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Abstract

Dietary methionine restriction (MR) is implemented using a semi-purified diet that reduces 

methionine by ~80% and eliminates dietary cysteine. Within hours of its introduction, dietary MR 

initiates coordinated series of transcriptional programs and physiological responses that include 

increased energy intake and expenditure, decreased adiposity, enhanced insulin sensitivity, and 

reduction in circulating and tissue lipids. Significant progress has been made in cataloguing the 

physiological responses to MR in males but not females, but identities of the sensing and 

communication networks that orchestrate these responses remain poorly understood. Recent work 

has implicated hepatic FGF21 as an important mediator of MR, but it is clear that other 

mechanisms are also involved. The goal of this review is to explore the temporal and spatial 

organization of the responses to dietary MR as a model for understanding how nutrient sensing 

systems function to integrate complex transcriptional, physiological, and behavioral responses to 

changes in dietary composition.
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1. Introduction

All life forms sense and respond to environmental cues by engaging coordinated 

homeostatic responses that function to enhance survival of the organism. In higher 
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organisms, variation in the macronutrient makeup (e.g., carbohydrate, lipid, protein) of the 

diet requires tissue-specific adaptations to ongoing changes in the fuel sources and 

molecular building blocks that make up each meal. Simpson and Raubenheimer (Simpson 

and Raubenheimer, 1997) used an integrative modeling approach to develop a Geometric 

Framework to evaluate the effects of dietary macronutrients on response variables such as 

nutrient selection, body composition, and longevity. The authors originally tested the 

Geometric Framework in experiments where lifespan or fecundity were endpoints in insect 

species given ad libitum access to 28 different diets varying in their protein to carbohydrate 

ratio. The responses to all 28 diets were summarized by plotting the protein consumed per 

day on the X axis, the carbohydrate consumed per day on the Y axis, and the biological 

response (e.g., longevity, fecundity, etc.) to each nutritional combination as a heat map in the 

Z-plane (Raubenheimer and Simpson, 1997; Piper et al., 2011). The effectiveness of this 

approach in describing biological responses to nutritional complexity led to its application in 

examining how varying dietary macronutrient composition affected ingestive behavior, and 

how animals prioritize macronutrient intake when given a choice (Simpson & 

Raubenheimer, 1997; Simpson and Raubenheimer, 2005; Piper et al., 2011; Wilder et al., 

2012). It was found that lowering the percentage of protein in the diet causes a concomitant 

increase in energy intake to maintain constant protein intake. This leveraging of 

carbohydrate and fat intake that occurs with dilution of dietary protein represents the 

conceptual basis for the Protein Leverage hypothesis (Simpson & Raubenheimer, 2005). 

Recent studies of dietary protein dilution show that in addition to the hyperphagia predicted 

by the Protein Leverage hypothesis, low protein diets also produce an increase in EE of 

sufficient magnitude to limit fat deposition (Laeger et al., 2016; Laeger et al., 2014b; 

Morrison and Berthoud, 2007; Solon-Biet et al., 2015).

These findings support an emerging consensus that dietary protein intake is monitored 

through nutrient sensing mechanisms that detect changes in the essential amino acid (EAA) 

composition of the consumed protein (Simpson & Raubenheimer, 1997; Morrison et al., 

2012; Gosby et al., 2011; Bosse and Dixon, 2012). Studies with semi-purified diets that 

restrict single EAAs within a defined narrow range show that such diets mirror the effects of 

low protein diets on ingestive behavior, energy expenditure, insulin sensitivity, and lipid 

metabolism (Hasek et al., 2010; Plaisance et al., 2010; Hasek et al., 2013; Stone et al., 2014; 

Forney et al., 2017; Wanders et al., 2015b). Collectively, these studies provide compelling 

support for the existence of real-time EAA sensing systems linked to translational 

mechanisms that function together to detect changes in dietary EAAs and affect a highly 

integrated and beneficial set of adaptive responses. The goal of the present review is to 

explore recent findings on how these sensing and effector systems are organized, with 

special emphasis on how endocrine and neuroendocrine mechanisms may function to 

provide the communication networks that integrate the overall response.

It should be noted that our work, and to our knowledge all work reported to date on dietary 

methionine restriction, has been conducted in male rodents. However, recent work with low 

protein diets reported sex differences in the hormonal and metabolic responses to dietary 

protein dilution (Larson et al., 2017). Given the many similar responses to methionine 

restriction and protein dilution, it will be important in future preclinical studies to extend 
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work on dietary methionine restriction to female subjects and identify any gender-specific 

responses in this model.

2. The role of amino acid sensing in maintenance of protein nutrition

2.1 Essential amino acids are the measured indices of protein nutrition

A subgroup of amino acids that make up proteins cannot be synthesized endogenously and 

must be provided in the diet (e.g. EAAs). Therefore, the ability to detect and respond to 

dietary EAA deficiencies is an indispensable survival mechanism. Although a number of 

molecular and cellular EAA sensing mechanisms have been identified (Anthony et al., 2001; 

Anthony et al., 2004; Kimball et al., 2004; Wek et al., 2006; Zhang et al., 2002; Hao et al., 

2005; Deval et al., 2009; Maurin et al., 2005), recent studies suggest that multiple sensing 

mechanisms are involved in responding to low protein or EAA-restricted diets (Laeger et al., 

2016; Wanders et al., 2016). The well documented in vivo responses to perturbation of 

dietary EAA composition make a compelling case that EAAs play the dominant role as 

mediators of the effects of dietary protein restriction on metabolism and energy balance (Du 

et al., 2012; Cheng et al., 2011; Han et al., 2012; Cheng et al., 2010; Guo and Cavener, 

2007; Hasek et al., 2010; Plaisance et al., 2010). Thus, the primary experimental model 

examined in this review involves the responses of rats or mice to ad libitum consumption of 

semi-purified diets with defined restrictions of specific EAAs, with special emphasis on 

methionine.

2.2 Experimental models – dietary methionine restriction

The focus of this review is an experimental diet that restricts dietary methionine from 

normal levels of 0.86% to 0.17% while also eliminating dietary cysteine. The diet was 

originally described by Orentreich and colleagues (Orentreich et al., 1993; Richie, Jr. et al., 

1994), who documented its ability to increase mean and maximal life span in rats. Their 

findings have been extended to other species (Lee et al., 2014; Sun et al., 2009; Johnson and 

Johnson, 2014; Miller et al., 2005), and a unique but common feature of these studies is that 

the life extending properties of the MR diet do not require food restriction (Orentreich et al., 

1993; Richie, Jr. et al., 1994; Malloy et al., 2006). The short-term physiological responses to 

dietary MR have come into sharper focus over the last two decades because the diet 

produces improvements in essentially all biomarkers of metabolic health and extends 

healthspan (Malloy et al., 2006; Malloy et al., 2013; Perrone et al., 2012b; Perrone et al., 

2012a; Perrone et al., 2008; Perrone et al., 2009; Hasek et al., 2010; Plaisance et al., 2010; 

Zimmerman et al., 2003; Lee et al., 2014; Sun et al., 2009; Miller et al., 2005; Lees et al., 

2014; Ghosh et al., 2017; Wanders et al., 2013). The most prominent physiological 

responses to MR are increased insulin sensitivity and coordinated increases in energy intake 

and expenditure (Hasek et al., 2010; Stone et al., 2014; Wanders et al., 2015a). The 

proportionately larger effect of the diet on EE limits ongoing fat deposition by increasing the 

proportion of energy intake required for maintenance of existing tissue (Hasek et al., 2010; 

Wanders et al., 2015a). When the MR effect on EE is integrated over time, it effectively 

limits the normal age-associated expansion of adipose tissue. Dietary MR also initiates a 

transcriptional program in liver that coordinately down-regulates lipogenic gene expression 

and produces a corresponding reduction in the capacity of the liver to synthesize and export 
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lipid (Hasek et al., 2013). In adipose tissue, dietary MR induces a depot-specific increase in 

lipogenic and oxidative genes that increase the capacity of these fat depots to synthesize and 

oxidize fatty acids (Hasek et al., 2013; Patil et al., 2015).

The initial emphasis of many studies has been to document the effects of the MR diet on 

specific metabolic endpoints, while more recent studies have been directed towards 

understanding how the reductions in methionine are being sensed and how the sensing 

systems are linked to specific physiological responses. Most work on EAA restriction has 

focused on methionine, but it will be important in future studies to extend this work to other 

EAAs and determine whether the beneficial responses are specific to methionine or can be 

reproduced to varying degrees by restricting other EAAs.

2.3 Experimental models – dietary EAA deprivation

Diets devoid of single EAAs such as leucine or threonine have also received significant 

attention (Blais et al., 2003; Gietzen et al., 2004; Leung and Rogers, 1971; Koehnle et al., 

2003) because they produce a well-documented, albeit counterproductive series of responses 

including food aversion, increased EE, rapid loss of body weight (BW) and adiposity, and 

ultimately death (Maurin et al., 2005; Hao et al., 2005; Guo & Cavener, 2007; Anthony et 

al., 2004; Cheng et al., 2011; Cheng et al., 2010). In contrast, the responses to dietary 

methionine or leucine restriction (Wanders et al., 2015b) are fundamentally different from 

EAA deprivation because they do not produce harmful health effects. The primary basis for 

this difference is the opposing effects of the two diets on energy intake. Whereas EAA 

restriction produces hyperphagia (Wanders et al., 2015b; Hasek et al., 2010; Malloy et al., 

2006), leucine or threonine deprivation produce food aversion and a cumulative decrease in 

energy intake (Guo & Cavener, 2007; Anthony et al., 2004). Interestingly, both EAA 

restriction and EAA deprivation produce significant increases in EE (Hasek et al., 2010; 

Plaisance et al., 2010; Cheng et al., 2010; Cheng et al., 2011). However, the strong 

anorexigenic response to EAA deprivation, combined with increased EE, produces a 

profound negative energy balance and unsustainable weight loss (Cheng et al., 2010; Cheng 

et al., 2011; Guo & Cavener, 2007; Ross-Inta et al., 2009). The mechanistic basis for this 

difference between EAA restriction and EAA deprivation represents a critical gap in our 

understanding of how the requisite sensing systems detect and mediate these opposing 

responses.

2.4. EAA-specific versus concentration-dependent effects of limiting dietary EAAs

The differential responses to EAA restriction versus EAA deprivation may stem from their 

respective impacts on circulating levels of the limited EAA, and this difference may dictate 

recruitment of the responses that are unique to each diet. For example, leucine deprivation 

produces a rapid 7-fold decrease in circulating leucine while threonine deprivation produces 

a 5-fold decrease in plasma threonine (Maurin et al., 2005). Studies with the 0.17% MR diet 

showed that it reduced plasma methionine by ~3-fold in rats (Perrone et al., 2012b; 

Elshorbagy et al., 2013; Elshorbagy et al., 2010). Given that restricting methionine to 0.17% 

produces hyperphagia while leucine deprivation produces food aversion, an important 

question is whether these opposing responses are EAA-specific or a function of the degree 

of EAA restriction. Support for the latter can be found in recent work showing that 
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restricting dietary leucine to 0.17% increased food intake in a manner that paralleled the 

increase in energy intake produced by dietary MR (Wanders et al., 2015b). Thus, with 

leucine, the data suggest that it is the degree of restriction rather than the EAA being 

restricted that determines the effect on food intake. In contrast, when dietary methionine 

deprivation was compared to methionine restriction, we found that methionine deprivation 

reversed the hyperphagia produced by dietary MR, but did not cause the predicted food 

aversion produced by leucine deprivation (authors’ unpublished data). In fact, food 

consumption in control mice and methionine-deprived mice did not differ. Nevertheless, 

methionine deprivation produced rapid and profound weight loss despite their normal food 

consumption (authors’ unpublished data). Although the mechanisms are unclear, these 

findings suggest that the central sensing circuits linked to food aversion after leucine or 

threonine deprivation are not activated by methionine deprivation, and support the case for 

methionine-specific effects on food intake. Alternatively, when methionine or leucine 

restriction to 0.17% are considered, the EAAs may be increasing energy intake through a 

common mechanism. In fact, our recent work showed that dietary leucine restriction to 

0.17% recapitulated many but not all of the physiological responses produced by dietary MR 

to 0.17% (Wanders et al., 2015b). In particular, dietary leucine restriction increased energy 

intake, increased EE, limited fat deposition, and improved glucose tolerance in a manner that 

was comparable between the diets (Wanders et al., 2015b). However, dietary MR reduced 

the capacity of the liver to conduct de novo lipogenesis and synthesize triglyceride by 

producing a coordinated downregulation of the rate-limiting lipogenic genes (Hasek et al., 

2013). In contrast, dietary leucine restriction was without effect on hepatic lipogenic gene 

expression and had no effect on plasma or liver triglycerides (Wanders et al., 2015b). 

Considered together, these findings argue that dietary MR produces EAA-specific effects on 

hepatic lipid metabolism while the effects of leucine and methionine restriction on energy 

balance and insulin sensitivity share a common mechanism. In a more practical sense, 

protein restriction limits the intake of multiple EAAs in a cumulative manner that is 

dependent on the protein source in the meal. An important remaining question is whether the 

modest restriction of multiple EAAs that is produced during dietary protein restriction could 

alter the signaling threshold for several EAAs being sensed through a common mechanism. 

Stated another way, would a simultaneous restriction of leucine and methionine by 60% 

produce the same effect on energy balance obtained when either EAA is individually 

restricted by 85%? It seems clear that much additional work is needed to understand how the 

sensing systems that detect reductions in specific EAAs function both independently and 

collectively in the biological context of protein restriction.

Based on the well-documented metabolic responses to dietary MR, an important goal of our 

work is to develop therapeutic tools based on the sensing and signaling biology of dietary 

MR. We have found that concentrations of dietary methionine much below 0.17% fail to 

provide sufficient methionine to sustain growth, and the lower threshold seems to be 

concentrations below 0.12% (Forney et al., 2017). We have also investigated the upper 

threshold of dietary MR efficacy and found that 0.25% methionine is where the beneficial 

responses of methionine restriction can first be detected (Forney et al., 2017). For example, 

we found that restricting methionine from control levels (e.g., 0.86%) to 0.34% reduced 

plasma methionine from ~200 µM to ~100 µM (authors’ unpublished data), but had no 
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discernible effect on any of the metabolic endpoints (Forney et al., 2017). The 0.17% MR 

diet produced an additional 2-fold reduction in plasma methionine to ~50 µM (authors’ 

unpublished data), which corresponds almost exactly to the 4-fold reduction in total 

methionine intake produced by the 0.17% MR diet (Forney et al., 2017). Viewed 

collectively, these findings illustrate that the beneficial metabolic effects of dietary MR are 

limited to a narrow, sharply-defined range of methionine intake. Our studies have shown that 

it is only within this narrow range of methionine restriction where hyperphagia occurs 

(Forney et al., 2017), suggesting that a methionine-sensing system is linked to a 

compensatory appetitive mechanism, but only when there is sufficient methionine in the diet 

to prevent weight loss through a compensatory increase in its consumption. Our studies 

support the operation of a similar compensatory hyperphagic mechanism when dietary 

leucine is restricted to 0.17% (Wanders et al., 2015b), but as noted above, more severe 

limitation of dietary leucine engages an aversive mechanism. Together these findings 

demonstrate that the EAA composition of the diet has a complex EAA-specific and 

concentration-dependent effect on the perceived palatability of the diet.

3. GCN2 and cellular mechanisms of essential amino acid sensing and 

signaling

At the cellular level, limiting the availability of EAAs limits charging of tRNAs with their 

corresponding AA, activating the ubiquitously expressed protein kinase, general control 
nondepressible 2 (GCN2). Subsequent phosphorylation of eukaryotic initiation factor 2α 
(eIF2α) by GCN2 limits ribosomal translation of most mRNAs (Deval et al., 2009; Palii et 

al., 2009; Shan et al., 2009) while selectively de-repressing the translation of genes 

containing specific upstream open reading frames. The combination of increased duration of 

ribosomal scanning and re-initiation efficiency (Palam et al., 2011) enhances recruitment of 

activating transcription factor 4 (ATF4) to promoter regions of additional transcription 

factors (CHOP, C/EBPβ, ATF3, ATF2) and regulatory proteins like asparagine synthetase 
(ASNS), Tribbles homolog 3 (TRB3), and the histone demethylase JMJD3 (Bunpo et al., 

2009; Shan et al., 2012; Pan et al., 2003; Carraro et al., 2010; Jousse et al., 2007). ATF4 then 

heterodimerizes with both C/EBP family members and other ATFs, forming multimeric 

complexes that bind C/EBP-ATF response elements (CARE) that serve as amino acid 

response elements (AARE) (Chen et al., 2004; Pan et al., 2003). The ubiquitous expression 

of GCN2 emphasizes the high priority placed on defending against EAA deficiency through 

this mechanism, but the more difficult challenge has been to understand how GCN2 and 

other EAA sensing systems are anatomically organized to interpret subtle differences in the 

degree of EAA restriction and produce coordinated physiological responses that are matched 

to the specific EAA being reduced.

4. Central sensing of EAAs during dietary EAA restriction and deprivation

4.1. Central EAA sensing and the significance of GCN2

A model illustrating the potential anatomical sites contributing to EAA sensing during 

dietary MR or EAA deprivation is presented in Fig. 1, and based on the documented effects 

of each experimental diet in these locations, a logical case could be made that the reduction 
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in circulating EAA produced by each diet is directly sensed and responded to in each tissue. 

In contrast, it is easy to envision how central sensing of EAAs could explain behavioral 

changes in food intake, and secondarily regulate tissue-specific responses by modulating the 

activity of the autonomic nervous system. For example, studies have shown that EAA-

deficient diets activate GCN2 in the anterior piriform cortex (APC) and produce an aversive 

feeding response within 20–40 min (Maurin et al., 2005; Hao et al., 2005). Loss of function 

studies establish that the acute aversive response to EAA deprivation is mediated by GCN2 

(Hao et al., 2005; Maurin et al., 2005). However, EAA deprivation also produces a chronic 

anorexigenic response that is fully intact in GCN2 null mice (Anthony et al., 2004; Guo & 

Cavener, 2007). Additionally, recent work has shown that the behavioral and physiological 

responses to dietary MR were fully intact in GCN2 null mice (Wanders et al., 2016). 

Collectively, these findings support the view that mechanisms additional to GCN2 are 

involved in EAA sensing during both dietary MR and EAA deprivation.

It is logical that the hypothalamus would also be an important target during EAA limitation, 

as it receives axonal projections from the APC (Anthony and Gietzen, 2013; Gietzen and 

Aja, 2012) and responds directly to depletion and repletion of EAAs (Gietzen et al., 2007). 

Recent studies show that EAA deprivation alters anorexigenic neuropeptides in 

hypothalamic feeding centers (Blevins et al., 2003; Goto et al., 2010; Nakahara et al., 2012), 

and these centers are responsive to repletion with the limiting EAA (Goto et al., 2010). In 

addition, EAA deprivation activates sympathetic nervous system (SNS) outflow to brown 

and white adipose tissue, increasing lipid mobilization, oxidation, and uncoupled respiration 

(Cheng et al., 2010; Cheng et al., 2011). Cheng et al. (Cheng et al., 2011; Xia et al., 2012) 

propose that leucine deprivation activates the SNS by increasing hypothalamic 

corticotrophin releasing hormone expression in a S6K1-dependent manner, suggesting that 

the sensing of leucine deprivation is occurring directly in the hypothalamus. In contrast, the 

SNS activation produced by dietary MR or dietary protein restriction are linked to hepatic 

detection of EAA restriction and signaling to the hypothalamus through a secondary 

endocrine mechanism (Wanders et al., 2016; Wanders et al., 2017; Laeger et al., 2014a; 

Laeger et al., 2016). Thus, although substantial progress has been made, it seems clear that 

we are far from having an integrated picture of the EAA sensing and signaling mechanisms 

that function centrally and peripherally to produce the unique and overlapping responses 

produced by EAA deprivation versus EAA restriction.

5. Peripheral EAA sensing by GCN2 and noncanonical eIF2 kinases

5.1. The case for EAA sensing in the liver

When the coordinated changes in ingestive behavior and activation of the SNS produced by 

dietary MR are considered, it seems logical that central EAA sensing mechanisms would be 

involved. However, emerging evidence points to the importance of peripheral tissues where 

EAA sensing mechanisms are linked to the resulting responses through an endocrine 

mechanism (Stone et al., 2014). Given that the hepatic portal system perfuses the liver with 

blood draining directly from the digestive tract, the liver is ideally positioned to sense and 

respond to changes in dietary EAA composition. Blood plasma is filtered in the liver through 

the endothelial lining of sinusoids and the filtrate bathes the hepatocytes with interstitial 
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fluid reflecting the composition of consumed meals. In the case of dietary MR, the 

hepatocytes immediately sense the 5-fold decrease in dietary methionine, the absence of 

cysteine, and respond by activating the transcriptional programs of the cytoprotective, 

integrated stress response (ISR) (Wanders et al., 2016). The eIF2 kinase, GCN2, mediates 

this response by phosphorylating the α-subunit of eIF2, which alters gene-specific 

translation to produce the ISR (Sood et al., 2000; Visweswaraiah et al., 2011). ATF4 is an 

important, preferentially translated target of this adaptive program, but ATF4 plays an 

additional role in glucose homeostasis (Seo et al., 2009; Yoshizawa et al., 2009) by 

activating transcription of the metabolic hormone, FGF21 (De Sousa-Coelho et al., 2012; 

Kilberg et al., 2009). More importantly, dietary MR produces a robust and persistent 

activation of transcription and release of hepatic FGF21 (Stone et al., 2014; Wanders et al., 

2015a; Stone et al., 2015; Ables et al., 2012)(4,5,15,34). Pharmacological and transgenic 

approaches have shown that FGF21 is a powerful metabolic regulator in the context of 

glucose homeostasis, lipid metabolism, and energy balance (Coskun et al., 2008; Holland et 

al., 2013a; Kharitonenkov et al., 2005; Adams et al., 2012a; Xu et al., 2009b; Bookout et al., 

2013; Xu et al., 2009a). However, the high levels of FGF21 produced by these approaches 

make it unclear whether the modest physiological increases in plasma FGF21 produced by 

dietary MR are sufficient to link dietary MR to its metabolic responses. Loss of function 

approaches have been used to address the relative importance of these individual signaling 

components (e.g., GCN2, FGF21) as mediators of the complex physiological responses to 

dietary MR, and will be addressed in subsequent sections.

5.2. Hepatic sensing of dietary MR by GCN2, PERK and CREBH

The known function and ubiquitous expression of GCN2 make it a prime candidate as an 

essential sensor and mediator of the biological effects of dietary MR. Based on 

comprehensive in vivo metabolic phenotyping and ex vivo analysis of harvested tissues, we 

found that all components of the metabolic phenotype produced by MR were fully intact in 

Gcn2−/− mice (Wanders et al., 2016). MR produced a comparable reduction in accrual of 

body weight and adiposity, and a comparable increase in energy intake and EE within each 

genotype (Wanders et al., 2016). In addition, dietary MR produced a comparable increase in 

hepatic FGF21 expression and release of FGF21 after 6 h, 6 d, and 14 weeks in both 

genotypes (Wanders et al., 2016), arguing that GCN2 is not an essential sensor of reduced 

methionine linked to induction of hepatic FGF21. We have previously shown that MR 

produces extensive remodeling and browning of inguinal white adipose tissue (IWAT) in 

conjunction with activation of thermogenic gene expression in brown adipose tissue (BAT) 

(Hasek et al., 2010; Plaisance et al., 2010; Hasek et al., 2013; Ghosh et al., 2014; Wanders et 

al., 2015a; Patil et al., 2015). We found no evidence that the transcriptional responses to 

dietary MR in IWAT, BAT, or liver were compromised in Gcn2−/− mice (Wanders et al., 

2016). Additional major physiological responses to dietary MR include increased overall 

glucose utilization, enhanced suppression of hepatic glucose production by insulin, and 

increased insulin-dependent glucose uptake in peripheral tissues (Stone et al., 2014; 

Wanders et al., 2015a). Using hyperinsulinemic-euglycemic clamps to evaluate these 

responses, Wanders et al. (Wanders et al., 2016) showed that dietary MR produced 

comparable increases in all measures of in vivo insulin sensitivity in wild type (WT) and 
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Gcn2−/− mice. Together, these studies establish that GCN2 is not an essential mediator of 

any of the metabolic responses to dietary MR.

Our original focus on GCN2 stemmed from the fact that it phosphorylates eIF2α and 

activated eIF-2α produces the ISR (Sood et al., 2000; Visweswaraiah et al., 2011) by 

selectively increasing translation of ATF4. Our recent work established that phosphorylation 

and activation of hepatic eIF2α by dietary MR was uncompromised in the absence of 

GCN2, suggesting signaling through the eIF2 kinase, PKR-like Endoplasmic Reticulum 
Kinase (PERK) (Wanders et al., 2016). PERK is localized within the endoplasmic reticulum 

(ER) and while it is normally activated by ER stress, it can also be activated by reductions in 

glutathione (GSH) (Cullinan and Diehl, 2004; Harding et al., 2003). GSH is concentrated in 

the ER where it plays an indispensable role in disulfide bond formation and protein folding. 

PERK is normally activated when there is a mismatch between the protein folding demands 

placed on the ER and its capacity to process non-native disulfides (Donnelly et al., 2013). 

Activation of PERK by misfolded proteins is usually accompanied by activation of Inositol-
requiring enzyme 1α (IRE1α) and activating transcription factor 6 (ATF6) (Donnelly et al., 

2013), which initiate the transcriptional program of the unfolded protein response (UPR). 

IRE1α-dependent signaling leads to generation of spliced X-box-binding protein-1 (XBP1), 

which in concert with ATF6 activation, promotes expression of ER-localized chaperones that 

restore proper protein folding in the ER (Lee and Ozcan, 2014). Therefore, PERK-dependent 

activation of eIF2α lessens the requirement for GSH by slowing the flow of client proteins 

through the ER, but it also elicits the activation of the pro-survival transcription factor, 

nuclear factor-erythroid 2-related factor 2 (NRF2) (Cullinan & Diehl, 2004). Thus, co-

activation of PERK and NRF2 link ER stress to a transcriptional program that increases 

production of GSH by increasing amino acid transport while simultaneously decreasing 

GSH utilization by inhibiting protein translation. We found that the absence of GCN2 did 

not compromise activation of eIF2α and PERK (Wanders et al., 2016), but an equally 

important question was whether MR was activating the UPR. To answer this question, we 

compared the induction of multiple transcriptional targets of ER Stress/UPR, NRF2 

activation, and eIF2α/ATF4 activation in WT and GCN2−/− mice. Our strategy was to 

determine whether ER stress was upstream of PERK activation, whether PERK activation 

led to NRF2 activation, and whether MR activated the IRE1α and ATF6 components of the 

UPR. In Wanders et al. (Wanders et al., 2016) we showed that MR produced (1) equivalent 

induction of eIF2/ATF4 targets in both genotypes, targets of NRF2 were up- and down-

regulated as predicted when NRF2 is activated, and (3) none of the targets indicative of ER 

stress/UPR were increased by MR in either genotype. Collectively, these data make the case 

that MR is activating the ISR and the NRF2-dependent antioxidant response program in liver 

via a GCN2-independent mechanism that does not involve ER stress. Our findings provide 

the first evidence of a nutrient-sensing system for MR that activates hepatic PERK through a 

non-canonical, GSH-dependent mechanism (Wanders et al., 2016).

To further explore whether the activation of PERK was mediated by the MR-dependent 

reduction in hepatic GSH, experiments were conducted in which 0.2% cysteine, the rate 

limiting substrate for formation of GSH, was added back to the MR diet. Data from these 

experiments showed that adding back cysteine to the MR diet (1) reversed the reduction in 

hepatic GSH produced by MR, (2) reversed the MR-induced increase in hepatic FGF21, (3) 
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reversed the increase in EE produced by MR, (4) reversed the induction of hepatic NRF2-

sensitive genes, and (5) reversed the MR-dependent activation of hepatic PERK and eIF2α 
(Wanders et al., 2016). These findings link the MR-induced reduction in hepatic GSH to 

many of the transcriptional and physiological responses produced by the diet. It will be 

important to confirm these findings in future loss of function studies that test the overall 

importance of PERK to MR’s transcriptional activation of hepatic FGF21 and the 

downstream biological effects of dietary MR.

A cadre of current studies make a compelling case that the liver is an essential site for 

sensing of dietary MR. These studies also show that the induction of hepatic FGF21 by 

dietary MR is a critical link to many of the biological responses produced by the MR diet. 

Therefore, understanding the mechanisms of transcriptional activation of FGF21 by MR is 

essential to understanding how the sensing process is linked to ATF4 recruitment to the 

FGF21 promoter. A potential alternative mechanism of transactivating the FGF21 promoter 

is provided by CREBH, a liver-specific form of CREB called CREBH that mediates fasting-

dependent induction of FGF21 (Kim et al., 2014; Kim et al., 2015). CREBH is an ER 

membrane-anchored transcription factor that is released and activated by regulated 

intramembrane proteolysis (Zhang et al., 2006). Zhang et al. (Zhang et al., 2006; Zhang et 

al., 2012) showed that ER stress activates cleavage of CREBH so we hypothesized that the 

MR-dependent reduction in hepatic GSH that activates PERK might also produce activation 

of CREBH. This hypothesis will need to be pursued in future studies using CREBH−/− mice, 

but preliminary studies from our lab showed that the short-term induction of hepatic FGF21 

by dietary MR was partially compromised in CREBH−/− mice (author’s unpublished data). 

Cell fractionation approaches can also be used to test for MR-dependent increases in 

proteolytic release of CREBH from the ER. Chromatin immunoprecipitation would provide 

a further approach to test for MR-dependent increases in recruitment of CREBH to PPRE 

sites in the FGF21 promoter. An important unresolved question is whether signaling through 

CREBH by the MR diet is essential to the chronic effects of the diet on hepatic FGF21 and 

its associated biological effects. A proposed model showing the GCN2-independent, GSH-

dependent signaling through PERK to eIF2A/ATF4 and NRF2 and CREBH is presented in 

Fig. 2.

In previous work, we addressed the significance of the MR-induced reduction in hepatic 

GSH from the additional perspective of GSH’s role as an essential co-factor of GSH 

peroxidases (Stone et al., 2014). These peroxidases play a key role in regulating insulin 

signaling intensity because of their role in regulating the activity of the protein tyrosine 

phosphatase, phosphatase and tensin homolog (PTEN). PTEN regulates insulin signaling 

intensity by degrading PIP3 formed by PI3K after insulin receptor activation, but insulin also 

activates NADPH oxidases that temporarily inactivate PTEN by oxidizing the cysteine in 

their active sites (Lee et al., 2002; Meng et al., 2004; Goldstein et al., 2005; Loh et al., 

2009). GSH-dependent peroxidases play a key role here by reducing the oxidized cysteine in 

the active site and shift PTEN from inactive back to its active state. Insulin-dependent 

formation of PIP3 activates protein kinase B (Akt) by activating phosphoinositide-dependent 
kinase (PDK), but because activated PTEN degrades PIP3 to inactive PIP2, we proposed that 

dietary MR amplifies insulin-dependent Akt phosphorylation in the liver by reducing GSH-

dependent reactivation of PTEN. Support for both components of this hypothesis were 
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obtained with in vivo and in vitro data (Stone et al., 2014). These findings provide an 

additional GSH-dependent mechanism through which dietary MR is affecting hepatic 

signaling, and make the case that methionine is unique in its role to influence glucose 

homeostasis when dietary methionine is limited.

6. Role of FGF21 as a mediator of the biological response to dietary MR

The most significant unanswered question in the field of dietary MR is understanding how 

the sensing of reduced dietary methionine is translated into the complex series of 

biochemical, physiological, and behavioral responses that are produced by the MR diet. A 

significant advance in the field came with the observation that within hours of its 

introduction, the MR diet produced a 5-fold increase in hepatic expression and release of 

FGF21 (Stone et al., 2014; Wanders et al., 2016). The responses attributable to FGF21 in the 

context of glucose homeostasis, lipid metabolism, and energy balance have been well 

documented (Coskun et al., 2008; Holland et al., 2013b; Kharitonenkov et al., 2005; Adams 

et al., 2012a; Xu et al., 2009b; Bookout et al., 2013; Xu et al., 2009a), but many of these 

studies used pharmacological manipulation of FGF21. However, a careful comparison 

reveals that many of the effects of FGF21 on energy balance, insulin sensitivity, and adipose 

tissue remodeling are fully reproduced by dietary MR (Ghosh et al., 2014; Hasek et al., 

2010; Hasek et al., 2013; Stone et al., 2014; Wanders et al., 2015a). To test the hypothesis 

that FGF21 is an endocrine mediator of the biological responses to dietary MR, a 

comprehensive metabolic phenotyping approach was used to assess the responses to MR in 

mice lacking FGF21 (FGF21−/−) (Wanders et al., 2017).

6.1 Role of FGF21 in mediating effects of MR on energy balance

With respect to energy balance, the absence of FGF21 prevented the normal MR-induced 

increase in energy intake and EE in FGF21−/− mice. Surprisingly, consumption of the MR 

diet was reduced in FGF21−/− mice and this produced a loss of weight and adiposity that 

was comparable to the losses observed in WT mice on the MR diet (Wanders et al., 2017). 

Expressing energy intake per unit BW showed that the weight loss produced by the MR diet 

in FGF21−/− mice was exactly proportional to the reduction in consumption of the MR diet 

in these mice (Wanders et al., 2017). So in WT mice, dietary MR increased energy intake but 

it reduced BW and fat accumulation by increasing EE, whereas in Fgf21−/− mice, dietary 

MR had no effect on EE and reduced BW and adiposity by reducing food consumption 

(Wanders et al., 2017).

Although all the sites where FGF21 is acting remain ill-defined, it is well established that 

FGF21 acts centrally to increase EE through an increase in SNS outflow to adipose tissue 

(Holland et al., 2013a; Bookout et al., 2013; Owen et al., 2014; Douris et al., 2015). 

Previous studies have shown that dietary MR increases core temperature, EE, and 

thermogenic function in BAT and WAT through increases in SNS stimulation of adipose 

tissue (Hasek et al., 2010; Plaisance et al., 2010). The loss of this response in FGF21−/− 

mice makes a compelling case that the MR-dependent increase in hepatic FGF21 is the key 

event linking MR to its metabolic effects on EE (Wanders et al., 2017).
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6.2 Role of FGF21 in mediating effects of dietary MR on insulin sensitivity

Consuming the MR diet for 8-10 weeks produces an average 2.5-fold increase in insulin-

dependent glucose utilization (Stone et al., 2014; Wanders et al., 2015a; Wanders et al., 

2016). The MR-dependent improvements in insulin sensitivity are thought to accrue in part 

from MR-induced reductions in BW and adiposity and in part from FGF21-dependent 

enhancement of insulin signaling in specific tissues. The study in FGF21−/− mice offered the 

opportunity to address this question because of the comparable reductions in BW and 

adiposity in WT and FGF21−/− mice on the MR diet. Hyperinsulinemic-euglycemic clamps 

of the two genotypes showed that MR produced a 3-fold increase in glucose infusion rate 

(GIF) in WT mice but only a 2-fold increase in GIF in FGF21−/− mice (Wanders et al., 

2017). One interpretation is that the MR-induced loss of weight and increase in FGF21 

account for two-thirds and one-third, respectively, in the improvements in insulin sensitivity 

produced by MR. Based on comparisons of insulin-dependent glucose uptake across 

multiple tissues, the heart and adipose tissue were the primary sites where MR was able to 

produce greater improvements in insulin sensitivity in WT compared to FGF21−/− mice 

(Wanders et al., 2017). These findings in adipose tissue are not surprising because of the 

well-documented direct glycemic effects of FGF21 in this tissue (Ding et al., 2012; 

Kharitonenkov et al., 2005; Adams et al., 2012b; Stone et al., 2014). However, the present 

study provides intriguing new evidence that the heart is an important target for the 

enhancement of insulin-dependent glucose uptake by dietary MR, and that FGF21 is 

required for this effect (Wanders et al., 2017). The heart makes a large contribution to 

whole-body glucose disposal in the mouse, so it seems likely that the MR-dependent 

increase in FGF21 is an important element of the diet’s effect on overall insulin-dependent 

glucose utilization. These findings are the first to show that physiologically-relevant 

alterations of FGF21 enhance insulin-dependent glucose uptake in the heart (Wanders et al., 

2017).

6.3 Role of FGF21 in mediating transcriptional effects of dietary MR in adipose tissue

We have shown in previous work that dietary MR produces extensive remodeling of WAT 

and activation of thermogenic gene expression in BAT (Wanders et al., 2015a; Patil et al., 

2015; Hasek et al., 2010; Plaisance et al., 2010). The MR diet also remodels WAT lipid 

metabolism by upregulating lipogenic gene expression in these tissues (Hasek et al., 2013). 

In alignment with the proposed role of FGF21 as acting centrally to increase sympathetic 

nervous system (SNS) activity and induce browning of WAT and thermogenesis in BAT 

(Owen et al., 2014; Douris et al., 2015), we hypothesized that the transcriptional induction 

of thermogenic genes in both tissues would be compromised in Fgf21−/− mice fed the MR 

diet. In a side by side comparison of WT and FGF21−/− mice, the absence of FGF21 

prevented MR from increasing Ucp1, Bmp8b, Cidea, and Elovl3 mRNA in BAT from 

Fgf21−/− mice (Wanders et al., 2017). Similar results were obtained in IWAT where MR 

produced significant induction of Ucp1, Cox7a1, Cox8b, and Cidea mRNA in WT but not in 

Fgf21−/− mice. The MR diet was also ineffective in inducing thermogenic or lipogenic gene 

expression in IWAT of Fgf21−/− mice (Wanders et al., 2017). Collectively, these findings 

show that MR is ineffective in inducing thermogenic or lipogenic programs in BAT and 

WAT of Fgf21−/− mice, suggesting that MR uses FGF21 as an endocrine signal to affect 

these responses in WT mice (Wanders et al., 2017).
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6.4 Role of FGF21 in the Effects of Dietary MR on Hepatic Lipogenic Genes

Dietary MR induces a transcriptional program that coordinately reduces expression of 

lipogenic genes in liver (Hasek et al., 2013). Our work supports the view that FGF21 is an 

essential mediator of MR effects in adipose tissue (Wanders et al., 2017), but it is unclear 

whether FGF21 is essential to the remodeling of hepatic lipid metabolism. However, given 

the direct role of dietary MR in activating ATF4- and NRF2-dependent transcriptional 

programs in the liver, we tested whether dietary MR would produce the expected reductions 

in lipogenic gene expression in liver of Fgf21−/− mice. Dietary MR produced a comparable 

reduction in expression of Scd1 mRNA and hepatic triglycerides in both genotypes, 

illustrating that FGF21 is not necessary for these responses to dietary MR (Wanders et al., 

2017). In addition, the previously reported induction of NRF2-sensitive and ATF4-sensitive 

genes in the liver by dietary MR was uncompromised in Fgf21−/− mice, establishing that 

FGF21 is not the mediator of these effects of MR (Wanders et al., 2017). It seems likely that 

these responses may be direct effects of methionine on hepatic GSH metabolism and 

signaling.

7. Perspectives and Future Directions

A conceptual model of the anatomical organization of the sensing and communication 

networks that are either known or proposed to be involved in coordinating the complex 

physiological responses to dietary MR are presented in Figure 3. Using a comprehensive 

series of experimental approaches, we have obtained compelling support for our hypothesis 

that dietary MR activates hepatic PERK and possibly CREBH through a GSH-sensitive 

mechanism, and that activated PERK and CREBH increase downstream signaling through 

eIF2α and NRF2 to produce coordinated transcriptional activation of hepatic FGF21 

(Wanders et al., 2016). We propose that FGF21 is the critical mediator of all the 

physiological responses to MR except its effects on hepatic lipid metabolism. An important 

remaining objective is to identify the sites where FGF21 is acting to produce the components 

of the overall biological response to dietary MR. For example, are the documented effects of 

dietary MR on insulin sensitivity in adipose tissue the result of direct actions of FGF21 

signaling in this tissue, or are they secondary to the FGF21-mediated remodeling of adipose 

tissue that results from FGF21-dependent increases in SNS outflow to adipose tissue. These 

questions will be addressed in future studies using a tissue-specific loss of function approach 

that alternatively and selectively deletes FGF21 signaling in adipose tissue or the 

hypothalamus. The specific cell types within the hypothalamus that sense FGF21 are not yet 

defined so future studies will be needed to precisely identify the population of responsive 

neurons within the hypothalamus. Success in these experiments will guide the development 

of targeting vectors and the corresponding loss of function models that will be needed to 

provide definitive in vivo identification of the neurons linking MR-dependent increases in 

FGF21 to SNS activation. An additional challenging aspect of these experiments will be the 

interdependence of the multiple components of the phenotype (e.g., adiposity, insulin 

sensitivity) and correctly mapping the loss of MR-dependent responses to the anatomical site 

where FGF21 is acting to produce them.
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• The liver is the key anatomical site for sensing of dietary methionine 

restriction

• The liver responds to dietary methionine restriction by releasing FGF21

• FGF21 mediates many of the metabolic effects of dietary methionine 

restriction
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Figure 1. 
A schematic model of the tissues and organs that participate in and respond to changes in 

dietary levels of EAAs. This organ-centric model proposes that each tissue senses changes in 

circulating EAAs directly and responds in a tissue-specific manner. Abbreviations include: 

anterior piriform cortex (APC), hypothalamus (hypo), dorsal vagal complex (DVC), brown 

adipose tissue (BAT), white adipose tissue (WAT), and essential amino acids (EAA).
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Figure 2. 
Schematic model of proposed mechanisms of GCN2-independent signaling by dietary MR 

in the liver. The diet-induced decrease is GSH activates PERK, which is proposed to activate 

eIF2/ATF4, NRF2, and their corresponding ISR and NRF2 transcriptional programs. The 

decrease in GSH produces GSH-sensitive proteolytic activation of CREBH, which migrates 

to the nucleus and functions in tandem with NRF2 and ATF4 to activate FGF21 

transcription. Abbreviations include: glutathione (GSH), PRK-like ER kinase (PERK), 

activating transcription factor 4 (ATF4), eukaryotic initiation factor 2 (eIF2α), cAMP 

response element binding protein H (CREBH), Nuclear factor (erythroid-derived 2)-like 2 

(NRF2), Kelch-like ECH-associated protein 1 (Keap1), peroxisome proliferator activated 

receptor αk (PPARα), peroxisome proliferator response element (PPRE), antioxidant 

response element (ARE), CHOP amino acid response element (CARE), integrative stress 

response (ISR), endoplasmic reticulum (ER).
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Figure 3. 
Model of proposed anatomical organization of the sensing and signaling mechanisms which 

produce the coordinated biochemical, transcriptional, physiological, and behavioral 

responses to dietary methionine restriction. The model proposes that the liver senses the 

reduction in plasma methionine and the associated decrease in hepatic glutathione signals to 

activate hepatic transcription and release of FGF21. The model proposes that increased SNS 

outflow to adipose tissue is produced by FGF21 acting in the hypothalamus where it may 

also regulate appetitive behavior. FGF21 is also proposed to act directly in adipose tissue to 

affect remodeling of white adipose tissue and activate thermogenesis in brown adipose 

tissue. FGF21 also acts directly in adipose tissue to enhance insulin sensitivity and increase 

glucose uptake and utilization. The net result is increased energy expenditure and decreased 

deposition of fat in adipose tissue. Abbreviations include: hypothalamus (hypo), dorsal vagal 

complex (DVC), brown adipose tissue (BAT), white adipose tissue (WAT), sympathetic 

nervous system (SNS)
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