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Abstract: Functional amino acids provide great potential for treating autophagy-related diseases by
regulating autophagy. The purpose of the autophagy process is to remove unwanted cellular contents
and to recycle nutrients, which is controlled by many factors. Disordered autophagy has been re-
ported to be associated with various diseases, such as cancer, neurodegeneration, aging, and obesity.
Autophagy cannot be directly controlled and dynamic amino acid levels are sufficient to regulate au-
tophagy. To date, arginine, leucine, glutamine, and methionine are widely reported functional amino
acids that regulate autophagy. As a signal relay station, mammalian target of rapamycin complex 1
(mTORC1) turns various amino acid signals into autophagy signaling pathways for functional amino
acids. Deficiency or supplementation of functional amino acids can immediately regulate autophagy
and is associated with autophagy-related disease. This review summarizes the mechanisms currently
involved in autophagy and amino acid sensing, diverse signal transduction among functional amino
acids and autophagy, and the therapeutic appeal of amino acids to autophagy-related diseases. We
aim to provide a comprehensive overview of the mechanisms of amino acid regulation of autophagy
and the role of functional amino acids in clinical autophagy-related diseases and to further convert
these mechanisms into feasible therapeutic applications.

Keywords: autophagy; autophagy-related diseases; functional amino acids; mTORC1; signal transduction

1. Introduction

A delicate balance of organelle generation and renovation is required to guarantee
normal differentiation and development in mammalian cells. To maintain the intracel-
lular metabolic balance, cells have evolved a self-degradative process, called autophagy.
The term “autophagy” was coined when lysosomes were discovered [1]. Autophagy is
also a housekeeping process that delivers unwanted materials of endogenous or exogenous
origin through the cytosol into the lysosome for breakdown. In particular, autophagy
occurs when cells face invading microbes, stress from nutrient withdrawal, dysfunctional
organelles, and pathogenic proteins. Dysregulated autophagy links exist in numerous
pathologies, especially cancer, neurodegeneration, aging, obesity and a range of complica-
tions, including inflammatory disorders, cardiovascular disease, and diabetes [2]. Consid-
erable passion for research on the regulation of autophagy has emerged, which may lead
to therapeutic options in clinical settings [3]. Regulating autophagy directly to treat disease
is impractical; therefore, the research has changed to focus on other indirect methods.

In most conditions, autophagy can play a physiological role in balancing the body’s
amino acid pools, and numerous amino acids (AA) are critical regulatory signals for
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autophagy in turn [4]. Generally, in response to a certain degree of the amino acid star-
vation, autophagy degradation promotes the release of AA to protect cells. Additionally,
autophagy activation maintains the intracellular amino acid pool [5]. Under the stress of nu-
trient deficiency or excess, amino acids can regulate autophagy via signal transduction [6].
Amino acid regulation of autophagy is a burgeoning field of investigation. In particular,
functional amino acids (FAAs) (e.g., arginine, leucine, glutamine, and methionine) partic-
ipate in protein synthesis and homeostasis, which lead to cell signaling transduction by
certain protein kinases [7]. Mammalian target of rapamycin complex 1 (mTORC1), a signal
transduction regulator, links FAAs with autophagy; thus, FAAs may hold great promise
for the prevention and treatment of autophagy-related diseases [7].

In this review, after introducing our understanding of autophagy and the amino
acid sensing mechanism briefly, this review describes the specific autophagy regulated
by signal transduction of functional amino acids (e.g., arginine, leucine, glutamine, and
methionine) and the association between autophagy-related diseases and functional amino
acids. We provide an overview of the impacts of amino acids with autophagy and propose
the novel clinical treatment of autophagy-related diseases based on the indirect regulation
of functional amino acids.

2. Mechanisms of Autophagy Induction

Improper nutrient status is the most common cause of autophagy. AMP-activated
protein kinase (AMPK) and mTORC1 are major nutrient sensors that are used to monitor
the energy source and amino acid pool, respectively. A lack of energy leads to an increased
AMP/ATP ratio, activating AMPK via phosphorylation to inhibit mTORC1 [8], thereby
promoting the induction of autophagy (Figure 1).
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Figure 1. Mechanisms of autophagy induction. The ULK1 complex, PtdIns(3)K complex, and two 
ubiquitination systems are involved in the formation of autophagosomes. Atg14 promotes the 
formation of STX17-SNAP29-VAMP8-reconstituted proteoliposomes to form autolysosomes. 

Overall, the molecular mechanism of the autophagy process is carried out by 
autophagy-related genes (Atgs) and several critical complexes (Figure 1) [11]. Autophagy 
steps are hierarchically controlled by two complexes: namely the unc-51-like kinase 1 
(ULK1) complex [10] and class III phosphatidylinositol 3-kinase (PtdIns(3)K) complex 
[12], as well as by two ubiquitin-like conjugation systems, namely the Atg8-lipid 
phosphatidylethanolamine (PE) and Atg12-Atg5 systems [13]. Firstly, the ULK1 serine 
threonine kinase complex (involving ULK1, FIP200, Atg13, and Atg101) regulates the 
onset of PAS by transducing the signals regulating the phosphorylation or recruitment of 
autophagosome formation proteins to induce autophagy [2,14]. Secondly, PAS is modified 
by phosphatidylinositol 3-phosphate (PtdIns(3)P) produced under the promotion of the 
phosphatidylinositol 3-kinase (PtdIns(3)K) complex containing the vacuolar protein 
sorting 34 (VPS34)/phosphatidylinositol 3-kinase catalytic subunit type 3 (PIK3C3), 
Atg6/Beclin1, Atg14/Barkor, VPS15/phosphoinositide-3-kinase regulatory subunit 4 
(PIK3R4), and the fifth subunit nuclear receptor binding factor 2 (NRBF2)/Atg38 [15]. 
VPS34 plays an important role in the extension of autophagic vesicle membranes and the 
recruitment of Atg proteins to autophagic vesicles. Thirdly, two ubiquitin-like systems (a 
class of low molecular weight proteins to molecule undergo specific modifications to 
target proteins under the action of a series of specific enzymes), consisting of Atg5, Atg12, 
Atg16L, Atg7, Atg3, and Atg4, regulate the expansion of phagophore by lipidating the 
microtubule-associated protein light chain 3-I (LC3-I) to LC3-II [16]. The C-terminal 
glycine, when exposed to LC3 synthesized early and connected by Atg4, forms a 
cytoplasmic soluble LC3-I. After autophagy induction, LC3-I is conjugated with substrate 
PE on the surface of the autophagy membrane under the joint action of E1-like enzyme 
Atg7, E2-like enzyme Atg3, and the E3-like enzyme Atg5-Atg12-Atg16L complex to form 
membrane-binding LC3-II. As such, LC3-II is an important marker of autophagosomes, 
which increases with the increase in the autophagosome membrane. Atg9 may function 
by generating the highly curved vesicular intermediate, which is indispensable during 
phagophore growth [17]. WD-repeat protein interacting with phosphoinositide (WIPI), a 
kind of PI(3)P-binding autophagy protein [18], and FYVE (the PI(3)P sensor) [19] can 
directly bind to the phagophore membrane surface through its transmembrane domain to 
relegate the sensor to a ring around nascent phagophores. Fourthly, the endosomal 
sorting complexes required for transport (ESCRT) proteins, which function to constrict 
and sever narrow membrane necks, are recruited to close phagophores through 
interacting with PtdIns(3)P [20]. The next step is the fusion of the autophagosome with 

Figure 1. Mechanisms of autophagy induction. The ULK1 complex, PtdIns(3)K complex, and two
ubiquitination systems are involved in the formation of autophagosomes. Atg14 promotes the
formation of STX17-SNAP29-VAMP8-reconstituted proteoliposomes to form autolysosomes.

Autophagy is a dynamic process of removal and renovation in cells to maintain homeosta-
sis. Accordingly, disorder of this process leads to many human diseases. Extensive research has
shown that autophagy can be divided into microautophagy, macroautophagy, and chaperon-
mediated autophagy (CMA) in eukaryotic cells [9]. The best studied of these is macroautophagy,
which maintains the main catabolic mechanism and organelle quality control. In this review,
we mainly focus on macroautophagy and refer to macroautophagy vesicles as autophagosomes.
Briefly, the biogenesis of autophagosomes originates from the assembly of pre-autophagosome
structures (PAS), whereby the cargo (e.g., cytoplasmic organelles, proteins, and macromolecules)
in the cytoplasm is first surrounded by “isolation membrane” from the endoplasmic reticu-
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lum and the Golgi apparatus, which expands outward and eventually closes, forming the
autophagosome with a bilayer membrane. The outer membrane of the autophagosome fuses
with the lysosome to form the autolysosome and the cargo of the autophagosome is degraded
by enzymes in the lysosome (Figure 1) [10].

Overall, the molecular mechanism of the autophagy process is carried out by autophagy-
related genes (Atgs) and several critical complexes (Figure 1) [11]. Autophagy steps are hierar-
chically controlled by two complexes: namely the unc-51-like kinase 1 (ULK1) complex [10] and
class III phosphatidylinositol 3-kinase (PtdIns(3)K) complex [12], as well as by two ubiquitin-like
conjugation systems, namely the Atg8-lipid phosphatidylethanolamine (PE) and Atg12-Atg5
systems [13]. Firstly, the ULK1 serine threonine kinase complex (involving ULK1, FIP200,
Atg13, and Atg101) regulates the onset of PAS by transducing the signals regulating the phos-
phorylation or recruitment of autophagosome formation proteins to induce autophagy [2,14].
Secondly, PAS is modified by phosphatidylinositol 3-phosphate (PtdIns(3)P) produced under
the promotion of the phosphatidylinositol 3-kinase (PtdIns(3)K) complex containing the vacuo-
lar protein sorting 34 (VPS34)/phosphatidylinositol 3-kinase catalytic subunit type 3 (PIK3C3),
Atg6/Beclin1, Atg14/Barkor, VPS15/phosphoinositide-3-kinase regulatory subunit 4 (PIK3R4),
and the fifth subunit nuclear receptor binding factor 2 (NRBF2)/Atg38 [15]. VPS34 plays an
important role in the extension of autophagic vesicle membranes and the recruitment of Atg
proteins to autophagic vesicles. Thirdly, two ubiquitin-like systems (a class of low molecular
weight proteins to molecule undergo specific modifications to target proteins under the action of
a series of specific enzymes), consisting of Atg5, Atg12, Atg16L, Atg7, Atg3, and Atg4, regulate
the expansion of phagophore by lipidating the microtubule-associated protein light chain 3-I
(LC3-I) to LC3-II [16]. The C-terminal glycine, when exposed to LC3 synthesized early and
connected by Atg4, forms a cytoplasmic soluble LC3-I. After autophagy induction, LC3-I is
conjugated with substrate PE on the surface of the autophagy membrane under the joint action
of E1-like enzyme Atg7, E2-like enzyme Atg3, and the E3-like enzyme Atg5-Atg12-Atg16L
complex to form membrane-binding LC3-II. As such, LC3-II is an important marker of au-
tophagosomes, which increases with the increase in the autophagosome membrane. Atg9 may
function by generating the highly curved vesicular intermediate, which is indispensable during
phagophore growth [17]. WD-repeat protein interacting with phosphoinositide (WIPI), a kind
of PI(3)P-binding autophagy protein [18], and FYVE (the PI(3)P sensor) [19] can directly bind to
the phagophore membrane surface through its transmembrane domain to relegate the sensor
to a ring around nascent phagophores. Fourthly, the endosomal sorting complexes required
for transport (ESCRT) proteins, which function to constrict and sever narrow membrane necks,
are recruited to close phagophores through interacting with PtdIns(3)P [20]. The next step
is the fusion of the autophagosome with lysosome to break down the cargo. The soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins further promotes
specific membrane fusion, forming Qa-, Qb-, Qc-, and R-SNARE. The Qa-SNARE syntaxin 17
(STX17) can be inserted into completed autophagosomes via its unusual C-terminal hairpin-like
structure and mediates autophagosome–lysosome fusion by binding to its partner soluble
NSF attachment protein 29 (SNAP29; Qbc-SNARE) and vesicle-associated membrane protein
8 (VAMP8; R-SNARE) [21]. Recently, it has been reported that ATG14 interacts with SNAP29
as well as the t-SNARE complex consisting of STX17 and SNAP29 in vitro, co-localizing with
STX17 on the mature autophagosome directly [22]. After the autophagosome fuses with the
lysosome, the last step is the degradation of the contents in the autolysosome. The autolyso-
some degrades macromolecules to nutrients for the cell and the targeted hydrolase is activated
within the lysosome’s high acidic pH environment (between 4.5 and 5.0). Acidification of the
lysosome is maintained by the lysosomal membrane proteins, such as lysosomal-associated
membrane protein 1 (LAMP1) and LAMP2, and more importantly the vacuolar-type H (+)-
ATPases (V-ATPases) [23]. Orchestration of Spns1 and the V-ATPase optimize acidification
during autolysosomal biogenesis [21].
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3. Sensing Mechanisms of Amino Acid Regulation Autophagy

Amino acids, as the building blocks of proteins, play a fundamental role in the
environmental nutrient levels required for life [7]. When amino acids are scarce, proteins
are degraded to replenish amino acid pools for responses to fluctuations via activating
ubiquitination–proteasome degradation and autophagy in eukaryotes; hence, the precise
sensing amino of acid levels may be used for the mobilization of autophagy. Regardless
of the situation in which amino acid sensing occurs, the cell must be within the normal
physiological range. Two evolutionarily conserved nutritional pathways occupy pivotal
positions in amino acid sensing, namely mTORC1 and general control nonderepressible
2 (GCN2) pathways [24]. The mTORC1 pathway activation, via signal transduction, is
unequally sensitive to different AAs. Regardless of amino acid specificity, GCN2 pathway
inhibits transfer RNAs (tRNAs) from binding with AAs as a response to low levels of AA.

3.1. mTORC1 Pathway and Autophagy

mTORC1 senses AAs via signal transduction. In the absence of amino acids or growth
factors, mTORC1 is dispersed in the cytosol with a devitalized form [25]; however, under
amino-acid-rich conditions, regulators such as the guanine nucleotide exchange factor
(GEF) promote the process whereby the least active heterodimer of Rag A/B-GDP and Rag
C/D-GTP convert to the most active form, in which Rag A/B bind to GTP and Rag C/D
bind to GDP. The formation of Rag A/B-GTP and Rag C/D-GDP is capable of recruiting
mTORC1 to the surface of the lysosome to be activated (Figure 2A) [25]. Rag GTPase is
also a transfer station for amino acid sensors to mTORC1. Multiple amino acid sensors
act on Rag GTPase to mediate the response of mTORC1 to amino acids, controlling the
metabolic growth process, including solute carrier family 38, member 9 (SLC38A9), whose
cytosolic N-terminal domain has a high affinity for the Rag-Ragulator [25] and leucyl-tRNA
synthetase (LRS), switching on Rag D as a leucine sensor [26], as well as folliculin and
its interacting partner (FLCN-FNIP), the GTPase-activating protein (GAP) of Rag C/D
(Figure 2A) [27].
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autophagy initiation, autophagosome formation, autophagosome maturation and autolysosome 
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lysosome and inhibits its activity. GCN2 kinase binds to the elevated uncharged tRNA to be 
activated, then phosphorylates eIF2α and upregulates the transcriptional activities of ATF4 and 
CHOP to induce autophagy. 
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proteins include: ULK1, which is phosphorylated by mTORC1 at S757 [14]; Atg13-
phosphorylation leading to disintegration of the ULK1 complex [28]; Atg14L, which is 
necessary for the assembly of the PtdIns(3)K complex [29]; NRBF2, a molecular switch of 
PtdIns(3)K [30]. Interestingly, instead of mTORC1 inhibition, amino acid starvation 
induces the dissociation of protein phosphatase 2A (PP2A) from inhibitory factor Alpha4, 
resulting in an increase in its phosphatase activity, which promotes dephosphorylation of 
the substrate ULK1 and induces autophagy [31]. Furthermore, mTORC1 phosphorylates 
WIPI2 at Ser395, enhancing the interaction with HUWE1 (HECT, UBA, WWE domain 
containing 1), an E3 ubiquitin ligase used for ubiquitination degradation of WIPI2, which 
inhibits autophagosome formation when rich in amino acids [32]. As far as we know, the 
biosynthesis of autophagosomes requires Atg5, Atg7, and LC3, while their inactivation is 
caused by mTORC1-dependent phosphorylation of P300, a histone acetyltransferase, at 4 
serine residues in the C-terminal domain [33]. To inhibit the maturation of the 
autophagosome, UV radiation resistance-associated gene (UVRAG) can also be 
phosphorylated by mTORC1 [34]. Moreover, mTORC1 can also suppress autolysosome 
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directly phosphorylated by mTORC1 at Ser157, which disrupts the connection of PACER 
with the homotypic fusion and protein sorting (STX17-HOPS) complex. The STX17-HOPS 

Figure 2. Classical amino acid sensing pathways regulate autophagy. (A) The abundant amino acids
activate the Ragulator complex to promote the most active amino acid sensors, including SLC38A9,
LRS, and FLCN-FNIP to RagGTPases, in which RagA/B binds to GTP and RagC/D to GDP, which
recruits mTORC1 to the lysosome and is activated, thereby inhibiting autophagy. (The red arrow
refers to the caption below, meaning the mTORC1 is activated in the lysosome.) (B) The mTORC1
activated by the abundant amino acids inhibits autophagy-related proteins, which are related with
autophagy initiation, autophagosome formation, autophagosome maturation and autolysosome
formation. (C) Amino acid starvation prevents the translocation of mTORC1 to the surface of the
lysosome and inhibits its activity. GCN2 kinase binds to the elevated uncharged tRNA to be activated,
then phosphorylates eIF2α and upregulates the transcriptional activities of ATF4 and CHOP to
induce autophagy.

Here, mTORC1 regulates autophagy at different stages. Under nutrient-rich conditions,
mTORC1 inhibits the synthesis of PI3P through phosphorylating several proteins and sup-
presses initial autophagy–membrane nucleation. These phosphorylated proteins include: ULK1,
which is phosphorylated by mTORC1 at S757 [14]; Atg13-phosphorylation leading to disintegra-
tion of the ULK1 complex [28]; Atg14L, which is necessary for the assembly of the PtdIns(3)K
complex [29]; NRBF2, a molecular switch of PtdIns(3)K [30]. Interestingly, instead of mTORC1
inhibition, amino acid starvation induces the dissociation of protein phosphatase 2A (PP2A)
from inhibitory factor Alpha4, resulting in an increase in its phosphatase activity, which pro-
motes dephosphorylation of the substrate ULK1 and induces autophagy [31]. Furthermore,
mTORC1 phosphorylates WIPI2 at Ser395, enhancing the interaction with HUWE1 (HECT,
UBA, WWE domain containing 1), an E3 ubiquitin ligase used for ubiquitination degradation
of WIPI2, which inhibits autophagosome formation when rich in amino acids [32]. As far as we
know, the biosynthesis of autophagosomes requires Atg5, Atg7, and LC3, while their inactiva-
tion is caused by mTORC1-dependent phosphorylation of P300, a histone acetyltransferase, at 4
serine residues in the C-terminal domain [33]. To inhibit the maturation of the autophagosome,
UV radiation resistance-associated gene (UVRAG) can also be phosphorylated by mTORC1 [34].
Moreover, mTORC1 can also suppress autolysosome formation. In nutrient-rich states, rubicons
such as autophagy enhancer (PACER) are directly phosphorylated by mTORC1 at Ser157, which
disrupts the connection of PACER with the homotypic fusion and protein sorting (STX17-HOPS)
complex. The STX17-HOPS complex is essential for autophagosome–lysosome tethering and
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fusion in late stages of autophagy [33]. These reports indicate that mTORC1 is involved in multi-
stage autophagy regulation (Figure 2B). In fact, in addition to phase regulation of autophagy,
mTORC1 is also able to control global autophagy flux by phosphorylating transcription factor
EB (TFEB), a mediator of autophagy [35]. After a few years of research on the molecular charac-
terization of mTORC1, mTORC1 regulates autophagy at different stages; however, mTORC1
is not equally sensitive to all amino acids produced by the Rheb guanosine triphosphatases
(GTPase) for diverse signal transduction [36,37].

3.2. GCN2 Pathway and Autophagy

GCN2, an amino-acid-nonspecific serine–threonine protein kinase with high affinity to
all uncharged tRNAs, senses intracellular amino acid levels through binding to uncharged
tRNAs [38]; therefore, GCN2 can detect the overall amino acid level without the specific
amino acid. In the protein synthesis machinery, tRNA combines with the ribosomes,
forming a new peptide. The sensing process occurs during low amino acid levels, whereby
the uncharged tRNA will accumulate at a low amino acid concentration and GCN2 binds
to uncharged tRNAs through a domain homologous to histidyl tRNA synthetase, leading
to homodimerization and autophosphorylation of GCN2 and subsequent activation [38].
Activated GCN2 phosphorylates the eukaryotic translation initiator factor 2α (eIF2α) at
Ser51, which affects autophagy at the transcriptional level. The phosphorylation of eIF2α is
able to upregulate activating transcription factor 4 (ATF4) and C/EBP-homologous protein
(CHOP) to induce autophagy by enhancing the transcription of autophagy-related proteins.
These proteins include Atg5, Atg12, LC3, and SQSTM1/p62 (Sequestosome 1), which
are involved in initiation, elongation, and maturation of autophagosome [39]. Mouse
models have demonstrated that knocking out GCN2 and ATF4 prevents the transcriptional
activation of p62, an autophagic adapter that acts as a cargo receptor for degradation
of ubiquitinated substrates, leading to leucine shortages in mammalian species [39,40].
Inhibition of GCN2 reduces LC3 accumulation when arginine is downregulated due to
IFN-γ treatment in bovine mammary epithelial cells (BMECs) [41]. In HCT116 cells, GCN2
functions downstream of protopanaxadiol (PPD) to promote autophagy by upregulating
the expression of Sestrin2 [42]. Interestingly, Sestrin2 interferes with translocation of
mTORC1 to lysosomes [43], thereby inhibiting mTORC1 activity. In addition, GCN2 is
activated by pharmacological inhibition of mTORC1, which requires the catalytic subunit
of protein phosphatase 6 (PP6C) [44], suggesting that GCN2 pathways are related to enable
autophagy to work (Figure 2C). Combined with the above, the regulation of mTORC1 is
expected to act indirectly in the regulation of autophagy.

4. The mTORC1-Mediated Signal Transduction from Replete Functional Amino Acids
to Autophagy

Amino acids, by activating the mammalian target of rapamycin (mTOR) kinase,
regulate autophagy. It has been shown that autophagy is induced by GCN2 and mTORC1
pathways; as we all know how mTORC1 regulates autophagy, signal transduction of the
mTORC1 pathway could be used for targets that are not equally sensitive to all amino acids.
Amino acids are classically divided into essential and nonessential amino acids, according
to whether they can be synthesized by the body itself. In addition, researchers define
functional amino acids as those that participate in and regulate key metabolic pathways to
improve the health of an organism and are also involved in the prevention and treatment
of metabolic diseases, such as obesity, diabetes, and cardiovascular disease [45]; thus,
from the mechanisms of major functional amino acids (e.g., arginine, leucine, glutamine
and methionine) regulating mTORC1 through different signal transduction pathways,
signal transduction pathways of FAAs are expected to be potential therapeutic targets for
autophagy-related diseases in the future.

The discovery of the coordination of two sets of small GTPases, Rag and Ras homolog
enriched in brain (Rheb), represents a breakthrough awareness of the role of mTORC1
in the response to amino acids and growth factors. The GTPase-activating proteins to-
ward Rags 1 (GATOR1), which are anchored to the surface of the lysosome through the
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scaffold KICSTOR complex composed of KPTN, C12orf66, ITFG2, and SZT2-containing
regulator of mTORC1 [46], act as a GAP of RagGTPases. Genetic epistasis analyses have
shown that GTPase-activating proteins toward Rags 2 (GATOR2) may function as an up-
stream inhibitory factor for GATOR1, which indirectly activates mTORC1. To maximize
the activation of mTORC1, the growth factor releases Rheb’s GAP dimerization and tuber-
ous sclerosis (TSC)1/2 complex, promoting accumulation of Rheb-GTP on the surface of
lysosomes, which changes mTORC1 to lysosomes and activates mTORC1 [47].

4.1. Multiple Arginine Sensors Signal Arginine to mTORC1

Arginine is the largest nitrogen-supplying amino acid. It is involved in protein syn-
thesis and is the precursor of proline, glutamic acid and glutamic amine, and polyamine
synthesis [48]. Animal dietary addition of arginine increased mTOR signaling activity, but
how arginine regulates mTORC1 remained unclear until it was discovered that cellular
arginine sensor for mammalian target of rapamycin complex 1 (CASTOR1) senses cytosolic
arginine at a physiological concentration and binds to arginine [49,50]. CASTOR1 forms
a homodimer or a heterodimer with CASTOR2, both of which can suppress GATOR2,
causing downregulation of mTORC1. Arginine may directly bind to the two CASTOR1
complexes, releasing GATOR2, which removes the inhibition caused by GATOR2 and
activates mTORC1 [51]. Structural analysis revealed that arginine binds to the two ACT
(aspartate kinases, chorismate mutase, and TyrA) domains of CASTOR1, causing an al-
losteric regulation in the region adjacent to the GATOR2-binding site, which causes the
dissociation of GATOR2 from CASTOR1 [49]. The generation of arginine in the lysosomal
lumen by protein degradation processes such as autophagy is an important source of
cytosolic arginine.

Besides CASTOR proteins, the uncharacterized human member 9 of the solute carrier
family 38 (SLC38A9) is a putative sensor for arginine in the lysosomal lumen. SLC38A9
is located on the lysosomal membrane with two distinct domains: an 11-transmembrane
segment for amino acid transportation and a cytosolic N-terminal domain consisting of
110 amino acids that is pivotal for interacting with the Rag GTPase-Ragulator complex [52].
Serving as an arginine-regulated amino acid transporter, SLC38A9 can transport some
essential amino acids from lysosomes into the cytosol [53], and it is also necessary to trans-
port leucine generated by lysosomal autophagy out of lysosomes to activate mTORC1 [25].
Loss of SLC38A9 inhibits activation of mTORC1 by arginine, indicating that SLC38A9
functions as a signal hub, sensing arginine availability for mTORC1 [54]; however, because
of its unknown arginine-binding capacity and low affinity with arginine, SLC38A9 is not
yet a bona fide arginine sensor [54].

Transmembrane 4 L6 family member 5 (TM4SF5) serves as a membrane-based sensor
that directly binds lysosomal arginine via its long extracellular loop (LEL). At physiological
arginine concentrations, TM4SF5 moves to the surface of the lysosome, forming a complex
with mTORC1, while SLC38A9 causes efflux of arginine [55]. CASTOR1, SLC38A9, and
TM4SF5 specifically mediate arginine-activated mTORC1 and supply the arginine signaling
network in autophagy control (Figure 3A).
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Figure 3. The mTORC1 mediates signal transduction of functional amino acids regulating autophagy;
mTORC1 is an intracellular signal transfer station for amino acid regulation of mTORC1-dependent
autophagy. (A) CASTOR1 senses and binds to arginine, which promotes the translocation and
activation of mTORC1 to the lysosomes. SLC38A9 senses arginine in lysosomes and is required
for the transfer of leucine out of lysosomes to activate mTORC1. The TM4SF5-mTORC1-SLC38A9
complex, together with LAAT1, facilitates the transfer of arginine out of lysosome. (B) Sestrin2 senses
leucine in a manner similar to CASTOR1. LRS activates mTORC1 by activating RagGTPase or PLD1.
The leucine metabolite acetyl-CoA acetylates the Raptor at K1097 via EP300. GLUD1 also contributes
to the regulation of autophagy by leucine. (C) Arf1 GTPase participates in glutamine-mediated
mTORC1 activation. (D) Methionine promotes the activation of GlyRS and activates NFκB1 to
elevate the expression of mTORC1. T1R1/T1R3 senses extracellular methionine to stimulate ERK1/2
activation by enhancing the Ca2+ concentration and then activates mTORC1.

4.2. Leucine Transmits Signals to mTORC1 in a Similar Manner to Arginine

Similar to arginine, leucine activates mTORC1 via several sensors. Sestrin2 is a
recently reported leucine sensor in the mTORC1 pathway [56]. When leucine is insufficient,
GATOR2 is suppressed by binding to Sestrin2. Inhibition of GATOR2 enhances the activity
of GATOR1, which permits Rag A/B to maintain a GDP-binding form that inhibits mTORC1
and stimulates autophagy; however, when leucine levels increase, leucine binds to Sestrin2,
dissociating Sestrin2 from GATOR2 and leading to upregulated activity of GATOR2 and
inhibition of GATOR1, followed by activation of Rag A/B, which activates mTORC1 and
inhibits autophagy at last [57]. HEK-293T cells expressing Sestrin2 mutants that are unable
to bind leucine significantly reduce the localization of mTORC1 to the surface of lysosomes
in the presence of leucine, indicating that when leucine activates mTORC1, binding of
leucine to Sestrin2 is required [58]. Structural analysis also revealed that leucine binds
to Sestrin2 through a lid–latch mechanism. The helices C2, C3, and C7 in the C-terminal
domain of Sestrin2 form a single pocket that binds to leucine, and the charged residues
Glu451 and Arg390 on both sides of the pocket anchor leucine through a salt bridge. The
“lid” formed by a loop connecting helices C2 and C3 covers the top of leucine and His86 at
the N-terminus forms a tight hydrogen bond with the C-terminal lid residue Thr375, which
locks the lid on the bound leucine as a “latch”. Mutagenesis studies have shown that the N-
terminal S190 and C-terminals Asp406 and Asp407 of Sestrin2 are all necessary for Sestrin2
combined with GATOR2 [59]. Importantly, Sestrin2 binds to GATOR2 at distinct sites from
CASTOR1, which allows leucine and arginine to independently regulate mTORC1 [60].
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LRS, a kind of aminoacyl-tRNA synthase, serves as another leucine sensor in the
mTORC1 pathway. No enhancement of S6K phosphorylation by leucine was observed
in the F50A/Y52A mutant of LRS, but it was clearly observed in the wide type of LRS,
indicating that LRS is essential for leucine activation of mTORC1. Experiments involving
co-immunoprecipitation and co-transfection demonstrated that LRS forms a complex with
Raptor and Rag D in HEK 293T cells. The complex binds leucine and functions as the
GAP for Rag D, which mediates leucine-induced activation of mTORC1 [26]. In addition,
LRS mediates the activation of the amino-acid-induced Vps34-PLD1-mTORC1 pathway.
Amino acids stimulate the production of PI3P by VPS34, through which PI3P interacts with
the PX domain of phospholipase D1 (PLD1). The interaction with PI3P facilitates PLD1
translocation to the lysosome and promotes mTORC1 activation [61]. The Rag GTPase cycle
is critical for mTORC1 to regulate autophagy. LRS acts as an “on” switch by hydrolyzing
the GTP of Rag D, while Sestrin2 serves as an “off” switch through GATOR2 and GATOR1
to hydrolyze the GTP of Rag B [62].

Glutamate dehydrogenase (GLUD) can catalyze the dehydrogenation of glutamate
and inhibit autophagy by suppressing the production of reactive oxygen species (ROS) and
activating mTORC1. Knockdown of GLUD1 blocks the accumulation of GFP-LC3 puncta
caused by leucine starvation, showing that GLUD1 is also essential for leucine-starvation-
induced autophagy [63]. Sestrin2, LRS, and GLUD1 activate mTORC1 by leucine signaling
transduction in autophagy control (Figure 3B).

4.3. Glutamine Activates mTORC1 in a RagA/B-Independent Fashion

As the most abundant free nonessential amino acid in the blood, glutamine accounts
for about 20% of the total cytosolic amino acid pool. It has been reported that glutamine
activates mTORC1 in a Rag A/B-independent fashion. In Rag A/B knockout mouse
embryonic fibroblasts (MEFs) and HEK293A cells, glutamine is able to activate mTORC1 to
a similar extent as control cells, uncovering the independence of Rag A/B in the regulation
of glutamine on mTORC1. Glutamine promotes the localization of mTORC1 to lysosomes
when knockout Rag A/B is present in MEF cells, which requires V-ATPase instead of
Ragulator. Glutamine failed to activate mTORC1 in HEK293A Rag A/B KO cells that
depleted adenosine diphosphate ribosylation factor-1 (Arf1) by interfering with RNA,
indicating that Arf1 is required for glutamine to activate mTORC1 in Rag A/B knockout
cells [64] (Figure 3C). Interestingly, bidirectional transport of glutamine and leucine is the
key to activate mTORC1 and inhibit autophagy. This two-way system includes SLC1A5,
which regulates L-glutamine uptake, and a bidirectional transporter, SLC7A5/SLC3A2,
which simultaneously effluxes L-glutamine out of cells and transports essential amino
acids (EAAs), including L-leucine, into cells. Depletion of glutamine or downregulation
of SLC1A5 activates autophagy, indicating that both SLC1A5 and glutamine are negative
regulators of autophagy [12].

4.4. Methionine Also Activates mTORC1 as a Sulfur-Containing Functional Amino Acid

Methionine is a sulfur-containing amino acid with a variety of biological functions,
including protein metabolism, methylation, and oxidative stress. T1R1/T1R3 was con-
firmed as a methionine sensor in myotubes. T1R1/T1R3 is a G-protein-coupled receptor
that directly senses the availability of extracellular amino acids and modulates mTORC1
activity through Ca2+ stimulation and activation of extracellular-signal-regulated kinases
1 and 2 (ERK1/2). Knocking down the T1R1/T1R3 receptor reduces the ability of amino
acids to signal to mTORC1, which is embodied in the interference in mTORC1 localization
so as to induce autophagy [65]. After the C2C12 cells are deprived of total amino acids,
only a single re-addition of methionine can phosphorylate ribosomal protein S6 kinase 1
(S6K1), and mTORC1. Furthermore, T1R1/T1R3, as a sensor for methionine, is reported to
participate in the regulation of mTORC1, since knockdown of T1R1 significantly decreases
phosphorylation of ERK1/2, the Ca2+ levels, and activation of S6K1 induced by methionine
in C2C12 cells [66].
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Methionine promotes phosphorylation and nuclear translocation of Glycyl-tRNA
synthetase (GlyRS) at Thr544 and Ser704. GlyRS is able to activate nuclear factor kappa
B1 (NFκB1), followed by elevation of downstream mTORC1 expression levels (Figure 3D).
In BMECs, after GlyRS knockout, the addition of methionine at a theoretical level of
inhibition (0.6 mM) is not sufficient to inhibit autophagy, indicating that GlyRS is required
for methionine inhibition of autophagy [67]. T1R1/T1R3 and GlyRS specifically mediate
methionine to activate mTORC1 via the signaling network.

5. FAAs Starvation Induce Autophagy

FAAs activate mTORC1 through signal transduction, with it having been proven that
mTORC1 is a key pathway to inhibit autophagy. Based on the existing cell types and
animal evidence, it has been summarized that arginine, leucine, glutamine, methionine,
and their metabolites regulate autophagy through other transductions, suggesting that
FAAs could be potential clinical medicine pathways for autophagy-related diseases.

5.1. Arginine and Autophagy

Based on our increasingly clear understanding of arginine metabolism, arginine has
been proven to occupy an important position in autophagy regulation (Figure 4A). Deple-
tion of arginine can induce autophagy in a variety of cell types. In BMECs treated with
10 ng/mL interferon-gamma (IFN-γ) for 6, 24, and 48 h, the results showed that LC3 ex-
pression increased gradually with time and that inhibition of GCN2 expression significantly
reduced the formation of LC3-II in the IFN-γ response. Meanwhile, IFN-γ promoted GCN2
phosphorylation in a time- and dose-dependent manner and arginine supplementation
reversed GCN2 phosphorylation. This indicates that deprivation of arginine could induce
autophagy in BMECs [41]. In MEF cells, depletion of arginine upregulates autophagy
via GCN2-ATF4 signaling [68]. Toxoplasma infection depletes arginine in the host cell,
resulting in phosphorylation of eIF2α by protein kinase GCN2 [69]. This will induce the
transcriptional activity of ATF4 to promote autophagy through binding to a cyclic AMP
response element binding site in the LC3-II promoter to upregulate LC3-II expression by
using small interfering RNA (siRNA) and microarray analysis in cancer cells [70]. As a
compensation mechanism, the upregulation of autophagy by ATF4 facilitates the uptake
of arginine by enhancing the expression of the cationic amino acid transporter, CAT1
(SLC7A1) [63]. In human T lymphocytes, after transfection of EGFP-LC3 and incubation
with arginine for 48 h, microscopy analysis showed that deficiency of arginine leads to
endoplasmic reticulum stress and phosphorylates eIF2α, mitogen-activated protein kinases
8 (MAPK8), and Bcl-2, inducing the binding of Beclin1/Atg6 to Bcl-2, which promotes the
formation of autophagosomes. Silencing inositol-requiring enzyme1α (IRE1α) expression
can downregulate autophagy induced by arginine deprivation [71]. Autophagy induced
by arginine deficiency may be a self-protection mechanism of cells in the early stages of
stress. Most melanoma cells do not express aminosuccinate synthase (ASS), which blocks
the synthesis of arginine from citrulline. The demand for arginine can only be met by
exogenous supply in these cells. ADI-PEG20, an arginine deiminase, can degrade argi-
nine. Studies have shown that arginine deficiency or ADI treatment can activate AMPK,
inhibit mTORC1, and induce autophagy in ASS (−) melanoma cells. Silencing of Beclin1
will enhance cell death, suggesting that autophagy represents a survival strategy in ASS
(−) melanoma cells [72]; however, the protective effect of autophagy may be an initial
adaptation mechanism to arginine deprivation, because prolonging the time of arginine
deprivation will impair the function of mitochondrial respiration and induce cytotoxic
autophagy, at least partly leading to the death of ASS1-deficient breast cancer cells [73].
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(A) Arginine deficiency has been shown to upregulate autophagy via diverse pathways. (B) Leucine 
deficiency fails to induce autophagy in melanoma due to an overactivated RAS-MEK pathway. 
Leucine deficiency and its metabolite acetyl-CoA induce autophagy through mTORC1 in other cell 
types such as 293T cells and MEFs. (C) Glutamine-metabolizing enzymes GLS, GDH, and GS, which 
are enhanced by FOXO3 in Ba/F3 cells, are involved in glutamine synthesis and glutaminolysis. 
Glutaminolysis produces ammonia and α-ketoglutarate, ammonia promotes mTORC1-
independent autophagy, and α-ketoglutarate inhibits mTORC1-dependent autophagy. Glutamine 
starvation upregulates SLC7A5 expression, increases intracellular uptake of leucine, activates 
mTORC1, and inhibits autophagy. (D) Knocking out MsrA increased p62-positive inclusion bodies 
and upregulated LC3-II expression in VSMC. SAM, synthesized from methionine, methylates PP2A 
to dephosphorylate the substrate Npr2p, thereby releasing the inhibition of mTORC1 by Npr2p, 
which suppresses NNS-autophagy. 
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Figure 4. Specific amino acids regulate autophagy by inhibiting mTORC1 and increasing LC3-II
expression. (The red arrow connects the left to right side of the diagram, representing the transition
from mechanism to function; plus signs are used to present that amino acids promote autophagy.)
(A) Arginine deficiency has been shown to upregulate autophagy via diverse pathways. (B) Leucine
deficiency fails to induce autophagy in melanoma due to an overactivated RAS-MEK pathway.
Leucine deficiency and its metabolite acetyl-CoA induce autophagy through mTORC1 in other cell
types such as 293T cells and MEFs. (C) Glutamine-metabolizing enzymes GLS, GDH, and GS, which
are enhanced by FOXO3 in Ba/F3 cells, are involved in glutamine synthesis and glutaminolysis.
Glutaminolysis produces ammonia and α-ketoglutarate, ammonia promotes mTORC1-independent
autophagy, and α-ketoglutarate inhibits mTORC1-dependent autophagy. Glutamine starvation
upregulates SLC7A5 expression, increases intracellular uptake of leucine, activates mTORC1, and
inhibits autophagy. (D) Knocking out MsrA increased p62-positive inclusion bodies and upregulated
LC3-II expression in VSMC. SAM, synthesized from methionine, methylates PP2A to dephosphory-
late the substrate Npr2p, thereby releasing the inhibition of mTORC1 by Npr2p, which suppresses
NNS-autophagy.

Arginine and its metabolites may have some roles in autophagy. L-arginine is well
known to be the precursor of several metabolites, including nitric oxide (NO), polyamines,
and ornithine [48]. NO induces apoptosis and inhibits autophagy in human hepatoma cells
by disrupting the Beclin 1/VPS34 association and increasing the Bcl-2/Beclin 1 interac-
tion, which may provide a novel strategy for the treatment of hepatocellular carcinoma
(HCC) [74]. Polyamines, such as spermidine, limit brain damage and restore effective au-
tophagy by dismantling misfolded proteins and dysfunctional mitochondria [75]; however,
ornithine enhances AMPK mediated autophagy [76].
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5.2. Leucine and Autophagy

In most cell types, leucine, rather than other branched chain amino acids, is the most
potent amino acid that inhibits autophagy. Feeding mice with a diet supplemented with 3%
casein caused an upregulation of autophagy, accompanied by accumulation of triglycerides
(TG); however, the addition of leucine can inhibit autophagy by inhibiting the decrease
in p62 and the increase in LC3 [77]. In HEK 293T cells, leucine deprivation increased the
conversion of LC3-I to LC3-II along with a decline in p62, suggesting that leucine limitation
induced autophagy. Furthermore, 10 mM leucine supplementation was able to restore
autophagy activity to basal levels, while 3 mM leucine supplementation was sufficient to
inhibit targeting of Barkor/ATG14 to autophagosomes. Moreover, rapamycin effectively
inhibits the autophagy inhibitory effect of leucine addition and the addition of leucine does
not inhibit autophagy activity in cells that deplete Rheb and Raptor. These findings indicate
that leucine inhibition of autophagy is dependent on the mTORC1-Barkor pathway [78].

In addition to inhibition of mTORC1, leucine deficiency can also induce autophagy via
indirect activation of ULK1. Global miRNA expression profiling screening combined with
functional experiments showed that two members of the miR-17 microRNA family, miR-
20a and miR-106b, negatively regulate the expression of ULK1 by affecting the stability of
the ULK1 gene. Leucine deficiency can upregulate the activities of miR-20a and miR-106b
via suppression of c-Myc, increase the expression of ULK1, and then induce autophagy
in C2C12 myoblasts [79]. Dual-color DsRed-LC3-GFP reporter analysis demonstrated
that leucine deprivation fails to induce autophagy in melanoma. This failure may be due
to the overactivation of the RAS-MEK pathway in melanoma cells, which abolishes the
inhibition of mTORC1 in leucine deficiency [80]. This suggests that the effect of leucine
restriction on autophagy may depend on the type of cell and the physiological state of
the cell. In the case of leucine starvation, knocking out Atg8 in Saccharomyces cerevisiae
causes a slow death, while deletion of Atg11 elicits rapid cell death, indicating that the
autophagy protein has both cytoprotective and cytocidal effects under leucine starvation
conditions (Figure 4B) [81].

5.3. Glutamine and Autophagy

Stress conditions, such as disease, poor nutrition, or intense exercise, increase the
body’s demand for glutamine. Glutamine plays a role in human health, including mus-
cle growth, strengthening the immune system and participating in the synthesis of glu-
tathione (an important antioxidant), which increases the body’s antioxidant capacity [82].
The addition of glutamine alone is sufficient to restore the activity of mTORC1 and inhibit
autophagy. A metabolomics analysis demonstrated that glutamine reactivated mTORC1
by conversion to glutamate, while exogenously added ammonia could not replace glu-
tamine. This indicates that the release of free amino acids from autophagy and glutamine
jointly control the activity of mTORC1 in amino acid starvation [83]. After pharmacolog-
ical inhibition of autophagy by inhibitors such as SAR405, the recovery of mTORC1 by
glutamine is abolished, indicating that autophagy is necessary for glutamine reactivation
of mTORC1. Moreover, when glutamine is deficient, autophagy provides glutamine in sub-
mm concentrations, maintains mitochondrial oxidative phosphorylation, and promotes
cell survival [84]. Interestingly, glutamine starvation has also been shown to inhibit au-
tophagy. Glutamine starvation activates the general amino acid control (GAAC) pathway,
upregulates SLC7A5, increases intracellular uptake of leucine, activates mTORC1, and
inhibits autophagy, which may be a means of preventing excessive autophagy in cells
under starvation conditions [85].

The synthesis of glutamine is also closely related to autophagy. Three forkhead box
(FOX) O transcription factors were negatively regulated by PI(3)K-PKB (also called Akt)
in mammals, namely FOXO3, FOXO4, and FOXO1. Their activation is related to cell
growth and stress resistance. Research has shown that activation of FOXO3 in Ba/F3 cells
upregulates the expression of glutamate synthetase (GS), which was accompanied by an
increase in glutamine levels. Upregulated glutamate synthetase further leads to inhibition
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of mTORC1 and increased autophagy [86], as measured by LC3 lipidation in a variety
of cell lines, including MSCs, U2OS, and Ba/F3 cells. MSO, an irreversible inhibitor of
glutamine synthetase activity [87], abolished the increase in the WIPI-1 puncta by FOXO3
activation, indicating that glutamate synthetase is not only important for autophagy at a
physiological level, but also for autophagy induced by starvation. Collectively, glutamine
synthetase can induce autophagy to promote cell survival [88].

Glutamine metabolism is carried out by a process named glutaminolysis, which
involves two steps: firstly, glutaminase (GLS) catalyzes the conversion of glutamine to
glutamate; secondly, glutamate dehydrogenase (GDH) promotes the conversion of gluta-
mate to α-ketoglutarate. Silencing of GLS and GDH blocked the inhibition of autophagy
by leucine and glutamine, revealing that glutaminolysis inhibits autophagy. This view
was further confirmed by the increased levels of endogenous LC3-II after the addition of
6-diazo-5-oxo-L-norleucine (DON), a GLS inhibitor, to pharmacologically inhibited glu-
taminolysis [89]. The regulation of glutaminolysis on autophagy is mainly determined by
the products after degradation. On the one hand, glutamine is converted to α-ketoglutarate,
which stimulates binding of RAG to GTP and leads to activation of mTORC1, which in-
hibits autophagy [90]. On the other hand, glutamine catabolizes into ammonia, which
promotes mTORC1-independent autophagy and in turn protects cells from tumor necrosis
factor-α (TNF-α)-induced death of U2OS osteosarcoma cells [91] (Figure 4C).

5.4. Methionine and Autophagy

A lack of methionine reduces the phosphorylation of S6K1 and affects cell growth.
In pig intestinal epithelial cells infected with enterotoxigenic Escherichia coli (ETEC), me-
thionine deprivation exacerbates cytotoxicity and accelerates death, which may be due
to defects in autophagy [92], suggesting that the level of methionine is closely related to
autophagy. Methionine restriction effectively induces autophagy, increases acidification of
the vacuole, and extends the life of the yeast cells [93]. As an antioxidant repair protein,
methionine sulfoxide reductases (Msrs) are capable of converting oxidized methionine
sulfoxide to methionine. The defective methionine sulfoxide repair is used as a functional
research model for methionine oxidation. Oxidation of methionine, which is manifested by
the absence of methionine sulfoxide reductase A (MsrA), causes upregulation of autophagy.
Knocking out MsrA in mouse aortic smooth muscle cells increases p62-positive inclusion
bodies and upregulates LC3-II expression [94].

Methionine can be converted to S-adenosylmethionine (SAM) via the action of SAM
synthetase. SAM is the sole methyl donor for many methyltransferases. Protein methylation
is an important post-transcriptional modification that is closely related to the formation
of autophagosomes and the expression of autophagy-related proteins [95]. Transferring
yeast from a nutrient-rich medium to a minimal nutrient medium using lactate as a carbon
source still induces mitosis and general autophagy. Sutter et al. termed this autophagy
no nitrogen starvation-induced autophagy (NNS-autophagy). In essence, this is a form
of autophagy that deals with milder environmental changes [96]. Importantly, a complex
of three proteins, Iml1p/Npr2p/Npr3p, is required for NNS autophagy. Lml1p binds to
phosphorylated Npr2p to co-localize to PAS to promote NNS-autophagy. Npr2p/Npr3p
inhibits mTORC1 to prevent cell overgrowth [97].

There is a single amino acid that specifically inhibits NNS autophagy—methionine.
A series of metabolic analyses have found that methionine and its downstream metabolite,
SAM, play a key role in inhibition of NNS autophagy. Methionine is metabolized to SAM,
which provides methyl for Ppm1p, the only link between methionine and PP2A that regu-
lates autophagy. Ppm1p transfers the methyl provided by SAM to PP2A and catalyzes the
carboxy terminal leucine residue of the C subunit of PP2A. Methylation of PP2A dephos-
phorylates the substrate Npr2p, thereby inhibiting NNS-autophagy (Figure 4D) [98]. This
observation suggests that methionine and its metabolite SAM are sentinel metabolites that
are significantly reduced in the face of reduced nutrient levels that control autophagy [98].
Among this, PP2A serves as a methionine sensor.
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6. FAAs as Potential Treatments for Autophagy-Related Diseases

Functional amino acids control autophagy by regulating mTORC1 and other path-
ways [99], which can be used as treatment method for related autophagy diseases, such as
cancer, human neurodegeneration, type II diabetes, cardiovascular disorders, mitochon-
drial disease, inflammatory, and obesity [100]. There are less studies on the mechanisms
of functional amino acids in the treatment of autophagy-related diseases. Due to the in-
creased studies on the regulation of autophagy by functional amino acids in recent years,
it is expected that specific amino acids will be found that serve as therapeutic targets for
autophagy-related diseases. (Table 1).

Table 1. Specific amino acids may serve as therapeutic targets for autophagy-related diseases.

Disease Types Amino Acids Types Key Findings Reference

Cancer
Arginine Restriction inhibits ASS1-deficient breast

cancer cells [101]

Methionine Restriction inhibits breast cancer and glioma [102,103]

Glutamine Restriction causes S phase stagnation in
KRas-driven cancer cells [104]

Cardiovascular Arginine Supplements alleviate atherosclerosis and
lowers blood pressure [105,106]

Type 2 diabetes Leucine Increases the insulin response [107]

Obesity Arginine Supplements and promotes lipolysis and
reduces body/adipose tissue weight [108–111]

Glutamine Supplements and promotes the production of
glucose [112]

Immune metabolism
disorder

Leucine Restriction reduces inflammation by inhibiting
NLRP3t [113,114]

Glutamine Restriction activates T cells and produces IL-2
or IFN-γ [115–118]

Neurodegeneration Glutamine Glutamate is a neurotoxin [119,120]

6.1. Cancer

The exact roles of autophagy are context-dependent in the progression of cancer.
The cytoprotective specialty of autophagy is proven to have anticancer effects before tu-
morigenesis because defective autophagy increases the risk of cancer; however, during the
growth of primary tumors, autophagy promotes the growth of tumor cells by degrading
cargo to fuel cellular metabolism. Intriguingly, the induction of autophagy is a side effect of
cancer treatment, while inhibition of autophagy seems to be a valid strategy to enhance the
therapeutic efficacy. Conversely, studies have also reported that autophagy can participate
in the death of immunogenic cells, thereby exerting anticancer function. Autophagy pro-
motes the release of ATP [121] and high-mobility group box-1 (HMGB1) [122] from dying
tumor cells, which recruit immune effectors to trigger tumor-specific immune responses.
P53 may be involved in the modulation of autophagic bidirectional function of pancreatic
ductal adenocarcinoma in mice. When P53 is present, loss of autophagy blocks intraepithe-
lial neoplasias, whereas in the absence of P53, suppression of autophagy promotes tumor
proliferation [123].

Functional amino acids are related to cancer development. Tumor growth is insepara-
ble from arginine metabolism. A lack of aminosuccinate synthase1 (ASS1) is a vulnerability
of cancer cells, known as arginine auxotrophy. Dietary arginine restriction inhibits ASS1-
deficient breast cancer cells. In addition, arginine starvation kills tumor cells by inducing
asparagine synthetase (ASNS), depleting aspartate in these cells to promote cytotoxic-
ity [102]. Arginine deiminase (ADI) is reported to be a new approach for treating prostate
cancer by inducing autophagy, which indicates that autophagy is involved in the regulation
of cancer by arginine metabolism [124]. Methionine has been proven to be a nexus of cancer
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medicine and amino acid nutrition. In a mouse model of triple-negative breast cancer
(TNBC), the efficacy of lexatumumab is enhanced through combination with methionine
restriction (MR) [102]. Glioma is highly dependent on methionine and cystine. Studies have
shown that the methionine and cystine double deprivation enhances the level of ROS to
induce autophagy, thereby inhibiting the proliferation of glioma in vivo and in vitro [103].
Another functional amino acid, glutamine, is also considered to be an essential amino
acid for KRas-driven cancer cells. Blocking the utilization of glutamine causes S phase
stagnation in KRas-driven cancer cells [104]. These findings reveal that the regulation of
autophagy by amino acids may serve as a new strategy to treat cancer.

6.2. Aging

Aging, an irreversible biological process, is a risk factor for many diseases, including
cardiovascular disease and type 2 diabetic mellitus (T2DM). Extensive evidence suggests
that the ability for autophagy gradually declines with age. Aging has been shown to be ac-
companied by a reduction in multiple ATGs of rodents and drosophila [125]. Furthermore,
in normal aging humans, the expression levels of BECN1, Atg5, and Atg7 are decreased
compared with young people [126]. This suggests that the failure of autophagy associated
with aging is conserved across diverse organisms [127]. In view of this, autophagy activa-
tion is used as a new way to alleviate diseases of the aging process. Caloric restriction (CR),
limiting nutrient intake without malnutrition, is an effective intervention to delay aging.
Moreover, CR mimetics (CRM), mimicking the biological functions of CR, also through a
variety of nutrient sensing pathways, including mTOR, AMPK, and Sirtuins, stimulates
autophagy [128].

Aging can also promote cardiovascular diseases and activation of autophagy can
effectively protect the heart in the aging process and relieve diseases such as atherosclerosis,
coronary artery disease, and arrhythmia [129,130]. L-arginine affects the cardiovascular
system by producing NO. Experiments in rabbits treated with high-fat diets clearly showed
that L-arginine alleviates atherosclerosis by reducing NO synthesis [105]. Oral L-arginine
supplements can lower blood pressure, although the exact mechanism of this effect is not
fully understood [106].

Leucine slows aging-related diseases by promoting the synthesis of muscle proteins.
mTORC1 is believed to be the convergence point of the leucine-mediated mRNA translation
initiation effect, and is a molecular target for preventing muscle loss [131,132]. Leucine
stimulates muscle protein synthesis in vitro and in vivo in mouse models, with many
potential applications in health and disease as a medicinal nutrient used to stimulate the
release of endogenous insulin, in addition to inhibiting the breakdown of muscle protein.
For example, leucine administration affects type 2 diabetes; by observing patients with long-
term type 2 diabetes, a combination of protein and leucine can increase the insulin response
to carbohydrate intake by two to four times [107]. Recently, studies have shown that intake
of leucine can strengthen the elderly intake of protein and amino acids in muscle protein
synthesis passivation [133]. Supplementation of leucine is responsible for the anabolism of
muscle protein synthesis and the current recommended intake is 55 mg kg−1 [134]. Part of
the immunoglobulin superfamily, Wnt signaling promotes muscle regeneration, reducing
the level of LC3-labeled Dvl2 and preventing cells from undergoing autophagy in Islr KO
mice [135]. Leucine can strongly stimulate skeletal muscle anabolism and overcome the
anabolism resistance of aging [134]. In addition, leucine can promote the protein synthesis
of skeletal muscle and the transformation of muscle fiber types from fast muscle to slow
muscle [136].

In addition, the exposure of human umbilical vein endothelial cells to pharmacological
concentrations (0.5 mmol/L) of L-arginine for 7 days accelerates senescence by detecting
elevated levels of senescence-associated beta-galactosidase (SA-β-gal) and the expression
of vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1
(ICAM-1); however, silencing S6K1 or arginase-II abolishes the enhancement, while the
treatment of rapamycin, an inhibitor of mTORC1, would also significantly reduce the level
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of SA-β-gal, suggesting that positive crosstalk between S6K1 and arginase-II mediates the
aging effects of arginine [137]. The depletion of a single amino acid, methionine, prolongs
the lifespan of model organisms from yeast to rodents, which has been shown to require
autophagy involvement. Knocking out the necessary autophagy-related gene Atg5, Atg7,
or Atg8 abolishes the longevity-enhancing capacity of MR in yeast. Furthermore, the dis-
ruption of the vacuolar ATPase interrupts the lifespan prolongation of MR, demonstrating
that vacuolar acidification is also necessary [93]. Lipid and bile acid metabolism have also
been found to be associated with the life extension effects of MR. LmnaG609G/G609G mu-
tation mice exhibit pathological features of progeria, named Hutchinson–Gilford progeria
syndrome (HGPS), accompanied by disorders of lipid metabolism, such as glycerophos-
pholipid, linoleic and alpha-linolenic acid metabolism, and the loss of primary bile acids.
Dietary methionine restriction with a low concentration (0.12%) of methionine is able
to extend life and restore the lipid profile and level of bile acids in LmnaG609G/G609G
mice. Although specific mechanisms remain to be elucidated, methionine restriction is an
effective means of treating aging-related diseases in a variety of species [138].

6.3. Obesity

Obesity is characterized by the accumulation of dysfunctional adipose tissue, which
triggers metabolic stress by releasing pro-inflammatory adipokines, such as leptin and
TNF, as well as increasing levels of fatty acids, LDL cholesterol, and triglycerides. Obesity
threatens human health and increases the prevalence of multiple complications, such as
insulin resistance, diabetes mellitus, and inflammation. Current treatments for obesity
focus primarily on energy intake restriction, although the effects are limited. Importantly,
autophagy has been reported to affect obesity. This reveals a new strategy for treating
obesity and its complications through altered autophagy. Liver-specific knockdown of the
autophagy genes Atg7 and TFEB promotes hepatic steatosis and weight gain; however,
the pathological phenotype will be rescued by the overexpression of Atg7 and TFEB [139].
Specific knockdown of Atg7 in adipose tissue reduces the weight of white adipose tissue
(WAT) and improves insulin resistance (IR), revealing tissue specificity in autophagy-
regulated obesogenesis [140]. Attenuated autophagic clearance of adipocytes has been
shown to be associated with downregulation of death-associated protein kinase 2 (DAPK2)
in obese patients [141]. This suggests that the recovery of autophagy function may be an
effective strategy for the treatment of obesity.

Branched chain amino acids (BCAAs) promote lipolysis of adipose tissue, as inhibition
of sterol regulatory element binding protein-1c (SREBP-1c) was observed, which caused
liver damage in high-fat diet (HFD)-induced obese mice. Mechanism studies suggest
that this may be due to the inhibition of hepatic autophagy by activated mTORC1 [142].
Studies have shown that the addition of dietary arginine can promote lipolysis. Clinical
evidence also has shown that dietary arginine supplementation can reduce obesity, lower
arterial blood pressure, increase antioxidants, normalize endothelial dysfunction, and
mitigate type 2 diabetes [108]. In clinical trials of obese patients, the supplementation
of 8.3 g/d L-arginine significantly reduced bodyweight and adipose tissue weight. In a
genetic analysis, L-arginine upregulated the expression of nitric oxide synthase-1, AMPK,
and heme oxygenase-3 in adipose tissue to facilitate lipolysis [109]. Arginine may promote
the hydrolysis of porcine adipocytes by upregulating the expression levels of adipose
triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL). The quality of pig muscle
depends on the lipid deposition pattern in the muscle, so the addition of arginine in the
diet can be used to prevent excessive lipid deposition in pigs [110,111].

Hyperglycemia, a form of obesity complication, has also been shown to be affected
by glutamine. Glutaminolysis promoted by activation of mitochondrial α-ketoglutarate
dehydrogenase can promote the production of glucose. This is due to the contribution
of glutamine to the carbons of glucose during gluconeogenesis. Mechanistically, the
glutamine–glucose flux of mice with decreased levels of glutaminase 2 (GLS2), a glutamate-
metabolizing enzyme, decreased, indicating that GLS2 promoted the contribution of glu-
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taminolysis to glucose production [112]. In short, functional amino acids give a new
understanding for the treatment of obesity.

6.4. Immune Metabolism Disorder

Immune metabolism plays an important role in health and disease, affecting the
occurrence and development of obesity, type II diabetes, cardiovascular disease, and
tumors. In recent years, it has been found that the immune metabolism disorder has a great
influence on the function and differentiation of immune cells, causing inflammation. In the
resting state, immune cells maintain a state of low energy consumption, although when
the microenvironment of the immune cells changes, in order to adapt to environmental
changes and play their roles, the metabolic level changes, which is related to autophagy.
It has been demonstrated that T cell receptors are activated by antigens and exert effects
through co-stimulation of mTOR-dependent processes. Activated T cells undergo multiple
cell divisions and convert glucose and glutamine into biological substances, a process that
requires the uptake of large amounts of amino acids and relies on TORC1 pathways [143].
The main regulation of immune metabolism occurs under the action of mTORC1, which
activates lysosome and induces autophagy. For example, Tregs depend on the level of
grading of mTORC1 activity. In the absence of mTORC1 function, Tregs fail to inhibit
effector T cells, leading to severe autoimmune disease. Inhibitors of mTORC1 in systemic
lupus erythematosus (SLE) show great promise and direct inhibition of glycolysis can
also prevent the disease, while the inhibitors have not been found to have extensive
cytotoxicity clinically [144]. T cell metabolic adaptation diseases can be combined with
current immunotherapy approaches through mTOR suppression and the use of antidiabetic
drugs such as metformin.

Deficiency of functional amino acids promotes remodeling and programming of
metabolic tissues [145]. Moderate restriction of protein can improve metabolic healthy
BCAA in mice and humans and effectively prolong the mean survival time of patients
with liver cirrhosis. In the mouse model of liver cirrhosis, BCAA supplementation en-
hanced the activity of liver CD8+ T cells. This may have the potential to inhibit the
occurrence of liver cancer [146]. C57BL/6J wild-type mice on a 7% calorie-derived protein
diet showed improved glucose tolerance, while 19 male subjects showed similar results.
Leucine restriction can reduce inflammation by inhibiting NLRP3 inflammasome-mediated
inflammation and reducing Th17 differentiation via amino acid sensing of GCN2 [113].
Monocytes and macrophages increase SLC7A5 expression and leucine uptake under lip-
polysaccharide (LPS) induction. SLC7A5-deficient T cells, being unable to take up leucine,
activate mTORC1 and MyC-dependent glycolysis, as they are unable to respond to antigens
for metabolic reprogramming [115]. Regulation of glutamine uptake is an indispensable
step in energy production in the activation of T cells [115]. T cells cultured in the ab-
sence of glutamine cannot proliferate or produce IL-2 or IFN-γ [116]. Glutaminase 1
(GLS1) inhibitor inhibited Th17 cell differentiation and improved experimental autoim-
mune encephalomyelitis (EAE) in mice [117]. In autoimmune arthritis in SKG mice, Gls1
inhibition reduced the number of proliferative Ki-67-positive synovial cells and alleviated
arthritis [118]. FAAs may be used as a new treatment for immune metabolism disorder.

6.5. Neurodegeneration

Neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease, are chronic progressive cognitive impairment diseases. These diseases
are caused by irreversible degradation of neurons, excessive proliferation of glial cells,
and accumulation of some abnormal proteins in the nerve cells to produce cytotoxicity
and cause dysregulation of cells. Neurodegenerative diseases are often accompanied
by the downregulation of autophagy [40]. In this context, autophagy proteins serve as
biomarkers of the disease. P62 binds to ubiquitin and plays a key role in cell clearance.
P62-positive inclusion is also used as a diagnostic marker for several neurodegenerative
diseases [40]. Studies of functional amino acids and the nervous system are currently
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focused on excitatory amino acids as neurotransmitter roles. For example, glutamate is
an excitatory neurotransmitter, although it is also a neurotoxin. Excessive accumulation
can lead to the death of nerve cells and is related to the above-mentioned pathogenesis of
neurodegenerative diseases. Excitatory amino acid transporter (EAAT)-2 has been shown
to control the concentration of glutamate in the synaptic cleft [120]. Knockout of GLUD1 in
the central nervous system leads to defects in redox metabolism of astrocytes, although the
level of glutamate in the brain does not change, indicating that glutamate is at the crossroad
of glutamate metabolism and neurotransmitter pathways [66]. Glutamine synthetase 1
(GS1) increases autophagy degradation of mutated huntingtin aggregates in neurons and
improves the motility of Huntington’s disease in a drosophile model [121].

7. Conclusions

Collectively, autophagy is a key way for cells to adapt to the challenges of nutritional
stress and to maintain cell homeostasis. The process of autophagy is regulated closely by
amino acids. Functional amino acids, such as arginine, leucine, glutamine, and methionine
regulate autophagy through their respective signal transduction mechanisms. Furthermore,
mTORC1 serves as the main signal transfer station. Functional amino acids affect the
development of many autophagy-related diseases, including cancer, neurodegenerative
diseases, aging, obesity, and their complications. More research is needed to explore the
link between amino acid metabolism and autophagy and to elucidate the mechanisms of
metabolic physiological processes and disease responses.
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ATF4 activating transcription factor 4
ATGL adipose triglyceride lipase
AS aminosuccinate synthase
ASS1 aminosuccinate synthase1
ADI arginine deiminase
As2O3 arsenic trioxide
ASNS asparagine synthetase
ACT aspartate kinases, chorismate mutase and TyrA
Atgs autophagy-related genes
BMECs bovine mammary epithelial cells
BCAAs branched chain amino acids
CHOP C/EBP-homologous protein
CR caloric restriction
CASTOR1 cellular arginine sensor for mammalian target of rapamycin complex 1
CMA chaperon-mediated autophagy
CRM CR mimetics
Dvl2 dishevelled-2
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ESCRT endosomal sorting complexes required for transport
ETEC Escherichia coli
EAAs essential amino acids
eIF2α eukaryotic translation initiator factor 2α
EAAT excitatory amino acid transporter
EAE experimental autoimmune encephalomyelitis
FOX forkhead box
FAAs functional amino acids
GAAC general amino acid control
GCN2 general control nonderepressible 2
GLUD glutamate dehydrogenase
GDH glutamate dehydrogenase
GS glutamate synthetase
GLS glutaminase
GLS1 glutaminase 1
GLS2 glutaminase 2
GS1 glutamine synthetase 1
GEF guanine nucleotide exchange factor
HCC hepatocellular carcinoma
HFD high-fat diet
HMGB1 high-mobility group box-1
Hcy homocysteine
HOPS homotypic fusion and protein sorting
HSL hormone-sensitive lipase
HGPS Hutchinson–Gilford progeria syndrome
H2S hydrogen sulfide
Islr immunoglobulin superfamily containing leucine-rich repeat
IRE1α inositol-requiring enzyme1α
ICAM-1 intercellular adhesion molecule-1
IFN-γ interferon-gamma
LRS leucyl tRNA synthetase
LC3-I light chain 3-I
LPS lip-polysaccharide
LEL long extracellular loop
LAMP1 lysosomal-associated membrane protein 1
mLST8 mammalian lethal with SEC13 protein 8
mTORC1 mammalian target of rapamycin complex 1
MET methionine
MR methionine restriction
MsrA methionine sulfoxide reductase A
Msrs methionine sulfoxide reductases
MAPK8 mitogen protein kinases 8
MEF mouse embryonic fibroblast
MEFs mouse embryonic fibroblasts
NO nitric oxide
NNS-autophagy non-nitrogen-starvation-induced autophagy
NFκB1 nuclear factor kappa B1
NRBF2 nuclear receptor binding factor 2
PE phosphatidylethanolamine
PtdIns(3)K phosphatidylinositol 3-kinase
PtdIns3P phosphatidylinositol 3-phosphate
PLD1 phospholipase D1
PAS pre-autophagosome structures
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PRAS40 proline-rich Akt substrate of 40 kDa
PP2A protein phosphatase 2A
PPD protopanaxadiol
Raptor ragulatory-associated protein of mTOR
ROS reactive oxygen species
S6K1 ribosomal protein S6 kinase, polypeptide 1
PACER rubicon like autophagy enhancer
SAM S-adenosylmethionine
SA-β-gal senescence-associated beta-galactosidase
SQSTM1/p62 sequestosome 1
siRNA small interfering RNA
SNARE soluble N-ethylmaleimide-sensitive factor attachment protein receptor
SNAP29 soluble NSF attachment protein 29
SLC38A9 solute carrier family 38, member 9
SREBP-1c sterol regulatory element binding protein-1c
STX17 syntaxin 17
SLE systemic lupus erythematosus
TFEB transcription factor EB
TM4SF5 transmembrane 4 L Six Family Member 5
TNBC triple-negative breast cancer
TNF-α tumor necrosis factor-α
T2DM type 2 diabetic mellitus
ULK1 unc-51-like kinase 1
UVRAG UV radiation resistance-associated gene
VPS34 vacuolar protein sorting 34
VCAM-1 vascular cell adhesion molecule-1
VAMP8 vesicle-associated membrane protein 8
WIPI WD-repeat protein interacting with phosphoinositides
WAT white adipose tissue
HUWE1, HECT, UBA WWE domain containing 1
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