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Abstract: Autophagy is the process by which damaged regions of the cytoplasm and intracellular
pathogens are degraded. This mechanism often serves an adaptive role in cells, enhancing their
survival. It plays a direct or indirect role in the development of various pathological conditions
within the body. This phenomenon is common in various malignant diseases, where autophagy is
associated with the resistance of transformed cells to chemotherapy. Conversely, abnormal activation
of autophagy can trigger cell death, a process often seen in neurodegenerative conditions. Given that
dysregulation of autophagy is associated with the progression of numerous pathological conditions,
this is of significant interest to the developers of drugs that can effectively modulate autophagy for
both basic research and clinical applications. Here, we provide a brief description of the mechanism
of macroautophagy, the most prevalent form of autophagy identified in humans. We also discuss the
clinical potential of drugs that can modulate autophagy, highlighting their use in combating diseases
associated with direct or indirect dysregulation of this essential process.
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1. Introduction
Mechanism of Autophagy

Currently, several forms of autophagy have been identified, including macroau-
tophagy, microautophagy, chaperone-mediated autophagy (CMA), and crinophagy. Al-
though these processes are morphologically distinct, they all ultimately lead to the delivery
of cellular cargo to the lysosome for degradation and recycling. The most prevalent form is
macroautophagy, a vesicular process crucial for the degradation of dysfunctional organelles
and misfolded or aggregated proteins. This pathway plays a vital role in maintaining
cellular homeostasis. During macroautophagy, the cell generates a double-membrane
structure known as the phagophore, which subsequently matures into an autophago-
some. The formation of an autophagosome around a lysate substrate is a central event in
the autophagy process. This process involves the formation of a membrane around the
substrate, which is a multistep process involving many signaling pathways and protein
complexes. The first stage of autophagy is its initiation. During this stage, autophagy
initiation complexes are assembled. These complexes are involved in the formation of the
precursor to the autophagosomal membrane, the phagophore. The autophagic activity
begins with the assembly of ULK (Unc-51-like autophagy-activating kinases) complexes
consisting of FIP200 (focal adhesion kinase family interacting protein of 200 kD), Atg13
(autophagy-related protein 13), and ULK1/ULK2 proteins (Figure 1). Normally, mTORC1
complex—mTOR (mechanistic target of rapamycin) complex 1, which acts as the main neg-
ative regulator of their assembly, inhibits Atg13 by binding to its protein. In a pathological
state of cells associated with a lack of ATP, mTOR activity decreases, leading to the loss of
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its inhibitory effects on the ULK complex. The assembled ULK then initiates the formation
of another autophagic complex called PI3KC3 (another term for the VPS34 complex). This
complex consists of Beclinl, Atgl4/UVRAG (autophagy-related protein 13/UV radiation
resistance-associated gene protein), VPS15 (vacuolar protein sorting-associated protein 15),
and VPS34 proteins [1-3]. The next stage of autophagy is isolation. During this process, the
autophagic initiator complexes formed during the initiation of autophagosome formation
bind to the membrane of the endoplasmic reticulum (ER). This causes the protrusion of the
ER membrane region and saturation of this region with phosphatidylinositol 3-phosphate
(PI3P) molecules, which are realized with the participation of phosphoinositide 3-kinase
C3 (PI3KC3) proteins [4].
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Figure 1. The stages of autophagy. The initiation of autophagy begins with the assembly of the
PI3BKC3 and ULK1 complexes. Under normal conditions, proteins within these complexes remain
inactive due to mTORC1 activity. However, when ATP and nutrient levels decline, this leads to
the assembly of PI3KC3 and ULK1. These assembled complexes promote the protrusion of the
endoplasmic reticulum (ER) membrane, enriching it with phosphoinositol triphosphate (PI3P). For
further maturation of the phagophore, the conjugating complex (Atgl6/Atg5/Atgl2) modifies the
LC3 receptor, facilitating its integration into the membrane and bending it to form the phagophore.
The Atg18/Atg2/Atg9 complex further enriches the phagophore membrane with PI3P. LC3II plays a
crucial role in attaching substrates to the phagophore membrane via p62 adapter proteins. Shortly
after substrate incorporation, a vesicle known as an autophagosome forms, which subsequently fuses
with a lysosome to create an autophagolysosome, where substrate degradation occurs.

The protruding portion of the membrane fully detached from the ER and transformed
into a phagophore. This process involves the LC3 protein (microtubule-associated protein
1A /1B-light chain 3), which conjugates with phosphatidylethanolamine (PE) and binds to
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the inner surface of the membrane, forming an autophagosome. At this stage, the modified
form of LC3 is referred to as LC3IIL. The primary complex responsible for LC3 conjugation
and the curvature of phagophore membranes consists of Atgl6, Atg5, and Atgl2 [5].

Additionally, the formation of an autophagosome requires the enrichment of mem-
branes with phosphatidylinositol 3-phosphate (PI3P) molecules. This enrichment is facili-
tated by the Atgl18, Atg2, and Atg9 protein complex, which transports PI3P from the ER
membrane [6]. Once these modifications are complete, substrates can associate with the
phagophore membrane. However, substrates cannot attach directly to the phagophore; they
require adapter proteins such as p62 and/or NBR1 (Neighbor of BRCA1 gene 1 protein).
These proteins mediate the binding of substrates to the LC3II receptors (Figure 1).

Subsequently, the phagophore evolves into a double-membrane vesicle known as
an autophagosome. For effective substrate degradation during autophagy, proteolytic
enzymes must be present within this vesicle. To achieve this, the autophagic vesicle must
fuse with a lysosome, resulting in the formation of an autolysosome. Within this structure,
lysosomal enzymes break down the initial substrate.

Autophagy is a crucial mechanism for cell survival, playing a significant role in the
management of pathological changes linked to various diseases. This has spurred the
development and testing of drugs that can modulate autophagy, either as inhibitors or
inducers. However, it is important to note that many currently synthesized drugs lack
specificity for particular targets. Consequently, their effects on autophagy can be complex
and context-dependent, influenced by factors such as the experimental model, cell line,
and methods employed to assess drug activity. This variability has implications for clinical
practice and the outcomes of clinical trials involving these compounds. This review focuses
on drugs that are currently used or hold promise for clinical application, particularly in
relation to specific diseases. We will explore both inhibitory and activating effects on
autophagy, highlighting their potential therapeutic relevance.

2. Drugs That Modulate Autophagy Activity

Currently, a huge number of drugs have been developed to modulate autophagy,
influencing this crucial cellular process either directly or indirectly. These compounds can
be broadly categorized into those that inhibit autophagy and those that activate it. Below,
we outline some of the primary groups of drugs frequently employed in preclinical and
clinical studies.

2.1. Inhibitors of Autophagy

Autophagy inhibitors can be categorized based on their mechanisms of action into several
groups: phosphoinositide 3-kinase (PI3K) inhibitors, Vps34 kinase inhibitors, vATPase (proton
pump) inhibitors, ULK1 protein inhibitors, and agents that disrupt lysosomal function.

2.1.1. PI3K Inhibitors

The PI3K/Akt/mTOR signaling pathway plays a crucial role in regulating cell sur-
vival. Consequently, drugs targeting the proteins involved in this pathway significantly
influence autophagy activity. PI3K is classified into three main classes, each with distinct
cellular functions:

- Class 1 PI3K (PI3BKC1): Involved in the AKT signaling cascade and insulin receptor
signaling.

- Class 2 PI3K (PI3BKC2): Plays a role in cell adhesion.

- Class 3 PI3K (PI3KC3): Central to the formation of autophagosomes.

Most known PI3K inhibitors affect various classes of PI3K, leading to diverse impacts
on autophagy regulation. Notably, many of these inhibitors also target proteins unrelated
to PI3K signaling, which can indirectly influence autophagy. Inhibitors that selectively
target PI3KC3 tend to have the most significant effect on autophagy inhibition.

Wortmannin is a well-known inhibitor that is used extensively in preclinical stud-
ies. Derived from the fungus Penicillium funiculosum, it features a steroid structure and
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inhibits all three classes of PI3K. By disrupting the PI3K/Akt/mTOR signaling pathway,
Wortmannin induces cell death. Specifically, its inhibition of PI3KC3 hampers the enrich-
ment of the phagophore membrane with PI3P molecules, thereby reducing the efficiency of
phagophore formation [7].

3-Methyladenine (3-MA) is another widely utilized autophagy inhibitor that targets
both PI3KC1 and PI3KC3. While its inhibition of PIBKC1 is irreversible, its effect on
PI3KC3 is temporary, allowing for reversible autophagy inhibition [8]. 3-MA has been used
in studies investigating the molecular underpinnings of atherosclerosis, coronary heart
disease, and various cancers. A clinical trial has also assessed its efficacy in treating mantle
cell lymphoma [9].

LY294002 is a specific inhibitor of PI3KC1 that effectively inhibits the PI3K/Akt/mTOR
pathway and enhances the expression of LC3, a marker associated with autophagy.

Its role in regulating autophagy is quite contradictory; it can act as either an autophagy
inhibitor or an autophagy inducer, depending on the cell lines used and the methods em-
ployed in the study [10-12]. It was shown that both inhibitors, Wortmannin and LY294002,
inhibit autophagy in isolated rat hepatocytes, reducing the efficiency of autophagosome for-
mation [10]. On the contrary, treatment of gastric cancer cells (SGC7901) with LY294002 has
been shown to induce autophagy and apoptosis linked to the activation of p53, caspase-3,
and PUMA (p53 upregulated modulator of apoptosis). Activation of p53 [11]. A mod-
ified version, SF1126, has been explored in clinical trials for neuroblastoma treatment.
SF1126 is a conjugate of LY294002 and the RGDS tetrapeptide (H-Arg-Gly-Asp-Ser-OH),
which facilitates effective interaction with neuroblastoma cells enriched with integrins.
This tetrapeptide is known for its high affinity for integrins due to its structural similarity
to fibronectin. Unfortunately, the Phase 1 clinical trial for SF1126 was halted due to an
insufficient number of participants.

Other notable PI3K inhibitors include ZSTK474 (a PI3KC1 inhibitor), GSK-2126458
(which targets both PI3KC1 and PI3KC3), and PT210 (also a dual inhibitor of PI3KC1
and PI3KC3). Based on the established targets and general mechanisms of action of PI3K
inhibitors known to influence autophagy, it can be inferred that these inhibitors may also
impact autophagy. However, it is important to note that the nature of this effect is likely to
be dual-faceted.

2.1.2. Inhibitors of the PI3KC3 Complex (Vps34)

Inhibition of the Vps34 complex disrupts autophagy at its early stages. Several direct
inhibitors of Vps34 have been identified, including VPS34-IN-1, Compound-31, SAR405,
and PIK-III (Figure 2). Notably, Spautin-1 warrants special attention due to its unique
mechanism of action. It directly inhibits ubiquitin-specific proteases USP10 (ubiquitin-
specific peptidase 10) and USP13 (ubiquitin-specific peptidase 13), which are responsible
for degrading polyubiquitin at the Lys-11 position of the Beclin-1 protein. This degradation
inactivates Beclin-1, a crucial component for the formation of the PI3KC3 complex and the
assembly of autophagic vesicles [13,14]. Consequently, Spautin-1 may significantly impact
protein degradation mechanisms. In studies involving neuroblastoma cells, treatment with
Spautin-1 has been shown to decrease p53 levels due to enhanced proteolysis and impaired
deubiquitination [14].

Furthermore, Spautin-1 inhibits the EGFR signaling pathway, which contributes to
a reduced survival rate of cancer cells [13], positioning this molecule as a promising
candidate for potential cancer therapies. However, it is important to note that no clinical
trials involving Spautin-1 have been conducted to date.
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Figure 2. The regulatory mechanisms affecting the Vps34 complex. One method for modulating
Beclin-1 activity involves its polyubiquitilation. Beclin-1, when polyubiquitinated at Lys11, inhibits
the assembly of the PI3KC3 complex. Spautin-1 inhibits the USP10 and USP13 ubiquitin-specific
peptidase activity, thereby disrupting the assembly of the PI3KC3 complex, which includes Beclin-1,
ATG14, VPS34, and VPS15.

2.1.3. ULK1 Inhibitors

The ULK1 complex plays a crucial role as the primary initiator of autophagy. Disrup-
tion of its assembly impairs the initiation of this essential cellular process.

MRT68921 is a notable inhibitor of ULK1, and its application in acute myeloid
leukemia cells has been linked to a decreased survival rate. While MRT68921 inhibits
ULK1, it may also lead to the accumulation of LC3II and a reduction in phosphorylated
levels of Atgl3 and ULK (Ser555), which could theoretically induce autophagy. However,
these effects are overshadowed by the predominant suppression of ULK activity, and the
primary outcome of MRT68921 is the inhibition of autophagic processes. Additionally,
MRT68921 suppresses the phosphorylation of elF2 and PERK, resulting in reduced endo-
plasmic reticulum (ER) stress and subsequent inhibition of autophagosome formation [15].
Notably, MRT68921 has been shown to arrest the cell cycle in the G2 phase when applied to
chronic lymphocytic leukemia cells. The combination of MRT68921 with the Bcl-2 inhibitor
Venetoclax has demonstrated a synergistic effect in suppressing cell proliferation [16]. Other
ULKT1 inhibitors include Compound 6 and SBI-0206965.

2.1.4. V-ATPase (Proton Pump) and Lysosomal Inhibitors

Inhibition of proton pump activity on the lysosomal membrane disrupts lysosomal
function due to decreased activity of lysosomal proteolytic enzymes, which require an acidic
pH for optimal function. Concanamycin and Bafilomycin Al are well-known inhibitors
that interfere with proton pump operation (Figure 3).

Bafilomycin A1, an antibiotic derived from *Streptomyces griseus®, inhibits V-ATPase
in lysosomes, leading to increased lysosomal pH and suppressed autophagy (Pucysok 3).
It also stabilizes the Beclin-1/Bcl-2 heterodimer, resulting in reduced active Beclin-1 levels
and further inhibition of autophagic processes [17,18]. While bafilomycin Al is frequently
used in in vitro studies to model lysosomal dysfunction, its clinical application has been
limited due to toxicity concerns.

For effective autophagy, fusion between autophagosomes and lysosomes is essential,
forming autophagolysosomes where substrate degradation occurs. In cases of lysosomal
dysfunction, autophagosomes may fail to form or may do so incompletely, impairing the
activity of proteolytic enzymes such as cathepsins.

Chloroquine and its derivative, hydroxychloroquine, are among the most com-
monly used inhibitors of autophagy in clinical trials. Both alkaloids are derivatives of
4-aminoquinolines, with chloroquine having a long-established role in malaria treatment.
The drug has garnered renewed interest for potential repurposing due to its nitrogen-rich
heterocyclic aromatic structure, which undergoes protonation within lysosomes. This pro-
cess raises lysosomal pH, disrupting the function of hydrolytic enzymes (Figure 3) [18] and
diminishing substrate degradation efficiency within autophagosomes, as well as impairing
the fusion between lysosomes and autophagosomes [19].
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Figure 3. The scheme illustrates how proton pump inhibitors, which alter lysosomal pH and
microsomal function, affect autophagy (further explanations are provided in the accompanying text).

Currently, chloroquine is utilized as an immunosuppressive agent for conditions such
as rheumatoid arthritis and systemic lupus erythematosus. Its antiviral efficacy has been
demonstrated in several studies [20]. Furthermore, the efficiency of chloroquine against
SARS-CoV-2 was demonstrated, but the results from phase 4 clinical trials (NCT04331600)
have raised concerns about its effectiveness for COVID-19 treatment. Ongoing research con-
tinues to explore the potential of chloroquine in cancer therapy (Table 1). Other compounds
exhibiting similar cellular effects include Lys05 and ARN 5187.

Another drug that directly impacts lysosomal function is lucanthone. This compound
increases lysosomal membrane permeability, leading to the release of cathepsin D and
subsequent lysosomal dysfunction. This dysfunction results in reduced efficiency of au-
tophagosome formation and the induction of apoptosis [21]. Notably, while lucanthone
treatment promotes the binding of the LC3 protein to autophagosomes [21], this effect is
minimal compared to the overarching lysosomal impairment.

In addition to its effects on autophagy, lucanthone inhibits DNA repair mechanisms
and disrupts DNA replication, ultimately causing cell cycle arrest and apoptosis through
the inhibition of apurinic endopeptidase 1 (APE1) [22].

The efficacy of lucanthone, in combination with the antitumor alkylating agent temo-
zolomide (TMZ), was evaluated in a clinical trial (NCT01587144) for the treatment of
glioblastoma. Another study (NCT0201454) assessed its potential to enhance the effective-
ness of radiotherapy for non-small cell lung cancer metastases in the brain.

Currently, lucanthone is used as an antihelmintic, with its effects linked to the inacti-
vation of serotonin 5-HT receptors, resulting in tetany (uncontrolled muscle contractions)
in nematodes such as S. haematobium and S. mansoni, ultimately leading to their death. Its
analog, Hycanthone, exhibits a similar mechanism of action on eukaryotic cells.

Cathepsins are crucial for lysosomal proteolytic activity; thus, inhibitors of cathepsins
also function as autophagy inhibitors [23]. Notable cysteine protease inhibitors include
E64d (Aloxistatin), E64c, Leupeptin, k777, and Odanacatib. These compounds possess
a broad range of effects and can inhibit various proteases, including those not directly
associated with lysosomal activity.
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Table 1. Clinical trials of chloroquine.
Disease NCT Number Phase of Clinical Trial Dru.gs That Wert_e Used Subtypes of Disease
in Combination
Small cell lung cancer NCTO01575782 [-III (Canceled) e e e e
Breast cancer NCT02333890 1 /== Breast cancer, Invasive
breast cancer
(a) Chloroquine +
Paclitaxel
(b) Chloroquine +
Metastatic breast cancer NCT01446016 II (Completed) Docetaxe.l Breast neoplasia,
(c) Chloroquine + Breast cancer
Abraxane
(d) Chloroquine +
Ixabepilon
Stage 4 small cell lung NCT00969306 I(Canceled) - - -
cancer
(a) Chloroquine +
Carboplatin
Dense tumors NCT02071537 I (Completed) (b) Chloroquine + /)
Gemcitabine
Pancreatic cancer NCT01777477 I (Completed) Chloroquine + Ny
P Gemcitabine
Intraductal
Intraductal carcinoma NCT01023477 I-II (Completed) - / /- non-filtering carcinoma,
Ductal carcinoma
Dense tumors with Chloroquine + Glioma,
e mots Wi NCT02496741 LI Oroune Cholangiocarcinoma,
IDH1/2 mutation Metformin
Chondrosarcoma
Brain metastases from NCT01894633 11 (Canceled) Chlqroqume + yy—
dense tumors radiotherapy
Brain metastases with Chloroquine +
IDO2 genetic status NCT01727531 (Canceled) radiotherapy /]
Chloroquine, intensity
modulated radiation
Brain cancer NCT04397679 Recrultmer}t for clinical therapy (IMRT), Gh_oblastoma,
trials Temolozomide, tumor Gliosarcoma
treating field therapy
(TTF)
Recurrent and Chloroquine +
refractory multiple NCT01438177 II (Completed) Bortezomib + Multiple myelomas
myeloma Cyclophosphamide
Melanoma NCT01469455 I DTO0L + Chloroquine + Sy
radiotherapy
Glioblastoma NCT00224978 I (Completed) - / /- Ghoblzjlstoma
multiform
. Chloroquine +
Glioblastoma NCT02432417 I (Recruitment for Temolozomide + - / /-

clinical trials)

radiotherapy

2.2. Inducers of Autophagy

Drugs that activate autophagy can be categorized based on their mechanisms of ac-
tion: mTOR inhibitors, ER stress inducers, IMRase (inositol monophosphatase) inhibitors,
MTMR14 (myotubularin-related protein 14)/jumpy inhibitors, mTOR-independent au-
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tophagy inducers, calpain inhibitors, calcium channel blockers, Bcl-2 inhibitors, AMPK (5’
AMP-activated protein kinase) activators, and TFEB (Transcription factor EB) activators.

2.2.1. mTOR Inhibitors

The mTOR protein is a key component of the mTORC1 complex, which negatively
regulates the activity of TFEB and ULK complexes, thereby inhibiting autophagy. Drugs
that suppress mTOR (mechanistic target of rapamycin), such as Rapamycin and Everolimus
(RADO001) and Temsirolimus (AP23576), stimulate autophagy by inhibiting this pathway.

Rapamycin, an antibiotic derived from *Streptomyces hygroscopicus*, has immuno-
suppressive properties and is often used to prevent organ rejection in transplantation. By
inhibiting mTOR within the mTORC complex, rapamycin activates Atgl3 and initiates
autophagy (see Figure 1) [24,25].

Beyond its role in autophagy, mTOR also regulates translation. It is part of a complex
known as the mTOR/Raptor/GBL complex, which inhibits the activity of 4E-BP1—a
negative regulator of elF4—and activates S6K, a protein involved in ribosome assembly.
Consequently, rapamycin can also inhibit translation by blocking this complex’s activity.

Rapamycin has been extensively studied in over 700 clinical trials to explore its
potential for treating various conditions. The research includes investigations into its
combination with trastuzumab for HER2+ breast cancer (Phase 2, NCT01827943) and its
efficacy in enhancing radiotherapy outcomes for rectal cancer (Phase 2, NCT00409994).

Temsirolimus, a prodrug of rapamycin, has also been evaluated in phase 2 trials for
bladder (NCT01827943) and prostate (NCT00919035) cancers.

Everolimus, like Temsirolimus, is a modified rapamycin derivative used to mitigate
rejection reactions in kidney and liver transplants while also exhibiting anti-cancer prop-
erties. The potential of everolimus in treating malignant diseases has been explored in
several clinical trials, including its efficacy in combination with prednisone for kidney
cancer (NCT02479490).

2.2.2. ER-Stress Inductors

The induction of ER stress leads to increased expression of genes encoding autophagy
proteins, particularly through the PERK/elF2/ATF4 (Protein Kinase RNA-Like ER Kinase
Eukaryotic Initiation Factor 2/Activating transcription factor 4) pathway. Key induc-
ers of ER stress include Tunicamycin, Thapsigargin, and Brefeldin A. Disruption of the
ubiquitin-proteasome system is a major factor associated with the development of ER
stress. Proteasome inhibitors such as Bortezomib and NPI-0052 act as indirect activators of
autophagy by inhibiting proteasomal activity.

Brefeldin A, an antibiotic derived from the fungus Eupenicillium brefeldianum, dis-
rupts vesicular transport between the endoplasmic reticulum and the Golgi apparatus. It
inhibits GBF1 (Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1),
which normally exchanges GDP for GTP, thereby regulating Arfl (ADP-ribosylation factor
1) activity involved in COPI (Coat protein I) vesicle formation on the Golgi membrane. This
disruption leads to impaired homeostatic regulation of ER protein transport [26], resulting
in ER stress.

Notably, brefeldin A has been shown to activate gene expression and proteins involved
in autophagy. Treatment of liver cancer cells with brefeldin A significantly increases the
accumulation of LC3II, ATG5, and Beclinl proteins in the cytoplasm, effectively activating
autophagy [27].

Bortezomib, marketed under the trade name Velcade, targets the 20S core of the
26S proteasome, disrupting its function and inducing ER stress and autophagy [28,29].
In clinical practice, bortezomib is utilized as an anti-cancer agent for multiple myeloma
treatment, with numerous clinical trials investigating its use alone or in combination with
other therapies [30,31].

NPI-0052 (Marizomib, Salinosporamide A) is another drug that inhibits the 26S pro-
teasome. The molecular structure of this drug includes a 3-lactone ring, which provides
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binding to threonine in the structure of 35i, 32i, and 31i subunits of the 20S proteasome
complex. This interaction disrupts protein degradation and induces autophagy via ER
stress [31]. Currently, NPI-0052 is undergoing clinical trials for multiple myeloma treatment.

2.2.3. Inhibitors of Inositol Monophosphatase (IMPase)

Inositol diphosphatase plays a crucial role in hydrolyzing phosphodiester bonds in
inositol diphosphate, converting it into inositol monophosphate. This phosphodiesterase
activity is essential for maintaining cellular inositol levels; disruptions can lead to reduced
triphosphorylated inositol and subsequent autophagy induction. Lithium salts, such as
lithium carbonate and lithium chloride, along with their specific inhibitor L-690/330, are
commonly used as IMRase inhibitors. Additionally, drugs that interact directly with
inositol, like carbamazepine and valproic acid, can interfere with IP3 accumulation [32].

L-690/330 acts as a competitive inhibitor of IMRase (inositol monophosphatase) [33].
Treatment with this drug has been shown to induce autophagy in cells. Disruption of
inositol triphosphate (IP3) turnover reduces the activity of the IP3R Ca?* channel, leading to
decreased cytoplasmic Ca?* levels [34]. Calcium plays a dual role in regulating autophagy—
both activating and inhibiting it—but L-690/330 specifically enhances autophagic activity.

2.2.4. MTMR14 (Jumpy) Inhibitors

MTMR14, a myotubularin-binding protein, serves as an inhibitor of autophagy due
to its phosphoinositide phosphatase activity. It hydrolyzes PI3P on the autophagic mem-
brane to PI2P, thereby suppressing autophagic assembly. Consequently, the inhibition of
MTMR14 activates autophagy [35]. Compounds such as AUTEN99 and AUTEN67 have
been identified as potential inhibitors of MTMR14 (Figure 4).

AUTEN99,
AUTENG67

PI12P

Phagophore

Figure 4. The scheme illustrates the action of AUTEN99 and AUTEN67 on autophagy, where the
MTMR1/Jumpy protein acts as a functional antagonist to the PI3K complex. This interaction leads
to the degradation of phosphoinositol phosphate PI3P at the phagosome membrane, disrupting
autophagy. By inhibiting MTMR activity, AUTEN99 and AUTENG67 facilitate the accumulation of
PI3P at the phagosome membrane.

As a relatively new synthetic molecule, AUTEN99 blocks the phosphatase activity of
MTMR14, preventing the conversion of PI3P to PI2P [35]. While it is not yet employed
in clinical practice, experimental studies have shown that AUTEN99 reduces x-synuclein
protein aggregates in the nervous tissue of Drosophila models of Parkinson’s disease [36].

2.2.5. mTOR-Independent Inducers

This category includes drugs that induce autophagy without directly interacting with
components of the mTORc1 complex. Instead, they activate signaling pathways that influence
mTORcl activity. Notable compounds in this group include Corynoxine and W09.

Corynoxine, an indole alkaloid derived from the *Uncaria* plant in the Rubiaceae
family, has been shown to activate autophagy. This effect is linked to the induction of
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the PI3KC3 complex and a reduction in the phosphorylation levels of mTOR, AKT, and
p70S6K [37]. Although not currently utilized in conventional medicine, Corynoxine has
been employed in traditional Chinese medicine for its hypotensive properties and has
demonstrated potential in reducing «-synuclein and 3-amyloid levels in neurons [38],
making it a promising candidate for treating neurodegenerative diseases.

W09 functions as an activator of autophagy and apoptosis dependent on Atg7. Treat-
ment with W09 enhances the transcription of the p62 gene and stimulates autophagy via
the EGFR/RAS/RAF/MAP2K/MAPKI1-3 pathway. This mechanism was confirmed in
studies using the MAPK 1-3 inhibitor U0126, which inhibited MAPK (Mitogen-Activated
Protein Kinase) activity and subsequently reduced both autophagic and caspase-dependent
apoptotic responses induced by W09. Additionally, W09 can activate PARP, a protein in-
volved in DNA repair and autophagy via the AMP/LKB (liver kinase B)/ AMPK signaling
pathway [39]. Despite promising experimental data, clinical studies involving this molecule
have yet to be conducted.

2.2.6. Calpain Inhibitors

Calpains, a family of calcium-dependent cytoplasmic proteases, play a significant
role in regulating various signaling cascades associated with cell survival. One mech-
anism by which calpains inhibit autophagy is through the degradation of PTEN (phos-
phatase and tensin homolog) phosphatase, leading to PI3P accumulation and inhibition
of the TSC1/TSC2 (tuberous sclerosis 1/2) complex. This sequence results in increased
GTP-bound Rheb levels, which activate the mTORC1 complex and subsequently inhibit
autophagic activity [40] (Figure 5).

Calpeptin,
MDL28170,
E64c,
Leupeptin,
AK295

| o
Permebealization

of the lysosome membrane < —

VY

PDK1
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|—'<——'¢——§O

Raptor JPRAS40
(mTOR) ——( Rheb |——

DeptorI mLST8 l

mTORc1 complex

TSC1
TSC2

Figure 5. Calpaine inhibitors and their impact on autophagy regulation. Calpaines suppress Beclinl,
ATGS5, and PTEN, ultimately inhibiting autophagic processes.

Furthermore, calpains contribute to the degradation of key proteins involved in
phagophore formation, such as Atg5 and Beclinl [41].

Calpains also affect lysosomal function; they can permeabilize lysosomal membranes,
causing dysfunction. Inhibiting calpain activity has been shown to enhance autophagy.

Protease inhibitors like Calpeptine, MDL-28170, E64c, AK295, and Leupeptine target
calpain enzymes and exhibit a broad range of activity against them [42].
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MDL-28170 is a calpain inhibitor. It was found that this molecule can penetrate the
hemato-encephalic barrier and inhibit the work of calpains. It was found that the course of
therapy of this drug in laboratory mice with a model of brain injury (FPE—fluid percussion
injury) leads to a pronounced neuroprotective effect and has a stimulating effect on damage
healing [43].

AK-295. Like MDL28170, it causes neuroprotective effects and is a calpain inhibitor. In
mice with damaged spinal cord, AK295 reduces calpain-induced apoptosis and improves
the functioning of neurons [44].

Leupeptin. It is an inhibitor of calpain 5 and cathepsins B6, H, and L7 [45]. Calpeptin
is an inhibitor of calpain and caspase-3. Using a model of cerebral ischemia in mice, it was
found that Calpeptin reduces the induction of apoptosis of nerve cells in the CA1 region of
the hippocampus [46].

2.2.7. Bcl-2 Inhibitors

One mechanism by which Bcl-2 influences autophagy involves the formation of
heterodimeric complexes with key autophagy proteins, such as Bcl-2/Beclin-1 and Bcl-
2/BNIP3 (BCL2/adenovirus E1B 19 kDa protein-interacting protein 3). Notable inhibitors
of Bcl-2 include the broad-spectrum inhibitor Obatoclax and the selective Bcl-2 inhibitor
Venetoclax (Figure 6). Venetoclax is primarily used in the treatment of chronic lymphocytic
leukemia (CLL), and its mechanism of action on autophagic activity is linked to its ability
to activate Beclin-1 by releasing it from its complex with Bcl-2 [16].

Venetoclax,
Obatoclax

1

'Beclinl

[Beclinl)——(ATG14) vPs34)

' VPS15

Figure 6. The scheme of Obatoclax and Venetoclax action on autophagy. Inhibition of Bcl-2 leads to

an accumulation of Beclin-1, which forms complexes that promote the formation of autophagosomes.

Obatoclax (GX15-070) targets various members of the Bcl-2 family, including Bcl-
XL, Mcl-1, and Bcl-2 [47]. By inhibiting these proteins, Obatoclax triggers mitochondrial
apoptosis and the formation of oligomeric channels in the mitochondrial outer membrane,
exerting effects on autophagy similar to those of Venetoclax. Additionally, treatment
with Obatoclax activates Atg7 and Atg5, enhancing LC3 processing and initiating PI3KC3
assembly (see Figure 1) [47-50].

However, some studies indicate that Obatoclax may also suppress autophagy due to
decreased lysosomal activity resulting from cathepsin inhibition [51]. It has been shown
to induce cell death in Hodgkin’s lymphoma, acute myeloid leukemia, and small-cell
lung cancer cells. Currently, several clinical trials are underway to evaluate the efficacy
of Obatoclax in combination with other anti-cancer agents. For instance, combinations
with rituximab, a monoclonal CD20 inhibitor for follicular lymphoma (NCT00427856), and
bortezomib for multiple myeloma (NCT0719901) are being investigated. As a standalone
treatment, Obatoclax has shown promise for acute myeloid leukemia (NCT68491), with
over 30 trials conducted to date.

2.2.8. AMPK Activators

AMPK serves as a crucial nutrient sensor, activating in response to significant AMP
(adenosine monophosphate) accumulation, which occurs during starvation or catabolic
states. AMP activators include RSVA 314/405 and Metformin (Figure 7) [52].
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Figure 7. The scheme of AMPK activators action on signaling pathways involved in autophagy regu-
lation. One of the key triggers for AMPK activation is the accumulation of AMP, often resulting from
nutrient deprivation or cellular stress from various sources, including DNA damage. The DNA repair
protein PARP has been shown to activate AMPK; however, this process requires NAD-H and ATP. A
decreased level of ATP levels leads to activation of LKB1, resulting in AMPK phosphorylation and
activation. LKB1 also relies on ATM-kinase, another protein involved in DNA repair. Furthermore,
AMPK activity is influenced by metabolic regulators such as Sestrin-3 (SESN3). AMPK promotes
autophagy by inhibiting mTORC1 activity while activating essential proteins like Beclin-1, ULK1,
and the mTORC inhibitor complex TSC-1/2.

Metformin is widely recognized for its ability to activate AMP-activated protein kinase
(AMPK), primarily through the inhibition of the first complex in the electron transport
chain. This activation occurs in response to metabolic stress and is linked to the regulation
of numerous signaling molecules involved in autophagy (see Figure 7). While Metformin
is primarily used to manage type 2 diabetes mellitus, it is also being explored as a potential
treatment for various other conditions. Notably, its effectiveness has been evaluated in
combination with chloroquine for cancers with IDH1/2 (Isocitrate dehydrogenase 1 and
2) mutations. Additionally, Metformin’s impact has been studied in the context of lung
adenocarcinoma (Phase 2 trials), vitiligo (NCT05607316), polycystic ovary syndrome (Stein-
Leventhal syndrome, NCT03086005), childhood obesity (NCT02274948), and glaucoma
(NCT05426044).

2.2.9. TFEB Activators

TFEB is a transcription factor that regulates the expression of genes containing the
so-called CLEAR (Coordinated Lysosomal Expression and Regulation) element in their
sequence. Many of these genes encode proteins involved in the initiation and formation
of autophagosomes and in the biogenesis of lysosomes and endosomes, in particular, p62,
UVRAG, LC3, ATG5, and Beclin-1. In the case of cellular stress, there is a decrease in
the amount of the phosphorylated form of TFEB as a result of a decrease in the activity
of mTORC1. This leads to its release from the 14-3-30/TFEB complex and promotes
its transport to the nucleus, where its transcriptional activity is carried out. MSL-7 can
be considered a drug that causes dephosphorylation of TFEB and its activation. The
mechanism of action of this drug is associated with the activation of calcineurin, a cellular
phosphatase involved in the phosphorylation of TFEB [53]. It has been shown in laboratory
animal models (mice) that MSL-7 reduces the accumulation of hIAPP amyloid (human islet
amyloid polypeptide) in the islets of pancreatic Langerhans and prevents the development
of a local inflammatory process, as well as associated damage to pancreatic tissues [54].
MSL-7 has been found to reduce glucose tolerance in pancreatic 3-cells and promote the
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survival of insulin-producing cells [54]. In this regard, this drug may be promising for the
treatment of diabetes mellitus, but clinical trials have not yet been conducted.

3. Conclusions

Macroautophagy is a crucial mechanism for normal cell functioning. It plays a vital
role in cell survival, as it directly or indirectly affects the regulation of autophagic processes.
Disruption of these mechanisms has been linked to the development and progression
of various diseases, making them promising targets for treatment. Many inhibitors and
activators of autophagy have been tested in clinical trials, either in combination with other
medications or as monotherapy agents (Table 2). Despite promising initial results, there are
still many aspects of their mechanisms that remain unknown, making them of significant
interest to scientists.

Table 2. Summarizing the table of drugs discussed in the review.

Drug Group Targets Application in Medicine Clinical Trial
. PI3K PI3KC1, PI3KC2,
Wortmannin inhibitor PI3KC3 A e /1=
3-Methyladenine PI3K
(3-MA) inhibitor PI3KCL, PI3KC3 - /1= e [
PI3KC1, p53, . .
1Y294002 . EISI? LC3, Caspase-3, yy— NCT02337312]9 (SFE%tfor P)atlents with
inhibitor PUMA euroblastoma
PI3K NCT01682473 (A Study of ZSTK474 in
ZSTK474 . PI3KC1 - / /- Japanese Patients with Advanced Solid
inhibitor X .
Malignancies)
NCT00972686 (Dose-Escalation Study of
GSK2126458),
NCT01725139 (A Proof of Mechanism Study
with GSK2126458 in Patients with Idiopathic
PI3K Pulmonary Fibrosis),
GSK-2126458 . PI3KC1, PI3BKC3 - / /- NCT01248858 (Study to Investigate the
inhibitor .
Safety, Pharmacokinetics,
Pharmacodynamics, and Clinical Activity of
GSK2126458 and GSK1120212 Combination
Therapy in Subjects with Advanced Solid
Tumors).
PIBK
PT210 inhibitor PI3KC1, PI3KC3 - /)= e / /-
. PI3KC3-C1 (Vps34)
Spautin-1 inhibitor USP10, USP13 ) e / /-
PI3KC3-C1 (Vps34)
VPS34-IN-1 inhibitor Vps34 / /- /[
PI3KC3-C1 (Vps34)
Compound-31 inhibitor Vps34 / /- e[ [ -
PI3BKC3-C1 (Vps34) o . Y
SAR405 inhibitor Vps34 // //
PI3KC3-C1 (Vps34)
PIK-III inhibitor Vps34 - e / /-
ULK1
MRT68921 inhibitor ULK1, Atgl3 - /)= e / /-
NCT04389580 (Combination Therapy with
Isotretinoin and Tamoxifen Expected to
Provide Complete Protection Against Severe
Bafilomycin A1 vATPase inhibitor vATPase @~ - / /- Acute Respiratory Syndrome Coronavirus

(Combination)
NCT05711810 (Medicine-induced Cardiac
Hemodialysis on COVID-19)
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Table 2. Cont.

Drug

Group

Targets

Application in Medicine

Clinical Trial

Lys05

Lysosome

Lysosome

ARN 5187

Lysosome

Lysosome,
REV-ERBf

Lucanthone,
Hycanthone

Lysosome

Lysosomal
membrane, APE1

Helmints

NCT01587144 (Safety and Efficacy Study of
Lucanthone When Used in Combination with
Temozolomide (TMZ) and Radiation to Treat

Glioblastoma Multiforme)

NCT02014545 (Evaluation of Lucanthone to

Whole Brain Radiation Therapy in Patients
with Brain Metastases From Non-Small Cell

Lung Cancer)

Rapamycin

mTOR inhibitor

mTOR

Immunosuppressant

NCT00411788 (Study of Rapamycin and
Trastuzumab for Patients With HER-2
Receptor-Positive Metastatic Breast Cancer)
NCT00409994 (Safety Study of Rapamycin
Administered Before and During
Radiotherapy to Treat Rectum Cancer)

Temsirolimus

mTOR
inhibitor

mTOR

Renal cell carcinoma

NCT01827943 (Phase II Evaluating Efficacy
of Temsirolimus in 2 Line Therapy for
Patients with Advanced Bladder Cancer)
NCT00919035 (Single Agent Temsirolimus in
Chemotherapy-naive Castration-Resistant
Prostate Cancer Patients)

Everolimus

mTOR
inhibitor

mTOR

Immunosuppressant,
Kidney cancer

NCT02479490 (Prednisone Plus Everolimus
in Patients with Metastatic Renal Cell Cancer
After Failure of VEGFR -TKI)

Brefeldin A

ER-stress inductor

GBF1

NCT03044509 (Diagnosis of Tuberculosis in
Swiss Children)

Bortezomib

ER-stress inductor

26S proteasome

Multiple myeloma,
mantle cell
lymphoma

NCT01328236 (Bortezomib in Combination
with Liposomal Doxorubicin and
Dexamethasone to Treat Plasma Cell
Leukemia)

NCT00183937 (Study of Bortezomib and
Docetaxel for Patients with Hormone
Refractory Prostate Cancer)

NPI-0052

ER-stress inductor

26S proteasome

NCT00461045 (Phase 2 Clinical Trial of
NPI-0052 in Patients with Relapsed or
Relapsed /Refractory Multiple Myeloma)
NCT00396864 (Phase 1 Clinical Trial of
NPI-0052 in Patients with Advanced Solid
Tumor Malignancies or Refractory
Lymphoma)

L-690/330

IMPase inhibitors

IMPase

lithium carbonate,
lithium chloride

IMPase inhibitors

IMPase

Bipolar disorder

major depressive disorder

NCT02862210 (Low-Dose Lithium for the
Treatment of Behavioral Symptoms in
Frontotemporal Dementia)
NCT01108068 (Trial of Lithium Carbonate for
Treatment of Osteoporosis-pseudoglioma
Syndrome)

NCT01096082 (Safety and Efficacy of Lithium
Carbonate in Patients with Spinocerebellar
Ataxia Type 3)

Carbamazepine

IMPase inhibitors

Inositol

Epilepsy

NCT00203567 (Carbamazepine
Extended-Release for the Treatment of
Bipolar Depression)
NCT01379469 (Carbamazepine in Severe
Liver Disease Due to Alpha-1 Antitrypsin
Deficiency)
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Table 2. Cont.

Drug Group Targets Application in Medicine Clinical Trial
NCT04940572 (Efficacy Study of Daily
Administration of VPA in Patients Affected
R s . . by Wolfram Syndrome)
Valproic acid IMPase inhibitors Inositol Epilepsy NCT03919292 (Neratinib + Valproate in
Advanced Solid Tumors, w/Expansion
Cohort in Ras-Mutated Ca)
AUTEN99 MTMR14
AUTENG67 inhibitor MIMRI4/Jumpy == /] /[
. mTOR independent PI3KC3, mTOR,
Corynoxine inducers AKT,p70S6K T [ /]
mTOR independent
W09 inducers PARP, P62 - /)= e / /-
MDL-28170 Calpains inhibitor Calpains - /- [/
AK-295 Calpains inhibitor Calpains —ff— [/
. . Calpain 5,
Leupeptin Calpains inhibitor cathepsine F A / /-
NCT00918931 (Obatoclax for Systemic
B2 Mastocytosis)
Obatoclax inhibitor Bcl-XL, Mcl-1, Bcl-2 Various types of cancer NCT00684918 (Study of Obatoclax in
© Previously Untreated Acute Myeloid
Leukemia)
NCT04501939 (Cirmtuzumab Consolidation
for Treatment of Patients with Detectable
Bcl2 R Chronic lymphocytic CLL on Venetoclax)
Venetoclax inhibitor Bel-2 leukemia NCT04171791 (A Study of ABT-199
(Venetoclax) for Cutaneous T Cell
Lymphoma)
NCT02978547 (The Effects of Neoadjuvant
Metformin on Tumor Cell Proliferation and
Tumor Progression in Pancreatic Ductal
AMPK Adenocarcinoma)
Metformin . AMPK Type 2 Diabetes NCT05607316 (Evaluating the Efficacy and
activator AN
Safety of Metformin in Vitiligo)
NCT05426044 (Metformin as a
Neuroprotective Therapy for Glaucoma—A
Randomized Controlled Trial)
AMPK
RSVA 314/405 activator AMPK / /- ] [
TFEB
MSL-7 activator TEEB Mmoo /]
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