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Abbreviations 

BCAA : Branched chain amino acids 

AAR: Amino Acid Response  

Atf5: Activating Transcription Factor 5 

BCAT: Branched-Chained Amino Acids Transaminase 

BCKD: Branched-Chained alpha-Keto acid Dehydrogenase  

BLOC-1: Biogenesis of Lysosome-related organelles Complex-1 

EAAT-1: Excitatory Amino Acid Transporter -1 

GABA: Gamma Amino-Butyric Acid 

GABAT: GABA Transaminase 

GCN2: General Control Non-derepressible kinase 2 

JhI-21: Juvenile hormone Inducible -21 

KO: Knock-Out 

LAT-1: L-type Amino acid Transporter - 1 

LAT-2: L-type Amino acid Transporter - 2  

SLC7A5: Solute Carrier 7A5 

SLC3A2: Solute Carrier 3A2 

TOR: Target of Rapamycin kinase 

 

  



 

 

Abstract 

The branched-chain amino acids: leucine, isoleucine and valine occupy a special place among the 

essential amino acids because of their importance not only in the structure of proteins but also in 

general and cerebral metabolism. Among the first amino acids absorbed after food intake, they play 

a major role in the regulation of protein synthesis and insulin secretion. They are involved in the 

modulation of brain uptake of monoamine precursors with which they may compete for occupancy 

of a common transporter. In the brain, branched-chain amino acids are involved not only in protein 

synthesis but also in the metabolic cycles of GABA and Glutamate, and in energy metabolism. In 

particular, they can affect GABAergic neurons and the excitation/inhibition balance. Branched-chain 

amino acids are known for the 24-hour rhythmicity of their plasma concentrations, which is 

remarkably conserved in rodent models. This rhythmicity is partly circadian, independent of sleep 

and food.  Moreover, their concentration increases when sleep is disturbed and in obesity and 

diabetes. The mechanisms regulating these rhythms and their physiological impact remain poorly 

understood. In this context, the Drosophila model has not yet been widely used, but it is highly 

relevant and the first results indicate that it can generate new concepts. The elucidation of the 

metabolism and fluxes of branched-chain amino acids is beginning to shed light on the mysterious 

connections between clock, sleep, and metabolism, opening the possibility of new therapies. 
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Introduction 

The sleep-wake cycle is a highly integrative process for maintaining optimal brain function and, 

directly or indirectly, the health of the whole body, including metabolic health. In addition, 

maintaining the intense metabolic activity of the brain requires a substantial supply of nutrients 

compared to other organs. This is reflected in the strong interactions between regulation of the 

sleep/wake cycle and dietary need, as well as in the metabolic disturbances associated with sleep 

disturbances [1-3]. To understand these interactions and their consequences it is absolutely 

necessary to elucidate the metabolic regulations that are at stake. In this context, amino acids, and in 

particular proteinogenic amino acids, play a pivotal role: 1) they are necessary for the synthesis of 

direct precursors of neurotransmitters (monoamines, GABA), or are themselves major brain 

neurotransmitters (glutamate, glycine, etc.). ); 2) they are the building blocks for protein synthesis; 3) 

they are anaplerotically involved in energy metabolism; 4) unlike other nutrients, they cannot 

accumulate in intracellular storage systems such as glycogen and lipid droplets; 5) essential amino 

acids can only be supplied by diet or protein degradation and autophagy.  

Among the 9 essential proteinogenic amino acids in mammals, the 3 branched-chain amino acids 

(BCAA): leucine, isoleucine and valine, constitute a particular group. They are abundant in proteins, 

representing about 20% of the amino acids, and 40% of the minimum necessary intake of essential 

amino acids [4]. Leucine is thus the most frequent amino acid in protein sequences, with a frequency 

close to 10%, both in eukaryotes and prokaryotes [5]. Biochemically, all three BCAAs are hydrophobic 

amino acids, required for the conformational folding of globular proteins, but despite this 

commonality, they are not easily interchangeable in a protein sequence. Leucine plays a critical role 

in protein-protein interactions more frequently than the other BCAAs. This is particularly the case in 

the leucine zipper, a motif that allows the dimerization of many transcription factors including c-fos 

and c-jun [4], where the leucines are regularly spaced, and aligned in the dimer. It has been proposed 

that this functional importance contributes to the fact that it has six codons associated with it, the 

largest number for an amino acid (along with arginine), thus further protecting leucine from genetic 

point mutations that can affect coding sequences [6].  The prominent role of BCAAs and leucine in 

particular is also reflected in their ability to regulate insulin secretion and protein synthesis. BCAAs 

are also well known for their involvement in the synthesis of neurotransmitters, their association 

with circadian rhythms and sleep disorders. Before detailing this association and to try to better 

interpret it, we will recall the peculiarities of BCAAs transport and metabolism. The objective of this 

update is to put into perspective the current research in relation to the accumulated knowledge on 

this topic, without being exhaustive, to stimulate reflection. 

 

Transport of free BCAAs 

Although plasma free amino acids represent a small fraction of the total amino acid pool in the 

human body (estimated at 0.5%), their metabolic role is crucial [7]. Following protein intake, 

essential amino acid concentrations increase substantially, and BCAAs are among those whose 

concentration increases most rapidly and proportionally to protein intake [8-11] (Figure 1). The fact 

that the liver does not directly metabolize BCAAs contributes to their rapid increase in the circulation 

after absorption, which is not the case for other amino acids and in particular for small non-essential 

amino acids present in high concentration in plasma such as glycine, alanine and glutamine.  This 

increase in BCAAs, especially leucine, contributes to insulin secretion by pancreatic β-cells through 

two identified mechanisms: 1) the direct metabolite of leucine transamination, α-ceto-isocaproate 

acid, increases ATP production at the mitochondria, and thus activation of ATP-dependent potassium 

channels that can induce insulin release, 2) leucine can allosterically activate glutamate 

dehydrogenase and thereby increase intracellular citrate and energy metabolism, which is a signal 

for insulin release [12]. Circulating insulin in turn promotes the absorption of amino acids [12,13]. 



Leucine and to a lesser extent other circulating BCAAs also stimulate protein synthesis [14]. This 

effect depends on signaling through the Target of Rapamycin (TOR) kinase and other TOR-

independent pathways [12]. A low protein diet reduces plasma BCAA concentrations [15]. In 

contrast, hypoglycemia related to hypocaloric feeding or fasting (as early as 24 h) is associated with 

an increase in circulating amino acids, particularly BCAAs [15,16]. During fasting, the increase in 

circulating BCAAs is largely due to protein autodigestion by muscle cells, which contain the largest 

pool of protein in the body [4,15]. In the absence of glucose, two metabolic reactions common to the 

three BCAAs lead to their degradation: transamination by BCAA transaminase (BCAT) followed by 

oxidation of the branched keto acids by branched keto acid dehydrogenase (BCKD). This last reaction 

is irreversible and allows the energy metabolism to be fed by ketogenesis and neoglucogenesis. 

The entry of plasma BCAAs into the brain depends on their transport through the blood-brain 

interfaces: the blood capillaries and the choroid plexuses. This transport involves more than 20 

different transporters that can be classified into two main categories: "loaders" and "harmonizers" 

[17]. Schematically, loaders, such as the glutamate transporter EAAT-1, mainly use the sodium 

gradient for energy-dependent transport of non-essential amino acids, inducing concentration 

differentials between intra- and extracellular environments. On the other hand, harmonizers have a 

wide selectivity and facilitate the transport of solutes along their concentration gradients. Most 

harmonizers are antiporter systems: the import of an amino acid is conditioned by the export of 

another amino acid. This makes it possible to exploit the gradients generated by the loaders to 

import plasma amino acids, especially essential amino acids, while maintaining a balance of 

concentrations.  Indeed, free amino acids are generally more concentrated in the intracellular 

medium than in plasma, and their concentration varies substantially depending on the type of amino 

acid considered [18-21]. In both plasma and cells, small amino acids, which can be synthesized by the 

cell and serve as metabolic intermediates, are more concentrated. With organ-specific variations, 

this type of functioning applies to all cells in the body and is not specific to the brain. At the blood-

brain barrier, the import of BCAAs and more generally of large neutral amino acids relies largely on 

the heterodimeric transporter LAT-1 (L-Type Amino acid Transporter - 1 or SLC7A5, combined with 

the heavy chain SLC3A2) which is expressed at a very high level (100-fold higher than in the 

periphery) in the luminal and abluminal membranes of cerebral capillary endothelial cells [22] (Figure 

1). LAT-1 is an antiporter, and in tumor cells where it is also abundantly expressed, it has been 

proposed that LAT-1 exports glutamine exchange for leucine, allowing activation of TOR signaling and 

cell growth [23].  In the case of blood-brain interfaces, glutamine is abundantly exported and allows 

the import of neutral amino acids [13] but the intracellular substrate(s) of LAT-1 in this context have 

not been clearly identified [24]. Leucine, which together with tyrosine and phenylalanine is the most 

rapidly imported amino acid into the brain [25], is clearly dependent on LAT-1 for its uptake. 

Conditional inactivation of LAT-1 in endothelial barrier cells induces a brain deficit of leucine and 

isoleucine, as well as an excess of histidine, confirming the importance of this transporter for the 

import of BCAAs, and suggesting that histidine could be the substrate exported in this context [26] 

(see also [23,27]). LAT-1 is not present in the choroid plexus, but a paralog, LAT-2, is highly expressed 

there and fulfills a role complementary to that of LAT-1 in the regulation of BCAA and glutamine 

[24,28]. An important feature of neutral amino acid transport at the barrier is its saturation under 

normal conditions with a Km equal to or lower than plasma concentrations, which means that there 

is competition between different amino acids to be taken up by brain endothelial cells [29]. At 

physiological plasma concentrations, leucine and phenylalanine alone would account for 50% of LAT-

1 occupancy [25,30]. A change in the concentration of these amino acids can therefore have a major 

impact on transport at the barrier. Thus, reducing plasma BCAA concentrations in mice deficient for 

BCKDK, the kinase that phosphorylates and inhibits BCKD, involved in BCAA degradation (see above), 

also reduces BCAA concentrations in the brain but those of phenylalanine, histidine, threonine and 

methionine are significantly increased by up to 200% [31]. Such competition does not exist in 

peripheral tissues where the transport systems have a lower affinity, with a Km that is at least an 



order of magnitude above plasma concentrations [29]. This saturation of transport at the barrier and 

competition between substrates may lead to changes in the import of amino acids that are 

precursors of monoamines.  It has been noted for decades that the import of tryptophan in 

particular, one of the least present amino acids in plasma, is conditioned by the plasma 

concentrations of other neutral amino acids. Tryptophan being the limiting precursor for serotonin 

synthesis, via tryptophan β-hydroxylase, any manipulation impacting the competition with other 

amino acids is able to positively or negatively modulate brain serotonin levels. Tyrosine transport, 

which is also dependent on LAT-1, similarly affects catecholamine synthesis [8,32]. BCAA 

supplementation can thus simultaneously reduce the levels of serotonin and catecholamines, 

including dopamine, by inhibiting the import of their respective precursors [33-35]. Given the 

importance of these neurotransmitters in the regulation of sleep, many strategies based on various 

combinations of nutrients and amino acids have been tested in order to improve alertness states 

[36].  The results have been mixed and difficult to reproduce. This lack of reliability is probably due in 

part to the fact that a moderate increase in the synthesis of a neurotransmitter is not a sufficient 

condition to intensify neurotransmission, except in certain specific situations. It is possible that 

tryptophan supplementation could nevertheless improve sleep in certain metabolic contexts related 

to chronic elevation of circulating BCAA levels such as diabetes and obesity, and tests are still being 

conducted in this direction [37].  Competition with monoamine precursors for import into the brain is 

not the only BCAA-dependent process that can influence neurotransmission. Indeed, after their 

uptake by cells at the blood-brain interfaces, BCAAs are transported at least in part by LAT-1 and LAT-

2 into astrocytes and neurons, where they play a decisive role not only in protein synthesis but also 

in the regulation of the GABA-glutamate-glutamine cycle and in energy metabolism [24]. 

 

Metabolism of BCAAs, links with neurotransmitter synthesis 

The role of BCAAs in the synthesis of glutamate and GABA is detailed in several reviews (e.g. [38,39]), 

we will only mention here the major elements. The first step in BCAA metabolism is transamination: 

branched-chain amino acid transaminase (BCAT), yields glutamate and a keto acid from BCAA and α-

ketoglutarate, a Krebs cycle intermediate (Figure 1). This de novo synthesis of glutamate is favored in 

astrocytes where mitochondrial BCAT is expressed. In these cells glutamate is then converted to 

glutamine by glutamine synthetase and can thus be integrated into the glutamate-glutamine cycle 

(see below). Alternatively, glutamine can be exported to import other neutral amino acids via the 

LAT-1 or LAT-2 antiport systems. Dialysis and metabolic tracing studies suggest a model whereby the 

ketoacid thus formed is transferred to neurons where cytoplasmic BCAT reconverts it to BCAA and α-

ketoglutarate. This reaction uses glutamate, in high concentration in the neurons. The "regenerated" 

BCAAs can then be transported to the astrocytes in exchange for glutamine, completing a metabolic 

shuttle. In humans, it is the endothelial cells of the barrier that express mitochondrial BCAT and that 

could replace astrocytes in this scheme [39,40]. This system completes the glutamate-glutamine 

cycle by which glutamate released at synapses is recaptured by astrocytes where it is metabolized 

into glutamine. The latter is then transferred to neurons where it is reconverted into glutamate by 

glutaminase. It has been estimated that this system only recycles 60-80% of the glutamate, some of 

which is diverted to other uses. As there is no significant import of plasma glutamate, which protects 

the brain from potential excitotoxicity, glutamate must be synthesized within the brain parenchyma 

and in this context BCAAs are a major source of nitrogen. A study performed with isotopically labeled 

leucine showed that up to 50% of the nitrogen in glutamate can come from leucine [41], but valine 

and isoleucine are also involved [38,42]. In addition to being a major neurotransmitter, glutamate 

constitutes, together with glutamine, a limiting precursor for the synthesis of GABA. By feeding these 

metabolic cycles, BCAAs play a key role in brain metabolism and influence the excitation/inhibition 

balance. Indeed, cytoplasmic BCAT is prominently expressed in GABAergic neurons [39,43] and 

single-cell transcriptomic analysis in mice [44] shows preferential expression of SLC7A5 (light subunit 



of LAT-1), and Atf5, a key molecule in the amino acid response (AAR) pathway, in inhibitory neurons, 

consistent with a high amino acid requirement in these cells. Furthermore, pharmacological studies 

indicate that the flow of the GABA-glutamate-glutamine cycle is indeed influenced by the ability of 

LAT-1 transporters to regulate glutamine [45,46]. However, the ability of GABAergic neurons to 

release GABA is critically dependent on its synthesis and the presence of glutamine [47]. Consistent 

with these observations, conditional inactivation of LAT-1 in barrier endothelial cells is associated 

with reduced numbers of GABAergic vesicles and hyperexcitability in the somatosensory cortex, as 

well as motor deficits that can be corrected with leucine and isoleucine injections [26]. Furthermore, 

in a mouse model of brain injury, BCAA concentrations are reduced and BCAA supplementation 

restores excitability of hippocampal networks and cognitive impairment [48]. BCAA supplementation 

also improves the antiepileptic effect of the ketogenic diet [49,50].  

Apart from GABAergic and glutamatergic neurons, cytoplasmic BCAT expression has also been 

observed in monoaminergic and peptidergic neurons, especially in the hypothalamus, where it 

probably participates in other functions [51]. Expression of BCKD, which catalyzes the first 

irreversible step in BCAA degradation, is also restricted to neurons [52], and is also expressed in 

capillaries in humans [53]. In neurons, dehydrogenation by BCKD of ketoacids from BCAAs can fuel 

energy metabolism via the ketogenic pathway (leucine, isoleucine) or the Krebs cycle (isoleucine, 

valine) but can also participate in the synthesis of other amino acids, cholesterol and lipids [54]. 

Some neural networks express essential amino acid sensors, including sestrin [55], a leucine sensor, 

and GCN2 kinase [56], which is involved in the ability to prefer non-BCAA-deficient foods, 

independently of sensory stimuli. 

 

BCAAs, circadian rhythms and sleep disturbances 

Given their involvement in peripheral and brain metabolism, are BCAAs related to circadian rhythms 

and sleep? It has long been observed that plasma concentrations of BCAAs and other essential amino 

acids oscillate over a 24h period [57,58]. Metabolomic studies have largely confirmed the robustness 

of these rhythms [59-64] but it should be noted that one of these analyses did not detect a 

rhythmicity of BCAAs [65], and a recent study comparing group to individual data drew attention to 

the fact that oscillations could be detected at the group level and not necessarily in each of its 

members, and conversely clear rhythms in some individuals are not detectable when the group is 

considered [66].  Plasma BCAA concentrations increase during the night at very similar times in 

humans and mice even though the latter are nocturnal [60,61]. Plasma BCAAs have thus been 

included in the list of metabolites that allow the calculation of circadian clock parameters [60,61]. 

Their cyclicity is indeed maintained under constant routine conditions, indicating that it is 

independent of food intake, physical activity, and sleep-wake cycles. A study in mice examining 

circadian fluctuations of amino acids in different tissues confirmed a possible link between the 

cyclicity of plasma BCAAs and those of free BCAAs present in muscles [59]. Interestingly, this study 

also showed that a high-fat diet, a risk factor for obesity, abolishes the circadian rhythms of muscle 

BCAAs. This phenomenon could contribute to the increase in plasma BCAAs induced by a fatty diet 

and robustly associated with obesity and diabetes [67,68]. It has been proposed that elevated plasma 

BCAAs are responsible for insulin resistance and hyperglycemia, but the mechanisms involved are still 

hypothetical [69]. Consistent with these observations, KO inactivation of the Bmal gene in the 

skeletal muscle has a major impact on lipid metabolism and on that of amino acids, including BCAAs 

[70]. A study in these mice even indicates that the muscle peripheral clock is necessary and sufficient 

to regulate certain aspects of the sleep-wake cycle, including its homeostatic regulation [71]. Outside 

of the muscles, there does not appear to be a clear correlation between plasma BCAAs and tissue 

BCAAs, particularly those in the prefrontal cortex and the master circadian clock in the 

suprachiasmatic nucleus [59].  



Metabolomic explorations in humans and animals have also identified BCAAs as being impacted by 

sleep disturbances [72,73]. A study conducted in insomniac patients revealed changes depending on 

the time of day and the amino acid considered, as well as shifts in rhythms [62]: thus leucine and 

isoleucine are reduced during the night only, whereas valine is higher whatever the phase 

considered. This study also detected variations restricted to the night period in the concentrations of 

BCAA degradation metabolites. In a large population of healthy individuals, a study based on self-

reported sleep data showed an association between bedtime and higher concentrations of the three 

BCAAs [74].  Sleep deprivation or sleep restriction in healthy subjects affects one or more BCAAs 

[68,75], in some but not all studies [72]. In sleep-deprived or sleep-restricted rats, an increase in 

leucine and valine was also noted in two metabolomic analyses [76,77]. This increase appears to be 

specific to plasma and is not observed at the level of the different brain areas, as was already the 

case for the circadian rhythmicity of BCAAs [76,78]. It should be noted that the three BCAAs are not 

all affected in the same way in these studies, which probably reflects specificities in their regulation. 

Variations in BCAA concentration could impact sleep or even the circadian clock, outside of any 

disturbance or pathology. This was recently suggested for tryptophan in mice fed a diet deficient in 

particular amino acids over two weeks, with effects on the amplitude of locomotor rhythms [79]. A 

diet without BCAAs was without effect on the clock in this study, but it should be kept in mind that a 

deficit of amino acids in the diet can be at least partially compensated for, e.g., by a higher release 

from muscle tissue. On the other hand, a beneficial effect of BCAA supplementation on sleep has 

been demonstrated in a mouse model of brain injury [80]. In this model, cognitive deficits and 

decreased excitability in hippocampal networks related to a local reduction of BCAA (see previous 

section [48]), are also associated with sleep fragmentation, drowsiness, and decreased activity of 

orexinergic neurons. BCAA supplementation at least partially corrects all these parameters, 

suggesting that orexinergic neurons are responsible for the arousal deficits in this context. 

Orexinergic neurons are activated by exposure to non-essential amino acids but not by BCAAs [81]. 

However, BCAAs can impact the concentrations of non-essential amino acids such as glutamate and 

glutamine (see above). Despite all these studies, the origin of plasma BCAA cyclicity remains 

mysterious as well as their differential regulation following disturbed sleep or clock.  

Plasma BCAA rhythmicity is remarkably conserved in humans, mice and rats and probably in other 

mammals, but is it a more generally conserved feature within the animal kingdom, and in particular 

in Drosophila, the model that facilitated the identification of the majority of the molecular 

components of the circadian clock [82]? 

 

Drosophila, a model for the study of BCAAs? 

Amino acid metabolism has not been as well studied in Drosophila as it has been in mammals. 

However, the many molecular genetic tools available in Drosophila, a model intensively studied not 

only for the circadian clock, but also for the sleep-wake cycle, memory, neurodegenerative diseases, 

metabolism and aging to name a few, make it indeed an extremely versatile experimental system to 

answer many questions [83]. As in mammals, it has been shown in Drosophila that leucine can trigger 

insulin secretion via glutamate dehydrogenase, involving JhI-21 and Minidisc, two LAT-1-like 

transporters [84]. The amino acid requirement kinases GCN2 and TOR play a similar role in 

Drosophila [85]. A recent study showed that Drosophila could detect leucine deficiency in the diet 

through sestrin expressed in glial cells, adding another essential amino acid sensor conserved 

between insects and mammals [86]. Enzymes for BCAA metabolism are also conserved, indicating 

that these metabolic pathways are comparable.  A nuclear magnetic resonance assessment of free 

amino acids in whole Drosophila showed a circadian rhythmicity for BCAAs with a midnight peak 

remarkably similar to that observed in mammalian plasma [87]. However, a study by another 

laboratory using mass spectrometry did not replicate this result [88]. Further, more refined studies 



are needed to confirm these data. Quantitative assessment of circulating amino acids in hemolymph, 

the equivalent of blood in Drosophila, is not easy: because of the small size of the animal, it requires 

sacrificing it to obtain a measurement. Nevertheless, this analysis is possible, and could allow the 

identification of circadian oscillations [89,90]. Although this area of research is still emerging in 

Drosophila, intriguing data suggest that the metabolism of essential amino acids and in particular 

BCAAs may play a crucial role in the regulation of wakefulness/sleep. An example is given by the 

study of the mutant for GABA transaminase (GABAT)[91]. GABAT catalyzes the degradation of GABA 

by generating glutamate and succinic semialdehyde, both of which can feed the Krebs cycle and 

energy metabolism. Because of the lack of a degradation pathway, GABA levels are doubled in the 

brain, and the mutant flies sleep 2-3 hours longer than their genetic controls. When the mutants are 

placed on a food without amino acids (a sugar agar), GABA levels increase even more (600%, 

compared to 200% with a complete food) and the flies die within a few days, whereas wild-type flies 

can survive under the same conditions without apparent problems for 4 to 5 weeks [92]. Normal 

viability can be restored in mutants by adding only glutamate, or BCAAs (leucine and valine) whose 

transamination can provide glutamate in the cells, to the sugar agar. These data indicate that GABA 

degradation and BCAAs as a source of glutamate play a substantial role in brain energy metabolism. 

Another study conducted in our laboratory highlighted the role of the LAT-1-like transporters, JhI-21 

and Minidisc, in the regulation of wakefulness and sleep [93]. Inhibition of the expression of these 

two genes in dopaminergic neurons increases sleep, especially during the night, and the opposite 

effect is observed when their expression is inhibited in GABAergic neurons. On the other hand, our 

recent work shows that inhibition of the expression of these two genes in the surface glia, the 

equivalent of the blood-brain barrier, shifts and fragments sleep at the beginning of the night, in 

connection with a reduction in the levels of GABA release [94]. This sleep phenotype can be 

normalized with leucine supplementation. These data suggest that BCAA transport at the beginning 

of the primary sleep phase is required to enhance the GABAergic transmission necessary for sleep 

initiation. This transport is also modulated by genes of the BLOC-1 complex, an endosomal complex 

whose loss of function is linked to schizophrenia [95], a psychiatric disorder associated with sleep 

disorders [96]. Thus, new avenues of research are emerging from the use of the Drosophila model, 

which could be tested in mammals.  

 

Perspectives 

In conclusion, BCAAs are metabolites of great interest for understanding the interactions between 

sleep, circadian clock and metabolism. Ongoing research may lead to the development of therapeutic 

strategies: for example, the study of BCAAs in traumatic brain injury in mice has shown a beneficial 

effect of BCAA supplementation on sleep/wake and this is being successfully tested in patients with 

similar lesions [97]. Data on LAT-1-like transporters in Drosophila surface glia indicate that BCAAs 

play an important role in sleep onset and therapeutic approaches could be developed based on this 

concept [94]. Because of the robust rhythmicity of plasma BCAAs and their competition with each 

other and with other amino acids for uptake by cells, it is important to optimize timing, composition 

and concentration in this type of approach. The mystery of the mechanisms of BCAA rhythmicity is 

still far from being solved. Multi-organ metabolomic analyses have advanced our knowledge, but 

studies at the cellular level using genetically encoded sensors [98] and the use of models such as 

Drosophila would allow for an even more detailed analysis of metabolic fluxes and their role. 
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Figure 1 

 

Schematic model of BCAA metabolism. A very simplified diagram of the elements described in the 

text.  The BCAAs supplied by the diet are among the most rapidly transferred amino acids to the 

bloodstream. Outside of the diet, a portion of plasma BCAA's are derived from the turnover of 

muscle proteins, the body's primary amino acid pool, probably under the influence of the circadian 

clock. The peripheral clock of muscle fibers has a major impact on metabolism and sleep. BCAAs, 

especially leucine, stimulate protein synthesis, either directly or by activating TOR signaling. They 

also stimulate insulin secretion by the β-cells of the pancreas. In turn, insulin negatively regulates 

blood glucose and plasma amino acids. The LAT-1 transporter in blood-brain barrier endothelial cells 

allows entry of BCAAs into the brain parenchyma in exchange for glutamine and/or histidine. BCAAs 

are transferred to astrocytes via the possible transporters LAT-1 and LAT-2: they are transaminated 

by mitochondrial BCAT (mBCAT) and allow the generation of glutamate and a branched keto acid (B-

CA). Glutamine synthetase (GS) converts glutamate to glutamine which can be exported in exchange 

for BCAA and/or transferred to neurons, again via the LAT-1 and/or LAT-2 transporters. In the 

neuron, glutaminase regenerates glutamate from glutamine and glutamate decarboxylase (GAD) 

converts glutamate to GABA in inhibitory interneurons. Branched ketoacid (B-CA) produced in 

astrocytes is also transferred to neurons where cytoplasmic BCAT (cBCAT) reconstitutes BCAA by 

consuming glutamate. These BCAAs can be used for protein synthesis, energy metabolism, lipid 

metabolism or transferred to astrocytes. By contributing to glutamate and GABA synthesis, BCAAs 

may play a significant role in the excitation/inhibition balance and in the regulation of wakefulness 

and sleep. 

 

  

 

 


