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Dietary protein quantity and quality greatly impact metabolic health via evolutionary-conserved mechanisms that ensure avoidance of amino acid imbalanced food sources, promote hyperphagia when dietary protein density is low, and conversely produce satiety when dietary protein density is high. Growing evidence supports the emerging concept of protein homeostasis in mammals, where protein intake is maintained within a tight range independently of energy intake to reach a target protein intake. The behavioral and neuroendocrine mechanisms underlying these adaptations are unclear. While peripheral factors are able to signal amino acid deficiency and abundance to the brain, the brain itself is exposed to and can detect changes in amino acid concentrations, and subsequently engages acute and chronic responses modulating feeding behavior and food preferences. In this review, we will examine the literature describing the mechanisms by which the brain senses changes in amino acids concentrations, and how these changes modulate feeding behavior.
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INTRODUCTION

Over the past 20 years, a large number of studies have refined our understanding of how neuroendocrine networks detect internal energy availability and modulate behavioral circuits controlling energy intake to maintain energy homeostasis (1). Food intake is also driven by factors independent of internal energy balance. This is well illustrated by the contribution of the sensory and hedonic value of a diet to the control of energy intake independently of energy homeostasis (2). In addition, the need for specific macronutrients or nutrients can affect appetite and food choices, but the mechanisms underlying how individual macronutrients influence feeding behavior or how appetite for specific macronutrients/nutrients influences energy intake remain unclear.

Ensuring sufficient consumption of protein is essential for growth, reproduction, and species survival (3). Animals, from insects to mammals, have evolved mechanisms to ensure quantitatively and qualitatively adequate protein intake (3, 4). Detection of lack or abundance of single amino acids can have profound acute and chronic effects on feeding behavior and food preference (5, 6). In addition, within a certain range, dietary protein content is a determinant of total energy intake (7). Moderately low-protein diets are associated with an increase in energy intake, adjusted to match minimum requirements for nitrogen and essential amino acids (EAA) (8). Conversely, high-protein diets reduce energy intake, presumably to prevent excessive amino acid levels potentially toxic for the brain (9). This remarkable bidirectional adjustment of energy intake based on dietary protein content has been proposed to target a protein intake of 15% across multiple species from insects to humans (10) and supports the idea that protein intake is regulated by homeostatic mechanisms somewhat independent of energy intake or intake of carbohydrate and fat.

In this review, we will examine the literature exploring how the brain monitors internal amino acid availability and how this central detection modulates food intake. We will not discuss in detail the peripheral mechanisms by which amino acids are sensed and how these mechanisms may interact with the brain to control food intake (8, 11).

DIET-INDUCED CHANGES IN BRAIN AMINO ACID CONCENTRATIONS

The unique morphological and functional properties of mammalian cerebral endothelial cells that form the blood–brain barrier (BBB) allow the brain to be protected from toxins and sheltered from variations in blood composition, presumably providing the central nervous system (CNS) with an optimal chemical environment for cerebral functions. Amino acid homeostasis is particularly critical in the brain, as a number of non-EAA – L-glutamate, L-aspartate, L-cysteine, L-homocysteine, glycine, alanine, and taurine – can act directly as neurotransmitters when released at the synapse, while other amino acids, L-tyrosine and L-tryptophan, serve as precursors for neurotransmitters, the catecholamines, and serotonin, respectively. In addition, branched-chain amino acids (leucine, isoleucine, and valine – BCAA) serve as precursors for the neurotransmitter glutamate and pathologically high BCAA concentrations, as seen in Maple Syrup Disease, cause excessive glutamatergic signaling and neurological symptoms (9).

Four facilitative saturable amino acid carriers have currently been identified to be expressed on the luminal side (blood side) of the mammalian BBB, maintaining intra-cerebral levels of amino acids within a narrow range to about 10% of plasma levels (12–14). However, the idea that all amino acids are non-specifically buffered to that fraction is challenged by discoveries demonstrating selective transport of amino acids across the BBB. This was first suggested by the observation that following arterial delivery of radiolabeled amino acids in rats, brain uptake of essential neutral amino acids is 5- to 10-fold greater than that of non-EAA (15, 16). Molecular support for this observation indicates that the system L1 amino acid transporter, which carries most EAA including branched-chain (leucine, isoleucine, and valine – BCAA) and aromatic (phenylalanine, tyrosine, and tryptophan – AAA) amino acids, is the predominant amino acid transport system expressed in the brain endothelium (13, 17, 18). In addition, the luminal and abluminal (brain side) membranes of the brain endothelium are functionally distinct, as sodium-dependent amino acid transport systems are present exclusively on the abluminal membrane, providing the BBB with a mechanism to actively export amino acids against the concentration gradient (13, 19). Thus, the BBB expresses transport systems that allow selective import and exports of amino acids and active regulation of brain extracellular amino acid composition.

BCAA and AAA compete for transport through system L1, and consequently, the blood ratio of BCAA to AAA levels is a major determinant of brain extracellular and cerebrospinal amino acid composition (9). Decreased plasma BCAA levels, as seen in specific contexts including endurance training or adaptation to ketogenic diets, are associated with decreased brain BCAA levels, increased uptake of tryptophan and tyrosine into brain, and increased synthesis of serotonin and catecholamines (20, 21). Conversely, increased plasma BCAA levels are reflected in brain BCAA levels, and negatively impact brain AAA uptake and serotonin synthesis (9, 13). Such changes have been reported in contexts associated with chronic increases in BCAA levels including diabetes or maintenance on a high-protein diet (12, 22–25) but also acutely following food ingestion (26). In fact, while the plasma level of most amino acids remains relatively stable in the postprandial period, BCAA levels rapidly and transiently rise as they largely escape first-pass splanchnic metabolism (27–29), resulting in a rapid increase in brain BCAA levels (26, 30–32). This observation led to the hypothesis that circulating BCAA levels may represent a signal of postprandial protein availability that regulates various anabolic functions modulated by dietary proteins. Consistently, BCAA have been shown to mediate protein-induced transcription, insulin secretion, and protein synthesis (33–35). Likewise, brain BCAA levels may mediate protein-induced modulations of centrally controlled functions, including appetite and metabolism, as discussed below.

Only a few studies have explored the regional differences in the kinetics of brain amino acid uptake following meal ingestion. Microdialysis studies in rats demonstrated that after oral gavage of a balanced amino acid mix or ingestion of a 50% protein meal, there were consistent increases in the concentrations of BCAA in the lateral and periventricular nuclei of the hypothalamus within 20–40 min of meal consumption, while the concentrations of the majority of other amino acids remained unchanged, with the exception of methionine and tyrosine that consistently increase in these brain regions following a meal (36–38). Whether this effect is specific to these brain regions or also occurs in other areas of the brain, including other hypothalamic nuclei, remains to be determined. In contrast, regional differences in the concentration of BCAA and AAA following the ingestion of amino acid imbalanced diets have been described. In this context, while the concentration of the limiting amino acid decreases in discrete sites, including the pyriform cortex, locus coeruleus, and the nucleus of the solitary tract, hypothalamic areas are protected from this deficiency (39–41). Collectively, these data indicate that amino acid concentrations in the brain are not a simple reflection of the plasma amino acid profile but vary selectively in discrete sites under specific dietary contexts.

CENTRAL DETECTION OF ESSENTIAL AMINO ACID DEVOID OR UNBALANCED DIETS

The marked reduction in energy intake and growth of animals maintained on diets containing very low protein amounts (<8% in rats; <5% in mice) or imbalanced EAA ratios was first described over 100 years ago (42). Seminal studies from Harper and colleagues demonstrated that the anorectic response to imbalanced amino acid diets is the cause rather than the consequence of growth failure, supporting a direct role for dietary amino acids in the regulation of food intake (43–46). Analysis of the behavioral responses to the ingestion of a diet devoid in one EAA indicated that the initial rapid anorectic response is followed by the onset of a learned conditioned taste aversion and the development of a specific appetite for the limiting amino acid (5, 47–51). These two latter adaptations have been associated with chronic changes in feeding-regulating circuits and are secondary to acute neuronal amino acid sensing, as reviewed in (52).

The rapid initial aversive response to EAA-devoid diets, manifested by a decrease in meal size and an increase in inter-meal interval, occurs within 20–40 min following feeding onset and is dependent on acute amino acid interoception. This response is independent of food sensory stimuli or peripheral signals (53–55) and instead relies on direct neuronal sensing of EAA imbalance by the anterior piriform cortex (APC). This assertion is supported by the following observations: (i) APC lesions prevent rats discriminating between AA containing and AA devoid diets (56, 57), (ii) concentrations of the limiting EAA in the APC rapidly fall after the introduction of the devoid diet (41, 48), through competition at the capillary endothelial amino acid transport system (58–60), and (iii) replacement of the limiting EAA into the APC via microinjections rapidly increases intake of a diet deficient in that EAA (49, 57, 61, 62). Importantly, this aversive response was shown to be independent of diet palatability and novelty (63). Thus, the APC is both necessary and sufficient to produce rapid hypophagia in response to EAA imbalanced diets.

Neurophysiological and neuroanatomical evidence further indicate that local APC EAA sensing initiates the response to EAA-devoid diets and engages neurocircuits connected to hypothalamic, pontine, and hindbrain feeding-regulating networks (Figure 1A). Neurons in the APC have been shown to be excited by the absence of threonine or the presence of the amino alcohols, which cause tRNA uncharging (61, 64). Changes in local interneuron interactions, at least in part via decreased local inhibitory GABAergic tone (65), cause a change in output signal from glutamatergic APC neurons (66) – their excitatory output is potentiated when GABAergic inhibitory control is lost. Tracing studies from the APC identified the projection targets of APC EAA sensing neurons [reviewed in Ref. (52)], but the functional relevance of the targets in the acute aversion to EAA deficiency has not been directly addressed. Two hypothalamic regions have been implicated in this acute response: the VMH and the LH, both rapidly activated in response to a lysine-deficient meal according to fMRI assessments in rats (67). Norepinephrine and dopamine levels are rapidly increased in these regions under these conditions (39, 62), providing some neurochemical insights into the circuits engaged from APC EAA imbalance chemodetection. Clearly, the precise circuits engaged downstream from the APC in mammals to produce the rapid aversion to EAA imbalance remain partially characterized, and novel circuit mapping tools would prove useful to decipher these circuits.
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FIGURE 1 | Brain regions and signaling pathways involved in central amino acid sensing. (A) Sagittal representation of the rodent brain with amino acid sensing brain regions identified. Blue – regions sensing amino acid imbalanced diets or very low-protein diets, Red – regions sensing increases in amino acid concentrations, Purple – regions involved in sensing bidirectional changes in amino acid concentrations, White – regions involved in neurocircuitory of amino acid sensing, which are not primary sensing sites. (B) Signaling pathways implicated in central sensing of amino acid deficit or excess.



Work by two independent groups demonstrated that the rapid detection of dietary EAA deficiency within the APC occurs via a GCN2-dependent mechanism in mice; this pathway is also required for rejection of for EAA imbalanced diets in drosophila (68). The GCN2 pathway is an evolutionarily conserved pathway identified in yeast to mediate the detection of amino acid deficiency (69, 70). When cellular amino acid levels fall, uncharged tRNAs accumulate in the cell, bind to GCN2 that displays kinase activity toward eiF2α (eukaryotic initiation factor 2α), causing a global suppression of translation, but increased transcription of starvation relevant transcripts (Figure 1B). Evidence supporting a role for this pathways in the aversion to unbalanced EAA diet was obtained using GCN2 knockout mice, in which the rapid aversion to unbalanced diets is markedly blunted (71, 72) and downstream signaling, increased eiF2α phosphorylation (73), is absent (71, 72). In addition, direct injection of amino alcohols (that cause tRNA uncharging and GCN2 activation), into the APC of rats fed a normal diet, caused a suppression of feeding but had no effect when mice were on a diet devoid of the amino acid for which the matched amino alcohol was injected (71). This effect is specific to EAA, with proline and serine amino alcohols having no effect on feeding.

However, a recent study challenged these findings and failed to observe a rapid GCN2-dependent hypophagic response to threonine and leucine deficient diets (74, 75). Mice switched from a control to a leucine or threonine-devoid diet did not display a rapid hypophagic response during the first 3 h of feeding the novel diet but did show a hypophagic response after this time point. This delayed hypophagia was GCN2 independent. This latter observation is not necessarily in opposition with previous reports, as GCN2 signaling in the APC is restored within 2 h following the ingestion of an imbalanced diet and is not involved in the longer term hypophagic response to EAA imbalanced diets (76). However, the lack of acute aversion to the imbalanced diets in the Leib study contrasts with the rest of the literature. These discrepancies could be explained by diverging experimental paradigms (duration of fast, amino acid composition of the baseline diet) that may affect the production or kinetics of central EAA imbalance (77). In paradigms evidencing a rapid aversive response to EAA imbalance diets, a rapid fall in the APC concentration of the limiting amino acid occurred in the same time course as the production of the hypophagic response, within 40 min of diet exposure (41, 48, 78), and correlated with the activation of the GCN2 pathway in the APC (71, 72). In the Leib study, plasma concentrations of the missing amino acid and APC GCN2 signaling 1 h after diet exposure were unchanged, suggesting that the EAA imbalance failed to reach the APC during early exposure to the diet in these conditions.

More recently, the mediobasal hypothalamus has been proposed to be a primary sensing site of EAA deficiency (79). After an overnight fast, a leucine devoid diet caused an increase in eIF2α phosphorylation in the MBH within 40 min of diet consumption. Adenoviral-mediated knockdown of GCN2 in the MBH blunted the anorectic response to a leucine deficient diet over an hour of diet consumption. In addition, icv L – leucinol injection increased eiF2α phosphorylation selectively in the MBH and was sufficient to inhibit feeding in WT mice, but not GCN2 KO mice. Importantly, L – leucinol did not activate eiF2α signaling in the APC, demonstrating (i) the specificity of the protocol to target the MBH alone and (ii) the sufficiency of the MBH to initiate an aversive response to a leucine deficient diet. However, in earlier studies, no changes in the concentration of the limiting amino acid were found in three hypothalamic nuclei studied (39), suggesting changes in amino acid concentrations are not uniform across the brain. While the hypothalamus is clearly involved downstream of the APC in the anorectic response to AA deficient diets (80–82), further work will be needed to explore if the MBH is required for primary sensing of EAA deficiency.

While there is controversy about the mechanism and site(s) of central amino acid sensing in this context (75, 77), the ability of central amino acid absence to regulate feeding behavior is clear, and further work will be required to clarify these mechanisms and the neural circuits involved.

CENTRAL SENSING OF AMINO ACID ABUNDANCE AND THE CONTROL OF FEEDING BEHAVIOR

Early work from the Mayer and Harper labs identified that dietary supplementation with amino acids, in particular L-leucine, induces a hypophagic response comparable to that seen following adaptation to high-protein diets in rats (83, 84). Panskeep and Booth suggested that hypothalamic amino acid sensing may contribute to this anorectic response and reported that direct administration of a balanced mixture of amino acids into the hypothalamic parenchyma reduces food intake within 1 h following the injection (85). Subsequently, several groups confirmed that administration of physiologically relevant amounts of leucine into the 3rd ventricle or discrete brain nutrient-sensing regions of fasted rodents reduces energy intake during the subsequent refeeding period (26, 86–88). This anorectic response is not produced by other branched-chain amino acids or any aromatic amino acids (26, 87), is not accompanied by the development of conditioned taste aversion (26, 86), persists for 24 h, and produces a significant decrease in body weight gain (26, 86), as summarized in Table 1. Brain leucine levels are increased following a meal, and brain leucine administration reduces food intake, suggesting that brain amino acid levels may constitute a signal of energy and/or protein availability detected by brain nutrient-sensing regions that modulate homeostatic feeding-regulatory circuits.

TABLE 1 | Effects of centrally administered amino acids on food intake.
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Leucine abundance is detected in the brain through neurochemically diverse and neuroanatomically distributed networks modulating feeding behavior. This is supported by the observation that both the mediobasal hypothalamus and the nucleus of the solitary tract in the caudomedial brainstem contain leucine-sensing cells that can modulate feeding behavior in response to leucine abundance (Figure 1A). Although these two apparently redundant sensing sites produce similar behaviors when injected with leucine, further studies are necessary to understand how they may differently be engaged in physiological contexts. Within each of these sensing sites, the population of leucine-sensing cells is heterogeneous. In the mediobasal hypothalamus, POMC neurons but also non-POMC neurons are activated in response to local leucine administration (26). Likewise, in the NTS, leucine-sensing cells are diverse and comprise POMC neurons, catecholaminergic neurons, and maybe as yet uncharacterized cell types (90). However, this is based on the sole use of c-FOS as a marker of neuronal activation, and we know very little about the electrophysiological response of these cells to leucine. Based on c-FOS studies, only a sub-population of cells within the MBH or NTS respond to leucine (26, 90), but what makes a cell leucine-sensitive or not is an open question, and whether leucine-sensing cells share a common molecular signature remains to be determined. To date, only arcuate POMC neurons have been shown to depolarize in response to leucine bath application in slice preparations, and the underlying mechanisms remains to be characterized (26, 92) (Figure 1B).

The detailed analysis of the feeding response to increased leucine levels within the hypothalamus or brainstem further supports the idea that leucine sensing engages multiple behavioral output circuits to control food intake. Indeed, meal pattern analyses show that the reduction in food intake measured in food-deprived rats and mice who received brain injections of leucine results from the alteration of various components of the feeding sequence: increased first meal latency (and therefore decreased orexigenic tone), decreased meal size and decreased meal frequency. One circuit implicated in the acute reduction in meal size following hypothalamic leucine sensing involves hypothalamic POMC neurons, their melanocortinergic projections to PVH oxytocin neurons and oxytocinergic projections to the nucleus of the solitary tract in the caudomedial brainstem (26). However, pharmacological inhibition of this circuit is neither sufficient to suppress the rapid reduction in first meal latency nor entirely blunt the anorectic response to leucine, suggesting that other circuits are involved in the overall behavioral response to brain leucine detection. One possible candidate to mediate the immediate increase in first meal latency following leucine hypothalamic administration in fasted rodents is AgRP neurons. This neuronal population is critical to the development of hunger and foraging during food deprivation (94, 95). Consistent with this possibility, leucine was found to regulate AgRP expression in hypothalamic GT1-7 cells (88). However, whether leucine can rapidly affect electrical or synaptic activity of AgRP neurons is unknown, and more generally, how changes in extracellular concentrations of leucine can rapidly and more chronically affect neuronal activity remains poorly characterized.

Activation of mTORC1 has been consistently associated with brain leucine sensing in the regulation of feeding (86). mTORC1 is an evolutionary-conserved signaling pathway that couples nutrient and growth factor sensing in the control of protein synthesis, growth, cell cycle progression and other processes (96). Within 30 min following discrete injections of leucine into the rodent MBH or NTS, phosphorylation of one of the major effector of mTORC1, p70 S6 kinase 1 (S6K1), increases in the respective site (26, 90). In rats, co-administration of rapamycin, a specific mTORC1 inhibitor, blunts leucine’s effect on meal size and early hypophagia, implicating activation of mTORC1 in the mechanisms underlying leucine-sensing in hypothalamic and brainstem feeding-regulating circuits. Further evidence in support for a role of mTOR in the regulation of feeding indicates that inhibition of MBH or Dorsal Vagal Complex mTOR signaling with rapamycin in fed rodents rapidly drives feeding and increases meal size (26, 86, 90). Conversely, constitutive activation of S6K1 inhibits feeding via a specific decrease in meal size in both the MBH and the Dorsal Vagal Complex. These data support a role for endogenous mTOR signaling in the control of meal size and foraging behavior. Interestingly, activation of neuronal TOR signaling has also been implicated in the control of feeding in drosophila. In this invertebrate, activation of p70 S6K1 signaling in neurons that control feeding produces hypophagia in fasted larvae, whereas its down-regulation produces increased foraging and feeding in fed larvae, and these responses engage neuropeptide Y-like signaling (97). Collectively, these data indicate that mTOR in discrete nutrient-sensing neurons is an evolutionary-conserved regulator of feeding behavior.

To better characterize the neurochemical populations of the MBH in which mTOR signaling is important in the control of feeding and metabolism in mice, Smith et al. generated mice with germline deletion of S6K1 from either POMC or AgRP neurons (92). Unexpectedly, a thorough metabolic phenotyping revealed that both lines had normal food intake, feeding behavior and energy expenditure under various experimental conditions. S6K1 deletion in both POMC and AgRP neurons reduced neuronal excitability, and reduces synaptic strength in AgRP neurons, resulting in impaired POMC and AgRP tone in these mice, but these alterations are not sufficient to produce a phenotype. This latter observation is consistent with reports showing that germline loss of AgRP neurons fail to affect energy balance, which supports the idea that feeding-regulatory circuits are plastic during development (98). This raises the possibility that S6K1 loss of function is compensated for in these lines. Further investigations are required to clarify the role of S6K1 in AgRP and POMC neurons in the regulation of energy balance in adult rodents.

As mentioned above, increased mTOR signaling is not sufficient to account for decreased meal frequency following MBH or NTS leucine administration (26, 90). We hypothesized that intracellular leucine metabolism, leading to ATP production, may contribute to neuronal leucine sensing in a mechanism analogous to the pancreatic and brain glucose sensing mechanism (99–101). Leucine undergoes intracellular metabolism, producing α-ketoisocaproic acid (KIC) and isovaleryl – CoA, respectively by branched-chain amino acid transferase (BCAT) and branched-chain ketoacid dehydrogenase (BCKDH), leading to the production of TCA cycle intermediates and ATP production that could contribute to leucine sensing in the MBH. Consistently, KIC injection into the mouse MBH suppressed feeding but through a specific decrease in meal number, without affecting meal size, suggesting that this mechanism is not recruited for the acute effects of leucine on foraging and meal size (26). Moreover, injection of an activator of BCKDK, resulting in an increase in the metabolism of leucine, caused a suppression of food intake, due to specific reduction in meal number. In addition, data obtained in mice bearing a whole body deletion of BCATm, expressed in astrocytes in the CNS and peripheral tissues, suggest that long-term high BCAA levels in the brain affect dietary preferences (102). This deletion produces high brain leucine concentrations. Although energy intake does not differ between the KO and the controls, these mice have a higher preference for a low BCAA diet over a normal diet, indicating that chronic abundance of BCAA in the brain induces changes in food choices that do not require BCAA transamination.

To our knowledge, leucine is the only EAA that has been found to produce an anorectic response when administered alone (Table 1). Orexin/hypocretin neurons, an orexigenic neuronal population in the lateral hypothalamus, have been shown to respond specifically to non-EAA using c-FOS staining and slice electrophysiology (103). The depolarization of these neurons in response to non-EAA was mediated by System A amino acid transporters and a suppression of the hyperpolarizing activity of KATP channels. Unlike in the MBH, leucine did not activate these neurons, as assessed by c-FOS immunohistochemistry and electrophysiology. The sensing of non-EAA was shown to be mTOR independent. Whether this sensing mechanism modulates feeding behavior remains to be established.

DIETS WITH VARYING PROTEIN CONTENT: THE PROTEIN LEVERAGE HYPOTHESIS

As discussed above, a number of species avoid and develop conditioned aversion for diets very low in protein or with imbalanced EAA compositions. In contrast, marginally low-protein diets (LP, 8–10% of energy as protein in rats) with balanced EAA profiles induce a hyperphagic response restoring nitrogen and EAA intakes which, together with various metabolic adaptions, are sufficient to enable growth (87, 91, 104–108). Conversely, high-protein diets (HP, 20–70% of energy as protein) produce a sustained decrease in energy intake that is not caused by taste aversion even at very high-protein levels (109, 110). These bidirectional behavioral responses to shifts in dietary protein content are evolutionary conserved from insects to humans (111), and protein intake has been proposed to be regulated independently of energy intake (7, 112). In the following section, we will highlight the literature describing the role of brain amino acid sensing in the bidirectional regulation of energy intake in response to changes in dietary protein content.

Response to Low-Protein Diets

Rats develop hyperphagia (starting day 2) following transition to a 10% protein diet (87, 113), but little is known about the behavioral components of this response, and to our knowledge, meal pattern analysis has not been performed in this context. Plasma levels of most EAA drop in the first 24 h after shift to a LP diet, but this response is only transient (87), and consistently, brain levels of amino acids, including BCAA and AAA, are not affected by LP feeding (12, 87). However, plasma and brain levels of BCAA and AAA fail to increase in response to food ingestion in rats adapted to a LP diet (87), suggesting that the inability to detect amino acids in the postprandial period could reduce satiety and contribute to hyperphagia. Consistent with this hypothesis, icv administration of leucine produces anorexia in LP-fed rats (87). To directly test the role of brain BCAA sensing in the hyperphagic response to LP diets, Morrison et al. measured energy intake in rats fed LP diets supplemented with leucine or BCAA (87). None of these treatments suppressed the hyperphagic response to LP diets, but confirmation that they produce increases in brain BCAA levels is missing. The authors went on and treated LP-fed rats with icv chronic amino acid infusions (87). They found that icv amino acid infusions could only partially blunt LP-induced hyperphagia, suggesting that the hyperphagic response to LP diets primarily involves peripheral amino acid sensing sites. These data argue against a role for direct brain amino acid detection in LP-induced hyperphagia but are not sufficient to rule out a contribution of brain amino acid sensing is this adaptation, as a lack of dynamic changes in BCAA or leucine levels in discrete nutrient-sensing regions, typically in the postprandial period, may contribute to reduced satiety in this model.

Data from the same group implicate hepatic FGF21 production in the metabolic and feeding responses to LP diets (91, 114). FGF21 circulating levels are dramatically increased in response to LP diets in mice, rats, and humans (91), and remarkably, Fgf21 knockout mice are protected against the metabolic effects of LP diets (114). Using Gcn2 knockout mice, the authors provided evidence suggesting that hepatic GCN2 responds to LP diets and promotes FGF21 production and release. These data clearly implicate FGF21 signaling in the metabolic adaptations to protein restriction, but whether brain amino acid sensing contributes to these responses remains to be clarified (Figure 1B). Interestingly, mTOR signaling interacts with GCN2 signaling (115, 116) and bidirectionally regulates FGF21 production (117), suggesting that multiple amino acid sensing pathways may orchestrate the overall metabolic and feeding responses to LP diets.

Response to High-Protein Diets

At the other end of the spectrum, high-protein diets have been consistently shown to reduce energy intake in multiple species, from flies to humans (7, 111). When rats previously adapted to a normal-protein diet are offered a HP diet, they immediately decrease their food intake and progressively but incompletely re-increase food intake on the following days (118–121). Gut amino acid sensing and recruitment of local vagal afferents have been implicated in these responses, as reviewed in Ref. (11, 122). However, vagal afferents are not sufficient to produce the anorectic response to HP diets, as subdiaphragmatic vagotomy does not abolish the ability of a HP diet to reduce food intake (123). Brain detection of increased amino acid levels, particularly BCAA, may therefore also contribute.

Meal pattern analysis of rats exposed to a HP diet indicates that the initial important anorectic response to HP diets is mainly driven by a transient decrease in meal size, whereas after adaptation to the diet, decreased meal frequency is primarily accounting for the reduced energy intake (109). Ropelle et al. implicated activation of hypothalamic mTOR signaling in this response and found interestingly that although adaptation to a HP diet induced a chronic increase in brain leucine concentrations, hypothalamic mTOR signaling was only transiently increased (89). Thus, transient increase in hypothalamic mTOR signaling could account for the transient decrease in meal size during early exposure to HP feeding. In contrast, increase hypothalamic leucine catabolism may underlie the chronic decrease in meal frequency. However, there is currently no direct evidence to support this interpretation, and research in this field would significantly progress with the identification of a central mechanism specifically mediating the identification of protein abundance. Likewise, little is known about the neurocircuits involved in the hypophagic response to HP diets. Expression of Pomc-, Npy-, and Agrp-feeding neuropeptides is altered in response to a HP diet in rats (89), but these findings have been recently challenged (124), leaving open the contribution of melanocortinergic feeding circuits in the hypophagic response to increased dietary protein intake.

CONCLUSION

Collectively, the data reviewed here support a role for a distributed network of discrete brain regions in primary amino acid sensing in the control of multiple behavioral responses to changes in dietary amino acid intake, as summarized in Figure 2. Many gaps remain to be filled to complete our understanding of these processes, and a key poorly described step is the intracellular coupling of intracellular amino acid availability to neuronal electrical and synaptic activity, as highlighted in Figure 1B. Does this coupling rely on specific intracellular components that could perhaps represent a unique molecular signature of amino acid sensing neurons, making these cells amenable to molecular genetics? Identifying a molecular marker for amino acid sensing neurons would prove extremely useful in the characterization of neurocircuits engaged downstream from primary brain sensors to regulate feeding behavior.
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FIGURE 2 | Central detection of amino acid availability in the regulation of feeding behavior. Discrete cell populations in the brain monitor extracellular amino acid availability through a variety of mechanisms and engage downstream feeding-regulatory circuits to prevent or limit the ingestion of diets with imbalanced essential amino acid content, produce hyperphagia if dietary protein content is low and conversely reduce food intake if dietary protein content is high.



Brain amino acid sensing also modulates feeding behavior on a chronic basis and in some cases affects food preferences. The neurobiological substrates supporting these chronic changes are poorly characterized, and how dietary amino acids may affect the remodeling of central circuits regulating energy balance is unknown.

Central amino acid sensing has also been implicated in the regulation of metabolism and glucose homeostasis. Studies in flies and rodents suggest that decreased protein intake accounts for the beneficial metabolic effects of caloric restriction (3, 4, 125). Further work is required to determine how central amino acid sensing processes implicated in the control of feeding behavior may also coordinate metabolic effectors of energy balance and possibly mediate the beneficial effects of caloric restriction of metabolic health and lifespan.

Lastly, although we did not discuss in depth the evidence supporting the concept of protein homeostasis, understanding how distributed peripheral and central amino acid sensors monitor amino acid quantitative and qualitative availability to adjust feeding behavior is a long-term challenge in the field. The characterization of this “homeostatic” control could help identify novel targets for the prevention or treatment of obesity, potentially uncoupling the beneficial satiety effects of protein from their deleterious consequences on metabolic health.

AUTHOR CONTRIBUTIONS

Both authors contributed to the preparation of the manuscript.

FUNDING

This work was supported by the Medical Research Council Metabolic Disease Unit [MR/M501736/1].

Abbreviations

eIF2, eukaryotic initiation factor 2α; AAA, aromatic amino acids; AgRP, agouti-related peptide; APC, anterior piriform cortex; ATP, adenosine triphosphate; BBB, blood–brain barrier; BCAA, branched-chain amino acids; BCAT, branched-chain amino acid transferase; BCKDH, branched-chain ketoacid dehydrogenase; CNS, central nervous system; EAA, essential amino acids; GABA, γ-aminobutyric acid; GCN2, general control non-derepressible 2; HP, high protein; icv, intracerebroventricular; KIC, α-ketoisocaproic acid; KO, knock out; LP, low protein; MBH, mediobasal hypothalamus; mTOR, mammalian target of rapamycin; NPY, neuropeptide Y; NTS, nucleus tractus solitarii; OVN, overnight; POMC, pro-opio melanocortin; PVH, paraventricular nucleus of the hypothalamus; TCA, tricarboxylic acid; WT, wild type.

REFERENCES

1. Morton GJ, Meek TH, Schwartz MW. Neurobiology of food intake in health and disease. Nat Rev Neurosci (2014) 15:367–78. doi:10.1038/nrn3745

2. Zheng H, Lenard NR, Shin AC, Berthoud H-R. Appetite control and energy balance regulation in the modern world: reward-driven brain overrides repletion signals. Int J Obes (Lond) (2009) 33(Suppl 2):S8–13. doi:10.1038/ijo.2009.65

3. Fontana L, Partridge L. Promoting health and longevity through diet: from model organisms to humans. Cell (2015) 161:106–18. doi:10.1016/j.cell.2015.02.020

4. Solon-Biet SM, Mitchell SJ, Coogan SCP, Cogger VC, Gokarn R, McMahon AC, et al. Dietary protein to carbohydrate ratio and caloric restriction: comparing metabolic outcomes in mice. Cell Rep (2015) 11:1529–34. doi:10.1016/j.celrep.2015.05.007

5. Gietzen DW, Hao S, Anthony TG. Mechanisms of food intake repression in indispensable amino acid deficiency. Annu Rev Nutr (2007) 27:63–78. doi:10.1146/annurev.nutr.27.061406.093726

6. Schwartz G. Central leucine sensing in the control of energy homeostasis. Endocrinol Metab Clin North Am (2013) 42:81–7. doi:10.1016/j.ecl.2012.12.001

7. Solon-Biet SM, McMahon AC, Ballard JWO, Ruohonen K, Wu LE, Cogger VC, et al. The ratio of macronutrients, not caloric intake, dictates cardiometabolic health, aging, and longevity in ad libitum-fed mice. Cell Metab (2014) 19:418–30. doi:10.1016/j.cmet.2014.02.009

8. Morrison CD, Laeger T. Protein-dependent regulation of feeding and metabolism. Trends Endocrinol Metab (2015) 26:256–62. doi:10.1016/j.tem.2015.02.008

9. Fernstrom JD. 4th amino acid assessment workshop branched-chain amino acids and brain function. J Nutr (2005) 135:1539S–46S.

10. Simpson SJ, Raubenheimer D. Obesity: the protein leverage hypothesis. Obes Rev (2005) 6:133–42. doi:10.1111/j.1467-789X.2005.00178.x

11. Fromentin G, Darcel N, Chaumontet C, Marsset-Baglieri A, Nadkarni N, Tomé D. Peripheral and central mechanisms involved in the control of food intake by dietary amino acids and proteins. Nutr Res Rev (2012) 25:29–39. doi:10.1017/S0954422411000175

12. Colombo J, Cervantes H, Kokorovic M, Pfister U, Perritaz R. Effect of different protein diets on the distribution of amino acids in plasma, liver and brain in the rat. Ann Nutr Metab (1992) 36:23–33. doi:10.1159/000177695

13. Hawkins RA, O’Kane RL, Simpson IA, Vina JR. Structure of the blood-brain barrier and its role in the transport of amino acids. J Nutr (2006) 136:218S–26S.

14. Nishimura F, Nishihara M, Mori M, Torii K, Takahashi M. Excitability of neurons in the ventromedial nucleus in rat hypothalamic slices: modulation by amino acids at cerebrospinal fluid levels. Brain Res (1995) 691:217–22. doi:10.1016/0006-8993(95)00719-7

15. Battistin L, Grynbaum A, Lajtha A. The uptake of various amino acids by the mouse brain in vivo. Brain Res (1971) 29:85–99. doi:10.1016/0006-8993(71)90419-7

16. Oldendorf WH. Brain uptake of radiolabeled after arterial amino injection acids. Am J Physiol (1971) 221:1629–39.

17. Boado RJ, Li JY, Nagaya M, Zhang C, Pardridge WM. Selective expression of the large neutral amino acid transporter at the blood-brain barrier. Proc Natl Acad Sci U S A (1999) 96:12079–84. doi:10.1073/pnas.96.21.12079

18. Killian DM, Chikhale PJ. Predominant functional activity of the large, neutral amino acid transporter (LAT1) isoform at the cerebrovasculature. Neurosci Lett (2001) 306:1–4. doi:10.1016/S0304-3940(01)01810-9

19. Betz A, Goldstein G. Polarity of the blood-brain barrier: neutral amino acid transport into isolated brain capillaries. Science (1978) 202:225–7. doi:10.1126/science.211586

20. Blomstrand E, Perrett D, Parry-Billings M, Newsholme E. Effect of sustained exercise on plasma amino acid concentrations and on 5-hydroxytryptamine metabolism in six different brain regions in the rat. Acta Physiol Scand (1989) 136:473–81. doi:10.1111/j.1748-1716.1989.tb08689.x

21. Maciejak P, Szyndler J, Turzyńska D, Sobolewska A, Kołosowska K, Krzaścik P, et al. Is the interaction between fatty acids and tryptophan responsible for the efficacy of a ketogenic diet in epilepsy? The new hypothesis of action. Neuroscience (2016) 313:130–48. doi:10.1016/j.neuroscience.2015.11.029

22. Crandall E, Fernstrom J. Effect of experimental diabetes on the levels of aromatic and branched-chain amino acids in rat blood and brain. Diabetes (1983) 32:222–30. doi:10.2337/diabetes.32.3.222

23. Glanville N, Anderson G. The effect of insulin deficiency, dietary protein intake, and plasma amino acid concentrations on brain amino acid levels in rats. Can J Physiol Pharmacol (1985) 63:487–94. doi:10.1139/y85-084

24. Masiello P, Balestreri E, Bacciola D, Bergamini E. Influence of experimental diabetes on brain levels of monoamine neurotransmitters and their precursor amino acids during tryptophan loading. Acta Diabetol Lat (1987) 24:43–50. doi:10.1007/BF02732052

25. Peters JC, Harper A. Adaptation of rats to diets containing different levels of protein: effects on food intake, plasma and brain amino acid concentrations and brain neurotransmitter metabolism. J Nutr (1985) 115:382–98.

26. Blouet C, Jo Y-H, Li X, Schwartz GJ. Mediobasal hypothalamic leucine sensing regulates food intake through activation of a hypothalamus-brainstem circuit. J Neurosci (2009) 29:8302–11. doi:10.1523/JNEUROSCI.1668-09.2009

27. Brosnan JT, Brosnan ME. Branched-chain amino acids: enzyme and substrate regulation. J Nutr (2006) 136:207S–11S.

28. Nishioka M, Imaizumi A, Ando T, Tochikubo O. The overnight effect of dietary energy balance on postprandial plasma free amino acid (PFAA) profiles in Japanese adult men. PLoS One (2013) 8:e62929. doi:10.1371/journal.pone.0062929

29. Wahren J, Felig P, Hagenfeld L. Effect of protein ingestion on splachnic and leg metabolism in normal man and in patients with diabetes mellitus. J Clin Invest (1976) 57:987–99. doi:10.1172/JCI108375

30. Glaeser BS, Maher TJ, Wurtman RJ. Changes in brain levels of acidic, basic, and neutral amino acids after consumption of single meals containing various proportions of protein. J Neurochem (1983) 41:1016–21. doi:10.1111/j.1471-4159.1983.tb09045.x

31. Kanamori K, Ross BD, Kondrat RW. Rate of glutamate synthesis from leucine in rat brain measured in vivo by 15N NMR. J Neurochem (1998) 70:1304–15. doi:10.1046/j.1471-4159.1998.70031304.x

32. Voog L, Eriksson T. Relationship between plasma and brain large neutral amino acids in rats fed diets with different compositions at different times of the day. J Neurochem (1992) 59:1868–74. doi:10.1111/j.1471-4159.1992.tb11022.x

33. Henquin J-C, Dufrane D, Nenquin M. Nutrient control of insulin secretion in isolated normal human islets. Diabetes (2006) 55:3470–7. doi:10.2337/db06-0868

34. Kimball SR, Jefferson LS. Signaling pathways and molecular mechanisms through which branched-chain amino acids mediate translational control of protein synthesis. J Nutr (2006) 136:227S–31S.

35. Nair KS, Schwartz RG, Welle S. Leucine as a regulator of whole body and skeletal muscle protein metabolism in humans. Am J Physiol (1992) 263:E928–34.

36. Choi Y, Chang N, Anderson G. An intragastric amino acid mixture influences extracellular amino acid profiles in the lateral hypothalamic area of freely moving rats. Can J Physiol Pharmacol (1999) 77:827–34. doi:10.1139/y99-082

37. Choi YH, Fletcher PJ, Anderson GH. Extracellular amino acid profiles in the paraventricular nucleus of the rat hypothalamus are influenced by diet composition. Brain Res (2001) 892:320–8. doi:10.1016/S0006-8993(00)03267-4

38. Currie PJ, Chang N, Luo S, Anderson GH. Microdialysis as a tool to measure dietary and regional effects on the complete profile of extracellular amino acids in the hypothalamus of rats. Life Sci (1995) 57:1911–23. doi:10.1016/0024-3205(95)02178-L

39. Gietzen DW, Leung PMB, Rogers QR. Dietary amino acid imbalance and neurochemical changes in three hypothalamic areas. Physiol Behav (1989) 46:503–11. doi:10.1016/0031-9384(89)90028-0

40. Gietzen DW, Leung PM, Rogers QR. Norepinephrine and amino acids in prepyriform cortex of rats fed imbalanced amino acid diets. Physiol Behav (1986) 36:1071–80. doi:10.1016/0031-9384(86)90482-8

41. Koehnle TJ, Russell MC, Morin AS, Erecius LF, Gietzen DW. Diets deficient in indispensable amino acids rapidly decrease the concentration of the limiting amino acid in the anterior piriform cortex of rats. J Nutr (2004) 134:2365–71.

42. Willcock E, Hopkins F. The importance of individual amino-acids in metabolism: observations on the effect of adding tryptophane to a dietary in which zein is the sole nitrogenous constituent. J Physiol (1906) 35:88–102. doi:10.1113/jphysiol.1906.sp001181

43. Harper A, Benevenga N, Wohlhueter R. Effects of ingestion of disproportionate amounts of amino acids. Physiol Rev (1970) 50:428–558.

44. Rogers QR, Morris JG, Freedland RA. Lack of hepatic adaptation to low and high levels of dietary protein in the adult rat. Enzyme (1977) 55:348–56.

45. Rogers QR, Egan AR. Amino acid imbalance in the liquid-fed lamb. Aust J Biol Sci (1975) 28:169–81.

46. Leung PM, Rogers QR. Effect of amino acid imbalance and deficiency on dietary choice patterns of rats. Physiol Behav (1986) 37:747–58.

47. Feurté S, Tomé D, Gietzen D, Even P, Nicolaïdis S, Fromentin G. Feeding patterns and meal microstructure during development of a taste aversion to a threonine devoid diet. Nutr Neurosci (2002) 5:269–78. doi:10.1080/10284150290032003

48. Feurté S, Nicolaïdis S, Even PC, Tome D, Mahe S, Fromentin G. Rapid fall in plasma threonine followed by increased intermeal interval in response to first ingestion of a threonine-devoid diet in rats. Appetite (1999) 33:329–41. doi:10.1006/appe.1999.0242

49. Gietzen DW, Rogers QR. Nutritional homeostasis and indispensable amino acid sensing: a new solution to an old puzzle. Trends Neurosci (2006) 29:91–9. doi:10.1016/j.tins.2005.12.007

50. Mori M, Kawada T, Ono T, Torii K. Taste preference and protein nutrition and L-amino acid homeostasis in male Sprague-Dawley rats. Physiol Behav (1991) 49:987–95. doi:10.1016/0031-9384(91)90212-7

51. Torii K, Mawatari K, Yugari Y. Effect of dietary protein on the taste preference for amino acids and sodium chloride in rats. Ann N Y Acad Sci (1987) 510:665–8. doi:10.1080/87559129809541162

52. Gietzen DW, Aja SM. The brain’s response to an essential amino acid-deficient diet and the circuitous route to a better meal. Mol Neurobiol (2012) 46:332–48. doi:10.1007/s12035-012-8283-8

53. Leung PMB, Larson DM, Rogers QR. Food intake and preference of olfactory bulbectomized rats fed amino acid imbalanced or deficient diets. Physiol Behav (1972) 9:553–7. doi:10.1016/0031-9384(72)90011-X

54. Markison S, Gietzen DW, Spector AC. Essential amino acid deficiency enhances long-term intake but not short-term licking of the required nutrient. J Nutr (1999) 129:1604–12.

55. Washburn BS, Jiang JC, Cummings SL, Dixon K, Gietzen DW. Anorectic responses to dietary amino acid imbalance: effects of vagotomy and tropisetron. Am J Physiol (1994) 266:R1922–7.

56. Leung P, Rogers Q. Importance of prepyriform cortex in food-intake response of rats to amino acids. Am J Physiol (1971) 221:929–35.

57. Beverly JL, Gietzen DW, Rogers QR. Effect of dietary limiting amino acid in prepyriform cortex on food intake. Am J Physiol (1990) 259:R709–15.

58. Tackman JM, Tews JK, Harper AE. Dietary disproportions of amino acids in the rat: effects on food intake, plasma and brain amino acids and brain serotonin. J Nutr (1990) 120:521–33.

59. Tews JK, Kim YW, Harper AE. Induction of threonine imbalance by dispensable amino acids: relation to competition for amino acid transport into brain. J Nutr (1979) 109:304–15.

60. Tews JK, Good SS, Harper AE. Transport of threonine and tryptophan by rat brain slices: relation to other amino acids at concentrations found in plasma. J Neurochem (1978) 31:581–9. doi:10.1111/j.1471-4159.1978.tb07828.x

61. Rudell JB, Rechs AJ, Kelman TJ, Ross-Inta CM, Hao S, Gietzen DW. The anterior piriform cortex is sufficient for detecting depletion of an indispensable amino acid, showing independent cortical sensory function. J Neurosci (2011) 31:1583–90. doi:10.1523/JNEUROSCI.4934-10.2011

62. Russell M, Koehnle T, Barrett J, Blevins J, Gietzen D. The rapid anorectic response to a threonine imbalanced diet is decreased by injection of threonine into the anterior piriform cortex of rats. Nutr Neurosci (2003) 6:247–51. doi:10.1080/1028415031000151567

63. Koehnle TJ, Russell MC, Gietzen DW. Rats rapidly reject diets deficient in essential amino acids. J Nutr (2003) 133:2331–5.

64. Magrum LJ, Hickman MA, Gietzen DW. Increased intracellular calcium in rat anterior piriform cortex in response to threonine after threonine deprivation. J Neurophysiol (1999) 81:1147–9.

65. Truong BG, Magrum LJ, Gietzen DW. GABA(A) and GABA(B) receptors in the anterior piriform cortex modulate feeding in rats. Brain Res (2002) 924:1–9. doi:10.1016/S0006-8993(01)03213-9

66. Blevins JE, Truong BG, Gietzen DW. NMDA receptor function within the anterior piriform cortex and lateral hypothalamus in rats on the control of intake of amino acid-deficient diets. Brain Res (2004) 1019:124–33. doi:10.1016/j.brainres.2004.05.089

67. Yokawa T, Tabuchi E, Takezawa M, Ono T, Torii K. Recognition and neural plasticity responding to deficient nutrient intake scanned by a functional MRI in the brain of rats with L-lysine deficiency. Obes Res (1995) 3(Suppl 5):685S–8S. doi:10.1002/j.1550-8528.1995.tb00486.x

68. Bjordal M, Arquier N, Kniazeff J, Pin JP, Leopold P. Sensing of amino acids in a dopaminergic circuitry promotes rejection of an incomplete diet in drosophila. Cell (2014) 156:510–21. doi:10.1016/j.cell.2013.12.024

69. Dong J, Qiu H, Garcia-Barrio M, Anderson J, Hinnebusch A. Uncharged tRNA activates GCN2 by displacing the protein kinase moiety from a bipartite tRNA-binding domain. Mol Cell (2000) 6:269–79. doi:10.1016/S1097-2765(00)00028-9

70. Zhang P, McGrath BC, Reinert J, Olsen DS, Lei L, Gill S, et al. The GCN2 eIF2alpha kinase is required for adaptation to amino acid deprivation in mice. Mol Cell Biol (2002) 22:6681–8. doi:10.1128/MCB.22.19.6681

71. Hao S, Sharp J, Ross-Inta C, McDaniel B, Anthony T, Wek R, et al. Uncharged tRNA and sensing of amino acid deficiency in mammalian piriform cortex. Science (2005) 307:1776–8. doi:10.1002/9780470114735.hawley00624

72. Maurin AC, Jousse C, Averous J, Parry L, Bruhat A, Cherasse Y, et al. The GCN2 kinase biases feeding behavior to maintain amino acid homeostasis in omnivores. Cell Metab (2005) 1:273–7. doi:10.1016/j.cmet.2005.03.004

73. Gietzen DW, Ross CM, Hao S, Sharp JW. Phosphorylation of eIF2a is involved in the signaling of indispensible amino acid deficiency in the anterior piriform cortex of the brain in rats. J Nutr (2004) 134:717–23.

74. Leib DE, Knight ZA. Re-examination of dietary amino acid sensing reveals a GCN2-independent mechanism. Cell Rep (2015) 13:1081–9. doi:10.1016/j.celrep.2015.09.055

75. Leib DE, Knight ZA. Rapid sensing of dietary amino acid deficiency does not require GCN2. Cell Rep (2016) 16:2051–2. doi:10.1016/j.celrep.2016.08.022

76. Magrum L, Teh P, Kreiter M, Hickman M, Gietzen D. Transfer ribonucleic acid charging in rat brain after consumption of amino acid-imbalanced diets. Nutr Neurosci (2002) 5:125–30. doi:10.1080/10284150290018982

77. Gietzen DW, Anthony TG, Fafournoux P, Maurin A-C, Koehnle TJ. Letter measuring the ability of mice to sense dietary essential amino acid deficiency: the importance of amino acid status and timing. Cell Rep (2016) 16:2049–50. doi:10.1016/j.celrep.2016.08.021

78. Gloaguen M, Le Floc’h N, Corrent E, Primot Y, van Milgen J. Providing a diet deficient in valine but with excess leucine results in a rapid decrease in feed intake and modifies the postprandial plasma amino acid and α-keto acid concentrations in pigs. J Anim Sci (2012) 90:3135–42. doi:10.2527/jas.2011-4956

79. Maurin AC, Benani A, Lorsignol A, Brenachot X, Parry L, Carraro V, et al. Hypothalamic eIF2a signaling regulates food intake. Cell Rep (2014) 6:438–44. doi:10.1016/j.celrep.2014.01.006

80. Bellinger LL, Evans JF, Tillberg CM, Gietzen DW. Effects of dorsomedial hypothalamic nuclei lesions on intake of an imbalanced amino acid diet. Am J Physiol (1999) 277:R250–62.

81. Blevins JE, Dixon KD, Hernandez EJ, Barrett JA, Gietzen DW. Effects of threonine injections in the lateral hypothalamus on intake of amino acid imbalanced diets in rats. Brain Res (2000) 879:65–72. doi:10.1016/S0006-8993(00)02734-7

82. Gietzen DW, Erecius LF, Rogers QR. Neurochemical changes after imbalanced diets suggest a brain circuit mediating anorectic responses to amino acid deficiency in rats. J Nutr (1998) 128:771–81.

83. Krauss R, Mayer J. Influence of protein and amino acids on food intake in the rat. Am J Physiol (1965) 209:479–83.

84. Rogers Q, Tannous R, Harper A. Effects of excess leucine on growth and food selection. J Nutr (1967) 91:561–72.

85. Panskeep J, Booth D. Decreased feeding after injections of amino acids into the hypothalamus. Nature (1971) 233:341–2. doi:10.1038/233341a0

86. Cota D, Proulx K, Smith KAB, Kozma SC, Thomas G, Woods SC, et al. Hypothalamic mTOR signaling regulates food intake. Science (2006) 312:927–30. doi:10.1126/science.1124147

87. Laeger T, Reed SD, Henagan TM, Fernandez DH, Taghavi M, Addington A, et al. Leucine acts in the brain to suppress food intake but does not function as a physiological signal of low dietary protein. Am J Physiol Regul Integr Comp Physiol (2014) 307:R310–20. doi:10.1152/ajpregu.00116.2014

88. Morrison CD, Xi X, White CL, Ye J, Martin RJ. Amino acids inhibit Agrp gene expression via an mTOR-dependent mechanism. Am J Physiol Endocrinol Metab (2007) 70808:165–71. doi:10.1152/ajpendo.00675.2006

89. Ropelle ER, Pauli R, Fernandes MFA, Rocco SA, Marin RM, Morari J, et al. A central role for neuronal AMP-activated protein kinase (AMPK) and mammalian target of rapamycin (mTOR) in high-protein diet–induced weight loss. Diabetes (2008) 57:594–605. doi:10.2337/db07-0573.2-DG

90. Blouet C, Schwartz GJ. Brainstem nutrient sensing in the nucleus of the solitary tract inhibits feeding. Cell Metab (2012) 16:579–87. doi:10.1016/j.cmet.2012.10.003

91. Laeger T, Münzberg H, Henagan TM, Hutson SM, Albarado DC, Gettys TW, et al. FGF21 is an endocrine signal of protein restriction. J Clin Invest (2014) 124:1–3. doi:10.1172/JCI77508

92. Smith M, Katsouri L, Irvine EE, Hankir MK, Pedroni SM, Voshol PJ, et al. Ribosomal S6K1 in POMC and AgRP neurons regulates glucose homeostasis but not feeding behavior in mice. Cell Rep (2015) 11:335–43. doi:10.1016/j.celrep.2015.03.029

93. Cavanaugh AR, Schwartz GJ, Blouet C. High-fat feeding impairs nutrient sensing and gut brain integration in the caudomedial nucleus of the solitary tract in mice. PLoS One (2015) 10:1–12. doi:10.1371/journal.pone.0118888

94. Atasoy D, Betley JN, Su HH, Sternson SM. Deconstruction of a neural circuit for hunger. Nature (2012) 488:172–7. doi:10.1038/nature11270

95. Krashes MJ, Koda S, Ye C, Rogan SC, Adams AC, Cusher DS, et al. Rapid, reversible activation of AgRP neurons drives feeding behavior in mice. J Clin Invest (2011) 121:2–6. doi:10.1172/JCI46229DS1

96. Laplante M, Sabatini DM. mTOR signaling in growth control and disease. Cell (2012) 149:274–93. doi:10.1016/j.cell.2012.03.017

97. Wu Q, Zhang Y, Xu J, Shen P. Regulation of hunger-driven behaviors by neural ribosomal S6 kinase in Drosophila. Proc Natl Acad Sci U S A (2005) 102(37):13289–94. doi:10.1073/pnas.0501914102

98. Luquet S, Perez F, Hnasko T, Palmiter R. NPY/AgRP neurons are essential for feeding in adult mice but can be ablated in neonates. Science (2005) 310:683–5. doi:10.1126/science.1115524

99. Kang L, Dunn-Meynell AA, Routh VH, Gaspers LD, Nagata Y, Nishimura T, et al. Glucokinase is a critical regulator of ventromedial hypothalamic neuronal glucosensing. Diabetes (2006) 55:412–20. doi:10.2337/diabetes.55.02.06.db05-1229

100. Kang L, Routh VH, Kuzhikandathil EV, Gaspers LD, Levin BE. Physiological and molecular characteristics of rat hypothalamic ventromedial nucleus glucosensing neurons. Diabetes (2004) 53:549–59. doi:10.2337/diabetes.53.3.549

101. Ogunnowo-Bada EO, Heeley N, Brochard L, Evans ML. Brain glucose sensing, glucokinase and neural control of metabolism and islet function. Diabetes Obes Metab (2014) 16(Suppl 1):26–32. doi:10.1111/dom.12334

102. Purpera MN, Shen L, Taghavi M, Münzberg H, Martin RJ, Hutson SM, et al. Impaired branched chain amino acid metabolism alters feeding behavior and increases orexigenic neuropeptide expression in the hypothalamus. J Endocrinol (2012) 212:85–94. doi:10.1530/JOE-11-0270

103. Karnani MM, Apergis-Schoute J, Adamantidis A, Jensen LT, de Lecea L, Fugger L, et al. Activation of central orexin/hypocretin neurons by dietary amino acids. Neuron (2011) 72:616–29. doi:10.1016/j.neuron.2011.08.027

104. Du F, Higginbotham D, White B. Food intake, energy balance and serum leptin concentrations in rats fed low-protein diets. J Nutr (2000) 130:514–21.

105. Morrison CD, Reed SD, Henagan TM. Homeostatic regulation of protein intake: in search of a mechanism. Am J Physiol Regul Integr Comp Physiol (2012) 302:R917–28. doi:10.1152/ajpregu.00609.2011

106. Peng Y, Meliza L, Vavich M, Kemmerer A. Changes in food intake and nitrogen metabolism of rats while adapting to a low or high protein diet. J Nutr (1974) 104:1008–17.

107. Sørensen A, Mayntz D, Raubenheimer D, Simpson SJ. Protein-leverage in mice: the geometry of macronutrient balancing and consequences for fat deposition. Obesity (2008) 16:566–71. doi:10.1038/oby.2007.58

108. White B, Du F, Higginbotham D. Low dietary protein is associated with an increase in food intake and a decrease in the in vitro release of radiolabeled glutamate and GABA from the lateral hypothalamus. Nutr Neurosci (2003) 6:361–7. doi:10.1080/10284150310001640365

109. Bensaïd A, Tomé D, L’Heureux-Bourdon D, Even P, Gietzen D, Morens CE, et al. A high-protein diet enhances satiety without conditioned taste aversion in the rat. Physiol Behav (2003) 78:311–20. doi:10.1016/S0031-9384(02)00977-0

110. L’Heureux-Bouron D, Tome D, Bensaid A, Morens C, Gaudichon C, Fromentin G. A very high 70%-protein diet does not induce conditioned taste aversion in rats. J Nutr (2004) 134:1512–5.

111. Simpson SJ, Le Couteur DG, Raubenheimer D. Putting the balance back in diet. Cell (2015) 161:18–23. doi:10.1016/j.cell.2015.02.033

112. Simpson SJ, Batley R, Raubenheimer D. Geometric analysis of macronutrient intake in humans: the power of protein? Appetite (2003) 41:123–40. doi:10.1016/S0195-6663(03)00049-7

113. White B, He B, Dean R, Martin R. Low protein diets increase neuropeptide Y gene expression in the basomedial hypothalamus of rats. J Nutr (1994) 124:1152–60.

114. Laeger T, Albarado DC, Burke SJ, Trosclair L, Hedgepeth JW, Berthoud H-R, et al. Metabolic responses to dietary protein restriction require an increase in FGF21 that is delayed by the absence of GCN2. Cell Rep (2016) 16:707–16. doi:10.1016/j.celrep.2016.06.044

115. Cherkasova VA, Hinnebusch AG. Translational control by TOR and TAP42 through dephosphorylation of eIF2alpha kinase GCN2. Genes Dev (2003) 17:859–72. doi:10.1101/gad.1069003

116. Rodland GE, Tvegard T, Boye E, Grallert B. Crosstalk between the Tor and Gcn2 pathways in response to different stresses. Cell Cycle (2014) 13:453–61. doi:10.4161/cc.27270

117. Cornu M, Oppliger W, Albert V, Robitaille AM, Trapani F, Quagliata L, et al. Hepatic mTORC1 controls locomotor activity, body temperature, and lipid metabolism through FGF21. Proc Natl Acad Sci U S A (2014) 111:11592–9. doi:10.1073/pnas.1412047111

118. Harper A, Peters J. Protein intake, brain amino acid and serotonin concentrations and protein self-selection. J Nutr (1989) 119:677–89.

119. Jean C, Rome S, Aattouri N, Fromentin G, Achagiotis CL, Tome D. Nutrient metabolism metabolic evidence for adaptation to a high protein diet in rats. J Nutr (2001) 131:91–8.

120. Morens C, Gaudichon C, Fromentin G, Marsset-Baglieri A, Bensaïd A, Larue-Achagiotis C, et al. Daily delivery of dietary nitrogen to the periphery is stable in rats adapted to increased protein intake. Am J Physiol Endocrinol Metab (2001) 281:E826–36.

121. Morens C, Gaudichon C, Metges CC, Fromentin G, Baglieri A, Even PC, et al. A high-protein meal exceeds anabolic and catabolic capacities in rats adapted to a normal protein diet. J Nutr (2000) 130:2312–21.

122. Davidenko O, Darcel N, Fromentin G, Tomé D. Control of protein and energy intake – brain mechanisms. Eur J Clin Nutr (2013) 67:455–61. doi:10.1038/ejcn.2013.73

123. L’Heureux-Bouron D, Tomé D, Rampin O, Even PC, Larue-Achagiotis C, Fromentin G. Total subdiaphragmatic vagotomy does not suppress high protein diet-induced food intake depression in rats. J Nutr (2003) 133:2639–42.

124. Pillot B, Duraffourd C, Bégeot M, Joly A, Luquet S, Houberdon I, et al. Role of hypothalamic melanocortin system in adaptation of food intake to food protein increase in mice. PLoS One (2011) 6:e19107. doi:10.1371/journal.pone.0019107

125. Solon-Biet SM, Mitchell SJ, de Cabo R, Raubenheimer D, Le Couteur DG, Simpson SJ. Macronutrients and caloric intake in health and longevity. J Endocrinol (2015) 226:R17–28. doi:10.1530/JOE-15-0173

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer SF and handling Editor declared their shared affiliation, and the handling Editor states that the process nevertheless met the standards of a fair and objective review.

Copyright © 2016 Heeley and Blouet. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fendo-07-00148-t001.jpg
Paper  Species Conditions  Time of injection Route  Amino Acid Dose Food intake
(86)  Rat 24 hfast Before onset of dark cycle ardicv  Leucine 1.1 ng 1
(88) Rat 24 h fast - 3rdicv  RPMI Amino Acid Mix 1 pg Leucine, and other EAA |
Leucine 1,3,10ug 1
(89) Rat 6hfast 5-6 pm (onset of dark cycle) ~ 3rdicv  Leucine 197 ng, 787 ng, 1.6 ug No effect of 197 ng,
others lowered feeding
(26)  Rat OVN fast 1 hbefore onset of dark cycle  MBH  Leucine 56 ng 1
Mouse 6 h fast 1 hbefore onset of dark cycle  MBH  Leucine 28ng 1
Valine 28ng No effect
(0  Rat OVN fast 1 hbefore onset of dark cycle  NTS  Leucine 28ng 1
Valine 28ng No effect
(87,91) Rat 24 hfast 2 prior to lights off 3dicv  Leucine 10ug 1
Rat 24 hfast 2 hprior to lights off ardiov  Tryptophan, Methionine, 10 ug No effect
Lysine, Threonine, Serine
Rat Nofast LP diet 2 h prior to ights off Srdicv  Leucine 10 ug i
(92)  Mouse  OVNfast After overnight fast ardiov  Leucine 22yg No effect
(93)  Mouse 6hfast 1 hbefore onset of dark cycle  NTS  Leucine 14ng 1






OPS/images/cover.jpg
, frontiers
in Endocrinology

Central Amino Acid Sensing in
the Control of Feeding Behavior





OPS/images/fendo-07-00148-g001.jpg
Offactory ~ et
bulb R

medulla

SENSING PROTEIN DEFICIT SENSING PROTEIN EXCESS

T[AA]
N

ATP mTOR  Erk






OPS/images/fendo-07-00148-g002.jpg
Imbalanced diets, Low protein diet High leucine meal
Very low protein diets High protein diet?

g of Leucine abundance:

\TOR, ATP production

Immediate increased meal latency
Decreased meal size
Decreased meal number

Hyperphagic adaptive response
developing over 2/3 days

| PROTEIN HOMEOSTASIS I





OPS/images/logo.jpg
Ghesk for

i@





