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Abstract

Gliomas are primary brain tumors that are believed to originate from neuroglial cells or progenitor cells and are the most common
neoplasms affecting the central nervous system (CNS). Gliomas can be categorized into two main groups based on the WHO classification
system: low-grade gliomas and high-grade gliomas. Unfortunately, high-grade gliomas have a poor prognosis despite significant research
efforts dedicated to discovering more effective treatments. Biogenic amines are organic compounds found in food, plants, and animals.
They are produced through the chemical decarboxylation of amino acids. Interestingly, some biogenic amines are known for their toxic
and carcinogenic properties. However, the full role of biogenic amines in gliomas has not been fully explored. In this review, we aim to
investigate the known roles of biogenic amines in glioma development, diagnostics, and potential future treatment applications.
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1. Introduction
Amino acids are crucial building blocks of proteins.

They contain an amino group and a carboxylic acid group
and have an important role in the regulation of gene expres-
sion [1]. Amino acids can be categorized into three groups:
essential amino acids, non-essential amino acids, and con-
ditionally essential amino acids. Essential amino acids can-
not be synthesized by the human body and must be obtained
from the diet. These essential amino acids include pheny-
lalanine, valine, tryptophan, threonine, isoleucine, methio-
nine, histidine, leucine, and lysine [2]. Alternatively, non-
essential amino acids, such as aspartic acid, arginine, ala-
nine, asparagine, glycine, glutamic acid, glutamine, serine,
proline, citrulline, and tyrosine, can be produced by the
body and are synthesized using essential amino acids. How-
ever, there is a subset of amino acids known as condition-
ally essential amino acids, also referred to as semi-essential
amino acids, which are typically considered non-essential.
However, during specific pathological conditions or phys-
iological periods of growth, such as pregnancy or adoles-
cent growth, the body may not be able to produce them in
sufficient quantities. Consequently, they become essential
amino acids during these circumstances. Examples of con-
ditionally essential amino acids include arginine, glycine,
glutamine, ornithine, proline, taurine, cysteine, and tyro-
sine [2].

In this review, we will discuss some of the amino acids
and the current understanding of how certain amino acids
are connected to cancer, with a particular focus on gliomas.
By doing so, we seek to shed light on the potential implica-
tions of these amino acids for cancer treatment.

2. Glycine
Glycine is a conditionally essential amino acid biosyn-

thesized in the body from serine. Glycine plays a role in the
body’s production of DNA, hemoglobin, and collagen, and
in the process of energy release, while also having a cru-
cial role as a precursor to proteins. Additionally, glycine
is an important component of protein synthesis, although it
is typically only found in relatively low quantities within
most proteins. Collagen, on the other hand, is a unique pro-
tein that contains an unusually high proportion of glycine,
accounting for roughly 35% of its composition [3]. In
higher eukaryotes, the biosynthesis of delta-aminolevulinic
acid—a crucial precursor for porphyrins that is necessary
for hemoglobin and cytochromes—involves the enzymatic
action of ALA synthase on glycine and succinyl–CoA.
Glycine serves dual roles as a neurotransmitter in the central
nervous system (CNS). Its function as an excitatory neuro-
transmitter involves enhancing the effects of glutamate at
N-methyl-D-aspartate (NMDA) receptors [4]. Conversely,
glycine can also act as an inhibitory neurotransmitter, pri-
marily in the spinal cord, brainstem, and retina. Activa-
tion of glycine receptors leads to the influx of chloride ions
through ionotropic receptors, resulting in the generation of
an inhibitory postsynaptic potential (IPSP) in the neuron.

Glycine has been linked to many cancers. For exam-
ple, in a study that was conducted on fecal metabolomics,
a glycine derivative named tryptophyl–glycine, which is a
dipeptide formed from L-tryptophan and glycine residues,
and is associated with a high risk of developing colorectal
cancer (CRC). However, this association may be explained
by increased levels of cell division, cell death, and pro-
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tein degradation. Conversely, N-2-furoyl-glycine, which
is a xenobiotic found in cigarette smoke and coffee and is
obtained by the formal condensation of the glycine amino
group with 2-furoic acid, was found to be inversely related
to colorectal cancer [5]. Thus, fecal metabolomics has the
potential to emerge as an advantageous novel tool for re-
searching CRC and various other diseases [5].

On a different note, glycine may have a protective role
against the development of pancreatic cancer. Luu et al.
[6] found that the risk of pancreatic cancer was reduced in
individuals with elevated levels of glycine in serum col-
lected more than 10 years before the diagnosis of cancer;
however, notably, the study did not specify the subtype of
pancreatic cancer. The protective role of glycine against
pancreatic cancer might be explained by the glycine conju-
gation of bile acids; ursodeoxycholic acid (UCDA), a sec-
ondary bile acid formed by intestinal microbiota, is usually
conjugated with glycine, which increases the hydrophilic-
ity that ultimately leads to the decreased cytotoxicity and
membranolytic properties found in bile acid. Considering
the beneficial influence of serine and glycine, the inter-
play among an individual’s genetic profile, nutritional sta-
tus, and dietary patterns offers a promising evidence-based
framework for devising personalized nutrition strategies.
This approach can be thoroughly examined to explore its
potential in preventing pancreatic cancer through targeted
interventions.

Glycine accumulation was linked to the increased sur-
vival of brain cancer cells within ischemic zones of gliomas.
Normally, SHMT2 (serine hydroxymethyltransferase 2),
which is a mitochondrial enzyme, converts serine to glycine
in the proliferating cells. Glycine decarboxylase (GLDC)
prevents the accumulation of glycine and its conversion to
amino acetate and methylglyoxal, which are toxic metabo-
lites. In cases of brain gliomas, GLDC is inhibited, while
SHMT 2 continues to convert serine to glycine. This leads
to the accumulation of glycine and its deleterious effects on
the cells [7].

3. Serine
Serine is a non-essential amino acid, which is synthe-

sized by humans. It has a role in the metabolism of fats
and fatty acids, muscle growth, and sustaining a healthy im-
mune system [8]. Serine exists in two forms: L-serine and
D-serine. L-serine is commonly found in vertebrate pro-
teins and serves as a precursor for other amino acids, such
as glycine and cysteine [9]. Notably, L-serine plays a role
in neurotransmission by serving as a precursor for glycine
and D-serine, both of which are involved in regulating ex-
citatory glutamatergic transmission [10]. D-serine specif-
ically promotes long-term potentiation by modulating N-
methyl-D-aspartate (NMDA) receptors. In addition to its
aforementioned functions, serine also plays a vital role in
supplying one-carbon units for the tetrahydrofolate (THF)
cycle, which is involved in biosynthetic pathways, such as

nucleic acid metabolism. Furthermore, serine is considered
a precursor in the thymidine synthesis pathway [11].

Serine has many associations with cancers. For ex-
ample, researchers found that higher levels of serine had a
protective effect against the development of pancreatic can-
cer [6]. One explanation for this was the cancer-protective
effects of the by-products generated from serine biosynthe-
sis, such as α-ketoglutarate, which serve as cofactors of the
dioxygenases involved in regulating genes. Moreover, ser-
ine was found to increase the growth of CRC cells and their
resistance to 5-fluorouracil [12].

High levels of serine improved the survival of
glioblastoma cells in stressful conditions, and serine depri-
vation led to a reduction in cell growth and increased cell
death in hypoxia [13]. Moreover, 3-phosphoglycerate de-
hydrogenase (PHGDH), an enzyme that catalyzes the rate-
limiting step in serine synthesis, is a major contributor to
brain metastasis; thus, its inhibition may provide a poten-
tial treatment to avoid brain metastasis in various cancers
[14]. Consequently, a research investigation was conducted
to evaluate the impact of NCT503, a potent and specific in-
hibitor of PHGDH, in augmenting the efficacy of temozolo-
mide, an established alkylating agent utilized in the treat-
ment of glioblastoma. The study yielded promising results,
thereby indicating the potential of this combination therapy
as a viable approach to managing glioblastoma [15].

4. Fumaric Acid
Fumaric acid, a dicarboxylic acid, has an essential role

in the Krebs tricarboxylic acid (TCA) cycle by serving as
a precursor to L-malate. The formation of fumaric acid
is catalyzed by succinate dehydrogenase via the oxidative
conversion of succinic acid [16]. Fumaric acid undergoes
a reversible enzymatic reaction into malic acid, which is
catalyzed by fumarate hydratase, a known tumor suppres-
sor. When fumarate hydratase is depleted, fumaric acid ac-
cumulates abnormally, resulting in malignant transforma-
tion and tumor progression. This accumulation activates
a sequence of oncogenic cascades, including the upregula-
tion of transcription factors, which promote the epithelial-
to-mesenchymal transition and facilitate cell transformation
[17]. In summary, fumarate plays a role in enhancing the
expression of specific transcription factors that drive cellu-
lar changes and contribute to tumor development. Further-
more, fumaric acid holds relevance in fumarase deficiency,
which is an inherited disorder of metabolism [18].

Dimethyl fumarate, which is a methyl ester of fumaric
acid, has been studied as a potential treatment for glioblas-
toma due to its neuroprotective and antitumor effects [19].
However, more studies are needed to determine whether
this drug can be beneficial in the treatment of glioblastoma.
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5. Threonine
Threonine is an essential amino acid, which is im-

portant in the CNS, porphyrin metabolism, fat metabolism,
and preventing fat buildup in the liver [20]. Interestingly,
in most currently available infant formulas, threonine con-
tent is approximately 20% higher than that found in human
milk. Thus, premature infants who consume these formulas
have plasma threonine concentrations up to twice as high
as those fed with human milk. The presented data indi-
cate that this increase in plasma threonine levels leads to
elevated brain glycine levels, which affects the balance of
neurotransmitters in the brain. Consequently, these find-
ings suggest potential implications for brain development
in the early stages of postnatal life [21].

Protein serine/threonine kinase (STK), which phos-
phorylates the serine or threonine hydroxyl group, has been
linked to various cancers. For example, STK 24 was found
to inhibit gastric cancer metastasis [22]. Moreover, it was
found that STK31 expression may be affected by the human
papillomavirus (HPV16) oncogene E7 in cervical cancer
through a methylation-mediated mechanism, while aberrant
methylation of the STK31 promotor/exon 1 region may in-
duce cervical cancer development. Therefore, STK31 may
be a cellular target gene for the HPV-16 oncogene E7 [23].
Moreover, STK31 levels were found to be higher in col-
orectal cancer tissues, making STK31 a useful non-invasive
biomarker in the diagnosis of CRC [24].

6. Glutamine
Glutamine is a non-essential amino acid, which is

found in all organisms and is mainly produced by skeletal
muscles [25]. It has a role in the production of excitatory
and inhibitory neurotransmitters (glutamate and GABA)
[26]. Glutamine metabolism is considered one of the meth-
ods that cancer cells use for survival and growth [27,28].
Therefore, targeting glutamine metabolism has been stud-
ied as a promising treatment for cancers. For example, Kim
et al. [29] found that inhibiting glutamine uptake can de-
crease SKOV3-TR cell resistance to paclitaxel, thereby pro-
viding a potential therapy for paclitaxel resistance in ovar-
ian cancer. Similarly, inhibition of glutamine uptake was
found to improve the inhibitory effects of cetuximab on gas-
tric cancer [30].

Glutamine metabolism has been involved in many
metabolic pathways in brain cancer cells, such as macro-
molecule synthesis, energy production, epigenetic regula-
tion, and redox homeostasis [31]. Moreover, a notable dis-
covery emerged from examining brain tissue samples col-
lected from glioma patients prior to chemotherapy or radi-
ation therapy, during surgical resection or excision. These
samples exhibited elevated levels of glutamine, suggesting
a correlation between glutamine concentration and the unfa-
vorable prognosis of gliomas. Consequently, glutamine is
a promising prospective biomarker for monitoring glioma
progression.

Due to the crucial role of glutamine in regulating cellu-
lar functions and its association with poor prognosis, drugs
that inhibit glutamine transporters, such as SLC1A5, were
found to inhibit lung cancer growth in vitro and in vivo
[32]. Hence, targeting glutamine transporters may provide
a promising strategy for developing a new treatment for
cancers and, particularly, gliomas.

7. Glutamate
Glutamate, or glutamic acid, is a non-essential alpha-

amino acid, which is present in all living organisms, includ-
ing bacteria, plants, and animals. It plays a vital role in
eliminating excess or waste nitrogen from the body. Addi-
tionally, glutamate is the predominant fast excitatory neu-
rotransmitter in the nervous system, and its receptors are
widely distributed in neuronal and glial membranes. The
main two types of glutamate receptors are ionotropic re-
ceptors and metabotropic receptors, which are ligand-gated
ion channels and G-protein coupled receptors, respectively
[33].

In addition to their presence in the CNS, glutamate re-
ceptors have been identified in peripheral organs and have
been implicated in cancer development. A notable in-
stance is the expression of metabotropic glutamate receptor
4 (mGluR4) in the colon epithelium, where its signaling has
been associated with an unfavorable prognosis in colorectal
cancer [34].

The synthesis and release of glutamate from glioma
cells were discovered to occur through the system
xc−cystine–glutamate transporter, as a byproduct of glu-
tathione synthesis. This glutamate release contributes to the
aggressive characteristics of gliomas, by enhancing their
malignant behavior. The excess extracellular glutamate is
facilitated by the system xc− transporter and provides a sur-
vival advantage by promoting resistance to apoptosis and
stimulating the proliferation and invasion of glioma cells
[35]. Indeed, the invasive features of gliomas, which are
facilitated by the release of glutamate, pose a notable chal-
lenge to the effective management of the disease.

Numerous drugs focusing on glutamate and its recep-
tors are currently under investigation for treating gliomas,
including perampanel, which acts as an antagonist of the
α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) glutamate receptor. Initially developed as an an-
ticonvulsant for drug-resistant epilepsy, associated with
gliomas, perampanel has demonstrated additional proper-
ties as an antitumor agent. Studies have revealed that per-
ampanel reduces extracellular glutamate levels and dimin-
ishes glucose uptake in glioblastoma cell cultures. These
findings highlight its potential as an antitumor treatment
in addition to its anticonvulsant effects [36]. Moreover, a
study was performed to investigate the role of managing
newly diagnosed glioblastoma patients with radiation (RT),
temozolomide (TMZ), and talampanel, an AMPA antago-
nist. The results showed that patients treated with RT+TMZ
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and talampanel had significantly longer survival rates than
patients treated with RT+TMZ alone [37].

The expression of SLC7A11/xCT, an antiporter re-
sponsible for importing cystine in exchange for glutamate,
was correlated with unfavorable prognoses and drug resis-
tance in cancer cases. Notably, SLC7A11 has been impli-
cated in cisplatin resistance in gastric cancer [38], temo-
zolomide resistance in glioma [39], and gemcitabine re-
sistance in pancreatic cancer [40]. Intriguingly, SLC7A11
has been detected in 50% of glioma patients, and its up-
regulation has been associated with accelerated glioma cell
growth, increased glutamate toxicity, seizure induction,
and reduced overall survival [41]. Consequently, targeting
SLC7A11 presents a potential therapeutic approach for the
treatment of cancers and particularly gliomas.

8. Tryptophan
Tryptophan is an essential alpha-amino acid, meaning

that it must be obtained from the diet. As humans age, the
amount of tryptophan and proteins the human body requires
reduces: adults need a daily intake of at least 3 mg/kg.
Tryptophan can be found in wheat germ [42] and acts as
a precursor for both serotonin and melatonin. Vitamin B6,
niacin, and glutathione are required for the metabolism of
tryptophan into serotonin. Furthermore, niacin (vitamin
B3) is an important metabolite of tryptophan that origi-
nates from the catabolism of kynurenine and quinolinic
acid, which are products of tryptophan degradation. Sev-
eral conditions and diseases are characterized by trypto-
phan deficiencies [43]. For example, malabsorption of fruc-
tose leads to improper absorption of tryptophan in the in-
testine. This reduces the levels of tryptophan in the blood,
which may cause depression. Tryptophan plays a role in
“feast-induced” drowsiness. Carbohydrate-rich meals stim-
ulate insulin secretion, which enhances the uptake of large
neutral branched-chain amino acids (BCAAs) into muscle.
This results in an increased tryptophan to BCAA ratio in the
bloodstream, leading to greater uptake of tryptophan across
the blood–brain barrier and into the cerebrospinal fluid. In
the cerebrospinal fluid, tryptophan is converted into sero-
tonin, and then, melatonin, which promotes sleep. Tryp-
tophan’s conversion to serotonin suggests that consuming
tryptophan or its precursor, 5-HTP may improve symptoms
of depression by raising serotonin levels in the brain.

The intake of purified tryptophan leads to an elevation
in serotonin levels in the brain, whereas the consumption of
tryptophan-containing foods does not have the same effect.
The reason for this is that the same transport system respon-
sible for carrying tryptophan across the blood–brain barrier
also transports various other amino acids found in protein-
rich foods. In specific circumstances, tryptophan has the
potential to act as both a neurotoxin and a metabotoxin [44].

Kynurenine, a tryptophan metabolite, was found to
both promote glioma growth and invasiveness and suppress
antitumor immunity. The metabolism of tryptophan into

kynurenine by the enzymes indoleamine-2,3-dioxygenase
(IDO) and tryptophan-2,3-dioxygenase (TDO) is consid-
ered a crucial microenvironmental factor in glioma; there-
fore, therapeutic targeting of IDO and TDO are considered
potential treatment candidates for patients with malignant
glioma [45].

9. N,N-Dimethylarginine
N,N-dimethylarginine, also known as asymmetric

dimethylarginine, is a natural product that is considered
an arginine derivative. It is found in the blood and has
an inhibitory effect on the production of nitric oxide [46].
High levels of asymmetric dimethylarginine were found in
patients with breast cancer and lung cancer compared to
healthy individuals [47,48]. Further, asymmetric dimethy-
larginine was found to promote gastric cancer migration and
invasion [49].

A research investigation was conducted to explore the
role of asymmetric dimethylarginine in the suppression of
nitric oxide, which is a critical regulator of angiogene-
sis in CNS tumors [50]. The study specifically examined
the impact of dimethylarginine dimethylaminohydrolase I
(DDAH I), an enzyme responsible for metabolizing asym-
metric dimethylarginine, on the rat C6 glioma cell line. The
results demonstrated that higher DDAH I expressions led to
increased nitric oxide synthesis, ultimately, leading to en-
hanced tumor growth.

10. Homoarginine
Homoarginine is a natural product derived from ly-

sine, which has a role as a human and xenobiotic metabo-
lite [51]. Homoarginine deficiency is associated with an
increased risk of fatal cardiovascular events [52]. Low
levels of homoarginine, which is a cardiac biomarker,
have also been associated with an increased risk of car-
diovascular events [52]. Patients with breast cancer re-
ceiving chemotherapy were found to have lower levels of
homoarginine, which again indicates an increased risk of
cardiovascular events [53]. Conversely, tamoxifen use in
breast cancer patients has been associated with increased
levels of homoarginine, thereby reflecting its protective ef-
fects on the heart. Limited studies have explored the po-
tential involvement of homoarginine in cancer in general
and in gliomas, in particular. Some research suggests that
homoarginine may play a role in regulating nitric oxide syn-
thesis, which has implications for angiogenesis and tumor
growth. However, the existing studies have primarily fo-
cused on cardiovascular diseases rather than cancer.

11. Lidocaine
Lidocaine is used as a local anesthetic and an antiar-

rhythmic. It stabilizes the neuronal membrane by inhibit-
ing voltage-gated sodium channels [54]. Many studies have
described the role of lidocaine in the management of many
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cancers. For example, it was observed that lidocaine can ex-
ert anticancer effects on breast, gastric, bladder, colorectal,
cervical, and epithelial ovarian cancers by inhibiting certain
pathways involved in the growth of these cancers [55–59].
Moreover, a retrospective study, which included patients
undergoing pancreatectomy, found that intraoperative in-
travenous use of lidocaine was associated with prolonged
overall survival rates [60].

Lidocaine was shown to have a role in inhibiting
glioma cell proliferation: Leng et al. [61,62] found that
lidocaine inhibited the proliferation of glioma cells by sup-
pressing transient receptor potential melastatin 7 channels
(TRPM7), which upon activation led to the proliferation,
migration, and invasion of malignant glioma cells.

12. Peptides
A peptide is a short chain of two to fifty amino acids

connected by peptide bonds. Peptides are crucial for a range
of fundamental physiological processes and are involved in
numerous biochemical reactions [63]. Dipeptides are pep-
tides composed of two amino acids.

gamma-Glutamylglutamine, also known as L-γ-
glutamyl-L-glutamine or bis-g-glutamylamine, is a dipep-
tide that belongs to the class of organic compounds
known as glutamine and derivatives [64]. gamma-
Glutamylglutamine is found in foods, such as anatidae,
chicken, and domestic pigs, thereby making it a poten-
tial biomarker in the consumption of these foods. gamma-
Glutamylglutamine is associated with several diseases, in-
cluding Crohn’s disease, schizophrenia, iron deficiency,
and hyperammonemia.

Previous data indicated that gamma-
Glutamylglutamine has few associations with cancers. Yet,
a few articles have described the importance of gamma-
Glutamylglutamine in the treatment of human cancers.
For example, poly(l-γ-glutamylglutamine) was found to
be effective in increasing doxorubicin uptake, prolonging
its retention, and reducing its efflux by drug-induced
resistant human breast cancer cells; thus, highlighting it
as a promising strategy for overcoming the resistance to
antitumor drugs [65].

Similarly, researchers found that targeting nucleolin—
a receptor that is highly expressed in glioblastoma U87 MG
cells and neovascular endothelial cells—using an aptamer
AS1411-functionalized poly(l-γ-glutamylglutamine)-
paclitaxel (PGG-PTX) nanoconjugates drug delivery
system presented the best anti-glioblastoma effect, pro-
longing the median survival time and inducing apoptosis
in most tumor cells in vivo, compared to the other analyzed
groups, thereby making it a promising targeting delivery
strategy for glioblastoma therapy [66].

In addition to dipeptides, oligopeptides are peptides
comprising two to twelve amino acids. Bradykinin, an
oligopeptide, is a vasoactive kinin that is involved in a
wide range of biological processes, including in blood pres-

sure regulation, and is considered a potent vasodilator.
Bradykinin was found to stimulate cancer cell growth along
with facilitating tumor invasion and migration [67]. There-
fore, several studies were conducted to identify antagonists
of bradykinin with potential anticancer effects. For exam-
ple, the inhibition of the bradykinin B1 receptor by novel
inhibitors reduced the malignant progression of hepatocel-
lular carcinoma, which may provide a potential treatment
for this cancer [68]. Furthermore, bradykinin was shown to
promote the proliferation, migration, and invasion of cer-
vical cancer cells. Thus, antagonizing the bradykinin B2
receptor has the opposite effect on the B1 receptor [69].

Bradykinin promotes glioma cell migration and in-
vasion by acting on the bradykinin B2 receptors. Conse-
quently, targeting B2 receptors can be considered a poten-
tial treatment for gliomas in the future [70].

13. Conclusions
Brain tumors necessitate ongoing research and rev-

olutionary treatments. Biogenic amines, involved in di-
verse physiological functions, are implicated in these tu-
mors. Although the exact relationship remains unclear, fur-
ther investigation can potentially identify new diagnostic
and therapeutic approaches. Studies on metabolic path-
ways can provide insights into the roles of metabolites in
tumor pathogenesis. Animal models and in vitro experi-
ments support biogenic amines as potential therapeutic tar-
gets. Thus, continued exploration is crucial to advance un-
derstanding, identify biomarkers, and develop personalized
treatment strategies, to potentially continue to improve pa-
tient outcomes.

Author Contributions
Conception, drafting, and approval of final version of

manuscript: AA and OA. Both listed authors participated in
the writing of the manuscript and have read and approved
the final version.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
The authors would like to thank Dr. Robert O’Donnell

for his critical review of this manuscript.

Funding
Dr. Aboud is supported in part by the UC Davis Paul

Calabresi Career Development Award for Clinical Oncol-
ogy as funded by the National Cancer Institute/National In-
stitutes of Health through grant #2K12CA138464-11.

Conflict of Interest
The authors declare no conflict of interest.

5

https://www.imrpress.com


References
[1] Kimball SR, Jefferson LS. New functions for amino acids: effects on

gene transcription and translation. the American Journal of Clinical
Nutrition. 2006; 83: 500S–507S.

[2] Iguacel I, Schmidt JA, Perez-Cornago A, Van Puyvelde H, Travis R,
Stepien M, et al. Associations between dietary amino acid intakes
and blood concentration levels. Clinical Nutrition. 2021; 40: 3772–
3779.

[3] de Paz-Lugo P, Lupiáñez JA, Meléndez-Hevia E. High glycine con-
centration increases collagen synthesis by articular chondrocytes in
vitro: acute glycine deficiency could be an important cause of os-
teoarthritis. Amino Acids. 2018; 50: 1357–1365.

[4] López-Corcuera B, Geerlings A, Aragón C. Glycine neurotransmit-
ter transporters: an update. Molecular Membrane Biology. 2001; 18:
13–20.

[5] Goedert JJ, Sampson JN, Moore SC, Xiao Q, Xiong X, Hayes RB,
et al. Fecal metabolomics: assay performance and association with
colorectal cancer. Carcinogenesis. 2014; 35: 2089–2096.

[6] Luu HN, Paragomi P, Wang R, Huang JY, Adams-Haduch J, Midttun
Ø, et al. The Association between Serum Serine and Glycine and
Related-Metabolites with Pancreatic Cancer in a Prospective Cohort
Study. Cancers. 2022; 14: 2199.

[7] Kim D, Fiske BP, Birsoy K, Freinkman E, Kami K, Possemato RL,
et al. SHMT2 drives glioma cell survival in ischaemia but imposes
a dependence on glycine clearance. Nature. 2015; 520: 363–367.

[8] Holeček M. Serine Metabolism in Health and Disease and as a Con-
ditionally Essential Amino Acid. Nutrients. 2022; 14: 1987.

[9] Reeds PJ. Dispensable and Indispensable Amino Acids for Humans.
The Journal of Nutrition. 2000; 130: 1835S–1840S.

[10] Maugard M, Vigneron P, Bolaños JP, Bonvento G. L-Serine links
metabolism with neurotransmission. Progress in Neurobiology.
2021; 197: 101896.

[11] Maddocks OD, Labuschagne CF, Adams PD, Vousden KH. Serine
Metabolism Supports the Methionine Cycle and DNA/RNA Methy-
lation through De Novo ATP Synthesis in Cancer Cells. Molecular
Cell. 2016; 61: 210–221.

[12] Montrose DC, Saha S, Foronda M, McNally EM, Chen J, Zhou
XK, et al. Exogenous and Endogenous Sources of Serine Con-
tribute to Colon Cancer Metabolism, Growth, and Resistance to 5-
Fluorouracil. Cancer Research. 2021; 81: 2275–2288.

[13] Engel AL, Lorenz NI, Klann K, Münch C, Depner C, Steinbach JP, et
al. Serine-dependent redox homeostasis regulates glioblastoma cell
survival. British Journal of Cancer. 2020; 122: 1391–1398.

[14] Ngo B, Kim E, Osorio-Vasquez V, Doll S, Bustraan S, Liang RJ, et
al. Limited Environmental Serine and Glycine Confer Brain Metas-
tasis Sensitivity to PHGDH Inhibition. Cancer Discovery. 2020; 10:
1352–1373.

[15] Jin L, Kiang KM, Cheng SY, Leung GK. Pharmacological inhi-
bition of serine synthesis enhances temozolomide efficacy by de-
creasing O6-methylguanine DNA methyltransferase (MGMT) ex-
pression and reactive oxygen species (ROS)-mediated DNA damage
in glioblastoma. Laboratory Investigation. 2022; 102: 194–203.

[16] Martínez-Reyes I, Chandel NS. Mitochondrial TCA cycle metabo-
lites control physiology and disease. Nature Communications. 2020;
11: 102.

[17] Sciacovelli M, Gonçalves E, Johnson TI, Zecchini VR, da Costa
ASH, Gaude E, et al. Fumarate is an epigenetic modifier that elicits
epithelial-to-mesenchymal transition. Nature. 2016; 537: 544–547.

[18] Ryder B, Moore F, Mitchell A, Thompson S, Christodoulou J, Bal-
asubramaniam S. Fumarase Deficiency: a Safe and Potentially Dis-
ease Modifying Effect of High Fat/Low Carbohydrate Diet. JIMD
Reports. 2017; 33: 77–83.

[19] Zidi O, Souai N, Raies H, Ben Ayed F, Mezlini A, Mezrioui S, et al.
Fecal Metabolic Profiling of Breast Cancer Patients during Neoadju-
vant Chemotherapy Reveals Potential Biomarkers. Molecules. 2021;
26: 2266.

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

[21] Boehm G, Cervantes H, Georgi G, Jelinek J, Sawatzki G, Wermuth
B, et al. Effect of Increasing Dietary Threonine Intakes on Amino
Acid Metabolism of the Central Nervous System and Peripheral Tis-
sues in Growing Rats. Pediatric Research. 1998; 44: 900–906.

[22] Wu T, Zheng X, Yang M, Zhao A, Xiang H, Chen T, et al. Serum
Amino Acid Profiles Predict the Development of Hepatocellular
Carcinoma in Patients with Chronic HBV Infection. ACS Omega.
2022; 7: 15795–15808.

[23] Yin F, Wang N, Bi X, Yu X, Xu X, Wang Y, et al. Serine/threonine ki-
nases 31 (STK31) may be a novel cellular target gene for the HPV16
oncogene E7 with potential as a DNA hypomethylation biomarker
in cervical cancer. Virology Journal. 2016; 13: 60.

[24] Hassan NA, Idriss NK, Gaber N, Ibrahim A, Tawfeek MA, Mossad
E, et al. Spastic Paraplegia 20 and Serine/Threonine Protein Kinase
31 Expression for the Detection of Colorectal Cancer. Cellular Phys-
iology and Biochemistry. 2022; 56: 138–149.

[25] Cruzat V, Macedo Rogero M, Noel Keane K, Curi R, Newsholme
P. Glutamine: Metabolism and Immune Function, Supplementation
and Clinical Translation. Nutrients. 2018; 10: 1564.

[26] Strużyńska L, Sulkowski G. Relationships between glutamine, glu-
tamate, and GABA in nerve endings under Pb-toxicity conditions.
Journal of Inorganic Biochemistry. 2004; 98: 951–958.

[27] Wise DR, Thompson CB. Glutamine addiction: a new therapeutic
target in cancer. Trends in Biochemical Sciences. 2010; 35: 427–
433.

[28] Nguyen T-L, Durán RV. Glutamine metabolism in cancer therapy.
Cancer Drug Resistance. 2018; 1: 126–138.

[29] Kim G, Jang SK, Kim YJ, Jin HO, Bae S, Hong J, et al. Inhibition of
Glutamine Uptake Resensitizes Paclitaxel Resistance in SKOV3-TR
Ovarian Cancer Cell via mTORC1/S6K Signaling Pathway. Interna-
tional Journal of Molecular Sciences. 2022; 23: 8761.

[30] Ma H, Wu J, Zhou M, Wu J, Wu Z, Lin L, et al. Inhibition of Glu-
tamine Uptake Improves the Efficacy of Cetuximab on Gastric Can-
cer. Integrative Cancer Therapies. 2021; 20: 153473542110453.

[31] Natarajan SK, Venneti S. Glutamine Metabolism in Brain Tumors.
Cancers. 2019; 11: 1628.

[32] Hassanein M, Hoeksema MD, Shiota M, Qian J, Harris BK, Chen
H, et al. SLC1a5 Mediates Glutamine Transport Required for Lung
Cancer Cell Growth and Survival. Clinical Cancer Research. 2013;
19: 560–570.

[33] Reiner A, Levitz J. Glutamatergic Signaling in the Central Nervous
System: Ionotropic and Metabotropic Receptors in Concert. Neuron.
2018; 98: 1080–1098.

[34] Chang HJ, Yoo BC, Lim S, Jeong S, Kim WH, Park J. Metabotropic
Glutamate Receptor 4 Expression in Colorectal Carcinoma and its
Prognostic Significance. Clinical Cancer Research. 2005; 11: 3288–
3295.

[35] de Groot J, Sontheimer H. Glutamate and the biology of gliomas.
Glia. 2011; 59: 1181–1189.

[36] Lange F, Wesslau K, Porath K, Hornschemeyer J, Bergner C, Krause
BJ, et al. AMPA receptor antagonist perampanel affects glioblas-
toma cell growth and glutamate release in vitro. PLoS ONE. 2019;
14: e0211644.

[37] Grossman SA, Ye X, Piantadosi S, Desideri S, Nabors LB, Rosenfeld
M, et al. Survival of Patients with Newly Diagnosed Glioblastoma
Treated with Radiation and Temozolomide in Research Studies in
the United States. Clinical Cancer Research. 2010; 16: 2443–2449.

[38] Wang SF, Wung CH, Chen MS, Chen CF, Yin PH, Yeh TS, et al. Ac-
tivated Integrated Stress Response Induced by Salubrinal Promotes
Cisplatin Resistance in Human Gastric Cancer Cells via Enhanced
xCT Expression and Glutathione Biosynthesis. International Journal
of Molecular Sciences. 2018; 19: 3389.

[39] Polewski MD, Reveron-Thornton RF, Cherryholmes GA, Marinov
GK, Cassady K, Aboody KS. Increased Expression of System xc−

6

https://www.imrpress.com


in Glioblastoma Confers an Altered Metabolic State and Temozolo-
mide Resistance. Molecular Cancer Research. 2016; 14: 1229–
1242.

[40] Lo M, Ling V, Wang YZ, Gout PW. The xc− cystine/glutamate an-
tiporter: a mediator of pancreatic cancer growth with a role in drug
resistance. British Journal of Cancer. 2008; 99: 464–472.

[41] Jyotsana N, Ta KT, DelGiorno KE. The Role of Cystine/Glutamate
Antiporter SLC7A11/xCT in the Pathophysiology of Cancer. Fron-
tiers in Oncology. 2022; 12: 858462.

[42] Privat J, Lotan R, Bouchard P, Sharon N, Monsigny M. Chemi-
cal Modification of the Tryptophan Residues of Wheat-Germ Ag-
glutinin. Effect on Fluorescence and Saccharide-Binding Properties.
European Journal of Biochemistry. 1976; 68: 563–572.

[43] Palego L, Betti L, Rossi A, Giannaccini G. Tryptophan Biochem-
istry: Structural, Nutritional, Metabolic, and Medical Aspects in Hu-
mans. Journal of Amino Acids. 2016; 2016: 8952520.

[44] Richard DM, Dawes MA, Mathias CW, Acheson A, Hill-Kapturczak
N, Dougherty DM. L-Tryptophan: Basic Metabolic Functions, Be-
havioral Research and Therapeutic Indications. International Journal
of Tryptophan Research. 2009; 2: 45–60.

[45] Platten M, Weller M, Wick W. Shaping the glioma immune microen-
vironment through tryptophan metabolism. CNS Oncology. 2012; 1:
99–106.

[46] Sibal L, Agarwal SC, Home PD, Boger RH. The Role of Asymmetric
Dimethylarginine (ADMA) in Endothelial Dysfunction and Cardio-
vascular Disease. Current Cardiology Reviews. 2010; 6: 82–90.

[47] Alacacioglu A, Kebapcilar L, Sari I, Gokgoz Z, Tarhan O, Somali
I, et al. Taxane-based adjuvant chemotherapy reduces endothelin-1
and symmetric dimethylarginine levels in patients with breast can-
cer. Journal of the Balkan Union of Oncology. 2010; 15: 572–576.

[48] Bayraktutan Z, Kiziltunc A, Bakan E, Alp HH. Determination of
Endothelial Nitric Oxide Synthase Gene Polymorphism and Plasma
Asymmetric Dimethyl Arginine Concentrations in Patients with
Lung Cancer. the Eurasian Journal of Medicine. 2020; 52: 185–190.

[49] Guo Q, Xu J, Huang Z, Yao Q, Chen F, Liu H, et al.ADMA mediates
gastric cancer cell migration and invasion via Wnt/beta-catenin sig-
naling pathway. Clinical & Translational Oncology. 2021; 23: 325–
334.

[50] Kostourou V, Robinson SP, Cartwright JE, Whitley GSJ. Dimethy-
larginine dimethylaminohydrolase i enhances tumour growth and
angiogenesis. British Journal of Cancer. 2002; 87: 673–680.

[51] Baskal S, Dimina L, Tsikas SA, Mosoni L, Remond D, Mariotti F,
et al. Lysine and homoarginine are closely interrelated metabolites
in the rat. Amino Acids. 2022; 54: 967–976.

[52] Pilz S, Meinitzer A, Tomaschitz A, Drechsler C, Ritz E, Krane V, et
al. Low homoarginine concentration is a novel risk factor for heart
disease. Heart. 2011; 97: 1222–1227.

[53] Aula H, Skytta T, Tuohinen S, Luukkaala T, Hamalainen M, Vir-
tanen V, et al. Adjuvant Breast Cancer Treatments Induce Changes
in Homoarginine Level - A Prospective Observational Study. Anti-
cancer Research. 2017; 37: 6815–6824.

[54] Roberson D, Binshtok A, Blasl F, Bean B, Woolf C. Targeting of
sodium channel blockers into nociceptors to produce long-duration
analgesia: a systematic study and review. British Journal of Phar-
macology. 2011; 164: 48–58.

[55] Li B, Xu H, He C, Zou W, Tu Y. Lidocaine prevents breast cancer
growth by targeting neuronatin to inhibit nerve fibers formation. the
Journal of Toxicological Sciences. 2021; 46: 329–339.

[56] Zeng W, Xing ZT, Tan MY, Wu YW, Zhang CY. Lidocaine sup-
presses the malignant behavior of gastric cancer cells via the c-
Met/c-Src pathway. Experimental and Therapeutic Medicine. 2021;
21: 424.

[57] Teng X, Liu Y, Wang L, Wang G. Lidocaine exerts anticancer activ-
ity in bladder cancer by targeting isoprenylcysteine carboxylmethyl-
transferase (ICMT). Translational Andrology and Urology. 2021;
10: 4219–4230.

[58] Zhu J, Han S. Lidocaine inhibits cervical cancer cell proliferation
and induces cell apoptosis by modulating the lncRNA-MEG3/miR-
421/BTG1 pathway. American Journal of Translational Research.
2019; 11: 5404–5416.

[59] Sun M, Huang S, Gao Y. Lidocaine inhibits the proliferation and
metastasis of epithelial ovarian cancer through the Wnt/β-catenin
pathway. Translational Cancer Research. 2021; 10: 3479–3490.

[60] Zhang H, Yang L, Zhu X, Zhu M, Sun Z, Cata JP, et al. Association
between intraoperative intravenous lidocaine infusion and survival
in patients undergoing pancreatectomy for pancreatic cancer: a ret-
rospective study. British Journal of Anaesthesia. 2020; 125: 141–
148.

[61] Leng T, Li M, Shen J, Liu M, Li X, Sun H, et al. Suppression of
TRPM7 Inhibits Proliferation, Migration, and Invasion of Malignant
Human Glioma Cells. CNS Neuroscience & Therapeutics. 2015; 21:
252–261.

[62] Leng T, Lin S, Xiong Z, Lin J. Lidocaine suppresses glioma cell
proliferation by inhibiting TRPM7 channels. International Journal
of Physiology, Pathophysiology and Pharmacology. 2017; 9: 8–15.

[63] Forbes J, Krishnamurthy K. Biochemistry, Peptide. StatPearls Pub-
lishing: Treasure Island. 2022.

[64] Suzuki H, Yamada C, Kato K. Gamma-glutamyl compounds
and their enzymatic production using bacterial gamma-
glutamyltranspeptidase. Amino Acids. 2007; 32: 333–340.

[65] Peng T, Liu K, Gao L, Gao L, Chen J, Wang J, et al. Poly (l-γ-
glutamylglutamine) Polymer Enhances Doxorubicin Accumulation
in Multidrug Resistant Breast Cancer Cells. Molecules. 2016; 21:
720.

[66] Luo Z, Yan Z, Jin K, Pang Q, Jiang T, Lu H, et al. Precise
glioblastoma targeting by AS1411 aptamer-functionalized poly (l-
γ-glutamylglutamine)-paclitaxel nanoconjugates. Journal of Colloid
and Interface Science. 2017; 490: 783–796.

[67] Stewart JM, Gera L. Bradykinin and Cancer. Handbook of Biologi-
cally Active Peptides. 2006; 443–446.

[68] Wang Y, Zhang B, Huang Y, Yao W, Tao F, Chen Y. Novel
Bradykinin Receptor Inhibitors Inhibit Proliferation and Promote the
Apoptosis of Hepatocellular Carcinoma Cells by Inhibiting the ERK
Pathway. Molecules. 2021; 26: 3915.

[69] Wang W, Zhou Y, Wei R, Jiang G, Li F, Chen X, et al. Bradykinin
promotes proliferation, migration, and invasion of cervical cancer
cells through STAT3 signaling pathways. Oncology Reports. 2019;
42: 2521–2527.

[70] Montana V, Sontheimer H. Bradykinin promotes the chemotactic in-
vasion of primary brain tumors. The Journal of Neuroscience. 2011;
31: 4858–4867.

7

https://www.imrpress.com

	1. Introduction 
	2. Glycine
	3. Serine
	4. Fumaric Acid
	5. Threonine
	6. Glutamine
	7. Glutamate
	8. Tryptophan
	9. N,N-Dimethylarginine
	10. Homoarginine
	11. Lidocaine
	12. Peptides 
	13. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

