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Abstract

While free amino acids (FAAs) are often regarded as simple building blocks for proteins,
various studies show they have more complex roles in the body. This review expands on
the FAA’s functions, emphasizing their influence on diverse biological processes. It covers
their significance in metabolism, energy production, and the synthesis of neurotransmitters,
hormones, and antioxidants. FAAs also serve as signaling molecules that regulate critical
pathways related to cell growth, autophagy, and metabolic control. The review highlights
their impact on the immune system and their essential roles in gut health, nutrient sensing,
and metabolic communication. Drawing on recent findings, we emphasize the importance
of measuring FAA levels in biological samples and suggest that their supplementation could
be beneficial in clinical nutrition, treating metabolic or immune disorders, and preventing
sarcopenia. Overall, FAAs are presented as key signaling agents and biomarkers, with
potential for targeting their levels to improve health and treat diseases.

Keywords: free amino acids; metabolism; biological activity; biomarkers

1. Introduction
Amino acids (AAs) are organic compounds featuring an amino group (-NH2) and

a carboxyl group (-COOH), which give them their distinctive properties and functions.
They form the basic building blocks for protein synthesis and act as precursors in various
metabolic pathways. With the exception of glycine, all AAs can exist in both L- and
D-isoforms. Most D-AAs, aside from D-arginine, D-cystine, D-histidine, D-lysine, and
D-threonine, can be converted back into L-AAs in animals [1].

Based on their role in protein synthesis, AAs can be classified as proteinogenic (PAAs),
which indicate their incorporation into proteins during translation, and non-proteinogenic
(NPAAs)—those that are not. PAAs can be further subdivided based on their nutritional
significance: essential, non-essential, and conditionally essential. Essential amino acids
(EAAs) must be obtained from the diet, as the body is unable to synthesize them. These
include valine, isoleucine, leucine, methionine, phenylalanine, tryptophan, threonine,
histidine, and lysine [1,2]. Non-essential amino acids (NEAAs) are those that the body can
synthesize—alanine, aspartic acid, asparagine, glutamic acid, and serine. Furthermore,
there are conditionally essential, or semi-essential amino acids (SEAAs), which become
essential under specific physiological conditions or stress situations—arginine, cysteine,
glycine, taurine, glutamine, proline, and tyrosine [1,2]. The classification of AAs extends
beyond mere functional categories; structural and biochemical characteristics also play a
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vital role. For instance, AAs can be categorized as polar, nonpolar, acidic, and basic. These
classifications underscore the significance of AAs properties in determining protein folding
and functionality, as well as their interactions with other molecules [3,4].

As is widely recognized, AAs are primarily the fundamental units from which pro-
teins are constructed. The process of protein synthesis encompasses two principal stages:
transcription and translation. During transcription, the genetic information stored in DNA
is transcribed into messenger RNA (mRNA), which subsequently migrates to the ribosome,
the site of translation. AAs are assembled in a precise sequence dictated by the mRNA to
form polypeptides, which subsequently fold into functional proteins [5,6]. Research under-
scores the critical role of AAs in the translation process. Each AA correlates with a specific
codon within the mRNA sequence, and transfer RNA (tRNA) molecules are instrumental
in translating this information. tRNA molecules transport AAs to the ribosome, where they
are incorporated sequentially into the elongating polypeptide chain. This process is subject
to tight regulation, and factors affecting AA availability can markedly influence overall
rates of protein synthesis. For example, studies have demonstrated that diminished AAs
availability hampers muscle protein synthesis, thereby emphasizing the dependence of
protein synthesis on AA supply [7,8]. The activation of the mechanistic target of rapamycin
(mTOR) pathway constitutes a critical response to AAs availability. This pathway functions
as a core regulator of cellular growth, both under normal circumstances and in pathological
states such as cancer, as well as in protein synthesis. It integrates signals related to nutrient
availability, including AAs, and hormones such as insulin, which facilitate the initiation
phase of translation [9,10].

Beyond their fundamental role as protein building blocks, numerous studies have
documented additional unique functions of FAAs in the human body (Table A1). These
include involvement in signaling and metabolic pathways, energy production, cell growth,
autophagy, and the synthesis of neurotransmitters, hormones, and antioxidants. Notably,
no comprehensive review has yet summarized these functions. In this article, we system-
atize the biological roles of FAAs beyond protein synthesis, focusing on their impact on
the immune system, gut health, nutrient sensing, metabolic signaling, and other related
functions. Our primary objective is to highlight the significance of measuring FAA levels in
biological samples for improved detection of specific health conditions related to deficiency
or excess of a particular FAA. We also propose their potential use as supplements in clinical
nutrition to reduce stress and help address metabolic and immune disorders.

2. Review of Individual AAs
2.1. Alanine

Alanine is an NEAA with diverse functions within biological systems, notably in
metabolism and neurotransmission. One of its principal functions involves its participa-
tion in AA metabolism, whereby it is converted into pyruvate and glutamate—energy
molecules [11,12]. Additionally, alanine serves as a substrate for gluconeogenesis, par-
ticularly during periods of fasting or intense physical activity [12]. Beyond its metabolic
roles, alanine also contributes to neurotransmission as a neuromodulator, influencing
other neurotransmitters such as glutamate and gamma-aminobutyric acid (GABA) [13,14],
and is essential for maintaining synaptic plasticity and overall cerebral function [15,16].
Furthermore, alanine is involved in the synthesis of vital biomolecules, including aspar-
tate, glutamate, and carnosine [17], as well as facilitating nitrogen transport within the
organism [18,19].

Although it is not frequently addressed in clinical literature, alanine deficiency may re-
sult in various symptoms and conditions, such as dihydropyrimidine dehydrogenase (DPD)
deficiency. This genetic disorder impacts pyrimidine metabolism, leading to impaired con-
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version of uracil to β-alanine [20,21]. Research suggests that alanine deficiency can also
disrupt the regulation of β-alanine activation of GABA_A and glycine receptors [22,23] and
impair immune responses [24,25]. Furthermore, reduced alanine levels have been linked to
metabolic disorders affecting hepatic function and hypoglycemia [26,27].

Conditions associated with elevated alanine are seldom documented; however, in-
creased brain alanine levels have been observed as a result of hyperammonemia [28,29].

2.2. Arginine

Arginine, an SEAA, plays a multifaceted role in various biological processes and
is crucial for maintaining physiological homeostasis. One of arginine’s most significant
functions is its role as a precursor for the synthesis of nitric oxide (NO) [1,30] and facilitation
of the detoxification of ammonia by converting it into urea [31,32]. Furthermore, arginine is
involved in the synthesis of creatine, glutamate, proline, agmatine, and polyamines [30,33].
It is also essential for muscle growth and repair [34,35], wound healing and tissue repair [36],
and embryo implantation and growth [37,38]. Arginine influences the mTOR signaling
pathway [39] and participates in the proliferation and differentiation of T cells [40], as well
as in lipid metabolism [41,42].

The deficiency of SEAAs may result from inadequate dietary intake, increased
metabolic demand, or pathological conditions that affect its synthesis or utilization. Argi-
nine deficiency can impair immune function and lead to cardiovascular complications due
to decreased synthesis of NO [43,44]. Moreover, arginine’s role in synthesizing creatine, a vi-
tal compound for energy metabolism in the brain, emphasizes its significance in preserving
cognitive function [45]. Additional manifestations of arginine deficiency include impaired
wound healing [36], as well as conditions associated with elevated arginase activity, such
as liver disease and certain inflammatory states [46,47]. Conversely, arginase deficiency can
lead to the accumulation of ammonia and arginine [47,48]. Arginine depletion has been
recognized as a potential therapeutic strategy for cancer [49,50].

Excessive arginine intake may result in heightened NO production through the activa-
tion of inducible nitric oxide synthase (iNOS), which has been associated with inflammatory
responses and tissue damage [51,52]. Paradoxically, although NO plays a crucial role in
the immune response against foreign pathogens such as viruses and bacteria, chronically
elevated NO levels can induce systemic immunodeficiency owing to NO’s toxicity to all
cell types when present in sufficiently high concentrations. One of the early hypotheses re-
garding the progression of HIV infection to AIDS involved elevated NO levels attributable
to recreational drug use involving nitrate-containing substances that act as precursors
for NO [53]. Furthermore, increased NO levels are recognized as a trigger for the reacti-
vation of latent viral infections, such as herpes, and patients with herpes infections are
routinely advised to avoid arginine-rich foods [54]. Elevated arginine levels may also
cause metabolic imbalances affecting protein synthesis [55,56] and can lead to increased
production of compounds classified as uremic toxins [57,58].

2.3. Asparagine

Asparagine is an NEAA possessing numerous functions. It is critical for optimal
protein synthesis, particularly under conditions of nutrient deprivation [59], and is essential
for cellular adaptation to metabolic stress, such as regulating cellular responses to glutamine
depletion [60]. It plays a vital role in T cell activation and function [61,62] and mediates
important signaling pathways, including mTOR signaling [63,64]. Additionally, it can
influence tumor growth and progression [63,65].

The deficiency of asparagine is frequently associated with genetic disorders, particu-
larly mutations in the asparagine synthetase (ASNS) gene. Such mutations result in severe
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neurological impairments, which can be attributed to asparagine depletion in the brain or
the accumulation of aspartate and glutamate, leading to increased neuronal excitability and
damage [66,67]. Reduced levels of asparagine also adversely affect immune function [61].
Finally, asparagine deficiency has been correlated with diminished growth and survival of
cancer cells [65,68].

There is limited information regarding the specific conditions and symptoms associ-
ated with asparagine excess. Elevated levels of asparagine may potentially contribute to
increased tumor growth and survival [65,68]. A high ratio of asparagine to aspartate has
been correlated with an increased risk of type 2 diabetes with advancing age [69].

2.4. Aspartic Acid

Aspartic acid is an NEAA existing in two enantiomeric forms: L- and D-aspartic
acid. The L-form is mainly involved in protein synthesis, while the D-form is important for
neurotransmission and hormonal regulation [70,71]. It plays a key role in neurotransmission
as an excitatory neurotransmitter in the central nervous system (CNS), influencing cognitive
functions like learning and memory by activating the N-methyl-D-aspartate (NMDA)
receptor [70,72]. Aspartic acid also serves as a precursor for synthesizing other AAs and
neurotransmitters such as asparagine, arginine, nucleotides, and D-aspartic acid [1,71].
D-Aspartate significantly impacts the endocrine system, regulating the release of various
hormones [72,73].

While aspartic acid is synthesized within the human body, its concentrations may be
affected by dietary intake and metabolic conditions. Deficient levels of aspartic acid can
result in asparagine deficiency and neurological symptoms. Furthermore, such a deficiency
may contribute to the accumulation of ammonia due to its role in the urea cycle, which is
particularly pertinent in conditions such as hepatic disease [71,74]. Low concentrations
of aspartic acid may also impair the synthesis of other AAs and nucleotides [1,71]. An
inadequate level of D-aspartic acid has the potential to lead to hormonal imbalance, thereby
negatively impacting the reproductive system [73,75].

One of the primary concerns regarding aspartic acid excess is its potential impact on
neurotransmission, as excitotoxicity—neuronal damage and cell death due to overstimula-
tion of receptors [76,77]—and hormonal imbalances [78,79].

2.5. Cysteine

Cysteine is an SEAA characterized by its thiol (-SH) group. Its primary functions
include stabilizing protein structures through disulfide bonds, which enable proteins to
preserve their native conformations under various environmental stresses [80,81]. Cysteine
residues within proteins serve as critical sites for redox reactions, acting as sensors and
regulators of oxidative stress [82,83]. The role of cysteine in antioxidant mechanisms
is further demonstrated through its participation in the synthesis of glutathione (GSH),
a prominent intracellular antioxidant [84,85]. Additionally, cysteine’s capacity to bind
metal ions such as zinc and iron is essential for enzymatic catalysis and signal transduction
pathways [82,86]. Furthermore, cysteine is involved in the biosynthesis of key biomolecules,
including coenzyme A, taurine, and H2S [87,88].

A deficiency of cysteine can significantly impact human health. The primary concerns
associated with inadequate levels of this AA include heightened susceptibility to oxidative
damage, compromised immune function [89,90] and cognitive decline, which may increase
the risk of neurodegenerative diseases such as Alzheimer’s and Parkinson’s [90,91]. Insuffi-
cient cysteine levels can also result in deficiencies of coenzyme A and taurine [87,92], as
well as contributing to the development of Type 2 diabetes, particularly within the context
of oxidative stress [92,93].
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Excessive levels of cysteine can exert toxic effects by inhibiting essential metabolic
pathways, particularly those involved in energy production, protein metabolism, insulin re-
sistance, and diabetes [94,95]. Elevated cysteine concentrations may induce cellular toxicity
through disruption of iron homeostasis via an ROS-mediated mechanism [96]. Increased
plasma cysteine levels have been observed in individuals with cardiovascular disease
(CVD) compared to healthy controls [97,98]. High cellular levels of GSH are characteristic
of cancer [99] and numerous studies have demonstrated that GSH depletion [100] or its
oxidation into the disulfide form GSSG exerts therapeutic effects across various tumor
types [101]. Ultimately, the GSH/GSSG ratio serves as one of the principal “redox” indi-
cators, reflecting the delicate balance between oxidation and reduction within metabolic
reaction chains [102]. This ratio is comparable to other significant redox ratios such as
NAD+/NADH, acetoacetate/beta-hydroxybutyrate, and pyruvate/lactate.

2.6. Glutamic Acid

Glutamic acid, also referred to as glutamate, is an NEAA acid that fulfills significant
biological functions, particularly within the CNS and various metabolic pathways. As
the most predominant excitatory neurotransmitter in the brain, glutamate is instrumental
in numerous CNS activities, including synaptic transmission, neuronal communication,
learning, and memory formation [103,104]. Moreover, it functions as a precursor and
nitrogen donor in the synthesis of other AAs, purines, and pyrimidines [105]. The balance
between glutamate and GABA, a metabolite derived from glutamate, is vital for main-
taining the equilibrium between excitatory and inhibitory neurotransmission within the
brain [106,107]. Additionally, glutamate is a constituent of the tricarboxylic acid (TCA)
cycle [108]. It also plays a role in regulating insulin secretion, being capable of stimulating
insulin release from pancreatic beta cells [109,110]. Finally, glutamic acid contributes to the
synthesis of GSH [85,111].

A deficiency of glutamic acid is not a common issue in human health. This deficiency
can potentially lead to cognitive deficits and difficulties in learning and memory, owing
to glutamate’s role as a neurotransmitter [112,113]. Since glutamic acid is the precursor
for GABA, insufficient glutamate levels may subsequently contribute to decreased GABA
levels and neurological disturbances [106,107]. Certain disorders, including depression
and anxiety, have also been associated with lower levels of glutamic acid [114,115].

Excess glutamic acid in the human body can lead to a variety of conditions and
symptoms, primarily due to its role in the CNS. It has been associated with excitotoxicity,
which can result in the influx of calcium ions (Ca2+) into neurons, potentially causing cell
death and abnormal electrical activity in the brain. Such conditions may manifest as seizure
disorders [116,117], schizophrenia, and major depressive disorder [118,119]. Additionally,
acute neurological events such as stroke and traumatic brain injury [117,120] as well as
ischemic stroke [121,122], are linked to elevated glutamate levels. Elevated glutamate can
also induce retinal excitotoxicity, leading to cell death and contributing to diseases such as
glaucoma [123]. NMDA receptor, for which glutamate functions as a ligand, represents a
significant pharmacological target for numerous health conditions. Pharmacological agents
that act as antagonists to this receptor have demonstrated a broad spectrum of benefits,
particularly regarding neurological and mental health disorders [124].

2.7. Glutamine

Glutamine is an SEAA that plays a multifaceted role in various biological processes. It
serves as an important carbon and nitrogen donor for biosynthesis [125,126] and is regarded
as a conditionally EAA due to its support of lymphocyte and macrophage proliferation
and activity during inflammatory conditions [127,128]. Its functions include the regulation
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of pH balance via metabolization to ammonia in the kidneys [129,130]. Additionally,
glutamine is a precursor for the synthesis of neurotransmitters glutamate and GABA [131]
and participates in GSH synthesis, a major antioxidant [132,133]. It also influences the
mTOR signaling pathway [134]. Furthermore, glutamine is often described as a “fuel”
for tumor growth, given that cancer cells exhibit modified metabolic pathways involving
glutaminolysis [135,136].

Glutamine deficiency can arise from various conditions and can lead to a range of
symptoms that significantly impact health. One of the most severe forms of this deficiency
is congenital glutamine synthetase (GS) deficiency, a rare genetic disorder characterized by
a lack of the enzyme responsible for synthesizing glutamine, which causes severe neonatal
encephalopathy and is associated with chronic hyperammonemia [137]. Insufficient levels
of glutamine can also lead to impaired immune responses, increased susceptibility to
infections, delayed wound healing [133,138], sepsis [139,140], cognitive deficits [141,142],
and intestinal dysfunction [143,144]. Moreover, glutamine deficiency may contribute to
the exacerbation of certain conditions, such as cancer, where tumor cells frequently exhibit
“glutamine addiction” [145,146]. This dependence on glutamine is believed to play a
significant role in cancer cachexia, due to the protein wasting of healthy tissues that occurs
in an effort to supply glutamine for the rapidly proliferating cancer cells [147].

Excessive levels of glutamine are less frequently addressed than deficiencies and
may result from high dietary intake, supplementation, or metabolic dysregulation. Such
excess is linked to hyperammonemia—reducing the necessity for ammonia conversion into
glutamine within the brain and liver [148,149]—as well as tumor progression and resistance
to therapeutic interventions [150,151].

2.8. Glycine

Glycine has the simplest structure and is also SEAA, particularly important as a
neurotransmitter in the CNS, where it assumes a dual role: as an inhibitory neurotransmitter,
crucial for the modulation of synaptic transmission and the regulation of motor and
sensory pathways within the spinal cord and brainstem [152,153], and as an excitatory
neurotransmitter—serving as a co-agonist with glutamate at NMDA receptors [153,154].
Additionally, glycine facilitates the survival of neural stem cells (NSCs) during embryonic
development [155,156], influences the migration of microglial cells, which are essential
for immune responses within the CNS [157,158], and exhibits cytoprotective properties
across various non-neuronal cells, including immune cells [159,160]. Furthermore, this AA
participates in the biosynthesis of numerous biomolecules, such as GSH, creatine, purines,
collagen, and heme [161,162].

Glycine deficiency is relatively uncommon; however, reduced levels of glycine have
been associated with conditions such as obesity, type 2 diabetes, non-alcoholic fatty liver
disease (NAFLD) [163,164], and impaired hemoglobinization of erythroid cells, which
may potentially lead to anemia [162]. Insufficient glycine may also contribute to defective
collagen synthesis and weakening of connective tissue [165]. One of the most notable
aspects of glycine is its capacity to extend both average and maximum lifespan when
incorporated into the diet at concentrations of 1–2% of the diet weight. The effects observed
from dietary glycine supplementation appear to emulate the benefits associated with caloric
restriction, implying that it is not solely caloric intake but rather the composition of the diet
that influences lifespan [166].

One of the most notable conditions associated with elevated glycine levels is
non-ketotic hyperglycinemia (NKH), a genetic disorder characterized by the accumu-
lation of glycine in the blood and cerebrospinal fluid (CSF) due to a deficiency in the
glycine cleavage system [167]. Other manifestations of glycine excess include sensori-
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motor gating disturbances, particularly in the context of psychiatric disorders such as
schizophrenia [168,169] and metabolic dysregulation [161].

2.9. Histidine

Histidine is an EAA that influences various physiological processes and metabolic
pathways. One of its primary biological functions is serving as a precursor in the synthesis
of histamine, which modulates numerous physiological functions, including gastric acid
secretion, immune responses, and neurotransmission [170,171]. Additionally, histidine acts
as a buffer within the physiological pH range due to its imidazole side chain [172] and
participates in the coordination of metal ions, such as zinc and copper, in diverse enzymatic
processes and cellular signaling pathways [172,173]. The antioxidant capacity of histidine
and its derivatives is vital in mitigating oxidative damage caused by reactive oxygen species
(ROS) [172,173]. Furthermore, histidine plays a role in metabolic regulation by enhancing
insulin sensitivity and decreasing markers of systemic inflammation [174,175].

Histidine deficiency can result in various physiological and psychological conditions.
One of the most significant consequences of a deficiency of histidine is its effect on mental
health, presenting symptoms associated with major depressive disorder [176,177]. Addi-
tional conditions linked to inadequate histidine levels encompass impaired intestinal health,
reduced antioxidant capacity [178], as well as dermatological and joint issues [172,179].

Excessive levels of histidine in the body can lead to several adverse health conditions
and symptoms. One of the primary concerns associated with histidine excess is the potential
for histidinemia, a metabolic disorder characterized by elevated levels of histidine in the
blood with neurological symptoms [180]. In addition to neurological effects, excessive
histidine can also lead to gastrointestinal disturbances, a decrease in appetite, taste, and
smell [181,182], and increased zinc excretion, potentially resulting in zinc deficiency in
some individuals [175]. Elevated levels of histidine may also result in histamine excess,
which has a proven role in allergies and chronic inflammation, driving processes such as
cancer and CVD. Histamine receptor antagonists have been shown to provide numerous
health benefits not only for allergies, but also for gastro intestinal tract conditions, cancer,
and neurological diseases [183].

2.10. Isoleucine

Isoleucine is an EAA, one of the three branched-chain amino acids (BCAAs). A
primary function of isoleucine is its involvement in muscle protein synthesis, as it stimulates
the mTOR signaling pathway, which is essential for muscle growth and repair [184,185].
Isoleucine exerts a positive influence on insulin sensitivity and glucose metabolism, thereby
promoting metabolic health [186,187]. It is classified as both a ketogenic and glucogenic
AA [188]. Furthermore, isoleucine can enhance immune function [189,190].

Isoleucine deficiency can lead to various clinical conditions and symptoms, primar-
ily due to its vital role in protein synthesis. One of the most notable conditions asso-
ciated with isoleucine deficiency is acrodermatitis dysmetabolica, observed in patients
with Maple Syrup Urine Disease (MSUD) [191,192]. Additionally, isoleucine deficiency
has been linked to muscle wasting and diminished physical performance [193,194]. Re-
duced levels of isoleucine have also been reported in conditions such as major depressive
disorder [177,195].

Excessive levels of isoleucine may induce a spectrum of physiological and metabolic
disturbances, including heightened insulin resistance [196,197]. Furthermore, an overabun-
dance of isoleucine exerts adverse effects on growth and development in specific animal
models, leading to growth retardation, which is likely attributable to the accumulation of
toxic metabolites resulting from isoleucine oxidation [198,199]. Elevated concentrations of
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this AA have been associated with increased adipose tissue deposition in certain animal
models, implying an alteration in lipid metabolism [194,200].

2.11. Leucine

Leucine is an EAA with a branched-chain structure, participating in a variety of
biological functions, particularly in protein metabolism, cellular signaling, and energy
homeostasis. A primary function of leucine is its role as a key regulator of the mammalian
target of rapamycin complex 1 (mTORC1), which is essential for controlling protein synthe-
sis and cellular growth in response to nutrient status [201,202]. Moreover, leucine functions
as a regulator of energy metabolism and insulin sensitivity [203], as well as a modulator of
feeding behavior and energy balance within the CNS [204,205]. Additional roles of leucine
include regulation of autophagy, a process vital for maintaining cellular homeostasis and
responding to stress [201,206], muscle preservation [207,208], influences on cardiovascular
health [209,210], as well as participation in lipogenesis and lipolysis [211,212].

As an EAA, leucine must be obtained through the diet, and its absence can disrupt
numerous biological processes. One of the primary concerns associated with its deficiency
is impaired protein synthesis, particularly in muscle tissue [201,202]. Insufficient levels
of leucine may lead to a disrupted balance of BCAAs [213]. Leucine deficiency has also
been associated with cognitive impairments and mood disorders [177,195]. Nonetheless,
leucine-restricted diets have demonstrated the potential to reduce fat mass, improve glucose
regulation, and enhance hepatic insulin signaling [213,214].

Excess leucine, although less frequently discussed than deficiency, can result in various
health problems and metabolic disruptions. Among the most prominent conditions linked
to leucine excess is MSUD, a hereditary disorder characterized by the impaired metabolism
of BCAAs, primarily manifesting through neurotoxicity, with symptoms including seizures,
developmental delays, and cognitive impairments [215,216]. In addition to MSUD, ele-
vated levels of leucine may contribute to imbalances in AA levels, such as deficiencies in
isoleucine and valine [217,218]. Furthermore, an excess of leucine has been demonstrated
to compete with tryptophan for transport into the brain, thereby leading to decreased
serotonin synthesis [219,220].

2.12. Lysine

Lysine, classified as an EAA, is pivotal in various biological processes. Beyond its
role in protein synthesis, lysine is integral to post-translational modifications (PTMs),
particularly acetylation and succinylation, which are essential for regulating protein func-
tion, stability, and interactions within the cell [221,222]. Lysine also participates in the
biosynthesis of carnitine [223,224]. Additionally, this EAA contributes to malonylation and
isobutyrylation in protein modifications [225,226], mediates epigenetic regulation through
acetylation [227,228], influences the regulation of hormones such as ghrelin and leptin
which are involved in appetite and energy homeostasis [229,230], and is implicated in
collagen and elastin cross-linking [231]. Furthermore, lysine plays a significant role in
promoting bone health and supporting immune function [232,233].

One of the most notable conditions associated with lysine deficiency is growth and
developmental problems, which may be exacerbated by the potential onset of hypopro-
teinemia [234,235]. Insufficient lysine levels can impair immune responses [236,237] and
may lead to the accumulation of lipids [238,239]. Regarding neurological health, lysine
deficiency may induce stress, mood swings, and sleep disturbances [240,241]. Lysine is
believed to function as an antagonist to arginine, either by decreasing arginine levels or by
reducing its conversion to NO. Consequently, lysine supplementation has been employed
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in viral conditions associated with excess NO, such as the reactivation of latent herpes virus
infection [242].

Lysine, although indispensable for numerous physiological processes, can induce
adverse effects when consumed in excess. Elevated lysine levels may precipitate oxidative
stress due to the generation of ROS [243,244], may impose renal stress, and potentially con-
tribute to the development of renal diseases [245], and are associated with gastrointestinal
disturbances [246].

2.13. Methionine

Methionine is an EAA acid with numerous critical roles within biological systems.
Its primary functions include the regulation of gene expression and the stabilization of
proteins. It is the initial AA incorporated into newly forming polypeptide chains during
translation, serving as the N-terminal residue in most [247]. Additional significant func-
tions of methionine encompass its role as a precursor to S-adenosylmethionine (SAM),
a vital methyl donor involved in various methylation reactions [248,249]. It also partic-
ipates in antioxidative processes through the methionine sulfoxide oxidation-reduction
cycle [250,251], regulates cellular signaling pathways essential for cell growth and protein
synthesis [252,253], and contributes to the synthesis of other sulfur-containing compounds
such as cysteine and subsequently GSH, a primary antioxidant within the body [254,255].
Furthermore, methionine serves as a precursor to polyamines, succinyl-CoA, homocysteine,
creatine, and carnitine [256].

Methionine deficiency can induce a range of physiological and metabolic alterations.
A principal consequence of methionine deficiency is the modulation of miRNAs and
gene expression [257,258]. Dietary restriction of methionine has been demonstrated to
enhance insulin sensitivity and promote lipid oxidation in metabolic conditions such as
obesity [259,260], as well as to improve cardiovascular health despite the potential risk of
hyperhomocysteinemia [258,261], and to augment antioxidative and anti-inflammatory
responses [262]. Diets with restricted methionine intake have also been associated with
beneficial effects on cognitive functions [263,264] and the suppression of tumor prolifera-
tion [265,266]. Additionally, methionine restriction, akin to glycine supplementation, has
been shown to emulate caloric restriction effects, thereby extending both the average and
maximum lifespan in various animal models [267].

Methionine, although essential for various biological functions, can become detri-
mental when present in excessive amounts, particularly within the context of dietary
consumption. One of the most significant consequences of methionine excess, especially
when combined with B vitamins and folate deficiency, is hyperhomocysteinemia—the ele-
vation of homocysteine levels in the bloodstream. This condition is a well-established risk
factor for CVD, including atherosclerosis and thrombosis [268,269]. Furthermore, elevated
levels of methionine and homocysteine can induce neurotoxicity, cognitive impairment,
and inflammation [269,270]. High concentrations of methionine may also contribute to
renal impairment [271,272] and oxidative stress, characterized by increased production of
ROS [273,274]. Additionally, excess methionine, similar to cysteine and tryptophan, has
been shown to directly suppress thyroid function [275], which may elucidate why restrict-
ing methionine intake in the diet yields numerous positive effects on weight management,
diabetes, cancer, and lifespan.

2.14. Phenylalanine

Phenylalanine constitutes an essential aromatic AA with significant biological roles,
primarily through its metabolism and transformation into other biologically important
compounds. A principal function of phenylalanine is its conversion into tyrosine and
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subsequently dopamine, one of the major neurotransmitters [276,277]. Additionally, pheny-
lalanine serves as a precursor for the biosynthesis of melanin [278], and it may influence
the secretion of gut hormones [279,280].

Phenylalanine deficiency, though less frequently addressed than its excess, can result
in a variety of significant health concerns. One of the primary conditions associated with
phenylalanine deficiency is impaired growth and development, particularly in infants and
children with Tyrosinemia type 1 [281,282]. Additional manifestations may encompass
cognitive impairments and neurocognitive issues, as well as dermatological conditions
such as eczema and other skin disorders [281].

Excess phenylalanine, particularly in cases of phenylketonuria (PKU), induces a
spectrum of severe health complications and symptoms that can substantially impair an
individual’s quality of life. PKU is characterized as an autosomal recessive disorder distin-
guished by a deficiency of the enzyme phenylalanine hydroxylase (PAH), which catalyzes
the conversion of phenylalanine to tyrosine [283]. A primary and severe consequence
of phenylalanine accumulation is neurotoxicity, as elevated levels interfere with neuro-
transmitter synthesis by competing with other large neutral AAs for transport across the
blood–brain barrier [284,285]. This competitive inhibition may also contribute to increased
anxiety and mood fluctuations [286]. Additional manifestations of PKU include derma-
tological issues and hypopigmentation [287,288]. Furthermore, elevated phenylalanine
concentrations have been correlated with cardiovascular complications [289,290].

2.15. Proline

Proline, an SEAA, fulfills vital biological functions across a diverse range of organisms,
from plants to mammals. A primary biological role of proline is its involvement in osmotic
regulation, where it functions as an osmolyte [291,292]. Proline possesses significant an-
tioxidant properties, effectively scavenging ROS and safeguarding cells from oxidative
damage, which is particularly important during exposure to heavy metals or hydrogen
peroxide [293]. Additionally, proline, in conjunction with glycine, constitutes a crucial com-
ponent of collagen, contributing to its structural stability through the stabilization of the
triple helix configuration [294,295], and is essential in protein folding owing to its distinctive
cyclic structure [296,297]. The oxidative metabolism of proline results in the formation of
glutamate and the subsequent release of energy [297]. This metabolic pathway also supplies
energy to cancer cells and plays a role in their metabolic reprogramming [298,299]. Further-
more, the proline-P5C cycle is instrumental in maintaining redox homeostasis within cells,
especially under conditions of oxidative stress or metabolic challenges [300,301]. It is also
recognized that proline influences neurotransmission [302,303].

A deficiency of proline in plants may result in a diminished capacity to respond
effectively to osmotic stress [292,304]. In human physiology, proline deficiency is less
frequently examined. The role of proline as an antioxidant suggests that inadequate
proline levels could contribute to heightened oxidative stress. Moreover, reduced proline
levels may impair collagen synthesis, thereby compromising the integrity of connective
tissues [305,306].

It has been observed that elevated proline content can alter the ultrastructure of es-
sential organelles such as chloroplasts and mitochondria, and the generation of ROS [307].
In humans, excessive proline is principally associated with hyperprolinemia, which man-
ifests symptoms including neurological impairment and psychiatric disorders, notably
schizophrenia [303,308]. Prolonged administration of excess proline may also induce
oxidative damage [309,310].
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2.16. Serine

Serine, an NEAA, performs numerous critical biological functions. A primary role
involves its participation in one-carbon metabolism, which is vital for the synthesis of nu-
cleotides, SAM, and NADPH [311,312]. Furthermore, serine serves as a precursor for other
AAs, including glycine and cysteine [313]. It is also indispensable for lipid metabolism,
being necessary for the biosynthesis of phosphatidylserine and sphingolipids [314,315].
Additional roles encompass regulation of immune responses [316,317], detoxification,
and antioxidant defense via its involvement in GSH biosynthesis [318]. Moreover, ser-
ine is essential for neuronal development, neurotransmitter synthesis, and overall brain
function [319,320]. It plays a significant role in the proliferation and survival of cancer
cells [321,322]. D-serine functions as a co-agonist of NMDA receptors and is involved in
neuronal activity, including synaptic plasticity, neurodevelopment, learning, and mem-
ory processes [323,324]. Additionally, serine is pivotal in the biosynthesis of androgens
and estrogens, as serine phosphorylation of cytochrome b5 is essential for the activity
of the 17,20-lyase enzyme, which constitutes the rate-limiting step in the production of
these steroids [325]. Deficiency of D-serine can manifest as cognitive impairments and
neurodevelopmental disorders [326,327].

Serine deficiency is associated with a range of clinical conditions and symptoms, pri-
marily affecting neurological function and development. The principal indicators of serine
deficiency disorders include congenital microcephaly, seizures, and severe psychomotor
delay [319,320]. It is established that serine deficiency can lead to developmental delays and
neurological impairments from birth, with some cases identifiable even prenatally [319,328].
Additionally, serine deficiency may be linked to diminished antioxidant defenses and an
increased susceptibility to oxidative damage [329].

High levels of L-serine can lead to the accumulation of D-serine [330]. Elevated levels
of D-serine may result in a range of toxicological effects and physiological disturbances,
chiefly impacting the CNS and renal function. Excessive D-serine interferes with normal
neuromuscular operations and development [323], and it can also provoke nephrotoxic
effects, culminating in glucosuria and polyuria [331,332].

2.17. Threonine

Threonine is an EAA that plays a fundamental role in various metabolic pathways
and physiological functions. It is particularly significant in the synthesis of mucins, which
are glycoproteins constituting a major component of mucous membranes, thereby being
crucial for the preservation of mucosal integrity and immune function [333,334]. Threonine
additionally acts as a precursor for the biosynthesis of other biomolecules, including AAs
such as glycine, serine, and isoleucine [335,336], and is indispensable in the PTMs of
proteins, especially phosphorylation [337,338]. Its catabolism is vital for the maintenance
of pluripotent and multipotent stem cells in both plant and animal systems [339,340].

A primary condition associated with threonine deficiency is compromised intestinal
function [341,342], alongside adverse effects on metabolic processes, particularly those
pertaining to energy metabolism, such as glucose absorption capacity [333,343]. Inadequate
levels of threonine may result in a weakened immune response, rendering individuals more
vulnerable to infections and diseases [333,344]. Additional conditions linked to threonine
deficiency include decreased body weight gain and impaired growth rates [345,346], as
well as disruptions in the estrous cycle, which may indicate potential impacts on fertility
and reproductive health [347].

Threonine, although vital for various physiological functions, may cause adverse
effects when present in excessive amounts. A primary concern associated with threonine
overabundance is its potential to induce metabolic disturbances, such as the accumulation
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of toxic intermediates within metabolic pathways, including homoserine [348]. Elevated
levels of threonine may also pose negative neurological impacts [349]. Furthermore, excess
threonine can result in diminished protein synthesis and growth [346,350].

2.18. Tryptophan

Tryptophan is an essential aromatic AA with diverse functions in human physi-
ology. It acts as a precursor for significant biomolecules such as serotonin and mela-
tonin, which are crucial for neurotransmission, mood regulation, and circadian rhythm
management [351,352]. Furthermore, tryptophan influences the immune system through
the production of kynurenines, which can impact immune responses and inflammatory
processes [352,353]. It is also a precursor for the synthesis of NAD [352]. This AA affects
gastrointestinal health and overall well-being [354,355], and plays a role in sleep regulation
via its conversion into melatonin [356].

Tryptophan deficiency impacts multiple health domains, including neuropsychiatric,
metabolic, and immune systems. A significant consequence of this deficiency is its ef-
fect on serotonin levels, which are associated with mood disorders such as depression
and anxiety [357,358]. Insufficient tryptophan intake can impair cognitive functions, in-
cluding memory and learning [358,359], disrupt energy metabolism, and result in fatigue
and muscle weakness [360]. Additionally, it may increase susceptibility to infections and
inflammatory processes [357,361]. Notably, certain research suggests that brain trypto-
phan depletion, which decreases serotonin levels, might exert anti-fatigue effects, thereby
supporting the central fatigue hypothesis [362].

Excessive consumption of tryptophan may result in a variety of medical conditions
and symptoms that could negatively impact health. A principal concern associated with
high levels of tryptophan is its potential to disturb serotonin concentrations [363,364].
Although serotonin plays a crucial role in mood regulation, an overabundance may cause
serotonin toxicity [365]. Additionally, excess tryptophan can lead to increased production of
kynurenine and its derivatives, which may contribute to oxidative stress and inflammatory
responses [366,367].

2.19. Tyrosine

Tyrosine is a semi-essential aromatic AA that plays various roles within biological sys-
tems. One of its most vital functions is the synthesis of catecholamines, including dopamine,
norepinephrine, and epinephrine, which are essential for numerous physiological processes
such as mood regulation, stress response, and cardiovascular functioning [368,369]. Ad-
ditionally, tyrosine serves as a precursor for thyroid hormones and melanin [370,371].
Furthermore, PTMs such as tyrosine phosphorylation, nitrosation, and sulfonation are
crucial for cellular signaling and regulatory mechanisms [372,373].

The effects of low tyrosine levels can manifest in various ways, particularly impacting
neurological function. A primary condition associated with tyrosine metabolism is tyrosine
hydroxylase (TH) deficiency, an autosomal recessive disorder characterized by a signifi-
cant reduction in the production of dopamine, norepinephrine, and epinephrine [374,375].
Overall health may also be compromised by tyrosine deficiency, which can lead to de-
pression and anxiety due to decreased levels of neurotransmitters such as dopamine and
norepinephrine [376,377].

One primary concern associated with excess tyrosine is its potential impact on neuro-
transmitter synthesis, which may lead to increased physiological arousal and symptoms
of anxiety, overstimulation of the CNS, and cognitive impairments [378,379]. There is also
accumulating evidences indicating that elevated tyrosine levels are correlated with obesity
and insulin resistance [380,381]. Additionally, high tyrosine levels can result from a rare
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genetic disorder known as tyrosinemia. Tyrosinemia type I can cause severe liver dysfunc-
tion, neurological crises, and rickets due to the accumulation of toxic metabolites [382].
Tyrosinemia type II may lead to skin lesions, corneal deposits, and neurological impair-
ments [383,384], while tyrosinemia type III is associated with neurological symptoms and
intellectual disability [385,386].

2.20. Valine

Valine is an essential BCAA. Valine, along with leucine and isoleucine, are main com-
ponents of muscle protein [184], which highlights its significance in muscle maintenance
and repair. Other important functions of the AA involve stimulation of the mitochondrial
function in muscle cells, which is essential for energy production and overall metabolic
health [387,388], influence on insulin sensitivity [389,390], influence on triglyceride synthe-
sis and overall lipid profiles in various animal models [388,391]. Valine can also enhance
intestinal health and immune status [392,393] and can indirectly be involved in regulation
of neurotransmitter synthesis [394].

Valine deficiency can lead to a range of physiological and metabolic disturbances,
given its essential role in various biological processes. Lower levels of valine can con-
tribute to increased insulin sensitivity [213,389], but valine deficiency has been shown to
result in weight loss due to decreased protein synthesis and stimulated protein and fat
breakdown [193,395]. Additionally, it may have neurotoxic effects [396,397].

While valine is essential for numerous biological functions, its excessive presence
may result in toxic effects. Elevated levels of this AA can impair insulin signaling and
glucose metabolism, thereby contributing to the development of type 2 diabetes [398,399]
and cardiovascular diseases CVD [398,400]. Furthermore, high concentrations of valine
may disrupt lipid metabolism and promote NAFLD [401,402].

3. Daily AA Intake Requirements
To provide a comprehensive overview of daily AA requirements, it is essential

to address that each AA’s specific requirement varies depending on factors such as
age, gender, activity level, and physiological conditions. According to established
sources, the total daily requirements for EAAs have been thoroughly documented. The
WHO/FAO/UNU guidelines indicate that adults require specific amounts of each EAA:
histidine (10 mg/kg), isoleucine (20 mg/kg), leucine (39 mg/kg), lysine (30 mg/kg), methio-
nine (15 mg/kg), phenylalanine (25 mg/kg), threonine (15 mg/kg), tryptophan (4 mg/kg),
and valine (26 mg/kg) [403,404].

Protein intake, which is the primary source of AAs, is vital for the maintenance of vari-
ous physiological functions. Regular assessments of dietary protein intake reveal significant
implications for health and disease prevention. For adults, a common recommendation is
approximately 0.83 g of protein per kilogram of body weight. This intake level aligns well
with maintaining overall bodily functions, muscle synthesis, and metabolic activities [405].

In athletes and individuals engaged in regular physical activity, the protein require-
ment can significantly increase. Recommendations suggest that the intake of protein,
preferably with higher BCAA content, should be around 1.2 to 2.0 g per kilogram of body
weight per day, depending on the type, intensity, and duration of the training [406,407].

Vegetarian and vegan diets also necessitate careful consideration regarding AA intake.
A comprehensive evaluation has suggested that while these diets can meet AA require-
ments, they often require more strategic combinations of food sources to ensure adequate
EAA intake, particularly lysine and methionine, usually found in high concentrations
within animal proteins [408,409].
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Requirements for children are usually higher because of their more rapid growth
and development. Research indicates that the requirements for protein intake typically
vary from 1.0 to 1.5 g per kilogram of body weight per day in children [405,410]. Ad-
ditionally, studies suggest that children consuming plant-based diets may struggle to
meet their AA needs effectively due to lower digestibility and limitations from most plant
proteins [411,412] compared to protein of animal origin (e.g., eggs, dairy, meat, etc.).

Another age group with higher protein intake requirements comprises the elderly. Ag-
ing presents unique challenges for protein metabolism, necessitating a higher intake of spe-
cific AAs to counteract muscle loss and inefficiencies in protein synthesis [413,414]. Current
guidelines suggest that elderly individuals should consume at least 1.0–1.2 g/kg of protein
per day, particularly due to decreased anabolic responses to dietary proteins [415,416]. The
individual AA requirements are notably higher for the elderly as well; essential AAs such
as leucine play a significant role in stimulating muscle protein synthesis [417,418].

4. Nutritional Sources of AAs
Animal-based protein sources are traditionally recognized for their high protein con-

tent and complete AA profiles. For example, meat, poultry, eggs, and dairy products such
as milk and cheese are known to be rich in protein and contain all the EAAs required by
the human body [419,420]. Animal-based proteins are especially favored by athletes [421].
Fish is also a significant source of high-quality protein and EAAs. Research indicates that
fish not only boasts a high protein content but also contains a favorable AA composition
rich in taurine, lysine and methionine [422].

In the realm of vegetarian sources, legumes, nuts, seeds, and certain grains emerge as
viable protein-rich alternatives. For instance, pulses such as lentils and beans are lauded
for both their high protein content and beneficial AA profiles [420,423]. Proteins from
vegetable sources do not have adequate amounts of all nine EAAs, usually lacking one or
two. That is why people who exclude animal proteins from their diets should consume a
variety of plant-based proteins to ensure consumption of all EEAs [420,424].

Mushrooms are increasingly recognized for their nutritional value, particularly as a
source of protein. Research indicates that edible mushrooms can contain protein levels
comparable to some legumes. Certain varieties have been reported to exhibit protein
content ranging from approximately 25% to 50% on a dry weight basis [425,426]. For
example, Agaricus bisporus (common button mushroom) has been identified to contain
significant amounts of AAs like glutamic acid and aspartic acid, which are vital for muscle
metabolism and overall bodily functions [427,428].

In terms of AA composition, protein quality assessments reveal that animal proteins
are generally acknowledged for their higher quality compared to many plant-derived
proteins. It is important to accurately evaluate protein quality based on AA digestibility
and composition, particularly concerning EAAs [429]. To optimize protein intake and meet
physiological needs, it is relevant to structure meal plans that combine high-protein foods
from both animal and plant sources.

5. Possible Therapeutic Effects of AA Blends
When assessing the potential therapeutic effects of AAs, it is essential to consider that

their metabolic pathways are significantly interconnected. A substantial body of existing
research explores the interactions between various AAs, their shared transport mechanisms,
and their capacity to enhance or inhibit specific functions. However, numerous recently
identified tendencies necessitate further investigation. Additionally, another critical area of
research pertains to the effects of different AA blends, particularly EAA blends, on various
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physiological processes, as AAs may act synergistically to enhance metabolic functions or
exhibit antagonistic effects that could impede particular pathways.

The inclusion of a higher EAA intake in the diet has been demonstrated to provide
significant benefits across various physiological contexts, such as enhancing muscle strength
and mass, and improving body composition, particularly when combined with resistance
training [430,431]. Moreover, the rate at which AAs are delivered to tissues after exercise can
influence recovery effectiveness. Clinical research has also shown that supplementing with
EAAs can enhance muscle preservation in people undergoing calorie restriction, weight loss,
or conditions that compromise muscle health [432,433]. EAA supplementation has been
linked to improved kidney function in adults and prevention of liver damage [434–436],
reduced inflammation [437–439] and decreased risks of dyslipidemia via modulation
of the lysine/arginine ratio [440,441]. Research also indicates that a higher intake of
EAAs, especially a greater proportion of leucine, is necessary to sufficiently stimulate MPS,
particularly in elderly individuals [442]. A very recent and interesting study demonstrated
that leucine is important not only for structural integrity of the organism (e.g., building
muscle and bones) but also for physiological function. Namely, leucine was found to
be uniquely responsible for maintaining mitochondrial function, modulate autophagy
and helps cells adjust respiration in relation to changing environmental and nutritional
conditions [443].

The question of what form EAA should be additionally introduced in the diet is also
quite important. The ratio of EAA/NEAA in proteins has been identified to be at most 1:1
(good quality protein), but many protein sources do not reach that ratio in regard to
EAA [444–446]. Recent studies have documented health benefits from a ratio higher in
EAA, suggesting that maintaining the ratio > 1 is critical for promoting healthy growth,
supporting metabolic functions, and ensuring nutritional adequacy [447]. An attempt
to increase EAA intake through dietary sources of protein would subsequently increase
the intake of NEAA, which can either have no additional effects or might actually lead
to potential metabolic inefficiencies and result in a bigger pool of nitrogen catabolites,
which are known to have a harsh effect on the kidneys and liver. Studies also indicate
that an improper ratio of EAA/NEAA and high intake of certain NEAAs may inhibit the
absorption or utilization of EAA, disrupting normal physiological processes [448]. Nev-
ertheless, an adequate level of NEAAs must be maintained to support EAA availability.
Furthermore, the quantities of individual EAAs should be meticulously assessed, depend-
ing on the purpose or necessity of their inclusion. This makes the incorporation of EAAs in
supplement form a more judicious approach, as it allows precise formulation of the EAA
composition and quantities, while also ensuring their easy bioavailability. As previously
mentioned, the levels of methionine and tryptophan naturally present in various foods
as part of the EAA profile have been identified as excessive for optimal health. Specifi-
cally, reductions in the absolute intake—and consequently as a percentage of total EAA
intake—of methionine and/or tryptophan have been associated with numerous beneficial
effects, including improved body composition (such as weight loss), enhanced metabolic
status (notably insulin resistance), decreased cancer development and progression, and
ultimately increased lifespan. Therefore, when formulating EAA mixtures for human
supplementation in a laboratory setting, it may be advantageous to alter the ratios of vari-
ous EAAs significantly from those naturally occurring in most food sources, particularly
concerning methionine, tryptophan, and even histidine (the exclusive precursor of the
major inflammatory mediator, histamine). When considering the supplementation of EAAs,
BCAAs—leucine, isoleucine, and valine—are of most interest due to their unique benefits
in muscle protein synthesis, recovery, and overall metabolic health. However, the amounts
in which they are taken should be evaluated, because excessive concentration of BCAA can
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lower dopamine synthesis due to reduced tyrosine uptake in the brain [449], or contribute
to adverse cardiovascular outcomes [450]. Another thing to keep in mind is that not all
EAA are required to be additionally supplied. Tryptophan, methionine and histidine are
already circulating in optimal, even excess concentrations and there is no need for further
supplementation. Furthermore, given the recent shift in scientific opinion in regard to
clarifying glycine, taurine and beta-alanine as conditionally essential, a more optimal mix
of EAA may include six of the original EAA minus the ones mentioned immediately above,
while also adding glycine and taurine, usually in a 1:1 ratio (glycine/taurine). Overall,
the supplementation of EAAs comes with a couple of challenges, particularly concerning
optimal AAs composition, dosage, timing, and specific populations’ responsiveness.

6. Conclusions
The significance of FAAs extends far beyond their role in protein synthesis. Given

that plasma and serum FAAs are integral components of an intricate metabolic network
involving hepatic, muscular, and adipose tissues, their concentrations can serve as indi-
cators of organ-specific dysfunctions and overall metabolic health. Indeed, plasma FAA
profiles have been recognized as sensitive characteristics of systemic metabolic imbalance
and emerge as promising biomarkers for a range of pathological conditions. Numerous
studies corroborate this, establishing relationships with conditions such as CVD, dia-
betes mellitus, obesity, renal disorders, carcinomas, and thyroid abnormalities. The liquid
chromatography-tandem mass spectrometry (LC-MS/MS) is the benchmark method for
profiling many AAs simultaneously. However, data quality and comparability across labs
depend heavily on standardized protocols, careful control of pre-analytical variables and
targeted AA panels to ensure dependable results. For clinical use, future studies should
focus on validating methods across diverse populations, standardizing assay procedures,
combining data with other omics and clinical information, and exploring the underlying
mechanisms to clarify causality and find potential therapeutic targets.

Besides focusing on precise measurement of FAAs, it is also important to explore
other ways the field can progress. With the rapid development of artificial intelligence
(AI), we believe the future of researching optimal AA intake will shift from broad protein
recommendations to a more adaptable, personalized nutritional approach driven by AI.
This change involves more than just measuring FAAs; it aims to understand the specific
functional and conditional needs of all AAs and their metabolites across different life
stages, health conditions, and individual genetic and metabolic profiles. Factors such
as a person’s genome, gut microbiome, health status, and circadian rhythms create a
complex, multi-variable challenge that is best tackled with AI solutions. By utilizing
large datasets from multi-omics studies, wearable devices, and medical records, AI can
create predictive models of individual metabolism, discover new biomarkers, and deliver
personalized dietary advice in real-time. This synergy between advanced science and
AI will facilitate the implementation of precise clinical and athletic nutrition strategies,
fostering the development of sustainable, targeted foods. Ultimately, this paradigm shift
will transform AA intake from a general dietary guideline into a highly tailored tool for
enhancing human health and performance.
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Appendix A

Table A1. FAAs discussed in this review, their main biological functions, and documented effects
related to deficiency or excess.

Amino Acid Biological Function Deficiency Excess

Alanine
non-essential

Conversion into pyruvate and
glutamate [11,12]

Substrate for gluconeogenesis, particularly
during fasting or intense exercise [12]

Neuromodulator of glutamate and
GABA [13,14]

Maintaining synaptic plasticity and overall
brain function [15,16]

Synthesis of important biomolecules
(aspartate, glutamate and carnosine) [17]

Transporting nitrogen waste from muscles to
the liver [18,19]

Dihydropyrimidine dehydrogenase
deficiency (genetic disorder) [20,21]

Disruption in the balance of β-alanine
activation of GABA_A and glycine

receptors [22,23]
Metabolic disorders that affect liver

function [26,27]
Impaired immune responses [24,25]

Increased levels of alanine
aminotransferase, a marker for

liver damage or
dysfunction [28,29]

Hyperammonemia [28,29]

Arginine
semi-essential

Precursor to NO [1,30]
Detoxification of ammonia [31,32]

Synthesis of creatine, glutamate, proline,
agmatine and polyamines [30,33]
Muscle growth and repair [34,35]

Influence on the mTOR signaling pathway [39]
Embryo implantation and growth [37,38]

Proliferation and differentiation of T cells [40]
Wound healing and tissue repair [36]

Impaired immune function [43,44]
Cardiovascular complications [43,44]

Neurological symptoms [45]
Impaired wound healing [36]

Conditions associated with increased
arginase activity, such as liver disease

and certain inflammatory
states [46,47]

Potential therapeutic strategy for
cancer [49,50]

Metabolic imbalances [55,56]
Excessive NO

production [51,52]
Increased production of

guanidino compounds [57,58]

Asparagine
non-essential

Optimal protein synthesis [59]
Cellular adaptation to metabolic stress [60]

Mediates important signaling pathways
(mTOR) [63,64]

Influence on tumor growth and
progression [64,65]

T cell activation and function [61,62]

Asparagine synthetase
deficiency [66,67]

Neurological impairments [66,67]
Impact on the immune function [61]

Hinder cancer cell growth and
survival [65,68]

Enhanced tumor growth and
survival [65,68]

Risk of type 2 diabetes with
age [69]

L-Aspartic acid
non-essential

Synthesis of other AAs and neurotransmitters
(glutamate and asparagine) [1,71]

Asparagine deficiency and
neurological symptoms

Impaired metabolic pathways [1,71]
Accumulation of ammonia [71,74]

Excitotoxicity—neuronal
damage and cell death due to

overstimulation of
receptors [76,77]

D-Aspartic acid
non-essential

Excitatory neurotransmitter in the CNS [70,72]
Neurotransmission and hormonal

regulation [70,71]
Hormonal imbalance [73,75] Hormonal imbalances [78,79]

Cysteine
semi-essential

Stabilization of protein structures [80,81]
Sites for redox reactions [82,83]

Synthesis of GSH [84,85]
Enzymatic catalysis and signal transduction

pathways [82,86]
Synthesis of other essential biomolecules,
including coenzyme A and taurine [87,88]

Increased susceptibility to oxidative
damage [89,90]

Impaired immune function [89,90]
Deficiency of coenzyme A

and taurine [87,92]
Type 2 diabetes, particularly in the
context of oxidative stress [92,93]

Cognitive decline and increased risk
for diseases like Alzheimer’s and

Parkinson’s [90,91]

Toxicity due to inhibiting key
metabolic pathways, insulin

resistance and diabetes [94,95]
Cellular toxicity by disrupting

the iron homeostasis [96]
CVD [97,98]
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Table A1. Cont.

Amino Acid Biological Function Deficiency Excess

Glutamic acid
non-essential

Primary excitatory neurotransmitter in the
CNS [103,104]

Nitrogen donor and precursor to other AAs
and purines and pyrimidines [105]

Part of the TCA cycle [108]
Regulation of insulin secretion [109,110]

Synthesis of GSH [85,111]

Cognitive deficits, difficulties in
learning and memory [112,113]

Reduced GABA synthesis [106,107]
Neurological disorders, including
depression and anxiety [114,115]

Excitotoxicity that can lead to
cell death [116]

Stroke and traumatic brain
injury [117,120]

Ischemic stroke [121,122]
Abnormal electrical activity in
the brain, resulting in seizure

disorders [116,117]
Schizophrenia and major

depressive disorder [118,119]
Retinal excitotoxicity [123]

Glutamine
semi-essential

Important carbon and nitrogen donor for
biosynthesis [125,126]

“Fuel” for tumor growth [135,136]
Supports the proliferation and activity of
lymphocytes and macrophages [127,128]

Regulation of pH balance [129,130]
Influences on mTOR [134]

Precursor to glutamate, GABA, GSH [131]

Congenital glutamine synthetase (GS)
deficiency [137]

Impaired immune responses [133]
Increased susceptibility to

infections [133]
Delayed wound healing [138]

Sepsis [139,140]
Cognitive deficits [141,142]

Exacerbation in conditions like
cancer [145,146]

Intestinal dysfunction [143,144]

Hyperammonemia [148,149]
Tumor progression and

resistance to therapy [150,151]

Glycine
semi-essential

Inhibitory neurotransmission—modulation of
synaptic transmission [152,153]

Excitatory neurotransmission co-agonist at
NMDA receptors [153,154]

Promotes the survival of NSCs [155,156]
Influence the migration of microglial

cells [157,158]
Cytoprotective properties in various

non-neuronal cells, including immune
cells [159,160]

Synthesis of various biomolecules, including
GSH, creatine, purine, collagen

and heme [161,162]

Impaired collagen synthesis and
connective tissue weakness [165]

Obesity, type 2 diabetes [163]
NAFLD [164]

Impaired hemoglobinization of
erythroid cells, potentially resulting in

anemia [162]

NKH [167]
Sensorimotor gating,

particularly in the context of
psychiatric disorders such as

schizophrenia [168,169]
Metabolic dysregulation [161]

Histidine
essential

Precursor for synthesis of histamine [170,171]
Buffer in physiological pH range [172]

Coordination of metal ions, such as zinc and
copper, in various enzymatic processes and

cellular signaling pathways [172,173]
Mitigating damage caused by ROS [172,173]

Improves insulin sensitivity and reduces
markers of systemic inflammation [174,175]

Symptoms associated with major
depressive disorder [176,177]
Impaired intestinal health and

antioxidant capacity [178]
Skin and joint problems [172,179]

Histidinemia, leading to
neurological symptoms [180]

Gastrointestinal
disturbances [181]

Decrease in appetite, taste and
smell [182]

Increased zinc excretion [175]

Isoleucine
essential

branched-chain

Muscle protein synthesis—stimulates the
mTOR signaling pathway [184,185]

Both a ketogenic and glucogenic [188]
Favorable influence on insulin sensitivity and

glucose metabolism [186,187]
Enhances immune function [189,190]

Acrodermatitis dysmetabolica,
observed in patients with MSUD

[191,192]
Muscle wasting and impaired

physical performance [193,194]
Major depressive disorder [177,195]

Induce metabolic dysregulation
and increased insulin
resistance [196,197]

Adverse effect on growth and
development [198,199]

Increased fat
deposition [194,200]

Leucine
essential

branched-chain

Key regulator of the mTORC1 signaling
pathway [201,202]

Regulator of energy metabolism and insulin
sensitivity [203]

Modulator of feeding behavior and energy
balance in the CNS [204,205]

Autophagy regulation [201,206]
Muscle preservation [207,208]

Promoting cardiovascular health [209,210]
Influences on lipogenesis

and lipolysis [211,212]

Impaired protein synthesis,
particularly in muscle tissue [201,202]
Elevated levels of other BCAAs [213]

Cognitive impairments and mood
disorders [177,195]

Reduced fat mass and improved
glucose regulation, and enhanced
hepatic insulin signaling [213,214]

MSUD [215,216]
Neurotoxicity, particularly in

the context of MSUD [215,216]
Disturbances in AA

balance [217,218]
Disrupted serotonin
synthesis [219,220]
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Amino Acid Biological Function Deficiency Excess

Lysine
essential

Integral to PTMs, particularly acetylation and
succinylation [221,222]

Involved in the biosynthesis of
carnitine [223,224]

Epigenetic regulation through
acetylation [227,228]

Malonylation and isobutyrylation in protein
modifications [225,226]

Role in regulation of hormones such as ghrelin
and leptin [229,230]

Collagen and elastin cross-linking [231]
Role in bone health and immune

function [232,233]

Growth and developmental issues
further exacerbated by potential

development of
hypoproteinemia [234,235]

Impaired immune responses [236,237]
Potential accumulation of

lipids [238,239]
Mood instability, sleep disturbances,
and cognitive impairments [240,241]

Oxidative stress because of
formation of ROS [243,244]
Renal stress and potential

development of
kidney-related issues [245]

Gastrointestinal
disturbances [246]

Methionine
essential

Regulation of gene expression and protein
stability [247]

Precursor to SAM [248,249]
Important antioxidant through the
methionine—methionine sulfoxide
oxidation-reduction cycle [250,251]

Regulation of cellular signaling pathways,
crucial for cell growth and protein

synthesis [252,253]
Conversion to other sulfur-containing

compounds like cysteine and consequently
GSH [254,255]

Precursor to polyamines, succinyl-CoA,
homocysteine, creatine, and carnitine [256]

Alternation of miRNAs and gene
expression [257,258]

Improved insulin sensitivity and
promoted fat oxidation [259,260]
Improve cardiovascular health,

despite potential for
hyperhomocysteinemia [258,261]

Improved antioxidation and
anti-inflammatory response [262]

Beneficial effect on cognitive
function [263,264]

Reduce tumor growth and
survival [265,266]

Hyperhomocysteinemia—
elevated homocysteine is a

well-established risk factor for
CVD [268,269]

Stimulate inflammatory
pathways [269,270]

Neurotoxic effects [269,270]
Renal impairment [271,272]
Oxidative stress—increased
production of ROS [273,274]

Phenylalanine
essential
aromatic

Conversion into tyrosine and
subsequently—neurotransmitter

synthesis [276,277]
Biosynthesis of melanin [278]

Impact on gut hormone secretion [279,280]

Impaired growth and development,
particularly in infants and children
with Tyrosinemia type 1 [281,282]

Cognitive impairments and
neurocognitive problems [281]

Dermatological issues like eczema and
other skin problems [281]

PKU impaired conversion of
phenylalanine to tyrosine [283]

Neurotoxic effect [284,285]
Increased levels of anxiety and

behavioral problems [286]
Skin problems and

hypopigmentation [287,288]
Cardiovascular

complications [289,290]

Proline
semi-essential

Osmolyte [291,292]
Antioxidant—scavenging ROS [293]

Critical component of collagen [294,295]
Essential in the folding of proteins due to its

unique cyclic structure [296,297]
Production of glutamate and a subsequent
release of energy, which can also provide

cancer cells energy [297–299]
Maintenance of redox homeostasis through the

proline-P5C cycle [300,301]
Influence on neurotransmission [302,303]

Oxidative stress
Impaired collagen synthesis, leading

to compromised connective
tissue integrity [305,306]

Impaired ability to respond to osmotic
stress in plants [292,304]

Hyperprolinemia, associated
with symptoms such as

neurological impairment and
psychiatric disorders, including

schizophrenia [303,308]
Oxidative stress [309,310]
Ultrastructure of essential

organelles such as chloroplasts
and mitochondria [307]

L-Serine
non-essential

D-Serine
non-essential

Involvement in one-carbon
metabolism—synthesis of nucleotides, SAM

and NADPH [311,312]
Precursor to glycine, cysteine, GSH [313]

Important in growth and survival of cancer
cells [321,322]

Integral to lipid metabolism
Regulation of immune responses [314,315]
Neuronal development, neurotransmitter

synthesis, and overall brain function [319,320]
Co-agonist of NMDA receptors [323,324]

Congenital microcephaly, seizures,
and severe psychomotor

retardation [319,320]
Developmental delays and

neurological symptoms from
birth [319,328]

Impaired antioxidant defenses and
increased susceptibility to oxidative

damage [329]
Cognitive impairments and

neurodevelopmental
disorders [326,327]

Increased D-Serine
synthesis [330]

Disruptions in normal
neuromuscular function and

development [323]
Nephrotoxic effects, leading to

glucosuria and polyuria
[331,332]

Threonine
essential

Formation of mucins [333,334]
Precursor for the synthesis of various

biomolecules (glycine, serine and
isoleucine) [335,336]

Plays a significant role in PTMs of proteins,
particularly phosphorylation [337,338]

Maintenance of pluripotent and multipotent
stem cells in both plants and animals [339,340]

Impaired gut function [341,342]
Negative effect on metabolic

processes, particularly those related to
energy metabolism [333,343]

Weakened immune response [333,344]
Reduced body weight gain and
impaired growth rates [345,346]

Disruption in the estrous cycle [347]

Accumulation of toxic
intermediates in metabolic

pathways, such as
homoserine [348]

Negative neurological
impact [349]

Reduced protein synthesis and
growth [346,350]
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Tryptophan
essential
aromatic

Precursor to serotonin [351,352]
Immune system modulation—production

of kynurenines [352,353]
Influence on the gastrointestinal function and

overall health [354,355]
Regulation of sleep and circadian rhythms
through its conversion to melatonin [356]
Precursor for the synthesis of NAD [352]

Impact on serotonin levels, leading to
depression and anxiety [357,358]

Deficits in cognitive functions, such as
memory and learning [358,359]
Impair energy metabolism and

contribute to fatigue and muscle
weakness [360]

Increased susceptibility to infections
and inflammatory diseases [357,361]

Serotonin toxicity [363–365]
Excessive production of

kynurenine and its derivatives
may contribute to oxidative

stress and
inflammation [366,367]

Tyrosine
semi-essential

aromatic

Biosynthesis of catecholamines [368,369]
Precursor to thyroid hormones and

melanin [370,371]
Tyrosine phosphorylation, nitrosation, and

sulfonation are critical PTMs that play pivotal
roles in cellular signaling and

regulation [372,373]

Tyrosine hydroxylase (TH)
deficiency [374,375]

Depression and anxiety [375,377]

Heightened physiological
arousal and anxiety
symptoms [378,379]
Obesity and insulin
resistance [380,381]

Tyrosinemia type I—severe liver
dysfunction, neurological crises,

and rickets due to the
accumulation of toxic

metabolites [382]
Tyrosinemia type II—skin

lesions, corneal deposits, and
neurological

impairments [383,384]
Tyrosinemia type

III—neurological symptoms
and intellectual

disability [385,386]

Valine
essential

branched-chain

Muscle maintenance and repair [184]
Stimulating mitochondrial function in muscle

cells [387,388]
Enhances insulin sensitivity [389,390]

Influence on triglyceride synthesis and overall
lipid profiles [388,391]

Enhances intestinal health and immune
status [392,393]

Regulation of synthesis of neurotransmitter
synthesis [394]

Loss in weight due to decreased
protein synthesis and stimulated

protein and fat break down [193,395]
Increased insulin sensitivity [213,389]

Neurotoxic effects [396,397]

Impaired insulin signaling and
glucose metabolism [398,399]

Cardiovascular
complications [398,400]

Impaired lipid metabolism and
enhanced NAFLD [401,402]
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4. Malkov, S.N.; Živković, M.V.; Beljanski, M.V.; Hall, M.B.; Zarić, S.D. A Reexamination of the Propensities of Amino Acids towards
a Particular Secondary Structure: Classification of Amino Acids Based on Their Chemical Structure. J. Mol. Model. 2008, 14,
769–775. [CrossRef]

5. Kimball, S.R.; Jefferson, L.S. New Functions for Amino Acids: Effects on Gene Transcription and Translation. Am. J. Clin. Nutr.
2006, 83, 500S–507S. [CrossRef]

6. Dale, T.; Uhlenbeck, O.C. Amino Acid Specificity in Translation. Trends Biochem. Sci. 2005, 30, 659–665. [CrossRef]
7. Kobayashi, H.; Børsheim, E.; Anthony, T.G.; Traber, D.L.; Badalamenti, J.; Kimball, S.R.; Jefferson, L.S.; Wolfe, R.R. Reduced

Amino Acid Availability Inhibits Muscle Protein Synthesis and Decreases Activity of Initiation Factor eIF2B. Am. J. Physiol.
Endocrinol. Metab. 2003, 284, E488–E498. [CrossRef] [PubMed]

8. O’Connor, P.M.J.; Bush, J.A.; Suryawan, A.; Nguyen, H.V.; Davis, T.A. Insulin and Amino Acids Independently Stimulate Skeletal
Muscle Protein Synthesis in Neonatal Pigs. Am. J. Physiol. Endocrinol. Metab. 2003, 284, E110–E119. [CrossRef]

9. Tipton, K.D.; Rasmussen, B.B.; Miller, S.L.; Wolf, S.E.; Owens-Stovall, S.K.; Petrini, B.E.; Wolfe, R.R. Timing of Amino Acid-
Carbohydrate Ingestion Alters Anabolic Response of Muscle to Resistance Exercise. Am. J. Physiol. Endocrinol. Metab. 2001, 281,
E197–E206. [CrossRef]

10. De Proença, A.R.G.; Pereira, K.D.; Meneguello, L.; Tamborlin, L.; Luchessi, A.D. Insulin Action on Protein Synthesis and Its
Association with eIF5A Expression and Hypusination. Mol. Biol. Rep. 2019, 46, 587–596. [CrossRef]

https://doi.org/10.1007/s00726-009-0269-0
https://www.ncbi.nlm.nih.gov/pubmed/19301095
https://doi.org/10.3934/molsci.2020011
https://doi.org/10.1371/journal.pgen.1003187
https://doi.org/10.1007/s00894-008-0313-0
https://doi.org/10.1093/ajcn/83.2.500S
https://doi.org/10.1016/j.tibs.2005.10.006
https://doi.org/10.1152/ajpendo.00094.2002
https://www.ncbi.nlm.nih.gov/pubmed/12556349
https://doi.org/10.1152/ajpendo.00326.2002
https://doi.org/10.1152/ajpendo.2001.281.2.E197
https://doi.org/10.1007/s11033-018-4512-1


Int. J. Mol. Sci. 2025, 26, 11264 21 of 38

11. Pudakalakatti, S.; Audia, A.; Mukhopadhyay, A.; Enriquez, J.S.; Bourgeois, D.; Tayob, N.; Zacharias, N.M.; Millward, S.W.; Carson,
D.; Farach-Carson, M.C.; et al. NMR Spectroscopy-Based Metabolomics of Platelets to Analyze Brain Tumors. Reports 2021, 4, 32.
[CrossRef]

12. Holeček, M. Origin and Roles of Alanine and Glutamine in Gluconeogenesis in the Liver, Kidneys, and Small Intestine under
Physiological and Pathological Conditions. Int. J. Mol. Sci. 2024, 25, 7037. [CrossRef]

13. Engskog, M.K.R.; Ersson, L.; Haglöf, J.; Arvidsson, T.; Pettersson, C.; Brittebo, E. β-N-Methylamino-l-Alanine (BMAA) Perturbs
Alanine, Aspartate and Glutamate Metabolism Pathways in Human Neuroblastoma Cells as Determined by Metabolic Profiling.
Amino Acids 2017, 49, 905–919. [CrossRef]

14. Márquez, D.; Escalera-Fanjul, X.; El Hafidi, M.; Aguirre-López, B.; Riego-Ruiz, L.; González, A. Alanine Represses γ-Aminobutyric
Acid Utilization and Induces Alanine Transaminase Required for Mitochondrial Function in Saccharomyces cerevisiae. Front.
Microbiol. 2021, 12, 695382. [CrossRef]

15. Parle, M.; Kulkarni, S.; Dhingra, D. β-Alanine Protects Mice from Memory Deficits Induced by Ageing, Scopolamine, Diazepam
and Ethanol. Indian J. Pharm. Sci. 2006, 68, 216. [CrossRef]

16. Ostfeld, I.; Ben-Zeev, T.; Zamir, A.; Levi, C.; Gepner, Y.; Springer, S.; Hoffman, J.R. Role of β-Alanine Supplementation on
Cognitive Function, Mood, and Physical Function in Older Adults; Double-Blind Randomized Controlled Study. Nutrients 2023,
15, 923. [CrossRef]

17. Guo, G.; Fan, L.; Yan, Y.; Xu, Y.; Deng, Z.; Tian, M.; Geng, Y.; Xia, Z.; Xu, Y. Shared Metabolic Shifts in Endothelial Cells in Stroke
and Alzheimer’s Disease Revealed by Integrated Analysis. Sci. Data 2023, 10, 666. [CrossRef] [PubMed]

18. Newsholme, P.; Procopio, J.; Lima, M.M.R.; Pithon-Curi, T.C.; Curi, R. Glutamine and Glutamate—Their Central Role in Cell
Metabolism and Function. Cell Biochem. Funct. 2003, 21, 1–9. [CrossRef]

19. Coqueiro, A.; Raizel, R.; Bonvini, A.; Hypólito, T.; Godois, A.; Pereira, J.; Garcia, A.; Lara, R.; Rogero, M.; Tirapegui, J. Effects of
Glutamine and Alanine Supplementation on Central Fatigue Markers in Rats Submitted to Resistance Training. Nutrients 2018,
10, 119. [CrossRef] [PubMed]

20. Hu, V.W.; Sarachana, T.; Kim, K.S.; Nguyen, A.; Kulkarni, S.; Steinberg, M.E.; Luu, T.; Lai, Y.; Lee, N.H. Gene Expression Profiling
Differentiates Autism Case–Controls and Phenotypic Variants of Autism Spectrum Disorders: Evidence for Circadian Rhythm
Dysfunction in Severe Autism. Autism Res. 2009, 2, 78–97. [CrossRef]

21. Hubert, L.; Sutton, V.R. Disorders of Purine and Pyrimidine Metabolism. In Biomarkers in Inborn Errors of Metabolism; Garg, U.,
Smith, L., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 283–299. [CrossRef]

22. Wu, F.-S.; Gibbs, T.T.; Farb, D.H. Dual Activation of GABAA and Glycine Receptors by β-Alanine: Inverse Modulation by
Progesterone and 5α-Pregnan-3α-Ol-20-One. Eur. J. Pharmacol. 1993, 246, 239–246. [CrossRef]

23. Tiedje, K.E.; Stevens, K.; Barnes, S.; Weaver, D.F. β-Alanine as a Small Molecule Neurotransmitter. Neurochem. Int. 2010, 57,
177–188. [CrossRef]

24. Tran, M.N.; Kim, S.; Nguyen, Q.H.N.; Lee, S. Molecular Mechanisms Underlying Qi-Invigorating Effects in Traditional Medicine:
Network Pharmacology-Based Study on the Unique Functions of Qi-Invigorating Herb Group. Plants 2022, 11, 2470. [CrossRef]
[PubMed]

25. Ron-Harel, N.; Ghergurovich, J.M.; Notarangelo, G.; LaFleur, M.W.; Tsubosaka, Y.; Sharpe, A.H.; Rabinowitz, J.D.; Haigis, M.C. T
Cell Activation Depends on Extracellular Alanine. Cell Rep. 2019, 28, 3011–3021.e4. [CrossRef] [PubMed]

26. Kimura, T.; Sakai, S.; Horio, M.; Takahara, S.; Ishigo, S.; Nakane, M.; Negishi, E.; Imoto, H.; Mita, M.; Hamase, K.; et al. Kinetic
Analysis of D-Alanine upon Oral Intake in Humans. Amino Acids 2024, 56, 61. [CrossRef]

27. Porcellati, F.; Pampanelli, S.; Rossetti, P.; Busciantella Ricci, N.; Marzotti, S.; Lucidi, P.; Santeusanio, F.; Bolli, G.B.; Fanelli, C.G.
Effect of the Amino Acid Alanine on Glucagon Secretion in Non-Diabetic and Type 1 Diabetic Subjects during Hyperinsulinaemic
Euglycaemia, Hypoglycaemia and Post-Hypoglycaemic Hyperglycaemia. Diabetologia 2007, 50, 422–430. [CrossRef] [PubMed]

28. Tofteng, F.; Hauerberg, J.; Hansen, B.A.; Pedersen, C.B.; Jørgensen, L.; Larsen, F.S. Persistent Arterial Hyperammonemia Increases
the Concentration of Glutamine and Alanine in the Brain and Correlates with Intracranial Pressure in Patients with Fulminant
Hepatic Failure. J. Cereb. Blood Flow Metab. 2006, 26, 21–27. [CrossRef]

29. Dadsetan, S.; Kukolj, E.; Bak, L.K.; SØrensen, M.; Ott, P.; Vilstrup, H.; Schousboe, A.; Keiding, S.; Waagepetersen, H.S. Brain
Alanine Formation as an Ammonia-Scavenging Pathway during Hyperammonemia: Effects of Glutamine Synthetase Inhibition
in Rats and Astrocyte—Neuron Co-Cultures. J. Cereb. Blood Flow Metab. 2013, 33, 1235–1241. [CrossRef]

30. Zhang, X.; Wang, Y.; Wang, M.; Zhou, G.; Chen, L.; Ding, L.; Bu, D.; Loor, J. Arginine Supply Impacts the Expression of Candidate
microRNA Controlling Milk Casein Yield in Bovine Mammary Tissue. Animals 2020, 10, 797. [CrossRef]

31. Silva, M.A.; Richards, D.A.; Bramhall, S.R.; Adams, D.H.; Mirza, D.F.; Murphy, N. A Study of the Metabolites of Ischemia-
Reperfusion Injury and Selected Amino Acids in the Liver Using Microdialysis during Transplantation. Transplantation 2005, 79,
828–835. [CrossRef]

32. Chen, R. Dietary Arginine Supplementation Altered Expression of IGFs and IGF Receptors in Weaning Piglets. J. Cell Anim. Biol.
2013, 7, 44–50. [CrossRef]

https://doi.org/10.3390/reports4040032
https://doi.org/10.3390/ijms25137037
https://doi.org/10.1007/s00726-017-2391-8
https://doi.org/10.3389/fmicb.2021.695382
https://doi.org/10.4103/0250-474X.25718
https://doi.org/10.3390/nu15040923
https://doi.org/10.1038/s41597-023-02512-5
https://www.ncbi.nlm.nih.gov/pubmed/37775708
https://doi.org/10.1002/cbf.1003
https://doi.org/10.3390/nu10020119
https://www.ncbi.nlm.nih.gov/pubmed/29370091
https://doi.org/10.1002/aur.73
https://doi.org/10.1016/B978-0-12-802896-4.00009-2
https://doi.org/10.1016/0922-4106(93)90037-A
https://doi.org/10.1016/j.neuint.2010.06.001
https://doi.org/10.3390/plants11192470
https://www.ncbi.nlm.nih.gov/pubmed/36235337
https://doi.org/10.1016/j.celrep.2019.08.034
https://www.ncbi.nlm.nih.gov/pubmed/31533027
https://doi.org/10.1007/s00726-024-03421-6
https://doi.org/10.1007/s00125-006-0519-6
https://www.ncbi.nlm.nih.gov/pubmed/17160672
https://doi.org/10.1038/sj.jcbfm.9600168
https://doi.org/10.1038/jcbfm.2013.73
https://doi.org/10.3390/ani10050797
https://doi.org/10.1097/01.TP.0000153156.38617.97
https://doi.org/10.5897/JCAB12.053


Int. J. Mol. Sci. 2025, 26, 11264 22 of 38

33. Teixeira, D.; Santaolaria, M.L.; Meneu, V.; Alonso, E. Dietary Arginine Slightly and Variably Affects Tissue Polyamine Levels in
Male Swiss Albino Mice. J. Nutr. 2002, 132, 3715–3720. [CrossRef]

34. Zhou, M.; Wei, Y.; Feng, Y.; Zhang, S.; Ma, N.; Wang, K.; Tan, P.; Zhao, Y.; Zhao, J.; Ma, X. Arginine Regulates Skeletal Muscle
Fiber Type Formation via mTOR Signaling Pathway. Int. J. Mol. Sci. 2024, 25, 6184. [CrossRef] [PubMed]

35. Wang, R.; Li, K.; Sun, L.; Jiao, H.; Zhou, Y.; Li, H.; Wang, X.; Zhao, J.; Lin, H. L-Arginine/Nitric Oxide Regulates Skeletal Muscle
Development via Muscle Fibre-Specific Nitric Oxide/mTOR Pathway in Chickens. Anim. Nutr. 2022, 10, 68–85. [CrossRef]

36. Arribas-López, E.; Zand, N.; Ojo, O.; Snowden, M.J.; Kochhar, T. The Effect of Amino Acids on Wound Healing: A Systematic
Review and Meta-Analysis on Arginine and Glutamine. Nutrients 2021, 13, 2498. [CrossRef]

37. Dai, D.; Zhang, H.; Qiu, K.; Qi, G.; Wang, J.; Wu, S. Supplemental L-Arginine Improves the Embryonic Intestine Development
and Microbial Succession in a Chick Embryo Model. Front. Nutr. 2021, 8, 692305. [CrossRef]

38. Bodis, J.; Farkas, B.; Nagy, B.; Kovacs, K.; Sulyok, E. The Role of L-Arginine-NO System in Female Reproduction: A Narrative
Review. Int. J. Mol. Sci. 2022, 23, 14908. [CrossRef] [PubMed]

39. Yao, K.; Yin, Y.-L.; Chu, W.; Liu, Z.; Deng, D.; Li, T.; Huang, R.; Zhang, J.; Tan, B.; Wang, W.; et al. Dietary Arginine Supplementation
Increases mTOR Signaling Activity in Skeletal Muscle of Neonatal Pigs. J. Nutr. 2008, 138, 867–872. [CrossRef] [PubMed]

40. Werner, A.; Koschke, M.; Leuchtner, N.; Luckner-Minden, C.; Habermeier, A.; Rupp, J.; Heinrich, C.; Conradi, R.; Closs, E.I.;
Munder, M. Reconstitution of T Cell Proliferation under Arginine Limitation: Activated Human T Cells Take Up Citrulline via
L-Type Amino Acid Transporter 1 and Use It to Regenerate Arginine after Induction of Argininosuccinate Synthase Expression.
Front. Immunol. 2017, 8, 864. [CrossRef]

41. Filho, S.T.S.; Lima, E.M.d.C.; De Oliveira, D.H.; De Abreu, M.L.T.; Rosa, P.V.; De Laurentiz, A.C.; Naves, L.d.P.; Rodrigues, P.B.
Supplemental L-Arginine Improves Feed Conversion and Modulates Lipid Metabolism in Male and Female Broilers from 29 to 42
Days of Age. Animal 2021, 15, 100120. [CrossRef]

42. Hu, S.; Han, M.; Rezaei, A.; Li, D.; Wu, G.; Ma, X. L-Arginine Modulates Glucose and Lipid Metabolism in Obesity and Diabetes.
Curr. Protein Pept. Sci. 2017, 18, 599–608. [CrossRef]

43. Morris, C.R.; Hamilton-Reeves, J.; Martindale, R.G.; Sarav, M.; Ochoa Gautier, J.B. Acquired Amino Acid Deficiencies: A Focus on
Arginine and Glutamine. Nutr. Clin. Pract. 2017, 32, 30S–47S. [CrossRef] [PubMed]

44. Durante, W.; Johnson, F.K.; Johnson, R.A. Arginase: A Critical Regulator of Nitric Oxide Synthesis and Vascular Function. Clin.
Exp. Pharmacol. Physiol. 2007, 34, 906–911. [CrossRef]

45. Boenzi, S.; Pastore, A.; Martinelli, D.; Goffredo, B.M.; Boiani, A.; Rizzo, C.; Dionisi-Vici, C. Creatine Metabolism in Urea Cycle
Defects. J. Inherit. Metab. Dis. 2012, 35, 647–653. [CrossRef]

46. Wijnands, K.; Castermans, T.; Hommen, M.; Meesters, D.; Poeze, M. Arginine and Citrulline and the Immune Response in Sepsis.
Nutrients 2015, 7, 1426–1463. [CrossRef]

47. Morris, S.M. Arginases and Arginine Deficiency Syndromes. Curr. Opin. Clin. Nutr. Metab. Care 2012, 15, 64–70. [CrossRef]
48. Huemer, M.; Carvalho, D.R.; Brum, J.M.; Ünal, Ö.; Coskun, T.; Weisfeld-Adams, J.D.; Schrager, N.L.; Scholl-Bürgi, S.; Schlune, A.;

Donner, M.G.; et al. Clinical Phenotype, Biochemical Profile, and Treatment in 19 Patients with Arginase 1 Deficiency. J. Inherit.
Metab. Dis. 2016, 39, 331–340. [CrossRef] [PubMed]

49. Feun, L.G.; Kuo, M.T.; Savaraj, N. Arginine Deprivation in Cancer Therapy. Curr. Opin. Clin. Nutr. Metab. Care 2015, 18, 78–82.
[CrossRef]

50. Al-Koussa, H.; El Mais, N.; Maalouf, H.; Abi-Habib, R.; El-Sibai, M. Arginine Deprivation: A Potential Therapeutic for Cancer
Cell Metastasis? A Review. Cancer Cell Int. 2020, 20, 150. [CrossRef] [PubMed]

51. Kao, C.C.; Bandi, V.; Guntupalli, K.K.; Wu, M.; Castillo, L.; Jahoor, F. Arginine, Citrulline and Nitric Oxide Metabolism in Sepsis.
Clin. Sci. 2009, 117, 23–30. [CrossRef]

52. Luiking, Y.C.; Deutz, N.E.P. Biomarkers of Arginine and Lysine Excess. J. Nutr. 2007, 137, 1662S–1668S. [CrossRef]
53. Abdalla, K.B.; Da Silveira, D.X.; Fidalgo, T.M. Poppers Use and HIV Infection—A Literature Review. Sex. Med. Rev. 2023, 12,

67–75. [CrossRef] [PubMed]
54. Becker, Y.; Olshevsky, U.; Levitt, J. The Role of Arginine in the Replication of Herpes Simplex Virus. J. Gen. Virol. 1967, 1, 471–478.

[CrossRef]
55. Ma, X.; Han, M.; Li, D.; Hu, S.; Gilbreath, K.R.; Bazer, F.W.; Wu, G. L-Arginine Promotes Protein Synthesis and Cell Growth in

Brown Adipocyte Precursor Cells via the mTOR Signal Pathway. Amino Acids 2017, 49, 957–964. [CrossRef] [PubMed]
56. Zhao, Z.; Ren, M.; Xie, J.; Ge, X.; Liu, B.; Zhou, Q.; Song, C.; Zhang, H. Dietary Arginine Requirement for Blunt Snout Bream

(Megalobrama amblycephala) with Two Fish Sizes Associated with Growth Performance and Plasma Parameters. Turk. J. Fish. Aquat.
Sci. 2017, 17, 171–179. [CrossRef]

57. Yokozawa, T.; Cho, E.J.; Nakagawa, T. Influence of Green Tea Polyphenol in Rats with Arginine-Induced Renal Failure. J. Agric.
Food Chem. 2003, 51, 2421–2425. [CrossRef]

58. Deignan, J.L.; Marescau, B.; Livesay, J.C.; Iyer, R.K.; De Deyn, P.P.; Cederbaum, S.D.; Grody, W.W. Increased Plasma and Tissue
Guanidino Compounds in a Mouse Model of Hyperargininemia. Mol. Genet. Metab. 2008, 93, 172–178. [CrossRef]

https://doi.org/10.1093/jn/132.12.3715
https://doi.org/10.3390/ijms25116184
https://www.ncbi.nlm.nih.gov/pubmed/38892371
https://doi.org/10.1016/j.aninu.2022.04.010
https://doi.org/10.3390/nu13082498
https://doi.org/10.3389/fnut.2021.692305
https://doi.org/10.3390/ijms232314908
https://www.ncbi.nlm.nih.gov/pubmed/36499238
https://doi.org/10.1093/jn/138.5.867
https://www.ncbi.nlm.nih.gov/pubmed/18424593
https://doi.org/10.3389/fimmu.2017.00864
https://doi.org/10.1016/j.animal.2020.100120
https://doi.org/10.2174/1389203717666160627074017
https://doi.org/10.1177/0884533617691250
https://www.ncbi.nlm.nih.gov/pubmed/28388380
https://doi.org/10.1111/j.1440-1681.2007.04638.x
https://doi.org/10.1007/s10545-012-9494-x
https://doi.org/10.3390/nu7031426
https://doi.org/10.1097/MCO.0b013e32834d1a08
https://doi.org/10.1007/s10545-016-9928-y
https://www.ncbi.nlm.nih.gov/pubmed/27038030
https://doi.org/10.1097/MCO.0000000000000122
https://doi.org/10.1186/s12935-020-01232-9
https://www.ncbi.nlm.nih.gov/pubmed/32390765
https://doi.org/10.1042/CS20080444
https://doi.org/10.1093/jn/137.6.1662S
https://doi.org/10.1093/sxmrev/qead035
https://www.ncbi.nlm.nih.gov/pubmed/38169370
https://doi.org/10.1099/0022-1317-1-4-471
https://doi.org/10.1007/s00726-017-2399-0
https://www.ncbi.nlm.nih.gov/pubmed/28260165
https://doi.org/10.4194/1303-2712-v17_1_19
https://doi.org/10.1021/jf021046+
https://doi.org/10.1016/j.ymgme.2007.09.016


Int. J. Mol. Sci. 2025, 26, 11264 23 of 38

59. Pant, A.; Cao, S.; Yang, Z. Asparagine Is a Critical Limiting Metabolite for Vaccinia Virus Protein Synthesis during Glutamine
Deprivation. J. Virol. 2019, 93, e01834-18. [CrossRef]

60. Zhang, J.; Fan, J.; Venneti, S.; Cross, J.R.; Takagi, T.; Bhinder, B.; Djaballah, H.; Kanai, M.; Cheng, E.H.; Judkins, A.R.; et al.
Asparagine Plays a Critical Role in Regulating Cellular Adaptation to Glutamine Depletion. Mol. Cell 2014, 56, 205–218. [CrossRef]
[PubMed]

61. Hope, H.C.; Brownlie, R.J.; Fife, C.M.; Steele, L.; Lorger, M.; Salmond, R.J. Coordination of Asparagine Uptake and Asparagine
Synthetase Expression Modulates CD8+ T Cell Activation. JCI Insight 2021, 6, e137761. [CrossRef]

62. Wu, J.; Li, G.; Li, L.; Li, D.; Dong, Z.; Jiang, P. Asparagine Enhances LCK Signalling to Potentiate CD8+ T-Cell Activation and
Anti-Tumour Responses. Nat. Cell Biol. 2021, 23, 75–86. [CrossRef]

63. Krall, A.S.; Mullen, P.J.; Surjono, F.; Momcilovic, M.; Schmid, E.W.; Halbrook, C.J.; Thambundit, A.; Mittelman, S.D.; Lyssiotis,
C.A.; Shackelford, D.B.; et al. Asparagine Couples Mitochondrial Respiration to ATF4 Activity and Tumor Growth. Cell Metab.
2021, 33, 1013–1026.e6. [CrossRef]

64. Meng, D.; Yang, Q.; Wang, H.; Melick, C.H.; Navlani, R.; Frank, A.R.; Jewell, J.L. Glutamine and Asparagine Activate mTORC1
Independently of Rag GTPases. J. Biol. Chem. 2020, 295, 2890–2899. [CrossRef] [PubMed]

65. Nishikawa, G.; Kawada, K.; Hanada, K.; Maekawa, H.; Itatani, Y.; Miyoshi, H.; Taketo, M.M.; Obama, K. Targeting Asparagine
Synthetase in Tumorgenicity Using Patient-Derived Tumor-Initiating Cells. Cells 2022, 11, 3273. [CrossRef] [PubMed]

66. Ben-Salem, S.; Gleeson, J.G.; Al-Shamsi, A.M.; Islam, B.; Hertecant, J.; Ali, B.R.; Al-Gazali, L. Asparagine Synthetase Deficiency
Detected by Whole Exome Sequencing Causes Congenital Microcephaly, Epileptic Encephalopathy and Psychomotor Delay.
Metab. Brain Dis. 2015, 30, 687–694. [CrossRef]

67. Ruzzo, E.K.; Capo-Chichi, J.-M.; Ben-Zeev, B.; Chitayat, D.; Mao, H.; Pappas, A.L.; Hitomi, Y.; Lu, Y.-F.; Yao, X.; Hamdan, F.F.; et al.
Deficiency of Asparagine Synthetase Causes Congenital Microcephaly and a Progressive Form of Encephalopathy. Neuron 2013,
80, 429–441. [CrossRef]

68. Yuan, Q.; Yin, L.; He, J.; Zeng, Q.; Liang, Y.; Shen, Y.; Zu, X. Metabolism of Asparagine in the Physiological State and Cancer. Cell
Commun. Signal. 2024, 22, 163. [CrossRef]

69. Luo, H.-H.; Feng, X.-F.; Yang, X.-L.; Hou, R.-Q.; Fang, Z.-Z. Interactive Effects of Asparagine and Aspartate Homeostasis with Sex
and Age for the Risk of Type 2 Diabetes Risk. Biol. Sex. Differ. 2020, 11, 58. [CrossRef] [PubMed]

70. Ota, N.; Shi, T.; Sweedler, J.V. D-Aspartate Acts as a Signaling Molecule in Nervous and Neuroendocrine Systems. Amino Acids
2012, 43, 1873–1886. [CrossRef] [PubMed]
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264. Souza Matos, M.; Platt, B.; Delibegović, M. Effects of Dietary Restriction on Metabolic and Cognitive Health. Proc. Nutr. Soc. 2021,
80, 126–138. [CrossRef] [PubMed]

265. Kaiser, P. Methionine Dependence of Cancer. Biomolecules 2020, 10, 568. [CrossRef]
266. Yamamoto, J.; Han, Q.; Simon, M.; Thomas, D.; Hoffman, R.M. Methionine Restriction: Ready for Prime Time in the Cancer

Clinic? Anticancer Res. 2022, 42, 641–644. [CrossRef]
267. Brind, J.; Malloy, V.; Augie, I.; Caliendo, N.; Vogelman, J.H.; Zimmerman, J.A.; Orentreich, N. Dietary Glycine Supplementation

Mimics Lifespan Extension by Dietary Methionine Restriction in Fisher 344 Rats. FASEB J. 2011, 25, 528.2. [CrossRef]
268. Kim, J.; Kim, H.; Roh, H.; Kwon, Y. Causes of Hyperhomocysteinemia and Its Pathological Significance. Arch. Pharm. Res. 2018,

41, 372–383. [CrossRef]
269. Navik, U.; Sheth, V.G.; Khurana, A.; Jawalekar, S.S.; Allawadhi, P.; Gaddam, R.R.; Bhatti, J.S.; Tikoo, K. Methionine as a

Double-Edged Sword in Health and Disease: Current Perspective and Future Challenges. Ageing Res. Rev. 2021, 72, 101500.
[CrossRef]

270. Bhatia, P.; Singh, N. Homocysteine Excess: Delineating the Possible Mechanism of Neurotoxicity and Depression. Fundam. Clin.
Pharmacol. 2015, 29, 522–528. [CrossRef]

271. Hamad, Z.M. Role of Folic Acid in Reducing the Renal Damage Induced by Amino Acid Methionine in Male Rats. J. Wasit Sci.
Med. 2022, 4, 62–70. [CrossRef]

272. Ewing, L.E.; Skinner, C.M.; Pathak, R.; Yee, E.U.; Krager, K.; Gurley, P.C.; Melnyk, S.; Boerma, M.; Hauer-Jensen, M.; Koturbash, I.
Dietary Methionine Supplementation Exacerbates Gastrointestinal Toxicity in a Mouse Model of Abdominal Irradiation. Int. J.
Radiat. Oncol. Biol. Phys. 2021, 109, 581–593. [CrossRef]

273. Kim, S.-Y.; Kim, H.; Min, H. Effects of Excessive Dietary Methionine on Oxidative Stress and Dyslipidemia in Chronic Ethanol-
Treated Rats. Nutr. Res. Pract. 2015, 9, 144. [CrossRef]

274. Stefanello, F.M.; Matté, C.; Pederzolli, C.D.; Kolling, J.; Mescka, C.P.; Lamers, M.L.; De Assis, A.M.; Perry, M.L.; Dos Santos, M.F.;
Dutra-Filho, C.S. Hypermethioninemia Provokes Oxidative Damage and Histological Changes in Liver of Rats. Biochimie 2009, 91,
961–968. [CrossRef]

275. Kano, A.K.; Hougham, D.F.; Charkey, L.W. Effects of Dietary DL-Methionine on Tissue Levels of Glutathione in Hypothyroid
Chicks. J. Nutr. 1968, 94, 233–236. [CrossRef]

276. Matthews, D.E. An Overview of Phenylalanine and Tyrosine Kinetics in Humans. J. Nutr. 2007, 137, 1549S–1555S. [CrossRef]
277. Akram, M.; Daniyal, M.; Ali, A.; Zainab, R.; Muhammad Ali Shah, S.; Munir, N.; Mahmood Tahir, I. Role of Phenylalanine

and Its Metabolites in Health and Neurological Disorders. In Synucleins—Biochemistry and Role in Diseases; Surguchov, A., Ed.;
IntechOpen: London, UK, 2020. [CrossRef]

278. Flydal, M.I.; Martinez, A. Phenylalanine Hydroxylase: Function, Structure, and Regulation. IUBMB Life 2013, 65, 341–349.
[CrossRef]

279. Feng, J.; Kang, C.; Wang, C.; Ding, L.; Zhu, W.; Hang, S. L-Phenylalanine Increased Gut Hormone Secretion through Calcium-
Sensing Receptor in the Porcine Duodenum. Animals 2019, 9, 476. [CrossRef]

280. Amin, A.; Frampton, J.; Liu, Z.; Franco-Becker, G.; Norton, M.; Alaa, A.; Li, J.V.; Murphy, K.G. Differential Effects of L- and
D-phenylalanine on Pancreatic and Gastrointestinal Hormone Release in Humans: A Randomized Crossover Study. Diabetes
Obes. Metab. 2021, 23, 147–157. [CrossRef]

281. Van Vliet, D.; Van Dam, E.; Van Rijn, M.; Derks, T.G.J.; Venema-Liefaard, G.; Hitzert, M.M.; Lunsing, R.J.; Heiner-Fokkema, M.R.;
Van Spronsen, F.J. Infants with Tyrosinemia Type 1: Should Phenylalanine Be Supplemented? In JIMD Reports; Zschocke, J.,
Baumgartner, M., Morava, E., Patterson, M., Rahman, S., Peters, V., Eds.; JIMD Reports; Springer: Berlin/Heidelberg, Germany,
2014; Volume 18, pp. 117–124. [CrossRef]

282. Van Ginkel, W.G.; Van Reemst, H.E.; Kienstra, N.S.; Daly, A.; Rodenburg, I.L.; MacDonald, A.; Burgerhof, J.G.M.; De Blaauw, P.;
Van De Krogt, J.; Santra, S.; et al. The Effect of Various Doses of Phenylalanine Supplementation on Blood Phenylalanine and
Tyrosine Concentrations in Tyrosinemia Type 1 Patients. Nutrients 2019, 11, 2816. [CrossRef]

283. Robertson, L.; Adam, S.; Ellerton, C.; Ford, S.; Hill, M.; Randles, G.; Woodall, A.; Young, C.; MacDonald, A. Dietetic Management
of Adults with Phenylketonuria (PKU) in the UK: A Care Consensus Document. Nutrients 2022, 14, 576. [CrossRef]

284. Van Spronsen, F.J.; Hoeksma, M.; Reijngoud, D. Brain Dysfunction in Phenylketonuria: Is Phenylalanine Toxicity the Only
Possible Cause? J. Inherit. Metab. Dis. 2009, 32, 46–51. [CrossRef]

285. Rovelli, V.; Longo, N. Phenylketonuria and the Brain. Mol. Genet. Metab. 2023, 139, 107583. [CrossRef] [PubMed]

https://doi.org/10.1038/srep08886
https://doi.org/10.3390/biomedicines9020130
https://www.ncbi.nlm.nih.gov/pubmed/33572965
https://doi.org/10.3390/nu15234950
https://doi.org/10.1017/S0029665120007910
https://www.ncbi.nlm.nih.gov/pubmed/33138875
https://doi.org/10.3390/biom10040568
https://doi.org/10.21873/anticanres.15521
https://doi.org/10.1096/fasebj.25.1_supplement.528.2
https://doi.org/10.1007/s12272-018-1016-4
https://doi.org/10.1016/j.arr.2021.101500
https://doi.org/10.1111/fcp.12145
https://doi.org/10.31185/jwsm.148
https://doi.org/10.1016/j.ijrobp.2020.09.042
https://doi.org/10.4162/nrp.2015.9.2.144
https://doi.org/10.1016/j.biochi.2009.04.018
https://doi.org/10.1093/jn/94.2.233
https://doi.org/10.1093/jn/137.6.1549S
https://doi.org/10.5772/intechopen.83648
https://doi.org/10.1002/iub.1150
https://doi.org/10.3390/ani9080476
https://doi.org/10.1111/dom.14204
https://doi.org/10.1007/8904_2014_358
https://doi.org/10.3390/nu11112816
https://doi.org/10.3390/nu14030576
https://doi.org/10.1007/s10545-008-0946-2
https://doi.org/10.1016/j.ymgme.2023.107583
https://www.ncbi.nlm.nih.gov/pubmed/37105048


Int. J. Mol. Sci. 2025, 26, 11264 32 of 38

286. Didycz, B.; Bik-Multanowski, M. Blood Phenylalanine Instability Strongly Correlates with Anxiety in Phenylketonuria. Mol.
Genet. Metab. Rep. 2018, 14, 80–82. [CrossRef] [PubMed]

287. Boyer, S.W.; Barclay, L.J.; Burrage, L.C. Inherited Metabolic Disorders: Aspects of Chronic Nutrition Management. Nutr. Clin.
Pract. 2015, 30, 502–510. [CrossRef] [PubMed]

288. Arbesman, J.; Ravichandran, S.; Funchain, P.; Thompson, C.L. Melanoma Cases Demonstrate Increased Carrier Frequency of
Phenylketonuria/Hyperphenylalanemia Mutations. Pigment Cell Melanoma Res. 2018, 31, 529–533. [CrossRef]

289. Murr, C.; Grammer, T.B.; Meinitzer, A.; Kleber, M.E.; März, W.; Fuchs, D. Immune Activation and Inflammation in Patients with
Cardiovascular Disease Are Associated with Higher Phenylalanine to Tyrosine Ratios: The Ludwigshafen Risk and Cardiovascular
Health Study. J. Amino Acids 2014, 2014, 1–6. [CrossRef]

290. Chen, W.; Wang, C.; Cheng, C.; Liu, M.; Chu, C.; Wu, H.; Huang, P.; Lin, Y.; Ko, T.; Chen, W.; et al. Elevated Plasma Phenylalanine
Predicts Mortality in Critical Patients with Heart Failure. ESC Heart Fail. 2020, 7, 2884–2893. [CrossRef]

291. Zhao, K.; Cheng, Z.; Guo, Q.; Yao, W.; Liu, H.; Zhou, B.; Jiang, T. Characterization of the Poplar R2R3-MYB Gene Family and
Over-Expression of PsnMYB108 Confers Salt Tolerance in Transgenic Tobacco. Front. Plant Sci. 2020, 11, 571881. [CrossRef]

292. Ghosh, U.K.; Islam, M.N.; Siddiqui, M.N.; Cao, X.; Khan, M.A.R. Proline, a Multifaceted Signalling Molecule in Plant Responses
to Abiotic Stress: Understanding the Physiological Mechanisms. Plant Biol. J. 2022, 24, 227–239. [CrossRef]

293. Krishnan, N.; Dickman, M.B.; Becker, D.F. Proline Modulates the Intracellular Redox Environment and Protects Mammalian Cells
against Oxidative Stress. Free Radic. Biol. Med. 2008, 44, 671–681. [CrossRef]

294. Egli, J.; Schnitzer, T.; Dietschreit, J.C.B.; Ochsenfeld, C.; Wennemers, H. Why Proline? Influence of Ring-Size on the Collagen
Triple Helix. Org. Lett. 2020, 22, 348–351. [CrossRef]

295. Krane, S.M. The Importance of Proline Residues in the Structure, Stability and Susceptibility to Proteolytic Degradation of
Collagens. Amino Acids 2008, 35, 703–710. [CrossRef]

296. Kim, E.; Chen, C.; Chu, M.J.; Hamstra, M.F.; Bentley, W.E.; Payne, G.F. Proline-Selective Electrochemiluminescence Detecting a
Single Amino Acid Variation Between A1 and A2 β-Casein Containing Milks. Adv. Sci. 2025, 12, 2411956. [CrossRef] [PubMed]

297. Liu, L.-K.; Becker, D.F.; Tanner, J.J. Structure, Function, and Mechanism of Proline Utilization A (PutA). Arch. Biochem. Biophys.
2017, 632, 142–157. [CrossRef] [PubMed]

298. Phang, J.M. Proline Metabolism in Cell Regulation and Cancer Biology: Recent Advances and Hypotheses. Antioxid. Redox Signal.
2019, 30, 635–649. [CrossRef] [PubMed]

299. Geng, P.; Qin, W.; Xu, G. Proline Metabolism in Cancer. Amino Acids 2021, 53, 1769–1777. [CrossRef]
300. Chalecka, M.; Kazberuk, A.; Palka, J.; Surazynski, A. P5C as an Interface of Proline Interconvertible Amino Acids and Its Role in

Regulation of Cell Survival and Apoptosis. Int. J. Mol. Sci. 2021, 22, 11763. [CrossRef]
301. Hu, C.-A.A.; Khalil, S.; Zhaorigetu, S.; Liu, Z.; Tyler, M.; Wan, G.; Valle, D. Human ∆1-Pyrroline-5-Carboxylate Synthase: Function

and Regulation. Amino Acids 2008, 35, 665–672. [CrossRef]
302. Savio, L.E.B.; Vuaden, F.C.; Piato, A.L.; Bonan, C.D.; Wyse, A.T.S. Behavioral Changes Induced by Long-Term Proline Exposure

Are Reversed by Antipsychotics in Zebrafish. Prog. Neuro Psychopharmacol. Biol. Psychiatry 2012, 36, 258–263. [CrossRef]
303. Namavar, Y.; Duineveld, D.J.; Both, G.I.A.; Fiksinski, A.M.; Vorstman, J.A.S.; Verhoeven-Duif, N.M.; Zinkstok, J.R. Psychiatric

Phenotypes Associated with Hyperprolinemia: A Systematic Review. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2021, 186,
289–317. [CrossRef] [PubMed]

304. Chun, S.C.; Paramasivan, M.; Chandrasekaran, M. Proline Accumulation Influenced by Osmotic Stress in Arbuscular Mycorrhizal
Symbiotic Plants. Front. Microbiol. 2018, 9, 2525. [CrossRef]

305. Dunn, R.; Dolianitis, C. Prolidase Deficiency: The Use of Topical Proline for Treatment of Leg Ulcers. Australas. J. Dermatol. 2008,
49, 237–238. [CrossRef] [PubMed]

306. Baumgartner, M.R.; Rabier, D.; Nassogne, M.-C.; Dufier, J.-L.; Padovani, J.-P.; Kamoun, P.; Valle, D.; Saudubray, J.-M. ∆1-
Pyrroline-5-Carboxylate Synthase Deficiency: Neurodegeneration, Cataracts and Connective Tissue Manifestations Combined
with Hyperammonaemia and Reduced Ornithine, Citrulline, Arginine and Proline. Eur. J. Pediatr. 2005, 164, 31–36. [CrossRef]

307. Derbali, I.; Derbali, W.; Gharred, J.; Manaa, A.; Slama, I.; Koyro, H.-W. Mitigating Salinity Stress in Quinoa (Chenopodium quinoa
Willd.) with Biochar and Superabsorber Polymer Amendments. Plants 2023, 13, 92. [CrossRef] [PubMed]

308. Mitsubuchi, H.; Nakamura, K.; Matsumoto, S.; Endo, F. Biochemical and Clinical Features of Hereditary Hyperprolinemia. Pediatr.
Int. 2014, 56, 492–496. [CrossRef]

309. Delwing-Dal Magro, D.; Roecker, R.; Junges, G.M.; Rodrigues, A.F.; Delwing-de Lima, D.; Da Cruz, J.G.P.; Wyse, A.T.S.; Pitz,
H.S.; Zeni, A.L.B. Protective Effect of Green Tea Extract against Proline-Induced Oxidative Damage in the Rat Kidney. Biomed.
Pharmacother. 2016, 83, 1422–1427. [CrossRef]

310. Delwing, D.; Bavaresco, C.S.; Wannmacher, C.M.D.; Wajner, M.; Dutra-Filho, C.S.; Wyse, A.T.S. Proline Induces Oxidative Stress
in Cerebral Cortex of Rats. Intl. J. Dev. Neurosci. 2003, 21, 105–110. [CrossRef]

311. Zhou, X.; Tian, C.; Cao, Y.; Zhao, M.; Wang, K. The Role of Serine Metabolism in Lung Cancer: From Oncogenesis to Tumor
Treatment. Front. Genet. 2023, 13, 1084609. [CrossRef]

https://doi.org/10.1016/j.ymgmr.2017.12.003
https://www.ncbi.nlm.nih.gov/pubmed/29326880
https://doi.org/10.1177/0884533615586201
https://www.ncbi.nlm.nih.gov/pubmed/26079521
https://doi.org/10.1111/pcmr.12695
https://doi.org/10.1155/2014/783730
https://doi.org/10.1002/ehf2.12896
https://doi.org/10.3389/fpls.2020.571881
https://doi.org/10.1111/plb.13363
https://doi.org/10.1016/j.freeradbiomed.2007.10.054
https://doi.org/10.1021/acs.orglett.9b03528
https://doi.org/10.1007/s00726-008-0073-2
https://doi.org/10.1002/advs.202411956
https://www.ncbi.nlm.nih.gov/pubmed/39644502
https://doi.org/10.1016/j.abb.2017.07.005
https://www.ncbi.nlm.nih.gov/pubmed/28712849
https://doi.org/10.1089/ars.2017.7350
https://www.ncbi.nlm.nih.gov/pubmed/28990419
https://doi.org/10.1007/s00726-021-03060-1
https://doi.org/10.3390/ijms222111763
https://doi.org/10.1007/s00726-008-0075-0
https://doi.org/10.1016/j.pnpbp.2011.10.002
https://doi.org/10.1002/ajmg.b.32869
https://www.ncbi.nlm.nih.gov/pubmed/34302426
https://doi.org/10.3389/fmicb.2018.02525
https://doi.org/10.1111/j.1440-0960.2008.00485.x
https://www.ncbi.nlm.nih.gov/pubmed/18855790
https://doi.org/10.1007/s00431-004-1545-3
https://doi.org/10.3390/plants13010092
https://www.ncbi.nlm.nih.gov/pubmed/38202399
https://doi.org/10.1111/ped.12420
https://doi.org/10.1016/j.biopha.2016.08.057
https://doi.org/10.1016/S0736-5748(02)00109-0
https://doi.org/10.3389/fgene.2022.1084609


Int. J. Mol. Sci. 2025, 26, 11264 33 of 38

312. Reid, M.A.; Allen, A.E.; Liu, S.; Liberti, M.V.; Liu, P.; Liu, X.; Dai, Z.; Gao, X.; Wang, Q.; Liu, Y.; et al. Serine Synthesis through
PHGDH Coordinates Nucleotide Levels by Maintaining Central Carbon Metabolism. Nat. Commun. 2018, 9, 5442. [CrossRef]

313. Maugard, M.; Vigneron, P.-A.; Bolaños, J.P.; Bonvento, G. L-Serine Links Metabolism with Neurotransmission. Prog. Neurobiol.
2021, 197, 101896. [CrossRef]

314. Gao, X.; Lee, K.; Reid, M.A.; Sanderson, S.M.; Qiu, C.; Li, S.; Liu, J.; Locasale, J.W. Serine Availability Influences Mitochondrial
Dynamics and Function through Lipid Metabolism. Cell Rep. 2018, 22, 3507–3520. [CrossRef]

315. Hirabayashi, Y.; Furuya, S. Roles of L-Serine and Sphingolipid Synthesis in Brain Development and Neuronal Survival. Prog.
Lipid Res. 2008, 47, 188–203. [CrossRef] [PubMed]

316. Rodriguez, A.E.; Ducker, G.S.; Billingham, L.K.; Martinez, C.A.; Mainolfi, N.; Suri, V.; Friedman, A.; Manfredi, M.G.; Weinberg,
S.E.; Rabinowitz, J.D.; et al. Serine Metabolism Supports Macrophage IL-1β Production. Cell Metab. 2019, 29, 1003–1011.e4.
[CrossRef] [PubMed]

317. Kurniawan, H.; Franchina, D.G.; Guerra, L.; Bonetti, L.; Baguet, L.S.; Grusdat, M.; Schlicker, L.; Hunewald, O.; Dostert, C.; Merz,
M.P.; et al. Glutathione Restricts Serine Metabolism to Preserve Regulatory T Cell Function. Cell Metab. 2020, 31, 920–936.e7.
[CrossRef] [PubMed]

318. Zhou, X.; He, L.; Zuo, S.; Zhang, Y.; Wan, D.; Long, C.; Huang, P.; Wu, X.; Wu, C.; Liu, G.; et al. Serine Prevented High-Fat Diet-
Induced Oxidative Stress by Activating AMPK and Epigenetically Modulating the Expression of Glutathione Synthesis-Related
Genes. Biochim. Biophys. Acta 2018, 1864, 488–498. [CrossRef]

319. Shen, Y.; Peng, Y.; Huang, P.; Zheng, Y.; Li, S.; Jiang, K.; Zhou, M.; Deng, J.; Zhu, M.; Hong, D. Juvenile-Onset PSAT1-Related
Neuropathy: A Milder Phenotype of Serine Deficiency Disorder. Front. Genet. 2022, 13, 949038. [CrossRef] [PubMed]

320. De Koning, T.J.; Klomp, L.W. Serine-Deficiency Syndromes. Curr. Opin. Neurol. 2004, 17, 197–204. [CrossRef]
321. Mattaini, K.R.; Sullivan, M.R.; Vander Heiden, M.G. The Importance of Serine Metabolism in Cancer. J. Cell Biol. 2016, 214,

249–257. [CrossRef] [PubMed]
322. Yang, M.; Vousden, K.H. Serine and One-Carbon Metabolism in Cancer. Nat. Rev. Cancer 2016, 16, 650–662. [CrossRef]
323. Chen, X.-G.; Wang, Y.-H.; Wen, C.-C.; Chen, Y.-H. Overdose of D-Serine Induces Movement Disorder and Neuromuscular

Changes of Zebrafish Larvae. J. Toxicol. Pathol. 2014, 27, 19–24. [CrossRef]
324. Wolosker, H.; Balu, D.T.; Coyle, J.T. The Rise and Fall of the d-Serine-Mediated Gliotransmission Hypothesis. Trends Neurosci.

2016, 39, 712–721. [CrossRef]
325. Pandey, A.V.; Miller, W.L. Regulation of 17,20 Lyase Activity by Cytochrome B5 and by Serine Phosphorylation of P450c17. J. Biol.

Chem. 2005, 280, 13265–13271. [CrossRef]
326. Harada, K.; Kamiya, T.; Tsuboi, T. Gliotransmitter Release from Astrocytes: Functional, Developmental, and Pathological

Implications in the Brain. Front. Neurosci. 2016, 9, 499. [CrossRef]
327. Mothet, J.; Le Bail, M.; Billard, J. Time and Space Profiling of NMDA Receptor Co-agonist Functions. J. Neurochem. 2015, 135,

210–225. [CrossRef] [PubMed]
328. El-Hattab, A.W.; Shaheen, R.; Hertecant, J.; Galadari, H.I.; Albaqawi, B.S.; Nabil, A.; Alkuraya, F.S. On the Phenotypic Spectrum

of Serine Biosynthesis Defects. J. Inherit. Metab. Dis. 2016, 39, 373–381. [CrossRef]
329. Wang, F.; Zhou, H.; Deng, L.; Wang, L.; Chen, J.; Zhou, X. Serine Deficiency Exacerbates Inflammation and Oxidative Stress via

Microbiota-Gut-Brain Axis in D-Galactose-Induced Aging Mice. Mediat. Inflamm. 2020, 2020, 5821428. [CrossRef]
330. Kim, J.-Y.; Che, X.; Kim, S.; Choi, J.; Lee, J.H.; Lee, J.-H.; Kweon, H.; Lee, S.K.; Choi, J.-Y.; Kim, S.-G. Sericin’s Potential

in Osteoporosis Management: The Roles of L-Serine and D-Serine in Bone Metabolism Regulation. Nutrients 2025, 17, 574.
[CrossRef]

331. Tada, Y.; Yano, N.; Takahashi, H.; Yuzawa, K.; Ando, H.; Kubo, Y.; Nagasawa, A.; Chin, K.; Kawamata, Y.; Sakai, R.; et al. A
90-Day Feeding Toxicity Study of L-Serine in Male and Female Fischer 344 Rats. J. Toxicol. Pathol. 2010, 23, 39–47. [CrossRef]

332. Okada, A.; Nangaku, M.; Jao, T.-M.; Maekawa, H.; Ishimono, Y.; Kawakami, T.; Inagi, R. D-Serine, a Novel Uremic Toxin, Induces
Senescence in Human Renal Tubular Cells via GCN2 Activation. Sci. Rep. 2017, 7, 11168. [CrossRef]

333. Tang, Q.; Tan, P.; Ma, N.; Ma, X. Physiological Functions of Threonine in Animals: Beyond Nutrition Metabolism. Nutrients 2021,
13, 2592. [CrossRef]

334. Kim, J.; Jo, Y.; Cho, D.; Ryu, D. L-Threonine Promotes Healthspan by Expediting Ferritin-Dependent Ferroptosis Inhibition in C.
Elegans. Nat. Commun. 2022, 13, 6554. [CrossRef]

335. Zhang, K.; Li, H.; Cho, K.M.; Liao, J.C. Expanding Metabolism for Total Biosynthesis of the Nonnatural Amino Acid L-
Homoalanine. Proc. Natl. Acad. Sci. USA 2010, 107, 6234–6239. [CrossRef]

336. Cheng, Z.; Guo, C.; Chen, Z.; Yang, T.; Zhang, J.; Wang, J.; Zhu, J.; Li, D.; Zhang, T.; Li, H.; et al. Glycine, Serine and Threonine
Metabolism Confounds Efficacy of Complement-Mediated Killing. Nat. Commun. 2019, 10, 3325. [CrossRef]

337. Zhang, M.S.; Brunner, S.F.; Huguenin-Dezot, N.; Liang, A.D.; Schmied, W.H.; Rogerson, D.T.; Chin, J.W. Biosynthesis and Genetic
Encoding of Phosphothreonine through Parallel Selection and Deep Sequencing. Nat. Metab. 2017, 14, 729–736. [CrossRef]

https://doi.org/10.1038/s41467-018-07868-6
https://doi.org/10.1016/j.pneurobio.2020.101896
https://doi.org/10.1016/j.celrep.2018.03.017
https://doi.org/10.1016/j.plipres.2008.01.003
https://www.ncbi.nlm.nih.gov/pubmed/18319065
https://doi.org/10.1016/j.cmet.2019.01.014
https://www.ncbi.nlm.nih.gov/pubmed/30773464
https://doi.org/10.1016/j.cmet.2020.03.004
https://www.ncbi.nlm.nih.gov/pubmed/32213345
https://doi.org/10.1016/j.bbadis.2017.11.009
https://doi.org/10.3389/fgene.2022.949038
https://www.ncbi.nlm.nih.gov/pubmed/36061210
https://doi.org/10.1097/00019052-200404000-00019
https://doi.org/10.1083/jcb.201604085
https://www.ncbi.nlm.nih.gov/pubmed/27458133
https://doi.org/10.1038/nrc.2016.81
https://doi.org/10.1293/tox.2013-0032
https://doi.org/10.1016/j.tins.2016.09.007
https://doi.org/10.1074/jbc.M414673200
https://doi.org/10.3389/fnins.2015.00499
https://doi.org/10.1111/jnc.13204
https://www.ncbi.nlm.nih.gov/pubmed/26088787
https://doi.org/10.1007/s10545-016-9921-5
https://doi.org/10.1155/2020/5821428
https://doi.org/10.3390/nu17030574
https://doi.org/10.1293/tox.23.39
https://doi.org/10.1038/s41598-017-11049-8
https://doi.org/10.3390/nu13082592
https://doi.org/10.1038/s41467-022-34265-x
https://doi.org/10.1073/pnas.0912903107
https://doi.org/10.1038/s41467-019-11129-5
https://doi.org/10.1038/nmeth.4302


Int. J. Mol. Sci. 2025, 26, 11264 34 of 38

338. Platz, K.R.; Rudisel, E.J.; Paluch, K.V.; Laurin, T.R.; Dittenhafer-Reed, K.E. Assessing the Role of Post-Translational Modifications
of Mitochondrial RNA Polymerase. Int. J. Mol. Sci. 2023, 24, 16050. [CrossRef]

339. Sahoo, D.P.; Van Winkle, L.J.; Díaz De La Garza, R.I.; Dubrovsky, J.G. Interkingdom Comparison of Threonine Metabolism for
Stem Cell Maintenance in Plants and Animals. Front. Cell Dev. Biol. 2021, 9, 672545. [CrossRef]

340. Chen, G.; Wang, J. Threonine Metabolism and Embryonic Stem Cell Self-Renewal. Curr. Opin. Clin. Nutr. Metab. Care 2013, 17,
80–85. [CrossRef]

341. Law, G.K.; Bertolo, R.F.; Adjiri-Awere, A.; Pencharz, P.B.; Ball, R.O. Adequate Oral Threonine Is Critical for Mucin Production and
Gut Function in Neonatal Piglets. Am. J. Physiol. Gastrointest. Liver Physiol. 2007, 292, G1293–G1301. [CrossRef]

342. Li, D. Specific Roles of Threonine in Intestinal Mucosal Integrity and Barrier Function. Front. Biosci. 2011, E3, 1192–1200.
[CrossRef]

343. Hamard, A.; Mazurais, D.; Boudry, G.; Le Huërou-Luron, I.; Sève, B.; Le Floc’h, N. A Moderate Threonine Deficiency Affects
Gene Expression Profile, Paracellular Permeability and Glucose Absorption Capacity in the Ileum of Piglets. J. Nutr. Biochem.
2010, 21, 914–921. [CrossRef] [PubMed]

344. Habte-Tsion, H.M.; Ren, M.; Liu, B.; Ge, X.; Xie, J.; Chen, R. Threonine modulates immune response, antioxidant status and gene
expressions of antioxidant enzymes and antioxidant-immune-cytokine-related signaling molecules in juvenile blunt snout bream
(Megalobrama amblycephala). Fish Shellfish Immunol. 2016, 51, 189–199. [CrossRef]

345. Gao, Y.-J.; Yang, H.-J.; Liu, Y.-J.; Chen, S.-J.; Guo, D.-Q.; Yu, Y.; Tian, L.-X. Effects of Graded Levels of Threonine on Growth
Performance, Biochemical Parameters and Intestine Morphology of Juvenile Grass Carp Ctenopharyngodon idella. Aquaculture 2014,
424–425, 113–119. [CrossRef]

346. Wang, X.; Qiao, S.; Yin, Y.; Yue, L.; Wang, Z.; Wu, G. A Deficiency or Excess of Dietary Threonine Reduces Protein Synthesis in
Jejunum and Skeletal Muscle of Young Pigs. J. Nutr. 2007, 137, 1442–1446. [CrossRef] [PubMed]

347. Narita, K.; Nagao, K.; Bannai, M.; Ichimaru, T.; Nakano, S.; Murata, T.; Higuchi, T.; Takahashi, M. Dietary Deficiency of Essential
Amino Acids Rapidly Induces Cessation of the Rat Estrous Cycle. PLoS ONE 2011, 6, e28136. [CrossRef]

348. Kingsbury, J.M.; McCusker, J.H. Homoserine Toxicity in Saccharomyces cerevisiae and Candida albicans Homoserine Kinase (Thr1 ∆)
Mutants. Eukaryot. Cell 2010, 9, 717–728. [CrossRef]

349. Hadera, M.G.; Smeland, O.B.; McDonald, T.S.; Tan, K.N.; Sonnewald, U.; Borges, K. Triheptanoin Partially Restores Levels of
Tricarboxylic Acid Cycle Intermediates in the Mouse Pilocarpine Model of Epilepsy. J. Neurochem. 2014, 129, 107–119. [CrossRef]

350. Habte-Tsion, H.-M.; Ge, X.; Liu, B.; Xie, J.; Ren, M.; Zhou, Q.; Miao, L.; Pan, L.; Chen, R. A Deficiency or an Excess of Dietary
Threonine Level Affects Weight Gain, Enzyme Activity, Immune Response and Immune-Related Gene Expression in Juvenile
Blunt Snout Bream (Megalobrama amblycephala). Fish Shellfish Immunol. 2015, 42, 439–446. [CrossRef] [PubMed]
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