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Abstract: Neurodegenerative diseases, such as Alzheimer’s, Parkinson’s, ALS, and Huntington’s,
remain formidable challenges in medicine, with their relentless progression and limited therapeutic
options. These diseases arise from a web of molecular disturbances—misfolded proteins, chronic
neuroinflammation, mitochondrial dysfunction, and genetic mutations—that slowly dismantle neu-
ronal integrity. Yet, recent scientific breakthroughs are opening new paths to intervene in these
once-intractable conditions. This review synthesizes the latest insights into the underlying molecular
dynamics of neurodegeneration, revealing how intertwined pathways drive the course of these
diseases. With an eye on the most promising advances, we explore innovative therapies emerging
from cutting-edge research: nanotechnology-based drug delivery systems capable of navigating the
blood–brain barrier, gene-editing tools like CRISPR designed to correct harmful genetic variants,
and stem cell strategies that not only replace lost neurons but foster neuroprotective environments.
Pharmacogenomics is reshaping treatment personalization, enabling tailored therapies that align
with individual genetic profiles, while molecular diagnostics and biomarkers are ushering in an
era of early, precise disease detection. Furthermore, novel perspectives on the gut–brain axis are
sparking interest as mounting evidence suggests that microbiome modulation may play a role in
reducing neuroinflammatory responses linked to neurodegenerative progression. Taken together,
these advances signal a shift toward a comprehensive, personalized approach that could transform
neurodegenerative care. By integrating molecular insights and innovative therapeutic techniques,
this review offers a forward-looking perspective on a future where treatments aim not just to manage
symptoms but to fundamentally alter disease progression, presenting renewed hope for improved
patient outcomes.

Keywords: Parkinson’s disease (PD); Alzheimer’s disease (AD); Huntington’s disease (HD); protein
misfolding; neuroinflammation; mitochondrial dysfunction; gene therapy; precision medicine;
pharmacogenomics
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1. Introduction
1.1. Overview of Neurodegenerative Diseases

Neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease
(PD), amyotrophic lateral sclerosis (ALS), and Huntington’s disease (HD), present a unique
scientific challenge due to their complexity and the devastating effects they have on cogni-
tive and motor function [1]. Though each disease has its distinct characteristics, they share
underlying molecular mechanisms such as oxidative stress and protein misfolding. For in-
stance, Alzheimer’s disease and Parkinson’s disease are characterized by the accumulation
of misfolded proteins like amyloid-beta and alpha-synuclein, respectively. These misfolded
proteins propagate toxicity and disrupt cellular function, highlighting a shared pathological
hallmark [2]. These diseases highlight an urgent need for deeper understanding as they
continue to affect millions worldwide, straining healthcare systems and impacting families
profoundly. For example, Parkinson’s disease is increasingly prevalent, affecting over
10 million people worldwide, and Alzheimer’s disease alone contributes to an economic
burden exceeding $1 trillion annually due to healthcare costs and lost productivity [3].

In Alzheimer’s disease, a major culprit is the amyloid-beta (Aβ) peptide, a fragment
derived from the amyloid precursor protein (APP) [4]. When APP is cleaved by enzymes
known as beta- and gamma-secretases, Aβ fragments are produced, which are prone to
clumping together outside cells [5]. These clumps, or plaques, have long been considered
a hallmark of AD, but recent research has taken a closer look at the soluble forms of Aβ,
suggesting that these smaller aggregates might be the real neurotoxic agents [6]. Soluble
Aβ oligomers can interact directly with cell membranes, disrupt ion channels, and trigger
internal signaling pathways that interfere with synaptic function, eventually leading to
neuronal death [7]. Adding to this, tau protein—a stabilizing component of the neuronal
skeleton—undergoes hyperphosphorylation in AD, transforming into tangled filaments
within neurons [8]. These tau tangles not only weaken neuronal structure but also appear
to spread across brain regions in a manner that mirrors the disease’s clinical progression [9].

In Parkinson’s disease, the loss of dopamine-producing neurons in the substantia nigra
region of the brain leads to the characteristic motor symptoms of tremors and rigidity [10].
At the heart of this loss lies alpha-synuclein, a protein that, under certain conditions, mis-
folds and accumulates inside neurons, forming structures called Lewy bodies. Studies
have revealed that alpha-synuclein has an intrinsic ability to change shape, creating beta-
sheet-rich structures that can seed aggregation in nearby cells, a behavior often described
as “prion-like” [11]. This propagation potentially explains how Parkinson’s pathology pro-
gresses through interconnected brain regions. Alongside protein misfolding, Parkinson’s
pathology includes significant mitochondrial dysfunction [12]. Key genes, such as PINK1
and Parkin, which are involved in mitochondrial quality control, become dysfunctional,
impairing the cells’ ability to clear damaged mitochondria [13]. This disruption leads
to increased oxidative stress, further endangering the survival of dopamine-producing
neurons [14].

In ALS, nearly all cases show an accumulation of a protein known as TDP-43 within
motor neurons [15]. Normally, TDP-43 is found in the nucleus where it plays a vital role
in RNA processing [16]. However, in ALS, it becomes abnormally modified and forms
toxic aggregates in the cytoplasm [17]. This mislocalization disrupts essential cellular
functions, creating stress that leads to motor neuron degeneration [18]. Genetic studies
have also identified mutations in SOD1, a gene associated with familial ALS that contribute
to mitochondrial dysfunction and oxidative damage, core features of ALS pathology [19].
Mitochondrial dysfunction in neurodegenerative diseases stems from disrupted oxidative
phosphorylation, which reduces ATP production and generates excess reactive oxygen
species (ROS). These ROS damage lipids, proteins, and mitochondrial DNA (mtDNA),
perpetuating a cycle of oxidative stress. Impaired dynamics, characterized by disrupted
fusion and fission processes, further fragment mitochondria, compromising their transport
and energy distribution in axons and synaptic terminals [20].
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Defective mitophagy exacerbates the problem, as seen in Parkinson’s disease, where
impaired PINK1-Parkin recruitment prevents the clearance of dysfunctional mitochondria.
Similarly, in ALS, mutations in SOD1 amplify oxidative damage and disrupt calcium
buffering. Suppressed mitochondrial biogenesis, regulated by the PGC-1α/NRF1/TFAM
axis, limits the replacement of damaged organelles, deepening the energy crisis. Together,
these processes create a critical vulnerability in neurons, driving excitotoxicity, synaptic
failure, and cell death [21].

Advances in cell modeling, particularly using stem cell-derived neurons, have enabled
scientists to observe how ALS-related proteins interfere with cellular transport, RNA
processing, and stress responses, all of which contribute to the decline of motor neurons [22].

Huntington’s disease has its own distinctive molecular feature: an expansion of CAG
repeats in the HTT gene, leading to an extended polyglutamine tract in the huntingtin pro-
tein [23]. This mutant huntingtin (mHTT) misfolds and accumulates in neurons, primarily
within the striatum, a region central to motor function and coordination. These aggregates
disrupt normal cellular processes by binding to essential transcription factors, leading
to widespread changes in gene expression [24]. Moreover, mHTT is known to interfere
with mitochondrial function, impairing energy production and increasing oxidative stress,
compounding the damage to vulnerable neurons [25].

Common Molecular Hallmarks
Although these diseases stem from different genetic and molecular origins, they con-

verge on shared pathways that reflect common mechanisms of neurodegeneration. Protein
misfolding and aggregation, for example, are central to each disease’s progression [26].
In Parkinson’s disease, α-synuclein exhibits prion-like behavior, propagating through in-
terconnected brain regions by inducing misfolding in neighboring neurons. Similarly, in
Alzheimer’s disease, tau protein spreads via synaptic connections, highlighting a prion-like
mechanism for disease progression [27].

Mitochondrial dysfunction and oxidative stress also play crucial roles as neurons
rely heavily on energy and are particularly vulnerable to mitochondrial impairments [28].
When mitochondria malfunction, they produce ROS, leading to lipid peroxidation, protein
oxidation, and DNA damage—each a destructive force that accelerates cellular aging
and death. Neuroinflammation plays a dual role in neurodegeneration. While acute
neuroinflammation serves protective functions by clearing debris and repairing tissue,
chronic activation of microglia and astrocytes releases pro-inflammatory cytokines that
exacerbate neuronal damage. This context-dependent role underscores the complexity of
targeting neuroinflammation in therapeutic strategies [29].

This convergence of molecular pathways across neurodegenerative diseases empha-
sizes the need for a holistic, systems-based approach to understanding these interconnected
mechanisms. Increasingly, researchers are looking for biomarkers and therapeutic targets
that cut across these shared pathways, with the aim of developing treatments that could
potentially benefit multiple neurodegenerative diseases [30].

1.2. The Importance of Molecular Understanding

The molecular exploration of neurodegenerative diseases has revolutionized the field,
shifting our perspective from broad disease categories to precise, mechanistic understand-
ing [31]. By dissecting the fundamental cellular and molecular pathways involved in
diseases like AD, PD, ALS, and HD, scientists are uncovering how these intricate biological
processes converge, sparking innovations in diagnostics and therapeutic strategies [32].

One of the pivotal advancements in recent years has been the identification and
development of biomarkers. Biomarkers for AD, for instance, now include specific protein
signatures detectable in cerebrospinal fluid (CSF) and blood, providing insight into disease
progression long before symptoms arise [33]. Elevated levels of Aβ and phosphorylated
tau—key pathological proteins in AD—are now measurable through advanced techniques
such as ultrasensitive immunoassays and liquid chromatography–mass spectrometry [34].
These biomarkers provide a critical glimpse into the “silent” phases of neurodegeneration,
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often detectable as early as 20 years before cognitive symptoms manifest and, thus, hold
enormous potential for early intervention and tracking disease progression in clinical
settings [35].

Moreover, molecular insights have clarified the interwoven pathways that drive neu-
rodegeneration, revealing how initial cellular disturbances propagate across interconnected
networks [36]. When proteins like tau in AD or alpha-synuclein in PD misfold and aggre-
gate, they not only form toxic intracellular clumps but also disrupt surrounding cellular
systems [37]. These aggregates place substantial stress on mitochondria, the cell’s energy
factories, impairing their function and leading to the generation of ROS. This oxidative
stress damages essential cellular components like DNA, proteins, and lipids, creating a vi-
cious cycle where protein misfolding and cellular damage fuel each other [38]. This cascade,
involving both mitochondrial dysfunction and oxidative stress, is a theme across many
neurodegenerative diseases and has underscored the importance of developing multi-target
therapies that can simultaneously stabilize protein structures and protect mitochondrial
health [39].

Targeted therapeutics represent another area transformed by molecular research. Tra-
ditional treatments often aimed to alleviate symptoms but did not address the disease’s root
molecular causes. Now, therapies are being designed with unprecedented precision [40].
For example, small molecule inhibitors have been developed to specifically prevent amyloid
and tau aggregation in AD and alpha-synuclein aggregation in PD [41]. These inhibitors
bind selectively to misfolded proteins, blocking the formation of toxic aggregates and, in
preclinical studies, have shown potential to reduce plaque formation and improve neuronal
health [42]. Another promising avenue involves molecular chaperones—proteins that
assist in proper folding and prevent misfolding—showing efficacy in reducing neurotoxic
aggregates in experimental models of diseases like HD and ALS [43]. Such approaches
mark a significant departure from earlier symptomatic treatments as they focus on halting
or even reversing molecular dysfunction at its source [44].

Gene-editing technologies, particularly CRISPR-Cas9, have also introduced transfor-
mative possibilities, especially for diseases with a clear genetic component. In HD, for
instance, CRISPR has been experimentally used to silence the mutant HTT gene, which
encodes the misfolded huntingtin protein that drives the disease [45]. By selectively editing
the gene responsible for this toxic protein, CRISPR offers a path to not only slow disease
progression but also potentially correct the underlying genetic defect [46]. In ALS, similar
CRISPR applications target mutations in genes like SOD1 and C9orf72, directly addressing
the genetic basis of familial cases [47]. The precision of CRISPR technology allows for
targeted interventions at the DNA level, effectively altering the trajectory of these diseases
in preclinical models [48]. Despite its promise, CRISPR technology faces significant chal-
lenges, including off-target effects that may inadvertently alter non-disease-causing genes,
and delivery issues that limit its effectiveness in targeting specific brain regions. Ethical
considerations, such as the long-term consequences of gene editing and its potential misuse,
must also be addressed before widespread clinical application [49].

Epigenetic mechanisms further enrich our understanding of neurodegeneration, re-
vealing how gene expression can be influenced by factors beyond DNA sequence alone.
DNA methylation, histone modification, and non-coding RNAs are dynamic regulatory
elements that respond to cellular signals and environmental changes [50]. In neurodegen-
erative diseases, these epigenetic modifications can either exacerbate or protect against
neuronal damage. For instance, histone deacetylase (HDAC) inhibitors have been shown to
increase the expression of neuroprotective genes and reduce protein aggregation in animal
models of HD and ALS. By altering histone acetylation levels, HDAC inhibitors loosen
tightly packed chromatin, allowing protective genes to be more actively expressed, which
enhances neuron survival [51]. Additionally, non-coding RNAs, particularly microRNAs
(miRNAs), play a crucial role in gene regulation by influencing RNA stability and transla-
tion. Studies show that specific miRNAs are dysregulated in AD, PD, and ALS, impacting
processes such as apoptosis, inflammation, and oxidative stress [52]. These miRNAs are
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now being explored both as biomarkers for early and precise diagnosis and as therapeutic
targets where adjusting miRNA levels could help re-establish cellular equilibrium [53].

Neuroinflammation has also been re-evaluated through a molecular lens, revealing its
role as a driving factor rather than merely a byproduct of neurodegeneration [54]. In AD
and PD, the brain’s immune cells—microglia—are activated in response to the accumula-
tion of misfolded proteins and damaged cellular components [55]. This activation triggers
inflammatory signaling pathways, such as the NF-κB and MAPK pathways, which leads to
the release of pro-inflammatory cytokines and chemokines [56]. These molecules, while
initially intended to clear cellular debris, sustain a chronic inflammatory state that damages
neurons and perpetuates cellular stress [57]. The prolonged activation of microglia thus
transforms the brain environment into one that is neurotoxic, hastening neurodegenera-
tion [58]. By targeting specific inflammatory pathways—such as through inhibitors that
block cytokine production or through compounds that modulate microglial activation—
researchers are exploring anti-inflammatory therapies that could disrupt this cycle and
reduce the inflammatory burden in neurodegenerative diseases [59]. Experimental thera-
pies are showing promise in preclinical studies and are moving into clinical trials, marking
an exciting step forward in leveraging molecular insights for therapeutic development [60].

Altogether, the molecular understanding of neurodegenerative diseases has set the
stage for precision medicine. By integrating data across proteomics, genomics, epigenetics,
and immunology, researchers are constructing a detailed molecular map that guides diag-
nosis and treatment. The vision is not only to identify those at risk through biomarkers
but to tailor therapies based on an individual’s unique molecular profile, a personalized
approach that holds promise for fundamentally altering the course of neurodegenerative
diseases. As molecular techniques continue to evolve, this precision approach is likely to
deepen, offering new hope in the fight against these challenging conditions.

1.3. Purpose and Scope of the Review

This paper delves into the intricate molecular landscape of neurodegenerative dis-
eases, unraveling the profound connections that bind together conditions like AD, PD, ALS,
and HD. Though each of these diseases displays its own distinct clinical features, recent
molecular research reveals a fascinating convergence in their underlying mechanisms.
Shared hallmarks—such as protein misfolding, mitochondrial dysfunction, oxidative stress,
neuroinflammation, and epigenetic changes—suggest that these disorders are bound by
common threads, offering a fresh perspective that unites our understanding of neurode-
generation.

At the heart of this exploration is the concept of interconnected cellular dysfunction
where one molecular disturbance sets off a cascade of effects across different systems within
the cell. For example, a single misfolded protein may trigger oxidative stress, impair
mitochondria, and activate inflammatory pathways, creating a feedback loop that further
drives protein misfolding. Through this lens, neurodegeneration emerges not as a sequence
of isolated failures but as a deeply interconnected network of molecular disruptions, each
amplifying the others in a downward spiral toward cellular collapse.

What sets this work apart is its emphasis on the extraordinary translational potential
of these molecular insights, opening new doors for diagnostics and therapy. With recent
breakthroughs, scientists can now go beyond merely understanding these pathways to
actively intervening. Gene-editing techniques like CRISPR-Cas9, for instance, allow for
the selective silencing of mutant genes in HD or ALS, while molecular chaperones are
showing promise in reshaping misfolded proteins in AD and PD. Once seen as speculative,
these approaches are advancing rapidly, with initial studies suggesting that they could
redefine the trajectory of these diseases and bring a new level of hope to patients. This
paper examines these emerging strategies, shedding light on their potential to reshape the
landscape of neurodegenerative treatment.

In addition to therapeutic advances, this analysis highlights how molecular insights
are fueling a revolution in personalized diagnostics. The discovery of biomarkers, once
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a distant ambition, is now making it possible to detect neurodegeneration at its earliest
stages. Ultra-sensitive tests now reveal changes in biomarkers like Aβ and tau in AD, or
phosphorylated alpha-synuclein in PD, long before symptoms appear, providing a precious
opportunity for early intervention. The capacity to diagnose these diseases years before
they fully manifest opens the door to proactive, individualized care, marking a shift from
late-stage management to pre-emptive action.

In essence, this work bridges the worlds of foundational molecular research and prac-
tical application, demonstrating how these insights could drive transformative change.
For researchers, it offers a map of interconnected pathways and untapped cross-disease
targets. For clinicians, it introduces powerful tools for early diagnosis and precision
treatment. For patients and their families, it paints a picture of hope—a future where
these insights may lead to early detection, effective intervention, and perhaps, one day,
even cures for diseases once considered untreatable. Through this unified approach,
the paper captures the extraordinary potential of molecular neurobiology, showing how
it is reshaping our understanding and transforming the future of neurodegenerative
disease treatment.

2. Protein Misfolding and Aggregation

At the core of many neurodegenerative diseases lies a fundamental breakdown in
protein folding, a delicate cellular process that normally allows proteins to adopt precise
shapes, enabling them to carry out their specific tasks. But in diseases like AD, PD, ALS, and
HD, certain proteins misfold and clump together, creating aggregates that disrupt cellular
balance and drive the progression of neurodegeneration [61]. These toxic accumulations
of Aβ and tau in AD, alpha-synuclein in PD, and huntingtin in HD overwhelm the cell’s
natural defenses, activating pathways that, over time, destabilize neurons and lead to their
eventual death [62].

Each of these proteins has a unique story—a pathway that explains how they go from
functional molecules to toxic agents within the brain [63]. By examining these misfolding
pathways in detail, we gain a deeper understanding of the biochemical transformations
that lead to disease and, ultimately, how to intervene.

2.1. Molecular Pathways of Protein Misfolding

Each neurodegenerative disease is driven by a specific misfolding pathway that turns
an otherwise normal protein into a damaging aggregate. These pathways are shaped by a
combination of genetic predispositions, cellular stress responses, and environmental factors
that, together, push these proteins over the threshold from order to chaos [64]. Below, we
explore the molecular journey of Aβ and tau in AD, alpha-synuclein in PD, and huntingtin
in HD, focusing on the unique ways they drive neuronal dysfunction.

2.1.1. Amyloid-Beta in Alzheimer’s Disease

In Alzheimer’s disease, the protein Aβ plays a key role in the buildup of toxic plaques.
Under normal circumstances, APP, from which Aβ is derived, is cut by enzymes in a way
that does not lead to harm [65]. However, in AD, an alternative pathway is activated, caus-
ing APP to be cut by beta- and gamma-secretases, which release Aβ fragments, particularly
Aβ42. This specific form of Aβ is highly prone to aggregation due to its structure, allowing
it to quickly form toxic clusters [66].

Aβ aggregation starts with the formation of small oligomers, or “seed” particles,
which have the unique ability to insert themselves into cell membranes. Once embed-
ded, these oligomers disrupt calcium regulation by creating pore-like structures, letting
calcium ions flood into the cell [67]. This disruption destabilizes the neuron, affecting
processes like synaptic plasticity, which is essential for memory and learning. Moreover,
oligomers interact with cell-surface NMDA receptors, overactivating them and leading to
excitotoxicity—an excessive calcium influx that damages or kills the cell [68]. Over time,
these oligomers join together into larger fibrils and, eventually, amyloid plaques, which set
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off an immune response that calls in microglia and astrocytes. These immune cells release
inflammatory cytokines, creating a neurotoxic environment that further harms nearby
neurons [69].

Interestingly, metal ions like zinc and copper bind to Aβ and stabilize its misfolded
structure, accelerating the plaque-forming process. Current therapeutic strategies target
early steps in this pathway, aiming to block beta- and gamma-secretase activity, chelate
metals to slow Aβ aggregation, and use antibodies to clear Aβ oligomers before they
accumulate into plaques [70].

2.1.2. Tau Protein Hyperphosphorylation

Tau, another protein central to Alzheimer’s pathology, normally supports the cell’s
microtubules, which act like highways within the neuron to transport nutrients and signals.
In AD, tau undergoes excessive phosphorylation—a process where phosphate groups attach
to the protein [71]. When tau is hyperphosphorylated, it loses its affinity for microtubules,
causing them to destabilize. Detached tau proteins then begin to self-associate, creating
twisted structures known as paired helical filaments (PHFs) [72]. These filaments grow into
neurofibrillary tangles (NFTs) within neurons.

The formation of NFTs disrupts the cell’s internal architecture, leading to failures in
nutrient transport and waste removal. Beyond this structural disruption, hyperphosphory-
lated tau exhibits a prion-like behavior, spreading from cell to cell and seeding misfolding
in neighboring neurons. This spread is thought to drive the progression of AD across dif-
ferent brain regions, correlating with worsening cognitive symptoms [73]. Recent research
shows that stress responses, like the unfolded protein response (UPR), play a role in tau
aggregation. When misfolded proteins accumulate, cells activate the UPR, attempting to
restore normal conditions, but this response becomes overactive in AD, perpetuating tau
aggregation [74].

Therapeutic approaches for tau pathology include kinase inhibitors, which aim to
prevent excessive phosphorylation, and immunotherapies that target tau as it moves
between cells. The hope is that by halting tau’s prion-like spread, these therapies can slow
or stop the disease’s progression [75].

2.1.3. Alpha-Synuclein in Parkinson’s Disease

In PD, the protein alpha-synuclein misfolds and forms clumps that accumulate inside
neurons as Lewy bodies. Alpha-synuclein normally helps regulate dopamine release, but
mutations in the SNCA gene and environmental toxins can trigger it to misfold. Once
misfolded, alpha-synuclein adopts a beta-sheet structure that is prone to aggregation,
forming oligomers that are highly toxic [76].

These oligomers of alpha-synuclein integrate into cellular membranes, disrupting
their integrity by creating pores. These pores allow unregulated calcium influx, which
disrupts cellular homeostasis and strains mitochondria, leading to excessive production of
ROS and activation of apoptosis, or programmed cell death [77]. Dopaminergic neurons
are especially susceptible to this toxicity because they rely heavily on energy-demanding
processes and have relatively low antioxidant defenses. As oligomers grow into fibrils
and Lewy bodies, they interfere with cellular recycling processes like autophagy, causing
damaged proteins and organelles to accumulate within the cell [78].

Furthermore, alpha-synuclein exhibits prion-like properties, allowing misfolded forms
to travel between neurons. Extracellular alpha-synuclein is taken up by neighboring cells,
inducing aggregation and spreading pathology across brain regions in a way that mirrors
PD’s clinical progression [79]. Therapies for PD focus on stabilizing alpha-synuclein in its
native form, using antibodies to clear misfolded proteins, and enhancing autophagy to
improve the cell’s ability to degrade alpha-synuclein aggregates [42].
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2.1.4. Mutant Huntingtin in Huntington’s Disease

Huntington’s disease arises from a mutation in the HTT gene, leading to an abnormal
expansion of CAG repeats that encode a polyglutamine (polyQ) tract in the huntingtin
protein. This extended polyQ region makes the mHTT sticky and prone to forming toxic
aggregates [23]. The aggregation of mHTT is particularly harmful in the striatum, a brain
region critical for motor function, where it interferes with essential cellular processes [80].

Mutant huntingtin disrupts transcription by binding to transcription factors and coac-
tivators, interfering with the normal expression of genes essential for neuronal survival [81].
mHTT also impairs autophagy, the cell’s main pathway for clearing damaged components.
By disrupting autophagy, mHTT prevents the cell from effectively removing itself, allow-
ing damaged proteins and aggregates to accumulate. Additionally, mHTT interacts with
mitochondria, impairing their function and leading to energy deficits, which compounds
cellular stress [82].

Therapeutic strategies for HD include approaches that silence mutant HTT expression
through RNA interference and antisense oligonucleotides (ASOs), reducing the production
of the toxic protein. Other therapies aim to enhance autophagy, helping cells clear mHTT
aggregates or stabilize mitochondrial function, thereby alleviating some of the cellular
damage caused by mHTT [83].

Each of these pathways reveals a unique aspect of protein misfolding, but together,
they paint a picture of how small molecular changes can lead to devastating consequences.
Misfolded proteins disrupt essential cellular processes, overwhelm protective pathways,
and, as they accumulate, create an environment where neurons struggle to survive [84]. By
targeting these early stages of misfolding and aggregation, researchers hope to develop
therapies that can interrupt the cascade of cellular dysfunction, offering new avenues for
treating neurodegenerative diseases at their source [85].

The following table (Table 1) provides an overview of the fundamental molecular
mechanisms associated with neurodegenerative diseases, emphasizing high-impact studies
that have shaped our understanding of each mechanism’s role. The table categorizes key
processes such as protein misfolding, neuroinflammation, and mitochondrial dysfunction,
linking each mechanism to specific therapeutic targets. By synthesizing data from highly
cited research, this table illustrates the multifaceted nature of neurodegenerative disease
pathology and highlights current therapeutic approaches aimed at modulating these critical
molecular pathways.

Table 1. Key molecular mechanisms and their therapeutic targets in neurodegenerative diseases.

Mechanism Neurodegenerative
Disease Key Molecular Targets Therapeutic

Approaches
Notable Studies
(High Citations)

Protein
misfolding and

aggregation

Alzheimer’s,
Parkinson’s

Amyloid-beta, tau,
alpha-synuclein

Anti-aggregation
agents, tau inhibitors,

immunotherapy

Selkoe (2002) [86], Spillantini
et al. (1998) [87]

Neuroinflammation All (AD, PD, ALS, HD)
Microglia, cytokines

(TNF-α, IL-1β), NLRP3
inflammasome

Anti-inflammatory
agents, cytokine

inhibitors

Heneka et al. (2015) [88],
Amor et al. (2010) [89]

Mitochondrial
dysfunction ALS, Huntington’s

Electron transport
chain complexes,

mtDNA

Antioxidants,
mitochondrial

enhancers

Lin and Beal (2006) [90],
Bhatt et al. (2021) [91]

Genetic and
epigenetic
regulation

Alzheimer’s, ALS,
Huntington’s

APOE ε4, SOD1, HTT,
DNA methylation,

histone modifications

Gene silencing (RNAi,
ASOs), CRISPR,

epigenetic modulators

De Strooper and Karran
(2016) [92], Finkbeiner et al.

(2011) [93]

Synaptic
dysfunction

Alzheimer’s,
Parkinson’s

Cholinergic (ACh),
dopaminergic systems,

NMDA receptors

Synaptic modulators,
neurotrophic factors

Stanciu et al. (2020) [94],
Dauer and Przedborski

(2003) [95]
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2.2. Cellular Consequences of Protein Aggregation

In neurodegenerative diseases, the buildup of misfolded proteins within neurons
does much more than just accumulate; it disrupts the cell’s natural rhythm and resilience.
These protein clumps overwhelm the cell’s protective systems, overloading its capac-
ity to handle protein folding, degradation, and calcium balance [96]. Neurons, with
their intricate structure and high energy needs, are especially vulnerable to this kind
of stress. Over time, the presence of these aggregates creates a toxic environment, set-
ting off a cascade of dysfunction that leaves neurons struggling to survive. Understand-
ing how protein aggregation disturbs cellular balance and proteostasis reveals the deep-
seated challenges neurons face, highlighting how these disruptions ultimately push cells
toward degeneration.

2.2.1. Disruption of Cellular Homeostasis

One of the first and most severe impacts of protein aggregation in neurodegenerative
diseases is the stress it places on the endoplasmic reticulum (ER), the cell’s central station
for protein folding, lipid synthesis, and calcium storage. The ER is finely tuned to detect
misfolded proteins, and when these start piling up, it activates the UPR, a defense mecha-
nism designed to temporarily boost the cell’s folding capacity and promote the clearance of
misfolded proteins [97]. But when protein misfolding is constant, as it is in these diseases,
the UPR remains switched on, eventually shifting from a protective to a harmful role as the
cell’s resources are stretched beyond capacity [98].

In AD, Aβ oligomers wreak havoc on calcium regulation within the ER. These toxic
clumps latch onto calcium channels in the ER membrane, causing calcium to spill into the
cytoplasm and disrupt essential signaling pathways that neurons rely on for communica-
tion [99]. As calcium floods into the cell, it also overloads mitochondria, which attempt to
buffer the imbalance but become overwhelmed, swelling and releasing ROS. These excess
ROS, in turn, damage cellular components and push the neuron closer to apoptosis, or
programmed cell death.

PD presents a similar situation, with alpha-synuclein aggregates triggering stress
responses within the ER. These misfolded proteins bind to BiP, an ER chaperone that
plays a central role in managing protein folding [100]. With BiP compromised, the ER is
left unable to handle the growing load of misfolded proteins, leading to prolonged UPR
activation. This chronic stress response triggers inflammatory cytokines, which invite
immune cells and create an environment of neuroinflammation [101]. Over time, ER stress
induces CHOP, a transcription factor that activates pro-apoptotic genes, setting the neuron
on a path toward programmed death [102].

These disruptions in calcium regulation and persistent ER stress create a cycle that
is particularly harmful in neurons. As calcium leaks from the ER, it not only damages
mitochondria but also erodes the neuron’s ability to sustain essential functions. This
constant strain weakens the cell’s defenses, leaving neurons less able to handle additional
stress and making degeneration almost inevitable [103].

2.2.2. Impairment of Proteostasis

Proteostasis, or the balance of protein maintenance, is a delicate process essential
for cellular health, especially in neurons where proper protein turnover is crucial for
survival [104]. This balance relies on two main pathways: the ubiquitin–proteasome system
(UPS) and the autophagy–lysosomal pathway, both of which work together to identify,
break down, and clear misfolded proteins and cellular waste [63]. In neurodegenerative
diseases, however, these systems are overwhelmed, leaving the cell unable to handle the
mounting accumulation of damaged proteins, which results in a toxic buildup that further
stresses neurons [105].

Ubiquitin–Proteasome System Dysfunction
The UPS is responsible for identifying and degrading small, damaged, or short-lived

proteins. Proteins marked for disposal are tagged with ubiquitin molecules, directing them
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to the proteasome where they are broken down for recycling. But in neurodegenerative
diseases, protein aggregates inhibit the UPS, leaving ubiquitinated proteins to accumulate
within the cell [106].

In Alzheimer’s disease, tau aggregates directly interfere with the proteasome’s func-
tion. When hyperphosphorylated, tau binds to the proteasome’s 20S core, blocking the
entry of proteins marked for degradation. As these proteins back up, they form secondary
aggregates, adding further strain to the cell’s quality control systems. This UPS impair-
ment disrupts normal cellular functions that rely on regulated protein turnover, leading to
additional stress on the neuron [107].

In Parkinson’s disease, alpha-synuclein clogs the proteasome by obstructing its entry
points, preventing ubiquitinated proteins from being processed. Studies show that alpha-
synuclein oligomers interact with the 19S regulatory particle, blocking substrate entry and
leading to a buildup of damaged proteins within dopaminergic neurons [108]. This failure
of the UPS not only accelerates the aggregation of alpha-synuclein but also adds to the
cellular backlog, creating a cycle of rising toxicity and stress within the cell [109].

Autophagy–Lysosomal Pathway Defects
The autophagy–lysosomal pathway handles the degradation of larger protein ag-

gregates and damaged organelles. Through autophagy, cells create vesicles known as
autophagosomes that capture cellular debris, which are then fused with lysosomes to break
down and recycle the contents [110]. In neurodegenerative diseases, however, this pathway
becomes impaired, preventing the cell from removing toxic aggregates [111].

In HD, the mHTT protein directly impairs autophagy by sequestering key receptors
like p62 and LC3, which are essential for identifying and capturing cargo for degradation.
When these receptors are trapped within mHTT aggregates, autophagosomes cannot form
properly, leaving toxic aggregates and damaged organelles to build up within the cell [112].
This accumulation strains the mitochondrial function, raises oxidative stress, and accelerates
cellular decline, contributing to the characteristic cell death seen in HD [113,114].

In PD, alpha-synuclein disrupts lysosomal acidification, which is crucial for activating
lysosomal enzymes [115]. Without the proper acidic environment, these enzymes cannot
degrade alpha-synuclein fibrils or other cellular waste effectively. This impairment leads
to a backlog of undegraded material in autophagosomes, which then leak into the cell,
increasing oxidative stress and triggering inflammation [116]. Alpha-synuclein also affects
chaperone-mediated autophagy (CMA), a pathway that degrades proteins through direct
lysosomal delivery [117]. By blocking LAMP-2A, a critical lysosomal receptor, alpha-
synuclein further reduces the cell’s capacity to clear misfolded proteins, leading to a
progressive toxic buildup that further destabilizes the neuron [118].

In ALS, TDP-43 aggregates block the fusion of autophagosomes with lysosomes,
preventing the clearance of cellular waste [119]. TDP-43 also disrupts mitophagy, a form of
autophagy specifically responsible for clearing damaged mitochondria [104]. The inability
to clear dysfunctional mitochondria leads to a buildup of ROS and depletes ATP reserves,
creating an energy crisis that strains motor neurons, particularly susceptible to high energy
demands, and accelerates their degeneration [120].

Altogether, the failure of proteostasis—due to the impairment of both UPS and
autophagy–lysosomal pathways—leaves neurons in a state of toxic overload, unable to
clear out the cellular debris that continues to accumulate [121]. This chronic buildup of
damaged proteins and organelles disrupts metabolic processes, heightens oxidative stress,
and creates a toxic cellular environment that gradually drives neurons to the brink [122].

The breakdown in cellular homeostasis and proteostasis due to protein aggregation
creates a cycle of stress that neurons cannot easily escape. As these cells struggle with
constant misfolded proteins, oxidative damage, and metabolic instability, they become
increasingly vulnerable to degeneration [123]. Understanding these complex interactions
opens up new avenues for therapeutic research, as scientists work to reinforce these pro-
tective systems and develop treatments that might slow or even stop neurodegenerative
progression at its roots.
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2.3. Molecular Therapeutic Strategies

With the advances in understanding the molecular foundations of neurodegenerative
diseases, there’s now a push toward treatments that intervene directly at the roots of cellular
dysfunction [124]. Traditional treatments often only address symptoms, but these novel
approaches target the misfolded proteins and disrupted cellular pathways at the heart of
diseases like Alzheimer’s, Parkinson’s, ALS, and Huntington’s [125]. These therapies focus
on stopping protein aggregation, enhancing cellular protein clearance, and supporting
proper protein folding with molecular chaperones. Each strategy aims to restore cellular
health, reduce toxic accumulations, and protect neurons from degeneration [126].

2.3.1. Inhibition of Protein Aggregation

A primary approach to neurodegenerative therapy involves small molecules designed
to stop proteins from aggregating in the first place. These molecules work by binding to
the misfolded proteins, either stabilizing them in a less toxic form or preventing them from
clustering into larger, harmful assemblies.

Targeting Amyloid-Beta and Tau in Alzheimer’s Disease
In AD, the aggregation of Aβ and tau is a well-known feature of disease pathology.

Researchers have developed small molecules that bind to Aβ monomers, preventing them
from joining into toxic oligomers that interfere with synaptic function [127,128]. One such
compound, tramiprosate, binds to Aβ and stabilizes it in a way that blocks its self-assembly,
while EPPS (4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid) has been shown to
actually break down existing amyloid plaques in preclinical studies, suggesting potential
to reduce Aβ burden in the brain [129].

Similarly, tau aggregation inhibitors focus on preventing tau from detaching from micro-
tubules and forming neurofibrillary tangles. Compounds like LMTM (leuco-methylthioninium
bis(hydromethanesulfonate)) stabilize tau’s normal structure, thereby reducing its tendency
to aggregate into the paired helical filaments that comprise neurofibrillary tangles [130].
LMTM works by inhibiting tau phosphorylation, which normally triggers its detachment
from microtubules, and has shown promise in preclinical trials for preserving synaptic
health and slowing cognitive decline [131,132].

The following figure (Figure 1) provides a visual overview of the steps involved in
Aβ formation and plaque accumulation. It illustrates how APP is cleaved by β- and γ-
secretases to release Aβ peptides, which, subsequently, aggregate in the extracellular space,
forming the amyloid plaques that are characteristic of Alzheimer’s disease pathology.

Preventing Alpha-Synuclein Aggregation in Parkinson’s Disease
In PD, alpha-synuclein misfolding leads to the formation of Lewy bodies, which

disrupt cellular communication and dopamine production. Small molecules like anle138b
interact with alpha-synuclein early in the misfolding process, preventing it from forming
toxic fibrils [133]. By stabilizing alpha-synuclein, these molecules reduce the buildup of
Lewy bodies, preserving cellular function [134]. Additionally, NPT200-11 has shown the
potential to reduce alpha-synuclein pathology by binding to alpha-synuclein oligomers,
keeping them from forming the toxic aggregates that damage dopaminergic neurons [135].

Inhibiting Mutant Huntingtin Aggregation in Huntington’s Disease
HD is marked by the aggregation of protein mHTT with extended polyQ sequences,

leading to toxic inclusions in neurons [136]. Compounds such as EGCG (epigallocatechin
gallate) and C2-8 target these polyQ regions, reducing mHTT’s tendency to self-aggregate
and potentially enhancing clearance of these protein clusters. Studies show that EGCG
binds directly to huntingtin, stabilizing its structure and preventing aggregation [137].
This stabilization reduces cellular stress, making these inhibitors promising candidates for
therapies targeting the root pathology of HD [138].
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Figure 1. Amyloid accumulation in Alzheimer’s disease. This figure illustrates the process of
amyloid-beta (Aβ) peptide formation and accumulation, a hallmark of Alzheimer’s disease pathology.
Targeting Aβ oligomers is significant because these smaller aggregates are more neurotoxic than
amyloid plaques. Aβ oligomers disrupt synaptic function, impair ion homeostasis, and activate
detrimental signaling pathways, making them a critical focus for therapeutic interventions aimed at
halting disease progression.

2.3.2. Enhancing Protein Clearance Pathways

The UPS and autophagy–lysosomal pathway are the cell’s main methods for clearing
out damaged and misfolded proteins. In neurodegenerative diseases, these systems become
overwhelmed by toxic accumulations [139]. Therapies aimed at boosting these pathways
work to enhance the cell’s ability to clear misfolded proteins before they cause harm [140,141].

Enhancing the Ubiquitin–Proteasome System
The UPS handles the breakdown of short-lived or damaged proteins. In this system,

proteins tagged with ubiquitin are directed to the proteasome for degradation. However,
when misfolded proteins accumulate beyond the system’s capacity, the UPS becomes
overloaded [142]. Proteasome activators, like 3,4-dimethoxychalcone, show promise in
restoring UPS activity in AD models where they promote the degradation of tau and
prevent its buildup within neurons. By enhancing proteasome activity, these compounds
can alleviate some of the toxic load within cells, reducing cellular stress and slowing
disease progression.

Selective enhancement of E3 ligase activity is another approach to improving UPS
efficiency. E3 ligases add ubiquitin tags to specific misfolded proteins, marking them
for degradation. In ALS and AD, where proteins like TDP-43 and tau form damaging
aggregates, activating specific E3 ligases helps the UPS selectively target these toxic proteins,
enabling the cell to manage misfolded proteins more effectively and prevent them from
accumulating in the first place [143].

Stimulating Autophagy and the Lysosomal Pathway
Autophagy is essential for clearing larger aggregates and damaged cellular compo-

nents. By inducing autophagy, cells can encapsulate aggregates within autophagosomes,
which then fuse with lysosomes to degrade their contents. Rapamycin, a well-known
autophagy inducer, promotes the formation of autophagosomes by inhibiting mTOR, a
regulator of cellular growth that normally suppresses autophagy [144]. In HD models,
rapamycin has shown promise in clearing mutant huntingtin aggregates, thus improving
cellular health and reducing motor symptoms [145].

In Parkinson’s disease, lysosomal dysfunction plays a significant role in the buildup
of alpha-synuclein. Ambroxol, a compound that promotes lysosomal acidification, restores
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the activity of lysosomal enzymes like glucocerebrosidase, which is essential for breaking
down alpha-synuclein fibrils [146]. By improving lysosomal function, ambroxol enhances
the cell’s ability to manage protein overload, which is essential for reducing cellular toxicity
and preserving dopaminergic neuron function [147].

2.3.3. Molecular Chaperone Therapies

Molecular chaperones, particularly heat shock proteins (HSPs), are essential for help-
ing proteins fold correctly and preventing misfolding [148]. In neurodegenerative diseases,
chaperone support has become an area of interest as enhancing chaperone levels can
stabilize misfolded proteins and prevent aggregation.

Supporting Chaperones in Alzheimer’s and Parkinson’s Disease
In Alzheimer’s disease, the chaperones HSP70 and HSP90 are known to interact with

tau, assisting in proper folding and preventing tangle formation. Arimoclomol, a drug
that stimulates heat shock protein production, increases levels of HSP70, which stabilizes
tau and reduces its aggregation potential. Studies suggest that arimoclomol’s effects on
HSP70 also help guide misfolded tau toward degradation pathways, reducing the buildup
of neurofibrillary tangles [149].

In Parkinson’s disease, small molecules like YM-1 help upregulate HSP70 and HSP27,
which play key roles in stabilizing alpha-synuclein and preventing it from forming toxic
oligomers. By promoting the expression of these chaperones, YM-1 reduces alpha-synuclein
toxicity and helps maintain cellular integrity. This approach has shown promise in models
of PD, suggesting that chaperone-based therapies could slow the spread of alpha-synuclein
pathology within the brain [150].

Chaperone Enhancement in ALS and Huntington’s Disease
In ALS, where the misfolding of TDP-43 and SOD1 is common, enhancing chaper-

one activity helps manage these proteins. Arimoclomol has demonstrated potential in
increasing HSP levels, aiding the refolding or degradation of SOD1 aggregates and sup-
porting neuronal health. The effect of arimoclomol in ALS models includes reduced protein
aggregation, improved cell survival, and delayed disease progression [151].

In HD, chaperones like HSP40 and HSP70 have shown potential for reducing hunt-
ingtin aggregation. Geldanamycin, an HSP90 inhibitor, promotes HSP70-mediated path-
ways that guide mutant huntingtin toward degradation. This shift helps reduce the toxic
burden of mHTT, with studies showing improved motor function and cellular resilience
in HD models [152]. By supporting chaperones that keep proteins in proper shape or
direct them toward clearance, these therapies offer a valuable strategy for countering the
molecular disruptions of neurodegenerative diseases [153].

The therapeutic landscape for neurodegenerative diseases is rapidly evolving, with
approaches that go beyond symptom relief to address the molecular drivers of disease
progression. By preventing protein aggregation, enhancing cellular clearance systems,
and leveraging chaperones for protein stability, these strategies aim to protect neurons
from the cascading effects of misfolded proteins [154]. Though many of these treatments
remain experimental, their potential to directly address the cellular imbalances that fuel
neurodegeneration holds promise for interventions that could slow or halt the progression
of diseases like Alzheimer’s, Parkinson’s, ALS, and Huntington’s, offering a transformative
impact on patient outcomes.

3. Neuroinflammation and Molecular Immune Responses

Neuroinflammation, while a natural defense mechanism, takes on a harmful role in
neurodegenerative diseases. In these conditions, inflammation becomes a chronic and
self-perpetuating process, driven largely by immune cells in the brain, such as microglia
and astrocytes. Initially activated to clear damaged neurons and misfolded proteins, these
cells eventually maintain a state of prolonged activation [155]. This chronic inflammation
leads to a continuous release of pro-inflammatory molecules, cytokines, and reactive
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oxygen species, creating a toxic environment that accelerates neuronal damage rather than
alleviating it [156].

At the molecular level, neuroinflammation is fueled by specialized immune receptors,
known as pattern recognition receptors (PRRs), which detect signs of cellular distress.
These receptors respond to molecular signals called damage-associated molecular patterns
(DAMPs), which are released by stressed or dying cells [157]. Together, PRRs and DAMPs
drive the inflammatory response, transforming short-term immune activation into a long-
term source of damage in neurodegenerative diseases. Understanding the molecular
dynamics of these interactions offers a promising direction for therapeutic strategies that
could disrupt the cycle of inflammation and protect neurons from further harm [158].

3.1. Molecular Triggers of Neuroinflammation

In neurodegenerative diseases, immune receptors on brain cells sense abnormalities,
including protein aggregates and cellular debris. These abnormalities are detected by
PRRs, which serve as cellular “sensors” that recognize DAMPs—molecules released by
damaged or dying cells as distress signals. When PRRs are activated by DAMPs, they
initiate inflammatory pathways that contribute to prolonged neuroinflammation [159]. The
main PRRs implicated in this process include Toll-like receptors (TLRs), NOD-like receptors
(NLRs), and the receptor for advanced glycation end-products (RAGE). These receptors
recognize and respond to specific DAMPs, such as HMGB1, ATP, and mtDNA, amplifying
immune responses that, over time, contribute to neuronal loss [160].

Pattern Recognition Receptors (PRRs)
PRRs are critical to the brain’s immune response as they specialize in detecting signs of

cell damage and stress. These receptors, including TLRs, NLRs, and RAGE, are integral to
the inflammatory processes seen in neurodegenerative diseases. Each type of PRR detects
unique molecular patterns and activates distinct inflammatory pathways [161].

TLRs are cell-surface receptors that recognize extracellular danger signals. For instance,
TLR4, a key player in AD, binds to Aβ aggregates and activates the NF-κB signaling
pathway, which leads to the production of pro-inflammatory cytokines like interleukin-
1β (IL-1β) and tumor necrosis factor-alpha (TNF-α) [162]. In PD, TLR2 is activated by
alpha-synuclein aggregates, setting off a cascade involving MAPK and NF-κB pathways,
which increase the release of inflammatory mediators. Research suggests that blocking
TLR2 and TLR4 activity could mitigate inflammatory damage, indicating their potential as
therapeutic targets [163].

NLRs and the NLRP3 inflammasome respond to intracellular signals of cellular dis-
tress. The NLRP3 inflammasome, a multi-protein complex, is activated by factors like mito-
chondrial dysfunction, ROS, and protein aggregates such as Aβ and alpha-synuclein [164].
Upon activation, NLRP3 facilitates the activation of caspase-1, which processes cytokines
like IL-1β and IL-18 into their active forms, intensifying the inflammatory response. In AD,
NLRP3 activation near amyloid plaques contributes to neuron damage, while in PD, cytoso-
lic alpha-synuclein activates NLRP3, promoting sustained inflammation [165]. Inhibiting
NLRP3 has shown promising results in preclinical studies as it reduces neuroinflammation
and slows disease progression, highlighting its potential as a therapeutic target [166].

RAGE recognizes advanced glycation end-products (AGEs) as well as other DAMPs,
including Aβ and HMGB1. Once activated, RAGE promotes inflammation through NF-
κB signaling, increasing cytokine production and ROS release. In AD, RAGE binding
with Aβ enhances neurotoxic pathways and amyloid plaque formation, contributing to
cognitive decline [167]. In ALS, RAGE activation by AGEs and oxidative stress compounds
motor neuron degeneration. Experimental RAGE inhibitors are being studied for their
potential to disrupt these harmful interactions and reduce inflammation, representing
another promising direction for therapeutic intervention [168].

Damage-Associated Molecular Patterns (DAMPs)
DAMPs are endogenous molecules that act as distress signals, alerting the immune

system to cellular damage. Released from injured cells, DAMPs activate PRRs on microglia
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and astrocytes, maintaining a pro-inflammatory state that becomes chronic in neurode-
generative diseases. Key DAMPs in these diseases include HMGB1, extracellular ATP,
and mtDNA, each contributing uniquely to the inflammation seen in neurodegenera-
tion [169,170].

High mobility group box 1 (HMGB1) is a nuclear protein that helps regulate chromatin
structure, but when released outside cells, it acts as a DAMP. In neurodegenerative diseases,
HMGB1 is elevated in affected brain regions, such as the hippocampus in AD and motor
neurons in ALS [171]. Once outside the cell, HMGB1 binds to receptors like TLR4 and RAGE,
activating signaling pathways that lead to cytokine release and oxidative stress [172]. This
sustained cytokine release disrupts synaptic function and accelerates neuronal death, particu-
larly in areas surrounding amyloid plaques in AD. Blocking HMGB1 signaling has shown
potential in reducing neuroinflammation and protecting against neurodegeneration [173].

Extracellular ATP and purinergic receptors serve as potent inflammatory signals when
released from cells during injury. ATP binds to purinergic receptors like P2X7 on microglia,
activating inflammasomes such as NLRP3, which further amplify inflammatory responses
by releasing IL-1β and other cytokines [174]. In PD, elevated extracellular ATP levels
enhance alpha-synuclein toxicity by activating P2X7. Experimental approaches that block
P2X7 signaling show promise in reducing ATP-driven neuroinflammation and protecting
dopaminergic neurons from sustained damage [175].

mtDNA is typically contained within mitochondria, but when mitochondria are dam-
aged, mtDNA leaks into the extracellular space where it acts as a powerful DAMP [176].
Once outside the mitochondria, mtDNA binds to receptors like TLR9, which recognizes
specific unmethylated DNA sequences. In ALS, mtDNA released from injured motor
neurons triggers TLR9 activation in nearby glial cells, contributing to chronic inflammation
and oxidative stress. Research into blocking TLR9 activation or limiting mtDNA release
suggests potential therapeutic strategies to reduce inflammation in diseases driven by
mitochondrial dysfunction [169].

Together, PRRs and DAMPs create a self-sustaining cycle of neuroinflammation in
neurodegenerative diseases where prolonged immune activation results in progressive
neuronal loss [177]. By targeting these molecular mechanisms, researchers are working to
develop therapies that can break the cycle of chronic inflammation, protect neurons, and
slow the progression of neurodegenerative diseases, offering hope for interventions that
directly address the underlying drivers of neuroinflammatory damage [178].

3.2. Microglial Activation States

Microglia, the brain’s resident immune cells, are essential for maintaining neural
health and responding to injury. In neurodegenerative diseases, these cells often shift
from protective roles to states that exacerbate inflammation and contribute to neuronal
damage [179]. Microglial activation is dynamic, encompassing a spectrum of responses,
but is often simplified into two main functional states: pro-inflammatory “M1” and anti-
inflammatory “M2”. This shift from protective to harmful roles is influenced by signals
within the disease environment, making microglial activation a central focus for potential
therapeutic intervention in neurodegenerative diseases [180].

The following figure (Figure 2) illustrates the differentiation of monocytes into M0
macrophages, which can then polarize into M1 or M2 phenotypes depending on environ-
mental cues. By understanding the molecular pathways that drive macrophage polariza-
tion, researchers are exploring strategies to promote M2-like states in neurodegenerative
diseases, aiming to harness their anti-inflammatory and protective functions to mitigate
disease progression and support neuronal health.
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3.2.1. M1 vs. M2 Phenotypes

The M1 microglial phenotype is characterized by pro-inflammatory activity. When
microglia adopt this state, they release high levels of cytokines such as IL-1β, TNF-α, and
interleukin-6 (IL-6), as well as ROS and nitric oxide (NO) [181]. While these responses help
protect the brain from pathogens and clear cellular debris, in neurodegenerative conditions,
sustained M1 activation creates a neurotoxic environment [182]. Misfolded proteins, cellular
stress, and inflammatory signals common in AD, PD, and ALS continuously fuel this state,
overwhelming the brain’s capacity to maintain homeostasis and contributing to ongoing
neuronal loss.

Monocyte differentiation into macrophages and subsequent polarization to M1 or
M2 phenotypes is driven by specific molecular signals. M1 polarization is induced by
pro-inflammatory signals like interferon-gamma (IFN-γ) and lipopolysaccharides (LPS),
leading to a pro-inflammatory state. Conversely, M2 polarization is promoted by anti-
inflammatory cytokines such as IL-4 and IL-13, fostering tissue repair and resolution of
inflammation [183].

On the other end of the spectrum, the M2 phenotype is associated with anti-inflammatory
functions and tissue repair [184]. M2 microglia release cytokines such as interleukin-10
(IL-10) and transforming growth factor-beta (TGF-β), which help resolve inflammation and
support neuroprotection [185]. They also promote phagocytosis, aiding in the clearance
of misfolded proteins and cellular debris. In neurodegenerative diseases, however, the
shift toward an M2 phenotype is often suppressed, limiting the brain’s ability to repair and
recover [186]. Therapeutic strategies that promote M2 activation are being investigated
as a way to reduce inflammation and protect against progressive neuronal damage [187].
PPAR-γ agonists and IL-10 enhancers are being explored to shift microglia toward an
M2 phenotype, while agents targeting phagocytic pathways, such as TREM2 activators,
aim to enhance the clearance of neurotoxic debris. By rebalancing microglial states, these
approaches seek to alleviate chronic inflammation and create a supportive environment for
neuronal repair [188].

3.2.2. Signaling Pathways in Activation

Microglial activation depends on intricate signaling networks that drive microglia
toward either pro-inflammatory or protective states [189]. Among these, the NF-κB and
MAPK pathways are key players, shaping microglial responses in the presence of patholog-
ical signals [190].
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The NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) pathway
is a primary regulator of inflammation in microglia. Activated by stimuli such as Aβ

in AD and alpha-synuclein in PD, NF-κB translocates to the nucleus where it initiates
the production of pro-inflammatory molecules like TNF-α, IL-1β, and IL-6 [191]. While
NF-κB activity helps contain early threats, chronic activation in disease conditions drives a
long-term inflammatory response. Modulating this pathway to reduce prolonged NF-κB
signaling is being explored as a strategy to limit neuroinflammation [192].

The MAPK (mitogen-activated protein kinase) pathway is another critical pathway
involved in microglial activation. Activated by external stress signals, the MAPK pathway
includes kinases such as ERK, JNK, and p38, which regulate microglial responses to
DAMPs [193]. For example, the activation of p38 MAPK has been linked to increased
production of IL-1β and TNF-α, promoting inflammation in neurodegenerative disease
contexts [56]. Targeting specific components of the MAPK pathway, especially p38, offers
a potential therapeutic avenue to reduce pro-inflammatory microglial responses while
preserving protective functions [194].

Other signaling molecules also influence the M1/M2 balance. Peroxisome proliferator-
activated receptors (PPARs), particularly PPAR-gamma, are known to encourage M2 polar-
ization by inhibiting NF-κB and suppressing the release of inflammatory cytokines [195].
Similarly, STAT6 (signal transducer and activator of transcription 6) activation supports M2
differentiation, enhancing the expression of anti-inflammatory molecules like IL-10 [196].
Therapies that target PPAR-gamma or STAT6 to promote M2 activation hold promise for
shifting microglial responses away from sustained inflammation and toward protective
roles in the brain [197].

By better understanding the molecular signals that drive microglial states, researchers
aim to restore the balance between M1 and M2 functions, reducing the harmful inflamma-
tion that accelerates neurodegeneration. Encouraging a shift from the pro-inflammatory M1
state to the neuroprotective M2 state is a promising strategy, with the potential to alleviate
chronic inflammation and enhance neural repair.

3.3. Cytokine Networks

Cytokines, small but powerful signaling proteins released by immune cells, orches-
trate inflammation and communication within the brain’s immune landscape. In healthy
conditions, cytokine release is balanced, with pro-inflammatory signals initiating defense
responses and anti-inflammatory signals resolving them [198]. However, in neurodegen-
erative diseases like AD, PD, ALS, and HD, this balance is disrupted. Chronic inflamma-
tion arises as pro-inflammatory cytokines dominate, fueling cellular stress and neuronal
damage [199]. These intricate cytokine networks—encompassing both inflammatory and
protective signals—reveal insights into the persistence of inflammation in these conditions
and offer potential targets for modulating immune responses to protect neurons.

3.3.1. Pro-Inflammatory Cytokines

In neurodegenerative diseases, the persistent release of pro-inflammatory cytokines
becomes a source of cellular distress. While intended to respond to injury or infection,
these cytokines, when chronically elevated, create an environment that accelerates neurode-
generation. Among the most influential pro-inflammatory cytokines in these diseases are
TNF-α, IL-1β, and IL-6 [200].

TNF-α is a central player in neuroinflammation, commonly elevated in affected brain
regions. TNF-α binds to receptors on neurons and glial cells, activating signaling pathways
like NF-κB, which further amplify inflammatory responses. In AD, TNF-α has been
shown to impair synaptic function, while in PD, it contributes to the degeneration of
dopaminergic neurons [55]. Animal studies suggest that blocking TNF-α signaling can
alleviate inflammation and reduce neurotoxicity, and therapies targeting this cytokine are
being developed as a means to mitigate its detrimental effects [201].
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IL-1β is another potent pro-inflammatory mediator produced by activated microglia
and astrocytes. It increases the permeability of the blood–brain barrier (BBB), allowing
peripheral immune cells to enter the brain, thereby compounding inflammation [202]. In
AD, IL-1β is released in response to Aβ plaques, intensifying neuronal damage around
these aggregates. In ALS, IL-1β contributes to BBB breakdown and amplifies immune
activity in ways that are particularly harmful to motor neurons. Targeting IL-1β or its
pathways could offer a promising route to control neuroinflammation and protect the BBB
in these diseases [203].

IL-6 has both pro-inflammatory and anti-inflammatory roles, but in neurodegenerative
contexts, it typically promotes inflammation. Elevated IL-6 levels in cerebrospinal fluid and
brain tissues of AD and PD patients correlate with increased glial activation and the release
of other inflammatory signals [204]. By activating the JAK/STAT3 pathway, IL-6 sustains a
feedback loop of inflammation, particularly detrimental in ALS where it activates astrocytes
and microglia, accelerating motor neuron degeneration. Researchers are investigating
therapies that inhibit IL-6 signaling as a potential means to reduce neuroinflammation and
preserve neuronal health [205,206].

3.3.2. Anti-Inflammatory Mediators

In contrast to the destructive role of pro-inflammatory cytokines, anti-inflammatory
mediators act to resolve inflammation and promote cellular repair. These cytokines work to
counterbalance inflammation, yet in neurodegenerative diseases, their levels are often inad-
equate to mitigate chronic inflammatory responses. Two key anti-inflammatory cytokines
with neuroprotective potential are IL-10 and TGF-β [207,208].

IL-10, produced by microglia, astrocytes, and infiltrating immune cells, inhibits the
release of pro-inflammatory cytokines and reduces microglial activation via the STAT3
pathway, which represses inflammatory gene transcription [209]. IL-10’s neuroprotective
role is evident in its ability to limit excessive immune responses, yet its levels are often insuf-
ficient to counteract sustained inflammation in neurodegenerative diseases [210]. Strategies
to enhance IL-10 activity are being explored as a way to promote an anti-inflammatory
state in microglia, potentially slowing disease progression by creating a more protective
environment for neurons [211].

TGF-β serves diverse functions within the CNS, modulating immune activity, pro-
moting tissue repair, and helping maintain BBB integrity. By limiting pro-inflammatory
cytokine production and supporting the M2 (anti-inflammatory) microglial phenotype,
TGF-β plays a key role in controlling inflammation [212]. However, TGF-β signaling is
often disrupted in conditions like AD and PD, diminishing its regulatory effects on immune
activity. Efforts to restore or enhance TGF-β signaling are underway, with the aim of
reinforcing the brain’s natural anti-inflammatory mechanisms and providing support for
neuronal survival [213].

The interplay between pro-inflammatory and anti-inflammatory cytokines shapes the
immune environment within the neurodegenerating brain. When pro-inflammatory signals
predominate, inflammation becomes a chronic, self-sustaining force, damaging neurons
and accelerating disease progression [214]. Understanding these cytokine networks opens
pathways for therapeutic interventions that rebalance inflammatory responses, reduce
neurotoxicity, and promote protective immune activity. Targeting specific cytokines or
modulating signaling pathways offers hope for treatments that could mitigate inflammation,
preserve neuron function, and slow the advancement of neurodegenerative diseases.

3.4. Molecular Targets for Anti-Inflammatory Therapy

Chronic inflammation within the brain drives neurodegeneration in diseases. Anti-
inflammatory therapies that target specific molecular pathways aim to restore immune
balance, reduce neurotoxicity, and protect neurons [215]. By inhibiting harmful cytokine
production, adjusting microglial activation, and enhancing protective signaling, these
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therapies offer a focused approach to addressing inflammation as a root cause of neurode-
generation [216].

3.4.1. Inhibitors of Cytokine Production

Targeting the overproduction of pro-inflammatory cytokines is central to managing
neuroinflammation. Inhibiting key pathways such as NF-κB and JAK/STAT offers a precise
means to curtail cytokine signaling while preserving essential immune functions [217].

NF-κB Pathway Inhibitors: NF-κB is a key regulator of inflammation, often overac-
tivated in neurodegenerative conditions. Small molecule inhibitors targeting IκB kinase
(IKK), an activator of NF-κB, aim to reduce cytokine release (e.g., TNF-α, IL-1β) linked to
neuronal damage in AD and PD [218]. These inhibitors selectively suppress NF-κB without
broadly dampening immune response, showing potential in animal models for decreasing
inflammation and preserving neuron function [219].

JAK/STAT Pathway Modulation: The JAK/STAT pathway, particularly STAT3 acti-
vation by IL-6, sustains inflammation in neurodegenerative disease. Janus kinase (JAK)
inhibitors such as tofacitinib, which have been effective in autoimmune disorders, are being
studied in neurodegenerative contexts [220]. These inhibitors target the JAK/STAT axis to
selectively mitigate cytokine signaling and its downstream inflammatory effects, offering a
way to protect neurons from chronic inflammation [221].

3.4.2. Modulation of Microglial Activation

Microglia, the brain’s immune cells, play a central role in neuroinflammation. Thera-
pies that shift microglia from a pro-inflammatory state to a neuroprotective profile hold
promise for alleviating inflammation and supporting tissue repair [222].

PPAR-gamma Agonists: PPAR-γ agonists, such as pioglitazone, encourage microglia
to adopt a protective role by activating PPAR-γ, a nuclear receptor regulating inflam-
mation [223]. These agonists reduce the release of inflammatory cytokines and improve
microglial clearance of toxic aggregates. In AD and PD models, PPAR-γ activation reduces
oxidative stress and enhances microglial function, suggesting its potential for restoring
immune balance in the brain [224].

Colony-Stimulating Factor 1 Receptor (CSF1R) Inhibitors: CSF1R is critical for mi-
croglial survival and activation [225]. CSF1R inhibitors, such as PLX3397, selectively
modulate microglial activity, reducing their neurotoxic effects without eliminating them.
These inhibitors limit excessive microglial activation, which can help control inflammation
and prevent neurodegeneration [226].

3.4.3. Enhancing Protective and Anti-Inflammatory Pathways

Enhancing the brain’s natural anti-inflammatory responses supports a more resilient
neural environment, helping to counterbalance chronic inflammation.

IL-10 and TGF-β Enhancers: IL-10 and TGF-β have potent anti-inflammatory effects,
limiting pro-inflammatory cytokine release and promoting microglial states that protect
neurons [227]. IL-10, delivered through gene therapy in AD models, has shown promise
in reducing inflammation near amyloid plaques. TGF-β helps maintain BBB integrity
and promotes anti-inflammatory microglial phenotypes, making it a compelling target to
reinforce immune regulation [185].

HDAC Inhibitors: HDAC inhibitors reduce inflammation by modulating gene expres-
sion. By altering chromatin structure, these inhibitors selectively suppress pro-inflammatory
genes while promoting protective responses. In preclinical studies, HDAC inhibitors have
improved mitochondrial function and enhanced neuronal resilience, positioning them-
selves as a promising approach to managing neuroinflammation in neurodegenerative
diseases [228,229].

These strategies—precise inhibition of cytokine production, modulation of microglial
activation, and enhancement of protective pathways—represent promising approaches
to reducing inflammation while supporting neuron health. Anti-inflammatory therapies
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focusing on specific molecular targets hold the potential to address the underlying drivers
of neurodegeneration, offering a pathway toward preserving cognitive and motor function
in neurodegenerative diseases [230].

4. Genetic and Epigenetic Mechanisms

Genetic and epigenetic factors shape the landscape of neurodegenerative diseases,
intricately influencing how and why these conditions develop and progress. Mutations
in specific genes disrupt essential cellular processes, often leading to the production of
abnormal proteins or impairing cellular health [231]. Meanwhile, epigenetic modifications—
heritable changes in gene expression that occur without altering the DNA sequence itself—
further influence disease pathways by regulating genes tied to inflammation, cellular
resilience, and synaptic function [232]. Together, genetic and epigenetic factors provide a
framework for understanding disease mechanisms and uncovering potential therapeutic
strategies aimed at modifying gene activity or correcting genetic errors at their source [233].

4.1. Genetic Mutations and Molecular Consequences

In neurodegenerative diseases, certain genetic mutations directly contribute to the
pathological processes driving disease. These mutations can interfere with protein stability,
disrupt cellular communication, and, ultimately, lead to the accumulation of toxic proteins
or cellular dysfunction. Two well-studied examples of genetic drivers in neurodegeneration
include familial AD and HD where mutations in key genes have been identified as central
players in disease progression [234].

4.1.1. Familial Alzheimer’s Disease Genes

Familial Alzheimer’s disease (fAD) is a rare, inherited form of AD often linked to
mutations in the APP and presenilin 1 (PSEN1) and presenilin 2 (PSEN2) genes [235].
These mutations disrupt the normal cleavage of amyloid precursor protein, increasing
the production of the Aβ42 peptide—a particularly sticky form of amyloid-beta prone to
aggregation. This tendency to clump together leads to the formation of amyloid plaques,
a hallmark of AD pathology that disrupts neural communication and contributes to cell
death [236].

Beyond increasing Aβ42 production, mutations in presenilin genes may also affect
cellular calcium regulation and other vital signaling pathways, heightening cellular stress
and promoting neurodegeneration [237]. This connection between genetic mutations and
amyloid pathology has guided therapeutic approaches aiming to reduce amyloid buildup.
For instance, gamma-secretase modulators and beta-secretase inhibitors target the enzymes
involved in amyloid processing, with the goal of lowering Aβ42 levels and slowing plaque
formation [238]. These interventions offer a targeted way to address the molecular effects
of familial Alzheimer’s mutations, providing insight into how altering specific pathways
might impact disease progression [239].

4.1.2. Huntington’s Disease and the HTT Gene

HD is directly caused by a mutation in the HTT gene, which encodes the huntingtin
protein. This mutation involves an abnormal expansion of CAG trinucleotide repeats,
leading to an extended polyQ sequence in the huntingtin protein. The result is a mutant
form of huntingtin (mHTT) that misfolds and aggregates within neurons, disrupting
essential cellular processes [240].

The presence of mHTT in neurons triggers a cascade of dysfunction. As mHTT
accumulates, it interferes with mitochondria, disrupts intracellular transport, and hinders
the cell’s protein degradation systems, such as the ubiquitin–proteasome pathway and
autophagy [241]. Beyond its structural impact, mHTT also influences gene expression,
binding abnormally to transcription factors and disrupting the regulation of genes crucial
for neuron survival. These disruptions ultimately lead to widespread neuronal damage,
particularly within the striatum, which is prominently affected in HD [242].
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To address the root cause of HD, gene-silencing therapies, including ASOs and RNA
interference (RNAi), are being explored to reduce mHTT levels. These approaches aim to
directly decrease the production of the mutant protein, targeting the disease at its genetic
origin. Additionally, small molecules that enhance autophagy are under investigation to
promote the clearance of mHTT aggregates, alleviating some of the cellular stress induced
by protein accumulation [243]. Together, these approaches represent efforts to modify
disease progression by addressing the molecular foundation of HD, opening possibilities
for interventions that go beyond symptom management to potentially alter the course of
the disease.

4.2. Gene Therapy at the Molecular Level

Gene therapy is revolutionizing neurodegenerative disease treatment, offering the
capability to directly target genetic mutations that drive disease processes. Techniques such
as CRISPR-Cas9, ASOs, and RNAi enable precise modulation of gene expression, while
emerging methods like prime and base editing, CRISPRa/CRISPRi, and exosome-based
delivery systems are enhancing specificity, reducing risk, and broadening therapeutic
applications [244]. Each approach seeks to reduce toxic protein accumulation, protect
neurons, and alter the course of neurodegenerative conditions such as HD, AD, PD, and
ALS at their genetic core [245].

4.2.1. CRISPR-Cas9 and Advanced Precision Editing

CRISPR-Cas9, a gene-editing tool adapted from bacterial immune systems, enables
precise targeting of specific DNA sequences for gene disruption or correction. By using a
guide RNA to direct the Cas9 enzyme to designated sites within the genome, CRISPR can
introduce double-strand breaks, allowing for the removal or repair of faulty genes [246].
For instance, in HD, CRISPR-Cas9 has been employed to excise expanded CAG repeats in
the HTT gene, thereby reducing the production of mHTT protein [247].

Newer precision techniques like prime editing and base editing offer even greater
accuracy without causing double-strand breaks, which can sometimes lead to unintended
mutations. Prime editing, which allows for the direct insertion of new genetic sequences,
has potential applications in correcting single-nucleotide mutations, such as those in the
SOD1 gene implicated in ALS. Base editing, capable of changing a single nucleotide
(e.g., converting A to G or C to T), could be used to directly repair mutation sites in
neurodegenerative genes, providing a safer alternative with reduced off-target effects—
particularly beneficial for the brain’s delicate cellular environment [248].

4.2.2. Antisense Oligonucleotides (ASOs)

ASOs are synthetic nucleic acid strands that bind specifically to RNA, promoting its
degradation or blocking translation to reduce protein production. This approach allows for
the selective silencing of disease-associated genes by preventing the synthesis of harmful
proteins [249]. ASOs are particularly promising in conditions like ALS and HD. For
example, in ALS, ASOs targeting SOD1 mRNA reduce levels of the toxic SOD1 protein,
alleviating oxidative stress and improving mitochondrial function in motor neurons. In HD,
ASOs targeting HTT mRNA effectively reduce mutant huntingtin levels, easing cellular
stress from protein aggregation. Delivered intrathecally, ASOs enable localized, sustained
reduction of toxic protein production directly in the central nervous system, providing a
potent and precisely targeted therapeutic option [250].

4.2.3. RNA Interference (RNAi)

RNAi leverages small interfering RNAs or short hairpin RNAs to target and degrade
specific mRNAs, blocking translation and, thereby, reducing the production of disease-
related proteins. RNAi has shown potential in multiple neurodegenerative diseases. In PD,
for instance, siRNAs targeting SNCA mRNA reduce alpha-synuclein protein levels, allevi-
ating the neurotoxic effects associated with Lewy body formation. In HD, allele-specific
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RNAi approaches target the mutant HTT gene, selectively silencing the disease-causing
allele while preserving the normal protein necessary for neuronal function. RNAi therapy,
delivered via viral vectors, can provide sustained effects within targeted brain regions,
offering a highly selective way to address neurodegeneration linked to protein toxicity.

4.2.4. CRISPRa and CRISPRi for Gene Activation and Suppression

CRISPRa (activation) and CRISPRi (interference) represent non-cutting forms of
CRISPR that allow for the modulation of gene expression without altering the under-
lying DNA sequence. CRISPRa enhances the expression of neuroprotective genes, while
CRISPRi selectively suppresses pathogenic genes [251]. In PD, CRISPRa could be used
to upregulate genes that protect mitochondrial health or enhance dopamine synthesis,
potentially offering a way to boost the brain’s resilience against cellular stress. In HD,
CRISPRi could selectively silence the mutant HTT allele, decreasing toxic protein produc-
tion without affecting normal huntingtin function. These CRISPR variants offer a reversible,
fine-tuned approach to modulating gene expression dynamically, providing an adaptable
tool for targeting complex neurodegenerative pathways [252].

4.2.5. Exosome-Based Delivery Systems

Exosomes—small vesicles naturally secreted by cells—offer an innovative delivery
system for gene therapies, capable of crossing the BBB and delivering therapeutic molecules
to specific brain regions. Engineered exosomes can carry ASOs, siRNAs, or CRISPR
molecules directly to affected neurons, enhancing the reach of gene therapies without
invasive methods [253]. For example, exosomes loaded with siRNAs targeting alpha-
synuclein could reduce neurotoxic protein accumulation in PD, while exosomes carrying
ASOs against APP mRNA could decrease amyloid-beta production in AD. Using patient-
derived exosomes could further improve compatibility, reducing immune responses and
enabling personalized treatments [254].

4.2.6. Synthetic mRNA for Transient Therapeutic Expression

Synthetic mRNA therapy offers a non-integrative gene therapy approach, delivering
transient doses of therapeutic proteins without altering DNA. In neurodegenerative dis-
eases, synthetic mRNA can be used to produce neuroprotective factors like brain-derived
neurotrophic factor (BDNF) or glial cell line-derived neurotrophic factor (GDNF), support-
ing neuronal health and survival. In HD, synthetic mRNA coding for proteins that promote
autophagy could enhance the clearance of toxic huntingtin aggregates, offering a reversible,
flexible method to address protein accumulation in the brain [255].

4.3. Epigenetic Regulation: Novel Pathways for Neurodegenerative Intervention

Epigenetic regulation offers a groundbreaking approach in neurodegenerative disease
research, revealing ways to dynamically adjust gene expression without altering DNA
itself [256]. By modulating gene accessibility, protein synthesis, and cellular stress re-
sponses, these mechanisms hold the promise of not only managing symptoms but also
slowing disease progression. Emerging strategies in DNA methylation, histone modifica-
tion, and non-coding RNA modulation are opening new, adaptive avenues for treatment of
neurodegenerative diseases [257].

4.3.1. DNA Methylation Patterns: Restoring Protective Gene Expression

DNA methylation has emerged as a crucial regulator in silencing or activating genes,
with far-reaching effects in neurodegenerative diseases. What makes this approach novel
is the potential to selectively “unlock” silenced protective genes or reduce overactive
inflammatory genes, offering a targeted path to resilience [258]. In AD, for example, DNA
hypermethylation in neural repair genes restricts the brain’s natural defense mechanisms,
while hypomethylation in inflammatory genes perpetuates chronic immune responses.
DNA methyltransferase inhibitors are being explored to reverse these harmful patterns,
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dynamically restoring gene activity associated with neuron protection [259]. Additionally,
the ability to map methylation profiles in affected brain regions creates biomarkers that can
track disease progression and treatment responses, pushing beyond traditional imaging
methods [260].

4.3.2. Histone Modifications: Fine-Tuning Gene Accessibility

Histone modifications control how tightly DNA is wound around histone proteins,
impacting which genes are “on” or “off”. This process provides an epigenetic dial to
adjust gene expression in response to neurodegenerative stressors [261]. HDAC inhibitors,
which increase histone acetylation, are being developed to enhance the expression of genes
vital for neuronal defense and repair. In HD, HDAC inhibitors have shown potential in
reactivating pathways for protein degradation, helping to clear toxic protein aggregates that
are otherwise devastating to neurons [262]. This reversible approach allows for fine-tuning,
supporting cellular health without the risk of permanent genetic alteration. As histone
modifications can be adapted in real time to environmental changes, they present a novel,
flexible solution for neurodegenerative management [263].

4.3.3. Non-Coding RNAs: Master Regulators of Disease Pathways

Non-coding RNAs (ncRNAs), particularly miRNAs, are fast gaining attention as
powerful gene regulators that act at the RNA level, directly controlling protein synthesis.
In neurodegenerative diseases, specific miRNAs are often dysregulated, which leads to
the uncontrolled expression of genes related to inflammation, protein misfolding, and
apoptosis [264]. For example, in AD, miRNAs associated with tau and amyloid-beta
processing are disrupted, allowing these proteins to accumulate. Antagomirs, synthetic
molecules designed to inhibit specific miRNAs, are a novel approach in therapy, providing
precise, sequence-specific intervention to reset gene expression networks that go awry in
disease [265]. This approach allows for highly targeted therapeutic intervention, tailoring
treatment to the disease’s molecular signature and offering a method to fine-tune cellular
responses without altering the DNA structure itself [266].

4.4. Epigenetic Therapeutic Approaches: Precision in Gene Regulation

Epigenetic therapies open a fascinating new frontier in neurodegenerative treatment
by allowing us to dynamically adjust gene expression in response to disease progression.
Unlike traditional gene-editing techniques, these approaches do not alter the DNA sequence
itself; instead, they modify how genes are read and expressed, offering reversible and
adaptive control over cellular pathways implicated in neurodegenerative disease. By
fine-tuning histone acetylation, DNA methylation, and non-coding RNA activity, these
therapies provide a new way to enhance neuroprotection and resilience [267].

4.4.1. HDAC Inhibitors: Unlocking Protective Genes

One of the most compelling aspects of HDAC inhibitors is their ability to “unlock”
protective genes by promoting histone acetylation, which makes DNA more accessible
for gene expression. This enables the reactivation of pathways critical for cellular repair
and protein degradation, essential for countering the toxic buildup seen in HD and AD.
The flexibility of HDAC inhibition is intriguing: these changes are reversible, meaning
treatment can be fine-tuned to the patient’s needs and disease stage, allowing a truly
adaptive approach to gene regulation in real time [268].

4.4.2. DNA Methyltransferase Inhibitors: Reactivating Silenced Pathways

DNA methylation often shuts down genes that would otherwise protect neurons from
stress and inflammation. DNMT inhibitors offer a way to “reactivate” these genes by
removing methyl groups that silence them [269]. This approach is especially interesting
because it allows for selective demethylation, meaning only the most beneficial genes are
reactivated while minimizing potential side effects. In diseases where aberrant methylation
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restricts essential cell functions, DNMT inhibitors could offer a controlled reset of gene
expression, restoring pathways critical for neuronal health and repair [270].

Epigenetic therapies represent a novel, adaptable approach to tackling neurodegenera-
tive diseases by regulating gene expression in real time. They offer a unique combination of
precision and flexibility—allowing us to target disease-specific pathways, boost protective
gene activity, and track changes through biomarkers—all without permanently altering
the genome [271]. These approaches pave the way for highly personalized, responsive
treatments that could transform the management of neurodegeneration, bringing us closer
to therapies that are as dynamic and adaptable as the diseases themselves [258].

5. Mitochondrial Dysfunction and Oxidative Stress

Mitochondrial dysfunction and oxidative stress are central drivers in neurodegenera-
tive diseases. Mitochondria, essential for energy production and cellular health, become
compromised in these conditions, leading to energy deficits and excess ROS. This imbalance
damages cellular components, accelerating neuronal death. By understanding the specific
mitochondrial breakdowns in these diseases, researchers aim to develop therapies that
enhance mitochondrial stability and reduce oxidative stress, potentially slowing disease
progression [272].

5.1. Molecular Basis of Mitochondrial Dysfunction

Mitochondrial dysfunction in neurodegeneration often stems from defects in the
electron transport chain (ETC) and mutations in mtDNA, both of which disrupt ATP
production and increase ROS, creating a toxic cycle within neurons [273].

5.1.1. Electron Transport Chain Defects

The ETC is a critical pathway for ATP synthesis, moving electrons across mitochon-
drial complexes to generate energy. In neurodegenerative diseases, defects in the ETC—
particularly in complexes I, III, and IV—impede this energy flow, leading to ATP shortages
and heightened ROS production [274]. For instance, PD is characterized by complex I im-
pairment in dopaminergic neurons, leading to energy failure and oxidative stress. Similarly,
ETC deficits in AD contribute to a crisis in cellular energy supply, impacting synaptic func-
tion and neuron viability. Treatments like coenzyme Q10, which supports ETC function and
reduces ROS, are being investigated as ways to restore mitochondrial health and protect
neurons [275].

5.1.2. Mitochondrial DNA Mutations

Mitochondrial DNA is highly vulnerable to mutations, partly due to its proximity to
ROS production in the ETC and limited repair capacity. Over time, accumulated mtDNA
damage leads to defective mitochondrial proteins that worsen mitochondrial function. In
ALS, mtDNA mutations disrupt motor neuron energy production, while in HD, mutant
huntingtin exacerbates mtDNA instability, triggering faulty mitochondrial dynamics like
impaired fusion and fission [276]. Damaged mtDNA also increases neuronal suscepti-
bility to calcium overload and apoptosis, making affected neurons more vulnerable to
degeneration. Targeted therapies that promote mtDNA repair or clear damaged mito-
chondria (via mitophagy) offer novel avenues for mitigating mitochondrial decline in
neurodegeneration [277].

Mitochondrial dysfunction represents a critical area in understanding and treating
neurodegenerative diseases. By stabilizing ETC function and enhancing mtDNA resilience,
researchers are exploring targeted strategies to reduce oxidative damage, support cellular
energy demands, and protect neurons from progressive degeneration [278].

5.2. Generation of ROS: Novel Insights and Theories

In recent years, innovative theories have reshaped our understanding of ROS gen-
eration and oxidative damage in neurodegenerative diseases, revealing previously un-
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recognized pathways and potential therapeutic targets [279]. These insights focus on the
unique roles of ROS in disease-specific mechanisms and explore how manipulating ROS
production or clearance could alter disease progression. Here are some emerging ideas and
theories that highlight the novel aspects of ROS involvement in neurodegeneration [280].

5.2.1. Unique ROS Pathways in Mitochondria and Cellular Compartments

Localized ROS Signaling and Compartmentalization: Traditional views of ROS treat
oxidative stress as a global cellular issue, but recent findings suggest that ROS function
and damage may vary across cellular compartments. In neurons, for example, mitochon-
dria produce ROS not only in the ETC but also through other internal stress-sensitive
systems [281]. Specific regions within neurons, such as synaptic terminals, show distinct
ROS dynamics, affecting neurotransmission and synaptic plasticity in a way that may
selectively impact memory-related functions in AD. The theory of “compartmentalized
ROS signaling” suggests that targeted antioxidant strategies could be developed for spe-
cific cellular locations, potentially allowing for finer control over ROS without impacting
beneficial ROS-dependent processes elsewhere in the cell [282].

Mitochondria-Associated Membranes (MAMs): Specialized structures connecting
mitochondria and the ER have emerged as key sites of ROS production and calcium
signaling. In neurodegenerative diseases, disruptions in MAM function contribute to
abnormal calcium exchange, increasing ROS levels and sensitizing cells to stress [283]. This
interplay is particularly relevant in PD where MAM dysfunction exacerbates dopaminergic
neuron vulnerability. Targeting MAMs could offer a novel strategy for modulating ROS
production and calcium signaling in a way that restores cellular balance, providing a
promising avenue for therapeutic intervention [284].

5.2.2. Dual Role of ROS in Neuroprotection and Damage

Adaptive ROS Response Theory: While excessive ROS are harmful, recent research
suggests that low levels of ROS may trigger protective cellular responses—a phenomenon
referred to as “mitohormesis”. This adaptive ROS response activates cellular defense
mechanisms such as antioxidant enzyme production and mitochondrial biogenesis that
improve cell resilience [285]. In this context, ROS act as signaling molecules that stimulate
cellular repair and protection pathways. For neurodegenerative diseases, harnessing this
adaptive response could involve controlled ROS production to bolster cellular defenses
against more severe oxidative damage [286]. For example, low-dose ROS-inducing agents
or mild mitochondrial stressors could precondition cells, making neurons more resilient to
the heightened oxidative stress seen in diseases like AD and HD [287].

ROS as Signaling Molecules in Immune Modulation: ROS are now recognized as
important modulators of immune responses, particularly in the brain’s innate immune
system [288]. ROS produced by microglia and astrocytes in response to damage can signal
neighboring cells to initiate repair processes or clear debris. In neurodegeneration, however,
this signaling function can become dysregulated, with chronic ROS production fueling
a harmful cycle of inflammation [289]. Novel therapies could aim to recalibrate ROS
levels within the brain’s immune cells, potentially dampening harmful inflammation while
preserving the beneficial signaling functions of ROS. This approach could represent a
breakthrough in managing neuroinflammatory aspects of diseases like ALS and PD [290].

5.2.3. Role of Redox-Sensitive Proteins and Molecular Sensors

Redox-Sensitive Protein Pathways: Advances in redox biology have highlighted spe-
cific proteins that act as molecular “sensors” for ROS, adjusting their function in response
to changes in oxidative stress. Proteins like DJ-1 in PD and Nrf2 in various neurodegen-
erative diseases can detect shifts in ROS levels and activate antioxidant defenses [291].
Nrf2, for example, regulates the expression of genes that neutralize ROS, while DJ-1 helps
protect cells from oxidative stress by stabilizing mitochondrial function. Novel thera-
pies targeting these redox-sensitive proteins aim to enhance the cell’s natural antioxidant
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response without completely suppressing ROS, which are necessary for normal cell signal-
ing [292]. By focusing on these sensors, researchers hope to activate protective pathways
only when needed, offering a finely tuned approach to oxidative stress management in
neurodegeneration [293].

Mitochondrial ROS Sensors and Feedback Loops: Emerging theories suggest that
mitochondria contain feedback mechanisms that detect ROS levels and regulate energy
production in response. For example, mitochondrial uncoupling proteins (UCPs) act as
ROS regulators by dissipating the mitochondrial membrane potential, reducing electron
flow through the ETC, and lowering ROS production [294]. Targeting UCPs in a controlled
way could offer a method to manage ROS without shutting down energy production
entirely. This strategy could be particularly useful in conditions like HD and ALS where
mitochondrial function is progressively compromised, and managing ROS without energy
disruption is critical [295].

5.2.4. Targeted Therapies Leveraging Novel Antioxidant Approaches

Selective Antioxidants for Compartmentalized ROS: Traditional antioxidants target
ROS broadly across cells, but new approaches focus on compartment-specific antioxidants
that accumulate in specific organelles, such as mitochondria. Compounds like MitoQ and
SkQ1 are engineered to localize within mitochondria, directly neutralizing ROS at their
main source [296]. The selective antioxidant approach minimizes interference with ROS
signaling in other cellular regions, maintaining necessary ROS functions while protecting
sensitive areas. This precision strategy represents a novel way to balance ROS levels,
particularly in the energy-intensive environments of neurons affected by diseases like AD
and PD [297].

Gene Therapy for Antioxidant Enzymes: Another emerging approach involves the
use of gene therapy to enhance the production of endogenous antioxidants like superoxide
dismutase (SOD) and glutathione peroxidase, specifically in neurons. By delivering genes
that increase antioxidant enzyme expression directly in affected brain regions, this method
provides a sustained, localized defense against ROS [298]. In ALS, for instance, gene
therapy targeting SOD1 has shown promise in animal models, demonstrating reduced
oxidative damage and extended motor neuron survival [299]. This targeted delivery of
antioxidant defenses offers a cutting-edge approach for managing oxidative stress at the
source, potentially extending neuron health and slowing disease progression [300,301].

These novel insights into ROS production and their role in neurodegeneration under-
score the complexity and dual nature of ROS in the brain. Emerging theories highlight
the importance of precision in managing ROS: by selectively targeting ROS pathways,
modulating immune responses, and using compartment-specific antioxidants, researchers
are moving closer to therapies that can harness the beneficial aspects of ROS while min-
imizing their destructive effects [302]. These advanced approaches offer hope for a new
generation of treatments tailored to the intricate oxidative landscape of neurodegenerative
diseases [303].

5.3. Antioxidant Defense Mechanisms

Cells rely on a natural defense system of antioxidants to neutralize ROS and prevent
oxidative damage. In neurodegenerative diseases these defenses often fall short, leaving
neurons vulnerable to the damaging effects of excess ROS. Current research is exploring
ways to enhance these natural defenses and introduce new molecular agents, aiming to
better manage oxidative stress and protect neuron integrity [300].

5.3.1. Endogenous Antioxidants

The body’s natural antioxidants are crucial in the fight against ROS as they work to
neutralize reactive molecules and repair oxidative damage. Recent findings underscore
the importance of supporting these antioxidant systems to strengthen cellular resilience.
SOD is one of the primary endogenous antioxidants, converting the highly reactive su-
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peroxide molecule into hydrogen peroxide, which is then further broken down by other
enzymes [304]. In ALS, mutations in the SOD1 gene disrupt this process, contributing to
motor neuron damage. Researchers are now investigating gene therapy strategies to boost
SOD1 activity, aiming to restore ROS balance and reduce oxidative stress in neurons [305].

Glutathione peroxidase (GPx) is another key antioxidant enzyme, converting hydro-
gen peroxide into water and preventing further ROS formation. Lower GPx activity has
been associated with increased vulnerability to oxidative stress in both PD and AD. To
counteract this, scientists are exploring ways to enhance GPx production through gene
editing and by introducing GPx-mimetic compounds that perform similar functions within
neurons [306]. Catalase, another essential antioxidant enzyme, also breaks down hydrogen
peroxide within cells. Recently, targeted catalase delivery systems have been developed
to transport this enzyme directly to mitochondria, the main sites of ROS production [307].
This mitochondria-targeted approach, especially relevant in HD, is designed to prevent
oxidative damage specifically where it originates, helping protect neurons from stress at a
foundational level [308].

5.3.2. Molecular Therapeutic Agents

Alongside natural antioxidants, novel compounds are being developed to amplify or
mimic their effects, offering neurons added protection against oxidative stress. Mitochondria-
targeted antioxidants like MitoQ, SkQ1, and TEMPOL are engineered to accumulate within
mitochondria where ROS production is the highest [309]. These compounds neutralize
ROS directly at its source. By integrating into the mitochondrial membrane, MitoQ and
SkQ1 capture ROS before it can cause damage, providing localized and efficient protection
that traditional antioxidants lack [310].

Another innovative approach focuses on activating Nrf2, a transcription factor that
regulates the expression of antioxidant genes. When triggered, Nrf2 enhances cellular
defenses against ROS, bolstering resilience to oxidative stress [311]. Compounds like
sulforaphane and bardoxolone methyl are currently under study for their ability to stabilize
and activate Nrf2, increasing the production of endogenous antioxidants. This approach
holds promise for neurodegenerative diseases like AD and HD where sustained antioxidant
activity could alleviate cellular stress and slow disease progression [312].

In addition to direct antioxidants, small molecules that mimic the action of key an-
tioxidant enzymes, such as SOD, catalase, and GPx, offer an alternative therapeutic route.
MnTBAP, a synthetic SOD mimetic, has shown potential in PD models by reducing oxida-
tive stress and protecting neurons [313,314]. Similarly, Ebselen, which mimics GPx function,
neutralizes hydrogen peroxide and has demonstrated neuroprotective effects in preclinical
studies of AD and ALS. These enzyme mimetics bypass the need for genetic modification
and provide a versatile means of enhancing cellular defenses directly [315].

These cutting-edge antioxidant strategies reflect a shift toward precision-targeted
interventions designed to enhance neuronal resilience against ROS. By boosting natural
antioxidants, activating key protective pathways, and employing targeted synthetic com-
pounds, these approaches aim to address oxidative stress at its roots [316]. This novel
direction in antioxidant therapy not only provides general protection but also tailors in-
terventions to meet the specific needs of neurons in neurodegenerative diseases, offering
hope for more effective and sustainable treatment strategies [317].

6. Synaptic Dysfunction at the Molecular Level

Synaptic dysfunction has emerged as a pivotal factor in neurodegenerative diseases
where disruptions in communication between neurons contribute to progressive cognitive,
motor, and behavioral impairments [318]. Rather than mere neuron loss, it is now under-
stood that neurodegeneration is marked by a complex breakdown of synaptic structure,
signaling, and energy metabolism. This deeper understanding reveals nuanced mecha-
nisms, offering promising therapeutic targets aimed at restoring or preserving synaptic
health [319].
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6.1. Molecular Mechanisms of Synaptic Loss

The molecular processes driving synaptic loss are highly specific and involve changes
at multiple levels, from synaptic protein alterations to energy deficiencies and receptor
imbalances [231,320]. Each offers a unique entry point for potential intervention.

6.1.1. Altered Synaptic Protein Networks and Post-Translational Modifications

Synaptic proteins are not only structural components but also active players in main-
taining synaptic function and plasticity. In AD, phosphorylation of tau protein accumulates
specifically in dendritic spines where it disrupts the actin cytoskeleton, which is critical
for spine stability and synaptic signaling. This localized tau phosphorylation appears to
weaken synaptic contacts before more extensive tau pathology develops, pointing to early
mechanisms of cognitive impairment [321]. Moreover, in HD, abnormal SUMOylation of
synaptic proteins, including receptors and scaffolding proteins, disrupts protein–protein
interactions necessary for synaptic stability and neurotransmitter receptor clustering. Tar-
geting these early post-translational modifications, such as through kinase inhibitors that
block tau phosphorylation or enzymes that modulate SUMOylation, could help maintain
synaptic architecture and function [322].

6.1.2. Mitochondrial Dysfunction and Synaptic Energy Imbalance

Synapses are exceptionally energy-demanding, requiring continuous ATP production
for vesicle recycling, ion gradient maintenance, and neurotransmitter reuptake. Mitochon-
drial dysfunction at the synapse disrupts this energy supply. For instance, in PD, complex I
impairment in dopaminergic neurons at the synaptic level leads to insufficient ATP produc-
tion, weakening vesicle loading and release [323]. In AD, mitochondria in glutamatergic
synapses show reduced capacity for calcium buffering, which is essential for neurotransmit-
ter release and receptor activation. This loss of calcium regulation interferes with synaptic
plasticity processes critical for memory [324]. Current therapeutic developments are ex-
ploring small molecules like nicotinamide riboside and other mitochondrial enhancers
that increase ATP production and improve calcium handling specifically within synapses,
aiming to support the energy-intensive demands of neuronal communication [325].

6.1.3. Impaired Synaptic Vesicle Recycling and Endocytosis

Synaptic vesicle recycling is essential for sustaining neurotransmitter release. In HD,
mutant huntingtin binds abnormally to endocytic proteins such as dynamin and clathrin,
reducing the efficiency of vesicle recycling and decreasing the availability of synaptic
vesicles [326]. This disruption causes delays in neurotransmitter release, dampening the
flow of signals through neural circuits. In ALS, C9orf72 mutations affect endosomal
pathways, impairing vesicle trafficking and exacerbating excitotoxicity due to excessive
glutamate release [327]. Novel strategies are targeting the clathrin-mediated endocytosis
pathway to enhance vesicle recycling, either by stabilizing dynamin interactions or by
modulating clathrin coat assembly, aiming to restore synaptic vesicle availability and
support sustained neurotransmission [328,329].

6.1.4. Neurotransmitter Receptor Modulation and Synaptic Plasticity

Neurotransmitter receptors such as AMPA and NMDA (in excitatory transmission)
and dopamine receptors are finely tuned for synaptic plasticity and are especially vul-
nerable to neurodegenerative changes. In AD, beta-amyloid oligomers promote NMDA
receptor endocytosis, leading to fewer receptors on the postsynaptic surface, which im-
pairs synaptic transmission and is linked to memory deficits [330]. Studies indicate that
beta-amyloid affects NMDA receptor-binding sites, altering receptor internalization path-
ways and destabilizing excitatory signaling. In PD, dopamine receptor phosphorylation
patterns are altered, reducing the sensitivity of D1 and D2 receptors and diminishing
dopaminergic signaling, which impairs motor control [331]. Novel therapeutics, including
allosteric modulators, are being investigated to stabilize these receptors’ functional states
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without overstimulation, aiming to preserve normal neurotransmission while avoiding the
excitotoxic effects that often accompany receptor overactivation [332].

These detailed insights into synaptic dysfunction underscore the precision needed to
develop effective treatments for neurodegenerative diseases. By addressing the specific
molecular disruptions—whether through stabilizing synaptic proteins, enhancing mito-
chondrial function at synapses, restoring vesicle recycling, or modulating neurotransmitter
receptors—these approaches hold promise for preserving the intricate communication net-
works that underlie cognition and motor control [333]. Together, these advancements bring
us closer to therapies that not only delay neuron loss but actively protect the connections
that define brain health [334].

6.2. Neurotransmitter Systems

In neurodegenerative diseases, disturbances in neurotransmitter systems are not
only symptoms but key drivers of the cognitive and motor issues that define these condi-
tions [335]. Recent breakthroughs have revealed detailed disruptions within the cholinergic,
dopaminergic, and glutamatergic systems, highlighting potential pathways for treatments
that could address both the visible symptoms and underlying causes [336,337].

6.2.1. Cholinergic System in Alzheimer’s Disease

In AD, it is well known that neurons responsible for acetylcholine (ACh) release are
gradually lost, but new findings show that the story is more complex. Beta-amyloid, a
hallmark of AD, appears to directly interfere with α7 nicotinic acetylcholine receptors
(α7-nAChRs), causing these receptors to be withdrawn from the cell surface, reducing their
ability to transmit signals [338]. At the same time, tau protein, when altered, disrupts the
enzyme choline acetyltransferase (ChAT), limiting ACh production in areas where it is
most needed [339].

This deeper understanding has led to focused treatments. For instance, α7-nAChR
agonists are being developed to sidestep beta-amyloid interference, with the aim of restor-
ing cognitive processes without triggering excess receptor activity elsewhere [340]. Gene
therapies are also in the works to increase ChAT expression, potentially boosting ACh
levels directly within synapses. Additionally, advanced acetylcholinesterase inhibitors
are being designed to specifically enhance ACh signaling in the most affected brain areas,
offering a more precise approach to preserving memory and cognitive function in AD [341].

6.2.2. Dopaminergic System in Parkinson’s Disease

In PD, dopamine loss is central to symptoms, yet recent research has uncovered
additional layers to this deficiency. Alpha-synuclein aggregates, which build up within
dopaminergic neurons, not only interfere with dopamine synthesis by binding to tyrosine
hydroxylase (TH)—the enzyme responsible for dopamine production—but also disrupt
dopamine storage by affecting the vesicular monoamine transporter 2 (VMAT2) [342].

Therapies are now being developed with these discoveries in mind. For instance,
small molecules that prevent alpha-synuclein from forming harmful aggregates could
help protect dopamine production. VMAT2 activators are also being explored to improve
dopamine packaging within neurons, ensuring more dopamine is available for release [343].
On the cutting edge, gene therapies targeting TH aim to increase dopamine synthesis,
while optogenetic techniques that use light to stimulate dopamine-producing neurons
offer a novel, noninvasive way to potentially restore dopamine levels and relieve motor
symptoms [344].

6.2.3. Glutamatergic System and Excitotoxicity

In conditions like ALS and AD, the excitatory neurotransmitter glutamate can become
toxic due to disruptions in how it is managed. For instance, in ALS, astrocytes lose some of
their glutamate-clearing capacity due to a reduction in the EAAT2 transporter. This leaves
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excess glutamate in the synapse, overstimulating NMDA and AMPA receptors and causing
calcium overload, which leads to cellular stress and damage [345].

New therapies are zeroing in on ways to restore balance in the glutamatergic system.
Gene therapies to boost EAAT2 expression in astrocytes are being explored, aiming to clear
excess glutamate and reduce excitotoxic stress [346]. Meanwhile, new NMDA receptor
modulators are being developed to reduce harmful signaling without affecting normal
function. For AD, targeting metabotropic glutamate receptors (mGluRs) offers a more
nuanced approach as these receptors help control glutamate release indirectly, allowing for
a reduction in excitotoxicity while preserving synaptic communication [347]. Additionally,
peptide-based therapies that act as glutamate “scavengers” have shown promise, selec-
tively binding to excess glutamate to prevent overstimulation without interrupting healthy
glutamate activity [348].

These insights into neurotransmitter system dysfunction provide a foundation for
more refined, targeted treatments. By addressing the specific molecular disruptions in each
system—whether by stabilizing receptors, enhancing transporter function, or modulating
glutamate activity—these new therapies aim to protect cognitive and motor functions [349].
This shift toward precision medicine represents a hopeful frontier in treating neurodegen-
erative diseases, one that promises more effective, sustainable improvements for those
affected [350].

6.3. Molecular Strategies to Restore Synaptic Function

Restoring synaptic function is a promising direction in neurodegenerative research,
aiming not only to slow decline but to reinstate essential neural connections. Recent
advancements in synaptic plasticity modulation, neurotrophic factor support, and direct
synapse-targeted therapeutics are paving the way for innovative treatments [351].

6.3.1. Modulation of Synaptic Plasticity

Synaptic plasticity, the ability of synapses to adapt, is critical for memory and learning.
Novel modulators of NMDA and AMPA receptors aim to enhance plasticity while avoiding
excitotoxicity. Positive allosteric modulators for AMPA receptors subtly increase receptor
activity, strengthening synaptic responses and supporting memory processes without over-
stimulation [352,353]. Similarly, partial NMDA receptor agonists are under development
to reinforce pathways crucial for learning and memory, offering a balanced approach that
preserves adaptability without harming neurons [354]. These receptor-specific treatments
could provide a new layer of cognitive resilience in neurodegeneration.

6.3.2. Neurotrophic Factors

Advanced delivery methods for neurotrophic factors are improving synaptic resilience.
Gene therapies for BDNF focus on precise delivery to affected brain regions, with engi-
neered viral vectors targeting hippocampal areas associated with memory [355]. This
approach aims to maintain synaptic plasticity and protect against further synaptic loss. In
PD, encapsulated cell implants releasing GDNF provide sustained support for dopaminer-
gic neurons in the substantia nigra [356]. These implants bypass the blood–brain barrier,
ensuring targeted, continuous delivery to preserve neurons over time, offering a lasting
neuroprotective effect [357].

6.3.3. Synapse-Targeted Therapeutics

Directly stabilizing synaptic structures represents a novel therapeutic approach. Re-
search into scaffolding proteins like PSD-95 and SHANK3, which maintain receptor align-
ment, has led to peptide-based drugs that bind these proteins, enhancing synaptic stability.
By reinforcing the structural matrix, these therapies aim to sustain communication between
neurons in conditions where synaptic architecture is compromised [358].

Efforts to improve neurotransmitter availability by enhancing synaptic vesicle dy-
namics are also underway [359]. Targeting proteins like synapsin, crucial for vesicle mobi-
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lization, could improve neurotransmitter release and recycling, addressing transmission
deficits seen in HD [360]. These interventions aim to restore efficient signal transmission,
preserving connectivity and overall neural network health.

These molecular strategies represent a shift toward therapies that rebuild and strengthen
synaptic architecture. By targeting receptor function, sustaining neurotrophic support, and
directly bolstering synaptic structure, these approaches offer the potential for meaningful
restoration of cognitive and motor function [361,362]. This new generation of treatments
brings hope for durable, structural improvements in the management of neurodegenera-
tive diseases.

7. Molecular Biomarkers and Diagnostics

The discovery of molecular biomarkers is redefining how we approach neurodegener-
ative diseases, offering pathways to early diagnosis, precise monitoring, and personalized
treatment [363]. Advances in proteomics and metabolomics allow researchers to detect
unique biochemical changes in CSF and blood, providing insights into the underlying
mechanisms of neurodegenerative diseases [364]. This molecular-level approach is moving
diagnostics beyond symptom observation and toward a future of targeted interventions.

7.1. Molecular Biomarkers in Body Fluids

CSF and blood biomarkers are becoming indispensable for diagnosing neurodegen-
erative diseases, offering a minimally invasive way to assess disease-specific molecular
changes. Proteomic and metabolomic profiling provides comprehensive insights, capturing
shifts in protein and metabolite levels that are uniquely associated with each condition.

This table (Table 2) compiles high-citation studies on molecular biomarkers critical
for the early detection and diagnosis of neurodegenerative diseases. Each biomarker
type, from protein aggregates to inflammatory markers, is associated with particular
neurodegenerative conditions and is linked to specific detection methods.

Table 2. High-citation studies on molecular biomarkers for early detection and diagnosis.

Biomarker
Type Primary Marker(s) Associated

Disease(s) Detection Method Diagnostic Value High-Citation
Studies

Protein
aggregates Amyloid-beta, tau Alzheimer’s CSF analysis, PET

imaging

High sensitivity
and specificity for
early AD diagnosis

Chapleau et al.
(2022) [365],

Greenberg et al.
(2022) [366]

Inflammatory
cytokines TNF-α, IL-1β, IL-6 ALS,

Alzheimer’s, PD

Blood-based
biomarkers, CSF

sampling

Elevated levels
correlating with
neuroinflamma-

tory activity

Heneka et al.
(2015) [88], Hu

et al. (2017) [367]

Genetic
mutations

SOD1, HTT,
APOE ε4

ALS,
Huntington’s, AD

Genotyping, next-gen
sequencing

APOE ε4 for AD
risk; SOD1

mutations in
familial ALS

Serrano-Pozo et al.
(2021) [368],
Renton et al.
(2014) [369]

Oxidative
stress markers

8-OHdG, MDA,
protein carbonyls ALS, Huntington’s Urine, blood assays

Indicative of
oxidative damage
in early neurode-

generation

Beal et al.
(2005) [370], Chen
et al. (2004) [371]

Synaptic loss
indicators

Synaptophysin,
PSD-95

Alzheimer’s,
Parkinson’s

Immunohistochemistry,
PET tracers

Correlates with
cognitive decline

and synaptic
dysfunction

Tzioras et al.
(2023) [372], Dauer

et al. (2003) [95]
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7.1.1. Proteomic Approaches

Proteomics examines protein changes that are specific to neurodegenerative processes.
In AD, reduced amyloid-beta 42 (Aβ42), increased phosphorylated tau, and elevated
neurogranin in CSF collectively reflect the early presence of plaques, tau pathology, and
synaptic loss, which are key indicators before cognitive symptoms fully develop [363]. This
combination of markers enables a nuanced view of AD onset, offering a more accurate
diagnosis than single biomarkers.

In PD, phosphorylated alpha-synuclein at serine-129 is emerging as a reliable marker
in CSF and blood, distinguishing PD’s pathology from other movement disorders [373].
This phosphorylation pattern, along with neurofilament light chain (NfL), allows clinicians
to differentiate PD from similar conditions, providing a refined diagnostic approach based
on early protein modifications [374].

7.1.2. Metabolomic Profiling

Metabolomics analyzes small molecules within body fluids, uncovering metabolic
disruptions that are distinctive to neurodegenerative diseases. In AD, lipid peroxidation
markers like malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) indicate oxidative
stress in the brain, potentially allowing for early detection [375]. Changes in glucose
metabolism also reflect AD’s impact on brain energy usage, providing additional diagnostic
insights.

In PD, lower levels of urate in blood have been associated with faster disease pro-
gression, sparking interest in urate as a biomarker. This discovery has led to research on
urate-boosting therapies as a potential way to slow PD’s course [376]. In ALS, elevated glu-
tamate levels in CSF highlight excitotoxicity, offering a molecular target for therapies aimed
at reducing glutamate-related damage. Alterations in amino acid levels also underscore
the metabolic imbalance associated with ALS progression [345].

These biomarker advancements in CSF and blood present a transformative approach
to neurodegenerative diagnostics. By identifying disease-specific protein and metabolite
changes, researchers are creating precise diagnostic tools that support early intervention
and personalized treatment [377].

7.2. Molecular Imaging Techniques

Molecular imaging is opening up remarkable possibilities in neurodegenerative dis-
ease diagnostics, allowing us to see inside the brain at the molecular level. Unlike traditional
imaging, which captures structural damage only after symptoms appear, molecular tech-
niques like PET and targeted MRI contrast agents are designed to reveal disease-related
molecules in real time [378]. This shift means that for conditions like AD, PD, ALS, and
HD, we can detect disease earlier, track its progression with greater accuracy, and evaluate
therapies in a more targeted way [379].

7.2.1. PET Ligands for Protein Aggregates

Positron emission tomography (PET) imaging has transformed our approach to track-
ing disease-specific proteins in the brain. In AD, PET tracers such as 18F-florbetapir and
11C-PiB bind directly to amyloid-beta plaques, providing an early and clear view of amy-
loid buildup that correlates with disease progression [380]. Tau-specific PET tracers, like
18F-flortaucipir, add another layer, allowing us to see where tau tangles are concentrated.
Studies show that tau load aligns more closely with cognitive decline than amyloid, offering
crucial insights into the symptomatic side of AD and enabling a more nuanced approach to
diagnosis and treatment [381].

In PD, dopamine-targeted PET tracers like 18F-FDOPA are instrumental in capturing
the decline in dopamine levels within the substantia nigra, even in the earliest stages [382].
With the development of alpha-synuclein-specific tracers, PET imaging is on the brink of
being able to visualize Lewy body pathology directly. This would allow us to distinguish
PD from other movement disorders that do not involve alpha-synuclein buildup, poten-
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tially transforming diagnostic accuracy and paving the way for alpha-synuclein-targeted
therapies [383].

7.2.2. Molecular MRI Contrast Agents

Molecular MRI is expanding beyond structural imaging, using specialized contrast
agents to highlight disease-specific changes invisible to conventional MRI. In AD, new
gadolinium-based agents designed to bind amyloid-beta plaques are offering an innova-
tive, nonradioactive approach to tracking amyloid burden over time. Iron-sensitive MRI
techniques are also emerging as powerful tools for detecting iron accumulation in the
hippocampus and other brain areas affected by AD [384]. This buildup of iron, associated
with oxidative stress and inflammation, provides insights into the biochemical environment
that accelerates disease progression [385].

For PD, ultra-small superparamagnetic iron oxide (USPIO) nanoparticles are being
explored as contrast agents that enhance iron detection in the substantia nigra. Since iron
accumulation is strongly linked with PD pathology, these agents offer a targeted way to
visualize and monitor disease progression. This technique also aids in distinguishing PD
from other disorders where iron buildup is absent, enhancing diagnostic specificity [386].

Nanoparticle-based MRI agents targeting neuroinflammation are making significant
strides in conditions like ALS and HD. These nanoparticles can cross the BBB and attach to
activated microglia, the immune cells involved in neuroinflammatory processes. In ALS,
where inflammation closely correlates with motor neuron damage, tracking neuroinflam-
mation with MRI offers a new layer of insight into how the disease progresses and how
therapies impact inflammation over time [387].

The advances in molecular imaging through PET ligands and MRI contrast agents
are reshaping our approach to neurodegenerative diseases. By focusing on proteins like
amyloid, tau, dopamine, alpha-synuclein, iron buildup, and neuroinflammation, these
imaging agents allow for a deeper, more precise understanding of disease mechanisms.
Molecular imaging is not only enhancing diagnostic accuracy but also opening up pathways
for targeted treatments, bringing a promising future of personalized neurodegenerative
care within reach [388].

7.3. Molecular Diagnostics and Personalized Medicine

Molecular diagnostics is opening the door to personalized medicine in neurodegener-
ative diseases where treatments are tailored to each patient’s unique genetic and molecular
profile. This approach transforms how we manage neurodegenerative conditions by al-
lowing for more precise and proactive care. Advances in genomics, risk modeling, and
molecularly targeted therapies mean that clinicians can now detect disease early, antici-
pate its progression, and personalize treatment plans, moving beyond a one-size-fits-all
approach [389].

7.3.1. Genomic Sequencing

Genomic sequencing has become essential for identifying specific genetic variations
that influence the onset and progression of neurodegenerative diseases. In AD, the APOE
ε4 allele remains a well-known risk factor, but polygenic risk scores (PRS), which analyze
multiple genetic markers, now provide a richer understanding of each person’s susceptibil-
ity [390]. These scores can reveal high-risk profiles long before symptoms appear, helping
to guide early interventions aimed at slowing or preventing cognitive decline.

In PD, sequencing has uncovered mutations beyond LRRK2, such as GBA and SNCA,
each linked to different molecular pathways involved in the disease. This knowledge is
driving targeted therapies designed to address the distinct impacts of each mutation [391].
Innovative gene-editing technologies like CRISPR/Cas9 are also being explored to modify
the expression of specific genes, with the potential to stop the disease before it progresses
by targeting its genetic roots.
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ALS and HD also see breakthroughs from genomic insights. For ALS, mutations like
C9orf72 and SOD1 are directly associated with harmful proteins and RNA byproducts.
Therapeutic approaches such as ASOs are being developed to counteract these specific toxic
molecules at their source [392]. In HD, the precise measurement of CAG repeat length in
the HTT gene enables not only an accurate diagnosis but also the potential for targeted gene
therapies that aim to reduce the production of the mutant huntingtin protein, a primary
cause of HD’s progression [393].

7.3.2. Molecular Risk Models

Molecular risk models are now integrating genetic data with other factors—such
as biomarker levels and environmental influences—to predict disease trajectory more
accurately. In AD, models that combine APOE genotype with cerebrospinal fluid markers
like amyloid and tau give clinicians the tools to forecast cognitive decline with greater
precision. This means at-risk individuals can begin preventive or slowing interventions
well before symptoms arise [394].

In PD, risk models that include early, non-motor symptoms such as REM sleep be-
havior disorder, along with genetic factors like LRRK2 and GBA mutations, allow for
earlier intervention strategies. This approach helps identify high-risk individuals long
before motor symptoms appear, supporting neuroprotective measures aimed at preserving
brain health [395]. In ALS, combining biomarkers like NfL with specific genetic mutations
helps clinicians identify faster-progressing cases, enabling more personalized and intensive
treatment strategies where needed [377].

7.3.3. Personalized Treatment Strategies Guided by Molecular Profiling

Personalized medicine enables therapies that are aligned with each patient’s unique
molecular markers. In AD, for example, patients with significant amyloid buildup can be
targeted with anti-amyloid therapies, while those showing tau pathology may be better
suited to tau-specific treatments. This targeted approach avoids generalized treatment,
reducing unnecessary exposure and enhancing the likelihood of a positive response [396].

In PD, mutation-specific treatments are emerging as well. For example, patients with
LRRK2 mutations may respond to LRRK2 kinase inhibitors, which directly address the
cellular effects of this mutation. In ALS, ASO therapies that target specific mutations such
as SOD1 are being developed to prevent the production of toxic proteins [397]. HD, too, is
benefiting from precision medicine with RNA interference therapies designed to selectively
lower mutant huntingtin protein levels, aiming to slow the disease at its genetic origin [398].

The advancements in molecular diagnostics and personalized medicine are creating a
future where neurodegenerative diseases are managed according to each patient’s unique
molecular signature.

8. Gut–Brain Axis: Molecular Interactions

The gut–brain axis reveals surprising insights into how the gut microbiome might
influence brain health and the course of neurodegenerative diseases. Once viewed as
largely separate, it is now clear that the gut and brain engage in continuous molecular
conversations, with the gut microbiome playing an active role in shaping processes that
can either support or challenge neural health [399].

8.1. Molecular Communication Pathways

The gut communicates with the brain through a web of molecular pathways, with
metabolites, immune modulators, and microbial byproducts all playing roles. These
signaling mechanisms illustrate how changes in microbial composition can ripple through
the body and impact neurodegenerative processes at their core [400].
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8.1.1. Metabolites as Signaling Molecules

One of the most fascinating discoveries is that metabolites produced by gut bacteria
can directly affect brain function [401]. For example, certain gut bacteria synthesize gamma-
aminobutyric acid (GABA), a neurotransmitter crucial for maintaining a balance between
excitation and inhibition in the brain. Researchers are now exploring whether boosting
levels of GABA-producing bacteria might offer support to neural circuits affected by
neurodegenerative diseases. This approach presents the potential to address not just
cognitive symptoms but also mood-related symptoms, with microbiome adjustments
providing a new avenue for neuroprotection [402].

Polyamines, small organic molecules produced by certain gut microbes, have also
gained attention for their role in cellular repair and growth. In the brain, balanced
polyamine levels are crucial for maintaining cellular resilience, but when dysregulated,
they can contribute to cellular stress [403]. Targeting polyamine synthesis in the gut as a
means to fortify brain cells against the stresses seen in neurodegeneration is a promising
approach. By carefully modulating polyamine levels through probiotics or dietary adjust-
ments, scientists hope to create a more resilient neural environment, potentially slowing
the progression of neurodegenerative conditions [404].

8.1.2. Bacterial Components Influencing Neuroinflammation

Bacterial components, such as LPS and peptidoglycans, are now recognized as in-
fluential players in neuroinflammation. These molecules can escape the gut and travel
through the bloodstream, particularly when the gut barrier becomes compromised [400].
Once in circulation, they may cross into the brain and trigger inflammation by activating
microglial cells, which can then initiate a cascade of immune responses that contribute to
neuronal stress and damage [405]. Efforts to reinforce the gut barrier—through specific
probiotics, prebiotics, or dietary interventions—are being explored as ways to prevent
these inflammatory molecules from entering the bloodstream, potentially providing a novel
strategy for controlling neuroinflammation in neurodegenerative diseases [406].

Microbial-derived amines like p-cresol are also of special interest. This byproduct,
produced by certain bacteria during protein fermentation, can disrupt the BBB, making
it more permeable and allowing neurotoxic molecules to reach the brain. This discovery
has led to research focused on selectively reducing p-cresol-producing bacteria within the
gut [407]. By protecting the BBB in this way, it may be possible to limit neurotoxic damage
and slow down disease progression. The insights emerging from gut–brain research
offer a fresh perspective on neurodegenerative diseases, highlighting the microbiome as a
powerful modulator of brain health [408].

8.2. Molecular Impact of Microbiota on the CNS

Discoveries reveal the remarkable influence of the gut microbiota on CNS health.
Far from being limited to digestion, the gut’s microbial communities actively engage in
a two-way conversation with the brain, affecting everything from barrier integrity to
immune responses and neural communication [409]. By exploring the molecular path-
ways that connect gut microbes to brain processes, scientists are beginning to understand
how microbiome-based therapies might support brain resilience and even slow disease
progression [410].

8.2.1. Tight Junction Proteins and Blood–Brain Barrier Integrity

The BBB acts as a selective shield, keeping harmful substances out of the brain while
allowing essential molecules to pass. Tight junction proteins are vital for this barrier’s func-
tion, and recent studies show that certain gut bacteria can enhance the expression of these
proteins, strengthening the BBB and making it more resistant to neurotoxic infiltration [411].
A key player here is butyrate, a short-chain fatty acid produced by beneficial gut microbes,
which promotes the production of claudin and occludin—proteins essential to maintaining
the BBB’s integrity. In cases of gut dysbiosis where butyrate levels drop, BBB function can
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weaken, potentially letting harmful compounds into the brain. Interventions that boost
butyrate levels, either through diet or supplementation, are being explored to fortify the
BBB and reduce neurodegenerative risk [412].

Zonulin, a protein regulated by certain gut bacteria, also influences BBB permeability
by loosening tight junctions when its levels rise. High zonulin can allow inflammatory
molecules into the brain, which may accelerate neuroinflammation. Therapeutic approaches
aimed at controlling zonulin-regulating bacteria offer a promising route to stabilizing the
BBB and mitigating inflammatory responses tied to disease progression [413].

8.2.2. Vagus Nerve Signaling and Gut–Brain Communication

The vagus nerve forms a direct communication link between the gut and the brain,
transmitting signals that impact mood, cognition, and immune health. Certain gut bacteria
produce neuroactive compounds, including serotonin precursors, which activate the vagus
nerve and influence brain regions involved in emotional regulation and stress. In neurode-
generative conditions, promoting bacteria that produce serotonin and related compounds
is being explored as a way to enhance mood and cognitive function through this gut–brain
pathway [414].

In Parkinson’s disease, research suggests that misfolded alpha-synuclein proteins may
originate in the gut and travel to the brain via the vagus nerve. Some bacterial strains
appear to encourage this initial misfolding, offering a new therapeutic target by addressing
the gut’s role in the early stages of PD progression [415].

Moreover, the vagus nerve plays a role in immune modulation, carrying signals from
gut bacteria that produce anti-inflammatory compounds. In diseases like ALS, boosting
these anti-inflammatory bacteria could help reduce brain inflammation, protect neurons,
and potentially slow the course of neurodegeneration. The gut microbiota’s impact on the
BBB and vagal signaling underscores a powerful connection between gut health and brain
health [416].

8.3. Molecular Therapeutics Targeting the Gut–Brain Axis

The gut–brain axis has emerged as a novel therapeutic target in neurodegenerative
disease, with therapies designed to modulate the gut microbiome showing promise for
supporting brain health. Prebiotics, probiotics, and targeted antibiotics are being explored
as potential interventions to balance gut microbial populations, reduce neuroinflammation,
and positively influence neurotransmitter production [417,418].

8.3.1. Prebiotics and Probiotics

Prebiotics and probiotics are under intense study for their potential to nurture a gut
environment that actively supports CNS function. Prebiotics, which serve as food for
beneficial bacteria, can enhance the production of SCFAs like butyrate. Elevated butyrate
levels have been associated with improved BBB integrity, which helps restrict harmful
molecules from reaching the brain and triggering inflammation. Clinical trials are currently
evaluating whether prebiotic-rich diets can boost butyrate levels in the gut, potentially
reinforcing BBB stability and providing neuroprotective benefits in conditions marked by
neuroinflammation [419].

Probiotics, introducing live beneficial bacteria, are also being studied for their effects
on neurotransmitter pathways and brain health. Certain strains produce metabolites that
support mood and cognitive function by increasing levels of neurotransmitters such as
GABA and serotonin. Enhancing populations of these neurotransmitter-producing bacteria
offers an innovative approach to managing mood and cognitive symptoms often seen in
neurodegenerative disorders [420]. Studies suggest that specific strains, like Bifidobac-
terium and Lactobacillus, may contribute to a more supportive gut–brain environment by
balancing immune responses and promoting neural health [421].

In Parkinson’s, where evidence suggests that alpha-synuclein misfolding may start
in the gut, probiotics are being examined for their potential to alter microbial populations
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that influence this process. Researchers are exploring whether specific strains could help
stabilize microbial composition in ways that reduce alpha-synuclein misfolding and its
propagation to the brain, thereby intercepting disease progression early [408].

8.3.2. Antibiotics and Microbiota Modulation

Selective use of antibiotics is also being studied as a way to adjust gut microbial
composition in neurodegenerative diseases. While antibiotics are generally used to target
pathogenic bacteria, certain regimens may help selectively reduce pro-inflammatory bacte-
rial strains linked to neuroinflammatory pathways. For instance, in Parkinson’s disease,
specific bacteria appear to contribute to alpha-synuclein aggregation, which then migrates
from the gut to the brain. Short-term antibiotic treatments are being investigated to man-
age these specific bacterial populations, potentially lowering neuroinflammatory triggers
associated with the progression of Parkinson’s [422].

Given the risks of broad-spectrum antibiotics disrupting beneficial bacteria, precision
antibiotics designed to selectively target strains linked to neurodegenerative pathways are
a promising focus. These precision agents aim to modulate the microbiome without disturb-
ing the broader microbial ecosystem, thus supporting a balanced gut environment. Early
studies in ALS models show that selective antibiotics can effectively reduce inflammation
and support neuronal function, demonstrating the potential of microbiome-modulating
antibiotics as a supportive treatment for neurodegeneration [400]. Therapies like prebiotics,
probiotics, and precision antibiotics open new therapeutic pathways for neurodegenerative
diseases. These treatments aim to reshape microbial populations in ways that bolster BBB
function, reduce inflammation, and support neuroprotective signaling [423].

9. Emerging Molecular Therapeutic Approaches

In the world of neurodegenerative treatments, molecular therapies are opening doors
that once seemed unreachable. With our expanding knowledge of cellular mechanisms,
these approaches aim to target the precise molecular causes of neurodegenerative dis-
eases [424]. Advances in nanotechnology, stem cell applications, and pharmacogenomics
are transforming treatment possibilities, offering tailored solutions that reach deep into
the brain’s complex networks. By addressing the intricate needs of affected neurons and
crossing physical barriers, these novel therapies signal a new era of precision medicine in
neurodegeneration [425].

9.1. Nanotechnology in Drug Delivery

Nanotechnology is reshaping how we approach drug delivery in the brain. With
its ability to construct incredibly tiny carriers, nanotechnology enables targeted, highly
controlled therapeutic interventions that reach areas in the brain once inaccessible due
to barriers like the BBB. Nanocarriers, meticulously engineered to transport therapeutic
agents to specific regions within the brain, offer new hope for reaching disease hotspots
with minimal side effects [426].

9.1.1. Nanocarriers for Enhanced Brain Penetration

The BBB has long posed a formidable challenge, blocking many potentially beneficial
drugs from entering the brain. Nanocarriers—such as liposomes, polymeric nanoparti-
cles, and dendrimers—are designed to bypass this barrier, acting as tiny vessels that can
shield drugs as they make their way into the brain [427]. These carriers can be modified
with specialized molecules on their surfaces, allowing them to interact with the BBB and
enter precisely where they are needed, sparing other areas of the body from unnecessary
exposure [428].

In Alzheimer’s, researchers are exploring nanocarriers loaded with drugs aimed at
breaking down amyloid plaques and preventing tau protein aggregation. These carriers
bring the medication directly to the affected areas, enhancing its impact and reducing the
systemic side effects often seen in traditional treatments [429]. In Parkinson’s, dopamine-
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loaded nanocarriers are being tested for their ability to reach specific brain regions, offering
a more effective way to replace dopamine and address motor symptoms with precision
and efficiency [430].

Newer biodegradable nanocarriers add another layer of innovation, breaking down in
the body once their therapeutic payload has been delivered. This reduces any long-term
accumulation of materials in the body, minimizing risks [431]. Moreover, researchers are
creating nanocarriers that release drugs in response to specific signals, such as oxidative
stress or pH changes, making treatment timing more precise and adaptable to the unique
conditions within the diseased brain [432].

9.1.2. Targeted Delivery Systems for Precision Therapy

Building upon the BBB-crossing capabilities of nanocarriers, targeted delivery systems
are taking precision to an even greater level by directing treatments specifically to diseased
cells [433]. These systems use ligands—small molecules designed to bind selectively to
receptors found only on certain brain cells—ensuring that treatments focus directly on
affected areas, preserving healthy cells from exposure [434].

Nanoparticles traverse the BBB using specialized mechanisms tailored for efficient
and precise delivery. Receptor-mediated transcytosis is a prominent strategy where ligands
such as transferrin, lactoferrin, or apolipoprotein E bind to receptors like transferrin or
LDL receptors on endothelial cells, facilitating transport across the barrier. Surface func-
tionalization with PEG minimizes immune detection and prolongs circulation time, while
active targeting strategies use antibodies or peptides to engage transporters such as LRP1
or GLUT1 for precise delivery to neural tissues [435]. Stimuli-responsive nanoparticles
further enhance specificity, releasing their therapeutic payload in response to localized
triggers like acidic pH, oxidative stress, or elevated enzymatic activity within the brain
microenvironment. Additionally, lipid-based systems, such as liposomes and solid lipid
nanoparticles, exploit endogenous carrier-mediated pathways to mimic natural substrates
and improve permeability [435].

The long-term safety of nanoparticles depends on their composition, clearance mech-
anisms, and immune compatibility. Nonbiodegradable materials, such as metallic or
carbon-based nanoparticles, risk accumulation in organs like the liver, spleen, and kid-
neys, potentially causing chronic toxicity. Immune responses, including complement
activation-related pseudoallergy (CARPA), can be triggered by surface properties, lead-
ing to inflammatory or allergic reactions [436]. To address these concerns, biodegradable
materials such as lipids or PLGA are preferred, and PEG coatings are used to reduce
immune recognition and enhance clearance. Rigorous long-term in vivo studies are critical
to evaluating biodistribution, toxicity, and the potential for bioaccumulation, ensuring the
safe application of nanoparticles in clinical settings [437].

In ALS where motor neurons progressively deteriorate, researchers are developing
targeted nanoparticles to deliver neuroprotective treatments right to these cells. This
focused approach allows for the delivery of therapeutic agents directly to the cells that
need them the most, potentially slowing degeneration and preserving motor function [438].

In HD, targeted nanoparticles are being designed to transport gene-editing tools to
cells expressing the mutant huntingtin protein, selectively modifying only the damaged
cells [439]. This could allow for a reduction in harmful protein levels without impacting
other healthy cells, directly targeting the root of disease progression with minimal off-target
effects [440].

Further innovations are pushing the boundaries of nanotechnology with multifunc-
tional nanoparticles that address multiple aspects of neurodegeneration simultaneously.
For instance, a single nanoparticle might be designed to carry both an anti-inflammatory
agent and a neuroprotective compound, offering a dual approach for treating diseases
like Alzheimer’s and Parkinson’s where inflammation and neurodegeneration occur hand
in hand [441]. These versatile carriers provide a holistic treatment in one single package,
addressing several facets of complex disease mechanisms [442].
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Personalized medicine can tailor treatments by leveraging individual amyloid or tau
profiles. For instance, patients with predominant amyloid pathology may benefit from
anti-amyloid monoclonal antibodies, whereas those with tau-related dysfunction might
respond better to tau aggregation inhibitors or kinase inhibitors targeting tau hyperphos-
phorylation [443].

Another promising direction is theranostics where nanoparticles integrate both thera-
peutic and diagnostic functions. These specialized nanocarriers can not only deliver treat-
ments but also allow real-time tracking of drug distribution and therapeutic effects [444].
This capability offers physicians an unprecedented ability to monitor how well the treat-
ment is working, adjusting doses and timing as needed, enabling a level of precision and
adaptability in treatment that is especially valuable in progressive diseases [445]. The
potential of nanotechnology to reshape neurodegenerative treatment lies in its unparal-
leled ability to deliver therapies with remarkable accuracy. By targeting specific cells,
navigating biological barriers, and combining therapeutic actions in a single nanocarrier,
these advances represent a transformative approach to tackling complex brain diseases.
These precise, carefully designed interventions have the promise to significantly improve
treatment efficacy and open new pathways to protect and sustain brain health [446].

9.2. Molecular Basis of Stem Cell Therapy

Stem cell therapy opens up exciting new possibilities in the fight against neurodegener-
ative diseases. With their unique ability to regenerate damaged neurons, release protective
molecules, and modulate immune responses, stem cells offer a fresh approach. Advances in
guiding stem cells to become specific types of neurons, delivering them directly to affected
brain regions, and even enhancing them genetically bring hope for treatments that go
beyond symptom relief to address the root causes of these diseases [447,448].

9.2.1. Differentiation into Neuronal Lineages

A key focus in stem cell research is guiding these versatile cells to become the specific
types of neurons lost in neurodegenerative diseases. The latest breakthroughs in induced
pluripotent stem cells (iPSCs) make it possible to take a patient’s own cells, reprogram
them, and turn them into exactly the kinds of neurons that are missing [449].

In Parkinson’s disease, for instance, scientists are working to turn iPSCs into dopamin-
ergic neurons—the cells that produce dopamine, which is essential for movement [450].
Early studies show that these lab-grown neurons can be transplanted into the brain where
they can integrate with existing networks, produce dopamine, and, potentially, help restore
motor control [451].

For ALS, researchers are refining ways to produce motor neurons from stem cells.
These specially developed cells are designed to survive the inflammatory environment of
ALS and re-establish lost connections with muscles [452]. By focusing on resilience and
functionality, these motor neurons could, one day, help ALS patients retain motor function
longer [453].

In HD, where a specific type of neuron called the medium spiny neuron is lost, sci-
entists are developing ways to generate these cells in the lab. By tailoring differentiation
protocols to produce neurons that function just like those affected in Huntington’s, re-
searchers hope to restore both cognitive and motor abilities [454].

9.2.2. Paracrine Effects of Stem Cells

Stem cells offer another valuable function beyond simply replacing lost cells—they can
release molecules that support and protect surrounding neurons. This ability to influence
the brain’s environment is known as the paracrine effect. Mesenchymal stem cells (MSCs),
for example, naturally secrete neurotrophic factors like BDNF and GDNF, which help
neurons survive, form connections, and resist stress [455]. In Alzheimer’s, where neuronal
support is critical, these neurotrophic factors could help protect brain cells from the effects
of the disease [456].
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Exosomes are emerging as a clever way to deliver these protective molecules. These
tiny, naturally occurring particles, which stem cells release, carry proteins, RNAs, and other
therapeutic molecules [457]. Because exosomes can cross the blood–brain barrier, they can
deliver neuroprotective factors directly to the brain. Studies have shown that exosomes
might help reduce amyloid and tau deposits in Alzheimer’s models, enhancing neuronal
resilience without the need for full cell transplantation [458].

In ALS, stem cells are explored as a way to release anti-inflammatory molecules
that calm overactive immune responses. By reducing inflammation, stem cell-derived
factors can help create a healthier environment for motor neurons, potentially slowing the
progression of the disease [459].

A further innovation involves genetically enhancing stem cells to make them even
more effective. Using CRISPR gene editing, scientists are boosting stem cells’ ability to
release protective molecules and resist the conditions of the disease environment. This
combined approach not only fortifies the transplanted cells but also allows them to sup-
port the brain more effectively, addressing both inflammation and neuronal damage at
once [460]. Stem cell therapy holds transformative potential in neurodegenerative diseases
by combining precise neuronal replacement, powerful paracrine support, and genetic
enhancement [461].

9.3. Pharmacogenomics

Pharmacogenomics is redefining neurodegenerative disease treatment by leveraging
genetic and molecular insights to tailor therapies to each patient’s unique biology. Rather
than relying on standard protocols, pharmacogenomics allows for a customized approach
where treatments are selected based on how a patient’s genetic makeup affects drug
efficacy, safety, and disease progression [462]. This level of precision is especially valuable
in complex diseases like Alzheimer’s, Parkinson’s, ALS, and Huntington’s where individual
responses to treatment can vary widely. By pinpointing the genetic and molecular factors
that drive each person’s disease, pharmacogenomics opens the door to more effective,
patient-centered care [463].

9.3.1. Molecular Profiling for Drug Response

Pharmacogenomic profiling begins with identifying genetic variations that influence
how patients process and respond to medications. Key genes involved in drug metabolism,
such as those in the cytochrome P450 (CYP) family, play a central role. Variations in these
genes can determine how quickly or slowly drugs are broken down in the body, which
impacts both therapeutic outcomes and side effect profiles [464]. In Alzheimer’s disease, for
example, specific CYP2D6 variants affect how patients metabolize cholinesterase inhibitors,
a commonly prescribed class of drugs [465]. Patients with certain genetic profiles may
experience reduced drug efficacy or increased side effects, making it essential to adjust
dosages based on genetic information for optimal results.

In Parkinson’s, genetic variations in dopamine-processing genes like COMT and MAO-
B affect how patients respond to dopamine replacement therapies. Patients with certain
COMT polymorphisms may require customized levodopa dosing to achieve effective
symptom control while minimizing motor complications [466]. Additionally, patients with
mutations in genes like LRRK2 or GBA, which are associated with different PD subtypes,
may respond better to specific treatments tailored to their genetic backgrounds [467,468].

In ALS, where genetic mutations play a major role in disease variability, pharmacoge-
nomic insights are used to guide drug selection. Certain ALS patients carry mutations
in the SOD1 gene, which are linked to faster disease progression [469]. For these pa-
tients, targeted therapies that specifically address the effects of SOD1 mutations, such as
gene-silencing approaches, are under investigation [470]. By identifying patients with
these and other relevant genetic variations, pharmacogenomics allows for more precise
intervention strategies.
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9.3.2. Tailoring Therapies Based on Molecular Signatures

Pharmacogenomics also involves analyzing molecular signatures—biomarkers, pro-
tein profiles, and gene expression patterns that reveal unique characteristics of a patient’s
disease. These signatures provide insight into the specific biological processes active in
each case, allowing clinicians to select therapies that directly target the disease mechanisms
most relevant to the individual [471].

In Alzheimer’s, for instance, patients with particular biomarker profiles may benefit
more from treatments targeting amyloid or tau pathology. Molecular profiling of biomark-
ers like APOE ε4 status, phosphorylated tau, and neurofilament light chain levels can guide
clinicians in selecting amyloid-clearing drugs that patients are likely to respond to [472].
This approach enables the choice of targeted therapies that are better suited to each patient’s
distinct disease pathology.

The listed therapies (Table 3) span cutting-edge approaches such as nanotechnology-
based drug delivery, stem cell therapy, and pharmacogenomics. Each therapeutic approach
targets specific molecular processes within these diseases, with clinical outcomes demon-
strating potential benefits and areas for further research.

Table 3. Therapeutic innovations and clinical trials in neurodegenerative disease treatments.

Therapeutic
Approach

Molecular
Target

Disease
Focus

Therapeutic
Agent(s) Trial Phase Key Outcomes Cited Studies

Nanotechnology-
based drug

delivery

Blood–brain
barrier

penetration,
tau/amyloid-
beta targeting

Alzheimer’s,
Parkinson’s

Liposomal
encapsulation,
PEG-modified
nanoparticles

Phase II
(various)

Improved brain
bioavailability,

reduced
plaques/tangles

in animal
models

Hajjo et al.
(2022) [473],
Saraiva et al.
(2016) [474]

Stem cell therapy
Dopaminergic
neurons, motor

neurons

Parkinson’s,
ALS iPSCs, MSCs Phase I/II

Motor
symptom

improvement,
neuron survival
post-transplant

Takahashi et al.
(2007) [475], Glass
et al. (2016) [476]

Gene therapy SOD1, HTT,
APOE ε4

ALS,
Huntington’s,

AD

Antisense
oligonu-
cleotides,
CRISPR

Phase I/II

Reduced toxic
protein levels,
slower disease

progression

Kordasiewicz
et al. (2012) [477],

Bennett et al.
(2019) [478]

Pharmacogenomics
CYP2D6,
COMT,

APOE ε4

Alzheimer’s,
Parkinson’s

Genotype-
guided dosing

for existing
drugs

Phase II/III

Reduced side
effects,

improved
therapeutic
outcomes

Singh et al.
(2017) [479],
Müller et al.
(2015) [480]

Microbiome
modulation

Gut–brain axis,
inflammation

Parkinson’s,
Alzheimer’s

Probiotics,
prebiotics,
antibiotics

Phase I

Reduced neu-
roinflammation

markers,
improved cog-
nitive/motor

symptoms

Sampson et al.
(2016) [481],

Cattaneo et al.
(2017) [482]

In ALS, molecular signatures associated with inflammation or oxidative stress help
doctors make more informed treatment decisions [483]. Patients with elevated inflamma-
tory markers may benefit from anti-inflammatory therapies, while those showing signs of
oxidative damage might respond better to antioxidant interventions [484]. Pharmacoge-
nomics enables the alignment of treatment strategies with the underlying molecular drivers
of each patient’s ALS, optimizing treatment effectiveness and potentially slowing disease
progression [485].
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For HD, pharmacogenomics is particularly valuable in the development of gene-
silencing therapies. By examining HTT gene variations, which affect the mutant hunt-
ingtin protein production, clinicians can identify patients likely to benefit from antisense
oligonucleotides—therapies designed to reduce harmful protein levels [85]. This molec-
ularly tailored approach holds promise for slowing HD progression, targeting the root
cause, and offering the potential for long-term impact in genetically compatible patients.
Pharmacogenomics is ushering in a new era of precision medicine for neurodegenerative
diseases where treatments are chosen based on each patient’s specific genetic and molecular
landscape [486]. By aligning therapies with individual disease characteristics, pharmacoge-
nomics enhances treatment effectiveness, minimizes adverse effects, and brings a new level
of personalization to neurodegenerative care.

10. Conclusions

Molecular research is illuminating new pathways in the treatment of neurodegenera-
tive diseases, leading to a deeper understanding that goes beyond managing symptoms to
targeting the fundamental drivers of conditions like Alzheimer’s, Parkinson’s, ALS, and
Huntington’s. This review has delved into the intricacies of neurodegeneration, exploring
mechanisms from protein misfolding and inflammation to genetic mutations and cellular
energy deficits. These insights are not just theoretical; they guide cutting-edge therapeutic
approaches aimed at intervening at critical junctures in these diseases.

10.1. Integration of Molecular Mechanisms

The complex interplay among the mechanisms driving neurodegeneration is becoming
clearer, revealing potential for therapies that address these intertwined pathways simul-
taneously. Protein misfolding, for example, does more than disrupt cellular function; it
also triggers chronic inflammatory responses that exacerbate neuronal damage. Similarly,
mitochondrial dysfunction creates oxidative stress that accelerates protein aggregation and
impacts energy-dependent cellular processes. Emerging theories suggest that by targeting
these interconnected pathways, it may be possible to “reset” the cellular environment,
reducing neurotoxicity while promoting resilience.

For instance, there is growing interest in therapies that simultaneously target both pro-
tein aggregation and inflammation. Studies on dual-inhibitor compounds—designed to dis-
rupt tau or amyloid-beta accumulation while dampening neuroinflammation—demonstrate
early promise in animal models. These approaches reflect a novel shift toward multi-target
treatments that consider the cascading effects of protein pathology on cellular inflammation,
energy dysregulation, and neuronal survival, aiming for a broader therapeutic impact.

10.2. Implications for Future Research

Despite substantial progress, significant questions remain about the exact molecular
drivers that set neurodegeneration in motion. Future research is likely to focus on early
cellular changes that precede visible disease symptoms, aiming to identify key biomarkers
or “molecular signatures” that predict disease onset. Single-cell sequencing and CRISPR
screens, now widely adopted, are shedding light on the earliest transcriptional and epi-
genetic changes in vulnerable neurons, identifying potential points of intervention long
before clinical symptoms appear.

One of the most compelling areas of exploration is the influence of the gut–brain axis,
which is increasingly linked to neurodegenerative processes. High-citation studies point
to gut microbiota as a modulator of systemic inflammation and immune signaling, with
microbial imbalance linked to heightened neuroinflammation and even direct impacts on
protein misfolding. For example, recent findings suggest that certain bacterial metabo-
lites may cross the blood–brain barrier where they interact with glial cells to influence
neuroinflammatory states. Ongoing research examines whether balancing the gut micro-
biota through diet, probiotics, or prebiotics could serve as an adjunct therapy to reduce
neuroinflammatory triggers and support brain health.
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Another emerging area is the study of senescent cells in the brain, often referred to as
“zombie cells”, which persist in a dysfunctional state, secreting inflammatory signals that
impact neighboring neurons. Senolytic therapies, which selectively target and clear these
cells, are investigated as a way to reduce chronic inflammation and improve neural health.
Early studies show that removing senescent glial cells can improve cognitive function in
neurodegenerative animal models, offering a new approach to disease modification.

10.3. Translational Potential

The translational potential of these molecular discoveries is enormous, bridging labo-
ratory findings with clinical applications that could fundamentally alter the approach to
neurodegenerative diseases. Advanced drug delivery methods, particularly those involv-
ing nanotechnology, make it feasible to cross the BBB with greater precision, delivering
therapies directly to affected brain regions. Nanoparticles and exosomes are engineered not
only to carry drugs but to release them in response to specific cellular conditions, such as
oxidative stress or inflammation, which are prevalent in neurodegenerative environments.
This type of “smart” delivery could enhance the therapeutic effects of drugs by timing their
release with the most active disease processes.

Stem cell and gene therapies are also moving forward with groundbreaking potential.
Beyond replacing lost neurons, stem cells are now engineered to release neurotrophic factors
or anti-inflammatory molecules, creating a more supportive environment for remaining
brain cells. Gene-editing technologies, such as CRISPR-Cas9, are explored for their potential
to silence or repair mutant genes directly in the CNS. High-profile trials examine gene
therapies that target the root genetic causes in diseases like Huntington’s and familial
ALS, offering hope for treatments that go beyond managing symptoms to modifying the
underlying disease.

Pharmacogenomics is accelerating this movement toward personalized neurodegen-
erative therapies, allowing for treatments to be tailored to each patient’s unique genetic
makeup. By predicting drug response through genetic testing, pharmacogenomics enables
a more individualized approach, minimizing trial-and-error prescribing and reducing
adverse effects. Advances in molecular risk modeling further enhance this field, integrat-
ing patient data across genomics, proteomics, and clinical history to refine personalized
treatment recommendations. Such precision models are poised to revolutionize care by
selecting the best treatment for each patient based on a comprehensive view of their
molecular profile.

In sum, molecular research is driving a paradigm shift in neurodegenerative treat-
ment, uncovering innovative therapeutic targets and enabling more precise, multi-targeted
approaches. By addressing the complex network of interconnected mechanisms that drive
these diseases, we are moving closer to developing treatments that not only alleviate
symptoms but intervene at key points in the disease process. With continued advances in
molecular understanding and targeted technology, there is a real promise that neurodegen-
erative diseases may become more manageable, and, one day, even preventable.
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Abbreviations

4-HNE 4-hydroxynonenal
ACh Acetylcholine
AGEs Advanced glycation end-products
AD Alzheimer’s disease
Aβ Amyloid-beta
Aβ42 Amyloid-beta 42
APP Amyloid precursor protein
ALS Amyotrophic lateral sclerosis
α7-nAChRs α7 nicotinic acetylcholine receptors
ASOs Antisense oligonucleotides
BBB Blood–brain barrier
BDNF Brain-derived neurotrophic factor
CARPA Complement activation-related pseudoallergy
CSF Cerebrospinal fluid
CMA Chaperone-mediated autophagy
ChAT Choline acetyltransferase
CSF1R Colony-Stimulating Factor 1 Receptor
CARPA Complement activation-related pseudoallergy
CYP Cytochrome P450
DAMPs Damage-associated molecular patterns
ETC Electron transport chain
ER Endoplasmic reticulum
EPPS 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid
fAD Familial Alzheimer’s disease
GABA Gamma-aminobutyric acid
GDNF Glial cell line-derived neurotrophic factor
GPx Glutathione peroxidase
IKK IκB kinase
iPSCs Induced pluripotent stem cells
IL-1β Interleukin-1β
IL-10 Interleukin-10
IL-6 Interleukin-6
JAK Janus kinase
LPS Lipopolysaccharides
LMTM Leuco-methylthioninium bis(hydromethanesulfonate)
MDA Malondialdehyde
MAMs Mitochondria-Associated Membranes
mtDNA Mitochondrial DNA
MAPK Mitogen-activated protein kinase
MSCs Mesenchymal stem cells
mGluRs Metabotropic glutamate receptors
miRNAs MicroRNAs
mHTT Mutant huntingtin
NfL Neurofilament light chain
NFTs Neurofibrillary tangles
NLRs NOD-like receptors
ncRNAs Non-coding RNAs
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
PHFs Paired helical filaments
PRRs Pattern recognition receptors
PPARs Peroxisome proliferator-activated receptors
PET Positron emission tomography
PSEN1 Presenilin 1
PSEN2 Presenilin 2
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polyQ Polyglutamine
ROS Reactive oxygen species
RAGE Receptor for advanced glycation end-products
RNAi RNA interference
STAT6 Signal transducer and activator of transcription 6
SOD Superoxide dismutase
TLRs Toll-like receptors
TGF-β Transforming growth factor-beta
TNF-α Tumor necrosis factor-alpha
TH Tyrosine hydroxylase
USPIO Ultra-small superparamagnetic iron oxide
UCPs Uncoupling proteins
UPR Unfolded protein response
UPS Ubiquitin–proteasome system
VMAT2 Vesicular monoamine transporter 2
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Landscape of Hypotheses Describing the Contribution of CD4+ Heterogeneous Populations to ALS. Curr. Issues Mol. Biol. 2024,
46, 7846. [CrossRef] [PubMed]

183. Hickman, E.; Smyth, T.; Cobos-Uribe, C.; Immormino, R.; Rebuli, M.E.; Moran, T.; Alexis, N.E.; Jaspers, I. Expanded characteriza-
tion of in vitro polarized M0, M1, and M2 human monocyte-derived macrophages: Bioenergetic and secreted mediator profiles.
PLoS ONE 2023, 18, e0279037. [CrossRef] [PubMed]

184. Tang, Y.; Le, W. Differential Roles of M1 and M2 Microglia in Neurodegenerative Diseases. Mol. Neurobiol. 2016, 53, 1181–1194.
[CrossRef]

185. Porro, C.; Cianciulli, A.; Panaro, M.A. The Regulatory Role of IL-10 in Neurodegenerative Diseases. Biomolecules 2020, 10, 1017.
[CrossRef] [PubMed]

https://doi.org/10.1007/s10571-022-01308-2
https://doi.org/10.1189/jlb.3MR0416-204R
https://www.ncbi.nlm.nih.gov/pubmed/28049142
https://doi.org/10.3390/ijms21239036
https://www.ncbi.nlm.nih.gov/pubmed/33261147
https://doi.org/10.3390/molecules27092990
https://www.ncbi.nlm.nih.gov/pubmed/35566338
https://doi.org/10.3390/ph14121221
https://doi.org/10.3390/brainsci12081057
https://doi.org/10.1016/j.pharmthera.2017.02.030
https://doi.org/10.1111/jnc.15890
https://doi.org/10.5483/BMBRep.2020.53.1.274
https://www.ncbi.nlm.nih.gov/pubmed/31818363
https://doi.org/10.1007/s11064-024-04151-7
https://doi.org/10.3934/molsci.2017.2.185
https://doi.org/10.1016/j.phrs.2020.104792
https://www.ncbi.nlm.nih.gov/pubmed/32278047
https://doi.org/10.1016/j.biopha.2023.114541
https://www.ncbi.nlm.nih.gov/pubmed/36963363
https://doi.org/10.1016/j.neuropharm.2022.109333
https://www.ncbi.nlm.nih.gov/pubmed/36400278
https://doi.org/10.3389/fimmu.2024.1345625
https://doi.org/10.2174/1570159X20666220810114644
https://doi.org/10.3390/cells10112898
https://doi.org/10.3390/ijms22168523
https://www.ncbi.nlm.nih.gov/pubmed/34445229
https://doi.org/10.52600/2965-0968.bjcmr.2024.2.3.39-43
https://doi.org/10.31083/j.jin2310185
https://doi.org/10.1002/brb3.3373
https://doi.org/10.3390/cimb46080465
https://www.ncbi.nlm.nih.gov/pubmed/39194682
https://doi.org/10.1371/journal.pone.0279037
https://www.ncbi.nlm.nih.gov/pubmed/36862675
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.3390/biom10071017
https://www.ncbi.nlm.nih.gov/pubmed/32659950


Int. J. Mol. Sci. 2024, 25, 12613 52 of 63

186. Kwon, H.S.; Koh, S.-H. Neuroinflammation in neurodegenerative disorders: The roles of microglia and astrocytes. Transl.
Neurodegener. 2020, 9, 42. [CrossRef]

187. Pisanu, A.; Lecca, D.; Mulas, G.; Wardas, J.; Simbula, G.; Spiga, S.; Carta, A.R. Dynamic changes in pro- and anti-inflammatory
cytokines in microglia after PPAR-γ agonist neuroprotective treatment in the MPTPp mouse model of progressive Parkinson’s
disease. Neurobiol. Dis. 2014, 71, 280–291. [CrossRef]

188. Wang, M.-M.; Miao, D.; Cao, X.-P.; Tan, L.; Tan, L. Innate immune activation in Alzheimer’s disease. Ann. Transl. Med. 2018, 6,
177. [CrossRef]

189. Swaroop, S.; Sengupta, N.; Suryawanshi, A.R.; Adlakha, Y.K.; Basu, A. HSP60 plays a regulatory role in IL-1β-induced microglial
inflammation via TLR4-p38 MAPK axis. J. Neuroinflammation 2016, 13, 27. [CrossRef]

190. An, J.; Chen, B.; Kang, X.; Zhang, R.; Guo, Y.; Zhao, J.; Yang, H. Neuroprotective effects of natural compounds on LPS-induced
inflammatory responses in microglia. Am. J. Transl. Res. 2020, 12, 2353.

191. Zhang, F.-X.; Xu, R.-S. Juglanin ameliorates LPS-induced neuroinflammation in animal models of Parkinson’s disease and cell
culture via inactivating TLR4/NF-κB pathway. Biomed. Pharmacother. 2018, 97, 1011–1019. [CrossRef]

192. Dolatshahi, M.; Ranjbar Hameghavandi, M.H.; Sabahi, M.; Rostamkhani, S. Nuclear factor-kappa B (NF-κB) in pathophysiology
of Parkinson disease: Diverse patterns and mechanisms contributing to neurodegeneration. Eur. J. Neurosci. 2021, 54, 4101–4123.
[CrossRef] [PubMed]

193. Jha, S.K.; Jha, N.K.; Kar, R.; Ambasta, R.K.; Kumar, P. p38 MAPK and PI3K/AKT Signalling Cascades inParkinson’s Disease. Int.
J. Mol. Cell. Med. 2015, 4, 67.

194. Kim, E.K.; Choi, E.-J. Pathological roles of MAPK signaling pathways in human diseases. Biochim. Biophys. Acta BBA Mol. Basis
Dis. 2010, 1802, 396–405. [CrossRef]

195. Fu, S.-P.; Chen, S.-Y.; Pang, Q.-M.; Zhang, M.; Wu, X.-C.; Wan, X.; Wan, W.-H.; Ao, J.; Zhang, T. Advances in the research of the
role of macrophage/microglia polarization-mediated inflammatory response in spinal cord injury. Front. Immunol. 2022, 13,
1014013. [CrossRef] [PubMed]

196. Ma, Y.; Huang, Y.; Hu, F.; Shu, K. Lipid metabolic rewiring in glioma-associated microglia/macrophages (Review). Int. J. Mol.
Med. 2024, 54, 102. [CrossRef] [PubMed]

197. Tian, Y.; Jing, G.; Ma, M.; Yin, R.; Zhang, M. Microglial activation and polarization in type 2 diabetes-related cognitive impairment:
A focused review of pathogenesis. Neurosci. Biobehav. Rev. 2024, 165, 105848. [CrossRef] [PubMed]

198. Novellino, F.; Saccà, V.; Donato, A.; Zaffino, P.; Spadea, M.F.; Vismara, M.; Arcidiacono, B.; Malara, N.; Presta, I.; Donato, G. Innate
Immunity: A Common Denominator between Neurodegenerative and Neuropsychiatric Diseases. Int. J. Mol. Sci. 2020, 21, 1115.
[CrossRef]

199. Subhramanyam, C.S.; Wang, C.; Hu, Q.; Dheen, S.T. Microglia-mediated neuroinflammation in neurodegenerative diseases.
Semin. Cell Dev. Biol. 2019, 94, 112–120. [CrossRef]

200. Rosen, H.J.; Boeve, B.F.; Boxer, A.L. Tracking disease progression in familial and sporadic frontotemporal lobar degeneration:
Recent findings from ARTFL and LEFFTDS. Alzheimers Dement. 2020, 16, 71–78. [CrossRef]

201. Dong, Y.; Dekens, D.W.; De Deyn, P.P.; Naudé, P.J.W.; Eisel, U.L.M. Targeting of Tumor Necrosis Factor Alpha Receptors as a
Therapeutic Strategy for Neurodegenerative Disorders. Antibodies 2015, 4, 369–408. [CrossRef]

202. Italiani, P.; Carlesi, C.; Giungato, P.; Puxeddu, I.; Borroni, B.; Bossù, P.; Migliorini, P.; Siciliano, G.; Boraschi, D. Evaluating the
levels of interleukin-1 family cytokines in sporadic amyotrophic lateral sclerosis. J. Neuroinflammation 2014, 11, 94. [CrossRef]
[PubMed]

203. Yu, S.; Chen, X.; Yang, T.; Cheng, J.; Liu, E.; Jiang, L.; Song, M.; Shu, H.; Ma, Y. Revealing the mechanisms of blood–brain barrier
in chronic neurodegenerative disease: An opportunity for therapeutic intervention. Rev. Neurosci. 2024. [CrossRef] [PubMed]

204. Yeung, Y.T.; Aziz, F.; Guerrero-Castilla, A.; Arguelles, S. Signaling Pathways in Inflammation and Anti-inflammatory Therapies.
Curr. Pharm. Des. 2018, 24, 1449–1484. [CrossRef] [PubMed]

205. Wang, J.; Song, Y.; Chen, Z.; Leng, S.X. Connection between Systemic Inflammation and Neuroinflammation Underlies Neuro-
protective Mechanism of Several Phytochemicals in Neurodegenerative Diseases. Oxid. Med. Cell. Longev. 2018, 2018, 1972714.
[CrossRef]

206. Adamu, A.; Li, S.; Gao, F.; Xue, G. The role of neuroinflammation in neurodegenerative diseases: Current understanding and
future therapeutic targets. Front. Aging Neurosci. 2024, 16, 1347987. [CrossRef]

207. Cisbani, G.; Rivest, S. Targeting innate immunity to protect and cure Alzheimer’s disease: Opportunities and pitfalls. Mol.
Psychiatry 2021, 26, 5504–5515. [CrossRef]

208. Tanaka, M.; Toldi, J.; Vécsei, L. Exploring the Etiological Links behind Neurodegenerative Diseases: Inflammatory Cytokines and
Bioactive Kynurenines. Int. J. Mol. Sci. 2020, 21, 2431. [CrossRef] [PubMed]

209. Cianciulli, A.; Dragone, T.; Calvello, R.; Porro, C.; Trotta, T.; Lofrumento, D.D.; Panaro, M.A. IL-10 plays a pivotal role in
anti-inflammatory effects of resveratrol in activated microglia cells. Int. Immunopharmacol. 2015, 24, 369–376. [CrossRef]

210. Gao, Y.; Tu, D.; Yang, R.; Chu, C.-H.; Hong, J.-S.; Gao, H.-M. Through Reducing ROS Production, IL-10 Suppresses Caspase-1-
Dependent IL-1β Maturation, thereby Preventing Chronic Neuroinflammation and Neurodegeneration. Int. J. Mol. Sci. 2020, 21,
465. [CrossRef] [PubMed]

211. Zhu, Y.; Liu, Z.; Peng, Y.-P.; Qiu, Y.-H. Interleukin-10 inhibits neuroinflammation-mediated apoptosis of ventral mesencephalic
neurons via JAK-STAT3 pathway. Int. Immunopharmacol. 2017, 50, 353–360. [CrossRef]

https://doi.org/10.1186/s40035-020-00221-2
https://doi.org/10.1016/j.nbd.2014.08.011
https://doi.org/10.21037/atm.2018.04.20
https://doi.org/10.1186/s12974-016-0486-x
https://doi.org/10.1016/j.biopha.2017.08.132
https://doi.org/10.1111/ejn.15242
https://www.ncbi.nlm.nih.gov/pubmed/33884689
https://doi.org/10.1016/j.bbadis.2009.12.009
https://doi.org/10.3389/fimmu.2022.1014013
https://www.ncbi.nlm.nih.gov/pubmed/36532022
https://doi.org/10.3892/ijmm.2024.5426
https://www.ncbi.nlm.nih.gov/pubmed/39301636
https://doi.org/10.1016/j.neubiorev.2024.105848
https://www.ncbi.nlm.nih.gov/pubmed/39142542
https://doi.org/10.3390/ijms21031115
https://doi.org/10.1016/j.semcdb.2019.05.004
https://doi.org/10.1002/alz.12004
https://doi.org/10.3390/antib4040369
https://doi.org/10.1186/1742-2094-11-94
https://www.ncbi.nlm.nih.gov/pubmed/24884937
https://doi.org/10.1515/revneuro-2024-0040
https://www.ncbi.nlm.nih.gov/pubmed/38967133
https://doi.org/10.2174/1381612824666180327165604
https://www.ncbi.nlm.nih.gov/pubmed/29589535
https://doi.org/10.1155/2018/1972714
https://doi.org/10.3389/fnagi.2024.1347987
https://doi.org/10.1038/s41380-021-01083-4
https://doi.org/10.3390/ijms21072431
https://www.ncbi.nlm.nih.gov/pubmed/32244523
https://doi.org/10.1016/j.intimp.2014.12.035
https://doi.org/10.3390/ijms21020465
https://www.ncbi.nlm.nih.gov/pubmed/31940754
https://doi.org/10.1016/j.intimp.2017.07.017


Int. J. Mol. Sci. 2024, 25, 12613 53 of 63

212. Xue, Y.; Nie, D.; Wang, L.-J.; Qiu, H.-C.; Ma, L.; Dong, M.-X.; Tu, W.-J.; Zhao, J. Microglial Polarization: Novel Therapeutic
Strategy against Ischemic Stroke. Aging Dis. 2021, 12, 466. [CrossRef] [PubMed]

213. Su, C.; Miao, J.; Guo, J. The relationship between TGF-β1 and cognitive function in the brain. Brain Res. Bull. 2023, 205, 110820.
[CrossRef] [PubMed]

214. Luo, J. TGF-β as a Key Modulator of Astrocyte Reactivity: Disease Relevance and Therapeutic Implications. Biomedicines 2022, 10,
1206. [CrossRef] [PubMed]

215. Lull, M.E.; Block, M.L. Microglial Activation and Chronic Neurodegeneration. Neurotherapeutics 2010, 7, 354–365. [CrossRef]
216. Wang, W.-Y.; Tan, M.-S.; Yu, J.-T.; Tan, L. Role of pro-inflammatory cytokines released from microglia in Alzheimer’s disease. Ann.

Transl. Med. 2015, 3, 136. [CrossRef] [PubMed]
217. Rusek, M.; Smith, J.; El-Khatib, K.; Aikins, K.; Czuczwar, S.J.; Pluta, R. The Role of the JAK/STAT Signaling Pathway in the

Pathogenesis of Alzheimer’s Disease: New Potential Treatment Target. Int. J. Mol. Sci. 2023, 24, 864. [CrossRef]
218. Xin, P.; Xu, X.; Deng, C.; Liu, S.; Wang, Y.; Zhou, X.; Ma, H.; Wei, D.; Sun, S. The role of JAK/STAT signaling pathway and its

inhibitors in diseases. Int. Immunopharmacol. 2020, 80, 106210. [CrossRef]
219. Biswas, K. Microglia mediated neuroinflammation in neurodegenerative diseases: A review on the cell signaling pathways

involved in microglial activation. J. Neuroimmunol. 2023, 383, 578180. [CrossRef]
220. Kumar, S.; Mehan, S.; Narula, A.S. Therapeutic modulation of JAK-STAT, mTOR, and PPAR-γ signaling in neurological

dysfunctions. J. Mol. Med. 2023, 101, 9–49. [CrossRef]
221. Nabavi, S.M.; Ahmed, T.; Nawaz, M.; Devi, K.P.; Balan, D.J.; Pittalà, V.; Argüelles-Castilla, S.; Testai, L.; Khan, H.; Sureda, A.; et al.

Targeting STATs in neuroinflammation: The road less traveled! Pharmacol. Res. 2019, 141, 73–84. [CrossRef]
222. Prakash, A.; Kumar, A.; Ming, L.C.; Mani, V.; Majeed, A.B.A. Modulation of the Nitrergic Pathway via Activation of PPAR-γ

Contributes to the Neuroprotective Effect of Pioglitazone Against Streptozotocin-Induced Memory Dysfunction. J. Mol. Neurosci.
2015, 56, 739–750. [CrossRef] [PubMed]

223. Alhowail, A.; Alsikhan, R.; Alsaud, M.; Aldubayan, M.; Rabbani, S.I. Protective Effects of Pioglitazone on Cognitive Impairment
and the Underlying Mechanisms: A Review of Literature. Drug Des. Devel. Ther. 2022, 16, 2919–2931. [CrossRef] [PubMed]

224. Nade, V.; Shah, S.; Kawale, L.; Dharmadhikari, P. Neuroprotective effect of PPAR-γ agonist in parkinson’s disease. Int. J.
Pharmacol. Toxicol. Sci. 2015, 5, 118–124.

225. Han, J.; Chitu, V.; Stanley, E.R.; Wszolek, Z.K.; Karrenbauer, V.D.; Harris, R.A. Inhibition of colony stimulating factor-1 receptor
(CSF-1R) as a potential therapeutic strategy for neurodegenerative diseases: Opportunities and challenges. Cell. Mol. Life Sci.
CMLS 2022, 79, 219. [CrossRef]

226. Johnson, N.R.; Yuan, P.; Castillo, E.; Lopez, T.P.; Yue, W.; Bond, A.; Rivera, B.M.; Sullivan, M.C.; Hirouchi, M.; Giles, K.; et al.
CSF1R inhibitors induce a sex-specific resilient microglial phenotype and functional rescue in a tauopathy mouse model. Nat.
Commun. 2023, 14, 118. [CrossRef] [PubMed]

227. Yoo, T.J. Anti-Inflammatory Gene Therapy Improves Spatial Memory Performance in a Mouse Model of Alzheimer’s Disease. J.
Alzheimers Dis. 2022, 85, 1001. [CrossRef]

228. Guedes-Dias, P.; Oliveira, J.M.A. Lysine deacetylases and mitochondrial dynamics in neurodegeneration. Biochim. Biophys. Acta
BBA Mol. Basis Dis. 2013, 1832, 1345–1359. [CrossRef]

229. Khan, H.; Tiwari, P.; Kaur, A.; Singh, T.G. Sirtuin Acetylation and Deacetylation: A Complex Paradigm in Neurodegenerative
Disease. Mol. Neurobiol. 2021, 58, 3903–3917. [CrossRef]

230. Rodrigues, D.A.; Pinheiro, P.D.S.M.; Sagrillo, F.S.; Bolognesi, M.L.; Fraga, C.A.M. Histone deacetylases as targets for the treatment
of neurodegenerative disorders: Challenges and future opportunities. Med. Res. Rev. 2020, 40, 2177–2211. [CrossRef]

231. Batool, S.; Raza, H.; Zaidi, J.; Riaz, S.; Hasan, S.; Syed, N.I. Synapse formation: From cellular and molecular mechanisms to
neurodevelopmental and neurodegenerative disorders. J. Neurophysiol. 2019, 121, 1381–1397. [CrossRef]

232. Hou, Y.; Dan, X.; Babbar, M.; Wei, Y.; Hasselbalch, S.G.; Croteau, D.L.; Bohr, V.A. Ageing as a risk factor for neurodegenerative
disease. Nat. Rev. Neurol. 2019, 15, 565–581. [CrossRef] [PubMed]

233. Ransohoff, R.M. How neuroinflammation contributes to neurodegeneration. Science 2016, 353, 777–783. [CrossRef] [PubMed]
234. Ryman, D.C.; Acosta-Baena, N.; Aisen, P.S.; Bird, T.; Danek, A.; Fox, N.C.; Goate, A.; Frommelt, P.; Ghetti, B.; Langbaum, J.B.S.;

et al. Symptom onset in autosomal dominant Alzheimer disease: A systematic review and meta-analysis. Neurology 2014, 83,
253–260. [CrossRef] [PubMed]

235. Selkoe, D.J.; Hardy, J. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol. Med. 2016, 8, 595–608. [CrossRef]
236. Hampel, H.; Hardy, J.; Blennow, K.; Chen, C.; Perry, G.; Kim, S.H.; Villemagne, V.L.; Aisen, P.; Vendruscolo, M.; Iwatsubo, T.; et al.

The Amyloid-β Pathway in Alzheimer’s Disease. Mol. Psychiatry 2021, 26, 5481–5503. [CrossRef]
237. Wu, T.; Lin, D.; Cheng, Y.; Jiang, S.; Riaz, M.W.; Fu, N.; Mou, C.; Ye, M.; Zheng, Y. Amyloid Cascade Hypothesis for the Treatment

of Alzheimer’s Disease: Progress and Challenges. Aging Dis. 2022, 13, 1745. [CrossRef] [PubMed]
238. Kurkinen, M.; Fułek, M.; Fułek, K.; Beszłej, J.A.; Kurpas, D.; Leszek, J. The Amyloid Cascade Hypothesis in Alzheimer’s Disease:

Should We Change Our Thinking? Biomolecules 2023, 13, 453. [CrossRef] [PubMed]
239. Sun, Y.; Islam, S.; Michikawa, M.; Zou, K. Presenilin: A Multi-Functional Molecule in the Pathogenesis of Alzheimer’s Disease

and Other Neurodegenerative Diseases. Int. J. Mol. Sci. 2024, 25, 1757. [CrossRef] [PubMed]
240. Tabrizi, S.J.; Flower, M.D.; Ross, C.A.; Wild, E.J. Huntington disease: New insights into molecular pathogenesis and therapeutic

opportunities. Nat. Rev. Neurol. 2020, 16, 529–546. [CrossRef]

https://doi.org/10.14336/AD.2020.0701
https://www.ncbi.nlm.nih.gov/pubmed/33815877
https://doi.org/10.1016/j.brainresbull.2023.110820
https://www.ncbi.nlm.nih.gov/pubmed/37979810
https://doi.org/10.3390/biomedicines10051206
https://www.ncbi.nlm.nih.gov/pubmed/35625943
https://doi.org/10.1016/j.nurt.2010.05.014
https://doi.org/10.3978/j.issn.2305-5839.2015.03.49
https://www.ncbi.nlm.nih.gov/pubmed/26207229
https://doi.org/10.3390/ijms24010864
https://doi.org/10.1016/j.intimp.2020.106210
https://doi.org/10.1016/j.jneuroim.2023.578180
https://doi.org/10.1007/s00109-022-02272-6
https://doi.org/10.1016/j.phrs.2018.12.004
https://doi.org/10.1007/s12031-015-0508-7
https://www.ncbi.nlm.nih.gov/pubmed/25854775
https://doi.org/10.2147/DDDT.S367229
https://www.ncbi.nlm.nih.gov/pubmed/36068789
https://doi.org/10.1007/s00018-022-04225-1
https://doi.org/10.1038/s41467-022-35753-w
https://www.ncbi.nlm.nih.gov/pubmed/36624100
https://doi.org/10.3233/JAD-215270
https://doi.org/10.1016/j.bbadis.2013.04.005
https://doi.org/10.1007/s12035-021-02387-w
https://doi.org/10.1002/med.21701
https://doi.org/10.1152/jn.00833.2018
https://doi.org/10.1038/s41582-019-0244-7
https://www.ncbi.nlm.nih.gov/pubmed/31501588
https://doi.org/10.1126/science.aag2590
https://www.ncbi.nlm.nih.gov/pubmed/27540165
https://doi.org/10.1212/WNL.0000000000000596
https://www.ncbi.nlm.nih.gov/pubmed/24928124
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.1038/s41380-021-01249-0
https://doi.org/10.14336/AD.2022.0412
https://www.ncbi.nlm.nih.gov/pubmed/36465173
https://doi.org/10.3390/biom13030453
https://www.ncbi.nlm.nih.gov/pubmed/36979388
https://doi.org/10.3390/ijms25031757
https://www.ncbi.nlm.nih.gov/pubmed/38339035
https://doi.org/10.1038/s41582-020-0389-4


Int. J. Mol. Sci. 2024, 25, 12613 54 of 63

241. Irfan, Z.; Khanam, S.; Karmakar, V.; Firdous, S.M.; Khier, B.S.I.A.E.; Khan, I.; Rehman, M.U.; Khan, A. Pathogenesis of Huntington’s
Disease: An Emphasis on Molecular Pathways and Prevention by Natural Remedies. Brain Sci. 2022, 12, 1389. [CrossRef]

242. Saft, C. Huntington’s disease: Disappointments and new beginnings. Lancet Neurol. 2022, 21, 582–584. [CrossRef] [PubMed]
243. Tong, H.; Yang, T.; Xu, S.; Li, X.; Liu, L.; Zhou, G.; Yang, S.; Yin, S.; Li, X.-J.; Li, S. Huntington’s Disease: Complex Pathogenesis

and Therapeutic Strategies. Int. J. Mol. Sci. 2024, 25, 3845. [CrossRef] [PubMed]
244. Seo, J.H.; Shin, J.H.; Lee, J.; Kim, D.; Hwang, H.-Y.; Nam, B.-G.; Lee, J.; Kim, H.H.; Cho, S.-R. DNA double-strand break-free

CRISPR interference delays Huntington’s disease progression in mice. Commun. Biol. 2023, 6, 466. [CrossRef] [PubMed]
245. Shin, J.W.; Hong, E.P.; Park, S.S.; Choi, D.E.; Zeng, S.; Chen, R.Z.; Lee, J.-M. PAM-altering SNP-based allele-specific CRISPR-Cas9

therapeutic strategies for Huntington’s disease. Mol. Ther. Methods Clin. Dev. 2022, 26, 547–561. [CrossRef] [PubMed]
246. ur Rahman, M.; Bilal, M.; Shah, J.A.; Kaushik, A.; Teissedre, P.-L.; Kujawska, M. CRISPR-Cas9-Based Technology and Its Relevance

to Gene Editing in Parkinson’s Disease. Pharmaceutics 2022, 14, 1252. [CrossRef]
247. Duarte, F.; Déglon, N. Genome Editing for CNS Disorders. Front. Neurosci. 2020, 14, 579062. [CrossRef]
248. Singh, M.; Singh, S.P.; Yadav, D.; Agarwal, M.; Agarwal, S.; Agarwal, V.; Swargiary, G.; Srivastava, S.; Tyagi, S.; Kaur, R.; et al.

Targeted Delivery for Neurodegenerative Disorders Using Gene Therapy Vectors: Gene Next Therapeutic Goals. Curr. Gene Ther.
2021, 21, 23–42. [CrossRef] [PubMed]

249. Velasco, L.; Thomas-Currás, H.; Pastor-Ruiz, Y.; Arcos-Rodríguez, A. PRO-Mueve Relaciones Sanas—A Gender-Based Violence
Prevention Program for Adolescents: Assessment of Its Efficacy in the First Year of Intervention. Front. Psychol. 2022, 12, 744591.
[CrossRef]

250. Gohal, S.A.; Rasool, M.I.; Bairam, A.F.; Alatwi, E.S.; Alherz, F.A.; Abunnaja, M.S.; Daibani, A.A.E.; Kurogi, K.; Liu, M.-C. Effects of
genetic polymorphisms on the sulfation of doxorubicin by human SULT1C4 allozymes. J. Biochem. 2021, 170, 419. [CrossRef]

251. Guo, N.; Liu, J.-B.; Li, W.; Ma, Y.-S.; Fu, D. The power and the promise of CRISPR/Cas9 genome editing for clinical application
with gene therapy. J. Adv. Res. 2022, 40, 135–152. [CrossRef]

252. Arango, D.; Bittar, A.; Esmeral, N.P.; Ocasión, C.; Muñoz-Camargo, C.; Cruz, J.C.; Reyes, L.H.; Bloch, N.I. Understanding the
Potential of Genome Editing in Parkinson’s Disease. Int. J. Mol. Sci. 2021, 22, 9241. [CrossRef] [PubMed]

253. Yin, L.; Li, J. Central Venous Catheter Insertion in Colorectal Cancer Patients, PICC or PC? Cancer Manag. Res. 2020, 12, 5813.
[CrossRef] [PubMed]

254. Muthu, S.; Bapat, A.; Jain, R.; Jeyaraman, N.; Jeyaraman, M. Exosomal therapy—A new frontier in regenerative medicine. Stem
Cell Investig. 2021, 8, 7. [CrossRef]

255. Gao, L.; Zhang, Y.; Sterling, K.; Song, W. Brain-derived neurotrophic factor in Alzheimer’s disease and its pharmaceutical
potential. Transl. Neurodegener. 2022, 11, 4. [CrossRef] [PubMed]

256. D’Esposito, F.; Gagliano, C.; Bloom, P.A.; Cordeiro, M.F.; Avitabile, A.; Gagliano, G.; Costagliola, C.; Avitabile, T.; Musa, M.;
Zeppieri, M. Epigenetics in Glaucoma. Medicina 2024, 60, 905. [CrossRef]

257. Prasanth, M.I.; Sivamaruthi, B.S.; Cheong, C.S.Y.; Verma, K.; Tencomnao, T.; Brimson, J.M.; Prasansuklab, A. Role of Epigenetic
Modulation in Neurodegenerative Diseases: Implications of Phytochemical Interventions. Antioxidants 2024, 13, 606. [CrossRef]
[PubMed]

258. Rasmi, Y.; Shokati, A.; Hassan, A.; Aziz, S.G.-G.; Bastani, S.; Jalali, L.; Moradi, F.; Alipour, S. The role of DNA methylation
in progression of neurological disorders and neurodegenerative diseases as well as the prospect of using DNA methylation
inhibitors as therapeutic agents for such disorders. IBRO Neurosci. Rep. 2023, 14, 28–37. [CrossRef] [PubMed]

259. Qazi, T.J.; Quan, Z.; Mir, A.; Qing, H. Epigenetics in Alzheimer’s Disease: Perspective of DNA Methylation. Mol. Neurobiol. 2018,
55, 1026–1044. [CrossRef]

260. Zimmer-Bensch, G.; Zempel, H. DNA Methylation in Genetic and Sporadic Forms of Neurodegeneration: Lessons from
Alzheimer’s, Related Tauopathies and Genetic Tauopathies. Cells 2021, 10, 3064. [CrossRef]

261. Wijdicks, E.F.M.; Cloft, H.J. Is prediction of outcome with magnetic resonance imaging in postresuscitation coma achievable and
accurate? Ann. Neurol. 2009, 65, 364–366. [CrossRef]

262. Zhang, L.-Y.; Zhang, S.-Y.; Wen, R.; Zhang, T.-N.; Yang, N. Role of histone deacetylases and their inhibitors in neurological
diseases. Pharmacol. Res. 2024, 208, 107410. [CrossRef] [PubMed]

263. Ziemka-Nalecz, M.; Jaworska, J.; Sypecka, J.; Zalewska, T. Histone Deacetylase Inhibitors: A Therapeutic Key in Neurological
Disorders? J. Neuropathol. Exp. Neurol. 2018, 77, 855–870. [CrossRef] [PubMed]

264. Ayers, D.; Scerri, C. Non-coding RNA influences in dementia. Non-Coding RNA Res. 2018, 3, 188–194. [CrossRef]
265. Chauhan, N.B. MicroRNA silencing: A promising therapy for Alzheimer’s disease. Neurosci. Chron. 2020, 1, 11. [CrossRef]

[PubMed]
266. Bandakinda, M.; Mishra, A. Insights into role of microRNA in Alzheimer’s disease: From contemporary research to bedside

perspective. Int. J. Biol. Macromol. 2023, 253, 126561. [CrossRef] [PubMed]
267. Goldman, D. Müller glial cell reprogramming and retina regeneration. Nat. Rev. Neurosci. 2014, 15, 431–442. [CrossRef]
268. LoPresti, P. HDAC6 in Diseases of Cognition and of Neurons. Cells 2021, 10, 12. [CrossRef] [PubMed]
269. Choi, D.-H.; Choi, I.-A.; Lee, J. The Role of DNA Methylation in Stroke Recovery. Int. J. Mol. Sci. 2022, 23, 10373. [CrossRef]
270. Yuan, M.; Yang, B.; Rothschild, G.; Mann, J.J.; Sanford, L.D.; Tang, X.; Huang, C.; Wang, C.; Zhang, W. Epigenetic regulation in

major depression and other stress-related disorders: Molecular mechanisms, clinical relevance and therapeutic potential. Signal
Transduct. Target. Ther. 2023, 8, 309. [CrossRef]

https://doi.org/10.3390/brainsci12101389
https://doi.org/10.1016/S1474-4422(22)00189-2
https://www.ncbi.nlm.nih.gov/pubmed/35716683
https://doi.org/10.3390/ijms25073845
https://www.ncbi.nlm.nih.gov/pubmed/38612657
https://doi.org/10.1038/s42003-023-04829-8
https://www.ncbi.nlm.nih.gov/pubmed/37117485
https://doi.org/10.1016/j.omtm.2022.08.005
https://www.ncbi.nlm.nih.gov/pubmed/36092363
https://doi.org/10.3390/pharmaceutics14061252
https://doi.org/10.3389/fnins.2020.579062
https://doi.org/10.2174/1566523220999200817164907
https://www.ncbi.nlm.nih.gov/pubmed/32811395
https://doi.org/10.3389/fpsyg.2021.744591
https://doi.org/10.1093/jb/mvab055
https://doi.org/10.1016/j.jare.2021.11.018
https://doi.org/10.3390/ijms22179241
https://www.ncbi.nlm.nih.gov/pubmed/34502143
https://doi.org/10.2147/CMAR.S250410
https://www.ncbi.nlm.nih.gov/pubmed/32765084
https://doi.org/10.21037/sci-2020-037
https://doi.org/10.1186/s40035-022-00279-0
https://www.ncbi.nlm.nih.gov/pubmed/35090576
https://doi.org/10.3390/medicina60060905
https://doi.org/10.3390/antiox13050606
https://www.ncbi.nlm.nih.gov/pubmed/38790711
https://doi.org/10.1016/j.ibneur.2022.12.002
https://www.ncbi.nlm.nih.gov/pubmed/36590248
https://doi.org/10.1007/s12035-016-0357-6
https://doi.org/10.3390/cells10113064
https://doi.org/10.1002/ana.21671
https://doi.org/10.1016/j.phrs.2024.107410
https://www.ncbi.nlm.nih.gov/pubmed/39276955
https://doi.org/10.1093/jnen/nly073
https://www.ncbi.nlm.nih.gov/pubmed/30165682
https://doi.org/10.1016/j.ncrna.2018.09.002
https://doi.org/10.46439/neuroscience.1.004
https://www.ncbi.nlm.nih.gov/pubmed/35991586
https://doi.org/10.1016/j.ijbiomac.2023.126561
https://www.ncbi.nlm.nih.gov/pubmed/37659493
https://doi.org/10.1038/nrn3723
https://doi.org/10.3390/cells10010012
https://www.ncbi.nlm.nih.gov/pubmed/33374719
https://doi.org/10.3390/ijms231810373
https://doi.org/10.1038/s41392-023-01519-z


Int. J. Mol. Sci. 2024, 25, 12613 55 of 63

271. Ahmad, S.F.; Ansari, M.A.; Nadeem, A.; Bakheet, S.A.; Mohammad, R.; Attia, S.M. Immune Alterations in CD8+ T Cells Are
Associated with Neuronal C-C and C-X-C Chemokine Receptor Regulation Through Adenosine A2A Receptor Signaling in a
BTBR T+ Itpr3tf/J Autistic Mouse Model. Mol. Neurobiol. 2018, 55, 2603–2616. [CrossRef]

272. Klisic, A.; Ahmad, R.; Haddad, D.; Bonomini, F.; Sindhu, S. Editorial: The role of oxidative stress in metabolic and inflammatory
diseases. Front. Endocrinol. 2024, 15, 1374584. [CrossRef] [PubMed]

273. Klemmensen, M.M.; Borrowman, S.H.; Pearce, C.; Pyles, B.; Chandra, B. Mitochondrial dysfunction in neurodegenerative
disorders. Neurotherapeutics 2024, 21, e00292. [CrossRef] [PubMed]

274. Orsucci, D.; Mancuso, M.; Ienco, E.C.; LoGerfo, A.; Siciliano, G. Targeting Mitochondrial Dysfunction and Neurodegeneration by
Means of Coenzyme Q10 and its Analogues. Curr. Med. Chem. 2011, 18, 4053–4064. [CrossRef] [PubMed]

275. Gutierrez-Mariscal, F.M.; Larriva, A.P.A.; Limia-Perez, L.; Romero-Cabrera, J.L.; Yubero-Serrano, E.M.; López-Miranda, J.
Coenzyme Q10 Supplementation for the Reduction of Oxidative Stress: Clinical Implications in the Treatment of Chronic Diseases.
Int. J. Mol. Sci. 2020, 21, 7870. [CrossRef] [PubMed]

276. Shen, H.; Chen, K. BM61 of Bombyx mori nucleopolyhedrovirus: Its involvement in the egress of nucleocapsids from the nucleus.
FEBS Lett. 2012, 586, 990–995. [CrossRef]

277. Ghosh, D.; Kumar, A. Harnessing Mitophagy for Therapeutic Advances in Aging and Chronic Neurodegenerative Diseases.
Neuroglia 2024, 5, 391–409. [CrossRef]

278. Bustamante-Barrientos, F.A.; Luque-Campos, N.; Araya, M.J.; Lara-Barba, E.; de Solminihac, J.; Pradenas, C.; Molina, L.; Herrera-
Luna, Y.; Utreras-Mendoza, Y.; Elizondo-Vega, R.; et al. Mitochondrial dysfunction in neurodegenerative disorders: Potential
therapeutic application of mitochondrial transfer to central nervous system-residing cells. J. Transl. Med. 2023, 21, 613. [CrossRef]
[PubMed]

279. Wu, Y.; Chen, M.; Jiang, J. Mitochondrial dysfunction in neurodegenerative diseases and drug targets via apoptotic signaling.
Mitochondrion 2019, 49, 35–45. [CrossRef]

280. Sorce, S.; Stocker, R.; Seredenina, T.; Holmdahl, R.; Aguzzi, A.; Chio, A.; Depaulis, A.; Heitz, F.; Olofsson, P.; Olsson, T.; et al.
NADPH oxidases as drug targets and biomarkers in neurodegenerative diseases: What is the evidence? Free Radic. Biol. Med.
2017, 112, 387–396. [CrossRef]

281. Wong, K.Y.; Roy, J.; Fung, M.L.; Heng, B.C.; Zhang, C.; Lim, L.W. Relationships between Mitochondrial Dysfunction and
Neurotransmission Failure in Alzheimer’s Disease. Aging Dis. 2020, 11, 1291. [CrossRef]

282. Flannery, P.J.; Trushina, E. Mitochondrial dynamics and transport in Alzheimer’s disease. Mol. Cell. Neurosci. 2019, 98, 109–120.
[CrossRef] [PubMed]

283. Ge, X.; Zhao, Y.; Dong, L.; Seng, J.; Zhang, X.; Dou, D. NAMPT regulates PKM2 nuclear location through 14-3-3ζ: Conferring
resistance to tamoxifen in breast cancer. J. Cell. Physiol. 2019, 234, 23409–23420. [CrossRef] [PubMed]

284. Percharde, M.; Sultana, T.; Ramalho-Santos, M. What Doesn’t Kill You Makes You Stronger: Transposons as Dual Players in
Chromatin Regulation and Genomic Variation. BioEssays 2020, 42, 1900232. [CrossRef] [PubMed]

285. Possik, E.; Pause, A. Measuring Oxidative Stress Resistance of Caenorhabditis elegans in 96-well Microtiter Plates. J. Vis. Exp.
JoVE 2015, 52746. [CrossRef]

286. Acar, N.V.; Özgül, R.K. The bridge between cell survival and cell death: Reactive oxygen species-mediated cellular stress. EXCLI
J. 2023, 22, 520. [CrossRef]

287. Tomtheelnganbee, E.; Sah, P.; Sharma, R. Mitochondrial function and nutrient sensing pathways in ageing: Enhancing longevity
through dietary interventions. Biogerontology 2022, 23, 657–680. [CrossRef]

288. Grisham, W.; Korey, C.A.; Schottler, N.A.; McCauley, L.B.; Beatty, J. Teaching Neuroinformatics with an Emphasis on Quantitative
Locus Analysis. J. Undergrad. Neurosci. Educ. 2012, 11, A119.

289. Tang, N.H.; Toda, T. Ndc80 Loop as a protein-protein interaction motif. Cell Div. 2013, 8, 2. [CrossRef]
290. Houldsworth, A. Role of oxidative stress in neurodegenerative disorders: A review of reactive oxygen species and prevention by

antioxidants. Brain Commun. 2024, 6, fcad356. [CrossRef]
291. Oh, S.E.; Mouradian, M.M. Cytoprotective mechanisms of DJ-1 against oxidative stress through modulating ERK1/2 and ASK1

signal transduction. Redox Biol. 2018, 14, 211–217. [CrossRef]
292. Chakkittukandiyil, A.; Sajini, D.V.; Karuppaiah, A.; Selvaraj, D. The principal molecular mechanisms behind the activation of

Keap1/Nrf2/ARE pathway leading to neuroprotective action in Parkinson’s disease. Neurochem. Int. 2022, 156, 105325. [CrossRef]
[PubMed]

293. Martinez-Banaclocha, M.A. Targeting the Cysteine Redox Proteome in Parkinson’s Disease: The Role of Glutathione Precursors
and Beyond. Antioxidants 2023, 12, 1373. [CrossRef]

294. Barnstable, C.J.; Zhang, M.; Tombran-Tink, J. Uncoupling Proteins as Therapeutic Targets for Neurodegenerative Diseases. Int. J.
Mol. Sci. 2022, 23, 5672. [CrossRef]

295. Monteiro, B.S.; Freire-Brito, L.; Carrageta, D.F.; Oliveira, P.F.; Alves, M.G. Mitochondrial Uncoupling Proteins (UCPs) as Key
Modulators of ROS Homeostasis: A Crosstalk between Diabesity and Male Infertility? Antioxidants 2021, 10, 1746. [CrossRef]

296. Grimm, A.; Eckert, A. Brain aging and neurodegeneration: From a mitochondrial point of view. J. Neurochem. 2017, 143, 418–431.
[CrossRef] [PubMed]

297. Weidling, I.; Swerdlow, R.H. Mitochondrial Dysfunction and Stress Responses in Alzheimer’s Disease. Biology 2019, 8, 39.
[CrossRef] [PubMed]

https://doi.org/10.1007/s12035-017-0548-9
https://doi.org/10.3389/fendo.2024.1374584
https://www.ncbi.nlm.nih.gov/pubmed/38390210
https://doi.org/10.1016/j.neurot.2023.10.002
https://www.ncbi.nlm.nih.gov/pubmed/38241161
https://doi.org/10.2174/092986711796957257
https://www.ncbi.nlm.nih.gov/pubmed/21824087
https://doi.org/10.3390/ijms21217870
https://www.ncbi.nlm.nih.gov/pubmed/33114148
https://doi.org/10.1016/j.febslet.2011.12.040
https://doi.org/10.3390/neuroglia5040026
https://doi.org/10.1186/s12967-023-04493-w
https://www.ncbi.nlm.nih.gov/pubmed/37689642
https://doi.org/10.1016/j.mito.2019.07.003
https://doi.org/10.1016/j.freeradbiomed.2017.08.006
https://doi.org/10.14336/AD.2019.1125
https://doi.org/10.1016/j.mcn.2019.06.009
https://www.ncbi.nlm.nih.gov/pubmed/31216425
https://doi.org/10.1002/jcp.28910
https://www.ncbi.nlm.nih.gov/pubmed/31141164
https://doi.org/10.1002/bies.201900232
https://www.ncbi.nlm.nih.gov/pubmed/32053231
https://doi.org/10.3791/52746-v
https://doi.org/10.17179/excli2023-6221
https://doi.org/10.1007/s10522-022-09978-7
https://doi.org/10.1186/1747-1028-8-2
https://doi.org/10.1093/braincomms/fcad356
https://doi.org/10.1016/j.redox.2017.09.008
https://doi.org/10.1016/j.neuint.2022.105325
https://www.ncbi.nlm.nih.gov/pubmed/35278519
https://doi.org/10.3390/antiox12071373
https://doi.org/10.3390/ijms23105672
https://doi.org/10.3390/antiox10111746
https://doi.org/10.1111/jnc.14037
https://www.ncbi.nlm.nih.gov/pubmed/28397282
https://doi.org/10.3390/biology8020039
https://www.ncbi.nlm.nih.gov/pubmed/31083585


Int. J. Mol. Sci. 2024, 25, 12613 56 of 63

298. Barber, S.C.; Mead, R.J.; Shaw, P.J. Oxidative stress in ALS: A mechanism of neurodegeneration and a therapeutic target. Biochim.
Biophys. Acta BBA Mol. Basis Dis. 2006, 1762, 1051–1067. [CrossRef] [PubMed]

299. Louboutin, J.-P.; Strayer, D. Role of Oxidative Stress in HIV-1-Associated Neurocognitive Disorder and Protection by Gene
Delivery of Antioxidant Enzymes. Antioxidants 2014, 3, 770–797. [CrossRef]

300. Kim, G.H.; Kim, J.E.; Rhie, S.J.; Yoon, S. The Role of Oxidative Stress in Neurodegenerative Diseases. Exp. Neurobiol. 2015, 24, 325.
[CrossRef]

301. Hemerková, P.; Vališ, M. Role of Oxidative Stress in the Pathogenesis of Amyotrophic Lateral Sclerosis: Antioxidant Metalloen-
zymes and Therapeutic Strategies. Biomolecules 2021, 11, 437. [CrossRef]

302. Petrovic, S.; Arsic, A.; Ristic-Medic, D.; Cvetkovic, Z.; Vucic, V. Lipid Peroxidation and Antioxidant Supplementation in
Neurodegenerative Diseases: A Review of Human Studies. Antioxidants 2020, 9, 1128. [CrossRef] [PubMed]

303. Ashok, A.; Andrabi, S.S.; Mansoor, S.; Kuang, Y.; Kwon, B.K.; Labhasetwar, V. Antioxidant Therapy in Oxidative Stress-Induced
Neurodegenerative Diseases: Role of Nanoparticle-Based Drug Delivery Systems in Clinical Translation. Antioxidants 2022, 11,
408. [CrossRef] [PubMed]

304. Saxena, P.; Selvaraj, K.; Khare, S.K.; Chaudhary, N. Superoxide dismutase as multipotent therapeutic antioxidant enzyme: Role in
human diseases. Biotechnol. Lett. 2022, 44, 1–22. [CrossRef] [PubMed]

305. Kaur, S.J.; McKeown, S.R.; Rashid, S. Mutant SOD1 mediated pathogenesis of Amyotrophic Lateral Sclerosis. Gene 2016, 577,
109–118. [CrossRef]

306. Bailo, P.S.; Martín, E.L.; Calmarza, P.; Breva, S.M.; Gómez, A.B.; Giráldez, A.P.; Callau, J.J.S.-P.; Santamaría, J.M.V.; Khialani, A.D.;
Micó, C.C.; et al. The role of oxidative stress in neurodegenerative diseases and potential antioxidant therapies. Adv. Lab. Med.
2022, 3, 342. [CrossRef]

307. Modi, H.R.; Musyaju, S.; Ratcliffe, M.; Shear, D.A.; Scultetus, A.H.; Pandya, J.D. Mitochondria-Targeted Antioxidant Therapeutics
for Traumatic Brain Injury. Antioxidants 2024, 13, 303. [CrossRef] [PubMed]

308. Nandi, A.; Yan, L.-J.; Jana, C.K.; Das, N. Role of Catalase in Oxidative Stress- and Age-Associated Degenerative Diseases. Oxid.
Med. Cell. Longev. 2019, 2019, 9613090. [CrossRef]

309. Jin, H.; Kanthasamy, A.; Ghosh, A.; Anantharam, V.; Kalyanaraman, B.; Kanthasamy, A.G. Mitochondria-targeted antioxidants
for treatment of Parkinson’s disease: Preclinical and clinical outcomes. Biochim. Biophys. Acta BBA Mol. Basis Dis. 2014, 1842,
1282–1294. [CrossRef]

310. Wang, J.Y.; Li, J.Q.; Xiao, Y.M.; Fu, B.; Qin, Z.H. Triphenylphosphonium (TPP)-Based Antioxidants: A New Perspective on
Antioxidant Design. ChemMedChem 2020, 15, 404–410. [CrossRef]

311. Petrikonis, K.; Bernatoniene, J.; Kopustinskiene, D.M.; Casale, R.; Davinelli, S.; Saso, L. The Antinociceptive Role of Nrf2 in
Neuropathic Pain: From Mechanisms to Clinical Perspectives. Pharmaceutics 2024, 16, 1068. [CrossRef]

312. Bahn, G.; Jo, D.-G. Therapeutic Approaches to Alzheimer’s Disease Through Modulation of NRF2. NeuroMolecular Med. 2019, 21,
1–11. [CrossRef] [PubMed]

313. Golden, T.R.; Patel, M. Catalytic Antioxidants and Neurodegeneration. Antioxid. Redox Signal. 2009, 11, 555. [CrossRef] [PubMed]
314. Liu, M.; Sun, X.; Chen, B.; Dai, R.; Xi, Z.; Xu, H. Insights into Manganese Superoxide Dismutase and Human Diseases. Int. J. Mol.

Sci. 2022, 23, 15893. [CrossRef]
315. Latchoumycandane, C.; Anantharam, V.; Jin, H.; Kanthasamy, A.; Kanthasamy, A. Dopaminergic Neurotoxicant 6-OHDA Induces

Oxidative Damage through Proteolytic Activation of PKCδ in Cell Culture and Animal Models of Parkinson’s Disease. Toxicol.
Appl. Pharmacol. 2011, 256, 314. [CrossRef] [PubMed]

316. Mitochondrial TXN2 attenuates amyloidogenesis via selective inhibition of BACE1 expression. J. Neurochem. 2021, 157, 1351–1365.
[CrossRef] [PubMed]

317. Fields, M.; Marcuzzi, A.; Gonelli, A.; Celeghini, C.; Maximova, N.; Rimondi, E. Mitochondria-Targeted Antioxidants, an
Innovative Class of Antioxidant Compounds for Neurodegenerative Diseases: Perspectives and Limitations. Int. J. Mol. Sci. 2023,
24, 3739. [CrossRef]

318. Battocchio, E. Investigating the Role of Large Microglial Extracellular Vesicles in Alzheimer’s Disease and Their Interaction with
Neurons. 2024. Available online: https://tesidottorato.depositolegale.it/handle/20.500.14242/77902 (accessed on 11 November
2024).

319. Luján, R.; Martín-Belmonte, A.; Ferré, S.; Ciruela, F. Amyloid-beta pathology–induced nanoscale synaptic disruption: The case of
the GABAB–GIRK assembly. Neural Regen. Res. 2025, 20, 1409. [CrossRef] [PubMed]

320. Meier, P.; Glasmacher, S.; Salmen, A.; Chan, A.; Gertsch, J. Comparative targeted lipidomics between serum and cerebrospinal fluid
of multiple sclerosis patients shows sex and age-specific differences of endocannabinoids and glucocorticoids. Acta Neuropathol.
Commun. 2024, 12, 160. [CrossRef] [PubMed]

321. Qureshi, T.; Chinnathambi, S. Histone deacetylase-6 modulates Tau function in Alzheimer’s disease. Biochim. Biophys. Acta BBA
Mol. Cell Res. 2022, 1869, 119275. [CrossRef]

322. Shafi, S.; Singh, A.; Gupta, P.; Chawla, P.A.; Fayaz, F.; Sharma, A.; Pottoo, F.H. Deciphering the Role of Aberrant Protein
Post-Translational Modification in the Pathology of Neurodegeneration. CNS Neurol. Disord. Drug Targets 2021, 20, 54–67.
[CrossRef]

https://doi.org/10.1016/j.bbadis.2006.03.008
https://www.ncbi.nlm.nih.gov/pubmed/16713195
https://doi.org/10.3390/antiox3040770
https://doi.org/10.5607/en.2015.24.4.325
https://doi.org/10.3390/biom11030437
https://doi.org/10.3390/antiox9111128
https://www.ncbi.nlm.nih.gov/pubmed/33202952
https://doi.org/10.3390/antiox11020408
https://www.ncbi.nlm.nih.gov/pubmed/35204290
https://doi.org/10.1007/s10529-021-03200-3
https://www.ncbi.nlm.nih.gov/pubmed/34734354
https://doi.org/10.1016/j.gene.2015.11.049
https://doi.org/10.1515/almed-2022-0111
https://doi.org/10.3390/antiox13030303
https://www.ncbi.nlm.nih.gov/pubmed/38539837
https://doi.org/10.1155/2019/9613090
https://doi.org/10.1016/j.bbadis.2013.09.007
https://doi.org/10.1002/cmdc.201900695
https://doi.org/10.3390/pharmaceutics16081068
https://doi.org/10.1007/s12017-018-08523-5
https://www.ncbi.nlm.nih.gov/pubmed/30617737
https://doi.org/10.1089/ars.2008.2256
https://www.ncbi.nlm.nih.gov/pubmed/18754709
https://doi.org/10.3390/ijms232415893
https://doi.org/10.1016/j.taap.2011.07.021
https://www.ncbi.nlm.nih.gov/pubmed/21846476
https://doi.org/10.1111/jnc.15184
https://www.ncbi.nlm.nih.gov/pubmed/32920833
https://doi.org/10.3390/ijms24043739
https://tesidottorato.depositolegale.it/handle/20.500.14242/77902
https://doi.org/10.4103/NRR.NRR-D-24-00291
https://www.ncbi.nlm.nih.gov/pubmed/39075907
https://doi.org/10.1186/s40478-024-01864-2
https://www.ncbi.nlm.nih.gov/pubmed/39385315
https://doi.org/10.1016/j.bbamcr.2022.119275
https://doi.org/10.2174/1871527319666200903162200


Int. J. Mol. Sci. 2024, 25, 12613 57 of 63

323. d’Egurbide Bagazgoïtia, N.V.; Ehlinger, V.; Duffaut, C.; Fauconnier, J.; Schmidt-Schuchert, S.; Thyen, U.; Himmelmann, K.;
Marcelli, M.; Arnaud, C. Quality of Life in Young Adults With Cerebral Palsy: A Longitudinal Analysis of the SPARCLE Study.
Front. Neurol. 2021, 12, 733978. [CrossRef] [PubMed]

324. Bezprozvanny, I.; Hiesinger, P.R. The synaptic maintenance problem: Membrane recycling, Ca2+homeostasis and late onset
degeneration. Mol. Neurodegener. 2013, 8, 23. [CrossRef] [PubMed]

325. Xiang, Y.; Wang, C.; Wen, J.; Zhang, M.; Duan, X.; Wang, L.; Yan, M.; Li, H.; Fang, P. Investigation of the detoxification effect of
licorice on Semen Strychni-induced acute toxicity in rats using a HPLC-Q-TOF/MS-based metabolomics approach. RSC Adv.
2020, 10, 44398. [CrossRef] [PubMed]

326. Guo, W.; Stoklund Dittlau, K.; Van Den Bosch, L. Axonal transport defects and neurodegeneration: Molecular mechanisms and
therapeutic implications. Semin. Cell Dev. Biol. 2020, 99, 133–150. [CrossRef] [PubMed]

327. Xia, X.; Wang, Y.; Qin, Y.; Zhao, S.; Zheng, J.C. Exosome: A novel neurotransmission modulator or non-canonical neurotransmitter?
Ageing Res. Rev. 2022, 74, 101558. [CrossRef]

328. Guadagno, N.A.; Progida, C. Rab GTPases: Switching to Human Diseases. Cells 2019, 8, 909. [CrossRef]
329. Germann, U.A.; Alam, J.J. P38α MAPK Signaling—A Robust Therapeutic Target for Rab5-Mediated Neurodegenerative Disease.

Int. J. Mol. Sci. 2020, 21, 5485. [CrossRef] [PubMed]
330. Zhang, Y.; Liang, Y.; Gu, Y. The dopaminergic system and Alzheimer’s disease. Neural Regen. Res. 2025, 20, 2495. [CrossRef]

[PubMed]
331. Han, S.-H.; Park, J.-C.; Mook-Jung, I. Amyloid β-interacting partners in Alzheimer’s disease: From accomplices to possible

therapeutic targets. Prog. Neurobiol. 2016, 137, 17–38. [CrossRef]
332. Ali, M.; Wani, S.U.D.; Dey, T.; Sridhar, S.B.; Qadrie, Z.L. A common molecular and cellular pathway in developing Alzheimer and

cancer. Biochem. Biophys. Rep. 2024, 37, 101625. [CrossRef]
333. Theiler, A.; Bärnthaler, T.; Platzer, W.; Richtig, G.; Peinhaupt, M.; Rittchen, S.; Kargl, J.; Ulven, T.; Marsh, L.M.; Marsche, G.; et al.

Butyrate ameliorates allergic airway inflammation by limiting eosinophil trafficking and survival. J. Allergy Clin. Immunol. 2019,
144, 764–776. [CrossRef] [PubMed]

334. Tambini, A.; Rimmele, U.; Phelps, E.A.; Davachi, L. Emotional brain states carry over and enhance future memory formation. Nat.
Neurosci. 2017, 20, 271–278. [CrossRef] [PubMed]

335. Vignando, M. Understanding the Relationship of Functional and Neurochemical Brain Changes in Parkinson’s Disease: First
Steps With Novel Neuroimaging Approaches. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 2024, 9, 969–970. [CrossRef] [PubMed]

336. Liu, S.; Li, F.; Yang, J.; Xie, D.; Yue, C.; Luo, W.; Hu, J.; Song, J.; Li, L.; Huang, J.; et al. Efficacy and safety of 3-n-butylphthalide
combined with endovascular treatment in acute ischemic stroke due to large vessel occlusion. CNS Neurosci. Ther. 2022, 28,
2298–2307. [CrossRef] [PubMed]

337. Liu, Y.; Luo, Y.; Naidech, A.M. Big Data in Stroke: How to Use Big Data to Make the Next Management Decision. Neurotherapeutics
2023, 20, 744–757. [CrossRef]

338. Pinheiro, L.; Faustino, C. Therapeutic Strategies Targeting Amyloid-β in Alzheimer’s Disease. Curr. Alzheimer Res. 2019, 16,
418–452. [CrossRef] [PubMed]

339. Hernandez, C.; Dineley, K. α7 Nicotinic Acetylcholine Receptors in Alzheimer’s Disease: Neuroprotective, Neurotrophic or Both?
Curr. Drug Targets 2012, 13, 613–622. [CrossRef]

340. Thomsen, M.S.; Hansen, H.H.; Timmerman, M.B.; Mikkelsen, J.D. Cognitive Improvement by Activation of α7 Nicotinic
Acetylcholine Receptors: From Animal Models to Human Pathophysiology. Curr. Pharm. Des. 2010, 16, 323–343. [CrossRef]

341. Hoskin, J.L.; Al-Hasan, Y.; Sabbagh, M.N. Nicotinic Acetylcholine Receptor Agonists for the Treatment of Alzheimer’s Dementia:
An Update. Nicotine Tob. Res. 2018, 21, 370. [CrossRef]

342. Wise, R.M.; Wagener, A.; Fietzek, U.M.; Klopstock, T.; Mosharov, E.V.; Zucca, F.A.; Sulzer, D.; Zecca, L.; Burbulla, L.F. Interactions of
dopamine, iron, and alpha-synuclein linked to dopaminergic neuron vulnerability in Parkinson’s disease and Neurodegeneration
with Brain Iron Accumulation disorders. Neurobiol. Dis. 2022, 175, 105920. [CrossRef]

343. Bucher, M.L.; Barrett, C.W.; Moon, C.J.; Mortimer, A.D.; Burton, E.A.; Greenamyre, J.T.; Hastings, T.G. Acquired dysregulation of
dopamine homeostasis reproduces features of Parkinson’s disease. Npj Park. Dis. 2020, 6, 34. [CrossRef] [PubMed]

344. El-Habta, R.; Bjerkén, S.A.; Virel, A. N-acetylcysteine increases dopamine release and prevents the deleterious effects of 6-OHDA
on the expression of VMAT2, α-synuclein, and tyrosine hydroxylase. Neurol. Res. 2024, 46, 406–415. [CrossRef] [PubMed]

345. Arnold, F.J.; Putka, A.F.; Raychaudhuri, U.; Hsu, S.; Bedlack, R.S.; Bennett, C.L.; La Spada, A.R. Revisiting Glutamate Excitotoxicity
in Amyotrophic Lateral Sclerosis and Age-Related Neurodegeneration. Int. J. Mol. Sci. 2024, 25, 5587. [CrossRef]

346. Wood, O.W.G.; Yeung, J.H.Y.; Faull, R.L.M.; Kwakowsky, A. EAAT2 as a therapeutic research target in Alzheimer’s disease: A
systematic review. Front. Neurosci. 2022, 16, 952096. [CrossRef] [PubMed]

347. Amado, D.A.; Davidson, B.L. Gene therapy for ALS: A review. Mol. Ther. 2021, 29, 3345. [CrossRef] [PubMed]
348. Hanson, J.E.; Yuan, H.; Perszyk, R.E.; Banke, T.G.; Xing, H.; Tsai, M.-C.; Menniti, F.S.; Traynelis, S.F. Therapeutic potential of

N-methyl-D-aspartate receptor modulators in psychiatry. Neuropsychopharmacology 2024, 49, 51–66. [CrossRef]
349. Provenzano, F.; Torazza, C.; Bonifacino, T.; Bonanno, G.; Milanese, M. The Key Role of Astrocytes in Amyotrophic Lateral Sclerosis

and Their Commitment to Glutamate Excitotoxicity. Int. J. Mol. Sci. 2023, 24, 15430. [CrossRef]

https://doi.org/10.3389/fneur.2021.733978
https://www.ncbi.nlm.nih.gov/pubmed/34790161
https://doi.org/10.1186/1750-1326-8-23
https://www.ncbi.nlm.nih.gov/pubmed/23829673
https://doi.org/10.1039/D0RA08568E
https://www.ncbi.nlm.nih.gov/pubmed/35517145
https://doi.org/10.1016/j.semcdb.2019.07.010
https://www.ncbi.nlm.nih.gov/pubmed/31542222
https://doi.org/10.1016/j.arr.2021.101558
https://doi.org/10.3390/cells8080909
https://doi.org/10.3390/ijms21155485
https://www.ncbi.nlm.nih.gov/pubmed/32751991
https://doi.org/10.4103/NRR.NRR-D-24-00230
https://www.ncbi.nlm.nih.gov/pubmed/39314145
https://doi.org/10.1016/j.pneurobio.2015.12.004
https://doi.org/10.1016/j.bbrep.2023.101625
https://doi.org/10.1016/j.jaci.2019.05.002
https://www.ncbi.nlm.nih.gov/pubmed/31082458
https://doi.org/10.1038/nn.4468
https://www.ncbi.nlm.nih.gov/pubmed/28024158
https://doi.org/10.1016/j.bpsc.2024.08.010
https://www.ncbi.nlm.nih.gov/pubmed/39370229
https://doi.org/10.1111/cns.13978
https://www.ncbi.nlm.nih.gov/pubmed/36184804
https://doi.org/10.1007/s13311-023-01358-4
https://doi.org/10.2174/1567205016666190321163438
https://www.ncbi.nlm.nih.gov/pubmed/30907320
https://doi.org/10.2174/138945012800398973
https://doi.org/10.2174/138161210790170094
https://doi.org/10.1093/ntr/nty116
https://doi.org/10.1016/j.nbd.2022.105920
https://doi.org/10.1038/s41531-020-00134-x
https://www.ncbi.nlm.nih.gov/pubmed/33298952
https://doi.org/10.1080/01616412.2024.2325312
https://www.ncbi.nlm.nih.gov/pubmed/38498979
https://doi.org/10.3390/ijms25115587
https://doi.org/10.3389/fnins.2022.952096
https://www.ncbi.nlm.nih.gov/pubmed/36033606
https://doi.org/10.1016/j.ymthe.2021.04.008
https://www.ncbi.nlm.nih.gov/pubmed/33839324
https://doi.org/10.1038/s41386-023-01614-3
https://doi.org/10.3390/ijms242015430


Int. J. Mol. Sci. 2024, 25, 12613 58 of 63

350. Rabeh, N.; Hajjar, B.; Maraka, J.O.; Sammanasunathan, A.F.; Khan, M.; Alkhaaldi, S.M.I.; Mansour, S.; Almheiri, R.T.; Hamdan, H.;
Abd-Elrahman, K.S. Targeting mGluR group III for the treatment of neurodegenerative diseases. Biomed. Pharmacother. 2023, 168,
115733. [CrossRef]

351. Lemarchant, S.; Sourioux, M.; Le Douce, J.; Henriques, A.; Callizot, N.; Hugues, S.; Farinelli, M.; Godfrin, Y. NX210c Peptide
Promotes Glutamatergic Receptor-Mediated Synaptic Transmission and Signaling in the Mouse Central Nervous System. Int. J.
Mol. Sci. 2022, 23, 8867. [CrossRef]

352. Chen, Y.; Fu, A.K.Y.; Ip, N.Y. Synaptic dysfunction in Alzheimer’s disease: Mechanisms and therapeutic strategies. Pharmacol.
Ther. 2019, 195, 186–198. [CrossRef]

353. Bhembre, N.; Bonthron, C.; Opazo, P. Synaptic Compensatory Plasticity in Alzheimer’s Disease. J. Neurosci. 2023, 43, 6833–6840.
[CrossRef] [PubMed]

354. Faghihi, M.A.; Modarresi, F.; Khalil, A.M.; Wood, D.E.; Sahagan, B.G.; Morgan, T.E.; Finch, C.E.; St. Laurent, G., III; Kenny, P.J.;
Wahlestedt, C. Expression of a noncoding RNA is elevated in Alzheimer’s disease and drives rapid feed-forward regulation of
β-secretase. Nat. Med. 2008, 14, 723–730. [CrossRef] [PubMed]

355. Wang, J.; Hu, W.-W.; Jiang, Z.; Feng, M.-J. Advances in treatment of neurodegenerative diseases: Perspectives for combination of
stem cells with neurotrophic factors. World J. Stem Cells 2020, 12, 323. [CrossRef] [PubMed]

356. Kordower, J.H. In vivo gene delivery of glial cell line–derived neurotrophic factor for Parkinson’s disease. Ann. Neurol. 2003, 53,
S120–S134. [CrossRef]

357. Bondarenko, O.; Saarma, M. Neurotrophic Factors in Parkinson’s Disease: Clinical Trials, Open Challenges and Nanoparticle-
Mediated Delivery to the Brain. Front. Cell. Neurosci. 2021, 15, 682597. [CrossRef] [PubMed]

358. Lau, K.A.; Yang, X.; Rioult-Pedotti, M.S.; Tang, S.; Appleman, M.; Zhang, J.; Tian, Y.; Marino, C.; Yao, M.; Jiang, Q.; et al. A PSD-95
peptidomimetic mitigates neurological deficits in a mouse model of Angelman syndrome. Prog. Neurobiol. 2023, 230, 102513.
[CrossRef] [PubMed]

359. de Bartolomeis, A.; Vellucci, L.; De Simone, G.; Mazza, B.; Barone, A.; Ciccarelli, M. Dysregulated Signaling at Postsynaptic
Density: A Systematic Review and Translational Appraisal for the Pathophysiology, Clinics, and Antipsychotics’ Treatment of
Schizophrenia. Cells 2023, 12, 574. [CrossRef] [PubMed]

360. Vitet, H.; Bruyère, J.; Xu, H.; Séris, C.; Brocard, J.; Abada, Y.-S.; Delatour, B.; Scaramuzzino, C.; Venance, L.; Saudou, F. Huntingtin
recruits KIF1A to transport synaptic vesicle precursors along the mouse axon to support synaptic transmission and motor skill
learning. eLife 2023, 12, e81011. [CrossRef]

361. Landry, O.; François, A.; Mi-Mba, M.-F.O.M.; Traversy, M.-T.; Tremblay, C.; Emond, V.; Bennett, D.A.; Gylys, K.H.; Buxbaum, J.D.;
Calon, F. Postsynaptic Protein Shank3a Deficiency Synergizes with Alzheimer’s Disease Neuropathology to Impair Cognitive
Performance in the 3xTg-AD Murine Model. J. Neurosci. 2023, 43, 4941. [CrossRef]

362. Zou, L.; Tian, Y.; Zhang, Z. Dysfunction of Synaptic Vesicle Endocytosis in Parkinson’s Disease. Front. Integr. Neurosci. 2021, 15,
619160. [CrossRef]

363. Franco, R.; Garrigós, C.; Lillo, J.; Rivas-Santisteban, R. The Potential of Metabolomics to Find Proper Biomarkers for Addressing
the Neuroprotective Efficacy of Drugs Aimed at Delaying Parkinson’s and Alzheimer’s Disease Progression. Cells 2024, 13, 1288.
[CrossRef] [PubMed]

364. Schumacher-Schuh, A.; Bieger, A.; Borelli, W.V.; Portley, M.K.; Awad, P.S.; Bandres-Ciga, S. Advances in Proteomic and
Metabolomic Profiling of Neurodegenerative Diseases. Front. Neurol. 2022, 12, 792227. [CrossRef] [PubMed]

365. Chapleau, M.; Iaccarino, L.; Soleimani-Meigooni, D.; Rabinovici, G.D. The Role of Amyloid PET in Imaging Neurodegenerative
Disorders: A Review. J. Nucl. Med. 2022, 63 (Suppl. S1), 13S. [CrossRef] [PubMed]

366. Greenberg, B.D.; Pettigrew, C.; Soldan, A.; Wang, J.; Wang, M.-C.; Darrow, J.A.; Albert, M.S.; Moghekar, A. CSF Alzheimer Disease
Biomarkers: Time-Varying Relationships With MCI Symptom Onset and Associations With Age, Sex, and ApoE4. Neurology 2022,
99, e1640. [CrossRef] [PubMed]

367. Hu, Y.; Cao, C.; Qin, X.-Y.; Yu, Y.; Yuan, J.; Zhao, Y.; Cheng, Y. Increased peripheral blood inflammatory cytokine levels in
amyotrophic lateral sclerosis: A meta-analysis study. Sci. Rep. 2017, 7, 9094. [CrossRef]

368. Serrano-Pozo, A.; Das, S.; Hyman, B.T. APOE and Alzheimer’s disease: Advances in genetics, pathophysiology, and therapeutic
approaches. Lancet Neurol. 2021, 20, 68–80. [CrossRef]

369. Renton, A.E.; Chiò, A.; Traynor, B.J. State of play in amyotrophic lateral sclerosis genetics. Nat. Neurosci. 2014, 17, 17–23.
[CrossRef] [PubMed]

370. Browne, S.E.; Beal, M.F. Oxidative damage in Huntington’s disease pathogenesis. Antioxid. Redox Signal. 2006, 8, 2061–2073.
[CrossRef]

371. Chen, X.; Guo, C.; Kong, J. Oxidative stress in neurodegenerative diseases. Neural Regen. Res. 2012, 7, 376. [CrossRef]
372. Tzioras, M.; McGeachan, R.I.; Durrant, C.S.; Spires-Jones, T.L. Synaptic degeneration in Alzheimer disease. Nat. Rev. Neurol. 2023,

19, 19–38. [CrossRef]
373. Arioz, B.I.; Cotuk, A.; Yaka, E.C.; Genc, S. Proximity extension assay-based proteomics studies in neurodegenerative disorders

and multiple sclerosis. Eur. J. Neurosci. 2024, 59, 1348–1358. [CrossRef] [PubMed]
374. Mahin, A.; Soman, S.P.; Modi, P.K.; Raju, R.; Keshava Prasad, T.S.; Abhinand, C.S. Meta-analysis of the serum/plasma proteome

identifies significant associations between COVID-19 with Alzheimer’s/Parkinson’s diseases. J. Neurovirol. 2024, 30, 57–70.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.biopha.2023.115733
https://doi.org/10.3390/ijms23168867
https://doi.org/10.1016/j.pharmthera.2018.11.006
https://doi.org/10.1523/JNEUROSCI.0379-23.2023
https://www.ncbi.nlm.nih.gov/pubmed/37821232
https://doi.org/10.1038/nm1784
https://www.ncbi.nlm.nih.gov/pubmed/18587408
https://doi.org/10.4252/wjsc.v12.i5.323
https://www.ncbi.nlm.nih.gov/pubmed/32547681
https://doi.org/10.1002/ana.10485
https://doi.org/10.3389/fncel.2021.682597
https://www.ncbi.nlm.nih.gov/pubmed/34149364
https://doi.org/10.1016/j.pneurobio.2023.102513
https://www.ncbi.nlm.nih.gov/pubmed/37536482
https://doi.org/10.3390/cells12040574
https://www.ncbi.nlm.nih.gov/pubmed/36831241
https://doi.org/10.7554/eLife.81011
https://doi.org/10.1523/JNEUROSCI.1945-22.2023
https://doi.org/10.3389/fnint.2021.619160
https://doi.org/10.3390/cells13151288
https://www.ncbi.nlm.nih.gov/pubmed/39120318
https://doi.org/10.3389/fneur.2021.792227
https://www.ncbi.nlm.nih.gov/pubmed/35173667
https://doi.org/10.2967/jnumed.121.263195
https://www.ncbi.nlm.nih.gov/pubmed/35649652
https://doi.org/10.1212/WNL.0000000000200953
https://www.ncbi.nlm.nih.gov/pubmed/36216518
https://doi.org/10.1038/s41598-017-09097-1
https://doi.org/10.1016/S1474-4422(20)30412-9
https://doi.org/10.1038/nn.3584
https://www.ncbi.nlm.nih.gov/pubmed/24369373
https://doi.org/10.1089/ars.2006.8.2061
https://doi.org/10.3969/j.issn.1673-5374.2012.05.009
https://doi.org/10.1038/s41582-022-00749-z
https://doi.org/10.1111/ejn.16226
https://www.ncbi.nlm.nih.gov/pubmed/38105531
https://doi.org/10.1007/s13365-023-01191-7
https://www.ncbi.nlm.nih.gov/pubmed/38167982


Int. J. Mol. Sci. 2024, 25, 12613 59 of 63

375. Ferré-González, L.; Peña-Bautista, C.; Baquero, M.; Cháfer-Pericás, C. Assessment of Lipid Peroxidation in Alzheimer’s Disease
Differential Diagnosis and Prognosis. Antioxidants 2022, 11, 551. [CrossRef] [PubMed]

376. Arslan, J.; Jamshed, H.; Qureshi, H. Early Detection and Prevention of Alzheimer’s Disease: Role of Oxidative Markers and
Natural Antioxidants. Front. Aging Neurosci. 2020, 12, 231. [CrossRef] [PubMed]

377. Alshehri, R.S.; Abuzinadah, A.R.; Alrawaili, M.S.; Alotaibi, M.K.; Alsufyani, H.A.; Alshanketi, R.M.; AlShareef, A.A. A Review of
Biomarkers of Amyotrophic Lateral Sclerosis: A Pathophysiologic Approach. Int. J. Mol. Sci. 2024, 25, 10900. [CrossRef]

378. Loftus, J.R.; Puri, S.; Meyers, S.P. Multimodality imaging of neurodegenerative disorders with a focus on multiparametric
magnetic resonance and molecular imaging. Insights Imaging 2023, 14, 8. [CrossRef]

379. Agrawal, M.; Biswas, A. Molecular diagnostics of neurodegenerative disorders. Front. Mol. Biosci. 2015, 2, 54. [CrossRef]
380. Maschio, C.; Ni, R. Amyloid and Tau Positron Emission Tomography Imaging in Alzheimer’s Disease and Other Tauopathies.

Front. Aging Neurosci. 2022, 14, 838034. [CrossRef]
381. Groot, C.; Villeneuve, S.; Smith, R.; Hansson, O.; Ossenkoppele, R. Tau PET Imaging in Neurodegenerative Disorders. J. Nucl.

Med. 2022, 63, 20S–26S. [CrossRef]
382. Salari, M.; Zali, A.; Ashrafi, F.; Etemadifar, M.; Sharma, S.; Hajizadeh, N.; Ashourizadeh, H. Incidence of Anxiety in Parkinson’s

Disease During the Coronavirus Disease (COVID-19) Pandemic. Mov. Disord. 2020, 35, 1095–1096. [CrossRef]
383. Suppiah, S.; Didier, M.-A.; Vinjamuri, S. The Who, When, Why, and How of PET Amyloid Imaging in Management of Alzheimer’s

Disease—Review of Literature and Interesting Images. Diagnostics 2019, 9, 65. [CrossRef] [PubMed]
384. Kevadiya, B.D.; Ottemann, B.M.; Thomas, M.B.; Mukadam, I.; Nigam, S.; McMillan, J.; Gorantla, S.; Bronich, T.K.; Edagwa, B.;

Gendelman, H.E. Neurotheranostics as personalized medicines. Adv. Drug Deliv. Rev. 2019, 148, 252–289. [CrossRef] [PubMed]
385. Machtoub, L.H. Monitoring the Inflammatory Process by Surface Enhanced Nanoimaging Microscopy. Curr. Neurovasc. Res. 2012,

9, 214–221. [CrossRef] [PubMed]
386. Turano, E.; Scambi, I.; Virla, F.; Bonetti, B.; Mariotti, R. Extracellular Vesicles from Mesenchymal Stem Cells: Towards Novel

Therapeutic Strategies for Neurodegenerative Diseases. Int. J. Mol. Sci. 2023, 24, 2917. [CrossRef] [PubMed]
387. Kandeel, M.; Morsy, M.A.; Alkhodair, K.M.; Alhojaily, S. Mesenchymal Stem Cell-Derived Extracellular Vesicles: An Emerging

Diagnostic and Therapeutic Biomolecules for Neurodegenerative Disabilities. Biomolecules 2023, 13, 1250. [CrossRef]
388. Krsek, A.; Baticic, L. Nanotechnology-Driven Therapeutic Innovations in Neurodegenerative Disorders: A Focus on Alzheimer’s

and Parkinson’s Disease. Future Pharmacol. 2024, 4, 352–379. [CrossRef]
389. Klinkovskij, A.; Shepelev, M.; Isaakyan, Y.; Aniskin, D.; Ulasov, I. Advances of Genome Editing with CRISPR/Cas9 in Neurode-

generation: The Right Path towards Therapy. Biomedicines 2023, 11, 3333. [CrossRef]
390. Gan, L.; Cookson, M.R.; Petrucelli, L.; La Spada, A.R. Converging pathways in neurodegeneration, from genetics to mechanisms.

Nat. Neurosci. 2018, 21, 1300–1309. [CrossRef]
391. Roberts, J.S.; Patterson, A.K.; Uhlmann, W.R. Genetic testing for neurodegenerative diseases: Ethical and health communication

challenges. Neurobiol. Dis. 2020, 141, 104871. [CrossRef]
392. Goutman, S.A.; Hardiman, O.; Al-Chalabi, A.; Chió, A.; Savelieff, M.G.; Kiernan, M.C.; Feldman, E.L. Emerging insights into the

complex genetics and pathophysiology of ALS. Lancet Neurol. 2022, 21, 465. [CrossRef]
393. Argueti-Ostrovsky, S.; Alfahel, L.; Kahn, J.; Israelson, A. All Roads Lead to Rome: Different Molecular Players Converge to

Common Toxic Pathways in Neurodegeneration. Cells 2021, 10, 2438. [CrossRef] [PubMed]
394. Gupta, Y.; Lama, R.K.; Kwon, G.-R.; Alzheimer’s Disease Neuroimaging Initiative; Weiner, M.W.; Aisen, P.; Weiner, M.; Aisen,

P.; Petersen, R.; Jack, C.R.; et al. Prediction and Classification of Alzheimer’s Disease Based on Combined Features from
Apolipoprotein-E Genotype, Cerebrospinal Fluid, MR, and FDG-PET Imaging Biomarkers. Front. Comput. Neurosci. 2019, 13, 72.
[CrossRef] [PubMed]

395. Sadaei, H.J.; Cordova-Palomera, A.; Lee, J.; Padmanabhan, J.; Chen, S.-F.; Wineinger, N.E.; Dias, R.; Prilutsky, D.; Szalma, S.;
Torkamani, A. Genetically-informed prediction of short-term Parkinson’s disease progression. Npj Park. Dis. 2022, 8, 143.
[CrossRef] [PubMed]

396. Romano, R.; Bucci, C. Antisense therapy: A potential breakthrough in the treatment of neurodegenerative diseases. Neural Regen.
Res. 2024, 19, 1027. [CrossRef] [PubMed]

397. Ilieva, M.S. Non-Coding RNAs in Neurological and Neuropsychiatric Disorders: Unraveling the Hidden Players in Disease
Pathogenesis. Cells 2024, 13, 1063. [CrossRef]

398. Yang, A.; Kantor, B.; Chiba-Falek, O. APOE: The New Frontier in the Development of a Therapeutic Target towards Precision
Medicine in Late-Onset Alzheimer’s. Int. J. Mol. Sci. 2021, 22, 1244. [CrossRef]

399. Domínguez Rojo, N.; Blanco Benítez, M.; Cava, R.; Fuentes, J.M.; Canales Cortés, S.; González Polo, R.A. Convergence of
Neuroinflammation, Microbiota, and Parkinson’s Disease: Therapeutic Insights and Prospects. Int. J. Mol. Sci. 2024, 25, 11629.
[CrossRef]

400. Philip Mani, A.; Balasubramanian, B.; Mali, L.A.; Joseph, K.S.; Meyyazhagan, A.; Pappuswamy, M.; Joseph, B.V. The Role of the
Gut Microbiota in Neurodegenerative Diseases. Microbiol. Res. 2024, 15, 489–507. [CrossRef]

401. Alam, K.; Nair, L.; Mukherjee, S.; Kaur, K.; Singh, M.; Kaity, S.; Ravichandiran, V.; Banerjee, S.; Roy, S. Cellular interplay to
3D in vitro microphysiological disease model: Cell patterning microbiota–gut–brain axis. Bio-Des. Manuf. 2024, 7, 320–357.
[CrossRef]

https://doi.org/10.3390/antiox11030551
https://www.ncbi.nlm.nih.gov/pubmed/35326200
https://doi.org/10.3389/fnagi.2020.00231
https://www.ncbi.nlm.nih.gov/pubmed/32848710
https://doi.org/10.3390/ijms252010900
https://doi.org/10.1186/s13244-022-01358-6
https://doi.org/10.3389/fmolb.2015.00054
https://doi.org/10.3389/fnagi.2022.838034
https://doi.org/10.2967/jnumed.121.263196
https://doi.org/10.1002/mds.28116
https://doi.org/10.3390/diagnostics9020065
https://www.ncbi.nlm.nih.gov/pubmed/31242587
https://doi.org/10.1016/j.addr.2018.10.011
https://www.ncbi.nlm.nih.gov/pubmed/30421721
https://doi.org/10.2174/156720212801618992
https://www.ncbi.nlm.nih.gov/pubmed/22697418
https://doi.org/10.3390/ijms24032917
https://www.ncbi.nlm.nih.gov/pubmed/36769247
https://doi.org/10.3390/biom13081250
https://doi.org/10.3390/futurepharmacol4020020
https://doi.org/10.3390/biomedicines11123333
https://doi.org/10.1038/s41593-018-0237-7
https://doi.org/10.1016/j.nbd.2020.104871
https://doi.org/10.1016/S1474-4422(21)00414-2
https://doi.org/10.3390/cells10092438
https://www.ncbi.nlm.nih.gov/pubmed/34572087
https://doi.org/10.3389/fncom.2019.00072
https://www.ncbi.nlm.nih.gov/pubmed/31680923
https://doi.org/10.1038/s41531-022-00412-w
https://www.ncbi.nlm.nih.gov/pubmed/36302787
https://doi.org/10.4103/1673-5374.385285
https://www.ncbi.nlm.nih.gov/pubmed/37862205
https://doi.org/10.3390/cells13121063
https://doi.org/10.3390/ijms22031244
https://doi.org/10.3390/ijms252111629
https://doi.org/10.3390/microbiolres15020033
https://doi.org/10.1007/s42242-024-00282-6


Int. J. Mol. Sci. 2024, 25, 12613 60 of 63

402. Connell, E.; Le Gall, G.; Pontifex, M.G.; Sami, S.; Cryan, J.F.; Clarke, G.; Müller, M.; Vauzour, D. Microbial-derived metabolites as
a risk factor of age-related cognitive decline and dementia. Mol. Neurodegener. 2022, 17, 43. [CrossRef]

403. Chauhan, V.; Chauhan, N.K.; Dutta, S.; Pathak, D.; Nongthomba, U. Comparative in-silico analysis of microbial dysbiosis discern
potential metabolic link in neurodegenerative diseases. Front. Neurosci. 2023, 17, 1153422. [CrossRef] [PubMed]

404. Fu, Y.; Gu, Z.; Cao, H.; Zuo, C.; Huang, Y.; Song, Y.; Jiang, Y.; Wang, F. The role of the gut microbiota in neurodegenerative
diseases targeting metabolism. Front. Neurosci. 2024, 18, 1432659. [CrossRef]

405. Nandwana, V.; Nandwana, N.K.; Das, Y.; Saito, M.; Panda, T.; Das, S.; Almaguel, F.; Hosmane, N.S.; Das, B.C. The Role of
Microbiome in Brain Development and Neurodegenerative Diseases. Molecules 2022, 27, 3402. [CrossRef]

406. L, K.; Ng, T.K.S.; Wee, H.N.; Ching, J. Gut-brain axis through the lens of gut microbiota and their relationships with Alzheimer’s
disease pathology: Review and recommendations. Mech. Ageing Dev. 2023, 211, 111787. [CrossRef]

407. Erny, D.; de Angelis, A.L.H.; Prinz, M. Communicating systems in the body: How microbiota and microglia cooperate. Immunology
2016, 150, 7. [CrossRef] [PubMed]

408. Ghezzi, L.; Cantoni, C.; Rotondo, E.; Galimberti, D. The Gut Microbiome–Brain Crosstalk in Neurodegenerative Diseases.
Biomedicines 2022, 10, 1486. [CrossRef]

409. Dandamudi, B.J.; Dimaano, K.A.M.; Shah, N.; AlQassab, O.; Al-Sulaitti, Z.; Nelakuditi, B.; Mohammed, L.; Dandamudi, B.J.;
Dimaano, K.A.M.; Shah, N.; et al. Neurodegenerative Disorders and the Gut-Microbiome-Brain Axis: A Literature Review. Cureus
2024, 16, e72427. [CrossRef]

410. You, M.; Chen, N.; Yang, Y.; Cheng, L.; He, H.; Cai, Y.; Liu, Y.; Liu, H.; Hong, G. The gut microbiota–brain axis in neurological
disorders. MedComm 2024, 5, e656. [CrossRef]

411. Fock, E.; Parnova, R. Mechanisms of Blood-Brain Barrier Protection by Microbiota-Derived Short-Chain Fatty Acids. Cells 2023,
12, 657. [CrossRef] [PubMed]

412. Mot,ăt,ăianu, A.; S, erban, G.; Andone, S. The Role of Short-Chain Fatty Acids in Microbiota–Gut–Brain Cross-Talk with a Focus on
Amyotrophic Lateral Sclerosis: A Systematic Review. Int. J. Mol. Sci. 2023, 24, 15094. [CrossRef]

413. Hagemeyer, H.; Hellwinkel, O.J.C.; Plata-Bello, J. Zonulin as Gatekeeper in Gut–Brain Axis: Dysregulation in Glioblastoma.
Biomedicines 2024, 12, 1649. [CrossRef] [PubMed]

414. Jain, A.; Madkan, S.; Patil, P. The Role of Gut Microbiota in Neurodegenerative Diseases: Current Insights and Therapeutic
Implications. Cureus 2023, 15, e47861. [CrossRef] [PubMed]

415. Peterson, C.T. Dysfunction of the Microbiota-Gut-Brain Axis in Neurodegenerative Disease: The Promise of Therapeutic
Modulation With Prebiotics, Medicinal Herbs, Probiotics, and Synbiotics. J. Evid.-Based Integr. Med. 2020, 25, 2515690X20957225.
[CrossRef] [PubMed]

416. Westfall, S.; Lomis, N.; Kahouli, I.; Dia, S.Y.; Singh, S.P.; Prakash, S. Microbiome, probiotics and neurodegenerative diseases:
Deciphering the gut brain axis. Cell. Mol. Life Sci. CMLS 2017, 74, 3769. [CrossRef]

417. Caradonna, E.; Nemni, R.; Bifone, A.; Gandolfo, P.; Costantino, L.; Giordano, L.; Mormone, E.; Macula, A.; Cuomo, M.; Difruscolo,
R.; et al. The Brain–Gut Axis, an Important Player in Alzheimer and Parkinson Disease: A Narrative Review. J. Clin. Med. 2024,
13, 4130. [CrossRef] [PubMed]

418. Taghizadeh Ghassab, F.; Shamlou Mahmoudi, F.; Taheri Tinjani, R.; Emami Meibodi, A.; Zali, M.R.; Yadegar, A. Probiotics and the
microbiota-gut-brain axis in neurodegeneration: Beneficial effects and mechanistic insights. Life Sci. 2024, 350, 122748. [CrossRef]
[PubMed]

419. Missiego-Beltrán, J.; Beltrán-Velasco, A.I. The Role of Microbial Metabolites in the Progression of Neurodegenerative Diseases—
Therapeutic Approaches: A Comprehensive Review. Int. J. Mol. Sci. 2024, 25, 10041. [CrossRef]

420. Missiego-Beltrán, J.; Olalla-Álvarez, E.M.; González-Brugera, A.; Beltrán-Velasco, A.I. Implications of Butyrate Signaling Pathways
on the Motor Symptomatology of Parkinson’s Disease and Neuroprotective Effects—Therapeutic Approaches: A Systematic
Review. Int. J. Mol. Sci. 2024, 25, 8998. [CrossRef] [PubMed]

421. Lei, Q.; Wu, T.; Wu, J.; Hu, X.; Guan, Y.; Wang, Y.; Yan, J.; Shi, G. Roles of α-synuclein in gastrointestinal microbiome dysbiosis-
related Parkinson’s disease progression (Review). Mol. Med. Rep. 2021, 24, 734. [CrossRef]

422. Hong, D.; Zhang, C.; Wu, W.; Lu, X.; Zhang, L. Modulation of the gut–brain axis via the gut microbiota: A new era in treatment of
amyotrophic lateral sclerosis. Front. Neurol. 2023, 14, 1133546. [CrossRef]

423. Ceppa, F.A.; Izzo, L.; Sardelli, L.; Raimondi, I.; Tunesi, M.; Albani, D.; Giordano, C. Human Gut-Microbiota Interaction in
Neurodegenerative Disorders and Current Engineered Tools for Its Modeling. Front. Cell. Infect. Microbiol. 2020, 10, 297.
[CrossRef] [PubMed]

424. Kumar, R.; Chhikara, B.S.; Gulia, K.; Chhillar, M. Review of nanotheranostics for molecular mechanisms underlying psychiatric
disorders and commensurate nanotherapeutics for neuropsychiatry: The mind knockout. Nanotheranostics 2021, 5, 288. [CrossRef]
[PubMed]

425. Kakoti, B.B.; Bezbaruah, R.; Ahmed, N. Therapeutic drug repositioning with special emphasis on neurodegenerative diseases:
Threats and issues. Front. Pharmacol. 2022, 13, 1007315. [CrossRef] [PubMed]

426. Qiu, Z.; Yu, Z.; Xu, T.; Wang, L.; Meng, N.; Jin, H.; Xu, B. Novel Nano-Drug Delivery System for Brain Tumor Treatment. Cells
2022, 11, 3761. [CrossRef]

427. Moreira, R.; Nóbrega, C.; de Almeida, L.P.; Mendonça, L. Brain-targeted drug delivery—Nanovesicles directed to specific brain
cells by brain-targeting ligands. J. Nanobiotechnology 2024, 22, 260. [CrossRef]

https://doi.org/10.1186/s13024-022-00548-6
https://doi.org/10.3389/fnins.2023.1153422
https://www.ncbi.nlm.nih.gov/pubmed/37113148
https://doi.org/10.3389/fnins.2024.1432659
https://doi.org/10.3390/molecules27113402
https://doi.org/10.1016/j.mad.2023.111787
https://doi.org/10.1111/imm.12645
https://www.ncbi.nlm.nih.gov/pubmed/27392533
https://doi.org/10.3390/biomedicines10071486
https://doi.org/10.7759/cureus.72427
https://doi.org/10.1002/mco2.656
https://doi.org/10.3390/cells12040657
https://www.ncbi.nlm.nih.gov/pubmed/36831324
https://doi.org/10.3390/ijms242015094
https://doi.org/10.3390/biomedicines12081649
https://www.ncbi.nlm.nih.gov/pubmed/39200114
https://doi.org/10.7759/cureus.47861
https://www.ncbi.nlm.nih.gov/pubmed/38022117
https://doi.org/10.1177/2515690X20957225
https://www.ncbi.nlm.nih.gov/pubmed/33092396
https://doi.org/10.1007/s00018-017-2550-9
https://doi.org/10.3390/jcm13144130
https://www.ncbi.nlm.nih.gov/pubmed/39064171
https://doi.org/10.1016/j.lfs.2024.122748
https://www.ncbi.nlm.nih.gov/pubmed/38843992
https://doi.org/10.3390/ijms251810041
https://doi.org/10.3390/ijms25168998
https://www.ncbi.nlm.nih.gov/pubmed/39201684
https://doi.org/10.3892/mmr.2021.12374
https://doi.org/10.3389/fneur.2023.1133546
https://doi.org/10.3389/fcimb.2020.00297
https://www.ncbi.nlm.nih.gov/pubmed/32733812
https://doi.org/10.7150/ntno.49619
https://www.ncbi.nlm.nih.gov/pubmed/33732601
https://doi.org/10.3389/fphar.2022.1007315
https://www.ncbi.nlm.nih.gov/pubmed/36263141
https://doi.org/10.3390/cells11233761
https://doi.org/10.1186/s12951-024-02511-7


Int. J. Mol. Sci. 2024, 25, 12613 61 of 63

428. Goswami, S.; Isaev, N.K.; Salmina, A.B.; Rana, S.V.S.; Illarioshkin, S.N.; Verma, Y. Recent developments in selective therapeutic
targeting of functionalized nanomaterials to neurovascular units in overcoming the gaps in neurovascular therapy. Brain Disord.
2024, 15, 100162. [CrossRef]

429. Tripathi, P.; Shukla, P.; Bieberich, E. Theranostic Applications of Nanomaterials in Alzheimer’s Disease: A Multifunctional
Approach. Curr. Pharm. Des. 2022, 28, 116–132. [CrossRef] [PubMed]

430. Liang, Y.; Iqbal, Z.; Lu, J.; Wang, J.; Zhang, H.; Chen, X.; Duan, L.; Xia, J. Cell-derived nanovesicle-mediated drug delivery to the
brain: Principles and strategies for vesicle engineering. Mol. Ther. 2023, 31, 1207–1224. [CrossRef]

431. Pinto, M.; Silva, V.; Barreiro, S.; Silva, R.; Remião, F.; Borges, F.; Fernandes, C. Brain drug delivery and neurodegenerative diseases:
Polymeric PLGA-based nanoparticles as a forefront platform. Ageing Res. Rev. 2022, 79, 101658. [CrossRef]

432. Rafati, N.; Zarepour, A.; Bigham, A.; Khosravi, A.; Naderi-Manesh, H.; Iravani, S.; Zarrabi, A. Nanosystems for targeted drug
Delivery: Innovations and challenges in overcoming the Blood-Brain barrier for neurodegenerative disease and cancer therapy.
Int. J. Pharm. 2024, 666, 124800. [CrossRef]

433. Niu, X.; Chen, J.; Gao, J. Nanocarriers as a powerful vehicle to overcome blood-brain barrier in treating neurodegenerative
diseases: Focus on recent advances. Asian J. Pharm. Sci. 2019, 14, 480–496. [CrossRef] [PubMed]

434. Teixeira, M.I.; Lopes, C.M.; Amaral, M.H.; Costa, P.C. Surface-modified lipid nanocarriers for crossing the blood-brain barrier
(BBB): A current overview of active targeting in brain diseases. Colloids Surf. B Biointerfaces 2023, 221, 112999. [CrossRef] [PubMed]

435. Di Filippo, L.D.; de Carvalho, S.G.; Duarte, J.L.; Luiz, M.T.; Paes Dutra, J.A.; de Paula, G.A.; Chorilli, M.; Conde, J. A receptor-
mediated landscape of druggable and targeted nanomaterials for gliomas. Mater. Today Bio 2023, 20, 100671. [CrossRef]
[PubMed]

436. Lérida-Viso, A.; Estepa-Fernández, A.; García-Fernández, A.; Martí-Centelles, V.; Martínez-Máñez, R. Biosafety of mesoporous
silica nanoparticles; towards clinical translation. Adv. Drug Deliv. Rev. 2023, 201, 115049. [CrossRef]

437. Najahi-Missaoui, W.; Arnold, R.D.; Cummings, B.S. Safe Nanoparticles: Are We There Yet? Int. J. Mol. Sci. 2021, 22, 385.
[CrossRef] [PubMed]

438. Singh, G.; Sikder, A.; Phatale, V.; Srivastava, S.; Singh, S.B.; Khatri, D.K. Therapeutic potential of GDNF in neuroinflammation:
Targeted delivery approaches for precision treatment in neurological diseases. J. Drug Deliv. Sci. Technol. 2023, 87, 104876.
[CrossRef]
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