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Abstract: The mammalian target of rapamycin (mTOR) is the major controller of a number of
important cellular activities, including protein synthesis, cell expansion, multiplication, autophagy,
lysosomal function, and cellular metabolism. When mTOR interacts with specific adaptor proteins, it
forms two complexes, mMTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). The mTOR
signaling system regulates gene transcription and protein manufacturing to control proliferation of
cell, differentiation of immune cell, and tumor metabolism. Due to its vital role in case of microbial
infections, inflammations and cancer development and progression, mTOR has been considered as
a key therapeutic target for the development of targeted medication. As autophagy dysfunction is
linked to changes in both innate and adaptive immune responses, bacterial clearance defects, and
goblet and Paneth cell malfunction, all of these changes are linked to inflammatory bowel diseases
(IBD) and colorectal cancer (CRC) pathogenesis. Preclinical and clinical data have shown that the
inhibition and induction of autophagy have significant potential to be translated into the clinical
applications. In IBD and several CRC models, mTORC1 inhibitors have been found effective. In
the recent years, a number of novel mTOR inhibitors have been investigated in clinical trials, and a
number of drugs have shown considerably enhanced efficacy when combined with mTOR inhibitors.
The future developments in the mTOR targeting medications can benefit patients in individualized
therapy. Advanced and innovative medicines that are more effective and have lower drug resistance
are still in high demand. New findings could be relevant in medicine development, pharmacological
modification, or future mTOR inhibitor research. Therefore, the goal of this review is to present a
comprehensive account of current developments on the mTOR pathway and its inhibitors, with an
emphasis on the management of microbial infections, the treatment of inflammatory bowel disease,

and the management of colon cancer.

Keywords: mammalian target of rapamycin (mTOR); inflammatory bowel diseases (IBD); colorectal
cancer (CRC)

1. Introduction

The mammalian target of rapamycin family of serine-threonine protein kinases is ab-
breviated as mTOR. The fundamental function in the cell of these kinases is to regulate the
level of catabolic and anabolic processes by combining external information with evidence
about metabolic resources of cell. mTOR is present in two heteromeric protein complexes
in mammalian cells which are called mTOR complex 1 (mTORC1) and mTOR complex 2
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(mTORC2) [1,2]. The biological process driving mTOR activity is the phosphorylation of
two key regulators of protein translation, p70 ribosomal S6 protein kinase (p70S6K) and
elF-4E binding protein (4E-BP) [3,4]. mTORC1 regulates transcription and translation, cell
cycle, autophagy, and microtubule dynamics whereas the mTORC?2 regulates the activity
of two protein kinases, Akt and PKCa [5,6]. It controls the activity of Akt by phosphorylat-
ing serine 473 [7]. In the canonical route, mitogens, trophic chemicals, and hormones all
activate mTOR. Phosphoinositide-30 kinase (PI3K) is activated and phosphatidylinositol
3,4,5-triphosphate (PIP3) production is improved as a result of the involvement of SH2
domain containing adaptor proteins and Ras (rat sarcoma) which is a small G protein [8,9].
Improved PIP3 levels cause the conscription of 3-phosphoinosititide-dependent protein
kinase 1 (PDK1) and Akt on the membrane of the cell, as well as consequent phosphoryla-
tion of Akt by PDK1 and mTORC?2 [10,11]. In addition to its critical roles in the complex
signaling pathways, mTOR is also required for a variety of physiological functions in the
human adult brain, including synaptic plasticity, learning, memory, and food absorption
control. The pathway is important in neuronal growth, dendritic development, and spine
morphogenesis, among other things [12]. Several factors such as mitogens, amino acids,
trophic factors and hormones as well as pathological situations viz heat shock, ischemia,
DNA damage, cellular stress, and viral infections, all influence the kinase activity of down-
stream components of the mTOR pathway [13,14]. As a result, the activity of the mTOR
kinase regulates a variety of cellular processes that can have both good and negative
consequences, for instance enhanced protein translation and decreased cell viability, by
activating autophagy processes [15].

In reaction to a variety of intracellular and extracellular signals, together with glucose,
cytokines, amino acids, and PAMPs (pathogen-associated molecular patterns), mTOR dis-
plays critical role in development, cellular proliferation, immunology, and cancer [16,17].
This pathway can contribute to autophagy suppression by phosphorylating and inactivat-
ing the autophagy initiator ULK1 in nutrient-sufficient circumstances [18]. New data are
linking mTOR to intestinal homeostasis and cancer [19]. The genetic ablation of mTOR in
intestinal epithelial cells (IEC) demonstrated that mTOR plays a vital part in the regulation
of caloric restriction, Paneth/goblet cell formation, and altered epithelial proliferation [17].
It presents the link between mTOR dysregulation, chronic inflammation, and colon cancer.
According to Gutierrez-Martnez et al., 2019, mTORCI1 signaling prevents epithelial DNA
damage, downstream of interferon (IFN), keeping intestinal epithelial cells stable and
preventing cancer development in colitis, an inflammatory bowel disease (IBD) that reasons
ulcers and inflammation in the digestive tract [18]. When supplies of energy are scarce,
mTOR action is suppressed, biosynthesis is slowed, and autophagy is activated to reprocess
the resources rather than producing new ones [19], translational halt and cell death are
avoided as a result. When nutrients and energy are abundant, mTOR is activated, signaling
downstream pathways to produce new cellular material, promoting cellular growth and
proliferation though reducing autophagy. As autophagy speeds up the recycling of cellular
components that are no longer needed or are damaged. These cellular constituents are
encased in a double-membraned vesicle, which is subsequently directed to a lysosome,
destroyed, and recycled [20]. As intracellular infections compete with the host for energy
and resources, autophagy control by mTOR serves as a bridge between pathogen attack and
host defense [21]. By regulating activation, development and effector functions of lymphoid
cells, mTOR helps to facilitate immunological protection against invading pathogens [22].
The AMPK (AMP-activated protein kinase)/mTOR (adenosine monophosphate activated
protein kinase/mTOR) signaling pathway, the PI3K/Akt/mTOR signaling pathway and
other autophagy signaling pathway are primarily responsible for autophagy. Autophagy
dysfunction can have health and cancer ramifications also. Autophagy has a dual effect
on cancer, limiting tumor genesis and also promoting tumor growth [23]. In eukaryotes,
cellular homeostasis is maintained by ubiquitin-protease system (UPS) and autophagy. Al-
though both systems use ubiquitination as a deterioration signal, the mechanisms involved
are distinct [24]. The UPS degrades short-term proteins and misfolded proteins, while
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autophagy removes abiding proteins, insoluble protein masses, and whole organelles (e.g.,
mitochondria, peroxisomes) as well as intracellular parasites (e.g., bacteria) [25,26]. Recent
studies have revealed the existence of links and mutual control mechanisms between these
degradation pathways through mTOR activation and inactivation, in addition to an indirect
connection through ubiquitylated proteins [27,28]. In addition, mTOR signaling system
is convoluted in the majority of human malignancies [29-31]. The pathway, has also been
linked to intestinal homeostasis, according to new findings [32-34].

Beneficial effects of TORC1 inhibitors have been reported in IBD and various CRC
models [35]. Colorectal cancer (CRC) is the world’s third biggest cause of cancer-related
mortality. In spite of the rising armament of targeted and chemotherapeutic drugs, the
complete five years of survival frequency for cancer patients at the metastatic stage is
less than ten [36]. Prognosis and treatment of advanced CRC remain difficult clinical
research priorities [37]. mTOR is a serine/threonine protein kinase that controls cellular
growth and proliferation by stimulating critical anabolic processes, detecting nutrients
and hormones for growth, and responding to diverse environmental signals [38]. It has
been proved through in vitro and preclinical investigations that mTOR is an effective target
for colorectal cancer therapy [34,39]. It has been discovered that mTOR signaling plays a
significant role in colorectal cancer. In cancer models of mice, inhibiting mTOR substan-
tially decreased intestinal carcinogenesis and increased survival [34]. The AMPK/mTOR
signaling system also has provided numerous prospective therapeutic targets for colorectal
cancer [40]. To date, first and second generations of mTOR inhibitors have been introduced
for the treatment of cancer. Antitumor effects of mTOR inhibitors are linked to tumor
development, angiogenesis, and invasion inhibition. In vivo, mTOR inhibitors, notably
rapalogs, cause cancer cell death, but not at dosages that decrease cell proliferation in cul-
ture [29]. Rapamycin, a selective inhibitor of the (mTOR), is a promising cancer therapeutic
option [30,31]. In this context, we aimed to provide an accumulative account of recent
updates on mTOR pathway and its inhibitors with special focus on the microbial infection
control, inflammatory bowel disease treatment, and colon cancer treatment.

2. mTOR Pathway at a Glance

mTOR pathway is an important regulator and controller of physiology and mam-
malian metabolism, with major functions in the functioning of organs such as muscles, liver,
white/brown adipose tissue, and brain. It is disrupted in disorders such as obesity, diabetes,
depression, and malignancies [41]. mTOR protein kinase is crucial to understanding one of
biology’s most fundamental questions: What mechanisms do organisms use to control their
growth and coordinate it with nutrition availability. It mediates most anabolic and catabolic
processes in response to nutrition and nutrient-induced signals, as the catalytic subunit
of two different protein complexes, mMTORC1 and mTORC2 [42]. mTORC1 is made up of
mTOR, regulatory-associated protein of mammalian target of rapamycin (RAPTOR), pro-
linerich Akt substrate 40 (PRAS40), and MTOR-associated protein, LST8 Homolog (mLSTS).
mTORC2 is made up of mTOR, mLST8, RICTOR (rapamycin-insensitive companion of
mammalian target of rapamycin), mSIN1, and Protor-1. It regulates cell proliferation and
endurance by phosphorylating and activating the Akt kinase [43].

The mTOR genes were first of all discovered in yeast, later its role in cell prolifera-
tion and synthesis of protein was described. Peterson and Sabatini groups created the
first mTOR-deleted mouse model, demonstrating that mTOR is critical for survival and
development. Subsequently, the mTOR signaling pathway was studied using both genetic
and biochemical methods [44]. The discovery that FK506 and rapamycin decrease separate
elements of immune cell activity and antagonize each other when administered jointly
offered early insights into rapamycin’s mode of action, proposing that, regardless of their
structural similarities, they target different objectives [45,46]. When Stuart L. Schreiber
discovered that FK506 and rapamycin impasse to the equivalent location on FKBP12 (FK506-
binding proteins) [47], the founder member of the FKBP family of immunophillins, he
made a huge breakthrough (proteins that bind immunosuppressants). He postulated that
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FKBP12-FK506 and FKBP12-rapamycin both act through a gain-of-function mechanism in
which they bind to different protein targets. Soon after, he discovered that FKBP12—FK506
suppresses the phosphatase calcineurin, which dephosphorylates and thereby initiates
transcription factor NEATc, and that this explains FK506's cell biology and signaling ac-
tions [48]. Because sequence research revealed that RAFT1/FRAP/mTOR shared similarity,
chiefly kinase domain of it, with the protein encoded by the TOR1/DRR1 and TOR2/DRR2
genes of budding yeast, Abraham devised the term mTOR [42]. mTOR is a member of the
phosphatidylinositol—kinase related kinase family (PI3K). This family’s members are a big
(>2500 amino acids) and have kinase domain at their C-termini that is comparable in order
to phosphatidylinositol-3-kinase (PI3K) [47]. TORC1 a key constituent of the PI3K/ Akt
pathway, relaying indications from tumor suppressors phosphatase and Tensin Homolog
deleted on Chromosome 10 (PTEN), tuberous sclerosis complex TSC1/2 (tuberous sclerosis
complex 1/2) and LKB1 as well as carcinogenic proteins PI3K and Akt [49]. mTORC1
regulates protein synthesis and turnover downstream, which governs cellular biogenesis.
It phosphorylates two components involved in translation initiation: eIF4E binding protein
1 (4EBP1) and ribosomal protein S6 kinase (S6K) [50]. By inhibiting autophagy, it regulates
protein turnover [51]. mTORC2, like mTORC], is engaged in the PI3K/Akt pathway;
however, it has a different role than mTORCT. It phosphorylates and increases AKT activa-
tion, making it important for cell survival mediated by Akt [52]. The activation of PI3K is
triggered by the ligand bound eliciting one of the transmembrane receptors. Following that,
PI3K phosphorylates Akt, which PTEN then dephosphorylates. PTEN deficiency is linked
to a worse prognosis in NSCLC, which is most likely due to increased PI3K/Akt/mTOR
pathway downstream signaling [53]. mTORC1 and mTORC2 are two mTOR complexes
that regulate cell proliferation [54]. Rapamycin partially inhibits mTORC], it unifies multi-
ple signals that indicate the availability of growth factors, nutrients, and energy in order
to promote cellular growth and catabolic processes during stress [55,56]. Akt is used by
growth factors and hormones to signal mTORC1, which deactivates tuberous sclerosis
complex 2 to prevent mTORC1 inhibition [57]. Activated mTORC1 has a variety of bio-
logical consequences, comprising mRNA translation via phosphorylation of downstream
targets such as 4E-BPI and p70 S6 kinase, autophagy overpowering via Atgl3 and ULK1,
ribosome biogenesis and transcription stimulation that primes to improved activity of
mitochondria [58]. mTORC2 increases cell survival by activating Akt [59]. By activating
PKC and phosphorylating SGK1, mTORC2 modulates cytoskeletal dynamics, as well as
ion transport and growth [60]. Because mTOR is a downstream target of EGFR and MET
signaling, it is a promising target for cancer treatment. PI3K pathway abnormal activation
is thought to be implicated in a variety of malignancies, and increased PI3K pathway
activation is frequently linked to cancer therapy resistance (Figure 1) [61,62].
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Figure 1. The structural components, types, and physiological role of mTOR signaling pathway.
Upward and downward direction of arrows indicate the increase or decrease of process or substance.
When growth factor stimulates TRK receptor then it triggers the downregulation of Ras, Raf Mek, Erk,
IRS, P13k, PIR3, and Akt which ultimately cause inhibition of TSC1/TSC2 complex which ultimately
inhibits lysosome biogenesis autophagy and upregulates the process of ribosome/mitochondria
biogenesis and lipid / protein/nucleotide synthesis and energy metabolism by inhibiting Rheb. On
the other hand, Rag A/B and Rag C/D cause the same effect by amino acids upregulation.

Ubiquitin modifications control mTOR signaling by degrading protein targets, chang-
ing protein cellular location for activation or inactivation of enzyme, stimulating binding
of protein to other associated partners, and by additional undiscovered mechanisms. Post
translational alterations to the “degron” offer another level of control to the ubiquitina-
tion process, this might explain why certain tumors have no inverse correlation/mutually
exclusively for E3 ligases and substrates [63]. Surprisingly, ubiquitin-based mTOR regula-
tion appears to be a late evolutionary event for higher eukaryotes as a gained alteration
and function, which could help mammals adapt to a more complex and sophisticated
biological system. In comparison to the well-studied phosphorylation-mediated control
of signaling of mTOR, there is still a lot to learn about ubiquitin’s role in various mTOR
signaling components. The discovery of DUBs (deubiquitinases), E3 ligases, and the role of
unidentified ubiquitination actions in signaling of mTOR will considerably progress mTOR
biology and throw light on medicines that target DUBs and E3 ligases for the treatment of
human ailment by modifying activity of mTOR [64,65]. The ubiquitin-proteasome system
(UPS) and autophagy are two important intracellular protein degradation mechanisms.
Autophagy is characterized by the development of autophagosomes, which merge with
lysosomes to generate autolysosomes, which degrade the contents of autophagosomes.
The UPS initiates the degradation of short-lived proteins by sequentially adding ubiquitin
chains to the target proteins [66,67]. Proteasomes are multicatalytic protease complexes
that detect polyubiquitylated proteins [68,69]. Consequently, the UPS and autophagy are
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linked, and inhibiting one has been demonstrated to have an impact on the other. The
evidence for a link between the UPS and autophagy is growing in the literature [70].

3. mTOR Inhibitors

mTOR inhibitors can be utilized to treat disorders in addition to the traditional ther-
apeutic indication of organ transplantation. Recent research has suggested that mTOR
inhibitors could be used to treat a variety of human malignancies. Rapamycin can, in fact,
limit the proliferation of a variety of human and murin cell lines in a concentration depen-
dent manner [71,72]. The therapeutical features of mTOR inhibitors appear to vanish at
high drug concentrations, according to a recent experimental investigation, which was vali-
dated by a clinical case report, posing a medical difficulty in the treatment of high dosages
of rapamycin as well as its derivatives [73]. In light of these assumptions, inhibitors of the
pathway of mTOR can be divided into three groups: first, rapalogs, these got their name
from rapamycin, second inhibitors with a more heterogeneous mode of inhibition [74]. The
second generation of mTOR inhibitors can be classified into two subclasses: (a) mTOR /PI3K
dual inhibitors (TPdIs), and (b) mTORC1/mTORC2 dual inhibitors (TORCdIs). This clas-
sification is based on the difference in mechanism of action [75]. Rodrik-Outmezguine
et al. 2016 linked the 1st and 2nd generation of mTOR inhibitors to create rapalink-1, a
third-generation mTOR inhibitor that can aim two targets on the mTOR enzyme at the
same time [76,77].

The first historical inhibitor, rapamycin, inspired the name mTOR. This medication,
also known as sirolimus, was first found as a product of the bacteria Streptomyces hygroscop-
icus in a soil sample on the island of Rapa Nui (Easter Island). Rapamycin was first created
as an antifungal medication. However, later it was determined that it had significant im-
munosuppressive and anti-proliferative characteristics [78]. Indeed, mTOR inhibitors are a
novel family of medications that are commonly employed in cancers, microbial infections,
and immunosuppressive treatments. Their current usage as a viable therapeutic alternative
is justified by their good efficacy and low toxicity [79] (Figure 2).

[ mTOR inhibitors \

.

Everolimus, Sirolimus, Temsirolimus, Buparlisib,
Idelalisib, rigosertib, duvelisib

.

Ras>PI3K>Akt> mTOR>
Autophagy>antimicrobial activity

v

Innate immunity is impaired, neutrophil migration
is diminished, and pro-inflammatory cytokine
production is reduced.

Chemokine synthesis was lowered when (B cell
receptor) BCR signaling was inhibited.

Figure 2. mTOR inhibitors of therapeutic importance.

Rapalink-1 is the third generation inhibitor, it lowers the size of the tumor resistant to
1st and 2nd generation inhibitors owing to its significant anticancer action. This strategy
offers a novel concept and model for developing new anticancer, antiviral, and antibacterial
medications. A variety of medicines have been discovered that suppress mTOR action, in
addition to the usual therapeutic mTOR inhibitors [77] (Table 1).
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Table 1. mTOR inhibitors and their therapeutic importance.
Sr. No. Name of mTOR Inhibitor Therapeutic Importance Reference
Fungicidal characteristics
First licensed immunosuppressant for solid organ transplant [80]
1 Rapamyrcin (Sirolimus) recipients [81]
pamy Antiproliferative properties 182]
Anti-aging properties 183]
Anti-atherosclerotic properties
2 Temsirolimus Treat advanced Renal cancer [77]
. Treat Metastatic Renal cell carcinoma (Kidney cancer) [84]
3 Everolimus . . [85]
Treat Advanced neuroendocrine pancreatic tumours [86]
4 Ridaforolimus/Deforolimus Sarcoma [87]
Breast cancer [88]
5 Zotarolimus Antitumor activity [89]
6 Torin 1 Suppress colon cancer cells [90]
7 Torin 2 Antitumor activity [91]
8 MLNO0128 Advanced solid tumors [92]
9 AZD2014 (Vistusertib) Metastatic clear cell renal cancer [92]
10 Voxtalisib (SAR24540; XL765) non-Hodgkin ly.mphoma or chronic lymphocytic lymphoma that [92]
has relapsed or is refractory
Gedatolisib (PKI-587 .
11 PF05212384) Recurrent endometrial cancer [92]
e  Strong Anticancer properties
12 Rapalink-1 e Tumors resistant to 1st and 2nd generation mTOR inhibitors [77]
shrink in size.
o It has the ability to compete with and interchange phospholipids
13 Halitulin analog ICSN3250 acid in the mTOR FRB domain [93]
e Itinhibits the PI3K/mTOR/DNA-PK pathway in tumor cells
in vitro
e It has anti-tumor proliferation effect
14 LY3023414 It causes prolonged reduction in endometrial cancer patients (541
with phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1),
phosphate, and PTEN mutations.
e Inhibit thyroid cancer cell growth in vitro by activating AMPK
15 OSU-53 to block the mTOR pathway or directly blocking the mTOR [95]
pathway.
16 OSI-027 Anticancer [96]
17 CC-223 Anticancer [97]
18 PKI-587 Gastroenteropancreatic Neuroendocrine tumor disease [98]
Inhibit angiogenesis and tumor growth in
e  B-cell lymphoma
e  Neuroblastoma
19 INK-128 e Thyroid cancer cells [99]
. Prostate cancer metastasis
e  B-cell acute lymphoblastic leukemia
e  Breast cancer
20 GSK2126458 Robust activity in cancer models [100]
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Table 1. Cont.

Sr. No. Name of mTOR Inhibitor Therapeutic Importance Reference
1 XL765 iﬁgfg;g& Ss:zi)ogpr?;;l;is inhibited by triggering ER [101]
22 NVP-BEZ235 Cancer cell proliferation is inhibited by this compound [102]
23 P529 Stops cancer cells from multiplying [103]
24 JR-AB2-011 Anti-glioblastoma multiforme properties [104]

4. Therapeutic Role of mTOR Signaling in the Treatment of Microbial Infections

mTOR has a crucial function in and against microbial infection, in addition to its
eminent role in cell proliferation. The regulation of autophagy, a crucial mechanism in
all myeloid and lymphoid cells in all myeloid cells is a key component in the cellular
control of mTOR. Pathogen infection-induced stimuli can increase autophagy above basal
levels to eliminate intracellular pathogens while also enhancing microbial antigen presen-
tation on cell surfaces to drive the immune response. Infection with the bacteria Shigella
flexneri, for example, induces amino acid deficiency and consequent mTOR downregulation,
resulting in autophagy [22]. The immune system’s ability to recognize and respond to
intracellular infections has prompted some viruses to evolve ways to avoid autophagy
induction. In order to circumvent immune defense mechanisms, HSV-1 (herpes simplex
virus type 1) and HSV-2 (herpes simplex virus type 2) impede autophagy induction [105].
Likewise, Listeria monocytogenes and Salmonella try to thwart autophagy induction by re-
activating mTOR and suppressing the immune response [106]. As a result, these viruses
hijack and sustain low levels of autophagy in order to take advantage of the host’s energy
and nutrients for their own replication. In such instances, inhibiting mTOR and induc-
ing autophagy above basal levels is advantageous for host defense mechanisms [107]. A
cohesive perspective of mTOR-regulated lymphokine expression and surface molecule
expression on APCs (antigen-presenting cells) and T cells during infection should assist to
better comprehend the immunological and metabolic enigma of mTOR. On a molecular,
immunological, and biochemical level, it is yet unknown whether targeting the mTORC1
and mTORC2 complexes with pathogen-derived molecules such as glycoproteins might
swing the balance of pro-inflammatory and anti-inflammatory T-cell responses in favor
of pathogen survival. Given the mTOR action in T cells and APCs has seemingly differ-
ent immunological consequences [108], developing medicines that modulate the mTOR
signaling axis to combat infectious diseases becomes even more difficult. The principal
function of the metalloprotease Gp63 blocking mTOR in APCs in leishmaniosis is to limit
translation by activating the translational repressor 4E-BPI. Inhibition of mTOR in T cells,
on the other hand, may push them to develop into Treg (regulatory T cells)/Th2 cells (T
helper cells), which would likely prolong the infection. As a result, it could be a targeted
strategy that combines inhibiting 4E-BP1 in APCs while simultaneously activating mTOR
in CD4 T cells to boost the host’s protective Thl response in the first stages of infection.
Because an increase in the quality and quantity of memory T cells is a characteristic of a
long-lasting anti-leishmanial immune response, it is possible that pathogen specific recall
responses could be improved by targeting mTOR inhibitors to memory cells in vivo in
order to speed up their growth. Foxp3 expression can be reduced and tolerance broken
by Treg-specific activation of mTOR by blocking upstream inhibitors of mTOR signaling
such as TSC1/TSC2 or PTEN. During the later phases of infection, targeting memory cells
and Treg cells can be extremely effective. By extension, using the metalloprotease Gp63
alone or in conjunction with other medications might open the door to sensible therapeutic
treatments for autoimmune diseases such as multiple sclerosis, where type I interferons
exacerbate the condition [109] (Figure 3).
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Figure 3. Activation of the mTOR pathway and its potential role in the targeting of microbial
infections. Microbial interaction with TLRs activates the P13K > PDK > AKT > mTOR cascade,
which results in mTOR activation. It promotes protein translation and the production of iNOS and
interferons by phosphorylating 4E-BP1/2 (eukaryotic translation initiation factor 4E binding protein
1 and 2). Microbial detection also promotes autophagy by causing the expression of beta-defensin 2
and cathelicidin. Because mTOR inhibitor is an autophagy inhibitor, it can promote autophagy and
fight microbial infections.

It is worth noting that mTORC1-mediated actions can have both immunosuppressive
and immune-activating effects. T-cell energy is increased, Treg expansion is induced, and
DC maturation is inhibited by the mTORC1 complex [110]. A recent overview of the
role of the mTOR in B-cell growth and function was published [111]. It presents the idea
that patients taking mTOR inhibitors may have a hindered innate immune response [112].
mTOR, as well as the generation of proinflammatory cytokines [113,114], is required for
neutrophil migration to sites of inflammation [115]. The effect of mTOR inhibition on
stromal cells may exacerbate the deficits in innate immunity, resulting in poor wound
healing [116]. Stomatitis and pneumonitis occur in a significant number of mTOR inhibitor-
treated patients, which may serve as an entrance point for pathogenic bacteria [117]. In a
process involving the hypoxia-induced factor 1a (HIFla) pathway, the mTOR pathway has
also been involved in neutrophil activity, including the development of extracellular traps
that capture and kill bacteria [118].

It is critical to determine if bacterial pathogens have developed mechanisms that
disrupt mTOR-dependent regulation of innate and adaptive immune responses in their
hosts. In addition, it would be intriguing to look at how common medications that are
used to treat metabolic diseases alter immune responses. For instance, metformin is used to
regulate blood sugar levels while simultaneously blocking mTORC1 and possibly inducing
inflammation. Given that these drugs impact mTOR activity to improve the host’s innate
immune response, it would be intriguing to explore if they can also be used to protect
against bacterial infections, or if they can override pathogens’ capacity to modify mTOR
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activity, such as Salmonella [119,120]. Among microorganisms, viruses cannot replicate
on their own and must rely on the transcription and translation machinery of the host
to duplicate their genome and related proteins. To aid this process, viruses co-opt and
modify normal cellular mechanism [121,122]. The regulation of mTOR molecule and
its pathways by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) life
cycle is of special interest [123]. As mTOR is a serine/threonine kinase that regulates the
cellular development, mTOR signaling is also critical for viral translation [124]. In this
context, metformin, everolimus, and rapamycin are just a few of the FDA-approved mTOR
inhibitors marketed currently. Both DNA viruses such as adenoviruses, cytomegaloviruses,
and herpesviruses and RNA viruses such as influenza, HIV, West Nile virus (WNV), and
Zika virus (ZIKV) have been shown to affect the mTOR pathway by activating PI3, Akt,
or mTOR itself. There are many confirmed evidence that mTOR inhibition reduces viral
protein synthesis as well as interferes with virus-mediated transcription activities. WNYV, for
example, promotes the mTOR pathway via PI3K, prompting downstream protein synthesis
activators. WNV-induced mTOR activation was also inhibited by inducible deletion of
mTOR cofactors [125].

By modification in the autophagy response, HCV and ZIKV have been presented
to increase their own viral reproduction. ZIKV is thought to stimulate autophagy by
suppressing the Akt-mTOR pathway, and subsequently hijack the autophagic apparatus
to support its own reproduction. In vitro, metformin treatment was reported to suppress
ZIKV [125]. HCV can also modify mTOR at several places along the route, uses the
autophagic mechanism to generate an infection, which subsequently leads to an increase
in hepatocyte formation, allowing for a long-term infection. Metformin decreases the
development of infected cells by HCV and inhibits replication of HCV through mTOR
pathway, according to multiple studies [126,127]. The influenza A virus has been shown to
hijack the Akt/mTOR signaling pathways in order to boost viral replication, with mTOR
inhibition greatly restricting viral replication [128]. Buformin (an mTOR inhibitor) has been
associated with an improved survival in influenza animal models [14]. In a clinical trial
involving 200 patients with H3N2 influenza, treatment with the biguanides phenformin
and buformin was found to decrease the incidence of influenza by 5.4% compared to the
control group (24%). In randomized controlled studies, mTOR inhibition has also been
shown to improve clinical outcomes in HIN1 influenza patients who required mechanical
breathing [30,113,129]. mTOR inhibition using guanidine (a metformin derivative) has
been associated to poliovirus cytopathic effects in vitro and in primate models [114,130].
Guanidine has also been demonstrated to suppress enterovirus [131,132]. Modulation of
the mTOR pathway has been seen in viruses that are more closely linked to SARS-CoV-2.
MERS-CoV infection revealed mTOR pathway modification, according to a kinome study.
In vitro MERS-CoV investigations have shown that PI3K/Akt/mTOR signaling pathways
are significant in viral pathogenesis. Pre-infection suppression of the mTOR pathway
resulted in a 60% decrease of MERS-CoV infection in vitro [133]. So, mTOR-PI3K-AKT
pathway proved as a critical signaling route in SARS-CoV-2 infection. The scientists tested
three mTOR inhibitors in vitro and found that nanomolar medication doses of each agent
significantly inhibited SARS-CoV-2 virus [134].

Multiple pathways demonstrated in vitro modification during the time of virus pro-
gression in infection, according to a proteo-transcriptomics investigation of infected cells
by SARS-CoV-2. All of the linked pathways, in particular, converge on mTOR signaling,
although it is unknown how each of them contributes to the viral life cycle or if they
help with viral replication and growth [135]. If SARS-CoV-2 cycle and manipulation of
cellular pathway is comparable to that of MERS-CoV and other RNA viruses, this could
be a promising target for new or repurposed therapeutics. Targeting viral transcription,
translation, or both, according to biophysical modelling of SARS-CoV-2, is a great sensitive
target for therapeutic suppression and is expected to result in viral replication inhibition.
A human protein—protein interaction map for SARS-CoV-2 was created recently in order
to identify the possible therapeutic targets. In the cellular response to SARS-CoV-2, the
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PIBK/Akt/mTOR pathway is crucial. More biochemical research and clinical studies
are urgently needed to better understand the specific function of mTOR inhibitors and
modulators in the treatment of COVID-19 [55,136,137].

5. mTOR in Inflammatory Bowel Diseases

IBD is a complicated immune-mediated inflammatory diseases marked by epithelial
barrier failure, dysbiosis, and deregulation of the mucosal immune response [138]. It is
made up of two disorders: Crohn’s disease (CD), which causes inflammation throughout
the gastrointestinal tract, and ulcerative colitis (UC), which affects only the colon [139].
IBD has no cure, thus pharmacological and surgical therapies to lower the inflammatory
burden and induce and sustain disease reduction are the only options. The basis of
treatment is anti-inflammatory pharmaceuticals (such as corticosteroids, aminosalicylates),
immunosuppressive drugs (such as azathioprine, mercaptopurine, methotrexate), and
biologic treatments (anti-tumor necrosis factor drugs, various anti-interleukin drugs) [140].
However, a large minority of patients do not react to these or other innovative targeted
biologic therapy in the expanding repertoire. Furthermore, patients frequently develop
severe medication effects or secondary loss of response, resulting in a considerable number
of patients requiring surgery [141]. As the world is moving closer to the era of personalized
medicine, thinking about how to combine our understanding of dysregulated immune
metabolism with disease etiology in IBD could offer an exceptional prospect to adapt
treatment based on a patient’s metabolic profile [142]. Immune system cells are extremely
active, continually detecting and adjusting to changes in their environment. Leukocytes
ability to fine-tune their reactions to exterior dangers is controlled by complicated metabolic
pathways. The hubs of these pathways are the mammalian target of rapamycin complex
1 and hypoxia inducible factor, which play a role in coordinating cell activation and
production of cytokines. As a result, these compounds are appealing therapeutic targets in
the treatment of inflammatory diseases [142].

Inflammasomes are multiprotein complexes that have a direct role in the inflammatory
process by causing caspase-1, interleukin 1 (IL-1), and interleukin I8 (IL-8) to become
overactive [143-146]. Inflammasome development is aided by five pattern recognition
receptor (PRR) candidates. The nucleotide binding oligomerization domain (NOD), absent
in melanoma 2 (AIM2), pyrin, leucine-rich repeat (LRR) containing protein (NLR) family
(NLRP1, NLRP3), as well as additional PRRs such as NLRP2, NLRP6, NLRP7 and NLRP12,
are among these members [147]. Gout [148], hepatitis [149], and ulcerative colitis [148]
are all linked to NLRP3 inflammasome assembly and activation [144]. Signaling crosstalk
between AMPK, mTOR, and NLRP3 inflammasomes is thought to exist. Both mTOR and
NLRP3 activity are reduced when AMPK is activated [150]. As a result, increasing AMPK
activity and inhibiting mTOR/NLRP3 signaling could be a promising therapeutic strategy
for reducing inflammation.

Several human disorders, comprising IBD affect autophagy. Autophagy dysfunction
is linked to alterations in both innate and adaptive bacterial clearance abnormalities in
the immune response, goblet/Paneth cell dysfunction, all of which are linked to IBD
pathogenesis. TORCI1 inhibitors have shown to be beneficial in IBD models. Second-
generation mTOR inhibitors that target the kinase domain of the protein have been found
to be more effective. Proteasome or histone deacetylase inhibitors coupled with autophagy
inhibitors i.e., hydroxychloroquine or activators i.e., everolimus yield optimal anticancer
effectiveness [35]. It has been demonstrated that mTORC1 signaling downstream of IFN
protects epithelial DNA damage, keeping intestinal epithelial cells stable and preventing
cancer growth during colitis, an inflammatory bowel disease that produces ulcers and
inflammation in the digestive tract [18]. Intestinal epithelial cell (IEC) homeostasis is
disrupted, which shares a role in the development and establishment of a range of disorders,
including IBD. According to this research, proliferation of epithelial cell reduces and cellular
loss increases during colitis. The mechanism is uncertain, but this study found that the
proinflammatory cytokine IFN plays a part in inhibition of epithelial cell growth in intestinal
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epithelial cells (IECs) via activating mTORC1. In IEC, inhibiting mTORC1 promotes cell
growth while increasing DNA damage. In macrophages, inhibiting mTORC1 significantly
lower the expression of proinflammatory markers [151,152].

There are two mechanisms that contribute directly to those findings. First, stimulation
of the mTORC1 gene reduces DNA damage in IEC by triggering the double strand DNA
breaks (DSB) repair mechanism [153]. Second, mTORC1 limits stem cell growth, resulting
in less DNA damage [154]. According to studies, the mTORC1 activation may be required
for appropriate cell cycle completion and may also work for DNA damage checkpoints.
Likewise, because autophagy initiation promotes stem cell division and hyperprolifera-
tion [155], mTORC1 suppression [156] may have a role in the preservation of the intestinal
stem cell niche. As a result, mTORC1 activation during colitis might be a part of a mech-
anism that inhibits the rate of proliferation of IECs living in a hostile environment, such
as that generated by high levels of ROS [157]. During inflammation, this activity may be
especially crucial for reducing the rate of double-strand breaks (DSB) in the nucleus DNA of
intestinal epithelial stem cells [18,158]. Thus, mTORC1 protein is significantly activated in
the gut mucosa of IBD patients, and inhibiting mTORC1 signaling has therapeutic benefits
in animal models of colitis [159-161] (Table 2).

Table 2. mTOR inhibiting drugs for IBD.

Drugs Mode of Action References
Mesalamine Inhibition of mMTORC1 signaling pathway [160]
Tacrolimus, Inhibition mTORC]1 signaling pathway [161-163]
Everolimus Inhibition mTORC1 signaling pathway [162,163]

Sirolimus Inhibition mTORC]1 signaling pathway [142,163]

Promotes OXPHOS (Oxidative phosphorylation) by

Methotrexate activating AMPK and blocking mTORC1 [142]
Corticosteroids Inhibits glycolysis by blocking mTORC1 [142]
Aminosalicylates Inhibits glycolysis by blocking mTORC1 [142]
Tacrolimus Inhibits glycolysis by blocking mTORC1 [142]

To increase the efficiency of treatment, new therapeutic approaches must be discov-
ered [164]. AMPK is a conserved enzyme that regulates cellular metabolism by increasing
glucose and fatty acid absorption while also activating the oxidation process to optimize
cellular energy utilization [165]. AMPK activation is also thought to help with a variety of
cellular issues such as inflammation, insulin resistance, and improper fat deposition [166].
These metabolic anomalies, as well as prone inflammation and apoptosis, are linked to
AMPK'’s reduced activation and failure to restore normal cellular energy levels [167].

6. mTOR and Colorectal Cancer

According to estimates, CRC is the world’s third most common cause of cancer-related
mortality. Despite the rising armament of chemotherapeutic and targeted treatments, at
the metastatic stage of the cancer, the total survival percentage after five years is less
than 10% [168]. As per the global cancer data, there are around 1.1 million newly diag-
nosed CRC patients and 550 thousand CRC-related deaths, with the death rate from CRC
expected to rise by 60% by 2035 [169,170]. Currently, the main therapeutic choices for
people with CRC include surgery, radiation, and chemotherapy. Only 70% of CRCs are
resectable, with 25 percent of resected patients having chances of recurrent tumors [171].
Only 75% of CRCs are curable, and up to 25% of resected patients will have recurrent
tumors. Despite advances in early detection and therapy, only 63% patients with CRC
have a 5-year relative survival rate [172]. Furthermore, rising treatment resistance and side
effects from chemotherapy and radiotherapy have ruthlessly lowered the quality of life in
survivors. To satisfy the therapeutic needs of CRC patients, novel treatment techniques
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and medications are urgently needed. In the development of sporadic colon cancer, activa-
tion of the PI3K/AKT and Ras/Raf (acronym for rapidly accelerated fibrosarcoma)/MEK
(MAPK/ERK kinase)/ MAPK (mitogen-activated protein kinase) pathways are usually
implicated. The PI3K/AKT pathway activates the Ser/Thr protein kinase mTOR [173,174],
which is implicated in cell growth, proliferation, and survival. Rapamycin and its chemical
equivalents, everolimus and temsirolimus, which target just the mTORC1 complex, have
received a lot of interest in the last 15 years as potential anticancer medicines. However,
mTOR inhibition in cancer, especially as a monotherapy, has limited advantages, extending
lifespan by only a few months in certain trials [36,175], and other studies have shown
the occurrence of drug resistance. For example, compared to untreated samples, colon
and breast cancers treated with everolimus for four weeks revealed increased levels of
activated AKT [176,177]. The discovery that mMTORC2 directly phosphorylates the Ser473
residue of the AKT kinase in a variety of diseases has reignited interest in targeting the
mTOR pathway, making mTORC?2 a novel therapeutic target [178]. Positive regulation
of AKT by mTORC2 implies that mTOR acts both upstream and downstream. ATP ana-
logues are the next family of mTOR catalytic inhibitors, and they block both mTORC1
and mTORC?2 kinase activity [49,179]. Due to the simultaneous inhibition of rapamycin-
insensitive mMTORC2 and rapamycin-sensitive mTORC1 [179], these catalytic inhibitors are
anticipated to be more powerful in clinical application [180].

The use of mTOR inhibitors in CRC treatment might be promising, and the logic for
combining them with other chemotherapeutic medications such as irinotecan is reason-
able, but it will need the identification of subgroups of individuals who are most likely
to respond [177]. Data from both preclinical and clinical research have shown a relation-
ship between mTOR activation and CRC. In APC716 knockout mice (a model for human
familial adenomatous polyposis), colonic polyposis was connected to chromosomal insta-
bility produced by mTOR activation [180]. In a comparable setting, everolimus inhibition
decreased the number and development of polyps [181,182]. The AKT/mTOR pathway
is critical for the formation and progression of human CRCs. In a sample of 871 male
and 687 female colon cancer patients, it was discovered [183] that genetic diversity linked
with the AKT/mTOR pathway contributes to both colon and rectal cancer risk. It has
been found that numerous proteins in the mTOR signaling pathway were significantly
over expressed in 154 patients of CRC when compared to match normal colonic tissue
from the same patients [35,183]. Other studies have demonstrated similar upregulation
of mTOR signaling components in human CRCs [184-186]. Through the TSC2 complex, a
relationship has been demonstrated between Wnt signaling, which is active in most colon
tumours, and mTOR [187]. Rapamycin inhibited cell growth and development of tumor
induced by Wnt, indicating that it could be used as a treatment [188,189] (Figure 4).

Rapamycin is only effective against mTORC1 [190]. Downregulation of rictor in HT-29
and LS174T, colon cancer cells greatly decreased proliferation of cell, and LS174T cells
without rictor proved unsuccessful to progress tumors in a mice xenograft model, implying
a function for mTORC2 in CRC [191]. mTORC2 has also been linked to colorectal cancer
metastasis [182]. OSI-027 is a mTORC1- and MTORC2-selective inhibitor that has exhibited
anticancer properties in a variety of in vivo and in vitro cancer types i.e., human colon
cancer xenograft models [192,193], and is at the moment being tested in cancer patients
in first phase clinical trials. Although rapamycin analogues (rapalogs) have shown to
be effective in preclinical models, their effects have been moderate when utilized as a
single-agent therapy [31]. As a result, a new class of anti-mTOR compounds has just been
developed. These drugs targeted the mTOR kinase domain, had activity against both
mTORC1 and TORC2, and had better anticancer effect compared to rapalogs [194-196]
(Table 3).
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Figure 4. A comparative analysis of adenoma epithelial cell with defective antigen-presenting cells,
role of beta-catenin, and rapamycin in the induction and control of cancer respectively. Beta-catenin
and rapamycin inhibited cell growth and development of tumor induced by Wnt by inhibiting
mTOR signalling.

Table 3. mTOR kinase inhibitors with therapeutic effects in cancer confirmed both in vitro and

in vivo.
mTOR Kinase Inhibitors Drugs References
NVPBEZ235 [197]

SF1126 [198,199]

Dual inhibitors of mTOR/PtdIns-kinase GSK2126458 [187,200]

BGT226 [201,202]

GDC0980 [203-205]
OSI027 [193,206,207]

mTORC1/mTORC2 dual inhibitors INK128 [208,209]

AZD2014 [210-212]

These novel mTOR inhibitors have been shown to be effective in a number of animal
models and are currently being tested in a number of clinical trials. In xenograft models,
such as colon cancer (LoVo and SW620 cells), AZD8055 (an orally bioavailable, powerful
and selective mTOR kinase inhibitor) produced considerable reduction of tumor growth
and regression [75].

In a variety of colorectal cancer models, metformin also acts as an adjuvant, apoptosis
inducer, antiproliferative, chemopreventive, and radio-chemosensor [213,214]. Metformin
mainly affects proteins linked to the cell cycle, via modifying the mTOR-4EBP-elF4E and
MNK1-elF4GelF4E axis’ role in signaling. The positive effects of metformin on CRC risk
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and prognosis may be due to the suppression of MYC protein production [213]. It has been
studied in vitro using organoid models of peritoneal metastases from CRC patients, CaCo2
cells, human and mouse LoVo and MCA38 cells, COLO 205 cells, HCT116 cells, Caco-2
cells, DLD-1 cells, SW-480 cells, and RKO cells. It has also been studied in vivo using HT-29-
xenografted BALB/c-nude mice, Apc mutated mice, Organoid peritoneal metastases from
xenografts of CRC patients, COLO25 and DSS mice, SW48-Mut xenograft nude mice, d HT-
29-xenograft SCID mice, PDX-female SCID mice. The use of DMH as a potential treatment
in humans was made possible by DMH-induced CRC in diabetic and non-diabetic mice,
DMH-induced CRC in rats, and DMH-DSS-induced colitis-associated colon neoplasia in
mice [212]. Which eventually led to its application as a potential treatment in patients.

7. Conclusions

Among the entire switch of cellular metabolism, mTOR, is a particularly efficient
antimicrobial, anti-inflammatory, and anticancer therapeutic target protein. A range of
effects can be induced by suppressing the overactive mTOR signaling in these conditions.
As a result, numerous mTOR inhibitors are used as medicines in clinical trials. Long-term
usage of the identical mTOR inhibitors, on the other hand, will result in the development of
tolerance, and as a result, drug resistance; hence, new mTOR inhibitors must be developed.
Resistance to anticancer therapies is usually linked to PI3K/AKT/mTOR activation. In
preclinical investigations and clinical trials, inhibitors of the PI3K/AKT/mTOR system are
being tested to see which types of pathway inhibitors can restore therapeutic sensitivity
when used in monotherapy or in a combination. mTOR inhibitors are promising in the
treatment of infectious diseases, inflammatory bowel disease, and colorectal cancer.

Funding: The authors extend their appreciation to the Deputyship for Research & Innovation,
Ministry of Education in Saudi Arabia for funding this research work through the project number “20-
UQU-IF-P1-001". The Project was funded by Deanship of Scientific of Scientific Research at Umm Al-
Qura University for the supporting this work by Grant Code Project Code: (22 UQU4310387DSR26).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data provided in the manuscript. No additional data available.

Acknowledgments: The authors extend their appreciation to the Deputyship for Research & Inno-
vation, Ministry of Education in Saudi Arabia for funding this research work through the project
number “20-UQU-IF-P1-001”. The Project was funded by Deanship of Scientific of Scientific Re-
search at Umm Al-Qura University for the supporting this work by Grant Code Project Code: (22
UQU4310387DSR26).

Conflicts of Interest: The authors have declared no conflict of interest.

References

1.

Pignataro, G.; Capone, D.; Polichetti, G.; Vinciguerra, A.; Gentile, A.; Di Renzo, G.; Annunziato, L. Neuroprotective, immunosup-
pressant and antineoplastic properties of mTOR inhibitors: Current and emerging therapeutic options. Curr. Opin. Pharmacol.
2011, 11, 378-394. [CrossRef] [PubMed]

Sanchez-Garrido, J.; Shenoy, A.R. Regulation and repurposing of nutrient sensing and autophagy in innate immunity. Autophagy
2021, 17, 1571-1591. [CrossRef] [PubMed]

Jastrzebski, K.; Hannan, K.; Tchoubrieva, E.B.; Hannan, R.D.; Pearson, R.B. Coordinate regulation of ribosome biogenesis and
function by the ribosomal protein S6 kinase, a key mediator of mTOR function. Growth Factors 2007, 25, 209-226. [CrossRef]
[PubMed]

Bhat, M.; Robichaud, N.; Hulea, L.; Sonenberg, N.; Pelletier, ].; Topisirovic, I. Targeting the translation machinery in cancer. Nat.
Rev. Drug Discov. 2015, 14, 261-278. [CrossRef]

Switon, K,; Kotulska, K.; Janusz-Kaminska, A.; Zmorzynska, J.; Jaworski, ]. Molecular neurobiology of mTOR. Neuroscience 2017,
341, 112-153. [CrossRef]

Giguere, V. Canonical signaling and nuclear activity of mMTOR—A teamwork effort to regulate metabolism and cell growth. FEBS
J. 2018, 285, 1572-1588. [CrossRef]


http://doi.org/10.1016/j.coph.2011.05.003
http://www.ncbi.nlm.nih.gov/pubmed/21646048
http://doi.org/10.1080/15548627.2020.1783119
http://www.ncbi.nlm.nih.gov/pubmed/32627660
http://doi.org/10.1080/08977190701779101
http://www.ncbi.nlm.nih.gov/pubmed/18092230
http://doi.org/10.1038/nrd4505
http://doi.org/10.1016/j.neuroscience.2016.11.017
http://doi.org/10.1111/febs.14384

Int. . Mol. Sci. 2022, 23, 12470 16 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Holmes, B.; Benavides-Serrato, A.; Saunders, ].T.; Kumar, S.; Nishimura, R.N.; Gera, ]. mTORC2-medjiated direct phosphorylation
regulates YAP activity promoting glioblastoma growth and invasive characteristics. Neoplasia 2021, 23, 951-965. [CrossRef]
Rajala, R.V. Phosphoinositide 3-kinase signaling in the vertebrate retina. J. Lipid Res. 2010, 51, 4-22. [CrossRef]

Manning, B.D.; Toker, A. AKT/PKB Signaling: Navigating the Network. Cell 2017, 169, 381-405. [CrossRef]

Swiech, L.; Perycz, M.; Malik, A.; Jaworski, J. Role of mTOR in physiology and pathology of the nervous system. Biochim. et
Biophys. Acta (BBA)-Proteins Proteom. 2008, 1784, 116-132. [CrossRef]

Wu, X,; Kihara, T.; Akaike, A.; Niidome, T.; Sugimoto, H. PI3K/Akt/mTOR signaling regulates glutamate transporter 1 in
astrocytes. Biochem. Biophys. Res. Commun. 2010, 393, 514-518. [CrossRef] [PubMed]

Kwon, C.-H.; Zhu, X.; Zhang, J.; Baker, S.]. mTor is required for hypertrophy of Pten-deficient neuronal soma in vivo. Proc. Natl.
Acad. Sci. USA 2003, 100, 12923-12928. [CrossRef] [PubMed]

Avruch, J.; Lin, Y,; Long, X.; Murthy, S.; Ortiz-Vega, S. Recent advances in the regulation of the TOR pathway by insulin and
nutrients. Curr. Opin. Clin. Nutr. Metab. Care 2005, 8, 67-72. [CrossRef] [PubMed]

Proud, C.G. Phosphorylation and Signal Transduction Pathways in Translational Control. Cold Spring Harb. Perspect. Biol. 2019,
11, a033050. [CrossRef]

Zhu, Z.; Yang, C.; Iyaswamy, A.; Krishnamoorthi, S.; Sreenivasmurthy, S.G.; Liu, J.; Wang, Z.; Tong, B.C.-K.; Song, ].; Lu, J.; et al.
Balancing mTOR Signaling and Autophagy in the Treatment of Parkinson’s Disease. Int. ]. Mol. Sci. 2019, 20, 728. [CrossRef]
[PubMed]

Giovanelli, P,; Sandoval, T.A.; Cubillos-Ruiz, J.R. Dendritic Cell Metabolism and Function in Tumors. Trends Immunol. 2019, 40,
699-718. [CrossRef]

Xie, Y.; Zhao, Y.; Shi, L.; Li, W.; Chen, K,; Li, M.; Chen, X.; Zhang, H.; Li, T.; Matsuzawa-Ishimoto, Y.; et al. Gut epithelial
TSC1/mTOR controls RIPK3-dependent necroptosis in intestinal inflammation and cancer. J. Clin. Investig. 2020, 130, 2111-2128.
[CrossRef]

Gutiérrez-Martinez, I.; Rubio, ].; Piedra-Quintero, Z.; Lopez-Mendez, O.; Serrano, C.; Reyes-Maldonado, E.; Salinas-Lara, C.;
Betanzos, A.; Shibayama, M.; Silva-Olivares, A.; et al. mMTORC1 Prevents Epithelial Damage During Inflammation and Inhibits
Colitis-Associated Colorectal Cancer Development. Transl. Oncol. 2019, 12, 24-35. [CrossRef]

Liu, G.Y.; Sabatini, D.M. mTOR at the nexus of nutrition, growth, ageing and disease. Nat. Rev. Mol. Cell Biol. 2020, 21, 183-203.
[CrossRef]

Sridhar, S.; Botbol, Y.; Macian, F.; Cuervo, A.M. Autophagy and disease: Always two sides to a problem. J. Pathol. 2012, 226,
255-273. [CrossRef]

Snaebjornsson, M.T.; Schulze, A. Non-canonical functions of enzymes facilitate cross-talk between cell metabolic and regulatory
pathways. Exp. Mol. Med. 2018, 50, 1-16. [CrossRef] [PubMed]

Keating, R.; McGargill, M.A. mTOR regulation of lymphoid cells in immunity to pathogens. Front. Immunol. 2016, 7, 180.
[CrossRef] [PubMed]

Onorati, A.V,; Dyczynski, M.; Ojha, R.; Amaravadi, R.K. Targeting autophagy in cancer. Cancer 2018, 124, 3307-3318. [CrossRef]
[PubMed]

Zientara-Rytter, K.; Subramani, S. The Roles of Ubiquitin-Binding Protein Shuttles in the Degradative Fate of Ubiquitinated
Proteins in the Ubiquitin-Proteasome System and Autophagy. Cells 2019, 8, 40. [CrossRef]

Kocaturk, N.M.; Gozuacik, D. Crosstalk Between Mammalian Autophagy and the Ubiquitin-Proteasome System. Front. Cell Dev.
Biol. 2018, 6, 128. [CrossRef]

Cassidy, K.; Zhao, H. Redefining the Scope of Targeted Protein Degradation: Translational Opportunities in Hijacking the
Autophagy-Lysosome Pathway. Biochemistry 2021. [CrossRef]

Sarkar, S.; Vaccaro, M.L; Nezis, LP. Editorial: Autophagy: From Big Data to Physiological Significance. Front. Cell Dev. Biol. 2020,
7,376. [CrossRef]

Verzella, D.; Pescatore, A.; Capece, D.; Vecchiotti, D.; Ursini, M.V.; Franzoso, G.; Alesse, E.; Zazzeroni, F. Life, death, and
autophagy in cancer: NF-kB turns up everywhere. Cell Death Dis. 2020, 11, 1-14. [CrossRef]

Vaidya, A.; Jain, S.; Sahu, S.; Jain, PK.; Pathak, K.; Pathak, D.; Kumar, R.; Jain, S.K. Anticancer Agents Based on Vulnerable
Components in a Signalling Pathway. Mini-Rev. Med. Chem. 2020, 20, 886-907. [CrossRef]

Wang, C.-H.; Chung, F-T.; Lin, S.-M.; Huang, S.-Y.; Chou, C.-L.; Lee, K.-Y;; Lin, T.-Y.; Kuo, H.-P. Adjuvant Treatment With a
Mammalian Target of Rapamycin Inhibitor, Sirolimus, and Steroids Improves Outcomes in Patients With Severe HIN1 Pneumonia
and Acute Respiratory Failure*. Crit. Care Med. 2014, 42, 313-321. [CrossRef]

Wang, H.; Liu, Y.; Ding, J.; Huang, Y.; Liu, J.; Liu, N.; Ao, Y,; Hong, Y.; Wang, L.; Zhang, L.; et al. Targeting mTOR suppressed
colon cancer growth through 4EBP1/elF4E/PUMA pathway. Cancer Gene Ther. 2020, 27, 448-460. [CrossRef] [PubMed]

Barron, L.; Sun, R.C.; Aladegbami, B.; Erwin, C.R.; Warner, B.W.; Guo, J. Intestinal Epithelial-Specific mTORC1 Activation
Enhances Intestinal Adaptation After Small Bowel Resection. Cell. Mol. Gastroenterol. Hepatol. 2017, 3, 231-244. [CrossRef]
[PubMed]

Sampson, L.L.; Davis, A.K.; Grogg, M.W.; Zheng, Y. mTOR disruption causes intestinal epithelial cell defects and intestinal
atrophy postinjury in mice. FASEB ]. 2016, 30, 1263-1275. [CrossRef] [PubMed]


http://doi.org/10.1016/j.neo.2021.07.005
http://doi.org/10.1194/jlr.R000232
http://doi.org/10.1016/j.cell.2017.04.001
http://doi.org/10.1016/j.bbapap.2007.08.015
http://doi.org/10.1016/j.bbrc.2010.02.038
http://www.ncbi.nlm.nih.gov/pubmed/20152809
http://doi.org/10.1073/pnas.2132711100
http://www.ncbi.nlm.nih.gov/pubmed/14534328
http://doi.org/10.1097/00075197-200501000-00010
http://www.ncbi.nlm.nih.gov/pubmed/15586002
http://doi.org/10.1101/cshperspect.a033050
http://doi.org/10.3390/ijms20030728
http://www.ncbi.nlm.nih.gov/pubmed/30744070
http://doi.org/10.1016/j.it.2019.06.004
http://doi.org/10.1172/JCI133264
http://doi.org/10.1016/j.tranon.2018.08.016
http://doi.org/10.1038/s41580-019-0199-y
http://doi.org/10.1002/path.3025
http://doi.org/10.1038/s12276-018-0065-6
http://www.ncbi.nlm.nih.gov/pubmed/29657328
http://doi.org/10.3389/fimmu.2016.00180
http://www.ncbi.nlm.nih.gov/pubmed/27242787
http://doi.org/10.1002/cncr.31335
http://www.ncbi.nlm.nih.gov/pubmed/29671878
http://doi.org/10.3390/cells8010040
http://doi.org/10.3389/fcell.2018.00128
http://doi.org/10.1021/acs.biochem.1c00330
http://doi.org/10.3389/fcell.2019.00376
http://doi.org/10.1038/s41419-020-2399-y
http://doi.org/10.2174/1389557520666200212105417
http://doi.org/10.1097/CCM.0b013e3182a2727d
http://doi.org/10.1038/s41417-019-0117-7
http://www.ncbi.nlm.nih.gov/pubmed/31257364
http://doi.org/10.1016/j.jcmgh.2016.10.006
http://www.ncbi.nlm.nih.gov/pubmed/28275690
http://doi.org/10.1096/fj.15-278606
http://www.ncbi.nlm.nih.gov/pubmed/26631481

Int. . Mol. Sci. 2022, 23, 12470 17 of 23

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.
50.

51.
52.

53.
54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

Faller, W.].; Jackson, T.J.; Knight, ] R.P.,; Ridgway, R.A.; Jamieson, T.; Karim, S.A.; Jones, C.; Radulescu, S.; Huels, D.J.; Myant,
K.B.; et al. mTORC1-mediated translational elongation limits intestinal tumour initiation and growth. Nature 2015, 517, 497-500.
[CrossRef]

Alcaide, A.; Dominguez, C. Pharmacological Control of Autophagy: Therapeutic Perspectives in Inflammatory Bowel Disease
and Colorectal Cancer. Curr. Pharm. Des. 2012, 18, 3853-3873. [CrossRef]

Tian, T.; Li, X.; Zhang, ]. mTOR Signaling in Cancer and mTOR Inhibitors in Solid Tumor Targeting Therapy. Int. J. Mol. Sci. 2019,
20, 755. [CrossRef]

Yang, M.; Huang, Q.; Li, C; Jiang, Z; Sun, J.; Wang, Z.; Liang, R.; Li, D.; Li, B.; Zhao, H. TOX Acts as a Tumor Suppressor by
Inhibiting mTOR Signaling in Colorectal Cancer. Front. Immunol. 2021, 12, 647540. [CrossRef]

Ben-Sahra, I.; Manning, B.D. mTORC]1 signaling and the metabolic control of cell growth. Curr. Opin. Cell Biol. 2017, 45, 72-82.
[CrossRef]

Ramasamy, T.S.; Ayob, A.Z.; Myint, H.H.L.; Thiagarajah, S.; Amini, F. Targeting colorectal cancer stem cells using curcumin and
curcumin analogues: Insights into the mechanism of the therapeutic efficacy. Cancer Cell Int. 2015, 15, 1-15. [CrossRef]
Radovanovi¢, M. Autophagy and renal cell carcinoma: What do we know so far? Med. Podml. 2021, 72, 43-49. [CrossRef]

Mao, Z.; Zhang, W. Role of mTOR in Glucose and Lipid Metabolism. Int. ]. Mol. Sci. 2018, 19, 2043. [CrossRef] [PubMed]
Sabatini, D.M. Twenty-five years of mTOR: Uncovering the link from nutrients to growth. Proc. Natl. Acad. Sci. USA 2017, 114,
11818-11825. [CrossRef] [PubMed]

Sarbassov, D.D.; Ali, S.M.; Sabatini, D.M. Growing roles for the mTOR pathway. Curr. Opin. Cell Biol. 2005, 17, 596-603. [CrossRef]
Jiang, Y,; Su, S.; Zhang, Y.; Qian, J.; Liu, P. Control of mTOR signaling by ubiquitin. Oncogene 2019, 38, 3989-4001. [CrossRef]
[PubMed]

Dumont, FJ.; Staruch, M.J.; Koprak, S.L.; Melino, M.R.; Sigal, N.H. Distinct mechanisms of suppression of murine T cell activation
by the related macrolides FK-506 and rapamycin. J. Immunol. 1990, 144, 251-258.

Bierer, B.E.; Mattila, P.S.; Standaert, R.F.; Herzenberg, L.A.; Burakoff, S.J.; Crabtree, G.; Schreiber, S.L. Two distinct signal
transmission pathways in T lymphocytes are inhibited by complexes formed between an immunophilin and either FK506 or
rapamycin. Proc. Natl. Acad. Sci. USA 1990, 87, 9231-9235. [CrossRef]

Lempidinen, H.; Halazonetis, T.D. Emerging common themes in regulation of PIKKs and PI3Ks. EMBO ]. 2009, 28, 3067-3073.
[CrossRef]

Liu, J.; Farmer, ].D., Jr.; Lane, W.S.; Friedman, J.; Weissman, I.; Schreiber, S.L. Calcineurin is a common target of cyclophilin-
cyclosporin A and FKBP-FK506 complexes. Cell 1991, 66, 807-815. [CrossRef]

Laplante, M.; Sabatini, D.M. mTOR Signaling in Growth Control and Disease. Cell 2012, 149, 274-293. [CrossRef]

Ma, X.M.; Blenis, J. Molecular mechanisms of mTOR-mediated translational control. Nat. Rev. Mol. Cell Biol. 2009, 10, 307-318.
[CrossRef]

Jewell, ].L.; Guan, K.-L. Nutrient signaling to mTOR and cell growth. Trends Biochem. Sci. 2013, 38, 233-242. [CrossRef] [PubMed]
Huang, J.; Manning, B.D. A complex interplay between Akt, TSC2 and the two mTOR complexes. Biochem. Soc. Trans. 2009, 37,
217-222. [CrossRef] [PubMed]

Zarogoulidis, P.; Lampaki, S.; Turner, ].F; Huang, H.; Kakolyris, S.; Syrigos, K.; Zarogoulidis, K. mTOR pathway: A current,
up-to-date mini-review (Review). Oncol. Lett. 2014, 8, 2367-2370. [CrossRef] [PubMed]

Waullschleger, S.; Loewith, R.; Hall, M.N. TOR Signaling in Growth and Metabolism. Cell 2006, 124, 471-484. [CrossRef]

Betz, C.; Hall, M.N. Where is mTOR and what is it doing there? J. Cell Biol. 2013, 203, 563-574. [CrossRef]

Kim, D.-H.; Sarbassov, D.D.; Ali, S.M.; Latek, R.R.; Guntur, K.V,; Erdjument-Bromage, H.; Tempst, P.; Sabatini, D.M. GBL, a
Positive Regulator of the Rapamycin-Sensitive Pathway Required for the Nutrient-Sensitive Interaction between Raptor and
mTOR. Mol. Cell 2003, 11, 895-904. [CrossRef]

Dibble, C.C.; Cantley, L.C. Regulation of mTORC1 by PI3K signaling. Trends Cell Biol. 2015, 25, 545-555. [CrossRef]
Jhanwar-Uniyal, M.; Wainwright, ].V.; Mohan, A.L.; Tobias, M.E.; Murali, R.; Gandhi, C.D.; Schmidt, M.H. Diverse signaling
mechanisms of mTOR complexes: mTORC1 and mTORC?2 in forming a formidable relationship. Adv. Biol. Regul. 2019, 72, 51-62.
[CrossRef]

Hong-Brown, L.Q.; Brown, C.R.; Navaratnarajah, M.; Huber, D.S.; Lang, C.H. Alcohol-Induced Modulation of Rictor and
mTORC2 Activity in C2C12 Myoblasts. Alcohol. Clin. Exp. Res. 2011, 35, 1445-1453. [CrossRef]

Gleason, C.E.; Oses-Prieto, ].A.; Li, K.H.; Saha, B.; Situ, G.; Burlingame, A.L.; Pearce, D. Phosphorylation at distinct subcellular
locations underlies specificity in mTORC2-mediated activation of SGK1 and Akt. J. Cell Sci. 2019, 132, jcs224931. [CrossRef]
Dancey, ].; Sausville, E.A. Issues and progress with protein kinase inhibitors for cancer treatment. Nat. Rev. Drug Discov. 2003, 2,
296-313. [CrossRef] [PubMed]

Montor, W.R.; Salas, A.R.O.S.E.; De Melo, FH.M. Receptor tyrosine kinases and downstream pathways as druggable targets for
cancer treatment: The current arsenal of inhibitors. Mol. Cancer 2018, 17, 1-18. [CrossRef] [PubMed]

Arif, M,; Senapati, P; Shandilya, ].; Kundu, T.K. Protein lysine acetylation in cellular function and its role in cancer manifestation.
Biochim. et Biophys. Acta 2010, 1799, 702-716. [CrossRef] [PubMed]

Nair, A.; Chauhan, P; Saha, B.; Kubatzky, K.F. Conceptual evolution of cell signaling. Int. . Mol. Sci. 2019, 20, 3292. [CrossRef]
Gross, A.S.; Graef, M. Mechanisms of Autophagy in Metabolic Stress Response. J. Mol. Biol. 2020, 432, 28-52. [CrossRef]


http://doi.org/10.1038/nature13896
http://doi.org/10.2174/138161212802083653
http://doi.org/10.3390/ijms20030755
http://doi.org/10.3389/fimmu.2021.647540
http://doi.org/10.1016/j.ceb.2017.02.012
http://doi.org/10.1186/s12935-015-0241-x
http://doi.org/10.5937/mp72-31557
http://doi.org/10.3390/ijms19072043
http://www.ncbi.nlm.nih.gov/pubmed/30011848
http://doi.org/10.1073/pnas.1716173114
http://www.ncbi.nlm.nih.gov/pubmed/29078414
http://doi.org/10.1016/j.ceb.2005.09.009
http://doi.org/10.1038/s41388-019-0713-x
http://www.ncbi.nlm.nih.gov/pubmed/30705402
http://doi.org/10.1073/pnas.87.23.9231
http://doi.org/10.1038/emboj.2009.281
http://doi.org/10.1016/0092-8674(91)90124-H
http://doi.org/10.1016/j.cell.2012.03.017
http://doi.org/10.1038/nrm2672
http://doi.org/10.1016/j.tibs.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23465396
http://doi.org/10.1042/BST0370217
http://www.ncbi.nlm.nih.gov/pubmed/19143635
http://doi.org/10.3892/ol.2014.2608
http://www.ncbi.nlm.nih.gov/pubmed/25360163
http://doi.org/10.1016/j.cell.2006.01.016
http://doi.org/10.1083/jcb.201306041
http://doi.org/10.1016/S1097-2765(03)00114-X
http://doi.org/10.1016/j.tcb.2015.06.002
http://doi.org/10.1016/j.jbior.2019.03.003
http://doi.org/10.1111/j.1530-0277.2011.01480.x
http://doi.org/10.1242/jcs.224931
http://doi.org/10.1038/nrd1066
http://www.ncbi.nlm.nih.gov/pubmed/12669029
http://doi.org/10.1186/s12943-018-0792-2
http://www.ncbi.nlm.nih.gov/pubmed/29455659
http://doi.org/10.1016/j.bbagrm.2010.10.002
http://www.ncbi.nlm.nih.gov/pubmed/20965294
http://doi.org/10.3390/ijms20133292
http://doi.org/10.1016/j.jmb.2019.09.005

Int. . Mol. Sci. 2022, 23, 12470 18 of 23

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Wiegering, A.; Riither, U.; Gerhardt, C. The Role of Primary Cilia in the Crosstalk between the Ubiquitin-Proteasome System and
Autophagy. Cells 2019, 8, 241. [CrossRef]

Finley, D. Recognition and Processing of Ubiquitin-Protein Conjugates by the Proteasome. Annu. Rev. Biochem. 2009, 78, 477-513.
[CrossRef]

Schwartz, A.L.; Ciechanover, A. Targeting Proteins for Destruction by the Ubiquitin System: Implications for Human Pathobiology.
Annu. Rev. Pharmacol. Toxicol. 2009, 49, 73-96. [CrossRef]

Yu, L.; Chen, Y.; Tooze, S.A. Autophagy pathway: Cellular and molecular mechanisms. Autophagy 2017, 14, 207-215. [CrossRef]
Hansen, M.; Rubinsztein, D.C.; Walker, D.W. Autophagy as a promoter of longevity: Insights from model organisms. Nat. Rev.
Mol. Cell Biol. 2018, 19, 579-593. [CrossRef]

Pieri, M.; Miraglia, N.; Polichetti, G.; Tarantino, G.; Acampora, A.; Capone, D. Analytical and Pharmacological Aspects of
Therapeutic Drug Monitoring of mTOR Inhibitors. Curr. Drug Metab. 2011, 12, 253-267. [CrossRef] [PubMed]

Bullock, K.E.; Petros, W.P,; Younis, I.; Uronis, H.E.; Morse, M.A.; Blobe, G.C.; Zafar, S.Y.; Gockerman, J.P.; Lager, ].J.; Truax, R.;
et al. A phase I study of bevacizumab (B) in combination with everolimus (E) and erlotinib (E) in advanced cancer (BEE). Cancer
Chemother. Pharmacol. 2011, 67, 465-474. [CrossRef]

Capone, D.; Palmiero, G.; Gentile, A.; Basile, V.; Federico, S.; Sabbatini, M.; Potenza, M.; Perfetti, A.; Pieri, M.; Tarantino, G. A
Pharmacokinetic Interaction Between Clarithromycin and Sirolimus in Kidney Transplant Recipient. Curr. Drug Metab. 2007, 8,
379-381. [CrossRef] [PubMed]

Palavra, F.; Robalo, C.; Reis, F. Recent Advances and Challenges of mTOR Inhibitors Use in the Treatment of Patients with
Tuberous Sclerosis Complex. Oxidative Med. Cell. Longev. 2017, 2017, 1-11. [CrossRef] [PubMed]

Zhou, H.-Y;; Huang, S.-L. Current development of the second generation of mTOR inhibitors as anticancer agents. Chin. J. Cancer
2013, 32, 8-18. [CrossRef]

Popova, N.V;; Jiicker, M. The Role of mTOR Signaling as a Therapeutic Target in Cancer. Int. J. Mol. Sci. 2021, 22, 1743. [CrossRef]
Rodrik-Outmezguine, V.S.; Okaniwa, M.; Yao, Z.; Novotny, C.J.; McWhirter, C.; Banaji, A.; Won, H.; Wong, W.; Berger, M.; De
Stanchina, E.; et al. Overcoming mTOR resistance mutations with a new-generation mTOR inhibitor. Nature 2016, 534, 272-276.
[CrossRef]

Powers, R.W.; Kaeberlein, M.; Caldwell, S.D.; Kennedy, B.K.; Fields, S. Extension of chronological life span in yeast by decreased
TOR pathway signaling. Genes Dev. 2006, 20, 174-184. [CrossRef]

Granata, S.; Gassa, A.D.; Carraro, A.; Brunelli, M.; Stallone, G.; Lupo, A.; Zaza, G. Sirolimus and Everolimus Pathway: Reviewing
Candidate Genes Influencing Their Intracellular Effects. Int. J. Mol. Sci. 2016, 17, 735. [CrossRef]

Pal, S.K.; Quinn, D.I. Differentiating mTOR inhibitors in renal cell carcinoma. Cancer Treat. Rev. 2013, 39, 709-719. [CrossRef]
Malagelada, C.; Jin, Z.H.; Jackson-Lewis, V.; Przedborski, S.; Greene, L.A. Rapamycin Protects against Neuron Death in In Vitro
andIn Vivo Models of Parkinson’s Disease. J. Neurosci. 2010, 30, 1166-1175. [CrossRef] [PubMed]

Ma, K.L.; Ruan, X.Z.; Powis, S.H.; Moorhead, ].F,; Varghese, Z. Anti-atherosclerotic effects of sirolimus on human vascular smooth
muscle cells. Am. J. Physiol. Circ. Physiol. 2007, 292, H2721-H2728. [CrossRef] [PubMed]

Goudar, RK;; Shi, Q.; Hjelmeland, M.D.; Keir, S.T.; McLendon, R.E.; Wikstrand, C.J.; Reese, E.D.; Conrad, C.A.; Traxler, P.; Lane,
H.A.; et al. Combination therapy of inhibitors of epidermal growth factor receptor/vascular endothelial growth factor receptor 2
(AEE788) and the mammalian target of rapamycin (RAD001) offers improved glioblastoma tumor growth inhibition. Mol. Cancer
Ther. 2005, 4, 101-112. [CrossRef] [PubMed]

Kirchner, G.I.; Meier-Wiedenbach, I.; Manns, M.P. Clinical Pharmacokinetics of Everolimus. Clin. Pharmacokinet. 2004, 43, 83-95.
[CrossRef] [PubMed]

Kovarik, M.; Everolimus, A. Proliferation signal inhibitor targeting primary causes of allograft dysfunction. Drugs Today 2004, 40,
101-109. [CrossRef] [PubMed]

Yao, J.C.; Shah, M.H.; Ito, T.; Bohas, C.L.; Wolin, E.M.; Van Cutsem, E.; Hobday, T.].; Okusaka, T.; Capdevila, J.; de Vries, E.G.; et al.
Everolimus for Advanced Pancreatic Neuroendocrine Tumors. N. Engl. ]. Med. 2011, 364, 514-523. [CrossRef]

Sessa, C.; Tosi, D.; Vigano, L.; Albanell, J.; Hess, D.; Maur, M.; Cresta, S.; Locatelli, A.; Angst, R.; Rojo, F,; et al. Phase Ib study of
weekly mammalian target of rapamycin inhibitor ridaforolimus (AP23573; MK-8669) with weekly paclitaxel. Ann. Oncol. 2009,
21,1315-1322. [CrossRef]

Chawla, S.P.; Staddon, A.P,; Baker, L.H.; Schuetze, S.M.; Tolcher, A.W.; D’Amato, G.Z; Blay, ].-Y.; Mita, M.M.; Sankhala, K.K,;
Berk, L.; et al. Phase II Study of the Mammalian Target of Rapamycin Inhibitor Ridaforolimus in Patients with Advanced Bone
and Soft Tissue Sarcomas. J. Clin. Oncol. 2020, 30, 78-84, Coriggendum in 2017, 35, 2722. [CrossRef]

Serruys, PW.; Silber, S.; Garg, S.; van Geuns, R.J.; Richardt, G.; Buszman, P.E.; Kelbeek, H.; van Boven, A.]J.; Hofma, S.H.; Linke, A,;
et al. Comparison of Zotarolimus-Eluting and Everolimus-Eluting Coronary Stents. N. Engl. ]. Med. 2010, 363, 136-146. [CrossRef]
Francipane, M.G.; Lagasse, E. mTOR pathway in colorectal cancer: An update. Oncotarget 2014, 5, 49—-66. [CrossRef]

Liu, Q.; Wang, J.; Kang, S.A.; Thoreen, C.C.; Hur, W.; Ahmed, T.; Sabatini, D.M.; Gray, N.S. Discovery of 9-(6-Aminopyridin-3-yl)-
1-(3-(trifluoromethyl)phenyl)benzo[h]1,6naphthyridin-2(1H)-one (Torin2) as a Potent, Selective, and Orally Available Mammalian
Target of Rapamycin (mTOR) Inhibitor for Treatment of Cancer. J. Med. Chem. 2011, 54, 1473-1480. [CrossRef] [PubMed]

Hua, H.; Kong, Q.; Zhang, H.; Wang, J.; Luo, T.; Jiang, Y. Targeting mTOR for cancer therapy. J. Hematol. Oncol. 2019, 12, 71.
[CrossRef] [PubMed]


http://doi.org/10.3390/cells8030241
http://doi.org/10.1146/annurev.biochem.78.081507.101607
http://doi.org/10.1146/annurev.pharmtox.051208.165340
http://doi.org/10.1080/15548627.2017.1378838
http://doi.org/10.1038/s41580-018-0033-y
http://doi.org/10.2174/138920011795101868
http://www.ncbi.nlm.nih.gov/pubmed/21342112
http://doi.org/10.1007/s00280-010-1507-6
http://doi.org/10.2174/138920007780655405
http://www.ncbi.nlm.nih.gov/pubmed/17504225
http://doi.org/10.1155/2017/9820181
http://www.ncbi.nlm.nih.gov/pubmed/28386314
http://doi.org/10.5732/cjc.011.10281
http://doi.org/10.3390/ijms22041743
http://doi.org/10.1038/nature17963
http://doi.org/10.1101/gad.1381406
http://doi.org/10.3390/ijms17050735
http://doi.org/10.1016/j.ctrv.2012.12.015
http://doi.org/10.1523/JNEUROSCI.3944-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20089925
http://doi.org/10.1152/ajpheart.01174.2006
http://www.ncbi.nlm.nih.gov/pubmed/17322416
http://doi.org/10.1158/1535-7163.101.4.1
http://www.ncbi.nlm.nih.gov/pubmed/15657358
http://doi.org/10.2165/00003088-200443020-00002
http://www.ncbi.nlm.nih.gov/pubmed/14748618
http://doi.org/10.1358/dot.2004.40.2.799422
http://www.ncbi.nlm.nih.gov/pubmed/15045032
http://doi.org/10.1056/NEJMoa1009290
http://doi.org/10.1093/annonc/mdp504
http://doi.org/10.1200/JCO.2011.35.6329
http://doi.org/10.1056/NEJMoa1004130
http://doi.org/10.18632/oncotarget.1548
http://doi.org/10.1021/jm101520v
http://www.ncbi.nlm.nih.gov/pubmed/21322566
http://doi.org/10.1186/s13045-019-0754-1
http://www.ncbi.nlm.nih.gov/pubmed/31277692

Int. . Mol. Sci. 2022, 23, 12470 19 of 23

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Nguyen, T.-L.; Nokin, M.-].; Egorov, M.; Tomé, M.; Bodineau, C.; Di Primo, C.; Minder, L.; Wdzieczak-Bakala, J.; Garcia-Alvarez,
M.C.; Bignon, J.; et al. mTOR Inhibition via Displacement of Phosphatidic Acid Induces Enhanced Cytotoxicity Specifically in
Cancer Cells. Cancer Res. 2018, 78, 5384-5397. [CrossRef]

Bendell, J.C.; Varghese, A.M.; Hyman, D.M.; Bauer, TM.; Pant, S.; Callies, S.; Lin, ].; Martinez, R.; Wickremsinhe, E.R.; Fink, A;
et al. A First-in-Human Phase 1 Study of LY3023414, an Oral PI3K/mTOR Dual Inhibitor, in Patients with Advanced Cancer. Clin.
Cancer Res. 2018, 24, 3253-3262. [CrossRef] [PubMed]

Plews, R.L.; Yusof, A.M.; Wang, C.; Saji, M.; Zhang, X.; Chen, C.-S.; Ringel, M.D.; Phay, ].E. A Novel Dual AMPK Activator/mTOR
Inhibitor Inhibits Thyroid Cancer Cell Growth. J. Clin. Endocrinol. Metab. 2015, 100, E748-E756. [CrossRef]

Lee, D.-F; Kuo, H.-P.; Chen, C.-T.; Hsu, J.-M.; Chou, C.-K.; Wei, Y.; Sun, H.-L,; Li, L.-Y,; Ping, B.; Huang, W.-C.; et al. IKKf
Suppression of TSC1 Links Inflammation and Tumor Angiogenesis via the mTOR Pathway. Cell 2007, 130, 440—455. [CrossRef]
von Manteuffel, S.R.; Gingras, A.C.; Ming, X.F,; Sonenberg, N.; Thomas, G. 4E-BP1 phosphorylation is mediated by the FRAP-
p70s6k pathway and is independent of mitogen-activated protein kinase. Proc. Natl. Acad. Sci. USA 1996, 93, 4076—4080.
[CrossRef]

Yip, C.K,; Murata, K.; Walz, T.; Sabatini, D.M.; Kang, S.A. Structure of the Human mTOR Complex I and Its Implications for
Rapamyecin Inhibition. Mol. Cell 2010, 38, 768-774. [CrossRef]

Saucedo, L.J.; Gao, X.; Chiarelli, D.A.; Li, L.; Pan, D.; Edgar, B.A. Rheb promotes cell growth as a component of the insulin/TOR
signalling network. Nat. Cell Biol. 2003, 5, 566-571. [CrossRef]

Ma, L.; Chen, Z.; Erdjument-Bromage, H.; Tempst, P.; Pandolfi, P.P. Phosphorylation and Functional Inactivation of TSC2 by Erk:
Implications for Tuberous Sclerosisand Cancer Pathogenesis. Cell 2005, 121, 179-193. [CrossRef]

Inoki, K.; Ouyang, H.; Zhu, T.; Lindvall, C.; Wang, Y.; Zhang, X.; Yang, Q.; Bennett, C.; Harada, Y.; Stankunas, K.; et al. TSC2
Integrates Wnt and Energy Signals via a Coordinated Phosphorylation by AMPK and GSK3 to Regulate Cell Growth. Cell 2006,
126, 955-968. [CrossRef] [PubMed]

Hardie, D.G. AMP-activated /SNF1 protein kinases: Conserved guardians of cellular energy. Nat. Rev. Mol. Cell Biol. 2007, 8,
774-785. [CrossRef] [PubMed]

Shahbazian, D.; Roux, P.; Mieulet, V.; Cohen, M.S.; Raught, B.; Taunton, J.; Hershey, ] W.B.; Blenis, J.; Pende, M.; Sonenberg, N. The
mTOR/PI3K and MAPK pathways converge on eIF4B to control its phosphorylation and activity. EMBO ]. 2006, 25, 2781-2791.
[CrossRef] [PubMed]

Lenz, G.; Avruch, J. Glutamatergic Regulation of the p70S6 Kinase in Primary Mouse Neurons. |. Biol. Chem. 2005, 280,
38121-38124. [CrossRef] [PubMed]

Parate, S.; Kumar, V.; Lee, G.; Rampogu, S.; Hong, J.; Lee, K. Marine-Derived Natural Products as ATP-Competitive mTOR Kinase
Inhibitors for Cancer Therapeutics. Pharmaceuticals 2021, 14, 282. [CrossRef]

Yordy, B.; Iwasaki, A. Autophagy in the control and pathogenesis of viral infection. Curr. Opin. Virol. 2011, 1, 196-203. [CrossRef]
Siqueira, M.d.S.; Ribeiro, R.d.M.; Travassos, L.H. Autophagy and its interaction with intracellular bacterial pathogens. Front.
Immunol. 2018, 9, 935. [CrossRef]

Bahia, D.; Satoskar, A.R.; Dussurget, O. Cell signaling in host-pathogen interactions: The host point of view. Front. Immunol.
2018, 9, 221. [CrossRef]

Jostins, L.; Ripke, S.; Weersma, R.K.; Duerr, R.H.; McGovern, D.P; Hui, K.Y,; Lee, ].C.; Schumm, L.P; Sharma, Y.; Anderson, C.A.;
et al. Host-microbe interactions have shaped the genetic architecture of inflammatory bowel disease. Nature 2012, 491, 119-124.
[CrossRef]

Axtell, R.C.; De Jong, B.A_; Boniface, K.; Van Der Voort, L.E; Bhat, R.; De Sarno, P; Naves, R.; Han, M.; Zhong, E; Castellanos, J.G.;
etal. T helper type 1 and 17 cells determine efficacy of interferon-f in multiple sclerosis and experimental encephalomyelitis. Nat.
Med. 2010, 16, 406—412. [CrossRef]

Pollizzi, K.N.; Powell, ].D. Regulation of T cells by mTOR: The known knowns and the known unknowns. Trends Immunol. 2014,
36, 13-20. [CrossRef] [PubMed]

Limon, J.J.; Fruman, D.A. Akt and mTOR in B Cell Activation and Differentiation. Front. Immunol. 2012, 3, 228. [CrossRef]
[PubMed]

Babinski, S.; Giermaziak, H. Influenza epidemic in 1971 in diabetics treated with 1-butyl-biguanidine hydrochloride (Silubin
retard) and 1-phenylethyl-biguanidine hydrochloride (Phenformin). Polski Tyg. Lek. 1973, 28, 1815-1817.

Chuang, Y.-C.; Ruan, S.-Y. Compelling Results of Adjuvant Therapy with Sirolimus for Severe HIN1 Pneumonia. Crit. Care Med.
2014, 42, e687—-e688. [CrossRef] [PubMed]

Liu, L,; Das, S.; Losert, W.; Parent, C.A. mTORC2 regulates neutrophil chemotaxis in a cAMP-and RhoA-dependent fashion. Dev.
Cell 2010, 19, 845-857. [CrossRef]

Yang, H.; Wang, X.; Zhang, Y.; Liu, H.; Liao, J.; Shao, K.; Chu, Y,; Liu, G. Modulation of TSC-mTOR signaling on immune cells in
immunity and autoimmunity. J. Cell. Physiol. 2014, 229, 17-26. [CrossRef]

Squarize, C.; Castilho, R.M.; Bugge, T.H.; Gutkind, J.S. Accelerated Wound Healing by mTOR Activation in Genetically Defined
Mouse Models. PLoS ONE 2010, 5, e10643. [CrossRef]

Katholnig, K.; Linke, M.; Pham, H.; Hengstschldger, M.; Weichhart, T. Immune responses of macrophages and dendritic cells
regulated by mTOR signalling. Biochem. Soc. Trans. 2013, 41, 927-933. [CrossRef]


http://doi.org/10.1158/0008-5472.CAN-18-0232
http://doi.org/10.1158/1078-0432.CCR-17-3421
http://www.ncbi.nlm.nih.gov/pubmed/29636360
http://doi.org/10.1210/jc.2014-1777
http://doi.org/10.1016/j.cell.2007.05.058
http://doi.org/10.1073/pnas.93.9.4076
http://doi.org/10.1016/j.molcel.2010.05.017
http://doi.org/10.1038/ncb996
http://doi.org/10.1016/j.cell.2005.02.031
http://doi.org/10.1016/j.cell.2006.06.055
http://www.ncbi.nlm.nih.gov/pubmed/16959574
http://doi.org/10.1038/nrm2249
http://www.ncbi.nlm.nih.gov/pubmed/17712357
http://doi.org/10.1038/sj.emboj.7601166
http://www.ncbi.nlm.nih.gov/pubmed/16763566
http://doi.org/10.1074/jbc.C500363200
http://www.ncbi.nlm.nih.gov/pubmed/16183639
http://doi.org/10.3390/ph14030282
http://doi.org/10.1016/j.coviro.2011.05.016
http://doi.org/10.3389/fimmu.2018.00935
http://doi.org/10.3389/fimmu.2018.00221
http://doi.org/10.1038/nature11582
http://doi.org/10.1038/nm.2110
http://doi.org/10.1016/j.it.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25522665
http://doi.org/10.3389/fimmu.2012.00228
http://www.ncbi.nlm.nih.gov/pubmed/22888331
http://doi.org/10.1097/CCM.0000000000000489
http://www.ncbi.nlm.nih.gov/pubmed/25226152
http://doi.org/10.1016/j.devcel.2010.11.004
http://doi.org/10.1002/jcp.24426
http://doi.org/10.1371/journal.pone.0010643
http://doi.org/10.1042/BST20130032

Int. . Mol. Sci. 2022, 23, 12470 20 of 23

119.

120.

121.
122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Kufer, T.A; Banks, D.J.; Philpott, D.J. Innate Inmune Sensing of Microbes by Nod Proteins. Ann. N. Y. Acad. Sci. 2006, 1072, 19-27.
[CrossRef]

Abdel-Nour, M.; Tsalikis, J.; Kleinman, D.; Girardin, S.E. The emerging role of mTOR signalling in antibacterial immunity.
Immunol. Cell Biol. 2014, 92, 346-353. [CrossRef]

Rampersad, S.; Tennant, P. Replication and Expression Strategies of Viruses. Viruses 2018, 55-82. [CrossRef]

Le Sage, V.; Cinti, A.; Amorim, R.; Mouland, A.]. Adapting the Stress Response: Viral Subversion of the mTOR Signaling Pathway.
Viruses 2016, 8, 152. [CrossRef] [PubMed]

Terrazzano, G.; Rubino, V.; Palatucci, A.T.; Giovazzino, A.; Carriero, F.; Ruggiero, G. An open question: Is it rational to inhibit the
mTor-dependent pathway as COVID-19 therapy? Front. Pharmacol. 2020, 11, 856. [CrossRef]

Castle, B.T.; Dock, C.; Hemmat, M.; Kline, S.; Tignanelli, C.; Rajasingham, R.; Masopust, D.; Provenzano, P.; Langlois, R.; Schacker,
T.; et al. Biophysical modeling of the SARS-CoV-2 viral cycle reveals ideal antiviral targets. Biorxiv 2020. [CrossRef]

Beatman, E.; Oyer, R.; Shives, K.D.; Hedman, K.; Brault, A.C.; Tyler, K.L.; Beckham, ].D. West Nile virus growth is independent of
autophagy activation. Virology 2012, 433, 262-272. [CrossRef]

Cheng, F.; da Silva, S.R.; Huang, I.-C.; Jung, ].U.; Gao, S.-J. Suppression of Zika Virus Infection and Replication in Endothelial
Cells and Astrocytes by PKA Inhibitor PKI 14-22. J. Virol. 2018, 92, €02019-17. [CrossRef]

Nakashima, K.; Takeuchi, K.; Chihara, K.; Hotta, H.; Sada, K. Inhibition of hepatitis C virus replication through adenosine
monophosphate-activated protein kinase-dependent and-independent pathways. Microbiol. Immunol. 2011, 55, 774-782. [Cross-
Ref]

Del Campo, J.A.; Garcia-Valdecasas, M.; Gil-Gomez, A.; Rojas, A.; Gallego, P.; Ampuero, J.; Gallego-Duran, R.; Pastor, H.; Grande,
L.; Padillo, EJ.; et al. Simvastatin and metformin inhibit cell growth in hepatitis C virus infected cells via mTOR increasing PTEN
and autophagy. PLoS ONE 2018, 13, e0191805. [CrossRef]

Denys, A.; Bocian, J. Effect of Silubin-retard (1-butyl-biguanide hydrochloride) on the course of influenza-virus infection in mice.
Polski Tyg. Lek. 1970, 25, 332-334.

Rightsel, W.A; Dice, J.R.; McAlpine, R.J.; Timm, E.A.; McLean, I.W,; Dixon, G.J.; Schabel, EM. Antiviral Effect of Guanidine.
Science 1961, 134, 558-559. [CrossRef]

Ueda, T.; Toyoshima, S.; Tsuji, T.; Seto, Y.; Nomoto, ]. Antiviral effect of guanidine and its derivatives part 1. the inhibitory effect
of guanidine on the multiplication of poliomyelitis virus in tissue culture. Keio J. Med. 1961, 10, 257-265. [CrossRef] [PubMed]
Loddo, B. Inhibition of the multiplication in vitro of poliomyelitis viruses by guanidine. VIII. Elective inhibitory activity of
guanidine on the PCE of enteroviruses. Boll. Della Soc. Ital. Di Biol. Sper. 1962, 38, 8-10.

Loddo, B.; Ferrari, W.; Brotzu, G.; Spanedda, A. Inhibitory action of guanidine on the multiplication of enteroviruses and
especially of polioviruses. Boll. Dell'Istituto Sieroter. Milan. 1962, 41, 111-120.

Kindrachuk, J.; Ork, B.; Hart, B.J.; Mazur, S.; Holbrook, M.R.; Frieman, M.B.; Traynor, D.; Johnson, R.F; Dyall, J.; Kuhn, J.H,;
et al. Antiviral Potential of ERK/MAPK and PI3K/AKT/mTOR Signaling Modulation for Middle East Respiratory Syndrome
Coronavirus Infection as Identified by Temporal Kinome Analysis. Antimicrob. Agents Chemother. 2015, 59, 1088-1099. [CrossRef]
Garcia, G., Jr.; Sharma, A.; Ramaiah, A.; Sen, C.; Kohn, D.; Gomperts, B.; Svendsen, C.N.; Damoiseaux, R.D.; Arumugaswami, V.
Antiviral drug screen of kinase inhibitors identifies cellular signaling pathways critical for SARS-CoV-2 replication. BioRxiv 2020.
Appelberg, S.; Gupta, S.; Svensson Akusjérvi, S.; Ambikan, A.T.; Mikaeloff, F.; Saccon, E.; Végvari, A.; Benfeitas, R.; Sperk, M.;
Stdhlberg, M. Dysregulation in Akt/mTOR/HIF-1 signaling identified by proteo-transcriptomics of SARS-CoV-2 infected cells.
Emerg. Microbes Infect. 2020, 9, 1748-1760. [CrossRef]

Luo, P; Qiu, L.; Liu, Y.; Liu, X.-L.; Zheng, J.-L.; Xue, H.-Y.; Liu, W.-H.; Liu, D.; Li, J]. Metformin Treatment Was Associated with
Decreased Mortality in COVID-19 Patients with Diabetes in a Retrospective Analysis. Am. J. Trop. Med. Hyg. 2020, 103, 69-72.
[CrossRef]

Karam, B.S.; Morris, R.S.; Bramante, C.T.; Puskarich, M.; Ms, E.J.Z.; Lotfi-Emran, S.; Ingraham, N.E.; Charles, A.; Odde, D.J.;
Tignanelli, C.J. mTOR inhibition in COVID-19: A commentary and review of efficacy in RNA viruses. J. Med. Virol. 2021, 93,
1843-1846. [CrossRef]

Martini, E.; Krug, S.M.; Siegmund, B.; Neurath, M.F,; Becker, C. Mend your fences: The epithelial barrier and its relationship with
mucosal immunity in inflammatory bowel disease. Cell. Mol. Gastroenterol. Hepatol. 2017, 4, 33—46. [CrossRef]

Wijnands, A.M.; Mahmoud, R.; Lutgens, M.W.; Oldenburg, B. Surveillance and management of colorectal dysplasia and cancer in
inflammatory bowel disease: Current practice and future perspectives. Eur. |. Intern. Med. 2021, 93, 35-41. [CrossRef]

Zenlea, T.; Peppercorn, M.A. Immunosuppressive therapies for inflammatory bowel disease. World ]. Gastroenterol. W]G 2014, 20,
3146. [CrossRef] [PubMed]

Roda, G.; Jharap, B.; Neeraj, N.; Colombel, ].F. Loss of response to anti-TNFs: Definition, epidemiology, and management. Clin.
Transl. Gastroenterol. 2016, 7, e135. [CrossRef] [PubMed]

Bittencourt, V.Z.; Jones, F.; Doherty, G.; Ryan, E.]. Targeting Immune Cell Metabolism in the Treatment of Inflammatory Bowel
Disease. Inflamm. Bowel Dis. 2021, 27, 1684-1693. [CrossRef]

Zheng, D.; Liwinski, T.; Elinav, E. Inflammasome activation and regulation: Toward a better understanding of complex mecha-
nisms. Cell Discov. 2020, 6, 36. [CrossRef] [PubMed]


http://doi.org/10.1196/annals.1326.020
http://doi.org/10.1038/icb.2014.3
http://doi.org/10.1016/b978-0-12-811257-1.00003-6
http://doi.org/10.3390/v8060152
http://www.ncbi.nlm.nih.gov/pubmed/27231932
http://doi.org/10.3389/fphar.2020.00856
http://doi.org/10.1101/2020.05.22.111237
http://doi.org/10.1016/j.virol.2012.08.016
http://doi.org/10.1128/JVI.02019-17
http://doi.org/10.1111/j.1348-0421.2011.00382.x
http://doi.org/10.1111/j.1348-0421.2011.00382.x
http://doi.org/10.1371/journal.pone.0191805
http://doi.org/10.1126/science.134.3478.558
http://doi.org/10.2302/kjm.10.257
http://www.ncbi.nlm.nih.gov/pubmed/13923490
http://doi.org/10.1128/AAC.03659-14
http://doi.org/10.1080/22221751.2020.1799723
http://doi.org/10.4269/ajtmh.20-0375
http://doi.org/10.1002/jmv.26728
http://doi.org/10.1016/j.jcmgh.2017.03.007
http://doi.org/10.1016/j.ejim.2021.08.010
http://doi.org/10.3748/wjg.v20.i12.3146
http://www.ncbi.nlm.nih.gov/pubmed/24696600
http://doi.org/10.1038/ctg.2015.63
http://www.ncbi.nlm.nih.gov/pubmed/26741065
http://doi.org/10.1093/ibd/izab024
http://doi.org/10.1038/s41421-020-0167-x
http://www.ncbi.nlm.nih.gov/pubmed/32550001

Int. . Mol. Sci. 2022, 23, 12470 21 0f 23

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.
169.

170.

171.

172.

Saber, S.; Youssef, M.E.; Sharaf, H.; Amin, N.A.; El-Shedody, R.; Aboutouk, FH.; AbdEl-Galeel, Y.; El-Hefnawy, A.; Shabaka,
D.; Khalifa, A.; et al. BBG enhances OLT1177-induced NLRP3 inflammasome inactivation by targeting P2X7R/NLRP3 and
MyD88/NF-«B signaling in DSS-induced colitis in rats. Life Sci. 2021, 270, 119123. [CrossRef]

Saber, S.; El-Fattah, E.A.; Yahya, G.; Gobba, N.; Maghmomeh, A.; Khodir, A.; Mourad, A.; Saad, A.; Mohammed, H.; Nouh,
N.; et al. A Novel Combination Therapy Using Rosuvastatin and Lactobacillus Combats Dextran Sodium Sulfate-Induced
Colitis in High-Fat Diet-Fed Rats by Targeting the TXNIP/NLRP3 Interaction and Influencing Gut Microbiome Composition.
Pharmaceuticals 2021, 14, 341. [CrossRef]

El-Rous, M.A; Saber, S.; Raafat, E.M.; Ahmed, A.A. Dapagliflozin, an SGLT2 inhibitor, ameliorates acetic acid-induced colitis in
rats by targeting NFkB/ AMPK/NLRP3 axis. Inflammopharmacology 2021, 29, 1169-1185. [CrossRef]

Jiang, H.; YiQing, Y.A.N.; Jiang, W.; RongBin, Z.H.O.U. NLRP3 inflammasome: Activation, regulation, and role in diseases. Sci.
Sin. Vitae 2017, 47, 125-131.

Wang, Y.; Lin, Z.; Zhang, B.; Jiang, Z.; Guo, F; Yang, T. Cichorium intybus L. extract suppresses experimental gout by inhibiting
the NF-«B and NLRP3 signaling pathways. Int. J. Mol. Sci. 2019, 20, 4921. [CrossRef]

Neumann, K.; Schiller, B.; Tiegs, G. NLRP3 Inflammasome and IL-33: Novel Players in Sterile Liver Inflammation. Int. J. Mol. Sci.
2018, 19, 2732. [CrossRef]

Dai, W.; Zhan, X.; Peng, W.; Liu, X.; Peng, W.; Mei, Q.; Hu, X. Ficus pandurata Hance Inhibits Ulcerative Colitis and Colitis-
Associated Secondary Liver Damage of Mice by Enhancing Antioxidation Activity. Oxidative Med. Cell. Longev. 2021, 2021, 1-16.
[CrossRef] [PubMed]

Cao, S. Cellular Stress Responses and Gut Microbiota in Inflammatory Bowel Disease. Gastroenterol. Res. Pr. 2018, 2018, 1-13.
[CrossRef] [PubMed]

Hamilton, M.].; Snapper, S.B.; Blumberg, R.S. Update on biologic pathways in inflammatory bowel disease and their therapeutic
relevance. . Gastroenterol. 2012, 47, 1-8. [CrossRef] [PubMed]

Panganiban, R.-A.M.; Snow, A.L.; Day, RM. Mechanisms of Radiation Toxicity in Transformed and Non-Transformed Cells. Int. ].
Mol. Sci. 2013, 14, 15931-15958. [CrossRef]

Moreno-Villanueva, M.; Wu, H. Radiation and microgravity—Associated stress factors and carcinogensis. REACH 2019, 13, 100027.
[CrossRef]

Bi, S.; Wang, H.; Kuang, W. Stem cell rejuvenation and the role of autophagy in age retardation by caloric restriction: An update.
Mech. Ageing Dev. 2018, 175, 46-54. [CrossRef]

Rabanal-Ruiz, Y.; Otten, E.G.; Korolchuk, V.I. mTORC1 as the main gateway to autophagy. Essays Biochem. 2017, 61, 565-584.
[CrossRef]

Kaur, H.; Moreau, R. Role of mTORC1 in intestinal epithelial repair and tumorigenesis. Cell. Mol. Life Sci. 2019, 76, 2525-2546.
[CrossRef]

Chi, H. Regulation and function of mTOR signalling in T cell fate decisions. Nat. Rev. Immunol. 2012, 12, 325-338. [CrossRef]
Salmond, R.J. mTOR Regulation of Glycolytic Metabolism in T Cells. Front. Cell Dev. Biol. 2018, 6, 122. [CrossRef]

Khare, V.; Dammann, K.; Asboth, M.; Krnjic, A.; Jambrich, M.; Gasche, C. Overexpression of PAK1 Promotes Cell Survival in
Inflammatory Bowel Diseases and Colitis-associated Cancer. Inflamm. Bowel Dis. 2015, 21, 287-296. [CrossRef] [PubMed]

Zhou, M.; Xu, W.; Wang, J.; Yan, J.; Shi, Y.; Zhang, C.; Ge, W.; Wu, ].; Du, P,; Chen, Y; et al. Boosting mTOR-dependent autophagy
via upstream TLR4-MyD88-MAPK signalling and downstream NF-kB pathway quenches intestinal inflammation and oxidative
stress injury. EBioMedicine 2018, 35, 345-360. [CrossRef] [PubMed]

Sun, X,; Yang, Q.; Rogers, C.J.; Du, M.; Zhu, M.-]. AMPK improves gut epithelial differentiation and barrier function via regulating
Cdx2 expression. Cell Death Differ. 2017, 24, 819-831. [CrossRef] [PubMed]

Takahara, M.; Takaki, A.; Hiraoka, S.; Adachi, T.; Shimomura, Y.; Matsushita, H.; Nguyen, T.T.T.; Koike, K.; Ikeda, A.; Takashima,
S.; et al. Berberine improved experimental chronic colitis by regulating interferon-y- and IL-17A-producing lamina propria CD4+
T cells through AMPK activation. Sci. Rep. 2019, 9, 1-13. [CrossRef] [PubMed]

Saber, S.; Ghanim, A.M.H.; El-Ahwany, E.; El-Kader, EM.A. Novel complementary antitumour effects of celastrol and metformin
by targeting IkBkB, apoptosis and NLRP3 inflammasome activation in diethylnitrosamine-induced murine hepatocarcinogenesis.
Cancer Chemother. Pharmacol. 2020, 85, 331-343. [CrossRef] [PubMed]

Marin-Aguilar, F,; Pavillard, L.E.; Giampieri, F.; Bullén, P.; Cordero, M.D. Adenosine Monophosphate (AMP)-Activated Protein
Kinase: A New Target for Nutraceutical Compounds. Int. . Mol. Sci. 2017, 18, 288. [CrossRef]

Ruderman, N.B.; Carling, D.; Prentki, M.; Cacicedo, ]. M. AMPK, insulin resistance, and the metabolic syndrome. J. Clin. Investig.
2013, 123, 2764-2772. [CrossRef]

Wu, S.; Zou, M.-H. AMPK, mitochondrial function, and cardiovascular disease. Int. J. Mol. Sci. 2020, 21, 4987. [CrossRef]
Rawla, P; Sunkara, T.; Barsouk, A. Epidemiology of colorectal cancer: Incidence, mortality, survival, and risk factors. Gastroenterol.
Rev./Przeglad Gastroenterol. 2019, 14, 89-103. [CrossRef]

Bray, F; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Erratum: Global cancer statistics 2018: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2020, 70, 313.

Araghi, M.; Soerjomataram, I.; Jenkins, M.; Brierley, J.; Morris, E.; Bray, F.; Arnold, M. Global trends in colorectal cancer mortality:
Projections to the year 2035. Int. J. Cancer 2019, 144, 2992-3000. [CrossRef] [PubMed]

Huerta, S.; Goulet, E.J.; Livingston, E.H. Colon cancer and apoptosis. Am. J. Surg. 2006, 191, 517-526. [CrossRef] [PubMed]


http://doi.org/10.1016/j.lfs.2021.119123
http://doi.org/10.3390/ph14040341
http://doi.org/10.1007/s10787-021-00818-7
http://doi.org/10.3390/ijms20194921
http://doi.org/10.3390/ijms19092732
http://doi.org/10.1155/2021/2617881
http://www.ncbi.nlm.nih.gov/pubmed/34966476
http://doi.org/10.1155/2018/7192646
http://www.ncbi.nlm.nih.gov/pubmed/30026758
http://doi.org/10.1007/s00535-011-0521-8
http://www.ncbi.nlm.nih.gov/pubmed/22215058
http://doi.org/10.3390/ijms140815931
http://doi.org/10.1016/j.reach.2019.100027
http://doi.org/10.1016/j.mad.2018.07.005
http://doi.org/10.1042/ebc20170027
http://doi.org/10.1007/s00018-019-03085-6
http://doi.org/10.1038/nri3198
http://doi.org/10.3389/fcell.2018.00122
http://doi.org/10.1097/MIB.0000000000000281
http://www.ncbi.nlm.nih.gov/pubmed/25569743
http://doi.org/10.1016/j.ebiom.2018.08.035
http://www.ncbi.nlm.nih.gov/pubmed/30170968
http://doi.org/10.1038/cdd.2017.14
http://www.ncbi.nlm.nih.gov/pubmed/28234358
http://doi.org/10.1038/s41598-019-48331-w
http://www.ncbi.nlm.nih.gov/pubmed/31417110
http://doi.org/10.1007/s00280-020-04033-z
http://www.ncbi.nlm.nih.gov/pubmed/31989218
http://doi.org/10.3390/ijms18020288
http://doi.org/10.1172/JCI67227
http://doi.org/10.3390/ijms21144987
http://doi.org/10.5114/pg.2018.81072
http://doi.org/10.1002/ijc.32055
http://www.ncbi.nlm.nih.gov/pubmed/30536395
http://doi.org/10.1016/j.amjsurg.2005.11.009
http://www.ncbi.nlm.nih.gov/pubmed/16531147

Int. . Mol. Sci. 2022, 23, 12470 22 0f 23

173.

174.

175.

176.

177.

178.

179.
180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7-30. [CrossRef] [PubMed]

Ruder, D.; Papadimitrakopoulou, V.; Shien, K.; Behrens, C.; Kalhor, N.; Chen, H.; Shen, L.; Lee, ].].; Hong, WK.; Tang, X,; et al.
Concomitant targeting of the mTOR/MAPK pathways: Novel therapeutic strategy in subsets of RICTOR/KRAS-altered non-small
cell lung cancer. Oncotarget 2018, 9, 33995-34008. [CrossRef]

Quan, C; Xiao, J.; Liu, L.; Duan, Q.; Yuan, P.; Zhu, F. Protein Kinases as Tumor Biomarkers and Therapeutic Targets. Curr. Pharm.
Des. 2017, 23, 4209-4225. [CrossRef] [PubMed]

Benjamin, D.; Colombi, M.; Moroni, C.; Hall, M.N. Rapamycin passes the torch: A new generation of mTOR inhibitors. Nat. Rev.
Drug Discov. 2011, 10, 868-880. [CrossRef]

Serra, V.; Markman, B.; Scaltriti, M.; Eichhorn, PJ.; Valero, V.; Guzman, M.; Botero, M.L.; Llonch, E.; Atzori, F.; Di Cosimo, S.; et al.
NVP-BEZ235, a Dual PI3K/mTOR Inhibitor, Prevents PI3K Signaling and Inhibits the Growth of Cancer Cells with Activating
PI3K Mutations. Cancer Res. 2008, 68, 8022-8030. [CrossRef]

Reita, D.; Bour, C.; Benbrika, R.; Groh, A.; Pencreach, E.; Guérin, E.; Guenot, D. Synergistic Anti-Tumor Effect of mTOR Inhibitors
with Irinotecan on Colon Cancer Cells. Cancers 2019, 11, 1581. [CrossRef]

Guertin, D.A,; Sabatini, D.M. Defining the Role of mTOR in Cancer. Cancer Cell 2007, 12, 9-22. [CrossRef]

Sparks, C.A.; Guertin, D.A. Targeting mTOR: Prospects for mTOR complex 2 inhibitors in cancer therapy. Oncogene 2010, 29,
3733-3744. [CrossRef]

Fujishita, T.; Aoki, M.; Taketo, M.M. The role of mTORC1 pathway in intestinal tumorigenesis. Cell Cycle 2009, 8, 3684-3687.
[CrossRef] [PubMed]

Roulin, D.; Cerantola, Y.; Dormond-Meuwly, A.; Demartines, N.; Dormond, O. Targeting mTORC2 inhibits colon cancer cell
proliferation in vitro and tumor formation in vivo. Mol. Cancer 2010, 9, 57. [CrossRef]

Hardiman, K.M,; Liu, J.; Feng, Y.; Greenson, ].K.; Fearon, E.R. Rapamycin Inhibition of Polyposis and Progression to Dysplasia in
a Mouse Model. PLoS ONE 2014, 9, €96023. [CrossRef]

Johnson, S.M.; Gulhati, P.; Rampy, B.A.; Han, Y.; Rychahou, P.G.; Doan, H.Q.; Weiss, H.L.; Evers, B.M. Novel Expression Patterns
of PI3K/Akt/mTOR Signaling Pathway Components in Colorectal Cancer. . Am. Coll. Surg. 2010, 210, 767-776. [CrossRef]
[PubMed]

Bordonaro, M.; Lazarova, D.L. Hypothesis: Cell signalling influences age-related risk of colorectal cancer. J. Cell. Mol. Med. 2014,
19, 74-81. [CrossRef] [PubMed]

Narayanankutty, A. PI3K/ Akt/ mTOR pathway as a therapeutic target for colorectal cancer: A review of preclinical and clinical
evidence. Curr. Drug Targets 2019, 20, 1217-1226. [CrossRef] [PubMed]

Basu, D.; Salgado, C.M.; Bauer, B.; Khakoo, Y.; Patel, ].R.; Hoehl, R.M.; Bertolini, D.M.; Zabec, ].; Brzozowski, M.R.; Reyes-Mugica,
M. The Dual PI3K/mToR Inhibitor Omipalisib/GSK2126458 Inhibits Clonogenic Growth in Oncogenically-transformed Cells
from Neurocutaneous Melanocytosis. Cancer Genom.-Proteom. 2018, 15, 239-248. [CrossRef]

Galamb, O.; Kalmar, A.; Sebestyén, A.; Danko, T.; Kriston, C.; Firi, I.; Hollési, P.; Csabai, I.; Wichmann, B.; Krenacs, T.;
et al. Promoter Hypomethylation and Increased Expression of the Long Non-coding RNA LINCO00152 Support Colorectal
Carcinogenesis. Pathol. Oncol. Res. 2020, 26, 2209-2223. [CrossRef]

McCubrey, J.A.; Steelman, L.S.; Bertrand, F.E.; Davis, N.M.; Sokolosky, M.; Abrams, S.L.; Montalto, G.; D’Assoro, A.B.; Libra, M.;
Nicoletti, F,; et al. GSK-3 as potential target for therapeutic intervention in cancer. Oncotarget 2014, 5, 2881-2911. [CrossRef]
Shorning, B.Y.; Dass, M.S.; Smalley, M.].; Pearson, H.B. The PI3K-AKT-mTOR pathway and prostate cancer: At the crossroads of
AR, MAPK, and WNT signaling. Int. . Mol. Sci. 2020, 21, 4507. [CrossRef]

Feldman, M.E; Apsel, B.; Uotila, A.; Loewith, R.; Knight, Z.A.; Ruggero, D.; Shokat, K.M. Active-Site Inhibitors of mTOR Target
Rapamycin-Resistant Outputs of mMTORC1 and mTORC2. PLoS Biol. 2009, 7, €1000038. [CrossRef] [PubMed]

Naruse, T.; Yanamoto, S.; Okuyama, K.; Yamashita, K.; Omori, K.; Nakao, Y.; Yamada, S.-I.; Umeda, M. Therapeutic implication of
mTORC?2 in oral squamous cell carcinoma. Oral Oncol. 2017, 65, 23-32. [CrossRef] [PubMed]

Bhagwat, S.V.; Gokhale, P.C.; Crew, A.P,; Cooke, A.; Yao, Y.; Mantis, C.; Kahler, J.; Workman, J.; Bittner, M.; Dudkin, L.; et al.
Preclinical characterization of OSI-027, a potent and selective inhibitor of mMTORC1 and mTORC?2: Distinct from rapamycin. Mol.
Cancer Ther. 2011, 10, 1394-1406. [CrossRef] [PubMed]

Paplomata, E.; O’'Regan, R. The PI3K/AKT/mTOR pathway in breast cancer: Targets, trials and biomarkers. Ther. Adv. Med.
Oncol. 2014, 6, 154-166. [CrossRef] [PubMed]

Luo, Y.; Wang, L. Discovery and development of ATP-competitive mTOR inhibitors using computational approaches. Curr.
Pharm. Des. 2017, 23, 4321-4331. [CrossRef]

Zhang, Y.-J.; Duan, Y.; Zheng, X.S. Targeting the mTOR kinase domain: The second generation of mTOR inhibitors. Drug Discov.
Today 2011, 16, 325-331. [CrossRef]

Hsu, C.-M,; Lin, P-M,; Tsai, Y.-T.; Tsai, M.-S.; Tseng, C.-H.; Lin, S.-F,; Yang, M.-Y. NVP-BEZ235, a dual PI3K-mTOR inhibitor,
suppresses the growth of FaDu hypopharyngeal squamous cell carcinoma and has a synergistic effect with Cisplatin. Cell Death
Discov. 2018, 4, 1-10. [CrossRef]

Singh, A.R; Joshi, S.; George, E.; Durden, D.L. Anti-tumor effect of a novel PI3-kinase inhibitor, SF1126, in (12) V-Ha-Ras
transgenic mouse glioma model. Cancer Cell Int. 2014, 14, 105. [CrossRef]


http://doi.org/10.3322/caac.21590
http://www.ncbi.nlm.nih.gov/pubmed/31912902
http://doi.org/10.18632/oncotarget.26129
http://doi.org/10.2174/1381612823666170720113216
http://www.ncbi.nlm.nih.gov/pubmed/28730960
http://doi.org/10.1038/nrd3531
http://doi.org/10.1158/0008-5472.CAN-08-1385
http://doi.org/10.3390/cancers11101581
http://doi.org/10.1016/j.ccr.2007.05.008
http://doi.org/10.1038/onc.2010.139
http://doi.org/10.4161/cc.8.22.9946
http://www.ncbi.nlm.nih.gov/pubmed/19855161
http://doi.org/10.1186/1476-4598-9-57
http://doi.org/10.1371/journal.pone.0096023
http://doi.org/10.1016/j.jamcollsurg.2009.12.008
http://www.ncbi.nlm.nih.gov/pubmed/20421047
http://doi.org/10.1111/jcmm.12366
http://www.ncbi.nlm.nih.gov/pubmed/25388238
http://doi.org/10.2174/1389450120666190618123846
http://www.ncbi.nlm.nih.gov/pubmed/31215384
http://doi.org/10.21873/cgp.20082
http://doi.org/10.1007/s12253-020-00800-8
http://doi.org/10.18632/oncotarget.2037
http://doi.org/10.3390/ijms21124507
http://doi.org/10.1371/journal.pbio.1000038
http://www.ncbi.nlm.nih.gov/pubmed/19209957
http://doi.org/10.1016/j.oraloncology.2016.12.012
http://www.ncbi.nlm.nih.gov/pubmed/28109464
http://doi.org/10.1158/1535-7163.MCT-10-1099
http://www.ncbi.nlm.nih.gov/pubmed/21673091
http://doi.org/10.1177/1758834014530023
http://www.ncbi.nlm.nih.gov/pubmed/25057302
http://doi.org/10.2174/1381612823666170710150604
http://doi.org/10.1016/j.drudis.2011.02.008
http://doi.org/10.1038/s41420-018-0060-7
http://doi.org/10.1186/s12935-014-0105-9

Int. . Mol. Sci. 2022, 23, 12470 23 0f 23

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

De, P; Dey, N.; Terakedis, B.; Bergsagel, PL.; Li, Z.H.; Mahadevan, D.; Garlich, J.R.; Trudel, S.; Makale, M.T.; Durden, D.L.; et al.
An integrin-targeted, pan-isoform, phosphoinositide-3 kinase inhibitor, SF1126, has activity against multiple myeloma in vivo.
Cancer Chemother. Pharmacol. 2013, 71, 867-881. [CrossRef]

Feng, Y.; Jiang, Y.; Hao, F. GSK2126458 has the potential to inhibit the proliferation of pancreatic cancer uncovered by bioinformat-
ics analysis and pharmacological experiments. J. Transl. Med. 2021, 19, 373. [CrossRef]

Guo, Y,; Zhu, H.; Weng, M.; Zhang, H.; Wang, C.; Sun, L. CC-223, NSC781406, and BGT226 exerts a cytotoxic effect against
pancreatic cancer cells via mTOR signaling. Front. Pharmacol. 2020, 11, 580407. [CrossRef]

Baumann, P.; Schneider, L.; Mandl-Weber, S.; Oduncu, F; Schmidmaier, R. Simultaneous targeting of PI3K and mTOR with
NVP-BGT226 is highly effective in multiple myeloma. Anti-Cancer Drugs 2012, 23, 131-138. [CrossRef]

Omeljaniuk, W.].; Kretowski, R.; Ratajczak-Wrona, W.; Jabloriska, E.; Cechowska-Pasko, M. Novel dual PI3K/mTOR inhibitor,
Apitolisib (GDC-0980), inhibits growth and induces apoptosis in human glioblastoma cells. Int. J. Mol. Sci. 2021, 22, 11511.
[CrossRef] [PubMed]

Powles, T.; Lackner, M.R.; Oudard, S.; Escudier, B.; Ralph, C.; Brown, J.E.; Hawkins, R.E.; Castellano, D.; Rini, B.I.; Staehler,
M.D; et al. Randomized open-label phase II trial of Apitolisib (GDC-0980), a novel inhibitor of the PI3K/Mammalian target
of rapamycin pathway, versus Everolimus in patients with metastatic renal cell carcinoma. J. Clin. Oncol. 2016, 34, 1660-1668.
[CrossRef] [PubMed]

Wallin, J.J.; Edgar, K.A.; Guan, J.; Berry, M.; Prior, W.W.; Lee, L.; Lesnick, ].D.; Lewis, C.; Nonomiya, J.; Pang, J.; et al. GDC-0980 Is
a Novel Class I PI3K/mTOR Kinase Inhibitor with Robust Activity in Cancer Models Driven by the PI3K PathwayGDC-0980, a
Class I PI3K/mTOR Inhibitor in the Clinic. Mol. Cancer Ther. 2011, 10, 2426-2436. [CrossRef]

Rehan, M. An Anti-Cancer drug candidate OSI-027 and its analog as inhibitors of mTOR: Computational insights into the
inhibitory mechanisms. J. Cell. Biochem. 2017, 118, 4558-4567. [CrossRef] [PubMed]

Zhi, X.; Chen, W.; Xue, F; Liang, C.; Chen, B.W.; Zhou, Y.; Wen, L.; Hu, L.; Shen, J.; Bai, X,; et al. OSI-027 inhibits pancreatic ductal
adenocarcinoma cell proliferation and enhances the therapeutic effect of gemcitabine both in vitro and in vivo. Oncotarget 2015, 6,
26230. [CrossRef]

Hayman, T.].; Wahba, A.; Rath, B.H.; Bae, H.; Kramp, T.; Shankavaram, U.T.; Camphausen, K.; Tofilon, P.J. The ATP-Competitive
mTOR Inhibitor INK128 Enhances In Vitro and In Vivo Radiosensitivity of Pancreatic Carcinoma Cells. Clin. Cancer Res. 2014, 20,
110-119. [CrossRef]

Zhang, H.; Dou, J.; Yu, Y.; Zhao, Y.; Fan, Y.; Cheng, J.; Xu, X.; Liu, W.; Guan, S.; Chen, Z; et al. mMTOR ATP-competitive inhibitor
INK128 inhibits neuroblastoma growth via blocking mTORC signaling. Apoptosis 2015, 20, 50-62. [CrossRef]

Basu, B.; Dean, E.; Puglisi, M.; Greystoke, A.; Ong, M.; Burke, W.; Cavallin, M.; Bigley, G.; Womack, C.; Harrington, E.A_; et al.
First-in-Human Pharmacokinetic and Pharmacodynamic Study of the Dual m-TORC 1/2 Inhibitor AZD2014Phase I Study of
AZD2014. Clin. Cancer Res. 2015, 21, 3412-3419. [CrossRef]

Kahn, J.; Hayman, TJ.; Jamal, M.; Rath, B.H.; Kramp, T.; Camphausen, K.; Tofilon, P.J. The mTORC1/mTORC?2 inhibitor AZD2014
enhances the radiosensitivity of glioblastoma stem-like cells. Neuro-Oncol. 2014, 16, 29-37. [CrossRef] [PubMed]

Guichard, S.M.; Curwen, J.; Bihani, T.; D'Cruz, C.M.; Yates, ].W.; Grondine, M.; Howard, Z.; Davies, B.R,; Bigley, G.; Klinowska, T.;
et al. AZD2014, an Inhibitor of mTORC1 and mTORC2, Is Highly Effective in ER+ Breast Cancer When Administered Using
Intermittent or Continuous SchedulesPharmacology of AZD2014, an mTORC1/2 Inhibitor. Mol. Cancer Ther. 2015, 14, 2508-2518.
[CrossRef] [PubMed]

Shen, P; Reineke, L.C.; Knutsen, E.; Chen, M.; Pichler, M.; Ling, H.; Calin, G.A. Metformin blocks MYC protein synthesis in
colorectal cancer via m TOR-4 EBP-e IF 4E and MNKI1-e IF 4G-e IF 4E signaling. Mol. Oncol. 2018, 12, 1856-1870. [CrossRef]
Higurashi, T.; Takahashi, H.; Endo, H.; Hosono, K.; Yamada, E.; Ohkubo, H.; Sakai, E.; Uchiyama, T.; Hata, Y.; Fujisawa, N.;
et al. Metformin efficacy and safety for colorectal polyps: A double-blind randomized controlled trial. BMC Cancer 2012, 12, 118.
[CrossRef] [PubMed]


http://doi.org/10.1007/s00280-013-2078-0
http://doi.org/10.1186/s12967-021-03050-7
http://doi.org/10.3389/fphar.2020.580407
http://doi.org/10.1097/CAD.0b013e32834c8683
http://doi.org/10.3390/ijms222111511
http://www.ncbi.nlm.nih.gov/pubmed/34768941
http://doi.org/10.1200/JCO.2015.64.8808
http://www.ncbi.nlm.nih.gov/pubmed/26951309
http://doi.org/10.1158/1535-7163.MCT-11-0446
http://doi.org/10.1002/jcb.26117
http://www.ncbi.nlm.nih.gov/pubmed/28475291
http://doi.org/10.18632/oncotarget.4579
http://doi.org/10.1158/1078-0432.CCR-13-2136
http://doi.org/10.1007/s10495-014-1066-0
http://doi.org/10.1158/1078-0432.CCR-14-2422
http://doi.org/10.1093/neuonc/not139
http://www.ncbi.nlm.nih.gov/pubmed/24311635
http://doi.org/10.1158/1535-7163.MCT-15-0365
http://www.ncbi.nlm.nih.gov/pubmed/26358751
http://doi.org/10.1002/1878-0261.12384
http://doi.org/10.1186/1471-2407-12-118
http://www.ncbi.nlm.nih.gov/pubmed/22443173

	Introduction 
	mTOR Pathway at a Glance 
	mTOR Inhibitors 
	Therapeutic Role of mTOR Signaling in the Treatment of Microbial Infections 
	mTOR in Inflammatory Bowel Diseases 
	mTOR and Colorectal Cancer 
	Conclusions 
	References

