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Abstract

The gradual accumulation of varying detrimental alterations during the aging process within cells and
tissues contributes to a progressive decline in their functionality, which may ultimately result in death.
The licensed mTOR inhibitor, rapamycin, also known as sirolimus, has recently become a promising
option for anti-aging applications. Through in vitro and in vivo assessments, numerous scientific
reports have illustrated diverse biochemical and clinical aspects of rapamycin's pharmacological
effects in ameliorating aging-related changes and expanding longevity. Nevertheless, its clinical
application has been impeded by severe adverse effects, which might be addressed by implementing
an appropriate therapeutic regimen. In this regard, integrating updated insights and uncovering
essential benefits and drawbacks of rapamycin as a geroprotective drug is critical for conducting
further preclinical research and well-organized clinical trials and moving toward the clinic. This review
highlighted recent findings on the role of rapamycin in improving organ health and postponing aging-
related processes.
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ABSTRACT:

The gradual accumulation of varying detrimental alterations during the aging process within cells
and tissues contributes to a progressive decline in their functionality, which may ultimately result
in death. The licensed mammalian target of rapamycin (mTOR) inhibitor, rapamycin, also known
as sirolimus, has recently become a promising option for anti-aging applications. Through in vitro
and in vivo assessments, numerous scientific reports have illustrated diverse biochemical and
clinical aspects of rapamycin's pharmacological effects in ameliorating aging-related changes and
expanding longevity. Nevertheless, its clinical application has been impeded by severe adverse
effects, which might be addressed by implementing an appropriate therapeutic regimen. In this
regard, integrating updated insights and uncovering essential benefits and drawbacks of rapamycin
as a geroprotective drug is critical for conducting further preclinical research and well-organized
clinical trials and moving toward the clinic. The present review highlights the recent findings on

the role of rapamycin in improving organ health and postponing aging-related processes.
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1. Introduction

Aging is a biological phenomenon marked by a gradual decline in cellular and functional
capabilities over time, eventually leading to a diminished quality of life. Aging is also the
paramount predisposing factor for the emergence of hard-to-treat pathologies, e.g., cardiovascular
diseases, malignancies, and neurodegenerative disorders; thus, it poses a substantial worldwide
socioeconomic burden and a noteworthy healthcare obstacle [1, 2]. Accordingly, it is of utmost
importance to identify therapeutic interventions that facilitate "healthy aging” (i.e., maintaining
functionality during old age, allowing elderlies to perform their daily activities) while restricting
the promotion of various age-related pathological conditions [3].

The mammalian target of rapamycin (mTOR) is an important regulator of cellular metabolism,
integrating nutrition status with cellular mechanisms that fuel cell growth and multiplication. Its
dysregulation, therefore, contributes to various cellular senescence and aging-associated
mechanisms. Studies have demonstrated that inhibiting the mTOR signaling can expand the
lifespan of model organisms and provide defense against a range of age-related ailments [4, 5]. In
this regard, rapamycin, an mTOR complex1 (mTORCL) inhibitor, was demonstrated to prolong
the lifespan in yeast, nematodes, fruit flies, and mice [6]. Rapamycin is licensed by the Food and
Drug  Administration (FDA) for  treating post-renal transplantation  and
lymphangioleiomyomatosis; nevertheless, due to compelling evidence regarding its anti-aging
effects, it is now being considered a feasible approach to enhance lifespan [7, 8]. Multiple
mechanisms have been suggested for the pro-longevity impact of rapamycin through affecting
MTOR signaling, e.g., tuning protein expression, regulating mitochondrial function, rescuing stem
cell activity, ameliorating inflammaging and immunosenescence, and improving autophagic flux

[9-12]. However, the limitations posed by rapamycin-mediated unfavorable adverse effects



necessitate thorough scientific investigation to overcome these challenges for successful clinical
repositioning [13]. The current investigation endeavors to offer a contemporary and
comprehensive perspective on the anti-aging properties of rapamycin, thereby illuminating

forthcoming research objectives in this field.

2. The impact of mTOR on cell longevity and growth
As a threonine kinase belonging to the phosphoinositide 3-kinase (P13K)-related kinase
family, mTOR is situated at the intersection of multiple essential signaling pathways and performs
a vital function in organizing cellular growth and longevity. To that end, it incorporates data
regarding energy and food resources to regulate the production or degradation of cellular
components [14]. Induction of mMTOR following stresses or growth signals tunes a surfeit of
cellular processes, e.g., growth and multiplication, protein synthesis, mitochondria biogenesis,
cytoskeleton establishment, immune reactions, and autophagy [15]. The mTOR renders two
multiprotein complexes, mMTORC1 and mTORC2, comprised of distinct protein binding partners.
The mTORC1 is responsive to nutrition, while mTORC?2 is controlled by the PI3K and growth
factor signaling [16]. The upstream regulator and downstream effectors of mTOR complexes
concerning cellular growth and longevity are discussed below.
2.1. mTORC1
In order to respond to nutritional and energy fluctuations, growth factors, and cellular stresses,
cells must switch on/off the mTORCL signaling. Owing to its participation in setting up anabolic
regimens, mTORC1 should only be activated when growth elements are abundant [17]. Rag and
Rheb GTPases are two types of small G proteins that transduce the anabolic impulses to activate

MTORCL. In nutrient-replete conditions, Rag brings the mTORC1 from the cytoplasm to the



lysosome, where Rheb activates the mTORC1 kinase to support sustained growth [18]. Rag and
Rheb GTPases are fine-tuned by several mechanisms. Importantly, amino acids, mainly leucine
and arginine, are indispensable for mMTORC1 stimulation in mammalian cells via modulating Rag-
GTPase action. Under deprivation and a significant fall in amino acid contents, GTPase-activating
protein (GAP) activity towards Rags 1 (GATORL) disables Rag and blocks the mTORC1 cascade
[19]. Mechanistically, Sestrin2, a conserved protein implicated in the cellular response to stresses,
realizes the acute leucine shortage and inhibits GATOR?2, eliminating its blockage on GATOR1,
thereby suppressing mTORC1 signaling [20, 21]. Similarly, the cellular arginine sensor for
MTORC1 (CASTORL1) represses GATOR2 under arginine deprivation and impedes mTORC1
activity [22]. SLC38A9 is another identified arginine sensor that collaborates with regulator in
Rag activation following attachment to lysosomal arginine [23]. Further, the folliculin-folliculin
interacting protein 2 (FLCN-FNIP2) complex was demonstrated to activate Rag and maintain
mMTORC1 activity in amino acids-replete conditions [24].

The function of Rheb in triggering the mTORCL1 signaling is tuned by several upstream
mechanisms. For example, the tuberous sclerosis complex (TSC), acting as a GAP, suppresses
Rheb's function in stimulating mTORCL1. Induction of the PI3K/Akt signaling by insulin-like
growth factor-1 (IGF-1) was demonstrated to phosphorylate and detach TSC from the lysosome
surface, permitting Rheb and mTORC1 activation [25]. The insulin receptor substrate 1 (IRS-1) is
then phosphorylated by mTORC1-activated p70 S6 kinase 1 (S6K1), enlisting a negative feedback
loop and inhibiting additional insulin-mediated PI3K/Akt pathway induction [26]. Despite IGF-1,
tumor necrosis factor (TNF) and Wnt signaling, as well as the extracellular signal-regulated kinase
(ERK) and p90 ribosomal S6 kinase (RSK) were shown to inhibit TSC and provoke mTORC1

signaling in nutrient-enriched conditions [27-30]. It is also noteworthy that growth factors may



influence MTORC1 function independently of TSC via proline-rich Akt substrate 40 kDa
(PRAS40), which is linked to the regulatory-associated protein of mMTOR (RAPTOR) and impede
Rheb-induced mTORC1 induction. Akt-mediated phosphorylation of PRAS40 in response to
insulin signaling was shown to enhance the mTORC1 kinase activity [31].

As expected, stress signals inhibit mTORCL activation and limit the anabolic pathways. Once
ATP is depleted, the energy homeostasis enzyme AMP-activated protein kinase (AMPK)
phosphorylates Raptor or triggers TSC2 to hinder mTORC1 and reconfigure the cell metabolism
[32]. Thereby, AMPK decreases the stress imposed on mitochondrial respiration and mitigates the
potential for cellular injury induced by reactive oxygen species (ROS) generation. Besides,
oxidative stress may directly inhibit mMTORC1 by inducing the regulated in development and DNA
damage responses 1 (REDD1) protein, which triggers TSC [33]. In response to DNA damage,
mTORC1 function is also subdued by p53 target genes (e.g., phosphatase and tensin homolog
(PTEN) and AMPKS), which help to diminish the proliferation pace and conserve genome stability
[34]. Another scenario is the engagement of unfolded protein response (UPR) by the endoplasmic
reticulum (ER) under starvation to upregulate Sestrin proteins, dampening mTORC1 activity and
maintaining cell viability [35]. As explained, diverse upstream mechanisms mainly converge on
Rag and Rheb GTPases to regulate the mTORC1 function and cell metabolism regarding the
nutritional status.

The mTORC1 supports the provision of substances (e.g., proteins, lipids, and
oligonucleotides) and energy necessary for cell growth [14]. Evidence shows that mTORCL1
regulates protein synthesis in response to cellular demands by influencing the function of the
initiation factor 4Ebinding protein (4EBP), a critical regulator of the mRNA translation process.

While inactivated, 4EBP excludes the eukaryotic translation initiation factor 4E (elF4E) from the



translation process; however, after being activated by mTORC1, it allows elF4E to enter the
MRNA translation process and enables protein synthesis [36]. Besides 4EBP, mTORCL1
phosphorylates S6K1, activating the S6 protein as an essential element of the 40S ribosomal
subunit. S6K1 also incites elF4B activity directly or indirectly by eliminating the elF4A inhibitor
programmed cell death 4 (PDCD4) [37]. Furthermore, SKAR, a translation regulatory factor
deposited at the exon junction complex, was demonstrated to recruit S6K1 to improve the
translation of spliced mRNASs [38]. Despite improving translation, S6K1 involves the biogenesis
of new ribosomes through phosphorylating upstream binding factor (UBF), MAF1, and
transcription initiation factor 1A (TIF-1A) and resultant activation of RNA polymerases [39, 40].
During the growth phase, higher lipid synthesis is necessary for maintaining cell membrane
biogenesis. Importantly, the stimulation of mTORC1 has been proven to increase the S6K1-
mediated nuclear trafficking of sterol regulatory element binding protein 1/2 (SREBP1/2)
transcription factor to amplify lipid and cholesterol production [41]. To further enable SREBP1/2-
mediated lipid synthesis, the activated mTORC1 phosphorylates and excludes the SREBP inhibitor
lipin 1 from the nucleus [42]. It is also worth noting that mTORC1 affects the action of proliferator-
activated receptor y (PPARYy) in tuning the expression of lipid homeostasis genes [43]. Besides
lipids, increased nucleic acid synthesis is mandated to enable DNA multiplication and ribosomal
RNA production during cell proliferation. Active mMTORC1 promotes purine synthesis by enabling
transcription factor 4 (ATF4) and its downstream target mitochondrial tetrahydrofolate cycle
enzyme methylenetetrahydrofolate dehydrogenase 2 (MTHFD?2) [44]. Moreover, S6K1-mediated
activation of carbamoylphosphate synthetase 2, aspartate transcarbamoylase, and dihydroorotase

(CAD) by mTORC1 leads to pyrimidine biosynthesis [45].



To further support growth, active mTORCL1 considerably alters glucose metabolism and
increases cell metabolic efficiency. It takes precedence glycolysis over oxidative phosphorylation
via activating the transcription factor hypoxia-inducible factor-1o (HIF-1a)) and the consequent
upsurge in glycolytic enzyme expression [46]. Moreover, mTORCL1 enables the pentose phosphate
pathway via activating SREBPs to facilitate the supply of NADPH and carbon-rich molecules for
lipid and nucleotide biogenesis [47]. It also enhances the 4EBP1-mediated mitochondrial gene
transcription and stimulates mitochondrial biogenesis by compelling the construction of the
PPARY coactivator 1a (PGCla) transcriptional complex to expand ATP production [48, 49].

The mTORCL1 inhibits catabolic autophagy to preclude a fruitless process in which newly
generated cellular elements are prematurely dissociated. It deactivates the unc-51-like autophagy
activating kinase 1 (ULK1) and autophagy-related 13 (ATG13) to impede autophagy initiation as
well as autophagosome generation [50]. Further, mTORCL interferes with autophagosome
maturation and fusion with lysosomes by inhibiting the UV radiation resistance-associated gene
(UVRAG) to prevent the degradation and recycling of proteins and organelles [51]. Conversely,
starvation inhibits mTORC1 signaling and redirects resources toward autophagy. Blocking
MTORC1 rescues autophagosome generation and activates genes for lysosomal biogenesis by
stimulating the nuclear trafficking of transcription factor EB (TFEB) and the associated
transcription factor E3 (TFE3). After a protracted deprivation period, the cytoplasmic pool of
amino acids is replenished due to protein lysosomal breakdown, reactivating mTORC1 [52, 53].
Notably, the link between nutritional status and autophagy is broken during mitosis, when cyclin-
dependent kinase 1 (CDK1) suppresses both mTORC1 and autophagosome formation to preserve

the genome from destruction once the nuclear membrane dissolves [54]. In a nutshell, the nutrition-



sensing machinery integrates with mTORC1 signaling to establish a customized growth regimen

paradigm for cell longevity and growth (Fig. 1).

Figure 1. Upstream regulators and downstream effectors of mTORCL1 signaling.
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2.2. mTORC2

It has been revealed that mMTORC?2 is mainly regulated by the PI3K/AKkt pathway triggered by
growth factors. As the unique PI3K effector and an obligate component of mTORC2, the
mammalian stress-activated protein kinase-interacting protein 1 (mSinl) represses the kinase
function of mMTORC2. In the presence of insulin, however, the phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) produced owing to the induction of PI3K abolishes the inhibitory action of
mSinl on mTORC2 [55]. Further, Akt was shown to directly phosphorylate mSinl and promote
the mTORC2 function [56]. Off note, the function of mMTORC2 is tightly associated with its
intracellular localization. Accordingly, PIP3 may attract mTORC2 and Akt to the cell membrane,
where their mutual phosphorylation impacts their localization and function [57]. Small GTPases
(e.g., Rapl and Ras) notably play an important regulatory role in the mentioned interaction [58,
59]. Evidence from recent studies implies that mSin1 conscripts Ras to incite the kinase function
of mMTORC?2 at the plasma membrane [58, 60]. The mTORC?2 is also activated by AMPK under
starvation, which may encourage cellular adaptation to oxygen/nutrient deprivation in malignant
conditions [61].

It is well accepted that mMTORC?2 is essential for stimulating AGC kinase members such as
Akt, PKC, and glucocorticoid-regulated kinase (SGK) [62]. Initial discoveries regarding the role
of mTORC?2 in cell biology highlighted its possible role in cell motility since the first-identified
mTORC?2 substrate, protein kinase Ca (PKCa), plays critical roles in cytoskeletal regulation [63,
64]. This is consistent with the well-known function of mMTORC2 in the migration and metastasis
of malignant cells [65]. Furthermore, mMTORC2 may work in concert with phosphoinositide-
dependent kinase 1 (PDK1) to engage Akt, the major executioner in the PI3K cascade, and

transduce the proliferation signals [66]. Akt likewise reshapes cell metabolism by affecting the
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forkhead-box O 1/3A (FOXO1/3A) transcription factor and NAD kinase and keeps the function
of GSK-3B to decrease apoptosis to withstand stressful circumstances [67-69]. It is worth
mentioning that the supporting feedback phosphorylation between mTORC2 and Akt regulates
their localization and function; however, the phosphorylation of several substrates, such as TSC
and GSK-3p by Akt does not necessarily require the mTORC2 function [57, 70]. Overall, SGK-1
seems to be the most important effector of mMTORC2 since it regulates the FOXO proteins whose
phosphorylation by Akt requires mTORC2 activity [70]. Importantly, mMTORC1 and mTORC2 are
interrelated. The activated mTORC1 potentially blocks the PI3K/Akt signaling-mediated
MTORC?2 activation by provoking S6K1-mediated IRS-1 degradation and activating Grb10, a
negative regulator of the insulin or IGF-1 receptor [26, 71]. In return, the induction of Akt by

MTORC2 inactivates TSC and promotes the mTORC1 activity (Fig. 2) [72].

Figure 2. Upstream regulators and downstream effectors of mTORC?2 signaling.
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3. Rapamycin and longevity
Regarding numerous reports, mTOR is a critical longevity regulator, and its dysregulation due
to metabolic disorders, lethal neoplastic diseases, or age-related ailments disturbs cellular

homeostasis and limits lifespan [73]. Pharmacological inhibition of mTOR by rapamycin has
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demonstrated intriguing anti-aging properties in multiple organs and extended the lifespan of
diverse invertebrates (e.g., yeast, nematodes, and fruit flies) and vertebrate (e.g., mice) models
[74]. This section renders an updated insight into the role of rapamycin in regulating longevity
pathways, promoting healthy aging, and ameliorating age-related ailments. Further, summarized
preclinical evidence regarding the anti-aging mechanisms of rapamycin in several organs is
presented in Table 1.
3.1. The impact of rapamycin on protein expression

Protein homeostasis, often known as proteostasis, is the process by which proteins inside the
cell are regulated to maintain the integrity of the cellular proteome and the viability of the
organism. Recent research has demonstrated that the ability of multiple cells and organs to preserve
proteostasis under a variety of situations diminishes with age, and predictably, proteostasis failure
contributes to the pathogenesis of a wide range of human diseases associated with aging.
Accordingly, alterations in levels or mutations in translational machinery elements have a
substantial influence on longevity in many mammals [75, 76]. One of the most vital duties of
MTORC1 is to govern mRNA translation under growth-promoting settings; however, it impairs
translational fidelity [77]. Inhibiting processes that promote growth and proliferation, particularly
MTORC1 signaling, may extend longevity in eukaryotes since a general decline in mRNA
translation is advantageous during aging by enabling natural protein repair and degrading
mechanisms to properly preserve protein homeostasis while protecting against toxic protein
aggregates and oxidative insults [78, 79]. Indeed, elevating the translation accuracy as well as
protein synthesis fidelity is among the most critical mechanisms of rapamycin in enhancing

organismal health and longevity [80].
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An investigation conducted by Martinez-Miguel et al. demonstrated that rapamycin enhanced
translation fidelity in Drosophila S2R* cells by lowering both stop codon readthrough and
misincorporation errors and extended the lifespan of wild-type flies [81]. The mTORC1 signaling
was shown to inhibit the eukaryotic elongation factor 2 kinase (eEF2K), which phosphorylates and
inactivates eEF2, resulting in the motion of ribosomes along MRNAs and hastens the elongation
stage of protein synthesis. In this regard, blocking mTORCL1 with rapamycin suppresses eEF2,
reducing the pace of elongation, improving protein synthesis accuracy, and lowering misreading
or termination readthrough errors. In supporting the mentioned hypothesis, deletion of the eEF2K
and impairing the translation fidelity were demonstrated to decrease the lifespan of Caenorhabditis
elegans (C. elegans) [82]. Another study in C. elegans showed that age and other factors that
reduce longevity, such as high temperature, lead to the buildup of detergent-insoluble proteins. In
the C. elegans strain harboring a green fluorescent protein (GFP) transcriptional reporter under the
control of a heat shock promoter, the rapamycin treatment considerably suppressed mTOR
signaling, postponed spurious expression, slowed the buildup of these insoluble proteins as well
as proteostatic crisis, and increased longevity. It has also been observed that suppressing S6K1 as
a downstream of MTORC1 exhibited comparable effects on the reduction of protein translation
and the enhancement of lifespan [83].

In addition, rapamycin has been found to modify the scope and pace of protein translation. It
inhibits the function of the ribosomal protein S6 and the eukaryotic translation initiation
component 4EBP1, lowering canonical cap-dependent mRNA translation and indirectly enhancing
cap-independent translation [84-86]. Evidence supports cap-independent translation as a regulator
of stress tolerance as well as maintaining metabolic functions and survival through preserving the

synthesis of critical proteins [87]. Certain elongation and initiation elements and proteins that
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identify sequences or changes in the 5’ untranslated region (UTR) sequence, such as 6-methyl-
adenosine residues (m6A), are mandated for cap-independent translation processes. Notably, the
ability of rapamycin to intercept cap-dependent translation may facilitate the translation of m6A-
containing mMRNA, increasing protein levels without commensurate modifications in mRNA
transcription [87, 88]. As proof of concept, a study by Shen et al. revealed that inhibiting mTORC1
by rapamycin therapy may contribute to lifespan expansion in UMHET3 mice via preventing age-
related decline in mitochondrial and stress proteins, e.g., O-6-methyl guanidine-DNA
methyltransferase (MGMT), N-myc downstream regulated gene-1 (NDRG1), mitochondrial
transcriptional factor A (TFAM), and heat shock protein 70 (Hsp70) as cap-independent translation
targets in the liver and kidney tissues [89].

In line with the mentioned findings, a recent investigation revealed that rapamycin-mediated
cap-dependent mRNA translation suppression in C. elegans evoked the preferential ATF4
expression, independent of the integrated stress response (ISR), upregulating the cystathionine
gamma-lyase-2 (CTH2) transsulfuration enzyme expression as well as hydrogen sulfide (H2S)
production. Such alterations promote stress resistance and longevity by ramping up protein
persulfidation, a protective adjustment of redox-reactive cysteines [90]. The ATF4 ortholog in
Saccharomyces cerevisiae, Gend, a key transcriptional regulator of amino acid biosynthesis genes,
was demonstrated to promote longevity. As a repressor of protein synthesis, Gen4 has a vital
function in the rapamycin-mediated extension of yeast lifespan [91]. The abovementioned
discoveries illustrate novel promising strategies for enhancing longevity via rapamycin-mediated
enhancing protein expression scope and fidelity.

In addition, rapamycin may be capable of alleviating late-life malignancies by selective

inhibition of the pro-tumorigenic senescence-associated secretory phenotype (SASP). Despite the
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fact that cellular senescence inhibits cancer cell growth, the buildup of senescent cells with age
develops the SASP, which can destabilize tissues and contribute to age-associated diseases like
cancer. In senescent human fibroblasts subjected to oncogenic RAS or radiation, active mTOR
signaling was demonstrated to enhance the translation of several SASP factors, including
interleukin (IL)-1 and mitogen-activated protein kinase (MAPK)-activated protein kinase 2 (MK2)
[92, 93]. In this regard, rapamycin was shown to repress the transcriptional function of the nuclear
factor kappa B (NF-kB), critical for producing SASP proteins. Practically, the growth-stimulating
action of senescent fibroblasts on prostate tumors in mice was inhibited by rapamycin [92].
Further, rapamycin has been shown to reduce the expression of signal transducer and activator of
transcription 3 (STAT3) in cancerous tissue, acting as a crucial downstream to SASP signaling
[94, 95].
3.2. The impact of rapamycin on autophagy

In eukaryotes, autophagy is a powerful breakdown mechanism for starvation-induced amino
acid recycling and removing defective organelles and macromolecules from the cytoplasm [96]. It
is an internal mTORC1-tuned mechanism that has been retained through evolution and is necessary
to maintain cellular homeostasis in response to the stresses that trigger cellular senescence [97].
Intriguing investigations in yeasts, worms, flies, and mice have established a considerable
involvement of autophagy-associated genes in lifespan expansion in various longevity scenarios.
Particular tissues may need or profit from autophagy engagement since it precisely targets
defective cellular elements and prevents their buildup. Even non-cell autonomously, autophagy
may affect organismal wellness and aging; therefore, promoting autophagy in certain tissues may
prolong longevity [98]. There is mounting evidence that autophagic breakdown slows with aging,

contributing to the buildup of harmed proteins and dysfunctional mitochondria that underpins age-
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related cellular failure [99, 100]. Inhibiting mTORC1 and, hence, stimulating autophagy is thought
to preserve cellular activity throughout aging by expediting the breakdown of damaged or obsolete
cellular components. As proof of concept, lifespan prolongation in response to food restriction or
rapamycin has been shown to entail mMTORC1-mediated autophagy activation in diverse species,
reversing senescence and restoring regenerative functions [101-103].

Direct suppression of mMTORC1 via administration of rapamycin was shown to increase
lifespan by promoting autophagy and inhibiting the adverse impacts of aging on the heart. It has
been revealed that the buildup of lipofuscin, i.e., pigment granules made of lipid-containing
lysosomal digesting residues, as well as reduced autophagy levels, is associated with aging and the
senescence of cardiomyocytes. Interestingly, increasing autophagy flux by six months of
rapamycin feeding has been proven to decrease lipofuscinogenesis, increase lipofuscin breakdown,
and improve cardiomyocyte senescence in aged rats [104]. Further, rapamycin demonstrated
cardioprotective effects in heart-related pathologies like ischemic heart disease via regulating the
balance between cardiomyocyte apoptosis and autophagy. Rapamycin was demonstrated to
improve cardiac function, inhibit cardiac remodeling, and prevent apoptosis by regulating the
crosstalk between the mTOR and ER stress pathways and promoting autophagy [105, 106].

Even though the abovementioned evidence underlies that the reduced cardiac autophagic
capacity is implicated in cardiovascular aging and deterioration, several studies have indicated that
the morbidities that expedite cardiovascular aging, like glucotoxicity and lipotoxicity, genuinely
boost autophagy in cardiac tissue and result in cardiotoxicity [98, 107]. For instance, diabetes-
mediated chronic cardiomyopathy is accompanied by excessive autophagy induction in the cardiac
tissue, as demonstrated by an elevation in autophagy indices (e.g., light chain (LC)B-I1I and beclin-

1) [108]. It has been hypothesized that an autophagy-induced increase in amino acid availability
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may contribute to protein synthesis for SASP-mediated cardiomyocyte senescence [109]. Besides,
literature shows the controversial effect of autophagy on ischemia-reperfusion injury (IRI).
Increased autophagy during ischemia-reperfusion has been revealed to promote cardiomyocyte
death and heart failure [110, 111]. During the reperfusion stage, oxidative stress leads to a rise in
ROS generation, the primary cause of autophagy activation; however, the autophagosome
clearance is impaired, resulting in accelerated autophagy and cardiomyocyte death [112, 113].
Likewise, suppressing autophagy was exhibited to improve cardiac function and myocardial
infarct size in a myocardial ischemia-reperfusion injury murine model [114].

Accordingly, rapamycin may deliver paradoxical effects on longevity owing to different heart
complications. Furthermore, as adaptive responses to rapamycin treatment, the precise progression
of autophagy in cardiac tissue is extensively controlled by post-transcriptional processes.
Rapamycin therapy was demonstrated to provoke autophagy in the cardiac tissue, which in turn
triggers an autophagy-suppressing miRNA network either as a protective mechanism to stop
aberrant autophagy that causes cardiomyopathy and heart failure or as a harmful process that halts
autophagy advancement and accelerates cardiac senescence [107]. As a result, a crucial step in
identifying whether the rapamycin-mediated autophagy induction is proceeding adequately to
preserve the heart tissue is to invent novel non-invasive imaging methods carefully monitoring
changes in cardiac function and autophagic flux.

Brain aging is a complex and natural phenomenon primarily defined by oxidative stress, the
buildup of oxidatively injured macromolecules, and changes in the architecture and longevity of
neurons, all of which raise the risk for neurological illnesses [115]. The mTOR signaling and
autophagy have vital actions in preserving the proper functioning of the central nervous system;

however, defective autophagy associated with aging has been linked to the development and

17



frequency of neurological disorders [116]. By maintaining cellular homeostasis, as well as the
structural and functional integrity of neurons, autophagy plays a principal function in postponing
brain aging. In this regard, rapamycin-stimulated autophagy has been shown to confer considerable
protection to the aging rat brain by lowering age-induced oxidative stress, apoptotic cell extinction,
and neurodegeneration [117]. It is also believed that adult neurogenesis, i.e., the continual process
of producing functioning neurons in the human brain from neural progenitor cells, slows down
with aging and contributes to the deterioration of brain functionality [118]. A recent study
discovered a strong correlation between deteriorating adult neurogenetic function and reduced
autophagy. In subventricular/subgranular zone homogenates acquired from the brain of middle-
adult rats, the expression of autophagy-related genes and autophagic function were drastically
diminished. Further, suppressing autophagy by small interfering RNA (siRNA)-based RNAI gene
therapy repressed proliferation and differentiation of neural progenitor cells. Strikingly,
rapamycin-stimulated autophagy promoted neurogenesis in the subventricular/subgranular zone
and restored the survival of neural progenitor cells while enhancing the olfactory sensitivity and
cognitive abilities of middle-adult rats [119].

In addition, including rapamycin in preventing and alleviating neurodegenerative alterations
is a true-to-life opportunity owing to its capacity to revive the dysregulated mTOR signaling
identified in the etiology of such disorders [120]. Significantly, faulty protein processing
contributes to the emergence of various neurodegenerative disorders, as reflected by the buildup
of misfolded and hazardous proteins within particular brain structures. Growing data suggest that
faults in the autophagic breakdown process are to blame for these protein changes [121].
Consequently, rapamycin-induced autophagy may be advantageous by avoiding or attenuating

harmful protein aggregation [122]. It has been discovered that the neuroprotective impact of

18



fibroblast growth factor 21 (FGF21) gene delivery in the AB42-induced rat Alzheimer’s discase
model is improved by rapamycin treatment. FGF21 cross-talks with autophagy; thus, adding
rapamycin to the treatment potentiated the impact of FGF21 in autophagic clearance of toxic
protein aggregates as revealed with increased expression of central autophagy proteins, reduced
protein levels of AB42 and phosphorylated tau, alleviated oxidative stress, and renovated neuronal
density [123]. Similarly, rapamycin has been shown to strengthen the impact of trehalose, a
bioactive natural disaccharide [124-129], in promoting autophagy as well as the removal of toxic
proteins and structures in the brain of a rat model of Parkinson's disease [130]. Another recent
investigation demonstrated that rapamycin diminished the loss of dopaminergic neurons and
improved behavioral symptoms in a mouse model of Parkinson's disease by repressing ferroptosis
through activating autophagy [131]. While autophagy initiation impairment is responsible for
harmful protein aggregations, the defective autophagy-lysosome pathway (i.e., the fusion of
autophagosomes with lysosomes) also has significant participation in developing protein
aggregates throughout the pathologic aging process pretended by upregulation of autophagy and
accumulation of autophagosomes [121]. It seems that neuronal autophagy primarily has a pro-
survival role before gradually transitioning to a pro-death function. As a result, adopting rapamycin
to promote autophagy and lengthen longevity may have contradictory effects given the brain's
pathologic situation [132].
3.3. The impact of rapamycin on mitochondrial function

Mitochondrial activity and homeostasis are fundamental in the proper functioning of signaling
pathways that govern longevity among species. Mitochondrial dysfunction is, therefore, a crucial
contributor to the emergence of age-associated ailments like neurological and cardiovascular

disorders [11]. There are studies underlying the importance of tuning mitochondrial function in
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the mechanism of rapamycin in prolonging longevity; however, such effects are complicated and
include multiple processes [133]. Aging and age-related disorders are linked to a mismatch in the
energy supply and demand, which may be ameliorated by several therapies, including medications
(e.g., rapamycin) [11, 134]. In this regard, preserving the nicotinamide adenine dinucleotide
(NAD) redox balance was demonstrated as an important mechanism of rapamycin to maintain
energy balance as well as cellular health compromised during the aging process [135, 136]. The
drop in nuclear NAD* and resultant impaired oxidative phosphorylation (OXPHOS) system in
mitochondria occurs during the aging process and is attributed to the emergence of cellular pseudo-
hypoxia under normoxic conditions represented by the accumulation of HIF-1o and increased
lactic acid production [137]. In this regard, Zhang et al. investigation on myoblasts found that
rapamycin favored a more oxidized NAD*/NADH ratio in aged muscle and probably ameliorated
OXPHOS through affecting the function of NAD*-dependent enzymes. The mentioned effect is
likely conducted through the rapamycin-mediated reduction in energetic demand [138]. There is
also evidence that mitochondrial dysfunction may be secondary to hyperactive mTOR-driven
pseudo-hypoxia. Interestingly, rapamycin has been shown to rescue pseudo-hypoxia,
demonstrated by downregulating HIF-1o. and lactate production through suppressing mTOR
signaling and independent of mitochondrial respiration [135].

Improving mitochondrial biogenesis is one of the most important roles of rapamycin in
maintaining the functionality of critical organs and expanding longevity. It has been revealed that
rapamycin enhances diastolic function in aged rats, initiating between 2 and 4 weeks of therapy
and continuing throughout 10 weeks of treatment. Rapamycin prompted a temporary upregulation
of autophagy, as indicated by ULK phosphorylation, and mitochondrial biogenesis, as evidenced

by PGCla and TFAM upregulation, while canonical mTORC1 signaling through S6
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phosphorylation was hindered throughout rapamycin treatment. These findings imply that freshly
generated mitochondria replace defective ones to renew mitochondrial homeostasis. This
remodeling is demonstrated to swiftly invert the age-associated decline in fatty acid oxidation to
modify the myocardial metabolism and reinstate fresh substrates and suitable energetic status in
elderly isolated perfused hearts [139]. In brown adipocytes, which contain many mitochondria and
govern energy consumption via thermogenesis, inhibiting mTOR signaling with rapamycin has
also been demonstrated to enhance the expression of mitochondrial biogenesis, dynamics, and
mitophagy-relevant proteins and strengthen mitochondrial quality control [140].

In addition, rapamycin treatment was suggested to improve mitochondrial DNA (mtDNA)
quality in aging mice. Cell death and tissue deterioration may originate from age-related mutations
in the mtDNA. With this in mind, Bielas et al. showed that long-term administration of rapamycin
(42 ppm) causes a remarkable decrease in mtDNA deletion frequency and electron transport chain
deficient fibers in mouse quadriceps muscle [141]. The mentioned effect is probably owing to the
alleviating mitochondrial ROS generation and oxidative damage, which is among the well-
documented mechanisms of interventions expanding longevity. In this regard, seven weeks of
treatment with rapamycin at doses known to improve the longevity of mice (14 mg/kg) was
revealed to invert the mitochondrial ROS generation, oxidative damage, the buildup of mtDNA
fragments, and mitochondrial protein lipoxidation in middle-aged mice [142]. Off note, there are
also several mechanisms for ameliorating the negative consequences of mtDNA injuries. For
example, low-dose oral rapamycin was shown to enhance the longevity of the murine model of
MtDNA depletion syndrome with no detectable improvement in mitochondrial dysfunction or
canonical pathways. This effect is thought to be driven by rapamycin-induced metabolic changes

that allow mice to utilize alternative energy resources (e.g., amino acids and lipids) and induce
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indirect signaling that modify mortality via developmental reprogramming [143]. Besides age-
related conditions, oxidative damage is associated with certain pathologies restricting lifespan. It
has been established that mitochondrial oxidative stress contributes to the development of anti-
phospholipid antibodies (aPL) in systemic lupus erythematosus (SLE) patients and subsequent
chronic inflammation, playing a role in the emergence of liver disease progressing from cirrhosis
to hepatocellular carcinoma. In this regard, rapamycin may attenuate aPL production and resultant
inflammation, thereby attenuating liver disorders and prolonging patients’ survival by inhibiting
mTOR, known as a regulator of oxidative stress [144-146].

It is worth mentioning that the impact of rapamycin on mitochondrial function is dose-
dependent. Rapamycin exhibits biphasic effects on cells at high and low doses, known as hormesis.
Rapamycin's hormetic property enables the modification of the mTOR-mitochondrial cross-talk,
which supports anti-aging actions in cells. While rapamycin is lethal to cells at high doses, it can
improve lifespan at low levels. This may be explained by the hypothesis that rapamycin causes
partial inhibition of mMTOR activity at low concentrations, as opposed to total mTOR suppression
at high doses. Rapamycin at low doses was shown to alleviate mitochondrial oxidative injury,
metabolic dysregulation, and membrane depolarization [147]. Moreover, rapamycin is not a
feasible treatment option for every type of mitochondrial dysfunction since the primary therapeutic
mechanism is unknown, the least effective dose must be identified, and whether this therapy can
be employed in general is still being determined. Therefore, it is important to at least consider the
unique facets of each mitochondrial condition when rapamycin treatment is introduced to extend

the patient’s lifespan [148, 149].
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3.4. The impact of rapamycin on inflammation and immune function

Dysregulation of immune function is a phenotype associated with aging. Innate and adaptive
immunity can be negatively impacted by immunosenescence owing to the malfunction of immune
cells as well as higher levels of inflammation [150, 151]. Off note, dismal immune responses and
inflammation in diverse organs during the aging process may be regulated by manipulating the
MTOR signaling pathway [152]. A recent preprint published by Zhang et al. revealed that
suppressing TORC1/S6K in Drosophila ameliorates inflammaging and immunosenescence and
thereby extends longevity [153]. Immunosenescence is assumed to underlie many age-related
diseases, including cancer, autoimmune conditions, infections, and the inefficient removal of
senescent cells; thus, it offers a tempting explanation for aging as well as possible treatment
pathways [154, 155]. Rapamycin has been demonstrated to inactivate hyperactive lymphocytes by
decreasing their reaction to cytokine receptor-associated signaling; thereby, it is effective in
prolonging lifespan through ameliorating autoimmune disease (e.g., systemic lupus erythematosus
and rheumatoid arthritis) and preventing organ rejection after transplantation [156, 157]. For
example, rapamycin has shown promising results in ameliorating orbitopathy in a preclinical
model of Graves' disease via downregulating CD4* cytotoxic T lymphocytes [158]. T-cell
dysfunction has also been reported in patients with SLE in association with mTOR hyperactivation
and chronic inflammation. Assessments in SLE patients demonstrated that one-year rapamycin
treatment suppressed pro-inflammatory T-cell lineage specification and IL-4 and IL-17 production
via expanding CD4'CD25'FoxP3* regulatory T-cells depleted in these patients [159].
Unfortunately, inhibition of mMTORC1 in fibroblasts by rapamycin was shown to inhibit the wound
healing process, explaining the emergence of non-healing oral ulcers in SLE patients following

prolonged rapamycin therapy [159-161]. The effect of rapamycin on the immunological response,
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however, appears to be dose-dependent. When looking at patterns across diverse organism models
studying the immunologic impacts of rapamycin, greater dosages are often linked with
immunosuppression, whereas lower doses produce excitement. The immunostimulatory properties
of rapamycin, which presumably contribute to its anti-neoplastic actions, may be explained in this
way [162].

Inflammation has a fundamental contribution to many age-related diseases. Chronic renal
failure, atherosclerosis, and lung infections are only some of the many inflammatory conditions
linked to mTOR hyperactivation, and rapamycin was demonstrated to pose anti-inflammatory
actions in these conditions. Thereby, one of the most appealing mechanisms through which
MTORC1 suppression might delay numerous age-associated diseases, extend longevity, and
improve health span is a drop in chronic, age-related inflammation [163-165]. As proof of concept,
rapamycin administration to aged mice has been shown to extend their lifespan and downregulate
the acute phase response proteins incorporated in inflammation [166]. Likewise, a recent
investigation by Zwaans and colleagues revealed that rapamycin repressed inflammation in aortic
vascular smooth muscle cells. Hyperactive mTOR-mediated tumor necrosis factor-o (TNF-a)
induction causes matrix metalloproteinase overstimulation in these cells, which then facilitates the
destruction of collagen fibers. Rapamycin treatment rescued these vascular changes by targeting
mTOR and repressing TNF-a production [167].

As noted, rapamycin increases longevity and health span by preventing inflammaging, i.e.,
chronic, low-grade inflammation, mainly reliant on NF-kB signaling. It has been revealed that
rapamyecin inhibits the NF-xB nuclear translocation by improving the interaction between p65 and
the inhibitor of kBa (IxkBa) [168]. Rapamycin, for instance, suppresses high glucose-induced

inflammation in THP-1-derived macrophages by suppressing mTOR and reducing NF-xB
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phosphorylation, inhibiting the NLRP3 inflammasome (i.e., an essential element of the innate
immune system that mediates the secretion of proinflammatory cytokines) activation [169]. In an
experimental model of inflammatory lung injury, rapamycin consistently suppressed inflammation
by repressing NF-«xB, leading to decreased IL-1p and IL-18 release and diminished leukocyte
infiltration into lung tissue and bronchoalveolar lavage fluid [170]. Nonetheless, there is evidence
that inhibiting NF-kxB-mediated postponing aging phenotypes and promoting healthspan is not
necessarily associated with lowering inflammation. In a murine model of genetically induced NF-
kB activity associated with expedited aging, rapamycin mitigated indicators of cellular senescence,
lowered weakness, and promoted long-term memory, neuromuscular integration, and tissue
structure, despite having no positive impacts on lifespan or inflammaging [171].

The immunomodulation brought on by rapamycin medication has also been shown to help
survive infectious diseases [172]. Interestingly, a connection has been established between
inflammaging and the wvulnerability of older individuals to community-acquired pneumonia
(CAP), supported by a positive correlation observed between increased levels of serum TNF-o and
IL-6 and a higher occurrence of CAP in otherwise healthy seniors aged 70 to 79 years [173]. In
addition, age-associated cell senescence is a major contributor to the pro-inflammatory lung
exacerbation associated with chronic obstructive pulmonary disease, a major risk factor for
pneumococcal pneumonia [174, 175]. Regarding the preventive impact of rapamycin on
inflammaging and cell senescence, it may attenuate the predisposition to pneumonia. There is
likewise evidence underlying the negative impact of chronic inflammation on HIV-1 infection. Mu
et al. revealed that rapamycin therapy in HIV-1-infected humanized mice markedly attenuated
persistent interferon (IFN)-I-mediated inflammation and enhanced antiviral T-cell responses.

Indeed, chronic inflammation causes loss of CD4* T-cells and exhaustion of antiviral immunity.
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Autophagy induction by rapamycin was shown to repress IFN-I-mediated inflammation, thus
improving antiviral T-cell responses [176]. These findings suggest that rapamycin may reduce the
risk of emergence and progression of infectious diseases during chronic inflammatory situations;
however, there are reports warning about the risk of late-onset pneumocystis pneumonia after solid
organ transplantation, underscoring the importance of targeted prophylactic therapies in such
conditions [177, 178].

In addition, rapamycin has been suggested to enhance the efficacy of various types of
vaccines. It has been established that rapamycin stimulates the production of memory CD8" T-
cells that have a pivotal role in the adaptive immune response against pathogens, which is faster
and stronger than a primary immune response [179]. Intriguingly, rapamycin was shown to
enhance the effect of memory CD8* T-cells induced by immunization with amastigote surface
protein-2 (ASP2) of Trypanosoma cruzi [180]. Likewise, stimulation of dendritic cells harboring
the Bacille Calmette Guerin (BCG) vaccine using rapamycin resulted in improved efficacy of
dendritic cell vaccines in inducing immunity against tuberculosis in mice [181]. Indeed,
rapamycin-mediated autophagy enhances the antigen presentation by dendritic cells and
subsequent activation of CD8" naive T-cells [182]. Accordingly, combining vaccination with
rapamycin may open up new possibilities for the emergence of novel vaccine design approaches
against infectious diseases.

This approach might also potentially help improve the effectiveness of cancer vaccinations.
Of note, a brief period of high-dose rapamycin administration was shown to inhibit the activity of
mTOR in CD8" T-cells following viral vaccination, promoting the persistence of CD8" T-cells and
enhancing their ability to recall antigen responses rather than promoting their maturation into type

1 effector cells. However, extended administration of high-dose rapamycin suppresses memory
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responses [183]. In a similar vein, short-term exposure to mTOR inhibitors in dendritic cells while
they are responding to toll-like receptor (TLR) agonists was shown to enhance their ability to
activate naive CD8" T-cells, thereby enhancing the control of B16 melanoma in a therapeutic
autologous vaccination mice model and extended lifespan [184]. It is critical to consider short-
term inhibition of mMTORCL1 to enhance cancer vaccine therapy since long-term rapamycin may
lead to the development of autoimmunity due to the reliance of effector regulatory T-cell on
mTORC1 signaling [185]. Short-term rapamycin's effect on cancer vaccination, however, is also
debatable. A report has shown that short-term and long-term rapamycin can eliminate CD8" T-cell
recruitment to the tumor site and inhibit the antitumor immune response when combined with the
human papillomavirus E7 peptide vaccine in a mouse model of cervical cancer [186]. This is
probably attributed to the cell- and context-dependent nature of mTOR signaling. Further,
regulatory T-cell expansion has the potential to suppress effector T-cells and promote immune
suppressive environments, which might confer protection against different types of cancers [186].
Therefore, it is critical not only to thoroughly investigate the effect of mTOR inhibitors on
antitumor immunity in both animal and human subjects but also to identify the optimal mMTORC1
activity level for memory formation without jeopardizing effector T-cell function or expanding
regulatory T-cells [187].
3.5. The impact of rapamycin on stem cells

Defective tissue regeneration is partly a consequence of the decline in adult stem cell activity. In
this regard, stem cell dysfunction may participate in developing age-related diseases in mammals.
There is mounting data that mTORCL1 is a critical player in this process and that blocking the
MTORCL1 pathway can protect and even restore stem-cell activity in different organs [188, 189].

For example, upregulated mTORCL1 signaling is associated with faulty multiplication and
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differentiation of muscle-derived stem cells, obtained from mice deficient in zinc
metalloproteinase STEZ2, in culture and during tissue regeneration. These mice exhibit early age-
related-like musculoskeletal pathologies. Intriguingly, rapamycin repression of mTORC1
increased myogenic and chondrogenic differentiation while decreasing apoptosis and senescence
of these stem cells [190]. Bone marrow-derived mesenchymal stem cells were the subject of
another recent study in Klotho-deficient mice, a murine model of human aging with multiple bone
defects. The results revealed that the stem cells have hyperactive proliferation but diminished
functionality owing to enhanced mTORC1 signaling. Intraperitoneal rapamycin administration
restored stem cell quiescence, improved bone phenotype, and prolonged the longevity of model
mice [189]. Rapamycin has also been demonstrated to reestablish the proangiogenic function of
senescent mesenchymal stem cells, which is important in the management of ischemia conditions.
Cao et al. revealed that rapamycin inverted the senescent phenotype and considerably improved
the proangiogenic function of human umbilical cord mesenchymal stem cells in vitro. Further,
intramuscular administration of rapamycin-primed senescent stem cells into the ischemic limb
dramatically improved neovascularization and ischemic limb salvage in a murine model of
hindlimb ischemia [191].

Evidence shows that autophagy activation may be among the mechanisms by which
rapamycin improves the viability and differentiation of stem cells. Autophagy modulation is an
intriguing strategy that may change mesenchymal stem cells' characteristics and affect their
regenerative therapeutic effects. Further, it was postulated that the capacity of mesenchymal stem
cells to influence the autophagy of cells in damaged tissues/organs plays a role in their regeneration
[192-194]. Specifically, mesenchymal stem cells can influence autophagy in immune cells that

contribute to injury-induced inflammation, regulating immune cell viability, multiplication, and
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activity and promoting the settlement of inflammation [195, 196]. Moreover, mesenchymal stem
cells can influence autophagy in native adult or progenitor cells, boosting their survival,
multiplication, and differentiation to assist in tissue repair and functional reconstitution [194, 197].
In light of these findings, rapamycin-mediated elevated autophagic activities and lysosome
production in rat bone marrow-derived stem cells rendered remarkable survival and resistance to
apoptosis under hypoxia and serum deprivation. Further, intracardial transplantation of rapamycin-
pretreated stem cells dramatically enhanced cardiomyogenesis and angiogenesis in the infarcted
myocardium due to augmented expression of growth factors (e.g., IGF-1 and VEGF), decreased
expression of inflammation mediators (e.g., IL-1B and TNF-a), and differentiation of stem cells
into cardiomyocytes or endothelial cells [198]. It has also been demonstrated that rapamycin
induces the proliferation of myeloid cells by provoking the expression of G-CSF in mesenchymal
stem cells. G-CSF is the primary driver of stem cell hematopoiesis, reinforcing their differentiation
into common myeloid or granulocyte/macrophage progenitor cells [199, 200]. Another recent
investigation by Xing et al. has demonstrated that baseline autophagy in bone marrow
mesenchymal stem cells declines gradually throughout osteogenic differentiation, and rapamycin
promotes their osteogenic differentiation by activating autophagy [201]. Furthermore, rapamycin-
triggered autophagy has been shown to enhance Nrf2/Keapl signaling in cartilage endplate stem
cells, enabling the expression of antioxidant proteins, thereby eradicating ROS, ameliorating cell
senescence, lowering osteogenic differentiation of stem cells, and eventually rescuing cartilage
endplate from chronic inflammation-mediated degeneration [9]. The mentioned data underlies
rapamycin-mediated stem cell revitalization and preserving the homeostasis of the adult stem cell

pool as a therapeutic approach for healthy aging.
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Table 1. The anti-aging mechanisms of rapamycin in several organs regarding preclinical findings.

Dose of

System Disorder Study model . Beneficial effects/mechanism of action Ref.
rapamycin
Improved parasitological control.
Trypanosoma Diminished heart inflammation and microstructural
cruzi-induced . 4 mg/kg/3 days insults.
acute Elderly mice (88 weeks) Enhanced the balance between Thl and Th2 effectors. [202]
myocarditis Induced Th1 cytokines and the iNOS pathway.
Inactivated the arginase pathway.
Enhanced diastolic function and myocardial stiffness.
Cardiac aging Aged mice 42 ppm Modified the cardiac proteome without metabolic [203]
(8 weeks) changes.
Altered mitochondrial respiratory chain activity.
Improved endothelium-dependent dilation in the
. carotid artery.
Cardiovascular Reduced aortic pulse-wave velocity and collagen
Age-related 2.24 mg/kg/day content.
vascular Old mice ' (6 weeks) Normalized NADPH oxidase expression. [204]
dysfunction Reduced age-related arterial senescence marker, p19.
Activated AMPK signaling.
Upregulated cell cycle-related proteins PTEN and
p27Kip.
Decreased atherosclerotic plaque burden.
5 ma/ka/da Decreased proliferating macrophage population.
Atherosclerosis | ApoE~ mice grkgraay Reduced key proinflammatory cytokines (MCP-1 and | [163]
(7 days) IL-b1).
Decreased MMP activity.
Affected aging-associated brain functions, including
brain development, neuronal apoptosis, and cell
. . . 2.24mg/kg/day adhesion.
Brain aging Aged mice (3 months) Reduced gene expression changes associated with [205]
aging.
Decreased aging-related DNA methylation alterations.
Ischemic brain 3 mg/kg/day Mitigated diabetes-enhanced ischemic brain damage.
q Diabetic rats Inhibited the mTOR pathway and reversed the | [206]
amage (3 days) . S ! .
imbalance in mitochondrial dynamics.
Ameliorated  synaptic  deficit and  cognitive
Zinc-treated 20 ng/ml (1h) impairments.
Alzheimer’s SH-SY5Y cells 1.5 mg/kg Repressed zinc-induced mTOR/p70S6K signaling. [207]
disease and rats (Three times Inverted zinc-mediated Nrf2/HO-1 inhibition.
Nervous for 1 week) Reduced tau phosphorylation.
Suppressed oxidative stress.
7.5 mg/kg . .
MPTP-treated - Ameliorated behavioral symptoms.
rat (twu;e di;:)y for Inhibited the d mTOR/4EBP1 pathway. [208]
Showed neuroprotective effects in vitro and in vivo.
Ameliorated behavioral symptoms.
Parkinson’s Diminished expression of the E3 ubiquitin ligase
disease MPTP-treated 100 nM (4h) Nedd4-2 and decreased colocalization of glutamate
astrocytes and 7.5 mg/kg (11 transporters with ubiquitin. [209]
mice days) Enhanced IL-6 expression via the mTOR/Akt/NF-xB

signaling.
Decreased expression of inflammatory cytokines, e.g.,
TNF-a and IFN-y.
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Gastrointestinal

Intestinal aging

Old drosophila

200pM

Extended lifespan.

Slowed the proliferation rate of intestinal stem cells in
the aging guts.

Provoked autophagy in the intestinal epithelium.
Affected FOXO-related genes and upregulate the
negative regulators of the IMD/Rel pathway, delaying
the microbial expansion in the aging guts.

[210]

Periodontal
disorder

Aged mice

42 ppm
(8 weeks)

Rejuvenated the aged oral cavity of the elderly mic.
Attenuated RANKL expression and TRAP™* cells in
periodontal bone.

Attenuated enhanced NF-kB expression and
inflammatory cytokine profiles in the periodontium.
Shifted aged oral microbiome towards young oral
microbiome.

[211]

Hepatic

Hepatic aging

Middle-aged
mice

14 ppm
(7 weeks)

Reduced age-related hepatic insults and extended
longevity.

Attenuated oxidative stress and induced autophagy.
Reduced mtDNA fragments inside nuclear DNA.
Lowered mitochondrial protein lipoxidation.
Decreased lipofuscin accumulation.

[142]

Fatty liver
disease

HepG2 NAFLD
model

25 ng/ml

Reduced intracellular concentration of triacylglycerol.
Hindered mTORC1 and provoked autophagy, as
evidenced by downregulated P62 and increased LC3-
11/1 ratio.

[212]

Respiratory

COPD

Transgenic mice
model

2.5 mg/kg
(twice a week
for 3 months)

Inhibited lung cell senescence as well as the
development of lung emphysema and pulmonary
hypertension.

Inhibited mTOR, suppressed inflammation, and
normalized cytokine levels (IL-6, IL-8, and CCL2).

[213]

Patient-derived
PBMCs

20 nM

Increased therapeutic response to corticosteroids.
Repressed mTORC1/S6K activity.

Showed anti-inflammatory effect against CXCLS8
release by TNF-a.

[214]

Renal

Renal aging

Type-2 diabetes
murine model

14 ppm
(16 weeks)

Inhibited mTOR and ameliorated diabetic nephropathy.
Improved kidney function.
Reduced albumin/creatinine ratio.

[215]

Homocysteine-
induced MPC-5
podocyte cell
senescence

1 ng/pl

Inhibited the emergence of the senescent phenotype.
Repressed mTOR and provoked autophagy.

Reversed the upregulation of aging-related proteins
(e.g., p16, p21, and p53)

[216]

Reproductive

Ovarian aging

Mice oocytes

10 nM

Ameliorated the developmental
quality of oocytes.

Reduced ROS levels.

Inhibited mTOR and improved DNA repair response.
Diminished chromosome aberration and reduced vy-
H2AX levels.

competence and

[217]

Testicular
dysfunction

Spontaneously
hypertensive
rats

1 mg/kg
(3 weeks)

Restored the testicle size and histological alterations
and prevented apoptosis.

Limited mitochondrial superoxide production.
Depleted mitochondrial membrane potential via
induction of Nrf2-mediated Gpx4 and SOD2
expression.

[218]

Skeletal muscle

Muscle aging

Aged rats

14 mg/kg
(14 weeks)

Improved muscle mass, strength, and function.
Affected the expression of age-associated genes in
muscle.

[219]
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Zmpste247~ . - .
mcndarved | d0ma | ol mogec o chonrogne frntaon | o

MDSPCs '

14 ppm - Reduces muscle fiber loss.
(from ~270 - Reduced STAT3 and S6 protein phosphorylation.
Old mice days to ~900- | - Decreased GDFs expression. [220]
1,099 days of | - Relieved oxidative stress and protein oxidation.
age) - Downregulated cleaved caspase-3 levels and apoptosis.

Abbreviations: Th; T helper, iNOS; inducible nitric oxide synthase, NADPH; nicotinamide adenine dinucleotide phosphate,
AMPK; AMP-activated protein kinase, PTEN; phosphatase and tensin homolog, MCP-1; monocyte chemoattractant protein-1, IL;
interleukin, MMP; matrix metalloproteinase, mTOR; mammalian target of rapamycin, p70S6K; 70-kDa ribosomal protein S6
kinase, Nrf2; nuclear factor erythroid 2-related factor 2, HO-1; heme oxygenase-1, 4EBP1; eukaryotic translation initiation factor
4E-binding protein 1, Nedd4; neural precursor cell-expressed developmentally downregulated gene 4, MPTP; 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine, NF-xB; nuclear factor kappa B, TNF-a,; tumor necrosis factor a, |IFN-y, interferon gamma, FOXO;
forkhead box O, IMD/Rel; immune deficiency/relish, RANKL; receptor activator of nuclear factor kappa-B ligand, TRAP; tartrate
resistant acid phosphatase, NAFLD; nonalcoholic fatty liver disease, mtDNA; mitochondrial DNA, LC3; light chain 3, COPD;
chronic obstructive pulmonary disease, CCL2; chemokine ligand 2, PBMCs; peripheral blood mononuclear cells, S6K; S6 kinase,
CXCL8; C-X-C motif chemokine ligand 8, ROS; reactive oxygen species, Gpx4; glutathione peroxidase 4, SOD2; superoxide
dismutase 2, STAT3; signal transducer and activator of transcription 3, GDFs; growth differentiation factors.

4. Major challenges facing the engagement of rapamycin in anti-aging therapies

The emergence of diverse and serious adverse effects precluded the clinical utilization of
rapamycin as a longevity drug. Even though rapamycin does not directly impact mTORC2,
prolonged therapy may sequestrate mTOR from mTORC?2, thereby impeding mTORC2 assembly,
which is believed to be a contributing factor to the metabolic issues with rapamycin therapy, such
as abnormal lipid profiles, glucose intolerance, and insulin resistance [13]. Despite the extensive
research conducted on the advantageous impacts of rapamycin in age-associated ailments and
geroprotection, limited studies have been done to determine the optimal dose and duration of
administration and prevent the negative adverse effects of rapamycin. There has been a suggestion
that intermittent administration could serve as a prospective approach to mitigate certain adverse
effects associated with rapamycin. Administrating rapamycin at a dosage of 2 mg/kg on a single
occasion every five days was the most commonly employed therapeutic regimen that did not
adversely affect glucose homeostasis in mice. Additionally, this particular dosing schedule
exhibited a diminished effect on the immune system while still effectively suppressing mTORCL1
in numerous tissues and increasing lifespan [221]. Moreover, several reports demonstrated the
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beneficial impacts of rapamycin on longevity following short-term administration at different
periods of life. An investigation by Bitto et al. proposed that administering rapamycin for a brief
period during the later stages of life can yield long-lasting outcomes that effectively postpone the
aging process, impact the incidence of cancer, and regulate the microbiome. Three-month
rapamycin (8 mg/kg) administration caused a significant increase in the lifespan of middle-aged
mice by up to 60% and an enhancement in health span indicators [222]. There is, however,
mounting evidence that rapamycin administered during development or early adulthood results in
durable impacts on longevity. A recent study has uncovered interesting findings indicating that the
geroprotective benefits of prolonged rapamycin treatment can be acquired through a short-term
administration of the drug during the early stages of adulthood in female Drosophila and mice.
The administration of rapamycin to adult Drosophila, either briefly or throughout their lifespan,
was found to extend their longevity and mitigate age-associated deterioration in the intestine to a
comparable extent. The enduring recollection of prior therapy was mediated by heightened
autophagy in enterocytes of the intestinal tract. Indeed, a transient upregulation of autophagy
during early adulthood resulted in a sustained enhancement of autophagic activity. The early
administration of rapamycin to mice for a duration of 3 months likewise produced a memory effect
and gastrointestinal geroprotection, even 6 months after rapamycin withdrawal [10]. Another
recent investigation by Shindyapina et al. revealed that administering rapamycin (42 ppm) to
genetically diverse UMHET3 mice during the initial 45 days of their life resulted in slower growth
and delayed reproductive age whilst not affecting offspring numbers. Such a treatment protocol
increased the median lifespan of the mice while also contributing to preserving their health as
determined by assessments of frailty index scores, gait speed, and glucose and insulin tolerance

tests [223]. The abovementioned data renders novel insights into the importance of the treatment
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protocol in achieving optimum pro-longevity impacts with minimum adverse effects. However,
further preclinical investigations, as well as clinical trials, are mandated to provide satisfactory
data for approving rapamycin as a suitable anti-aging drug in humans.

An additional obstacle in the integration of rapamycin into anti-aging interventions pertains
to the unclear differences in its impact on different genders. Numerous investigations demonstrate
the sex-specific variations in the pro-longevity impact of rapamycin. For example, the sexual
identity of enterocytes has been shown to control autophagy and determine the impact of
rapamycin on intestinal health and lifespan; accordingly, rapamycin was shown to prolong the
longevity of female Drosophila but not males. Evaluation in mice also revealed the sex differences
in autophagy and response to rapamycin (42 mg/kg, 6 months) in the intestine, brown adipose, and
muscle tissue. Accordingly, sex is a significant determinant in regulating metabolic processes by
MTOR and the effectiveness of mTOR-targeted pharmacological interventions for anti-aging
purposes [224]. There are several explanations for such sex-specific differences. It has been
hypothesized that Rictor, a crucial constituent of MTORC?2, has a vital contribution to the viability
of male mice; however, the absence of Rictor does not seem to affect the lifespan of female mice.
Therefore, suppressing mTORC2 signaling via rapamycin and its adverse impact on males could
potentially account for the sexually dimorphic advantage [225]. Further, there is a natural elevation
in mTORCL1 signaling in several organs of juvenile female mice in comparison to male mice of
the same age; hence, females may experience more benefits from the administration of rapamycin
[226]. Moreover, it has been proposed that the fitness cost of prolonging lifespan is sexual-specific,
and the relatively smaller sex likely incurs a lower cost while experiencing a comparatively greater
lifespan extension. Given that males have larger body sizes than females across many mammalian

species, interventions targeting the mTOR signaling pathway may have a more significant positive
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impact on females than males [227]. In contrast to the previously mentioned data, an investigation
by Strong and colleagues revealed that administrating three-month rapamycin (42 ppm) through
diet had a greater prolongevity effect on middle-aged male mice compared to female mice [228].
Further, short-term rapamycin treatment (42 ppm) during the developmental phase of UMHET3
mice growth had a greater effect on the lifespan of males compared to females [223]. In summary,
the existing data are insufficient in providing an in-depth definition of the gender-specific effects
of rapamycin, necessitating further investigation. Incorporating findings on the rapamycin
treatment protocol (dose and duration) and sex-specific effects into comprehensive studies will

help move faster toward the clinic.

5. Rapamycin in clinical trials: optimal doses and safety concerns

Given the multifaceted involvement of mTOR in various vital biological processes, e.g.,
nucleotide, protein, and lipid synthesis, legitimate concerns arise regarding the prudent utilization
of rapamycin within anti-aging programs. Oral mucositis, gastrointestinal illnesses, metabolic
disorders, arthralgia, thrombocytopenia, anemia, renal toxicity, rash/eczema, and delayed wound
healing have been associated with rapamycin administration as an immunosuppressor in organ
transplantation [229]. However, these adverse effects may be prevented or alleviated by
incorporating proper doses and courses of rapamycin administration [230]. Ten years of extensive
research on the use of rapamycin in cardiac transplant recipients has indicated that there is an
association between rapamycin blood levels and unfavorable events, implying that maintaining
rapamycin concentrations within the lower range of its therapeutic window may enhance
tolerability; however, it is important to consider that any improvement in tolerability must be

weighed against the potential for reduced efficacy [231].
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Taking the safety data from rapamycin clinical trials in healthy or diseased subjects into
account would greatly aid in assessing potential adverse effects, both in terms of their nature and
severity, regarding the rapamycin dose and course of treatment. Notably, prolonged periods of
rapamycin administration at higher doses have been associated with greater adverse effects in
various clinical trials. For instance, 12-month rapamycin therapy (2 mg/day) in individuals with
lymphangioleiomyomatosis was associated with significant adverse effects, including mucositis,
diarrhea, nausea, hypercholesterolemia, acneiform rash, and swelling in the lower extremities
[232]. Another clinical trial in patients with TSC demonstrated oral aphthous ulcers,
hypertriglyceridemia, as well as microcytosis and hypochromia as frequently observed adverse
events following one-year rapamycin (1 mg/day) treatment [233]. In addition, prolonged
administration of rapamycin (1 mg/kg) was attributed to the emergence of respiratory tract
infections and stomatitis in TSC patients [234]. Long-term rapamycin therapy (1.6 mg/m?/day) in
patients with complicated vascular anomalies also caused blood/bone marrow toxicity in 27% of
patients, as well as gastrointestinal and metabolic toxicity in 3% [235]. However, administrating
the mentioned dose even for two weeks was likewise reported to cause mouth sores in these
patients [236]. Interestingly, considering a modest dosage (0.5 mg/day) of rapamycin for a 24-
week therapy in individuals with active rheumatoid arthritis was proven to be well tolerated and
exhibited no evaluable side effects [237]. Accordingly, most adverse events of rapamycin are
likely dose- and time-dependent; thereby, it is essential to carefully monitor therapeutic effects,
lower the rapamycin trough concentrations as much as possible, and determine a rational course
of treatment [238]. It is also important to consider that certain risk factors may contribute to the
occurrence of adverse effects associated with rapamycin. Therefore, it is advisable to avoid or

delay rapamycin administration in patients at high risk while also addressing any modifiable risk
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factors. This approach should be taken as the initial step in mitigating the undesired effects of
rapamycin [238].

Strikingly, multiple clinical trials are currently assessing the safety and effectiveness of
rapamycin in diminishing clinical aging indicators, as well as biochemical and physiological
endpoints linked to deteriorating health and aging in healthy or diseased adults/older adults of both
genders (Table 2). Consistent with the abovementioned data, these trials used low doses of
rapamycin (< 1 mg/day) for long-term and higher doses of rapamycin (up to 2 mg/day) for short-
term treatments. A phase Il randomized controlled trial was executed by Kraig et al. to establish
the feasibility and safety of 8-week rapamycin therapy (1 mg/kg) in an older human cohort. The
participants were administered 1 mg of rapamycin over eight weeks. Five of the 11 subjects who
completed the trial reported experiencing facial rash, stomatitis, and gastrointestinal issues. Blood
indicators, e.g., hemoglobin, hematocrit, and red blood cell count, were decreased considerably;
however, none of these alterations displayed clinically relevant consequences during the short-
term rapamycin administration. Furthermore, no significant cognitive, immune, insulin-related,
physical performance, or self-perceived health alterations were observed in healthy older
individuals, confirming the safety of short-term rapamycin usage [239]. In terms of efficacy,
administrating a low dose of rapamycin (0.5 mg/day) for 12 weeks in a phase | clinical trial was
observed to reduce SASP generation in elderly patients undergoing cardiac rehabilitation but failed
to alleviate frailty [240]. Further, a phase Il clinical trial is going to evaluate the impact of short-
term rapamycin (1 mg/kg) treatment on the cardiac function of healthy older adults
(NCTO04742777). Another phase Il clinical trial is also underway to investigate the short-term
impact of 2 mg/day rapamycin on the number of aged mammary stem/progenitor cells as well as

malignant markers in adults and older adults with breast cancer (NCT02642094). In addition, a
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few clinical investigations are assessing the long-term safety and efficacy of low-dose rapamycin

(e.g., 0.5 mg/day or 5mg/week) in fighting aging phenomena (NCT05237687 and NCT04488601).

The result of these trials will pave the way to give more accurate insights into the therapeutic

usefulness of rapamycin as a prolongevity medicine

Table 2. Clinical trials assessing the anti-aging impacts of rapamycin in adults and older adults.

Rapamycin dose Phase Subjects Assessment Year Status Trial number
0.5 mg/day, 1 year I Adults and older Functional b_lomarkers of 2023 Not_y_et NCTO05237687
adult aging recruiting
5 mg/week, 1 year 1 Adults and older Long-term safety and efficacy | 2022 Actlvg,_not NCT04488601
adult recruiting
1 mg/day, 8 weeks 1 Older adults Cardiac function 2022 Recruiting NCT04742777
Adults and older | Malignant markers and aged Active. not
2 mg/day for 5-7 days 1 adults with mammary stem/progenitor cell | 2022 rECIUi t’in NCT02642094
breast cancer number 9
Topical (8%, daily) | Olderadults | EPigenetic and inflammatory | ), | Active, not |\ 1608448
markers in the skin recruiting
1 mg/day, 8 weeks I Older adults Immune, cognitive, and 2018 | Completed | NCT02874924
physical function
Adults and older
0.5, 1, or 2 mg/day, 12 | adults with Safety, fea5|b|I_|ty, SASP, and 2016 Completed NCT01649960
weeks coronary artery frailty
disease

Abbreviations: SASP; senescence-associated secretory phenotype.

Conclusions

Pursuing an approach to prolong the human lifespan has been a long and challenging endeavor

[241-244]. Despite the lack of certainty, there is hope that the mTOR inhibitor rapamycin might

achieve this objective. The rapid and intriguing advancements in this field suggest that the future

of rapamycin anti-aging therapy holds a promise [245]. A substantial amount of preclinical

research supports the potential pro-longevity effects of rapamycin in diverse species, which is

mediated through mTORCL1 inhibition (Fig. 3). In this light, several clinical trials are underway,

translating these effects. The findings of these clinical assessments, along with further preclinical

studies, will aid in addressing issues related to the adverse effects and gender-specific impacts, as
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well as identifying appropriate doses and therapeutic regimens. Hopefully, this will finally

facilitate the clinical application and repositioning of rapamycin as an anti-aging medication.

Figure 3. Rapamycin’s major actions in promoting healthy aging.

Protein
synthesis

hesis pace, fidelity, and

Mitochondrial
function

-
L
-
L I
IR

guality and mitochondrial

munosenescence and
Inflammaging

 cells and preserves the
 adult stem cell pool

i flux and facilitates the

Autophagy proteins and organelles

39



ACKNOWLEDGMENT:
Funding: None

Conflict of interest: Not declared

REFERENCES:

1. Partridge L, Deelen J, Slagboom PE. Facing up to the global challenges of ageing. Nature.
2018;561(7721):45-56.

2. Fang EF, Scheibye-Knudsen M, Jahn HJ, Li J, Ling L, Guo H, et al. A research agenda for aging in
China in the 21st century. Ageing research reviews. 2015;24:197-205.

3. Moskalev A, Guvatova Z, Lopes IDA, Beckett CW, Kennedy BK, De Magalhaes JP, et al. Targeting
aging mechanisms: pharmacological perspectives. Trends in Endocrinology & Metabolism. 2022.

4. Papadopoli D, Boulay K, Kazak L, Pollak M, Mallette FA, Topisirovic I, et al. mTOR as a central
regulator of lifespan and aging. F1000Research. 2019;8.

5. Weichhart T. mTOR as regulator of lifespan, aging, and cellular senescence: a mini-review.
Gerontology. 2018;64(2):127-34.

6. Johnson SC, Rabinovitch PS, Kaeberlein M. mTOR is a key modulator of ageing and age-related
disease. Nature. 2013;493(7432):338-45.

7. Blagosklonny MV. Rapamycin for longevity: opinion article. Aging (Albany NY). 2019;11(19):8048.
8. Wang D, Eisen HJ. Mechanistic target of rapamycin (mTOR) inhibitors. Pharmacology of
Immunosuppression: Springer; 2022. p. 53-72.

9. Zuo R, Wang 'Y, LiJ, Wu J, Wang W, Li B, et al. Rapamycin induced autophagy inhibits inflammation-

mediated endplate degeneration by enhancing Nrf2/Keapl signaling of cartilage endplate stem cells. Stem Cells.
2019;37(6):828-40.

10. Juricic P, Lu Y-X, Leech T, Drews LF, Paulitz J, Lu J, et al. Long-lasting geroprotection from brief
rapamycin treatment in early adulthood by persistently increased intestinal autophagy. Nature Aging.
2022;2(9):824-36.

11. Amorim JA, Coppotelli G, Rolo AP, Palmeira CM, Ross JM, Sinclair DA. Mitochondrial and metabolic
dysfunction in ageing and age-related diseases. Nature Reviews Endocrinology. 2022;18(4):243-58.

12. Sorrenti V, Benedetti F, Buriani A, Fortinguerra S, Caudullo G, Davinelli S, et al. Immunomodulatory
and Antiaging Mechanisms of Resveratrol, Rapamycin, and Metformin: Focus on mTOR and AMPK Signaling
Networks. Pharmaceuticals. 2022;15(8):912.

13. Lamming DW, Ye L, Katajisto P, Goncalves MD, Saitoh M, Stevens DM, et al. Rapamycin-induced
insulin resistance is mediated by mTORC?2 loss and uncoupled from longevity. science. 2012;335(6076):1638-
43.

14. Kim J, Guan K-L. mTOR as a central hub of nutrient signalling and cell growth. Nature cell biology.
2019;21(1):63-71.

15. Zoncu R, Efeyan A, Sabatini DM. mTOR: from growth signal integration to cancer, diabetes and ageing.
Nature reviews Molecular cell biology. 2011;12(1):21-35.

16. Jhanwar-Uniyal M, Wainwright JV, Mohan AL, Tobias ME, Murali R, Gandhi CD, et al. Diverse
signaling mechanisms of mTOR complexes: mTORC1 and mTORC?2 in forming a formidable relationship.
Advances in biological regulation. 2019;72:51-62.

17. Dibble CC, Manning BD. Signal integration by mTORC1 coordinates nutrient input with biosynthetic
output. Nature cell biology. 2013;15(6):555-64.

40



18. Groenewoud MJ, Zwartkruis FJ. Rheb and Rags come together at the lysosome to activate mTORCL.
Biochemical Society Transactions. 2013;41(4):951-5.

19. Shen K, Huang RK, Brignole EJ, Condon KJ, Valenstein ML, Chantranupong L, et al. Architecture of
the human GATORL1 and GATOR1-Rag GTPases complexes. Nature. 2018;556(7699):64-9.

20. Chantranupong L, Wolfson RL, Orozco JM, Saxton RA, Scaria SM, Bar-Peled L, et al. The Sestrins
interact with GATOR?2 to negatively regulate the amino-acid-sensing pathway upstream of mMTORCL. Cell
reports. 2014;9(1):1-8.

21. Wolfson RL, Chantranupong L, Saxton RA, Shen K, Scaria SM, Cantor JR, et al. Sestrin2 is a leucine
sensor for the mTORC1 pathway. Science. 2016;351(6268):43-8.

22, Saxton RA, Chantranupong L, Knockenhauer KE, Schwartz TU, Sabatini DM. Mechanism of arginine
sensing by CASTORL1 upstream of mTORC1. Nature. 2016;536(7615):229-33.

23. Wang S, Tsun Z-Y, Wolfson RL, Shen K, Wyant GA, Plovanich ME, et al. Lysosomal amino acid
transporter SLC38A9 signals arginine sufficiency to mTORCL. Science. 2015;347(6218):188-94.

24, Tsun Z-Y, Bar-Peled L, Chantranupong L, Zoncu R, Wang T, Kim C, et al. The folliculin tumor
suppressor is a GAP for the RagC/D GTPases that signal amino acid levels to mTORC1. Molecular cell.
2013;52(4):495-505.

25. Dibble CC, Cantley LC. Regulation of mTORC1 by PI3K signaling. Trends in cell biology.
2015;25(9):545-55.

26. Easton JB, Kurmasheva RT, Houghton PJ. IRS-1: auditing the effectiveness of mTOR inhibitors.
Cancer cell. 2006;9(3):153-5.

27. Inoki K, Ouyang H, Zhu T, Lindvall C, Wang Y, Zhang X, et al. TSC2 integrates Wnt and energy
signals via a coordinated phosphorylation by AMPK and GSK3 to regulate cell growth. Cell. 2006;126(5):955-
68.

28. Ma L, Chen Z, Erdjument-Bromage H, Tempst P, Pandolfi PP. Phosphorylation and functional
inactivation of TSC2 by Erk: implications for tuberous sclerosisand cancer pathogenesis. Cell. 2005;121(2):179-
93.

29. Liu Y, Cao G-F, Xue J, Wan J, Wan Y, Jiang Q, et al. Tumor necrosis factor-alpha (TNF-o))-mediated
in vitro human retinal pigment epithelial (RPE) cell migration mainly requires Akt/mTOR complex 1
(mTORC1), but not mTOR complex 2 (MTORC?2) signaling. European journal of cell biology. 2012;91(9):728-
37.

30. Jastrzebski K, Hannan KM, Tchoubrieva EB, Hannan RD, Pearson RB. Coordinate regulation of
ribosome biogenesis and function by the ribosomal protein S6 kinase, a key mediator of mTOR function. Growth
factors. 2007;25(4):209-26.

31. Haar EV, Lee S-i, Bandhakavi S, Griffin TJ, Kim D-H. Insulin signalling to mTOR mediated by the
AKkt/PKB substrate PRAS40. Nature cell biology. 2007;9(3):316-23.

32. Van Nostrand JL, Hellberg K, Luo E-C, Van Nostrand EL, Dayn A, Yu J, et al. AMPK regulation of
Raptor and TSC2 mediate metformin effects on transcriptional control of anabolism and inflammation. Genes
& development. 2020;34(19-20):1330-44.

33. Shang C, Zhou H, Liu W, Shen T, Luo Y, Huang S. Iron chelation inhibits mMTORCL1 signaling involving
activation of AMPK and REDD1/Bnip3 pathways. Oncogene. 2020;39(29):5201-13.

34. Ma Y, Vassetzky Y, Dokudovskaya S. mTORC1 pathway in DNA damage response. Biochimica et
Biophysica Acta (BBA)-Molecular Cell Research. 2018;1865(9):1293-311.

35. Ding B, Parmigiani A, Divakaruni AS, Archer K, Murphy AN, Budanov AV. Sestrin2 is induced by
glucose starvation via the unfolded protein response and protects cells from non-canonical necroptotic cell death.
Scientific reports. 2016;6(1):1-14.

36. Yang M, Lu Y, Piao W, Jin H. The translational regulation in mTOR pathway. Biomolecules.
2022;12(6):802.

37. Dorrello NV, Peschiaroli A, Guardavaccaro D, Colburn NH, Sherman NE, Pagano M. S6K1-and
BTRCP-mediated degradation of PDCD4 promotes protein translation and cell growth. Science.
2006;314(5798):467-71.

38. Ma XM, Yoon S-O, Richardson CJ, Jilich K, Blenis J. SKAR links pre-mRNA splicing to
MTOR/S6K1-mediated enhanced translation efficiency of spliced mRNAs. Cell. 2008;133(2):303-13.

41



39. Jiao L, Liu Y, Yu X-Y, Pan X, Zhang Y, Tu J, et al. Ribosome biogenesis in disease: new players and
therapeutic targets. Signal Transduction and Targeted Therapy. 2023;8(1):15.

40. Mayer C, Grummt I. Ribosome biogenesis and cell growth: mTOR coordinates transcription by all three
classes of nuclear RNA polymerases. Oncogene. 2006;25(48):6384-91.

41. Lee G, Zheng Y, Cho S, Jang C, England C, Dempsey JM, et al. Post-transcriptional regulation of de
novo lipogenesis by mTORC1-S6K1-SRPK2 signaling. Cell. 2017;171(7):1545-58. e18.

42, Peterson TR, Sengupta SS, Harris TE, Carmack AE, Kang SA, Balderas E, et al. mTOR complex 1
regulates lipin 1 localization to control the SREBP pathway. Cell. 2011;146(3):408-20.

43. Guo Z, Cheng X, Feng X, Zhao K, Zhang M, Yao R, et al. The nTORC1/4EBP1/PPARY axis mediates
insulin-induced lipogenesis by regulating lipogenic gene expression in bovine mammary epithelial cells. Journal
of agricultural and food chemistry. 2019;67(21):6007-18.

44, Ben-Sahra |, Hoxhaj G, Ricoult SJ, Asara JM, Manning BD. mTORC1 induces purine synthesis through
control of the mitochondrial tetrahydrofolate cycle. Science. 2016;351(6274):728-33.

45, Robitaille AM, Christen S, Shimobayashi M, Cornu M, Fava LL, Moes S, et al. Quantitative
phosphoproteomics reveal mTORC1 activates de novo pyrimidine synthesis. Science. 2013;339(6125):1320-3.
46. Dodd KM, Yang J, Shen MH, Sampson JR, Tee AR. mTORC1 drives HIF-1a and VEGF-A signalling
via multiple mechanisms involving 4E-BP1, S6K1 and STAT3. Oncogene. 2015;34(17):2239-50.

47. Valvezan AJ, Manning BD. Molecular logic of mTORC1 signalling as a metabolic rheostat. Nature
metabolism. 2019;1(3):321-33.

48. de la Cruz Lopez KG, Toledo Guzman ME, Sanchez EO, Garcia Carrancd A. mTORCI as a regulator
of mitochondrial functions and a therapeutic target in cancer. Frontiers in oncology. 2019;9:1373.

49, Morita M, Gravel S-P, Chenard V, Sikstrom K, Zheng L, Alain T, et al. mTORCI controls
mitochondrial activity and biogenesis through 4E-BP-dependent translational regulation. Cell metabolism.
2013;18(5):698-711.

50. Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A, Miura Y, et al. Nutrient-dependent mTORC1
association with the ULK1-Atg13-FIP200 complex required for autophagy. Molecular biology of the cell.
2009;20(7):1981-91.

51. Kim Y-M, Jung CH, Seo M, Kim EK, Park J-M, Bae SS, et al. mTORC1 phosphorylates UVRAG to
negatively regulate autophagosome and endosome maturation. Molecular cell. 2015;57(2):207-18.

52. Nnah IC, Wang B, Saqcena C, Weber GF, Bonder EM, Bagley D, et al. TFEB-driven endocytosis
coordinates MTORC1 signaling and autophagy. Autophagy. 2019;15(1):151-64.

53. Martina JA, Diab HI, Brady OA, Puertollano R. TFEB and TFE 3 are novel components of the integrated
stress response. The EMBO journal. 2016;35(5):479-95.

54, Odle RI, Walker SA, Oxley D, Kidger AM, Balmanno K, Gilley R, et al. An mTORC1-to-CDK1 switch
maintains autophagy suppression during mitosis. Molecular cell. 2020;77(2):228-40. e7.

55. Liu P, Gan W, Chin YR, Ogura K, Guo J, Zhang J, et al. Ptdins (3, 4, 5) P3-Dependent Activation of
the mTORC2 Kinase ComplexPtdIns (3, 4, 5) P3 Activates mTORC2 by Binding the SIN1-PH Domain. Cancer
discovery. 2015;5(11):1194-2009.

56. Humphrey SJ, Yang G, Yang P, Fazakerley DJ, Stockli J, Yang JY, et al. Dynamic adipocyte
phosphoproteome reveals that Akt directly regulates mTORC2. Cell metabolism. 2013;17(6):1009-20.

57. Ebner M, Sinkovics B, Szczygiel M, Ribeiro DW, Yudushkin I. Localization of mMTORC2 activity inside
cells. Journal of Cell Biology. 2017;216(2):343-53.

58. Castel P, Dharmaiah S, Sale MJ, Messing S, Rizzuto G, Cuevas-Navarro A, et al. RAS interaction with
Sinl is dispensable for mTORC2 assembly and activity. Proceedings of the National Academy of Sciences.
2021;118(33):£2103261118.

59. Cahigas GM, Charest P. Determining the role of the Ras family GTPase Rapl in regulating mTORC2
activity and function in cell migration. The FASEB Journal. 2022;36.

60. Kovalski JR, Bhaduri A, Zehnder AM, Neela PH, Che Y, Wozniak GG, et al. The functional proximal
proteome of oncogenic Ras includes mTORC2. Molecular cell. 2019;73(4):830-44. e12.

61. Kazyken D, Magnuson B, Bodur C, Acosta-Jaquez HA, Zhang D, Tong X, et al. AMPK directly
activates mTORC2 to promote cell survival during acute energetic stress. Science signaling.
2019;12(585):eaav3249.

42



62. Yuan H-X, Guan K-L. The SIN1-PH domain connects mTORC2 to PI3K. Cancer discovery.
2015;5(11):1127-9.

63. Sarbassov DD, Ali SM, Kim D-H, Guertin DA, Latek RR, Erdjument-Bromage H, et al. Rictor, a novel
binding partner of mTOR, defines a rapamycin-insensitive and raptor-independent pathway that regulates the
cytoskeleton. Current biology. 2004;14(14):1296-302.

64. Larsson C. Protein kinase C and the regulation of the actin cytoskeleton. Cellular signalling.
2006;18(3):276-84.

65. Kim LC, Cook RS, Chen J. mTORC1 and mTORC2 in cancer and the tumor microenvironment.
Oncogene. 2017;36(16):2191-201.

66. Sarbassov DD, Guertin DA, Ali SM, Sabatini DM. Phosphorylation and regulation of Akt/PKB by the
rictor-mTOR complex. Science. 2005;307(5712):1098-101.

67. Hoxhaj G, Ben-Sahra I, Lockwood SE, Timson RC, Byles V, Henning GT, et al. Direct stimulation of
NADP+ synthesis through Akt-mediated phosphorylation of NAD kinase. Science. 2019;363(6431):1088-92.
68. Yadav RK, Chauhan AS, Zhuang L, Gan B, editors. FoxO transcription factors in cancer metabolism.
Seminars in cancer biology; 2018: Elsevier.

69. Maurer U, Preiss F, Brauns-Schubert P, Schlicher L, Charvet C. GSK-3—at the crossroads of cell death
and survival. Journal of cell science. 2014;127(7):1369-78.

70. Guertin DA, Stevens DM, Thoreen CC, Burds AA, Kalaany NY, Moffat J, et al. Ablation in mice of the
mTORC components raptor, rictor, or mLST8 reveals that mTORC?2 is required for signaling to Akt-FOXO and
PKCa, but not S6K1. Developmental cell. 2006;11(6):859-71.

71. Yu'Y, Yoon S-O, Poulogiannis G, Yang Q, Ma XM, Villén J, et al. Phosphoproteomic analysis identifies
Grb10 as an mTORC1 substrate that negatively regulates insulin signaling. Science. 2011;332(6035):1322-6.
72. Inoki K, Li Y, Zhu T, Wu J, Guan K-L. TSC2 is phosphorylated and inhibited by Akt and suppresses
mTOR signalling. Nature cell biology. 2002;4(9):648-57.

73. Liu GY, Sabatini DM. mTOR at the nexus of nutrition, growth, ageing and disease. Nature reviews
Molecular cell biology. 2020;21(4):183-203.

74. Li J, Kim SG, Blenis J. Rapamycin: one drug, many effects. Cell metabolism. 2014;19(3):373-9.

75. Klaips CL, Jayaraj GG, Hartl FU. Pathways of cellular proteostasis in aging and disease. Journal of Cell
Biology. 2018;217(1):51-63.

76. Labbadia J, Morimoto RI. The biology of proteostasis in aging and disease. Annual review of
biochemistry. 2015;84:435-64.

77. Conn CS, Qian S-B. Nutrient signaling in protein homeostasis: an increase in quantity at the expense of
quality. Science signaling. 2013;6(271):ra24-ra.

78. Kaeberlein M, Kennedy BK. Hot topics in aging research: protein translation and TOR signaling, 2010.
Aging cell. 2011;10(2):185-90.

79. Blackwell TK, Sewell AK, Wu Z, Han M. TOR signaling in Caenorhabditis elegans development,
metabolism, and aging. Genetics. 2019;213(2):329-60.

80. Wilson KA, Bar S, Kapahi P. Haste makes waste: The significance of translation fidelity for
development and longevity. Molecular cell. 2021;81(18):3675-6.

81. Martinez-Miguel VE, Lujan C, Espie T, Martinez-Martinez D, Moore S, Backes C, et al. Increased
fidelity of protein synthesis extends lifespan. Cell metabolism. 2021;33(11):2288-300. e12.

82. Xie J, de Souza Alves V, von der Haar T, O’Keefe L, Lenchine RV, Jensen KB, et al. Regulation of the
elongation phase of protein synthesis enhances translation accuracy and modulates lifespan. Current Biology.
2019;29(5):737-49. e5.

83. Yee Z, Lim SHY, Ng LF, Gruber J. Inhibition of mTOR decreases insoluble proteins burden by reducing
translation in C. elegans. Biogerontology. 2021;22:101-18.

84. Choo AY, Yoon S-0O, Kim SG, Roux PP, Blenis J. Rapamycin differentially inhibits S6Ks and 4E-BP1
to mediate cell-type-specific repression of mMRNA translation. Proceedings of the National Academy of Sciences.
2008;105(45):17414-9.

85. Ozkurede U, Kala R, Johnson C, Shen Z, Miller RA, Garcia GG. Cap-independent mRNA translation
is upregulated in long-lived endocrine mutant mice. Journal of molecular endocrinology. 2019;63(2):123.

86. Roux PP, Topisirovic I. Signaling pathways involved in the regulation of MRNA translation. Molecular
and cellular biology. 2018;38(12):e00070-18.

43



87. Lacerda R, Menezes J, Romao L. More than just scanning: the importance of cap-independent mRNA
translation initiation for cellular stress response and cancer. Cellular and Molecular Life Sciences. 2017;74:1659-
80.

88. Lence T, Soller M, Roignant J-Y. A fly view on the roles and mechanisms of the m6A mRNA
modification and its players. RNA biology. 2017;14(9):1232-40.

89. Shen Z, Hinson A, Miller RA, Garcia GG. Cap-independent translation: A shared mechanism for
lifespan extension by rapamycin, acarbose, and 17a-estradiol. Aging Cell. 2021;20(5):e13345.

90. Statzer C, Meng J, Venz R, Bland M, Robida-Stubbs S, Patel K, et al. ATF-4 and hydrogen sulfide
signalling mediate longevity in response to inhibition of translation or mTORC1. Nature Communications.
2022;13(1):967.

91. Mittal N, Guimaraes JC, Gross T, Schmidt A, Vina-Vilaseca A, Nedialkova DD, et al. The Gcn4
transcription factor reduces protein synthesis capacity and extends yeast lifespan. Nature communications.
2017;8(1):457.

92. Laberge R-M, Sun Y, Orjalo AV, Patil CK, Freund A, Zhou L, et al. MTOR regulates the pro-
tumorigenic senescence-associated secretory phenotype by promoting IL1A translation. Nature cell biology.
2015;17(8):1049-61.

93. Herranz N, Gallage S, Mellone M, Wuestefeld T, Klotz S, Hanley CJ, et al. mTOR regulates
MAPKAPK2 translation to control the senescence-associated secretory phenotype. Nature cell biology.
2015;17(9):1205-17.

94. Canino C, Mori F, Cambria A, Diamantini A, Germoni S, Alessandrini G, et al. SASP mediates
chemoresistance and tumor-initiating-activity of mesothelioma cells. Oncogene. 2012;31(26):3148-63.

95. Sun L, YanY, Lv H, Li J, Wang Z, Wang K, et al. Rapamycin targets STAT3 and impacts c-Myc to
suppress tumor growth. Cell Chemical Biology. 2022;29(3):373-85. €6.

96. Aman Y, Schmauck-Medina T, Hansen M, Morimoto RI, Simon AK, Bjedov I, et al. Autophagy in
healthy aging and disease. Nature Aging. 2021;1(8):634-50.

97. Schiattarella GG, Hill JA. Therapeutic targeting of autophagy in cardiovascular disease. Journal of
molecular and cellular cardiology. 2016;95:86-93.

98. Hansen M, Rubinsztein DC, Walker DW. Autophagy as a promoter of longevity: insights from model
organisms. Nature reviews Molecular cell biology. 2018;19(9):579-93.

99. Wong SQ, Kumar AV, Mills J, Lapierre LR. Autophagy in aging and longevity. Human genetics.
2020;139:277-90.

100.  Kaushik S, Tasset I, Arias E, Pampliega O, Wong E, Martinez-Vicente M, et al. Autophagy and the
hallmarks of aging. Ageing research reviews. 2021;72:101468.

101.  Hansen M, Chandra A, Mitic LL, Onken B, Driscoll M, Kenyon C. A role for autophagy in the extension
of lifespan by dietary restriction in C. elegans. PL0S genetics. 2008;4(2):e24.

102.  Alvers AL, Wood MS, Hu D, Kaywell AC, Dunn J, William A, Aris JP. Autophagy is required for
extension of yeast chronological life span by rapamycin. Autophagy. 2009;5(6):847-9.

103.  Garcia-Prat L, Martinez-Vicente M, Perdiguero E, Ortet L, Rodriguez-Ubreva J, Rebollo E, et al.
Autophagy maintains stemness by preventing senescence. Nature. 2016;529(7584):37-42.

104.  Li W-w, Wang H-j, Tan Y-z, Wang Y-I, Yu S-n, Li Z-h. Reducing lipofuscin accumulation and
cardiomyocytic senescence of aging heart by enhancing autophagy. Experimental Cell Research.
2021;403(1):112585.

105. Gao G, Chen W, Yan M, Liu J, Luo H, Wang C, et al. Rapamycin regulates the balance between
cardiomyocyte apoptosis and autophagy in chronic heart failure by inhibiting mTOR signaling. International
Journal of Molecular Medicine. 2020;45(1):195-209.

106.  Zhang C, Liu A, Su G, Chen Y. Effect of rapamycin on the level of autophagy in rats with early heart
failure. Journal of Cellular Biochemistry. 2019;120(3):4065-70.

107.  Pulakat L, Chen HH. Pro-senescence and anti-senescence mechanisms of cardiovascular aging: cardiac
MicroRNA regulation of longevity drug-induced autophagy. Frontiers in pharmacology. 2020;11:774.

108.  Munasinghe PE, Riu F, Dixit P, Edamatsu M, Saxena P, Hamer NS, et al. Type-2 diabetes increases
autophagy in the human heart through promotion of Beclin-1 mediated pathway. International journal of
cardiology. 2016;202:13-20.

44



109.  Young AR, Narita M, Ferreira M, Kirschner K, Sadaie M, Darot JF, et al. Autophagy mediates the
mitotic senescence transition. Genes & development. 2009;23(7):798-803.

110.  Liu C-Y, Zhang Y-H, Li R-B, Zhou L-Y, An T, Zhang R-C, et al. LhcRNA CAIF inhibits autophagy
and attenuates myocardial infarction by blocking p53-mediated myocardin transcription. Nature
communications. 2018;9(1):29.

111.  LiJ, Zhang D, Wiersma M, Brundel BJ. Role of autophagy in proteostasis: friend and foe in cardiac
diseases. Cells. 2018;7(12):279.

112.  Shi B, Ma M, Zheng Y, Pan Y, Lin X. mTOR and Beclinl: Two key autophagy-related molecules and
their roles in myocardial ischemia/reperfusion injury. Journal of cellular physiology. 2019;234(8):12562-8.
113.  Zhao J, Zhang J, Liu Q, Wang Y, Jin Y, Yang Y, et al. Hongjingtian injection protects against
myocardial ischemia reperfusion-induced apoptosis by blocking ROS induced autophagic-flux. Biomedicine &
Pharmacotherapy. 2021;135:111205.

114.  Huang G, Lu X, Duan Z, Zhang K, Xu L, Bao H, et al. PCSK9 Knockdown can improve myocardial
ischemia/reperfusion injury by inhibiting autophagy. Cardiovascular Toxicology. 2022:1-11.

115.  Kim C-K, Sachdev PS, Braidy N. Recent neurotherapeutic strategies to promote healthy brain aging:
are we there yet? Aging and Disease. 2022;13(1):175.

116.  Marzoog BA. Autophagy as an Anti-senescent in Aging Neurocytes. Current Molecular Medicine.
2023.

117.  Singh AK, Singh S, Tripathi VK, Bissoyi A, Garg G, Rizvi SI. Rapamycin confers neuroprotection
against aging-induced oxidative stress, mitochondrial dysfunction, and neurodegeneration in old rats through
activation of autophagy. Rejuvenation Research. 2019;22(1):60-70.

118.  Culig L, Chu X, Bohr VA. Neurogenesis in aging and age-related neurodegenerative diseases. Ageing
Research Reviews. 2022:101636.

119.  YangN, Liu X, Niu X, Wang X, Jiang R, Yuan N, et al. Activation of autophagy ameliorates age-related
neurogenesis decline and neurodysfunction in adult mice. Stem Cell Reviews and Reports. 2022:1-16.

120.  Norwitz NG, Querfurth H. mTOR mysteries: Nuances and questions about the mechanistic target of
rapamycin in neurodegeneration. Frontiers in Neuroscience. 2020:775.

121.  Nixon RA. The role of autophagy in neurodegenerative disease. Nature medicine. 2013;19(8):983-97.
122.  Selvarani R, Mohammed S, Richardson A. Effect of rapamycin on aging and age-related diseases—past
and future. Geroscience. 2021;43:1135-58.

123.  Kakoty V, Yang C-H, Kumari S, Dubey SK, Taliyan R. Neuroprotective Effect of Lentivirus-Mediated
FGF21 Gene Delivery in Experimental Alzheimer’s Disease is Augmented when Concerted with Rapamycin.
Molecular Neurobiology. 2022;59(5):2659-77.

124.  Hashemian S, Shojaei M, Radbakhsh S, Ashari S, Riahi MM, Amiri ZS, et al. The effects of oral
trehalose on glycaemia, inflammation, and quality of life in patients with type 2 diabetes: a pilot randomized
controlled trial. Archives of Medical Science. 2023;19(6):1693-700.

125.  Hosseinpour-Moghaddam K, Caraglia M, Sahebkar A. Autophagy induction by trehalose: Molecular
mechanisms and therapeutic impacts. Journal of Cellular Physiology. 2018;233(9):6524-43.

126.  Khalifeh M, Barreto G, Sahebkar A. Therapeutic potential of trehalose in neurodegenerative diseases:
The knowns and unknowns. Neural Regeneration Research. 2021;16(10):2026-7.

127.  Khalifeh M, Barreto GE, Sahebkar A. Trehalose as a promising therapeutic candidate for the treatment
of Parkinson's disease. British Journal of Pharmacology. 2019;176(9):1173-89.

128. Ganjali S, Mansouri A, Reiner 7, Jamialahmadi T, Moallem SA, Salehabadi S, et al. The effect of
trehalose administration on the serum expression levels of microRNAs associated with lipid metabolism and the
autophagy process in patients with myocardial infarction — post-hoc analysis of the IR-TREAT trial. Archives
of Medical Science. 2023; doi: 10.5114/aoms/170159

129.  Ganjali S, Jamialahmadi T, Abbasifard M, Emami SA, Tayarani-Najaran Z, E. Butler A, et al.
Trehalose-induced alterations in serum expression levels of microRNAs associated with vascular inflammation
in patients with coronary artery disease - the pilot results from the randomized controlled trial. Archives of
Medical Science. 2022; doi: 10.5114/aoms/154987

130.  Pupyshev AB, Tikhonova MA, Akopyan AA, Tenditnik MV, Dubrovina NI, Korolenko TA.
Therapeutic activation of autophagy by combined treatment with rapamycin and trehalose in a mouse MPTP-
induced model of Parkinson's disease. Pharmacology Biochemistry and Behavior. 2019;177:1-11.

45



131.  Liu T, Wang P, Yin H, Wang X, Lv J, Yuan J, et al. Rapamycin reverses ferroptosis by increasing
autophagy in MPTP/MPP+-induced models of Parkinson’s disease. Neural Regeneration Research. 2023.

132.  Carosi JM, Sargeant TJ. Rapamycin and Alzheimer disease: a double-edged sword? Autophagy.
2019;15(8):1460-2.

133.  Russell OM, Gorman GS, Lightowlers RN, Turnbull DM. Mitochondrial diseases: hope for the future.
Cell. 2020;181(1):168-88.

134.  Akbari M, Kirkwood TB, Bohr VA. Mitochondria in the signaling pathways that control longevity and
health span. Ageing research reviews. 2019;54:100940.

135.  Leontieva OV, Blagosklonny MV. M (0) TOR of pseudo-hypoxic state in aging: rapamycin to the
rescue. Cell cycle. 2014;13(4):509-15.

136.  Amjad S, Nisar S, Bhat AA, Frenneaux MP, Fakhro K, Haris M, et al. Role of NAD+ in regulating
cellular and metabolic signaling pathways. Molecular Metabolism. 2021;49:101195.

137.  Gomes AP, Price NL, Ling AJ, Moslehi JJ, Montgomery MK, Rajman L, et al. Declining NAD+ induces
a pseudohypoxic state disrupting nuclear-mitochondrial communication during aging. Cell. 2013;155(7):1624-
38.

138.  Zhang Z, Xu HN, Li S, Davila Jr A, Chellappa K, Davis JG, et al. Rapamycin maintains NAD+/NADH
redox homeostasis in muscle cells. Aging (albany NY). 2020;12(18):17786.

139.  Chiao YA, Kolwicz SC, Basisty N, Gagnidze A, Zhang J, Gu H, et al. Rapamycin transiently induces
mitochondrial remodeling to reprogram energy metabolism in old hearts. Aging (Albany NY). 2016;8(2):314.
140.  Huwatibieke B, Yin W, Liu L, Jin Y, Xiang X, Han J, et al. Mammalian target of rapamycin signaling
pathway regulates mitochondrial quality control of brown adipocytes in mice. Frontiers in Physiology. 2021:910.
141.  Bielas J, Herbst A, Widjaja K, Hui J, Aiken JM, McKenzie D, et al. Long term rapamycin treatment
improves mitochondrial DNA quality in aging mice. Experimental gerontology. 2018;106:125-31.

142.  Martinez-Cisuelo V, Gémez J, Garcia-Junceda I, Naudi A, Cabré R, Mota-Martorell N, et al. Rapamycin
reverses age-related increases in mitochondrial ROS production at complex |, oxidative stress, accumulation of
mtDNA fragments inside nuclear DNA, and lipofuscin level, and increases autophagy, in the liver of middle-
aged mice. Experimental gerontology. 2016;83:130-8.

143.  Siegmund SE, Yang H, Sharma R, Javors M, Skinner O, Mootha V, et al. Low-dose rapamycin extends
lifespan in a mouse model of mMtDNA depletion syndrome. Human molecular genetics. 2017;26(23):4588-605.
144.  Winans T, Oaks Z, Choudhary G, Patel A, Huang N, Faludi T, et al. mTOR-dependent loss of PON1
secretion and antiphospholipid autoantibody production underlie autoimmunity-mediated cirrhosis in
transaldolase deficiency. Journal of Autoimmunity. 2023;140:103112.

145.  Oaks Z, Winans T, Caza T, Fernandez D, Liu Y, Landas SK, et al. Mitochondrial dysfunction in the
liver and antiphospholipid antibody production precede disease onset and respond to rapamycin in lupus-prone
mice. Arthritis & Rheumatology. 2016;68(11):2728-39.

146.  Oaks Z, Patel A, Huang N, Choudhary G, Winans T, Faludi T, et al. Cytosolic aldose metabolism
contributes to progression from cirrhosis to hepatocarcinogenesis. Nature Metabolism. 2023;5(1):41-60.

147.  Mahalakshmi R, Priyanga J, Bhakta-Guha D, Guha G. Hormetic alteration of mTOR-mitochondria
association: An approach to mitigate cellular aging. Current Opinion in Environmental Science & Health.
2022:100387.

148. Barriocanal-Casado E, Hidalgo-Gutiérrez A, Raimundo N, Gonzalez-Garcia P, Acufia-Castroviejo D,
Escames G, et al. Rapamycin administration is not a valid therapeutic strategy for every case of mitochondrial
disease. EBioMedicine. 2019;42:511-23.

149.  Kallijjarvi J, Fellman V. Rapamycin—‘One size does not fit all”. EBioMedicine. 2019;42:30-1.

150. Yousefzadeh MJ, Flores RR, Zhu Y, Schmiechen ZC, Brooks RW, Trussoni CE, et al. An aged immune
system drives senescence and ageing of solid organs. Nature. 2021;594(7861):100-5.

151.  Baylis D, Bartlett DB, Patel HP, Roberts HC. Understanding how we age: insights into inflammaging.
Longevity & healthspan. 2013;2(1):1-8.

152. Nazari N, Jafari F, Ghalamfarsa G, Hadinia A, Atapour A, Ahmadi M, et al. The emerging role of
microRNA in regulating the mTOR signaling pathway in immune and inflammatory responses. Immunology
and Cell Biology. 2021;99(8):814-32.

46



153. Zhang P, Catterson JH, Gronke S, Partridge L. Inhibition of S6K lowers age-related inflammation and
immunosenescence and increases lifespan through the endolysosomal system. bioRxiv. 2022:2022.08.
25.505264.

154, Xu W, Wong G, Hwang YY, Larbi A, editors. The untwining of immunosenescence and aging.
Seminars in Immunopathology; 2020: Springer.

155.  Barbé-Tuana F, Funchal G, Schmitz CRR, Maurmann RM, Bauer ME, editors. The interplay between
immunosenescence and age-related diseases. Seminars in immunopathology; 2020: Springer.

156.  Suto T, Karonitsch T. The immunobiology of mTOR in autoimmunity. Journal of autoimmunity.
2020;110:102373.

157.  Baroja-Mazo A, Revilla-Nuin B, Ramirez P, Pons JA. Immunosuppressive potency of mechanistic
target of rapamycin inhibitors in solid-organ transplantation. World journal of transplantation. 2016;6(1):183.
158.  Zhang M, Chong KK, Chen Z-y, Guo H, Liu Y-f, Kang Y-y, et al. Rapamycin improves Graves’
orbitopathy by suppressing CD4+ cytotoxic T lymphocytes. JCI insight. 2023;8(3).

159.  Lai Z-W, Kelly R, Winans T, Marchena |, Shadakshari A, Yu J, et al. Sirolimus in patients with
clinically active systemic lupus erythematosus resistant to, or intolerant of, conventional medications: a single-
arm, open-label, phase 1/2 trial. The Lancet. 2018;391(10126):1186-96.

160.  Hu X, Zhang H, Li X, Li Y, Chen Z. Activation of mMTORCL in fibroblasts accelerates wound healing
and induces fibrosis in mice. Wound Repair and Regeneration. 2020;28(1):6-15.

161. Namba DR, Ma G, Samad I, Ding D, Pandian V, Powell JD, et al. Rapamycin inhibits human
laryngotracheal stenosis—derived fibroblast proliferation, metabolism, and function in vitro. Otolaryngology--
Head and Neck Surgery. 2015;152(5):881-8.

162.  O'Shea AE, Valdera FA, Ensley D, Smolinsky TR, Cindass JL, Bohan PMK, et al. Immunologic and
dose dependent effects of rapamycin and its evolving role in chemoprevention. Clinical Immunology.
2022:109095.

163. Boada C, Zinger A, Tsao C, Zhao P, Martinez JO, Hartman K, et al. Rapamycin-loaded biomimetic
nanoparticles reverse vascular inflammation. Circulation research. 2020;126(1):25-37.

164. WangJ, Chai L, Lu Y, Lu H, Liu Y, Zhang Y. Attenuation of mTOR signaling is the major response
element in the rescue pathway of chronic kidney disease in rats. Neuroimmunomodulation. 2020;27(1):9-18.
165.  Bhatt K, Bhagavathula M, Verma S, Timmins GS, Deretic VP, Ellner JJ, et al. Rapamycin modulates
pulmonary pathology in a murine model of Mycobacterium tuberculosis infection. Disease models &
mechanisms. 2021;14(10):dmm049018.

166.  Wink L, Miller RA, Garcia GG. Rapamycin, Acarbose and 17a-estradiol share common mechanisms
regulating the MAPK pathways involved in intracellular signaling and inflammation. Immunity & Ageing.
2022;19(1):1-20.

167.  Zwaans V, Mohr F, Remes A, Miiller O, Karck M, Zaradzki M, et al. The Anti-Inflammatory Capacity
of Rapamycin in Aortic Vascular Smooth Muscle Cells from Marfan Syndrome Mice. The Thoracic and
Cardiovascular Surgeon. 2023;71(S 01):DGTHG-V13.

168. GeC,MaC, CuilJ,Dong X, Sun L, LiY, etal. Rapamycin suppresses inflammation and increases the
interaction between p65 and IkBa in rapamycin-induced fatty livers. Plos one. 2023;18(3):e0281888.

169. Dai J, Jiang C, Chen H, Chai Y. Rapamycin attenuates high glucose-induced inflammation through
modulation of MTOR/NF-kB pathways in macrophages. Frontiers in Pharmacology. 2019;10:1292.

170. Jia X, Cao B, AnY, Zhang X, Wang C. Rapamycin ameliorates lipopolysaccharide-induced acute lung
injury by inhibiting IL-1p and TL-18 production. International Immunopharmacology. 2019;67:211-9.

171.  Correia-Melo C, Birch J, Fielder E, Rahmatika D, Taylor J, Chapman J, et al. Rapamycin improves
healthspan but not inflammaging in nfkb1—/— mice. Aging cell. 2019;18(1):e12882.

172.  Phillips EJ, Simons MJ. Rapamycin not dietary restriction improves resilience against pathogens: a
meta-analysis. GeroScience. 2023;45(2):1263-70.

173. Yende S, Tuomanen El, Wunderink R, Kanaya A, Newman AB, Harris T, et al. Preinfection systemic
inflammatory markers and risk of hospitalization due to pneumonia. American journal of respiratory and critical
care medicine. 2005;172(11):1440-6.

174.  MacNee W. Accelerated lung aging: a novel pathogenic mechanism of chronic obstructive pulmonary
disease (COPD). Biochemical Society Transactions. 2009;37(4):819-23.

47



175. Infante AJ, McCullers JA, Orihuela CJ. Mechanisms of predisposition to pneumonia: infants, the
elderly, and viral infections. Streptococcus pneumoniae. 2015:363-82.

176.  Mu W, Rezek V, Martin H, Carrillo MA, Tomer S, Hamid P, et al. Autophagy inducer rapamycin
treatment reduces IFN-I-mediated Inflammation and improves anti-HIV-1 T cell response in vivo. JCI insight.
2022;7(22).

177.  Ghadimi M, Mohammadpour Z, Dashti-Khavidaki S, Milajerdi A. m-TOR inhibitors and risk of
Pneumocystis pneumonia after solid organ transplantation: a systematic review and meta-analysis. European
journal of clinical pharmacology. 2019;75:1471-80.

178.  Dominguez J, Mahalati K, Kiberd B, McAlister VC, MacDonald AS. Conversion to rapamycin
immunosuppression in renal transplant recipients: report of an initial Experiencel. Transplantation.
2000;70(8):1244-7.

179.  NamJ-H. Rapamycin: could it enhance vaccine efficacy? Expert Review of Vaccines. 2009;8(11):1535-
9.

180.  Moraschi BF, Noronha IH, Ferreira CP, Cariste LM, Monteiro CB, Denapoli P, et al. Rapamycin of
Effector and Improves Memory the CD8+ Response T Cells Induced by Immunization With ASP2. Novel
Insights Into the Immune Mechanisms Associated With the Pathogenesis of Chagas Disease. 2022:6.

181.  Jagannath C, Bakhru P. Rapamycin-induced enhancement of vaccine efficacy in mice. mTOR: Methods
and Protocols. 2012:295-303.

182.  Jagannath C, Lindsey DR, Dhandayuthapani S, Xu Y, Hunter Jr RL, Eissa NT. Autophagy enhances the
efficacy of BCG vaccine by increasing peptide presentation in mouse dendritic cells. Nature medicine.
2009;15(3):267-76.

183. LiQ, RaoR, VazzanaJ, Goedegebuure P, Odunsi K, Gillanders W, et al. Regulating mammalian target
of rapamycin to tune vaccination-induced CD8+ T cell responses for tumor immunity. The Journal of
Immunology. 2012;188(7):3080-7.

184.  Amiel E, Everts B, Freitas TC, King IL, Curtis JD, Pearce EL, et al. Inhibition of mechanistic target of
rapamycin promotes dendritic cell activation and enhances therapeutic autologous vaccination in mice. The
Journal of Immunology. 2012;189(5):2151-8.

185.  Sun I-H, Oh M-H, Zhao L, Patel CH, Arwood ML, Xu W, et al. mTOR complex 1 signaling regulates
the generation and function of central and effector Foxp3+ regulatory T cells. The Journal of Immunology.
2018;201(2):481-92.

186.  Chaoul N, Fayolle C, Desrues B, Oberkampf M, Tang A, Ladant D, et al. Rapamycin impairs antitumor
CDB8+ T-cell responses and vaccine-induced tumor eradication. Cancer research. 2015;75(16):3279-91.

187.  Bader JE, Voss K, Rathmell JC. Targeting metabolism to improve the tumor microenvironment for
cancer immunotherapy. Molecular cell. 2020;78(6):1019-33.

188. He D, Wu H, Xiang J, Ruan X, Peng P, Ruan Y, et al. Gut stem cell aging is driven by mTORC1 via a
p38 MAPK-p53 pathway. Nature communications. 2020;11(1):37.

189. Feng R, Wu S, Li R, Huang K, Zeng T, Zhou Z, et al. mTORC1-induced bone marrow-derived
mesenchymal stem cell exhaustion contributes to the bone abnormalities in klotho-deficient mice of premature
aging. Stem Cells and Development. 2023(ja).

190.  Kawakami Y, Hambright WS, Takayama K, Mu X, Lu A, Cummins JH, et al. Rapamycin rescues age-
related changes in muscle-derived stem/progenitor cells from progeroid mice. Molecular Therapy-Methods &
Clinical Development. 2019;14:64-76.

191.  Cao Y-I, Chen W-I, Lei Q, Gao F, Ren W-x, Chen L, et al. The transplantation of rapamycin-treated
senescent human mesenchymal stem cells with enhanced proangiogenic activity promotes neovascularization
and ischemic limb salvage in mice. Acta Pharmacologica Sinica. 2022:1-10.

192.  Nie D, Zhang J, Zhou Y, Sun J, Wang W, Wang JH-C. Rapamycin treatment of tendon stem/progenitor
cells reduces cellular senescence by upregulating autophagy. Stem Cells International. 2021;2021.

193.  Hu C, Zhao L, Wu D, Li L. Modulating autophagy in mesenchymal stem cells effectively protects
against hypoxia-or ischemia-induced injury. Stem Cell Research & Therapy. 2019;10:1-13.

194.  Ceccariglia S, Cargnoni A, Silini AR, Parolini O. Autophagy: a potential key contributor to the
therapeutic action of mesenchymal stem cells. Autophagy. 2020;16(1):28-37.

48



195.  HelJ, LiuJ, Huang Y, Tang X, Xiao H, Hu Z. Oxidative stress, inflammation, and autophagy: potential
targets of mesenchymal stem cells-based therapies in ischemic stroke. Frontiers in Neuroscience.
2021;15:641157.

196. Cen S,WangP, Xie Z, Yang R, LiJ, Liu Z, et al. Autophagy enhances mesenchymal stem cell-mediated
CD4+ T cell migration and differentiation through CXCL8 and TGF-f1. Stem Cell Research & Therapy.
2019;10(1):1-13.

197. Rodolfo C, Di Bartolomeo S, Cecconi F. Autophagy in stem and progenitor cells. Cellular and
Molecular Life Sciences. 2016;73:475-96.

198.  Li Z-h, Wang Y-I, Wang H-j, Wu J-h, Tan Y-z. Rapamycin-preactivated autophagy enhances survival
and differentiation of mesenchymal stem cells after transplantation into infarcted myocardium. Stem Cell
Reviews and Reports. 2020;16:344-56.

199. LiM,LanY,GaoJ, Yuan S, Hou S, Guo T, et al. Rapamycin Promotes the Expansion of Myeloid Cells
by Increasing G-CSF Expression in Mesenchymal Stem Cells. Frontiers in Cell and Developmental Biology.
2022;10.

200.  Greenbaum A, Link D. Mechanisms of G-CSF-mediated hematopoietic stem and progenitor
mobilization. Leukemia. 2011;25(2):211-7.

201.  Xing Y, Liu C, Zhou L, Li Y, Wu D. Osteogenic effects of rapamycin on bone marrow mesenchymal
stem cells via inducing autophagy. Journal of Orthopaedic Surgery and Research. 2023;18(1):129.

202. Pereira-Santos M, Gongalves-Santos E, Souza MA, Caldas IS, Lima GDA, Gongalves RV, et al.
Chronic rapamycin pretreatment modulates arginase/inducible nitric oxide synthase balance attenuating aging-
dependent susceptibility to Trypanosoma cruzi infection and acute myocarditis. Experimental Gerontology.
2022;159:111676.

203.  Quarles E, Basisty N, Chiao YA, Merrihew G, Gu H, Sweetwyne MT, et al. Rapamycin persistently
improves cardiac function in aged, male and female mice, even following cessation of treatment. Aging Cell.
2020;19(2):e13086.

204.  Lesniewski LA, Seals DR, Walker AE, Henson GD, Blimline MW, Trott DW, et al. Dietary rapamycin
supplementation reverses age-related vascular dysfunction and oxidative stress, while modulating nutrient-
sensing, cell cycle, and senescence pathways. Aging cell. 2017;16(1):17-26.

205.  YinZ,Guo X, Qi Y, LiP, Liang S, Xu X, et al. Dietary restriction and rapamycin affect brain aging in
mice by attenuating age-related DNA methylation changes. Genes. 2022;13(4):699.

206.  Hei C, Zhou Y, Zhang C, Gao F, Cao M, Yuan S, et al. Rapamycin ameliorates brain damage and
maintains mitochondrial dynamic balance in diabetic rats subjected to middle cerebral artery occlusion.
Metabolic Brain Disease. 2023;38(2):409-18.

207. Lai C, Chen Z, Ding Y, Chen Q, Su S, Liu H, et al. Rapamycin attenuated zinc-induced tau
phosphorylation and oxidative stress in rats: involvement of dual mTOR/p70S6K and Nrf2/HO-1 pathways.
Frontiers in immunology. 2022;13:218.

208. Zhang G, YinL, Luo Z, Chen X, He Y, Yu X, et al. Effects and potential mechanisms of rapamycin on
MPTP-induced acute Parkinson’s disease in mice. Ann Palliat Med. 2021;10:2889-97.

209.  Zhang Y, He X, Wu X, Lei M, Wei Z, Zhang X, et al. Rapamycin upregulates glutamate transporter and
IL-6 expression in astrocytes in a mouse model of Parkinson’s disease. Cell death & disease. 2017;8(2):€2611-
e.

210.  Fan X, Liang Q, Lian T, Wu Q, Gaur U, Li D, et al. Rapamycin preserves gut homeostasis during
Drosophila aging. Oncotarget. 2015;6(34):35274.

211.  AnJY, Kerns KA, Ouellette A, Robinson L, Morris HD, Kaczorowski C, et al. Rapamycin rejuvenates
oral health in aging mice. Elife. 2020;9:e54318.

212. Ding H, Ge G, Tseng Y, Ma Y, Zhang J, Liu J. Hepatic autophagy fluctuates during the development
of non-alcoholic fatty liver disease. Annals of hepatology. 2020;19(5):516-22.

213. Houssaini A, Breau M, Kebe K, Abid S, Marcos E, Lipskaia L, et al. mTOR pathway activation drives
lung cell senescence and emphysema. JCI insight. 2018;3(3).

214.  Mitani A, Ito K, Vuppusetty C, Barnes PJ, Mercado N. Restoration of corticosteroid sensitivity in
chronic obstructive pulmonary disease by inhibition of mammalian target of rapamycin. American journal of
respiratory and critical care medicine. 2016;193(2):143-53.

49



215. Reifsnyder PC, Ryzhov S, Flurkey K, Anunciado-Koza RP, Mills I, Harrison DE, et al. Cardioprotective
effects of dietary rapamycin on adult female C57BLKS/J-Leprdb mice. Annals of the New York Academy of
Sciences. 2018;1418(1):106-17.

216.  Zhang S, Zhang Y, Zhang X, Luo C, Cao Y, Ji D, et al. Nitrative stress-related autophagic insufficiency
participates in hyperhomocysteinemia-induced renal aging. Oxidative Medicine and Cellular Longevity.
2020;2020.

217.  Yang Q, Xi Q, Wang M, Long R, Hu J, Li Z, et al. Rapamycin improves the quality and developmental
competence of mice oocytes by promoting DNA damage repair during in vitro maturation. Reproductive Biology
and Endocrinology. 2022;20(1):1-11.

218. Kuo WW, Baskaran R, Lin JY, Day CH, Lin YM, Ho TJ, et al. Low-dose rapamycin prevents Ang-II-
induced toxicity in Leydig cells and testicular dysfunction in hypertensive SHR model. Journal of Biochemical
and Molecular Toxicology. 2022;36(9):e23128.

219.  Orenduff MC, Coleman MF, Glenny EM, Huffman KM, Rezeli ET, Bareja A, et al. Differential effects
of calorie restriction and rapamycin on age-related molecular and functional changes in skeletal muscle.
Experimental Gerontology. 2022:111841.

220. Tang H, Inoki K, Brooks SV, Okazawa H, Lee M, Wang J, et al. mTORCI1 underlies age-related muscle
fiber damage and loss by inducing oxidative stress and catabolism. Aging cell. 2019;18(3):12943.

221.  Arriola Apelo SI, Neuman JC, Baar EL, Syed FA, Cummings NE, Brar HK, et al. Alternative rapamycin
treatment regimens mitigate the impact of rapamycin on glucose homeostasis and the immune system. Aging
cell. 2016;15(1):28-38.

222.  Bitto A, Ito TK, Pineda VV, LeTexier NJ, Huang HZ, Sutlief E, et al. Transient rapamycin treatment
can increase lifespan and healthspan in middle-aged mice. elife. 2016;5:e16351.

223.  Shindyapina AV, Cho Y, Kaya A, Tyshkovskiy A, Castro JP, Deik A, et al. Rapamycin treatment during
development extends life span and health span of male mice and Daphnia magna. Science Advances.
2022;8(37):eab05482.

224, Regan JC, Lu Y-X, Urefia E, Meilenbrock RL, Catterson JH, Kifller D, et al. Sexual identity of
enterocytes regulates autophagy to determine intestinal health, lifespan and responses to rapamycin. Nature
Aging. 2022:1-14.

225.  Lamming DW, Mihaylova MM, Katajisto P, Baar EL, Yilmaz OH, Hutchins A, et al. Depletion of
Rictor, an essential protein component of m TORC 2, decreases male lifespan. Aging cell. 2014;13(5):911-7.
226.  Baar EL, Carbajal KA, Ong IM, Lamming DW. Sex-and tissue-specific changes in mTOR signaling
with age in C57 BL/6J mice. Aging cell. 2016;15(1):155-66.

227.  Lind MI, Zwoinska MK, Meurling S, Carlsson H, Maklakov AA. Sex-specific tradeoffs with growth
and fitness following life-span extension by rapamycin in an outcrossing nematode, Caenorhabditis remanei.
Journals of Gerontology Series A: Biomedical Sciences and Medical Sciences. 2016;71(7):882-90.

228. Strong R, Miller RA, Bogue M, Fernandez E, Javors MA, Libert S, et al. Rapamycin-mediated mouse
lifespan extension: late-life dosage regimes with sex-specific effects. Aging Cell. 2020;19(11):e13269.

229.  Kahan B. Toxicity spectrum of inhibitors of mammalian target of rapamycin in organ transplantation:
etiology, pathogenesis and treatment. Expert Opinion on Drug Safety. 2011;10(5):727-49.

230.  Ventura-Aguiar P, Campistol JM, Diekmann F. Safety of mTOR inhibitors in adult solid organ
transplantation. Expert opinion on drug safety. 2016;15(3):303-19.

231.  Thibodeau JT, Mishkin JD, Patel PC, Kaiser PA, Ayers CR, Mammen PP, et al. Tolerability of
sirolimus: a decade of experience at a single cardiac transplant center. Clinical transplantation. 2013;27(6):945-
52.

232. McCormack FX, Inoue Y, Moss J, Singer LG, Strange C, Nakata K, et al. Efficacy and safety of
sirolimus in lymphangioleiomyomatosis. New England Journal of Medicine. 2011;364(17):1595-606.

233. Cabrera Lopez C, Marti T, Catala V, Torres F, Mateu S, Ballarin Castan J, et al. Effects of rapamycin
on angiomyolipomas in patients with tuberous sclerosis. Nefrologia (English Edition). 2011;31(3):292-8.

234.  Sadowski K, Sijko K, Domanska-Pakieta D, Borkowska J, Chmielewski D, Ulatowska A, et al.
Antiepileptic effect and safety profile of rapamycin in pediatric patients with tuberous sclerosis complex.
Frontiers in Neurology. 2022;13:704978.

235.  Adams DM, Trenor CC, Hammill AM, Vinks AA, Patel MN, Chaudry G, et al. Efficacy and safety of
sirolimus in the treatment of complicated vascular anomalies. Pediatrics. 2016;137(2).

50



236.  Nadal M, Giraudeau B, Tavernier E, Jonville-Bera A-P, Lorette G, Maruani A. Efficacy and safety of
mammalian target of rapamycin inhibitors in vascular anomalies: a systematic review. Acta dermato-
venereologica. 2016;96(4):448-52.

237.  WenH-Y, WangJ, Zhang S-X, Luo J, Zhao X-C, Zhang C, et al. Low-dose sirolimus immunoregulation
therapy in patients with active rheumatoid arthritis: a 24-week follow-up of the randomized, open-label, parallel-
controlled trial. Journal of immunology research. 2019;2019.

238.  Stallone G, Infante B, Grandaliano G, Gesualdo L. Management of side effects of sirolimus therapy.
Transplantation. 2009;87(8S):S23-S6.

239.  Kraig E, Linehan LA, Liang H, Romo TQ, Liu Q, Wu Y, et al. A randomized control trial to establish
the feasibility and safety of rapamycin treatment in an older human cohort: Immunological, physical
performance, and cognitive effects. Experimental gerontology. 2018;105:53-69.

240.  Singh M, Jensen M, Lerman A, Kushwaha S, Rihal C, Gersh B, et al. Effect of low-dose rapamycin on
senescence markers and physical functioning in older adults with coronary artery disease: results of a pilot study.
The Journal of frailty & aging. 2016;5(4):204-7.

241.  Zahedi M, Salmani lzadi H, Arghidash F, Gumpricht E, Banach M, Sahebkar A. The effect of curcumin
on hypoxia in the tumour microenvironment as a regulatory factor in cancer. Arch Med Sci. 2023;19(6):1616-
1629. doi: 10.5114/aoms/171122.

242.  Banach M, Surma S. A look to the past - what has had the biggest impact on lipids in the last four
decades? A personal perspective. Arch Med Sci. 2023 May 16;19(3):559-564.

243.  Bielecka-Dabrowa A, Banach M, Wittczak A, Cicero AFG, Kallel A, Kubilius R, Mikhailidis DP,
Sahebkar A, Pantea Stoian A, Vinereanu D, Penson PE, von Haehling S. The role of nutraceuticals in heart
failure muscle wasting as a result of inflammatory activity. The International Lipid Expert Panel (ILEP) Position
Paper. Arch Med Sci. 2023 Jun 9;19(4):841-864.

244, Vukasinovi¢ A, Ostanek B, Klisic A, Kafedzi¢ S, Zdravkovi¢ M, Ili¢ I, Sopi¢ M, Hini¢ S, Stefanovié¢
M, Memon L, Gakovi¢ B, Bogavac-Stanojevi¢ N, Spasojevi¢-Kalimanovska V, Marc J, Neskovi¢ AN, Kotur-
Stevuljevi¢ J. Telomere-telomerase system status in patients with acute myocardial infarction with ST-segment
elevation - relationship with oxidative stress. Arch Med Sci. 2021 Apr 30;19(2):313-323.

245. Ma L, Gao J. Suppression of INcRNA-MALAT1 activity ameliorates femoral head necrosis by
modulating mTOR signaling. Arch Med Sci. 2024;20(2):612-617.

51



Protein thesis pace, fidelity, and
synthesis e

Mitochondrial
function

=

@
‘.
N

and mitochondrial

nosenescence and

and preserves the
tem cell pool

ﬂt&ﬂ facilitates the

Autophagy teins and organelles


http://www.tcpdf.org

