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Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by amyloid-beta plaque deposition, tau protein tangles, neuronal loss, and 
cerebral atrophy, leading to cognitive decline and memory impairment. Traditionally, treatments have primarily addressed symptoms without targeting the disease’s 
underlying pathology. However, recent advances have spurred the development of disease-modifying therapies aimed at halting or reversing AD progression. This review 
highlights key therapeutic strategies, including targeting amyloid-beta and tau protein pathology, natural compounds like curcumin and resveratrol, and anti-infl ammatory 
or antioxidant approaches. Emerging evidence suggests that bacterial infections, such as Porphyromonas gingivalis associated with periodontal disease, may contribute 
to AD pathogenesis through mechanisms involving neuroinfl ammation and amyloid production. Novel therapeutic approaches leveraging computational drug discovery 
and combinatorial treatments offer promising avenues for combating this multifaceted disease. By integrating insights from both traditional and emerging research, this 
review underscores the importance of a multi-modal strategy in addressing Alzheimer’s disease.
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Introduction

Alzheimer’s disease (AD) represents a signifi cant 
global challenge, particularly among aging populations 
where its incidence continues to rise. It is classically 
defi ned by the accumulation of extracellular amyloid-beta 
plaques, intracellular neurofi brillary tangles composed of 
hyperphosphorylated tau, neuronal degeneration, and cerebral 
atrophy. The biological defi nition, as proposed by Dubois, et al. 
[1] emphasizes amyloid and tau pathology without explicitly 
including neuroinfl ammation, although infl ammation is 
frequently observed in many AD cases. Traditionally, treatments 
for Alzheimer’s have centered on symptom relief rather 
than addressing the underlying pathology. However, recent 
advancements have redirected focus toward disease-modifying 
therapies aimed at slowing or halting the progression of the 
disease [2].

In the last fi ve years, considerable progress has been 
made in elucidating the molecular and cellular mechanisms 

underlying AD. Researchers have identifi ed critical targets, 
such as amyloid-beta and tau proteins, that play essential 
roles in the disease’s pathogenesis [3,4]. Furthermore, 
advancements in computational technologies, like high-
throughput screening, molecular docking, and in-silico drug 
discovery, have expedited the identifi cation and optimization 
of potential therapeutic agents [4]. 

This review emphasizes signifi cant chemical compounds 
developed for Alzheimer’s intervention over the past seven 
years, encompassing both synthetic and natural options, 
while exploring their mechanisms, effectiveness, and future 
prospects in the fi ght against Alzheimer’s disease.

Targeting amyloid-beta pathology

Amyloid-beta pathology is a key factor in the development 
of Alzheimer’s disease (AD). Therapeutic strategies targeting 
this pathology include BACE1 inhibitors, which inhibit 
the production of amyloid-beta, and amyloid aggregation 
inhibitors like TRIAD 12, which prevent the formation of 
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amyloid plaques. Despite varying clinical outcomes, these 
approaches are essential for efforts to slow AD progression.

Beta-site amyloid precursor protein cleaving enzyme 1 
(BACE1) plays a vital role in producing amyloid-beta peptides, 
which aggregate to form plaques in the brains of individuals with 
AD. Targeting BACE1 has become a central focus in Alzheimer’s 
research. BACE1 inhibitors, such as verubecestat, have been 
developed and evaluated in clinical trials for their ability to 
reduce amyloid-beta levels. A study conducted by Resende, et 
al. [5] assessed the effi cacy of verubecestat in patients with 
mild-to-moderate AD. Although the drug effectively lowered 
amyloid-beta levels, it did not result in signifi cant cognitive 
improvements. These fi ndings have raised concerns regarding 
the effi cacy of amyloid-beta-targeting therapies as standalone 
treatments. Recent studies are now investigating combination 
therapies, where BACE1 inhibitors are used alongside agents 
that target other mechanisms related to AD, such as tau protein 
pathology. This multi-targeted strategy could provide a more 
comprehensive approach to addressing the complex pathology 
of Alzheimer’s disease.

In addition to inhibiting BACE1, another strategy involves 
directly targeting the aggregation of amyloid-beta into 
plaques. New amyloid-beta aggregation inhibitors, such as 
TRIAD 12, have emerged as promising options. TRIAD 12 is a 
small-molecule inhibitor that effectively reduces amyloid-beta 
fi brillization, demonstrating signifi cant effi cacy in decreasing 
plaque formation and enhancing cognitive function in preclinical 
models [6]. A notable advancement in amyloid-targeting 
therapies occurred with the FDA approval of aducanumab in 
2021. Aducanumab is a monoclonal antibody designed to target 
amyloid plaques and was celebrated as a groundbreaking 
treatment. However, its approval was met with controversy due 
to inconsistent results from clinical trials. While aducanumab 
successfully lowered amyloid plaque levels, its cognitive 
benefi ts varied signifi cantly among patient populations [4]. 
This underscores the complexity of amyloid-beta as a target 
and emphasizes the need for a multi-modal approach that 
not only addresses plaque formation but also considers other 
pathological aspects of AD. Verubecestat, although promising 
in mechanism, led to increased neuropsychiatric side effects 
in Phase III trials (EPOCH study), prompting early termination 
[5]. Lecanemab, an amyloid protofi bril-targeting antibody, 
showed signifi cant reduction in cognitive decline by 27% in 
early AD patients in a global Phase III CLARITY-AD trial [4].

Modulating tau protein pathology

Tau protein abnormalities are another defi ning characteristic 
of Alzheimer’s disease, with hyperphosphorylated tau forming 
neurofi brillary tangles that contribute to neurodegeneration. 
Therefore, targeting tau protein pathology has become a crucial 
focus for therapeutic development.

It has been suggested that SF, a CDK5 inhibitor, reduces the 
expression of CDK5 as well as the kinase activity of CDK5/p25 
both in vitro and in vivo models of AD [7]. While these inhibitors 
show promise, clinical development is ongoing, with further 
trials needed to evaluate their safety and effi cacy in human 
patients.

Microtubule Stabilizers are another strategy for modulating 
tau pathology centers on stabilizing tau-microtubule 
interactions. Normally, tau binds to and stabilizes microtubules; 
however, hyperphosphorylated tau loses this capability, leading 
to neuronal dysfunction. Agents that stabilize microtubules, 
such as epothilones, are being investigated for their potential 
to restore this function. Epothilone D has shown effi cacy in 
stabilizing neuronal microtubules and preventing tau-related 
neurodegeneration in preclinical studies [8]. Current clinical 
trials are assessing whether these compounds can slow the 
progression of AD in patients. In preclinical mouse models, 
Patupilone (Epothilone D) signifi cantly reduced axonal swelling 
and tau pathology at low doses, with improved spatial memory. 

Natural compounds as alzheimer’s interven-
tions

Natural compounds have long served as a valuable source 
of therapeutic agents in medicine, and their potential for 
treating Alzheimer’s disease (AD) is no exception. Numerous 
naturally occurring substances have been identifi ed that 
can infl uence the key pathways involved in AD, particularly 
those related to amyloid-beta and tau pathology. Curcumin, 
a bioactive compound found in turmeric, has garnered 
attention for its antioxidant, anti-infl ammatory, and amyloid-
inhibitory effects. Despite its promising potential, the 
therapeutic application of curcumin has been hindered by its 
low bioavailability. Recent studies have focused on creating 
curcumin analogs and developing nanoparticle-based delivery 
systems to enhance its bioavailability and effectiveness. Wang, 
et al. [2] demonstrated that curcumin-loaded nanoparticles 
signifi cantly improved cognitive function and reduced amyloid 
burden in mouse models of AD. These results indicate that with 
enhanced formulations, curcumin could have a signifi cant role 
in future interventions for Alzheimer’s disease.

Resveratrol, a polyphenolic compound found in grapes 
and berries, has shown considerable promise in modulating 
neuroinfl ammation and promoting the clearance of amyloid-
beta. It acts by activating sirtuin 1 (SIRT1), a protein that plays 
a critical role in cellular health and longevity. A study by Yan, 
et al. [9] found that resveratrol not only lowered amyloid-
beta levels but also improved synaptic plasticity and cognitive 
function in animal models. Ongoing clinical trials aim to 
evaluate the potential of resveratrol in human patients, with 
particular emphasis on its long-term safety and effi cacy.

Earlier reports have shown phase II clinical trial 
(NCT01504854) of resveratrol with promising inhibitory 
potential but thereafter, concerns were raised due to brain 
volume reduction, indicating possible blood-brain barrier 
effects [10]. Berberine, an isoquinoline alkaloid, also reduced 
tau hyperphosphorylation via PI3K/Akt/GSK3 signaling and 
enhanced autophagic clearance of amyloid in APP/PS1 mice 
[11]. Ginkgo biloba extract EGb 761 were found to improve 
symptoms in mild AD but showed limited long-term effi cacy 
in large trials like GEM. Green tea catechin demonstrated 
reduction of A-induced toxicity and aggregation in vitro and 
in AD transgenic mice [12]. Mediterranean diet has also been 
associated with reduced AD risk and slower cognitive decline, 
likely due to its richness in polyphenols and omega-3s [13].
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Anti-infl ammatory and antioxidant ap-
proaches

Chronic neuroinfl ammation and oxidative stress are 
well-recognized factors contributing to the pathogenesis of 
Alzheimer’s disease (AD). As a result, there is increasing interest 
in developing anti-infl ammatory and antioxidant therapies 
for the condition. While non-steroidal anti-infl ammatory 
drugs (NSAIDs) such as ibuprofen and naproxen have been 
explored for their potential to alleviate neuroinfl ammation in 
AD, clinical trials have not consistently demonstrated cognitive 
benefi ts. However, recent research indicates that targeting 
specifi c infl ammatory pathways may yield more favorable 
outcomes. For example, inhibiting the NLRP3 infl ammasome, a 
major driver of neuroinfl ammation, has been shown to reduce 
amyloid-beta pathology and enhance cognitive function in AD 
models [14].

Oxidative stress is a critical factor in the early development 
of Alzheimer’s disease. Antioxidants like alpha-lipoic acid and 
N-acetylcysteine (NAC) have proven effective in mitigating 
oxidative damage in preclinical models of AD [15]. Recent studies 
suggest that combining antioxidants with other therapeutic 
strategies could offer more comprehensive neuroprotection. 
F /or instance, research by Dos, et al. [16] demonstrated that 
pairing alpha-lipoic acid with a tau aggregation inhibitor 
improved cognitive function in animal models, highlighting the 
potential of combinatorial antioxidant therapies. The selective 
COX-2 inhibitor celecoxib reduced neuroinfl ammatory markers 
in AD mouse models without the gastrointestinal side effects 
typical of traditional NSAIDs [15].

Cholinergic and glutamatergic modulation

Alzheimer’s disease is marked by signifi cant dysfunction 
in both the cholinergic and glutamatergic systems. The 
cholinergic system, essential for memory and cognitive 
functions, is particularly compromised in AD, leading to the 
development of cholinesterase inhibitors such as donepezil and 
rivastigmine. Likewise, the glutamatergic system, especially 
the NMDA receptor, plays a crucial role in synaptic plasticity, 
with its overactivation contributing to excitotoxicity in the 
context of AD. Memantine, an NMDA receptor antagonist, 
is currently employed to mitigate excitotoxicity in patients 
with AD. However, recent advancements have focused on 
developing more selective NMDA receptor modulators that 
target specifi c subunits associated with synaptic plasticity 
and neuroprotection. Galantamine also acts as an allosteric 
modulator of nicotinic receptors, providing dual cholinergic 
and neuroprotective actions. These next-generation NMDA 
modulators have shown promise in preclinical studies, where 
they have been found to improve cognitive function and reduce 
neurotoxicity [17].

In-silico approaches and drug discovery

Molecular docking and virtual screening have been 
extensively utilized to discover novel inhibitors of amyloid-
beta and tau aggregation. For example, a recent study by 
Pasieka, et al. [18] identifi ed several phenylpiperazine 

derivatives as potent inhibitors of amyloid-beta aggregation 
and tau hyperphosphorylation. These compounds exhibited 
high binding affi nity for both amyloid-beta and tau, resulting 
in neuroprotective effects in preclinical models.

Quantum mechanics/molecular mechanics (QM/MM) 
simulations provide a comprehensive understanding of 
how small molecules interact with their targets. This hybrid 
computational technique has been employed to examine the 
interactions between potential AD drugs and proteins like 
tau. Baggett and Nath [19] expanded the toolkit of protein 
aggregation inhibitors into new areas of chemical space and 
demonstrated the feasibility of ligand discovery strategy.

Expanding therapeutic hypotheses in alzhei-
mer’s disease

While amyloid-beta-targeted interventions have dominated 
AD drug development, current research supports over 100 
therapeutic hypotheses beyond the A cascade. These include 
mechanisms involving infl ammation, vascular dysfunction, 
microRNAs, and other comorbid dementias. Broadening the 
focus of AD interventions is essential to developing truly 
disease-modifying therapies.

General therapeutic perspectives

The amyloid hypothesis, though foundational, may be 
insuffi cient alone to explain AD progression. Min, et al. [20] 
emphasized the necessity to consider diverse molecular and 
cellular pathways in AD, such as mitochondrial dysfunction, 
synaptic failure, metal dyshomeostasis, and impaired 
proteostasis, arguing for combinatorial and multitargeted 
strategies for treatment. Similarly, Athar, et al. [21] reviewed 
molecular genetics of AD and suggested multi-pronged 
approaches involving genomics, transcriptomics, and 
proteomics to identify reliable biomarkers and novel therapeutic 
targets. Boxer, et al. [22] provided new mechanistic insights 
from single-cell analysis that reveal the cellular heterogeneity 
underlying AD pathophysiology.

Neuro-infl ammation

Infl ammation is increasingly recognized as a core 
contributor to AD, extending beyond a secondary response 
to plaque accumulation. Liang, et al. [23] demonstrated that 
the NLRP3 infl ammasome, microglial activation, and cytokine 
signaling pathways play a central role in neurodegeneration, 
positioning anti-infl ammatory agents and immunomodulators 
as potential therapeutic options.

MicroRNA dysregulation

MicroRNAs (miRNAs) regulate gene expression and are 
involved in neuronal survival, plasticity, and infl ammation. 
Li et al. [24] explored the role of specifi c miRNAs in AD 
progression, focusing on their impact on -amyloid 
(A) peptide accumulation, intracellular aggregation of 
hyperphosphorylated tau proteins, mitochondrial dysfunction, 
neuroinfl ammation, oxidative stress, and the expression of the 
APOE4 gene. Their insights contributed to understanding AD’s 
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pathology, offering new avenues for identifying diagnostic 
markers and developing novel therapeutic targets.

Vascular contributions

Cerebrovascular dysfunction signifi cantly exacerbates 
AD pathology. Sery, et al. [25] reviewed the role of 
vascular endothelial function and cerebral perfusion in 
neurodegeneration and noted that AD may result from a 
combination of amyloid and vascular insults, reinforcing the 
concept of “vascular cognitive impairment” as an overlapping 
pathology.

Other ancient dementia-related pathologies

Recent fi ndings suggest that pathologies historically 
associated with other forms of dementia—such as 
argyrophilic grain disease, hippocampal sclerosis, and TDP-
43 proteinopathy—may also intersect with AD. Metah, et al. 
[26] examined the therapeutic potential of targeting these 
overlapping pathologies, advocating for stratifi ed treatment 
strategies that consider co-pathologies in elderly patients with 
cognitive decline.

Microbiota and the gut-brain axis

The interplay between the gut-brain axis and Alzheimer’s 
disease (AD) has drawn increasing attention. Evidence suggests 
that gut dysbiosis contributes to AD pathogenesis by promoting 
neuroinfl ammation and amyloid-beta accumulation. Microbial 
metabolites, such as short-chain fatty acids (SCFAs), can cross 
the blood-brain barrier, infl uencing brain health. Modulating 
gut microbiota through probiotics or prebiotics is emerging as 
a potential therapeutic approach to reduce neuroinfl ammation 
and slow AD progression [27].

Periodontitis, a chronic infl ammatory condition affecting 
the gums and surrounding structures, is linked to systemic 
health issues, including AD. The disease, caused by colonization 
of gram-negative bacteria like Porphyromonas gingivalis and 
other periodontal pathogens (Tannerella forsythia, Treponema 
denticola, Fusobacterium nucleatum), is characterized by tissue 
destruction. Virulence factors such as gingipains and outer 
membrane vesicles from P. gingivalis can cross biological 
barriers, including the blood-brain barrier, and contribute to 
amyloid-beta pathology and neuroinfl ammation [28,29].

P. gingivalis DNA, lipopolysaccharides, and gingipains 
have been identifi ed in brain tissues of AD patients, along 
with antibodies against multiple periodontal pathogens (T. 
denticola, A. actinomycetemcomitans, F. nucleatum, P. intermedia). 
This suggests a signifi cant role of periodontal infections 
in AD progression [30,31]. Additionally, Treponema species 
have been found in the trigeminal ganglia and brain tissue, 
indicating neural pathways as a route for infection [32]. 
Clinical studies and systematic reviews support a bidirectional 
relationship between periodontal disease (PD) and AD. While 
PD increases the risk of developing dementia, cognitive 
decline in AD patients worsens oral hygiene, exacerbating 
PD [33,34]. Elevated cytokines, amyloid-beta peptides, 

tau hyperphosphorylation, hippocampal microgliosis, and 
neuronal death have been observed in both animal models and 
humans with periodontal infections. These fi ndings highlight 
the role of systemic infl ammation and brain infections in AD 
pathogenesis. Figure 1 illustrates the bidirectionality of PD and 
AD, where periodontal pathogens and their virulence factors 
infl uence brain pathology, while cognitive decline leads to poor 
oral hygiene and increased PD severity [35]. Addressing PD may 
offer a preventative strategy to mitigate the global dementia 
epidemic, with signifi cant public health implications [34].

Challenges and future directions

One promising strategy to tackle the multifaceted nature of 
AD is the development of combination therapies. For instance, 
pairing amyloid-beta inhibitors with drugs targeting tau 
has shown additive or synergistic effects in animal studies. 
Similarly, combining antioxidants with anti-infl ammatory 
agents offers broader neuroprotection. Ongoing clinical trials 
are currently investigating the effi cacy of these combination 
therapies, with the hope of achieving more comprehensive 
disease-modifying results. A signifi cant challenge in AD 
drug development is the effective delivery of therapeutic 
compounds to the brain. The Blood-Brain Barrier (BBB) poses 
a major obstacle in this regard. However, recent advances in 
nanotechnology have opened new avenues for improving the 
bioavailability and brain penetration of drugs. Lipid-based 
nanoparticles and polymeric nanocarriers have shown promise 
in delivering compounds like curcumin and resveratrol across 
the BBB, with encouraging results in preclinical studies [17]. 

Future research should focus on customizing interventions 
based on an individual’s genetic profi le to maximize therapeutic 
effi cacy. By leveraging a combination of imaging, genetic, novel 
ultrasensitive immunoassays, mass spectrometry methods, 
metabolomics, and exosomes, signifi cant strides towards 
personalized healthcare for individuals with AD could be made 
[36]. 

Figure 1: Potential bidirectionality of PD and AD [35].
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Conclusion

Alzheimer’s disease remains one of the biggest challenges 
in healthcare today, largely because of how complex and 
varied its causes are. But there’s hope on the horizon. Natural 
compounds and modern computer-based drug discovery 
are opening exciting new possibilities for better treatments. 
Interestingly, recent research suggests that bacterial infections 
could play a role in the development of Alzheimer’s, pointing 
to the importance of considering microbes when designing 
therapies. For example, infections with Porphyromonas gingivalis 
have been linked to brain infl ammation and faster buildup of 
amyloid plaques, thereby offering fresh ideas for preventing or 
slowing the disease.

Looking ahead, combining these different treatment 
strategies could make a real difference in reducing the toll 
Alzheimer’s takes on patients and families. At the same time, 
simple lifestyle changes, such as following the MIND diet and 
staying physically active with regular aerobic exercise, have 
shown promise in slowing memory decline and supporting 
brain health.
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