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Alzheimer‘s disease (AD) is a progressive 

neurodegenerative disorder and the most common cause of 

dementia worldwide, posing a significant global health 

burden. Despite decades of research, its precise 

pathogenesis remains incompletely understood, with 

emerging evidence pointing to a multifactorial etiology 

involving amyloid-beta (Aβ) accumulation, 

hyperphosphorylation, neuroinflammation, oxidative stress, 

mitochondrial dysfunction, and synaptic loss. Genetic and 

environmental factors further contribute to disease onset 

and progression, particularly in sporadic AD. Recent 

therapeutic advances have focused on targeting Aβ and tau 

pathology, modulating neuroinflammation, and enhancing 

neuronal survival. However, most clinical trials have 

yielded limited success, highlighting the urgent need for 

multifaceted and personalized therapeutic strategies. This 

review synthesizes current insights into the molecular 

mechanisms underlying AD and evaluates recent 

breakthroughs in drug development, immunotherapy, and 

lifestyle-based interventions. A deeper understanding of AD pathogenesis may pave 

the way for more effective diagnostics and therapeutic approaches, ultimately 

improving patient outcomes and quality of life. 

 

Introduction 

Background of Alzheimer's Disease  

Alzheimer‘s disease (AD) is a neurodegenerative disease characterized by neuritic 

plaques and neurofibrillary tangles from amyloid-β peptide A build-up in the medial 

temporal lobe and neocortical areas of the brain (Lim et al., 2020). The disease 

clinically presents with a slow progression of cognitive and behavioral impairment. 

Approximately 50 million people across the globe suffer from the most common 

manifestation of the disease dementia and this figure is expected to double every 5 

years, with an estimated 152 million cases by the year 2050 (Livingston et al., 2020a; 

Yiannopoulou & Papageorgiou, 2020).  

Clinical diagnostic criteria for the disease were developed in 1984 by the Alzheimer‘s 

Disease and Related Disorders Association and the National Institute of Neurological 

and Communicative Disorders and Stroke study group. The criteria include the 

following:  

Probable Alzheimer‘s disease: identified by dementia diagnosis through 

neuropsychological testing, progressive amnesia, and impaired activities of daily 

living (Neugroschl & Wang, 2016); 

Possible Alzheimer‘s disease: devoid of neurologic and psychiatric disorders, and 

comorbidities, such as a systemic or brain illness; can also induce dementia, although 

not the primary cause (Neugroschl & Wang, 2016);  

Definite Alzheimer‘s disease: confirmed by histopathological testing (Neugroschl & 

Wang, 2016). 

 

THE CHARACTERISTICS OF AD 

Prevalence  

AD is the principal cause of dementia in older individuals as its prevalence rises with 

age. In individuals from 65 to 74 years of age, the incidence is about 3%; those 

between 75 and 84 years of age have a 19% incidence, and those above 84 years of 
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age have a 47% incidence. Alzheimer‘s cases are mostly sporadic, with 5%– 10% 

being hereditary forms, seen at an earlier onset (Eimer et al., 2018).  

 

Mechanism 

AD results from the intracranial build-up of two proteins, Aβ and tau, forming 

extracellular neuritic plaques and intracellular neurofibrillary tangles, respectively. 

This results in neuronal dysfunction and death, and inflammatory responses. When 

amyloid precursor protein (APP) is cleaved by β-amyloid-converting enzyme and γ-

secretase instead of α-secretase and γ-secretase, it releases Aβ peptides, which 

culminate in the accumulation of plaques and tangles (Robert-Jiménez et al., 2023).  

 

Risk factors  

Multiple loci have been associated with the increased generation and deposition of Aβ 

protein, such as mutations in components of γ-secretase (encoded by the presenilin 1 

or 2 genes), or mutations in the APP gene on chromosome 21. Population with an 

extra copy of the APP gene, including patients with Down Syndrome or with small 

interstitial duplications of the gene, present at higher risk (Lim et al., 2020). Moreover, 

the apolipoprotein E ε4 allele on chromosome 19 is responsible for approximately one 

fourth of the risk of developing late-onset AD. Despite genetic predisposition, age-

related mechanisms are critical for AD development, whereas even in genetically 

susceptible and immunosuppressed individuals (Uwishema et al., 2022) the illness 

does not manifest itself until later in life. Other risk factors include hypertension, 

diabetes, hyperlipidemia, cerebrovascular diseases, family background of dementia, 

head trauma, female sex, poor education level, and environmental factors such as 

toxic metals, insecticides or pesticides, industrial or commercial waste, antimicrobial 

agents, and air impurities (Neugroschl & Wang, 2016). 

 

Epidemiology  

Alzheimer disease is characterized by progressive cognitive decline usually beginning 

with impairment in the ability to form recent memories, but inevitably affecting all 

intellectual functions and leading to complete dependence for basic functions of daily 

life, and premature death. The pathological manifestations of Alzheimer disease 

include diffuse and neuritic extracellular amyloid plaques and intracellular 

neurofibrillary tangles accompanied by reactive microgliosis, dystrophic neurites, and 

loss of neurons and synapses (Serrano-Pozo et al., 2011). While these pathological 

lesions do not fully explain the clinical features of the disease, it has been 

hypothesized that alterations in the production and processing of amyloid b-protein 

may be the principal initiating factor (Adelman, 2021). The underlying causes of these 

multifaceted changes remain unknown, but advancing age, and genetic and 

nongenetic antecedent factors are thought to play important roles. Alzheimer disease 

is the most frequent cause of dementia in Western societies. In the US, approximately 

5.5 million people are affected, and the prevalence worldwide is estimated to be as 

high as 24 million. Given that both established and developing nations are rapidly 

aging, the frequency is expected to double every 20 years until 2040. The magnitude 

of the impending rise owing to societal aging is considerable and will be a costly 

public health burden in the years to come. 

 

Incidence and prevalence 

In 2018, Alzheimer‘s Disease International estimated a dementia prevalence of about 

50 million people worldwide, projected to triple in 2050, with two-thirds living in 

low-income and middle-income countries (Prince et al., 2016). The most recent data 

estimate that dementia prevalence in Europe will double by 2050 (Bezprozvanny & 
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Communications, 2022). Accumulating evidence suggests that the incidence of 

dementia is declining in high-income countries, although evidence for a decline in 

prevalence is less convincing (Mayeda et al., 2017). 

 

Mortality 
The relatively stable prevalence despite decreasing incidence could be explained by a 

long disease duration, although studies on mortality do not support this notion. A US-

based study evaluating survival after a dementia diagnosis in almost 60 000 

individuals reported survival times of 3–4 years (Vermunt et al., 2019). In an 

European, memory clinic-based cohort, median survival time was 6 years after a 

diagnosis of Alzheimer‘s disease dementia (Jack et al., 2019). This estimate coincides 

with a multicenter study that provided estimates of duration not only of the dementia 

stage, but also of the prodromal (mild cognitive impairment) and of preclinical 

disease stage of Alzheimer‘s disease (van der Lee et al., 2018). For an individual aged 

70 years, duration estimates are 10 years for the preclinical stage, 4 years for the 

prodromal stage, and 6 years for the dementia stage of Alzheimer‘s disease, totaling 

20 years. A first attempt at estimating prevalence on the basis of a biological (rather 

than clinical) definition showed that, at the age of 85 years, the prevalence of 

biologically defined Alzheimer‘s disease is 3 times higher than that of clinically 

defined Alzheimer‘s disease (Babapour Mofrad et al., 2020). 

 

Risk factors for dementia and Alzheimer’s disease 

The strongest risk factors for Alzheimer‘s disease are advanced age (older than 65 

years, although this is not a fixed definition) and carrying at least one APOE ε4 allele 

(Livingston et al., 2020b). Moreover, women are more likely to develop Alzheimer‘s 

disease than are men, especially after the age of 80 years.20 Women are also more 

likely to have a higher tau load, despite having a similar amyloid β burden.(Lane et al., 

2020). In addition, cardiovascular risk factors and an unhealthy lifestyle have been 

associated with an increased risk of dementia. The Lancet Commission on Dementia 

Prevention estimated that 12 modifiable risk factors together account for roughly 40% 

of the worldwide risk of any type of dementia (Gustavsson et al., 2020). These 

estimates illustrate that prevention by intervening on modifiable risk factors is of great 

relevance, even if most of the dementia burden cannot be prevented via a lifestyle-

intervention approach (Cantón-Habas et al., 2020). However, evidence suggests that 

vascular risk factors do not increase the risk of Alzheimer‘s disease pathology as 

measured by cerebrospinal fluid biomarkers or PET (Zhang et al., 2024). This 

evidence implies that lifestyle and vascular risk factors contribute to dementia, but not 

via the Alzheimer‘s disease pathway. 

 

Global Burden 

Alzheimer‘s disease (AD) and other dementias are the seventh leading cause of death 

globally, having affected more than 55 million people. The cost of dementia will rise 

to exceed $2.8 trillion by 2030 (Livingston et al., 2024). The poor health and high 

expense of care caused by dementia place significant pressure on families, 

communities, healthcare systems, and social safety nets (Livingston et al., 2024). 

Despite substantial progress in the identification and treatment of this disorder, 

dementia remains incurable. ―Prevention is better than cure‖ is still the primary call to 

action in the global strategy to address dementia until the healthcare system can 

universalize access to possible future treatments  (Ye et al., 2023). Besides aging, 

genetics, and family history, as estimated by the Lancet Commission, approximately 

45% of dementia cases could be attributed to 14 modifiable risks (Shen et al., 2023). 

Specific interventions can help prevent or delay cognitive decline and dementia  (Wu 
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et al., 2024). Metabolic disorders, such as obesity and hyperglycemia, are closely 

related to changes in brain structure, including cortical surface area, thickness, and 

subcortical volumes. These modifications not only accelerate the process of brain 

aging but also substantially increase the risk of developing neurodegenerative diseases 

(Barber et al., 2021). From 2000 to 2021, the number of global all-age disability 

adjusted life years (DALYs) attributable to metabolic risks increased from 

319 million to 476 million, representing a rise of nearly 50%. High fasting plasma 

glucose (FPG) and high body mass index (BMI) ranked fifth and sixth among the 88 

risk factors impacting the global disease burden, accounting for 5.4% and 4.5% of 

total DALYs, respectively (Cho et al., 2018). Several studies have evidence that the 

disease burden of dementia is increased by elevated levels of exposure to various 

metabolic risk factors (Cho et al., 2018). The 2024 report on dementia prevention, 

intervention, and care research further emphasizes that approximately 3% of dementia 

cases can be related to obesity and diabetes. Additionally, the metabolic risk 

distribution differs significantly among populations of varying ages, genders, and 

regions due to physiological alterations, accumulated lifestyle influences, and 

disparities in healthcare accessibility. This variance has an indirect impact on the 

epidemiological trends in the burden of dementia. 

Dementia is a syndrome, with the most common type being Alzheimer‘s disease  

(Srivastava et al., 2021). Clinically, Alzheimer‘s disease is mainly characterized by 

comprehensive dementia, including memory disorder, cognitive disorder, executive 

dysfunction, and personality and behavior changes, and is accompanied by mental 

disorder symptoms in most patients (Gao & Liu, 2021).  

 

AD Pathophysiology 

Neuronal loss and/or pathology may be seen particularly in the hippocampus, 

amygdala, entorhinal cortex and the cortical association areas of the frontal, temporal 

and parietal cortices, but also with subcortical nuclei such as the serotonergic dorsal 

raphe, noradrenergic locus coeruleus, and the cholinergic basal nucleus. The 

deposition of tangles follows a defined pattern, starting from the trans-entorhinal 

cortex; consequently, the entorhinal cortex, the CA1 region of the hippocampus and 

then the cortical association areas, where frontal, parietal and temporal lobes are 

particularly affected. The extent and placement of tangle formation correlates well 

with the severity of dementia, much more so than numbers of amyloid plaques 

(Kumar & Singh, 2015). The accretion of tau proteins correlates very closely with 

cognitive decline and brain atrophy, including hippocampal atrophy. In the 

neuropathology of Alzheimer‘s disease there is a loss of neurons and atrophy in 

temporofrontal cortex, which causes inflammation and deposit the amyloid plaques 

and an abnormal cluster of protein fragments and tangled bundles of fibers due to this 

there is an increase in the presence of monocytes and macrophages in cerebral cortex 

and it also activates the microglial cells in the parenchyma (Mishra & Palanivelu, 

2008). Summary of pathophysiology of AD are shown in Figure 1. 
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Figure-1: Pathophysiology of Alzheimer‘s Disease. 

Key pathogenic pathways converge to cause neuronal loss, amyloid-β plaques, and 

neurofibrillary tangles, leading to Alzheimer‘s disease. 

 

Amyloid Cascade Hypothesis 

AD is characterized by extracellular amyloid plaques and intracellular neurofibrillary 

tangles in the brain.‖ While there may be many causes of Alzheimer‘s disease (AD), 

the same pathological sequence of events is likely to occur in all cases. The 

pathological cascade for the disease process is likely to be beta-amyloid deposition—

tau phosphorylation and tangle formation neuronal death. The development of 

biochemical understanding of this pathological cascade will facilitate the rational 

design of drugs to intervene in this process‖ (Järemo et al., 2019). According to the 

amyloid cascade hypothesis, AD begins in the brain with Aβ peptide accumulation, 

aggregation, and amyloid formation. Formulated in 1991-1992, the hypothesis has 

dominated AD research, drug discovery, and clinical trial studies ever since (Selkoe & 

Hardy, 2016; Hardy, 2017). The hypothesis is supported by the molecular genetics of 

the early-onset familial forms of AD, caused by inherited dominant mutations in the 

APP, PS1 or PS2 genes. Some 300 pathogenic mutations have been identified which 

cause AD at age 22–60, the age of onset depending on the gene and the particular 

mutation. For example, the PS1 mutation E280A causes AD at the median age of 49. 

PS1 has the most mutations, which can result in increased, decreased or no Aβ 

peptide production, or in increased or decreased Aβ42/40 ratio (see below), Aβ42 

being the more hydrophobic peptide prone to aggregation and amyloid formation 

(Karran & De Strooper, 2016; Sun et al., 2017). Several observations and 

experimental studies are against the hypothesis. The natural history of AD progression 

does not correlate with brain amyloid formation, therefore amyloid cannot be causally 

linked to AD (Rosenberg, 2015). Brain amyloid PET scans of cognitively unimpaired 

people often look the same as the PET scans of people with AD (Mountz et al., 2015). 

At brain autopsy, 30% of people without AD had typical amyloid formation 

characteristics of AD brains. In short, as David Snowdon put it in his great ‗Nun 

Study‘ in 1997: ―Brain amyloid is not synonymous with dementia‖ (Snowdon, 1997). 

The amyloid cascade hypothesis in Alzheimer‘s disease is also not supported by the 

ambiguous, quite controversial results of clinical trials of drugs with β- or γ-secretase 

inhibitors or with anti-Aβ antibodies, especially clinical trials before the introduction 

of aducanumab to treatment. Two identical Phase 3 clinical trials, EMERGE and 

ENGAGE, evaluated the safety and efficacy of aducanumab in the treatment of 

Alzheimer‘s disease. The data analysis conclusions at the end of the study at 78 weeks 

were as follows: In EMERGE, high-dose aducanumab reduced the severity of clinical 

dementia as measured by dementia severity scales. In the ENGAGE study, 

aducanumab did not reduce pre-study clinical worsening. Even when the drugs 
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reduced the production of Aβ peptides and amyloid in the brain, they did not clearly 

slow cognitive decline, or slowed it only slightly. Worse still, the drugs often harmed 

the study volunteers, causing serious health problems including infections, skin 

cancers, cerebral vascular edema, cerebral microhemorrhages, severe cognitive 

decline, and death (Sevigny et al., 2017; Cummings et al., 2021). 

 

Tau Hypothesis and Neurofibrillary Tangles (NFTs) 

Tau is a microtubule associated protein (MAP) encoded by the MAPT gene as part of 

the MAPT/MAP4/MAP2 gene family. Tau plays important roles in defining the 

structure and function of the neuronal cytoskeleton and in particular the dynamic 

properties of microtubules (MT) (Goedert et al., 1988). The structure and function of 

tau have been studied biochemically with a focus on posttranslational modifications in 

particular phosphorylation, in cell biology approaches using neuronal cultures that 

elucidated interactions with MT, axonal growth and transport and by in vivo studies 

by generating knockout animals. Tau also received intense attention because of its 

involvement in neurodegenerative disorders related to hyperphosphorylation and 

mutations leading to aggregation of tau and formation of neurofibrillary tangles 

(NFTs) (Goedert et al., 1989) which can further propagate (Goedert et al., 1996). The 

tau hypothesis is that the principle causative substance of AD is tau. In AD brains, 3R 

and 4R tau is accumulated in a hyperphosphorylated state in the pathological 

inclusions (Zempel & Mandelkow, 2014). Ultrastructurally, unique twisted fibrils 

with _80 nm periodicity appearing as paired helical filaments (PHFs) or related 

straight filaments (SFs) are observed (Braak & Braak, 1991). These pathological 

inclusions are referred to as neurofibrillary tangles (NFTs) if they are formed in 

neuronal cell bodies, while they are referred to as threads if they are formed in 

dendrites or axons. These findings suggested that mis-sorting of tau might induce tau 

pathology (Bejanin et al., 2017). Neurofibrillary tangles have a lifespan that 

progresses through three major levels: pretangles, mature tangles, and ghost tangles 

(Moloney et al., 2021). Pretangles contain diffuse or granular hyperphosphorylated 

tau in otherwise morphologically normal neurons with perinuclear tau accumulation 

often observed. Mature tangles are intensely stained bundles of fibers that take the 

shape of the neuron they occupy. The nucleus may appear shrunken and misplaced 

toward the cell membrane (Alzheimer et al., 1995). Ghost tangles are the remnants of 

mature tangles once the neurons have died and are recognized by faintly stained 

bundles of fibers with no associated nucleus (Alzheimer et al., 1995). We and others 

have previously provided support that flortaucipir, a tau-PET ligand, recognizes more 

middling to advanced neurofibrillary tangle maturity levels (mature tangles and ghost 

tangles) (Lowe et al., 2016; Ono et al., 2017). 

 

Table: Controversies in the Amyloid Hypothesis and Tau Therapies in 

Alzheimer’s Disease 

Aspects  Amyloid Hypothesis Tau Hypothesis 

Core idea  Accumulation of β-amyloid (Aβ) 

plaques triggers AD pathogenesis 

(Hardy, 2010). 

Abnormal, hyper-phosphorylated tau 

forms intracellular tangles that drive 

neurodegeneration (Braak et al., 2012). 

Supporting 

evidence 

Early Aβ deposition; familial AD genes 

(APP/PSEN) point to amyloid 

processing (Hardy, 2010). 

Tau tangle burden correlates more 

closely with disease stage/severity than 

amyloid plaques (Braak et al., 2012). 

Key 

controversies 

Many anti-amyloid antibodies clear 

plaques but show modest or 

inconsistent clinical benefit, and carry 

ARIA risks (edema/microbleeds). Also, 

Unclear if tau is a primary trigger or 

largely downstream of amyloid; major 

anti-tau antibodies have not shown 

robust clinical benefit to date(Braak et 
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some people have high amyloid but no 

dementia (Van Dyck et al., 2023). 

al., 2012; Guo et al., 2022). 

Current status Lecanemab and donanemab slowed 

decline modestly vs placebo in early 

AD, with higher ARIA rates than 

placebo (Mintun et al., 2023; Van Dyck 

et al., 2023). 

Multiple anti-tau mAbs (e.g., 

semorinemab, gosuranemab, 

tilavonemab) have not met primary 

clinical endpoints in Phase 2/3 studies 

so far (Guo et al., 2022). 

Overall debate Amyloid alone does not fully explain 

progression; benefit may depend on 

very early treatment and careful risk 

management (Mintun et al., 2023). 

Targeting tau alone may be insufficient; 

AD is likely multifactorial, and 

combined or multimodal approaches 

are being explored (Guo et al., 2022). 

 

Neuroinflammation and Immune System Dysfunction 

The term neuroinflammation is generally used to describe inflammation within neural 

tissue. A diverse range of cell types and molecular processes characterize 

neuroinflammation, these include alterations in microglia, astrocytes, cytokines, and 

chemokines within the central nervous system (CNS). Neuroinflammation can be 

induced by a number of different modalities ranging from environmental challenges 

(e.g., diet, toxin exposure), mental and physical health illnesses (e.g., substance use 

disorders, traumatic brain injury), to genetic predisposition. There is strong evidence 

linking neuroinflammation to neurodegenerative conditions such as Alzheimer‘s 

disease and multiple sclerosis however the focus of this special issue is on the role of 

neuroinflammation in psychiatric disorders which has been less extensively examined. 

The primary methods for characterizing neuroinflammation across conditions include 

the quantification of alterations in the number, morphology and gene expression of 

glial cells within the CNS and more recent techniques, such as resting state functional 

connectivity magnetic resonance imaging (rs-fcMRI) to assess inflammation-

associated changes in connectivity of large scale networks that lead to cognitive and 

behavioral changes (Notter et al., 2018). Additionally, the use of novel radio ligand 

tracers specific for activated microglia in conjunction with positron emission 

tomography (PET), is becoming more common to image and assess levels of 

neuroinflammation in neurodegenerative disorders such as Alzheimer‘s disease (Brohi 

et al., 2019), and these tools are starting to be used to characterize neuroinflammation 

in neuropsychiatric disorders such as schizophrenia and substance use disorders 

(Dobson et al., 2020). Inflammation is universal, beneficial and restorative. However, 

after major trauma, it can be lethal. As mentioned earlier, the massive release of 

DAMPs can overwhelm the system and trigger a hyper inflammatory state that, if not 

resolved in a timely manner, can lead to immune dysfunction, immunosuppression, 

infection, sepsis and MODS (Efron et al., 2018) (Osuka et al., 2014) . The disruption 

can lead to pathological interactions between monocyte, macrophage, NK and DCs, T 

cell dysfunction, and the development of persistent lymphopenia (Mas-Celis et al., 

2021) (Manson et al., 2016; Yang et al., 2019) . Persistent lymphopenia carries a high 

mortality. Brohi‘s group recently reported a 45%mortality rate in trauma patients 

when the lymphocyte count was _ 0.5 _ 109/L at 48 h after hospital admission 

(Campbell et al., 2022). In addition, the type of trauma determines a patient‘s 

susceptibility to persistent lymphopenia and infection, with traumatic brain injury 

(TBI) patients having disproportionally worse outcomes compared to those with burns, 

polytrauma or major surgery (Wang et al., 2017). A recent study of Campbell et al. 

reported that 37% ofTBI patients were lymphopenic on hospital admission, and its 

persistence was associated with increased risk of mortality and pneumonia 

((Bonneville et al., 2010). Wang further reported that up to 83% of severe TBI 

patients contracted a respiratory infection within 3 days following injury (Wang et al., 
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2017), (Ruan et al., 2015). The mechanisms responsible for persistent lymphopenia 

and immunosuppression are not well understood (Campbell et al., 2022) ,(Gabrilovich 

& Nagaraj, 2009). The difficulty is that immunosuppression is a highly heterogeneous 

response involving differential T cell loss, T-cell exhaustion, T-helper 1 (Th1) 

depression, receptor shedding  and expansion of myeloid-derived suppressor cells 

(MDSCs)that have suppressive activity (Müller-Heck et al., 2021), (Mir et al., 2020). 

Separating the relative contributions of different immune cell subsets to post-

traumatic immunosuppression has been a challenge. In a ground-breaking study, 

Mansen and colleagues examined early changes in circulating lymphocytes and 

showed that trauma patients who developed MODS within 24 h had nearly 2-fold 

higher CD56dim NK cells, 80% lower gamma delta (gd)-low T cells and 4-fold 

higher IFN-g upon hospital admission, compared to patients who did not (Campbell et 

al., 2022). CD56dim NK cells are potent mediators of natural and antibody-dependent 

cytotoxicity and only weakly secrete cytokines (Kimbrell & Beutler, 2001). Moreover, 

the group showed that the patients who developed MODS also developed 

lymphopenia within 24 h of injury, which if persisted to 48 h led to high mortality 

(Campbell et al., 2022). The association between lymphopenia, MODS and decreased 

frequencies and functional responses of innate T cells in trauma patients suggests that 

early immuno-inflammatory events may ―predetermine‖ late secondary complications. 

The rise in NK cells and early fall in gd-low T cells seen in patients who developed 

MODS may be clinically significant and predict risk for late complications.  

 

Oxidative Stress and Mitochondrial Dysfunction 

Oxidative stress (OS), which occurs when there is an imbalance between oxidant and 

antioxidant levels in the cell resulting in increased reactive oxygen species (ROS) 

production, is another important metabolic facet of AD pathology. Specifically, 

increased levels of ROS cause damage to macromolecules within the cell, and it is 

this damage of lipids, proteins, and nucleic acids that give rise to pathological 

consequences (Bains & Shaw, 1997). In the brain, ROS are eliminated by the free 

radical scavenger glutathione (GSH) through a chemical reaction that converts GSH 

to its oxidized state (GSSG) (Calabrese et al., 2014). As such higher intracellular GSH 

levels protect cells from ROS-mediated insults. Given that neurons are particularly 

sensitive to oxidative damage due to the brain‘s substantial metabolic requirements 

alterations in GSH function can have profound effects on brain and cognitive function. 

Not surprisingly, research now suggests that GSH deficiencies could play a key role 

in the pathogenesis of various age-related neurodegenerative disorders, including AD 

(Bradburn et al., 2019). As with OS, microglia-mediated neuro inflammation 

adversely affects brain function and is now considered a hallmark feature of various 

neurodegenerative diseases, including AD(Park et al., 2013). Evidence from brain 

imaging supports the role of neuro inflammation in the progression of dementia. For 

instance, a recent meta-analysis of positron emission topography (PET) studies found 

evidence of increased neuro inflammation during the progression of MCI and AD 

(Fischer et al., 2015). Notably, pro-inflammatory mediator expression is modulated by 

mitochondrial dynamics in microglial cells (Calabrese et al., 2014). Furthermore, 

neuro inflammation and OS are linked closely, as neuro inflammation leads to 

increased OS which, in turn, causes further neuro inflammation (O‘Day, 2025). 

Across the age-related neurodegenerative disorders, progressive decline in neuronal 

function and loss of neurons (i.e., synapse loss, dendritic pruning, decreased neuronal 

repair and restoration) are the key biological underpinnings and the most proximal 

and robust neurobiological events to explain clinical dementia-cognitive 

impairment.(Harris et al., 2012)Synapses allow for communication and proper brain 

function, and synapse loss is the strongest correlate of cognitive decline (Hachinski et 



 Page 1660  

al., 2019) Neurons require a constant supply of energy, with the majority spent on 

synaptic transmission.(Chan, 2006)The brain lacks energy reserves, and neurons rely 

on continuous cerebral blood flow for delivery of glucose and oxygen for energy 

metabolism.(Waller et al., 2013)The brain can regulate its energy supply through 

neurovascular coupling, whereby neurons signal to dilate local blood vessels to 

increase its oxygen and glucose supply.(Waller et al., 2013) The relationship between 

the early cerebral blood flow deficits seen in neurodegenerative disorders and 

decreased neuronal functioning can be explained by the Calcium Hypothesis (Waller 

et al., 2013)There are various mechanisms that can deprive neurons of energy, and 

thereby impair neuronal/synaptic function, including, but not limited to cerebral blood 

flow deficits, increased blood-brain barrier permeability, neurovascu lar uncoupling, 

glucose transporter protein defects, and mitochondrial dysfunction.(Waller et al., 

2013)Mitochondria are highly dynamic, complex organelles that primarily supply 

energy, but also play a key role in cell death, signaling pathways, apoptosis, reactive 

oxygen species (ROS) production, and calcium homeostasis—processes that are all 

perturbed in neurodegeneration.(Swerdlow et al., 2020) Neurons critically rely on 

mitochondria and are vulnerable to mitochondrial dysfunction owing to their complex 

morphology and high metabolic demand. Neuronal dysfunction, the core feature of 

neurodegenerative disorders, is therefore closely linked with mitochondrial 

dysfunction.  

 
Figure 2. Mitochondrial dysfunction in Alzheimer‘s disease. 

Mitochondrial impairment triggers amyloid and tau pathology, leading to neuronal 

loss and dementia. 

 

Genetic and Environmental Risk Factors 

Alzheimer disease (AD) is the most prevalent neurodegenerative disorder in the 

human population and underlies 60–70% of the 50 million dementia cases worldwide. 

Globally, AD is the seventh leading cause of death (Organization, 2020). AD can be 

classified as early onset AD (EOAD; age of onset ≤60), caused by rare genetic 

variants of strong effect, or late-onset AD (LOAD; age of onset ≥60), wherein risk is 

elevated by a spectrum of more common variants, of comparatively small effect 

(Wingo et al., 2012). EOAD only accounts for 2–10% of all AD cases, which are 
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highly heritable (92–100%) within families (Wingo et al., 2012; Van Cauwenberghe 

et al., 2016). These familial cases are most often inherited in an autosomal dominant 

fashion that can be explained by mutations in the amyloid precursor protein (APP) 

and presenilin (PSEN1/ PSEN2) genes; however, mutations in these three genes 

contribute to less than 1% of total AD cases (Van Cauwenberghe et al., 2016). LOAD 

is responsible for up to 98% of the remaining cases, which are sporadic/multifactorial, 

as genetic factors account for 53–79% of phenotypic variability. Despite relatively 

high heritability in both forms of AD, only 30–33% of the phenotypic variance can be 

attributed to common single nucleotide polymorphisms (SNPs) (Ridge et al., 2016). 

The strongest known risk variant for both EOAD and LOAD is the ɛ4 allele of the 

gene encoding apolipoprotein E (APOE), although the presence of this variant is not 

sufficient to cause disease. Alone, three common APOE variants (ε2, ε3, and ε4) 

account for approximately 6% of the genetic contribution to AD risk, and the APOE4 

allele contributes 27.3% of the percent attributable fraction (Ridge et al., 2016). 

Compared to individuals who are homozygous for ―wild-type‖ APOE3, individuals 

who are heterozygous or homozygous for APOE4 are at threefold or eightfold 

increased risk for AD, respectively (Avramopoulos, 2009). Those with an APOE2 

allele (ɛ2/ɛ2 or ɛ2/ɛ3 genotypes) have a protective effect against AD compared to 

other APOE genotypes (ɛ2/ɛ4, ɛ3/ɛ3, ɛ3/ɛ4, ɛ4/ɛ4) (Avramopoulos, 2009). 

The multifactorial nature of AD is highlighted by sex bias in disease incidence, 

variable age of onset, and variable expressivity of clinical presentation. Hence, in 

addition to the substantial contribution of genetic factors toward AD risk, disease 

onset and progression are further modulated by environmental factors. Many early 

cellular and molecular studies have emphasized the ―amyloid cascade hypothesis,‖ 

suggesting that Aβ deposition marks the pathogenesis of AD. In support of this, 

certain elements in the human exposome, termed ―Alzheimerogens,‖ are thought to 

promote the production of Aβ plaques; thus, inciting a neuroinflammatory response 

that results in neurodegeneration (Lafon et al., 2020). For example, pesticides and 

herbicides have been recognized by epidemiological studies and meta analyses as 

environmental risk factors for AD/dementia (Gunnarsson & Bodin, 2019).  

 

Current Therapeutic Approaches 
A curative treatment of AD remains to be discovered. Currently, the therapeutic 

armory available focuses on symptom control in milder cases of the disease 

(Scheltens et al., 2016; Knapskog et al., 2021). Among the pharmacological 

alternatives available, acetylcholinesterase inhibitors (AChEIs) stand out (Breijyeh & 

Karaman, 2020). The mechanism of action of AChEIs is based on the inhibition of 

acetylcholinesterase (AChE) activity, which degrades acetylcholine (ACh), increasing 

its availability, which is reduced in AD (Rahim et al., 2023; Ullah et al., 2022). Drugs 

available in this group for the treatment of AD include: 

 

Treatment Description References  

Donepezil This drug acts by reversibly binding 

to AChE, inhibiting ACh hydrolysis, 

resulting in increased bioavailability 

of this neurotransmitter at neuronal 

synapses. 

(Breijyeh & 

Karaman, 2020) 

Rivastigmine This treatment was introduced in 

2000 and is indicated for mild and 

moderate AD. This drug exerts its 

effect by binding to and inhibiting 

AChE, increasing ACh levels. 

(Breijyeh & 

Karaman, 2020) 
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Galantamine . Its use in mild and moderate AD has 

been associated with positive 

evolution of behavior, cognitive 

performance and development of 

basic activities of daily living. 

(Breijyeh & 

Karaman, 2020) 

Memantine It is generally well-tolerated and safe 

as it exerts its effect without altering 

neuronal synapses. 

(Breijyeh & 

Karaman, 2020) 

 

FDA-Approved Drugs for Symptomatic Treatment 

Drug discovery and development is a multi-phase process that takes long years (10–

15) of experimenting and optimization with roughly $1–2 billion for every new drug 

to be approved by Food and Drug Administration (FDA) (Hinkson et al., 2020).Target 

validation, compound screening, and lead optimization are the first three in silico and 

in vitro experimentation processes that precede in vivo investigation. Once 

successfully passed, the drug candidates go into preclinical tests performed on lab 

animals. This is followed by entry to the three-consecutive clinical trials (phases I–III) 

which decide the major outcome of the drug in hand. Nevertheless, from drug 

approval to launch of marketing and distribution, it takes about 1.5 years on average 

(Dowden & Munro, 2019). For any pharma company or academic institution, the 

advancement to phase I is an outstanding achievement bypassing rigorous drug 

optimization stages and preclinical evaluation (Ullah et al., 2020; Hussain et al., 2023). 

Notably, about 90% of all drugs approval failures are upon phase I advance (Takebe 

et al., 2018). Such high failure rate is traced to 4 main reasons: 

Lack/poor clinical efficacy (accounting for 40–50%),  

Unbearable toxicity (30%),  

Weak pharmacokinetic and druglikeness properties (10–15%) and   

poor financial and management strategy (10%) (Sun et al., 2022).  

Given that cancer therapeutics are indispensable, chemotherapy FDA-approvals 

gradually replace the firstline care products. Indeed, between 2016, and 2021, there 

were 207 FDA drug approvals in oncology and malignant hematology. Among those, 

28 drugs (14%) were standard-care displacing therapeutics (Benjamin et al., 2022). 

The second most targeted disease was neuropathies (14%) such as amyotrophic lateral 

sclerosis and polyneuropathy of hereditary transthyretin-mediated amyloidosis. 

Besides, the list also involved gadopiclenol and hyperpolarized Xe- 129 designed for 

CNS and pulmonary diagnostic purposes. Surprisingly, the list also included enzyme 

replacement therapy of sphingomyelinase as well as pyruvate kinase deficiencies. 

With respect to the drug entity, the newly approved drugs can be grouped into 7 

groups as elucidated in   Approximately 53% (19 out of 37) of which is small 

molecules followed by monoclonal antibody (mAb, 25%) and 6% enzymes. This is no 

surprise as it is evident that 35 years on from the FDA‘s approval of the first mAb, 

these biologics represent nearly a fifth of the agency‘s new drug approvals each year 

(Mullard, 2021). Notably, this year also witnessed the introduction of short interfering 

RNA (siRNA) approval to treat polyneuropathy of hereditary transthyretin mediated 

amyloidosis. After a decade from the first siRNA approval, only few siRNAs got 

approved by FDA.  

 

Disease-Modifying Therapies 
Disease-modifying therapy (DMT) is a major goal of research in Alzheimer‘s disease 

(AD) therapeutics. People with or at risk for AD, caregivers and family members, 

academic scientists, advocacy groups, biopharma industry scientists, the National 

Institutes of Health and other funders, and regulatory agencies are all stakeholders in 



 Page 1663  

the search for drugs or other interventions that can prevent or defer the onset or slow 

the decline of AD (Uddin et al., 2020). Putative DMTs build on an increasingly 

sophisticated neurobiological understanding of AD and intervene in steps thought to 

be critical to the pathophysiological process leading to cell death and expressing itself 

clinically as disease progression (Khan et al., 2022;  Ullah et al., 2018).  

 

 ”Disease‖ includes the preclinical phase of AD when there is evidence of fibrillar 

amyloid deposition in the brain on amyloid imaging or abnormally low levels of the 

42 amino acid amyloid beta protein (AB42) in cerebrospinal fluid (CSF) in a subject 

who has normal cognition and function; prodromal AD identified by the presence of 

the same Aβ abnormalities in individuals who have some degree of cognitive 

impairment but do not meet criteria for dementia; and individuals with biological and 

clinical evidence of AD dementia. (McKhann et al., 2011),(Dubois et al., 2007). The 

populations of AD in which DMT development is being pursued. There is a lack of 

consensus on whether the preclinical phase as described here is properly considered a 

disease since there are no symptoms, but treatments provided in this stage are aimed 

at preventing the symptomatic phases of AD and can be considered as DMTs. 

Preclinical applications of DMTs can include both primary prevention, beginning 

with individuals who have no evidence of AD pathology, or secondary prevention in 

individuals who are cognitively normal but have positive amyloid imaging or other 

biomarker evidence of the presence of AD pathology. 

 

“Modifying‖ is the key word in the definition of DMT and is considered in more 

detail throughout this paper. The concept of modification is based on extrapolation 

from basic science observations that have identified processes in cellular studies, 

animal models, or human pluripotent stem cells (iPSCs) that result in AD-like 

changes and that can be altered by treatment (Choi et al., 2014), (Hurtado et al., 2010). 

For human application, ―modification‖ refers to a change in the underlying disease 

process that produces an enduring effect on the clinical course of AD. Pathological 

processes of AD possibly contributing to cell death and representing targets for 

DMT‘s include amyloid toxicity, tau-related cytopathy, disruption of membrane 

integrity, inflammation, oxidation, apoptosis, mitochondrial dysfunction, synaptic loss, 

cell loss, heavy metal-related facilitation of neuronal injury, demyelination, and 

possibly other processes yet to be identified. 

 

“Therapy‖ refers to a structured intervention that might include a pharmacologic 

agent, device, or nonpharmacologic activity such as exercise(Duara et al., 2009). 

Disease modification is an inferential concept based on trial-derived data since direct 

observation of the changes in the brain is not feasible. The data necessary to provide 

evidence of an enduring clinical effect and disease modification are generated in 

clinical trials using clinical outcomes and biomarkers. Trial design and analytic 

strategies are used to optimize the ability to demonstrate drug-placebo differences 

supportive of disease-modification.  The concept of DMT stands in contrast to the 

idea of ―symptomatic‖ therapy defined as interventions that improve cognition, defer 

cognitive or functional decline, or ameliorate symptoms such as agitation, depression 

or delusions without altering the underlying disease processes that comprise AD 

pathogenesis and without producing enduring changes that persist when the treatment 

is withdrawn. Symptomatic therapies may be based on disease-related concepts such 

as a cholinergic deficiency but are not intended to interrupt processes leading to cell 

death. Symptomatic treatments such as cholinesterase inhibitors have been shown to 

delay disease progression as measured by cognitive and functional measures (Mohs et 

al., 2001) delay of symptoms does not constitute proof of disease-modification. 



 Page 1664  

Emerging Therapeutic Strategies 

Immunotherapy and Monoclonal Antibodies 

Immunotherapy is the medical procedure that uses controlled exposure to known 

allergens to reduce the severity of allergic disorders. Immunotherapy is usually the 

final medical modality used in the treatment of allergic rhinitis. When environmental 

controls and pharmacotherapy are not effective enough or, for whatever reason, are 

not able to be used, immunotherapy can still offer effective treatment. And, when 

combined with surgery for nasal obstruction, sinusitis, or nasal polyps, 

immunotherapy offers the potential of more effective control of nasal symptoms than 

surgery alone. For these reasons knowledge of immunotherapy is essential for all 

physicians who treat allergic diseases. immunotherapy began at the dawn of the 

twentieth century, when immunology was just becoming a recognized scientific 

discipline. It was known that people could be immunized with bacterial toxins, 

generating antitoxins in the blood that would then prevent illness. Because it was 

believed that pollen induced illness was also caused by toxins, attempts were made to 

immunize for pollen allergy.  At least as early as 1900, Curtis ~ tried to immunize 

people with aqueous extracts of whole weeds. He initially had good success in 

ameliorating symptoms caused by pollen exposure, and so other physicians began to 

try immunizing people against various forms of aeroallergens. But shortly after these 

ma W attempts began, anaphylactic episodes began to be encountered, leading many 

workers to abandon immunotherapy treatments (Koessler, 1914) Alzheimer‘s disease 

(AD) is the most common cause of dementia globally, affecting approximately 36 

million people currently and ~115 million by 2050 (Wisniewski & Goni, 2014). 

Numerous novel therapeutic strategies are being developed to potentially treat AD, 

with active and passive immunization being among the most advanced approaches  

(Ozudogru et al., 2012). Active and passive immunotherapies are currently under 

investigation for AD. While both strive to slow or prevent cognitive decline, each has 

its own advantages and disadvantages (Selkoe, 2006). Active vaccination, for 

example, engages the cellular and humoral immune system, including T cells and B 

cells, to promote the production of anti-antigen antibodies. Typically, an active 

vaccine is comprised of an antigen (alone or conjugated to a non-self T helper cell 

epitope) combined with an immune boosting adjuvant to ensure high antibody titers. 

On one hand, active immunotherapy is attractive because it can induce long-term 

antibody production in a large population, while being cost-effective and requiring 

only a few doctor‘s visits. However, an active vaccine also induces a T cell response 

that can increase the risk of a deleterious immune response (i.e., release of pro-

inflammatory cytokines), especially, if the T cell recognizes the antigen as a self-

protein. And, it takes time to ―shut off‖ an active vaccine immune response. An active 

vaccine leads to a polyclonal antibody response, which means that it generates 

antibodies recognizing multiple, sometimes overlapping epitopes on the target 

protein. This may be helpful for broad coverage or, it may be less useful if the goal is 

to lower a specific form of a protein but not all forms (Lemere & Masliah, 2010). 

Passive immunotherapy involves the direct injection of monoclonal antibodies 

without requiring the immune system to generate an antibody response. Several 

benefits of passive immunotherapy are that it can be stopped immediately if there are 

any adverse reactions and, that one can target specific epitopes or pathogenic 

conformations without disturbing the other forms of the protein of interest. On the 

downside, passive immunization typically requires the production of expensive 

humanized monoclonal antibodies and monthly injections in a doctor‘s office, thereby 

making it less feasible for long-term treatment of a large population compared to 

active immunization.  The Amyloid Hypothesis for Alzheimer‘s disease (AD) posits 

that abnormal brain accumulation of amyloid-beta (Aβ) is the key pathogenic event 
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that triggers a complex cascade leading to tau pathology, neurodegeneration, and 

cognitive decline (Söderberg et al., 2023). This hypothesis brought focus on the 

balance between A production and clearance in AD, informing therapeutic strategies 

aiming to either decrease Aβ production such as β-secretase inhibitors and γ-secretase 

inhibitors or increase Aβ clearance such as active and passive immunotherapy 

(Saunders et al., 2023). Of all anti-Aβ approaches, passive immunotherapy using 

monoclonal antibodies against Aβ has been best tolerated and given its mechanistic 

selectivity, it has been widely considered as the therapeutic candidate of choice 

(Franklin et al., 2023). As has been the case with most anti-Aβ approaches, individual 

trials testing anti-Aβ monoclonal antibodies have largely reported lack of efficacy 

(Franklin et al., 2023), but newer drugs of this class are still being investigated (Vellas 

& Aisen, 2021). Recently, investigators of Aducanumab trials reported some 

relatively promising effects, therefore re-energizing the popularity of the Amyloid 

Hypotheis and the interest in monoclonal antibodies against Aβ (Schneider, 2020). 

However, there is controversy regarding Aducanumab‘s efficacy (Barenholtz Levy, 

2022) and at present, FDA is reviewing Aducanumab‘s data (Barenholtz Levy, 2022). 

Currently, there is no consensus on the therapeutic potential of monoclonal antibodies 

against Aβ in AD.  

 

Monoclonal antibodies like Aducanumab and Lecanemab 

With advances in understanding AD pathology, diseasemodifying therapies (DMT) 

targeting Aβ have become a focus of research. Current evidence suggests that the 

imbalance between Aβ production and clearance, leading to abnormal brain 

deposition, is a key initiating factor in the AD pathological cascade. Aβ oligomers can 

induce synaptic toxicity, mitochondrial dysfunction, and bloodbrain barrier damage, 

ultimately leading to neuronal loss and cognitive impairment (Nakano et al., 2022). In 

this context, the new anti-Aβ monoclonal antibodies Lecanemab and Donanemab 

have shown significant therapeutic potential. Lecanemab, a humanized IgG1 

monoclonal antibody, exerts its therapeutic effects by specifically binding to soluble 

Aβ oligomers and protofibrils. Animal studies have shown that Lecanemab 

significantly reduces the number of pathogenic Aβ plaques in AD models, inhibits Aβ 

aggregation, and selectively clears Aβ protofibrils from brain tissue and cerebrospinal 

fluid (Shi et al., 2022). Population pharmacokinetic studies indicate that the drug 

follows a linear two-compartment model: compared to a 10 mg/kg monthly dosing 

regimen, biweekly dosing more rapidly reduces amyloid PET standardized uptake 

value ratios (SUVr) and plasma p-tau181 levels, while significantly increasing the 

Aβ42/40 ratio. Notably, the half-life of amyloid re-accumulation in the brain after 

treatment cessation is up to 4 years, while plasma biomarkers (Aβ42/ 40 and p-

tau181) recover much faster than brain pathology (Hayato et al., 2022). Donanemab, a 

recombinant humanized IgG1 monoclonal antibody developed by Eli Lilly, works by 

specifically recognizing and clearing deposited Aβ plaques. The drug was approved 

by the FDA in July 2024 for the treatment of early AD (mild NCD or mild dementia 

stages), making it the first Aβ-targeted therapy that does not require lifelong 

administration. Its innovative treatment strategy involves periodic dosing to achieve 

Aβ plaque clearance, and it has not yet entered the Chinese market (Kang, 2024). This 

study systematically evaluated the clinical efficacy and biological effects of anti-Aβ 

monoclonal antibodies (Lecanemab/ Donanemab) on patients with early AD through a 

meta-analysis. 
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Genomic advancement in understanding AD (e.g., gene editing, CRISPR 

technology) 

Insightful observation of AD and its relevant pathways can be explored through in 

vitro study and the findings may help to discover potential diagnostic and therapeutic 

tools in vivo. However, to be optimistic, a newly developed gene editing system 

called clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 is 

presenting its great potential to be employed in the study of mutagenesis and 

neurodegenerative disorders. At present, CRISPR-Cas9 is such a promising gene 

editing tool that reasonably can be applied as a therapeutic mediator of AD because of 

the greater capability of this tool to correct a mutation in the genome of brain cells 

(Rohn et al., 2018). AD model generation with the CRISPR-Cas9 system is gradually 

proving its acceptability for analyzing disease pathogenesis, phenotypes, and 

therapies. CRISPR-Cas9 has been used to make a model of the APP and PSEN1 

mutations and displayed a precise strategy of genome editing using gRNA synthesis 

(Paquet et al., 2016). CRISPR-Cas9 can target any gene of different cell lines, tissues, 

or animal model for modification, and allows a new roadmap for AD research. 

 

MECHANISMS OF CRISPR-CAS9 

The CRISPR-Cas9 system was discovered from the adaptive immune system of 

prokaryotes, basically from that of bacteria and archaea (Barrangou et al., 2007). Type 

II CRISPR-Cas9 is a commonly used system that consists of three core components: 

the endonuclease Cas9, CRISPR RNA (crRNA), and trans-activating crRNA 

(tracrRNA) (Jinek et al., 2012). Among these three components, Cas9 is an enzyme 

responsible for cleaving the target DNA and consists of six domains: (i) REC I, (ii) 

REC II, (iii) bridge helix, (iv) protospacer adjacent motif (PAM)-interacting domain, 

(v) HNH, and (vi) RuvC (Nishimasu et al., 2014). REC I domain helps the guide 

RNA to bind with the target sequence. The argininerich bridge helix is critical for 

initiating cleavage activity upon binding of target DNA and the PAM-interacting 

domain is subsequently responsible for initiating the binding with target DNA. 

crRNA–tracrRNA duplex can be fused to form a chimeric single guide RNA (sgRNA) 

for neering (Nishimasu et al., 2014). The sgRNA consists of a 20-nucleotide guide 

sequence that is complementary to the target site. When the sgRNA recognizes the 

target sequence, it binds by Watson–Crick base-pairing and guides Cas9 to cleave the 

DNA strand and forms a doublestranded break (DSB) at the target site. RuvC and 

HNH nuclease domains are responsible for cutting the target DNA. Two major repair 

mechanisms are mainly responsible for repairing the breaks: non-homologous end 

joining (NHEJ) and homology-directed repair (HDR) (Fig.) (Khan et al., 2020). The 

HDR repair mechanism uses a donor DNA template to precisely repair DSBs for gene 

modification with low efficiency, whereas the NHEJ repair mechanism frequently 

results in genomic insertions or deletions (indels) for gene disruption with higher 

efficiency. Normally, the NHEJ is error-prone and can directly join the break 

sequences; it also can introduce random insertions or deletions (indels) at the DSB 

site. High-efficiency cleavage of any target sequence can easily be achieved by 

combining the expression of sgRNA and Cas9 (Chen et al., 2019; Tarpley, 2020). 
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Figure 3. CRISPR-Cas9 genome editing. 

Cas9–sgRNA induces a double-strand break repaired by non-homologous end joining 

(indels) or homology-directed repair (precise replacement with donor DNA). 

 

Sex difference in AD progression 

Although Alzheimer disease (AD) is recognized as a public health priority by the 

WHO1 and is expected to affect 90 million people worldwide by 2050 (Prince et al., 

2015), the condition remains incurable and all clinical trials in AD conducted in the 

past decade have failed. Heterogeneity of disease manifestation and progression 

among patients has been identified as a critical issue in the current approach to 

developing new therapies for AD (Husain, 2017). Therefore, characterization of 

genetic, demographic and phenotypic traits that predict disease onset, prognosis and 

treatment response is of growing interest in AD research. Phenotypic and genetic 

factors have been proposed as characteristics that can guide patient selection, 

stratification and clustering for AD diagnosis and treatment. However, whether 

demographic variables such as sex should be considered in relation to AD phenotypic 

variability is unclear (Gamberger et al., 2017). 

 

AD- related cognitive impairment 

Sex differences in neuropsychological performance among NCI people have been 

extensively documented: women score more highly than men in verbal tasks at all 

ages and exhibit slower cognitive decline, even among the elderly population (average 

baseline age 64.1–69.7 years24). On the other hand, men score more highly in 

visuospatial and motor coordination tasks (Laws et al., 2016). Two studies have 

demonstrated that the higher performance of women than men in the verbal memory 

domain among the NCI population is maintained in prodromal AD. Both studies 

demonstrated that verbal memory is preserved in women with amnestic mild 

cognitive impairment (aMCI) relative to that in men with the same diagnosis, despite 

comparable hippocampal atrophy and comparable temporal lobe glucose metabolic 

rates (Sundermann et al., 2016). However, the sex difference in verbal memory tasks 

observed in NCI and at early stages of AD is not seen among patients with a diagnosis 

of dementia (Sundermann et al., 2016). The majority of studies in which cognitive 
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data were stratified by sex in AD dementia indicate that women score lower than men 

in verbal memory and fluency tasks, particularly confrontation naming tasks, even 

after controlling for possible demographic and psychological confounders, such as 

age, education and depression (Benke et al., 2013). In early AD dementia, even a lack 

of sex differences in memory performance, as observed in one study (Sundermann et 

al., 2016), could indicate meaningful effects of sex, as this observation deviates from 

the findings in NCI people for that specific domain. 

 

Gene Therapy and Stem Cell Approaches 

Therapies to slow the course of the disease do not exist, and constitute an objective of 

great medical importance. While amyloid modifying approaches have substantial 

mechanistic appeal for slowing disease progression, early clinical trial results with 

amyloid-depleting drugs have been disappointing, leading to the initiation of clinical 

trials in which amyloid-modifying treatment is initiated in pre-symptomatic or very 

early stage patients. There remains a great unmet need to identify therapies with the 

potential to slow disease progression and improve cognitive function in AD. Nervous 

system growth factors prevent neuronal death in a variety of correlative animal 

models of AD, including amyloid overexpressing mice, aged rats and primates, and 

lesioned rats and primates (Zhang et al., 2025). Of the approximately 50 identified 

nervous system growth factors, two are of particular relevance to AD: Nerve Growth 

Factor (NGF), and Brain-Derived Neurotrophic Factor (BDNF). NGF specifically 

prevents the death and stimulates the function of basal forebrain cholinergic neurons 

that undergo early and prominent degeneration in AD. NGF influences the nervous 

system in several species, including primates, and is present in the human brain 

(Tuszynski et al., 2005). Indeed, NGF levels in the basal forebrain region decline in 

AD. BDNF prevents the death and stimulates the function of cortical neurons, 

representing a second candidate growth factor treatment for AD (Zhang et al., 2025) 

(Blurton-Jones et al., 2009). Moreover, NGF induces Schwann cell migration into the 

brain (Winkler et al., 1997). Ironically, these effects of broad NGF availability in the 

nervous system reflect its biological potency on mature neurons. Accordingly, growth 

factor testing in humans requires a long-term delivery method that achieves both 

central delivery and restricted distribution to only regions of degenerating basal 

forebrain cholinergic neurons. Gene therapy is one of the few means of achieving this 

goal. We now report biological responses to NGF in the largest series of brain 

samples to date of humans that have undergone gene therapy: ten patients with AD. 

We find that NGF elicits classic ―trophic‖ responses in the AD brain, including 

neuronal hypertrophy, axonal sprouting and activation of cell signaling. These 

findings provide evidence that growth factors consistently stimulate the functional 

state of degenerating neurons in chronic neurodegenerative disorders, constituting a 

rationale for the continued testing of growth factors as neuroprotective agents in 

human degenerative nervous system disorders. Stem cell-based therapy is a promising, 

safe, and effective therapeutic strategy for several neurodegenerative diseases, 

including AD (Winkler et al., 1997). Stem cell based- approach is still under 

development but rapid achievements indicate its therapeutic potential for reversing 

AD-associated neurodegeneration, as well as, improving cellular and structural 

functions (Lee et al., 2015). This therapeutic potential might be partly attributed to the 

neurosecretory (paracrine) effect, as several neurotrophic factors are implicated in 

neuromodulation of various cellular functions that ameliorate the pathological 

features and neurocognition in AD animal models (Fang et al., 2018). Stem cells are 

capable of spontaneous self-renewal and subsequent differentiation into specialized 

cells, such as neurons and glial cells (Eriksson et al., 1998). Based on the 

differentiation capacity, there are three types of stem cells: totipotent cells that have 
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the potential to create an organism, pluripotent cells that can be transformed into all 

cell types, and multipotent cells that can be differentiated into cell types in their own 

tissues (Yoo et al., 2013). Based on origin, stem cells are divided into embryonic, 

fetal, and adult types (Takahashi et al., 2008). Choosing the suitable cell source is an 

important step to develop a stem cell-based therapy (Duncan et al., 2017). The most 

commonly utilized stem cells in AD-related studies are embryonic stem cells (ESCs), 

induced pluripotent stem cells (iPSCs), mesenchymal stem cells (MSCs) and neural 

stem cells (NSCs) (Takahashi et al., 2008).  

 

Artificial Intelligence and Biomarker Research 

Alzheimer‘s disease (AD) is a progressive neurodegenerative disorder that typically 

culminates in dementia, predominantly affecting individuals aged 65 and older. 

Characterized by a gradual onset, its primary clinical manifestations include memory 

loss, cognitive decline, and a range of physiological and psychological disturbances 

(Tzioras et al., 2023). Traditional AD diagnosis has relied heavily on post-

symptomatic cognitive-mental assessments, with imaging and other diagnostic tools 

playing more of a complementary role (Malpetti & La Joie, 2022). Unfortunately, by 

the time clinical symptoms become apparent, the majority of patients have already 

advanced to moderate or severe stages of AD, at which point no existing treatments 

can halt disease progression (Iqbal et al., 2013). Hence, early detection and timely 

intervention have emerged as critical components of AD management, with the 

potential to enhance patient outcomes and slow the progression of symptoms. 

Magnetic Resonance Imaging (MRI), with its superior ability to render high-

resolution images of brain anatomical structures, is a standout among imaging 

techniques. It provides precise differentiation between gray and white matter, and 

clearly depicts changes such as the widening and deepening of cerebral sulci and 

ventricles as dementia progresses (Martín-Noguerol et al., 2023). Furthermore, MRI‘s 

capability to slice brain structures in any direction facilitates accurate measurements 

of various regions such as the hippocampus and amygdala, which are vital indicators 

for evaluating brain atrophy in patients (Eickhoff et al., 2018). Structural changes in 

the hippocampus and the cortex of the olfactory region in the medial temporal lobe 

areas known to exhibit high concentrations of neurofibrillary tangles and senile 

plaques in early-stage AD can be measured to enable early diagnosis (Weiskopf et al., 

2021). However, despite these advantages, the interpretation of MRI images can be 

subjective, underscoring the need for advanced techniques such as AI-driven analysis 

for more accurate and consistent diagnosis. Significant strides in Alzheimer‘s disease 

research have been made leveraging Artificial Intelligence (AI), especially machine 

learning and deep learning algorithms. One noteworthy area of progress pertains to 

early detection and diagnosis. Researchers are employing these sophisticated AI 

algorithms to scrutinize MRI scans, enabling the identification of subtle early signs of 

Alzheimer‘s disease, often before clinical symptoms manifest. These models are 

capable of discerning intricate patterns in the brain‘s structure, potentially indicative 

of the disease, thereby advancing the prospect of pre-symptomatic diagnosis (Ding et 

al., 2019; Etminani et al., 2022). Moreover, AI-driven analysis of MRI scans is being 

utilized to monitor disease progression. By systematically examining sequential scans, 

these algorithms facilitate tracking of brain atrophy rate and other structural 

alterations. This technology affords unparalleled insights into the velocity of disease 

progression at the individual patient level, potentially enhancing tailored therapeutic 

approaches (Raju et al., 2020). The versatility of AI is further demonstrated in its 

capacity for predictive modeling. When integrated with other types of data including 

genetic, cognitive, and lifestyle information AI algorithms can yield predictive models 

for Alzheimer‘s disease risk and progression. This multi-dimensional approach 
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empowers clinicians and caregivers with valuable prognostic information, paving the 

way for preemptive treatment planning and care management (Yao et al., 2023).  

Biomarkers are defined as measurable characteristics that are indicators of biological 

processes, pathogenic processes, or responses to interventions (Califf, 2018). These 

can be subtyped by their application, and for this review we focus on indications of 

susceptibility or risk, diagnostic, and prognostic biomarkers. Improving the clinical 

management of dementia requires reliable biomarkers that can aid in identifying high-

risk populations, early diagnosis, accurate subtyping, and predicting prognosis, drug 

response, or adverse events (Bayer, 2018). Biomarkers from different biological 

scales have been investigated in people with dementia, including neuroimaging, 

electrophysiological, genetic, gene expression, protein, metabolic, gut microbial, sleep, 

gait, and digital biomarkers (Lin et al., 2019; Soleimani Zakeri et al., 2020; Meghdadi 

et al., 2021). Biomarkers from cerebrospinal fluid (CSF), as well as minimally 

invasive collectable biological fluids including blood, saliva, tear, and urine have 

shown promise in improving dementia diagnosis (Ashton et al., 2019; Teunissen et al., 

2022). CSF biomarkers such as CSF amyloid beta (Aβ), total tau (t-tau), and 

phosphorylated tau (p-tau) have been introduced in some research-based clinical 

centers and amyloid positron emission tomography (PET) can be used to estimate 

plaque density using florbetapir, flutemetamol, or florbetaben tracers (Pemberton et 

al., 2022). Subtype Definition Susceptibility biomarkers Indicate the risk of 

developing specific diseases in future in those without clinically apparent disease 

Diagnostic biomarkers Detect or confirm diseases or their subtypes Prognostic 

biomarkers Indicate the likelihood of disease progression in those who have the 

disease routine clinical use of dementia biomarkers has not reached most clinical 

settings, and dementia continues to be diagnosed on the basis of clinical diagnostic 

criteria (Gaebel et al., 2018; Isaacs & Boenink, 2020). Advancing biomarker research 

using an interdisciplinary approach is essential for accelerating the discovery of more 

reliable and clinically adaptable biomarkers for dementia (Chang et al., 2021). 

 

Neuroprotective Agents and Antioxidants 

Neuroprotection is a widely studied treatment option for various central nervous 

system (CNS) disorders including neurodegenerative diseases, stroke and trauma. 

Cerebral ischemia with a notable cessation of blood supply to the brain tissues leads 

to necrosis and apoptosis (Lee et al., 2001). It is the third most common cause of 

mortality and the leading cause of adult neurological disability (Carter et al., 2007). 

The most important pathological mechanisms in the process of ischemia-induced 

brain damage include inflammatory reaction, blood-brain barrier (BBB) disruption, 

oxidative stress, and neuronal apoptosis, all of which have been widely considered to 

be the four major therapeutic targets for acute ischemic stroke (Rodrigo et al., 2013). 

Degeneration takes place from a period of hours to days, which offers a window for 

therapeutic interventions. Antioxidants have a propensity to block or delay apoptosis. 

Many reports have suggested therapeutic effects of various natural antioxidants 

against cerebral ischemic damage (Mukherjee et al., 2007). Insufficient levels of 

antioxidants, or inhibition of antioxidant enzymes, cause oxidative stress which 

results in damage to cell structure and function and chronic excessive inflammation. 

Neuroprotective methods often target oxidative stress and excite toxicity, which 

together with other factors lead to neuronal death and aggravate neurodegeneration. 

Therefore, glutamate antagonists and antioxidants are successfully used in research 

and therapy. 
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Targeting Neuro-inflammation and Microglial Modulation 

Inflammation is a response produced towards any injury, trauma or infection to the 

cells and tissues. It is believed that brain and immune system has a biochemical link. 

Inflammation that occurs in the brain is known as neuro inflammation. Neuro-

inflammation is sometimes beneficial and sometimes destructing to the neuronal cells 

as over-activation of the inflammatory molecules can cause damage to the cells of the 

brain  (Shabab et al., 2017). Neuroinflammation leads to activation of inflammatory 

cells in the brain including microglia and astrocytes. The brain is regarded as an 

"immunological privileged organ" because peripheral immune cells are expected not 

to enter the blood–brain barrier. Rather, glial cells microglia and astrocytes, are the 

primary component of the committed neuroimmune system, and interrelate with 

peripheral immunity but not clearly justified. The glial cells provide favorable and 

anti-inflammatory actions under normal and pathological conditions, counting 

phagocytosis, steroid release, free radical depletion, and repairing of cells. Release of 

cytokines and generation of free radicals can cause neuronal cell death and synaptic 

dysfunction. So if there is imbalance between the regulations of proinflammatory anti-

inflammatory function, it can cause brain injury (Schain et al., 2017) Microglia and 

astrocytes are the two main constituents of the immune system of brain and they have 

a key function in the neuroinflammation process. In normal conditions microglia have 

a phagocytic action which removes damaged neurons thus encourages the repair of 

tissue at the site of invasion by foreign molecules or pathogens where the immune 

functions of the cells are initiated. Astrocytes remove the debris from the 

cerebrospinal fluid and play a neuroprotective role. In Alzheimer‘s disease there is 

accretion of these cells around the NFTs and senile plaques. In activated state these 

cells release cytokines, interleukins and chemokines which act as pro-inflammatory 

components and potentiate the neuroinflammatory process in the brain contributing to 

AD(Walters et al., 2016). ApoE is the risk element for Alzheimer disease that 

possesses immunomodulatory action. This capacity of ApoE is conjugated with 

triggering receptor expressed on myeloid cells 2 (TREM2), which is mediated by 

microglia in the CNS (2020). Elevated levels of cytokines in the brain are closely 

linked with AD. The interleukins and TNF α along with Cox-2 are the major 

cytokines considered to be involved. Cytokines generation in the brain mediated by 

Aβ also promotes microglia mediated free radical generation. In general IL-1 is 

involved in the progression of AD which is released from neurons, astrocytes and 

microglia. IL-1 enhances the abnormal processing of APP and generates Aβ. There is 

an increased concentration of IL-1 in the brain of AD patients. Aβ is generally 

considered to increase the interleukin levels. In contrast, it is seen that interleukins are 

responsible to generate Aβ from neurons and astrocytes. IL-1 also induces the release 

of other cytokines and increase NOS activity which results in toxicity of neurons 

(2021). Microglia are the brain resident macrophages derived from monocyte 

precursor cells during neurodevelopment. The two significant functional aspects of 

microglia are immune defense and homeostasis maintenance. Besides, they have an 

essential role in neurogenesis, the formation of the neuronal circuit, and maintaining 

neuron health (Araujo & Cotman, 1992; Ginhoux et al., 2013; Ueno et al., 2013). 

Microglia undergo dynamic changes during the physiological and pathological 

conditions, exemplified by a change in its morphology from ramified (resting) to 

amoeboid (active) form (Nimmerjahn et al., 2005). Under normal physiological 

conditions, the microglia patrol the brain‘s microenvironment to provide immune 

surveillance and neuronal survival. Studies have shown that Aβ aggregates induce 

microglia to acquire a full spectrum of activation by acquiring morphological and 

molecular changes. This activated form of microglia is referred to as disease-
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associated microglia (DAM) and has overexpression of particular receptors, 

chemokines, cytokines, and other factors (Wolf et al., 2017).  

 

Challenges and Future Directions 

Limitations of Current Treatments 

Current treatments of PD and AD diseases typically involve administration of drugs in 

the form of oral caps or pills. However, the systemic delivery of drugs to the CNS is a 

significant challenge due to their poor access to the brain, extensive first-pass 

metabolism, reducing their half-life, and possible side effects when reaching non-

target peripheral tissues. Indeed, many endogenous proteins and antibody-based 

biopharmaceutical agent have been proposed and tested for treating 

neurodegenerative diseases, however, their therapeutic effectiveness still remains 

inadequate. Recently, antibody-based immunotherapy has obtained successful results 

in phase 1b clinical trials (Sevigny et al., 2016). The human monoclonal antibody 

aducanumab has been intravenously administered for 1 year on a monthly basis to 

patients with prodromal or mild AD and has showed to induce a reduction of Aβ 

plaques and a slowing of patients‘ cognitive decline (Sevigny et al., 2016). In case 

future phase 3 clinical trials are successful, such drug could represent the first 

valuable strategy to treat AD compared to current treatments that aim at alleviating 

AD symptoms and/or slowing AD progression. PD and AD are neurodegenerative 

conditions with the progressive course for which currently disease-modifying 

treatments are not available. However, selecting a therapeutic plan that is adapted to 

the patient and limiting adverse effects can ameliorate significantly the quality of life 

of patients and of their families. The association between L-dopa and carbidopa, a 

peripheral inhibitor of enzyme DOPA decarboxylase represents the gold standard for 

the symptomatic treatment of PD (Lees et al., 2009). Carbidopa is involved in the 

inhibition of the conversion of L-dopa to dopamine peripherally, thus, it guarantees 

that a higher level of the drug reaches the central nervous system (CNS). Currently, L-

dopa represents the most effective treatment in the short-term management of PD. 

Indeed, even though it is not possible to predict single patient‘s response to this drug, 

some motor symptoms, namely bradykinesia, rigidity and postural instability, 

ameliorate 70% from the first weeks of the treatment (Stamelou et al., 2013). Ldopa is 

usually well tolerated in the short-term, however, the long-term treatment is 

associated with the de- velopment of wearing-off phenomena, dyskinesias and 

neuropsychiatric disorders (e.g. hypomaniacal episodes, depression and delirium) 

(Lees et al., 2009). 

 

Personalized Medicine and Biomarker Development 

As defined by the FDA, precision medicine aims at tailoring disease treatment and 

prevention for each specific individual accounting for their genetic makeup and 

lifestyle. In particular, precision medicine seeks to move clinical practice away from 

the ―one therapy fits all‖ approach taking into account how each patient, or subgroup 

of patients, might be susceptible to a specific disease or respond to a therapy based on 

their genetic background, lifestyle and environment (Sperling et al., 2011). In the last 

few decades, aging-associated, chronic, multifactorial diseases such as cancer, heart 

disease and dementia have become the biggest challenge to human health. Preclinical 

and clinical research in the field of cardiovascular disorders and cancer has 

demonstrated how a single ―magic bullet approach‖ is unlikely to work. A 

combination of several therapeutics targeting multiple pathogenic pathways is 

required to treat cardiovascular disorders. For cancer, patient stratification in 

subgroups based on predisposing risk alleles, such as BRCA1 and BRCA2, has 

become the most advanced strategy. The AD field is quickly catching up in 
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characterizing pathogenic mechanisms and predisposing risk factors. Increasing 

evidence points toward substantial genetic heterogeneity for AD (Arbel-Ornath et al., 

2017). Several predisposing risk alleles involved in different pathogenic pathways 

have been identified. In addition, several lifestyle habits correlate with AD 

susceptibility. Finally, compelling data from AD clinical trials have shown that the 

etiopathology and proper staging of disease is fundamental for understanding the best 

timeline for treatment. In fact, pre-symptomatic intervention seems to be necessary to 

ensure potential disease-altering effects (Mormino et al., 2016).  

Technological progress has been achieved in the genomic, transcriptomic and 

proteomic fields. GWAS studies and WGS projects provide the means to identify 

common and rare risk alleles with much greater sensitivity and accuracy. The 

biomarker field has also progressed rapidly, making new technology for disease 

stratification available and promising routine AD biomarkers assays in the near future. 

These accomplishments create an optimal environment to move the AD field toward 

precision medicine. In fact, the clinician of the near future could be capable of 

identifying specific predisposing risk alleles in young asymptomatic adults. Moreover, 

the disease could be diagnosed pre-symptomatically thanks to cutting-edge 

biomarkers. Biomarker assays could become routinely available and easy to 

administer, as in the case of P-Tau181 and P-Tau217. Therapeutic approaches could 

be administered based on genetic background and biomarker profile. Amyloid-

targeting therapies could be administered to AD patients before symptoms manifest. 

Tau therapeutics could be beneficial in combination with Aβ drugs, especially at 

symptomatic stages of the disease (Martin et al., 2013; Selkoe & Hardy, 2016). 

 

Ethical Issues in Treating Alzheimer’s Disease 

The ethical implications of preventative treatments begin to arise in the preclinical 

and mild stages of AD. For example, what clinical measures provide a deterministic 

rather than probabilistic diagnosis of preclinical disease? At what stage should such 

interventions occur given the uncertain probability of transition to overt or more 

significant clinical disease and the possible side effects that may arise? And who 

should be involved in this decision-making process? Such discussions are of the 

utmost importance and require careful consideration. This commentary will, however, 

focus on the ethical issues that arise in late-stage disease.  

 

Ethical decision making in Alzheimer’s disease  

Individuals living with a dementia diagnosis and/or their caregivers, herein referred to 

as the primary care team, are currently charged with considering the ethical 

implications of non-disease modifying interventions, such as the use of enteral 

intubation to provide nutrition and hydration to individuals who are otherwise unable 

to consume sufficient food and water (Johnson & Karlawish, 2015). Anecdotally, 

such interventions are thought to prolong life for individuals with late-stage dementia; 

however, a growing body of evidence indicates that no significant differences in 

survival rates occur between those who undergo enteral intubation and those who do 

not (Goldberg & Altman, 2014; Brooke & Ojo, 2015). By comparison, the 

administration of a disease-modifying therapeutic would alleviate disease-associated 

mortality, potentially adding years to an individual‘s lifespan with little or no 

subsequent restoration in cognition. While parallels can be drawn between the ethical 

dilemmas faced in latestage AD and other terminal diseases, such as cancer, 

HIV/AIDs, or renal disease (Hlongwa, 2016), the confounding impact of the 

individual‘s inability to participate in the decision-making progress creates additional 

challenges when treating dementia. More apt comparisons are perhaps made with the 

dilemmas arising in the treatment of severe stroke which may involve the 



 Page 1674  

administration of life sustaining treatments, such as mechanical ventilation, in the 

absence of restorative therapies (Creutzfeldt & Holloway, 2012). Here, despite 

declining mortality, approximately 40% of patients die within the 12 months 

following a severe stroke (Eriksson et al., 2016). As in late stage AD, treatment 

decisions following severe stroke are complex and are often made with incomplete 

prognostic information. 

 

Multimodal Approaches in AD Treatment 

AD and related dementias (ADRDs) are complex and multifactorial, resulting from 

interactions between non-modifiable (e.g., age, sex, genetics) and modifiable risk 

factors (e.g., lifestyle, vascular, metabolic). According to the latest estimates, at least 

40% of all dementia is attributable to modifiable lifestyle and environmental factors 

and could, thus, be prevented or delayed. This prevention potential can be even higher 

in low-middle income countries (LMICs) where dementia burden is increasing very 

rapidly (Prince et al., 2015). Given the multifactorial etiology of ADRD, a multimodal 

approach simultaneously targeting several risk factors and mechanisms may be 

needed for an optimal preventive effect. At the same time, such interventions need to 

adopt the ‗one size does not fit all‘ paradigm and be adaptable to different populations 

and individuals across the globe (Stephen et al., 2021). Furthermore, increasing our 

understanding of the biological mechanisms of multimodal interventions, of their 

optimal time windows, and target populations is crucial for precision prevention of 

ADRD. Recent successes in trials of th ree Aβ-targeted monoclonal antibodies 

(donanemab, lecanemab, and aducanemab) suggest that the first disease modifying 

therapies (DMTs) may soon be available, at least in the early symptomatic disease 

stages (Cummings, 2017). However, due to the complex nature of ADRD, targeting a 

single proteinopathy may not be sufficient to prevent dementia. It is well established 

that only 10-30% of late onset AD cases have pure AD pathology, with vascular 

pathology as most common comorbidity (Floris et al., 2013). Various AD profiles and 

subtypes have been identified and recent advances in biomarkers (fluid biomarkers, 

neuroimaging) facilitate moving towards precision prevention and targeting the 

interventions for various at-risk and pathological profiles (Mohanty et al., 2023).  

 

Long term cognitive and socioeconomic impact on AD 

Ageing is associated with a dysfunction in a variety of cognitive (e.g., attention, 

memory, language) and executive (e.g., working memory, inhibition) domains, 

putatively related to reduced gray matter volume and connectivity among fronto-

striatal, temporal, and parietal regions (Cabeza et al., 2018). Evidence also suggests 

an ageing-associated dysfunction in social cognition abilities, including emotion 

recognition5 and theory of mind (ToM; the capacity to reason about others‘ mental 

sates), which would be mediated by cognitive state and executive functions, partially 

related with task demands (Bottiroli et al., 2016; Otsuka et al., 2021). In turn, social 

cognition impairment could affect the experience of complex social emotions (i.e., 

those that are triggered in the presence of others), such as counter-empathic emotions, 

since they involve emotion recognition and perspective-taking processes (Jankowski 

& Takahashi, 2014). Taken together, ageing-associated dysfunction in cognitive and 

executive processes would reduce social cognition abilities, which would negatively 

impact social emotions. Socioeconomic status (SES) is a construct that describes the 

social (e.g., formal education, work prestige) and economic (e.g., material goods, 

monetary income) resources of an individual, and is one of the main factors from 

which life outcomes are derived (Farah, 2017). Low-SES older adults have less access 

to cognitively stimulating environments and cultural resources, which hinders their 

cognitive (e.g., memory) and executive (e.g., working memory) functioning. 
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Cognitive and executive functions deteriorate at different rates across the lifespan (i.e., 

with executive domains showing the earliest and fastest decline, dissociate in early 

stages of neurodegenerative conditions, and can respond differently to interventions 

(Meng et al., 2020). Thus, they might be differentially impacted by SES. In support of 

this claim, recent evidence shows that, while childhood SES disadvantages can 

negatively impact cognitive functioning in old age, high childhood SES is associated 

with a faster decline in verbal fluency (an ability closely related to executive functions) 

(Aartsen et al., 2019). While the SES impact on social cognition has not been 

formally tested in the elderly, there is evidence of a positive relationship between 

education (one component of SES) and ToM abilities in this population. Given the 

strong effect of education on cognitive and executive functions, and the reliance of 

social cognition on those processes, a mediation effect would be expected. Indeed, 

low-SES middle-aged adults show preserved or even heightened socioemotional skills 

such as emotion recognition, empathy, and cooperation, putatively related to its 

adaptative value in adverse contexts (Varnum et al., 2015). Then, social cognition 

dysfunction in low-SES older adults could be plausibly explained by primary 

cognitive and executive impairments. In the same vein, as the experience of social 

emotions would depend on social cognition processes, SES would affect it indirectly. 

In sum, it is well established that low-SES negatively affects cognitive state and 

executive functions in older adults, being its impact on socioemotional processes yet 

to be determined in this population. 

 

Conclusion 
AD represents a multifaceted neurological challenge with significant implications for 

individuals, families, and society as a whole. Over the past century, extensive research 

has unraveled the intricate molecular and cellular mechanisms underlying AD 

pathogenesis, highlighting the roles of beta-amyloid plaques, tau protein pathology, 

neuroinflammation, and genetic predispositions. Despite these advances, effective 

disease-modifying treatments remain elusive, underscoring the complexity and 

heterogeneity of AD. Current diagnostic protocols, incorporating biomarkers and 

neuroimaging techniques, offer promise in early detection and monitoring of disease 

progression. However, challenges persist in translating these advancements into 

routine clinical practice, particularly in resource-limited settings. Furthermore, 

caregiver burden emerges as a critical issue, necessitating tailored support programs 

to address the physical, emotional, and social needs of caregivers. While existing 

pharmacological interventions provide symptomatic relief, ongoing research efforts 

explore novel therapeutic targets and treatment modalities. From nanoparticles 

facilitating targeted drug delivery to natural compounds showing potential in 

preclinical studies, the landscape of AD therapeutics is evolving rapidly. 

Collaboration among stakeholders, including researchers, healthcare providers, 

policymakers, and caregivers, is crucial in advancing AD research and improving care 

outcomes. In the face of uncertainties surrounding recent drug approvals and 

controversies in gene modification therapies, the quest for effective AD treatments 

persists. Continued investment in research, coupled with an emphasis on personalized 

medicine and combination therapies, holds promise in the pursuit of meaningful 

advancements in AD management. Despite the challenges ahead, the collective efforts 

of the scientific community offer hope for a future where the burden of AD is 

alleviated, and individuals affected by this devastating condition can live with dignity 

and quality of life. 
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