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Abstract Mammalian target of rapamycin (mTOR) is a

serine/threonine protein kinase that belongs to Phos-

phatidylinositol-3-kinase related kinase superfamily. The

signaling pathways of mTOR are integrated through the

protein complexes of mTORC1 and mTORC2. mTORC1

controls protein synthesis, cell growth, proliferation,

autophagy, cell metabolism, and stress responses, whereas

mTORC2 seems to regulate cell survival and polarity.

Dysregulation of the mTOR pathway has been implicated

in the pathophysiology of a number of disease conditions,

including cancer, cardiovascular, neurodegenerative, and

various renal diseases. The hyperactivation of the mTOR

pathway leads to increase in cell growth and proliferation

and also has been documented to stimulate tumor growth.

Therefore, investigation of the involvement of mTOR and

its downstream pathways in various diseases intensively

preoccupied scientific community. The present review is

focussed on recent advances in the understanding of the

mTOR signaling pathway and its role in health and various

diseases.
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Introduction

Mammalian target of rapamycin (mTOR) is a signaling

molecule that controls growth and metabolism by regu-

lating catabolic and anabolic functions. Protein kinase

mTOR was originally identified and purified after the

discovery of Target of Rapamycin (TOR) from Saccha-

romyces cervisiae (Brown et al. 1994; Sabatini et al.

1994). The mTOR is a serine threonine protein kinase

having molecular weight 289-kDa that belongs to the

PI3K-related kinase (PIKK) superfamily. The mTOR is an

intracellular kinase molecule which regulates protein

synthesis via mRNA translation process. The proteins

synthesized are necessary for many cellular functions

such as cell metabolism, cell growth, cell division, and

responses to cellular stresses such as hypoxia or DNA

damage.

mTOR plays a major role in many signaling pathways

activated by amino acids, insulin, growth factors, and stress

mediators like starvation and hypoxia. The PI3K/Akt

pathway is one of the major pathways that are involved in

mTOR activation and functioning. mTOR activation

depends upon both the availability of the materials required

for cell growth, i.e. glucose, amino acids, energy, and the

growth controlling signals from other cells and tissues, i.e.

hormones, growth factors. Further it also depend on cel-

lular stress conditions, i.e. hypoxia, DNA damage, heat

shock, external pH, osmotic stress, and oxidative stress. In

this way, the cell is fenced from signals outside the cell to

augment and proliferate originating when the supply of

nutrients and energy inside the cell are not adequate to

support the effort.

The knowledge of the science about mTOR’s role as a

controller of many cell processes and its emergence as a

therapeutic target has opened the different treatment
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possibilities in several types of diseases. Thus the present

article highlights the information of mTOR biology and

provides new abilities into the role of mTOR in various

diseases.

mTOR structure

mTOR consists of 2549 amino acids and constitutes

several structural domains (Fig. 1). The N terminal

contains 20 tandem HEAT repeats (for Huntington, EF3,

A subunit of PP2A, TOR1), each of them consisting of

two helices of *40 amino acids with a specific pattern

of hydrophilic and hydrophobic residues. The tandem

HEAT repeats are entwined in the protein–protein

interactions. The C-terminal half contains the kinase

domain, which is having the sequential equality with the

catalytic domain of phosphatidylinositol 3-kinase

(PI3K). On the upstream of the catalytic domain, there is

FRB domain. On the other hand, mTOR contains a FAT

(for FRAP, ATM, TRAP) domain, which is also present

in other PIKK proteins. The C-terminal end also contains

another FAT domain, named FATC. The FATC domain

is essential for mTOR activity, and the deletion of even

a single amino acid from this domain abrogates the

activity (Peterson et al. 2000). It is reported that the

FATC and FAT domains interact to provide a configu-

ration that exposes the catalytic domain. mTOR also

consists of a negative regulatory domain (NRD) between

that of the catalytic domain and the FATC domain

(Sekulic et al. 2000).

Organization of mTOR into various protein
complexes

mTOR nucleates into two different protein complexes,

mTOR complex 1 (mTORC1) and mTOR complex 2

(mTORC2).

mTORC1

mTORC1 consists of five protein components: mTOR (cat-

alytic subunit of the complex); Raptor (regulatory-associated

protein of mTOR); mLST8 (mammalian lethal with Sec13

protein 8, also known as GbL); PRAS40 (prolinerich AKT

substrate 40 kDa); and Deptor (DEP-domain-containing

mTOR-interacting protein) (Peterson et al. 2009). Raptor is

the defining component of mTORC1, acts as an essential

scaffold for mTORC1-mediated phosphorylation of down-

stream target molecules such as 4E-BP1 and p70S6K.

PRAS40 and Deptor have been characterized as negative

regulators of mTORC1. mTORC1 controls cell growth and

cell proliferation by encouraging many anabolic processes

which include biosynthesis of lipids, proteins, and organelles,

and by restricting the catabolic processes such as autophagy.

Upstream regulation of mTORC1 signaling pathway

The mTORC1 pathway receives inputs from various

intracellular and extracellular cues such as-growth factors,

amino acids, stress, energy status, and oxygen to regulate

many processes, including protein synthesis, lipid synthe-

sis, and autophagy. Tuberous sclerosis complex (TSC) is

one of the most important sensors involved in the regula-

tion of mTORC1 activity, which is a heterodimer that

constitutes TSC1 and TSC2 (also known as hamartin and

tuberin, respectively). The TSC1/2 functions as a Ras-re-

lated GTPase Rheb. The active, i.e. GTP-bound form of

Rheb interacts directly with mTORC1 to promote its

activity (Long et al. 2005). On being a Rheb-specific GAP

(GTPase-activating protein), TSC1/2 negatively regulates

mTORC1 signaling and converts Rheb into its inactive

GDP-bound state (Tee et al. 2003).

Regulation of mTORC1 by growth factors

Growth factors such as IGF and insulin bind to their

receptors and lead to activation of PI3K/Akt signaling

Fig. 1 Structure of mTOR.

HEAT (for Huntington, EF3, A

subunit of PP2A, TOR1), NRD

negative regulatory domain
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(Fig. 2). The mTORC1 pathway is one of the most

accepted downstream targets of Akt. Akt phosphorylates

and inhibits TSC 1/2 (tuberous sclerosis complex), a

GTPase-activating protein (GAP) for the small G-protein

Rheb (Ras homolog enriched in brain) (Inoki et al. 2002;

Tee et al. 2003). Inhibition of TSC1/2 leads to an increase

in GTP-bound active Rheb which is a direct activator of

mTORC1. Akt also phosphorylates PRAS40 and distin-

guishes PRAS40 from Raptor and further leads to the

activation of mTORC1 (Sancak et al. 2007; Wang et al.

2007). Growth factors also regulate mTORC2 via PI3K and

this mTORC2 further leads to the activation of Akt.

mTORC2 phosphorylates Akt at a serine residue S473.

Phosphorylation of the serine residue stimulates the phos-

phorylation of Akt at a threonine T308 residue by PDK1

and leads to full activation of Akt.

Regulation of mTORC1 by amino acids

Amino acids constitute the signals that positively regulate

mTORC1. Leucine is an essential amino acid required for

mTORC1 activation that is transported into cells in a glu-

tamine-dependent manner (Fig. 3) (Nicklin et al. 2009).

Glutamine is imported into cells through SLC1A5 [solute

carrier family 1 (neutral amino acid transporter) member 5]

and exchanged to import leucine through a heterodimeric

system that consists of SLC7A5 [antiport solute carrier

family 7 (cationic amino acid transporter, y? system,

member 5] and SLC3A2 [solute carrier family 3 (activators

of dibasic and neutral amino acid transport) member 2].

Human vacuolar protein-sorting associated protein 34

(VPS34) is incriminated in some studies in nutrient sensing

(Nobukuni et al. 2005). It has also been shown in recent

studies that the Rag proteins which are a family of four

related small GTPases interact with mTORC1 and are

crucial for the activation of the mTORC1 pathway by

amino acids (Kim et al. 2008; Sancak et al. 2008). In the

presence of amino acids, Rag proteins bind to Raptor and

promote the relocalization of mTORC1 from distinct

locations throughout the cytoplasm to a perinuclear region

that contains its activator Rheb (Sancak et al. 2008).

Glucose-dependent regulation of mTORC1

Glucose is a crucial source of energy and glucose depri-

vation instigates autophagy in different cell types, which is

accompanied by decreased activity of mTORC1 (Fig. 4).

Whenever there is the reduction of cellular ATP levels,

AMPK is activated, inhibits mTORC1, and induces

autophagy in the absence of glucose. The cells directly

sense intracellular glucose levels to regulate the mTORC1

pathway. Lysosomes are identified as activation site for

mTORC1, and it has also been shown that deficiency of

glucose causes mTORC1 to be diffusely distributed in the

cytosol in HEK-293T cells (Efeyan et al. 2013).

In the heart, insulin has induced the mTOR activation

which has been shown to require glucose, which suggests

that glucose metabolism has an indispensible role in

Fig. 2 Activation of mTORC1

by growth factors. TSC1/2

tuberous sclerosis complex,

Rheb Ras homolog enriched in

brain
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Fig. 3 Activation of mTORC1 by amino acids LEU leucin, VPS34 vacuolar protein sorting 34

Fig. 4 Glucose-dependent regulation of mTORC1. HKs hexokinases, GAPDH glyceraldehyde 3-phosphate dehydrogenase
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mTORC1 activation (Sen et al. 2013; Sharma et al. 2007).

Glucose-dependent mTORC1 activation is independent of

the hexosamine biosynthetic pathway. An ameliorating

work load is associated with glucose-6-phosphate (G-6P)

aggregating and mTORC1 activation in the heart (Sen et al.

2013; Sharma et al. 2007).

The first and foremost step of glycolysis is mediated by

hexokinases (HKs), which produce G-6P by phosphory-

lating glucose (Pastorino and Hoek 2003; Wilson 2003).

HK2 also plays a vital role in mTORC1 inhibition and

protective autophagy in the absence of glucose. HK2 binds

to mTORC1 through Raptor and this binding is largely

increased by glucose withdrawal in the heart. GAPDH act

as a Rheb binding protein and the binding of GAPDH to

Rheb is enhanced by decreasing glucose concentration,

which leads to sepration of mTORC1 from Rheb and

ultimately the inhibition of mTORC1. The inhibitory

binding of GAPDH to Rheb also contributes to GLUT1

upregulation-induced activation of mTORC1.

Downstream signaling of mTORC1 pathway

mTORC1 directly phosphorylates the translational regula-

tors eukaryotic translation initiation factor 4E (eIF4E)

binding protein 1 (4E-BP1) and S6 kinase 1 (S6K1), which,

in revert, augments protein synthesis (Ma and Blenis 2009).

The phosphorylation of 4E-BP1 demolishes its binding to

eIF4E (cap-binding protein) and contributes in the forma-

tion of the eIF4F complex which is needed for the

commencement of cap-dependent translation. The activa-

tion of S6K1 leads, with different effectors, to an increase

in mRNA biogenesis, also translational initiation and

elongation (Fig. 5a). mTORC1 also upregulates the protein

synthesis machinery such as (1) It activates the regulatory

element tripartite motif which holds protein-24 (TIF-1A),

and helps to promote its interaction with RNA Polymerase

I and the expression of ribosomal RNA (rRNA) (Mayer

et al. 2004); and (2) mTORC1 phosphorylates and inhibits

Maf1 which is a Pol III repressor; this promotes the tran-

scription of 5S rRNA and transfer RNA (tRNA)

(Kantidakis et al. 2010; Shor et al. 2010). The basic role of

mTORC1 in the regulation of mRNA translation is highly

important because specific, active-site inhibitors of mTOR

that fully retard mTORC1 role, significantly deduce overall

rates of protein synthesis in augmenting cells in culture

(Thoreen et al. 2009; Yu et al. 2009).

In addition to controlling the protein production,

mTORC1 also regulates the lipid synthesis needed for

proliferating cells for the generation of membranes (La-

plante and Sabatini 2009). mTORC1 acts via sterol

regulatory element binding protein 1/2 (SREBP1/2) tran-

scription factors, which regulates the expression of various

genes included in cholesterol and fatty acid synthesis

(Fig. 5b). The inactive SREBPs stays on the endoplasmic

reticulum and their proteolytic processing in revert to

insulin or sterol abolishment releases an active form that

goes to the nucleus to activate transcription. mTORC1

inhibition deduces SREBP1/2 levels also processing and

markedly reduces the expression of lipogenic genes (Düvel

et al. 2010; Wang et al. 2011). mTORC1 regulates SREBP

function by various mechanisms, including, through S6K1

(Düvel et al. 2010; Wang et al. 2011). Moreover, mTORC1

causes Lipin-1 phosphorylation and prevents this from

entering the nucleus and prohibiting SREBP1/2 role and

levels (Peterson et al. 2011). mTORC1 also flourishes the

expression and activity of PPAR-c, the master regulator of

adipogenesis (Kim and Chen 2004).

mTORC2

mTORC2 contains six protein components named as

mTOR; rapamycin-insensitive companion of mTOR (Ric-

tor); mammalian stress-activated protein kinase interacting

protein (mSIN1); protein observed with Rictor-1 (Protor-

1); mLST8; and Deptor. Evidence shows that Rictor and

mSIN1 balance each other and establish the structural

foundation of mTORC2 (Frias et al. 2006; Jacinto et al.

2006). Like its role in mTORC1, Deptor negatively regu-

lates the activity of mTORC2 (Peterson et al. 2009);

Deptor is also characterized as the single endogenous

inhibitor of mTORC2.

Overview of mTORC2 signaling

mTORC2 signaling is insensible to nutrients, but does

respond to growth factors like insulin via a mechanism that

needs PI3K. Ribosomes have also been documented to play

a crucial role in mTORC2 activation in a PI3K-dependent

manner (Zinzalla et al. 2011).

mTORC2 controls various members of the AGC sub-

family of kinases which includes Akt, serum and

glucocorticoid-induced protein kinase 1 (SGK1), and pro-

tein kinase C-a (PKC-a) (Fig. 6). Akt regulates cellular

processes such as metabolism, survival, apoptosis, growth,

and proliferation by phosphorylating various effectors.

mTORC2 activates Akt directly by phosphorylation at

Ser473, which is a site needed for its maximal activation

(Sarbassov et al. 2005). Phosphorylation of the serine leads

to the stimulation of Akt phosphorylation at a threonine

T308 residue via PDK1 and finally causes the full activa-

tion of Akt. Defect in phosphorylation of Akt-Ser473

linked with mTORC2 depletion disbalances the phospho-

rylation of some Akt targets, like forkhead box O1/3a

(FoxO1/3a); on the other hand, Akt targets such as TSC2

and GSK3-b stay unaffected (Jacinto et al. 2006; Guertin
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et al. 2006). mTORC2 also directly activates SGK1, a

kinase that controls growth and ion transport (Garcı́a-

Martı́nez and Alessi 2008), and also several members of

PKC family, including PKCa (Sarbassov et al. 2004),

PKCe (Ikenoue et al. 2008), PKCd (Gan et al. 2012), and

PKCf (Li and Gao 2014). Recently, mTORC2 was found to

phosphorylate MST1 which is a kinase in the Hippo sig-

naling pathway (Sciarretta et al. 2015).

mTORC2 is reported to be involved in the regulation of

cytoskeletal organization (Fig. 6). Studies have shown that

Fig. 5 Cellular processes downstream of mTORC1. a Phosphoryla-

tion of S6K1 and 4E-BP bY mTORC1 and regulation of protein

synthesis. b mTORC1 acts via sterol regulatory element binding

protein 1/2 (SREBP1/2) transcription factors which regulates the

expression of various genes included in cholesterol and fatty acid

synthesis
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knockdown of mTORC2-specific components in cultured

cells results in the modification of the actin cytoskeleton. In

addition, studies done in yeast suggested that mTORC2

regulate signaling to the actin cytoskeleton through Rho

GTPases and PKCa (Jacinto et al. 2004; Sarbassov et al.

2004). These results reveal that mTORC2 controls the actin

cytoskeleton by promoting phosphorylation of protein

kinase Ca (PKCa), paxillin phosphorylation and its relo-

calization to focal adhesions, and the GTP loading of RhoA

and Rac1.

Physiological roles of mTOR

mTOR, as a master regulator of metabolism

The unique capacity of mTOR to sense and integrate var-

ious environmental and hormonal signals makes it relevant

to play a pivotal role in the regulation of metabolism. In

this section, we will discuss the recent findings about the

role of mTOR signaling in physiology and metabolism in

some of the major metabolic tissues such as adipose, liver,

pancreas, and muscle.

mTOR in adipose tissue

mTOR signaling plays an essential role in adipogenesis

(Laplante and Sabatini 2009), the process which leads to

the development of adipose tissue. In vitro inhibition of

mTORC1 inhibits adipogenesis and disturbs the main-

tenance of fat cells (Kim and Chen 2004; Polak et al.

2008), although mTORC1 overactivation facilitates adi-

pogenesis (Zhang et al. 2009). Many downstream

effectors of mTORC1 are also involved in the regulation

of adipogenesis. For example; S6K1 controls the com-

mitment of embryonic stem cell to adipogenic

progenitors by controlling the expression of early adi-

pogenic transcription factors (Carnevalli et al. 2010) and

the 4E-BPs regulate the terminal differentiation of

Fig. 6 Cellular processes downstream of mTORC2
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adipocytes via translational control of PPAR-c, the

master regulator of adipogenesis (Carnevalli et al. 2010;

Le Bacquer et al. 2007).

The extension of adipose tissue that characterizes the

obese state denotes the major risk factor for the occur-

rence of insulin resistance and type 2 diabetes and

mTORC1 is exceedingly active in the tissues of obese

and high-fat diet fed rodents (Khamzina et al. 2005; Um

et al. 2004). Highly circulating levels of insulin, pro-

inflammatory cytokines, and nutrients characterize driv-

ing forces, which boosts mTORC1 activity in obese

animals. Adding-up to directly contributing to adipose

tissue extension via activation of adipogenic or lipogenic

factors, mTORC1 develops insulin resistance in adipose

tissue via S6K1-mediated inhibition of insulin signaling

(Um et al. 2004). The decrease in insulin action in

adipose tissue possibly aggravates systemic insulin

resistance by promoting FFA release by adipocytes,

lipotoxicity, and ectopic fat deposition. The increased

rate of protein synthesis linked with mTORC1 activation

can also instigate insulin resistance by promoting ER

stress and the unfolded protein response (UPR) (Ozcan

et al. 2008).

mTOR in the liver

Liver is the main organ which plays a key role in regu-

lating glucose and lipid homeostasis in response to fasting

and feeding. mTORC1 regulates the hepatic production of

the ketone bodies, used by peripheral tissues as energy

sources during fasting (Sengupta et al. 2010). Activity of

mTORC1 is less during fasting, and mice with constitu-

tive mTORC1 activation in liver are not able to induce

ketogenesis when fasted. mTORC1 deregulates the

activity of PPAR-a, the major transcriptional controller of

ketogenic genes, by stimulating the nuclear accretion of

nuclear receptor co-repressor 1 (NcoR1). mTORC1 also

promotes anabolism in the fed state by regulating hepatic

lipogenesis via regulation of SREP1c expression (Li et al.

2010a; Yecies et al. 2011).

Like adipose tissue, mTORC1 and S6K1 activity is

elevated in the livers of obese rodents that leads to the

deterioration of IRS1 and hepatic insulin resistance

(Khamzina et al. 2005; Tremblay et al. 2007). The

deregulation of PI3K-Akt signaling in the liver facilitates

gluconeogenesis and contributes to hyperglycemia and

hyperinsulinemia noticed in insulin resistance or type 2

diabetes. Obesity is the main risk factor in the occurrence

of non-alcoholic fatty liver disease, caused by fat depo-

sition in the liver that can lead to serious complications

such as cirrhosis and hepatocellular carcinoma. The

deposition of triglycerides in the liver of obese humans is

related to the stimulation of lipogenesis in hepatocytes

(Donnelly et al. 2005). Controlled activation of mTORC1

in response to elevated circulating levels of nutrients and

pro-inflammatory cytokines is likely to aggravate lipoge-

nesis via SREBP1 activation. Continuing with this, liver-

specific removal of mTORC1 considerably deregulates

SREBP1 function and makes mice resistant to the hepatic

steatosis and hypercholesterolemia generated by a western

diet (Peterson et al. 2011). Thus, increased hepatic

mTORC1 might elucidate why lipogenesis remains active

while the inhibition of glucose production becomes

insulin resistant in the liver of obese or insulin-resistant

mice and humans (Brown and Goldstein 2008).

mTOR in the pancreas

The b-cells of the pancreas secrete insulin in revert to

nutrients and are significant in controlling glucose

homeostasis. mTORC1 signaling regulates growth in

response to nutrients and has a potential role in the reg-

ulation of b-cell mass and function. The constitutive

activation of mTORC1 in b-cells of mice causes a

reduction in blood glucose, hyperinsulinemia, and

enhances glucose tolerance (Rachdi et al. 2008; Shi-

geyama et al. 2008). This phenotype is linked with a rise

in number and b-cell size and can be given back by

rapamycin, representing that mTORC1 is a positive reg-

ulator of b-cell function and mass. S6K1 seems to

arbitrate some effects of mTORC1, as mice with deletion

of S6K1 have small b-cells and are intolerant to glucose,

hypoinsulinemic, and have impaired insulin secretion

(Pende et al. 2000).

mTORC2 loss in b-cells is associated with the decrease in
Akt activity and to the activation of FoxO1 and leads to mild

hyperglycemia and glucose intolerance due to decrease in b-
cell mass, proliferation, and insulin production and secretion

(Gu et al. 2011). Nutrient excess and peripheral insulin

resistance raise the pressure on pancreatic b-cells for more

insulin production. The increased demand for insulin causes

b-cell hypertrophy and proliferation and enhances the for-

mation of new b-cells from progenitors, which culminates in

the increase of production and secretion of insulin. The

process is thus termed as b-cell compensation. The constant

(chronic) pressure on b-cells may cause their exhaustion and

the occurrence of type 2 diabetes.

mTORC1 activity enhances in the b-cells of genetically
obese or high fat given mice (Shigeyama et al. 2008).

mTORC1 acts as a double-edged sword in b-cell mass

regulation and function in reaction to nutrient overload

and/or insulin resistance. Since mTORC1 positively regu-

lates b-cell mass and insulin secretion, continued activation

of mTORC1/S6K1 signaling aggravates insulin resistance

in islets via feedback inhibition of IRS1 and IRS2, which

decreases cell survival and elevates apoptosis (Elghazi
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et al. 2010; Shigeyama et al. 2008). Supporting this model,

mice with constitutive activation of mTORC1 in b-cells
have enlarged b-cells mass in the first phase of life but on

aging become hyperglycemic and hypoinsulinemic because

of the loss of b-cells (Shigeyama et al. 2008).

mTOR in muscles

In muscle, mTORC1 senses mechanical contraction,

through an unknown mechanism which encourages syn-

thesis of proteins to drive muscle hypertrophy (Philp et al.

2011). Muscle-specific loss of mTORC1 in mice decreases

muscle mass and oxidative function and causes early death

(Bentzinger et al. 2008). The expression of the mitochon-

drial transcriptional regulator PGC1-a reduces in such

mice, which associates with a decrease in oxidative meta-

bolism. Earlier study indicates a link between mTORC1

and PGC1-a as rapamycin inhibits the complex of PGC1-a
with YY1 (Cunningham et al. 2007).

mTORC1 loss in muscle also decreases the strength of

the negative feedback loop to IRS1, which causes increased

Akt activation and stimulates glycogen storage in muscles.

On the flip side, in vivo inhibition of mTORC2 in muscle

has no structural impact (Bentzinger et al. 2008; Kumar

et al. 2008), but it causes a decrease in glucose uptake and

thus mild systemic glucose intolerance.

Skeletal muscle is the main site of glucose disposal in

revert to food intake/insulin and an impairment of glucose

uptake in this tissue leads to type 2 diabetes. The increased

activation of mTORC1 in muscles of obese and high-fat

given rodents operates S6K1- mediated feedback inhibition

of insulin signaling, which decreases glucose uptake by the

muscle and gives rise to systemic insulin resistance

(Khamzina et al. 2005; Um et al. 2004). Ahead of its

impact on glucose homeostasis, impairment of insulin

signaling in muscle may also lead to the muscle loss seen in

obesity/insulin resistance by enhancing protein catabolism

via expression of ubiquitin ligases by FoxO1 (Wang et al.

2006). This facilitation of protein catabolism might explain

why increased mTORC1 activity in the muscles of obese

mice and humans does not convert into increased muscle

mass. Weirdly, in spite of high mTORC1 activity, high-fat

feeding, obesity, and type2 diabetes impair mitochondrial

biogenesis and function in muscles (Patti et al. 2003;

Sparks et al. 2005).

Role of mTOR in various disease conditions

mTOR signaling in cancer

mTOR signaling is proved to be activated in some cancer

hallmarks (Hanahan and Weinberg 2011). The anomalous

mTOR pathway activation via oncogene stimulation or

failure of tumor suppressors leads to tumor growth,

metastasis, and angiogenesis in many in vitro cell-lines and

in vivo murine xenograft models (Faivre et al. 2006).

Mutations in mTOR gene that presents constitutive acti-

vation of mTOR signaling, even under nutrient deficient

conditions, were found to be present in some human can-

cers (Sato et al. 2010). Other than this, the upstream and

downstream signaling components of mTORC1 are fre-

quently changed in human tumors.

The PI3K/AKT signaling, upstream of mTOR is

deregulated via a number of mechanisms, including over-

expression or activation of GFRs (growth factor receptors),

for example, HER-2 (human epidermal growth factor

receptor 2) and IGFR (insulin-like growth factor receptor),

mutations in PI3K and mutations/amplifications of AKT

(Sato et al. 2010; Stemke-Hale et al. 2008). PTEN, which is

the negative regulator of PI3K signaling, is downregulated

via various mechanisms, including mutation, loss of

heterozygosity, abnormal expression of regulatory micro

RNA, and protein instability (Tamguney and Stokoe 2007).

The downstream effectors of mTOR such as, S6K1,

4EBP1, and eIF4E are insinuated in cellular transforma-

tion, and their overexpression is associated with poor

cancer diagnosis (Armengol et al. 2007; Bärlund et al.

2000; De Benedetti and Graff 2004). The activation of

mTOR signaling is also related to the development of

various syndromes, including Cowden’s syndrome (PTEN

mutations), Peutz-Jeghers syndrome (LKB1 mutations),

and tuberous sclerosis (TSC1/2 mutations) (Inoki et al.

2005; Liaw et al. 1997; Shaw et al. 2004).

mTOR signaling is activated in conditions of proliferation

deregulation and in various different cancer forms. Deregula-

tion of multiple elements of the mTOR pathway (PI3K

amplification/mutation, PTEN failure of function overexpres-

sion of AKT, eIF4E, S6K1, and 4EBP1) has been seen in

cancer, like breast, ovarian, renal, colon, head andneck cancers.

Rapamycin, an inhibitor of mTOR acts as a cytostatic

agent, slowing or arresting growth of cell lines derived

from various tumor types like glioblastoma, osteosarcoma,

prostate cancer, pancreatic cancer, small cell lung cancer,

breast cancer, and B cell lymphoma. Adding up to direct

anti-tumor effects, rapamycin also inhibits cell prolifera-

tion, survival, and angiogenesis.

mTOR signaling in cardiovascular system

The mTOR signaling pathway has both physiological and

pathophysiological roles in the cardiovascular system.

Preclinical studies depicting the loss of function of the

mTOR complexes have revealed the involvement of

mTOR in the embryonic cardiovascular development and
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in the regulation of fundamental cellular processes essen-

tial for normal postnatal growth and maintenance of

cardiac function (Sciarretta et al. 2014). In addition,

mTORC1 is necessary for cardiac adaptation to pressure

overload and development of compensatory hypertrophy.

Role of mTOR signaling in the regulation of cardiac

hypertrophy

The mTOR pathway plays a vital role in the progression of

cardiac hypertrophy (Fig. 7). In cardiac hypertrophy there

is a marked elevation in the synthesis of sarcomeric pro-

teins and the mTOR pathway is the master promoter of

protein synthesis. mTORC1 activity is documented to be

increased in the cardiomyocyte hypertrophic response to b-
adrenergic stimulation (Simm et al. 1998), angiotensin-II

(Sadoshima and Izumo 1995), and insulin growth factor-1

(Lavandero et al. 1998).

The PI3K/Akt pathway contributes to the activation of

mTORC1 during the development of cardiac hypertrophy,

specifically in revert to physical exercise (Völkers et al.

2013a; McMullen et al. 2003; Proud 2004). Along with b-
adrenergic signaling, the ERK pathway and nitric oxide

signaling are also included in the activation of mTORC1

during cardiac hypertrophy (Simm et al. 1998; Wang et al.

2001; Zhang et al. 2007). Moreover, biomechanical acti-

vation of transient receptor potential channels and focal

adhesion kinase also promote mTORC1 activation during

pressure overload (Seth et al. 2009; Clemente et al. 2007),

and glucose-6-phosphate accumulation is another meta-

bolic stimulus that contributes to mTORC1 activation in

the overloaded heart (Sen et al. 2013). This entangled

network of mechanical, biochemical, and metabolic signals

is sensed by mTORC1 signaling during cardiac pressure

overload and consequently leads to the development of

hypertrophy.

mTOR inhibition significantly deduces the cardiac

hypertrophy.

mTOR signaling and ischemia–reperfusion (I/R)

injury

During ischemia

mTOR regulates the response of cardiomyocytes to depri-

vation of energy and ischemia. In lower organisms and

mammalian cell lines, mTORC1 is inhibited during

deprivation of energy (Laplante and Sabatini 2012, 2013;

Fig. 7 Role of mTOR in

cardiac hypertrophy. mTOR

activation promotes

pathological hypertrophy during

pressure overload. However,

mTOR kinase is also required

for physiological mechanisms

that are necessary for cardiac

adaptation to cardiac overload.

ERK indicates extracellular

signal regulated kinase, NO

nitric oxide, PRAS40 proline-

rich Akt substrate 40, TAC

transverse aortic constriction,

and TRPC transient receptor

potential channel
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Johnson et al. 2013). mTORC1 inhibition stores the energy

status with the reduction of cellular energy expenditure and

activation of autophagy and, in this way, it promotes sur-

vival (Fig. 8). It is recently witnessed that mTORC1 is

inhibited during cardiomyocyte energy deprivation and

ischemia through the inhibition of Rheb (Sciarretta et al.

2012). Rheb is the important regulator of mTORC1 during

energy stress condition in the cardiomyocyte and the

inhibition of Rheb/mTORC1 is an adaptive response which

enhances survival through the activation of autophagy.

AMPK inhibits the activity of mTOR to promote autop-

hagy in ischemia. AMPK is activated in revert to elevations

of the AMP/ATP ratio and autophagy has been witnessed

to be up-regulated as a result of reduced cellular content of

ATP.

During reperfusion

mTORC1 is activated in the heart during the time of

reperfusion. Rapamycin has been reported to decrease the

infarct size in both ex vivo and in vivo models of ischemia/

reperfusion via activation of the Janus kinase 2/signal

(JNK) transducer and activator of transcription 3 signaling

pathway (Das et al. 2012). It is also documented that the

inhibition of GSK-3b in transgenic mice with cardiac-

specific overexpression of dominant negative GSK-3b
decreases reperfusion injury through mTORC1 activation

(Fig. 9) (Zhai et al. 2011). These results and discussion

suggests that mTORC1 may also exert some protective

effects during the reperfusion phase.

Furthermore, mTORC1 is also reported to regulate

mitochondrial permeability transition pore opening and

enhance mitochondrial biogenesis that may also favor

cardiac recovery after ischemia and promote the up-regu-

lation of antioxidant genes through the activation of

Peroxisome proliferator-activated receptor gamma coacti-

vator 1-alpha (PGC-1a) (Zhai et al. 2011; Cunningham

et al. 2007; Lu et al. 2010).

The protective effects mediated by mTOR overexpres-

sion are dependent on mTORC2 activation, which is

necessary for cardiomyocyte survival during ischemia and

limitation of chronic ischemic remodeling (Völkers et al.

2013b). mTORC1 inhibition is protective during ischemia

through the activation of autophagy, decrease of protein

Fig. 8 Role of mTORC1 in ischemia. mTORC1 inhibition is

protective during ischemia through the upregulation of adaptive

mechanisms. AMPK indicates adenosine monophosphate-activated

protein kinase, ER endoplasmic reticulum, GSK-3b glycogen synthase

kinase-3b

Fig. 9 mTORC1 inhibition is protective during ischemia through the

upregulation of adaptive mechanisms, whereas mTOR is reactivated

during reperfusion and takes part in the regulation of physiological

processes. Tg-DN-GSK-3b, transgenic dominant negative glycogen

synthase kinase-3b, mPTP mitochondrial permeability transition pore,

ROS reactive oxygen species
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synthesis, and subsequent activation of mTORC2. More-

over, mTORC1 seems to potentiate physiological

mechanisms during reperfusion.

mTOR and neurodegenerative diseases

mTOR controls survival, differentiation, and development

of neurons. Axon growth and navigation, dendritic

arborization, as well as synaptogenesis, depend on mTOR

activity. In adult brain mTOR is essential for synaptic

plasticity, learning and memory formation, and brain con-

trol of food uptake (Swiech et al. 2008). Recent studies

show that mTOR activity is altered in many conditions,

including brain tumors and various neurodegenerative

disorders such as Alzheimer’s disease, Parkinson’s disease,

and Huntington’s diseases.

Alzheimer’s disease

Ab peptide, which is obtained from amyloid precursor

protein, (APP) has been identified to be central to the

pathophysiology of AD, and aggregation of Ab is thought

to be the upstream of all pathological events of AD

(Cavallucci et al. 2012). The evidence suggests that dys-

function of autophagy plays an important role in Ab
accumulation (Li et al. 2010b; Cai et al. 2012; Zhu et al.

2013). However, it has been revealed through various

studies that autophagy–lysosome system is responsible for

the clearance of Ab and APP-C-terminal fragments (APP-

CTF). Autophagy-related protein Atg5, Beclin1, and Ulk1

are implicated in the degradation of Ab and APP-CTF

(Tian et al. 2011). mTOR signaling negatively regulates the

instigation of autophagy; thus, mTOR is a crucial regulator

of generation of Ab through regulating autophagy

(Fig. 10).

Various studies show that Ab accumulation activates

mTOR pathway (Caccamo et al. 2010, 2011; Oddo 2012),

and this might be the most important reason for mTOR

hyperactivation in AD patients. It is documented that Ab
can increase the PI3K-Akt pathway, which is a key acti-

vator to mTOR (Ito et al. 2007, 2006). The process of Ab-
induced mTOR hyperactivity is mediated by PRAS40. Ab
stimulates the phosphorylation of PRAS40 and releases its

inhibitory effect on mTOR (Caccamo et al. 2011). Taking

these together, it is suggested that Ab increases mTOR

activity through the PRAS40-mediated mechanism.

Hyperactive mTOR inhibits autophagy and further aggra-

vates the formation of amyloid plaques.

Like with Ab plaques, mTOR signaling pathway plays

a vital role in tau degradation, phosphorylation, and tau-

induced neurofibrillary degeneration, and autophagy

impairment is directly related to tau aggregation and

NFTs formation (Zhu et al. 2013; Caccamo et al. 2013).

Inhibition of mTOR signaling with rapamycin ameliorates

tau pathology via mediating the increasing of autophagy,

and autophagy induction is needed for the rapamycin-

mediated effects (Caccamo et al. 2010; Berger et al.

2006).

Parkinson’s disease

Recently, it is evidenced that mTOR signaling is altered

during the progression of Parkinson’s disease (Bockaert

and Marin 2015). There are various genes associated with

PD which includes, leucine-rich repeat kinase 2 (LRRK2),

PTEN-induced putative kinase 1 (PINK1), RING domain-

containing E3 ubiquitin ligase (Parkin), DJ-1, and ubiquitin

carboxyl-terminal esterase L1 (UCHL1) (Fig. 11). It is

documented that REDD1 is a substrate of Parkin and loss

of Parkin causes neurodegeneration through up-regulation

of REDD1 and following down-regulation of mTORC1

(Romani-Aumedes et al. 2013). Apart from Parkin, PINK1

causes phosphorylation of Rictor which is a unique element

in mTORC2 and leads to the activation of mTORC2

(Murata et al. 2011). UCHL1 is another gene that regulates

the activity of both the mTOR complexes. It is demon-

strated that UCHL1 attenuates the kinase activity of

mTORC1 for S6K1 and 4E-BP1 and increases mTORC2

activity for Akt (Hussain et al. 2013). LRRK2 can also

phosphorylate 4E-BP1, a substrate of mTORC1 and results

in dysregulated protein translation and loss of dopaminer-

gic neurons in Drosophila (Imai et al. 2008).

The pathological hallmark of PD is the aggregation of a-
synuclein (Lin et al. 2012). Activation of autophagy

enhances the clearance of cytoplasmic protein aggregates

like a-synuclein (Menzies et al. 2015). Thus, autophagy

may serve as a survival strategy for neurodegenerative

diseases like PD. Being a negative regulator of autophagy,

mTOR seems to modulate autophagy via regulation of

autophagy-related genes (Atg). Thus, activation of autop-

hagy via inhibition of mTOR prevents the formation of

cytoplasmic protein aggregates like a-synuclein (Fig. 11)

(Jiang et al. 2013; Decressac et al. 2013; Pérez-Revuelta

et al. 2014). However, autophagy can play a double role

that can either promote cell survival or potentiate neuronal

lesion in PD. Under the condition of oxidative stress,

induction of autophagy with mTOR inhibition can also lead

to neuronal cell death (Choi et al. 2010).

The mTOR pathway is also believed to control cell

death mechanisms in PD via interaction with a stress

response protein RTP801, activated by oxidative stress, and

lead to apoptotic cell death. Rapamycin has been witnessed

to inhibit expression of RTP801 and simultaneously protect

against neuronal death in in vitro and in vivo models of PD

(Malagelada et al. 2010).
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In contrast, the anti-parkinsonian drug, levodopa,

shows motor side effects (dyskinesia) through the acti-

vation of mTOR signaling in the animal model of PD

(Santini et al. 2009; Subramaniam et al. 2012). mTOR

inhibition with rapamycin has been reported to prevent

the development of L-DOPA-induced dyskinesia in ani-

mal models of PD (Santini et al. 2009; Decressac and

Björklund 2013).

Fig. 10 Role of mTOR in Ab
and Tau pathology via

regulating autophagy pathway.

mTOR inhibits Atg 13-Ulk-

FIP200 complexes, which

regulates autophagy induction.

With overactive MTOR,

autophagy is reduced, leading to

accumulation and aggregation

of Ab and Tau. NFTs

neurofiberary tangles

Fig. 11 mTOR signaling in PD. As a negative regulator of

autophagy, active mTORC1 could be associated with a-synuclein
accumulation. Parkin regulates the activity of mTORC1 via REDD1.

PINK1 activates mTORC2 via phosphorylation of Rictor. UCHL1

attenuates the kinase activity of mTORC1 for S6K1/4E-BP1, whereas

it enhances mTORC2 activity for Akt. Like mTORC1, LRRK2 can

also phosphorylate 4E-BP1
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Huntington’s disease

Huntington’s disease is an autosomal prevailing disorder

which involves relatively selective neurodegeneration in

the basal ganglia and cortex, correlated to trinucleotide

repeat extension of polyglutamine on huntingtin protein.

The mutant huntingtin protein is not efficiently cleaned

from neurons, leading to buildup of toxic intracellular

aggregates and linked neuronal death. In the human brains

and mouse models of Huntington’s disease, mTOR is

reported to be sequestered in polyglutamine aggregates.

mTOR inhibitors are able to increase autophagy and as a

result decrease huntingtin aggregation and related neuronal

death in various cellular and animal models of Hunting-

ton’s disease (Ravikumar et al. 2004; Floto et al. 2007).

Additionally, rapamycin has also been reported to improve

motor deficits in mouse models of Huntington’s disease

(Ravikumar et al. 2004).

mTOR and renal disorders

The mTOR signaling network is one of the major pathways

that controls renal epithelial cells along the entire nephron

(Grahammer et al. 2014). Both mTOR complexes, mTORC1

and mTORC2, are responsible for regulation of renal pro-

cesses such as glomerular filtration and maintaining tubular

electrolyte balance. The dysregulation of mTOR signaling

contributes to prevalent kidney diseases like diabetic

nephropathy and other progressive kidney diseases.

Acute kidney injury

After the acute kidney injury (AKI) induced by ischemic or

toxic injury, the complete restoration of renal morphology

and function can occur (Nigam and Lieberthal 2000;

Megyesi et al. 2002). It is verified that mTOR plays a vital

role in mediating the process of renewal and recovery after

experimental AKI (Lieberthal et al. 2001, 2006). The

activity of mTOR is low or absent in the normal kidney and

increases after ischemia–reperfusion injury (Lieberthal

et al. 2001). Additionally, the inhibition of mTOR by

rapamycin delays renal recovery and repair (Lieberthal

et al. 2001). This effect of rapamycin is because of the dual

effects of inhibition of proliferation and initiation of

apoptosis of tubular cells (Lieberthal et al. 2001, 2006).

mTOR is activated by growth factors, amino acids and

inhibited by ATP reduction. mTOR activity may be highly

repressed during the ischemic period of I/R injury, when

the accessibility of growth factors, amino acids, and cell

ATP all are expected to be reduced, whereas, the mecha-

nistic aspects behind the activation of mTOR during

reperfusion period after I/R injury remain to be explained

(Lieberthal et al. 2001, 2006).

It is reported that rapamycin causes or exacerbates

delayed graft function in human renal transplant recipients

(McTaggart et al. 2003; Fuller et al. 2003). After the

identification of adverse effects of rapamycin on revival

from delayed graft function, its administration has been

routinely delayed until the transplanted kidney is functional

in patients having renal transplants and acute kidney injury

(McTaggart et al. 2003; Fuller et al. 2003).

Chronic kidney injury

ThemTORpathway plays an essential role in themechanisms

underlying the development of chronic kidney disease caused

by diabetes and other causes. The inhibition of mTOR by

rapamycin ameliorates the fibrosis, interstitial inflammation,

and loss of renal function in Chronic Kidney Disease.

Diabetic nephropathy (DN)

The typical morphologic changes in diabetic nephropathy

comprises glomerular hypertrophy, thickening of basement

membrane, and the buildup of mesangial matrix (Estacio

and Schrier 2000; Molitch et al. 2004). One of the first

structural changes in DN is renal enlargement, because of

the hypertrophy of existing glomerular and tubular cells

rather than to cellular proliferation (Estacio and Schrier

2000; Molitch et al. 2004; Hostetter 1995, 2003). The

activation of mTOR plays a crucial role in pathologic and

physiologic forms of hypertrophy in kidney and other

organs, also including the renal hypertrophy characteristic

of DN (Fig. 12) (Lee et al. 2007a; Chen et al. 2005).

mTOR-dependent changes increase the matrix protein

synthesis that causes thickening of basement membrane

and the buildup of mesangial matrix feature of DN

(Sataranatarajan et al. 2007; Mariappan et al. 2007).

mTOR activity increases during the hyperglycemia by col-

lective effects of Akt activation and AMPK inhibition

(Sataranatarajan et al. 2007; Inoki 2008; Fraenkel et al. 2008;

Lee et al. 2007b). The significance of mTOR in mediating the

renal changes linked with DN is also established experimen-

tally by assessing the effect of rapamycin on theDN in ratswith

streptozotocin-induced diabetes (Sakaguchi et al. 2006; Llo-

beras et al. 2006).

Rapamycin decreases the mTOR activity in this model and

also reduces the glomerular changes characteristic of DN,

including hypertrophy, basement membrane thickening, and

mesangialmatrix buildup (Sakaguchi et al. 2006;Lloberas et al.

2006). Rapamycin noticeably inhibited the influx of inflam-

matory cells, mainly lymphocytes and macrophages, linked

with DN (Sakaguchi et al. 2006; Lloberas et al. 2006). This

effect can be attributed to rapamycin-induced inhibition of the

proliferation and expansion of B and T lymphocytes (Hay and
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Sonenberg 2004; Fingar and Blenis 2004). Rapamycin also

reduces the release of proinflammatory cytokines and

chemokines in the kidney, such as monocyte chemoattractant

protein-1, RANTES, IL-8, and fractaline, which aggravate the

inflammatory process in DN.

Perspectives

The mTOR pathway is figured out to be the critical sig-

nalling pathway in the etiology of cancer and various

cardiac, neurological, and metabolic diseases. The knowl-

edge of the upstream and downstream targets of mTOR

explains the process of development and progression of

these diseases. The link between mTOR pathway and

cancer is clearly revealed, as many upstream and down-

stream components of mTOR are directly involved in

initiation and progression of cancer. Rapamycin or its

analogs act as a cytostatic agent, slows down or arrests the

growth of various tumor cells, and also inhibits cell pro-

liferation, survival, and angiogenesis. mTORC1 activation

is maladaptive during development of cardiac hypertrophy,

myocardial ischemia, and in obesity and metabolic syn-

drome. Rapamycin, the optimal mTORC1 inhibitor is

proved to be beneficial under these conditions. In case of

neurodegenerative diseases like AD and PD, autophagy

plays an important role and mTOR is the negative regulator

of autophagy. Hence, it is found out to be involved in

accumulation of Ab, aggregation of tau, and accumulation

of a-synuclein, and its inhibition by rapamycin is proved to

be beneficial in animal models of various neurodegenera-

tive diseases. Interestingly, whereas the activation of

mTOR plays an adaptive role in acute kidney injury, its

activation in many other renal diseases has been shown to

be deleterious. There are still various concepts related to

the regulation of mTOR which have not been revealed yet.

Particularly, the mechanism by which mTOR is activated

by Rheb still remains to be unresolved, and this mechanism

needs to be resolved in future. Another theory to be

unmasked is the identification of the downstream targets of

S6K, which stimulate cell growth by promoting translation

of TOP mRNAs. Further studies on the integration between

mTORC1 and mTORC2 signaling pathways are required.

The presence of additional mTOR complexes that regulate

any other biological processes still remains elusive. Thus a

better understanding of the function of mTOR and its

downstream interacting proteins may lead to more selective

pharmacological intervention with respect to various

diseases.
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Fig. 12 mTOR is activated

within the kidney in DN.

Hyperglycemia activates PI3K

and Akt and inhibits AMPK.

The activation of Akt and

inhibition of AMPK lead to

activation of mTORC1.

Activation of mTORC1

contributes to the renal changes

characteristic of DN, including

glomerular hypertrophy,

glomerular basement membrane

(GBM) thickening, and the

accumulation of mesangial

matrix
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Bärlund M, Forozan F, Kononen J, Bubendorf L, Chen Y, Bittner ML,

Torhorst J, Haas P, Bucher C, Sauter G, Kallioniemi OP (2000)

Detecting activation of ribosomal protein S6 kinase by comple-

mentary DNA and tissue microarray analysis. J Natl Cancer Inst

92(15):1252–1259

Bentzinger CF, Romanino K, Cloëtta D, Lin S, Mascarenhas JB,
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