation and cytokine dysregulation contribute to 

neuronal damage and synaptic loss (Heneka et al., 2019). Similarly, mitochondrial 

dysfunction results in bioenergetic deficits, exacerbating oxidative stress and neuronal 

apoptosis (Morris et al., 2023). Additionally, cerebrovascular dysfunction, including 

blood-brain barrier (BBB) breakdown and hypoxia-induced damage, has been 

implicated in cognitive decline, further reinforcing the multifactorial nature of AD 

pathogenesis (Sweeney et al., 2019). These diverse pathological contributions 

highlight the necessity of a systems biology approach to understanding and managing 

AD. 

2.3 Challenges in Diagnosis and Disease Progression Models 

Current diagnostic frameworks rely on clinical symptomatology, cerebrospinal fluid 

(CSF) biomarkers, and neuroimaging modalities; however, these methods have 

limitations in capturing the full complexity of AD pathology (Mattsson-Carlgren et al., 

2020). The reliance on amyloid PET imaging and tau biomarkers fails to account for 

non-amyloidogenic contributors to cognitive decline, leading to misdiagnosis or 

underdiagnosis in certain patient subgroups (Villemagne et al., 2021). Furthermore, 

the slow and variable progression of AD complicates early detection, emphasizing the 

need for multi-omics approaches that integrate genomics, proteomics, and 

metabolomics to improve predictive accuracy and therapeutic targeting (Teunissen et 

al., 2022). Addressing these diagnostic challenges is critical for developing precision-

medicine-based interventions that can effectively modify disease trajectories at an 

early stage. 

3. Neuroinflammation and Immune Dysregulation in AD 

Neuroinflammation is a key driver of Alzheimer’s disease (AD) pathology, involving 

dysregulated immune responses mediated by microglia, astrocytes, and cytokines 

(Heneka et al., 2019). While acute neuroinflammatory processes serve a protective 

role in clearing toxic aggregates, chronic activation contributes to synaptic 

dysfunction, neuronal loss, and disease progression (Calsolaro & Edison, 2016). 

Understanding the interplay between amyloid-beta (Aβ), tau pathology, and immune 

dysregulation provides insights into novel therapeutic interventions aimed at 

modulating neuroinflammatory pathways. 

3.1 Role of Microglia and Astrocytes in Neuroinflammation 

Microglia, the brain’s resident immune cells, play a dual role in AD, transitioning 

from a protective phenotype (M2) to a pro-inflammatory, neurotoxic phenotype (M1) 

in response to prolonged exposure to Aβ and tau aggregates (Spangenberg et al., 

2019). Similarly, astrocytes undergo reactive transformation, releasing inflammatory 

mediators such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α), 
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exacerbating neurotoxicity (Liddelow et al., 2017). Chronic activation of these glial 

cells disrupts neuronal homeostasis and accelerates synaptic degeneration, 

establishing a feed-forward cycle of neuroinflammation. 

3.2 Cytokine Dysregulation and Chronic Inflammatory States 

AD brains exhibit elevated levels of pro-inflammatory cytokines, including 

interleukin-1β (IL-1β), TNF-α, and interferon-gamma (IFN-γ), which contribute to 

neuronal dysfunction and blood-brain barrier (BBB) permeability impairment (Liu et 

al., 2020). Conversely, anti-inflammatory cytokines such as interleukin-10 (IL-10) are 

often downregulated, impairing the resolution of inflammation (Tang & Le, 2016). 

Chronic cytokine dysregulation fosters oxidative stress and mitochondrial dysfunction, 

further compounding neurodegeneration. 

3.3 Interaction Between Amyloid/Tau and Immune Pathways 

Aβ and tau pathology directly influence neuroinflammation by acting as damage-

associated molecular patterns (DAMPs), triggering microglial activation via toll-like 

receptors (TLRs) and the NLRP3 inflammasome (Venegas et al., 2017). 

Hyperphosphorylated tau promotes the release of inflammatory mediators, amplifying 

neurotoxicity and accelerating cognitive decline (Ising et al., 2019). The bidirectional 

relationship between misfolded proteins and immune pathways underscores the need 

for therapeutic strategies targeting immune modulation. 

 

Table 1. Neuroinflammatory Mechanisms in Alzheimer’s Disease 

Mechanism Key Players Impact on AD Pathology 

Microglial activation 
Microglia, Aβ, TLRs, 

NLRP3 

Neurotoxic cytokine 

release, synaptic loss 

Astrocyte reactivity Astrocytes, IL-6, TNF-α 

Exacerbation of 

neurotoxicity, BBB 

breakdown 

Cytokine dysregulation IL-1β, TNF-α, IFN-γ 
Chronic inflammation, 

oxidative stress 

Amyloid/tau interaction 
Aβ, tau, inflammasome 

activation 

Acceleration of 

neurodegeneration 

 

3.4 Therapeutic Strategies Targeting Neuroinflammation 

Several therapeutic approaches aim to modulate neuroinflammation, including 

nonsteroidal anti-inflammatory drugs (NSAIDs), microglial inhibitors, and cytokine-

targeting agents. For instance, monoclonal antibodies targeting IL-1β and TNF-α have 

shown potential in mitigating neuroinflammation (Ransohoff, 2016). Additionally, 

repurposing immunomodulatory drugs such as minocycline and fingolimod has 

demonstrated promising results in preclinical models (Tobin et al., 2023). Table 1 

summarizes key neuroinflammatory mechanisms, while Table 2 outlines potential 

therapeutic targets. 

Table 2. Therapeutic Strategies Targeting Neuroinflammation in AD 

Strategy Mechanism of Action Current Status 
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NSAIDs 
Inhibit COX-mediated 

inflammation 
Mixed clinical outcomes 

Anti-cytokine therapy 
Monoclonal antibodies 

targeting IL-1β, TNF-α 
Under investigation 

Microglial inhibitors 

Suppress pro-

inflammatory microglial 

activation 

Preclinical stage 

Immunomodulatory drugs 
Enhance anti-

inflammatory signaling 
Repurposed in AD trials 

4. Oxidative Stress and Mitochondrial Dysfunction 

Oxidative stress and mitochondrial dysfunction play central roles in Alzheimer’s 

disease (AD) pathophysiology, contributing to neuronal degeneration, synaptic loss, 

and cognitive decline (Wang et al., 2020). Excessive free radical production, impaired 

mitochondrial bioenergetics, and lipid peroxidation lead to energy deficits and 

neurotoxicity, exacerbating disease progression (Swerdlow & Khan, 2020). Given the 

intricate link between oxidative damage and AD pathology, targeting oxidative stress 

through antioxidant-based therapies has emerged as a promising strategy for 

neuroprotection. 

4.1 Free Radical Accumulation and Neuronal Damage 

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are byproducts 

of normal cellular metabolism but become neurotoxic when their levels exceed 

cellular antioxidant defenses. In AD, increased ROS production from dysfunctional 

mitochondria results in oxidative damage to proteins, lipids, and DNA, leading to 

neuronal apoptosis (Butterfield & Halliwell, 2019). Elevated oxidative markers, such 

as 8-hydroxy-2'-deoxyguanosine (8-OHdG) and malondialdehyde (MDA), have been 

detected in postmortem AD brains, underscoring the role of oxidative stress in 

neurodegeneration (Markesbery, 2021). 

4.2 Mitochondrial Bioenergetics and ATP Deficiency in AD 

Mitochondria serve as the primary energy generators in neurons, producing ATP via 

oxidative phosphorylation. In AD, mitochondrial dysfunction results in ATP depletion, 

leading to synaptic failure and cognitive impairment (Moreira et al., 2019). Reduced 

activity of mitochondrial respiratory chain complexes, particularly complexes I and 

IV, has been observed in AD brains, further supporting the role of bioenergetic 

deficits in disease pathology (Bhat et al., 2022). Table 1 summarizes key 

mitochondrial dysfunctions in AD. 

 

Table 3. Mitochondrial Dysfunction in Alzheimer’s Disease 

Dysfunction Key Mechanisms Impact on AD Pathology 

ROS overproduction 

Impaired electron transport 

chain, excessive oxidative 

stress 

DNA damage, neuronal 

apoptosis 

ATP depletion 
Mitochondrial respiratory 

chain deficits 

Synaptic dysfunction, 

cognitive decline 
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Calcium dysregulation 
Mitochondrial calcium 

overload 

Neurotoxicity, neuronal 

excitotoxicity 

Mitochondrial DNA 

(mtDNA) damage 

Oxidative stress-induced 

mutations in mtDNA 

Energy deficits, increased 

apoptosis 

 

4.3 Lipid Peroxidation and Synaptic Dysfunction 

Lipid peroxidation is a major consequence of oxidative stress in AD. Polyunsaturated 

fatty acids (PUFAs) in neuronal membranes are particularly susceptible to oxidation, 

resulting in the generation of toxic lipid peroxidation products such as 4-

hydroxynonenal (4-HNE) and MDA (Angelova & Abramov, 2018). These oxidative 

byproducts impair synaptic plasticity and neurotransmitter release, exacerbating 

cognitive deficits (Dominy et al., 2021). Moreover, lipid peroxidation products 

crosslink tau proteins, accelerating neurofibrillary tangle formation (Ittner et al., 

2021). 

4.4 Antioxidant-Based Therapeutic Approaches 

Given the significant contribution of oxidative stress to AD pathogenesis, various 

antioxidant strategies have been explored to mitigate neuronal damage. Natural 

antioxidants, such as polyphenols, curcumin, and resveratrol, have shown 

neuroprotective effects in preclinical studies by reducing ROS levels and enhancing 

mitochondrial function (Liu et al., 2022). Additionally, pharmacological interventions 

targeting oxidative pathways, including Nrf2 activators and mitochondrial-targeted 

antioxidants, hold promise for therapeutic development (Huang et al., 2020). Table 2 

outlines key antioxidant therapies under investigation for AD 

Table 4. Antioxidant-Based Therapeutic Approaches in AD 

Antioxidant Strategy Mechanism of Action Current Status 

Polyphenols (e.g., 

curcumin, resveratrol) 

Scavenge ROS, enhance 

mitochondrial function 
Preclinical trials 

Nrf2 activators (e.g., 

sulforaphane) 

Upregulate antioxidant 

response elements 
Early clinical trials 

Mitochondrial-targeted 

antioxidants (e.g., MitoQ) 

Reduce oxidative damage 

within mitochondria 
Investigational therapies 

Coenzyme Q10 

Enhances mitochondrial 

bioenergetics, reduces 

lipid peroxidation 

Clinical trials with mixed 

outcomes 

 

5. Gut-Brain Axis and the Role of Microbiota in Alzheimer’s Disease 

The gut-brain axis (GBA) represents a bidirectional communication network between 

the gastrointestinal (GI) system and the central nervous system (CNS), playing a 

critical role in neuroinflammatory processes and cognitive function (Cryan et al., 

2019). Recent evidence suggests that gut dysbiosis—an imbalance in gut 

microbiota—contributes to Alzheimer’s disease (AD) pathology through systemic 

inflammation, blood-brain barrier (BBB) disruption, and neurotoxic metabolite 

production (Zhuang et al., 2020). Understanding the microbiome’s influence on 
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neurodegeneration could unlock novel therapeutic strategies targeting gut health to 

mitigate AD progression. 

5.1 Gut Dysbiosis and Systemic Inflammation 

Dysregulation of the gut microbiota in AD patients has been associated with increased 

pro-inflammatory cytokines and endotoxins that exacerbate neuroinflammation 

(Mohajeri et al., 2018). Pathogenic bacteria such as Escherichia coli and Clostridium 

spp. release lipopolysaccharides (LPS), which activate microglia and astrocytes in the 

CNS, promoting chronic inflammation (Cattaneo et al., 2017). In contrast, beneficial 

gut microbes like Bifidobacterium and Lactobacillus produce short-chain fatty acids 

(SCFAs) that exert anti-inflammatory effects, highlighting the importance of gut 

microbial balance in neuroprotection (Bonfili et al., 2021). 

Table 5. Gut Dysbiosis and Neuroinflammation in AD 

Microbial Change 
Effect on Gut 

Environment 

Impact on AD 

Pathophysiology 

↑ Escherichia coli, 

Clostridium spp. 
Increased LPS production 

Microglial activation, 

neuroinflammation 

↓ Bifidobacterium, 

Lactobacillus spp. 
Reduced SCFA levels 

Weakened anti-

inflammatory response 

↑ Helicobacter pylori Increased gut permeability 
Enhanced systemic 

inflammation 

Dysbiosis-induced gut 

leakiness 

Elevated pro-inflammatory 

cytokines 

BBB disruption, neuronal 

toxicity 

 

5.2 Microbiome Influence on Neurotransmitter Synthesis and BBB Integrity 

The gut microbiota plays a crucial role in synthesizing neurotransmitters such as 

serotonin, dopamine, and gamma-aminobutyric acid (GABA), which are essential for 

cognitive function and emotional regulation (Sampson et al., 2020). Dysbiosis-

associated reductions in these neurotransmitters have been implicated in cognitive 

decline and neuropsychiatric symptoms observed in AD patients (Vogt et al., 2017). 

Additionally, gut microbiota influence BBB integrity by modulating tight junction 

proteins such as occludin and claudin-5, which, when compromised, allow peripheral 

inflammatory mediators and neurotoxic metabolites to infiltrate the brain (Braniste et 

al., 2019). 

5.3 Metabolomic Insights into Gut-Derived Toxins and Neurodegeneration 

Metabolomic studies have identified several gut-derived toxins that contribute to 

neurodegeneration. For example, trimethylamine N-oxide (TMAO), a metabolite 

derived from gut microbial metabolism of dietary choline, has been associated with 

increased amyloid-beta aggregation and tau hyperphosphorylation in AD models (Wu 

et al., 2021). Similarly, bacterial-derived ammonia and indoxyl sulfate have been 

linked to oxidative stress and mitochondrial dysfunction in neurons (Panza et al., 

2020). The identification of these microbial metabolites provides new biomarkers and 

therapeutic targets for AD management. 

Table 6. Gut-Derived Metabolites and Their Role in AD 
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Metabolite Source 
Impact on AD 

Pathophysiology 

Trimethylamine N-oxide 

(TMAO) 

Microbial metabolism of 

choline 

Promotes amyloid-beta 

aggregation, vascular 

dysfunction 

Lipopolysaccharides (LPS) 
Escherichia coli, 

Clostridium spp. 

Triggers 

neuroinflammation, BBB 

disruption 

Ammonia 
Gut bacterial protein 

metabolism 

Induces neuronal oxidative 

stress 

Indoxyl sulfate 
Microbial tryptophan 

metabolism 

Enhances tau 

hyperphosphorylation 

SCFAs (butyrate, 

propionate) 

Bifidobacterium, 

Lactobacillus spp. 

Neuroprotective, anti-

inflammatory properties 

 

5.4 Probiotic and Prebiotic Interventions in AD Management 

Given the profound influence of gut microbiota on AD progression, probiotic and 

prebiotic strategies have gained attention as potential interventions. Probiotics, such 

as Lactobacillus and Bifidobacterium strains, have been shown to reduce 

neuroinflammation and improve cognitive function in preclinical AD models (Bonfili 

et al., 2021). Prebiotics, including dietary fibers like inulin and fructooligosaccharides, 

support the growth of beneficial gut bacteria, promoting SCFA production and BBB 

integrity (Caspani et al., 2019). Clinical trials investigating synbiotic (probiotic + 

prebiotic) formulations suggest promising neuroprotective effects, warranting further 

exploration in AD therapeutics. 

6. Vascular Contributions to Alzheimer’s Disease 

Vascular dysfunction plays a crucial role in the pathogenesis of Alzheimer’s disease 

(AD), influencing both amyloid-independent and amyloid-dependent 

neurodegeneration (Sweeney et al., 2019). Increasing evidence suggests that 

disruptions in cerebral blood flow, blood-brain barrier (BBB) integrity, and 

neurovascular unit (NVU) function contribute to cognitive decline and neuronal 

damage in AD (Iadecola, 2017). Chronic cerebrovascular damage exacerbates 

amyloid-beta (Aβ) accumulation, oxidative stress, and neuroinflammation, 

highlighting the need for therapeutic interventions targeting vascular health. 

6.1 Cerebrovascular Dysfunction and Blood-Brain Barrier Integrity 

Cerebrovascular dysfunction in AD is characterized by impaired cerebral perfusion, 

endothelial cell damage, and loss of BBB integrity (Montagne et al., 2020). The BBB, 

composed of endothelial cells, pericytes, and astrocytic end-feet, serves as a selective 

barrier regulating the transport of nutrients and preventing the entry of neurotoxic 

molecules (Zlokovic, 2011). In AD, BBB breakdown results in increased permeability 

to blood-derived toxins, inflammatory mediators, and erythrocyte-derived hemoglobin, 

exacerbating neuroinflammation and neuronal damage (Sweeney et al., 2018). 

Table 7. Key Cerebrovascular Abnormalities in AD 
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Vascular Defect 
Pathophysiological 

Impact 
Consequence in AD 

Endothelial Dysfunction 
Reduced nitric oxide (NO) 

production 

Impaired vasodilation, 

cerebral hypoperfusion 

BBB Breakdown Increased permeability 

Entry of neurotoxic 

molecules, 

neuroinflammation 

Capillary Degeneration 
Loss of microvascular 

integrity 

Impaired oxygen and 

nutrient supply 

Pericyte Dysfunction Reduced clearance of Aβ 
Enhanced Aβ deposition 

and toxicity 

 

6.2 Hypoxia, Ischemia, and Neurovascular Unit (NVU) Disruption 

Chronic cerebral hypoperfusion and ischemic events contribute to neurodegeneration 

by reducing oxygen and glucose delivery to the brain, leading to neuronal apoptosis 

and synaptic dysfunction (Kelleher & Soiza, 2013). The NVU, comprising endothelial 

cells, pericytes, astrocytes, and neurons, is critical for maintaining cerebrovascular 

function and neuroprotection (Mok & Kim, 2015). NVU dysfunction in AD results in 

oxidative stress, inflammation, and an impaired ability to clear Aβ, further 

accelerating disease progression (Iadecola, 2017). 

6.3 Amyloid-Linked Angiopathy and Vascular Inflammation 

Cerebral amyloid angiopathy (CAA), characterized by the accumulation of Aβ in 

cerebral blood vessels, is a hallmark of AD-associated vascular pathology (Banerjee 

et al., 2020). CAA leads to vessel stiffening, reduced vascular compliance, and 

increased susceptibility to microbleeds and hemorrhages (Thal et al., 2008). 

Additionally, vascular inflammation mediated by cytokines such as interleukin-6 (IL-

6) and tumor necrosis factor-alpha (TNF-α) further compromises cerebrovascular 

function and contributes to cognitive impairment (Grammas, 2011). 

Table 8. Amyloid-Related Vascular Pathologies in AD 

Pathology Mechanism Consequence 

Cerebral Amyloid 

Angiopathy (CAA) 

Deposition of Aβ in blood 

vessels 

Vessel stiffening, 

hemorrhages 

Microvascular 

Inflammation 
Activation of TNF-α, IL-6 

Endothelial dysfunction, 

increased permeability 

Hypoxia-Induced Aβ 

Accumulation 
Reduced clearance of Aβ 

Exacerbation of amyloid 

toxicity 

Oxidative Stress 
Increased reactive oxygen 

species (ROS) 

Mitochondrial 

dysfunction, neuronal 

damage 

 

6.4 Targeting Vascular Health in AD Prevention 

Therapeutic strategies aimed at preserving cerebrovascular health hold promise for 

AD prevention and management. Pharmacological interventions such as 
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antihypertensive drugs, statins, and vasodilators have shown potential in mitigating 

cerebrovascular damage in AD models (de la Torre, 2018). Additionally, lifestyle 

modifications, including aerobic exercise, dietary interventions (e.g., Mediterranean 

diet), and smoking cessation, have been associated with improved vascular function 

and reduced AD risk (Livingston et al., 2020). Novel approaches targeting BBB 

stabilization, endothelial repair, and anti-inflammatory pathways are under 

investigation to enhance cerebrovascular resilience in AD patients (Montagne et al., 

2020). 

7. Metabolic Dysregulation and Insulin Resistance in AD 

7.1 Brain Glucose Hypometabolism and Insulin Signaling Deficits 

Alzheimer’s disease (AD) is characterized by significant impairments in cerebral 

glucose metabolism, leading to neuronal energy deficits and synaptic dysfunction 

(Cunnane et al., 2020). Positron emission tomography (PET) studies have consistently 

demonstrated reduced glucose uptake in the temporoparietal and frontal cortices of 

AD patients, correlating with cognitive decline (Chen & Zhong, 2013). Insulin 

signaling dysregulation in neurons exacerbates oxidative stress, mitochondrial 

dysfunction, and amyloid-beta (Aβ) accumulation, further contributing to 

neurodegeneration (Arnold et al., 2018). 

7.2 Type 3 Diabetes: The AD-Diabetes Mellitus Connection 

Given the shared pathophysiological features between AD and type 2 diabetes 

mellitus (T2DM), some researchers have proposed that AD represents "type 3 

diabetes" (de la Monte & Wands, 2008). Insulin resistance in the brain leads to tau 

hyperphosphorylation, neuroinflammation, and impaired synaptic plasticity (Stanley 

et al., 2016). Chronic hyperglycemia and advanced glycation end products (AGEs) 

further exacerbate neuronal damage, emphasizing the need for metabolic interventions 

in AD management (Kandimalla et al., 2017). 

 

Table 9. Shared Mechanisms Between AD and Type 2 Diabetes Mellitus 

Pathophysiological 

Feature 
Mechanism in AD Mechanism in T2DM 

Insulin Resistance 
Impaired glucose uptake, 

synaptic dysfunction 

Peripheral insulin 

resistance, hyperglycemia 

Oxidative Stress 
Increased reactive oxygen 

species (ROS) 
Mitochondrial dysfunction 

Inflammation 
Activation of microglia, 

neuroinflammation 

Chronic systemic 

inflammation 

Amyloid Aggregation 
Aβ accumulation and 

plaque formation 

Amylin deposition in 

pancreatic islets 

 

7.3 Ketogenic and Metabolic Therapies for Cognitive Decline 

Ketogenic diets, which promote ketone body metabolism as an alternative energy 

source for neurons, have gained interest as a therapeutic approach in AD (Newport et 

al., 2015). Medium-chain triglycerides (MCTs) and exogenous ketone supplements 
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have been shown to enhance mitochondrial function and reduce neuroinflammation in 

preclinical models (Krikorian et al., 2012). 

7.4 Pharmacological Interventions Modulating Metabolism 

Several drugs targeting metabolic pathways are being investigated for AD treatment. 

Glucagon-like peptide-1 (GLP-1) receptor agonists, such as liraglutide, have 

demonstrated neuroprotective effects by reducing Aβ deposition and enhancing 

synaptic plasticity (Hölscher, 2018). Additionally, metformin, a widely used 

antidiabetic drug, has been explored for its potential to mitigate neurodegenerative 

processes through AMPK activation and mitochondrial enhancement (Markowicz-

Piasecka et al., 2017). 

8. Emerging Biomarkers and Advanced Diagnostic Approaches 

8.1 Multi-Omics Integration: Genomics, Proteomics, and Metabolomics 

The advent of multi-omics approaches, including genomics, proteomics, and 

metabolomics, has provided novel insights into AD pathophysiology. Genetic risk 

factors such as APOE4, along with transcriptomic and metabolomic signatures, offer 

potential for early disease detection (Hampel et al., 2021). 

8.2 Neuroimaging Techniques Beyond Amyloid PET Scans 

While amyloid PET imaging has been instrumental in AD diagnosis, newer 

techniques such as tau PET, diffusion tensor imaging (DTI), and functional MRI 

(fMRI) provide more comprehensive assessments of neurodegenerative changes (Jack 

et al., 2018). 

8.3 Circulating and CSF-Based Biomarkers for Early Detection 

Fluid biomarkers in cerebrospinal fluid (CSF) and blood, including phosphorylated 

tau (p-tau), neurofilament light chain (NfL), and glial fibrillary acidic protein (GFAP), 

have shown promise for early AD diagnosis and disease progression tracking 

(Zetterberg & Blennow, 2020). 

8.4 AI-Driven Predictive Modeling in AD Diagnosis 

Artificial intelligence (AI) and machine learning models are being developed to 

integrate multi-modal biomarker data for enhanced AD diagnosis and progression 

prediction (Leandrou et al., 2020). 

9. Expanding Therapeutic Horizons: Multi-Targeted Approaches 

9.1 Polypharmacology in AD Drug Development 

Given the multifactorial nature of AD, polypharmacological approaches targeting 

multiple pathological mechanisms simultaneously are gaining attention (Cummings et 

al., 2020). 

9.2 Nutraceutical and Phytochemical Strategies 

Natural compounds such as curcumin, resveratrol, and ginsenosides exhibit 

neuroprotective properties by modulating oxidative stress, inflammation, and 

mitochondrial function (Bhat et al., 2021). 

9.3 Stem Cell Therapy and Neuroregeneration Potential 

Stem cell-based therapies, including mesenchymal stem cells (MSCs) and induced 

pluripotent stem cells (iPSCs), hold promise for neuronal regeneration and disease 

modification (Tuszynski et al., 2019). 
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9.4 Personalized Medicine and Precision Neurology in AD Treatment 

Advancements in precision medicine are paving the way for individualized 

therapeutic strategies based on genetic, epigenetic, and biomarker profiles (Scheltens 

et al., 2021). 

10. Challenges, Future Directions, and Conclusion 

10.1 Limitations of Current AD Research and Therapeutic Development 

Despite decades of research, Alzheimer’s disease (AD) remains an unmet medical 

challenge with no curative treatment. The failure of numerous amyloid- and tau-

targeted drugs highlights the complexity of AD pathogenesis and suggests that a 

single-pathway approach is insufficient (Cummings et al., 2020). One major 

limitation in AD research is the reliance on amyloid-centric models that do not fully 

capture the heterogeneous nature of the disease (Morris et al., 2014). Additionally, 

clinical trials often fail due to inadequate patient stratification, poor biomarker 

validation, and challenges in early diagnosis (Hampel et al., 2021). 

Another obstacle is the difficulty in translating promising preclinical findings into 

effective human therapies. Many animal models do not accurately replicate the 

sporadic, late-onset nature of AD, limiting the predictive value of preclinical studies 

(Do Carmo & Cuello, 2020). Moreover, the blood-brain barrier (BBB) presents a 

significant challenge in drug delivery, necessitating innovative approaches to enhance 

central nervous system bioavailability (Zlokovic, 2011). 

10.2 Bridging Mechanistic Insights with Clinical Translation 

To improve therapeutic outcomes, future AD research must integrate mechanistic 

discoveries with clinical applications. A shift toward precision medicine approaches, 

including patient-specific biomarker profiling and targeted interventions, could 

enhance treatment efficacy (Hampel et al., 2021). Multi-omics technologies, 

encompassing genomics, proteomics, and metabolomics, offer valuable insights into 

disease heterogeneity and may aid in developing personalized therapeutic strategies 

(van der Lee et al., 2018). 

Additionally, interdisciplinary collaborations between neuroscientists, immunologists, 

bioengineers, and computational biologists can drive innovative solutions in AD 

management. AI-driven predictive models and machine learning algorithms are 

emerging as powerful tools for early diagnosis and therapeutic optimization 

(Leandrou et al., 2020). 

10.3 Future Research Avenues for Holistic AD Management 

Given the multifactorial nature of AD, future research should explore integrative 

strategies targeting multiple pathological pathways. Areas of focus include: 

• Neuroimmune Modulation: Developing therapies that fine-tune microglial 

and astrocytic responses without causing excessive neuroinflammation 

(Heneka et al., 2015). 

• Metabolic and Mitochondrial Therapeutics: Investigating metabolic 

enhancers such as ketone-based therapies and mitochondrial-targeted 

antioxidants to counteract energy deficits (Newport et al., 2015). 
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• Gut-Brain Axis Interventions: Understanding the role of the gut microbiota 

in neurodegeneration and assessing the efficacy of probiotic and prebiotic 

interventions (Zhu et al., 2020). 

• Vascular Health Strategies: Exploring cerebrovascular protection via 

antihypertensive, antithrombotic, and endothelial-supporting therapies 

(Sweeney et al., 2018). 

• Regenerative Medicine: Advancing stem cell-based therapies and 

neuroregenerative techniques for repairing neuronal damage (Tuszynski et al., 

2019). 

10.4 Concluding Remarks on the Evolving Understanding of AD Pathogenesis 

Alzheimer’s disease is a multifaceted neurodegenerative disorder that extends beyond 

traditional amyloid and tau hypotheses. A growing body of evidence supports the 

involvement of neuroinflammation, metabolic dysregulation, gut-brain interactions, 

cerebrovascular dysfunction, and immune system perturbations in AD progression. 

While current therapeutic strategies remain limited, a paradigm shift toward holistic, 

multi-targeted interventions holds promise for more effective disease management. 

Future research must embrace integrative methodologies, personalized medicine, and 

innovative technologies to unravel the complexities of AD and pave the way for 

transformative therapeutic breakthroughs. 
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