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Abstract

Background

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 dis-
eases, 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 de-
carboxylase (ODC) and proline/collagen via ornithine aminotransferase (OAT), leading to
vascular cell proliferation and collagen formation, respectively. We hypothesized that ele-
vated arginase activity is involved in Ang ll-induced arterial thickening, fibrosis, and stiffness
and that limiting its activity can prevent these changes.

Methods and Results

We tested this by studies in mice lacking one copy of the ARG1 gene that were treated with
angiotensin Il (Ang Il, 4 weeks). Studies were also performed in rat aortic Ang ll-treated
SMC. In WT mice treated with Ang Il, 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 colla-
gen 1 protein expression. ARG1 deletion prevented each of these alterations. Furthermore,
exposure of SMC to Ang Il (1 uM, 48 hrs) increased ARG 1 expression, ARG activity, ODC
mRNA and activity, cell proliferation, collagen 1 protein expression and hydroxyproline con-
tent. Treatment with ABH prevented these changes.

Conclusion

Arginase 1 is crucially involved in Ang ll-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 stress [1]. Elevated activity of arginase, a urea cycle enzyme, has been implicated in
vascular problems such as vascular complications of diabetes, hypertension, aging, coronary ar-
tery disease, ischemia reperfusion injury and erectile dysfunction [2-7]. Arginase hydrolyses L-
arginine into urea and ornithine and can reduce L-arginine availability for nitric oxide synthase
(NOS) [8]. Thus it can reduce NO production, uncouple NOS and increase superoxide produc-
tion, leading to vascular constriction [5,9]. In addition, upregulation of arginase also can elevate
levels of ornithine, substrate for both ornithine decarboxylase (ODC) and ornithine aminotrans-
ferase (OAT) [10-12]. 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 formation [13] and perivascular fi-
brosis. 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 patients [14-17]. Arteri-
al 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 formation [9,18,19]. Stiffness also can be regulated
by smooth muscle tone, which is influenced by circulating and endothelium-derived vasoactive
mediators including NO and angiotensin II (Ang II) [20]. 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 1 [3]. Another study has shown that an
arginase inhibitor S-(2-boronoethyl)-1-cysteine (BEC) prevents loss of arterial compliance in
atherosclerotic mice [21]. BEC can exert anti-proliferative effects on VSM by decreasing levels
of ornithine, a precursor of polyamines [21]. BEC also can exert anti-fibrotic effects through
decreased collagen synthesis via reduced availability of ornithine for OAT to produce hydroxy-
proline 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 SHR [22].

Arginase exists in two isoforms that are encoded by two different genes [23]. 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 brain [24]. Both ARG1 and ARG?2 are expressed in vascular endothelial and smooth muscle
cells [8] and their expression is known to be enhanced by inflammatory cytokines and ROS
[25-27]. We have previously shown protective effects of pharmacological inhibition and genetic
knockdown of arginase against vascular endothelial dysfunction in models of diabetes and hyper-
tension [2-4]. However, the role of arginase in vascular remodeling and arterial stiffness in these
pathologies is not well understood. Angiotensin II (Ang II) is known to cause vascular inflamma-
tion, ROS production, arginase expression and structural changes not related to elevated blood
pressure [28-30]. We hypothesized that elevated arginase activity is involved in Ang II-induced ar-
terial 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 Commit-
tee of the Georgia Regents University (animal welfare assurance no. A3307-01). Mice were
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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 Il infusion

Experiments were performed using C57BL/6] WT mice and ARG1*'" (heterozygous knockout
for ARG1, WT for ARG2) mice. The ARG1"'~ mice were developed and provided by Dr. Steven
Cederbaum [31]. Complete knockout of ARG1” results in death within 2 weeks due to toxic
levels of ammonia. Mice 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 main-
tained 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 pur-
chased from Sigma Aldrich (St. Louis, MO, USA). The arginase inhibitor, 2-S-amino-6 borono-
hexanoic 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 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 de-
scribed [4]. Briefly, animals were trained on alternate days over a period of 10 days to get accus-
tomed 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 pg 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 x Tris-buffered saline). Membranes were
then incubated with primary antibodies [anti-Arginase 1, 1:10,000 (Kind gift of Dr. Sidney M.

PLOS ONE | DOI:10.1371/journal.pone.0121727 March 25, 2015 3/20



@'PLOS ‘ ONE

Ang ll-Induced Vascular Stiffness and Fibrosis Involves Arginase 1

Morris, Jr. of the University of Pittsburgh); anti-type 1 collagen, 1:1000, (Santa Cruz Biotech-
nology, Inc.); anti-ODC1, 1:2000, (AntibodyVerify); anti-B-actin, 1:4000, (Sigma Aldrich) pre-
pared 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.

Collagen staining

Harvested tissues were fixed in 10% buffered formalin (Sigma-Aldrich, St Louis, MO) and sub-
sequently embedded in paraffin. Paraffin-embedded sections (5 um thick) were de-paraftinized
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 proto-
col (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 Image] 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 proliferation [32]. Aortic ring sec-
tions (5 um) were fixed with 4% paraformaldehyde, treated with 3.0% H,O, 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 (Milli-
pore) 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 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, MAKO008).
Briefly, lysates from cells or whole aortae were homogenized with 12M HCL at 120°C for

3 hours. After homogenization, 50 ul of the homogenate was dried for 3 hours at 60°C incuba-
tor to which 100 pl of Chloramine-T solution was added. The resulting mixture was added
with 100 pl 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 con-
centration of the lysate.

Vascular function

Following deep anesthesia, aorta were rapidly excised and placed in cold Krebs solution [NaCl,
118 mM; NaHCO;, 25 mM,; glucose, 5.6 mM; KCl, 4.7 mM; KH,PO,, 1.2 mM; MgSO, 7H,0,
1.17 mM and CaCl, 2H,0, 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 37°C (pH 7.4) under resting tension of 5.0 mN and continuously bub-
bled with a mixture of 95% O, and 5% CO,. Isometric force was recorded using a Power Lab
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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 KCI (80 mM). Cumulative concentration-response curves to acetylcholine (endotheli-
um-dependent vasodilator) or sodium nitroprusside (endothelium-independent vasodilator)
were obtained in rings pre-contracted with phenylephrine (1 uM).

Arginase activity assay

Rat aorta smooth muscle cells frozen in liquid nitrogen were pulverized in lysis buffer (50 mM
Tris—HCI, 0.1 mM EDTA and EGTA, pH 7.5) containing protease inhibitors. The resultant ly-
sates were subjected to three freeze thaw cycle, centrifuged at 14,000 rpm for 10 min and the su-
pernatant were collected. Arginase activity was measured by colorimetric determination of urea
formed from L-arginine as previously described [33]. Briefly, the supernatant fraction (25 puL)
was heated with 25 ul MnCl, (10 mM, 10 min, 56°C) to activate arginase. The mixture was then
incubated with 50 pL 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 pl a-isonitroso-propiophenone
(9% o-ISPF in ethanol) 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 acetic acid containing so-
dium iodide in the reaction chamber. NO, is quantitatively reduced to NO under these condi-
tions, 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'-TGCACACATTCTCCAATGTCC
AATCA-3' (forward primers) and 5'-TACATTGGCAGAATGGGCTA-3' (reverse primer).
Total RNA was purified suing RNA extraction kit from Ambion Technologies. For ODC activi-
ty assay, protein (50 ug) from cellular extracts were brought to 100 ul of ODC assay buffer

(25 mM Tris/HCI, pH 7.5, 2.5 mM DTT, 0.1 mM EDTA, 0.2 mM pyridoxal phosphate and

33 mM L-ornithine), containing 0.5 uCi of L- [*C]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 [**C] CO, 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 scintil-
lation fluid. Enzyme activity was measured as the amount of ['*C] CO, formed, using a liquid-
scintillation counter [34].

Cell proliferation assay

Cell proliferation was determined using the Wst-1 assay (Roche Applied Science), which ana-
lyzes the number of viable cells by the cleavage of tetrazolium salts added to the culture medi-
um [35]. Briefly, partially confluent cells were subjected to serum starvation for 48 hrsin a 12
well plate. Afterward, the medium was replaced by DMEM (Dulbecco’s Modified Eagle’s Medi-
um, 10% FBS) with treatments. Following treatments, 50 pl 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
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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 ¢-test or
analysis of variance (ANOVA) with a Tukey post-test. P values < 0.05 were taken as signifi-
cant. These analyses were performed using GraphPad Prism, version 4.00 (GraphPAD Soft-
ware Inc., San Diego, CA).

Results

Effect of Ang Il 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 mice [4]. In our present study, a
similar vascular dysfunction as evident by reduced relaxation to acetylcholine was observed after
4 weeks of Ang I infusion (1 mg/kg/day) (Fig. 1). In contrast, ARG1*~ KO mice (but WT for
ARG?2) 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 ARG in
Ang IT-induced VED.

® WT Sham
75 O WTAngll
B A1KO Sham
100- O A1KOAngll
' L) I ] L) l L) '

9 8 7 6 5
Log [ACh] (M)

Fig 1. ARG1 deletion prevents Ang ll-induced impairment in endothelium dependent vasorelaxation. Aortic rings were pre-constricted with
phenylephrine (1 uM). Dashed lineffilled circles indicate responses in WT Sham mice, dashed line/open circles indicate responses in Ang lI-treated WT mice,
solid line/open squares indicate responses in Ang ll-treated ARG1 *~ mice, and solid lineffilled squares indicate responses in ARG1*~ Sham mice.n=6in

each group; *P< 0.05 vs. other groups.

doi:10.1371/journal.pone.0121727.g001
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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.

Effects of Ang Il 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 com-
pliance), as evident by increased PWV, was significantly increased in Ang II treated WT vs
sham mice (Fig. 2). However, aortic stiffness was not elevated in Ang II treated ARG1" " vs

sham mice.

Effect of Ang Il 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 (Fig. 3A 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 aortic ODC expression.
ARG expression in ARG1*'~ mice was not elevated by Ang II treatment. ARG1 and ODC ex-
pression tended to be lower in ARG1*'~ vs WT sham mice.

PWV

WTAngll A1KO Angll A1KO Sham

Fig 2. ARG1 deletion prevents Ang ll-induced increase in arterial stiffness. Aortic stiffness was measured in vivo by pulse wave velocity (PWV) in WT
and ARG1*~ (A1KO) mice infused subcutaneously for 28 days with angiotensin Il (Ang I, 1mg/kg/day) or saline (Sham). Values are expressed as mean
+/-SEM, n =4-6, *P < 0.05 vs. all other groups.

doi:10.1371/journal.pone.0121727.9002
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Fig 3. Ang Il 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 Il (Ang I, Tmg/kg/day) or saline (Sham). Western blot results were
normalized to -actin and expressed as percentage of WT Sham. Values are expressed as mean+/-SEM, n = 4-6, *P < 0.05 vs. all other groups.

doi:10.1371/journal.pone.0121727.9003
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Effects of Ang Il 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 IT infusion,
WT mice had significantly thicker abdominal aorta as evident by increased vessel wall to
lumen area ratio (Fig. 4A) and a substantially thicker outer layer of collagen fibers (Fig. 4B). 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 (Fig. 4C). This suggests that increased vascular
collagen due to Ang II treatment likely occurs via increased arginase activity which results in el-
evated ornithine/proline pathway, thereby increasing collagen production.

The effect of Ang IT 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 particular-
ly evident in the smooth muscle layer. Ang II treatment produced far fewer aortic PCNA positive

m

0.16+ *

0.124

WT Sham

0.08+4

Wall/lLumen ratio

WT Sham WT Ang ll A1KO Ang Il AIKO Sham

O

s

A1KO Ang I

Collagen content
(Percent vascular area)

WT Sham WT Ang Il A1KO Ang IIA1KO Sham

o
8

Hydroxyproline
(ng / pg protein)

o

WT Sham WT Angll AIKO Angll A1KO Sham

Fig 4. ARG1 deletion prevents increases in aortic wall thickness, fibrosis and hydroxyproline levels in Ang Il treated 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 Il or saline (Sham). (D) Aortic hydroxyproline content. Values are expressed as mean+/-SEM, n = 4-6, *P < 0.05
and **P < 0.01 vs. all other groups. Size bars represent 200 pm.

doi:10.1371/journal.pone.0121727.9004

PLOS ONE | DOI:10.1371/journal.pone.0121727 March 25, 2015

9/20



@' PLOS ‘ ONE

Ang ll-Induced Vascular Stiffness and Fibrosis Involves Arginase 1

cells in ARG1*"~ mice than in WT mice (Fig. 5). These results indicate that elevated arginase
function mediates Ang II-induced aortic wall thickening, cell proliferation, fibrosis and stiffness.

Effects of Ang Il 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 fi-
brosis as evidenced by increased levels of perivascular collagen, compared to the WT control
(Fig. 6). 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 signifi-
cantly different. These data indicate that Ang II-induced coronary perivascular fibrosis in-
volves elevation of arginase activity, via ARGI.

WT Sham WT Ang Il

A1KO Ang Il A1KO Sham

PCNA positive cells
(Percent of DAPI)

0 T
WT Sham

WT Ang i

A1KO Ang i

A1KO Sham

Fig 5. ARG1 deletion prevents Ang ll-induced vascular cell proliferation. PCNA was detected following treatments of Ang Il (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 um.

doi:10.1371/journal.pone.0121727.g005
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Perivascular collagen:
vessel surface area

WT Sham  WT Angll AIKO Angll A1KO Sham

Fig 6. ARG1 deletion prevents Ang ll-induced coronary arterial fibrosis. Representative Sirius Red
stained heart sections from WT and ARG1*~ (A1KO) mice given infusions of Ang Il 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 pm.

doi:10.1371/journal.pone.0121727.9g006

Effects of Ang Il on arginase activity/expression and NO production in
vascular smooth muscle cells

Since both our present and prior study [4] indicate that Ang II treatment elevates vascular argi-
nase, we determined the effect of treatment of rat aortic smooth muscle cells (RASMC) with
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Ang IT on arginase activity and expression. Ang II (1.0 pM) treatment for 24 hours caused a
35% increase in arginase activity which was sustained after 48 hours of Ang II exposure

(Fig. 7B). ARG1 protein expression was also increased (60%) at 48 hours of treatment

(Fig. 7A). 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 (Fig. 7C). Pretreatment (2 hr) of VSMC with the arginase inhibitor ABH (100 uM)
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 pro-
duction in VSMC. Pre-treatment with the NOS inhibitor L-NAME (1 mM) prevented NO pro-
duction, indicating NOS as the source of NO. The main isoform of NOS in VSMC is nNOS,
but iNOS is induced with inflammation [36,37]. Control studies showed that ABH treatment
did not alter expression of ARG1, NO production or cell proliferation (data not shown).

Effects of Ang Il on RASMC ODC activity/expression and proliferation

It is well known that Ang IT can enhance VSMC proliferation [38]. Therefore, we determined
whether the Ang II-induced proliferation of VSMC is associated with elevated arginase activity.
Exposure of RASMC to Ang II (1 uM, 48 hrs) resulted in an increased cell proliferation
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Fig 7. Ang Il 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 Il (1uM), Ang l1+ABH, or L-NAME (1mM) treatment. Arginase
activity in control cells was 714.4 + 36.54 umol of urea mg™" protein h™1. Arginase inhibitor ABH (100 uM) was added 2 hrs prior to Ang Il 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.

doi:10.1371/journal.pone.0121727.9007
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(Fig. 8A). This effect was completely blocked by pretreatment of cells with ABH (100 uM), in-
dicating that Ang II-induced proliferation of VSMC is mediated by increased arginase activity.
In order to assess the role of ODC in Ang IT 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, pre-
treatment with ABH blocked the effects of Ang II on both ODC mRNA expression and activity
(Fig. 8B and 8C). These data indicate that arginase is involved in the Ang II-induced elevation
of ODC expression/activity and cell proliferation.

Effects of Ang Il on RASMC collagen and hydroxyproline levels

Ang IT also is known to increase levels of several extracellular matrix proteins, including collagen
[39]. Since increased arginase activity can provide higher levels of ornithine for the OAT path-
way to enhance proline and collagen synthesis, we determined if Ang II-induced arginase activi-
ty can also lead to increased collagen expression. Cells treated with Ang II (1 uM, 48 hrs)
exhibited a significant elevation of collagen type I protein expression (Fig. 9A). This effect was
prevented by pretreatment with ABH (100 uM). Furthermore, hydroxyproline levels were in-
creased in RASMC treated with Ang II after 48 hours compared to non-treated control

(Fig. 9B). Hydroxyproline content was not elevated in the Ang I + ABH treated group. These
data indicate that arginase is involved in Ang II-induced enhancement of hydroxyproline and
collagen levels in VSMC.

Discussion

In this study, we evaluated the association of arginase 1 with the development of Ang II-in-
duced arterial fibrosis and stiffening in mice. Our main finding is that elevation of arginase ac-
tivity 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 path-
ogenesis of arterial stiffening and post-angioplastic restenosis [40]. Ang I, a primary effector
in the renin-angiotensin system, is a potent stimulus for VSMC proliferation [38,41]. It causes
structural changes in arteries involving inflammation and ROS, including increased prolifera-
tion of VSMC, accumulation of collagen and fibronectin, and enhanced arterial stiffness
[28,39,42]. 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 en-
dothelial relaxation [5,43,44]. We have previously shown that Ang II treatment increases argi-
nase activity and expression in endothelial cells and reduces NO production [4]. 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 SMCs are
neuronal NOS (nNOS) and possibly inducible NOS (iNOS) [36,37]. Although the effect of Ang
IT on NOS isoforms were not examined in this study, the loss in NO production is due to de-
creased 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
residues [45]. 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.
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Fig 8. Arginase inhibition attenuates Ang ll-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 carbon dioxide production (*#C0,) 48 hrs after Ang ||
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doi:10.1371/journal.pone.0121727.9009

Hence, arginase can promote cell proliferation by supplying ornithine for polyamine synthesis
through 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 mech-
anisms involving increased production of polyamines [18]. We found that Ang II treatment of
cultured RAMSC:s significantly increased cell proliferation, ODC mRNA and protein expres-
sion and ODC activity. These effects, however, were prevented by pretreatment with ABH, in-
dicating that arginase is a mediator of Ang II-induced elevation of ODC expression/activity
and cell proliferation.

Vascular collagen synthesis is critical to vascular remodeling and previous studies have re-
ported that Ang II can stimulate SMC collagen production [39,46]. L-Ornithine, a product of
arginase, is converted to proline through the ornithine aminotransferase (OAT) pathway. Pro-
line can then be converted into hydroxylproline, a critical component of collagen which is in-
volved 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 el-
evates hydroxyproline production and collagen type 1 protein expression. Furthermore, pre-
treatment with the arginase inhibitor ABH prevented Ang II-induced 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 hypertension [4]. Mice lacking one copy of the ARGI gene and both
copies of ARG2 (ARG1*"ARG2™") were substantially protected against Ang II-induced im-
pairment of endothelium-dependent vasorelaxation that was seen in WT mice. Furthermore,
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ARG1*"ARG2”" mice and WT mice treated with ABH were partially protected against Ang I
induced increase 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 compliance [47]. This loss
of arterial compliance—stiffening—is now recognized as an important cardiovascular risk fac-
tor, independent of blood pressure [48,49]. The medial layer of the vascular wall is composed
of SMC and extracellular matrix synthesized by SMC. Increased levels of collagen and prolifer-
ation 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 re-
ported in diabetic mice and in diabetic patients that also exhibited increased tissue and plasma
arginase activity [50,51]. 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 stiffness [3]. Moreover, pharmacological inhibition of arginase
has been shown to block VSMC proliferation and neointima formation in injured rat carotid
arteries [52]. 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 argi-
nase inhibitor nor-NOHA compared to untreated SHR [22]. These data are supported by our
findings of elevated perivascular collagen in the hearts and aorta of WT mice treated with Ang
IT 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 degradation
[53]. Reduced collagen synthesis combined with a maintained level of degradation may have
deleterious vascular effects as it can lead to disruption of atherosclerotic plaques and release of
emboli [54]. 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 arteries [47]. Pulse wave velocity (PWYV) is a widely accepted non-invasive tech-
nique for measuring vascular stiffness in vivo [55]. Mechanisms that may account for higher
aortic PWV include structural changes in the vessel such as increased vascular collagen con-
tent, thickening of the arterial wall and vasoconstrictor tone [52,56]. The present study revealed
that Ang IT treatment increased PWV in WT mice but not in partial ARG1 KO mice, which ex-
hibited PWV values similar to WT controls. Therefore, our data strongly indicate that ARG1
has a germinal role in Ang II-induced vascular fibrosis and stiffness.

A central question is whether Ang II-induced arterial stiffening is primarily related to eleva-
tion of vascular contraction/tone or effects of Ang II that enhance arterial thickness and fibro-
sis. 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-q, II-17), ROS (largely via
NADPH oxidase) and TGF-p [28,57-59]. All of these substances are known to increase expres-
sion and activity of arginase [7,25-27]. Moreover, reduction of inflammation and ROS can re-
duce arterial stiffness. Anti-TNF-o therapy in rheumatoid arthritis patients reduces aortic
PWYV [60]. 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
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producing similar reductions in blood pressure [61,62]. 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
pressure [63]. Thus, we believe that the effects of Ang II on arterial structure—thickness and fi-
brosis, involving elevated arginase—are chiefly responsible for elevation of arterial stiffness.

The biochemical pathways underlying the effect of Ang II on aortic SMC proliferation, col-
lagen production and arterial stiffening have not been well understood. Our purpose was to de-
termine 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. Ad-
ditionally, 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 evi-
dence that prolonged Ang II exposure 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 SMC proliferation
and collagen synthesis.

Acknowledgments

This research was completed in partial fulfillment of requirements for Anil Bhatta’s PhD de-
gree from The Graduate School at Georgia Regents University. The authors thank Tahira Lem-
talsi for technical assistance, Dr. Dan Berkowitz for providing ABH and Dr. Sidney Morris for
providing arginase 1 primary antibody.

Author Contributions

Conceived and designed the experiments: AB RWC. Performed the experiments: AB LY HAT
AS ZX. Analyzed the data: AB LY HAT RWC. Contributed reagents/materials/analysis tools:
AB RBC RWC. Wrote the paper: AB RBC RWC.

References

1. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, et al. (2013) Heart disease and stroke statis-
tics—2013 update: a report from the American Heart Association. Circulation 127: e6-e245. doi: 10.
1161/CIR.0b013e31828124ad PMID: 23239837

2. Toque HA, Tostes RC, Yao L, Xu Z, Webb RC, et al. (2011) Arginase Il Deletion Increases Corpora
Cavernosa Relaxation in Diabetic Mice. J Sex Med 8: 722—733. doi: 10.1111/j.1743-6109.2010.02098.
x PMID: 21054801

3. Romero MJ, Iddings JA, Platt DH, Ali MI, Cederbaum SD, et al. (2012) Diabetes-induced vascular dys-
function involves arginase I. Am J Physiol Heart Circ Physiol 302: H159-166. doi: 10.1152/ajpheart.
00774.2011 PMID: 22058149

4. Shatanawi A, Romero MJ, Iddings JA, Chandra S, Umapathy NS, et al. (2011) Angiotensin ll-induced
Vascular Endothelial Dysfunction through RhoA/Rho Kinase/p38 Mitogen-Activated Protein Kinase/
Arginase Pathway. Am J Physiol Cell Physiol 300: 1181-1192.

5. Romero MJ, Platt DH, Tawfik HE, Labazi M, EI-Remessy AB, et al. (2008) Diabetes-induced coronary
vascular dysfunction involves increased arginase activity. Circ Res 102: 95-102. PMID: 17967788

6. Jung C, Gonon AT, Sjoquist PO, Lundberg JO, Pernow J (2010) Arginase inhibition mediates cardio-
protection during ischaemia-reperfusion. Cardiovasc Res 85: 147—154. doi: 10.1093/cvr/cvp303
PMID: 19726439

7. Hein TW, Zhang C, Wang W, Chang CI, Thengchaisri N, et al. (2003) Ischemia-reperfusion selectively
impairs nitric oxide-mediated dilation in coronary arterioles: counteracting role of arginase. FASEB J
17:2328-2330. PMID: 14563685

8. Morris SM Jr (2002) Regulation of enzymes of the urea cycle and arginine metabolism. Annu Rev Nutr
22: 87-105. PMID: 12055339

PLOS ONE | DOI:10.1371/journal.pone.0121727 March 25, 2015 17/20


http://dx.doi.org/10.1161/CIR.0b013e31828124ad
http://dx.doi.org/10.1161/CIR.0b013e31828124ad
http://www.ncbi.nlm.nih.gov/pubmed/23239837
http://dx.doi.org/10.1111/j.1743-6109.2010.02098.x
http://dx.doi.org/10.1111/j.1743-6109.2010.02098.x
http://www.ncbi.nlm.nih.gov/pubmed/21054801
http://dx.doi.org/10.1152/ajpheart.00774.2011
http://dx.doi.org/10.1152/ajpheart.00774.2011
http://www.ncbi.nlm.nih.gov/pubmed/22058149
http://www.ncbi.nlm.nih.gov/pubmed/17967788
http://dx.doi.org/10.1093/cvr/cvp303
http://www.ncbi.nlm.nih.gov/pubmed/19726439
http://www.ncbi.nlm.nih.gov/pubmed/14563685
http://www.ncbi.nlm.nih.gov/pubmed/12055339

@ PLOS | one

Ang ll-Induced Vascular Stiffness and Fibrosis Involves Arginase 1

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

Kim JH, Bugaj LJ, Oh YJ, Bivalacqua TJ, Ryoo S, et al. (2009) Arginase inhibition restores NOS cou-
pling and reverses endothelial dysfunction and vascular stiffness in old rats. J Appl Physiol (1985) 107:
1249-1257.

Morris SM Jr (2007) Arginine metabolism: boundaries of our knowledge. J Nutr 137: 1602S—-1609S.
PMID: 17513435

Narayanan SP, Rojas M, Suwanpradid J, Toque HA, Caldwell RW, et al. (2013) Arginase in retinopa-
thy. Prog Retin Eye Res 36: 260-280. doi: 10.1016/j.preteyeres.2013.06.002 PMID: 23830845

Jones ME (1985) Conversion of glutamate to ornithine and proline: pyrroline-5-carboxylate, a possible
modulator of arginine requirements. J Nutr 115: 509-515. PMID: 2858518

Durante W, Liao L, Reyna SV, Peyton KJ, Schafer Al (2000) Physiological cyclic stretch directs L-
arginine transport and metabolism to collagen synthesis in vascular smooth muscle. FASEB J 14:
1775-1783. PMID: 10973927

Laurent S, Boutouyrie P, Asmar R, Gautier |, Laloux B, et al. (2001) Aortic stiffness is an independent
predictor of all-cause and cardiovascular mortality in hypertensive patients. Hypertension 37:
1236—1241. PMID: 11358934

Shoji T, Emoto M, Shinohara K, Kakiya R, Tsujimoto Y, et al. (2001) Diabetes mellitus, aortic stiffness,
and cardiovascular mortality in end-stage renal disease. J Am Soc Nephrol 12:2117-2124. PMID:
11562410

Mattace-Raso FU, van der Cammen TJ, Hofman A, van Popele NM, Bos ML, et al. (2006) Arterial stiff-
ness and risk of coronary heart disease and stroke: the Rotterdam Study. Circulation 113: 657—663.
PMID: 16461838

Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, et al. (2006) Expert consensus docu-
ment on arterial stiffness: methodological issues and clinical applications. Eur Heart J 27: 2588-2605.
PMID: 17000623

Wei LH, Wu G, Morris SM Jr, Ignarro LJ (2001) Elevated arginase | expression in rat aortic smooth mus-
cle cells increases cell proliferation. Proc Natl Acad Sci U S A 98: 9260-9264. PMID: 11470919

Durante W (2013) Role of arginase in vessel wall remodeling. Front Immunol 4: 111. doi: 10.3389/
fimmu.2013.00111 PMID: 23717309

Wallace SML, Yasmin, McEniery CM, Maki-Petaja KM, Booth AD, et al. (2007) Isolated systolic hyper-
tension is characterized by increased aortic stiffness and endothelial dysfunction. Hypertension 50:
228-233. PMID: 17502493

Ryoo S, Gupta G, Benjo A, Lim HK, Camara A, et al. (2008) Endothelial arginase Il—A novel target for
the treatment of atherosclerosis. Circulation Research 102: 923-932. doi: 10.1161/CIRCRESAHA.
107.169573 PMID: 18309100

Bagnost T, Ma L, da Silva RF, Rezakhaniha R, Houdayer C, et al. (2010) Cardiovascular effects of argi-
nase inhibition in spontaneously hypertensive rats with fully developed hypertension. Cardiovascular
Research 87:569-577. doi: 10.1093/cvr/cvg081 PMID: 20219858

Vockley JG, Jenkinson CP, Shukla H, Kern RM, Grody WW, et al. (1996) Cloning and characterization
of the human type Il arginase gene. Genomics 38: 118-123. PMID: 8954792

Das P, Lahiri A, Lahiri A, Chakravortty D (2010) Modulation of the arginase pathway in the context of mi-
crobial pathogenesis: a metabolic enzyme moonlighting as an immune modulator. PLoS Pathog 6:
€1000899. doi: 10.1371/journal.ppat.1000899 PMID: 20585552

Gao X, Xu X, Belmadani S, Park Y, Tang Z, et al. (2007) TNF-alpha contributes to endothelial dysfunc-
tion by upregulating arginase in ischemia/reperfusion injury. Arterioscler Thromb Vasc Biol 27:
1269-1275. PMID: 17413034

Zhang C, Wu J, Xu X, Potter BJ, Gao X (2010) Direct relationship between levels of TNF-alpha expres-
sion and endothelial dysfunction in reperfusion injury. Basic Res Cardiol 105: 453—464. doi: 10.1007/
s00395-010-0083-6 PMID: 20091314

Chandra S, Romero MJ, Shatanawi A, Alkilany AM, Caldwell RB, et al. (2012) Oxidative species in-
crease arginase activity in endothelial cells through the RhoA/Rho kinase pathway. Br J Pharmacol
165: 506-519. doi: 10.1111/j.1476-5381.2011.01584.x PMID: 21740411

Park S, Lakatta EG (2012) Role of inflammation in the pathogenesis of arterial stiffness. Yonsei Med J
53: 258-261. doi: 10.3349/ym;}.2012.53.2.258 PMID: 22318811

Kuo L, Thengchaisri N, Hein TW (2012) Regulation of Coronary Vasomotor Function by Reactive Oxy-
gen Species. Mol Med Ther 1.

Toque HA, Romero MJ, Tostes RC, Shatanawi A, Chandra S, et al. (2010) p38 Mitogen-activated pro-
tein kinase (MAPK) increases arginase activity and contributes to endothelial dysfunction in corpora
cavernosa from angiotensin-Il-treated mice. J Sex Med 7: 3857-3867. doi: 10.1111/j.1743-6109.2010.
01996.x PMID: 20807329

PLOS ONE | DOI:10.1371/journal.pone.0121727 March 25, 2015 18/20


http://www.ncbi.nlm.nih.gov/pubmed/17513435
http://dx.doi.org/10.1016/j.preteyeres.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23830845
http://www.ncbi.nlm.nih.gov/pubmed/2858518
http://www.ncbi.nlm.nih.gov/pubmed/10973927
http://www.ncbi.nlm.nih.gov/pubmed/11358934
http://www.ncbi.nlm.nih.gov/pubmed/11562410
http://www.ncbi.nlm.nih.gov/pubmed/16461838
http://www.ncbi.nlm.nih.gov/pubmed/17000623
http://www.ncbi.nlm.nih.gov/pubmed/11470919
http://dx.doi.org/10.3389/fimmu.2013.00111
http://dx.doi.org/10.3389/fimmu.2013.00111
http://www.ncbi.nlm.nih.gov/pubmed/23717309
http://www.ncbi.nlm.nih.gov/pubmed/17502493
http://dx.doi.org/10.1161/CIRCRESAHA.107.169573
http://dx.doi.org/10.1161/CIRCRESAHA.107.169573
http://www.ncbi.nlm.nih.gov/pubmed/18309100
http://dx.doi.org/10.1093/cvr/cvq081
http://www.ncbi.nlm.nih.gov/pubmed/20219858
http://www.ncbi.nlm.nih.gov/pubmed/8954792
http://dx.doi.org/10.1371/journal.ppat.1000899
http://www.ncbi.nlm.nih.gov/pubmed/20585552
http://www.ncbi.nlm.nih.gov/pubmed/17413034
http://dx.doi.org/10.1007/s00395-010-0083-6
http://dx.doi.org/10.1007/s00395-010-0083-6
http://www.ncbi.nlm.nih.gov/pubmed/20091314
http://dx.doi.org/10.1111/j.1476-5381.2011.01584.x
http://www.ncbi.nlm.nih.gov/pubmed/21740411
http://dx.doi.org/10.3349/ymj.2012.53.2.258
http://www.ncbi.nlm.nih.gov/pubmed/22318811
http://dx.doi.org/10.1111/j.1743-6109.2010.01996.x
http://dx.doi.org/10.1111/j.1743-6109.2010.01996.x
http://www.ncbi.nlm.nih.gov/pubmed/20807329

@' PLOS ‘ ONE

Ang ll-Induced Vascular Stiffness and Fibrosis Involves Arginase 1

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

lyer RK, Yoo PK, Kern RM, Rozengurt N, Tsoa R, et al. (2002) Mouse model for human arginase defi-
ciency. Mol Cell Biol 22: 4491-4498. PMID: 12052859

Kubben FJ, Peeters-Haesevoets A, Engels LG, Baeten CG, Schutte B, et al. (1994) Proliferating cell
nuclear antigen (PCNA): a new marker to study human colonic cell proliferation. Gut 35: 530-535.
PMID: 7909785

Corraliza IM, Campo ML, Soler G, Modolell M (1994) Determination of arginase activity in macro-
phages: a micromethod. J Immunol Methods 174:231-235. PMID: 8083527

Richman RA, Underwood LE, Van Wyk JJ, Voina SJ (1971) Synergistic effect of cortisol and growth
hormone on hepatic ornithine decarboxylase activity. Proc Soc Exp Biol Med 138: 880-884. PMID:
5131628

Cook JA, Mitchell JB (1989) Viability measurements in mammalian cell systems. Anal Biochem 179:
1-7. PMID: 2667390

Papadaki M, Tilton RG, Eskin SG, Mclintire LV (1998) Nitric oxide production by cultured human aortic
smooth muscle cells: stimulation by fluid flow. Am J Physiol 274: H616—-626. PMID: 9486266

Singh A, Sventek P, Lariviere R, Thibault G, Schiffrin EL (1996) Inducible nitric oxide synthase in vascu-
lar smooth muscle cells from prehypertensive spontaneously hypertensive rats. Am J Hypertens 9:
867-877. PMID: 8879343

Daemen MJ, Lombardi DM, Bosman FT, Schwartz SM (1991) Angiotensin Il induces smooth muscle
cell proliferation in the normal and injured rat arterial wall. Circ Res 68: 450-456. PMID: 1991349

Kato H, Suzuki H, Tajima S, Ogata Y, Tominaga T, et al. (1991) Angiotensin Il stimulates collagen syn-
thesis in cultured vascular smooth muscle cells. J Hypertens 9: 17-22. PMID: 1848253

Marx SO, Totary-Jain H, Marks AR (2011) Vascular smooth muscle cell proliferation in restenosis. Circ
Cardiovasc Interv 4: 104—111. doi: 10.1161/CIRCINTERVENTIONS.110.957332 PMID: 21325199

Weber H, Taylor DS, Molloy CJ (1994) Angiotensin Il induces delayed mitogenesis and cellular prolifer-
ation in rat aortic smooth muscle cells. Correlation with the expression of specific endogenous growth
factors and reversal by suramin. J Clin Invest 93: 788-798. PMID: 7509348

Neves MF, Virdis A, Schiffrin EL (2003) Resistance artery mechanics and composition in angiotensin
Il-infused rats: effects of aldosterone antagonism. J Hypertens 21: 189—198. PMID: 12544451

Berkowitz DE, White R, Li D, Minhas KM, Cernetich A, et al. (2003) Arginase reciprocally regulates ni-
tric oxide synthase activity and contributes to endothelial dysfunction in aging blood vessels. Circulation
108: 2000-2006. PMID: 14517171

Elms SC, Toque HA, Rojas M, Xu Z, Caldwell RW, et al. (2013) The role of arginase | in diabetes-in-
duced retinal vascular dysfunction in mouse and rat models of diabetes. Diabetologia 56: 654-662.
doi: 10.1007/s00125-012-2789-5 PMID: 23232640

Bauer PM, Buga GM, Fukuto JM, Pegg AE, Ignarro LJ (2001) Nitric oxide inhibits ornithine decarboxyl-
ase via S-nitrosylation of cysteine 360 in the active site of the enzyme. J Biol Chem 276: 34458—
34464. PMID: 11461922

Rizvi MA, Katwa L, Spadone DP, Myers PR (1996) The effects of endothelin-1 on collagen type | and
type lll synthesis in cultured porcine coronary artery vascular smooth muscle cells. J Mol Cell Cardiol
28:243-252. PMID: 8729057

Greenwald SE (2007) Ageing of the conduit arteries. J Pathol 211: 157—172. PMID: 17200940

Wang X, Keith JC Jr, Struthers AD, Feuerstein GZ (2008) Assessment of Arterial Stiffness, A Transla-
tional Medicine Biomarker System for Evaluation of Vascular Risk. Cardiovascular Therapeutics 26:
214-223. doi: 10.1111/j.1755-5922.2008.00051.x PMID: 18786091

Sutton-Tyrrell K, Najjar SS, Boudreau RM, Venkitachalam L, Kupelian V, et al. (2005) Elevated aortic

pulse wave velocity, a marker of arterial stiffness, predicts cardiovascular events in well-functioning
older adults. Circulation 111: 3384-3390. PMID: 15967850

Kashyap SR, Lara A, Zhang R, Park YM, DeFronzo RA (2008) Insulin reduces plasma arginase activity
in type 2 diabetic patients. Diabetes Care 31: 134—-139. PMID: 17928367

Sailer M, Dahlhoff C, Giesbertz P, Eidens MK, de Wit N, et al. (2013) Increased plasma citrulline in
mice marks diet-induced obesity and may predict the development of the metabolic syndrome. PLoS
One 8:e63950. doi: 10.1371/journal.pone.0063950 PMID: 23691124

Peyton KJ, Ensenat D, Azam MA, Keswani AN, Kannan S, et al. (2009) Arginase promotes neointima
formation in rat injured carotid arteries. Arterioscler Thromb Vasc Biol 29: 488—494. doi: 10.1161/
ATVBAHA.108.183392 PMID: 19164802

Rekhter MD (1999) Collagen synthesis in atherosclerosis: too much and not enough. Cardiovasc Res
41:376-384. PMID: 10341837

PLOS ONE | DOI:10.1371/journal.pone.0121727 March 25, 2015 19/20


http://www.ncbi.nlm.nih.gov/pubmed/12052859
http://www.ncbi.nlm.nih.gov/pubmed/7909785
http://www.ncbi.nlm.nih.gov/pubmed/8083527
http://www.ncbi.nlm.nih.gov/pubmed/5131628
http://www.ncbi.nlm.nih.gov/pubmed/2667390
http://www.ncbi.nlm.nih.gov/pubmed/9486266
http://www.ncbi.nlm.nih.gov/pubmed/8879343
http://www.ncbi.nlm.nih.gov/pubmed/1991349
http://www.ncbi.nlm.nih.gov/pubmed/1848253
http://dx.doi.org/10.1161/CIRCINTERVENTIONS.110.957332
http://www.ncbi.nlm.nih.gov/pubmed/21325199
http://www.ncbi.nlm.nih.gov/pubmed/7509348
http://www.ncbi.nlm.nih.gov/pubmed/12544451
http://www.ncbi.nlm.nih.gov/pubmed/14517171
http://dx.doi.org/10.1007/s00125-012-2789-5
http://www.ncbi.nlm.nih.gov/pubmed/23232640
http://www.ncbi.nlm.nih.gov/pubmed/11461922
http://www.ncbi.nlm.nih.gov/pubmed/8729057
http://www.ncbi.nlm.nih.gov/pubmed/17200940
http://dx.doi.org/10.1111/j.1755-5922.2008.00051.x
http://www.ncbi.nlm.nih.gov/pubmed/18786091
http://www.ncbi.nlm.nih.gov/pubmed/15967850
http://www.ncbi.nlm.nih.gov/pubmed/17928367
http://dx.doi.org/10.1371/journal.pone.0063950
http://www.ncbi.nlm.nih.gov/pubmed/23691124
http://dx.doi.org/10.1161/ATVBAHA.108.183392
http://dx.doi.org/10.1161/ATVBAHA.108.183392
http://www.ncbi.nlm.nih.gov/pubmed/19164802
http://www.ncbi.nlm.nih.gov/pubmed/10341837

@' PLOS ‘ ONE

Ang ll-Induced Vascular Stiffness and Fibrosis Involves Arginase 1

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Lee RT, Libby P (1997) The unstable atheroma. Arterioscler Thromb Vasc Biol 17: 1859-1867. PMID:
9351346

Blacher J, Asmar R, Djane S, London GM, Safar ME (1999) Aortic pulse wave velocity as a marker of
cardiovascular risk in hypertensive patients. Hypertension 33: 1111-1117. PMID: 10334796

Fronek K, Bloor CM, Amiel D, Chvapil M (1978) Effect of long-term sympathectomy on the arterial wall
in rabbits and rats. Exp Mol Pathol 28: 279-289. PMID: 648619

Wang M, Zhang J, Jiang LQ, Spinetti G, Pintus G, et al. (2007) Proinflammatory profile within the gross-
ly normal aged human aortic wall. Hypertension 50: 219-227. PMID: 17452499

Csiszar A, Ungvari Z, Koller A, Edwards JG, Kaley G (2003) Aging-induced proinflammatory shift in cy-
tokine expression profile in coronary arteries. FASEB J 17: 1183-1185. PMID: 12709402

Patel RS, Al Mheid |, Morris AA, Ahmed Y, Kavtaradze N, et al. (2011) Oxidative stress is associated
with impaired arterial elasticity. Atherosclerosis 218: 90-95. doi: 10.1016/j.atherosclerosis.2011.04.
033 PMID: 21605864

Maki-Petaja KM, Hall FC, Booth AD, Wallace SM, Yasmin, et al. (2006) Rheumatoid arthritis is associ-
ated with increased aortic pulse-wave velocity, which is reduced by anti-tumor necrosis factor-alpha
therapy. Circulation 114: 1185-1192. PMID: 16952987

Takami T, Shigemasa M (2003) Efficacy of various antihypertensive agents as evaluated by indices of
vascular stiffness in elderly hypertensive patients. Hypertens Res 26: 609-614. PMID: 14567499

Munakata M, Nagasaki A, Nunokawa T, Sakuma T, Kato H, et al. (2004) Effects of valsartan and nifedi-
pine coat-core on systemic arterial stiffness in hypertensive patients. Am J Hypertens 17: 1050—1055.
PMID: 15533733

Majeed B, Tawinwung S, Eberson LS, Secomb TW, Larmonier N, et al. (2014) Interleukin-2/Anti-Inter-
leukin-2 Immune Complex Expands Regulatory T Cells and Reduces Angiotensin Il-Induced Aortic
Stiffening. Int J Hypertens 2014: 126365. doi: 10.1155/2014/126365 PMID: 25258681

PLOS ONE | DOI:10.1371/journal.pone.0121727 March 25, 2015 20/20


http://www.ncbi.nlm.nih.gov/pubmed/9351346
http://www.ncbi.nlm.nih.gov/pubmed/10334796
http://www.ncbi.nlm.nih.gov/pubmed/648619
http://www.ncbi.nlm.nih.gov/pubmed/17452499
http://www.ncbi.nlm.nih.gov/pubmed/12709402
http://dx.doi.org/10.1016/j.atherosclerosis.2011.04.033
http://dx.doi.org/10.1016/j.atherosclerosis.2011.04.033
http://www.ncbi.nlm.nih.gov/pubmed/21605864
http://www.ncbi.nlm.nih.gov/pubmed/16952987
http://www.ncbi.nlm.nih.gov/pubmed/14567499
http://www.ncbi.nlm.nih.gov/pubmed/15533733
http://dx.doi.org/10.1155/2014/126365
http://www.ncbi.nlm.nih.gov/pubmed/25258681

