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L-ARGININE METABOLISM IN CANCER:

LINKING TUMOR INFLAMMATION, APOPTOSIS, AND ANGIOGENESIS
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L-arginine metabolism has emerged as a central regulatory axis in cancer
biology, integrating metabolic reprogramming, immune modulation, and tumor
microenvironment remodeling. Cancer cells frequently rewire arginine uptake,
synthesis, and degradation pathways to sustain proliferation, evade immune
surveillance, and adapt to metabolic stress conditions. This metabolic flexibility
is enabled through coordinated regulation of key enzymatic nodes, including
argininosuccinate synthase 1, argininosuccinate lyase, arginase isoforms (ARG1 and
ARG?2), and nitric oxide synthases, which collectively control intracellular arginine
availability and its downstream signaling outputs. In the tumor microenvironment,
arginine metabolism becomes a competitive interface between malignant cells and
immune populations. Tumors exploit arginine depletion through increased arginase
activity in myeloid-derived suppressor cells and tumor-associated macrophages,
leading to impaired T-cell activation and suppression of anti-tumor immunity. In
parallel, nitric oxide generated from arginine metabolism exerts concentration-
dependent effects that can either promote tumor progression through angiogenesis
and survival signaling or induce cytotoxic stress and apoptosis at higher levels.
Additionally, polyamine biosynthesis derived from arginine catabolism further
supports tumor growth, chromatin remodeling, and resistance to cell death. This
review provides a comprehensive synthesis of L-arginine metabolic pathways in
cancer, with a particular focus on their roles in tumor-associated inflammation,
apoptotic regulation, and angiogenesis. We also discuss therapeutic strategies
targeting arginine dependency, including arginine deprivation therapies, arginase
inhibition approaches, and emerging combination immunometabolic strategies, as
well as key resistance mechanisms such as argininosuccinate synthase 1 re-
expression and metabolic rewiring. Collectively, L-arginine metabolism represents
a multifunctional metabolic hub that connects tumor progression with immune
regulation and offers multiple promising therapeutic entry points in oncology.
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Introduction. Cancer development is not solely driven by genetic mutations,
but is also profoundly influenced by metabolic reprogramming that allows tumor
cells to sustain uncontrolled proliferation, survive under hostile microenvironmental
conditions, and evade immune destruction [1, 2]. Among the various metabolic
adaptations observed in cancer, amino acid metabolism has gained increasing
attention, with L-arginine emerging as a central metabolite that connects cellular
metabolism with immune regulation and tumor biology [3, 4].

L-arginine is a semi-essential amino acid involved in multiple physiological
processes, including protein synthesis, nitric oxide production, polyamine biosynthe-
sis, creatine metabolism, and immune cell signaling [5]. Under normal physiological
conditions, systemic arginine levels are tightly regulated through dietary intake
and endogenous synthesis via the intestinal-renal axis. However, in cancer, this
homeostatic balance is frequently disrupted, leading to either arginine dependency

or pathological arginine depletion within the tumor microenvironment [6].

Major enzymes and metabolites involved in L-arginine metabolism and their roles in cancer

Component Type Biochemical Function Relevance in Cancer
central substrate for nitric | frequently depleted or highly
L-Arginine amino | oxide synthesis, polyamine |utilized in tumors; regulates
9 acid production, protein synthe- |proliferation, immune responses,
sis, and immune regulation |and angiogenesis [7, 8]
mediates cellular uptake of often upregulated in cancer cells to
CAT-1 (SLC7AL) | transporter Pt support increased metabolic
extracellular L-arginine . :
demands and proliferation [9]
ASS1 catalyzes the conversion of frequently do_wnregula_te_d in several
(Argininosuccinate | enzyme |citrulline and aspartate to gﬁ?(g?:f)‘ failr?dgs.tgnesl;?ii?iltneto
Synthase 1) argininosuccinate OtTopny and Y
arginine deprivation therapy [10]
ASL supports endogenous arginine
- . converts argininosuccinate |synthesis and nitric oxide
(Argininosuccinate | enzyme |. - df duction throuah the citrulli
Lyase) into arginine and fumarate | production through the citrulline—
NO cycle [11, 12]
highly expressed in myeloid-
hvdrolvzes arginine to derived suppressor cells (MDSCs)

ARG1 (Arginase 1) | enzyme o?/nithi)r?e an d%rea and tumor-associated macrophages

(TAMs); promotes immune
suppression [8, 13]
hydrolyzes arginine to supports tumor metabolism,

ARG?2 (Arginase 2) | enzyme |ornithine and urea in adaptation to hypoxia, and
extrahepatic tissues polyamine biosynthesis [8, 13]
product of arginase activity; | supports tumor growth and serves

Ornithine metabolite |precursor for polyamine as a substrate for biosynthetic
synthesis pathways [14, 15]
ODC (Ornithine converts ornithine into ra}te-llmlthg.enzyme in polyamine
Decarboxylase) enzyme | ieccine biosynthesis; frequently over-
y P expressed in malignant tissues [16]
Putrescine olvamine the first polyamine promotes cell proliferation and
poly produced from ornithine tumor progression [17, 18]
intermediate polvamine supports nucleic acid stability,
Spermidine polyamine derived fromp ut)ll'escine protein synthesis, and cellular
P growth [17, 19]
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Spermine

polyamine

terminal polyamine in the
biosynthetic pathway

regulates chromatin organization,
cell survival, and proliferation [20,
21]

regulates angiogenesis, apoptosis,

NOS (Nitric Oxide | enzyme |converts arginine into nitric immune responses, and tumor
Synthases) family |oxide (NO) and citrulline progression [22-24]
: can mediate either tumoricidal
iNOS (NOS2) enzyme &rgdggﬁih'ﬁnlgmmjgzgf effects or tumor promotion, depen-
Y ding on NO concentration [25]
. .1 |supports angiogenesis, vascular
eNOS (NOS3) enzyme produces NO in endothelial remodeling, and tumor blood

cells

supply [26, 27]

regulates vascular function,

low concentrations promote

NO (Nitric Oxide) | 19%"0  cell signaling, and oxidative | P1/'¥2! &1 anglogenesis, whereas
molecule | igh concentrations induce
apoptosis and DNA damage [28]
byproduct of NO synthesis |supports recycling of arginine
Citrulline metabolite |and precursor for arginine  |through the ASS1/ASL pathway
regeneration [29]
connects arginine metabolism with
Fumarate metabolite |product of ASL activity the tricarboxylic acid (TCA) cycle

and cellular bioenergetics [8]

Many tumors exhibit reduced expression of argininosuccinate synthase 1
(ASS1), rendering them unable to synthesize arginine from citrulline and thus
dependent on extracellular arginine availability [3]. In parallel, increased expression
of arginase enzymes and NO synthases (NOS) further reshapes arginine flux,
diverting it into immunosuppressive and pro-tumorigenic pathways [30]. As a result,
arginine metabolism becomes a central metabolic node linking tumor growth,
immune escape, chronic inflammation, and angiogenesis, making it an attractive
target for therapeutic intervention.

Study Area.

L-Arginine Metabolism in Cancer: Pathway Organization and Functional
Complexity. L-arginine metabolism in mammalian cells is organized through a
tightly interconnected network involving uptake, endogenous synthesis, and multiple
catabolic branches [5, 31-33]. Arginine can be obtained either through dietary
sources or synthesized endogenously via the intestinal-renal axis (Fig. 1). In this
pathway, intestinal epithelial cells convert amino acid precursors such as glutamine,
glutamate, and proline into citrulline, which is subsequently transported to the
kidneys and converted into arginine. The enzymatic conversion of citrulline to
arginine is catalyzed by ASS1 and argininosuccinate lyase (ASL) [29, 34]. ASS1
catalyzes the ATP-dependent condensation of citrulline and aspartate to form
argininosuccinate, which is then cleaved by ASL to generate arginine and fumarate
(see Table). This pathway represents the primary mechanism of endogenous arginine
biosynthesis in mammalian tissues. However, in many cancer types, ASS1 expression
is significantly downregulated or completely silenced, leading to arginine auxo-
trophy and increased tumor dependency on extracellular arginine supply [35, 36].
Arginine uptake is primarily mediated by cationic amino acid transporters, especially
CAT-1 (SLC7AL), which is frequently upregulated in cancer cells (see Table). This
increased transporter expression enhances arginine influx and supports the metabolic
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demands of rapidly proliferating tumor cells, particularly under conditions of
nutrient limitation [8].
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Fig. 1. L-arginine metabolic network in cancer. L-arginine is obtained through extracellular uptake via

CAT-1 or synthesized endogenously from citrulline by ASS1 and ASL (see Table). Arginine is metabolized

by arginases to ornithine and polyamines, by NOS enzymes to NO and citrulline, or recycled to

sustain endogenous synthesis. These pathways regulate tumor cell proliferation, survival, apoptosis,
and angiogenesis.

Once inside the cell, arginine is metabolized through several competing
enzymatic pathways. One major route is catalyzed by arginase enzymes, ARG1 and
ARG2, which hydrolyze arginine into ornithine and urea [37, 38]. Ornithine serves
as a precursor for polyamine biosynthesis, generating putrescine, spermidine, and
spermine through ornithine decarboxylase (ODC) (see Table). These polyamines are
essential for DNA stabilization, chromatin structure regulation, RNA processing,
and cell cycle progression [18]. Their accumulation is strongly associated with tumor
proliferation, metastatic potential, and resistance to apoptosis.

Another major metabolic branch involves NOS, including endothelial
(eNOS), neuronal (NNOS), and inducible (iNOS) isoforms [39-41]. These enzymes
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convert arginine into NO and citrulline. NO functions as a pleiotropic signaling
molecule with highly context-dependent effects in cancer. At low concentrations,
NO promotes angiogenesis, vascular permeability, and pro-survival signaling
pathways such as PISK/AKT [42, 43]. In contrast, at higher concentrations, NO
induces oxidative stress, mitochondrial dysfunction, DNA damage, and apoptosis.

Together, these interconnected metabolic pathways establish arginine as a
central hub metabolite that integrates nutrient availability, redox balance, immune
regulation, and tumor progression.

L-Arginine Metabolism and Tumor-Associated Inflammation. One of the
most critical roles of arginine metabolism in cancer lies in its regulation of tumor-
associated inflammation and immune escape [8, 44]. The tumor microenvironment
is characterized by chronic inflammatory signaling combined with profound immune
dysfunction, both of which are tightly controlled by arginine availability and its
metabolic fate.

Within the innate immune compartment, macrophages exhibit functional
plasticity that is strongly influenced by arginine metabolism. Classically activated
M1 macrophages utilize iNOS to convert arginine into nitric oxide, which exerts
cytotoxic effects on tumor cells and supports pro-inflammatory immune responses
[37, 45]. In contrast, alternatively activated tumor-associated macrophages (TAMS)
upregulate arginase 1 (ARG1), which diverts arginine metabolism toward ornithine
and polyamine production while simultaneously depleting extracellular arginine.
This metabolic shift suppresses T-cell activation and promotes tumor progression
through immune evasion and tissue remodeling.

Myeloid-derived suppressor cells (MDSCs), which accumulate in many tumor
types, further intensify this immunosuppressive environment. These cells express
high levels of ARG1 and generate reactive oxygen species, both of which contribute
to T-cell dysfunction [36, 46, 47]. A key mechanism underlying immune suppression
is the depletion of extracellular arginine, which leads to downregulation of the CD3(
chain of the T-cell receptor complex, thereby impairing antigen recognition and
T-cell activation.

In adaptive immunity, CD8" cytotoxic T-cells are highly dependent on
arginine for metabolic reprogramming, proliferation, and effector function. Arginine
deprivation within the tumor microenvironment results in reduced mTOR signaling,
impaired cytokine production, decreased interferon-y secretion, and eventual T-cell
exhaustion [34]. This metabolic restriction is further reinforced by immune-
suppressive cytokines such as IL-10 and TGF-B, which are secreted by tumor-
associated immune and stromal cells [48, 49]. Together, these mechanisms establish
a metabolically enforced immune escape state that allows tumors to persist despite
immune infiltration.

L-Arginine Metabolism and Apoptosis in Cancer. Arginine metabolism is also
tightly linked to the regulation of programmed cell death pathways in cancer [12, 36,
37, 50]. Tumors that exhibit ASS1 deficiency are particularly vulnerable to arginine
deprivation, which induces severe metabolic stress and triggers apoptosis (Fig. 2).

One of the primary mechanisms of arginine starvation-induced cell death
involves mitochondrial dysfunction. Arginine depletion leads to impaired mito-
chondrial respiration and excessive production of reactive oxygen species, which in
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turn cause oxidative damage to proteins, lipids, and DNA. This stress culminates in
the loss of mitochondrial membrane integrity and the release of cytochrome c into
the cytoplasm, initiating the intrinsic apoptotic pathway. Subsequent activation of
caspase-9 and executioner caspases such as caspase-3 and caspase-7 leads to
chromatin condensation, DNA fragmentation, and irreversible cell death [51].
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Fig. 2. Arginine competition in the tumor microenvironment. Arginase-expressing MDSCs and TAMs
deplete extracellular arginine, leading to reduced availability for cytotoxic T-cells. This results in impaired
TCR signaling, decreased proliferation, reduced cytokine production, and T-cell exhaustion. In contrast,
iINOS-expressing M1 macrophages produce NO and support anti-tumor immunity. Tumor cells compete
for arginine and adapt to low arginine conditions, promoting immune evasion and tumor progression.

In addition to caspase-dependent apoptosis, arginine deprivation can also
activate caspase-independent cell death pathways. In this context, mitochondrial
proteins such as apoptosis-inducing factor and endonuclease G translocate to the
nucleus and induce DNA fragmentation independently of caspase activation. This
dual mechanism of apoptosis ensures that arginine-dependent tumor cells are
efficiently eliminated under conditions of metabolic stress.
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Prolonged arginine deprivation may also trigger autophagic cell death and
necroptosis, further expanding the spectrum of cell death mechanisms associated
with arginine metabolism disruption. Collectively, these processes highlight the
critical role of arginine availability in maintaining tumor cell survival and underscore
its therapeutic potential.

L-Arginine Metabolism and Angiogenesis. Angiogenesis is essential for
tumor growth, progression, and metastasis, and L-arginine metabolism plays a
central role in regulating vascular biology within the tumor microenvironment.
NO produced from arginine via NOS is a major mediator of endothelial function and
vascular remodeling [52-55].

At physiological concentrations, NO promotes endothelial cell proliferation,
vasodilation, and vascular permeability, thereby supporting the formation of new
blood vessels. In cancer, this process is frequently co-opted by tumor cells to
facilitate nutrient delivery and oxygen supply. NO also enhances vascular
endothelial growth factor signaling, which further amplifies angiogenic responses
and promotes tumor vascularization [56, 57].

Under hypoxic conditions, which are commonly present in rapidly growing
tumors, arginine metabolism is often upregulated, leading to increase NO production
and enhanced angiogenic signaling [58, 59]. However, the biological effects of NO
remain highly context dependent, as excessive levels may induce cytotoxicity and
inhibit tumor growth.

In addition to NO, polyamines derived from arginine metabolism contribute
to angiogenesis by promoting endothelial cell proliferation and extracellular matrix
remodeling [24, 25, 60]. Thus, arginine metabolism serves as a dual regulator of both
tumor vascularization and structural adaptation of the tumor microenvironment.

Therapeutic Targeting of L-Arginine Metabolism in Cancer. Given its
central role in tumor biology, L-arginine metabolism has emerged as a promising
therapeutic target in oncology. One of the most extensively studied strategies is
arginine deprivation therapy, which exploits the metabolic vulnerability of ASS1-
deficient tumors [34]. The most well-characterized agent in this category is pegargi-
minase (ADI-PEG20), a pegylated form of arginine deiminase that enzymatically
degrades arginine into citrulline and ammonia. PEGylation extends its half-life and
reduces immunogenicity, enabling sustained systemic arginine depletion.

Clinical studies have demonstrated that ADI-PEG20 rapidly reduces plasma
arginine levels, thereby leading to metabolic stress and inhibiting tumor growth in
susceptible cancers. However, therapeutic resistance frequently develops through
restoration of ASS1 expression, allowing tumor cells to regain endogenous arginine
synthesis and escape arginine dependency. In addition, immune-mediated
neutralization of the enzyme may further limit long-term efficacy.

To overcome these limitations, combination therapies involving chemo-
therapy, radiotherapy, and immune checkpoint inhibitors are currently being
investigated.

An alternative therapeutic strategy focuses on the inhibition of arginase
enzymes to restore arginine availability within the tumor microenvironment and
enhance T-cell function. Agents such as CB-1158 (numidargistat), which selectively
inhibit ARG1, have been shown to increase systemic arginine levels and improve



108 L-ARGININE METABOLISM IN CANCER:...

anti-tumor immune responses. More recently, dual inhibitors such as OATD-02
targeting both ARG1 and ARG2 have shown promise in preclinical studies by
remodeling the tumor microenvironment, reducing polyamine accumulation, and
enhancing immune activation [61, 62]. However, clinical efficacy remains modest
when used as monotherapy, emphasizing the importance of combination approaches.
Overall, targeting arginine metabolism represents a rapidly evolving field with
significant translational potential. Future strategies will likely depend on biomarker-
driven patient selection, identification of resistance mechanisms, and rational
combination with immunotherapeutic approaches.

Conclusion. L-arginine metabolism represents a central metabolic and
immunological hub in cancer, integrating nutrient sensing, immune regulation, cell
death pathways, and vascular remodeling. Cancer cells exploit this pathway to
support proliferation, evade immune surveillance, and adapt to metabolic stress
conditions, while simultaneously reshaping the tumor microenvironment into an
immunosuppressive and pro-angiogenic niche.

Therapeutic interventions targeting arginine metabolism have demonstrated
strong preclinical and early clinical promise, particularly in tumors with ASS1
deficiency. However, metabolic plasticity and adaptive resistance mechanisms
remain major challenges that limit long-term efficacy. The future of arginine-
targeted therapies will depend on a deeper understanding of tumor metabolic
heterogeneity and the development of combination strategies that integrate
metabolic targeting with immunotherapy and conventional anticancer treatments.

Collectively, L-arginine metabolism represents a highly dynamic and
therapeutically relevant axis in cancer biology, offering multiple opportunities for
translational exploitation and precision oncology approaches.
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METABOJIN3M L-APTUHUHA T1PU PAKE:
CBZ3b OITYXOJIEBOT'O BOCHAJIEHN A, ATIOIITO3A 1 AHTMOT'EHE3A

Mertabonm3m L-apriuarHa cTanm paccMaTpuBaThes Kak IEHTpaTbHAS PETyISTOp-
Hast OCh B OMOJIOTHH paKa, 00BeIUHSIONIAs META00IHMIECKOe TIeperporpaMMUPOBaHHE,
UMMYHHYI0 MOZYJSIHMIO U PEMOJEIHPOBAHHE OIYXOJIEBOI'O MHKPOOKPY KEHUS.
OnyxoseBble KIETKH YacTO NEPECTPanuBarOT IyTH NOIJIOLIEHUs, CHHTE3a U Aerpaaa-
[IUU apTUHUHA, YTOOBI TTOAIEPKUBATh IPONTH(EPAIHIO, YKIOHATHCS OT UMMYHHOTO
Ha/30pa 1 aIalITHPOBATHCS K YCIOBUAM METa00IMYECKOTO cTpecca. ITa MeTaboIIu-
Yyeckas IJIACTHYHOCTh O0ECIEUYMBACTCS COTJIACOBAHHON PETYJISIIUEH KITIOUEeBBIX
(hepMEHTaTUBHBIX y3II0B, BKIIFOYas aprTHIHOCYKIIMHATCHHTA3Y |, aprHHUHOCYKIIMHAT-
yazy, uzodopmel aprunaszel (ARGL u ARG2) u cuHTa3bl OKCcHIa a30Ta, KOTOPbIE B
COBOKYITHOCTH KOHTPOJUPYIOT BHYTPHKJIETOUHYIO JOCTYIMHOCTh aprHHHHA U €ro
HIDKECTOSIME CUTHANbHBIE d(dexTrl. B oIyXxoeBoM MHUKPOOKpPYKEHHH MeTa-
00NMM3M apTUHMHA CTAaHOBUTCS aPEHON KOHKYPEHIIMH MEXIY 3JI0Ka4eCTBEHHBIMHU
KJIETKaMU U TOMYJISIUSIMA UIMMYHHBIX KJI€TOK. OTMyX0iIH UCIOIb3YIOT UCTOIIEHNE
apruHMHA 3a CYeT TOBBIIIEHHOM aKTHBHOCTH apruHa3bl B MHEIOHIHBIX
CYTMPECCOPHBIX KIETKAX M OMyXO0JIEaCCOIMUPOBAHHBIX Makpoarax, 4To MPUBOJUT
K HapylIeHWIO AaKTHUBAlMM T-KJIE€TOK W TMOJABIEHUIO IPOTHBOOITYXOJIEBOTO
uMMmyHHTeTa. [lapainensHo oKcHIl a3oTa, oOpasyromuiics B Xojae MeTaboian3ma
apruHUHA, OKAa3bIBAET KOHIICHTPAIMOHHO-3aBUCHUMBIE A(P(PEKTH: OH MOXET Kak
CIocoOCTBOBaTh MPOTPECCHH OITyXOJIA TTOCPECTBOM aHTHOT€HE3a W CHUTHAIBbHBIX
MyTel BBDKMBAHUA, TaK U MHIYIHPOBATh IUTOTOKCHYECKHI CTPECC U arlonTo3 Mpu
Oosee BBICOKHX KOHIEHTpauusix. Kpome Toro, GMOCHHTE3 TOJIMAMHHOB, CBSI3aHHBIH
¢ KaraboIM3MOM apruHHHA, JOTOJHUTENBHO IIOJUIEPIKUBAET POCT OIyXOJIH,
peEMOIETPOBaHIE XpOMAaTHHA U YCTOMYMBOCTD K KJIETOUHOU rubdenu. B HacTosmem
0030pe MpeacTaBIeH BCECTOPOHHMI aHAIM3 MyTel Merabonu3ma L-apruanna nmpu
pake ¢ 0coObIM aKLEHTOM Ha MX POJIb B OMYXOJEACCOLMUPOBAHHOM BOCIIAJICHUH,
peryisiyy amnonTo3a W aHruoreHese. Takke OOCYKIAIOTCS TeparneBTUYECKUE
CTpaTeruy, HalpaBlieHHbIE Ha 3aBHCHMOCTH OITyXOJIell OT aprHHHWHA, BKIIIOYas
TEpanui0 Ha OCHOBE ApPrUHMHOBOH JeNpWBallMM, MOAXOIbl C HHIHOHUpPOBAHHEM
apruHasbl ¥ HOBble KOMOWHHUPOBAHHBIE HMMYHOMETA0OJIMYECKHE CTPaTeruH, a
TaK)Ke KJIIOUeBble MEXaHU3MbI PE3UCTEHTHOCTH, TaKHE KaK IMOBTOPHAS AKCIIPECCHUS
aprUHMHOCYKIIMHATCHHTA3bl 1 U MeTaboiuyeckas nepectpoiika. B nemom merabo-
nu3M L-apruHuHa npenctapisier co00il MHOro()yHKIIMOHAIBHBIN METaO00TUIECKUHA
y3€I1, CBA3BIBAIOLIHNH MTPOTPECCHUIO OITyXO0JIM C IMMYHHOU PETyIISIel M OTKPHIBAIO-
LI MHOKECTBO NEPCIIEKTUBHBIX TEPANIEBTUUECKUX MULIEHEN B OHKOJIOTHU.



