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Abstract
The mammalian target of rapamycin complex 1 (mTORC1) has the ability to sense a variety of
essential nutrients and respond by altering cellular metabolic processes. Hence, this protein kinase
complex is poised to influence adaptive changes to nutrient fluctuations toward the maintenance of
whole-body metabolic homeostasis. Defects in mTORC1 regulation, arising from either
physiological or genetic conditions, are believed to contribute to the metabolic dysfunction
underlying a variety of human diseases, including type 2 diabetes. We are just now beginning to
gain insights into the complex tissue-specific functions of mTORC1. Here, we detail our current
knowledge of the physiological functions of mTORC1 in controlling systemic metabolism, with a
focus on advances obtained through genetic mouse models.

mTOR complex 1: sensing local and systemic nutrient status
The ability of organisms to adapt to fluctuations in nutrient availability is fundamental to the
fitness of a species. Organisms respond to nutrient fluctuations by altering the balance
between energy-producing catabolic processes and energy-consuming anabolic processes. In
eukaryotes, the metabolic response to nutrients is tightly coordinated by nutrient- and
energy-sensing signaling pathways. Much progress has been made in our understanding of
the cell-intrinsic wiring of these key signaling pathways. Conversely, how these pathways
maintain metabolic homeostasis in organisms as complex as mammals is poorly defined and
requires consideration of tissue-specific functions. The mammalian target of rapamycin
(mTOR) lies at the heart of a nutrient-sensing signaling network that controls cellular
metabolism. Genetic studies in mice are beginning to reveal the diverse functions of the
mTOR signaling network in specific metabolic tissues to ultimately control whole-body
metabolic homeostasis.

The target of rapamycin (TOR) proteins are evolutionarily conserved protein kinases found
in nearly all eukaryotic cells [1]. TOR proteins form two distinct protein complexes, referred
to as TOR complex 1 and 2 (TORC1 and TORC2), which differ in their regulation, function,
and sensitivity to the compound rapamycin (Box1). TORC1 is the primary nutrient-sensing
complex and is, therefore, the focus of this review. While the sensing mechanisms are not
yet fully defined, the activation status of TORC1 is closely tied to the availability of certain
nutrients (e.g., amino acids, glucose, and oxygen) in organisms from yeast to human. States
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of nutrient depletion lead to an attenuation of TOR protein kinase activity within TORC1,
whereas nutrient rich conditions activate TORC1 to promote anabolic cell growth
(Reviewed in [2]).

A major breakthrough in understanding the nutrient-dependent regulation of mammalian
TORC1 (mTORC1) came from the discovery of a small G protein switch lying directly
upstream. When in its GTP-bound form, the Ras-related small G protein Rheb is a potent
and essential activator of mTORC1. Rheb is tightly controlled by the GTPase-activating
protein (GAP) TSC2 (also referred to as tuberin). In a complex with its binding partner
TSC1 (also referred to as hamartin), TSC2 stimulates the intrinsic GTPase activity of Rheb,
thereby promoting the conversion from its GTP-bound “on” state to its GDP-bound “off”
state. Through this molecular mechanism, the TSC1-TSC2 complex blocks mTORC1
activation in response to a diverse array of signals (Figure 1; reviewed in [3]). For instance,
insulin, IGF-1, and other growth factors and cytokines all stimulate mTORC1, at least in
part, by inhibiting TSC2. The PI3K-Akt signaling pathway is primarily responsible for this
regulation, and the protein kinase Akt directly phosphorylates and inhibits TSC2, within the
TSC1-TSC2 complex [4, 5]. This allows Rheb-GTP to accumulate and activate mTORC1.
Cellular energy levels also impinge on this upstream TSC-Rheb circuit to regulate
mTORC1. An imbalance in the production and consumption of ATP, due to glucose
deprivation, acute hypoxia, an increase in anabolic metabolism (e.g., protein or lipid
biosynthesis), or tissue-specific processes (e.g., muscle contraction during exercise) leads to
a rise in intracellular AMP levels and activation of the AMP-dependent protein kinase
(AMPK; reviewed in [6]). In response to energy depletion, AMPK phosphorylates TSC2 on
sites distinct from Akt, which activates TSC2, leading to inhibition of mTORC1 [7, 8].
AMPK also inhibits mTORC1 activation through direct phosphorylation of the mTORC1
subunit Raptor [9]. The mechanism by which mTORC1 senses the presence of amino acids
is poorly understood, but like all known stimuli that activate mTORC1, Rheb is required.
Amino acid re-feeding of starved cells results in docking of mTORC1 to small G proteins of
the Rag family, which function as a heterodimer of RagA or B with RagC or D [10, 11]. In
response to amino acids, mTORC1 appears to bind to Rag heterodimers at the lysosome,
where it is believed that Rheb ultimately stimulates its activity [12]. Therefore, multiple
pathways have evolved to tightly control the activation status of mTORC1 in response to
nutrients (Figure 1). These signals stem from both systemic nutrients, via hormonal
responses (e.g., insulin and IGF-1), and local or intracellular nutrients.

It is worth noting that the mechanistic studies defining the upstream regulation of mTORC1
have been primarily in cell culture models, where the levels of nutrients and hormones that
the cell perceives can be easily manipulated. However, these experimental conditions (e.g.,
complete amino acid or glucose starvation followed by acute refeeding) could only be
replicated in mammals under extreme physiological conditions. The relevance of these in
vitro paradigms to mTORC1 regulation in different mammalian tissues under homeostatic
conditions is not yet known.

Downstream of mTORC1: Protein synthesis and beyond
In mammals, two main classes of direct mTORC1 substrates have emerged (reviewed in
[13]): the ribosomal S6 kinases (S6K1 and S6K2) and the eukaryotic initiation factor 4E
(eIF4E)-binding proteins (4EBP1 and 4EBP2). mTORC1 phosphorylates the hydrophobic
motif on the S6Ks (T389 on the 70-kD isoform of S6K1), which is essential for subsequent
activating phosphorylation events. The S6Ks phosphorylate a number of downstream
targets, the best characterized of which is the ribosomal protein S6. While our understanding
of the molecular consequence of S6 phosphorylation is incomplete, it is the most frequently
used readout of mTORC1 activation in cells and tissues. S6K has an expanding number of
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downstream substrates, some of which are involved in promoting mRNA translation [13].
However, mTORC1 exerts a more direct control on translation through its regulation of the
4E-BPs, which bind to eIF4E at the 5’-cap of mRNAs and block translation initiation.
mTORC1 phosphorylates the 4E-BPs on multiple residues, triggering their release from
eIF4E and allowing subsequent binding of translation initiation factors. In addition to these
acute effects on mRNA translation, mTORC1 signaling is believed to enhance the general
protein synthesis capacity of the cell by promoting ribosome biogenesis (reviewed in [14]).
In parallel, mTORC1 plays a conserved role in suppressing autophagy, a nutrient-recycling
process in which cellular macromolecules and organelles are lysosomally degraded into their
constituent components (reviewed in [15]). By analogy to other major signaling hubs in
mammalian cells, it seems highly likely that many more direct downstream targets of
mTORC1 will be identified in the near future.

Interestingly, a number of cell-based studies examining global changes in gene expression
suggest that mTORC1 controls specific aspects of cellular metabolism through the
regulation of transcription (e.g., [16–18]). The implications are that mTORC1 impinges on
metabolic pathways through transcription factors that regulate the expression of metabolic
enzymes. For instance, mTORC1 signaling enhances the translation of hypoxia-inducible
factor (HIF1α; [19–21]), which can transcriptionally activate genes encoding glucose
transporters and glycolytic enzymes [22, 23]. Consistent with this regulation, mTORC1
activation can promote glucose uptake and flux through glycolysis [18]. In addition, the
sterol-regulatory element-binding proteins (SREBP1 and SREBP2), which induce the
expression of a large number of genes involved in de novo lipid and sterol biosynthesis,
have emerged as major effectors of mTORC1 signaling, and mTORC1 activation stimulates
lipogenesis [18, 24]. The influence of these cell intrinsic changes in metabolism downstream
of mTORC1 on organismal metabolic phenotypes is poorly understood. However, it is clear
from mouse genetic studies that mTORC1 signaling affects metabolic processes beyond
protein synthesis.

mTORC1-dependent feedback mechanisms and cell intrinsic insulin
resistance

A critical element of mTORC1 signaling is its feedback effects on upstream pathways. Both
mTORC1 and its downstream target S6K1 can exert negative regulatory inputs into
upstream signaling molecules (Figure 2). The best characterized of these are the insulin
receptor substrate (IRS) proteins, which are required to activate the PI3K-Akt pathway
downstream of the insulin receptor. There are a number of rapamycin-sensitive
phosphorylation sites on IRS1, and several of these serine residues appear to be
phosphorylated directly by mTORC1 or S6K1 [25–29]. The net effect of these
phosphorylation events on IRS1 is the suppression of PI3K activation by this scaffolding
adaptor. Another feedback mechanism involves S6K1-mediated phosphorylation of the core
mTORC2 component Rictor on T1135, which leads to an attenuation of Akt
phosphorylation and activation [30, 31]. It is worth noting that there are likely to be
additional points of feedback control from mTORC1 to the upstream components of the
insulin signaling pathway. This is illustrated by the fact that there is a clear negative
regulatory effect of TORC1 and S6K signaling on insulin-stimulated activation of Akt in
Drosophila [32, 33], but the inhibitory phosphorylation sites on neither IRS1 nor Rictor are
conserved in the corresponding fly orthologs.

While these mTORC1-dependent feedback mechanisms have likely evolved to assure that
the insulin response is transient in nature, elevated levels of mTORC1 signaling can strongly
attenuate the cellular response to insulin. This is best illustrated in cells lacking a functional
TSC1-TSC2 complex, where Rheb-GTP levels are greatly elevated and mTORC1 signaling
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is constitutively activated. IRS1 and IRS2 are phosphorylated on many inhibitory serine
residues in TSC-deficient cells, and these cells are unresponsive to insulin unless subjected
to prolonged treatment with rapamycin [28, 34, 35]. The TSC1-TSC2 complex also exerts a
positive regulatory effect on mTORC2 that is independent of its inhibition of Rheb and
mTORC1 [36]. This further attenuates Akt activation upon loss of the TSC genes. While a
clear link between mTORC1 activation and insulin resistance is seen in cell culture models,
much less is known about the physiological role of these feedback mechanisms in vivo.
However, mTORC1 activity is elevated in the liver and muscle of rodent models of
hyperinsulinemia and obesity, and this correlates with the development of insulin resistance
[29, 37–40]. As discussed in the following sections, recent mouse models affecting
mTORC1 and its downstream targets are beginning to shed light on the importance of these
cell intrinsic feedback mechanisms for the development of systemic insulin resistance.

Pharmacological versus genetic manipulation of mTORC1 signaling in
rodent models

Given the defined roles of mTORC1 in nutrient sensing and control of cellular physiology,
there is a real push to understand the functions of mTORC1 in regulating the physiological
state of mammals. To this end, gain and loss of function models have been developed to
delineate the role of mTORC1 signaling in rodents. One limitation of these models comes
from the finding that null alleles of the mTORC1 components (mTOR or RAPTOR [41–43])
or its key upstream regulators (TSC1 and TSC2 [44, 45]) result in very early embryonic
lethality. It is clear that rapamycin is a powerful tool in the study of the physiological
functions of mTORC1. However, studies examining the effects of systemic administration
of rapamycin on different species of adult rodents have yielded variable results, ranging
from hyperglycemia to hypoglycemia, with inconsistent effects on insulin levels [46–48].
There is agreement amongst studies that rapamycin blocks weight gain and decreases
adiposity [46–50]. However, the effects of rapamycin on circulating levels of insulin,
triglycerides, and glucose may be more sensitive experimental variables, including rodent
species, genotype, diet, age, and dose and duration of rapamycin treatment, rendering it
difficult to make unifying conclusions from these disparate studies. The most common side
effects reported for clinical use of rapamycin and its analogs in humans are hyperlipidemia
and glucose intolerance [51]. The major caveat to the in vivo use of rapamycin is that one
cannot readily identify the tissue(s) responsible for the beneficial or detrimental effects of
mTORC1 inhibition on complex systemic metabolic parameters. Therefore, genetic
approaches including knockouts of non-essential downstream targets, conditional knockouts
affecting mTORC1 or its negative regulator the TSC1-TSC2 complex, transgenics, and viral
delivery of cDNAs are all needed to grasp this complexity. The findings from these genetic
gain and loss of function models are providing important insights into the tissue-specific
functions of mTORC1, and these are discussed in the next section and summarized in Table
1.

Toward understanding the metabolic tissue-specific functions of mTORC1
Pancreas

The endocrine pancreas functions as a sensor and regulator of circulating glucose levels, and
alterations in the physiological function of the pancreas often reflect changes in islet mass
[52]. Given its function as both a nutrient sensor and a regulator of cell growth, it is not
surprising that mTORC1 has been shown to play a major role in the pancreatic control of
insulin secretion and glucose homeostasis, largely through the regulation of β-cell size.
Mouse models with constitutive activation of mTORC1 signaling in β-cells, through
conditional deletion of Tsc1 (RIP-Cre) or Tsc2 (RIP-Cre) or transgenic overexpression of
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Rheb (RIP-Rheb), display increased β-cell mass, hyperinsulinemia, and improved glucose
tolerance [53–56]. One point of contention in these models is the long-term effects of
chronic mTORC1 activation in β-cells. Contrary to their findings in younger mice,
Shigeyama et al. report that older mice lacking the TSC1-TSC2 complex in β-cells (>40
weeks) have decreased β-cell number and progressive hypoinsulinemia and hyperglycemia
[55], similar to what is observed in the progression of type 2 diabetes [52]. However, using a
very similar model, Rachdi et al. saw sustained improvement in glucose homeostasis in aged
mice [54]. While some of these models are also complicated by hypothalamic expression of
RIP-Cre [53, 57], the collective data from these independent studies strongly support a role
for mTORC1 in pancreatic insulin secretion. This conclusion is fully substantiated by
systemic loss of function models: mice treated with rapamycin or knockouts of the
mTORC1 target S6K1 (S6k1−/−) exhibit decreased β-cell mass and reduced glucose-
stimulated insulin secretion, resulting in hypoinsulinemia and glucose intolerance [46, 58].
Studies in S6k1−/− mice indicate that S6K1 is the primary target of mTORC1 in the control
of β-cell mass and insulin production. Interestingly, ribosomal S6 knock-in mice (rpS6P−/−)
lacking the sites phosphorylated by S6K1 and S6K2 display β-cell and insulin phenotypes
similar to the S6k1−/− mice [59], suggesting that this downstream substrate is involved in the
S6K-dependent regulation of these processes. This is notable, as a molecular function for
these long-identified sites on S6 has not been defined. Another important feature of the
S6k1−/− mice is that, despite their hypoinsulinemia, these mice maintain normal blood
glucose levels, likely due to enhanced peripheral insulin sensitivity.

Muscle
The role of mTORC1 in muscle has recently been advanced by the characterization of
several loss-of-function animal models. Skeletal muscle-specific deletion of Raptor (HSA-
Cre) [60] or mTor (HSA-Cre) [61] results in reduced muscle mass with increased glycogen
content and decreased oxidative capacity compared to controls. Interestingly, muscle from
S6k1−/− or S6k1−/− S6k2−/− mice show similar phenotypes [62, 63]. Conditional deletion of
Raptor or mTOR, but not the mTORC2 component Rictor, in skeletal muscle results in mice
with reduced body weight and progressively dystrophic muscles. The reduced muscle mass
in these mice is accompanied by weakness and decreased contractile properties, decreased
glycogenolysis and glycolysis, and mitochondrial defects with reduced oxidative capacity
despite an apparent switch to slow-twitch fibers. Concomitantly, loss of mTORC1 in
skeletal muscle enhances Akt activation and basal glucose uptake, consistent with
alleviation of mTORC1-dependent feedback mechanisms affecting upstream insulin
signaling in these muscles (Figure 2). Muscles from S6k1−/− and S6k1−/− S6k2−/− mice
exhibit a milder phenotype, without signs of severe dystrophy or fiber-type switching [64].
Interestingly, in myotube cultures from the single or double S6K knockout mice, basal
AMP:ATP ratios are increased leading to activation of AMPK and increased mitochondrial
fatty acid oxidation [63]. Surprising, the data suggest that elevated AMPK activity is
responsible for the decreased myotube size upon loss of S6K. A role for AMPK in the
phenotypes exhibited by the skeletal muscle knockouts of mTOR and Raptor has not been
examined. It is interesting to note that the S6k1−/− mice have been described to have
increased mitochondria in their skeletal muscle with enhanced oxidative capacity [37], while
the skeletal muscle knockouts of Raptor and mTOR have defects in mitochondrial
metabolism [60, 61]. Consistent with mTORC1 signaling promoting mitochondrial
biosynthesis and/or function in skeletal muscle, mTORC1 has been suggested to positively
regulate the transcription factor PGC1a, a master regulator of mitochondrial biogenesis [17].
Collectively, these genetic models indicate that mTORC1 plays a major role in the
maintenance of skeletal muscle integrity and metabolism. While the effects on muscle fiber
size are controlled, at least in part, through S6K, mTORC1 has additional S6K-independent
functions promoting oxidative metabolism in muscle.
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Adipose
In addition to its function as an energy storage depot, adipose tissue is an active endocrine
organ and plays a key role in the control of metabolic homeostasis [65]. Cell culture studies
have shown that mTORC1 activation is both necessary and sufficient to drive adipocyte
differentiation through the upregulation of PPARγ, the master regulator of this process [66–
71]. In vivo data also support a role for mTORC1 signaling in adipogenesis, as well as in the
metabolism of mature adipocytes. S6k1−/− mice display increased energy expenditure and
are resistant to age and diet-induced obesity, possessing smaller adipocytes with increased
mitochondria and enhanced basal rates of lipolysis [37]. As predicted from loss of S6K1-
mediated feedback mechanisms, adipose tissue from these mice display increased activation
of Akt in response to insulin. Reciprocally, mice lacking 4EBP1 and 2 (Eif4ebp1/2−/−),
which are normally inhibited by mTORC1, are more prone to obesity and display increased
adiposity, reduced lipolysis, a reduction in overall energy expenditure, and insulin resistance
[72]. However, as the 4EBP knockout mice display increased S6K1 activation in metabolic
tissues, it was hypothesized that these phenotypes result from a gain of S6K1 function.
Supporting this model, the triple knockout mice lacking S6K1, 4EBP1, and 4EBP2 appear to
be resistant to diet-induced obesity, similar to the S6k1−/− mice [73]. It was recently shown
that S6K1 is dispensable for terminal adipocyte differentiation but is required at an early
stage of commitment to an adipocyte progenitor lineage, suggesting an additional
mechanism for the resistance of the S6k1−/− mice to diet-induced obesity [73]. However,
complete loss of mTORC1 signaling in terminally differentiated adipocytes, through
conditional knockout of Raptor (aP2-Cre), yields a strikingly similar phenotype to that of the
S6k1 knockout [74]. The adipose-specific Raptor knockout mice are lean with improved
glucose tolerance and insulin sensitivity, and are resistant to diet-induced obesity [74]. The
reduced adiposity in these mice results from both fewer and smaller adipocytes with
increased energy consumption through upregulation of the mitochondrial uncoupling protein
UCP1 [74], which is also seen in the adipose tissue of S6k1−/− mice [37]. There is
increasing evidence that mTORC1 signaling can promote lipogenesis and inhibit lipolysis
[18, 24, 75, 76], suggesting the potential for additional mechanisms contributing to the
profound decrease in adiposity in these mouse models. The close phenotypic links between
mice lacking mTORC1 in mature adipocytes and those lacking the downstream targets of
mTORC1 in all tissues, suggest that mTORC1 activity in adipose tissue plays a critical role
in the regulation of systemic metabolic homeostasis.

Liver
A primary function of the liver is the maintenance of glucose homeostasis during periods of
fasting [77]. Thus, the liver must be acutely sensitive to fluctuations in nutrients and
hormones, such as glucagon and insulin. Despite this key role in systemic glucose and lipid
metabolism, to date, there have been relatively few mouse models developed to examine the
metabolic functions of mTORC1 in this organ. Nevertheless, current evidence implicates
mTORC1 in the attenuation of insulin signaling and promotion of lipid biosynthesis in the
liver. Indeed, elevated levels of hepatic mTORC1 signaling have been correlated with
decreased insulin sensitivity in the liver [38, 78]. Consistent with mTORC1 and S6K1-
mediated feedback mechanisms contributing to hepatic insulin resistance, adenoviral
delivery of a proposed dominant-negative Raptor mutant (which lacks approximately 400
amino acids at its C-terminus and blocks the phosphorylation of S6K1 but not 4EBP1 when
overexpressed in the liver) enhances insulin-stimulated PI3K-Akt signaling and improves
glucose tolerance [79].

An additional consequence of insulin signaling in the liver is the regulation of lipid
metabolism, and several recent studies support a role for mTORC1 in this process. In cell
culture models, mTORC1 has been shown to be necessary and sufficient for the pathways
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downstream of insulin to induce the SREBP transcription factors [18, 24], which play a
critical role in hepatic lipid and sterol biosynthesis. Consistent with these mechanistic
studies, rapamycin abolishes the induction of SREBP1c expression by insulin in primary rat
hepatocytes [80, 81]. Furthermore, Eif4ebp1/2−/− knockout mice display increased hepatic
steatosis on a high-fat diet relative to control mice, but this phenotype is confounded by their
increased susceptibility to obesity [72]. While these collective findings emphasize the
importance of mTORC1 in the metabolic functions of the liver, genetic loss and gain of
function models manipulating mTORC1 signaling specifically in the liver will be necessary
to clarify these roles and their impact on whole body energy homeostasis.

Hypothalamus
Neuronal populations within the mammalian hypothalamus respond to the nutritional status
of the organism to control food intake and energy expenditure [82, 83]. The anorectic effects
of insulin and leptin in the hypothalamus are well accepted, but only recently has mTORC1
been recognized as a critical regulator of this response [84–88]. Although it is expressed
throughout the brain, organismal energy status appears to affect mTORC1 signaling
specifically in the hypothalamus [86]. Hypothalamic mTORC1 signaling is reduced in the
fasting state, while anorectic signals such as leptin and ciliary neurotrophic factor (CNTF)
require mTORC1 activity to exert their inhibitory effects on feeding behavior [86, 89].
Interestingly, stimulation of mTORC1 signaling through intracerebroventricular
administration of L-leucine also decreases food intake in mice, effects that are reversed by
rapamycin [86]. Consistent with mTORC1 signaling eliciting a hypophagic response,
adenoviral delivery of constitutively active S6K1 to the mediobasal hypothalamus of rats
suppresses food intake, whereas dominant negative S6K1 induces food intake [90].
Furthermore, S6k1−/− mice were shown to be resistant to leptin and CNTF and, when
normalized to body weight, appear to be hyperphagic [37, 89]. These studies suggest a clear
role for hypothalamic mTORC1 in sensing and relaying signals to decrease food intake.
However, constitutive activation of mTORC1, via conditional deletion of Tsc1, in either a
broad set of neurons (RIP-Cre) or specifically in the anorexigenic POMC neurons (POMC-
Cre) results in increased food intake and corresponding weight gain [57, 91]. As mTORC1
is known to control axonal guidance and synaptic plasticity [92, 93], it is possible that these
counterintuitive phenotypes reflect defects in neuronal morphology upon disruption of the
TSC1-TSC2 complex. Indeed, conditional activation of mTORC1 in these neurons results in
enlarged POMC soma and decreased axonal projections leading to the paraventricular
nucleus [57]. Finally, differential regulation of mTORC1 has been observed in distinct
neuronal populations within the hypothalamus, indicating that the physiological regulation
and effects of mTORC1 activation could vary greatly depending on which specific
hypothalamic neurons that are targeted [86, 88]. Therefore, future genetic models
manipulating mTORC1 activity in these distinct neuronal populations will greatly enhance
our knowledge of this potential link between nutrient sensing and feeding behavior.

Conclusions and outstanding questions
The function of mTORC1 as a nutrient sensor and regulator of anabolic processes has been
well established in cell culture models. However, we are just beginning to understand how
its cell intrinsic regulation and function translate into the control of systemic metabolism.
From the rodent models discussed here, it appears that in response to food intake, mTORC1
activation enhances nutrient mobilization into peripheral tissues through increased insulin
secretion from the pancreas, while also enhancing lipid storage in adipose tissue. At the
same time, mTORC1 signaling appears to play a role in the hypothalamus to suppress
further food intake, thereby creating a systemic negative feedback loop to maintain nutrient
homeostasis. However, more sophisticated genetic models are needed to fully understand the
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consequences of mTORC1 activation in specific metabolic tissues and to reveal critical
points of cross talk with other signaling pathways regulating metabolism.

Currently, we know very little regarding the hierarchy of mechanisms regulating mTORC1
activity in vivo and how fluctuations in circulating levels of specific nutrients and hormones,
as well as signals from the sympathetic nervous system, influence mTORC1 signaling
properties in distinct metabolic tissues. The importance of understanding this regulation is
underscored by the fact that aberrant mTORC1 activation in peripheral insulin-responsive
tissues appears to contribute to the development of insulin resistance, and defects in the
proper control of mTORC1 could be a major factor in the pathophysiology of type 2
diabetes and other common metabolic disorders. However, further investigation is required
to more clearly elucidate the contributions of mTORC1 signaling to the development of
systemic insulin resistance. Furthermore, the role of mTORC1-regulated cellular processes
established primarily through cell culture studies, such as protein and lipid synthesis and
autophagy, on organismal metabolic phenotypes initiated by aberrant mTORC1 signaling is
poorly understood.

On the surface, mTORC1 would appear to be a good drug target for improving peripheral
insulin sensitivity. In fact, the most commonly prescribed anti-diabetes drug, metformin,
strongly inhibits mTORC1 signaling [94, 95]. However, whether mTORC1 inhibition
contributes to the beneficial effects of metformin on systemic glucose metabolism is
unknown. While rapamycin treatment results in decreased adiposity in mice [49, 50], its
potential effectiveness in treating metabolic diseases is not clear. An important consideration
in the systemic use of rapamycin is the role of mTORC1 in insulin production, where
rapamycin could impede the ability of the pancreas to secrete insulin in response to glucose.
Rapamycin significantly extends life span when administered to older mice [96], but the
health benefits leading to longevity are currently unknown. At the molecular level, it is also
possible that some of the effects of rapamycin on life span could be through inhibition of
mTORC2 (Box 1). Further characterization of tissue-specific targets and processes
downstream of mTORC1 could reveal opportunities to develop therapeutics that more
selectively target mTORC1 signaling. Reciprocally, supplements aimed at activating
mTORC1 are being marketed to body builders for muscle enhancement. It is possible that
strategies to activate mTORC1 in skeletal muscle could prove beneficial for muscular
dystrophies. However the effects of mTORC1-activating supplements or compounds on
other tissues, such as fat and liver, where they might increase lipid accumulation or promote
insulin resistance, are unknown. Finally, given the recent popularity of high protein diets
predicted to enhance mTORC1 activation, it will be important to determine the influence on
mTORC1 functions in different tissues, with an eye toward understanding the long-term
metabolic effects of such diets.

The studies reviewed in this work have greatly advanced our knowledge of mTORC1
functions in the context of whole body metabolism. However, we are clearly still in the early
stages of connecting our ever-expanding knowledge of the cell intrinsic regulation and
function of mTORC1 to its role in controlling systemic metabolic homeostasis.
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Box 1: The complexity of mTOR complexes and the effects of rapamycin

It is believed that all mammalian cells contain two distinct mTOR-containing complexes,
referred to as mTORC1 and mTORC2 (Reviewed in [1]). In addition to the mTOR
kinase, the core components are Raptor and mLST8 for mTORC1 and Rictor, mSIN1,
and mLST8 for mTORC2, with a number of other non-essential components found in
both complexes. Relative to mTORC1, very little is known regarding the upstream
regulation and downstream functions of mTORC2. Insulin and growth factors acutely
stimulate the kinase activity of mTORC2 (Reviewed in [98]), but the mechanism is
currently unknown. The best-characterized downstream substrate of mTORC2 is Akt,
which it directly phosphorylates on S473 within a highly conserved hydrophobic motif.
Like the mTORC1 substrate S6K, Akt is a member of the protein kinase A, G, and C
(AGC) family. mTORC2 also appears to be the major kinase responsible for
phosphorylation of the hydrophobic motif on other AGC kinases, including PKCα [43,
99, 100] and the serum and glucocorticoid-inducible kinase (SGK1 [101]). Hydrophobic
motif phosphorylation on these AGC kinases contributes to their stability (PKC) and/or
activation (Akt, SGK, and S6K). In addition, the phosphorylation of a second conserved
motif on Akt (T450) and PKCα (T638), referred to as the turn motif, is also dependent on
mTORC2 [99, 100]. This motif is phosphorylated constitutively and is thought to be
involved in the proper folding of these kinases.

Much of our knowledge of mTOR function has been gained from experiments using
rapamycin, an exquisitely specific inhibitor of mTOR (reviewed in [102]). The
specificity of rapamycin for mTOR stems from its mode of action: this large macrolide
antibiotic is bound by a cellular prolyl isomerase, FKBP12, and it is the rapamycin-
FKBP12 complex that binds to mTOR. However, unlike most kinase inhibitors,
rapamycin is an allosteric inhibitor, binding to a region N-terminal to the kinase domain
of mTOR. It is believed that rapamycin can only gain access to this region on mTOR
within mTORC1, and therefore, mTORC2 is largely resistant to acute inhibition with
rapamycin. Nonetheless, it is important to note that prolonged exposure of cells to
rapamycin hinders mTORC2 assembly, and in many cell types, including endothelial
cells and adipocytes, inhibits mTORC2 activity [103]. In addition to this caveat, the
development and characterization of mTOR kinase domain inhibitors, which inhibit both
mTORC1 and mTORC2, have revealed rapamycin-resistant functions of mTORC1 [102].
For instance, while rapamycin strongly inhibits S6K1 phosphorylation by mTORC1, it
only partially and transiently inhibits its phosphorylation of 4E-BP1. However, mTOR
kinase domain inhibitors completely block mTORC1 signaling to both of these
established downstream targets and have more pronounced effects on protein synthesis.
Therefore, rapamycin is a powerful tool for analyzing the function of mTORC1 in
different settings, but should not be used in isolation to make conclusions regarding
whether or not a process is mediated by mTORC1.
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Figure 1. Nutrient sensing and upstream regulation of mTORC1
The presence of extracellular (or systemic) and intracellular nutrients are sensed by
mTORC1 and stimulate its activation. In response to insulin, Akt inhibits TSC2, thereby
allowing Rheb-GTP to accumulate and activate mTORC1. Nutrients and other factors
influencing the energy status of the cell affect intracellular levels of AMP, which activates
AMPK. AMPK exerts inhibitory effects on mTORC1 through activation of TSC2 and
phosphorylation of Raptor. In addition, the presence of intracellular amino acids is sensed by
mTORC1 through an undefined pathway affecting the Rag GTPases. Finally, the two best-
characterized direct downstream targets of mTORC1, S6K1/2 and 4E-BP1, are shown.
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Figure 2. mTORC1 signaling attenuates AKT activation through negative feedback mechanisms
Inhibitory phosphorylation events on IRS1 and the mTORC2 component Rictor by
mTORC1 and/or S6K1 suppress the ability of insulin to stimulate Akt, a major metabolic
effector of insulin signaling. Through such mechanisms, mTORC1 signaling can decrease
insulin sensitivity. Importantly, this feedback effect on AKT signaling has been observed in
all metabolic tissues examined (summarized in Table 1).
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, d
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 d
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 d
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 m
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 d
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, c
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