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Abstract

Cancer is the second leading cause of death globally. Chemotherapy and radiation therapy and other medications are
employed to treat various types of cancer. However, each treatment has its own set of side effects, owing to its low specificity.
As aresult, there is an urgent need for newer therapeutics that do not disrupt healthy cells’ normal functioning. Depriving
nutrient or non/semi-essential amino acids to which cancerous cells are auxotrophic remains one such promising anticancer
strategy. L-Arginine (Arg) is a semi-essential vital amino acid involved in versatile metabolic processes, signaling path-
ways, and cancer cell proliferation. Hence, the administration of Arg depriving enzymes (ADE) such as arginase, arginine
decarboxylase (ADC), and arginine deiminase (ADI) could be effective in cancer therapy. The Arg auxotrophic cancerous
cells like hepatocellular carcinoma, human colon cancer, leukemia, and breast cancer cells are sensitive to ADE treatment
due to low expression of crucial enzymes argininosuccinate synthetase (ASS), argininosuccinate lyase (ASL), and ornithine
transcarbamylase (OCT). These therapeutic enzyme treatments induce cell death through inducing autophagy, apoptosis,
generation of oxidative species, i.e., oxidative stress, and arresting the progression and expansion of cancerous cells at
certain cell cycle checkpoints. The enzymes are undergoing clinical trials and could be successfully exploited as potential
anticancer agents in the future.
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Abbreviations Introduction
Arg L-Arginine

ADE  Arginine depriving enzymes

Cancer is a deadly disease and is considered the major cause

ADC  Arginine decarboxylase of high mortality worldwide [1]. Cancer is caused due to
ADI  Arginine deiminase defective cellular processes, which result in uncontrolled
ASS  Argininosuccinate synthetase cell growth and thus affect normal cellular function. Amino
OCT  Ornithine transcarbamylase acids are the primary building blocks of life required by both
OAT  Ornithine aminotransferase normal and diseased cells for their growth, help in the prolif-
ODC  Ornithine decarboxylase eration of cellular events, and help them to meet the physi-
PEG  Polyethylene glycol ological demands of cells [2, 3]. Cancerous cells require
hArg Human arginase more energy and nutrients (amino acids) for their rapid
rhArg Recombinant human arginase growth as compared to normal healthy cells, so to halt their
NO Nitric oxide growth, two strategies can be explicitly opted for the removal
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of diseased cells, i.e., targeting the cellular metabolism or
altering the microenvironment around them [4, 5]. Target-
ing cancer cells’ metabolic activities by amino acid dep-
rivation is already a well-established therapeutic approach
and previously well-studied for asparaginase, methionase,
glutaminase, and arginase enzymes. These enzymatic
approaches rely on the ameliorated cancer cells’ require-
ment for semi-essential amino acids such as asparagine,
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methionine, glutamine, and arginine, respectively. Target-
ing semi-essential amino acids is fascinating in anticancer
therapy without affecting normal cellular function. The
normal cellular function can also be restored by adding an
alternative source of amino acids [5-7].

Arg is a semi-essential standard amino acid because cel-
lular cells have metabolic machinery that can synthesize
amino acids to meet half of their demand. The remainder
is obtained from the diet [8, 9]. Arg scarcity is targeted as
it involves multiple functions in cellular metabolism. L-Arg
is included in the various cellular processes, mainly in the
urea cycle and biosynthetic pathways of polyamines, nitric
oxides, improvement in reproduction and wound healing
in the normal physiological state, but in the case of under-
growth and diseased conditions (cancer), the demand for an
amino acid increases [2, 3, 8].

Gilroy did the pioneering work in this direction in the
1930s, which observes that Arg-rich diet resulted in progres-
sive tumor growth in mice and, contrary to Arg deficient
diet, results in regressive tumor growth [10]. As the auxo-
trophic cancer cells have a defective cellular mechanism,
they are dependent on the extracellular nutritional pool of
healthy cells to get essential amino acids and all other nutri-
tion. Many cancer cells are auxotrophic to enzymes involved
in Arg synthesis, i.e., argininosuccinate synthetase (EC
6.3.4.5; ASS), argininosuccinate lyase (EC 4.3.2.1; ASL),
and ornithine transcarbamylase (EC 2.1.3.3; OCT), render-
ing them incapable of synthesizing Arg [9, 11, 12]. As a
result, such auxotrophic cancer cells then fulfill their demand
from the nutritional pool. Considering the importance of Arg
as a critical metabolite, these auxotrophic cancers can be
treated by ADE which opens a potential window for cancer
treatment without disturbing the growth of normal healthy
cells [5, 7].

Arginine decarboxylase (ADC; EC 4.1.1.19), Arginine
deiminase (ADI; EC 3.5.3.6), and arginase (EC 3.5.3.1) are
the three major enzymes that deplete Arg. Microorganisms
utilize the ADI pathway to synthesize ornithine which serves
as an energy source for their growth. Mycoplasma arginini
is the first reported ADI source, which was being used for
preclinical and clinical evaluation against various cancerous
cell lines [13-16]. Another Arg depriving enzyme, ADC,
expressed majorly in mammals, is not encouraged to be used
as an anticancer enzyme owing to its cytotoxic effect on
healthy normal cells [17]. In contrast to these two enzymes,
arginase has come out as a potential candidate for efficient
treatment of hepatocellular carcinoma [18], human prostate
cancer cells [19], pancreatic cancer [20, 21], leukemia [22],
glioblastoma [23], breast cancer [24], and non-Hodgkin’s
lymphoma [25]. This article will endeavor to provide infor-
mation and discussion regarding the different roles and
demerits of various ADE along with their budding therapeu-
tic applications. The review also discusses the current status

@ Springer

of ADE’s preclinical and clinical trials with its scenarios as
an effective approach for cancer therapy.

L-Arginine (Arg) metabolism

Arg is a semi-essential amino acid that plays very impera-
tive roles in various metabolic physiochemical functioning
(protein, urea, agmatine, proline, glutamine synthesis) of
normal healthy cells. Arg is endogenously synthesized by
the intestinal-renal axis pathway. Arg is synthesized in the
liver via the urea cycle as well as in the kidney [8, 26]. Arg is
a vital metabolite that acts as a precursor of many bioactive
molecules like polyamines and proline via ornithine decar-
boxylase (EC 4.1.1.17; ODC) and ornithine aminotrans-
ferase (EC 2.6.1.13; OAT) enzymes, respectively. Nitric
oxide, nucleotide and immunity precursors are also formed
by this multifarious acting precursor molecule Arg. Argini-
nosuccinate synthetase (EC 6.3.4.5; ASS) and argininosuc-
cinate lyase (EC 4.3.2.1: ASL) are two limiting enzymes
(absent in cancer cells) working properly in normal healthy
cells, replenishing the normal pool of Arg. These are the
key enzymes making healthy normal cells unaffected by Arg
deprivation.

In contrast, both these enzymes are not expressed in can-
cer cells rendering them to undergo starvation and eventu-
ally cell death (Fig. 1). These enzymes determine the effi-
cacy of Arg deprivation therapy as re-expression could lead
to resistance to therapeutic enzyme treatment [7, 21, 27].

Arginine scarcity: a potential window
for cancer therapy

Chemotherapy and radiotherapy are allied with several sig-
nificant shortcomings, like lack of precision, non-specificity,
and, moreover, radiotherapy is applied only on solid tumors.
These shortcomings can be overcome by supplementary
precise therapeutic enzyme treatment [29]. The enzymatic
treatment seemed to be a promising therapy as these bio-
molecules are involved in various metabolic and prolifera-
tive cell pathways and specific towards cancerous cells [30].
Enzymes asparaginase, arginase, methionase and Arginine
deiminase have already been explored for their antican-
cer properties and many of them are in clinical trials [5,
31-34]. Normal healthy cells have various checkpoints that
keep them under controlled cell division conditions, lost in
cancerous cells. Enzymatic therapies will act particularly on
these checkpoints, ultimately involved in cellular metabo-
lism and proliferation activities [35-37].

A single amino acid starvation strategy is well studied
and characterized by previous studies [6, 38]. Auxotrophic
cancerous cells are targeted by starvation therapy and
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Fig. 1 Schematic representation of the Arg metabolism. Arg from
dietary sources absorbed directly from the lumen and performed its
normal metabolic functioning in healthy cells. Liver catabolizes Arg
by urea cycle where L-Ornithine along with carbamoyl phosphate
(pooled by the action of carbamoyl phosphate synthetase 1 (CPS1) of
mitochondria) is transformed into r-citrulline by ornithine transcar-
bamylase (EC 2.1.3.3; OCT), highly expressed in the liver and small
intestine. Ornithine is a precursor for polyamine and proline biosyn-
thesis and is formed by the enzymes ornithine decarboxylase (EC
4.1.1.17; ODC) and ornithine aminotransferase (EC 2.6.1.13; OAT),

these findings are already under clinical trials. Research-
ers have been interested in Arg deprivation for the last few
years because of its semi-essential nature and role in tumor
proliferation. A very earlier study also showed the associa-
tion between Arg and tumor in a mouse [10]. Since Arg is
a versatile biomolecule and studies have shown that ASS
is the crucial enzyme in its metabolism and most cancer
cells are auxotrophic to this amino acid. The ASS auxo-
trophic nature of cancerous cells opens the gateway for novel
therapy by altering the microenvironment (restricted Arg)
around uncontrolled cell proliferation. The primary cause
of this auxotrophic nature is either due to metabolic defects
or a molecular mechanism based on the silencing of key
Arg metabolizing enzymes (ASS 1, ASL, OTC, Carbamoyl
phosphate synthetase I, and Arginase 1).

The ASS 1 expression is suppressed by methylation of
the CpG island promoter region. The ASS gene is differen-
tially expressed in different cell types. Arg auxotrophic due
to ASS 1 observed in solid tumors like HCC (100%), pros-
tate (100%), pancreas (less than 80%), breast cancer (60%),
small lung cancer (44%), bladder cancer (45%), Hodgkin
lymphoma (97%), non-Hodgkin lymphoma (95%), malig-
nant pleural mesothelioma (63%), head and neck squamous
cell (56%), glioblastoma multiforme (36%), osteosarcoma
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respectively. L-Ornithine is recycled back by argininosuccinate syn-
thetase (EC 6.3.4.5; ASS) and argininosuccinate lyase (EC 4.3.2.1:
ASL). Both ASS and ASL are the key rate-limiting enzymes in Arg
metabolism, working well in normal healthy cells whereas absent in
Arg auxotrophic cancer (enzymes missing in cancer cells shown with
an asterisk over them). Arg is a versatile amino acid involved in vari-
ous biomolecules’ metabolism (Proline, NO, Hormone, creatine, and
polyamine) [7, 27, 28]. The figure was prepared using www.biore
nder.com

(63%), and malignant melanoma (100%) [8, 39—41]. Another
major factor responsible for transactivation of ASS promoter
is O-glycosylation of transcription factor SP1 by glutamine.
ASS expression is also controlled by cMyc and hypoxia-
induced factor-1 alpha (HIF1 alpha) interaction with E-box
element located at ASS 1 gene promoter. The efficacy of
deprivation therapy imparts on the susceptibility of all the
factors mentioned earlier [27, 40].

Studies have also shown the high expression of another
key enzyme, ASL, in ASS negative tumor cells. Inhibition
of NO and cyclin A2 blocks the ASL expression in HCC
and breast cancer. Low ASL mRNA expression observed in
GBM (Glioblastoma) cell lines due to methylation of CpG
island in the ASL promoter region [42, 43]. OTC expres-
sion is also downregulated in pediatric sarcoma and brain
tumors [44]. The mRNA expression of ASS 1 in normal and
cancer cells is elucidated by the GENT2 bioinformatics tool
shown in Fig. 2.

Three strategies could be opted for altering the concen-
tration of Arg in microenvironments of Arg auxotrophic
cancers [11, 45]. The first approach is to restrict the die-
tary intake of Arg, but the success is achieved only to treat
colorectal cancer (CRC) and skin cancer progression in a
mouse model. This approach has been dropped from the list
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Fig.2 Estimated mRNA expression in normal (represented in blue) and cancer cells (represented in red) (http://gent2.appex.kr/gent2)

as it proves to be ineffective against human cell lines [46,
47]. The second approach, inhibiting the Arg sensors and
transporters, was also ineffective since no agent has yet been
discovered to block all Arg transportation [48]. The third
and most fascinating approach is applying Arg depriving
enzymes such as Arg decarboxylase (ADC), Arg deiminase
(ADI), and arginase. These enzymes have different catalytic
properties, products formed, immunogenicity, stability, and
pharmacokinetic properties [38].

Out of three ADEs, ADI and arginase are in clinical trials
for their anticancer properties. This Arg starvation results
in auxotrophic cancer’s death due to impairment in mito-
chondrial functions, disturbances in the nucleus (inhibition
of DNA and RNA biosynthesis), and chromatin autophagy.
As ASS auxotrophic cancer cells procure Arg from their
microenvironments, Arg depletion results in the induc-
tion of autophagy pathways or cell growth arrest at several
checkpoints. The mTOR (Mechanistic Target of Rapamycin)
pathway gets inhibited, whereas the AMPK (AMP-activated
protein kinase) pathway is activated to unregulate cancer
cells apoptotic destruction. Normal cells divert their meta-
bolic machinery to citrulline as growth promoters, whereas
cancer cells become stressed due to Arg deprivation. Short
term Arg deprivation therapy resulted in a low level of
ATP and NO leads to Endoplasmic reticulum (ER) stress
by activating the mTOR pathway and consequently lead-
ing to autophagy induction. Prolonged Arg deficient cancer
cells either provoke a strong immune response by activating
the Bax-mediated apoptotic pathway or cells may become
resistant to enzymatic therapy due to re-expression of the
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ASS gene. The autophagic inhibitors (chemotherapeutic
drugs) exerts their effects by activating tumor necrosis fac-
tor-related apoptosis-inducing ligand (TRAIL), which leads
to cleavage of Beclin 1 and finally, the instigate apoptotic
pathway [49-51] (Fig. 3).

Cancer cells behave very smartly to protect themselves
from Arg deficiency. One of the leading causes is the re-
expression of key limiting enzymes of Arg metabolism (ASS
and ASL), making arginine available for cancer prolifera-
tion [52]. Moreover, cell proliferation is sometimes sustained
by an auxiliary mechanism like an aspartate molecule that
acts as a precursor not only for pyrimidine nucleotide but
also substrate for argininosuccinate, due to which Arg is
abundantly available to cancer cells (Fig. 1). In such a sce-
nario, aspartate deprivation should be implemented along
with ADEs [53]. Autophagy induction also enhances cell
survival by activating AMPK and ERK1/2 (extracellular
signal-regulated protein kinase) protein cascade pathways
which can be overcome using autophagy inhibitors like chlo-
roquine [27, 54].

Arg decarboxylase (ADC)

ADC (EC 4.1.1.19) catalyzes the transformation of Arg
to agmatine and carbon dioxide. Agmatine is supposed to
induce anti-tumor activity by non-specifically obliterating
OCT expression to elicit apoptotic pathways [24]. Agmatine
has a versatile function in polyamine and NO metabolism
and as an ADC inhibitor (Feedback inhibition) [11]. Previ-
ous studies have concluded the role of ADC against solid
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Fig.3 Arg starvation on tumor cells: altered metabolic microenvi-
ronment of cancerous cells leads to increased demand for nutrients
(Arg, asparagine, methionine, and energy fuel), which counter them
as prospective targets for treatment [37, 55]. Alteration in the micro-
environment by ADEs leads to enhanced activity of activated TAMS
(Tumor Activated Macrophages), TRAIL (Tumor Necrosis Factor
Related Apoptosis-inducing Ligand), and ROS (Reactive Oxygen
Species) production, which is a marker for apoptosis [49]. Low lev-
els of energy fuel ATP (Adenosine Tri-Phosphate) and NO (Nitric

tumors’ proliferation by interfering with polyamine biosyn-
thesis and the cell cycle. Impairment in agmatine homeosta-
sis shows antineoplastic activity in human colon cell lines
(Caco2, Cx1, Colo320, HT29, Colo205E, and SW480) [56].
The anti-proliferative activity of agmatine shows a cytostatic
effect on the human colon adenocarcinoma HT29 Glc ™ cell
line [57]. Inhibition in the progression of human hepatoma
cells (HepG2) was also observed with agmatine dosage due
to the abolition of the ODC expression [58]. Exogenous
agmatine administration inhibited the human leukemia cells
HMC-1 and HL-60 proliferation by causing cell-specific
effects (low agmatinase expression) and interfering with
G1 and G2 phases of the cell cycle without any evident sign
of apoptosis. Only cytostatic events were observed at the
G2 phase of the cell cycle [59]. Besides these functions,

Oxide) activate Manganese Superoxide Dismutase, Calreticulin, Glu-
tathione Peroxidase enzymes, activates the mTOR pathway, that leads
to ER (Endoplasmic reticulum) stress and, consequently, results in
autophagic induction. Long-term therapy results in cell growth arrest
at various checkpoints. Senescence eventually leads to apoptosis by
Bax-mediated pathway. Chemotherapeutic drugs, along with ADEs,
also induce autophagy and mediate apoptotic pathways for cancer cell
death [8, 27]. The figure is prepared with the help of www.biorender.
com

agmatine is retained in healthy cells and begins to have toxic
effects on their growth. The non-metabolic agmatine, when
non-selectively stored in cells, inhibits polyamine biosyn-
thesis, eliminates ODC actions, and arrests cells at differ-
ent checkpoints without being selective. ADC is no longer
considered a potential cancer treatment candidate as it has
non-selective toxicity against cancer cells and healthy nor-
mal cells [17] (Fig. 4).

Arginase deiminase (ADI)
ADI (Arg iminohydrolase, EC 3.5.3.6) catalyzes the semi-
essential amino Arg to L-citrulline and ammonia. ADI is

present mainly in a prokaryotic system (mycoplasma) and
absent in the mammalian system [60]. The ADI pathway
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Fig.4 Schematic representation

of the action of arginine decar-
boxylase (ADC): non-selective Arginine - Ag matine +C02

destruction of normal healthy
cells and cancerous cells due
to the action of non-metabolic
agmatine produced by ADC.
The figure is prepared with the
help of biorender.com
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in microbes is the major non-glycolytic pathway for the
energy source. ADI plays an imperative role in the bacte-
rial system as the critical factor for survival under stress
conditions and determines the bacterial system’s virulence
potency. The ADI pathway in the bacterial system is most
studied in prokaryotes and plays a detrimental role in cell
survival under acidic environmental conditions [28]. The
ADI pathway is regulated at the transcriptional level by Arc
operon and ArcR regulators. Arc operon encodes multiple
enzymes by ArcA (Arg deiminase; ADI), ArcB (Ornithine
carbamoyltransferase EC 2.1.3.3; OCT), and ArcC (Carba-
mate kinase EC 2.7.2.2; CK) [61]. Arg enters the bacterial
system with the efflux of ornithine by Arg ornithine anti-
porter and gets metabolized to citrulline and ammonia by
ADI, which is then phosphorylated to Carbamoyl phosphate
(EC 6.34.16) by the action of OCT. Energy generated during
the ADI pathway provides energy for bacterial survival. In
the end, the ADI pathway also generates ammonia and car-
bon dioxide by the action of carbamate kinase. The ammo-
nia generated further undergoes an oxidoreduction to form
ammonium ions, which elevates the pH of the cytosol and
allows it to withstand hostile acidic conditions through its
neutralizing effect [28, 62] (Fig. 5). Thus, the enzyme ADI
plays a significant role in the pathogenesis of Streptococ-
cus pyogenes [63], Laribacter hongkongensis [64], Listeria
monocytogenes [62], and Salmonella enterica serovar Typh-
imurium [65].

Various studies in the early ‘90s established ADI’s anti-
tumor properties for ASS-negative cancerous cells [13,
66]. The most common ADI sources are Bacillus, Pseu-
domonas, Enterococcus, Lactobacillus, Streptococcus,
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and Mycoplasma [66-70]. In vivo and in vitro anti-tumor
activity of mycoplasma ADI was studied by Takaku et al.
1992, 1993. The group reported higher antigenicity and
shorter half-life as the significant shortcomings of the ADI
during in vivo experiments [66]. To address the issue of
a shorter half-life, the group also recommended multiple
doses of ADI. To deal with the other shortcoming of ADI,
i.e., higher immunogenicity, ADI was chemically modified
using polyethylene glycol (PEG) [71, 72]. Earlier studies
showed that ADI potency against tested melanoma cell lines
depends upon the expression of key enzymes of the urea
cycle. The group interpreted that the auxotrophic nature of
these cancerous cells was attributed due to a lack of ASS
enzyme [73].

One of the significant findings of ADI was its anti-prolif-
erative effect against human leukemia cells and is 100 times
more effective than asparaginase. Before that, asparaginase
was the only enzyme used for leukemia therapy [74]. ADI-
PEG with reduced immunogenicity has been studied against
human melanoma, hepatocellular carcinoma (HCC), small
lung cancer, pancreatic cancer, prostate cancer, as shown
in Table 1 [14-16, 54, 75, 76]. Pegylation significantly
improves the pharmacokinetics properties of ADI. ADI-
PEG 20 has been clinically approved by the US Food and
Drug Administration (US-FDA) for HCC treatment [27,
77]. ADI-PEG agents were found ineffective as targeted
therapy when screened against HCC and metastatic mela-
nomas. The studies were done as a monotherapy injected
intramuscularly in multiple doses in phase I/II clinical tri-
als. Although cytostatic and anti-proliferative effects were
successfully achieved, there were also mild to severe side
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effects. Fatigue, local rash at the injection site, and hyper-
uricemia were all mild side effects, whereas gastrointestinal
toxicity was observed as one of the adverse side effects after
therapy. Trials also concluded that the major drawback of
ADI-PEG treatment was that its effects could be reversed
by neutralizing antibodies in the circulating serum [14, 16,
39]. As monotherapy was not effective in overcoming can-
cer progression, combinatorial approaches are being studied
in phase I of clinical trials (Clinical studies are listed in
Table 2). One of the most commonly studied chemothera-
peutic drugs, 5-Fluorouracil (a potent anticancer drug), is
being investigated along with ADI for its interfering poten-
tial against cancer [78]. Another study has shown that the
combined administration of ADI-PEG-Gemcitabine inhibits
the development of pancreatic cancer growth by inhibiting
the phosphorylation of NF-xB p65 [79].

Other studies have shown that the combination of ADI-
PEG and cisplatin increases the sensitivity of ASS-positive
HCC cell lines and melanomas [80]. The combination of
ADI-PEG and Doxorubicin inhibits breast cancer progres-
sion. ADI-PEG combinatorial therapy with chemothera-
peutic agents (Cisplatin, pemetrexed, doxorubicin) is also
studied against prostate and small lung cancers [11]. More
preclinical extended studies are needed to confirm the suc-
cess stories of these ADI-PEG combinatorial cancer-fighting

strategies. The mechanism for ADI that results in cancer pro-
gression inhibition relies on the fact that it reduces the Arg
from the microenvironment of cancer cells. This physiologi-
cal change in Arg homeostasis triggers a range of changes
within cells, such as AMPK sensing the cellular AMP/ATP
ratio, reduced nutritional content activating mTOR/ Akt,
ERK1/2 pro-apoptotic proteins, which in turn undergo a
series of sequential activation and deactivation, eventually
leading to cancerous cell death (Fig. 3) [11, 54].

Arginase

Arginase (Arg amidohydrolase EC 3.5.3.1) is a metalloen-
zyme, i.e., a manganese-dependent hydrolase that catalyzes
the conversion of the semi-essential amino acid Arg to orni-
thine (a non-standard amino acid) and urea (waste of ureo-
telic) [99]. Arginase is a ubiquitous enzyme expressed from
single-celled bacterial communities to complex higher ver-
tebral organisms. It is crucial for nitrogen metabolism [100].
Simpler organisms like bacteria and yeast typically have one
form expressed in mitochondria whereas, in the mammalian
system, arginase 1 and arginase 2 are well characterized and
expressed in the liver (cytosolic location) and kidney (mito-
chondrial location), respectively. In humans, two isoforms
of arginase, arginase 1 and arginase 2, are mainly expressed
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in cytosol and mitochondria, respectively. Both isoforms are
encoded by two different genes located on different human
chromosomes [101-103]. Human arginase 1 and 2 consists
of 322 and 354 amino acid residues, respectively. Both iso-
forms are closely homologous and share common identical
crucial areas that are responsible for metal ion binding. Both
isoforms require manganese ions as the cofactor for their
activity [104]. The last enzyme in the urea cycle, human
arginase 1, involved in eliminating excessive ammonia
generated primarily by the amino acid catabolism [105], is
expressed mainly in hepatic tissues (Fig. 6). Human arginase
2 is mainly expressed in mitochondria of extra-hepatic tis-
sues, especially the kidney (Fig. 7). It is primarily involved
in the biosynthesis of nitric oxide and polyamines. [7, 8].

References
[75]

Short-comings
Less efficient

Arginase sources

Arginase is found in various organisms in nature and well-
characterized in bacteria, fungi, lichens, plants, and higher
mammals [106] (Table 3). The functional roles of the argi-
nase enzyme are as diverse as their occurrence. In lichens,
arginase acts as lectin binding firmly with algae’s cell wall,
assisting cell-to-cell communication and maintaining a
symbiotic balance between algal and fungal counterparts
to sustain the organism’s vitality [107]. In plants, it plays a
diverse role, from seed germination, nitrogen mobilization to

liferative effect of ADI-PEG-20 against
expression and thus resistant towards ADI

treatment
SCLC xenografts also showed a positive

of cell lines under study showed ASS

The very first report showed the anti-pro-
Overall, 45% of SCLC tumors and 50%

% é E defensive functions. Arginase expression has been seen both
S « © in biotic as well as abiotic conditions. Arg is the key storage
form of amino acid in seedlings and during germination,
arginase is expressed in mitochondria and helps in the amal-
g gamation of nitrogen-containing biomolecules [108—110].
%
g Arginase as a therapeutic agent
=1
8
E; %" The earlier study began when arginase was purified from the
g |= ox liver by precipitation. Afterwards, an anti-proliferative
Tg 2 study was first established when purified arginase resulted in
}\% g & a 77% decrease in tumor growth [142, 143]. However, much
E g o success was not achieved due to the high Ky, value, which
= | § required a very high dose. Pegylation was done to improve
©|F its catalytic efficacy [144, 145]. Several studies have shown
5, that using human arginase, covalent binding the human argi-
§= nase to PEG, and replacing the metal ion with cobalt resulted
g é in immunogenicity, optimum pH, and a low circulatory half-
gtg life in serum [20, 146, 147]. Both ASS™ and OCT™ cancer
9_:; E cells can be treated successfully with arginase administra-
2 5 tion. Yoon et al. also pointed out that melanoma cells lack
) E % 2 ASS, so they require additional Arg from outside sources to
N é &0 < g meet their needs [148]. The only clinically tested prescribed
g gl = g & chemotherapeutic drug for melanoma is dacarbazine, but it
i’ ‘é 8 zd % % is ineffective in most cancer cases [149]. These prior studies
2 § g g % :O: have established arginase as a viable treatment option for
S s < = melanoma. HCC is a fatal neoplastic condition prominently

@ Springer
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Fig.6 Estimated arginasel expression in normal tissues (https://www.proteinatlas.org)
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Fig.7 Estimated arginase 2 expression in normal tissues (https://www.proteinatlas.org)

caused due to cirrhosis, leading to death [150]. There are a
variety of treatments for HCC, including surgical procedures
such as tumor resection and liver transplantation; percuta-
neous interventions such as ethanol injection and thermal
ablation with radiofrequency, transarterial interventions,
but all of these treatments are only effective for early-stage
detection with a small diseased lesion (diameter less than
5 cm). Radiation therapy is less effective because of its non-
specificity and toxicity. As a result, several potential drug
molecules have been identified and are currently being tested
in clinical trials [151].

Arginase has emerged as one of the potential drug can-
didates for the HCC treatment as previous studies revealed
the L-Arg auxotrophic nature of the HCC [152]. Various
studies conducted so far in cell lines and animal models
have suggested that arginase is an effective agent with high

specificity and no side effects [153, 154]. Earlier studies
showed how arginase depletes arginine in HCC ASS positive
and Hela cell lines [18]. Recent studies have revealed how
arginase inhibits cancer cells’ growth without affecting nor-
mal healthy cells. Arginase induces autophagy (programmed
cell death) by increasing the membrane potential, ROS, Akt/
mTOR signaling pathway, Erk1/2 activation, activation of
tumor-associated macrophages, and various pro-apoptotic
factors. All these events eventually lead to the death of can-
cer cells [8, 123, 155]. The preclinical studies carried out
using arginase as Arg depriving enzyme are tabulated in
Table 4. Previous studies have suggested that arginase is
preferred over ADI for treatment, as the former can also
be implemented for ASS-positive tumors. Clinical studies
have indicated that arginase works well at physiological
pH without eliciting any adverse effects for treating solid

@ Springer
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Table 3 Prokaryotic and eukaryotic sources of the arginase enzyme

Sources References
Bacteria

Lactobacillus Plantarum [111]
Lactobacillus hilgardii [112]
Leuconostoc oeni [113]
Lactobacillus lactis [114]
Helicobacter pylori [115]
Weissella koreensis [116]
Bacillus caldovelox [116]
Bacillus subtilis [117, 118]
Bacillus brevis TT02-8 [119]
Bacillus brevis [120]
Bacillus subtilis 168 [121]
Rummeliibacillus pycnus SK31.001 [122]
Pseudomonas aeruginosa TH2 [123]
Fungi

Neurospora crassa [124]
Penicillium chrysogenum KJ185377.1 [125]
Aspergillus nidulans [126]
Yeast

Saccharomyces cerevisiae [127, 128]
Kluyveromyces lactis [129]
Lichens

Evernia prunastri [107]
Xanthoria parietina [130]
Peltigera canina [131]
Plants

Iris hollandica [132]
Panax ginseng [133]
Pinus taeda [110]
Cucurbita pepo [134]
Vicia faba [135]
Arabidopsis thaliana [136]
Solanum lycopersicum [137]
Glycine max [138, 139]
Arachis hypogaea [140]

Coriandrum sativum L [141]

tumors [146, 156, 157]. Completed clinical studies are listed
in Table 5. As prior studies indicated, arginase could be a
potential candidate for treating head and neck cancer cells
more efficiently than ADI. More studies on cell lines and the
animal model need to be done to validate these findings and
be approved by the FDA.

Therapeutic potential of human arginase (hArg)
and recombinant human arginase (rhArg)

Arginase (EC. 3.5.3.1), a metalloenzyme, and Arg deimi-
nase could be used as depriving agents for Arg auxotrophic

@ Springer

melanomas and HCC [38, 155]. The potential role of human
arginase (hArg) for the treatment of hyperarginemia (auto-
somal recessive disorder resulted due to defective arginase 1
enzyme) is well established and administration of exogenous
arginase would reduce the level of Arg in serum [176]. Arg
auxotrophic cancers treated with hArg result in the activation
of apoptotic pathways, leading to their death [11, 177]. hArg
has a tremendous therapeutic value, but its lower physiologi-
cal pH and short half-life activity are significant shortcom-
ings. Moreover, therapy becomes ineffective because small
animal models and toxicity arise due to ornithine accumula-
tion, which is also a concern [27, 178]. These shortcomings
can be overcome by the PEGylation of thArg and replacing
manganese ions with cobalt and covalently attaching them to
polymers [179]. PEG-rhArg has been widely studied to treat
HCC, prostate cancer, breast cancer, and non-Hodgkin lym-
phoma and melanoma [19, 20, 25, 154]. A phase I clinical
trial of PEG-rhArg has been successfully carried out against
HCC in humans [172]. hArg has metal-binding efficiency for
both Co?* and Mn?* ions and thus stabilizes the tertiary and
quaternary structure. However, with Co>* ions, the enzyme
showed a ten-fold higher activity due to increasing substrate
binding capacity (D’Antonio, Hai, and Christianson 2012).
Recently, attempts have been made to prolong the life and
efficacy of rhArg by fusing the enzyme with the F, region
of immunoglobulin (IgG) (rhArg-F,.). Both in vivo and
in vitro studies have shown that cancer cells’ proliferation
and migration potential has been inhibited. rhArg-F, acts
synergistically with cisplatin to retard HCC [180].

Various chemotherapeutic drugs (chloroquine bafilo-
mycin, oxaliplatin, and capecitabine) have been tested in
combination with bioengineered pegylated human arginase
showing synergistic effects on tumor progression [164].
The chemotherapy medications synergistically (rhArg-
chloroquine) resulted in the induction of autophagic genes
like Beclin 1 and retarded the progression of non-Hodgkin
lymphoma [25] (Fig. 3). The enhanced cytotoxic potential
of rthArg against laryngeal squamous cell carcinoma was
observed with combination therapy of chloroquine and
bafilomycin [167]. More clinical studies need to be executed
to decipher the mechanism of these synergistic approaches.

Arginase assay

Both quantitative and qualitative assays are available for
determining arginase activity. It is essential to monitor the
Arg level while administrating arginase as a therapeutic
drug. In addition to spectrophotometric methods, advanced
bioanalytical techniques such as fluorometric and biosensing
methods are also used [181]. Table 6 summarizes some of
these assay methods.

One of the most common conventional methods is thin
layer chromatography (TLC) which relies on the use of
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Table 4 (continued)
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declined with the onset of apoptotic events
BCT-100 was found to induce H,0, production, mitochon-

and T24 nude mice xenograft models

ment

drial membrane depolarization
The expression of LC3B and Becllin-1 were up-regulated,

while p62 downregulated
AKT/mTOR pathway was suppressed in a time-dependent

manner. While N-acetyl-L-cysteine mediate apoptosis

and autophagy

[170]

Elucidated mechanism revealed that RhoA involves in

SKOV3 and Caov-3 ovarian cells

HuArglI (Co)-PEG 5000 induce death by inducing

autophagy and invasiveness potential

autophagy in ovarian cancer cells

NA Not assigned

reagent ninhydrin, which produces an orange color when
combined with the amino acid ornithine and has a specific
retention factor (Rf). Although this is a qualitative method,
it can also be used for quantitative analysis [113]. Another
most reliable quantitative and qualitative analysis is the
spectrophotometric method, which relies on forming a
colored complex based on recording absorbance at a specific
wavelength [119, 182]. High throughput techniques such as
High-Performance Liquid Chromatography (HPLC) and bio-
sensors are used for quantitative analysis as they are more
sensitive and reliable [183, 184].

Arginase has been used in food, clinical and environ-
mental analysis to detect metal ions and Arg concentration.
First, for metal detection, recombinant arginase is used as
an apoenzyme for Mn>* and Co** metal ions. The enzymes
get converted to active holoenzyme and subsequently act on
Arg to give urea and ornithine. Further, urea reacts with a 2,
3-butanedione monoxime (DMO) reagent quantified by fluo-
rometric and spectrophotometric techniques. The amount
of urea detected in the sample is equivalent to the number
of ions present [184]. The Arginase enzymatic system is
used as a biosensor to detect Arg levels with high sensitiv-
ity and specificity. Both potentiometric and amperometric
biosensors have been developed using recombinant argin-
ase. Besides these biosensors, arginase immobilized over
gold and silver nanoparticles gives higher sensitivity through
fluorometric detection [183].

Why arginase is better than ADI?

ADI is expressed mainly in the bacterial system to meet its
energy requirements. ADI is an FDA-approved enzymatic
therapy with low K, value and available in a pegylated
form for human use. Despite so many clinical studies con-
ducted so far, there are so many demerits associated with
them. First, ADI administration leads to eliciting an immune
response due to its recognition as a foreign molecule. Con-
sequently, immunogenic neutralizing antibodies will be
formed, which will reduce ADI’s efficacy by neutralizing
the enzyme. Second, the action of the ADI enzyme releases
citrulline and ammonia as a by-product. In the long-term
treatment, ammonia can be toxic and leads to hyper ammo-
nia (psychological problems). The third major shortcom-
ing of this therapy is the ineffectiveness in ASS expressing
tumors due to ASS expression, which converts citrulline
back to Arg [27, 185, 186]. Only ASS-negative tumor cells
are susceptible to ADI therapy [187] (Fig. 8).

Currently, efforts are focused on reducing ADI’s immu-
nogenicity using a computational approach that targets hot
spots in the B-cell epitome [186]. Because of the interaction
between cMyc and HIF-1a with the ASSI gene’s promoter
region, tumor cells developed ADI resistance. Moreover,
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arginase and ADI on the normal
healthy cell as well as on L-Arg

Fig.8 Effect of treatment of L
auxotrophic carcinoma

Arginine Deiminase
Arginine ——>Citrulline + Ammonia

Ng:;.:l Carcinoma Carcinoma Carcinom:-x
OCT* ASS* OCT* ASS" OCT-ASS™ OCT" ASS

[ Arginase ]

Arginine —s Ornithine + Urea

up-regulation of ASL has also been observed in ASS™ cells  effector molecules such as tumor necrosis factor-alpha and
[188]. All these drawbacks can be overcome with the argi- endotoxin [189]. Neuronal NOS (nNOS) and endothelial
nase enzyme as it is of human origin, so there is no such ~ NOS (eNOS) are two of the three isozymes of NOS that
problem of immunogenicity. As the end products of arginase ~ are constitutively expressed, while iNOS is an inducible
action are non-toxic, it has a wide range of efficacy against ~ isozyme. Arginase and ADI have proven to be much more
tumor-like ASS-positive cells. Besides, the Ky, value is sig-  specific for eliminating NO-associated toxicities. Previous
nificantly lowered and reaction pH shifts near to physiologi-  data also demonstrate the effectiveness of these enzymes
cal pH 7.5 by substituting manganese ions with cobalt. At  in lowering NO production [190, 191]. The homeostasis of
the same time, its pegylated form has shown an improvement ~ Arg and NO (Arg: NO) is recently monitored and utilized
in catalytic properties [22, 146]. All these valuable char-  for the early diagnosis of breast cancer [192].
acters have made arginase more gripping as a therapeutic L-ornithine is a non-protein amino acid formed by Arg’s
application against cancerous cells over ADI. enzymatic hydrolysis and has excellent value in the food
Table 7 shows how the enzyme expression involved inthe  and pharmaceutical industries. L-Ornithine acts as a pre-
metabolism of Arg affects enzymatic therapy. Based on these ~ cursor to the biosynthesis of polyamines. Its commercial
enzyme expressions, appropriate immunotherapy alone orin ~ production has primarily relied on chemical, fermented,
combination can opt-out. and enzymatic hydrolysis. Enzymatic hydrolysis by argi-
nase is much more preferable for ornithine production
over the other two methods, i.e., chemical and fermenta-

ADI and arginase application tive methods, due to the ease of getting purified products.
for the biosynthesis of other bioactive Previous studies have concluded arginase from Bacillus
molecules thuringiensis, Bacillus amyloliquefaciens, Bacillus cal-

dovelox, and Sulfobacillus acidophilus are ideal sources
Arg is the mutual substrate for both arginase and nitric ~ for L-ornithine production [164, 193]. The arginase gene

oxide (NO) biosynthesis with the enzyme nitric oxide syn- from Bacillus caldovelox was expressed in Escherichia
thase (NOS). NO is a biological mediator that plays a cru-  coli for L-ornithine production so that the resulting product
cial role in several biological and pathological processes could be easily extracted [194]. The prior study revealed
such as stroke, multiple sclerosis, diabetics, and inflam- that L-ornithine production was enhanced by the over-

mation. NO also exerts its lethal effects by activating  expressing hArg 1 in Pichia pastoris [195]. Proline and

Table 7 Sensiti\{ity of cells S. No Cell type ASS expres-  OCT expres-  ADI treatment Arginase treatment
according to their ASS and - .
. sion sion
OCT expression
1 Healthy cell + + Resistant Resistant
2 Cancer cell + + Resistant Sensitive
3 Cancer cell - + Sensitive Sensitive
4 Cancer cell + - Sensitive Sensitive

@ Springer
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polyamine are the resultant products formed during Arg
metabolism, which induces cells’ proliferation [155].

Conclusion

In summary, arginase treatment seems to be a promising
approach for designing newer and better cancer therapeutics.
Before therapeutic enzyme treatment, mRNA expression
profiling of ASL, ASS, and OCT of cancer tumors should
be essential. Arginase-based enzymatic therapy of cancer
cells is a more specific treatment strategy with better effi-
cacy and minimal side effects. Moreover, using enzymes
combined with other novel chemotherapeutic drugs, phar-
macological inhibitors could efficiently induce autophagy
in tumor cells. Furthermore, neutralizing antibodies can be
reduced by expressing the gene from the normal human flora
to the expression system with all the desired properties. At
this stage, more extensive expression profiling of ADEs,
cell-based studies along animal models based on in vivo
testing is needed. These combination treatment strategies
could increase the expected pharmacokinetic properties of
the novel therapeutic agents. Overall, systematic, global con-
current studies and clinical trials will be needed to effec-
tively implement arginase-based mono-immunotherapy or
combination drug therapy against cancers.
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