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ORIGINAL ARTICLE

EPA:DHA 6:1 prevents angiotensin ll-induced
hypertension and endothelial dysfunction in rats: role
of NADPH oxidase- and COX-derived oxidative stress

Zahid Rasul Niazi!, Grazielle C Silval, Thais Porto Ribeiro!, Antonio J Le6n-Gonzalez!, Mohamad Kassem?,
Abdur Mirajkar®, Azhar Alvi’, Malak Abbas!, Faraj Zgheel', Valérie B Schini-Kerth!> and Cyril Auger!?®

Eicosapentaenoic acid:docosahexaenoic acid (EPA:DHA) 6:1, an omega-3 polyunsaturated fatty acid formulation, has been
shown to induce a sustained formation of endothelial nitric oxide (NO) synthase-derived NO, a major vasoprotective factor. This
study examined whether chronic intake of EPA:DHA 6:1 prevents hypertension and endothelial dysfunction induced by
angiotensin 1l (Ang 1) in rats. Male Wister rats received orally corn oil or EPA:DHA 6:1 (500 mg kg~ per day) before chronic
infusion of Ang Il (0.4 mg kg1 per day). Systolic blood pressure was determined by tail cuff sphingomanometry, vascular
reactivity using a myograph, oxidative stress using dihydroethidium and protein expression by immunofluorescence and western
blot analysis. Ang ll-induced hypertension was associated with reduced acetylcholine-induced relaxations of secondary branch
mesenteric artery rings affecting the endothelium-dependent hyperpolarization (EDH)- and the NO-mediated relaxations, both of
which were improved by the NADPH oxidase inhibitor VAS-2870. The Ang Il treatment induced also endothelium-dependent
contractile responses (EDCFs), which were abolished by the cyclooxygenase (COX) inhibitor indomethacin. An increased level of
vascular oxidative stress and expression of NADPH oxidase subunits (p47P"°* and p22Phox), COX-1 and COX-2, endothelial NO
synthase and Ang Il type 1 receptors were observed in the Ang Il group, whereas SK¢, and connexin 37 were downregulated.
Intake of EPA:DHA 6:1 prevented the Ang ll-induced hypertension and endothelial dysfunction by improving both the NO- and

EDH-mediated relaxations, and by reducing EDCFs and the expression of target proteins. The present findings indicate that
chronic intake of EPA:DHA 6:1 prevented the Ang ll-induced hypertension and endothelial dysfunction in rats, most likely by

preventing NADPH oxidase- and COX-derived oxidative stress.
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INTRODUCTION

Cardiovascular diseases including coronary heart diseases and stroke
remain the leading cause of death worldwide both in developed and
developing countries, with hypertension being a major risk factor.!
The development of major cardiovascular diseases is associated early in
the process with the induction of an endothelial dysfunction char-
acterized by a reduced formation of vasoprotective factors including
nitric oxide (NO) and endothelium-dependent hyperpolarization
(EDH), and often also by the development of endothelium-
dependent contracting responses.>® Despite the fact that the nature
of the factors involved in endothelium-dependent contractile
responses (EDCFs) depends on the type of pathology, and the vascular
bed and species studied, a major role has been attributable to
vasoconstrictor prostanoids derived from the arachidonic acid cascade

via the cyclooxygenase (COX) pathway.> Moreover, previous studies
have indicated a key role of both the circulating and the local
angiotensin systems in the induction of endothelial dysfunction in
experimental models of hypertension, atherosclerosis and diabetes,
and in aging-related endothelial dysfunction, and also in patients with
cardiovascular risk factors.*”'% Angiotensin II (Ang II) is thought to
contribute to endothelial dysfunction by inducing vascular oxidative
stress subsequent to the upregulation of the expression of NADPH
oxidase,! 112
synthase (eNOS),"® alteration of calcium-dependent K channels
involved in EDH'# and an increased expression of COXs involved in
EDCFs.!>16

Although current first line antihypertensive treatments effectively
reduce systolic blood pressure in hypertensive patients, they seem to

which, in turn, promotes uncoupling of endothelial NO
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restore the protective endothelial function only to some extent.!”
Indeed, a partially improved endothelial function has been observed
in hypertensive patients in response to calcium channel antagonists,
and also in conduit arteries in response to angiotensin-converting
enzyme inhibitors and angiotensin type 1 receptor antagonists.!”!8
Several epidemiological and primary and secondary prevention studies
have indicated that dietary intake of omega-3 polyunsaturated fatty
acids (PUFAs), including the two major compounds eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), is able to reduce the risk
of cardiovascular diseases.!”>! Moreover, dietary supplementation
with omega-3 PUFA-rich fish or fish oil significantly reduced blood
pressure in hypertensive patients’>* and improved endothelium-
dependent vasodilatation in patients with coronary artery diseases,” in
heart transplanted patients?® and in hypertensive type 2 diabetic
patients.”” We as well as several other groups have shown that
formulations of purified EPA and DHA induce potent and sustained
endothelium-dependent relaxations of arterial rings by stimulating the
endothelial formation of NO and, often also, EDH.28-39 Moreover, the
ability of omega-3 PUFAs to induce endothelium-dependent relaxa-
tions has been shown to depend on both the purity and ratio of EPA:
DHA, and that the most active formulations include EPA:DHA 6:1
and 9:1.28 The characterization of the signal transduction pathway
leading to sustained eNOS activation has indicated the involvement of
the redox-sensitive Src/PI3-kinase/Akt pathway and the subsequent
phosphorylation of the eNOS activator site Ser 1177.28 Moreover, as
omega-3 PUFAs have been shown to redirect the COX-dependent
formation of prostanoids towards three-series rather than two-series,
and three-series prostanoids such as TxAj; are less potent vasocon-
strictors than two-series prostanoids such as TxA,, they may be of
interest to prevent the induction of EDCFs.>!¥

Therefore, we have tested the hypothesis that chronic intake of the
EPA:DHA 6:1 formulation prevents the Ang II-induced hypertension
and endothelial dysfunction in rats.

METHODS

Ethics statement

This study conforms to the Guide of care and the use of laboratory animals
published by the US National Institutes of Health (Bethesda, MD, USA; NIH
publication number 85-23, revised 1996). The present protocol was approved
by the local Ethics Committee (Comité Régional d’Ethique en Matiere
d’Expérimentation Animale de Strasbourg, approval AL/01/09/09/05).

Preparation of omega-3 PUFAs products

Highly purified EPA and DHA were provided by Pivotal Therapeutics, Inc
(Woodbridge, ON, Canada). The EPA:DHA 6:1 (w/w) ratio was prepared and
adjusted to the relative purity of each compound under nitrogen flux to avoid
oxidation of the omega-3 PUFAs. Thereafter, the formulation is aliquoted in
amber glass vials under nitrogen, and stored at 4 °C until use.

In vivo treatment of rats

Thirty-two male Wistar rats (10 weeks old) were randomly divided into four
groups of eight rats each. Rats received daily by gavage 500 mg kg~ ! per day of
either EPA:DHA 6:1 or corn oil (control) for 5 weeks. After 1 week, rats
underwent sham surgery (sham rats) or surgery with implantation of an
osmotic mini-pump infusing Ang II (0.4 mgkg™! per day) for 4 weeks as
described previously.® Briefly, rats were anesthetized with sodium pentobarbital
(50 mgkg ™!, ip.; Centravet, Velaine-en-Haye, France). A 1 cm incision was
made in the midscapular region, and an osmotic mini-pump (Alzet 2004,
Charles River Laboratories, Saint-Germain-sur-I'Arbresle, France) was
implanted. Pumps contained Ang II (Enzo Life Sciences, Villeurbanne, France),
which was dissolved in saline solution to obtain an infusion rate of 0.4 mg kg ™!
per day. Sham-operated rats underwent an identical surgical procedure without
pump implantation. After surgery, rats were housed in a thermo-neutral
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environment, on a 12:12 h photoperiod and were provided food and drinking
water ad libitum.

Determination of the plasma level of lipids

Analyses of total blood fatty acid levels, and calculation of the Omega Score
(EPA+DHA+Docosapentaenoic acid), arachidonic acid/EPA ratio and n-6/n-3
ratio were performed at the central laboratory of the University Health Network
(Specialty Laboratory, Toronto, ON, Canada), accredited by the College of
American Pathologists’ Laboratory Accreditation Program. The fatty acid
composition of whole blood was determined on 200 pl of sample after lipid
extraction by a modification of the method of Bligh and Dyer.>> The total lipid
fraction was then methylated with 12% (w/w) boron trifluoride in methanol by
incubation at 90 °C for 25min to produce fatty acid methyl-esters. After
cooling, the fatty acid methyl-esters were extracted with hexane, washed with
water, dried under nitrogen and dissolved in hexane. The fatty acid composi-
tion was then determined by gas-liquid chromatography performed on a 100 m
Varian Select FAME CP7420 capillary column (0.25 mm i.d.), using an Agilent
Technologies 6890N series gas chromatograph equipped with a split/splitless
mode injector, and a flame ionization detector (Agilent Technologies Canada
Inc., Mississauga, ON, Canada). The injector and detector were maintained at
280 °C and 300 °C, respectively, and samples were analyzed by multilevel
temperature programing in the range of 90-265 °C with ultra-high purity grade
helium as the carrier gas. The percent composition of fatty acids was calculated
from the individual peak areas using appropriate standards. The procedure was
routinely validated by proficiency testing using gas chromatography-mass
spectrometry.

Blood pressure measurements

Systolic blood pressure was measured in conscious rats twice a week for a total
of 4 weeks, by using a tail-cuff sphygmomanometer connected to a computer-
ized system (BP-2000 Blood pressure analysis system, Visitech Systems, Inc.,
Apex, NC, USA).

Vascular reactivity studies

To determine the effect of the EPA:DHA 6:1 treatment on the endothelial
function, vascular reactivity studies were performed on secondary branch
mesenteric artery rings using a DMT wire myograph (Danish Myo Technology
A/S, Aarhus, Danemark). Briefly, secondary branch mesenteric arteries of rats
were cleaned of connective tissue, cut into rings (2-3 mm in length), mounted
onto two stainless steel wires and suspended in organ baths containing
oxygenated Krebs bicarbonate solution (composition in mwm: NaCl 119,
KCl 4.7, KH,PO, 1.18, MgSO4 1.18, CaCl, 1.25, NaHCO; 25 and p-glucose
11, pH 7.4, 37 °C) for the determination of changes in isometric tension. After
the equilibration period, rings were exposure to Krebs bicarbonate solution
containing a high concentration of potassium (80 mm) until reproducible
contractile responses were obtained. Thereafter, rings were contracted with
phenylephrine (PE, 1 pm) to ~80% of the maximal contraction induced by the
high potassium solution before addition of acetylcholine (ACh, 1 pm) to test the
endothelial function. After washout and a 30 min equilibration period, rings
were again contracted with PE before the construction of a concentration-
relaxation curve to either ACh, levcromakalim (Lev, an ATP-sensitive K"
channel opener) or sodium nitroprusside (a NO donor). In some experiments,
rings were exposed to an inhibitor for 30 min before being contracted with PE.
To study NO-mediated relaxation, rings were incubated in the presence of
indomethacin (an inhibitor of COXs) and charybdotoxin plus apamin
(inhibitors of IKg, and SKg, respectively) to prevent the formation of
vasoactive prostanoids and EDH-mediated relaxation, respectively. The EDH-
mediated relaxation was studied in rings incubated with indomethacin and N®-
nitro-L-arginine (L-NA, an eNOS inhibitor) to prevent the formation of
vasoactive prostanoids and NO, respectively. Relaxations were expressed as
the percentage of the reversal of the contraction to PE. To study EDCFs, rings
were exposed to L-NA and apamin plus charybdotoxin for 30 min to prevent
the formation of NO and EDH. This was done prior to determination of a
concentration—contraction curve to ACh.
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Table 1 Plasma fatty acids levels
Fatty acid common name Formula Control Ang Il EPA:DHA 6:1 Ang Il + EPA:DHA 6:1
Saturated fatty acids
Lauric acid 12:0 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Myristic acid 14:0 0.39+0.03 0.33+0.08 0.49+0.16 0.49+0.07
Pentadecanoic acid 15:0 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Palmitic acid 16:0 26.96+0.56 26.38+0.71 28.02+1.46 25.22+0.60
Heptadecanoic acid 17:0 0.04+0.04 0.27+0.08 0.09+0.09 0.25+0.07
Stearic acid 18:0 16.55+0.52 17.24+1.07 15.33+1.04 17.70+0.46
Arachidic acid 20:0 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Behenic acid 22:0 0.00+0.00 0.05+0.05 0.00+0.00 0.00+0.00
Lignoceric acid 24:0 0.00+0.00 0.00+0.00 0.00+0.00 0.06 +0.06
Monounsaturated fatty acids
Myristoleic acid 14:1 0.11+0.05 0.14+0.06 0.00+0.00 0.03+0.03
Myristoledic acid 14:17 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
10-Pentadecenoic acid 15:1 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Palmitolaidic acid 16:1w7 0.35+0.07 0.16+0.09 0.40+0.21 0.11+0.05
Palmitoleic acid 16:1w9 1.43+0.18 1.47+0.20 1.93+0.21 1.79+0.16
10-Heptadecenoic acid 17:1 0.04+0.04 0.11+0.09 0.00+0.00 0.03+0.03
Petroelaidatic acid 18:1wb 0.00+0.00 0.09+0.09 0.00+0.00 0.00+0.00
Vaccenic acid 18:1w7 3.83+0.21 3.06+0.51 3.48+0.29 3.15+0.21
Oleic acid 18:1w9 6.18+0.46 6.26+0.49 6.63+0.51 6.62+0.24
11-Eicosenoic acid 20:1w7 0.06+0.04 0.18+0.07 0.15+0.10 0.26+0.10
5-Eicosenoic acid 20:1w9 0.08+0.06 0.00+0.00 0.00+0.00 0.00+0.00
8-Eicosannoic acid 21:1w9 0.09+0.07 0.21+0.07 0.00+0.00 0.00+0.00
Erucic acid 22:1w9 0.28+0.09 0.22+0.08 0.27+0.16 0.13+0.10
Nervonic acid 24:1w9 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Polyunsaturated fatty acids
Omega 3
Alpha-linolenic acid 18:3w3 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Stearidonic acid 18:4w3 0.23+£0.07 0.27+0.06 0.10+£0.07 0.14+0.07
Eicosatrienoic acid 20:3w3 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Eicosatetraenoic acid 20:4w3 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
EPA 20:5w3 0.28+0.15 0.38+0.17 3.34+£0.54* 3.00+0.75%#
Docosatrienoic acid 22:3w3 0.20+0.07 0.32+0.08 0.00+0.00 0.00+0.00
DPA 22:5w3 0.49+0.04 0.35+0.08 2.34+0.31"% 1.86+0.16%#
DHA 22:6w3 3.56+0.28 3.95+0.16 5.20+0.35* 6.02+0.30%#
Omega 6
Linoleic acid 18:2w6 21.00+0.69 20.15+0.84 20.97 +£0.68 18.31+0.70
Gamma-linolenic acid 18:3w6 0.00+0.00 0.13+0.1 0.00+0.00 0.00+0.00
Eicosadienoic acid 20:2w6 0.00+0.00 0.00+0.00 0.00+0.00 0.07+0.07
Dihomogamma-linolenic acid 20:3wb 0.72+0.07 0.67+0.05 0.85+0.14 0.83+0.16
AA 20:4w6 16.66+1.19 16.93+0.82 10.12+1.25* 13.64+1.24
Docosadienoic acid 22:2w6 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Docosatetraenoic acid 22:4w6 0.39+0.08 0.42+0.10 0.30+0.12 0.29+0.11
Docosapentaenoic acid 22:5w6 0.11+0.05 0.26+0.10 0.00+0.00 0.00+0.00
Omega 9
Mead's acid 20:3w9 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Total 100.00+0.00 100.00+0.00 100.00+0.00 100.00+0.00
Omega status
Omega Score (EPA+DPA+DHA) 4.33+0.42 4.69+0.24 10.88+0.62* 10.88+0.68*#
Total saturated fatty acids 43.94+0.83 44.26+1.21 43.93+1.01 43.71+0.71
Total monounsaturated fatty acids 12.44+0.72 11.91+1.22 12.87+0.53 12.12+0.25
Total polyunsaturated fatty acids 43.62+1.24 43.83+0.66 43.21+0.89 44.16+0.74
Total omega-3 fatty acids 4.75+0.50 5.28+0.31 10.98 +£0.60* 11.02+0.72*#
Total omega-6 fatty acids 38.87+0.90 38.56+0.54 32.23+1.02% 33.14+1.15%*
Omega-6/0mega-3 ratio 8.67+0.71 7.48+0.42 3.02+£0.24* 3.11+£0.27%#
AA/EPA ratio 45.10+11.04 41.48+11.29 4.38+1.44* 6.23+1.29%#

Abbreviations: Ang Il, Angiotensin II; AA, arachidonic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid.
Results are expressed as percent of total plasma fatty acid level and shown as means +s.e.m. of eight rats per group.

*P<0.05 vs. Ctrl, #P<0.05 vs. Ang II.
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Immunofluorescence studies

To characterize the mechanism underlying the Ang II-induced endothelial
dysfunction, the expression level of several proteins involved in NO, EDH and
EDCFs responses were determined by immunofluorescence in sections of the
secondary branch mesenteric artery. For this purpose, frozen arteries embedded
in Tissue-Tek OCT (Sakura 4583, Leiden, The Netherlands) were cryosectioned
at 14 pm. Sections were air dried for 15 min and stored at —80 °C until use.
Sections were first fixed with paraformaldehyde at 4% (Electron Microscopy
Sciences, Hatfield, PA, USA), washed and treated with either 10% milk or 5%
goat serum in phosphate-buffered saline containing 0.1% Triton X-100 for 1 h
at room temperature to block nonspecific binding. Mesenteric artery sections
were then incubated overnight at 4 °C with an antibody directed against either
eNOS (1/50, cat: 610297, BD Transduction Laboratories, Le Pont de Claix,
France), arginase-1 (1/100, cat: 610708, BD Transduction Laboratories), small
and intermediate conductance calcium-activated potassium channels (SKc,,
1/200, cat: APC-025; IKc,, 1/200, cat: APC064, Alomone Labs, Jerusalem,
Israel), connexin 37 (1/100 to 1/200, cat: CX37B12-A, Alpha Diagnostic
International, San Antonio, TX, USA), Ang II type 1 receptor (ATIR, 1/ 400,
sc-1177, Santa Cruz Biotechnology, Clinisciences, Nanterre, France), AT2R
(1/50, sc-9040, Santa Cruz Biotechnology), NADPH oxidase sub-units p47ph°"
(1/200, sc-14015, Santa Cruz Biotechnology) and p22ph°" (1/200, sc-20781,
Santa Cruz Biotechnology), COX-1 (1/250, ab109025, Abcam, Paris, France)
and COX-2 (1/200, sc-1745, Santa Cruz Biotechnology). For negative controls,
the primary antibody was omitted. Sections were then washed with phosphate-
buffered saline, incubated with the fluorescent secondary antibody (1/400,
Alexa 633-conjugated goat anti-rabbit or anti-mouse IgG, A-21070 and
A-21050, Thermo Fisher, Illkirch, France) for 2h at room temperature in
the dark before being washed with phosphate-buffered saline and mounted in
Dako fluorescence mounting medium (Dako S3023, Les Ulis, France) and
cover-slipped before being evaluated by confocal microscopy using a confocal
laser-scanning microscope (Leica TSC SPE, Mannheim, Germany). Quantifica-
tion of fluorescence levels was performed using Image J software (version 1.49p
for Windows, US National Institutes of Health).

Determination of the in situ vascular level of oxidative stress

The redox-sensitive fluorescent dye dihydroethidium (2.5 pm) was applied to
25 pm unfixed cryosections of secondary branch mesenteric artery for 30 min
at 37°C in a light-protected humidified chamber. The sections were then
mounted in Dako fluorescence mounting medium and cover-slipped before
being evaluated by confocal microscopy using a confocal laser-scanning
microscope (Leica TSC SPE). Quantification of fluorescence levels was
performed using Image ] software (version 1.49p for Windows, US National
Institutes of Health).

Western blot analysis

To characterize the mechanism underlying the Ang Il-induced endothelial
dysfunction, the expression level of several proteins involved in NO, EDH and
EDCEFs responses were determined by Western blot analysis in the secondary
branch of the mesenteric artery. Proteins were extracted from mesenteric artery
segments with radioimmunoprecipitation assay lysis and extraction buffer
containing phosphatase and protease inhibitors. Proteins (20 pg) were sepa-
rated on 10% SDS-polyacrylamide gels, using prestained markers for molecular
mass determinations, before being transferred onto nitrocellulose membranes.
Membranes were blocked with 5% bovine serum albumin on Tris-buffered
saline solution and 0.1% Tween 20 for 1 h. Membranes were then incubated
with the primary antibody (COX-2, NADPH oxidase sub-unit p22Ph°* and
eNOS; dilution of 1:1000) overnight at 4 °C. After washing, membranes were
incubated with their corresponding peroxidase-labeled secondary antibody at
room temperature for 60 min. Immunoreactive bands were detected by
enhanced chemiluminescence substrate solution. Chemiluminescence signal
was recorded using an ImageQuant LAS4000 system (GE Healthcare Europe
GmbH, Velizy-Villacoublay, France) and analyzed using ImageQuant TL
software (version 8.1, GE Healthcare). Membranes were stripped subsequently
and reprobed with a mouse polyclonal anti-glyceraldehyde-3-phosphate
deshydrogenase antibody for normalization purposes.
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Statistical analysis

Values are expressed as means + s.e.m. Statistical analysis was performed using
an analysis of variance followed by the Bonferroni post-hoc test as appropriate
using GraphPad Prism (version 5 for Microsoft windows, GraphPad Software,
Inc., San Diego, CA, USA). Values of P<0.05 were considered to be statistically
significant.

RESULTS

Effects of chronic oral intake of EPA:DHA 6:1 treatment on plasma
levels of omega-3 PUFAs

After 5 weeks of chronic feeding of rats with EPA:DHA 6:1, the plasma
contained significantly higher levels of PUFAs including EPA, DHA
and docosapentaenoic acid, resulting in an increased total omega-3
PUFAs content and omega score (Table 1). Moreover, the total
omega-6 PUFAs proportion was significantly reduced in groups
receiving EPA:DHA 6:1 (Table 1). Thus, the omega-6/omega-3 ratio
was significantly reduced in rats receiving the EPA:DHA 6:1 formula-
tion compared with those receiving corn oil (Table 1).

Effects of EPA:DHA 6:1 treatment on Ang II-induced hypertension
Chronic administration of 0.4 mgkg™! per day of Ang II to rats
caused an increase in systolic blood pressure, which was significant
after 3 days and remained elevated throughout the experiment
(190.6 +8.5 and 120.7 +4.2 mmHg for the Ang II and control groups
at week 4, respectively; Figure 1). Intake of EPA:DHA 6:1
(500 mgkg ™! per day) partially but significantly prevented the Ang
II-induced hypertension, whereas it was without effect in normoten-
sive rats (149.0+7.8 and 115.6 +2.8 mmHg at week 4 for the Ang II
+EPA:DHA 6:1 group and the EPA:DHA 6:1 group, respectively;
Figure 1).

Effects of EPA:DHA 6:1 treatment on Ang II-induced endothelial
dysfunction

To determine the effect of the antihypertensive EPA:DHA 6:1
treatment on the endothelial function, vascular reactivity studies were
performed on secondary branch mesenteric artery rings. In rings
precontracted by PE (1 um), ACh induced concentration-dependent
relaxations, which were significantly reduced at 0.1 to 1 pMm in the Ang
II-treated group (Figure 2a). To study NO-mediated relaxations, rings
were incubated in the presence of indomethacin (an inhibitor of
COXs) and charybdotoxin plus apamin (inhibitors of IK¢, and SKc,,
respectively) to prevent the formation of vasoactive prostanoids and
EDH-mediated relaxation, respectively, whereas the EDH-mediated
relaxation was studied in the presence of indomethacin and 1-NA (an
eNOS inhibitor) to prevent the formation of vasoactive prostanoids
and NO, respectively. Compared with the control group, the NO-
mediated relaxation was slightly but significantly reduced in the Ang II
group (Figure 2b), whereas the EDH-mediated relaxation was
markedly reduced (Figure 2¢). The EPA:DHA 6:1 treatment prevented
the Ang II-induced endothelial dysfunction as indicated by similar
NO- and EDH-mediated relaxations to those of the control group
(Figure 2b and c). Moreover, the incubation of rings with VAS-2870, a
NADPH oxidase inhibitor, prevented the Ang II-induced impairment
of both the NO- and EDH-mediated relaxations, indicating a key
determinant role of NADPH oxidase-derived oxidative stress (Figure
2d and e).

To study the potential role of EDCFs in the Ang II-induced
endothelial dysfunction, rings were subjected to increasing concentra-
tions of ACh in the presence of 1-NA, apamin and charybdotoxin to
prevent the formation of NO and EDH, respectively. ACh induced
small concentration-dependent contractile responses in rings with
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Figure 1 Chronic intake of EPA:DHA 6:1 prevents the Ang Il-induced
hypertension in rats. Rats received daily by gavage 500 mg kg1 per day of
either EPA:DHA 6:1 or corn oil (control) for 1 week before administration of
Ang 11 (0.4 mgkg~! per day) using mini osmotic pumps for 3 weeks. Blood
pressure was monitored by tail-cuff sphygmomanometry. Results are
expressed as means+s.e.m. of 8 rats per group. *P<0.05 vs. Control,
#P<0.05 vs. Ang II.

endothelium from the control group, which were significantly
increased in the Ang II group (Figure 3a). EPA:DHA 6:1 treatment
prevented the Ang II-induced increase in EDCFs but was without
effect in the control group (Figure 3a). The Ang II-induced contractile
response to ACh was abolished in the presence of indomethacin
(Figure 3b), indicating the involvement of COXs-derived vasocon-
tractile prostanoids.

Neither the Ang II treatment nor the EPA:DHA 6:1 treatment
significantly affected the function of the vascular smooth muscle as
indicated by similar concentration-dependent contractile responses to
PE (Figure 3¢) and concentration-dependent relaxations to sodium
nitroprusside, a NO donor, in arterial rings exposed to indomethacin,
L-NA, apamin and charybdotoxin to prevent the contribution of
vasoactive prostanoids, NO and EDH, respectively (Figure 2f).

Effects of EPA:DHA 6:1 treatment on Ang II-induced vascular
oxidative stress and expression of target proteins involved in NO,
EDH and EDCFs responses

To characterize the mechanisms underlying the Ang II-induced
endothelial dysfunction and the protective effect of the EPA:DHA
6:1 treatment, the expression level of several proteins involved in NO,
EDH and EDCFs responses were determined in sections of secondary
branch mesenteric arteries by immunofluorescence. The Ang II
treatment was associated with an increased expression level of eNOS,
indicating most likely a compensatory mechanism, and of arginase 1,
an enzyme that can limit the bioavailability of the eNOS substrate
L-arginine thereby promoting eNOS uncoupling (Figure 4). The Ang II
treatment was also associated with a reduced expression of connexin
37 and SKc,, and an increased expression of both COX-1 and COX-2
(Figure 4). The EPA:DHA 6:1 treatment prevented the Ang II-induced
alterations of target proteins involved in the NO, EDH and EDCFs
pathways (Figure 4). Since an increased vascular level of oxidative
stress induced by the AT1R-mediated activation and expression of
NADPH oxidase, contributes to Ang II-induced hypertension and
endothelial dysfunction,” the vascular level of oxidative stress was
assessed using the redox-sensitive probe dihydroethidium, and the
expression level of NADPH oxidase subunits (p22Pho% and p47phox)
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and Ang II receptors by immunofluorescence in secondary branch of
mesenteric arteries. The Ang II treatment was associated with an
increased vascular level of oxidative stress and expression of NADPH
oxidase subunits p22Ph°¥ and p47PhoX and also of both ATIR and
AT2R; all these effects were prevented by the EPA:DHA 6:1 treatment
(Figure 4).

In order to confirm the immunofluorescence signals and due to the
limited amount of tissue, western blot analysis was performed to
determine the expression level of eNOS, COX-2 and p22PP°* in the
secondary branch of the mesenteric artery. The Ang II treatment
increased the expression level of eNOS, COX-2 and pZZPh"X whereas
no such effect was observed in the Ang II+EPA:DHA 6:1 group and in
the EPA:DHA 6:1 group (Figure 5).

DISCUSSION

The major findings of the present study indicate that the chronic oral
intake of the omega-3 PUFAs formulation EPA:DHA 6:1 prevents
hypertension and endothelial dysfunction induced by chronic admin-
istration of Ang II to rats. The characterization of the mechanisms
underlying the Ang II-induced endothelial dysfunction in the second-
ary resistance branch of the mesenteric artery (<100 pm in diameter)
has indicated a pronounced impairment of the EDH-mediated
relaxation and also, to some extent, of the NO-mediated relaxation,
and the induction of EDCFs, which are all prevented by the EPA-DHA
6:1 treatment. The vasoprotective effect of the EPA:DHA 6:1 treatment
involves the prevention of the decreased expression level of connexin
37 and SK¢, involved in the EDH-mediated relaxation, and of the
increased expression level of eNOS and arginase 1 involved in the NO-
mediated relaxation, and of COX-1 and COX-2 involved in EDCFs. It
is most likely explained by the prevention of the NADPH oxidase-
derived oxidative stress in the arterial wall. Altogether, these findings
suggest that EPA:DHA 6:1 may help to improve the endothelial
function and, hence, to enhance the protection of the vascular system
in hypertension.

The chronic intake of EPA:DHA 6:1 to rats significantly increased
plasma levels of omega-3 PUFAs including EPA, DHA and docosa-
pentaenoic acid, an elongated metabolite of EPA, and decreased those
of omega-6 PUFAs including arachidonic acid. As a consequence, the
omega-6/omega-3 ratio was decreased by about 65% by the EPA:DHA
6:1 treatment. Previous experimental and clinical studies have
indicated that reducing the omega-6/omega-3 ratio has a beneficial
health effect as indicated by decreased oxidative stress and inflamma-
tion markers in rats, and a reduced risk of cardiovascular diseases and
cancer in humans.>»3

Consistent with previous studies, administration of 0.4 mgkg™!
per day of Ang II to rats induced within a few days an increase in
systolic blood pressure that remained elevated during the next 2
weeks.>” The chronic intake of EPA:DHA 6:1 markedly reduced the
Ang II-induced hypertension by about 60%. Previous studies have also
shown that intake of 0.75% EPA and DHA in the diet for 2 weeks in
combination with an inhibitor of the soluble epoxide hydrolase
significantly prevented the Ang Il-induced hypertension in mice®
and 1 or 5% of DHA in the diet for 14 weeks reduced the high systolic
blood pressure level in spontaneously hypertensive stroke-prone rats.>’
In the present study, EPA:DHA 6:1 was administered at the dose of
0.5 gkg ™! per day to rats, which is equivalent to about 5.67 g per day
for a 70 kg human.*® Such a dose is in line with clinical studies
indicating a beneficial effect of intake of omega-3 PUFAs on the
cardiovascular system including in hypertensive patients with doses
ranging from 0.18 up to 10 g per day.'*?>243° Indeed, intake of more
than 2 g per day of EPA+DHA for at least 3 weeks has been shown to
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Figure 2 EPA:DHA 6:1 prevents the Ang Il-induced endothelial dysfunction in the secondary branch of the mesenteric artery. (a—c) Rings with endothelium
were contracted with 1 pm PE before the addition of increasing concentrations of ACh. (b) NO-mediated relaxations were studied in the presence of
indomethacin (10 um) and charybdotoxin plus apamin (100 nm each) to prevent the formation of vasoactive prostanoids and EDH-mediated relaxations,
respectively. (c) EDH-mediated relaxations were studied in the presence of indomethacin and N®-nitro-L-arginine (300 um) to prevent the formation of
vasoactive prostanoids and NO, respectively. (d and e) To assess the role of NADPH oxidase-derived oxidative stress in Ang ll-induced endothelial
dysfunction, NO- (d) and EDH-mediated (e) relaxations were performed in the presence of VAS-2870, a NADPH oxidase inhibitor (1 pm). (f) The function of
the vascular smooth muscle was assessed in rings with endothelium contracted with 1 pm PE before the construction of a concentration-relaxation curve to
sodium nitroprusside (SNP), a NO donor, in the presence of charybdotoxin plus apamin (100 nw each), N®-nitro-L-arginine (300 um) and indomethacin
(10 pm) to prevent the contribution of EDH, NO and vasoactive prostanoids, respectively. Results are expressed in % relaxations as means +s.e.m. of eight

rats per group. *P<0.05 vs. Control, #P<0.05 vs. Ang |I.

reduce systolic blood pressure by about 1.25 and 4.51 mmHg in
normotensive and hypertensive subjects, respectively,’? at least 3 g
per day of omega-3 PUFAs for 3 weeks by about 1.5 and 5.5 mm Hg
in normotensive subjects and untreated moderately hypertensive
patients, respectively,”® and 15g per day of omega-3 PUFAs for
4 weeks by about 6.5 mmHg in mildly hypertensive patients.’* Thus,
the present findings in conjunction with previous ones indicate that
omega-3 PUFAs can contribute to reduce high levels of blood pressure
in both experimental models of hypertension and also in hypertensive
humans.

Previous studies have indicated that NADPH oxidase-derived
formation of superoxide anions plays a pivotal role in the Ang II-
induced hypertension and endothelial dysfunction subsequent to the
activation of angiotensin type 1 receptors.>!14942 In the present
study, NADPH oxidase-derived oxidative stress appears also to

contribute to the Ang II-induced endothelial dysfunction since both
the NO- and EDH-mediated relaxations were improved in the
presence of VAS-2870, an inhibitor of NADPH oxidase. It is also
supported by the fact that an increased level of oxidative stress and
expression of NADPH oxidase subunits, p22P2o% and p47Phox, as well
as AT1R are observed in the arterial wall in the Ang II group. Previous
studies have indicated that superoxide anions can chemically react
with NO thereby reducing its bioavailability and leading to the
subsequent formation of peroxynitrite, which, in turn, promotes
uncoupling of eNOS and an enhanced formation of superoxide
anions.*> Such a concept is supported by the fact that inhibitors of
eNOS decreased the formation of superoxide anions in the arterial
wall of Ang Il-treated hypertensive rats.** The increased expression
level of arginase 1 in the arterial wall in the Ang II group suggests that
this enzyme might also contribute to reduce NO-mediated relaxation

Hypertension Research
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Figure 3 EPA:DHA 6:1 prevents the Ang ll-induced EDCFs in the secondary branch of the mesenteric artery. EDCFs were studied in the presence of
charybdotoxin plus apamin (100 nM each) and N®-nitro-L-arginine (300 pm) to prevent the formation of EDH and NO, respectively. Rings with endothelium
were subjected to increasing concentrations of ACh in the absence (a) or presence (b) of indomethacin (10 pm) to prevent the formation of vasoactive
prostanoids. Results are expressed in % relaxations as means +s.e.m. of 8 rats per group. *P<0.05 vs. Control, #P<0.05 vs. Ang Il. (c) The function of the
vascular smooth muscle was assessed in rings with endothelium subjected to increasing concentrations of PE in the presence of charybdotoxin plus apamin
(100 nm each), N®-nitro-L-arginine (300 pum) and indomethacin (10 pm) to prevent the contribution of EDH, NO and vasoactive prostanoids, respectively.

Results are expressed in mN mm~1 as means+s.e.m. of eight rats per group

by competing with eNOS for the substrate L-arginine.*>~*” In addition,
the increased expression level of eNOS protein in the Ang II group
indicates most likely a compensatory mechanism to maintain to some
extent the NO-mediated relaxation. The fact that in the presence of
VAS-2870, EDH-mediated relaxation in the Ang II group was
increased suggests the involvement of NADPH oxidase-derived
oxidative stress possibly by inactivating the Ca?*-activated K* channels
SKc, and IK¢, mediating the hyperpolarization.'*

As the vascular level of oxidative stress in the Ang II plus EPA-DHA
6:1 group was similar to that observed in the control group, the
vasoprotective effect of EPA:DHA 6:1 most likely involves its ability to
prevent the pro-oxidant effect of Ang II. Indeed, EPA:DHA 6:1
prevented the Ang II-induced up-regulation of the expression of the
pro-oxidant enzymes NAPDH oxidase and COXs, and also of AT1R in
the arterial wall. In addition, previous studies have shown that omega-
3 PUFAs can also have an antioxidant effect by directly inhibiting
NADPH oxidase activity*® and by scavenging ROS.*

Besides omega-3 PUFAs, polyphenol-rich sources such as red wine
and green tea have been shown to improve the endothelial dysfunction
in several experimental models of hypertension and in patients with
cardiovascular risk factors by targeting vascular oxidative stress
(for review, see®?). Similarly, the antioxidant vitamin C improved
endothelium-dependent vasodilatation in hypertensive patients,
whereas no such effect is observed in normotensive subjects.’!
Altogether, these findings indicate that several sources of natural
products including fish-derived products and fruit and vegetables may
help to protect the cardiovascular system and hence delay the
development of cardiovascular diseases.

Ang II-induced endothelial dysfunction in the secondary resistance
branch of the mesenteric artery involves, besides impaired NO- and
EDH-mediated relaxations, also the induction of EDCFs to ACh. As
no such contractile responses are observed in the presence of
indomethacin, they appear to involve COX-derived vasoconstrictor
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prostanoids possibly as a consequence of the upregulation of the
expression of both COX-1 and COX-2,
genes.!>1652 COX-derived vasoconstrictor prostanoids have also been

two redox-sensitive
shown to contribute to endothelial dysfunction in hypertensive
humans, as indomethacin restored the endothelium-dependent vaso-
dilatation to ACh in the forearm of hypertensive patients but not of
normotensive subjects.”® Thus, the present findings indicate that EPA:
DHA 6:1 effectively prevented the Ang II-induced hypertension and
endothelial dysfunction by preventing an impairment of both EDH-
and NO-mediated relaxations, and the development of EDCFs.

The fact that the EPA:DHA 6:1 treatment improved the plasma
omega-6/omega-3 ratio might also contribute to protect the vascular
system. Indeed, a reduction of the omega-6/omega-3 ratio has been
shown to promote the production of omega-3-derived anti-
inflammatory metabolites such as resolvins.”*5° Indeed, resolvin D1
prevented the hyperreactivity induced by endothelin-1 and pro-
inflammatory cytokines (TNFa and IL-6) in the human pulmonary
artery.”” Omega-3 PUFAs also reduced the expression of the pro-
inflammatory COX-2 in vascular smooth muscle cells whereas an
increased expression was observed in response to arachidonic acid, an
omega-6 PUFA.>® As activation of perivascular T cells and the
subsequent vascular inflammatory response have been shown to
contribute to Ang II-induced hypertension and endothelial dysfunc-
tion, omega-3 PUFAs might possibly also contribute to protect the
vascular system by limiting the pro-inflammatory response.>®

Nevertheless, a limitation of the present study is the fact that corn
oil has been chosen as a control oil for isocaloric intake, which has
been shown to induce an acute endothelial dysfunction in humans.®!

In conclusion, the present findings indicate that chronic intake of
EPA:DHA 6:1 is able to prevent the Ang II-induced hypertension and
endothelial dysfunction. The beneficial effect of the EPA:DHA 6:1
treatment involves an improved NO- and EDH-mediated relaxations
and the prevention of the induction EDCFs most likely by reducing



1000

500

eNOS fluorescence
(arbitrary units)

2000

1500

1000

500

COX-1 fluorescence
(arbitrary units)

800 #

400

200

Cx37 fluorescence
(arbitrary units)

3000

2000 —_—

1000

ROS fluorescence
(arbitrary units)

600

200

p22P"° fluorescence
(arbitrary units)
a
o =
i <| =

*

1500

1000 #

T

500

ATR1 flucrescence
(arbitrary units)

Control EPA:DHA 6:1 Angll Ang Il +
EPA:DHA 6:1

EPA:DHA 6:1 prevents endothelial dysfunction

IR Niazi et al

1500

1000

500

Arginase 1 fluorescence
(arbitrary units)

1000
800
600

400

200

COX-2 fluorescence
(arbitrary units)

1500

8 #

5 £ —
€

2 § 1000

Ee

8s *

&2 50

3g

o

4

9 (4]

8 400 *

c #
e i
=

§ 300

= T

8 E 200

==

E 2 100

2 8

=~

3 0

1500
1000

500

AL

ATR2 fluorescence
(arbitrary units)

Control EPA:DHA 6:1

Angll  Angll+
EPA:DHA 6:1

973

Figure 4 EPA:DHA 6:1 prevents the Ang ll-induced vascular oxidative stress and the up-regulation of eNOS, arginase 1, COX-1 and COX-2, NADPH oxidase,
Ang Il receptors and the downregulation of SK¢, and connexin 37 (Cx37) in the secondary branch of the mesenteric artery. Vascular oxidative stress and
protein immunoreactive signals were determined in unfixed cryosections of the secondary branch of the mesenteric artery. The determination of oxidative
stress was done by fluorescence histochemistry using the redox-sensitive probe dihydroethidium, and the expression level of eNOS, arginase 1, COX-1,
COX-2, SKca, Cx37, ATIR, AT2R and NADPH oxidase subunits p22P"° and p47Pho% (adventitia) by immunofluorescence and analysed by confocal
microscope. Results are expressed as means +s.e.m. of four to five rats per group. *P<0.05 vs. Control, #P<0.05 vs. Ang II.
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Figure 5 EPA:DHA 6:1 prevents the Ang Il-induced overexpression of eNOS,
COX-2 and p22PM°% in the secondary branch of the mesenteric artery. Protein
expression levels of eNOS, COX-2 and the NADPH oxidase subunit p22Phox
were determined in the secondary branch of the mesenteric artery by
Western blot analysis. Results are expressed as means +s.e.m. of four to five
rats per group. *P<0.05 vs. Control, #P<0.05 vs. Ang Il.

vascular oxidative stress and the expression level of NADPH oxidase
and COXs in the arterial wall.
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