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A B S T R A C T

Alzheimer’s disease (AD) is still an excessively complicated neurological disorder that impacts millions of in
dividuals globally. The ideal defensive feature of the central nervous system (CNS) is the intimate junction of 
endothelial cells, which functions as a biological barrier to safely control molecular transport throughout the 
brain. The blood-brain barrier (BBB) comprises tightly locked astrocyte cell junctions on CNS blood capillaries. 
This biological barrier shields the brain from hazardous toxins by preventing the entry of polar medications, 
cells, and ions. However, it is very challenging to provide any treatment to the brain for neurodegenerative 
illnesses like Alzheimer’s. Different causative mechanisms, such as amyloid-β (Aβ) plaques, tubulin-associated 
unit (Tau) tangles, and neuroinflammation, cause neuronal dysfunction, leading to dementia and memory loss 
in the subject. Several treatments are approved for AD therapy, whereas most only help treat related symptoms. 
Disappointingly, current remedies have not been able to control the progression of AD due to associated side 
effects. Specific pathogenic mechanisms are involved in the initiation and development of this disease. Therefore, 
the expected survival of a patient with AD is limited and is approximately ten years. Hence, the pathogenic 
mechanism behind AD progression must be understood to better comprehend and improve the overall survival 
rate. This review highlighted the recent insights into AD pathogenesis, molecular mechanisms, advancements in 
theragnostic techniques, the existing updates of clinical trials, and emerging innovations for AD medicinal 
development. That has helped researchers develop other strategies to address the shortcomings of traditional 
medications.

1. Introduction

The most prevalent type of neurodegenerative illness, Alzheimer’s 
disease (AD), can be recognized by the intracellular accumulation of 
neurofibrillary tangles (NFTs), which are made of hyperphosphorylated 

Tau, and the extracellular aggregation of amyloid-β (Aβ) plaques 
(DeTure and Dickson, 2019; Y. Zhang et al., 2023). Further, AD is 
accompanied by the destruction of neurons and synapses (Griffiths and 
Grant, 2023). Since Alois Alzheimer’s first discovered AD at the begin
ning of the 20th century, it has become a significant healthcare concern 
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because, currently, no appropriate treatment exists.

1.1. Clinical signs and manifestations of AD

AD demonstrates a variety of neurological signs, primarily expressed 
as early amnestic mental retardation and trouble with short-term 
memory (Tarawneh and Holtzman, 2012). In AD, neurological symp
toms frequently arise in addition to cognitive impairment, especially in 
the beginning stages when detachment, depression, and anxiousness are 
common (Botto et al., 2022; Gadhave et al., 2024c). As the illness be
comes more severe, patients may have hallucinations, illusions, 
aggression/agitation, and lability/irritability, among other symptoms 
(Cerejeira et al., 2012). In previous decades, the diagnosis of AD was 
restricted to the dementia stage, which was indicated by neuro
behavioral manifestations that were sufficient to significantly impede 
daily functioning or by considerable, cumulative cognitive impairment 
throughout numerous domains (Liss et al., 2021). Many molecular 
pathways, such as neuroinflammation, tubulin-associated unit (Tau) 
tangles, and amyloid-β (Aβ) plaques, are employed to diagnose AD 
(Gadhave et al., 2024b). Fig. 1. demonstrates the neurological features 
of Alzheimer’s disease. Jack et al. (2018) state that Aβ and phosphory
lated Tau are necessary for diagnosing AD (Jack Jr. et al., 2018). AD is 
identified as a separate neurodegenerative illness from other mental 
conditions, which causes dementia; however, the primary factors behind 
AD are Amyloid-β, Tau, and Neurofilament Light (ATL), which play a 
crucial role in the diagnosis of the disease (DeTure and Dickson, 2019). 
According to pathogenesis, initially, AD is in an asymptomatic form; 
subsequently, at a Mild cognitive impairment (MCI) stage, it turns into 
prominent dementia (Tahami Monfared et al., 2022). In people who are 
at risk for AD, Aβ dysfunction starts 15–20 years before significant 
memory impairment is expected to manifest (Sperling et al., 2014). 
Increased Tau concentrations in cerebrospinal fluid (CSF) indicate 
neuronal damage and correlate with the disease’s severity 
(Constantinescu et al., 2011). In individuals with AD, 18fluorodeox
yglucose (18FDG)-positron emission tomography (PET) is a valid indi
cator of synaptic damage linked to neurodegeneration (Gadhave and 
Kokare, 2019; Guedj et al., 2021). Even in the most severe stages of the 
illness, structural magnetic resonance imaging (MRI) measures brain 
shrinkage as neurons and synapses degenerate (Veldsman, 2017). That is 
consistent with post-Tau tangle pathology, which is highly connected 

with the degree of mental impairment.

1.2. Prevalence and global impact of AD

Around 60 % and 80 % of dementia patients have AD. Globally, 
around 57.4 million people had dementia in 2019 (Collaborators, 2022). 
Approximately 145 % more fatalities were caused by AD in 2019 
compared to 2000, making it the sixth most prevalent cause of mortality 
in the US. The symptoms that appear autosomal- dominant AD subtype 
account for around 1 % of instances of AD; late-onset sporadic AD ac
counts for the other 99 % (Rujeedawa et al., 2021; Van Cauwenberghe 
et al., 2016). The majority of people with autosomal-dominant AD begin 
to exhibit symptoms in their 40 s and 50 s, with symptoms usually 
appearing before the age of 65 (Gadhave et al., 2024b). The physio
logical mechanisms of AD are greatly influenced by hereditary factors, 
which are thought to be responsible for between 58 % and 79 % of in
cidents (Breijyeh and Karaman, 2020; Xiao et al., 2021). 
Autosomal-dominant AD is associated with rare presenilin-1 (PSEN1), 
presenilin-2 (PSEN2), and amyloid protein precursor (APP) mutations 
(Cai et al., 2015). The apolipoprotein E (APOE) gene is a major genetic 
risk factor for sporadic AD. Apolipoprotein E epsilon 4 allele (APOEε4) 
was found in 66 % of individuals with AD-type dementia and 64 % with 
MCI (DiBattista et al., 2016; Yamazaki et al., 2019). A single APOEε4 
allele increases the risk 3.4 times, whereas having two alleles increases 
the risk 9.15–15.5 times (Raulin et al., 2022). According to estimates, 
18.1 % of people over 65 have AD, and that number jumps to 33.2 % for 
people over 85. Furthermore, among those over 65 in the US, AD affects 
11.6 % of males and 21.1 % of women (Aggarwal and Mielke, 2023). 
Twelve potential risk factors have been recognized by the Lancet Com
mission on Dementia Prevention, and taken together, they could be 
responsible for almost 40 % of cases of dementia globally (Livingston 
et al., 2024). A lack of education, high blood pressure, hearing loss, 
smoking, obesity, depression, lack of exercise, diabetes, and little social 
contact are some of these causes (Livingston et al., 2020). As reported in 
2020, over 55 million individuals were affected worldwide with de
mentia (Shin, 2022). As predicted, this number will double in 20 years, 
reaching 78 million in 2030 and 139 million in 2050 (Prabha et al., 
2024; Tiwari et al., 2023). Fig. 2. illustrates the current global prepon
derance of AD. More than 121,499 individuals died in 2019 due to AD 
(Gadhave et al., 2024b). Nowadays, Finland ranks first in deaths 

Fig. 1. Illustration of neurological features of Alzheimer’s disease.
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associated with AD, with almost 54.65 patients amongst 1,00,000 in
dividuals; however, the United Kingdom poses second (42.70/100,000 
deaths). Further, the United States of America stands in the eighth po
sition, where 33.26/100,000 deaths were observed. Hence, Europe, 
America, Canada, and Australia have more AD prevalent than other 
countries (Li et al., 2022).

1.3. Purpose of the review

There are many approved treatments available for AD, but the ma
jority assist in treating its symptoms (Yiannopoulou and Papageorgiou, 
2013). Due to several obstacles, including the blood-brain barrier (BBB) 
and several adverse reactions to available treatments, the existing 
medications have not been able to control the progression of AD 
(Pardridge, 2009), which has resulted in a lower survival rate (Gadhave 
et al., 2022; Kokare et al., 2020). Several studies have underscored the 
potential of nanotechnology approaches to treat CNS ailments, including 
AD (Gadhave et al., 2021; Srikanth and Kessler, 2012). Biomaterials 
have the potential to be very selective and effective in enabling targeted 
drug administration, molecular detection, treatment monitoring, and 
neurodegeneration (ND) diagnosis, according to several recent papers 
(Takallu et al., 2024). Additionally, by pinpointing the exact mechanism 
behind AD initiation, novel therapeutic approaches may improve the 
therapeutic efficacy against AD (Yu et al., 2021).

The current review focuses on the inadequacies of conventional 
therapies, the precise mechanism of AD initiation, the development of 
biomaterials in treating Neurodegenerative disorders (NDS), and their 
clinical significance (Gadhave et al., 2024c). The work emphasizes new 
opportunities for enhancing the therapeutic features of AD shortly.

2. Neuropathological understandings of AD

2.1. Neurofibrillary tangles and tau pathology

Intracellular aggregates of hyperphosphorylated tau protein, also 
known as neurofibrillary tangles (NFT), are implicated in neurodegen
erative diseases like Alzheimer’s disease (AD) and related tauopathies 

(Boutajangout et al., 2011). In AD, the limbic system, hippocampus, and 
neocortex are gradually affected as NFTs initially form in layer II of the 
entorhinal cortex (Halliday, 2017). Tauopathies are proposed to prog
ress through three stages: (i) the preclinical high-risk stage, (ii) the mild 
cognitive impairment stage, and (iii) the disease manifestation stage 
(Rawat et al., 2022). AD develops due to the inability of tau protein to 
stabilize microtubules. Tauopathies are linked to the accumulation of 
amyloid beta (Aβ), α-synuclein, or Huntingtin proteins in patients. 
Elevated tau levels are associated with its accumulation as NFTs and 
paired helical filaments (PHFs), contributing to the progression of AD 
pathogenesis (Iqbal et al., 2010). Tau degradation occurs through two 
primary mechanisms: the ubiquitin-proteasome system and the 
autophagy-lysosome pathway (Lee et al., 2013). Pathological tau is 
primarily cleared by the ubiquitin-proteasome system, while the 
autophagy-lysosome pathway becomes involved in tau degradation 
during the advanced stages of NFT development. Impairment in tau 
degradation pathways is a key factor contributing to its accumulation 
and deposition. When tau becomes hyperphosphorylated, it interferes 
with the transport of peroxisomes by kinesin, heightening cellular sus
ceptibility to oxidative stress and ultimately causing neuronal degen
eration (Alavi Naini and Soussi-Yanicostas, 2015). In cultured 
fibroblasts, tau protein effectively blocks the movement of cellular 
components, causing mitochondria to migrate back toward the cell 
center, where the minus ends of microtubules are anchored. When 
mitochondria and the endoplasmic reticulum are absent in the outer 
regions of axons, it can disrupt glucose and lipid metabolism, reduce 
adenosine triphosphate (ATP) production, and lead to calcium imbal
ance (Matuz-Mares et al., 2022; Peruzzo et al., 2020). Studies suggest 
that mitochondrial dysfunction may lead to phosphorylated tau (p-tau) 
accumulation, breakdown of microtubules, and the development of 
pathology resembling NFTs (Cheng and Bai, 2018). Research from 
Reddy’s lab showed that p-tau interacts with the mitochondrial fission 
protein, Dynamin-related protein 1 (Drp1), increasing Drp1’s Guanosine 
Triphosphatase (GTPase) activity (Manczak et al., 2016). This interac
tion results in excessive mitochondrial fragmentation and impaired 
mitochondrial function in AD. Tau hyperphosphorylation and detach
ment from microtubules cause tau to mis-localize from axons to the 

Fig. 2. (A) Map depicting regional severity of AD prevalence and the number of people affected per 1,00,000 individuals by country. According to the key, scores of 
> 20, 18–20, 15–17, and < 15 people influenced among 1,00,000 are demonstrated in red, pink, violet, and green colors, respectively. (B) A statistical representation 
of the top 15 countries with high mortality rates worldwide due to AD. (C) Millions of individuals suffered from AD in 2020, and (D) Millions of people are predicted 
to suffer from AD in 2025.
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somatodendritic region, disrupting the structure of axonal microtubules 
and leading to synaptic dysfunction (Rawat et al., 2022). Phosphoryla
tion changes tau’s interactions with various partners, such as the cyto
plasmic membrane, Deoxyribonucleic acid (DNA), and Fyn kinase, 
interfering with tau’s role in multiple signaling pathways as shown in 
Fig. 3.

2.1.1. Hyper-phosphorylation of tau protein
A hallmark of AD is the formation of NFTs, which arise from the 

excessive phosphorylation of the microtubule-associated tau protein. 
NFTs are composed of paired, helically twisted protein filaments that 
accumulate within the neuronal cytoplasm and extend into neuronal 
processes (Moloney et al., 2021). The tau protein contains a 
microtubule-binding region that enables it to assemble with tubulin, 
contributing to the formation of stable and mature microtubules 
(Mietelska-Porowska et al., 2014). The tau protein stabilizes microtu
bules by forming cross-links between adjacent microtubules, creating a 
stable network to support cellular structure. However, in the presence of 
elevated amyloid-beta (Aβ), tau encounters activated kinases that 
induce its hyperphosphorylation, leading to tau oligomerization 
(Kadavath et al., 2015; Mandelkow and Mandelkow, 2012). This 
modification destabilizes the microtubules as tau dissociates, causing 
microtubule subunits to disassemble. The resulting tau fragments 
aggregate into large NFTs- fibrillary, rigid structures within the neuronal 
cytoplasm and extensions. These NFTs disrupt neuronal communication, 
impair signal transmission, and eventually trigger apoptosis in neurons. 
Studies have shown that soluble Aβ regulates both the cleavage and 
phosphorylation of tau, contributing to the formation of NFTs (Zhang 
et al., 2021). Additionally, tau phosphorylation is controlled by multiple 
kinases, with Glycogen Synthase Kinase 3β (GSK3β) and 
Cyclin-Dependent Kinase 5 (CDK5) playing major roles when activated 
by extracellular amyloid-beta (Aβ) (Mietelska-Porowska et al., 2014). 
While GSK3β and CDK5 are primary drivers of tau hyper
phosphorylation, other kinases, such as Protein Kinase C, Protein Kinase 
A, extracellular signal-regulated kinase 2 (ERK2), as well as the ser
ine/threonine kinases caspase 3 and caspase 9—also significantly 
contribute, often triggered by Aβ presence (Zhang et al., 2021).

2.1.2. Propagation and impact of tau tangles in neurodegeneration
In tauopathies like AD, tau aggregates into NFTs within neurons and 

glial cells. In AD, most tau pathology appears as neuropil threads or 
dystrophic neurites (Gibbons et al., 2019; Vogels et al., 2020). These 
tangles disrupt cellular functions by causing both a loss of normal tau 
activity and toxic gains-of-function. Hyperphosphorylated tau forms 
aggregates, impairing axonal transport, loss of synapses, and eventual 
neurodegeneration (Fig. 4) (Gendron and Petrucelli, 2009; Ittner and 
Ittner, 2018). Tau tangles contribute to neurodegeneration by disrupting 
axonal transport, which is essential for synaptic function and cellular 
health. Studies show that stabilizing microtubules with drugs like 
paclitaxel can mitigate these effects, indicating the significance of 
maintaining tau’s normal function (Afsar et al., 2023). While the extent 
of NFTs correlates with cognitive decline, it remains debated whether 
their impact stems from direct physical obstruction or from sequestering 
essential proteins, amplifying cellular dysfunction (Theofilas et al., 
2018). The propagation of tau pathology involves the spread of hyper
phosphorylated tau across neurons, leading to early disruptions in 
axonal transport, synapse loss, and inflammation. These early changes 
set the stage for neurodegeneration, with fibrillary tau tangles appearing 
as a later manifestation that further disrupts cellular processes and ex
acerbates the disease by interfering with normal protein functions 
(Rajmohan and Reddy, 2017). Although it’s challenging to separate 
toxic gains from loss-of-function effects, both mechanisms likely 
contribute to the progression of AD and related disorders (Medeiros 
et al., 2010).

2.2. Amyloid-beta pathology

Aβ is a peptide, produced as a byproduct of brain function. It is 
produced through the proteolytic processing of a transmembrane pro
tein, Amyloid Precursor Protein (APP), by β- and γ-secretases (Chen 
et al., 2017; Hampel et al., 2021). Although the precise function of Aβ 
has not been identified, it is thought to be involved in neuroprotective, 
trophic, and adhesive functions. However, Aβ accumulation in the brain 
is proposed to be an early toxic event in the pathogenesis of AD 
(Gulisano et al., 2018; Y. Zhang et al., 2023). The dementia in AD is 
defined by neurotoxic plaques forming Aβ peptides in the brain (Hampel 

Fig. 3. Schematic representation of neurons undergoing physiological to pathological changes.
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et al., 2021). These peptides can trigger the aggregation of neurofibril
lary tangles, resulting in neurodegeneration and subsequently leading to 
progressive and irreversible cognitive decline. Aβ accumulation is esti
mated to begin 15–20 years prior to the appearance of clinical symp
toms. A genetic mutation in presenilin (PS) leads to elevated levels of 
extracellular Aβ42(43), which is directly linked to the development of 
AD (Kakuda et al., 2021; Newman et al., 2007). Aβ42(43) accumulates 
early and specifically in the senile plaques, a characteristic of AD. 
Research indicates that mutations associated with familial AD 
contribute to the disease by raising Aβ42(43) levels and promoting its 
deposition (Hurley et al., 2023; Quan et al., 2023). This supports the 
hypothesis that the buildup of Aβ in the brain plays a crucial role in the 
onset and progression of AD (Fig. 4). Although reduction of Aβ con
centration and prevention of Aβ deposition may seem to be quite 
attractive as therapeutic targets in AD treatment, the pathological 
changes resulting from elevated Aβ levels and/or Aβ deposition may also 
prove to be promising therapeutic targets (Sehar et al., 2022). This is 
essentially because the utility of preventing any pathological changes in 
AD depends on its function in the development of dementia and not the 
stage of the disease.

2.2.1. Mechanism of amyloid-beta plaque formation and AD progression
Aβ plaques are formed when Aβ proteins accumulate and clump 

together in the brain. These plaques are a key feature of AD. There is an 
imbalance between the production and clearance of Aβ, resulting in the 
accumulation of plaques (Gholami, 2023; Hampel et al., 2021). The 
formation of Aβ plaques may be triggered by various factors, including 
overproduction of Aβ, perturbed clearance, aggregation of Aβ proteins, 
which tend to aggregate and form oligomers, which may eventually 
develop into large plaques (Fig. 4) (Abelein, 2023; Azargoonjahromi, 
2024).

2.2.2. Clinical relevance and controversies about the amyloid theory
The amyloid hypothesis suggests that Aβ, in various forms, initiates a 

chain reaction that damages synapses and eventually neurons, resulting 
in the characteristic features of AD, such as Aβ plaques, tau tangles, 
synapse degeneration, and neurodegeneration, which contribute to de
mentia (Nasb et al., 2024; Zhang et al., 2022). It is believed that the 
buildup of Aβ begins the pathological process of AD by disrupting syn
apses, promoting the formation of neurofibrillary tangles, and ulti
mately inducing neuronal loss (Azargoonjahromi, 2024). It is often 

quipped that “the amyloid hypothesis, like certain banks, may have 
become too big to fail”. Concerns about the hypothesis have been raised 
due to factors such as the weak correlation between Aβ deposits and AD, 
significant differences between familial and sporadic forms of the dis
ease, pathological findings suggesting that certain lesions, proteins, and 
cascades are secondary, challenges in replicating soluble species in the 
lab, and the lack of relevance of synaptic assessment for pathological 
interpretation (Wells et al., 2021; J. Zhang et al., 2024). Morris et al., 
outlined the various steps in the current amyloid hypothesis and high
lighted the inconsistencies (Morris et al., 2018).

2.3. Neurodegeneration due to synaptic dysfunction

In healthy neurons, tau is mainly confined to the axons. However, 
during pathological states, tau detaches from its usual position on axonal 
microtubules and shifts to presynaptic and postsynaptic regions 
(Robbins et al., 2021). This mis-localization disrupts normal synaptic 
function by hindering vesicle movement and limiting the release of 
neurotransmitter-filled vesicles at the presynaptic terminal (Bonnycastle 
et al., 2021; Longfield et al., 2024). Tau is also present in various cellular 
structures, including the Golgi apparatus, rough endoplasmic reticulum, 
autophagic vesicles, neuronal plasma membranes, and synapses, where 
it plays a role in protein transport and secretion (Cui et al., 2022). Tau 
can contribute to cellular toxicity by binding to synaptic vesicle pro
teins, which interferes with the release of neurotransmitter-filled vesi
cles at synapses (Chen et al., 2024). Within synapses, tau primarily 
associates with components like actin, microfilaments, the scaffolding 
protein postsynaptic density protein 95 (PSD-95), N-methyl-D-aspartate 
receptors (NMDARs), and the kinase FYN, forming a network that in
fluences synaptic function. In AD, hyperphosphorylated tau accumulates 
within the somatodendritic regions of neurons (Duman et al., 2022). 
This abnormal presence of tau in dendritic spines can disrupt glutamate 
receptor transport, leading to impaired synaptic function. Damage 
caused by tau within the synaptic compartment is a leading factor in 
synaptic loss and has the potential to propagate from one neuron to 
neighboring neurons, affecting widespread areas of the brain (Fig. 4) 
(Rawat et al., 2022).

2.3.1. Destruction of synaptic network
Synaptic degeneration is a key feature of AD, associated with 

cognitive decline. The pathology of AD is driven by the accumulation of 

Fig. 4. Molecular mechanisms and etiological factors involved in the progression and development of Alzheimer’s disease.
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amyloid-β (Aβ) and tau proteins, both of which exhibit direct synapto
toxic effects (Griffiths and Grant, 2023; Rajmohan and Reddy, 2017). 
Soluble oligomeric forms of these proteins disrupt synaptic function and 
propagate through neural circuits, amplifying synaptic dysfunction and 
degeneration (Liu et al., 2024). Aβ induces synaptic damage primarily 
through calcium dysregulation, mitochondrial impairment, and 
disruption of synaptic vesicle recycling (Rajmohan and Reddy, 2017). 
Binding of Aβ to receptors such as NMDARs and metabotropic glutamate 
receptors (mGluR5) facilitates excessive calcium influx, triggering 
signaling pathways that contribute to synapse loss. Tau, typically an 
axonal protein, becomes mis-localized to dendritic compartments in AD, 
where it interacts with synaptic components and disrupts the stability of 
microtubules (Sinsky et al., 2021). This interaction leads to the loss of 
synaptic vesicle pools and impaired neurotransmission. The 
mis-localization and hyperphosphorylation of tau are critical to the 
breakdown of synaptic architecture, further exacerbating cognitive 
deficits (Wu et al., 2021). Glial cells, particularly microglia and astro
cytes, play an active role in synaptic degeneration (Griffiths and Grant, 
2023). Microglia, in response to Aβ plaques, are often driven to a reac
tive state in which they engage in phagocytosis of synapses (Miao et al., 
2023). This process is mediated by the complement system, where 
synapses tagged by complement proteins such as C1q and C3 are tar
geted for elimination (Gomez-Arboledas et al., 2021). Although this 
system is protective under normal circumstances, in the context of AD, it 
becomes misregulated, leading to the loss of functional synapses 
(Nimmo et al., 2024). Astrocytes, too, contribute to this process by 
engulfing synaptic elements and participating in the maintenance of a 
reactive inflammatory environment, further driving synaptic degener
ation (Fig. 4).

2.3.2. Effect of neuronal degeneration on mental functions
In AD, neuronal degeneration primarily disrupts memory and 

cognitive processes due to the progressive loss of neurons and synaptic 
connections, particularly in the hippocampus and cortex (Rao et al., 
2022). This degeneration leads to impaired communication between 
brain regions, manifesting as deficits in short-term memory, language 
skills, and executive functions like decision-making and problem-solving 
(Cipriani et al., 2020). Age-related factors, including oxidative stress and 
chronic inflammation, contribute to the aggregation of toxic proteins, 
leading to synaptic dysfunction and subsequent neuronal death (Dash 
et al., 2024). These processes collectively disrupt neural circuits, exac
erbating cognitive decline and affecting daily activities, such as plan
ning, organizing, and recalling information. It has been observed that 
direct infusion of homocysteine into substantia nigra or striatum 
accelerated neuronal degeneration and motor dysfunction (Kim et al., 
2022). Homocysteine endangers hippocampal neurons by increasing 
their vulnerability to excitotoxic and oxidative injury (Bhattacharjee 
et al., 2016). Early-stage AD may present as subtle memory lapses, but as 
neuronal degeneration advances, patients experience significant diffi
culties with spatial orientation, language, and complex tasks. This pro
gressive impairment underscores the need for early intervention to slow 
the decline in cognitive functions and maintain quality of life for as long 
as possible.

2.4. Genetic and Environmental Aspects

AD is influenced by a complex interaction between several genetic 
and environmental factors. Genetic variants, lifestyle factors, diet, 
smoking, physical activity, and epigenetic mechanisms are implicated in 
the development and progression of this disease (Athanasopoulos et al., 
2016). Several studies have verified that aging is the strongest risk factor 
in the development of AD, and its occurrence increases with age, espe
cially in patients over 65–70 years of age (Tsalenchuk et al., 2023). Over 
the years, more than 80 genetic areas associated with AD have been 
identified. Understanding their role may prove to be instrumental in 
identifying and developing newer methods to prevent or treat AD 

related dementia (Van Cauwenberghe et al., 2016).
The apolipoprotein E (APOE) gene increases the risk of AD. It helps 

transport cholesterol and other lipids in the bloodstream and also aids in 
repairing injuries in the brain. In humans, the APOE gene exists in the 
form of three polymorphic alleles (i.e., ε2, ε3, and ε4) (Liu et al., 2013). 
The prevalence of the ε2 allele is the lowest (8.4 %), followed by ε4 
(13.7 %) and ε3 (77.9 %). Individuals possessing the APOE ε2 allele may 
not develop the disease (Mick et al., 2024). The chances of developing 
AD earlier in life in individuals possessing this allele are lower than 
those possessing the APOE ε4 gene (DiBattista et al., 2016). The majority 
of the population possesses APOE ε3 allele, which has no discernible 
effect on AD. However, APOE ε4 increases the risk for AD, with 
approximately 40 % of the patients with AD showing the presence of this 
gene, implicating its role in the disease. Roughly 2–5 % of the people 
possessing this allele carry two copies (Pires and Rego, 2023). Carrying 
two copies of APOE ε4 has been linked to a higher risk of AD. However, 
some people carrying the APOE ε4 allele may never develop the disease 
ε3. Approximately 95 % of clinical cases of AD are those of late onset AD 
(LOAD) which affects people over 65 years of age (Yamazaki et al., 
2016). Although the mutations in the APOE gene are one of the major 
risk factors, there is no conclusive explanation for the LOAD 
pathogenesis.

Interestingly, ~33 % of the AD cases indicate that low educational 
status, lack of cognitive activity, and comorbidities such as diabetes 
mellitus, depression, hypertension and obesity are major risk factors 
that may contribute to the development of AD (Raulin et al., 2022; 
Santos et al., 2017). It has been noted that risk factors such as diet, 
lifestyle, alcohol, smoking, and pollutants can result in epigenetic 
modifications of key genes and pathways linked to AD. Elevated levels of 
homocysteine in the body may significantly increase the risk of AD 
(Athanasopoulos et al., 2016; Liu et al., 2022). Folic acid and vitamin B6 
and B12 supplementation have shown to decrease the blood levels of 
homocysteine (Fig. 4) (Olaso-Gonzalez et al., 2022). A mentally and 
physically active lifestyle may facilitate neurogenesis, thereby providing 
some protection against developing neurodegenerative disorders.

2.4.1. Influence of Different Genes such as PSEN1, PSEN2, and APOE
Although majority of AD cases are LOAD, several patients develop a 

disease phenotype when they are younger. Manifestation of the disease 
below the age of 65 is referred to as early-onset AD (EOAD) and repre
sents 1–5 % of the cases. Although most EOAD patients present with 
disease phenotypes after 40 years of age, earlier onset in the 20 s has also 
been documented (Mendez, 2019; Reitz et al., 2020). EOAD is generally 
inherited in an autosomal dominant pattern, but in some instances, it 
can also follow an autosomal recessive inheritance pattern. Three 
causative genes have been associated with autosomal dominant familial 
AD, viz., amyloid precursor protein (APP) on chromosome 21, 
presenilin-1 (PSEN1) on chromosome 14, and presenilin-2 (PSEN2) on 
chromosome 1 and 1 genetic risk factor (APOEε4 allele). Modifications 
to these genes result in the production of abnormal proteins associated 
with AD (Bekris et al., 2010; Hoogmartens et al., 2021). The occurrence 
of these mutations is rare with ~ 1 % of the cases carrying APP muta
tions, ~ 6 % carrying PSEN1 mutations, and < 1 % carrying PSEN2 
mutations. PSEN1 mutations have been identified as the most common 
causative factor for EOAD, where the disease progresses rapidly. 
Currently, over 300 mutations have been identified in PSEN1 (Bonvicini 
et al., 2019; Lanoiselée et al., 2017).

2.5. Neuroinflammation

Neuroinflammation is a key pathological feature in AD, primarily 
triggered by the accumulation of toxic proteins like amyloid-β (Aβ) and 
tau (Y. Zhang et al., 2023). In AD, these proteins form plaques and 
tangles, which activate the brain’s immune cells—especially microglia 
and astrocytes. In response to Aβ and tau, microglia, the central nervous 
system’s primary immune cells, adopt a pro-inflammatory M1 
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phenotype and release cytokines such as IL-1β, TNF-α, and IL-6, causing 
neuronal damage and advancing disease progression (Fakhoury, 2018; 
Gao et al., 2023). Initially meant to protect the brain, this inflammatory 
state becomes chronic, creating a harmful cycle that further intensifies 
neuroinflammation. Astrocytes, another crucial cell type in the CNS, 
also become reactive in AD (Gao et al., 2023). They respond to inflam
mation by hypertrophying and upregulating glial fibrillary acidic pro
tein (GFAP), and in their reactive state, they disrupt blood-brain barrier 
integrity (Bhatt et al., 2024). This dysfunction allows peripheral im
mune cells to infiltrate the brain, worsening neuroinflammation and 
contributing to neurodegeneration. Astrocytes in AD are often found in 
an atrophic state, especially in brain regions such as the entorhinal 
cortex, which impairs their ability to support synapses and maintain 
glutamate balance, both essential for cognitive function (D’Egidio et al., 
2024; Gao et al., 2023). Further amplifying this inflammatory cascade is 
the NLRP3 inflammasome, an innate immune protein complex activated 
by Aβ. Once activated, the NLRP3 inflammasome triggers the release of 
additional pro-inflammatory cytokines, further aggravating tau pathol
ogy and neurodegeneration in AD (Feng et al., 2021). Chronic neuro
inflammation not only affects neurons but also impacts 
oligodendrocytes, leading to myelin disruption and cognitive deficits, 
making it a crucial target for therapeutic strategies aimed at mitigating 
the inflammatory damage without compromising the brain’s defense 
mechanisms (Fig. 4) (W. Zhang et al., 2023).

2.5.1. Impact of Activated Microglia and Astrocytes in AD Advancement
Glial cells are non-neuronal cells in the central and peripheral ner

vous systems that offer support and protection to neurons. Astrocytes are 
star-shaped glial cells that play a crucial role in supporting neurons by 
maintaining the blood-brain barrier, regulating blood flow, providing 
nutrients, and aiding in brain repair and immune responses (Gadhave 
et al., 2024b; Gradisnik and Velnar, 2023). During the progression of 
AD, activated resident microglia enhance the ability of resting astrocytes 
to transform into reactive astrocytes, which in turn accelerates neuro
degeneration. Reactive astrocytes can disrupt the integrity of the 
blood-brain barrier, allowing harmful substances to enter the brain, 
further worsening the inflammatory response (Deng et al., 2024; Gao 
et al., 2023). They can disrupt synaptic plasticity and function, 
impairing neuronal communication and contributing to cognitive 
decline (Chowen and Garcia-Segura, 2020). The activation of microglia 
can further stimulate astrocyte activation, creating a vicious cycle that 
perpetuates neuroinflammation (Fig. 4) (Cornell et al., 2021).

Alzheimer’s disease is characterized by the buildup of hyper
phosphorylated tau that forms amyloid-beta plaques and neurofibrillary 
tangles, which causes synaptic dysfunction, neuronal degeneration, and 
cognitive decline. The disease is influenced by environmental and ge
netic factors (APOE, PSEN1/2, APP), as well as chronic neuro
inflammation that is fueled by activated microglia and astrocytes.

3. Existing Therapies for AD

3.1. Symptomatic Therapies

Alzheimer’s disease is a neurological disorder that worsens over 
time, comprises functional impairments, the decline in cognition, and an 
increased risk of neuropsychiatric symptoms. Neuroinflammation, 
epigenetic modifications, vascular anomalies and synaptic disorder 
coexist with these alterations (Cornell et al., 2021). This can lead to 
neuron degeneration in neurotransmitter systems. Alzheimer’s disease 
(AD) disease modifying approaches are still in need of substantial 
investigation. The therapeutic monitoring of AD can be primarily cate
gorized into disease-modifying therapies and symptomatic treatments 
(Passeri et al., 2022; Yang et al., 2023). All existing approved therapies 
for AD are symptomatic agents intended to improve behavioral and 
cognitive symptoms without altering the underlying progressive illness. 
At present, most of the AD treatment strategies emphasize symptomatic 

therapies, comprising N-methyl-D-aspartate (NMDA) receptor agonist, 
in addition to three inhibitors of cholinesterase, which are intended to 
enhance cognitive function and counteract neurotransmitter disorders 
(Passeri et al., 2022). These therapies aim to reduce neuropsychiatric 
disorders while providing modest improvement in overall behavior and 
mental functioning.

3.1.1. Acetylcholinesterase Inhibitors
Acetylcholinesterase inhibitors (AChEIs) play a crucial role in pro

hibiting the acetylcholinesterase from functioning, which initiates a 
breakdown of ACh in the synaptic cleft. These AChEIs alleviate cholin
ergic transmission by inhibiting ACh breakdown to compensate for the 
deficit of cholinergic neurons which helps in improving the thought 
processes and cognitive decline in patients with Alzheimer’s disease 
(AD) (Chen et al., 2022; Motebennur et al., 2023). Also, it improves the 
inadequate cholinergic neurotransmission in the brain. Furthermore, 
AChEIs might also interact with amyloid-beta, to promote the peptide’s 
deposition into insoluble plaques, which makes AChEIs inhibitors act as 
a disease-modifying agent (Chen et al., 2022). AChEIs agents can be 
categorized as reversible, irreversible, and pseudo-irreversible depend
ing on how much the enzyme is inhibited (Čolović et al., 2013; Lenina 
et al., 2020).

3.1.1.1. Mechanism of Acetylcholinesterase Inhibitors in AD. AChEIs ad
dresses a particular feature of AD, the deletion of presynaptic cholin
ergic neurons in the cortex and amygdala, yet maintaining postsynaptic 
neurons in the same regions. Due to this preservation, AChEIs can in
crease cholinergic activity in the brain, which significantly promotes 
cognitive abilities such as memory and learning. And the key element of 
this process is the nucleus basalis of Meynert, which transmits cholin
ergic input to vital regions of brain (Chen et al., 2022; Teralı et al., 
2024).

3.1.1.2. Donepezil. Donepezil is a selective, reversible, less competitive 
AChEIs. Donepezil is authorized to treat modest to serious AD (Table 1). 
This drug is approved for every phase of AD (Rogers et al., 1998). 
Donepezil crosses the blood-brain barrier, improves cognitive function 
by enhancing acetylcholine levels in the brain (Marucci et al., 2021; 
Ongnok et al., 2021). It has high selectivity for acetylcholinesterase 
against butyrylcholinesterase, decreasing the peripheral side effects. 
This drug has a widely recognized pharmacology in terms of absorption, 
metabolism and drug elimination (Čolović et al., 2013; Liston et al., 
2004). It has a long half-life of seventy hours, making it a once-daily 
dosage and after 3 months of administration, the drug’s plasma con
centration stabilizes and stays at that level over time (Correll et al., 
2021). In two independent 6 months trials enrolling 473 patients and 
818 individuals diagnosed with moderate to serious AD, donepezil 
administered at 5 and 10 mg/day showed a slight enhancement in 
cognition and functioning parameters (Tamargo et al., 2015). Four 
clinical investigations comprising 599 participants (218 on donepezil 
and 318 on placebo). In this study, donepezil did not significantly lower 
hippocampus diminution in individuals with mild cognitive impairment 
(MCI) with respect to placebo (P > 0.05) (Rogers et al., 1998). Despite 
this, there was a substantially lowered hippocampus shrinkage in in
dividuals with Alzheimer’s disease at twenty-four to fifty weeks 
(P < 0.001), even though there was no discernible enhancement in 
neuropsychological function (Cummings, 2019). The clinical effective
ness of donepezil studies showed that individuals who received treat
ment exhibited statistically significant improvement on standardized 
cognitive scales like the Mini-Mental State Examination (MMSE) and 
Alzheimer’s Disease Assessment Scale-Cognitive Subscale (ADAS-Cog) 
(La Joie et al., 2013; Levine et al., 2021). The common side effects 
involve nausea, diarrhea, bradycardia, muscle cramps due to peripheral 
cholinergic effects and elevated cholinergic activation.
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3.1.1.3. Rivastigmine. Rivastigmine is a noncompetitive, carmate 
cholinesterase and pseudo-irreversible suppressor of both acetylcholin
esterase and butyrylcholinesterase (Jann, 2000). It is a synthetic 
physostigmine based derivative and approved by FDA in 1997 as an 
anticholinesterase inhibitor in AD management (Eskander et al., 2005). 
It has other multiple benefits such as inhibition of amyloid-beta aggre
gation, reactive oxygen species (ROS) scavenging activity (Table 1). The 
marketed formulation is available in oral and transdermal form (Singh 
et al., 2024). Rivastigmine is approved to treat moderate to serious AD. 
Rivastigmine has a shorter plasma half-life compared to donepezil, but it 
showed prolonged inhibition due to the formation of a covalent bond 
with the enzyme (Bullock et al., 2005). Rivastigmine has a favorable 
propensity to inhibit the G1 isoform of AChE enzyme than G4 form 
(Onor et al., 2007). Rivastigmine possesses an excellent blood-brain 
barrier penetration and is metabolized via cholinesterase-mediated hy
drolysis and is eliminated through the kidneys. The transdermal patch 
formulation enhanced steady drug delivery (Kandiah et al., 2017). The 
oral formulation of the drug gets rapidly absorbed, about ninety percent 
of the total administered dose (Hossain et al., 2002). It’s time to peak 
concentration varies from 0.8 to 167 hours. The oral dose of 
6–12 mg/day twice daily showed improvement in the MMSE scale and 
cognitive ability.

3.1.2. NMDA Receptor Inhibitors
In the brain, glutamate is an integral excitatory neurotransmitter. N- 

methyl-D-aspartate is one of the receptors which is activated by gluta
mate, and it is essential for functions including memory and learning 
(Zhou and Danbolt, 2014). Over-activation of NMDARs is proven to 
cause injury to neurons, which can lead to both acute and long-term 
disorders of the nervous system, such as Alzheimer’s dementia (Liu 
et al., 2019; Zhang et al., 2016). Memantine is an NMDA receptor in
hibitor that is approved for mild to severe AD (Table 1). It modifies the 
glutamatergic neurotransmission by suppressing excessive NMDA re
ceptor activity, which has been observed to be associated with impair
ment in cognition and neurotoxicity (Olivares et al., 2012; Parsons et al., 
2007). In brain cells, the NMDAR functions as a gate that facilitates 
specific charged molecules. Magnesium typically blocks this gate and 
prevents the charged molecules from passing through. The magnesium 
leaves the brain when it is activated, unlocking the gate and permitting 
calcium to enter to promote the effective functioning of the brain cells 
(Iacobucci and Popescu, 2024; Zhang et al., 2016). This gate becomes 
hyperactive and remains open for an extended period in Alzheimer’s 
disease. Memantine works mainly by closing the gate and protecting the 
brain from becoming saturated. Memantine is a non-competitive 
antagonist that binds to NMDA receptor-associated ion channels, 

which limits excessive calcium influx while maintaining regular syn
aptic activity without any detrimental impact on physiological neuro
transmission. This inhibition might shield neurons from excitotoxicity 
(Pichardo-Rojas et al., 2023; Tang et al., 2023). Knight, R. et al., showed 
that memantine and other Cholinesterase Inhibitors (ChEIs) improve 
cholinergic signaling and help Alzheimer’s patients with their acetyl
choline imbalance (Knight et al., 2018). The assessments of the 
Mini-mental state examination (MMSE) for ChEIs over a six-month 
period were shown to be more favorable than memantine, reported in 
a study that compiled data from eighty trials. Also, demonstrated to be 
effective are memantine and ChEIs. Yaghmaei, et al., showed that 
administration of memantine and donepezil in combination therapy 
may substantially improve the 5-year survival rate of Alzheimer’s pa
tients (Yaghmaei et al., 2024). The study showed that the outcomes are 
reliable and unlikely to be affected by any unmeasured confounded 
variable.

3.1.3. Limitations of Existing Therapies
Even though symptomatic therapies are widely used, they have an 

insignificant overall effect on the progression of the disease. Usually, the 
advantages are marginal and short term, and most patients eventually 
continue to degrade cognitively (Baryakova et al., 2023; Preethy H et al., 
2024). Blood-brain-barrier can be a limitation for drug delivery. The 
underlying neuropathological effects of AD, such as Tau pathology and 
Aβ deposition, are not addressed by current therapeutics. Individual 
differences in effectiveness can be attributed to hereditary factors, 
gender, disease level, metabolic disorders, dyslipidemia and multiple 
medical conditions (Maggiore et al., 2024). All existing therapies only 
provide short-term symptom stabilization, and as the disease progresses, 
their effectiveness usually diminishes (Chen and Zhong, 2013). In 
addition to this, cholinesterase inhibitors have various adverse effects 
involving diarrhea, vomiting, nausea, and gastrointestinal adverse 
effects.

3.2. Challenges in AD Therapeutic Development

3.2.1. Issues with Clinical Trial Strategies
The absence of effective therapies, such as medications that can 

prevent the development of Alzheimer’s disease, is still unknown, 
although a comprehensive investigation is underway. New curative 
strategies are urgently required since the majority of treatments only 
manage the symptoms without influencing the disease condition (Arafah 
et al., 2023). The lack of early diagnosis biomarkers prohibits timely 
intervention and effective treatment (Passeri et al., 2022). The neuro
logical inflammation and metabolic syndrome such as insulin resistance 

Table 1 
Symptomatic therapies for Alzheimer’s disease.

Therapeutic 
class

Drugs 
available

Selectivity Indication Dosage forms available Clinical efficacy References

Acetylcholi- 
nesterase 
inhibitor 
(AChEIs)

Rivastigmine AChEI, 
Butyrylcholinesterase 
(BuChE)

For mild to moderate AD. 
Enhanced cognitive benefit 
and improved 
gastrointestinal tolerability

Patches (4.6–9.5 mg) and 
Capsule (6 mg, 12 mg)

Shown to be effective in 
maintaining cognitive stability for 
a long duration

(Li et al., 
2019)

Donepezil AChEI All stages of AD. 
(mild, moderate, severe 
improvement in cognitive 
activities).

Tablet 
(5–10 mg)

Donepezil showed an improvement 
of 1–3 points on the ADAS-Cog 
scale in comparison to placebo.

(Li et al., 
2019)

Galantamine AChEI and nicotine 
receptor modulator

Treatment of mild to 
moderate AD

Tablet 
(12–24 mg)

The short-term efficacy improved 
the cognitive score by 
approximately 1.5–3 points 
compared to placebo, and the long- 
term efficacy was up to 36 months.

(Jiang et al., 
2015)

NMDA receptor 
antagonist

Memantine NMDA antagonist Modest improvement in 
cognition and behavior in 
moderate to severe AD.

Extended-release 
capsule (7,14,21,28 mg), 
Tablet (5–10 mg) and 
Oral solution 
(2 mg/mL)

Demonstrated improvement on the 
Mini-Mental State Examination 
(MMSE) and Severe Impairment 
Battery (SIB) scales.

(Dou et al., 
2018)
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and reduced glucose metabolism are intricately associated with Alz
heimer’s disease. This connection elevates the possibility of therapeutic 
outcomes, but it also increases the complexity in recognizing the effec
tive treatment (Jha et al., 2017). Additionally, the limited efficacy of 
available drugs such as NMDA antagonists and acetylcholinesterase in
hibitors essentially controls symptoms without changing the disease 
development which ultimately affects the efficacy of disease modifying 
treatment (Chvojkova et al., 2024; Singh et al., 2024). Alzheimer’s 
disease progresses slowly, and the clinical trials are time-consuming and 
expensive, and the treatments that are promising in the initial phase of 
the disease may not be effective later, which makes the approval more 
challenging (Boxer and Sperling, 2023).

3.2.2. Safety Issues of Amyloid-targeting Therapies
Amyloid-beta plaque buildup, along with Tau protein excessive 

phosphorylation, results in synaptic impairments, tangled neurofibril
lary cells, neurological inflammation, and an increase in oxidative stress, 
which are contributing factors for the pathogenesis of Alzheimer’s dis
ease (Roy et al., 2023). Treatments that focus on amyloid- beta plaques 
are lacking in demonstrating therapeutic efficacy. Amyloid-Related 
Imaging Abnormalities (ARIA), which demonstrate oedema (ARIA-E) 
and hemorrhage (ARIA-H), are being clinically linked to 
amyloid-targeting treatments, more particularly monoclonal antibodies 
(Cummings et al., 2024; Hampel et al., 2023). The outcome, which can 
be seen on neuroimaging, is related to targeted brain oedema and he
mosiderin deposition. Patients receiving amyloid targeting treatments 
risk developing Amyloid-Related Imaging Abnormalities (Sin et al., 
2023; Sperling et al., 2011). There are various adverse effects including 
nausea, headache and seizures. Synaptic dysfunctioning and neurotox
icity get brought by soluble amyloid oligomers causes. Oligomers am
yloids are highly toxic, and trigger synaptic damage although the target 
is amyloid plaques (Sengupta and Kayed, 2022; Tolar et al., 2021). 
These results in dementia and synapse damage. The blood-brain bar
rier’s (BBB) functionality may be compromised by removal of amyloid 
plaques, exposing cerebral arteries more prone to damage. There has 
been tremendous variation in the safety profile and effectiveness of 
amyloid-targeting medicines comparing preclinical investigations and 
human clinical trials, as the underlying cause of Alzheimer’s disease in 
humans is frequently not mimicked in animal models (Y. Chen et al., 
2023; Zenaro et al., 2017).

3.2.3. Dissimilarities Within the Preclinical Success and Clinical 
Significance

The challenge of effectively stimulating human Alzheimer’s disease 
pathogenesis in animal studies is a significant barrier (Kamatham et al., 
2024a). There are some complexity factors such as human cognition, 
fluctuating mood and the progression of disease, that is not entirely 
represented by animal models, even if transgenic mice are specifically 
used for studying the mechanism of disease (Puzzo et al., 2014; Usai 
et al., 2023). Due to this, the treatments that first showed promise in 
preclinical phases result in a substantial failure rate in clinical trials. The 
translation of preclinical to clinical remains challenging. Understanding 
the long-term consequences of possible treatments is challenging due to 
the fact that the majority of preclinical investigations are cross-sectional 
in contrast to longitudinal (Segovia-Zafra et al., 2021; Seyhan, 2019). 
For assessing how early-life factors, response to certain chemicals or 
environmental triggers, may have an impact on Alzheimer’s disease 
progression. According to epigenetic research, initial exposure can have 
major influence on the pathophysiology of Alzheimer’s disease later in 
life, which emphasizes the importance of longitudinal data (Sharma 
et al., 2020). Many aggravating factors, involving the genetic heritage of 
animal models, ecological circumstances, augment translational chal
lenges in preclinical research (Loewa et al., 2023). It can be challenging 
to investigate whether the obtained results are attributable to the 
treatment or other independent variables because those factors tend to 
greatly affect the findings (Jankovic et al., 2021; Reed et al., 2021). For 

animal research to produce accurate interpretable results, monitored 
and standardized procedures are required (Drummond and Wisniewski, 
2017; Harper, 2010). Majority of animal models created for Alzheimer’s 
disease rely on factors such as neurotoxin-induced cell death, genetic 
modification and severe brain injury (Cetin et al., 2022). Even though 
these models mimic some aspects of the disease, they frequently fall 
short of precisely predicting clinical efficacy in humans (Vitek et al., 
2021). It is widely acknowledged that these animal studies’ in
adequacies create a major hurdle in obtaining confident clinical results.

Most current therapeutic approaches for Alzheimer’s disease (AD) 
focus on symptomatic treatments, such as cholinesterase inhibitors and 
NMDA receptor antagonists, which provide some cognitive benefits 
without changing the course of the disease. Translational gaps, safety 
concerns, especially with amyloid-targeting agents, and limitations in 
preclinical model validity continue to hinder disease-modifying 
approaches.

4. Future Trends in Advanced Therapeutic Approaches

The severity of Alzheimer’s disease (AD) and its economic burden 
can be understood through the number of cases, which stood at 6.5 
million in 2022 and is predicted to reach 13.8 million by 2060. AD is the 
fifth leading cause of death in the United States and the sixth leading 
cause globally (Hassan et al., 2022). In the year 2016, the caregiving 
cost per patient was USD 28,017 in the United States (Nandi et al., 
2024), which is on the rise with the severity of the disease. Advanced 
drug delivery systems—although costly—are known to reduce 
long-term therapy costs, which could provide a significant advantage to 
the families of the patients suffering from AD. There are a handful of 
strategies available for brain targeting; these are increasing lipophilicity 
of molecules, intranasal administration, and Blood-brain-barrier (BBB) 
disruption with the help of an osmotic agent or by using a stimulus, and 
temporary alteration of permeability of BBB by using suitable surfac
tants (Gadhave et al., 2024d). However, these strategies are associated 
with some or other major drawbacks (Wu et al., 2023). On the other 
hand, nanotechnology holds the promise in delivering both small and 
large molecules to target sites while minimizing the potential for 
off-target drug accumulation(Bashir et al., 2025) (Fig. 5). The nano
formulations that has been explored for targeting in AD can be catego
rized as follows: lipid-based preparations, including liposomes and solid 
lipid nanoparticles; polymeric nanoparticles; metal nanoparticles; and 
dendrimers (Agraharam et al., 2022).

4.1. Nanotechnology in Alzheimer’s Treatment

AD is a neurodegenerative disorder characterized by the aggregation 
of amyloid β peptide (Aβ) in the extracellular space of nerve cells, 
leading to the formation of senile plaques. Within the intracellular space 
of neurons, neurofibrillary tangles composed of hyperphosphorylated 
τ-protein develop. These neuropathological processes occur in the 
cortical and limbic regions of the human brain (Se Thoe et al., 2021). 
Conventional treatment for AD includes cholinesterase inhibitors and 
N-methyl-D-Aspartate receptor antagonists, which is approved by the US 
FDA. While this modality does not address the root cause of AD, it can 
enhance cognitive function in patients. Conversely, gene therapy and 
monoclonal antibodies (mAbs) have shown promising improvements in 
therapeutic outcomes. Additionally, nanoparticles are emerging as key 
delivery carriers for these therapeutic agents (Se Thoe et al., 2021). 
Various drug-targeting strategies for the brain that have been reported 
are aimed at pathological processes, such as amyloid generation or 
deposition, as well as τ-protein accumulation, or hyper-phosphorylation 
(Ordóñez-Gutiérrez and Wandosell, 2020), and are depicted in Fig. 5.

4.1.1. Nanoparticle-based drug delivery as a potential formulation 
approach to by-pass the BBB

Nanoparticles are useful carriers, especially for drug targeting to the 
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brain, owing to their small size, typically in the range of 1–100 nm, and 
the possibility for surface modification and subsequent multi- 
functionalization (Gadhave et al., 2023b; Gadhave et al., 2019). Sur
face charge on the nanoparticles is a critical aspect from the viewpoint of 
safety and cytotoxicity (Gadhave et al., 2024a). It has been shown that 
cationic nanoparticles can induce toxicity in BBB; therefore, neutral or 
negative surface charge is essential for drug delivery to the brain 
(Wechsler et al., 2019). Ensuring adequate drug bioavailability in the 
brain is a primary challenge for the effective treatment of AD 
(Ordóñez-Gutiérrez and Wandosell, 2020). To address this issue, various 
nanotechnology-based approaches have been developed for targeted 
delivery to the brain. These approaches include:

4.1.1.1. Nanoliposomes. Larger nanoparticles encounter challenges 
when attempting to cross the BBB. However, it has been demonstrated 
that smaller nanoparticles, in the 50–100 nm range, can pass through 
the BBB without requiring any modifications. Nanoliposomes are ad
vantageous for drug targeting to the brain due to their flexibility, which 
enables them to cross the blood-brain barrier (BBB) efficiently, as well as 
their biocompatibility and ability to protect the encapsulated drug cargo 
during transit to the desired site (Naziris and Demetzos, 2021). The 

micro ribonucleic acid (miRNA) is capable of controlling the expression 
of multiple proteins and targeting the genes, which are specific to the 
disease. Recently, in one of the research works, small-sized (< 200 nm) 
nanoliposomes have been developed for the delivery of a miRNA-195 
and polyethyleneimine complex. The complex was surface modified to 
contain P-aminophenyl-alpha-d-mannopyranoside and a cationic-cell 
penetrating peptide derived from human immunodeficiency virus-1 
(HIV-1) transcription activator. The liposomes were found to cross the 
BBB and cell membrane efficiently and attenuated signals of Aβ, 
Anti-Paired Helical Filament Tau (AT8), and Cluster of Differentiation 
68 (CD68) in a mice model in early as well as advanced stages of the 
disease (Su et al., 2024). Similarly, another study reported 
surface-modified liposomes with Apolipoprotein (ApoE) for enhanced 
delivery of resveratrol and salidroside, which have shown promising 
therapeutic effects in AD, as evident by several clinical trials. These 
molecules have limited clinical applications in AD due to their poor 
aqueous solubility, low selectivity for targets, and insufficient perme
ability across BBB. The liposomal formulation concealed the drawbacks 
associated with the molecules and demonstrated their utility in allevi
ating pathological symptoms of AD (M.-H. Chen et al., 2023). Liposomes 
have been explored as bio-membrane models to elucidate the 

Fig. 5. The illustration depicts the pathology of AD. The amyloid precursor protein (APP) undergoes cleavage by β-secretase, producing Aβ through the "amyloi
dogenic" pathway. The resulting Aβ42 is more toxic than the Aβ produced via the "non-amyloidogenic" pathway. Aβ42 aggregation results in the formation of plaques. 
The deposition of Aβ around microglia and astrocytes induces inflammation, which contributes to synaptic injury. Additionally, oxidative stress and τ-protein tangles 
further exacerbate neuronal damage. Nanotechnology has shown significant promise in the diagnosis and treatment of AD, with various types of nanoparticles 
capable of efficiently crossing the BBB to deliver therapeutic effects.
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mechanisms by which Aβ interacts with them and becomes neurotoxic 
(M.-H. Chen et al., 2023). The major drawback associated with lipo
somes is their poor stability and recognition by the reticuloendothelial 
system (RES), which reduces their circulation time. The former can be 
addressed by using membrane stabilizers like cholesterol, while the 
latter can be addressed by applying a coating of polyethylene glycol 
(PEG) (Agrawal et al., 2021a). There are other strategies, such as 
transferrin conjugation, lactoferrin conjugation, glucose modification, 
and glutathione modification have been reported for the brain targeting 
in AD (Agrawal et al., 2017).

4.1.1.2. Exosomes. Exosomes are heterogeneous extracellular bi- 
layered vesicles produced by nearly all cell types in response to 
different physiological and pathological conditions. Among the other 
two extracellular vesicles, microvesicles and apoptotic bodies, exosomes 
are the smallest, with an average diameter ranging from 30 to 150 nm 
(X. Zhang et al., 2023). Due to their indigenous nature, exosomes can be 
engulfed by other cells and therefore can elicit a desired therapeutic 
response (Chavda et al., 2023). Exosomes have been reported to play 
vital role in the pathogenesis of AD by spreading Aβ and phosphorylated 
τ-protein between neurons. On the other hand, due to their ability to 
communicate between cells and the availability of protein markers on 
their surface they can potentially be explored for drug targeting as drug 
delivery vesicles. There are also evidences suggesting the presence of 
transferrin and insulin receptors on exosomes, which facilitates their 
uptake through BBB (Kandimalla et al., 2023). Qi Y. et al. reported 
quercetin-containing plasma exosomes for delivery to the brain, as 
quercetin is a potential molecule for the treatment of AD, but its ther
apeutic effect is limited by poor aqueous solubility. It acts by preventing 
τ protein-related pathological incidents and providing neuroprotection. 
The quercetin-containing exosomes were found to be effective for brain 
targeting ameliorating cognitive dysfunction in a mouse model 
compared to its free form (Qi et al., 2020). One of the pathological 
pathways in AD is characterized by the overexpression of amyloid-β 
precursor protein (APP). This overexpression results in the binding of 
the APP intracellular domain (AICD) to the Fe65 protein through the 
C-terminal Fe65-phosphotyrosine-binding (PTB2) domain, following 
proteolytic breakdown of APP by β-secretase and γ-secretase. Conse
quently, this process leads to the excessive release of amyloid-β, a 
mediator in the well-established pathogenesis of AD. Considering the 
importance of this interaction, and the role of Fe65 in long-term memory 
formation and the treatment of AD, exosomes derived from hippocam
pus neurons, loaded with Corynoxine-B- an autophagy inducer, targeted 
at APP overexpressing neuron cells, were developed. Exosomes were 
engineered with Fe65, which stopped the interaction between Fe65 and 
APP and brought about autophagy in APP-expressing neuronal cells 
(Iyaswamy et al., 2023).

4.1.1.3. Polymeric Nanoparticles. Due to their small size, polymeric 
nanoparticles can effectively cross the blood-brain barrier. They offer 
better stability compared to liposomes, but they fall short in terms of 
toxicity. Various types of nano drug delivery systems prepared by using 
polymers have been designed for drug targeting to the brain in AD and 
are discussed below. 

1. Dendrimers 
Dendrimers can cross biological membranes such as the BBB 

because of their small size, while their surface functionalization as
sists in targeted drug delivery. A drug molecule can interact with a 
dendrimer molecule via three main mechanisms: encapsulation, 
electrostatic interaction, and conjugation (Dubey et al., 2020). The 
structure of dendrimers comprises a core and branching units, 
leading to various types, including polyamidoamine (PAMAM), 
phosphodendrimers, polypropylene-imine, carbosilane, 
poly-L-lysine, and triazine (Igartúa et al., 2020). Among these, 

PAMAM is highly explored because it features primary amine func
tionality in its cationic dendrimers and carboxylic acid functionality 
in its anionic dendrimers, which facilitates the conjugation of various 
moieties with them. Memantine is an N-methyl-D-aspartate (NMDA) 
receptor antagonist approved by the US-FDA for the management of 
moderate to severe AD. It works by preventing Aβ1–40 development, 
but has limitations due to daily administration in the form of patient 
non-compliance. In an attempt to increase its concentration in the 
brain, memantine was conjugated with lower generation PAMAM, 
which was further decorated with lactoferrin as a targeting moiety. 
The nanoscaffolds exhibited significant uptake in the brain in an 
animal model in addition to sustained release for 48 hours (Gothwal 
et al., 2019). In contrast, it was observed that, the strategies focusing 
only on inhibition of Aβ aggregation did not prove to be effective in 
patients with advanced stage of AD. Therefore, synergistic approach 
that brings about neuroprotection and ameliorates oxidative stress 
could be a more effective therapeutic modality for correcting path
ological brain microenvironment. Microglia and astrocytes are the 
immune cells of the central nervous system (CNS); control over the 
mitophagy of microglia is a potential treatment option for AD. To tap 
this therapeutic option, Zhong. et al., reported Prussian 
blue/PAMAM/Angiopep-2 dendrimers; apart from good BBB 
permeability, dendrimers exhibited their effect through reactive 
oxygen species (ROS) scavenging, which restored the mitochondrial 
functions of microglial cells. In addition, dendrimers lowered the 
accumulation of Aβ aggregates and improved cognitive ability in the 
amyloid precursor protein and presenilin 1 (APP/PS-1) mouse model 
(Zhong et al., 2022). Other than therapeutic applications, den
drimers have also been explored to understand the pathology of AD 
(Zhong et al., 2022).

2. Core-shell, and Matrix Type Polymeric Nanoparticles 
These types of nanoparticles are prepared using synthetic or nat

ural biodegradable polymers. Examples of synthetic polymers 
include poly ε- caprolactone (PCL), poly- (lactic-co-glycolic acid) 
(PLGA), and poly-(lactic acid) (PLA), among others (Sugandhi and 
Mahajan, 2022; Thapa et al., 2024). On the other hand, natural 
polymers used are- sodium alginate, chitosan, pectin, various amino 
acids, albumin, and gelatin (Wang et al., 2024). Various ligands are 
employed to facilitate the efficient traversal of nanoparticles across 
the BBB. These ligands engage with specific receptors and trans
porters present on the BBB, including insulin receptors, glucose 
transporters, and transferrin peptides.

3. Micelles

Micelles, due to their ability to self-associate and spontaneously 
form, provide a simple and efficient approach for preparing nano
carriers. By adjusting the hydrophilic-lipophilic balance (HLB) of the 
surfactant material, micelles can be formulated to accommodate both 
hydrophilic and lipophilic molecules. Additionally, micelles enhance the 
solubility of encapsulated substances, thereby improving their thera
peutic efficacy in low-water environments within the human body. 
Micelles have been extensively studied for targeted drug delivery in the 
treatment of AD (Jalili et al., 2023; Wang et al., 2024).

4.1.1.4. Inorganic nanoparticles. Inorganic nanoparticles offer several 
distinct advantages, including high targeting efficiency, extended cir
culation times, and the capability to perform multiple functions simul
taneously. A variety of inorganic nanoparticles have been investigated 
for use in AD, such as gold, silver, iron oxide, magnetic nanoparticles, 
and quantum dots (Ding et al., 2024). Metal nanoparticles can be cate
gorized into two main types: 1. Nanoparticles are composed of noble 
metals, such as gold, silver, and platinum; and 2. Nanoparticles are made 
from magnetic materials, including iron, cobalt, copper, and nickel 
(Pantwalawalkar et al., 2022) 
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1. Gold nanoparticles 
Several studies have highlighted the role of inflammation in AD. 

Microglia, the brain’s resident immune cells, become activated in 
response to the presence of amyloid plaques, which further stimu
lates T cells within the brain’s parenchyma. This activation results in 
the expression of pro-inflammatory cytokines in both the peripheral 
and central nervous systems. Additionally, the deposition of Aβ 
triggers the release of these cytokines. Collectively, these events lead 
to the activation of microglia and the subsequent expression of APP. 
The expression of APP further promotes the production of Aβ, which 
exacerbates neuronal dysfunction and ultimately contributes to cell 
death (Aili et al., 2023). Gold nanoparticles exhibit 
anti-inflammatory and antioxidant properties. They reduce 
pro-inflammatory cytokines, including TNF-α, IL-1β, and lower the 
expression of ROS. Furthermore, gold nanoparticles inhibit 
multi-signaling inflammatory pathways, such as mitogen-activated 
protein kinase (MAPK), and nuclear factor-kappa B (NF-κB), Janus 
kinase/signal transducer and activator of transcription (JAK/STAT), 
and inhibitory kappa B kinase alpha (IKK-α/β) pathways. Addition
ally, they promote the polarization of microglia toward the M2 
phenotype, rather than the M1 phenotype, which enhances neural 
restoration and regeneration (Behera et al., 2023a).

2. Silver Nanoparticles 
Silver nanoparticles can efficiently cross the BBB. They exhibit 

antioxidant activity by inhibiting ROS expression and preventing the 
formation of reactive nitrogen species (RNS). According to the mo
lecular imbalance hypothesis, the conversion of Aβ monomers into 
oligomers, and subsequently into extracellular transient oligomers, 
contributes to neuronal toxicity. Recent studies have reported that 
silver nanoparticles can dissolve Aβ fibrils when subjected to near- 
infrared illumination, potentially mitigating this toxic pathway 
(Behera et al., 2023b).

3. Other Types of Noble Metal Nanoparticles 
There are other metal nanoparticles, such as ruthenium, cerium, 

selenium, and zinc, that have been explored in the treatment of AD. 
These nanoparticles act against Aβ aggregation and the subsequent 
formation of Aβ fibrils. Notably, zinc oxide nanoparticles demon
strate a range of effects in AD management, including anti- 
inflammatory properties, inhibition of acetylcholinesterase, and 
modulation of N-methyl-D-aspartate (NMDA) and alpha-amino-3- 
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors 
(Abd Elmonem et al., 2023; Behera et al., 2023c). However, it has 
also been reported that zinc oxide nanoparticles may contribute to 
the induction of central nervous system (CNS) inflammation (Tian 
et al., 2015).

4. Magnetic Nanoparticles (MNPs) 
Superparamagnetic iron oxide nanoparticles (SPIONs) serve as 

effective theranostic agents owing to their biocompatibility, multi
functionality, and distinct magnetic properties. SPIONs inhibit Aβ 
fibrillation, a process influenced by their particle size distribution 
(PSD). A positive surface charge and increased surface area 
contribute to a reduction in the kinetics of Aβ fibrillation. However, 
at higher concentrations of MNPs, Aβ fibrillation is enhanced (Amiri 
et al., 2013). In addition, targeted MNPs have been reported for the 
detection of biomarkers and targeted delivery of siRNA (small 
interfering RNA) in AD (Lopez-Barbosa et al., 2020; Yang et al., 
2011). 

Functionalized magnetic nanoparticles (FMNs) can rapidly tra
verse the blood-brain barrier (BBB) with minimal systemic effects. 
When subjected to a pulsed magnetic field, they demonstrate tar
geted aggregation at the desired site, while avoiding the adhesion to 
vessel walls typically seen under a constant magnetic field. 
Furthermore, by conjugating specific active moieties to the FMNs, 
their precise localization within the hippocampus—the brain region 
critical for learning and memory—can be achieved, despite its deep 
anatomical position (Amin et al., 2017).

5. Biomaterial-based delivery systems in AD:

Biomaterials are substances of natural or synthetic origin that offer 
several advantages for brain delivery, including biodegradability, 
biocompatibility, improved solubility of APIs (active pharmaceutical 
ingredients), targetability (owing to their easily modifiable molecular 
structures for the attachment of ligands), controlled release of APIs, 
ability to cross the BBB, and cellular adhesion. Biomaterials are broadly 
categorized as of synthetic origin and of natural origin (Agrawal et al., 
2021b). Biomaterial-based delivery systems to the brain can be of any 
type among nanoparticles, hydrogels, implantable scaffolds, and neural 
probe coatings (Galindo et al., 2024)

Various types of drug delivery systems to the brain are fabricated 
using biomaterials, which include pH-responsive systems made of nat
ural polymers such as chitosan, cellulose, albumin, and gelatin; ther
moresponsive systems targeted at Aβ aggregates or inflamed tissues 
(where physiological pH is often elevated) and made of polymers 
including chitosan, xyloglucan, and poly(N-isopropylacrylamide); and 
other systems made of photosensitive, electro responsive, and magnet
ically controlled biomaterials (Slika et al., 2025). Examples of the 
photosensitive biomaterials are polyaniline, Poly (3,4-ethyl
enedioxythiophene), and Polypyrrole (Agrawal et al., 2021b).

Drug targeting the brain is associated with limitations, including 
poor drug transportation across the BBB, and difficulty in achieving site- 
specific targeting. To overcome these issues, block polymers of bio
materials, which partly carry properties of the conjugated polymers, has 
shown potential, especially when converted into nano-sized drug de
livery systems (Rahman et al., 2023). Examples of such polymers are 
PLGA-PEG, poloxamers, PLGA-PEG-PLGA, and PEG-PLA (Revdekar and 
Shende, 2021).

The use of stem cells in the regeneration of damaged neurons and 
support cells holds promise in treating AD. However, there are three 
major hurdles involved in their use, including cell distribution, cell 
viability, and host tissue integration. Biomaterials, in the form of 
injectable hydrogels or implantable polymer scaffolds, have shown 
promise in the stimulation of the extracellular matrix (ECM). As an 
example, hyaluronan is present ECM of CNS cells, carriers having af
finity towards hyaluronic acid receptors increase the possibility of cell 
attachments and their subsequent survival (Prajapati et al., 2024). 
Especially, hyaluronic acid, and collagen containing scaffolds has shown 
potential for neural regeneration by creating favorable microenviron
ment for cellular migration, and proliferation, and enhances survival of 
encapsulated cells (Ranjan et al., 2025). Furthermore, recent advance
ments in biomaterial preparation techniques, such as inkjet, 
micro-extrusion, and laser-assisted bioprinting have enabled develop
ment of precisely controlled biomaterial structures in addition to better 
cell survival and incorporation of desired mechanical properties suitable 
for brain delivery (Lally et al., 2022).

4.2. Gene Therapy Strategies

Many clinical investigations aimed at treating Alzheimer’s disease 
(AD) have been conducted, the majority of which have failed. This un
derscores the urgent need for more versatile therapeutic strategies, such 
as gene editing and modulation, targeting a broader range of molecular 
entities, including genes, RNA, and proteins (Grabowska-Pyrzewicz 
et al., 2021). Gene therapy is widely recognized as a promising and 
durable approach for the potential cure of various genetic and cellular 
disorders. Since the 1990s, the US FDA and other regulatory agencies 
have approved several gene therapies, each utilizing different types of 
vectors and targeting a broad spectrum of indications, including 
neurological diseases, various cancers, and even COVID-19 vaccines 
(Grabowska-Pyrzewicz et al., 2021). This highlights the growing and 
promising research landscape aimed at overcoming the challenges 
associated with drug delivery to the brain. Gene therapy strategies are 
typically categorized based on the type of delivery vector, with two main 
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approaches: virus-based and non-viral systems (Maguire et al., 2014). 
Viruses are well-known for their ability to efficiently deliver genetic 
material, making viral vectors a highly effective tool for gene therapy. 
These vectors can overcome significant barriers, such as the blood-brain 
barrier (BBB). For example, intravenous (IV) injection of 
adeno-associated virus (AAV) serotype 9 has demonstrated the capacity 
to bypass the BBB and facilitate effective delivery to the central nervous 
system (CNS) (Foust et al., 2009). Although approximately 70 % of 
clinical trials have utilized viral vectors for gene delivery, non-viral 
vectors are increasingly preferred due to their enhanced safety profile 
(Yin et al., 2014). Additionally, cell-based gene therapies and hybrid 
vector systems are emerging as promising strategies in the field of gene 
therapy.

4.2.1. Gene Editing Approaches in AD
Due to limitations such as the high failure rate of anti-amyloid 

antibody (anti-Ab) therapies in the treatment of AD, there has been a 
shift toward more critical and precise approaches, including gene 
manipulation using advanced genome editing technologies (Bhardwaj 
et al., 2022a). Among the three primary genome editing tools—zinc 
finger nucleases (ZFNs), transcription activator-like effector nucleases 
(TALENs), and Clustered Regularly Interspaced Short Palindromic Re
peats (CRISPR)/CRISPR-associated protein 9 (Cas9)—CRISPR/Cas9 is 
the most widely utilized (Xu and Li, 2020). Originating as an immune 
mechanism in bacteria, CRISPR/Cas9 has garnered significant attention 
from researchers as a promising approach for treating neurodegenera
tive diseases. It offers high efficacy, precise target specificity, and the 
potential for permanent cures by accurately deleting disease-causing 
genes (Jiang et al., 2020; Xu and Li, 2020). Regardless of the type of 
gene-editing tool used, the gene-editing procedure at the cellular level 
can have a permanent, lifelong impact on the patient. Therefore, it is 
crucial to ensure maximum target selectivity and minimize off-target 
effects. Avoidance of off-targeting is achieved through various 
CRISPR/Cas9-based strategies, such as the ’Cas9/sgRNA’ complex and 
’Cas9 mRNA and sgRNA’ systems. In these approaches, the 
plasmid-borne CRISPR/Cas9 system ensures that the Cas9 protein and 
sgRNA are expressed specifically in the targeted cells (Bhardwaj et al., 
2022b). The sgRNA and Cas9 complex enhance the efficiency of 
CRISPR/Cas9-based genome editing by facilitating precise cleavage of 
targeted genetic sequences (Barman et al., 2020). Cas9 is a six-domain 
protein that plays a critical role in inducing targeted DNA cleavage, 
resulting in a double-strand break (DSB), a process guided by the sgRNA. 
The CRISPR/Cas9 system can be delivered via both viral and non-viral 
vectors. While viral vectors enable efficient delivery, they are associ
ated with risks such as unintended mutations. Non-viral vectors, 
although free from such immunogenic risks, face the significant chal
lenge of crossing the BBB (Maguire et al., 2014).

4.2.2. Modulation in Genes Related to Amyloid and Tau Pathology
Tau and amyloid-β pathology are key pathological markers associ

ated with the progression of AD, making them prime targets for thera
peutic interventions, including gene modulation approaches. Antisense 
oligonucleotides (ASOs) represent one such gene-modulating tool. ASOs 
bind to specific RNA sequences and modulate their activity through 
various mechanisms, such as promoting RNA degradation, thereby 
altering the expression of target genes (Bennett et al., 2019). Tau protein 
is encoded by the microtubule-associated protein Tau (MAPT) gene, and 
its accumulation is associated with cognitive decline in AD. Researchers 
have developed modified oligonucleotides, known as MAPTRx, which 
target and degrade MAPT mRNA, significantly reducing Tau protein 
levels. While there are certain limitations, these findings highlight the 
potential for further development of MAPTRx as a clinical therapeutic 
for AD (Mummery et al., 2023). Similarly, the OL-1 AβPP antisense 
oligonucleotide tested in the Tg2576 mouse model demonstrated a 
reduction in amyloid-β (Aβ) protein production, accompanied by posi
tive cognitive outcomes (Chauhan and Siegel, 2007).

Numerous studies have established that epigenetic modifications, 
such as DNA methylation and histone acetylation, play a critical role in 
AD. However, there are limited studies exploring the therapeutic po
tential of targeting DNA methylation for the treatment of AD (Cheng 
et al., 2019). Limited demethylation strategies, such as the 
dCas9-Ten-Eleven Translocation 1 (TET1) fusion, have shown potential 
as effective gene modulation approaches for the treatment of AD (Zhu 
et al., 2020). The demethylation of PSEN2 has been observed to exert an 
inhibitory effect on amyloid-β production (Qin et al., 2023). 
Well-established data suggests that epigenetic factors, such as histone 
deacetylases (HDACs), play a critical role in the pathogenesis of AD. 
Consequently, HDACs could serve as a promising therapeutic target for 
AD management. Studies conducted on both in vitro and in vivo models 
have demonstrated that HDAC inhibitors, such as sodium valproate and 
WT161, effectively reduce HDAC expression, modulate APP processing, 
and decrease amyloid-β accumulation. Furthermore, these inhibitors 
have shown to enhance cognitive function in in vivo AD mouse models 
(M. Zhang et al., 2024). CREB (cyclic-AMP response element binding 
protein) binding protein and its paralog E1A binding protein p300 
(CBP/P300) are enzyme that catalyzes the acetylation of histone H3 at 
lysine 27 (H3K27ac), a modification that has been implicated in AD in 
previous studies. When the expression of CBP/P300 was reduced, re
searchers observed a subsequent increase in the accumulation of toxic 
amyloid-β (Aβ) peptides. Based on these findings, the researchers 
concluded that H3K27ac may play a protective role in modulating the 
pathogenesis of AD (M. Zhang et al., 2024).

Yao-Bo Li et al. have reviewed the role of dysregulated miRNAs in 
various pathological processes associated with AD, including Tau 
hyperphosphorylation, Aβ formation, oxidative stress, neuro
inflammation, mitochondrial dysfunction, and synaptic depression, all 
of which contribute to the progression of the disease (Li et al., 2024). 
Thus, modulating specific miRNAs represents a promising therapeutic 
approach for managing AD. A study investigating the effects of intra
nasal insulin on miRNAs associated with AD found that intranasal in
sulin treatment alters the expression of miR-132, miR-181b, and 
miR-125b, leading to neuroprotective effects (Bazrgar et al., 2022). A 
recent study investigated the therapeutic potential of L-carnitine and 
found that it modulates the oxidative-anti-oxidative balance, leading to 
improved cognitive function and reduced anxiety in AD (Tork et al., 
2024).

4.3. Stem Cell Therapy to Substitute Impaired Neurons

Stem cell therapy is considered a promising neuroregenerative 
treatment for neurodegenerative disorders such as AD. It exerts thera
peutic efficacy through multiple mechanisms, including the reduction of 
Aβ aggregation, prevention of cell damage caused by toxic Tau proteins, 
repair of injured neurons, and promotion of synaptic regeneration. 
These processes collectively contribute to its potential effectiveness in 
managing AD (Cao et al., 2024; Duncan and Valenzuela, 2017). Intra
cerebral administration of bone marrow-derived mesenchymal stem 
cells (BM-MSCs) in AD mice has been shown to enhance the release of 
C-C motif chemokine ligand 5 (CCL5), thereby activating microglia with 
anti-Aβ properties (Lee et al., 2012). The neuroprotective roles of miR
NAs have been discussed above; notably, BM-MSCs have been shown to 
induce the expression of miR-146a in astrocytes, leading to enhanced 
synaptic development and improved cognitive behavior (Nakano et al., 
2020). Human amniotic mesenchymal stem cells (hAM-MSCs) have been 
shown to inhibit Aβ peptide accumulation by stimulating the release of 
Aβ-degrading enzymes. Additionally, hAM-MSCs promote neuronal 
proliferation and synaptic development (Zilka et al., 2011). In vitro 
studies on MSCs targeting Tau pathology demonstrate that stem cell 
therapy can prevent cell death induced by misfolded Tau proteins (Zilka 
et al., 2011). Brain-derived neurotrophic factor (BDNF)-modified human 
umbilical cord mesenchymal stem cells (hUC-MSCs) were shown to 
differentiate into cholinergic-like neurons, promoting neuronal 
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reconstruction and enhancing cognitive function in AD rats. These 
findings suggest the potential of hUC-MSCs as a therapeutic approach for 
AD (Yue et al., 2015). Embryonic stem cell (ESC)-derived basal forebrain 
cholinergic neurons (BFCNs) have been shown to improve memory 
function (Yue et al., 2015). The above observations underscore the po
tential of exogenous stem cells as a therapeutic approach for treating 
neurodegenerative disorders.

4.4. Possible Combination Therapies

Resistance to drugs, off-target side effects, low safety, and limited 
efficacy are common challenges associated with traditional mono
therapies. As a result, combination therapies have emerged as a strategy 
to address complex disease mechanisms. The frequent failures of mon
otherapy have prompted a shift in the scientific community toward 
combination therapy. In line with these findings, the Alzheimer’s As
sociation Research Roundtable 2018 strongly emphasized the urgent 
need for combination therapies, highlighting their potential for 
advancing treatment options (Kabir et al., 2020). Among the various 
genetic modulators of Aβ, pyroglutamate-3Aβ (N3pE) is a particularly 
toxic form that plays a progressive role in the complex pathogenesis of 
AD. However, the combination of Varoglutamstat and Aducanumab has 
demonstrated effective inhibition of N3pE, highlighting the potential of 
this combination therapy for AD treatment (Hoffmann et al., 2021). 
Neurodegenerative diseases associated with cognitive decline often 
present with disruptions in social well-being, such as pseudobulbar 
affect, which can be alleviated by treatment with dextromethorphan in 
combination with ultra-low-dose quinidine (10.1002/ana.22093). 
While traditional therapies face challenges related to off-target effects 
and adverse reactions, recent findings suggest that combination thera
pies offer a promising approach to mitigate these issues, effectively 
masking the off-target effects observed with single-agent treatments 
(Breier et al., 2023). Similarly, a synergistic effect has been reported 
with the combination of NP106 and a TML-6-supplemented diet, a key 
outcome anticipated from such combination therapies (Su et al., 2022). 
The combination of radiotherapy with HDAC inhibition has also 
demonstrated a synergistic effect. Therefore, the use of low-dose 
radiotherapy could represent a versatile therapeutic strategy for the 
management of AD (Keshavan et al., 2018). In summary, various 
mechanisms and triggering factors contribute to the complex progres
sion of disease, which could be effectively managed through combina
tion therapies. The progression of the disease, along with its associated 
consequences, leads to a range of signs and symptoms that exacerbate its 
severity. In such cases, combination therapy offers the potential for 
synergistic management. This approach, with its diverse combinations, 
provides an important avenue for further research and underscores the 
urgent need for continued investigation.

4.5. Complementary and alternative medicine therapies (CAM)

CAM refers to approaches that fall outside of mainstream medicine. 
It includes a variety of traditional therapeutic options, such as the use of 
herbal medicines, acupuncture therapy, lifestyle modifications, nutri
tional supplementations, daily dietary practices, exercise, and yoga. 
These CAM options are believed to help cure or prevent AD. However, 
this concept of CAM remains biased, and further research is needed to 
fully understand its effectiveness (Ott and Owens, 1998).

Daily dietary practices: The Mediterranean diet is known to 
enhance cognitive function by reducing amyloidosis and tau pathology, 
(Ballarini et al., 2021) which are key factors in neurodegenerative dis
eases (Moustafa et al., 2022). Compared to a regular diet, the ketogenic 
diet, i.e, a diet rich in fats, low in carbohydrates, and sufficient in pro
tein, has been shown to improve the quality of life in individuals with 
AD (Phillips et al., 2021). Moderate alcohol consumption has been 
associated with a reduced risk of Alzheimer’s dementia; (Ballarini et al., 
2021) however, in many developing countries and cultures with 

traditional beliefs, alcohol consumption is tabooed, and it also involves 
the risk of habit formation. A balanced diet rich in green leafy vegetables 
is reported as a CAM for AD.

Acupuncture therapy: A comparative study between subjects 
receiving acupuncture and those taking donepezil hydrochloride sug
gests that acupuncture is a safe and effective alternative for improving 
cognitive function in individuals with AD (Jia et al., 2017). In 
acupuncture therapy, synaptic plasticity serves as a key regulatory 
mechanism that positively influences various factors involved in 
cognitive decline. the enhancement of synaptic plasticity may represent 
a fundamental and integrative pathway underlying its cognitive bene
fits. acupuncture has been shown to improve memory by influencing a 
variety of biological pathways, including the regulation of synaptic 
proteins, Alzheimer’s disease-associated proteins, gut microbiota 
composition (Jia et al., 2017).

Yoga techniques: Yoga, an ancient Vedic practice followed for over 
4000 years, offers a therapeutic, that is devoid of any adverse effects 
associated with the consumption of active drug moieties, for the pre
vention and management of cognitive disorders, such as AD (Howes and 
Houghton, 2003). A daily 12-minute practice of Kirtan Kriya—a specific 
form of yoga—has been shown to improve cognitive function. Therefore, 
yoga may be integrated into treatment strategies to enhance outcomes. 
However, practicing yoga without proper guidance or using incorrect 
techniques can be potentially harmful (Ghaffari, 2019).

Herbal medicines: It is well established that various bioactive 
compounds found in specific herbal plants, such as Ginkgo biloba, Bacopa 
monnieri, Salvia officinalis, Curcuma longa, Rosmarinus officinalis, Melissa 
officinalis, and Glycyrrhiza glabra—as well as phenolic compounds from 
olive oil, omega-3 fatty acids, and fat-soluble bioactive molecules in 
vitamins, have potential in addressing the pathophysiological mecha
nisms of AD. These substances exert their effects by interfering with 
amyloid plaque formation and tau phosphorylation, and by reducing 
oxidative stress and inflammation. The safety of most herbal medicines 
is generally well documented (Bordoloi et al., 2024; Perry et al., 1999).

Lifestyle modifications: A physically inactive lifestyle is a root 
cause of various diseases and is also considered a significant risk factor 
for the development of AD. In contrast, regular physical exercise may 
play a protective role in aging. Studies have shown that consistent ex
ercise enhances cerebral blood flow and helps prevent amyloid plaque 
formation and tau phosphorylation, both of which are associated with 
Alzheimer’s pathology (De la Rosa et al., 2020). Aerobic exercises, such 
as swimming and similar activities, are commonly recommended for 
promoting cognitive stability and overall brain health (Pahlavani, 
2023).

CAM therapies are often traditional, generally considered safe, easy 
to practice, and cost-effective, making them appealing to individuals 
with AD. However, some CAM approaches require further evaluation 
and validation through rigorous scientific research. Practices such as 
yoga and aerobic exercise, which have shown cognitive benefits, may 
also be effectively integrated with conventional treatments as part of an 
integrative medicine approach for the management of AD.

Future developments in therapeutic approaches for AD, such as the 
potential of gene therapy, nanotechnology, stem cell treatments, com
bination therapies, and complementary and alternative medicine (CAM) 
therapies, may help manage the intricate pathophysiology of AD and 
enhance treatment outcomes.

5. Clinical Wisdom and Future Insights

5.1. Investigations from Recent Clinical Trials

The conventional drug molecules used in managing AD are primarily 
classified into two subclasses: NMDA receptor antagonists and AChEIs 
(Mony and Paoletti, 2023). Despite advancements in developing drugs 
within these categories, ongoing research focuses on dose optimization, 
administration routes, dosage forms, and combination-based therapies 
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(W. Zhang et al., 2023). The literature revealed that there are 187 
clinical trials in various phases (I, II, and III) for the treatment of AD and 
related conditions (clinicalTrials.gov). In brief, specifically, 31 drugs are 
under investigation in Phase I, 87 in Phase II, and 36 in Phase III 
(Cummings et al., 2023a, 2023b). Additionally, two phase II clinical 
trials (NCT05181475 and NCT05058040) are currently assessing the 
safety and efficacy of potential treatments. Moreover, in 2021, the FDA 
granted approval to aducanumab, followed by the traditional approval 
of Lecanemab in 2023. Recently, Phase III trials for donanemab have 
been completed, and the drug is currently under market authorization 
review (W. Zhang et al., 2023). Table 2 provides an overview of some 
clinical trials for managing AD and related conditions.

5.1.1. Analyzing the Successes and Failures of Recent Aducanumab Trials
In 2019, Knopman and his team reported that Biogen (the sponsor) 

conducted two large Phase III clinical trials of aducanumab. It involved 
3285 participants from 20 countries. As well, these trials were 18- 
month, randomized, placebo-controlled, double-blind, parallel-group 
studies designed to evaluate the efficacy, safety, pharmacokinetics, 
and pharmacodynamics of aducanumab (Tampi et al., 2021). One 
showed positive trends in these trials, while the other demonstrated no 
significant benefits from aducanumab, leading Biogen to halt the trials. 
However, a post hoc analysis by the sponsor suggested that there was 
enough efficacy to justify submitting a new drug application (NDA) for 
AD treatment. A subset of participants who received a sufficiently high 
dose of aducanumab showed benefits in both studies. However, the post 
hoc analysis also identified subgroups showing apparent drug benefits 
unrelated to dose effects. Although the biomarker data consistently 
demonstrated target engagement, no clear evidence linked these 
biomarker changes to cognitive improvements (Knopman et al., 2021). 
According to published literature, on June 7, 2021, the U.S. FDA 
approved Biogen’s application for aducanumab, a human IgG1 anti-Aβ 
monoclonal antibody that selectively targets Aβ aggregates. This 
approval marked the first disease-modifying treatment for AD, indicated 
for both mild cognitive impairment (MCI) and the early stages of de
mentia. Aducanumab, marketed as Aduhelm, was approved via the 
FDA’s accelerated approval pathway. It has been reported that aduca
numab presents a low risk of intracranial hemorrhage, with rates com
parable to those in the placebo group (Tampi et al., 2021). Additionally, 
similar blood pressure and heart rate measurements were observed 
across both groups. Blood chemistry, urine analysis, and hematology 
studies also showed no significant differences between the treatment 
and placebo groups. However, abnormal electrocardiogram (ECG) 
findings were reported in both the aducanumab and placebo groups 
(Yiannopoulou and Papageorgiou, 2013). Despite the Food and Drug 
Administration’s (FDA) approval of aducanumab, several issues have 
emerged questioning the validity of this decision. Concerns have been 
raised about the reliability of Aβ reduction as a surrogate marker for AD 
treatment and the unclear correlation between Aβ reduction and 
cognitive improvement. Additionally, the committee that reviewed the 
drug was not informed that the accelerated approval pathway was under 
consideration. Further controversy stems from the fact that a 
post-approval confirmatory trial is not expected to be completed until 
2030, intensifying the debate surrounding aducanumab’s approval 
(Alexander and Karlawish, 2021; Vaz et al., 2022).

5.1.2. Understanding trial design defects and improving future 
investigations

Placebo-controlled, parallel-group, double-blind, and randomized 
designs have been preferred in drug development for mild to moderate 
AD. In contrast, crossover designs have been deemed inadequate for this 
purpose (Knopman, 2008). Despite advancements in clinical trials, there 
remains a need for a well-planned approach to execution and analysis. 
Particular attention should be given to addressing methodological 
challenges and minimizing avoidable errors during the trial process 
(Schneider, 2022). The development of new drugs targeting the central 

nervous system (CNS) is generally a challenging process that requires a 
significant amount of time. Clinical trials often show a high rate of 
failure, particularly in the development of drugs for AD treatment. In 
many cases, although Phase II trials yield positive results, these out
comes do not translate into success in Phase III. This is primarily due to a 
lack of therapeutic efficacy and the occurrence of serious adverse effects 
(Godyń et al., 2016). Large Phase III clinical trials of disease-modifying 
molecules have failed to consistently demonstrate cognitive benefits, 
likely due to the complexity of AD and its various pathogenic mecha
nisms. Therefore, before pursuing advanced disease-modifying treat
ments, it is crucial to thoroughly investigate the mechanistic aspects of 
AD pathogenesis. Understanding the relationship between 
beta-amyloid, Tau proteins, and other contributing factors is essential 
for developing effective disease-modifying therapies for AD manage
ment. In some cases, available treatments target specific stages of the 
disease (Gulisano et al., 2018). For example, certain disease-modifying 
molecules have shown efficacy in treating mild AD but failed to 
address moderate AD and MCI. This highlights the importance of 
focusing on early-stage diagnosis based on biomarkers, as these bio
markers are closely linked to AD pathology. Consequently, future studies 
should prioritize biomarker-based approaches when designing thera
peutic strategies. Despite the current use of aducanumab in clinics and 
the results from post-marketing studies, there remains a continuous need 
to develop and implement advanced care models for AD treatment. 
(Yiannopoulou and Papageorgiou, 2013) These models are crucial for 
improving the quality of life for patients and addressing the challenges 
faced by caregivers.

5.2. Translational Barriers

A gradual loss of mental abilities and memory is characteristic of AD, 
which continues to be one of the world’s most significant health prob
lems. Preclinical studies cannot be effectively translated into human 
therapeutics due to major translational obstacles despite tremendous 
progress in our knowledge of fundamental biology (Singh et al., 2024). 
This section covers two key issues: the need to bridge the gap between 
clinical insights and basic sciences and the challenges of translating 
preclinical discoveries into human applications (Gadhave et al., 2024b).

5.2.1. Challenges in translating preclinical outcomes to human applications
Animals are commonly used in preclinical investigations as a model 

for pathophysiologic conditions in humans with AD and for assessing 
treatment potential. Although these models contain informative mate
rial, inherent flaws make them inappropriate for application in real-life 
settings (Soufizadeh et al., 2024).

5.2.1.1. Species variabilities. Animal models, i.e., rodents, do not pre
cisely mimic human AD pathophysiology. However, the modifications in 
the brain’s anatomy, revolutions in immune response, and the compli
cations of human mental functions may cause variations in drug meta
bolism and effectiveness. Such a variance frequently allows for 
productive results in animal experiments that are not clinically inter
preted (Białoń and Wąsik, 2022).

5.2.1.2. End and outcome. The biochemical and molecular mechanisms, 
like Aβ plaque accumulation or Tau phosphorylation, are frequently 
underscored in preclinical experimentation. That does not reflect clin
ical findings such as enhancing cognition and life quality. That might 
impact researchers’ incorrect insights into proper medication 
(Rajmohan and Reddy, 2017).

5.2.1.3. Complexity of disease mechanisms. Alzheimer’s is a multifacto
rial disorder relating to genetic, environmental, and lifestyle factors. 
Preclinical research oversimplifies this complexity primarily because of 
the heterogeneity seen in human populations. Thus, findings from such 
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Table 2 
Overview of some clinical trials for the management of AD and related conditions.

NCT Number Study Title Conditions Interventions Phases

NCT01245530 An Efficacy and Safety Study of INM− 176 for the Treatment of Patients with 
Alzheimer’s Type Dementia

Alzheimer Type 
Dementia

Drug: Aricept 
Drug: INM− 176

Phase 3

NCT01266525 Effect of Different Doses of SAR110894 on Cognition in Patients with Mild to 
Moderate Alzheimer’s Disease on Donepezil

Dementia 
Alzheimer’s Type

Drug: SAR110894, 
Drug: Placebo (for SAR110894), 
Drug: Donepezil

Phase 2

NCT02434666 Long Term Extension Safety Study in Patients with Dementia of the 
Alzheimer’s Type Who Completed Study CPC− 001–07

Dementia of the 
Alzheimer’s Type

Drug: CPC− 201 Phase 2

NCT01585272 Tolerability of Rivastigmine Before and After Switching from Oral Formulation 
to Transdermal Patch in Alzheimer’s Dementia

Alzheimer’s 
Dementia

Drug: ENA713 Phase 4

NCT00322153 A Study of the Safety and Efficacy of Memantine in Moderate to Severe 
Alzheimer’s Disease

Dementia of the 
Alzheimer’s Type

Drug: Memantine ER, 
Drug: Placebo

Phase 3

NCT01297218 The Safety and Efficacy Evaluation of NEUROSTEMÂ®-AD in Patients with 
Alzheimer’s Disease

Dementia of the 
Alzheimer’s Type

Biological: Human Umbilical Cord Blood 
Derived-Mesenchymal Stem Cells

Phase 1

NCT01409564 Cilostazol Augmentation Study in Dementia Alzheimer’s 
Dementia

Drug: Cilostazol, 
Drug: Placebo

Phase 4

NCT04413344 Repurposing Bromocriptine for Abeta Metabolism in Alzheimer’s Disease Familial AD (FAD), 
PSEN1 Mutation

Drug: Bromocriptine. 
Drug: Placebos

Phase 1 
Phase 2

NCT04462029 A Study to Compare the Pharmacokinetics of BR4002 and BR4002–1 in 
Healthy Volunteers

Dementia 
Alzheimer’s

Drug: BR4002, 
Drug: BR4002–1

Early 
Phase 1

NCT00456417 Evaluation of [123I] MNI− 187 and SPECT in Patients with Alzheimer’s 
Disease in Comparison to Healthy Subjects

AD Drug: 123-I MNI− 187 Injection and 
Imaging Procedures

Phase 1

NCT04023994 A Single Ascending Dose Study to Investigate the Safety, Tolerability, 
Immunogenicity and Pharmacokinetics of Intravenously Administered 
RO7126209 in Healthy Participants

AD Drug: RO7126209, 
Drug: Placebo

Phase 1

NCT02553928 Comparison of Once Daily and Twice Daily Dosing on Safety and Tolerability 
of Memantine in Patients with Alzheimer’s

Alzheimer’s 
Dementia (AD)

Drug: Memantine (once daily), Drug: 
Memantine (twice daily)

Phase 4

NCT03991988 Montelukast Therapy on Alzheimer’s Disease AD Drug: Montelukast, 
Drug: Placebo oral tablet

Phase 2

NCT00982202 Pioglitazone in Alzheimer’s Disease AD Drug: Pioglitazone, 
Drug: Placebo

Phase 2

NCT05686044 A Dose-ranging Study to Investigate Efficacy of Buntanetap in Mild to 
Moderate AD

AD Drug: Buntanetap/Posiphen, 
Drug: Placebo

Phase 2, 
Phase 3

NCT05307692 A Study of Seltorexant in Participants with Probable Alzheimer’s Disease AD Drug: Seltorexant, 
Drug: Placebo

Phase 2

NCT04971733 A Study to Assess Safety and Target Engagement of E2814 in Participants with 
Mild to Moderate Cognitive Impairment Due to Dominantly Inherited 
Alzheimer’s Disease

AD Drug: E2814 Phase 1, 
Phase 2

NCT03801642 Dapagliflozin In Alzheimer’s Disease AD Drug: Dapagliflozin, 
Other: Placebo

Phase 1, 
Phase 2

NCT04669028 A Phase 3 Study of NE3107 in Probable Alzheimer’s Disease AD Drug: NE3107, 
Drug: Placebo

Phase 3

NCT05318040 Safety, Tolerability and Pharmacokinetics of CMS121, a Drug Candidate for 
Alzheimer’s Disease, in Healthy Subjects

AD Drug: CMS121, 
Drug: Placebo

Phase 1

NCT00414622 GTS21–201 for Alzheimer Disease: GTS− 21 Administered Daily for 28 Days to 
Participants with Probable Alzheimer’s Disease

AD Drug: DMXB-A Phase 2

NCT00750529 Alzheimer and Sleep AD Drug: Galantamine and Donepezil Phase1
NCT04538066 Bryostatin Treatment of Moderately Severe Alzheimer’s Disease AD Drug: Bryostatin 1, 

Other: Placebo
Phase 2

NCT04735536 Pilot Clinical Study of CT1812 in Mild to Moderate Alzheimer’s Disease Using 
EEG

AD Drug: CT1812, 
Other: Placebo

Phase 2

NCT04381468 SEMA4D Blockade Safety and Brain Metabolic Activity in Alzheimer’s Disease 
(AD)

AD Drug: Pepinemab, 
Drug: Placebo

Phase 1, 
Phase 2

NCT04931459 A Study to Evaluate the Safety, Tolerability, and Blood Levels of ACU193 in 
Participants with MCI or Mild AD

AD Drug: ACU193, 
Drug: Placebo

Phase 1

NCT05821153 Low Dose IL2 Immunotherapy in AD AD Drug: Aldesleukin Phase 1
NCT04388254 Simufilam (PTI− 125), 100 mg, for Mild-to-moderate Alzheimer’s Disease 

Patients
AD Drug: Simufilam 100 mg oral tablet, 

Drug: Placebo
Phase 2

NCT03605667 Study of BHV− 4157 in Alzheimer’s Disease AD Drug: troriluzole, 
Drug: Placebo oral capsule

Phase 2

NCT03744312 Imaging Inflammation in Alzheimer’s Disease With 11C-ER176 AD Drug: 11C-ER176, 
Drug: Florbetaben

Phase 1, 
Phase 2

NCT03790709 ANAVEX2–73 for Treatment of Early Alzheimer’s Disease AD Drug: High dose ANAVEX2–73, 
Drug: Mid dose ANAVEX2–73, 
Drug: Placebo oral capsule

Phase 2, 
Phase 3

NCT04251182 Clinical Study Evaluating Efficacy and Safety of T3D− 959 in Mild-to-moderate 
AD Subjects

AD Drug: 15 mg T3D− 959, Drug: 30 mg 
T3D− 959, Drug: 45 mg T3D− 959, Drug: 
Placebos

Phase 2

NCT04070378 Study of Daratumumab in Patients with Mild to Moderate Alzheimer’s Disease AD Drug: Daratumumab Injection Phase 2
NCT03757325 Study to Evaluate DNL747 in Subjects with Alzheimer’s Disease AD Drug: DNL747, 

Drug: Placebo
Phase 1

NCT03748706 PTI− 125 for Mild-to-moderate Alzheimer’s Disease Patients AD Drug: PTI− 125, 100 mg tablets Phase 2
NCT03101085 S-Equol in Alzheimer’s Disease 2 Trial AD Drug: S-equol and Placebo, 

Drug: Placebo and S-equol
Phase1, 
Phase 2

(continued on next page)
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investigations might be less relevant to the general patient population 
(Ringman et al., 2014).

5.2.1.4. Dosing and treatment regimens. Even the pharmacokinetics and 
pharmacodynamics of drugs can vary quite profoundly between species. 
Dosing regimens validated in animal models sometimes fail to translate 
entirely to humans. Such dosing regimens often require several adjust
ments, and more testing is usually necessary before being used for pa
tients. These considerations emphasize the need to describe better 
preclinical models that more closely resemble the human condition and 
standardize methodologies to evaluate treatments more accurately 
(Toutain et al., 2010).

5.2.2. Bridging the gap between fundamental science and clinical 
implementation

However, bridging that gap between the day of conducting scientific 
research and its subsequent day of translation into clinical practices is 
the need of the hour. Some strategies for this purpose are listed here 
(Teachman et al., 2012).

5.2.2.1. Disciplinary interactions. More integral AD research may take 
place through interdisciplinary interaction among basic scientists, clin
ical researchers, and healthcare professionals rather than working in 
silos. Multidisciplinary teams may include diverse perspectives, aid in 
identifying relevant biomarkers, and build a better-designed clinical 
trial (Javaid et al., 2022).

5.2.2.2. Patient-centric research. Views and experiences of patients and 
caregivers would be taken as part of the research process to ensure that 
the studies address challenges and outcomes that matter most to those 
who have Alzheimer’s. Meaningful engagement with patient advocacy 
groups would provide first-hand insights into what matters to patients 
and their families (Griffin et al., 2020).

5.2.2.3. Biomarkers. The selection and validation of promising bio
markers that suggest disease progression and response to treatment 
mark an essential improvement in designing clinical trials. Having 
reliable biomarkers makes it possible to diagnose early, stratify the pa
tients better, and help in better clinical decisions (Umbricht et al., 2024).

5.2.2.4. Adaptive design of trials. Adaptive trial designs allow the pa
rameters of a trial to be changed based on the interim results. That may 
provide ways of bringing more efficaciously conducted studies and 
identifying helpful treatment options to the investigator’s doorstep 
sooner (Pallmann et al., 2018).

5.2.2.5. Regulatory support. Interactive dialogue with the regulatory 
body can strengthen, thereby helping to hasten the approval of a new 
therapy. This knowledge will help guide the studies that are carried out 
to meet the proper criteria for translation to the clinical setting. It is 
difficult to map a pathway from preclinical research through to clinical 
application in Alzheimer’s disease. Overcoming these translational 
barriers will play a vital role in developing effective therapies. Collab
orations, patient-centered outcomes, and innovative thoughtfulness in 
designing research may bring the scientific community closer to 
bridging this gap between fundamental research and meaningful clinical 
impact (Lottes et al., 2022).

5.3. Future clinical directions

5.3.1. Potential pathways for early intervention
In the case of AD, slowing its progression and effectively managing 

symptoms are crucial steps. This can be achieved through various po
tential pathways for early intervention (Kumar et al., 2015). To date, 
several pathways have been documented, focusing on early-stage 
detection and intervention. These range from lifestyle changes to 
advanced therapeutic options (Nangare and Patil, 2022). In brief, the 
use of biomarker-based recognition and monitoring of AD offers a 

Table 2 (continued )

NCT Number Study Title Conditions Interventions Phases

NCT03417986 Clinical Trial to Explore the the Amyloid Beta Draining Effect of 
Thiethylperazine (TEP) in Subjects with Newly Diagnosed Early-to-mild 
Dementia Due to Alzheimer’s Disease (AD) in Comparison to Healthy 
Volunteers

AD Drug: TEP Phase 2

NCT02353598 A Study of Crenezumab in Participants with Mild to Moderate Alzheimer 
Disease

AD Drug: Crenezumab dose level 1, Drug: 
Crenezumab dose level 2, 
Drug: Crenezumb dose level 3, 
Drug: Placebo

Phase 1

NCT00013923 Effectiveness of A Nutritional Brain Metabolic Enhancer for Alzheimer Disease AD Drug: Nutritional Supplement Phase 2
NCT06194552 A Multiple Dose Study of the Safety and Pharmacokinetics of NTRX− 07 AD Drug: NTRX− 07, 

Drug: Placebo
Phase 1

NCT00018278 Electrophysiologic Measures of Treatment Response in Alzheimer Disease AD Drug: Aricept, 
Drug: Exelon, 
Drug: Nicoderm Patch

Phase 4

NCT03373604 Imaging Tau in Alzheimer’s Disease and Normal Aging AD Drug: 18F-MK− 6240, 
Procedure: Lumbar Puncture (optional)

Phase 2

NCT03823404 GAIN Trial: Phase 2/3 Study of COR388 in Subjects with Alzheimer’s Disease AD Drug: COR388 capsule, 
Drug: Placebo capsule

Phase 2, 
Phase 3

NCT03901105 Evaluation of Flortaucipir PET Signal and Cognitive Change in Early 
Alzheimer’s Disease

AD Drug: Flortaucipir F18, 
Procedure: Brain PET Scan

Phase 3

NCT01872598 Masitinib in Patients with Mild to Moderate Alzheimer’s Disease AD Drug: Masitinib, 
Drug: Placebo, 
Drug: Standard of care

Phase 3

NCT03367403 A Study of LY3002813 in Participants with Early Symptomatic Alzheimer’s 
Disease (TRAILBLAZER-ALZ)

AD Drug: Donanemab, 
Drug: Placebo, 
Drug: LY3202626

Phase 2

NCT03902548 Initial Investigation of [18 F] P16–129 in Alzheimer’s Disease Patients and 
Healthy Volunteers

AD Drug: [18 F] P16–129 Phase 1

NCT03522129 Study to Evaluate the Effect of CT1812 Treatment on Amyloid Beta Oligomer 
Displacement into CSF in Subjects with Mild to Moderate Alzheimer’s Disease

AD Drug: CT1812, 
Drug: Placebo

Phase 1

NCT03720548 A Study of LY3372993 in Healthy Participants and Participants with 
Alzheimer’s Disease (AD)

AD Drug: LY3372993, 
Drug: Placebo

Phase 1

Website: https://clinicaltrials.gov, Data Accessed on: 19/9/2024
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modern and key pathway for early intervention. This approach includes 
the detection of biomarkers such as β-amyloid and Tau proteins in blood, 
CSF, and other samples, helping to identify AD at its preclinical stages 
(Shah et al., 2023). Additionally, neurofilament light (NfL), which is 
associated with neurodegeneration, can also be considered for the early 
detection of AD. For more frequent monitoring, apolipoprotein E (ApoE) 
genotyping, which is linked to an increased risk of AD, plays a key role 
(Georgakas et al., 2023). Furthermore, other genes related to AD risk can 
be targeted for early-stage interventions. Lifestyle and environmental 
modifications, such as dietary interventions, exercise, cognitive 
training, and sleep management, assist in decreasing the risk of AD. 
Immunotherapies such as monoclonal antibodies that specifically target 
amyloid plaques can avoid or clear their accumulation in the brain. 
Likewise, Tau-targeted therapies, aimed at preventing Tau phosphory
lation, can aid in slowing the progression of AD (Bittar et al., 2020). 
Other approaches include the modulation of neuroinflammation, 
metabolic and vascular interventions, cholinergic system support, tar
geting synaptic loss, and novel therapeutic strategies, all of which can 
contribute to slowing or preventing the progression of AD (Gadhave 
et al., 2023a).

5.3.2. Long-term therapeutic strategies for controlling AD
For effective treatment of AD, the research community is focusing on 

novel and potentially effective agents. These include antibodies target
ing beta-amyloid, vaccines against Tau protein, as well as modulators or 
inhibitors of enzymes such as beta-secretase (Golde, 2022). Long-term 
therapeutic strategies for controlling AD primarily intend to slow dis
ease progression, manage symptoms, and ultimately improve the quality 
of life for patients (Peng et al., 2023). These strategies can be broadly 
classified into two chief categories: pharmacological and 
non-pharmacological. Pharmacological strategies include the use of 
cholinesterase inhibitors (donepezil, rivastigmine, galantamine), NMDA 
receptor antagonists (memantine), disease-modifying therapies (such as 
monoclonal antibodies including aducanumab and lecanemab), and 
neuroprotective agents (Hansen et al., 2008). Non-pharmacological 
long-term strategies for AD management include cognitive training, 
rehabilitation, lifestyle modifications, mind-body interventions, and 
caregiver support and education. Despite these existing long-term 
therapeutic strategies, emerging and experimental approaches are also 
being explored (Kamatham et al., 2024b). These include gene therapy, 
stem cell therapy, vaccine development and neurostimulation devices 
(Gadhave et al., 2024b). In summary, a multifaceted approach is 
essential for effectively controlling AD, combining established treat
ments with innovative and experimental strategies.

Recent clinical research on AD highlights inconsistent results from 
medications like aducanumab, translational challenges from preclinical 
studies, and the need for early biomarker-based intervention, patient- 
centric and interdisciplinary research, as well as both pharmacological 
and non-pharmacological long-term treatment strategies.

6. Conclusion

AD’s growth is increasingly prevalent, so a more advanced thera
peutic approach is needed. While some research provides insight into 
the course of the illness, few effective neuro-regenerative and neuro
protective therapies are currently on the market. Improvements in un
derstanding the various targets associated with AD, including 
intracellular and intercellular signal networks, have led to improved 
management of these disorders. Additional investigation on AD has to 
concentrate on developing better medication delivery strategies and 
gaining critical knowledge of the pathophysiology of disorders. At the 
same time, the work focused on the connections between different 
mechanisms, including neuroinflammation, Tau tangles, and Aβ plaques 
in AD. Furthermore, in the last ten years, there has been a significant 
advancement in the development of innovative diagnostic and imaging 
technologies for AD. The existing clinical data are presented in this 

paper. However, there is still an opportunity to advance clinical trial 
practice using novel therapeutic strategies. Finally, in the present re
view, we include available therapies for AD, developments in disease- 
modifying treatments, future trends in advanced therapeutic strate
gies, and clinical data. Novel therapeutic approaches that can target 
neurodegeneration caused by AD and deliver therapeutics more effec
tively demonstrate potential as a favorable therapeutic approach for the 
near future.
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Cetin, S., Knez, D., Gobec, S., Kos, J., Pǐslar, A., 2022. Cell models for Alzheimer’s and 
Parkinson’s disease: At the interface of biology and drug discovery. Biomed. 
Pharmacother. 149, 112924. https://doi.org/10.1016/j.biopha.2022.112924.

Chauhan, N.B., Siegel, G.J., 2007. Antisense Inhibition at the β-Secretase-Site of APP 
Reduces Cerebral Amyloid and AChE Activity in Tg2576. Neuroscience 146, 
143–151. https://doi.org/10.1016/j.neuroscience.2007.01.008.

Chavda, V.P., Sugandhi, V.V., Pardeshi, C.V., Patil, R.J., Joshi, M., Patel, B., Khadela, A., 
Bezbaruah, R., Bhattacharjee, B., Balar, P.C., Vora, L.K., 2023. Engineered exosomes 
for cancer theranostics: Next-generation tumor targeting. J. Drug Deliv. Sci. Technol. 
85, 104579. https://doi.org/10.1016/j.jddst.2023.104579.

Chen, G.-F., Xu, T.-H., Yan, Y., Zhou, Y.-R., Jiang, Y., Melcher, K., Xu, H.E., 2017. 
Amyloid beta: structure, biology and structure-based therapeutic development. Acta 
Pharm. Sin. 38, 1205–1235. https://doi.org/10.1038/aps.2017.28.

Chen, K.-L., Yu, R.-J., Zhong, C.-B., Wang, Z., Xie, B.-K., Ma, H., Ao, M., Zheng, P., 
Ewing, A.G., Long, Y.-T., 2024. Electrochemical Monitoring of Real-Time Vesicle 
Dynamics Induced by Tau in a Confined Nanopipette. Angew. Chem. Int. Ed. 63, 
e202406677. https://doi.org/10.1002/anie.202406677.

Chen, Y., He, Y., Han, J., Wei, W., Chen, F., 2023. Blood-brain barrier dysfunction and 
Alzheimer’s disease: associations, pathogenic mechanisms, and therapeutic 
potential. Front Aging Neurosci. 15, 1258640. https://doi.org/10.3389/ 
fnagi.2023.1258640.

Chen, Z., Zhong, C., 2013. Decoding Alzheimer’s disease from perturbed cerebral glucose 
metabolism: Implications for diagnostic and therapeutic strategies. Prog. Neurobiol. 
108, 21–43. https://doi.org/10.1016/j.pneurobio.2013.06.004.

Chen, Z.-R., Huang, J.-B., Yang, S.-L., Hong, F.-F., 2022. Role of Cholinergic Signaling in 
Alzheimer’s Disease. Molecules 27, 1816. https://doi.org/10.3390/ 
molecules27061816.

Cheng, Y., Bai, F., 2018. The Association of Tau With Mitochondrial Dysfunction in 
Alzheimer’s Disease. Front Neurosci. 12, 163. https://doi.org/10.3389/ 
fnins.2018.00163.

Cheng, Y., He, C., Wang, M., Ma, X., Mo, F., Yang, S., Han, J., Wei, X., 2019. Targeting 
epigenetic regulators for cancer therapy: mechanisms and advances in clinical trials. 
Signal Transduct. Target Ther. 4, 62. https://doi.org/10.1038/s41392-019-0095-0.

V.V. Sugandhi et al.                                                                                                                                                                                                                            Ageing Research Reviews 109 (2025) 102775 

19 

https://doi.org/10.1016/j.neuint.2021.105008
https://doi.org/10.1016/j.neuint.2021.105008
https://doi.org/10.1016/j.neuint.2021.105008
https://doi.org/10.1016/j.neuint.2021.105008
https://doi.org/10.1039/d3tb01023f
https://doi.org/10.1155/2015/151979
https://doi.org/10.7326/M21-2603
https://doi.org/10.7326/M21-2603
https://doi.org/10.1039/c7nr00772h
https://doi.org/10.1039/c7nr00772h
https://doi.org/10.1021/cn4001582
https://doi.org/10.1021/cn4001582
https://doi.org/10.3390/biomedicines11020335
https://doi.org/10.3945/an.116.012229
https://doi.org/10.3945/an.116.012229
https://doi.org/10.1186/s13041-024-01118-1
https://doi.org/10.1212/WNL.0000000000012067
https://doi.org/10.1212/WNL.0000000000012067
https://doi.org/10.1007/s40120-020-00218-z
https://doi.org/10.1007/s40120-020-00218-z
https://doi.org/10.1038/s41573-023-00670-0
https://doi.org/10.1016/j.arr.2025.102693
https://doi.org/10.1016/j.exger.2022.111812
https://doi.org/10.1016/j.exger.2022.111812
https://doi.org/10.3233/ADR-220112
https://doi.org/10.3233/ADR-220112
https://doi.org/10.3233/ADR-220112
https://doi.org/10.3233/ADR-220112
https://doi.org/10.3233/ADR-220112
https://doi.org/10.3233/ADR-220112
https://doi.org/10.1177/0891988710383571
https://doi.org/10.1177/0891988710383571
https://doi.org/10.1146/annurev-neuro-070918-050501
https://doi.org/10.1146/annurev-neuro-070918-050501
https://doi.org/10.1016/j.jare.2021.07.001
https://doi.org/10.1016/j.jare.2021.07.001
https://doi.org/10.1007/s10571-024-01519-9
https://doi.org/10.1016/j.bbrep.2016.02.013
https://doi.org/10.3390/ijms23115968
https://doi.org/10.1016/j.nbd.2019.104707
https://doi.org/10.1016/j.nbd.2019.104707
https://doi.org/10.1111/jnc.15035
https://doi.org/10.3233/JAD-180482
https://doi.org/10.3233/JAD-180482
https://doi.org/10.1007/s42452-024-05811-7
https://doi.org/10.1007/s42452-024-05811-7
https://doi.org/10.1007/s10072-022-06068-x
https://doi.org/10.1007/s10072-022-06068-x
http://refhub.elsevier.com/S1568-1637(25)00121-7/sbref37
http://refhub.elsevier.com/S1568-1637(25)00121-7/sbref37
https://doi.org/10.1016/j.cell.2023.09.023
https://doi.org/10.1016/j.cell.2023.09.023
https://doi.org/10.1007/s00213-023-06362-2
https://doi.org/10.1007/s00213-023-06362-2
https://doi.org/10.3390/molecules25245789
https://doi.org/10.1185/030079905X56565
https://doi.org/10.2147/CIA.S85808
https://doi.org/10.1186/s13287-024-03737-w
https://doi.org/10.3389/fneur.2012.00073
https://doi.org/10.3389/fneur.2012.00073
https://doi.org/10.1016/j.biopha.2022.112924
https://doi.org/10.1016/j.neuroscience.2007.01.008
https://doi.org/10.1016/j.jddst.2023.104579
https://doi.org/10.1038/aps.2017.28
https://doi.org/10.1002/anie.202406677
https://doi.org/10.3389/fnagi.2023.1258640
https://doi.org/10.3389/fnagi.2023.1258640
https://doi.org/10.1016/j.pneurobio.2013.06.004
https://doi.org/10.3390/molecules27061816
https://doi.org/10.3390/molecules27061816
https://doi.org/10.3389/fnins.2018.00163
https://doi.org/10.3389/fnins.2018.00163
https://doi.org/10.1038/s41392-019-0095-0


Chowen, J.A., Garcia-Segura, L.M., 2020. Microglia, neurodegeneration and loss of 
neuroendocrine control. Prog. Neurobiol. 184, 101720. https://doi.org/10.1016/j. 
pneurobio.2019.101720.

Chvojkova, M., Kolar, D., Kovacova, K., Cejkova, L., Misiachna, A., Hakenova, K., 
Gorecki, L., Horak, M., Korabecny, J., Soukup, O., Vales, K., 2024. Pro-cognitive 
effects of dual tacrine derivatives acting as cholinesterase inhibitors and NMDA 
receptor antagonists. Biomed. Pharmacother. 176, 116821. https://doi.org/ 
10.1016/j.biopha.2024.116821.

Cipriani, G., Danti, S., Picchi, L., Nuti, A., Fiorino, M.D., 2020. Daily functioning and 
dementia. Dement Neuropsychol. 14, 93–102. https://doi.org/10.1590/1980- 
57642020dn14-020001.

Collaborators, G., 2022. Estimation of the global prevalence of dementia in 2019 and 
forecasted prevalence in 2050: an analysis for the Global Burden of Disease Study 
2019, 2019 D.F Lancet Public Health 7, e105. https://doi.org/10.1016/S2468-2667 
(21)00249-8.
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