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Abstract

Alzheimer’s disease is a progressive neurodegenerative disorder marked by cognitive de-
cline, and its global prevalence is expected to increase substantially in the coming decades.
This review examines current therapeutic approaches and explores the potential role of
medicinal plants and natural products in the treatment and prevention of Alzheimer’s
disease. This review examines the pathophysiology of Alzheimer’s disease, with partic-
ular emphasis on the cholinergic, amyloid, and tau hypotheses. It evaluates currently
approved therapeutic approaches, including cholinesterase inhibitors and NMDA receptor
antagonists, as well as emerging immunotherapies. In addition, this review provides a
comprehensive analysis of the pharmacological properties of various medicinal plants
and explores innovative drug delivery systems. Research reveals that while conventional
drugs like donepezil and memantine provide symptomatic relief, they do not halt disease
progression. Recent immunotherapies, including lecanemab and donanemab, show po-
tential to reduce amyloid-beta accumulation and slow cognitive decline; however, they
face safety concerns, such as amyloid-related imaging abnormalities, and high costs. By
comparison, several natural products—including huperzine A, curcumin, resveratrol, and
epigallocatechin-3-gallate—demonstrate multi-target therapeutic potential through anti-
inflammatory, antioxidant, and cholinergic-modulating mechanisms. This review offers
a comprehensive contrast between natural products and traditional drugs as well as the
safety and economic limitations of immunotherapies. Given the multifactorial nature of
AD, therapeutic strategies that address multiple pathological pathways appear necessary.
In this regard, plant-derived compounds, due to their broad pharmacological activity
and generally favorable safety profiles, emerge as promising candidates for long-term
management and may contribute meaningfully to the development of future therapeutic
approaches for AD.

Keywords: Alzheimer’s disease; natural products; immunotherapy; cholinesterase inhibitors;
neuroinflammation

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized
by cognitive decline, affecting functions such as memory, adaptability, decision-making
and reasoning. The condition takes its name from Alois Alzheimer, a neuropathologist
and psychiatrist who, in 1906, presented his observations on a patient named Auguste D.,
marking an inflexion point in the understanding of mental disorders [1].
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Alzheimer’s disease is typically categorized into two forms: the early-onset “Familial
Alzheimer’s disease” and the more common late-onset “Sporadic Alzheimer’s disease”.
While the Apolipoprotein E gene (ApoE gene) has been identified as a primary genetic risk
factor in sporadic cases, other comorbid factors such as APP (Amyloid Precursor Protein),
PSEN1 (Presenilin 1), PSEN2 (Presenilin 2)—as well as lipid metabolism-related genes
such as ABCA1, ABCA7 and TREM2- are predominantly linked to the familial form of the
disease [2].

Alongside aging and genetic factors, environmental factors also represent a potential
threat to dementia and AD. These factors are categorized as external physical, chemical,
biological, and occupational factors [3]. It has been suggested that these factors may
influence AD through mechanisms such as oxidative stress, microglial activation, and
inflammation [4].

In 2020, the global number of diagnoses of dementia was estimated at over 55 million
individuals. This number will nearly double every two decades, reaching approximately
78 million by 2030 and 139 million by 2050 [5]. Considering that AD accounts for 60% to
80% of all dementia cases, the importance of research focused on its treatment is clearly
obvious [6].

2. Fundamental Hypotheses of Alzheimer’s Disease

The pathology of AD is mainly characterized by two definitive key processes: the
extracellular accumulation of amyloid-beta peptide plaques and the intracellular devel-
opment of neurofibrillary tangles, which result from the hyperphosphorylation of tau
protein [7]. Long-term investigations into AD etiology have shown that its complex and
multifactorial nature cannot be explained by any single causative factor [8]. Consequently,
current research emphasizes the various risk factors that contribute to pathological mecha-
nisms such as neuroinflammation and oxidative stress, as well as the underlying processes
and their complex interactions, as illustrated in Figure 1 [8,9].

Due to the lack of a definitive cure for AD and the increasing number of Alzheimer’s
patients in aging populations, systematic investigations of the brains of individuals with AD
were initiated in the late 1960s and early 1970s. The economic burden of this disease, along
with the burden on patients, their relatives, and other service providers, has increased the
importance of effective treatments that can be used for a long time. The aim of this process
is to identify the neurochemical abnormality underlying the disease and to investigate
potential treatments. In the mid-1970s, researchers observed notable neocortical deficiencies
in acetylcholine (ACh) and in choline acetyltransferase (ChAT), the enzyme responsible for
its synthesis. These findings, along with the emerging evidence of ACh’s role in learning
and memory, led to the formulation of the “cholinergic hypothesis” for the treatment of
AD. The enzyme acetylcholinesterase (AChE), which regulates the decline in ACh levels
and, consequently, cognitive functions, has become a primary target of research aimed at
developing therapeutic strategies within the framework of this hypothesis [10,11].

Amyloid beta peptide (A), responsible for the characteristic plaques in the brains
of AD patients, was first identified in the meningeal blood vessels of individuals with
AD and Down syndrome in the early 1980s. A year later, this peptide was identified as
the main component of senile plaques in the brain tissues of patients with AD. In most
individuals with Down syndrome, by the age of 40, the development of these plaques, as
well as neurofibrillary tangles (NFTs), has been observed. Studies have demonstrated that
AD is characterized by amyloid plaques surrounded by neurons containing NFT, vascular
damage resulting from excessive plaque accumulation, and neuronal cell loss [12-14].

It is well established that tau phosphorylation can be regulated by intracellular calcium
levels. Hardy and colleagues proposed the “amyloid cascade hypothesis” based on the
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observation that trisomy of the region on chromosome 21 containing the APP gene leads to
Down syndrome, and that A3 accumulation increases free radical levels and intracellular
calcium. They suggested that A3 deposition represents the earliest event in the disease, and
that neuronal dysfunction and cell death occur as a consequence of Af3 accumulation [2,13].
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Figure 1. A comprehensive overview of the complex pathological landscape of AD.

One of the core processes of AD, a multifactorial disorder, is the formation of neu-
rofibrillary tangles, which consist of paired helical filaments resulting from the hyper-
phosphorylation of the microtubule-associated protein tau. Neurobiological and clinical
studies on AD and tau protein have shown that the severity of this type of dementia is
directly correlated with the accumulation of NFTs in the brain. They also demonstrate that
hyperphosphorylated tau species in the cerebrospinal fluid are strongly associated with cog-
nitive impairments in Alzheimer’s patients, and that reductions in tau filaments achieved
through targeted therapies can alleviate these cognitive deficits, thereby supporting the
“tau hypothesis” [15].

Although a close relationship between NFTs composed of hyperphosphorylated tau
proteins and amyloid plaques has previously been discussed in the context of neurotoxicity,
changes in Af3 and tau concentrations do not appear to progress in parallel. Recent studies
have shown that in patients who experience cardiac arrest, phosphorylated tau (p-tau)
concentrations rise within 24 h, indicating that p-tau is rapidly synthesized in the interstitial
fluid during hypoxic—ischemic brain injury. On the contrary, the concentrations of A4
and Af349 gradually increased over time [16]. Based on these findings, it has been suggested
that tau phosphorylation is triggered by A accumulation and plaque formation, in line
with the amyloid hypothesis.

This hypothesis is further supported by studies showing that individuals with a
translocation on chromosome 21, located at a distance from the APP gene, exhibit symp-
toms of Down syndrome but do not develop AD. Conversely, individuals carrying a
microduplication of the APP gene but lacking mutations in the remaining regions of the
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chromosome have been reported not to exhibit symptoms of Down syndrome; however,
they developed AD in their fifties [17]. In the Icelandic population, the APP A673T mutation
occurs about 5 times more frequently in healthy elderly individuals than in patients with
AD. This mutation, which reduces (3-secretase cleavage of APP across the lifespan, is con-
sidered protective and provides further evidence for the central role of Af3 in Alzheimer’s
pathology [17,18].

The “Amyloid Precursor Protein” (APP) is an 87 kDa transmembrane protein and a
central element of the amyloid cascade hypothesis. It is a multi-isoform integral membrane
protein composed of a large extracellular domain, a membrane-spanning region, and a
short intracellular C-terminal segment. Two pathways have been identified in which APP
is processed in different steps by peptidases known as x-, 3-, and y-secretases. In the non-
amyloidogenic pathway, o-secretase cleaves APP at the amino-terminal (N) end, producing
soluble APPo (sAPP-«) and an 83-amino-acid carboxy-terminal fragment (x-CTF). sAPP-
o exerts a neuroprotective effect by preventing A formation and regulating synaptic
transmission. In the amyloidogenic pathway, cleavage by [3-secretase generates sAPP-f3 at
the N-terminus and 3-CTF (C99) at the C-terminus. The subsequent cleavage of 3-CTF by
v-secretase produces y-CTF (AICD: APP intracellular domain) and a small peptide, Aj3,
consisting of 39—43 amino acids. The extracellular aggregation of A} progresses sequentially
from oligomers to protofibrils, then to fibrils, and ultimately to insoluble plaques. These
structures exhibit both direct and indirect toxicity. The toxicity directly induced by Af3
accumulation on mitochondria, the endosome-lysosome system, and cellular transport
mechanisms is evaluated. Indirectly, AR exerts its toxicity by enhancing the release of
factors such as interleukin-18 (IL-18), IL-6, IL-18, tumor necrosis factor (TNF), chemokines,
prostaglandins, nitric oxide, and reactive oxygen species (ROS). This cascade contributes to
impaired synaptic function, neuronal cell death, and the inhibition of neuronal regeneration
as shown in Figure 2 [2,16,19-21].
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Figure 2. Amyloid Precursor Protein processing pathways and AD pathogenesis.
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Other Processes in the Pathophysiology of Alzheimer’s Disease

Although the association between AD and ApoE4, first demonstrated in 1993, has
been recognized as a major risk factor, exome and genome sequencing studies on late-onset
AD have suggested additional risk factors. Among these, processes such as the microglial
response to plaque formation, which link the brain’s immune system and inflammation,
have contributed to a better understanding of the biological mechanisms underlying AD
pathogenesis [16,17]. Neuroinflammation, triggered by immune responses to various
factors within the central nervous system, represents one of the key processes underlying
the pathogenesis of AD. In AD, inflammation causes neuronal dysfunction by accumulating
Ap and forming neurofibrillary tangles [22]. The relationship between inflammation and
AD can be inferred from the observation that in populations with widespread chronic use
of non-steroidal anti-inflammatory drugs (NSAIDs), the incidence of AD is significantly
lower [23]. Anti-inflammatory therapy aims to regulate the inflammatory response by
reducing the levels of inflammatory mediators such as interleukins, thereby mitigating
inflammatory damage in the brain. In addition to this effect, studies have also reported
that ibuprofen reduces Af342 levels not through cyclooxygenase (COX) enzyme activity,
but by modulating y-secretase activity [16].

Microglia, the resident macrophages of the central nervous system, maintain brain
homeostasis by phagocytosing misfolded proteins, cellular debris, and dying cells. To
understand microglial mechanisms in AD and develop potential therapeutic approaches
targeting them, it is important to study the genes associated with the disease. Detailed
studies have demonstrated that the genes most directly or indirectly associated with
microglia are ApoE, TREM2, Complement Receptor 1 (CR1), and CD33 [17,24,25].

ApoE is an apolipoprotein that transports lipids and cholesterol to target cells via
receptor-mediated endocytosis. Among the major subtypes (ApoE2, ApoE3, ApoE4),
ApoE4 plays a significant role in the pathogenesis of sporadic AD, not only through di-
rect effects on amyloid pathology but also by affecting microglial activity, lipid transport,
synaptic structure and plasticity, glucose metabolism, and cerebrovascular structure and
plasticity. ApoE4 carriers exhibit earlier and more severe A3 accumulation and experience
more rapid disease progression once symptoms emerge. Individuals carrying the ApoE4
allele have been found to have a 3-4-fold increased risk of developing AD, whereas those
carrying two alleles exhibit a 10-15-fold higher risk [16,24]. The observation of reduced
microglial proliferation and neurodegeneration around certain fibrous plaques in ApoE4
(—/—) mouse brains highlights the importance of ApoE4 in microglial activation and the
impairment of neuronal functions. It is noteworthy that ApoE4 also affects Ap accumu-
lation by reducing Af clearance, as it competitively binds to lipoprotein-related protein
1 (LRP1) and low-density lipoprotein receptor 1 (LDLR) on astrocytes, microglia, and
endothelial cells [16].

TREM2 is a transmembrane receptor expressed not only in microglial cells but also
in tissue macrophages. In AD, microglial activation plays a crucial role in its regulation.
It has been demonstrated that increased TREM2 expression enhances microglial activity,
thereby reducing A accumulation. An A-like effect may prevent the exacerbation and
propagation of tau pathology by activating the DAM phenotype via TREM2, a microglial
phenotype located around A3 deposits that has been shown to exert neuroprotective
effects [25,26].

Early activation of microglial cells is beneficial for the clearance of amyloid deposits
and tissue repair. In the early stages, microglia have been shown to reduce A3 accumulation
through phagocytosis. However, prolonged and excessive microglial activation is a key
factor contributing to neuroinflammation in AD by releasing proinflammatory cytokines.
Progressive neuroinflammation contributes to neuronal injury and cell death. In a normally
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functioning brain, microglia are maintained within a homeostatic balance of their distinct
phenotypes (Figure 3). Although the classification of phenotypes has evolved with the
identification of different subtypes, the M1 and M2 phenotypes have been useful for
understanding microglial activation. In response to exogenous or endogenous factors
that may disrupt this balance, microglia exhibit a dynamic equilibrium by polarizing
between the M1 and M2 phenotypes. The M1 phenotype enhances the neurotoxic effects
of glutamate by expressing iNOS, which converts arginine into NO, and by producing
pro-inflammatory cytokines and chemokines such as TNF-«, IL-6, IL-1f3, IL-12, and CCL2.
In cases of excessive microglial activation, this balance shifts toward the M1 phenotype.
The M2 phenotype is characterized by cytokines such as IL-4, IL-10, IL-13, and TGF-f3, and
exerts an anti-inflammatory effect. In M1 polarization, the NF-«B, JAK/STAT, and TLR
pathways play the primary roles. For M2 polarization, the AMPK, PI3K/AKT, PPAR-y, and
Notch signaling pathways have been identified as the primary factors [24,25,27]. AMPK is a
serine/threonine kinase that regulates energy metabolism by facilitating energy production
while suppressing energy expenditure. Impairment of AMPK activity leads to cognitive
dysfunction by disrupting synaptic plasticity [22].
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Figure 3. The complex role of microglial activation and polarization in the development of AD.

Postmortem studies in humans and mice have identified reactive microglia in associ-
ation with AP plaques. With recent advances in technology, scRNA-seq and snRNA-seq
studies have enabled a more detailed investigation of microglial states and their responses
to pathological changes in AD. These results suggest that microglia may exert a neuro-
protective role in the early stages of AD, and that microglia migrate towards tau and A3
accumulations, clearing these aggregates via phagocytosis. However, chronic stimulation
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associated with pathological accumulations can lead to excessive activation of microglia,
thereby exacerbating the progression of AD [25,28,29].

Oxidative stress arises from the disruption of the balance between the physiological
antioxidant defence system and free radicals. Free radicals, generated and accumulated by
cellular metabolism in the brain, disrupt the cell’s redox mechanisms, leading to damage to
proteins, lipids, and DNA. This process leads to increased cellular apoptosis by altering
intracellular signalling pathways. Oxidative stress has been associated with most chronic
diseases and is strongly linked to neurodegenerative disorders and aging. The impact
of oxidative stress, identified as a significant factor in the pathogenesis of AD, has been
demonstrated in previous studies. The toxic effects of A on neuronal cell cultures, medi-
ated by free radical mechanisms [30,31], as well as its irreversible damage to biomolecules
during the AD process [22], have been demonstrated. At the same time, oxidative stress
aggravates neuronal degeneration by causing protein oxidation through iron and lipid
peroxidation [22].

The Wnt signaling pathway has been implicated in AD, cancer, and various metabolic
disorders. Conserved since the earliest animals in evolutionary history, this pathway plays
a crucial role in processes such as embryogenesis, tissue formation and maintenance of
homeostasis, as well as the regulation of cellular functions. Wnt signaling is classified
into three pathways: canonical (3-catenin-dependent), non-canonical planar cell polarity
(PCP), and non-canonical Wnt/Ca?*. In the B-catenin-dependent pathway, extracellular
Wnt signals are transmitted to the nucleus via (3-catenin, which plays a critical role in
intracellular signalling and ultimately influences transcription. Upon activation of Wnt
signaling, glycogen synthase kinase 3-beta (GSK-3f3) becomes inactivated, allowing (3-
catenin to associate with transcription factors. Conversely, in the absence of a Wnt ligand,
GSK-33 activation leads to 3-catenin phosphorylation and degradation. A controlled study
of AD brains demonstrated an age-related decline in 3-catenin levels, alongside elevated
GSK-3f3 phosphorylation and a concomitant reduction in Wnt signaling [32,33].

3. Current Approved Treatments for Alzheimer’s Disease
3.1. Conventional Treatment Approaches

As is well known, AD is characterized by reduced presynaptic cholinergic marker lev-
els in the cerebral cortex, which are associated with cognitive functions such as learning and
memory [2]. The decline in cognitive function associated with reduced acetylcholine levels
has led to the primary therapeutic approach of restoring cholinergic neurotransmission
with cholinesterase inhibitors. In this context, AChE inhibitors (rivastigmine, donepezil,
and galantamine), an NMDA (N-methyl-D-aspartate) receptor antagonist (memantine),
and their combinations—although they do not halt disease progression—remain in use for
alleviating symptoms [34,35].

According to the cholinergic hypothesis, tacrine was initially approved in 1993, fol-
lowed by donepezil in 1996, rivastigmine in 1997, and galantamine in 2001, with the
aim of restoring cholinergic activity, and these drugs have subsequently been employed
for the symptomatic treatment of the disease. The other therapeutic agent, memantine,
was approved for the treatment of AD in Europe in 2002 and subsequently in the United
States a year later. The first molecule to enter treatment, tacrine (Figure 4), is a reversible
cholinesterase inhibitor that demonstrated improvements in cognitive functions at doses
of 80-160 mg/day. However, due to its side effects, including elevations in transaminase
levels and hepatotoxicity, it is no longer in clinical use [18,35,36].
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Figure 4. 2-dimensional (a) and 3-dimensional (b) molecular drawing of tacrine.

Although the pharmacological differences among AChE inhibitors—considered under
the conventional approach to treating AD symptoms—are minimal, all act by blocking
the AChE enzyme responsible for the breakdown of acetylcholine. Comparative studies
have shown no statistically significant differences among these three ChE inhibitors over
a three-month treatment period. All three currently used cholinesterase inhibitors have
a low incidence of serious adverse effects and generally present with cholinergic side
effects [11,35,37,38].

3.1.1. Donepezil

Donepezil, as shown in Figure 5, is a piperidine-based, reversible AChE inhibitor
developed to overcome the aforementioned limitations of tacrine. It exhibits high selectivity
for AChE while showing low affinity for butyrylcholinesterase (BChE). In light of these
clinical studies, it has been indicated that a daily dose of 5-10 mg improves cognitive
functions [36].

(a) (b)

Figure 5. 2-dimensional (a) and 3-dimensional (b) molecular drawing of donepezil.

Donepezil is primarily metabolized by hepatic enzymes, and its 6-oxo derivative, a
major active metabolite, exhibits comparable AChE inhibitory activity. Owing to its high
lipophilicity, it can cross the blood-brain barrier [39].

Donepezil is generally well tolerated, with side effects such as nausea, vomiting,
diarrhea, constipation, and, in some cases, headache, dizziness, and sleep disturbances.
Other than these temporary effects, its lack of clinically meaningful impact on laboratory
measures, including hepatic function, has been deemed significant [36].
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3.1.2. Rivastigmine

Rivastigmine (Figure 6) is a carbamylation agent that irreversibly inhibits AChE. It
has been reported in phase 3 trials involving more than 1500 patients that rivastigmine
at a daily dose of 612 mg effectively improved cognitive functions and was associated
with enhancements in patients’ daily activities and behavioral outcomes. In a comparative
study conducted on transgenic Drosophila, rivastigmine was found to be more effective
than galantamine in reducing oxidative stress [36,40,41].

Figure 6. 2-dimensional (a) and 3-dimensional (b) molecular drawing of rivastigmine.

During the progression of AD, a decline in AChE levels has been accompanied by
an increase in BChE activity. A study on AChE-deficient mice demonstrated that, at later
stages of treatment, BChE compensates for the absence of AChE, leading to a reduction
in synaptic ACh levels. Unlike other AChE inhibitors, rivastigmine blocks the function of
these enzymes by forming covalent bonds with the active sites of both AChE and BChE.
Thus, the activity of BChE is also inhibited in the process described above [37,40].

Rivastigmine can cross the blood-brain barrier to a substantial extent. Unlike other
pharmacological agents used in AD, it can also be administered via transdermal patches.
Moreover, studies have demonstrated that, beyond AChE inhibition, rivastigmine pro-
motes non-amyloidogenic APP cleavage in a dose-dependent manner by shifting APP
processing from (-secretase to x-secretase. Accordingly, it is considered to influence not
only symptomatic relief but also the progression of the disease [39].

The most common side effects observed in clinical trials are nausea, vomiting, anorexia,
dyspepsia, fatigue, irritability, and weight loss. These side effects are more common at the
start of treatment and decrease over time and with dose [36,37]. A recent study found that
rivastigmine was associated with an increased risk of cardiac events [38].

3.1.3. Galantamine

Galantamine (Figure 7), derived from Galanthus nivalis L. (Amaryllidaceae), is the
latest approved tertiary alkaloid as an AChE inhibitor. Unlike non-selective agents such as
tacrine, galantamine shows 10 times greater selectivity for AChE than for BChE. In Phase 3
clinical trials, a statistically significant improvement in cognitive function was observed at
a dose of 16-24 mg/day compared to placebo [11,36].
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(a) (b)

Figure 7. 2-dimensional (a) and 3-dimensional (b) molecular drawing of galantamine.

The second effect of galantamine in AD is to enhance cholinergic functions through
the activation of nicotinic acetylcholine receptors (nAChRs). In addition to its AChE
inhibitory effect, galantamine has been shown to be a positive allosteric modulator of
nAChRs, thereby potentially increasing receptor sensitivity to ACh [11,35,36,41]. A recent
comparative study has shown that galantamine is a more potent cholinesterase inhibitor
than rivastigmine [41]. It has been suggested that galantamine prevents Af-induced
oxidative damage by inhibiting A3 aggregation and cytotoxicity [39].

Galantamine is rapidly absorbed after oral intake, providing up to 90% bioavailability.
Metabolized in the liver, galantamine is converted to desmethyl galantamine, which is
one-third as effective as galantamine in its AChE inhibitory activity. [39] The most common
side effects are nausea, vomiting, anorexia, and diarrhea, which, as seen with other AChE
inhibitors, are related to cholinergic stimulation and can be easily controlled by gradually
increasing the dosage regimen [11,36]. Findings have indicated that galantamine, like
rivastigmine, may be associated with an increased risk of cardiac events [38].

3.1.4. Memantine

Under normal physiological conditions, glutamate, the principal excitatory neurotrans-
mitter responsible for activating approximately 70% of excitatory synapses in the central
nervous system, mediates long-term potentiation through NMDA receptor activation, a pro-
cess that plays a central role in learning and memory. In this process, dysfunction mediated
by NMDA receptors leads to the degeneration and death of cortical and subcortical neurons.
In the pathogenesis of both sporadic and familial AD, elevated extracellular glutamate
levels lead to excessive NMDA receptor activation, impairing signalling pathways. There
is evidence that impaired glutamatergic neurotransmission at NMDA receptors contributes
to disease progression. Memantine (Figure 8) is a voltage-dependent, moderate-affinity,
non-competitive NMDA antagonist. It reduces cellular glutamate toxicity by decreasing
the excitability levels of nerve cells that transmit signals with excitatory amino acids while
preserving the physiological activation of NMDA receptors. [2,18,35,39].
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Figure 8. 2-dimensional (a) and 3-dimensional (b) molecular drawing of memantine.

In Phase 3 clinical trials, memantine has demonstrated significant statistical benefit in
cognitive, functional, global, and behavioral endpoints. Based on these results, it was first
approved in Europe in 2002 and began use in the United States a year later for moderate-
to-severe AD indications. When the study results were examined to evaluate side effects,
the incidence of dizziness (6.3% for memantine and 5.6% for placebo), headache (5.2% and
3.9%), constipation (4.6% and 2.6%), and drowsiness (3.4% and 2.2%) was observed in the
memantine group compared to the placebo group. The incidence of serious adverse effects
was lower in the memantine group (12.7% and 13.8%) and was not considered related to
the study [42].

3.2. Immunotherapy

In the majority of Alzheimer’s patients, complete neurological recovery is not a realistic
expectation. Rather, patients with Alzheimer’s typically hope for the stabilization of their
condition, without further progression. Since the pathological processes of the disease
begin years, or even decades, prior to the onset of the first symptoms, reversing the
accumulated neuropathology with current therapeutic strategies does not appear feasible.
While symptomatic benefits can be achieved with AChE inhibitors, disease progression has
not been slowed.

The amyloid hypothesis is the most widely accepted model of AD pathogenesis and
has played a pioneering role in the development of potential therapies. Inmunotherapy
began to attract attention following the study by Schenk and colleagues in 1999, which was
the first immunization study to report a reduction in amyloid pathology after intramuscular
injection of fibrillar APy, in an APP transgenic mouse model. In this study, Ap plaque
accumulation, neurodegeneration, and gliosis were observed in vaccinated young and
old animals; however, no mechanism-based damage was observed in the brains of the
experimental animals. Animal models have shown that A4, immunization elicits a highly
specific response that promotes A3 degradation [19,43].

This study, based on active immunization, has prompted academic research and
pharmaceutical companies to focus on this concept for the treatment of AD. In a clinical
trial conducted by a pharmaceutical company, an approach similar to the above-mentioned
mouse model was designed. The first immunotherapy, active vaccination with AN-1792, a
synthetic Af31_4p, was halted after T cell-mediated meningoencephalitis occurred in more
than 5% of Alzheimer’s patients enrolled in the trial. Nevertheless, a subgroup that received
two doses showed less decline on cognitive tests than the placebo group [17,18,43]. To
reduce the risk of such side effects, studies have focused on passive immunization based
on anti-Af3 monoclonal antibodies (mAbs).
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3.2.1. Aducanumab

Biogen was the first company to conduct a clinical trial in passive immunotherapy.
It has been reported that human-derived immunoglobulin G1 (IgG1) selectively targets
soluble A3 aggregates and insoluble fibrils, leading to a time- and dose-dependent re-
duction in A levels. Aducanumab affects different stages of AB4, pathology, including
monomer, oligomer, plaque forms, and extracellular deposits. By binding to Af struc-
tures, it facilitates their clearance through the immune system. In two large phase 3 trials
(EMERGE and ENGAGE), both were terminated following futility analyses, despite contin-
ued evidence of aducanumab’s effect on plaque accumulation. However, post hoc analyses
have demonstrated that the EMERGE study achieved its objective [16-18,39]. Yet, it is
known that among patients receiving 10mg/kg of aducanumab treatment, 35.2% developed
perivascular edema (ARIA-E) and 19.1% developed microbleeds (ARIA-H) [18].

In 2021, the European Medicines Agency (EMA) rejected the company’s application
for aducanumab, and the company subsequently requested a re-evaluation. Although the
ENGAGE study did not demonstrate clinical benefit, the FDA (Food and Drug Administra-
tion) granted accelerated approval for aducanumab in 2021. The condition for this approval
was that the molecule would prove successful in another study (phase 4). However, Biogen
recently announced that the development and commercialization of aducanumab will not
continue, as resources will be redirected to other studies, prior to the EMA’s assessment
outcome [44].

3.2.2. Lecanemab

The rodent monoclonal antibody mAb158 was developed to selectively bind the Af3
protofibril conformation. Subsequent research on this molecule led to the development of
Lecanemab, the humanized IgG1 version of mAb158, which selectively binds to soluble
forms of AR and facilitates their clearance [45].

Lecanemab was approved by the FDA in 2023 following the successful Phase 3 CLAR-
ITY trial for AD and is now available for patient use. Lecanemab delayed disease progres-
sion by 6 months, reducing cognitive decline by 27% compared with the placebo group
on the CDR-SB (Clinical Dementia Rating Sum of Boxes) scale. These findings suggest
that lecanemab is a promising treatment option that may slow the progression of AD and
preserve cognitive function [16,18,46,47].

Data presented at the 2024 International Alzheimer’s Association Conference demon-
strated that 36 months of lecanemab treatment reduced the risk of disease progression
(from mild cognitive impairment to dementia, or from mild AD to moderate AD) by 30%.
Additionally, lecanemab also slows down tau pathology, as demonstrated by tau PET
scans [18,46]. However, potential side effects associated with lecanemab should be con-
sidered. Similar to aducanumab, adverse events such as ARIA, which can cause brain
edema and microbleeds, have been reported in anti-amyloid treatment studies. ARIA-E
was detected in 17.3% of patients receiving treatment, and ARIA-H in 12.6% (compared to
9% and 1.7% in the placebo group, respectively) [18].

3.2.3. Donanemab

Donanemab is an immunoglobulin G1 antibody that specifically targets the N3pG
epitope, which is found only in mature amyloid plaques. Based on the positive results
from the phase 3 TRAILBLAZER-ALZ2 trials, the drug has received full FDA approval.
According to the iADRS (Integrated Alzheimer’s Disease Rating Scale) criterion, cognitive
decline was reduced by 35%, delaying disease progression by approximately 4.5 months.
In line with findings from other anti-A3 mAb therapies, ARIA was also observed after
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donanemab administration (ARIA-E: 24% vs. 1.9% with placebo; ARIA-H: 19.7% vs. 7.4%
with placebo) [18,46-48].

3.2.4. Use and Adverse Effects of Immunotherapeutic Agents

The question of which biomarkers should guide the administration of immunotherapy
agents has also been a subject of debate. According to the approach used in the phase 3 trial
of Donanemab, anti-Af3 therapy should be continued until plaque burden is sufficiently
reduced, and treatment should be restarted based on A levels on PET scans [18,46].

Lecanemab, however, was administered according to a predetermined timeline, with-
out consideration of biomarkers [46]. Post hoc analyses of data from Lecanemab phase 3
trials have shown that anti-Af immunotherapy is more effective in patients with lower
levels of tau pathology than in those with higher levels. Therefore, it has been proposed
that patients who will receive treatment may be eligible for combination therapy including
anti-tau immunotherapy. The selected treatment strategy must be determined through joint
evaluation of the patient’s amyloid and tau PET scans [18].

Post-immunotherapy imaging has likewise raised concerns about alterations in struc-
tural volumes. For lecanemab and donanemab, lateral ventricular enlargement has been
demonstrated to be strongly associated with ARIA. Both mAbs and other monoclonal
antibody agents have been shown to reduce the overall brain volume, including the white
matter. It remains a matter of debate whether this reduction truly reflects atrophy (i.e.,
neuronal death and synaptic loss). Moreover, it has not yet been determined whether these
structural alterations represent a stable side effect of the treatment or may lead to significant
long-term consequences [46].

Patients receiving anti-Af3 monoclonal antibody therapy may experience infusion
reactions and as previously stated, may also develop ARIA. The most consistent risk factor
for ARIA is APOE ¢4 homozygosity. The risk of ARIA-related side effects is approximately
twice as high in individuals with the APOE &4 allele compared to those without it [46].
Before starting mAb treatment, it must be ensured that the patient can comply with the
method to be applied.

4. Medicinal Plants and Natural Products in the Treatment of
Alzheimer’s Disease

At present, three FDA-approved AchE inhibitors and one NMDA antagonist have been
shown to enhance cognitive function; however, they provide only a limited contribution
to slowing the progression of the disease. Despite extensive research, the difficulty of
developing effective treatments for the disease has become apparent, and many clinical
trials have likewise failed to demonstrate satisfactory efficacy [27,49,50]. Studies in this
field have demonstrated that monoclonal antibody therapy mitigates A3 accumulation,
a fundamental hallmark of AD. However, concerns have arisen about the safety profiles
of all monoclonal antibody molecules approved for AD, primarily due to infusion-related
reactions and, most importantly, ARIA-related adverse effects. At the same time, the high
cost of these molecules negatively influences the accessibility and widespread application of
the treatment. Therefore, investigating safer and more effective pharmacological strategies
indicates substantial potential [51].

Recent studies have focused on identifying the bioactive components of supplements
derived from foods and plants used to treat neurological disorders, as well as elucidat-
ing their potential mechanisms of action in the prevention and treatment of these con-
ditions. Epidemiological evidence suggests that, given the multifactorial nature of AD,
therapeutic success is more likely to be achieved through approaches that simultaneously
target multiple pathogenic mechanisms involved in AD. It has been suggested that natu-
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ral inflammation inhibitors and antioxidant agents—such as polyphenols, fatty acids, or
vitamins—that can act through multiple mechanisms may help prevent neurodegenerative
diseases [23,27,52].

Characterized by high levels of calories, fat, and salt, along with low dietary fiber, the
‘Western diet” has been associated with the rising prevalence of obesity and type 2 diabetes.
It has also been reported that the Western diet contributes to pathological brain aging and
exacerbates cognitive decline in AD. In contrast, the “Mediterranean diet” is highlighted
for its positive effects on overall brain health, enhanced memory function, and reduced
AD risk [53]. These beneficial outcomes of the Mediterranean diet are attributed to its rich
omega-3 fatty acid content—particularly docosahexaenoic acid (DHA), which is abundantly
present in the brain, cerebral cortex, skin, and retina. Furthermore, meta-analyses and
systematic reviews of studies on AD indicate that DHA levels are decreased in AD and that
DHA intake is associated with a reduced risk of AD. As shown in animal and cell culture
studies, the effectiveness of DHA in preventing AD is reported to result from its anti-Af3
activity, its reduction in tau phosphorylation, and its anti-inflammatory and antioxidant
effects. In two rodent-based AD models, intranasally administered nanoformulated DHA
has been reported to reduce tau phosphorylation and improve cognitive function. It has
been suggested that DHA promotes the non-amyloidogenic pathway by simultaneously
inhibiting 3-secretase and increasing o-secretase stability. However, studies have shown
that serum A levels in subjects receiving DHA did not decrease, suggesting that the ob-
served improvement in cognitive function may have arisen from an alternative mechanism
of action. This mechanism is thought to arise from the elevated levels of antioxidants
such as superoxide dismutase (SOD), catalase, y-glutamylcysteine ligase, and glutathione
reductase (GR), along with their cytoprotective and antioxidant activities [53,54].

4.1. Huperzine A

Huperzia serrata (Thunb.) Trevis. (Lycopodiaceae), known in Traditional Chinese
Medicine for centuries as “Qian Ceng Ta,” has been employed in the treatment of
schizophrenia, inflammation, poisoning, pain, fever, and memory disorders. Research
conducted on H. serrata has identified huperzine A (HupA) as the principal bioactive com-
pound responsible for most of its pharmacological effects (Figure 9). HupA, a sesquiterpene
alkaloid, has been demonstrated to cross the blood-brain barrier and act as a reversible,
selective inhibitor of AchE, with studies further confirming its favorable tolerability profile.
It has been demonstrated that the in vivo and in vitro AchE inhibitory activities are higher
than those of the AchE inhibitors prescribed in AD, namely galantamine, donepezil, tacrine,
and rivastigmine. In addition to its cholinergic activity, HupA has also been shown in
studies to reduce hyperphosphorylated tau protein levels in the cortex and hippocam-
pus [33,39,55,56].

It is well established that the etiology of AD involves multiple mechanisms. Research
has demonstrated that, in addition to its inhibitory effect on AChE, HupA also influences
other pathways. Specifically, HupA modulates BACE1 activity in a dose-dependent manner
and promotes the non-amyloidogenic pathway by enhancing the «-secretase cleavage of
APP. It has been demonstrated that the expression of sSAPP« and the C83 fragment, both of
which are known for their neuroprotective effects, is upregulated. Furthermore, it has been
reported that BACE1 membrane translocation is downregulated, thereby preventing its
interaction with APP [33,55].

It is well established that Af3 accumulation induces neurotoxicity by generating ROS and
disrupting mitochondrial function. Moreover, HupA has been shown to restore adenosine
triphosphate (ATP) levels and reduce elevated ROS levels induced by Af4. It has been
reported that incubating cell culture medium with HupA, followed by exposure to Af3, increases
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glutathione peroxidase (GPx), SOD, and catalase levels while reducing malondialdehyde (MDA)
levels. In this way, HupA may help prevent oxidative stress [33,55,56].

Inflammatory mechanisms play a crucial role in the pathogenesis of AD. Cytokines
such as IL-13, IL-6, and TNF-o have been observed around amyloid plaques, and excessive
production of these cytokines may lead to cytotoxic effects. In a culture medium derived from
neural stem cells exposed to AR1_4, HupA partially reduced the secretion of inflammatory
factors, including IL-6, TNF-¢, and macrophage inflammatory protein-1cc (MIP-1cc). HupA
suppresses inflammatory cytokine expression and systemic inflammatory responses through
the activation of nicotinic cholinergic receptors. It has been observed that while the activation
of macrophages, microglia, and astrocytes is downregulated, leading to the inhibition of pro-
inflammatory cytokines, the expression of anti-inflammatory cytokines remains unaffected.
Thus, it has been reported that HupA reduces neuroinflammation through its cholinergic
anti-inflammatory effects by downregulating the secretion of IL-1§3, IL-6, and TNF-«, as well
as the NF-«B signaling pathway [33,55].
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Figure 9. 2-dimensional (a) and 3-dimensional (b) molecular drawing of huperzine A.

The Wnt signaling pathway is known to play a critical role in the development and
regulation of the central nervous system, as well as in vascular stabilization, the integrity of
the blood-brain barrier, and inflammation. Inhibition of this pathway has been associated
with cognitive impairments, tau hyperphosphorylation, and increased A4 levels. It
has been demonstrated that HupA ameliorates A3 accumulation and cognitive deficits by
activating the Wnt signaling pathway [33].

HupA, which was approved in China by the National Medical Products Administra-
tion (NMPA) in 1996 for the treatment of AD, is recommended in the United States as a
nutraceutical for AD therapy. Compared with other AChE inhibitors, it has been reported
to cross the blood-brain barrier more effectively and to provide a longer duration of ac-
tion. Clinical studies have indicated that adverse effects such as tachycardia, bradycardia,
headache, muscle cramps, and, at higher doses, arthralgia are associated with its cholinergic
activity. Since these side effects are rare, HupA is considered well-tolerated and has even
been administered to patients who are intolerant of other AChE inhibitors [33,39,56].

The chemical synthesis of natural compounds for large-scale use is essential to pre-
serving plants’ natural habitats. It is well established that the enantiomers of chemically
synthesized substances may exhibit different levels of biological activity. Therefore, it is es-
sential that chemically synthesized compounds possess the same structure and comparable
biological activity as natural molecules. The chemically synthesized enantiomer (-)-HupA
of H. serrata’s active compound HupA showed comparable AChE activity to the natural
molecule, whereas (+)-HupA exhibited an AChE activity approximately 50 times lower
than that of the natural form [33].
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4.2. Vitamin E

The neuroprotective effects of vitamin E (Figure 10), known for its free radical-
scavenging properties, have long been investigated in neurodegenerative and cerebrovas-
cular diseases [57]. Exogenous antioxidants are classified into polyphenols, vitamins, and
carotenoids. Carotenoids are further subdivided into carotenes and xanthophylls. While
a-carotene, 3-carotene, and lycopene are classified within the carotene group, lutein, zeax-
anthin, and B-cryptoxanthin are categorized under xanthophylls. In a study comparing the
serum concentrations of antioxidant vitamins—retinol, a-tocopherol, y-tocopherol—and
six major carotenoids, namely lutein, zeaxanthin, 3-cryptoxanthin, «-carotene, 3-carotene,
and lycopene, between patients with AD and a cognitively unimpaired control group, it was
found that the serum levels of retinol, a-tocopherol, lutein, zeaxanthin, 3-cryptoxanthin,
x-carotene, 3-carotene, and lycopene were significantly reduced in Alzheimer’s patients,
whereas the 'y-tocopherol level was elevated. In light of these findings and the evidence in
the literature regarding the antioxidant potential of vitamins and carotenoids in AD, it has
been suggested that the weakening of the defense system against oxidative stress may be
associated with the etiology of AD [58].

(@) (b)

Figure 10. 2-dimensional (a) and 3-dimensional (b) molecular drawing of vitamin E.

However, in a study examining circulating vitamin E levels in Alzheimer’s patients—
including the principal vitamin E molecule, x-tocopherol—no significant association with
AD risk was found. Considering similar findings in the literature, the use of vitamin E as a
preventive or delaying measure against dementia has not been recommended [30,57].

4.3. Resveratrol and Stilbene Derivatives

Vitis vinifera L. (Vitaceae, grape) and grape-derived products are commonly defined
as grape seed extract, grape juice, and wine. The activities have been associated with the
stilbenes, flavonoids, and phenolic acids present in the samples. Preclinical studies have
demonstrated that grape polyphenols attenuate A3-mediated neuropathology by directly
inhibiting Af3 production, enhancing A degradation, and disrupting A3 oligomeriza-
tion. For example, polyphenol metabolites that can cross the blood—brain barrier exert
their effects through different mechanisms: quercetin-3-O-glucoside influences A{3-related
neuropathogenic pathways, while 3’-O-methyl-epicatechin-5-O--glucuronide regulates
synaptic plasticity. It has also been reported that tau-mediated neuropathology is allevi-
ated by regulating tau hyperphosphorylation and inhibiting excessive tau aggregation.
Accordingly, grape polyphenols are thought to promote neuronal protection and enhance
resilience against dementia through their strong antioxidant and anti-inflammatory activi-
ties. In a 12-year cohort study in France involving 1329 adults, the effects of 26 polyphenols
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were examined. The findings demonstrated that polyphenol intake was associated with a
reduced risk of both hypertension and dementia [27,54,59].

Resveratrol (3,5,4-trihydroxystilbene) (Figure 11), which is primarily found in grapes,
red wine, and peanuts, has also been included in studies on AD. In a study in which
resveratrol was administered at 500 mg daily for 13 weeks, followed by 1000 mg daily,
a reduction in AB4; and ARy levels was observed. However, no changes were detected
in tau or hyperphosphorylated tau levels. It has been reported that, among the cogni-
tive function assessments applied to the participants—namely ADCS-ADL (Alzheimer’s
Disease Cooperative Study Activities of Daily Living), CDR-SB, ADAS-cog (Alzheimer’s
Disease Assessment Scale—cognitive subscale), MMSE (Mini-Mental State Examination),
and NPI (Neuropsychiatric Inventory)—only the ADCS-ADL test demonstrated a differ-
ence between the placebo group and the treatment group. No significant differences were
observed in the other measures. According to the ADCS-ADL results, resveratrol was
twice as effective as a placebo in preserving cognitive function. In the same study, plasma
concentrations of the interleukin biomarkers IL-1R4, IL-12P40, IL-12P70, and IL-8 were
reduced in the resveratrol-treated group. Based on these findings, it has been suggested
that resveratrol may be used both to treat AD and to prevent its development [54,59].

() (b)

Figure 11. 2-dimensional (a) and 3-dimensional (b) molecular drawing of resveratrol.

Pterostilbene, which was first identified as an active compound derived from Pte-
rocarpus santalinus L.f. (Fabaceae, red sandalwood), has also been reported in Dracaena
cochinchinensis (Lour.) S.C.Chen (Asparagaceae), blueberries (Vaccinium spp.), grape wine,
and propolis. Belonging to the phenylpropyl class and structurally similar to resveratrol, it
is also referred to as a resveratrol analogue (Figure 12). Pterostilbene in AD reduces oxida-
tive stress and apoptosis, inhibits AChE activity, and suppresses both A3 accumulation
and tau hyperphosphorylation. By regulating pathological processes such as neuroinflam-
mation, it offers a multi-targeted therapeutic strategy for AD [52].
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Figure 12. 2-dimensional (a) and 3-dimensional (b) molecular drawing of pterostilbene.

4.4. Curcumin

Curcumin, a natural polyphenol (Figure 13) derived from the rhizomes of Cur-
cuma longa L. (Zingiberaceae, turmeric), has traditionally been used in Asian societies—
particularly in China and India—for the treatment of various diseases associated with
inflammation and oxidative stress. Studies have demonstrated that it possesses anti-
inflammatory, antioxidant, chemoprotective, and neuroprotective functions. Its anti-
inflammatory effect has been attributed to the inhibition of inflammatory pathways, such as
NF-kB, and the suppression of inflammatory cytokine production. As a potent antioxidant,
it counteracts oxidative stress by neutralising free radicals, including reactive oxygen and
nitrogen species, while also supporting endogenous antioxidant enzymes, including SOD,
catalase, and GPx [22,51].

(@)

Figure 13. 2-dimensional (a) and 3-dimensional (b) molecular drawing of curcumin.

In addition to oxidative stress and inflammation, which are identified in the literature
as the main pathogenic factors in AD, curcumin may also help regulate A accumulation.
It has been reported to interact with A, thereby inhibiting oligomerization and fibril
formation, while also promoting the clearance of existing amyloid plaques. In an AD
mouse model induced by AB1_4, peptides, curcumin was reported to improve learning
and memory, repair brain tissue damage, reduce the number of injured neurons, suppress
neuronal apoptosis, and decrease A3 accumulation. It exerted neuroprotective effects
through activation of the AMPK signaling pathway, while also inhibiting inflammatory
responses and oxidative stress. Curcumin, by modulating the AMPK signaling pathway,
exerts neuroprotective effects and promotes neuronal development, resilience, and adapta-
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tion through the support of neurotrophic factors such as brain-derived neurotrophic factor
(BDNF) [22,51].

4.5. Epigallocatechin-3-Gallate (EGCG)

Camellia sinensis (L.) Kuntze (Theaceae, green tea) has long been used to manage
diseases such as diabetes, obesity, AD, Parkinson’s disease, and cardiovascular disor-
ders. Among the potent antioxidant polyphenols associated with a broad spectrum of
pharmacological activity, the most effective and well-known are Epigallocatechin (EGC),
Epicatechin-3-gallate (ECG), and Epigallocatechin-3-gallate (EGCG) (Figure 14). Previous
studies have demonstrated that EGCG may serve as a potential therapeutic agent in mod-
els of neurodegenerative diseases. Consequently, investigations of EGCG in AD models,
including phase studies, are still ongoing [60-62].
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Figure 14. 2-dimensional (a) and 3-dimensional (b) molecular drawing of EGCG.

A review of the literature indicates that the study conducted by Edward and colleagues
demonstrated the inhibitory effects of green tea extract on both AChE and BChE [63]. More
recently, another study reported that EGCG, administered at a dose of 25 mg/kg, produced
significant effects in mice with an induced Alzheimer’s model [60]. When the broader
literature is reviewed, it becomes clear that the neuroprotective mechanism of EGCG is
shaped by its anti-inflammatory, antioxidant, and anti-apoptotic properties, as well as its
inhibition of AChE and its effects on tau hyperphosphorylation, secretase activity, and
Ap levels [62]. EGCG has been reported, in a study using transgenic APP mice, to act as
an o-secretase agonist. Through this mechanism, it upregulates the non-amyloidogenic
APP pathway, thereby reducing A aggregation [64]. In the pathophysiology of AD, the
inhibition of BACE-1, an important enzyme, is also recognized as a potential target. A
recent study reported that EGCG is a more potent BACE-1 inhibitor (1.62 &£ 0.12 mM) than
the reference molecule, quercetin [65]. In a study by Chih-Li Lin and colleagues, EGCG
was reported to inhibit GSK-3f3 activation, one of the tau kinases that initiate double-helical
filament formation in NFTs, in transgenic mice, thereby potentially reducing tau hyper-
phosphorylation [66]. In two previous studies, EGCG was reported to inhibit AChE activity
and thereby prevent the loss of cholinergic neurons in the cortex and hippocampus [67,68].

4.6. Cucurbita pepo L.

Pumpkin is a plant belonging to the Cucurbitaceae family and is classified among
oilseed crops. Although several species are cultivated worldwide, the most common one is
Cucurbita pepo L. [69]. A study on pumpkin seed oil (PSO) examined its effects on AB4;-
induced SH-SY5Y cells. The results showed that cells pre-treated with PSO had higher
survival rates after exposure to Af34o compared to untreated cells. Specifically, cell viability
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was 6.96 £ 0.5% at 0.001 pug/mL PSO and 90.27 + 0.24% at 10 pg/mL PSO. In the same
study, intracellular ROS generation was also investigated. In cells exposed to A4, ROS
production increased to 202.20 £ 1.74% compared to untreated cells. However, treatment
with PSO at concentrations of 0.001 ng/mL and 10 pg/mL reduced ROS production to
108.80 £ 1.38% and 89.07 =+ 3.28%, respectively. The fatty acid contents were also examined
and listed as linoleic acid (39.11%), cis-9-oleic acid (28.10%), palmitic acid (19.30%), stearic
acid (8.02%), arachidic acid (0.37%) and alpha-linoleic acid (0.27%). Although the antioxidant
properties of fatty acids, flavonoids, and tocopherols in PSO have already been identified,
the neuroprotective effects of PSO were examined for the first time in this study. Compared
with previous studies on linoleic acid and oleic acid used as single components, this study
demonstrates that PSO is more effective due to the synergistic effect of its composition [70].

4.7. Sodium Oligomannate

The relationship between the gut and the brain has also been studied in relation to
AD pathology. It has been proposed that maintaining the balance of intestinal flora may
help reduce neuroinflammation in the brain by preventing the activation of microglia and
astrocytes. This could, in turn, inhibit the buildup of A3 and the hyperphosphorylation of
tau proteins. Approved in China in 2019, GV-971 (sodium oligomannate) is the first thera-
peutic agent for AD designed specifically to target the gut-brain axis. Dysbiosis of the gut
microbiota has been shown to increase peripheral levels of phenylalanine and isoleucine,
which subsequently promote the differentiation and proliferation of pro-inflammatory
cells. The infiltration of these cells into the brain encourages M1 microglial activation
and inflammation associated with AD. Sodium oligomannate—an oligosaccharide com-
pound derived from brown algae extract—improves cognitive function by modulating
the gut microbiota, thereby reducing phenylalanine and isoleucine levels and alleviating
neuroinflammation [39].

4.8. Recent Advances in Improving Bioavailability of Natural Products for AD

The bioavailability of herbal products and other natural resources is a concern due
to challenges such as low solubility in water, poor absorption, difficulties in stabilisation,
limited permeation, and the first-pass effect. Additionally, the passage of neurotherapeutic
drugs into the brain is generally limited because of the highly selective tight junctions of the
blood-brain barrier. Polyphenols are molecules that typically exhibit lower bioavailability
compared to other compounds. For example, resveratrol has a bioavailability of less than
1%, and its rapid metabolism may restrict its therapeutic potential. Therefore, to achieve
the desired concentration of natural resources at the target site, various carrier systems such
as liposomes, microemulsions, solid lipid nanoparticles, and other nanomedical systems
can be considered [59,71,72]. When research related to different lipid-based formulations
containing phytochemical compounds was examined, no formulation was found to be
superior to the others, suggesting that the structure of the phytochemical compound plays
a crucial role in increasing bioavailability [73].

In recent years, nanocarrier systems have introduced innovative strategies to address
the challenges mentioned above. Furthermore, nanosystems can simultaneously deliver
multiple phytochemicals, each targeting different biological pathways. Therefore, in dis-
eases characterised by multiple pathological mechanisms, such as AD, these systems are
regarded as offering advantages through synergistic effects or multi-targeted therapeutic
action [74].

Curcumin has been recognised by JECFA (Joint FAO/WHO Expert Committee on Food
Additives) as a molecule safe for daily use. However, its main limitation is poor bioavailabil-
ity, caused by low solubility, limited absorption, rapid metabolism, and quick elimination.
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In a study exploring polymeric nanocarriers to improve bioavailability, curcumin was
found to demonstrate enhanced anti-inflammatory, antioxidant, and anti-amyloid effects.
Nonetheless, some clinical trials on healthy individuals reported no significant outcomes
of curcumin. Conversely, preclinical studies showed that curcumin was effective in animal
models with induced cognitive impairments. Therefore, it is important to conduct more
comprehensive research on this natural molecule, which is widely available, considered
safe for daily use, and unlikely to impose a significant economic burden [23,51,54]. For
example, in a study on curcumin, lactoferrin-modified nanoparticles increased curcumin’s
concentration in the brain by fourfold [75].

Hyphaene thebaica (L.). Mart. (Arecaceae) is widely distributed across North Africa,
sub-Saharan Africa, and the Middle East. Its fruit, known as the doum fruit or Mecca
nut, is rich in phenolic acids and flavonoids. However, its therapeutic use is limited. This
limitation is primarily due to poor solubility, low gastrointestinal bioavailability, instability
of active compounds under physiological conditions, and restricted permeability across the
blood-brain barrier. A study investigating a nanoemulsion formulation of Hyphaene thebaica
extract, prepared with Tween 80 as an emulsifying agent due to its established biosafety,
biocompatibility, and biodegradability, evaluated its effects on Alzheimer’s disease. The
extract demonstrated more favorable outcomes compared to donepezil. Significant im-
provements were observed in memory performance, behavioral parameters, oxidative
stress, neuroinflammation, and histopathological findings. These results indicate that the
formulation represents a promising therapeutic candidate [72].

Beta vulgaris L. (Amaranthaceae, beetroot) has recently attracted attention for its po-
tential protective effects against neurodegenerative diseases, as studies have demonstrated
its anti-inflammatory and antioxidant properties. One of its primary bioactive compounds,
betanin, has been shown to enhance cognitive function in mice. However, despite these
benefits, the use of betanin as a therapeutic agent is limited by its low bioavailability and
poor stability under physiological conditions. In a recent study using an AD model induced
by AICl3 and D-galactose, both free betanin and a chitosan-based nanoformulation exhib-
ited neuroprotective effects, with the nanoformulation appearing to offer more consistent
improvements at the behavioural, biochemical, and molecular levels [76].

Chlorogenic acid is a polyphenolic compound recognised for its antioxidant, anti-
inflammatory, and anticancer properties. It has also emerged as a promising candidate for
treating Alzheimer’s disease. However, its low bioavailability and poor solubility limit its
clinical application. To overcome these issues, chlorogenic acid was conjugated with an
iron-based metal-organic nanomaterial to create a nanocomplex. This nanocomplex was
shown to successfully cross the blood-brain barrier. Chlorogenic acid forms a chelate with
Zn?* in the AB/Zn?* polymer, which tends to aggregate more than A alone. Through
this interaction, chlorogenic acid is reported to inhibit the conversion of A3 oligomers
into AP plaques. Additionally, the nanocomplex was covalently linked to BACE1-siRNA.
This approach resulted in the downregulation of (3-secretase expression. The combined
antioxidant activity of the nanocomplex and chlorogenic acid was demonstrated in both
in vivo and in vitro studies. These findings were supported by the high neuroprotective
effects observed. Overall, the results suggest that this nanocarrier has promising potential
for treating AD [77].

Although preclinical studies report that nanocarriers improve the brain permeability
of therapeutic agents, several questions remain on the clinical side. The long-term safety
of these systems requires further investigation. During treatment, it is crucial to define
their cytotoxicity, genotoxicity, and immunotoxicity profiles. Additionally, the potential
long-term effects of these systems on cells following degradation need thorough evaluation.
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At the same time, developing large-scale production methods for nanocarriers is essential
to ensure the accessibility of these therapies [74].

5. Conclusions

As mentioned earlier, AD is a progressive disorder characterised by the decline of
cognitive abilities such as memory and learning. The ageing population, the presence
of multiple risk factors, and the high cost of care underscore the growing importance of
its treatment.

Since the disease’s pathogenesis involves multiple processes, effective treatment
should not rely solely on AChE inhibition but also include the exploration and devel-
opment of molecules that can target various pathways. As the disease process begins long
before symptoms appear, it might be addressed through preventive treatment for individ-
uals at risk before symptoms develop. Therefore, we believe it is essential to investigate
drugs, natural compounds, or their combinations that can be used long-term, offer a broad
therapeutic index, and have a safe side-effect profile.

Given that plant-derived compounds such as HupA, curcumin, and polyphenols
not only enhance cholinergic function but also confer neuroprotective effects through
antioxidant and anti-inflammatory actions, they are considered potentially beneficial across
different stages of AD and may serve as promising natural sources or precursors for
effective therapeutic molecules.
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Abbreviations

The following abbreviations are used in this manuscript:

ABC ATP-binding cassette gene
ACh Acetylcholine

AChE Acetylcholinesterase

AD Alzheimer’s disease

ADAS-cog Alzheimer’s Disease assessment scale—cognitive subscale
ADCS-ADL  Alzheimer’s Disease cooperative study activities of daily living

AMPK Adenosine monophosphate-activated protein kinase
ApoE Apolipoprotein

APP Amyloid precursor protein

ARIA-E Amyloid-related imaging abnormalities edema
ARIA-H Amyloid-related imaging abnormalities hemorrhage
AR Amyloid beta peptide
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BACE1
BChE
BDNF
CCL2
CD33
CDR-SB
ChAT
ChE
COX
CR1
CTF
DAM
DHA
DNA
ECG
EGC
EGCG
EMA
GR
GSK-3p3
HupA
FDA
iADRS
IL

IgG1
iNOS
JAK/STAT
JECFA
LDLR
LRP1
mAb
MIP
MMSE
nAChR
NFT
NF-«B
NMDA
NMPA
NO
NPI
NSAID
PET
PI3K/ Akt
PLGA
PPAR
PSEN
PSO
p-tau
ROS
RNA
scRNA-seq
snRNA-seq
SOD
TGF-3

Beta-side APP-cleaving enzyme 1
Butyrylcholinesterase

Brain-derived neurotrophic factor

C-C motif ligand 2

Cluster of differentiation 33

Clinical dementia rating sum of boxes
Choline acetyltransferase

Cholinesterase

Cyclooxygenase

Complement receptor 1

Carboxy-terminal fragment
Disease-associated microglia
Docosahexaenoic acid

Deoxyribonucleic acid
Epicatechin-3-gallate

Epigallocatechin
Epigallocatechin-3-gallate

European Medicines Agency

Glutathione reductase

Glycogen synthase kinase 3-beta
Huperzine A

Food and Drug Administration
Integrated Alzheimer’s disease rating scale
Interleukin

Immunoglobulin G 1

Inducible nitric oxide synthase

Janus kinase/signal transducers and activators of transcription
Joint Nations and World Health Organization Expert Committee on Food Additives
Low-density lipoprotein receptor 1
Lipoprotein-related protein 1

Monoclonal antibody

Macrophage inflammatory protein
Mini-mental state examination

Nicotinic acetylcholine receptor
Neurofibrillary tangle

Nuclear factor kappa B
N-methyl-D-aspartate

National Medical Products Administration
Nitric oxide

Neuropsychiatric inventory

Non-steroidal anti-inflammatory drug
Positron emission tomography
Phosphatidylinositol 3-kinase/protein kinase B
Poly lactic-co-glycolic acid

Peroxisome proliferator-activated receptor
Presenilin

Pumpkin seed oil

Phosphorylated tau

reactive oxygen species

Ribonucleic acid

Single-cell RNA sequencing
Single-nucleus RNA sequencing
Superoxide dismutase

Transforming growth factor beta
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TLR Toll-like receptor

TNF Tumor necrosis factor

TREM2 Triggering receptor expressed on myeloid cells 2
Wnt Wingless-related integration site
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