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Abstract

Purpose of review: Type 2 diabetes mellitus (T2DM) is a risk factor for heart failure. The
mechanistic target of rapamycin (mTOR) is a key mediator of the insulin signaling pathway. We
will discuss the role of mTOR in myocardial dysfunction in T2DM.

Recent findings: In T2DM, chronically activated mTOR induces multiple pathological events,
including a negative feedback loop that suppresses IRS (insulin receptor substrate)-1. While short-
term treatment with rapamycin, an mTOR inhibitor, is a promising strategy for cardiac diseases
such as acute myocardial infarction and cardiac hypertrophy in T2DM, there are many concerns
about chronic usage of rapamycin. Two mTOR complexes, mMTORC1 and mTORC2, affect many
molecules and processes via distinct signaling pathways that regulate cardiomyocyte function and
survival.

Summary: Understanding mechanisms underlying mTOR-mediated pathophysiological features
in the heart is essential for developing effective therapies for cardiac diseases in the context of
T2DM.
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Introduction

At least 68% of people over 65 years of age with diabetes mellitus (DM) die of some form
of heart disease in the United States [1]. It is well recognized that type 2 diabetes mellitus
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(T2DM) increases the risk of cardiovascular disease (CVD) 2- to 3-fold [2]. DM increases
the risk of heart failure (HF) and adversely affects outcomes among patients with HF [1].

The mechanistic target of rapamycin (mTOR), a member of the PI3K (phosphatidylinositol
3-kinase)-related protein kinase family, is an important downstream molecule in the insulin
and insulin-like growth factor 1 (IGF-1) signaling pathways and plays a crucial role in cell
growth, metabolism, and cell proliferation [3+¢]. The mTOR protein is 289 kDa in size with
multiple companion domains, and it forms two distinct complexes: mTOR complex 1
(mTORC1) and 2 (MTORC?2). These two kinase complexes have mTOR and several binding
proteins in common, but differ in other components and downstream signaling pathways
[3+]. Previous reports, including ours, have demonstrated the significant role of mTOR in
cardiac function, cell survival, and metabolism in normal and diabetic hearts [4-7]. In this
review, we shed light on the mTOR signaling pathway and discuss how mTOR regulates
insulin signaling and glucose metabolism, and links T2DM with DM-associated cardiac
diseases that lead to HF, such as myocardial infarction (MI) and diabetic cardiomyopathy.

MTOR signaling pathway

Among the PI3K-related protein kinase family, mTOR is unique in terms of its FKBP12-
rapamycin binding domain allowing it to bind directly rapamycin, an immunosuppressant
[8]. mTOR, a ubiquitous serine/threonine protein kinase, exists in the PI3K/Akt signaling
axis (Fig. 1). Although mTOR is encoded by a single gene in mammals, it binds to specific
adaptor proteins to form two complexes: mMTORC1 and mTORC?2, both of which have
functionally distinct mechanisms and effects. mMTORC1 consists of multiple protein
components: the catalytic mTOR subunit, RAPTOR (the regulatory-associated protein of
mTOR) [9, 10], mLST8 (the mammalian lethal with sec-13 protein 8) [11], DEPTOR (the
DEP domain containing mTOR-interacting protein) [12] and PRAS40 (the proline rich Akt
substrate 40 kDa) [13] (Fig. 1). Despite their different functions, mMTORC2 shares three
components commonly with mTORC1: mTOR, mLST8, and DEPTOR. However, unlike
MTORC1, mTORC2 contains other specific subunits: RICTOR (rapamycin-insensitive
companion of mTOR) [14], and mSIN1 (mammalian stress-activated MAP kinase-
interacting protein 1) [15] (Fig. 1). The Tel2 (telomere maintenance 2)/Ttil (Tel2 interacting
protein) complex is reported to be a critical factor in mTORC assembly for its stabilization
[16, 17]. Tel2 binds to Ttil and both Tel2 and Ttil are necessary and sufficient to stabilize
and activate both mTORC1 and mTORC2 signaling pathways [16, 18].

Insulin and IGF-1 stimulate receptor tyrosine kinases and their cognate receptors, and
subsequently activate the PI3K/Akt and Ras signaling pathways. The phosphorylated
effector kinases — Akt and ERK1/2 (extracellular-signal-regulated kinase 1/2), directly
phosphorylate and inactivate TSC1/2 (the tuberous sclerosis complex 1/ 2) heterodimer [19]
[20]. TSC1/2 acts as a GTPase-activating protein (GAP) for Rheb (Ras homologue enriched
in brain) GTPase, decreasing Rheb-GTP. Since Rheb-GTP stimulates mTORC1 kinase
activity, insulin/IGF-1 signaling finally activates mTORC1 via the PI3K/Akt signaling axis
and subsequent inhibition of TSC1/2 [21]. Akt can also stimulate mTORC1 kinase activity
independently from TSC1/2 by directly phosphorylating and dissociating PRAS40
(mTORCL1 inhibitor) from RAPTOR, which leads to the activation of mMTORC1 [13]. Other
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states, such as low nutrients can lead to decreased ATP (adenosine triphosphate) levels, thus
increasing the AMP (adenosine monophosphate)/ATP ratio, resulting in AMPK (AMP-
dependent protein kinase) activation. AMPK phosphorylates TSC2 and increases its GAP
activity toward Rheb [22, 23], as well as directly inactivating mTORC1 by phosphorylating
RAPTOR, which causes 14-3-3 binding and the allosteric inhibition of MTORC1 [24].
GSK-3p (glycogen synthase kinese-3p) can also activate TSC2 and inhibit the mTORC1
signaling pathway during energy stress [25]. Amino acids (especially arginine and leucine)
activate mTORC1 with Rag GTPases on the lysosome [26].

Among the downstream cellular processes of mMTORCL1, protein synthesis is the best
characterized, and there are two well-known targets of mMTORC1 [27]. Once activated,
mMTORC1 phosphorylates S6K1 (the ribosomal protein S6 kinase 1), which promotes various
cellular processes, including: mRNA biogenesis, translation of ribosomal proteins, cell
growth, and cell metabolism [28]. As discussed later, mMTORC1 and S6K1 have an important
negative feedback action to inhibit IRS-1 (the insulin receptor substrate-1) [29]. The other
target of mMTORCL is 4E-BP1 [the eukaryotic translation initiation factor 4E (elF4E)-binding
protein], which accelerates its dissociation from elFAE, thereby restoring conditions that
favor protein synthesis [30]. Hence, phosphorylation of 4E-BP1 by mTORCL1 is necessary to
begin mRNA translation and protein synthesis. In addition, mTORCL regulates cell growth
and proliferation by inhibiting autophagy, a major process that maintains cellular metabolic
homeostasis [31].

Compared to mTORC1, the regulation of mMTORC2 remains largely unknown. The only
known upstream activators are growth factors via the PI3K signaling pathway through
ribosomal interaction [32]. Since mMTORC2 has RICTOR instead of RAPTOR, it is less
sensitive to acute treatment with rapamycin than mTORC1 because FKBP12-rapamycin
cannot bind to it [33]. However, long-term treatment with rapamycin decreases mTORC2
activity by suppressing its subunits [34, 35]. mTORC2 controls cytoskeletal organization,
cell size, cell survival, and cell metabolism. Well-known downstream substrates of mMTORC2
include AGC kinase family members, such as Akt, SGK (serum- and glucocorticoid-
regulated kinase), and PKC (protein kinase C) [36, 37]. Among these members, Akt is an
especially important kinase since it has a role in the pathogenesis of cancer and diabetes.
mTORC2 directly phosphorylates Akt at Ser473 in a hydrophobic motif [38], a site required
for its maximal activation, before subsequent phosphorylation at Thr308 in the catalytic
domain by PDK1 (phosphoinositide dependent protein kinase 1). Ser473- and Thr308-
phosphorylated Akt is fully activated, and is able to phosphorylate many Akt targets,
including Foxo1(the forkhead box protein O 1) and Foxo3 transcription factors [39].
Phosphorylation of Foxol and Foxo3 prevents them from translocating into the nucleus and
activating apoptotic gene expression; thus, mTORC2 may contribute to cell survival.

mMTOR and insulin resistance

Activating mTORC1 by TSC2 disruption in p-cells leads to hyperinsulinemia, expansion of
B-cell mass, decreased blood glucose levels, and improved glucose tolerance [40, 41]. S6K1-
deficient mice exhibit hypoinsulinemia, glucose intolerance, and diminished p-cell size [42].
Those findings suggest that the mTORC1/S6K1 axis positively regulates insulin secretion.
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However, it is paradoxical given that chronic hyper-activation of mMTORC1/S6K1 signaling
appears to exacerbate insulin resistance, thereby leading to development of T2DM [40].
Chronic mTORC1 activation contributes to development of insulin insensitivity by
promoting lipogenesis in adipose, reducing glucose uptake in muscle and liver, and
enhancing gluconeogenesis in the liver [43, 44]. Sustained activation of S6K1 through
mTORC1 activity can lead to phosphorylation and dampening of the function of IRS-1, an
adaptor protein that controls key downstream effectors of the insulin receptor [43].
Phosphorylation at Ser307- and Ser636/639- of IRS-1 initiates IRS-1 degradation,
suppresses PI3Krecruitment, and leads to the blockade of PI3K/Akt signaling. This causes
insulin desensitization via the mTORC1/S6K1-mediated negative feedback loop [29]. A
substrate of mTORC, Grb10 (growth factor receptor-bound protein 10), is known to regulate
the insulin signaling pathway [45, 46]. Grb10 is phosphorylated by mTORC1 and inhibits
Thr-phosphorylation of insulin/IGF receptors, which blocks PI3K/Akt signaling and
eventually results in insulin insensitivity [46]. Chronic hyperinsulinemia and hyperglycemia
associated with T2DM can lead to an excess of mMTORC1/S6K1 activity via insulin/
PI3K/Akt signaling, and then chronic mTORC1/S6K1 activation may result in further
worsening of hyperinsulinemia and hyperglycemia by these various responses towards
insulin resistance. There is no doubt that too little mMTORC1 activity results in
hypoinsulinemia [42] whereas too much mTOR activation leads to insulin resistance [40],
thus tight and well-regulated control of mMTORCL1 signaling is essential to maintain
physiological energy homeostasis.

On the other hand, mTORC2 activates glucose uptake, positively regulates glycolysis, and
suppresses hepatic gluconeogenesis [47, 35]. These all contribute to decreasing blood
glucose levels. In addition, mTORC2 is an upstream positive regulator of Akt activity as
discussed above [38], thus disruption of mMTORC2 in B-cells results in diminishing Akt
activity and activation of Foxol [38, 39]. That eventually leads to mild hyperglycemia and
glucose intolerance due to a reduction in B-cell mass, proliferation, pancreatic insulin
production, and glucose-stimulated insulin secretion [48].

Heart failure in patients with T2DM

Cardiovascular abnormalities in patients with T2DM include vascular endothelial
dysfunction, which leads to atherosclerosis and eventually results in coronary artery disease
[49]. This dysfunction also has detrimental effects on cardiomyocytes (CMs), which may
link HF with diabetes. Local increases in angiotensin Il (ANG I1) in diabetes enhances
oxidative damage by increasing apoptosis 85-fold and necrosis 4-fold in human CMs
compared to non-diabetic CMs [50]. The Framingham Heart Study in the 1970s first
revealed that T2DM independently confers roughly a 2-fold increase in risk of HF in men,
and a 5-fold increase in women compared with age-matched control subjects [51]. In spite of
its frequency, morbidity, and high mortality, HF is often excluded from the list of major
diabetic complications and from the large-scale trials that focus mainly on cardio “vascular”
outcomes in patients with DM [52, 53]. However, the etiology of HF in DM is characterized
as several overlapping cardiotoxic and cellular maladaptive alterations, including
hypertension and subsequent cardiac hypertrophy, myocardial ischemia, and diabetic
cardiomyopathy [54-56]. According to this pathogenic model, atherosclerotic coronary
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artery disease is an additional component of HF in DM. In the following section, we will
focus on CMs and explain the relationship between mTOR signaling and myocardial
dysfunction caused by T2DM.

Role of the mTOR signaling pathway in myocardial dysfunction with T2DM

Hypertension and cardiac hypertrophy

The coexistence of cardiotoxic complications of T2DM seems to cooperatively contribute to
biochemical, anatomical, and functional alterations in CMs and other tissues that impair
cardiac function [55]. Among them, hypertension is reported as frequently comorbid in over
two-thirds of patients with T2DM, and coincides with the development of hyperglycemia
[57]. Hypertension may damage myocardial contractile proteins, induce myocardial fibrosis,
and generate a hypertrophic state with systolic and diastolic dysfunction [58]. The mTOR
signaling pathway is closely related to the development of both hypertension and cardiac
hypertrophy [59¢¢]. In aortic endothelial cells, activation of mMTORC1/S6K1 by ANG Il
contributes to impairment of insulin-stimulated vasodilation through suppression of IRS-1
and nitric oxide synthase, eventually leading to vasoconstriction and hypertension [60]. In
CMs, activation of mTORCI1 signaling contributes to hypertrophic states in response to
ANG Il [61], IGF-1[62], and p-adrenergic stimulation [63]. Among upstream signals, the
PI3K/Akt signaling axis contributes significantly to the activation of mTORC1, and
enhancing the axis leads to eventual development of cardiac hypertrophy that can be
reversed by pharmacological inhibition of mMTORC1 with rapamycin [64]. Similarly,
disruption of TSC1 in heart also induces early neonatal cardiac hypertrophy, resulting in
heart failure that could be delayed by rapamycin [65].

Rapamycin ameliorates the exacerbation of cardiac hypertrophy in response to pressure
overload [66]. Rapamycin also prevents cardiac hypertrophy and fibrosis in rats with
spontaneous hypertension [67], and inhibits apoptosis in pressure-overloaded rat
myocardium [68]. Moreover, overexpression of PRAS40, a component of mTORC1 and
endogenous mTORC1 inhibitor, prevents the development of transverse aortic constriction
(TAC)-induced cardiac hypertrophy, and delays established hypertrophy [69].

In contrast, inducible cardiac-specific deletion of m7OR and raptor leads to ventricular
dilation and results in HF without an initial phase of compensatory hypertrophy [70, 5]. We
reported that mice with cardiac-specific overexpression of wild-type mTOR (mTOR-Tg)
were protected against pathological hypertrophy and HF following cardiac pressure overload
induced by TAC [71]. Our data suggest that the cardioprotective effect of mTOR is mediated
by inhibiting nuclear factor-xB (NF-xB)-regulated myocardial inflammation [71].
Interestingly, one key difference between mice with cardiac-specific overexpression of
constitutively active Akt (myr-Akt-Tg) versus mTOR-Tg, is that myr-Akt-Tg mice exhibited
massive cardiac hypertrophy [72], whereas mTOR-Tg mice displayed normal size [71]. At
the molecular level, our mTOR-Tg mice showed activation of both mTORC1 and mTORC2
[71]. As discussed above, chronic activation of mMTORC1 generates negative feedback on
upstream molecules, such as IRS-1 [29]. The feedback system might contribute to
maintaining normal heart size in chronic activation of mTOR, instead of letting hypertrophy
occur unchecked. These results indicate that mTOR plays a crucial role in maintaining
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cardiac function and preventing cardiac dysfunction in developing cardiac hypertrophy
induced by pressure overload.

Taken together, whereas cardiac mTOR is necessary and sufficient for cardiac function,
inhibition of MTORC1 alone prevents the detrimental effects of hypertension and cardiac
hypertrophy, which are major complications of T2DM.

Myocardial ischemia

For patients with T2DM, myocardial ischemia intimately correlates with hypertension and
leads to severely dysfunctional myocardium and possible terminal HF [54]. Although
preventive care for patients with T2DM has improved, and the rate of T2DM-related
complication of acute myocardial infarction (AMI) has declined in recent decades [73], its
frequency remains high because of the increasing population of T2DM patients [74]. The
end result of coexisting hypertension and myocardial ischemia in T2DM is a fibrotic, non-
compliant myocardium, that initially presents with diastolic dysfunction, and later systolic
dysfunction [54].

During ischemic injury, inhibition of mMTORC1 physiologically preserves energy
homeostasis and promotes cell survival [59¢¢]. Since mMTORCL1 inhibition reduces energy
consumption and activates autophagy, genetic or pharmacological inhibition of MTORC1
augments the cardioprotective effect of MTORC1 on CMs and thus may be beneficial during
ischemia and energy deprivation [75]. Inhibition of Rheb, a positive regulator of mMTORC1,
also protects CMs during ischemia and energy deprivation by activation of autophagy [75].
These data suggest that forced reactivation of Rheb/mTORC1 signaling promotes cell death
in CMs both /n vitroand in vivo, whereas inhibition of the Rheb/mTORCL signaling
pathway limits CM death during energy stress and reduces myocardial damage during
ischemia, particularly in obese mice with HFD [75]. The same group reported that inhibition
of GSK-3p exacerbates non-reperfusion myocardial ischemic injury by inhibiting autophagy
following mTORC1 reactivation [76]. In addition, inhibition of AMPK in glucose-deprived
CMs and ischemic mice hearts also diminished autophagy and increased CM death and
ischemic injury [77].

Physiological activity of mTORC1 increases after ischemia, and contributes to adverse
cardiac remodeling, to which mTORC1 inhibition does seem to have a therapeutic effect
[78, 79]. Pharmacological mTORC1 inhibition with everolimus reduced cardiac infarct size
and attenuated adverse left ventricular remodeling to improve post-MI cardiac function in
rats [78]. PRAS40 overexpression inhibits mMTORC1, reduces CM apoptosis and cardiac
remodeling, and ameliorates cardiac function, while pharmacological inhibition of both
mTORC1 and mTORC2 by Torinl or a shift to dominant mTORCL1 signaling by suppressing
mTORC2 via rictor knockdown led to increased CM apoptosis and deterioration of cardiac
function [79]. Taken together, prophylaxis of adverse cardiac remodeling after M1 appears to
be a complex challenge, requiring both mTORCL1 inhibition and mTORC?2 activation.

Compared to the scenarios of myocardial ischemia and cardiac remodeling as discussed
above, the role of the mTOR signaling pathway in the context of ischemia/reperfusion (I/R)
injury is still a controversial subject. While it is difficult to distinguish the initial acute
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myocardial infarct zone caused by ischemia from the subsequent infarct zone caused by
reperfusion injury in the clinical settings, studies in animal models of AMI suggest that
lethal reperfusion injury accounts for up to 50% of the final size of a myocardial infarct [80].
When administered before ischemia, rapamycin treatment reduces myocardial infarct size
caused by I/R in murine ex vivo retro-grade perfused Langendorff hearts, and in /n vivo left
coronary artery ligation models by activating STAT3 (signal transducer and activator of
transcription 3) [81]. A recent report showed that rapamycin therapy at the onset of
reperfusion reduces infarct size in diabetic hearts through STAT3 signaling, and
demonstrated this in HFD-induced obese mice and homozygous db/db T2DM mice [82]. On
the other hand, another study demonstrated that rapamycin is not cardioprotective during I/R
injury when administered before reperfusion [76]. One study suggested that autophagy may
be protective during ischemia, whereas it may be detrimental during reperfusion [77]. By
using ex vivo Langendorff-perfused heart and /n vivo transient coronary artery ligation I/R
models in mMTOR-Tg mice, we demonstrated that mTOR overexpression preserved cardiac
function and prevented CM necrosis [6]. In another study using HFD-induced obese mice,
we showed that cardiac mTOR overexpression prevents the detrimental effects of diet-
induced obesity on the heart after I/R injury by reducing cardiac dysfunction and myocardial
scarring [7¢]. In those studies, we showed that mTOR overexpression that induces both
mTORC1 and mTORC?2 activation inhibits necrosis rather than apoptosis in I/R injury. The
formation of the mitochondrial permeability transition pore (mPTP) and subsequent
permeabilization of the inner mitochondrial membrane is known to be a fundamental factor
for necrotic cell death, especially in I/R injury (mPTP-dependent necrosis) [83]. Although
the role of mTOR in regulated mPTP-dependent necrosis in CMs is not well characterized, a
previous report demonstrated that the role of the mTORC2/Akt signaling axis in
mitochondrial calcium influx [84]. Since high calcium concentration in the matrix is a
potential trigger for mPTP opening [85], it is possible that the mTORC2/Akt signaling axis
might negatively regulate mPTP-dependent necrosis of CMs in the setting of I/R injury.

Taken together, mTORCL1 inhibition seems to be cardioprotective against myocardial
ischemia and cardiac remodeling by activating autophagy and inhibiting protein synthesis.
However, the role of mMTORCL during I/R injury is still ambiguous, whereas mTORC2
activation may have a beneficial effect. Therefore, further studies are required to better
understand the role of mMTOR - especially mMTORC1, during I/R injury, and the role of
mTORC2 in the close correlation between myocardial ischemia and T2DM.

Diabetic cardiomyopathy

The first clinical report of diabetic cardiomyopathy was published in 1972, which involved
four patients with T2DM who had died of HF [86]. The anatomic pathology of their hearts
demonstrated a cardiomyopathy characterized by abnormal myocardial structures, whereas
there was no evidence of coronary artery disease, hypertension, or other explainable factors
for HF [87]. Although it remains a contentious subject whether “diabetic cardiomyopathy”
truly exists [88], ESC (European Society of Cardiology) guidelines in 2013 defined diabetic
cardiomyopathy as a clinical condition diagnosed when ventricular dysfunction occurs in the
absence of coronary atherosclerosis and hypertension [89]. ACCF/AHA (American College
of Cardiology Foundation/American Heart Association) guidelines in 2013 also referred to
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the treatment of diabetic cardiomyopathy [90]. The diabetic cardiomyopathy observed in
insulin-resistant or hyperinsulinemic states is characterized by impaired myocardial insulin
signaling, mitochondrial dysfunction, endoplasmic reticulum stress, impaired calcium
homeostasis, abnormal coronary microcirculation, activation of renin-angiotensin-
aldosterone system/sympathetic nervous system, and maladaptive immune responses [87].
These pathophysiological changes lead to multiple toxic effects on CMs, and eventually
result in HF [91]. However, compared to cardiac hypertrophy and myocardial ischemia, the
role of mTOR in diabetic cardiomyopathy is not well characterized. A recent study showed
that CM-specific PRAS40 overexpression inhibits mTORCL1 and prevents the development
of diabetic cardiomyopathy [92]. Although they did not use db/ab mice throughout the
experiments, and partially used HFD-fed obese mice as substitutes, PRAS40 overexpression
induced by adeno-associated vector serotype 9 resulted in improved metabolic function,
blunted hypertrophic growth, and preserved cardiac function [92]. Another recent study
reported the association between autophagy and diabetic cardiomyopathy. They used ab/db
type 2 diabetic model mice and found suppression of AMPK activity and elevated
expression of phosphorylated mTOR in T2DM hearts, leading to inhibited autophagy in the
heart [93¢]. They also showed that resveratrol, an autophagy enhancer, mitigates diastolic
dysfunction, while chloroquine, an autophagy inhibitor, had opposite effects [93¢].
Collectively, these data indicate that activating autophagy in CMs by inhibiting mTORC1
may prevent the exacerbation of developing diabetic cardiomyopathy, whereas the role of
mMTORC2 remains largely unknown. Despite the difficulty in creating a “genuine” model of
diabetic cardiomyopathy without coronary artery disease or hypertension, we need
additional studies to understand the correlation between mTOR signaling pathway and
diabetic cardiomyopathy, which may explain the high incidence and poor prognosis of HF in
T2DM patients.

Clinical implications

Everolimus, a derivative of rapamycin (rapalog), has been broadly used in drug-eluting
coronary stents in patients with coronary diseases [94]. Rapamycin and rapalogs have both
beneficial and detrimental effects on T2DM and coexisting myocardial dysfunction as
discussed above. In terms of glucose metabolism, the duration of mTOR inhibition with
rapamycin seems to be important for regulating metabolic homeostasis [95]. A human study
showed that acute administration of rapamycin enhanced insulin-mediated glucose uptake by
inhibiting IRS-1 phosphorylation and disrupting the mTORC1/S6K1-mediated negative
feedback loop [96]. In contrast, chronic treatment with rapamycin worsened hyperglycemia
and insulin resistance [97, 98]. Despite the high affinity of rapamycin for mTORC1 through
FKBP12 during the acute phase, prolonged exposure can also inhibit the activity of
mTORC2 [35]. Although it remains unknown whether this effect can occur in CMs, it is
possible that long-term administration of rapamycin might exacerbate HF comorbid with
T2DM by inhibiting mTORC?2, especially in conditions of cardiac hypertrophy or I/R injury.

Metformin, which is a widely used FDA-approved first-line drug for treatment of T2DM,
activates AMPK indirectly by inhibiting the mitochondrial complex I, thus inhibiting
mTORC1 [99]. Unlike rapamycin, administration of metformin lowers blood glucose levels
without detrimental side effects on glucose metabolism. In addition to its effects on AMPK,
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previous studies suggest that metformin also regulates mTORC1 via inhibition of Rag
GTPases [100]. Moreover, since AMPK activation enhances autophagy by mTORC1-
independent autophagy-regulatory proteins like Unc51-like kinase (ULK1) [31],
administration of metformin might be beneficial for patients with diabetic cardiomyopathy.

Conclusions

In T2DM, chronically activated mTOR induces multiple pathological events, including a
negative feedback loop that suppresses IRS-1. While short-term treatment with rapamycin is
a promising strategy for cardiac diseases such as MI and cardiac hypertrophy in DM, there
are many concerns about chronic usage of rapamycin. Two mTOR complexes, mMTORC1 and
mTORC2, affect many molecules and processes via distinct signaling pathways that regulate
CM function and survival. Understanding mechanisms underlying mTOR-mediated
pathophysiological features in the heart will be valuable in developing effective therapies
against myocardial dysfunction in the context of T2DM.
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Fig 1. Signaling pathways of mTOR complex activation and regulation.
AMPK, AMP-dependent protein kinase; DEPTOR, DEP-domain-containing mTOR

interacting protein; elF4E, eukaryotic translation initiation factor 4E; ER, endoplasmic
reticulum; FKBP12, FK506-binding protein 12kDa; Foxo1/3, forkhead box protein O 1/3;
Grb10, growth factor receptor-bound protein 10; GSK-3, glycogen synthase kinase 3p;
IRS-1, insulin receptor substrate 1; mLST8, mammalian lethal with Sec 13 protein 8;
mMTOR, mechanistic target of rapamycin; mMTORC1/2, mTOR complex 1 and 2; PDK1,
phosphoinositide-dependent kinase 1; PI3K, phosphatidylinositol 3-kinase; PKC, protein
kinase C; PRAS40, proline-rich Akt/PKB substrate 40 kDa; RAPTOR, regulatory associated
protein of MTOR; RICTOR, rapamycin-insensitive companion of mTOR; Rheb, Ras
homologue enriched in brain; SGK, serum- and glucocorticoid-regulated kinase; SIN1,
stress-activated protein Kinase-interacting protein; Tel2, telomere maintenance 2; TSC1/2,
tuberous sclerosis complex 1 and 2; Ttil, Tel2 interaction protein 1; 4E-BP1, 4E-binding
protein 1.
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