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BACKGROUND AND PURPOSE
Prostanoids derived from COX-2 and EP receptors are involved in vascular remodelling in different cardiovascular pathologies.
This study evaluates the contribution of COX-2 and EP1 receptors to vascular remodelling and function in hypertension.

EXPERIMENTAL APPROACH
Spontaneously hypertensive rats (SHR) and angiotensin II (AngII)-infused (1.44 mg·kg�1·day�1, 2 weeks) mice were treated with
the COX-2 inhibitor celecoxib (25 mg·kg�1·day�1 i.p) or with the EP1 receptor antagonist SC19220 (10 mg·kg�1·day�1 i.p.).
COX-2�/� mice with or without AngII infusion were also used.

KEY RESULTS
Celecoxib and SC19220 treatment did not modify the altered lumen diameter and wall : lumen ratio in mesenteric resistance
arteries from SHR-infused and/or AngII-infused animals. However, both treatments and COX-2 deficiency decreased the aug-
mented vascular stiffness in vessels from hypertensive animals. This was accompanied by diminished vascular collagen deposition,
normalization of altered elastin structure and decreased connective tissue growth factor and plasminogen activator inhibitor-1
gene expression. COX-2 deficiency and SC19220 treatment diminished the increased vasoconstrictor responses and endothelial
dysfunction induced by AngII infusion. Hypertensive animals showed increased mPGES-1 expression and PGE2 production in
vascular tissue, normalized by celecoxib. Celecoxib treatment also decreased AngII-induced macrophage infiltration and TNF-α
expression. Macrophage conditioned media (MCM) increased COX-2 and collagen type I expression in vascular smooth muscle
cells; the latter was reduced by celecoxib treatment.

CONCLUSIONS AND IMPLICATIONS
COX-2 and EP1 receptors participate in the increased extracellular matrix deposition and vascular stiffness, the impaired vascular
function and inflammation in hypertension. Targeting PGE2 receptors might have benefits in hypertension-associated vascular
damage.

Abbreviations
AngII, angiotensin II; ECM, extracellular matrix; MCM, macrophage conditioned media; mPGES, microsomal PGE syn-
thase; MRA, mesenteric resistance arteries; SHR, spontaneously hypertensive rats; VSMC, vascular smooth muscle cells;
WKY, Wistar Kyoto rats
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Introduction
Hypertension is characterized by vascular functional and
structural alterations such as increased vasoconstrictor re-
sponses, endothelial dysfunction and increased wall : lumen
ratio (Schiffrin, 2012), which have prognostic value for car-
diovascular disease (Perticone et al., 2001; Rizzoni et al.,
2003). Despite long-term BP normalization, altered small ar-
tery structure identifies individuals still at increased cardio-
vascular risk (Buus et al., 2013). Increased extracellular
matrix (ECM) deposition and consequent increase in vessel
stiffness are additional features of hypertensive vascular dis-
ease and contribute to inward remodelling and end organ
damage observed in this pathology (Briones et al., 2009;
2010; Safar et al., 2012; Schiffrin, 2012). Increase in BP and
prolonged vasoconstriction are mechanisms responsible for
inward remodelling in hypertension (Schiffrin, 2012).
However, in the last years, vascular infiltration of immune
inflammatory cells has emerged as an important contributor
to vascular remodelling, endothelial dysfunction and
stiffness in this pathology (Bush et al., 2000; De Ciuceis
et al., 2005; Wu et al., 2014).

Hypertension and angiotensin II (AngII) exposure is
strongly associated with the augmented expression of the in-
ducible isoform of COX (COX-2) and production of
prostanoids, which have a role in the altered vascular func-
tion observed in this pathology (Álvarez et al., 2007; Beltrán
et al., 2009; Virdis et al., 2009; Kane et al., 2010; Wong et al.,
2011; Martínez-Revelles et al. 2013; Virdis et al., 2013).
Among the prostanoids synthesized from COX-2, PGE2 is
the main produced in inflammatory processes. PGE2 modu-
lates vascular tone through the four receptor subtypes,
namely, the EP receptors (EP1–4) with EP1/3 vasoconstrictor
and EP2/4 being vasodilator receptors (Foudi et al., 2012). In
addition, recent studies demonstrate that PGE2 is a key medi-
ator of vascular remodelling in different pathological situa-
tions such as atherosclerosis, aneurysms and restenosis
(Cipollone et al., 2004; Yang et al., 2004; King et al., 2006;
Wang et al., 2008; Wang et al., 2011; Camacho et al., 2013;
Zhang et al., 2013), although its role in vascular remodelling
in hypertension is unknown. Importantly, these effects of
PGE2 on vascular function and structure might have a role
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in the control of BP because the genetic absence of EP1 recep-
tors blunts acute pressure responses to AngII and reduces
hypertension induced by chronic treatment with AngII
(Guan et al., 2007). Macrophages are sources of COX-2, and
PGE2 facilitates macrophages migration into inflamed
sites in different models of inflammation (Kamei et al.,
2004) and atherosclerosis (Chen et al., 2014), suggesting
that PGE2 might be a key pro-inflammatory mediator of
vascular damage.

This study evaluates the contribution of the COX-2 and
the EP1 receptors in vascular remodelling and function in
hypertension. Our results suggest that COX-2-derived
prostanoids, probably PGE2 acting on EP1 receptors, impair
vascular function and increase vessel stiffness by facilitating
the deposition of different ECM proteins, probably due to
increased macrophage infiltration. These effects are responsi-
ble, at least in part, for the elevated BP.
Methods

Animals and animal models
All animal care and experimental procedures complied with
the National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 85-23,
revised 1996) and the current Spanish and European laws
(RD 223/88MAPA and 609/86) and were approved by the An-
imal Care and Use Committee of our institution (CEI-UAM
31–759), according to the institutional guidelines for ethical
care of experimental animals of the European Community.
Studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010) and the editorial on reporting
animal studies (McGrath and Lilley, 2015). A total of 69 rats
and 131 mice were used.

Four-weeks and six-month-old male Wistar Kyoto (WKY)
and spontaneously hypertensive (SHR) rats breeded at the
Animal Care Facility of the Faculty of Medicine, Universidad
Autónoma de Madrid (UAM) were used. Adult rats were ran-
domly divided into two groups: (1) control and (2) treated
with the COX-2 inhibitor celecoxib (25 mg·kg�1·day�1 i.p.,

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=340
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=340
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=342
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=342
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1375
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1376
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1377
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=1926
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=1941
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=2504
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=2893
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=771
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=1922
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=2892
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=1924
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=8927
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2635
http://www.guidetopharmacology.org
http://www.guidetopharmacology.org
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3 weeks). Three-month old male C57BL6 mice breeded at the
Animal Care Facility of the Faculty of Medicine, UAM were
randomly distributed into five groups: (1) infused with AngII
(1.44 mg·kg�1·day�1, 2 weeks) with s.c. implanted Alzet os-
motic minipumps (Alza Corp., Cupertino, CA, USA) under
isofluorane anaesthesia; (2) infused with AngII and celecoxib
(25 mg·kg�1·day�1 i.p.); (3) infused with AngII and rofecoxib
(10 mg·kg�1·day�1 i.p.); (4) infused with AngII and the EP1 re-
ceptor antagonist SC19220 (10mg·kg�1·day�1 i.p.); and (5) con-
trol without treatment. Treatment with celecoxib, rofecoxib or
SC19220 was started 24 h before AngII infusion. In another set
of experiments, mice were treated with celecoxib 7 days after
AngII infusion. BP was measured by tail-cuff plethysmography.

COX-2-wild-type (COX-2+/+) and COX-2-deficient (COX-
2�/�) mice of a hybrid C57BL6 × 129SV genetic background
were obtained from The Jackson Laboratory (Bar Harbor, ME,
USA) (B6;129S-Ptgs2tm1Jed/J strain). COX-2�/� and COX-2+/+

matched controls were produced by crossing the COX-2 hetero-
zygousmutant line. Alzet osmoticminipumps containing AngII
were implanted as described above for 4 weeks.

Tissue preparation
Animals were killed by CO2 inhalation and exsanguination.
First-order and third-order branches of the mesenteric artery
were dissected free of fat and connective tissue and placed
in cold (4°C) Krebs–Henseleit solution (KHS) (115 mM NaCl,
25 mM NaHCO3, 4.7 mM KCl, 1.2 mM MgSO4.7H2O, 2.5
mM CaCl2, 1.2 mM KH2PO4, 11.1 mM glucose and 0.01 mM
Na2EDTA) bubbled with a 95% O2–5% CO2 mixture. Analysis
of vascular structure and function was carried out on the
same day. For immunofluorescence and histology studies, tis-
sues were fixed with 4% phosphate-buffered paraformaldehyde
(pH = 7.4) for 1 h and washed in three changes of PBS solution
(pH = 7.4). After washing, arterial segments were placed in PBS
containing 30% sucrose for 20–50 min, transferred to a
cryomold containing Tissue-Tek OCT embedding medium and
frozen in liquid nitrogen. Tissues were kept at �80°C until
immunohistochemical studies. Other vascular segments were
immediately frozen in liquid nitrogen and kept at �80°C until
RNA isolation. Pooled first-order, second-order and third-order
branches of the mesenteric artery were incubated in KHS
(2 h, 37°C), and media were frozen in liquid nitrogen and
kept at �80°C until analysis for prostanoids.

PBMC isolation from human blood
According to institutional guidelines, subjects were aware of
the research nature of the study and agreed to participate by
giving informed consent. The study was performed in
Table 1
Systolic and diastolic BP (SBP, DBP in mmHg), age and gender ratio in norm

SBP DBP

Normotensive 120 ± 4 77 ±

Hypertensive 137.2 ± 1* 90.2 ±

Data are expressed as mean ± SEM. M = male, F = female. n = 5 in each grou
*P < 0.05, significantly different from normotensive.
accordance with the Declaration of Helsinki, and the Ethical
Committee of the Hospital La Paz approved the protocol
(HULP-31-759). Data of normotensive and hypertensive
patients are included in Table 1.

The study was performed in 10 unrelated white age-
matched subjects who came to our institution for a routine
medical work-up after a 12-h overnight fast. Subjects were
considered hypertensive (n = 5) if they presented systolic BP
(SBP) ≥130 mmHg and diastolic BP (DBP) ≥80 mmHg,
measured by 24-h ambulatory BP monitoring as stated in
reference guidelines (Mancia et al., 2013). Patients had appro-
priate clinical, laboratory and radiological evaluations to
exclude secondary hypertension and chronic kidney disease.
Normotensive subjects (n = 5) presented ambulatory BP
monitoring measurements of SBP and DBP below 130 and
80 mmHg respectively. Hypertensive patients were untreated
for hypertension.

Peripheral blood mononuclear cells (PBMC) were isolated
from venous blood samples, taken from normotensive and
hypertensive subjects, with Histopaque (Sigma-Aldrich). Cell
populations were determined by flow cytometry. Cells were
seeded at 1 × 106 cells·mL�1 in a six-well plate and harvested
24 h later.

Cell culture and conditioned medium
Primary cultures of aortic vascular smooth muscle cells
(VSMC) were obtained from cleaned rat aortas and grown in
DMEM-F12 medium supplemented with 10% FBS containing
100 U·mL�1 of penicillin and 100 μg·mL�1 of streptomycin
(all from Sigma-Aldrich), as previously reported (Aguado
et al., 2013). Cell cultures were used between passages 2 and
4. Cells were identified as smooth muscle cells by α-actin pos-
itive immunostaining. RAW 264.7 cells (American Type Cul-
ture Collection, Manassas, VA, USA) were grown in DMEM
with 10% FBS, 100 U·mL�1 of penicillin and 100 μg·mL�1 of
streptomycin. Macrophage conditioned medium (MCM)
was obtained from confluent RAW 264.7 cells that were
serum-deprived for 24 h. After that, medium was collected,
centrifuged for 10 min at 2000× g and supernatants frozen
at �80°C. VSMCs were starved in serum-free media for 24 h.
Then, VSMCs were stimulated with MCM. Growth medium
not exposed to cells was used as control. In another set of
experiments, VSMCs were incubated with AngII (0.1 μM).

Pressure myography
The structural and mechanical properties of mesenteric resis-
tance arteries (MRA) were studied with a pressure myograph
(Danish Myo Tech, Model P100; J.P. Trading I/S, Aarhus,
otensive and untreated hypertensive patients

Age Gender ratio

2.5 48 ± 4 2M/3F

2.6* 46 ± 7 3M/2F

p.

British Journal of Pharmacology (2016) 173 1541–1555 1543



BJP M S Avendaño et al.
Denmark). Vessels were placed on two glass microcannulae
and secured with surgical nylon suture. After any small
branches were tied off, vessel length was adjusted so that
the vessel walls were parallel without stretch. Intraluminal
pressure was then raised to 120 mmHg in mice and 140
mmHg in rats, and the artery was unbuckled by adjusting
the cannulae. The segment was then set to a pressure of 45
mmHg in mice and 70 mmHg in rats and allowed to equili-
brate for 60 min at 37°C in calcium-free KHS (0Ca2+; omitting
calcium and adding 1 mM EGTA) intravascular and extravas-
cular perfused, gassed with a mixture of 95% O2 and 5%
CO2. Intraluminal pressure was reduced to 3 mmHg. A
pressure–diameter curve was obtained by increasing
intraluminal pressure in 20mmHg steps from 3 to 120mmHg
in mice and from 3 to 140 mmHg in rats. Internal and exter-
nal diameters were continuously measured under passive
conditions (Di0Ca, De0Ca) for 3 min at each intraluminal pres-
sure. The final value used was the mean of the measurements
taken during the last 30 s when the measurements reached a
steady state. Finally, the artery was set to apressure of 45
mmHg in mice and 70 mmHg in rats in 0Ca2+-KHS and then
pressure fixed with 4% paraformaldehyde in 0.2M phosphate
buffer, pH 7.2–7.4, at 37°C for 60 min and kept in 4% parafor-
maldehyde at 4°C for confocal microscopy studies. Calcula-
tion of passive structural and mechanical parameters was
performed as previously described (Briones et al., 2003).
Organization of internal elastic lamina
The elastin organization within the internal elastic lamina
was studied in segments of MRA, using fluorescence confocal
microscopy based on the autofluorescent properties of elastin
(Ex 488 nm and Em 500–560 nm), as previously described
(Briones et al., 2003). Briefly, the experiments were performed
in intact pressure-fixed segments with a Leica TCS SP2
confocal system (Leica Microsystems, Wetzlar, Germany).
Serial optical sections from the adventitia to the lumen (z step
= 0.5 μm) were captured with an X63 oil objective (Zoom 4 in
mice, and Zoom 2 in rats), using the 488 nm line of the
confocal microscope. A minimum of two stacks of images of
different regions were captured in each arterial segment.
Quantitative analysis of the internal elastic lamina was
performed with METAMORPH image analysis software, as
described (Briones et al., 2003). From each stack of serial im-
ages, individual projections of the internal elastic lamina
were reconstructed, and total fenestrae number and mean
fenestrae area were measured.
Collagen determination
Tissue Tek OCT embedded tissues were cut into 5 μm sections
using a cryostat. Collagen was quantified in sections stained
with Picro-Sirius Red [0.1% (wt·vol�1) Sirius Red 3FB in satu-
rated aqueous picric acid for 30 min with gentle agitation].
Three to four sections for each animal were analysed with a
40× objective lens under microscopy transmitted light (Leica
DM 2000; Leica Microsystems) using an image system analy-
sis (Leica LAS Image Analysis; Leica Microsystems). The area
of collagen in the media layer was identified after excluding
perivascular fibrosis of the vessel as the ratio of collagen depo-
sition to the total media area.
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qRT-PCR assay
mRNA levels were determined in rat or mice aortic or mesen-
teric tissues and in human PBMC. Total RNA was obtained by
using TRI Reagent (Sigma-Aldrich). One microgram of total
RNA was reverse transcribed using TaqMan® Reverse
Transcription Reagents (Applied Biosystems, Foster City, CA,
USA) in a final volume of 10 μL. All qPCRs were performed
in duplicate. qPCR for rat or mice connective tissue growth
factor (CTGF), plasminogen activator inhibitor (PAI-1),
vimentin and human mPGES-1 were performed using
TaqMan Gene Expression Assays (Applied Biosystems): CTGF:
Rn00573960_m1; PAI-1: Rn00578319_m1; vimentin:
Rn00579738_ml in rats; CTGF: Mm01192932_g1; PAI-1:
Mm00435860_m1; vimentin: Mm01333430_m1 in mice;
mPGES-1: Hs00610420_m1. qPCR for the chemokine CCL2,
the macrophage membrane marker Mac-3 and TNF-α in mice,
mPGES-1 and EP1 receptors in rats and mice, and COX-2 in
human were performed using the fluorescent dye SyBRGreen
(iTaq FAST SyBRGreen Supermix with ROX; Bio-Rad,
Hercules, CA, USA) using specific primers (Supporting
Information Table S1). Cyclophilin in rats, β2-microglobulin
in mice and β-actin in humans were used as internal controls.
Quantification was performed on a 7500 Fast thermal cycler
(Applied Biosystems). PCR cycles proceeded as follows: 30 s
95°C and 40 cycles: 5 s 95°C, 30 s 60°C. At the end of the
PCR, a melting curve analysis was performed to show PCR
product specificity. To calculate the relative index of gene
expression, we employed the 2�ΔΔCt method using untreated
samples as calibrator.

Immunofluorescence
Mac-3 and mPGES-1 immunolocalization was performed in
aortic sections. Briefly, frozen transverse sections (14 μm)
were cut on to gelatin-coated slides and air-dried for at least
60 min. After blockade, sections were incubated with a
polyclonal antibody against Mac-3 (1:75; Santa Cruz
Biotechnology, Dallas, TX, USA) or mPGES-1 (1:100; Cayman
Chemical, Ann Arbor, MI, USA) in PBS containing 2% BSA
for 1 h at 37°C in a humidified chamber. After washing, rings
were incubated with an anti-rat IgG conjugated to Alexa488
or an anti-rabbit IgG conjugated to Cy™3 (1:200) (Jackson
Immunoresearch Laboratories, Inc., West Grove, PA, USA) for
1 h at 37°C. Immunofluorescent signals were viewed using
an inverted Leica TCS SP2 confocal laser scanning
microscope with oil immersion lens (×40). The specificity of
the immunostaining was evaluated by omission of the pri-
mary antibody and processed as described above. Under these
conditions, no staining was observed in the vessel wall.

Western blot analysis
To obtain whole-cell lysates, cells were harvested and mixed
gently in RIPA buffer containing 50 mM Tris pH 7.5, 150
mM NaCl, 1 mM MgCl2, 1 mM EDTA, 1% Nonidet-P40,
0.5% sodium deoxycholate, 1% SDS, a protease inhibitor
cocktail (Roche Applied Science, Barcelona, Spain) and a
mix of phosphatase inhibitors (1 mM orthovanadate, 20
mM β-glycerophosphate, 10 mM NaF; from Sigma-Aldrich).
Samples were centrifuged for 10 min at 15700 g, and protein
content in the supernatants was determined with Lowry
(Bio-Rad), using BSA (Sigma-Aldrich) as standard. Total
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protein equivalents of each sample (30 μg) were separated on a
7.5% SDS-PAGE and electrophoretically transferred to
polyvinylidene difluoride (Amersham, GE Healthcare,
Buckinghamshire, UK) in Tris-glycine transfer buffer with 20%
methanol in a Bio-Rad Trans-Blot Cell (Bio-Rad Laboratories).
Membranes were blocked with 4% skim milk in TBS-Tween for
30 min at room temperature before being incubated with
antibodies for collagen I (1:1000; Calbiochem Darmstadt,
Germany), CTGF (1:1000), COX-2 (1:200) or β-actin (1:50,000;
all from Sigma-Aldrich) overnight at 4° C. Membranes were
thoroughly washed and incubated with HRP-coupled anti-
rabbit IgG antibodies (1:2,000; Bio-Rad) for 1 h at room
temperature. Bands were detected using the Luminata Forte
(Millipore Corporation, Billerica, MA, USA) detection system.
Signals on the immunoblot were quantified using a computer
program (NIH IMAGEJ software). β-actin expression was used as
loading control.
Measurement of PGE2 production
The levels of PGE2 were determined in the incubation
medium of mesenteric arteries using an enzyme immunoas-
say commercial kit (R&D Systems, Minneapolis, MN, USA)
following the manufacturer’s instructions.
Responses of vascular tissues
Contractile responses of mouse aorta was studied in a wire
myograph. After a 30 min equilibration period in oxygenated
KHS, arterial segments were stretched to their optimal lumen
diameter for active tension development. Contractility of
segments was then tested by an initial exposure to a high-K+

solution (K+-KHS, 120 mM). The presence of endothelium
was determined by the ability of 10 μM ACh to relax arteries
precontracted with phenylephrine at approximately 50%
K+-KHS contraction. Afterwards, concentration–response
curves to phenylephrine, ACh and diethylamine NONOate
(DEA-NO) were constructed. A single concentration-
dependent curve was performed in each segment.

In another set of experiments, mouse aortic segments were
preincubated in vitrowithAngII (1μM,1h) in the absence or pres-
ence of SC51322 (EP1 receptor antagonist) or L798106 (EP3 recep-
tor antagonist) before determining concentration–response
curves to phenylephrine or 16,16-dimethyl PGE2. Segments
without preincubation with AngII were used as controls. Drugs
were added 30 min before AngII.
Table 2
Systolic BP (in mmHg) in angiotensin II (AngII)-infused mice with or withou

Untreated AngII AngII + celecoxib

C57BL6 102 ± 2.5 144 ± 3.9* 123 ± 4.5*#

COX-2+/+ 101 ± 2 163 ± 3.5*

COX-2�/� 103 ± 1.9 178 ± 4.6*#

Data are expressed as mean ± SEM; n = 5–9.
*P < 0.05 significantly different from untreated.
#P < 0.05 significantly different from AngII or COX-2+/+.
Vasoconstrictor responses were expressed as a percentage
of the tone generated by K+-KHS. Vasodilator responses were
expressed as a percentage of the previous tone generated by
phenylephrine.
Data analysis and statistics
This study follows the editorial on experimental design and
analysis in pharmacology (Curtis et al., 2015). All data are
expressed as mean ± SEM of the number of animals used in
each experiment or independent cell culture-based experi-
ments. Results were analysed by using paired or unpaired
Student’s t-test or one-way or two-way ANOVA followed by
Bonferroni’s post hoc test using the GRAPHPAD PRISM 5 software
(GraphPad Software, Inc., San Diego, CA, USA). P < 0.05 was
considered significant.
Materials
The compounds used were supplied as follows: 16,16-dimethyl
PGE2, ACh, AngII, diethylamine NONOate, L798106, phenyl-
ephrine, SC19220 and SC51322 were from Sigma-Aldrich
Co. (St Louis, MO, USA). Rofecoxib was from LKT Laboratories
(St. Paul, MN, USA) and celecoxib was generously provided by
Pfizer Inc. (Groton, CT, USA).
Results

Role of COX-2 in vascular remodelling and
mechanical changes in hypertension
As described previously (Martínez-Revelles et al., 2013),
AngII-infused mice showed increased SBP that was partly
prevented by celecoxib treatment (Table 2). Another COX-2
inhibitor, rofecoxib, also partly prevented AngII-induced hy-
pertension (Supporting Information Fig. S1A).

In MRA of AngII-infused mice, lumen and vessel
diameters were decreased and the wall : lumen ratio was in-
creased. These effects were unaffected by celecoxib treatment
(Figure 1A). AngII administration also reduced incremental
distensibility and increased vessel stiffness, which were
prevented by celecoxib (Figure 1B). Rofecoxib treatment did
not modify the effects of AngII in vessel or lumen diameters
or incremental distensibility (Supporting Information
Fig. S1B,C) but decreased the augmented vessel stiffness
induced by AngII (Supporting Information Fig. S1C).
t celecoxib or SC19220

AngII + celecoxib
(started 7 days after AngII infusion) AngII + SC19220

130 ± 3.2*# 119 ± 3.2*#

British Journal of Pharmacology (2016) 173 1541–1555 1545



Figure 1
COX-2 inhibition prevents angiotensin II (AngII)-induced increased vascular stiffness and changes in the ECM. Structural (A) and mechanical
parameters (B) in mesenteric resistance arteries (MRA) from mice untreated (n = 18) or treated with AngII (n = 15) or AngII plus celecoxib
(n = 16). (C) Quantification of internal elastic lamina structure and collagen content in the media layer of MRA (n = 6–9). Elastin image size:
59.5 × 59.5 μm. Scale bar: 50 μm. (D) Gene expression of connective tissue growth factor (CTGF), plasminogen activator inhibitor (PAI-1) and
vimentin in aortic homogenates (n = 7–11). Data represent mean ± SEM. Gene expression data are expressed as fold increase of the untreated
group mean value. *P < 0.05, significantly different from untreated, #P < 0.05, significantly different from AngII.

BJP M S Avendaño et al.
Differences in elastin organization are a central element
in small artery remodelling and stiffness in hypertension
(Briones et al., 2003). AngII decreased the mean fenestrae area
and the total number of fenestrae, the latter being abolished
by celecoxib (Figure 1C). AngII also increased collagen content
1546 British Journal of Pharmacology (2016) 173 1541–1555
and the expression of aortic CTGF, PAI-1 and vimentin genes,
which were reduced by celecoxib (Figure 1C,D).

SBP was similar in untreated COX-2+/+ and COX-2�/� mice,
and AngII infusion increased SBP more in COX-2�/� mice
(Table 2). MRA from COX-2�/� mice showed a greater wall :
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lumen ratio and increased stiffness, compared with those in COX-
2+/+ mice (Figure 2A,B). AngII infusion increased the wall :
lumen ratio and vascular stiffness in COX-2+/+ mice but not in
COX-2�/� (Figure 2A,B). Fenestrae area of the internal elastic
lamina and collagen deposition were similar in MRA from both
genotypes, although the numbers of fenestrae were smaller in
COX-2�/� mice (Figure 2C). AngII infusion decreased fenestrae
area and number and increased collagen deposition in MRA from
COX-2+/+mice, but not in those fromCOX-2�/�mice (Figure 2C).

We next evaluated whether COX-2 blockade might also
reverse vascular remodelling and/or mechanical alterations in
established hypertension. Thus, we analysed the effects of
celecoxib when administered 7 days after the beginning of
AngII infusion aswell as its effects in SHR, amodel of established
hypertension. As reported (Martínez-Revelles, et al., 2013),
celecoxib treatment decreased SBP in SHR (235 ± 3.1 vs. 208 ±
6.3 mmHg, n = 8, P < 0.05) or when administered 7 days after
AngII inmice (Table 2). This celecoxib treatment did notmodify
the altered vascular structure, but it increased the diminished
distensibility, decreased the augmented vessel stiffness and nor-
malized the altered elastin structure and the increased collagen
deposition observed in bothhypertensionmodels (Figures 3A–C
and 4). Moreover, the augmented aortic CTGF, PAI-1 and
vimentin gene expression in the SHR was normalized by
celecoxib (Figure 3D). Celecoxib or rofecoxib treatments did
not affect SBP, vascular structure or mechanical properties in
control mice or in WKY rats (data not shown).
Figure 2
COX-2 deletion prevents angiotensin II (AngII)-induced vascular remodelli
mmHg (A) and stress–strain relationship and β values (B) in mesenteric resist
8–9) and COX-2�/� (n = 6 per group) mice. (C) Quantification of internal ela
(n = 5–9). Elastin image size: 59.5 × 59.5 μm. Scale bar: 50 μm. Data represen
0.05, significantly different from COX-2+/+.
Altogether, these data demonstrate that COX-2 has a role
in ECM deposition in hypertension that in turn determines
vascular stiffness.

Role of COX-2-derived PGE2 in vascular
remodelling in hypertension
AngII infusion increased expression of mPGES-1, which was
present mainly in the media layer, and PGE2 production
(Figure 5A–C). Adult SHR aorta also showed increased
mPGES-1 expression compared with aorta samples from
WKY (Figure 5D), a difference not observed in
prehypertensive (4 weeks old) animals (relative mPGES-1
gene expression WKY: 1.01 ± 0.06, n = 7; SHR: 1.05 ± 0.09, n
= 6, P > 0.05). Celecoxib treatment normalized the increased
PGE2 production observed in the AngII model (Figure 5C).

Expression of EP1 receptors in VSMC was not modified by
incubation with AngII (Supporting Information Fig. S2A) or by
AngII infusion in mesenteric arteries (Supporting Information
Fig. S2B). However, the EP1 receptor antagonist SC19220
partly prevented the increased SBP induced by AngII infusion
(Table 2), but it did not modify the altered wall : lumen ratio in
MRA (Figure 5E). Importantly, SC19220 treatment normalized
the alteredmechanical properties, elastin structure and collagen
content (Figure 5F,G) in AngII-infused mice. These results indi-
cate that PGE2 probably derived from COX-2 and mPGES-1 in
response to AngII acts on EP1 receptors to induce changes in
vascular stiffness and collagen and elastin deposition.
ng, stiffness and extracellular matrix alterations. Wall : lumen at 60
ance arteries (MRA) from untreated and AngII-treated COX-2+/+ (n =
stic lamina structure and collagen content in the media layer of MRA
t mean ± SEM. *P< 0.05, significantly different from untreated, #P<
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Figure 3
COX-2 inhibition reduces the increased vascular stiffness and changes in the ECM in SHR. Structural (A) and mechanical parameters (B) in mes-
enteric resistance arteries (MRA) from WKY (n = 14), SHR (n = 16) and SHR treated with celecoxib (n = 16). (C) Quantification of internal elastic
lamina structure and collagen content in the media layer of MRA (n = 5–9). Elastin image size: 119 × 119 μm. Scale bar: 50 μm. (D) Gene expres-
sion of connective tissue growth factor (CTGF), plasminogen activator inhibitor (PAI-1) and vimentin in aortic homogenates (n = 5–13). Data rep-
resent mean ± SEM. Gene expression data are expressed as fold increase of theWKY groupmean value. *P< 0.05, significantly different fromWKY,
#P < 0.05, significantly different from SHR.
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Role of COX-2 and EP1 receptors in the altered
vascular function in AngII-induced
hypertension
Responses to phenylephrine were similar in aorta from COX-
2+/+ and COX-2�/� mice (Emax and pD2, data not shown).
1548 British Journal of Pharmacology (2016) 173 1541–1555
However, endothelium-dependent relaxation to ACh was
slightly impaired in COX-2�/� mice (Emax COX-2+/+: 81 ±
4%; Emax COX-2�/�: 69 ± 4%, P < 0.05). AngII infusion in-
creased phenylephrine vasoconstrictor responses and dimin-
ished ACh vasodilator responses in aorta from COX-2+/+ but



Figure 4
COX-2 inhibition reduces the increased vascular stiffness and changes in the ECM in established hypertension. Structural (A) and mechanical
parameters (B) in mesenteric resistance arteries (MRA) from mice untreated (n = 5) or treated with AngII (n = 5) or AngII plus celecoxib (n = 7)
(administered 7 days after AngII infusion). (C) Quantification of internal elastic lamina structure and collagen content in the media layer of
MRA (n = 5–7). Elastin image size: 59.5 × 59.5 μm. Scale bar: 50 μm. Data represent mean ± SEM. *P< 0.05, significantly different from untreated,
#P < 0.05, significantly different from AngII.
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not from COX-2�/� mice (Supporting Information Fig. S3A,
B). Treatment of AngII-infused mice with SC19220 not only
reduced the increased aortic contractile responses but also
normalized the impaired endothelium-dependent relaxa-
tions (Supporting Information Fig. S4A,B). DEA-NO-induced
relaxation was not modified by AngII infusion, by COX-2
gene deletion or by SC19220 treatment (Supporting Informa-
tion Figs. S3C and S4C).

Incubation of mouse aorta with AngII in vitro, a model
that closely resembles vascular alterations induced by AngII
in vivo (Martínez-Revelles et al., 2013), increased phenyleph-
rine responses; this potentiation was inhibited by another
EP1 receptor antagonist (SC51322) but not by an EP3 receptor
antagonist (L798106) (Supporting Information Fig. S4D). The
EP1 receptor antagonist, but not the EP3 receptor antagonist,
also decreased contractile responses to 16,16-dimethyl PGE2
in aorta and mesenteric arteries (data not shown).
Role of COX-2 in vascular inflammation in
hypertension: participation in ECM deposition
Medial macrophage infiltration, expression of the chemokine
CCL2 and of TNF-α were increased in arteries from AngII-
infused mice (Figure 6A–D). Celecoxib treatment normalized
the expression of themacrophagemarker Mac-3 and of TNF-α
expression, but it did not modify AngII-induced CCL2 ex-
pression (Figure 6A–D). To ascertain whether mononuclear
cells might be a source of prostanoids in hypertension, we
analysed COX-2 and mPGES-1 expression in human PBMC.
As shown in Figure 6E, expression of COX-2 and mPGES-1
were higher in PBMC obtained from untreated hypertensive
patients than in normotensive individuals.

We then assessed the contribution of macrophage infiltra-
tion to ECM deposition. Exposure of VSMC to MCM induced
an early decrease in collagen type I and CTGF expression that
was later increased. Thus, MCM increased collagen type I but
not CTGF expression in VSMC after 24 h (Figure 7). Pretreat-
ment of VSMC with celecoxib prevented the MCM-induced
collagen type I expression (Figure 7). In agreement, COX-2
expression was also increased in VSMC exposed to MCM
(Figure 7).
Discussion
The major novel finding of this study is that COX-2-derived
PGE2 acting on EP1 receptors contributed to the main signs
of vascular damage in hypertension, namely, increased vessel
stiffness and ECM deposition, increased vasoconstrictor
British Journal of Pharmacology (2016) 173 1541–1555 1549



Figure 5
EP1 receptor antagonism prevents AngII-induced vascular stiffness and changes in the ECM. Representative fluorescent confocal photomicro-
graphs of mPGES-1 immunolocalization (A) (n = 5) and mRNA levels of mPGES-1 (B) in aortic segments frommice with or without AngII treatment
(n = 6). Image size 238 × 238 μm. (C) PGE2 production by mesenteric arteries from mice with or without AngII treatment (n = 9) or AngII plus
celecoxib (n = 10). (D) mRNA levels of mPGES-1 in aortic homogenates from WKY (n = 10) and SHR (n = 11). Structural (E) and mechanical
parameters (F) in mesenteric resistance arteries (MRA) from mice with or without AngII treatment (n = 5) or AngII plus SC19220 (n = 5). (G)
Quantification of internal elastic lamina structure and collagen content in the media layer of MRA (n = 5). Elastin image size: 59.5 × 59.5 μm. Scale
bar: 50 μm. Data represent mean ± SEM. Gene expression data are expressed as fold increase of the untreated or WKY groups mean value. *P <

0.05, significantly different from untreated. #P < 0.05, significantly different from AngII.
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Figure 6
COX-2 participates in vascular inflammation in hypertension. (A) Representative fluorescent confocal photomicrographs of Mac-3 immunolocal-
ization in aortic segments (n = 5 per group). Image size 238 × 238 μm. mRNA levels of Mac-3 (B), CCL2 (C) and TNF-α (D) in aortic homogenates
from mice without (n = 5–7) or with AngII treatment (n = 6–10) or AngII plus celecoxib (n = 8–11). (E) mRNA levels of COX-2 and mPGES-1 in
PBMC isolated from normotensive (n = 5) or hypertensive (n = 5) patients. Data represent mean ± SEM. Gene expression data are expressed as
fold increase of the untreated or normotensive groups mean value. *P < 0.05, significantly different from untreated or normotensive. #P <

0.05, significantly different from AngII.
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responses, endothelial dysfunction and vascular inflamma-
tion. By modulating these processes, PGE2 might have an im-
portant role in hypertension.

COX-2 expression and prostanoids production are
induced by AngII in different vessels and vascular cell types
(Álvarez et al., 2007; Beltrán et al., 2009; Wong et al., 2011;
Martínez-Revelles et al., 2013), and high levels of COX-2 are
expressed in vessels from hypertensive patients or animal
models, where it participates in vascular dysfunction (Álvarez
et al., 2007; Tian et al., 2012; Martínez-Revelles et al., 2013;
Virdis et al., 2013). A role for COX-2 in vascular remodelling
has been demonstrated in pathological situations associated
with enhanced proliferation and/or migration of VSMCs
such as atherosclerosis, aneurysms and restenosis (Cipollone
et al., 2004; Yang et al., 2004; King et al., 2006; Gitlin et al.,
2007; Zhang et al., 2013). However, MRA from AngII-infused
mice or SHR showed eutrophic remodelling (data not shown),
and we did not observe improved vascular structure after
celecoxib treatment. Interestingly, in a recent study, we
demonstrated that celecoxib treatment prevented the
hypertrophic remodelling induced by AngII in aorta (Aguado
et al., 2015), suggesting that COX-2 blockade might be more
efficient in vascular remodelling associated with proliferation
and/or migration of vascular cells. Importantly, our results
clearly demonstrate that COX-2-derived prostanoids are re-
sponsible for the mechanical vascular alterations observed
in hypertension by modulating ECM deposition. This is be-
cause prophylactic and therapeutic administration of
celecoxib strongly decreased the greater vascular stiffness
and collagen deposition, the altered elastin structure and
the increased expression of profibrotic factors observed in
the hypertensive vasculature of SHR and AngII-infused mice,
thus leading to improved vascular distensibility. Moreover,
another selective COX-2 inhibitor, rofecoxib, also improved
the mechanical alterations, and COX-2�/� mice were resis-
tant to AngII-induced vascular stiffness and ECM alterations.
Our results are in agreement with previous data demonstrat-
ing that COX-2-derived products participate in the increased
collagen levels observed in different tissues such as the in-
farcted (LaPointe et al., 2004) or the diabetic (Kellogg et al.,
British Journal of Pharmacology (2016) 173 1541–1555 1551



Figure 7
Effect of macrophage conditioned media (MCM) in extracellular matrix deposition in vascular smooth muscle cells. Representative blots and
quantification of collagen type I, CTGF and COX-2 protein expression showing the effects of MCM or MCM plus celecoxib on vascular smooth
muscle cells. Data represent mean ± SEM. Protein expression data are expressed as fold increase of the time 0 groups mean value. *P < 0.05,
significantly different from untreated. #P < 0.05, significantly different from absence of celecoxib. n = 5.
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2009) heart. To our knowledge, only one study (Virdis et al.,
2012) has demonstrated a relationship between COX-derived
prostanoids and mechanical alterations in hypertension but
here it appeared to involve the COX-1 isoform. We do not
have a clear explanation for this discrepancy. However, nei-
ther the dose of AngII nor the COX-2 inhibitor was the same
as those used in the present study. An interesting result of our
study was the finding that, in the absence of AngII, arteries
from COX-2�/� mice showed increased wall : lumen ratio,
vascular stiffness and altered elastin structure when com-
pared with wild-type mice, effects not observed in normoten-
sive animals treated with celecoxib. This is consistent with
the idea of a protective role of COX-2-derived prostanoids
in physiological conditions because long-term inhibition as
achieved by genetic deletion of COX-2 results in vascular
damage. However, as mentioned, COX-2 knockout mice were
protected against the deleterious effects of AngII in the
vascular wall, suggesting that, in inflammatory conditions,
up-regulation of COX-2 is a key promoter of vascular damage.

AngII can enhance PGE2 generation as a consequence of
inducingmPGES-1 (Cipollone et al., 2004; Wang et al., 2008;
Aguado et al., 2015). In agreement, we found increased
mPGES-1 expression in vessels from adult hypertensive
animals but not in prehypertensive rats, suggesting that the
increased mPGES-1 expression might be a consequence of
high BP.We also observed that AngII-induced PGE2 production
was blocked by celecoxib treatment, which would be consistent
with the hypothesis that mPGES-1 and COX-2 could be co-
regulated and that stimulated PGE2 synthesis may depend on
up-regulation of both enzymes (Cipollone et al., 2008). PGE2
has important actions in the cardiovascular system such as con-
trol of vascular tone and cell adhesion/migration via EP receptor
subtypes (Foudi et al., 2012; Aguado et al., 2015). Recently, a role
for EP3 receptors has been demonstrated in neointimahyperpla-
sia (Zhang et al., 2013), and EP4 receptor activation increases fi-
brosis in the kidney (Mohamed et al., 2013). Herein, we report
for the first time that the EP1 receptor antagonist SC19220 nor-
malized the altered mechanical properties, collagen deposition
and altered elastin structure induced by AngII infusion in
MRA, without changing expression of EP1 receptors, suggesting
that increased PGE2 production and binding to available EP1
receptors is likely to be responsible for the observed effects.
Nevertheless, SC19220 did not modify structural parameters.
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Interestingly, a role for TxA2 receptors (TP) inAngII-induced vas-
cular remodelling has been described (Virdis et al., 2012; Sparks
et al., 2013). Altogether, these results suggest that the role of
prostanoids in vascular remodelling and stiffness in hyperten-
sion is a complex issue probably involving more than one pros-
tanoid and receptor. To build on this complexity, it is well
known that the selectivity of prostanoids for their respective re-
ceptors is not absolute and binding to other receptors, particu-
larly in pathological conditions, can be found for PGI2, PGE2
and TXA2 (Ungrin et al., 2001; Félétou et al., 2011).

Vasoconstrictor prostanoids from COX-2 are increased in
different animal models or in patients with hypertension and
are partly responsible for the endothelial dysfunction or the in-
creased vasoconstrictor responses observed in this pathology
(Widlansky et al., 2003; Álvarez et al., 2007; Virdis et al., 2009;
Wong et al., 2011; Tian et al., 2012; Martínez-Revelles et al.,
2013; Virdis et al., 2013). Here, we confirmed our results that
AngII induced COX-2-dependent production of contractile
prostanoids, that impaired vascular function (Martínez-Revelles
et al., 2013) and describe now that PGE2 acting on EP1 receptors
also played a key role. Thus, COX-2�/� mice and SC19220-
treated WT mice were partly protected from the deleterious ef-
fect of AngII in vascular contraction and endothelium-
dependent relaxation. In agreement, both EP1 (Guan et al.,
2007) and EP3 receptors (Chen et al., 2012) were involved in
acute vasoconstrictor responses induced by AngII, although
none of these studies evaluated the role of EP receptors in vascu-
lar function in chronic AngII-dependent hypertension. Of note,
in the absence of AngII, COX-2�/� mice showed some degree of
endothelial dysfunction, suggesting that COX-2-derived
prostanoids maintain physiological vessel function and it is
only after inflammatory challenge, that COX-2 deletion pro-
tects against vascular damage.

It is now evident that leukocytes have a role in vascular re-
modelling, endothelial dysfunction and stiffness in response
to AngII (De Ciuceis et al., 2005; Wenzel et al., 2011;Wu et al.,
2014). We demonstrate that COX-2 pathway is central to
explain the AngII-induced macrophage recruitment and the
expression of TNF-α in the vascular wall, because its blockade
decreased macrophage infiltration and expression of
pro-inflammatory cytokines in the vascular wall. We also
demonstrate that macrophages might have a role in ECM
deposition in adjacent VSMC. Thus, after an initial decrease of
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collagen type I expression probably driven by macrophage-
derived MMPs, prolonged exposure to MCM induced a
significant increase in collagen deposition and COX-2
expression. Importantly, COX-2 inhibition in VSMC prevented
the profibrotic effects of MCM, suggesting that products of
macrophages diffuse to the adjacent VSMC to induce COX-2
activation and ECM production. In support of the crucial role of
prostanoids derived from macrophages in vascular damage,
recent studies have demonstrated that mice lacking mPGES-1
in their myeloid cells, show reduced macrophage infiltration
and TNF-α expression in a model of murine atherosclerosis
(Chen et al., 2014). Furthermore, thesemice are protected against
exaggerated neointimal hyperplastic response to wire injury
(Chen et al., 2013) and against atherogenesis (Chen et al., 2014).
Of note, we observed that circulating PBMC from untreated
hypertensive patients exhibited increased COX-2 and mPGES-1
expression comparedwith normotensive individuals, changes that
might facilitate vascular damage in the hypertensive vasculature.

Pharmacological blockade of COX-2 partly prevented and
also reversed high BP in the SHR and/or in the AngII mice,
which is in agreement with previous reports (Tian et al.,
2012; Martínez-Revelles et al., 2013). However, we
observed that COX-2�/� mice were not protected against
AngII-induced hypertension, probably reflecting adaptive re-
sponses to gene deletion or differences attributable to genetic
backgrounds (Yang et al., 2004). Interestingly, we observed
that blockade of EP1 receptors prevented the increase in BP
induced by AngII, which is in agreement with previous
reports (Guan et al., 2007). In addition, other authors
found that deletion of EP3 (Chen et al., 2012) or TP
receptors (Francois et al., 2004), but not pharmacological
blockade of TP receptors (Virdis et al., 2012), partly prevented
AngII-inducedhypertension. Together, these results suggest that
different prostanoid receptors might contribute to BP regulation
both in physiological and pathological conditions.

In conclusion, we propose that COX-2-derived and pre-
sumablymPGES-1-derived PGE2 acting through EP1 receptors
is a key pathway involved in hypertension-associated vascu-
lar damage by inducing increased vessel stiffness, ECM depo-
sition, vascular dysfunction and inflammation. Specific
COX-2 inhibitors increase the risk of cardiovascular disease
(Amer et al., 2010) probably due to suppression of PGI2
biosynthesis without concomitant inhibition of platelet
COX-1-derived TxA2 production (Cheng et al., 2006). Our
data provide mechanistic information of the effects of
prostanoids in the vasculature in the setting of hyperten-
sion. By highlighting these effects, we provide novel
information that might help to identify more selective
components of the prostanoid pathway that might be more
suitable and safer targets for inhibition than the COX-2
enzyme. Therefore, targeting PGE2 production by mPGES-1
and/or the EP receptors might have potential benefit for
the treatment of hypertension and hypertension-associated
vascular damage.
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Figure S1 COX-2 inhibition prevents angiotensin II-in-
duced hypertension and increased vascular stiffness. Systolic
BP (SBP) (A) and structural (B) andmechanical parameters (C)
in mesenteric resistance arteries from mice, with or without
AngII treatment (n = 6) or AngII plus rofecoxib (n = 6). Data
represent mean ± SEM. *P < 0.05, significantly different from
untreated, #P < 0.05, significantly different from AngII.
Figure S2 Angiotensin II does not modify EP1 receptor ex-
pression. Levels of mRNA for EP1 receptors in (A) rat aortic
vascular smooth muscle cells stimulated with AngII (0.1
μM) (n = 5) or (B) mesenteric arteries frommice, with or with-
out AngII treatment (n = 6). Data representmean ± SEM. Gene
expression data are shown as fold increase of the time 0 or un-
treated groups mean value.
Figure S3 COX-2-derived prostanoids have a role in vascular
dysfunction in hypertension. Concentration–response
curves to phenylephrine (Phe) (A), ACh (B) and diethylamine
NONOate (DEA-NO) (C) in aorta from COX-2+/+ mice with
or without AngII treatment (n = 8 per group) and from
COX-2�/� mice with or without AngII treatment (n = 4–9).
Data represent mean ± SEM. *P < 0.05, significantly different
from untreated.
Figure S4 EP1 receptors participate in vascular dysfunction
in hypertension. Concentration–response curves to phenyl-
ephrine (Phe) (A), ACh (B) and diethylamine NONOate
(DEA-NO) (C) in aorta from mice with or without AngII
treatment (n = 5) or AngII plus SC19220 (n = 6). (D)
Concentration–response curves to Phe in aortic segments in-
cubated in vitro with AngII (1 μM, 1 h) alone or in combina-
tion with the EP1 receptor antagonist SC51322 (1 μM) or the
EP3 receptor antagonist L798106 (1 μM) (n = 6–8). Control
tissues were not incubated with AngII. Data represent mean
± SEM. *P < 0.05, significantly different from untreated or
control, #P < 0.05, significantly different from AngII.
Table S1 Sequences of the specific primers used for qPCR
assays
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