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ABSTRACT: Aging may aggravate the damage and dysfunction of different components of multiorgan and thus 

increasing multiorgan ischemia/reperfusion (IR) injury. IR injury occurs in many organs and tissues, which is a 

major cause of morbidity and mortality worldwide. The kinase mammalian target of rapamycin (mTOR), an 

atypical serine/threonine protein kinase, involves in the pathophysiological process of IR injury. In this review, 

we first briefly introduce the molecular features of mTOR, the association between mTOR and aging, and 

especially its role on autophagy. Special focus is placed on the roles of mTOR during ischemic and IR injury. We 

then clarify the association between mTOR and conditioning phenomena. Following this background, we expand 

our discussion to potential future directions of research in this area. Collectively, information reviewed herein 

will serve as a comprehensive reference for the actions of mTOR in IR injury and may be significant for the 

design of future research and increase the potential of mTOR as a therapeutic target.  
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Aging is a complex and progressive process that involves 

physiological and metabolic deterioration in every organ 

and system [1]. It represents a triple threat for 

ischemia/reperfusion (IR) injury [2]. Not only does the 

incidence of ischemia increase with age, but the organs or 

tissues become more susceptible to ischemic damage and 

the protective interventions such as ischemic 

preconditioning (IPC) become less effective [2]. IR injury 

occurs when the blood supply to the tissue is blocked for 

minutes to hours (ischemia) and then restored 

(reperfusion) [3, 4]. Ischemia elicits tissue anoxia which 

is the basis of ischemic injury and primes the tissue for 

subsequent reperfusion damage [3]. IR injury affects 

many organs and tissues including heart [5, 6], brain [7-

9], liver [10], kidney [11, 12], lung [13], skeletal muscles 

[14], and testes tissue [15], contributing to high morbidity 

and mortality worldwide. Numerous efforts have 

attempted to search for proper agents for the treatment of 

IR injury every year. Notably, the roles of the kinase 

mammalian target of rapamycin (mTOR) on IR injury get 

much attention in recent years and multiple novel 

mechanisms have been revealed [14, 16-18]. mTOR is an 

atypical serine/threonine protein kinase that belongs to the 

phosphoinositide 3 kinase (PI3K)-related kinase family 
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and interacts with several proteins to form two distinct 

complexes named mTOR complex 1 (mTORC1) and 2 

(mTORC2) [19]. mTOR plays a central role in regulating 

many fundamental cell processes in eukaryotic cell, from 

protein synthesis to autophagy, and deregulated mTOR 

signaling is implicated in the progression of cancer and 

diabetes, as well as the aging process [20]. Emerging 

evidence suggests that mTORC1 inhibition has positive 

effects on multiple age-related pathologies in rodents and, 

in some cases, humans [21]. Autophagy is a conserved 

and programmed catabolic process that degrades damaged 

proteins and organelles, and contributes significantly to 

the degree of IR injury [22], which indicates mTOR 

involving in the pathophysiological process of IR injury. 

This article reviews the information available regarding 

the latest progress regarding the effects of mTOR in IR 

injury. We first briefly introduce the molecular features 

and functions of mTOR in IR injury, the association 

between mTOR and aging, and especially the mTOR 

related autophagy in the pathophysiology of IR injury. We 

then clarify the roles of mTOR during ischemic and IR 

injury. Special focus is placed on the signaling pathways 

of mTOR during IR injury. Additionally, we introduce the 

association between mTOR and conditioning phenomena. 

Finally, we discuss several novel potential directions for 

future research in this area. The information compiled, 

herein, may serve as a comprehensive reference for the 

activities of mTOR in IR and may be helpful for the 

design of future studies and for the future development of 

mTOR as a therapeutic target. 

 

 

 
 

Figure 1. Structural characteristics of mTOR and mTORC1/2. (A) part illustrates the structure of mTORC1 

and mTORC2. The mTOR kinase nucleates two distinct protein complexes termed mTORC1 and mTORC2. 

mTORC1 contains six known protein components: mTOR, regulatory protein associated with mTOR (Raptor), 

mammalian lethal with Sec13 protein 8 (mLST8), proline-rich Akt substrate of 40 kDa (PRAS40), DEP domain 

containing mTOR interacting protein (DEPTOR) and the Tti1/Tel2 complex. mTORC2 containing seven protein 

components constitutes mTOR, DEPTOR, mLST8, Tti1/Tel2 complex, Protor1/2 mammalian stress-activated 

protein kinase-interacting protein 1 (mSin1) and rapamycin insensitive companion of mTOR (Rictor). (B) This 

diagram depicts the structure of mTOR. mTOR are characterized by five distinct protein domains: FAT-carboxy 

terminal domain (FAT domain), FRAP-ATM-TTRAP domain (FATC domain), FKBP12-rapamycin binding 

domain (FRB domain), Huntingtin-Elongation factor 3-regulatory subunit A of PP2A-TOR1 repeats (HEAT 

repeats). 
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General background on mTOR 

 

Foundations and structural characteristics of mTOR  

 

As the name implies, the discovery of the mammalian 

target of rapamycin (mTOR) is intimately linked to the 

discovery of rapamycin [23]. mTOR is the target of a 

molecule named rapamycin or sirolimus, which is a 

macrolide produced by Streptomyces Hygroscopicus 

bacteria and that first gained attention because of its broad 

antiproliferative properties [24, 25]. Studies in the 

budding yeast Saccharomyces cerevisiae first identified 

the target of rapamycin genes TOR1 and TOR2 as genetic 

mediators of rapamycin’s growth inhibitory effects, and 

soon afterwards the mTOR protein was purified from 

mammalian cells and demonstrated to be the physical 

target of rapamycin [19, 21]. mTOR is an evolutionarily 

conserved serine/threonine protein kinase that regulates 

multiple cellular processes such as cell growth, cell cycle, 

cell survival, and autophagy [19]. mTOR forms two 

functional complexes, mTORC1 and mTORC2, the 

configuration of which is conserved from yeast to 

mammals [26]. mTORC1 contains six known protein 

components: mTOR, Raptor (regulatory protein 

associated with mTOR), and mLST8 (mammalian lethal 

with Sec13 protein 8) [27-29], PRAS40 (proline-rich Akt 

substrate of 40 kDa) [30, 31], DEPTOR (DEP domain 

containing mTOR interacting protein) [32] and the 

Tti1/Tel2 complex [33] (Fig. 1A). mTOR is characterized 

by five distinct protein domains: FAT-carboxy terminal 

domain (FAT domain), FRAP-ATM-TTRAP domain 

(FATC domain), FKBP12-rapamycin binding domain 

(FRB domain), Huntingtin-Elongation factor 3-regulatory 

subunit A of PP2A-TOR1 repeats (HEAT repeats) [20] 

(Fig. 1B). Raptor facilitates substrate recruitment to 

mTORC1 through binding to the TOR signaling (TOS) 

motif found on several canonical mTORC1 substrates [34, 

35], and also plays a significant role in intracellular 

localization of mTORC1 in response to amino acid 

availability, which is an essential cellular cue form 

TORC1 activation [36]. mLST8 by contrast associates 

with the catalytic domain of mTORC1 and may stabilize 

the kinase activation loop [37], though genetic studies 

suggest it is dispensable for the essential functions of 

mTORC1 [38]. Like mTORC1, mTORC2 containing 

seven protein components also constitutes mTOR, 

DEPTOR [32], Tti1/Tel2 complex and mLST8. Instead of 

Raptor, mTORC2 contains Protor1/2 [39-41], mSin1 

(mammalian stress-activated protein kinase-interacting 

protein 1 ) [42-44] and Rictor (rapamycin insensitive 

companion of mTOR) that is an unrelated protein that 

likely serves an analogous function [45, 46] (Fig. 1A). 

Rapamycin forms a complex with FK506-binding protein 

12 (FKBP12) and as a complex inhibits mTORC1 via 

blocking its interaction with Raptor while mTORC2 is 

characterized by its insensitivity to acute rapamycin 

treatment [47]. Interestingly, although rapamycin-

FKBP12 complexes do not directly bind or inhibit 

mTORC2, prolonged rapamycin treatment does abrogate 

mTORC2 signaling, likely due to the inability of 

rapamycin-bound mTOR to incorporate into new 

mTORC2 complexes or alters the mTORC1/C2 

equilibrium resulting in reduced mTORC2 levels and 

impaired Akt signaling [48, 49]. 

 

Activation of mTOR and signal transduction 

 

The mTOR pathway integrates inputs from a variety of 

different classes of stimuli and recent studies show mTOR 

is activated after stimulation by Toll-like receptors 

(TLRs) [50, 51]. Much more is known about both the 

upstream regulation and downstream outputs of mTORC1 

compared with mTORC2. mTORC1 is activated by 

growth factors and repressed by acid deprivation, 

hypoxia, energy stress, ER stress, genotoxic stress and 

adenosine monophosphate-activated protein kinase 

(AMPK), a key sensor of cellular energy status [19]. In 

response to these growth signals, mTORC1 

phosphorylates and activates ribosomal protein S6 kinases 

(S6K1), which in turn promotes mRNA biogenesis and 

activates the protein translation process. In contrast, 

mTORC1 inhibits eukaryotic translation initiation factor 

4E-binding protein 1 (4E-BP1) and allows the formation 

of the eIF4F complex that triggers cap-dependent 

translation [21, 52-54]. In addition, mTORC1 promotes 

glucose metabolism through the hypoxic response 

transcription factor-1α (HIF-1α) as well as regulates 

mitochondrial function and metabolism via the 

peroxisome-proliferator-activated receptor coactivator-1α 

(PGC-1α), promotes lipid biosynthesis and represses 

degradation through the autophagy pathway [21] (Fig. 

2B). mTORC2 is activated by growth factor stimulated 

PI3K whereas it is relatively insensitive to nutrient 

deprivation, and little is known about the molecular 

mechanism of this activation other than that it involves 

mTORC2–ribosome association [19]. The ribosome has 

recently been shown to be a necessary factor for mTORC2 

activity [55, 56], indicating that a cell’s capacity to sustain 

growth is related to mTORC2. Furthermore, mTORC1 

seems to inhibit mTORC2 through phosphorylation of 

Rictor, suggesting that mTORC1 and mTORC2 are 

functionally interconnected [57]. mTORC2 is the 

upstream activating kinase for AGC (protein kinase A, 

protein kinase G, protein kinase C) kinase family 

members, including Akt which is an important 

oncoprotein that activates a broad anti-apoptotic 

programme for cell survival [58], various protein kinase 

C family members and serum/ glucocorticoid-regulated 



 Liu D., et al                                                                                                                                      mTOR and IR injury 

Aging and Disease • Volume 10, Number 1, February 2019                                                                           119 

 

kinase 1 (SGK1) [59]. SGK1 has been shown to promote 

cardiomyocyte survival while inhibiting hypertrophy, 

whereas SGK1 chronic activation during heart failure is 

detrimental [57, 60]. mTORC2 also mediates actin 

cytoskeletal organization through the regulation of PKC-

α and Ras homolog gene family member A [45], and a 

recent study found this function has significance in 

tumour cell motility, invasiveness and metastasis [54, 61]. 

 

 

 

 
 
Figure 2. mTORC1 related autophagy signaling in ischemic and ischemia/reperfusion injury and mTORC1/2 signaling 

pathways involved in IR injury. (A) mTORC1 inhibition thus activating autophagy during ischemia protects against ischemia injury. 

However, the role of mTORC1 signaling and autophagy in reperfusion injury is complicated. Protective autophagy via suppression 

of mTORC1 can reduce reperfusion injury while excessive autophagy may increase the injurious effects of reperfusion. (B) The 

mTORC1/2 signaling pathways involved in IR injury. Abbreviations: 4E-BP1, eIF4E-binding protein-1; AMP, adenosine 

monophosphate; AMPK, adenosine monophosphate-activated protein kinase; Akt, protein kinase B; ATP, adenosine triphosphate; 

FKBP12, FK506-binding protein 12; GSK-3β, glycogen synthase kinase-3β; HIF-1α, transcription factor-1α; MAPK, mitogen-

activated protein kinase; mPTP, mitochondrial permeability transition pore; mTORC, mammalian target of rapamycin complex; NF-

κB, nuclear factor-κB; PGC-1α, peroxisome-proliferator-activated receptor coactivator-1α; PI3K, phosphoinositide 3 kinase; Rheb, 

Ras homolog enriched in brain; S6K, S6 kinase; STAT3, signal transducer and activator of transcription 3; TFEB, transcription factor 

EB; TSC, tuberous sclerosis protein; ULK, unc-51-like kinase.   

 

The association between mTOR and aging 

 

Aging is a heterogeneous process with some individuals 

reaching advanced ages with perturbations to decline in 

protein synthesis [62, 63], increasing lipid profiles and 

inflammatory processes [64]. Substantial evidence 

suggests that mTOR signaling is strongly implicated in 

the aging process of diverse organisms (e.g., yeast, 

worms, flies and mammals), and mTOR pathway is 

responsive to changes in energy status, nutrient 

availability, inflammatory changes and DNA damage [21, 

65-67]. This is supported by evidence, still controversial, 

that mTORC1 signaling may be aberrantly upregulated 

during the aging process [68], and mTORC1 signaling is 

hyperactivated in a wide range of diseases, including 

many not directly linked to aging [65]. Furthermore, 

inflammatory signals are known to activate mTORC1, and 

the enhanced chronic inflammation that accompanies 

aging may lead to high basal mTORC1 activation, in turn 

driving pathologic processes [65]. Age-related alterations 

in heart, liver, adrenal glands, endometrium and tendon, 

as well as the decline in spontaneous activity, all occur 

more slowly in rapamycin-treated mice [69], which 

indicating that inhibition of mTOR pathway extends 

lifespan in model organisms and confers protection 

against a growing list of age-related pathologies [21].  

 

mTOR related autophagy in the pathophysiology of IR 

injury 

 

As mentioned above, mTOR is a key inhibitor of 

autophagy and repression of mTOR promotes autophagic 

activity [22]. Autophagy (or self-eating) was described as 

a lysosomal degradation pathway that removes protein 

aggregates and damaged cytoplasmic constituents, 

thereby maintaining intracellular homeostasis under 

various physiological and pathological conditions [70]. 

Evidence suggests that autophagic degradation declines 
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with age, and it has been proposed that this leads to an 

accumulation of damage, such as protein aggregates and 

degenerate mitochondria, that contributes to age-related 

cellular dysfunction [71]. mTORC1 regulates autophagy 

which is regulated during energy deprivation and 

ischemia both at transcriptional and post-translational 

levels [72]. mTOR significantly activites p70S6K1 and 

inhibits the transcription factor EB (TFEB) that can 

induce autophagy through the upregulation of autophagic 

proteins such as Atg7 [73-75] (Fig. 2A). It has been 

demonstrated that mTORC1 phosphorylates the 

autophagic protein unc-51-like kinase 1/2 (ULK1/2), 

thereby inhibiting the macrocomplex ULK1/autophagy-

related gene 13 (Atg13)/focal adhesion kinase family 

interacting protein-200 that promotes autophagosome 

formation [76]. Furthermore, mTORC1 activation inhibits 

the expression of autophagic proteins, particularly Atg7 

that is vital for the initiation of the autophagic process [77]. 

Aberrant regulation of autophagy has been linked to 

several diseases of aging, including diabetes, 

cardiovascular diseases and neurodegenerative diseases, 

and it seems likely that enhanced autophagy underlies 

many of the beneficial effects of mTORC1 inhibition in 

these disease models [78].  

mTORC1 is inhibited during energy deprivation and 

ischemia, and mTORC1 inhibition preserves the energy 

status through the reduction of cellular energy expenditure 

and activation of autophagy thus promotes survival (Fig. 

2A). Stimulating autophagy via activation of AMPK thus 

inhibiting mTOR rescues ischemic injury and increases 

the viability of mesenchymal stem cells [14, 79]. However, 

the role of mTOR signaling and autophagy in reperfusion 

injury is still controversial. Inhibition of autophagy with a 

dominant negative inhibitor of Atg5 abolishes the infarct 

size reduction by IPC in HL-1 cells, indicating autophagy 

plays a protective role in myocardial IR injury [22, 80]. 

Ischemic postconditioning (IPostC) increases the 

expression of autophagy-related proteins, and 3-methyl-

adenine, a pharmacological inhibitor of autophagy 

abrogates the infarct size reduction by IPostC [81] . 

However, another studies found that autophagy can also 

be deleterious during reperfusion [82, 83]. Inhibition of 

autophagy by pretreatment urocortin, an endogenous 

cardiac peptide reduced the percentage of myocytes death 

after IR [82]. Additionally, a combination of four active 

compounds alleviates cerebral IR injury in correlation 

with inhibition of autophagy and modulation of 

AMPK/mTOR and JNK pathways [83]. Autophagy is 

activated as an adaptive response to maintain the survival 

of cells under stressful conditions while if the cellular 

stress is not manageable and elicits damage that is beyond 

repair, the activation of autophagy may drive cells to die 

[22], indicating that whether autophagy acts as a 

protective mechanism or contributes to the injurious 

effects of IR injury in tissues or organs may depend on 

autophagy activation level and experimental context (Fig. 

2A). Protective not excessive autophagy regulated via 

mTOR signaling will be a useful strategy for the treatment 

of IR injury.   

 

 

 

 
 
Figure 3. The protective roles of mTOR against multiorgan IR injury. The blue arrows with dark cross represent ischemia and 

the red arrows represent reperfusion. 
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The deleterious role of mTOR during ischemic injury 

 

The disease state of ischemia results from a 

hypoperfusion-induced insufficiency of oxidative 

metabolism due to inadequate blood circulation and the 

incidence of ischemia increase with age [2, 84]. 

Accumulating evidences indicate that mTOR is involved 

in ischemic injury and mTORC1 is inhibited during acute 

ischemia which preserves the energy status through the 

reduction of cellular energy expenditure and activation of 

autophagy and promotes survival [17, 72, 85]. Activation 

of mTOR during ischemia may lead to decreased 

autophagy and increased ischemic injury [86]. Rapamycin 

reduces myocardial infarction in the diabetic mice heart 

via inhibiting mTOR thus activating the Janus kinase 2 

(JAK2) /signal transducer and activator of transcription 3 

(STAT3) signaling pathway [87] (Fig. 2B). It recently 

demonstrated that mTORC1 was inhibited during 

ischemia through the inhibition of Ras homolog enriched 

in brain (Rheb) which directly binds and activates 

mTORC1 [22, 88, 89]. Mice with partial cardiac Rheb 

deletion display better cardiac function after experimental 

myocardial infarction and a reduction of infarct size as 

compared with control mice, indicating Rheb inhibition is 

beneficial and corroborating the protective effect of 

mTORC1 inhibition during acute ischemia [90]. 

Furthermore, ischemic injury of skeletal muscles is a 

common pathophysiology during peripheral vascular 

injury and surgeries [85, 91], which usually induces 

significant necrosis and apoptosis in the skeletal muscle 

cells. Endothelial mTORC1 deletion protects against 

hindlimb ischemic injury in diabetic mice possibly via 

activation of autophagy, attenuation of oxidative stress 

and alleviation of inflammation [85].  

A reduction in cellular energy charge such as glucose 

deprivation, activates AMPK, a major energy-sensing 

kinase that is activated by an increase in the AMP/ATP 

ratio, hypoxia, and ROS production [92-94], which 

inhibits mTORC1 through phosphorylation and activation 

of tuberous sclerosis complex (TSC) indirectly as well as 

through the phosphorylation of Raptor directly [95, 96]. 

TSC is a heterotrimeric complex comprising TSC1, TSC2, 

and TBC1D7 [97] and functions as a GTPase activating 

protein (GAP) for the small GTPase Rheb [98, 99]. 

Activation of AMPK thus inhibiting mTOR in the 

ischemic heart led to increased autophagy and decreased 

ischemic injury [86]. Sirtuin3 (SIRT3) is a member of the 

silent information regulator 2 (Sir2) family of proteins 

located in mitochondria that influences almost every 

major aspect of mitochondrial biology [100]. SIRT3 

protects against oxygen and glucose deprivation by 

inducing autophagy through activation of the AMPK thus 

suppressing mTOR pathway in cortical neurons, 

indicating that SIRT3 may protect neurons from cerebral 

ischemia [100]. Recently, it has been shown that 

conventional protein kinase Cγ (cPKCγ) could alleviate 

ischemic injury and improve the neurological outcome of 

mice with ischemic stroke through inhibition of Akt thus 

inhibiting mTOR pathway to modulate autophagy, 

providing a potential therapeutic target for ischemic 

stroke [17]. 

However, in the clinical setting like atherosclerosis, 

thromboangitis obliterans and polyarteritis, patients 

usually experience prolonged periods of chronic ischemia 

before reperfusion can be reestablished. mTORC1 can be 

activated in the remote myocardium during chronic 

myocardial infarction as a consequence of increased load 

and contributes to ventricular remodeling [101, 102]. 

Pharmacological mTORC1 inhibition with everolimus 

reduces cardiac dilation and infarct size and improves 

cardiac function during chronic myocardial infarction 

[103]. Zhai and his colleagues revealed that the inhibition 

of glycogen synthase kinase-3β (GSK-3β) activation was 

associated with autophagy inhibition and increased 

ischemic injury through mTORC1 reactivation which was 

rescued by rapamycin treatment during prolonged 

myocardial ischemia without reperfusion [104]. 

Additionally, it is possible that the protective effects in IR 

injury are dependent on mTORC2 activation, which is 

required for cardiomyocyte survival during ischemia and 

limitation of chronic ischemic remodeling [105]. 

mTORC2 inhibition caused deterioration of cardiac 

function and remodeling after myocardial infarction. 

Moreover, PRAS40 overexpression inhibits mTORC1, 

reduces cardiac remodeling, and improves cardiac 

function during chronic myocardial infarction [102]. 

Based on these findings, we propose that mTORC1 

inhibition and mTORC2 activation seem to be beneficial 

during chronic ischemic injury, which highlights the 

importance of developing new selective mTORC1 

inhibitors that do not affect or possibly even increase 

mTORC2 activity [72].  

 

The positive aspect of mTOR in IR injury 

 

Reperfusion is mandatory to salvage acutely ischemic 

tissues from infarction. However, the process of restoring 

blood flow to the ischemic organs or tissues can also 

contribute to irreversible injury [106, 107], which appears 

to reflect an oxidant burden established upon 

reoxygenation of ischemic tissues or organs [84]. IR 

induces cytosolic and mitochondrial calcium overload, 

oxidative stress, rapid restoration in intracellular pH, 

which on a background of relative adenosine triphosphate 

(ATP) depletion, culminates in the opening of the 

mitochondrial permeability transition pore (mPTP) and 

free radical-induced irreversible mitochondrial damage 

[108]. Advancing age is a strong risk factor for IR injury 
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[109, 110]. The age-related physiological or pathological 

changes in the cellular components have been shown to 

increase the vulnerability of IR injury [109-111]. Aging 

heart is more sensitive to IR injury, and cardiac 

mitochondrial function has a significant decline in aging, 

including mitochondrial Ca2+ handling decline and 

mitochondrial ROS generation/oxidative damage [112, 

113]. It was demonstrated that mTORC1 is rapidly 

activated and exerts protective effects during the 

reperfusion phase [86]. Consistent with the idea that 

mTORC1 exerts a protective effect during reperfusion 

damage, cardiac-specific mTOR overexpression reduces 

chronic cardiac remodeling after IR in vivo [72] (Fig. 3). 

Below we will discuss the different signaling pathways 

and the protective effects of mTOR regulation in IR injury 

(Fig. 2B). 

 

PI3K/Akt and mTOR 

 

The mTORC1/S6K pathway is the major inhibitory 

signaling that shuts off autophagy and mTORC1 is a key 

kinase downstream of Akt, thus activation of PI3K 

inducing the phosphorylation of Akt may result in 

mTORC1/S6K pathway activation and subsequent 

autophagy inhibition [18]. Cerebral IR induced brain 

damage with down-regulation of hepatocyte-growth 

factor (HGF); astrocytes activation and N-Butylphthalide 

treatment significantly increased HGF expression, which 

promoted cMet, a HGF surface receptor, thus stimulating 

PI3K/Akt/mTORC1 activity and suppressing apoptosis in 

brain tissues [114]. Stimulating Akt signaling then 

activating mTOR/S6K pathway may provide potential 

neuroprotection against IR injury [115]. Moreover, 

insulin was reported to improve post-ischemic recovery of 

function through activation of PI3K/Akt thus stimulating 

mTORC1/S6K1 pathway in isolated working rat hearts 

independent of glucose uptake during reperfusion [116-

118]. Activation of PI3K/Akt signaling thus activating 

mTOR pathway provided protection for mice against IR-

induced acute renal injury [11]. 

 

GSK-3β and mTOR 

 

GSK-3β is known as a multifunctional kinase having 

more than 40 substrates, playing roles in glycogen 

metabolism, cell proliferation, growth and death; it has 

been revealed that suppression of GSK-3β protects 

against IR injury [119-121]. Activation of mTORC1 by 

GSK-3β inhibition reduces reperfusion injury by limiting 

exaggerated activation of autophagy [86, 121, 122]. 

Reperfusion increasing ROS production causes damage to 

mitochondrial DNA (mtDNA) thus dysregulating 

transcriptional factors, as well as disturbs calcium 

homeostasis and induces lipid peroxidation which 

subsequently decreases mitochondrial redox potential and 

leads to the opening of the mPTP and the release of 

cytochrome c [123, 124], and suppression of GSK-3β 

exerts an inhibitory effect on mPTP opening induced 

apoptotic cell death [121, 122]. Moreover, several studies 

demonstrated that activation of GSK-3β thus inhibiting 

the pro-survival pathway of PI3k/Akt/mTOR signaling 

and JAK/STAT3 signaling, finally blunting the 

cardioprotective effects of IPostC [16, 125-127]. 

 

p38 MAPK and mTOR 

 

p38-MAPK are activated by a wide range of extracellular 

influences, including radiation, ultraviolet light, heat 

shock, osmotic stress, proinflammatory cytokines and 

myocardial ischemia [128-130]. There is considerable 

evidence that p38 MAPK are activated during myocardial 

IR injury and growing researches suggest the role of p38 

MAPK in the setting of cardioprotection [131]. Recently, 

Hernández G and his colleagues identified activation of 

mTOR exerted protection against IR through stimulating 

p38 MAPK-regulated downstream signaling (i.e., REDD1 

and TSC2) in the cardiomyocytes [132].  

 

HIF-1α and mTOR 

 

Angiogenesis is the physiological process by which new 

blood vessels sprout from preexisting vessels and it is an 

important component of protection against IR injury, 

which has been proved to be mechanically via mTOR-

dependent pathway [133, 134]. A key transcriptional 

regulator of the hypoxic response is HIF, which consists 

of HIF-1α and HIF-1β subunits. Studies have indicated 

that HIF-1α is an important oxygen sensor and plays a 

crucial role in vasculogenesis and angiogenesis [135]. 

Vascular endothelial growth factors (VEGFs), a 

particularly key HIF-1α responsive gene, production and 

signaling are partly dependent on the induction of HIF-1α 

expression [135, 136]. The inhibition of HIF-1α-mediated 

VEGF expression can suppress neovascularization [137]. 

Inhibition of mTOR signaling by rapamycin 

administration leads to subsequent impaired angiogenesis 

in aortic endothelial cells [134]. In vitro experiments 

suggest that DEPTOR, an mTOR binding protein that 

functions to inhibit the mTOR pathway, is crucial for 

vascular endothelial cell (EC) activation and angiogenic 

responses. Deptor knockdown led to upregulated 

expression of CD31 and HIF-1α, and further stimulated 

the expression of VEGF which promoted angiogenesis 

[138] (Fig. 3) . However, HIF-1α-mediated angiogenic 

responses following IR at early and late stages are 

complex and poorly understood. The early stages of IR 

seem to be associated with an antiangiogenic response, 

whereas the hypoxia that follows IR at later stages may 
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activate HIF-1α, VEGF, mTOR and may be beneficial by 

stabilizing the microvasculature and favoring local blood 

supply [139]. A further finding supported the protection 

against distant lung injury triggered by renal graft IR 

injury was likely through activation of mTOR thus 

enhancing the activity of HIF-1α which attenuated high-

mobility group protein-1 (HMGB-1) translocation and 

nuclear factor-kappa B (NF-κB) activation in A549 cells 

with oxidative and inflammatory stress [140].  

 

 

 

  

 
Table 1. mTOR is involved in conditioning against IR injury. 

 
Type of organ Experiment models   Treatments  Mechanisms Refs. 

Heart 

 

Isolated perfused rat hearts IPC Activation of mTORC1 via stimulating Akt 

and inhibiting GSK-3β   

[156] 

 

 Prolonged ischemia model of 

Tg-DnGSK-3β or GSK-3β 

KO mice 

Prolonged ischemia 

without reperfusion 

 

Inhibiting GSK-3β and reactivating mTORC1   

 

[104]  

 

 IR model of Akt KO mice IPostC 

 

mTOR-dependent GSK-3β inhibition 

mechanisms   

[104]  

 

 IR model of Akt KO mice GSK-3 inhibitor 

SB415286 PC 

Inhibition of GSK-3β through mTORC1 

hyperactivation 

[104]  

 H/R model of rats 

 

Ghrelin PC 

 

Activation of PI3K/Akt/mTOR/S6K1 

signaling pathway  

[117, 

118] 

 Ischemia model of diabetic 

mice 

Rapamycin PC  

 

Inhibition of mTOR via activating the JAK2-

STAT3 signaling 

[16, 160] 

 IR model of mice Rapamycin PC  p38 MAPK pathway signals through REDD1, 

Tsc2 to activate mTOR   

[132] 

 IR model of mice   

 

Rapamycin or DMSO 

PostC 

 

Selective activation of mTORC2 and ERK 

with concurrent inhibition of mTORC1 and 

p38 MAPK 

 

[6] 

 

 IR model of rats 

 

PL PC  

 

Attenuating mTORC1 signaling and inhibiting 

Beclin-1-dependent pathway  

[5, 148] 

 

 IR model of mice 

 

Crocin PC  

 

Activation of AMPK during ischemia while 

activation of Akt during reperfusion  

[79] 

 

 IR model of rats   

 

Epigallocatechin 

gallate PostC   

 

Inhibiting apoptosis and restoring the 

autophagic flux via stimulating mTOR 

[157] 

Brain 

 

IR model of mice 

 

Isoflurane PC   

 

HIF-1α upregulation through stimulating 

Akt/mTOR/S6K signaling pathway 

[115] 

 

 

 IR model of mice 

 

SMXZF PostC 

 

Inhibition of autophagy provides protection 

against cerebral IR injury during reperfusion 

[83] 

 

 

 IR model of rats  

 

N-Butylphthalide 

PostC 

 

Stimulating PI3K/Akt/mTOR activity and 

suppressing apoptosis 

[114] 

Liver 

 

IR model of rats 

 

Octreotide or octreotide 

combined with 3-

methyladenine PC 

Enhancement of autophagy regulated through 

Akt/mTOR/p70S6K pathway deactivation   

[18] 

 

Kidney 

 

Stimulated IR model of 

HUVECs 

Rapamycin PC 

 

mTOR inhibits ICAM-1 expression   

 

[47, 143] 

 

 IR model of mice 

 

Aloperine PC 

 

Activation of PI3K/Akt signaling thus 

activating mTOR and NFκB transcriptional 

activity 

[11] 

 Kidney transplantation model 

of rats  

Xenon PostC  

 

Activation of mTOR thus enhancing the 

activity of HIF-1α 

[85] 

 

 

Others 

 

IR model of rats IPostC Attenuating autophagy via strengthening 

mTOR signaling 

[13] 

 

 IR model of rats 

 

CAPE PC 

 

Inhibition mTOR reduces the apoptosis on IR 

damage in rat testis 

[15]  

 

 Hindlimb ischemia model of 

murines 

 

Apelin PostC 

 

Activation of AMPK and inhibition of mTOR 

during hypoxia while activation of Akt and 

inhibition of Beclin1during reoxygenation 

[14] 
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NF-κB and mTOR 

 

NF-κB, a ubiquitous and momentous transcription factor 

with various stimulants including growth factors and 

cytokines, which can control the expression of a variety 

of genes referring to immune responses [141, 142]. 

mTOR plays a significant role and may lead to innovative 

therapeutic strategies for treating patients with IR-

associated tissue inflammation and organ dysfunction [11, 

47, 143]. Inhibition of the NF-κB through activating 

mTOR could suppress the inflammatory response in 

myocardial IR injury [144]. Reperfusion of the 

microvasculature involves the activation of both 

neutrophils and macrophages which follows a regulated 

dysfunction after IR injury [145]. Rapamycin potentiates 

thrombin induced expression of ICAM-1, a cell surface 

glycoprotein which is typically expressed on endothelial 

cells and cells of the immune system, via accelerating and 

stabilizing NF-κB activation in endothelial cells [143], 

indicating that mTOR negatively regulates ICAM-1 

expression in endothelial cells to limit tissue infiltration 

of leukocytes as well as proinflammatory responses in 

monocytes and mDCs [47].  

 

The negative aspect of mTOR in IR injury 

 

Although extensive research suggests that mTOR 

activation exerts protective effects during IR injury, some 

studies have shown that mTOR may play a deleterious 

role in reperfusion injury. Simvastatin reduces IR injury 

through the inhibition of mTOR and activation of 

mitophagy [72]. Testicular IR injury is usually induced by 

torsion/detorsion, and inhibition mTOR reduces the 

apoptosis on IR damage in rat testis [15, 146, 147]. 

Additionally, attenuating Akt/mTOR/ p70S6K pathway 

reduces kidney inflammation and apoptosis after hepatic 

IR [18]. Suppression of mTORC1 through activation of 

AMPK results in enhancement of protective autophagy 

and protects heart and kidney against IR injury [5, 12, 

148] . Interestingly, upregulation of SIRT1 inhibits 

mTOR activity via AMPK activation thus protecting liver 

grafts from the IR injury associated with orthotopic liver 

transplantation [149]. It has been reported that mTOR 

inhibition by rapamycin protects the heart by selective 

activation of ERK and inhibition of p38 MAPK during 

reperfusion injury [6]. Moreover, mTORC1 inhibition via 

restraining the p38 MAPK activation induces protective 

autophagy cerebral during IR injury [150]. The negative 

effects of mTOR that is contrary to previous results may 

be explained by the level of activation of autophagy 

during reperfusion injury. Autophagy was also induced by 

ischemia and further enhanced by reperfusion. We can be 

hypothesized that if the cellular stress is manageable and 

the activation of autophagy is protective during 

reperfusion, it would be deleterious to activate mTOR; if 

the damage is beyond repair and the activation of 

autophagy is excessive, activation of mTOR would be 

beneficial.   

 

The association between mTOR and conditioning 

phenomena 

 

An increasing number of efforts have attempted to search 

for proper agents for the treatment of IR injury [16, 125, 

126, 148]. There is currently no stronger protection than 

that by the conditioning phenomena although the 

effectiveness of conditioning decreases with age [151-

153]. Ischemic conditioning means applying brief 

episodes of nonlethal IR to confer protection against a 

sustained episode of lethal IR injury, which was originally 

discovered in 1986 by Murry et al. and termed ‘ischemic 

preconditioning’ [154]. The protective stimulus can be 

applied before (IPC) or after (ischemic preconditioning) 

onset of the sustained episode of lethal ischemia, or even 

at the onset of myocardial reperfusion, which called 

IPostC [155]. Furthermore, the protective stimulus can be 

applied by placing a blood-pressure cuff on an upper or 

lower limb to induce brief episodes of nonlethal ischemia 

and reperfusion (remote ischemic conditioning, RIC), as 

well as pharmacological conditioning is applied to clinical 

with elucidation of the signal-transduction pathways 

underlying ischemic conditioning [155]. We will describe 

the role of mTOR in ischemic and pharmacological 

conditioning hereinafter (Table 1).  

A previous study indicated that rapamycin abolished 

the cardioprotective effects of IPC, indicating that 

reactive oxygen species (ROS) induced mTORC1 

activation via activation of Akt mediating the protection 

associated with IPC [156]. In addition, IPostC has 

protective effects on lung IR injury by attenuating 

autophagy via strengthening mTOR signaling [13]. 

Rapamycin reduced infarct size in vivo IR models when 

administered before ischemic while rapamycin was not 

cardioprotective during IR when administered before the 

reperfusion phase [87, 104], indicating that mTOR 

activation provides potential protection against IR injury. 

It has found that isoflurane preconditioning alleviated the 

IR-induced neurological deficits, infarct 

volume, brain edema and cell apoptosis via up-regulating 

HIF-1α expression through stimulating Akt then 

activating mTOR/S6K signaling pathway [115] (Fig. 3). 

Liang and his colleagues revealed apelin increases the 

viability of mesenchymal stem cells via suppressing 

autophagic cell death through activation of Akt/mTOR 

during reoxygenation [14]. Crocin, the main effective 

component of saffron alleviating IR injury via activation 

of Akt/mTOR during reperfusion [79]. Pretreatment with 

aloperine provided protection for mice against IR-induced 
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acute renal injury by attenuating inflammatory 

infiltration, reducing tubular apoptosis along with 

preserving renal function, which may selectively repress 

IL-1β and IFN-γ expression via activation of PI3K/Akt 

signaling thus activating mTOR/NF-κB pathway [11] 

(Fig.3). Epigallocatechin gallate postconditioning 

alleviates myocardial IR injury by inhibiting apoptosis 

and restoring the autophagic flux via stimulating mTOR 

[157].  

Contrary to popular belief, a recent study documented 

that myocardial IPostC inhibits cardiac pro-apoptotic 

signaling and elevates autophagic signaling through 

mTORC1 inhibition via activation of AMPK and TSC 

stimulation, resulting in enhancement of protective 

autophagy and inhibition of excessive autophagy to 

protect myocardia against IR injury [5, 148]. Octreotide 

preconditioning enhanced autophagy through 

Akt/mTOR/p70S6K pathway deactivation and potentially 

reduced kidney inflammation and apoptosis after hepatic 

IR [18]. Collectively, accumulating evidence suggests 

that conditioning provides potential protection against IR 

injury via regulating mTOR-mediated signaling 

pathways, and it could be hypothesized that mTOR 

inhibition during ischemia while mTOR activation during 

reperfusion through conditioning will be a useful strategy 

for the treatment of IR injury despite the controversial 

results in the reperfusion stage.   

 

Potential future directions 

 

Accumulating evidences derived from experimental 

models and clinical patients show that mTOR plays an 

important role in the progression of IR injury [15, 16]. It 

is still controversial to clearly understand the role of 

mTOR signaling in reperfusion injury since both 

protective and toxic effects were observed in vivo and in 

vitro [16]. Researchers have found both protective and 

toxic effects of mTOR signaling when using its inhibitor-

rapamycin or transgenic animals [16, 18, 143, 158, 159]. 

The conflicted outcomes could be explained for five 

reasons: (i) mTORC1 and mTORC2 have different 

functions. mTORC1 presents both beneficial and 

detrimental effects on reperfusion injury while mTORC2 

show mostly cardioprotective actions as its cellular 

survival functions [102, 160]; (ii) mTORC1 

phosphorylation site is different. mTORC1 predominately 

phosphorylated the specific site encompassing 4E-BP1 

that are rapamycin resistant as well as phosphorylated 

S6K1, which is rapamycin sensitive under conditions 

[16]; (iii) There are degrees of mTOR activation in the 

regulation of autophagy. Yu et al. revealed that mTOR 

signaling was inhibited during autophagy initially, but 

reactivated with prolonged autophagy, indicating that the 

progress was autophagy-dependent and required the 

degradation of autolysosomal products. In verse, the 

enhanced mTOR activity attenuated autophagy [161]; (iv) 

Loss-of-function animal models may have inescapable 

defects that may influence the results [162, 163]. 

Although mTOR’s role in reperfusion injury is 

controversial, a great many of experimental and clinical 

results proved that activation of mTOR thus inhibiting 

autophagy during reperfusion reduced IR injury, 

indicating that mTOR may be theoretically attractive as a 

therapeutic target.   

Autophagy has been implicated in the pathogenesis of 

IR injury. Perturbation of this evolutionarily conserved 

intracellular cleansing autophagy mechanism, by targeted 

modulation through mTOR inhibitors, AMPK 

modulators, calcium lowering agents, resveratrol, 

longevinex, sirtuin activators, theproapoptotic gene 

Bnip3, IP3 and lysosome inhibitors, may confer resistance 

to against IR induced cell death [22]. However, a debate 

persists as to whether autophagy acts as a protective 

mechanism or contributes to the injurious effects of IR 

injury and which of these predominates may depend on 

the experimental context. The controversy surrounding 

autophagy in IR injury may stem from several factors 

including the variability in the experimental models and 

species, the methodology used to assess autophagy and 

the severity of ischemia and its duration [22, 164]. In 

addition, the level of activation of autophagy may dictate 

the nature of its role [22]. Autophagy is activated as an 

adaptive response to maintain the survival of cells under 

stressful conditions while if the cellular stress is not 

manageable and elicits damage that is beyond repair, the 

activation of autophagy may drive cells to die [22]. 

Presently, our knowledge can only hypothesize that 

autophagy may be protective during ischemia, whereas it 

may be detrimental during reperfusion. Thus, to precisely 

define the role of autophagy in IR injury, it is necessary to 

establish and standardize the experimental models that 

recapitulate various degrees of ischemic stress. 

Ischemic injury is usually accompanied by subsequent 

reperfusion injury. Reperfusion was reported to 

significantly alter multiple mitochondrial parameters, 

including mitochondrial oxygen consumption rates, 

complex I and complex III activity, H2O2 production as 

well as the degree of lipid peroxidation [165]. 

Mitochondria are the most important effector of 

conditioning’s protection, where most of the above 

signaling pathways converge, which are decisive for 

cellular survival or death, respectively [166]. Aging is 

associated with an accumulation of pathologic changes 

leading to a progressive decline in cellular, organ and 

whole organism function [2]. In addition, aging results in 

a lower resistance to stress [167]. Mitochondria have been 

recognized to play a prominent role in aging and age-

related diseases, and mitochondrial dysfunction and 



 Liu D., et al                                                                                                                                      mTOR and IR injury 

Aging and Disease • Volume 10, Number 1, February 2019                                                                           126 

 

decline are deeply involved in IR injury of various organs 

and tissues with aging [2]. Excessive free radical induced 

by ischemia and subsequent reperfusion directly damages 

multiple mitochondrial components including respiratory 

chain, metabolism enzymes, inner mitochondrial 

membrane depolarization and opening of the mPTP, 

resulting in mitochondrial malfunction, ATP shortage, 

and pro-apoptotic factors release. mPTP opening for 

longer terms results in matrix swelling and the release of 

cytochrome C from the intermembrane space into the 

cytosol where it activates proteolytic processes and 

initiates cellular desintegration on reperfusion [168, 169]. 

However, transient mPTP opening may serve a 

physiological function [170] in ROS homeostasis [171] 

and calcium release [172], and indeed transient mPTP 

opening is cardioprotective during IPC [173]. Studies 

found that inhibition of GSK-3β was proposed to integrate 

all upstream signals and exert an inhibitory effect on 

mPTP opening [121, 122], the genuine paradox of 

conditioning—a little injury protects, whereas profound 

injury is deleterious [166]. Moreover, the damaged 

mitochondria have impaired mitochondrial dynamics and 

mitophagy which are crucial for quality control of 

mitochondrial network [174, 175]. The above 

mitochondrial changes lead to increased apoptosis and 

exacerbate IR-induced injury in organs and tissues. 

Moreover, a previous study revealed that endoplasmic 

reticulum (ER) stress caused by a buildup of misfolded 

proteins, implicating in a series of pathophysiological 

processes, which is able to promote mitochondrial 

damage under the condition of bacterial infection [176, 

177]. However, it has been not validated if mTOR exerts 

its beneficial roles on IR injury via modulating ER stress–

mitochondrial damage axis in multiple organs and tissues. 

Clinical trials of mTOR inhibitors in cardiovascular 

system is limited to drug-eluting stent after coronary heart 

diseases or artery stenosis. There is a significant benefit 

of mTOR inhibitors (e.g., rapamycin, everolimus, 

sirolimus) eluting stents in treating artery stenosis 

(NCT00350454, NCT00140530, NCT00598676, 

NCT00332397, NCT01035450, NCT00697372, 

NCT00231244). Although other mTOR inhibitors (e.g., 

temsirolimus, deforolimus, tacrolimus, CC-223) have 

stepped into clinical trials for a variety of uses including 

cancer treatment (NCT00777959, NCT00483262) and 

immunosuppression (NCT00619398, NCT0093 1255), it 

has yet to be tested against a broad spectrum of IR injury 

(http://clinicaltrials.gov). Interestingly, a recent clinical 

trial showed that the risk of occurrence of the 

cardiovascular event is nearly twice as great in renal 

transplant recipients treated with an mTOR inhibitor, and 

the incidence of coronary artery diseases during mTOR 

inhibitor therapy is higher [178]. In the clinical trial of 

aging (NCT01649960), cellular senescence-associated 

beta galactosidase activity tended to decrease after 

rapamycin administration. Furthermore, there are some 

correlations between some senescence markers and 

physical performance. Therefore, clinical trials regarding 

mTOR targeted drugs in the protection of IR warrants 

further investigation and we anticipate a bounty of 

additional data on the effects of mTOR in IR injury over 

the next few years. 

 

Conclusions 

 

Increasing evidences suggest that mTOR is deeply 

involved in IR injury of various organs and tissues, 

including heart, brain, kindey, liver and other organ or 

tissues [12, 85, 114, 146, 147]. The modulation of mTOR 

expression appears to be a promising strategy for 

attenuating IR injury. Autophagy that is under the control 

of mTOR contributes significantly to the degree of IR 

injury. However, effects of mTOR and autophagy 

activation in IR injury or conditioning progression are 

controversial, we have proposed possible reasons to 

explain the conflicted outcomes in potential future 

directions, including the variability in the experimental 

models and species, the methodology used to assess 

results, the severity of ischemia and its duration and the 

level of activation of autophagy [22]. Many of 

experimental and clinical results revealed that it may play 

different roles depending on different stages. Activation 

not excessive autophagy via mTOR inhibition during 

ischemia while simulation of mTOR thus inhibiting 

autophagy during reperfusion respectively reduces 

IR injury. The impressive efficacy and safety of mTOR 

herald it as a promising agent for the treatment of IR 

injury. However, the interaction between mTOR and 

other important cellular processes of IR injury have not 

been fully explored, which deserves much attention in the 

future. 
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