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ARTICLE INFO ABSTRACT

Keywords: Difference in the metabolism of normal and cancer cells inspires to search for new, more specific and less toxic
L-Arginine therapies than those currently used.

Cancer The development of tumors is conditioned by genetic changes in cancer-transformed cells, immunological
Auxotrophy

tolerance and immunosuppression. At the initial stages of carcinogenesis, the immune system shows anti-tumor
activity, however later, cancer disrupts the function of Th1/Th17/Th2 lymphocytes by regulatory T (Treg) cells,
tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs) and finally causes im-
munosuppression.

Recently, much attention has been devoted to the influence of r-arginine metabolism disorders on both
carcinogenesis and the immune system. r-Arginine is essential for the maturation of the T cell receptor zeta
(TCRY), and its absence deprives T-cells of the ability to interact with tumor antigens. MDSCs deplete L-arginine
due to a high expression of arginase 1 (ARG1) and their number increases 4-10 times depending on the type of
the cancer.

L-Arginine has been shown to be essential for the survival and progression of arginine auxotrophic tumors.
However, the progression of arginine non-auxotrophic tumors is independent of exogenous r-arginine, because
these tumors have arginine-succinate synthetase (ASS1) activity and are available to produce r-arginine from

Immune system
Myeloid-derived suppressor cells

citrulline.

Clinical studies have confirmed the high efficacy of arginine auxotrophic tumors therapy based on the
elimination of r-arginine. However, L-arginine supplementation may improve the results of treatment of patients
with arginine non-auxotrophic cancer.

This review is an attempt to explain the seemingly contradictory results of oncological therapies based on the
deprivation or supplementation of r-arginine.

1. Introduction

L-Arginine is a conditionally essential amino acid. This means that
in the adult organism r-arginine is produced de novo in sufficient
quantities, but in developmental age and in some pathological condi-
tions this quantity is not sufficient and therefore a dietary intake is
required [1,2]. The total plasma concentration of 1-arginine varies from
95 to 250 umol/]1 and depends on the developmental stage and nutri-
tional status of the body, while intracellular concentrations are within
the range of 1-2 mmol/l. Adults take almost 5.4 g of r-arginine per day.

L-Arginine homeostasis depends on dietary supply, endogenous
synthesis, catabolism, and transport efficiency of L-arginine through cell
membranes. About 80% of r-arginine comes from recycled amino acids
released by protein degradation. The decisive influence on the

performance of endogenous r-arginine synthesis is the availability of
cytokines produced by the enterocytes. The gut is the main source of
citrulline for the synthesis of r-arginine occurring in proximal renal
tubules, which is known as the intestinal-renal axis (Fig. 1) [3]. Fol-
lowing intravenous infusion, maximum plasma concentrations of r-ar-
ginine occur after 20-30 minutes, and after oral administration after
60 min [4]. Orally administered r-arginine is rapidly and almost com-
pletely absorbed by the intestinal cationic amino acid transporter (CAT)
system.

L-Arginine is the precursor of many substances important for the
organism. These are primarily proteins, nitric oxide, proline, creatine,
agmatine and polyamine (Fig. 2). L-Arginine can stimulate secretion of
hormones such as insulin, glucagon, growth hormone and prolactin.
Moreover, it is involved in immunoregulation.
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Fig. 1. Intracellular synthesis of 1-arginine.

Abbreviations: NAOD - Acetyl-ornithase; OCT - Ornithine
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Fig. 2. Sources and metabolites of r-arginine.

The synthesis of about 60% of r-arginine occurs in the kidneys,
where the citrulline- non- protein aminoacid, a product of endogenous
protein catabolism, is extracted from the blood plasma. With the in-
volvement of ir-arginine succinate synthetase (ASS, EC 6.3.4.5) and
arginine succinate lyase (ASL, EC 4.3.2.1), citrulline is converted into t-
arginine. These reactions are the components of the ornithine cycle. The
low efficiency of the ornithine cycle is due to the low rate of response
maximal Velocity (Vmax) catalyzed by ASS1 and ASL and the limited
availability of citrulline.

Apart from dietary sources and endogenous synthesis, the avail-
ability of L-arginine for metabolic functions is determined by the action
of its transporters located in the plasma and mitochondrial membranes.
The double lipid membrane of the cell is not permeable to the L-arginine
molecule, and thus its cellular transport requires the involvement of a
transporter system located in the cell membranes. CAT-1 occurs con-
stitutively in all cells except hepatocytes, CAT-2 A occurs in hepato-
cytes, CAT-2B is a cytokine-induced transporter, and CAT-3 is involved
in embryonic development [5]. CAT deficiency limits the transport of -
arginine from plasma to cells [6]. Cytokines, interferon and tumor ne-
crosis factor (TNFa) stimulate the activity of 1-arginine transporters and
increase nitric oxide synthase activity (NOS, EC 1.14.13.39) [7,8].

L-arginine degradation is catalyzed by the four enzymes present in
many isoforms: arginase (ARG, EC 3.5.3.1), NOS, arginine decarbox-
ylase (ADC, EC 4.1.1.19) and arginine: glycine amidinotransferase
(AGAT, EC 6.3.4.5) (Fig. 3). In mammals, there are two isomorphic
ARG that differ in tissue distribution and subcellular localization. ARG I
is a cytoplasmic protein expressed primarily in the liver, which cata-
lyzes the last stage of the urinary cycle. ARG II is a mitochondrial
protein found in many tissues.

Ornithine, a direct product of r-arginine metabolism, is a substrate
for the synthesis of polyamines in a reaction catalyzed by ornithine
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Fig. 3. L-arginine metabolism.

Abbreviations: ADC - arginine decarboxylase; AGAT - arginine glycine amidi-
notransferase; ARG - arginase; ASL - argininosuccinate lyase; ASS - arginino-
succinate synthetase; ODC - ornithine decarboxylase; OTC - ornithine trans-
carbamylase; NOS - nitric oxide synthase.

decarboxylase (ODC, ornithine transcarbamylase) [9]. Polyamines are
biogenic compounds formed in all cells by the decarboxylation of some
amino acids, including r-arginine. Polyamines (including putrescine,
spermidine, spermine) occurred in the cytoplasm of healthy cells are
responsible for their proper development and functioning. Polyamines
interact with DNA, RNA, proteins, phospholipids and other polyanions,
stimulating biosynthesis of nucleic acids and proteins in cells, affecting
growth, cell proliferation and differentiation. Polyamines protect the
nucleic acids from the harmful effects of environmental factors. The
activity of polyamines in the processes of replication, transcription and
translation largely depends on the concentration.

Attention was paid to i-arginine after the ubiquitous NO signal
transduction molecule was discovered. The decomposition reaction of r-
arginine into citrulline and NO catalyses nitric oxide synthase (NOS).
NOS occurs in three isoforms: eNOS (endothelial), nNOS (neuronal) and
iNOS (inducible), derived from macrophages. It is estimated that about
1.5% of r-arginine enters the NO synthesis route.

K, values for r-arginine of ARG I and II (~10 mmol/]) are much
higher than that of iNOS (~5 umol/L), whereas V. of ARG I and II
were 10°-10* times higher than that of iNOS [10]. Thus, Vpa/Key va-
lues of ARG are close to iNOS value, and these enzymes were expected
to compete for 1-arginine in the cells. Therefore, the consumption of -
arginine by both in vitro enzymes is comparable and the in vivo con-
sumption is variable and depends on the immunological polarization,
which means the Th1/Th2 ratio. Thl cytokines increase NOS activity
and Th2 cytokines raise ARG activity.

Physiological plasma concentrations of 1-arginine are about
50-100 uM and are many times lower than intracellular concentration,
which is about 1mM [11]. With the difference in r-arginine con-
centrations between the plasma and the cell, the so-called ‘arginine
paradox’ is associated with the rate at which NO synthesis rates de-
termine the concentration of extracellular r-arginine rather than in-
tracellular. According to one hypothesis, dimethylarginine (ADMA) is
the cause of this phenomenon, which by blocking eNOS reduces the
synthesis of NO [12-14]. High plasma L-arginine displaces ADMA from
eNOS, resulting in increased NO production [11,15].

The impact of 1-arginine metabolism disorders on both carcino-
genesis and on antitumor immune system activity, recently received a
lot of attention. The results of these studies indicate that r-arginine and
its metabolic products are crucial for the development and progression
of cancer. The results of cell line studies indicate that r-arginine sup-
plementation improves non-auxotrophic cancer therapy by improving
the antineoplastic properties of the immune system, while the benefits
of 1-arginine deprivation result from the direct influence on auxotrophic
tumor cells that cause their autophagy and apoptosis (Fig. 4). The role
of r-arginine deprivation in the treatment of auxotrophic tumors in-
creases with the increasing number of clinical trials, while there are still
too few studies assessing the effectiveness of non-auxotrophic cancers
therapy using r-arginine supplementation [16].
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Fig. 4. The effect of 1-arginine supplementation or deprivation on the immune
system.

2. Review
2.1. Disorders of r-arginine metabolism in tumors

The development of normal cells in 1-arginine-depleted conditions is
stopped in the GO/G1 cycle of the cell cycle. However, placing them in
the r-arginine culture medium restores the ability to divide [17]. Mel-
anoma cells, kidney cancer, hepatocellular carcinoma, malignant
pleural mesothelioma and other cancers are devoid of ASS1 expression,
which is completely dependent on extracellular arginine [18,19]. This
property is called an arginine auxotrophy [20,21]. In leukemia cell
lines, the addition of citrulline or arginine succinate to the culture
medium has not reduced the need for 1-arginine due to low Vmax. ASS1
and ASL converts citrulline to arginine succinate and then r-arginine
(Fig. 5) [22,23].

Depletion of r-arginine results in systemic and local effects asso-
ciated with tumor microenvironment. On the basis of auxotrophy, a
new strategy for treatment of tumors totally or particulary devoid of
ASS1 expression was developed [24]. It is based on the elimination of 1-
arginine from the circulatory system by enzymes, which, like ARG,
catalyze the degradation of 1-arginine. The pegylated arginine deimi-
nase (EC 3.5.3.6) (ADI-PEG20, BCT-100, PEG-BCT-100,
rhArglpeg5000) is used instead of ARG because of adverse side effects
and short half-life (t;,5) [25,26]. ADI-PEG20 induced the death of the
prostate cancer cell line (auxotrophic) by mitochondrial damage, nu-
clear leakage and chromatin autophagy ("self-eating") [27].

The removal of r-arginine from blood plasma results in the regres-
sion of auxotrophic tumors by autophagy and tumor cell apoptosis, but
it also interferes with the relationship between tumor cells and its mi-
croenvironment [28-30]. The reduction of 1-arginine does not induce
autophagy or apoptosis of non-auxotrophic tumor cells that synthesize
L-arginine de novo from citrulline.

The autophagy for cell survival is controlled by serine-threonine
protein kinase assay (mTOR). r-arginine-induced activation induces the
production of autophagosomes in the cells and their association with
lysosomes, leading to their degradation [31,32]. Expression of ASS1 in
the cell lines of different tumors of the same organ is often different
(Table 1).

Some histological subtypes of ovarian, gastric and colorectal cancer
overexpress ASS1, while others are devoid of expression [48,63]. The
results indicate that low levels of ASS1 are a good predictor of the ef-
ficacy of r-arginine deprivation therapy [64]. The efficacy of ADI-
PEG20 therapy has been confirmed in clinical trials in patients with
hepatocellular carcinoma, melanoma, prostate cancer, and recently

Arginine deiminase
A= ETEeY

L-arginine + H,0 L-citruline + NH,

Fig. 5. Hydrolysis of r-arginine to r-citrulline.
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Table 1
Expression of ASS1 in cells of different types of cancer.
Cancer types with low References  Cancer types with high References
expression of ASS expression of ASS
Melanoma [33-35] Pulmonary [36]
neuroendocrine carcinoma
Breast cancer cells [37,38] Colon carcinoma [38-40]
Prostate cancer cells [26,41] Gastric cancer [42-44]
Hepatocellular carcinoma  [26,45,46]  Serous subtype ovarian [47,48]
(HCC) carcinoma
Pancreatic cancer cells [49]
Myeloid Leukemia [50,51]
Glioma [52]
Mesothelioma cell lines [53,54]
Renal cell carcinoma [55]
Lung cancer [56,57]
Non-serous ovarian [47,48]
carcinoma
Endometrial carcinoma [58]
Sarcoma [59,60]

Bladder cancer [61,62]

with small cell lung cancer and acute leukemia [51,56,65,66].

2.2. Immune system and r-arginine

In the early stages of carcinogenesis, the immune system is anti-
cancerous due to cytotoxic reactions, apoptosis and secreted cytokines,
but later the cancer reprograms myeloid cells, allowing them to escape
from immunological surveillance [67].

For example, colon cancer by T-cell regulators (Treg), tumor-asso-
ciated macrophages (TAMs), and myeloid-derived suppressor cells
(MDSCs) disrupt Th1/Th17/Th2 lymphocyte function, causing im-
munosuppression [68,69]. The MDSCs expansion has been confirmed in
all cancer models and in most types of cancer patients. MDSCs are a
heterogeneous population of myeloid progenitor cells that are capable
of potent T-cell suppression. In healthy individuals, MDSCs differentiate
into mature granulocytes, macrophages and dendritic cells, and in
cancer patients they do not mature but migrate to peripheral lymphatic
organs and accumulate in the microenvironment. tumor. MDSCs in
healthy peripheral blood account for less than 1% of myeloid cells, and
in tumor microenvironment - approximately 5% of all cells [70]. The
number of MDSCs increases 4-10 times according to the type and se-
verity of cancer [71,72].

MDSCs development is regulated by a network of signals that foster
their accumulation and activation. MDSCs accumulation is controlled
by chemokines (CCLs) whose production increases in cancer. CCL2
mediates the recruitment of macrophages and stimulates tumor growth,
progression and metastasis [73-75].

There are two major types of MDSC: granulocytic (G-MDSCs) mor-
phologically and phenotypically like neutrophils and monocytic (M-
MDSCs) showing similarity to monocytes. G-MDSCs differ from M-
MDSCs by morphology and phenotype, and by immunosuppression. M-
MDSCs represent 20-30% of the MDSCs population and retain the
ability to differentiate into mature dendritic and macrophage cells and
to produce reactive nitrogen forms. MDSCs are immunosuppressive by
communicating with T-cells and with other immune cells [76].

The activation of TAMs is characterized by one of two states of
polarization: M1 or M2. It has been shown that M1-MDSCs are con-
verted to M2-MDSCs according to tumor stage. M1-MDSCs differ from
M2 by r-arginine metabolism. Macrophages M2 have high ARG 1 ac-
tivity, whereas macrophages M1 have high iNOS activity. Both popu-
lations, by affecting these enzymes, can regulate the immune response
[77-79]. M2-MDSCs have pronounced cytoplasmic activity - they ac-
celerate tumor growth mainly by increasing expression of ARGl and
activating regulatory lymphocytes (Treg). M1-MDSCs have antitumor
activity [80,81].  Although MDSCs are responsible for
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Fig. 6. The effect of MDSCs on cancer progression - one of several mechanisms.
Abbreviations: MDSCs - Myeloid-Derived Suppressor Cells; INOS - Inducible
Nitric Oxide Synthase; ARG 1 - Arginase 1.

immunosupression, T-cell activity is a standard in evaluating their
function. Despite the significant development of flow cytometry, tumor
cell phenotype analysis continues to pose a problem. Its main reason is
the diversity of cells in the tumor microenvironment and the technical
difficulties associated with the preparation of tumor samples for flow
cytometry [82].

G-MDSCs in immune suppression use mainly reactive oxygen spe-
cies (ROS) and M-MDSCs increase iNOS or ARG activity.
Overexpression of iNOS is induced by cytokines produced by Th1 cells
ie TNF-a, IL-1, IFN-y and hypoxia and lipopolysaccharide (LPS) [79],
and overexpression of ARG1 is mediated by cytokines produced by Th2
lymphocytes i.e. IL-4, IL-10 and IL-13 [83]. It has been shown that
MDSCs play an important role in suppressing the immune response by
ARG (Fig. 6) [84].

The increase in ARG1 activity results in the depletion of r-arginine
from the tumor microenvironment and lowers its concentration in the
circulatory system. r-arginine is essential for the maturation of the T-
cell receptor {-chain (TCR(), and lack of r-arginine lowers expression of
this receptor and deprives T-cells to interact with antigens [85,86].

Recently, Feldmeyer et al. [87] described another previously un-
known mechanism of T-cell suppression by low r-arginine levels. The
authors demonstrated that ir-arginine deficiency lowers the depho-
sphorylation of cofilin, which participates in the restoration of the actin
necessary to create immune synapses and T-cell proliferation.

Available data indicate that the suppression of G-MDSCs and M-
MDSCs in the tumor is stronger than in peripheral lymphoid organs.
MDSC elimination restores the ability of the immune system to anti-
tumor cytotoxicity [88,89]. MDSC elimination in oncological patients
restores the ability of Th-cells to produce IFN-y and proliferation [90].

The incubation of gastric cancer cells in r-arginine medium for
24-72h causes their apoptosis [91]. Buis et al. [92] demonstrated a
significant improvement in the treatment outcome of patients with
head and neck squamous cell carcinoma who received perioperative -
arginine supplementation.

Research shows that supplementation of L-arginine renders T lym-
phocytes capable of reacting to tumor antigens and improves the out-
come of non-auxotrophic cancer treatment to r-arginine. CD4™ Thl
lymphocytes increase the production of tumor necrosis factor alpha
(TNF-a) and interleukin 1 (IL-13) with potent anti-tumor (cytotoxic)
activity and CD4™ Th2 lymphocytes reduce the secretion of IL4 and
IL10.

As ARG inhibitors restore activity to the immune system, their de-
velopment in view of overexpressing this enzyme in MDSCs is essential
for clinical practice. Contrary to the appearances, the effects of ARG
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inhibitors are greater than the effects of L-arginine supplementation, as
they further increase the production of NO by iNOS. This difference is
important because low NO concentrations promote tumor growth and
high concentrations inhibit the cell cycle and cause apoptosis of cancer
cells. Several inhibitors specific to ARG have been tested in vitro. NG-
hydroxy-L-arginine (NOHA) has been shown to inhibit tumor cell pro-
liferation, by inhibiting ARG and ornithine decarboxylase (ODC), which
are involved in the conversion of r-arginine to polyamines essential for
cell proliferation [93]. For example, NOHA has been shown to restore
tumor-invasive lymphocyte (TIL) activity in human prostate cancer
cells [94].

2.3. Nitric oxide in malignant tumors

Nowadays, it is clear that NO plays a crucial role in the various
stages of neoplasia, such as DNA damage, inhibition of DNA repair
enzymes, oncogene activation and suppressor genes, as well as induc-
tion of apoptosis and metastasis of cancer [95-98]. In many tumors, the
expression of iNOS is high, but its role is very complex because it can
both promote and inhibit tumor growth.

Despite a very short half-life (t; ») and small local action, NO has a
significant effect on many processes in the body. The effects of its action
depend on the concentration. At low concentrations, NO acts as a sig-
naling molecule, regulating smooth muscle diastole, increasing blood
flow and inhibiting platelet aggregation and leukocyte aggregation. In
turn, NO in high concentrations increases the antitumor activity of the
immune system [99,100]. In general, low levels of NO (< 100 nM) by
inhibiting apoptosis and stimulating endothelial cell proliferation are
conducive to tumor progression, and high concentrations of NO (400-
1000 nM) stop cell cycle, stimulate apoptosis and cell aging [101-106].
The main property of high NO concentrations is the cytotoxicity re-
sulting from the condensation of thiol and/or amino groups and from
DNA damage via the p53 protein pathway [107]. Free radical reactions
with NO produce peroxynitrite (ONOO-), which directly causes cell
necrosis. High concentrations of NO are produced by macrophages,
neutrophils, endothelial cells, hepatocytes, cardiomyocytes and chon-
drocytes [108-110].

Approximately 1.5% of the r-arginine stream enters the NOS
pathway, which converts it to NO and citrulline [111]. There are three
NOS isoforms: neuronal NO synthase (nNOS, also known as NOS1),
inducible NO synthase (iNOS or NOS2), and constitutive, endothelial
NO synthase (eNOS or NOS3). Once induced, the enzyme continues to
produce much higher NO concentrations for many hours or even days
[112].

Two main routes participate in NO signaling, one of them is cGMP
dependent and the other is independent - called the NO oxidation
pathway. The inducible form (iNOS2) is independent of Ca®>* ions and
its expression is expressed in macrophages and other immune cells in
response to proinflammatory mediators (mainly TNF-a and IL-1, IL-6
and IL-8) or microbial products such as lipopolysaccharide (LPS)
[113,114]. The cGMP-independent pathway is most often associated
with protein modification by S-nitrosylation of cysteine residues. Such
post-translational modifications affect transcriptional activity by mod-
ifying DNA binding proteins, particularly the NF-xB transcription
factor, which loses its ability to bind DNA. NF-KBB-N-nitrosylation and
matrix metalloproteinase 9 (MMP9) promotes cell death, while S-ni-
trosylation of caspase-3, caspase-9, c-Jun N-terminal kinase inhibits its
action and inhibits apoptosis.

Expression of NOS has been detected in various cancers such as
cervical, ovarian, breast, central nervous system, laryngeal, and head
and neck cancers [115-118]. Higher NOS activity has been found in
invasive breast tumors when compared with benign or normal breast
tissue [119]. Glynn et al. [120] and Switzer et al. [121] demonstrated
that iNOS is associated with poor survival in ER-negative breast cancer
patients and was associated with epidermal growth factor receptor
(EGFR) activation via s-nitrosylation. Increased activity of inducible
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NOS (iNOS) in breast and colorectal cancer cells upregulates tumor
growth, promoting Wnt/B-catenin signaling [122]. Sikora et al. [123]
reported that the inhibition of inducible nitric oxide synthase (iNOS)
repressed the growth of human melanoma in vivo and synergized with
cisplatin. Eyler et al. [124] reported that glioblastoma stem cells ex-
pressed higher levels iNOS than normal stem cells and the iNOS in-
hibition reduced cell proliferation in vitro.

3. Conclusions and prospects for the future

Elimination of i-arginine from the circulatory system is a new
strategy for the treatment of auxotropic tumors with r-arginine, using
the difference in expression of key enzymes in the ornithine cycle. This
leads to an increased protein turnover via reduced synthesis and an
increased breakdown and triggers caspase-dependent and caspase-in-
dependent apoptotic cell death [26,61,125].

Currently, the attention of scientists is focused on the down-
regulation of ASS1 expression in melanoma, liver cancer, prostate
cancer, sarcoma, lymphoma and others. Although 1-arginine deficiency
causes immunosuppression, removal from the circulation improves the
outcome of therapy, including partial or even complete remission of
some arginine auxotrophic tumors.

A different behavior seems to be effective in non-auxotrophic can-
cers. Buijs et al. [92] have improved the outcomes of patients with non-
auxotrophic to r-arginine for head and neck squamous cell carcinoma
after short-term supplementation of ir-arginine in the perioperative
period. The group receiving arginine-enriched nutrition had a sig-
nificantly better overall survival and a better disease-specific survival.

The removal of i-arginine from circulation does not inhibit the
progression of non-auxotrophic tumors because they can synthesize 1-
arginine from citrulline by expressing ASS1. The high activity of ARG1
in MDSCs, which form one of the cell populations of microenvironment
of non-auxotrophic tumors, is responsible for the decrease in L-arginine
concentration, thereby weakening the ability of T-cells to react with
neoplastic antigens.

Heterogeneity within the same type of cancer requires individual
treatment of patients based on specific markers that distinguish them to
implement an optimal schedule of oncological treatment.

Histological diagnosis of cancer is not sufficient to determine whe-
ther r-arginine deprivation or r-arginine supplementation is appro-
priate. For example, Qiu et al. [37] have shown that ASS1 was either
low in abundance or absent in more than 60% of 149 random breast
cancer biosamples.

However, besides the activity of ASS1 in cancer cells, several other
parameters are needed, such as the concentration of r-arginine in the
cardiovascular system and the status of the immune system, mainly T-
lymphocytes.
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