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The mammalian/mechanistic target of rapamycin (mTOR) has a prominent role in many neurodegenerative diseases
such as Alzheimer’s disease and Parkinson’s disease (PD). mTOR and autophagy have a definitive role in the
pathogenesis of PD. mTOR is a protein kinase that regulates various cellular processes, including cell survival and
protein synthesis. mTOR also has other beneficial impacts, such as maintaining glucose homeostasis, regulating
muscle mass, and increasing mitochondrial functions. Many evidence suggests that in animals which are induced by
Parkinson’s, overexpression of mTOR and its components are observed. mTOR complex 1 controls protein synthesis,
whereas mTOR complex 2 controls cell survival and cytoskeleton organization regardless, it plays a crucial function
in autophagy inhibition. Inhibition of autophagy is one of the reasons for the accumulation of a-synuclein, which pave
the way for the development of PD. The role of mTOR is controversial as mTOR can produce either neuroprotection
or neurotoxic effects depending upon the target in which it is acting. In this review, we shall define mTOR, its role,
its involvement in autophagy, and potential PD treatment by targeting mTOR and its signaling components such as
Unc-51-like kinase 1 and adenosine monophosphate-activated protein kinase. Furthermore, we also summarize the

dual role of mTOR.

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative
disorder characterized by losing midbrain dopaminergic
neurons in the substantia nigra [1]. It is estimated that PD
affects 1%—-2% of the geriatric population. The threat of the
economic burden of PD in the national healthcare system
continues to rise [2]. However, treatment for Parkinson’s is
available, but it provides only symptomatic relief and does not
stop progression because the exact mechanism is complex and
unknown. Drugs were used to slow down the passage of the
degeneration of neurons [3]. Understanding the mechanism
of disease progression can help us target and get the right
treatment choice. Many recent pieces of evidence indicate that
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mechanistic target of rapamycin (mTOR) has a critical role in
PD pathogenesis.

The mammalian/mTOR is a serine-threonine kinase.
It controls many important functions of mammalian cells, such
as cell survival and protein synthesis [4]. During the early
2000s, neuroscientists began their interest in mTOR targets.
4E-binding proteins and p70 ribosomal S6 protein kinase 1
are initially studied [5]. Soon after identifying mTOR’s role
in neuronal morphogenesis, survival, and differentiation, the
target became popular, and many scientists observed its role in
different diseases such as PD and Alzheimer’s disease (AD).
The list of physiological conditions and neuropathologies
associated with mTOR rapidly increased, but a thorough
knowledge of mTOR modulation and its cellular effectors in
neurons remained elusive. Autophagy, translation, cell signaling,
transcription, and cytoskeleton dynamics are all influenced by
changes in the mTOR activity [6]. According to new research,
the overexpression of mTOR is linked to the pathogenesis of PD
[7,8]. As a result, mMTOR might be one of the possible treatment
targets for PD [9]. mTOR activity is quite controversial. It has

© 2024 Lakshmi Narayanan et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International License

(https://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.7324/JAPS.2023.156692&domain=pdf
https://orcid.org/0000-0003-1313-7500

002 Narayanan et al. / Journal of Applied Pharmaceutical Science 14 (03); 2024: 001-010

different actions in different pathological conditions [10]. The
mTOR signaling system, its positive and negative functions
in pathological conditions, its regulation, and its participation
in autophagy are all discussed in this article. We also discuss
possible mTOR modulators that can be used in treating PD.

We conducted a review of the literature in PubMed.
Only articles in the English language are selected. The papers
are reviewed until December 2021. The following terms are
used to search articles: PD and each of the following terms
or a combination of the following terms: mTOR, PD, akt.
a-synuclein accumulation, Unc-51-like kinase 1 (ULK1),
energy deficit mTOR, TSC1/2, autophagy, protein synthesis,
cell cycle, inflammation, neuroprotective, toxicities mTOR,
and small molecules (Fig. 1).

Components and structure of mTOR

mTOR or mammalian/mTOR is a serine/threonine
protein kinase. It involves various cell functions such as gene
transcription, protein synthesis, cell metabolism, survival, and
proliferation [11]. The multidomain protein mTOR is found in
two multiprotein complexes: mTOR complex 1 (mTORCI)
and mTOR complex 2 (mTORC2) [12]. mTORCI1 controls
protein synthesis, whereas mTORC2 controls cell survival and
cytoskeleton organization [13].

Each complex contains mTOR protein, mammalian
lethal with SEC13 protein 8 (mLSTS), DEP domain-containing
mTOR interacting protein (DEPTOR), Tel two-interacting
proteinl, and telomere maintenance 2 (Tel2) [14,15]. Two
proteins are specific to mTORCI, the regulatory-associated
protein of mTOR (Raptor) and proline-rich AKT1 substrate
40 kDa (PRAS40) [16,17]. In these complexes, DEPTOR
and PRAS40 can negatively regulate mTORCI activity [18].
mTORCI1 plays a major role in regulating cell growth and
proliferation and senses stimuli such as insulin level and amino
acid-like Leucine [19,20]. In addition, it is involved in protein
synthesis, lipid metabolism, and autophagy [21,22].

mTORC2  contains a  Rapamycin-insensitive
companion of mTOR, mammalian stress-activated protein
kinase-interacting proteinl (mSIN1), and protein observed with
Rictor [23], mLST8, and Ttil/Tel2. Akt is an important substrate
of mTORC?2. Phosphorylation of Akt induces phosphorylation
of mSIN1, which increases mTORC2 activity [24]. mTORC2
controls the remodeling of cytoskeleton and electrolyte
homeostasis [25].

mTOR signaling pathways

mTORC1 signaling pathway

Insulin-like growth factor 1 (IGF-1) activates mTOR.
IGF starts the conversion of Ras guanosine 5’-triphosphate
(GTP) to Ras guanosine diphosphate (GDP) This conversion
leads to the cascade of small molecule activation, which
includes Ras, Mek, Erk, and Rsk. Erk and Rsk inhibit the
activation of TSC1/2. TSC1/2complex is an essential regulator
in this process [26]. TSC1/2 activates the conversion of GTPase
Rheb to GDPase Rheb, an inactive form. This GDP-bound state
negatively regulates the mTOR pathway [27]. Other factors, such
as inflammation and hypoxia, can also lead to mTOR activation.

In response to the cellular energy deficiency, LKB1 is activated.
This activated LKB1 increases the adenosine monophosphate
(AMP)/adenosine triphosphate (ATP) ratio. This elevated level
of AMP leads to phosphorylation of AMP-activated protein
kinase (AMPK), which consecutively activates TSC1/2. The
activation of TSC1/2 leads to an increase in the GAP activity
of the TSC1/2 complex and inhibits mTORCI1 activity [28]. It
is further noted that hypoxia can also inhibit mTORC1 activity
by the increase in regulated in development and DNA damage
responses (REDDI) expression [29]. Inflammation can also
lead to the inhibition of TSC1/2 by activating Ikkf.

The activated mTORCI1 plays its role in protein
regulation by two possible mechanisms. One by phosphorylation
of ribosomal protein S6 kinase beta-1 (S6K1) and eukaryotic
initiation factor 4E-binding protein 1 (4E-BP1) [30]. S6KI
is phosphorylated and activated by mTORC1, which again
phosphorylates and activates S6 (a component of the S40
ribosomal subunit). S6K 1 also activates several small molecules
such as CBP80, Tripartite motif-containing protein-24 (TIF1A),
SKAR, and elF4B, and inhibits eukaryotic elongation factor
2 kinase (eEF2K) and PDCDA4. S6KI1 inhibits eEF2K by
phosphorylation, thus inhibiting the translation and elongation
of proteins. Phosphorylation of PDCD4 leads to the inhibition
of eukaryotic initiation factor-4A, which is responsible for
translation initiation [31]. S6K1 phosphorylates and activates
SKAR and CBP80. This activation leads to mRNA biogenesis
[32]. S6K1 also activates TIF1A, elevating rRNA expression
through interaction through POLI.

Inclusion and exclusion Criteria

Only articles related to mTOR and Parkinson’s were
selected. The articles are reviewed until December 2021,
both abstract and full articles are considered. Articles which
are onlv in English are considered.

Information source

PubMed, Google scholar and
Embase

y
Keywords used

PD AND each of the following terms OR a combination of the
following terms: mTOR, PD, akt, a-synuclein accumulation, ULK1,
energy deficit mTOR, TSC 1/2, autophagy, protein, protein synthesis,
cell cycle, inflammation, neuroprotective, toxicities mTOR, small
molecules.

Figure 1. Methodology.
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Another pathway by which mTOR regulates protein
synthesis is by 4E-BP1. By blocking the link between 4E-BP1
and eukaryotic translation initiation factor 4E, active mTORCI1
phosphorylates and inactivates 4E-BP1, a regulator of mRNA
translation (elF-4E). These signaling pathways lead to protein
and lipid synthesis and inhibit autophagy and lysosome
biogenesis [33]. Autophagy is induced by the ULK1 complex
when mTOR is inhibited. Hence, mTOR negatively regulates
autophagy [34].

mTORC? signaling pathway

mTORC2 also responds to growth factors like
mTORC]I, through the PI3K pathway. However, in the case of
mTORC2, TSC1/2 activates mTORC2 rather than suppressing
it like mTORCI1. Some in-vitro studies reported that removal
of TSC1/2 leads to loss of mTORC2 activity [35]. mTORC2
exerts its role by activating protein kinases A, G, and C which
consist of Akt, serum/glucocorticoid regulated kinase 1 (SGK1),
and protein kinase C alpha (PKCa) [36]. mTORC2 regulates
cytoskeleton remodeling by phosphorylation of PKCa and ion
transport by phosphorylation of SGK1 [37]. Akt paves the way
for cell survival and metabolism [38]. Downstream of the Akt
pathway includes activation of murine double minute 2 (MDM2)
and inhibition of Forkhead box O (FOXO) and PRAS40. MDM?2
is responsible for cytoskeleton organization, and FOXO inhibits
proliferation and cell cycle arrest. PRAS40 regulates mTORC1 by
directly inhibiting mTORCI [39]. Figure 2 represents the signaling
pathway of mTORC1 and mTORC2.

mTOR-double-edged sword

mTOR is vital in many neurodegenerative diseases
such as AD and PD. In recent years, the role of mTOR in
Parkinson’s has been studied widely. However, the role of
mTOR in PD remains controversial [40]. Many studies have

shown evidence of both neuroprotective and neurotoxic effects.
For example, overexpression of mTOR in toxin-induced PD
can partially prevent neuronal loss [41]. In contrast, another
study indicates that PD toxins suppress mTOR signaling, which
leads to a decrease in cell viability [42]. Here, we discuss the
neuroprotective and neurotoxic effects of mTOR.

Neuroprotective effects of mTOR

The stimulation of mTOR in dopaminergic neurons
may result in axon regrowth [43]. Deletion of phosphatase and
tensin homolog deleted on Chromosome 10 activates mTOR
and protects dopaminergic neurons by promoting Akt signaling
[44]. REDDI1 (regulated in development and DNA damage
responses) inhibition causes mTOR activation and provides
neuroprotection in cellular models [45]. Memory is similarly
affected by mTOR. Inhibition of mTOR by rapamycin leads
to memory deficits in PD models [46]. mTOR interacts with
Raptor and produces signals for cell cycle regulation. The
activation of mTOR significantly influences neurogenesis,
particularly dendritic formation. Cell development needs
average cell growth and advancement, governed by the mTOR
pathway [47]. mTOR induces translation through direct or
indirect phosphorylation in the presence of signals such as
growth hormones and energy deprivation. mTOR also has other
beneficial impacts, such as maintaining glucose homeostasis
[48], regulating muscle mass [49], and increasing mitochondrial
functions [50] (Fig. 3).

Neurotoxicity of mTOR

The neurotoxic effects of mTOR are mostly related
to the overexpression of mTOR signaling. An elevated amount
of mTOR is seen in the post-mortem brains of people with PD.
Maneb and paraquat are the major environmental risk factors of
PD. Among them, paraquat has been shown to drastically elevate
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Figure 2. Signaling pathway of mTORC1 and mTORC?2.
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mTOR levels in mice, resulting in defective axonal autophagy
[51]. Inhibition of mTOR is crucial since it depends upon the
availability of protein expression. Inhibition of mTOR may disrupt
normal functions such as the production of proteins, cytoskeleton
organization, and neurogenesis [52]. AMPK activation and
suppression of Akt, led by mTOR inhibition through the S6K1
pathway, leads to neuronal cell death [53]. The neurotoxic effects
of mTOR inhibitors are caused by side effects caused by the drugs
themselves, not by mTOR. In Parkinson’s treatment, mTOR
inhibitors are widely used. However, because of their side effects,
mTOR inhibitors have numerous drawbacks over benefits. Drugs
like Sirolimus exhibits hyperlipidemia, poor wound healing, and
thrombocytopenia [54]. Tacrolimus, another mTOR inhibitor,
shows nephrotoxicity and glucose intolerance [55]. Seizures are
also a risk factor for these drugs. One study reported that using an
mTOR inhibitor might decrease testosterone levels [56]. mTOR
negatively regulates autophagy. mTOR signaling inhibition leads
to the induction of autophagy [57]. Autophagy acts as a cell
survival and death mechanism [58]. Autophagy causes cell death
in the amoeba Dictyostelium discoideum when apoptosis is absent
[59]. Autophagy is required for the apoptotic cell death of nurse
cells in the Drosophila oocyte. Hence, autophagy is needed for
both apoptotic and non-apoptotic cell death [60]. Levodopa is a
standard medication used for PD, but it causes levodopa-induced
dyskinesia in patients [61]. When it is given along with mTOR
inhibitors, dyskinesia is significantly reduced [62]. The inability
of mTOR inhibitors to block mTOR entirely is a significant
disadvantage. In the short term, rapamycin partially suppresses
mTORCI, and in the long term, it primarily inhibits mTORC2
and not mTORCI1 [36]. Hence, treatment with rapamycin cannot
suppress the activity of mTOR (Fig. 3).

Role of mTOR in neurodegenerative diseases

Neurodegenerative diseases such as AD, PD, and
Huntington’s differ in their pathology. Among them, permanent
loss of neurons, autophagy, genetic variability, and age are
common. In AD, Amyloid-beta deposition is higher in patients,
whereas alpha-synuclein deposition is seen in Parkinson’s
disease. These are toxic or mutated protein aggregates [63].
The fact that these proteins cannot be cleared from the site
due to their solubility and loss of autophagy worsens the
condition. Autophagy is an essential process for a healthy
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Figure 3. Neuroprotective and neurotoxic effects of mTOR.

system to function. This process clears the unwanted proteins
and maintains homeostasis. Defective autophagy is commonly
seen in neurodegenerative diseases [64]. mTOR is a critical
protein that regulates autophagy [65]. It is also responsible
for protein synthesis by the S6K1 pathway. In this context, the
role of mTOR is studied in neurodegenerative diseases [25].
The various factors that modulate mTOR and autophagy which
result in the onset of PD are aging, REDD1, PARKIN, PINK,
UCHLI, and DJ1 (Fig. 4).

In a study, rapamycin which is a potent mTOR
inhibitor, promotes autophagy in both in vivo and in vitro [66].
This exhibits the relationship between autophagy and mTOR
inhibition. The inhibitors of mTOR are widely searched since
they help in the inhibition of protein synthesis and induction
of autophagy. Rapamycin (Sirolimus) is the first rapalog of
this class. Everolimus and tacrolimus came into existence after
that [67]. Despite blocking protein translation and autophagy
induction, long-time exposure to these drugs causes tissue
damage and impairment of metabolism. Small compounds that
specifically alter the function of proteins governing autophagy
downstream of mTORCI1 signaling might be developed to
trigger this process in a more targeted manner (Fig. 4).

Role of mTOR in autophagy

Autophagy is the highly conserved mechanism through
which the misfolded proteins, and damaged organelles are
removed from the body to maintain homeostasis [68]. Autophagy
exerts its action through the lysosomal degradation pathway,
thereby degrading the catabolic contents [69]. Autophagy
is mediated through microautophagy, macroautophagy, and
chaperone-mediated autophagy. In macroautophagy, the
cytoplasmic portions are wrapped within the autophagosome and
carried to lysosomes for bulk degradation [70]. Microautophagy
includes autophagic tubes directly engulfing the cytoplasmic
components [71]. Both micro and macroautophagy engulf
cytoplasmic components through a selective and non-selective
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Figure 4. The various factors that modulate mTOR signaling include aging,
REDDI, PARKIN, PINK, UCHLI, and DJ1, which lead to the onset of PD.
PINK and PARKIN cause mitophagy through mTOR. REDDI, UCHLI,
and PINK inhibit mTOR, thereby reducing protein translation and leading to
neuronal death. Aging inhibits AMPK, which activates mTOR and inhibits
autophagy. DJ1 activates mTOR through the PI3K pathway resulting in alpha-
synuclein accumulation and inhibition of autophagy.
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mechanism. In contrast, Chaperone-mediated autophagy exerts
degradation in a non-specific manner, i.e., molecule-by-molecule
fashion [72]. The major signaling pathway which controls
autophagy is mTOR [73]. mTOR exerts its role in the various
stages of autophagy, and its activity is tightly regulated by a
complex interplay between stimulatory and inhibitory signals
[74]. The various signaling pathways through which mTOR
regulates autophagy are discussed below:

ULKT1 signaling pathway

The downstream of mTORCI contains the ULKI
complex, which consists of ATG101, ATG13, and focal adhesion
kinase family interacting protein of 200 kD. mTORCI activates
and phosphorylates ULK1 [75]. This phosphorylation leads to
the inhibition of interaction with AMPK and inhibits autophagy.
On cellular stress, ULK1 is phosphorylated by AMPK, which
further leads to the induction of autophagy. Hence, mTORCI1
negatively regulates autophagy by the ULK1 complex [76].

FEB signaling pathway

Transcription factor EB (TFEB) is a part of the
bHLH leucine-zipper transcription factor family that regulates
autophagy and lysosomal gene expression [77]. Normally
inhibition of mTORC]1 results in the release of TFEB, which
releases transcriptional factors. These transcriptional factors
cause autophagy and lysosome biogenesis [78].

Vacuolar protein sorting 34 (VPS34) complex signaling
pathway

Vacuolar protein sorting 34 is another protein through
which autophagy induction occurs. VPS34 consists of two
complexes: Complex 1 and Complex 2. Complex 1 consists of
VPS34, VPS15, beclin 1, and ATG14. Complex 2 consists of
VPS34, VPS15, beclin 1, and UVRAG [79]. mTORCI1 directly
inhibits VPS34 by phosphorylating ATG14 at various sites.
Autophagy might be improved by mutating these sites, which
are resistant to mTOR inhibition [80].

Autophagic lysosome reformation (ALR)

Lysosomes are repurposed from autolysosomes at the
end of autophagy by a process known as ALR, which comprises
proto-lysosome tubule formation, elongation, and termination
[81]. In short-term food deprivation, mTOR is inhibited, and
in nutrient-rich conditions, mTOR is activated. Also, during
prolonged starvation, mTOR is reactivated by a negative
feedback loop of autophagy. For this reactivation, autophagic
lysosomes have to be degraded. Spinster, a lysosomal efflux
protein, is a regulator of ALR. Prolonged starvation leads to
defective spinsters. mTOR reactivation failed due to the defective
spinster [82]. The general amino acid control pathway is activated
by starvation, which leads to the overexpression of amino acid
transporters in the plasma membrane, increasing amino acid
absorption and contributing to mTOR reactivation [83].

Lysosomal acidification and autophagy

Lysosomes are crucial organelles involved in the
degradation of cellular waste. Lysosomal acidification is

facilitated by proton pumps, predominantly the vacuolar H+-
ATPase (V-ATPase), which actively pumps protons into the
lysosomal lumen. The acidic pH inside lysosomes is crucial
for the activation of hydrolytic enzymes, enabling efficient
degradation of cellular components during autophagy [84].

The interplay between mTOR and lysosomal acidification

An intriguing feedback loop exists between mTOR
and lysosomal acidification. Amino acids, critical activators
of mTORCI, are transported into lysosomes, where they play
a pivotal role in recruiting and activating mTORCI1 at the
lysosomal surface. The V-ATPase, responsible for lysosomal
acidification, is central to this process [85]. Understanding
the interplay between mTOR and lysosomal acidification
holds significant implications for cellular health and disease.
Dysregulation of either process can lead to disruptions in
autophagy, compromising cellular homeostasis and contributing
to the pathogenesis of various diseases, such as cancer,
neurodegenerative disorders, and metabolic conditions [86]. In
PD, proper lysosomal acidification is necessary for the optimal
function of lysosomal enzymes [87]. Genetic investigations have
unveiled a significant association between lysosomal function
and PD. Several autosomal dominant and recessive genes linked
to PD, as well as various genetic risk factors, encode proteins
involved in lysosomal, autophagic, and endosomal pathways.
Mutations in these PD-associated genes can lead to lysosomal
dysfunction, and considering that a-synuclein degradation is
primarily reliant on lysosomal processes, this impairment can
hinder o-synuclein turnover. Consequently, this disruption
contributes to elevated intracellular levels of a-synuclein,
facilitating its accumulation and subsequent aggregation,
among other consequences.

Feedback loop-AMPK, ULK1, and mTOR

The main reasons for many neurodegenerative diseases
are the overproduction of abnormal proteins and autophagy
dysregulation [88]. Much evidence suggests that mTOR
signaling is overactivated in PD patients. Overexpression of
this mTOR will lead to autophagy inhibition [89]. The activity
of mTOR is reduced in animals that cause autophagy induction.
Hence, the direct correlation between mTOR and autophagy
inducer ULK1 is studied. On the other hand, during energy
deficit conditions, AMPK is activated, which inhibits mTORCI,
thereby activating ULK 1 [90]. This AMPK is further inactivated
by mTOR. These shreds of evidence suggest that mTOR, ULK1,
and AMPK have a direct relationship. A feedback loop is a
mechanism that restores the body to its original state. All stable
system has a feedback mechanism to retain control internally.
Protein regulator mTOR and autophagy regulator ULK1 and
AMPK have a direct feedback link. Two possible cycles exist
between them. AMPK activates ULK1 as a process of autophagy
induction. This activation leads to direct inhibition of AMPK by
ULKI1 as a feedback loop. This feedback loop leads to delayed
inhibition of ULK1, which results in oscillation of autophagy
induction [57]. The double negative-feedback loop in which
AMPK directly phosphorylates the mTOR complex and inhibits
it. This inhibition results in the inhibition of ULK1, followed by
AMPK inhibition [91].
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We know that mTOR is activated in nutrient-rich
conditions and inhibits autophagy by phosphorylating ULK1.
On starvation, phosphorylated AMPK inhibits mTOR, thereby
activating autophagy. The factors that activate AMPK are
LKBI1, CaMKKp, TAKI, DNA damage, and a decrease in
ATP/AMP ratio [76]. On the other hand, ULKI is activated by
AMPK and inhibited by mTOR. ULK1 also counteracts and
inhibits mTOR [92]. mTOR inhibition cannot be permanent.
Prolonged inhibition of mTOR leads to reactivation [93].
A recent study suggests that AMPK alone cannot induce
autophagy when both mTOR and ULKI1 are inhibited [94].
AMPK remains dephosphorylated until mTOR is activated
[95]. Therefore, the balance between autophagy and mTOR is
challenging to achieve. Currently, mTOR, ULK1, and AMPK
gained an attractive target for the treatment of PD. These
feedback loops help maintain homeostasis and regulate the
balance between protein synthesis and clearance. Hence, the
complex interplay of the feedback loops has to be explored, and
a better understanding of their autophagy modulation will help
us treat PD.

Potential PD treatment by targeting mTOR and autophagy

Targeting mTOR and autophagy has emerged as a
potential therapeutic strategy for PD due to their critical roles
in cellular homeostasis and protein degradation. Dysregulation
of mTOR and autophagy pathways has been implicated in the
accumulation of toxic protein aggregates, like alpha-synuclein,
and the degeneration of dopaminergic neurons, hallmark
features of PD [96]. Here are some approaches for potential PD
treatment by targeting mTOR and autophagy:

mTOR inhibitors

Rapamycin and its analogs (rapalog) are mTOR
inhibitors that have shown promise in preclinical studies for
their neuroprotective effects in PD models. These inhibitors
promote autophagy and reduce the accumulation of toxic
protein aggregates [97]. However, further research is needed to
optimize their dosing and delivery to the brain while minimizing
side effects. Small molecules that control autophagy and mTOR
can be targeted, which assists in mTOR and autophagy balance
(Table 1).

Activators of autophagy

Enhancing autophagy through pharmacological
interventions has been explored as a therapeutic strategy for
PD. Certain compounds, such as trehalose [98] and lithium
[99,100], have been shown to induce autophagy and promote
the clearance of toxic proteins. Clinical trials to evaluate their
efficacy and safety in PD patients are ongoing.

Lysosomal enzyme modulators

Enhancing lysosomal function and promoting efficient
degradation of toxic protein aggregates is another potential
approach. Small molecules that modulate lysosomal enzymes,
such as glucocerebrosidase (GBA), have shown promise in
preclinical studies and may hold therapeutic potential for PD
with GBA mutations [101].

Table 1. The action of small molecules and drugs on various phases

of autophagy.
Autophagy phase  Small molecules Drugs that modulate autophagy
Initiation TAMPK Metformin, [102]
Resveratrol, [103]
Rosuvastatin, [104]
Temozolomide [105]
|mTOR Rapamycin, [106]
Corynoxine [107]
TULK1 BL-918 [108]
Nucleation 1Beclinl Isorhynchophylline, [109]
Glycyrrhizic acid [110]
|IMP ase Valproate, [111]
Carbamazepine [112]
1TFEB Curcumin, [113]
Trehalose [114]
Elongation 1GC case Ambroxol [115]
TERR-a XCT 790 [116]
Degradation lc-ABL Synphilin-1 [117]
CONCLUSION

Due to its dual function of neuroprotective and
neurotoxic effects, the role of mTOR in neurodegenerative
diseases is still debated. Because mTOR is critical for protein
synthesis and cell survival processes, it is worth noting that
mTOR inhibition causes autophagy to activate, which may play
a role in neuroprotection. Long-term inhibition, however, can
trigger the feedback loop and mTORCI, preventing autophagy.
As a result, mTOR is a double-edged sword. It can play both
neuroprotective and neurotoxic. Hence, the signaling between
mTOR and autophagy has to be balanced. If the balance
between mTOR and autophagy can be achieved, mTOR might
be a possible target for the therapy of PD.
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