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BACKGROUND AND PURPOSE
Oxidative stress plays a key role in the vascular and metabolic abnormalities associated with obesity. Herein, we assessed whether
obesity can increase coronary vasoconstriction induced by hydrogen peroxide (H2O2) and the signalling pathways involving
COX-2 and superoxide (O2

.-) generation.

EXPERIMENTAL APPROACH
Contractile responses to H2O2 and O2

.- generation were measured in coronary arteries from genetically obese Zucker rats (OZR)
and compared to lean Zucker rats (LZR).

KEY RESULTS
Both basal and H2O2-stimulated O2

.- production were enhanced in coronary arteries from OZR, but H2O2-induced
vasoconstriction was unchanged. The selective COX-2 inhibitor NS398 significantly reduced H2O2-induced contractions in
endothelium-denuded arteries from LZR and OZR, but only in endothelium-intact arteries from LZR. PGI2 (IP) receptor antago-
nism modestly reduced the vasoconstrictor action of H2O2 while antagonism of the PGE2 receptor 4 (EP4) enhanced H2O2 con-
tractions in arteries from OZR but not LZR. Basal release of COX-2-derived PGE2 was higher in coronary arteries from OZR where
the selective agonist of EP4 receptors TCS 2519 evoked potent relaxations. COX-2 was up-regulated after acute exposure to H2O2

in coronary endothelium and vascular smooth muscle (VSM) and inhibition of COX-2 markedly reduced H2O2-elicited O2
.- gen-

eration in coronary arteries and myocardium. Expression of Nox subunits in VSM and NADPH-stimulated O2
.- generation was

enhanced and contributed to H2O2 vasoconstriction in arteries from obese rats.

CONCLUSION AND IMPLICATIONS
COX-2 contributes to cardiac oxidative stress and to the endothelium-independent O2

.--mediated coronary vasoconstriction in-
duced by H2O2 in obesity, which is offset by the release of COX-2-derived endothelial PGE2 acting on EP4 vasodilator receptors.

Abbreviations
[Ca2+]i, intracellular Ca

2+; EIA, enzyme immunoassay; eNOS, endothelial NOS; Fura2-AM, fura-2 acetoxymethyl ester;
K+30, 30 mM K+ solution; KPSS, high K+ solution; LZR, lean Zucker rats; Nox, NADPH oxidase cytosolic subunit; O2

.-, su-
peroxide anion; OZR, obese Zucker rats; VSM, vascular smooth muscle
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Introduction
Obesity is a major cardiovascular risk factor commonly as-
sociated with other metabolic and vascular abnormalities
including dyslipidaemia, insulin resistance and hyperten-
sion, jointly referred to as metabolic syndrome (Grundy,
2012). Aetiological factors of cardiovascular disease in
patients with metabolic syndrome include, among others,
coronary atherosclerotic disease, arterial hypertension, left
ventricular hypertrophy, endothelial dysfunction and coro-
nary microvascular disease (Grundy, 2012; Bagi et al.,
2014; Prieto et al., 2014). Obesity and metabolic syndrome
greatly enhance the risk of heart disease and heart failure
(Alexander et al., 2003). One common pathogenic factor
in the development of cardiovascular disease in obesity,
diabetes and other insulin resistant states is the increased
oxidative stress in the heart (Boudina et al., 2009; Serpillon
et al., 2009).

The high energy requirements of the heart largely rely on
the mitochondrial aerobic metabolism that maintains a high
ATP/ADP ratio and generates as byproducts ROS including
O2

.- and the dismutated product of O2
.-, H2O2 (Boudina

et al., 2009). Despite the excessive formation or insufficient
removal of ROS leading to oxidative tissue damage under
pathological conditions, ROS are critically involved in physi-
ological processes in the heart including regulation of
excitation-contraction coupling, differentiation and prolifer-
ation of cardiac myocytes and regulation of coronary blood
flow (Shimokawa, 2010; Prosser et al., 2011; Burgoyne et al.,
2012). H2O2, which plays a role along with NO and adenosine
in the autoregulation of coronary blood flow (Yada et al.,
2003), is released from the endothelium by shear stress in hu-
man coronary arterioles (Miura et al., 2003) and is involved in
the pacing-induced metabolic coronary vasodilatation cou-
pling coronary blood flow to myocardial O2 consumption
(Saitoh et al., 2006; Yada et al., 2007). H2O2 is an endogenous
mediator of the endothelium-derived hyperpolarization of
coronary microvessels (Matoba et al., 2003; Shimokawa,
2010) and activates Ca2+-activated K+ channels (Barlow and
White, 1998) and the Na+/K+ pump in coronary vascular
smooth muscle (VSM) (Wong et al., 2014). We have recently
demonstrated that H2O2 is also a coronary vasoconstrictor
that activates COX and endothelial TXA2-dependent
contractions tightly coupled to Ca2+ entry through L-type

channels (Santiago et al., 2013). H2O2 can also regulate
store-operated Ca2+ entry not coupled to contraction in coro-
nary VSM (Santiago et al., 2015).

Systemic, vascular and adipose tissue oxidative stress is
increased in obese humans and in experimental models of
obesity, and underlies the abnormal adipokine secretion and
the development of endothelial dysfunction and insulin re-
sistance (Furukawa et al., 2004; Katakam et al., 2005; Erdös
et al., 2006; Marchesi et al., 2009; Sánchez et al., 2012; Bagi
et al., 2014; Prieto et al., 2014). Enhanced H2O2 production
has been found in right atrial appendages of type 2 diabetic
patients (Anderson et al., 2009) and in the heart of db/dbmice
(Boudina et al., 2007), whereas increased NADPH oxidase-
and mitochondria derived-O2

.- generation in the heart was as-
sociated with aortic endothelial dysfunction and preceded
cardiac dysfunction in genetically obese Zucker rats (OZR)
(Serpillon et al., 2009). The pathophysiological implications
of the higher levels of oxidative stress in redox signalling of
coronary arteries under conditions of insulin resistance such
as obesity and diabetes are unknown. Augmented vasocon-
striction induced by H2O2 due to higher TXA2 production
was found to be associated with oxidative stress and increased
vascular production of H2O2 in systemic arteries in hyperten-
sion (Gao and Lee, 2001; García-Redondo et al., 2009). There-
fore, the aim of the present study was to determine whether
obesity might exacerbate H2O2-induced coronary vasocon-
striction and impair the signalling pathways of the
peroxide-elicited contractions involving COX signalling and
O2

.- generation (Santiago et al., 2013) in coronary arteries
from the OZR. A role for COX-2, recently involved in the in-
creased vascular oxidative stress and endothelial dysfunction
in hypertension (Tian et al., 2012; Virdis et al., 2013) and obe-
sity (Muñoz et al., 2015), will specifically be assessed in coro-
nary arteries from the OZR, a well-established genetic model
of obesity/insulin resistance caused by a dysfunctional gene
of the leptin receptor.

Methods

Animal model and tissue preparation
All animal care and experimental protocols conformed to the
European Union Guidelines for the Care and the Use of
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Laboratory Animals (European Union Directive 2010/63/EU)
and were approved by the Institutional Animal Care and Use
Committee at Complutense University (Madrid, Spain), and
are reported in compliance with the ARRIVE guidelines
(Kilkenny et al., 2010; McGrath and Lilley, 2015). Male OZR
(fa/fa) and their control counterparts, lean Zucker rats (LZR)
(fa/�), were purchased from Charles River Laboratories
(Barcelona, Spain) at 8–10 weeks of age. Animals were housed
at the Pharmacy School animal care facility and maintained
on standard chow and water ad libitum, until they were used
for the study, at 16–18 weeks of age.

Rats were anaesthetised with sodium pentobarbital
(40 mg·kg�1, i.p.) and killed by cervical dislocation and ex-
sanguination. The heart and the mesentery were removed
and placed in a cold (4°C) physiological saline solution
(PSS) of the following composition (mM): 119 NaCl, 4.7
KCl, 1.18 KH2PO4, 1.17 MgSO4, 1.5 CaCl2, 24.9 NaHCO3,
0.027 EDTA and 11 glucose; pH = 7.4. First- or second-order
branches of the left descending coronary artery and third-
order branches of mesenteric arteries were carefully dissected
by removing the myocardium and adipose and connective
tissue surrounding the arteries, respectively, and mounted
in parallel in double microvascular myographs (Danish
Myotechnology, Denmark) for isometric tension recording.
The arteries were equilibrated for 30 min in PSS at 37°C
continuously gassed with a mixture of 5% CO2/95% O2 to
maintain pH, and then the relationship between passive wall
tension and internal circumference was determined for each
artery. From this, the internal circumference L100 correspond-
ing to a transmural pressure of 100 mmHg for a relaxed vessel
in situ was calculated. The arteries were set to an internal
circumference L1 equal to 0.9 times L100 (L1 = 0.9 × L100),
because force development is close to maximal at this inter-
nal circumference (Contreras et al., 2011).

Experimental procedure for the functional
experiments
The vessel viability was tested at the beginning of each exper-
iment by measuring the vasoconstrictor responses to a high
K+ solution (KPSS), equivalent to PSS except that NaCl was
exchanged for KCl on an equimolar basis, giving a final con-
centration of 123.7 mM K+. The vasoactive responses to
H2O2 in coronary and mesenteric arteries were assessed by
adding cumulative concentrations of this agent (1–300 μM)
on arteries precontracted with a 30 mM K+ solution (K+30)
in order to obtained maximal contractile responses to H2O2

(Santiago et al., 2013).
The contractile responses to H2O2 were assessed in the ab-

sence and the presence of the non-selective inhibitor of COX,
indomethacin (1 μM), the thromboxane receptor (TP) antag-
onist (ICI 192, 3 μM), the selective inhibitor of COX-2
(NS398, 1 μM), the prostacyclin (PGI2) receptor (IP) antago-
nist (CAY 10441, 0.1 μM), the free radical scavenger, SODmi-
metic tempol (30 μM) and the PGE2 receptor antagonist,
L1613982 (0.1 μM). The relaxant effect of the selective ago-
nist of the EP4 receptor TCS 2519 was assessed in
endothelium-intact coronary arteries precontracted with
5-HT (1–2 μM). The effects of the selective inhibitor of
NADPH oxidase (Nox) 2, Nox2ds-tat (1 μM) and the dual in-
hibitor of Nox1-Nox4 GKT137831 (0.1 μM)were also assessed

on the vasoconstriction elicited by H2O2 in endothelium-
denuded coronary arteries from LZR and OZR. The endothe-
lial integrity was tested in each artery by examining the relax-
ant effect of 10 μM ACh. The role of endothelial cells in the
vasoactive response to H2O2 was tested in arteries in which
the endotheliumwas mechanically removed by guiding a hu-
man hair inside the vessel lumen and gently moving it for-
ward and back several times. The absence of a functional
endothelium was confirmed by the lack of relaxation to ACh.

Simultaneous measurements of [Ca2+]i and
tension
Simultaneous measurements of intracellular Ca2+ ([Ca2+]i)
and tension were performed in intact arterial segments by
fura-2 acetoxymethyl ester (Fura2-AM) fluorescence as previ-
ously described (Villalba et al., 2008; Santiago et al., 2013).
Coronary arteries were incubated in the dark at 37°C in PSS
containing the indicator 4 μM Fura-2-AM and 0.05%
Cremophor EL for a 2 h period. They were washed three times
in PSS to remove the remaining Fura-2-AM, and the solution
was changed to PSS with fresh Fura-2-AM after 1 h. After
Fura-2-AM loading, arteries were washed for 45 min in PSS.
Experiments were performed in PSS (37°C) continuously
gassed with a mixture of 5% CO2–95% O2 to maintain pH at
7.4. The myograph was mounted on an inverted microscope
(Zeiss Axiovert S100 TV) equipped for dual excitation wave-
length microfluorimetry (Deltascan, Photon Technology
International).

The coronary artery was alternately illuminated at two
different wavelengths, 340 and 380 nm light, using a
monochromator-based system. The intensity of emitted fluo-
rescence was collected through a 510 nm filter using a
photomultiplier and monitored together with the tension.
Coronary arteries were stimulated with KPSS at the beginning
of each experiment in order to test vessel viability. At the end
of each experiment, Ca2+-insensitive signals were determined
after quenching with Mn2+, and the values obtained were
subtracted from those recorded during the experiment. The
ratio of fluorescence at 340 and 380 nm (F340/F380)
corrected for autofluorescence was taken as a measure of
[Ca2+]i.

In the experiments aimed to assess whether the enzyme
COX-2 is involved in the [Ca2+]i responses induced by H2O2

in coronary arteries, vasoconstriction and changes in [Ca2+]i
elicited by a single concentration of H2O2 (100 μM) were
assessed in endothelium-denuded arteries in the presence
and absence of the selective COX-2 inhibitor, NS398 (1 μM).

Measurement of superoxide production by
chemiluminescence
The level of production of O2

.- in coronary arteries and myo-
cardial tissue from control LZR and OZR under basal condi-
tions and upon stimulation with H2O2 (100 μM) was
detected by lucigenin-enhanced chemiluminescence as pre-
viously described in intact small arteries (Prieto et al., 2010).
Briefly, segments of coronary arteries and samples of myocar-
dial tissue were dissected and equilibrated in PSS for 30min at
room temperature and then incubated in the absence
(controls) or presence of tempol (30 μM), NS398 (1 μM),
Nox2ds-tat (1 μM) or GKT137831 (0.1 μM) at 37°C. Samples
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were then transferred to microtiter plate wells containing
5 μM lucigenin in air-equilibrated Krebs solution buffered
with 10 mM HEPES-NaOH, in the absence and presence of
tempol, NS398, Nox2ds-tat or GKT137831, and H2O2

(100 μM) was then applied and the chemiluminescent signal
was measured after 15 min. Chemiluminescence was mea-
sured in a luminometer (BMG Fluostar Optima). Baseline
values were subtracted from the counting values under the
different experimental conditions, and O2

.- production was
normalized to tissue weight.

Measurement of NADPH oxidase activity
NADPH oxidase (Nox) activity was determined by lucigenin-
enhanced chemiluminescence in intact coronary arteries
and samples of myocardium from LZR and OZR after addition
of 0.1 mM NADPH, in the absence and presence of the
selective Nox2 inhibitor Nox2ds-tat (1 μM) and of the dual
Nox1-Nox4 inhibitor GKT137831 (0.1 μM). Samples were
previously incubated with inhibitors for 30 min in PSS at
37°C before NADPH addition.

Immunohistochemistry
Tissue samples from the heart containing the left descending
coronary artery from LZR and OZR were immersion-fixed in
4% paraformaldehyde in 0.1 M sodium phosphate buffer
(PB), cryoprotected in 30% sucrose in PB, and snap-frozen
in liquid nitrogen and stored at �80°C. Transversal sections
5 μm thick were obtained by means of a cryostat and preincu-
bated in 10% normal goat serum in PB containing 0.3%
Triton X-100 for 2–3 h. Then, sections were incubated with
a rabbit polyclonal anti-COX-2 (Santa Cruz Biotechnology,
CA, USA) diluted at 1:50 or a mouse monoclonal anti-eNOS
(Chemicon International Inc) diluted at 1:500 for 48 h,
washed, and allowed to react with a goat secondary serum
(anti-rabbit for the COX-2 and anti-mouse for the eNOS) di-
luted 1:200 for 2 h at room temperature. Some sections were
incubated with a rabbit polyclonal anti-COX-1 (Santa Cruz
Biotechnology, CA, USA) diluted at 1:50.

In order to determine the effects of acute exposure to
H2O2 on COX-2 expression in the coronary vascular wall, cor-
onary arteries were incubated with 100 μM H2O2 for 45 min
in oxygenated PSS at 37°C. Then the reaction was stopped
and samples were snap-frozen and processed for COX-2 and
eNOS staining, as described above.

Nox enzymes expression in the vascular wall of coronary
arteries was determined by immunofluorescence by
incubating coronary sections from LZR and OZR with rabbit
monoclonal antibodies anti-Nox1 (Santa Cruz Biotechnology
Inc, CA, USA, 1:50 dilution), anti-Nox2 (anti gp91-phox,
Santa Cruz Biotechnology, CA, USA, 1:50 dilution) or anti-
Nox4 (Santa Cruz Biotechnology, CA, USA, 1:50 dilution),
along with the anti-NOS antibody in order to colocalize Nox
enzymes with eNOS in the coronary endothelium. Nox
expression was also determined in sections from coronary ar-
teries acutely exposed to H2O2.

Secondary antibodies used were Alexa Fluor 594 (red) and
Alexa Fluor 488 (green). The slides were covered with a spe-
cific medium containing DAPI, which stains all cell nuclei.
The observations were made with a fluorescence microscope
(Olympus IX51). No immunoreactivity could be detected in
sections incubated in the absence of the primary antisera

(Fig. S1). Preadsorption with either COX-2 or Nox proteins
showed no cross-reactivity to the antibodies.

Measurement of prostaglandin E2 by EIA
Basal and H2O2-stimulated PGE2 levels were measured in
intact coronary arteries by EIA (enzyme immune assay)
(Arbor Assays). The left descending coronary artery and its
branches were dissected out from the heart of LZR and OZR
and incubated in 300 μL PSS at 37°C for 30 min, and the solu-
tion was collected to measure basal PGE2 levels. Arteries were
thereafter stimulated with H2O2 (100 μM) for 30 min in fresh
PSS in the absence and presence of the COX-2 inhibitor
NS398 (1 μM), and the supernatant was collected and kept
at �80°C. Arterial tissue was removed, and the protein con-
centration was determined to standardize levels of PGE2.

Western blotting
The entire left descending coronary artery and its branches
were dissected out from the heart of LZR (n = 12) and OZR
(n = 11) and incubated in 1 mL PSS at 37°C for 30 min. LZR
and OZR arteries were then divided in 2 groups: stimulated
with H2O2 (100 μM) in PSS at 37°C or basal just left in PSS at
37°C for 1 h. Thereafter, arterial tissue was snap frozen in liq-
uid nitrogen and kept at �80°C in order to determine basal
and H2O2-stimulated COX-2 protein levels in intact coronary
arteries by western blotting. Arterial tissue was homogenized
in RIPA Buffer (ThermoFisher Scientific, IL, USA) with prote-
ase and phosphatase inhibitors (Roche) and centrifuged for
20 min at 12 000 g at 4°C. Protein content was determined
by Bio-Rad DC Protein Assay Kit (Bio Rad, Hercules, CA,
USA) and equal amounts of proteins (20 μg) were loaded
and subjected to electrophoresis on a SDS-PAGE (7.5%)
followed by transference to a PVDF membrane (Bio-Rad).
Protein expression was quantified using primary antibodies
anti-COX-2 (Cayman, 1:150 dilution) or anti-β-actin as a
loading control (Sigma Aldrich, Spain, 1:10 000 dilution)
and horseradish peroxidase conjugated secondary goat-anti
mouse and anti-rabbit antibodies (Santa Cruz Biotech, CA,
USA, 1:2000 and 1:10 000 dilution). Proteins were detected
using ECL Plus Western blotting reagents (Amersham, GE
Healthcare, CT, USA) and analysed using Quantity One. Rela-
tive intensity for each protein was determined by comparison
with the intensity of β-actin staining.

Drugs
The sources of the compounds used were as follows: ACh,
H2O2, 5-HT, indomethacin, lucigenin and tempol were ob-
tained from Sigma Aldrich (Spain); ICI 192, NS398,
L1613982 and TCS 2519 were obtained from Tocris (Great
Britain); Fura2-AM, ionomycin, Alexa Fluor 594 goat-
antirabbit, Alexa Fluor 488 goat-antimouse and DAPI were
obtained from Invitrogen (Great Britain); CAY-10441 and
GKT137831 were obtained from Cayman chemical (USA);
Nox2ds-tat was obtained from bioNova Cientifica, s.l.
(Spain); rabbit policlonal anti-COX-2, anti-Nox1, anti-Nox2
and anti-Nox4 were obtained from Santa Cruz Biotechnology
(USA); mouse monoclonal anti-eNOS was obtained from
Chemicon International Inc.
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Data presentation and statistics analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2015). Mechanical responses of the
arteries were measured as force and expressed as active wall
tension (ΔT), which is the increase in force (ΔF), divided by
twice the segment length. The results are expressed as either
Nm�1 of tension or as a percentage of the response to KPSS
in each artery for the functional experiments, and in counts
min-1 mg-1 of tissue for the measurement of O2

.- production,
and as units of ratio (F340/F380) or as a percentage of the re-
sponse to KPSS for the simultaneous measurements of [Ca2+]i
and tension. All the results are expressed as means ± SEM, n
represents the number of arteries (1–2 per animal in the phar-
macological and chemiluminescence experiments, and 1 per
animal in the VSM [Ca2+]i measurements, in Western blot
analysis and in the PGE2 measurements). Statistical differ-
ences between means were analysed by Student’s paired or
unpaired t-tests for comparison between two groups and by
using one-way ANOVA followed by Bonferroni’s post hoc test
for comparisons involving more than two groups. Probability
levels lower than 5% were considered significant. All
calculations were made using a standard software package
(Prism 5.0, GraphPad Software).

Results

General parameters
At 17–18 weeks of age, OZR were significantly heavier than
LZR (494 ± 10 g vs 388 ± 7 g, P < 0.001 n = 40 and 39 re-
spectively). We have reported that animals from OZR group
exhibit mild hyperglycaemia, hyperinsulinaemia and
dyslipidaemia with elevated total cholesterol and triglycer-
ides levels (Villalba et al., 2009). The normalized internal
lumen diameters, l1, of coronary arteries in the OZR group
(310 ± 10 μm, n = 49 arteries, 1–2 per animal) were not sig-
nificantly different from those in the LZR group
(290 ± 10 μm, n = 48 arteries, 1–2 per animal), thus
confirming that the structure is preserved in arteries from
OZR compared to LZR (Villalba et al., 2009). Contractions
elicited by depolarization with KPSS were not significantly
different in coronary arteries of LZR and OZR
(0.74 ± 0.10 Nm�1, n = 12 animals, in LZR and
0.85 ± 0.12 Nm�1, n = 13 animals, in OZR).

ROS levels in arterial and heart tissue and
effects of H2O2 on vasoconstriction and [Ca2+]i
responses in coronary arteries from LZR and
OZR
Basal O2

.- production was enhanced in coronary arteries and
in the myocardium of OZR compared with their respective
controls. Stimulation with H2O2 (10 and 100 μM) increased
O2

.- generation in both LZR and OZR resulting in total higher
levels of oxidative stress in coronary arteries from obese rats.
After incubation with tempol (30 μM), O2

.- production was
blunted in both coronary arteries and myocardium, and
reduced to similar values in obese and lean animals
(Figure 1A, B).

Increased ROS levels in coronary and myocardial tissue
did not translate into differences in coronary vasoconstric-
tion to H2O2 in obese rats. Thus, stimulation of
intramyocardial coronary arteries precontracted with K+30
with increasing concentrations of H2O2 (1 μM–300 μM)
elicited contractile responses that were not different in OZR
compared with LZR (Emax 1.08 ± 0.15 Nm�1, n = 12 animals,
and 1.26 ± 0.15 Nm�1, n = 13 animals, in LZR and OZR,
respectively) (Figure 1C, F). No significant differences were
observed either in the modest contraction induced by H2O2

in K+30-depolarized mesenteric arteries from OZR and LZR
(Figure 1D). However, stimulation of endothelium-intact cor-
onary arteries precontracted with K+30 with a single dose of
H2O2 (100 μM) induced a significantly higher increase in
[Ca2+]i in OZR than in LZR (Figure 1E).

Effect of non-selective inhibition of COX and a
TP receptor antagonist on vasoconstrictor
responses to H2O2
The involvement of prostanoids in the contractile response
to H2O2 in obesity was assessed in coronary arteries after
treatment with the nonselective COX inhibitor indometha-
cin and with the selective TP receptor antagonist ICI 192.
Inhibition of COX with indomethacin (1 μM) reduced to a
similar extent the contractile effects of H2O2 in coronary ar-
teries from both OZR and LZR (Figure 2A, B). Likewise, ICI
192 (3 μM) produced a marked inhibition of the coronary va-
soconstriction induced by H2O2 in both OZR and LZR
(Figure 2C, D). These results suggest that the H2O2-induced
contractile effect is mediated by activation of COX and the re-
lease of contractile prostanoids acting on the TP receptor in
coronary arteries from both lean and obese rats.

Involvement of COX-2 in the H2O2-induced
vasoconstriction of coronary arteries
Because COX-2 is up-regulated under inflammatory condi-
tions in the vascular wall, the involvement of this inducible
isoenzyme in the vascular actions of H2O2 was assessed.
Treatment with the selective antagonist of COX-2 NS398
(1 μM) significantly reduced the H2O2-induced vasoconstric-
tion in endothelium-intact coronary arteries from LZR
(Figure 3A), whereas it did not alter the contractile effect of
H2O2 in coronary arteries from OZR (Figure 3B). However, re-
moval of the endothelium increased vasoconstriction (Emax

before and after endothelium removal being 84 ± 9, n = 13,
and 88 ± 7 of KPSS, n = 14, in LZR, and 84 ± 8, n = 13, and
107 ± 7 of KPSS, n = 13, P < 0.05, n = 13, in OZR respectively)
(Figure 3C, D) and unmasked a pronounced inhibitory effect
of the COX-2 antagonist on the contractile effect of H2O2 in
coronary arteries from OZR of similar magnitude to the one
in arteries from lean animals (Figure 3E, F). These results
suggest that in obese rats, H2O2 stimulates the production
of COX-2-derived contractile mediators in VSM of coronary
arteries counterbalanced by the release of COX-2-derived
relaxing prostanoids from the endothelium.

Effect of COX-2 inhibition on VSM [Ca2+]i
increase induced by H2O2
We further assessed whether COX-2 is involved in the
augmented increase in [Ca2+]i elicited by peroxide in
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coronary VSM of obese rats (Figure 1E). In endothelium-
denuded coronary arteries from OZR, NS398 did not alter
the increase in [Ca2+]i (Figure 4A, B), but significantly re-
duced vasoconstriction induced by H2O2 (Figure 4A, C)
suggesting Ca2+ sensitization mechanisms mediated by
COX-2.

Effect of IP- and EP4 receptor antagonism on
vasoconstrictor responses to H2O2 and levels of
PGE2 in coronary arteries
In order to investigate the nature of the COX-2 endothelial
relaxant prostanoids that counterbalanced the H2O2 contrac-
tions in coronary arteries of obese rats, arteries were treated

Figure 1
H2O2 increases O2

.- production and VSM [Ca2+]i but not vasoconstriction in coronary arteries from genetically obese rats. (A, B) Effect of H2O2 (10
and 100 μM) and the free radical scavenger tempol (30 μM) on the production of O2

.- in coronary artery (A) and in the myocardium (B) of LZR and
OZR. (C, D) H2O2 induced a contractile effect of similar magnitude in arteries from LZR and OZR in coronary (CA) (C) and mesenteric arteries (MA)
(D) precontracted with K+30. (E, F) Summarized data showing the changes in [Ca2+]i (E) and tension (F) in response to a single dose of H2O2

(100 μM) in endothelium-intact coronary arteries from LZR and OZR. (A, B) Results are expressed as counts min-1 mg-1 of tissue and represent
the mean ± SEM of 8–20 animals. **P < 0.01 versus control before treatment; ##P < 0.01 versus H2O2-treated; †P < 0.05, ††P < 0.01 versus
LZR. (C-F) Results are expressed either as a percentage of the KPSS-induced responses (C, D, F) or as absolute values of ratio (E) and represent
the mean ± SEM of 5–13 arteries (1–2 per animal). *P < 0.05.
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with selective IP- and EP4 receptor antagonists. Incubation
with the IP receptor antagonist CAY 10441 (0.1 μM)modestly
reduced the vasoconstrictor action of H2O2 in both LZR and
OZR (Figure 5A, B), suggesting that PGI2 may act as a contrac-
tile mediator. In contrast, the antagonist of the EP4 receptors
L1613982 (0.1 μM) significantly enhanced the contractions
induced by the lowest concentrations of H2O2 in coronary ar-
teries from OZR but not LZR (Figure 5C, D). Furthermore, the
selective agonist of EP4 receptors TCS 2519 induced relaxa-
tions of higher potency and magnitude in coronary arteries
from OZR (Figure 5E). Basal PGE2 secretion was significantly
augmented in coronary arteries from obese rats and blunted
by the COX-2 inhibitor NS398 (1 μM), although PGE2 release
in response to stimulation with H2O2 was not altered in arter-
ies from either LZR or OZR (Figure 5F). These data suggest that
basal increased production of PGE2 acting on EP4 receptors
counterbalances H2O2-induced coronary vasoconstriction in
obese rats.

COX-2 expression in coronary arteries and
modulation by H2O2
Immunostaining of cross arterial sections of coronary arteries
from LZR revealed that COX-2 is discretely expressed in the
coronary endothelium colocalized with eNOS, and to aminor

extent in VSM (Figure 6A, left). Acute exposure to H2O2 for
45 min revealed a more intense COX-2 immunostaining in
the vascular wall and unmasked the induction of this en-
zyme primarily in the VSM, suggesting that H2O2 is able
to induce COX-2 expression (Figure 6A, right). In coronary
arteries from obese rats, COX-2 was expressed in both the
endothelium and VSM, and the expression of this enzyme
was higher than in arteries from LZR (Figure 6B, left) and
also upon acute exposure to H2O2 (Figure 6B, right). West-
ern blot analysis confirmed that COX-2 expression was
up-regulated upon acute stimulation with H2O2 in coronary
arteries of LZR. COX-2 protein content was about threefold
higher in coronary arteries from OZR compared with LZR,
and incubation with H2O2 increased COX-2 protein levels
in arteries from LZR to the same levels as those in arteries
from OZR (Figure 6C). COX-1 protein was distributed
throughout the endothelial lining but not in coronary
VSM in arteries from both LZR and OZR, and its expression
was not altered by H2O2 stimulation (Fig. S2).

Involvement of COX-2 in the H2O2-induced
ROS generation in coronary arteries
To assess whether enhanced COX-2 expression contributes to
oxidative stress in the heart of obese rats, ROS generation was

Figure 2
H2O2-induced vasoconstriction is mediated via activation of TP receptor in both LZR and OZR. (A, B) The non-selective COX inhibitor indometh-
acin (1 μM) significantly decreased the H2O2-induced contractile response in coronary arteries from LZR and OZR. (C, D) The selective TP receptor
inhibitor ICI192 (3 μM) significantly reduced the vasoconstrictor response to H2O2 in coronary arteries from LZR and OZR. Results are expressed as
a percentage of KPSS-induced contraction and represent the mean ± SEM from 6–8 arteries (1–2 per animal). *P< 0.05; **P< 0.01; ***P< 0.001.
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measured in samples of coronary arteries and myocardium
from LZR and OZR after selective COX-2 inhibition.
Treatment with NS398 significantly reduced both basal and
H2O2-elicited O2

.- generation (Figure 7A, B), suggesting that
H2O2-induced vasoactive effects are in part mediated by
COX-2-derived O2

.-, whose production is increased in obese

rats. Involvement of O2
.- in the contractile effects of H2O2

was further confirmed by incubating endothelium-denuded
coronary arteries from LZR andOZRwith the free radical scav-
enger tempol. Tempol reduced the vasoconstrictor effect of
H2O2 to a larger extent in arteries from OZR, thus suggesting
that the augmented generation of O2

.- radicals in VSM

Figure 3
H2O2-induced vasoconstriction is mediated via activation of COX-2 in VSM of coronary arteries from both LZR and OZR and counterbalanced by
COX-2 derived endothelial mediators in OZR. (A, B) The selective inhibitor of COX-2 NS398 (1 μM) significantly decreased the contractile re-
sponse to H2O2 in endothelium-intact coronary arteries from LZR (A), but not OZR (B). (C, D) Effect of endothelium removal on the average con-
tractile responses elicited by H2O2 in coronary arteries from LZR and OZR. (E, F) In endothelium-denuded coronary arteries, NS398 (1 μM)
significantly reduced the contractile response to H2O2 in both OZR and LZR. Results are expressed as a percentage of KPSS-induced contraction
and represent the mean ± SEM from 6–14 arteries (1–2 per animal). *P < 0.05; **P < 0.01; ***P < 0.001.
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mediates the contraction induced by H2O2 in coronary arter-
ies from obese rats (Figure 7C, D).

NADPH oxidase expression and activity in
coronary arteries from LZR and OZR
Because NADPH oxidase is a major source of ROS genera-
tion in the vascular wall under conditions of insulin resis-
tance, the expression and activity of NADPH isoforms
(Nox1, Nox2 and Nox4) were assessed in coronary arteries
from LZR and OZR, and their role in the H2O2-induced va-
soconstriction was determined. Immunoreaction for Nox1
(Figure 8A) and Nox2 (Figure 8B) was scarce in coronary ar-
teries from lean rats but the expression of both isoenzymes

was markedly enhanced in the endothelium and in particu-
lar in the VSM layer of arteries from OZR. A low immunore-
action for Nox4 could be detected in coronary arteries from
LZR that was greatly augmented in VSM and endothelium
of coronary arteries from obese rats (Figure 8C). An en-
hanced Nox immunoreactivity was not observed in lean an-
imals upon acute stimulation with H2O2, and the up-
regulation of Nox1, Nox2 and Nox4 found in arteries of
OZR was similar to that in the absence of H2O2 treatment
(Fig. S3).

NADPH oxidase activity measured by the levels of
NADPH-stimulated O2

.- production was significantly higher
in coronary arteries (Figure 9A) but not in myocardium

Figure 4
COX-2 is involved in vasoconstriction but not in the increase in VSM [Ca2+]i induced by H2O2 in coronary arteries fromOZR. Simultaneous record-
ings showing changes in [Ca2+]i (A, top) and tension (A, bottom) induced by H2O2 (100 μM) in the presence and absence of NS398 (1 μM) in
endothelium-denuded coronary arteries from OZR. (B, C) Average effects of NS398 on the H2O2-induced rises in [Ca2+]i (B) and tension (C). Data
are expressed as absolute values of F340/F380 (B) or as % of the KPSS-induced contraction (C) and represent the mean ± SEM from 5 arteries
(1 per animal). *P < 0.05.
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(Figure 9B) from OZR compared with LZR. NADPH-
stimulated O2

.- generation was markedly reduced by the
Nox-2 inhibitor Nox2ds-tat and by the dual Nox1-Nox-4 in-
hibitor GKT137831 in both coronary arteries (Figure 9A)
and myocardium (Figure 9B) from LZR and OZR. Moreover,
inhibition of Nox1-Nox-4 with GKT137831 significantly

reduced NADPH-stimulated O2
.- below basal levels in

coronary arteries from obese rats (Figure 9A). The involve-
ment of NADPH oxidase-derived O2

.- from VSM in the con-
tractile responses to H2O2 was further assessed in
endothelium-denuded coronary arteries. Treatment with ei-
ther Nox2ds-tat (Figure 9C, D) or GKT137831 (Figure 9E, F)

Figure 5
Effect of IP receptor and EP receptor antagonism on the contractile effect of H2O2 and PGE2 levels in coronary arteries of LZR and OZR. Effect of
(A, B) the IP receptor antagonist CAY 10441 (0.1 μM) and (C, D) the EP4 receptor antagonist L1613982 (0.1 μM) on the contractile effect of H2O2

in endothelium-intact coronary arteries from LZR (A,C) and OZR (B,D). (E) Relaxant effect of the selective EP4 receptor agonist TCS 2519 on
coronary arteries from LZR and OZR precontracted with 5-HT (1–2 μM). (F) Basal and H2O2-stimulated PGE2 release in coronary arteries from
LZR and OZR. Results are expressed as a percentage of the KPSS-induced contraction and represent the mean ± SEM from 6–8 arteries
(1–2 per animal) (A-E) and from 5–6 arteries (1 per animal) (F). *P < 0.05; **P < 0.01; ***P < 0.001; †P < 0.05 versus LZR.
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Figure 6
The up-regulation of COX-2 upon H2O2 stimulation in coronary arteries. (A, B) Immunohistochemical localization of COX-2 in coronary arteries
from LZR and OZR and effect of H2O2 stimulation. Immunofluorescence for COX-2 protein (red areas) was modestly distributed in the endothe-
lium of coronary arteries from LZR (A, left) and was more intense in both endothelium and VSM of coronary arteries fromOZR (B, left). (A, B, right)
Expression of COX-2 was markedly increased in coronary VSM upon acute stimulation with H2O2 (100 μM, 45 min) in coronary arteries from both
LZR (A, right) and OZR (B, right). The endothelium was visualized with anti-eNOS antibodies (green areas), and double immunofluorescence
shows the colocalization of eNOS and COX-2 in the endothelium (yellow areas). The sections represent n = 3 animals. (C) H2O2 stimulation in-
creases COX-2 protein content in LZR. Western blot analysis of COX-2 expression under basal conditions and after 1 h stimulation with
100 μM H2O2 in coronary arteries from LZR and OZR. Results were quantified by densitometry. Data are shown as means ± SEM of 5–6 animals.
Significant differences from controls were analysed using one-way ANOVA followed by a Bonferroni post test *** P < 0.01 versus LZR.
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markedly reduced H2O2-induced coronary vasoconstriction
in both LZR and OZR.

Discussion
Oxidative stress plays a key role in the vascular and metabolic
abnormalities associated with obesity and metabolic
syndrome including atherosclerosis, hypertension, insulin
resistance and type 2 diabetes, which suggests that it might
be an early event rather than a consequence in the pathogen-
esis of these chronic diseases (Roberts and Sindhu, 2009).
ROS like H2O2, have been demonstrated to contribute to the
impaired vascular tone, augmented vasoconstriction and
endothelial dysfunction in the insulin resistant states of
hypertension (García-Redondo et al., 2009, 2015) and obesity
(Muñoz et al., 2015). The results of the present study
demonstrate that cardiac and coronary vascular oxidative
stress are associated with preserved H2O2 vasoconstriction
in coronary and systemic arteries. COX-2 expression and
activity were up-regulated by H2O2, and augmented O2

.-

production derived from both COX-2 and NADPH oxidase

contributed to the H2O2-induced VSM contractions but was
counterbalanced by the increased release of COX-2-derived
PGE2 acting on vasorelaxant EP4 receptors in coronary arter-
ies from obese rats.

Obesity increases cardiac oxidation of free fatty acids and
reduces glucose utilization regardless of diabetes in experi-
mental models of metabolic syndrome, leading to enhanced
mitochondrial ROS formation in the obese heart (Buchanan
et al., 2005; Boudina et al., 2007). Increased NADPH oxidase-
derived O2

.- production and reduced activity of antioxidant
enzymes such as cytosolic and mitochondrial SOD and gluta-
thione peroxidase also importantly contribute to cardiac oxi-
dative stress in obesity (Feillet-Coudray et al., 2009; Serpillon
et al., 2009; Ballal et al., 2010). The present results confirm the
higher levels of oxidative stress in the myocardial tissue of
OZR and further demonstrate that basal ROS production is in-
creased in coronary arteries of obese rats. This, along with the
feedback mechanism by which H2O2 is able to stimulate O2

.-

production in the heart (Santiago et al., 2013), contributes to
enhanced oxidative stress in arteries from OZR. However, the
vasoconstrictor effects of H2O2 were not exacerbated either in
coronary or in systemic arteries from obese rats, in contrast to

Figure 7
COX-2 is involved in O2

.- generation and in the H2O2-induced contraction in coronary VSM. (A, B) Effect of H2O2 (100 μM) and COX-2 NS398
(1 μM) on O2

.- production in coronary artery (A) and in the myocardium (B) from OZR and LZR. (C, D) In endothelium-denuded coronary arteries
from LZR and OZR, the free radical scavenger tempol (30 μM) significantly reduced the contractile response to H2O2. (A, B) Results are expressed
in counts min-1 mg-1 of tissue and represent the mean ± SEM of 8–20 animals. **P < 0.01 versus control before treatment; ##P < 0.01,
###P < 0.001 versus treated with H2O2; †P < 0.05, ††P < 0.01 versus LZR. (C, D) Results are expressed as a percentage of the KPSS-induced con-
traction and represent the mean ± SEM from 5–7 arteries (1–2 per animal). *P < 0.05; **P < 0.01.
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Figure 8
Immunohistochemical localization of Nox1, Nox2 and Nox4 in coronary arteries from LZR and OZR. Immunofluorescence for (A) Nox1 (red
areas), (B) Nox2 (red areas) and (C) Nox4 (red areas) was absent or modest in coronary arteries from LZR (A,B,C left) but was markedly increased
in both endothelium and VSM of coronary arteries from OZR (A,B,C, left). The endothelium was visualized with anti-eNOS antibodies (green
areas) and the double immunofluorescence shows colocalization of eNOS and Nox1 (A, right), Nox2 (B, right) and Nox4 (C, right) in the endo-
thelium (yellow areas), but also a strong immunoreaction for all 3 Nox isoenzymes in coronary VSM (red areas) of obese rats. The sections repre-
sent n = 3 animals.
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that previously reported in arteries from hypertensive
animals with elevated levels of vascular oxidative stress
(Gao and Lee, 2001; García-Redondo et al., 2009, 2015). In
the latter studies, enhanced vasoconstrictor responses to
H2O2 involved enhanced O2

.- generation, increased release
and effects of TXA2 and higher VSM [Ca2+]i mobilization. In
healthy coronary arteries, the contractile effects of H2O2 are
also mediated by activation of COX and TP receptors
(Santiago et al., 2013) and this signalling pathway appears

to be unchanged in arteries from obese rats, because selective
inhibition of TP receptors reduced to a similar extent
H2O2 coronary vasoconstriction in LZR and OZR, although
H2O2-induced VSM [Ca2+]i mobilization was augmented in
OZR. The lack of enhanced H2O2 contractile responses in
arteries from obese rats compared with that reported in hy-
pertension might be ascribed to the experimental model
used. At 17–18 weeks OZR, a model of genetic
obesity/metabolic syndrome, have not yet developed

Figure 9
Nox1, Nox2 and Nox4-derived O2

.- is involved in the H2O2-induced contraction in coronary VSM. Effect of the selective Nox-2 inhibitor
Nox2ds-tat (1 μM) and of the dual Nox1-Nox4 inhibitor GKT137831 (0.1 μM) on (A,B) NADPH-stimulated O2

.- generation of coronary arteries
(A) and myocardium (B) from LZR and OZR, and on (C-F) the contractions induced by H2O2 in endothelium-denuded coronary arteries from
LZR (C,E) and OZR (D,F). Results are expressed as a percentage of the KPSS-induced contraction (C–F) and represent the mean ± SEM from
5–7 animals (A,B) and from 5–8 arteries (1–2 per animal) (C–F). *P < 0.05; **P < 0.01; ***P < 0.001 versus control; #P < 0.001 versus
NADPH-stimulated; ††P < 0.01 versus LZR.
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hypertension despite exhibiting hyperinsulinaemia and sys-
temic endothelial dysfunction (Villalba et al., 2009; Muñoz
et al., 2015). Moreover, we have recently shown that H2O2 ac-
tivates stored-operated Ca2+ entry not coupled to contraction
that was augmented in coronary arteries of OZR (Santiago
et al., 2013), whichmight explain the higher VSM [Ca2+]i mo-
bilization but preserved coronary vasoconstriction found for
H2O2 in obese rats.

Interestingly, we demonstrated here that COX-2 not only
contributes to the H2O2-induced VSM contractions in coro-
nary arteries from both LZR and OZR rats but also mediates
protective endothelial relaxant effects in arteries from OZR.
COX-2 is an inducible COX isoenzyme usually undetectable
in healthy tissue but induced bymitogen, mechanical and in-
flammatory stimuli in the vascular wall, its expression being
rapidly induced by cytokines, tumour promoters and growth
factors (Eligini et al., 2005). A reciprocal relationship between
ROS and COX-2 in the vascular dysfunction associated with
hypertension and diabetes is now well established, in
which oxidative stress and ROS enhance COX-2 expression,
and COX-2 is in turn a significant source of ROS generation
(Shi and Vanhoutte, 2008; Martínez-Revelles et al., 2012;
Hernanz et al., 2014). COX-2 is up-regulated in coronary ar-
teries under conditions of low-grade vascular inflammation
such as the insulin resistant states of diabetes (Szerafin et al.,
2006) and obesity (Sánchez et al., 2010). Oxidative stress
and ROS can increase the expression and activity of both
COX-1 and COX-2, and specifically, H2O2 stimulates COX-2
gene and protein expression in endothelial and VSM cells

(Shi and Vanhoutte, 2008; Martín et al., 2012; Martínez-
Revelles et al., 2012; Tian et al., 2012; Muñoz et al., 2015).
COX-2 mRNA expression is rapid and in vitro studies have
shown that it is maximally increased within the first hour in
human coronary endothelial cells exposed to inflammatory
stimuli, COX-2 protein expression being detected within
the first 2 h after initiation of stimulation (Tan et al., 2007).
Also cytokines like IL-1β and stimuli like angiotensin II have
been reported to induce a fast COX-2 protein expression as
early as at 1 h in VSM cells (Aguado et al., 2015). Accordingly,
the current data demonstrate that H2O2 up-regulates COX-2
expression and enhances COX-2 activity in coronary arteries.
COX-2 protein was sparse in the endothelium of LZR
coronary arteries and acute exposure to the oxidant H2O2 in-
duced a rapid expression of the enzyme in endothelium and
VSM andmarkedly increased COX-2 protein content to levels
similar to those in coronary arteries from OZR, where COX-2
was already up-regulated (Sánchez et al., 2010). H2O2 has also
been demonstrated to induce early COX-2 protein expression
(90 min) in VSM from hypertensive rats through a mecha-
nism involving the redox-sensitive transcription factor
NF-kB (Martín et al., 2012).

H2O2-induced COX-2 expression was associated with
COX-2 involvement in H2O2 actions on vascular tone and
ROS production in coronary arteries. Thus, selective COX-2
inhibition significantly reduced H2O2 vasoconstriction in
endothelium-denuded coronary arteries from both LZR and
OZR suggesting the involvement of COX-2-VSM-derived con-
tractile mediators in the H2O2-induced coronary

Figure 10
Proposed signal transduction mechanisms for COX-2-dependent actions elicited by H2O2 in coronary arteries. Oxidative stress and H2O2 up-reg-
ulate COX-2 expression in endothelium and VSM of coronary arteries. COX-2 is already up-regulated in arteries from obese rats. H2O2 activates TP
receptor- and COX-2-dependent superoxide anion (O2

.-)-mediated vasoconstriction in VSM from both lean LZR and OZR. Nox1, Nox2 and Nox4
expression is enhanced in coronary arteries from OZR and contributes to the increased O2

.--mediated H2O2-induced vasoconstriction that is
counterbalanced by vasodilator PGE2 acting through EP4 receptors. See Discussion for details. AA: arachidonic acid; EC, endothelial cell.
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vasoconstriction. Endothelium-independent contractions
induced by H2O2 and O2

.- have been reported to be mediated
by both Ca2+-dependent and Ca2+-sensitization mechanisms
in VSM (Ardanaz and Pagano, 2006; Snetkov et al., 2011;
Santiago et al., 2013). In the present study, an involvement
of COX-2 in the higher [Ca2+]i mobilization induced by
H2O2 in coronary VSM from OZR was however ruled out, be-
cause the selective COX-2 inhibitor NS398 reduced vasocon-
striction but not VSM [Ca2+]i increases induced by H2O2 in
coronary arteries of obese rats. This suggests that
COX-2-mediated H2O2 contractions are mediated by Ca2+

sensitization of VSM probably involving kinases such as
Rho kinase (Snetkov et al., 2011), also implicated in H2O2

coronary vasoconstriction under physiological conditions
(Santiago et al., 2013).

On the other hand, the current data demonstrate that
COX-2 is associated with enhanced coronary vasodilatation
in obese rats. The lack of effect of the COX-2 inhibitor
NS398 on the H2O2 contractile responses of endothelium-
intact coronary arteries from OZR compared with LZR, in
contrast to the marked inhibitory effect in endothelium-
denuded vessels, suggests that COX-2 mediates the
production of endothelium-derived relaxing prostanoids that
mask the release of VSM contractile mediators in coronary
arteries from OZR. These results support previous studies in
our laboratory showing that an up-regulation of COX-2 was
associated with the enhanced basal COX-2-mediated relaxa-
tion in coronary arteries fromOZR (Sánchez et al., 2010). Also
in type 2 diabetic patients (Szerafin et al., 2006) and mice
(Przygodzki et al., 2015), COX-2 inhibition reduced
endothelium-dependent relaxations of coronary arterioles
and blunted basal coronary blood flow, respectively, suggest-
ing an increased release of COX-2-derived vasodilator
prostanoids likely to compensate for abnormal vascular func-
tion in the insulin resistant states of diabetes and obesity.

Although COX-2 has traditionally been accepted as the
main producer of PGI2 in the vascular endothelium, recent
investigations support COX-1 as the major isoform responsi-
ble for endothelial PGI2 production under both physiological
(Kirkby et al., 2012) and pathophysiological conditions of
vascular oxidative stress (Toniolo et al., 2013). In agreement
with this, the involvement of PGI2 in the COX-2-mediated
relaxing action activated by H2O2 in coronary arteries
from obese rats may initially be ruled out, because the
selective IP receptor antagonist did not enhance but rather
decreased the vasoconstrictor effect of H2O2 in coronary ar-
teries, therefore suggesting that PGI2 is involved in coronary
vasoconstriction, as occasionally reported for PGI2 in cases
of IP/TP receptor heterodimerization (Félétou et al., 2011).
PGI2 and PGE2 are the main products of the COXmetabolism
in the coronary microvascular endothelium, and a reduction
in the bioavailability of any of these endothelial protective
factors can result in vascular dysfunction, as documented in
patients with hypertension or diabetes (Hein et al., 2009). In-
flammatory stimuli are able to stimulate COX-2 gene expres-
sion associated with enhanced production of PGI2 and PGE2
in endothelial cells of human coronary artery (Tan et al.,
2007). PGE2 is a potent COX-2-derived inflammatory media-
tor involved in cell infiltration, fibroblast proliferation and
cardiac hypertrophy in the ischaemic heart (LaPointe et al.,
2004), and in the protective effect of the endothelium during

cardiac ischaemic preconditioning (Bouchard et al., 2000).
Herein, we demonstrated that basal COX-2-dependent re-
lease of the vasodilator PGE2 acting on EP4 receptors counter-
balances the ROS-induced coronary vasoconstriction in
obesity, based on the following findings. Firstly, the selective
EP4 receptor antagonist L1613982 significantly increased
the contractile effect of H2O2 in coronary arteries from obese
but not from lean rats suggesting the involvement of PGE2 in
the COX-2-mediated endothelial relaxant effects. This was
further supported by the enhanced coronary vasodilator ef-
fect found for the selective EP4 receptor agonist TCS 2519 in
OZR and confirmed by the augmented COX-2-mediated re-
lease of PGE2 in coronary arteries from obese rats compared
with the lean controls, as reported in diabetic mice
(Przygodzki et al., 2015). Hence, COX-2 derived PGE2 acting
on vasorelaxant EP4 receptors might have a protective role
against oxidative damage induced by ROS in coronary arter-
ies under conditions of obesity-associated insulin resistance,
consistent with the protective role recently ascribed to the
EP4 receptor in obesity-related inflammation (Yasui et al.,
2015) and with reports showing that VSM-specific EP4 recep-
tor deletion exacerbates oxidative and renal injury induced
by angiotensin II in mice (Thibodeau et al., 2016). Secondly,
inducible COX-2 was found in both endothelium and VSM
of coronary arteries from obese rats, and further studies are
needed to ascertain the source of PGE2 in the coronary vascu-
lar wall. Deletion of COX-2 in both endothelial and VSM re-
duced PGE2 and PGI2 release, increased blood pressure and
accelerated atherogenesis in mice fed a high fat diet (Tang
et al., 2014) suggesting that VSM-derived PGE2 may contrib-
ute to the protective effects of COX-2 under conditions of
vascular inflammation.

COX-2 is a redox-sensitive inducible enzyme associated
with inflammation and recently confirmed as a source not
only of prostanoids but also of ROS that importantly contrib-
ute to vascular oxidative stress (Shi and Vanhoutte, 2008;
Martínez-Revelles et al., 2012; Tian et al., 2012; Muñoz et al.,
2015). Because COX-2 is up-regulated in coronary arteries
from obese rats, a possible association of this enzyme
with the increased ROS production and oxidative stress
observed in coronary arteries was further assessed. Selective
inhibition of COX-2 induced a marked inhibitory effect on
H2O2-stimulated O2

.- production, and reduced the increased
ROS generation in arteries from OZR to levels similar to those
in controls, thus demonstrating that COX-2 is partially re-
sponsible for the elevated levels of oxidative stress in the cor-
onary arterial wall in obesity. Augmented COX-2-dependent
ROS production is involved in the impaired endothelium-
dependent relaxations and endothelial dysfunction in
patients with essential hypertension (Virdis et al., 2013), in
experimental models of hypertension (Martínez-Revelles
et al., 2012; Tian et al., 2012) and diabetes (Shi and
Vanhoutte, 2008), and also in renal arteries from insulin re-
sistant OZR (Muñoz et al., 2015). Endothelial function is ini-
tially preserved in the 17–18 months old OZR used in the
present study (Villalba et al., 2009; Contreras et al., 2011;
Climent et al., 2014). However, the contribution of COX-
2-derived O2

.- from VSM to the vasoconstrictor effect of
H2O2 in coronary arteries was demonstrated in the present
study by the inhibitory effect of the free radical scavenger
tempol on the contractions elicited by H2O2 in
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endothelium-denuded arteries. Such treatment produced a
greater inhibition of the contractile effect in coronary arteries
fromOZR, consistent with the higher levels of O2

.- stimulated
by H2O2 in these arteries, and indicative of an augmented va-
soconstrictor action of H2O2 in the coronary VSM in part due
to COX-2-mediated oxidative stress in obese rats. The present
data, along with the finding that H2O2 acutely up-regulated
COX-2 expression in coronary arteries from lean but not
obese animals, where COX-2 expression was already en-
hanced, suggest that under conditions of cardiac oxidative
stress and reduced activity of antioxidant enzymes such as
glutathione peroxidase or catalase, as reported in obesity
(Feillet-Coudray et al., 2009; Serpillon et al., 2009; Ballal
et al., 2010), augmented levels of ROS like H2O2 are responsi-
ble for the up-regulation of vascular COX-2, which in turn
becomes an additional source of oxidative stress and in-
creased coronary vasoconstriction.

The reciprocal relationship between COX-2- and NADPH
oxidase-mediated vascular oxidative stress has recently been
stablished in rodent models of hypertension, where
NADPH-derived ROS induced COX-2 expression while
COX-2 inhibitors normalized augmented ROS generation,
NADPH oxidase activity and Nox1 and Nox4 gene expression
in arteries from hypertensive animals (Martín et al., 2012;
Martínez-Revelles et al., 2012). On the other hand, H2O2

can activate NADPH oxidase and O2
.- production in VSM in

a feed-forward mechanism that amplifies oxidant vascular in-
jury (Li et al., 2001). We have demonstrated that NADPH
oxidase-derived O2

.- is involved in the H2O2 vasoconstriction
of healthy coronary arteries (Santiago et al., 2013), and oxida-
tive stress and augmented NADPH oxidase expression and ac-
tivity have been reported in human coronary arteries from
patients with coronary artery disease (Guzik et al., 2006).
Interestingly, herein, we demonstrated that obesity markedly
enhanced the expression of Nox1, Nox2 and Nox4 in both
coronary endothelium and VSM, and that increased
NADPH-stimulated O2

.- production was inhibited by
selective Nox2 and dual Nox1-Nox4 inhibitors in coronary
arteries from insulin resistant OZR. Moreover, we demon-
strated the involvement of O2

.- derived from Nox1, Nox2
and Nox4 in the endothelium-independent COX-2
inhibitor-sensitive contractions elicited by H2O2 in coronary
arteries. Therefore, ROS derived from all three Nox subunits
contribute to increased levels of vascular oxidative stress
andmediateH2O2-elicited coronary vasoconstriction in obese
rats. Further studies are needed to elucidate the specific rela-
tionship between the up-regulation of COX-2 and enhanced
NADPH expression and activity in coronary arteries. In addi-
tion, interaction of COX-2 with sources of oxidative stress
other than NADPH oxidase in coronary arteries from obese
rats cannot be discarded. Under conditions of vascular inflam-
mation like diabetes mellitus, oxidative stress and increased
H2O2 generation have been associated with enhanced expres-
sion and activity of arginase, and the subsequent increase in
the consumption of L-arginine, eNOS uncoupling, reduced
NO bioavailability and coronary endothelial dysfunction,
(Beleznai et al., 2011; Pernow et al., 2015).

In summary, the present results demonstrate that in-
creased oxidative stress is associated with preserved contrac-
tile responses to H2O2 and the up-regulation of COX-2 in
coronary arteries from obese rats (Figure 10). H2O2 enhanced

COX-2 expression, which in turn contributed to augmented
ROS generation and to endothelium-independent O2

.--medi-
ated coronary vasoconstriction. Moreover, increased expres-
sion and activity of Nox1, Nox2 and Nox4 were also
involved in the vascular oxidative stress and contraction in
arteries from obese rats. Interestingly, vasoconstriction
induced by H2O2 was counterbalanced by the release of
COX-2 derived endothelial PGE2 acting on vasodilator EP4
receptors, which suggests a protective mechanism to preserve
coronary endothelial function against oxidative damage in
obesity. The relevance of these findings relies on the dual
beneficial/pathological role found for COX-2 in coronary
arteries from obese animals. On the one hand, COX-2 repre-
sents a major source of oxidative stress and cardiovascular
risk in the coronary arterial wall, but on the other, this
isoenzyme is involved in protective vascular effects through
the increased release of endothelial vasodilator PGE2,
consistent with recent reports showing both protective and
pro-atherogenic/pro-hypertensive effects for COX-2 under
conditions of hyperlipidaemia and vascular inflammation
(Tang et al., 2014). The present findings further suggest that
using selective drugs to target the pathway downstream of
COX-2, that is at the level of the EP4 receptor (Yasui et al., 2015),
may shift the balance of cardiovascular efficacy and risk
reported for non-steroidal anti-inflammatory drugs (NSAIDS)
(Bhala et al., 2013).
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Figure S1Control sections showing the absence of immuno-
reactivity in either VSM or endothelium of coronary arteries
from LZR (A, B, upper panel) and OZR (C,D, lower panel) in-
cubated just with the secondary antibodies (A, C, red or B,
D, green) in the absence of the primary antibody anti-COX-
2. Arrows indicate green autofluorescence of the internal elas-
tic lamina. Cell nuclei stained with DAPI. The sections repre-
sent n = 3 animals.
Figure S2 H2O2 stimulation did not alter COX-1 expres-
sion in coronary arteries. (A, B) Immunohistochemical
localization of COX-1 in coronary arteries from LZR and
OZR and effect of H2O2 stimulation. Immunofluorescence
for COX-1 protein (red areas) was similarly distributed in
the endothelium of coronary arteries (arrows) and myocar-
dium (M) from LZR (A, left) and OZR (B, left). (A, B, right)
Expression of COX-1 was unaltered upon acute stimulation
with H2O2 (100 μM, 45 min) in coronary arteries from both
LZR (A, right) and OZR (B, right). The endothelium was
visualized with anti-endothelial nitric oxide synthase
(eNOS) antibodies (green areas), and double immunofluo-
rescence shows the colocalization of eNOS and COX-1 in
the endothelium (yellow areas). The sections represent
n = 3 animals.
Figure S3 Immunohistochemical localization of Nox1,
Nox2 and Nox4 in coronary arteries from LZR and OZR
stimulated with H2O2. Immunofluorescence for (A) Nox1
(red areas), (B) Nox2 (red areas) and (C) Nox4 (red areas)
was absent or modest in coronary arteries from LZR (A,B,
C left) but was markedly increased in both endothelium
and VSM of coronary arteries from OZR (A,B,C, left), after
treatment with H2O2 (100 μM, 45 min). The endothelium
was visualized with anti-eNOS antibodies (green areas)
and the double immunofluorescence shows colocalization
of eNOS and Nox1 (A, right), Nox2 (B, right) and Nox4
(C, right) in the endothelium (yellow areas), but also a
strong immunoreaction for all 3 Nox isoenzymes in coro-
nary VSM (red areas) of obese rats. The sections represent
n = 3 animals.
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