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Aims Elevation of arginase activity has been linked to vascular dysfunction in diabetes and hypertension by a mechanism
involving decreased nitric oxide (NO) bioavailability due to L-arginine depletion. Excessive arginase activity also can
drive L-arginine metabolism towards the production of ornithine, polyamines, and proline, promoting proliferation
of vascular smooth muscle cells and collagen formation, leading to perivascular fibrosis. We hypothesized that there
is a specific involvement of arginase 1 expression within the vascular endothelial cells in this pathology.

....................................................................................................................................................................................................
Methods
and results

To test this proposition, we used models of type 2 diabetes and metabolic syndrome. Studies were performed
using wild type (WT), endothelial-specific arginase 1 knockout (EC-A1-/-) and littermate controls(A1con) mice fed
high fat-high sucrose (HFHS) or normal diet (ND) for 6 months and isolated vessels exposed to palmitate-high
glucose (PA/HG) media. Some WT mice or isolated vessels were treated with an arginase inhibitor, ABH [2-(S)-
amino-6-boronohexanoic acid. In WT mice, the HFHS diet promoted increases in body weight, fasting blood
glucose, and post-prandial insulin levels along with arterial stiffening and fibrosis, elevated blood pressure, decreased
plasma levels of L-arginine, and elevated L-ornithine. The HFHS diet or PA/HG treatment also induced increases in
vascular arginase activity along with oxidative stress, reduced vascular NO levels, and impaired endothelial-
dependent vasorelaxation. All of these effects except obesity and hypercholesterolemia were prevented or signifi-
cantly reduced by endothelial-specific deletion of arginase 1 or ABH treatment.

....................................................................................................................................................................................................
Conclusion Vascular dysfunctions in diet-induced obesity are prevented by deletion of arginase 1 in vascular endothelial cells or

arginase inhibition. These findings indicate that upregulation of arginase 1 expression/activity in vascular endothelial
cells has an integral role in diet-induced cardiovascular dysfunction and metabolic syndrome.

....................................................................................................................................................................................................
Keywords Obesity • Vascular dysfunction • Arginase • Fibrosis • Diabetes

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

1. Introduction

Cardiovascular disease (CVD), the leading cause of death worldwide, is
linked to many metabolic disorders including obesity, hyperglycemia, and
hyperlipidemia.1 Diets high in fat and sugars are well known to promote
the development of obesity and type 2 diabetes.2 A major cause of

morbidity and mortality in these conditions is vascular dysfunction—im-
paired vascular endothelium-dependent vasodilation, decreased vascular
compliance, and reduced blood flow. Increases in blood glucose, inflam-
matory cytokines, reactive oxygen species (ROS), and reduced nitric
oxide (NO) levels are involved in these vascular pathologies.3,4 A better
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understanding of the mechanisms leading to obesity-induced CVD is im-
perative for future therapies to reduce morbidity and mortality.5

Earlier studies of diabetic mice and humans with coronary artery dis-
ease have indicated the involvement of arginase 1 in vascular endothelial
dysfunction.6–9 Arginase, a urea cycle enzyme, can reciprocally regulate
NO production by nitric oxide synthase (NOS) through competition for
their common substrate, L-arginine.5,7,10,11 Arginase exists as two iso-
forms—arginase 1, located in the cytoplasm, is expressed most abun-
dantly in the liver; arginase 2, largely mitochondrial, is the primary isoform
in kidney. Both isoforms are found in vascular endothelial and smooth
muscle cells and can be upregulated by high glucose and ROS.10,12–14

Arginase catalyzes the hydrolysis of L-arginine to urea and ornithine.
Ornithine is metabolized to form polyamines via ornithine decarboxyl-
ase and proline via ornithine aminotransferase. Polyamines enhance cell
proliferation and proline is essential in collagen synthesis.15,16 While
both polyamines and proline are important for wound healing and tissue
regeneration,15 they can also promote vascular fibrosis and thickening,
resulting in arterial stiffening.10 Arterial stiffening, an important independ-
ent risk factor for cardiovascular disease, has been reported in diabetic
patients prior to diagnosis of cardiovascular disease.17

The importance of arginase in the regulation of vascular functions has
become evident in a variety of conditions characterized by cardiovascu-
lar dysfunctions including aging, hypertension, atherosclerosis, vascular
injury, inflammation, and erectile dysfunction.4,9–11,18–23 Involvement of
elevated arginase in hyperglycemia-induced dysfunction of vascular
endothelial and smooth muscle cells has also been established in type 1
diabetic models.6,7,10,22 A recent study in Zucker obese rats reported
reduced L-arginine bioavailability, impairment of endothelium-
dependent vasorelaxation and elevated blood pressure that could be
prevented or reversed by arginase inhibitors or supplemental L-argin-
ine.24 However, the specific cellular mediators are as yet unknown.
Here, we used models of high fat-high sucrose (HFHS) diet-induced
obesity and metabolic syndrome25 to test the hypothesis that obesity-
induced vascular dysfunction and stiffening are mediated by expression
of arginase 1 in vascular endothelial cells. The results of these experi-
ments demonstrate for the first time that arginase 1 expression in the
vascular endothelium is critically involved in the development of obesity-
induced vasculopathies, and further demonstrate that these occur
through increases in oxidative stress and decreases in L-arginine bioavail-
ability and NO formation.

2. Methods

2.1 Animal studies
Protocols followed the Guide for the care and use of laboratory animals,
Eighth edition (2011) and were approved by the Institutional Animal
Care and Use Committee. Male C57BL/6J mice (Jackson Laboratory),
wild type (WT) or with an endothelial cell specific knockout of arginase
1 (EC-A1-/-), were used in a model of diet-induced obesity and metabolic
syndrome.25 Mice that expressed Cre-recombinase in endothelial cells
(Cadherin 5-Cre) (Stock No. 017968) were crossed with mice that car-
ried floxed arginase 1 alleles (loxP sites flanking exons 7 and 8 of the
Arg1 gene) (Stock No. 008817) to generate EC-A1-/- knockout mice.
Littermates of the EC-A1-/- knockout mice, A1loxp/loxp mice, which have
the same phenotype as C57BL/6 J WT mice, were used as knockout con-
trols. We bred the mice according to the JaxLab recommended protocol
which results in 25% EC-A1-/- and 25% EC-A1loxp/loxp. In the main text,
EC-A1loxp/loxp is referred to as A1con.

Immunohistochemical examination of aortic sections for the presence
of A1 in EC-A1-/- mice revealed the absence of arginase 1 in the endo-
thelial cell layer vs. its presence there in control A1con mice. A1 staining
is evident in the (see Supplementary material online, Figure S1A). Further,
western blot analysis of aortic EC isolated and purified from aortas of
A1-/- and A1con mice (�84% EC) (see Supplementary material online
Figure S1B) showed the absence of arginase 1 and presence of arginase 2
in EC-A1-/- cells. Both isoforms were expressed in EC-A1con cells (see
Supplementary material online, Figure S1C). Levels of mRNA for arginase
1 were barely detectable in cultures isolated from the in EC-A1-/- mice
(see Supplementary material online, Figure S1D). Levels of A2 mRNA in
the EC A1-/- cells were similar to the EC-A1con cells. To further examine
EC specificity, we determined A1 mRNA levels in aorta with and without
intact EC of both genotypes. mRNA levels of A1 in aorta of EC-A1-/-

mice were about 60% of that in aorta of A1con mice. However, levels
were similar in both genotypes in aorta in which EC were removed by
rubbing the luminal surfaces with a wire (see Supplementary material on
line, Figure S1E). Levels of eNOS were not different between the two
groups (data not shown).

Mice were fed a high fat-high sucrose (HFHS) diet (percent of calories:
59% fat, 15% protein, 26% carbohydrate [20% from sucrose], F#1850,
BioServe) or a normal diet (percent of calories: 18% fat, 24% protein,
58% carbohydrate [�5% from sucrose], Harlan) for 6 months. WT mice
on normal or HFHS diets were treated with the arginase inhibitor, 2-(S)-
amino-6-borono-hexanoic acid (ABH, 10 mg/kg/day in drinking water)
for 5 months starting 1 month after beginning diets. ABH is a classical
competitive and highly specific inhibitor of arginase 1 and 2 in both
humans and rodents.26,27 Body weight and blood/urine glucose levels
were measured biweekly. Post-prandial serum insulin levels were meas-
ured 2 h after feeding in the week before tissue harvest using an Ultra
Sensitive Mouse Insulin ELISA Kit (Crystal Chem USA, Downers Grove,
IL, USA). Animals were on a 12-h light/dark cycle and had free access to
food and water. Before tissue harvest, mice were overdosed with keta-
mine/xylazine and exsanguinated.

2.2 Vascular function
Vascular function was measured as described.28 Aorta or first order
mesenteric arteries were rapidly excised and placed in cold Krebs buffer
(pH 7.4). Perivascular fat was removed and vessels were cut into 2 mm
rings. In some experiments, rings were pretreated with M199 media con-
taining 200 lM palmitic acid and 25 mM L-glucose (PA/HG) or M199
control media (CM, no PA, and 5 mM glucose) for 8 or 24 h at 37 �C in
culture chambers. Rings were mounted in myograph baths (Danish Myo-
Technology) filled with Krebs solution (37 �C) under resting tension of
5.0 mN and bubbled with 95% O2/5% CO2. Isometric force was
recorded using a Power Lab system (AD Instruments). After equili-
bration (1 h), contraction to KCl (8 mmol/L) was assessed. Thereafter,
cumulative concentration-response curves to acetylcholine (ACh,
endothelium-dependent vasodilator) or sodium nitroprusside (SNP,
endothelium-independent vasodilator) were obtained in rings pre-
contracted with phenylephrine (PE).

2.3 Blood pressure measurements
Systolic blood pressure was measured by the tail-cuff method as
described.20 Mice were acclimated to this procedure over 10 days. Final
measurements were performed a week before tissue harvest. Ten con-
secutive readings were recorded and averaged.
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2.4 Vascular NO levels
Vascular NO production was determined by using a Sievers NO
Analyzer (Boulder, CO) to measure NO-specific chemiluminescence.
Levels of nitrite (NO2

-), the stable breakdown product of NO, were
determined in isolated aorta as previously described.20 Aortic tissues for
all groups of mice were incubated in fresh media for 8 hrs at 37 �C.
Samples of media were then analyzed for NO content. A portion of
each tissue was incubated with the NOS inhibitor L-NAME (0.1 mmol/L)
for this same period to determine initial NO levels in these tissues. This
value was subtracted from the value obtained without L-NAME addition
to provide NO production in that tissue from NOS. Production of NO
was normalized to tissue protein content.

In other studies, the NO indicator 4,5-diaminofluorescein diacetate
(DAF-2 DA) was used. Cross-sections (10mm thick) from frozen aorta
were incubated in the dark at 37 �C in HEPES buffer containing DAF-
2 DA (0.1lmol/L, 15 min). Sections were incubated with L-NAME
(0.1 mmol/L) along with DAF-2 DA as a negative control. Sections were
fixed in 4% paraformaldehyde and images were collected by confocal
microscopy. Fluorescence intensity was quantified using Zen 2012
software.

2.5 Levels of reactive oxygen species (ROS)
Plasma ROS were assessed by measuring levels of lipid peroxides, as
malonaldehyde, spectrophotometrically at 532 nm.29 For assessment of
vascular ROS formation, dihydroethidium (DHE) imaging was performed
as described.7 Briefly, cross-sections of frozen aorta were incubated in
the dark in HEPES buffer containing DHE (0.1 mmol/L) for 30 min and
examined by confocal microscopy. Blockade of the DHE signal with
superoxide dismutase (SOD, 100 U/ml) or the NOS inhibitor L-NAME
(100 lmol/L) was used to demonstrate involvement of superoxide and
NOS, respectively. Aortic levels of 3-nitrotyrosine (3-NT), a marker of
formation of the potent oxidant peroxynitrite (ONOO-), also were as-
sessed by western blot analysis. Specificity of the antibody was deter-
mined by the ability of prior treatment of the membrane (3 h) with Na
dithionite and Na borate (both at 100 mmol/L) to block the interaction
of 3-NT with the antibody (see Supplementary material online, Figure
S4B).

2.6 Vascular stiffness
Aortic stiffness was assessed by measuring pulse wave velocity (PWV)
using VEVO 2100 imaging system.28 Aortic pulse waves were assessed at
the aortic arch and abdominal aorta proximal to the iliac bifurcation.
Pulse travel time was calculated as transit time of each waveform be-
tween the sites using R-wave of ECG as a reference point. PWV (m/s)
was calculated by dividing the distance by transit time. Each value is an
average of 3–5 cardiac cycles.

2.7 Collagen staining
Collagen content was measured as described.28 Aorta were fixed in buf-
fered formalin, embedded in paraffin and tissue sections were stained
with Picrosirius Red. Area of collagen staining relative to vessel surface
area was quantified using National Institutes of Health ImageJ software.

2.8 Arginase activity assay
Aortic lysates or plasma samples were used for arginase activity assay as
described.7 Briefly, 10 mM MnCl2 were added to the samples and heated
at 57 �C for 10 min to activate arginase. L-arginine (0.5 mol/L) was added
and incubated at 37 �C for 1 h. The reaction was stopped with acid,

a-isonitrosopropiophenone was added, the mixture was heated for
45 min (100 �C), and activity was measured by absorbance at 540 nm.

2.9 Plasma amino acid levels
L-arginine, L-ornithine, L-lysine, and L-citrulline levels were assessed
for some of our studies using hydrophilic interaction liquid chromatog-
raphy electrospray tandem mass spectrometry (Shimadzu Scientific
Instruments). Systemic arginase activity was assessed as the ratio of
plasma ornithine to arginine concentrations. Global arginine bioavailabil-
ity ratio (GABR) is the ratio of plasma arginine concentration to the sum
of concentrations of ornithine and citrulline.30

2.10 Western blot
Lysates from aortic homogenates (20 lg protein) were subjected to
electrophoresis on 10% SDS-polyacrylamide gels. Proteins were
electro-blotted onto PVDF membranes (Millipore). Membranes were
blocked with 5% bovine serum albumin (BSA Fraction V, OmniPur) in
TBST (0.2% Tween 20 in 1�Tris-buffered saline) and incubated over-
night at 4 �C with primary antibodies [anti-Arginase 1, 1 10, 000 (Kind
gift of Dr. Sidney M. Morris Jr, University of Pittsburgh); anti-Arginase 2,
1:250 (Santa Cruz); anti-b-actin, 1:4000, (Sigma-Aldrich); anti-3-
nitrotyrosine, 1:1000, (Sigma-Aldrich); and anti-eNOS, 1:1000, (Cell
Signalling Tech)]. Membranes were washed, incubated with secondary
antibodies conjugated with horseradish peroxidase. Signals were de-
tected using chemiluminescence and analysed using densitometry. Equal
loading was determined after stripping the initial gel and re-probing with
anti-b-actin or a-tubulin.

2.11 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 or TaqMan Gene
Expression Assays (for arginase 1 and arginase 2, Applied Biosystems; for
p-eNOS, Life Technologies), which was performed on a StepOne Plus
thermocycler (Applied Biosystems). Cycle threshold, determined as the
initial increase in fluorescence above background, was determined for
each sample. HPRT was used as internal control for normalization.

2.12 Drugs and chemicals
Acetylcholine, phenylephrine, phosphatase cocktail 1 and 2, protease in-
hibitor, Dihydroethidium (DHE), malondialdehyde bis (phenylimine), tri-
chloroacetic acid, and thiobarbituric acid were from Sigma Aldrich.
Serum insulin assay kits came from Crystal Chem. Plasma cholesterol
assay kits were from Wako Diagnostics. Arginase inhibitor, 2-(S)-amino-
6-boronohexanoic acid (ABH) was a kind gift from Corridor
Pharmaceuticals, Inc. (Baltimore, MD). Picrosirius Red Stain Kit was from
Polysciences, Inc. DAF-2 (4, 5-Diaminofluorescein) was from
Calbiochem. Glycated hemoglobin (A1C-NOW) assay kit came from
Bayer Healthcare. ABH is a classical competitive inhibitor for both
human arginase 1 and 2 with K(i) values of 0.11 and 0.25lM, respect-
ively.26 ABH has about 20 times higher affinity to human arginase 1 com-
pared to that of rodents (ABH, Kd = 0.11 lM against rat arginase I;
Kd = 5 nM against human arginase 1).27 It has been used in many acute
and chronic studies in animals and on human tissues. 28,31,32
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..2.13 Statistical analysis
Data are presented as mean ± SEM. Statistical differences were determi-
neds using analysis of variance (ANOVA) and Tukey post-test. P val-
ues < 0.05 were taken as significant. Analyses used GraphPad Prism,
version 4.00 (GraphPAD Software Inc.). Differences among the
concentration-response curves were determined using two-way
repeated measures ANOVA. All experiments were performed on
4–8 mice/group. For image analysis studies, data values for each mouse
were calculated from 2 to 3 sections per mouse.

3. Results

3.1 Metabolic parameters
After 6 months of HFHS feeding WT and A1con mice had significant in-
creases in body weight, fasting blood glucose, glycated hemoglobin, post-
prandial serum insulin, plasma cholesterol, and systolic blood pressure
compared to ND controls (Table 1). Elevations of body weight, blood
glucose, and cholesterol were not altered in mice treated with ABH or
those lacking endothelial arginase 1 (EC-A1-/-). These data suggest that
arginase activity or EC arginase 1 is not involved in these HFHS-induced
changes. Although serum insulin levels were elevated by HFHS in all
groups, the rise in insulin was significantly blunted by ABH, indicating a
role for arginase activity in insulin resistance. Interestingly, there was also
a trend toward a decrease in insulin levels in the EC-A1-/- mice. The
HFHS diet-induced increase in systolic blood pressure was blocked by
ABH treatment and in EC-A1-/- mice, indicating the involvement of
endothelial cell arginase 1 in the blood pressure elevation.

3.2 Vascular endothelial function
Our previous studies have demonstrated the role of arginase activity in
diabetes-induced vascular endothelial dysfunction (VED).6,7,33 To deter-
mine the specific role of arginase 1 expression in vascular EC and

arginase activity in obesity-induced VED, we analysed acetylcholine-
induced vasorelaxation responses in aortas from HFHS and ND-fed
mice lacking arginase 1 in EC or treated with ABH. This analysis showed
that HFHS feeding caused marked impairment of vasorelaxation re-
sponses in aortas from A1con and WT mice as compared with ND mice
(Figure 1A and C). Aortas from EC-A1-/- mice were protected from the
HFHS diet-induced VED, indicating a central role of endothelial arginase
in vascular endothelial dysfunction (VED). Treatment with ABH also pre-
served normal vasorelaxation responses, confirming the specific role of
arginase activity in the VED. Lack of endothelial arginase 1 or its inhib-
ition did not augment vasorelaxation responses in ND aortas. This lack
of enhanced function likely relates to sufficient vascular L-arginine avail-
ability in normal, non-stress conditions. This observation is in concert
with previous reports that arginase knockdown or arginase inhibition
under normal physiological, non-stress conditions does not enhance EC-
dependent vasorelaxation.34

Endothelium independent relaxation to the NO donor sodium nitroprus-
side (SNP) was normal in all groups (Figure 1B and D), indicating that smooth
muscle function is preserved. These data demonstrate the specific role of
EC expression of arginase 1 and arginase activity in HFHS-induced VED.

In obesity and metabolic syndrome, the vasculature is exposed to high
levels of fatty acids and glucose.35,36 In order to directly test the effects
of hyperlipidemia/hyperglycemia on vascular function in the absence of
inflammation and other aspects of metabolic disease and to rule out
interactions between the effects of diet and age, we mimicked high fat/
high glucose conditions ex vivo by exposing vessels freshly isolated from
young ND-fed mice (9–11 weeks) to Kreb’s buffer media containing
200lM palmitic acid and 25 mM L-glucose (PA/HG) or a Kreb’s control
media (CM, no PA and 5 mM L-glucose). Aorta from A1con mice
exposed to PA/HG (24 h) exhibited significant impairment of
endothelial-dependent relaxation compared to aorta maintained in CM.
By contrast, vasorelaxation of aortas from EC-A1-/- mice incubated with
PA/HG media were not different from aorta of either genotype exposed

..............................................................................................................................................................................................................................

Table 1 Body weight, blood glucose, glycated hemoglobin (HbA1C), blood pressure, serum insulin, and plasma cholesterol

Body

weight (g)

Blood

glucose (mg/dL)

HbA1C (%)

(mmol/mol)

Systolic blood

pressure (mmHg)

Insulin after

feeding (ng/mL)

Cholesterol

(mg/dL)

WT ND 37.7 ± 1.4 110.8 ± 3.4 4.4 ± 0.2 94.3 ± 2.5 0.4 ± 0.02 115.5 ± 3.9

24.3 ± 0.9

HFHS 51.9 ± 1.9* 201.4 ± 16.9* 5.3 ± 0.2* 120.2 ± 5.7* 1.6 ± 0.3* 217.2 ± 23.4*

34.0 ± 1.0*

NDþ 37.3 ± 1.6 107.5 ± 3.1 4.4 ± 0.2 92.3 ± 1.6 0.3 ± 0.05 98.2 ± 4.5

ABH 24.4 ± 1.2

HFHSþ 49.3 ± 1.8* 195.7 ± 18.4* 5.1 ± 0.13* 99.4 ± 1.5 1.0 ± 0.2 # 182.1 ± 18.5*

ABH 32.2 ± 0.8*

EC-KO ND A1con 36.8 ± 1.4 106.8 ± 3.9 4.5 ± 0.1 96.3 ± 2.3 0.7 ± 0.2 120.1 ± 9.3

26.0 ± 0.8

HFHS A1con 50.7 ± 1.3* 197.8 ± 10.5* 5.2 ± 0.1* 115.9 ± 4.2* 2.3 ± 0.2* 190.7 ± 4.6*

33.6 ± 0.5*

ND 38.7 ± 1.3 102.7 ± 2.4 4.5 ± 0.2 92.7 ± 1.4 0.8 ± 0.4 104.7 ± 10.5

EC-A1-/- 25.5 ± 1.0

HFHS 49.5 ± 1.4* 199.6 ± 11.3* 5.2 ± 0.2* 98.9 ± 3.1 1.7 ± 0.3* 219.5 ± 6.0*

EC-A1-/- 32.9 ± 1.0*

Values are means ± S.E.M. *P < 0.05 vs. WT or A1con mice on normal diet (ND), # P < 0.05 vs. WT mice on HFHS diet, n = 4–6. Abbreviations: endothelial cell specific knockout of
A1 (EC-A1-/-), high fat high sucrose diet (HFHS), and arginase inhibitor, 2-(S)-amino-6-boronohexanoic acid (ABH).
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..to CM (Figure 2A). EC-independent vasorelaxation to SNP was not
altered by PA/HG exposure (Figure 2B). These response patterns were
closely comparable with the in vivo data, indicating that PA/HG treatment
mimics the chronic HFHS diet and suggesting that elevated arginase 1 ac-
tivity is involved in this VED. Studies using vascular resistance vessels
(first order mesenteric arteries, MA) from A1con mice also showed im-
pairment in vasorelaxant responses to acetylcholine after exposure to
PA/HG (8 r) compared to responses of MA incubated in CM (Figure 2C).
Vasorelaxation responses in MA from EC-A1-/- mice exposed to PA/HG
were comparable to those in CM control vessels (Figure 2C).
Vasorelaxant responses to SNP were not different among the groups
(Figure 2D). These data indicate that VED is induced by direct effects of
PA/HG exposure in both resistance and conduit vessels and that argi-
nase 1 is involved.

3.3 Aortic stiffness and fibrosis
Vascular stiffening seen clinically is directly correlated with increased
body weight, fat content, and hyperglycemia.37 Aortic stiffness, assessed
as pulse wave velocity (PWV), was significantly increased in A1con and
WT mice fed HFHS compared with ND (Figure 3A). HFHS induced aor-
tic stiffening was blocked by arginase 1 deletion in endothelial cells (EC
A1-/-) or ABH treatment. Since perivascular fibrosis is involved in arterial
stiffening, we examined perivascular collagen deposition in aortic sec-
tions. HFHS feeding resulted in significant increases in perivascular colla-
gen levels in both A1con and WT mice as compared to the ND control
groups as shown by increased picrosirius red staining (Figure 3B and C).
Endothelial arginase 1 deletion or treatment with ABH prevented this in-
crease in collagen fibers. Taken together, these findings demonstrate

that endothelial arginase 1 is centrally involved in HFHS diet-induced ele-
vation of aortic fibrosis and stiffness.

3.4 Arginase activity
We and others have shown the involvement of increased arginase activ-
ity in diabetes-induced VED.6,7,9,33 Increases in arginase activity were
observed in aortas from HFHS fed A1con and WT mice (Figure 4A).
These increases were prevented by EC-A1 deletion or treatment with
ABH. This reduction of vascular arginase activity by ABH correlates well
with a reduction in arginase 1 expression (Figure 5). This result indicates
that endothelial arginase 1 is primarily responsible for HFHS-induced ele-
vation of aortic arginase activity. Aorta from A1con mice exposed to PA/
HG (24 h) also exhibited elevated arginase activity compared to levels in
aorta of EC-A1-/- mice, which were not different from those of both
genotypes exposed to control media (see Supplementary material on
line, Figure S2A).

To further understand the role of arginase 1 expression in vascular
endothelial cells on levels of circulating arginase, we measured plasma
arginase activity in EC-A1-/- and WT mice. HFHS feeding caused similar
increases in plasma arginase activity in A1con and WT mice (Figure 4B),
but unlike the effect of systemic treatment with the arginase inhibitor
ABH which prevented this rise, plasma arginase activity in EC-A1-/- mice
was elevated comparable to that in A1con and WT mice. This finding sug-
gests that endothelial arginase 1 does not contribute to HFHS-induced
elevation of plasma arginase activity.

3.5 L-arginine bioavailability
Bioavailability of L-arginine plays a critical role in endothelial function
and, consequently, cardiovascular disease.38 To assess the effects of the

Figure 1 EC arginase 1 deletion or arginase inhibition prevents HFHS-induced decreases in endothelium-dependent vasorelaxation to acetylcholine
(ACh). (A) Effects of EC arginase 1 deletion or ABH (C) on endothelium-dependent vasorelaxation. Effects on endothelium-independent vasorelaxation to
sodium nitroprusside (SNP, B, D). Values are mean ± SEM, n = 6–8. *P < 0.05 vs. WT ND or A1con ND groups.
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Figure 2 EC arginase 1 deletion prevents palmitic acid and high glucose (PA/HG)-induced decreases in endothelium-dependent vasorelaxation to acetyl-
choline (ACh). Effects of EC arginase 1 deletion on endothelium-dependent vasorelaxation in aorta (A) or mesenteric arteries (C) exposed to PA/HG or
normal glucose control media (NG). Effects on endothelium-independent vasorelaxation to sodium nitroprusside (SNP, B, D). Values are mean ± SEM,
n = 5. *P < 0.05, vs. NG.

Figure 3 EC arginase 1 deletion or arginase inhibition prevents HFHS-induced aortic stiffening and fibrosis. Effects of arginase 1 deletion or ABH on pulse
wave velocity (A) and collagen deposition (B, C). Representative sections stained with Picrosirius Red (C). Values are mean ± SEM, n = 5–6. *P < 0.05 vs. ND.
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Figure 4 EC arginase 1 deletion or arginase inhibition prevents HFHS-induced increases in arginase activity and decreases in L-arginine bioavailability.
Effects of arginase 1 deletion or ABH on aortic (A) and plasma arginase activity (B). Effects of ABH on plasma L-arginine (C), the ratio of plasma L-ornithine
to L-arginine (D) (a measure of systemic arginase activity) and ratio of plasma L-arginine to [L-ornithineþ L-citrulline] (a measure of L-arginine bioavailability
(E). Values are mean ± SEM, n = 5–7. *P < 0.05 vs. ND.

Figure 5 EC arginase 1 deletion or arginase inhibition prevents HFHS-induced increases in arginase 1 expression in the aorta. Effects of EC arginase 1 dele-
tion (A) and ABH (B) on arginase 1 (A1) protein or arginase 1 (A1) and arginase 2 (A2) mRNA (C, D). Values are mean ± SEM, n = 4–6. *P < 0.05.
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..HFHS diet feeding on L-arginine bioavailability, we measured plasma lev-
els of L-arginine, L-ornithine, and L-citrulline using hydrophilic interaction
liquid chromatography electrospray tandem mass spectrometry. These
levels on the normal diet were within the range previously reported for
mice.39 This analysis showed that HFHS feeding caused significant reduc-
tions in plasma L-arginine concentration as compared with ND mice
(Figure 4C), Also, the ratio of plasma L-ornithine to L-arginine was mark-
edly increased, consistent with an increase in systemic arginase activity
(Figure 4D). ABH treatment prevented these effects. A measure of sys-
temic L-arginine bioavailability—global arginine bioavailability ratio
(GABR)—is an indicator of cardiovascular risks.30 Calculated as plasma
levels of arginine divided by the sum of L-ornithine plus L-citrulline levels,
GABR has been shown to inversely correlate with increased adverse
cardiovascular events.40,41 We observed a marked drop in this ratio in
WT HFHS vs. ND fed mice (Figure 4E). This reduction was prevented by
ABH treatment. Consistent with the HFHS-induced increases in arginase
activity, plasma levels of L-ornithine were elevated by HFHS diet and
ABH largely prevented this rise (see Supplementary material online,
Figure S2B). There were no differences in plasma levels of L-lysine among
the three groups.

3.6 Arginase expression
To further assess isoform-specific roles of vascular arginase, we meas-
ured levels of arginase 1 and arginase 2 protein in the isolated aortas.
WT and A1con mice fed HFHS showed increased arginase 1 protein
(Figure 5A and B), but detection of arginase 2 was faint and no changes
were observed (data not shown). Additionally, mRNA levels of arginase

1 rose significantly with HFHS diet in both WT and A1con mice, but argi-
nase 2 mRNA levels were unchanged. These data indicate that arginase 1
is primarily involved in HFHS diet-induced elevation of vascular arginase
activities. ABH treatment substantially blocked the HFHS-induced in-
creases in arginase 1 protein and mRNA (Figure 5B and C). This result is
most likely due to the action of ABH to reduce production of ROS and
activation of RhoA kinase, which are known to elevate arginase 1 expres-
sion.13,20,42 HFHS-induced increases in arginase 1 protein and mRNA
seen in the A1con mice were largely blocked in the EC-A1-/- mice (Figure
5C). There were no changes in arginase 2 mRNA levels between the
WT and WTþABH groups (Figure 5D), but arginase 2 mRNA levels
were slightly higher in EC-A1-/- vs. A1con mice—possibly as a compensa-
tion for lack of arginase 1. Control levels of aortic arginase 1 protein and
mRNA in EC-A1-/- mice were markedly lower than in A1con mice, indi-
cating a strong contribution of EC to total aortic A1 levels (Figure 5A and
C). These data indicate that (i) arginase 1 is the main isoform elevated by
HFHS diet, and (ii) endothelium is the predominant source of elevated
vascular arginase activity and arginase 1 expression in HFHS mice.

3.7 Vascular nitric oxide production
Aortic NO production was assessed by DAF-2 fluorescence imaging and
chemiluminescence measurement of nitrite levels in media conditioned
by PA/HG-treated vessels (Figure 6). Aortas from both A1con and WT
mice on the HFHS diet showed decreased NO levels compared to ND
controls (Figure 6A and B). The HFHS diet-induced loss of NO was pre-
vented in EC-A1-/- mice or by treatment with ABH. These findings indi-
cate that vascular arginase is responsible for decreased NO production

Figure 6 EC arginase 1 deletion or arginase inhibition prevents HFHS or PA/HG -induced decreases in vascular nitric oxide. Effects of EC arginase 1 dele-
tion or ABH on fluorescence for the NO indicator DAF2-DA (A). Representative images of DAF2-DA fluorescence (B). Values are mean ± SEM, n = 5–6.
*P < 0.05 vs. ND. Effects of EC arginase 1 deletion on NO production in aorta exposed to PA/HG ex vivo (C). Values are mean ± SEM, n = 5. *P < 0.05 vs.
control media (NG).
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in HFHS fed mice and that endothelial arginase 1 is involved.
Pretreatment of control aorta with the NOS inhibitor L-NAME
(0.1 mmol/L) blocked DAF fluorescence (see Supplementary material on
line, Figure S3A).

Chemiluminescence analysis of nitrite levels in PA/HG-treated A1con

aorta showed a significant decrease in NO levels compared to control
medium (Figure 6C). Levels of NO from EC-A1-/- aorta exposed to CM
or PA/HG were not different. These data indicate that plasma factors
elevated in high fat diets suppress NO production by an action involving
EC-A1.

The other major pathway which metabolizes L-arginine and regulates
NO synthesis is eNOS. Analysis of eNOS protein and mRNA expression
levels in aorta of the WT HFHS and ND groups revealed no difference
between them (see Supplementary material online, Figure S4A).

3.8 Plasma and vascular reactive oxidative
species
Previous studies have shown that increased oxidative stress is related to
increased arginase activity/expression and reduced NO produc-
tion.7,13,43 In the present study, A1con and WT HFHS mice exhibited
increased oxidative stress as demonstrated by increased plasma lipid
peroxides (Figure 7A) and vascular reactive oxygen species levels (Figure
7B and C). These HFHS diet-induced increases in oxidative stress were
prevented in EC-A1-/- mice or by treatment with ABH, indicating that
arginase is involved and that endothelial arginase 1 is largely responsible.

Further, prior exposure of aorta sections to SOD (100 U/ml) or
L-NAME (0.1 mmol/L) suppressed the high fat-induced DHE fluorescence,
indicating that NOS is a source of ROS and the involvement of super-
oxide (see Supplementary material online, Figure S3). Other evidence of

Figure 7 EC arginase 1 deletion or arginase inhibition prevents HFHS-induced increases in ROS levels. (A) Effects of arginase 1 deletion or ABH on plasma
malonaldehyde (MDA) and (B) aortic fluorescence for the ROS indicator dihydroethidium (DHE). (C) Representative images of DHE fluorescence. Values
are mean ± SEM, n = 5–6. *P< 0.05 vs. ND. (D) Levels of the peroxynitrite marker—3-nitrotyrosine in aorta from A1con and ECA1-/- mice exposed to nor-
mal glucose control media (CM) or palmitic acid and high glucose (PA/HG) for 24 h. Values are mean ± SEM, n = 5. *P< 0.05 vs. NG.
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aortic oxidative stress is the elevated levels of the peroxynitite (ONOO-)
biomarker 3-nitrotyrosine. Western blot analysis of A1con aorta exposed
to PA/HG (see Figure 2) showed significant increases in the formation of
peroxynitrite, compared to vessels exposed to control medium (Figure
7D). Nitrotyrosine levels in EC-A1-/- aorta exposed to normal glucose
control media or PA/HG were not different. These data indicate that
plasma factors elevated in high fat diets/obesity increase vascular ONOO-

formation by an action involving EC-A1.

4. Discussion
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 worldwide.44 Here, we demon-
strate that arginase 1 expression in vascular endothelial cells plays an in-
tegral role in the development of vascular endothelial dysfunction,
vascular fibrosis, and stiffening and hypertension resulting from the
HFHS diet treatment. Moreover, our studies using vessels from young
and healthy mice exposed to palmitate/high glucose media ex vivo show
dysfunction similar to that seen after 6 months feeding on a high fat/high
sucrose diet. This result demonstrates the specificity of the dysfunction
for the diet effects on the vascular endothelium as opposed to inflamma-
tion or age-related systemic changes. We further show that the diet-
induced vasculopathy involves increases in oxidative stress along with
decreases in L-arginine bioavailability, reduced NO formation and
increased L-ornithine production.

Elevated aortic arginase activity was observed after 6 months of HFHS
diet. This elevation was associated with increased arginase 1 mRNA and
protein while expression of arginase 2 was not altered. Our finding that
aortic levels of arginase 1 are upregulated in HFHS diet-induced obesity
and hyperglycemia is consistent with our previous findings in models of
type 1 diabetes.6,19,45 In the present study, mice lacking arginase 1 in
endothelial cells (EC-A1-/-) showed no elevation in vascular arginase ac-
tivity with HFHS feeding or when exposed to high palmitate/high glucose
medium ex vivo (Figure 4A or see Supplementary material online, Figure
S2). Vascular expression of arginase 1 (protein and mRNA) in EC-A1-/-

mice was only 25–30% of that in mice with intact EC arginase 1 (Figure
5A and C). These data indicate that the endothelium is the dominant
source of vascular arginase 1 and of HFHS-induced elevation of arginase
activity. Suppression of the elevation of arginase 1 expression by ABH
treatment is likely due to the observed reduction of levels of ROS
formed by NOS, thus retarding feed-forward actions of ROS on arginase
expression/activity.13,20,46 There was no change in aortic arginase 2 pro-
tein or mRNA levels in HFHS diet fed mice. Interestingly, a role for argi-
nase 2 has been proposed in a recent study of obesity-associated eNOS
dysfunction in C57BL6 mice.47 That study used a 14 week, high fat diet,
whereas our study employed a 24 week high fat-high sucrose diet. It
would be interesting to determine if differences in diets and duration in-
duce different isoforms of arginase. Arginase 2 has been found to be ele-
vated by oxidized low density lipoprotein and Rho kinase activation in
human EC and its expression has been shown to be important in macro-
phage proinflammatory responses and atherogenesis in mice.48–50

Plasma levels of arginase activity were also elevated by the HFHS diet.
The ABH treatment prevented this rise, as would be expected by the
presence of the inhibitor in the circulation. However, activity levels in
plasma remained high in HFHS EC-A1-/- mice, suggesting that arginase
released from tissues other than endothelial cells is responsible for the
elevated plasma arginase activity. Plasma arginase activity is known to be
elevated in myocardial infarction and liver disease51 and also in obesity-
related diabetes.24,52 This could involve the release of arginase from

immune cells (monocytes and macrophages),53 which are elevated in in-
flammatory states of obesity and diabetes.54

Aorta from WT HFHS mice showed impaired endothelium depend-
ent vasodilation which was prevented in mice with selective deletion of
EC arginase 1. Treatment with the arginase inhibitor ABH also prevented
this vascular endothelial dysfunction confirming the specific involvement
of arginase activity. Given that endothelial derived NO is vital for normal
vascular relaxation, our findings that EC arginase 1 deletion or inhibition
of arginase in the HFHS fed mice maintains good vascular relaxation
likely reflects arginase/eNOS competition for their substrate L-arginine.
This concept is further supported by our findings that HFHS fed
mice had lower circulating levels of L-arginine and higher levels of
systemic arginase activity and circulating ornithine. The decrease in L-ar-
ginine bioavailability is consistent with our data showing reductions in
NO and increases malonaldehyde, superoxide and peroxynitrite
formation.

The bioavailability of L-arginine and NO plays a critical role in endo-
thelial function and, consequently, in cardiovascular disease.38 Our ana-
lysis of WT HFHS mice showed increases in circulating L-ornithine and
decreases in L-arginine and L-citrulline [i.e. global arginine bioavailability
ratio (GABR)], a marker inversely correlated with risk of cardiovascular
mortality.41 This result shows that these mice had much lower available
systemic L-arginine compared to normal diet control mice. ABH treat-
ment normalized GABR, consistent with a reduction in systemic arginase
activity. Similar reductions in plasma L-arginine and the GABR have been
reported in obese Zucker rats, and also were normalized with arginase
inhibitor treatment.24 Endothelial production of NO has been shown to
depend on plasma or extracellular levels of L-arginine and its concurrent
transport into EC (not intracellular levels).55–57 The intracellular concen-
trations of L-arginine are well above the Km for arginase.11 The glycoca-
lyx of EC is rich in negatively charged sialic acid residues which can bind
cationic molecules like L-arginine and provide a repository of L-arginine
on the EC surface. Impaired cellular uptake of L-arginine by the CAT-1
transporter can limit the availability of L-arginine to NOS and may occur
either through reduced expression of CAT-157 or via competitors for
CAT-1 transport, such as L-ornithine and L-lysine, both of which have af-
finity similar to L-arginine for the transporter.58 We cannot discount ele-
vated circulating L-ornithine levels, observed in our study, as a factor in
the HFHS-induced endothelial dysfunction.

In addition to adverse effects of arginase on endothelial function, ele-
vated production of L-ornithine may contribute to other adverse effects
in the vessels of WT HFHS fed mice. L-ornithine can be metabolized
into polyamines via ornithine decarboxylase and proline via ornithine
aminotransferase. Polyamines play an integral role in cellular mitogenesis,
whereas proline is a key precursor for collagen synthesis. Thus, increased
arginase expression/activity can potentially stimulate pro-collagen and
pro-proliferative pathways in cells of the vascular wall.10,48,59 Indeed,
aorta from HFHS fed mice exhibited elevated levels of vascular collagen
deposition/fibrosis, and deletion of EC arginase 1 or treatment with
ABH blocked this effect. Increased vascular thickening, collagen depos-
ition and fibrosis are major contributors to arterial stiffening,60 an inde-
pendent cardiovascular risk factor. A previous study using mice fed a
similar HFHS diet also observed an increase in arterial stiffness.25 In our
study, the increase in arterial stiffness in WT HFHS mice was prevented
in mice lacking EC arginase 1 and in mice treated with ABH. These data
indicate that HFHS-induced arterial stiffening is mediated by arginase 1
expression in ECs. Our data showing that HFHS diet-induced increases
in picrosirius red staining of perivascular collagen were abrogated by EC
arginase 1 deletion or ABH treatment suggest a mechanism involving
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increased collagen production via the ornithine/proline pathway. Further
study is needed to evaluate this possibility.

Elevation of blood pressure by the HFHS diet was also prevented
by deletion of EC arginase 1 or arginase inhibition. This maintenance of
control levels of blood pressure observed in EC-A1-/- mice or ABH
treatment was associated with normalization of EC-dependent vasore-
laxation. Increased vascular tone/blood pressure may also contribute to
vascular stiffening61 and may have been involved in the HFHS-induced
elevation of aortic stiffness. However, some anti-hypertensive measures
do not reduce arterial stiffness.62,63 On the other hand, those treatments
that also reduce inflammation and ROS, both elevated in our HFHS
model, have been shown to reduce or prevent arterial stiffening.64,65

Our current study indicates that upregulation of arginase 1 within the
vascular endothelium is centrally involved in HFHS diet-induced vasculo-
pathies. We propose that elevated arginase activity could, through
reduced L-arginine levels, lead to NOS uncoupling, reduced NO and
enhanced superoxide production.66 Superoxide rapidly combines with
NO to form the potent oxidant species, peroxynitrite (ONOO-, ele-
vated in our model), which could further uncouple NOS via oxidation of
BH4, a key co-factor.67 ONOO- can cause oxidative injury and cell
death.68 Moreover, increased superoxide/ONOO- levels elevate argi-
nase activity/expression through a feed-forward mechanism via RhoA/
Rho kinase.13,20 Our study shows that HFHS diet markedly increased
levels of plasma lipid peroxides and vascular oxidative species and that
complete deletion of EC arginase 1 or treatment with ABH abrogates
this effect. Moreover, it suggests that limiting arginase activity not only
decreases ROS generation but also prevents feed forward upregulation
of arginase by ROS. NOX2 and NOX4 which are activated in diabetes
and obesity also are generators of ROS and could amplify this cycle.69

Our study did not address molecular mechanisms responsible for the
elevation of arginase activity in this diet induced obesity model. Recent
studies of obesity suggest that expansion of adipose tissue, vascular rar-
efaction, hypoxia, and release of inflammatory cytokines and ROS are
involved in the vascular pathology (unpublished data).54,70 Hypoxia has
been reported to increase arginase 2 expression in bovine and human
EC.71,72 Inflammatory cytokines/ROS are largely associated with eleva-
tion of arginase 1.9,73,74 However, while the systemic inflammation and
metabolic changes associated with HFHS diet feeding are very likely to
play a significant role in causing increases in arginase expression/activity
and vascular dysfunction, our ex vivo studies indicate that exposure of the
endothelium to the high fat/high glucose milieu also has a fundamental
role in the dysfunction.

Other important questions remain. (i) The impact of adipose tis-
sue (perivascular or other) and its inflammatory mediators on arginase
activity. (ii) Effects of elevated arginase activity and reduced eNOS
function on insulin resistance. (iii) Gender differences in the effects of
HFHS diet on arginase activity and vascular dysfunctions—we have not
yet examined females. (iv) Specific sources of ROS formation in the
vascular tissues—while SOD treatment partially blocked the increase
in DHE fluorescence in our study, DHE can also be oxidized by
other ROS.75 Further studies are required to address these important
issues.

In summary, we demonstrate for the first time that high fat/high su-
crose diet induces cardiovascular dysfunctions including impaired
endothelial-dependent vasorelaxation, arterial fibrosis and stiffening, and
increased blood pressure by a mechanism involving the expression of
arginase 1 in vascular endothelial cells. Increased arginase expression/ac-
tivity, oxidative stress and reduced L-arginine, and NO levels contribute
to this vascular disease state.
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