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Reduced production of nitric oxide (NO) is one of the first indications of endothelial 

dysfunction and precedes the development of many cardiovascular diseases. Arginase has 

been shown to be upregulated in cardiovascular disease and has been proposed as a 

mechanism to account for diminished NO production. Arginases consume L-arginine, the 

substrate for nitric oxide synthase (NOS), and L-arginine depletion is thought to reduce 

NOS-derived NO. However, this simple relationship is complicated by the L-arginine 

paradox. The paradox addresses the phenomenon that L-arginine concentrations in 

endothelial cells remain sufficiently high to support NO synthesis yet increasing L

arginine externally drives increased production of NO. One mechanism proposed to 

explain this is compartmentalization of intracellular L-arginine into distinct pools. In the 

current study we investigated this concept by targeting eNOS and arginase to different 

locations within the cell. We first showed that supplemental L-arginine and L-citrulline 

dose-dependently increased NO production in a manner independent of the location of 

eNOS within the cell. Cytosolic arginase- I (Argl) and mitochondrial arginase-2 (Argll) 

inhibited eNOS activity equally regardless of where in the cell eNOS was expressed. 

Similarly, targeting Argl to different regions of the cell did not modify its ability to 

inhibit NO formation. These results argue against compartmentalization as the 

mechanism by which arginase inhibit eNOS. Further studies showed that arginase

dependent inhibition of NO formation was prevented pharmacologically with arginase 

inhibitors. Also, arginase inhibition of NO production was absent in a catalytically 
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inactive arginase mutant. Arginase did not co-immunoprccipitate with eNOS and the 

metabolic products of arginase or downstream enzymes did not contribute to reduced NO 

formation. 

Because of previous studies in animals and cell culture supporting the role of Argl 

specifically in vascular dysfunction, we aimed to investigate the role of Argl in the retinal 

vascular dysfunction of diabetic retinopathy (DR). Our hypothesis was that Argl could be 

a mediator in the vascular dysfunction associated with DR. While using a mouse 

funduscope to image the retinal vasculature, we infused acetylcholine or sodium 

nitroprusside intravenously into diabetic or normoglycemic control mice and measured 

vessel relaxation. Endothelium-dependent retinal vasorelaxation was impaired in diabetic 

mice ( 40°/o of control). Diabetic mice hemizygous for arginase- I (Argl -) had improved 

function of the retinal vessels (71% of control). Endothelium-independent vasorelaxation 

was simi lar in diabetic and control, Argl - and wild type mice, indicating that the 

diabetes effect was specifically an endothelia l issue and not one of smooth muscle 

dysfunction. Arginase inhibitors were shown to be effective in improving vascular 

function and reducing arginase activity. Further experiments were conducted in isolated 

central retinal arteries of diabetic and control rats, which recapitulated the results found in 

the mouse. We found that pharmacologic inhibition in both mice and rats or partial knock 

out of Argl in mice resulted in improvement in the retinal vascular dysfunction associated 

with DR. We conclude that Argl is a potential player in the retinal vascular dysfunction 

of DR. 

INDEX WORDS: Arginase, L-arginine, eNOS, NO, Urea, Diabetic Retinopathy 
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Table 1. A list of abbreviations used in the text 
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eNOS Endothelial Nitric Oxide Synthase 

Cle OS Calcium Insensitive eNOS 

Argl , Argll Arginase l, Arginase 2 
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-
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r---
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f-
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-
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-- -
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I. INTRODUCTIO 

A. Statement of the problem 

Alterations in bioavailable NO are a critical feature in the progression of many 

cardiovascular diseases. Increased activity of the urea/ornithine pathway enzyme arginase, 

can limit eNOS-derived NO and has been correlated with a variety of cardiovascular 

diseases. Therefore intensive investigation has been conducted to determine the 

relationship between arginase activity and cardiovascular disease. Lack of sufficient L

arginine, the substrate for eNOS and arginase, is one of the many factors that can lead to 

decreased NO. However the internal concentration of L-arginine far exceeds the 

requirements of eNOS. In spite of this, exogenous addition of L-arginine yields greater 

NO than that produced with basal physiologic ranges of L-arginine. This is referred to as 

the "Arginine Paradox". The currently accepted hypothesis to explain the paradox is that 

there is an intracellular pool of L-argininc that can be selectively depleted. The goal of 

the first aim was to determine if relocation of eNOS or arginase within the cell could 

affect NO production thus indirectly identify an intracellular pool of L-arginine. The goal 

of the second aim was to test an alternate hypothesis and determine if enzymatic co

factors or protcin:protein interaction can explain why increases in arginase activity 

reduce eNOS-derived NO. Our last aim was to detennine the role of arginase in a disease 

setting characterized by vascular endothelial dysfunction. 

Specific Aim 1 To determine whether location of arginase can alter 0 production 

and explain the arginine paradox. 

Specific Aim 2 To determine if enzymatic co-factors or protein:protein interaction 

can provide an alternate explanation for arginase inhibition of NO formation. 
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Specific Aim 3 - To determine the role of arginase in diabetes-induced retinal 

vascular endothelial dysfunction. 
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B. Literature review and rationale 

The purpose of this study is to explore the relationship between L-arginine, eNOS and 

arginase with regard to subcellular localization, determine the role of enzymatic co

factors or protein:protein interactions of eNOS and arginase and to determine the role of 

arginase in diabetic retinopathy. 

1.1 eNOS, NO and L-Arginine 

Nitric oxide synthase comes in three major isoforms: endothelial nitric oxide synthase 

(eNOS), neuronal nitric oxide synthase (nNOS) and inducible nitric oxide synthase 

(iNOS). Most relevant to vascular health is eNOS, the homodimeric endothelial localized 

enzyme that catalyzes the conversion of L-arginine into L-citrulline and nitric oxide (NO). 

eNOS binds tetrahydrobyopterin (BH4) and heme at the N-terminal region and calcium 

/calmodulin, flavin adenine dinucleotide, flavin mononucleotide and nicotinamide 

adenine dinucleotide phosphate at the C-terminal region ( 41 , 80, 88, 128) (Fig. 1 ). These 

co-factors are required for the homeostatic vascular production of NO. eNOS is post

translationally modified for specific subcellular localization to the cellular membrane. 

First myristoylation and then a subsequent palmitoylation of eNOS ensures that it will be 

properly trafficked to caveolae at the plasma membrane, but these modifications are not 

necessary for its function of converting L-arginine to NO (83, 126, 127). The subcellular 

location of eNOS at the caveolae is thought to be important due to its proximity to the L

arginine transport machinery and L-arginine recycl ing enzymes that support NO 

production ( 41, 86). Once properly located other protein:protein interactions and 

phosphorylation are required to activate eNOS such as llsp90 whereas proteins like 
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Figure I. Schematic representation of eNOS binding ami tlctivity. 

Pink icons represent C-terminal binding and green icon represents N-terminal binding . 
.flavin adenine dinucleotide (FAD). flavin mononucleotide (FMN). nicotinamide adenine 
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caveolin-1 operate to inhibit eNOS at the caveolae ( 44-46, 87, 88, 125). eNOS responds to 

a number of chemical and hormonal stimuli as well as physical stimuli such as sheer 

stress. 

Since its discovery over 30 years ago NO has been the subject of intense research (45, 

66). NO is a highly reactive gas that is produced by eNOS in a controlled mannerat a low 

volume. In contrast, iNOS produces NO constitutively and at a greater volume for 

alternative signaling mechanisms and microbial defense. Because of this lower basal 

production level, eNOS has a capacity for increasing NO production in given situations 

(91 ). A major physiologic purpose of eNOS-derived NO is to maintain vascular 

compliance by relaxing vascular smooth muscles and preventing leukocyte adhesion and 

platelet aggregation (32, 79, 113). The diffused NO binds to soluble guan) late cyclase 

(sGC) within the smooth muscle. This results in activation of the C-tenninal catalytic 

domain, which converts GTP to cGMP that then acts to relax smooth muscle. Because of 

the short half-life of the gas in vivo (--4 seconds) it makes an ideal paracrine agent. 

NO has many other physiologic and pathophysiologic potentials. As stated above it can 

be utilized in macrophage defense, neuronal signaling and modulation of synaptic 

plasticity as well as protein modification through S-nitrosylation ( 100, l 09). Superoxide 

(Oi·}, predominantly produced by NAPDH oxidase and xanthine oxidase, is similar to 

NO in that it has both physiologic and pathophysiologic capabilities. 0 2 • is kept in 

balance in the body by superoxide dismutase (SOD). NO will react with 0 2 . to produce 

peroxynitrite (ONOO") at a faster rate than that of its reaction with sGC. NO is one of the 
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few molecules that can outcompete SOD for reaction with 02 · therefore potentially 

leading to a net production of ONoo· in cases of reduced SOD or overproduction of 0 2··. 

The combination of reduced NO, increased 0 2 • and ONOO can lead to pathological 

vascular dysfunction (7). L-arginine is classified as a semi-essential amino acid because 

the majority needed for normal body function is produced from protein turnover. 

However, in certain cases it is necessary to receive L-arginine from the diet. The majority 

of L-arginine enters the system through the intestinal-renal axis where it is taken up from 

food but also extracted from the proximal tubules of the kidney (95). In cases of 

malnutrition or disease, L-arginine deficiency can become pathologic (118). 

Supplementation of L-arginine has been shown to reverse some forms of vascular 

dysfunction in disease models, but results from formal clinical trials have been negative 

possibly due to increased arginase activty ( 18, 58, 119, 124). L-arginine enters the cell by 

way of the Na independent cationic amino acid transporter (CAT -I) in a classic system 

Y manner. The CAT - 1 is a transmembrane protein at the cell surface ( 60). This is 

important due to the proximity of the CAT -1 transporter to caveolin-1 and eNOS as well 

as the other proteins necessary for NO generation. 

1.2 Arginase, cardiovascular disease and diabetic retinopathy 

Arginase I and II (Argl and Argll) are homotrimer ureohydrolase enzymes encoded by 

two genes on different chromosomes. They retain 60°/o homology and have similar 

mechanisms, requirement of manganese as a co-factor and identical metabolites in that 

expressed in the liver and Argll is located within the mitochondria and highly expressed 
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in the kidney. Both are found in the endothelium of the vasculature. Arginase activity has 

two major homeostatic purposes, I) rid the body of nitrogenous waste through urea 

synthesis and 2) produce ornithine, the precursor for polyamines and prolines (Fig. 2) 

( 149). Polyamines are necessary for cell growth and modulate a number of ion channels 

and prolines are necessary for production of many proteins, especially collagen (114, 

145). Even with the functional redundancy of these isozymes, inherited defects in 

arginase can lead to severe medical issues and potentially lethal disorders (15, 110, 131). 

Arginase does play a positive role in reducing iNOS derived NO and suppression of 

inflammation (M2 phenotype) in macrophages but a majority of researchers have 

concentrated on the role of arginase in altering NO balance because both arginase and 

NOS utilize L-arginine (132). If there were competition for substrate between NOS and 

arginase, then overactive arginase would lead to a decrease in NO production, resulting in 

vascular dysfunction. Accordingly many publications have correlated cardiovascular 

dysfunction with increased levels of arginase protein activity (I 0, 63, 73, 116, 154). Both 

the input and output sides of the arginase equation are complicit in arginase based disease. 

Increased usc of L-arginine can lead to lack of substrate for NOS and increased 

production of arginase metabolites can lead to disease. For example, pulmonary 

hypertension results by way of decreased NO production, increased superoxide and/or 

increased ornithine, all are downstream of arginase activity. Increased ornithine can lead 
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can lead to asthma, the hardening of pulmonary vessels and pulmonary hypertension (93). 

This paradigm exists in many vascular diseases. The steady production of eNOS-derived 

NO is mandatory for vascular health and therefore any chronic attack on NO production 

is considered a predisposition for cardiovascular disease (Fig. 3). 

The discovery of eNOS and the function of NO elicited much research dedicated to 

identifying the essential co-factors of eNOS (41, 46, 47, 50, 88, 142). eNOS forms a 

multiprotein complex in a distinct subcellular region in the cell, the caveolae. It is known 

to positively interact with Hsp90 and porin as scaffolding proteins, calcium/calmodulin 

and dynamin-2 as allosteric modulators and negatively with scaffolding protein caveolin-

1 (among others). eNOS also requires L-arginine, tetrahydrobiopterin (Br4), oxygen and 

post-translational modifications to produce NO. To date arginase is only known to 

require manganese and L-arginine as a substrate for the production of urea and ornithine. 

New work has pointed to arginase interaction with actin and post-translational S

nitrosation as potential post-translational modifications that can alter arginase activity 

levels (33, 122). Because of their use of the same substrate, L-argininc, it seemed 

plausible that arginase and eNOS may share some co-factors or even interact in a manner 

detectable by co-immunoprecipitation. Thus it is possible that arginase could limit NO 

formation by a mechanism involving protein:protein interaction similar to that seen with 

caveolin-1 and eNOS or similar to that between arginase-1 and iNOS (33, 44, 87). 

Diabetic retinopathy (DR) is the primary cause of blindness in working age people in 

developed countries worldwide. It affects 80°'o of diabetics after 10 years and nearly all 

after 20 years (78). The vascular dysfunction within the diabetic retina is caused by a 
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number of mechanisms but a reduction of blood flow is evident in mice and humans (21, 

30). Pre-proliferative DR and microaneurysms, spots of ischemia and small vascular 

blockages has been linked to reduced blood flow ( J ). In the later proliferative stage, the 

necessity to perfuse the ischemic tissue stimulates the retina to signal vascular growth. 

These newly formed vessels are tortuous, fragile, leaky, dysfunctional and grow into the 

vitreous. The underlying aspects of DR: reduced blood flow, reduced bioavailable NO, 

increased inOammatory cells recruitment and increased superoxide are all seen in 

cardiovascular disease (3, 28, 92, 10 l ). 

1.3 Arginine Paradox 

The arginine paradox is based on the observation that increasing L-arginine levels outside 

the endothelial cell increases eNOS-derived NO. The concentration of L-arginine in the 

blood is around 50J..lM and the concentration within the endothelial cell is upward of 

800J..lM (II, 48). The endothelial cells concentrate this important amino acid to fuel 

eNOS among other enzymes. The Km of eNOS for L-arginine is extremely low, - 3J..lM 

(59). Therefore eNOS is saturated with L-arginine at a level much lower than that in the 

blood and at a much lower level than that within the endothelial cell. Given the high 

levels of L-arginine inside the cell, it is paradoxical that the addition of L-arginine 

increases production of NO by eNOS that should already be saturated (20, 26, 72). The 

enzyme kinetics and the effects of L-arginine supplementation constitute the arginine 

paradox. Further complicating the issue is the impact of arginase on NOS function. The 

Km of arginase for L-arginine is - 3mM, compared to the - 3J..lM Km of eNOS. Therefore 
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arginase should not be able to compete with eNOS for substrate ( 149). However, the V max 

of eNOS is - 1 OOOX less than that of arginase, which roughly equalizes their capability to 

metabolize L-arginine and thus explains their ability to compete with each other for the 

substrate ( 41, 149). Tt is unlikely that the internal concentration of L-arginine could drop 

to a level in any disease state that would leave either enzyme in a situation of substrate 

deficiency (34, 123, 149). Nevertheless, addition of L-arginine has been shown to 

improve endothelial dependent relaxation in a variety of disease conditions characterized 

by vascular dysfunction (2, 29, 35). The best explanation of this paradox has been that of 

compartmentalized L-arginine (22, 136). In brief the concept is that if there are discrete 

pools of L-arginine that can be selectively depleted by eNOS, leaving the enzyme in a 

state of local depletion, then addition of L-arginine could indeed increase NO production. 

With the co-localization of the CAT -1 transporters with eNOS and the L-arginine 

recycling enzymes at the caveolae of the plasma membrane, it seems reasonable that 

there could be a local depletion. 

1.4 Rationale 

There are three distinct objectives for this thesis. 1) To usc subcellular localization 

sequences to redirect eNOS and arginase within the cell to identify the location of the 

putative intracellular pools of L-arginine, 2) To determine if there are any co-factors or 

protein:protein interactions that explain arginase induced decreases in eNOS-derived NO 

and 3) to determine whether the vascular dysfunction seen in DR is associated with 

increased arginase activity and then to determine the role of arginase in hyperglycemia

induced endothelial cell dysfunction in the retina. 
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With regard to the first objective, the best explanation of the arginine paradox is that of 

discrete intracellular pools of L-arginine. The arginase isoforms themselves are 

compartmentalized (Argl in the cytosol and Argll in the mitochondria), eNOS is 

compartmentalized (at the plasma membrane and peri-nuclear at the Golgi) and L

arginine is compartmentalized within endothelial cells at a higher concentration than in 

the blood. The initial direction of the first study was to determine if there could be a 

differential metabolism of L-arginine by either Argl or Argll to elicit a substantially 

different reduction in eNOS-derived NO. Further our intent was to use unique protein 

targeting sequences that can shuttle enzymes to specific locations within the cell to 

determine whether NO formation could be altered by changing enz.> me location. The 

presence of the pools would manifest itself by differential production of NO. Previously 

published data had shown that simply moving eNOS around in the subcellular 

environment did not alter NO production (42, 43, 155). It was reasoned that if a direct 

eNOS/L-arginine relationship did not exist, then relocating both eNOS and arginase 

might reveal a relationship between eNOS, arginase and L-arginine. There was also a 

concerted effort to investigate an alternate mechanism of arginase inhibition of eNOS 

outside substrate competition. Because eNOS and arginase utilize the same substrate, 

they may have common co-factors. Therefore eNOS co-factors calcium and 

tetrahydrobiopterin were assessed for their role in altering arginase activity. We also 

investigated whether arginase was physically preventing eNOS from metabolizing L

arginine by way of protein:protein interaction . 
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The last objective of these studies was to apply our knowledge of arginase to a relevant 

disease state. DR has the hallmarks of vascular dysfunction seen in cardiovascular 

disease. Specifically, arginase protein and activity are increased in diabetes-associated 

vascular disease (116, 117, 129). It follows that arginase could be complicit in DR, but 

this has not been investigated. By visualizing changes in the retinal vasculature of 

hyperglycemic wild type and Argi +/- hemizygous knockout mice we determined the 

influence of Argi in diabetes induced vascular dysfunction. Using endothelial dependent 

and independent vasorelaxing drugs we measured the change in diameter in the retinal 

vasculature as an index of vascular function. 
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2 PUBLISHED MANUSCRIPTS 

A. Insights into the arginine paradox: The contribution of subcellular localization 

to the relationship between arginase, eNOS and 0 generation. 

Abstract 

Reduced production of nitric oxide (NO) is one of the first indications of endothelial 

dysfunction and precedes overt cardiovascular disease. Increased expression of arginase 

has been proposed as a mechanism to account for diminished NO production. Arginases 

consume L-arginine, the substrate for endothelial nitric oxide synthase (eNOS), and L

arginine depletion is thought to competitively reduce eNOS-derived NO. However, this 

simple relatiOnship is complicated by the paradox that L-arginine concentrations in 

endothelial cells remain sufficiently high to support NO synthesis. One mechanism 

proposed to explain this is compartmentalization of intracellular L-arginine into distinct, 

poorly interchangeable pools. In the current study we investigated this concept by 

targeting eNOS and arginase to different locations within COS-7 cells and also BAEC. 

We found that supplemental L-arginine and L-citrulline dose-dependently increased NO 

production in a manner independent of the intracellular location of eNOS. Cytosolic 

arginase- I and mitochondrial arginase-2 inhibited eNOS activity equally regardless of 

where in the cell eNOS was expressed. Similarly, targeting arginase- I to different regions 

of the cell did not modify its ability to inhibit eNOS. Arginase-dependent inhibition of 

eNOS activity was blocked by pharmacological arginase inhibitors and absent in a 

catalytically inactive mutant. Arginase did not directly interact with eNOS and the 

metabolic products of arginase or downstream enzymes did not contribute to eNOS 
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inhibition. Cells expressing arginase had significantly lower levels of intracellular L

arginine and higher levels of ornithine. These results suggest that arginases inhibit eNOS 

function by depletion of substrate and that the compartmentalization of L-arginine does 

not play a major role. 

Key words: Nitric oxide, eNOS, arginase, L-arginine, urea 

Introduction 

Nitric oxide (NO) is a vasoactive molecule that is vital for the maintenance of proper 

vascular function (25, 45, 53). In blood vessels, NO is produced by endothelial nitric 

oxide (eNOS) and potently relaxes vascular smooth muscle to regulate blood flow as well 

as preventing leukocyte adhesion, cytokine formation and platelet aggregation (32, 79, 

120). Reduced levels of NO have been shown to play a prominent role in the negative 

effects of age on vascular function as well as diseases such as atherosclerosis, 

hypertension, and diabetes (36, 81 ). 

Endothelial nitric oxide synthase (eNOS) is predominantly expressed within the vascular 

endothelial cell (EC) and catalyzes the conversion of substrate L-arginine to L-citrulline 

with release of NO. The purification and genetic identification of eNOS in the early 

1990s revealed an enzyme requiring tetrahydrobiopterin (BH4), nicotinamide adenine 

dinucleotide phosphate (NADPH), FAD, FMN and oxygen and whose activity is acutely 

controlled by calcium-calmodulin binding ( 41, 80, 88, 128). However, subsequent studies 

rapidly expanded the mechanisms controlling its activity including additional 
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protein: protein interactions, phosphorylation and subcellular localization ( 44, 45, 88, 

125). Following translation, eNOS traffics to the perinuclear Golgi and also to plasma 

membrane caveolae (42). eNOS has also been reported in the mitochondria, the nucleus 

and the cytoskeleton (6, 39, 42). The activity of eNOS varies depending on its location 

within the cell with the highest activity seen at the plasma membrane followed by outer 

membranes of the cis-Golgi and very low activity in the nucleus and mitochondria (42, 

50, 70, 127, 142). In cells replete with extracellular L-arginine, we have previously 

shown that these location-dependent changes in eNOS activity are most prominently 

influenced by the availability of calcium/calmodulin and that calcium-insensitive forms 

of eNOS and other nitric oxide synthases display equivalent activity regardless of their 

location ( 19, 70). 

L-arginine is regarded as a semi-essential amino acid meaning that in healthy individuals 

it is non-essential, but in states of development, poor nutrition or disease, de novo 

production is insufficient to meet cellular demand, which necessitates exogenous intake 

(18, 25, 57, 58, 118, 119). L- arginine is metabolized by a variety of enzymes including 

arginine/glycine aminotransferase, arginine decarboxylase, nitric oxide synthases and 

arginase I and II. 

Arginase 1 and Arginase II (Argl, Argll) are encoded by two different genes on different 

chromosomes, yet retain 60% amino acid homology and are catalytically similar enzymes 

that convert L-arginine into urea and ornithine (96). A major difference between Argl and 

Argll is that they reside is separate intracellular compartments which has led to the 
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proposal that they have different cellular functions. Argl is located in the cytosol and 

Argll within the mitochondria ( 49, 71, 97, 106, 149). Argl has been implicated in 

diabetic retinopathy, asthma, coronary artery dysfunction during renovascular 

hypertension and sickle cell disease ( 49, 94, 116, 154, 157) and Argll has been shown to 

be specifically increased in retinopathy of prematurity, human pulmonary arterial 

endothelial cells during hypertension, atherosclerosis and in diabetic renal injury (98, 104, 

120, 152). Publications distinguishing between the effects of Argl versus Argii are rare 

due to the lack of specific isoform inhibitors and also because the Argl knockout mouse 

is not viable beyond postnatal days 10-14. Many publications have broadly investigated 

increases in arginase protein expression or activity and established correlations to deficits 

in vascular function observed in diseases such as hypertension, ischemia-reperfusion, 

diabetes, aging and vascular remodeling to name but a few (10, 51, 63, 73, 74, 85, 115, 

144, 154). 

The arginascs have been proposed as endogenous inhibitors of eNOS via competition for 

their common substrate, L-arginine. It has been reported that increases in arginase 

expression and activity track with impaired NO synthesis in cardiovascular disease and 

that inhibition of arginase has been shown to improve NO production (34, 76). However, 

this relationship between eNOS and the arginases is more complex than it initially 

appears and has been linked to the "Arginine Paradox". The arginine paradox describes a 

phenomenon where increased extracellular L-arginine is required to elicit maximal NO 

release from cells, despite cytosolic concentrations of L- arginine ( 1 00-800f..lM) well 

above that required to support maximum eNOS activity (Km 3f..lM) (149). Based on total 
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arginine levels, it remains unclear how excess L-arginine can increase eNOS activity. 

One mechanism that has been proposed is the co-localization of eNOS with enzymes that 

consume L- arginine such as the arginases and thus L-arginine is depleted locally and 

selectively constrains eNOS activity. While the affinity of NOS enzymes for L-arginine 

is - l 000 fold greater than that of the arginases (Km=2mM), the V max of the arginases are 

- 1000 fold greater than that of the NOS enzymes ( 41, 149). Therefore, it has been 

postulated that these enzymes should compete equally for available free L-arginine (34, 

123, 149). Furthermore, it is theorized that the intracellular compartmentalization of Argl 

and Argll could enable the depletion of poorly interchangeable pools of L-arginine to 

levels below the threshold required for NO synthesis without significantly decreasing 

total cellular L-arginine (22, 136). Indeed, non-interchangeable L-arginine pools have 

been proposed in endothelial cells ( 130, 136) and compartmentalization could therefore 

account for changes in eNOS activity driven by L-arginine. However, this concept has 

never been rigorously tested. 

Therefore, the goal of the current study was to test this hypothesis using a molecular 

approach to target both eNOS and arginase to the same and different locations within the 

cell and to determine whether intracellular location can impact the sensitivity of eNOS to 

L-arginine or L-citrulline. We found that regardless of the location of either enzyme, 

there was no evidence to support the existence of restricted pools of L-arginine as 

determined by changes in the production of NO. We also investigated additional 

mechanisms underlying the inhibitory actions of arginase on eNOS activity. 
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Materials and Methods 

Cell Culture and Transfection - COS-7 and bovine aortic endothelial cells (BAEC) were 

grown in Dulbecco' s modified Eagle' s medium (DMEM) containing penicillin (100 

U/ml), streptomycin (100 mg/ml), and 10% (v/v) fetal bovine serum and transfected with 

Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen, Carlsbad, 

CA). COS-7 cells were co- transfected with pc0NA3 encoding human eNOS or a 

calcium insensitive eNOS (see below) and a control plasmid, expressing red florescent 

protein (RFP). Alternately COS-7 cells were co-transfected with eNOS constructs 

targeting subcellular domains and Argl (Rat - NM 0 17134) or Argii (Mouse - NM 

009705). BAEC's were transduced with eNOS and arginase adenovirus as previously 

described ( 16). L-arginine and L-lysine free DMEM was supplemented with L-lysine and 

dialyzed serum (Thermo Scientific). 

Cell Lysis and Isolation of Cytoso/ic and Mitochondrial Fractions COS-7 cells (5.5 x 

1 06) expressing arginase I and arginase 11 constructs were harvested by scraping and 

washed 3 times in Ca++ and Mg++-free phosphate buffered saline. Next, cells were 

concentrated by centrifuged at~ 600 x g and the resulting cell pellet was suspended in 

chilled isotonic MSE buffer (10 mM Tris-HCl, pll7.5, 220 mM mannitol, 70 mM sucrose, 

1 mM EGT A, 0.025% bovine serum albumin, 2 mM taurine, 1.6 mM camitine, and 5 

f.lg/ml each of leupeptin, aprotinin, phenylmethylsulfonylfluoride, and soybean trypsin 

inhibitor). Dounce homogenization was then conducted and the cell lysates were 

centrifuged twice at 600 x g to pellet nuclei and cell debris. The resulting supernatants 

were then centrifugated at 12,000 x g. The final supernatants were used as the cytosolic 
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fraction and the 12,000 x g pellet was used as the mitochondrial fraction in Western blot 

analyses using Cytochrome Oxidase IV and beta-tubulin (Invitrogen). 

Subcellular Targeting Constmcts - The eNOS subcellular targeting constructs have been 

described in previous publications (22, 42, 43, 155). Using the same targeting 

methodology, the various subcellular targeting sequences were fused onto the open 

reading frame of the N-terminus of FLAG-arginase 1 and subcloned into an expression 

vector (pcDNA3). The catalytically inactive mutant of arginase, 0128G (143) was 

generated by PCR-driven site-directed mutagenesis using the following primers and 

confirmed by bi-directional sequencing: 

forward 5'-CTCACACTggcATCAACACTCCGCTGACAAC-3' 

reverse 5'-GTIGATgccAGTGTGAGCATCCACCCAAATG-3'. 

Arginase Activity Assay - Cell lysates were prepared as previously described ( 19) and 

centrifuged at 12,000 x g for 10 minutes. Arginase activity in lysates was determined as 

the conversion of [14C-guanidino](101)-L-arginine (American Radiolabeled Chemicals) 

to C4c] urea, which was then converted to 14C02 by urease and trapped as Na2
14C03 and 

counted on a scintillation counter as described previously (99). Protein concentrations 

were determined via a DC Lowry assay (Bio-rad) and used to calculate arginase specific 

activities, expressed as nrnol/min/mg. 

Adenoviral Vectors- eNOS adenovirus have been described previously (17, 19, 125). 

Argl and mutants were subcloned into pAD-CMV DEST (Invitrogen) and confirmed by 

restriction enzyme digestion. Recombinant plasmids were then transfected into HEK293 
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cells. Viral production was monitored over 7-10 days by visualization of cytopathic effect 

or fluorescent protein expression. Virus was then harvested and purified by banding on a 

CsCl gradient. The purified virus was dialyzed and stored at -80°C. 

NO Release from Cells - 24 hours after transfection of COS-7 cells, the media was 

replaced with fresh DMEM. After another 24 hours, media was collected for NO analysis 

and the cells were collected for analysis of protein expression. The media was diluted 1:2 

with 100% ethanol and spun down at 14,000 rpm for I 0 minutes to remove suspended 

proteins. The level of NO in media was then measured by NO-specific 

chemiluminescence in a Sievers Nitric Oxide Analyzer. The background level of NOx 

was alwa} s subtracted by first measuring the levels in media from cells transfected with 

an empty vector (RFP) as COS-7 cells do not endogenously express any nitric oxide 

synthases. 

Protein Analysis by Immunoblot - Cells were washed twice with phosphate-buffered 

saline (PBS) and lysed in a homogenization buffer containing 50mM Tris-HCl, 0.1 mM 

EGT A, 0.1 mM EDT A, 0.1% SDS, 1% Nonidet P-40, 0.1% deoxycholic acid. Lysates 

were then further homogenized by 3 one-second bursts with a sonic dismembrator (Fisher 

Model 100, setting 3). Lysates were boiled for 5 minutes at l00°C, spun down and the 

resulting supernatant used in the Western blot analysis. Membranes were probed with 

primary antibodies for human eNOS (BD Bioscience), Argl (BD), Argii (Santa Cruz). 

Hsp90 (BD Bioscience) was used as the protein loading control. For immunoprecipitation, 

cells were washed twice with cold PBS then collected in an IP buffer consisting of20mM 
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Tris-HCL, 137mM NaCl, 10% glycerol and 1% NP40 (pH 7.5). Cell extracts were then 

rotated for 45 minutes at 4°C and centrifuged at 14,000 rpm for 10 minutes at 4°C. The 

supernatant was then incubated with eNOS primary antibody overnight at 4°. 40 uL of2X 

protein NG beads (Santa Cruz) were then added to the buffer and rotated at 4°C for an 

additional hour. Immune complexes were then spun down at l 000 rpm at 4°C. The 

supernatant was then aspirated and the beads were twice washed in IP buffer. Remaining 

beads were then washed in TBS, centrifuged ( 1000 rpm, 4°C, 5 min.), resuspended in 2X 

Laemmli buffer, and boiled for 5 min. The extracted proteins were size fractionated by 

SDS PAGE, transferred to a nitrocellulose membrane and probed with appropriate 

antibodies. In some experiments, immunoblots for Argl were incubated with chicken 

anti-arginase I as primary antibody and with IRDye 800CW anti-chicken IgG as 

secondary antibody in 1% nonfat milk/1% BSAiTBS-T (20 mM Tris (pH 7.6)-137 rnM 

NaCI-5 mM MgC12-0.l% Tween 20). Immunoblots for GAPDH were incubated with 

rabbit anti-GAPDH (Santa Cruz) as primary antibody and with TRDye 680LT anti-rabbit 

lgG (cat #827-08367) in 5% nonfat milk!fBS-T. 

Immunohistochemistry and Confocal Images - In brief, BAEC's were cultured in Lab-Tek 

chamber slides (Thermo Fisher Scientific) until 60°/o confluent. The cells were then 

transduced with adenovirus for PM Argl as previously described. After 24 hours, 

chambers were washed with PBS, fixed with 4°/o paraformaldehyde (overnight at 4°C), 

permeabilized with O.l 0'o Triton-X for 30 minutes, washed in PBS and blocked in 10% 

BSA. Chambers were incubated overnight in primary antibody at 4°C then incubated in 

Fluorescein- conjugated secondary antibody (Molecular Probes), washed with PBS and 
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mounted with Vectashield with DAPI (Vector Laboratories). Prepared slides were 

imaged with a Zeiss Confocal Microscope (LSM 510 Meta Axiovert 200M imaging and 

Zen Software). 

Cellular Amino Acid Quantification - Transfected cells were cultured in DMEM for 24 

hours and then switched to L-arginine free media supplemented with the variable 

concentrations of L-arginine for 24 hours. Cells were washed twice in 1 X PBS, collected 

and precipitated with SSA (sulfosalicylic acid) to remove any intact proteins, centrifuged 

and the supernatant was mixed with Li-diluent spiked with AE-Cys a final dilution. 

Samples were analyzed using a Hitachi 8900 amino acid analyzer, with an ion-exchange 

Hitachi column, using Li based buffers from Hitachi and a post-column reaction with 

ninhydrin. Observations were made at 570nm (Vis 1) and at 440nm (Vis2) and calibrated 

to an amino acid standard (Sigma) and analyzed with a method developed by MSF. 

Analysis was performed by John Schulze and Jack Presley at UC-Davis. 

Statistics All statistics were conducted using GraphPad Prism 4, analyzing one-way or 

two-way ANOV A and post-hoc comparisons. Data are reported as mean ±standard error. 

Results 

Demonstration of the Arginine Paradox in COS-7 cells The pnmary tenet of the 

arginine paradox is the ability of excess extracellular L-arginine to stimulate eNOS

derived NO production despite the presence of intracellular L-arginine in concentrations 
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predicted to support maximal eNOS activity, based on Km. In these experiments, COS-7 

cells were chosen because they do not express eNOS endogenously, and exogenously 

expressed eNOS exhibits a similar subcellular localization to that observed in endothelial 

cells (43). In COS-7 cells transfected with wild type eNOS (WT eNOS), NO release was 

measured in the presence of increasing L-arginine concentrations (0 - 3000j..tM). L

arginine induced a concentration-dependent increase in NO production (Fig. 4A). 

Notably, lOO~lM L-arginine, a concentration found in normal human plasma and a value 

at the K.m of the system y +transporters of L-arginine and well above the Km of eNOS for 

L-arginine, elicited less than maximal eNOS activity versus higher L-arginine 

concentrations. These results support the existence of the arginine paradox in COS-7 cells. 

In cells expressing calcium-insensitive eNOS (CleNOS) constructs targeted to distinct 

intracellular locations (Golgi and Plasma Membrane (Wild Type), Cytosol, Golgi, Plasma 

Membrane, and Mitochondria), we also compared the relative ability to produce NO in 

the presence of increasing concentrations of L-arginine and L-citrulline (Fig. 4B-F). 

eNOS was targeted to discrete areas of the cells as described previously (19, 155). The 

point mutation of Glycine 2 of eNOS to Alanine, which prevents both myristoylation and 

subsequent palrnitoylation required for targeting the Golgi and plasma membrane, results 

in a catalytically competent enzyme that resides in the cytosol (G2A) (47, 126). This 

cytosolic G2A eNOS construct was then fused to a number of targeting sequences that 

then direct it to the Golgi, the inner leaflet of the mitochondria, the plasma membrane and 

the aforementioned cytosol ic G2A eNOS. Calcium activated calmodulin is necessary for 

eNOS activation (87) and the difference in eNOS activity when targeted to other 

intracellular locations is critically dependent on calcium/calmodulin availability (70). A 
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Fig. 4. The intracellular location of eNOS does not modify the ability of L-arginine or 
L-citrulline to stimulate NO production. 

(A) COS-7 cells were co-transfected with cDNAs encoding eNOS and control plasmid, 
red fluorescent protein (RFP). Cells were washed in L-arginine free media for 30 minutes 
and incubated in the indicated concentrations of L-arginine for 24h. NO levels were 
assessed using a NO analyzer and are reported as a percentage of NO release in the 
presence of DMEM. The relative expression of eNOS and llsp90 (loading control) were 
obtained by immunoblotting with anti-eNOS and anti-Hsp90. Results are presented as % 
of control of 3mM L-arginine, means +/- SE; n = 6 experiments. *p < 0.05 vs. 0 L
arginine. (B-F) COS-7 cells were transfected with a Calcium-Insensitive eNOS 
(CieNOS) targeted as per Wild Type eNOS or to the cytosol, Golgi, plasma membrane 
and mitochondria. Cells were incubated in L-arginine free DMEM in the presence of the 
indicated concentrations of L-arginine or L-citrulline for 24h and NO release was 
determined by NO specific chemiluminescence. Results presented as means ± SEM; n=4. 
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calcium insensitive eNOS (CieNOS) was previously characterized by our laboratory and 

allows for constitutive and equal eNOS activity regardless of its intracellular location (17, 

19). We found that the ability of L-arginine enabled CleNOS production of NO 

indifferent compartments was equivalent. Supplemental L-citrulline, which must first be 

converted by ASS/ ASL to L-arginine to enable NO production, had no effect on NO 

production at concentrations below 1000 jlM, possibly indicating that the lower 

concentrations were below the Km for cellular uptake. Even at higher concentrations, L

citrulline was less potent, on a molar basis, than L-arginine at increasing NO production, 

and it did not preferentially enable eNOS-derived NO in the different intracellular 

locations. 

Arginase I and II are targeted to distinct subcellular donwins but have similar, non

additive inhibitory effects on eNOS-derived NO To determine if the arginase I and II 

constructs target their reported subcellular locations, COS-7 cells were transfected with 

Argl and Argll and then subjected to subcellular fractionation. The mitochondrial 

fraction was separated from the cytosolic fraction using serial centrifugal fractionation 

and fractions were then probed for mitochondrial markers (Cytochrome Oxidase subunit 

IV, C04, Mitosciences, Oregon), cytosolic markers (~ tubulin, Cell Signal) as well as 

Argl (BD biosciences) and Argll (Santa Cruz) via WB. The cytosolic fraction was 

identified by ~-tubulin immunoreactivity and was positive for Argl, but not Argll. The 

mitochondrial fraction was identified by the presence of C04, the absence of ~-tubulin 

and was positive for Argll (Fig. SA). To assess the effect of Argl and Argll on eNOS

derived NO, COS-7 cells were co- transfected with eNOS and RFP (DNA control), 
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(A) COS-7 cells were co- transfected with plasmids encoding Arginase I and Arginase II. 
Cells were fractionated into cytosolic (Cyto) or mitochondrial (Mito) fractions by 
differential centrifugation. ~-tubulin was used as a marker for the cytosolic compartment 
and cytochrome oxidase subunit 4 (C04) for mitochondria. The relative expression of 
arginase I and II was confirmed by immunoblotting using anti-Arginase I and anti
Arginase II antibodies. Results are representative of 4 independent experiments. (B-C) 
COS-7 cells were co- transfected with plasmids encoding wild type eNOS (eNOS) or a 
calcium insensitive eNOS construct (CieNOS), and either a control gene (red fluorescent 
protein, RFP) or Argi/Argll. NO production was measured by NO analyzer and is 
reported as a percentage of control ( eNOS+RFP). The expression of relevant proteins 
were determined by immunoblotting. Hsp90 was used as a loading control. (D) Titration 
of Argl expression against a fixed concentration of eNOS. Numbers indicate the ratio of 
transfected DNA and the expression of relevant proteins are shown below. Results are 
presented as means +/- SE; n = 6 experiments. * p < 0.05 vs. control. 
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eNOS and Argl and eNOS and Argii. The control group of eNOS and RFP was assigned 

as 100% NO production. As shown in Fig. SB, both Argl and Argll inhibited eNOS

derived NO despite the abundance of L-arginine in the media (DMEM, 400~). 

Although the amount of NO produced in cells expressing the CleNOS was greater than in 

cells expressing the WT eNOS, both Argl and Argll maintained the ability to 

significantly inhibit eNOS-derived NO (Fig. SC). To determine the importance of the 

intracellular location of arginase in its ability to inhibit eNOS activity, we also 

investigated whether the combination of Argl (cytosol) and Argii (mitochondria) was 

more effective than either Argl or Argll alone. We found that there was no additive 

inhibition with the combined expression of Argl and Argll versus single expression of 

either arginase isoform (Fig. SC). To establish a dose relationship between the level of 

arginase I expression and eNOS inhibition, we co-transfected increasing concentrations 

of arginase I together along with a fixed concentration of CleNOS. We found that the 

ability of arginase I to inhibit CieNOS was apparent at low amounts and then rapidly 

plateaued at higher concentrations (Fig. SD). 

Arginase I and Arginase II inhibit eNOS equally regardless of the subcellular location of 

eNOS - To directly address the concept of intracellular pools of L-arginine, the targeted 

CleNOS constructs were co-transfected with Argl and Argll to determine whether the 

ability of Argl and Argll to inhibit eNOS is due to presence of restricted pools of L

arginine. However, we found that regardless of where eNOS was targeted, the co

transfection of either Argl or Argll resulted in equivalent inhibition of eNOS in the Golgi 

(S 17, Fig. 6A), nucleus (NLS, Fig. 6B), inner mitochondria (MITO, Fig. 6C), 
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Fig. 6. The location of eNOS does not affect the relative inhibition by Argl versus 
Argll. 
COS-7 cells were co-transfected with different eNOS constructs targeted to different 
intracellular locations and either RFP (transfection control), Argl or Argll. (A) CI S 17 -
Calcium Insensitive eNOS (CieNOS) localized to the Golgi, (B) CI NLS - CieNOS 
localized to the nucleus, (C) CI Mito - CieNOS localized to the inner mitochondrial 
membrane, (D) CI TOM - CleNOS localized to the outer mitochondrial membrane, (E) 
CI PM - CleNOS localized to the plasma membrane and (F) CI G2A - CleNOS 
localized to the cytosol. NO release was measured by NO analyzer and is presented as a 
percentage of the RFP co-transfection control (above graphs). The expression levels of 
relevant proteins were determined by immunoblotting (lower panels). Hsp90 was used as 
a loading control. Results are represented as means +/- SE; n = 6 experiments. * p < 0.05 
vs. control. 
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outer mitochondria (TOM, Fig. 60), plasma membrane (PM, Fig. 6E) and cytosol (G2A, 

Fig. 6F). Given the unavoidable inter-experiment variability inherent with multiple co

transfection experiments, the goal of Fig. 6 was to compare the respective inhibitory 

effects of co-transfected Argl versus Argll on the activity of a single localized eNOS 

within the same experiment. Comparisons between the effect of Argl or Argll on the 

different localized eNOS constructs cannot be made as they were assessed independently 

in different experiments. Regardless of the location of eNOS, the differential effect of 

Argl and Argll was equivalent. In the absence of arginase, the production of NO from 

CieNOS was found to be similar despite changes in location, and this data is consistent 

with Figure 2 and previous publications ( 112). 

Irrespective of its intracellular location, Arginase I inhibits eNOS-derived NO equally -

Since there was no additive effect of co-transfection of Argl and ArgiJ on eNOS activity, 

intimating that there was a similar mechanism of action between the two arginases, 

subsequent studies focused exclusively on Argl. To further explore the importance of 

subcellular location to the arginine paradox, we redirected Argl from the cytosol to the 

plasma membrane (PM), the inner mitochondrial (Mito), the nucleus (NLS) and using the 

same targeting sequence of eNOS, to the Golgi and plasma membrane (el-75) using a 

strategy similar to that described above for CleNOS and evaluated the effect on eNOS 

activity. The first 75 amino acids of eNOS (el-75), which contains the 3 sites of fatty 

acylation, is sufficient to target other proteins, including GFP and iNOS to the same 

location as eNOS, namely the Golgi and plasma membrane (70). 
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We found that the targeting of Argl to different intracellular locations did not modify its 

ability to inhibit eNOS activity (Fig. 7 A). However, the different Argl constructs did vary 

in their specific activities in cell lysates (Fig. 78). The highest arginase activity was 

observed in the Argl constructs targeted to the cytosol (WT) and to the mitochondria, but 

Argl constructs targeted to the membrane (PM and el-75) or the nucleus exhibited lower 

activity. The expression level of Argl targeted to the nucleus was slightly lower (Fig. 78) 

than the WT but this is unlikely to account for the differences in activity. The doublet 

observed for Mito-Argl and the smear for e 1-75-Argl is suggestive of post translational 

modification. Mutation of aspartic acid 128 to glycine (0 1280) has been shown to 

disturb the binding pocket for manganese, a crucial co-factor for arginase activity. When 

expressed in COS-7 cells, the Arginase I 0 1280 mutant was present at the expected 

molecular weight but exhibited a complete lack of activity. 

Arginase-dependent inhibition of eNOS cannot be fully overcome by supplemental L

arginine - The goal of these experiments was to determine if arginase is eliciting its 

Inhibitory effects on eNOS by substrate competition. Two groups of cells were co

transfected with either CleNOS and RFP or CleNOS and Argl and then incubated in 

media with increasing amounts of L- arginine (0 to 3000!lM). Consistent with previous 

experiments, L-arginine dose-dependently increased the activity of CleNOS (Fig. SA). 

Also as shown previously, Argl reduced the activity of CleNOS, but increasing L

arginine failed to completely restore NO production to control levels (Fig. SA). Because 

we employed COS-7 to investigate the complexity of L-arginine metabolism, it was 
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(A) COS-7 cells were transfected with Argl constructs that target spcci fie subcellular 
domains by the fusion of targeting sequences; PM plasma membrane. Mito - inner 
mitochondrial membrane, NLS nucleus, e l-75 the endogenous location of eNOS: the 
plasma membrane and Golgi. NO levels were measured with a NO analyzer and 
presented as a percentage of control (RFP). Results are represented as means -L. - SEM; n 
== 12 experiments. * p <0.05 versus RFP. (B) Arginase activities in cell lysates from 
COS-7 cells transfected with targeted Argl constructs. The expression levels of Argl 
protein and the loading control GAPDH were determined by immunoblotting (below in 
green and red respectively). Results are means +/- SEM, n 4. * p < 0.05 vs. WT Argl. 
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Argl inhibition of eNOS. 

COS-7 cells were transfccted with either CleNOS+RFP (control) or CleNOS+Argl. 24h 
after transfection, cells were incubated in media containing L- arginine (0-3000!-lM). NO 
release was measured in media using a NO analyzer and presented as the percentage of 
NO release from cells co- transfected with CleNOS+RFP control at 3000 M. NO release 
was measured by NO analyzer and presented as the percentage of NO release from cells 
co-transfected with CieNOS+RFP control at 3000 M . Expression levels of eNOS, Argl 
and Hsp90 (loading control) were determined by immunoblotting (lower panels). (B) 
Expression levels of eNOS, the cationic amino acid transporter (CAT -1 ), 
argininosuccinate synthase (ASS), argininosuccinate lyase (ASL) versus Hsp90 (loading 
control) in untreated bovine aortic endothelial cells (BAECs) and COS-7. (C) Expression 
levels of eNOS in BAEC and COS-7 grown in L-arginine replete and free DMEM. (D 
and E) COS-7 cells co-transfected with CieNOS+RFP or CleNOS+Argl and incubated 
for 24 hours in the concentration ofL-arginine notated below the bar graph. Cells were 
isolated and intracellular concentrations ofL-arginine (D) and ornithine (E) determined. 
Results are presented as means +/- SE; n = 6 experiments. * P < 0.05 vs. control. 
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important to determine the relevance of this system to endothelial cells. Native bovine 

aortic endothelial cells (BAECs) and non-transfected COS-7 cells were subjected to WB 

for analysis of endogenous enzymes involved with L-arginine recycling. In Fig. 48-F we 

showed the activity the endogenous recycling enzymes in COS-7 cells by measuring NO 

production from citrulline, which cannot occur without influx through the cationic amino 

acid transporter (CAT-l) and conversion of citrulline to L-arginine through 

argininosuccinate synthase (ASS) and arginineosuccinate lyase (ASL). In Fig. 88, eNOS 

is present in BAEC but is not expressed in untransfected COS-7 cells. As predicted from 

Fig. 28-F, CAT-1, ASS and ASL are expressed in both cell types. We found that 

omission of L-arginine in the culture medium results in a loss of transfected CleNOS 

expression in transfccted COS-7 cells. In contrast, BAECs maintain eNOS expression in 

L-arginine free conditions (Fig. 8C). CleNOS has a reduced size on SDS-PAGE due to 

the deletion of 59 amino acids in the auto-inhibitory loops (19) To gain further insight 

into the mechanism by which arginase inhibited eNOS activity, we measured amino acid 

levels in COS-7 cells expressing eNOS and either arginase or a control gene. Consistent 

with its ability to increase NO, surplus extracellular L-arginine was able to stimulate 

increases in intracellular L-arginine (Fig. 8D). However, the ability of L-arginine to 

achieve this was diminished in cells expressing arginase (Fig. 80). The reduced level of 

intracellular L-arginine was likely due to the catalytic activity of increased levels of 

arginase as L-ornithine levels were proportionally increased (Fig. 8E). 

Neither tetrahydrobiopterin (BH4), nor protein:protein interactions between eNOS and 

Arginase I can account for inhibition of NO - The ability of arginase to reduce eNOS 
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activity was independent of L-arginine concentrations. Therefore it is possible that there 

could be a direct protein:protein interaction between the two proteins. Cells expressing 

Argl or eNOS and Argi were lysed and eNOS was immunoprecipitated (IP) and immune 

complexes immunoblotted for Argl, eNOS and Hsp90 (IP control). Protein:protein 

interactions were not observed between eNOS and Argl (Fig. 9A). Reduced BH4levels 

are a major mechanism for compromised eNOS activity in cardiovascular diseases. To 

exclude the possibility that arginases, which are also upregulated in cardiovascular 

disease states, impact BH4 levels, the BH4 precursor, sepiapterin was added to cells 

expressing eNOS and arginase. Sepiapterin increased NO production in both groups, but 

NO levels in the NOS+Argl group remained significantly reduced compared to the eNOS 

control (Fig. 9B). 

Arginase catalytic activity is necessary for inhibition of eNOS-derived NO and can be 

pharmacologically but not metabolically reversed After determining that the ability of 

arginase to inhibit eNOS was independent of substrate and intracellular location, studies 

were initiated to investigate whether the catalytic activity of arginase is necessary for 

eNOS inhibition. The Dl28G arginase I mutant, which is catalytically inactive, had no 

inhibitory effect on eNOS activity (Fig. lOA). In the process of eNOS oxidizing L

arginine to NO, the intermediate product, N-hydroxy-L-arginine (NOHA), is an effective 

inhibitor of arginase ( 13, 31 ). Modification of NOHA to nor-NOHA has yielded a more 

stable and potent arginase inhibitor. Compared to the observed inhibition of Argl on 

eNOS-derived NO, the addition of nor-NOHA resulted in the significant reclamation of 
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Figure 9. Reduced eNOS activity in the presence of Arginase is unrelated to co-factor 
suppression or direct interaction. 

(A} COS-7 cells were transfected with eNOS+Argl (Flag epitope) were 
immunoprecipitated versus a non-immune control (IgG) and associated proteins 
immunoblotted. (B) COS-7 cells transfected with CleNOS+RFP or CleNOS+Argl were 
treated with or without the BH.t precursor, sepiapterin (lOO~M) and with or without L
NAME (lmM) and NO levels determined by NO specific chemiluminescence. Results 
are represented as means +/- SE; n = 6 experiments. * P < 0.05 vs. noted control 
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{A) COS-7 cells were transfected with CleNOS and either WT Argl or the catalytically 
inactive Argl (0 128G). NO was measured by NO-specific chemiluminescence and is 
presented as a percentage of NO release from cells transduced with RFP control (top 
graph). The expression of relevant proteins was determined by Western blotting (lower 
panels). (B) NO release from COS-7 cells co-transfected with CleNOS and either RFP or 
Argl in the presence and absence of either the arginase inhibitor Nor-NOHA ( lmM) (C) 
NO release in the presence and absence of the ornithine decarboxylase (ODC) inhibitor 
DFMO (50J..LM). Results are represented as means +/- SE; n 4-12 experiments. * p < 
0.05 vs. control (RFP), # p < 0.05 CleNOS+Argl vs. CleNOS+Argi+Nor-NOHA. (D-E) 
NO release was measured in COS-7 cells expressing eNOS in the presence and absence 
of urea (0.1-1 OmM) and ornithine (0.3-1 OmM). Results represented as means ±_SE; n = 6. 
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NO production (Fig. lOB). To determine whether enzymes downstream of arginase 

contribute to the inhibition of eNOS, we pursued other pathways. Arginase converts L

arginine into ornithine, which can be metabolized by ornithine decarboxylase (ODC) to 

the polyamines. The ODC/arginase inhibitor, difluoromethylornithine (DFMO) 

significantly inhibited NO production in both the control and experimental groups and 

did not prevent arginase-dependent inhibition of eNOS (Fig. lOC). To assess whether the 

enzymatic products of arginase can influence nitric oxide production from eNOS, cells 

were exposed to progressively higher concentrations of urea and ornithine. Neither urea 

or ornithine, at concentrations as high as lOmM, influenced NO release (Fig. lOD-E). 

Differences in subcellular localization of arginase in endothelial cells do not reveal the 

existence of non-interchangeable L-Arginine pools - To determine whether the fmdings 

observed in COS-7 cells are consistent with that in endothelial cells (EC), bovine aortic 

endothelial cells (BAECs) were transduced with adenoviruses encoding a control (RFP), 

catalytically inactive Dl 28G Argl, wild type Argl (WT Argl) and plasma membrane 

targeted Argl (PM Argl). Transduction of the inactive D 1280 Argl adenovirus did not 

impact NO production in BAEC. In contrast, the WT Argl and PM Argl showed a 25-

30% inhibition of NO compared to the RFP control (Fig. ll A) which was similar to that 

observed in COS-7 cells. The intracellular location of the PM-targeted Argl was 

determined in BAEC by confocal microscopy. The Argl adenovirus includes an inframe 

FLAG-epitope tag which enables detection of the intracellular location of the introduced 

arginase transgenes (Argl) versus that of the endogenous arginase I. In BAEC, the PM

targeted FLAG-Argl was predominantly found at the plasma membrane. To determine 
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Bovine aortic endothelial cells (BAEC) were transduced with 20 MOl of RFP, 
catalytically inactive arginase I (0 128G), wild type arginase (WT Argl) and plasma 
membrane targeted arginase (PM Argl) adenoviruses. (A) NO release from BAEC was 
measured by NO-specific chemiluminescence and presented as a percentage of NO 
release from cells transduced with RFP control (top graph). Expression of relevant 
proteins was determined by immunoblotting (lower panels). l lsp90 was used as a loading 
control. Results arc represented as means+/- SE; n = 6 experiments. *p < 0.05 vs. control. 
(B) Confocal microscopy of BAECs transduced with PM Argl shows the predominant 
plasma membrane location of targeted arginase. Green indicates the FLAG tag (PM Argl) 
~nd blue indicates DAPI (nucleus). Results arc representative of greater than 3 
Independent experiments. 
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the proportion of the green irnrnunostaining present within endomembranes versus at the 

periphery, i.e. plasma membranes, we assessed Z-stacked confocal images. In Fig. llB, 

the four quarter panels are top down images of the same BAEC. The sidebars are image 

sections of the cell taken in 1 !lffi sections and then stacked to create a composite image. 

The cursor lines in the upper right image coordinate the plane of section stacking on the 

sidebars with the x and y axis location within the main image. The side bar images of the 

cell appear "hollow" which shows that the majority of the PM Argl is located at the 

external membranes of the cell, compared to the cytosol of the cell. 

Arginase-dependent inhibition of eNOS in BAECs cannot be fully overcome by 

supplemental L-arginine - Similar to Fig. 7 A, the goal was to determine if arginase is 

eliciting its inhibitory effects on eNOS by substrate competition. Here we have used 

bovine aortic endothelial cells (BAECs). Three groups of cells were equally transduced 

with either green florescent protein (OFP), the catalytically inactive arginase (D 1280) or 

wild type Argl (WT Argl) and then incubated in media with increasing amounts of L

arginine (0, 300 and 3000J.LM). Consistent with all previous experiments in COS-7 cells, 

L-arginine dose-dependently increased the NO production. NO production was 

significantly reduced in BAEC transduced with Argl adenovirus and L-arginine failed to 

completely restore NO production to control levels (Fig. 12). The Argl and D 1280 

adenovirus contains a FLAO-epitope which enables detection of the introduced arginase 

transgenes versus that of the endogenous Arg I (Fig. 12, lower panels). 
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Fig. 12. Extracellular L-arginine promotes greater NO production but cannot 
overcome Argl inhibition of eNOS in transduced BAECs. 

BAEC's were transduced with adenovirus encoding green florescent protein (GFP), the 
catalytically inactive arginase (D128G) or wild type Argl (WT Argl) at 20 MOI24h after 
transduction, cells incubated in media containing L-arginine (0, 300 or 3000)1M). NO 
release was measured via NO analyzer and presented as the percentage of NO release 
from control (GFP, 3000)1M) cells. Expression levels of eNOS, Argl, FLAG (D 1280 and 
Argl virus tag) and Hsp90 (loading control) were determined by immunoblotting (below). 
Results are represented as means +/- SE; n - 8 experiments. • P < 0.05 vs D 1280 and 
GFP controls at 3000J.1M. 
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Discussion 

The relationship between eNOS, L-arginine and arginase has been well studied and yet 

some facets remain poorly understood. First and foremost, the mechanism by which the 

addition of excess L-arginine promotes greater production of NO, when the enzyme 

theoretically should be saturated with substrate, remains controversial - the arginine 

paradox. The best explanation for this posits that L-arginine does not exist in a single 

homogenously distributed pool inside the cell that is readily available to NOS enzymes. 

Discrete, poorly interchangeable pools of intracellular L-arginine would allow for the 

selective depletion of L-arginine in the vicinity of eNOS and be more dependent on 

replenishment from the extracellular environment or L-argininc recycling pathways. 

McDonald et al. explored this relationship when they observed the co-localization of the 

cationic amino acid transporter (CAT-1) and eNOS in caveolae of the plasma membrane 

of porcine pulmonary endothelial cells (86). A non-homogenous distribution of CAT-

1/caveolin/eNOS complexes was discovered at the plasma membrane and was proposed 

to mediate L-arginine stimulated transport into the cell and the selective utilization of 

extracellular L-arginine by eNOS at the plasma membrane. A series of elegant studies 

utilized the ability of the CAT-1 transporters to import L-lysine as well as L-arginine to 

characterize the intracellular pools of L-arginine (22, 130, 136). Collectively these studies 

showed that incubation of endothelial cells with L-lysine (which cannot be used by eNOS 

for NO production) does not completely diminish the capacity of cells to continually 

produce NO. An explanation for these findings was that there must be unique 

intracellular pools of L-arginine within endothelial cells that are not freely accessible to 

L-arginine metabolizing enzymes or freely interchangeable with the extracellular L-
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arginine supply and that these pools are more reliant on L-citrulline recycling or L

argininc obtained from the breakdown of proteins. However, the nature and importance 

of these pools of L-arginine have not been rigorously defined. 

The importance of arginase to this relationship is underscored by a large number of 

studies showing that arginase expression and activity are uprcgulated in many 

cardiovascular disease states such as atherosclerosis and diabetes and that this occurs 

contemporaneously with reduced NO levels ( 10, 34, 73, 98, 116, 121 ). One explanation 

provided for the inhibitory effect of increased arginase expression is that arginase can 

compete with eNOS for L-arginine, and the reduction in local L-arginine levels 

compromises the ability of eNOS to produce NO or promotes the uncoupling of eNOS so 

that it produces superoxide rather than NO. Therefore the goal of the present study was to 

use a molecular approach to determine whether putative pools of L-arginine exist, 

whether they are functionally relevant and also whether they can explain the arginine 

paradox. 

In initial experiments, COS-7 cells were used to determine the functional relationship 

between arginase, eNOS and L-arginine. COS-7 cells possess numerous properties that 

make them suitable for these studies. Firstly, they are amenable to transfection and have 

the metabolic enzymes such as GTP cyclohydrolase required to support nitric oxide 

synthesis. They lack eNOS and have minimal arginase expression which enables the 

expression of eNOS and arginase constructs targeted to various intracellular locations 

without confounding interference from the endogenous enzymes. COS-7 cells also 
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contain amino acid transporters and metabolic enzymes {CAT-I, ASS and ASL) that 

allow for L-arginine uptake and the conversion of L-citrulline to L-arginine. We 

confirmed this functionally using L-citrulline to drive NO production and more directly 

by Western blotting. A recent paper from the Lee laboratory, revealed the importance of 

the arginine recycling enzyme argininosuccinate lyase {ASL) to the eNOS regulatory 

complex and NO production (38) and its presence in COS-7 cells further supports the 

appl icability of our approach. We found that in eNOS-transfected COS-7 cells, the 

extracellular addition of L-arginine increased intracellular L-arginine concentrations and 

stimulated NO production, which is consistent with the arginine paradox. 

To determine the importance of the intracellular location of eNOS to this relationship, we 

expressed a calcium-insensitive form of eNOS (CleNOS) targeted to different 

intracellular locations. In both endothelial cells and transfected COS-7 cells, eNOS can 

be localized to the perinuclear Golgi and also to cholesterol rich domains of the plasma 

membrane. In the initial experiments using WT eNOS we found that the location of 

eNOS within the cell has a major influence on its ability to produce NO. The highest 

activity is observed from eNOS tethered to the plasma membrane versus progressively 

reduced amounts of NO released from eNOS bound to endomembranes and from eNOS 

residing in the cytosol or within intracellular organelles ( 19, 42, 70, J 55). In contrast to 

that WT enzyme, the calcium- insensitive form of eNOS (CieNOS) produces equal 

amounts of NO, regardless of its location in the cell ( 19, 70) and thus was used to explore 

the relationship between intracellular location and substrate availability. We found that L

argininc dose-dependently stimulated NO production from WT (plasma membrane and 

56 



Golgi), Golgi, plasma membrane, cytosolic and mitochondria calcium-insensitive eNOS 

with approximately equal efficacy. L-citrulline, which must first be converted to L

arginine by the enzymes ASS and ASL, which are present in plasmalemmal caveolae of 

endothelial cells (40) was less effective than L-arginine in increasing NO production. 

Consistent with the data obtained for L-arginine, L-citrulline did not show a preference 

for eNOS-derived NO localized to a specific intracellular compartment. These data 

suggest that the compartmentalization of eNOS is not a major influence on L-arginine- or 

L-citrulline stimulated NO release. 

We next established whether exogenously expressed Argl and Argll reside in distinct 

intracellular locations and our findings were consistent with previous reports showing 

expression of Argl in the cytosol and Argll in the mitochondria (71, 97). To determine if 

preferential utilization of L-arginine takes place in different parts of the cell we co

expressed Argl and Argii and measured the relative inhibition of NO production. We 

found that none of the intracellular locations reported previously for eNOS (Golgi, 

plasma membrane, cytosol, nucleus, inner or outer mitochondria) showed differential 

inhibition with arginase I (cytosol) versus arginase IJ (mitochondria), thus establishing 

that arginase-dependent inhibition of eNOS-derived NO is also independent of the 

location of eNOS. 

To assess the relative importance of arginase localization to eNOS inhibition, we first 

assessed whether the combination of Argl and Argii, respectively localized to the cytosol 

and mitochondria, had a greater level of inhibition when combined (depleting two pools) 
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versus that of either Argl or Argll expressed separately (depleting distinct individual 

pools). We found that the combination of Argl and Argll did not provide additive 

inhibition over that of Argl or II alone. This data suggests that the arginases share a 

common mechanism to inhibit eNOS and accordingly we focused on one isoform (Argl) 

for the remainder of our study. To determine the relationship between arginase 

expression level and eNOS inhibition, we expressed arginase at varying levels and 

measured NO release. The ability of arginase to maximally inhibit eNOS was observed at 

low ratios of transfection (0.5ug) and further expression did not lead to additional 

decreases in NO release. This finding suggests that the catalytic properties of arginase do 

not allow for precipitous decreases in L-arginine beyond that mediating the 20-30% 

inhibition of eNOS observed. Although arginase has a relatively low affinity for arginine 

( - 2mM) it has been proposed that it can compete with eNOS for L-arginine due to its 

l 000 fold higher Vmax. Our results argue against the linearity of this relationship and 

suggest that there is a low point of intracellular L-arginine that arginase cannot drive 

lower regardless of its level of expression. 

To further explore the importance of the intracellular location of arginase to eNOS 

inhibition, we generated Argl constructs that target the cytosol, plasma membrane, 

mitochondria, nucleus and even the same location as eNOS itself, the plasma membrane 

and Golgi, and assessed the effect on NO production. The targeting of Argl to different 

intracellular locations had no major effect on the degree of eNOS inhibition. However, 

we did observe significant changes in arginase activity with maximal activity evident in 

the cytosol, closely followed by the mitochondria and lower levels of activity when 
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attached to intracellular membranes (el-75) and the nucleus. The mechanisms underlying 

the altered activity of Argi targeted to different locations is unclear at the moment and 

might relate to the presence of the targeting sequence which may directly affect 

enzymatic activity or result in post-translational modifications that might affect activity. 

Evidence of the latter was observed in Western blots of the mitochondria targeted Argl. 

In contrast to the other Argi construct, mitochondria targeted Argi was detected as a 

doublet, possibly reflecting intramolecular cleavage or other modifications. An important 

caveat of these studies is that the measurements of arginase activity were obtained in cell 

lysates and not in intact cells and thus it remains possible that activity in vivo might be 

different. Collectively, these data support a mechanism of eNOS inhibition that is 

independent of the subcellular location of Argl. Furthermore, the lack of a relationship 

between arginase activity and the degree of eNOS inhibition suggests a mechanism that 

may not be entirely due to substrate depletion. 

Therefore to assess whether L-arginine can reverse the arginase-dependent inhibition of 

eNOS, we exposed cells expressing eNOS and arginase to progressive and even 

supraphysiologic concentrations of L-arginine. We found that excess L-arginine could 

not completely reverse the ability of arginase to suppress eNOS activity and this data 

suggests an alternative mechanism of eNOS inhibition. However, measurement of 

intracellular amino acids revealed that L-arginine concentrations are significantly lower 

in cells expressing arginase. A reciprocal relationship was observed with L-ornithine 

levels, which were higher in cells expressing arginase and indicative of increases arginase 

catalytic activity. The intracellular concentration of L-citrulline was also measured and 

59 



was found to be below the limit of detection (low pmol range) suggesting rapid recycling 

by metabolic enzymes. 

We next investigated substrate-independent mechanisms by which arginase might inhibit 

eNOS activity. To determine whether Argl can bind directly and allosterically suppress 

eNOS activity, eNOS was immunoprecipitated from cells expressing eNOS and Argl. We 

found that in immune complexes containing eNOS there were significant amounts of 

bound Hsp90, but not Argl. This suggests that the direct binding of Argl to eNOS is not 

the source of reduced eNOS activity and is consistent with NO release data showing that 

arginase targeting distinct or even the very same locations as eNOS ( e 1-75), have equal 

potency in suppressing eNOS-derived NO. To determine whether the catalytic activity of 

arginase is necessary for eNOS inhibition, we generated a catalytically inactive mutant of 

Argl (D 1280). The D 1280 Argl did not inhibit eNOS-derived NO, indicating that 

arginase activity is essential for the inhibition of eNOS. This data was supported by the 

ability of a pharmacological inhibitor of arginase activity, nor-NOHA, to significantly 

reverse Argl-depcndent inhibition of eNOS-derived NO. As the catalytic activity of Argl 

was essential for eNOS inhibition, we next investigated whether downstream metabolites 

of the arginases may constitute a novel mechanism of eNOS inhibition. The primary 

arginase metabolite, ornithine is further metabolized to the polyamines by ornithine 

decarboxylase (ODC). Therefore we investigated whether an inhibitor of ODC (DFMO) 

can reverse the ability of arginase to inhibit eNOS function. DFMO directly reduced 

eNOS-derived NO and did not reverse the arginase-mediated inhibition of eNOS. DFMO 

has been previously shown to improve or stimulate blood vessel relaxation (65, 153). 
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However, the mechanisms involved are controversial and currently no studies have 

directly examined the ability of DFMO to modify eNOS-derived NO. As higher levels of 

L-omithine were seen in cell transfected with arginase, we next examined whether 

progressively higher concentrations of the arginase metabolites, urea and L-omithine 

would influence eNOS activity directly. Both urea and L-omithine failed to modify 

eNOS-derived NO. As cardiovascular diseases are associated with increased arginase 

activity and reduced Bl-4 levels and uncoupled eNOS, we also investigated whether 

arginase could influence eNOS activity via an effect on Bl ~ levels. Exposure of cells to 

sepiapterin, which increases Bl-4 levels, stimulated NO release but did not reverse the 

degree of eNOS inhibition by arginase and collectively this data suggests that L-arginine 

depletion is the major mechanism. 

To establish physiological relevance, it was important to show that the reciprocal 

relationship we have observed between eNOS and arginase in COS-7 cells can be 

replicated in endothelial cells. To achieve this, we generated arginase adenoviruses to 

manipulate arginase activity in bovine aortic endothelial cells (BAEC). Transduction of 

BAEC with wild type arginase resulted in a modest inhibitory effect on NO production 

that was equivalent to that seen in COS-7 cells. Also consistent with previous results in 

COS-7 cells, the catalytically inactive D 128G arginase failed to reduce eNOS activity in 

BAEC. Reversal of arginase-dependent inhibition of NO in BAECs was similar to that 

observed in COS-7 cells. The catalytically inactive arginase virus, 0 128G, was incapable 

of inhibiting NO in BAECs, also supporting data in COS-7 cells that the catalytic activity 

of arginase is necessary to inhibit eNOS. To assess the importance of the intracellular 
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location of arginase in endothelial cells, we focused on the plasma membrane targeted 

Argl because eNOS activity in endothelial cells is highest at this location ( 42). If there 

are exclusive pools of L-arginine residing in close proximity to the plasma membrane i.e. 

near caveolar eNOS, CAT -1 transporters, L-arginine and recycling enzymes, then 

targeting arginase to the plasma membrane should elicit a more profound inhibition of 

eNOS activity as compared to the wild type arginase I (WT Argl) located in the cytosol. 

I lowever, we observed a similar degree of inhibition with the plasma membrane targeted 

Argl as compared to WT Argl and this result is consistent with that obtained in COS-7 

cells. To confirm the plasma membrane targeting of PM Argl in endothelial cells, we 

used indirect immunofluorescence and confocal microscopy. The results of these 

experiments revealed abundant green fluorescence at the plasma membrane with minimal 

signal observed in a perinuclear location likely to be either the ER or the Golgi. 

The best explanation for the argmme paradox has been the concept of non

interchangeable intracellular pools of L-argininc. This elegant model has allowed for the 

known high concentrations of L-arginine inside endothelial cells to mesh with the known 

ability of eNOS to produce more NO with extracellular addition of additional substrate. 

However, we found that the intracellular location of eNOS does not afford access to 

specialized pools of L-arginine and that L-arginine appears freely diffusible to all 

locations inside the cell. Furthermore, the targeting of arginase to different locations 

within the cell, either with WT Argl and Argll that respectively target the cytosol and 

mitochondria or with a variety of fusion proteins that target other intracellular locations 

docs not influence the relative ability of arginase to inhibit eNOS. The catalytic activity 
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of arginase was necessary for eNOS inhibition, but the metabolic end products of 

arginase did not impact eNOS activity. An important finding of our study was that 

arginase-dependent inhibition of eNOS was not fully reversible with L-arginine 

supplementation in both COS-7 and endothelial cells. The measurement of intracellular 

amino acids revealed diminished levels of L-arginine even in the presence of high 

extracellular L-arginine and supports substrate depletion as the primary mechanism of 

arginase-mediated eNOS inhibition. However, arginase could decrease intracellular L

arginine levels to the degree where eNOS activity is compromised by - 20% regardless of 

how high the level of arginase expression. This is an understandable property as very low 

levels of L-arginine would have dire consequences on cellular function beyond the loss of 

eNOS regulation. Higher levels of extracellular L-arginine drive the production of L

ornithine but don't fully restore NO production. Accordingly, these results suggest that 

the strategy of L-arginine supplementation to mitigate the effects of arginase upregulation 

in cardiovascular disease may not be as helpful in improving endothelial function as 

previously reported by other studies. Evidence to support this is derived from studies in 

human subjects where the short-term administration of L-arginine improves endothelial 

function, but long-term increases in L-arginine levels are paradoxically detrimental (124). 

Chronic administration of L-arginine could induce arginase, which can further exacerbate 

the pathologic condition or give substrate to an uncoupled eNOS that would produce 0 2·

rather than NO. L-arginine supplementation results in increased levels of ornithine and 

urea, byproducts of arginase metabolism, but not L-citrulline, the byproduct of eNOS 

(147). 
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In sum, our study reveals that intracellular location is not a major factor controlling the 

accessibility of L-arginine to eNOS and that catalytically active arginase can negatively 

regulate only a fraction of total eNOS activity but can effectively metabolize 

supplemental L-arginine to ornithine and other metabolites. 
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B. The role of Arginase I in diabetic retinopathy 

Abstract 

A reduction in retinal blood flow occurs early in diabetes and is likely to be involved in 

the development of diabetic retinopathy (DR). The goal of this study was to determine 

whether activation of the arginase pathway could have a role in the vascular dysfunction 

of DR. Experiments were performed using streptozotocin (STZ)-induced diabetic mice 

and rats for in vivo and ex vivo analyses of retinal vascular function. For in vivo studies, 

mice were infused with the endothelial dependent vasodilator acetylcholine (ACh) or the 

endothelial independent vasodilator sodium nitroprusside (SNP) and vasorelaxation was 

assessed using a fundus microscope. ACh-induced retinal vasorelaxation was markedly 

impaired in diabetic mice ( 40% of control) whereas SNP-induced relaxation was not 

altered. The diabetes-induced vascular dysfunction was markedly blunted in mice 

lacking one copy of arginase I or treated with the arginase inhibitor 2(S)-amino-6-

boronohexanoic acid. Ex vivo studies performed using pressure myography and central 

retinal arteries isolated from STZ-diabetic rats showed similar impairment of endothelial

dependent vasorelaxation which was partially blunted by pre-treatment of the isolated 

vessels with another arginase inhibitor (S)-2-Boronoethyl-L-cysteine. The diabetes

induced vascular alterations were associated with significant increases in both arginase I 

protein levels and total arginase activity. These results indicate that diabetes-induced 

increases in arginase I are involved in diabetes-induced impairment of retinal blood flow 

in a mechanism involving vascular endothelial cell dysfunction. 
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Introduction 

Diabetic retinopathy (DR) is a major cause of blindness in first world nations affecting 

nearly 80% of diabetic patients after 10 years and nearly all diabetic patients after 20 

years (77, 78). Diabetic retinal disease can present as either macular edema or pre- and 

proliferative DR. Preproliferative DR is identified by low blood flow to the retina, 

intraretinal microvascular abnormalities, "cotton wool" spots of ischemia. This ischemia 

leads to the stimulation of pathologic neovascularization and progression into 

proliferative DR. These new vessels are tortuous, leaky, have dysfunctional endotheliums 

and can grow into the vitreous, inhibiting sight. The diabetes-induced reduction in blood 

flow to retinal tissues of both humans and mice (21, 30) is proposed to be mediated by 

numerous mechanisms but dysfunction of the vascular endothelium is very likely 

involved. 

Vascular endothelial cells (EC) contain endothelial nitric oxide synthase (eNOS), an 

enzyme that hydrolyzes L-arginine into L-citrulline and nitric oxide (NO). NO is a highly 

reactive gas that acts as a major signaling molecule and is requisite for healthy vascular 

function (32, 45, 54). NO prevents platelet aggregation, leukocyte adhesion and increases 

blood flow by activating guanylyl cyclase within the vascular smooth muscle cells, which 

dilates the vessels. The role of endothelial dysfunction and decreased NO in 

hyperglycemia-induced dysfunction of the peripheral vasculature is well established (23, 

56, 84). Adequate production of NO by eNOS is necessary for the maintenance of 

healthy vessels, proper blood flow, prevention of leukocyte adhesion and platelet 
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aggregation and control of smooth muscles cell growth (25, 45, 54). The lack of 

bioavailablc NO is a critical mediator of vascular endothelial dysfunction. NOS produces 

NO by using L-arginine as its substrate. If the supply of L-arginine is insufficient, 

uncoupling of the NOS homodimer can occur turning it from a net NO producer to a net 

superoxide producer ( 150). Superoxide can react with NO to create peroxynitrite (ONOO

), further reducing NO levels and increasing oxidative stress. (37, 55, 67). 

Also residing within the vascular wall is the arginase enzyme. Arginase is a homotrimer 

ureohydrolase enzyme and is responsible for the final step in the urea cycle. Arginase 

has been found within both vascular endothelial cells and vascular smooth muscle cells 

( 149) . Studies have shown that increases in arginase protein and/or activity are 

associated with vascular dysfunction in diseases such as hypertension, ischemia 

reperfusion, aging, and diabetes but the role of arginase in diabetic retinopathy has not 

been determined (10, 63, 73, 116, 117, 123, 154). Arginase exists in two isoforms, 

arginase I and arginase II, that localize to the cytosol and mitochondria, respectively. 

Both are expressed in endothelial cells. In cardiovascular diseases such as stroke, 

aneurysm, atherosclerosis, hypertension, ischemia and diabetes, arginase has been 

reported to be upregulated (34, 62, 76, 141 ). Excessive arginase activity has been 

suggested to reduce the bioavailability of NO due to competition with eNOS for L

arginine (22, 136, 149). Regardless of mechanism, in nearly all observations of increased 

arginase activity in disease settings, common pathologies are observed: ischemia, redox 

imbalance, reduced blood flow and endothelial dysfunction. DR exhibits all of these 

alterations. Previous work has demonstrated a role for arginase I in diabetes-induced 

67 



vascular dysfunction of the aorta and coronary vessels and excessive arginase activity has 

been implicated in retinal inflammation ( 116, 117, 156). Therefore we hypothesized that 

arginase could be involved in vascular dysfunction associated with of diabetic 

retinopathy. 

In this study we tested whether limiting arginase activity could improve blood vessel 

function in the retina. This was accomplished by using a fundus microscope for in vivo 

studies in mice and pressure myography for ex vivo studies in rats. The results showed 

that diabetes-induced impairment of endothelial cell-dependent vasorelaxation is 

associated with increases in arginase expression and activity and that the diabetes

induced vascular dysfunction is abrogated by deletion of one copy of the arginase I gene 

or inhibition of arginase activity. 

MATERIALS AND METHODS 

Rats and Mice. All animal procedures were conducted in accordance with the "Principles 

of Laboratory Animal Care" (NIH publication no. 85023, revised 1985) and the 

guidelines of the Institutional Animal Care and Use Committee. Male Sprague-Dawley 

rats and C57Bl6J mice were assigned to either control or diabetic groups. Rats were 

injected intraperitoneally with streptozotocin (STZ - 65mg/kg dissolved in O.lM sodium 

citrate buffer [pH 4.5]) and were studied after 4 weeks of hyperglycemia. Mice were 

injected intraperitoneally with STZ (50 mg/kg} on alternating days for up to three 

injections and were studied after 8 weeks of hyperglycemia. Animals were considered to 
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be diabetic when urine glucose measurements were confmned to be at least 350 mg/dL. 

Final blood glucose was measured at the point of tissue harvest by using AlphaTrak 

blood glucose meter (AlphaTrack, Alameda, Ca). Arginase I hemizygous knockout mice 

(Argt'·) on a C57BL/6 background were obtained from Jackson Laboratories. The strain 

was maintained by breeding with wildtype C57BL/6J mice. 

Arginase Activity Assay. The arginase activity assay is a colorimetric measure of urea, 

one of the two products of arginase activity. Urea is a terminal metabolite and does not 

go through further physiologic processing as ornithine, the other arginase product, does. 

Whole retinas were removed after sacrifice, frozen in liquid nitrogen, crushed and 

collected in lysis buffer (50 mrnol/1 Tris-IICI, 0.1 mmol/1 EDTA and EGTA, pH 7.5) 

containing protease inhibitors The tissues were lysed, subjected to three freeze-thaw 

cycles and then centrifuged for 10 min at 14,000 rpm. Supernatant was collected and used 

for the arginase enzyme assay. In brief, 25 IlL tissue supernatant or cell lysate was heated 

with 25 j..lL MnCl2 ( 10 mmol/1) for 10 minutes at 56°C to activate arginase. The mixture 

was then incubated with 50 IlL L-arginine (0.5 M, pH 9.7) for I h at 37°C to hydrolyze 

the L-arginine. The hydrolysis reaction was stopped with 400 j..lL acid 

(H2S04:H3P04:H20 1:3:7 ratio) and the mixture was then heated at l00°C with 25 IlL 

alpha-isonitrosopropiophenone (9% alpha-ISPF in EtOH) for 45 min for the colorimetric 

reaction. Alpha-isonitrosopropiophenone is a compound that changes urea to a pink color 

thus enabling the colometric assay. The samples were kept in the dark at room 

temperature for 10 min and then absorbance was measured at 540nm. The amount of urea 
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produced/mg protein was is an index of arginase activity. Arginase activity is reported as 

pmol urea/mg protein/hour. The remaining supernatant was utilized for Western blots. 

Western Blotting. Retinal homogenates were prepared for Western blotting as described 

for the arginase activity assay. Proteins were separated on SDS-PAGE and transferred 

onto nitrocellulose membrane (Millipore), blocked in 5% milk Tris buffered saline with 

0.5% Tween-20. The membrane was incubated overnight (4°C) in primary antibodies 

diluted in the blocking solution, washed and incubated in secondary antibodies (HRP 

conjugated, GE Healthcare) for I h at room temperature and developed using Enhanced 

Chemiluminescence (ECL, GE Health Care) or Westdura Detection (Pierce). 

Mean Arterial Blood Pressure and Heart Rate Measurements. Mice were anesthetized 

with a Classic T3 isoflurane vaporizer. The right jugular vein was accessed with a PE- 10 

catheter for injection of ACh and SNP or vehicle. The left carotid artery was cannulated 

with a similar catheter connected to a pressure transducer for direct measurement of mean 

arterial blood pressure (MAP) and heart rate (HR). MAP and HR were recorded and 

analyzed with a PowcrLab data acquisition system (ADinstruments, Boston. MA). 

Mouse Vascular Function Studies. The Micron III (Phoenix Research Laboratories, Inc. 

Pleasanton, CA) retinal imaging system was used to visualize and measure vessel 

reactivity. The mice were anesthetized using a Classic T3 isoflorane vaporizer and 

70 



ophthalmic gel (Goniovisc, hydromellose 2.5% ophthalmic demulcent solution) was 

applied to the eye. The jugular vein was cannulated with polyethylene catheter (PE-l 0) to 

inject FITC Dextran (50 mg/ml, Sigma Chemical Company) and the vessels of the eye 

were imaged. The jugular cannula was then switched to a syringe containing either ACh 

or SNP and attached to a syringe pump (Harvard Apparatus, Holliston, MA). The rate of 

infusion was adjusted to inject each concentration noted over five minutes (0.3, 0.5, l, 3, 

5 and 10 ~g/min/kg). Arteries were identified by the pulsatile activity and branch 

anatomy. A recognizable anatomical point two optic disc diameters from the optic disc 

was chosen for each mouse. A 10 second video was captured at the end of each five

minute interval. A pixel count was collected at the same anatomical point from edge to 

edge of the vessel in question. Each pixel is 2.25 ~m and the vessel diameter was 

calculated based on the number of pixels. Measurements were taken by two independent 

investigators blinded to the treatment conditions. Variability of measurement between 

observers was assessed by ANOV A, which showed no significant differences between 

observers or between treatment group. Measurements of vasorelaxation are given as a 

percentage change from baseline (pre-infusion). 

Rat Vascular Function Studies. Rats were anesthetized with 100 mg!kg ketamine-1 0 

mg/kg xylazine (ip) and the eyeballs were removed. The anterior segment and vitreous 

were removed, the eyecup was placed under a dissection microscope, and a segment of 

the central retinal artery (CRA) was isolated under physiological salt solution (PSS; NaCl, 

118 mM; NaHC03, 25 mM; glucose, 5.6 mM; KCI, 4.7 mM; KI-hP04, 1.2 mM; MgS04 

7H20, 1.17 mM and CaCh 2H20, 2.5 mM). The CRA (40-60 ~Lm in internal diameter) 
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was carefully cleaned from connective tissues and then transferred for cannulation to a 

vessel chamber of pressure myograph (model lllP; version 3.2, DMT, Aarhus, 

Denmark), filled with oxygenated PSS at 37°C. Both ends of the CRA was cannulated on 

two glass cannulas and tied with nylon 10-0 ophthalmic suture. Each cannula was 

connected with a reservoir filled with oxygenated PKS. The pressure of the reservoirs 

determined the intraluminal pressure. Two pressure transducers measured the inflow and 

outflow pressures. The internal diameter was monitored continuously by an inverted 

microscope digital video system. The video images were analyzed with a commercial 

software package (Vesselview; PhysioLogic, Aarhus, Denmark). The response of the 

vessel segments to changes in transmural pressure was studied without flow. After 

mounting, the CRAs were equilibrated first at a pressure of 20 mmHg for 30 min and 

then pressure was gradually increased to 40 mmHg for an additional 30 min. Thereafter, 

the vessels were pre-constricted with a thromboxane analogue (U-46619, 3 x 10"7 M). 

This concentration was chosen based on preliminary experiments showing that it caused a 

sub-maximal contraction (about 70%). After the vessels developed a stable basal tone, 

endothelium-dependent NO-mediated vasodilation to acetylcholine (ACh; 10·9 to 104 M) 

or endothelium-independent vasodilation to sodium nitroprusside (SNP; 10"10 to 10"5 M) 

was obtained. Involvement of NOS in ACh-induced vasodilation was confirmed using L

NAME ( 100 ~mol/1; NOS inhibitor). To confirm the role of arginase in diabetic vessels, 

concentration-response curves to ACh were performed in the absence or presence of 

treatment ofBEC (an arginase inhibitor, 100 ~ol/1, 45 min prior). 
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Statistical Analyses. For the rat vascular functional studies, at the end of each experiment, 

the vessel was dilated in in calcium-free PSS containing EDTA ( l mM) to obtain its 

maximal diameter. All diameter changes in response to agonists were normalized to this 

maximal vasodilation and expressed as a percentage of maximal dilation. All other 

statistical significance of group treatment effects were analyzed by one-way or two-way 

ANOV A and post-hoc comparisons. Data arc reported as mean ± standard error. 

RESULTS 

STZ Treatment Induces Hyperglycemia and Increases Retinal Arginase Activity and 

Arginase I Protein in Mice. Blood glucose measured at the time of retinal tissue harvest 

was significantly increased in both wild type (WT) STZ and Argl · STZ as compared 

with normoglycemic controls (P<0.05. mean glucose level in mgldL: WT = 163, WT 

STZ 550, Argl · = 119, Arg( · STZ - 439) (Fig. 13A). Retinas from STZ and control 

mice were collected after 8 weeks and Western blotted for Arginase I and alpha actin as a 

loading control. This duration of diabetes was sufficient to increase arginase protein and 

activity as well as elicit vascular dysfunction. All activity measurements are set to 100% 

of the WT control. STZ treatment significantly increased arginase activity in the WT 

compared to all other groups (P<0.05. WT STZ 207 ± 5.89 compared to WT = 100 ± 

2.3, Argi +-'-= 115 ±3.5 and Argl'" · STZ= 148 ± 9) (Fig. 138). Western blot analysis 

showed that Argl protein was significantly increased in the retinal tissue of the WT STZ 

group compared to WT controls and control Arglt-1- mice (P<0.05, Fig. 13C). Argl-/

mice exhibit symptoms of hyperamrnonemia and die shorty after birth, therefore the 

viable Argl+/- mouse was used (69). 
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Fig. 13. STZ treatment induces hyperglycemia and increases i11 arginase activity and 
Argl protein in mice retinas. 

STZ-diabetic and age-matched normoglycemic control mice were studied after 8 weeks 
of diabetes. Blood samples were analyzed for hyperglycemia and the retinas were 
processed for arginase activity and arginase I protein. A) WT STZ and Argl · STZ mice 
had significantly higher blood glucose than normoglycemic contols (*=P<0.05, l-way 
ANOVA. WT n- 9, WT STZ n=6, Argl . n 10, Argl . STZ n- 6). B) WT STZ retinas 
had significantly greater arginase activity than all other groups (* P<0.05, 1-way 
ANOV A, compared to contols. n=4). C) WT STZ retinas showed higher levels of Argl 
protein as compared with WT and Argl ·. a. actin protein levels were used for loading 
control. (* P<0.05, 1-way ANOV A, all groups. WT n 9, WT STZ n- 8, Argl · n= 11 , 
Argl STZ n 4) 
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Measurement of Retinal Vessel Diameter. A representative retinal image and 

magnification of the image show how the diameter measurements were acquired and 

measured using the Micron III Fundus Microscope (Fig. 14A). Pre-infusion diameters 

were taken for all four groups, to determine effect of genotype or STZ treatment on 

vessel size. Retinal arteries were selected based on morphology and branching patters and 

diameter was measured at a location two optic disc diameters from the nerve head. 

Repeated measurements by two observers showed no significant differences between 

observers or between the average diameter of the vessels in the different treatment groups 

(Fig. 14B). 

Mouse Vascular Function Studies. We used the Micron Ill retina visualization system to 

assess endothelium-dependent retinal vasodilation in response to acetylcholine (ACh) 

infusion. Sodium nitroprusside (SNP) was used to assess endothelium-independent retinal 

vasodilation. Results are reported as a percent change from baseline pre-infusion 

diameter. In WT mice, ACh dilated retinal vessels maximally at the 5j..Lg/kg/min dose 

(137%±5.5). SNP (lOj..Lg/kg/min) reliably dilated the vessels 140% in all groups. As a 

control to demonstrate specificity of the ACh induced dilation, we used the ACh 

muscarinic receptor blocker, atropine (0.04mglkg), administered intravenously prior to 

ACh infusion. ACh dependent vasodilation was completely prevented with this 

pretreatment yet SNP dilation was not significantly changed (131 %±1.4). From the 

lj..Lg/kg/min dose until the final lOj..Lg/kg/min dose, the ACh, SNP and SNP+Atropine 

retinal vasodilation was significantly higher than ACh+Atropine (P<0.05) (Fig. 15). 

Infusion of vehicle alone had no effect on the retinal vessels. Four groups of mice were 
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Fig. 14. Measurements of retinal vessel diameter. 

A) The Micron Ill funduscope was focused on a primary branch of the central retinal 
artery at 2 optic disk diameters from the optic disk. A five second video was captured and 
a single vessel chosen. The image was fully magnified and each pixel was counted across 
the vessel. Each pixel is calculated to be 2.25J..Lm, therefore in image A, 12 pixels equaled 
27J..1m. B) Vessel diameter measurements of all four groups taken pre-infusion (baseline) 
were not significantly different (1-way ANOVA. WT n 31, WT STZ n 12, Argl - n=20, 
Argl STZ n 16). 
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Fig. 15. Mouse vascular f unction studies -controls. 

Retinal vasculature in WT mice was imaged using a Micron III murine fundus 
microscope. Static images were made from videos at each noted point during infusion of 
either AChor SNP. Retinal vessels dilated equally to SNP and ACh at maximal dilation. 
Pretreatment with the muscarinic receptor blocker, atropine, completely blocked dilation 
to ACh at all doses, but had no effect on SNP mediated dilation. Vehicle has no effect on 
retinal dilation.All X-axis doses of ACh and SNP are in J..Lg/kg/min. (*P<0.05, 2-way 
ANOVA. All groups n=5). WT ACh (e), WT SNP (• ), WT ACh + Atropine (0), WT 
SNP + Atropine (0), vehicle (X). 
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used to detennine the effect of diabetes on retinal vascular function: wild type (WT) with 

or without STZ treatment and the hemizygous knock out for the Arginase I gene (Argl~ -) 

with or without STZ. Vessels from the WT and Argl - mice both maximally dilated in a 

similar manner to ACh and SNP (WT ACh = 142%±2.8 and WT SNP = 143%±3.5, 

Argl~- ACh = 139%±5 and Argl.,._ SNP = 142%±6.6, respectively). The WT STZ mice 

had significantly reduced maximum retinal vascular relaxation in response to ACh 

(J 16%±1, * P<0.05) from the 3 ~glkg/min to 10 ~glkg/min dose compared to WT and 

Argl ,_ nonnoglycemic controls. Importantly the Argl t/- STZ mice had a significantly 

greater capacity to respond to ACh than the WT STZ over the 3 to 10 ~g/kg/min dose 

range(# P<0.05). SNP mediated vasodilation was similar in all groups (WT = 143%±3.5 

and Argl - = 142%±6.6) (WT STZ = 132%±4.5 and Argl -sTZ 129%±4.4) (Fig. 16). 

In order to assess whether a change in blood pressure or heart rate could explain the 

effects of diabetes on retinal vasorelaxation, we determined the effects of ACh and SNP 

or vehicle alone on mean arterial blood pressure (MAP) and heart rate (HR). Both agents 

led to a similar drop in MAP across all four groups (WT = 15% ±4.8, WT STZ = 

8.9%±2.9, Argl+t-:: 13.1%±6.2 and Argl h-STZ 16.8%±5.5) (Fig. 17A). Due to the 

baroreflex blocking actions of isoflurane anesthesia the HR remained constant for the 

duration of the ACh treatment (Fig. 17B). There were no differences in HR among the 

four groups. [nfusion of vehicle alone had no effect on MAP or HR. To validate the 

results seen with partial deletion of arginase I we treated mice with 2(S)-Amino-6-

boronohexanoic acid (ABH, 8 mglkg/day, sc) for 5 days prior to assessment of retinal 
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Fig. 16. Mouse vascular function studies- experimental. 

Retinal vasculature of STZ-diabetic and age matched control WT and Argl+/- mice were 
imaged using a Micron III murine fundus microscope. Static images were made from 
videos at each noted point during infusion of either ACh or SNP. The numbered doses 
(0.3 I 0) indicate the concentration of ACh infused (~glkg/min) with a final 
representative dilation to SNP at I O~glkg/min as the final data point at right. 
Vasodilation to ACh was markedly reduced in the vessels of WT STZ mice as compared 
with WT and Argl · controls. The ACh-induced dilation was significantly enhanced in 
the Argl · STZ mice as compared with the WT STZ mice. All 4 groups responded 
similarly to SNP (*=P<0.05 WT and Argl · compared to WT STZ. t=P<0.05 Argl · 
STZ compared to WT STZ, 2-way ANOV A. WT, WT STZ and Argl . n=4. Argl . STZ 
n 6). WT (e ), WT STZ (0), Argr '· (.~), Arg( . STZ (\7). 
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Fig. 17. Effects of A Ch and SNP on mean arterial blood pressure and heart rate. 

Blood pressure and heart rate were measured using a pressure transducer attached to a 
fluid fi11ed catheter implanted into the carotid artery of anesthetized mice (WT, WT STZ, 
Argl · and Argl · STZ). Measurements were made at each noted point during infusion of 
either ACh or SNP. The numbered doses (0.3 - 10) indicate the concentration of ACh 
infused (j..lg/kg/min) with a fmal representative di lation to SNP at 1 OJ.Lg/kg/min as the 
final data point at right. A) ACh and SNP elicited equal depressant effects on blood 
pressure in a11 groups. B) ACh and SNP had no effect on heart rate over the entire course 
of infusion and there were no differences among the groups. Vehicle had no effect on 
either MAP or heart rate. All groups n=4. WT (• ), WT STZ (0 ), Argt '· (A.), Argt · 
STZ ('\7), vehicle (X). 
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vascular function. ABH binds within the arginase homotrimer as a tetrahedral boronate 

anion and prevents the arginine hydrolysis reaction without affecting eNOS (5, 27). The 

ABH treatment reduced retinal arginase activity to a level comparable with WT and 

Argl+'- normoglycemic control. As we previously observed, WT STZ retinas had 

significantly higher arginase activity than both normoglycemic WT and Argi+/- retinas 

(P< 0.05, WT STZ = 170±25 vs WT= 100±7.8 and vs Argt'· = 97%±10.5). Arginase 

activity in the WT STZ retinas was also significantly higher than the WT STZ treated 

with ABII (P<0.05 vs WT STZ ABH = 131 %±8) (Fig. 18A). The reduction in arginase 

activity was accompanied by a significant improvement in ACh-mediated endothelium 

dependent vasodilation in WT STZ mice pretreated with ABH as compared to the 

untreated WT STZ (# P<0.05 between the 3 and l 0 Jlg/kg/min doses) (Fig. 188). 

Nitrotyrosine is used as a marker for cell damage by reactive nitrogen species such as 

ONOo· and has been implicated in diabetic vascular disease (90, 108). In an attempt to 

determine the mechanism behind the STZ induced retinal vessel dysfunction and the 

subsequent amelioration by ABH, a nitrotyrosine Western blot was conducted on mouse 

retinas (Fig. 19). STZ treatment increases nitrotyrosine staining compared to control and 

this staining is reduced in the STZ groups treated with the arginase inhibitor, ABH. To 

see if arginase activity also has a role in retinal vascular dysfunction in rat, we preformed 

studies using retinas and central retinal arteries (CRAs) isolated from rats. Whole retinas 

were used for Western blotting of arginase protein and arginase activity levels and 

isolated CRAs were used for ex vivo analysis of vasodilation by pressure myography. The 

groups were control, STZ and STZ CRAs pre-treated with the specific arginase inhibitor 

S-(2-Boronoethyl)-L-cysteine (BEC, 100 11M, 45 min). Like ABll, BEC is a boronic acid 
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Fig. 18. Pharmacologic intervention. 

WT STZ mice and age matched controls were treated with the specific arginase inhibitor 
ABJI or vehicle. Argl · mice were used as a comparative control. A) Arginase activity 
was significantly reduced in the ABH-treated WT STZ as compared with the WT STZ 
(* P<0.05 WT STZ compared to all other groups, 1-way ANOV A. WT n=4, WT STZ 
n- 5, WT STZ ABH n=6, Argt · n=5). B) Retinal vasculature was imaged using a Micron 
III murine fundus microscope. Static images were made from videos at each noted point 
during infusion of either ACh or SNP. The numbered doses (0.3 10) indicate the 
concentration of ACh (~g/kg/min) with a final representative dilation to SNP at 
lO~g/kg/min as the final data point at right. Dilation to ACh was significantly improved 
in the ABH-treated mice compared to WT STZ mice (* P<0.05 WT and Argf -
compared to WT STZ. t=P<0.05 WT STZ ABH compared to WT STZ. 2-way ANOV A. 
WT n- 6, WT STZ n=4, WT STZ ABH n=IO, Argl '- n 4). WT (e ), WT STZ (0), WT 
STZ ABll (.6) and Arg.t1· (T ). 
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Fig. 19. Nitrotyrosine staining of mouse retinas treated with STZ ami/or ABH 

Representative Western blot for nitrotyrosine of retinal lysates from diabetic and control 
mice that were treated with ABH or vehicle. STZ treated mice express greater 
nitrotyrosine staining compared to untreated. The arginase inhibitor, ABH, effectively 
reduces nitrotyrosine staining in the STZ treated retinas. Each experimental group 
consists of three lanes containing one retina per lane. ~-Actin is used as the loading 
control (below). 
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analog that specifically inhibits arginase by binding as the tetrahedral boronate anion in 

the manganese binding pocket thus preventing the L-arginine hydrolysis reaction without 

affecting activity of eNOS ( l 0, 24). BEC has also been used in investigations of diabetes 

related reduction of corpus caveronosurn endothelial function in previous publications 

and thus deemed a relevant pharmacologic intervention of this study ( 137). 

Retinas from STZ treated rats showed increased arginase I but not arginase 11 protein 

compared to their normoglycemic controls (Fig. 20A). Arginase activity was also 

significantly increased in the STZ treated retinas as compared to control retinas and 

control retinas pre-treated with BEC (P<0.05. STZ- 298°/o±22 vs Control = 100% and 

ControhBEC l06°/o± 17). The STZ-induced increase in arginase activity was 

significantly blunted in the retinas treated ex vivo with BEC (P<0.05, 187%±18). There 

was no significant difference between vehicle-treated control and the SEC-treated control 

retinas (Fig. 20B). Analysis of vessel function using pressure myography involved the 

addition of thromboxane analogue, U-46619 (3 x I o·7 M) to the vessel chamber. This 

caused the vessels to constrict with a resultant decrease in their inner diameter that was 

not statistically different between groups. The addition of cumulative concentrations of 

ACh caused a progressive increase in endothelium-dependent vasodilation. Here we 

show that CRA vessels from norrnoglycemic control rats dilated to 135°/o of baseline with 

ACh treatment at the highest doses compared to 117% in the CRAs from STZ retinas 
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Fig. 20. STZ causes arginase activity and Argl protein and induces retinal vascular 
dysfun ction in rats, which is inhibited by BEC. 

STZ diabetic and age matched control rats were used for the study. Whole retinas or 
isolated arteries were pretreated with or without the specific arginase inhibitor, BEC and 
prepared for Western blot and arginase activity assays. Central retinal arteries (CRAs) 
from rats treated with STZ or vehicle were isolated and attached to a pressurized 
myograph for vessel function studies. A) Western blots from whole retinas show that 
STZ induced upregulation of Argl compared to a-actin loading controls. B) Arginase 
activity was significantly increased in the STZ CRAs as compared with the controls 
(*=P<0.05). This increase was significantly blunted by ex vivo treatment of the isolated 
vessels with the arginase inhibitor BEC (*=P<0.05, 1-way ANOV A. All groups n=4). C) 
Rat CRAs on a pressurized myograph were treated with increasing amounts of ACh to 
elicit dilation. At the highest doses there was a significant decrease in vasodilation in the 
CRAs from STZ rats as compared with the controls (* P<0.05, 2-way ANOV A. All 
groups n 3). D) Dilation of CRAs to SNP was not different in the STZ diabetic rats as 
compared to CRAs from the age matched controls. Control 0, STZ 0 and STZ BEC • . 
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(P<0.05). The BEC pretreatment ex vivo partially restored the ACh-induced vasodilation 

of the STZ CRAs to 124% of baseline (Fig. 20C). In the presence of the NOS inhibitor 

L-NAME there was no dilation to ACh, thus indicating that the dilation was an NO 

dependent activity (data not shown). To determine if the CRAs had fully functioning 

smooth muscles cells, SNP was utilized. There was no significant difference between 

control and diabetic arteries in their vasodilation to SNP (Fig. 200). 

DISCUSSION 

A decrease in blood flow is one of the earliest abnormalities in the retinas of type 1 

diabetic patients and STZ diabetic animals (21, 101 ). A variety of signaling pathways 

have been suggested to be involved in the hyperglycemia-induced vascular dysfunction, 

including protein kinase C, endothelin, angiotensin II and nitric oxide. In the present 

study, we provide evidence that diabetes-induced impairment of endothelial-dependent 

vasorelaxation responses in retinal vessels of both mice and rats is associated with 

increased protein and activation of arginase I in retina. Furthermore, the increase in 

arginase activity and the decrease in vasorelaxation are significantly prevented by 

deletion of one copy of the arginase I gene in mice or inhibition of arginase activity in 

mice or rats. Previous work in other tissues and disease models has strongly implicated 

arginase in diabetes and oxidative stress-induced vascular dysfunction (4, 10, 16, 116, 

117, 129). However, our results are the first we know of to show a role for arginase I in 

diabetes-induced retinal vascular dysfunction. 
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Previous studies have demonstrated the feasibility of using microscopic imaging systems 

for real time analysis of retinal vascular function in rats ( 64, 92, 105), and mice ( 68, 146, 

I 48, 151 ). Our experiments used a high-resolution fundus microscope system (Micron 

Ill) to focus on the primary branches of the central retinal artery ( - 20Jllll to 30J..lm with an 

accuracy of2.25J..lm) in living mice while delivering vasoactive compounds intravenously. 

This analysis showed that diabetes causes significant impairment of endothelial 

dependent vascular relaxation without causing any change in basal arterial diameter, 

blood pressure or heart rate. Similar to previously published results, we found a 

hyperglycemic dependent - 30-35% decrease in the maximal response to acetylcholine 

(I 16). This decrease was largely prevented in the hemi7ygous knockout mouse lacking 

one copy of the arginase I gene. The beneficial effects of hemizygous arginase I gene 

deletion occurred in the absence of any changes in blood pressure, heart rate or basal 

arterial diameter and without any effect on blood glucose. 

The diabetes-induced decrease in vasorelaxation was also blunted by treatment with a 

specific arginase inhibitor. Similar beneficial effects of arginase blockade were observed 

in experiments using pressure myography for analysis of vasorelaxation responses in 

central retinal arteries isolated from diabetic rats and pre-treated with an arginase 

inhibitor ex vivo. The consistency between the results of the in vivo imaging studies in 

mice and results of the ex vivo studies in rats provides assurance of the validity of the 

assays as well as of the biological significance of the observations. The fact that similar 

results were obtained in studies using knockout mice as well as mice and rats treated with 

highly specific arginase inhibitors provides assurance of the specificity of the finding. 

87 



These data suggest that diabetes-induced increases in arginase 1 expression play a 

primary role in the impairment of endothelial-dependent vasorelaxation responses and 

underscore the potential importance of arginase as a new therapeutic target for diabetic 

retinopathy. 

Previous research of potential mediators of diabetes-induced impairment of retinal blood 

flow has shown a significant role for activation of PKC-~ and angiotensin II in altering 

retinal vasorelaxation responses (21, 64). Activation of both the PKC-~ and angiotensin 

II pathways as well as increases in reactive oxygen species have been shown to increase 

activation of arginase in vascular tissue ( 16, 129). Thus, it is likely that arginase 

represents a final common pathway linking the multiple mediators of vascular injury in 

the diabetic retina. 

The lack of bioavailable NO can manifest itself because of decreased production of NO 

but can also result from increased levels of superoxide, which reacts with NO to form 

ONoo·. ONoo· is a reactive nitrogen specie (RNS) that can directly act on the 

vasculature to prevent vasodilation (8). The Demougeot group has shown that 

pharmacologic inhibition of arginase leads to an increase in aortic ring vasorelaxation in 

the adjuvant induced arthritis model through a NO and EDHF dependent mechanism 

(Ill). We were able to show increased nitrotyrosine levels in mouse retinas treated with 

STZ and subsequent reduction with an arginase inhibitor. This increase in nitrotyrosine is 

a key indicator of increased RNS and ROS levels associated with diabetes. Importantly 
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the reduction of nitrotyrosine staining with ABII treatment links arginase to this 

mechanism of reduced NO, potentially through increased ONoo·. One limitation of our 

study was the lack of direct measurements, in vivo of NO or reactive oxygen/nitrogen 

species. We concentrated on the vascular manifestation of the potential increase of these 

species and/or the decrease in NO or EDHF. The specific molecular signaling mediators 

(RNS and NO/EDHF) are subjects of future study. 

Because of its similar action, arginase II cannot be ruled out as a player in this 

mechanism and is also a subject of ongoing study in our laboratory. Our study was 

prompted by other work implicating arginase I in diabetic vascular dysfunction (116, 

117). Also, we used mice lacking one copy of arginase I rather than homozygous 

knockout mice for these studies because arginase I function in the liver is required for 

removal of nitrogenous waste produced during protein metabolism. Deletion of both 

copies of arginase 1 is lethal at 8 to 10 days after birth due to hyperammonemia and 

encephalopathy (69). Future studies using tissue specific arginase I knockout mice are 

planned in order to avoid the toxicity associated with lack of the enzyme in liver and to 

determine whether total deletion of arginase I in the endothelial cells can further abrogate 

the diabetes-induced vascular dysfunction. 

A potential limitation of this work relates to the use of retinal arterioles in mice for in 

vivo analysis and the CRA branch of the ophthalmic artery in rats for ex vivo analysis. 

We used these different approaches in different species because were unable to make 
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direct comparisons of the different vessels in the same species or of the same vessel in 

different species due to technical limitations of the available instruments. The CRA artery 

in mouse is too small for pressure myography, whereas the optics of the Micron III 

fundus microscope system we used are not suitable for rats. Nevertheless, we believe 

that our data showing similar functional deficits in mouse retinal arterioles and rat CRAs 

provide strong support for our conclusions. Moreover, usc of the pressure myograph 

complements the in vivo studies and allows us to rule out any indirect effects of ACh on 

the systemic circulation. 

Further study is needed to determine the specific cell type(s) involved in the detrimental 

effects of arginase activity on retinal vascular dysfunction. Results with isolated vessels 

suggest the effect is mainly on vascular cells, but it is possible that arginase I expression 

in monocyte/macrophage cells could also contribute to the pathology. Use of mice 

lacking arginase in endothelial cells, smooth muscle cells or monocyte-derived cells will 

help to answer this question. 

One of the metabolites of arginase activity is ornithine, which can be further metabolized 

into polyamines and prolines. These compounds are necessary for cell proliferation and 

collagen synthesis, respectively and increases in their levels have been linked to vascular 

remodeling and stiffness (10, 120). In a correlated study, rabbits fed a high cholesterol 

diet were found to have increased arginase expression in the vasculature and increased 
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remodeling (61). This stiffuess and increased intimal thickness can participate in vascular 

dysfunction and histological investigation of the vascular walls is a planned future study. 

In conclusion we have shown that arginase I is a potential therapeutic target for the 

treatment of diabetic retinopathy using two different animal models, in vivo and ex vivo 

methodologies and two arginase inhibitors. Whereas arginase has been a protein of 

increasing interest in endothelial dysfunction, this is the first time it has been 

mechanistically linked to the disease of diabetic retinopathy. In addition to the 

mechanistic findings we have also provided a new technique for the non-invasive study 

of the retinal vasculature. The cellular complexity of the retina makes it difficult to draw 

specific conclusions in an ex vivo setting. By addressing the endpoint reactivity of the 

retinal vasculature in vivo we are able to determine what the likely behavior is in this 

disease. Our hope is that this offers an improved strategy for retinal vascular function 

study 

CONCLUSION 

We have shown that arginase I is a potential therapeutic target for the treatment of 

diabetic retinopathy using multiple animal models, in vivo and ex vivo methodologies and 

two different pharmacologic interventions. Whereas arginase has been a protein of 

increasing interest in endothelial dysfunction, this is the first time it has been 

mechanistically linked to the disease of diabetic retinopathy. In addition to the 

mechanistic findings we have also provided a new technique for the non-invasive study 
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of the retinal vasculature. The cellular complexity of the retina makes it difficult to draw 

specific conclusions in an ex vivo setting. By addressing the endpoint reactivity of the 

retinal vasculature in vivo we are able to determine what the likely behavior is in this 

disease. 
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IV. DISCUSSION 

The primary explanation for the arginine paradox is best put forth in research of Drs. 

David-Dufilho and Closs. These groups suggested that there are two intracellular pools of 

L-arginine that can be utilized for NO production, pool I and pool II (Fig. 21). Pool I can 

free ly exchange substrate (L-arginine) from the extracellular space to the intracellular 

space. Pool 11 does not exchange substrate with the extracellular milieu, thus creating a 

reservoir of substrate from within the cell that is resistant to L-arginine depletion by L

lysine preincubation (22). L-lysine is imported into the cell by the same CAT-l 

transporter as L-arginine but L-lysine is not a substrate for eNOS or arginase metabolism. 

Pool Il would be an excellent emergency supply of L-arginine, which is a vital amino 

acid not only for NO synthesis but also protein production. The Closs laboratory further 

describes pool II as existing in two capacities, IlA and liB. Pool IIA consists of recycled 

L-arginine from citrulline and pool liB consists of L-arginine from lysosome and 

protcasome protein degradation (75, 130). 

Closs initially investigated the role of the cationic amino acid transporter-! (CAT-1) in 

controlling L-arginine availability to NOS and showed its presence in macrophages as 

well as endothelial cells (ECs). Closs used two cell models, macrophage (J774.Al) and 

endothelial (EA.hy926) cell lines to investigate the role of CAT -1 in controlling L

arginine availability to iNOS and eNOS, respectively. In an RFL-6 reporter assay, ECs 

or macrophages were cultured with L-arginine (22). Then the media from those cells was 

transferred to the RFL fibroblasts and the effect of the NO within the media on cGMP 
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Figure 21. Schematic of the pooled L-arginine theory. 

Pool/ consists of L-arginine (L-Arg) that is freely exchangeable with the extracellular 
environment through the cationic amino acid transporter {CAT-1). Pooii/A consists of 
L-Arg recycled from citrulline by argininosuccinate synthase (ASS) and 
argininosuccinate ~vase (ASL). Pool liB consists of L-arg produced from protein 
degradation. 
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activity was determined by radioimmunoassay. First she showed in macrophages that L

lysine is transported by the CAT -1 and preincubation could reduce internal L-arginine 

concentrations. This exchange of amino acids between the extra and intracellular space 

was rapid. Long-term incubation with L-lysine could significantly reduce but not 

completely deplete the internal L-arginine concentration suggesting this non

exchangeable pool II that operated independently of the external L-arginine concentration. 

After loading cells with L-arginine, stimulation of NO (and cGMP activity) in an L

arginine free environment was undiminished, again pointing to the existence of pool II. 

Moving to endothelial cells they showed that preincubation with L-lysine drastically 

reduced the internal concentration (from -3.6 mM to 0.6 mM), but could not reduce 

cGMP activity in the RFL-6 reporter assay as a measure of NO activty. 

Later using blockers of the lysosomal and proteasomal pathways they were able to 

significantly inhibit eNOS-derived cGMP activty in cells incubated with L-lysine (thus 

reducing intracellular L-arginine) (75). They suggest that this, the pool liB, is a major 

source of substrate for eNOS and that the remaining cGM P activity is due to pool IIA, 

citrulline recycling back into L-arginine that is accessible by eNOS. Between 1999 and 

2011 the Closs group has diligently investigated the existence of three pools of L

arginine, pool I, IIA and liB. Regardless of which pool is utilized by which cell type in 

which environment, these pools should be localized within the cell. Pool I is reliant on 

the extracellular influx ofL-arginine. Both pool IIA and IIB are reliant on the enzymes of 

the citrulline recycling and lysosomal/proteasomal degradation pathways, respectively. 

Therefore the pools should be able to be located within the intracellular environment by 
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way of our interrogation. 

The Davis-Dufilho group introduced NOHA, an endogenous argmase inhibitor and 

intermediate in NO production, to the explanation ( 136). They showed that after L-lysine 

preincubation to block L-arginine influx and deplete the exchangeable pool I, 

administration of NOHA, the arginase inhibitor, increased NO formation. The Closs 

group first described the pool II and then the Davis-Dufilho group showed that pool II 

can be modulated by arginase activity. In both cases the attempt was made to point out 

the possible existence of a second pool of L-argininc that is maintained even if the first 

pool of L-arginine has been seemingly exhausted. 

In our work we attempted to locate an intracellular compartment where differential NO 

production or differential inhibition of NO formation by arginase was apparent. If there 

were indeed two pools they would have to be distinct and static to support a two-pool 

theory (i.e. for local depletion of L-arginine around eNOS to occur so that exogenous 

addition of L-arginine could supplement NO formation). If L-arginine were circulating 

everywhere within the cell then it would be in homogenous distribution and therefore not 

be in a distinct pool. This was the purpose of our study, to determine if we could identify 

a specific subcellular domain where we could target arginase so that the enzyme would 

not inhibit NO formation. We were unable to find this location because arginase 

expression inhibited NO formation similarly regardless of its subcellular location. 

Increased interest in arginase with regard to cardiovascular disease has led to more 
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investigation into the role of Argl and Argll in the L-arginine paradox. Specifically, our 

study investigated whether the subcellular location of Argl (cytosol), Argll 

(mitochondria) and eNOS (plasma membrane) can help explain the L-arginine paradox. 

Therefore the main thrust of the first aim of this project was to determine if moving 

arginase could reveal separate pools of L-arginine. To date, no one has shown a unique 

plasma membrane bound compartment for L-arginine. With regard to Argll (the 

mitochondrial arginase), using COS-7 cells transfcctcd with mitochondrial eNOS we 

were able to stimulate increases in NO generation with increases in L-arginine 

concentration in the cell culture media. Also Argll and eNOS co-transfected cells 

yielded the same decrease in NO as Argi and eNOS co-transfected cells. Therefore L

arginine was capable of being transported from the media, to the cytosol and into the 

mitochondria without issue. The fact that we could not derive a definitive change in NO 

formation within this membrane compartment leads us to believe that the mitochondria 

are not a pool for L-arginine. Importantly, because the effect of Argl and the combined 

effect of Argl and Argll were similar we concluded that Argl and Argll operate through a 

similar mechanism. Consistent with previous publications eNOS location did not define a 

specific pool of L-arginine within the cell ( 42, 43, 112, 155). By relocating arginase 

within the cell we have shown here that changes in arginase location do not alter 

arginase-induced decreases in NO formation. Therefore, we could not reveal a subcellular 

pool of L-arginine that would support the concept of two pools of L-arginine. 

N° ,N° -dimethyl-L-arginine(asymmetric dimethylarginine, ADMA) has become a topic 

of interest in endothelial cell biology because it is a potent natural inhibitor of NOS (82, 
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139, 140). Proteins rich in L-arginine can be post-translationally methylated. After 

proteolysis, those methylated L-arginines can be freed to act as L-arginine analogs to 

inhibit NO synthesis. ADMA is in low abundance in healthy individuals but its 

concentration can be increased in disease to effectively inhibit NO production. Tsikas et. 

at. proposed that ADMA can be responsible for the L-arginine paradox because of its 

IC5o of l.SJ..LM being close to the Km of eNOS for L-arginine (3-6J..LM) (138) and later the 

Ignarro group further supported this concept ( 12). Most work on ADMA has been to 

support the use of the L-arginine/ADMA ratio as an index for vascular disease. Indeed 

the L-arginine/ ADMA plasma ratio may be a good index for vascular disease and may 

explain the conflicting results in the therapeutic efficacy of L-arginine supplementation. 

Here we are investigating a mechanistic issue of the arginine paradox in a physiologic 

setting, not a pathophysiologic setting. Recently Cardounel et. al. specifically tested the 

potential of ADMA to affect NO production under physiologic conditions (14). Their 

findings were that under normal physiological conditions, endogenous methylarginines 

would only exert modest effects on endothelial NO production. This mechanism is 

therefore incapable of explaining the arginine paradox. It should be noted that while 

ADMA effects are consistent with the direction of our findings, ADMA was not 

specifically addressed in our research and requires more rigorous testing. 

We also found that regardless of location, eNOS not only metabolizes L-arginine for NO 

production but also metabolizes citrulline for L-arginine recycling in the same way. The 

slower and lower level of NO produced from citrulline supports the concept that the 

recycling pathway is a salvage pathway. At its highest concentrations citrulline could 

98 



produce nearly 50% of the amount ofNO that L-arginine could. In pathologic conditions, 

when natural physiologic pathways have been exhausted, citrulline can become a NO 

substrate reservoir. Because of the tendency of citrulline to be used as a salvage or 

emergency substrate for NO production it is a possible therapeutic avenue for in the 

setting of vascular disease. 

We found that super-physiologic concentrations of L-arginine could not overcome 

arginase inhibition of NO formation, yet arginase catalytic activity was necessary for its 

inhibitory effect. Also arginase metabolites were not responsible for the inhibition of NO 

formation. These seemingly contradictory results are emblematic of the L-arginine 

paradox and arginase might still be linked to the explanation of the paradox. Although we 

strove to ensure that the COS-7 cell line we used would faithfully recapitulate the EC 

setting, we also tested ECs themselves. Because eNOS, the L-arginine recycling enzymes 

and the L-arginine transporters all reside at the plasma membrane we expressed a plasma 

membrane targeted Argl in ECs to elicit the greatest potential inhibition. We found that 

targeted overexpression of this arginase yielded the same inhibition on NO formation in 

ECs as all other settings in COS-7 cells. 

Afler investigating the role of subcelluar location of arginase our attention switched to 

our second aim, to examine a second potential mechanism for Argl inhibition of eNOS

derived NO formation. One of our initial hypotheses was that there might be a simple 

explanation to arginase-mediated inhibition of eNOS-derived NO formation, direct 

interaction of arginase with eNOS. Arginase inhibition of NO formation has been 
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explained as an issue of substrate availability, transport and affmity. However, 

protein:protein interaction between arginase and eNOS might predict that arginase could 

bind to the eNOS multi-protein complex at the L-arginine binding site and therefore 

prevent hydrolysis ofL-arginine and limit formation of NO. Through forward and reverse 

co-immunoprecipitation, we were unable to determine any binding of arginase to eNOS. 

As eNOS has many co-factors that modulate its activity and because eNOS and arginase 

share a common substrate it seemed reasonable that they might also share a common co

factor. Many of our experiments were preformed in COS-7 cells expressing calcium 

insensitive as well as wild type eNOS, but we also completed experiments in calcium 

stimulated and unstimulated BAECs. The divalent calcium ionophore A23187 was used 

to allow the influx of calcium and therefore promote stimulation of eNOS to produce NO. 

However, the inhibitory effect of Argl on NO production was the same in BAECs both 

stimulated and unstimulated as it was in COS-7 cells. Lastly, we looked into 

tetrahydrobioptern (BH..), an essential co-factor for maximal eNOS activity (135). We 

found that using the BH.. precursor, scpiapterin, we were able to significantly increase 

NO production but that this increase was significantly inhibited by arginase activity when 

compared to controls without arginase. Therefore, we could not identify protein:protein 

interactions or co-factor involvement as an alternative explanation for arginase inhibition 

ofNO formation. 

It was important that we moved from a purely mechanistic investigation of the L

arginine/NOS/NO axis into a relevant disease. Diabetic retinopathy (DR) is a complex 
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disease that is characterized by both neuronal and vascular dysfunction but the etiology is 

agreed to be hyperglycemia. Among the potential players in the hyperglycemia induced 

vascular deficit are protein kinase C-P (PKC-p), endothelin-1 (ET-1), angiotensin II 

(Angll} and decreased NO bioavailability (21, 64, 134). Previous work has implicated 

arginase in diabetes induced peripheral vascular dysfunction (9, 52, 116, 117). Our effort 

in this study was to determine the effect of eNOS-derived NO and the deleterious effect 

of increased arginase activity on the vascular dysfunction of DR. 

NO mediated control of retinal vascular blood flow is an important research aspect of DR 

and the focus of our study. The retinal vascualture, while unique compared to the 

systemic vasculature, exhibits some of the same regulation with regard to the necessity of 

NO and impairment due to hyperglycemia (92, I 02, I 03). Connecting the reduction in 

retinal endothelial function and therefore blood flow to a reduction in NO signaling 

and/or NO bioavailablity was the underlying goal of our investigation into the role of 

arginase in DR. If indeed the mediator of the vascular dysfunction in DR was arginase 

dependent loss of NO signaling then it was important to study this dysfunction in vivo 

due to the aforementioned complexity of cell types in the retina. Previous research 

attempting to measure retinal vessel size was either non-dynamic or in much larger 

animal models. Initially, rat eyes were removed and the central retinal artery was 

cannulated to infuse vasoactive agents ( 133). Subsequently human funduscopes, hand 

held Nikon cameras and scanning laser opthalmoscopes were used in STZ treated rats (89, 

I 07, 148, 151 ). The limitation of many of these studies was that they attempted to 

measure the retinal arterial diameter just once after STZ treatment whereas our objective 
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was to determine vascular function. Previously, the Ishii group had successfully 

performed an in vivo, dose-dependent retinal vascular reactivity study in the eye of a 

diabetic rat (92, I 05). They were measuring first order rat retinal arteries at - 50J..Lm. Our 

research technique allowed us to reliably resolve below 5J..Lm and measure mouse vessels 

of an average diameter of - 25J..Lm (Fig. 14). With the technology available to conduct 

these experiments in mice we were able to uniquely determine the effect of genetic 

deletion of Argl on DR. 

We were able to isolate an arginase dependent reduction in retinal vascular function in 

STZ treated mice and rats. This decrease in NO mediated retinal vasorelaxation was 

independent of any change in heart rate or blood pressure. The dysfunction was 

ameliorated by partial genetic knock out and pharmacologic inhibition of arginase. One 

cause of reduced bioavailable NO is a lack of NO production but another is NO 

scavenging. Under conditions of oxidative stress, NO reacts rapidly with superoxide to 

form ONoo· and this will limit NO bioavailability. Therefore we wanted to investigate 

wether diabetes-induced retinal vascular dysfunction is associated with increases in 

ONoo· formation. ONoo· will nitrate protein tyrosine residues and this nitration is a 

well established biomarker for ONoo· formation (8). We used nitrotyrosine blotting to 

determine if there was indeed increased protein nitration and if arginase inhibition could 

reduce this nitration. We were able to show in figure 17 that tyrosine nitration was 

increased in the retinas of mice treated with STZ and that the arginase inhibitor ABH was 

capable of reducing this alteration. 
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V. SUMMARY 

The understanding of eNOS production of NO from L-arginine is imperative to studying 

vascular health and more complicated than enzymatic supply and demand. Because so 

many vascular diseases manifest themselves in endothelial dysfunction, research into the 

basic unresolved questions regarding reduction of NO formation is always important. 

Here we tested if the existence of separate pools of L-arginine can explain the arginine 

paradox and investigated the role of arginase in diabetic retinopathy. 

In the first direction of the dissertation we found novel behaviors of arginase and ruled 

out one explanation of the arginine paradox. The location of eNOS or arginase within the 

cell did not reveal specific subcellular compartments where arginase inhibition of NO 

was modulated. The initial studies into eNOS subcellular location revealed that there are 

subcellular location dependent changes in eNOS activity. When calcium was removed 

from the equation, location no longer had an effect on NO production. Arginase was also 

found to have different activity in the different targeted locations but the inhibition of NO 

formation was the same regardless of location. We were unable to discover if there is a 

novel regulating molecule for arginase the way calcium is for eNOS. 

Jn many vascular diseases there have been reported increases in arginase. We found that 

diabetic mouse retinas exhibited increased arginase expression and activity as well. Using 

a mouse funduscope we were able to accurately measure the change in diameter of 

primary retinal arteries in response to the administration of intravenous vasodilators. We 

showed that genetic deletion of one copy of the Argl gene reclaimed significant 
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endothelium dependent vasodilation in the setting of hyperglycemia. In the process of 

this study we have improved on the previous methods of retinal vessel measurements to 

produce a novel, non-invasive vascular function assay for mice. 

To support the in vivo findings in the knockout mice we pharmacologically intervened 

with two specific arginase inhibitors (ABH and BEC) in both mice and rats. Consistent 

with our earlier results we found that ABII improved retinal artery dilation in wild type 

mice treated with STZ. We were able to remove central retinal arteries from rats and 

using a pressurized myograph we found that hyperglycemia inhibited vascular function 

and BEC improved this endothelial function. As an added control we also determined that 

the vasodilation we observed in the eye was not an effect of a change in systemic heart 

rate or blood pressure. This strengthens the case for Argl to be a therapeutic target for 

diabetic retinopathy. 
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