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ALIA SHATANAWI 
Angiotensin II Signalin·g Mechanisms Involved in the Elevation of Arginase 

· Activity/Expression -and Vascular Dysfunction 
(Under the direction of R. WILLIAM CALDWELL, Ph.D.) 

· Vascular endothelial dysfunction is a major cause of morbidity and mortality in 

· patients with cardiovascular diseases such as hypertension, atherosclerosis and 

diabetes. Nitric oxide (NO) produced by endothelial nitric oxide synthase (NOS) 

is· needed for norm.al vascular function. During hypertension, diabetes or 

-atherosclerosis, elevated levels of arginase can compete with NOS for available 

L-arginine thus reducing vascular NO production. Elevated angiotensin II (Ang II) 

is a key participant of endothelial dysfunction in many cardiovascular diseases 

and has been linked to elevated arginase activity. In this· study we explored the 

signaling pathway leading to increased arginase expression/activity in responses 

to Ang II.in bovine aortic endothelial cells (BAEC). Treatment of BAEC with Ang II 

(10-7 _M, 24 hrs) caused a 40±6% increase in arginase activity. This was 

accompanied by 30±8% decrease in NO production. Our studies indicate 

involvement of the RhoA/ROCK-p38 mitogen activated protein kinase (MAPK) in 

Ang 11.,induced arginase upregulation and reduced NO production, as inhibitors of 

ROCK or p38 MAPK prevented the Ang II-induced increase in arginase activity. 

Our studies in mice also show involvement of p38 MAPK in Ang II-induced 

vascular dysfunction associated with elevated arginase activity and expression. 

Ang 11 (42 · µg/kg/h) caused impaired EC-dependeht vasorelaxation in mouse . 

aorta (55±7~ vs. -75±8% for control}. This ·impairment was prevented by 

treatment with p38 inhibitor S8203580. (5 µg/kg/day). Ang II also caused a 6.2 



fold increase in vascular arginase activity/expression that was complete_ly 

prevented by p38 MAPK inhibition. Additionally, treatment of BAEC with Ang II 

causes phosphorylation of activating transcription factor-2 (ATF-2) and 

-enhancement of the binding of ATF-2 to arginase promoter through an AP-1 site . 

as evident from electrophoretic mobility shift assay experiments. Transfection of 

BAEC with ATF-2 siRNA prevents Ang II-induced increases in arginase 

activity/expression and maintains NO production. These results indicate that. 

ATF-2 is necessary for enhanced expression of arginase by Ang II. Collectively, 

our results indicate that Ang 11 increases endothelial arginase activity/expression 

through a RhoA/ROCK-p38 MAPK-ATF-2 pathway leading to reduced NO 

production and endothelial dysfunction. Targeting these signaling steps might be 

therapeutic points for preventing vascular endothelial dysfunction_ associated with 

· elevated arginase activity/expression. 

INDEX WORDS: Angiotensin 11, Arginase, Nitric Oxide, Vascular Endothelial 
Dysfunction, L'.""arginine, Endothelial Cell, RhoA, ROCK, p38 MAPK, Activator 
Protein-1 (AP-1 ), Activating Transcription. Factor-2 (ATF~2) 
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I. INTRODUCTION 

A. Statement of the Problem 

Vascular dysfunction is a major cause of morbidity and mortality in patients with 

diseases such as hypertension, atherosclerosis, and diabetes. Vascular 

endothelial dysfunction can be defined as impaired endothelial cell-dependent 

relaxation of smooth muscle in blood vessels due to decreased production and/or 

bioavailability of vasodilators, particularly nitric oxide (NO), and may be 

associated with an increase of vasoconstrictor factors. On the other hand, 

impaired vasodilation is not the only characteristic of endothelial dysfunction; it 

also comprises a proinflammatory, proliferative, and procoagulatory condition 

(Bonetti and others 2003; Deanfield and others 2007). 

The endothelium is a key regulator of vascular homeostasis. The endothelial 

layer forms a monolayer that lines the inside of the blood vessels. Aside from its 

barrier function, the endothelium regulates vascular tone by balancing production 

of vasodilators, including nitric oxide (NO), and endothelium-derived 

hyperpolarizing factor (EDHF), and vasoconstrictors such as endothelin. 

Endothelial cells produce NO by the actions of the endothelial nitric oxide 

synthase enzyme (eNOS) on the amino acid L-arginine. NO diffuses to the 
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tetrahydrobiopterin (BH4). The enzyme binds calmodulin and contains a heme 

group (Figure 1 ). Heat shock protein 90 (HSP90) is known to mediate agonist 

dependent eNOS activation (Alderton and others 2001; Michel and Vanhoutte 

2010). 

Since L-arginine is the substrate required by endothelial NOS along with oxygen 

to produce NO, maintaining an adequate cellular supply of L~arginine is critical 

for normal vascular function. Deficiencies in L-arginine availability have been 

strongly implicated in vascular diseases, including diabetes, hypertension, 

atherosclerosis and reperfusion injury (Chen and Sanders 1991; Romero and 

others 2008; Weyrich and others_ 1992). If the supply of L-arginine does not meet 

the needs of active NOS, NOS becomes uncoupled, producing 1·ess NO and 

superoxide instead of NO. 

Many factors can lead- to eNOS uncoupli_ng, including diminished levels of the 

cofactor BH4· (Forstermann and Munzel 2006). Also elevated asymmetric 

dimethylarginine (ADMA), a natural endogenous product of protein methylation, 

may inhibit NO synthesis by eNOS or could even uncouple the enzyme, which 

would enhance oxidative stress. As stated above, if the levels of L-arginine 

available for eNOS are diminished, this would cause uncoupling of NOS. 

Reasons for reduced availability of L-arginine include inhibition of cellular 

transport of L-arginine through cationic amino acid transporters (CAT), with 

prolonged and . elevated NOS activity (Abeu-Mohamed and others 20Q4; 

Kaesemeyer and others 2000), reduced recycling of L-citrulline back to 



- NO-synthase 
r.=I =NA=D=P=H=F=A=D=FM=N= C=a=M==~ 

Reductase 
Domain 

I Smooth muscle cell I 

Oxidase 
Domain 

4 

NO + citrulline 

tt cGMP ---Cl>►- Relaxation 

Figure 1. NO production in endothelial cells and NO effect on vascular 

smooth muscle cells. Endothelial nitric oxide synthase (eNOS) generates NO 

and citrulline from L-arginine and 0 2. NO diffuses rapidly to the underlying 

smooth muscle cells leading to relaxation through an increase of cGMP levels. 

The enzyme requires the cofactors: reduced nicotinamide-adenine-dinucleotide 

phosphate (NADPH), flavin adenine dinucleotide (FAD), flavin mononucleotide 

(FMN), and (6R-)5,6,7,8-tetrahydrobiopterin (BH4). eNOS binds calmodulin and 

contains a heme group. Heat shock protein 90 (HSP90) is known to mediate 

agonist dependent eNOS activation. 
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L-arginine and/or ·elevated catabolism of L-arginine by arginase (Berkowitz and 

others 2003; White and others 2006). Our work relates to the latter mechanism. 

Vascular endothelial dysfunction has been shown to be associated with elevated 

arginase activity and expression in an array of cardiovascular pathologies such 

as hypertension, diabetes, atherosclerosis, ischemic reperfusion injury, erectile 

dysfunction and sickle cell anemia (Bagnost and others 2008; Bivalacqua and 

others 2007; Jeyabalan and others 2008; Morris and others 2005; Romero and 

others 2008). This dysfunction is also seen in diabetic, ischemic or inflammatory

induced retinopathy and nephropathy (Caldwell and others 2010). The role of 

arginase in mediating vascular endothelial dysfunction began to be recognized in 

recent years. This issue has been gaining significant research attention over the 

last decade as evidenced by of the increasing number of publications addressing 

arginase role in vascular dysfunction (Figure 2). 

Acute supplemental L-arginine treatment has been reported to prevent 

endothelial cell dysfunction and restore endothelial cell-dependent vasodilation in 

diabetes, hypertension (Schlaich and others 2004; Taddei and others 1996) and 

reperfusion injury (Weyrich and others 1992) and protect against retinopathy, 

nephropathy and atherosclerosis (Caldwell and others 2010). 

Although acute supplementation of L-arginine prevents vascular dysfunction 

seen in conditions of elevated arginase activity, several animal studies and a 

recent clinical trial have found no benefit with chronic oral supplemental 
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Figure 2. Exponential growth in the number of publications on the role of 

arginase in endothelial dysfunction. Data obtained via Thompson Reuters

Web of Science, http://thomsonreuters.com/, on 25 September 2011. Search 

keywords for publications in "endothelial or vascular dysfunction" and "the role of 

arginase in endothelial or vascular dysfunction" were: "ts=(endothelial* or 

endothelium*)" and "ts=(arginase*) and (endothelial* or endothelium*) ", 

respectively. Left Y axis represents the number of publications/year on 

endothelial dysfunction. Right Y axis represents number of publication/year on 

the role of arginase in endothelial dysfunction. 
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L-arginine (Jeremy and others 1996; Morris 2004; Schulman and others 2006). 

This can be explained by upregulation of liver arginase and enhanced catabolism 

of L-arginine (Morris 2004 ). 

Since enhancement of arginase is a major contributor to the development of 

endothelial dysfunction, targeting pathways leading to its activation in endothelial 

cells would be a good therapeutic strategy for many vascular diseases. It would 

- seem that using inhibitors of arginase would be the simple therapeutic approach. 

However, it should be emphasized that global inhibition of arginase in the body 

may be dangerous, since arginase I is a crucial enzyme in the urea cycle for the 

disposal of harmful ammonia. Complete knock out of the arginase I gene in mice 

is lethal by 2 weeks of age because of hyper-ammon~mia (Iyer .and others 2002). 

Additionally, use of arginase inhibitors to limit its function carries the risk of 

reducing its function to a dangerously low level and may require careful 

monitoring of the dose and effects. Hence, identifying the downstream steps -

e.g. signaling proteins or transcription factors - that directly enhance arginase 

activity/expression in endothelial cells· may be very beneficial in specifically 

targeting, controlling and limiting vascular arginase activity without unwanted 

global side effects. 

The purpose of this dissertation project is to elucidate signaling mediators that 

enhance arginase activity and expression in endothelial cells and vascular tissue. 

As a model we have evaluated angiotensin II, a peptide heavily linked to 

endothelial and vascular dysfunction, in transgenic mice and endothelial cells. 
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Specifically, we examined the effects of inhibiting/blocking these signaling 

mediators on correction· of vascular endothelial dysfunction in an attempt to 

develop new treatment modalities for this important aspect of vascu·lar pathology .. 

Our hypothesis is· that angiotensin II increases arginase expression and activity 

through activation of RhoA/Rho kinase and mitogen activated protein · kinase 

(MAPK) and subsequent activation of transcription factor/s that lead to increased 

gene expression. 



9 

B. Review of Related Literature 

Arginase: Structure and Function 

Arginase is a hydrolytic enzyme responsible for conversion of L-arginine to urea 

and L-ornithine. There are two distinct isof~r_m_s of arginase: arginase I, largely 

found in the liver as a component of the urea cycle, is cytosolic, and is the best 

characterized of the mammalian arginases. A second isozyme, arginase II, 

predominant in kidney, is mitochondrial in location (Vockley and others 1996). 

The human type I and type II arginases have only 58% amino acid sequence 

homology and are immunologically distinct (Morris and others 1997). Arginase I 

· is a 105 kDa homotrimer with each 35 kDa subunit containing a binuclear 

manganese_ (Mn(II)) center that is critical° for catalytic activity (Figure 3) (Kanyo · 

and others 1996). This Mn(l 1)- binuclear center is required for stabilization and 

orientation of the catalytic nucleophile, a metal bridging hydroxide ion (OHl 

Simultaneous coordination of a· water molecule to both metal ions in the cluster 

facilitates ionization to form an activated metal-bridging hydroxide ion, which 

attacks the electrophilic guanidinium group in L-arginine. Upon OH- attack, a 

metastable tetrahedral intermediate will be formed that will complete to form the 

enzyme products (L-ornithine and urea) (Christianson 2005). The structure of the 

binuclear Mn(II) cluster of arginase II is nearly identical to that of arginase I (Ash 

2004). 
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Figure 3. Ribbon plot of the arginase trimer. The binuclear manganese cluster 

is represented by a pair of spheres in each monomer. Adapted with permission 

from ref (Kanya and others 1996). Copyright (1996) Nature Publishing Group. 
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Arginase I has a key role in the urea cycle in the liver. This cycle is an essential 

pathway for the disposal of ammonia in mammals and many amphibian species. 

Five enzymes regulate the steps of the urea cycle, carbamoyl phosphate 

synthetase-1 (CPS-1 ), ornithine carbamoyl-transferase (OCT), argininosuccinate 

synthetase (ASS), argininosuccinate lyase (ASL), · and arginase (Figure 4 ). 

Ammonia gets processed along with ornithine via CPS-1 and OCT into L

citrulline. L-citrulline can be recycled back to L-arginine by ASS . and ASL to 

complete the urea cy~le, while arginase converts L-arginine to urea, which exits 

the cycle to react with ornithine to start the cycle again (Morris 2002). Although 

arginase is traditionally consideretj in terms of its role in the urea cycle, it is also 

found in a variety of nonhepatic tissues that lack a complete urea cycle including 

the vasculature (Ash 2004 ). As stated above, the reaction catalyzed by arginase 

produces ornithine, the biosynthetic precursor of praline and polyamines (Morris 

2009). Praline is formed through the actions of omithine aminotransferase (OAT) 

· and other enzymes and is an important precursor collagen synthesis. Polyamines 

(putrescine, spermidine, a·nd spermine) are formed via ornithine deca.rboxylase 

. (ODC) action on ornithine (Figure 5). While the actions of polyamines are not 

completely understood, they are known to be involved· in enhancement of cell 

cycling and proliferation, and implicated in cell death under some conditions 

(Durante and others 1998; Li and others 2001 ). 
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Arginase activity can be elevated in special physiological conditions. For 

example, in lactating mammary gland, arginase activity is increased to about 

25% of that found in liver in order to supply the praline required for milk protein 

biosynthesis (Yip and Knox 1972). In pregnancy, myometrial arginase activity 

increases 25-fold · to supply the rapidly growing fetus with polyamines which is 

essential for cell proliferation (Weiner and others 1996). 

One important function of arginase is its involvement in wound healing through 

both OAT and ODC pathways (Figure 5). The OAT pathway leads to the 

production of praline which is necessary for collagen synthesis. On the other 

hand, OAT_ pathway generates polyaniines that can affect cell proliferation. 

Collagen and cell proliferation are two important factors in the process of wound 

· healing. It is reported that arginase activity/expression is strongly induced in the 

3rd to 5th day after injury (Kampfer and others, 2003): Moreover, supplementation 

of L-arginine has been shown to enhance wound healing in arginine-depleted 

animals as well as _in rats with normal dietary intake of arginine (Witte and Barbu!, 

2003). This response is associated with an accumulation of hydroxyproline, a key 

constituent · of collagen synthesis. Polyamines (putrescine, spermidine, and 

spermine) are required for .cell proliferation and homeostasis. Induction or 

overexpression of arginase I has been shown to cause proliferation of rat aortic 

smooth muscle cells through increased production of polyamines (Wei and 

others, 2001 ). 
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Arginase and NOS 

In conditions where arginase activity is ele~ated, arginase can compete with nitric 

oxide synthase (NOS) for their common substrate, the semi-essential amino acid 

L-arginine (Figure 6). Decreases in L-arginine availability to NOS can lead to 

decreased production of NO, and possible NOS uncoupling and increased 

superoxide formation (0£) (Romero and others 2008; White and others 2006). 

The competition between arginase and NOS can be of pathological importance 

when its activity and expression are elevated as in disease states such as 

hypertension and vascular complications of diabetes. In these situations, there is 

impaired endothelial-dependent vaso_relaxation, proliferation of vascular smooth 

muscle cells, and vascular and perivascular fibrosis (Yang and Ming 2006). 

Endothelial nitric oxide synthase (eNOS) is the predominant NOS isoform in the 

vasculature and responsible for most of· the NO produced in vascular tissue 

(Forstermann and others 1994 ). However, neuronal nitric oxide synthase 

(nNOS), expressed in the vascular sm.ooth muscle cell layer, also participates in 

NO production in blood vessels (Boulanger and others 1998). Vascular· NO 

dilates blood vessels through stimulating· soluble guanylyl cyclase and increasing 

cyclic guanosine monophosphate (cGMP) in smooth muscle cells. Aside of its 

vasodilatory function, NO~ released toward the vascular lumen is a potent inhibitor 

of platelet aggregation and adhesion. NO also c~n inhibit leukocyte adhesion to 

·the vessel wall. 
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Vascular endothelial dysfunction is now regarded as an important initial event in 

the development of atherosclerosis· (Bonetti and others 2003). It can be defined 

as impaired endothelial cell-dependent relaxation due to decreased production 

and/or bioavailability of NO. Both leukocytes and platelets respond to changes in 

NO concentrations in blood. In fact, Adhesion of both leukocytes and platelets to 

the vessel wall promotes atherosclerosis. Thus, inhibiting this adhesion will delay 

·or prevent from the development of atherosclerosis. Furthermore, NO has been 

shown to inhibit DNA synthesis, mitogenesis, and proliferation of vascular 

smooth muscle cells. NO . also prevents a later step in atherogenesis fibrous 

plaque formation (Forstermann and Munzel 2006) .Therefore, a sufficient supply 

of L-arginine is critical for normal vascular function. 

As explained in the coming section, elevated arg.inase activity and expression is 

associated to endothelial dysfunction in an array of cardiovascular pathologies 

such as hypertension, diabetes, _ atherosclerosis, ischemic reperfusion injury, 

erectile dysfunction and sickle cell anemia (Bagnost and others 2008; Bivalacqua . 

and others 2007; Jeyabalan and others 2008; Morris and others 2005; Romero 

and others 2008). This dysfunction is also seen in diabetic , ischemic or 

inflammatory induced retinopathy and nephropathy (Caldwell and others 20.10): 

Acute supplemental L-arginine treatment has been reported to prevent . 

endothelial cell dysfunction and restore endothelial cell-dependent vasodilation in 

diabetes, hypertension (Schlaich . and others 2004; Taddei and others 

1996),cardiac reperfusion injury (Weyrich and others 1992) and protecting 
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against retinopathy, nephropathy and atherosclerosis (Caldwell and others 201 O; 

Taes and others 2008). The arginase pathway can limit NO availability through 

· its competition with NOS, also it can enhance the dysfunction through the 

products of the ornithine pathway leading to vascular fibrosis and smooth muscle 

cell proliferation as was explained earlier . in the "Arginase: Structure and 

Function" section. 

Arginase in Pathological Conditions 

Arginase activity and expression can be enhanced by several factors such as 

inflammatory cytokines, -reactive oxygen species (ROS), thrombin, high glucose 

and lipopolysaccharides (LPS) (Chandra and· others 2·011; Horowitz and others 

. 2007; Ming and others 2004; Romero and others 2008; Zhang and others 2009) . 

All of these factors have been shown to be associated with inflammatory 

processes or disease states. 

As described below, Arginase is also elevated in several cardiovascular 

conditions and usually associated with vascular endothelial dysfunction. These 

conditions include: hypertension, diabetes, erectile dysfunction, atherosclerosis, 

ischemia/ reperfusion (1/R) Injury, sickle cell disease, nephropathy and aging. 

·Hypertension. Increased arginase activity has been linked to hypertension. A 

role for arginase activation in adult hypertensive spontaneously hypertensive rats 

(SHR) has been reported (Demougeot and others 2007). The same group has 

also shown that Inhibition of arginase by a-difluoromethylornithine (DFMO) 



19 

decreases blood pressure and improves vascu_lar function in adult hypertensive 

rats (Demougeot and others 2005). Elevated arginase activity in aorta, heart and 

lung has been reported in adult SHR, but arginase activity was not altered in 

kidney, liver and brain_ (Bagnost and others 2009). Moreover, treatment of 25 

week old SHR with the arginase inhibitor Nw-hydroxy-nor-L-arginine (L-NOHA) 

reduced systemic blood pressure, improved vascular function and reduced 

cardiac fibrosis (Bagnost and others 2010). · However, arginase II knockout mice 

display a hypertensive phenotype in adulthood rather · than - the expected 

reduction in blood pressure with improved vascular endothelial function. This 

_ hypertension appears to be related to an enhanced peripheral sympathetic 

nervous function which is evident via enhanced plasma norepinephrine turnover 

(Huynh and others 2009a). 

Pulmonary hypertension is also associated with increased -- arginase activity. 

Hypoxi_a-induced pul~onary hypertension was shown to involve elevated· levels 

_ of arginase II protein and enhanced arginase activity (Chen and others 2009; Jin · 

and others 2010). Endothelial cells of -patients with pulmonary hypertension have 

increased arginase activity and decreased NO synthesis (Xu and others 2004 ). 

Hypoxia has been reported to increase endothelial cell arginase activity and 

induced cell proliferation. This was prevented by blockade of EGF receptor 

tyrosine kinase (Krotova and others 201 O; Toby and others 2010). In addition, 

lack of MAP Kinase phosphatase-1 in mice subjected to hypoxia caused them to 

suffer a more severe pulmonary hypertension and greater lung protein levels of 
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arginase (I & II) (Jin and others 2010). These data support the involvement of 

mitogen activated protein kinase (MAPK) in the increased expression and activity 

of arginase. This involvement of the MAPK activation is one of the .important 

findings in this dissertation project and will be discussed in detail in the "Signal 

Pathways in Arginase Upreg·uIation" section of the introduction and in chapter 3. 

In secondary pulmonary hypertension, a consequence of hemolytic anemias, 

such as in sickle cell disease, plasma arginase activity is greatly increased. 

Treatment with arginase inhibitors is projected to be successful in reducing the 

pulmonary hypertension (Morris and others 2008). These findings thus suggest 

a central role for arginase in different models of hypertension that are linked to 

elevated levels of Ang 11. 

Diabetes. In diabetic rats vascular and hepatic arginase activity are increased. 

Aortic and liver arginase activity and expression has been shown to be increased 

in streptozotocin (STZ)-induced diabetic rats. Coronary blood vessels from STZ 

diabetic rats showed reduced endothelial-dependent vasorelaxation that is 

restored by inhibition of arginase activity (Romero and others 2008). Arginase 

activity is als_o increased in aortic and coronary endothelial cells exposed to high · 

glucose (Romero and others 2006b; Romero and others 2008). The increase in 

arginase activity in endothelial cells is associated with a decrease in NO 

production (Romero and others 2008). Diabetic rats have higher argi_nase activity 

than their controls and an elevated manganese content which may stimulate 

arginase (Bond and others 1983; Spolarics and Bond 1989). 
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Our recent studies have shown that arginase activity is increased in aortas of 

mice treated with high glucose, and arginase I expression is elevated in aortic 

endothelial cells treated with high glucose. F_indings in our lab also show that 
. . 

arginase is upregulated in aortas of STZ diabetic wild type mice compared to 

their normal (non-diabetic) controls. On the other hand, diabetic arginase 

knockout mice exhibit less arginase activity, less vascular endothelial dysfunction 

_and less coronary vascular fibrosis than diabetic wild mice (Romero and others 

2011 ). A recent publication has shown _that arginase inhibition restores in vivo 

coronary microvascular function in type 2 diabetic Goto-Kakizaki (GK) rats 

(Gronros and others 2011 ). 

Increased arginase activity can cause a decrease in L-arginine plasma 

concentrations which usually range between 40-100 µM (Romero and others 

2006a). In diabetic animals, L-arginine plasma and vascular levels are decreased 

(Pieper and Dondlinger 1997). In diabetic children,. a similar decrease-in plasma 

L-arginine concentration has been seen (Hagenfeldt and others 1989), which 

might be an indication ·of elevated arginase activity. In diabetic patients, arginase 

activity is increased in red blood cells (Jiang and others 2003) and in penile 

vessels, associated with erectile dysfunction (Bivalacqua and others 2001; Toque 

and others 201 Ob). In the conditions of diabetes and hyperglycemic, there is also 

an increase of the production of reactive oxygen species (ROS). These ROS are 

among the factors that increase arginase activity and expression, as will be 

discussed later. 
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Erectile Dysfunction. Erectile dysfunction is characterized by inability of the 

·corpus cavernosum, the major blood vessel of the penis, to maintain erection. 

The relaxation of the corpus cavernosum is essential for the erectile function. 

Nitric oxide mediates the relaxation of corpus cavernosum via the activation of 

the soluble guanylyl cyclase and subsequent smooth muscle relaxation (Masuda 

and others 2004 ). NO is produced from L-arginine by NO synthase (NOS), and 

both neuronal NOS (nNOS) and endothelial NOS (eNOS) isoforms serve as 

sources to produce relevant levels of NO in the corpus cavernosum. Both 

arginase I and II isoforms have been shown to exist in human corpus 

cavernosum, and the inhibition of arginase resulted in the facilitation of corporal 

smooth muscle relaxation (Bivalacqua and others 2001; Cox and others 1999; 

Lorenzen and others 2009). Many cardiovascular disease conditions that cause 

erectile dysfunction have been associated with increased arginase activity and 

reduced NO availability. Such conditions include diabetes (Bivalacqua and others 

2001 ), hypertension (Toque and others 201 0a), obesity· (Carneiro and others 

· _2008) and hypercholesterolemia (Xie and others 2007). Aging-associated 

erectile dysfunction involves dysregulation of the NO/cGMP pathway and -also an 

increase of arginase activity (Bivalacqua. and others 2007). It also has been 

recently reported that diabetic arginase II knockout mice do not develop 

impairment of nitrergic nerve and endothelial dependent relaxations of the corpus 

cavernosum that is usually observed in diabetic wild-type mice (Toque and 

others 201 Ob). In a model of angiotensin- II-induced erectile dysfunction and 
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hypertension, we have shown that elevation of arginase activity and· erectile 

dysfunction was prevented by inhibiting p38 MAPK (Toque and others 201 0a). 

Thus, arginase is strongly implicated as a regulator of erectile function. The use 

of arginase inhibitors or inhibitors of signaling mediators of "its activation, such as 

p38 MAPK inhibitors, represent potential therapies for erectile dysfunction. 

Atherosclerosis. Atherosclerosis is characterized by narrowing of the blood 

vessel lumen as a result of a complex process involving· vasoconsti-iction, 

inflammation and plaque and thrombus· formation. Endothelial dysfunction 

precedes atherosclerosis with progression through loss of vascular tone, arterial 

stiffness, arterial remodeling, and inflammation to end organ damage seen in 

atherosclerosis (Thuillez and Richard 2005). Endothelial dysfunction in 

atherosclerosis is considered to be due to uncoupling of .NOS, reducing NO 

production and increasing ROS production (Ozaki and others 2002; Yang and 

Ming 2006). Atherogenic prone mice (ApoE-/-) and wild type mice fed high. 

cholesterol diet have been shown to have increased vascular arginase activity 

and arginase II expression. (Ming and others 2004; Ryoo and others 2008). In 

ApoE-/- mice deletion of the arginase II gene (AW'- mice) prevents high

cholesterol diet-dependent vascular dysfunction and oxidative stress. Arginase 

inhibition in ApoE-/- mice also prevented endothelial dysfunction and restored 

NO production. (Ryoo and others 2008). Both arginase I and II were expressed in 

atherosclerotic lesions of hyperlipidemic rabbits (Hayashi and others 2006). 

Human aortic endothelial cells exposed to oxidized low-density ·Iipoprotein (LDL) 
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show elevated arginase II expression (Ryoo and others 2006), while porcine 

subepicardial arterioles treated with oxidized LDL show higher arginase I 

expression (Wang and others 2011 ). Moreover, oxidized LDL induces arginase I 

expression through poly peroxisome proliferator-activated receptors (PPAR)

gamma/delta activation in macrophages contributing to atherosclerosis (Gallardo

Soler and others 2008). Citrulline supplementation or arginase inhibition therapy 

improved the prognosis of atherosclerosis in diabetic patients by increasing NO 

bioavailability (Hayashi and lguchi 2010). 

lschemia/Reperfusion (1/R) Injury. I/R injury occur after blood supply returns to 

a tissue after. a period of ischemia leading to tissue damage. The damage in I/R 

injury usually results from oxidative stress and tissue inflammation. Increased 

oxidative stress is thought to be one of the main events in the pathogenesis of 

endothelial dysfunction. Endothelial and microvascular dysfunction result due to 

decreased nitric oxide production. As- stated _earlier, the competition between 

arginase and NOS on L- arginine can reduce Nb production (Zhang and others 

2001 ). Arginase I has been shown to be up-regulated in 1/R injury in cardiac 

tissue (Hein and others 2003 ). Blocking arginase can prevent 1/R-indu_ced liver 

damage. Arginase I is released from injured hepatocytes in the damaged liver 

leading to depletion of hepatic L-arginine (Jeyabalan and others 2008; Reid and 

others 2007). Inflammatory cytokines such as tumor necrosis factor-a {TNF-a) 

are known to be elevated and associated with in I/R injury (Zhang and others 

2006). TNF- a causes increased arginase expression and generation of oxidative 
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radicals in endothelial cells leading to coronary arterioles endothelial dysfunction 

in 1/R injury (Gao and others 2007; Zhang and others 2010). Inhibiting arginase 

with nor-NOHA has been shown to protect myocardium from I/R injury (Jung and 

others 2010). Similarly, treating mice with nor-NOHA prevents liver necrosis and 

increases hepatic · arginine and citrulline levels in 1/R associated with liver 

transplant (Jeyabalan and others 2008; Reid and others 2007). 

Sickle Cell Disease. Sickle cell disease, an autosomal recessive genetic blood 

disorder is characterized by hemoglobin S~containing red blood cells that 

assume an abnormal sickle shape. Many mechanisms _ contribute to the 

pathophysiology of sickle cell disease; these mechanisms are characterized by 

endothelial dysfunction. Such mechanisms include but not limited to, hemolysis

associated low arginine and nitric oxide (NO)· bioavailability, NOS uncoupling, 

elevated arginase activity, superoxide production and oxidative stress (Morris 

2008). Arginase activity and expression are substantially elevated in the plasma, 

red blood cells and platelets from patients with sickle cell disease (Morris and 

others 2008). Lysis of the RBCs releases large amounts of both free hemoglobin_ 

and arginase. Hemoglobin consumes endothelial NO, while arginase limits L

arginine a·vailability to · NOS, further reducing NO levels. L-arginine and/or L

citrulline supplementation for sickle cell disease patients has been shown to 

reduce levels of RBC sludging, vaso-occlusion and pulmonary hypertension 

(Fasipe and others 2004; Morris and others 2005; Waugh and others 2001 ). The 
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use of arginase inhibitors for treatment of sickle cell disease is being considered 

as a therapeutic strategy (Morris 2006). 

Nephropathy. Nitric oxide levels. are significantly reduced in chronic kidney 

disease and end stage renal disease patients (Zharikov and others 2008). One of 

the mechanisms for low NO is due to reduced availability of L-arginine. Arginase 

II is the predominant isoform in kidney and elevated levels of arginase II can 

compete with NOS to reduce L-arginine supply. This concept is supported by 

evidence that ·inhibition of arginase protects kidney from structural_ damage and 

renal failure in rats with renal ablation/infarction model of chronic kidney disease 

(Sabbatini and others 2003). 

In nephrotoxic nephritis, an inflammatory· model of glomerulonephritis, it has 

been shown that both inducible nitric oxide synthase (iNOS) and arginase are 

elevated (Waddington and others 1998). Upregulation of praline and polyamine 

production through the arginase II pathway has been considered in the pathology 

of glomerulonephritis (Waddington and others 1998). Diabetes-induced reduction 

in renomedullary NO bioavailability is reported to be due to increased uptake of 

L-arginine by its transporter, the cationic amino acid transporter (CAT-1) in liver. 

This is manifested in reduced plasma arginine levels (Palm and others 2008). 

This reduced NO bibavailability is also associated with enhanced arginase 

activity in the renal cortex of these rats. Early stages in diabetes are 

characterized by hyperfiltration secondary to renal vasodilatation. This may occur 

due to increased glomerular L-arginine uptake as seen in early diabetic model 



27 

(Schwartz and others 2004). Enhanced mRNA and protein levels of the CAT-1 

transporter were seen in these rats. Also, arginase I and II were elevated in this 2 
. . 

week diabetic model which could affect NO levels as well as increase polyamine 

levels through enhanced formation of ornithine, possibly leading to kidney 

hypertrophy. Very recently, it has been shown that arginase II plays a major role 

in induction of diabetic renal injury and that blocking arginase II expression or, 

activity can attenuate the renal dysfunction (Morris and others 2011 ). 

In a.model of hypertension,_ it was found that angiotensin II through AT1 receptor 

activation increases the mRNA expression of CAT-1, CAT-2, arginase I, and 

( dimethylarginine dimethylaminohydrolase) DDAH2 in preglomerular vessels 

(Hultstrom and others 2009). Spontaneous glomerulosclerosis is developed in 

fawn-hooded hypertensive rat. In this hypertensive model, renal_ and vascular 

arginase activation can be prevented by AT1 receptor blockade (Chen and 

others 201 0a). 

Aging. Although aging is not a disease, some cardiovascula_r changes 

characterized with arginase- elevation are usually associated with aging. These 

pathological changes usually indude endothelial dysfunction _and vascular 

stiffness. · 

· Arginase plays an important role ·in regulating vasomotor tone, and its relative 

contribution varies depending on the vascula·r bed and the vessel size and type 

(Santhanam and others 2008). There is increasing evidence that upregulation of 
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arginase contributes to impaired endothelial function in aging (Berkowitz and 

others 2003). It has been shown that there is higher arginase activity, lower NO 

and higher superoxide 02- production in old rats compared with young rats (Kim 

and others 2009). Furthermore, these authors also found that acute inhibition of 

NOS (with N-nitro-I-arginine methyl ester) and arQinase (with 2S-amino- 6-

boronohexanoic acid, A~H), can reduce 0£ production in old rats and prevent· 

uncoupling of the eNOS dimer. Aging is . also associated with endothelial 

senescence which can contribute to atherosclerosis as well as impair endothelial 

function. Indeed, knocking down arginase I (White and others 2006) or increasing 

NO bioavailability by citrulline therapy (Hayashi c;1nd 1·guchi 2010) restores aging

related endothelial senescence and improves vascular function. Erectile 

dysfunction associated with aging has been found to be improved by inhibiting 

argjnase using ABH or knocking down arginase I (Bivalacqua and others 2007). 

Inhibition of arginase also decreases blood pressure and improves vascular 

function of resistance vessels in hypertensive rats. (Bagnost and others 2008; 

Demougeot and· others 2005; Durante and others 2007). Increased arginase 

activity can also cause vessel stiffness with age due to collagen deposition and 

fibrosis through the praline and polyamine pathways. 

Arginase in Non-cardiovascular Pathological Conditions 

· Arginase is also an_ important mediator of non-cardiovascular pathologies. The 

enzyme activity is elevated in inflammatory and immune conditions such as 

asthma, and in parasitic infections. Also of major importance is the role of 
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elevated arginase activity in cancer. Another condition involving arginase 

upregulation is retinopathy, which can be considered a combination of vascular 

and neuronal pathologies. The role . of arginase in these conditions is further 

discussed below. 

Asthma. Asthma is a chronic inflammatory disorder of the airways characterized 

by reversible airway obstruction, bronchospasm and constriction and 

inflammation of airways. Reduced NO production due to lack of L-arginine 

availabili!Y appears to be centrally involved with the asthmatic state (Maarsingh 

and others 2008a). S~pplemental L-arginine or treatment with the arginase 

inhibitor nor-NOHA reduces allergic bronchoconstriction (de Boer and others 

2001) and also enhances nitrergic nerve-mediated airway smooth muscle 

relaxation (Maarsingh and others 2006). Both arginase I and II are constitutively 

expressed in airways tissues - epithelial and endothelial cells, myofibroblasts, 

and macrophage (Lindemann and Racke 2003; Maarsingh and others 2008b ). 

Serum levels of arginase I are significantly increased in asthmatic patients and 

found to be associated with oxidative stress (Ogino and others 2011 a; Ogino and 

others 2011 b ). Asthmati.c subjects who smoke exhibit an even greater elevat_ion 

of arginase I in airway epitheliar cells and myofibroblasts (Bergeron and others 

2007) .. Arginase I. expression is elevated and contributes to airways hyper

responsiveness in animal models of asthma (North and others 2011 ). They also 

display enhanced levels of ornithine decarboxylase (ODC). 
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ODC can convert the product of arginase ornithine into polyamines. Polyamines 

and praline, the downstream products of arginase through ornithine 

aminotransferase, are involved in remodeling through cell proliferation and 

collagen synthesis. Chronic inflammation in asthma also leads to airway 

remodeling including thickening of. basement membranes, fibrosis and· enhanced 

smooth muscle mass. Elevated arginase activity in asthmatic lung · tissue can 

exacerbate this process and lead to a decrease in lung function. (Meurs and 

others 2008). All these studies indicate a key role of arginase in the pathological 

changes seen in asthma. 

Parasitic Infection. Several parasites i~cluding Leishmania, Trypanosoma and 

Plasmodium have been shown to express arginase (Dowling and others 201 O; 

Rogers and others 2009; Stempin .and others 2008). Arginase activity causes 

ornithine production through ODC enzyme activity to produce polyamines. This 

polyamine pathway promotes proliferation of these pathogens. Macrophages are 

recruited to the site of infection by factors such as lipopolysaccharide, tumor 

necrosis factor-a {TNF-a), interleukin-12 (IL-12) and interferon-y (IFN- y). During 

the acute phase of infection, the activated macrophages induce iNOS to produce 

-NO and peroxynitrite (ONOO-) to control the infection via cidal actions on 

parasites. (Peluffo and others 2004; Walther and others 2006). The immune 

system will produce type 2 cytokines. such as IL-4 and IL-13 that antagonize 

activated macrophages and upregulate arginase I to cause collagen synthesis 

and cell proliferation through the polyamine pathway (Stempin and others 2010). 
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T helper 1 cells generate IFN-y and induce iNOS, whereas T helper 2 cells 

generate IL-4 and IL-10 with resultant induction of arginase I and suppression of 

iNOS function (Munder and others 1999). The polyamine pathway has been 

shown to exacerbate infections by preventing p~rasite clearance by activated 

macrophages and promoting parasitic proliferation (Stempin and others 2010). 

Furthermore,· it has been reported inhibiting arginase activation can reduce 

parasite survival (Roge_rs and others 2009). It is of importance to note that 

inflammatory cytokines such as TNF-a are known to mediate arginase activation 

(Gao and others 2007; Nwariaku and others 2003). 

Cancer. Polyamines are essential components of cell proliferation that is 

necessary for tumor growth. On the other hand, NOS uses L-arginine to produce 

NO, which inhibits proliferation of many cancer cell lines. Arginase activity and 

arginase II expression have been shown to be increased in breast, colon and 

prostate cancers (Buga and others 1998; Mumenthaler and others 2008; Singh 

and others 2000). The arginase inhibitor NOHA has arrested proliferation of 

breast cancer cells (Singh and others 2000). NOHA also inhibited colon 

carcinoma · tumor cell proliferation. The same inhibitory effect on tumor 

proliferation was seen with NO treatment and js thought to be acting through 

inhibiting ODC (Buga and others 1998). Elevated arginase I expression has been 

reported in macrophages isolated from tumors of wild type mice (Davel and 

others 2002; Kusmartsev and Gabrilovich 2005; Sinha and others 2005) as Well 

as in tumor cells (Lechner and others 2005). A recent study showed that 
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knockdown of arginase II causes apoptosis of thyroid cancer cells (Sousa and 

others 2010). Statin therapy' in a breast cancer cell line was found to cause cell 

death, which was attributed to a decrease in arginase II (Kotamraju and others 

2007). Evidence has been reported that the level of NO in some tumors may 

determine the. rate of cancer progression, but the response is not the same in 

each cell line. For example, induction of iNOS greatly increases NO generc;:1tion to 

restrict · cancer growth and metastasis as in some intestinal tumors (Xu and 

others 2002). In contrast, high expression of iNOS has been reported in early 

stages of breast, colon,· brain, lung and prostate cancers (Cobbs and others 

1995; Thomsen and ·others 1994; Thomsen and others 1995; Xu and ·others 

2002). 

Retinopathy. Retinopathy is characterized by vascular inflammatory reactions 

· and injury of the vascular endothelium leading to neovascularization, fibrosis and 

retinal detachment (Caldwell and others 2010). During this inflammatory state in 

retinopathy, various chemokines and cytokines, such as tumor necrosis factor 

TNF-a, interleukin IL-6, vascular endothelial cell growth factor (VEGF) are 

upregulated. Arginase is upregulated in response· to inflammatory cytokines. 

Also, excessive arginase activity could en~ance cytokine formation by limiting 

-NO production by iNOS. Arginase activity at the level of the retinal endothelial 

and smooth muscle cells could also exacerbate retinal inflammation by reducing 

NO production, thus decreasing blood flow. Excessive arginase activity may also 

contribute to pathological vascular growth and vascular fibrosis by increasing the 
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formation of polyamines and praline, which promote cell growth· and collagen 

formation, respectively. 

Arginase I was reported to be increased and localized mainly to Muller cells of 

the retina in· rats with endotoxin-induced uveitis, a model of inflammatory eye 

injury (Koga and others 2002). Studies have shown that arginase activity and 

arginase I expression are increased in models diabetic retinopathy and in 

cultured retinal endothelial cells, Muller cells and microglial cells exposed to high 

glucose or cytokines (Caldwell and others 201 0; Zhang and others 2009). This 

has been correlated to a concomitant increase in cytokine levels and oxidative 

stress, reduced NO, vascular dysfunction and pathological angiogenesis. Studies 

in the arginase knockout mice have shown that deletion of one copy of the 

arginase I gene and both copies of arginase II decreases cytokine production in 

both diabetic retinopathy ·and endotoxin-.induced uveitis (Zhang and others 2009). 

Arginase Deficiency/ Hyperargininemia 

Arginase _ deficiency may result in the pathological condition of 

hyperargininemia. This. is inherited as an. autosomal recessive disease. 

Deficiency in arginase I leads to accumulation of L-arginine (~izikes and others 

1986; Uchino a_nd others 1995; Vockley and others 1994 ). Patients with this 

disorder appear normal at birth, but start showing symptoms of diminished 

growth and mental retardation when they are 2 to 4 years old. Progressively, they 

can develop neurological diseases (Crombez and Cederbaum 2005). There are 
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sporadic instances of hyperammonemia and ~hyperuremia and also there is an 

increase in arginine levels by 2~5 fold (Cederbaum and others' 1979; Marescau 

· and others 1992). 

Arginase 11 can be induced in arginase I deficiency and may alleviate the degree 

of hyperargininemia and hyperammonemia in this disease (Crombez and 

Cederbaum 2005). Treatment of these patients mainly involves restriction of 

dietary protein intake, supplementation of essential amino acids and diversion of 

ammonia to salvage pathways through oral nitrogen-scavenging drugs· such as 

sodium phenylacetate, sodium benzoate or sodium phenylbutyrate· (Crombez 

and Cederbaum 2005). 

Knockout mice have been developed with deletion of either one copy of arginase 

I gene (AI+1
-) and/or the 2 copies of arginase 11 gene (Al r1

-). Deletion of both 

arginase I genes (Al-/-) yields mice that do not live beyond two weeks of age due 

to hyperammonemia. They also exhibit decerebrate posture, encephalopathy and 

tremors in the extremities (Iyer and others 2002).. Arginase II knockout mice 

present with fewer abnormalities. For example, it was reported that these animals 

display hypertension that is correlated to an upregulation of sympathetic tone 

(Huynh and others 2009a). 

Arginase Inhibitors 

Because of the important role of arginase in limiting NO, inhibition of arginase 

can enhance NO production by increasing the availability of L~arginine. Many 
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inhibitors of arginase have been developed for use in studies to reduce the 

activity of the enzyme and evaluate the role of arginase in different models of 

diseases. Table I summarizes most commonly used arginase inhibitors. 

Two major classes of inhibitors are available, the first to be synthesized were low 

potency inhibitors that include: 

1. Nro-hydroxy-L-arginine (NOHA) is an intermediate in NO synthesis. It is a 

low potency inhibitor in vitro Ki=10 µM , but is· an effective endogenous 

inhibitor of arginase in cells (Morris 2009). 

2. a-Difluoromethylornithine (DFMO) is a potent inhibitor· of ornithine 

decarboxylase and is a non-specific, weak inhibitor of arginase (Morris 

2009). 

3. Amino acids such as, ornithine, leucine, valine, lysine, isoleucine and nor

valine have been shown to inhibit arginase with ornithine being the most 

potent (Huynh and others 2009b). L-citrulline, the product of NOS is 

shown to be an allosteric inhibitor of arginase .(Shearer and others 1997). 

Recently, competitive inhibitors of arginase have been synthesized. These have 

greater specificity for the enzyme. 

4: S-(2-boronoethyl)-L-cysteine (BEC). 

5. 2(S)-amino-6-boronohexanoic acid (ABH). 
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Table I. Commonly used . arginase inhibitors. Structure and K; value of 

commonly used arginase inhibitors in comparison to L-arginine structure and its 

Km value. Km and Ki values were obtained from (Christianson 2005; Morris 

2009). 

Inhibitor 

L-arginine 

DFMO 

NOHA 

. Nor-NOHA 

BEC 

ABH 

Structure 

0 

H2N~OH 
H2N CHF2 

+ N-OH 

H3Nr )l N NH2 
H 

CO2 

+ H 
H 3N ~ N 'r( N H2 

j - N-OH 
CO2 · 

+ OH 
H3N~ /'-.. J3 

j _ S' ..._, 'OH 

CO2 · 

+ OH 
H3N~13 

j. _ 'OH 

CO2 

K; (µM) 

1000.0 (Km) 

3900 

10 

0.5 

2.2 

0.11 
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Both are boronic acid analogs of L-arginine and are highly specific arginase 

inhibitors that contain boronic acid moiety (see structure in Table I) which 

replaces the trigonal planar guanidinium group of L-arginine (Christianson 2005_). 

As explained earlier, a binuclear manganese cluster in the arginase catalytic site 

activates a hydroxyl group (OH-) attack on the electrophilic guanidinium group in 

L-arginine. Upon OH- attack, a metastable tetrahedral intermediate will be 

formed that will complete to form the enzyme products. In the case of arginase 

inhibitors, planar boronic acid moiety replaces the planar guanidinium group in L

arginine. Upon attack of OH-. to the boronic moiety, a stable tetrahedral 

intermediate is formed and thus irreversible inhibition of the enzyme is achieved. 

Although several · specific arginase inhibitors have been developed - and 

· investigated, none are isoform specific. RNA interference has been used to 

inhibit the expression of specific isoforms and study their involvement in different 

systems. Administration of short hairpin RNA (shRNA) against arginase I greatly 

has been reported to decrease IL-13-induced airway hyper-~esponsiveness with 

a concomitant decrease in arginase I mRNA and protein levels in the lungs of 

mice (Yang and others 2006). Direct delivery of anti-sense argihase I · using 

adenovirus vector in corpus cavernosum improved erectile function in aged mice 

(Bivalacqua and others 2007). Ar:iti-sense arginase I siRNA also increases NO 

production in endothelial cells exposed to high glucose (Romero and others 

2008). 
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Signal Pathways in Arginase Upregulation 

Arginase activity and expression can is regulated by a wide range of stimuli 

working through various signal mediators within the cell., Two main pathways that 

are involved in arginase activation in response to an array of factors are the 

RhoA/Rho kinase (ROCK) and mitogen activated protein kinase (MAPK) 

pathways are detailed below: 

RhoA/ROCK Pathway. RhoA is small GTPase protein, that is a member of the 

Ras homolog gene Rho protein family. It has effects on actin organization to 

regulate cell contraction, motility, proliferation, and apoptosis. RhoA acts as a 

molecular switch that cycles between an inactive GDP-bound and an active GTP

bound conformation that activate downstream effectors such as Rho kinases 

(ROCK). RhoA-GDP is activated by Rho guanosine nucleotide exchange factor 

(Rho GEF), which promotes exchange of GDP for GTP. The active RhoA-GTP 

stimulates ROCK to elicit cellular responses or induce further signaling cascade 

(Loirand and others 2008). Several Rho GEFs have been characterized; 

however, activation by protein-protein interaction appears to involye only three. 

types: PDZ-Rho GEF, LARG and p115-Rho GEF. All of these Rho GEFs are 

expressed in aorta and mesenteric arteries of rats and mice (Loirand and others 

2008). 

The RhoA/ROCK pathway is linked to arginase elevation in inflammatory bowel 

disease (Horowitz and others 2007). We previously showed that diabetes/high 
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glucose increases activity and expression of arginase through enhanced 

RhoA/ROCK function (Romero and others 2008). We also have recently reported 

that peroxynitrite and H20 2 can increase arginase activity/expression in 

endothelial cells through a pathway involving protein kinase C (PKC) activated · 

p115-Rho GEF and subsequent activation of RhoA/Rho kinase (Chandra and 

others 2011 ). RhoA/ROCK is also involved in arginase activation endothelial cells 

exposed to thrombin (Ming and others 2004 ). Interestingly, Thrombin-induced 

activation of p115-Rho GEF through protein kinase C alpha (P.KCa) is reported to 

. increase endothelial permeability (Holinstat and others 2003). Moreover, 

induction of pulmonary endothelial hyperpermeability by pneumolysin seems to 

involve PKCa and arginase activation (Yang and others 201 0).This dissertation 

examines the involvement of RhoA/ROCK pathway in Ang II-induced arginase 

u pregu lation. 

Mitogen Activated Protein Kinase (MAPK). MAPK enzymes are protein

serine/threonine .kinases, which participate in intracellular signal transduction 

pathways that control a variety of intracellular events. These range from acute 

responses to hormones, major developmental changes in organisms, to control 

embryogenesis, cell differentiation, cell proliferation, and cell death (Pearson and 

others 2001; Zarubin and Han 2005). There are four main subgroups within the 

MAPK family: (1) extracellular signal-regulated kinase1/2 (ERK1/2), (2) c-Jun N

terminal kinases ·(JNK), (3) p38 group of protein kinases and (4) ERK5 

(Cargnello and Roux 2011 ). Activation of different MAPKs occurs through 
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-another family of kinases termed MAPK kinases (MKKs or_ ME Ks) or as a result 

of their interaction with a small GTP-binding protein of "the Ras/Rho family in 

response to extracellular stimuli (Cargnello and Roux 2011; Marinissen and 

others 2004 ). The targets of MAPK are mainly comprised of members of family of 

protein kinases termed MAPK activated protein kinases (MAPKAPKs). This 

represents additional enzymatic and amplification steps in the MAPK catalytic 

cascades (Cargnello and Roux 2011 ) .. However, other direct targets of MAPKs 

· are transcripUon factors that are directly phosphorylated and activated, leading to 

their translocation to the nucleus and initiating the transcription of certain genes 

(Zarubin and Han 2005). E_xamples of these transcription factors include: cAMP 

response element-binding protein (CREB), activating transcription factors {ATF)-

1, 2 and 6, c-Jun and SRF accessory protein (Sap1 ). 

MAPKs have been shown to be involved in arginase activation in· different 

settings. Macrophage stimulating protein, a protein involved in various cancers, 

increases arginase expression by the Ron receptor tyrosine kinase via activation 

of the MAPK pathway (Sharda and others 2011 ). It has been also reported that 

oligodeoxynucleotides containing unmethylated cytosine guanine motifs (CpG), a 

·component of bacterial DNA, are able to stimulate, in the presence of interferon

. y (IFN-y), both arginase and inducible nitric oxide synthase (iNOS) in murine 

macrophages. This elevation of arginase activity was dependef)t on p38 MAPK 

and ERK, but not JNK (Liscovsky and others 2009). Additionally, cruzipain, an 
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antigen of Trypanosoma cruziparasite has been found to cause activation of 

arginase through p38 MAPK (Chang and others 2000; Stempin and others 2008). 

In endothelial cells, thrombin can upregulate arginase I through a pathway 

involving p38 and JNK MAPKs and AP-1 transcription factor (Zhu and others 

2009). In human intestinal microvascular endothelial cells (HIMECs), exposure to 

TNF-a and LPS inflammatory stimuli can upregula~e arginase II involving 

activation of p38 and ERK1/2 MAPK. Interestingly RhoA, also a mediator of 

arginase activation, seems to mediate the activation of MAPKs in HIMECs 

exposed to TNF-a and LPS, since inhibition of RhoA reduces both p38 MAPK 

and ERK1 /2 activity (Horowitz and others 2007). These findings support other 

reports indicating RhoA/ROCK pathway as an . upstream regulator of MAPKs 

(Guo and others 2009; Lovett and others 2006; Marinissen and others 2004 ). Our 

work has examined the involvement of the MAPK . pathway, particularly p38 

MAPK, in upregulation of arginase in endothelial cells and an animal model of 

angiotensin II induced vascular dysfunction and hypertension. 

Regulation of Arginase Activit.Y 

There is increasing interest in elucidating the mechanisms of arginase regulation. 

As we noted earlier, work over the past several years has focused on the roles 

and regulation of the arginase in vascular disease (Bagnost and others 201 O; 

Romero and others 2008), pulmonary disease (Krotova and others 2010), 

infectious disease (Stempin and others 2010), immune cell function and cancer 
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(Mumenthaler and others 2008). Still more research is needed to understand 

transcriptional and non-transcriptional regulation of arginase. 

' Non-transcriptional Regulati_on of Arginase. Several studies have reported 

distinct mechanisms by which arginase activity can be modulated independently 

of changes in amount of arginase expression. One report shows that chemical · 

modification of arginase I by diisopropylphosphofluoridate (DFP) led to 

phosphorylation. on a serine residue that caused an inactivation of the enzyme 

.(Muszynska and Wojtczak .1982). 

It has been shown that short treatment as early as 5 minutes of oxidized LDL 

caused an immediate increase in arginase activity without a change in 

expression which they attributed to the dissociation of arginase from microtubule 

cytoskeleton (Ryoo a_nd others 2006). In aging blood vessels, iNOS-dependent 

S-nitrosylation of Cys303 stabilized the arginase trimer leading to an. increase in 

the enzyme activity (Santhanam and others 2007). This modification of arginase 

I resulted in a six fold decrease in its Km for arginine. This appears somewhat 

paradoxical in view of earlier studies showing that the arginase inhibitor NOHA 

which is an intermediate in NO synthesis can accumulate sufficiently in iNOS

expressing cells to inhibit arginase activity (Suga and others 1996). 

Studies have demonstrated that uric acid activates arginase by also reducing its 

Km for L-arginine (Zharikov and others 2008). This activation was seen in . 

endothelial cells, rat liver and rat kidney, indicating that uric acid has a similar 
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effect on both arginase ·1-and II. Furthermore, it was found th.at uric acid inhibited 

NO production in activated pulmonary artery . endothelial cells and that this 

inhibition could be overcome by arginase inhibition. It is important to note that 

· elevated serum levels of uric acid are often associated with pulmonary 

hypertension where arginase activity has been shown to be enhanced (Krotova 

and others 201 0; Zharikov and others 2008). 

Finally, reactive oxygen species (ROS) in the form of hydroxyl radicals can 

enhance arginase I activity in human erythrocyte lysates or arginase preparations 

from bovine liver. Hydroxyl radicals are believed to be produced from H2O2 by the 

Fenton reaction (lyamu and others 2008). This activation of arginase may 

contribute to impaired NO homeostasis under conditions of oxidative stress, 

-though the precise mechanism underlying this effect has not been identified. It is 

important to note our findings that bovine aortic endothelial cells show enhanced 

arginase activity on exposure to either peroxynitrite or H2O2. These increases iii 

activity are associated with concomitant increases_ in arginase I expression 

(Chandra and others 2011 ). Also, H2O2 has been ·found to induce arginase I 

expression in porcine coronary arterioles which was associated with vascular 

endothelial dysfunction (Thengchaisri and others 2006). 

Tra_nscriptional Regulation of Arginase. Arginase activity can be upregulated 

by an array of conditio_ns. Although it has not been evaluated thoroughly in most 

cases, arginase activity usually appears to be proportional to the amount of 
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arginase protein, which, in turn, is determined primarily by transcription of the 

arginase genes.- (Demougeot and others 2007; Romero and others 2008). 

Structure of the gene and analysis of the promoter r~gion of human liver arginase 

reveal sequences resembling the glucocorticoid responsive elements (GRE) and 

others resembling the cAMP responsive elements (CRE). Also found are 

sequences similar to the bindings site of transcription factor CTF/NF1, a "CM T 

bdx"-binding protein {Takiguchi and others 1988). While studies_ ?f the gene for 

rat liver arginase have shown sequences resembling the transcription factor 

specialty protein 1 (Sp 1) binding sites and GRE binding sites among other 

sequences necessary for initiation· of protein expression (Ohtake and others 

1988). More thorough studies of the promoter sequence of the rat liver arginase 

has confirmed the presence of CTF/NF-1 and Sp1 binding regions (Chowdhury 

and others 1996; Takiguchi and Mori 1991 ). They also showed binding of 

transcription factors of the CCM T- enhancer binding protein (C/EBP) family to 

the promotor region of arginase. 

Studies in mouse macrophage report that i·nterleukin-4 (IL-4 )-induced arginase I 

expression occurs through C/EBP~, PU.1 (product of the Sp1 gene), and STAT6 

transcriptional regulation (Gray and others 2005; Pauleau and others 2004 ). In 

another study on macrophage arginase I, induction· of the arginase I promoter by 

Ron receptor tyrosine kinase is mediated by an AP-1 site through a ERK MAPK

Fos pathway (Sharda and others 2011 ). On the other hand, macrophage 

arginase II can be induced by sphingosine-1-phosphate through a c-AMP 
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responsive element binding protein (CREB) transcriptional activation (Barra and 

others 2011 ). 

Another recent paper describes factors associated with transcriptional regulation 

of arginase in response to thrombin in endothelial cells (Zhu and others 2009). 

These investigators demonstrated that the activator protein~1 (AP-1) consensus 

site is needed for arginase I induction in response to thrombin. More specifically, 

two transcription factors that bind to that site were identified - activating 

transcription factor-2 (ATF-2) and c-Jun. Table II summarizes the transcription 

factors that are known to be involved with arginase gene regulation: More work is 

needed to eluc;idate the transcription regulation of arginase in endothelial cells 

and vascular tissue and its impact on vascular disease. 

In my dissertation I will be explaining our findings- on regulation of arginase I 

transcriptional activity in endothelial cells in response to angiotensin II (Ang II) 

and its effect on arginase activity and NO production. Our findings indicate a role 

for ATF-2 transcription factor in induction of arginas·e I expression and limiting 

N_O production in response to Ang II. Also, there is a partial involvement of c-Jun 

in the same pathway. Both ATF-2 and c-Jun are members of activator protein 1 

(AP-1) complex. These results are presented in chapter 3. 
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Table II. Transcription factors involved in arginase regulation. Different 

transcription factors associated with arginase transcriptional regulation. Table II 

indicate tissue or cell line studied, transcription factors involved and a citation of 

-· the publication reporling these findings. 

Tissue or Transcription factors Publication 
Cell line 

• glucocorticoid responsive 
Human liver elem_ents (GRE) (Takiguchi and others 

-arginase • cAM P responsive -1988) 
elements (CRE) 

• Sp1 (Specificity Protein 1) (Ohtake and others 1988) 
Rat liver • CTF/NF-1 (Takiguchi and Mori 1991) 
arginase • C/EBP~ (CCAAT- (Chowdhury and others 

enhancer-binding 1996) 
proteins) 

Macrophage • STAT6 PU.1 and C/EBP~ (Pauleau and others 2004) 
arginase • Fos (AP-1 binding site) (Gray and others 2005) 

• CREB (Sharda and others 2011) 
(Barra and others 2011) 

Endothelial 
cells arginase • AP-1 (ATF-2, c-Jun) (Zhu and others 2009) 
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AP~1 protein complex is formed from homodimers and heterodimers composed 

of proteins from the Jun, Fos, ATF and Maf families (Lopez-Bergami and others 

201 0; Steinmuller and others 2001 ). AP-1 dimers bind to a AP-1 consensus 

sequence in the promoter of different genes to initiate transcription in response to 

-an array of extracellular signals from cytokines and growth factors to oxidative 

stress and inflammation (Lopez-Bergami and others 2010). The MAPK family 

regulates the activity of different AP-1 proteins. ERK, JNK and p38 are 

predominantly responsible for the phosphorylation and activation of Fas, Jun and 

ATF-2, respectively, in response· to stress, mitogens, hormones or oncogene 

activation (Lopez-Bergami and -others 2010). ERK and JNK also regulate Fos 

and Jun degradation, and both can participate in ATF-2 activation (Figure 7). 

ERK also induces the transcription of Fos· through the activation of non-AP-1 

transcription factors. Transcription of some AP-1 proteins (that is, Jun and FRA 1) 

is regulated by crosstalk among AP-1 complexes as well as by autoregulation. 
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Activated oncogenes, mitogens and stress 

Figure 7. Network of AP-1 signaling. ERK, Jun N-terminal kinase (JNK) and 

p38 are predominantly responsible for the phosphorylation and activation of Fos, 

Jun and A TF2 respectively (black arrows) in response to stress, mitogens or 

oncogene activation. ERK and JNK also participate in A TF2 activation (dashed 

arrows). ERK also induces the transcription of Fos through the activation of non

AP-1 transcription factors. Transcription of some AP-1 proteins (that is, Jun and 

FRA1) is regulated by crosstalk among AP-1 complexes (red arrows) as well as 

by autoregulation (circular red arrows). Adapted with permission from reference 

(Lopez-Bergami and others 2010). Copyright (2010) Nature Publishing Group. 
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Angiotensin· II 

Angiotensin _II (Ang II), a humoral peptide in the body has many important effects 

on the. cardiovascular system. Ang II is produced by the action of angiotensin

converting enzyme· (ACE) on angiotensin I as part of the renin-angiotensin 

system. Angiotensin I. is formed through the cleavage of angiotensinog·en by 

renal produced renin (Kim and lwao 2000) (Figure 8). Hyper-activation of the 

renin-angiotensin system is associated with many cardiovascular pathologies 

such as systemic hypertension, cardiac hypertrophy, myocardi_al infarction, 

atherosclerosis and glomerulosclerosis (Peti-Peterdi and others 2008; 

Rajagopalan and others 1996). Ang II is known to be a vasoconstrictor of blood 

vessels as part of its role in cardiovascular homeostasis. Other important 

physiological roles of Ang· II include regulation of blood pressure, sodium 

retention, plasma volume, sympathetic nervous activity, and thirst responses 

(Berry and others 2001 ). 

Ang II ex~rts its actions via two mai_n receptors, Ang II receptor type I {AT1) or 

type 2 {AT2). Both receptors are G-protein coupled receptors that are encoded 

~y two different genes and are characterized pharmacologically where they can 

be inhibited selectively by different inhibitors. They possess only 34% amino acid 

homology (Berry and others 2001; Timmermans and others 1993). Two other 

angiotensin receptors have been described; AT3 and AT4 receptors, but their 

responses are not well-characterized (Berry and others 2001 ). 
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The AT1 receptor has been shown to mediate most of the pathophysiological 

actions of Ang II, including vasoconstriction, elevation of blood pres.sure and 

negative cardiac and vascular remodeling (Higuchi and others 2007; Matsusaka 

and others 1999; Timmermans and others 1993). This receptor is predominantly 

expressed in cardiovascular tissues, kidney, adrenal gland, liver, brain and lung 

and is a member of the seven transmembrane-spanning, G-protein coupled 

· receptor family (Peti-Peterdi and others 2008). It can s.ignal through Gaq or Ga12 

or Ga13 G-protein subunits to activate any array of signaling mediators in both 

vascular smooth muscle and endothelial cells (Berry and ·others 2001 ). 

The AT2 receptor has been shown· to elevate prostacyclin, mediate vasodilation 

and regulate blood pressure and the renal function by counterbalancing the 

vasoconstrictor and antinatriuretic actions of Ang II (Tsutsumi and others 1999). 

The AT2 receptor signals through Gai rather than Gaq (Berry and others 2001 ). 

Angiotensin II signaling through the AT1 receptor is complex and involves 

numerous enzyme systems including: tyrosine kinases, mitogen activated 

protein kinases (MAPK) , protein kinase B (Akt/PKB) and protein kinase C (PKC) 

pathways (Higuchi and others 2007). The small GTPase protein Rho and its 

target Rho kinase (ROCK) pathway have also been associated_ with signaling 

pathways of Ang II in both vascular smooth muscle and endothelial cells. For 

example, Ang II is known to cause contraction of vascular smooth muscle cells 

through activating Rho/ROCK pathway leading to sensitization of the muscle to 

Ca2
+. In addition, the G proteins Ras and Rae are involved in mediating 
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cardiovascular remodeling by Ang 11 resulting in hypertrophy and hyperplasia. 

· Blockers of the Rho/ROCK pathway also decrease Ang II-induced vascular 

fibrosis. There is also crosstalk between Ang II activated pathways in that 

activation of p38 MAPK and JNK. by Ang. II can be blocked with Rho/ROCK 

inhibition (Ruperez and others 2007). 

The duration of Ang II pathway activation is also important. For example, acute 

Ang II treatment of endothelial cells stimulates NO production, which can be 

considered a vascular protection mechanism. This can occur through a Gq

dependent eNOS Ser 1179 phosphorylation (Higuchi and others 2007). However, 

chronic Ang II treatment can cause eNOS to be uncoupled leading._ to the 

production of superoxide while limiting NO. This occurs· through Ang II-induced 

NADPH (nicotinamide-adenine dinucleotide phosphate) oxidase derived H20 2 

a_nd 0 2·- production (Higuchi and others 2007). 

Most of the pathological actions of Ang 11 in endothelial cells are known to be 

associated with endothelial NOS (eNOS) dysfunction/uncoupling, which lead to 

decreased levels of NO and increased superoxide production (Satoh and others 

2008). Ang II has· been implicated in the development of endothelial d_ysfunction, 

mainly through an increased generation of reactive oxygen species (ROS) via 

activation of vascular NADPH oxidase (Rajagopalan and others 1996; Virdis and 

others 2002). Further, Ang I I-induced vascular endothelial dysfunction in mice 

has been reported. The dysfunction was ameliorated by antioxidants indicating 

that the impairment involved an increase in oxidative stress. Increased 
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production of superoxide has been reported in these animals. Treatment of 

endothelial cells with Ang II has also been reported to increase in superoxide 

formation (Zhang and others 1999). 

NADPH oxidase activation by Ang II is also reported to be occurring through the 

poly (ADP)-ribose (PARP) pathway. Other Ang II signaling pathways that are 

involved in endothelial dysfunction are MAPK and NFKB activation (Costanzo 

and others 2003). lnhibitfon of p38 MAPK in Ang II infused mice have been 

shown to reduce superoxide anion generation, prevent endothelial dysfunction, 

and blunt both Ang II-induced hypertension and cardiac hypertrophy (Bao and 

others 2007). It is hypothesized that all of these different pathways work- in 

similarly, through reactive oxygen species (ROS) to · induce endothelial 

dysfunction. 

This dissertation explores another mechanism by which Ang II limits NO 

production and leads to endothelial dysfunction. Our findings indicate that Ang II 

increases arginase .activity and expression in endothelial cells and vascular 

tissue, and causes endothelial dysfunction. We propose that the competition 

between arginase and NOS for the ava.ilability of L-arginine may explain Ang II

induced endothelial dysfunction, decreaS$S in NO production and elevation of 

ROS in cardiovascular diseases with elevat~d arginase activity. 

Elevated arginase activity has also been associated wi'th systemic hypertension. 

In support of this, inhibition of arginase has been reported to decrease blood 
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pressure and improve vascular function of resistance vessels in adult 

hypertensive rats (Bagnost and others 2008; Demougeot and others 2005). 

These findings thus suggest a central role for arginase in diseases in which 

·vascular dysfunction is linked to elevated levels of Ang ll. 

The use of AT1 receptor blockers · (ARB) and angiotensin converting enzyme 

(ACE) inhibitors have shown beneficial effects of treating patients with conditions 

related to elevated Ang II levels· such ·as hypertension, cardiac hypertrophy, 

cardiovascular complications of diabetes and endothelial dysfunction leading to 

atherosclerosis (Volpe_ 2011 ). However, despite these treatments, micro- and 

macrovascular complications are still linked to a substantially elevated morbidity 

and mortality among patients (Soedamah-Muthu an~ others 2006). Moreover, 

use of these treatments is not suitable for all patients, as they are contraindicated 

in patients with angioedema, aortic stenosis, hyperkalemia, hypotension, renal 

artery stenosis , impaired renal function and pregnancy (Chrysant · 201 0; Kirk 

1999). Additional to these points, a significant proportion of treated hypertensive 

patients still have uncontrolled high blood pressure, and thus, face serious 

morbidity and mortality (lsraili and others 2010). 

This dissertation has identified important steps of the signaling mechanism by 

which Ang II leads to vascular- endothelial dysfunction through the arginase 

activation pathway. Identification of this signal pathway may reveal new targets 

for treatment of conditions related to elevate_d Ang II levels and arginase activity. 



II. MATERIALS AND METHODS 

Cell Culture and Treatments 

In all cell experiments, bovine aortic endothelial cells (BAECs) were utilized . 

. Proliferating BAECs · were purchased from Cell Applications, San Diego, CA. 

Cells were cultured in Endothelial Growth Medium (Cell Applications, San Diego, 

CA) ahd maintained in a humidified atmosphere at 37°C and 5% CO2 .. Before 

starting experiments cells were adapted to grow in M199 supplemented with 50 

µM L-arginine (lnvitrogen, Carlsbad, CA) to match the normal plasma L-arginine 

concentr.ation which ranges from 40 to 100 µM (Romero and others ·2006a). In 

addition the medium was also supplemented with 10% FBS, 1 % 

penicillin/streptomycin, and 1 % L-glutamine. When cells reached 80% 

confluency, they were then serum starved overnight in M199 supplemented with 

50 µM L-arginine, 1 % L-glutamine, 1 % penicillin/streptomycin and 0.2% FBS. 

This medium was used under all experimental conditions and will be indicated as 

M199 for simplicity. Cells were then subjected to· treatments with different 

inhibitors: arginase inhibitor, (S)-(2 Boronoethyl)-L-cysteine (SEC, 100 . µM); 

simvastatin (0.1 µM, used as a blocker of RhoA); Rho kinase (ROCK) inhibitors, 

(R)-( + )-trans-N-(4-Pyridyl)-4-(1-aminoethyl)-cyclohexariecarboxamide, 2HCI (Y-

27632, 10 µM) and (S)-( + )-2-Methyl-1-[(4-methyl-5-isoquinolinyl) 
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sulfonyl]homopiperazine, 2HCI (H1152, 0.5 µM); p38 MAPK inhibitor, SB 202190 

(2 µM) (EMO biosciences, San Diego, CA); AT1 receptor blocker, telmisartan 

(1 µM ); or · AT2 receptor blocker, PD123319 (1 µM) (Sigma Aldrich, St. Louis, 

MO), for 2 hours before the addition of angiotensin II (0.1 µM, for different time 

points) (Sigma Aldrich, St. Louis, MO) or with anisomycin (0.1 µM) (EMO 

biosciences, San Diego, CA). All experiments were performed with cells from 

passage 3-7. 

Arginase Activity. Arginase activity was measured using a colorimetric 

~ determination of urea production from L-arginine as described previously 

(Corraliza and others 1994 ). Cells were lysed or frozen mouse aortas 

homogenized by pulverization with 1 :4 w/v of Tris buffer (50 mM Tris-HCI, 0.1 

mM EDTA and EGTA, pH 7.5) containing protease inhibitors (Sigma, St. Louis, 

MO). These mixtures were subjected to three freeze-thaw cycles and then 

centrifuged for 10 minutes at 14,000 rpm. The supernatants were used for 

arginase activity assay. 

In brief, 25 µL of supernatant was heated with MnCl2 (10 mM) for 10 minutes at 

56°C to activate arginase. The mixture was then incubated with 50 µL L-arginine 

(0.5 M, pH 9. 7) for one hour at 37°C to hydrolyze the L-arginine. The hydrolysis 

reaction was stopped with acid and the mixture was then heated at 100°C with 

25 _µL a-lsonitrosopropiophenone (9% a-lSPF in EtOH) for 45 minutes. The 

samples were kept in dark at room temperature for 10 minutes then absorbance 

was measured at 540nm (Corraliza and others 1994 ). 
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. Nitric Oxide (NO) Measurement. To measure NO, nitrite (NO2) the stable 

breakdown product of NO in the cell conditioned medium was analyzed using 

NO-specific chemiluminescence (Archer 1993). After cells were treated, medium . 

was replaced with fresh M199 for 30 minutes, and medium aliquots were then 

collected for basal reading. Cells were then exposed to· the calcium ionophore 

ionomycin (Sigma Aldrich, St. Louis, MO) (1 µM) for 30 minutes and medium 

samples were collected. 

In brief, samples containing· NO2 were injected in glacial acetic acid containing 

sodium iodide. NO2 is quantitatively reduced to NO under these conditions, which 

can be quantified by a chemiluminescence detector after reaction with ozone •in a 

NO analyzer (Sievers, Boulder, CO). The amount of NO generated is calculated 

as the difference· in basal and fonomycin-stim.ulated NO levels .. 

· Nitric Oxide Synthase Activity. NOS activity was measured by assaying the 

conversion of 3H-L-arginine to 3H-L-citrulline in intact · BAEC, as described 

previously (Abou-Mohamed and others 2000; Jin and others 2007). After the 

cells were confluent, they were incubated for 12 hours in L-arginine-free medium 

and washed with HEPES buffer with the following composition (mM): NaCl, 125; 

KCI, 5; NaHCO3, 25; MgSO4; 1.2; KH2PO4.H2O, 1.19; CaC'2.2H2O, 2.54i glucose, 

11; and HEPES, 10 (pH 7.4). To start the assay, L-[2,3-3H]-arginine (2 µCi) and 

· 10 µM cold L-arginine, prepared in HEPES buffer, were added to each well. The 

reaction was stopped after 1 hour by washing with cold buffer containing 20 mM 

HEPES, 5 x 10-5 M L-arginine and 4 x 10-3 M EDTA. The cells·were then lysed, 
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and half of the lysate was added on to 1.5-mL exchange resin column (Dowex 

50W-8 - Na form; Dow Chemical Co. Midland, Ml), and eluted with 2 ml· of 

washing buffer.· The other half of the lysate was used for measuring cellular 

uptake of L-arginine by directly mixing the lysate with scintillation fluid. The 

amount of eluted 3H-L-citrulline as well as cellular uptake of 3H-L-arginine were 

determined by liquid scintillation spectroscopy (LS75; Beckman Instruments, 

Fullerton, CA). NOS activity was calculated as 3H-L-citrulline formation divided by 

total 3H-L-arginine transported into cells and expressed as pmol citrulline/mg 

protein/hour. 

siRNA Trarisfection. BAE Cs were transfected with siRNA targeting Ga12, Ga13 

or Gaq subunits of the G protein coupled receptor family (Ambion, Austin, TX), 

p38 MAPK (Cell signaling, Boston, MA), ATF-2 or c-Jun· (Dharmacon, Lafayette, 

CO) using siPORT Amine (Ambion, Austin, TX), according to the manufacturer's 

instructions. Scrambled siRNA (non-targeting siRNA) served as control to 

validate the specificity of the siRNAs. In brief, .cells were transfected with 50 nM 

of targeting or non-targeting siRNA for 48 hours. Specific mRNA depletion was 

analyzed by PCR or Western blot. 

PCR Analysis of Expression of mRNA Transcripts for Ga12, Ga13 and Gaq. 

The presence of specific mRNA transcripts for the Ga12, Ga13 and Gaq in 

BAECs was evaluated by PCR. The PCR primers were obtained (lnvitrogen) as 

follow, forward primers: 

1) 5'-TCGACAACATCCTCAAGGGCTCAA-3' for Ga12 



2) 5'-ATACAGAATGCCTATGACCGGCGT-3' for Ga13 

3) 5'- GGACAGGAGAGAGTGGCAAG - 3' for Gaq 

and _reverse primers 

1) 5- AGTGCTTCTTGATGCTCACGGTCT- 3 for Ga12 

2) 5'-TGCACCTTCTCCTCAAGCAAGTCT- 3' Ga13 

3) 3. 5-TGGGATCTTGAGTGTGTCCA-3' Gaq 
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Total RNA was prepared from BAE Cs (TRlzol; lnvitrogen-Gibco ). PCR was 

performed with optimal conditions specific for individual primer pairs (Umapathy 

and others 2005). 

Western Blot Analysis. Cells were lysed, or frozen mouse aortas pulverized, in 

Ripa buffer (Upstate, Temecula, CA) containing protease and phosphatase 

inhibitors (Sigma, -St. Louis, MO). Cell lysates or (aorta homogenates) were 

centrifuged for 10 minutes at 14,000 ~pm, and supernatants were collected for 

Western blotting analysis: Protein estimation was carried out in supernatants 

using protein assay kit, (Bio Rad, Hercules, CA). Equal amount's of protein were 

loaded, separated by electrophoresis using 10% SOS-PAGE gels, and 

transferred into nitrocellulose membranes. The blots were blocked using 5% 

_ bovine serum albumin (Sigma, St. Louis, MO),incubated with their respective 
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· primary and secondary antibodies; anti-arginase I (BD Biosciences, San Diego, 

CA) anti-arginase II (Santa Cruz Biotechnology, Santa Cruz, CA), · anti-RhoA 

(Abeam, Cambridge, MA), anti-phospho-p38, total p38 MAPK, anti-phospho

ATF-2, anti total-ATF-2 and anti-c-Jun (Cell signaling, Boston,_ MA), anti-actin 

(Sigma, St. Louis, MO),· followed by the respective. secondary antibodies . 

. Signals were detected using chemiluminescence. To quantify the resultant blots, 

individual band intensities were measured (arbitrary units) and ratios of protein to 

actin were calculated per sampfe using NIH lmageJ software. 

Measurement of Active RhoA. RhoA activation was determined in confluent 

BAECs after exposure to Ang II (0.1 µM) for different periods of time, using two 

different methods: i) detection of active membrane-bound Rho after cell 

fractionation and. ii) affinity precipitation assay of _whole cell lysate incorporating 

the Rho binding domain (RBD) of rhotekin, which binds only the active GTP-Rho 

(Upstate, Temecula, CA). · For membrane protein isolation (i), cells were 

incubated for different time points with Ang _II (0.1 µM) and then lysed in 

· extraction buffer containing Tris HCI (100 mM), EDTA (1 mM), EGTA (1 mM) and 

protease and phosphatase inhibitor cocktail (Sigma Aldrich, St. Louis, MO). After 

centrifugation at 100,000 g for 20 minutes at 4 °C, the cytosolic fracti9n was 

· c~llected in the supernatant and the pellet was solubilized in 1 % TritonX.;.100 

extraction buffer to obtain the·membrane fraction. Equal amounts of protein were 

loaded for Western blot. For affinity precipitation assay (ii), BAECs exposed to 

Ang II (24 hours) were scraped in lysis buffer (25 mM HEPES, pH 7.5, 150 mM 

NaCl, 1% lgepal CA-630, 10 mM MgCb, 1 mM EDTA, 10% glycerol, containing 
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protease and phosphatase inhibitor cocktail, Sigma,· St. Louis, MO) at 4 °C. 

Whole cell lysates were incubated with rhotekin-RBD-conjugated agarose beads · 

for 45 min at 4 °C and washed three times with lysis buffer. Agarose beads were 

boiled in 2X Laemmli reducing sample buffer containing 50 mM dithiothreitol 

(OTT) to release active Rho. Samples were resolved on a 12.5% polyacrylamide 

gel followed by immunoblotting with RhoA antibody (Upstate . cell signaling 

solutions, Temecula, CA). 

Luciferase Activity and Arginase I Luci_ferase Reporter Constructs. We used 

·a series of luciferase constructs driven by different lengths of the murine arginase 

I promoter to determine the transcriptional activity of arginase I gene. 5'-deletion 

arginase I .promoter-luciferase (Luc) constructs--4.78, -3.29 and -2.78 kb were 

generously provided by Dr. Sidney M. Morris Jr. from University of Pittsburgh 

School of Medicine. The constructs were described in their publication (Gray and 

others 2005). The largest construct to be used is the 4. 78 kb that constitutes the 

full length of the arginase I promoter. The other two constructs have 5' deletions 

as indicated and are based on the full length cons_truct. The constructs were 

transformed in Ecoli competent cells (Nova blue) then amplified and extracted 

suing EndoFree ® plasmid purification kit (Qiagen, Valencia, CA). 

After obtaining a suitable yield of the luciferase constructs, BAECS were co

transfected using Lipofectin reagent (lnvitrogen, Carlsbad, CA) according to the 

manufacturer's instructions with one of the three arginase I Luc constructs and a 

Renilla luciferase gene (Promega) as an internal control. After 48 hours of 
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transfection, cells were treated with Ang II. In another set of experiments the cells 

also received co"-transfection with siRNA for transcription factors to be studied; 

ATF-2 and c-Jun, all treatments were performed in triplicate. 

•Firefly Luciferase activity was measured for reporter expression according to the 

instructions provided in the Dual-Luciferase® Reporter Assay System (Promega, 

San Luis Obispo, CA). Transfection efficiency was corrected by co-transfection 

with a plasmid containing the Renilla luciferase gene (Promega). Both Firefly and 

Renilla luciferase activity were measured within the same sample of cell lysate 

sequentially using one reaction tube. All chemiluminescence readings were 

obtained using a microplate luminometer (POLARStar OPTIMA, BMG Labtech). 

Briefly, 20µL of cell lysate were added to a microplate well followed by adding 

1 00µL of luciferase substrate solution (as provided in the kit). The firefly 

luciferase activity (AFL) was measured immediately using 15 seconds as total 

reading time. The . same well then received 100 µL of Stop & Gia reagent 

( contains substance to quench the enzymatic activity of Firefly and a substrate 

for Ren ilia luciferase ). Ren ilia luciferase activity (ARL) was measured 

immediately using 15 seconds as total reading time. The corrected activity (AFL/ 

(ARL) was used to compare groups. 

Electrophoretic Mobility Shift Assay (EMSA). · EMSA is an affinity 

electrophoresis technique used to assess the binding of protein to a DNA or RNA 

sequence of interest. This technique depends on the principle that molecules of 

higher molecular weight travel slower in the gel (get retarded) than the ones of 
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. lower molecular weight. Figure 9A represents an illustration of how the different 

samples will travel in a gel. The control lane (DNA prob~ without protein present) 

will contain a _single band corresponding to the unbound DNA or RNA fragment. If 

binding occurs between the protein and nucleic acid, the complex formed is 

larger than the free nucleic acid and will move slower in the gel. The band 

representing this complex of nucleic acid probe bound to protein will be 'shifted' 
. . 

up on the geJ, and we will see 2 bands ; The s~ifted band and the free nucleic 

acid band (Hellman and Fried 2007). We studied the binding of nuclear extracts 

.of BAECs to the DNA probe of arginase I. Nuclear extracts were prepared from 

vehicle versus Ang II treated BAECs using NE-PER Nuclear and Cytoplasmic 

Extraction Re_agents (Thermo Fisher Scientific, Rockford, IL) according· to the 

manufacturer's protocol. Protein concentrations were determined in both nuclear 

and cytoplasmic extracts· using a protein assay kit (Bio Rad, Hercules, CA). The 

sequences of arginase I promoter DNA probes 5' biotin labeled and 

encompassing the -3, 157 bp AP-1 binding region were used for EMSA as 

reported in literature (Gray and others 2005; . Zhu and others 2009). The 

sequences are as follows: wild-type AP-1 probe, CCA GTC TGA CTC TCA GAA 

CC and mutant AP-1 probe, CCA GTC GTC CTC -TCA GAA CC. These 

sequences were custom' synthesized by Integrated DNA Technologies (IDT, 

Coralville, IA). The LightShift Chemiluminescent EMSA Kit (Thermo Fisher 

Scientific, Rockford, IL) was used to perform all EMSA experiments according to 

the company's protocols. In brief, 200 pmol of 5' biotin end-labeled arginase I 

DNA was incubated with 25 µg/µI nuclear extract. The DNA -protein complexes 
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were resolved by electrophoresis under native conditions on 6% polyacrylamide 

DNA ret_ardation gels (lnvitrogen, Carlsbad, CA). The DNA-protein complex was 

then transferred to a positively charged nylon membrane (Zeta-Probe®, Bio Rad, 

· Hercules, CA) and crosslinked using UV lamp (Amax=254 nm). The biotin labeled 

DNA-protein . complex was then probed with streptavidin-HRP conjugate, 

incubated with the substrate (peroxide), and detected with chemiluminescence. 

The supershift assay. This assay combines EMSA with western blotting and 

allows identification of nucleic acid-associated proteins. We performed this 

assay to determine whether ATF-2 transcription factor is present in the DNA

protein complex that was resolved when performing EMSA. ATF-2 antibody 

. ( dilution 1: 100, Cell signaling, Boston, MA) was incubated with the nuclear 

extracts of Ang II treated cells at 4 °C overnight, and then incubated with the 

labeled arginase I promoter DNA probes for 30 minutes at room temperature. 

The DNA-protein complexes were resolved by electrophoresis · on 6% 

polyacrylamide gels as described above in EMSA section. The last lane in Figure 

9B illustrates the bands that are expected to show when performing the 

supershift assay. If the transcription factor {TF) protein is present in the DNA

protein complex, it will bind to its antibody forming an even bigger cor,:iplex that 

will travel slower on the gel than the DNA-protein complex alone. This will lead to 

· a "supershift" of the band as compared to the shift seen when no antibody is 

present ( <?Om pare lane 4 to 5 in figure 9B). 
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· Animals and Treatments 

Protocols were approved by the Institutional Animal Care and Use Committee at 

Georgia Health Sciences University. Experiments were performed with C57BL/6J 

wild-type {WT) mice and mice partially deficient in arginase I as . well as 

. completely deficient in arginase II (Al+1-Alr1-). Arginase I homozygous knockout 

mice (Ar1-) do not survive beyond 2 weeks and therefore were not used for this 

study. The C57BL/6J Al+1-Alr1-mice dev~loped by (Deignan and others 2006) ·and 

(Shi and others 2001) were provided by Dr. Steven Cederbaum with permission 

of Dr. William O'Brien. Mice were anesthetized by an intraperitoneal injection of a 

mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg). When mice no longer 

responded to a toe pine~, surgery was performed. For implantation of Alzet 

osmotic minipumps, a small skin incision in nape of neck was made and a small 

tunnel gently created down the back by separating skin from muscle layer for 

placement of pump. Skin is sutured after pump placement. 

Mice were subjected to a subcutaneous infusion of either Ang II (42 µg/kgfh) or 

saline via the osmotic minipumps (Alzet) for a period of two weeks. Three groups 

of Ang 11.:.infused WT mice were ·treated either with an inhibitor for p38 MAPK 

SB203580 (5 µg/kg/day, ip) or for arginase ABH (8 mg/kg/day, in drinking water) 

two days before minipump implantation or with hydralazine (80 mg/kg/day, in 

drinking water) as a control to ensure that the observed Ang II -induced changes 

were not simply due to alterations in blood pressure. One group of saline infused 
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WT mice was treated with the inhibitor for p38 MAPK S8203580 (5 µg/kg/day, 

ip). 

Blood Pressure Measurement. Tail-cuff systolic arterial pressure was 

determined by the noninvasive _plethysmography tail-cuff method, before dosing, 

1 week later, and· a day before ti~sue harvest. This is a well-known noninvasive 

technique used to determine blood pressure (Feng and others 2008). The tail of 

each relaxed and acclimated mouse was inserted through the appropriate tail

cuff attached fo the pressure monitoring system. The mouse underwent 10 -

preliminary cycles, for which data was not recorded. Another 10 measurement 

cycles were then recorded. The mean of the last four recordings, among which .. 

there are not more than 10 mm Hg difference, was accepted as systolic blood 

pressure . 

. Tissue Harvest. After 2 weeks of treatments, mice were deep.ly anesthetized 

with a mixture of ketamine and xylazine. Blood was collected in heparinized 

syringes by cardiac puncture ,for plasma separation and storage. Hearts were 

quickly excised for euthanasia and aorta was immediately harvested for vascular 

function, or snap frozen in liquid nitrogen and stored at -80°C for later assays of 

arginase activity and protein expression. 

Vascular Function Studies. In order to determine the role of arginase in Ang II

induced endothelial dysfunction in vivo, we performed · studies using aortas 

isolated from Ang I I-infused or saline-infused wild-type mice with or without 

treatment with the arginase inhibitor ABH, or aortas isolated from mice partially 
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deficient in arginase I and completely deficient in arginase II . (Al+1-Alr1} We 

examined vasorel.axation responses to the endothelium-.dependent vasodilator 

-acetylcholine (Ach) and endothelium-independent vasodilator sodium 

nitroprusside (SNP). After mouse sacrifice, aortas were immediately placed in 

ice-cold Krebs-Henseleit buffer, cleaned and cut into 2-3 mm segments. Aortic 

rings were mounted in an oxygenated tissue chamber (Danish Myo Technology) 

containing Krebs-Henseleit buffer and allowed to equilibrate for one hour at a 

· resting tension of 5 mN during which time the buffer was changed every 15 

minutes. After the one hour ·equilibration, vessels were contracted· with 

phenylephrine (PE, 1 o-6 M) to test vessel viability. Vessels were then washed 

and dose-relaxation curves were performed following fully developed contraction 

to PE (10-6 M). ·To test endothelium independent vasorelaxation, increasing 

doses (10-10 
- 10-5 M) of sodium nitroprusside (SNP) were added at three minute 

intervals. Endothelium dependent vasorelaxation was tested by .adding 

increasing doses (10-10 
- 10-4 M) of acetylcholine (Ach) at three minute intervals. 

Vessels were washed and equilibrated for one hour between successive curves. 

Vasorelaxation responses are expressed as percent of PE-induced contraction. 

Statistics. Data are given as mean ± SEM. For multiple comparisons, statistical 

analysis was performed by · one way analysis of variance (ANOVA) with the 

Tukey post test. For single comparisons, statistical differences were determined 

by the Student T test.. Experiments were performed 3-6 times. All statistical 

analysis was performed with GraphPad Prism version 4.03· (San Diego, CA). 

Results were considered significant when p<0.05. 



Ill.RESULTS 

Cell studies of the role of RhoA/ ROCK and p38 MAPK pathways in 

angiotensin II (Ang 11)-induced arginase activation 

Effect of Ang II on arginase activity in endothelial cells. Bovine aortic 

endothelial cells (BAEC) were used to study the effect of Ang 11 treatment on 

arginase activity measured as urea production in cell lysate. Treatment of BAECs 

with Ang II (0.1 µM) for 24 hours produced a 49% increase (p<0.05) in arginase 

activity compared to untreated cells (control) (Figure 10). This effect was 

prevented by pretreatment {2 hrs) with an arginase inhibitor BEC (100 µM). BEC 

alone had no effect on arginase activity (Figure 10). 

Effect of Ang II on arginase expression in endothelial cells. Ang II also 

increased arginase I protein expression by 45% (p<_0.05) as shown by Western 

blot analysis (Figure 11A). On the other hand, arginase II protein levels were not 

altered with exposure to Ang II (Figure 11 B). These data suggest that arginase I 

is responsible for the increase in arginase activity, since the elevation in arginase 

activity appears to be proportional to that of arginase protein. 

The role of Ang II in hypertension is a well-known phenomenon (Virdis and 

others 2002). Thus, our findings of the role of Ang II in elevating arginase 

activity/expression supports previously reported role of arginase in hypertension. 
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Figure 10. Effect of angiotensin II (Ang II) on arginase activity in endothelial 

cells. BAECs were either treated or not treated (control) with Ang II (0.1 µM) for 

24 hrs in the absence or presence of an arginase 'inhibitor BEG (100 µM). Ang II 

(0. 1 µM) increased arginase activity in BAECs after exposure for 24 hrs. 

Pretreatment with BEG for 2 hrs (100 µM) prevented this increase. Values are 

expressed as means ± SEM from five independent experiments carried out in 

triplicate. *p<0.05 vs. control (Cont), #p<0.05 vs. Ang II. 
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Figure 11. Effect of angiotensin II (Ang II) on arginase expression in 

endothelial cells. (A) Ang II (0. 1 µM) in"creased arginase I (Al) expression in 

BAECs after exposure for 24 hrs. (8) There was no change in arginase II (All) 

expression with .Ang II treatment. Representative autographs are shown. Both 

bar graphs show densitometry values and are expressed as percent of control ± 

SEM from three incfependent sample preparations assayed in triplicates. *p<0.05 

vs. control. 
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Effect of angiotensin II on NO production in endothelial cells. BAEC were 

used to study the effect of Ang II treatment on NO released in cell media in 

response to the calcium ionophore, ionomycin (1 µM). As described in the 

methods section, nitrite (NO2), the stable breakdown product o·f NO, in the 

medium was detected using a NO-specific chemiluminescence analyzer 

(Sievers): After 24 hours of Ang II treatment, medium was replaced with fresh 

M199 for 30 minutes, and medium aliquots were then collected for basal reading. 

Cells were then exposed to the calcium ionophore ionomycin (1 µM) for 30 

minutes and medium samples were collected. 

Treatment of BAECs with Ang II (0.1 µM, 24 hrs) produced a 25% decrease in 

ionomycin-stimulated NO production (p<0.05) (Figure 12). When the cells were 

pretreated (2 hrs) with the arginase inhibitor BEC (100 µM), the effect of Ang II of 

decreasing NO production was prevented. These data confirm previous reports 

on the role of arginase in restricting NO production (Berkowitz and others 2003; 

Romero and others 2008). 
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Figure 12. Effect of angiotensin II (Ang II) and arginase inhibition on NO 

produced by endothelial cells. BAECs were either treated or not treated 

(control) with Ang II (0.1 µM) for 24 hrs in the absence or presence of an 

arginase inhibitor BEG (100 µM). Ang II (0~ 1 µM) decreased ionomycin

stimulated NO produced by BAECs after exposure for 24 hrs. Pretreatment with 

BEG for 2 hrs (100 µM) prevented this decrease. Values are expressed as 

means± SEM from five independent experiments carried out in triplicate. *p<0.05 

vs. control (Cont), #p<0.05 vs. Ang II. 
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Role of the AT1 G-protein coupled receptor and Ga12, Ga13 and Gaq 

subunits in Ang 11- induced increase in arginase activity in ECs. In order to· 

identify the Ang II receptor involved in the elevation of arginase activity, BAECs 

were pretreated with blockers of either the AT1 (telmisartan, 1 µM) or AT2 

(PD123319, 1 µM) receptors for two hours before· the addition of Ang II (0.1 µM, 

24 hrs). Blockade of the AT1 receptor, but not AT2 receptor, prevented the Ang 

II-induced increase in arginase activity (Figure 13A). 

Stimulation by Ang II is known to activate various heterotrimeric G proteins 

coupled to its AT1 receptor, which in turn adivate various signaling cascades. To 

determine the role of Ga12, Ga13 and Gaq in Ang II-induced upregulation of 

arginase, 8AECs were transfected with G protein-specific silencing RNA. Knock 

down efficiency of specified G proteins mRNA was about 80%. as determined by 

PCR (Inset in Figure 138). Depletion of either Ga 12 or Ga13 with specific 

siRNAs significantly attenuated the Ang II-induced elevation of arginase activity 

(Figure 138),. which confirms involvement of both Ga12 and Ga13 subunits. 

However, depletion of Gaq via· its siRNA, did not significantly affect the Ang II

induced elevation of arginase activity. The control siRNA with scrambled (sc) 

sequence failed to attenuate the Ang II-induced increase_ in arginase activity thus 

demonstrating the sequence-specific depletion effect. These findings -indicate 

that Ang II increases arginase activity through AT1 receptor coupled to Ga12 and 

Ga13 G-proteins. The activated G-proteins lead to the activation of a 

downstream signaling cascade. 
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Figure 13. Effect of A T1, A T2 blockers and siRNA transfection of Ga12 or 

Ga13 on angiotensin II-induced elevation of arginase activity in BAE Cs~ (A) 

Elevated arginase activity of BAECs treated with Ang 11 (0. 1 µM, 24 hrs) is 

blocked by 2 hrs pretreatment of A T1 blocker telmisarlan (1 µM), but not with A T2 

blocker PD123319 (1µM). Values are expressed as means ± SEM from three 

independent experiments carried out in triplicate. *p<O. 05 vs. control (Cont), 

#p<O. 05 vs. Ang II. (BJ Ang II-induced increases in arginase- activity are 

prevented in BAE Cs transfected with siRNA for Ga12 or· Ga13, but . were not 

altered in cells transfected with scrambled (sc) siRNA. Inset shows that specific 

slRNA depletes native RNA, but scrambled (sc) siRNA does not. Values are 

expressed as means ± SEM from three independent experiments carried out in 

· triplicate. *p<O. 05 vs. sc siRNA, # p<O. 05 vs. Ang /Ilse. 
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. Activation of RhoA by Ang II. It has previously been shown that Ang II signals 

RhoA activation through AT1 receptor coupled G-proteins in vascular smooth 

muscle cells (Bregeon and others 2009). Thus, we· investigated whether Ang II 

induces activation of RhoA and whether this pathway is associated with elevation 

. of arginase activity in our cell model of BAECs. Exposure of BAECs to Ang II 

caused a time-dependent increase in translocation of the active RhoA protein 

which was evident by 10 mins and peaked at 30 mins (Figure 14A). An increase 

in translocation from the cytosolic to the membrane fraction is an indirect 

measure of RhoA activation since this activation needs to occur at the plasma 

membrane (Tang and others 2006). In BAECs treated with Ang II for 24 hours, 

there was also a 70 % elevation of GTP-RhoA/total RhoA levels (p<0.05) (Figure 

148). RhoA-GDP is activated by Rho guanosine nucleotide exchange factor (Rho 

GEF), which promotes exchange of GDP for GTP. ~he active RhoA-GTP 

stimulates ROCK to elicit cellular responses or induce further signaling cascade 

(Loirand and others 2008). 

Role of RhoA/Rho kinase (ROC~) in Ang II-induced increase in arginase 

activity and decrease in NO production in endothelial cells. Our lab and 

others have previously shown the involvement of t_he small GTPase RhoA and its 

target Rho kinase (ROCK) in elevation of arginase activity caused by high 

glucose (Romero and others 2008), thrombin (Ming and others 2004) or 

· cytokines (Horowitz and others 2007). Thus, we examined the effect of inhibiting 

either RhoA or ROCK on Ang II-induced elevation of arginase activity. BAECs 

were pretreated with the HMG-CoA reductase inhibitor, simvastatin (0.1 µM), 
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ROCK inhibitor, Y-27632 (10 µM) or a more selective ROCK inhibitor, H1152 (0.5 

µM) for 2 hours. Simvastatin is known to inhibit the activation of RhoA through 

inhibiting the conversion of HMG-CoA to L-mevalonic acid. In fact, it has recently 

been appreciated that many statins, in addition to their cholesterol lowering 

effects, also prevent the synthesis of important isoprenoids, such as 

geranylgeranyl-pyrophosphate, which is a. precursor of cholesterol bi.osynthesis 

but also serve as important lipid attachments for the post-translational 

modification of G-proteins, such as · Ras, Rho, Rae and Rap. This post

translational modification of the different G-proteins is required for them to be 

translocated to the plasma membrane and become activated (Wang. and others 

2008). Pretreatment of BAECs with RhoA/ROCK inhibitors prevented the Ang II

induced elevation of arginase activity (Figure 15A). The ROCK inhibitor, Y-27632 

(10 µM), also prevented Ang II-induced elevation of arginase I protein 

expression, but had -no effect on basal arginase I expression when Ang II 

treatment was not added (Figure 158). All these results demonstrate the 

involvement.of the RhoA/ROCK pathway in Ang II-induced elevation of arginase 

activity and expression in endothelial cells. 

Role of RhoA/ROCK · in the Ang II-induced decrease in NO production in 

endothelial cells. As stated before, exposure of BAEC to Ang II for 24 hours 

diminis~es NO in response to ionomycin (1 µM). This effect of Ang II was 

prevented by simvastatin (0.1 µM), Y-27632 (10 µM) or H1152 (0.5 µM),_ 

confirming the role of RhoA/ROCK and arginase in Ang II-induced eNOS 

dysfunction under our experimental conditions (Figure 16). 
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Figure 14. Activation of RhoA by angiotensin II. (A) BAECs exposed to Ang II 

(0. 1 µM) for 10 to 120 mins show a time-dependent increase in membrane 

translocation (activation) of RhoA that peaks at 30 mins of treatment. (BJ BAECs 

exposed to Ang II (0. 1 µM) for 24 hrs show an increase in GTP bound RhoA 

/total RhoA ratio as compared to untreated controls. Values are expressed as 

percent of control ± SEM from three independent experiments carried out in 

duplicate. *p<0.05 vs. control. 
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Figure 15. Effect of RhoAIROCK inhibition on Ang II induced-elevation of 

arginase activity and expression. (A) Pretreatment of BAECs with Y-27632 

(10 µM), H1152 (0.5 µM) or simvastatin (0.1 µM) for 2 hours prevented the 

increase of arginase activity induced by Ang II (0. 1 µM, 24hrs). Values are 

expressed as means ± SEM from four indepen_dent experiments carried out in 

triplicate. *p<0.05 vs. control (Cont), #p<0.05 ·vs. Ang II. (B) Pretreatment of 

BAECs for 2 hours with Y-27632 (10 µM) prevented the increase of arginase I 

(Al) expression induced by Ang II (0.1 µM, 24hrs). Y-27"632 treatment alone (10 

µM) had no effect on arginase I expression. Representative autograph is shown. 

bar graph shows densitometry values are expressed as means ± SEM from three 

independent samples preparations assayed in triplicates. *p<0. 05 vs. control. 

#p<0.05 vs. Ang II. 
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Figure 16. Role of RhoAIROCK in Ang II-induced decreases in NO 

production in endothelial cells. Pretreatment of BAE Cs with Y-27632 (10 µM), 

simvastatin (0.1 µM) or H1152 (0.5 µM) for 2 hrs prevented the decrease in 

ionomycin-induced NO production caused by exposure to Ang II (0. 1 µM, 24hrs). 

Values are expressed as means ± SEM from five · independent experiments 

carried out in triplicate. *p<0.05 vs. control (Cont), #p.<0.05 vs. Ang II. 
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Involvement of RhoA/ROCK pathway in Ang II induced activation of p38 

MAPK in endothelial cells. We next examined the potential role of p38 MAPK 

as a downstream target of the Ang II/RhoA/ROCK pathway. RhoA/ROCK has 

been -indicated as an upstream regulator of MAPK fqmily members such as p38 

MAPK (Song and others 2011 ). 8AECs were treated with Ang II for 5-60 minutes. 

Western blot determination of phospho-p38 MAPK (an indication of activation) 

and total p38 MAPK in whole 8AEC lysates shows a time-dependent increase in 

phosphorylation which did not become evident until 15 minutes of exposure to 

Ang II (Figure 17 A). ,Pretreatment with thff ROCK inhibitor (Y-27632, 10 µM) 

prevented this effect (Figure 178), indicating that the RhoA/ROCK pathway is 

upstream of p38 MAPK and regulates p38 MAPK phosphorylation/activation. 

-Role of p38 MAPK signaling in arginase activity/expression in endothelial 

cells. Involvement of p38 MAPK in arginase activation has been reported in 

macrophages and endothelial cells (Chang and others 2000; Liscovsky and 

others 2009; Zhu and others 2009). We examined the involvement of p38 MAPK 

in 8AECs following Ang II treatment. Pretreatment of 8AEC~ with a p38 MAPK 

inhibitor S8~202190 (2 µM, 2hrs) prevented Ang II-induced elevation of arginase 

activity (Figure 18A) and expression (Figure 188). 

Anisomycin, an antibiotic that is· a known activator of p38 MAPK (Xiong and 

others 2006), was also tested. Exposure of cells to anisomycin (0.1 µM, 24 hrs) 

caused· an increase in arginase activity of 45% that was blocked by S8-202190 

pretreatment (Figure 18C). 
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Figure 17. Activation of p38 MAPK by Ang II. (A) BAECs exposed to Ang II 

(0. 1 µM) for 5 to 60 minutes show a time-dependent increase in phospho-p38 

MAPK levels that is first evident at 15 minutes. (B) Pretreatment of BAEC with 

Y-27632 (10 µM) for 2 hours blocked the phosphorylation of p38 MAPK caused 

by Ang II (0.1 µM, 15 min). Values are expressed as percent of control± SEM of 

phospho-p38/total p38 MAPK ratio from three independent experiments carried 

out in _duplicate. *p<0.05 vs. control. 
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Figure 18. Role of p38 MAPK pathway on ·arginase activity and expression. 

Pretreatment of BAECs for 2 hours with the p38 MAPK-inhibitor SB-2021·90 (2 

µM) prevented (A) the increase of arginase activity, and (B) the elevation of 

arginase I (Al) expression in response to Ang II exposure (0. 1 µM, 24hrs). (C) 
I • 

BAECs treated with an activator of p38 MAPK anisomycin (Anisom, 0. 1 µM, 24 

hrs) showed an elevated arginase activity, which was prevented by pretreatment 

with SB-202190 (2 µM, 2 hrs). Values are expressed as means ± SEM from four 

independent experiments carried out in triplicate. *p<0. 05 vs. control (Cont), 

#p<0.05 vs. Ang II in panel A-Band vs. Anisom in panel C. 
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Effect of p38 MAPK siRNA transfection on Ang II-induced arginase activity~ 

To further confirm the specific role of p38 MAPK in the Ang II-induced increase in 

arginase activity, we transfected BAECs with siRNA for p38 MAPK (50 nM). To 

check the efficiency of the transfection, Western blot analysis was performed to 

compare non transfected (control) endothelial cells versus p38 siRNA or 

scrambled (sc) non targeting siRNA on p38 MAPK protein levels. p38 siRNA . 

transfection markedly reduced p38 MAPK protein levels, while scrambled siRNA 

had no effect and was similar to control (Figure 19A). Also in BAECs treated with 

Ang 11, p38 siRNA transfection completely blocked the Ang II-induced increase in 

argiriase activity, indicating that p38 MAPK is integrally involved in elevation of 

arginase activity (Figure 198). Scrambled siRNA transfection did not alter the 

increase in arginase activity in response to Ang II. 

Role of p38 MAPK signaling in NO production in EC. In order to examine the 

impact of the Ang · ll/p38 MAPK/arginase pathway on NO production, we 

pretreated BAECs with the p38 MAPK inhibitor S8-202190 (2 µM, 2 hrs) and 

determined the effects of Ang II on NO production in response to the calcium

dependent eNOS activator, ionomycin (1 µM). The study showed that blocking 

p38 MAPK activation largely prevented the Ang II-induced decrease in NO 

formation (Figure 20A). Additionally, transfection of BAECs with siRNA to p38 

MAPK, but not scrambled siRNA, prevented the reduction in NO production. in 

· response to ionomycin in the Ang II-treated cells (Figure 208). In contrast, 

activation of p38 MAPK with anisomycin (0.1 µM, 24 hrs) caused a decrease 

(21 %) in NO production (Figure 20C). 



II 

Ell 

p38 

a-actin 

Cont scsiRNA p38siRNA Cont scsiRNA p38siRNA 

160 

140 

20 

0 +--_.__.....___~~..,____~~'-"---,--

~ ~~ ~~ ~ 
0
~ ·S? -~ (:-0, 

(J (;j g;,t"'fj ~ 
~" ~ 

* 

85 

Figure 19. Effect of p38 MAPK transfection on arginas~ activity. (A) 

Transfection of BAECs with siRNA for p38 MAPK (50 nM) for 48 hours 

decreased total p38 MAPK protein in BAECs, however, scrambled (sc) siRNA 

(50 nM) transfection did not alter p38 MAPK expression. (B) Elevation of 

arginase activity by exposure of BAECs to Ang II (0. 1 µM, 24 hrs) was prevented 

by transfection of cells with p38 MAPK siRNA. Transfection with sc siRNA did 

. not prevent this response to Ang II. Values are expressed as means ± SEM from 

three independent experiments carried out in triplicate. *p<0. 05 vs. control 

(Cont), #p<0.05 vs. Ang II. 
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Figure 20. Effect of p38 MAPK pathway on NO production. (A) Pretreatment 

of BAECs for 2 hours with the p38 MAPK inhibitor SB-202190 (2 µM) prevented 

the decrease in ionomycin-induced NO production caused by Ang II (0. 1 µM, 

24hrs). (B) Transfection of BAECs with p38 MAPK siRNA prevented the 

decrease in NO production caused by exposure to Ang II, but this response was 

not blocked in sc siRNA transfected cells. (C) BAECs treated with the p38 MAPK 

activator anisomycin (0.1 µM, 24 hrs) showed a decrease in NO production. 

(Error bar .with anisomycin treatment is very small and does not appear clearly in . 

the figure). Values are expressed as means ± SEM from three independent 
. -

experiments carried out in triplicate. *p<0.05 vs. control (Cont), #p<0.05 vs. Ang 

II. 
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Animal· studies of the role of p38 MAPK in Ang II-induced arginase 

activation and vascular endothelial dysfunction 

Experiments were performed with C57BL/6J wild-type 0/VT) -mice and mice 

partially deficient in arginase I, as well as completely deficient in arginase II (Al+t

AU-1-). Arginase · I homozygous knockout mice (Ai-'-) do not survive beyond 2 

weeks and therefore were not used for this study. The C57BL/6J Al+1-Alr1-mice 

developed by (Deignan and others 2006) and (Shi and others 2001) were 

provided by Dr. Steven Cederbaum with permission of Dr. William O'Brien. Mice 

were anesthetized by an intraperitoneal injection of a mixture of ketamine (100 

mg/kg) and xylazine (10 mg/kg). When mice were unresponsive to a toe pinch, 

surgery was performed. For implantation of Alzet osmotic minipumps, a small 

skin incision in the nape of the neck was made and a small tunnel gently created 

down the back by separating skin from muscle layer for placement of pump. The 

skin was sutured after pump placement. 

Mice were su_bjected to a subcutaneous infusion of either Ang II (42 µg/kg/h) or 

saline via the osmotic minipumps (Alzet) for a period of two weeks. Three groups 

of Ang II-infused WT mice were treated either with inhibitors of p38 MAPK 

(SB203580, 5 µg/kg/day, ip) or arginase (ABH, 8 mg/kg/day, in drinking water) 

two days before minipump implantation, or with -hydralazine (80 mg/kg/day, in 

drinking water) as a control treatment to ensure that the observed Ang II -

induced changes were not simply due to alterations in blood pressure. One group 
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of saline infused WT mice was a_lso treated with the inhibitor of p38 MAPK 

S8203580 (5 µg/kg/day, ip) alone. 

After 2 weeks of treatments, mice were anesthetized deeply. Thoracic aortas 

were then harvested for vascular function studies; or snap frozen in liquid 

nitrogen, and stored at -80°C- for later assays of arginase activity and protein 

expression. 

Effect of Ang II infusion and treatments on systolic blood pressure (SBP). 

Systolic arterial pressure was determined by the noninvasive plethysmography 

tailcuff method, before ·dosing, 1 week later, and a day before· tissue harvest. 

Tail-cuff SBP was elevated by Ang II infusion in mice after both 7 and 14 days 

when compared to saline-infused mice (132.7± 2.2 and 140.9± 3.0 mmHg versus 

108.3 ± 4.8 and 105.6 ± 3.1 mm Hg, respectively) (Table Ill-A). These elevations 

in SBP levels were significantly blunted at both 7 and 14 days in Ang II-infused 

mice by treatment with arginase inhibitor, ABH (113.5±3.3 and 117.7±4.9 mmHg) 

or p38 inhibitor, _S8203580 (122.7± 3.4 and 121.6± 2.0 mmHg), p<0.05. In 

contrast, the p38 inhibitor alone (in the absence of Ang fl) had no effect on SBP 

in control mice after 7 or 14 days of treatment (101.6± 2.5 and 106± 5.5mmHg) . 

. Elevated SBP observed in mice after Ang II infusion was completely prevented 

by treatment with hydralazine at both 7 (98.7±4.5 mmHg) and 14 (101.7±3.3 

mmHg) days. There was no difference in SBP among the groups before 

minipump implantation, with an average of 101.3±4.8 mm Hg. 
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. In AI+1-Air1
- knockout mice, SBP at 7 and 14 days of saline infusion was 110.2± 

4.5 and 110. 7± 2.9 mm Hg, respectively. Infusion of Ang II caused a modest 

elevation of SBP after both 7 (118.3± 5.7mmHg) and 14 (122.2± 3.9mmHg) days 

compared to wild type mice, p<0.05 (Table 111-8). Before minipump implantation, 

both saline- and Ang II-infused groups showed no difference in SBP with an":, 

average of 109±3.6 mm Hg, which was similar to WT mice. 

Arginase inhibition has been reported to decrease blood pressure in hypertensive 

animals· (Demougeot and others 2005). Also, inhibiting p38 MAPK have been 

shown to blunt hypertension in Ang II treated rats (Bao and others 2007). Our · 

findings support these results, since we demonstrated that p38 inhibition 

ameliorated the increase of blood pressure in Ang II infused mice. This decrease 

of blood pressure correlates. with decrease of arginase function, by either 

deletion of the arginase genes in Al+1-AI i-1- knockout mice or inhibiUon of arginase 

by ABH .. Together with previous studies, our findings suggest a central role for 

arginase in hypertension related to elevated levels of Ang II. 
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Table Ill. Tail-cuff Systolic Blood Pressure (SBP). Effect of Ang II infusion 

and treatments. (A) SBP (mmHg) of WT inice after 7 and 14 days of Ang, II 

infusion with or without treatments. Values are expressed as mean ± standard 

error of mean (SEM) *p<0.05 vs. respective control group, ,r p<0.05 vs. Ang II 

after 7 days, # p<0.05 vs. respective Ang II group. (B) SBP (mmHg) of At1-Atr1-

knockout mice after 7 and 14 days of Ang II infusion. Values are expressed as 

mean ± SEM *p<0.05 vs. respective control group, # p<0.05 vs. Ang II in WT _ 

mice after 7 days. 

■ ---------------------Wild type mice 

Control (saline 
infusion) (8) 

Ang II (12) 

Ang ll+S8203580 (12) 

SB 203580 (8) 

Ang ll+Hydralazine (6) 

Ang ll+ABH (6) 

After 7 days of 
treatment 

108.3 ± 4.8 

132.7± 2.2* 

122.7± 3.4*# 

101.6± 2.5 

98.7±4.5 

113.5±3.3*# 

After 14 days of 
treatment 

105.6 ± 3.1 

140.9± 3.0*~ 

121.6± 2.0*# 

106.8± 5.5 

101.7±3.3 

117.7±4.9*# 

•----------Al+/- All·1• knockout 
mice 

Control (saline 
infusion) 

Ang II 

After 7 days of 
treatment 

110.2 ± 4.5 

118.3± 5.7*# 

After 14 days of 
treatment 

110.7 ± 2.9 

122.2± 3.9*# 



Vascular function studies. We next performed studies using aortas isolated 

from Ang II-infused or saline-infused wild-type mice, with or without treatment 

with the ·arginase inhibitor ABH, or aortas isolated from mice partially deficient in 

arginase I and completely deficient in arginase II (A1+1-Alr1
} · We examined 

vasorelaxation responses to · the endothelium-dependent vasodilator 

acetylcholine (Ach) and endothelium-independent vasodilator sodium 

nitroprusside (SNP). After mouse sacrifice, aortas were· immediately placed in 

ice-cold Krebs-Henseleit buffer, cleaned and cut into 2-3 mm segments. Aortic 

rings were mounted in an oxygenated tissue chamber (Danish Myo Technology) 

containing Krebs-Henseleit buffer and· allowed to equilibrate for one hour at a 

resting tension of 5 mN during which time the buffer was changed every 15 

minutes. After the one hour equilibration, vessels were contracted with 
I 

phenylephrine (PE, 1 o-6 M) to test vessel viability. Vessels were then washed 

and dose-relaxation curves were performed following fully developed contraction 

to PE (-1 o-6 M). To test endothelium-independent vasorelaxation, increasing 

doses (10-10 
- 10-5 M) of SNP were added at three minute intervals. 

- Endothelium-dependent vasorelaxation was tested by_ adding increasing doses 

(10-10 
- 10-4 M) of acetylcholine (Ach) at three minute intervals. Vessels were 

washed and equilibrated for one hour between successive curves. 

Vasorelaxation responses are expressed as percent of maximal PE-induced 

contraction. 
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Effect of arginase inhibition or its genetic deletion on vascular endothelial 

· dysfunction. Ang II induced an impairment of vasorelaxation response to the 

endothelial dependent relaxant Ach in WT mice (maximum relaxation of 

53.9±5.7% versus 81.8±1.7% in control mice) (Figure ?1A). ABH partially 

prevented Ang II-induced impaired vasorelaxation with a maximum relaxation of 

69.4± 5.3%. Moreover, a maximum relaxation of 71.1 ± 5.9% was observed in the 

AI+1-Air1
- knockout _group treated with Ang II (Figure 21 B_), which . was not 

significantly different from the WT or the AI+1-Au-1- knockout control groups 

(81.8±1.7% and 69.3±3.6% respectively). Thus, blocking activation of, or 

knocking out, arginase corrected the endothelial-dependent vascular dysfunction 

associated with Ang II in WT mice. On · the other hand, aortic relaxation 

responses to SNP, the endothelial-independent vasodilator, were not significantly 

different among any of the groups (Figure 22A&B). 
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Figure 21. Dose response relaxation curves to endothelium-dependent 

vasorelaxant acetylcholine (Ach) in phenylphrine (1 uM) preconstricted 

aortas from WT and At1·A1rt· knockout mice. (A) From WT mice: solid black 

line with square symbols indicates responses in control mice; red solid line with 

circles indicates responses in Ang II infused mice; dashed blue line with diamond 

symbol indicate responses in Ang /I-infused mice treated with ABH. N=6 in each 

group, *p<0.05 vs. control, #p<0.05 vs. Ang II. (BJ From At1·A1r1• knockout mice: 

solid black line with square symbols indicates responses in saline-infused control 

mice; red solid line with circles indicates responses in Ang II-infused mice; 

dashed black line with the diamond symbol indicate responses in saline-infused 

control At1·A1r1· knockout mice; dashed red line with the open triangle symbol 

indicate responses in Ang /I-infused At1·A1r1· knockout mice. N=6, *p<0.05 vs. 

control. 
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Figure 22. Dose response relaxation curves to endothelium-independent 

vasorelaxant sodium nitroprusside (SNP) in phenylphrine (1 uM) 

preconstricted aortas from WT and At1-Alf1. knockout mice. (A) From WT 

mice: solid black line with square symbols indicates responses in control mice; 

red solid line with circles indicates responses in Ang II infused mice; dashed blue 

line with diamond symbol indicate responses in Ang II-infused mice treated with 

ABH. N=6 in each group. (BJ From At1·A1r1- knockout mice: solid black line with 

square symbols indicates responses in saline-infused control mice; red solid line 

with circles indicates responses in Ang II-infused mice; dashed black line with the 

diamond symbol indicate responses in saline-infused control At1·A1r1· knockout 

mice; dashed red line with the open triangle symbol indicate responses in Ang I/

infused At1·A1r1· knockout mice. N=6. 
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Effect of Angiotensin II infusion and ABH or hydralazine treatment on aortic 

arginase activity. Infusion of· Ang II in wild-type (WT) mice resulted in a 

significant elevation of arginase activity (1170±93 pmol urea/mg protein/hour) in 

aortic vascular tissue when compared to control mice (205.7±12.6 pmol urea/mg 

protein/hour) (Figure 23). However, treatment with the arginase inhibitor ABH in 

Ang II-infused WT mice resulted in argiriase activity levels similar to control group 

· (243±4 7 pmol urea/mg protein/hour). Furthermore, treatment of Ang II-infused 

mice with the anti-hypertensive vasodi'lator hydralazine normalized systemic:; 

blood pressure (Table IIIA), but did not affect aortic arginase activity (1133±87 

pmol urea/mg protein/hour) (Figure 23), indicating that the protective action of the 

ABH treatment is not secondary to an effect on systemic blood pressure. 

Effect or angiotensin II on aortic arginase activity and expression in wild 

type and Al+'-Atr'· knockout mice. Ang II infusion in AI+1-Air1
- mice failed to 

elevate aortic arginase activity when compared to Ang II-infused WT mice 

(Figure 24A). Arginase activity in AI+1-Air1
- control mice was about 50% of that in 

the WT controls. These results correlate with elevated arginase I expression in 

Ang II-infused WT mice (6.5 fold over control WT) which was not observed in Al+t

Air'- knockout mice infused with A~g II or saline (Figure 248). 
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Figure 23. Effect of Angiotensin _II infusion and ABH or hydralazine 

treatment on aortic arginase activity. Arginase activity (pmol urea/mg 

protein/hour) in aorta from saline- or Ang II-infused ( 42 µglkglh) WT mice with or 

without treatment with the arginase inhibitor ABH (8 mg/kg/day) or hydralazine 

(80 mg/kg/day). N=6 for all groups, *p<0.05 vs. control. 
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Figure 24. Effect of angiotensin II on aortic arginase activity and expression 

in wild type and Af1-Alr1-knockout mice. (A) Arginase activity (pmol urea/mg 

protein/hour) in aorla of WT mice versus At1·A1(· knockout mice with and without 

Ang II infusion. (BJ Arginase I (Al) expression in WT and At1·A1r1- knockout 

mouse aorla with or without Ang II infusion. Values were normalized to a-actin 

and expressed as mean±SEM fold increase over control. N=6 for all groups, 

*p<0.05 vs. WT control. 
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Effect of p38 inhibition on Ang II-induced vascular endothelial dysfunction. 

The impaired endothelium-dependent relaxation induced by Ang II infusion in WT 

mice (maximum relaxation 53.9 ±5.7% versus 81.8 ± 1.7% for control mice) was 

prevented by treatment with S8203580 (maximum relaxation 76.9 ±8.3%) (Figure 

25A). Treatment with S8203580 in control WT mice had no significant effect on 

endothelium-dependent vasorelaxation responses compared to untreated 

controls. Aortic responses to the endothelium-independent vasodilator SNP were 

not significantly different among the groups (Figure 25B). These results indicate 

an important role for p38 MAPK in preventing endothelial dysfunction. These 

data support earlier reports describing the preventive effect of p38 MAPK 

inhibition on hypertension and vascular dysfunction in Ang II treated rats (Bao 

and others 2007). 

Effect of angiotensin II and S8203580 on aortic arginase activity/ 

expression. Aortas from WT mice infused with Ang II had elevated arginase 

activity (5.6 fold) (Figure 26) compared to saline infused (control) mice. This 

effect was prevented by co-treatment with a selective p38 MAPK inhibitor 

S8203580. Furtherm~xe, expression of arginase I (Figure 27 A) and II (Figure 

27B) was increased in aortas of Ang II-infused mice by 6.5 and 3.4 foid, 

respectively, over control. Ang II treated mice·· receiving S8203580 had no 

significant elevation of arginase I or II expression when compared to control 

mice. These results indicate a central role of p38 MAPK in elevating Ang II

stimulated arginase activity and expression in vascular tissue. 
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Figure 25. Endothelium-dependent and -independent vascular relaxation in 

Ang II-infused mice with or without p38 MAPK inhibition. (A) Dose response 

relaxation curve to endothelium-dependent vasorelaxant acetylchofine (Ach) in 

phenylphrine (1 uM) preconstricted aorta. (B) Dose response relaxation curves to 

endothelium-independent vasorelaxant SNP in phenylphrine (1 uM) 

preconstricted aorta. Solid black line with square symbols indicates responses in 

saline-infused control mice; red solid line with circles indicates responses in Ang 

II-infused mice; dashed blue line with the open triangle symbol indicate 

responses in Ang II-infused mice treated with the p38 inhibitor S8203580; 

dashed black line with the diamond symbol indicate responses in the saline

infused control mice treated with S8203580. N=6 in each group, *p<0. 05 vs. 

Control. 
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· Figure 26. Effect of angiotensin II infusion and S8203580 on mouse aortic 

arginase activity. Arginase activity (pmol urea/mg protein/hour) in mouse aorla 

tissue. Ang II infusion caused an increase in aorlic arginase activity. This effect 

was prevented with co~treatment with S8203580. Treatment with S8203580 

alone had no effect. N=6 for all groups. Key to symbols: Control (saline-infused) 

(open bar); Ang II-infused (black bar); Ang II-infused treated with S8203580 

(stripped bar); saline-infused treated with S8203580 (checkered bar) *p<0.05 vs. 

control (Cont). 
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Figure 27. Effect of angiotensin II infusion and S8203580 on mouse aortic 

arginase expression. (A) Arginase I (Al) and, (BJ Arginase II (All) expression in 

mouse aorla. Ang II infusion caused an increase in aorlic arginase I and II 

expression. This effect was blunted with co-treatment with SB203580. Treatment 

with SB203580 alone had no effect. Representative autographs are shown. 

Values were normalized to a-actin and expressed as fold increase over control. 

Four independent sample preparations were assayed in duplicates. *p<O. 05 vs. 

controls (Cont), #p<0.05 vs. Ang II. 
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Effect of angiotensin II and S8203580 on p38 MAPK activation. Aortas from 

WT mice infused with Ang II showed a 2-fold activation of p38 MAPK as 

measured· by increased ratio of phosho-p38 to total-p38 (Figure 28) compared to 

saline infused (control) mice. This effect was prevented by treatment with a 

selective p38 MAPK inhibitor S8203580. S8203580 treatment alone had no 

effect on p38 phosphorylation levels in saline infused mice. 
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Figure 28. Effect of angiotensin II infusion and SB203580 on mouse aortic 

p38 phosphorylation. phospho-p38 and total p38 expression_ in mouse aorla. 

Ang II infusion caused increase in p38 phosphorylation. This effect was 

prevented by co-treatment with S8203580. Treatment with S8203580 alone had 

no effect. Representative autographs are shown. Values were corrected for total 

p38 and expressed as fold increase over control. Four independent sample 

preparations were assayed in duplicates. *p<0.05 vs. controls (Cont). 
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Cell studies of the role of transcription factors activating transcription 

factor-2 (ATF-2) and c-Jun in Ang 11- induced arginase upregulation 

We next sought to determine downstream targets of p38 MAPK that are 

responsible for the Ang II-induced increase in arginase I expression in BAECs. 

We also studied the regulation of arginase I transcriptional activity following Ang 

II treatment. As described in the introduction, activator protein-1 (AP-1) family 

members have been associated with arginase upregulation after treatment with 

thrombin (Zhu and others 2009) and also in macrophages in response to 

macrophage stimulating protein (Sharda and others 2011 ). We performed 

experiments to determine the involvement of the two transcription factors of the 

AP-1 family, ATF-2 and c-Jun, in enhanced transcription and protein expression 

of arginase I. Also the role of these factors in elevating arginase activity" and 

limiting NO production following Ang II treatment was investigated. 

We used a promoter driven luciferase reporter . gene to determine the 

transcriptional activity of the arginase gene after Ang II treatment. Three different 

. arginase I promoter-luciferase (Luc) constructs _were used (Figure 29A). These 

were generously provided by Dr. Sidney M. Morris Jr. from University of 

Pittsburgh. The -4.78 kb Luc construct represents the full length arginase I 

· promoter. 5'-deletion constructs at -3.29 and -2. 78 kb were also used. These 

constructs have been designed and used to assess arginase I transcriptional 

activity in macrophages in response to cytokines (Gray and others 2005) and in 

rat aortic endothelial cells in response to thrombin (Zhu and others 2009). 
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Arginase I promoter luciferase constructs and arginase I gene 

transcriptional activity in Ang II treated BAECs. Figure 29A displays a series 

of luciferase constructs driven by different lengths of the murine arginase I 

promoter and illustrates several putative transcription factor binding sequences in 

the 4.8 kb promoter region upstream of arg_inase I gene. This arginase _ promoter 

region is conserved among species and includes binding sites for AP-1, c-Jun, · 

SMAD, C/EBP and STAT (Gray and others 2005). 

We first determined if we could demonstrate whether Ang II induced increases _in 

arginase gene expression using this Luciferase-based approach. To address this 

we monitored the enhanced luciferase activity in response to Ang II (0.1 µM, 24 

hrs) in cells that had been transfected with the full length luciferase promoter 

construct -4. 78 kb for 48 hours. After cell lysis, firefly luciferase activity was 

_ measured for reporter expression in triplicate using a Dual-Luciferase® Reporter 

Assay System (Promega, San Luis Obispo, CA). Transfection efficiency was 

normalized by co-transfection with a plasmid containing the- Renilla luciferase 

gene. Both Firefly and Renilla luciferase activity were measured within the same 

sample of cell lysate sequentially using one reaction tube and read using a 

microplate luminometer. 

Ang II treatment resulted in a 50% increase in luciferase activity compared to 

untreated transfected cells (Figure 298), indicating enhanced arginase I 

transcriptional activity in response to Ang II treatment. This effect correlates with 

our findings given above on the role of Ang II in ·increasing protein expression of 
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Fig_ure 29. Arginase I promoter /uciferase constructs and luciferase activity 

. in Ang II treated· BAECs. (~) Scheme . representing a series of luciferase 

constructs driven by different lengths of the murine arginase I promoter and 

illustrating several putative transcription factor binding sequences in the 4. 8 kb 

promoter region upstream of arginase I gene. (B) BAECs were co-transfected 

with the full length luciferase construct- -4. 78kb arginase I promoter-Luc for 48 

hrs and Renilla luciferase gene plasmid to normalize for transfection efficiency. 

Cells were then treated with Ang II (0. 1 µM, 24hrs). Luciferase activity was 

. enhanced by 50% with Ang II treatment versus transfected untreated cells 

(control). Experiment was performed 4 times in triplicates; *p < 0.05 vs. control. 
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arginase I (Figure 11A) These results also indicate the presence of Ang II

responsive element within the arginase I promoter site. 

Analysis of the arginase I promoter in response to Ang II. · BAECs were next 

transfected with one of the three different arginase I promoter Luc constructs: the 

-4. 78 kb Luc construct that represents the full length arginase I promoter, or 5'

deletion constructs at -3.29 and -2.78 kb. Also, cells were co-transfected a 

Renilla luciferase gene plasmid to normalize for transfection efficiency. Cells 

were then treated with Ang II (0.1 µM, 24hrs). Ang II caused ·an increase in 

luciferase activity of 50% and 40% in -4. 78 and -3.29 arginase I promoter-Luc 

transfected cells, respectively compared to transfected untreated cells. Ang II 

treatment of cells transfected with -2. 78 kb arginase I promoter-Luc did not result 

in enhancement of luciferase activity. · There was no difference in luciferase 

activity among cells transfected with any of the three· different 5'-deletion 

arginase I promoter-Luc constructs under basar Untreated conditions. Luciferase 

activity induction results showed that the Ang II-responsive element is located 

between -3.29 kb to -2. 78 kb. in the arginase I promoter region as arrows 

indicate (Figure 30). This arginase promoter region includes binding sites for AP-

1, SMAD, C/EBP and STAT (Gray and others 2005). We next determined the 

role of the AP-1 protein complex on Ang II- induced arginase I luciferase activity 

in the full length -4. 78 kb arginase I promoter-Luc construct. 
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Role of AP-1 complex proteins: ATF-2 and c-Jun in Ang II-induced arginase 

I luciferase activity. To determine the role of transcription factors; ATF-2 and c

Jun in arginase I gene induction, we co-transfected BAECs with non-targeting 

siRNA (sc siRNA) or siRNA targeting either ATF-2 or c-Jun in addition to 

transfection with the length -4. 78 kb arginase I promoter-Luciferase construct and 

the Renilla luciferase gene. After 48 hours of transfection, cells were treated with 

Ang II (0.1 µM, 24 hrs) after which luciferase activity ~as measured as described 

earlier. We determined _the efficiency of the siRNA transfection for ATF-2 and c

Jun by performing Western blot analysis of the cell lysate (Figures 31A, 308). · 

Luciferase activity was elevated in cells treated with Ang II and co-transfected 

with sc siRNA. In contrast, cells transfec_ted with sc siRNA, but not treated with 

Ang II, showed no enhancement of luciferase activity (Figure 3"1 C) with levels. 

being similar to those in cells not transfected with siRNA. 

On the other hand, knock down of ATF-2 protein resulted in ·prevention of the 

enhanced luciferase activity induced by Ang II. c-Jun knock down only partially 

inhibited Ang II-induced enhancement of luciferase activity (Figure 3C). These 

results indicate a key role of ATF-2 in Ang fl-induced arginase I gene 

transcription and also a potential cooperative role of c-Jun. 

Of interest, ATF-2 protein can homodimerize or it can heterodimerize with c-Jun 

to form a transc;;ription factor .complex that binds an AP-1 consensus sequence in 

the promotor region of genes to induce transcription (Lopez-Bergami and others 

2010). 
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Ang II induces phosphorylation of activating transcription factor~2 (ATF-2). 

BAECs were treated with Ang II for 5-60 minutes.· Western blot determination of 

phospho-ATF-2 and to!al ATF-2 in whole BAEC lysates shows a time~dependent 

increase in pho.sphorylation which did not become evident until 15 minutes of 

exposure to Ang 11 and peaking at 30 minutes (Figure 32A). Pretreatment with 

the p38 MAPK inhibitor SB202190 (2 µM, 2hrs) prevented this effect (Figure 

328), indicating that ATF-2 is a downstream target of p38 MAPK. This finding 

agrees with reports indicating ATF-2 as a substrate for phosphorylation by p38 

MAPK leading to its activation (Lopez-Bergami and others 2010). 

Role of ATF-2 in enhanced arginase I protein expression endothelial cells. 

We next sought to determine the involvement of ATF-2 in upregulating arginase I 

protein expression under Ang II treatment. BAECs were transfected with either 

non targeting scrambled (SC) siRNA or siRNAtargeting ATF-2 for 48 hours and 

then treated with Ang II (0.1 µM, 24 hrs). While Ang II caused an elevation of 

arginase I expression in untransfected and SC transfected cell, it failed to induce 

this increase in ATF-2 transfected cells (Figure 33). These results indicate that 

ATF-2 is necessary for enhancing arginase I protein levels in response to Ang II. 

Basal arginase I levels were not altered by transfection ~ith either SC or ATF-2 

siRNA (blue bars in Figure 33). The efficiency of the transfection was determined 

by Western blot of total ATF-2 levels in cell lysate normalized to a-actin. (refer to 

Figure 31A). 



II 
p-ATF2 

total-ATF2 

4 

!'d-~ ~,c,. ~~ ~~ ~~ ~~ 
~~ ~ -~ ~ ~ ~ 

a 
p-ATF-2 

total-ATF-2 

Cont 

Angll (10-7 M) 

Ang II Ang II/ SB 202190 
SB 202190 

* 

112 

Figure 32. Activation of A TF-2 by Ang II. · (A) BAECs exposed to Ang II (0. 1 

µM) for 5 to 60 minutes show a time-dependent increase in phospho-A TF-2 

expression firs_t evident at 15 mins and peaking at 30 mins (B) Pretreatment of 

BAEC with SB-202190 (2 µM, 2 hrs) blocked the phosphorylation of ATF-2 

caused by Ang II (0.1 µM, 15 min). Representative autographs are shown. 

Values are expressed fold change over control ± SEM of phospho-A TF-2/total

A TF-2 ratio from three independent experiments carried out in duplicate. *p<0. 05 

vs. non Ang I I treated control. 
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Role of ATF-2 in enhanced arginase. activity in endothelial cells. BAECs 

were transfected with either non targeting scrambled (SC) siRNA or siRNA · 

targeting ATF-2 for 48 hours and.then treated with Ang II (0.1 µM, 24 hrs). As we 

saw in our earlier studies, Ang II caused an elevation of arginase · activity in 

untransfected and SC transfected cell. Reducing the levels of ATF-2 protein by 

siRNA prevented the Ang II-induced elevation of arginase activity (Figure 34 ). 

Basal arginase I levels were not altered by transfection with either SC or ATF-2 

siRNA. These results support our findings for the role of ATF-2 on arginase I 

expression and indicate that ATF~2 is necessary for enhancing arginase activity 

and levels. Basal arginase I levels were not altered by transfection with·either SC· 

or ATF-2 siRNA (blue bars in Figure 34 ). 

Role of ATF-2 .in limiting NOS activity and NO production in to Ang II. Since 

arginase and NOS share the same substrate, we determined the effect of Ang II 

on NOS activity and the role of ATF-2 in this effect.' BAECs were subjected to the 

same transfection treatments as in figures 33-34. NOS activity was measured in 

cell lysates and was measured by the conversion of radiolabeled L-arginine to L

citrulline, and normalized !o L-arginine uptake. Our results showed a decrease in 

NOS activity/NO production in response to Ang II. This reduction was prevented 

in the cells transfected with ATF-2 siRNA, but not SC non-targeting siRNA 

(Figure 35A). Stimulated NO production measured in the cell media confirmed 

these results, showing a decrease in NO production with Ang II treatment that 

was also restored with ATF-2 siRNA transfection (Figure 35B). 
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Ang II enhances the binding of nuclear proteins to the AP-1 site. We further 

performed the electrophoretic mobility shift assay (EMSA) to confirm that the AP-

1 site of the arginase promotor was a Ang I I-responsive regulatory element. 

Nuclear extracts were prepared from non-treated (control) or Ang II-treated 

BAECs. As stated in Materials and Methods, wild-type {WT) and mutant (MUT) 

double-stranded oligonucleotide probes were designed to encompass the AP-1 

binding element and labeled with biotin. Nuclear extract treated with Ang II (0.1 

µM, 30 minutes) showed enhanced binding complex· with oligonucleotide 

containing the wild-type AP-1 site compared to untreated BAECs (~eft panel, 

Figure 36). The binding complex formation was determined by the presence of a 

band· shift. No specific complex formation was observed for either nuclear 

extracts with the oligonucleotide containing the mutant AP-1 sequence (Right 

panel, Figure 36). 

ATF-2 protein binds to arginase promoter_ in Ang II treated BAECs. To 

determine the presence of ATF-2 protein in the composition of the · nuclear -

extract- oligonucleotide complex,_ supershift assays were performed with labeled 

WT AP-1 probe. Ang II treated nuclear extracts were incubated with ATF-2 

antibody before electrophoresis to determine if this treatment further decreas·es 

in electrophoretic mobility of the ATF-2 (supershift). The addition ATF-2 antibody 

to the EMSA reaction mix~ure resulted in the formation of a larger complex of 

ATF-2 Ab/ATF-2 protein present in the nuclear extract and AP-1 probe. 
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Free DNA 
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Figure 36. Electrophoretic mobility shift assay in Ang II treated cells. 

Electrophoretic mobility shift assay (EMSA) analysis was performed with nuclear 

extracts from control BAECs or Ang II (0.1 µM, 30 mins). Nuclear extracts from 

BAECs treated with Ang II showed enhanced binding complex with 

oligonucleotide containing the wild-type AP-1 site compared to untreated BAECs 

(Left panel). No specific complex formation was observed for either nuclear 

extracts with the o/igonucleotide containing the mutant AP-1 sequence (Right 

panel). Results shown are representative of three independent experiments. 
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This new complex formation was detected by the appearance of a shifted band 

(supershift) (Figure 37). These results indicate that ATF-2 is binding to the AP-1 

site in arginase promoter in BAEC. 
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ATF-2 Ab 

Nuclear Extract (Ang II treated) 

ARG I WT Promotor (ONA) 

Figure 37. Identification of activating transcription factor 2 (A TF-2) binding 

to AP-1 elements within the arginase I promoter using supershift assay. 

Supershift assay was performed with nuclear extracts from BAECs treated with 

Ang II (0. 1 µM, 30 mins) in the absence and presence A TF-2 specific antibody 

(1:100) before performing the EMSA with oligonucleotide containing the wild-type 

AP-1 site. Results shown are representative of three independent experiments. 



IV. DISCUSSION 

There is growing evidence and recognition that ·arginase is a key participant in 

vascular disease and a prime target for therapeutic interventions. Elevated 

argiriase activity and/or expression are involved in vascular . endothelial 

dysfunction in a number of disease states, such as hypertension, diabetes, 

atherosclerosis, 1/R injury and inflammation (Demougeot and others 2005; Gao 

and others 2007; Romero and others _2008; Yang and Ming 2006; Zhang and 

others 2009). 

In conditions where arginase activity is elevated, arginase can compete with nitric 

oxide synthase (NOS) for their common substrate, L-arginine. Reduction in L

arginine availability to NOS can lead to decreased production of NO, and 

possible NOS uncoupling and increased superoxide formation (Romero and 

others 2008; White and others 2006). The competition between arginase and 

NOS has been reported to be involved in disease states such as hypertension 

and vascular complications of diabetes (Demougeot and others 2005; Romero 

and others 2008) and also in a pathophysiological condition like aging 

(Berkowitz and others 2003 ). 
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It is worth noting that the Km value of human arginase for L-arginine is much 

higher than that of eNOS (>1 mM and 2-20µM, respectively) (Di Costanzo and 

others 2005; Griffith and Stuehr 1995). Theoretically, the lower Km value of 

eNOS ·for L-arginine suggests that there should be no direct competition · with 

arginase for L-arginine and eNOS should be saturated with substrate under all 

but the most extreme conditions of L-arginine deflciency. · However,- the emerging 

role of arginase in regulating NOS activity through arginine depletion is now well 

documented in various pathological conditions (Demougeot and others 2005; 

Horowitz and others 2007; Romero and others 2008; Ryoo and others 2006). 

Additionally, acute supplementation with L-arginine has been shown to reverse 

vascular dysfunction (Pieper and Dondlinger 1997). This seeming conflict may be 

explained by experimental evidence indicating that the metabolism of L-arginine 

varies greatly within the endothelial cells due to intracellular 

compartmentalization and sequestration (Cynober and others 1995; Wu and 

Mortis 1998). Also, although the affinity of L-arginine is much higher for NOS 

than for arginase, the maximum activity (Vmax) for arginase is greater than 1000 

times that for NOS, indicating similar rates of substrate utilization at physiological 

L-arginine levels (Boger 2004; Morris 2009). It has been suggested that the Km 

value for arginase is decreased in pathological conditions (Santhanam and 

others 2007). Santhanam and co-workers reported that the Km of arginase in 

tissue isolated from old rats is six folds lower than that of arginase in young rat 

aorta. This age-associated decrease in arginase Km was linked to post-
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translational modification, namely nitrosylation, in old but not young rats (Dunn 

and others 2011; Santhanam and others 2007). 

Despite an array of pathologic conditions associated with el·evated arginase 

function, organs such as the liver require arginase for physiologic function. 

Complete knock out of the arginase I gene in mice is lethal by ·2 weeks of age 

because of hyper-ammonemia via disruption of the hepatic urea cycle (Iyer and 

others 2002). Blockade of such essential functions could limit the clinical 
) 

usefulness of. arginase inhibitors to control endothelial arginase activity. 

However, identifying signaling pathways that lead to enhanced arginase activity 

in endothelial cells can provide more specific signaling targets to control/limit 

arginase activity in pathologic conditions, without disrupting upstream pathways 

essential for normal organ functions. Additionally, partial blockade of several 

signaling events in a defined pathway can reduce the potential dangerous effects 

of completely inhibiting a single signaling point that might be associated with 

other necessary functions occurring through another pathway radiating from it. 

This dissertation has identified a pathway of signaling mediators for increased 

arginase activity in endothelial cells and vascular tissue exposed to elevated 

angiotensin II (Ang ii) levels. These signaling mediators could represent new 

therapeutic targets for improving vascular endothelial function in cardiovascular 

disease caused by elevated Ang 11 levels or other stimuli that increase arginase 

activity. 
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Actions of Ang II to increase arginase activity and decrease NO production 

Our study demonstrates for the first· time that arginase activity is enhanced in 

endothelial cells by chronic exposure to elevated levels of Ang II, and that this 

effect is associated with an elevation in arginase I, but not arginase II, protein 

expression. Furthermore, Ang II treatment reduces NO production in response to 

a calcium ionophore. This decrease in NO production can be prevented by 

pretreatment with the arginase inhibitor BEG, indicating a role of elevated 

arginase activity in this suppression. These data confirm previous reports by us 

and others on the role of arginase in restricting NO production (Berkowitz and 

others 2003; Romero and others 2008). These observations give insight into the 

mechanisms of the known role of Ang 11 in vascular endothelial dysfunction 

_ (Szabo and others 2004). 

Arginase has been linked to hypertensive models (Bagnost and others 2008; 

Chen and others 201 Ob; Demougeot and others 2005) associated with elevated 

levels of Ang II. Ang II is an important biologically active component of the renin

angiotensin system and acts through two receptor subtypes, the AT1 and AT2 

receptors (Chiu and others 1 ~89). It is also well-documented that Ang II levels 

become chronically elevated in numerous cardiovascular disease states. Most of 

the pathological effects of Ang II, including endothelial dysfunction and processes 

leading to athero-thrombosis, are mediated by the AT1 receptor subtype 

(Ghiadoni and others 2000; Szabo and others 2004 ). Given the importance of 

these pathological processes, we sought to define the signaling pathway by 
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which Ang II enhances arginase activity/expression in endothelial cells and in 

vascular tissue of Ang II-induced hypertensive mice. 

We found that Ang II causes eNOS dysfunction by elevating arginase activity in 

endothelial cells through the AT1 receptor, since AT1 receptor blocker 

telmisartan, but not the AT2 blocker PD123319, prevents Ang II-induced 

elevation of arginase activity. AT1 is predominantly expressed in cardiovascular 

tissues and is a member of the seven transmembrane-spanning G-protein 

coupled receptor family (Peti-Peterdi and others 2008). Gaq is an important 

signaling mediator of Ang II functions in smooth. muscle cells (Ju and others 

1998). However, AT1 receptors are also reported to couple to the Ga12/13 family 

of G proteins (Macrez and others 1997). We examined the role of _these G 

proteins in Ang II-induced arginase activation in endothelial cells. Our results 

indicate major involvement of the heterotrimeric Ga protein subunits G 12 and 13 

but not Gq, since siRNA knockdown of Ga12 or 13 fully prevented the Ang II

induced increase in arginase activity while Gaq knockdown did not. These 

results indicate that both Ga12 or 13 subunits are required for the cascade of 

events leading to enhanced arginase activity. 

Role of RhoA/ROCK pathway in Ang II-induced arginase activation 

The activation of G~proteins leads to activation of downstream signaling 

· cascades such as the RhoA/ROCK pathway (Loirand and others 2006). We and 

others have previously shown the involvement of the small GTPase RhoA a·nd its 

target Rho kinase (ROCK) in elevation of arginase activity caused by high 
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glucose (Romero and others 2008), reactive oxygen species (Chandra and 

others 2011 ), thrombin (Ming and others 2004) or cytokines (Horowitz .and · 

-others 2007). Also, the RhoA/ROCK pathway has been strongly associated with 

signaling from Ga12/13 family of G proteins in other cell types (Meyer and others 

2008). 

Our data demonstrate the involvement of the RhoA/ROCK pathway in Ang 11- . 

induced elevation of arginase activity and expression in endothelial cells. Ang II 

treatment activates RhoA in a time dependent manner. Furthermore, we have 

found that blocking the RhoA/ROCK pathway by either simvastatin which blocks 

RhoA activation indirectly by preventing its prenylation, or by Y-27632, an 

inhibitor of ROCK, prevented the in_creased arginase activity and expression, and 

decreased NO production resulting from exposure to Ang II. Also, pretreatment 

with a . more selective inhibitor of ROCK H 1152 pr~vented the increase in 

arginase activity and the decrease in NO production. 

-RhoA/ROCK activity has previously been shown to suppress endothelial NOS 

expression and function (Shiga and others 2005). It· has been reported that 

activation of RhoA/ROCK decreases endothelial NO synthase (eNOS) 

expression by reducing eNOS mRNA stability (Laufs and Liao 1998). Also 

inhibition of RhoA by statins upregulates eNOS expression (Wang and others 

2008). ROCKs also can negatively regulate eNOS function via an inhibitory effect 

on Pl3-kinase/Akt pathway (Loirand and others 2006). Ang II-induced stimulation 
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of arginase activity occurring through RhoA/ROCK. pathway represents another 

mechanism of limiting NO production. 

Role of the p38 MAPK pathway in Ang II-induced arginase activation 

RhoA also has been reported to be an upstream regulator of mitogen activated 

protein kinase (MAPK) · family members, such as p38 MAPK (Marinissen and 

others 2004; Nwariaku and others 2003; Rodrigues-Diez and others 2008). In 

this regard, Ang II, reactive ·oxygen species and high glucose are all reported to 

increase p38 MAPK activation in endothelial cells (Costanzo and others 2003). 

Our findings agree with these results since we show that exposure to Ang II 

causes a time dependent increase in p38 activation that is blocked by 

pretreatment with a ROCK inhibitor. Thus, our data strongly suggest that p38 

MAPK activation is downstream from RhoA/ROCK signaling in endothelial cells 

treated with Ang 11. 

Also of interest, activated p38 MAPK has been reported to be associated with 

increased arginase activity and expression in macrophages (Chang and others 

2000; Stempin and others 2008). Furthermore, in rat aortic endothelial cells, p38 

MAPK inhibition has been reported to prevent thrombin-induced arginase I 

upregulation (Zhu and others 2009). Our present results indicate the involvement 

· of p38 MAPK in the increased arginase activity and expression in endothelial 

cells exposed to Ang II. Pretreating endothelial cells with a p38 inhibitor, 

S8202190, prevented Ang II-induced elevation of arginase activity/expression 

and reduced NO production. To further examine upstream involvement of p38 
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MAPK in arginase . upregulation, we treated the cells with anisomycin, an 

antibiotic that is a known stimulator of p38 MAPK (Xiong and others 2006), and 

found that it increased arginase · activity and decreased NO production. 

Additionally, inhibiting p38 MAPK protein synthesis with siRNA prevented Ang II

induced increases in arginase activity and restored NO production. Collectively, 

these results suggest an important role for p38 MAPK in the enhanced arginase 

activity and decreased NO pmduction caused by Ang II. However, there are 

. contradicting reports on the involvement of p38 MAPK in regulating expression 

and activity of eNOS. Black tea polyphenol-induced eNOS activation has been 

shown to be mediated by a p38 MAPK-Akt pathway in endothelial cells (Anter 

and others 2004 ). In contrast, it has been reported that human eNOS promoter 

activity is down regulated through p38 MAPK activation (Xing and others 2006). 

Also, an Ang II-mediated decrease in eNOS phosphorylation observed in corpus 

cavernosum seems to occur through p38 MAPK, since it is prevented by . 

inhibition of p38 MAPK (Toque and others 201 0a) . 

. Role of p38 MAPK and arginase activation in Ang II-induced vascular 

dysfunction 

p38 MAPK is considered a potential therapeutic target in several animal disease 

models (Badger and others 1996; Underwood and others 2000) and in human 

diseases (Lee and others 2000; Mayer and Callahan 2006). For example, p38 

MAPK inhibition has been shown to ameliorate Ang II-induced organ damage 

(Park and others 2007). Also, inhibition of p38 MAPK is reported to correct 
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nitrergic neurovascular dysfunction in corpus cavernosum of diabetic mice 

(Nangle and others 2006). Moreover, Ang I I-induced elevati0n in ~rginase activity 

and endothelial and nitrinergic dysfunction in corpus cavernosum of mice has 

been observed to be prevented by p38 inhibition {Toque and others 201 0a). 

Our data indicate· that Ang II infusion in mice causes an elevation in aortic 

· ·arginase activity and expression and, an increase in_ p38 MAPK phosphorylation.· 

Our experiments in mice have also indicated that inhibition of arginase and p38 

MAPK can prevent Ang I I-induced vascular dysfunction. Treating. Ang II-infused 

mice with inhibitors of either p38 MAPK or arginase prevented vascular 

dysfunction. Mice infused with Ang II also exhibited greater protein levels of both 

arginase I (6.5 fold) and II (3.4 fold) in.aorta, but elevation of only arginase I was 

seen in BAECs exposed to Ang II. This difference may be related to species 

and/or tissue. Further study is needed to understand involvement of the arginase 

isozymes in cardiovascular disease states. 

Involvement of arginases in vascular dysfunction caused by Ang II is also evident 

from our studies from Al+1-Au-1- mice, which showed. little impairment with Ang II 

treatment. Our findings support a role of arginase activation in endothelial 

dysfunction as previously reported by us and others (Berkowitz and others 2003; 

Romero and others 2008 ). 
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Role of p38 MAPK and arginase activation in Ang II-induced hypertension. 

Ang II treatment also causes an increase in systolic blood pressure. Co

treatment of Ang II infused mice with inhibitors of either p38 MAPK or arginase 

partially attenuated the increase in . blood pressure. Moreover, A1+1-Air1
- mice 

infused with Ang II showed lower systolfc blood pressure than WT mice infused _ 

with Ang II. All these results indicate a role of arginase in the development of 

high blood pressure, possibly through p38 MAPK activa~ion. We also showed 

that hydralazine treatm-ent prevented the elevation of blood pressure induced by 

Arig II without preventing the Ang II-induced elevation of-a_rginase activity. These 

data indicate that lowering of blood pressure with p38 MAPK or arginase 

inhibitors is likely due to decreasing arginase activity and correcting vascular 

. endothelial dysfunction. 

Elevated arginase activity has been also associated with systemic hypertension. 

Inhibition of arginase has been reported to decrease blood pressure and improve 

vascular function of resistance vessels in adult hypertensive rats (Bagnost and 

others 2008; Demougeot and others 2005). Together with previous studies, our 

findings thus suggest a central role for arginase in diseases in which vascular 

dysfunction and hypertension are linked to elevated levels of Ang II. 

Collectively, our results indicate that Rho kinase-mediated p38 MAPK activation 

is a critical step in the elevation of arginase activity and protein expression in 

endothelial cells and that p38 activation by Ang II is an important signaling 

component for enhanced arginase activity/expression. Thus, p38 MAPK might 
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be a therapeutic target for preventing vascular endothelial dysfunction associated 

with elevated arginase activity. However, it must be noted that active p38 MAPK 

has been reported to reduce Ang II-mediated vascular smooth muscle cells 

hyperplasia by negatively regulating Ang II-induced ERK1/2 activity and DNA

synthesis in human coronary artery smooth muscle cells (Kintscher and others 

2003). On the other hand, activation of the p38 MAPK p~thway has been shown 

to increase the vasoconstrictor action of Ang II in vascular smooth muscle 

(Meloche and others 2000). p38 MAPK is also reported to contribute to Ang II

stimulated migration of vascular smooth muscle cells (Lee and· others 2007). 

Although our study, and those of others, indicate a protective action of p38 

MAPK inhibition on vascular function, more functional studies are needed to 

better understand-the effect of p38 inhibition on vascular smooth muscle.function. 

Thus, long term use of p38 inhibition for treatment of cardiovascular disease is in 

question. Therefore, further evaluation of events downstream of p38 activation 

leading to arginase upregulation in endothelial and other cell types is needed. 

These downstream events may be suitable targets for_ preventing or limiting 

endothelial arginase activity and counteracting arginase-induced endothelial 

dysfunction in vascular diseases. 

Transcriptional regulation of arginase I in response to Ang II in endothelial 

cells 

After identifying the involvement of. p38 MAPK in Ang II-induced arginase 

upregulation, we next sought to determine the downstream signaling events from 

p38 MAPK that are involved in increased arginase I expression and activity. As 
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our results show, arginase activity appears to be proportional to the amount of 

arginase protein, which, in turn, is determined primarily by transcription of the 

arginase genes. Elevation of arginase protein levels result from increased 

transcriptional activity of the arginase genes, but arginase mRNA or protei~ 

stability have yet to be thoroughly evaluated in cardiovascular disease states .. 

Recent studies in determining the transcriptional regulation of arginase I gene in 

endothelial cells have indicated the involvement of AP-1 transcription factors 

proteins, ATF-2 and c-Jun, in response to thrombin treatment (Zhu and others 

2009). Our results also indicate the involvement of AP-1 proteins in Ang II

induced upregulation of arginase I. We have shown that arginase I : gene 

transcriptional activity is elevated in. response to Ang 11 as measured by 

luciferase activity in cells transfected with luciferase arginase I promotor 

constructs. The elevation of luciferase activity in response to Ang II was lost 

when cells were transfected with luciferase arginase I promotor construct missing 

the AP-1 consensus sequence. These results show that an Ang II responsive 

element in BAECs is likely present in the arginase promotor region between 

-3.29 and -2.78 kb that encompasses the AP-1 binding site. These data indicate 

the importance of AP-1 proteins in enhancing arginase I transcriptional activity .in 

response to Ang II. Two AP-1 proteins appear involved in this effect, ATF-2 and 

c-Jun, since knock down of either of these transcription factors blocked Ang II

induced activation of arginase I transcription. While ATF-2 knockdown completely 

prevented this .effect, the action of c-Jun knockdown was only partial. 
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The actions of AP-1 proteins are known to occur through the dimerization of two 

of the AP-1 family proteins. This could involve homodimerization of the same 
./ 

transcription factor or heterodimerization of two different factors of the family 

members which include Jun_, Fos, ATF and Maf (Lopez-Bergami and others 

2010). The dimeric combinations and transcriptional activity observed in vivo are 

largely influenced by the tissue-specific expression patterns of the individual 

proteins, and importantly by their specific activating mechanisms. Thus, while 

both ATF-2 and c-Jun seem to be equally important to the activation of arginase I 

in isolated _ endothelial cells in response to thrombin (Zhu and others 2009), 

effects of Ang II on arginase I transcription appear to mainly require the actions 

of ATF-2 with only a partial contribution of c-Jun protein. 

It is important to note here that analysis of the arginase I promoter region reveals 

severa·I putative transcription factor binding sequences in the promoter region 

. between -3.29 and -2. 78 kb upstream of the transcription start site that are 

conserved among species (Gray and others 2005). These include binding sites 

for AP-1, c-Jun, SMAD, C/EBP and STAT. The involvement of these transcription 

factors in arginase I upregulation in endothelial cells should be further studied. In 

our studies we focused on ATF-2, a known target of p38 MAPK (Lopez-Bergami 

and others 2010), and determined its involvement in arginase activation 

following Ang 11 treatment. 
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Role of ATF-2 in Ang II-induced arginase I upregulation 

Our results have indicated that Ang II causes activation of ATF-2 as shown by its 

increased phosphor-immunoreactivity. Phosphorylation of ATF2 at either, Thr69, 

Thr71 or Thr73 is known to stimulate its transcriptional capacity (Livingstone and 

· others 1995). . The increase of ATF-2. phosphorylation was maximal at 30 

minut~s of treatment which runs in line with the increase of p38 MAPK activation 

that peaked at 15 minutes of Ang II treatment, but was still increased at 30 

minutes. This activation of ATF-2 was prevented by pretreatment with a p38 

MAPK inhibitor, indicating that ATF-2 activation is a downstream event of p38 

MAPK that regulates its phosphorylation. As explained in the introduction, the 

MAPK family regulates the activity of different AP-1 proteins. ERK, JNK and p38 

are predominantly responsible for the phosphorylation and activation of Fos, .Jun 

.and ATF-2, respectively, in response to stress, mitogens, hormones or oncogene 

activation· (Lopez-Bergami and others 201 O; Niwano and others 2006) .. Our 

results support these findings in relation to p38 and ATF-2. 

Our. findings have shown that knockdown of ATF-2 by siRNA transfection 

decreased Ang I I-induced elevation of argfnase I protein expression. These data 

confirm our luciferase activity results showing the involvement of ATF-2 in 

. increasing the transcriptional activity of the arginase I gene in response to Ang II. 
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Effect of ATF-2 on arginase activity and NO production 

We also examined the functional role of ATF-2 on arginase activity, NOS activity 

and NO production in endothelial cells. Decreasing the levels of ATF-2 protein by 

siRNA prevented the Ang II-induced increase in arginase activity. This effect was 

associated with restoration of NOS activity and NO production levels that were 

blunted in response to Ang II. As described above, since arginase and NOS 

share the same substrate L-arginine, Ang II-induced decreases in NOS activity 

and NO production can be attributed to increases in the activity of arginase and 

thus a limitation of the substrate (L-arginine) availability. Our results confirm a 

functional role of ATF-2 in limiting NO production in endothelial cells. 

ATF-2 also has been shown to be involved in repressing eNOS gene expression 

in IL-1 ~ treated endothelial cells. Interestingly, they also found thaf this effect of 

ATF-2 was mediated through p38 MAPK activation (Niwano and others 2006). 

This agrees with our findings that ATF-2 is a downstream target of p38 MAPK. 

This action of ATF-2 in decreasing -eNOS _expression through repression of 

eNOS gene transcription also could limit or deqrease NO production. This 

mechanism represents another means for restoration of NOS activity and NO 

production when the ATF-2 protein expression is decreased. To .the contrary, 

AP-1 has been reported to be involved in upregulation of eNOS transcription in 

response to other stimuli such as hypoxia or oxidative stress (Kumar and others 

· 2008). This· effect was mainly reported to occur through the Jun transcription 

factor of the AP-1 protein family. 
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ATF-2 binds to the arginase I promotor through an AP-1 binding sequence 

Our results from EMSA and supershift experiments indicate that Ang II enhances 

the binding of nuclear proteins to the promoter region of arginase encompassing 

the AP-1 binding site. The nuclear protein in Ang II treated cells was identified as 

ATF-2 from the results in the supershift assay. Our results reveal that after 

endothelial cells exposure to Ang 11, ATF-2 is recruited to the AP-1 consensus 

sequence in the arginase I promoter leading to arginase I transcriptional 

u pregu lation. 

Collectively, our results indicate that ATF-2 is central factor in regulating arginase 

transcription and activity in response to Ang II in endothelial cells. This 

involvement of ATF-2 also has implications for NO production. As discussed 

earlier, and evident from our experiments, Ang II can cause vascular endothelial ' 

dysfunction by limiting NO availability through arginase activation. Thus, 

identifying mediators of this pathway may not only shed light on the signal 

pathway of arginase upregulation, but may also provide additional targets for the 

development of novel therapies that may limit vascular dysfunction and damage 

resulting from excessive arginase activation in conditions of elevated Ang II such 

as hypertension and diabetes. 

Continued research is needed to identify inhibitors for transcription factors such 

as ATF-2 involved in pathological conditions. Piperine, the phenolic component 

of black pepper, has been shown to be a potent inhibitor of several transcription 

factors in melanoma cells, among which is ATF-2 (Pradeep and Kuttan 2004 ). 
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The signal transducer and activation of transcription 6 (STAT6) is a transcription 

factor implicated in arginase I upregulation in macrophages (Gray and others 

2005). Several inhibitors are being developed against STAT6 such as JRC706 or 

AS 1517 499 for treatment of immune-inflammatory conditions like asthma (Chiba 

and others 2009). Interferon regulatory factor-2-binding protein-1 (IRF2-BP1 ), 

which is reported to be a transcriptional co-repressor of interferon regulatory 

factor-2 (IRF2),- also has been shown to repress-ATF2-mediated transcriptional 

activation (Kimura 2008). Selectively targeting transcription factors involved in 

arginase upregulation in endothelial cells could be a novel therapeutic strategy to 

limit vascular dysfunction in conditions of elevated Ang II levels. 

Since arginase expression is upregulated and associated with vascular 

dysfunction in response to an array of factors such as high glucose, TNF-a, LDL 

and reactive oxygen species, the signal transduction pathway being defined for 

Ang II may also apply to other stimuli which elevate arginase activity and 

expression. 



V. SUMMARY 

Our overall results clearl_y indicate that Ang II, a neuro-humoral factor associated 

with many cardiovascular diseases and complications, can increase arginase 

. activity and expression in- endothelial cells and vascular tissue._ Figure 38 is a 

scheme representing our findings and projections on the signal mechanisms 

involved in elevation of arginase activity/expression and vascular dysfunction in 

response to angiotensin 11. 

Ang II binds to the AT1 receptor, a G-protein coupled receptor, activates Ga12 

and 13 which· through rhoGEFs activity can lead to the activation of RhoA/ROCK 

which in-turn causes phosphorylation of· p38 MAPK. Active p38 MAPK then 

causes phosphorylation and activation of the ATF-2 transcription factor leading to 

its translocation to the nucleus. In the nucleus, activated ATF-2 can 

homodimerize or heterodimerize with c-Jun, and bind to the arginase I promotor 

region where it initiates its transcription to mRNA that is translated into arginase I 

protein. Increased levels of arginase I protein result in increas_ed arginase activity 

which _ then competes with eNOS for L-arginine, thus limiting substrate 

availability, decreasing NO production and possibly increasing superoxide 

production through eNOS uncoupling. Decreased NO production and levels 

result in vascular endothelial dysfunction. 
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NO + L-Citrulline 

Urea + L-Ornithine 

Figure 38. Signal mechanisms in the elevation of arginase expression and 

activity in response to Ang II. Schematic representation of signaling events 

leading to arginase activation in response to Ang II. Also, arginase and NOS 

competition on L-arginine is illustrated. c-Jun can be activated through JNK or 

potentially through p38 MAPK. 
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Over the past 10 years, elevation of arginase activity has been implicated in 

many cardiovascular disease conditions associated with endothelial dysfunction. 

Greater knowledge of the signaling pathways involved in its activation will help 

identify therapeutics targets for pharmacological· interventions that •limit its activity 

. in pathological conditions. 
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