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Abstract

Neurodegenerative diseases (NDDs) are defined by the gradual degeneration of neuronal
cells, wherein the accumulation of misfolded proteins can lead to memory impairments,
motor dysfunctions, and other deteriorations. Despite the widespread impact, there are
currently no viable pharmaceuticals to treat these disorders. Currently, more than 30 million
individuals globally endure severe health issues, with few therapeutic alternatives for their
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management. The mTOR protein is a crucial regulator of cell death signals, survival, growth,
and the fate of neural cells. Targeted modulation of mTOR signaling holds the potential for
mitigating neurodegeneration in Alzheimer’s, Huntington’'s, Amyotrophic Lateral Sclerosis
(ALS), Parkinson's, and other neurodegenerative conditions. However, the advancement
of successful mTOR-targeted therapeutics necessitates careful consideration of multiple
factors. These include addressing protein aggregation and comprehending the complex
interactions of cell death pathways within the neurological system. Additionally, mTOR
modulates diverse signaling pathways, encompassing growth factors and proteins, including
PI3K (phosphoinositide 3-kinase), Akt, AMPK, and SIRT1. Understanding these connections is
crucial for effective therapeutic development. By comprehending the intricacies of the mTOR
pathway, researchers have the opportunity to uncover novel and more precise therapies,

offering optimism for the future management of NDDs. © 2026 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

The protein mTOR, also known as the mammalian target of rapamycin, acts as a cellular
control center and significantly impacts aging, cellular senescence, and age-related diseases.
It operates through two distinct complexes, mTOR complex 1 (mTORC1) and mTORC2, each
with a unique composition and response to signals from other pathways, ultimately affecting
cellular function [1, 2]. mTOR serves as the master regulator of protein synthesis, influenced
by diverse factors such as brain-derived neurotrophic factor (BDNF), insulin-like growth
factor (IGF)-1, vascular endothelial growth factor (VEGF), cytokines, and insulin, all of which
act on kinase receptors and activate signal transduction pathways involving mTOR.

mTORC1, a nutrient-sensitive protein complex inhibited by rapamycin [3], controls
key growth regulators (e.g., cyclin D1, HIF-1a, c-myc) essential for cell growth and survival,
and DNA damage from cellular stress [4]. Conversely, the role of mTORC2 is more complex
and generally rapamycin-insensitive; its function depends on its interaction with the
rapamycin-insensitive companion of mTOR (RICTOR) [5]. mTOR plays a crucial role in many
fundamental cellular functions, including growth, survival, immune response, autophagy,
apoptosis, and metabolism. However, mTOR dysfunction is linked to a wide range of diseases.
This includes age-related impairment, arthritis, insulin resistance, various cancers, and
problems with the nervous system. Disruptions in mTOR signaling are strongly implicated
in the development of several neurodegenerative disorders (NDDs), including Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and Amyotrophic Lateral
Sclerosis (ALS) [6]. AD is a progressive neurodegenerative disorder that primarily disrupts
brain functions such as behavior, thinking, and memory, leading to a gradual decline in daily
activities over time [1, 7,8]. The multifaceted nature of AD, with its numerous contributing
factors, makes both prevention and treatment highly challenging. One of the key areas of
investigation focuses on mTORC1, a cellular signaling pathway heavily influenced by various
stimuli, including growth factors, insulin, amino acids, nutrients, energy levels, and cellular
stresses and oxidative stress [9]. Moreover, scientific literature suggests that dysregulated
mechanisms of cell survival and death may contribute to AD’s development. For example,
disruptions in the mTOR signaling pathways could also initiate events leading to AD
pathogenesis [10].

PD, HD, and ALS are all neurodegenerative disorders with distinct causes and damage
specific to different parts of the nervous system. PD is also just one of many NDDs that are
projected to significantly impact the global population in the future. These progressive
conditionslead to protein accumulation, PD (a-synuclein), HD (Htt),and ALS (TDP-43,S0OD1),
and impose a heavy burden globally [11-13]. However, they share common dysfunctional
cellular processes, including the mTOR pathway, but no proper treatments are available
to effectively cure these diseases. Additionally, many studies show that lowering mTORC1
activity can lengthen the lifespan in various organisms [14, 15]. Beyond its general functions,
mTORC1 signaling is particularly interesting for its role in NDs. This is because mTORC1 not
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only controls protein building but also regulates their breakdown and the removal of cellular
components through a process called autophagy. This cellular recycling system is crucial
for preventing the accumulation of abnormal protein clumps, which contribute to diseases
like AD, PD, ALS, and HD [16, 17]. As they share common dysfunctional cellular processes,
including the mTOR pathway, a comprehensive approach targeting multiple aspects of the
disease is crucial for effective management and for potentially mitigating the immense
impact of treating NDDs.

Studies on animals suggest that mTOR inhibitor drugs like rapamycin might have the
ability to slow down the worsening of AD or even improve problems with thinking and
memory that occur in AD patients [18-20]. However, according to data from clinicaltrials.gov,
no clinical trials investigating the effects of rapamycin on delaying AD progression have been
terminated to date [16]. Plants are emerging as a significant source of novel compounds that
can modulate mTOR activity, offering potential therapeutic strategies for various diseases by
harnessing the natural ability of plant-derived compounds to influence this crucial cellular
pathway. The focus of this review is to comprehensively explore the multifaceted role of
mTOR. It offers a thorough examination of mTOR complexes, their regulation, and their
downstream impacts on cellular processes such as metabolism, autophagy, and aging, all
of which play a critical role in AD, HD, PD, and ALS progression. Furthermore, the review
critically analyzes the hurdles in translating these findings into effective clinical therapies
for NDDs patients. It also delves into the critical involvement of diverse therapeutic agents
in modulating mTOR activity that can hold therapeutic potential in ameliorating these
debilitating conditions.

mTORC 1/2 complexes: Components, Functions, and Regulation

The mTOR is a ubiquitous 2549-amino acid serine/threonine protein kinase. It is
mainly localized in the cytoplasm and belongs to the phosphatidylinositol 3-kinase-related
kinase (PIKK) family. It is crucial for controlling fundamental cellular activities like survival,
proliferation, apoptosis, and protein synthesis [21]. Its activity is positively correlated with
phosphorylation atresidues Thr2446, Ser2448, and Ser2481 in the catalytic domain. Notably,
adjacent to this domain is the FKBP12-rapamycin-binding (FRB) domain, which serves as
the specific binding site for the immunosuppressant rapamycin. Rapamycin forms a complex
with FKBP12, which then binds to the FRB domain and disrupts the mTOR complex formation,
inhibiting its activity [22]. The mTOR protein serves as the catalytic core of two distinct
multi-protein complexes: mTORC1 and mTORC2 (Fig. 1 (A) and (B). These complexes are
differentiated by their unique components, like upstream regulators, downstream targets,
and sensitivity to rapamycin [23]. Both complexes possess shared subunits, including mTOR,
mammalian lethal with DEP domain-containing mTOR-interacting protein (DEPTOR), SEC13
protein 8 (mLST8), and the Tti1/Tel2 complex. However, mTORC1 is distinctly characterized
by the presence of the regulatory-associated protein of mTOR (Raptor) and the proline-
rich Akt substrate of 40 kDa (PRAS40), whereas mTORC2 includes the rapamycin-
insensitive companion of mTOR (Rictor), the mammalian stress-activated protein kinase-
interacting protein 1 (mSin1), and the protein associated with Rictor 1/2 (Protor1/2) [24].
Raptor (150 kDa as a full-length scaffold protein) is an essential constituent of mTORC1
[25]. It plays a crucial role in complex formation, substrate recruitment, and recognition
through its interaction with proteins containing the TOR signaling (TOS) motif, such as
eukaryotic translation initiation factor 4E-binding proteins (4EBPs), p70 S6 kinase (S6K),
and STAT3 (Hoeffer and Klann, 2010). Furthermore, Raptor functions as an amino acid-
sensing molecule that regulates the subcellular localization and activation of mTORC1 [27].
[ts ability to specifically compete with the rapamycin-FKBP12 complex for binding to FRB is
a key mechanism in the regulation of mTORC1 activity.

PRAS40 and DEPTOR serve as negative regulators of mTORC1 [28]. PRAS40 interacts
with Raptor and inhibits mTORC1 by obstructing substrate access. mTORC1 activation
leads to the phosphorylation and functional suppression of PRAS40 and DEPTOR, hence
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promoting downstream signaling [26]. mTORC2, distinguished by the presence of Rictor,
typically exhibits resistance to acute rapamycin administration. Prolonged exposure to
rapamycin can impair mTORC2 function, presumably by hindering the production of new
Rictor proteins. This indicates that only preassembled mTORC2 complexes demonstrate
resistance to rapamycin, likely due to steric hindrance that limits access to the FRB domain.
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Fig. 1. (A)mTORC1: Itacts as the master regulator ofanabolism, promoting cell growth by activating effectors
for Protein synthesis (S6K, 4EBP1), Lipid synthesis, and suppressing catabolic processes like Autophagy
(via ULK1 inhibition). Overactivation of mTORC1 is a central driver of Tumor Proliferation and is implicated
in Metabolic Syndrome and Neurodegenerative Disorders (due to impaired autophagy). (B) mTORC2
domain structure: It is distinguished by the rapamycin-insensitive subunit Rictor and mSIN1. mTORC2
phosphorylates AKT (at Ser473) to promote cell survival and regulates the cytoskeleton via PKC and ion
transport via SGK. (C) The major upstream regulators of the mTOR complex: the mTOR network integrates
signals from four major physiological inputs to control cell fate via Essential amino acids (Arginine, Leucine)
activate mTORC1 via the Rag GTPases and GATOR complexes at the lysosome. Additionally, signaling via
receptors (FGFR, EGFR) activates the PI3K-AKT pathway, which inhibits the tumor suppressors TSC1/TSC2
(mutated in Tuberous Sclerosis Complex), leading to mTORC1 activation. Low cellular energy (high AMP:
ATP ratio) activates AMPK, which inhibits mTORC1 to conserve energy. Further cellular stress activates
tumor suppressors like p53 and Sestrin,
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Sin1, a component specific to mTORC2, is crucial for the stability of the complex, as its
genetic ablation leads to embryonic mortality. mTORC2 functionally modulates cytoskeletal
structure and phosphorylates essential kinases, including Akt. Akt activation indirectly
enhances mTORC1 activity and inhibits FOXO transcription factors by obstructing their
nuclear localization [29, 30].

The tuberous sclerosis complex (TSC), consisting of TSC1 and TSC2, serves as a
vital negative regulator upstream of both mTOR complexes. TSC1/2 suppresses mTOR
signaling through the small GTPase Rheb (Ras homolog abundant in brain) by enhancing
its intrinsic GTPase activity, thereby converting active Rheb-GTP to inactive Rheb-GDP
[31]. Numerous kinases modulate the TSC1/2 complex activity by phosphorylation, thus
governing heterodimer formation. The result of these phosphorylation events—either
activation or inhibition of mMTOR—hinges on the particular amino acid residues that undergo
phosphorylation. Among these kinases, glycogen synthase kinase 38 (GSK3) phosphorylates
TSC2, thereby facilitating the activation of the TSC1/2 complex and consequently inhibiting
the mTORC1 activity [32].

mTOR Signaling: A Key Regulator of Cellular Fate

The mTOR is a serine/threonine kinase that is part of the PIKK family. The C-terminal
region of this protein shares substantial structural similarity with the catalytic domains of
both phosphatidylinositol 3-kinase (PI3K) and phosphatidylinositol 4-kinase (PI14K) [29].
mTOR serves as the catalytic core of mMTORC1 and mTORC2 complexes, which are essential
for regulating the intracellular signaling cascades critical for cellular homeostasis. The
mTOR is vital in cell survival and proliferation by controlling a range of cellular processes,
such as autophagy, protein synthesis, cell growth, and metabolism [33, 34]. Dysregulation,
particularly overactivation, of mTOR signaling can lead to uncontrolled proliferation of cells
and contribute to cancer [35, 36]. Beyond its role in cancer, mTOR also regulates immune
cell differentiation and function, and it can inhibit apoptosis in tumor cells, aiding immune
evasion. Consequently, mTOR serves as a crucial coordinator of cellular energy metabolism,
proliferation, autophagy, and apoptosis.

The mTOR protein is characterized by multiple conserved domains. Adjacent to the
N-terminus, there is a sequence of HEAT repeats (huntingtin, elongation factor 3, protein
phosphatase 2A, and TOR1), which are important for promoting the formation of a large
surface area with a hydrophobic character that facilitates protein-protein interaction and
membrane localization. The FAT domain (FRAP-ATM-TRRAP), spanning about 568 residues,
interacts with the FATC domain at the C-terminus, thus revealing the kinase domain. This
domain is vital for ATP binding and catalysis, and carrying out its catalytic function, and is
therefore a target for ATP-competitive inhibitors [35, 36].

Rapamycin exerts its inhibitory effect on mTOR through a specific mechanism initially
by forming a complex with FK506-binding protein 12 (FKBP12). Then this complex activates
the FRB domain of mTOR, which induces a conformational change to inhibit kinase function.
A negative regulatory domain (NRD) is also present, located between the KIN and FATC
domains [37].

The mTOR signaling pathway is a crucial part of cellular communication networks, and
the PI3K/AKT/mTOR cascade is a central hub in cellular communication. As shown in Fig. 1
(C), mTORC1 activity is governed by extracellular signals such as growth factors, hormones,
and cytokines. PI3K phosphorylates PIP2 to form PIP3, which subsequently leads to the
activation of AKT. The TSC1-TSC2 complex serves as a critical regulator that tightly controls
the activity of AKT, and its inhibition can be alleviated by the activation of AMPK or REDD1
and the inhibition of Rheb. In addition, cellular stressors (e.g., energy deprivation, hypoxia,
and genotoxic stress) can suppress mTORC1 activity via the activation of REDD1 or AMPK
[37].

Amino acids are critical for activation of mTORC1, inducing the Rag GTPase heterodimer
associations (RagA/B and RagC/D), which recruit the recruitment of mTORC1 to the
lysosomal membrane, leading to its activation. Once stimulated, mTORC1 phosphorylates
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downstream targets like eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) and
ribosomal protein S6 kinase 1 (S6K1), favoring protein and lipid biosynthesis. mTORC1 also
controls autophagy and the ubiquitin-proteasome system. In contrast, mMTORC2 modulates
cell metabolism, survival, and cytoskeleton organization by controlling its downstream
targets AKT, protein kinase C (PKC), and serum/glucocorticoid-regulated kinase 1 (SGK1)
[37,38]

Dysregulated mTOR signaling, particularly its overactivation, is a recognized contributor
to the pathogenesis of a wide range of diseases. This includes its frequent observation in
various types of cancer [39] and is associated with neurological diseases such as AD, PD, and
HD [40-42]. In addition, mTOR signaling is also involved in metabolic disorders, including
diabetes, obesity, and aging abnormalities [43]. Therefore, pharmacological targeting of
mTOR signaling has provided an avenue for therapeutic intervention by mitigating aberrant
growth factor signaling, delaying disease progression, and potentially offering significant
advantages in the treatment of NDs.

Driving Cellular Fate: The Molecular Mechanisms of mTOR Activation

mTOR, as a fundamental cellular regulator, is controlled by three major upstream
signals: nutrient availability, environmental stressors, and immune system responses [44].
These diverse signals are integrated to activate mTOR, a process involving multiple signaling
pathways ultimately. One crucial pathway involves Ras homolog enriched in brain (RHEB),
a small GTPase protein found on the lysosome. RHEB functions depend on its association
with guanine nucleotide. When GTP is bound to RHEB, it can engage with mTORC1, a protein
complex, and bring it to the lysosome. This interaction is necessary for the direct activation
of mTORC1 [45, 46]. Separately, the PI3K/Akt signaling pathway serves as the primary
mechanism by which growth factors stimulate mTORC1. This occurs when growth factors
attach to receptor tyrosine kinases (RTK), these receptors activate PI3K, an enzyme that
produces a specific lipid known as PIP3.

PIP3 formation leads to the activation of PDK1 and Akt, two proteins engaged in the
signaling cascade. Akt then phosphorylates and inhibits TSC2, a core element of the TSC
complex [47, 48]. Since the TSC complex serves as a GTPase-activating protein, it facilitates
the inactivation of RHEB. Akt’s inhibition of TSC2 indirectly activates mTORC1 by allowing
RHEB to become more active and can promote mTORC1 activation [49]. Another pathway
downstream of RTKs, which can facilitate mTORC1 activation, is the Ras/Erk/RSK1. This
pathway suppresses the TSC complex and also indirectly activates mTORC1. Moreover, RSK1
can directly activate mTORC1 by phosphorylating Raptor, a protein within the mTORC1
complex [50-52].

The PI3K/AKT signaling is the key pathway by which antigens, cytokines, and other
immune signals induce mTORC1 activation [53, 54]. For example, TLR signaling is known to
activate PI3K/AKT to activate mTORC1, which acts to regulate the inflammatory response
[55, 56]. As cellular metabolism critically regulates mTORC1, nutrient and energy availability
strongly influence its activity.

AMPK, a protein that regulates energy, gets activated by a reduction in glucose levels and
an elevation in the AMP/ATP ratio. AMPK indirectly suppresses the mTORC1 through the TSC
phosphorylation, thus augmenting its capacity to decrease the mTORC1 activity [57]. Gwinn
et al. found that AMP-activated protein kinase (AMPK) directly suppresses mTORC1 through
Raptor phosphorylation [58]. Moreover, mTORC1 activity is stringently controlled by amino
acid supply via the RAG-GTPases and Ragulator [59]. RAG A/B and RAG C/D constitute a
heterodimer that associates with the lysosome, facilitated by Ragulator. The heterodimer of
GTP-bound RAG A/B and GDP-bound RAG C/D drives mTORC1 translocation to the lysosome,
leading to its activation [27]. GATOR1 inhibits mTORC1 activation by suppressing RAG A/B.
GATOR2 mitigates this inhibition. Leucine, arginine, and glutamine are notably proficient
in activating mTORC1 among amino acids [60]. Cytoplasmic leucine levels are detected by
Sestrin2 (SESN2), which reduces its affinity for GATOR2 upon leucine binding. This enables
GATOR2 to engage with GATOR1, hence diminishingits inhibitory influence on RAGand mTOR
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[61-63]. CASTOR1, akin to SESN2, identifies cytoplasmic arginine and suppresses GATOR2
under conditions of arginine scarcity. Abundant arginine alleviates CASTOR1’s suppression
of GATORZ, resulting in mTOR activation [64]. Lysosomal arginine further activates mTORC1
by stimulating the RAG-Ragulator complex through the amino acid transporter SLC38A9.
Crucially, vacuolar H+-ATPase (v-ATPase) detects lysosomal amino acids and is essential for
RAG-Ragulator-mediated mTORC1 activation [65, 66]. Adenosine diphosphate ribosylation
factor-1 (Arfl), a small GTPase, stimulates mTORC1 in a manner that is independent of
RAG in response to glutamine. Glutamine is transformed into a-ketoglutarate (aKG), which
activates RAG by modifying its nucleotide state, ultimately resulting in mTORC1 activation
[67, 68]. The mechanisms underlying mTORC2 activation remain incompletely elucidated;
nonetheless, it is established that growth factor-induced-RTK activation activates mTORC2
via PI3K [69]. PIP3 interacts with mSinl (the regulatory subunit of mTORC2), thereby
diminishing its inhibitory effect. PI3K facilitates the connection between mTORC2 and the
ribosome, leading to the activation of mTORC2. Furthermore, glucose deprivation-induced
AMPK activation phosphorylates mTOR, thereby directly activating mTORC2 [38, 70].

mTOR and the Autophagy Nexus: Gatekeeper of Cellular Homeostasis

mTOR, through its complex mTORC1, plays a vital role in regulating cellular functions
such as translation and autophagy. It acts by phosphorylating various substrates, including
4EBP, Ulkl, p70S6K, and Atgl3. Autophagy is a crucial cellular process for metabolic
equilibrium and survival [71]. This process involves the formation of a double-membraned
structure autophagosome, that engulfs and transports cytoplasmic material to the vacuole for
degradation [72]. Dysregulation of autophagy is linked to various human pathologies, such
as lysosomal storage disorders and neurological conditions [73, 74]. The process is generally
regulated by several autophagy-related (Atg) proteins and progresses through three distinct
phases: initiation, elongation, and maturation. The initiation phase commences with the
establishment of a phagophore formation at the phagophore assembly site. The elongation
phase entails the phagophore expansion, whereas the maturation phase concludes with
autophagosome-lysosome fusion to form an autophagolysosome. mTORC1 is a key regulator
of autophagy, which under nutrient-replete-conditions inhibits autophagy by suppressing
and phosphorylating Ulk1, Atgl3, and AMBRA1, thereby blocking the development of the
phagophore [75, 76]. Conversely, when nutrients are scarce or when rapamycin is present,
mTORC1 activity diminishes, resulting in the dephosphorylation and activation of Ulk1. This
activated Ulk1 then triggers the autophagic cascade by phosphorylating Atg13, FIP200, and
as well and itself [77]. The Ulk1/Atg13/FIP200/Atg101 protein complex is fundamental for
autophagy, since it promotes the formation of autophagosomes, specialized structures that
sequester damaged organelles or proteins for destruction. Its primary role is to recruit other
crucial autophagy proteins and initiate autophagosome formation. The activation of this
complex initiates a series of processes, leading to the activation of another critical complex,
including the class III PI3 kinase Beclin-1 and Vps34. Vps34, an enzyme that phosphorylates
lipids, is crucial for the de novo synthesis of autophagosomes, and its enzymatic activity is
substantially enhanced upon binding to Beclin-1 [78]. A crucial phase in autophagy involves
the conjugation of LC3, a microtubule-associated protein, with phosphatidylethanolamine
(PtdEtn). This process involves the initial cleavage of LC3 by Atg4 to form LC3-I, followed by
its conjugation to PtdEtn via Atg7 and Atg3, leading to the production of LC3-II [79, 80]. LC3-
I1, a crucial autophagy protein, is affixed to both surfaces of the autophagosome membrane.
During fusion with lysosomes, LC3-II on the cytosolic face is converted back to LC3-1 by Atg4.
In contrast, LC3-II on the inner (luminal) surface undergoes degradation. Autophagosomes
are then actively transported to lysosomes along microtubules, facilitated by a motor protein
dynein. The subsequent merging of these two organelles creates an autolysosome, where the
sequestered cellular components are broken down by lysosomal enzymes. mTORC1 exhibits
a dual regulatory role in autophagy; it not only impedes autophagy but also negatively
impacts lysosome formation, which is indispensable for cellular degradation [79]. Emerging
evidence suggests that mTORC1 regulates lysosome formation via TFEB, a transcription
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factor that governs genes associated with lysosomal function [81]. In conditions of nutrient
deprivation, mTORC1 inhibition facilitates TFEB’s nuclear translocation, hence enhancing
both the generation of autophagosomes and their subsequent fusion with lysosomes. This
ultimately improves autophagy to counteract nutritional deficits [81, 82].

mTOR at the junction: Modulating Apoptosis via Autophagy

Apoptosis, a form of programmed cell death characterized by a series of events
involving caspase activation. These proteolytic enzymes are triggered in response to
stimuli like mitochondrial damage or TNF ligand-receptor binding [83]. mTOR modulates
apoptosis through its complex relationship with autophagy, although the precise underlying
mechanisms are not yet fully understood. Autophagy itself plays a dual role in regulating
apoptosis, while mTOR affects this process via intricate autophagy-dependent pathways.
Notably, the PI3K/AKT/mTOR signaling pathway suppresses apoptosis by promoting
autophagy. However, a study by Han et al. showed that oxidative stress caused by hydrogen
peroxide can initiate apoptosis; however, this effect can be mitigated by the PI3K/AKT/
mTOR pathway, which inhibits autophagy [84].

Furthermore, studies show that when mTOR is inactive, it promotes apoptosis via
autophagy activation, as evidenced by the fact that autophagy inhibitors can reduce apoptosis
induced by mTOR inhibitors [85, 86]. The complex interplay between autophagy and
apoptosis enables mTOR to have a dual influence on apoptosis. mTOR acts as a suppressor
of autophagy; when this suppression occurs during cellular stress, it can trigger apoptosis.
However, when autophagy is active, it functions as a protective mechanism that helps the
cell avoid apoptosis. For instance, in a murine model of sepsis, mTOR inhibition attenuates
autophagy, consequently triggering death in CD4+ T cells [87]. Recent studies also highlight
the AKT/mTOR pathway's significance in modulating autophagy and apoptosis [88, 89].
This pathway can suppress autophagy, resulting in enhanced apoptosis. The mechanisms
by which autophagy have been extensively investigated. One key mechanism involves mTOR
inhibition, which triggers autophagy and promotes the degradation of the anti-apoptotic
protein Bcl-2, thereby triggering apoptosis [90]. Additionally, certain autophagy proteins,
including ATG5 and ATG12, might directly facilitate apoptosis either through interactions
with death-related proteins or by inactivating anti-apoptotic proteins such as Bcl-2 [91].
Conversely, autophagy can also suppress apoptosis by engulfing and degrading caspase-8, a
key apoptotic enzyme. The interaction of ATG7 with caspase-9 obstructs its translocation to
the autophagosome, further influencing the apoptotic cascade [92].

Significance of mTOR in Brain Function

The mTOR is highly expressed in the brain, predominantly in neurons and also in glial
cells. During embryonic development, mTOR signaling is essential for enhancing neuronal
survival and proliferation in response to growth hormones and guidance cues, such as
insulin and insulin-like growth factor 1 (IGF-1). The coordinated function of mTORC1
and mTORC2 is crucial for appropriate neuronal and cerebral development, despite the
underlying mechanisms being only partially elucidated [93]. mTOR signaling promotes
neurite outgrowth, encompassing the elongation of dendrites and axons [94] (Fig. 2). In
dendritic morphogenesis, mTOR hyperactivation promotes dendritic branching and elevates
the quantity of immature filopodia-like protrusions, while diminishing the density of mature
dendritic spines [95]. The activation of mTORC1 facilitates protein and lipid biosynthesis,
hence enhancing cellular growth and plasma membrane expansion, which are essential for
axon guidance in neurodevelopment. Additionally, local mTORC1-dependent protein—and
maybe lipid—synthesis facilitates the structural maturation of axons and dendrites. mTORC?2,
recognized for its modulation of actin cytoskeletal dynamics, presumably enhances growth
cone motility and is crucial to neurite pathfinding and elongation [32].

As the brain develops, the mTOR signaling pathways that control neuronal division and
migration during development become crucial regulators of synaptic plasticity and cognitive
functioning in the mature brain [96]. In post-mitotic neurons, mTOR regulates various
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Fig. 2. Clinical significance of mTOR in normal vs diseased brain: In neurodegenerative disorders like
Alzheimer's, Parkinson‘s, Huntington's disease, and ALS, abnormal mTOR activity and compromised
autophagy are linked to pathological features like increased Ap and Tau levels, BACE1 reduction, and
neuroinflammation.

processes, including synaptic plasticity, neuronal polarity, neurotransmission, proteostasis,
metabolic regulation, and cellular stress responses, including DNA repair [97]. In the adult
central nervous system, mTOR activity is essential for multiple forms of synaptic plasticity,
especially long-term potentiation (LTP) in the hippocampus, which facilitates learning and
memory via protein synthesis-dependent synaptic enhancement [98].

Moreover, the mTOR pathway facilitates synaptic plasticity by meticulously regulating
the time and positioning of new protein production. Research indicates that mTOR facilitates
gene expression regulated by BDNF expression, highlighting numerous critical proteins
associated with synaptic plasticity, learning, and memory [32, 95, 99], the production
of synaptic proteins, including calcium/calmodulin-dependent protein kinase II alpha
(CaMKIla) and postsynaptic density protein 95 (PSD-95), is also dependent upon mTOR
signaling [100, 101].

In the aging brain, mTOR is crucial for maintaining proteostasis by balancing the
equilibrium between protein synthesis and autophagy, thus averting the buildup of toxic
protein aggregates that may lead to neurodegeneration [97]. Beyond its localized functions in
neurons, mTOR also governs systemic physiological processes. Within the hypothalamus, it
actsasan energy sensor to regulate food consumption and sustain overall energy homeostasis
[102]. Additionally, mTOR plays a significant role in modulating the hypothalamic-pituitary-
gonadal axis, affecting the onset of puberty, responding to external light stimuli, and adjusting
circadian rhythms through its effect on neurons in the suprachiasmatic nucleus [99, 103].

mTOR and neuroinflammation

The mTOR signaling pathway is a critical intracellular regulator that profoundly affects
immune responses, especially inside the central nervous system (CNS). mTOR significantly
impacts the activation and function of microglia, the resident immune cells of the CNS,
thereby promoting neuroinflammation. Extensive research has demonstrated that mTOR
signaling regulates T cell development and function, escalating inflammatory responses.
Both external stimuli and internal dysregulation can activate the nervous system’s
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immune responses, hence engaging the mTOR pathway and promoting neuroinflammatory
processes. Activation of mTOR signaling can lead to heightened activation and secretion of
glial cells, which are crucial for immunological defence and metabolic regulation, leading
to neuroinflammation. Furthermore, the mTOR signaling pathway and its activity are
associated with the regulation of cell membrane integrity. Under stress, damage, or infection
in nerve cells, mTOR activation may exacerbate membrane breakdown and ionic imbalance,
hence facilitating neuroinflammatory reactions.

Neuroinflammation, the inflammatory breakdown of brain tissue caused by infection,
autoimmune responses, or other injuries, is a defining feature of the onset and advancement
of NDDs [104]. Chronic neuroinflammatory signaling can lead to progressive neuronal
damage and death, hence increasing vulnerability to conditions such as AD, PD, and
multiple sclerosis. Early neuroinflammation is especially harmful, as it can provoke synaptic
instability, glial dysfunction, and neuronal demise, all accelerating disease progression. This
process involves the release of inflammatory mediators, including cytokines, chemokines,
oxidative stress markers, and other neurotoxic agents, which collectively exacerbate
neurodegeneration [105].

Dysfunctional immune cells and inflammatory mediators are central to
disease onset and progression in many NDDs, including epilepsy [106]. The mTOR
signaling pathway critically regulates neuroinflammatory responses, particularly
through the modulation of microglial activation. Microglia, the CNS’s innate immune
cells, become activated in response to infection, injury, or inflammatory stimuli,
subsequently releasing various cytokines, including pro-inflammatory chemokines
and interleukins [107, 108]. While this activation recruits other immune cells and
aids tissue repair, excessive microglial activation may lead to sustained inflammation,
worsening the pathophysiology of disorders such as AD and multiple sclerosis [109].
Activated microglia generate many cytotoxic agents, including ROS, prostaglandin E2
(PGE2), proteolytic enzymes, nitric oxide (NO), and pro-inflammatory cytokines, which may
exacerbate neuronal damage [110]. The mTOR signaling pathway facilitates macrophage
activation by regulating the innate immune system. Inhibition of mTOR has been linked to
reduced microglial viability and a reduction in pro-inflammatory responses. Specifically,
mTOR activity boosts the survival of EOC2 microglial cells and increases NO synthase
2 (NOS2) expression under hypoxic conditions in BV2 microglia, hence promoting a pro-
inflammatory phenotype. Conversely, mTOR inhibition reduces NOS2 expression and NO
production in response to cytokines, and also lowers microglial proliferation and intracellular
cyclooxygenase levels, especially when combined with cytokine therapy or mTOR inhibitors
such as RAD2 [111].

mTOR signaling is critical for T cell development and function, while also influencing
neuroinflammation. mTOR dictates the fate of CD4" T cells by promoting their differentiation
into effector subsets and modifying their functional responses. CD4* Th1 cells typically
become anergic (inactive) upon antigen recognition without co-stimulation [112]. However,
mTOR activity can circumvent this anergic state by acting as ametabolic co-stimulatory signal,
therefore promoting T cell activation [113]. Inhibition of mTOR impedes this activation,
intensifying T cell anergy and disrupting essential metabolic pathways vital for T cell activity
[114]. Furthermore, mTOR inhibition enhances the development and activity of regulatory T
cells (Tregs), which are crucial for immune balance and preventing excessive inflammation
[115]. Studies indicate that mTOR inhibitors have shown the potential to reduce cytokine-
dependent T cell proliferation while promoting Treg-mediated immunological tolerance
[111]. Furthermore, mTOR activation reduces the expression of lymph node-homing
receptors, such as CD62L and CCR7, hence facilitating the T cell migration towards inflamed
tissues [113]. These findings underscore mTOR signaling’s pivotal role in regulating
immunological responses and neuroinflammatory processes, establishing it as a crucial
factor in the development of NDs and a potential therapeutic target.
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mTOR signaling in Neurodegenerative disorders

Alzheimer’s disease

AD is a progressive, age-associated NDDs marked by a gradual and permanent
deterioration of cognitive functions, including memory, learning, and executive abilities [105,
116]. Pathologically, AD is primarily distinguished by two hallmark features, the extracellular
deposits of $-amyloid (AB) peptides forming amyloid plaques and intracellular aggregates
of hyperphosphorylated tau protein resulting in neurofibrillary tangles (NFTs) [117]. These
features signify complex disruptions in neuronal function and integrity, ultimately leading to
the observed symptoms in affected individuals.

AD is the most widespread NDDs worldwide, presently impacting over 20 million
individuals. The number is anticipated to increase significantly, with an estimated 135 million
individuals forecast to be diagnosed by 2050. Familial AD, characterized by an autosomal
dominant inheritance pattern, constitutes less than 2% of all cases and is predominantly
linked to mutations in the genes producing amyloid precursor protein (APP) and presenilin-1
and -2 (PSEN1, PSEN2), which are essential for Af formation. The vast majority of AD cases
are sporadic and complex in nature. Age is the predominant risk factor, closely followed by
the presence of the apolipoprotein E4 (APOE €4) allele [118]. The other contributing factors
encompass metabolic illnesses like diabetes and obesity, cerebrovascular anomalies, brain
injuries, and diverse hereditary predispositions [119]. The neuropathological examinations
of AD brain uncover a variety of molecular changes in addition to plaques and tangles. These
encompass oxidative stress, disturbances in energy metabolism, mitochondrial dysfunction,
proteostasis impairment through compromised autophagy and proteasome activity,
degradation of the blood-brain barrier, excitotoxicity resulting from glutamate dysregulation,
diminished acetylcholine signaling, and persistent inflammation [120]. These alterations are
coordinated by or associated with dysregulations in critical intracellular signaling networks
such as intracellular calcium, c-Jun N-terminal kinases, PKR, nicotinic acetylcholine receptor
signaling, AMPK, and silent mating-type information regulator 2 homolog 1 (Sirtl), and
PI3K/Akt/ mTOR. The abnormal activation of the phosphoinositide 3-kinase (PI3K)/Akt/
mTOR pathway has become a key pathogenic characteristic in AD [121] (Fig. 2). Recent
studies have revealed an indirect association between the mTOR signaling pathway and
AP pathology via its upstream regulator, Ras homolog enriched in brain (Rheb), which is
observed to be downregulated in the brains of AD patients. The decrease in Rheb levels is
associated with heightened expression of (3-site APP-cleaving enzyme 1 (BACE1), the rate-
limiting enzyme that facilitates A synthesis in neurons [122, 123]. Both in vitro and in vivo
studies have shown that Rheb modulates BACE1 degradation through proteasomal and
autophagic pathways, independent of mTOR, by directly interacting with BACE1 [122]. Tau
hyperphosphorylation, another key characteristic of AD, has been linked to elevated mTOR
activity and its downstream signaling pathways [124]. In Drosophila tauopathy models,
tau hyperphosphorylation amplifies mTOR signaling, leading to neurodegeneration—a
process that can be reversed through genetic or pharmacological mTOR inhibition [125,
126]. Furthermore, mTOR activation exacerbates tau pathology by boosting its localization
and secretion, suppressing protein phosphatase 2A (PP2A), and augmenting tau mRNA
translation through p70S6K activation [127, 128]. The antidiabetic medication biguanide
metformin inhibits mTOR, hence preventing tau hyperphosphorylation in both in vitro and
in vivo settings [129].

Investigations of postmortem human AD brain tissues have revealed hyperactivation of
the PI3K-Akt-mTOR signaling pathway. This elevation encompasses downstream effectors,
including p70 ribosomal S6 kinase (p70S6K), 4E-BP1, and eukaryotic elongation factor
2, all of which influence modified protein production and cellular metabolism [124, 130-
132]. Notably, only mTOR complex 1 (mTORC1), and not mTORC2Z, seems to be activated
in the hippocampus during the advanced stages of AD [131]. This hyperactivation is
especially significant in people with mild cognitive impairment (MCI) and clinical AD, but
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not in individuals with preclinical AD, indicating that mTOR dysregulation is a progressive
phenomenon in AD pathogenesis [133].

AD, another characteristic is cerebral insulin resistance, seen as reduced glucose uptake
and metabolism in neurons. This metabolic abnormality is associated with paradoxical
hyperactivation of the insulin receptor (IR)-PI3K-Akt signaling cascade. Evidence suggests
that soluble A oligomers can attach to insulin receptors, promoting their internalization
and removing IR from neuronal dendrites, thus replicating the insulin resistance phenotype
observed in AD brains [134].

The degree of mTOR activation in animal models of AD has produced contradictory
results, dependent on the particular transgenic mouse model and age. Prior investigations
indicated diminished mTOR activity and lowered levels of its downstream effector, p70S6K,
in two APP/PS1 transgenic mouse lines, specifically in the hippocampus at 6 months
and in the cortex at 12 months of age [135]. Conversely, other researchers have noted
hyperactivation of the mTOR pathway in 3xTg-AD animals and in the hippocampus of non-
transgenic mice administered A oligomers [136]. The hyperactivation of mTOR produced
by AB may be associated with the phosphorylation of PRAS40, a positive modulator of mTOR
activity [136-138]. Comparable variability has been observed in in vitro experiments.
Utilizing AB1-42, a decrease in mTOR activation and p70S6K expression in both mixed
primary cultures and neuroblastoma cells was observed [135, 139]. A similar suppression
of mTOR signaling was noted in peripheral blood mononuclear cells (PBMCs) from AD
patients, seemingly mediated through the PKR-p53-TSC1/TSC2-REDD1 pathway [140,
141]. In contrast, several investigations indicated heightened mTOR activation following
AB25-35 administration or the expression of the familial AD mutation (7PA2) in CHO cells
[136, 142, 143]. The combined in vivo and in vitro evidence indicates that AB influences
mTOR signaling in a dose-dependent manner: lower, more physiological Af levels appear
to augment mTOR activity, whereas higher AB concentrations inhibit it [144]. This duality
underpins a neural dichotomy, wherein mTOR suppression correlates with apoptotic
neurons, but mTOR hyperactivation, accompanied by increased Akt and p70S6K activity, is
related to the development of NFTs [130, 145]. Neuroinflammation, while not a defining
characteristic, significantly contributes to the progression of AD [105]. Microglia, the brain’s
intrinsic immune cells, demonstrate diminished efficacy in clearing A as AD progresses,
similar to macrophages [146]. T lymphocytes have been noted in proximity to Af plaques
and activated microglia [147, 148]. The mTOR pathway governs the differentiation of
T-helper cell subsets and the generation of cytokines [149]. mTORC1 specifically inhibits
pro-inflammatory cytokines, including IL-12, IL-23, IL-6, and TNF-a, by suppressing NF-
kB activity, while promoting anti-inflammatory cytokines such as IL-10, TGF-f3, and type I
interferons [150, 151]. Further research demonstrates reduced lymphocyte responsiveness
to the mTOR inhibitor rapamycin in AD patients relative to healthy controls, signifying a
more extensive disruption of immunological signaling [152]. mTOR is pivotal in modulating
autophagy, a cellular breakdown mechanism that is compromised in AD [153]. Both human
AD brains and transgenic mouse models demonstrate the increase of autophagic vesicles
(AVs) in dystrophic neurites, potentially worsening disease pathology by increasing Af(3
generation within AVs [154-157]. Various mechanisms that regulate autophagy—such
as mTOR, AMP-activated protein kinase (AMPK), glycogen synthase kinase-3f (GSK3p),
and calcium signaling are impaired in AD [158-160]. Moreover, reduced expression of
beclin-1, a critical initiator of autophagy, coupled with inadequate lysosomal acidification,
leads to compromised proteolysis and buildup of autophagic vacuoles [161, 162]. The
efforts to reinstate autophagy in AD have had inconsistent outcomes. The re-expression of
beclin-1 and administration of rapamycin in transgenic AD mice have decreased amyloid
accumulation and tau protein levels [163, 164]. In contrast, the induction of autophagy by
rapamycin in APP mutant cell lines has been linked to elevated A synthesis. Interventions
that boost lysosomal acidification, such as GSK3f inhibition (e.g., L803-mts) or the injection
of nicotinamide (a NAD* precursor), facilitate A clearance and diminish tau pathology [165,
166]. The results demonstrate a stage-dependent relationship between autophagy and A(3
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dynamics: initial autophagy activation may improve Af} clearance, whereas later autophagic
dysfunction may worsen pathogenesis [144]. These findings highlight the pivotal role of
mTOR signaling dysregulation in AD, connecting critical clinical characteristics including
AB accumulation, tau hyperphosphorylation, neuroinflammation, autophagy dysfunction,
neuronal shrinkage, and cognitive decline. Consequently, targeting mTOR and its related
pathways signifies a possible treatment strategy for altering the progression of AD.

Parkinson’s disease

Parkinson’s disease is a progressive NDDs thatimpacts roughly 2% of adults over 60 years
of age, rendering it the second most prevalent neurodegenerative condition following AD.
Clinically, PD is defined by motor symptoms including resting tremor, stiffness, bradykinesia,
and postural instability. Alongside these motor problems, patients frequently encounter
non-motor symptoms such as cognitive deficits, depression, and sleep disorders [167]. PD
neuropathologically affects dopaminergic neurons, especially in the substantia nigra pars
compacta and the striatum, as well as many non-dopaminergic systems, including the locus
coeruleus, raphe nuclei, nucleus basalis of Meynert, hypothalamus, and pedunculopontine
nucleus [168]. A pathological feature of PD is the aggregation of a-synuclein-positive
intracytoplasmic inclusions referred to as Lewy bodies [169]. The exact origin of PD remains
unclear; however, age is the key risk factor. There are various environmental factors,
including pesticides (particularly paraquat and rotenone), head injuries, rural residency, use
of well water, agricultural employment, and -blocker usage, that have been associated with
heightened vulnerability to the condition [170, 171]. Additionally, genetic variants of PD are
present. Mutations in the SNCA gene, responsible for encoding a-synuclein, were the initial
mutations associated with familial PD [172]. Further genesimplicated in autosomal dominant
PD comprise LRRK2, VPS35, elF4G1, DNAJC13, and CHCHDZ2, whereas autosomal recessive
variants typically presenting with early onset are connected with mutations in Parkin,
PINK1, and DJ-1 [173-176]. Numerous cellular processes are impaired in PD, encompassing
protein aggregation, intracellular trafficking, proteolytic systems (such as autophagy and
the ubiquitin-proteasome system), mitochondrial function, and inflammatory responses
[177-181]. A notable molecular characteristic in PD is the downregulation of the PI3K-Akt-
mTOR pathway (Fig. 2). The postmortem examinations of PD brains demonstrate increased
concentrations of REDD1, a powerful mTOR inhibitor, especially within dopaminergic
neurons [182]. The upregulation may stem from the loss or mutation of Parkin, which is
recognized for regulating REDD1 expression and contributing to neurodegeneration [183].
These findings are supported by data from experimental models of PD. In catecholaminergic
PC12 cells exposed to 6-hydroxydopamine (6-OHDA), REDD1 expression is elevated and
correlates with diminished Akt and mTOR activity [184]. Likewise, MPP* (a neurotoxic
byproduct of MPTP) diminishes phosphorylated mTOR and its downstream targets, namely
p70S6K, elF4E, and 4E-BP1, in neuroblastoma cells, hence impairing protein synthesis [185].
In PC12 cells, Rodriguez-Blanco et al. noted that MPP1 inhibited the Akt/mTOR pathway and
the autophagic process due to the accumulation of reactive oxygen species [186]. Similarly,
MPTP-treated mice in vivo demonstrate diminished mTOR and p70S6K activity in the
striatum and frontal cortex, which correlates with cognitive impairments [187, 188]. Notably,
although mTOR signaling is diminished in PD, prolonged L-DOPA administration the most
efficacious treatment for motor symptoms can paradoxically stimulate striatal mTORC1 and
provoke dyskinesia (L-DOPA-induced dyskinesia, or LID). This impact is achieved through
extracellular signal-regulated kinases (ERKSs), which inhibit TSC2, sustaining a sequential
activation of Rheb and mTOR phosphorylation and activation of the mTORC1 component,
Raptor [189]. The elimination of Rhes, a GTPase abundant in the striatum and an activator of
mTOR, in 6-OHDA animal models diminishes LID and mTORC1 signaling, enhancing motor
outcomesirrespective of ERKsignaling. Dysfunction ofautophagyisasignificantcharacteristic
of PD etiology [190]. Genetic mutations linked to familial PD, such as LRRK2, UCH-L1, PINK1,
Parkin, and DJ-1, disrupt multiple facets of the autophagic process. LRRK2 mutations, for
instance, impede chaperone-mediated autophagy and augment 4E-BP phosphorylation,
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hence elevating protein translation while diminishing oxidative stress tolerance [191, 192].
Mutations in PINK1 and Parkin impair mitophagy, resulting in mitochondrial malfunction
and oxidative stress, while the precise function of DJ-1 is still ambiguous [193-195]. The
A53T mutant variant of a-synuclein has been demonstrated to hinder autophagy while
enhancing mTOR/p70S6K signaling, thereby facilitating neurodegeneration [196, 197].
The autophagy inhibition, exemplified by Bafilomycin A1, blocks the degradation of
a-synuclein, promoting its aggregation into deleterious oligomers. These oligomers then
worsen neuroinflammation and accelerate neuronal degeneration [179, 198, 199]. Hence,
these findings highlight the critical significance of mTOR and autophagy dysregulation in the
development and progression of PD.

Huntington’s disease

HD is an autosomal dominant neurological condition characterized by an expanded
polyglutamine (CAG) repeat within the HTT gene situated on chromosome 4 [200].
While in healthy individuals, CAG repeat counts between 11 to 36, patients with HD often
display expansions of 42 or more. Notably, the longest expansions (exceeding 66 repeats)
are frequently associated with juvenile-onset forms of the disease. This specific genetic
mutation results in the synthesis of mutant huntingtin protein (mHtt), characterized by
an abnormally elongated polyglutamine tract at its N-terminus, leading to a harmful gain-
of-function that drives disease progression [201]. HD is marked by a gradual deterioration
of motor control. Patients initially exhibit choreic, involuntary movements that resemble a
dance-like hyperkinetic condition [202]. This eventually evolves into a hypokinetic phase
characterized by stiffness and bradykinesia [203] Cognitive symptoms frequently manifest
years before clinical diagnosis and advance concurrently with motor symptoms [204].
Deficiencies in learning, attention, planning, visuospatial skills, and emotional perception
are frequently documented. The illness generally initiates between the ages of 30 and 40 and
advances over a span of 10 to 20 years, ultimately resulting in mortality[202]. Nonetheless,
HD individuals may exhibit significant variations in age of onset and clinical symptoms,
despite comparable CAG repeat lengths, indicating the potential role of genetic modifiers
such as PPARGC1A (PGC-1a) and NMDA receptor genes (GRIN2A, GRIN2B), which may affect
the age of onset [205, 206]. HD is characterized neuropathologically by the loss of efferent
medium spiny neurons of the striatum, especially caudate and putamen, accompanied by
extensive cortical atrophy [207, 208]. A distinguishing feature of HD, unlike other NDs, is
the significant decrease (up to 50%) in BDNF, essential for neuronal viability [209]. Besides
mHtt aggregates, HD pathophysiology encompasses mitochondrial malfunction, proteostasis
failure, vesicular trafficking abnormalities, oxidative stress, and excitotoxicity [178, 202].

The mTOR signaling pathway, crucial for cell proliferation and autophagy regulation,
is impaired in HD (Fig. 2). In the initial, presymptomatic stages, mTOR is seemingly
overactivated; but, throughout symptomatic phases, particularly in postmortem HD brains,
it is hypoactive and sequestered within mHtt aggregates [210]. This sequester is associated
with reduced activity of downstream mTOR targets, including p70S6K and 4E-BP1, leading to
compromised mRNA translation [211]. Significantly, normal Htt can augment mTOR activity
in amino acid-deficient settings through its interaction with Rheb, a GTPase that activates
mTOR. Mutant Htt has increased affinity for Rheb, potentially resulting in aberrant mTOR
activation in the early stages of the disease [212]. The experimental research in HD mouse
models has shown that the deletion of TSC1, negative regulator of mTORC1 in the striatum,
expedited disease progression, whereas Rheb overexpression reinstated mTORC1 activity,
augmented autophagy, promoted motor function, and safeguarded striatal neurons. Notably,
while Rheb levels are consistent in HD patients, the striatal GTPase Rhes has comparable
therapeutic effects upon overexpression. Rhes additionally amplifies mHtt toxicity by
functioning as a SUMO E3 ligase, facilitating mHtt sumoylation [210]. In addition to mTOR-
dependent pathways, Rhes can modulate autophagy independently of mTOR. In vitro, Rhes
interferes with Bcl-2’s inhibitory association with Beclin-1, hence initiating autophagy. This
function is inhibited by Htt (both normal and mutant), which competes with Bcl-2 for Rhes
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binding [213]. Moreover, normal Htt directly activates ULK1, a crucial initiator of autophagy,
by displacing mTORC1 from ULK1, so facilitating the assembly of the ULK1-Atg13-FIP200
complex essential for autophagosome formation [214]. Htt also serves a scaffolding function
in the p62-mediated identification of ubiquitinated cargo. Conversely, polyQ-expanded
mHtt seems to undermine these autophagic functions. The removal of the polyQ tract in
Htt significantly improves autophagy and extends lifespan in murine models, indicating that
polyQ growth disrupts Htt’s typical role in selective autophagy [215].

Amyotrophic lateral sclerosis

ALS is a rapidly advancing, lethal neurodegenerative condition characterized by the
degeneration of motor neurons in the central nervous system that govern voluntary muscular
movements. Clinical signs encompass muscular weakness, stiffness, paralysis, and, in certain
instances, cognitive deficits [216]. ALS generally manifests between the ages of 35 and 50,
with the majority of patients experiencing respiratory failure within 3 to 5 years; however,
approximately 10% may survive for a decade or longer. Approximately 90-95% of ALS cases
are sporadic, devoid of familial history or identifiable risk factors [217]. Conversely, familial
genetic form of ALS is frequently associated with mutations in the superoxide dismutase 1
(SOD1) gene, which encodes an antioxidant enzyme responsible for detoxifying free radicals
[218]. These mutations result in a deleterious gain-of-function, causing protein misfolding,
aggregation, and cellular distress [219]. Mutant SOD1 can be excreted, stimulate microgliosis,
and induce apoptosis [220]. Additional genetic variants linked to ALS encompass alterations
in the TDP-43 and FUS genes [221, 222]. The pathogenesis of the disease likely entails
mitochondrial malfunction, immunological dysregulation, and impaired protein clearance
[223, 224]. In SOD1G93A transgenic mice, a prevalent model for ALS, motor symptoms
manifest approximately at 15 weeks, coinciding with a reduction in mTOR pathway activity
and its downstream PI3K-Akt-p70S6K signaling inside the spinal cord (Fig. 2). Concurrently,
autophagic markers, including p62 and LC3-I], increase, signifying compromised autophagy
[225]. Notably, hyperexcitability and heightened p70S6K activation are evident in the
cortical neurons of presymptomatic animals at one month, despite unchanged mTOR levels
[226]. It is suggested that mutant SOD1 aggregates may sequester mTOR, so compromising
its neuroprotective functions, a mechanism similarly observed in HD [227]. These findings
underscore the detrimental significance of mutant protein aggregation and impaired mTOR
signaling in the pathogenesis of ALS.

Therapeutic modulation of mTOR and its signaling networks in neurodegenerative
disorders

In the last few decades, significant advancements have been achieved in understanding
the intricate mTOR signaling network in the mammalian brain. The dysregulation of
mTOR activity has become increasingly linked to aging and the etiology of AD and other
NDDs (Table 1). Scientists have discovered several ways to influence mTORC1 activity
and autophagy. Some compounds, like theophylline, target proteins upstream of mTORC1.
Others, like rapamycin, directly interact with mTORC1 itself. There are even approaches
that don’t involve drugs, like caloric restriction. This dietary practice seems to activate
natural molecules in the body (like AMPK) that then regulate mTORC1 [228]. Researchers
have also identified numerous new molecules, including rapalogs (such as temsirolimus,
everolimus, and sirolimus), mTORC modulators, DL001, NV-5440, and NR1 [229, 230].
These compounds are under investigation for their therapeutic potential in treating and
managing NDs by altering mTOR and its associated signaling pathways through diverse
mechanisms. The constraints of existing treatments for NDs, including adverse effects and
disease advancement, have catalyzed investigations into alternative medicines. Medicinal
plants have significant promise because of their varied cellular and molecular effects. These
herbs can augment antioxidant defences, diminish pro-inflammatory cytokines, and mitigate
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Table 1. mTOR Pathway Alterations and Therapeutic Targets in Major Neurodegenerative Diseases

Primary mTOR pathway

Disease .
alteration

Key cellular Pathology altered Main Therapeutic Strategy Ref

Inhibition of mTORC1 (e.g., using
AD mTORC1 hyperactivation Autophagy inhibition Rapamycin) to restore autophagy and [236]
clear aggregates.

Inhibition of mTORC1 to promote a-
synuclein clearance and/or targeting

PD mTORC1 hyperactivation Autophagy inhibition components to balance [237,238]
neuroprotection vs. autophagy.

Activation/Restoration of mTORC1

Suppressed/Reduced . signaling to correct metabolic deficits

HD mTORC1 activity Defective autophagy (e.g., NV-5297) or mTOR-independent [239]
autophagy inducers.
Imbalance between
Dysregulation (generally apoptosis/autophagy and Modulation of the IGF-1R-mTOR

ALS increased) of IGF- defects in muscle pathway (especially in astrocytes) to [240]

1/Akt/mTOR signaling growth/maintenance reduce motor neuron toxicity.

(atrophy).

inflammation, all of which contribute to neuroprotection. Their capacity to influence several
signaling pathways further substantiates their preventative potential. NDs arise from a
multifaceted interaction of elements, encompassing environmental impacts, oxidative
stress, protein depletion, inflammation, and predominantly, aging. The plant-derived natural
chemicals present a significant avenue for investigating novel therapies for these severe
illnesses [231, 232]. The natural substances such as Pongamol, Baicalein, 3-asarone, and
Kaempferol (refer to Supplemental Table 1), utilized in traditional medicine, are being
examined for their potential efficacy in treating NDs by regulating mTOR and its associated
pathways [41, 233-235]. Moreover, researchers are investigating compounds that regulate
mTOR and autophagy activity, a crucial cellular mechanism. Additional intriguing domains
encompass apelins, myokines, and pharmacological agents that target PPARa, PTEN, and
mGIuR5. Therefore, research is needed to understand exactly how each compound works
and the specific pathways involved in regulating autophagy. However, the understanding of
the precise links between mTOR signaling and NDDs remains limited. Prolonged activation
or inhibition of mTOR signaling could have significant consequences, underscoring the need
for further research. Despite comprehensive preclinical studies suggesting therapeutic
potential, clinical application is constrained, with few innovative medicines demonstrating
success in human trials.

mTOR modulation in Alzheimer’s disease

Rapamycin, a potent mTOR inhibitor, has garnered considerable interest due to its
lifespan-extending and anti-aging properties, even in non-AD populations. The benefits are
primarily due to its inhibition of mTORC1, which enhances autophagy and reduces overall
protein production, thereby promoting cellular homeostasis. Research using animals has
consistently shown that rapamycin and its analogs can improve cognitive impairments in AD
models, indicating possible disease-modifying effects. The effects of rapamycin on synaptic
and mitochondrial function seem to be influenced by apolipoprotein E (APOE) genotype. In
asymptomatic E4FAD animal models, rapamycin augmented glutamate-glutamine cycling,
ameliorated mitochondrial function,and promoted tricarboxylicacid cycle activity. In contrast,
rapamycin enhanced inhibitory neurotransmission, non-neuronal activity and glycolysis in
E3FAD animals. The genotype-dependent variations advocate that rapamycin may curtail
the risk of AD in cognitively intact APOE4 carriers by ameliorating brain metabolic processes
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[40]. Besides neuronal metabolism, mTOR inhibition has shown efficacy in alleviating
memory deficits and reinstating neurovascular coupling (NVC) in AD animal models [236].
Cerebrovascular change, also a hallmark of AD, involves inadequate neurovascular coupling,
crucial for blood flow modulation to activate the brain regions. Rapamycin administration
reinstates neurovascular coupling by reactivating endothelial nitric oxide synthase (eNOS)
activity and mitigating mTOR-mediated suppression of neuronal and non-neuronal nitric
oxide synthase pathways. Such observations underscore the profound significance of mTOR
as a pivotal element in cognitive decline and NVC impairment in AD [236]. mTOR signaling
also regulates blood-brain barrier integrity, another crucial factor impacted in AD, which is
likewise regulated by mTOR signaling. Research has shown that rapamycin, by increasing
tight junction protein expression and reducing matrix metalloproteinase-9 (MMP-9) activity,
maintains BBB integrity and homeostasis, hence underscoring its therapeutic potential in
neurovascular health [241].

Recently, Magnolol, a natural product, has been identified as a neuroprotective
agent that activates the AMPK/mTOR/ULK1 signaling cascade, suppressing apoptosis and
facilitating autophagy. In APP/PS1 mice, it regulated the pro- and anti-apoptotic markers
(e.g., Bax, cleaved caspase-9, Bcl-2), reduced A accumulation, improved cognitive function,
while also elevating the expression of autophagy markers such as Beclin-1 and LC3-1I [242].
Pongamol similarly produces pro-autophagic and anti-inflammatory actions by modulating
the Akt/mTOR pathway. Pongamol diminished the production of pro-inflammatory
cytokines (IL-13, TNF-a, COX-2,iNOS), decreased tau phosphorylation and Af3 accumulation,
and promoted autophagic flow through the overexpression of Beclin-1 and LC3-II in LPS-
induced BV2 microglial cells and AD mice models [233]. Additionally, Traditional Chinese
medicine formulations have shown effectiveness in modulating mTOR signaling in AD.
Further, Danggui Shaoyao San (DSS), together with its constituent components Suangan
(SG) and Xingan (XG), improved cognitive impairments and neuroinflammation in Af1-42-
injected mice through the activation of AMPK/mTOR-mediated autophagy. DSS treatment
elevated postsynaptic density protein 95 (PSD-95), reduced APP and phosphorylated tau,
and influenced autophagy-related proteins (LC3, Beclinl, p-AMPK, p-mTOR, and p62), with
DSS demonstrating enhanced therapeutic efficacy [243]. Other research assessed drugs like
tadalafil and bergapten in a sporadic AD model produced by streptozotocin. These medicines
enhanced cognitive function, diminished Af and tau pathology, and regulated a network of
signaling pathways, including PI3K/Akt, GSK-33, mTOR, Wnt/{-catenin, and ¢cGMP/PKG.
Their effects were additionally associated with elevated BDNF expression and reduced
neuroinflammation [244]. The geniposide, extracted from gardenia fruit, has demonstrated
neuroprotective effects through the modulation of the mTOR signaling cascade. Its treatment
in APP/PS1 mice resulted in enhanced autophagic markers (Beclinl, LC3-II), increased
cognitive performance, decreased Af3 accumulation, and altered phosphorylation patterns
of mTOR, Akt, and 4E-BP1 [111]. Further, Tricetin (TRN), a flavonoid from honey and wheat,
has demonstrated anti-inflammatory and neuroprotective properties in AD models. TRN
improved memory, restored autophagy, and reduced toxic A and tau buildup by targeting
the PI3K/Akt/mTOR signaling pathway, indicating its potential as a therapeutic drug [245].
Recently, the traditional Chinese formulation Guben-Jiannao Ye (GBJNY) has exhibited
its therapeutic efficacy in enhancing cognition and circadian rhythms in AD model mice.
GBJNY decreased A accumulation, reinstated circadian gene expression, and adjusted
PI3K/Akt/mTOR signaling, consequently supporting its role in homeostatic regulation and
neuroprotection [246]. Moreover, Glycoprotein NMB (GPNMB), which facilitates autophagy
through the mTOR inhibition, has also displayed significant neuroprotective attributes.
In APP/PS1 mice, GPNMB overexpression was observed to reduce A levels and improve
neurobehavioral outcomes. The autophagic benefits were abolished by 3-MA, hence
validating mTOR-dependent autophagy as the principal mechanism [247]. Notably, non-
pharmacological methods like exposure to 40 Hz gamma frequency stimulation also influence
mTOR-related pathways. In vitro studies indicated reduced A release, tau phosphorylation,
and mTOR activity through the mTOR/4E-BP1/Tau pathway, implying therapeutic potential
of rhythmic brain stimulation [276].
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The mTOR signaling pathway in microglia is fundamentally associated with Trem2
expression and lysosomal biogenesis. In 5XFAD animals, the deletion of Tscl in microglia
resulted in mTOR activation, increased expression of Trem2, and improved Af clearance,
but simultaneous removal of Trem2 abolished these results. This identifies Trem2 as a
downstream effector of mTOR in the microglial-mediated clearance of amyloid [277].
Furthermore, the activation of the TFEB, a principal regulator of the autophagy-lysosome
pathway, has been recognized as an mTOR-dependent approach to alleviate AD-like
pathology, especially in diabetic encephalopathy. Augmenting TFEB expression facilitated
autophagic clearance and diminished neuronal apoptosis. The STAT2-SIRT4-mTOR pathway
has emerged as a regulatory mechanism in AD. Increased SIRT4 levels in AD lead to neuronal
death and AP accumulation, while the inhibition of SIRT4 through STAT2 modulation
reverses memory impairment and diminishes Alzheimer’s pathogenesis via mTOR signaling
[278]. In the context of Down syndrome (DS), abnormal hyperactivation of the PI3K/
Akt/mTOR pathway has been associated with the early emergence of AD-like symptoms.
Targeting this axis may postpone disease advancement and enhance neurological results
in Down syndrome-associated AD [279]. A notable target is Forkhead box G1 (FoxG1),
which facilitates autophagy and suppresses AB-induced neuroinflammation through the
AMPK/mTOR pathway. FoxG1 promotes neuronal survival, inhibits NLRP3 inflammasome
activation, and boosts cognitive performance in AD models, highlighting its potential as a
therapeutic option [280].

The mTOR signaling pathway also plays an important role in modulating autophagy,
neuroinflammation, cerebrovascular integrity, and synaptic function in AD. In addition,
although the direct inhibition of mTOR is difficult to achieve, indirect regulation of upstream
regulators of mTOR, such as GPCRs, provides a potentially achievable approach. Due to
their ‘drugable’ properties, GPCRs may offer a targeted intervention into the cross-talking
PI3K, MAPK, and mTOR signaling network and thereby expand the therapeutic options for
AD and related NDs [281]. In recent studies, the therapeutic value of mesenchymal stem
cell (MSC)-derived exosomes (MSC-exos) on AD has been investigated. In an AlClz-induced
AD rat model, the interventions comprised MSC-exosomes with or without autophagy
regulators. The findings indicated that MSC-exosomes were able to improve memory,
alleviate AP deposits and phosphorylation of tau, and enable neurogenesis and synaptic
function. They suppressed astrogliosis and neuroinflammation by modulating microRNAs
and autophagy, the PI3K-Akt-mTOR pathway. Histological and molecular studies confirmed
these observations, indicating that MSC-exosomes are a promising therapeutic strategy for
AD [282].

mTOR modulation in Parkinson’s disease

PD is characterized by the gradual loss of dopamine-producing neurons, buildup of
a-synuclein, and dysfunctional autophagy. A growing body of evidence emphasizes the
essential role of the mTOR signaling pathway in the regulation of autophagy, neuronal
survival, and mitochondrial function. This suggests that modulating mTOR signaling through
various natural products, drugs, transcription factors, and microRNAs may be potential
neuroprotective strategies for PD intervention. Numerous phytochemicals and bioactive
substances exhibit neuroprotective potential by modulation of mTOR-related pathways.
For instance, Cordycepin (nucleoside analog) demonstrated neuroprotective properties
in PD by reducing neuroinflammation, preserving dopaminergic neurons, and improving
motor function. Moreover, Proteomic analysis attributes these benefits through suppressed
inflammation, the enhancement of autophagy, and the modulation of the PI3K/AKT/mTOR
and ERK/JNK pathways [248]. Piperine (PIP), the primary alkaloid in Piper longum, also
provides neuroprotection by augmenting autophagy mediated by the gut-brain axis. In
6-OHDA-induced PD mice, PIP safeguarded dopamine neurons and reduced a-synuclein
buildup. It also ameliorated motor and gastrointestinal dysfunction by suppressing the
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PI3K/AKT/mTOR pathway and facilitating a-synuclein clearance in both the substantia
nigra and colon [237]. Schisandra Decoction (Sch D), which has been employed in PD
management by focusing on the PI3K/AKT/mTOR pathway. In MPTP-induced PD mice, Sch
D reduced a-synuclein buildup, suppressed autophagy, and improved motor function. Its
neuroprotective effects may arise from the inhibition of oxidative stress and dysfunctional
autophagy, necessitating additional investigation into its antioxidant characteristics [249].
Baicalein also demonstrates neuroprotection by diminishing cell death and increasing
dopamine levels. It also helps in reinstating mitochondrial homeostasis and integrity
maintenance. It functions by restoring SIRT1 expression and inhibiting miR-30b-5p, which
in turn activates the AMPK/mTOR pathway to induce mitophagy and promote neuronal
survival [234]. In a similar study, oral administration of Baicalin over four weeks markedly
improved cognition, reduced neuronal apoptosis, and modulated the expression of essential
signaling proteins, including mTOR, AKT, and GSK-3f. The results indicated a correlation
between reduced o-synuclein levels and improved motor function, suggesting Baicalin’s
therapeutic efficacy via modulation of the mTOR/AKT/GSK-3 pathway [252]. Kaempferol
(KAE), a flavonoid, offers neuroprotection through the regulation of autophagic flux. It has
been shown to reduce a-synuclein accumulation, safeguard dopaminergic neurons, and
improve motor function. Additionally, it stimulates autophagy via the overexpression of
LC3 and Beclin-1, alongside mitochondrial restoration and mTOR inhibition [235]. Morus
alba, Sanggenol L (SL), another flavonoid, was examined for its therapeutic efficacy against
rotenone-induced injury in SK-N-SH neuroblastoma cells. It decreased ROS, oxidative stress,
and apoptosis by modulating apoptotic markers and the PI3K/AKT/mTOR signaling pathway
[251]. Interestingly, Cilostazol, primarily known as a vasodilator, has recently been found
to alleviate rotenone-induced PD pathology. Its therapeutic benefits arise from its multi-
target modulation, including modifying PI3K/Akt/mTOR signaling, blocking the HMGB1/
TLR4 inflammatory cascade, and activating the Nrf2/HO-1 antioxidant pathway [250].
Curcumin, a polyphenolic substance, mitigates the pathogenic A53T a-synuclein mutation by
inhibiting mTOR/p70S6K signaling and restoring autophagy. Thus, promoting «o-synuclein
clearance suggests curcumin’s potential in both hereditary and idiopathic PD contexts [197].
Osmotin modulates autophagy via the AMPK/mTOR pathway and enhances dopaminergic
neuron activity through Nurrl-dependent transcription. Its dual approach, targeting both
inflammation and a-synuclein clearance, underscores its therapeutic potential [253].
Moreover, 3-asarone, a distinct chemical compound, was identified to alleviate depression
in PD by activating the PI3K/Akt/mTOR pathway, inhibiting autophagy, and reinstating
synaptic activity in the hippocampus. Its neuroprotective and antidepressant properties
indicate its potential application for concomitant PD symptoms [41].

Phloretin (PLT), a phenolic molecule, modulates the mTOR/NRF2/p62 pathway to
enhance antioxidant defenses and reduce apoptosis and a-synuclein accumulation in
rotenone-induced models, thereby substantiating the antioxidant-autophagy interface as
a target for PD treatment [254]. Geniposide, derived from Fructus Gardeniae, improves
motor performance and dopaminergic survival by mitigating oxidative stress through Nrf2
activation and mTOR-mediated apoptotic signaling, illustrating its dual effectiveness in
cellular stress responses [255]. Crocin, a carotenoid extracted from saffron, activates the
PI3K/Akt/mTOR pathway, enhancing neurotrophic indicators and reducing oxidative and
apoptotic mediators. Its power to regulate miRNA-7 and miRNA-221 further solidifies its
role as an autophagy regulator and its capability to protect neurons [256]. Ursodeoxycholic
acid (UDCA) reinstates mitochondrial activity and autophagic flux through the AMPK/
mTOR and PINK1/Parkin pathways. It concurrently enhances oxidative stress and mitigates
dopaminergic neuronal loss in MPTP/MPP+ PD mice [257]. Asiatic acid (AA), derived from
Centella asiatica, mitigates MPTP /probenecid-induced neurotoxicity by activating the PI3K/
Akt/mTOR signaling pathway and inhibiting the MAPK /P38 axis, demonstrating a robust dual
strategy for the survival of dopaminergic neurons [258]. Additionally, taurochenodeoxycholic
acid (TCDCA), a component of bile acid, regulates neuroinflammation and mitochondrial
dysfunction via AMPK/mTOR, Pink1/Parkin, and AKT/NF«kB signaling pathways. Activation
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of the TGR5 receptor is essential for its diverse neuroprotective effects [260]. Lycium
barbarum polysaccharide (LBP) also offers neuroprotection by augmenting antioxidant
enzyme production. It reduces a-synuclein aggregation and activates the PTEN/AKT/mTOR
pathway, hence preserving nigrostriatal integrity and cognitive function [261]. However,
Cannabidiol (CBD) demonstrates in vitro-neuroprotection in vitro neuroprotection via ERK
and AKT/mTOR pathways, mitigating apoptosis and autophagy dysregulation. Its interaction
with CB2 and TRPV1 receptors further highlights it as a multi-receptor modulator in PD
[262]. Furthermore, Idebenone, a coenzyme Q10 analogue with recognized antioxidant
characteristics, was investigated for its possible involvement in PD through network
pharmacology and cellular models. The study identified 87 possible targets, primarily
associated with the MAP kinase and PI3K-AKT pathways. Molecular docking revealed
substantial interactions with AKT and MAPK, whereas in vitro investigations confirmed that
Idebenone induces autophagy and destroys a-synuclein via AKT/mTOR inhibition, hence
affirming its therapeutic potential [263].

In addition to natural compounds, regulatory RNAs and transcription factors have
demonstrated significant regulatory roles in modulating the mTOR pathway in PD.
Programmed cell death protein 4 (PDCD4) is an elevated factor in PD and participates in
neuronal apoptosis. Suppressing PDCD4 enhances the PI3K/AKT/mTOR pathway, leading
to improved mitochondrial integrity and cellular viability [283]. Furthermore, Decoction
of Rehmanniae (DOR) enhances PI3K/Akt/mTOR signaling to counteract MPP*-induced
cytotoxicity, underscoring its role in apoptosis inhibition and oxidative stress mitigation
[264]. L-DOPA, the cornerstone of PD treatment, also modulates mTOR signaling. It
restores disrupted circadian rhythms and increases BMAL1 and CLOCK gene through
the D1R-ERK1/2-mTOR pathway [265]. Additionally, long-term L-DOPA administration
causes dyskinesia, which 5-hydroxytryptophan (5-HTP) suppresses by modulation of the
hyperactivated striatal AKT/mTOR/S6K and CREB/AFosB pathway without compromising
motor benefits [266]. Despite the scarcity of effective drugs for PD, recent studies have
explored novel therapeutic compounds targeting important cellular processes. A study
employed a chronic PD monkey model to evaluate the impact of Clioquinol (CQ). CQ
significantly improved both motor and non-motor functions by reducing iron deposition and
ROS in the SN, indicating the involvement of ferroptosis in its action. CQ also activated the
AKT/mTOR pathway and inhibited p53-induced apoptosis, highlighting its neuroprotective
potential [267]. Additionally, Hydrogen-saturated saline (HS) alleviated cardiovascular and
motor symptoms during early and intermediate stages of rotenone-induced PD in rats by
protecting RVLM catecholaminergic and nigral DA neurons. HS lowered ROS and a-synuclein,
increased autophagy (through LC3 conversion, p62 degradation, and upregulation of ATG5
and Beclin-1), and inhibited the PI3K-Akt-mTOR pathway. Further, the absence of all these
effects in late-stage PD rats suggests that HS primarily exerts neuroprotection before the
development of significant motor impairments [284].

Further long non-coding RNA (IncRNA) and multiple microRNAs (miRNAs) have
been implicated in PD pathogenesis through their influence on mTOR signaling and
autophagy regulation. LncRNA SNHG1, for example, is overexpressed in PD and promotes
autophagy inhibition through the miR-221/222/p27/mTOR pathway. Its downregulation
restores autophagic markers and cell viability [285]. Among microRNAs, miR-199a also
controls autophagy and neuronal survival by affecting the PTEN/AKT/mTOR pathway.
Downregulation of miR-199a promotes autophagy and cell death while overexpression
reverses these effects [286]. miR-410 and miR-181b protect DA neurons through regulation
of the PTEN/AKT/mTOR signaling pathway, thereby maintaining autophagic equilibrium
and cellular homeostasis [287, 288]. Similarly, miR-185 and miR-124 promote DA neuron
survival through regulation of AMPK/mTOR-mediated autophagy and apoptosis [289, 290].
A further study contributed to the expanding evidence by examining the regulatory role of
miR-410 in a 6-OHDA-induced cellular model of PD. Overexpression of miR-410 mitigated
neuronal damage caused by 6-OHDA by decreasing apoptosis, ROS generation, and caspase-3
activity. These protective effects were facilitated by the direct targeting of PTEN, thus
activating the AKT/mTOR pathway. The reversal of these benefits by PTEN overexpression
validates the pivotal role of the PTEN/AKT/mTOR pathway in the neuroprotective function
of miR-410 [287].
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Complementary therapies also influence mTOR signaling with moxibustion and
acupuncture, which have demonstrated efficacy in rotenone and DPD models, respectively.
Moxibustion has been shown to enhance autophagic clearance of a-synuclein and boost
behavioral outcomes in a rat model of PD due to suppression of the mTOR/p70S6K signaling
pathway [291]. Recent research indicated that acupuncture mitigated motor and depressive
symptoms in DPD model rats, elevated striatal levels of dopamine and serotonin, and reduced
a-synuclein buildup. Furthermore, it also inhibited the autophagy in the striatum, enhanced
the expression of phosphorylated mTOR, and thereby promoted synaptic repair. These
results suggest that acupuncture’s therapeutic effects in the DPD model mice may stem from
modulating the mTOR signaling pathway, inhibiting autophagy-related o-syn clearance,
and promoting synaptic repair [292]. These diverse findings collectively emphasize the
therapeutic potential of regulating the AKT/mTOR pathway, via small chemicals, natural
substances, or genetic manipulation, as an innovative approach for treating PD.

mTOR modulation in Huntington'’s disease

Like AD and PD, the modulation of the mTOR signaling pathway using natural products,
pharmacological agents, or inhibitors has shown therapeutic promise in the treatment
of HD. HD is defined by the deleterious buildup of mHTT, which generates intracellular
inclusion bodies and impairs neuronal function. A possible therapeutic approach in HD
entails augmenting autophagy to promote the elimination of mHTT aggregates. In the
initial phases of HD, autophagy is effectively preserved; however, as the disease advances,
autolysosomal clearance becomes compromised. Research utilizing the Q175 HD mouse
model in conjunction with an autophagy reporter line demonstrated the buildup of mHTT
within autophagic vacuoles and the dysregulation of autophagy-related markers. Treatment
with a mTOR inhibitor in the early stages of disease notably restored lysosomal function
and diminished neuropathological characteristics, underscoring the therapeutic potential
of autophagy activation as an early intervention method [42]. Moreover, recent research has
illustrated the neuroprotective benefits of Morin hydrate (MH), a flavonoid with antioxidant
characteristics, in a rat model of HD induced by 3-nitropropionic acid (3-NP). MH therapy
markedly reduced motor impairments, weight reduction, and striatal neurodegeneration.
Mechanistically, MH diminished the mTOR/IRE1-a, JNK/IP3R, and cytochrome c/caspase-3
pathways, while augmenting neuroprotective markers. The co-administration of WAG-4S, an
ER stress inducer, partially mitigated the effects of MH, corroborating its mechanism through
ER stress and mitochondrial regulation. Molecular docking also validated MH’s affinity for
mTOR, JNK, and IP3R, indicating a multi-target mechanism of action [268].

Additional evidence supporting the modulation of the mTOR pathway in HD is obtained
from studies involving erythropoietin (EPO) and the Bacillus Calmette-Guérin (BCG)
immunization. In a 3-NP-induced HD rat model, the administration of EPO, BCG, or their
combination improved behavioral and histological outcomes. The neurotoxic effects of 3-NP,
including oxidative stress, mitochondrial dysfunction, and the activation of the PI3K/Akt/
mTOR/P70S6K signaling pathway, led to the inhibition of autophagy. EPO and BCG therapy
rectified these changes, with the combination treatment demonstrating the most significant
neuroprotective effects, highlighting their synergistic potential [269]. Further, CTEP, a
selective mGluR5 inhibitor, has shown efficacy in mitigating HD pathogenesis in zQ175 mice.
CTEP enhanced ULK1 activation via regulating dysregulated PI3K/Akt/mTOR signaling,
hence promoting autophagy and reducing mHTT aggregates. Moreover, it augmented CREB-
mediated synthesis of BDNF, hence facilitating neuronal survival and reducing apoptosis.
These findings underscore the effectiveness of targeting mTOR-related pathways for the
treatment of HD [270]. Given the adverse effects of extended mTOR inhibition with agents
such as rapamycin, alternative methods to stimulate autophagy are under investigation. FDA-
sanctioned pharmaceuticals, including L-type Ca®* channel blockers, minoxidil, and clonidine,
have shown efficacy in enhancing autophagy via an mTOR-independent pathway involving
cAMP, IP3, calpain, and Gsa signaling. Elevated intracellular Ca®*, noted for its suppressive
impact on autophagy and protein degradation, was also investigated in these animals,
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revealing other targets for pharmacological intervention [293]. Moreover, the combination
of lithium, an IMPase inhibitor, with rapamycin has shown improved neuroprotection in HD
fly models. Lithium promotes mTOR-independent autophagy but simultaneously stimulates
mTOR via GSK-3f suppression, thereby undermining its advantages. The combined therapy
significantly activates both mTOR-dependent and -independent autophagy pathways,
exceeding the efficacy of singular therapies [294]. Nanotechnology has also entered the
therapeutic realm. Nano-formulated ivabradine (nano-IVA) has recently demonstrated
considerable efficacy in a 3-NP-induced HD rat model. Nano-IVA enhanced motor, cognitive,
and psychiatric functions while regulating Rhes/mTOR-mediated autophagy. It diminished
the expression of Rhes, mTOR, and Bcl-2, reinstated neurotransmitter levels, and maintained
striatal histoarchitecture. These findings corroborate the efficacy of nano-IVA in addressing
HD pathophysiology via molecular and cellular processes [271].

mTOR modulation in Amyotrophic Lateral Sclerosis

Similar to HD, regulation of the mTOR signaling pathway is widely acknowledged as
a vital approach in the treatment of ALS, a progressive neurological disorder with few
therapeutic alternatives. Niclosamide, an anti-fibrotic and anti-inflammatory compound,
effectively delays disease progression, improving neurological outcomes, and extends the
survival in SOD1-G93A and FUS-ALS mouse models. Its neuroprotective characteristics are
associated with reduced neuroinflammation, gliosis, alongside the regulation of the STAT3
and mTOR pathways, decreased muscle atrophy, establishing it as a multi-target therapeutic
alternative [272]. Additionally, oleanolic acid (OLA), a triterpenoid sourced from Olea
europaea, was demonstrated that in mice with methylmercury-induced ALS for therapeutic
benefits. It restored myelin and neurofilament protein levels, diminished inflammation, and
improved performance, particularly when combined with edaravone. The advantages were
achieved by suppressing the overactive PI3K/Akt/mTOR/STAT3/GSK-3f3 signaling pathway,
underscoring its potential as a neuroprotective agent [273]. Similarly, ibrutinib, a Bruton’s
tyrosine kinase (BTK) inhibitor, was evaluated for potential therapeutic efficacy in SOD1-
G93A models by reducing both muscle atrophy and inflammation. Oral ibrutinib postponed
symptom emergence, prolonged lifetime, and enhanced motor function. It diminished pro-
inflammatory cytokines and glial markers (IBA-1 and GFAP) while reinstating the muscle-
to-body weight ratio. These effects were linked to the regulation of the PI3K/Akt/mTOR
signaling pathway in both the brain and spinal cord [274].

Environmental variables such as methylmercury (MeHg*) exposure are associated
with the etiology of ALS, primarily through the destruction of oligodendrocytes and the
loss of myelin. In rats exposed to MeHg", guggulsterone (GST), a substance obtained from
Commiphora resin, reinstated motor and cognitive functions, improved remyelination, and
diminished neuroinflammation. GST influenced dysregulated STAT3, mTOR, and PPAR-y
pathways and showed synergistic advantages when administered with vitamin D3 [275].
Furthermore, astrocyte reactivity, induced by IGF1R-mediated mTOR activation, is crucial
in familial ALS associated with mutant SOD1. Aberrant mTOR activation inhibits autophagy
and promotes astrocyte growth and toxicity, leading to motor neuron death. Inhibition of
the IGF1R-mTOR axis has demonstrated a reduction in astrocyte-mediated neurotoxicity,
presenting a viable therapeutic target [240]. At the post-transcriptional level, microRNA-
193b-3p has become a critical regulator of mTOR signaling in ALS. It is significantly
downregulated in both ALS patients and in SOD1G93A mice. By specifically targeting TSC1,
the downregulation of miR-193b-3p results in the accumulation of TSC1, inactivation of
mTORC1, increased autophagy, and higher cell survival. Conversely, its overexpression
suppresses autophagy and promotes cell death. Consequently, the regulation of miR-193b-
3p could offer a viable approach for mTOR-targeted therapy in ALS [296].
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Conclusion

NDDs, such as AD, PD, HD, and ALS, are increasingly common due to rising global life
expectancy, currently affecting about 30 million people. Despite their widespread impact
and significant socio-economic burden, effective remedies are nonetheless constrained. The
mTOR and its associated signaling pathways have garnered interest as a crucial regulator
in NDs because of their involvement in autophagy, cellular proliferation, protein synthesis,
and metabolism. In AD, mTOR dysregulation is associated with the accumulation of A
and hyperphosphorylated tau. Hyperactive mTOR suppresses autophagy, obstructing the
removal of misfolded proteins and facilitating A buildup. It also augments 3- and y-secretase
activity, promoting the amyloidogenic processing of APP. mTOR facilitates tau disease by
expediting its hyperphosphorylation and hindering breakdown. Pharmacological inhibition
of mTOR, exemplified by rapamycin, has diminished Af and tau pathogenesis in experimental
animals. Nonetheless, mTOR demonstrates a dual function. Chronic overactivation leads
to neurodegeneration through disrupted proteostasis and neuroinflammation, but short-
term or context-specific activation can enhance neuronal survival and repair, in part by
diminishing apoptosis produced by immune cells. This contradiction underscores the
intricacy of targeting mTOR in NDs. Therapeutically, partial mTOR inhibition may diminish
harmful protein buildup, restore autophagic function, and maintain neuronal integrity.
However, excessive inhibition may hinder neuronal development and cognitive function.
The interplay of mTOR with pathways such as GSK-3f, PI3K/Akt, AMPK, and insulin/IGF-1
complicates the development of selective, low-toxicity inhibitors. Preclinical investigations
with rapamycin and analogous substances demonstrate potential in enhancing cognitive
function and decelerating illness progression. Future strategies should emphasize precise,
temporal, and tissue-specific regulation of mTOR, potentially in conjunction with other
pathway targets, to augment treatment efficacy while reducing side effects.

Future investigations also require moving toward delineating the complex and
dynamic cross-talk between mTOR signaling and other critical cellular systems to
broaden the translational dimension of this field. A primary focus should be the intricate
relationship between mTOR and mitochondrial dynamics, specifically, how sustained
mTORC1 hyperactivity compromises the delicate balance of mitochondrial fission, fusion,
and mitophagy, accelerating neuronal bioenergetic collapse. Concurrently, deeper study
into neuroinflammatory signaling is warranted, as understanding how mTOR regulates
microglial and astrocytic immunometabolism, including their shift between neuroprotective
and reactive states, will be essential for target specificity. Moreover, dissecting mTOR’s
role in glial metabolism, particularly in astrocytic lactate shuttling and nutrient trafficking.
This research could lead to interventions that restore the metabolic symbiosis critical for
neuronal survival and function. By integrating these systems-level views, researchers can
transition from solely targeting mTOR to developing multi-faceted, metabolic interventions
that simultaneously address proteotoxicity, energy deficits, and neuroinflammation.
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