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Abstract The mechanistic target of rapamycin (mTOR) integrates several intracellular and extracellular signals involved in the
regulation of anabolic and catabolic processes. mTOR assembles into two macromolecular complexes, named
mTORC1 and mTORC2, which have different regulators, substrates and functions. Studies of gain- and loss-of-
function animal models of mTOR signalling revealed that mTORC1/2 elicits both adaptive and maladaptive functions
in the cardiovascular system. Both mTORC1 and mTORC2 are indispensable for driving cardiac development and
cardiac adaption to stress, such as pressure overload. However, persistent and deregulated mTORC1 activation in
the heart is detrimental during stress and contributes to the development and progression of cardiac remodelling
and genetic and metabolic cardiomyopathies. In this review, we discuss the latest findings regarding the role of
mTOR in the cardiovascular system, both under basal conditions and during stress, such as pressure overload,
ischemia, and metabolic stress. Current data suggest that mTOR modulation may represent a potential therapeutic
strategy for the treatment of cardiac diseases.....................................................................................................................................................................................................
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1. Introduction

More than two decades have passed since the discovery of the
mammalian target of rapamycin (mTOR), recently also renamed
‘mechanistic’ target of rapamycin, by four independent research
groups.1–4 Rapamycin, a macrolide possessing antifungal, immunomodu-
latory, and anti-proliferative properties, inhibits mTOR by interacting
with the cytosolic FK506-binding protein of 12 kDa–rapamycin complex
(FKBP12).1–3 mTOR has emerged as the central regulator of crucial
cellular mechanisms involved in growth and differentiation.5,6 mTOR
acts as a nutrient and energy sensor by integrating several external and
internal inputs and coordinating the equilibrium between anabolic and
catabolic reactions, such as protein synthesis and autophagy, respec-
tively.5–7 mTOR is an evolutionarily conserved serine/threonine ki-
nase of 289 kDa, belonging to the phosphoinositide kinase–related
kinase (PIKK) family and homologous of the yeast TOR (DRR) pro-
teins.8,9 mTOR represents the catalytic subunit of two macromolecu-
lar complexes, named mTOR complex 1 (mTORC1) and 2
(mTORC2), which also comprise additional accessory, regulatory,
and scaffold subunits. mTORC1 is a paramount controller of cellular
growth, protein synthesis, nutrient and energy sensing, mitochondrial
turnover, and metabolic processes. mTORC2 orchestrates other
cellular functions, such as cytoskeletal organization and cell polarity,
is less sensitive to rapamycin, and has different or additional
regulators and substrates.10–12

Perturbations of mTOR signalling lead to several pathologies,
including metabolic syndromes, cancer, and neurodegenerative and
cardiovascular diseases.5,6,13 mTOR modulation has been considered
as a promising modality for the treatment of a wide variety of diseases
and, to date, a number of modulators able to target mTOR have been
identified and developed for clinical purposes.

The importance of mTOR signalling in the cardiovascular system has
been investigated in multiple studies performed using animal models of
mTOR loss of function or gain of function.14,15 Both mTORC1 and
mTORC2 are indispensable for pre-natal and post-natal heart develop-
ment and for cardiac adaption to pressure overload. Genetic deletion of
mTOR components produces dramatic cardiac dysfunction in these
conditions.14,15 Conversely, persistent or deregulated mTOR activation
is maladaptive in several conditions. Partial genetic or pharmacological
inhibition of mTOR delays cardiac aging, reduces cardiac damage in
response to stress, and mitigates cardiovascular complications related to
metabolic and genetic disorders.14,15

Here, we review the latest evidence regarding mTOR pathophysiol-
ogy in the heart and provide a comprehensive dissection of upstream
regulators and downstream substrates of mTORC1 and mTORC2. We
also discuss the current therapeutic approaches to modulation of
mTOR signalling and their possible translation to human disease.

2. mTORC1 and mTORC2
structure

mTOR assembles into two distinct macromolecular complexes by
binding to distinct sets of subunits (Figure 1A). Some of these subunits are

found in both the mTORC1 and mTORC2 complexes, whereas others
are specific to each.

The core components of mTORC1 are mTOR, mammalian lethal with
SEC13 protein 8 (mLST8), and regulatory-associated protein of mTOR
(RAPTOR). mLST8 enhances mTOR kinase activity,10,16 while RAPTOR
ensures substrate recruitment and drives the subcellular localization of
mTORC1, particularly its translocation to lysosomes.17,18 Additional
proteins of the mTORC1 complex include the scaffold proteins
proline-rich Akt substrate of 40 kDa (PRAS40), DEP domain-containing
mTOR-interacting protein (DEPTOR), and Tel 2 interacting protein 1
(TEL2).16,18,19 PRAS40 and DEPTOR are endogenous inhibitors of
mTORC1.20–23

The specific subunits of the mTORC2 complex include rapamycin-in-
sensitive companion of mTOR (RICTOR), mammalian stress-activated protein
kinase-interaction protein 1 (mSIN1), and protein observed with RICTOR
(PROTOR 1/2).24,25 RICTOR is a scaffold protein needed for mTORC2
assembly, function, and substrate recruitment. mSIN1 is a scaffold
protein that preserves the mTORC2 complex integrity and kinase
activity.26–29 mLST8, TEL2, and DEPTOR are also components of
the mTORC2 complex.

3. Mechanisms and substrates
regulated by mTOR

Once modulated by different inputs (Figure 1B, C), mTOR transduces
these signals via a plethora of substrates involved in the control of funda-
mental cellular mechanisms. In general, mTOR enhances anabolic pro-
cesses, such as protein, nucleotide, and lipid synthesis, whereas it
represses catabolic processes, such as autophagy.

3.1 mTORC1 functions and substrates
mTORC1 acts as a master regulator of protein synthesis by acting on
two major substrates, namely ribosomal protein S6 kinase-1 (S6K1) and
eukaryotic translation initiation factor 4E (eIF4E)-binding protein-1 (4E-BP1).

Mitochondrial biogenesis and lipid and nucleotide syntheses represent
other anabolic processes regulated by mTORC1, at both the transcrip-
tional and post-transcriptional levels. mTORC1 regulates the transcrip-
tional activity of sterol regulatory element-binding protein 1/2 (SREBP1/2),
which promotes lipid and cholesterol synthesis,30 in mouse embryonic
fibroblasts (MEFs). SR protein kinase 2 (SRPK2) is another substrate of
mTORC1 involved in mediating lipid biosynthesis, through stabilization
of enzymes that regulate lipogenesis.31 In addition, mTORC1 enhances
mitochondrial biogenesis by promoting the interaction of transcription
factor yin-yang 1 (YY1) with peroxisome proliferator–activated receptor c
coactivator-1a (PGC1-a), as demonstrated in mouse skeletal muscle and
in C2C12 myotubes.32

mTORC1 maintains the nucleotide pool required for nucleic acid
synthesis by triggering de novo purine and pyrimidine synthesis in various
human and mouse cells. mTORC1-induced purine synthesis is mediated
by activating transcription factor 4 (ATF4)33 in response to growth signals
such as insulin. mTORC1 also drives pyrimidine synthesis through S6K-
induced activation of carbamoyl-phosphate synthetase 2, aspartate transcar-
bamoylase, dihydroorotase (CAD), an enzyme that mediates the first phase
of pyrimidine synthesis.34,35

The mTOR pathway in the heart 425



Figure 1 Overview of mTOR biology. (A) Architecture of mechanistic target of rapamycin (mTOR) complex 1 and 2 (mTORC1-2). (B,C) Molecular
mechanisms and substrates modulated by mTORC1 (B) and mTORC2 (C). (D) Schematic representation of mTORC1 activation. mTORC1 activation
occurs at the lysosome surface. In response to nutrient signals, Rags is activated (Rag A/B-GTP, Rag C/D-GDP) (1) and mediates mTORC1 translocation to
the lysosome surface, in close proximity to RHEB (2). Once at the lysosome, additional inputs (growth factors) are required for RHEB-induced mTORC1
activation (3). (E) Upstream modulators of mTORC1 and mTORC2. Green and red indicate positive and negative regulators of mTOR, respectively.
See text for further details. The figure was made using tools provided by Servier Medical Art, among others. Legend: 4E-BP1, eukaryotic translation initiation
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..mTORC1 also regulates cellular metabolism. mTORC1 activation
promotes a metabolic shift towards glycolysis and enhances the pentose
phosphate pathway, through activation of hypoxia inducible factor-1a
(HIF-1a) and SREBP1/2, respectively, as observed in a number of human
cell lines.30

On the other hand, mTORC1 inhibits catabolic processes, particularly
autophagy. Several endogenous components of the autophagy machin-
ery are phosphorylated and negatively regulated by mTOR, including
unc-51-like autophagy-activating kinase (ULK-1), autophagy-related (ATG)-
13,36–38 ATG14,39 activating molecule in Beclin1-regulated autophagy
(AMBRA1),40 and UV radiation resistance-associated gene (UVRAG).41

mTORC1 also regulates autophagy at the transcriptional level, inhibiting
nuclear localization of transcription factor EB (TFEB) by phosphorylating it
at Ser211.42–44 TFEB enhances the transcription of genes involved in
lysosomal biogenesis and autophagy. mTORC1 also inhibits lysosomal
biogenesis by inactivating transcription factor E3 (TFE3),45 another mem-
ber of the TFEB family, as reported in adult retinal pigment epithelial cell
line-19 (ARPE-19) under nutrient-rich conditions.

3.2 mTORC2 functions and substrates
mTORC2 also mediates crucial cellular functions, although it appears to
be involved in the regulation of less broad processes than mTORC1
(Figure 1C). Systemic disruption of either mTORC1 or mTORC2 is
embryonically lethal. However, mouse embryos with genetic mTORC2
disruption die in a later stage of development than those with mTORC1
disruption, mainly because of cardiovascular defects. mTORC2 regulates
cellular polarity and cytoskeletal organization.25,46 The mechanisms
through which mTORC2 regulates cell architecture are not fully
understood. However, Protein kinase C-a (PKC-a) and Ras homolog gene
family member-A (RhoA) seem to mediate the effect of mTORC2.24,25

mTORC2 is a primary regulator of cell survival through the activation
of protein kinase B (AKT), and the subsequent inhibition of forkhead-box
(FOXO)-1/3a transcription factors, important regulators of cellular
metabolism, growth, and survival.47 mTORC2 promotes activation of se-
rum- and glucocorticoid-induced protein kinase 1 (SGK1), another member
of the protein kinase A/protein kinase G/protein kinase C (AGC) family,
involved in cell survival, as demonstrated in different human cell lines and
in cardiomyocytes.48,49 The regulation of cell survival by mTORC2 is
also mediated by crosstalk with the Hippo pathway. The Hippo pathway
is involved in the regulation of cell proliferation and apoptosis through
inhibition of the pro-growth and survival factor yes-associated protein 1

(YAP1).50 mTORC2 directly inhibits mammalian sterile 20-like kinase
(MST1) through phosphorylation of MST1 at Ser438, which in turn
inhibits MST1 dimerization, thereby promoting cell survival.51

4. Upstream regulators of mTOR

mTORC1 and mTORC2 sense cellular nutritional and energy status and
are activated in response to nutrients and pro-growth signals. mTORC1
activation occurs at the lysosome surface (Figure 1D). Well-coordinated
integration of upstream signals deriving from two sets of small G
proteins, Ras-related GTPases (Rags) and Ras homolog enriched in brain
(RHEB), is required for mTORC1 activation. Rags recruit mTORC1 to
lysosomes, bringing it into close proximity with RHEB, and RHEB
stimulates mTORC1 kinase activity. In contrast, mTORC1 becomes
inactive in response to nutrient starvation, energy stress, hypoxia, or
cellular damage (Figure 1E). mTORC2 activity is modulated by growth
factors and mTORC1.

4.1 Mechanisms of regulation of mTORC1
activity
In the presence of mitogens and growth factors, mTORC1 is activated,
primarily through inhibition of tuberous sclerosis complexes (TSC)1/2.
TSC1/2 inhibits mTORC1 by acting as GTPase activating proteins (GAPs)
towards RHEB.52,53 Multiple pro-growth signals inhibit TSC1/2.54 Insulin
activates mTORC1 through the phosphoinositide 3-kinases (PI3K)/AKT
pathway. Insulin stimulates AKT-mediated phosphorylation of PRAS40,
which causes dissociation of PRAS40 from mTORC1, thereby activating
mTORC1. AKT also phosphorylates TSC2, which in turn dissociates
from the surface of lysosomes, thus allowing RHEB-induced activation of
mTORC1.55,56 In addition, growth factors inhibit TSC through inhibitor
of nuclear factor jB kinase b (IKKb), the major effector of tumour necrosis
factor a (TNFa) signalling. IKKb interacts with and phosphorylates TSC1
at multiple residues, resulting in its inactivation.57 The RAS/mitogen-acti-
vated protein kinase (MAPK) cascade inhibits TSC through extracellular
signal-regulated kinase (ERK) or p90 ribosomal S6 kinase (RSK)1.58,59

On the other hand, reduced availability of nutrients and oxygen
decreases mTORC1 activity, since anabolic reactions are not advanta-
geous in these conditions. Low amino acid levels are sensed by different
sensors, which keep mTORC1 in the inactive state. AMP-activated protein
kinase (AMPK) is activated during energy deprivation or mitochondrial

Figure 1 Continued
factor 4E (eIF4E)-binding protein-1; AKT, protein kinase B; AMBRA1, activating molecule in Beclin1-regulated autophagy; AMPK, adenosine mono-
phosphate-activated protein kinase; ATF4, activating transcription factor 4; ATG, autophagy-related gene; CAD, carbamoyl-phosphate synthetase
2, aspartate transcarbamoylase, dihydroorotase; CASTOR 1-2, cellular arginine sensor for mTORC1 1-2; ERK, extracellular signal-regulated kinase
1/2; GATOR 1-2, GAP activity towards Rags 1-2; DEPTOR, DEP domain-containing mTOR-interacting protein; FKBP12, FK506-binding protein of
12 kDa–rapamycin complex; FLCN, folliculin; GSK3b, glycogen synthase kinase-3b; HIF-1, hypoxia-inducible factor-1a; IKKb, inhibitor of NF-jB ki-
nase-b; mLST8, mammalian lethal with sec-13 protein 8; mSIN1, mammalian stress-activated protein kinase-interaction protein 1; MST1, mamma-
lian sterile 20-like kinase 1; PI3K, phosphoinositide 3 kinase; PKCa, protein kinase C a; PRAS40, proline-rich AKT substrate 40; PROTOR 1-2,
protein observed with RICTOR 1-2; RAG, Ras-related GTPase; RAPTOR, regulatory-associated protein of mTOR; REDD1, regulated in develop-
ment and DNA damage responses 1; RHEB, Ras homolog enriched in brain; RhoA, Ras homolog gene family, member A; RICTOR, rapamycin-in-
sensitive companion of mTOR; RSK1, p90 ribosomal S6 kinase; S6K1, S6 kinase-1; SGK1, serum and glucocorticoid-induced protein kinase-1;
SLC38A9, solute carrier family 38 member 9; SREBP1/2, sterol regulatory element-binding protein 1-2; TEL 1-2, Tel 2 interacting protein 1/2; TFE3,
transcription factor E3; TFEB, transcription factor EB; TSC1-2, tuberous sclerosis protein 1/2; ULK1, unc-51-like kinase 1; UVRAG, UV radiation re-
sistance-associated gene; v-ATPase, vacuolar H(þ)-adenosine triphosphatase; YY1/PGC-1a, transcription factor yin-yang 1/peroxisome prolifera-
tor-activated receptor c coactivator-1a transcriptional complex.
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oxidative stress and inhibits all pro-growth mechanisms and ATP-
consuming processes.60 AMPK inhibits mTORC1 by direct phosphoryla-
tion of RAPTOR or by activating TSC2, as demonstrated in MEFs and in
HEK293 cells.61,62

Glycogen synthase kinase (GSK)-3b activates TSC2, whereas RHEB is
inactivated during energy deprivation.63–65 During hypoxia, regulated in
development and DNA damage responses (REDD)-1 is up-regulated and
inhibits mTORC1 via TSC1/2,66 whereas hexokinase-II (HK-II) interacts
with and deactivates mTORC1 in the presence of low glucose.67 Other
cellular stresses, such as amino acid starvation and growth factor
removal, as well as hyperosmotic, energetic, and pH stresses, induce
lysosomal translocation of TSC1/2, further suggesting that TSC1/2 is
critical for mTORC1 inactivation during stresses.68 Protein kinase G1
(PKG1) activates TSC2 through phosphorylation at Ser1365 and
Ser1366 in cardiac cells undergoing haemodynamic stress, thereby
inhibiting mTORC1 and promoting autophagy activation.69

Oxidative stress inactivates mTORC1 via direct redox modifications.
Thioredoxin 1 (TRX1) preserves mTORC1 activity by reducing mTOR
at Cys1483 in the presence of oxidative stress in cardiomyocytes.70

DNA damage-inducible transcript 4-like (DDiT4L), a target of the
hypoxia-inducible transcription factor HIF1a, is a negative modulator of
mTORC1 during maladaptive cardiac hypertrophy.71 Recently, the
Hippo pathway has also emerged as a negative regulator of mTORC1.
Stress response protein kinases LATS1 and LATS2 directly phosphory-
late RAPTOR at Ser606, as shown in HEK293 cells, thereby reducing
RHEB-mediated mTORC1 activation and leading to a reduction of cellu-
lar growth and organ size in the presence of growth factors and amino
acid stimulation.72

4.2 mTORC1 nutrient sensing
Rags are the main components of the amino acid-sensing machinery that
controls mTORC1 recruitment at lysosomal surface. Rags are obligate
heterodimers, with RagA and RagB bound with RagC and RagD, respec-
tively. In their active conformation (on-state), RagA/B is bound to GTP
whereas RagC/D is bound to GDP. On the other hand, RagA/B is bound
to GDP and RagC/D to GTP in their inactive state (off-state). The ‘on-
state’ represents the only Rag heterodimer nucleotide configuration that
can interact with and recruit mTORC1 at the lysosomal surface, where
mTORC1 kinase activity is enhanced by RHEB. Rag heterodimer activity
is regulated by several GAPs and guanine nucleotide exchange factors
(GEFs) in response to nutrient availability, growth factors, and stress.
Rags are anchored to lysosomes through a pentameric complex named
Ragulator.73 In the presence of nutrients, Rags are ‘on-state’ and
interact with RAPTOR, thereby ensuring lysosomal recruitment of
mTORC1 and RHEB-induced activation of mTOR kinase activity.74–79 In
low nutrient conditions, Folliculin (FLCN), a GAP for Rag C/D, localizes
to lysosomes, where it becomes inactive. Lysosomal Ragulator and
FLCN also inhibit the exchange of GDP with GTP in RagA, thereby
maintaining the Rag complex in its ‘off-state’.77

Additional signals sense nutrients and amino acids and converge on
Rag activation. To date, several amino acid sensors have been identified.
GATOR-1 and GATOR-2 complexes act as negative and positive
regulators of mTORC1, respectively.80–82 Recently, amino acids derived
from lysosomal degradation of proteins were shown to activate mTOR
independently of the GATOR–Rag complex, through a mechanism
involving homotypic fusion and vacuole protein sorting (HOPS), a tethering
complex involved in vesicle fusion.83 SESTRIN-2 inhibits mTORC1 in the
presence of low leucine levels.84–86 During amino acid starvation, general
control non-derepressible 2 (GCN2) mediates ATF4-induced expression

of SESTRIN-2.87 Acetyl-coenzyme A (AcCoA), the final leucine metabo-
lite, was reported to regulate mTORC1 activity by EP300-induced
acetylation of RAPTOR. Of interest, both RAPTOR acetylation and
AcCoA levels are decreased in tissues of fasted mice.88 Arginine
modulates mTORC1 activity through cellular arginine sensor for mTORC1
(CASTOR) and solute carrier family 38 member 9 (SLC38A9), which act
as negative and positive regulators of mTORC1, respectively.89–93

Vacuolar H(þ)-adenosine triphosphatase (v-ATPase) represents another
amino acid sensor able to modulate mTORC1 activity. v-ATPase is
activated by increased accumulation of amino acids in lysosomes,
thereby acting as a positive regulator of mTORC1.94 S-adenosylmethio-
nine sensor upstream of mTORC1 (SAMSOR) senses levels of S-adenosyl-
methionine (SAM), a methyl donor-derived from methionine. Methionine
starvation or reduced SAM levels leads to mTORC1 inhibition.95 These
results suggest that mTORC1 senses amino acid levels and regulates
anabolic processes.

Glucose metabolism also modulates mTOR activity. In vitro inhibition
of cardiac glycolytic flux via phosphoglucose isomerase (PGI) inhibition in
cardiomyocytes treated with glucose and glutamine correlates with glu-
cose 6-phosphate accumulation and mTOR activation, which, in turn,
increases protein synthesis, a hallmark of cardiac hypertrophy.96 In addi-
tion, glucose induces mTOR activation by inhibiting branched-chain amino
acids (BCAAs) degradation in cardiomyocytes.97 Glucose also activates
mTOR through interaction between leucyl-tRNA synthase 1 (LARS1) and
RagD, whereas LARS1 releases leucine and fails to activate mTOR under
glucose-deficient conditions, as shown in HEK293T cells.98 LARS1 par-
ticipates in anabolism in the presence of high glucose through the pro-
duction of leucyl-tRNA and activation of mTOR. Dihydroxyacetone
phosphate (DAHP), a membrane-impermeable metabolite involved in
lipid synthesis, transmits glucose availability to activate mTORC1.99

These results suggest that glucose participates in anabolism through
mTOR activation.

Other metabolites, such as lipids or nucleotides, also regulate
mTORC1 activity, although the molecular basis is not completely under-
stood. Fatty acids activate mTORC1 via de novo synthesis of phosphatidic
acid.100 Lysosomal low-density lipoprotein (LDL)-derived cholesterol also
drives mTORC1 activation through a mechanism involving SLC38A9
and Niemann–Pick C1 protein (NPC1) as positive and negative modula-
tors, respectively.101 Exogenous administration of purine nucleobases
activates mTORC1 in MEFs and HeLa cells, in a TSC/RHEB-dependent
manner.102 On the other hand, inhibition of purine biosynthesis leads to
a reduction in the GTP-bound status of RHEB.103

4.3 Mechanisms of regulation of mTORC2
activity
Growth factors, such as insulin, activate mTORC2 through the PI3K
pathway104 (Figure 1E). Phosphatidylinositol 3,4,5-trisphosphate (PIP3), a
product of the PI3K pathway, reduces mSIN1 interaction with
mTORC2, thereby promoting mTORC2 activation.104,105 TSC1/2 physi-
cally interacts with mTORC2, contributing to its activation, indepen-
dently of RHEB, as demonstrated in multiple human cell lines.106

However, the mechanism through which TSC1/2 activates mTORC2
requires further investigation. Insulin/PI3K/AKT represents the main
pathway by which mTORC1 and mTORC2 are interconnected.
mTORC1 inhibits insulin/PI3K/AKT through a negative feedback medi-
ated by S6K-induced inactivation of IRS1.107 An adaptor protein, growth
factor receptor-bound protein 10 (Grb10), is activated by mTORC1 and
inhibits the insulin/IGF-1 receptor.108,109 In addition, S6K1
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.
phosphorylates RICTOR and inhibits mTORC2 in response to
mTORC1 activation.110 Conversely, AMPK activates the mTORC2/AKT
pathway, thereby promoting cell survival.111

5. mTOR and cardiac diseases

An appropriate balance between anabolism and catabolism, as well as a
co-ordinated response to nutrient bioavailability or stress conditions, is
required for the maintenance of cardiac function. The role of mTOR
signalling has been extensively characterized in pre-clinical models of
cardiac stress, such as mice undergoing surgical procedures or metabolic
insults. mTOR modulation has both adaptive and maladaptive functions,
depending on the type of stress and the level and the duration of
its activation.

5.1 Cardiac development
Single systemic deletion of mTOR, RAPTOR, RICTOR, or mLST8 is
embryonically lethal, indicating the indispensable role of mTOR signalling
in driving embryonic development.47,112,113 Mice with constitutive car-
diac deletion of mTOR die in utero or during the perinatal period.114

Embryos of mTOR knockout animals displayed a reduction of cardio-
myocyte proliferation and increased apoptosis. Mice with cardiac-
specific mTOR deletion during the adult stage showed a reduced
lifespan, along with the development of fatal dilated cardiomyopathy. At
the molecular level, mitochondrial dysfunction and increased apoptosis
and autophagy were observed in the hearts of these mice. Concomitant
cardiac deletion of 4E-BP1 improves lifespan, cardiac function, and
survival in the mTOR knockout animals.115 Mice with inducible cardiac
deletion of RAPTOR during adulthood exhibit decreased survival and
cardiac function.116 The role of mTORC1 during heart development
was also studied in mice with constitutive cardiac-specific deletion of
RHEB. The RHEB knockout animals die during the early post-natal
period and show sarcomere derangements and reduced protein synthe-
sis, which are alleviated when 4E-BP1 is concomitantly deleted.117

Constitutive cardiac deletion of RICTOR is not embryonically lethal
but leads to impairment of cardiac function at six months of age,51

whereas tamoxifen-induced cardiac-specific RICTOR deletion during
adulthood does not affect cardiac growth or function.118 These results
indicate that a disruption of mTORC1 and mTORC2 activities is delete-
rious for cardiac development and function under unstressed conditions,
but that mTORC1 appears to be more critical than mTORC2 for the
regulation of cardiac homeostasis.

5.2 Cardiac aging
The heart undergoes a series of structural and functional changes during
aging119 and modulation of mTOR appears to be a potential strategy to
mitigate cardiac complications in the elderly. mTOR expression is en-
hanced in the senescent heart and rapamycin administration increases
lifespan and reverses cardiac dysfunction during aging in mice, along with
reduced cardiac expression of genes regulating inflammation, hypertro-
phy, and contractile function.120–123 However, a recent study showed
that mice genetically deficient for the RNA component of telomerase
exhibit an over-activation of mTOR in several organs, including the heart.
Treatment with rapamycin unexpectedly decreased lifespan in this
model, suggesting that mTOR activation is adaptive in the presence of
short telomeres.124

A possible approach to reduce mTOR activity during aging is caloric
restriction (CR), defined as a low-calorie diet regimen without

malnutrition. Restoration of autophagy, in part by mTOR inhibition, is
one of the critical mechanisms by which CR delays cardiac aging. CR
improves cardiac function and metabolism in the aged heart in mice, by
enhancing autophagy and by decreasing markers of senescence along
with the reduction of mTORC1 activity.125 A broad class of compounds
mimicking CR, termed caloric restriction mimetics (CRMs), has recently
emerged as a potentially effective therapeutic tool for delaying age-
induced abnormalities.126

GSK-3a is a critical regulator of mTORC1 activity in the aged heart.
GSK-3a deletion in mice activates mTORC1 and aggravates cardiac ag-
ing, which is accompanied by massive hypertrophy, fibrosis, sarcomere
derangement, mitochondrial dysfunction, and impaired autophagy.127

Combined inducible cardiomyocyte-specific deletion of Rho-associated
coiled-coil–containing protein kinase (ROCK)1 and ROCK2, two regulators
of actin cytoskeleton, reduces cardiac fibrosis in aging, by promoting
starvation-induced autophagy and mTOR inhibition. However, the
mechanistic link explaining how the decreased activity of ROCK1 and
ROCK2 results in mTOR inhibition remains unknown.128

In contrast to the role of mTORC1 in promoting aging, activation of
mTORC2 offsets age-induced abnormalities. Systemic heterozygous de-
letion of RICTOR decreases lifespan in male mice, suggesting that
mTORC2 acts as an anti-aging molecule.129 Consistently, RICTOR over-
expression in Drosophila slows cardiac aging and up-regulates autophagy.
Transforming growth factor b (TGF-b)/INHB/activin dawdle protein, a
member of the TGF-b family, inhibits mTORC2 during aging, whereas
dawdle knockdown rescues mTORC2 activity and induces cardiac pro-
tection.130 Further studies are needed to understand whether this mech-
anism of regulation of mTORC2 is conserved in mammals.

These results suggest that enhancing mTORC2 activity or decreasing
mTORC1 may be a promising strategy to slow cardiac aging.

5.3 Cardiac hypertrophy
mTOR is a crucial regulator of cardiac hypertrophy and remodelling
(Figure 2). mTOR represents a central pathway that is activated by stimuli
that trigger cardiac hypertrophy, thereby promoting the development of
both adaptive and maladaptive cardiac growth. Cardiac hypertrophy is
triggered by mechanical stress, such as pressure or volume overload,
and by neuro-hormonal factors, such as angiotensin II and adrenergic
stimulation. Angiotensin II (Ang-II) and adrenergic b1/a1 stimulation also
activate mTORC1 in the cardiovascular system. In cardiomyocytes
in vitro, rapamycin inhibits Ang-II-induced up-regulation of S6K1, but it is
unable to reduce atrial natriuretic factor secretion and beta-myosin
heavy chain expression in response to Ang-II treatment.131 Similarly,
rapamycin inhibits S6K1 activation and protein synthesis induced by
isoproterenol or phenylephrine in cultured cardiomyocytes.132,133

These results suggest that G protein-coupled receptors (GPCRs)
play a significant role in mTORC1 activation during hypertrophy
development.

The general consensus regarding the role of mTORC1 in cardiac hy-
pertrophy is that this protein complex mediates both adaptive and mal-
adaptive hypertrophy. Mice with inducible cardiac deletion of mTOR or
RAPTOR during adulthood develop marked cardiac dysfunction in re-
sponse to pressure overload induced by transverse aortic constriction
(TAC), without the development of compensatory hypertrophy.115,116

At the molecular level, a reduction of protein synthesis was observed in
the knockout mice, due to reduced mTORC1-induced phosphorylation
of S6K1 and 4E-BP1.116 Alternatively, X-box binding protein 1 (XBP1), a
component of the unfolded protein response (UPR) is down-regulated
in pre-clinical models of heart failure and in heart failure patients,
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..whereas its overexpression improves cardiac function in mice. XBP1
promotes adaptive cardiac growth by stimulating mTOR activity at the
transcriptional level.134 Since XBP1 senses nutrient availability in meta-
bolic tissues, such as liver and adipose tissue, acting as a positive regula-
tor of anabolism and cell growth, this study may suggest that mTOR
activation mediates XBP1 anabolism and cellular growth in response to
nutrients. Cardiac-specific overexpression of mTORC1 does not lead to
hypertrophy, suggesting that mTORC1 promotes hypertrophy only
when hypertrophic insults are present.135 A recent study also highlighted
crosstalk between endoplasmic reticulum (ER) stress and mTORC1,
which contributes to the development of compensatory hypertrophy.
ER stress is activated in mice subjected to severe TAC or undergoing ex-
ercise, along with up-regulation of activating transcription factor 6 (ATF6),
an enhancer of protein folding. Cardiac ATF6 conditional knockout mice
subjected to TAC and analysed after 7 days were unable to develop
compensatory cardiac hypertrophy and showed chamber dilatation
and cardiac dysfunction. ATF6 knockout leads to RHEB down-
regulation, resulting in mTORC1 inhibition. Interestingly, ATF6 indu-
ces RHEB expression in the presence of growth factors, but not in re-
sponse to other activators of ATF6 that do not induce growth,
suggesting the stress-specific role of ATF6 in mediating cardiac growth
as an adaption to stress.136

Cardiac hypertrophy is also evident in athletes, as an adaptive re-
sponse of the heart to intense physical activity. mTOR signalling acti-
vation is associated with the development of physiological cardiac
hypertrophy in response to exercise.137 Creb-binding protein/p300–
interacting transactivator with ED-rich carboxy-terminal domain (CITED)-
4 overexpression was previously found to activate mTORC1 and be
sufficient to induce physiological hypertrophy.138 CITED-4 expres-
sion was also found to be up-regulated in endurance-exercised
mice.139 Modest cardiac dysfunction and dilatation were observed in
cardiomyocyte-specific CITED-4 knockout mice subjected to an in-
tensive swim exercise.140 In contrast, cardiac-specific deletion of
CITED-4 led to heart failure and cardiac dysfunction in mice in the
presence of pressure overload. Reduced mTOR activity, along with
increased apoptosis and detrimental autophagy, was observed under
these conditions.140

Persistent and excessive mTORC1 activation promotes the transition
from adaptive to maladaptive hypertrophy, and partial inhibition of
mTORC1 is protective in response to pressure overload. Cardiac-
specific heterozygous deletion of the RHEB gene or pharmacological in-
hibition of mTORC1 improves cardiac remodelling in mouse models of
pressure overload and volume overload, such as mitral regurgitation and
chronic myocardial infarction.141–145 RAPTOR haploinsufficiency also

Figure 2 mTORC1 modulation during cardiac hypertrophy. mTORC1 mediates both adaptive and maladaptive effects during hypertrophic stress. The
figure shows that complete inhibition of mTORC1 is detrimental whereas partial inhibition is protective in response to hypertrophic signals. See text for
further details. The figure was made using tools provided by Servier Medical Arts, among others. Legend: ER, endoplasmic reticulum; Het, heterozygous;
KO, knockout; mTOR, mechanistic target of rapamycin; mTORC1, mTOR complex 1; PRAS40, proline-rich AKT substrate 40; RAPTOR, regulatory-as-
sociated protein of mTOR; RHEB, Ras homolog enriched in brain; TAC, transverse aortic constriction; TSC2, tuberous sclerosis protein 2.
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attenuates heart failure induced by pressure overload or Gaq overex-
pression. On the other hand, similar beneficial effects are not ob-
served in mice with cardiac-specific overexpression of 4E-BP1, where
the lack of compensatory hypertrophy exacerbates cardiomyopathy.
The cardioprotective effects of RAPTOR haploinsufficiency may be
mediated by 4E-BP1-independent mechanisms, such as the effect of
mTORC1 upon mitochondria and metabolism.146 In cancer cells,
mTORC1 directly phosphorylates superoxide dismutase 1 at Thr40,
thereby inactivating it.147 Thus, the cardioprotective effects of
RAPTOR haploinsufficiency may be in part mediated through up-
regulation of an antioxidant response. Inhibition of mTORC1 through
cardiac-specific PRAS40 overexpression attenuates cardiac hypertrophy
and remodelling and ameliorates systolic function during pressure over-
load.148 TSC2 activation reduces cardiac hypertrophy in response to
pressure overload.149 Conversely, FLCN or TSC2 deletion in the heart
leads to cardiac hypertrophy and dysfunction by promoting activation of
mTORC1.150,151

In mice undergoing pressure overload, PKG activation is sufficient to
reduce cardiac hypertrophy. PKG activates TSC2 by phosphorylation at
Ser1365 and 1366, resulting in mTORC1 inhibition and activation of pro-
tective autophagy.69 This study suggests that PKG signalling acts as a neg-
ative regulator of mTORC1 during stress through TSC2 activation.
Interestingly, previous work demonstrated that PKG activity is reduced
in response to hypertrophic stimuli by oxidation at cysteine 42. It was re-
cently shown that knock-in mice with a PKG redox-dead cysteine 42 to
serine mutation show less cardiac hypertrophy and dysfunction in re-
sponse to pressure overload due to activation of TSC2 and inhibition of
mTORC1.152

The p38c and d MAPKs contribute to maladaptive hypertrophy during
stress by enhancing mTORC1 activity. p38c and d MAPKs null mice ex-
hibit reduced mTOR activation and reduced heart growth during the
post-natal period whereas they are protected from angiotensin II-
induced hypertrophy. p38c and d MAPKs phosphorylate the mTOR in-
hibitory protein DEPTOR and mediate its ubiquitination and
degradation.153

Aerobic glycolysis, the so-called Warburg effect, promotes the
growth of cancer cells. Increased glucose uptake and intermediates of
the glycolytic pathway and its accessory pathways also promote cardiac
hypertrophy. In mice undergoing pressure overload, the hexosamine bio-
synthetic pathway (HBP), the auxiliary pathway of glycolysis, is up-
regulated. Overexpression of glutamine: fructose-6-phosphate amidotrans-
ferase 1 (GFAT1), a rate-limiting enzyme of the HBP pathway, exacer-
bates hypertrophy through mTOR activation. GFAT1 activates mTOR
through O-GlcNAcylation, a post-translational modification.154 Glucose
inhibits BCAA catabolism by down-regulating cAMP response element
binding protein (CREB)-induced expression of Krüppel-like factor 15
(KLF15). Accumulation of BCAA, in turn, leads to mTOR activation.97

Other glycolytic intermediates, including glucose-6-phoshate96 and dihy-
droxyacetone phosphate,99 also activate mTOR. The involvement of
these mechanisms in pressure overload-induced cardiac hypertrophy is
unknown. In addition, whether mTOR activation induced by glucose
metabolites induces adaptive or maladaptive hypertrophy remains to be
clarified.mTORC1 is regulated by microRNAs during cardiac remodel-
ling. Cardiac-specific overexpression of microRNA-221 leads to cardiac
hypertrophy and dysfunction in mice. MicroRNA-221 suppresses p27, a
negative regulator of cyclin-dependent kinase 2 (CDK2), a protein involved
in cell cycle regulation. Activation of CDK2 induces mTORC1 activation
and reduces autophagy.155 microRNA-99a inhibits autophagy and indu-
ces cardiac hypertrophy, by inhibiting GSK3-b and enhancing mTORC1

activity.156 The involvement of endogenous microRNA-221 and micro-
99a in cardiac hypertrophy, such as pressure overload-induced hyper-
trophy, remains to be clarified.

Constitutive cardiomyocyte-restricted deletion of RICTOR indu-
ces cardiac dysfunction and dilatation after pressure overload, along
with enhanced apoptosis and reduced compensatory hypertrophy.
As we discussed earlier, RICTOR knockout activates MST1, a potent
inducer of apoptosis. Since MST1 inhibition rescues cardiac dysfunc-
tion in RICTOR knockout mice, MST1 acts as the main mediator of
mTORC2 modulation during cardiac adaption to stress.51 RICTOR
deletion in the heart during adulthood also leads to cardiac dysfunc-
tion in mice undergoing TAC.118 The calcium signal transducer 1
(STIM1) in cardiomyocytes in vivo acts as a positive modulator of
mTORC2, through direct interaction and phosphorylation of
RICTOR, which results in AKT-induced inactivation of GSK3-b.
STIM1 silencing in vivo attenuates compensatory hypertrophy through
mTORC2 down-regulation and results in increased GSK3-b-induced
apoptosis and cardiac dysfunction.157 Overexpression of calcineurin
(Cn)Ab1, a specific Cn isoform, inhibits hypertrophy in response to
pressure overload. This is mediated by mTORC2-induced activation
of ATF4, which in turn contributes to an enhanced antioxidant de-
fence and improved ATP metabolism by promoting glutathione
(GSH) production and decreasing oxidation of mitochondrial pro-
teins.158 This result suggests that mTORC2 activation promotes
compensatory cardiac growth and limits maladaptive hypertrophy.

5.4 Acute and chronic myocardial ischemia
Myocardial ischemia or energy stress leads to inactivation of mTORC1
(Figure 3). The latter represents an adaptive response since mTORC1 in-
hibition allows activation of protective mechanisms, including autophagy,
which in turn limits myocardial infarction. RHEB down-regulation and
GSK-3b activation contribute to mTOR inhibition in these conditions.
RHEB is inhibited in response to ischemia or glucose deprivation, leading
to mTORC1 inactivation.64 Forced activation of RHEB induces cell death
and ER stress and inhibits autophagy, resulting in increased infarct size.
GSK-3b inhibition also leads to mTORC1 activation and autophagy inhi-
bition, contributing to increased myocardial ischemic injury.65

Restoration of autophagy rescues the detrimental effects of either RHEB
up-regulation or GSK-3b inhibition.64,65 Caution should be exercised,
however, regarding the differential role of mTOR and autophagy during
ischemia and reperfusion. mTORC1 inhibition with rapamycin before is-
chemia reduces ischemia/reperfusion (I/R) injury, whereas it does not
confer protection when administered in the reperfusion phase.65,159

Increased production of autophagosomes in the presence of inhibition
of autophagosome–lysosome fusion during reperfusion induces a unique
form of death, termed autosis, in cardiomyocytes.160 In fact, endogenous
mTORC1 is activated during the reperfusion phase and mTORC1 activa-
tion during reperfusion limits I/R injury; thus, it appears to be adap-
tive.65,161 Cardiac overexpression of dominant-negative GSK-3b or
systemic heterozygous deletion of GSK-3b decreases I/R injury through
mTORC1 activation, which is accompanied by reduced mitochondrial
permeability transition pore (mPTP) opening.65 CITED-4 overexpression
mitigates I/R injury through mTORC1 activation, along with reduced apo-
ptosis and detrimental autophagy.138 BCAAs administered 30 minutes
before ischemia reduce I/R injury through mTOR activation, and these
protective effects are abrogated in the presence of rapamycin or in
mTOR heterozygous knockout mice,162 where the protective effect of
BCAA and mTOR appears to be mediated primarily through their effects
during reperfusion. At the molecular level, BCAAs reduced
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mitochondrial swelling induced by I/R and preserved cell viability in cardi-
omyocytes undergoing I/R in vitro. In a recent work, the lysosomal-associ-
ated transmembrane protein 4B (LAPTM4B) was reported to be down-
regulated in the hearts of mice undergoing I/R. Systemic deletion of
LAPTM4B (LAPTM4B KO) aggravated I/R injury, whereas its overexpres-
sion was beneficial. Mechanistically, LAPTM4B decreased mTORC1 activ-
ity and rescued autophagic flux and autophagosomes clearance, through
a mTORC1/TFEB-dependent mechanism.163 Rapamycin administration
reduced I/R injury in LAPTM4B KO mice. Further studies should be con-
ducted in mice with cardiomyocyte-specific deletion of LAPTM4B.

Combined mTORC1 and mTORC2 inhibition abrogates the protective
effects of ischemic pre-conditioning, whereas single mTORC1 inhibition
does not exert any influence. This suggests that mTORC2 activation is es-
sential for cardioprotection induced by pre-conditioning. The activation of
mTORC2 in this condition may be mediated by ribosomal protein S6 (Rps6),
a protein needed for protein translation.164mTORC1 activation is detri-
mental in the heart during chronic ischemia. In rats undergoing myocardial
infarction (MI), mTORC1 inhibition using everolimus reduces adverse
remodelling and infarct size and stimulates autophagy.143 Another study
found that S6K1, an mTORC1 target, is activated in the heart in response
to MI in mice, and its pharmacological inhibition attenuates myocardial
remodelling and activates AKT.165 AKT activation induced by S6K1 inhibi-
tion may be secondary to mTORC2 activation. In mice undergoing MI, loss
of RICTOR increases myocardial damage and remodelling, whereas
PRAS40 inhibition improves cardiac function and post-infarction remodel-
ling by enhancing the mTORC2-induced activity of AKT.166 This suggests

that the induction of a shift from mTORC1 to mTORC2 activation could
be a potential strategy to protect the heart from ischemic disease.

5.5 Metabolic cardiomyopathy
As a nutrient sensor, mTOR co-ordinates glucose and lipid metabolism
across tissues, including in liver, adipose tissue, and skeletal muscle, with
different responses during feeding and fasting cycles. In the presence of
nutrients, the insulin level rises, leading to mTOR activation, which in
turn promotes nutrient storage by activating lipogenesis, glycogen, and
protein synthesis. During fasting, mTOR activity in metabolic tissues
decreases, resulting in nutrient mobilization.6 In metabolic disorders,
such as obesity and type 2 diabetes, mTOR activity is increased, and ac-
cumulating lines of evidence suggest that mTORC1 activation contrib-
utes to the development of metabolic cardiomyopathy. In pre-clinical
models of metabolic syndrome, the activity of mTORC1 signalling in the
heart is increased and its inhibition improves cardiac function, along with
the restoration of autophagy.64,167–169 RHEB or AKT activation leads to
mTORC1-induced suppression of autophagy in the presence of
obesity.170mTORC1 inhibition also attenuates the progression of dia-
betic cardiac complications. In mouse models of type 2 diabetes, rapamy-
cin or PRAS40 activation improves cardiac function.171,172 In these
conditions, reduced oxidative stress is observed, in association with im-
proved glucose metabolism and expression of contractile proteins, such
as myosin light chain MLY2, myosin heavy chain 6, and myosin-binding
protein C. We previously found that autophagy is inhibited in the heart
in response to long-term HFD consumption, due to deregulated

Figure 3 mTORC1 modulation during ischemia/reperfusion (I/R) and chronic myocardial infarction. Ischemia reduces mTORC1 activity, conferring
cardioprotection. The increased activity of mTOR during reperfusion inhibits maladaptive mechanisms and limits I/R injury. Chronic myocardial infarction
enhances mTOR activity, leading to detrimental cardiac effects. See text for further details.
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activation of the RHEB/mTORC1 signalling pathway. Impairment of
autophagy in response to HFD consumption significantly reduced
ischemic tolerance and increased infarct size in response to prolonged is-
chemia. Rapamycin treatment or partial mTOR gene deletion reduced
infarct size and apoptosis in mice with HFD-induced metabolic
syndrome subjected to acute ischemic injury.64 In a different study,
rapamycin treatment was also found to reduce I/R injury in mice with
type 2 diabetes through STAT3 and miR-17/20 activation173 and inhibi-
tion of prolyl hydroxylase (PHD3), a direct target of miR-17/20. In con-
trast, type 1 diabetic mice overexpressing a dominant-negative form of
mTOR in the heart exhibited severe cardiac dysfunction when com-
pared to mice overexpressing constitutively active mTOR, these results
being opposite from those obtained with mTORC1 inhibition in the
presence of type 2 diabetes and obesity. It is possible that mTORC2 inhi-
bition contributes to the detrimental effects of dominant-negative
mTOR overexpression in this study, although the authors of the study
did not observe modulation of mTORC2 in transgenic mice.174

5.6 Genetic and doxorubicin-induced
cardiomyopathies
mTOR is activated in genetic cardiomyopathies, such as those caused
by mutations in tripartite motif containing 63 (TRIM63), muscle ring finger
protein 1 (MuRF1), laminin A/C gene, or genes involved in LEOPARD
syndrome.175–178 In pre-clinical models carrying these genetic defects,
mTORC1 inhibition reduces cardiomyopathy. A gain-of-function muta-
tion in the RAGC gene is associated with the development of foetal di-
lated cardiomyopathy, as a result of exacerbated mTOR activation, even
in the presence of amino acid deprivation.179 Cardiac deletion of pentatri-
copeptide repeat domain protein (PTCD1), a protein involved in mitochon-
drial RNA metabolism, leads to dilated cardiomyopathy, together with
transcriptional down-regulation of mitochondrial biogenesis and fatty
acid metabolism and up-regulation of mTOR. The down-regulation of
mitochondrial RNA assembly induced by loss of PTCD1 leads to in-
creased protein synthesis signalling, suggesting that mTOR is activated as
a compensatory response.180 Further studies are needed to clarify
whether mTOR inhibition rescues the detrimental effects of PTCD1

inhibition and the mechanistic link between RNA metabolism and
transcriptional regulation of mTOR.

The role of mTOR has been explored in cardiotoxicity induced by
anthracyclines, such as doxorubicin. mTOR activity is attenuated follow-
ing doxorubicin treatment, resulting in cardiac atrophy and dysfunction,
independently of apoptosis.181 Angiotensin-converting enzyme (ACE) inhi-
bition using enalapril reduces cardiac dysfunction in mice treated chroni-
cally with doxorubicin, and this is associated with reactivation of
mTOR.182 Doxorubicin enhances cardiac expression of phosphoinositide
3-kinase gamma (PI3Kc), which in turn stimulates the AKT/mTOR/ULK1
pathway and inhibits autophagy.183 Suppression of PI3Kc reduces
doxorubicin-induced cardiac dysfunction by promoting cardiac mitoph-
agy, a selective form of autophagy devoted to mitochondrial digestion.
Additional studies are warranted to understand the role of mTORC1
and mTORC2 in doxorubicin-induced cardiotoxicity.

6. Therapeutic prospects:
translation to human

The evidence obtained in pre-clinical studies thus far suggests that modu-
lating mTOR signalling may represent a valid therapeutic strategy in a va-
riety of cardiovascular diseases. To date, mTOR inhibitors (Table 1) are
widely used in cancer treatment and are being tested in ongoing clinical
trials as components of the drug-eluting stent for the treatment of
patients with coronary artery diseases (NCT01347554). In these cases,
inhibition of mTOR signalling leads to a reduction of cellular prolifera-
tion, which is relevant both in cancer cells and in stent resteno-
sis.15,184,185 mTOR inhibition is also efficacious in ameliorating clinical
outcomes of patients with idiopathic multicentric Castleman disease
(iMCD), a lymphoproliferative disorder characterized by systemic in-
flammation and organ dysfunction.186

The first generation of mTOR inhibitors is rapalogs (rapamycin deriva-
tives), such as sirolimus and everolimus. The second generation of
mTOR inhibitors includes ATP-competitive mTOR kinase inhibitors,
such as Torin-1, which inhibit both mTORC1 and mTORC2.187 This
class also includes mTOR/PI3K dual inhibitors. Unlike rapalogs, second-

...............................................................................................................................................................................................................................

Table 1 Generations of mTOR inhibitors and their cardiovascular effects

Name Generation mTORC1

inhibition

mTORC2

inhibition

Protective cardiovascular

effects in pre-clinical models

References

Rapamycin First Yes No #Cardiovascular aging

#Cardiac hypertrophy

#I/R injury

121,141,165

Everolimus First

(rapalog)

Yes no #Adverse cardiac remodelling #Infarct size 143

Sirolimus First

(rapalog)

Yes no #In-stent restenosis 184,185

Torin-1 Second

(ATP-competitive mTOR

kinase inhibitor)

Yes yes "Cardiac ischaemic remodelling 166

RapaLink-1 Third

(juxtaposition of first- and

second-generation

inhibitor-binding pockets)

Yes yes Not available 188
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.
generation mTOR inhibitors ensure that the feedback loop between
AKT and mTORC1 activation is suppressed. Second-generation mTOR
inhibitors have exhibited promising results in pre-clinical trials in cancer,
although mTOR resistance, due to mutation in mTOR kinase, is often
observed. The third class of mTOR inhibitor, called RapaLink-1, was re-
cently developed to overcome mTOR resistance.188 Whether these
compounds are also effective in the cardiovascular system remains to be
established, since combined inhibition of both complexes may be delete-
rious during cardiac stress.

Regarding the use of mTOR inhibitors for treating cardiovascular dis-
eases in humans, everolimus was effective in reducing cardiac allograft
vasculopathy in the setting of heart transplantation.189,190 The
Controlled Level EVERolimus in Acute Coronary Syndromes (CLEVER-
ACS) (NCT01529554) clinical trial is evaluating the effects of everolimus
on cardiac function and inflammation in patients with ST-elevation myo-
cardial infarction. Another interesting strategy to reduce mTOR activity
includes a CR regiment or CRMs. Long-term CR was reported to im-
prove diastolic function in human subjects.191 Ongoing clinical trials are
testing these strategies in other heart diseases as well. However, since
CR and CRMs also act on other targets besides mTOR, it will be chal-
lenging to differentiate the specific role of mTOR modulation from the
other effects of CR and CRMs.

7. Conclusion

We have summarized the latest findings regarding the role of mTOR in
cardiac pathophysiology (Table 2). mTOR senses the nutrient and energy
status and regulates anabolism and catabolism by integrating environ-
mental and intracellular inputs. Recent studies identified the novel deter-
minants of mTOR regulation in heart and vascular cells, both at baseline
and during stress. Partial mTOR inhibition attenuates cardiac injury un-
der some conditions, such as during chronic cardiac remodelling, aging,
and metabolic disorders. In contrast, complete inhibition of mTOR is
detrimental due to the loss of adaptive mechanisms, particularly in re-
sponse to I/R injury or pressure overload.

Some aspects of mTOR signalling remain to be addressed in the near
future. First of all, a better comprehension of adaptive and maladaptive
mechanisms exerted by mTORC1 and mTORC2 in cardiac diseases is
needed to understand how to translate mTOR modulation to the human
setting. In particular, the role of mTORC1 as a potential driver of cardiac
regeneration after MI should be better elucidated.192 A recent study
demonstrated that checkpoint kinase 1 (CHK1) overexpression promotes

cardiomyocyte proliferation and improves cardiac function, as well as
mTORC1 activation, in mice undergoing permanent MI. Rapamycin
blunts cardiomyocyte proliferation induced by CHK1 overexpression
in vitro,192 suggesting that mTORC1 activation in the infarcted area, in
which mTORC1 activity is usually shut down, could improve myocardial
regeneration.

Characterization of upstream modulators and substrates of
mTORC1/2 in various stress conditions would be helpful. Since
mTORC1 signalling and mTORC2 signalling are interconnected, addi-
tional studies on this crosstalk should be conducted, which would clarify
when one complex compensates for a reduction in the other, or when
mTORC1 and mTORC2 act in a synergistic manner. The pathophysiol-
ogy of mTORC2 is less well characterized than that of mTORC1. The
development of selective mTORC2 inhibitors would help to better
comprehend the functions and signalling network of this complex.

Finally, translation of basic mTOR investigation into the clinical setting
remains modest. Few studies have investigated mTOR activity in human
samples. In aortic samples of patients with abdominal aortic aneurysm
(AAA), mTOR is up-regulated compared to in control segments, and
this is associated with an impairment of autophagy.193 Further studies
should assess the levels of mTOR activity in samples from patients with
different cardiovascular diseases. Clarification of this issue is important,
since mTOR inhibition does not always lead to protective effects and
may also be detrimental. Moreover, mTOR activity increases under
some pathologic circumstances whereas it decreases in others, making it
difficult to estimate the exact window for therapeutic interventions.
Additional studies are also needed to elucidate how polymorphisms or
genetic variants of mTOR complexes correlate with cardiovascular dis-
eases. Clinical trials modulating the activities of mTOR should be orga-
nized in patients with MI, heart failure, and metabolic diseases.
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Table 2 mTORC1 activity in cardiac diseases and interventions aimed to reduce disease progression

Cardiac disease mTOR activity Protective/detrimental effects of

mTOR inhibition

References

Cardiac

Aging

Increased Protective 120,125

Cardiac hypertrophy Increased Protective when partial

Detrimental when complete

141

116

Ischemia/reperfusion

Injury

Decreased during ischemia and

increased during reperfusion

Protective before ischemia 65,159

Myocardial

infarction

Increased Protective 143

Metabolic Increased Protective 64,171,172
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