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Abstract

Arginase has roots in early life forms. It converts L-arginine to urea and ornithine. The former 

provides protection against NH3; the later serves to stimulate cell growth and other physiological 

functions. Excessive arginase activity in mammals has been associated with cardiovascular and 

nervous system dysfunction and diseases. Two relevant aspects of this elevated activity may be 

involved in these disease states. First, excessive arginase activity reduces the supply of L-arginine 

needed by nitric oxide (NO) synthase to produce NO. Second, excessive production of ornithine 

leads to vascular structural problems and neural toxicity. Recent research has identified 

inflammatory agents and reactive oxygen species (ROS) as drivers of this pathologic elevation of 

arginase activity and expression. Here we review involvement of arginase in cardiovascular and 

nervous system dysfunction and discuss potential therapeutic interventions targeting excess 

arginase.
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Arginase, a ubiquitous enzyme

Arginase is a manganese metalloenzyme that catalyzes the conversion of L-arginine to L-

ornithine and urea. It is found in bacteria, yeasts, plants, invertebrates and vertebrates, and is 

thought to have appeared first in bacteria [1]. The subsequent transfer of arginase to a 

eukaryotic cell has been suggested to have occurred through mitochondria. Most, 

invertebrates plants, bacteria and yeasts have only one form of arginase that is localized in 

mitochondria. Vertebrates and other animals that metabolize excess nitrogen as urea express 

a second cytosolic isoform. The cytosolic and mitochondrial arginase isoenzymes are named 

A1 and A2, respectively. The mitochondrial A2 isoform is thought to be derived from the 

ancestral arginase, because A1 is restricted to a subset of more recently evolved species.

Human A1 consists of 322 amino acids [2] and A2 has 354 amino acids [3]. The two 

isoforms are encoded by distinct genes on separate chromosomes, but share more than 50% 

of their amino acid residues, with 100% homology in areas critical to enzymatic function 

[4]. High-resolution crystallography has shown that both consist of 3 identical subunits with 

an active site at the bottom of a 15 Å deep cleft. Manganese ions, essential for enzyme 

activity, are located at the bottom of the cleft. The overall fold of each subunit belongs to the 

α/β family and consists of a parallel, 8 stranded β-sheet flanked on both sides by numerous 

α-helices [5].

The two arginase isoforms have similar mechanisms, requirement of manganese as a co-

factor and identical metabolites. A1 is cytoplasmic and mainly expressed in the liver. A2 is 

mainly located within mitochondria and highly expressed in kidney. Arginases can be 

expressed in many different cell types and can be induced by a wide variety of agents and 

conditions, depending on tissue and species. Both isoforms are found in the endothelium of 

the vasculature. Arginase activity has two major homeostatic purposes: first, to rid the body 

of ammonia through urea synthesis, and second, to produce ornithine, the precursor for 

polyamines and prolines (Box 1, Figure 1) [6]. Polyamines produced through ornithine 

decarboxylase (ODC) are necessary for cell proliferation and regulation of several ion 

channels. Proline produced through ornithine aminotransferase (OAT) is necessary for 

production of collagen [7, 8]. Although there is functional redundancy of the arginase 

isozymes, inherited defects in A1 can lead to severe and even lethal health problems.

L-arginine is a semi-essential amino acid because it is normally provided thru protein 

turnover, but in certain cases it is required from the diet. Acute administration of 

supplemental L-arginine is reported to prevent or reverse endothelial dysfunction and restore 

endothelial-dependent vasodilation in diabetes, hypertension, and heart failure. However, a 

number of studies in animals and humans have found no benefit or worsening of adverse 

outcomes with prolonged administration of supplemental L-arginine [9]. These negative 
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outcomes may be related to the ability of l-arginine to induce expression/activity of arginase 

and reduce plasma L-arginine levels.

Enhanced arginase activity and the resultant decreases in L-arginine levels can also impair T 

cell-mediated immune function and allow tumor growth by limiting the supply of L-arginine 

needed for formation of cytotoxic levels of NO by iNOS [10]. Increased arginase 

expression/activity may also limit iNOS expression through reducing L-arginine required for 

iNOS translation [11].

L-arginine is also the substrate for nitric oxide synthase (NOS) (Box 2, Figure 2). When 

arginase activity is excessive, it can compete with NOS for their common substrate, L-

arginine. When the supply of L-arginine required for NO production is insufficient, NOS 

will become uncoupled [12, 13] and will produce less NO and use more molecular oxygen 

to form superoxide. The superoxide will react rapidly with any available NO to form 

peroxynitrite, further decreasing NO and further uncoupling NOS by oxidizing the co-factor 

BH4 [14] (Figure 3).

We outline here the role played by arginase in health and disease with a particular emphasis 

on its involvement in disease and injury conditions that affect the peripheral cardiovascular 

system and the central nervous system (CNS). Upregulation of arginase expression and 

activity has been demonstrated in many diseases characterized by cardiovascular 

dysfunction, but is only recently been recognized as a potential mediator of neurovascular 

disease and injury in the CNS. The sections that follow summarize recent research on the 

role of arginase in cardiovascular and neurovascular disease. New pharmacological tools are 

emerging to modulate the activities or expression levels of arginase and will be discussed in 

the last section.

Arginase in cardiovascular disease

In the time since NO was named “The Molecule of the Year” in Science [15], many 

cardiovascular disease states have been linked to impaired vascular endothelial cell 

production of NO. Additionally, reduced availability of L-arginine has been implicated in 

vascular dysfunctions. Realization that enhanced arginase activity might compete with NOS 

for L-arginine and reduce NO levels fueled a number of studies on its involvement in states 

of vascular endothelial dysfunction. Elevated levels of L-ornithine, the product of arginase, 

also have been shown to be a key factor in vascular smooth muscle hyperplasia, fibrosis and 

stiffening. We review below some of the recent evidence for involvement of these arginase 

pathways in cardiovascular disease and injury conditions.

Hypertension

Hypertension is a major risk factor in cardiovascular disease. It involves reduced NO levels, 

increased superoxide production, diminished levels of the eNOS substrate L-arginine, co-

factor BH4 and increased expression and activity of arginase. Studies in animal models have 

shown that elevated arginase activity and A1 expression in the aorta are associated with 

increased blood pressure [16]. Pulmonary hypertension is also associated with increased 

arginase activity. In contrast with systemic hypertension, the A2 isoform seems to more 
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important in pulmonary hypertension [17–19]. Elevation of arginase expression/activity is 

associated with decreased NO production [20]. Additionally, increases in A2 limit 

endothelium-dependent vasodilation of pulmonary segments in experimental pulmonary 

embolism. Treatment with an arginase inhibitor was found to preserve L-arginine and reduce 

pulmonary resistance [21]. Thus, upregulation of arginase seems to play a detrimental role in 

increasing blood pressure and causing endothelial dysfunction during both systemic and 

pulmonary hypertension. The mechanisms underlying the differential involvement of A1 

and A2 in these systemic vs pulmonary hypertension are unclear, but likely involve the 

differences in the cellular and subcellular distribution. Further study is needed to clarify this 

issue.

Diabetic Vascular Disease

Diabetes mellitus is strongly associated with cardiovascular disease, accounting for 

significant morbidity and mortality in diabetic patients. Type 1 and 2 diabetes are both 

associated with signs of vascular dysfunction and injury, including impaired endothelial-

dependent relaxation, pathological remodeling of SMCs and decreased vascular compliance. 

Decreases in L-arginine have been reported in plasma of diabetic patients [22, 23] and 

vascular tissue of diabetic rats. Increased arginase activity seems to be involved. Studies 

have shown that increases in arginase activity and A1 expression are involved in diabetes 

and high glucose-induced dysfunction of aorta, coronary and retinal arteries [12, 24–26].

Coronary artery disease (CAD) with impaired blood flow is a key manifestation of diabetes-

associated vascular dysfunction. Increased A1 expression has been observed in coronary 

arteries from diabetic patients [27]. Arginase inhibition with L-NOHA restored 

endothelium-dependent vasodilation in coronary arteries from diabetic patients [28]. Also, 

studies in a Type 2 diabetes animal model revealed that nor-NOHA restores coronary 

microvascular function by a mechanism involving increased L-arginine supply and 

improved NO bioavailability [29]. Furthermore, a study of forearm blood flow in CAD 

patients treated with local infusion of the arginase inhibitor nor-NOHA demonstrated 

improved endothelium-dependent vasodilatation [30]. The beneficial effects were 

particularly prominent in patients with Type 2 diabetes, suggesting that increased arginase 

activity is involved in Type 2 diabetes-associated CAD.

Atherosclerosis

Inflammation, vasoconstriction and thrombus formation are critically involved in the 

pathogenesis of atherosclerosis. Impaired vascular endothelial function is considered an 

early and critical event in atherosclerosis, causing abnormalities in the arterial wall and 

plaque formation. Accumulating evidence indicates that oxidized low-density lipoprotein 

(OxLDL) is involved in atherosclerosis [31–33]. Increased arginase activity and expression 

are observed in atherosclerosis and OxLDL seems to mediate this elevation through 

oxidized low density lipoprotein receptor-1 (LOX-1) and Rho kinase (ROCK) activation. A2 

activation through LOX-1 causes eNOS uncoupling and reduced NO generation [33]. 

Furthermore, pharmacological inhibition of LOX-1 and ROCK attenuated arginase activity 

in endothelial cells. Moreover, studies in atherosclerotic apolipoprotein E-deficient mice 

crossed with A2 knockout mice demonstrated reduced atheromatous plaque burden, 
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decreased oxidative stress, and increased NO [31]. OxLDL stimulates A2 activation by 

inducing translocation from the mitochondria to the cytosol through processes that are 

dependent on mitochondrial processing peptidases (MPP). A2 has a putative MPP cleavage 

site in its N-terminal that may influence its translocation. Importantly, knockdown of MPP 

prevented OxLDL-induced arginase translocation, blocked eNOS uncoupling and improved 

vascular function [34]. In contrast with the suggested detrimental effects of macrophage A2 

expression on the development of atherosclerotic plaques, elevated expression of A1 in 

macrophages has been reported to be beneficial in regressing atherosclerotic plaques [35, 

36]. Thus, selective targeting of the arginases could offer an attractive strategy for the 

management of vascular dysfunction and injury associated with atherosclerosis [37, 38].

Regarding the selective involvement of A1 vs A2 in atherosclerosis and other forms of 

vascular inflammation, it should be noted that there is considerable controversy about 

whether or not A1 is expressed in human macrophage cells. A similar controversy exists for 

iNOS. Studies using human monocyte-derived macrophages or monocyte-macrophage cell 

lines have shown these cells cannot be readily induced to produce iNOS or NO [39]. 

However, the source of the macrophages used for the analyses varies. Many studies of 

human cells have used blood-derived monocytes, which has led some researchers to 

conclude there are major species differences in macrophages and that humans macrophages 

are unable to produce iNOS/NO or arginase/ornithine [40]]. However, in studies where 

human tissue macrophages have been examined, they have been found to be fundamentally 

similar to those of other vertebrate species [41].

Myocardial-ischemia-reperfusion (I/R) injury

Myocardial ischemic injury, a pathology caused by occlusion of a coronary artery, is a major 

cause of disability and death and is particularly common in patients with diabetes and 

atherosclerosis. Following ischemic insult, reperfusion is necessary to minimize tissue 

damage. However, reperfusion can cause induction of reactive oxygen species, pro-

inflammatory factors, and death of cardiomyocytes. Decreased endothelial dependent 

vasorelaxation due to decreased NO bioavailability is a central mechanism behind I/R 

injury. Studies have revealed the involvement of increased arginase expression and activity 

in myocardial I/R injury in different animal models [42–45]. Pharmacological inhibition of 

arginase with nor-NOHA before ischemia, during late ischemia and early reperfusion 

markedly decreased cardiac infarct size while restoring NO availability. However arginase 

function, particularly in “healing” macrophages, is important for tissue repair. Studies have 

shown that intracellular signaling leading to arginase activation includes Rho kinase, 

mitogen-activated protein kinase, protein kinase A, cytokines, reactive oxygen and nitrogen 

species and hypoxia [37, 46–48].

Aging and cellular senescence

Aging-induced endothelial cell senescence has been linked to excessive arginase activity in 

humans and animals [49]. Studies in aged rats have shown higher levels of arginase activity, 

lower NO and higher superoxide production as compared with young rats [50]. Furthermore, 

acute inhibition of NOS and arginase was found to prevent uncoupling of eNOS and reduce 

superoxide production in old rats. Acceleration of endothelial cell senescence along with 
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decreased generation of NO has also been shown to occur with chronic L-arginine 

supplementation [51]. The L-arginine-induced endothelial cell senescence was reported to 

involve upregulation of A2 expression [52]. Interestingly, a recent study by Xiong and 

colleagues has shown that A2 can induce senescence of vascular SMCs by a mechanism 

involving activation of p66Shc and p53 independently of its L-arginine ureahydrolase 

activity [53].

Erectile Dysfunction

Strong evidence supports NO as the principal mediator of penile erection [54]. Both eNOS 

and nNOS serve as sources of NO to cause relaxation of corpora cavernosal (CC) smooth 

muscle [54, 55]. Both A1 and A2 are expressed in CC. Studies in humans and animals have 

suggested a link between increased cavernosal arginase activity and erectile dysfunction [16, 

56, 57]. Inhibition of arginase enhances relaxation of cavernosal smooth muscle cells [58, 

59]. Whereas NO production from the endothelium and nitrergic nerves regulates intrinsic 

tone, arginase activity in CC modulates tone by inhibiting NO production, presumably by 

competiting with NOS for L-arginine. Diabetic patients and animal models with erectile 

dysfunction exhibit elevated CC arginase activity and expression, diminished NO 

production, and reduced cavernosal relaxation [16, 56, 57]. Additionally, diabetes-induced 

impaired endothelium- and nitrergic nerve-dependent CC relaxation responses are abrogated 

by deletion of the A2 gene [60].

Arginase and CNS disease/injury

Arginase function in increasing polyamine formation is known to have a positive role in 

neuroprotection and neural regeneration [61, 62]. However, upregulation of arginase has 

also been linked to CNS disease conditions, including stroke, Alzheimer’s disease, 

Parkinson’s disease, multiple sclerosis, traumatic brain injury and several retinal diseases. 

Immunolocalization studies have shown the presence of both A1 and A2 in brain, especially 

in hippocampal neurons [63]. Both isoforms are also expressed in retina. Prominent 

immunoreactivity for A1 is evident in retinal glia [64, 65] and A2 is abundant in horizontal 

cells, photoreceptor inner segments and cellular processes throughout the neural retina, 

consistent with its mitochondrial localization [66, 67].

NO release is a critical component of neurovascular signaling pathways and is particularly 

important for maintaining cerebral blood flow (CBF). Disruption of NO pathways is a 

critical feature of brain injury. NO derived from eNOS, nNOS and iNOS has been shown to 

influence the evolution of brain damage in different ways [68]. Uncontrolled NO production 

through iNOS during inflammation or NO formed by nNOS promotes nitrative stress, 

leading to neurodegeneration and apoptosis. However, NO from eNOS maintains blood flow 

and limits platelet aggregation and leukocyte attachment to the vessel wall, thereby 

dampening oxidative stress and inflammation. On the other hand, arginase can be both a 

target and source of oxidative stress and inflammation. Expression of A1 has been shown to 

be increased by oxidative stress and inflammatory mediators [8, 35, 36] and overactive 

arginase can contribute to further increases in oxidative stress and inflammation by causing 

NOS uncoupling. The role of arginase activity in inflammation, oxidative stress and CNS 
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injury has been considered only recently. We explore the current evidence for involvement 

of the arginase pathways in neurovascular injury in the sections that follow.

Ischemic stroke

Alterations in NO signaling during ischemic stroke are well documented [69]. Given that 

arginase and NOS compete for L-arginine, it is likely that arginase has an important role in 

this dysfunction. Increases in A1 expression and arginase activity have been reported in a rat 

model of ischemic stroke [70]. No changes were observed in A2 expression. The increases 

in A1 were localized to the lesion area and were associated with an early and long-lasting 

up-regulation of A1 in activated macrophages and astrocytes. The increases in A1 and were 

associated with increases in glial fibrillary acidic protein, a marker of activated astrocytes. 

Delayed down-regulation of A1 was noted in neurons near the lesion. Moreover, the 

expression pattern of A1 was similar to that of brain-derived neurotrophic factor (BDNF), 

suggesting a role for A1 in neuroplasticity. However, the specific role of arginase activity in 

the ischemia-induced injury and subsequent repair is as yet unknown. Given the suggested 

involvement of A1 in macrophage-mediated repair processes, it is possible that the A1 

increase represents a healing mechanism. Further studies using genetic strategies are needed 

to address this issue.

Alzheimer’s disease

Alterations in L-arginine metabolism may also play a role in the pathogenesis of 

Alzheimer’s disease (AD). A number of studies have investigated arginase expression in AD 

brains, with conflicting results. One group found increased A1 mRNA with no change in A2 

in the frontal cortex of AD patients [71], whereas another found increased A2 mRNA levels 

with no change in A1 [72]. Additionally, the latter authors reported that the presence of a 

rare A2 allele was associated with an increased risk of early onset AD. A recent study has 

also demonstrated an association between age and region-specific decreases in activity and 

expression of NOS and increases in arginase activity during AD [73]. These studies 

demonstrate that increased arginase activity is correlated with the pathogenesis of AD. 

However, whether AD is mediated by alterations in A1 or A2 activity is an open question. 

Our studies using models of retinal neurodegeneration and work of others in brain injury 

models suggest that A2 is the major isoform involved in neuronal damage. Further 

investigations are needed to fully understand arginase function in AD brain and to 

demonstrate its potential value as a biomarker for disease progression.

Traumatic Brain Injury

Traumatic brain injury (TBI) has been shown to cause vascular changes that lead to 

decreased CBF. The dysfunction is thought to involve alterations in NOS function and NO 

formation [69]. Within minutes after trauma, levels of NO in the injured brain transiently 

increase and then decrease and remain below baseline values for periods ranging from hours 

to days. The NO decrease is closely correlated with decreases in constitutive NOS activity 

and CBF [74]. Studies showing that treatment with supplemental L-arginine increases CBF 

and reduces signs of injury suggest L-arginine depletion due to excessive arginase activity 

could be involved [75]. An analysis using arterial spin-labeling magnetic resonance imaging 

in a mouse model of TBI showed that deletion of A2 improved CBF after TBI, suggesting 
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involvement of A2 in hemodynamic processes [76]. Effects of the A2 deletion on tissue 

damage and CNS function were not reported. However, enhanced polyamine catabolism has 

been reported in a rat model of TBI [77]. Moreover, inhibition of the ornithine/polyamine 

pathway was found to reduce cognitive impairment associated with TBI [78]. Given that A2 

deletion improves CBF after TBI and that arginase can regulate polyamine levels, it is likely 

that excessive activity of the arginase/polyamine pathway plays a role in TBI.

Multiple sclerosis

Visual dysfunction is a common clinical manifestation of multiple sclerosis (MS). Studies 

have shown that MS patients develop optic neuritis characterized by thinning of the nerve 

fiber layer, loss of retinal ganglion cells (RGCs) and impaired retinal function [79, 80] A1 

expression and activity were shown to be increased in brain and spinal cord samples in a rat 

model of MS induced by EAE (experimental autoimmune encephalomyelitis). Increased 

production of reactive oxygen species and elevated levels of iNOS were also observed [81, 

82]. The data showed that A1 was significantly increased at the peak stage of EAE and was 

maintained until the recovery stage, whereas iNOS was increased at early stages and 

remained high until the recovery stage. The same group also found elevated arginase levels 

in the cerebrospinal fluid of MS patients [82]. These results support the involvement of NO 

and arginase in the pathogenesis of acute neuroinflammation, and support their potential use 

as surrogate markers for disease.

Retinal neurovascular injury

Retinal neurodegeneration is associated with a variety of disease conditions, including 

glaucoma, diabetic retinopathy, optic neuritis, TBI and retinopathy of prematurity (ROP). 

We and others have used ROP models to elucidate the mechanisms of retinal neurovascular 

injury associated with activity of NOS and arginase pathways. ROP is a complex condition 

affecting the developing retina and is characterized by neuronal and vascular degeneration 

followed by pathological neovascularization. Recent studies have demonstrated a role for 

A2 in the neuronal injury [66]. Studies using a mouse model for oxygen induced retinopathy 

(OIR) to mimic neuronal injury during ROP showed that deletion of A2 significantly 

reduced neurodegeneration and improved retinal function. Increased expression of A2 was 

observed in retinal horizontal cells of hyperoxia-treated mice [66]. Previous work had 

suggested that arginase might have a beneficial role in limiting retinal injury in this model 

[83]. In that study, the authors demonstrated reduced retinal cell death and increased 

astrocyte survival in TNFα-deficient mice. The TNFα-deficient OIR retinas had lower 

activity of iNOS, increased A2 mRNA and higher arginase activity relative to the wild type 

OIR retinas. In contrast with those results, our studies using A2 deficient mice demonstrated 

involvement of A2 in retinal neurodegeneration [66]. The data showed that A2 deletion 

significantly reduced neuronal degeneration during OIR. Electroretinographic recordings 

showed that the protective effects of A2 deletion were accompanied by significant 

preservation of retinal neuronal function. Partial deletion of A1 along with A2 did not confer 

any additional protection, suggesting that A2 is the more important isoform involved in the 

neurodegeneration. Further studies demonstrated increased expression of spermine oxidase 

together with decreases in spermine, increases in spermidine and increases in hydrogen 

peroxide formation in the OIR retina compared to normoxic controls, suggesting an increase 
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in backward polyamine catabolism (Figure 4) [67]. These alterations were significantly 

reduced in the A2-deficient OIR retina. Furthermore, treatment with the polyamine oxidase 

inhibitor MDL-72527 [N,N'-bis(2,3-butadienyl)-1,4-butanediamine] significantly reduced 

the hyperoxia-induced neuronal death, indicating that polyamine catabolism is involved in 

neurodegeneration during OIR.

Studies with the same OIR model have demonstrated the involvement of eNOS, 

peroxynitrite and A2 in hyperoxia mediated degeneration of the vascular endothelial cells 

[84, 85]. Upon hyperoxia treatment for two days, obliteration of the developing retinal 

microvessels was observed in wild type mice. This damage was significantly blunted in 

eNOS deficient mice as well as in wild type mice treated with the NOS inhibitor Nω nitro L-

arginine (L-NNA). Further, levels of the peroxynitrite biomarker nitrotyrosine were also 

reduced in the eNOS deficient OIR retina as compared to the WT retinas [84], indicating 

that NO is an important factor in the vascular injury. Work by others using iNOS knockout 

mice and the iNOS inhibitor 1400W showed that iNOS is highly increased in the ischemic 

retina and that blockade improved physiological vascular repair [86]. While the role of NO 

in vascular injury is well discussed, involvement of arginase in the vascular injury has only 

recently been appreciated. Our laboratory has found that A2 plays a key role in the 

hyperoxia-mediated vascular injury through a mechanism involving superoxide and 

peroxynitrite formation [87]. Studies using A2 deficient mice in the OIR model showed 

significant decreases in vaso-obliteration compared to the wild type OIR retina, 

demonstrating involvement of A2 in OIR-induced vascular injury. Deletion of A2 in 

combination with haploid deficiency of A1 did not show any additional protection compared 

with wild type mice. Levels of superoxide and peroxynitrite were also reduced in the A2 

deficient OIR retina relative to the wild type OIR mice. This suggests that the observed 

vascular protection in the A2-knockout retina is mediated by reduction in nitrative stress. 

Restoration of normal NO levels and decreases in eNOS derived superoxide were also found 

in the A2 knockout retina, suggesting that the A2-induced injury is mediated by a 

mechanism involving NOS uncoupling. Studies using eNOS knockout mice have 

demonstrated a role for eNOS in this pathology [84]. However, neuronal NOS (nNOS) is 

highly expressed in retinal cells and could also be involved. Further study is needed to 

address the impact of A2 on nNOS function.

Diabetic retinopathy

Studies in models of retinal inflammation and diabetes have demonstrated a link between 

elevation of arginase activity and oxidative stress, inflammation and decreased NO 

bioavailability [26, 64, 65]. Mice with endotoxin-induced acute retinal inflammation had 

increases in arginase activity and A1 expression that were accompanied by increased 

formation of superoxide, upregulation of inflammatory genes and leukocyte attachment to 

the retinal vessels. These alterations were prevented in double knockout mice lacking one 

copy of A1 and both copies of A2. Furthermore the endotoxin-induced increase in A1 

expression was blunted by NADPH oxidase blockade or NOX2 deletion, suggesting that 

endotoxin induced retinal inflammation is mediated by NOX2-dependent increases in 

arginase. Studies in streptozotocin-induced diabetic mice and high glucose-treated retinal 

endothelial cells showed similar associations [64]. Moreover, the diabetes-induced increases 
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in oxidative stress and retinal inflammation were associated with a significant drop in 

bioavailable NO. Further studies using a high-resolution fundus microscope system to image 

the primary branches of the central retinal artery (CRA) in living mice demonstrated 

involvement of arginase in diabetes-induced impairment of endothelium-dependent 

vasodilation because the defect was largely absent in mice lacking one copy of the A1 gene 

[26]. Additionally, treatment of the mice with a specific arginase inhibitor prevented 

diabetes-induced endothelial dysfunction. Similar beneficial effects of inhibiting arginase 

were observed in ex vivo experiments using a pressure myograph system to measure 

endothelial dependent vasorelaxation in CRAs isolated from diabetic rats and pretreated 

with an arginase inhibitor [26]. Taken together these results indicate a prominent role for 

arginase in diabetes- and endotoxin-induced increases in oxidative stress and inflammation 

as well as in diabetes-induced impairment of retinal endothelial-dependent vasodilation 

responses.

Arginase inhibitors

The first arginase inhibitors to be developed had non-specific actions and many side effects 

because of the high concentrations required [8]. For example, norvaline is a substrate for 

amidotransferases [88]. Similarly, while Nω-hydroxy-L-arginine (NOHA) is a potent 

inhibitor for arginase, it is also an intermediate precursor in the production NO from L-

arginine by NOS. An analog, Nor-NOHA is also a potent arginase inhibitor, but has a much 

longer half-life than NOHA. Neither inhibits NOS. α-Difluoromethylornithine (DFMO) is a 

non-specific weak inhibitor of arginase, but is a potent inhibitor for ornithine decarboxylase 

[8]. Thus, the effects of DFMO in increasing NO production in models of elevated arginase 

activity are likely due to increased accumulation of ornithine which is known to inhibit 

arginase [89]. Besides producing urea, arginase is also involved in synthesis of polyamines 

and amino acids such as ornithine, proline and glutamate. In fact, ornithine, leucine, valine, 

lysine, isoleucine and nor-valine inhibit arginase with ornithine being the most potent [90]. 

Also, L-citrulline is an allosteric inhibitor of arginase [91], but it also increases NO 

formation.

Recently, competitive inhibitors of arginase have been developed which have greater 

specificity for the enzyme. Initial development of these compounds involved determination 

of the crystal structure of arginase. Christianson and colleagues found that a binuclear 

manganese cluster was required for catalytic activity [92]. They also identified the full 

structures of human A1 and A2 [93]. Boronic acid analogs of L-arginine [S-(2-boronoethyl)-

L-cysteine (BEC) and 2(S)-amino-6-boronohexanoic acid (ABH)] are highly selective 

arginase inhibitors. Both contain a boronic acid or N-hydroxyguanidinium head which binds 

the manganese cluster, the active catalytic site in arginase [49]. Several inhibitors of 

arginase are commercially available, including nor-NOHA, BEC and ABH.

Although several specific arginase inhibitors have been developed, none of those currently 

available are isoform selective. This is a significant limitation of the field in light of the 

growing evidence that arginase activity can be damaging in some contexts and protective in 

others. For example, activity of A2-positive macrophages has been implicated in the 

development and progression of atherosclerosis, whereas A1-positive macrophages may 
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promote plaque resolution [33–36, 94]. A1-positive macrophages are clearly involved in 

repair functions after tissue injury, whereas excessive A2 activity appears to be damaging in 

a number of CNS disease/injury conditions. In the absence of isoform selective inhibitors, 

RNA interference has been used to specifically inhibit expression of A1 or 2. For example, 

administration of short hairpin RNA (shRNA) against A1 greatly reduced IL-13 induced 

airway hyper-responsiveness with a concomitant decrease in A1 mRNA and protein levels 

in the lungs of mice [95]. Direct delivery of anti-sense A1 using adeno-virus vector in 

corpus cavernosum improved erectile function in aged mice [96]. Anti-sense A1 also 

increased NO production in endothelial cells exposed to high glucose [12]. The search for 

more potent and isoform selective inhibitors is ongoing and involves structure-based design 

and plant extracts [38].

So far studies using arginase inhibitors in humans with cardiovascular disease has been 

limited to small-scale clinical “proof-of-concept” studies involving local administration of 

arginase inhibitors by cutaneous microdialysis or intra-arterial infusion. However, promising 

results have been reported in patients with coronary artery disease and type 2 diabetes [30, 

97], heart failure [98], hypertension [99] and following resuscitation after cardiac arrest 

[100]. These observations suggest that inhibiting arginase activity could be beneficial in the 

treatment of cardiovascular disease. Systemic treatment with arginase inhibitors is used in 

the treatment of parasitic disease without significant adverse effects. However further study 

is needed to demonstrate the safety of long-term treatment in patients with cardiovascular 

disease. Given the important role that A1 plays in detoxification of ammonia in the urea 

cycle, it will be important to make sure that the treatment does not suppress hepatic arginase 

activity enough to adversely impact the urea cycle. Another potential limitation is that 

suppression of A1 may further limit tissue repair function which is already suppressed in 

many cardiovascular diseases.

Concluding remarks

The role of excessive expression and activity of arginase and its downstream targets in 

cardiovascular dysfunction and injury has been well established by studies in both animal 

models and human disease conditions. Studies also have clearly demonstrated the 

involvement of these pathways in CNS disease and injury. Targeting specific components of 

the arginase/ornithine pathway holds great promise as a therapy for both cardiovascular and 

CNS diseases. Recent proof-of-concept studies in cardiovascular disease patients have 

shown beneficial effects of local delivery of arginase inhibtors. As has been noted above, the 

two arginase isoforms share 100% homology in areas critical for enzyme function. 

Moreover, both have been shown to be fundamentally involved in dysregulation of NOS 

function. However the two isoforms are encoded by different genes, localized to different 

intracellular compartments, expressed in different cell types and tissues and involved in 

different cellular functions. Analyses using knockout mice and specific gene knockdown 

have been informative about the differential involvement of increases in A1 and A2 in 

various disease conditions. However, there is also considerable evidence to support a 

positive impact of arginase on cell growth, collagen synthesis and neuronal development 

during physiological conditions as well as tissue repair following injury. Thus, there is some 

risk associated with global inhibition of arginase activity. Studies are beginning to examine 
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the subcellular and molecular regulation of arginase activity and this information should 

facilitate design of new approaches to specifically limit its pathological effects. However, 

there are many questions that need to be answered to better understand the specific role of 

the two arginase isoforms and their downstream targets in both health and disease and to 

identify better therapies (Box 3).
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Box 1. Arginase-ornithine pathway in health and disease

In the liver, A1 catalyzes the last step in the urea cycle, whereby the body disposes of 

ammonia produced by protein catabolism (Figure 1). Ornithine is converted to L-

citrulline by activity of ornithine transcarbamylase (OTC) and carbamoyl phosphate 

synthase-1 (CPS-1) and to polyamines (putrescine, spermidine, and spermine) and 

proline by ornithine decarboxylase (ODC) and ornithine amino transferase (OAT), 

respectively. Polyamines play an important role in cell growth and proliferation and are 

involved in wound healing, tissue repair and neural development [101, 102]. Proline is 

required for collagen formation [103]. In most cell types L-citrulline is recycled back to 

L-arginine by argininosuccinate synthase (ASS) and argininosuccinate lyase (ASL). ASS 

and ASL are a portion of the urea cycle [104]. However, most non-hepatic tissues lack 

CPS-1 or OTC and therefore do not have the complete urea cycle. Dysregulation of urea 

cycle enzymes can result in hyperammonemia, and if left untreated, will cause seizures, 

mental disorders and early morbidity [105]. Treatment of patients with A1 deficiency 

involves decreasing protein intake, dietary supplementation with essential amino acids, 

and in severe cases orthotropic liver transplant [105]. The adverse effects of A2 

mutations are not well studied, but A2 knockout mice have been found to develop 

hypertension [106] and the presence of a rare 2 allele has been linked to an increase in 

the risk of Alzheimer’s disease in men and with an earlier age at onset for both genders 

[72].

The acute phase of wound repair involves oxidative insult through activation of resident 

macrophages which express high levels of NOX2 NADPH oxidase and inducible nitric 

oxide synthase (iNOS) and produce cytotoxic levels of superoxide and NO. Both are 

important for eradicating pathogens [101]. The acute phase is followed within 3–5 days 

by a repair phase in which arginase is upregulated [107]. As explained above, arginase 

converts L-arginine to L-ornithine which is metabolized by OAT to form proline needed 

for collagen synthesis and by ODC to form polyamines which enhance cell proliferation. 

The balance between rate of consumption of L-arginine by iNOS (for NO production) 

and arginase (for synthesis of collagen and polyamines) determines the course of wound 

repair.

Polyamine production by arginase is also important for neural growth, development, and 

regeneration [102, 108, 109]. Elevated arginase activity can promote axon regeneration. 

Following spinal cord transection, treatment of nerve grafts with acidic fibroblast growth 

factor has been reported to improve locomotor function by a mechanism involving 

increases in A1 and spermine within motor neurons and macrophages [110]. However, 

excessive function of the arginase-ornithine pathway can be damaging in other contexts. 

For example, arginase-dependent increases in formation of polyamines and proline can 

lead to thickened, fibrotic and stiff blood vessels and airways, hypertrophied and fibrotic 

hearts and kidneys and growth of cancers [9, 10, 111–113]. These effects of excessive 

arginase activity are pathologically significant in diseases like diabetes, hypertension, 

aging and may play a role in tumor growth.

Many research studies have concentrated on the role of arginase in altering NO 

production and levels because both arginase and NOS utilize L-arginine as their common 
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substrate. Overactive arginase could lead to a deficiency in L-arginine available to NOS. 

This could cause uncoupling of NOS, decreased NO production, and increased 

production of the oxidants, superoxide and peroxynitrite (Box 2, Figs. 2, 3), resulting in 

vascular dysfunction. Accordingly many studies have correlated vascular endothelial 

dysfunction with increased levels of arginase activity and expression [12, 24, 49, 114–

116]. Increased levels of ornithine resulting from enhanced arginase activity can lead to 

vascular hypertrophy, fibrosis and stiffness – important aspects of vascular disease [112]. 

Arginase also plays important roles in reducing NO production by iNOS [10].

Polyamine metabolism has also been shown to be involved in the pathogenesis of 

ischemic neuronal injury [117–119]. Amino aldehydes, acrolein and hydrogen peroxide, 

which are generated as byproducts during the oxidation of spermine and spermidine by 

polyamine oxidases (Fig. 4) are toxic and have been implicated in brain and retinal injury 

[120]. Arginase activity and expression are increased by inflammatory processes and 

reactive oxygen species associated with disease states [8, 47, 121].
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Box 2. Nitric oxide synthase

Three isoforms of NOS exist: eNOS, nNOS and iNOS. The eNOS and nNOS isoforms 

are constitutively expressed and iNOS is constitutively active. In vascular endothelial 

cells, normal function of eNOS plays a critical role in vascular health, catalyzing the 

conversion of L-arginine into L-citrulline, and NO plays a critical role in vascular health, 

catalyzing the conversion of L-arginine into L-citrulline and NO. eNOS binds 

tetrahydrobyopterin (BH4) and heme at the N-terminal region and calcium/calmodulin, 

flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN) and nicotinamide 

adenine dinucleotide phosphate (NADP) at the C-terminal region [122–124] (Figure 2). 

These co-factors are required for NO production. eNOS is post-translationally modified 

for specific subcellular localization to the plasma membrane. Myristoylation and 

subsequent palmitoylation of eNOS direct it to membrane caveolae, but these 

modifications are not necessary for its activity. Location of eNOS at the caveolae is 

believed to be important due to its proximity to the L-arginine transporter [cationic amino 

acid transporter-1 (CAT-1)] and L-arginine recycling enzymes that support NO 

production [125]. In contrast, caveolin-1 operates to inhibit eNOS at caveolae. eNOS is 

activated by a number protein-protein interactions, phosphorylation events as well as 

chemical, hormonal stimuli and physical stimuli such as sheer stress.

NO is produced by eNOS or nNOS at low-to-moderate rates. In contrast, iNOS produces 

NO at greater rates for alternative signaling mechanisms and microbial defense. eNOS-

derived NO regulates vascular tone by relaxing vascular smooth muscle cells (SMCs) and 

also by preventing leukocyte adhesion and platelet aggregation [126–128]. NO diffuses 

to SMCs where it binds to and activates soluble guanylate cyclase (sGC). This results in 

production of cGMP, efflux of K+ and relaxation of SMCs.

There are other physiologic and pathophysiologic roles of NO. It is involved in 

macrophage-mediated host defense, neuronal signaling and modulation of synaptic 

plasticity as well as protein nitrosylation [129]. NO and superoxide (O2
․−) react rapidly to 

produce peroxynitrite (ONOO−) at a faster rate than NO can react with sGC or O2
․− can 

interact with superoxide dismutase. This reduces levels of NO and increases ONOO−, a 

potent oxidant. Both O2
․− and ONOO− can oxidize BH4, leading to further increases in 

oxidative stress due to uncoupling of eNOS [14]. Reduced NO bioavailability and 

increased levels of O2
․− and ONOO− can lead to vascular endothelial dysfunction [130].
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Box 3. Outstanding Questions

For the future of targeting arginase activity as therapy for cardiovascular and 

neurovascular disease, some important questions and areas for further study include:

• What are the mechanistic differences between the functions of A1 and A2? Both 

enzymes metabolize L-arginine to produce ornithine and urea, yet their 

intracellular localization and tissue distribution are very different. Is their 

function in producing downstream products of ornithine metabolism different? 

While, these questions can be addressed using genetic strategies for deletion/

inactivation of each isoform, development of isoform-specific inhibitors would 

greatly facilitate research in this area.

• What are the specific roles of A1 and A2 in macrophage inflammatory 

responses? There is strong support for the healing role of macrophage 

expression of A1 in the repair phase of wound healing, but recent work has 

implicated macrophage expression of A2 in chronic inflammatory disease 

conditions [113]. Further study is required to define the specific roles of A1 and 

A2 in macrophage inflammatory responses and elucidate the underlying 

mechanisms.

• Are arginase activities of A1 regulated at the post-translational level as has been 

reported for A2? A2 in SMCs has been found to increase its activity upon 

translocation from the mitochondria into the cytosol [34]. Does A1 activity 

depend on its cytosolic localization? Is activity of either isoform modified by 

phosphorylation events?

• Is ureahydrolase enzyme activity required for arginase functions? Experiments 

using a catalytically inactive A2 mutant in models of atherosclerosis found that 

A2 induces SMC senescence and apoptosis independently of its L-arginine 

ureahydrolase activity [53]. Does this phenomenon occur in other cell types and 

disease models?

• Inhibitors and blockers of the arginase/ornithine pathway are already in use 

clinically for treatment of patients with parasitic infections and some cancers. 

Can these agents be used effectively for treatment of patients with 

cardiovascular or neurovascular disease?

• Can circulating levels of arginase and/or its metabolic products serve as useful 

biomarkers for development or progression of disease?
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Highlights

• Arginase is the enzyme that converts L-arginine to urea and L-ornithine, 

functions important for protection against NH3 toxicity and cell growth and 

repair

• Excessive arginase activity has been linked to cardiovascular diseases due to 

actions in reducing the supply of L-arginine needed by nitric oxide (NO) 

synthase to produce NO

• Excessive activity of the arginase/ornithine pathway can also contribute to 

vascular structural problems and neural toxicity.

• Recent research has identified inflammatory agents and reactive oxygen species 

as drivers of the pathologic elevation of arginase activity and expression.
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Figure 1. 
Scheme for arginase 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-

ornithine and L-glutamine, and the recycling of L-citrulline into L-arginine. Abbreviations: 

ASL, aminosuccinate lyase; ASS, aminosuccinate synthase; NOS, nitric oxide synthase; 

OAT; ornithine aminotransferase; ODC, ornithine decarboxylase; OTC, ornithine 

transcarbamylase. Arginase (bottom, left) is the final enzyme in the urea cycle within the 

liver, which restarts the cycle through the synthesis of L-citrulline from carbamoyl-

phosphate (1) and L-ornithine (2) by OTC (center). It should be noted that that these 

reactions do not all occur within any given cell. In particular, the urea cycle is independent 

of the other reactions; i.e., L-arginine produced within the urea cycle is not a substrate for 

NOS and L-ornithine produced within the urea cycle is not a substrate for OAT or ODC
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Figure 2. 
Scheme for endothelial nitric oxide synthase (eNOS) catabolism of L-arginine to NO and L-

citrulline, which can be recycled back to L-arginine. Abbreviations: ASL, aminosuccinate 

lyase; ASS, aminosuccinate synthase; BH4, tetrahydrobiopterin; CAT-1, cationic amino acid 

transporter-1; FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide; NADP, 

nicotinamide adenine dinucleotide phosphate.
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Figure 3. 
Physiologic and pathophysiologic activities of endothelial nitric oxide synthase (eNOS) and 

arginase. Under physiologic conditions eNOS maintains a healthy vasculature with 

production of NO and arginase produces ornithine, polyamines and proline, for tissue 

growth and collagen formation, respectively. Under pathologic stimulation by RhoA/ROCK, 

increased arginase expression/activity putatively depletes eNOS of its substrate, L-arginine. 

When eNOS does not have sufficient substrate it can be uncoupled, becoming more a 

producer of superoxide (O2
․−) rather than NO. Increased production of polyamines and 

proline can also lead to pathologic vascular remodeling and stiffness.
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Figure 4. 
Flow chart of the ornithine pathway showing formation of polyamines and polyamine 

oxidation. Abbreviations: MDL, MDL-72,527 [N,N'-bis(2,3-butadienyl)-1,4-

butanediamine]; ODC, ornithine decarboxylase; OAT, ornithine aminotransferase; SMO, 

spermine oxidase; APAO, N (1)-acetyl polyamine oxidase; SSAT, spermine spermidine 

acetyl transferase.
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