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Abstract 
 

The mammalian target of rapamycin (mTOR) is a highly conserved member of the 

phosphoinositide 3-kinase (PI3K) related kinase protien family and functions as a cellular 

sensor of changes in ambient glucose and amino acid levels; critical for cellular 

proliferation and differentiation. There are two multiprotein complexes of mTOR 

signalling components, as mTOR complex 1 (mTORC1) and mTORC2. Only mTORC1 

appears to be nutrient dependent. In response to low intracellular energy availability, 

mTORC1 stabilizes and reduces the activity of mTOR. On the other hand, conditions of 

nutrient abundance promote its activity. However, such mechanisms have only been 

reported in either cell line models or lean animals; and hence their application to human 

states is yet to be determined. 

In the brain, mTOR is involved in short-term feeding regulation via its downstream 

signalling S6 kinase 6 (S6K1); with mTOR being co-localised in hypothalamic neurons 

expressing the orexigenic feeding regulators, neuropeptide Y (NPY) and anorexigenic 

pro-opiomelanocortin (POMC). In lean rats, mTOR activation can selectively inhibit the 

hypothalamic expression of NPY, resulting in a reduction of energy intake and body 

weight. It needs to be noted that brain glucose sensing also occurs in both AgRP/NPY 

and POMC expressing neurons, which may be additionally regulated by mTOR, and 

studies suggest that mTOR signalling is impaired during obesity. Some beneficial effects 
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on lipid and glucose metabolism have been observed by mTOR activation in studies of 

obese rodent models. Thus, mTOR signalling represents a promising target to manipulate 

brain regulation of feeding and energy homeostasis. 

 

 

Introduction 
 

The mammalian target of rapamycin (mTOR), also known as FK506 binding protein 12-

rapamycin associated protein 1 (FRAP1), is a conserved serine-threonine kinase. It is closely 

related to the TOR1 and TOR2 gene products, first described in mammalian cells in 1994 [1]. 

Both growth factors and nutrients can regulate mTOR activity, which makes it essentially a 

nutrient sensor [2]. In response to nutrient availability, mTOR can regulate cell growth, 

proliferation, motility and survival, as well as protein synthesis and transcription [2], via 

controlling mRNA translation, ribosome biogenesis, autophagy, and cellular metabolism [3]. 

When it comes to human disease, mTOR was first recognized as an important regulator 

in tumorigenesis and thus therefore nearly all of our understanding of mTOR function arose 

from cancer research [3]. Recently the prefrontal cortex mTOR pathway has also been shown 

to be critical in mediating the antidepressant effects of ketamine [4]. Only a few years ago, 

due to the emerging global obesity epidemic, the focus on mTOR moved into the central 

nervous system, especially in the hypothalamus as the major centre for the regulation of 

energy homeostasis [5, 6]. These studies revealed a new physiological aspect of mTOR in the 

regulation of whole-body energy homeostasis, including feeding and systemic nutrient 

metabolism [5, 6]. As a result, in addition to an overview of mTOR structure and signaling 

pathways, the present chapter will focus on the latest findings on the critical roles of the 

mTOR pathway in the regulation of energy homeostasis, with a focus on obesity. 

 

 

Structure and Signaling Pathway 
 

Structure 
 

In humans mTOR is encoded by the FRAP1 gene [1]. It belongs to the 

phosphatidylinositol 3-kinase (PI3K) related kinase protein family, which is conserved across 

species. This makes the findings in insects and small mammals, such as drosophila and 

rodents, closely related to those in humans. 

mTOR is found in two distinct protein complexes: mTORC1 and mTORC2. Both 

mTORC1 and MTORC2 have similar obligate dimeric structures [7] and consist of similar 

molecules [8] (Figure 1). mTORC1 consists of mTOR, regulatory associated protein of 

mTOR (Raptor), proline-rich Akt substrate 40 kDa (PRAS40), and mammalian lethal with 

sec-13 (mLST8); while mTORC2, is composed of mTOR, mLST8, raptor-independent 

companion of mTOR (Rictor), mammalian stress-activated protein kinase interacting protein 

1 (mSin1), and protein observed with rictor-1 (Protor-1). In the mTORC1, Raptor binds the 

HEAT repeats of mTOR, and mLST8 binds the kinase domain of mTOR; while in the 

mTORC2, Rictor and Sin1 cooperatively bind the HEAT repeats of mTOR [7]. In both 

complexes, mLST8 binds the kinase domain of mTOR [7]. 
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The 3D structure of mTORC1 has been clarified in part. The mTORC1 molecule is 

rhomboid in shape with a central cavity and “feet-like” protrusions emanating from the ends 

of the structure [9], with cavity function remaining unclear. The dimeric interfaces are formed 

by interlocking interactions between the mTOR and Raptor subunits. The C-terminal kinase 

domain of mTOR is associated with mLST8 [10], which is located at the distal “foot-like” 

structures of mTOR1; while PRAS40 localizes in the mid-section of the central core of 

mTOR1 [9]. However, it has been suggested that PRAS40 does not seem to be essential for 

proper assembly and stability of mTORC1 [9]. The N-terminus of mTOR interacts with 

Raptor molecule [9]. 

 

 

Upstream and Downstream Regulators of mTOR Signaling 
 

Due to the small difference in molecular composition, the two complexes co-ordinate 

different cellular functions and also act in response to different stimuli. mTOR1 regulates the 

cellular processes related to growth and differentiation in response to nutrient cues; while 

mTORC2 is known for its regulatory role in the signaling cascade of growth factors (eg. 

insulin) [3]. Much of our understanding of the mTOR pathway is grounded in cancer 

research. 

 

 

Figure 1. Schematic of the major components of the mTOR signaling pathway. Refer to text for details. 



Hui Chen and Margaret J. Morris 148 

Components of the mTOR regulatory pathway are shown in Figure 1. One of the most 

important upstream regulators of mTORC1 is the signal integration center, as the Tuberous 

Sclerosis Proteins (TSC) 1 and 2 protein complex (TSC1/2), which inhibits the activity of 

mTOR via its action on Rheb [11-18]. Factors like hypoxia, starvation, and growth factors 

can impact on the activity of TSC1/2 complex via different signaling pathways. Several 

molecules lie upstream of TSC1/2, including stimulating factors (eg. hypoxia-inducible factor 

(HIF)-1-responsive gene DNA-damage-inducible transcript (REDD)1/2, energy deprivation 

responsive molecule AMP-activated protein kinase (AMPK), Glycogen synthase kinase 

(GSK)3) and inhibitory factors (eg. ERK/RSK and Akt) [3, 19]. 

Specific amino acids apparently regulate mTOR function through both TSC1/2-dependent 

and independent pathways [20-23]. The Ste20 family member (MAP4K3), PI3K and redox-

based signaling have suggested to be involved [24-26]. The upstream signaling pathway for 

mTORC2 is less clear compared with that of mTORC1. 

The present review will focus on Akt, as in general, both mTORC1 and mTORC2 

function downstream in the PI3K-Akt pathway. When Akt is inactive, TSC1/2 inhibits Rheb; 

while PRAS40 stabilizes the mTORC1 structure so as to inhibit its activity. In response to 

stimulation by growth factor(s), phosphatidylinositol 3-kinase (PI3K) is activated, leading to 

the recruitment of Akt to the plasma membrane where it is phosphorylated [27]. Akt 

activation results in the phosphorylation of both TSC1/2 and PRAS40, resulting in GTP-

loading of Rheb，which directly activates mTORC1 [3]. As a negative feedback mechanism, 

activation of mTORC1 signaling strongly suppresses PI3K-Akt signaling upstream in the 

PI3K pathway [28]. Evidence suggests that the Akt-TSC2-Rheb-mTORC1 cascade is a 

critical step in PI3K-mediated tumorigenesis [29]. 

mTORC1 regulates growth through at least two downstream substrates, S6 kinase 1 

(S6K1) and eIF-4E-binding protein 1 (4E-BP1) [30, 31]. In this way, mTORC1 can drive 

protein synthesis by regulating ribosome biogenesis and assembly [32, 33]. 

The Eukaryotic Translation Initiation Factor (eIF) 3 complex has been suggested to 

facilitate mTORC1-dependent S6K1 and 4E-BP1 phosphorylation [34]. When activated by 

mTORC1, S6K1 in turn regulates protein synthesis by promoting the degradation of protein 

synthesis inhibitor, programmed cell death protein 4 (PDCD4) [35]. The ribosomal protein S6 

may be the best-known S6K1 substrate, whose phosphorylation is widely used as a biomarker 

of mTORC1 activity. In the brain, AMPK also acts as the upstream inhibitor of mTORC1, as 

the inhibition of AMPK can lead to S6K1 phosphorylation [36]. The macrolide rapamycin 

can compromise the structural integrity of mTORC1 and inhibit phosphorylation of S6K1 and 

4E-BP1 [9]. Rapamycin is an mTOR inhibitor that is used as an immunosuppressant. The 

inhibitory effect of rapamycin on 4E-BP1 phosphorylation is Raptor dependent, whereas the 

effect of rapamycin on S6K1 phosphorylation is not [9]. 

The less well characterized mTORC1 downstream signaling includes CLIP-170, lipin, 

and signal transducers and activators of transcription (STAT) 3 [37-39]. CLIP-170 belongs to 

a family of conserved microtubule-associated proteins that regulate microtubule dynamics 

and function within cells [37]. Lipin is potentially linked to various functions, from nutrient-

sensing pathway to adipocyte development [38]. The finding of mTOR inhibition on the 

Ser727 of STAT3 phosphorylation, extends the function of mTOR to transcriptional 

regulation in mammalian cells [39]. In addition, mTORC1 regulates the transcription of HIFα 

for angiogenesis, peroxisome proliferator-activated receptor γ, coactivator 1α for 
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mitochondrial metabolism, and peroxisome proliferator-activated receptor γ for adipogenesis 

[40-44]. This suggests diverse functions of mTOR signaling, which heralds a likely area for 

future investigation. 

mTORC2 controls cell proliferation and survival by directly phosphorylating and 

activating the Akt/Protein Kinase B (PKB) kinase [8, 26, 45]. mTORC2 directly 

phosphorylates Akt at S473, which plays an important role in cancer development [8]. 

Growth factors stimulate mTORC2 activity by phosphorylating some mTORC2 subunits (eg. 

Rictor and Sin1); although it is unclear which is the functional kinase [8, 46-48]. The 

functional site on mTORC2 seems to be the Rictor [8]. Deletion of Rictor in the mTORC2 

complex can completely diminish the Akt S473 phosphorylation [45, 49]. Rapamycin 

however does not bind to mTORC2, and therefore, mTORC2 is often called the rapamycin-

insensitive complex [3]. mTORC2 is less related to brain regulation of energy homeostasis 

and obesity, and therefore it will not be discussed in detail here. 

 

 

Role of mTOR in Energy Homeostasis 
 

mTOR was originally identified as a key regulator of cell growth and metabolism in 

response to environmental cues as mentioned above. Although both complexes are stimulated 

by mitogens via the PI3K pathway, only mTORC1 appears to be nutrient dependent [50]. 

mTORC1 responds to nutritional cues related to energy availability, especially amino acids, 

to induce biosynthesis [51]. For example, activation of mTOR1 in neonate pigs can increase 

protein synthesis in the muscle [52]. As a fuel sensor, the activation of mTOR still requires 

the presence of glucose [53-55], as ATP generated from glucose-lactate-pyruvate metabolism 

is involved in the fuel sensing by mTOR [56]. Nutrient abundance normally promotes the 

activity of mTORC1, leading to the phosphorylation of S6K1, which in turn phosphorylates 

several transcriptional factors (eg. S6 ribosomal protein, 4E-BP1, and eukaryotic elongation 

factor 2 kinase), to bring about the relevant protein synthesis in the nucleus [50]. On the other 

hand, energy insufficiency will lead to reduced mTORC1 activity [50]. 

mTOR is also regulated by the glucose responsive hormone insulin. In response to rising 

blood glucose levels, insulin binds to its receptor to induce tyrosine phosphorylation of 

insulin receptor substrate (IRS). This will in turn activate PI3K, leading to Akt 

phosphorylation. Akt then inhibits TSC1/2 to activate mTORC1 [57]. Consequently, mTOR 

acts as a negative feedback loop to desensitize IRS-1 action [56]. As such, the defect of 

mTORC1 regulation has been suggested to contribute to the metabolic dysfunction 

underlying a variety of human diseases, including type 2 diabetes [58]. Mice lacking S6k1 are 

viable, but when challenged with a high-fat diet (HFD), despite desensitized insulin receptors, 

they are resistant to obesity [59]. This is because the loss of the feedback loop enhances their 

insulin sensitivity [59]. On the other hand, during HFD consumption, the nutrient excess can 

over-activate mTOR signaling which in turn desensitizes IRS-1 action, thus leading to insulin 

resistance [56]. Indeed, in the obese rat, mTOR signaling is increased in two important insulin 

responsive tissues, liver and muscle [60, 61]. Therefore, activation of the peripheral mTOR 

pathway by HFD consumption is one of the mechanisms that leads to insulin resistance [61, 

62]. 
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mTOR has been recently recognized to act as a hypothalamic fuel sensor to regulate 

feeding behaviour in response to the changes in circulating glucose and amino acid levels 

[33]. In astrocytes, glucose is metabolized anaerobically to form lactate, which is then taken 

up by neurons via monocarboxylate transporters (MCTs) [63]. MCT2 and MCT4 are the 

predominant isoforms in neurons and astrocytes, respectively [64]. MCT4 exports lactate 

produced through glycolysis from the astrocytes into the extracellular space, from where 

MCT2 transports it into postsynaptic dendrites. As such, MCT2 provides dendrites with 

substrates for mitochondrial oxidation [64]. mTOR also participates in the translation of 

MCT2 [65], suggesting its involvement in brain glucose metabolism [66]. During this 

process, lactate is further converted into pyruvate, which is also critical for glucose sensing by 

mTOR and the subsequent feeding regulation [56]. 

Activated by positive energy balance [33], hypothalamic mTOR can inhibit feeding 

behaviour to reduce energy intake [5]. This is because mTOR is co-expressed in 90% of 

orexigenic neuropeptide Y (NPY)-expressing and 45% of anorexigenic pro-opiomelanocortin 

(POMC)-expressing neurons in the hypothalamic arcuate nucleus [5]. The phosphorylation of 

mTOR and its downstream S6K1 was only found in these two groups of hypothalamic 

neurons in response to feeding [5]. Fasting on the other hand reduces S6K1 phosphorylation 

[5]. Upon activation, mTOR selectively inhibits NPY to reduce food intake, suggesting that 

NPY is one of mTOR’s downstream targets [5]. A similar appetite suppressive effect was 

found in Drosophila overexpressing S6K1 [67], suggesting the involvement of mTORC1-

S6K1 pathway in feeding regulation. Conversely, young mice lacking the mTOR-negative 

regulator TSC1 in either NPY or POMC neurons develop hyperphagia and obesity [68, 69]. 

The inhibition of brain mTOR by rapamycin [5] or knockout of the S6K1 gene [59] increases 

food consumption in rodents. However, the inhibition of S6k1 on NPY/POMC expressing 

neurons is apparently location dependent, where the mediobasal hypothalamus seems to be 

the primary site of action area of S6K1 on feeding [70]. 

mTOR also facilitates the anorexigenic response to the adipose-derived hormone leptin 

[5]. This may be because the downstream target of leptin receptor STAT3 can be directly 

controlled by mTOR [39]. Leptin suppresses the potent orexigen NPY, and stimulates the 

anorexigen POMC to inhibit feeding and increase energy expenditure [71]. The inhibition of 

mTOR by rapamycin diminished the anorexigenic effect of leptin [5]. Leptin itself can inhibit 

brain AMPK activity [72], which could indirectly increase mTOR signaling activity. The 

orexigenic gut hormone ghrelin, which activates arcuate orexigenic neurons, can also increase 

hypothalamic mTORC1 activity to possibly counteract hyperphagia [51]. 

Although long term overnutrition induced by HFD consumption causes overactivation of 

mTOR in the peripheral organs, it seems to have an opposite effect on hypothalamic mTOR 

activity [73, 74]. Furthermore, intrauterine overnutrition can also reprogram hypothalamic 

mTOR expression [74]. We have previously shown that hypothalamic mTOR expression and 

activity was significantly reduced by maternal obesity [74, 75], which may contribute to the 

exaggerated response of NPY to fasting, leading to hyperphagia and an obese phenotype in 

those offspring [75, 76]. However, the situation is different in age-dependent obesity, where 

there was an increase in hypothalamic mTOR signaling localized in the POMC expressing 

neurons [68]. This elevates ATP-sensitive potassium channel activity to silence POMC 

neurons [68]. Therefore, intracerebral rapamycin infusion into old mice can enhance the 

excitability and neurite projection growth of POMC neurons, thereby causing a reduction of 

food intake and body weight [68]. 
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mTOR Agonism and Antagonism –  
Therapeutic Uses 

 

mTOR controls cell growth according to nutritional availability and the regulation of 

growth factors, which are essential for cell survival. However, the inhibition of mTOR 

signaling is related to increased life span in rodents, with similar mechanisms as those 

involved in nutritional deprivation-induced life span extension [77]. Furthermore, the 

deregulation of mTOR is apparently closely linked to human cancer development [78], which 

makes it a desirable target for anticancer agents. Indeed, the inhibition of mTOR has been 

shown to be a promising anticancer therapy approach [78]. 

As an mTOR inhibitor, rapamycin treatment inhibits mTORC1 and its downstream 

signals S6K1/2 acutely [33, 79]. Chronic administration of high dose rapamycin causes 

insulin resistance in mice by indirectly inhibiting mTORC2 [77]. This induces a “starvation-

mimetic” like process, which delivers the ‘energy shortage’ message to the brain [80]. This in 

turn induces a series of responses, including hepatic insulin resistance, hypoinsulinemia, 

gluconeogenesis, ketogenesis, and hyperlidemia [80]. As such, treatment using rapamycin 

often leads to a diabetes-like condition in mice, which may cause similar problems in patients 

who use rapamycin long-term [80]. 

During obesity, it is under-activated brain mTOR signaling that results in various 

metabolic disorders. As a result, a way to either prevent or reverse obesity-related disorders 

may be to activate the brain mTOR pathway. The current literature largely focuses on 

pharmacological means that can directly change brain mTOR activity. Leucine is a branched 

chain amino acid (BCAA), which is a more potent mTOR activator than the other amino acids 

[81]. Leucine i.c.v injection was shown to reduce food intake and body weight in chow fed 

rats within 48 hours [5]. However, i.c.v administration is not a plausible long-term delivery 

method. As leucine is capable of crossing the blood-brain barrier to activate hypothalamic 

mTOR [74, 82, 83], oral administration is preferred for treatment.
 
In such studies, leucine 

supplementation via drinking water fails to change food intake in rodents; especially those 

consuming a HFD [73, 82]. Therefore this suggests that leucine treatment itself does not 

change susceptibility to developing dietary obesity [74, 83]; although a 3.8 g (9%) difference 

in body weight between leucine treated and non-treated mice consuming a HFD has been 

observed, suggesting marginal weight loss effect [6]. High protein diet itself is associated 

with decreased AMPK activity and increased mTOR signaling in the hypothalamus [84], 

which is thought to contribute to the weight loss effect. However, it is also proposed that at 

the same time mTOR activation can cause insulin resistance in organs primarily responsible 

for glucose uptake, such as liver and skeletal muscle, in obese individuals [61, 62]. However, 

leucine induced muscle insulin resistance and glucose intolerance is mTORC1 independent 

[85, 86], with high serum levels of amino acids potentially competing with glycolytic 

products for mitochondrial β-oxidation [87], to contribute to hyperglycemia. HFD 

consumption itself is also linked to over-activation of hepatic and muscular mTOR, 

contributing to insulin resistance [61, 62]. This could override the effect of brain mTOR 

activation induced by amino acids; therefore failing to induce anorexia and weight loss [56]. 

However, we and others have shown improved systemic insulin sensitivity and glucose 

tolerance, as well as blood lipid profile, in leucine treated animals consuming a HFD [6, 74]. 
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We have also shown that long term leucine supplementation did not increase muscular 

mTOR/S6K1 activity in rats consuming a HFD [74]. 

The discrepancy observed across experiments could be due in part to the difference in 

treatment protocols such as duration and dose; which require multiple-dosage trials if it is to 

be translated to human treatment. Nevertheless, mTOR activation may still have some 

therapeutic benefit in glycaemic and lipid control. 

 

 

Perspective 
 

From the limited number of long term data available, the activation of brain mTORC1 

pathway may have significant potential for the treatment of obesity-related metabolic 

disorders. However, future therapy development would optimally focus on targeting the 

downstream signals of mTORC1, which likely exert a better and stronger effect over the long 

term, rather than their direct stimulation by agents such as leucine. 
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