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Alzheimer’s disease (AD) is the most prominent neurodegenerative disorder in the aging population. It is

characterized by cognitive decline, gradual neurodegeneration, and the development of amyloid-β (Aβ)-plaques

and neurofibrillary tangles, which constitute hyperphosphorylated tau. The early stages of neurodegeneration in AD

include the loss of neurons, followed by synaptic impairment. Since the discovery of AD, substantial factual

research has surfaced that outlines the disease’s causes, molecular mechanisms, and prospective therapeutics,

but a successful cure for the disease has not yet been discovered. This may be attributed to the complicated

pathogenesis of AD, the absence of a well-defined molecular mechanism, and the constrained diagnostic

resources and treatment options. 

Alzheimer’s disease  molecular mechanism  risk factors

1. Amyloid β Hypothesis

For over three decades, the amyloid hypothesis, proposed by G. Higgins, J. Hardi , and D. Selkoe , has been

the dominant and most widely accepted mechanistic theory of how AD develops. According to their theory, the

accumulation of oligomeric Aβ (oAβ)-peptides are responsible for the pathophysiology causing downstream events

such as neuroinflammation, the formation of neurofibrillary tangles (NFT), and vascular injury, encouraging

dementia and cognitive deficits . Their original theory primarily focused on the frequent occurrence of AD in

Down’s syndrome patients due to the generation of significant amounts of Aβ-peptides since the amyloid precursor

protein (APP) gene is positioned on the three 21 chromosomes .

Amyloidosis is a clinicopathological phenomenon where amyloid builds up in the body’s tissues and cells,

generating amyloid plaques for various intricate reasons that eventually cause organ malfunction. It may run in the

family or be acquired . A systematic representation of amyloidosis in AD is displayed in Figure 1.
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Figure 1. Amyloidogenic pathway in the pathogenesis of Alzheimer’s disease showing the formation of amyloid

plaques. Within the membrane, β-secretase cleaves APP in the first instance, followed by γ-secretase. The

extracellular amyloid-β that is released by the proteolytic breakdown of APP via the amyloidogenic pathway is

susceptible to self-aggregation, resulting in the development of cytotoxic oligomers and insoluble Aβ fibrils/plaques.

Amyloidosis is categorized into two types based on where amyloid fibers are deposited: localized amyloidosis,

which affects a particular tissue in a specific place, and systemic amyloidosis, which affects the entire body .

These amyloid proteins make up amyloid plaques . The primary element that significantly contributes to the

pathophysiology of AD and is often regarded as the principal reason for AD development is the amyloid β peptide

.

APP is produced by blood arteries, blood cells, neurons, and astrocytes in confined numbers and is a more

significant precursor molecule than Aβ . Multiple physiological functions for APP have been postulated thus far.

APP is crucial for brain growth, memory, and neuroplasticity . In addition to being able to safeguard neurons, it

also controls intercellular relations, managing neuronal development and neuroplasticity .

Extracellular domains of the APP control cellular adhesion to support neural circuits. APP homodimers allow Aβ to

activate calcium channels, which further modulate neural signaling and neurotransmitter discharge . More

precisely, K -Cl  cotransporter 2 (KCC2) is stabilized on cellular membranes due to direct protein–protein

interactions between APP and KCC2, which can modulate hippocampal γ-aminobutyric acid inhibition (GABAergic

inhibition). APP reduction causes KCC2 to degrade more quickly through ubiquitination and tyrosine

phosphorylation, which impairs γ-aminobutyric acid type A (GABA ) receptor-regulated inhibition and GABA

reversal potential depolarization . Soluble amyloid precursor protein (sAPP) cleavage molecules including

sAPPα and sAPPβ are responsible for several facets of APP functionality, wherein the role of sAPPα has been

thoroughly described. sAPPα has been demonstrated to be preventative against Aβ-induced toxicity and serves a

significant role in neuroplasticity/survival .
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Moreover, the central nervous system’s early embryonic processes and neuronal stem cell growth can be mediated

by sAPPα . In response to specific neuroprotective agents, it has been proposed that sAPPα could suppress

cyclin-dependent kinase 5 (CDK5) activation induced by excitotoxicity and take part in diverse excitoprotective

mechanisms . Notably, in APP-deficient mice, sAPPα expression alone is sufficient to reverse defects, indicating

that sAPPα might facilitate most APP functioning. It has been revealed that APP mutations accelerate the

production of Aβ, which results in senile plaques and peripheral neuron degenerative alterations .

Depending on their cleavage products, APP processing can be classified as either amyloidogenic or non-

amyloidogenic. In APP processing, the major proteolytic enzymes are α-, β-, and γ- secretase. The principal β-

secretase in the brain is beta-site APP-cleaving enzyme 1 (BACE1) and γ-secretase. The full-length APP is broken

down by α-secretase, which releases the sAPPα ectodomain beyond the cellular membrane while leaving a C-

terminal APP fraction of 83 amino acids inside the plasma membrane. This process is known as the non-

amyloidogenic pathway . The consecutive APP proteolytic cleavage via β- and γ-secretase complex constitutes

the amyloidogenic pathway. When APP is broken down by γ-secretase, amyloid peptides with varying chain

lengths such as Aβ-37/38/39/40/42/43 can be produced . The two main Aβ species in the brain are Aβ42 and

Aβ40. Aβ42 has a greater potency for aggregating due to the hydrophobicity of its two terminal residues, albeit

soluble Aβ40 is significantly more abundant than Aβ42. Hence, Aβ42 is primarily responsible for constituting the

majority of amyloid plaques that are neurotoxic . Correspondingly, Aβ42 is considered a principal performer in

commencing plaque building in the pathophysiology of AD . Moreover, it has been established that AD may be

distinguished from other dementias by employing the Aβ42/38 ratio and levels of Aβ38/42 in the cerebral spinal

fluid (CSF) . By boosting Aβ synthesis and decreasing the Aβ40/Aβ42 ratio, dysregulated APP function

likely aids in the etiology of AD . Aβ protein is a 40–42 amino acid short peptide of 4.2 kDa . Misfolded

proteins with a stable conformation are called amyloid proteins. Additionally, an abnormal build-up of Aβ causes

neurotoxicity . Monomeric Aβ segments are soluble molecules that coalesce to produce insoluble oligomers,

which then develop into neurologic plaques. The transfer of Aβ by the receptor for density lipoprotein receptor-

related protein-1 (LRP1) and the receptor for advanced glycation end products (RAGE) is among the strategies the

body uses to remove Aβ from the brain . Clinical research has demonstrated that an imbalance between

Aβ production and elimination causes abnormal metabolism, which in turn, causes extracellular protein build-up

and misfolding, resulting in the establishment of amyloid plaques .

Compared to other cell types, nerve cells generate more Aβ, which is crucial for intercellular signaling and other

typical physiological processes of the CNS . Individuals with traumatic brain injury and PD accumulate Aβ,

indicating a link between amyloid and neurodegenerative disorders . Chronic stress causes the body to respond

by ramping up the production of neural proteins, which results in the build-up of by-products such as phosphate.

The phosphorylation of APP can be facilitated by high phosphate concentrations in the protein production area.

Additionally, β-secretase engages in the subsequent phosphorylation of APP processing, which causes Aβ

deposition. However, there are several circumstances where the bodily function that regulates the concentration of

Aβ can become uncontrolled. For instance, natural Aβ can stimulate the production of extra APP, which is then

phosphorylated and processed to become amyloid, increasing the concentration of Aβ. In peripheral neurons, Aβ

elevated concentrations might also stimulate the synthesis of APP and amyloidosis. In the brain, a portion of Aβ
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misfolds and accumulates, generating hydrophobic exogenous oligomers that acquire the shape of plaques and

fibers that harm synapses and neurons . Substantial evidence such as the existence of APP mutations in familial

AD patients points toward Aβ as a principal factor in disease development.

In the initial course of AD, patients have a synaptic malfunction; as the disease advances, synapses are lost.

Synaptic loss is a primary pathogenic characteristic of AD and a reliable predictor of cognitive deterioration . The

degree of senile plaque development in the sick brain, however, does not always correlate with the severity of

dementia that people with AD suffer. One viable argument is that soluble Aβ may indirectly contribute to AD

pathophysiology by encouraging the development of neurofibrillary tangles . The model for Aβ hypothesis in AD

is displayed in Figure 2.

Figure 2. Systematic illustration of the amyloid-β hypothesis in Alzheimer’s disease. (A) APP processing to form

Aβ, which simultaneously assembles as aggregates of the Aβ oligomer (oAβ) and form amyloid plaques. (B) Aβ-

associated synaptic dysfunction by the impairment of LTP and LTD. Aβ receptors including NMDAR, PrPc, EphA4,

EphB2 & LiLRB2 have been shown to induce synaptotoxicity by interaction with Aβ. EphA4-associated synaptic

and cognitive malfunction may be inhibited by SORLA. Fyn kinase functions as an essential control mechanism for

NMDAR related oAβ neurotoxicity. oAβ halts the normal mitochondrial function, which results in activated capsase-

3, upregulated ROS, and decrease in ATP. This further worsens the synaptic dysfunction.
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2. Tau Pathology toward Neurofibrillary Tangles

Tau is a cytosol protein mostly available in axons and is a neuronal microtubule-associated protein. The

microtubule-associated protein tau (MAPT) gene possessing 16 exons is localized on chromosome 17, which

encodes human tau . Tau helps microtubules and related proteins assemble and remain stable . By

engaging on microtubules using its extensively conserved microtubule-binding repeat domains, tau also aids in

regulating microtubule processes such as axon transport and neurite growth . Microtubules oscillate between

a stable phase and dynamical instability; efficient neural transmission and survival depend on optimal balancing

among these two states . This system relies on tau phosphorylation, which reduces tau’s capability for

microtubules while maintaining their dynamic character to support the optimal neuron activity . However,

aberrant or excessive Tau phosphorylation reduces the integrity of microtubules, resulting in an elevation in neurite

branching, a deduction in axonal transit, and synapse retraction, as shown in Figure 3 . Neurodegenerative

conditions like AD, ALS, and PD are featured by hyped phosphorylation of tau and the consequent micro tubular

instability . In the AD brain, hyperphosphorylated Tau could develop into oligomers, filaments of paired helical,

and eventually neurofibrillary tangles . Tau is more challenging for phosphatases to dephosphorylate

once it has aggregated . Oligomeric Tau could take effect as a “seed” and encourage additional Tau proteases in

neighboring neurons to condense into fibrils . It has been discovered that tau oligomers are the primary

cause of axonal transport deficiencies in neurons, which can result in neural death . Immunohistochemical

staining was developed by researchers E. Braak and H. Braak to stage neuro-pathological Tau aggregation in the

brain, and it has since been improved to make it easier for pathologists to determine the level of Tau deposition and

whether AD needs to be identified in a post-mortem of the patient .
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Figure 3. Systematic illustration for Aβ-mediated glial response in AD. (A) oAβ might activate microglia by binding

to different Aβ receptors including TLR4, RAGE, LRP1, CD36, and specifically to TREM2, which stimulates the

SYK pathway via DAP12 inducing Aβ degeneration. (B) Aβ dependent astrocyte dysfunction by enhanced

interactions between Aβ/APOPE and LRP1 results in astrocyte activation by releasing TNF-α, IL-1β, IL-6, and IL-8.

Furthermore, oAβ is also capable of direct astrocyte activation by AQP4, CD36, α7-nAchR, CD47, and CaSR. This

astrocyte activation leads to neuronal damage through TNF-α, IL-1β, IL-6, and excitotoxication/irregulated

homeostasis of glutamate.

The presence of Aβ, neural inflammation, enzymes, and oxidative stress that modulate phosphatases and kinases

can all impact the phosphorylated tau-protein conformation . Microtubule affinity-regulating kinase (MARK),

CDK5, and glycogen synthase kinase 3 (GSK3) are the three enzymes that likely have a major impact .

The formation of Tau into neurofibrillary tangles is in close alliance with the neurodegeneration (i.e., neural demise)

and brain atrophy seen in AD . The hippocampus and entorhinal cortex are the first areas of the AD brain

to be impacted, accompanied by areas of the temporal lobe and neocortex. During this period, patients may

experience moderate cognitive impairment (MCI) . The degeneration then progresses to the frontal portions of

the cortex and occipital lobe, resulting in delayed personality alterations and trouble accomplishing daily tasks 

. These frontal portions shrink while the ventricles are expanded. The primary pathogenic driver of ventricular

enlargement and cortical atrophy is believed to be neuronal loss .
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3. Mitochondrial Dysfunction and Reactive Oxygen Species
(ROS) Generation

According to multiple evidence-based studies, the pathophysiology of AD may be influenced by mitochondrial

dysfunction . As a result of Aβ aggregation in the mitochondria of AD brains, disrupted mitochondrial

conformation, reduced adenosine triphosphate (ATP) release and respiratory function, increased mitochondria-

mediated oxidative stress, and poor mitochondria dynamics occur. The brain mitochondria of the patients suffering

from AD and mouse models have both been reported to possess Aβ, which is responsible for neurodegeneration

. Irregularities in mitochondrial structure and functioning are associated with elevated mitochondrial Aβ. For

example, reduced energy consumption related to mitochondria was noted in brain areas connected to amyloid

plaques. Aβ also causes anomalies in mitochondrial function; due to decreased energy generation, abnormal

alterations are also observed in the mitochondrial dynamics. Additionally, proteins linked to enhanced mitochondria

fission and reduced fusion of mitochondria are amplified by Aβ exposure . Unfortunately, it is still uncertain how

mitochondrial dysfunction contributes to AD.

The oxygen consumption and metabolic rate of neurons are exceedingly high. As a result, to generate energy by

oxidative phosphorylation, neurons depend on the numerous mitochondria in brain regions. ROS are primarily

generated in mitochondria as by-products of oxidative phosphorylation, and routine homeostatic action in

mitochondria frequently blocks excessive ROS formation. Furthermore, there are indications that oxidative assaults

are critical in AD pathophysiology . The idea that oxidative stress might be what causes AD pathogenesis

triggered by Aβ is supported by the finding that oxidative stress emerges earlier in AD . Aβ-peptides can elicit

mitochondrial ROS generation, which releases cytochrome c and an apoptosis-inducing factor, causing malfunction

of mitochondria, apoptosis, and the death of neurons . In AD, appoptosin overexpression can cause the

intrinsic caspase pathway to be activated. Prominently, decreased appoptosin expression can guard against Aβ’s

neurotoxic effects . Amyloid-binding cyclophilin D alcohol dehydrogenase are the few other mitochondrial

proteins that have depicted a role toward mitochondrial dysfunction . Mitochondrial dysfunction and

oxidative stress in the pathogenesis of AD are illustrated in Figure 4.
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Figure 4. An illustration of the mitochondrial dysfunction and oxidative stress in the pathogenesis of AD. (A)

Multiple age-related processes, mutations, and toxic fluctuations such as metal exposure can all adversely affect

mitochondria. Mitochondrial dysfunction further results in bioenergetic deficits, calcium imbalance, and free radical

production. This causes oxidative stress, which exacerbates mitochondrial impairment, synaptic malfunction,

cognitive decline, and memory loss. (B) The cellular redox equilibrium is disrupted by ROS generation or a

compromised antioxidant arrangement, which leads to an oxidative imbalance and excessive ROS output. By

adversely influencing mitochondrial energy reserves, disrupting energy metabolic processes, and impairing

dynamics and mitophagy, elevated ROS reduces mitochondrial ΔΨm and ATP production. Caspase activity also

rises as a result of ROS, which additionally starts the apoptotic process. However, excessive ROS generation

inhibits phosphatase 2A (PP2A), which leads to glycogen synthase kinase 3 (GSK3) activation. This results in tau

hyperphosphorylation and NFT buildup. (C) The functions of the mitochondria that are extensively hampered in AD

have been highlighted.

4. Nitrosative Stress

Nitrosative stress arises when various defensive mechanisms fail to balance the formation of reactive nitrogen

species (RNS), which harms intracellular constituents. The main component of RNS is nitric oxide (NO), which acts

as a signaling molecule to control synaptic plasticity, neurotransmission, and brain growth. Significant cognitive



Molecular Mechanism of Alzheimer’s Disease | Encyclopedia.pub

https://encyclopedia.pub/entry/44803 9/19

impairment aligned to synapse malfunction and glial activation has been linked to nitrosative stress . Due to

S-nitrosylation, nitric oxide released as a consequence of Aβ in AD has been identified to trigger fission in

mitochondria, resulting in synaptic dysfunction and neuronal death . Since higher S-nitrosothiol (SNO)-CDK5

amounts were found in post-mortem samples of the AD brain and not in healthy samples, it has been determined

that enhanced SNO-CDK5 activity possesses a part in the progression of AD . Assessing the role of S-

nitrosylation in nitrosative stress-initiated AD pathogenesis is made more accessible by the massive neuronal

atrophy in the AD brain, accompanied by elevated S-nitrosylation of the peptides and a considerable proportion of

altered sites of cysteine .

5. Protein Oxidation and Lipid Peroxidation

Multiple evidence-based findings imply that ROS might be crucial in the emergence of neurodegeneration in AD.

ROS and RNS build up over time, which results in protein oxidation and lipid peroxidation. The brain also

possesses an elevated proportion of unsaturated lipids, a high metal ion concentration, an elevated oxygen usage

rate, and a poor antioxidant system. Consequently, both protein and lipid oxidation are particularly dangerous for

the brain.

6. DNA Damage

DNA is nucleic acid found in the mitochondria (mtDNA) and nuclear (nDNA) material of living cells. Multiple lines of

research have indicated that ROS generated as an oxidative phosphorylation by-product and environmental

subjection to chemicals and radiation target nuclear and mitochondrial DNA for the genotoxic attack. Furthermore,

investigations have demonstrated that because mtDNA is situated near the oxidative phosphorylation cascade, it is

more vulnerable to genotoxic attack than nDNA .

The Tau protein, in conjunction with its function in microtubule dynamics, is essential for protecting the genomic

DNA of neurons from oxidative stress and ROS. The modification in the tau protein may impair nucleic acid

protection mechanisms and make hippocampus neurons more vulnerable to ROS-induced oxidative stress to their

nuclear RNA and genomic DNA in AD patients. It has been established that ROS can damage DNA strands and

play a role in subsequent AD disease-causing processes . Mullaart et al.  found a two-fold rise in DNA

destruction in neurons of the AD brain. They theorized that this might be one of the early identifiable pathogenic

events in the transition from the normal to the AD brain. 8-Hydroxyguanine (8-OHG) is the most protruding DNA

marker in most biological samples including blood cells, urine, and brain tissues . 8-Oxoguanine-DNA

glycosylase (OGG1) is a bifunctional enzyme that has apurinic/apyrimidinic lyase and DNA glycosylase properties.

Evidence from research has shown two single-nucleotide polymorphisms in OGG1 caused by the substituted

amino acid A53T and A288V. These polymorphic OGG1 proteins with the A53T and A288V mutations were found in

2007 in late-stage brain tissue AD patients but not in the controls .

7. Glial Cells in AD
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Another characteristic of AD is neuroinflammation, which appears as gliosis and is marked by the activation and

proliferation of the two main glial cell types in the brain, astrocytes and microglia. Numerous recently discovered

AD risk genes such as triggering receptors expressed on myeloid cells-2 (TREM2) are only expressed in glial cells

or are greatly concentrated in them. As a result, current research has placed a lot of emphasis on the probable

impact that the glia may serve in the pathogenesis of AD. Pathogenic tau and Aβ species can bring

neuroinflammation and gliosis. Glial cells and inflammation can control the development of Aβ and tau in a

reciprocal manner. In general, it is thought that inappropriate microglial and astrocyte activation is a harmful event

during the initiation of AD, and that blocking the formation of pro-inflammatory cytokines and the malignant glial

responses to pathogenic Aβ and tau may prevent AD pathogenesis.

8. Proteasomal Dysfunction

By eliminating proteins that are inappropriately folded or clumped together, the ubiquitin-proteasome pathway

(UPP) helps to maintain cellular integrity. When this system for removing undesirable protein complexes is

disrupted, toxic and improperly folded proteins gather in brain cells, which is thought to be a pathogenic

characteristic of AD. This route is crucial for the efficient elimination of aberrant protein garbage, which is essential

for the viability and stability of neurons . In order to continually remove defective proteins from neurons and

block the aggregation of inappropriate proteins, the optimal functioning of UPP is of utmost importance .

Recent research has exhibited that the intracellular deposit of phosphorylated tau and Aβ protein clumps in AD

patients directly impairs UPP. Brain tissue from patients with early AD had much less proteosome activity. The

proteasome activity is reduced by 56% in AD patients due to the intraneural accumulation of paired helical

filaments, which inhibits the proteasome. As a result, in the AD brain, the failure of UPP to remove phosphorylated

tau and paired helical filament ultimately causes neuronal death . Current findings have shown a strong

correlation between ubiquitinated synaptic tau and hyperphosphorylation. This stable oligomerization of

ubiquitinated synaptic tau results in elevated proteasome elements, proposing that a failure of the ubiquitin-

proteasome system causes AD . Although extant research has asserted a strong correlation between the

build-up of hyperphosphorylated tau and malfunctioning UPP, none of these studies has explicitly stated whether

the hyperphosphorylated tau is to blame for the UPP machinery’s impairment or the other way around . As a

result, further research employing cellular models are required to pinpoint the pathogenic event that causes

aberrant neuron activity in AD patients.

9. Neuroinflammation

Infection, trauma, or toxic materials can cause a complicated series of inflammatory reactions in the brain system

known as neuroinflammation. Microglia and astrocytes are important cells that indulge in inflammatory processes in

the CNS and neuronal cells. By showing the existence of reactive microglia in the substantia nigra portion of post-

mortem brain tissue from PD patients, Mc Geer et al.  made the initial discovery. The Aβ and tau tangles are

surrounded by persistent microglial activation, which causes the loss of the homeostatic role of glial cells,
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developing a proinflammatory trait and exacerbating neurotoxicity. In the case of neuroinflammation, serum and

brain specimens from AD patients include inflammatory mediators such TNF-α , IL-6, IL-β , and

cyclooxygenase-2 (COX-2) .
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