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Abstract: There has been a growing interest recently in exploring the role of the blood-brain barrier
(BBB) in the treatment of Alzheimer’s disease (AD), a neurodegenerative disorder characterized by
cognitive decline and memory loss that affects millions of people worldwide. Research has shown that
the BBB plays a crucial role in regulating the entry of therapeutics into the brain. Also, the potential
benefits of using antioxidant molecules for drug delivery were highlighted in Alzheimer’s treatment
to enhance the therapeutic efficacy and reduce oxidative stress in affected patients. Antioxidant-
based nanomedicine shows promise for treating AD by effectively crossing the BBB and targeting
neuroinflammation, potentially slowing disease progression and improving cognitive function.
Therefore, new drug delivery systems are being developed to overcome the BBB and improve the
delivery of therapeutics to the brain, ultimately improving treatment outcomes for AD patients. In
this context, the present review provides an in-depth analysis of recent advancements in AD treatment
strategies, such as silica nanoparticles loaded with curcumin, selenium nanoparticles loaded with
resveratrol, and many others, focusing on the critical role of the BBB and the use of antioxidant-based
drug delivery systems.
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1. Introduction

Alzheimer’s disease (AD), a debilitating neurodegenerative condition, continues to
afflict a growing number of individuals globally, posing a significant public health concern.
Nowadays, this disease affects 6.7 million older Americans, with great potential of rising
to 13.8 million by 2060 without medical breakthroughs; the reported deaths from AD
increased by more than 145% between 2000 and 2019 [1]. Beyond the traditional focus on
amyloid-beta deposition and tau hyperphosphorylation, the latest evidence suggests that
factors such as insulin resistance in the brain, disruption of the Wnt-f3 catenin pathway, and
oxidative stress also play crucial roles in the progression of the disease [2]. To address these
multifaceted challenges, researchers have explored the potential of nanomedicine-based
approaches [3].

The blood-brain barrier (BBB), essential for protecting the brain from harmful agents,
also poses a significant challenge in delivering therapeutic agents to the affected regions.
Strategies that can effectively navigate this barrier and target the specific pathological
mechanisms of Alzheimer’s disease are crucial for developing more effective treatments.

In this context, the present review highlights the underlying mechanisms of AD
and the altered BBB function in this disease, including increased permeability, impaired
efflux mechanisms, and disrupted nutrient transport. These alterations contribute to the
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accumulation of toxic substances in the brain, including amyloid-beta plaques and tau
tangles, which are hallmarks of AD.

Furthermore, this review discusses promising advancements in antioxidant-based
drug delivery systems by using nanoparticles and liposomes as carriers, which include
optimizing drug loading, targeting specificity, and avoiding systemic toxicity. Antioxidants,
such as curcumin, resveratrol, and quercetin [4], have neuroprotective properties and
can help mitigate oxidative stress, a major contributing factor to AD progression. By
incorporating antioxidants into drug delivery systems, researchers aim to improve the BBB
permeability of drugs and enhance their therapeutic efficacy.

Nanomedicine-based approaches offer innovative solutions to the complex challenges
of AD by aiding targeted drug delivery through the BBB, which helps reduce oxidative
stress and modulate neuroinflammation. These approaches allow precise therapeutic action
at the cellular level, addressing various AD-related factors such as amyloid-beta accumula-
tion, neurofibrillary tangles formation, and neuronal degeneration, improving treatment
outcomes and slowing disease progression. These findings open up new possibilities for
targeted and efficient drug delivery systems for Alzheimer’s treatment, offering hope for
more effective therapies with fewer side effects.

2. Molecular Mechanism of Alzheimer’s Disease

AD is characterized by progressive cognitive decline and memory loss, significantly
impairing daily functioning and quality of life. As the global population ages, the preva-
lence of AD is expected to rise, posing a substantial public health challenge. The latest data
suggest that by 2050, dementia prevalence will double in Europe and will triple globally [5].
AD is a multifactorial dysfunction influenced by a variety of factors, both genetic and non-
genetic. Key factors include environmental influences, age, lifestyle, and biological factors
such as apolipoprotein E (ApoE) variants, insomnia, insulin resistance, and alterations in
gut microbiota [6].

Apprehending the intricate molecular pathways involved in AD pathogenesis is es-
sential for establishing therapeutic targets and developing innovative therapies. The two
primary pathological hallmarks of AD are amyloid-f3 plaque formation (Af3) and neurofib-
rillary tangles (NFTs), consisting of hyperphosphorylated tau [7]. As AD progresses, these
aggregates disrupt neuronal function and lead to synaptic loss and neurodegeneration.

This chapter aims to review the current understanding of the molecular mechanisms
underlying Alzheimer’s disease, with a focus on the roles of A3 and tau, genetic and
metabolic factors, and neuroinflammation.

2.1. Amyloid-Beta and Tau Dynamics

A formation is based on a crucial cellular mechanism involving the proteolytic pro-
cessing of amyloid precursor protein (APP), highly expressed in neurons. In the healthy
brain, AP has several physiological roles, including neurite growth regulation, axonal
guidance, neuroprotection, and early development of the nervous system [8]. Additionally,
some aspects of APP function derive from its cleavage products, such as soluble amyloid
precursor proteins (SAPP) oc and 3. The function of (SAPP) « has been extensively charac-
terized, playing a significant role in neuronal plasticity, neuronal stem cell proliferation,
and survival, also protecting against A induced toxicity [9].

APP can be cleaved in two distinct pathways: non-amyloidogenic and amyloidogenic.
In the non-amyloidogenic route, APP is firstly processed by «-secretase, followed by y-
secretase, which cuts within the A3 domain, preventing A3 formation. The amyloidogenic
pathway is present in AD patients, where APP is sequentially cleaved by [3-secretase and
then y-secretase, resulting in the extracellular release of A} fragments of varying lengths,
primarily consisting of 40 (Af340) or 42 (Af342) amino acids [10]. These fragments can
aggregate, consequently forming insoluble amyloid fibrils [11] that are the foundation of
synaptic and neuronal dysfunction in AD [6].
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The human tau protein, encoded by the MAPT gene on chromosome 17, plays a crucial
role in stabilizing axonal microtubules [12]. Tau is abundantly expressed in neurons in the
mammalian brain and is mainly found in axons, where it is essential for regulating axonal
transport. Tau is also found in oligodendrocytes and astrocytes [13], where it plays a role in
processes such as outgrowth, myelination, and potentially other physiological functions.
Furthermore, tau is known to regulate iron export and insulin signaling [14].

Tau distribution in neurons and its involvement in synaptic function are controlled
by post-translational modifications, such as phosphorylation, methylation, sumoylation,
nitration, glycosylation, and acetylation [6]. Among these various modifications, of utmost
importance is phosphorylation since this process is involved in a class of neurodegenerative
disorders called tauopathies, where AD is included [15]. Tauopathies are characterized by
the presence of abnormal neuronal and glial inclusions of tau protein, which give rise to
hyperphosphorylated insoluble aggregates [15]. During AD pathogenesis, the main event
is hyperphosphorylation of tau. In this case, the affinity of tau for tubulin decreases, and,
as a consequence, tau will accumulate in the cytosol and form insoluble structures known
as neurofibrillary tangles [7].

One key concept for the propagation of tau in the human brain is the prion-like model,
where abnormal forms of tau can easily spread from one cell to another, disseminating
the pathology from affected areas to healthy regions, with a similar mechanism to prion
diseases [16]. Multiple groups of scientists support this theory because it has been observed
that introducing extracts containing tauopathy into normal brains can induce this pathology
in the recipient subjects, with the propagation starting from the injection site [17,18].

Completely understanding the underlying mechanisms of AD involves focusing on
the intricate interplay between Af and tau proteins rather than examining them sepa-
rately. Their interaction involves intermediate molecules like kinases, as proposed by
Zheng et al. [19] in 2002. The relationship between Af and tau is multifaceted: while A3
promotes tau pathology by triggering tau hyperphosphorylation, hyperphosphorylated
tau, in turn, contributes to neuronal toxicity. On the other hand, tau also plays a role in A3
toxicity, and its presence is crucial for the toxic effects of AP [20]. Af and tau collaborate
to target cellular processes and organelles, potentially exacerbating each other’s harm-
ful effects. Furthermore, tau oligomers, the precursors to NFT, are toxic [21], and their
aggregation is facilitated by Ap-activated CDK-5 and GSK-3f3 [22].

2.2. Chronic Inflammation in Alzheimer’s Disease

Even though neuroinflammation is not typically associated with the initiation of
AD, it can significantly worsen the disease by aggravating amyloid-beta (Af) and tau
pathologies. The release of inflammatory cytokines by immune cells further activates the
immune system and enhances inflammatory responses [23]. AD patients have been found
to exhibit persistent and excessive activation of immune cells, potentially leading to the
build-up of AP and tau, loss of synapses, disruption of the blood-brain barrier (BBB), and
neurodegeneration [24].

Elevated cytokine levels can impact other processes related to AD as well. For example,
interleukin-18 (IL-18) increases the levels of enzymes involved in tau hyperphosphoryla-
tion [25]. The activation of the Cdk5 pathway also leads to Golgi fragmentation, as well
as neuronal and mitochondrial fragmentation [26]. Lately, it has been discovered that
viral infections, particularly herpes viruses (HSV1 and HSV2), are also associated with
AD. These viruses can trigger A aggregation, and their DNA is commonly found in A3
plaques. Reactivation of HSV1 is associated with tau hyperphosphorylation and possibly
tau propagation [12].

Another important factor contributing to the neuroinflammation observed in AD
pathology is the activation of the NLRP3 inflammasome [27]. Misfolded protein conglom-
erates, such as AP plaques, are believed to be involved in the activation of NLRP3 in
microglia [28]. This activation results in the release of active IL-1p and caspase-1, and
levels of these molecules have been shown to be increased in both AD patients and animal
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models [29]. In AD, microglia are drawn to neuritic plaques to consume aggregated Af,
triggering NLRP3 inflammasome activation, resulting in the release of proinflammatory
cytokines (IL-1p3 and IL-18) and potentially neurotoxic factors, which can worsen the effects
of AB and exacerbate AD pathology. It has also been observed that in transgenic APP/PS1
mice, A activates the NLRP3 inflammasome in microglia, causing them to adopt a pro-
inflammatory M1 phenotype characterized by high expression of caspase-1 and IL-1f3, a
state associated with response to cellular damage or harmful stimuli, a prolonged activation
leading to increased hippocampal and cortical A deposition, neuronal loss, and cognitive
impairment [29].

2.3. Impact of Oxidative Stress in Alzheimer’s Disease

One of the main aspects of AD pathology is the imbalance between the synthesis and
degradation of AP through self-regulatory pathways, resulting in the overproduction of A3
in brain tissue [30]. A itself can induce oxidative stress, and oxidative stress can also lead
to increased production of AB. Neurons are known to be especially susceptible to oxidative
stress due to their low antioxidant content and membranes rich in polyunsaturated fatty
acids [31].

Ap plaques disrupt normal mitochondrial activity, causing dysfunction and leading
to oxidative stress [32]. A reduces the efficiency of electron transfer, resulting in increased
production of reactive oxygen species (ROS), impacting different mitochondrial compo-
nents [33]. Additionally, AP has been found to inhibit mitochondrial superoxide dismutase
(MnSOD), a critical enzyme for neutralizing superoxide anions and safeguarding against
peroxidative damage [34].

Elevated concentrations of ROS encourage tau phosphorylation, destabilizing micro-
tubules, which often leads to decreased synapse function [34]. Furthermore, increased
oxidative stress causes an imbalance between pro- and anti-apoptotic processes, leading to
apoptosis and subsequent neurodegeneration [35].

2.4. Role of Insulin Resistance in Alzheimer’s Disease

Impaired brain insulin signaling, known as “brain insulin resistance”, promotes cog-
nitive dysfunction and accelerates AD progression [36]. A has been found to compete
with insulin for binding to insulin receptors (IR), reducing insulin binding affinity and
resulting in insulin resistance, which exacerbates existing AD pathology [37]. The increased
presence of these A3 oligomers in AD patients inhibits insulin signaling pathways, leading
to neuroinflammation and neurodegeneration through elevated A concentrations and
GSK33-dependent hyperphosphorylation of tau [38].

Insulin plays a crucial role in cellular survival, metabolic activities, and neuronal
plasticity, having neuroprotective effects and inhibiting the formation and aggregation
of AP plaques and NFT in the cortex and hippocampus, the primary pathological fea-
tures of AD, thus improving memory and cognitive functions [37]. Therefore, insulin
resistance increases detrimental factors such as oxidative stress, cytokine production, and
apoptosis [36].

2.5. Association between Alzheimer’s Disease and Gut Microbiota

The gut microbiota and the brain communicate through various pathways, such as
producing pro- and anti-inflammatory cytokines, short-chain fatty acids (SCFAs), branched-
chain amino acids, and neurotransmitters, influencing processes such as neurotransmit-
ter production and metabolism, and modulating the vagus nerve and enteric nervous
system [39]. These mechanisms allow the gut microbiota to play an active role in the
development of various brain disorders, including AD. Studies have shown that germ-free
(GF) mice have decreased levels of serotonin (5-HT) in their blood compared to mice with
normal gut microbiota [40]. Since serotonin can reduce amyloid-beta (A{3) plaque formation
and the risk of AD, it is suggested that GF conditions may modulate A3 pathology through
alterations in serotonin [41].
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To conclude, the molecular mechanisms underlying AD (Figure 1) predominantly
revolve around the production and aggregation of A peptides and the formation of NFT
composed of hyperphosphorylated tau protein; insulin resistance and the brain-gut axis
are critical parameters in the complexity of this disease.
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Figure 1. Schematic representation of mechanisms involved in Alzheimer’s Disease pathology.
Created with BioRender.com (accessed on 14 August 2024).

3. The Role of Blood-Brain-Barrier in the Pathophysiology of Alzheimer’s Disease

In this chapter, we will explore the role of BBB in AD. We will examine how BBB
dysfunction may influence the accumulation of A3 and tau protein, contributing to disease
progression.

3.1. Physiology of the BBB

The BBB represents a crucial protective mechanism that maintains the brain’s home-
ostasis, being a semi-permeable barrier that, together with an ensemble of transporters,
receptors, efflux pumps, and more cellular components, controls the entrance and expul-
sion of molecules to the brain [42]. The main elements of the BBB are pericytes, astrocytes,
and microvascular endothelial cells, as shown in Figure 2. At the same time, microglia
and neurons are also taken into account as members of the neurovascular unit (NVU),
an extended term that emphasizes the cross-talk between the periphery and the central
nervous system (CNS) across the BBB [43].

Endothelial cells (EC) are the primary anatomical structure that lines the cerebral
blood vessels and interacts with various cellular types from the CNS. These cells are
distinct from peripheral endothelial cells in both form and function. They have a flattened
appearance and are linked by tight junctions (T]) and adherens junctions (A]). Moreover,
they have separate luminal and abluminal membrane compartments [44]. Notably, these
cells lack fenestrations, which hampers the free diffusion and exchange of molecules
across the BBB. EC from the blood-brain barrier has an increased amount of mitochondria,
indicating the need for more energy for transport across the BBB, unlike other cellular
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barriers. Brain microvascular endothelial cells possess a net negative surface charge,
which means they do not transport negatively charged compounds. They also contain
specialized surface transporters that control the movement of specific substances. These
unique characteristics of EC enable rapid oxygen diffusion from the blood to the brain and
carbon dioxide diffusion in the opposite direction, playing a vital role in brain metabolism
and pH regulation [45].

Basement
membrane

Capillary
lumen

Tight
junctions

Endothelial
cells

Astrocyte
Astrocyte foot
processes

Figure 2. Schematic representation of blood-brain-barrier architecture. Created with BioRender.com
(accessed on 14 August 2024).

Pericytes (PCs) share a basement membrane with endothelial cells and directly interact
with the endothelium through molecules such as N-cadherin and connexins [46]. Their
primary function is to uphold the BBB integrity, aiding in the formation of new blood
vessels and the stability of small blood vessels. PCs have contractile properties similar to
smooth muscle cells, enabling them to control the diameter of capillaries and the blood
flow in the brain [47]. Co-cultures of endothelial cells and pericytes are more resilient to cell
death than isolated endothelial cells, underscoring the support provided by pericytes for the
structural integrity and formation of the BBB [46]. Astrocytes, some of the most abundant
cells in the CNS, are involved in various tasks, such as maintaining ionic homeostasis and
neurotransmitter uptake [48]. Their primary role in the BBB is to uphold the function of EC.

The BBB regulates the levels of neurotransmitters and controls the entry of large
molecules from the bloodstream into the brain. Additionally, it serves as a protective barrier,
guarding the brain against toxins [45]. To maintain a stable environment (homeostasis), the
BBB contains specific ion channels and transporters that ensure optimal potassium, sodium,
and calcium levels. The transfer of neurotransmitters from the brain to the blood mainly
relies on Na*-coupled and Na*-independent amino acid transporters. The BBB restricts the
entry of specific amino acids, including glutamate and glycine, while allowing the exit of
many other essential amino acids [49].

If the BBB is damaged, large serum proteins can leak into the brain, leading to severe
consequences. For instance, the leakage of plasma proteins like albumin, prothrombin,
and plasminogen can harm nervous tissue, causing cellular activation that may lead to
apoptosis [45].
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3.2. Transport Mechanisms across the Blood-Brain Barrier

Tight junctions play a significant role in restricting the passage of molecules from
one compartment to another at the BBB level, as presented in Figure 3. Hydrophilic
molecules must cross the transcellular endothelial wall to reach the brain or blood. There
are multiple ways of transport: passive diffusion, active transport, carrier-mediated, and
receptor-mediated [50].
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Figure 3. Mechanisms of transport across the blood-brain-barrier. Created with BioRender.com
(accessed on 14 August 2024).

3.2.1. Carrier-Mediated Transport

The carrier-mediated transport process uses nutrients such as hexoses (galactose, glu-
cose, mannose), monocarboxylic acids, amino acids, nucleosides, amines, and vitamins [51].
Generally, the concentration gradient aids in transporting these nutrients from the blood to
the brain, and this process is regulated by the metabolic needs of the brain and the substrate
concentration present in the plasma. Because glucose represents the main energy source
for the cerebrum, the GLUT1 transporter plays a crucial role, being exclusively expressed
on the BBB. Its uneven distribution in the membrane allows for homeostatic control of
glucose influx from the blood to the brain, preventing excessive accumulation of glucose
in the brain [50]. Another transporter found in the BBB is MCT1 since another energy
source for the brain is ketone bodies, R-p-hydroxybutyrate, and acetoacetate, which are
monocarboxylate compounds. For amino acid transport, two transporter systems have
been described: (i) the L1 system is sodium-independent and facilitates the transport of
neutral amino acids with high molecular mass, such as valine, leucine, isoleucine, and
(ii) the y+ system, involved in transporting cationic amino acids, which may be essential
for the adult brain (lysine) or non-essential (ornithine, arginine) [52].

Another transport system is sodium-dependent, dealing with excitatory amino acids
(EAA), such as glutamate and aspartate, which is also involved in maintaining a low level
of glutamate in the brain. An increased amount of glutamate in the brain can lead to brain
damage and stroke, as well as neurodegenerative processes, epilepsy, Alzheimer’s, and
Huntington’s disease [53].
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3.2.2. Receptor-Mediated Transport

Due to the presence of peptide bonds, larger peptides and proteins have limited
passage through the BBB since they cannot use carriers for transport. In the case of
hormones, growth factors, neuroactive peptides, and other molecules, transport is mediated
by different receptors, allowing these solutes to enter the CNS through transcytosis [50].
These macromolecules bind to specific receptors found on cell surfaces, cluster together,
form a vesicle, and are internalized into endothelial cells and released at the opposite side of
the cells. This process involves various receptors, such as insulin receptor (IR), low-density
lipoprotein receptor (LDLR), transferrin receptor (TfR), nicotinic acetylcholine receptors
(nAChRs), and more [54]. These transport systems have been used as a target for the
delivery of drugs to the brain through a technique called the “Trojan horse”, in which the
therapeutic agent is “hidden” inside a carrier that is recognized and accepted by the target
cells and is released upon targeted delivery. In this sense, growth factors or molecules
that do not usually cross the BBB can be conjugated to monoclonal antibodies to barrier
receptors (insulin, transferrin), the antibodies acting as surrogate ligands to transport drugs
across the BBB [55].

3.2.3. Active Transport

The main components involved in active transport through the BBB are ATP-binding
cassette (ABC) proteins located on the luminal endothelial side of the barrier. The primary
efflux transporters expressed at the BBB level are P-glycoprotein (P-gp), also known as
Multidrug Resistance Protein 1 (MRP1, ABCB1), and Breast Cancer Resistance Protein
(BCRP, ABCG2) [56]. P-gp and BCRP are highly expressed in the BBB and are responsible
for moving substances from the endothelium to the blood.

3.2.4. Passive Diffusion

Passive diffusion is a process in which energy is not required, being driven by the
concentration gradient of the unbound compound on both sides of the endothelial cell
membrane. Tight junctions allow passive diffusion only for lipid-soluble drugs with a
molecular weight lower than 400-600 Da [42]. Generally, molecules with high lipophilicity
and small molecular size can passively diffuse across the BBB in the direction of the
concentration gradient without needing energy input [57].

Transport can occur between the EC (paracellular) or through the cells (transcellular).
The paracellular pathway is the main route, blocked by the tight junctions of ECs, restricting
ions, polar solutes, and most macromolecules. However, tight junctions are imperfect, so
small and soluble substances can cross through the paracellular pathway. The transcellular
path is the preferred route for carriers to enter and transport therapeutic compounds. The
molecules can partition into the cellular membranes from the top to the bottom-lateral side
through carrier-mediated and receptor-mediated transcytosis [3]. In addition, lipophilic
carriers and other known carrier systems like cationic amino acids are mainly transported
via the transcellular pathway.

3.3. Disruption of Blood-Brain Barrier in Alzheimer’s Disease

The progression of AD involves significant disruption of the BBB, primarily due to
vascular degradation, altered molecular transport, angiogenesis issues, and inflammatory
responses, as shown in Figure 4. These dysfunctions lead to continuous neural distur-
bances [58]. Early in AD, the selective nature of the BBB deteriorates, allowing uncontrolled
entry of molecules, which contributes to disease pathogenesis [59].



Molecules 2024, 29, 4056

9 of 25

Healthy Blood-Brain-Barrier

@ Red Blood Cell

AB clearance
Tau clearance | Tight Junction

Homeostatic

balance == .
. ™ Endothelial cell

Intact Blood-Brain- @ @ ® @ @

Barrier . ® Perycite

® ® ® ®
® _L Astrocyte End Feet
®
) ® ©

(Alzheimer's Disease)

Dysfunctional Blood-Brain-Barrier % e ‘ %

- E = Neurofibrillary
Increased permability 3& tangles
Loss of TJs Y
Impaired AB @ ABpadues
clearance 48 .

. - Dysfunctional
Senile plaques and @Bo. 1 jothelial cel
neuroﬂ.brillary tangles <. Dysfunctional
formation Perycite
Endothelial Dysfunctional
degeneration « Astrocyte End Feet
Inflammation and

neuronal death

Figure 4. Dysfunctional blood-brain barrier in Alzheimer’s disease. Created with BioRender.com
(accessed on 14 August 2024).

3.3.1. Permeability of the Blood-Brain Barrier in Alzheimer’s Disease

A key mechanism leading to BBB dysfunction is the reduction in pericyte coverage and
the increase of transcytosis, resulting in a greater permeability, allowing neurotoxic proteins
to enter the brain. This triggers a neuroinflammatory response driven by activated glial
cells and microglia, further exacerbating BBB disruption by releasing pro-inflammatory
mediators. Genetic factors, such as the presence of the ApoEe4 allele, also play a significant
role in BBB breakdown [60]. Apolipoprotein E (ApoE) is involved in lipid metabolism, and
the 4 allele is associated with an increased risk of AD, exacerbating amyloid-3 deposition
and contributing to neuroinflammation and dysfunction of the medial temporal lobe. The
receptor for advanced glycation end products (RAGE) facilitates the transport of Af3 into
the brain, while the low-density lipoprotein receptor-related protein (LRP-1) contributes
to its clearance. In AD, there is a shift in the distribution of RAGE and LRP-1 receptors,
indicating a change in the proportion of accumulated amyloid due to BBB dysfunction [61].

3.3.2. Neuroinflammation in Alzheimer’s Disease

Neuroinflammation critically contributes to BBB disruption during AD. The interaction
between amyloid-beta and endothelial cells can decrease the expression of tight junction
proteins. The interaction between A42 and RAGE regulates tight junctions through the
calcium-calcineurin signaling pathway. Structural deterioration of tight junction proteins,
including claudin-5 and occludin, extensively contributes to BBB breakdown [59]. This
disruption can cause various impairments of the neurovascular unit components, further
expanding AD pathology. Oxidative stress during BBB neuroinflammation is characterized
by increased ROS production, endothelial cell dysfunction, activation of matrix metallo-
proteinases (MMPs), and disruption of redox-sensitive transcription factors. In cases of
peroxidation-induced activation, endothelial cells increase BBB permeability, mediated by
inflammatory mediators and immune cell adhesion molecules [59].

This chronic inflammation disrupts the BBB, leading to the infiltration of peripheral im-
mune cells and additional neuroinflammatory processes. During AD, the gene expression
related to microglial homeostasis is downregulated, while those involved in the inflam-
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matory response are upregulated [62]. Consequently, the BBB becomes more permeable,
allowing neurotoxins to enter the brain, thus exacerbating neurodegeneration.

3.3.3. Amyloid-f3 Deposition and Blood-Brain Barrier Dysfunction

The highly neurotoxic peptide A(342 accumulates in the brain, leading to inflammation
and oxidative stress, which increase BBB permeability. Furthermore, A interacts with
components of the neurovascular unit, impairing their function and integrity. A oligomers
induce pericyte-mediated endothelial dysfunction, resulting in further BBB breakdown,
marked by decreased expression of tight junction proteins, claudin-5, and occluding [63].

A critical factor in the progression of AD is the diminished capacity of the BBB to
handle the influx/efflux of Af, the key transporters being LRP1 and P-gp. Normally, these
proteins help clear AB deposits from the brain. However, during AD, the expression of
these transporter proteins is significantly affected. These changes lead to an increased
influx of AP into the brain facilitated by RAGE receptors [64].

4. Drug Delivery Systems with Antioxidant Molecules for Targeting the Treatment of
Alzheimer’s Disease
4.1. Impact of Natural Antioxidant Molecules in AD Treatment

4.1.1. Curcumin

Curcumin has the ability to bind to senile plaques with great affinity, which results in
a drastic reduction in Af levels, the mechanism involving the decomposition of the 3-sheet
structure of protein aggregates at doses of 50 mg/kg/day. The Akt phosphorylation can
be activated by curcumin, which also deactivates GSK-3f3, reducing A3 production and
plaque deposition [65]. Another target is the nuclear factor kappa B (NF-«B), which is found
at higher levels in AD patients. Also, curcumin downregulates the cytokines involved in
AD, thereby reducing neuroinflammation [65].

Due to the poor bioavailability of curcumin, which is determined by its low aqueous
solubility and poor permeability within the BBB, a series of drug-delivery systems and
biotechnologies have been developed for efficient administration. Some of these approaches
include isomerization, the use of liposomes, polymeric nanoparticles, and phospholipid
complexes. One of the most used technologies involves poly (lactide-co-glycolide) (PLGA)
and polyethylene glycol (PEG) [66]. Mathew and colleagues obtained promising results
when exposing PLGA-curcumin nanoparticles tagged with Tet-1 peptide to amyloid protein
aggregates [67]. Tet-1 peptide is a 12-amino acid peptide responsible for retrograde delivery
in neuronal cells. The anti-amyloid activity was time-dependent, with the nanoparticles
decomposing the aggregates slowly. In the first 12 h, PLGA-curcumin nanoparticles
attached and reduced the size of these aggregates, continuing with significant breakdown
in the first 24 h and resulting in smaller plaques after significant disaggregation by 48 h [67].
Huo and his team conducted an experiment using Se/Cur-PLGA nanospheres administered
intravenously into transgenic 5XFAD mice with AD, demonstrating an enhanced efficiency
of penetrating the BBB, being mainly located on the amyloid plaques after completely
crossing the BBB [68].

To overcome the limitations of free curcumin, encapsulation in biodegradable nanopar-
ticles, such as polymeric micelles, is the preferred strategy. This encapsulation significantly
enhances the solubility of curcumin in the biological medium and protects the molecule
from premature degradation, either enzymatic or oxidative. Furthermore, nanoparticles
enhance the controlled release of curcumin, ensuring its concentration in target tissues,
such as the brain. Subsequently, nanoparticles can be modified to facilitate transport across
BBB, resulting in higher delivery of curcumin to cerebral tissues affected by AD [69].

Another characteristic of curcumin delivery is the conjugation of nanoparticles with
the B6 peptide, which is responsible for the administration of curcumin at the cerebral level
and its passage across the BBB [66].

While initial findings regarding curcumin were promising, ongoing clinical trials
have shown that despite curcumin being well tolerated, there is no clinical evidence of its
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cognitive enhancement in AD, as systematically reviewed by Voulgaropoulou et al. [70],
primarily due to its low bioavailability.

4.1.2. Quercetin

Quercetin is able to downregulate pro-inflammatory cytokines such as NF-«B and
iNOS, reducing the neuroinflammatory response and improving learning, memory, and
overall cognitive functions. One of the most significant mechanisms of quercetin’s efficacy
in AD is the inhibition of acetylcholinesterase (AChE), which prevents the degradation of
acetylcholine, resulting in reduced A aggregate production. AChE is responsible for the
degradation of acetylcholine, and inhibiting it leads to higher levels of acetylcholine, thus
improving the symptoms of mild to moderate AD. Quercetin inhibits AChE by binding with
the enzyme, resulting in increased levels of acetylcholine in the synaptic cleft [71]. Quercetin
can destabilize fibril structures through hydrophobic interactions and the formation of
hydrogen bonds, similar to the inhibition of beta-secretase-1 (BACE-1) enzyme activity [71].

A PLGA-Quercetin NP system was developed, showing a significant role in preventing
Ap fibrillogenesis and the formation of A4, peptide aggregates and also being involved
in the dissolution of preformed aggregates [72]. Quercetin binds to the nanoparticles and
effectively chelates metal ions, thereby preventing the formation of Af3 peptides. These
nanoparticles also exhibited reduced cytotoxicity, making them promising candidates for
therapeutic applications [72].

Another system of quercetin-modified gold-palladium nanoparticles proved efficient
in activating autophagy and promoting the fusion of autophagosomes and lysosomes.
Moreover, it can induce A clearance and provide protection against the toxicity resulting
from A activity [73].

Quercetin is also under investigation for its potential benefits in ameliorating AD
symptoms, with clinical trials currently ongoing. Preliminary findings demonstrated the
safety and tolerability of dasatinib and quercetin in a phase I clinical trial [74].

4.1.3. Phytol

Phytol is a natural compound, a part of the chlorophyll molecule, has pharmacological
properties, and is used as a precursor to obtain synthetic forms of vitamin E. The study
conducted by Sathya et al. [75] on C. elegans assessed the potential use of phytol PLGA
nanoparticles in the pathology of AD and showed the regulation of AD-associated gene
expression, such as ace-1 and hsp-1, thereby reducing A formation. Also, phytol PLGA
nanoparticles increased the lifespan of the in vivo models and consequently decreased Af3
deposition and ROS levels [75].

An important aspect of using phytol PLGA NPs is their cholinesterase inhibitory
ability. Phytol-encapsulated nanoparticles showed significant inhibition of AChE and the
ability to block BuChE activity, highlighting the reduction of AD symptoms [76].

4.1.4. Carotenoids

Another antioxidant used for destabilizing A3 aggregates is fucoxanthin, a carotenoid
obtained from marine brown algae and the most abundant carotenoid found in the marine
world. It exhibits important neuroprotective properties, preventing neuroinflammation,
oxidative stress, and, most importantly, inhibiting the aggregation of Af plaques [77].
Fucoxanthin directly inhibits 3-secretase, BACE-1, through interactions between the hy-
droxyl groups of fucoxanthin and the amino acid residues of BACE-1. Another mechanism
of inactivation involves hydrophobic interactions between the amino acid side chains of
BACE-1 and the alkenyl chains and geminal dimethyl groups of fucoxanthin. Previous
studies have highlighted fucoxanthin’s properties of inhibiting lipopolysaccharide-induced
peripheral inflammation through the inhibition of NF-«B and mitogen-activated protein
kinase (MAPK) in RAW 264.7 macrophages [78]. An important role of fucoxanthin is its
protection against oxidative stress via activation of the PI3-K/ Akt cascade and inhibition
of the ERK pathway. Neuroprotection in this context is determined by the inhibition of
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GSK-3f and MEK. An in vitro study conducted by Yang and team [79] using SH-SY5Y cells
highlighted the inhibition of A aggregates by PLGA-PEG-Fuc. Besides being incorporated
by neurons, the PLGA-PEG-Fuc nanoparticles were incorporated in microglia too, an im-
portant aspect for reducing neurotoxicity. Also, this nano-system influenced the Nrf2 and
NF-«B signaling pathways, which are essential for regulating oxidative stress and neuronal
inflammation [79].

Another important carotenoid used for treating AD pathologies is astaxanthin, a red
pigment classified as a xanthophyll and found in a series of microalgae such as Haemato-
coccus pluvialis, Chlorella vulgaris, Chlorella zofingiensis, and Chlorococcum sp., serving as an
important neuroprotective factor by reducing oxidative stress and promoting neuronal
lifespan, particularly for cells located in the hippocampus. A drug delivery system of
PEGylated-liposomal astaxanthin was able to recognize Af [80], reducing levels of both
extra- and intracellular deposition of A3, but being more efficient in reducing the heptamer
variant of Af compared to the monomer variant.

Another significant carotenoid used for treating AD due to its anti-inflammatory and
antioxidant activity is lutein. Due to its low bioavailability, pure lutein administration is not
as efficient as encapsulating it with a drug delivery system. For the effective delivery and
distribution of lutein, researchers explored the use of functionalized cationic biopolymers
through the intranasal route for the treatment of AD. The nano-system developed in the
study of Dhas and Mehta [81] was composed of a PLGA (poly (lactic-co-glycolic acid))
core, coated with a layer of chitosan, and loaded with lutein. This cationic biopolymer
core-shell structure protects lutein from degradation caused by light and high temperatures
while enhancing its stability and bioavailability. Their results showed significant nasal
mucosal membrane crossing and the system’s capacity to deliver lutein to the brain via the
intranasal route, where lutein demonstrated its antioxidant abilities, reducing oxidative
stress, which could lead to improved AD treatment outcomes.

4.1.5. Resveratrol

The role of resveratrol in preventing hippocampal neurodegeneration makes this com-
pound suitable for new therapies in treating the symptoms of AD. It has been demonstrated
in vitro that resveratrol inhibits 3-secretase, thereby reducing the formation of 3-amyloid
through interaction with the amyloid precursor protein. This inhibitory role is mediated
by two trimers, gnetin H and suffruticosol. Administering resveratrol to A PP/PS1 mice
for 10 months resulted in improved short-term memory, with a significant increase in
the presynaptic protein synaptophysin. Moreover, significant levels of mitochondrial IV
complex protein were present, indicating better mitochondrial function and providing
evidence of neuroprotection as previously reviewed [82].

Resveratrol is an important antioxidative agent with the notable ability to inhibit phos-
phodiesterase 4 subtypes and activate the cAMP/PKA pathway. Increased cAMP activity
is correlated with lower levels of neuroinflammation and reduced apoptosis. Resveratrol
is also responsible for reducing levels of pro-inflammatory cytokines such as IL-13 and
IL-6, with an upregulated expression of the antiapoptotic protein Bcl-2 and downregu-
lation of Bax proapoptotic protein expression. An important proof of neuroprotection
offered by resveratrol is the elimination of the negative effects of Af4, on phosphorylated
cAMP response element-binding protein (pCREB) and brain-derived neurotrophic factor
(BDNF) [82].

A study conducted by Yang et al. [83] characterized a nanoparticle system formed with
selenium and resveratrol, which inhibited Cu?*-induced A, aggregation by blocking the
metal ion binding site on Ap. Also, the H,O; levels induced by the ABy-Cu?* complex
were decreased after the administration of this system [83].

Another study showed the development of a nasal drug delivery system aimed at
administering resveratrol more efficiently. In this context, gellan and xanthan gum were
used to obtain a nanostructured gel for better and longer adhesion over time, with results
showing more effective treatment of AD than orally administered resveratrol suspen-
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sion [84]. Another intranasal route to bypass the BBB for administering resveratrol is
represented by transfersomes coated with gold nanoparticles, which exhibit unique perme-
ation abilities, improving resveratrol cellular uptake and resulting in significant memory
recovery [85]. Histopathological examinations on rats showed a significant accumula-
tion of gold nanoparticles in the brain for both transfersomes and nanoemulsions, while
transfersomes demonstrated greater accumulation overall [85].

In a study involving 39 patients, it was concluded that a low dose of resveratrol, such
as 5 mg, in combination with 5 mg of dextrose and an equal dose of malate or placebo,
was tolerable and safe for use over a period of one year, with the treatment administered
twice daily [86]. Another study involving a larger group of 119 patients receiving 1 mg of
resveratrol or placebo for over a year demonstrated modulation of neuroinflammation and
induced adaptive immunity, which are promising for AD therapy [87].

4.1.6. Hesperetin

Hesperetin offers impressive neuroprotective properties, as it can regulate the
Nrf2/TLR4/NF-«B pathway, reducing inflammation and acting as an antioxidant agent [87].
Moreover, hesperetin significantly reduced oxidative stress in the hippocampus and cortex
of the mice, along with a reduction in lipid peroxidation and ROS levels, as it can upregulate
antioxidant genes, such as Nrf2 and HO-1, while downregulating the expression of glial
fibrillary acidic protein (GFAP) and Iba-1, responsible for glial cell activation, thus balanc-
ing phosphorylated markers such as TLR4 and NF-«B [88]. Hesperetin nanocrystals exhibit
great solubility and bioavailability properties, overcoming the low absorption capacity of
hesperetin. Nanocrystals shorter than 200 nm have a greater antioxidant capacity due to
their kinetic solubility, reducing the levels of free radicals [89].

4.1.7. Ginsenosides

Rg1 is a ginsenoside with multiple mechanisms of action against AD. It regulates vari-
ous signaling pathways, including PKC, MAPK, PI3K/AKT, and GSK-3f3. This ginsenoside
ameliorates tau and f-amyloid pathologies by reducing oxidative stress and neuroin-
flammation, decreasing neuronal apoptosis, and regulating the activity of p38MAPK and
PI3K/AKT cellular pathways. Moreover, it stimulates the synthesis of acetylcholine and
regulates synaptic function via the BDNF pathway, providing neuroprotective effects and
enhancing cognitive performance [90].

4.2. Overview of Nanoparticle-Based Drug Delivery Systems

Delivery of antioxidants to the brain presents multiple challenges due to the protective
nature of the BBB, restricting the passage of most therapeutic agents. Antioxidants, crucial
for combating oxidative stress specific for AD, have significant obstacles in achieving
effective concentrations in the brain. In this regard, nanoparticles have emerged as potential
delivery systems, providing a promising approach for enhancing drug bioavailability,
stability, and targeted delivery. For AD, various types of nanoparticles have been explored,
such as polymeric nanoparticles, liposomes, dendrimers, solid lipid nanoparticles, and
magnetic and inorganic nanoparticles [91], which will be explored in the following section.
Table 1 provides an overview of various recent developments in nanoparticle-based drug
delivery systems loaded with natural antioxidants and used in AD treatment.
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Table 1. Nanoparticle delivery systems for natural antioxidants to treat AD.
- . Targeted Mechanism of
Antioxidant Nanoparticle (NP) Type Pathway Action Advantages References
Highly stable
PEG-PLA NPs (<80 nm) - - Improved bioavailability [69]
Increased neuronal targeting
PLGA NPs modified with ~ Oxidative stress DPPH radical effic.ien.cy ) ) [67]
Tet1 (150-200 nm) response scavenging activity Antioxidant and anti-amyloid
properties
Curcumin .
PLGA-PEG NPs modified Biosafety
with B6 (<100 nm) B B Improved bioavailability [66]
Se NPs loaded with ) . Efficient inhibition of A
curcumin/PLGA Amylo}lldogemc - plaques in transgenic 5XFAD [68]
composites (160 & 5 nm) pathway mice
Silica NPs (60 nm) - - Biocompatible [92]
. , Inhibiting A42 fibril
PLGA NPs (<145 nm) Amyloidogenic - formation (with and without [72]
pathway Zn2+)
. High BBB permeability
Concav.e'cublc. AuPd NPs Autophagy- Up-regulating autophagy in
modified with PS-80 lysosomal - SH-SY5Y cell line [73]
(71 nm) pathway Clearing A plaques
o NLC inhibit peptide
Lipid NPs _(S'LC ar}d Amyloidogenic aggregation, but SLC do not
NLC) qulfled with pathway - Inhibit fibril formation in [93]
transferrin (200 nm) hCMEC /D3 cell line
o Inhibit fibril formation in
Lipid NPs (SLC and Amyloidogenic hCMEC/D3 cell line
NLC) modified with pathway - Increased permeability across [94]
RVG29 (<250 nm) in vitro model of BBB
i . . o
Quercetin Se ;\il;:i?;)jéf;:éi gzr)lth Oxidative stress DPPH radical Inhibitory effecIt) grll 2A(5111—142 [95]
i i ivi aggregation in cell line
(89.90 4 417 nm) response scavenging activity g8reg:
Reduce ER stress Reduction of A deposition in
. 4 o and reduce the brain of C57BL/6 mice
Sqlfur NPs inserted into Oxidative stress oxidative stress Reduction of inflammation, [96]
microbubbles (<100 nm) response caused by ER stress oxidative stress and nerve cell
or eliminate ROS apoptosis in SH-SY5Y cell line
MSNPs modified with Amyloidogenic ) Reduce AB aggregation 4]
PEG3k (200250 nm) pathway
Inhibit. Inhibit tau phosphorylation in
Exosomes NPs Tau . CDK5-mediated AD mice and reduce [97]
(40-150 nm) phosphorylation tau formation of NFTs
phosphorylation
Enhance
o express.ion. levels of Better bioavailability
SPIONSs (30-50 nm) Oxidative stress antioxidant Antioxidant effect of 98]

response

enzymes and

reduces expression

of NO synthetase

QT-SPION in male Wistar rats
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Table 1. Cont.
- . Targeted Mechanism of
Antioxidant Nanoparticle (NP) Type Pathway Action Advantages References
SLNs modified with )
OX26 mAb and Amyloidogenic ) Decrease'd AP peptide [99]
containing grape seed pathway aggregation
extract (254 + 17 nm)
SeNPs I Effect on Cu2+-induced Ap42
; ; eINI's have a aggregation, ROS generation
SeNPs (<100 nm) Amg;)ﬁcx:g;mc strong affinity for R%%lufe metal ion iso;duced [83]
Ap42 plaques AB42 toxicity in PC12 cell line
Treats memory loss specific for
Nanostructured hydrogel - - AD in scopolamine-induced [84]
Resveratrol (132 £+ 11.90 nm) AD in rats
Enhanced permeation through
Gold NPs (<100 nm) - - the nasal mucosal membrane [85]
Improve oxidative stress in
RBC coated NLC with Mitochondrial Specifically bind to APP/PS1 mice
RVG29 and TPP oxidative stress neurons and target Reduce lipid peroxidation [100]
(<160 nm) response the mitochondria damage
Inhibit oxidative stress,
Selenium/Chitosan NPs Modulating gut Restoring gut neuroinflammation, and [101]
(19.93 + 1.52 nm) microbiota microbiota metabolic disorder in AD mice
PLGA NPs Mitochondrial Stabilizing the Modula'te the e{(pre.ssion of
Phytol (177.4 + 5.9 nm) oxidative stress mitochondrial aPOPt0t1§ proteins in [75,76]
: : response membrane transgenic C. elegans
Enhance
Fucoxanthin PLGA-PEG NPs Amyloidogenic enzn:f: ﬁ:iir\l/tit In}}ibit AP plaql.les—ipduced [79]
(<210 nm) pathway Y y oxidative stress in mice
and reduce neu-
roinflammation
Lutei Chitosan/PLGA SNPs Oxidative stress Scavenging ROS Decrease oxida}tive stress in [81]
utem (<150 nm) response species SH-SY5Y cell line
Great antioxidant abilities in
SSLNs (< 200 nm) - - OEC cell line [102]
Astaxanthin
Reduce oxidative stress and
Liposomal PEG NPs Amyloidogenic Scavenging AP plaque aggregation in 80]
(<80 nm) pathway formaldehyde mice
Reduce AP40 and AP42 levels
. Amyloidogenic Modulating APP in rats
Nanoemulsion gathwfy processﬁ’lg Interacts with LRP1, RAGE [103]
and BACE1
Thymoquinone
" . o Reducing Improved bioavailability
PLGA NPs modified with ~ Oxidative stress superoxide radical Reduced accumulation of Ap [104]

PS80 (<230 nm)

response

production

in albino mice
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Table 1. Cont.
- . Targeted Mechanism of
Antioxidant Nanoparticle (NP) Type Pathway Action Advantages References
i ; ; ; Downregulation of 4 Reduce A plaques in C6 and
Ginsenoside Rg3 PLGA.NPs modified with Amylo}lldogemc ABPP-A4 THP-1 cell lilile;] [105]
angiopep-2 (100 nm) pathway expression levels
] Oxidative stress Upregulétion of . Reduce cerebral oxidative
Nanosuspension response antioxidant stress in AD mice [106]
P enzyme genes
Onid . Enhance mitochondrial
xidative stress ion i
H i Nanocrystals - function in SH-SY5Y-APP695 [107]
esperetin Y response cell line
. Nanocrystals under 200 nm
Nanocrystals B i} have better antioxidant [89]
(170-800 nm) activity
PLGA NP dified with . Enhanced cellular uptake and
. s modified wit _ _ distribution in brain usin;
Huperzine A Lf and TMC (<154 nm) KM mice 8 [108]

4.2.1. Polymeric Nanoparticles

The polymeric nature enables precise control over particle stability, controlled release
properties, and surface modification capabilities. These nanoparticles can be created from
preformed polymers or directly from monomers using various polymerization techniques,
and both natural and synthetic polymers can be used for their fabrication. Other methods,
such as ionic gelation, solvent diffusion, nanoprecipitation, and spray drying, are also used
for polymeric nanoparticle production [109]. Polymers commonly used for delivering ther-
apeutic agents to the central nervous system include polysaccharides, poly (ethylenimines),
poly (alkyl cyanoacrylates), poly (methylidene malonates), and polyesters [109].

Polybutylcyanoacrylate (PBCA) nanoparticles coated with polysorbate 80 have been
used to deliver small molecules and growth factors for the treatment of AD by using
rivastigmine, an acetylcholinesterase inhibitor [110].

Further, poly (lactic-co-glycolic acid) (PLGA) nanoparticles have sustained and con-
trolled drug release, low toxicity, and high biocompatibility, being approved by both
the FDA and the European Medicine Agency (EMA) for use in biomedical applications.
Mathew et al. used PLGA NPs, modified with Tetl peptide, to deliver curcumin in GI-1
glioma cell line [67], demonstrating a great potential for AD treatment grace to anti-amyloid
and antioxidant properties. Moreover, Fan et al. developed a system of PLGA-PEG NPs
functionalized with B6 peptide, a substitute for transferrin, reducing tau phosphoryla-
tion and plaque production [66]. Other studies used PLGA NPs for brain delivery of
different antioxidants, such as quercetin [72], phytol [75,76], fucoxanthin [79], lutein [81],
thymoquinone [104] and ginsenoside Rg3 [105].

Another attractive natural polymer is chitosan, made from chitin, derived from the
deacetylation of poly-N-acetylglucosamine. Its muco-adhesion and intrinsic bioactivity
can help nanosystems penetrate the brain through the olfactory route and potentially have
therapeutic effects against AD, given that chitosan is believed to disrupt intercellular tight
junctions, which can increase epithelial permeability [111].

4.2.2. Dendrimers

Dendrimers are a unique type of polymeric nanoparticles known, being highly branched,
with well-defined mass, size, shape, and surface properties, used in the diagnosis and treat-
ment of neurodegenerative diseases because they provide sustained therapeutic drug levels,
prolonged circulation, and enhanced drug transport and stability. In addition, dendrimers
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have a strong affinity for proteins, peptides, ligands, lipids, and nucleic acids. There are
different types of dendrimers depending on the chemical nature of their core and branches,
including polyamidoamine (PAMAM), carbosilane, poly-l-lysine (PLL), and polypropylene-
imine (PPI). Among these, PAMAM dendrimers are the most common and are widely used
in drug and gene delivery systems, as well as in regenerative medicine [112]. Recently,
a less toxic therapy based on tacrine (licensed for AD therapy) and PAMAM dendrimer
co-administration was evidenced without modifying the drug activity [113].

4.2.3. Lipid-Based Nanoparticles

Lipid-based nanoparticles have been known for their stability and lack of toxicity,
being spherical vesicles made up of one or more layers of phospholipids, the most common
types being liposomes and solid lipid nanoparticles (SLNs). Liposomes are particularly
interesting due to their ease of preparation, high bioavailability, biocompatibility, and
low toxicity, being able to deliver multiple types of drugs: hydrophilic, hydrophobic,
and lipophilic. In the treatment of AD, liposomes have shown potential for targeting A3
peptides and the amyloidogenic pathway [114].

When it comes to the brain delivery of natural antioxidants, many lipid-based nanosys-
tems have been reported. Pinheiro et al. developed two systems for quercetin delivery, one
modified with transferrin and one with RVG29 [89,90]. Transferrin-conjugated nanoparti-
cles showed a capacity to inhibit amyloid plaque formation in the hCMEC/D3 cell line,
while the lipid nanoparticles modified with RVG29, a peptide that has an affinity for nico-
tinic acetylcholine receptors, showed a high permeability through the BBB and a capacity
to inhibit the formation of AR aggregates [93,94]. Moreover, Gu et al. demonstrated the
capacity of PEGylated lipid NPs to enhance astaxanthin bioavailability and inhibit plaque
formation in APP/PS1 mice [80]. Furthermore, Loureiro and colleagues developed an
SLN system for encapsulating resveratrol and grape seed extract that inhibits A3 aggrega-
tion in human brain-like endothelial cells [99]. Santonocito et al. also used stealth SLNs
for astaxanthin brain delivery, obtaining 110-150 nm stable NPs with great antioxidant
capacity [102].

4.2.4. Inorganic NPs

Inorganic nanoparticles cover a wide variety of compounds, from quantum dots
to metallic nanoparticles made of gold, silver, platinum, and iron, as well as magnetic
nanoparticles like superparamagnetic iron oxide nanoparticles (SPIONs) or Fe3O4, being
known for their non-toxicity, hydrophilicity, biocompatibility, and exceptional stability
compared to organic materials. Studies have investigated gold nanoparticles for their ability
to inhibit A fibril formation, tau protein aggregation, neurofibrillary tangle formation, and
acetylcholinesterase activity [115]. Liu et al. developed gold-palladium cubic nanoparticles
for quercetin delivery, acting on the autophagy-lysosomal pathway in AD, safeguarding
SH-SY5Y cells from Af-induced cytotoxicity [73]. Also, Salem et al. developed a delivery
system based on gold nanoparticles and resveratrol with enhanced permeation through
the nasal membrane [85]. Furthermore, mesoporous silica nanoparticles raised as potential
drug delivery systems, Halevas et al. developed magnetic core-shell nanoparticles for
the delivery of quercetin to the brain [4]. Their system illustrated antioxidant and anti-
amyloidogenic properties in primary hippocampal neurons from mice [4].

SPIONSs are made from two segments: a magnetic material made of iron and a chemical
compartment, being used as theranostic systems in AD. SPIONs nanoparticles with a
diameter of 30 to 50 nm have been used for the delivery of quercetin, enhancing neuron
survival in AD [98].

4.2.5. Nanoemulsions

Nanoemulsions (NEs) are stable mixtures of nanoscale oil and water phases held in a
single phase by surfactant or co-surfactant molecules. They are created through techniques
like high-pressure homogenization, ultrasonication, and emulsion inversion point methods.



Molecules 2024, 29, 4056

18 of 25

NEs are used to improve drug delivery to specific areas while minimizing adverse effects
and toxicity. Additionally, the lipid-like nature of NEs makes them promising for deliv-
ering drugs to the brain through the BBB [116]. NEs have been successfully used for the
delivery of thymoquinone in high-cholesterol-diet rats, showing a high rate of Af3 plaque
clearance [103].

5. Discussion
5.1. Strengths and Weaknesses of Different Antioxidant-Based Approaches

The bioactive molecules discussed, curcumin, quercetin, phytol, carotenoids, resver-
atrol, Rgl ginsenoside, and hesperetin, are known for their potent antioxidant and anti-
inflammatory activities, which are crucial in slowing down the progression of AD. They tar-
get key pathological features of AD, such as oxidative stress, neuroinflammation, amyloid-
beta (AB) plaque formation, and cholinergic dysfunction. Each of these molecules acts
on distinct but interconnected pathways, as presented earlier, collectively contributing
to neuroprotection in AD. Curcumin binds to senile plaques and helps reduce Af lev-
els while also activating the Akt phosphorylation pathway and reducing inflammation
through the NF-«B pathway [65]. Quercetin [71] and hesperetin [88] target the NF-«B
pathway, reducing neuroinflammation and inhibiting acetylcholinesterase to decrease Af3
aggregation, which is crucial for preserving cognitive function, while hesperetin also acts
on upregulating antioxidant genes. Phytol addresses cholinergic dysfunction by regu-
lating AchE, thereby improving cognitive outcomes often impaired in AD patients [74].
Carotenoids [78-80] exert neuroprotective effects through different mechanisms: fucoxan-
thin inhibits BACE1, reducing A plaque aggregation; astaxanthin provides general neuro-
protection, and lutein specifically mitigates AB-induced cognitive deficits. Resveratrol [82]
activates the cAMP /PKA pathway and inhibits beta-secretase, reducing neuroinflamma-
tion and A plaque formation, addressing both oxidative stress and plaque buildup central
to AD progression. On the other hand, Rgl Ginsenoside [90] regulates the PI3K/Akt and
P38MAPK pathways, both involved in modulating neuroinflammation and oxidative stress,
highlighting its broad neuroprotective effects.

Despite their promising in vitro efficacy, significant challenges arise when translating
these effects to in vivo and clinical contexts. These challenges include poor bioavailability,
rapid metabolism, and poor brain penetration, all of which hinder the translation of
these bioactive molecules into effective treatments for AD in clinical settings. In order to
overcome multiple disadvantages, encapsulating these molecules in nanoparticle systems
can enhance their solubility, protect them from degradation, and improve BBB penetration.

Polymeric nanoparticles are widely used due to their versatility, allowing for pre-
cise control over particle stability, drug release profiles, and surface modification. This
control can be leveraged to improve the bioavailability of therapeutic agents, enhance
brain targeting, and provide sustained drug release. Polymers such as PLGA are FDA and
EMA-approved, ensuring their safety and compatibility with biological systems. The ability
to modify surface characteristics and incorporate targeting ligands enhances the specificity
and efficacy of drug delivery to the brain. However, their production processes, such
as nanoprecipitation and spray drying, can be complex and require precise control over
parameters to ensure consistency [109]. Dendrimers are particularly effective in delivering
drugs to the central nervous system (CNS) due to their unique structure, which allows
for high drug loading and precise control over drug release. The branched structure of
dendrimers allows for a high degree of drug encapsulation, making them efficient carriers
for therapeutic agents. They can also be functionalized with various ligands to target
specific receptors in the brain, improving therapeutic outcomes. As seen in polymeric NPs,
the synthesis and characterization of dendrimers are also more complex, limiting their
widespread application.

On the other hand, lipid-based nanoparticles are renowned for their ability to en-
capsulate both hydrophilic and hydrophobic drugs, making them versatile carriers for
AD therapeutics. However, some disadvantages of lipid-based nanoparticles are stability
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issues, such as leakage and oxidation of the encapsulated drug, which can reduce their
effectiveness.

Inorganic nanoparticles, including metallic nanoparticles (e.g., gold, silver, iron oxide),
offer exceptional stability and have been explored for both therapeutic and diagnostic
purposes in AD treatment. Despite their stability, some inorganic nanoparticles may exhibit
cytotoxicity or induce oxidative stress, potentially counteracting their therapeutic benefits.
The production and disposal of inorganic nanoparticles, particularly those made from
precious metals like gold, can be costly and raise environmental concerns.

Nanoemulsions offer a promising approach for improving drug solubility and bioavail-
ability, particularly for lipophilic drugs, and their lipid-like nature facilitates their transport
across the BBB, making them effective for CNS drug delivery. However, nanoemulsions
may face challenges related to physical stability, such as phase separation, which can impact
their effectiveness. The use of surfactants, essential for stabilizing nanoemulsions, can
sometimes lead to toxicity or adverse reactions.

5.2. Patient Outcomes and Therapeutic Strategies

While natural antioxidants offer a new approach to treating AD, traditional therapies
include cholinesterase inhibitors, such as donepezil, galantamine, and rivastigmine [65], N-
methyl-D-aspartate (NMDA) receptor antagonists (memantine), or monoclonal antibodies
(lecanemab and donanemab) recently approved after clinical trials [117]. These therapies
improve cognitive function by either increasing acetylcholine levels, regulating glutamate
activity, or reducing A plaques in the brain. However, their main drawback is their limited
impact on the progression of the disease, which only provides symptomatic relief. While
these standard treatments are generally accepted for their safety and ability to improve
cognitive function, they also have side effects such as nausea and vomiting and concerns
about their long-term effects. On the other hand, natural antioxidants are known for their
strong antioxidant and anti-inflammatory effects, but their effectiveness is hindered by the
need for advanced delivery systems due to poor bioavailability.

When it comes to drug delivery systems, conventional drugs are usually taken orally,
which can lead to limited drug penetration across the BBB. Nanoparticle-based systems
offer improved drug delivery by crossing the BBB more effectively [111]. However, there
are concerns about the long-term toxicity of some types of nanoparticles [91], particularly
metal-based systems. Ongoing research is needed to optimize safety profiles and stan-
dardization for these systems. Therefore, while traditional therapies are important for
managing symptoms, newer approaches like nanoparticle-based delivery systems and
natural antioxidants show promise in addressing the underlying causes of AD. However,
challenges related to safety, cost, and accessibility need to be addressed to make these
strategies more widely available.

Innovative treatments that target various aspects of AD could result in sustained
functional abilities in patients (such as eating, dressing, and carrying out day-to-day activi-
ties), which are essential for a patient’s mental well-being. Drug delivery systems, such as
polymeric NPs, lipidic NPs, inorganic NPs, etc., might enhance these functional outcomes
by increasing the bioavailability of drugs, allowing them to penetrate the BBB. Additionally,
reducing neuroinflammation with natural antioxidants, like curcumin, could improve
overall mobility and physical health by possibly slowing or stopping the progression of
motor symptoms, thus enhancing the patient’s welfare.

5.3. Challenges and Future Perspectives

Several antioxidant treatments and delivery systems have been proposed as potential
interventions for AD. However, it is important to note that many of these approaches are
still in the experimental stage and have not been conclusively shown to be effective in AD.
Despite their theoretical potential to mitigate oxidative stress and amyloidogenic pathways,
the key pathological feature of AD, and the encouraging results observed in early-stage
studies, their effectiveness in AD remains unproven, as mentioned by the clinical trials
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presented earlier [70,74,86,87,118]. Therefore, these approaches should be considered
experimental, and further research is essential to establish their clinical relevance in AD.

Moreover, many treatments with positive results in animal or cellular models of
AD may not succeed in human trials due to metabolic differences between organisms or
contrasting disease pathology. Therefore, future research on antioxidant-based nanopar-
ticle delivery systems should prioritize large-scale clinical trials to verify the potential
effectiveness of preclinical therapies.

One major obstacle in developing effective antioxidant therapies is the challenge of
achieving adequate bioavailability and targeted delivery to the brain. Many antioxidants
suffer from poor absorption, rapid metabolism, and limited ability to cross the BBB. Al-
though current delivery systems, such as nanoparticles and liposomes, are promising, they
have not yet been fully optimized or validated for AD. Oxidative stress in AD involves
a complex interplay of various ROS, cellular responses, and compensatory mechanisms.
Targeting a single pathway or molecule may not be sufficient to achieve therapeutic benefits.
Furthermore, the timing of intervention is critical, as oxidative stress plays various roles at
different stages of the disease. Understanding the precise mechanisms by which antioxi-
dants can exert neuroprotective effects and determining the optimal time for intervention
are ongoing challenges in this field.

In the future, research in the field of AD should prioritize the development of new
antioxidant compounds that are more effective at crossing the BBB, have improved stability
and bioavailability, and can target the oxidative pathways implicated in AD specifically.
Additionally, with the advancement of our understanding of AD pathology and genetics,
there is potential for developing personalized antioxidant therapies tailored to individual
patients based on their genetic profile, disease stage, and other biomarkers. Combined
therapies using antioxidant treatments with other therapeutic compounds, such as tau
inhibitors, and the new cutting-edge artificial intelligence tool [118] also hold promise for
providing synergistic effects.

6. Conclusions

This review provides a comprehensive overview of the latest perspectives on AD
treatment, emphasizing the importance of the BBB and the potential of antioxidant-based
drug delivery systems. By addressing the challenges of BBB penetration and oxidative
stress, researchers aim to develop more effective therapies that can slow or halt the pro-
gression of AD and improve the quality of life for patients. Future research directions
include investigating novel antioxidant formulations, exploring combination therapies, and
integrating advanced nanotechnology approaches to enhance drug delivery to the CNS.

Author Contributions: Conceptualization, M.S.S.; methodology, B.S.D. and A.S.P,; software, B.S.D.
and A.S.P; writing—original draft preparation, B.S.D. and A.S.P.; writing—review and editing, M.S.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1.  Alzheimer’s Association. 2023 Alzheimer’s disease facts and figures. Alzheimer’s Dement. 2023, 19, 1598-1695. [CrossRef]

2. Ferreira, S.T.; Clarke, ].R.; Bomfim, T.R.; De Felice, F.G. Inflammation, Defective Insulin Signaling, and Neuronal Dysfunction in
Alzheimer’s Disease. Alzheimer’s Dement. 2014, 10, S76-S83. [CrossRef]

3.  vanden Broek, S.L.; Shalgunov, V.; Herth, M.M. Transport of Nanomedicines across the Blood-Brain Barrier: Challenges and
Opportunities for Imaging and Therapy. Biomater. Adv. 2022, 141, 213125. [CrossRef]

4.  Halevas, E.; Mavroidi, B.; Nday, C.M.; Tang, J.; Smith, G.C.; Boukos, N.; Litsardakis, G.; Pelecanou, M.; Salifoglou, A. Modified
Magnetic Core-Shell Mesoporous Silica Nano-Formulations with Encapsulated Quercetin Exhibit Anti-Amyloid and Antioxidant
Activity. J. Inorg. Biochem. 2020, 213, 111271. [CrossRef]


https://doi.org/10.1002/alz.13016
https://doi.org/10.1016/j.jalz.2013.12.010
https://doi.org/10.1016/j.bioadv.2022.213125
https://doi.org/10.1016/j.jinorgbio.2020.111271

Molecules 2024, 29, 4056 21 of 25

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Scheltens, P.; De Strooper, B.; Kivipelto, M.; Holstege, H.; Chételat, G.; Teunissen, C.E.; Cummings, ]J.; van der Flier, WM.
Alzheimer’s Disease. Lancet 2021, 397, 1577-1590. [CrossRef]

Guo, T,; Zhang, D.; Zeng, Y.; Huang, T.Y.; Xu, H.; Zhao, Y. Molecular and cellular mechanisms underlying the pathogenesis of
Alzheimer’s disease. Mol. Neurodegener. 2020, 15, 40. [CrossRef]

d’Errico, P.; Meyer-Luehmann, M. Mechanisms of Pathogenic Tau and A Protein Spreading in Alzheimer’s Disease. Front. Aging
Neurosci. 2020, 12, 265. [CrossRef]

Mueller, M.C.; Baranowski, B.J.; Hayward, G.C. New Insights on the Role of Residue 673 of APP in Alzheimer’s Disease. ].
Neurosci. 2018, 38, 515-517. [CrossRef]

Tackenberg, C.; Nitsch, R.M. The secreted APP ectodomain sAPP«, but not sAPPf3, protects neurons against A3 oligomer-induced
dendritic spine loss and increased tau phosphorylation. Mol. Brain 2019, 12, 27. [CrossRef]

Haass, C.; Kaether, C.; Thinakaran, G.; Sisodia, S. Trafficking and Proteolytic Processing of APP. Cold Spring Harb. Perspect. Med.
2012, 2, a006270. [CrossRef]

Aleksis, R.; Oleskovs, F; Jaudzems, K.; Pahnke, J.; Biverstdl, H. Structural Studies of Amyloid-3 Peptides: Unlocking the
Mechanism of Aggregation and the Associated Toxicity. Biochimie 2017, 140, 176-192. [CrossRef]

Calabro, M.; Rinaldi, C.; Santoro, G.; Crisafulli, C. The Biological Pathways of Alzheimer Disease: A Review. AIMS Neurosci. 2020,
8, 86-132. [CrossRef]

Zhang, Y.; Chen, K; Sloan, S.A.; Bennett, M.L.; Scholze, A.R.; O’Keeffe, S.; Phatnani, H.P.,; Guarnieri, P.; Caneda, C.; Ruderisch, N.;
et al. An RNA-Sequencing Transcriptome and Splicing Database of Glia, Neurons, and Vascular Cells of the Cerebral Cortex. J.
Neurosci. 2014, 34, 11929-11947. [CrossRef]

Marciniak, E.; Leboucher, A ; Caron, E.; Ahmed, T.; Tailleux, A.; Dumont, J.; Issad, T.; Gerhardt, E.; Pagesy, P.; Vileno, M.; et al.
Tau Deletion Promotes Brain Insulin Resistance. J. Exp. Med. 2017, 214, 2257-2269. [CrossRef]

Spillantini, M.G.; Goedert, M. Tau Pathology and Neurodegeneration. Lancet Neurol. 2013, 12, 609-622. [CrossRef]

Jucker, M.; Walker, L.C. Self-Propagation of Pathogenic Protein Aggregates in Neurodegenerative Diseases. Nature 2013, 501,
45-51. [CrossRef]

Guo, J.L.; Narasimhan, S.; Changolkar, L.; He, Z.; Stieber, A.; Zhang, B.; Gathagan, R.J.; Iba, M.; McBride, ].D.; Trojanowski, ].Q.;
et al. Unique Pathological Tau Conformers from Alzheimer’s Brains Transmit Tau Pathology in Nontransgenic Mice. J. Exp. Med.
2016, 213, 2635-2654. [CrossRef]

Ahmed, Z.; Cooper, J.; Murray, TK.; Garn, K.; McNaughton, E.; Clarke, H.; Parhizkar, S.; Ward, M.A.; Cavallini, A.; Jackson, S.;
et al. A Novel in Vivo Model of Tau Propagation with Rapid and Progressive Neurofibrillary Tangle Pathology: The Pattern of
Spread Is Determined by Connectivity, Not Proximity. Acta Neuropathol. 2014, 127, 667-683. [CrossRef]

Zheng, W.-H.; Bastianetto, S.; Mennicken, F.; Ma, W.; Kar, S. Amyloid 3 Peptide Induces Tau Phosphorylation and Loss of
Cholinergic Neurons in Rat Primary Septal Cultures. Neuroscience 2002, 115, 201-211. [CrossRef]

lijima, K.; Gatt, A.; lijima-Ando, K. Tau Ser262 Phosphorylation Is Critical for Ap42-Induced Tau Toxicity in a Transgenic
Drosophila Model of Alzheimer’s Disease. Hum. Mol. Genet. 2010, 19, 2947-2957. [CrossRef]

Shafiei, S.S.; Guerrero-Mufoz, M.J.; Castillo-Carranza, D.L. Tau Oligomers: Cytotoxicity, Propagation, and Mitochondrial Damage.
Front. Aging Neurosci. 2017, 9, 83. [CrossRef]

Jackson, G.R.; Wiedau-Pazos, M.; Sang, T.-K.; Wagle, N.; Brown, C.A.; Massachi, S.; Geschwind, D.H. Human Wild-Type Tau
Interacts with Wingless Pathway Components and Produces Neurofibrillary Pathology in Drosophila. Neuron 2002, 34, 509-519.
[CrossRef]

Chitnis, T.; Weiner, H.L. CNS Inflammation and Neurodegeneration. J. Clin. Investig. 2017, 127, 3577-3587. [CrossRef]

Leng, F,; Edison, P. Neuroinflammation and Microglial Activation in Alzheimer Disease: Where Do We Go from Here? Nat. Rev.
Neurol. 2021, 17, 157-172. [CrossRef]

Ojala, J.O.; Sutinen, E.M.; Salminen, A.; Pirttild, T. Interleukin-18 Increases Expression of Kinases Involved in Tau Phosphorylation
in SH-SY5Y Neuroblastoma Cells. J. Neuroimmunol. 2008, 205, 86-93. [CrossRef]

Seo, J.; Kritskiy, O.; Watson, L.A.; Barker, S.].; Dey, D.; Raja, W.K,; Lin, Y.-T.; Ko, T.; Cho, S.; Penney, ] ; et al. Inhibition of P25/Cdk5
Attenuates Tauopathy in Mouse and iPSC Models of Frontotemporal Dementia. J. Neurosci. 2017, 37, 9917-9924. [CrossRef]
Zhang, Y.; Zhao, Y.; Zhang, ].; Yang, G. Mechanisms of NLRP3 Inflammasome Activation: Its Role in the Treatment of Alzheimer’s
Disease. Neurochem. Res. 2020, 45, 2560-2572. [CrossRef]

Masters, S.L.; O'Neill, L.A ]. Disease-Associated Amyloid and Misfolded Protein Aggregates Activate the Inflammasome. Trends
Mol. Med. 2011, 17, 276-282. [CrossRef]

Heneka, M.T.; Kummer, M.P; Stutz, A.; Delekate, A.; Schwartz, S.; Vieira-Saecker, A.; Griep, A.; Axt, D.; Remus, A.; Tzeng, T.-C,;
et al. NLRP3 Is Activated in Alzheimer’s Disease and Contributes to Pathology in APP/PS1 Mice. Nature 2013, 493, 674-678.
[CrossRef]

Tofighi, N.; Asle-Rousta, M.; Rahnema, M.; Amini, R. Protective Effect of Alpha-Linoleic Acid on AB-Induced Oxidative Stress,
Neuroinflammation, and Memory Impairment by Alteration of A7 nAChR and NMDAR Gene Expression in the Hippocampus
of Rats. Neurotoxicology 2021, 85, 245-253. [CrossRef]

Miller, V.; Lawrence, D.; Mondal, T.; Seegal, R. Reduced Glutathione Is Highly Expressed in White Matter and Neurons in the
Unperturbed Mouse Brain—Implications for Oxidative Stress Associated with Neurodegeneration. Brain Res. 2009, 1276, 22-30.
[CrossRef]


https://doi.org/10.1016/S0140-6736(20)32205-4
https://doi.org/10.1186/s13024-020-00391-7
https://doi.org/10.3389/fnagi.2020.00265
https://doi.org/10.1523/JNEUROSCI.2710-17.2017
https://doi.org/10.1186/s13041-019-0447-2
https://doi.org/10.1101/cshperspect.a006270
https://doi.org/10.1016/j.biochi.2017.07.011
https://doi.org/10.3934/Neuroscience.2021005
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1084/jem.20161731
https://doi.org/10.1016/S1474-4422(13)70090-5
https://doi.org/10.1038/nature12481
https://doi.org/10.1084/jem.20160833
https://doi.org/10.1007/s00401-014-1254-6
https://doi.org/10.1016/S0306-4522(02)00404-9
https://doi.org/10.1093/hmg/ddq200
https://doi.org/10.3389/fnagi.2017.00083
https://doi.org/10.1016/S0896-6273(02)00706-7
https://doi.org/10.1172/JCI90609
https://doi.org/10.1038/s41582-020-00435-y
https://doi.org/10.1016/j.jneuroim.2008.09.012
https://doi.org/10.1523/JNEUROSCI.0621-17.2017
https://doi.org/10.1007/s11064-020-03121-z
https://doi.org/10.1016/j.molmed.2011.01.005
https://doi.org/10.1038/nature11729
https://doi.org/10.1016/j.neuro.2021.06.002
https://doi.org/10.1016/j.brainres.2009.04.029

Molecules 2024, 29, 4056 22 of 25

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

Bhatia, V.; Sharma, S. Role of Mitochondrial Dysfunction, Oxidative Stress and Autophagy in Progression of Alzheimer’s Disease.
J. Neurol. Sci. 2021, 421, 117253. [CrossRef]

Desler, C.; Lillenes, M.S.; Tenjum, T.; Rasmussen, L.J. The Role of Mitochondrial Dysfunction in the Progression of Alzheimer’s
Disease. Curr. Med. Chem. 2018, 25, 5578-5587. [CrossRef]

Sen, A.; Nelson, T.].; Alkon, D.L.; Hongpaisan, J. Loss in PKC Epsilon Causes Downregulation of MnSOD and BDNF Expression
in Neurons of Alzheimer’s Disease Hippocampus. . Alzheimer’s Dis. 2018, 63, 1173-1189. [CrossRef]

Swerdlow, R.H.; Khan, S.M.A. “Mitochondrial Cascade Hypothesis” for Sporadic Alzheimer’s Disease. Med. Hypotheses 2004, 63,
8-20. [CrossRef]

de la Monte, S.M. Insulin Resistance and Alzheimer’s Disease. BMB Rep. 2009, 42, 475-481. [CrossRef]

Xie, L.; Helmerhorst, E.; Taddei, K.; Plewright, B.; Van Bronswijk, W.; Martins, R. Alzheimer’s 3-Amyloid Peptides Compete for
Insulin Binding to the Insulin Receptor. ]. Neurosci. 2002, 22, RC221. [CrossRef]

Ng, R.C.-L.; Chan, K.-H. Potential Neuroprotective Effects of Adiponectin in Alzheimer’s Disease. Int. ]. Mol. Sci. 2017, 18, 592.
[CrossRef]

Morais, L.H.; Schreiber, H.L.; Mazmanian, S.K. The Gut Microbiota-Brain Axis in Behaviour and Brain Disorders. Nat. Rev.
Microbiol. 2021, 19, 241-255. [CrossRef]

Yano, ].M.; Yu, K.; Donaldson, G.P; Shastri, G.G.; Ann, P.; Ma, L.; Nagler, C.R.; Ismagilov, R.F.,; Mazmanian, S.K.; Hsiao, E.Y.
Indigenous Bacteria from the Gut Microbiota Regulate Host Serotonin Biosynthesis. Cell 2015, 161, 264-276. [CrossRef]

Cirrito, J.R.; Disabato, B.M.; Restivo, ].L.; Verges, D.K.; Goebel, W.D.; Sathyan, A.; Hayreh, D.; D’Angelo, G.; Benzinger, T.; Yoon,
H.; et al. Serotonin Signaling Is Associated with Lower Amyloid-f3 Levels and Plaques in Transgenic Mice and Humans. Proc.
Natl. Acad. Sci. USA 2011, 108, 14968-14973. [CrossRef] [PubMed]

Wu, D,; Chen, Q.; Chen, X,; Han, E; Chen, Z.; Wang, Y. The blood-brain barrier: Structure, regulation, and drug delivery. Sig.
Transduct. Target Thr. 2023, 8, 217. [CrossRef]

Obermeier, B.; Verma, A.; Ransohoff, R.M. The Blood-Brain Barrier. Handb. Clin. Neurol. 2016, 133, 39-59. [CrossRef]

Betz, A.L,; Firth, J.A.; Goldstein, G.W. Polarity of the Blood-Brain Barrier: Distribution of Enzymes between the Luminal and
Antiluminal Membranes of Brain Capillary Endothelial Cells. Brain Res. 1980, 192, 17-28. [CrossRef]

Kadry, H.; Noorani, B.; Cucullo, L. A blood-brain barrier overview on structure, function, impairment, and biomarkers of
integrity. Fluids Barriers CNS 2020, 17, 69. [CrossRef]

Armulik, A.; Mde, M.; Betsholtz, C. Pericytes and the Blood-Brain Barrier: Recent Advances and Implications for the Delivery of
CNS Therapy. Ther. Deliv. 2011, 2, 419—422. [CrossRef]

Hall, C.N.; Reynell, C.; Gesslein, B.; Hamilton, N.B.; Mishra, A.; Sutherland, B.A.; O’Farrell, EM.; Buchan, A.M.; Lauritzen,
M.; Attwell, D. Capillary Pericytes Regulate Cerebral Blood Flow in Health and Disease. Nature 2014, 508, 55—60. [CrossRef]
[PubMed]

Montagne, A.; Barnes, S.R.; Sweeney, M.D.; Halliday, M.R,; Sagare, A.P,; Zhao, Z.; Toga, A.W.,; Jacobs, R.E.; Liu, C.Y.; Amezcua, L.;
et al. Blood-Brain Barrier Breakdown in the Aging Human Hippocampus. Neuron 2015, 85, 296-302. [CrossRef]

Hladky, S.B.; Barrand, M.A. Elimination of substances from the brain parenchyma: Efflux via perivascular pathways and via the
blood-brain barrier. Fluids Barriers CNS 2018, 15, 30. [CrossRef] [PubMed]

Zlokovic, B.V. The Blood-Brain Barrier in Health and Chronic Neurodegenerative Disorders. Neuron 2008, 57, 178-201. [CrossRef]
Simpson, I.; Carruthers, A.; Vannucci, S.; Simpson, I.A.; Carruthers, A.; Vannucci, S.J. Supply and Demand in Cerebral Energy
Metabolism: The Role of Nutrient Transporters. |. Cereb. Blood Flow Metab. 2007, 27, 1766-1791. [CrossRef] [PubMed]

Hawkins, R.A.; O’Kane, R.L.; Simpson, I.A.; Vifia, ].R. Structure of the Blood-Brain Barrier and Its Role in the Transport of Amino
Acids. . Nutr. 2006, 136, 2185-226S. [CrossRef] [PubMed]

Cowan, C.M.; Raymond, L.A. Selective Neuronal Degeneration in Huntington’s Disease. Curr. Top Dev. Biol. 2006, 75, 25-71.
[CrossRef] [PubMed]

Abbott, N.J.; Patabendige, A.A.K.; Dolman, D.E.M.; Yusof, S.R.; Begley, D.J. Structure and Function of the Blood—Brain Barrier.
Neurobiol. Dis. 2010, 37, 13-25. [CrossRef]

Pardridge, W.M. Blood-Brain Barrier Delivery. Drug Discov. Today 2007, 12, 54-61. [CrossRef]

Barar, J.; Rafi, M.A_; Pourseif, M.M.; Omidi, Y. Blood-Brain Barrier Transport Machineries and Targeted Therapy of Brain Diseases.
Bioimpacts 2016, 6, 225-248. [CrossRef]

Fong, C.W. Permeability of the Blood-Brain Barrier: Molecular Mechanism of Transport of Drugs and Physiologically Important
Compounds. J. Membr. Biol. 2015, 248, 651-669. [CrossRef]

Chen, Y,; He, Y.; Han, J.; Wei, W,; Chen, F. Blood-Brain Barrier Dysfunction and Alzheimer’s Disease: Associations, Pathogenic
Mechanisms, and Therapeutic Potential. Front. Aging Neurosci. 2023, 15, 1258640. [CrossRef]

Alkhalifa, A.E.; Al-Ghraiybah, N.F,; Odum, J.; Shunnarah, J.G.; Austin, N.; Kaddoumi, A. Blood-Brain Barrier Breakdown in
Alzheimer’s Disease: Mechanisms and Targeted Strategies. Int. J. Mol. Sci. 2023, 24, 16288. [CrossRef]

Epelbaum, S.; Burgos, N.; Canney, M.; Matthews, D.; Houot, M.; Santin, M.D.; Desseaux, C.; Bouchoux, G.; Stroer, S.; Martin, C.;
et al. Pilot Study of Repeated Blood-Brain Barrier Disruption in Patients with Mild Alzheimer’s Disease with an Implantable
Ultrasound Device. Alzheimer’s Res. Ther. 2022, 14, 40. [CrossRef]

Archie, S.R.; Al Shoyaib, A.; Cucullo, L. Blood-Brain Barrier Dysfunction in CNS Disorders and Putative Therapeutic Targets: An
Overview. Pharmaceutics 2021, 13, 1779. [CrossRef]


https://doi.org/10.1016/j.jns.2020.117253
https://doi.org/10.2174/0929867324666170616110111
https://doi.org/10.3233/JAD-171008
https://doi.org/10.1016/j.mehy.2003.12.045
https://doi.org/10.5483/BMBRep.2009.42.8.475
https://doi.org/10.1523/JNEUROSCI.22-10-j0001.2002
https://doi.org/10.3390/ijms18030592
https://doi.org/10.1038/s41579-020-00460-0
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1073/pnas.1107411108
https://www.ncbi.nlm.nih.gov/pubmed/21873225
https://doi.org/10.1038/s41392-023-01481-w
https://doi.org/10.1016/B978-0-444-63432-0.00003-7
https://doi.org/10.1016/0006-8993(80)91004-5
https://doi.org/10.1186/s12987-020-00230-3
https://doi.org/10.4155/tde.11.23
https://doi.org/10.1038/nature13165
https://www.ncbi.nlm.nih.gov/pubmed/24670647
https://doi.org/10.1016/j.neuron.2014.12.032
https://doi.org/10.1186/s12987-018-0113-6
https://www.ncbi.nlm.nih.gov/pubmed/30340614
https://doi.org/10.1016/j.neuron.2008.01.003
https://doi.org/10.1038/sj.jcbfm.9600521
https://www.ncbi.nlm.nih.gov/pubmed/17579656
https://doi.org/10.1093/jn/136.1.218S
https://www.ncbi.nlm.nih.gov/pubmed/16365086
https://doi.org/10.1016/S0070-2153(06)75002-5
https://www.ncbi.nlm.nih.gov/pubmed/16984809
https://doi.org/10.1016/j.nbd.2009.07.030
https://doi.org/10.1016/j.drudis.2006.10.013
https://doi.org/10.15171/bi.2016.30
https://doi.org/10.1007/s00232-015-9778-9
https://doi.org/10.3389/fnagi.2023.1258640
https://doi.org/10.3390/ijms242216288
https://doi.org/10.1186/s13195-022-00981-1
https://doi.org/10.3390/pharmaceutics13111779

Molecules 2024, 29, 4056 23 of 25

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Sobue, A.; Komine, O.; Yamanaka, K. Neuroinflammation in Alzheimer’s Disease: Microglial Signature and Their Relevance to
Disease. Inflamm. Regen. 2023, 43, 26. [CrossRef] [PubMed]

Chen, S.; Guo, D.; Zhu, Y.; Xiao, S.; Xie, J.; Zhang, Z.; Hu, Y.; Huang, J.; Ma, X.; Ning, Z.; et al. Amyloid § Oligomer Induces
Cerebral Vasculopathy via Pericyte-Mediated Endothelial Dysfunction. Alzheimer’s Res. Ther. 2024, 16, 56. [CrossRef] [PubMed]
Kook, S.-Y,; Hong, H.S.; Moon, M.; Ha, C.M.; Chang, S.; Mook-Jung, I. A31-42-RAGE Interaction Disrupts Tight Junctions of the
Blood-Brain Barrier Via Ca2+-Calcineurin Signaling. J. Neurosci. 2012, 32, 8845-8854. [CrossRef] [PubMed]

Ege, D. Action Mechanisms of Curcumin in Alzheimer’s Disease and Its Brain Targeted Delivery. Materials 2021, 14, 3332.
[CrossRef]

Fan, S.; Zheng, Y.; Liu, X,; Fang, W.; Chen, X,; Liao, W,; Jing, X.; Lei, M.; Tao, E.; Ma, Q.; et al. Curcumin-Loaded PLGA-PEG
Nanoparticles Conjugated with B6 Peptide for Potential Use in Alzheimer’s Disease. Drug Deliv. 2018, 25, 1091-1102. [CrossRef]
Mathew, A.; Fukuda, T.; Nagaoka, Y.; Hasumura, T.; Morimoto, H.; Yoshida, Y.; Maekawa, T.; Venugopal, K.; Kumar, D.S.
Curcumin Loaded-PLGA Nanoparticles Conjugated with Tet-1 Peptide for Potential Use in Alzheimer’s Disease. PLoS ONE 2012,
7,€e32616. [CrossRef]

Huo, X.; Zhang, Y,; Jin, X.; Li, Y.; Zhang, L.A. Novel Synthesis of Selenium Nanoparticles Encapsulated PLGA Nanospheres with
Curcumin Molecules for the Inhibition of Amyloid  Aggregation in Alzheimer’s Disease. |. Photochem. Photobiol. B 2019, 190,
98-102. [CrossRef]

Cheng, K.K,; Yeung, C.E; Ho, S.W.; Chow, S.E,; Chow, A.H.L.; Baum, L. Highly Stabilized Curcumin Nanoparticles Tested in an In
Vitro Blood-Brain Barrier Model and in Alzheimer’s Disease Tg2576 Mice. AAPS J. 2013, 15, 324-336. [CrossRef] [PubMed]
Voulgaropoulou, S.D.; van Amelsvoort, T.A.M.J.; Prickaerts, ].; Vingerhoets, C. The effect of curcumin on cognition in Alzheimer’s
disease and healthy aging: A systematic review of pre-clinical and clinical studies. Brain Res. 2019, 1725, 146476. [CrossRef]
Khan, H.; Ullah, H.; Aschner, M.; Cheang, W.S.; Akkol, E.K. Neuroprotective Effects of Quercetin in Alzheimer’s Disease.
Biomolecules 2020, 10, 59. [CrossRef]

Sun, D.; Li, N.,; Zhang, W.; Zhao, Z.; Mou, Z.; Huang, D.; Liu, J.; Wang, W. Design of PLGA-Functionalized Quercetin Nanoparticles
for Potential Use in Alzheimer’s Disease. Colloids Surf. B Biointerfaces 2016, 148, 116-129. [CrossRef] [PubMed]

Liu, Y.; Zhou, H; Yin, T.; Gong, Y.; Yuan, G.; Chen, L.; Liu, J. Quercetin-Modified Gold-Palladium Nanoparticles as a Potential
Autophagy Inducer for the Treatment of Alzheimer’s Disease. ]. Colloid Interface Sci. 2019, 552, 388—400. [CrossRef]

Gonzales, M.M.; Garbarino, V.R,; Kautz, T.F,; Palavicini, ].P.; Lopez-Cruzan, M.; Dehkordi, S.K.; Mathews, ].J.; Zare, H.; Xu,
P; Zhang, B.; et al. Senolytic therapy in mild Alzheimer’s disease: A phase 1 feasibility trial. Nat. Med. 2023, 29, 2481-2488.
[CrossRef]

Sathya, S.; Shanmuganathan, B.; Balasubramaniam, B.; Balamurugan, K.; Devi, K.P. Phytol Loaded PLGA Nanoparticles Regulate
the Expression of Alzheimer’s Related Genes and Neuronal Apoptosis against Amyloid-f Induced Toxicity in Neuro-2a Cells
and Transgenic Caenorhabditis Elegans. Food Chem. Toxicol. 2019, 136, 110962. [CrossRef]

Sathya, S.; Shanmuganathan, B.; Saranya, S.; Vaidevi, S.; Ruckmani, K.; Pandima Devi, K. Phytol-loaded PLGA nanoparticle as a
modulator of Alzheimer’s toxic AB peptide aggregation and fibrillation associated with impaired neuronal cell function. Artif.
Cells Nanomed. Biotechnol. 2017, 46, 1719-1730. [CrossRef]

Lee, A.-H.; Hong, S.-C.; Park, I; Yoon, S.; Kim, Y.; Kim, J.; Yang, S.-H. Validation of Fucoxanthin from Microalgae Phaeodactylum
tricornutum for the Detection of Amyloid Burden in Transgenic Mouse Models of Alzheimer’s Disease. Appl. Sci. 2021, 11, 5878.
[CrossRef]

Kim, K.N.; Heo, S.J.; Yoon, WJ.; Kang, S.M.; Ahn, G.; Yi, TH.; Jeon, Y.J. Fucoxanthin inhibits the inflammatory response by
suppressing the activation of NF-«B and MAPKs in lipopolysaccharide-induced RAW 264.7 macrophages. Eur. J. Pharmacol. 2010,
649, 369-375. [CrossRef]

Yang, M.; Jin, L.; Wu, Z,; Xie, Y.; Zhang, P.; Wang, Q.; Yan, S.; Chen, B.; Liang, H.; Naman, C.B.; et al. PLGA-PEG Nanoparticles
Facilitate In Vivo Anti-Alzheimer’s Effects of Fucoxanthin, a Marine Carotenoid Derived from Edible Brown Algae. J. Agric. Food
Chem. 2021, 69, 9764-9777. [CrossRef]

Gu, Z.; Zhao, H,; Song, Y.; Kou, Y.; Yang, W.; Li, Y.; Li, X.; Ding, L.; Sun, Z,; Lin, J.; et al. PEGylated-Liposomal Astaxanthin
Ameliorates A3 Neurotoxicity and Alzheimer-Related Phenotypes by Scavenging Formaldehyde. ]. Control. Release 2024, 366,
783-797. [CrossRef]

Dhas, N.; Mehta, T. Cationic Biopolymer Functionalized Nanoparticles Encapsulating Lutein to Attenuate Oxidative Stress in
Effective Treatment of Alzheimer’s Disease: A Non-Invasive Approach. Int. J. Pharm. 2020, 586, 119553. [CrossRef]

Wiciniski, M.; Domanowska, A.; Wodkiewicz, E.; Malinowski, B. Neuroprotective Properties of Resveratrol and Its Derivatives—
Influence on Potential Mechanisms Leading to the Development of Alzheimer’s Disease. Int. ]. Mol. Sci. 2020, 21, 2749.
[CrossRef]

Yang, L.; Wang, W.; Chen, J.; Wang, N.; Zheng, G. A comparative study of resveratrol and resveratrol-functional selenium
nanoparticles: Inhibiting amyloid 3 aggregation and reactive oxygen species formation properties. J. Biomed. Mater. Res. A. 2018,
106, 3034-3041. [CrossRef]

Rajput, A.; Bariya, A.; Allam, A.; Othman, S.; Butani, S.B. In Situ Nanostructured Hydrogel of Resveratrol for Brain Targeting: In
Vitro-in Vivo Characterization. Drug Deliv. Transl. Res. 2018, 8, 1460-1470. [CrossRef]


https://doi.org/10.1186/s41232-023-00277-3
https://www.ncbi.nlm.nih.gov/pubmed/37165437
https://doi.org/10.1186/s13195-024-01423-w
https://www.ncbi.nlm.nih.gov/pubmed/38475929
https://doi.org/10.1523/JNEUROSCI.6102-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22745485
https://doi.org/10.3390/ma14123332
https://doi.org/10.1080/10717544.2018.1461955
https://doi.org/10.1371/journal.pone.0032616
https://doi.org/10.1016/j.jphotobiol.2018.11.008
https://doi.org/10.1208/s12248-012-9444-4
https://www.ncbi.nlm.nih.gov/pubmed/23229335
https://doi.org/10.1016/j.brainres.2019.146476
https://doi.org/10.3390/biom10010059
https://doi.org/10.1016/j.colsurfb.2016.08.052
https://www.ncbi.nlm.nih.gov/pubmed/27591943
https://doi.org/10.1016/j.jcis.2019.05.066
https://doi.org/10.1038/s41591-023-02543-w
https://doi.org/10.1016/j.fct.2019.110962
https://doi.org/10.1080/21691401.2017.1391822
https://doi.org/10.3390/app11135878
https://doi.org/10.1016/j.ejphar.2010.09.032
https://doi.org/10.1021/acs.jafc.1c00569
https://doi.org/10.1016/j.jconrel.2024.01.019
https://doi.org/10.1016/j.ijpharm.2020.119553
https://doi.org/10.3390/ijms21082749
https://doi.org/10.1002/jbm.a.36493
https://doi.org/10.1007/s13346-018-0540-6

Molecules 2024, 29, 4056 24 of 25

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Salem, H.F.; Kharshoum, R.M.; Abou-Taleb, H.A.; Naguib, D.M. Brain Targeting of Resveratrol through Intranasal Lipid Vesicles
Labelled with Gold Nanoparticles: In Vivo Evaluation and Bioaccumulation Investigation Using Computed Tomography and
Histopathological Examination. J. Drug Target. 2019, 27, 1127-1134. [CrossRef] [PubMed]

Zhu, C.W,; Grossman, H.; Neugroschl, J.; Parker, S.; Burden, A.; Luo, X.; Sano, M. A randomized, double-blind, placebo-controlled
trial of resveratrol with glucose and malate (RGM) to slow the progression of Alzheimer’s disease: A pilot study. Alzheimer’s
Dement. Transl. Res. Clin. Interv. 2018, 4, 609-616. [CrossRef]

Moussa, C.; Hebron, M.; Huang, X.; Ahn, J.; Rissman, R.A.; Aisen, P.S.; Turner, R.S. Resveratrol Regulates Neuro-Inflammation
and Induces Adaptive Immunity in Alzheimer’s Disease. |. Neuroinflamm. 2017, 14, 1. [CrossRef]

Ikram, M.; Muhammad, T.; Rehman, S.U.; Khan, A.; Jo, M.G.; Ali, T.; Kim, M.O. Hesperetin Confers Neuroprotection by
Regulating Nrf2/TLR4/NF-«kB Signaling in an A3 Mouse Model. Mol. Neurobiol. 2019, 56, 6293—6309. [CrossRef]

Stahr, P.L.; Grewal, R.; Eckert, G.P.; Keck, C.M. Investigating Hesperetin Nanocrystals with Tailor-Made Sizes for the Prevention
and Treatment of Alzheimer’s Disease. Drug Deliv. Transl. Res. 2021, 11, 659-674. [CrossRef] [PubMed]

Wu, J,; Yang, Y,; Wan, Y.; Xia, J.; Xu, ].-F; Zhang, L.; Liu, D.; Chen, L.; Tang, E; Ao, H.; et al. New Insights into the Role and
Mechanisms of Ginsenoside Rgl in the Management of Alzheimer’s Disease. Biomed. Pharmacother. 2022, 152, 113207. [CrossRef]
De la Torre, C.; Cefia, V. The Delivery Challenge in Neurodegenerative Disorders: The Nanoparticles Role in Alzheimer’s Disease
Therapeutics and Diagnostics. Pharmaceutics 2018, 10, 190. [CrossRef]

Ribeiro, T.d.C.; Sabio, R.M.; Luiz, M.T.; de Souza, L.C.; Fonseca-Santos, B.; Cides da Silva, L.C.; Fantini, M.C.d.A.; Planeta,
C.d.S.; Chorilli, M. Curcumin-Loaded Mesoporous Silica Nanoparticles Dispersed in Thermo-Responsive Hydrogel as Potential
Alzheimer Disease Therapy. Pharmaceutics 2022, 14, 1976. [CrossRef]

Pinheiro, R.G.R.; Granja, A.; Loureiro, J.A.; Pereira, M.C.; Pinheiro, M.; Neves, A.R.; Reis, S. Quercetin Lipid Nanoparticles
Functionalized with Transferrin for Alzheimer’s Disease. Eur. J. Pharm. Sci. 2020, 148, 105314. [CrossRef]

Pinheiro, R.G.R.; Granja, A.; Loureiro, J.A.; Pereira, M.C.; Pinheiro, M.; Neves, A.R.; Reis, S. RVG29-Functionalized Lipid
Nanoparticles for Quercetin Brain Delivery and Alzheimer’s Disease. Pharm. Res. 2020, 37, 139. [CrossRef] [PubMed]

Qi, Y; Yi, P; He, T,; Song, X,; Liu, Y.; Li, Q.; Zheng, ].; Song, R.; Liu, C.; Zhang, Z.; et al. Quercetin-Loaded Selenium Nanoparticles
Inhibit Amyloid-3 Aggregation and Exhibit Antioxidant Activity. Colloids Surf. A Physicochem. Eng. Asp. 2020, 602, 125058.
[CrossRef]

Liu, Y.; Gong, Y.; Xie, W.; Huang, A.; Yuan, X.; Zhou, H.; Zhu, X; Chen, X,; Liu, J.; Liu, J.; et al. Microbubbles in Combination with
Focused Ultrasound for the Delivery of Quercetin-Modified Sulfur Nanoparticles through the Blood Brain Barrier into the Brain
Parenchyma and Relief of Endoplasmic Reticulum Stress to Treat Alzheimer’s Disease. Nanoscale 2020, 12, 6498—6511. [CrossRef]
[PubMed]

Qi, Y;; Guo, L; Jiang, Y.; Shi, Y.; Sui, H.; Zhao, L. Brain Delivery of Quercetin-Loaded Exosomes Improved Cognitive Function in
AD Mice by Inhibiting Phosphorylated Tau-Mediated Neurofibrillary Tangles. Drug Deliv. 2020, 27, 745. [CrossRef] [PubMed]
Amanzadeh Jajin, E.; Esmaeili, A.; Rahgozar, S.; Noorbakhshnia, M. Quercetin-Conjugated Superparamagnetic Iron Oxide
Nanoparticles Protect AICI3-Induced Neurotoxicity in a Rat Model of Alzheimer’s Disease via Antioxidant Genes, APP Gene,
and miRNA-101. Front. Neurosci. 2021, 14, 598617. [CrossRef]

Loureiro, J.A.; Andrade, S.; Duarte, A.; Neves, A.R.; Queiroz, ].E; Nunes, C.; Sevin, E.; Fenart, L.; Gosselet, E; Coelho, M.A.N.;
et al. Resveratrol and Grape Extract-Loaded Solid Lipid Nanoparticles for the Treatment of Alzheimer’s Disease. Molecules 2017,
22,277. [CrossRef] [PubMed]

Han, Y.; Chu, X,; Cui, L.; Fu, S.; Gao, C.; Li, Y.; Sun, B. Neuronal Mitochondria-Targeted Therapy for Alzheimer’s Disease by
Systemic Delivery of Resveratrol Using Dual-Modified Novel Biomimetic Nanosystems. Drug Deliv. 2020, 27, 502-518. [CrossRef]
Yang, L.; Wang, Y.; Zheng, G.; Li, Z.; Mei, ]. Resveratrol-loaded selenium/chitosan nano-flowers alleviate glucolipid metabolism
disorder-associated cognitive impairment in Alzheimer’s disease. Int. J. Biol. Macromol. 2023, 239, 124316. [CrossRef] [PubMed]
Santonocito, D.; Raciti, G.; Campisi, A.; Sposito, G.; Panico, A.; Siciliano, E.A.; Sarpietro, M.G.; Damiani, E.; Puglia, C. Astaxanthin-
Loaded Stealth Lipid Nanoparticles (AST-SSLN) as Potential Carriers for the Treatment of Alzheimer’s Disease: Formulation
Development and Optimization. Nanomaterials 2021, 11, 391. [CrossRef]

Ismail, N.; Ismail, M.; Azmi, N.H.; Bakar, M.F.A ; Yida, Z.; Abdullah, M.A; Basri, H. Thymoquinone-Rich Fraction Nanoemulsion
(TQRENE) Decreases A 340 and A 342 Levels by Modulating APP Processing, up-Regulating IDE and LRP1, and down-Regulating
BACE1 and RAGE in Response to High Fat/Cholesterol Diet-Induced Rats. Biomed. Pharmacother. 2017, 95, 780-788. [CrossRef]
[PubMed]

Yusuf, M.; Khan, M.; Alrobaian, M.M.; Alghamdi, S.A.; Warsi, M.H.; Sultana, S.; Khan, R.A. Brain Targeted Polysorbate-80 Coated
PLGA Thymoquinone Nanoparticles for the Treatment of Alzheimer’s Disease, with Biomechanistic Insights. . Drug Deliv. Sci.
Technol. 2021, 61, 102214. [CrossRef]

Aalinkeel, R.; Kutscher, H.L.; Singh, A.; Cwiklinski, K.; Khechen, N.; Schwartz, S.A.; Prasad, PN.; Mahajan, S.D. Neuroprotective
effects of a biodegradable poly(lactic-co-glycolic acid)-ginsenoside Rg3 nanoformulation: A potential nanotherapy for Alzheimer’s
disease? J. Drug Target. 2017, 26, 182-193. [CrossRef] [PubMed]

Hajizadeh Moghaddam, A.; Ahmadnia, H.; Jelodar, S.K.; Ranjbar, M. Hesperetin Nanoparticles Attenuate Anxiogenic-like
Behavior and Cerebral Oxidative Stress through the Upregulation of Antioxidant Enzyme Expression in Experimental Dementia
of Alzheimer’s Type. Neurol. Res. 2020, 42, 477-486. [CrossRef]


https://doi.org/10.1080/1061186X.2019.1608553
https://www.ncbi.nlm.nih.gov/pubmed/31094230
https://doi.org/10.1016/j.trci.2018.09.009
https://doi.org/10.1186/s12974-016-0779-0
https://doi.org/10.1007/s12035-019-1512-7
https://doi.org/10.1007/s13346-020-00888-0
https://www.ncbi.nlm.nih.gov/pubmed/33433841
https://doi.org/10.1016/j.biopha.2022.113207
https://doi.org/10.3390/pharmaceutics10040190
https://doi.org/10.3390/pharmaceutics14091976
https://doi.org/10.1016/j.ejps.2020.105314
https://doi.org/10.1007/s11095-020-02865-1
https://www.ncbi.nlm.nih.gov/pubmed/32661727
https://doi.org/10.1016/j.colsurfa.2020.125058
https://doi.org/10.1039/C9NR09713A
https://www.ncbi.nlm.nih.gov/pubmed/32154811
https://doi.org/10.1080/10717544.2020.1762262
https://www.ncbi.nlm.nih.gov/pubmed/32397764
https://doi.org/10.3389/fnins.2020.598617
https://doi.org/10.3390/molecules22020277
https://www.ncbi.nlm.nih.gov/pubmed/28208831
https://doi.org/10.1080/10717544.2020.1745328
https://doi.org/10.1016/j.ijbiomac.2023.124316
https://www.ncbi.nlm.nih.gov/pubmed/37004937
https://doi.org/10.3390/nano11020391
https://doi.org/10.1016/j.biopha.2017.08.074
https://www.ncbi.nlm.nih.gov/pubmed/28892789
https://doi.org/10.1016/j.jddst.2020.102214
https://doi.org/10.1080/1061186X.2017.1354002
https://www.ncbi.nlm.nih.gov/pubmed/28697660
https://doi.org/10.1080/01616412.2020.1747716

Molecules 2024, 29, 4056 25 of 25

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Babylon, L.; Grewal, R.; Stahr, P.-L.; Eckert, RW.; Keck, C.M.; Eckert, G.P. Hesperetin Nanocrystals Improve Mitochondrial
Function in a Cell Model of Early Alzheimer Disease. Antioxidants 2021, 10, 1003. [CrossRef]

Meng, Q.; Wang, A.; Hua, H,; Jiang, Y.; Wang, Y.; Mu, H.; Wu, Z.; Sun, K. Intranasal Delivery of Huperzine A to the Brain Using
Lactoferrin-Conjugated N-Trimethylated Chitosan Surface-Modified PLGA Nanoparticles for Treatment of Alzheimer’s Disease.
Int. ]. Nanomed. 2018, 13, 705-718. [CrossRef]

Fonseca-Santos, B.; Gremiao, M.P.D.; Chorilli, M. Nanotechnology-Based Drug Delivery Systems for the Treatment of Alzheimer’s
Disease. Int. . Nanomed. 2015, 10, 4981-5003. [CrossRef]

Wilson, B.; Samanta, M.K.; Santhi, K.; Kumar, K.P.; Paramakrishnan, N.; Suresh, B. Poly(n-butylcyanoacrylate) nanoparticles
coated with polysorbate 80 for the targeted delivery of rivastigmine into the brain to treat Alzheimer’s disease. Brain Res. 2008,
1200, 159-168. [CrossRef]

Manek, E.; Darvas, F,; Petroianu, G.A. Use of Biodegradable, Chitosan-Based Nanoparticles in the Treatment of Alzheimer’s
Disease. Molecules 2020, 25, 4866. [CrossRef]

Arbez-Gindre, C.; Steele, B.R.; Micha-Screttas, M. Dendrimers in Alzheimer’s Disease: Recent Approaches in Multi-Targeting
Strategies. Pharmaceutics 2023, 15, 898. [CrossRef]

Igartua, D.E.; Martinez, C.S.; Alonso, 5.d.V.; Prieto, M.]. Combined Therapy for Alzheimer’s Disease: Tacrine and PAMAM
Dendrimers Co-Administration Reduces the Side Effects of the Drug without Modifying its Activity. AAPS PharmSciTech 2020, 21,
110. [CrossRef]

Wechsler, M.E.; Vela Ramirez, J.E.; Peppas, N.A. 110th Anniversary: Nanoparticle Mediated Drug Delivery for the Treatment of
Alzheimer’s Disease: Crossing the Blood—Brain Barrier. Ind. Eng. Chem. Res. 2019, 58, 15079-15087. [CrossRef]

Gao, N.; Sun, H,; Dong, K.; Ren, J.; Qu, X. Gold-nanoparticle-based multifunctional amyloid-f inhibitor against Alzheimer’s
disease. Chemistry 2015, 21, 829-835. [CrossRef] [PubMed]

Nirale, P.; Paul, A.; Yadav, K.S. Nanoemulsions for Targeting the Neurodegenerative Diseases: Alzheimer’s, Parkinson’s and
Prion’s. Life Sci. 2020, 245, 117394. [CrossRef] [PubMed]

Huang, L.K.; Kuan, Y.C.; Lin, HW.; Hu, C.-J. Clinical trials of new drugs for Alzheimer disease: A 2020-2023 update. . Biomed.
Sci. 2023, 30, 83. [CrossRef] [PubMed]

Amini, S.; Hao, B.; Yang, ].; Karjadi, C.; Kolachalama, B.B.; Au, R.; Paschalidis, I.C. Prediction of Alzheimer’s disease progression
within 6 years using speech: A novel approach leveraging language models. Alzheimer’s Dement. 2024, in press. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/antiox10071003
https://doi.org/10.2147/IJN.S151474
https://doi.org/10.2147/IJN.S87148
https://doi.org/10.1016/j.brainres.2008.01.039
https://doi.org/10.3390/molecules25204866
https://doi.org/10.3390/pharmaceutics15030898
https://doi.org/10.1208/s12249-020-01652-w
https://doi.org/10.1021/acs.iecr.9b02196
https://doi.org/10.1002/chem.201404562
https://www.ncbi.nlm.nih.gov/pubmed/25376633
https://doi.org/10.1016/j.lfs.2020.117394
https://www.ncbi.nlm.nih.gov/pubmed/32017870
https://doi.org/10.1186/s12929-023-00976-6
https://www.ncbi.nlm.nih.gov/pubmed/37784171
https://doi.org/10.1002/alz.13886

	Introduction 
	Molecular Mechanism of Alzheimer’s Disease 
	Amyloid-Beta and Tau Dynamics 
	Chronic Inflammation in Alzheimer’s Disease 
	Impact of Oxidative Stress in Alzheimer’s Disease 
	Role of Insulin Resistance in Alzheimer’s Disease 
	Association between Alzheimer’s Disease and Gut Microbiota 

	The Role of Blood-Brain-Barrier in the Pathophysiology of Alzheimer’s Disease 
	Physiology of the BBB 
	Transport Mechanisms across the Blood-Brain Barrier 
	Carrier-Mediated Transport 
	Receptor-Mediated Transport 
	Active Transport 
	Passive Diffusion 

	Disruption of Blood-Brain Barrier in Alzheimer’s Disease 
	Permeability of the Blood-Brain Barrier in Alzheimer’s Disease 
	Neuroinflammation in Alzheimer’s Disease 
	Amyloid- Deposition and Blood-Brain Barrier Dysfunction 


	Drug Delivery Systems with Antioxidant Molecules for Targeting the Treatment of Alzheimer’s Disease 
	Impact of Natural Antioxidant Molecules in AD Treatment 
	Curcumin 
	Quercetin 
	Phytol 
	Carotenoids 
	Resveratrol 
	Hesperetin 
	Ginsenosides 

	Overview of Nanoparticle-Based Drug Delivery Systems 
	Polymeric Nanoparticles 
	Dendrimers 
	Lipid-Based Nanoparticles 
	Inorganic NPs 
	Nanoemulsions 


	Discussion 
	Strengths and Weaknesses of Different Antioxidant-Based Approaches 
	Patient Outcomes and Therapeutic Strategies 
	Challenges and Future Perspectives 

	Conclusions 
	References

