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Cardiovascular disease (CVD) is the number 1 killer of men and women in the 

United States and the world. Diabetes, hypertension, obesity, and aging are 

some of the risk factors for CVD. A major cause of morbidity and mortality in 

CVD is vascular dysfunction, which progresses rapidly as the risk factors 

progress. Vascular dysfunction is characterized by a constellation of blood flow 

reducing pathologies, including impaired vasorelaxation and elevated arterial 

stiffening. The mechanisms leading to these vascular abnormalities are not well 

understood. We tested the hypothesis that arginase, an enzyme in the urea 

cycle, mediates vascular dysfunction in hypertension and obesity related 

diabetes. Arginase (ARG) can compete with nitric oxide (NO) synthase for their 

common substrate, L-arginine. Increased arginase can also provide more 

ornithine for synthesis of polyamines via ornithine decarboxylase (ODC) and 

proline/collagen via ornithine aminotransferase (OAT), leading to vascular cell 

proliferation and collagen formation, respectively. We hypothesized that elevated 

arginase activity is involved in Ang II-induced vascular dysfunction and that 

limiting its activity can prevent these changes. We tested this by studies in 

C57BL/6J mice lacking one copy of the ARG1 gene that were treated with Ang II 

(1 mg/kg/day, 4 weeks). We demonstrated that Ang II induces smooth muscle 

cell proliferation, collagen synthesis, and arterial fibrosis and stiffness via a 

mechanism involving increased arginase activity. Furthermore, we examined the 



role of arginase in vascular dysfunctions and pathologies associated with 

obesity-related type 2 diabetes in mice fed with high-fat/high-sucrose (HFHS) diet 

for 6 months. This model produced a clinical presentation and pathophysiological 

relevance to the human condition in obesity related type 2 diabetes. We 

demonstrated that HFHS diet impaired endothelial dependent vasorelaxation and 

increased arterial stiffness in WT mice, but not in mice treated with arginase 

inhibitor ABH. Endothelial cell specific knockout of ARG1 (EC-A1-/-) in mice also 

prevented HFHS induced vascular dysfunctions. Aortic perivascular collagen 

deposition was significantly higher in HFHS mice compared to normal diet. 

Furthermore, marked increase in vascular cell adhesion molecule expression and 

macrophage infiltration into the aortic walls was observed with HFHS diet. 

Additionally, plasma lipid peroxidase activity, a measure of systemic oxidative 

stress, was also markedly increased in HFHS mice. These changes were 

prevented in ABH treated mice and EC-A1-/- mice. These studies suggest that 

enhanced ARG1 activity promotes vascular dysfunctions associated with 

elevated Ang II levels or obesity related diabetes. 

 

 

 

 

INDEX WORDS: Diabetes, hypertension, obesity, vascular dysfunction, 
angiotensin II, smooth muscle cell proliferation, arterial stiffness 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 

Anil Bhatta 

All Rights Reserved 

  





INVOLVEMENT OF ARGINASE UPREGULATION IN DIABETES- AND 

ANGIOTENSIN II-INDUCED VASCULAR DYSFUNCTION 

 

 

 

By 

Anil Bhatta 

 

 

Submitted to the Faculty of the Graduate School  

of Georgia Regents University in partial fulfillment  

of the requirements of the Degree of  

Doctor of Philosophy  

(Pharmacology) 

 

 

January 

2015  



All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed, 

a note will indicate the deletion.

  
All rights reserved.

This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway

P.O. Box 1346
Ann Arbor,  MI 48106 - 1346

ProQuest 3729647

Published by ProQuest LLC (2015).  Copyright of the Dissertation is held by the Author.

ProQuest Number:  3729647



INVOLVEMENT OF ARGINASE UPREGULATION IN DIABETES- AND 

ANGIOTENSIN II-INDUCED VASCULAR DYSFUNCTION 

This thesis/dissertation is submitted by Anil Bhatta and has been 

examined and approved by an appointed committee of the faculty of the College 

of Graduate Studies of the Georgia Regents University. 

The signatures which appear below verify the fact that all the required 

changes have been incorporated and that the thesis/dissertation has received 

final approval with reference to content, form and accuracy of presentation. 

This thesis/dissertation is therefore in partial fulfillment of the requirements for 

the degree of Doctor of Philosophy.  

 

____________________        ___________________________ 

Date           Major Advisor 

 

     ___________________________ 

           Department Chairperson 

 

     ___________________________ 

     Dean, College of Graduate Studies 

 

 

 



TABLE OF CONTENTS 

  Page 

ACKNOWLEDGEMENTS……………………………………………….  i  

LIST OF FIGURES……………………………………………………….  iii 

LIST OF TABLES…............................................................................ v 

INTRODUCTION (CHAPTER I)…………………………………………  1 

A. Statement of Problem…………………………………....  1 

B. Literature Review and Project Rationale……………....  3 

INTRODUCTION (CHAPTER II)………………………………………..  1 

a. Statement of Problem…………………………………….  16 

b. Literature Review and Project Rationale……………….  18 

MANUSCRIPT I…………………………………………………………..  28 

MANUSCRIPT II …………………………………………………………  62 

OVERALL DISCUSSION …………………………………………….  97 

SUMMARY………………………………………………………………...  103 

REFERENCES OF LITERATURE CITED……………………………… 105 



i 
 

ACKNOWLEDGEMENTS 

 

I would like to express my sincere gratitude to my mentor Dr. R. William Caldwell 

for allowing me to train under his supervision and for his continual support and 

guidance throughout the training of my Ph.D. degree. Next, I would like to thank 

my committee members Dr. Ruth Caldwell, Dr. John Johnson, Dr. Scott Barman, 

and Dr. Yunchao Su for their encouragement, advice, and helpful insights in 

shaping and advancing my research goals. Also, I am thankful to Dr. Priya 

Narayanan for serving as my dissertation reader. To the members of my lab, 

especially Drs. Lin Yao and Haroldo A. Toque for training me how to do science 

and helping me design and conduct experiments. To my friends and family, I am 

extremely grateful for your love and support throughout my graduate school 

training. To Binamrata Bhandari for her love, support, motivation and most 

importantly, her business/management intellect that helped me manage my time 

immensely. To my three lovely sisters, Manju, Nirmala, and Jamuna who have 

been the pillars of my life since the day I was born. To my amazing mother, 

Kamala Bhatta, for her unconditional love. And lastly but certainly not the least, to 

my late father Agni Prasad Bhatta who instilled discipline, work ethics, 

importance of education and thirst for success in me since childhood. 



ii 
 

 

 

 

 

 

 

 

I dedicate this thesis to my late father Agni Prasad Bhatta  

  



iii 
 

LIST OF FIGURES 

Page 

Figure 1. Ribbon plot of the arginase trimer………………………………………....4  

Figure 2. Scheme representing L-arginine metabolism through arginase…. ……6 

Figure 3. Multiple mechanisms of arterial stiffness………………………………..12 

Figure 4. ARG1 deletion prevents Ang II-induced impairment in  

endothelium dependent vasorelaxation …….......................................................41 

Figure 5. . ARG1 deletion prevents Ang II-induced increase 

in arterial stiffness …………………………………………………………..……......43 

Figure 6. Ang II increases expression of ARG1 and ODC.…..……………….….44 

Figure 7. ARG1 deletion prevents increases in aortic wall thickness,  

fibrosis and hydroxyproline levels in Ang II mice ……………………………........46 

Figure 8. ARG1 deletion prevents vascular cell proliferation ..............................47 

Figure 9. ARG1 deletion prevents coronary arterial fibrosis……………..……….49 

Figure 10. Ang II increases arginase activity/expression and  

reduces NO production………………….……………………………………...........51 

Figure 11. Arginase inhibition attenuates Ang II induced cell proliferation  

and ODC activity/expression………………………….……………………….…..…54 

Figure 12. Arginase inhibition blocks Ang II induced increases in  

type-1-collagen and hydroxyproline……………….….……………….………..…...55 

Figure 13. Arginase inhibition prevents impairment in  

vascular function in HFHS mice…………………………….…………………….….78 

Figure 14. Arginase inhibition prevents aortic stiffening and  

fibrosis in HFHS mice………………...…………………………...……………..……79 



iv 
 

Figure 15. HFHS increases plasma and aortic arginase activity ...………..…….82 

Figure 16. HFHS increases ARG1 expression…………………..………………...83 

Figure 17. HFHS increases systemic arginase activity and reduces  

L-arginine bioavailability ……………………………….……………………………..84 

Figure 18. Lack of ARG1 prevents loss of vascular  

Nitric Oxide in HFHS mice ………………….………………………………..………86 

Figure 19. Lack of ARG1 prevents increase in vascular  

ROS levels in HFHS mice ……………………………………………………………87 

Figure 20. Lack of ARG1 inhibits vascular  

inflammatory markers in HFHS mice………………..………………………………89 

Figure 21. Arginase inhibition prevents vascular macrophage infiltration….…....90 

  



v 
 

LIST OF TABLES 

Page 

Table 1. Primer sequences for Real Time PCR...................................................74 

Table 2.  Blood Glucose, Body Weight of mice under normal and  

   high fat /high sucrose (HFHS) diet…………………………………….…..76 

 



1 
 

I. INTRODUCTION 

Chapter 1 – Role of Arginase in Angiotensin II Mediated Arterial Stiffness 

A. Statement of Problem: 

Cardiovascular diseases (CVD), the number 1 killer of men and women in the 

United States, are not entirely predicted by classic risk factors such as high blood 

pressure, high cholesterol and obesity. In 2001, Laurent et al. identified arterial 

stiffness (AS) as an independent risk factor for cardiovascular 

morbidity/mortality1. More recently, the Framingham Heart Study of 2,232 

participants also associated aortic stiffness with increased risk for a 

cardiovascular event 2. Arterial stiffness, which can be assessed noninvasively by 

measuring pulse wave velocity (PWV), is associated with increased vascular 

smooth muscle cell (VSMC) proliferation, collagen synthesis and fibrosis.  

It is well known that the renin-angiotensin system (RAS) is involved in the 

pathogenesis of several CVD, including arterial stiffness. RAS alters arterial 

stiffness through the vasoconstrictor, angiotensin II (Ang II), which has 

hypertrophic and hyperplastic effects on VSMCs and increases extracellular 

matrix synthesis. Studies have showed that aortic stiffening in hypertensive 

patients is associated with RAS3. Our recent studies have shown that coronary 

perivascular fibrosis in diabetic mice was attenuated in mice globally lacking one 

copy of arginase 1. Excessive arginase activity, in addition to competing with 

NOS for available L-arginine, provides L-ornithine for further metabolism into and 
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polyamines, potentially enhancing collagen production and cell proliferation, 

respectively.  

The mechanism of aortic stiffening is poorly understood and there are no studies 

relating the role of arginase in angiotensin II-induced VSMC proliferation, 

collagen synthesis, aortic fibrosis and stiffness. We hypothesized that increased 

arginase activity/expression plays a critical role in mediating Ang II-induced 

arterial fibrosis and stiffness through ornithine-proline/polyamine pathways. To 

examine this hypothesis, two specific aims were established. 

Specific Aim 1A. Determine if arginase activity is involved in Ang II-induced 

arterial cell proliferation, thickening, fibrosis, and stiffness and if limiting 

its activity to provide more ornithine into the ODC and OAT pathways can 

prevent these changes.  Studies have reported that angiotensin II is a key 

inducer of aortic stiffness. However, the exact mechanism underlying the 

development of these processes is not well understood. To determine whether 

arginase is involved in this pathogenesis, studies were performed using global 

heterozygous arginase 1 (A1+/-) knockout and wild type mice treated with Ang II 

subcutaneously via an osmotic minipump. 

Specific Aim 1B. Determine whether arterial vascular remodeling in 

response to Ang II is due to upregulation of ODC and OAT pathways via 

arginase in vascular smooth muscle.  Ang II has been implicated in 

proliferation of VSMCs and collagen synthesis. However, the role of arginase in 

Ang II-induced VSMCs proliferation and negative vascular remodeling (increase 
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in arterial wall thickness, fibrosis and stiffness) is not well characterized. We have 

determined expression/activity of arginase as well as cell proliferation and 

collagen levels in aortic SMCs exposed to Ang II with or without an arginase 

inhibitor ABH. 

B. Literature Review and Project Rationale: 

1.1 Arginase 

1.1.1 Structure and Function 

Arginase was discovered in mammalian liver tissue by Kossel and Dakin in 

19044. Arginase (ARG), which exists in two distinct isoforms (ARG1 and ARG2), 

catalyzes hydrolysis of L-arginine to urea and ornithine (13). It is a 105 kDa 

homotrimer and each 35 kDa subunit contains a binuclear manganese cluster 

that is critical for catalytic activity5 (Fig 1). ARG1, located in the cytoplasm, is 

expressed most abundantly in the liver where it is the final enzyme in the urea 

cycle.  ARG2 is mainly a mitochondrial enzyme and is expressed heavily in 

kidney6. Both isozymes also are found in vascular endothelial and smooth 

muscle cells. Arginase can affect several important downstream metabolic 

pathways of ornithine. L-ornithine can be metabolized to polyamines (putrescine, 

spermidine, spermine) via ornithine decarboxylase (ODC). Polyamines are small 

cationic molecules which participate in a variety of fundamental cellular functions, 

most importantly cell proliferation. Metabolism of L-ornithine by ornithine 

aminotransferase (OAT) generates L-pyrroline-5-carboxylate and eventually 

produces L-proline, which is an essential component of collagen7, 8. 
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Fig 1. Ribbon plot of the arginase trimer.  

The crystal structure of rat liver arginase showing the trimeric structure, S-

shaped tail in white at the subunit interface, and two manganese ions (red 

spheres) at the active site of each subunit. Adapted from reference (Lavulo and 

others 2001). 
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1.1.1 L-arginine metabolism 

L-Arginine is a semi-essential amino acid that is involved in many physiological 

processes. Besides its role in modulating nitrogen balance, it is metabolized by 

vascular cells to a number of important regulatory molecules (Figure 2). L-

ornithine is the product of L-arginine hydrolysis by the enzyme arginase. 

Ornithine is decarboxylated by ornithine decarboxylase (ODC) to yield 

putrescine9. Putrescine is further converted to spermidine and spermine by 

spermidine synthase and spermine synthase, respectively10. These polyamines 

are required components for the progression of the cell cycle and, as such, play 

an important role in cell proliferation11. ODC is regulated at both the 

transcriptional and translational levels and has a very short half-life (~10 

minutes)12. ODC activity is mainly controlled through the induction of ornithine 

decarboxylase antizyme 1 (AZ1), which after being associated with ODC, directs 

it to the proteasome for degradation13, 14. NO also can regulate ODC. It 

suppresses it activity in a concentration-dependent manner, via S-nitrosylation of 

ODC’s critical cysteine residues15. L-Ornithine is also catabolized by the 

mitochondrial enzyme ornithine aminotransferase (OAT) to pyrroline-5-

carboxylate, which can be further metabolized to L-proline by the enzyme 

pyrroline 5-carboxylate reductase. L-Proline is required for the synthesis of many 

structural proteins, particularly collagen8. 
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Figure 2. Scheme representing L-arginine metabolism through arginase. 

Arginase catabolizes L-arginine to urea and L-ornithine. L-ornithine can be 

further metabolized into polyamines or proline via enzymes ODC and OAT 

respectively. OAT: ornithine amino transferase, OCT:. ornithine carbomyl 

transferase, CP: carbomyl phosphate, ASS: argininosuccinate synthase, ASL: 

argininosuccinate lyase, ODC: ornithine decarboxylase, NOS: NO synthase. This 

scheme shows whole urea cycle (OCT is found only in the liver and certain cells 

in the GI tract). 
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1.1.2 Nitric Oxide Signaling 

Nitric oxide (NO) is an uncharged free radical gas that participates in number of 

biochemical reactions. The discovery of NO as a signaling molecule stems from 

its role as an arterial vasodilator. It was previously known as endothelium-derived 

relaxing factor (EDRF) before the recognition of its molecular identity 16-18. NO 

synthesis depends on controlling the expression, activation, and cellular and sub-

cellular localization of nitric oxide synthase (NOS)19. In the presence of 

nicotinamide adenine dinucleotide phosphate (NADPH), and cofactors flavin 

adenine dinucleotide and tetrahydrobiopterin, NOS oxidizes the amino acid, L-

arginine to generate L-citrulline and NO20. Three major NOS isoforms exist; 

neuronal NOS (nNOS); inducible NOS (iNOS); and endothelial NOS (eNOS). 

Both neuronal and endothelial NOS are constitutively expressed in their 

eponymous tissues, requiring Ca2+ calmodulin for activation21. Instead of Ca2+ 

calmodulin regulation, iNOS activity is controlled mainky by transcription, and is 

localized to macrophages and smooth muscle22. 

1.1.3 Arginase / NOS competition 

A competition between arginase and NO synthase (NOS) for their common 

substrate L-arginine is well established23, 24. NO is a key regulator of multiple 

cardiovascular functions including vasoregulation and myocardial contractility. 

The intracellular concentration of L-arginine is 2- to 3-fold higher than its Km 

value for eNOS, indicating that L-arginine availability should not limit eNOS 

activity or NO production. Nevertheless, in pathological states like diabetes and 

hypertension, supplementation of extracellular L-arginine does enhance NO-
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dependent relaxation. This paradoxical relationship suggests that factors other 

than L-arginine concentrations may influence L-arginine bioavailability to the 

enzyme eNOS. One such influence is the enzyme arginase itself, which can 

reduce the L-arginine concentration available for eNOS. Additionally, partitioning 

of intracellular pools of L-arginine that limit its availability has been reported 25. 

Inhibition of arginase or acute supplementation of L-arginine has been shown to 

enhance vascular function24.  

 

1.1.4 Arginase expression in blood vessels 

Arginase is constitutively expressed in endothelial cells with differential 

expression among mammalian species. Both isoforms, (arginases 1 and 2), are 

present in endothelial cells. Previous studies have revealed that increased 

arginase activity in endothelial cells limits NO synthesis and NO-dependent 

vasodilatory function24, 26, 27. Factors than can elevate endothelial arginase 

activity are high glucose, elevated ROS levels and inflammation28-31. Pathological 

conditions that involve elevated arginase function include, diabetes, 

hypertension, erectile dysfunction, ischemia/reperfusion (I/R) injury, arterial 

intimal hyperplasia and ageing24, 32-36. Although studies report that arginases in 

the vasculature are largely localized in the endothelium, vascular smooth muscle 

cells (VSMC) also express lower levels of arginase37-39. Arginase in VSMCs 

appears to function primarily to enhance synthesis of polyamines and proline for 

cell proliferation and collagen synthesis, respectively40. Thus, elevated arginase 
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expression in VSMCs may be an important factor in development of intimal 

hyperplasia and vascular stiffness in response to injury or during ageing.  

 

1.1.5 Arginase and Vascular Dysfunction 

Endothelium regulates vascular function by multiple mechanisms. Vascular 

endothelial dysfunction (VED) is a broad term which indicates dysregulation of 

endothelial cell functions, impairment of the barrier functions of endothelial cells, 

and impaired vasodilation. Several conditions are associated with VED, including 

diabetes, aging, atherosclerosis, oxidative stress, and genetic factors41-44. Many 

of these conditions are associated with decreased bioavailability of NO. Studies 

in diabetic animals and patients demonstrate that arginase activity is increased 

and L-arginine concentration is decreased under diabetic conditions24, 28, 45. Our 

studies have shown elevated arginase expression/activity in vascular endothelial 

cells treated with high glucose and in aorta from streptozotocin-diabetic mice. 

Furthermore, treatment with an arginase inhibitor, or genetic knockdown of 

ARG1, have ameliorated diabetes-induced vascular complications46, 47. 

Additionally, in a study of Ang II-induced hypertension, arginase inhibition 

prevented endothelial dysfunction and the rise in blood pressure33. In these 

studies, the vaso-protective effects of arginase inhibition were associated with 

maintained normal levels of NO. These reports suggest involvement of arginase 

in vascular complications associated with diabetes and hypertension.  
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1.2 Structure and Function of Aorta 

Aorta is the largest blood vessel in the body and transports oxygenated blood 

from the left ventricle of the heart to the rest of the body. The aorta begins in the 

heart at the aortic valve and courses through the aortic arch to the thoracic and 

then-abdominal aorta. In the abdomen, it bifurcates into two common iliac 

arteries. The aortic wall is made up of three layers; intima, media and adventitia. 

The intima is a single layer of endothelial cells which are supported by internal 

elastic lamina. Tunica media is made up of smooth muscle cells and elastic 

tissue. Adventitia is the outermost connective tissue surrounding the media. 

Large arteries, in addition to their conduit role, play a critical role in providing 

adequate buffering of blood pressure with each ejection volume of the ventricle to 

dampen systolic pressure and facilitate sustained blood flow to the peripheral 

tissues. Therefore, the anatomical structure of the aorta varies greatly in different 

regions and functions as a blood  reservoir and conductive system. The thoracic 

aorta shows greater elasticity and compliance, whereas more distal vessels 

become progressively stiffer, given the predominance of collagen fibers whose 

tensile modulus is much higher than that of elastin48.  

 

1.3 Aortic Stiffness 

Aortic stiffness is an independent predictor of all-cause and cardiovascular 

mortality in hypertensive patients2. It is a growing epidemic associated with 

increased risk of myocardial infarction, vascular rupture, heart failure, stroke, 

dementia, and renal disease49-52. Drugs inhibiting the renin-angiotensin system 
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(RAS), lipid lowering drugs, and agents which break links between Advance 

Glycation End-products (AGE), and vascular proteins have shown promising 

effects in lowering vascular stiffness53-57. Despite the established risk outcomes, 

there has been no clinical approach solely aimed at reducing aortic stiffness. 

Pulse wave velocity (PWV) is an indirect measurement of arterial stiffness over 

an arterial segment. PWV is calculated by the following formula: PWV = distance 

(d) / ∆t where d = distance between two anatomical sites of a pulse measurement 

and ∆t= time elapsed between the appearance of the pulse at each site. The 

transit time of pulses through the aorta is measured by ultrasound probes placed 

at the aortic arch and the abdominal aorta proximal to iliac bifurcation) and the 

distance between them is estimated by direct measurement. Vascular stiffening 

increases PWV. 

 

1.3.1 Mechanism of Aortic Stiffness 

Aortic stiffness occurs as a complex interplay between structural and cellular 

elements of the vessel wall (Fig 3). The structural component of stiffness 

includes two major extracellular matrix proteins, collagen and elastin. The artery 

becomes stiffer with an increase in the collagen-to-elastin ratio. Collagen is 

deposited in the aortic media and the surrounding adventitia to compensate for 

the increased mechanical loading during high blood pressure or with aging and 

other diseases58. At normal pressures, the elastin fibers mediate vascular 

compliance as it allows expansion of vessel wall, while prolonged exposure to 

higher pressures, vessels become stiffer due to increased collagen fibers59. 
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Histological examination of the intima of stiffened vessels reveals increased 

collagen, frayed and broken elastin molecules, infiltration of vascular smooth 

muscle cells macrophages and mononuclear cells, and increased matrix 

metalloproteinases, transforming growth factor (TGF)-β, intracellular cell 

adhesion molecules, and cytokines60. Aortic stiffness also can result due to 

glycation of collagen through cross-linking with AGEs61.  

 

 

Fig 3. Multiple mechanisms of arterial stiffness.  

Arterial stiffness can be caused my multiple factors from different cells within the 

artery. VSMC: vascular smooth muscle cell, AGE’s: advanced glycation ages 

products, MMP: matrix metalloproteinase, MΦ: macrophage, I-CAM: intracellular 

adhesion molecule, TFG-β: transforming growth factor-β. Adapted with 

permission from reference (Zieman and others 2005) Wolters Kluwer Health. 
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Aortic stiffness also involves endothelial cell signaling and VSMC tone. Vascular 

tone is dependent on several vasoactive agents released by the endothelium, 

sympathetic nerves or other sources. Endothelium is a monolayer of cells 

covering the internal surface of blood vessels which acts as a structural barrier 

between circulation and the underlying vessel wall, as well as an organ 

controlling synthesis of many vasoactive agents. Migration and proliferation of 

VSMCs in the intima also contributes to stiffness62. Angiotensin II is a known 

inducer of vessel stiffening. Chronic Ang II stimulation causes smooth muscle 

proliferation and structural remodeling that stiffen blood vessels. Ang II activates 

vascular NADPH oxidase to produce superoxide and other reactive oxygen 

species (ROS)63. This increase in ROS stimulates MAPK and tyrosine kinase 

pathways which increase VSMCs proliferation as well activation of inflammatory 

pathways64. Previous studies have established arginase as an important 

mediator of VSMCs proliferation. In rat artery injury model, Peyton et al 

demonstrated that arginase 1 is involved in post-injury neointimal hyperplasia 

and that inhibiting arginase ameliorated this effect by inhibiting polyamine 

biosynthesis65. Arginase overexpression has also been shown to promote 

VSMCs proliferation in vitro66. Although the role of arginase in VSMC proliferation 

and intimal hyperplasia is well studied, its role in arterial stiffness associated with 

pathological condition such as increased RAS activity is not clearly understood. 
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1.3.2 Arginase and Arterial Stiffness 

Recent studies identify elevated arginase activity as a critical contributor to the 

negative vascular remodeling of arteries in a number of vascular diseases such 

as diabetes, aging and atherosclerosis67-70. Chronic pharmacological inhibition of 

arginase was also found to sustainably reduce blood pressure in spontaneously 

hypertensive rats (SHR)71. Notably, arginase inhibition is reported to prevent 

fibrosis and thickening of the aorta in these animals, lowered blood pressure, 

improved vascular function, and reduced cardiac fibrosis46, 65, 72. There was also 

a significant reduction in aortic medial wall thickness, aortic media to lumen ratio, 

and type I collagen content in SHR treated with arginase inhibitor hydroxy-nor-L-

arginine (Nor-NOHA). Furthermore, arginase inhibition dramatically increased the 

arterial compliance (reduced stiffness) of carotid arteries in SHR71. These study 

indicate that arginase inhibition may suppress aortic fibrosis and stiffness by 

reducing SMC proliferation, collagen synthesis, and improving endothelial 

function.  

 

1.4 Rationale 

Previous studies have clearly identified arginase as an important contributor to 

the cardiovascular pathologies associated with diabetes, hypertension, aging, 

atherosclerosis, I/R injury and inflammation28, 41, 42, 69, 73, 74. Further, arginase 1 

(ARG1) plays a critical role in vascular growth after injury and that local inhibition 

of arginase leads to reduced post-injury intimal thickening65. Ang II has been 

shown to increase proliferation of VSMCs. However, the role of arginase in Ang 
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II-induced VSMCs proliferation and negative vascular remodeling is not well 

characterized. Our studies indicate that arginase activity and ARG1 expression 

are elevated in VSMCs exposed to Ang II. Our previous studies have shown that 

diabetes-induced vascular endothelial dysfunction (VED) and that the 

development of vascular fibrosis and stiffness are associated with elevated 

arginase activity. Increased arginase activity in mice is correlated with increased 

levels of ARG1, not ARG2, protein. Treatment with arginase inhibitors or 

knockdown of arginase 1 (A1+/-) significantly improved endothelium-dependent 

vasorelaxation and reduced vascular fibrosis and stiffness in diabetic compared 

to non-treated or WT diabetic mice46. These data support a causal role for 

elevated arginase activity in vascular dysfunction. However, reduced arginase 

function also reduces availability of L-ornithine for the ODC and OAT pathways, 

which can play important roles in this negative vascular remodeling. We have 

investigated the involvement of ARG1 in vascular endothelial dysfunction and 

arterial stiffness using mouse models of Ang II induced hypertension. We believe 

that increased arginase activity with Ang II treatment increases production of 

polyamines and proline, eventually leading to increased vascular cell proliferation 

and enhanced collagen deposition.   
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Chapter 2. Cardiovascular implications of arginase upregulation in animal 

model of obesity related diabetes.  

A. Statement of Problem 

Increased prevalence of obesity and impaired glycemic control is a major health 

challenge for modern western society75. Clinical studies have indicated that 

obesity is an independent predictor of cardiovascular risk. Metabolic syndrome, a 

cluster of hyperglycemia, hypertension, excess body fat and abnormal 

cholesterol, is associated with impaired vascular functions such as endothelial 

dysfunction and arterial stiffness76. The mechanism leading to these vascular 

abnormalities is not well understood. Obesity related diabetes is associated with 

a systemic inflammatory state that may impair endothelial function by reducing 

nitric oxide resulting in impaired endothelium-dependent vasodilation. The 

inflammatory process induces the activation of endothelial cells (ECs) that is 

characterized by increased adhesion molecule expression, downregulation of 

eNOS, and consequent loss of NO production and bioactivity77, 78. Elevated 

activity of arginase (ARG), an enzyme implicated in many cardiovascular 

diseases, can compete with NOS for their common substrate, L-arginine. This 

leads to reduced levels of NO and endothelial dysfunction. Increased arginase 

activity also provides more ornithine for synthesis of polyamines via ornithine 

decarboxylase (ODC) and proline/collagen via ornithine aminotransferase (OAT), 

leading to vascular cell proliferation and collagen formation, respectively. We 

hypothesized that elevated arginase activity is involved in vascular dysfunction, 
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inflammation, and arterial fibrosis/stiffness associated with obesity related type 2-

diabetes and that limiting its activity can prevent these pathologies. 

Specific Aim 2A. Determine the role of arginase in vascular dysfunctions 

associated with obesity related type 2 diabetes.  

Endothelial dysfunction and arterial stiffening (vascular dysfunctions) have been 

established as cardiovascular complications in type 2 diabetes. We sought to 

determine, for the first time, the role of arginase in these pathologies. Studies 

were performed using genetic knockdown of arginase (endothelial cell specific) 

or treatment with arginase inhibitor ABH (amino-2-borono-6-hexanoic acid) in 

drinking water.   

Specific Aim 2B. Determine the role of inflammation and oxidative stress in 

vascular dysfunctions associated with obesity related type 2 diabetes.   

Increasing evidence suggests that oxidative stress and inflammation play major 

roles in vascular diabetic complications. We proposed that elevated vascular 

ROS production and inflammation are associated with increased arginase activity 

and reduced NO levels and that inhibiting arginase can prevent these changes. 

Studies were performed to determine the effects of arginase inhibition (both 

genetically and pharmacologically) in vascular inflammation and ROS formation.   
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B. Literature Review and Project Rationale: 

2.1. Diabetes and CVD 

Diabetes is not only a metabolic disease. It also is considered to be a vascular 

disease. The link between diabetes and an increased incidence of cardiovascular 

disease is well established79. Metabolic components of diabetes (hyperglycemia, 

hyperlipidemia and insulin resistance) induce oxidative stress and low-grade 

inflammation in the early stages of diabetes. This leads to impaired endothelial 

function, augmented vasoconstriction and increased inflammation80. The role of 

diabetes mellitus in the development of CVD is of particular interest as rates of 

this condition are dramatically increasing throughout the world. In 2012, 29.1 

million Americans, over 9% of the population, had diabetes, the majority of whom 

were type 2 diabetic81. Among the people diagnosed with type 2 diabetes, about 

80 to 90 percent are also characterized as obese. This fact provides an 

interesting clue to the link between diabetes and obesity. 

2.1.1. Obesity and CVD 

Obesity is one of the most prevalent health concerns for the United States and 

the world. Obesity is defined as an unhealthy excess of body fat, which increases 

the risk of health problems and mortality. Obesity-related health conditions 

include heart disease, stroke, type 2 diabetes and certain types of cancer, some 

of the leading causes of preventable death. More than one-third (34.9% or 78.6 

million) of U.S. adults are obese. The estimated annual medical cost of obesity in 

the U.S. was $147 billion in 2008 U.S. dollars; the medical costs for people who 
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are obese were $1,429 higher than those of normal weight82. Factors such as 

insulin resistance, hyperglycemia and hypercholesterolemia that leads to 

cardiovascular disease in obesity such as hypertension,  adverse cardiac 

hypertrophy, ventricular dysfunction and  vascular endothelial dysfunction83. 

Additionally, obesity is linked to a chronic state of inflammation evidenced by 

increased circulating levels of pro-inflammatory cytokines, derived largely from 

hepatic and adipose sources that may play roles in CVD progression84.  

2.1.2. Obesity and Vascular Endothelial Dysfunction 

In both rodents and humans, perivascular adipose tissue (PVAT) envelopes 

virtually all blood vessels directly, thus allowing for easy access for factors 

secreted by these adipose tissues to the blood vessel and vice versa. Excessive 

accumulation of inflamed, dysfunctional PVAT in obesity has been proposed to 

be a major risk factor for endothelial dysfunction and atherosclerosis85. Obesity 

and metabolic syndrome has been associated with impaired vasodilation and 

failure to meet physiological levels of organ perfusion. One of the most heavily 

studied endothelium-dependent mechanisms has been the changes associated 

with nitric oxide (NO) production from the endothelium86, 87. Impaired vasodilation 

to acetylcholine has been observed in arteries from obese subjects while no 

differences in such responses were seen in patients intravenously infused with 

the NO donor, sodium nitroprusside87. Patients with metabolic syndrome also 

exhibit impaired endothelial function while endothelium-independent mechanisms 

remain intact88. Impairment in endothelial dependent vasodilation has also been 

observed in mice models of obesity which was associated with reduced NO 
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levels89, 90. This suggests a clear link between low NO levels, obesity and 

vascular endothelial dysfunction in obesity related diabetes. 

2.1.3. Obesity and arterial stiffness 

Recent studies have demonstrated that arterial stiffness precedes increases in 

systolic blood pressure and incident hypertension91, 92. Other studies have 

established that arterial stiffness is present in individuals with obesity or 

metabolic syndrome and can predict future cardiovascular events93. Weisbrod et. 

al demonstrated that weight gain and arterial stiffening occur concurrently in a 

rodent model of high fat/high sucrose (HFHS) diet induced obesity and that 

return to normal weight normalizes stiffness92. HFHS also increases 

inflammation, endothelial dysfunction, and extracellular matrix remodeling which 

were returned to baseline after weight loss. Arterial stiffness can be a novel 

target for early pharmacological or lifestyle interventions to prevent hypertension 

and associated complications of obesity. When considering the epidemic 

incidence of obesity in the United States, mainly because of excessive 

consumption of fat- and sucrose-rich diets, defining a novel therapeutic target to 

prevent obesity-related cardiovascular complications is urgently needed. 

 

2.1.4. Obesity and inflammation 

Excessive accumulation of adipose tissue is thought to be a primary driver of 

obesity-induced cardiovascular disease and is strongly associated with chronic 

low grade inflammation and macrophage infiltration in vascular tissues94. This 

process is thought to result from pathological expansion and fibrosis of adipose 
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tissue in a context of defective angiogenesis/vascular rarefaction leading to 

hypoxia, adipocyte death and infiltration of activated macrophages. Increased 

fibrosis is also evident in the adipose tissue and is associated with increased 

immune cell infiltration and chronic inflammation95, 96. Although drug like the 

statins or angiotensin receptor blockers have beneficial effects by lowering blood 

pressure and cholesterol levels, they only show modest improvement in vascular 

stiffness97, 98. Therefore few therapies reduce arterial stiffness and more effective 

treatments are highly desirable. 

 

2.2. Animal model of type 2 diabetes 

Type 2 diabetes represents a heterogeneous group of disorders characterized by 

insulin resistance, impaired insulin secretion, hyperglycemia and 

hypercholesterolemia. Most of the animal models of type 2 diabetes are obese as 

the two are very closely related. The most widely used genetic models of obesity 

are the ones that are defective in leptin signaling. Leptin is a hormone made by 

fat cells which regulates the amount of fat stored in the body. Leptin does so by 

adjusting both the sense of hunger, and regulating energy expenditures. These 

models have mutations either in the leptin gene (ob/ob) or in the leptin receptor 

(db/db), and the mice develop severe obesity99, 100. The db/db mouse is derived 

from a mutation in leptin receptor on chromosome 4 in mice of C57BL/KsJ 

strain101. The db/db mouse has resistance to the satiety hormone leptin and 

develops obesity, insulin resistance, and hyperglycemia. They become obese at 

six weeks of birth with substantial hyperglycemia and hyperinsulinemia. Arteries 
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from db/db mice shows impaired endothelial NO-mediated dilatation, which was 

associated with increased oxidative stress and vascular inflammation. The ob/ob 

mouse, on the other hand, is derived from a mutation in leptin gene on 

chromosome 6 in mice of C57BL/6J strain101. Ob/db mice harbor a missense 

mutation (fatty, fa) in the leptin receptor gene (Lepr) and exhibit similar metabolic 

profile to db/db mice such as hyperinsulinemic, hyperglycemic (depending on the 

age and strain), and have elevated total cholesterol. 

 

While genetic models of obesity are commonly used, obesity in humans rarely 

happens due to genetic mutations. Aforementioned models of type 2 diabetes 

with altered leptin regulation have limitations of being unlike the human disease. 

Metabolic syndrome is often diet induced, it is desirable to study the 

cardiovascular consequences in a model in which the syndrome is also diet 

induced. One of the factors that lead to obesity in humans is consumption of a 

diet rich in fat and carbohydrate. The C57BL/6J mouse fed an “American” diet 

high in fat and sugar (HFHS) is a recently established model of diet-induced 

obesity that resembles the clinical presentation and pathophysiological relevance 

to the human condition. This is an excellent model to study obesity linked 

cardiovascular complications since it demonstrate many features of metabolic 

syndrome as well as cardiovascular dysfunctions such as vascular endothelial 

dysfunction and arterial stiffness. Furthermore, this diet has been shown to 

induce hyperglycemia, obesity, increased systolic blood pressure, and chronic 

inflammation92, 102.  
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2.3. Arginase in Diabetes 

As discussed in the previous chapter, adequate L-arginine availability is 

necessary for physiological eNOS activity and NO production and is therefore 

essential for vascular integrity and function. We first reported that in diabetes, 

dramatic alterations in arginine metabolism can result in vascular dysfunction due 

to increased activity of arginase28. The results indicated that increased arginase 

activity in diabetes contributes to vascular endothelial dysfunction by decreasing 

L-arginine availability to NOS. Selective up-regulation of arginase 1 also has 

been observed in the coronary arteries of diabetic patients103. In human studies 

performed by Pernow et al104, levels of circulating plasma arginase 1 were found 

to be elevated in overweight adolescents compared to normal weight 

adolescents and was correlated with markers of obesity. In another study 

performed by the same group, patients with type 2 diabetes had improved 

endothelial function after treatment with arginase inhibitor nor-NOHA105. 

Treatment with arginase inhibitors has been shown to protect against VED in 

other animal models of diabetes. These studies support the role of arginase in 

cardiovascular complications associated with diabetes. 

 

2.4. Arginase in Inflammation 

Macrophages play an important role in inflammation-associated diseases, 

including cardiovascular diseases and obesity-associated  

metabolic syndrome106, 107. Excessive accumulation of adipose tissue is thought 

to be a primary driver of obesity-induced cardiovascular disease and is strongly 
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associated with enhanced macrophage infiltration and chronic low-grade 

inflammation. Compelling evidence from recent studies suggest that 

macrophages are heterogeneous and undergo phenotypic changes in response 

to pathological and physiological stimuli. M1 macrophages, also called classically 

activated macrophages, require IFN-γ or LPS for activation108. After activation, 

they release pro-inflammatory IL-6 and TNF-α which induces endothelial cell 

injury. Additionally, M1 macrophages are also an important source of reactive 

oxygen species (ROS) and other pro-inflammatory cytokines. M2 macrophage, 

also called alternatively activated macrophage, are anti-inflammatory in nature 

that are activated by IL-4 and IL-13 which facilitate injury healing108. These two 

macrophage phenotypes are also differently characterized by the expression of 

inducible NO synthase (iNOS) in M1 versus arginase 1 (Arg1) in M2 

macrophages. Macrophage infiltration is a multi-step process that typically 

consists of: endothelial cell activation and expression of adhesion molecules, 

monocyte rolling and attachment on the luminal surface of activated endothelial 

cells and subsequent transmigration to the underlying vascular tissue. Elevated 

levels of circulating activated monocytes, vascular adhesion molecules and 

chemokines are necessary in facilitating macrophage attachment to the vascular 

wall and infiltration109 110. 

 

2.4.1. Endothelial cell activation 

Endothelial activation is the inflammatory state of endothelial cells under the 

influence of various stimuli. These stimuli are mostly cardiovascular risk factors 
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which activate molecular machinery in the endothelium that results in expression 

of chemokines, cytokines, and adhesion molecules designed to interact with 

leukocytes and platelets and initiate inflammation. The mechanism is still very 

unclear as to how endothelial cells get activated. It appears to start with their 

activation by inflammatory cytokines such as IL-1 or IL-6 which leads to its 

expression of selectins and adhesion molecules on the cell surface in the 

vascular lumen. Selectins (cluster of differentiation 62 or CD62) are a family of 

cell surface adhesion molecules produced in response to inflammatory stimuli 

such as cytokines as part of innate immunity response. Selectins binds to certain 

carbohydrate moieties on the leukocytes which slows the movement, also known 

as leukocyte rolling. NO appears to regulate expression of selectins, especially 

P-selectin111. Endothelial cell surface expression of P-selectin is increased after 

exposure to the nitric oxide (NO) synthase inhibitor NG-nitro-L-arginine methyl 

ester (L-NAME), resulting in increased endothelial adhesiveness 111. 

Furthermore, supplementation of L-arginine has resulted in decreased adherence 

of human neutrophils to human iliac venous endothelial cells 111. Arginase, which 

reciprocally regulates NO levels, is likely to be involved in vascular inflammation.  

2.4.2. Cell adhesion molecules 

Leukocyte rolling is followed by cell to cell interaction regulated by several cell 

adhesion molecules expressed on the surface of endothelial cells and 

leukocytes. Intercellular adhesion molecule 1 (ICAM-1) and vascular cell 

adhesion molecule 1 (VCAM-1) are immunoglobulin (Ig) superfamily of adhesion 

molecules that mediate adhesion and migration of leukocytes into endothelial 
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cells. The inhibitory role of NO in leukocyte adhesion to the endothelium has 

been attributed to the inhibition of endothelial VCAM-1 and ICAM-1 expression 

112. In cultured human perotineal mesothelila cells, treatment with NO donors 

suppress TNF-a induced VCAM-1 expression 113. Genetic inhibition of arginase 2 

has also been shown to prevent endothelial cell ICAM-1 and VCAM-1 expression 

in hyperinsulinemia condition 114. These prior findings provide strong evidence for 

the involvement of arginase in vascular inflammation. 

 

2.5. Rationale 

Type 2 diabetes is associated with a systemic inflammatory state that impairs 

endothelial function through reduced nitric oxide levels, resulting in impaired 

endothelium-dependent vasodilation. The inflammatory process associated with 

diabetes induces the activation of ECs that is characterized by downregulation of 

eNOS, consequent loss of NO production and bioactivity and increased adhesion 

molecule expression 77, 78. Clinical studies have indicated that obesity, a common 

cause of type 2 diabetes, is an independent predictor of cardiovascular disease. 

The mechanisms leading to these vascular abnormalities are not well 

understood. Recent studies have shown beneficial effects of reducing oxidative 

stress or inflammation on obesity/diabetes related vasculopathies. Our lab and 

others have identified a role of arginase in oxidative stress in animal models of 

diabetes and hypertension 24, 40, 46, 69. Whether limiting arginase activity in obesity 

related diabetes improves vascular inflammation and oxidative stress and 

attenuates vasculopathies is not known 115, 116. Therefore, we have tested the 
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hypothesis that vascular dysfunction and pathology associated with obesity-

related diabetes involves oxidative stress, inflammation, and elevated arginase 

activity.  Using pharmacological and genetic approaches, we examined the role 

of arginase in a high fat - high sucrose (HFHS) diet mouse model that exhibits 

vascular inflammation, endothelial dysfunction and arterial stiffening.  
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ABSTRACT 

Arterial stiffness (AS) is an independent risk factor for cardiovascular 

morbidity/mortality. Smooth muscle cell (SMC) proliferation and increased 

collagen synthesis are key features in development of AS. Arginase (ARG), an 

enzyme implicated in many cardiovascular diseases, can compete with nitric 

oxide (NO) synthase for their common substrate, L-arginine. Increased arginase 

can also provide ornithine for synthesis of polyamines via ornithine 

decarboxylase (ODC) and proline/collagen via ornithine aminotransferase (OAT), 

leading to vascular cell proliferation and collagen formation, respectively. We 

hypothesized that elevated arginase activity is involved in Ang II-induced arterial 

thickening, fibrosis, and stiffness and that limiting its activity can prevent these 

changes. We tested this by studies in mice lacking one copy of the ARG1 gene 

that were treated with angiotensin II (Ang II, 4 weeks). Studies were also 

performed in rat aortic Ang II-treated SMC. In WT mice treated with Ang II, we 

observed aortic stiffening (pulse wave velocity) and aortic and coronary fibrosis 

and thickening that were associated with increases in ARG1 and ODC 

expression/activity, proliferating cell nuclear antigen, hydroxyproline levels, and 

collagen 1 protein expression. ARG1 deletion prevented each of these 

alterations.  Furthermore, exposure of SMC to Ang II (1 μM, 48 hrs) increased 

ARG1 expression, ARG activity, ODC mRNA and activity, cell proliferation, 

collagen 1 protein expression and hydroxyproline content. Treatment with ABH 

prevented these changes. Arginase 1 is crucially involved in Ang II-induced SMC 

proliferation and arterial fibrosis and stiffness and represents a promising 

therapeutic target. 
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INTRODUCTION 

Cardiovascular disease (CVD), a major cause of morbidity and mortality in many 

parts of the world, is associated with many risk factors such as high blood 

pressure and cholesterol, diabetes, smoking and stress117. Elevated activity of 

arginase, a urea cycle enzyme, has been implicated in vascular problems such 

as vascular complications of diabetes, hypertension, aging, coronary artery 

disease, ischemia reperfusion injury and erectile dysfunction28, 34, 69, 72, 118, 119. 

Arginase hydrolyses L-arginine into urea and ornithine and can reduce L-arginine 

availability for nitric oxide synthase (NOS)120. Thus it can reduce NO production, 

uncouple NOS and increase superoxide production, leading to vascular 

constriction28, 68. In addition, upregulation of arginase also can elevate levels of 

ornithine, substrate for both ornithine decarboxylase (ODC) and ornithine 

aminotransferase (OAT)7, 121, 122. Ornithine is catabolized by ODC to produce 

polyamines, which enhance cellular proliferation. Ornithine also is catabolized via 

OAT into pyrroline-5-carboxylate (P5C), a precursor for synthesis of proline 

which promotes collagen formation8 and perivascular fibrosis. Together, these 

events can lead to vascular intimal hyperplasia, fibrosis and stiffening.  

Increased arterial stiffness has been classified as an independent predictor of 

cardiovascular mortality in diabetic, coronary artery disease, hypertensive, and 

stroke patients1, 123-125. Arterial stiffness is largely dependent on extracellular 

matrix (ECM) and vascular collagen levels which are regulated by the activity of 

OAT and proline formation, and smooth muscle mass regulated by ODC activity 

and polyamine formation66, 68, 126. Stiffness  also can be regulated by smooth 
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muscle tone, which is influenced by circulating and endothelium-derived 

vasoactive mediators including NO and angiotensin II (Ang II)127. Our previous 

work has shown that diabetes-induced coronary perivascular fibrosis and 

elevation of carotid artery stiffness in WT mice are reduced in mice lacking one 

copy of arginase 169. Another study has shown that an arginase inhibitor S-(2-

boronoethyl)-l-cysteine (BEC) prevents loss of arterial compliance in 

atherosclerotic mice70. BEC can exert anti-proliferative effects on VSM by 

decreasing levels of ornithine, a precursor of polyamines70. BEC also can exert 

anti-fibrotic effects through decreased collagen synthesis via reduced availability 

of ornithine for OAT to produce hydroxyproline and collagen. Furthermore, aorta 

medial thickness, wall/lumen ratio, and collagen type I content were found to be 

much lower in spontaneously hypertensive rats (SHR) treated with an arginase 

inhibitor (nor-NOHA) compared to untreated SHR128. 

Arginase exists in two isoforms that are encoded by two different genes 6. 

Arginase 1 (ARG1), a cytosolic isoform, is located primarily in the liver and 

assists in the urea cycle. Arginase 2 (ARG2) is mostly mitochondrial and is 

expressed mainly in extra-hepatic tissues such as kidney and brain129. Both 

ARG1 and ARG2 are expressed in vascular endothelial and smooth muscle 

cells120 and their expression is known to be enhanced by inflammatory cytokines 

and ROS29, 43, 130. We have previously shown protective effects of 

pharmacological inhibition and genetic knockdown of arginase against vascular 

endothelial dysfunction in models of diabetes and hypertension69, 72, 118. However, 

the role of arginase in vascular remodeling and arterial stiffness in these 
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pathologies is not well understood.  Angiotensin II (Ang II) is known to cause 

vascular inflammation, ROS production, arginase expression and structural 

changes not related to elevated blood pressure44, 131, 132.  We hypothesized that 

elevated arginase activity is involved in Ang II-induced arterial thickening, 

fibrosis, and stiffness and that limiting its activity can be a therapeutic measure. 

 

MATERIAL & METHODS 

Ethical approval 

All the animal experiments were approved by the Institutional Animal Care and 

Use Committee of the Georgia Regents University (animal welfare assurance no. 

A3307-01). Mice were anesthetized by intraperitoneal injection of a mixture of 

ketamine (100 mg/kg) and xylazine (10 mg/kg) to allow implantation of minipump 

in the midscapular region. Animals were housed in a temperature- and light-

controlled facility and allowed access to standard chow and water ad libitum.  

Before harvest of tissues, mice were given a heavy dose of ketamine /xylazine 

and exsanguinated. 

Animals and Ang II infusion 

Experiments were performed using C57BL/6J WT mice and ARG1+/- 

(heterozygous knockout for ARG1, WT for ARG2) mice. The ARG1+/− mice were 

developed and provided by Dr. Steven Cederbaum 133. Complete knockout of 

ARG1-/- results in death within 2 weeks due to toxic levels of ammonia. Mice 
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were given subcutaneous infusions of either Ang II (1 mg/kg/day) or saline via 

osmotic minipumps (model 1004; Alzet Co) for 28 days.  

Cell Culture and treatments 

Rat aortic smooth muscle cells (RASMCs) were purchased from Cell Applications 

(San Diego, CA) and cultured in rat smooth muscle cell growth medium (Cell 

Applications) and maintained in a humidified atmosphere at 37°C and 5% CO2. 

All experiments were performed with cells from passage 4-8. 

Drugs and chemicals 

Acetylcholine, phenylephrine, phosphatase cocktail 1 and 2, and protease 

inhibitor were purchased from Sigma Aldrich (St. Louis, MO, USA). The arginase 

inhibitor, 2-(S)-amino-6-boronohexanoic acid (ABH) was a kind gift from Corridor 

Pharmaceuticals, Inc., Baltimore, MD. 

Vascular Stiffness 

Pulse wave velocity (PWV), the standard in vivo measure for arterial stiffness, 

was assessed by Doppler ultrasound (VEVO 2100, Visualsonics). Briefly, mice 

were anesthetized by 1% isofluorane/oxygen inhalation and maintained during 

the entire procedure. Mice were in the supine position on a heated platform 

(37°C) and abdominal hair was removed. Aortic pulse waves were assessed at 2 

aortic sites; at the aortic arch and the abdominal aorta proximal to iliac 

bifurcation. PWV calculation was based on the difference in arrival times of a flow 

wave at two locations along the aorta of known distance. The R-wave of the ECG 
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is a reference point for calculating arrival time of waves. PWV (m/s) was 

calculated by dividing the distance by the difference between the two arrival 

times with an average of 3-5 cardiac cycles. 

Blood Pressure Measurements 

Systolic blood pressure was measured non-invasively by tail-cuff method  as 

previously described 72. Briefly, animals were trained on alternate days over a 

period of 10 days to get accustomed to the device. Final measurements were 

performed on day 28. A total of 15 consecutive readings of the SBP were 

recorded and averaged. 

Western Blot 

Lysates from cells or aorta homogenates (20 μg protein) were subjected to 

electrophoresis on 10 % SDS-polyacrylamide gels. Proteins were then 

electroblotted onto PVDF membranes (Millipore, Billerica, MA). The blots were 

then blocked with 5% bovine serum albumin (BSA Fraction V, OmniPur) in TBST 

(0.2% Tween 20 in 1 × Tris-buffered saline). Membranes were then incubated 

with primary antibodies [anti-Arginase 1, 1:10,000 (Kind gift of Dr. Sidney M. 

Morris, Jr. of the University of Pittsburgh); anti-type 1 collagen, 1:1000, (Santa 

Cruz Biotechnology, Inc.); anti-ODC1, 1:2000, (AntibodyVerify); anti-β-actin, 

1:4000, (Sigma Aldrich) prepared in 5% BSA solution overnight at 4°C, washed 

(3x TBST), incubated in secondary antibodies conjugated with horseradish 

peroxidase for 1 hour at room temperature. Signals were detected using 

chemiluminescence and analyzed using densitometry. 
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Collagen Staining 

Harvested tissues were fixed in 10% buffered formalin (Sigma-Aldrich, St Louis, 

MO) and subsequently embedded in paraffin. Paraffin-embedded sections (5 μm 

thick) were de-paraffinized with xylene and rehydrated by immersion in a graded 

series of ethanol washes. Aortic collagen content was detected by staining 

sections with Picrosirius red following manufacturer’s protocol (PolyScientific, 

Bay Shore, NY, USA). Light microscopy was performed using an Axioplan 2 

microscope (Carl Zeiss, Jena, Germany) equipped with an Axiocam HR camera 

and software (Axiovision 4.6.3; Carl Zeiss). Collagen deposition around the 

coronary vessels was detected by red staining. Area of collagen staining relative 

to the vessel surface area was quantified using National Institutes of Health 

ImageJ software. Perivascular fibrosis data are expressed as the collagen-to-

vessel surface area ratio.  

Immunohistochemistry 

Immunostaining of the aortic rings to identify proliferating cells with proliferating 

cell nuclear antigen (PCNA) was performed for confirmation of cellular 

proliferation134. Aortic ring sections (5 μm) were fixed with 4% paraformaldehyde, 

treated with 3.0% H2O2 for 15 minutes for endogenous peroxidase quenching, 

and blocked for 30 minutes in 10% normal goat serum. Sections were then 

washed with PBS (2x2 minutes) and incubated in 1:1000 anti-PCNA (Millipore) 

for 1 hour at room temperature. Upon washing, the samples were incubated with 

Alexa Fluor 488–conjugated anti-mouse secondary antibody for 10 minutes. The 
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sections were then counterstained with DAPI (300 nM) for 2 minutes to display 

cell nuclei. The samples were quantitatively scored by a third party observer who 

was blinded to the study. PCNA staining was quantified as a percent of PCNA 

positive cells (Number of PCNA positive nuclei/Total number of nuclei).  

Hydroxyproline assay 

Hydroxyproline levels were quantified using a Hydroxyproline Assay Kit (Sigma, 

MAK008). Briefly, lysates from cells or whole aortae were homogenized with 12M 

HCL at 120°C for 3 hours. After homogenization, 50 μl of the homogenate was 

dried for 3 hours at 60°C incubator to which 100 μl of Chloramine-T solution was 

added. The resulting mixture was added with 100 μl of 4-dimethylamino 

benzaldehyde (DMAB) reagent and incubated for 90 minutes at 60°C. The 

samples were finally read at 560 nm. Values were normalized to the protein 

concentration of the lysate. 

Vascular Function  

Following deep anesthesia, aorta were rapidly excised and placed in cold Krebs 

solution [ NaCl, 118 mM; NaHCO3, 25 mM; glucose, 5.6 mM; KCl, 4.7 mM; 

KH2PO4, 1.2 mM; MgSO4 7H2O, 1.17 mM and CaCl2 2H2O, 2.5 mM]. 

Perivascular fat was removed and aorta was cut into 2 mm rings. Rings were 

mounted in myograph chambers (Danish Myo Technology A/S) filled with Krebs 

solution at 37oC (pH 7.4) under resting tension of 5.0 mN and continuously 

bubbled with a mixture of 95% O2 and 5% CO2. Isometric force was recorded 

using a Power Lab data acquisition system (Software Chart, Version 5, AD 
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Instrument, Colorado Springs, CO, USA). After equilibration for 1 hour, the ability 

of rings to develop contraction was assessed by adding KCl (80 mM). Cumulative 

concentration-response curves to acetylcholine (endothelium-dependent 

vasodilator) or sodium nitroprusside (endothelium-independent vasodilator) were 

obtained in rings pre-contracted with phenylephrine (1 μM). 

Arginase activity assay 

Rat aorta smooth muscle cells frozen in liquid nitrogen were pulverized in lysis 

buffer (50 mM Tris–HCl, 0.1 mM EDTA and EGTA, pH 7.5) containing protease 

inhibitors. The resultant lysates were subjected to three freeze thaw cycle, 

centrifuged at 14,000 rpm for 10 min and the supernatant were collected. 

Arginase activity was measured by colorimetric determination of urea formed 

from L-arginine as previously described135. Briefly, the supernatant fraction (25 

μL) was heated with 25 μl MnCl2 (10 mM, 10 min, 56°C) to activate arginase. The 

mixture was then incubated with 50 μL of 0.5 M L-arginine (pH 9.7) at 37°C for 1 

hr. The reaction was stopped by adding acid; the solution was then heated at 

100°C with 25 μl α-isonitroso-propiophenone (9% α-ISPF in EtOH) for 45 min. 

Samples were kept in the dark at room temperature for 10 min, and absorbance 

was then measured at 540 nm. Enzyme activity was normalized to the amount of 

protein assessed by Bradford protein assay.  

Nitric oxide measurement 

Production of nitric oxide (NO) synthesis was measured using a Sievers 280i NO 

Analyzer. Media was collected from treated cell cultures and injected in glacial 
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acetic acid containing sodium iodide in the reaction chamber. NO2 is 

quantitatively reduced to NO under these conditions, which was quantified by a 

chemiluminescence detector after reaction with ozone.  

Measurement of ODC activity/ expression 

Expression of ODC mRNA in cells was measured by Real-Time PCR (RT-PCR) 

using the primers; 5′-CAGCCTGTGCAGAAGTTTGT-3′ and 5′-

TGCACACATTCTCCAATGTCCAATCA-3′ (forward primers) and 5′-

TACATTGGCAGAATGGGCTA-3′ (reverse primer). Total RNA was purified suing 

RNA extraction kit from Ambion Technologies. For ODC activity assay, protein 

(50 μg) from cellular extracts were brought to 100 μl of ODC assay buffer (25 mM 

Tris/HCl, pH 7.5, 2.5 mM DTT, 0.1 mM EDTA, 0.2 mM pyridoxal phosphate and 

33 mM L-ornithine), containing 0.5 μCi of L-[14C]ornithine. Mixture was incubated 

at 37 °C in a 15 mL falcon tube with a 3 mm filter paper soaked with saturated 

sodium hydroxide solution. The liberated [14C] CO2 was trapped in the soaked 

filter paper. The reaction was stopped by the addition of 2N hydrochloric acid and 

the paper was transferred to a vial containing scintillation fluid. Enzyme activity 

was measured as the amount of [14C] CO2 formed, using a liquid-scintillation 

counter136. 

Cell proliferation assay  

Cell proliferation was determined using the Wst-1 assay (Roche Applied 

Science), which analyzes the number of viable cells by the cleavage of 

tetrazolium salts added to the culture medium 137. Briefly, partially confluent cells 
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were subjected to serum starvation for 48 hrs in a 12 well plate. Afterward, the 

medium was replaced by DMEM (Dulbecco’s Modified Eagle’s Medium, 10% 

FBS) with treatments. Following treatments, 50 μl of Wst-1 reagent was added to 

each wells and incubated for 4 hrs at 37°C. Plates were read immediately on a 

plate reader at 450 nm. Cell counting also was performed using a 

hemocytometer with trypan blue staining to confirm cell proliferation. 

Statistical analysis  

Data are presented as mean+/-SEM. Statistical analysis was performed using 

Student's t-test or analysis of variance (ANOVA) with a Tukey post-test. P values 

≤ 0.05 were taken as significant. These analyses were performed using 

GraphPad Prism, version 4.00 (GraphPAD Software Inc., San Diego, CA). 

 

RESULTS 

Effect of Ang II infusion on vascular endothelial function 

Our previous study showed that a subcutaneous infusion of Ang II (1 mg/kg/day, 

28 days) in mice causes elevated vascular arginase expression and activity, 

impaired endothelium-dependent vasorelaxation and hypertension that are 

prevented by co-treatment with the arginase inhibitor BEC (boronoethyl cysteine) 

or in ARG1+/-ARG2-/- knockout mice72. In our present study, a similar vascular 

dysfunction as evident by reduced relaxation to acetylcholine was observed after 

4 weeks of Ang II infusion (1 mg/kg/day) (Figure 4). In contrast, ARG1+/− KO mice 



40 
 

(but WT for ARG2) were protected against Ang II-induced vascular endothelial 

dysfunction (VED).  There were no differences among the groups in endothelial-

independent vasorelaxation responses to the NO donor sodium nitroprusside 

(data not shown).  These data indicate a role of ARG1 in Ang II-induced VED. 

Ang II treatment significantly increased systolic blood pressure (SBP) in WT Ang 

II (137.2 ± 3.8 mmHg) compared to non-Ang II treated control WT mice (SBP, 

110.5 ± 4.5 mmHg). SBP was not significantly raised in Ang II-treated ARG1+/− 

mice (120.1 ± 5.3 mmHg). SBP in sham ARG1+/− mice (104.9 ± 3.04 mmHg) was 

not statistically different from control WT mice. These data suggest that the 

maintenance of vascular endothelial function in ARG+/− mice prevents Ang II-

induced rise in SBP.  
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Figure 4. ARG1 deletion prevents Ang II-induced impairment in 
endothelium dependent vasorelaxation.  

Aortic rings were pre-constricted with phenylephrine (1 μM). Dashed line/filled 

circles indicate responses in WT Sham mice, dashed line/open circles indicate 

responses in Ang II-treated WT mice, solid line/open squares indicate responses 

in Ang II-treated ARG1+/− mice, and solid line/filled squares indicate responses 

in ARG1+/− Sham mice. n = 6 in each group; *P< 0.05 vs. other groups. 
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Effect of Ang II infusion on aortic stiffness 

Stiffness of the aorta was assessed in vivo by measuring pulse wave velocity 

(PWV), a proven estimation of elasticity and compliance of large vessels. 

Enhanced aortic stiffness (loss of compliance), as evident by increased PWV, 

was significantly increased in Ang II treated WT vs sham mice (Figure 5).  

However, aortic stiffness was not elevated in Ang II treated ARG1+/− vs sham 

mice. 

Effects of Ang II infusion on ARG1 and ODC expression 

Aortas excised from WT mice treated with Ang II exhibited increased levels of 

both ARG1 and ODC protein compared with those of sham WT mice (Figures 6A 

and B). Expression of aortic ARG1 and ODC in Ang II-treated ARG1+/− mice did 

not differ from that of the WT or ARG1+/− sham mice, indicating that ARG1 

mediates Ang II-induced elevation of aortic ODC expression. ARG1 expression in 

ARG1+/− mice was not elevated by Ang II treatment. ARG1 and ODC expression 

tended to be lower in ARG1+/− vs WT sham mice. 
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Figure 5. ARG1 deletion prevents Ang II-induced increase in arterial stiffness.  

Aortic stiffness was measured in vivo by pulse wave velocity (PWV – m/sec) in 

WT and ARG1+/− (A1KO) mice infused subcutaneously for 28 days with 

angiotensin II (Ang II, 1mg/kg/day) or saline (Sham) as described in Methods. 

Values are expressed as mean+/-SEM, n = 4-6, *P < 0.05 vs. all other groups. 
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Figure 6. Ang II increases expression of ARG1 and ODC.  

Levels of (A) ARG1 and (B) ODC (ornithine decarboxylase) protein expression 

were determined ) in WT and ARG1+/− (A1KO) mice infused subcutaneously for 

28 days with angiotensin II (Ang II, 1mg/kg/day) or saline (Sham) as described in 

Methods. Western blot results were normalized to β-actin and expressed as 

percentage of WT Sham. Values are expressed as mean+/-SEM, n = 4-6, *P < 

0.05 vs. all other groups.  
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Effects of Ang II infusion on aortic thickness and fibrosis  

To determine whether Ang II-induced elevation of aortic stiffness, and increased 

expression of  arginase and ODC were associated with aortic thickness and 

fibrosis, wall to lumen ratio and collagen as a percentage of vascular area were 

assessed. Following 4 weeks of Ang II infusion, WT mice had significantly thicker 

abdominal aorta as evident by increased vessel wall to lumen area ratio (Figure 

7A) and a significantly thicker outer layer of collagen fibers (Figure 7B). No 

significant differences in these values were observed between Ang II-treated or  

sham ARG1+/−  mice.  Ang II treatment also increased hydroxyproline levels in 

aorta of WT compared with sham mice, but not in aorta of ARG1+/− mice (Figure 

7C). This suggests that increased vascular collagen due to Ang II treatment is 

likely via increased arginase activity which results in elevated ornithine/proline 

pathway, thereby increasing collagen production. 

The effect of Ang II on cell proliferation in the aorta was also examined by 

staining nuclei in aortic sections with antibody for proliferating cell nuclear 

antigen (PCNA). Very few PCNA-positive cells were evident in the WT or 

ARG1+/− sham mice.  Numerous PCNA-positive cells were observed in the aortic 

wall of Ang II treated WT mice. PCNA-positive cells were particularly evident in 

the smooth muscle layer.  Ang II treatment produced far fewer aortic PCNA 

positive cells in ARG1+/− mice than in WT mice (Figure 8). These results indicate 

that elevated arginase function mediates Ang II-induced vascular cell 

proliferation, fibrosis and stiffness.  
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Figure 7. ARG1 deletion prevents increases in aortic wall thickness, fibrosis and 

hydroxyproline levels in Ang II mice 

(A), Representative sections of aorta stained with Picrosirius Red for collagen 

(10x magnification). (B) Wall/Lumen ratio and (C) Percent collagen per vascular 

surface area in WT and ARG1+/− (A1KO) mice treated with Ang II or saline 

(Sham) as described in Methods. (D) Aortic hydroxyproline content in whole 

aortic lysate . Values are expressed as mean+/-SEM, n = 4-6, *P < 0.05 and **P 

< 0.01 vs. all other groups. Size bars represent 200 μm.
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Figure 8. ARG1 deletion prevents vascular cell proliferation .  

PCNA was detected following treatments of Ang II (1mg/kg/day, 28 days) or 

saline (Sham) in WT and ARG1+/− mice. Top, PCNA is stained red and cell nuclei 

are stained blue (DAPI) (20x magnification). Merged picture shows cells stained 

with PCNA antibody (red) and DAPI (blue). Bottom, Data presented quantitatively 

as percentage PCNA positive cells per total nuclei (DAPI stains) (mean+/-SEM, 

n=5 , 2 sections per mouse). *P< 0.05 vs. other groups. Size bars represent 50 

μm. 
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Effect of Ang II infusion on coronary artery fibrosis 

We next examined perivascular collagen content and fibrosis of the coronary 

arteries using Picrosirius Red staining. Ang II treated WT mice exhibited 

enhanced coronary perivascular fibrosis as evidenced by increased levels of 

perivascular collagen, compared to the WT control (Figure 9). Perivascular 

collagen staining appeared slightly higher in Ang II treated ARG1+/− mice 

compared to WT and ARG1+/− sham mice, but the values among these groups 

were not significantly different. These data indicate that Ang II-induced coronary 

perivascular fibrosis involves elevation of arginase activity, via ARG1. 
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Figure 9. ARG1 deletion prevents coronary arterial fibrosis.   

Representative Sirius red–stained heart sections from WT and ARG1+/− (A1KO) 

mice given infusions of Ang II (1mg/kg/day, 28 days) or saline (Sham). Collagen 

was quantified as its area as a percentage of the vessel surface area. Values are 

expressed as mean+/- SEM, n = 4-6, *P < 0.05 and **P < 0.01 vs. all other 

groups. Size bars represent 50 μm.  
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Effects of Ang II on arginase activity/expression and NO production in 

vascular smooth muscle cells. 

Since both our present and prior study72 indicate that Ang II treatment elevates 

vascular arginase, we determined the effect of treatment of vascular smooth 

muscle cells (RASMC – rat aortic) with Ang II on arginase activity and 

expression.  Ang II (1.0 μM) treatment for 24 hours caused a 35% increase in 

arginase activity, which was sustained increase after 48 hours of Ang II exposure 

(Figure 10B). ARG1 protein expression was also increased (60%) at 48 hours of 

treatment (Figure 10A). Expression of ARG2 did not change with exposure to 

Ang II (data not shown). This elevated arginase activity was accompanied by 

concomitant decrease in NO production (36 %) at 24 hours (Figure 10C).  

Pretreatment (2 hr) of VSMC with the arginase inhibitor ABH (100 μM) prevented 

this Ang II-induced elevation in arginase activity and reduction in NO production 

at 24 hr. These data suggest that arginase plays a key role in Ang II-induced 

reduction of NO production in VSMC. Pre-treatment with the NOS inhibitor L-

NAME (1 mM) prevented NO production, indicating NOS as the source of NO.  

The main isoform of NOS in VSMC is nNOS, but iNOS is induced with 

inflammation138, 139. Control studies showed that ABH treatment did not alter 

expression of ARG1, NO production or cell proliferation (data not shown). 
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Figure 10. Ang II increases arginase activity/expression and reduces NO 

production. 

(A) Western blot result for arginase 1 expression, (B) arginase activity 

(colorimetric assay) and (C) NO production were measured in RASMCs after 

control, Ang II (1μM), Ang II+ABH, or L-NAME (1mM) treatment. Arginase activity 

in control cells was 714.4 ± 36.54 µmol of urea mg−1 protein h−1. Arginase 

inhibitor ABH (100 μM) was added 2 hrs prior to Ang II treatment. Values are 

expressed as mean+/-SEM, n = 4-6, *P < 0.05 vs. all other groups and #P < 0.05 

vs. all other groups. 
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Effects of Ang II on VSMC ODC activity/expression and proliferation 

It is well known that Ang II can enhance VSMC proliferation140.  Therefore, we 

determined whether the Ang II-induced proliferation of rat aortic SMC (RASMC) 

is associated with elevated arginase activity.  Exposure of RASMC to Ang II (1 

μM, 48 hrs) resulted in an increased cell proliferation (Figure 11A). This effect 

was completely blocked by pretreatment of cells with ABH (100 μM), indicating 

that Ang II-induced proliferation of VSMC is mediated by increased arginase 

activity. In order to assess the role of ODC in Ang II induced increase in cell 

proliferation, we measured mRNA levels and activity of ODC in Ang II treated 

RASMC. Indeed, Ang II treatment induced a 10 fold increase in ODC mRNA and 

an 80% rise in ODC activity by 48 hrs. Furthermore, pretreatment with ABH 

blocked the effects of Ang II on both ODC mRNA expression and activity (Figure 

11B and 11C). These data indicate that arginase is involved in the Ang II-induced 

elevation of ODC expression/activity and cell proliferation.   

Effects of Ang II on RASMC collagen and hydroxyproline levels 

Ang II also is known to increase levels of several extracellular matrix proteins, 

including collagen141. Since increased arginase activity can provide higher levels 

of ornithine for the OAT pathway to enhance proline and collagen synthesis, we 

determined if Ang II-induced arginase activity can also lead to increased collagen 

expression. Cells treated with Ang II (1 μM, 48 hrs) exhibited a significant 

elevation of collagen type I protein expression (Figure 12A). This effect was 

prevented by pretreatment with ABH (100 μM). Furthermore, hydroxyproline 
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levels were increased in RASMC treated with Ang II after 48 hours compared to 

non-treated control (Figure 12B).  Hydroxyproline content was not elevated in the 

Ang II + ABH treated group.  These data indicate that arginase is involved in Ang 

II-induced enhancement of hydroxyproline and collagen levels in VSMC. 
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Figure 11. Arginase inhibition attenuates Ang II induced cell proliferation 

and ODC activity/expression.   

(A) Cell proliferation, (B) ODC mRNA expression (fold change relative to 18s 

mRNA expression), and (C) ODC activity were measured as radiolabelled 

carbondioxide production (14CO2) 48 hrs after Ang II treatment. Arginase inhibitor 

ABH (100 μM) was added 2 hrs prior to Ang II treatment. Values are expressed 

as mean+/-SEM, n = 4-6, *P < 0.05 vs. other groups.  
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Figure 12. Arginase inhibition blocks Ang II induced increases in type-1-

collagen and hydroxyproline.  

Collagen and hydroxyproline levels were measured 48 hrs after Ang II or control 

treatments. (A) Top, Representative images of type 1 collagen and β-actin 

expression in westerb blots. Bottom, Levels of collagen normalized to β-actin and 

expressed as percentage of control. (B) Levels of Hydroxyproline using a ELISA 

kit.  ABH was added 2 hrs prior to Ang II treatment. Values are expressed as 

mean+/-SEM, n = 4, *P < 0.05 and **P < 0.01 vs. all other groups. 
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DISCUSSION 

In this study, we evaluated the association of arginase 1 with the development of 

Ang II-induced aortic fibrosis and stiffening in mice. Our main finding is that 

elevation of arginase activity is critically involved in an Ang II-induced increase in 

arterial thickness, fibrosis and stiffness. Proliferation of vascular smooth muscle 

cells (VSMC) plays a pivotal role in the pathogenesis of arterial stiffening and 

post-angioplastic restenosis62.  Ang II, a primary effector in the renin-angiotensin 

system, is a potent stimulus for VSMC proliferation140, 142. It causes structural 

changes in arteries involving inflammation and ROS, including increased 

proliferation of VSMC, accumulation of collagen and fibronectin, and enhanced 

arterial stiffness131, 141, 143 . This is the first study to demonstrate that Ang II 

promotes VSMC proliferation and collagen synthesis via arginase-dependent 

polyamine and proline synthetic pathways.   

Elevated arginase activity can reduce NO synthesis and contribute to impaired 

vascular endothelial relaxation24, 28, 144. We have previously shown that Ang II 

treatment increases arginase activity and expression in endothelial cells and 

reduces NO production72, through a p38 MAPK / ATF-2 pathway145. However, 

the effects of Ang II on smooth muscle cell arginase have not been examined.  

Our current study shows that treatment of RASMCs with Ang II increases 

arginase activity and decreases NO production.  Treatment with the arginase 

inhibitor ABH [2-(S)-amino-6-boronohexanoic acid] prevented the loss of NO 

production in response to Ang II treatment, indicating involvement of arginase in 

the suppression of NO levels.  Enzymatic sources of NO production in VSMCs 
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are neuronal NOS (nNOS) and possibly inducible NOS (iNOS)138, 139. Although 

the effect of Ang II on NOS isoforms were not examined in this study, the loss in 

NO production is due to decreased concentration of NOS substrate L-arginine. In 

addition to its vasorelaxing actions, NO exerts other beneficial effects, including 

inhibition of VSMC proliferation.  NO can suppress ODC activity in a 

concentration-dependent manner, via S-nitrosylation of its critical cysteine 

residues15. In addition to reducing NO synthesis by depleting the substrate L-

arginine for NOS, enhanced arginase activity also provides more ornithine as 

substrate for polyamine and hydroxyproline production and can lead to increased 

cell proliferation and collagen synthesis. Hence, arginase can promote cell 

proliferation by supplying ornithine for polyamine synthesis through the ODC 

pathway, and by reducing NO and its anti-proliferative effect. It has previously 

been demonstrated that overexpression of arginase 1 increases RASMC 

proliferation by mechanisms involving increased production of polyamines66. We 

found that Ang II treatment of cultured RAMSCs significantly increased cell 

proliferation, ODC mRNA and protein expression, and ODC activity. These 

effects, however, were prevented by pretreatment with ABH, indicating that 

arginase is a mediator of Ang II-induced elevation of ODC expression/activity and 

cell proliferation. 

VSMC collagen synthesis is critical to vascular remodeling and previous studies 

have reported that Ang II can stimulate VSMC collagen production141, 146. L-

Ornithine, a product of arginase, is converted to proline through the ornithine 

aminotransferase (OAT) pathway.  Proline can then be converted into 
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hydroxylproline, a critical component of collagen which is involved in tissue 

fibrosis. We investigated the relationship between Ang II-induced collagen 

formation and arginase activity. Our data showed that Ang II increases arginase 

activity and elevates hydroxyproline production and collagen type 1 protein 

expression. Furthermore, pretreatment with the arginase inhibitor ABH prevented 

Ang II-induced increase in arginase activity and substantially inhibited Ang II-

induced collagen type 1 protein expression and hydroxyproline formation, 

indicating that arginase activity is very likely involved in Ang II-induced collagen 

synthesis. 

Increased vascular arginase expression/activity have been previously reported in 

animal models of Ang II-induced hypertension72. Mice lacking one copy of the 

ARG1 gene and both copies of ARG2 (ARG1+/-ARG2-/-) were substantially 

protected against Ang II-induced impairment of endothelium-dependent 

vasorelaxation that was seen in WT mice. Furthermore, ARG1+/-ARG2-/- mice and 

WT mice treated with ABH were partially protected against Ang II-induced 

increases in blood pressure. In support of those findings, we observed protection 

against Ang II-induced vascular endothelial dysfunction in mice with partial 

knockdown of ARG1. Moreover, the ARG1 knockdown was protective in mice 

with both ARG2 genes intact.  Our finding suggests a central role for arginase 1 

in Ang II-induced endothelial dysfunction.  

Hallmarks of negative vascular remodeling are an increase in wall thickness and 

fibrosis and a reduction in arterial lumen area, associated with reduced arterial 

compliance147. This loss of arterial compliance - stiffening - is now recognized as 
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an important cardiovascular risk factor, independent of blood pressure148, 149. The 

medial layer of the vascular wall is composed of SMC and extracellular matrix 

synthesized by SMC. Increased levels of collagen and proliferation of VSMC can 

contribute to the development of arterial fibrosis and stiffness. The present 

results indicate that arginase plays a critical role in collagen synthesis and VSMC 

proliferation by providing more of the substrate ornithine.  Elevated plasma levels 

of ornithine have been reported in diabetic mice and in diabetic patients that also 

exhibited increased tissue and plasma arginase activity150, 151. These results also 

are in agreement with our previous report in which a partial knockdown of ARG1 

in mice was protective against experimental diabetes-induced coronary fibrosis 

and arterial stiffness69.  Moreover, pharmacological inhibition of arginase has 

been shown to block VSMC proliferation and neointima formation in injured rat 

carotid arteries65. In another study, aorta media thickness, wall/lumen ratio, and 

collagen type I content were found to be much lower in spontaneously 

hypertensive rats treated with the arginase inhibitor nor-NOHA compared to 

untreated SHR128. These data are supported by our findings of elevated 

perivascular collagen in the hearts and aorta of WT mice treated with Ang II 

compared to those from WT control and ARG1 KO mice treated with Ang II. This 

relation between arginase and collagen is further established by our findings that 

hydroxyproline levels in WT control and ARG1+/-mice treated with Ang II were 

lower than in Ang II treated WT mice.  

Collagen content is the net result of a dynamic balance between synthesis and 

degradation152. Reduced collagen synthesis combined with a maintained level of 
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degradation may have deleterious vascular effects as it can lead to disruption of 

atherosclerotic plaques and release of emboli153. Whether arginase inhibition 

creates a dangerous imbalance in these processes is unclear. Further studies 

will be required to assess the effects of arginase inhibition on plaque stability in 

an atherosclerotic animal model. 

Clinical studies have demonstrated that cardiovascular disease is associated 

with stiffening of conduit arteries147. Pulse wave velocity (PWV) is a widely 

accepted non-invasive technique for measuring vascular stiffness in vivo154. 

Mechanisms that may account for higher aortic PWV include structural changes 

in the vessel such as increased vascular collagen content, thickening of the 

arterial wall and vasoconstrictor tone65, 155. The present study revealed that Ang II 

treatment increased PWV in WT mice but not in partial ARG1 KO mice, which 

exhibited PWV values similar to WT controls. Therefore, our data strongly 

indicate that ARG1 is largely responsible for Ang II-induced vascular fibrosis and 

stiffness.   

A central question is whether Ang II-induced arterial stiffening is primarily related 

to elevation of vascular contraction/tone or effects of Ang II that enhance arterial 

thickness and fibrosis.  Many studies have shown a key role of increased Ang II 

levels in arterial stiffening that involves increased levels of inflammatory 

cytokines (MCP-1, TNF- α, IL-17), ROS (largely via NADPH oxidase) and  

TGF-β131, 156-158. All of these substances are known to increase expression and 

activity of arginase29, 34, 43, 130. Moreover, reduction of inflammation and ROS can 

reduce arterial stiffness. Anti-TNF- α therapy in rheumatoid arthritis patients 
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reduces aortic PWV159. Blockade of the renal-angiotensin system (ARB or ACEI) 

in hypertensive patients reduces arterial stiffness (PWV) whereas L-type calcium 

channel blockers do not, despite producing similar reductions in blood 

pressure160, 161.  A recent study, examining a treatment that suppresses T-

lymphocyte function and IL-17 expression in mice, showed that it prevented Ang 

II-induced elevation of aortic stiffness/PWV without altering the prominent rise in 

blood pressure162.   Thus, we believe that the effects of Ang II on arterial 

structure – thickness and fibrosis, involving elevated arginase - are chiefly 

responsible for elevation of arterial stiffness. 

The biochemical pathways underlying the effect of Ang II on aortic SMC 

proliferation, collagen production and arterial stiffening have not been well 

understood. Our purpose was to determine if elevation of Ang II levels enhance 

ODC activity/expression, cell proliferation and collagen synthesis and reduce NO 

production in VSM via an arginase dependent pathway. Additionally, we wished 

to determine if vascular remodeling in our model of elevated Ang II levels 

involves upregulation of the ARG, proline and ODC pathways.  Our findings 

provide novel evidence that prolonged Ang II treatment initiates arginase 1-

mediated pro-proliferative and pro-collagen synthetic actions in aortic smooth 

muscle cells leading towards arterial fibrosis and stiffness. Therefore, limiting 

arginase activity might be a promising pharmacological mean for the prevention 

and treatment of vascular diseases associated with elevated VSMC proliferation 

and collagen synthesis. 
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Abstract  

Increased prevalence of obesity and impaired glycemic control is one of the 

profound challenges of the modern western society. Long-term follow-up studies 

have indicated that obesity is an independent predictor of cardiovascular risk. 

Metabolic syndrome, a cluster of hyperglycemia, hypertension, excess body fat 

and abnormal cholesterol, is associated with impaired vascular functions such as 

endothelial dysfunction and arterial stiffness. The mechanism leading to these 

vascular abnormalities is not well understood. In our current study, we fed 

C57BL/6J mice, WT or endothelial specific arginase 1 knockout (EC-A1-/-), with 

high fat high sucrose (HFHS) diet for 6 months with or without the treatment of 

arginase inhibitor ABH (2-(S)-amino-6-boronohexanoic acid, 10 mg/kg/day) in 

drinking water. Arginase (ARG), an enzyme implicated in many cardiovascular 

diseases, can compete with nitric oxide (NO) synthase for their common 

substrate, L-arginine.  This leads to reduced bioavailability on NO and endothelial 

dysfunction. Increased arginase activity also provides more ornithine for 

synthesis of polyamines via ornithine decarboxylase (ODC) and proline/collagen 

via ornithine aminotransferase (OAT), leading to vascular cell proliferation and 

collagen formation, respectively. We hypothesized that elevated arginase activity 

is involved in vascular dysfunction and arterial fibrosis/stiffness associated with 

obesity-related type 2-diabetes and that limiting its activity can prevent these 

pathologies. In our study, HFHS significantly increased body weight and fasting 

glucose levels, starting at 8 weeks of diet with further increases at later time 

points. We observed increased aortic arginase activity, impaired endothelial 
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function (relaxation response to acetylcholine in isolated aortic rings) and arterial 

stiffness (pulse wave velocity) in WT HFHS mice but not in  

EC-A1-/- HFHS mice and ABH-treated HFHS mice. Aortic perivascular collagen 

deposition was also significantly higher in HFHS mice compared to that of mice 

fed ND. Furthermore, marked increase in vascular cell adhesion molecule 

expression and aortic macrophage infiltration was observed. Additionally, plasma 

lipid peroxidase activity, a measure of systemic oxidative stress, was also 

elevated in HFHS mice. These changes were prevented in ABH-treated mice and 

EC-A1-/- mice. In conclusion, arginase activity is increased in a mouse model of 

obesity-induced type 2 diabetes. Treatment with arginase inhibitor ABH or 

genetic knockdown of endothelial Arginase 1 ameliorates HFHS-induced 

endothelial dysfunction and arterial stiffening. 

Introduction 

Cardiovascular disease (CVD), the leading cause of death worldwide, is 

associated with a number of metabolic disorders such as obesity, hyperglycemia, 

hyperlipidemia, and hypertension75. Diets high in fat and sucrose content are well 

known to promote the development of obesity and type 2 diabetes163. A major 

cause of morbidity and mortality in these conditions is vascular dysfunction – 

impaired vascular endothelium dependent vasodilation, compliance, and blood 

flow. Elevated levels of glucose, inflammatory cytokines, reactive oxygen species 

(ROS), along with reduced nitric oxide (NO) levels are involved in these vascular 

pathologies. A better understanding of the mechanisms leading to CVD due to 

obesity is very important for future therapies to reduce morbidity and mortality. 
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Although insulin resistance and resultant hyperglycemia continue to be 

recognized as major factors in the development and progression of type 2 

diabetes related CVD, other hypotheses have recently surfaced, particularly 

those related to inflammation164, 165.  

Arterial stiffening (impaired compliance) is an independent CVD risk factor and is 

increased in diabetic patients before clinical cardiovascular disease diagnosis. In 

these patients, low-grade inflammation is independently associated with arterial 

stiffness166. The inflammatory process induces the activation of ECs that is 

characterized by increased adhesion molecule expression, downregulation of 

eNOS function, and consequent loss of NO production and bioactivity77, 78.  

Arginase, which exists in two distinct isoforms (ARG1 and ARG2), has been 

implicated in various CVDs. Arginase has been shown to reciprocally regulate 

NO production by NOS through competition for their common substrate, L-

arginine28, 65. ARG1, located in the cytoplasm, is expressed most abundantly in 

the liver whereas ARG2, largely mitochondrial, is the primary isoform in kidney. 

Both forms are found in vascular endothelial and smooth muscle cells and can be 

upregulated in expression and activity by ROS and inflammation29, 65, 167.   

Arginase catalyzes hydrolysis of L-arginine to urea and ornithine. Ornithine is 

metabolized to form polyamines via ornithine decarboxylase and also proline via 

ornithine aminotransferase. Polyamines enhance cell proliferation and proline is 

essential in collagen synthesis168, 169. Both are important in the process of wound 

healing and tissue regeneration168, but can also lead to increased vascular 
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fibrosis and thickness, which result in vascular stiffening65 – an independent risk 

factor for cardiovascular disease.  

In this study, we tested the hypothesis that vascular dysfunctions and 

pathologies associated with obesity-related type 2 diabetes involve oxidative 

stress, inflammation, and elevated arginase activity.  Using pharmacological and 

genetic approaches, we examined the role of arginase in a high fat - high 

sucrose (HFHS) diet mouse model.   

METHODS 

Animal model 

All animal protocols were approved by the Institutional Animal Care and Use 

Committee at Georgia Regents University. Male C57BL/6J mice (The Jackson 

Laboratory, Bar Harbor, ME, USA) were used.  The mice were either wild type 

(WT) or those with an endothelial cell specific knockout of ARG1 (EC-A1-/-).  Mice 

that expressed Cre-recombinase in endothelial cells (Cadherin 5-Cre) (Stock No. 

017968) were crossed Cadherin 5-Cre mice, on a C57BL/6 background, with 

mice that carried floxed arginase 1 alleles (loxP sites flanking exons 7 and 8 of 

the Arg1 gene) (Stock No. 008817) to generate endothelial cell-specific ARG1 

knockout mice EC-A1.  ARG1loxp/loxp (EC A1+/+) mice, which have the same 

phenotype as C57BL/6J WT mice, were used as controls for the knockout. To 

induced diabetes, mice were fed a high fat – high sucrose (HFHS) diet (59% fat, 

15% protein, 26% carbohydrate [mostly sucrose], F#1850, BioServe, USA) for 6 

months. Other mice were fed a normal diet (ND: 18% fat, 24% protein, 58% 
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carbohydrate, Harlan, USA) over this period. Body weight and blood/urine 

glucose levels of each mouse were measured every two weeks until experiments 

were performed. Animals were housed in 12-hours light/dark cycle and had free 

access to food and water throughout the study.  

Vascular function  

Aorta were rapidly excised and placed in cold Krebs solution [ NaCl, 118 mM; 

NaHCO3, 25 mM; glucose, 5.6 mM; KCl, 4.7 mM; KH2PO4, 1.2 mM; MgSO4 

7H2O, 1.17 mM and CaCl2 2H2O, 2.5 mM]. Perivascular fat was carefully 

removed and aorta was cut into 2 mm rings. Rings were mounted in myograph 

chambers (Danish Myo-Technology A/S) filled with Krebs solution at 37oC (pH 

7.4) under resting tension of 5.0 mN and continuously bubbled with a mixture of 

95% O2 and 5% CO2. Isometric force was recorded using a Power Lab data 

acquisition system (Software Chart, Version 5, AD Instrument, Colorado Springs, 

CO, USA). After equilibration for 1 hour, the ability of rings to develop contraction 

was assessed by adding KCl (80 mM). Thereafter, cumulative concentration-

response curves to acetylcholine (endothelium-dependent vasodilator) or sodium 

nitroprusside (endothelium-independent vasodilator) were obtained in rings pre-

contracted with phenylephrine (1 µM). 

Vascular NO levels  

Vascular NO production was determined by measuring tissue fluorescence after 

exposure to the NO indicator 4,5-diaminofluorescein diacetate (DAF-2 DA). 

Serial cross-section rings (5 µm) from the OCT-frozen aorta were incubated in 
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the dark at 37°C in HEPES buffer containing DAF-2 DA (10−7 M) for 15 min. The 

negative control aortic rings were incubated with L-NAME (10−6 M) for the same 

time period along with DAF-2 DA. Following incubation, sections were fixed in 

4% paraformaldehyde and examined under a confocal microscope (LSM 810 

inverted). Green fluorescence intensity was quantified using the Zen 2012 

software. 

Vascular and plasma levels of reactive oxygen species (ROS) 

Plasma levels of ROS were assessed by measuring levels of lipid peroxides, 

measured as malonaldehyde170. For vascular ROS estimation, dihydroethidium 

(DHE) staining for superoxide was carried out as described previously (139). 

Briefly, cross-section rings (5 µm) from the OCT-frozen aorta were incubated in 

the dark at 37°C in HEPES buffer containing DHE (10−4 M) for 30 min. Following 

incubation, sections were fixed in 4% paraformaldehyde and examined under a 

confocal microscope (LSM 810 inverted). Red fluorescence intensity was 

quantified using the Zen 2012 software. 

Vascular Stiffness 

Aortic stiffness was assessed by measuring pulse wave velocity (PWV) using 

VEVO 2100 imaging system (Visualsonics)  equipped with an MS550D 

transducer. Briefly, mice were anesthetized by 1% isofluorane/oxygen inhalation 

and maintained during the entire procedure. Mice were in the supine position on 

a heated platform (37°C) and abdominal hair was removed. Aortic pulse waves 

were assessed at 2 aortic sites; at the aortic arch and the abdominal aorta 
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proximal to iliac bifurcation. Pulse travel time was calculated as the difference 

between the timing of the foot of each waveforms using R-wave of the ECG as a 

reference point. PWV (m/s) was calculated by dividing the distance (d) by the 

time difference (Δt) between the arrival times at each site. Each value is an 

average of 3-5 cardiac cycles. 

Collagen staining 

Harvested aorta were fixed in 10% buffered formalin (Sigma-Aldrich, St Louis, 

MO) and subsequently embedded in paraffin. Tissue sections (5 μm thick) were 

cleared of paraffin with xylene and rehydrated by immersion in a graded series of 

ethanol washes. Aortic collagen content was detected by staining sections with 

Picrosirius Red following manufacturer’s protocol (PolyScientific, Bay Shore, NY, 

USA). Light microscopy was performed using an Axioplan 2 microscope (Carl 

Zeiss, Jena, Germany) equipped with an Axiocam HR camera and software 

(Axiovision 4.6.3; Carl Zeiss). Collagen deposition around the coronary vessels 

was detected by red staining. Area of collagen staining relative to the vessel 

surface area was quantified using National Institutes of Health ImageJ software. 

Perivascular fibrosis data are expressed as the collagen-to-vessel surface area 

ratio. 

Arginase activity assay 

Aortic lysates in Tris buffer (50 mmol·L−1 Tris–HCl, 0.1 mmol·L−1 EDTA and 

EGTA, pH 7.5 containing protease inhibitors) or plasma samples were used for 

arginase activity assay as previously described (Romero et. al., 2008). Briefly, 
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25μL of 10 mM MnCl2 were added to 25μL of aortic homogenates or plasma and 

heated at 570C for 10 minutes to activate arginase. 50μL of 0.5M L-arginine was 

then added to the reaction tube and incubated in 370C for 1 hour and 400μL of 

acid mixture (H2SO4 : H3PO4 : H2O in a ratio of 1:3:7) was added to stop the 

reaction. 25μL of 9% α-isonitrosopropiophenone (in ethanol) was added and the 

mixture was heated for 45 minutes at 1000C and placed in dark for 10 minutes to 

develop color. Arginase activity was measured by loading 200μL of reaction 

mixture in a 96-well plate and absorbance read at 540 nm. 

Plasma Amino Acid Levels  

Plasma levels of L-arginine, L-ornithine and L-citrulline were assessed by using 

hydrophilic interaction liquid chromatography electrospray tandem mass 

spectrometry. The liquid chromatography consisted of Shimadzu LC-30AD 

delivery pump, SIL-30AC autosampler and CBM-20A system controller 

(Shimadzu Scientific Instruments; Columbia, MD) used with Analyst 1.6 software. 

In addition to plasma arginine levels, systemic arginase activity and global 

arginine bioavailability ratio (GABR) were calculated. Systemic arginase activity 

is assessed as the ratio of plasma ornithine to arginine concentrations, and 

GABR is the ratio of plasma arginine concentration divided by the sum of 

concentrations of ornithine plus citrulline171. 

Western blot. 

Lysates from aortic homogenates (20 μg protein) were subjected to 

electrophoresis on 10 % SDS-polyacrylamide gels. Proteins were then electro-
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blotted onto PVDF membranes (Millipore, Billerica, MA). The blots were then 

blocked with 5% bovine serum albumin (BSA Fraction V, OmniPur) in TBST 

(0.2% Tween 20 in 1 × Tris-buffered saline). Membranes were then incubated 

with primary antibodies [anti-Arginase 1, 1:10,000 (Kind gift of Dr. Sidney M. 

Morris, Jr. of the University of Pittsburgh; anti-Arginase 2, 1:250 (Santa Cruz 

Antibody) ; anti-β-actin, 1:4000, (Sigma Aldrich) prepared in 5% BSA solution 

overnight at 4°C, washed (3x TBST), incubated in secondary antibodies 

conjugated with horseradish peroxidase for 1 hour at room temperature. Signals 

were detected using chemiluminescence and analyzed using densitometry. 

Quantitative Reverse Transcription-PCR (Q-PCR) 

Total RNA was isolated using TRIzol reagent (Invitrogen). Total RNA was 

reverse transcribed with M-MLV reverse transcriptase (Invitrogen) to generate 

cDNA. Gene expression was determined by quantitative PCR with SYBR Green 

Dye Gene Expression Assays (for VCAM-1, MCP-1 and Ets-1) or TaqMan Gene 

Expression Assays (for ARG1, and ARG2, Applied Biosystems), which was 

performed on a StepOne Plus thermocycler (Applied Biosystems). Primer 

sequences are presented in Table 1. The cycle threshold, determined as the 

initial increase in fluorescence above background, was determined for each 

sample. HPRT was used as internal control in the PCR reaction for 

normalization. 
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Immunohistochemistry 

Immunostaining of aortic cross sections using CD68 antibody was performed to 

assess the extent of macrophage infiltration in the vessel walls. Aortic ring 

sections (5 μm) were fixed with 4% paraformaldehyde, treated with 3.0% H2O2 

for 15 minutes for endogenous peroxidase quenching, and blocked for 30 

minutes in 10% normal goat serum. Sections were then washed with PBS (2x2 

minutes) and incubated in 1:250 anti-CD68+ (Cell Signaling, Beverly, MA, USA) 

overnight at 40C. Upon washing, the samples were incubated with horseradish 

peroxidase–conjugated anti-rabbit secondary antibody for 45 minutes. The 

sections were incubated with DAB substrate and finally Peroxidase solution to 

develop brown staining. Slides were then counterstained with hemotoxylin for 2 

minutes to stain cell nuclei. The samples were scored semi-quantitatively by a 

third party observer who was blinded to the study. 

Drugs and chemicals 

Acetylcholine, phenylephrine, phosphatase cocktail 1 and 2, protease inhibitor, 

Dihydroethidium (DHE),  malondialdehyde bis (phenylimine), trichloroacetic acid 

and thiobarbituric acid were purchased from Sigma Aldrich (St. Louis, MO, USA). 

The arginase inhibitor, 2-(S)-amino-6-boronohexanoic acid (ABH) was a kind gift 

from Corridor Pharmaceuticals, Inc. (Baltimore, MD, USA). Picrosirius Red Stain 

Kit for collagen staining was purchased from Polysciences, Inc (Warrington, PA, 

USA). 4,5-Diaminofluorescein (DAF-2) was purchased from Calbiochem 

(Darmstadt, Germany). 
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Statistical analysis  

Data are presented as mean+/-SEM. Statistical analysis was performed using 

analysis of variance (ANOVA) with a Tukey post-test. P values < 0.05 were taken 

as significant. These analyses were performed using GraphPad Prism, version 

4.00 (GraphPAD Software Inc., San Diego, CA). 
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Table 1. Primer sequences for Real Time PCR.  

ICAM1 intracellular adhesion molecule 1; VCAM-1 vascular cell adhesion 

molecule 1; MCP-1 monocyte chemoattractant protein 1; Ets-1 member of Ets 

family of transcription factors 
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RESULTS 

Body weight and blood glucose 

In the present study, we used a mouse model of obesity related type-2-diabetes 

that occurs in humans92. Adult C57BL/6 male mice were fed high fat/high 

sucrose (HFHS) diet to induce obesity and diabetes. After 6 months of HFHS 

feeding, both body weight and fasting blood glucose levels in WT mice were 

elevated compared with those on the normal diet (ND) WT (Table 2). This 

elevation was not altered by treatment with the arginase inhibitor ABH. Likewise, 

mice lacking both copies of ARG1 in endothelial cells (EC-A1-/-) fed the HFHS 

diet exhibited similar increases in body weight and fasting plasma glucose 

concentration. These data indicate that arginase is not involved in either HFHS 

induced weight-gain or hyperglycemia. 
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Table 2: Blood Glucose, Body Weight of mice under normal and high fat 

/high sucrose (HFHS) diet. 

Body weight and fasting blood glucose levels in WT mice with or without the 

arginase inhibitor ABH, mice lacking endothelial arginase 1 (EC-A1-/-) or 

littermate mice with intact endothelial A1 (A1loxp/loxp) fed Data are represented 

as means ± SEM, n=6-8 mice /group. * P< 0.05, vs. ND-WT or A1loxp/loxp groups. 

 

Vascular endothelial function 

We and others have shown that increased vascular arginase activity results in 

vascular endothelial dysfunction (VED)28, 105, 144. In this study, aortas from WT 

mice fed the HFHS diet exhibited markedly impaired vaso-relaxation responses 

Body Weight (g) Blood Glucose 
(mg/dL)

WT

WT ND 36.0±2.4 112.1±3.9

WT HFHS 50.9±3.0* 201.0±23.1*

WT ND+ABH 37.5±1.4 106.6±3.03

WT HFHS+ABH 47.12.0* 203.8±29.2*

EC-A1-/-

ND A1loxp/loxp 35.3±1.2 112.75±4.535

HFHS A1loxp/loxp 52.3±1.1* 212.0±22.1*

ND EC-A1-/- 40.2±2.6 128.0±15.8

HFHS EC-A1-/- 48.7±0.9* 203.3±17.6*
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to acetylcholine compared with ND mice (Fig 13A). Treatment with ABH 

prevented this HFHS-induced impairment indicating the role of arginase in VED.  

We also determined if ARG1 is involved in HFHS induced endothelial 

dysfunction. Aortas from EC-A1-/- mice fed HFHS diet were protected against 

VED compared to HFHS fed WT (Fig 13C). Endothelium independent relaxation 

to sodium nitroprusside was statistically similar in all groups (13B & 13C). These 

data indicate that endothelial arginase 1 is involved in HFHS-induced vascular 

endothelial dysfunction.  

Aortic stiffness and fibrosis 

Vascular stiffness is directly correlated  with body weight, fat content, and 

hyperglycemia172. Aortic stiffness, assessed by measuring pulse wave velocity 

(PWV), was significantly increased in WT mice after 6 months of HFHS 

compared with ND (Fig 14A). HFHS mice treated with ABH did not exhibit 

elevation of aortic stiffness. Additionally, EC-A1-/- mice were also protected 

against HFHS-induced arterial stiffness.  To address the mechanism behind 

increased arterial stiffness, we examined perivascular collagen deposition 

(fibrosis) in aorta. Aortic ring cross sections from WT HFHS mice had 

significantly higher deposition of perivascular collagen compared to ND mice as 

shown by increased levels of picrosirius red staining (Fig 14B & 14C). Treatment 

of HFHS mice with ABH prevented this increase in fibrosis. Additionally, HFHS 

diet did not elevate perivascular collagen deposition in EC-A1-/- mice. Taken 

together, these findings demonstrate that ARG1 is involved in HFHS diet-induced 

aortic fibrosis and stiffening.   
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Figure 13. Arginase inhibition prevents impairment in vascular function in 
HFHS mice. 

Panel (A) depicts responses for wild type (WT) mice with and without treatment 

with arginase inhibitor ABH (8 mg/kg/day in drinking H2O).  Panel (C) shows 

responses for mice lacking endothelial arginase 1 (EC-A1-/-) and littermate mice 

with intact endothelial A1 (A1loxp/loxp ). Panel (B) and (D) shows endothelium-

independent vasorelaxation to NO donor sodium nitropruside (SNP). Data were 

calculated as changes from maximal contraction produced by phenylephrine (PE, 

10-7 to 10-6 M), which was taken as 100%. Data are represented as means ± 

SEM, n=6-8 mice /group. * P< 0.05, vs. ND-WT or A1loxp/loxp groups. 
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Figure 14. Arginase inhibition prevents aortic stiffening and fibrosis in 
HFHS mice. 

Panel (A) depicts assessment of arterial stiffness by measuring pulse wave 

velocity (PWV) in wild type (WT) mice with and without treatment with arginase 

inhibitor ABH and mice lacking endothelial arginase 1 (EC-A1-/-) and littermate 

mice with intact endothelial A1 (A1loxp/loxp ). (B) Mean data for the quantification of 

collagen deposition (Picrosirius Red staining) in aortic sections from all groups. 

(C) Representative aortic sections stained for collagen with Picrosirius Red. 

Values are represented as means ± SEM, n=6-8 / group. * P< 0.05, vs. ND-WT 

or A1loxp/loxp groups.  
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Arginase activity/expression 

We examined the effect of HFHS diet on vascular and plasma arginase activity. 

Marked increases in aortic (2 fold) and plasma (3.5 fold) arginase activity were 

observed in HFHS fed WT mice (Fig. 15A and 15B). This increase was 

completely prevented in the HFHS mice treated with ABH. Our previous study 

showed that 4 weeks of STZ-induced diabetes in mice increased vascular 

arginase activity which was prevented in mice lacking one copy or ARG1 and 

both copies of ARG269. To further understand the role of EC and the ARG1 

isoform, we measured aortic and plasma arginase activity in EC-A1-/- mice. 

Interestingly, elevation in aortic arginase activity observed with HFHS diet was 

completely prevented in EC-A1-/- mice, indicating that endothelial ARG1 is 

primarily responsible for HFHS-induced elevation of aortic arginase activity. 

However, HFHS diet increased plasma arginase in EC-A1-/- mice, as it did in WT 

mice. These finding suggests that ARG1 in endothelial cells does not contribute 

to the HFHS-induced elevation of plasma arginase activity, but ARG1 released 

from other tissues does.  

To further assess isoform-specific roles of vascular arginase, we measured the 

expression of ARG1 and ARG2 in aortic tissue. HFHS mice showed increased 

ARG1 protein expression while no alteration in ARG2 levels was observed (Fig 

16A and 16B). Furthermore, mRNA levels of ARG1 rose significantly with the 

HFHS diet, but there was no change in ARG2 levels. These data indicate that 

ARG1 is primarily involved in elevated vascular arginase activities in HFHS diet-

induced diabetes. ABH suppressed protein and mRNA levels of ARG1 in both 
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ND and HFHS treated WT mice (Fig. 16 A&B). In EC-AI-/- mice, ARG1 mRNA 

values were power than that of WT ND and WT HFHS diets (Fig.16C). There 

were no changes in ARG2 levels among the groups (16D).  

These data indicate that in the vasculature of type 2 diabetic mice, 1) ARG1, not 

ARG2, is the isoform that increases in expression, and 2) endothelium is the 

main source of elevated vascular arginase activity and expression in HFHS mice.  

 L-arginine bioavailability 

Bioavailability of L-arginine plays critical roles in endothelial function and, 

consequently, cardiovascular disease173. Our mice fed HFHS showed decreased 

plasma L-arginine concentration (Fig. 17A) and increased systemic arginase 

activity (ratio of plasma ornithine to arginine levels (Fig. 17B) vs ND mice, and 

that ABH treatment prevents these effects.  Recently, a measure of L-arginine 

bioavailability has been developed and employed to assess cardiovascular risks - 

global arginine bioavailability ratio (GABR)171.  Calculated as plasma levels of 

arginine divided by the sum of ornithine plus citrulline levels, GABR has been 

shown to be inversely associated with increased adverse cardiovascular events 

in humans174, 175. We examined this ratio in HFHS fed mice and observed a 

marked drop in GABR vs ND mice (Fig. 17C).  This reduction was prevented by 

ABH treatment.  

 

 



82 
 

 

Figure 15. HFHS increases plasma and aortic arginase activity. 

Panel (A) depicts aortic arginase activity and panel (B) plasma arginase activity 

in wild type (WT) mice with and without treatment with arginase inhibitor ABH (8 

mg/kg/day in drinking H2O), mice lacking endothelial arginase 1 (EC-A1-/-) and 

littermate mice with intact endothelial A1 (A1loxp/loxp) .  Pane (B) shows responses 

for.  Values are represented as means ± SEM, n=6-8 / group. * P< 0.05, vs. ND-

WT or A1loxp/loxp groups.; #P <0.05, vs. HFHS-WT or A1loxp/loxp group. 
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Figure 16. HFHS increases ARG1 expression. 

ARG1 protein expression was normalized by β-actin in the aorta from (A) wild 

type (WT) mice with and without treatment with arginase inhibitor ABH and (B) 

mice lacking endothelial arginase 1 (EC-A1-/-) and littermate mice with intact 

endothelial A1 (A1loxp/loxp ).  The mRNA levels of vascular ARG1 (C) and 

ARG2 (D) were analyzed using real-time PCR from the aorta of all groups. 

Values are represented as means ± SEM, n=6-8 / group. * P< 0.05, vs. WT ND 

or A1loxp/loxp groups; #P <0.05, vs. HFHS-WT or A1loxp/loxp group. 
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Figure 17. HFHS increases systemic arginase activity and reduces L-

Arginine bioavailability. 

 Mean data for (A) plasma L-arginine concentration, (B) plasma L-ornithine to L-

arginine ratio, (C) plasma L-arginine to L-ornithine+L-citruline ratio from wild type 

(WT) mice with and without treatment with arginase inhibitor ABH. Values are 

represented as means ± SEM, n=6-8 / group. * P< 0.05, vs. WT ND. 
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Vascular nitric oxide production 

Aortic NO production was measured by DAF-2 fluorescence intensity (indicator of 

available NO) in frozen sections (Figure 18). WT HFHS mice showed decreased 

NO levels characterized by decreased DAF-2 fluorescence intensity. Treatment 

of these mice with ABH prevented the loss of NO formation. The HFHS diet-

induced loss of NO was blunted in EC-A1-/- mice. These data indicate that 

systemic inhibition of arginase can prevent the loss of NO production in HFHS 

fed mice and that endothelial ARG1 is responsible for this loss.  

Plasma and vascular reactive oxidative species 

To determine the effect of HFHS diet on systemic ROS levels, we examined 

plasma levels of lipid peroxides, measured as malonaldehyde. In previous 

studies, we have shown that increased oxidative stress was related to reduced 

nitric oxide production via increased arginase activity/expression28, 29, 176. Similar 

to those results, WT HFHS mice showed increased oxidative stress 

characterized by increased plasma lipid peroxide levels (FIG 19A) and increased 

dihydroethidium intensity in aortic sections (19B &19C). Treatment of these mice 

with ABH prevented these changes. The HFHS diet-induced rise was blunted in 

EC-A1-/- mice. These data indicate that systemic inhibition of arginase can block 

the rise in systemic ROS production in HFHS fed mice and that endothelial 

ARG1 is partially responsible for this elevation. Moreover, our DHE studies 

indicate that endothelial ARG1 is critical for increased vascular superoxide 

production in response to HFHS diet. 
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Figure 18. Lack of ARG1 prevents loss of vascular Nitric Oxide in HFHS 
mice.  

(A) Mean data for the quantification of fluorescent NO indicator DAF2-DA 

expressed as fluorescence units in aortic sections from wild type (WT) mice with 

and without treatment with arginase inhibitor ABH and mice lacking endothelial 

arginase 1 (EC-A1-/-) and littermate mice with intact endothelial A1 (A1loxp/loxp ). 

(B) Representative sections of DAF2-DA (green) staining from all groups. Values 

are represented as means ± SEM, n=6-8 / group. * P< 0.05, vs. WT ND or 

A1loxp/loxp ND groups.   
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Figure 19. Lack of ARG1 prevents increase in vascular ROS levels in HFHS mice. 

(A) Plasma lipid peroxides levels measured as malonaldehyde (MDA) from WT 

mice with and without treatment with arginase inhibitor ABH and mice lacking 

endothelial arginase 1 (EC-A1-/-) and littermate mice with intact endothelial A1 

(A1loxp/loxp ). (B) Mean data for the quantification of dihydroethidium fluorescence 

expressed as fluorescence units in aortic sections from WT mice with and without 

treatment with ABH and mice lacking endothelial arginase 1 (EC-A1-/-) and 

littermate mice with intact endothelial A1 (A1loxp/loxp). (C) Representative section 

of DHE (red) staining from all groups. Values are represented as means ± SEM, 

n=6-8 / group. * P< 0.05, vs. WT ND or A1loxp/loxp ND groups.   



88 
 

Inflammation 

Vascular adhesion molecules and chemokines are necessary in facilitating 

macrophage attachment to the vascular wall and infiltration109. The mRNA levels 

of VCAM-1 (vascular cell adhesion molecule 1) and MCP-1 (monocyte chemo-

attractant protein-1) were significantly increased in aorta of HFHS WT mice 

(Figure 20A & 20B). There was no change in ICAM-1 (intercellular adhesion 

molecule 1) mRNA level (Figure 20C). Both ABH treatment of WT mice and the 

specific deletion of EC ARG1 prevented HFHS-induced enhancement of VCAM-1 

and MCP-1 expression. These data suggest that endothelial arginase is integrally 

involved in regulating VCAM-1 and MCP-1 expression. The transcription factor 

Ets-1 (E26 Transformation-specific Sequence-1) has been shown to critically 

regulate vascular gene levels of VCAM1 and MCP1177. In our study, aortic levels 

of Ets-1 mRNA were markedly higher in tissues that exhibited elevated VCAM-1 

and MCP-1 levels (Figure 20D). These data indicate that endothelial ARG1 is a 

key regulator of vascular dysfunction and inflammation.  

Macrophage infiltration  

Infiltration of macrophages is part of the vascular inflammatory process.  We 

examined cross sections of aorta to assess total macrophage infiltration using 

immunostaining for CD68. The HFHS diet significantly increased the number of 

macrophage infiltrated into aorta as evident by increased brown staining, 

compared to aorta from ND mice (Figure 21). The extent of infiltration was 

markedly reduced in ABH treated mice.  
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Figure 20. Lack of ARG1 inhibits vascular inflammatory markers in HFHS 
mice.  

The mRNA levels of (A)VCAM-1, (B) ICAM-1, (C) MCP-1 and (D) Ets1 were 

analyzed using real-time PCR from the aorta of wild type (WT) mice with and 

without treatment with arginase inhibitor ABH and  (D) mice lacking endothelial 

arginase 1 (EC-A1-/-) and littermate mice with intact endothelial A1 (A1loxp/loxp ). 

Values are represented as means ± SEM, n=6-8 / group. * P< 0.05, vs. WT ND 

or A1loxp/loxp ND groups; #P <0.05, vs. WT HFHS or A1loxp/loxp group.
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Figure 21. Arginase inhibition prevents vascular macrophage infiltration.  

Representative sections of CD68+ staining of aortic sections from wild type (WT) 

mice with and without treatment with arginase inhibitor ABH. n=4-6 / group. 
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DISCUSSION   

The importance of arginase in regulation of vascular functions is becoming 

increasingly evident in cardiovascular diseases such as type 1 diabetes, 

hypertension, atherosclerosis and erectile dysfunction24, 28, 69, 72, 105, 178, 179. 

Involvement of arginase in hyperglycemia-induced dysfunction of vascular 

endothelial and smooth muscle cells has been established in type 1 diabetic 

models - STZ-induced and Akita spontaneously diabetic mice 28, 65, 178, 180 – and 

in vascular injury and inflammation65, 164, 180, 181. However, its role in vascular 

inflammation, endothelial dysfunction, aortic fibrosis and stiffening (vasculopathy) 

associated with obesity related- type 2 diabetes is not well understood. This 

present study: 1) establishes arginase as a key mediator in the development of 

vasculopathies in obesity-related diabetes, 2) presents in vivo evidence that 

arginase functions through increases in oxidative stress, inflammation and 

fibrosis, and 3) provides genetic and pharmacological evidence for the 

involvement of arginase in these processes. 

A significant increase in plasma and aortic arginase activity was observed after 6 

months of a HFHS diet. Elevation of aortic arginase activity was associated with 

increased mRNA and protein expression of ARG1 with no significant change in 

ARG2. Our finding that aortic levels of ARG1 are upregulated in HFHS obesity-

related diabetes is consistent with our previous findings in mouse models of type 

1 diabetes69, 178, 182. The bioavailability of L-arginine and NO plays a critical role in 

endothelial function and, consequently, in cardiovascular disease173. Analysis of 

a global arginine bioavailability ratio (GABR) – a marker inversely correlated with 
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risk of cardiovascular mortality175 - showed that  WT HFHS mice had much lower 

available systemic L-arginine compared to the normal diet control mice. ABH 

treatment normalized both arginase activity and GABR. Mice lacking both copies 

of ARG1 in endothelial cells (EC-A1-/-) showed no elevation in vascular enzyme 

activity with HFHS feeding. These data indicate that endothelial arginase 1 is the 

main contributor to the increase in aortic arginase activity. Interestingly, plasma 

arginase activity remained high in HFHS EC-A1-/- mice. These data indicate that 

ARG1 released from tissues other than EC contribute to plasma arginase activity.  

Vascular dysfunction is a major cause of morbidity and mortality during type 2 

diabetes (T2D), a condition that is reaching epidemic proportions with the 

increasing incidence of obesity worldwide183. In the present study, we 

demonstrate that arginase plays an integral role in the development of vascular 

endothelial dysfunction and stiffening resulting from a HFHS diet. Aortic rings 

from the WT HFHS mice showed impaired endothelium dependent vasodilation 

while ABH treatment prevented this dysfunction. Furthermore, this vascular 

endothelial dysfunction also was prevented in EC-A1-/- mice fed HFHS. Given 

that endothelial nitric oxide is vital for normal vascular relaxation, our findings that 

inhibition of arginase in these obese mice maintains good vascular relaxation 

likely reflect arginase / eNOS competition for their substrate L-arginine. 

Furthermore, our findings that HFHS mice had low circulating levels of L-arginine 

and that inhibiting arginase prevented this reduction of the same provide further 

support to our hypothesis.  
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Although numerous studies have examined the competition of arginase with 

eNOS for L-arginine, limited attention has been given to the potential effects of 

elevated levels of the product of arginase, L-ornithine. L-ornithine can be 

metabolized into either polyamines via ornithine decarboxylase or proline via 

ornithine aminotransferase. Polyamines play an integral role in cellular 

mitogenesis whereas proline is a precursor for collagen synthesis. Increased 

arginase expression/ activity can potentially stimulate pro-collagen and pro-

proliferative pathways in vascular cells in the intima and adventitia65, 70, 128. 

Indeed, aorta from HFHS fed mice exhibited elevated levels of collagen 

deposition/fibrosis, and treatment with ABH attenuated this effect. Furthermore, 

the effect of HFHS on aortic collagen deposition was also prevented in EC-A1-/- 

mice. Increased collagen deposition and fibrosis are major contributors to arterial 

stiffness184. We observed a marked increase in arterial stiffness in WT HFHS 

mice which was prevented in mice treated with ABH.  Stiffening also was 

prevented in HFHS fed mice lacking endothelial cell ARG1.  These data suggest 

that HFHS-induced arterial stiffening is mediated by endothelial ARG1, likely via 

increased collagen production through the ornithine/proline pathway. In a related 

study, mice fed a similar HFHS diet were recently shown to exhibit increased 

arterial stiffness92. 

In the current study, two potential NO mediated mechanisms of the HFHS diet 

induced vasculopathies resulting from arginase upregulation were explored. One 

mechanism is that increased arginase activity, reduced L-arginine bioavailability 

and NO production led to enhanced superoxide production. Under conditions of 
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reduced levels of L-arginine or cofactor tetrahydrobiopterin (BH4), eNOS 

generates more superoxide and less NO185. Superoxide rapidly combines with 

NO to form the potent oxidant specie, peroxynitrite (ONOO-) which can cause 

oxidative injury and cell death186. Moreover, increased superoxide elevates 

arginase activity/expression through a feed-forward mechanism via a RhoA/Rho 

kinase pathway29. Our study shows that HFHS diet markedly increased plasma 

malonaldehyde levels, a systemic marker for lipid peroxides and oxidative stress, 

and that treatment with ABH or complete deletion of endothelial ARG1 abrogated 

this effect. Furthermore, HFHS diet also significantly increased vascular 

superoxide levels, an effect prevented by arginase inhibition. Our study suggests 

that limiting arginase activity not only decreases ROS generation, but also 

prevents its upregulation by ROS. 

A second mechanism that could be involved in HFHS diet-induced 

vasculopathies is vascular inflammation, resulting from reduced NO levels.  A 

recent study has shown the involvement of NADPH oxidase, ROS and TNF in 

the reduction of NO levels in mice fed a similar HFHS diet164. NO has integral 

roles in limiting many aspects of inflammatory responses. Endothelial NO 

prevents activation of the EC and thus reduces the adhesion, infiltration and 

migration of inflammatory immune cells from the circulation into the vascular 

wall187. Endothelial cell-derived NO and NO-donors have been shown to inhibit 

endothelial expression of the vascular adhesion molecules ICAM and VCAM and 

the chemokine MCP-1 responsible for monocyte/macrophage infiltration in 

response to inflammatory cytokines188, 189. Additionally, overexpression of nNOS 
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in carotid arteries of high cholesterol diet fed rabbits can inhibit monocyte 

infiltration190. We observed that the increase in macrophage infiltration in HFHS 

mice was prevented by treatment with the arginase inhibitor ABH. Aortic 

expression of vascular cell adhesion molecule-1 (VCAM-1) and monocyte 

chemotactic protein -1 (MCP-1) also were both elevated in HFHS mice, but not in 

HFHS mice treated with ABH or in EC-A1-/- and mice. These observations 

suggest that the anti-inflammatory effect of arginase inhibition may be mediated 

in part through a NO related pathway. Increasing evidence indicates that 

conditions of obesity are highly associated with a chronic inflammatory 

response191. This association is evident in diseases states such as insulin 

resistance, types 1 and 2 diabetes and metabolic syndrome93.  

During  the progression of inflammation, the activated vascular endothelium 

responds to the compromised circulation by recruiting circulating monocytes 

through increased expression of ICAM and VCAM on its luminal surface, setting 

up subsequent transmigration of monocytes to underlying tissue109, 192, 193. The 

dominant role of this response in endothelial cells to inflammation may explain 

why specific and complete deletion of ARG1 genes in endothelial cells is so 

effective in preventing the vascular inflammation.  Reduced ARG1 levels 

enhance endothelial NO production and suppress leukocyte adhesion.  The 

transcription factor Ets-1(E26 Transformation-specific Sequence-1) has been 

shown to regulate genes involved in angiogenesis, vascular remodeling and 

inflammation177. Ets-1 is induced in the endothelial cells (ECs) and VSMCs in 

response to a variety of stimuli including diabetes, angiotensin II, thrombin, TNF-
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α, and peroxide through mitogen-activated protein kinases (MAPK) signaling177, 

194-197.Target genes, identified to be downstream of Ets-1 in the setting of acute 

vascular inflammation, include VCAM1, and monocyte chemoattractant protein 

MCP-1. Our study found that increased mRNA levels of VCAM1 and MCP-1 are 

associated with the elevation of vascular Ets-1 mRNA level in aorta of HFHS 

treated mice. ABH treatment and absence of ARG1 in ECs prevented the 

enhancement in mRNA levels of Ets-1, VCAM1, and MCP1. These data suggest 

that elevated arginase enhances expression of VCAM1 and MCP1, possibly 

through Ets-1.  

In summary, a high fat - high sucrose (HFHS) diet induces a type II 

diabetes phenotype including vascular endothelial dysfunction, and increased 

arterial stiffness, ROS, macrophage infiltration and inflammation. Increased 

vascular arginase expression/activity, oxidative stress and macrophage 

infiltration and reduced L-arginine and NO levels contribute to this vascular 

disease state. 
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IV. OVERALL DISCUSSION  

Cardiovascular disease (CVD) and vascular complications associated with risk 

factors such as diabetes, obesity, hypertension and aging are major challenges 

for modern western society198. Metabolic syndrome, defined as a cluster of 

hyperglycemia, hypertension, excess body fat and abnormal cholesterol, is 

associated with impaired vascular functions. Vascular dysfunction is 

characterized by a constellation of blood flow reducing pathologies, including 

impaired vasorelaxation, stiffening and microvascular rarefaction. Although 

endothelial dysfunction has been identified as cause for vascular stiffening, 

recent studies have suggested the opposite holds as well - ie, that structural 

stiffening can lead to impaired endothelial function92. Interestingly, lowering 

arterial stiffness has also been associated with a marked improvement in 

endothelial-dependent vasodilatory function and vascular compliance70. The 

mechanisms leading to these vascular abnormalities are not well understood. 

Our study identifies arginase 1 (ARG1) as a key mediator of vascular endothelial 

dysfunction and arterial stiffness in two animal models of CVD, angiotensin II 

induced-hypertension and obesity related type 2 diabetes. 

Our previous work in models of type 1 diabetes and hypertension has 

demonstrated that excessive arginase activity and increased ARG1 expression 

play a primary role in diabetes/Ang II-induced vascular dysfunctions by a 

mechanism of decreased NO bioavailability and increased  

ROS formation 28, 69, 144, 199. Diabetic mice lacking one copy of the ARG1 gene 

and both copies of ARG2 showed markedly improved vascular function and 
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reduced fibrosis and stiffness as compared with wild type (WT) diabetic mice 69. 

By contrast, diabetic ARG2 knockout (KO) mice WT for ARG1 had vascular 

pathology similar to WT diabetic mice, implying a causal role for ARG1 in the 

dysfunctions. In Ang II studies, we observed similar protection against vascular 

dysfunction by partially deleting ARG1 in mice that were also homozygous 

knockout for ARG2. It also has been showed that arginase is involved in impaired 

EC-dependent relaxation to acetylcholine in small arteries dissected from atria of 

diabetic patients200. Relaxation was restored by treatment with the arginase 

inhibitor Nor-NOHA. ARG1 protein expression in EC of these diabetic arteries 

was elevated as compared with non-diabetic vessels. Our studies with cultured 

endothelial cells treated with high glucose (HG) showed increased arginase 

activity and superoxide levels and reduced NO production, indicating a 

mechanism involving arginase/NOS competition for their common substrate L-

arginine28, 199. Transfection of ECs with arginase 1 small interfering RNA 

prevented high glucose-induced increases in arginase activity and normalized 

NO production, suggesting involvement of arginase 1 in the reduced NO 

production28. Moreover, transduction of isolated aortas with arginase 1 adeno-

associated virus (AAV) reduced NO formation and impaired EC-dependent 

vasorelaxation similar to that seen with diabetes, confirming the role of arginase 

1 in the dysfunction. These results clearly demonstrate a prominent role for 

arginase 1 in these vascular complications. 

Prolonged and elevated exposure to Ang II is known to cause endothelial 

dysfunction, vascular inflammation, oxidative, and negative vascular remodeling 
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independent of its effect in elevating blood pressure44, 131, 132. Negative vascular 

remodeling is defined as an increase in wall thickness and fibrosis and a 

reduction in arterial lumen area and is associated with increased arterial 

stiffness147. Stiffening of an artery leads to a loss in compliance which is now 

recognized as an important cardiovascular risk factor, independent of blood 

pressure148, 149. Arterial stiffness is largely dependent on extracellular matrix 

(ECM) and vascular collagen levels which are regulated by the activity of OAT 

and proline formation, and smooth muscle mass regulated by ODC activity and 

polyamine formation66, 68, 126. Stiffness  also can be regulated by vascular tone, 

which is influenced by circulating and endothelium-derived vasoactive mediators 

including NO and angiotensin II (Ang II)127. Although Ang II and arterial stiffness 

have been studied at great length, molecular mechanisms relating the two are 

still unclear.  

Our previous work has shown that diabetes-induced coronary perivascular 

fibrosis and elevation of carotid artery stiffness in WT mice are reduced in 

heterozygous mice lacking one allele of the ARG1 gene69. Since ornithine, the 

product of arginase, also can serve as a precursor for synthesis of proline which 

can support production of proline-rich proteins such as collagen, there has been 

interest in the role of arginase in wound healing, tissue remodeling, or fibrosis. 

Ryoo et al. found that inhibiting arginase in atherosclerotic mice prevented loss in 

arterial compliance70. Inhibiting arginase activity can affect several aspects of the 

development of arterial stiffness: inhibit smooth muscle proliferation, decrease 

vascular collagen deposition and improve vasodilation via increased NO 
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production. Beneficial effect of arginase inhibition have also been attributed to its 

anti-proliferative effects on vascular smooth muscle cells (VSMC) by decreasing 

levels of ornithine, a precursor of polyamines70. Durante et al. found that arginase 

was involved in VSMC collagen synthesis stimulated by TGFβ38. Furthermore, 

aorta medial thickness, wall/lumen ratio, and collagen type I content were found 

to be much lower in spontaneously hypertensive rats (SHR) treated with an 

arginase inhibitor (nor-NOHA) compared to untreated SHR128. These previous 

findings are in agreement with our current findings that arginase is a mediator of 

pro-collagen and pro-proliferative effects of angiotensin II.  

 

Fig 22. Proposed mechanism for vascular endothelial dysfunction and vascular 

sitffness in response to angiotensin II or HFHS diet. 
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The other aspect of arginase upregulation that we addressed in this study is its 

role in the vascular complication associated with obesity related type 2 diabetes. 

Clinical studies have indicated that obesity is an independent predictor of 

cardiovascular risk. A major cause of morbidity and mortality in these conditions 

is vascular dysfunction – impaired vascular endothelium dependent vasodilation, 

increased vascular stiffness and reduced blood flow. Our study shows that 

increase in ARG1 activity/expression causes vascular endothelial dysfunction 

and arterial stiffening via vascular inflammation and oxidative stress.  

There is increasing evidence that vascular wall inflammation plays a key role in 

the pathogenesis of vascular disease201. Interactions between inflammatory cells, 

such as monocytes and macrophages and vascular cells leads to increased 

expression of adhesion molecules, cytokines, chemokines, matrix 

metalloproteinases, and growth factors201. Accumulating evidence also indicates 

that vascular pathologies associated with obesity are linked with increased 

vascular inflammation92, 202. In these studies, vascular dysfunction caused by 

obesity related diabetes was prevented by treatment with resveratrol, a natural 

phenol known for its anti-oxidant and anti-inflammatory effects92, 202. Resveratrol 

has also been shown to inhibit arginase and stimulate NO production203, 204. NO 

has integral roles in limiting many aspects of inflammatory responses. 

Endothelial NO prevents activation of the EC and thus reduces the adhesion, 

infiltration and migration of inflammatory immune cells from the circulation into 

the vascular wall187. Endothelial cell-derived NO and NO donors have been 

shown to inhibit endothelial expression of the vascular adhesion molecules ICAM 



102 
 

and VCAM and the chemokine MCP-1 responsible for monocyte/macrophage 

infiltration in response to inflammatory cytokines188, 189. In this study, we showed 

that arginase inhibition prevented loss of vascular functions in HFHS fed mice. 

Additionally, vascular expression of VCAM and MCP-1 and macrophage 

infiltration was prevented with arginase inhibition. Furthermore, HFHS diet 

induced increased in systemic and vascular oxidative stress was also alleviated 

by arginase inhibition. These data support our hypothesis that arginase 

upregulation leads to vascular dysfunction through increased ROS and vascular 

inflammation. These effects are mediated by reduction in NO levels and 

increased vascular collagen deposition. Limiting arginase activity can prevent 

these pathological changes. 
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V. SUMMARY 

In this study, we elucidated the role of arginase in two models of CVD. Several 

reports have shown association between elevated levels of Ang II and 

obesity/diabetes205-207. Ang II promotes adipocyte growth which in turn can 

increase secretion of angiotensinogen from adipocytes contributing to a close 

relationship between obesity and elevated Ang II in mice208. On the other hand, 

elevated levels of Ang II have been well documented in diabetic conditions205, 206. 

This close association between these two risk factors - elevated Ang II and 

obesity related type 2 diabetes - underlies the importance of these studies. We 

and others have shown many effects of Ang II on the endothelium and vascular 

smooth muscle, including its well-known vasoconstriction and enhanced smooth 

muscle proliferation.  We have demonstrated that arginase plays a central role in 

vasculopathies associated with elevated Ang II or HFHS diet. Aortic fibrosis and 

stiffness in both models were prevented by inhibition of arginase. Moreover, 

vascular oxidative stress and inflammation were also reduced in groups lacking 

arginase 1 gene or treated with ABH. Although the study did not directly 

investigate the role of arginase in Ang II induced oxidative stress and 

inflammation, it is well documented that limiting ROS and vascular inflammation 

can prevent vascular dysfunction. Ang II contributes to vascular inflammation via 

induction of endothelial expression of VCAM-1, ICAM-1, and MCP-1209 and 

oxidative stress mainly via NADPH oxidase activation. Clinical trials of 

angiotensin blocking regimens in patients after coronary angioplasty have shown 

significant decreases in systemic inflammation210. Our studies clearly 
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demonstrate the beneficial effect of arginase inhibition and underline its 

therapeutic potential in patients with obesity, elevated renin-angiotensin function, 

or conditions where both elements are present.  



105 
 

VI. REFERENCES OF LITERATURE CITED 

1.  Laurent S, Boutouyrie P, Asmar R, Gautier I, Laloux B, Guize L, Ducimetiere P, Benetos A. 
Aortic stiffness  is an  independent predictor of all‐cause and cardiovascular mortality  in 
hypertensive patients. Hypertension. 2001;37:1236‐1241 

2.  Mitchell GF, Hwang SJ, Vasan RS, Larson MG, Pencina MJ, Hamburg NM, Vita JA, Levy D, 
Benjamin EJ. Arterial stiffness and cardiovascular events: The framingham heart study. 
Circulation. 2010;121:505‐511 

3.  Benetos  A,  Topouchian  J,  Ricard  S,  Gautier  S,  Bonnardeaux  A,  Asmar  R,  Poirier  O, 
Soubrier  F,  Safar  M,  Cambien  F.  Influence  of  angiotensin  ii  type  1  receptor 
polymorphism on aortic stiffness  in never‐treated hypertensive patients. Hypertension. 
1995;26:44‐47 

4.  Kossel AD, H. D. Über die arginase. Z. Physiol. Chem. 1904;41:321–331 
5.  Ash DE. Structure and  function of arginases. The  Journal of nutrition. 2004;134:2760S‐

2764S; discussion 2765S‐2767S 
6.  Vockley JG,  Jenkinson CP, Shukla H, Kern RM, Grody WW, Cederbaum SD. Cloning and 

characterization of the human type ii arginase gene. Genomics. 1996;38:118‐123 
7.  Morris  SM,  Jr.  Arginine  metabolism:  Boundaries  of  our  knowledge.  The  Journal  of 

nutrition. 2007;137:1602S‐1609S 
8.  Durante W, Liao L, Reyna SV, Peyton KJ, Schafer AI. Physiological cyclic stretch directs l‐

arginine  transport  and metabolism  to  collagen  synthesis  in  vascular  smooth muscle. 
FASEB  journal  :  official  publication  of  the  Federation  of  American  Societies  for 
Experimental Biology. 2000;14:1775‐1783 

9.  Tabor CW, Tabor H. 1,4‐diaminobutane (putrescine), spermidine, and spermine. Annual 
review of biochemistry. 1976;45:285‐306 

10.  Pegg AE, Shuttleworth K, Hibasami H. Specificity of mammalian spermidine synthase and 
spermine synthase. The Biochemical journal. 1981;197:315‐320 

11.  Thomas T, Thomas TJ. Polyamines in cell growth and cell death: Molecular mechanisms 
and therapeutic applications. Cellular and molecular  life sciences  : CMLS. 2001;58:244‐
258 

12.  Jeevanandam M, Petersen SR. Clinical role of polyamine analysis: Problem and promise. 
Current opinion in clinical nutrition and metabolic care. 2001;4:385‐390 

13.  Deignan JL, Livesay JC, Shantz LM, Pegg AE, O'Brien WE, Iyer RK, Cederbaum SD, Grody 
WW. Polyamine homeostasis in arginase knockout mice. American journal of physiology. 
Cell physiology. 2007;293:C1296‐1301 

14.  Hayashi  S, Murakami  Y. Rapid  and  regulated  degradation  of  ornithine  decarboxylase. 
The Biochemical journal. 1995;306 ( Pt 1):1‐10 

15.  Bauer  PM,  Buga  GM,  Fukuto  JM,  Pegg  AE,  Ignarro  LJ.  Nitric  oxide  inhibits  ornithine 
decarboxylase via s‐nitrosylation of cysteine 360  in  the active site of  the enzyme. The 
Journal of biological chemistry. 2001;276:34458‐34464 

16.  Palmer  RM,  Ferrige  AG, Moncada  S.  Nitric  oxide  release  accounts  for  the  biological 
activity of endothelium‐derived relaxing factor. Nature. 1987;327:524‐526 

17.  Ignarro  LJ, Buga GM, Wood KS, Byrns RE, Chaudhuri G.  Endothelium‐derived  relaxing 
factor produced and  released  from artery and  vein  is nitric oxide. Proceedings of  the 
National Academy of Sciences of the United States of America. 1987;84:9265‐9269 

18.  Furchgott R.  Studies on  relaxation of  rabbit aorta by  sodium nitrite: The basis  for  the 
proposal  that  the  acid‐activatable  inhibitory  factor  from  bovin:  Retractor  penis  is 



106 
 

inoiganic nitrite and the endothelium‐derived relaxing factor is nitric oxide. Mechanisms 
of vasodilatation. New york raven press 

1988. 
19.  Abbott  LC, Nahm  SS. Neuronal  nitric  oxide  synthase  expression  in  cerebellar mutant 

mice. Cerebellum. 2004;3:141‐151 
20.  Moncada  S, Higgs A. The  l‐arginine‐nitric oxide pathway. The New England  journal of 

medicine. 1993;329:2002‐2012 
21.  Schmidt HH, Pollock JS, Nakane M, Forstermann U, Murad F. Ca2+/calmodulin‐regulated 

nitric oxide synthases. Cell calcium. 1992;13:427‐434 
22.  Berdeaux  A.  Nitric  oxide:  An  ubiquitous  messenger.  Fundamental  &  clinical 

pharmacology. 1993;7:401‐411 
23.  Wu G, Morris  SM,  Jr. Arginine metabolism: Nitric oxide  and beyond. The Biochemical 

journal. 1998;336 ( Pt 1):1‐17 
24.  Berkowitz DE, White R, Li D, Minhas KM, Cernetich A, Kim S, Burke S, Shoukas AA, Nyhan 

D, Champion HC, Hare JM. Arginase reciprocally regulates nitric oxide synthase activity 
and  contributes  to  endothelial  dysfunction  in  aging  blood  vessels.  Circulation. 
2003;108:2000‐2006 

25.  Closs EI, Scheld JS, Sharafi M, Forstermann U. Substrate supply for nitric‐oxide synthase 
in  macrophages  and  endothelial  cells:  Role  of  cationic  amino  acid  transporters. 
Molecular pharmacology. 2000;57:68‐74 

26.  Zhang  C, Hein  TW, Wang W,  Chang  CI,  Kuo  L.  Constitutive  expression  of  arginase  in 
microvascular endothelial cells counteracts nitric oxide‐mediated vasodilatory function. 
FASEB  journal  :  official  publication  of  the  Federation  of  American  Societies  for 
Experimental Biology. 2001;15:1264‐1266 

27.  Lim HK,  Lim HK, Ryoo  S, Benjo A,  Shuleri K, Miriel V, Baraban E, Camara A,  Soucy K, 
Nyhan D, Shoukas A, Berkowitz DE. Mitochondrial arginase ii constrains endothelial nos‐
3  activity.  American  journal  of  physiology.  Heart  and  circulatory  physiology. 
2007;293:H3317‐3324 

28.  Romero MJ,  Platt  DH,  Tawfik  HE,  Labazi M,  El‐Remessy  AB,  Bartoli M,  Caldwell  RB, 
Caldwell  RW.  Diabetes‐induced  coronary  vascular  dysfunction  involves  increased 
arginase activity. Circulation research. 2008;102:95‐102 

29.  Chandra S, Romero MJ, Shatanawi A, Alkilany AM, Caldwell RB, Caldwell RW. Oxidative 
species  increase  arginase  activity  in  endothelial  cells  through  the  rhoa/rho  kinase 
pathway. British journal of pharmacology. 2012;165:506‐519 

30.  Thengchaisri  N,  Hein  TW, Wang W,  Xu  X,  Li  Z,  Fossum  TW,  Kuo  L.  Upregulation  of 
arginase  by  h2o2  impairs  endothelium‐dependent  nitric  oxide‐mediated  dilation  of 
coronary  arterioles.  Arteriosclerosis,  thrombosis,  and  vascular  biology.  2006;26:2035‐
2042 

31.  Ryoo  S,  Lemmon CA,  Soucy KG, Gupta G, White AR, Nyhan D,  Shoukas A, Romer  LH, 
Berkowitz  DE.  Oxidized  low‐density  lipoprotein‐dependent  endothelial  arginase  ii 
activation  contributes  to  impaired  nitric  oxide  signaling.  Circulation  research. 
2006;99:951‐960 

32.  Toque  HA,  Tostes  RC,  Yao  L,  Xu  Z, Webb  RC,  Caldwell  RB,  Caldwell  RW.  Arginase  ii 
deletion  increases corpora cavernosa relaxation  in diabetic mice. The  journal of sexual 
medicine. 2011;8:722‐733 

33.  Shatanawi A, Romero MJ,  Iddings  JA, Chandra S, Umapathy NS, Verin AD, Caldwell RB, 
Caldwell RW. Angiotensin  ii‐induced vascular endothelial dysfunction through rhoa/rho 



107 
 

kinase/p38  mitogen‐activated  protein  kinase/arginase  pathway.  American  journal  of 
physiology. Cell physiology. 2011;300:C1181‐1192 

34.  Hein  TW,  Zhang  C, Wang W,  Chang  CI,  Thengchaisri  N,  Kuo  L.  Ischemia‐reperfusion 
selectively  impairs nitric oxide‐mediated dilation  in  coronary arterioles: Counteracting 
role of arginase. FASEB J. 2003;17:2328‐2330 

35.  Gronros J, Kiss A, Palmer M, Jung C, Berkowitz D, Pernow J. Arginase inhibition improves 
coronary  microvascular  function  and  reduces  infarct  size  following  ischaemia‐
reperfusion in a rat model. Acta physiologica. 2013;208:172‐179 

36.  Loyaga‐Rendon RY,  Sakamoto  S, Beppu M, Aso  T,  Ishizaka M,  Takahashi R, Azuma H. 
Accumulated  endogenous nitric oxide  synthase  inhibitors,  enhanced  arginase  activity, 
attenuated dimethylarginine dimethylaminohydrolase activity and intimal hyperplasia in 
premenopausal human uterine arteries. Atherosclerosis. 2005;178:231‐239 

37.  Wei  LH,  Jacobs  AT,  Morris  SM,  Jr.,  Ignarro  LJ.  Il‐4  and  il‐13  upregulate  arginase  i 
expression by camp and  jak/stat6 pathways  in vascular smooth muscle cells. American 
journal of physiology. Cell physiology. 2000;279:C248‐256 

38.  Durante W, Liao L, Reyna SV, Peyton KJ, Schafer AI. Transforming growth factor‐beta(1) 
stimulates l‐arginine transport and metabolism in vascular smooth muscle cells: Role in 
polyamine and collagen synthesis. Circulation. 2001;103:1121‐1127 

39.  Durante W,  Liao  L,  Peyton  KJ,  Schafer  AI.  Lysophosphatidylcholine  regulates  cationic 
amino acid transport and metabolism in vascular smooth muscle cells. Role in polyamine 
biosynthesis. The Journal of biological chemistry. 1997;272:30154‐30159 

40.  Durante  W,  Johnson  FK,  Johnson  RA.  Arginase:  A  critical  regulator  of  nitric  oxide 
synthesis and vascular  function. Clinical and experimental pharmacology & physiology. 
2007;34:906‐911 

41.  Bivalacqua TJ, Burnett AL, Hellstrom WJG, Champion HC. Overexpression of arginase  in 
the aged mouse penis impairs erectile function and decreases enos activity: Influence of 
in  vivo  gene  therapy  of  anti‐arginase.  American  Journal  of  Physiology‐Heart  and 
Circulatory Physiology. 2007;292:H1340‐H1351 

42.  Demougeot  C,  Prigent‐Tessier  A,  Marie  C,  Berthelot  A.  Arginase  inhibition  reduces 
endothelial dysfunction and blood pressure rising  in spontaneously hypertensive rats. J 
Hypertens. 2005;23:971‐978 

43.  Gao X, Xu X, Belmadani S, Park Y, Tang Z, Feldman AM, Chilian WM, Zhang C. Tnf‐alpha 
contributes to endothelial dysfunction by upregulating arginase in ischemia/reperfusion 
injury. Arteriosclerosis, thrombosis, and vascular biology. 2007;27:1269‐1275 

44.  Toque HA, Romero MJ,  Tostes RC,  Shatanawi A,  Chandra  S,  Carneiro  ZN,  Inscho  EW, 
Webb  RC,  Caldwell  RB,  Caldwell  RW.  P38  mitogen‐activated  protein  kinase  (mapk) 
increases  arginase  activity  and  contributes  to  endothelial  dysfunction  in  corpora 
cavernosa  from  angiotensin‐ii‐treated  mice.  The  journal  of  sexual  medicine. 
2010;7:3857‐3867 

45.  Hagenfeldt  L,  Dahlquist  G,  Persson  B.  Plasma  amino  acids  in  relation  to  metabolic 
control  in  insulin‐dependent  diabetic  children.  Acta  paediatrica  Scandinavica. 
1989;78:278‐282 

46.  Toque HA, Nunes KP, Rojas M, Bhatta A, Yao L, Xu Z, Romero MJ, Webb RC, Caldwell RB, 
Caldwell RW. Arginase 1 mediates increased blood pressure and contributes to vascular 
endothelial  dysfunction  in  deoxycorticosterone  acetate‐salt  hypertension.  Frontiers  in 
immunology. 2013;4:219 



108 
 

47.  Chung  JH, Moon  J,  Lee  YS,  Chung HK,  Lee  SM,  Shin MJ.  Arginase  inhibition  restores 
endothelial  function  in  diet‐induced  obesity.  Biochemical  and  biophysical  research 
communications. 2014;451:179‐183 

48.  Lee  RT,  Kamm  RD.  Vascular mechanics  for  the  cardiologist.  Journal  of  the  American 
College of Cardiology. 1994;23:1289‐1295 

49.  Chae CU, Pfeffer MA, Glynn RJ, Mitchell GF, Taylor JO, Hennekens CH.  Increased pulse 
pressure and risk of heart failure in the elderly. Jama. 1999;281:634‐639 

50.  Blacher  J, Guerin AP, Pannier B, Marchais  SJ,  Safar ME,  London GM.  Impact of  aortic 
stiffness on survival in end‐stage renal disease. Circulation. 1999;99:2434‐2439 

51.  Mitchell GF, Moye  LA, Braunwald E, Rouleau  JL, Bernstein V, Geltman EM, Flaker GC, 
Pfeffer  MA.  Sphygmomanometrically  determined  pulse  pressure  is  a  powerful 
independent predictor of  recurrent events after myocardial  infarction  in patients with 
impaired  left  ventricular  function.  Save  investigators.  Survival  and  ventricular 
enlargement. Circulation. 1997;96:4254‐4260 

52.  Vaccarino V, Berger AK, Abramson J, Black HR, Setaro JF, Davey JA, Krumholz HM. Pulse 
pressure  and  risk  of  cardiovascular  events  in  the  systolic  hypertension  in  the  elderly 
program. The American journal of cardiology. 2001;88:980‐986 

53.  Agata J, Nagahara D, Kinoshita S, Takagawa Y, Moniwa N, Yoshida D, Ura N, Shimamoto 
K. Angiotensin  ii  receptor blocker prevents  increased arterial stiffness  in patients with 
essential hypertension. Circulation  journal  : official  journal of  the  Japanese Circulation 
Society. 2004;68:1194‐1198 

54.  Cameron  JD, Dart AM. Exercise  training  increases  total systemic arterial compliance  in 
humans. The American journal of physiology. 1994;266:H693‐701 

55.  Chang KC, Hsu KL, Peng YI, Lee FC, Tseng YZ. Aminoguanidine prevents age‐related aortic 
stiffening in fisher 344 rats: Aortic impedance analysis. British journal of pharmacology. 
2003;140:107‐114 

56.  Kingston PA,  Sinha  S, David A, Castro MG,  Lowenstein PR, Heagerty AM. Adenovirus‐
mediated gene transfer of a secreted transforming growth  factor‐beta type  ii receptor 
inhibits  luminal  loss  and  constrictive  remodeling  after  coronary  angioplasty  and 
enhances adventitial collagen deposition. Circulation. 2001;104:2595‐2601 

57.  Takemoto  M,  Liao  JK.  Pleiotropic  effects  of  3‐hydroxy‐3‐methylglutaryl  coenzyme  a 
reductase  inhibitors. Arteriosclerosis,  thrombosis, and  vascular biology. 2001;21:1712‐
1719 

58.  Intengan  HD,  Schiffrin  EL.  Vascular  remodeling  in  hypertension:  Roles  of  apoptosis, 
inflammation, and fibrosis. Hypertension. 2001;38:581‐587 

59.  Greenwald SE, Moore JE, Jr., Rachev A, Kane TP, Meister JJ. Experimental  investigation 
of  the  distribution  of  residual  strains  in  the  artery  wall.  Journal  of  biomechanical 
engineering. 1997;119:438‐444 

60.  Lakatta  EG.  Arterial  and  cardiac  aging: Major  shareholders  in  cardiovascular  disease 
enterprises: Part iii: Cellular and molecular clues to heart and arterial aging. Circulation. 
2003;107:490‐497 

61.  Verzijl  N,  DeGroot  J,  Ben  ZC,  Brau‐Benjamin  O,  Maroudas  A,  Bank  RA,  Mizrahi  J, 
Schalkwijk  CG,  Thorpe  SR,  Baynes  JW,  Bijlsma  JW,  Lafeber  FP,  TeKoppele  JM. 
Crosslinking by advanced glycation end products  increases the stiffness of the collagen 
network in human articular cartilage: A possible mechanism through which age is a risk 
factor for osteoarthritis. Arthritis and rheumatism. 2002;46:114‐123 

62.  Marx  SO,  Totary‐Jain  H,  Marks  AR.  Vascular  smooth  muscle  cell  proliferation  in 
restenosis. Circulation. Cardiovascular interventions. 2011;4:104‐111 



109 
 

63.  Dikalov SI, Nazarewicz RR. Angiotensin  ii‐induced production of mitochondrial reactive 
oxygen  species:  Potential  mechanisms  and  relevance  for  cardiovascular  disease. 
Antioxidants & redox signaling. 2013;19:1085‐1094 

64.  Lee MY, San Martin A, Mehta PK, Dikalova AE, Garrido AM, Datla SR, Lyons E, Krause KH, 
Banfi B, Lambeth JD, Lassegue B, Griendling KK. Mechanisms of vascular smooth muscle 
nadph  oxidase  1  (nox1)  contribution  to  injury‐induced  neointimal  formation. 
Arteriosclerosis, thrombosis, and vascular biology. 2009;29:480‐487 

65.  Peyton  KJ,  Ensenat D,  Azam MA,  Keswani  AN,  Kannan  S,  Liu  XM, Wang H,  Tulis DA, 
Durante  W.  Arginase  promotes  neointima  formation  in  rat  injured  carotid  arteries. 
Arteriosclerosis, thrombosis, and vascular biology. 2009;29:488‐494 

66.  Wei  LH, Wu G, Morris  SM,  Jr.,  Ignarro  LJ.  Elevated  arginase  i  expression  in  rat  aortic 
smooth muscle cells increases cell proliferation. Proceedings of the National Academy of 
Sciences of the United States of America. 2001;98:9260‐9264 

67.  Cho WK, Lee CM, Kang MJ, Huang Y, Giordano FJ, Lee PJ, Trow TK, Homer RJ, Sessa WC, 
Elias  JA,  Lee  CG.  Il‐13  receptor  alpha2‐arginase  2  pathway  mediates  il‐13‐induced 
pulmonary hypertension. American  journal of physiology.  Lung  cellular and molecular 
physiology. 2013;304:L112‐124 

68.  Kim JH, Bugaj LJ, Oh YJ, Bivalacqua TJ, Ryoo S, Soucy KG, Santhanam L, Webb A, Camara 
A, Sikka G, Nyhan D, Shoukas AA, Ilies M, Christianson DW, Champion HC, Berkowitz DE. 
Arginase  inhibition  restores  nos  coupling  and  reverses  endothelial  dysfunction  and 
vascular stiffness in old rats. Journal of applied physiology. 2009;107:1249‐1257 

69.  Romero  MJ,  Iddings  JA,  Platt  DH,  Ali  MI,  Cederbaum  SD,  Stepp  DW,  Caldwell  RB, 
Caldwell  RW.  Diabetes‐induced  vascular  dysfunction  involves  arginase  i.  American 
journal of physiology. 2012;302:H159‐166 

70.  Ryoo S, Gupta G, Benjo A, Lim HK, Camara A, Sikka G, Lim HK, Sohi J, Santhanam L, Soucy 
K, Tuday E, Baraban E, Ilies M, Gerstenblith G, Nyhan D, Shoukas A, Christianson DW, Alp 
NJ, Champion HC, Huso D, Berkowitz DE. Endothelial arginase  ii ‐ a novel target for the 
treatment of atherosclerosis. Circulation research. 2008;102:923‐932 

71.  Bagnost  T, Ma  L,  da  Silva  RF,  Rezakhaniha  R,  Houdayer  C,  Stergiopulos  N,  Andre  C, 
Guillaume Y, Berthelot A, Demougeot C. Cardiovascular effects of arginase  inhibition  in 
spontaneously  hypertensive  rats  with  fully  developed  hypertension.  Cardiovascular 
research. 2010;87:569‐577 

72.  Shatanawi A, Romero MJ,  Iddings  JA, Chandra S, Umapathy NS, Verin AD, Caldwell RB, 
Caldwell RW. Angiotensin  ii‐induced vascular endothelial dysfunction through rhoa/rho 
kinase/p38  mitogen‐activated  protein  kinase/arginase  pathway.  Am  J  Physiol  Cell 
Physiol. 2011;300:1181‐1192 

73.  Toque  HA,  Tostes  RC,  Yao  L,  Xu  Z, Webb  RC,  Caldwell  RB,  Caldwell  RW.  Arginase  ii 
deletion  increases corpora cavernosa relaxation  in diabetic mice. The  journal of sexual 
medicine. 2011 

74.  Wei LH, Jacobs AT, Morris SM, Ignarro LJ. Il‐4 and il‐13 upregulate arginase i expression 
by camp and  jak/stat6 pathways  in vascular smooth muscle cells. American  Journal of 
Physiology‐Cell Physiology. 2000;279:C248‐C256 

75.  Galassi A, Reynolds K, He  J. Metabolic  syndrome and  risk of cardiovascular disease: A 
meta‐analysis. The American journal of medicine. 2006;119:812‐819 

76.  Ferreira  I, Boreham CA, Twisk  JW, Gallagher AM, Young  IS, Murray LJ, Stehouwer CD. 
Clustering of metabolic syndrome risk factors and arterial stiffness in young adults: The 
northern ireland young hearts project. Journal of hypertension. 2007;25:1009‐1020 



110 
 

77.  Zhang  J,  Patel  JM,  Li  YD,  Block  ER.  Proinflammatory  cytokines  downregulate  gene 
expression and activity of constitutive nitric oxide synthase in porcine pulmonary artery 
endothelial cells. Research communications  in molecular pathology and pharmacology. 
1997;96:71‐87 

78.  Beckman  JA,  Paneni  F,  Cosentino  F,  Creager  MA.  Diabetes  and  vascular  disease: 
Pathophysiology,  clinical  consequences,  and medical  therapy:  Part  ii.  European  heart 
journal. 2013;34:2444‐2452 

79.  Wilson PW, D'Agostino RB, Levy D, Belanger AM, Silbershatz H, Kannel WB. Prediction of 
coronary heart disease using risk factor categories. Circulation. 1998;97:1837‐1847 

80.  Zhang L, Zalewski A, Liu Y, Mazurek T, Cowan S, Martin JL, Hofmann SM, Vlassara H, Shi 
Y. Diabetes‐induced  oxidative  stress  and  low‐grade  inflammation  in  porcine  coronary 
arteries. Circulation. 2003;108:472‐478 

81.  Centers for disease control and prevention.National diabetes statistics report: Estimates 
of diabetes and  its burden  in  the united states, 2014. Atlanta, ga: U.S. Department of 
health and human services; 2014.  

82.  Finkelstein EA, Trogdon JG, Cohen JW, Dietz W. Annual medical spending attributable to 
obesity: Payer‐and service‐specific estimates. Health affairs. 2009;28:w822‐831 

83.  Poirier P, Cornier MA, Mazzone T,  Stiles  S, Cummings  S, Klein  S, McCullough PA, Ren 
Fielding C, Franklin BA, American Heart Association Obesity Committee of the Council on 
Nutrition PA, Metabolism. Bariatric surgery and cardiovascular  risk  factors: A scientific 
statement from the american heart association. Circulation. 2011;123:1683‐1701 

84.  Mathieu P, Poirier P, Pibarot P, Lemieux I, Despres JP. Visceral obesity: The  link among 
inflammation, hypertension, and cardiovascular disease. Hypertension. 2009;53:577‐584 

85.  Gu P, Xu A. Interplay between adipose tissue and blood vessels  in obesity and vascular 
dysfunction. Reviews in endocrine & metabolic disorders. 2013;14:49‐58 

86.  Feletou M, Vanhoutte PM. Endothelial dysfunction: A multifaceted disorder (the wiggers 
award  lecture).  American  journal  of  physiology.  Heart  and  circulatory  physiology. 
2006;291:H985‐1002 

87.  Van Guilder GP, Hoetzer GL, Dengel DR, Stauffer BL, DeSouza CA. Impaired endothelium‐
dependent  vasodilation  in  normotensive  and  normoglycemic  obese  adult  humans. 
Journal of cardiovascular pharmacology. 2006;47:310‐313 

88.  Steinberg HO, Chaker H, Leaming R,  Johnson A, Brechtel G, Baron AD. Obesity/insulin 
resistance  is associated with endothelial dysfunction.  Implications  for the syndrome of 
insulin resistance. The Journal of clinical investigation. 1996;97:2601‐2610 

89.  Erdei  N,  Toth  A,  Pasztor  ET,  Papp  Z,  Edes  I,  Koller  A,  Bagi  Z.  High‐fat  diet‐induced 
reduction in nitric oxide‐dependent arteriolar dilation in rats: Role of xanthine oxidase‐
derived  superoxide  anion.  American  journal  of  physiology.  Heart  and  circulatory 
physiology. 2006;291:H2107‐2115 

90.  Frisbee  JC, Stepp DW.  Impaired no‐dependent dilation of  skeletal muscle arterioles  in 
hypertensive  diabetic  obese  zucker  rats.  American  journal  of  physiology.  Heart  and 
circulatory physiology. 2001;281:H1304‐1311 

91.  Kaess BM, Rong  J,  Larson MG, Hamburg NM, Vita  JA,  Levy D, Benjamin EJ, Vasan RS, 
Mitchell  GF.  Aortic  stiffness,  blood  pressure  progression,  and  incident  hypertension. 
Jama. 2012;308:875‐881 

92.  Weisbrod  RM,  Shiang  T,  Al  Sayah  L,  Fry  JL,  Bajpai  S,  Reinhart‐King  CA,  Lob  HE, 
Santhanam  L,  Mitchell  G,  Cohen  RA,  Seta  F.  Arterial  stiffening  precedes  systolic 
hypertension in diet‐induced obesity. Hypertension. 2013;62:1105‐1110 



111 
 

93.  Safar ME, Balkau B, Lange C, Protogerou AD, Czernichow S, Blacher J, Levy BI, Smulyan 
H. Hypertension and vascular dynamics  in men and women with metabolic syndrome. 
Journal of the American College of Cardiology. 2013;61:12‐19 

94.  Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, Sole J, Nichols A, Ross JS, Tartaglia LA, 
Chen H. Chronic  inflammation  in fat plays a crucial role  in the development of obesity‐
related insulin resistance. The Journal of clinical investigation. 2003;112:1821‐1830 

95.  Sun K, Kusminski CM, Scherer PE. Adipose tissue remodeling and obesity. J Clin  Invest. 
2011;121:2094‐2101 

96.  Ye  J. Adipose  tissue vascularization:  Its  role  in  chronic  inflammation. Current diabetes 
reports. 2011;11:203‐210 

97.  Williams B, Lacy PS, Cruickshank JK, Collier D, Hughes AD, Stanton A, Thom S, Thurston 
H,  Cafe,  Investigators  A.  Impact  of  statin  therapy  on  central  aortic  pressures  and 
hemodynamics: Principal results of the conduit artery function evaluation‐lipid‐lowering 
arm (cafe‐lla) study. Circulation. 2009;119:53‐61 

98.  Hayoz D, Zappe DH, Meyer MA, Baek I, Kandra A, Joly MP, Mazzolai L, Haesler E, Periard 
D.  Changes  in  aortic  pulse  wave  velocity  in  hypertensive  postmenopausal  women: 
Comparison  between  a  calcium  channel  blocker  vs  angiotensin  receptor  blocker 
regimen. Journal of clinical hypertension. 2012;14:773‐778 

99.  Chung WK, Power‐Kehoe L, Chua M, Lee R, Leibel RL. Genomic structure of the human 
ob  receptor and  identification of  two novel  intronic microsatellites. Genome  research. 
1996;6:1192‐1199 

100.  Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. Positional cloning of 
the mouse obese gene and its human homologue. Nature. 1994;372:425‐432 

101.  Lee  GH,  Proenca  R, Montez  JM,  Carroll  KM,  Darvishzadeh  JG,  Lee  JI,  Friedman  JM. 
Abnormal splicing of the leptin receptor in diabetic mice. Nature. 1996;379:632‐635 

102.  Qin  F,  Siwik DA,  Luptak  I, Hou  X, Wang  L, Higuchi A, Weisbrod RM, Ouchi N,  Tu VH, 
Calamaras TD, Miller EJ, Verbeuren TJ, Walsh K, Cohen RA, Colucci WS. The polyphenols 
resveratrol and s17834 prevent  the structural and  functional sequelae of diet‐induced 
metabolic heart disease in mice. Circulation. 2012;125:1757‐1764, S1751‐1756 

103.  Bagi  Z,  Feher A, Dou H, Broskova  Z.  Selective up‐regulation of  arginase‐1  in  coronary 
arteries of diabetic patients. Frontiers in immunology. 2013;4:293 

104.  Jung  C,  Figulla HR,  Lichtenauer M,  Franz M,  Pernow  J.  Increased  levels  of  circulating 
arginase  i  in  overweight  compared  to  normal weight  adolescents.  Pediatric  diabetes. 
2014;15:51‐56 

105.  Shemyakin  A,  Kovamees O,  Rafnsson  A,  Bohm  F,  Svenarud  P,  Settergren M,  Jung  C, 
Pernow  J. Arginase  inhibition  improves endothelial  function  in patients with  coronary 
artery disease and type 2 diabetes mellitus. Circulation. 2012;126:2943‐2950 

106.  Wentworth  JM,  Naselli  G,  Brown WA,  Doyle  L,  Phipson  B,  Smyth  GK, Wabitsch M, 
O'Brien PE, Harrison  LC. Pro‐inflammatory  cd11c+cd206+  adipose  tissue macrophages 
are associated with insulin resistance in human obesity. Diabetes. 2010;59:1648‐1656 

107.  Saha  P, Modarai B, Humphries  J, Mattock  K, Waltham M, Burnand  KG,  Smith A.  The 
monocyte/macrophage  as  a  therapeutic  target  in  atherosclerosis.  Current  opinion  in 
pharmacology. 2009;9:109‐118 

108.  Gordon  S.  Alternative  activation  of  macrophages.  Nature  reviews.  Immunology. 
2003;3:23‐35 

109.  Collins RG, Velji R, Guevara NV, Hicks MJ, Chan L, Beaudet AL. P‐selectin or intercellular 
adhesion molecule  (icam)‐1 deficiency  substantially protects against atherosclerosis  in 



112 
 

apolipoprotein  e‐deficient mice.  The  Journal of  experimental medicine. 2000;191:189‐
194 

110.  Zhang D, Fang P, Jiang X, Nelson J, Moore JK, Kruger WD, Berretta RM, Houser SR, Yang 
X, Wang H. Severe hyperhomocysteinemia promotes bone marrow‐derived and resident 
inflammatory monocyte  differentiation  and  atherosclerosis  in  ldlr/cbs‐deficient mice. 
Circulation research. 2012;111:37‐49 

111.  Armstead VE, Minchenko AG, Schuhl RA, Hayward R, Nossuli TO, Lefer AM. Regulation of 
p‐selectin expression in human endothelial cells by nitric oxide. The American journal of 
physiology. 1997;273:H740‐746 

112.  Kobayashi  K,  Nishimura  Y,  Yamashita  T,  Nishiuma  T,  Satouchi M,  Yokoyama M.  The 
effect  of  overexpression  of  endothelial  nitric  oxide  synthase  on  eosinophilic  lung 
inflammation  in  a  murine  model.  International  immunopharmacology.  2006;6:1040‐
1052 

113.  Lee SK, Kim JH, Yang WS, Kim SB, Park SK, Park JS. Exogenous nitric oxide inhibits vcam‐1 
expression  in  human  peritoneal mesothelial  cells.  Role  of  cyclic  gmp  and  nf‐kappab. 
Nephron. 2002;90:447‐454 

114.  Ming  XF,  Rajapakse  AG,  Carvas  JM,  Ruffieux  J,  Yang  Z.  Inhibition  of  s6k1  accounts 
partially  for  the  anti‐inflammatory  effects  of  the  arginase  inhibitor  l‐norvaline.  BMC 
cardiovascular disorders. 2009;9:12 

115.  Tian  XY, Wong WT,  Xu A,  Chen  ZY,  Lu  Y,  Liu  LM,  Lee  VW,  Lau  CW,  Yao  X, Huang  Y. 
Rosuvastatin improves endothelial function in db/db mice: Role of angiotensin ii type 1 
receptors and oxidative stress. British journal of pharmacology. 2011;164:598‐606 

116.  Mattison  JA, Wang M, Bernier M, Zhang  J, Park SS, Maudsley S, An SS, Santhanam  L, 
Martin B, Faulkner S, Morrell C, Baur JA, Peshkin L, Sosnowska D, Csiszar A, Herbert RL, 
Tilmont  EM, Ungvari  Z, Pearson KJ,  Lakatta EG, de Cabo R. Resveratrol prevents high 
fat/sucrose diet‐induced central arterial wall  inflammation and stiffening  in nonhuman 
primates. Cell metabolism. 2014;20:183‐190 

117.  Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Borden WB, Bravata DM, Dai S, 
Ford ES,  Fox CS,  Franco  S,  Fullerton HJ, Gillespie C, Hailpern  SM, Heit  JA, Howard VJ, 
Huffman MD, Kissela BM, Kittner SJ,  Lackland DT,  Lichtman  JH,  Lisabeth  LD, Magid D, 
Marcus GM, Marelli A, Matchar DB, McGuire DK, Mohler ER, Moy CS, Mussolino ME, 
Nichol G, Paynter NP,  Schreiner PJ,  Sorlie PD,  Stein  J, Turan TN, Virani  SS, Wong ND, 
Woo D, Turner MB, American Heart Association  Statistics C,  Stroke  Statistics  S. Heart 
disease  and  stroke  statistics‐‐2013  update:  A  report  from  the  american  heart 
association. Circulation. 2013;127:e6‐e245 

118.  Toque  HA,  Tostes  RC,  Yao  L,  Xu  Z, Webb  RC,  Caldwell  RB,  Caldwell  RW.  Arginase  ii 
deletion  increases corpora cavernosa relaxation  in diabetic mice. The  journal of sexual 
medicine. 2011;8:722‐733 

119.  Jung  C, Gonon AT,  Sjoquist  PO,  Lundberg  JO,  Pernow  J. Arginase  inhibition mediates 
cardioprotection  during  ischaemia‐reperfusion.  Cardiovascular  research.  2010;85:147‐
154 

120.  Morris SM, Jr. Regulation of enzymes of the urea cycle and arginine metabolism. Annual 
review of nutrition. 2002;22:87‐105 

121.  Narayanan SP, Rojas M, Suwanpradid J, Toque HA, Caldwell RW, Caldwell RB. Arginase in 
retinopathy. Progress in retinal and eye research. 2013;36:260‐280 

122.  Jones ME. Conversion of glutamate to ornithine and proline: Pyrroline‐5‐carboxylate, a 
possible modulator  of  arginine  requirements.  The  Journal  of  nutrition.  1985;115:509‐
515 



113 
 

123.  Shoji T, Emoto M, Shinohara K, Kakiya R, Tsujimoto Y, Kishimoto H, Ishimura E, Tabata T, 
Nishizawa  Y.  Diabetes mellitus,  aortic  stiffness,  and  cardiovascular mortality  in  end‐
stage  renal  disease.  Journal  of  the  American  Society  of  Nephrology  :  JASN. 
2001;12:2117‐2124 

124.  Mattace‐Raso FU, van der Cammen TJ, Hofman A, van Popele NM, Bos ML, Schalekamp 
MA, Asmar R, Reneman RS, Hoeks AP, Breteler MM, Witteman JC. Arterial stiffness and 
risk  of  coronary  heart  disease  and  stroke:  The  rotterdam  study.  Circulation. 
2006;113:657‐663 

125.  Laurent S, Cockcroft  J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D, Pannier B, 
Vlachopoulos  C, Wilkinson  I,  Struijker‐Boudier H,  European Network  for Non‐invasive 
Investigation  of  Large  A.  Expert  consensus  document  on  arterial  stiffness: 
Methodological  issues and clinical applications. European heart  journal. 2006;27:2588‐
2605 

126.  Durante  W.  Role  of  arginase  in  vessel  wall  remodeling.  Frontiers  in  immunology. 
2013;4:111 

127.  Wallace SML, Yasmin, McEniery CM, Maki‐Petaja KM, Booth AD, Cockcroft JR, Wilkinson 
IB.  Isolated  systolic  hypertension  is  characterized  by  increased  aortic  stiffness  and 
endothelial dysfunction. Hypertension. 2007;50:228‐233 

128.  Bagnost  T, Ma  L,  da  Silva  RF,  Rezakhaniha  R,  Houdayer  C,  Stergiopulos  N,  Andre  C, 
Guillaume Y, Berthelot A, Demougeot C. Cardiovascular effects of arginase  inhibition  in 
spontaneously  hypertensive  rats  with  fully  developed  hypertension.  Cardiovascular 
research. 2010;87:569‐577 

129.  Das  P,  Lahiri A,  Lahiri A,  Chakravortty D. Modulation  of  the  arginase  pathway  in  the 
context  of microbial  pathogenesis:  A metabolic  enzyme moonlighting  as  an  immune 
modulator. PLoS pathogens. 2010;6:e1000899 

130.  Zhang C, Wu  J, Xu X, Potter BJ, Gao X. Direct  relationship between  levels of  tnf‐alpha 
expression  and  endothelial  dysfunction  in  reperfusion  injury.  Basic  research  in 
cardiology. 2010;105:453‐464 

131.  Park S, Lakatta EG. Role of inflammation in the pathogenesis of arterial stiffness. Yonsei 
medical journal. 2012;53:258‐261 

132.  Kuo L, Thengchaisri N, Hein TW. Regulation of coronary vasomotor function by reactive 
oxygen species. Molecular Medicine & Therapeutics. 2012;1 

133.  Iyer  RK,  Yoo  PK,  Kern  RM,  Rozengurt  N,  Tsoa  R,  O'Brien  WE,  Yu  H,  Grody  WW, 
Cederbaum  SD. Mouse model  for  human  arginase  deficiency. Molecular  and  cellular 
biology. 2002;22:4491‐4498 

134.  Kubben  FJ,  Peeters‐Haesevoets  A,  Engels  LG,  Baeten  CG,  Schutte  B,  Arends  JW, 
Stockbrugger RW, Blijham GH. Proliferating cell nuclear antigen (pcna): A new marker to 
study human colonic cell proliferation. Gut. 1994;35:530‐535 

135.  Corraliza  IM,  Campo ML,  Soler  G, Modolell M.  Determination  of  arginase  activity  in 
macrophages: A micromethod. Journal of immunological methods. 1994;174:231‐235 

136.  Richman  RA, Underwood  LE,  Van Wyk  JJ,  Voina  SJ.  Synergistic  effect  of  cortisol  and 
growth hormone on hepatic ornithine decarboxylase activity. Proceedings of the Society 
for Experimental Biology and Medicine. Society for Experimental Biology and Medicine. 
1971;138:880‐884 

137.  Cook  JA, Mitchell  JB.  Viability measurements  in mammalian  cell  systems.  Analytical 
biochemistry. 1989;179:1‐7 



114 
 

138.  Papadaki M, Tilton RG, Eskin SG, McIntire LV. Nitric oxide production by cultured human 
aortic  smooth  muscle  cells:  Stimulation  by  fluid  flow.  The  American  journal  of 
physiology. 1998;274:H616‐626 

139.  Singh A, Sventek P, Lariviere R, Thibault G, Schiffrin EL. Inducible nitric oxide synthase in 
vascular  smooth muscle  cells  from  prehypertensive  spontaneously  hypertensive  rats. 
American journal of hypertension. 1996;9:867‐877 

140.  Daemen MJ,  Lombardi DM,  Bosman  FT,  Schwartz  SM. Angiotensin  ii  induces  smooth 
muscle cell proliferation in the normal and injured rat arterial wall. Circulation research. 
1991;68:450‐456 

141.  Kato  H,  Suzuki  H,  Tajima  S,  Ogata  Y,  Tominaga  T,  Sato  A,  Saruta  T.  Angiotensin  ii 
stimulates  collagen  synthesis  in  cultured  vascular  smooth  muscle  cells.  Journal  of 
hypertension. 1991;9:17‐22 

142.  Weber H, Taylor DS, Molloy CJ. Angiotensin  ii  induces delayed mitogenesis and cellular 
proliferation  in  rat  aortic  smooth  muscle  cells.  Correlation  with  the  expression  of 
specific  endogenous  growth  factors  and  reversal  by  suramin.  The  Journal  of  clinical 
investigation. 1994;93:788‐798 

143.  Neves  MF,  Virdis  A,  Schiffrin  EL.  Resistance  artery  mechanics  and  composition  in 
angiotensin  ii‐infused rats: Effects of aldosterone antagonism.  Journal of hypertension. 
2003;21:189‐198 

144.  Elms SC, Toque HA, Rojas M, Xu Z, Caldwell RW, Caldwell RB. The role of arginase  i  in 
diabetes‐induced  retinal  vascular  dysfunction  in mouse  and  rat models  of  diabetes. 
Diabetologia. 2013;56:654‐662 

145.  Shatanawi A, Lemtalsi T, Yao L, Patel C, Caldwell RB, Caldwell RW. Angiotensin  ii  limits 
no production by upregulating arginase  through a p38 mapk‐atf‐2 pathway. European 
journal of pharmacology. 2015;746:106‐114 

146.  Rizvi MA, Katwa L, Spadone DP, Myers PR. The effects of endothelin‐1 on collagen type i 
and type  iii synthesis  in cultured porcine coronary artery vascular smooth muscle cells. 
Journal of molecular and cellular cardiology. 1996;28:243‐252 

147.  Greenwald SE. Ageing of the conduit arteries. The Journal of pathology. 2007;211:157‐
172 

148.  Wang  X,  Keith  Jr  JC,  Struthers  AD,  Feuerstein  GZ.  Assessment  of  arterial  stiffness,  a 
translational medicine biomarker system for evaluation of vascular risk. Cardiovascular 
Therapeutics. 2008;26:214‐223 

149.  Sutton‐Tyrrell K, Najjar SS, Boudreau RM, Venkitachalam L, Kupelian V, Simonsick EM, 
Havlik R, Lakatta EG, Spurgeon H, Kritchevsky S, Pahor M, Bauer D, Newman A, Health 
ABCS.  Elevated  aortic  pulse  wave  velocity,  a  marker  of  arterial  stiffness,  predicts 
cardiovascular events in well‐functioning older adults. Circulation. 2005;111:3384‐3390 

150.  Kashyap SR,  Lara A, Zhang R, Park YM, DeFronzo RA.  Insulin  reduces plasma arginase 
activity in type 2 diabetic patients. Diabetes care. 2008;31:134‐139 

151.  Sailer M, Dahlhoff C, Giesbertz P, Eidens MK, de Wit N, Rubio‐Aliaga I, Boekschoten MV, 
Muller M, Daniel H. Increased plasma citrulline  in mice marks diet‐induced obesity and 
may predict the development of the metabolic syndrome. PloS one. 2013;8:e63950 

152.  Rekhter  MD.  Collagen  synthesis  in  atherosclerosis:  Too  much  and  not  enough. 
Cardiovascular research. 1999;41:376‐384 

153.  Lee  RT,  Libby  P.  The  unstable  atheroma.  Arteriosclerosis,  thrombosis,  and  vascular 
biology. 1997;17:1859‐1867 



115 
 

154.  Blacher  J,  Asmar  R,  Djane  S,  London  GM,  Safar ME.  Aortic  pulse wave  velocity  as  a 
marker  of  cardiovascular  risk  in  hypertensive  patients.  Hypertension.  1999;33:1111‐
1117 

155.  Fronek  K,  Bloor  CM, Amiel D,  Chvapil M.  Effect  of  long‐term  sympathectomy  on  the 
arterial wall in rabbits and rats. Experimental and molecular pathology. 1978;28:279‐289 

156.  Wang M, Zhang J, Jiang LQ, Spinetti G, Pintus G, Monticone R, Kolodgie FD, Virmani R, 
Lakatta EG. Proinflammatory profile within the grossly normal aged human aortic wall. 
Hypertension. 2007;50:219‐227 

157.  Csiszar A, Ungvari Z, Koller A, Edwards JG, Kaley G. Aging‐induced proinflammatory shift 
in cytokine expression profile in coronary arteries. FASEB J. 2003;17:1183‐1185 

158.  Patel RS, Al Mheid I, Morris AA, Ahmed Y, Kavtaradze N, Ali S, Dabhadkar K, Brigham K, 
Hooper WC, Alexander RW,  Jones DP, Quyyumi AA. Oxidative stress  is associated with 
impaired arterial elasticity. Atherosclerosis. 2011;218:90‐95 

159.  Maki‐Petaja KM, Hall FC, Booth AD, Wallace SM, Yasmin, Bearcroft PW, Harish S, Furlong 
A,  McEniery  CM,  Brown  J,  Wilkinson  IB.  Rheumatoid  arthritis  is  associated  with 
increased  aortic  pulse‐wave  velocity, which  is  reduced  by  anti‐tumor  necrosis  factor‐
alpha therapy. Circulation. 2006;114:1185‐1192 

160.  Takami  T,  Shigemasa M.  Efficacy  of  various  antihypertensive  agents  as  evaluated  by 
indices  of  vascular  stiffness  in  elderly  hypertensive  patients.  Hypertension  research  : 
official journal of the Japanese Society of Hypertension. 2003;26:609‐614 

161.  Munakata M, Nagasaki A, Nunokawa T, Sakuma T, Kato H, Yoshinaga K, Toyota T. Effects 
of  valsartan  and  nifedipine  coat‐core  on  systemic  arterial  stiffness  in  hypertensive 
patients. American journal of hypertension. 2004;17:1050‐1055 

162.  Majeed B, Tawinwung S, Eberson LS, Secomb TW, Larmonier N, Larson DF. Interleukin‐
2/anti‐interleukin‐2 immune complex expands regulatory t cells and reduces angiotensin 
ii‐induced aortic stiffening. International journal of hypertension. 2014;2014:126365 

163.  Surwit RS, Feinglos MN, Rodin J, Sutherland A, Petro AE, Opara EC, Kuhn CM, Rebuffe‐
Scrive M.  Differential  effects  of  fat  and  sucrose  on  the  development  of  obesity  and 
diabetes  in c57bl/6j and a/j mice. Metabolism: clinical and experimental. 1995;44:645‐
651 

164.  Qin  Z, Hou  X, Weisbrod RM,  Seta  F, Cohen RA,  Tong  X. Nox2 mediates high  fat high 
sucrose diet‐induced nitric oxide dysfunction and inflammation in aortic smooth muscle 
cells. Journal of molecular and cellular cardiology. 2014;72:56‐63 

165.  Kim TN, Kim  S, Yang SJ, Yoo HJ, Seo  JA, Kim  SG, Kim NH, Baik SH, Choi DS, Choi KM. 
Vascular inflammation in patients with impaired glucose tolerance and type 2 diabetes: 
Analysis  with  18f‐fluorodeoxyglucose  positron  emission  tomography.  Circulation. 
Cardiovascular imaging. 2010;3:142‐148 

166.  Llaurado G, Ceperuelo‐Mallafre V, Vilardell C, Simo R, Freixenet N, Vendrell J, Gonzalez‐
Clemente  JM.  Arterial  stiffness  is  increased  in  patients with  type  1  diabetes without 
cardiovascular  disease:  A  potential  role  of  low‐grade  inflammation.  Diabetes  care. 
2012;35:1083‐1089 

167.  Pandey D, Bhunia A, Oh YJ, Chang F, Bergman Y, Kim JH, Serbo J, Boronina TN, Cole RN, 
Van Eyk J, Remaley AT, Berkowitz DE, Romer LH. Oxldl triggers retrograde translocation 
of arginase2 in aortic endothelial cells via rock and mitochondrial processing peptidase. 
Circulation research. 2014;115:450‐459 

168.  Lange  PS,  Langley  B,  Lu  P,  Ratan  RR.  Novel  roles  for  arginase  in  cell  survival, 
regeneration,  and  translation  in  the  central  nervous  system.  J Nutr.  2004;134:2812S‐
2817S; discussion 2818S‐2819S 



116 
 

169.  Li H, Meininger CJ, Hawker JR, Jr., Haynes TE, Kepka‐Lenhart D, Mistry SK, Morris SM, Jr., 
Wu  G.  Regulatory  role  of  arginase  i  and  ii  in  nitric  oxide,  polyamine,  and  proline 
syntheses  in  endothelial  cells.  American  journal  of  physiology.  Endocrinology  and 
metabolism. 2001;280:E75‐82 

170.  Mihara  M,  Uchiyama  M.  Determination  of  malonaldehyde  precursor  in  tissues  by 
thiobarbituric acid test. Analytical biochemistry. 1978;86:271‐278 

171.  Tang  WH,  Wang  Z,  Cho  L,  Brennan  DM,  Hazen  SL.  Diminished  global  arginine 
bioavailability  and  increased  arginine  catabolism  as  metabolic  profile  of  increased 
cardiovascular risk. Journal of the American College of Cardiology. 2009;53:2061‐2067 

172.  Sutton‐Tyrrell K, Newman A, Simonsick EM, Havlik R, Pahor M, Lakatta E, Spurgeon H, 
Vaitkevicius  P.  Aortic  stiffness  is  associated  with  visceral  adiposity  in  older  adults 
enrolled  in  the  study  of  health,  aging,  and  body  composition.  Hypertension. 
2001;38:429‐433 

173.  Davignon  J,  Ganz  P.  Role  of  endothelial  dysfunction  in  atherosclerosis.  Circulation. 
2004;109:III27‐32 

174.  Tripolt  NJ, Meinitzer  A,  Eder M, Wascher  TC,  Pieber  TR,  Sourij  H. Multifactorial  risk 
factor  intervention  in  patients with  type  2  diabetes  improves  arginine  bioavailability 
ratios. Diabetic medicine  : a  journal of  the British Diabetic Association. 2012;29:e365‐
368 

175.  Sourij H, Meinitzer A, Pilz S, Grammer TB, Winkelmann BR, Boehm BO, Marz W. Arginine 
bioavailability ratios are associated with cardiovascular mortality in patients referred to 
coronary angiography. Atherosclerosis. 2011;218:220‐225 

176.  Tawfik HE, El‐Remessy AB, Matragoon S, Ma G, Caldwell RB, Caldwell RW. Simvastatin 
improves  diabetes‐induced  coronary  endothelial  dysfunction.  The  Journal  of 
pharmacology and experimental therapeutics. 2006;319:386‐395 

177.  Zhan Y, Brown C, Maynard E, Anshelevich A, Ni W, Ho  IC, Oettgen P. Ets‐1  is a critical 
regulator  of  ang  ii‐mediated  vascular  inflammation  and  remodeling.  The  Journal  of 
clinical investigation. 2005;115:2508‐2516 

178.  Toque HA, Nunes KP, Yao L, Xu Z, Kondrikov D, Su Y, Webb RC, Caldwell RB, Caldwell 
RW. Akita  spontaneously  type  1 diabetic mice  exhibit  elevated  vascular  arginase  and 
impaired vascular endothelial and nitrergic function. PloS one. 2013;8:e72277 

179.  Pernow  J,  Jung  C.  Arginase  as  a  potential  target  in  the  treatment  of  cardiovascular 
disease: Reversal of arginine steal? Cardiovascular research. 2013;98:334‐343 

180.  Wang XP, Chen YG, Qin WD, Zhang W, Wei SJ, Wang J, Liu FQ, Gong L, An FS, Zhang Y, 
Chen ZY, Zhang MX. Arginase  i attenuates  inflammatory cytokine secretion  induced by 
lipopolysaccharide  in  vascular  smooth muscle  cells.  Arteriosclerosis,  thrombosis,  and 
vascular biology. 2011;31:1853‐1860 

181.  Zhang W, Baban B, Rojas M, Tofigh S, Virmani SK, Patel C, Behzadian MA, Romero MJ, 
Caldwell RW, Caldwell RB. Arginase activity mediates retinal inflammation in endotoxin‐
induced uveitis. The American journal of pathology. 2009;175:891‐902 

182.  Yao L, Chandra S, Toque HA, Bhatta A, Rojas M, Caldwell RB, Caldwell RW. Prevention of 
diabetes‐induced  arginase  activation  and  vascular  dysfunction  by  rho  kinase  (rock) 
knockout. Cardiovascular research. 2013;97:509‐519 

183.  Coutinho T, Goel K, Correa de Sa D, Kragelund C, Kanaya AM, Zeller M, Park JS, Kober L, 
Torp‐Pedersen C, Cottin  Y,  Lorgis  L,  Lee  SH, Kim  YJ,  Thomas R, Roger VL,  Somers VK, 
Lopez‐Jimenez F. Central obesity and survival in subjects with coronary artery disease: A 
systematic  review  of  the  literature  and  collaborative  analysis with  individual  subject 
data. Journal of the American College of Cardiology. 2011;57:1877‐1886 



117 
 

184.  Benetos A, Safar ME. Aortic collagen, aortic stiffness, and at1 receptors in experimental 
and  human  hypertension.  Canadian  journal  of  physiology  and  pharmacology. 
1996;74:862‐866 

185.  Vasquez‐Vivar  J, Kalyanaraman B, Martasek P, Hogg N, Masters BS, Karoui H, Tordo P, 
Pritchard  KA,  Jr.  Superoxide  generation  by  endothelial  nitric  oxide  synthase:  The 
influence of cofactors. Proceedings of  the National Academy of Sciences of  the United 
States of America. 1998;95:9220‐9225 

186.  Pacher P, Beckman  JS,  Liaudet  L. Nitric oxide and peroxynitrite  in health and disease. 
Physiological reviews. 2007;87:315‐424 

187.  Tarin  C, Gomez M,  Calvo  E,  Lopez  JA,  Zaragoza  C.  Endothelial  nitric  oxide  deficiency 
reduces  mmp‐13‐mediated  cleavage  of  icam‐1  in  vascular  endothelium:  A  role  in 
atherosclerosis. Arteriosclerosis, thrombosis, and vascular biology. 2009;29:27‐32 

188.  De Caterina R, Libby P, Peng HB, Thannickal VJ, Rajavashisth TB, Gimbrone MA, Jr., Shin 
WS, Liao JK. Nitric oxide decreases cytokine‐induced endothelial activation. Nitric oxide 
selectively reduces endothelial expression of adhesion molecules and proinflammatory 
cytokines. The Journal of clinical investigation. 1995;96:60‐68 

189.  Zeiher AM, Fisslthaler B, Schray‐Utz B, Busse R. Nitric oxide modulates the expression of 
monocyte  chemoattractant  protein  1  in  cultured  human  endothelial  cells.  Circulation 
research. 1995;76:980‐986 

190.  Qian H, Neplioueva V, Shetty GA, Channon KM, George SE. Nitric oxide synthase gene 
therapy rapidly reduces adhesion molecule expression and inflammatory cell infiltration 
in carotid arteries of cholesterol‐fed rabbits. Circulation. 1999;99:2979‐2982 

191.  Berg  AH,  Scherer  PE.  Adipose  tissue,  inflammation,  and  cardiovascular  disease. 
Circulation research. 2005;96:939‐949 

192.  Dansky HM, Barlow CB, Lominska C, Sikes JL, Kao C, Weinsaft J, Cybulsky MI, Smith JD. 
Adhesion  of monocytes  to  arterial  endothelium  and  initiation  of  atherosclerosis  are 
critically dependent on vascular cell adhesion molecule‐1 gene dosage. Arteriosclerosis, 
thrombosis, and vascular biology. 2001;21:1662‐1667 

193.  Gu  L,  Okada  Y,  Clinton  SK,  Gerard  C,  Sukhova  GK,  Libby  P,  Rollins  BJ.  Absence  of 
monocyte chemoattractant protein‐1 reduces atherosclerosis in low density lipoprotein 
receptor‐deficient mice. Molecular cell. 1998;2:275‐281 

194.  Naito S, Shimizu S, Maeda S, Wang  J, Paul R, Fagin  JA. Ets‐1  is an early response gene 
activated by et‐1 and pdgf‐bb  in vascular smooth muscle cells. The American journal of 
physiology. 1998;274:C472‐480 

195.  Bonello MR, Bobryshev YV, Khachigian LM. Peroxide‐inducible ets‐1 mediates platelet‐
derived  growth  factor  receptor‐alpha  gene  transcription  in  vascular  smooth  muscle 
cells. The American journal of pathology. 2005;167:1149‐1159 

196.  Seeger FH, Chen L, Spyridopoulos I, Altschmied J, Aicher A, Haendeler J. Downregulation 
of  ets  rescues  diabetes‐induced  reduction  of  endothelial  progenitor  cells.  PloS  one. 
2009;4:e4529 

197.  Goetze S, Kintscher U, Kaneshiro K, Meehan WP, Collins A, Fleck E, Hsueh WA, Law RE. 
Tnfalpha  induces expression of  transcription  factors c‐fos, egr‐1, and ets‐1  in vascular 
lesions through extracellular signal‐regulated kinases 1/2. Atherosclerosis. 2001;159:93‐
101 

198.  Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Blaha MJ, Dai S, Ford ES, Fox CS, 
Franco S, Fullerton HJ, Gillespie C, Hailpern SM, Heit JA, Howard VJ, Huffman MD, Judd 
SE, Kissela BM, Kittner SJ, Lackland DT, Lichtman JH, Lisabeth LD, Mackey RH, Magid DJ, 
Marcus GM, Marelli A, Matchar DB, McGuire DK, Mohler ER, 3rd, Moy CS, Mussolino 



118 
 

ME,  Neumar  RW,  Nichol  G,  Pandey  DK,  Paynter  NP,  Reeves MJ,  Sorlie  PD,  Stein  J, 
Towfighi  A,  Turan  TN,  Virani  SS,  Wong  ND,  Woo  D,  Turner  MB,  American  Heart 
Association  Statistics  C,  Stroke  Statistics  S.  Heart  disease  and  stroke  statistics‐‐2014 
update: A report from the american heart association. Circulation. 2014;129:e28‐e292 

199.  Patel C, Rojas M, Narayanan  SP, Zhang W, Xu Z,  Lemtalsi T,  Jittiporn K, Caldwell RW, 
Caldwell RB. Arginase as a mediator of diabetic  retinopathy. Frontiers  in  immunology. 
2013;4:173 

200.  Beleznai  T,  Feher  A,  Spielvogel  D,  Lansman  SL,  Bagi  Z.  Arginase  1  contributes  to 
diminished  coronary  arteriolar dilation  in patients with  diabetes. American  journal  of 
physiology. Heart and circulatory physiology. 2011;300:H777‐783 

201.  Ross R. Atherosclerosis‐‐an inflammatory disease. The New England journal of medicine. 
1999;340:115‐126 

202.  Jimenez‐Gomez  Y, Mattison  JA, Pearson KJ, Martin‐Montalvo A, Palacios HH,  Sossong 
AM, Ward TM, Younts CM, Lewis K, Allard JS, Longo DL, Belman JP, Malagon MM, Navas 
P,  Sanghvi M, Moaddel  R,  Tilmont  EM,  Herbert  RL, Morrell  CH,  Egan  JM,  Baur  JA, 
Ferrucci  L,  Bogan  JS,  Bernier  M,  de  Cabo  R.  Resveratrol  improves  adipose  insulin 
signaling and  reduces  the  inflammatory  response  in adipose  tissue of  rhesus monkeys 
on high‐fat, high‐sugar diet. Cell metabolism. 2013;18:533‐545 

203.  Chen B, Xue J, Meng X, Slutzky JL, Calvert AE, Chicoine LG. Resveratrol prevents hypoxia‐
induced  arginase  ii  expression  and  proliferation  of  human  pulmonary  artery  smooth 
muscle cells via akt‐dependent signaling. American  journal of physiology. Lung cellular 
and molecular physiology. 2014;307:L317‐325 

204.  Hsieh TC,  Juan G, Darzynkiewicz Z, Wu  JM. Resveratrol  increases nitric oxide synthase, 
induces  accumulation  of  p53  and  p21(waf1/cip1),  and  suppresses  cultured  bovine 
pulmonary artery endothelial cell proliferation by perturbing progression through s and 
g2. Cancer research. 1999;59:2596‐2601 

205.  Saiki A, Ohira M, Endo K, Koide N, Oyama T, Murano T, Watanabe H, Miyashita Y, Shirai 
K.  Circulating  angiotensin  ii  is  associated  with  body  fat  accumulation  and  insulin 
resistance  in  obese  subjects  with  type  2  diabetes mellitus. Metabolism:  clinical  and 
experimental. 2009;58:708‐713 

206.  Henriksen  EJ,  Jacob  S,  Kinnick  TR,  Teachey  MK,  Krekler  M.  Selective  angiotensin  ii 
receptor  antagonism  reduces  insulin  resistance  in  obese  zucker  rats.  Hypertension. 
2001;38:884‐890 

207.  Xu ZG, Lanting L, Vaziri ND, Li Z, Sepassi L, Rodriguez‐Iturbe B, Natarajan R. Upregulation 
of angiotensin ii type 1 receptor, inflammatory mediators, and enzymes of arachidonate 
metabolism  in  obese  zucker  rat  kidney:  Reversal  by  angiotensin  ii  type  1  receptor 
blockade. Circulation. 2005;111:1962‐1969 

208.  Engeli S, Schling P, Gorzelniak K, Boschmann M, Janke J, Ailhaud G, Teboul M, Massiera 
F,  Sharma  AM.  The  adipose‐tissue  renin‐angiotensin‐aldosterone  system:  Role  in  the 
metabolic  syndrome?  The  international  journal  of  biochemistry  &  cell  biology. 
2003;35:807‐825 

209.  Tham DM, Martin‐McNulty B, Wang YX, Wilson DW, Vergona R, Sullivan ME, Dole W, 
Rutledge  JC. Angiotensin  ii  is  associated with  activation of nf‐kappab‐mediated  genes 
and downregulation of ppars. Physiological genomics. 2002;11:21‐30 

210.  Schieffer  B,  Bunte  C,  Witte  J,  Hoeper  K,  Boger  RH,  Schwedhelm  E,  Drexler  H. 
Comparative effects of at1‐antagonism and angiotensin‐converting enzyme inhibition on 
markers  of  inflammation  and  platelet  aggregation  in  patients  with  coronary  artery 
disease. Journal of the American College of Cardiology. 2004;44:362‐368 




