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~ >~ | 2018. Published February 7, 2018; doi:10.1152/physrev.00037.2016.—The argi-
( nase enzyme developed in early life forms and was maintained during evolution. As the
last step in the urea cycle, arginase cleaves L-arginine to form urea and L-ornithine. The

O »

urea cycle provides protection against excess ammonia, while L-ornithine is needed for cell prolif-
eration, collagen formation, and other physiological functions. In mammals, increases in arginase
activity have been linked to dysfunction and pathologies of the cardiovascular system, kidney, and
central nervous system and also to dysfunction of the immune system and cancer. Two important
aspects of the excessive activity of arginase may be involved in diseases. First, overly active
arginase can reduce the supply of L-arginine needed for the production of nitric oxide (NO) by NO
synthase. Second, too much L-ornithine can lead to structural problems in the vasculature, neu-
ronal toxicity, and abnormal growth of tumor cells. Seminal studies have demonstrated that
increased formation of reactive oxygen species and key inflammatory mediators promote this
pathological elevation of arginase activity. Here, we review the involvement of arginase in diseases
affecting the cardiovascular, renal, and central nervous system and cancer and discuss the value
of therapies targeting the elevated activity of arginase.
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I. INTRODUCTION

This introductory section will outline the role played by the
ureohydrolase enzyme arginase in health and disease, em-
phasizing the involvement of arginase in disease and injury
conditions that affect the cardiovascular system, the kid-
neys, neoplastic malignancies, and the brain and retina.
Increases in arginase expression and activity have been re-
ported in many diseases and syndromes. The activity of
arginase was initially associated with liver function and
later was found to be associated with malignancies. More
recently, it has been linked with other disease states includ-
ing those of the kidney, cardiovascular, and central nervous
systems. The next sections will summarize research in these
areas. New drug treatments are being developed to modu-
late the activity or expression of arginase. These will be
discussed in the last section.

A. Arginase

The ureohydrolase arginase is a manganese-containing en-
zyme that catalyzes the final step in the urea cycle to dispose
of toxic ammonia by converting L-arginine to L-ornithine
and urea (229). Its importance in this cycle has long been
recognized. Arginase is thought to have appeared first in
bacteria, but it has persisted through evolution and is found
in yeasts, plants, invertebrates, and vertebrates (53). The
transfer of arginase from bacteria to eukaryotic cells has
been suggested to have occurred via the mitochondria.
Most plants, bacteria, yeasts, and invertebrates have only
one arginase isoform, arginase 2 (A2), and it is located in
the mitochondria. The majority of animals that metabolize
excess nitrogen as urea also express arginase 1 (A1), and it
is localized in the cytosol. In some vertebrates, Al is ex-
pressed in the liver, red blood cells, and specific immune cell
populations, whereas A2 is highly expressed in the kidney
and is also expressed in some other tissues, including the
brain and retina. Both isoforms can be induced by a variety
of conditions.

A1 in humans comprises 322 amino acids (50), and A2 has
354 (73). Each isoform is encoded by a separate gene, and
the two genes are located on separate chromosomes. The
two isoforms have similar mechanisms of action, and they
produce the same metabolites. They have greater than 60%
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homology in amino acid residues, and the areas critical to
enzyme function are 100% homologous (220). High-reso-
lution crystallographic analysis has shown that A1 and A2
are almost identical in structure. Both consist of three iden-
tical subunits, and the active site is located at the bottom of
a 15 A cleft (FIGURE 1). Binding of manganese ions at the
bottom of the cleft is essential for enzyme activity. The
protein folding of each subunit belongs to the /B family
and consists of a parallel, eight-stranded B-sheet that is
flanked by numerous a-helices (3).

Studies of arginase expression have demonstrated that the
intracellular signaling events resulting in increased arginase
expression/activity include activation of Rho kinase, mito-
gen-activated protein kinase, and protein kinase A; produc-
tion of multiple cytokines [such as interleukin (IL)-13, IL-4,
IL-6, IL-8, and tumor necrosis factor (TNF)-a]; and forma-
tion of reactive oxygen and nitrogen species and hypoxia
(27,66,156,161,195,223). Transcription factors regulat-
ing the expression of the A1 include signal transducer and
activator of transcription (STAT)-6/STAT-3, foxhead box
transcription factor (Fox)O4, hypoxia-inducible factor
(HIF)-1, CCAAT/enhancer binding protein (C/EBP)B, and
activating transcription factor (ATF)-2 (194, 197, 253),
whereas transcription factors for A2 include extracellular
signal-regulated kinase (ERK)5/cAMP response element
binding protein (CREB), HIF-2, and interferon regulatory
factor (IRF)-3 (10, 74, 116). Epigenetic control of A2 ex-
pression through altered histone deacetylase 2 activity also
has been reported (157).

B. Arginase-Ornithine Pathway

Activity of arginase has two primary physiological func-
tions: 1) detoxification of ammonia in the urea cycle and 2)
production of ornithine needed for the synthesis of proline
and polyamines (FIGURE 2) (229). Proline is produced
through activity of ornithine aminotransferase (OAT) (141,
160) and is needed for collagen formation. Polyamines are
produced through activity of ornithine decarboxylase
(ODC), followed by spermidine and spermine synthases.
Polyamines also can be generated from agmatine by activity
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FIGURE 1. A: a ribbon plot of the arginase trimer (liver
arginase 1). The binuclear manganese cluster is repre-
sented by a pair of spheres in each monomer. B: the binu-
clear manganese cluster. Metal coordination interactions
are indicated by green dotted lines, and the hydrogen bond
between the metal-bridging hydroxide ion (red sphere) and
Asp-128 is indicated by a white dotted line. Mn®* is coor-
dinated with square pyramidal geometry, leaving a vacant
coordination site that permits octahedral coordination ge-
ometry as a means of transition state stabilization in catal-
ysis. Mn2* is coordinated with octahedral geometry. [From
Kanyo et al. (104), with permission from Nature Publishing
Group.]

of arginine decarboxylase (ADC). They have an essential
role in cell proliferation and growth, and they are also
needed for inflammation, wound healing, tissue repair, and
neuronal development (120, 187).

In most cell types, L-citrulline is converted to L-arginine

through the activity of argininosuccinate synthase (ASS)
and argininosuccinate lyase (ASL). ASS and ASL are part of
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FIGURE 2. Scheme for the catabolism of L-arginine to L -ornithine /
urea or L-citrulline /NO, production of polyamines and anabolism and
catabolism of proline. Also shown are the pathway for synthesis of
L-arginine from L-glutamine, the reversible pathway between L-orni-
thine and L-glutamine, and the recycling of L-citrulline into L-arginine.
ASL, argininosuccinate lyase; ASS, argininosuccinate synthase;
NQS, nitric oxide synthase; OAT; ornithine aminotransferase; ODC,
ornithine decarboxylase; OTC, ornithine transcarbamylase. Arginase
(top left) is the final enzyme in the urea cycle within the liver, which
restarts the cycle through the synthesis of L-citrulline from carbam-
oylphosphate (7) and L-ornithine (2) by OTC (middle). It should be
noted that not all of these reactions occur within a given cell. In
particular, the urea cycle is independent of the other reactions, i.e.,
L-arginine produced in the urea cycle is not a substrate for NOS and
L-ornithine produced in the urea cycle is not a substrate for OAT or
ODC.
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the urea cycle (153). Defective function of urea cycle en-
zymes in the liver can result in a toxic buildup of ammonia.
If left untreated, disorders of the urea cycle can cause men-
tal disorders, seizures, and death (46). Treatment of pa-
tients with defects in A1 activity involves decreasing their
protein intake and supplementing their diet with essential
amino acids. In severe cases, liver transplantation may be
needed (46). As such, Al-deficient mice show a high lethal-
ity soon after birth (96). The effects of defects in A2 activity
are not yet known. However, although viable, A2 knockout
mice develop hypertension (92). Also, the expression of a
rare A2 allele has been linked to a potential decrease in A2
expression and an increased risk of Alzheimer’s disease
(AD) in men and an earlier age at onset in both men and
women (81). It is not yet clear how this increased risk for
AD relates to urea cycle function, but the authors suggest
that the urea cycle induction may be protective in the con-
text of AD. Despite the described effects of A2, mice glob-
ally deficient in A2 do not display observable phenotypes
under normal conditions and breed at normal rates (199).

Wound repair is characterized by an acute phase that in-
volves a burst of oxidative stress due to activation of resi-
dent macrophages that express high levels of the inducible
isoform of nitric oxide synthase (iNOS or NOS2) and the
phagocytic isoform of NADPH oxidase NOX2. NOS2 and
NOX2 produce damaging levels of nitric oxide (NO) and
superoxide, respectively. Both are important for eradicating
pathogens (187). This acute response to injury is followed
by a repair phase that begins within 3-5 days. During this
phase, myeloid cell infiltration and arginase expression are
increased (103). As explained above, arginase converts
L-arginine to L-ornithine which is metabolized by OAT to
form proline and ODC to form polyamines. Proline is used
for collagen synthesis, whereas polyamines enhance cell
proliferation. The balance between the consumption of
L-arginine by arginase (for collagen and polyamine produc-
tion) and NOS2 (for NO production) determines the out-
come of wound repair, with arginase controlling the healing
process and NOS2 regulating cytotoxic events.

Production of polyamines by arginase is also important for
neuronal cell growth, development, and axon regeneration
(57,59,120). After transection of the spinal cord, treatment
of nerve grafts with acidic fibroblast growth factor has been
found to promote increases in A1 expression/activity along
with elevation of spermine formation within motor neurons
and macrophages resulting in improved locomotor function
(118). In contrast, hyperactivity of the arginase-ornithine
pathway can be damaging in other contexts. For instance,
arginase-induced increases in polyamines and proline pro-
duction can lead to thickening, fibrosis, and stiffening of
blood vessels and airways, hypertrophy and fibrosis of the
heart and kidneys, neurodegeneration, and growth of tu-
mors (51, 127, 164, 238). These adverse effects of overac-
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tive arginase are pathologically significant in diabetes, hy-
pertension, aging, and cancer.

The metabolism of polyamines has also been shown to be
involved in the ischemic injury of neuronal cells (95, 151,
152, 209, 228). Amino aldehydes, acrolein, and hydrogen
peroxide are byproducts generated during the oxidation of
spermine and spermidine by polyamine oxidases (FIGURE
3). These products of polyamine oxidation are highly toxic.
All have been implicated in neuronal injury (191).

C. L-Arginine Metabolism: NO Synthase

In addition to the important roles of L-arginine in the urea
cycle and formation of polyamines and proline, L-arginine is
also the substrate for NO synthase (NOS). There are three
isoforms of NOS: neuronal NOS (nNOS or NOS1), NOS2,
and endothelial NOS (eNOS or NOS3). Two of these,
NOS1 and NOS3, are expressed constitutively and require
activation. In contrast, the inducible NOS2 is primarily reg-
ulated at the expression level by transcriptional and post-
transcriptional mechanisms (221, 231, 232). Normal ex-
pression and function of NOS3 in vascular endothelial cells
maintains proper blood flow by catalyzing the conversion
of L-arginine into NO and vr-citrulline. Therefore, NOS3
plays a critical role in vascular health.
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FIGURE 3. Flow chart of the L-ornithine pathway showing poly-
amine formation and polyamine oxidation. MDL, MDL-72,527 [N,N'-
bis(2,3-butadienyl)-1,4-butanediamine]; ODC, ornithine decarboxyl-
ase; OAT, ornithine aminotransferase; SMO, spermine oxidase;
APAO, M1)-acetyl polyamine oxidase; SSAT, spermine spermidine
acetyl transferase.
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Upon activation, NOS3 binds heme and tetrahydrobiop-
terin (BH,) at the NH,-terminal region. Active NOS3 binds
calcium/calmodulin, flavin adenine dinucleotide (FAD), fla-
vin mononucleotide (FMN), and nicotinamide adenine di-
nucleotide phosphate (NADP) at the COOH-terminal re-
gion (24, 62, 64) (FIGURE 4). Posttranslational modification
of NOS3 is required for its localization to the plasma mem-
brane. NOS3 myristoylation and subsequent palmitoyl-
ation direct it to membrane caveolae. However, neither
modification is required for NO formation. In contrast, the
cofactors BH, and heme are both required for NO produc-
tion. The subcellular localization of NOS3 in caveolae is be-
lieved to be important for its activity due to the proximity of
the 1-arginine transporter cationic amino acid transporter-1
(CAT-1) (36) and L-arginine recycling enzymes ornithine tran-
scarbamylase (OTC), ASS, and ASL that support NO produc-
tion (132). On the other hand, binding of caveolin-1 to NOS3
at caveolae inhibits its function. Activation of NOS3 is medi-
ated by multiple protein-protein interactions and phosphory-
lation events as well as chemical, hormonal, and physical stim-
uli, including sheer stress.

Production of NO by NOS3 or NOS1 occurs at low to
moderate rates. In contrast, NOS2 produces NO at high
rates. This NOS2-derived NO is needed for alternative sig-
naling mechanisms and microbial defense. NOS3-derived
NO diffuses to vascular smooth muscle cells where it binds
to and activates soluble guanylate cyclase (sGC). Activation
of sGC triggers cGMP production, K* efflux, and smooth
muscle cell relaxation. Thus NOS3-derived NO regulates
vascular tone. NOS3 also maintains proper blood flow by
preventing leukocyte adhesion to the vascular endothelial
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cells and inhibiting platelet aggregation (44, 117, 170).
Other roles of NO include host defense against microorgan-
isms and malignancies, signaling by neuronal cells, remod-
eling of neuronal synapses, and posttranslational protein
modification by protein nitrosylation (148).

L-Arginine needed for metabolic and physiological func-
tions is provided through protein turnover and also from
the diet. Thus L-arginine is considered to be a semi-essential
amino acid. Due to its well-established role in enhancing
NO production by NOS3, r-arginine is a popular supple-
ment for athletes and physical fitness enthusiasts. Preclini-
cal studies have shown that supplemental L-arginine ther-
apy can improve erectile dysfunction and prevent or reverse
endothelial dysfunction. However, some studies in animal
models and humans have found no benefit or worsening
of adverse outcomes during chronic L-arginine supple-
mentation (127). These adverse effects are likely due to
the counter-regulatory effects of L-arginine in increasing
the expression/activity of arginase, which can reduce the
supply of L-arginine for NOS. Under conditions of exces-
sive arginase activity, arginase will compete with NOS
for L-arginine, causing NOS uncoupling (FIGURE 5). In
addition, it is known that chronic consumption of an
excess of L-arginine and other amino acids induces aver-
sion to otherwise nutritious foods (131).

D. The L-Arginine Paradox

The r-arginine paradox refers to the observation that treat-
ment with supplemental L-arginine enhances NO-mediated

FIGURE 4. Scheme for the regulation of endothelial
nitric oxide synthase (NOS3) and L-arginine catabolism
to NO and L-citrulline, and for recycling of L-citrulline
back to L-arginine. ASL, argininosuccinate lyase; ASS,
argininosuccinate synthase; BH,, tetrahydrobiopterin;
CAT-1, cationic amino acid transporter-1; FAD, flavin
adenine dinuclectide; FMN, flavin mononucleotide;
NADP, nicotinamide adenine dinucleotide phosphate.
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biological effects in vascular endothelial cells despite the
fact NOS3 is theoretically saturated with r-arginine. The
concentration of L-arginine in cells is 100—800 uM, much
greater than the levels needed to support the maximum
activity of NOS3 (K., 3 uM) (229). Therefore, NOS3
should be saturated with r-arginine under physiological
conditions. Further complicating the issue is the impact of
arginase on NOS function. The L-arginine K, of arginase is
2 mM, roughly 1,000-fold that for NOS3. Therefore, argi-
nase should not be able to compete with NOS3 for substrate
(229). However, the V.., of NOS3 is ~1,000 times less than
that of arginase, which roughly equalizes their capability to
metabolize 1-arginine. This explains their ability to compete
for the substrate (61, 229). However, given the high affinity
of NOS3 for L-arginine, it is unlikely that the internal r-ar-
ginine concentration could drop to a level that would leave
either enzyme in a situation of substrate deficiency. Never-
theless, the addition of extracellular r-arginine has been
shown to improve endothelial-dependent relaxation in a
variety of disease conditions characterized by vascular dys-
function (reviewed in Ref. 52). This paradox has been sug-
gested to depend on the subcellular compartmentalization
of L-arginine. However, studies manipulating the subcellu-
lar localization of arginase and NOS have failed to confirm
this concept (54). Several studies indicate that plasma or
extracellular levels of L-arginine and its transport into en-
dothelial cells determine the concurrent NO production by
NOS3 (200, 248). Impaired 1-arginine uptake by the
CAT-1 transporter also can limit the availability of r-argi-
nine to NOS. This can occur either through reduced expres-
sion or function of CAT-1 (130) or via increased levels of
competitors for CAT-1 transport such as L-ornithine, which
has an affinity similar to that of r-arginine for the trans-
porter (82).
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E. NOS Uncoupling

Under conditions where the amount of L-arginine needed for
NO production is inadequate or if the cofactor BH, is not
available, NOS becomes uncoupled (178, 227). The uncou-
pled enzyme produces less NO and uses more molecular oxy-
gen to generate superoxide (O, ™) (FIGURE 5B). When NO and
O, are formed concurrently, they will react to produce the
toxic oxidant peroxynitrite (ONOQO™). The NO reaction with
O, occurs much faster than NO can react with sGC or than
O, can interact with superoxide dismutase (11). O, and
ONOO™ can oxidize BH, to form BH,, which can also cause
NOS3 uncoupling (107). Together, the decreases in NO and
the increases in O, and ONOO ™~ can lead to dysfunction of
vascular endothelial cells (154).

The divergent roles of NO and ONOQO™ have been evident
in the promotion or inhibition of anti-tumor immunity, re-
spectively. Enhanced arginase activity may also contribute to
altered immune function in conditions of trauma, infection,
transplantation, autoimmunity, and cancer due to impairment
of NOS2 function. For example, excessive arginase activity in
myeloid cells in tumors can reduce the amount of L-arginine
needed for the production of NO by NOS2, which may impair
their T-cell responses and allow tumor cells to grow (164).
Increased arginase expression/activity can also limit NOS2 ex-
pression in immune cells by decreasing the 1-arginine needed
for NOS2 translation (121).

Il. ARGINASE IN CARDIOVASCULAR
DISEASE

The progressive understanding of the far-reaching signifi-
cance of NO in health and disease (113) and the recognition
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that overactive arginase could compete with NOS for L-ar-
ginine and reduce NO bioavailability have prompted the ex-
pansion of research on the role of arginase in conditions char-
acterized by vascular endothelial dysfunction. Reduced vascu-
lar endothelial cell production of NO leads to impaired
vasorelaxation and increased adhesion of leukocytes to the
endothelium. Increases in the arginase product L-ornithine
have been strongly implicated in hyperplasia of vascular
smooth muscle cells along with vascular fibrosis and stiffening.
In the sections that follow, we will review recent evidence for
the role of these pathways in cardiovascular disease.

A. Hypertension

Hypertension is a major risk factor for cardiovascular dis-
ease. Elevated vascular resistance involves increased expres-
sion/activity of arginase along with reduced levels of NO,
increased production of superoxide, and decreases in L-ar-
ginine and BH,. Studies in numerous experimental models
of systemic hypertension have linked increases in vascu-
lar A1 expression and arginase activity to increases in
blood pressure (213). Spontaneously hypertensive rats
exhibit elevated vascular arginase activity and impaired
endothelium-dependent vasorelaxation that can be re-
versed along with lowering of blood pressure by an argi-
nase inhibitor (7). Angiotensin II-induced hypertension
and vascular fibrosis and stiffening can be prevented or
reduced by partial deletion of Al or treatment with in-
hibitors of arginase or Rho kinase which is known to
prevent the upregulation of A1 expression (16, 195). Ad-
ditionally, in a DOCA-salt hypertensive animal model,
partial A1 deletion or treatment with an arginase inhib-
itor blocked the rise in blood pressure (214).

B. Pulmonary Arterial Hypertension

Elevated arginase expression and activity have also been
implicated in pulmonary arterial hypertension (PAH). Un-
like systemic hypertension which primarily involves A1 up-
regulation, PAH has been particularly associated with in-
creased expression of the A2 isoform (28, 34, 99). Again, a
decrease in NO production is linked to an increase in argi-
nase expression/activity (234). Additionally, the increase in
A2 limits endothelium-dependent vasodilation of pulmo-
nary segments in an experimental model of pulmonary em-
bolism. In this model, arginase inhibitor treatment was
shown to preserve the L-arginine supply, reduce pulmonary
resistance (225), limit collagen deposition (75), and atten-
uate hypoxia-induced PAH (35, 98). Hypoxia has been re-
cently reported to increase proliferation and A2 content of
human pulmonary smooth muscle cells by a mechanism
involving A2 inducement by AMPKal (235). HIF-2«, re-
ported to be essential in hypoxia-induced PAH, appears to
mediate PAH in mice, at least partially, via increases in
expression and activity of pulmonary endothelial A1, not

A2 (38).
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Thus increases in arginase activity/expression seem to play a
detrimental role in increasing blood pressure and causing
endothelial dysfunction during pulmonary hypertension as
well as systemic hypertension. Mechanisms underlying the
differential involvement of the A1 and A2 isoforms in these
conditions are unclear, but probably involve differences in
the cellular and subcellular distribution. Further study is
needed to clarify these mechanisms. Pulmonary hyperten-
sion also can result secondarily to hemolytic episodes such
as occur in sickle cell disease.

C. Sickle Cell Disease

Sickle cell disease (SCD) is caused by autosomal recessive
mutation of hemoglobin (HgS), which leads to deformation
(sickling) of red blood cells (RBCs) and increased likelihood
for rupture (165). With intravascular hemolysis, RBCs re-
lease significant amounts of A1, which greatly increases
plasma arginase activity, resulting in reduced levels of
plasma L-arginine, decreased tissue NO, and elevated r-or-
nithine (8). The concurrent release of hemogloblin, which is
a potent scavenger of NO, adds to the reduction in tissue
NO levels. Reduced endothelial NO, activation of the en-
dothelial cells, and the sludging and trapping of sickled
RBCs in capillaries add to the pathology. The arginase-
induced increases in L-ornithine can drive cell proliferation
and fibrosis. Clinical problems with SCD include anemia,
stroke, severe vaso-occlusive pain episodes, ischemic at-
tacks, acute chest syndrome, leg ulcers, as well as pulmo-
nary hypertension (1035).

Restoration of L-arginine bioavailability has been shown to
be an effective means of reducing the pathology of SCD
(139). Reports have indicated that chronic supplemental
L-arginine or L-citrulline are effective at reducing the effects
of SCD (140). L-Citrulline may be more effective clinically
as it does not induce endothelial arginase, as does 1-arginine
(177). Treatment with arginase inhibitors is also a promis-
ing therapeutic strategy. A recent study reports that oral
treatment of transgenic sickle cell mice with an arginase
inhibitor, ABH, for 4 wk improved NO availability, re-
versed systemic and pulmonary and systemic vascular en-
dothelial dysfunction (205).

D. Diabetic Vascular Disease

Diabetes mellitus has been shown to be linked to a number
of cardiovascular complications in diabetic patients and
contribute to significant morbidity and mortality. Patients
with type 1 or type 2 diabetes commonly suffer from a
variety of vascular pathologies, including impaired endo-
thelial-dependent vasorelaxation, pathological remodeling
of smooth muscle cells and the vascular wall, increased
fibrosis, and decreased vascular compliance. Decreased lev-
els of L-arginine have been observed in plasma collected
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from patients with diabetes and in vascular tissues collected
from diabetic rats (80, 114, 163). Increases in the activity of
arginase appear to be involved. Studies of the aorta as well
as coronary and retinal arteries from animal models of di-
abetes have shown that increases in A1 expression and ar-
ginase activity are involved in the vascular dysfunction (535,
176,178, 210).

Impairment of blood flow to the heart due to coronary
artery disease (CAD) is a major feature of diabetes-associ-
ated vascular dysfunction. Coronary arteries isolated from
diabetic patients have been found to express increased levels
of A1 (5) and to exhibit impaired endothelium-dependent
vasorelaxation that was improved by treatment with the
arginase inhibitor L-NOHA (13). Also, studies in a rat
model of type 2 diabetes showed that the arginase inhibitor
nor-NOHA improved coronary microvascular function by
increasing the supply of L-arginine and improving the bio-
availability of NO (77). Furthermore, analysis of forearm
blood flow in patients with CAD showed that infusion of
nor-NOHA locally improved endothelium-dependent vas-
orelaxation (198). The beneficial effects of inhibiting argi-
nase were especially evident in patients with type 2 diabetes.

Obesity and associated metabolic disorders, which are com-
mon to type 2 diabetes, also have devastating effects on
cardiovascular function and are critical determinants of in-
creased risk. In obesity, visceral adipose tissue expansion
and inflammation have key roles in the cardiovascular dys-
function which involves increased production of proinflam-
matory cytokines, adipokines, and reactive oxygen species
(ROS) (89, 226). Arginase expression in vascular, liver, and
immune cells is enhanced by these processes and has been
examined in models of high-fat-induced obesity and diabe-
tes. One study using wild-type and endothelial cell-specific
A1 knockout mice fed a high-fat/high-sucrose diet for 6 mo
observed that impaired vascular relaxation along with in-
creased vascular fibrosis, stiffness, and oxidative stress was
associated with elevation of arginase expression/activity.
Each of these alterations was prevented by systemic inhibi-
tion of arginase activity (ABH) or lack of A1 in vascular
endothelial cells (VE-cadherin-Cre / A1-LoxP mice) (17).
Further study of this model has shown the high-fat/high-
sucrose-fed WT mice had elevated A1 expression and activ-
ity in the bone and bone marrow along with reductions in
bone density, bone volume, and trabecular thickness. Con-
current treatment with the arginase inhibitor ABH pre-
vented these changes (15).

Other recent studies focused on obesity-induced inflamma-
tion of the visceral adipose tissue (VAT) have reported that
inhibitors of arginase (nor-NOHA or ABH) or lack of en-
dothelial A1 also prevents or reduces high-fat/high-sucrose
diet-induced increases in circulating inflammatory mono-
cytes and macrophage infiltration into the VAT. In addi-
tion, these treatments or endothelial cell-specific A1 knock-

out blocked increases in proinflammatory macrophage
(M1-like) and prevented increases in levels of inflammatory
cytokines, chemokines, and cellular adhesion molecules
(239). In diet-induced obesity, perivascular adipose tissue
(PVAT) also has been reported to exhibit high levels of A1
and A2, low levels of L-arginine and NO and NOS3 uncou-
pling which were associated with impaired vasorelaxation
(230). This impairment could be reversed by L-arginine sup-
plementation or arginase inhibition.

E. Atherosclerosis

A critical, early event in atherosclerosis is endothelial dys-
function, which causes inflammation, vasoconstriction, and
thrombus formation. Impaired vascular endothelial func-
tion leads to plaque formation and pathological remodeling
of the arterial wall. Studies show that elevation of oxidized
low-density lipoprotein (OxLDL) is critically involved in
atherosclerosis (134, 182, 184). Increased levels of arginase
expression and activity are also observed in atherosclerosis.
This upregulation of arginase is thought to be mediated by
OxLDL-induced activation of its receptor “lectin-like oxi-
dized low-density lipoprotein receptor” (LOX-1) and
RhoA/Rho kinase (ROCK), leading to increases in A2 ex-
pression. This LOX-1-mediated activation of A2 causes a
reduction in NO generation due to uncoupling of NOS3
(182). Pharmacological blockade of LOX-1 and ROCK
was found to attenuate the increase in arginase activity.
Additionally, deletion of A2 in apolipoprotein E-deficient
mice was shown to limit the development of atheromatous
plaques, reduce levels of oxidative stress, and increase NO
bioavailability, further implying the role of A2 in the pa-
thology (184). The OxLDL-induced activation of A2 within
vascular endothelial cells has been linked to the transloca-
tion of A2 from the mitochondria into the cytosol through
processes involving activity of the mitochondrial processing
peptidases (MPP). A putative MPP cleavage site in the A2
NH,-terminal may be involved in this A2 translocation. In
support of this concept, MPP knockdown was shown to
prevent the OxLDL-induced cytosolic translocation of A2,
block NOS3 uncoupling, and improve vascular function in
this model (156). OxLDL has also been reported to decrease
levels of histone deacetylase 2, a factor that suppresses tran-
scription of A2 (157). A2 expression has also been strongly
implicated in the development of atherosclerosis. In con-
trast to these suggested damaging effects of macrophage
A2, increases in macrophage A1l expression have been
found to have a beneficial role in atherosclerotic plaque
regression (58, 109). Thus targeting the two arginase iso-
forms selectively could offer a novel therapeutic strategy for
limiting vascular pathologies associated with atherosclero-
sis (161, 204). The reported selective regulation of A2 ver-
sus NOS2 levels in macrophages via MAPK pathways (ERK
vs. p38) may provide another strategy (100).

With regard to the differential involvement of A1 versus A2
in atherosclerosis and other types of vascular inflammatory
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conditions, it is worth noting that the literature about the
expression of A1 in human macrophages is controversial. A
similar controversy exists for NOS2. However, the sources
of the macrophages used for different studies have been
variable. Many studies have used blood-derived human
monocytes, which has led some investigators to conclude
major species differences exist in macrophages and that
human macrophages are not able to produce NOS2/NO or
arginase/L-ornithine (133). Also, analyses with human
monocyte-macrophage cell lines or monocyte-derived mac-
rophages have shown that these cells cannot be easily in-
duced to produce NOS2 or NO (189). However, when
human tissue macrophages have been studied, they have
been found to be similar to macrophages from other verte-
brate species (211). Recent studies of macrophages from
patients with tuberculosis have confirmed that macro-
phages, like other human myeloid cells, express A1 and that
A1 expression is involved in the progression or resolution of
the pathologies (137).

F. Myocardial Ischemia-Reperfusion Injury

Ischemic injury of the myocardium, damage caused by cor-
onary artery occlusion, is a major cause of morbidity and
death, especially in patients with diabetes and atherosclero-
sis. Current strategies to revert myocardial infarction are
focused on achieving rapid and effective reperfusion to min-
imize tissue damage (83). However, reperfusion may itself
induce additional myocardial damage accompanied by in-
duction of ROS, proinflammatory factors, and death of
cardiomyocytes (217, 242). Impaired endothelial-depen-
dent vasodilation due to a reduction in bioavailability of
NO is a primary mechanism of ischemia-reperfusion (I/R)
injury. Analyses in several in different animal models have
demonstrated the critical role of increased arginase expres-
sion and activity in myocardial I/R injury (72, 78, 101,
217). Studies have shown that treatment with the arginase
inhibitor nor-NOHA before ischemia, during late ischemia,
and in early reperfusion restores NO bioavailability and
markedly decreases the size of cardiac infarcts. However, it
is important to note that the normal function of arginase in
“healing” M2 macrophages is also important for tissue re-
pair.

Like I/R injury, myocardial infarction (MI) sets off an in-
flammatory response involving endothelial cell activation
and neutrophil adhesion, which can further result in myo-
cardial cell death. A recent study reported that endothelial
cell-specific knockout of the transcription factor FoxO4 in
mice protected against MI-induced loss of cardiac function,
neutrophil accumulation, and elevation of A1 expression.
Furthermore, FoxO4 was shown to activate A1 transcrip-
tion. Knockdown of FoxO4 in endothelial cell prevents hy-
poxia-induced reduction of NO levels and monocyte adhe-
sion; these effects were reversed by ectopic expression of A1l
(253).
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G. Aging and Cellular Senescence

Excessive arginase activity has been linked to senescence of
endothelial cell in both aging humans and experimental
animals (14). Analyses in old rats have found increases in
arginase activity in association with decreases in NO and
increases in superoxide formation as compared with young
rats (111). Moreover, acute treatment of old rats with in-
hibitors of both NOS and arginase was shown to prevent
NOS3 uncoupling and reduce superoxide formation. Accel-
eration of endothelial cell senescence along with decreased
NO production has also been shown to occur with chronic
supplementation of rL-arginine. This is likely to be due to
upregulation of arginase (188). Interestingly, Xiong et al.
(233) have reported that overexpression of A2 in vascular
smooth muscle cells can induce their senescence by a mech-
anism involving activation of p66Shc and p53. This mech-
anism appears to be independent of ureohydrolase activity
(233).

H. Erectile Dysfunction

Penile erection and the flaccidity process are mainly regu-
lated by a neurophysiological event involving the relaxation
and contraction of smooth muscle cells within the corpora
cavernosa (CC). Studies have shown that NO is a key me-
diator of CC relaxation and penile erection (45). NO re-
leased from sinusoidal NOS3 in endothelial cells or NOS1
in nitrergic nerves causes relaxation of CC smooth muscle
(26). While NO production regulates the intrinsic tone of
the CC, arginase activity modulates CC tone by inhibiting
the production of NO. This probably occurs due to compe-
tition between arginase and NOS for their common sub-
strate L-arginine. While both A1 and A2 are expressed in the
CC (19, 21, 213, 215), an increase in A2 expression is the
primary mediator of erectile dysfunction (ED) (21, 39,
213). Elevated expression/activity of arginase, reduced NO
synthesis, and decreased cavernosal relaxation is observed
in CC of diabetic patients with ED (21). Conversely, inhi-
bition of arginase maintains cellular L-arginine concentra-
tions, which in turn enhances NOS activity and increases
NO-dependent smooth muscle relaxation in human and rat
penile CC (43, 112, 190). Furthermore, deletion of the A2
gene in mice abrogates diabetes-induced ED by improving
endothelial cell- and nitrergic nerve-dependent relaxation

of the CC (216).

Additionally, ED has been considered as an early marker of
cardiovascular diseases (CVD) because it reflects endothe-
lial dysfunction and impaired relaxation of smooth muscle
cells in patients with ED and CVD. A recent study showed
excessive plasma A1l and A2 levels in patients with ED
compared with healthy control subjects (119). Also, the
circulating levels of A2 were much higher than those of A1,
suggesting that A2 plasma concentration may serve as a risk
factor for ED (119).
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In studies of the upstream mediators of arginase expression
and activity, RhoA/ROCK and subsequent activation of
p38 MAPK have been shown to be involved in elevation of
arginase levels (27, 215, 216). Activated RhoA/ROCK
pathway causes penile detumescence and ED in diabetes
(20, 33, 215). However, partial deletion of the ROCK 2
gene in diabetic mice evoked less ROCK activity, lower
levels of CC arginase activity, and reduced impairment of
endothelial cell-dependent and nitrergic nerve-mediated
relaxation as compared with diabetic wild-type mice
(215). Taken together, these findings suggest that inhib-
iting arginase activity directly or by blocking the RhoA/
ROCK pathway could offer important strategies for the
treatment of ED.

lll. ARGINASE IN RENAL DISEASE

A. Kidney Failure

The progression of kidney disease to end-stage renal failure
is a major health problem. Several diseases including hyper-
tension and diabetes are responsible for more than 40% of
all kidney dysfunction or pathology in the United States
(22). Current therapies include control of blood pressure
and blood glucose levels, immunosuppression, and lifestyle
changes. These strategies can delay but do not arrest the
progression of renal failure. Immunosuppressive treatment
is mainly recommended for renal transplant or dialysis pa-
tients in whom the illness has been caused by renal failure
(2). Increased arginase activity seems to represent a key
feature of kidney failure in diabetic nephropathy, hyperten-
sive nephropathy, and glomerulonephritis (143). Thus it is
important to identify the specific role of arginase in the
progression of kidney failure.

B. Diabetic Nephropathy

Strong evidence indicates that at an early stage of diabetes,
kidneys develop glomerular infiltration and hypertrophy.
This is followed by thickening of the glomerular base-
ment membrane, endothelial dysfunction, accumulation
of the mesangial matrix, and enhanced excretion of uri-
nary albumin, which leads to end-stage renal failure
(155). Impairment of endothelial cell function is a com-
mon element of the vascular dysfunction observed in di-
abetic patients and animal models (40, 71).

Excessive arginase activity in the kidney is associated with
endothelial dysfunction during diabetic nephropathy (244).
The A2 isoform is highly expressed in kidney cells, whereas
A1 is not detected (122, 143). The role of A2 in the kidney
has been historically associated with the catabolism of ex-
cess of L-arginine, especially that produced through the gas-
trointestinal-kidney axis; however, new roles of A2 expres-
sion in the kidney are emerging. Recent studies have ob-
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served that pharmacological blockade or genetic deficiency
of A2 provides kidney protection in diabetes as observed by
reduced levels of albuminuria and renal histopathological
changes, decreased blood urea nitrogen, and reduction of
macrophage recruitment (143, 243). While increased kid-
ney arginase activity is associated with reduced renal med-
ullary blood flow in diabetes, alterations have not been seen
in mice lacking A2 gene, suggesting that renal A2 reduces
NO bioavailability in the kidney by catabolizing L-arginine
(143).

Since reduced L-arginine bioavailability has been associated
with NOS3 dysfunction and reduced NO production, oral
supplementation with L-arginine or L-citrulline (precursor
for L-arginine biosynthesis) are potential modalities to re-
store plasma L-arginine concentrations, thus improving vas-
cular endothelial dysfunction. A study using supplementa-
tion of L-arginine or L-citrulline failed to increase NO bio-
availability and to prevent and/or reverse markers of renal
injury in type 1 diabetic mice despite successfully increasing
of L-arginine levels in the plasma and kidney (245). The
authors did not rule out the possibility that L-arginine up-
take is impaired in a subpopulation of cells that express
NOS3. Another possibility is that diabetes may lead to al-
terations in the subcellular compartmentation of proteins
or enzymes of the arginine/NO pathway. This could lead to
a lack of response to increases in extracellular L-arginine. In
contrast, oral L-citrulline supplementation was shown to
protect against kidney injury, improve the anti-inflamma-
tory profile, and preserve nephron function during diabetes
(179). Whether opposite results obtained with supplemen-
tal L-citrulline versus L-arginine reflect differences in the
rodent models or differences in the efficacy of L-arginine or
L-citrulline supplementation in altering the progression of
diabetes is unclear.

C. Hypertensive Nephropathy

Growing evidence indicates that arginase plays a role in the
pathophysiology of renal hypertension. However, the
mechanisms of the pathology are unclear. A recent study
observed that uni-nephrectomized rats display increased
systolic blood pressure and progressive albuminuria. These
changes were associated with increased renal arginase ac-
tivity and excessive Al expression in the glomeruli (129).
However, no changes in arginase activity/expression were
observed in kidney tissues from spontaneously hypertensive
rats compared with their control group (6). Further study is
required to define the specific involvement of arginase in
hypertensive nephropathy.

IV. ARGINASE AND IMMUNE
DYSFUNCTION AND CANCER

Numerous investigations have shown that patients with
chronic inflammatory diseases or syndromes such as cancer,
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autoimmunity, infections, and physical trauma, among oth-
ers, have impaired T lymphocyte responses (203). Increases
in L-arginine metabolism, especially by tumor cells, myeloid
cells, and recently in innate lymphoid cells 2 (ILC-2) (138,
172), have emerged as a primary mediator in the modula-
tion of T-cell responses during pathologies associated with
chronic inflammation. Although this active field is still de-
veloping, we will summarize the current understanding of
the effect of L-arginine metabolism in the function of im-
mune cells in cancer.

As noted above, L-arginine is the substrate for NOS and
arginase. Additionally, L-arginine is a substrate for arginine:
arginine decarboxylase (ADC) and arginine:glycine amidi-
notransferase (AGAT) (142) (FIGURE 6). Furthermore,
ADC converts L-arginine to agmatine, which is converted to
putrescine and urea by agmatinase. Additionally, AGAT
represents the first and rate-limiting step in the de novo
endogenous biosynthesis of creatine from L-arginine, which
then feeds the production of ATP, especially in the muscle.
Mammalian ADC is highly expressed in the brain (97, 254),
while AGAT is expressed in muscle, brain, and heart (41,
94). The role of A1 and NOS2 in the modulation of immune
responses through catabolism of L-arginine has been clearly
established. While the impact of the other L-arginine-me-
tabolizing enzymes in the regulation of immune tolerance
remains to be investigated, it is predicted that they play a
primary role in the regulation of inflammatory responses.

A. L-Arginine Metabolism and Myeloid Cell
Function

A substantial literature has accumulated about the role of
L-arginine in the function of macrophages and other my-
eloid populations, including monocytes, dendritic cells,
polymorphonuclear cells, and myeloid-derived suppressor
cells (MDSC). However, there are controversies about the

Creatine ﬂ - —»Agmatlne
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S, Succmate
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FIGURE 6. The enzymes that metabolize L-arginine and can affect
L-arginine levels. Arginase 1 and 2 produce L-ornithine and urea.
Nitric oxide synthase (NOS) produces nitric oxide (NO) and L-citrul-
line, which can be recycled back to L-arginine by arginosuccinate
synthase (ASS) and arginosuccinate lyase (ASL). Arginine decarbox-
ylase (ADC) produces agmatine. Arginine:glycine amidinotrans-
ferase (AGAT) produces creatinine. This diagram should not be
interpreted to indicate that all of these enzymes are expressed
simultaneously in a given cell type.
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relevance of L-arginine metabolism in human macrophages,
as well as the dualistic and opposite effects of NO-produc-
ing “proinflammatory” (M1-like) macrophages versus L-or-
nithine-producing “prohealing” (M2-like) macrophages.
Bone marrow-derived macrophages (BMDMs) or perito-
neal macrophages are polarized into M1- or M2-like phe-
notypes upon activation with interferon-y (IFN-y) and
Toll-like receptor (TLR) agonists or with IL-4 and IL-13,
respectively (146, 181). Although this strategy has been
used as a model to understand macrophage function in
disease for years, new concepts have pointed out the diffi-
culty of finding polarized M1 and M2 macrophages in
physiological microenvironments (70, 150). Still, M1 re-
sponses are characterized by the production of NO after
upregulation of NOS2, while M2 macrophages express Al
that produces r-ornithine needed for the synthesis of poly-
amines to promote cell proliferation or proline for collagen
production. Thus, in murine macrophages, the expression
of NOS2 and A1 is differentially regulated by Th1 and Th2
immune mediators, respectively (85, 147). The expression
of the NOS2 transcript is induced through STAT-1,
whereas A1 mRNA expression is upregulated through
STAT-6/STAT-3, C/EBPB, and PPAR«. The mitochondrial
isoform A2 is not significantly modulated by Th1 or Th2
cytokines (174). Although A2 is not significantly modulated
through immune mediators, its role should not be ignored,
as the reactions performed by A1 and A2 are highly similar
(149). The inhibition of A1 leads to an increase in NOS2
expression and function, which consequently promotes NO
production (32). Conversely, upregulation of Al inhibits
NOS activity and contributes to the pathophysiology of
several disease processes, including vascular dysfunction
and asthma (251). The inhibition of NOS2 expression by
A1 appears to be mediated by L-arginine deprivation, which
blocks NOS2 translation via increased GCN2 activity
(121). Also, low levels of NO induce nitrosylation of cys-
teine residues in A1. This increases the biological activity of
A1, further reducing L-arginine (186). Despite the fact that
A1 and NOS can induce counterregulatory effects against
each other, it has been reported that MDSC coexpress Al
and NOS2 as a mechanism to produce peroxynitrite that
suppresses T-cell anti-tumor immune function (65), which
is in agreement with the new concept that M1 and M2
processes can coexist as complementary mechanisms in im-
mune cells.

Activation of murine macrophages with Th1 or Th2 cyto-
kines also has different effects on the extracellular levels of
L-arginine. Stimulation of peritoneal macrophages with
IL-4 plus IL-13 induces an increase in their expression of A1l
and CAT-2B. This results in a rapid increase in the uptake
of extracellular L-arginine with the consequent reduction of
L-arginine in the microenvironment. In contrast, macro-
phages stimulated with IFN-vy express NOS2 preferentially,
do notincrease CAT-2B, and do not deplete L-arginine from
the microenvironment (174). Data from the A1 and A2
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knockout mice have confirmed that A1 has a higher capac-
ity to regulate the extracellular L-arginine (47, 96). Accord-
ingly, in vitro experiments of cytokine-activated macro-
phages showed that only Al-producing macrophages, and
not those expressing NOS2, caused L-arginine depletion
from the medium. This also correlated with a decreased
T-cell function and proliferation, caused by a prolonged
loss of the T cell receptor ¢ chain (CD3¢) (69, 123, 135,
249). The addition of arginase inhibitors or exogenous
L-arginine reversed the CD3{ loss and reestablished T-cell
proliferation (174).

B. Effects of L-Arginine Starvation in T Cells

The link between availability of 1-arginine and T-cell re-
sponses was first established by experiments showing that
both the thymic involution and decrease in T cells seen in
mice undergoing extensive surgery were prevented after
supplemental L-arginine injection (9). Later experiments in
humans showed the induction of T-cell suppression after
A1 release and deprivation of serum L-arginine following
physical trauma, liver transplantation, or progression of
cancer. Studies have also shown that culturing T cells in
medium with reduced 1-arginine levels led to a marked im-
pairment in cell function (208). Conversely, the culture of T
cells in high levels of 1-arginine promoted their anti-tumor
activity (68). Furthermore, T cells activated in an L-argin-
ine-free environment developed all the alterations previ-
ously described in tumor-bearing mice and cancer patients,
that is, decreased CD3¢ expression and impaired transloca-
tion of NFkB-p65 (250). Although initial reports suggested
that the low T-cell function was due to a reduction in CD3¢{
expression, T cells cultured in L-arginine-free media also
exhibited increased IL-2 production and elevated expres-
sion of early activation markers CD25, CD69, CD122, and
CD132. Also, when these T cells were activated with phor-
bol myristate acetate (PMA), which bypasses the T-cell re-
ceptor signaling, they failed to proliferate (250). This con-
firmed the suppressive effect triggered by the absence of
L-arginine was not caused by a decrease in T-cell receptor
signaling but rather by a general pathway that controlled
the activity of T cells.

D-type cyclins (D1, D2, and D3) and cyclin-dependent ki-
nases (cdk4 and cdké) regulate T-cell progression through
the early G, phase and later S phase of the cell cycle (106).
When T cells were cultured in L-arginine-free media, they
were unable to upregulate cyclin D3 and cdk4. However,
they increased cdké expression, which correlated with an
arrest in the Gy-G; phase of the cell cycle (173). Interest-
ingly, L-arginine starvation impaired the T-cell expression
of cyclin D3 through decreases in mRNA stability and rate
of translation (171, 173). Amino acid depletion blocks
global translation of proteins by causing accumulation of
empty aminoacyl-tRNA, activating the general control
non-derepressible 2 (GCN2) kinase. GCN2 phosphorylates

the translation initiation factor eIF2a. The phosphorylated
elF2a binds elF2 8 with high affinity and blocks its ability to
exchange GDP for GTP. This inhibits binding of the eIF2
complex to methionine aminoacyl-tRNA, leading to a
global decrease in protein synthesis (86). T cells cultured in
L-arginine-free media displayed a global decrease in trans-
lation, which was associated with increases in phospho-
elF2a (144). Also, the global decrease in translation im-
paired the expression of the RNA-binding protein HuR,
which in turn reduced the stability of mRNA containing
AUUA-rich elements (171). However, it is not known
whether phospho-elF2a and GCN2 are the only mediators
of the arrest in translation induced by L-arginine starvation.
In fact, recent studies suggested a potential role of mMTOR
signaling in these alterations (169).

In addition to the above effects on cell cycle progression, a
recent study pointed to the role of L-arginine availability in
the overall metabolic polarization of activated T cells (60).
Stimulation of T cells under r-arginine starvation blocked
their glycolytic function, without altering mitochondrial
biogenesis or function (60). This result is in agreement with
the inhibitory effect induced by Al-expressing cells, as gly-
colysis regulates expansion of activated T cells. Also, con-
sistent with the effect of mitochondrial function in the ac-
tivation of T cells, the culture of T cells under r-arginine
starvation did not impact the expression of early activation
mediators (84). Interestingly, L-arginine starvation appears
to inhibit T-cell proliferation in vivo by inducing the accu-
mulation of MDSC in a GCN2-dependent manner (60),
adding a level of complexity in how amino acid starvation
promotes tolerogenic responses in vivo.

C. Role of the De Novo Production of
L-Arginine

Activated T cells and myeloid cells import substantial
amounts of L-arginine. However, recent studies showed the
importance of the synthesis of L-arginine as a partner mech-
anism to maintain the intracellular pool of L-arginine. The
addition of r-citrulline, a metabolic precursor for r-argi-
nine, rescued the antiproliferative effects of L-arginine star-
vation on T cells. Moreover, serum levels of L-citrulline
increased after in vivo deprivation of L-arginine (60). L-Ar-
ginine synthesis from r-citrulline depends on the sequential
interaction between the enzymes ASS and ASL. The rate-
limiting enzyme ASS is constitutively expressed in T cells
and upregulated in myeloid cells after activation with TLR
agonists (60, 166). The function of ASS and ASL is to me-
tabolize 1-citrulline to resynthesize L-arginine. Indeed, NO-
producing macrophages export L-citrulline, which is then
reimported by myeloid cells and used in the de novo syn-
thesis of L-arginine (166). Thus, when L-arginine availabil-
ity is limited, L-citrulline is imported to support L-arginine
production. Increased cell death has been observed in acti-
vated T cells cultured under r-arginine and 1-citrulline star-
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vation after silencing of ASS, suggesting the key role of this
pathway in sustaining cellular viability during r-arginine
deprivation (60). Furthermore, macrophages lacking ASS
were found to lose their ability to block the growth of
Mycobacterium tuberculosis due to a decrease in their abil-
ity to synthesize L-arginine needed for NO production
(166). Interestingly, when M1 macrophages produce NO
from L-citrulline recycling, A1 is no longer able to block NO
production.

D. Deprivation of L-Arginine as a Therapy
for Tumors

Seminal studies showed the efficacy of the depletion of the
amino acid L-asparagine in the treatment of T- and B-cell
leukemias. Similarly, recent preclinical and clinical studies
have proposed the depletion of L-arginine as a therapy for
several malignancies auxotrophic for this amino acid, in-
cluding acute lymphoblastic leukemia, acute myeloid leuke-
mia, melanoma, as well as liver and pancreatic carcinoma
(63). The deprivation of L-arginine has been accomplished
with pegylated forms of the mycoplasma-derived arginine
deiminase (Peg-ADI) and A1 (Peg-A1). Peg-ADI has dem-
onstrated antitumor activity, especially in tumors negative
for ASS such as melanoma and hepatocellular carcinoma.
However, ADI is immunogenic due to its bacterial origin,
leading to self-reacting or blocking antibodies. Further-
more, Peg-ADI catabolizes L-arginine into L-citrulline and
ammonia, a toxic product which causes neutropenia and
neurological impairment. Also, it has been reported that
tumors may gain the expression of ASS and become resis-
tant to the Peg-ADI. Alternatively, one dose of Peg-A1 can
reduce the levels of r-arginine in vivo for up to 7 days,
without inducing noticeable toxicity, suggesting an in-
creased half-life and enhanced capacity for depleting r-ar-
ginine (84). Also, no evidence of immunogenicity has been
detected, providing an improvement in efficacy and safety
profile. Peg-A1 induced significant anti-tumor effects in
multiple preclinical and clinical models. Also, modified ver-
sions of Peg-A1 replacing its binding to Mn?* with Co**
shifts the optimal pH dependence of A1 from 8.5 to 7.5 and
increases the overall catalytic activity, without affecting its
anti-tumor effect. One point of important consideration is
the fact that treatment with peg-A1 blocked tumor growth,
but also impaired anti-tumor T-cell responses, suggesting a
potential limitation that needs to be addressed.

V. ARGINASE AND NEUROVASCULAR
DISEASE

The effect of elevated arginase activity in causing an in-
crease in polyamine formation is known to have a beneficial
impact on neuroprotection and neural regeneration in cen-
tral nervous system (CNS) disease and injury conditions
(48, 128). However, numerous studies have linked the up-
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regulation of arginase to a variety of CNS diseases, includ-
ing Alzheimer’s disease, multiple sclerosis, stroke, trau-
matic brain injury, Parkinson’s disease, and several retinal
diseases. Studies using in situ hybridization and immunolo-
calization techniques have demonstrated the presence of
both arginase isoforms in the brain (246). The authors
found that A1 and A2 are both expressed in neurons. They
noted that levels of A1 are higher than A2, but that A2 is
usually coexpressed with A1l. Arginase expression was es-
pecially high in the neurons of the cerebral cortex, cerebel-
lum, pons, medulla, and spinal cord. Retinal cells also ex-
press both isoforms. Immunolocalization analysis showed
A1l immunoreactivity in retinal neurons, glia, and vascular
cells (158,252) and abundant expression of A2 in the inner
segments of the photoreceptors and horizontal cells (151,
152).

Production and release of NO is a critical feature of signal-
ing by both neuronal and vascular cells and is especially
important for maintaining proper blood flow within the
CNS. Disruption of NO signaling is a major component of
brain injury. NO produced by the different NOS isoforms
has been shown to influence the progression of neural cell
injury in different ways (212). High levels of NO produced
through NOS2 activity during inflammatory conditions or
NO formed by NOS1 can promote nitrative stress. This can
lead to neuronal cell death. However, NO from NOS3 is
required to maintain proper blood flow and inhibit aggre-
gation of platelets and attachment of leukocytes to the ves-
sel wall, thereby limiting oxidative stress and inflammation.
On the other hand, arginase has been shown to be both a
source and a target of oxidative stress and inflammation. As
has been noted above, excessive arginase activity can in-
crease oxidative stress and inflammation by reducing r-ar-
ginine supply leading to NOS uncoupling. On the other
hand, inflammatory mediators and oxidative stress are
known to cause increases in arginase expression (27, 141,
145). The involvement of arginase activity in CNS injury
has been considered only recently. In the sections that fol-
low, we explore the evidence that supports the involvement
of the arginase pathways in neurovascular injury in both
brain and retina.

A. Ischemic Stroke

Disruptions of NO signaling are strongly implicated in tis-
sue injury during ischemic stroke (67, 110, 224). The in-
volvement of arginase in this pathology is also very likely
given that overactive arginase will reduce the supply of
L-arginine available to NOS. Indeed, studies in a rodent
model of ischemic stroke have found that increases in argi-
nase activity and A1 expression accompany the cerebral
injury (167). Expression of A2 was not altered. The in-
creases in A1 protein expression were localized to the lesion
area and were correlated with an early and enduring up-
regulation of Al in astroglia and activated macrophages.
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The increases in A1 were associated with increases in glial
fibrillary acidic protein, a marker of glial cell activation.
Delayed decreases in A1 were noted in neurons located
close to the lesion area. In addition, the A1 distribution
pattern was similar to that of brain-derived neurotrophic
factor (BDNF). This suggests a potential role for Al in
neuroplasticity. Interestingly, a study of blood samples
from patients with acute ischemic stroke has shown a pos-
itive association between levels of A1 expression, neutro-
phil-to-lymphocyte ratio, and stroke severity (162). Further
study is needed to elucidate the specific role of Al expres-
sion and activity in the ischemia-induced injury and subse-
quent tissue repair. Given the suggested role of A1 in M2-
like macrophage-mediated repair function, it is possible
that the increase in A1 expression represents a mechanism
of repair. Further research using genetic strategies is needed
to explore this possibility. A recent study shows that in-
creases in Al gene expression in blood cells are positively
correlated with ischemic stroke severity (162). Relatively
little is known about the involvement of the A2 isoform in
stroke injury. However, one group has reported on work
suggesting a protective role of A2 in cerebral ischemia (1).
The authors found that deletion of the A2 gene resulted in
higher infarction volumes and neurologic deficits in a model
of permanent occlusion of the distal middle cerebral artery.
The study did not address the molecular mechanisms of
A2-mediated neuroprotection.

B. Traumatic Brain Injury

Altered NOS function and reduced NO formation have also
been implicated in traumatic brain injury (TBI) (29, 67).
Within minutes after the injury, levels of NO in the dam-
aged brain tissue increase. Shortly thereafter, the NO levels
decrease and remain below baseline values for periods rang-
ing from hours to days. The NO decrease is significantly
correlated with decreases in activity of NOS2 and NOS3
activity and reduced cerebral blood flow (CBF) (29). Studies
have shown that treatment with supplemental r-arginine
increases CBF and reduces signs of injury. This suggests that
L-arginine depletion due to excessive arginase activity could
be involved (30). Interestingly, impaired NO production
along with increased arginase activity was correlated with
the endothelial dysfunction in the mesenteric arteries at 24
h after TBI in a rat model, suggesting that blood vessels have
a molecular memory of the neurotrauma (219). A subset of
macrophages positive for A1 was shown to be induced and
localized near the lesion 1 day after the injury, suggesting a
role for A1 in the pathological response to TBI (88). How-
ever, further investigation using gene expression profiling to
compare the Al-positive macrophages with Al-negative
macrophage subpopulations in the same area showed that
neither population had expression profiles consistent with
previously described subsets of A1-positive “M2-like” heal-
ing macrophages or Al-negative “M1-like” inflammatory
macrophage. Thus the role of Al-positive macrophages in
CNS tissue injury and repair is not yet clear.
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An analysis of CBF in a mouse model of TBI using arterial
spin-labeling magnetic resonance imaging showed im-
proved CBF in A2 knockout mice, suggesting the involve-
ment of A2 in TBI-induced vascular dysfunction (18). The
effects of the A2 knockout on tissue damage and neurolog-
ical function were not reported. However, studies using a
rat model of TBI observed enhanced polyamine catabolism
following the injury (247). Furthermore, pharmacological
blockade of the ornithine/polyamine pathway was found to
limit cognitive impairment following TBI (180). The above
results suggest a potential role for activation of the arginase/
polyamine pathway and polyamine catabolism in TBI.

C. Alzheimer’s Disease

Alterations in the metabolism of L-arginine may also play a
role in the pathogenesis of AD. However, studies of the
relationship between arginase expression and AD have had
conflicting results. One group reported that levels of Al
mRNA were increased in the frontal cortex of AD patients,
but that A2 was unchanged (37). Another group reported
that levels of A2 mRNA were increased in the frontal cortex
while A1 was unchanged (81). Additionally, the second
group described the presence of a rare A2 allele that was
linked to an increase in the risk of early-onset AD in male
subjects. Another study has described a correlation between
age and region-specific decreases in NOS activity and ex-
pression and increases in arginase activity during AD (124).
Thus increased arginase activity appears to be linked to the
pathogenesis of AD, but whether the damage involves al-
tered expression and/or function of A1 versus A2 is not yet
clear. A recent report noted that sustained expression of A1l
was protective in a mouse model of AD (90). In that study,
the authors found that AAV-mediated overexpression of
A1 in the hippocampus significantly reduced AD pathology
through activation of autophagy. Furthermore, conditional
depletion of A1 in myeloid cells resulted in worsening of the
pathology. This is consistent with the results of studies by
Cherry et al. (31) who showed that A1-positive microglia
appear to participate in AB plaque clearance during sus-
tained IL-1B inflammation. Further investigations are
needed to define the specific role of arginase in AD and to
determine its potential value as a disease biomarker.

D. Multiple Sclerosis

Visual dysfunction is an early sign of multiple sclerosis
(MS). MS patients often develop optic neuritis that is char-
acterized by impaired retinal function along with thinning
of the nerve fiber layer and loss of retinal ganglion cells
(RGCs) (185, 222). Studies in the experimental autoim-
mune encephalomyelitis (EAE) rat model of MS have re-
ported that A1 expression and activity are increased in both
brain and spinal cord. Increased production of ROS and
increased expression of NOS2 were also observed (125,
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126). The latter studies also found increases in arginase
within the cerebrospinal fluid of MS patients (125). These
results support the involvement of arginase and NO in the
pathogenesis of acute neuroinflammation and suggest that
they could be useful as biomarkers for disease progression.
There is a growing body of evidence to suggest that my-
eloid-derived cells play important modulatory and effector
roles in MS patients and animal models. A decreased level
of A1 was observed in MDSCs from MS patients compared
with healthy controls (25). Studies in a mouse model of EAE
by Yang et al. (237) demonstrated that spermidine treat-
ment could suppress the autoimmune response and alleviate
clinical signs of EAE by regulating the infiltration of CD4™
T cells and macrophages. In that study, A1 expression was
shown to be upregulated in macrophages in response to
spermidine treatment. Interestingly, macrophages from
mice treated with spermidine could also reverse EAE pro-
gression, while pretreatment of those macrophages with an
arginase inhibitor abrogated the therapeutic effect. A recent
study using models of EAE and spinal cord injury found
that A1 is expressed in infiltrating myeloid cells but not in
microglia (76).

E. Retinal Neurovascular Injury

Numerous retinal disease conditions, such as retinopathy of
prematurity (ROP), diabetic retinopathy, glaucoma, and
optic neuritis are characterized by neurovascular degenera-
tion. Studies in a model of ROP have demonstrated a link
between neurovascular injury and activity of the NOS and
arginase pathways. ROP is a neurovascular disease that
occurs in response to relative retinal hyperoxia conditions
in the immature retina of premature and low-birth-weight
babies. The hyperoxia-induced damage is characterized by
degeneration of both neuronal and vascular cells and is
followed by pathological vitreoretinal neovascularization.
Analyses using a mouse model of oxygen-induced retinop-
athy (OIR) as a model for ROP have demonstrated the
involvement of A2 in the hyperoxia-induced neurovascular
injury (151, 207). These studies in mice with OIR showed
that deletion of the A2 gene inhibited the death of both
neuronal and vascular cells and improved retinal function.
Increased A2 expression was observed in the retinal hori-
zontal cells and photoreceptor cells of the hyperoxia-
treated mice (151). Earlier studies had suggested that argi-
nase activity could have a protective role in reducing retinal
injury in this model. The authors reported a decrease in
retinal cell death and improved astrocyte survival in TNF-
a-deficient mice (206). The retinas from TNF-a-deficient
mice exposed to OIR had decreased NOS2 along with in-
creases in arginase activity and A2 mRNA expression as
compared with the retinas of wild-type mice exposed to
OIR. In contrast to this suggested protective function of A2
expression, experiments using A2 knockout mice exposed
to OIR showed significant reductions in both neuronal and
vascular injury (151, 207). These protective effects of the
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A2 gene deletion were accompanied by preservation of ret-
inal neuronal function as shown by electroretinography
(151).

Further analyses in the same model showed that the OIR
treatment in wild-type mice stimulated increased spermine
oxidase expression along with decreases in spermine, in-
creases in spermidine, and increases in hydrogen peroxide
formation as compared with normoxic controls. These re-
sults suggested that the hyperoxia exposure causes an in-
crease in backward catabolism of polyamine by spermine
oxidase (FIGURE 4) (152). Each of these alterations was
markedly decreased in mice lacking the A2 gene. Moreover,
inhibition of polyamine oxidase by treatment with MDL-
72527 [N,N’-bis(2,3-butadienyl)-1,4-butanediamine| sig-
nificantly improved neuronal survival. This suggests that
polyamine catabolism is involved in the hyperoxia-induced
neurodegeneration. Further studies using MDL-72527 in
the same model showed that inhibition of polyamine oxi-
dase also abrogated the hyperoxia-induced vascular dam-
age (159). The vascular damage was shown to involve ac-
tivation of microglial cells and increased release of inflam-
matory cytokines and chemokines. The MDL-72527
treatment significantly reduced both events.

Recent investigations using a mouse model of retinal I/R
injury have further established the specific role of A2 ex-
pression in neurovascular injury (201). Deletion of the A2
gene markedly inhibited I/R-induced degeneration of the
retinal ganglion cells, prevented microvascular degenera-
tion, and preserved retinal electroretinographic function
through a mechanism involving inhibition of ROS forma-
tion and blockade of programmed necrosis (necroptosis).

Previous investigations using the same mouse model have
shown that NOS3 and peroxynitrite are also critically in-
volved in hyperoxia-induced microvascular degeneration
(23, 79). After 2 days of hyperoxia treatment, retinas of the
wild-type mice showed marked degeneration of the imma-
ture capillaries in the posterior retina. Deletion of NOS3 or
treatment with N nitro-L-arginine (L-NNA), an inhibitor
of NOS, significantly attenuated this damage. Furthermore,
NOS3 deletion also limited the hyperoxia-induced in-
creases in the peroxynitrite biomarker nitrotyrosine as com-
pared with the retinas of the wild-type mice (23), indicating
that NOS3 activity is critically involved in the vascular pa-
thology. NOS2 has also been strongly implicated in vascu-
lar injury during OIR. Experiments using NOS2-deficient
mice and wild-type mice treated with a specific inhibitor of
NOS2 (1400W) showed that NOS2 expression was highly
increased during OIR injury and that NOS2 blockade im-
proved the repair of the damaged vessels (192). Thus NOS
function clearly plays a role in retinal vascular injury during
OIR. The role of arginase in the pathology has also been
demonstrated. As explained above, expression of the A2
isoform is critically involved in the hyperoxia-mediated vas-
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cular injury (207). This vascular protection in the A2-defi-
cient retinas was accompanied by improved NOS function
in combination with decreases in hyperoxia-induced in-
creases in superoxide and peroxynitrite production, sug-
gesting that the A2-induced injury involves uncoupling of
NOS. These results suggest that the vascular protection in
the retinas of the A2-deficient mice is attributable to a re-
duction in nitrative stress. While these studies using mice
deficient in NOS3 or NOS2 have suggested primary roles
for these isoforms in the hyperoxia-induced vascular injury
(23,192), nNOS (NOS1) is highly expressed in retinal neu-
rons and could also be involved. Additional work is re-
quired to address the impact of A2 expression/activity on
the function of NOS.

Analyses using experimental models of ocular inflamma-
tory disease and type 1 diabetes have also shown correla-
tions between elevated arginase activity and retinal dys-
function/injury (55, 158, 175, 252). Retinas of mice with
inflammation induced by low-dose endotoxin treatment
had increases in activity of arginase and expression of Al.
These changes were accompanied by elevation of oxidative
stress and inflammatory gene expression along with in-
creased attachment of leukocytes to the retinal vessels. Dou-
ble-knockout mice lacking one copy of the A1 gene together
with both copies of the A2 were protected from these alter-
ations (252). Also, the endotoxin-induced increase in ex-
pression of A1 was blunted by NOX2 deletion or inhibition
of NADPH oxidase activity, suggesting that NOX2-depen-
dent increases in oxidative stress and arginase activation are
involved in the endotoxin-induced inflammation. Studies in
mice rendered diabetic with streptozotocin and retinal en-
dothelial cells treated with high glucose showed similar
links between hyperglycemia, oxidative stress, inflamma-
tion, and increases in the expression and activity of arginase
(158, 175). Furthermore, the elevations of oxidative stress
and retinal inflammation in the diabetic retinas were ac-
companied by decreases in NO bioavailability. Additional
studies using fundus imaging of retinal arterioles in living
mice demonstrated a marked impairment of endothelium-
dependent vasorelaxation in the diabetic retinas. This vas-
cular dysfunction was markedly attenuated in mice lacking
one copy of the A1 gene, indicating the involvement of A1l
in the poor vascular function (55). Treatment of the mice
with a specific inhibitor of arginase activity also prevented
the diabetes-induced impairment of endothelial function,
confirming a role for arginase in the dysfunction. Ex vivo
experiments using pressure myography to measure endo-
thelial-dependent vasodilation of retinal arteries isolated
from diabetic rats showed similar beneficial effects of argi-
nase blockade in preventing diabetes-induced vascular en-
dothelial dysfunction (55). In summary, these results show
that increases in arginase expression/activity play a critical
role in the elevation of oxidative stress, inflammation, and
vascular dysfunctions associated with endotoxin- or diabe-
tes-induced retinopathy.

Physiol Rev . VOL 98 . APRIL 2018 . www.prv.org

Vi. THERAPEUTIC APPROACHES TO LIMIT
OR ALTER ARGINASE FUNCTION

The early arginase inhibitors had many side effects due to
their low potency and/or nonspecific actions (141). For ex-
ample, a-difluoromethylornithine (DFMO) is a weak inhib-
itor of arginase but is nonspecific in that it is also a potent
inhibitor for ODC (141). Thus, while DFMO treatment can
increase NO production in models of elevated arginase ac-
tivity, this effect could be mediated by its action in promot-
ing ornithine accumulation which is known to inhibit argi-
nase (93). Inhibition of ODC would also limit polyamine
formation, which could reduce oxidative stress by prevent-
ing the backward metabolism of spermine and spermidine
by polyamine oxidases. Another compound, NOHA (N*“-
hydroxy-L-arginine), is a potent arginase inhibitor, but it is
also an intermediate product in the metabolism of r-argi-
nine by NOS to produce NO. Like NOHA, its analog Nor-
NOHA is also a potent arginase inhibitor, but its half-life is
much longer than that of NOHA. Neither analog inhibits
NOS. Norvaline is another effective inhibitor of arginase,
but it is also a substrate for amidotransferases (42). In ad-
dition to its role in the production of urea, activation of
arginase is also involved in promoting the synthesis of poly-
amines, L-ornithine, L-proline, and L-glutamine. In fact, sev-
eral amino acids inhibit arginase, including r-ornithine, L-
leucine, 1-valine, 1-lysine, L-isoleucine, and L-norvaline. L-
Ornithine is the most potent (91). In addition, L-citrulline
increases NO formation but is also an allosteric inhibitor of
arginase (196).

Several competitive arginase inhibitors are now available
that have high specificity and do not inhibit NOS at the
concentrations that are highly effective in inhibiting argi-
nase. These compounds were developed by Christianson
and colleagues (49, 104) based on their determination of the
crystal structure of human A1 and A2. These investigators
identified the full structures of both isoforms and discov-
ered that their catalytic activity depends on a binuclear
manganese cluster at the active site (49, 104). On the basis
of this information, two highly selective arginase inhibitors
were developed, BEC [S-(2-boronoethyl)-L-cysteine] and
ABH [2(S)-amino-6-boronohexanoic acid] (4, 39). Both are
boronic acid analogs of L-arginine, and both contain a bo-
ronic acid or N-hydroxyguanidinium head. Binding of this
boronic head to the manganese cluster at the active catalytic
site in arginase results in strong competitive inhibition of its
activity (14).

While several specific inhibitors of arginase are available,
none of them is isoform selective. This is a major limitation
for their therapeutic value in view of the large amount of
experimental data showing that arginase activity can be
damaging in some contexts and protective in others. For
instance, the expression and activity of A2 in macrophages
has been linked to the development and progression of ath-
erosclerosis, whereas expression of A1 in macrophages is
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thought to facilitate plaque involution (58, 109, 156, 182,
183). Macrophage expression of Al is also very important
for tissue repair after injury. Specific inhibition of Al in
liver cells could also trigger toxic effects. In contrast, exces-
sive activity of A2 appears to be damaging in conditions of
CNS disease and injury. Due to the lack of isoform-selective
arginase inhibitors, RNA knockdown strategies have been
used to specifically downregulate expression of A1 or A2.In
a study of a mouse model of experimental asthma, knock-
down of A1 using short hairpin RNA (shRNA) decreased
A1 mRNA and protein expression and greatly reduced air-
way hyperresponsiveness by a mechanism involving de-
creases in IL-13 levels (236). In a study of erectile dysfunc-
tion in aged mice, adenovirus vector delivery of antisense
A1 in the corpus cavernosum was found to improve erectile
function (19). Anti-sense-mediated knockdown of A1 was
also found to restore normal levels of NO production in
endothelial cells exposed to high glucose conditions as a
model for diabetes-induced vascular dysfunction (178). The
search for isoform-selective arginase inhibitors is continu-
ing and involves plant extract testing and structure-based
inhibitor design (204).

Several arginase inhibitors, including nor-NOHA, BEC,
and ABH, are commercially available for preclinical use and
have also been used in humans. However, so far clinical
studies using arginase inhibitors in patients with cardiovas-
cular disease have been limited to small-scale “proof-of-
concept” studies involving local administration by cutane-
ous microdialysis or intra-arterial infusion. Promising re-
sults have been reported for treatment of patients with
coronary artery disease and type 2 diabetes (115, 198),
heart failure (168), hypertension (87), and after resuscita-
tion following cardiac arrest (102). These observations sug-
gest that inhibiting arginase activity could be beneficial in
the treatment of cardiovascular disease. However, the effect
of these inhibitors in larger clinical settings and the poten-
tial adverse effects of long-term treatment remains to be
determined. Given the critical role for Al in detoxifying
ammonia in the urea cycle, it is very important to show that
the treatment does not have an adverse effect on the hepatic
urea cycle. Another possible limitation is that A1 inhibition
will have an adverse effect on tissue repair functions that are
compromised in many cardiovascular diseases. Thus, al-
though increases in the expression/activation of arginase
have been strongly linked to the development of multiple
pathologies, the proper design of isotype-selective, cell-tar-
geted inhibitors could facilitate the development of strate-
gies to inhibit arginase as a therapy for disease.

Vil. SUMMARY

The involvement of excessive activity of the arginase/orni-
thine pathway in cardiovascular and renal dysfunction and
injury has been well documented by research in experimen-
tal models and human disease conditions. The involvement
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of these pathways in CNS disease and cancer has also been
clearly demonstrated. Targeting specific elements in the ar-
ginase/ornithine pathways offers immense potential for the
treatment of cardiovascular, renal, and CNS diseases as
well as cancer. Studies in patients with cardiovascular dis-
ease have shown beneficial effects of local delivery of argi-
nase inhibitors. As has been explained in the previous sec-
tions, the two arginase isoforms are 100% homologous in
the areas critical for their activity. In addition, both iso-
forms are clearly involved in dysregulation of NOS func-
tion. However, A1 and A2 are encoded by different genes
and localized to different intracellular compartments. Both
isoforms are widely expressed in many cell types, and both
are involved in multiple cellular functions. Analyses using
mutant mice and specific gene knockdown have clearly
demonstrated the differential involvement of the two iso-
forms in disease conditions. However, extensive evidence
substantiates a positive role for A1 activity in maintaining
normal cell growth, collagen synthesis, and neuronal devel-
opment as well as tissue repair from injury. Therefore, the
global inhibition of arginase activity for extended periods
could be detrimental. Studies examining the subcellular and
molecular regulation of arginase activity are underway.
Knowledge gained from this work will facilitate the design
of new strategies to limit the pathophysiological actions of
overactive arginase. Further study is needed to provide a
better understanding of the specific role of the two arginase
isoforms and their downstream targets in health and disease
and to identify better therapeutic strategies.

In closing, we provide a tabular overview of the current and
potential therapeutic approaches to disease states related to
arginase function. The pathological conditions associated
with elevated arginase 1 and 2 expression and activity and
the advantageous effects of suppressing activity or expres-
sion are shown in TABLE 1. Additionally, the emerging strat-
egies for the differential treatment of cancers by targeting
arginase activity or expression, or the metabolism of L-ar-
ginine, are given in TABLE 2.

Vill. AREAS FOR FUTURE STUDY AND
UNDERSTANDING

There are many questions that must be answered to better
understand the functions of arginase and develop more ef-
fective strategies for targeting arginase activity as a therapy
for diseases that affect the cardiovascular, renal, and ner-
vous systems and cancers. These include the following:

e How do the functions of arginase 1 and arginase 2
differ mechanistically? Both isoforms metabolize 1-ar-
ginine to produce L-ornithine and urea, but they differ
substantially in terms of their intracellular localization
and tissue distribution. Does their production of the
downstream products of ornithine metabolism also
differ? These questions can be addressed using genetic
strategies to manipulate the activity and distribution of
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Table I.

effects of increases in arginase | and 2 expression and/or

beneficial effects of arginase inhibitor or suppressor treatments

Pathological conditions associated with detrimental

Pathological
Condition

Reference Nos.

Hypertension

Pulmonary artery
hypertension

Sickle cell
disease

Diabetic vascular
disease

Atherosclerosis

Myocardial /R
injury

Aging/cellular
senescence

Erectile
dysfunction

Diabetic
nephropathy

Hypertensive
nephropathy

Cancer

Ischemic stroke
Traumatic brain
injury
Alzheimer’s
disease
Multiple sclerosis
Retinal disease

7,16, 195, 213, 214

28, 34, 35, 38, 75, 98, 99,
225, 234, 235

8, 205

5,13, 15,17, 55, 77, 176,
178, 198, 210

156, 157, 182, 184
72,78, 101, 217, 253

14,111, 188, 233

21, 39, 43, 112, 118, 180,
213, 216

143, 243, 244

129

65, 93, 136, 141, 174,
241

162, 167
18

31, 37, 81, 90, 124
25, 76, 125, 126

55, 151, 158, 201, 207,
252

but the isoform involved within a species has differed
in some reports.

What are the specific roles of arginase 1 and arginase 2
in macrophages? Expression of arginase 1 is thought to
have a healing role in the repair phase of wound heal-
ing, while expression of arginase 2 has been implicated
in chronic inflammatory disease conditions. However,
there are some reports that inflammatory macrophages
express both isoforms. Does this mean that both are
needed for different functions?

Is arginase 1 activity regulated at the posttranslational
level as has been reported for arginase 2? In smooth mus-
cle cells, arginase 2 activity has been shown to increase
when the enzyme is translocated from the mitochondria
into the cytosol. Is arginase 1 activity also modified by
changes in its subcellular localization? Is activity of either
isoform modified by phosphorylation events?

e Are some arginase functions independent of the ureohy-

drolase activity? Studies using a catalytically inactive ar-
ginase 2 mutant in models of atherosclerosis found that
arginase 2 expression induces senescence and apoptosis
of smooth muscle cells independently of ureohydrolase
activity. Does this phenomenon apply to arginase 1 or to
other cell types and disease models?

How can the problems of differential effects arginase ac-
tivity on cancers be managed therapeutically? Concurrent
mixed neoplasms would complicate treatment.

Can circulating levels of arginase and/or its metabolic
products serve as biomarkers for the development or pro-
gression of disease?
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Table 2. Strategies for reducing cancer progression by targeting L-arginine metabolism

Strategies

A. Increasing T cell anti-tumor immune function by decreasing myeloid derived suppressor cells (MDSC) number or activity

1) DFMO: reduces the number of MDSC, inhibits ODC and arginase activity, and decreases polyamine formation (93, 136, 141,
241)

2) Arginase inhibitors: increase L-arginine and reduce L-ornithine and polyamine levels (65, 174)
3) NOS2 inhibitors: decrease NO formation (65, 202)

4) Phosphodiesterase-5 : reduce A1 and NOS2 expression (193)

5) Cyclooxygenase 2 inhibitors: reduce A1 expression and MDSC number (172, 218)

B. Reducing L-arginine availability to tumors auxotrophic for L-arginine (e.g., melanoma, hepatic carcinoma, acute lymphoblastic
leukemias) by treatment with enzymes that metabolize L-arginine

1) Pegylated arginine deiminase (Peg-ADI) (12, 56, 108)
2) Pegylated arginase 1 (Peg-A1) (84, 144, 240)
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