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ABSTRACT

Background: Obesity develops due to an imbalance in energy homeostasis, wherein energy intake exceeds energy expenditure. Accumulating
evidence shows that manipulations of dietary protein and their component amino acids affect the energy balance, resulting in changes in fat mass
and body weight. Amino acids are not only the building blocks of proteins but also serve as signals regulating multiple biological pathways.
Scope of review: We present the currently available evidence regarding the effects of dietary alterations of a single essential amino acid (EAA) on
energy balance and relevant signaling mechanisms at both central and peripheral levels. We summarize the association between EAAs and
obesity in humans and the clinical use of modifying the dietary EAA composition for therapeutic intervention in obesity. Finally, similar mech-
anisms underlying diets varying in protein levels and diets altered of a single EAA are described. The current review would expand our un-
derstanding of the contribution of protein and amino acids to energy balance control, thus helping discover novel therapeutic approaches for
obesity and related diseases.
Major Conclusions: Changes in circulating EAA levels, particularly increased branched-chain amino acids (BCAAs), have been reported in obese
human and animal models. Alterations in dietary EAA intake result in improvements in fat and weight loss in rodents, and each has its distinct
mechanism. For example, leucine deprivation increases energy expenditure, reduces food intake and fat mass, primarily through regulation of the
general control nonderepressible 2 (GCN2) and mammalian target of rapamycin (mTOR) signaling. Methionine restriction by 80% decreases fat
mass and body weight while developing hyperphagia, primarily through fibroblast growth factor 21 (FGF-21) signaling. Some effects of diets with
different protein levels on energy homeostasis are mediated by similar mechanisms. However, reports on the effects and underlying mechanisms
of dietary EAA imbalances on human body weight are few, and more investigations are needed in future.
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1. INTRODUCTION

In recent decades, obesity has become a global public health concern.
Between 1975 and 2016, the prevalence of obesity increased at an
alarming rate in children and adolescents from 0.7% to 5.6% in boys
and 0.9% to 7.8% in girls worldwide [1]. The prevalence of obesity
increased from 3.2% to 10.8% in adult men and from 6.4% to 14.9%
in adult women between 1975 and 2014 [1]. Obesity has also been
associated with many other diseases, including diabetes, cardiovas-
cular diseases, and hypertension. These conditions lead to reduced life
quality and several social problems. One of the important factors that
contribute to obesity is the dietary macronutrients, including fat, car-
bohydrate, and protein. Therefore, studies on effective dietary in-
terventions to address obesity are gaining momentum.
Among the three macronutrients, fat and carbohydrate contents were
thought particularly relevant in obesity previously. Increasing evidence
has shown that dietary protein is also important in regulating body
weight. Both low- and high-protein diets have been shown to promote
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weight loss. It seems controversial that the two diets do not demon-
strate opposite effects and remains unknown how the two diets bring
about similar changes to body weight. After consumption, proteins are
hydrolyzed into single amino acid and peptides. The effects of a protein
depend on its various constituent amino acids. It has been postulated
that certain amino acids may mediate the metabolic effects of diets
with different protein levels [2e6]. Alterations of certain amino acid
intake could attenuate the effects of these protein diets on body
weight. In addition, diets lacking or supplemented with a single amino
acid may produce a similar physiological response to that observed
following low- or high-protein diets. In this respect, manipulating the
dietary composition of amino acids merits careful investigation.
Amino acids are classified as essential and non-essential. Dietary
proteins are the key sources of essential amino acids (EAAs). Humans
can synthesize non-essential amino acids endogenously. There are
nine EAAs namely, leucine (Leu), isoleucine (Ile), valine (Val), phenyl-
alanine (Phe), threonine (Thr), tryptophan (Trp), methionine (Met),
lysine (Lys), and histidine (His). Among all EAAs, Leu, Ile, and Val are
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Table 1 e The effects of essential amino acids on energy balance.

Diet The effects on energy balance Studies

His deprivation Chow diet
BW and fat massY

[8]

Ile deprivation Chow diet
BW and fat massY
Food intakeY
Energy expenditure[
BAT UCP1[

[10]

Leu deprivation Chow diet
BW and fat massY
Food intakeY
Energy expenditure[
WAT lipolysis and browning[
BAT UCP1[

[9,40,63]

Lys deprivation Chow diet
BW and abdominal fatY
Food intakeY
Energy expenditure[

[12]

Met deprivation Chow diet or high-fat, high-sucrose
diet
BW and fat massY
Energy expenditure[

[11,12]

Phe deprivaiton Chow diet
BW and fat massY
Food intakeY
Energy expenditure[

[12]

Thr deprivation Chow diet
BW and fat massY
Food intakeY
Energy expenditure[

[12]

Trp deprivation Chow diet
BW and fat massY
Food intakeY
Energy expenditure[

[8,12]

Val deprivation Chow diet
BW and fat massY
Food intakeY
Energy expenditure[
BAT UCP1[

[10,13]

Ile restriction Chow diet or high-fat, high-sucrose
diet
BW and fat massY
Food intake[
Energy expenditure[
WAT browning[

[4]

Leu restriction Chow diet
BW and fat massY

[29e31]

Met restriction Chow diet or high-fat diet:
BW and fat massY
Food intake[
Energy expenditure[
WAT lipogenesis and lipolysis[
BAT UCP1[

[18
e20,26,29,34,35]

Thr restriction Chow diet
BW and fat massY
Food intake[
Energy expenditure[

[6]

Val restriction High-fat, high-sucrose diet
BW and fat massY
Food intake[
Energy expenditure[

[4]

His
supplementation

Chow diet or high-fat diet
BW and fat massY
Food intakeY

[108,109]

Ile supplementation High-fat diet
BW and fat massY
Food intaked
WAT browning[

[114,119]

Leu
supplementation

High-fat diet
BW and fat massY
Food intaked

[2,114,116,117]

Review
known as branched-chain amino acids (BCAAs), which have aliphatic
side chains (a central carbon atom bound to �3 carbon atoms). Ac-
counting for around 40% of the total amino acid requirement in the
body, BCAAs have received considerable attention over the last decade
because of their ability to promote protein synthesis and to affect
metabolism. Recently, it has been proven that EAAs are not only the
building blocks of proteins but also work as signaling molecules
regulating multiple biological processes.
Obesity is often considered an outcome of energy imbalance with
excessive energy intake and insufficient energy consumption [7].
Several central and peripheral factors are involved in energy homeo-
stasis. A better understanding of mechanisms underlying the effects of
EAAs in energy homeostasis will help to provide new intervention
strategies for obesity treatments. This review aims to present the
currently available knowledge on the key role played by individual EAA
in body weight and energy balance as signaling molecules. Notably,
the mentioned metabolic aspects here refer to adult mammals, as the
relative importance of EAAs differs for growing mammals. This review
will deepen understanding of the physiological function of EAAs and
the related underlying mechanisms.

2. THE EFFECTS OF ESSENTIAL AMINO ACID DEPRIVATION OR
RESTRICTION ON BODY WEIGHT AND ENERGY BALANCE

Numerous studies have reported that dietary EAA deprivation or re-
striction causes profound alterations in energy balance, resulting in
remarkable changes in fat mass and body weight. Researchers have
noticed that animals fed a diet devoid of an EAA exhibited a loss of
body weight a long time ago. In rats, the extent of weight loss differs
upon omission of different amino acids [8]. In these early studies,
researchers have mainly focused on the effect of EAA deprivation on
protein metabolism. During the last 20 years, the role of amino acids in
regulating energy homeostasis has emerged. Here, we review the
literature related to the effects of EAA deprivation or restriction on body
weight and energy balance (Table 1).

2.1. Essential amino acid deprivation or restriction and body weight
Dietary deprivation of any single EAA is known to reduce fat mass and
body weight in rodents [8e13]. Diets devoid of BCAA have received
utmost attention, as numerous studies have shown increased circu-
lating BCAA levels in obese human and animal models [12,14e16].
Given that the complete deprivation of one EAA has adverse long-term
health effects, people have investigated the optimal concentration of
dietary EAAs that can reduce body weight without causing severe
negative effects. To date, most work on the dietary restriction of an
EAA has focused on Met. The effects of dietary Met restriction are well
established. Much of the work about Met restriction began with the
original report in 1993 that a diet low in Met (0.17% of diet [w/w]
compared with 0.86% in controls) increased the life span of rats [17].
Accumulating evidence has demonstrated that in addition to enhancing
longevity, 80% Met restriction decreases fat mass and body weight
while developing hyperphagia [18e20]. Short-term (4e12 weeks) or
long-term (80 weeks) consumption of the 80% Met restricted diet
could produce the above-mentioned effects in growing, adult, or aging
rats [20e22]. While most of the early studies on dietary Met restriction
were performed in rats, subsequent studies with mice have shown that
the responses to Met restriction are comparable in almost every
respect [23]. To date, the effects of Met restriction on metabolic health
have been the subject of several reviews [23e26].
Studies have demonstrated that decreased consumption of BCAAs
promotes fat loss and weight normalization [4,5,27,28]. Furthermore,
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Table 1 e (continued )

Energy expenditure[
WAT browning[

Lys
supplementation

Chow diet
BW and food intakeY

[106,107]

Phe
supplementation

High-fat diet
BW and food intakeY

[110]

Thr
supplementation

High-fat diet
BW and fat massY
Food intaked
BAT UCP1[

[111]
restriction of only Leu [29e31] or Ile [4] has been shown to reduce fat
accumulation and body weight. However, a recently published study
reported that restriction of Leu did not produce these beneficial
metabolic effects [4]. An important reason responsible for the different
observations may be the different Leu concentrations in control diets.
The earlier studies [29e31] used a control diet containing 1.11%e
1.2% Leu, while the Leu concentration was 2.54% in the control diet in
a latter study [4]. Moreover, to make all the diets isocaloric with equal
fat levels, the carbohydrate level of the Leu-restriction diet was
increased in the previous study, while the non-EAA levels of the Leu-
restriction diet were increased in the latter study. Thus, the metabolic
phenotype of the control mice might have shown a difference, and the
degree of Leu restriction was not the same in these studies. Besides
Met and BCAAs, some other EAAs have also been evaluated. For
example, dietary Trp or Thr restriction decreases fat mass and body
weight in rodents [6,32].

2.2. Essential amino acid deprivation or restriction and energy
balance
Diets deficient in an EAA have long been known to reduce food intake
in animals [9,10,12,13,33]. Studies on Leu deprivation included a pair-
fed group by feeding mice the control diet in the amounts consumed by
the Leu-deprivation group [9]. A minor decrease in average body
weight was observed in the pair-fed mice, but the fat mass was similar
to that in the control mice, suggesting that the observed weight re-
ductions in Leu-deprived mice are primarily due to the increased en-
ergy expenditure, rather than due to the small reduction in food intake
[9]. However, it remains unclear whether this is also the case for other
EAA deprivation. In contrast, dietary Met [19,34,35], Ile [4] or Thr [6]
restriction significantly increase food consumption, although these
diets induce weight loss. This implies that Met, Ile, or Thr restriction
reduces fat deposition without calorie restriction, and the excess food
intake is largely dissipated as heat rather than incorporated as fat.
Dietary limitations of EAAs also affect whole-body energy expenditure,
as observed using data from metabolic cages [4,9e12,19,20,27,28].
Deprivation of a single EAA [9e12] and restriction of Met, Ile, or Thr
[4,6,19,20,36] have been shown to increase energy expenditure. The
higher energy expenditure may be caused by the activation of ther-
mogenesis and mediated by brown adipose tissue (BAT) and the
browning of white adipose tissue (WAT). Generally, adipocytes can be
divided into white, brown, and beige fat cells [37]. BAT is a key site of
heat production (thermogenesis) in mammals [38]. Some brown fat-
like cells may appear in the WAT under external stimulation,
including some nutrients. These inducible cells are called “beige
cells”, and this process is known as white fat browning [39]. WAT
stores chemical energy as triglycerides. Both brown and beige fat cells
contain uncoupling protein-1 (UCP1), which functions to generate heat
via uncoupling respiration from adenosine diphosphate (ADP) phos-
phorylation in the mitochondria [38]. Increasing energy expenditure
MOLECULAR METABOLISM 57 (2022) 101393 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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through stimulation of BAT and WAT browning has been considered as
a good strategy to promote weight loss. Deprivation of a BCAA
[9,10,13,40] and restriction of Met or Ile [4,20] have been proven to
upregulate UCP1 expression in BAT and WAT, suggesting increased
thermogenesis. Additionally, Met restriction could not increase energy
expenditure or reduce adiposity in Ucp1/- mice [41]. These findings
strengthen the view that changes in BAT and WAT thermogenesis
account for the increased energy expenditure and fat loss under these
diets.
Besides, a link between dietary limiting EEAs and lipid metabolism has
been demonstrated. Individual BCAA deprivation stimulates lipolysis
and the expression of b-oxidation genes and decreases the expression
of lipogenic genes and the activity of fatty acid synthase (FAS) in WAT,
consistent with increased use and decreased synthesis of fatty acids,
respectively [9,10]. Recent studies have shown that Met [42] and Leu
[30] restriction also alters lipid metabolism, including lipid synthesis
and lipolysis pathway in WAT. Particularly, Met restriction increases
both lipogenesis and lipolysis in WAT, leading to a lipidefutile cycle
[26]. The enhanced lipid cycling consumes more potential energy as
heat, which could partially explain the increased energy expenditure
[29].

2.3. Underlying mechanisms in the regulation of EAA deprivation or
restriction on energy balance
To date, much progress has been made in identifying the molecular
sensors that detect changes in amino acid levels and the mechanisms
linking dietary amino acid deprivation or restriction to the metabolic
phenotype. These mechanisms are involved at both the central and
peripheral levels. The central nervous system (CNS), particularly the
hypothalamus, plays a key role in sensing nutrient levels and inte-
grating the signaling network to regulate energy homeostasis [43e
45]. Energy homeostasis is maintained by a balance between calorie
intake and expenditure. The CNS can sense nutrient alterations directly
or detect nutritional signals from peripheral tissues [43e45]. The
hypothalamus controls energy balance via special nuclei, including the
arcuate nucleus (ARC), paraventricular nucleus (PVN), and other hy-
pothalamic nuclei [46,47]. In particular, two distinct neuronal pop-
ulations have been identified as important mediators of food
intakedone is orexigenic neurons that coproduce agouti-related
peptide (AgRP) and neuropeptide Y (NPY), and the other is anorexi-
genic neurons that contain cocaine- and amphetamine-regulated
transcript (CART) and proopiomelanocortin (POMC)-derived peptides
[48]. Other brain regions such as the nucleus of the solitary tract (NTS)
are also involved. Reportedly, Leu sensing in the NTS modulates non-
aversive suppression of feeding via inhibiting AgRP neurons [49]. On
the other hand, the hypothalamus regulates energy expenditure by
affecting thermogenesis via regulating norepinephrine (NE) secretion
from the sympathetic nervous system (SNS) and UCP1 expression in
BAT and lipolysis in WAT [48,50]. Accumulating evidence has
demonstrated that CNS is crucial to the modulation of energy balance
under EAA deprivation or restriction. Neuronal activity in specific
neurons and neuropeptides mediating energy homeostasis are
changed under these conditions [13]. Intracerebroventricular (i.c.v)
administration of Leu attenuated the fat loss and energy expenditure
induced by dietary Leu deprivation [51]. In addition, Leu deprivation
increased the expression of b-3 adrenergic receptors in adipose tis-
sues and the serum NE levels, and Leu deprivation-induced fat loss
was blocked in b-less mice [51], suggesting the involvement of the
SNS.
Peripheral organs such as adipose tissues and intestines can also
sense changes in amino acid concentrations and integrate these
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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signals to control energy metabolic processes. For example, amino
acids can regulate adipocyte differentiation and lipogenesis directly
[52]. There are many amino acid sensors in the gut [53]. Amino acids
can stimulate intestinal endocrine cells to release multiple gut hor-
mones through these sensors, and these hormones trigger alterations
in energy homeostasis via the nervous system or act on adipose tis-
sues directly [53].
Over the past few decades, immense efforts in understanding the
signaling initiated by amino acids alterations in the CNS and peripheral
tissues to regulate energy balance have largely deepened our under-
standing of the physiological significance of amino acids. Here, we
describe the current knowledge on the signaling pathways that bridge
amino acid sensing with the control of energy balance (Figure 1).

2.3.1. General control nonderepressible 2 (GCN2) signaling
GCN2, also known as eukaryotic translation initiation factor 2a kinase
4 (EIF2AK4), is a serine protein kinase that functions as a key sensor
of amino acid starvation. GCN2 is known to be activated by un-
charged transfer ribonucleic acids (tRNAs) under amino acid star-
vation conditions. Activated GCN2 increases the phosphorylation of
eukaryotic initiation factor 2 a (eIF2a), leading to the inhibition of
protein synthesis. The phosphorylation of eIF2a selectively upregu-
lates genes involved in the amino acid synthesis and transport, thus
inducing the adaptive response to amino acid deficiency. GCN2 is
expressed in most mammalian tissues. Researchers have
investigated the physiological function of GCN2 mainly using global
(Gcn2�/�) and tissue-specific knockout mice. Gcn2�/� mice are
viable, fertile, and they exhibit no phenotypic abnormalities under
standard growth conditions [54]. However, when pregnant Gcn2�/�

mice are reared on diets with limited EAA, fetal development is
subsequently impaired [54].
Figure 1: Mechanisms involved in the regulation of essential amino acid deprivation
reduces food intake, increases energy expenditure, and induces white adipose tissue (W
hypothalamus (MBH) is one of the mechanisms mediating animals’ response to reject a d
expenditure is possibly mediated by enhanced serotonin signaling. Dietary Leu deprivati
response element-binding protein (CREB). In the nucleus, corticotrophin-releasing horm
CREB. After translation and modification, CRH is secreted and activates the sympathetic ne
stimulates the biosynthesis of triiodothyronine (T3) to increase energy expenditure under
expenditure. Leu deprivation induces WAT browning by GCN2 in PKC-d neurons of the
stimulates activating transcription factor 4 (ATF4) expression and increases the PKC-d neu
ATMs reduces the expression of monoamine oxidase A (MAOA), resulting in increased nore
WAT browning. Met restriction increases energy intake and energy expenditure. These eff
signaling, growth hormone (GH) signaling, and Met-derived cysteine.

4 MOLECULAR METABOLISM 57 (2022) 101393 � 2021 The Authors. Published by Elsevier GmbH. T
Omnivorous animals choose foods to obtain a diet that maintains an
appropriate balance of EAAs [55]. Rats and other omnivores reject diets
lacking a single EAA. This is mediated by the CNS, particularly the
anterior piriform cortex (APC). Animals with APC lesions failed to
reduce their intake of EAA-deficient diets [56], and administration of
EAA into the APC selectively reversed this phenomenon [57]. Evidence
has shown that depletion of EAAs is first sensed by the APC via GCN2
signaling [58], the output cells of which project to the mediobasal
hypothalamus (MBH) [59]. After ingestion of a meal lacking Leu,
phosphorylation of eIF2a was increased in the APC and MBH of mice
[59,60]. Although wild-type (WT) mice readily rejected a Leu-deficient
diet, Gcn2�/� mice showed a significantly blunted aversive response.
Similar results were observed with a brain-specific GCN2 knockout
mice model or following MBH-specific knockdown of GCN2 [59,60]. In
contrast, activation of GCN2 in the APC by the injection of the amino
alcohol L-leucinol increased the uncharged tRNA levels, causing WT
mice to reject diets containing basal levels of Leu [58]. A similar
mechanism was observed in Drosophila larvae [61]. The larvae
rejected an amino acid-imbalanced diet in favor of increased wan-
dering. Knockdown of GCN2 in dopaminergic neurons reduced this
aversive response in larvae via regulation of gamma-aminobutyric acid
(GABA) signaling [61,62]. These common findings in vertebrates and
invertebrates highlight that central GCN2 signaling is an ancient
nutrient-sensitive pathway for maintaining energy homeostasis by
governing feeding behavior.
Recent studies have shown that the activation of GCN2 signaling in
amygdalar protein kinase C (PKC)-d neurons and macrophages pro-
mote WAT browning under Leu deprivation [40,63]. Researchers have
found that Leu deficiency-induced WAT browning could be blocked by
GCN2 deletion in amygdalar PKC-d neurons, which is reversed by the
over-expression of amino acid-responsive gene activating transcription
or restriction on energy balance. Deprivation of a single essential amino acid (EAA)
AT) browning. Activated GCN2 in the anterior piriform cortex (APC) and mediobasal
iet deficient in EAA. The Lys deprivation-decreased food intake and -increased energy
on inhibits hypothalamic S6K1 activity, which in turn increases the activity of cAMP-
one (CRH) and thyrotropin-releasing hormone (TRH) transcriptions are stimulated by
rvous system (SNS) to stimulate energy expenditure in the whole organism. TRH in turn
Leu deprivation. Leptin signaling is also involved in Leu deprivation-increased energy
amygdale and adipose tissue macrophages (ATMs). Activated GCN2 in the amygdale
ronal activity to promote WAT browning via the sympathetic nerve; GCN2 activation in
pinephrine (NE) secretion from macrophages to adipocytes, and this results in enhanced
ects are mediated by multiple mechanisms, including fibroblast growth factor (FGF) 21
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factor 4 (ATF4) and is mediated by amygdalar PKC-d neurons activity
and the SNS [40]. Macrophages, a type of white blood cells located in
monocyte-derived tissues, are an important component of the immune
system. Several studies have demonstrated the role of macrophages in
WAT browning [64]. Recent work has shown that Leu deprivation
decreases the accumulation and changes the polarization of adipose
tissue macrophages (ATMs). Ablation of ATMs and myeloid-specific
abrogation of GCN2 in mice blocks Leu deprivation-induced WAT
browning. Further analyses revealed that GCN2 activation in macro-
phages reduces the expression of monoamine oxidase A (MAOA),
resulting in increased NE secretion from macrophages to adipocytes,
and an enhanced WAT browning. In addition, GCN2 signaling in ATMs
similarly mediates Leu deficiency-increased WAT lipolysis [63].
Overall, these findings illustrate that GCN2 signaling mediates many
metabolic effects of EAA deprivation, especially Leu. In contrast, Met
restriction-induced energy expenditure is not mediated by GCN2
signaling. The absence of GCN2 in mice does not affect the ability of
dietary Met restriction to increase energy expenditure and reduce body
weight [65]. Instead, noncanonical glutathione (GSH)-dependent
mechanism contributes to the effects of dietary Met restriction on
energy expenditure [65]. These studies show that dietary EAA depri-
vation and restriction do not share a common mechanism in energy
homeostasis, and show involvement of mechanisms other than GCN2
mediated signaling.

2.3.2. Mammalian target of rapamycin complex 1 (mTORC1)
signaling
In many model systems, mTORC1 activity is regulated by specific
amino acids, especially Leu. The three core components of mTORC1
are the mTOR, regulatory associated protein of mTOR (Raptor), and
mammalian lethal with Sec13 protein 8 (mLST8) [66,67]. The mTOR
protein is an evolutionarily conserved Ser/Thr kinase and the catalytic
subunit of mTORC1. This complex has been identified as the conver-
gence point of nutrient-driven signaling essential for protein synthesis,
growth, development, and proliferation [66,67]. How mTORC1 senses
the nutrient status of the cell is a long-standing question in the field
[66,67]. It is known that amino acids signal to mTORC1 through the
Rag guanosine triphosphatases (GTPase). Several factors regulate the
Rags: GATOR1, a GTPase-activating protein that inhibits mTORC1
activation; GATOR2, a positive regulator of mTORC1 as it inhibits
GATOR1; Sestrin2, a GATOR2-interacting protein that inhibits mTORC1.
Sestrin2 is a direct Leu sensor; Leu disrupts the Sestrin2-GATOR2
interaction by binding to Sestrin2, ultimately activating mTORC1 [68].
Leucyl-tRNA synthetase (LARS) is also an intracellular Leu sensor for
the mTORC1 signaling pathway; it binds directly to the Rag GTPase
[69]. The two key downstream targets of mTORC1 are the proteins
p70-S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E (eIF4E)
binding protein 1 (4E-BP1). These two proteins, when phosphorylated
by mTORC1, lead to mRNA translation initiation and protein synthesis.
Aberrant mTOR/S6K1 has been linked to many diseases including
obesity. The mTOR pathway is elevated in many organs of obese
animal models, whereas the absence of S6K1 protects against diet-
induced obesity [70]. This signaling pathway also mediates the ef-
fects of Leu deprivation in energy balance. Dietary Leu deprivation
inhibits hypothalamic S6K1 activity, which in turn increases the G
protein-coupled melanocortin-4 receptor (MC4R) protein levels and
stimulates guanine nucleotideebinding protein (Gs) activity. These
events increase intracellular cyclic adenosine monophosphate (cAMP)
levels, which stimulate protein kinase A (PKA)emediated phosphory-
lation and the activation of cAMP-response element-binding protein
(CREB). In the nucleus, corticotrophin-releasing hormone (CRH)
MOLECULAR METABOLISM 57 (2022) 101393 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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transcription is stimulated by the binding of phosphorylated CREB at
the cAMP-responsive element site in its promoter region. After
translation and modification, CRH is secreted as a polypeptide and it
activates the SNS to stimulate energy expenditure and thermogenesis
in the whole organism [71]. In addition, CREB stimulates the
thyrotropin-releasing hormone (TRH) pathway, which in turn stimulates
the biosynthesis of triiodothyronine (T3) to increase UCP1 in BAT and
energy expenditure under Leu deprivation [72].

2.3.3. Leptin signaling
Leptin is a peptide hormone encoded by the obese (ob) gene and
secreted from the adipose tissue. Leptin acts via the leptin receptor, a
single transmembrane protein belonging to the cytokine receptor
family. The leptin receptor is highly expressed in the hypothalamus,
and leptin signaling plays a critical role in the regulation of energy
balance. Although serum leptin is decreased in mice fed on a Leu-
deficient diet, Leu deprivation enhances leptin singling in the hypo-
thalamus [73]. Leu deprivation-increased energy expenditure and fat
loss are blocked in leptin receptor-deficient (db/db) or mutant (Y3F)
mice [73]. Therefore, leptin signaling is required for the Leu
deprivation-enhanced energy expenditure. In addition, impairment of
leptin signaling is closely linked with obesity, and a high-fat diet (HFD)
has been shown to cause leptin resistance. Leu deprivation could
restore the leptin responses in HFD mice [73].

2.3.4. Fibroblast growth factor 21 (FGF 21) signaling
FGF 21, a member of the FGF family, binds to the FGF receptor and is
involved in a variety of biological processes [74]. Many nutritional
conditions affect circulating and tissue FGF21 levels [74]. Most
metabolic effects of Met restriction are FGF21-dependent. Dietary Met
restriction could increase serum FGF21 concentration in WT mice
[65], and Met restriction-induced increase in energy intake and
expenditure and the activation of thermogenesis in WAT and BAT are
lost in Fgf21�/� mice [75]. Another study has demonstrated that the
increase in FGF21 induced by Met restriction primarily acts in the brain
to increase energy intake and expenditure, as brain-specific FGF21
coreceptor knockout mice cannot respond to the effects of Met re-
striction on energy intake and expenditure or the expression of UCP1 in
the adipose tissue [76]. In contrast, adipose tissue-specific deletion of
FGF21 coreceptor does not abrogate the ability of Met restriction to
increase energy intake and expenditure and reduce fat accumulation
[76]. Given that vegan and vegetarian diets exhibit a lower Met intake
than an omnivore diet, plasma FGF21 levels are robustly increased in
vegan and vegetarian subjects compared with omnivore subjects [77].
Moreover, a vegetarian diet for four days could upregulate plasma
FGF21 levels in omnivore humans [77], suggesting that vegan and
vegetarian diets in humans may offer metabolic benefits via lower Met
intake and increasing circulating FGF21 levels. Besides, Ile [4] or Thr
[6] restriction also increases FGF21 circulating levels. Ile restriction-
increased food consumption and energy expenditure, but not e
reduced fat mass and body weight, are blunted in Fgf21�/� mice [4].
Therefore, the metabolic effects of a low Ile diet are partially dependent
on FGF21. The effects of Thr restriction on increasing food intake and
energy expenditure are abrogated following liver FGF21 silencing,
suggesting the role of liver-derived FGF21 in the metabolic remodeling
induced by dietary Thr restriction [6].

2.3.5. Microbiota signaling
Gut microbiota or gut flora is the complex community of microorgan-
isms that live in the digestive tracts of humans and animals. In
humans, the gut microbiota has the largest number of bacteria and the
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maximum number of species compared to the other areas of the body
[78]. Obesity is associated with changes in the composition and di-
versity of the gut microbiota [79,80]. For example, the relative pro-
portion of Bacteroidetes is decreased in obese people compared with
that of lean people, and this proportion increases with weight loss on a
low-calorie diet [79].
Accumulating evidence has supported the idea of the involvement of the
gut microbiota in the regulation of host energy homeostasis via mod-
ulation of lipid, glucose, and protein metabolism. For example, gut
microbiota contributes to energy homeostasis through the production of
short-chain fatty acids (SCFAs) that are produced by colonic fermen-
tation, which involves the anaerobic breakdown of dietary fiber, protein,
and peptides [81]. SCFAs can act as energy sources and can regulate
gut hormones such as peptide YY (PYY) and glucagon-like peptide-1
(GLP-1) via their receptors to protect against diet-induced obesity
[82,83]. Gut microbiota was also shown to play a role in the regulation
of bile acids and cholesterol metabolism in both humans and animals
[81]. Both Firmicutes and Bacteroidetes promptly engage in the regu-
lation of bile acid modification and govern bile acid-controlled endocrine
functions, including triglyceride and cholesterol homeostasis [84]. In
addition, obesity is characterized by low-grade inflammation [85]. In-
flammatory cytokines pathways are activated by the production of li-
popolysaccharides (LPS) that are a major component of the outer
membrane of Gram-negative bacteria that is produced in the gut [81].
Changes of gut microbiota induced by an antibiotic treatment could
reduce adipose tissue inflammation in HFD-fed mice [86].
It has been shown that dietary factors have a profound impact on
altering the gut microbiota of humans and animals, including amino
acids [87,88]. Dietary Met restriction improves the gut microbiota and
reduces intestinal permeability and inflammation in HFD mice [18].
Under HFD, Met restriction increases the abundance of SCFA-
producing bacteria Bifidobacterium, Lactobacillus, Bacteroides,
Roseburia, Coprococcus, and Ruminococcus and inflammation-
inhibiting bacteria Oscillospira and Corynebacterium. Met restriction
also decreases the abundance of inflammation-producing bacteria
Desulfovibrio in colonic contents. Moreover, Met restriction improves
intestinal barrier function, inflammatory response, and oxidative stress
levels [18]. However, whether the gut microbiota is a consequence or a
causal factor, and which key gut microbial species are responsible for
the alterations in energy balance under EAA deprivation or restriction
remains unknown and needs further investigation. Changes in the food
absorption efficiency in response to different diets and their effects on
body weight remain largely unexplored. Moreover, there is a dearth of
direct data on alterations in food absorption efficiency under EAA
deprivation or restriction diet. It is well known that gut microbiota plays
an important role in food absorption efficiency. Some of the above-
mentioned microbes, such as Bifidobacterium [89,90] and Lactoba-
cillus [91], are associated with absorption of several nutrients from
food, including fat, calcium, iron, etc. Thus, we hypothesize that the
food absorption efficiency may change under dietary Met restriction.
This hypothesis is supported by studies showing that dietary Met re-
striction reduces the absorption of xanthine from the intestine [18].
Nevertheless, it remains unclear whether changes in microbiota affect
the total food absorption efficiency under Met restriction or other diets,
thus needs further study.

2.3.6. Metabolite and growth hormone-related signaling
In early studies, two EAAs of interest in the characterization of energy
balance control were the neurotransmitter precursors Trp, a precursor
of serotonin (5-hydroxytryptamine or 5-HT), and His, a precursor of
histamine. Trp is the only precursor of serotonin, which is produced
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both centrally and peripherally. Some indirect evidence indicates the
role of serotonin in energy balance under Trp restriction. In mammals,
serotonin produced within the CNS inhibits food intake and promotes
energy expenditure [92]. By binding to its receptor within the brain,
serotonin suppresses food intake via influencing the activity of the
melanocortin system and increases energy expenditure through
enhancing the sympathetic drive to BAT. Several studies have shown
that Trp restriction decreases brain serotonin levels [93,94], sug-
gesting the role of decreased serotonin in reduced energy expenditure
by Trp restriction [32]. Lys deficiency causes an increase in serotonin
level in the brain [95]. Lys was shown to act like a partial serotonin
receptor antagonist and inhibit the serotonin-mediated downstream
pathway [96]. These observations indicate enhanced serotonin
signaling under Lys deprivation; serotonin may mediate Lys deficient-
suppressed food intake and increased energy expenditure. Of the nine
EAAs, His is a semi-essential amino acid (children should obtain it from
food) needed in humans for growth and tissue repair. His can be
metabolized to the neurotransmitter histamine. In rats, the highest
concentration of brain histamine is in the hypothalamus. By activating
its receptor, an increase in hypothalamic histamine concentration
suppresses food intake, accelerates lipolysis, and upregulates UCP
proteins in the adipose tissue. Further, histamine is known as a
neuromodulator because it regulates the release of other neuro-
transmitters such as acetylcholine and NE. Thus, histamine is an
essential regulator of energy homeostasis [97]. His levels are elevated
in the plasma and brain, while the other eight EAAs are limited in diets
[98]. So histamine may mediate the effects of EAA deprivation in en-
ergy intake and energy expenditure. Somatostatin is involved in the
anorexia of mice fed on a Val-deficient diet [99]. Somatostatin is an
endogenous peptide hormone and was originally identified as a growth
hormone (GH) inhibiting factor. Valine deficiency increased the hypo-
thalamic somatostatin levels, and i.c.v injection of somatostatin
decreased food intake [99].
Both GH signaling and downstream metabolite cysteine mediate the
effects of Met restriction. Animals without GH signaling due to GH
deficiency or resistance do not respond to Met restriction in terms of
body weight and food intake [100]. On the other hand, Met is the
precursor of homocysteine, which in turn donates a sulfur group to
serine to form cysteine. Plasma cysteine levels are positively associ-
ated with obesity in humans. The researchers showed that dietary Met
restriction decreases plasma cysteine concentrations. The addition of
cysteine reverses the effects of Met restriction on fat and weight loss
[101], indicating that lower cysteine synthesis is responsible for the
anti-obesity effects of Met restriction. Notably, cysteine supplemen-
tation of a control diet does not affect body weight and tends to
decrease adiposity [101]. Therefore, the effects of cysteine supple-
mentation depend on the underlying diet. These findings support the
view that besides EAA themselves, the flux of their catabolites is also
key regulator for the metabolic response.
Some other signaling pathways may also participate in the regulation
of energy balance under the above conditions. For instance, changes in
the activity of AMP-activated protein kinase (AMPK) are often observed
[26,102]. AMPK, a fuel sensor, is controlled by nutrient availability.
However, direct evidence using knockout mice or inhibitors/agonists is
needed to confirm its role under different diets. Furthermore, some
mechanisms could be combined with others. It has been shown that
GCN2 functions as an upstream inhibitor of mTOR under Leu depri-
vation [102]; it sustains mTORC1 suppression upon amino acid
deprivation by inducing Sestrin2 [103]. Exploring the integrated
regulation of these signals is crucial to understand the effects of EAA
on global metabolism.
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3. THE EFFECTS OF ESSENTIAL AMINO ACID
SUPPLEMENTATION ON BODY WEIGHT AND ENERGY BALANCE

Certain EAA supplementation is also a recognized intervention to
reduce body weight (Table 1). Dietary supplementation is a promising
intervention because it may improve diet qualities and is convenient to
manufacturer as compared to other interventions. EAA supplementa-
tions have been extensively used in individuals with certain diseases. It
appears that most EAA supplements are generally safe in the rec-
ommended dosages and the appropriate indications. However,
possible adverse effects cannot be ignored for heavy dosage and long-
term use. For instance, Met-rich diet-induced hyperhomocysteinemia
(Hhcy), an intermediate generated from the demethylation of Met, is a
risk factor for a variety of diseases, including cardiovascular diseases
and fatty liver. The major negative effect of Phe is observed in patients
with phenylketonuria. Excess phenylalanine intake is associated with
neurological disorders in individuals.

3.1. Essential amino acid supplementation and body weight
Overall, except for Met [104] and Val [105], supplementation with other
EAAs has been reported to reduce body weight under certain condi-
tions [2,106e119]. However, the results are inconsistent. Possible
reasons for these inconsistencies could be the diet background (e.g.,
the percentage of fat in the diet), additive amount, duration of treat-
ment, animal strain, animal sex, etc. For example, most works have
reported that oral Leu [2,114e118] or Ile [114,119] supplementation
reduces fat mass and body weight in mice consuming an HFD
simultaneously but not in already obese mice [120,121] or rodents on
the chow diet [116e118,122]. Some other researchers did not
observe these effects [123,124]. One reason for this may be the
different animal strains, reflecting underlying differences in genetic
variants. Oral Leu supplementation could induce weight loss in mice
but not in rats under HFD [123,124], suggesting that the response to
Leu supplementation varies in different species. The sex of the animal
may be another factor. While most studies have been done on male
animals, female animals are often shown to respond differently to
dietary challenges [125e127]. For instance, supplementation with
HFD (45% fat) and 1.5% Leu in drinking water decreases abdominal fat
in female mice, but not in male mice [127].

3.2. Essential amino acid supplementation and energy balance
In general, when there are effects of an EAA supplementation on
weight loss, the underlying mechanisms could involve decreased food
intake and/or increased energy expenditure. Lys [106,107], His
[108,109], and Phe [110] supplementation suppresse food intake.
Although excess Leu intake [114e116] does not affect food intake
under HFD, it increases energy expenditure. Additionally, these diets
impact thermogenesis and lipid metabolism. Supplementation of Leu,
Ile [114,115], His [108], or Thr [111] upregulates UCP1 in BAT and
induces WAT browning. Leucine [115] and Thr [111] supplementation
was shown to increase the expression of lipolysis-related proteins,
including phosphorylated (p)-hormone-sensitive lipase (HSL) and adi-
pose triglyceride lipase (ATGL).

3.3. Mechanisms involved in the regulation of essential amino acid
supplementation on energy balance
Several mechanisms have been proposed to explain the weight-losing
effects of EAA supplementation. Amino acid sensors in both the CNS
and peripheral tissues contribute to these effects (Figure 2), but several
knowledge gaps need to be filled to complete the understanding of
these processes.
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3.3.1. mTORC1 signaling
Oral Leu supplementation does not change the energy intake in most
studies. However, central Leu administration reduces the food intake in
rodents, suggesting the role of Leu in inhibiting food intake by directly
affecting the CNS [128]. For example, i.c.v administration of Leu
decreased food intake via stimulating the mTOR activity in 24-h fasted
rats [129]. This was accompanied by reduced NPY levels in the ARC,
and rapamycin could block these effects [129]. In contrast, i.c.v
administration of Val did not produce this effect, as Val did not increase
the mTOR signaling under the same condition [129]. Studies have also
shown that MBH [130] and the caudomedial nucleus of the solitary
tract (cmNTS) [131] Leu administration reduce food intake. An acute
increase in MBH Leu levels engages a forebrain/hindbrain neurocircuit
to decrease food intake by activating MBH POMC neurons, PVN
oxytocin neurons, and NTS neurons [130]. The S6K1 in the cmNTS
mediates the effects of Leu in reducing food intake [131]. The diver-
gent results caused by oral or central Leu supplementation may be
explained by two reasons. The first reason is the capacity of Leu to
cross the bloodebrain barrier (BBB) and thus reach the CNS [128].
Whether oral Leu supplementation could significantly increase the Leu
concentration in the CNS to reduce food intake remains poorly un-
derstood [128]. The second reason may be the abnormal signaling
under some conditions. For instance, mTOR activity is aberrant, and
POMC neuronal sensitivity to peripheral effectors is reduced in HFD-
induced obese mice. Thus, Leu supplementation under HFD does
not change the energy intake. Furthermore, it seems controversial that
dietary Leu deprivation could reduce food intake through inhibiting
mTOR signaling, as compared with the scenario discussed here. The
possible reason may be that central Leu infusion is an acute treatment
with a high dosage in a short time, while dietary Leu deprivation is a
comparatively chronic mild treatment for a longer time. In addition,
central Leu administration and oral Leu intake induce neuronal acti-
vation in different brain regions, which may have different effects on
food intake [128].

3.3.2. Hormone and metabolite signaling
Phe was shown to suppress food intake in rodents, probably via
modulation of the gut hormone release and the calcium-sensing
receptor (CaSR) [110]. Phe could stimulate the release of the
gastrointestinal hormones GLP-1 and PYY in vitro [132] and in vivo
[110]. GLP-1 and PYY reduce food intake by affecting circuits mainly
in the hypothalamus. The secretion of these hormones has been
extensively investigated, and the mechanisms involve increased
Ca2þ levels. The CaSR is a cell surface receptor from the family of G-
protein-coupled receptors and is expressed in several tissues,
including the intestine. It is colocalized in enteroendocrine cells with
gut hormones such as GLP-1 and PYY. Evidence shows that the CaSR
is activated not only by Ca2þ but also by L-amino acids, and Phe is the
most potent amino acid activator of CaSR. The gut peptide response
and anorectic effect induced by Phe is blocked by the CaSR inhibitor
[110,132], indicating the role of CaSR in sensing amino acids to
regulate feeding. Dietary supplementation and the intraperitoneal
(i.p.) and i.c.v injection of His elevate brain histamine levels and
depress food intake [108,133]. Blocking the conversion of His into
histamine attenuates the suppressive effect of His on food intake
[133]. These findings suggest that His suppresses food intake
through its conversion into neuron histamine.
Two mechanisms have been proposed for the effects of Lys supple-
mentation [106,107]. First, the effects of Lys supplementation may be
partially a result of intracellular L-arginine (Arg) deficiency, as the
addition of Arg could reverse the effects of Lys supplementation on
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Figure 2: Mechanisms involved in the regulation of essential amino acid supplementation on energy balance. Central Leu infusion acutely decreases food intake. S6K1 in
the mediobasal hypothalamus (MBH) and the nucleus of the solitary tract (NTS) are required for this response. Dietary supplementation of His, Phe, or Lys reduces food intake. His
suppresses food intake through its conversion into neuronal histamine. Phe stimulates the gastrointestinal hormones glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) release
via the calcium-sensing receptor (CaSR); GLP-1 and PYY reduce food intake by affecting circuits mainly in the hypothalamus. Lys and Arg compete for the same cellular transporter
CAT-1, therefore excess Lys could result in intracellular Arg deficiency. As Arg is converted into nitric oxide (NO) by nitric oxide synthase (NOS), Lys supplementation leads to NO
reduction. Raising circulating branched-chain amino acids (BCAAs) in mice lacking mitochondrial branched chain aminotransferase (BCATm), the first enzyme in breakdown of
BCAAs, drives a futile cycle of protein synthesis and degradation that contributes to higher energy expenditure.
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food intake and body weight reduction. This is because Lys and Arg
share the same transport systems, thus competing for cellular uptake.
Excess Lys intake could result in intracellular Arg deficiency.
Furthermore, Arg is the substrate for nitric oxide (NO) formation. NO is
a signaling molecule in neurons that stimulates feeding in many
species. Arg increases the food intake in mice, while inhibition of NO
production decreases the food intake [134]. Lys was shown to
decrease NO production, depending on the uptake of Arg. Therefore,
the reduction in food intake and body weight by Lys supplementation
may be due to the antagonism between Lys and Arg and the reduced
NO production. Second, studies have revealed that Lys supplemen-
tation increases the serum levels of pancreatic polypeptide (PP), a
hormone mainly produced by the pancreas in response to ingestion of
food. Overexpression of PP decreases body weight and food intake
[107]. These indicate that increased PP may mediate the effects of Lys
supplementation on hypophagia and weight loss.

3.3.3. Futile protein turnover cycle
Many biological processes demand energy, and the energy cost of
protein turnover may lead to fat loss. BCAA could regulate protein
synthesis and degradation as a nutrient signal via mTORC1 [135]. A
study using BCATm�/� mice suggested that the effects of BCAAs on
energy balance may be primarily caused by the stimulation of protein
turnover [128,135]. The first step in BCAA metabolism is the reversible
transamination catalyzed by BCAA transaminase (BCAT), which
transfers the a-amino group of BCAAs to a-ketoglutarate (a-KG),
forming glutamate and the respective branched-chain a-keto acids
(BCKAs) from Leu, Ile, and Val. BCAT can be localized in the cytosol
(BCATc) or mitochondria (BCATm). BCATm is the main form in most
peripheral tissues. Neither isoform is expressed in the liver or gut; thus,
BCAAs are not metabolized following their intestinal absorption.
Therefore, circulating BCAA levels rise significantly after meals, and
tissues sense BCAAs intake quickly, whereas other amino acids are
highly metabolized by the gut or liver before reaching the systemic
circulation [128]. BCATm�/� mice exhibit elevated plasma BCAAs but
are expected to have low BCAAs use. In addition, this BCATm�/� mice
demonstrate decreased adiposity and body weight, along with
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increased energy expenditure and protection from diet-induced obesity
[136]. The increased energy expenditure is not because of altered
uncoupling proteins, sympathetic activity, or thyroid hormones, but it
results from an active futile cycle of increased protein degradation and
synthesis in most tissues [136]. Therefore, elevated BCAAs and/or loss
of BCAA catabolism in peripheral tissues play a vital role in regulating
energy expenditure.

4. CLINICAL AND TRANSLATIONAL IMPLICATIONS IN HUMANS

Based on the growing body of work demonstrating the beneficial
metabolic effects of amino acids in animal models, it has attracted
extensive interest from scientists to investigate the relevance of amino
acids in weight loss in humans. Clinical studies have shown that
circulating levels of some EAAs are associated with obesity in in-
dividuals. Serum His, Thr, Lys, and Trp concentrations are lower in a
few obese subjects [137,138]. Among the EAAs, the BCAAs are of
particular interest because they appear to have unique obesity-related
signatures. Several studies have shown increased circulating BCAA
levels in obese humans [12,14e16], which decrease after weight loss
[139]. For example, studies have indicated a different BCAA-related
amino acid metabolic signature between obese and lean subjects in
a Western population [15]. Levels of four EAAs (BCAAs and Phe) were
found elevated in obese humans compared with those in lean controls
in a Chinese Han population [12]. In some cases, BCAAs might have
been elevated simply because of an increased protein intake. Another
potential explanation for the rise in BCAA levels is increased protein
catabolism and/or reduced protein synthesis. Evidence has indicated
that elevated BCAA levels result at least, in part, from lower rates of
BCAA metabolism in some tissues, especially adipose tissue [16,140e
142]. It has been observed that the expression and activity of many
BCAA-degrading enzymes (such as BCKDH) in the adipose tissue are
aberrant in animal models and humans with obese phenotype
[16,140e142]. Another possibility is that the gut microbiome could
contribute to alterations in the host’s circulating BCAA levels because
many bacterial species are capable of de novo synthesis of BCAAs
[143]. Although there is a strong correlation between BCAAs and
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obesity, the current evidence for whether BCAAs are a causal driver or
a consequence of obesity is equivocal.
Results of population-based studies on dietary EAAs intake and body
weight have been inconsistent. Some researchers have observed that
dietary Ile or Leu levels were positively associated with obesity in
humans [4,144], while Qin et al. reported that higher dietary BCAA
intake was associated with a lower prevalence of overweight status/
obesity [145]. Only limited clinical research has been done to examine
the direct effects of EAA restriction or supplementation on body weight.
A 16-week dietary Met restriction increased fat oxidation in obese
adults with metabolic syndrome [146]. Dietary Leu [147,148] or His
[149] supplementation could reduce fat mass in obese subjects. In
contrast, supplementing healthy women with Trp did not affect body
weight [150]. Therefore, restriction or supplementation with a specific
EAA is helpful for body weight control in certain populations (Figure 3).
More clinical investigation is needed to explore the potential thera-
peutic use of diets with different EAA levels to treat obesity.

5. DISCUSSION

5.1. Dietary amino acid imbalance could reduce body weight
Taken together, it seems that dietary EAA imbalances (deficiency,
restriction, or excess) can result in improvements in fat and weight
loss. The possible mechanisms may involve two aspects: first, alter-
ations in EAA levels are detected by different sensors, subsequently
activating or inhibiting distinct downstream pathwaysdthe majority of
which can lead to decreased energy intake or increased energy
expenditure. Second, the effects produced by an EAA supplementation
may be due to the reduction of another amino acid in the cells and vice
versa, as some amino acids share the same transport systems.

5.2. Manipulation of dietary amino acid mimics the diets with
different protein levels in weight loss and energy balance
Both low- and high-protein diets are used for weight loss. Generally
speaking, low protein diets could reduce fat mass and body weight
and increase energy expenditure while increasing food intake; high
protein diets are thought to produce enhanced weight loss, increased
Figure 3: Essential amino acids and obesity in humans. Circulating branched-chain am
been carried out to examine the effects of modifying dietary essential amino acid compo
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energy expenditure (especially thermogenesis), and increased satiety
with a reduction in energy intake [151]. However, inadequate protein
intake for a long time may cause skeletal muscle wasting and
nutrient deficiency. Moreover, chronic high protein intake may have
harmful effects on bone and kidney function in some populations. The
above studies suggest that even a single EAA deprivation/restriction
or supplementation could produce similar metabolic effects in energy
balance and weight loss. Changing just a single amino acid may be
more precise to control and have side effects to a lesser extent.
In addition, the effects of diets varying in protein levels and diets with
altered EAAs are mediated through some similar mechanisms, both
involving peripheral signals and central targets that influence the en-
ergy balance.

5.2.1. Low-protein diet
The effects of low protein diets in energy balance have been asso-
ciated with several signaling pathways similar to that of EAA defi-
ciency or restriction, including (ⅰ) FGF21 and GCN2 signaling: in both
humans and rodents, serum FGF21 levels are induced by a low
protein diet [5,152]. While protein restriction altered food intake,
energy expenditure, and body weight gain in WT mice, the whole-
body deletion of FGF21 [152,153] or deletion of the FGF21 co-
receptor bKlotho (Klb) from the brain [154] abrogated these re-
sponses. These findings suggest that FGF21 acts in the brain to
coordinate energy homeostatic responses to protein restriction [154].
In addition, prior data implicate GCN2 as the amino acid sensor
linking protein restriction to FGF21 induction. Fgf21�/� mice were
fully resistant to low protein diet-induced changes in energy
expenditure and body weight for 2 or 27 weeks [155]. Although GCN2
connects reduced protein intake to increased circulating FGF21,
GCN2 contributes to the induction of FGF21 by a low protein diet only
at the onset. Over longer periods, additional mechanisms compen-
sate for GCN2 absence. Thus, while the induction of serum FGF21 by
a low protein diet was markedly blunted in Gcn2�/�mice at 2 weeks,
FGF21 levels progressively rose in Gcn2�/� mice fed with a low
protein diet at 12 and 27 weeks. In agreement with these observa-
tions, the effects of a low protein diet on energy expenditure and body
ino acids (BCAAs) levels are increased in obese humans. Limited clinical research has
sition in humans, including dietary Met restriction, Leu, His, or Trp supplementation.
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weight were transiently blocked in Gcn2�/� mice and subsequently
appeared after two weeks [155]. Therefore, FGF21 may mediate
other effects of GCN2, and further investigation is required to un-
derstand its complete role. (ⅱ) serotonergic signaling: this signaling is
associated with low protein-induced energy expenditure [156].
Administration of a non-selective 5-HT receptor antagonist, meter-
goline, and 5-HT3 receptor antagonist, ondansetron, can reduce
energy expenditure in rats fed protein-restricted diets [156]. How-
ever, whether central or peripheral serotonergic signaling contributes
to these processes remains to be studied.

5.2.2. High-protein diet
Current opinion on the mechanisms underlying high protein diet-
induced satiety involves elevated circulating amino acids levels,
increased diet-induced thermogenesis, and stimulation of gut hor-
mones [151,157,158]. The changes in gut hormones include
increased anorexigenic hormones (i.e., GLP-1, PYY) and decreased
orexigenic hormones (i.e., ghrelin). According to the aminostatic hy-
pothesis, there is a satiety center in the brain. After reaching a certain
point, serum amino acids could serve as satiety signals sensed by the
CNS directly or sensed by peripheral organs innervating satiety centers
in the brain [158], causing suppression of hunger. According to the
studies on the effect of EAA supplementation discussed above,
elevated circulating EAAs may also mediate protein-induced thermo-
genesis and gut hormone secretion. With respect to the effects on
energy expenditure, high protein intake stimulates protein turnover by
increasing protein synthesis and breakdown, given that the protein
storage capacity of the body is limited [157]. This is also the case in
BCATm�/� mice. Consistently, “complete” proteins containing all
EAAs show more satiating effects and larger increases in energy
expenditure than those of “incomplete proteins”, i.e. proteins that lack
some EAAs [159].
In addition to the abovementioned different mechanisms used by
low- and high-protein diets, these two diets may share some com-
mon pathways, such as mTOR signaling. mTOR pathway is shown
activated in response to high protein diets in tissues such as the liver
[160], whereas low protein diets decrease mTOR activity in tissues
such as kidneys [161], liver and adipose tissue [162,163]. However,
whether mTOR signaling mediates the effects of these two diets in
energy balance remains unclear. Based on the available literature, we
speculate that mTOR signaling may play a role in energy homeostasis
under these two diets [164,165]. On the one hand, the activation of
mTOR signaling pathway in the hypothalamus reduces food intake via
inhibiting AgRP and NPY [129,166]. In contrast, reduced hypotha-
lamic mTOR signaling contributes to hyperphagia [166,167].
Therefore, hypothalamic mTORC signaling may mediate the effects of
high- and low-protein diets in food intake. On the other hand, the
function of mTOR signaling in energy expenditure and thermogenesis
remains unclear. For instance, the i.c.v injection of adenoviruses
expressing a constitutively active mutant of S6K (CA-S6K) does not
affect energy expenditure [71], whereas MBH CA-S6K injection de-
creases energy expenditure [166] under normal conditions. Addi-
tionally, adipose tissue-specific depletion of Raptor in mice
(RaptorAdipoq-Cre), which inhibits mTOR signaling, increases UCP1
expression and browning in WAT, but decreases expression of
thermogenic genes in BAT [168]. Similarly, S6K1�/� mice show
increased UCP1 expression in WAT [70]. However, activation of mTOR
signaling via tuberous sclerosis complex 1 (TSC1) deletion inhibits
the expression of UCP1 and thermogenic genes in BAT [169]. These
findings imply that the function of mTOR signaling in energy
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expenditure and thermogenesis varies in different tissues and cells
under the different stimuli, rather than responding in a uniform
manner. Therefore, mTOR signaling in some tissues may account for
the increased energy expenditure by high protein diet, while in other
tissues, it may contribute to the altered energy expenditure in
response to low protein diet.

6. CONCLUSIONS AND PERSPECTIVES

EAAs serve as important nutrient signals and regulators of energy
balance via various mechanisms. Although substantial progress has
been registered in amino acids and obesity-related studies, molecular
events have not been completely established. In addition, cross-talks
occur among these signaling pathways. Much work remains to be
done to further illustrate how these mechanisms are combined to
develop these metabolic effects, and this research will allow the design
of novel therapeutic approaches for obesity.
As mentioned above, interventions aimed at lowering or increasing the
intake of specific EAAs can be beneficial in preventing obesity in an-
imal models, and each has its distinct mechanism. The clinical studies
have also demonstrated an association between circulating EAAs
levels and obesity in humans. However, studies determining the direct
effects and underlying mechanisms of dietary EAA alterations on hu-
man body weight are limited, and more investigations are needed.
Moreover, humans live in a more complex environment, thereby
making it difficult to maintain one type of diet long-term. Alternatively,
some other strategies can be considered for the control of certain
amino acid levels. For example, in Met restriction, most plant proteins
contain too low Met. In humans, dietary Met restriction may be ach-
ieved with a predominately vegan diet [170], as vegetarianism is
considered to be a “mild” form of Met restriction. Met degradation with
methionase (METase) is found to be another strategy. METase is a
pyridoxal phosphate dependent enzyme that catalyzes the disinte-
gration of Met into ammonia, a-Keto glutarate, and methanethiol, and
is used to reduce circulating Met levels in vivo. Oral recombinant
METase was shown to prevent obesity in mice on an HFD [171]. Be-
sides, an intermittent diet plan may also work. Leu deprivation every
other day was shown to decrease body weight and increase energy
expenditure in db/db mice [172].
Some points should be considered when altering dietary amino acids as
a nutritional tool. First, it is important to determine whether this diet
could reduce body weight without side effects such as neurological
disorders. Second, dietary alteration of a single amino acid often
changes other amino acid concentrations in the plasma. Thus, ad-
justments are needed at times to antagonize the effect of the changes in
other amino acid concentrations. Third, manipulation of the amino acid
and its metabolite is required in some cases. Recent studies suggest
that dietary cysteine supplementation can eliminate many beneficial
effects of Met restriction [101]. As most diets contain Met and cysteine,
limiting both amino acids in diets may be required for full effects.
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