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Background: This study was aimed to evaluate regulation of cardiac arginase expression during hypobaric
hypoxia and subsequent effect on nitric oxide availability and signaling.
Methods:Ratswere exposed to hypobaric hypoxia (282mmHg for 3 h) andARG1 expressionwasmonitored. The
expression levels of eNOS and eNOSSer1177were determined byWestern blotting, cGMP levelsweremeasured by
ELISA and amino acid concentrations were measured by HPLC analysis. Transcription regulation of arginase was
monitored by chromatin immunoprecipitation (ChIP) assaywith anti-c-Jun antibody for AP-1 consensus binding
site on ARG1 promoter. Arginase activity was inhibited by intra-venous dose of N-(ω)-hydroxy-nor-L-arginine
(nor-NOHA) prior to hypoxia exposure and subsequent effect on NO availability and oxidative stress were
evaluated.
Results:Hypobaric hypoxia induced cardiac arginase expression by recruiting c-Jun to AP-1 binding site on ARG1
promoter. This increased expression redirected L-arginine towards arginase and resulted in limited endothelial

nitric oxide synthase (eNOS) activity, nitric oxide (NO) availability and cGMP mediated signaling. Inhibition of
arginase restored the eNOS activity, promoted cardiac NO availability and ameliorated peroxynitrite formation
during hypoxia.
Conclusions: Hypoxic induced arginase under transcription control of AP-1 reciprocally regulates eNOS activity
and NO availability in the heart. This also results in cardiac oxidative stress.
General significance: This study provides understanding of hypoxia-mediated transcriptional regulation of
arginase expression in the heart and its subsequent effect on eNOS activity, NO availability and signaling as
well as cardiac oxidative stress. This information will support the use of arginase inhibitors as therapeutics for
pathological hypoxia.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Inadequate supply of oxygen from the blood stream to the cells of
tissue results in hypoxia. Several pathological conditions such as pulmo-
nary disease, cardiac failure, orthologic hypotension, stroke, obstructive
sleep apnea as well as physiological conditions including the exercising
muscle and environmental conditions at high altitude can result in
acute or chronic hypoxia. High altitude associated hypobaric hypoxia
is an extreme environmental stress which can result in pulmonary
hypertension, vascular resistance, high altitude pulmonary edema
(HAPE) and high altitude cerebral edema (HACE) with potentially
fatal consequences [1]. Exposure to high altitude induces pulmonary
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arterial vasoconstriction and increases pulmonary arterial systemic
pressure (PASP). In contrast, a net systemic vasodilatation and a variable
clinical blood pressure have been observed for hypoxia [2].

Compelling evidences suggest that hypobaric hypoxia impairs
systemic endothelial function in individuals prone to high altitude
diseases [3,4]. This limits the bioavailability of endothelium-produced
nitric oxide (NO) which plays an integral part of human physiological
response to hypoxia [4–7]. This was further substantiated by lower
levels of exhaled NO in mountaineers both susceptible to HAPE and
suffering from HAPE [8,9]. In contrast, high altitude native Tibetans ex-
hibit more than double and in some cases higher orders of magnitude
lung, plasma and red blood cell NO levels than other populations re-
gardless of altitude. These higher levels of NO and biologically active
NO metabolites enable higher blood flow, normal oxygen delivery and
offset physiological hypoxia [9]. These studies suggest that hypoxia
differentially regulates hypoxic NO formation and bioavailability.

NO is produced by endothelial NO synthase (eNOS) which converts
L-arginine to NO and L-citrulline in an oxygen dependentmannerwhich
also requires NADPH and cofactors FAD, FMN and BH4. Once produced
in the endothelium, NO freely diffuses into smooth muscle cells to
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Fig. 1. Hypobaric hypoxia induces cardiac arginase expression. The mRNA and protein expression levels of ARG1 were measured in normoxia and hypoxia rat hearts. Both mRNA
expression (A, B) and protein expression (C, D) of ARG1 were increased in hypoxic hearts as compared to normoxic hearts. Total arginase enzymatic activity was estimated in plasma
and heart samples of both normoxia and hypoxia exposed animals (E). Hypobaric exposure has increased the total arginase activity both in plasma and in cardiac tissue. In situ ARG1
expression was estimated by immunohistochemical staining of heart and aortic tissues of normoxic and hypoxic animals (F). The endothelial linings of the aorta and small capillaries
of the heart showed more DAB stained cells indicating higher arginase expression. Data were represented as mean ± SEM (n = 6 rats per group; * p b 0.05, ** p b 0.01, with respect
to normoxia).
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activate soluble guanylate cyclase to produce cyclic guanosine mono-
phosphate (cGMP)which leads to vasodilatation. Interestingly, arginase
competeswith eNOS for the common substrate L-arginine and increased
arginase activity results in decreased NO production and activity
[10,11]. Arginase reportedly inhibits NO production via several poten-
tial mechanisms, including competition with NOS for the substrate
L-arginine, uncoupling of NOS, repression of the translation and stabil-
ity of inducible NOS protein, inhibition of inducible NOS activity via the
generation of urea, and sensitization of NOS to its endogenous inhibitor,
asymmetric dimethyl-L-arginine [11–14]. Recent studies have provided
evidences for increased arginase activity in causing eNOS uncoupling
which results in vascular oxidative stress and inflammatory response
[12,13]. Similarly, higher levels of arginase have been demonstrated in
heart and lung tissues of hypobaric hypoxia-induced hypertensive rats
[15,16]. However, the molecular regulation of hypobaric hypoxia-
induced arginase expression and its subsequent effect on NO bioavail-
ability and oxidative stress remains to be evaluated.
We hypothesized that hypobaric hypoxia exposure activates cardiac
arginase expression which reciprocally regulates NO availability and
signaling. After exposing rats to hypobaric hypoxia, we evaluated
cardiac arginase transcript and protein levels, eNOS expression and
phosphorylation along with cardiac cGMP content. We studied the
transcriptional regulation of arginase by hypoxia using chromatin
immunoprecipitation (ChIP) analysis. Inhibiting arginase activity
by nor-NOHA during hypoxia, we also studied eNOS activity, NO
availability and oxidative stress.

2. Materials and methods

2.1. Chemicals and reagents

All the chemicals of purest available grade were procured from
Sigma-Aldrich (St. Louis, MO, USA). All the antibodies were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, California, USA), except
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Fig. 2. Hypobaric hypoxia limits NO availability and signaling in cardiac tissue. Expression levels of both eNOS and p-eNOSSer1177 were estimated in heart tissue of normoxic and hypoxic
animals (A, B). Hypobaric hypoxia significantly decreased p-eNOSSer1177 expression in hypoxic hearts. Similarly lower levels of cardiac total nitrate+ nitrite (NOx)were also observed for
hypoxia exposed animals (C) suggesting lower NO availability. Estimation of cardiac cGMP levels also revealed significant lower cGMP levels limiting NO-cGMP mediated signaling (D).
Data were represented as mean ± SEM (n = 6 rats per group; * p b 0.05, ** p b 0.01 with respect to normoxia).
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anti-c-Jun antibody-ChIP Grade (Abcam, MA, USA) and phospho-
eNOSSer1177 antibody (Cell Signaling Technologies, Danvers, MA, USA).
Nitrate/nitrite colorimetric assay kit, cGMP EIA kit, and protein carbonyl
assay kit were procured from Cayman Chemicals (MI, USA). OxiSelect™
HNE-His Adduct ELISA Kit andOxiSelect™Nitrotyrosine ELISA kits were
obtained from Cell Biolabs (CA, USA). RNeasy spin columns, universal
PCR master mix and EpiTectChIP qPCR primer for rat ARG1 were
procured from Qiagen (Valencia, USA). The high capacity cDNA reverse
transcription kit and TaqMan probes were obtained from Applied
Biosystems (Appelara, USA).

2.2. Animals and exposure to hypobaric hypoxia

Male Sprague–Dawley rats (200 ± 10 g) were maintained at 25 °C
with a fixed 12 h light–dark cycle and provided free access to standard
commercial diet and reverse osmosis water. The animals were random-
ly divided (n = 8) into (1) normoxia (C), (2) hypoxia (H), (3) nor-
NOHA + normoxia (NoN), and (4) nor-NOHA + hypoxia (NoH)
groups. For arginase inhibition, single intravenous dose of N-(ω)-
hydroxy-nor-arginine (nor-NOHA, 100 mg/kg body weight) was
injected one hour prior to hypoxia exposure [17]. Animals of H and
NoH groups were exposed to 282 mm Hg (25,000 ft) of hypobaric
hypoxia for 3 h while animals of C and NoN groups were maintained
at normoxia (738 mm Hg) [18]. Post-hypoxia blood samples along
with control animals were collected from tail vein into heparinized
tubes for biochemical measurements. Hearts from both control and
hypoxia exposed animalswere rapidly excised under sodiumpentobar-
bital (50 mg/kg body weight, IP) and further used fresh or snap frozen
in liquid nitrogen. All the animal experiment protocols were approved
by the Institutional Animal Ethical Committee and were in accordance
with the guidelines of the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA), Ministry of Environ-
ment and Forest, Government of India.
2.3. Estimation of arginase activity

Arginase activity was estimated in freshly collected plasma and
heart tissue of all the animals by Arginase assay kit (Abnova Corp.,
Taiwan) as per manufacturer's protocol. Briefly, plasma and 5% tissue
homogenates were passed through 10 kDa cut-off membranes and
arginase activity was measured by comparing absorbance at 430 nm
with respective standards. Arginase activity was expressed as units/mg
of protein.
2.4. Estimation of oxidative stress parameters

2.4.1. ROS measurement
ROS levels were measured with dichlorofluorescein diacetate

(DCFHDA) method [19]. Briefly, 10 μl of 10 μM DCFHDA was added to
the 150 μl of cardiac homogenate (10% in 0.15 M KCl) and incubated
for 40min at 37 °C in dark. Fluorescence wasmeasured at 488 nm exci-
tation and 525 nm emission (LS45 luminescence spectrophotometer,
PerkinElmer) and converted to arbitrary fluorescent units permilligram
of protein.
2.4.2. Estimation of lipid peroxides
The myocardial lipid peroxides were estimated using OxiSelect™

HNE-His Adduct ELISA Kit (Cell Biolabs, CA, USA) according to
manufacturer's instructions. In brief, myocardial tissue lysates
(10 μg/ml) as well as HNE-BSA standards were adsorbed onto a 96-
well protein binding plate overnight at 4 °C. The HNE adducts present
in the lysates or standard were probed with anti-HNE antibody, follow-
ed by a horseradish peroxidase (HRP)-conjugated secondary antibody.
The HNE–protein adduct content in an unknown sample was deter-
mined by comparing with a standard curve.
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Fig. 3. Regulation of arginase expression during hypoxia. c-Jun group of proteins are co-
factors which bind to AP-1 site on ARG1 promoter to facilitate its transcription. c-Jun
expression was estimated by Western blotting (A). Densitometry results revealed that
hypobaric hypoxia increases c-Jun expression in the heart (B). Regulation of ARG1
expression was studied using chromatin immunoprecipitation (ChIP) assay. Chromatin
was immunoprecipitated with c-Jun antibody and the eluted DNA was quantified with
EpiTectChIP qPCR primer for rat ARG1 (n = 3 rats per group; *** p b 0.001 with respect
to normoxia).
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2.4.3. Estimation of protein carbonyl content
The protein carbonyl content in myocardial tissues was determined

using the Protein Carbonyl Assay Kit (Cayman Chemicals, MI, USA)
according to the manufacturer's instructions. In brief, protein carbonyls
present in nucleic acid free protein samples were derivatized to DNP
hydrazone, analyzed spectrophotometrically and expressed as nano-
moles per milligram of protein.

2.4.4. Estimation of nitrotyrosine content
The cardiac nitrotyrosine content was estimated using OxiSelect™

Nitrotyrosine ELISA Kit (Cell Biolabs, CA, USA) according to manu-
facturer's instructions. In brief, the 3-nitrotyrosine levels in heart homo-
genates were determined by comparing absorbance at 450 nm with
nitrated BSA standard curve and expressed as picomoles per milligram
of protein.

2.5. RNA isolation and real-time PCR

RNAwas isolated from liquid nitrogen frozen heart tissues using TRI
reagent and further treated with RNase free DNase I. After purification
with RNeasy spin columns, spectrophotometric quantitation was done
by recording OD260/280 ratio. The purity and integrity of isolated RNA
was assessed on 1% agarose gel. cDNA was synthesized from 1 μg total
RNA by using high-capacity cDNA Reverse Transcription kit with ran-
dom hexamer primers. Semi-quantitative PCR was performed in 20 μl
volume containing 10 μl 2× PCR master mix using 100 nM of primers
for ARG1 (5′-GTTCCCAGATGTACCAGGATTCTC-3′ and 5′-CGGT GGTTTA
AGGTAGTCAGTCTC-3′) and ARG2 (5′-CCACCTGAGCTTTGACATAGAT
GC-3′ and 5′-CTAGGAGTAGGAAGGTGGTCATAG-3′). Amplification
conditions were standardized for each primer pairs.
2.6. Protein extraction and Western blotting

Frozen heart tissues were homogenized by Polytron™ homogenizer
in RIPA buffer containing Tris—50 mM pH 7.4, NaCl—150 mM, 0.5%
sodium deoxycholate, NP-40—1%, PMSF 0.05 mM, protease inhibitor
cocktail for mammalian tissue extract and phosphatase inhibitor cock-
tail 2. Protein quantification was done with Bradford assay. 30–50 μg
protein samples were separated by 10–12% SDS-PAGE and transferred
onto nitrocellulose membrane. The nitrocellulose membrane was incu-
bated in 5% BSA overnight at 4 °C to block non-specific binding of pro-
teins. Further, blots were probed with primary antibodies against
ARG1 (1:1000), eNOS (1: 4000), c-Jun (1: 1000) and β-actin (1:2000).
Subsequently, the membrane was washed thrice with PBST (5 min
each) and incubated with their respective secondary antibodies for 1 h
at room temperature on rockingplatform. Luminescent signalswere de-
veloped using chemiluminescence peroxidase substrate and captured
on X-ray films. Quantification of blots was done by ImageJ Software
(National Institute of Health, USA). All the biochemical and protein ex-
pression experiments were repeated by persons blinded with the
protocol.
2.7. Immunohistochemical analysis for arginase expression

In situ ARG1 expressionwasmeasured by performing immunohisto-
chemistry. In brief, the heart and aorta from all the animals were
perfusion-fixed with 4% formaldehyde (in PBS, pH 7.4) and further
fixed overnight in formaldehyde. The fixed tissues were processed,
embedded in paraffin and cut into 5 μM serial sections. Sections were
mounted on glass slides, deparaffinized and rehydrated. Endogenous
peroxidase activity was blocked by pre-treatment with 0.3% H2O2/
methanol solution and sections were incubated with blocking buffer
(BSA 5%). Sections were probed with rabbit polyclonal anti-ARG1
antibody at dilutions of 1:100 at 4 °C. Presence of antigen was visual-
ized by developing the sections with 3,3-diaminobenzidine tetra-
hydrochloride (DAB) and sectionswere further counterstainedwith he-
matoxylin. Immunostained slides were viewed and photomicrographs
were obtained with Olympus BX51 microscope at 200× magnification.
For each image six different fields were analyzed independently.
2.8. Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed to evaluate the transcriptional regulation
of ARG1 gene though c-Jun (AP-1) during hypobaric hypoxia. Briefly,
heart tissues were grind using liquid nitrogen and tissue homogenates
were cross linked with 1% formaldehyde solution. Subsequently, tissue
suspension was lysed and chromatin was fragmented by using Micro-
coccal Nuclease (MNase). Digested chromatin was immunoprecipitated
with 10 μg c-Jun antibody along with anti-RNA polymerase II antibody
as positive control and normal rabbit IgG as negative control, by incu-
bating overnight on rocking platform at 4 °C. Chromatin:antibody com-
plexwas captured onto agarose resin beads followedby incubationwith
elution buffer at 65 °C for 30min. Eluteswere further incubated at 65 °C
for 1.5 h to separate DNA:protein complex along with Proteinase K and
5MNaCl. Obtained DNAwas quantified using EpiTectChIP qPCR primer
for rat ARG1 [NM_017134.1(−)04Kb: GPR1056044(−)04A] alongwith
positive and negative controls in a StepOnePlus PCR system (Applied
Biosystems, USA).

wb-strain:GPR1056044)
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2.9. Estimation of amino acids by HPLC analysis

Plasma of all the animalswas analyzed for L-arginine, L-citrulline and
L-ornithine levels by HPLC system (Waters 600E dual piston pump
system controller, Waters 717 Plus auto sampler and aWaters 474 fluo-
rescence detector) using a method previously described [20]. Briefly, all
the plasma samples were hydrolyzed using hydrochloric acid. Further,
pre-column derivatization of all the samples was done using phenyl-
isothiocyanate (PITC). Derivatized amino acids were washed with
hexane by centrifuging at 15,000 ×g for 10 min and supernatant was
separated on Waters C18 column (250 × 4.6 mm, 0.5 μm particle size)
at room temperature. The separation was done by two phase mobile
system.Mobile phase A consists of 30mMpotassium dihydrogen phos-
phate buffer with 0.4% tetrahydrofuran (pH 7.0). However, mobile
phase B consists of 50% HPLC grade acetonitrile in HPLC grade water.
Throughout the analysisflow rate ofmobile phasewas 1 ml/min. Detec-
tionwas done fluorimetrically at excitation and emissionwavelength of
340 nm and 450 nm respectively. All the standards were prepared in
similar ways as of samples to cover the normal physiological range.
2.10. Statistical analysis

All the values are presented as mean ± SEM of at least three
independent experiments. Student's t-test or two-way analysis of
variance (ANOVA) with Bonferroni post-test was used to evaluate
differences between the groups as appropriate. A p-value less than
0.05 was considered significant. All statistical analysis was calculated
by using GraphPad Prism (V5.01).

3. Results

3.1. Effect of hypobaric hypoxia on ARG1 expression

To measure ARG1 expression in cardiac tissue during hypoxia, we
measured both mRNA and protein levels of ARG1 (Fig. 1). The expres-
sion analysis revealed that hypobaric hypoxia upregulated ARG1
mRNA expression by 2.7 fold (Fig. 1A,B, p b 0.01) and protein expres-
sion by 2.1 fold (Fig. 1C and D, p b 0.01) as compared to normobaric
hearts. Furthermore,we observed increased arginase activity in hypoxic
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heart (1.9 fold, p b 0.01) and plasma (Fig. 1E, 1.6 fold, p b 0.05). Howev-
er, we could not detect bothARG2mRNAandprotein expression in hyp-
oxia exposed cardiac tissue. The in situ ARG1 expression studies also
revealed increased DAB stained cells in the inner linings of small capil-
laries in the heart and aorta of hypoxia exposed animals (Fig. 1F) sug-
gesting hypoxia-induced increased arginase expression.
3.2. Effect of hypoxia on NO availability and signaling

To assess cardiac NO availability, wemeasured eNOS and phosphor-
ylated eNOS (p-eNOSSer1177) protein levels in both normoxic and hyp-
oxic heart homogenates. Densitometry analysis revealed significant
decrease (2.6 fold, p b 0.01) in p-eNOSSer1177 levels in hypoxia exposed
hearts (Fig. 2A,B). We also estimated total content of bioactive NO
metabolites nitrate and nitrites (NOx) as well as cGMP levels in
cardiac homogenates. Our results demonstrate a 20% reduction in NOx
levels (p b 0.05) along with 36% reduction in cGMP levels (p b 0.05)
in hypoxia exposed hearts further suggesting limited NO availability
and downstream signaling during hypoxia (Fig. 2C and D).
3.3. Regulation of ARG1 expression by hypobaric hypoxia

Transcription factor AP-1 regulates arginase activity by binding
to its consensus site present at−3296 to−3111 bp on the promoter
region of ARG1 gene [21]. We monitored c-Jun (AP1) expression in
heart tissue by Western blot analysis (Fig. 3A,B). Our results suggest
that hypoxia exposure significantly upregulates c-Jun expression in
cardiac tissue. We further immunoprecipitated the DNA fragments
with anti-c-Jun antibody and performed PCR with EpiTectChIP
qPCR primers (assay position −3276) for ARG1. Quantitative esti-
mation revealed 2.5 fold increased expression (p b 0.001) in hypoxia
exposed cardiac tissue as compared to normoxia (Fig. 3C) suggesting
c-Jun/AP1-mediated transcription regulation of arginase during
hypoxia.
3.4. Effect of arginase inhibition on cardiac NO bioavailability

To establish the role of arginase in regulating NO availability during
hypoxia, we inhibited arginase activity by injecting nor-NOHA prior to
hypoxia (Fig. 4). This resulted in inhibition of both arginase activity
and expression during hypoxia with concomitant increase in eNOS
expression (1.5 fold, p b 0.05) as compared to hypoxia (Fig. 4, A–C).
Estimation of NO metabolites also revealed increased availability of
both nitrite and nitrate suggesting better NO availability (Fig. 4D). To
further establish the role of arginase in regulating hypoxic NO availabil-
ity, wemeasured amino acid levels by HPLC (Fig. 4E). Hypoxia exposure
significantly increased L-ornithine levels with concomitant decrease in
L-citrulline levels suggesting higher arginase activity. In contrast, we
observed significant increase in L-citrulline levels (89.52 ± 7.3 μM)
and decreased L-ornithine levels (62.84± 4.8 μM) in nor-NOHA treated
groups as compared to hypoxia exposure [(65.37 ± 4.9 μM) and
(74.56 ± 3.88 μM) respectively] suggesting restoration of NO path-
way. Hypoxia exposure also significantly decreased L-arginine levels
(94.6 ± 6.25 μM) as compared to normoxia (132.1 ± 5.2 μM) which
was subsequently increased in nor-NOHA treated groups during
hypoxia (112.3 ± 5.6 μM). These results further substantiate the
role of hypoxia-induced arginase in regulating NO availability in
the heart.

3.5. Effect of arginase inhibition on cardiac oxidative stress

We studied the cardiac oxidative stress in nor-NOHA treated cardiac
tissue during hypoxia by measuring ROS, MDA, protein carbonyl level
and nitrotyrosine content (Fig. 5). As shown in the figure, arginase inhi-
bition significantly reduced hypoxia-induced both ROS (p b 0.05) and
tissue MDA levels (p b 0.05). We also observed lower levels of protein
carbonyls (p b 0.01) in arginase inhibited hypoxic hearts (Fig. 5C).
Similarly, we also observed significant lower levels of peroxynitrite
(p b 0.05) in nor-NOHA injected hearts as compared to hypoxic
hearts. These cumulative results suggest that vascular oxidative stress
during hypoxia is partly mediated by arginase.
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4. Discussion

Endothelium-derivedNO iswell established as a criticalmediator for
vascular functions and homeostasis. Studies in high altitude natives as
well as systematic human acclimatization studies to high altitude have
reported the importance of NO and bioactive nitrogen oxides in hypoxic
adaptation. However, regulation of endothelial NO production and
availability during hypoxia is complex and depends onmultiple factors.
The purpose of the present study was to elucidate the molecular mech-
anism of eNOS regulation by arginase and downstream signaling in the
heart during hypoxia. Specifically, we sought to determine the expres-
sion of arginase during hypoxia and its transcriptional regulation for
hypoxic NO availability.

Endothelial production of NO is an oxygen dependent process
and hypoxic conditions limit eNOS activity [22]. This compromised
eNOS activity redirects the substrate L-arginine towards arginase,
the competitive inhibitor of eNOS. This increased arginase activity
further reduces NO availability by increased ROS generation, deplet-
ing BH4 and L-arginine as well as eNOS uncoupling [23]. Several
studies have reported overexpression of ARG1 in hypoxic heart and
aorta promotes vascular stress leading to pulmonary hypertension,
vascular stiffening and endothelial dysfunction [24–26]. In the pres-
ent study, we observed higher arginase activity in the heart and
aorta of hypoxia exposed animals. We also observed concomitant
decrease in eNOS phosphorylation, NO availability and cGMP
levels in hypoxic heart. Since NO availability largely depends on
L-arginine concentration and enhanced expression of arginase re-
duces global arginine concentration [27], we estimated amino
acid levels by HPLC. Hypoxia exposure increased L-ornithine concentra-
tions and decreased L-citrulline concentrations suggesting substrate re-
direction towards arginase instead of eNOS further supporting
increased arginase expression during hypoxia. Inhibition of arginase
by nor-NOHA increased eNOS activity and NO availability during
hypoxia as well as redirected available substrates towards eNOS–NO
pathway. Arginase inhibition is a promising therapeutic target
in cardiovascular diseases [13,28,29]. Arginase inhibition promotes
cardioprotection during ischemia–reperfusion (I/R) injury by an
eNOS–NO pathway and shifting arginase utilization from arginase to
eNOS [28,30]. Since arginase can inhibit L-arginine transport in endo-
thelial cells further limiting NO availability [22] inhibition of arginase
may facilitate substrate availability for eNOS promoting NO bioavail-
ability. In a recent study, Yang et al. have demonstrated that arginase
reciprocally regulates eNOS-derived NO formation in red blood cells
and arginase blockade significantly improved post-ischemic functional
recovery in an ex vivo model of myocardial ischemia–reperfusion inju-
ry [11]. Our present results alongwith the previous studies suggest that
hypoxia exposure induces arginase expression which further limits NO
synthesis and availability by directing the substrate towards arginase.

Along with hypoxia, several cardiovascular risk factors including
hyperinsulinemia, hyperglycemia, aging, angiotensin-II, thrombin, oxi-
dized LDL, oxidants like hydrogen peroxide and peroxynitrite upregu-
late arginase expression through p38MAPK, mTORC1-S6K, Rho/ROCK
and JAK/STAT6 signaling pathways [13]. However, there is limited infor-
mation available regarding the upstream regulatory mechanisms in-
volved in gene expression and activity of arginase in vascular cells
[11,31]. Studying thrombin induced arginase expression in rat aortic en-
dothelial cells (RAECs), Zhu et al. have demonstrated that the activating
protein-1 (AP-1) consensus site located at −3157 bp in the arginase I
promoter was a thrombin responsive element. Upon thrombin stimula-
tion, both c-Jun and activating transcription factor-2 (ATF-2) bind to the
AP-1 site and initiate transactivation [21]. Using immunoblot analysis,
we observed increased expression of c-Jun in hypoxic hearts as com-
pared to normoxic hearts. Further, using quantitative PCR analysis we
observed 1.7 fold higher AP-1 transactivation consensus site fragments
in c-Jun immunoprecipitated chromatin fragments of hypoxic heart.
Our current results reveal that after hypoxia exposure c-Jun is recruited
to theAP-1 consensus sequence in the arginase promoter and arginase 1
transcription is regulated.

Oxidative stress is a hallmark of hypoxia and contributes to endothe-
lial dysfunction. Paucity ofmolecular oxygen as terminal electron accep-
tor at complex IV of electron transport chain results in formation of
superoxide anion (O2

−). Enzyme systems including NADPH oxidase,
cytochrome P450, xanthine oxidase and uncoupled eNOS also produce
superoxide anion which can combine with NO to form peroxynitrite
(ONOO−) and further reduce NO bioavailability [4]. Peroxynitrite is
known to oxidize and reduce tetrahydrobiopterin (BH4), a co-factor
necessary for production of eNOS-mediated NO. Under these conditions
eNOS uncoupling may occur [32] which results in eNOS-mediated su-
peroxide formation and further increases peroxynitrite levels. Arginase
upregulation contributes to superoxide formation and endothelial
oxidative stress in preeclamptic women [33] whereas arginase inhibi-
tion reduces superoxide levels [16,34]. In the present study, hypoxia
exposure resulted in generation of higher levels of free radicals and
oxidative stress. However, arginase inhibition resulted in lower levels
of cardiac peroxynitrite levels suggesting lower levels of superoxide for-
mation. Concomitantly, we also observed higher levels of bioactive NO
products suggesting limited NO quenching by peroxynitrite. These
results demonstrate that pharmacological inhibition of arginase can
promote better NO availability in the heart during hypoxia.

There are limitations in the present study which need to be consid-
ered. Since both arginase I and II are expressed in vascular endothelium
and competewith eNOS for L-arginine, we could not detect arginase II in
rat heart. Since arginase I is the predominant isoforms in the rat endo-
thelium and arginase II is the major isoforms present in human aortic
endothelial cells and human umbilical vein endothelial cells (HUVECs)
[16,31,34–36], differential transcriptional regulation may limit the
application of present findings in humans. Secondly, arginase activation
though other transcriptional pathways should be investigated. Since
transcription factors like STAT-6, C/EPBβ, PU1, PPARγ and δ have been
reported to regulate arginase expression [13], their role in promoting
arginase expression during hypoxia is warranted.

5. Conclusion

In conclusion, the present study demonstrates that hypobaric hyp-
oxia increases cardiac arginase expression by transcriptional regulation
mediated through c-Jun and AP-1 interaction on ARG1 promoter. The
increased expression of arginase redirects substrate availability towards
arginase and limits eNOS function and NO availability. This also leads to
cardiac oxidative stress and peroxynitrite formation. Inhibition of
arginase restores the L-arginine–eNOS–NO pathway and limits cardiac
oxidative stress during hypoxia. These results suggest that pharma-
cological inhibition of arginase is a promising therapeutic strategy for
hypoxia-induced cardiovascular disorders.
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