
Regulation of metabolic health and aging by nutrient-sensitive 
signaling pathways

Nicole E. Cummings1,2,3 and Dudley W. Lamming1,2,3

1Department of Medicine, University of Wisconsin-Madison, Madison, WI, USA

2William S. Middleton Memorial Veterans Hospital, Madison, WI, USA

3Endocrinology and Reproductive Physiology Graduate Training Program, University of 
Wisconsin-Madison, Madison, WI

Abstract

All organisms need to be capable of adapting to changes in the availability and composition of 

nutrients. Over 75 years ago, researchers discovered that a calorie restricted (CR) diet could 

significantly extend the lifespan of rats, and since then a CR diet has been shown to increase 

lifespan and healthspan in model organisms ranging from yeast to non-human primates. In this 

review, we discuss the effects of a CR diet on metabolism and healthspan, and highlight emerging 

evidence that suggests that dietary composition – the precise macronutrients that compose the diet 

– may be just as important as caloric content. In particular, we discuss recent evidence that 

suggests protein quality may influence metabolic health. Finally, we discuss key metabolic 

pathways which may influence the response to CR diets and altered macronutrient composition. 

Understanding the molecular mechanisms responsible for the effects of CR and dietary 

composition on health and longevity may allow the design of novel therapeutic approaches to age-

related diseases.

Calorie restriction promotes health and longevity

Calorie restriction (CR), a dietary intervention in which calories are reduced while 

maintaining adequate levels of micronutrients, was first discovered to extend the lifespan of 

rats more than 75 years ago (McCay et al., 1935). Since that time, a CR diet has been shown 

to extend lifespan in many model organisms including yeast, worms, flies, rodents, and non-

human primates (Colman et al., 2014; Greer and Brunet, 2009; Lin et al., 2000; Rogina and 

Helfand, 2004; Weindruch et al., 1986). The precise degree of restriction, as well as the 

precise macronutrient composition of the CR regimen utilized, that maximizes lifespan 

extension may vary between individuals and species (Mair et al., 2005; Piper et al., 2005). A 

recent study of a 40% CR diet – typically utilized in mouse studies of CR – across 41 strains 
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of recombinant inbred mice found a range of responses including strains with decreased 

lifespan, and it has been proposed that the response to CR and/or the optimal degree of 

restriction to promote longevity may vary according to genotype (Liao et al., 2010; Mitchell 

et al., 2016). While some have argued that the beneficial effects of CR in laboratory animals 

is an effect of overfeeding in the lab, CR extends maximum lifespan and robustly inhibits 

cancer in wild-type mice (Harper et al., 2006).

The specific mechanism by which CR extends lifespan and promotes health is unknown, but 

as the gold standard for anti-aging interventions, understanding the molecular and 

physiological mechanisms that underlie the effects of CR has been a priority of researchers 

for many years. Understanding the mechanisms that underlie the beneficial effects of a CR 

diet may enable the creation of dietary or pharmaceutical interventions that will permit those 

incapable of adhering to a CR diet to achieve some of the same benefits to health and 

longevity. The physiological effects of CR have been extensively cataloged; some of the 

changes which are believed to be beneficial include reduced inflammation (Chung et al., 

2001), reduced oxidative stress (Sohal and Weindruch, 1996), altered neuroendocrine and 

sympathetic nervous system function, reduced energy expenditure, and improved metabolic 

flexibility (Bordone and Guarente, 2005; Heilbronn and Ravussin, 2003). CR also alters 

metabolism at the transcriptional level, and several studies show that CR can reverse many 

of the transcriptional changes associated with aging (Lee et al., 1999; Park et al., 2009; 

Pearson et al., 2008; Weindruch et al., 2001). Importantly, CR has been shown to not only 

extend lifespan, but also to improve healthspan, with animals on CR diets showing 

decreased rates of cancer, cardiovascular disease, and diabetes (Berrigan et al., 2002; 

Colman et al., 2014; Lamming and Anderson, 2014). A CR diet also promotes cognition in 

mouse models of neurodegeneration and Alzheimer’s disease (Graff et al., 2013; Halagappa 

et al., 2007).

Ongoing studies of CR in non-human primates suggest that CR promotes longevity and 

prevents age associated diseases such as cancer, type 2 diabetes, cardiovascular disease, 

brain atrophy, and osteoporosis (Colman et al., 2014; Cruzen and Colman, 2009; Mattison et 

al., 2012b). CR studies performed in non-human primates also show improved metabolic 

parameters, including increased insulin sensitivity and glucose tolerance as well as reduced 

energy expenditure, similar to their rodent counterparts (Kemnitz, 2011). While study 

design, husbandry, and dietary composition appear to impact the effect of CR on the 

longevity of primates (Colman et al., 2014), CR clearly has a dramatic effect upon the 

prevalence and severity of age-related diseases (Colman et al., 2009; Mattison et al., 2012a). 

These studies suggest that the fundamental mechanisms engaged by CR are preserved all the 

way from yeast to primates (Colman and Anderson, 2011; Fontana and Partridge, 2015).

While the benefit of a CR diet to human lifespan is unknown, the physiological and 

metabolic effects of CR in humans appear to be similar to those observed in non-human 

primates. Humans who consumed a low calorie, nutrient dense diet for approximately two 

years in Biosphere 2 showed physiologic, hematologic, hormonal, and biochemical changes 

resembling those of rodents and monkeys on such diets (Walford et al., 2002). More 

recently, a randomized clinical trial of a 25% CR diet in non-obese adults was shown to 

result in significant weight loss, primarily due to loss of adiposity through decreased visceral 
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fat (Fontana et al., 2016b). Other studies on the effect of a CR diet on humans has 

demonstrated that CR can improve age-associated changes in blood pressure, systemic 

inflammation, and myocardial fibrosis (Meyer et al., 2006), protect against atherosclerosis 

(Fontana et al., 2004), and reduce cardiovascular disease instance and risk (Cruzen and 

Colman, 2009). Similar to rodents and non-human primates placed on a CR diet, humans 

placed on a CR diet also have increased levels of adiponectin and improved insulin 

sensitivity (Fontana et al., 2009). Given these favorable effects, while the jury remains out 

on the effect of a CR diet on human lifespan, it appears very likely that a CR diet has the 

potential to improve healthspan, and perhaps prevent or delay many age-associated diseases.

While CR diets will likely prove effective in preventing age-related disease, they are difficult 

to sustain for all but a handful of individuals. There is therefore great interest in developing 

dietary strategies that are easier to follow that mimic the beneficial effects of a CR diet. One 

of the most popularly researched and implemented CR mimetic dietary strategies is feeding 

intermittently – either restricting the time of day during which feeding is permitted, or 

fasting intermittently. As similar dietary regimens have been followed by many for religious 

reasons for centuries or millennia, they may be more sustainable. The cellular responses to 

fasting are similar to CR but include reduced oxidative damage, improved energy 

metabolism, and overall protection. Physiologically, fasting can improve longevity and 

prevent against many diseases such as diabetes, heart disease, cancers, obesity, hypertension, 

asthma, rheumatoid arthritis, and neurodegeneration (Longo and Mattson, 2014). This may 

occur through a shift to fat and ketone metabolism during a fast, as well as through adaptive 

changes to stress and repair of cellular damage (Mattson et al., 2014). Restricting feeding to 

four short time periods per day can significantly extend the lifespan of rats (Deerberg et al., 

1990), and in mice limiting food access to an eight hour window each day can improve 

metabolic disease even in consumption of diabetogenic diets (Chaix et al., 2014). However, 

human data on the benefits of time-restricted feeding suggests that the benefits of time-

restricted feeding may depend on the exact composition of the diet (Mattson et al., 2014), 

and thus it is not clear that this type of dietary intervention will promote healthy aging in 

humans, or if CR mimetics will be as effective as they are in model organisms.

Dietary composition – when is a calorie not just a calorie?

Unfortunately, while a CR diet may be an effective method in reducing age-associated 

diseases and possibly extending lifespan, even a slight reduction in caloric intake or 

occasional fasting may be difficult in present-day Western society, in which we are 

surrounded by cheap and readily available calories and struggling with obesity. Intriguingly, 

despite significant interest in the biological mechanisms engaged by CR, until recently it has 

been unclear what macronutrients in a CR diet are responsible for its beneficial effects. 

While CR regimens typically decrease protein, fat, and carbohydrates, research suggests the 

reduced consumption of these macronutrients may not contribute equally to CR’s benefits.

Many of the first experiments which investigated the effect of restricting individual 

macronutrients, particularly protein, on rat lifespan observed varied results (Weindruch and 

Walford, 1988). In retrospect, these difficulties may have been due to a combination of 

uncertainty regarding the exact nutritional needs of rats, and the use of dietary protein from 
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different sources with varying amino acid composition. These problems began to be resolved 

in the 1980s, and experiments using Fisher 344 rats determined that restriction of dietary fat 

in the context of an isocaloric diet did not extend lifespan, but that the source of dietary 

protein greatly impacted lifespan (Iwasaki et al., 1988a, b). More recent experiments 

conducted in Drosophila melanogaster have shown that restriction of either dietary sugar or 

yeast will extend lifespan, but that calorie-for-calorie, restriction of yeast has a much greater 

impact than restriction of sugar (Mair et al., 2005). Another Drosophila study showed that 

essential amino acid balance changes can reverse the effects of DR, even though calorie 

level is restricted (Grandison et al., 2009).

Since these initial experiments, dietary protein has been revealed as a key determinant of the 

effects of a CR diet on rodent metabolism and lifespan. In a series of experiments during the 

last decade, a nutritional Geometric Framework approach was used to analyze the lifespan of 

first Drosophila and more recently C57BL/6J mice fed isocaloric diets with many possible 

ratios of protein, fat, and carbohydrates (Lee et al., 2008; Solon-Biet et al., 2014). This 

approach takes into account that in diet studies, shifting ratios in diet always affects at least 

two macronutrients, and may affect the influence of the third. The Geometric Framework 

therefore permits the consideration of altered macronutrient ratios and total energy intake in 

their full spectrum. In Drosophila, this approach was used to determine the lifespan of over 

1,000 flies fed one of 28 diets with varying concentrations of sugar and yeast, and Lee and 

colleagues determined that “lifespan declined from the maximum as protein intake increased 

and as carbohydrate intake fell” (Lee et al., 2008). Similarly, a recent study determined the 

lifespan of C57BL/6J mice placed on one of 25 different diets with varying concentrations 

of protein, carbohydrates, and fat, and determined that mice fed a low protein diet lived the 

longest, with mice fed a low protein, high carbohydrate diet living the very longest (Solon-

Biet et al., 2014). Importantly, this study also found that CR in the context of high protein 

did not extend lifespan. Further work by Solon-Biet and colleagues demonstrated that low 

protein, high carbohydrate diets produce metabolic benefits comparable to CR with respect 

to blood levels of glucose, insulin and lipids. In addition, low protein high carbohydrate diets 

did not produce additional benefits when fed at CR levels (Solon-Biet et al., 2015a).

While the mechanisms downstream of a low protein diet that mediate these beneficial effects 

are still being determined, protein consumption in mice correlates with blood levels of the 

three branched-chain amino acids (BCAAs), leucine, isoleucine, and valine (Solon-Biet et 

al., 2014). Specifically restricting dietary levels of the BCAAs to the levels found in a low 

protein diet improves many aspects of mouse metabolic health to the same extent as a low 

protein diet (Fontana et al., 2016a). Interestingly, as opposed to mice on a CR diet that 

conserve energy, mice on a low protein, high carbohydrate diet have increased energy 

expenditure. Mice fed a low protein diet have increased levels of the fasting-induced insulin-

sensitizing hormone FGF21, which is believed to mediate the increased energy expenditure 

of mice on a low protein diet (Fontana et al., 2016a; Laeger et al., 2014). Intriguingly, 

restriction of BCAAs alone does not induce FGF21 or increase energy expenditure (Fontana 

et al., 2016a), demonstrating that at least some aspects of the improved metabolic health 

associated with a low protein diet are independent of FGF21.
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While restriction of the BCAAs does not induce FGF21, restriction of another essential 

amino acid, methionine, does induce FGF21 (Lees et al., 2014). Methionine is a particularly 

interesting amino acid, as it is essential for translation initiation as well as processes that 

require donation of methyl groups in methylation. Methionine restriction extends the 

lifespan of flies, rats and mice (Lee et al., 2014; Miller et al., 2005; Orentreich et al., 1993), 

inducing a host of metabolic adaptations, such as beneficial changes in body weight, 

composition and glycemic control. Restriction of dietary methionine also reverses age-

associated metabolic dysfunction in aged mice (Lees et al., 2014; Perrone et al., 2013). We 

did not identify changes in blood levels of methionine in humans on a protein-restricted diet 

(Fontana et al., 2016a), making it unclear if methionine restriction normally contributes to 

the benefits of a low protein or CR diet. However, vegan diets may have naturally low levels 

of methionine (McCarty et al., 2009), and further investigation of the effects of these diets 

on methionine levels and metabolic health may be warranted.

Unlike CR, there has been a great number of observational studies of the effects of low and 

high protein diets in humans. One such recent study with over 38,000 participants found that 

humans in the highest quartile of protein consumption had more than twice the risk of 

developing diabetes than humans in the lowest quartile (Sluijs et al., 2010). While a high 

protein diet is associated with increased cardiovascular mortality (Lagiou et al., 2007), 

reduced consumption of dietary protein is associated with decreased cancer incidence as 

well decreased mortality rates in individuals under 65 (Levine et al., 2014). Though few 

randomized controlled trials of protein restriction have been performed in humans, we 

recently found that humans fed a diet in which 7–9% of calories were derived from protein 

for only 6 weeks had improved metabolic health. Subjects randomized to this low protein 

diet had significant decreases in fasting blood glucose and circulating levels of BCAAs, and 

lost over five pounds, more than half of which was fat mass (Fontana et al., 2016a).

Carbohydrate restriction has also been an interest to researchers, as it has been assumed that 

decreased dietary carbohydrates would benefit both blood glucose and obesity. Research into 

restriction of dietary carbohydrates in rats has found that restricting carbohydrates as a 

means of restricting energy intake improves metabolic health, lowering total cholesterol, 

serum triglycerides, and HOMA2-IR, and increases expression of PPARγ and adiponectin in 

adipose tissue (Chen et al., 2015). However, as opposed to the effects of protein or amino 

acid restriction, these effects were only proportional to the level of energy restricted. In 

humans, recent studies suggest that the benefits of a low carbohydrate diet are likely 

minimal. While carbohydrate restriction initially lowered weight and fat mass in obese 

humans, over time this effect diminished, and weight benefits were not maintained 

(Hashimoto et al., 2016). Moreover, a recent meta-analysis of randomized control trials for 

low carbohydrate diets in subjects with type 2 diabetes suggests that a low carbohydrate diet 

does not improve glycemic control or other metabolic outcomes (van Wyk et al., 2016).

In conclusion, although much research remains to be done, it appears that restriction of 

dietary protein contributes to the metabolic benefits of a CR diet, and that alterations in 

protein quality may mimic some of the beneficial effects of a CR diet (Figure 1). This type 

of intervention, which does not limit calorie intake, may allow the benefits of CR to be 

achieved by a much broader population. Restriction of dietary protein alone, or even of 
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specific essential amino acids, promotes many of the same metabolic benefits as CR, and 

could conceivably be a translatable intervention to prevent or delay age-related disease. 

However, CR or protein restriction in the elderly will need to be approached cautiously; the 

preservation of muscle and bone mass is a priority in the aged, as sarcopenia is a major 

driver of frailty and loss of independence (Jensen et al., 2014; Landi et al., 2015). Indeed, a 

growing body of research suggests that protein intake by the elderly may need to be 

increased in order to preserve muscle mass (Nowson and O’Connell, 2015; Paddon-Jones 

and Rasmussen, 2009; Wolfe et al., 2008), and low protein diets may not decrease mortality 

in people over the age of 65 (Levine et al., 2014). However, lifelong CR diet feeding 

preserves muscle mass in rodents and non-human primates despite an absolute reduction in 

protein intake (Aspnes et al., 1997; Colman et al., 2008; McKiernan et al., 2012; Mercken et 

al., 2012; van Norren et al., 2015), suggesting that these types of interventions may reduce 

the need to increase protein intake during aging. Further research will be required to fully 

understand how age, as well as genetic background, activity level, and health impact the 

response to altered protein quality.

The mechanistic Target Of Rapamycin - a central regulator of longevity

To truly harness the beneficial effects of CR or protein restriction, we will need to 

understand the molecular mechanisms that drive these effects. One of the most conserved 

responses to CR in mammals, including humans, is increased insulin sensitivity, which is 

generally believed to be beneficial in terms of health and longevity (reviewed in (Lamming, 

2014)). Conversely, overnutrition is associated with decreased insulin sensitivity, decreased 

lifespan, and an increased risk of several age-related diseases. A logical assumption about 

CR is that increased insulin sensitivity may mediate many of the beneficial effects of CR. 

Indeed, some long-lived mouse mutants have increased insulin sensitivity – e.g., mice 

lacking S6K1, mice in which the insulin receptor has been specifically deleted in adipose 

tissue (FIRKO), and Ames dwarf mice (Bluher et al., 2003; Masternak et al., 2009; Selman 

et al., 2009).

However, many other long-lived mouse mutants do not have increased insulin sensitivity, 

including mice heterozygous for both mTOR and mLST8, mice expressing a hypomorphic 

allele of mTOR, mice heterozygous for either Igf1r or Akt1, and mice in which IRS2 was 

deleted specifically in the brain (Bokov et al., 2011; Lamming et al., 2012; Nojima et al., 

2013; Taguchi et al., 2007; Wu et al., 2013). Moreover, the most robust pharmaceutical 

intervention that extends lifespan is rapamycin, an inhibitor of the mTOR (mechanistic 

Target Of Rapamycin) protein kinase, which induces insulin resistance (Lamming et al., 

2012). These conflicting observations, as well data from C. elegans and other model 

organisms, can be reconciled by noting that what all of these interventions, including 

rapamycin and CR, have in common is decreased PI3K/Akt/mTOR pathway signaling 

(Blagosklonny, 2012; Lamming, 2014; Mercken et al., 2013). Other energy sensing 

pathways implicated in the response to CR include AMPK and the sirtuin family of histone 

deacetylases, the activation of which may inhibit mTOR pathway signaling (Ghosh et al., 

2010; Gwinn et al., 2008; Wang et al., 2011).
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mTOR is found in two distinct complexes; mTOR complex 1 (mTORC1) functions as a 

central regulator of metabolism and growth, integrating information about the availability of 

many distinct nutrients including amino acids, glucose, and oxygen as well as hormonal 

cues. In contrast, mTORC2 is insensitive to amino acids and serves as a key effector of PI3K 

signaling. mTOR signaling plays a key role in the regulation of mammalian physiology and 

metabolism, which we have discussed in depth in a recent review (reviewed in (Kennedy and 

Lamming, 2016)). However, the role of mTOR in the response to CR, and in particular to 

restriction of dietary protein and amino acids, deserves consideration.

The mTOR protein kinase is one of two evolutionarily conserved amino acid responsive 

kinases, the other being GCN2, which senses an accumulation of uncharged transfer RNAs 

that indicates a deficiency in one or more amino acids (Gallinetti et al., 2013). In contrast to 

GCN2, which is more sensitive to the essential amino acids, mTOR activity is especially 

sensitive to a few key amino acids. mTORC1 is particularly sensitive to the BCAAs, which 

potently activate mTORC1 in vitro in cell culture, and in vivo in both rodents and humans 

(Blomstrand et al., 2006; Gallinetti et al., 2013; Li et al., 2011; Moberg et al., 2014; Sans et 

al., 2006; Xiao et al., 2011). It is therefore logical to consider if restriction of dietary protein 

may promote longevity in part through inhibition of mTOR signaling, particularly in light of 

recent studies demonstrating that mTORC1 inhibition is required for the beneficial effects of 

protein restriction on stress resistance after hepatic injury (Harputlugil et al., 2014). 

mTORC1 inhibition likewise is associated with the ability of protein restriction to protect 

from renal ischemia reperfusion injury (Robertson et al., 2015).

In the above-referenced study showing that lifespan is the longest in mice consuming the 

lowest percentage of calories from protein, hepatic mTORC1 activity correlated with protein 

intake, although the overall effect was small (Solon-Biet et al., 2014). However, plasma 

BCAA levels showed a very strong correlation with mTORC1 activity. In order to determine 

if reduced dietary protein can inhibit mTORC1 signaling in vivo, we recently fed mice a low 

protein diet for approximately three months as part of a tumor xenograft study. We found 

that a low protein diet significantly inhibited tumor growth, but more stunningly, specifically 

inhibited mTORC1 activity in both the tumor and somatic tissues (Lamming et al., 2015). 

The mechanism behind this effect is unclear; decreased mTORC1 activity could be due to a 

decrease in specific amino acids, or due to a decrease in total amino acids. Recent 

developments have shed new light on our understanding of how amino acids – and in 

particular, the branched chain amino acids – regulate mTORC1 activity at the molecular 

level.

Regulation of mTORC1 by amino acids

The past few years have seen a dramatic advance in our understanding of how amino acids 

regulate mTORC1 function (Figure 2). While we and others have described the activation of 

mTORC1 by amino acids in detail elsewhere (Goberdhan et al., 2016; Kennedy and 

Lamming, 2016), the essential breakthrough was the realization that in response to 

stimulation by amino acids, mTORC1 is recruited to the lysosome by the Rag family of 

small GTPases – RagA, RagB, RagC, and RagD (Sancak et al., 2010; Sancak et al., 2008). 

Rag A is critical for mTORC1 response to growth factors, and its deletion result in 
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embryonic lethality, while a constitutively activated RagA mutant results in neonatal 

lethality, proving how essential proper mTORC1 regulation is (Efeyan et al., 2014; Efeyan et 

al., 2013). While the association of mTORC1 with the lysosome was originally unexpected, 

it may be efficient to coordinate the site of amino acid recycling with mTORC1 activation, 

given that the complex serves as a suppressor of autophagy. The nucleotide loading state of 

the Rags regulates their function and ability to recruit mTORC1 to the lysosome, with GTP-

loaded RagA/B and GDP-loaded RagC/D binding to and activating mTORC1 (Sancak et al., 

2008).

There has been a significant amount of effort to define the guanine nucleotide exchange 

factor (GEF) and GTPase-activating protein (GAP) for the Rags that thereby regulate 

mTORC1 activity. Two major regulatory pathways have been defined; the first, the 

Ragulator complex, is a collection of proteins at the lysosomal surface that interacts with the 

vacuolar H(+)-adenosine triphosphatase(v-ATPase) and has GEF activity towards RagA and 

Rag B (Bar-Peled et al., 2012). The Ragulator and the v-ATPase interact with SLC38A9, a 

lysosomal low-affinity amino acid transporter that is required for the normal activation of 

mTORC1 by certain amino acids including arginine and lysine (Jung et al., 2015; Rebsamen 

et al., 2015; Wang et al., 2015). SLC38A9 may function by regulating the GEF activity of 

the Ragulator, or the ability of the Ragulator to recruit the Rags to the lysosomal surface. 

The second major Rag regulatory pathway is served by the GATOR complex, which is 

composed of two subunits, GATOR1 and GATOR2. GATOR1 functions as a GAP for RagA 

and RagB, inhibiting their ability to recruit mTORC1 to the lysosome, while GATOR2 

functions as a negative regulator of GATOR1 (Bar-Peled et al., 2013).

Recent discoveries have determined that the regulation of GATOR2 activity is a major 

mechanism by which amino acids regulate mTORC1 activity. The ability of GATOR2 to 

inhibit GATOR1 is inhibited by binding to Sestrin2 and CASTOR1 (Chantranupong et al., 

2016; Chantranupong et al., 2014; Kim et al., 2015; Saxton et al., 2016; Wolfson et al., 

2016). Sestrin2 acts as a sensor for leucine, and possibly also for the other BCAAs as well as 

methionine, which can all bind to a pocket on Sestrin 2. Amino acid binding by Sestrin2, 

particularly with respect to leucine, is reported to disrupt the interaction of Sestrin2 and 

GATOR2, freeing GATOR2 to inhibit GATOR1 (Saxton et al., 2016; Wolfson et al., 2016). 

This model has been recently questioned as potentially inconsistent with previous studies, 

which reported that Sestrins in Drosophila and mice can inhibit mTORC1 in vivo in the 

presence of physiological levels of amino acids (reviewed in (Lee et al., 2016)). Another 

protein, CASTOR1, was recently reported to act similarly to Sestrin2, but with respect to 

arginine, which disrupts the interaction of CASTOR1 (or its homolog CASTOR2) with 

GATOR2 (Chantranupong et al., 2016).

Other molecular mechanisms for Rag-dependent amino acid sensing have also been 

described, mediated by other proteins including transporters and ubiquitin ligases (reviewed 

in (Kennedy and Lamming, 2016)). While the molecular mechanisms by which other amino 

acids regulate the nucleotide loading of the Rags remains to be defined – in particular, 

understanding how the nucleotide loading of RagC and RagD is regulated by amino acids - 

the activation of mTORC1 at the lysosomal surface requires the presence of GTP-bound 

Rheb. It was recently discovered that amino acids stimulate the binding of Rheb to 
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microspherule protein 1 (MCRS1), and localization of Rheb-MCRS1 to the lysosome (Fawal 

et al., 2015). At the lysosomal surface, Rheb is inactivated by the presence of the tuberous 

sclerosis complex (TSC), which is a GAP for Rheb. Insulin stimulates the AKT-dependent 

phosphorylation of TSC2, stimulating the departure of TSC from the lysosome, and 

permitting Rheb-GTP to activate mTORC1 (Menon et al., 2014). While the ability of TSC to 

inhibit mTORC1 signaling has always been thought of as amino-acid independent, recent 

findings suggest that amino acid deprivation (as well as other cellular stresses) also promotes 

the lysosomal localization of TSC (Demetriades et al., 2014; Demetriades et al., 2016). 

Thus, amino acids regulate almost every aspect of mTORC1 signaling.

Branched chain amino acids regulate metabolic health

While all of the standard twenty amino acids are necessary for protein translation, not all 

amino acids activate mTORC1 to the same extent. As summarized by Christopher Lynch 

over a decade ago, experiments in a variety of cell types have demonstrated that “most of the 

effects of amino acids on mTOR signaling are abolished by lowering the concentration of 

leucine, or mimicked by adding leucine and, to a lesser extent, the other branched-chained 

amino acids” (Lynch, 2001). Indeed, the three BCAAs potently activate mTORC1 activity in 

not only in cell culture, but also in vivo in rodents and humans (Blomstrand et al., 2006; 

Gallinetti et al., 2013; Li et al., 2011; Moberg et al., 2014; Sans et al., 2006; Xiao et al., 

2011).

Just as CR and PR inhibit mTORC1 signaling, chronic overnutrition is associated with 

increased mTORC1 signaling, and it is now clear that activation of mTORC1 is associated 

with the development of insulin resistance (Khamzina et al., 2005). At the molecular level, 

this is mediated by the activation of S6K1 and the resultant inhibitory phosphorylation of 

IRS1 (Tremblay et al., 2007), as well as by the direct phosphorylation of the adaptor protein 

Grb10 by mTORC1 (Hsu et al., 2011). Myotubes from humans with type 2 diabetes have 

increased phosphorylation of IRS1, decreased PI3K activity and limited association of PI3K 

with IRS1 compared to controls (Bouzakri et al., 2003). In addition to the chronic effects of 

overnutrition on mTORC1, the acute effects of mTORC1 activation can be observed in 

humans; infusing amino acids to activate mTORC1 increases S6K1 phosphorylation and 

inhibitory phosphorylation of IRS1 in skeletal muscle, leading to insulin resistance 

(Tremblay et al., 2007). Because the BCAAs potently activate mTORC1, BCAA restriction 

may therefore be a means of restricting mTORC1 activity to improve metabolic health and 

longevity.

We discussed above our recent findings that a PR or BCAA restricted diet can improve 

certain aspects of metabolic health. Specifically, PR in either humans and mice, or specific 

restriction of the dietary BCAAs in mice, improves glucose tolerance and decreases fasting 

blood glucose levels while decreasing weight gain and fat mass gain in young growing mice 

(Fontana et al., 2016a). This is the first evidence that a physiological and sustainable 

reduction of dietary BCAAs can promote health and glycemic control, but it is not the first 

evidence that dietary BCAAs have an important role in metabolic health. Several studies 

have observed increased serum levels of the three BCAAs in insulin-resistant humans and 

animals, and BCAA levels are predictive of development of type 2 diabetes (reviewed in 
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(Lynch and Adams, 2014)), while feeding mice a diet entirely lacking in either leucine, 

isoleucine, or valine promotes insulin sensitivity (Xiao et al., 2011; Xiao et al., 2014). 

Feeding a diet with reduced levels of BCAAs to Zucker fatty rats likewise improves skeletal 

muscle insulin sensitivity (White et al.). Indeed, in addition to BCAAs strongly correlating 

with insulin resistance and diabetes, a possible causal role for BCAAs in type 2 diabetes has 

been suggested (Newgard et al., 2009).

However, despite the clear links between branched chain amino acids and mTORC1 activity, 

and mTORC1 activity and insulin resistance, it is not clear that the metabolic effects of the 

BCAAs are mediated by mTORC1; in humans fed a protein restricted diet, the levels of 

plasma BCAAs are only altered by approximately 10–20% (Fontana et al., 2016a). 

Intriguingly, mice in which the gene encoding Bcat2, the mitochondrial branched chain 

aminotransferase, is deleted have improved glucose tolerance, insulin sensitivity, and energy 

expenditure, as well as decreased body weight, despite increased plasma levels of the 

BCAAs (She et al., 2007). This data suggests that either BCAA metabolites or the 

downstream effects of BCAA catabolism on physiology mediate the negative impact of high 

blood levels of the BCAAs. In support of this model, a recent study of insulin resistance in 

mice and humans suggests that 3-hydroxyisobutyrate, a product of valine metabolism 

produced in skeletal muscle, stimulates the uptake of fatty acids by skeletal muscle, directly 

promoting lipid accumulation and insulin resistance (Jang et al., 2016).

A complicating factor in determining how BCAAs as well as other metabolically important 

amino acids such as methionine may regulate metabolic health is that mTORC1 is not the 

sole kinase involved in the response to the availability of amino acids. As discussed above, 

GCN2 is a major sensor of amino acid deficiency which regulates translation via the 

phosphorylation of eIF2α. The catabolism of BCAAs is also a major source of energy, and 

restriction of either dietary protein or of the BCAAs specifically can result in the activation 

of AMPK (Chotechuang et al., 2009; Xiao et al., 2014). Likewise, while methionine is 

essential for protein translation and can be utilized for energy, it also has a key role in 

numerous cellular processes following conversion to the methyl donor S-

adenosylmethionine (SAM) (Brosnan and Brosnan, 2006).

The interaction of these core energy and nutrient sensing pathways is complex (Figure 3). In 

addition to the effects of amino acids that are mediated directly by mTORC1, there is also 

crosstalk between mTORC1 and GCN2. Upon amino acid depletion, GCN2 inhibits eIF2α, 

which induces translation of Atf4; Atf4 in turn stimulates expression of Sestrin2, which 

represses mTORC1 by blocking lysosomal localization (Ye et al., 2015). Sestrin2 also 

indirectly inhibits mTORC1 through the activation of AMPK; AMPK inhibits mTORC1 

both through an inhibitory phosphorylation of the mTORC1 subunit Raptor and an activating 

phosphorylation of TSC2 (Budanov and Karin, 2008; Gwinn et al., 2008; Inoki et al., 2002; 

Lee et al., 2010; Lee et al., 2012). AMPK activity is also repressed by mTORC1 activity via 

the S6K1-mediated phosphorylation of AMPK (Dagon et al., 2012). Further integrating the 

GCN2 and mTORC1 pathways, it was discovered earlier this year that mTORC1 stimulates 

the phosphorylation of eIF2β, and that this leads to the dephosphorylation of eIF2α, likely 

through recruitment of a phosphatase (Gandin et al., 2016). Until recently, dissecting out the 

role of individual amino acids in regulating this network and impacting health and 
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metabolism has been infeasible. With the recent identification of the amino acid sensors that 

regulate mTORC1, as well as the development of metabolomics, genome editing, and tissue-

specific models of altered mTOR and GCN2 function, this goal may finally be achievable.

Conclusions

For over three quarters of a century, the seminal observations by Clive McCay and 

colleagues have served to tantalize scientists seeking to preserve health into old age and to 

extend lifespan. This quest has taken on increased urgency with the realization that a “silver 

tsunami” of age-related diseases is rapidly approaching as the percentage of the population 

over the age of 65 booms. In particular, the concept of a “metabolic clock” that links 

metabolism and aging has become increasing popular as evidence mounts that our Western 

diet and lifestyle may not only be impairing our health, but also actively accelerating aging 

itself (reviewed in (López-Otín et al., 2016)). Yet, despite this urgency and the promise of 

better health through a calorie restricted diet, the ability to adhere to a rigorous CR diet is 

beyond the scope of a population that has broad access to relatively cheap calories. While 

scientific research has shed a great deal of light on the biological pathways that are altered 

by a CR diet and mediate its beneficial effects, progress in identifying a small molecule that 

can provide the myriad benefits of CR has been slow. The best molecular mimic of CR – the 

mTOR inhibitor rapamycin – extends lifespan, but its effect on healthspan are uncertain and 

debated in literature (Johnson et al., 2013; Neff et al., 2013; Wilkinson et al., 2012; Zhang et 

al., 2014) and its side effects numerous (Arriola Apelo and Lamming, 2016).

Recent findings suggest that a better way forward exists – diets with altered macronutrient 

content promote metabolic health in both humans and mice, and low protein diets are 

associated with longevity in both species. Moreover, diets with alterations in macronutrient 

content show positive effects on both metabolism and, in the case of methionine restriction, 

longevity, demonstrating that dietary protein quality is a powerful regulator of longevity. 

While the molecular mechanisms affected by these diets are – much like CR – varied and 

numerous, precise manipulation of dietary amino acid content and protein quality may allow 

the dissection of the molecular mechanisms that drive the benefits of altered consumption of 

specific amino acids.

Developing small molecules that harness our emerging knowledge of molecular targets such 

as the Sestrin2/GATOR2/mTORC1 signaling pathway and translating these molecules to the 

clinic is likely to be a protracted process, and potentially lead to unanticipated side effects. 

In contrast, FDA-approved medical foods lacking specific amino acids are already available 

for the treatment of people with inborn errors of metabolism such as maple syrup urine 

disease and homocystinuria. In the short-term, these types of medical foods could potentially 

be utilized as sustainable therapies for the treatment of diabetes and other metabolic 

diseases, while in the long term, interventions that inhibit the uptake or catabolism of 

specific dietary amino acids may prove to be useful in treatment of other diseases of aging.
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Highlights

• Many of the benefits of calorie restriction are mediated by reduced protein.

• Restriction of specific dietary amino acids promotes metabolic health.

• The protein kinases mTORC1 and GCN2 respond to altered dietary amino 

acids.

• Altering dietary macronutrients may be a translatable intervention for healthy 

aging.
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Figure 1. Protein quality may contribute to the effects of calorie restriction
CR usually involves the restriction of all macronutrients, including dietary protein. We and 

others have found that the specific amino acid composition of the diet (protein quality) 

regulates metabolism, health, and longevity, and partially mimics the effects of a CR diet. 

Restriction of dietary branched chain amino acids (BCAAs) promotes leanness and glucose 

tolerance, while restriction of dietary methionine promotes leanness, insulin sensitivity, and 

lifespan. We propose that the beneficial effects of a CR diet on metabolic health and aging is 

mediated not simply by a reduction in caloric intake, but by the restriction of specific 

macronutrients, including BCAAs and methionine.
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Figure 2. Model for the recruitment and activation of mTORC1 activity by amino acids
Both amino acids and growth factor (e.g., insulin) signaling are required to activate 

mTORC1. Activation of mTORC1 requires the co-localization of mTORC1 with Rheb-GTP. 

A) In the absence of amino acids and insulin, neither mTORC1 or Rheb localize to the 

lysosome. B) Amino acids promote the localization of mTORC1 to the lysosome, in part by 

relieving the inhibition of Sestrin1/2 and CASTOR1 on GATOR2, which permits GATOR2 

to inhibit the GAP activity of GATOR1. Amino acids also promote the lysosomal 

recruitment of Rheb by MCRS1. TSC, which is localized to the lysosome under conditions 

of stress, continues to inhibit Rheb, and thus mTORC1 remains inactive. C) Insulin induces 

TSC to leave the lysosome, permitting Rheb to bind GTP; mTORC1 can then interact with 

GTP-bound Rheb and becomes active. Adapted from Kennedy and Lamming, 2016, Cell 

Metabolism, with permission.
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Figure 3. Amino acids regulate multiple, interacting nutrient sensing pathways
Amino acid availability is sensed by multiple kinases, including mTORC1, GCN2, and 

AMPK. The high integration and feedback signaling between these pathways has made 

understanding the molecular basis for the physiological effects of protein quality infeasible 

until recently.
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