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Fig. 1. Hydrolysis of L-arginine to L-ornithine and urea
biochemistry and function of arginases, several open questions remain. Recent studies have revealed that
the regulation and function of Arg1 and Arg2 are cell typeespecific, species-specific, and profoundly
different in mice and humans. The main differences are in the distribution and function of Arg1 and Arg2
in immune and erythroid cells. Contrary to what was previously thought, Arg1 activity appears to be only
partially related to vascular NO signaling under homeostatic conditions in the vascular wall, but its
expression is increased under disease conditions and may be targeted by treatment with arginase in-
hibitors. Arg2 appears to be mainly a catabolic enzyme involved in the synthesis of L-ornithine, poly-
amine, and L-proline but may play a putative role in blood pressure control, at least in mice. The
immunosuppressive role of arginase-mediated arginine depletion is a promising target for cancer
treatment. This review critically revises and discusses the biochemistry, pharmacology, and in vivo
function of arginases, focusing on the insights gained from the analysis of cell-specific Arg1 and Arg2
knockout mice and human studies using arginase inhibitors or pegylated recombinant arginase.

Significance Statement: Further basic and translational research is needed to deepen our understanding of
theregulationofArg1andArg2 indifferent cell types inconsiderationof their localization, species-specificity,
andmultiple biochemical andphysiological roles. Thiswill lead tobetter pharmacological strategies to target
arginase activity in liver, cardiovascular, hematological, immune/infectious diseases, and cancer.

© 2025 The Authors. Published by Elsevier Inc. on behalf of American Society for Pharmacology and
Experimental Therapeutics. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
I. Introduction

The enzyme arginase (L-arginine-urea hydrolase; EC 3.5.3.1)
catalyzes the hydrolysis of L-arginine to L-ornithine and urea and
thereby participates in the final step of the urea cycle (Fig. 1). In
mammals, there are 2 isoforms of arginase, defined as arginase 1
(Arg1) and arginase 2 (Arg2), which are encoded by independent
genes (ARG1 6q23; ARG2 14q24.1e24.3) (Sparkes et al, 1986; Gotoh
et al, 1997). The 2 isoenzymes differ substantially in subcellular
localization and function. Arg1 is mainly localized in the cytoplasm
and is highly expressed in hepatocytes in the liver and participates
in the urea cycle. Arg2 is a mitochondrial enzyme that was first
identified in the kidney (Kaysen and Strecker 1973), but its function
in the kidney and elsewhere has been unclear for many years.

Arg1 was found to regulate L-arginine bioavailability and nitric
oxide (NO) synthesis from nitric oxide synthases (NOSs) in the
immune system and the cardiovascular system (Durante et al,
2007); therefore, Arg1 was proposed to modulate macrophage
M1/M2 polarization, suppress T cell responses, and regulate
vascular endothelial function and NO-mediated cardioprotection.
However, accumulating evidence obtained from cell-specific mice
and multiomics analysis of human cells has demonstrated that
some of thesemechanisms are notmodulated by Arg1 but rather by
Arg2; that they depend on the cell type under consideration; that
catalyzed by arginase.
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they are different in health versus disease conditions; and that they
are species-specific and, in many cases, profoundly different in
mouse and man.

Moreover, by synthesizing L-ornithine, arginases are also crucial
for the generation and intracellular availability of polyamines, such
as putrescine, spermidine, and spermine (Fig. 2). Notably, poly-
amines have been shown to be involved in the promotion of stem
cell self-renewal (James et al, 2018), induction of autophagy (Hofer
et al, 2022), protection against neurological disorders (Ghosh et al,
2020), immune cell functions, and immune suppression in the tu-
mor microenvironment (Hayes et al, 2014).

This review summarizes the current state of knowledge on the
biochemistry, pharmacology, and in vivo function of arginases,
focusing on in vivo data obtained from the analysis of cell-specific
Arg1 knockout (Arg1�/�) and Arg2 knockout (Arg2�/�) mice, and
from human studies. Specifically, we will summarize the biochem-
istry, genetics, and cellular biologyof arginases; their cell-specific and
species-specific role in the liver, vasculature, bone marrow, blood
(immune cells, red blood cells [RBCs]), and kidney; and summarize
the current pharmacological strategies to target arginases, and the
results of human studies using recombinant arginase and arginase
inhibitors.

The careful characterization of the cell-specific role of Arg1 and
Arg2 in mouse models, human cells/organoids, and human cohorts

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Fig. 2. Synthesis of polyamines from L-ornithine. dcSAM, decarboxylated S-adenosylmethionine; MTA, 50-methylthioadenosine.

S.K. Heuser, J. Li, S. Pudewell et al. Pharmacological Reviews 77 (2025) 100015
with single-cell and multiomics approaches will allow a deeper
understanding of the role of arginase in specific cells and tissues,
thus providing better diagnostic, prognostic, and therapeutic stra-
tegies to address cardiovascular, hematological, inflammatory, and
genetic diseases related to L-arginine metabolism and cancer.

II. Biochemistry and regulation of arginase expression and
activity

A. Genetic characteristics and regulation

The enzyme arginase catalyzes the hydrolysis of L-arginine to
L-ornithine and urea (Fig. 1). In mammals, there are 2 isoforms of
3

arginase, defined as Arg1 and Arg2, which are encoded by inde-
pendent genes. In humans, Arg1 and Arg2 show 58% sequence
homology (Morris et al, 1997, Perozich et al, 1998). The human ARG1
gene was cloned independently by the groups of Cederbaum and
Mori in the 1980s and mapped to chromosome 6q23 (Dizikes et al,
1986; Sparkes et al, 1986; Haraguchi et al, 1987). Human ARG2 was
cloned by the same groups 10 years later and mapped to chromo-
some 14q24.1e24.3 (Gotoh et al, 1996, 1997; Vockley et al, 1996).
The gene sequence has highly conserved residues among species
(Jenkinson et al, 1996) (Table 1). Structural studies identified high
similarity (50%) and sequence homology in the genes encoding
arginases of different species (Jenkinson et al, 1996, Perozich et al,
1998) (Table 1).



Table 1
Characteristics of arginases in humans, rats, mice, and zebrafish
Please note that per standard nomenclature, human protein names are abbreviated with all capital letters (ARG1 and ARG2), rodents with first letter capitalized (Arg1 and Arg2),
and zebrafish all lowercase (arg1 and arg2). Gene names are italicized. In the text, we use Arg1 and Arg2 to indicate the enzymes from all species.

Gene Name Protein Names Chromosome Size UniProt ID Cofactors Localization

Human ARG1 Arginase 1 (ARG1)
Arginase I (AI)
Liver-type arginase
Type I arginase

6q23.2 322 aa (35 kDa) P05089 Two Mn2þ ions each
Oligomerization (homotrimer)

Cytosol

Three isoforms produced by alternative
splicing (Isoform 1: 322 aa / Isoform
2: 330 aa / Isoform 3: 236 aa)

Rat Arg1 Arg1 1p12 323 aa (35 kDa) P07824
Mouse Arg1 Arg1 10A4 323 aa (35 kDa) Q61176
Zebrafish arg1 arg1 12 341 aa (37 kDa) E7F8R4
Human ARG2 Arginase 2 (ARG2)

Arginase II (AII)
Kidney-type arginase
Non-hepatic arginase
Type II arginase

14q.24.1 354 aa (39 kDa) P78540 Mitochondria

Rat Arg2 Arg2 6q24 354 aa (39 kDa) O08701
Mouse Arg2 Arg2 12C3 354 aa (39 kDa) O08691
Zebrafish ARG2 arg2 13 347 aa (38 kDa) Q6PH54
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Evolutionarily, it is most likely that the 2 paralogs ARG1 and
ARG2 originated by gene duplication before amphibians and
mammals diverged (Patterton and Shi, 1994; Morris et al, 1997).
Among all species, arginase and other ureohydrolases share
multiple conserved residues that play crucial roles in protein
folding, binding of manganese ions, and substrate interaction
(Kanyo et al, 1996, Perozich et al, 1998). The sequence around
the catalytic site of both Arg1 and Arg2 is highly conserved,
which makes it difficult to synthesize isoform-specific arginase
inhibitors. Current arginase inhibitors resemble its substrate
L-arginine, are mostly unselective, and display similar Ki or IC50
values (Adams et al, 2017). However, there is currently an
ongoing effort to synthetize isoform-specific drugs (Gzik et al,
2024) (see also Section V.C and Tables 3 and 4).

There are 3 different isoforms of the human Arg1 protein ob-
tained by alternative splicing (Table 1; Fig. 3). The canonical isoform
1 (P05089-1) comprises 8 exons that encode 322 amino acids.
Isoform 2 (P05089-2) includes an 8 amino acid insertion and
therefore consists of 330 amino acids (Fig. 3). Isoform 3 (P05089-3)
lacks exons 4 and 5, which encode amino acids 204e289, and
therefore make a total of 236 amino acids. Only 1 sequence is
known for Arg2, which is also composed of 8 exons and comprises
354 amino acids (Sayers et al, 2022).
Fig. 3. Domain organization of Arg1 and Arg2 in Homo sapiens. Arg1 comprises 322 amino
the sequence VTQNFLIL following Q43 (isoform 2), and a 204e289 aa deletion variant (isofo
interacting aa that are not marked here. Arg2 sequence begins with a mitochondrial transit
with a disordered region (yellow). The substrate-binding regions are marked in dark blue.

4

Apart from several similarities between Arg1 and Arg2 among
species, the localization, cellular function, and tissue- or cell-
specific expression are rather diverse. In humans and rodents,
Arg1 is constitutively expressed at high levels in the liver, partic-
ularly in the cytosol of hepatocytes, where it is responsible for
catalyzing the last step of the urea cycle. This is also the reasonwhy
it was called “liver arginase” (Morris et al, 1997). The functions of
Arg1, besides its role in the urea cycle, are less characterized and
profoundly different in mice and man. In human, Arg1 is also
expressed to a lower extent in the bone marrow, the blood, and the
skin (Morris et al, 1997; Kim et al, 2002; Bruch-Gerharz et al, 2003;
Munder et al, 2005). In rodents, Arg1 is constitutively expressed in
multiple tissues, mainly in the liver and gastrointestinal tract, but
also in the uterus and the skin (Yu et al, 2003; Choi et al, 2012).

At the cellular level, Arg1 is constitutively expressed in hepato-
cytes and inflammatory cells (M2macrophages) in all species. In other
cell types, including vascular endothelial cells (ECs), smooth muscle
cells, and cardiomyocytes, it is expressed constitutively in a species-
specific manner and in general at very low levels, but its expression
is induced in disease conditions (Morris et al, 1997; Teupser et al,
2006; Gonon et al, 2012; Caldwell et al, 2015), as described in detail
in the next sections. In humans, polymorphonuclear neutrophils
(PMNs) constitutively express Arg1, which is localized in granules and
acids (aa) and exists as the canonical protein (isoform 1), a longer variant that includes
rm 3). Two substrate-binding regions (dark blue) have been identified as well as Mn2þ-
peptide (Marselli et al, 2021) followed by the main body of the enzyme (blue) and ends
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can be released under proinflammatory conditions (Rotondo et al,
2011). Interestingly, human and primate erythrocytes constitutively
express higher levels of Arg1 and display increased arginase activity in
disease conditions, whereas rodent erythrocytes express Arg1 at very
low levels (Spector et al, 1985).

The regulation of the expression of either isozyme is cell type-
specific and can be influenced by health/disease conditions
and by the presence of proinflammatory (T helper 1 [Th1]) or anti-
inflammatory (T helper 2 [Th2]) cytokines. In mice, Arg1 expression
was shown to be induced upon Th2 cytokine, such as interleukin
(IL)-4 and -6, stimulation in M2 macrophages via signal transducer
and activator of transcription (STAT) 6 signaling, by the mitogen-
activated protein kinase (MAPK) - activating transcription factor-2
(ATF-2) signaling pathway, by CCAAT/enhancer binding protein
(C/EBP) b, and by the transcription factor forkhead box O4 (FoxO4)
(Gray et al, 2005; Sheldon et al, 2013; Shatanawi et al, 2015; Zhu
et al, 2015; Schmok et al, 2017; Caldwell et al, 2018).

In contrast, Arg2 is mainly localized in the mitochondria and is
constitutively expressed at higher levels in the kidney, bladder, and
prostate but also in human skeletal muscle (Vockley et al, 1996;
Morris et al, 1997; Rath et al, 2014). Lower constitutive expression
of Arg2 is found in almost all cells of the body. The expression of
Arg2 can be upregulated in inflammatory or disease conditions in
different cell types and in a species-specific manner. For example, it
was shown to be upregulated by interferon regulatory factor 3 in
Jurkat cells (Grandvaux et al, 2005), by the hypoxia-inducible fac-
tor-2 in human umbilical vein ECs (Krotova et al, 2010), by activa-
tion of the ERK5 (extracellular signal-regulated kinase 5)-CREB
(cyclic AMP-responsive element-binding protein) pathway in
human Jurkat cells andmousemonocytes (Barra et al, 2011), and by
IL-10 stimulation, likely via STAT3 activation in the mouse. It is
therefore generally different from the regulation of Arg1
(Grandvaux et al, 2005; Krotova et al, 2010; Barra et al, 2011;
Dowling et al, 2021).

B. Protein structure and catalysis

Human Arg1 and Arg2 have a similar trimeric structure and
catalytic mechanisms (Cama et al, 2003; Di Costanzo et al, 2005).
Each monomer of arginase exhibits a typical Rossman-fold struc-
ture in which b-sheets are wrapped by a-helices (Li et al, 2022a).
The molecular weight of eachmonomer varies among isoforms and
Fig. 4. Active site of a monomer of Arg1 showing a binuclear manganese center coordinat
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species, ranging from 30 to 40 kDa (Table 1) (Li et al, 2022a). The
crystal structure of human Arg1 was characterized by Di Costanzo
et al (2005). The catalytic center of each arginase monomer con-
tains a Mn2þ coordinated with 1 His and 3 Asp (Fig. 4). The spin-
coupled Mn2þ-Mn2þ structure is formed in the catalytic center
and activates arginase (Fig. 4) (Li et al, 2022a). Mn2þ is required as a
cofactor for converting L-arginine to L-ornithine and urea. Inter-
estingly, if Mn2þ is replaced with Co2þ, the catalytic efficiency
(kcat/kM) of Arg1 is increased (Stone et al, 2010).

Interestingly, the kinetics of the hydrolysis of L-arginine to L-
ornithine and urea catalyzed by isolated/recombinant arginase is
dramatically different when compared to the enzyme expressed in
cellular compartments. Purified rat liver arginase is characterized by
a Michaelis constant (Km) of 1 mM and a maximum rate (Vmax) of
4380 mmol/min per mg in the presence of 10 mM MnCl2 at pH 7.5
(Reczkowski and Ash, 1994). In contrast, recombinant human Arg1
and Arg2 expressed in HEK293T cells are characterized by a Km of
3.3 mM and Vmax of 34 nmol/min per mg and a Km of 1.9 mM and
Vmax of 883 pmol/min permg, respectively, at physiological pH value
of 7.4 (Tommasi et al, 2018). These differences need to be taken into
consideration for applications of pharmaceutical preparations con-
taining recombinant arginase, such as the pegylated-arginases,
which was recently approved for treating hyperarginemia in pa-
tients with genetic deficiency of arginase (see Section V.A).

Interestingly, it was proposed that arginase kinetics in cells is
modified by the presence of binding partners that regulate the
catalytic activity of the enzyme. Examples of binding partners
regulating arginase activity are human flotillin, which was pro-
posed to bind Arg1 in human RBCs (Jiang et al, 2006) or the em-
bryonic stem cell-expressed Ras, which was found to interact with
Arg1 in hepatic stellate cells (HSCs) (Pudewell et al, 2022).

In addition, the concentration and availability of L-arginine may
contribute to regulating the kinetic activity of arginase enzymes.
For example, in cultured RAW 264.7 cells and primary murine
alveolar macrophages, Arg2 or Arg1, respectively, were described
to compete for L-arginine bioavailability with the inducible NO
synthase (iNOS), which catalyzes the oxidation of L-arginine to
L-citrulline and leads to high-output NO synthesis (Wang et al,
1995; Hey et al, 1997; Sonoki et al, 1997; Momma and Ottaviani,
2022). Therefore, Arg1 was proposed to control L-arginine
bioavailability and NO production by iNOS in murine alveolar
macrophages and other cell types coexpressing iNOS in
ed with 2 His and 4 Asp.
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proinflammatory conditions (Sonoki et al, 1997; Rath et al, 2014),
including human keratinocytes (Bruch-Gerharz et al, 2003). How-
ever, the intracellular L-arginine concentrations (~100 mM) and the
Km of iNOS (2.8 mM) are much lower than the Km for Arg1 (2 mM)
(Garganta and Bond, 1986; Stuehr et al, 1991).

Arg1 was also proposed to compete with endothelial NOS
(eNOS) for the common substrate L-arginine in ECs. The intracel-
lular concentration of L-arginine in ECs is ~100 mM, which should
saturate eNOS; however, paradoxically, NO production by eNOS
in ECs can be increased further by increasing the extracellular
L-arginine concentrations. It remains unclear how excess extracel-
lular L-arginine can increase eNOS activity. The ability of extracel-
lular L-arginine to increase NO production in the presence of arginase
was defined as “the L-arginine paradox,” and it is still partially unre-
solved (Girerd et al, 1990; Lundberg and Weitzberg, 2022).

C. Summary

To summarize, the 2 isoenzymes Arg1 and Arg2 catalyze the
same reaction, and their tertiary and quaternary structures are
similar. The kinetics of the reaction are affected by the cell type,
sublocalization in the cells (cytoplasm, granula, mitochondria),
the presence of a binding partner (eg, flotillin or Ras), and the
availability of L-arginine for the reaction.

III. Biochemical assays for the determination of arginase
activity and L-arginine metabolomics

Biochemical assays for the determination of arginase activity
and new metabolomics approaches have played a crucial role in
understanding arginase function and its involvement in different
cellular processes. This section will discuss the various biochemical
assays used to determine arginase activity and arginine bioavail-
ability and their applications for studying its role in systemic
L-arginine metabolism in humans.

A. The urea assay: Colorimetric determination of urea formation in
cells and tissues

The first method to determine arginase activity was developed
in 1945. The arginase activity in liver or RBCs was quantified
colorimetrically as the formation of urea by derivatization with
a-isonitrosopropiophenone (ISPF) (Archibald, 1945; Van Slyke and
Archibald, 1946). Later, it was modified by others to fit a 96-well
plate format and applied for determination of arginase activity in
leucocytes with a detection limit of 0.02 mmol urea (Corraliza et al,
1994). The method was then further improved and adapted by
other groups for other sample types (Romero et al, 2008; Yang et al,
2013; Bhatta et al, 2017; Heuser et al, 2022; Pudewell et al, 2022).

In this assay, the samples (cells or tissue lysates) are pre-
incubated at 58e60 �C with 7e10 mM MnCl2 as a cofactor for the
activation of arginase. Subsequently, a millimolar concentration of
L-arginine (500 mM) is added into the mixture incubated for
1 minute to �1 hour at 37 �C according to specific arginase activity
(ie, activity/milligrams of protein) expected in the specific cell/tis-
sue of interest. The enzymatic reaction is terminated by adding an
acidic mix composed of H2SO4, H3PO4, and H2O, v/v/v, 1:3:7 to
denature the proteins in the sample and allow for the derivatization
reaction, which requires acidic conditions. A solution of ISPF (9% in
ethanol) is then added to the samples and incubated for at
least 30e45 minutes at 100 �C. The urea concentration in the
samples is then determined colorimetrically by measuring the
absorbance of the pink ISPF-adduct with urea at 540 nm and
quantified by comparing the absorbance of a standard curve pre-
pared by using standard concentrations of urea. Based on this
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method, arginase-dependent urea production in different cells and
tissues, including kidney, liver, and brain, was determined and
compared among healthy and diseased conditions as well as in
different species (Iwata et al, 2002; Romero et al, 2008; Bagnost et al,
2009; Bhatta et al, 2017; Heuser et al, 2022; Pudewell et al, 2022).

The main disadvantage of the urea assay for analysis of arginase
activity in cells and tissues is the lower sensitivity and signal-to-
noise ratio due to the presence of urea and other colored contam-
inants (such as heme) in biological samples. For example, in plasma
the background urea concentration is very high and need to be
removed by using size exclusion centrifugation filters. This pro-
cedure is however not always applicable to tissue or cell lysates,
thus limiting the accuracy of the assay for samples with very low
specific activity. An example of cells with low specific activity of
arginase are rodent RBCs or platelets (see below Section IV.C).

B. Colorimetric determination of L-ornithine

In 1952, Chinard et al described a single cuvette assay based on
the colorimetric reaction of ninhydrin reagent with L-ornithine at
very low pH (Chinard, 1952). Later, the method was optimized for
microplates for the detection of arginase activity by analyzing the
production of L-ornithine in human hemolysates and cultured hu-
man erythroleukemic cells (K562 cells) (Iyamu et al, 2008). If
applied for determination of arginase activity in cells and tissues,
this method has some major disadvantages, including the interfer-
ence of endogenous L-ornithine found in the sample at the steady
state, as well as its complex trafficking and metabolism, which also
includes the formation of downstream products such as polyamine.

C. The radioactive assay: Conversion of 14C-L-arginine into L-ornithine
and 14C-urea

Rüegg and Russell first proposed the determination of arginase
activity inbovine liver, calf serum, andmurinemacrophageextract by
applying L-[guanido-14C]-arginine (Rüegg and Russell, 1980). Before
application into the assay, the substrate L-[14C]-argininewas purified
using an ion exchange column prepared with a Dowex 50W X8
(hydrogen form) resin, which removes potential contaminants
(including spontaneously hydrolyzed arginine) and leads to a very
low background. According to their method, 1 volume of glycine
buffercontaining75mMglycine,2mMMnCl2, and0.02% thymolblue
at pH 9.7 was premixed with 7 volumes of 1 M L-arginine solution
containing L-[14C]-arginineandwater (v/v,1:6) and10mMMnCl2 and
then incubated at 56 �C, pH 7.5. The reaction was terminated by
adding acetic acid with 7 M urea, 10 mM L-arginine, and 0.001%
methyl red at pH 4.5 to each sample. The time-dependent formation
of 14C-urea was measured by scintillation counting at different time
points from 2 to 120 minutes (Rüegg and Russell, 1980).

By using L-[guanido-14C]-arginine, Spector et al (1980)
established a similar assay for the detection of arginase activity
in erythrocyte lysate. The produced 14C-urea was converted into
ammonia and 14CO2 by Jackbean urease, which was trapped by
filter paper soaked with NaOH as Na214CO3 followed by scintil-
lation counting. By using this method, the authors compared
arginase activity in RBCs of different species, including humans
and primates, rats, rabbits, cats, and dogs; the arginase activity
was normalized as micromoles L-arginine hydrolyzed per gram
hemoglobin per hour (Spector et al, 1985). They found <1 mmol
urea/g hemoglobin per hour in RBCs from BALB/c mouse, rat,
rabbit, cat, and dog, in contrast to >900 mmol urea/g hemoglobin
per hour in humans.

Further optimization of this method was carried out by Morris
et al (1998). This assay was applied by many researchers to
analyze arginase activity in cells, tissues, and blood, and it is still
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one of the most sensitive and accurate assays. By applying this
assay, they found that the arginase activity in the plasma and RBCs
of individuals with sickle cell disease (SCD) was significantly higher
than that in healthy controls (individuals with SCD vs healthy
controls, 37.7 ± 2.9 vs 23.5 ± 1.7 nmol/mg/min in plasma and 2.1 ±
2.1 vs 0.4 ± 0.2 mmol/mL per hour in RBCs) (Morris et al, 2005a).

D. Systemic analysis of L-arginine bioavailability and L-arginine
metabolism

With thediscovery that upregulationof arginase activitymayplay
an important role in disease conditions, there has been a growing
interest in the analysis of arginase activity and L-arginine bioavail-
ability in human cohorts, and in preclinical studies in experimental
animals. Asmentioned above, L-arginine is the common substrate for
arginase and the NOS enzymes; therefore, systemic L-arginine
bioavailability is thought to be dependent on the relative activity of
bothenzymeclasses, theirexpression, andthe compartmentalization
of L-arginine (Elms et al, 2013). For the analysis of L-arginine
bioavailability, the “global L-arginine bioavailability ratio” (GABR)
was proposed. GABR is calculated as the ratio between L-arginine
level and the levels of L-ornithine and L-citrulline (GABR¼ L-arginine/
(L-ornithineþ L-citrulline)),whicharemetabolic productsof arginase
andNOS activity, respectively (Tang et al, 2009). Further studies have
investigated the levels of L-arginine, L-ornithine, and L-citrulline in
plasma of human cohorts (K€ovamees et al, 2016b; De Santo et al,
2018; Burrage et al, 2019; Fan et al, 2021).

Alternatively, for determination of serum levels of L-arginine,
L-ornithine, and L-citrulline, asymmetric dimethylarginine (ADMA),
and symmetric dimethylarginine, some researchers applied an high-
performance liquid chromatography method based on fluorescent
derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl carba-
mate (AccQ-Fluor) (Heresztyn et al, 2004; Miyazaki et al, 2018).

L-arginine, L-ornithine and L-citrulline and the derived GABR
were also measured directly in plasma of subjects with coronary
artery disease (CAD) by electrospray ionization tandem mass
spectrometry online with an API 365 triple quadruple mass spec-
trometer using 13C6-arginine as the internal standard for the
quantification (Tang et al, 2009).

Metabolomics approaches were also established to investigate
L-arginine metabolism and its corresponding regulation in vivo by
using liquid chromatography-quadrupole time-of-flight mass
spectrometry. One example is a method for the determination of
16 amino acids, amino acid derivatives, and related compounds in
plasma to identify potential biomarkers in pediatric chronic kid-
ney disease (Benito et al, 2016). The metabolites comprised
L-homoarginine, L-homocysteine, L-arginine, symmetric dime-
thylarginine, ADMA, dimethylglycine, S-adenosylhomocysteine,
S-adenosylmethionine, L-citrulline, betaine, creatine, creatinine,
glutathione, methionine, glycine, and cysteine (Benito et al, 2016).
Another example is the quantitative analysis of L-arginine me-
tabolites, polyamines, and acetylated polyamines in various bio-
logical matrices such as liver, muscle, adrenal glands, and brain in
mice (Langner et al, 2022). Further examples of applications of the
analysis of arginase metabolites in human cohorts are discussed in
Section V.B and summarized in the related Table 5.

E. Summary

To summarize, the arginase activity in cells and tissues was
analyzed by measuring the production of urea by derivatization and
colorimetric assay, which has limitations due to interference with
endogenous urea (eg, in plasma) or heme-containing proteins
absorbing in the same range of wavelengths (eg, hemoglobin in
RBCs). A more accurate method is the detection of the conversion of
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isotope-labeled (13C or 14C) L-arginine into their enzymatic products
13C or 14C-L-ornithine/urea from arginases, or 13C or 14C-L-citrulline
from NOS by scintillation ordfor nonradioactive isotopesdby mass
spectrometry (MS). MS has the advantage that can be applied for
metabolic analysis of L-arginine metabolites on a larger scale and
does not require the use of radioactive compounds.

IV. The biological role of arginase in cells and tissues

In this section, we aim to review and discuss the cell-specific
role of arginase in the liver, immune system, blood, vasculature,
heart and kidney and to highlight their significance in health and
disease. Specifically, we will explore the diverse functions of Arg1
and Arg2 in different tissues and describe the species-specific
expressional level, localization, and regulation in rodents and
humans. These differences are particularly important when phar-
macological therapies are tested in preclinical models. The available
cell-specific mouse models and their phenotypes are summarized
in Table 2.

A. Role of arginase in the liver

The liver is composed of 4 major cell types: hepatocytes (~70%),
HSCs (~13%), sinusoidal ECs (~10%), and liver resident macrophages
also defined as Kupffer cells (~7%) (Racanelli and Rehermann, 2006;
Chen and Tian, 2021). Interestingly, all these cells express Arg1 and
are essential for maintaining liver homeostasis (MacParland et al,
2018).

Arg1, the so-called liver-type arginase, is predominantly and
constitutively expressed in the liver, especially in hepatocytes
(MacParland et al, 2018). The main role of arginase in the liver is the
detoxification of ammonia from the body, which is produced as a
result of the catabolism of amino acids and is potentially neuro-
toxic. Ammonia is detoxified in the urea cycle by forming urea,
which can be then excreted by the kidney (Krebs and Henseleit,
1932; Strong et al, 2021) (Fig. 5).

The urea cycle can be divided into 5 enzymatic steps. The first 2
steps are located in the mitochondria and the last 3 in the cyto-
plasm of hepatocytes: (1) ammonium, carbon dioxide, and 2 ATPs
are converted into carbamoylphosphate by carbamoylphosphate
synthetase I; (2) carbamoylphosphate is combined with L-ornithine
to L-citrulline; (3) L-citrulline and aspartate are condensed to
argininosuccinate by argininosuccinate synthetase using 1 mole-
cule of ATP; (4) argininosuccinate is cleaved into L-arginine and
fumarate by argininosuccinase; and finally (5) Arg1 hydrolyzes L-
arginine into L-ornithine and urea (Pelley, 2012; Barmore et al,
2024). Urea is exported from the hepatocytes into the blood to-
ward the kidney, where it is excreted in the urine. This also explains
the high concentrations of urea found in plasma, which limits the
use of the urea assay for this compartment (see Section III.A).

The transport of L-ornithine and L-citrulline in and out of the
mitochondria is carried out by L-ornithine carrier 1 and 2 and solute
carrier family 25 member A29 (SLC25A29) (Fiermonte et al, 2003;
Porcelli et al, 2014). However, the expression of SLC25A29 is lower
that of other transporters. Therefore, the role of SLC25A29 in the
urea cycle is likely limited (Camacho and Rioseco-Camacho, 2009).

Besides the urea cycle, L-arginine can also be consumed by eNOS
or iNOS to produce L-citrulline and NO in liver ECs (Poisson et al,
2017) but also in hepatocytes, HSCs, and Kupffer cells/macro-
phages (Cunningham and Porat-Shliom, 2021; Pudewell et al,
2022). Furthermore, in the liver, L-arginine can be converted into
agmatine or creatine, whereas L-ornithine can be further catabo-
lized into polyamines, L-proline, or glutamate. The urea cycle and
its intermediates are tightly regulated (Wu and Morris, 1998). In
individuals carrying a genetic mutation of liver Arg1, the levels of



Table 2
Summary of arginase specific knockout models

Mouse Model Targeted
Isoforms

Gene Targeting Strategy Phenotype Reference

Effect of Genetic Modification on Recipient Strain

Global Arg1�/� Arg1 Replacement vector consists of genomic
sequences from exon 2 to exon 8, in
which exon 4 was replaced by the
neomycin resistance cassette (NeoR)

� Hyperammonaemia
� Early lethal (between day 10 and 14)

Iyer et al, 2002

Global Arg2�/� Arg2 Partial deletion of exons 4 and 5 of the Arg2
gene (by Shi et al)

� Homozygous Arg2�/� mice were viable
� Plasma L-arginine level [
� Plasma norepinephrine turnover [
� Hypertension

Shi et al, 2001; Huynh et al, 2009

Global Arg2�/� Arg2 Arg2flox/flox (exons 2 and 3)
FVB/NTg(ACTB-Cre)2Mrt mice

� Arg2�/� mice are unable to produce
intestinal mucin

� Arg2�/� mice became highly susceptible
to experimentally induced colitis

Park et al, 2009

Inducible global Arg1�/� Arg1 Arg1flox/flox (exons 7 and 8) CreERT2 � Lethal 2 wk after tamoxifen treatment
� L-citrulline and guanidinoacetic acid [

� L-ornithine levels ꞊
� Other amino acids Y

Sin et al, 2013

Arg1þ/� Arg2�/� mice Arg1
Arg2

Arg1�/� Arg2�/� mice were generated by
crossing Arg1þ/� mice (exon 4 by Iyer
et al) with Arg2�/� mice (exon 4, by Shi
et al)

� L-arginine level [
� L-ornithine levels Y
� Liver L-ornithine levels reduced to 2%

with L-arginine very highly elevated

Deignan et al, 2006

Cell-Specific Arginase Knockout Models

Liver-specific Arg1�/� Arg1 Deletion of exons 7 and 8 of the Arg1 gene
after intraperitoneal injection of
Arg1flox/flox (exons 7 and 8) mice with
AAV-TBG-Cre-promoter-Cre
recombinase vector

� Lethal phenotype similar to the inducible
Arg1�/� mice phenotype

� Delivery of Arg1-eGFP AAV vector pro-
longs lifespan

Ballantyne et al, 2016

EC/HC Arg1�/� Arg1 Arg1flox/flox (exon 4) Tie2-Cre deleter � IL-4-induced polyamine production [ Van den Bossche et al, 2012
EC Arg1�/� Arg1 Arg1flox/flox (exons 7 and 8) Cdh5-Cre/ERT2pos � Expression of eNOS in the aorta Y

� L-arginine and NO bioavailability ꞊
� Vascular endothelial function in

conductance and resistance arteries ꞊
� Preserved systemic hemodynamic and

cardiac performance
� Increased contractile response to

phenylephrine in aorta rings

Heuser et al, 2022

Microglial-specific Arg1�/� Arg1 Arg1flox/flox (exons 7 and 8)
Cx3cr1CreER

� No notable morphological differences
� Impaired cholinergic innervation and

dendritic spine maturation in the
hippocampus

� Deficits in long-term memory acquisition
in females

Stratoulias et al, 2023

Effect of Disease Conditions (Selected)

Infectious Disease
Macrophage Arg1�/�

Toxoplasma gonii/
tuberculosis

Arg1 Argflox/flox (exon 7 and 8)
Tie2-Cretg/�

LysM-Cretg/�

� Arg1�/�Tie2 showed complete Arg1
ablation in all macrophage types,
Arg1�/�LysM showed less deletion

� Host survival in T. gondii infection [

� Lung bacterial load in tuberculosis
infection Y

El Kasmi et al, 2008

Asthmatic Arg1-deficient
BM chimeric mice

Arg1 Transfer Arg1-deficient
BM into irradiated recipient mice
Asthma model: OVA-induced or Aspergillus

fumigatus-induced

� BM-derived Arg1 is not required for
baseline immune cell development and
allergen-induced inflammation

� BM-derived Arg1 is the main source of
allergen-induced lung arginase

Niese et al, 2009

Global Arg2�/� mice
Infected with Helicobacter

pylori

Arg2 Partial deletion of exons 4 and 5 of the Arg2
gene (by Shi et al)

� Macrophages of Arg2�/� mice iNOS
protein levels and NO levels [

� Inhibition of arginase in Arg2�/� mice did
not have additional effects on iNOS or NO
levels

Lewis et al, 2010

Global Arg2�/� mice
infected with H. pylori

Arg2 Partial deletion of exons 4 and 5 of the Arg2
gene (by Shi et al)

� Arg2�/� macrophages undergo less
apoptosis

� Arg2�/� macrophages more abundant
� Arg2�/� macrophages iNOS [

� Arg2�/� macrophages nitrotyrosine
staining [

Lewis et al, 2011

EC and HC Arg1�/� in
endotoxemia

Arg1 Arg1flox/flox (exon 4)
Tie2Cretg/�

� Inflammatory response [

� NO production by iNOS [

� Depressed microcirculatory flow in the
jejunal

Wijnands et al, 2014
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Table 2 (continued )

Mouse Model Targeted
Isoforms

Gene Targeting Strategy Phenotype Reference

Double mutant Arg2�/�

Nos2�/� mice infected
with H. pylori

Arg2 Doublemutant Arg2�/�Nos2�/� obtained by
crossing Arg2�/� mice (obtained by
deletion of exons 4 and 5 of the Arg2
gene) and Nos2�/� mice obtained by
deletion exons 12 and 13 of the Nos2
gene

� In Arg2�/�, gastric polyamine synthesis
and catabolism [

� Arg2�/� and Arg2�/� Nos2�/�, gastritis [
colonization Y

� In Arg2�/�, M1 macrophage activation [,
NOS2�/� and Arg2�/� Nos2�/�, M1
macrophage activation ¼

Hardbower et al, 2016

Inflammatory Disease/Asthma
Asthmatic
EC/HC Arg1�/�

Arg1 Arg1flox/flox (exon 4)
Tie2Cretg/� or LysMCretg/�

Asthma model: OVA-induced allergic
asthma in female mice

� Arg1 allele was virtually completely
deleted in the lungs of knockoutTie2 mice,
but incompletely in knockoutLysM mice

� Improved peripheral lung function in
OVA-treated knockoutTie2 mice

� Air hyperreactivity and lung
inflammation was not altered in
knockoutTie2 mice

Cloots et al, 2013

Asthmatic myeloid cell
Arg1�/� in female mice

Arg 1 Arg1flox/flox (exon 4)
Tie2Cretg/�

LysMCretg/�

Asthma model: OVA-induced allergic
asthma in female mice

� Arg1 positive cells completely absent
from the lungs of OVA-treated knock-
outTie2 mice, but only reduced in knock-
outLysM mice

� Compared to male mice, females show
more decline of arginine-metabolizing
and -transporting genes, OVA-specific
IgE Y

� Methacholine responsiveness and
accumulation of inflammatory cells ¼

Cloots et al, 2017

Diabetes/CVD
Diabetic Arg2�/� Arg2 Partial deletion of exons 4 and 5 of the Arg2

gene (by Shi et al)
� Albuminuria Y

� Macrophage recruitment Y
� Renal blood flow [

Morris et al, 2011

Diabetic Arg1þ/� Arg 2�/� Arg1
Arg2

Arg 1þ/� Arg 2�/� mice were generated by
crossing Arg 1þ/� mice (exon 4, by Lyer
et al) with Arg 2�/� mice (exon 4/5 by Shi
et al) þ STZ treatment

� Impairment of EC-dependent vasodila-
tion Y

� Tissue oxidation, vascular stiffness, and
coronary fibrosis Y

Romero et al, 2012

EC Arg1�/� mice fed a high-
fat/high-sucrose diet

Arg1 Argflox/flox (exon 7 and 8)
Cdh5-Crepos/neg

� Prevention of endothelial dysfunction Bhatta et al, 2017

Diabetic EC/HC Arg1�/� Arg1 Arg1flox/flox (exon 4) Tie2Cretg/�mice diabetic
model, induced by STZ treatment

� L-arginine concentration in plasma [

� Diabetes-induced alterations in arterial
smooth muscle reactivity and
endothelium-dependent relaxation ꞊

Chennupati et al, 2018

Renal Disease
EC Arg2�/� and proximal

tubular cell Arg2�/� with
unilateral ureteral
obstruction

Arg2 Arg2flox/flox (exon 3)
Tie2-Crepos/neg

Ggt1-Crepos/neg

� EC Arg2�/�, level of renal fibrosis Y
� Proximal tubular epithelial cell Arg2

knockout, level of fibrosis ꞊

Wetzel et al, 2020

Renal tubular cells
Arg2�/�

Arg2 Arg2flox/flox (exons 3, 4, 5, and 6)
Pax8-rtTA/LC1 mice

� Urea concentration and osmolality
gradients along the corticomedullary axis
Y

� Tissue damage after unilateral I/R injury
� Albuminuria and aminoaciduria

Ansermet et al, 2020

Atherosclerosis
Erythroid Arg1�/� in

apoE�/� background þ
high-fat diet

Arg1 Argflox/flox (exon 7 and 8) apoE�/� EpoR-
Crepos/neg mice þ

Western diet (high cholesterol)

� Atherosclerotic lesion size at the aortic
root ꞊

� Vascular NO bioactivity, smooth muscle
osteoblastic differentiation, and
atherosclerotic lesion calcification [

� L-ornithine, proline in vascular smooth
muscle cells expression [

Gogiraju et al, 2022

AAV, adeno-associated virus; BM, bone marrow; HC, hepatocyte; OVA, ovalbumin; STZ, streptozotocin.
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L-arginine in plasma are elevated (Diez-Fernandez et al, 2018),
indicating that the higher arginase activity in the liver limits the
export of liver L-arginine into the plasma. In line with those find-
ings, global constitutive Arg1�/� mice display hyperarginemia and
die between day 10 and 14 after birth because of hyperammonemia
(Iyer et al, 2002).

Conditional mouse models of Arg1 deficiency (Arg1flox/flox mice)
were generated by targeting exons 7 and 8 (El Kasmi et al, 2008) or
exon 4 (Van den Bossche et al, 2012) (Table 2). Late-onset global
9

Arg1�/� mice and hepatocyte-specific Arg1�/� mice showed a
similar phenotype characterized by hyperarginemia, hyper-
ammonemia, and dysregulation of amino acid metabolism, but
without any increase in L-ornithine (Kasten et al, 2013; Sin et al,
2013). Interestingly, the same phenotype was found in another
study in hepatocyte-specific Arg1�/� mice (Ballantyne et al, 2016),
demonstrating that Arg1 in hepatocytes plays a major role in
regulating the systemic levels of ammonia and L-arginine. Other
pathways that metabolize L-arginine, such as NO production by



Fig. 5. Urea cycle in the liver. The urea cycle is divided into 5 steps. The first 2 steps consist of the generation of carbamoylphosphate from ammonia and synthesis of L-citrulline,
which takes place in the mitochondria. L-Citrulline is transported to the cytosol and undergoes conversion into argininosuccinate by arginosuccinate synthetase. Arginosuccinate is
then cleaved into L-arginine and fumarate by argininosuccinase, and then Arg1 in the cytosol hydrolyzes L-arginine to L-ornithine and urea in a final step. L-Ornithine is transported
back into the mitochondria, where it is transformed again into L-citrulline. Urea is exported into the blood and excreted in the urine via the kidney.
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eNOS or iNOS, are mainly influenced by the extracellular L-arginine
concentration (MacKenzie and Wadsworth, 2003; Shin et al, 2011).

Polyamines play an important role in liver regeneration and
homeostasis. The levels of polyamines are regulated by arginase
levels, import and export of polyamines and amino acids, as well as
the expression of the rate-limiting enzyme L-ornithine decarbox-
ylase, which converts L-ornithine to putrescine (Luk, 1986; Dayoub
et al, 2006; Uemura and Gerner, 2011; Okumura et al, 2016; Sagar
et al, 2021). Recently, it was shown that Arg1 plays a major role
in the maintenance of quiescence of HSCs, suggesting an effect of
downstream polyamine synthesis (Pudewell et al, 2022). The
detailed role of arginase in sinusoidal liver ECs is less known. The
consequence of EC-Arg1 knockout in mice was not specifically
studied in the liver in detail. However, mice lacking EC-Arg1 did not
show a specific liver phenotype (at least in our hands) (Heuser et al,
2022), and other investigators did not mention any liver phenotype
in similar models (Table 2) (Bhatta et al, 2017). Arg1 is also
expressed in resident liver macrophages (or Kupffer cells) in mouse
liver. Although the canonical role of arginase in mouse bone
marrow and alveolar macrophages has been well studied (see
Section IV B), cell-specific analysis of the effects of arginase in
Kupffer cells on liver pathophysiology is still lacking.

B. Role of arginase in the immune system

Arginases are crucially involved in various aspects of inflam-
mation and immunomodulation both in health and disease con-
ditions. Increased arginase activity has been involved in
inflammation-triggered immune dysfunction, tumor immune
10
escape, fibrosis, immunosuppression, and immunopathology of
infectious diseases (Bronte and Zanovello, 2005; Munder, 2009;
Murray, 2016; Martí and Reith, 2021). The regulatory role of Arg1
and Arg2 in the immune response profoundly differs betweenmice
and humans.

According to a classical view, mouse macrophages can be clas-
sified as belonging to 2 subtypes named M1 and M2 based on their
role in the inflammatory response and their expression of iNOS
(M1) or Arg1 (M2) (Fig. 6) (Thomas and Mattila, 2014; Murray,
2017). In this model, the balance between arginase and iNOS ac-
tivity in macrophages dictates the outcome of immune responses.
M1 macrophages preferentially metabolize L-arginine via iNOS into
NO and L-citrulline and orchestrate the first proinflammatory phase
of the immune response; in contrast, M2 macrophages metabolize
L-arginine via Arg1 into L-ornithine and urea and are mainly
involved in anti-inflammatory responses (Thomas and Mattila,
2014; Murray, 2017). The underlying mechanism involves the
activation of iNOS expression in M1 macrophages by Th1-derived
cytokines (IL-1-b, tumor necrosis factor-a), and interferon-g in-
duces iNOS expression via activation of transcription factors such as
NFkB and AP1 and drives the classical M1 activation pathway. Th2
cytokines such as IL-4, IL-10, and IL-13 suppress iNOS activity and
promote Arg1 expression (Bronte and Zanovello, 2005; Thomas and
Mattila, 2014; Martí and Reith, 2021). Recently, it was shown that
Arg2 is present in the mitochondria of proinflammatory M1 mac-
rophages and is essential for IL-10-mediated metabolic down-
regulation, promoting the resolution of inflammation (Dowling
et al, 2021). Another possibility is that the cross-talk between M1
macrophages expressing iNOS andM2macrophages expressing Arg



Fig. 6. Arginase/iNOS pathway in mouse macrophages. IFN-g, interferon gamma; IL, interleukin; iNOS, inducible nitric oxide synthase; Th, T helper; TNF-a, tumor necrosis factor
alpha. Figure created with BioRender.com.
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1 may occur via control of L-arginine bioavalability and transport
via CAT1 and CAT2; however this needs to be verified
experimentally.

In humans, the M1/M2 dichotomy is not well defined and is
controversially discussed in the literature (Munder, 2009;
Thomas and Mattila, 2014). In human blood, circulating mono-
cytes do not express Arg1; instead, human Arg1 is constitutively
expressed in PMN granules, is released in response to proin-
flammatory stimuli, and regulates immune T cell responses
(Munder et al, 2005; Munder et al, 2006; Oberlies et al, 2009).
Less is known about the role of Arg1 in human tissue macro-
phages anddin generaldabout the role of Arg2 in these cells,
except that Arg2 is constitutively expressed in mitochondria and
contributes to L-arginine metabolism (Martí and Reith, 2021).

T lymphocytes play a central role in the adaptive immune
response. It is well known that L-arginine starvation impairs T cell
functions by multiple mechanisms (Geiger et al, 2016; Martí and
Reith, 2021). T cell proliferation is dose-dependent on L-arginine,
with maximal proliferation occurring at plasma concentrations
~100 mmol/L (Ochoa et al, 2001). CD8þ T cells show a more pro-
nounced dependency on L-arginine availability than CD4þ T cells.
Moreover, dietary L-arginine supplementation improves thymic
weight and T cell reactivity in both rats and humans (Martí and
Reith, 2021).

Mechanistically, L-arginine starvation impairs T cell function
through the downregulation of the CD3z subunit of the T cell re-
ceptor (TCR) complex, crucial for TCR assembly and activation
(Munder et al, 2006; Munder, 2009). Additionally, L-arginine
deprivation disrupts TCR signaling, reduces IL-2 production, and
affects cell cycle regulators, causing T cell arrest in the G0-G1 phase
(Martí and Reith, 2021). L-arginine starvation also inhibits glycolysis
in T cells without affecting mitochondrial function, although high L-
arginine levels can enhance CD8þ T cell antitumor activity in vivo
(Grzywa et al, 2020).

Human T cells constitutively express mitochondrial Arg2 (Lowe
et al, 2019, Martí i Líndez et al, 2019), while the constitutive
expression of Arg1 is under debate (Murray, 2016; Martí and Reith,
2021). Therefore Arg2 regulates T cell intracellular L-arginine
metabolism and plays a critical role in T cell function (Martí and
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Reith, 2021). Inhibition or deletion of Arg2 enhances T cell activa-
tion and antitumor responses, independent of extracellular L-argi-
nine levels (Grzywa et al, 2020; Martí and Reith, 2021). Arg2 also
supports regulatory T cell function and survival, indicating its po-
tential as a therapeutic target in autoimmune and neoplastic dis-
eases (Grzywa et al, 2020). Based on the observations that arginase
inhibits T cell in the tumor microenvironment and thus promot
cancer growth, novel immunotherapy vaccines targeting Arg1 or
Arg2 have been developed and are now undergoing clinical trials
(Martinenaite et al, 2019; Weis-Banke et al, 2020; Lorentzen et al,
2022; Niu et al, 2022).

Human granulocyte subpopulations and especially PMNs ex-
press both isoforms of arginase. In these cells, Arg1 is not found in
the cytoplasm but rather in the cytoplasmic granules and, as briefly
mentioned previously, Arg1 release in the extracellular space exerts
immunosuppressive functions by depletion of L-arginine and in-
hibition of T effector cell responses (Munder et al, 2005; Munder
et al, 2006; Oberlies et al, 2009). Surprisingly, the expression of
Arg1 is not regulated by Th2 cytokines and other stimuli in these
cells (Munder, 2009; Murray, 2016). Similar T cell immunosup-
pressive activity of arginases is found in myeloid-derived sup-
pressor cells (MDSCs). MDSCs are a heterogeneous population of
immature myeloid cells at different stages of myelopoiesis exerting
immunosuppressive function through their ability to metabolize
and deplete L-arginine, which is needed for T cell-mediated re-
sponses (Bronte et al, 2016; Ostrand-Rosenberg and Fenselau,
2018). Indeed, MDSCs express high levels of both Arg1 and iNOS
(Gabrilovich and Nagaraj, 2009) and were described to inhibit
T cells by high-output NO production (Jia et al, 2010) and by
inducing L-arginine starvation of T cells (Raber et al, 2014). Arg1 is
also crucial for the inhibition of allo-stimulated T cell by MDSCs
(Bronte et al, 2003). Hence, arginases and in general L-arginine
metabolic enzymes in MDSCs are considered to be excellent mo-
lecular targets of immunoregulatory compounds in infectious dis-
eases and cancer (Table 3).

In the tumor microenvironment, abundant arginase activity is
mainly related to the presence of MDSCs, and L-arginine meta-
bolism is one of the metabolic pathways responsible for tumor
progression (Kim et al, 2018). Moreover, upregulation of either Arg1
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Table 3
Established and potential therapeutic applications

Therapeutic Intervention Indication Status Reference

Pegylated arginase 1 1. Arg1 deficiency
2. Arginase auxotrophic tumors
3. Immunosuppression

1. Approved as orphan drug by the EMA
2. Open-label phase 2 trial
3. Not tested

1. Russo et al, 2024
2. Cheng et al, 2021
3. Munder, 2009

L-Arginine/L-citrulline
supplementation

1. Chest pain
2. T2DM
3. Endothelia dysfunction

1. Clinical trial
2. Clinical trial
3. Clinical trial

1. Lerman et al, 1998
2. Shatanawi et al, 2020
3. Chin-Dusting et al, 1996

Arginase inhibitor 1. T2DM (þ CVD)
2. Advanced/metastatic solid tumors

with upregulation of Arg1
3. Infection with parasites
4. Pulmonary hypertension in SCD

1. Clinical tests/phase 1 clinical trial
2. Phase 1 clinical trial

3. Mouse studies
4. Mouse studies

1. Shemyakin et al, 2012; K€ovamees et al, 2014
2. Steggerda et al, 2017; Kuboki et al, 2024;

Naing et al, 2024
3. Li et al, 2022b
4. Morris et al, 2005a; Steppan et al, 2016

EMA, European Medicines Agency.
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or Arg2 expression/activity has been reported in several cancer
types (Grabo�n et al, 2009; de Boniface et al, 2012; Bedoya et al,
2014). Accumulating research indicates that inhibiting the
potent immunosuppressive mechanisms of MDSCs can be a
therapeutic target to restore T cell activity and immunotherapy
success in antifungal therapy (Law et al, 2020). Indeed, pharma-
cological inhibition of MDSC-derived Arg1 expression by either
SB202190, which is a specific inhibitor of p38, or vandetanib, an
orally administered receptor tyrosine kinase inhibitor, signifi-
cantly enhanced T cell-mediated antifungal responses against
C. neoformans infection (Li et al, 2022b). It has also been reported
recently that by using the arginase inhibitor OAT-1746, the nega-
tive effects of Arg1 in ovarian carcinoma can be mitigated
(Czystowska-Kuzmicz et al, 2019). Please refer also to Section V.C
and Tables 3 and 4.
Table 4
Arginase inhibitors used in human-based in vitro/ex vivo studies

Name Structure Test US National
Clinical Trial
Number

First Gene

ABH (2-(S)-amino-6-
boronohexanoic acid)

In vitro n.a.

BEC
(S-(2-boronoethyl)-
L-cysteine)

In vitro/ex vivo/
clinical trial

n.a.

nor-NOHA
(Nu-hydroxy-
nor-arginine)

In vitro/ex vivo/
clinical trial

NCT 02009527
NCT 05536934
NCT 02687152
NCT 05806502

Second Gen

ABH analogs
(synthesized based on
Ugi reaction)

In vitro/in vivo n.a.

Third gene

NED 3238 In vitro n.a.

INCB001158 (formerly
named CB-1158)

Clinical trial phase
1/phase 2/
in vitro

NCT 03314935
NCT 02903914
NCT 03910530
NCT 03361228
NCT 03837509

n.a., not applicable.
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In conclusion, arginases significantly influence immune re-
sponses and inflammation, with elevated activity linked to various
pathological conditions such as immune dysfunction, tumor pro-
gression, and immunosuppression. The roles of Arg1 and Arg2
differ between mice and humans, particularly regarding their
modulation of macrophage and T cell functions. The use of phar-
macological inhibitors to improve immunotherapy outcomes or
recombinant arginase to induce cancer cell L-arginine starvation
shows great potential in cancer therapy.

C. Role of arginase in red blood cells

It has long been known that Arg1 is present in circulating RBCs
and that its protein level differs considerably among species (Azizi
et al, 1970; Spector et al, 1983). Humans and primates have high
Administration Application Reference

ration

n.a. n.a. Van Zandt et al, 2019

Intradermal microdialysis in
combination with nor-NOHA

CVD Busnel et al, 2005;
Holowatz et al, 2006

Intrabrachial infusion/
sublingual perfusion/
intradermal microdialysis/
intra-arterial infusion

CVD, T2DM,
obesity

K€ovamees et al, 2014;
Van Zandt et al, 2019

eration

n.a. n.a. Golebiowski et al, 2013

ration

n.a. n.a. Van Zandt et al, 2019

Oral application Solid tumors Steggerda et al, 2017;
Kuboki et al, 2024;
Naing et al, 2024
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levels/activity of arginase, whereas rodents, cats, and dogs have
rather low arginase activity (which is often under the detection
limits of common methods) (Azizi et al, 1970; Spector et al, 1983).

In general, the proteome of circulating RBCs is made of proteins
that were synthesized during their maturation from hematopoietic
stem cells to proerythroblasts to reticulocytes in the bone marrow.
Human erythroid cells express both Arg1 and Arg2 (Kim et al, 2002;
Grzywa et al, 2021a). In human erythroid cells, the expression of
arginases starts during the late phase of erythropoiesis, when the
hematopoietic stem cells differentiate into proerythroblasts, while
the highest protein level is found in circulating human RBCs
(Grzywa et al, 2021a,b). Importantly, Arg2 was found to be upre-
gulated 12-fold during erythroid differentiation and remained
elevated in late-stage erythroblasts, whereas Arg1 was upregulated
at very late-stage terminal differentiation (Grzywa et al, 2021a,b).
Arg2 is probably lost when the mitochondria and the nucleus are
extruded (Grzywa et al, 2021a,b). In human erythroid cells, there is
also an alternatively spliced variant of Arg1 with preserved activity
(Kim et al, 2002).

The strong induction of Arg1 and Arg2 in human pro-
erythroblasts was associated with a continuous requirement for
extracellular L-arginine throughout the erythroid differentiation
process. Notably, L-arginine in this context was not required for the
synthesis of creatine or NO, but rather for polyamine biosynthesis
and hypusination of the eIF5A transcription factor (Shima et al,
2006; Gonzalez-Menendez et al, 2023). Interestingly, mouse pro-
erythroblasts express Arg1 at lower levels than human pro-
erythroblasts (Grzywa et al, 2021b; Shahbaz et al, 2021).

There is compelling evidence that Arg1 levels in human RBCs are
increased in people with SCD (Iyamu et al, 2005; Morris et al,
2005a). SCD is caused by a range of mutations in the b-globin
chain of hemoglobin. Hypoxia induces sickling of RBCs due to
polymerization of abnormal hemoglobin (Pauling et al, 1949). Sickle
cells are stiffer, more fragile, more prone to rupture, and show
increased arginase activity (Iyamu et al, 2005). Specifically, it was
proposed that the release of RBC protein content due to cell
rupture/damage induces an increase of free hemoglobin and Arg1
in plasma. The increase in free hemoglobin in plasma leads to
systemic oxidative stress and NO scavenging, while the increased
arginase activity in plasma leads to reduced L-arginine bioavail-
ability. Therefore, both free hemoglobin and arginase in plasma
may contribute to the pathophysiology of SCD by promoting
endothelial dysfunction and pulmonary hypertension. (Morris et al,
2005a). A similar pathophysiology was also observed in hemolytic
uremic syndrome (Friberg et al, 2024).

Interestingly, other investigators proposed that liberation of
arginase from human RBCs into the plasma may also exert
immunosuppressive effects by L-arginine depletion (Bernard
et al, 2008; Munder, 2009). This immunosuppressive effect of
arginase released from RBCs could also be a possible explanation
for the increased risk of invasive bacterial infection in humans
with SCD.

Another role attributed to Arg1 in RBCs is the control of systemic
NO bioavailability and NO release from RBCs (Yang et al, 2013). We
and others have shown that eNOS is present in RBCs (Kleinbongard
et al, 2006; Cortese-Krott et al, 2012). In line with this finding, Yang
et al (2013) showed that the inhibition of Arg1 in human RBCs
regulates eNOS-dependent export of NO metabolites and contrib-
utes to cardioprotection in a Langendorff bioassay. By comparing
the cardiovascular hemodynamics and the outcome of acute
myocardial infarction in RBC- and EC-specific eNOS�/� mice, we
recently demonstrated that eNOS present in RBCs regulates blood
pressure and the levels of circulating NO metabolites and is car-
dioprotective (Leo et al, 2021; Cortese-Krott et al, 2022). Recently,
an erythroid cell targeted Arg1�/� mouse was generated by using
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mice expressing a Cre-recombinase under the control of the pro-
moter for erythropoietin receptor and crossed into an apoE�/�

background. These mice showed increased vascular calcification on
high-fat diet and increased S-nitrosoglutathione reductase activity
in their vessels (Gogiraju et al, 2022).

It is important to point out that mice and rats are unlikely to be
goodmodels for studying the role of Arg1 in RBCs in vivo. According
to all studies investigating arginase activity by monitoring the
conversion of isotopically labeled L-arginine into L-ornithine and
urea, the arginase activity inmouse and rat RBCs is very low or even
undetectable under some conditions (Azizi et al, 1970; Spector et al,
1983). Moreover, the expression and activity of arginase in mouse
monocytes is very high (Munder et al, 2005), which may contam-
inate RBC samples. In addition, when considering the results of
mouse studies obtained with the loxP/Cre system, the specificity of
the promoter and its regulation often determine the quality of the
results. As mentioned previously, the Tie2 promoter drives gene
expression in both ECs and cells of the myeloid cell lineage (leu-
kocytes) (Payne et al, 2018), and the phenotype may derive from
vascular or immune cell dysfunction.

There is no doubt however that an increase in arginase activity
in human RBCs has an important pathophysiological role. Inde-
pendent human studies found that the levels of L-arginine in hu-
man RBCs correlated with the levels of Arg1 expression and activity
in RBCs (Spector et al, 1985; Morris et al, 2000, 2005a). As previ-
ously mentioned, RBC arginase activity was found to be elevated in
hematological diseases (especially in diseases caused by genetic
mutations of genes codifying for hemoglobin chains like SCD) as
well as cardiovascular disease (CVD) (Azizi et al, 1970; Iyamu et al,
2005; Morris et al, 2005b).

In the late 80s, Cederbaum et al proposed that the absence of
arginase in the RBCs from lower animals, and its presence in the
RBC from primates and humans may be the result of an evolu-
tionary adaptation, rather than the “vestigial presence of an arcane
function” (Spector et al, 1985). It is unclear whether the presence of
arginase expression in RBCs confers any obvious advantage or
disadvantage to the animal carrying it. This interesting perspective
was sadly not pursued further.

To summarize, while human RBCs carry high levels of Arg1,
mice and rats express Arg1 at a very low level; the reason of this
discrepancy is unknown. An increase in RBC arginase activity
plays a major role in SCD pathophysiology and was also proposed
to be immunomodulatory. More studies with human erythroid
precursor cells and human cohorts are required to understand the
pathophysiological role of arginase in RBCs and how its levels and
activity may be modulated under disease conditions.

D. Role of arginase in the vasculature

In the vasculature, L-arginine is mainly converted into NO by
eNOS (EC:1.14.13.39) expressed in ECs. NO is involved in the mod-
ulation of endothelial function, vascular tone, organ perfusion, and
blood pressure (Moncada et al, 1991; Farah et al, 2018; Ostrand-
Rosenberg and Fenselau, 2018; Lundberg and Weitzberg, 2022).
Reduced bioavailability of NO results in endothelial dysfunction
and promotes hypertension, atherosclerosis, and myocardial
infarction.

In the vascular wall, ECs and vascular smooth muscle cells may
express both isoforms of arginase (although there are some
species-specific patterns for Arg1 or Arg2, as carotid porcine ECs,
for example, express Arg2 and not Arg1 [Thacher et al, 2010])
(Fig. 7). Nevertheless, multiple studies describe arginase as a
counterpart of eNOS in vascular ECs for modulating endothelial
function (Kim et al, 2009; Chung et al, 2014; Krause et al, 2015).
Thus, increased arginase activity in the vessel wall was proposed to



Fig. 7. L-Arginine metabolism in ECs. In ECs, L-arginine serves as a key substrate for both nitric oxide (NO) synthesis by endothelial nitric oxide synthase (eNOS) and catabolism by
Arginase 1 (Arg1) and Arginase 2 (Arg2). eNOS is well known to produce NO, which diffuses to vascular smooth muscle cells where it activates soluble guanylate cyclase (sGC),
leading to vasorelaxation. Because of the coexpression of both arginase isoforms within the endothelium, they are proposed to act as functional counterparts to eNOS, indirectly
regulating its activity. Data from cell-specific mouse models reveal that this competition becomes relevant only in disease conditions leading to an increase in arginase activity and
is less relevant under homeostatic conditions. CAT, cationic amino acid transporter; cGMP, cyclic guanosine monophosphate; GTP, guanosine triphosphate. Figure created with
BioRender.com.
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limit the bioavailability of L-arginine for eNOS and therefore
decrease NO production, resulting in endothelial dysfunction and
hypertension (Zhang et al, 2001; Toque et al, 2013; Caldwell et al,
2018; Mahdi et al, 2020a; Li et al, 2022c).

Multiple preclinical studies in rodents showed that the oral
administration of arginase inhibitors, such as 2(S)-amino-6-
boronohexanoic acid (ABH) and Nu-hydroxy-nor-arginine (nor-
NOHA) improved eNOS-dependent vasorelaxation and endothelial
function and decreased blood pressure in spontaneously hyper-
tensive rats, old rats, or rats fed a high-fat diet (Kim et al, 2009;
Bagnost et al, 2010; Chung et al, 2014).

A similar phenotype was observed in EC-specific Arg1�/� mice
generated using cadherin-5 (Cdh5)-promoter Cre recombinasemice
and fed a high-fat and high-sucrose diet. In these mice, the deletion
of Arg1 in ECs protected mice from vascular dysfunction (Bhatta
et al, 2017; Yao et al, 2017). Interestingly, EC/myeloid cell-specific
Arg1�/� mice generated using Tie2-Cre recombinase mice did not
improve vasomotor function in diabetic mice (Chennupati et al,
2018). It is important to mention that the Tie2 promoter drives
Cre recombinase expression in all subtypes of ECs, but Cre recom-
binase expression was also found in the hematopoietic cell lineage
or, depending on the gene construct, in the heart valves (Payne et al,
2018). The Cdh5 promoter drives the expression of Cre recombinase
specifically in ECs, and it is generally considered the most specific
promoter, in particular when the activity of the Cre recombinase is
inducible by tamoxifen (Cdh5ET2-Cre mice); however, in some
models in which Cdh5-Cre recombinase expression is constitutive,
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the expression of Cre recombinase was also observed in hemato-
poietic cells and the cardiac valve.

Work from our laboratory demonstrated that under homeo-
static conditions, EC Arg1�/� mice (tamoxifen-inducible Cdh5ET2-
Cre) show a downregulation of eNOS in the aorta and a fully
preserved vascular function and NO metabolites under basal
conditions (Heuser et al, 2022). We also observed a compensatory
upregulation of Arg1 in the aorta, which points to an upregulation
of Arg1 in vascular smooth muscle cells (Heuser et al, 2022).
Therefore, the relationship between eNOS and Arg1 in ECs in vivo
is far more complex than a competition for their common sub-
strate. Accordingly, a recent study provided quantitative evidence
that in murine macrophages and human umbilical artery ECs,
there was no direct competition between Arg1 and the NOS en-
zymes if a constant flux of L-arginine is provided (Momma and
Ottaviani, 2022).

The role of Arg2 in vessels is less known. Arg2 expression in the
mitochondria of ECs and smooth muscle cells is lower than that of
Arg1, and their functions are difficult to discern without genetic
manipulation. There are few studies investigating the role of
mitochondrial Arg2 in the endothelium in mice. One animal study
showed that Arg2 is the key isoform responsible for the total
arginase activity in the aorta of aging mice, leading to eNOS
uncoupling and endothelial dysfunction (Shin et al, 2012). This
finding is supported by another study showing that mice over-
expressing Arg2 in the endothelium showed endothelial dysfunc-
tion, hypertension, and enhanced atherosclerosis (Vaisman et al,
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2012). In addition, Arg2 is reported to promote a proinflammatory
effect, contributing to insulin resistance and atherogenesis (Ming
et al, 2012; Yang and Ming, 2014). Interestingly, in porcine carotid
ECs, Arg2 was upregulated by oscillatory shear stress; as a result,
porcine carotid arteries subjected to oscillatory shear stress showed
a decreased bradykinin-induced vasorelaxation, which could be
recovered by treatment with the arginase inhibitor nor-NOHA
(Thacher et al, 2010). Interestingly, porcine carotid arteries and
their cellular components (ECs and smooth muscle cells) express
Arg2, but not Arg1, showing a further species-specific feature of
arginases in the vasculature.

Overall, these results indicate that Arg1 does not appear to be
involved in the regulation of NO-dependent vasorelaxation in
homeostatic conditions and that an increase in arginase activity
is correlated with regulation of vascular remodeling and stiff-
ening, probably via L-arginine depletion and synthesis of
polyamines.

Further studies are needed to understand whether and how
arginase expression or activity in the vascular endothelium is
regulated by pathophysiological stimuli such as shear stress or
turbulent flow and how this regulation is coordinated with eNOS
activity.

E. Role of arginase in the heart

In the heart, Arg1 is expressed in coronary ECs and car-
diomyocytes in a species-specific manner. The expression of Arg1
has been found to be upregulated in coronary arterioles in
humans with type 2 diabetes mellitus (T2DM) and in homoge-
nates of samples of the right atrial appendage collected during
cardiac surgery (Chen et al, 2006; Beleznai et al, 2011). Arg1
is constitutively expressed in the cardiomyocytes of felines
and affects cardiomyocyte NO signaling, whereas Arg2 is not
constitutively expressed in feline cardiomyocytes (Jung et al,
2006). Rat heart lysate shows expression of both Arg1
and Arg2, but cardiomyocytes from rats express only Arg2
(Steppan et al, 2006).

Nor-NOHA-mediated arginase inhibition during ischemia-
reperfusion (I/R) injury in rats resulted in reduced infarct size
and elevated plasma nitrite levels in vivo (Jung et al, 2010;
Tratsiakovich et al, 2013). Furthermore, Arg1 expression was
significantly increased in the ischemic myocardium of rats (Jung
et al, 2010). Whether these effects are caused by the expression
of Arg1 in the myocardial cells (cardiomyocytes, vascular cells) or
from infiltrating neutrophils or other blood cells was not further
investigated. Indeed, infiltrating neutrophils are known to
contribute to the infarct size, at least in rat (Williams et al, 1994). It
has also been shown that in pigs, Arg1 expressed in coronary
arterioles modulates NO-mediated vasorelaxation (Zhang et al,
2001). Furthermore, it has been proposed that coronary EC
dysfunction plays a role in the microvascular injury occurring
after I/R injury. This hypothesis is supported by the finding that
mice overexpressing tumor necrosis factor-a show an increase in
arginase activity as well as in the expression of Arg1 in ECs at basal
conditions and after I/R injury (Gao et al, 2007). In addition, these
mice show a significant reduction in maximal vasodilation after
I/R injury as well as a decrease in eNOS expression in coronary
arterioles.

To summarize, also in the heart, arginases show a species-
specific and cell-specific expression. It appears that Arg1 plays a
role in the pathophysiology of myocardial infarction whereas Arg2
plays an immunosuppressive and protective role, at least in ro-
dents. The data on the expression/activity and function of arginases
in human heart tissue are still too sparse to make a clear conclusion
about its role in the heart. More research is needed in this direction,
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perhaps by using novel single-cell sequencing and mapping in
heart biopsies.

F. L-Arginine metabolism and role of arginase in the kidney

The kidney plays an essential role in the endogenous synthesis
of L-arginine. L-Arginine is synthesized from L-citrulline by argino-
succinate synthetase and arginosuccinate lyase (Szepesi et al, 1970;
Morris et al, 1989). As mentioned in Section IV.A, there is a high
turnover of L-arginine through the urea cycle in the liver; however,
the urea cycle is tightly regulated such that L-arginine is promptly
metabolized further and thereby does not contribute to the circu-
lating levels of L-arginine under homeostatic conditions. In
contrast, in the kidney, only a small part of the synthesized
L-arginine is used for the production of polyamines and creatine
from L-ornithine, while most of it is released into the circulation,
making it available for other tissues (Rogers et al, 1972) (Fig. 8).

L-Arginine is synthesized throughout the length of the proximal
tubule by arginosuccinate synthetase and arginosuccinate lyase,
but in the proximal convoluted tubule, synthesis is the highest,
which is consistent to the highest expression of arginosuccinate
synthetase and arginosuccinate lyase in the nephron (Levillain et al,
1990; Levillain, 2012). L-Arginine synthesis gradually decreases in
the terminal part in the outer medulla, ie, in the proximal convo-
luted tubule, where lower but significant synthesis takes place.

Notably, approximately 83% of L-citrulline released from the
small intestine undergoes renal metabolism. Thus, circulating
L-citrulline availability is the limiting factor in renal L-arginine
production (Windmueller and Spaeth, 1981; Dhanakoti et al, 1990).
At least in rats, endogenous production of L-arginine from
L-citrulline is necessary for normal growth, and it cannot be
completely restored by the diet, demonstrating the importance of
renal production of L-arginine for optimal growth in young animals
(Hoogenraad et al, 1985). Surprisingly, in rats, the level of L-arginine
in plasma is normally stable even after chronic renal failure due to
the increased plasma concentration of L-citrulline and the increase
in urea, whichmay inhibit the arginase activity (Moradi et al, 2006).

The total arginase activity is low in the kidney, and its function is
still not fully understood. The predominant arginase isoform
expressed in the kidney is the mitochondrial isoenzyme Arg2,
which is also known as “the kidney arginase.” It is constitutively
expressed in the kidneys of humans, rodents, and likely in all
mammals, whereas Arg1 is not expressed in the kidney under ho-
meostatic conditions (Spector et al, 1983; Morris et al, 1997;
Miyanaka et al, 1998; Morris et al, 2011). In rats, Arg2 is expressed
mostly in the proximal straight tubule (Miyanaka et al, 1998).
Studies performed on male and female mice showed that female
mice have 3-fold higher Arg2 expression and activity compared to
male mice (Levillain et al, 2005a). In rats, Arg2 is expressed at
higher levels in the innermedullary collecting ducts as compared to
the thin descending and ascending limbs of Henle’s loop. Accord-
ingly, the enzymatic activity of Arg2 is not homogenous in the
entire kidney, but it occurs mainly in the outer stripe of the outer
medulla and inner medulla (Levillain et al, 1989).

Interestingly, there is evidence that all 3 NOS isoforms are
expressed in the inner medullary collecting duct (as summarized
previously by LoBue et al, 2023), which may indicate a mutual
regulation between these 2 enzyme classes in the metabolism of
L-arginine in the kidney (Wu et al, 1999; Levillain et al, 2005b;
Hyndman et al, 2013). It has been hypothesized that renal arginase
activity may be important for L-ornithine production and subse-
quently polyaminemetabolism for themaintenance of normal tissue
homeostasis and, only in a small part, for producing urea, whichmay
contribute to concentrating the urine in the medulla (Levillain et al,
1989; Waddington et al, 1998; Brosnan and Brosnan, 2004).



Fig. 8. Synthesis of L-arginine in the kidney. L-Arginine is endogenously synthesized in the kidney in a reaction catalyzed by argininosuccinate synthetase and argininosuccinate
lyase by using circulating L-citrulline produced in the intestine. Synthesis occurs throughout the whole length of the proximal tubule but is particularly high in the early part closest
to the glomerulus, the proximal convoluted tubule (PCT), and gradually decreases in the terminal part in the outer medulla, the proximal straight tubule (PST). Only a small part of
the L-arginine synthesized in the kidney is used for the production of polyamines and creatine from L-ornithine, while most of it is released into the circulation, making it available
for other tissues. Figure created with BioRender.com.
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Interestingly, diabetic Arg2�/� mice chronically treated with
streptozotocin were protected against diabetic nephropathy. The lack
of Arg2 in these mice protected them against streptozotocin-induced
albuminuria, macrophage recruitment, and histopathological
changes, leading to renal tissue protection and thus suggesting a
role of Arg2 in diabetic nephropathy. Moreover, the lack of Arg2
protection lead to a decrease in renal modular blood flow, which is
consistent with preserved renal NO production (Morris et al, 2011).
Accordingly, it was shown that a specific lack of Arg2 in ECs reduced
renal fibrosis in mice by restoring NO levels and mitochondrial
function in the kidney (Wetzel et al, 2020). Another interesting
study indicates that Arg2 plays a role in the circadian clock. In this
study, it was shown that the lack of Bmal1 in the nephron led to
increased urea levels in the plasma, which was correlated with
tubular dysfunction (Nikolaeva et al, 2016). The increase in urea
were associated to an increase in the activity of Arg2 in the kidney.

Unlike Arg2, Arg1 expression in the kidney occurs only in
pathological conditions, mainly as a consequence of inflammation
or tissue damage. For example, in nephritic glomeruli in rats,
arginase activity was found to be 6-fold higher as compared to
control glomeruli; the increased arginase activity was due to the
induction of Arg1 expression, whereas Arg2 was not upregulated
(Waddington et al, 1998). The expression of Arg1 is likely due to the
presence of infiltrating macrophages in the tissue. In fact, high
expression of Arg1 was also found in the macrophages located in
the outer medulla after I/R injury in mice (Shin et al, 2022). In this
study, the authors proposed that Arg1 activity may contribute to
stimulating the reparative proliferative response to replace the cells
in the medullary tubule.

To summarize, the kidney is a key organ involved in the synthesis
of L-arginine and the maintenance of L-arginine levels in plasma.
Although expression of Arg2 is constitutive in kidney cells, its
function is not fully understood. The main role of Arg2 is likely to
keep normal tissue structure/homeostasis during the production of
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L-ornithine and the subsequentmetabolism of polyamines; however,
this needs to be further investigated. In contrast, the expression of
Arg1 is mainly induced during tissue damage and inflammation and
contributes to immunomodulation and tissue repair.

G. Summary and outlook

In summary, Arg1 and Arg2 play multiple, often species-specific
roles across cells and tissues in the body. In this context, recent
studies carried out with cell-specific transgenic mouse models are
providing new and somewhat unexpected information on the
biological roles of arginase in specific cells and compartments.
Accumulating evidence also indicates that there are important
species-specific differences, in particular between rodents and
humans, regarding the role of arginases in immune cells and RBCs.
These differences need to be considered in pharmacological and
translational studies, as well as in preclinical testing.

In the liver, the cytosolic isoenzyme Arg1 is crucial for detoxi-
fying ammonia via the urea cycle, while the role of mitochondrial
Arg2 appears to be mainly the synthesis of L-ornithine as a pre-
cursor of L-proline and polyamines.

In the immune system, Arg1 is well known to modulate im-
mune cell function and promote immunosuppression, host pro-
tection, and resolution of inflammation, mainly by limiting
L-arginine bioavailability for downstreammetabolic pathways and
iNOS-mediated high-output NO synthesis. In mice, arginase
expression in M2 macrophages drives the anti-inflammatory re-
sponses, as well as participates in tissue repair via polyamine and
proline synthesis. In humans, Arg1 is constitutively expressed in
granules of PMN cells and MDSCs, and its L-arginine-depleting
activity drives immunosuppression of T cell responses. The
expression and function of Arg1 in monocytes/macrophages in
humans is still debated. The immunosuppressive role of arginases
is part of the pathophysiology of chronic inflammatory conditions,

http://BioRender.com
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infections, and cancer; for example, some parasites and tumor
cells express their own arginase or induce arginase expression in
the cells of the host. In addition, Arg2 is emerging as a further
important regulator of the immune response and a possible
pharmacological target.

In the blood, Arg1 is also present at higher levels in human and
primate RBCs, whereas its presence in the RBCs of other mammals
including mice and rats is very low. In humans, arginase activity is
increased in RBCs of people with SCD, thalassemia, and other he-
moglobinopathies, and it was shown to promote endothelial
dysfunction and pulmonary hypertension by hemolysis-induced
arginase release into the plasma and systemic L-arginine deple-
tion. High levels of RBC arginase are also found in people with CVD
and diabetes and are proposed to contribute to endothelial
dysfunction and cardiovascular events. Interestingly, an immuno-
suppressive function of arginase release from RBCs has been also
proposed.

In the vasculature, arginase activity is increased under patho-
logical conditions such as diabetes and atherosclerosis and pro-
motes endothelial dysfunction, mainly by competing with eNOS for
L-arginine and affecting endothelial NO production. The specific
role of cytoplasmic Arg1 or mitochondrial Arg2 in the vessel wall is
not fully understood. Mice lacking EC Arg1 show no changes in
vascular endothelial function ex vivo or in vivo under homeostatic
conditions.

In the kidney, Arg2 is likely involved in L-arginine metabolism
into L-ornithine and polyamines. It is upregulated and exerts a
protective function on the kidney tissue in diabetic nephropathies,
at least in the mouse.

These findings underscore the need for further research to
reveal the complex roles of Arg1 and Arg2, by considering their
cellular and subcellular localization and regulation, their species
specificity, and their significance in cellular processes. These dif-
ferences need to be taken into considerationwhen pharmacological
therapies are tested in preclinical models.

V. L-Arginine metabolism and arginase activity in human
disease

There are multiple human studies investigating L-arginine
metabolism in human cohorts. L-Arginine levels and metabolism in
humans have been extensively studied to investigate the role of
arginase in the urea cycle and the consequences of genetic defects
(such as hyperarginemia) in liver homeostasis, as well as in the
immune system and cancer cells in relationship to iNOS activity.
Moreover, L-arginine bioavailability has been studied in the context
of arginase as a counterpart of eNOS for endothelial dysfunction in
CAD and diabetes. Arginase has shown potential as a therapeutic
target for various diseases and conditions, and its inhibition has
been explored in clinical trials to evaluate its efficacy and safety.
Details about the human studies discussed in the text are sum-
marized in Table 5.

A. Measurements of arginase expression and activity in human
disease

The main pathophysiological consequence of autosomal ARG1
mutations in humans is hyperargininemia, which leads to an
autosomal inborn error in the urea cycle (Diez-Fernandez et al,
2018). Other symptoms are progressive intellectual impairment
and neurological impairment, persistent growth retardation, and
spastic paraparesis (Diez-Fernandez et al, 2018). In a study, 66
mutations of the ARG1 gene were identified in 112 humans with
hyperargininemia; 30 were missense mutations, 15 deletions, 10
splicing, 7 nonsense, 1 small insertion, and 1 translation initiation
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codon mutation. The estimated incidence of this disease is
approximately 1:726,000 (Catsburg et al, 2022). At the beginning of
this year, pegzilarginase, a recombinant, cobalt-substituted, and
pegylated human ARG1 enzyme therapy, received approval as an
orphan drug in the European Union for the treatment of Arg1
deficiency (Russo et al, 2024). Interestingly, mutations of the ARG1
gene could also play a role in other diseases. In subjects with
erectile dysfunction (n ¼ 110), 2 different polymorphisms in the
ARG1 gene were associated with the severity of erectile dysfunc-
tion, but there was no correlationwith plasma Arg1 levels (Lacchini
et al, 2015).

It was proposed that an upregulation of Arg1 in the lungs leads
to an imbalance in L-arginine/NO availability, resulting in pulmo-
nary hypertension and/or smooth muscle contraction as well as
lung tissue remodeling. In fact, an upregulation of Arg1 has been
found in pulmonary diseases, including chronic obstructive pul-
monary disease, pulmonary hypertension, pulmonary fibrosis,
tuberculosis, and asthma (North et al, 2009; Henno et al, 2015;
Monin et al, 2015; Lucca et al, 2018; Wu et al, 2019).

Increased levels of Arg1 in human RBCs and plasma have been
proposed to contribute to the pathophysiology of hemoglobin-
opathies such as SCD and thalassemia. It has been shown that
arginase activity in plasma is higher and L-arginine plasma level is
lower in peoplewith thalassemia (n¼ 14) or SCD (n¼ 140) (Morris
et al, 2005a,b). The authors of these elegant studies proposed that
intravascular hemolysis with release of hemoglobin and arginase
in plasma causes, on one hand, a reduction in L-arginine concen-
tration in plasma, and on the other hand, scavenging of NO,
leading to endothelial dysfunction and pulmonary hypertension.
Interestingly, the treatment of humans with SCD with hydroxy-
urea (n ¼ 23) reduced arginase activity in the plasma (Iyamu et al,
2005).

In addition, the first evidence that Arg1 present in RBCs can
modulate endothelial dysfunction and the outcome of I/R injury has
come from bioassays (Yang et al, 2018; Zhou et al, 2018; Mahdi et al,
2020b). RBCs from people with T2DM (n ¼ 20) showed increased
arginase activity and arginase level in RBCs as compared to healthy
individuals (n ¼ 15) (Zhou et al, 2018). Furthermore, the authors
showed in a bioassay that the coincubation of RBCs from in-
dividuals with T2DM with rat aortas induces endothelial dysfunc-
tion, which can be prevented by the ex vivo inhibition of arginase.
In addition, RBCs from people with T2DM also induced an increase
in arginase activity in coincubated human carotid arterial ECs. The
authors of the study proposed that this upregulation is induced by
peroxynitrite (Mahdi et al, 2020b). In another study, the same au-
thors showed that RBCs from people with T2DM (n ¼ 13) aggravate
myocardial I/R injury (Yang et al, 2018). These studies indicate that
Arg1 present in human RBCs plays a role in the complex vascular
and cardiac pathophysiological consequences of T2DM in humans.

There are multiple studies showing increased Arg1 activity/
protein levels in serum of humans with myocardial infarction
(Porembska and Kedra, 1975; Bekpinar et al, 2011), and they were
linked to endothelial dysfunction via decrease of L-arginine
bioavailability.

An interesting hypothesis that should be also taken into
consideration is that the release of arginase and decrease of
endogenous levels of L-arginine may also exert an immunosup-
pressive effect, as hypothesized by Munder (2009). The immuno-
suppression may become pathophysiological in various infections
with parasites and viral infections. For example, in human immu-
nodeficiency virus (HIV)-infected humans, a high expression of
Arg1 in lymph nodes correlated with an increase in HIV viral load
whereas iNOS expression negatively correlated with the HIV viral
load (n¼ 52) (Zhang et al, 2016). Such upregulation may contribute
to the suppression of antiviral immunity in HIV-infected humans;



Table 5
Summary of human studies on arginases and their substrates and products

Study Subjects
Cohort (Number of Subjects)

Parameters Intervention Main Findings Reference

Measurement of L-Arginine Bioavailability in Human Cohorts

Subjects without significantly
obstructive CAD (402) vs
subjects with significantly
obstructive CAD (608)

GABR in plasma n.a. � GABR Y and L-citrulline level [
� Associated with the development of

significantly obstructive atherosclerotic CAD
and increased the risk of MACE

Tang et al, 2009

CAD (2236) GABR, L-arginine-to-L-ornithine
ratio in serum

n.a. � GABR inversely correlated with endothelial
pro-inflammatory markers such as ICAM-1
and VCAM-1

� Decrease in GABR and arginine-to-ornithine
ratio are associatedwith a significant increase
in cardiovascular mortality

� GABR Y in subjects with T2DM vs subjects
without diabetes

Sourij et al, 2011

T2DM (41) GABR
In plasma

Intensified risk factor
intervention therapy

� GABR and L-arginine-to-L-ornithine ratio [

after 3 mo of intensified risk factor
intervention (antihyperglycemic, anti-
hypertensive, and antihyperlipidemic
therapy)

Tripolt et al, 2012

Adults with COVID-19 (32) and
children with COVID-19/
MIS-C (20) vs adult
controls (28)

GABR, L-arginine-to-L-ornithine
ratio in plasma

n.a. � L-arginineY,L-arginine-to-L-ornithine ratioY,
and GABR Y in the COVID-19�positive adult
and COVID-19/MIS-C pediatric group vs
control group

� Low GABR associated with immune
dysregulation and endothelial dysfunction in
COVID-19

� Low L-arginine-to-L-ornithine ratio
associated with an elevated arginase activity

Rees et al, 2021

Subjects with STEMI (70) L-arginine metabolite levels in
plasma

NOS inhibitor, L-NAME � Median concentration of L-arginine in acute
phase of myocardial infarction >6-mo follow-
up measurements correlated with the area at
risk and infarct size

� Median L-citrulline/L-arginine Y, L-citrulline/
L-ornithine and arginine/ADMA ¼ pointing to
a shift of L-arginine metabolism from NOS
toward arginase

� Low L-arginine concentration associated with
worse long-term outcomes

Molek et al, 2021

Arginase Expression and Activity in Human Disease

Early phase of MI (100) Arginase activity in serum after
myocardial infarction
(measured from a few hours
after the first attack of
coronary pain until 5 days)

n.a. � Arginase activity [ in the 10e30 h after MI
� Normal values after 3e5 days
� No changes in individuals with angina

pectoris, acute coronary insufficiency, left
cardiac failure, right cardiac failure, or cardiac
insufficiency

Porembska and Kedra,
1975

PAH (41) vs controls (37) L -arginine metabolites,
arginase activity in
pulmonary artery ECs

n.a. � Arginase activity Y and Arg2 expression Y in
pulmonary artery ECs from the lung of
individuals with PAH

Xu et al, 2004

SCD (228) vs controls (36) Amino acid levels (Arg, Orn, Cit,
and Pro) and arginase
activity in plasma,
pulmonary hypertension,
mortality

n.a. � Plasma arginase activity [

� Correlation between arginase activity and
L-arginine-to-L-ornithine ratio

� Correlation between arginase activity and
increased intravascular hemolytic rate

� Low L-arginine-to-L-ornithine ratio
associated with greater severity of
pulmonary hypertension and mortality

Morris et al, 2005a

Thalassemia (14) vs
controls (36)

Amino acid levels (Arg, Orn, Cit,
and Pro) and arginase
activity in plasma

n.a. � L-arginine levels Y,L-ornithine levels [,
L-citrulline [

� L-arginine-to-L-ornithine ratio Y

� arginase activity in plasma [

Morris et al, 2005b

SCD (35) vs controls (10) Arginase and NOS activity in
plasma and RBCs, fetal
hemoglobin levels blood
count

23 participants with
SCD with HU
therapy,

12 participants with
SCD without HU
therapy

� Arginase activity Y in individuals with HU
therapy, a treatment with ribonucleotide
reductase inhibitor

� Fetal hemoglobin levels [
NOS activity [in subjects with HU therapy

Iyamu et al, 2005

Asthma (6) vs controls (7) Arg1 expression in lung tissue n.a. � Arg1 expression [ in subjects with asthma North et al, 2009
MI (43) vs controls (33) Arg1 activity and expression in

serum, L-arginine, and
ADMA concentrations in
plasma

n.a. � Arginase activity Y and arginase expression [

in blood serum from people with MI
� Arginase expression negatively associated

with left ventricular ejection fraction

Bekpinar et al, 2011
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Table 5 (continued )

Study Subjects
Cohort (Number of Subjects)

Parameters Intervention Main Findings Reference

� Low L-arginine/ADMA ratio in plasma of
participants with MI

Endothelial dysfunction (110)
vs controls (106)

Arg1 and Arg2 in plasma (levels
and activities)

n.a. � Arg1 genetic variations affect ED severity
� Arg2 concentrations [ in plasma of people

with ED

Lacchini et al, 2015

Asymptomatic HIV (19), AIDS
(33) vs lymph node controls
(13), peripheral blood
controls (20)

Arg1 expression in lymph
nodes and peripheral blood

n.a. � Arg1 expression [ in the lymph nodes from
HIV-infected participants

Zhang et al, 2016

Asthmatics (52) vs controls (51) Arginase activity in serum,
expression of Arg2 in airway
epithelium

n.a. � Arg2 expression [in the airway of asthmatic
study participants

Xu et al, 2017

T2DM (46) vs controls (34) Arginase activity in RBCs
forearm blood flow, RBC
(human)-aorta (rat)
coincubation

Incubation of RBCs with
ABH ex vivo

� Arginase activity in RBCs from subjects with
T2DM [

� RBC from subjects with T2DM-induced
endothelial dysfunction

� Inhibition of ROS and arginase prevented
endothelial dysfunction in ex vivo bioassay

Zhou et al, 2018

T2DM (27) vs controls (23) Arginase expression and
activity in RBCs

Effects of glucose on
RBC arginase activity
ex vivo, effects of
RBC on I/R in
Langendorff heart
bioassay

� RBC arginase activity[ and production of ROS
[ in RBCs

� RBCs from participants with T2DM aggravate
myocardial I/R injury in Langendorff heart

� Inhibition of arginase in RBCs improves
postischemic myocardial recovery

Yang et al, 2018

T2DM (18) vs controls (20) RBC (individuals)-aorta (rat)
coincubation, arginase
activity in aortic rings

n.a. � Peroxynitrite scavenging with FeTTPS in RBCs
reversed endothelial dysfunction in bioassay
ex vivo

� Upregulation of arginase in RBCs of
participants with T2DM and vasculature is
peroxynitrite-dependent

Mahdi et al, 2020b

Administration of Arginase Inhibitors

CAD (16), CAD and T2DM (16)
vs controls (16)

Arginase expression in the
arteries, EDV

nor-NOHA � Inhibition of arginase significantly improves
endothelial function in participants with CAD
and T2DM

� Upregulation of arginase activity is a critical
factor in endothelial dysfunction

Shemyakin et al, 2012

CAD (12) vs CAD and T2DM (12) EDV nor-NOHA � Inhibition arginase provides protection
against I/R-induced endothelial dysfunction
in participants with CAD

K€ovamees et al, 2014

CAD (16), CAD and T2DM (16)
vs controls (16)

EDV nor-NOHA � Inhibition of arginase improves
microvascular endothelial function in
humans with T2DM and microvascular
dysfunction

� Inhibition of arginase protects against I/R-
induced endothelial dysfunction in humans
with CAD

K€ovamees et al, 2016a,
Mahdi et al, 2018)

Controls (21) EDV nor-NOHA � Baseline EDV inversely associated with the
age of the participants

� Inhibition of arginase improves EDV,
associated with the age of the participants

� Inhibition of arginase improves endothelial
function in elderly healthy subjects, age-
dependent

Mahdi et al, 2019

Supplementation of L-Arginine/L-Citrulline

Subjects referred to tertiary
treatment for heart failure

Forearm blood flow, 6-min
walk test, symptom scores L-arginine

� Supplementation of L-arginine significantly
increased the forearm blood flow during
forearm exercises, the waking distance in 6-
min walking test, and lowered symptom
scores

Rector et al, 1996

Healthy individuals (26) Forearm resistance arteries,
major amino acids in plasma

28-day L-arginine � L-Arginine supplementation had no effect on
endothelial function in healthy adults,
induced changes in the total amino acid
profile but not L-arginine concentration in
plasma

Chin-Dusting et al,
1996

Subjects with chest pain and
coronary endothelial
dysfunction

Coronary blood flow 6-mo L-arginine � Long-term supplementation of L-arginine
increased coronary blood flow, is associated
with improved symptom scores and with a
decrease in plasma endothelin
concentrations

Lerman et al, 1998

(continued on next page)
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Table 5 (continued )

Study Subjects
Cohort (Number of Subjects)

Parameters Intervention Main Findings Reference

T2DM (25) Arginase activity in plasma;
levels of nitrite and nitrate in
plasma

Supplementation of
L-citrulline

� Supplementation of L-citrulline reduced
arginase activity and plasma NO levels in
individuals with T2DM

Shatanawi et al, 2020

Treatment with PEG-Arginase

Arginase auxotrophic
tumor (23)

L-arginine level in plasma,
PEG-BCT-100 level in
plasma, change in tumor size

Intravenous PEG-BCT-
100

� Median L-arginine concentration in plasma
reached 2.5 mMafter the second PEG-BCT-100
injection

� Preliminary antitumor activity in 4 cases

Cheng et al, 2021

Arg1 deficiency (32) L-arginine level in plasma,
functional mobility (Gross
Motor FunctionMeasure part
E and 2-min walk test)

Intravenously/
subcutaneously,
once-a-week
pegzilarginase
treatment

� Pegzilarginase treatment lowered mean
L-arginine in plasma from 354.0 mM to 86.4
mM as compared to patients treated with
placebo from 464.7 mM to 426.6 mM

� Patients treated with pegzilarginase showed
clinically relevant functional mobility
improvements

Russo et al, 2024

ABH, 2(S)-amino-6-boronohexanoic acid; ED, erectile dysfunction; EDV, endothelium-dependent vasodilation; FeTTPS, 5,10,15,20-tetrakis(4-sulfonatophenyl)
porphyrinato iron III chloride; HU, hydroxyurea; ICAM, intercellular adhesion molecule; L-NAME, NG-nitro-L-arginine methyl ester; MACE, major adverse cardiovascular
event; MI, myocardial infarction; MIS-C, multisystem inflammatory syndrome in children; n.a., not applicable; PAH, pulmonary arterial hypertension; PEG, polyethylene
glycol; PEG-BCT-100, pegylated recombinant human arginase 1 BioCancerTreatement international (BCT)-100 (NCI cancer tesaurus code 88286); Pegzilarginase, recombinant,
cobalt-substituted and pegylated human ARG1 enzyme (Stone et al, 2010); ROS, reactive oxygen species; STEMI, ST elevation myocardial infarction; VCAM, vascular cell
adhesion molecule.
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thus, Arg1 expression can be used as a parameter to predict disease
progression.

There are no known genetic defects of Arg2 that cause human
disease. However, it has been shown that Arg2 expression and ac-
tivity were increased in pulmonary artery ECs of individuals with
pulmonary arterial hypertension (n ¼ 41 ± 3) (Xu et al, 2004).
Similar to Arg1, Arg2 expression is increased in people with asthma
caused by chronic airway inflammation (Xu et al, 2017).

In summary, both arginase isoforms play crucial roles in various
disease conditions. Mutations in the ARG1 gene lead to a defect of
the urea cycle, causing hyperargininemia and leading to early death.
In the beginningof 2024, thefirst therapyusinghuman recombinant
pegylated cobalt-substituted arginase enzymebecame available. On
the other hand, the upregulation of arginase expression and activity
seems to be involved in various diseases such as T2DM and SCD. In
addition, arginase shows immunosuppressive properties, which are
involved in infections with parasites and viral infection.

B. Measurement of L-arginine bioavailability in human cohorts with
cardiometabolic disease

The majority of the human studies having L-arginine bioavail-
ability or metabolism as a primary outcome measure is based on
the hypothesis that arginase activity in the vasculature contributes
to the consumption of L-arginine, which contributes to endothelial
dysfunction. Consumption of L-arginine and the production of L-
ornithine should affect GABR in plasma, as an index of L-arginine
bioavailability. Therefore, GABR was measured in the plasma of
people with CAD (those without significantly obstructive CAD, n ¼
402 vs significantly obstructive CAD, n ¼ 608) by monitoring the
levels of free L-arginine, L-ornithine, L-citrulline, and ADMA. GABR
was lower in participants with obstructive CAD (>50% stenosis)
than in those without obstructive CAD, which implied that
decreased GABR is associated with obstructive CAD and a subse-
quent increased incidence of major adverse cardiovascular events
(Tang et al, 2009). Similarly, the levels of L-arginine, L-ornithine, and
L-citrulline were measured in the serum of participants (n ¼ 2236)
collected before coronary angiography (Sourij et al, 2011). In this
study, they found that GABR was significantly decreased in persons
with T2DM and was also inversely correlated with some known
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biochemical markers of endothelial dysfunction such as the
expression of intracellular adhesion molecule-1, vascular adhesion
molecule-1, and von Willebrand factor. Furthermore, they also
observed that decreased GABR and the arginine-to-ornithine ratio
were associated with increased cardiovascular mortality. A further
study investigated the changes of GABR in people with T2DM (n ¼
41) after intensifying the therapy according to the guideline for 3
months to reach therapy targets such as hemoglobin A1c, low-
density lipoprotein cholesterol 2.6, or blood pressure (Tripolt
et al, 2012). The authors showed that targeting those risk factors
improves GABR and arginine-to-ornithine ratio. It is important to
note that this improvement was only found in people who had
T2DM for <5 years.

L-Arginine levels and metabolism were also measured in
plasma samples from subjects during the acute phase of myocar-
dial infarction collected before percutaneous coronary interven-
tion and again 6 months after myocardial infarction (n ¼ 70)
(Molek et al, 2021). L-arginine, L-ornithine, and ADMA levels were
determined and calculated into indexes of L-citrulline/L-arginine,
L-citrulline/L-ornithine, and L-arginine/ADMA. The authors
observed that the index of L-citrulline/L-arginine significantly
decreased in the acute phase of myocardial infarction, but the
indexes of L-citrulline/L-ornithine and L-arginine/ADMA were un-
changed. The authors proposed that this may indicate a shift of L-
arginine utilization from NOS toward arginase and/or an increase
in the activity of arginase.

L-arginine and L-ornithine concentrations were also measured
in the plasma from lean and obese people with asthma, obese
people without asthma, and corresponding healthy controls using
liquid chromatography-MS/MS (Winnica et al, 2019). In this study,
they demonstrated that the L-arginine levels in the plasma were
decreased in both lean and obese people with asthma, and also
obese people without asthma as compared with that of healthy
individuals. Moreover, the L-arginine levels in obese people with
asthma were significantly lower than those in healthy lean
controls.

Recently, L-arginine level, L-arginine-to-L-ornithineratio, andGABR
were analyzed in adults diagnosed with COVID-19 (n ¼ 32) and chil-
dren with COVID-19/multisystem inflammatory syndrome (n ¼ 20).
They found that all these parameters were significantly lower in
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COVID-19epositive adults and COVID-19/MIS-C children than in
COVID-19-negative controls. The authors proposed that lowarginine-
to-ornithine ratio in these people might be due to elevated arginase
activity and that low GABRmay contribute to immune dysregulation
and endothelial dysfunction in COVID-19 (Rees et al, 2021).

C. Arginase as a pharmacological target

Depending on the pathophysiological role of arginase and the
specific type of disease, targeting arginase involves 2 possible
strategies including arginase-mediated L-arginine depletion or in-
hibition of arginase to restore L-arginine bioavailability. Established
and potential therapeutic applications are listed in Table 3.

Administration of pegylated recombinant arginase has been
recently approved by the European Medicines Agency to treat
humans with genetic hyperarginemia. Moreover, pegylated argi-
nase has been proposed as an antitumor agent (similar to the
antileukemia agent L-asparaginase) for tumors susceptible to
L-arginine deprivation, such as tumors lacking argininosuccinate
synthetase enzymes (Cheng et al, 2021). If properly targeted to the
site of inflammation, another possible application of recombinant
Arg1 may be immunosuppression in autoimmunity and unwanted
inflammatory reactions (Munder, 2009).

Applications of arginase inhibitors were proposed for diseases
with pathological upregulation of arginase such as specific in-
fections, cancer, or endothelial dysfunction in T2DM and CAD, and
to treat pulmonary hypertension in SCD and hemoglobinopathy
(see Section V.A).

There are 3 generations of arginase inhibitors, which are
summarized in Table 4. These inhibitors do not show isoform
specificity, need to be administrated systemically via intraperi-
toneal or intravenous injection, have a short half-life, and are
rapidly eliminated by the kidney. A well known and often-used
arginase inhibitor in cell culture and animal studies, and also in
human studies is nor-NOHA. Nor-NOHA is a derivate of NOHA, a
stable intermediate of NO synthesis by NOS. It is a competitive
nonspecific inhibitor of arginase and is considered as one of the
most potent arginase inhibitors (Colleluori and Ash, 2001; Pudlo
et al, 2017). Numerous studies have investigated the effect of
arginase inhibitors in animals (Kim et al, 2009; Jung et al, 2010; El-
Bassossy et al, 2013; You et al, 2013; Pera et al, 2014), and recently,
in humans (Table 5).

There are very promising studies showing that arginase inhi-
bition by nor-NOHA improves endothelium-dependent vasodila-
tion (Shemyakin et al, 2012; K€ovamees et al, 2014, 2016a; Mahdi
et al, 2018). In human studies, nor-NOHA (0.1 mg/min for 2
hours) was administrated by infusion (Shemyakin et al, 2012,
K€ovamees et al, 2014, 2016a; Mahdi et al, 2019). Administration of
nor-NOHA improved endothelial function in healthy elderly
humans (n ¼ 21) as determined by forearm venous-occlusion
plethysmography (Mahdi et al, 2019).

Recently, a third generation of arginase inhibitors was devel-
oped and tested (Table 4). One notable compound from this gen-
eration is INCB001158 (formerly CB1158), an oral arginase inhibitor
that exhibits higher specificity for Arg1 (IC50 ¼ 86 nm) than Arg2
(IC50 ¼ 296 nm). INCB001158 has been evaluated in phase 1/2
clinical trials for the treatment of solid tumors with increased
arginase activity in combination with chemotherapy (Steggerda
et al, 2017; Kuboki et al, 2024; Naing et al, 2024). The most
notable result of these studies is that arginase inhibitors may be
effective for therapies of specific tumors with upregulation of
arginase activity as a mechanism for L-arginine depletion and
immunosuppression.

In conclusion, pegylated arginase is an approved drug for
hyperarginemia and genetic defect and potentially for L-arginine
21
auxotrophic tumors susceptible to L-arginine deprivation and for
immunosuppression.

The clinical applications of arginase inhibitors have shown po-
tential to improve endothelial function and vasodilation in in-
dividuals with T2DM, enhancing the effects of L-arginine
supplementation in individuals with heart failure and CADs and
serving as a promising therapeutic target for therapy of specific
cancers. Further pharmacological research focused on developing
and testing arginase inhibitors will contribute to the development
of novel treatments and therapies in the future.

D. L-Arginine/L-arginine metabolite supplementation

Oral supplementation of L-arginine has been proposed as a way
to increase L-arginine bioavailability and to boost production
of NOS-derived NO in humans (Girerd et al, 1990). For example,
L-arginine supplementation has been proposed to alleviate endo-
thelial dysfunction (Lerman et al, 1998; Bai et al, 2009). However,
the results of these studies are controversial.

Oral L-arginine intake was shown to positively affect people
with heart failure and peripheral artery occlusive disease by
increasing the distance in the 6-minute walk test, increasing fore-
arm blood flow during forearm exercise, or reducing the symptom
score significantly (Rector et al, 1996; Lerman et al, 1998). On the
other hand, oral administration of L-arginine in healthy people (n ¼
26) did not improve systemic hemodynamics in vivo or vascular
function of gluteal subcutaneous arteries assessed in vitro (Chin-
Dusting et al, 1996).

E. Summary and outlook

The involvement of arginases in the urea cycle, liver function,
immune response, and cancer cell dynamics, particularly in relation
to iNOS activity, has been extensively examined. In addition, argi-
nase activity in the vessel wall has been studied in the context of
endothelial dysfunction in CAD and diabetes, revealing its potential
as a therapeutic target. GABR is a measure of L-arginine bioavail-
ability and has been found to be lower in people with obstructive
CAD and T2DM, correlating with major adverse cardiovascular
events and endothelial dysfunction markers. Pharmacological in-
terventions that improve risk factors for T2DM have been shown to
improve GABR, particularly in people recently diagnosed with
diabetes. Mutations in the ARG1 gene cause hyperargininemia,
leading to various health complications. Arginase activity is also
increased in several pulmonary diseases and hemolytic anemias,
affecting NO availability and contributing to disease pathology. The
arginase inhibitor nor-NOHA has demonstrated efficacy in
improving endothelial function in people with T2DM and healthy
elderly individuals. Supplementation with L-arginine or L-citrulline
has been explored to enhance L-arginine bioavailability and NO
production, with varying results depending on the health status of
individuals.

VI. Conclusion and outlook

Arginases exhibit diverse functions across various tissues. In the
liver, Arg1 is indispensable for ammonia detoxification, while the
specific role of mitochondrial Arg2 needs further investigation. It is
important to point out that there are significant differences in Arg1
and Arg2 expression, cellular localization, and activity in humans
and primates as compared to rodents (mice, rats) and other
mammals, in particular in the blood and bonemarrow, and vascular
ECs.

In the immune system, the distribution and function of Arg1 are
very different in mouse and man. While in mice, blood Arg1 is



S.K. Heuser, J. Li, S. Pudewell et al. Pharmacological Reviews 77 (2025) 100015
mainly expressed in myeloid cells and is upregulated by Th2 cy-
tokines, in humans, Arg1 is constitutively expressed in PMN cells
and is not regulated by Th2 cytokines. In both species, arginase
activity has an anti-inflammatory and immunosuppressive effect
on T cells.

In human and primate RBCs and proerythroblasts, Arg1
expression and activity are high, while in rats, mice, and other
mammals, it is very low and/or barely detectable. In humans,
elevated arginase activity in RBCs from individuals with SCD or
hemoglobinopathies suggests a contributory role in disease path-
ogenesis, with similar observations in CVD and diabetes, under-
lining its fundamental importance in human disease.

In CVDconditions such asdiabetes andatherosclerosis, increased
arginase activity can lead to endothelial dysfunction by competing
with eNOS for the bioavailability of L-arginine, thus impairing NO
production and leading to endothelial dysfunction. Accordingly,
administration of arginase inhibitors inpeoplewith T2DM improves
vascular function. Surprisingly, EC-specific Arg1�/�mice showed no
changes in endothelial function or cardiovascular hemodynamics,
but global Arg2�/� mice showed hypertension, indicating that at
least in vivo, the role of vascular Arg1 in maintaining endothelial
function under homeostatic conditions in mice is limited.

Although the kidney plays a major role in the control of L-argi-
nine synthesis, systemic levels and bioavailability, the role of ar-
ginases is the kidney is not fully understood. The main isoform
expressed is Arg2, and it appears to be crucial for tissue integrity
and repair (at least in rodents).

Clinical and translational studies have highlighted the thera-
peutic potential of targeting arginase/L-arginine metabolism in
various diseases. Clearly, the described multiple, complex, spe-
cies-, cell-, and isoform-specific roles of arginase make pharma-
cological targeting difficult. The only approved drug is pegylated
recombinant arginase for the treatment of people with genetic
hyperarginemia. However pegylated arginase was proposed as a
possible antitumor therapy for tumors sensitive to L-arginine
deprivation. The control of L-arginine bioavailability by arginases,
as a key factor in endothelial dysfunction in CVD, has been
extensively studied, and arginase is still considered a promising
therapeutic target. The use of arginase inhibitors (eg, nor-NOHA)
was tested in small cohorts of people with endothelial dysfunc-
tion due to CAD or T2DM. Moreover, administration of arginase
inhibitors was proposed for blocking circulating arginase in he-
moglobinopathies (SCD, thalassemia) and specific infectious dis-
eases. Arginase inhibition has shown efficacy in improving
endothelial function in subjects with T2DM and healthy elderly
individuals, while L-arginine and L-citrulline supplementation
have demonstrated potential benefits for heart failure and pe-
ripheral arterial occlusive disease. A strong limitation of the
currently available inhibitors is that they do not show isoform
specificity, need to be administrated systemically via intraperi-
toneal or intravenous injection, have a short half-life, and are
rapidly eliminated by the kidney. The third generation of arginase
inhibitors can be administrated orally, have better pharmacody-
namics, and have already been tested for cancer therapy.

More studies are needed to understand the complex biological
and species-specific roles of Arg1 and Arg2, their importance in
cellular processes, and their potential as therapeutic targets. The new
pharmacological cell-specific targeting techniques and the applica-
bility of single-cell analysis for personalized medicine will allow
better pharmacological strategies to target Arg1 andArg2 inhumans.

Abbreviations

ABH, 2-(S)-amino-5-boronohexanic acid; ADMA, asymmetric
dimethylarginine; Arg1, Arginase 1; Arg2, Arginase 2; CAD,
22
coronary artery disease; CVD, cardiovascular disease; EC, endo-
thelial cell; eNOS, endothelial nitric oxide synthase; GABR, global
L-arginine bioavailability ratio; HSC, hepatic stellate cell; IL, inter-
leukin; iNOS, inducible nitric oxide synthase; I/R, ischemia-
reperfusion; ISPF, isonitrosopropiophenone; Km, Michaelis
constant; MAPK, mitogen-activated protein kinase; MDSC,
myeloid-derived suppressor cell; MI, myocardial infarction; MS,
mass spectrometry; NO, nitric oxide; nor-NOHA, Nu-hydroxy-nor-
arginine; NOS, nitric oxide synthase; RBC, red blood cell; PMN,
polymorphonuclear neutrophil; SCD, sickle cell disease; SLC25A29,
solute carrier family 25 member 29; STAT, signal transducer and
activator of transcription; T2DM, type 2 diabetes mellitus; TCR, T
cell receptor; Vmax, maximum reaction rate.

Financial support

This study was supported by the German Research Council
(DFG) [Grant 263779315] (to M.M.C.-K. and Dr Johannes Stegbauer)
and DFG [Grant 521638178] (to M.M.C.-K.) and by 2 independent
grants funded by the Research Commission, Medical Faculty of the
Heinrich Heine University Duesseldorf (to M.M.C.-K. and J.L.).

Conflict of interest

No author has an actual or perceived conflict of interest with the
contents of this article.

Data availability

This review article contains no datasets generated or analyzed
during the current study

Authorship contributions

Wrote or contributed to the writing of the manuscript:Heuser, J. Li,
Pudewell, LoBue, Z. Li, Cortese-Krott.

References

Adams JL, Duffy KJ, Moore ML, and Yang J (2017) Cancer immunotherapydan
emerging field that bridges oncology and immunology research, in Compre-
hensive Medicinal Chemistry III (Chackalamannil S, Rotella D and Ward SE (Eds.)
pp 357e394, Elsevier, Oxford.

Ansermet C, Centeno G, Lagarrigue S, Nikolaeva S, Yoshihara HA, Pradervand S,
Barras JL, Dattner N, Rotman S, and Amati F, et al. (2020) Renal tubular arginase-
2 participates in the formation of the corticomedullary urea gradient and at-
tenuates kidney damage in ischemia-reperfusion injury in mice. Acta Physiol
(Oxf) 229:e13457.

Archibald RM (1945) Colorimetric determination of urea. J Biol Chem 157:507e518.
Azizi E, Dror Y, and Wallis K (1970) Arginase activity in erythrocytes of healthy and

ill children. Clin Chim Acta 28:391e396.
Bagnost T, Berthelot A, Alvergnas M, Miguet-Alfonsi C, Andre C, Guillaume Y, and

Demougeot C (2009) Misregulation of the arginase pathway in tissues of
spontaneously hypertensive rats. Hypertens Res 32:1130e1135.

Bagnost T, Ma L, da Silva RF, Rezakhaniha R, Houdayer C, Stergiopulos N, Andre C,
Guillaume Y, Berthelot A, and Demougeot C (2010) Cardiovascular effects of
arginase inhibition in spontaneously hypertensive rats with fully developed
hypertension. Cardiovasc Res 87:569e577.

Bai Y, Sun L, Yang T, Sun K, Chen J, and Hui R (2009) Increase in fasting vascular
endothelial function after short-term oral l-arginine is effective when baseline
flow-mediated dilation is low: a meta-analysis of randomized controlled trials.
Am J Clin Nutr 89:77e84.

Ballantyne LL, Sin YY, Al-Dirbashi OY, Li X, Hurlbut DJ, and Funk CD (2016) Liver-
specific knockout of arginase-1 leads to a profound phenotype similar to
inducible whole body arginase-1 deficiency. Mol Genet Metabol Rep 9:54e60.

Barmore W, Azad F, and Stone WL (2024) Physiology, urea cycle, in StatPearls,
StatPearls Publishing, Treasure Island, FL.

Barra V, Kuhn AM, von Knethen A, Weigert A, and Brune B (2011) Apoptotic cell-
derived factors induce arginase II expression in murine macrophages by acti-
vating ERK5/CREB. Cell Mol Life Sci 68:1815e1827.

Bedoya AM, Tate DJ, Baena A, C�ordoba CM, Borrero M, Pareja R, Rojas F, Patterson JR,
Herrero R, and Zea AH, et al. (2014) Immunosuppression in cervical cancer with
special reference to arginase activity. Gynecol Oncol 135:74e80.

http://refhub.elsevier.com/S0031-6997(24)11615-8/sref1
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref1
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref1
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref1
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref1
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref1
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref2
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref2
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref2
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref2
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref2
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref3
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref3
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref4
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref4
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref4
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref5
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref5
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref5
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref5
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref6
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref6
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref6
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref6
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref6
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref7
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref7
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref7
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref7
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref7
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref8
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref8
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref8
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref8
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref9
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref9
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref10
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref10
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref10
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref10
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref11
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref11
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref11
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref11
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref11


S.K. Heuser, J. Li, S. Pudewell et al. Pharmacological Reviews 77 (2025) 100015
Bekpinar S, Gurdol F, Unlucerci Y, Develi S, and Yilmaz A (2011) Serum levels of
arginase I are associated with left ventricular function after myocardial
infarction. Clin Biochem 44:1090e1093.

Beleznai T, Feher A, Spielvogel D, Lansman SL, and Bagi Z (2011) Arginase 1 con-
tributes to diminished coronary arteriolar dilation in patients with diabetes. Am
J Physiol Heart Circ Physiol 300:H777eH783.

Benito S, S�anchez A, Unceta N, Andrade F, Ald�amiz-Echevarria L, Goicolea MA, and
Barrio RJ (2016) LC-QTOF-MS-based targetedmetabolomics of arginine-creatine
metabolic pathway-related compounds in plasma: application to identify po-
tential biomarkers in pediatric chronic kidney disease. Anal Bioanal Chem 408:
747e760.

Bernard A, Kasten M, Meier C, Manning E, Freeman S, Adams W, Chang P,
Boulanger B, and Kearney P (2008) Red blood cell arginase suppresses Jurkat (T
cell) proliferation by depleting arginine. Surgery 143:286e291.

Bhatta A, Yao L, Xu Z, Toque HA, Chen J, Atawia RT, Fouda AY, Bagi Z, Lucas R, and
Caldwell RB, et al. (2017) Obesity-induced vascular dysfunction and arterial
stiffening requires endothelial cell arginase 1. Cardiovasc Res 113:
1664e1676.

Bronte V, Brandau S, Chen SH, Colombo MP, Frey AB, Greten TF, Mandruzzato S,
Murray PJ, Ochoa A, and Ostrand-Rosenberg S, et al. (2016) Recommendations
for myeloid-derived suppressor cell nomenclature and characterization stan-
dards. Nat Commun 7:12150.

Bronte V, Serafini P, De Santo C, Marigo I, Tosello V, Mazzoni A, Segal DM, Staib C,
Lowel M, and Sutter G, et al. (2003) IL-4-induced arginase 1 suppresses allor-
eactive T cells in tumor-bearing mice. J Immunol 170:270e278.

Bronte V and Zanovello P (2005) Regulation of immune responses by l-arginine
metabolism. Nat Rev Immunol 5:641e654.

Brosnan ME and Brosnan JT (2004) Renal arginine metabolism. J Nutr 134:
2791Se2797S.

Bruch-Gerharz D, Schnorr O, Suschek C, Beck KF, Pfeilschifter J, Ruzicka T, and Kolb-
Bachofen V (2003) Arginase 1 overexpression in psoriasis: limitation of
inducible nitric oxide synthase activity as a molecular mechanism for kerati-
nocyte hyperproliferation. Am J Pathol 162:203e211.

Burrage LC, Thistlethwaite L, Stroup BM, Sun Q, Miller MJ, Nagamani SCS,
Craigen W, Scaglia F, Sutton VR, and Graham B, et al. (2019) Untargeted
metabolomic profiling reveals multiple pathway perturbations and new clinical
biomarkers in urea cycle disorders. Genet Med 21:1977e1986.

Busnel O, Carreaux F, Carboni B, Pethe S, Goff SV, Mansuy D, and Boucher JL (2005)
Synthesis and evaluation of new omega-borono-alpha-amino acids as rat liver
arginase inhibitors. Bioorg Med Chem 13:2373e2379.

Caldwell RB, Toque HA, Narayanan SP, and Caldwell RW (2015) Arginase: an old
enzyme with new tricks. Trends Pharmacol Sci 36:395e405.

Caldwell RW, Rodriguez PC, Toque HA, Narayanan SP, and Caldwell RB (2018)
Arginase: a multifaceted enzyme important in health and disease. Physiol Rev
98:641e665.

Cama E, Colleluori DM, Emig FA, Shin H, Kim SW, Kim NN, Traish AM, Ash DE, and
Christianson DW (2003) Human arginase II: crystal structure and physiological
role in male and female sexual arousal. Biochemistry 42:8445e8451.

Camacho JA and Rioseco-Camacho N (2009) The human and mouse SLC25A29
mitochondrial transporters rescue the deficient ornithine metabolism in fi-
broblasts of patients with the hyperornithinemia-hyperammonemia-
homocitrullinuria (HHH) syndrome. Pediatr Res 66:35e41.

Catsburg C, Anderson S, Upadhyaya N, and Bechter M (2022) Arginase 1 deficiency:
using genetic databases as a tool to establish global prevalence. Orphanet J Rare
Dis 17:94.

Chen X, Niroomand F, Liu Z, Zankl A, Katus HA, Jahn L, and Tiefenbacher CP (2006)
Expression of nitric oxide related enzymes in coronary heart disease. Basic Res
Cardiol 101:346e353.

Chen Y and Tian Z (2021) Innate lymphocytes: pathogenesis and therapeutic targets
of liver diseases and cancer. Cell Mol Immunol 18:57e72.

Cheng PNM, Liu AM, Bessudo A, and Mussai F (2021) Safety, PK/PD and preliminary
anti-tumor activities of pegylated recombinant human arginase 1 (BCT-100) in
patients with advanced arginine auxotrophic tumors. Invest New Drugs 39:
1633e1640.

Chennupati R, Meens MJ, Janssen BJ, van Dijk P, Hakvoort TBM, Lamers WH, De
Mey JGR, and Koehler SE (2018) Deletion of endothelial arginase 1 does not
improve vasomotor function in diabetic mice. Physiol Rep 6:e13717.

Chin-Dusting JP, Alexander CT, Arnold PJ, Hodgson WC, Lux AS, and Jennings GL
(1996) Effects of in vivo and in vitro L-arginine supplementation on healthy
human vessels. J Cardiovasc Pharmacol 28:158e166.

Chinard FP (1952) Photometric estimation of proline and ornithine. J Biol Chem 199:
91e95.

Choi S, Park C, Ahn M, Lee JH, and Shin T (2012) Immunohistochemical study of
arginase 1 and 2 in various tissues of rats. Acta Histochem 114:487e494.

Chung JH, Moon J, Lee YS, Chung HK, Lee SM, and Shin MJ (2014) Arginase inhibition
restores endothelial function in diet-induced obesity. Biochem Biophys Res
Commun 451:179e183.

Cloots RHE, Sankaranarayanan S, De Theije CC, Poynter ME, Terwindt E, van Dijk P,
Hakvoort TBM, Lamers WH, and K€ohler SE (2013) Ablation of Arg1 in he-
matopoietic cells improves respiratory function of lung parenchyma, but not
that of larger airways or inflammation in asthmatic mice. Am J Physiol Lung Cell
Mol Physiol 305:L364eL376.

Cloots RHE, Sankaranarayanan S, Poynter ME, Terwindt E, van Dijk P, Lamers WH,
and K€ohler SE (2017) Arginase 1 deletion in myeloid cells affects the
23
inflammatory response in allergic asthma, but not lung mechanics, in female
mice. BMC Pulm Med 17:158.

Colleluori DM and Ash DE (2001) Classical and slow-binding inhibitors of human
type II arginase. Biochemistry 40:9356e9362.

Corraliza IM, Campo ML, Soler G, and Modolell M (1994) Determination of arginase
activity in macrophages: a micromethod. J Immunol Methods 174:231e235.

Cortese-Krott MM, Rodriguez-Mateos A, Sansone R, Kuhnle GG, Thasian-Sivarajah S,
Krenz T, Horn P, Krisp C, Wolters D, and Heiß C, et al. (2012) Human red blood
cells at work: identification and visualization of erythrocytic eNOS activity in
health and disease. Blood 120:4229e4237.

Cortese-Krott MM, Suvorava T, Leo F, Heuser SK, Lobue A, Li J, Becher S,
Schneckmann R, Srivrastava T, and Erkens R, et al. (2022) Red blood cell eNOS is
cardioprotective in acute myocardial infarction. Redox Biol 54:102370.

Cunningham RP and Porat-Shliom N (2021) Liver zonation - revisiting old questions
with new technologies. Front Physiol 12:732929.

Czystowska-Kuzmicz M, Sosnowska A, Nowis D, Ramji K, Szajnik M, Chlebowska-
Tuz J, Wolinska E, Gaj P, Grazul M, and Pilch Z, et al. (2019) Small extracellular
vesicles containing arginase-1 suppress T-cell responses and promote tumor
growth in ovarian carcinoma. Nat Commun 10:3000.

Dayoub R, Thasler WE, Bosserhoff AK, Singer T, Jauch KW, Schlitt HJ, and Weiss TS
(2006) Regulation of polyamine synthesis in human hepatocytes by hepato-
trophic factor augmenter of liver regeneration. Biochem Biophys Res Commun
345:181e187.

de Boniface J, Mao Y, Schmidt-Mende J, Kiessling R, and Poschke I (2012) Expression
patterns of the immunomodulatory enzyme arginase 1 in blood, lymph nodes
and tumor tissue of early-stage breast cancer patients. Oncoimmunology 1:
1305e1312.

De Santo C, Booth S, Vardon A, Cousins A, Tubb V, Perry T, Noyvert B, Beggs A, Ng M,
and Halsey C, et al. (2018) The arginine metabolome in acute lymphoblastic
leukemia can be targeted by the pegylated-recombinant arginase I BCT-100. Int
J Cancer 142:1490e1502.

Deignan JL, Livesay JC, Yoo PK, Goodman SI, O’Brien WE, Iyer RK, Cederbaum SD,
and Grody WW (2006) Ornithine deficiency in the arginase double knockout
mouse. Mol Genet Metab 89:87e96.

Dhanakoti SN, Brosnan JT, Herzberg GR, and Brosnan ME (1990) Renal arginine
synthesis: studies in vitro and in vivo. Am J Physiol 259:E437eE442.

Di Costanzo L, Sabio G, Mora A, Rodriguez PC, Ochoa AC, Centeno F, and
Christianson DW (2005) Crystal structure of human arginase I at 1.29-Å reso-
lution and exploration of inhibition in the immune response. Proc Natl Acad Sci
U S A 102:13058e13063.

Diez-Fernandez C, Rüfenacht V, Gemperle C, Fingerhut R, and H€aberle J (2018)
Mutations and common variants in the human arginase 1 (ARG1) gene: impact
on patients, diagnostics, and protein structure considerations. Hum Mutat 39:
1029e1050.

Dizikes GJ, Grody WW, Kern RM, and Cederbaum SD (1986) Isolation of human liver
arginase cDNA and demonstration of nonhomology between the two human
arginase genes. Biochem Biophys Res Commun 141:53e59.

Dowling JK, Afzal R, Gearing LJ, Cervantes-Silva MP, Annett S, Davis GM, De Santi C,
Assmann N, Dettmer K, and Gough DJ, et al. (2021) Mitochondrial arginase-2 is
essential for IL-10 metabolic reprogramming of inflammatory macrophages. Nat
Commun 12:1460.

Durante W, Johnson FK, and Johnson RA (2007) Arginase: a Critical regulator of
nitric oxide synthesis and vascular function. Clin Exp Pharmacol Physiol 34:
906e911.

El Kasmi KC, Qualls JE, Pesce JT, Smith AM, Thompson RW, Henao-Tamayo M,
Basaraba RJ, K€onig T, Schleicher U, and Koo MS, et al. (2008) Toll-like receptor-
induced arginase 1 in macrophages thwarts effective immunity against intra-
cellular pathogens. Nat Immunol 9:1399e1406.

El-Bassossy HM, El-Fawal R, Fahmy A, and Watson ML (2013) Arginase inhibition
alleviates hypertension in the metabolic syndrome. Br J Pharmacol 169:
693e703.

Elms S, Chen F, Wang Y, Qian J, Askari B, Yu Y, Pandey D, Iddings J, Caldwell RB, and
Fulton DJ (2013) Insights into the arginine paradox: evidence against the
importance of subcellular location of arginase and eNOS. Am J Physiol Heart Circ
Physiol 305:H651eH666.

Fan M, Gao X, Li L, Ren Z, Lui LMW, Mcintyre RS, Teopiz KM, Deng P, and Cao B
(2021) The association between concentrations of arginine, ornithine, citrulline
and major depressive disorder: a meta-analysis. Front Psychiatry 12:686973.

Farah C, Michel LYM, and Balligand JL (2018) Nitric oxide signalling in cardiovas-
cular health and disease. Nat Rev Cardiol 15:292e316.

Fiermonte G, Dolce V, David L, Santorelli FM, Dionisi-Vici C, Palmieri F, and
Walker JE (2003) The mitochondrial ornithine transporter. Bacterial expression,
reconstitution, functional characterization, and tissue distribution of two hu-
man isoforms. J Biol Chem 278:32778e32783.

Friberg N, Arvidsson I, Tontanahal A, Kristoffersson AC, Gram M, Kaplan BS, and
Karpman D (2024) Red blood cell-derived arginase release in hemolytic uremic
syndrome. J Transl Med 22:17.

Gabrilovich DI and Nagaraj S (2009) Myeloid-derived suppressor cells as regulators
of the immune system. Nat Rev Immunol 9:162e174.

Gao X, Xu X, Belmadani S, Park Y, Tang Z, Feldman AM, Chilian WM, and Zhang C
(2007) TNF-a contributes to endothelial dysfunction by upregulating arginase
in ischemia/reperfusion injury. Arterioscler Thromb Vasc Biol 27:1269e1275.

Garganta CL and Bond JS (1986) Assay and kinetics of arginase. Anal Biochem 154:
388e394.

http://refhub.elsevier.com/S0031-6997(24)11615-8/sref12
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref12
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref12
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref12
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref13
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref13
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref13
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref13
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref14
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref14
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref14
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref14
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref14
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref14
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref14
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref14
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref15
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref15
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref15
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref15
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref16
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref16
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref16
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref16
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref16
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref17
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref17
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref17
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref17
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref18
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref18
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref18
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref18
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref19
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref19
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref19
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref20
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref20
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref20
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref21
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref21
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref21
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref21
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref21
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref22
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref22
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref22
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref22
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref22
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref23
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref23
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref23
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref23
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref24
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref24
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref24
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref25
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref25
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref25
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref25
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref26
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref26
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref26
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref26
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref27
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref27
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref27
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref27
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref27
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref28
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref28
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref28
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref29
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref29
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref29
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref29
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref30
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref30
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref30
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref31
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref31
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref31
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref31
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref31
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref32
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref32
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref32
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref33
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref33
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref33
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref33
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref34
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref34
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref34
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref35
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref35
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref35
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref36
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref36
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref36
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref36
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref37
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref37
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref37
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref37
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref37
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref37
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref37
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref38
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref38
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref38
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref38
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref38
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref39
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref39
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref39
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref40
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref40
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref40
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref41
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref41
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref41
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref41
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref41
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref41
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref42
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref42
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref42
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref43
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref43
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref44
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref44
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref44
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref44
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref45
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref45
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref45
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref45
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref45
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref46
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref46
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref46
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref46
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref46
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref47
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref47
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref47
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref47
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref47
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref48
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref48
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref48
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref48
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref49
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref49
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref49
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref50
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref50
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref50
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref50
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref50
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref51
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref51
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref51
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref51
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref51
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref51
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref52
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref52
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref52
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref52
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref53
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref53
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref53
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref53
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref54
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref54
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref54
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref54
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref55
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref55
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref55
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref55
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref55
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref55
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref56
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref56
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref56
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref56
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref57
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref57
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref57
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref57
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref57
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref58
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref58
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref58
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref59
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref59
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref59
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref60
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref60
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref60
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref60
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref60
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref61
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref61
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref61
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref62
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref62
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref62
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref63
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref63
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref63
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref63
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref64
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref64
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref64


S.K. Heuser, J. Li, S. Pudewell et al. Pharmacological Reviews 77 (2025) 100015
Geiger R, Rieckmann JC, Wolf T, Basso C, Feng Y, Fuhrer T, Kogadeeva M, Picotti P,
and Meissner F, et al. (2016) L-Arginine modulates T cell metabolism and en-
hances survival and anti-tumor activity. Cell 167:829e842.e13.

Ghosh I, Sankhe R, Mudgal J, Arora D, and Nampoothiri M (2020) News and reviews
spermidine, an autophagy inducer, as a therapeutic strategy in neurological
disorders. Neuropeptides 83:102083.

Girerd XJ, Hirsch AT, Cooke JP, Dzau VJ, and Creager MA (1990) L-arginine augments
endothelium-dependent vasodilation in cholesterol-fed rabbits. Circ Res 67:
1301e1308.

Gogiraju R, Renner L, Bochenek ML, Zifkos K, Molitor M, Danckwardt S, Wenzel P,
Münzel T, Konstantinides S, and Sch€afer K (2022) Arginase-1 deletion in
erythrocytes promotes vascular calcification via enhanced GSNOR (S-nitro-
soglutathione reductase) expression and NO signaling in smooth muscle cells.
Arterioscler Thromb Vasc Biol 42:e291ee310.

Golebiowski A, Whitehouse D, Beckett RP, Van Zandt M, Ji MK, Ryder TR,
Jagdmann E, Andreoli M, Lee Y, and Sheeler R, et al. (2013) Synthesis of qua-
ternary a-amino acid-based arginase inhibitors via the Ugi reaction. Bioorg Med
Chem Lett 23:4837e4841.

Gonon AT, Jung C, Katz A, Westerblad H, Shemyakin A, Sj€oquist PO, Lundberg JO,
and Pernow J (2012) Local arginase inhibition during early reperfusion me-
diates cardioprotection via increased nitric oxide production. PLoS One 7:
e42038.

Gonzalez-Menendez P, Phadke I, Olive ME, Joly A, Papoin J, Yan H, Galtier J, Platon J,
Kang SWS, and Mcgraw KL, et al. (2023) Arginine metabolism regulates human
erythroid differentiation through hypusination of eIF5A. Blood 141:2520e2536.

Gotoh T, Araki M, and Mori M (1997) Chromosomal localization of the human
arginase II gene and tissue distribution of its mRNA. Biochem Biophys Res
Commun 233:487e491.

Gotoh T, Sonoki T, Nagasaki A, Terada K, Takiguchi M, and Mori M (1996) Molecular
cloning of cDNA for nonhepatic mitochondrial arginase (arginase II) and com-
parison of its induction with nitric oxide synthase in a murine macrophage-like
cell line. FEBS Lett 395:119e122.

Grabo�n W, Mielczarek-Puta M, Chrzanowska A, and Bara�nczyk-Ku�zma A (2009) l-
Arginine as a factor increasing arginase significance in diagnosis of primary and
metastatic colorectal cancer. Clin Biochem 42:353e357.

Grandvaux N, Gaboriau F, Harris J, Tenoever BR, Lin R, and Hiscott J (2005) Regu-
lation of arginase II by interferon regulatory factor 3 and the involvement of
polyamines in the antiviral response. FEBS J 272:3120e3131.

Gray MJ, Poljakovic M, Kepka-Lenhart D, and Morris SM Jr (2005) Induction of
arginase I transcription by IL-4 requires a composite DNA response element for
STAT6 and C/EBPb. Gene 353:98e106.

Grzywa TM, Sosnowska A, Matryba P, Rydzynska Z, Jasinski M, Nowis D, and Golab J
(2020) Myeloid cell-derived arginase in cancer immune response. Front
Immunol 11:938.

Grzywa TM, Nowis D, and Golab J (2021a) The role of CD71þ erythroid cells in the
regulation of the immune response. Pharmacol Ther 228:107927.

Grzywa TM, Sosnowska A, Rydzynska Z, Lazniewski M, Plewczynski D, Klicka K,
Malecka-Gieldowska M, Rodziewicz-Lurzynska A, Ciepiela O, and
Justyniarska M, et al. (2021b) Potent but transient immunosuppression of T-
cells is a general feature of CD71þ erythroid cells. Commun Biol 4:1384.

Gzik A, Borek B, Chrzanowski J, Jedrzejczak K, Dziegielewski M, Brzezinska J,
Nowicka J, Grzybowski MM, Rejczak T, and Niedzialek D, et al. (2024) Novel
orally bioavailable piperidine derivatives as extracellular arginase inhibitors
developed by a ring expansion. Eur J Med Chem 264:116033.

Haraguchi Y, Takiguchi M, Amaya Y, Kawamoto S, Matsuda I, and Mori M (1987)
Molecular cloning and nucleotide sequence of cDNA for human liver arginase.
Proc Natl Acad Sci U S A 84:412e415.

Hardbower DM, Asim M, Murray-Stewart T, Casero RA Jr, Verriere T, Lewis ND,
Chaturvedi R, Piazuelo MB, and Wilson KT (2016) Arginase 2 deletion leads to
enhanced M1 macrophage activation and upregulated polyamine metabolism
in response to Helicobacter pylori infection. Amino Acids 48:2375e2388.

Hayes CS, Shicora AC, Keough MP, Snook AE, Burns MR, and Gilmour SK (2014)
Polyamine-blocking therapy reverses immunosuppression in the tumor
microenvironment. Cancer Immunol Res 2:274e285.

Henno P, Maurey C, Le Pimpec-Barthes F, Devillier P, Delclaux C, and Isra€el-Biet D
(2015) Is arginase a potential drug target in tobacco-induced pulmonary
endothelial dysfunction? Respir Res 16:46.

Heresztyn T, Worthley MI, and Horowitz JD (2004) Determination of l-arginine and
NG, NG - and NG, NG' -dimethyl-l-arginine in plasma by liquid chromatography
as AccQ-Fluor fluorescent derivatives. J Chromatogr B Analyt Technol Biomed Life
Sci 805:325e329.

Heuser SK, LoBue A, Li J, Zhuge Z, Leo F, Suvorava T, Olsson A, Schneckmann R,
Guimaraes Braga DD, and Srivrastava T, et al. (2022) Downregulation of eNOS
and preserved endothelial function in endothelial-specific arginase 1-deficient
mice. Nitric Oxide 125e126:69e77.

Hey C, Boucher JL, Vadon-Le Goff S, Ketterer G, Wessler I, and Rack�e K (1997) In-
hibition of arginase in rat and rabbit alveolar macrophages by Nu-hydroxy-D,L-
indospicine, effects on L-arginine utilization by nitric oxide synthase. Br J
Pharmacol 121:395e400.

Hofer SJ, Simon AK, Bergmann M, Eisenberg T, Kroemer G, and Madeo F (2022)
Mechanisms of spermidine-induced autophagy and geroprotection. Nat Aging
2:1112e1129.

Holowatz LA, Thompson CS, and Kenney WL (2006) l-Arginine supplementation or
arginase inhibition augments reflex cutaneous vasodilatation in aged human
skin. J Physiol 574:573e581.
24
Hoogenraad N, Totino N, Elmer H, Wraight C, Alewood P, and Johns RB (1985) In-
hibition of intestinal citrulline synthesis causes severe growth retardation in
rats. Am J Physiol 249:G792eG799.

Huynh NN, Andrews KL, Head GA, Khong SML, Mayorov DN, Murphy AJ, Lambert G,
Kiriazis H, Xu Q, and Du XJ, et al. (2009) Arginase II knockout mouse displays a
hypertensive phenotype despite a decreased vasoconstrictory profile. Hyper-
tension 54:294e301.

Hyndman KA, Xue J, Macdonell A, Speed JS, Jin C, and Pollock JS (2013) Distinct
regulation of inner medullary collecting duct nitric oxide production from mice
and rats. Clin Exp Pharmacol Physiol 40:233e239.

Iwata S, Tsujino T, Ikeda Y, Ishida T, Ueyama T, Gotoh T, Mori M, and Yokoyama M
(2002) Decreased expression of arginase II in the kidneys of Dahl salt-sensitive
rats. Hypertens Res 25:411e418.

Iyamu EW, Asakura T, and Woods GM (2008) A colorimetric microplate assay
method for high-throughput analysis of arginase activity in vitro. Anal Biochem
383:332e334.

Iyamu EW, Cecil R, Parkin L, Woods G, Ohene-Frempong K, and Asakura T (2005)
Modulation of erythrocyte arginase activity in sickle cell disease patients during
hydroxyurea therapy. Br J Haematol 131:389e394.

Iyer RK, Yoo PK, Kern RM, Rozengurt N, Tsoa R, O’Brien WE, Yu H, Grody WW, and
Cederbaum SD (2002) Mouse model for human arginase deficiency. Mol Cell
Biol 22:4491e4498.

James C, Zhao TY, Rahim A, Saxena P, Muthalif NA, Uemura T, Tsuneyoshi N, Ong S,
Igarashi K, and Lim CY, et al. (2018) MINDY1 Is a downstream target of the
polyamines and promotes embryonic stem cell self-renewal. Stem Cells 36:
1170e1178.

Jenkinson CP, Grody WW, and Cederbaum SD (1996) Comparative properties of
arginases. Comp Biochem Physiol B Biochem Mol Biol 114:107e132.

Jia W, Jackson-Cook C, and Graf MR (2010) Tumor-infiltrating, myeloid-derived
suppressor cells inhibit T cell activity by nitric oxide production in an intra-
cranial rat glioma þ vaccination model. J Neuroimmunol 223:20e30.

Jiang M, Ding Y, Su Y, Hu X, Li J, and Zhang Z (2006) Arginase-flotillin interaction
brings arginase to red blood cell membrane. FEBS Lett 580:6561e6564.

Jung AS, Kubo H, Wilson R, Houser SR, and Margulies KB (2006) Modulation of
contractility by myocyte-derived arginase in normal and hypertrophied feline
myocardium. Am J Physiol Heart Circ Physiol 290:H1756eH1762.

Jung C, Gonon AT, Sj€oquist PO, Lundberg JO, and Pernow J (2010) Arginase inhibition
mediates cardioprotection during ischaemia-reperfusion. Cardiovasc Res 85:
147e154.

Kanyo ZF, Scolnick LR, Ash DE, and Christianson DW (1996) Structure of a unique
binuclear manganese cluster in arginase. Nature 383:554e557.

Kasten J, Hu C, Bhargava R, Park H, Tai D, Byrne JA, Marescau B, De Deyn PP,
Schlichting L, and Grody WW, et al. (2013) Lethal phenotype in conditional
late-onset arginase 1 deficiency in the mouse. Mol Genet Metab 110:
222e230.

Kaysen GA and Strecker HJ (1973) Purification and properties of arginase of rat
kidney. Biochem J 133:779e788.

Kim JH, Bugaj LJ, Oh YJ, Bivalacqua TJ, Ryoo S, Soucy KG, Santhanam L, Webb A,
Camara A, and Sikka G, et al. (2009) Arginase inhibition restores NOS coupling
and reverses endothelial dysfunction and vascular stiffness in old rats. J Appl
Physiol (1985) 107:1249e1257.

Kim PS, Iyer RK, Lu KV, Yu H, Karimi A, Kern RM, Tai DK, Cederbaum SD, and
Grody WW (2002) Expression of the liver form of arginase in erythrocytes. Mol
Genet Metab 76:100e110.

Kim SH, Roszik J, Grimm EA, and Ekmekcioglu S (2018) Impact of l-arginine meta-
bolism on immune response and anticancer immunotherapy. Front Oncol 8:67.

Kleinbongard P, Schulz R, Rassaf T, Lauer T, Dejam A, Jax T, Kumara I, Gharini P,
Kabanova S, and Ozüyaman B, et al. (2006) Red blood cells express a functional
endothelial nitric oxide synthase. Blood 107:2943e2951.

K€ovamees O, Shemyakin A, Checa A, Wheelock CE, Lundberg JO, Ostenson CG, and
Pernow J (2016a) Arginase inhibition improves microvascular endothelial
function in patients with type 2 diabetes mellitus. J Clin Endocrinol Metab 101:
3952e3958.

K€ovamees O, Shemyakin A, and Pernow J (2016b) Amino acid metabolism reflecting
arginase activity is increased in patients with type 2 diabetes and associated
with endothelial dysfunction. Diab Vasc Dis Res 13:354e360.

K€ovamees O, Shemyakin A, and Pernow J (2014) Effect of arginase inhibition on
ischemia-reperfusion injury in patients with coronary artery disease with and
without diabetes mellitus. PLoS One 9:e103260.

Krause BJ, Del Rio R, Moya EA, Marquez-Gutierrez M, Casanello P, and Iturriaga R
(2015) Arginase-endothelial nitric oxide synthase imbalance contributes to
endothelial dysfunction during chronic intermittent hypoxia. J Hypertens 33:
515e524.

Krebs HA and Henseleit K (1932) Untersuchungen uber die Harnstoffbildung im
Tierk€orper. Hoppe Seyler Z Physiol Chem 210:33e66.

Krotova K, Patel JM, Block ER, and Zharikov S (2010) Hypoxic upregulation of
arginase II in human lung endothelial cells. Am J Physiol Cell Physiol 299:
C1541eC1548.

Kuboki Y, Koyama T, Matsubara N, Naito Y, Kondo S, Harano K, Yonemori K, Yoh K,
Gu Y, and Mita T, et al. (2024) PD-1 inhibition with retifanlimab and/or arginase
inhibition with INCB001158 in Japanese patients with solid tumors: a phase I
study. Cancer Med 13:e6980.

Lacchini R, Muniz JJ, Nobre YTDA, Cologna AJ, Martins ACP, and Tanus-Santos JE
(2015) Relationship between Arginase 1 and Arginase 2 levels and genetic
polymorphisms with erectile dysfunction. Nitric Oxide 51:36e42.

http://refhub.elsevier.com/S0031-6997(24)11615-8/sref65
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref65
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref65
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref65
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref66
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref66
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref66
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref67
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref67
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref67
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref67
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref68
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref68
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref68
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref68
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref68
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref68
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref68
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref69
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref69
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref69
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref69
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref69
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref70
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref70
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref70
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref70
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref70
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref71
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref71
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref71
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref71
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref72
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref72
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref72
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref72
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref73
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref73
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref73
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref73
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref73
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref74
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref74
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref74
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref74
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref74
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref74
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref74
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref75
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref75
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref75
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref75
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref76
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref76
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref76
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref76
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref77
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref77
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref77
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref78
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref78
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref78
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref79
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref79
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref79
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref79
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref79
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref80
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref80
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref80
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref80
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref81
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref81
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref81
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref81
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref82
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref82
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref82
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref82
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref82
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref83
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref83
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref83
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref83
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref84
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref84
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref84
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref84
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref85
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref85
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref85
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref85
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref85
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref85
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref85
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref85
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref85
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref86
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref86
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref86
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref86
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref86
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref86
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref87
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref87
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref87
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref87
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref87
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref87
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref87
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref88
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref88
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref88
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref88
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref89
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref89
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref89
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref89
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref90
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref90
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref90
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref90
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref91
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref91
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref91
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref91
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref91
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref92
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref92
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref92
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref92
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref93
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref93
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref93
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref93
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref94
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref94
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref94
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref94
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref95
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref95
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref95
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref95
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref96
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref96
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref96
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref96
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref97
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref97
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref97
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref97
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref97
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref98
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref98
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref98
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref99
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref99
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref99
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref99
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref99
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref100
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref100
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref100
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref101
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref101
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref101
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref101
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref102
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref102
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref102
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref102
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref102
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref103
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref103
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref103
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref104
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref104
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref104
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref104
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref104
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref105
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref105
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref105
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref106
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref106
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref106
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref106
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref106
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref107
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref107
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref107
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref107
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref108
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref108
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref109
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref109
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref109
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref109
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref110
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref110
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref110
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref110
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref110
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref110
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref111
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref111
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref111
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref111
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref111
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref112
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref112
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref112
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref112
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref113
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref113
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref113
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref113
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref113
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref114
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref114
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref114
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref114
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref115
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref115
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref115
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref115
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref116
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref116
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref116
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref116
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref117
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref117
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref117
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref117


S.K. Heuser, J. Li, S. Pudewell et al. Pharmacological Reviews 77 (2025) 100015
Langner M, Mateska I, Bechmann N, Wielockx B, Chavakis T, Alexaki VI, and
Peitzsch M (2022) Liquid chromatography-tandem mass spectrometry based
quantification of arginine metabolites including polyamines in different sample
matrices. J Chromatogr A 1671:463021.

Law AMK, Valdes-Mora F, and Gallego-Ortega D (2020) Myeloid-derived suppressor
cells as a therapeutic target for cancer. Cells 9:561.

Leo F, Suvorava T, Heuser SK, Li J, Lobue A, Barbarino F, Piragine E, Schneckmann R,
Hutzler B, and Good ME, et al. (2021) Red blood cell and endothelial eNOS
independently regulate circulating nitric oxide metabolites and blood pressure.
Circulation 144:870e889.

Lerman A, Burnett JC Jr, Higano ST, McKinley LJ, and Holmes DR Jr (1998) Long-term
l-arginine supplementation improves small-vessel coronary endothelial func-
tion in humans. Circulation 97:2123e2128.

Levillain O (2012) Expression and function of arginine-producing and consuming-
enzymes in the kidney. Amino Acids 42:1237e1252.

Levillain O, Balvay S, and Peyrol S (2005a) Localization and differential expression
of arginase II in the kidney of male and female mice. Pflugers Arch 449:491e503.

Levillain O, Balvay S, and Peyrol S (2005b) Mitochondrial expression of arginase II in
male and female rat inner medullary collecting ducts. J Histochem Cytochem 53:
533e541.

Levillain O, Hus-Citharel A, Morel F, and Bankir L (1989) Production of urea from
arginine in pars recta and collecting duct of the rat kidney. Ren Physiol Biochem
12:302e312.

Levillain O, Hus-Citharel A, Morel F, and Bankir L (1990) Localization of arginine
synthesis along rat nephron. Am J Physiol 259:F916eF923.

Lewis ND, Asim M, Barry DP, Singh K, de Sablet T, Boucher JL, Gobert AP,
Chaturvedi R, and Wilson KT (2010) Arginase II restricts host defense to Heli-
cobacter pylori by attenuating inducible nitric oxide synthase translation in
macrophages. J Immunol 184:2572e2582.

Lewis ND, Asim M, Barry DP, de Sablet T, Singh K, Piazuelo MB, Gobert AP,
Chaturvedi R, and Wilson KT (2011) Immune evasion by Helicobacter pylori is
mediated by induction of macrophage arginase II. J Immunol 186:3632e3641.

Li M, Qin J, Xiong K, Jiang B, and Zhang T (2022a) Review of arginase as a promising
biocatalyst: characteristics, preparation, applications and future challenges. Crit
Rev Biotechnol 42:651e667.

Li YN, Wang ZW, Li F, Zhou LH, Jiang YS, Yu Y, Ma HH, Zhu LP, Qu JM, and Jia XM
(2022b) Inhibition of myeloid-derived suppressor cell arginase-1 production
enhances T-cell-based immunotherapy against Cryptococcus neoformans infec-
tion. Nat Commun 13:4074.

Li Z, Wang L, Ren Y, Huang Y, Liu W, Lv Z, Qian L, Yu Y, and Xiong Y (2022c) Arginase:
shedding light on the mechanisms and opportunities in cardiovascular diseases.
Cell Death Discov 8:413.

Lobue A, Heuser SK, Lindemann M, Li J, Rahman M, Kelm M, Stegbauer J, and
Cortese-Krott MM (2023) Red blood cell endothelial nitric oxide synthase: a
major player in regulating cardiovascular health. Br J Pharmacol. https://doi.org/
10.1111/bph.16230. in press.

Lorentzen CL, Martinenaite E, Kjeldsen JW, Holmstroem RB, Mørk SK, Pedersen AW,
Ehrnrooth E, Andersen MH, and Svane IM (2022) Arginase-1 targeting peptide
vaccine in patients with metastatic solid tumors - a phase I trial. Front Immunol
13:1023023.

Lowe MM, Boothby I, Clancy S, Ahn RS, Liao W, Nguyen DN, Schumann K, Marson A,
Mahuron KM, and Kingsbury GA, et al. (2019) Regulatory T cells use arginase 2
to enhance their metabolic fitness in tissues. JCI Insight 4:e129756.

Lucca F, DaDalt L, RosM,Gucciardi A, Pirillo P, NaturaleM, PerilongoG,GiordanoG, and
Baraldi E (2018) Asymmetric dimethylarginine and relatedmetabolites in exhaled
breath condensate of childrenwith cystic fibrosis. Clin Respir J 12:140e148.

Luk GD (1986) Essential role of polyamine metabolism in hepatic regeneration.
Inhibition of deoxyribonucleic acid and protein synthesis and tissue regener-
ation by difluoromethylornithine in the rat. Gastroenterology 90:1261e1267.

Lundberg JO and Weitzberg E (2022) Nitric oxide signaling in health and disease.
Cell 185:2853e2878.

MacKenzie A and Wadsworth RM (2003) Extracellular L-arginine is required for
optimal NO synthesis by eNOS and iNOS in the rat mesenteric artery wall. Br J
Pharmacol 139:1487e1497.

MacParland SA, Liu JC, Ma XZ, Innes BT, Bartczak AM, Gage BK, Manuel J, Khuu N,
Echeverri J, and Linares I, et al. (2018) Single cell RNA sequencing of human
liver reveals distinct intrahepatic macrophage populations. Nat Commun 9:
4383.

Mahdi A, K€ovamees O, Checa A, Wheelock CE, von Heijne M, Alvarsson M, and
Pernow J (2018) Arginase inhibition improves endothelial function in patients
with type 2 diabetes mellitus despite intensive glucose-lowering therapy.
J Intern Med 284:388e398.

Mahdi A, Pernow J, and K€ovamees O (2019) Arginase inhibition improves endo-
thelial function in an age-dependent manner in healthy elderly humans.
Rejuvenation Res 22:385e389.

Mahdi A, K€ovamees O, and Pernow J (2020a) Improvement in endothelial function
in cardiovascular disease - is arginase the target? Int J Cardiol 301:207e214.

Mahdi A, Tengbom J, Alvarsson M, Wernly B, Zhou Z, and Pernow J (2020b) Red
blood cell peroxynitrite causes endothelial dysfunction in type 2 diabetes
mellitus via arginase. Cells 9:1712.

Marselli L, Bosi E, De Luca C, Del Guerra S, Tesi M, Suleiman M, and Marchetti P
(2021) Arginase 2 and polyamines in human pancreatic beta cells: possible role
in the pathogenesis of type 2 diabetes. Int J Mol Sci 22:12099.

Martí i Líndez AA, Dunand-Sauthier I, Conti M, Gobet F, Nú~nez N, Hannich JT,
Riezman H, Geiger R, Piersigilli A, and Hahn K, et al. (2019) Mitochondrial
25
arginase-2 is a cell-autonomous regulator of CD8þ T cell function and antitumor
efficacy. JCI Insight 4.

Martí i Líndez AA and Reith W (2021) Arginine-dependent immune responses. Cell
Mol Life Sci 78:5303e5324.

Martinenaite E, Ahmad SM, Bendtsen SK, Jørgensen MA, Weis-Banke SE, Svane IM,
and Andersen MH (2019) Arginase-1-based vaccination against the tumor
microenvironment: the identification of an optimal T-cell epitope. Cancer
Immunol Immunother 68:1901e1907.

Ming XF, Rajapakse AG, Yepuri G, Xiong Y, Carvas JM, Ruffieux J, Scerri I, Wu Z,
Popp K, and Li J, et al. (2012) Arginase II promotes macrophage inflammatory
responses through mitochondrial reactive oxygen species, contributing to in-
sulin resistance and atherogenesis. J Am Heart Assoc 1:e000992.

Miyanaka K, Gotoh T, Nagasaki A, Takeya M, Ozaki M, Iwase K, Takiguchi M,
Iyama KI, Tomita K, and Mori M (1998) Immunohistochemical localization of
arginase II and other enzymes of arginine metabolism in rat kidney and liver.
Histochem J 30:741e751.

Miyazaki K, Masaki N, and Adachi T (2018) Arginine deficiency measured by global
arginine bioavailability ratio in patients with acute coronary syndrome.
Vascular Failure 2:80e87.

Molek P, Zmudzki P, Wlodarczyk A, Nessler J, and Zalewski J (2021) The shifted
balance of arginine metabolites in acute myocardial infarction patients and its
clinical relevance. Sci Rep 11:83.

MommaTYandOttaviani JI (2022) There is nodirect competition between arginase and
nitric oxide synthase for the common substrate l-arginine. Nitric Oxide 129:16e24.

Moncada S, Palmer RM, and Higgs EA (1991) Nitric oxide: physiology, pathophys-
iology, and pharmacology. Pharmacol Rev 43:109e142.

Monin L, Griffiths KL, LamWY, Gopal R, Kang DD, Ahmed M, Rajamanickam A, Cruz-
Lagunas A, Zuniga J, and Babu S, et al. (2015) Helminth-induced arginase-1
exacerbates lung inflammation and disease severity in tuberculosis. J Clin
Invest 125:4699e4713.

Moradi H, Kwok V, and Vaziri ND (2006) Effect of chronic renal failure on arginase
and argininosuccinate synthetase expression. Am J Nephrol 26:310e318.

Morris CR, Kuypers FA, Larkin S, Vichinsky EP, and Styles LA (2000) Patterns of
arginine and nitric oxide in patients with sickle cell disease with vaso-
occlusive crisis and acute chest syndrome. J Pediatr Hematol Oncol 22:
515e520.

Morris CR, Kato GJ, Poljakovic M, Wang X, Blackwelder WC, Sachdev V, Hazen SL,
Vichinsky EP, Morris SM Jr, and Gladwin MT (2005a) Dysregulated arginine
metabolism, hemolysis-associated pulmonary hypertension, and mortality in
sickle cell disease. JAMA 294:81e90.

Morris CR, Kuypers FA, Kato GJ, Lavrisha L, Larkin S, Singer T, and Vichinsky EP
(2005b) Hemolysis-associated pulmonary hypertension in thalassemia. Ann N Y
Acad Sci 1054:481e485.

Morris SM Jr, Moncman CL, Holub JS, and Hod Y (1989) Nutritional and hormonal
regulation of mRNA abundance for arginine biosynthetic enzymes in kidney.
Arch Biochem Biophys 273:230e237.

Morris SM Jr, Bhamidipati D, and Kepka-Lenhart D (1997) Human type II arginase:
sequence analysis and tissue-specific expression. Gene 193:157e161.

Morris SM Jr, Kepka-Lenhart D, and Chen LC (1998) Differential regulation of ar-
ginases and inducible nitric oxide synthase in murine macrophage cells. Am J
Physiol 275:E740eE747.

Morris SM Jr, Gao T, Cooper TK, Kepka-Lenhart D, and Awad AS (2011) Arginase-2
mediates diabetic renal injury. Diabetes 60:3015e3022.

Munder M (2009) Arginase: an emerging key player in the mammalian immune
system. Br J Pharmacol 158:638e651.

Munder M, Mollinedo F, Calafat J, Canchado J, Gil-Lamaignere C, Fuentes JM,
Luckner C, Doschko G, Soler G, and Eichmann K, et al. (2005) Arginase I is
constitutively expressed in human granulocytes and participates in fungicidal
activity. Blood 105:2549e2556.

Munder M, Schneider H, Luckner C, Giese T, Langhans CD, Fuentes JM, Kropf P,
Mueller I, Kolb A, and Modolell M, et al. (2006) Suppression of T-cell functions
by human granulocyte arginase. Blood 108:1627e1634.

Murray PJ (2016) Amino acid auxotrophy as a system of immunological control
nodes. Nat Immunol 17:132e139.

Murray PJ (2017) Macrophage polarization. Annu Rev Physiol 79:541e566.
Naing A, Papadopoulos KP, Pishvaian MJ, Rahma O, Hanna GJ, Garralda E,

Saavedra O, Gogov S, Kallender H, and Cheng L, et al. (2024) First-in-human
phase 1 study of the arginase inhibitor INCB001158 alone or combined with
pembrolizumab in patients with advanced or metastatic solid tumours. BMJ
Oncol 3:e000249.

Niese KA, Collier AR, Hajek AR, Cederbaum SD, O’Brien WE, Wills-Karp M,
Rothenberg ME, and Zimmermann N (2009) Bone marrow cell derived arginase
I is the major source of allergen-induced lung arginase but is not required for
airway hyperresponsiveness, remodeling and lung inflammatory responses in
mice. BMC Immunol 10:33.

Nikolaeva S, Ansermet C, Centeno G, Pradervand S, Bize V, Mordasini D, Henry H,
Koesters R, Maillard M, and Bonny O, et al. (2016) Nephron-specific deletion of
circadian clock gene Bmal1 alters the plasma and renal metabolome and im-
pairs drug disposition. J Am Soc Nephrol 27:2997e3004.

Niu F, Yu Y, Li Z, Ren Y, Li Z, Ye Q, Liu P, Ji C, Qian L, and Xiong Y (2022) Arginase: an
emerging and promising therapeutic target for cancer treatment. Biomed
Pharmacother 149:112840.

North ML, Khanna N, Marsden PA, Grasemann H, and Scott JA (2009) Functionally
important role for arginase 1 in the airway hyperresponsiveness of asthma. Am J
Physiol Lung Cell Mol Physiol 296:L911eL920.

http://refhub.elsevier.com/S0031-6997(24)11615-8/sref118
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref118
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref118
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref118
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref119
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref119
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref120
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref120
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref120
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref120
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref120
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref121
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref121
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref121
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref121
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref122
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref122
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref122
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref123
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref123
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref123
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref124
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref124
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref124
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref124
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref125
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref125
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref125
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref125
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref126
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref126
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref126
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref127
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref127
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref127
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref127
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref127
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref128
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref128
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref128
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref128
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref129
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref129
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref129
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref129
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref130
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref130
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref130
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref130
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref131
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref131
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref131
https://doi.org/10.1111/bph.16230
https://doi.org/10.1111/bph.16230
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref133
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref133
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref133
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref133
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref133
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref134
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref134
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref134
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref135
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref135
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref135
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref135
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref136
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref136
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref136
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref136
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref137
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref137
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref137
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref138
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref138
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref138
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref138
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref139
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref139
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref139
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref139
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref140
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref140
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref140
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref140
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref140
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref140
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref141
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref141
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref141
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref141
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref141
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref142
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref142
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref142
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref142
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref143
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref143
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref143
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref144
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref144
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref144
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref145
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref145
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref145
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref145
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref145
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref145
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref146
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref146
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref146
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref147
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref147
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref147
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref147
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref147
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref147
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref148
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref148
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref148
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref148
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref149
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref149
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref149
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref149
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref149
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref150
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref150
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref150
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref150
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref151
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref151
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref151
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref152
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref152
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref152
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref153
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref153
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref153
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref154
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref154
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref154
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref154
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref154
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref155
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref155
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref155
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref156
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref156
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref156
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref156
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref156
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref157
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref157
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref157
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref157
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref157
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref158
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref158
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref158
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref158
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref159
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref159
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref159
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref159
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref160
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref160
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref160
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref161
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref161
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref161
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref161
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref162
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref162
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref162
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref163
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref163
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref163
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref164
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref164
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref164
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref164
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref164
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref165
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref165
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref165
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref165
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref166
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref166
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref166
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref167
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref167
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref168
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref168
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref168
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref168
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref168
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref169
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref169
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref169
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref169
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref169
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref170
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref170
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref170
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref170
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref170
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref171
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref171
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref171
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref172
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref172
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref172
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref172


S.K. Heuser, J. Li, S. Pudewell et al. Pharmacological Reviews 77 (2025) 100015
Oberlies J, Watzl C, Giese T, Luckner C, Kropf P, Müller I, Ho AD, and Munder M
(2009) Regulation of NK cell function by human granulocyte arginase.
J Immunol 182:5259e5267.

Ochoa JB, Strange J, Kearney P, Gellin G, Endean E, and Fitzpatrick E (2001) Effects of
L-arginine on the proliferation of T lymphocyte subpopulations. JPEN J Parenter
Enteral Nutr 25:23e29.

Okumura S, Teratani T, Fujimoto Y, Zhao X, Tsuruyama T, Masano Y, Kasahara N,
Iida T, Yagi S, and Uemura T, et al. (2016) Oral administration of polyamines
ameliorates liver ischemia/reperfusion injury and promotes liver regeneration
in rats. Liver Transpl 22:1231e1244.

Ostrand-Rosenberg S and Fenselau C (2018) Myeloid-derived suppressor cells:
immune-suppressive cells that impair antitumor immunity and are sculpted by
their environment. J Immunol 200:422e431.

Park SW, Zhen G, Verhaeghe C, Nakagami Y, Nguyenvu LT, Barczak AJ, Killeen N, and
Erle DJ (2009) The protein disulfide isomerase AGR2 is essential for production
of intestinal mucus. Proc Natl Acad Sci U S A 106:6950e6955.

Patterton D and Shi YB (1994) Thyroid hormone-dependent differential regulation
of multiple arginase genes during amphibian metamorphosis. J Biol Chem 269:
25328e25334.

Pauling L, Itano HA, Singer SJ, and Wells IC (1949) Sickle cell anemia, a molecular
disease. Science 110:543e548.

Payne S, De Val S, and Neal A (2018) Endothelial-specific Cre mouse models. Arte-
rioscler Thromb Vasc Biol 38:2550e2561.

Pelley JW (2012) Amino acid and heme metabolism, in Elsevier’s Integrated Review
Biochemistry (Pelley JW, editor) pp 99e108, 2nd ed, W.B. Saunders,
Philadelphia.

Pera T, Zuidhof AB, Smit M, Menzen MH, Klein T, Flik G, Zaagsma J, Meurs H, and
Maarsingh H (2014) Arginase inhibition prevents inflammation and remodeling
in a guinea pig model of chronic obstructive pulmonary disease. J Pharmacol Exp
Ther 349:229e238.

Perozich J, Hempel J, and Morris SM Jr (1998) Roles of conserved residues in the
arginase family. Biochim Biophys Acta 1382:23e37.

Poisson J, Lemoinne S, Boulanger C, Durand F, Moreau R, Valla D, and Rautou PE
(2017) Liver sinusoidal endothelial cells: physiology and role in liver diseases.
J Hepatol 66:212e227.

Porcelli V, Fiermonte G, Longo A, and Palmieri F (2014) The human gene SLC25A29,
of solute carrier family 25, encodes a mitochondrial transporter of basic amino
acids. J Biol Chem 289:13374e13384.

Porembska Z and Kedra M (1975) Early diagnosis of myocardial infarction by
arginase activity determination. Clin Chim Acta 60:355e361.

Pudewell S, Lissy J, Nakhaeizadeh H, Taha MS, Akbarzadeh M, Rezaei Adariani S,
Nakhaei-Rad S, Li J, and Kordes C, et al. (2022) Physical interaction between
embryonic stem cell-expressed Ras (ERas) and arginase-1 in quiescent hepatic
stellate cells. Cells 11:508.

Pudlo M, Demougeot C, and Girard-Thernier C (2017) Arginase inhibitors: a rational
approach over one century. Med Res Rev 37:475e513.

Raber PL, Thevenot P, Sierra R, Wyczechowska D, Halle D, Ramirez ME, Ochoa AC,
Fletcher M, Velasco C, Wilk A, and Reiss K, et al. (2014) Subpopulations of
myeloid-derived suppressor cells impair T cell responses through independent
nitric oxide-related pathways. Int J Cancer 134:2853e2864.

Racanelli V and Rehermann B (2006) The liver as an immunological organ. Hep-
atology 43:S54eS62.

Rath M, Müller I, Kropf P, Closs EI, and Munder M (2014) Metabolism via arginase or
nitric oxide synthase: two competing arginine pathways in macrophages. Front
Immunol 5:532.

Rector TS, Bank AJ, Mullen KA, Tschumperlin LK, Sih R, Pillai K, and Kubo SH (1996)
Randomized, double-blind, placebo-controlled study of supplemental oral l-
arginine in patients with heart failure. Circulation 93:2135e2141.

Reczkowski RS and Ash DE (1994) Rat liver arginase: kinetic mechanism, alternate
substrates, and inhibitors. Arch Biochem Biophys 312:31e37.

Rees CA, Rostad CA, Mantus G, Anderson EJ, Chahroudi A, Jaggi P, Wrammert J,
Ochoa JB, Ochoa A, and Basu RK, et al. (2021) Altered amino acid profile in
patients with SARS-CoV-2 infection. Proc Natl Acad Sci U S A 118:e2101708118.

Rogers QR, Freedland RA, and Symmons RA (1972) In vivo synthesis and utilization
of arginine in the rat. Am J Physiol 223:236e240.

Romero MJ, Platt DH, Tawfik HE, Labazi M, El-Remessy AB, Bartoli M, Caldwell RB,
and Caldwell RW (2008) Diabetes-induced coronary vascular dysfunction in-
volves increased arginase activity. Circ Res 102:95e102.

Romero MJ, Iddings JA, Platt DH, Ali MI, Cederbaum SD, Stepp DW, Caldwell RB, and
Caldwell RW (2012) Diabetes-induced vascular dysfunction involves arginase I.
Am J Physiol Heart Circ Physiol 302:H159eH166.

Rotondo R, Bertolotto M, Barisione G, Astigiano S, Mandruzzato S, Ottonello L,
Dallegri F, Bronte V, Ferrini S, and Barbieri O (2011) Exocytosis of azurophil
and arginase 1-containing granules by activated polymorphonuclear neutro-
phils is required to inhibit T lymphocyte proliferation. J Leukoc Biol 89:
721e727.

Rüegg UT and Russell AS (1980) A rapid and sensitive assay for arginase. Anal
Biochem 102:206e212.

Russo RS, Gasperini S, Bubb G, Neuman L, Sloan LS, Diaz GA, and Enns GM; PEACE
Investigators (2024) Efficacy and safety of pegzilarginase in arginase 1 defi-
ciency (PEACE): a phase 3, randomized, double-blind, placebo-controlled,
multi-centre trial. EClinicalMedicine 68:102405.

Sagar NA, Tarafdar S, Agarwal S, Tarafdar A, and Sharma Sþ (2021) Polyamines:
functions, metabolism, and role in human disease management. Med Sci (Basel)
9:44.
26
Sayers EW, Bolton EE, Brister JR, Canese K, Chan J, Comeau DC, Connor R, Funk K,
Kelly C, and Kim S (2022) Database resources of the national center for
biotechnology information. Nucleic Acids Res 50:D20eD26.

Schmok E, Abad Dar M, Behrends J, Erdmann H, Ruckerl D, Endermann T,
Heitmann L, Hessmann M, Yoshimura A, and Rose-John S, et al. (2017) Sup-
pressor of cytokine signaling 3 in macrophages prevents exacerbated inter-
leukin-6-dependent arginase-1 activity and early permissiveness to
experimental tuberculosis. Front Immunol 8:1537.

Shahbaz S, Xu L, Osman M, Sligl W, Shields J, Joyce M, Tyrrell DL, Oyegbami O, and
Elahi S (2021) Erythroid precursors and progenitors suppress adaptive immu-
nity and get invaded by SARS-CoV-2. Stem Cell Reports 16:1165e1181.

Shatanawi A, Lemtalsi T, Yao L, Patel C, Caldwell RB, and Caldwell RW (2015)
Angiotensin II limits NO production by upregulating arginase through a p38
MAPK-ATF-2 pathway. Eur J Pharmacol 746:106e114.

Shatanawi A, Momani MS, Al-Aqtash R, Hamdan MH, and Gharaibeh MN (2020) L-
Citrulline supplementation increases plasma nitric oxide levels and reduces
arginase activity in patients with type 2 diabetes. Front Pharmacol 11:584669.

Sheldon KE, Shandilya H, Kepka-Lenhart D, Poljakovic M, Ghosh A, and Morris SM Jr
(2013) Shaping the murine macrophage phenotype: IL-4 and cyclic AMP syn-
ergistically activate the arginase I promoter. J Immunol 191:2290e2298.

Shemyakin A, K€ovamees O, Rafnsson A, B€ohm F, Svenarud P, Settergren M, Jung C,
and Pernow J (2012) Arginase inhibition improves endothelial function in pa-
tients with coronary artery disease and type 2 diabetes mellitus. Circulation
126:2943e2950.

Shi O, Morris SM Jr, Zoghbi H, Porter CW, and O’Brien WE (2001) Generation of a
mouse model for arginase II deficiency by targeted disruption of the arginase II
gene. Mol Cell Biol 21:811e813.

Shima Y, Maeda T, Aizawa S, Tsuboi I, Kobayashi D, Kato R, and Tamai I (2006) l-
arginine import via cationic amino acid transporter CAT1 is essential for both
differentiation and proliferation of erythrocytes. Blood 107:1352e1356.

Shin NS, Marlier A, Xu L, Doilicho N, Linberg D, Guo J, and Cantley LG (2022)
Arginase-1 is required for macrophage-mediated renal tubule regeneration.
J Am Soc Nephrol 33:1077e1086.

Shin S, Mohan S, and Fung HL (2011) Intracellular l-arginine concentration does not
determine NO production in endothelial cells: implications on the “l-arginine
paradox”. Biochem Biophys Res Commun 414:660e663.

Shin WS, Berkowitz DE, and Ryoo SW (2012) Increased arginase II activity con-
tributes to endothelial dysfunction through endothelial nitric oxide synthase
uncoupling in aged mice. Exp Mol Med 44:594e602.

Sin YY, Ballantyne LL, Mukherjee K, St. Amand T, Kyriakopoulou L, Schulze A, and
Funk CD (2013) Inducible arginase 1 deficiency in mice leads to hyper-
argininemia and altered amino acid metabolism. PLoS One 8:e80001.

Sonoki T, Nagasaki A, Gotoh T, Takiguchi M, Takeya M, Matsuzaki H, and Mori M
(1997) Coinduction of nitric-oxide synthase and arginase I in cultured rat
peritoneal macrophages and rat tissues in vivo by lipopolysaccharide. J Biol
Chem 272:3689e3693.

Sourij H, Meinitzer A, Pilz S, Grammer TB, Winkelmann BR, Boehm BO, and M€arz W
(2011) Arginine bioavailability ratios are associated with cardiovascular mor-
tality in patients referred to coronary angiography. Atherosclerosis 218:
220e225.

Sparkes RS, Dizikes GJ, Klisak I, Grody WW, Mohandas T, Heinzmann C, Zollman S,
Lusis AJ, and Cederbaum SD (1986) The gene for human liver arginase (ARG1) is
assigned to chromosome band 6q23. Am J Hum Genet 39:186e193.

Spector EB, Kiernan M, Bernard B, and Cederbaum SD (1980) Properties of fetal and
adult red blood cell arginase: a possible prenatal diagnostic test for arginase
deficiency. Am J Hum Genet 32:79e87.

Spector EB, Rice SC, and Cederbaum SD (1983) Immunologic studies of arginase in
tissues of normal human adult and arginase-deficient patients. Pediatr Res 17:
941e944.

Spector EB, Rice SC, Kern RM, Hendrickson R, and Cederbaum SD (1985) Compar-
ison of arginase activity in red blood cells of lower mammals, primates, and
man: evolution to high activity in primates. Am J Hum Genet 37:1138e1145.

Steggerda SM, Bennett MK, Chen J, Emberley E, Huang T, Janes JR, Li W,
Mackinnon AL, Makkouk A, and Marguier G, et al. (2017) Inhibition of arginase
by CB-1158 blocks myeloid cell-mediated immune suppression in the tumor
microenvironment. J Immunother Cancer 5:101.

Steppan J, Ryoo S, Schuleri KH, Gregg C, Hasan RK, White AR, Bugaj LJ, Khan M,
Santhanam L, and Nyhan D, et al. (2006) Arginase modulates myocardial
contractility by a nitric oxide synthase 1-dependent mechanism. Proc Natl Acad
Sci U S A 103:4759e4764.

Steppan J, Tran HT, Bead VR, Oh YJ, Sikka G, Bivalacqua TJ, Burnett AL, Berkowitz DE,
and Santhanam L (2016) Arginase inhibition reverses endothelial dysfunction,
pulmonary hypertension, and vascular stiffness in transgenic sickle cell mice.
Anesth Analg 123:652e658.

Stone EM, Glazer ES, Chantranupong L, Cherukuri P, Breece RM, Tierney DL,
Curley SA, Iverson BL, and Georgiou G (2010) Replacing Mn2þ with Co2þ in
human arginase I enhances cytotoxicity toward l-arginine auxotrophic cancer
cell lines. ACS Chem Biol 5:333e342.

Stratoulias V, Ruiz R, Kanatani S, Osman AM, Keane L, Armengol JA, Rodríguez-
Moreno A, Murgoci AN, García-Domínguez I, and Alonso-Bellido I, et al. (2023)
ARG1-expressing microglia show a distinct molecular signature and modulate
postnatal development and function of the mouse brain. Nat Neurosci 26:
1008e1020.

Strong A, Gold J, Gold NB, and Yudkoff M (2021) Hepatic manifestations of urea
cycle disorders. Clin Liver Dis (Hoboken) 18:198e203.

http://refhub.elsevier.com/S0031-6997(24)11615-8/sref173
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref173
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref173
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref173
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref174
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref174
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref174
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref174
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref175
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref175
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref175
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref175
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref175
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref176
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref176
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref176
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref176
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref177
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref177
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref177
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref177
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref178
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref178
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref178
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref178
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref179
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref179
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref179
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref180
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref180
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref180
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref181
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref181
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref181
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref182
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref182
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref182
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref182
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref182
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref183
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref183
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref183
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref184
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref184
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref184
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref184
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref185
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref185
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref185
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref185
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref186
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref186
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref186
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref187
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref187
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref187
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref187
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref188
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref188
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref188
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref189
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref189
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref189
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref189
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref189
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref190
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref190
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref190
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref191
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref191
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref191
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref192
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref192
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref192
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref192
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref193
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref193
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref193
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref194
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref194
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref194
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref195
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref195
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref195
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref196
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref196
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref196
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref196
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref197
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref197
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref197
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref197
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref198
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref198
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref198
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref198
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref198
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref198
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref199
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref199
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref199
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref200
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref200
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref200
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref200
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref201
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref201
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref201
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref201
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref202
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref202
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref202
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref202
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref203
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref203
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref203
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref203
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref203
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref204
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref204
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref204
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref204
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref205
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref205
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref205
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref205
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref206
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref206
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref206
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref207
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref207
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref207
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref207
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref208
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref208
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref208
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref208
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref208
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref208
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref208
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref209
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref209
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref209
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref209
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref210
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref210
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref210
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref210
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref211
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref211
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref211
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref211
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref212
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref212
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref212
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref212
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref213
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref213
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref213
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref213
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref214
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref214
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref214
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref215
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref215
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref215
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref215
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref215
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref216
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref216
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref216
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref216
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref216
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref216
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref217
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref217
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref217
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref217
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref218
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref218
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref218
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref218
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref219
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref219
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref219
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref219
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref220
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref220
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref220
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref220
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref221
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref221
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref221
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref221
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref222
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref222
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref222
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref222
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref222
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref223
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref223
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref223
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref223
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref223
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref224
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref224
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref224
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref224
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref224
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref224
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref224
http://refhub.elsevier.com/S0031-6997(24)11615-8/optyp2QtxxbOI
http://refhub.elsevier.com/S0031-6997(24)11615-8/optyp2QtxxbOI
http://refhub.elsevier.com/S0031-6997(24)11615-8/optyp2QtxxbOI
http://refhub.elsevier.com/S0031-6997(24)11615-8/optyp2QtxxbOI
http://refhub.elsevier.com/S0031-6997(24)11615-8/optyp2QtxxbOI
http://refhub.elsevier.com/S0031-6997(24)11615-8/optyp2QtxxbOI
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref225
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref225
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref225


S.K. Heuser, J. Li, S. Pudewell et al. Pharmacological Reviews 77 (2025) 100015
Stuehr DJ, Cho HJ, Kwon NS, Weise MF, and Nathan CF (1991) Purification and
characterization of the cytokine-induced macrophage nitric oxide synthase: an
FAD- and FMN-containing flavoprotein. Proc Natl Acad Sci U S A 88:7773e7777.

Szepesi B, Avery EH, and Freedland RA (1970) Role of kidney in gluconeogenesis and
amino acid catabolism. Am J Physiol 219:1627e1631.

Tang WH, Wang Z, Cho L, Brennan DM, and Hazen SL (2009) Diminished global
arginine bioavailability and increased arginine catabolism as metabolic profile
of increased cardiovascular risk. J Am Coll Cardiol 53:2061e2067.

Teupser D, Burkhardt R, Wilfert W, Haffner I, Nebendahl K, and Thiery J (2006)
Identification of macrophage arginase I as a new candidate gene of athero-
sclerosis resistance. Arterioscler Thromb Vasc Biol 26:365e371.

Thacher TN, Gambillara V, Riche F, Silacci P, Stergiopulos N, and da Silva RF (2010)
Regulation of arginase pathway in response to wall shear stress. Atherosclerosis
210:63e70.

Thomas AC and Mattila JT (2014) “Of mice and men”: arginine metabolism in
macrophages. Front Immunol 5:479.

Tommasi S, Elliot DJ, Da Boit M, Gray SR, Lewis BC, and Mangoni AA (2018)
Homoarginine and inhibition of human arginase activity: kinetic characteriza-
tion and biological relevance. Sci Rep 8:3697.

Toque HA, Nunes KP, Rojas M, Bhatta A, Yao L, Xu Z, Romero MJ, Webb RC,
Caldwell RB, and Caldwell RW (2013) Arginase 1 mediates increased blood
pressure and contributes to vascular endothelial dysfunction in deoxy-
corticosterone acetate-salt hypertension. Front Immunol 4:219.

Tratsiakovich Y, Gonon AT, Krook A, Yang J, Shemyakin A, Sj€oquist PO, and Pernow J
(2013) Arginase inhibition reduces infarct size via nitric oxide, protein kinase C
epsilonandmitochondrialATP-dependentKþ channels.Eur JPharmacol712:16e21.

Tripolt NJ, Meinitzer A, Eder M, Wascher TC, Pieber TR, and Sourij H (2012)
Multifactorial risk factor intervention in patients with type 2 diabetes improves
arginine bioavailability ratios. Diabet Med 29:e365ee368.

Uemura T and Gerner EW (2011) Polyamine transport systems in mammalian cells
and tissues. Methods Mol Biol 720:339e348.

Vaisman BL, Andrews KL, Khong SM, Wood KC, Moore XL, Fu Y, Kepka-Lenhart DM,
Morris SM Jr, Remaley AT, and Chin-Dusting JP (2012) Selective endothelial
overexpression of arginase II induces endothelial dysfunction and hypertension
and enhances atherosclerosis in mice. PLoS One 7:e39487.

Van den Bossche J, Lamers WH, Koehler ES, Geuns JM, Alhonen L, Uimari A, Pirnes-
Karhu S, Van Overmeire E, Morias Y, and Brys L, et al. (2012) Pivotal advance:
arginase-1-independent polyamine production stimulates the expression of IL-
4-induced alternatively activated macrophage markers while inhibiting LPS-
induced expression of inflammatory genes. J Leukoc Biol 91:685e699.

Van Slyke DD and Archibald RM (1946) Gasometric and photometric measurement
of arginase activity. J Biol Chem 165:293e309.

Van Zandt MC, Jagdmann GE, Whitehouse DL, Ji M, Savoy J, Potapova O, Cousido-
Siah A, Mitschler A, Howard EI, and Pyle AM, et al. (2019) Discovery of N-
substituted 3-amino-4-(3-boronopropyl)pyrrolidine-3-carboxylic acids as
highly potent third-generation inhibitors of human arginase I and II. J Med
Chem 62:8164e8177.

Vockley JG, Jenkinson CP, Shukla H, Kern RM, GrodyWW, and Cederbaum SD (1996)
Cloning and characterization of the human type II arginase gene. Genomics 38:
118e123.

Waddington SN, Mosley K, Cook HT, Tam FW, and Cattell V (1998) Arginase AI is
upregulated in acute immune complex-induced inflammation. Biochem Biophys
Res Commun 247:84e87.

Wang WW, Jenkinson CP, Griscavage JM, Kern RM, Arabolos NS, Byrns RE,
Cederbaum SD, and Ignarro LJ (1995) Co-induction of arginase and nitric oxide
synthase in murine macrophages activated by lipopolysaccharide. Biochem
Biophys Res Commun 210:1009e1016.

Weis-Banke SE, Hübbe ML, Holmstr€om MO, Jørgensen MA, Bendtsen SK,
Martinenaite E, Carretta M, Svane IM, and Ødum N, et al. (2020) The metabolic
enzyme arginase-2 is a potential target for novel immune modulatory vaccines.
Oncoimmunology 9:1771142.

Wetzel MD, Stanley K, Wang WW, Maity S, Madesh M, Reeves WB, and Awad AS
(2020) Selective inhibition of arginase-2 in endothelial cells but not proximal
tubules reduces renal fibrosis. JCI Insight:e142187e142187.
27
Wijnands KAP, Hoeksema MA, Meesters DM, van den Akker NM, Molin DGM,
Bried�e JJ, Ghosh M, K€ohler SE, van Zandvoort MAMJ, and de Winther MP, et al.
(2014) Arginase-1 deficiency regulates arginine concentrations and NOS2-
mediated NO production during endotoxemia. PLoS One 9:e86135.

Williams FM, Kus M, Tanda K, and Williams TJ (1994) Effect of duration of
ischaemia on reduction of myocardial infarct size by inhibition of neutrophil
accumulation using an anti-CD18 monoclonal antibody. Br J Pharmacol 111:
1123e1128.

Windmueller HG and Spaeth AE (1981) Source and fate of circulating citrulline. Am J
Physiol 241:E473eE480.

Winnica D, Corey C, Mullett S, Reynolds M, Hill G, Wendell S, Que L, Holguin F, and
Shiva S (2019) Bioenergetic eifferences in the airway epithelium of lean versus
obese asthmatics are driven by nitric oxide and reflected in circulating platelets.
Antioxid Redox Signal 31:673e686.

Wu F, Park F, Cowley AW Jr, and Mattson DL (1999) Quantification of nitric oxide
synthase activity in microdissected segments of the rat kidney. Am J Physiol 276:
F874eF881.

Wu G and Morris SM Jr (1998) Arginine metabolism: nitric oxide and beyond.
Biochem J 336(Pt 1):1e17.

Wu YS, Jiang J, Ahmadi S, Lew A, Laselva O, Xia S, Bartlett C, Ip W, Wellhauser L,
and Ouyang H, et al. (2019) ORKAMBI-mediated rescue of mucociliary clear-
ance in cystic fibrosis primary respiratory cultures is enhanced by arginine
uptake, arginase inhibition, and promotion of nitric oxide signaling to the
cystic fibrosis transmembrane conductance regulator channel. Mol Pharmacol
96:515e525.

Xu W, Comhair SAA, Janocha AJ, Lara A, Mavrakis LA, Bennett CD, Kalhan SC, and
Erzurum SC (2017) Arginine metabolic endotypes related to asthma severity.
PLoS One 12:e0183066.

Xu W, Kaneko FT, Zheng S, Comhair SA, Janocha AJ, Goggans T, Thunnissen FBJM,
Farver C, Hazen SL, and Jennings C, et al. (2004) Increased arginase II and
decreased NO synthesis in endothelial cells of patients with pulmonary arterial
hypertension. FASEB J 18:1746e1748.

Yang J, Gonon AT, Sj€oquist PO, Lundberg JO, and Pernow J (2013) Arginase regulates
red blood cell nitric oxide synthase and export of cardioprotective nitric oxide
bioactivity. Proc Natl Acad Sci U S A 110:15049e15054.

Yang J, Zheng X, Mahdi A, Zhou Z, Tratsiakovich Y, Jiao T, Kiss A, K€ovamees O,
Alvarsson M, and Catrina SB, et al. (2018) Red blood cells in type 2 diabetes impair
cardiac post-ischemic recovery through an arginase-dependent modulation of
nitric oxide synthase and reactive oxygen species. JACC Basic Transl Sci 3:450e463.

Yang Z and Ming XF (2014) Functions of arginase isoforms in macrophage inflam-
matory responses: impact on cardiovascular diseases and metabolic disorders.
Front Immunol 5:533.

Yao L, Bhatta A, Xu Z, Chen J, Toque HA, Chen Y, Xu Y, Bagi Z, Lucas R, and Huo Y,
et al. (2017) Obesity-induced vascular inflammation involves elevated arginase
activity. Am J Physiol Regul Integr Comp Physiol 313:R560eR571.

You H, Gao T, Cooper TK, Morris SM Jr, and Awad AS (2013) Arginase inhibition
mediates renal tissue protection in diabetic nephropathy by a nitric oxide
synthase 3-dependent mechanism. Kidney Int 84:1189e1197.

Yu H, Yoo PK, Aguirre CC, Tsoa RW, Kern RM, Grody WW, Cederbaum SD, and Iyer RK
(2003) Widespread expression of arginase I in mouse tissues. Biochemical and
physiological implications. J Histochem Cytochem 51:1151e1160.

Zhang C, Hein TW, Wang W, Chang CI, and Kuo L (2001) Constitutive expression of
arginase in microvascular endothelial cells counteracts nitric oxide-mediated
vasodilatory function. FASEB J 15:1264e1266.

Zhang N, Deng J, Wu F, Lu X, Huang L, and Zhao M (2016) Expression of arginase I
and inducible nitric oxide synthase in the peripheral blood and lymph nodes of
HIV-positive patients. Mol Med Rep 13:731e743.

Zhou Z, Mahdi A, Tratsiakovich Y, Zahoran S, Kovamees O, Nordin F, Uribe
Gonzalez AE, Alvarsson M, Ostenson CG, and Andersson DC, et al. (2018)
Erythrocytes from patients with type 2 diabetes induce endothelial dysfunction
via arginase I. J Am Coll Cardiol 72:769e780.

Zhu M, Goetsch SC, Wang Z, Luo R, Hill JA, Schneider J, Morris SM Jr, and Liu ZP
(2015) FoxO4 promotes early inflammatory response upon myocardial infarc-
tion via endothelial Arg1. Circ Res 117:967e977.

http://refhub.elsevier.com/S0031-6997(24)11615-8/sref226
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref226
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref226
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref226
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref227
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref227
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref227
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref228
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref228
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref228
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref228
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref229
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref229
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref229
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref229
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref230
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref230
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref230
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref230
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref231
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref231
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref232
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref232
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref232
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref233
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref233
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref233
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref233
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref234
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref234
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref234
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref234
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref234
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref234
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref234
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref235
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref235
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref235
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref235
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref236
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref236
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref236
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref237
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref237
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref237
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref237
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref238
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref238
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref238
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref238
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref238
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref238
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref239
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref239
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref239
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref240
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref240
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref240
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref240
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref240
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref240
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref241
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref241
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref241
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref241
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref242
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref242
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref242
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref242
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref243
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref243
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref243
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref243
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref243
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref244
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref244
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref244
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref244
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref244
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref244
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref244
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref245
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref245
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref245
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref246
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref246
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref246
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref246
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref246
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref246
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref247
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref247
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref247
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref247
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref247
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref248
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref248
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref248
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref249
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref249
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref249
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref249
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref249
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref250
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref250
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref250
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref250
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref251
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref251
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref251
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref252
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref252
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref252
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref252
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref252
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref252
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref252
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref253
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref253
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref253
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref254
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref254
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref254
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref254
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref254
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref255
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref255
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref255
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref255
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref255
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref256
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref256
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref256
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref256
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref256
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref256
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref257
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref257
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref257
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref258
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref258
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref258
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref258
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref259
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref259
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref259
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref259
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref260
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref260
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref260
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref260
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref261
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref261
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref261
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref261
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref262
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref262
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref262
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref262
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref263
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref263
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref263
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref263
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref263
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref264
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref264
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref264
http://refhub.elsevier.com/S0031-6997(24)11615-8/sref264

	Titelblatt_Cortese-Krott_final
	Cortese-Krott_biochemistry
	Biochemistry, pharmacology, and in vivo function of arginases
	I. Introduction
	II. Biochemistry and regulation of arginase expression and activity
	A. Genetic characteristics and regulation
	B. Protein structure and catalysis
	C. Summary

	III. Biochemical assays for the determination of arginase activity and L-arginine metabolomics
	A. The urea assay: Colorimetric determination of urea formation in cells and tissues
	B. Colorimetric determination of l-ornithine
	C. The radioactive assay: Conversion of 14C-l-arginine into l-ornithine and 14C-urea
	D. Systemic analysis of l-arginine bioavailability and l-arginine metabolism
	E. Summary

	IV. The biological role of arginase in cells and tissues
	A. Role of arginase in the liver
	B. Role of arginase in the immune system
	C. Role of arginase in red blood cells
	D. Role of arginase in the vasculature
	E. Role of arginase in the heart
	F. l-Arginine metabolism and role of arginase in the kidney
	G. Summary and outlook

	V. l-Arginine metabolism and arginase activity in human disease
	A. Measurements of arginase expression and activity in human disease
	B. Measurement of l-arginine bioavailability in human cohorts with cardiometabolic disease
	C. Arginase as a pharmacological target
	D. l-Arginine/l-arginine metabolite supplementation
	E. Summary and outlook

	VI. Conclusion and outlook
	Abbreviations
	Financial support
	Conflict of interest
	Financial supportThis study was supported by the German Research Council (DFG) [Grant 263779315] (to M.M.C.-K. and Dr Johan ...
	Data availability
	Authorship contributions
	References



