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ARTICLE INFO ABSTRACT

Keywords: Resveratrol is a plant-derived phytoalexin with antioxidant, anti-inflammatory and cardio-protective properties
Endothelial function and may be a promising therapeutic intervention strategy in cardiovascular disease. Here, we investigated the
Ageing acute direct effects of trans-resveratrol (RV), on acetylcholine (ACh)-induced and flow-mediated dilation (FMD)
Pi—essure myography of isolated pressurized femoral arteries of young (4-month-old) and old (26-month-old) mice. Vessel exposure to
F OW . RV enhanced ACh (0.01-1.0 mM)-induced dilation (p < 0.05), but not FMD (@ 5-10 pL‘min’l) (p < 0.05) in
Nitric oxide . . . o . . .

Resveratrol both young and old mice. After RV incubation, acute nitric oxide (NO) production by cultured endothelial cells

was increased in response to 0.01 mM ACh, but reduced by flow (5-10 uL-min~*; p < 0.05). In isolated femoral
arteries from endothelial nitric oxide synthase knockout (eNOS /") mice, RV had no overall effect on FMD, but
potentiated ACh induced dilation, that was completely abolished by potassium channel blockers, Apamin and
Tram 34 (p < 0.01). We demonstrate that the non-metabolised form of RV stimulates ACh-induced dilation via
the NO and EDHF pathways, but not FMD by interaction with the cyclo-oxygenase pathway. Our findings have
important implications in the use of RV (for both young and aged) under ‘normal’ non-diseased physiological

states.

1. Introduction

Cardiovascular disease (CVD) is associated with compromised en-
dothelial function, characterised by decreased capacity of the blood
vessels to dilate in response to vasodilator stimuli. During ageing a
reduced endothelium-dependent dilation in response to acetylcholine
(ACh) and intraluminal flow has been reported in the aorta and me-
senteric arteries in rodents, which has been linked to a reduced bioa-
vailability of nitric oxide (NO) [1-3]. This reduced NO availability can
be attributed to a reduced nitric oxide synthase (eNOS) activity [4-6]
and elevated levels of reactive oxygen species (ROS) [7-9]. The reg-
ulation of the diameter of small arteries is crucial for the regulation of
blood pressure (BP) and perfusion of tissues. Improving dilatory capa-
city hence improves oxygen and nutrient delivery to the muscle,
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supporting muscle function, growth and adaptation to mechanical and
nutritional stimuli [10]. Consequently, improving endothelial function
of the arteries feeding the skeletal muscle may well prove to be a target
to combat age-related degenerative conditions such as sarcopenia
[11,12].

Resveratrol (RV) is a polyphenol with anti-inflammatory and anti-
oxidant properties involving AMP-activated protein kinase (AMPK) and
silent mating type information regulation 2 homolog (SIRT) 1 activa-
tion [13], and it has been reported to reduce markers of inflammation
and levels of oxidised low-density lipoproteins (LDLs) in large clinical
studies [14,15]. RV (1-10 uM) can promote vasorelaxation and improve
endothelium-dependent ACh-induced dilation of pre-constricted rat
aortic rings ex-vivo [16]. In addition, RV restored endothelium-depen-
dent ACh-induced dilation in isolated mouse aorta impaired by high
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glucose [17]. These responses are accompanied by reductions in blood
pressure in spontaneously hypertensive rats [18]. Both vasodilation and
BP reduction are thought to be primarily, though not completely,
mediated by increases in the expression and activity of eNOS, and the
bioavailability of NO, though this is also dependent on the vessel size
and particular vascular bed [18-21].

In elderly patients with coronary artery disease [22] and metabolic
syndrome [23], chronic supplementation with RV (10 or 100 mg-day ~*
for three months, respectively) has been shown to improve flow-
mediated dilation (FMD) of the brachial artery. Other studies, however,
question the efficacy of RV in improving cardiovascular parameters,
particularly as it has been shown to blunt the benefits triggered by
physical exercise [24]. The discrepancy in findings might be attributed
to the various doses of RV used (pharmacological vs dietary); the dif-
ferent types of vascular beds, the different stimuli (pharmacological vs
mechanical), and the type of exercise (aerobic vs. resistance) in-
vestigated [25,26]. In humans, peak blood plasma concentrations of RV
are usually below 10 ng mL~ 1 (40 nM) after a dietary dose [15], and up
to 500 ng mL™! (2.1 uM) after RV supplementation [27]. Despite high
levels of RV absorption from the gut (> 70%) [15], low plasma con-
centrations are likely due to extensive RV gut metabolism by intestinal
and hepatic enzymes [28,29]. Resulting RV metabolites can reach peak
plasma concentrations of 400-1700 ng mL ™! [30]. Hence, whether RV
or its metabolites can influence dilator function, particularly in small
size arteries, which play a pivotal role in diameter regulation, remains
unclear. In addition, it was demonstrated in-vitro that RV, but not any of
the metabolites, increased the activity and gene expression of eNOS in
endothelial cells (EC) and reduces intracellular ROS levels [31]. Con-
sequently, enhanced delivery of unmetabolised RV into blood plasma,
tissues and to molecular targets is currently being explored via nu-
merous pathways such as intravenous delivery by encapsulation in li-
posomes [32], via solid lipid nanoparticles [33], and/or by increasing
the oral bioavailability with RV-containing micro-emulsions, or nano-
particulate colloidal systems [34,35]. Slow release formulations are
also being developed for both oral and intravenous delivery to over-
come the short plasma half-life and rapid urinary excretion of RV [33].

Due to the complicated interacting mechanisms that regulate ar-
terial function in vivo, it is difficult to dissect out pathways and eluci-
date the direct effects of RV. Furthermore, as RV is metabolised in the
gut, it is impossible to ascertain if the effects are attributed to RV itself
or any of its metabolites. Here, using an ex vivo model, we have ex-
amined the acute effects of RV on the maximal dilatory response of the
isolated pressurized mouse femoral artery from young and old mice,
and from eNOS knock-out mice, to increasing doses of ACh and in-
traluminal flow. Stability of RV during pressure myography experi-
ments was confirmed by HPLC analysis. Finally, to assess whether RV
effects were attributable to enhanced NO release, we measured the
production of NO in response to ACh and flow in cultured ECs. Our
findings will have important implications in the use of RV as a nu-
traceutical strategy for improved dilator function.

2. Materials & methods
2.1. HPLC analysis of RV purity and stability

RV was supplied in hard-shelled capsules (containing 330 mg RV, at
a stated purity of > 98%) by 21st Century Alternatives (UK). To verify
the purity of RV, 2 X 1 mg of the powdered material in three individual
capsules was extracted with aqueous ethanol (50% v/v), containing
ascorbic acid (0.1% w/v), and taxifolin as internal standard
(100 mg mL™1). The mixture was vortexed for 0.5 min, placed in an
ultrasonic water bath for 20 min, and vortexed again. After cen-
trifugation at 13,000 rpm for 10 min (Microcentaur, MSE, London, UK)
supernatant was collected, the extraction was repeated, and super-
natants were combined. RV content was determined in diluted extract
(1 in 10) using a Shimadzu HPLC system with a Prominence delivery

Nitric Oxide 92 (2019) 1-10

system (LC-20AB binary pump, SIL-20ACHT autosampler set to 8 °C and
CTO-20A column oven set to 35°C) connected to a NexeraX2 (SPD-
M30A) diode array detector, scanning between 190 and 700 nm. RV
was separated on a Cl18 column (150mm X 2.1 mm, 2.6um,
ThermoFisher Scientific, Altringham, UK) fitted with a low volume
“Krud catcher” (Phenomenex UK) on a binary gradient of aqueous
HPLC grade acetonitrile (5 vs. 95% v/v, solvents A and B, respectively)
plus 0.2% formic acid (v/v) running at a flow rate of 0.3 mL-min~?,
using a gradient of 0-5% solvent B from 0 to 5 min, 5-20% from 5 to
20 min, 20-95% from 20 to 25 min, 95% from 29 to 33 min, 95-0%
from 33 to 34min, 0% from 34 to 37 min. Taxifolin and RV were
identified at 289 nm and 307 nm, respectively, and. quantified via an 8-
point standard curve ranging from 3.75 to 150 mgmL~! [36]. All sol-
vents were of HPLC grade or higher (Fisher Scientific, Loughborough,
UK). Sodium azide, EDTA, ascorbic acid and trans RV reference stan-
dard were obtained from Sigma (Dorset, UK). Taxifolin was obtained
from Extrasynthese (Product code 1359S; Vichy, France). All reference
standards were of HPLC grade (> 95%).

To assess stability of RV during experiments, prior to, and following
incubation of the femoral segments, aliquots of the RV containing
pressure myograph incubation medium was collected. RV was stabilised
by addition of a buffer (10% v/v) containing NaH,PO, (0.4 M at pH
3.6), ascorbic acid (20% w/v) and EDTA (0.1% w/v), and samples were
stored at —20 °C. samples were diluted 1 in 10 (v/v), taxifolin was
added as internal standard (1 mg mL~1) and HPLC analysis was con-
ducted as described above.

2.2. Animal tissue

Pathogen-free, 4- (young) and 26-month-old (old) male C57BL/6
mice were used. The animals were obtained from Charles Rivers
Laboratories (UK) where they were maintained until one week before
the experiments. The body mass was 28 + 1 g in young (age 16 weeks
n = 6-11) and 30 + 1 gin old (age 104 weeks, n = 6-8) animals. They
were humanely euthanized by cervical dislocation in accordance with
the ‘Animals (Scientific Procedures) Act 1986’, Institutional guidelines
(ethics reference number SE131413) and in accordance with EU di-
rective guidelines. Mice lacking the endothelial isoform of nitric oxide
synthase (eNOS ™" mice) were obtained from Jackson Laboratories and
maintained at the University of Manchester under project license (PPL)
40/8504.

2.3. Pressure myography

Segments of the femoral artery (proximal location near the groin in
the area close to the inguinal ligament; ~3 mm long) were finely dis-
sected (the fat tissue layer and connective tissue surrounding each
vessel were removed) and mounted between two glass cannulae on a
pressure myograph chamber (Living Systems Instrumentation,
Burlington, VT, USA). The preparation was checked for leaks and
readjusted if required. Arteries were initially pressurised to an in-
travascular (luminal) pressure of 60 mmHg [37] and maintained at that
pressure using a pressure servo-control unit (Living Systems, Bur-
lington, USA). The arteries were equilibrated and constantly superfused
in a continuous source of physiological salt solution (PSS) [composition
[mM]: 119 NaCl, 4.7 KCl, 1.2 MgSO,, 25 NaHCOs3, 1.1 KHPO,, 0.03
K-EDTA, 5.5 glucose, 1.6 CaCl,-2H,0] at 37 °C, pH 7.4, gassed with
95% air-5% CO,. The chamber was placed over an inverted microscope
(Nikon Eclipse TS100, Japan) to constantly measure the internal dia-
meter of the vessel using a video dimension analyzer, with data re-
corded on a computer using Chartlab 5 software (Powerlab system, AD
Instruments, UK). The viability of the femoral arteries was assessed by
their ability to constrict in response to a high potassium physiological
salt solution (KPSS; composition [mM]: 119 NacCl, 60 KCl, 1.2 MgSO4,
25 NaHCO3, 1.17 KHPO,, 0.03 K,EDTA, 5.5 glucose, 1.6 CaCl,-2H,0;
pH 7.4) and to the alpha-adrenergic receptor agonist phenylephrine
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(Phenyephrine hydrochloride (Phe) 10pM; 1002640296, Sigma Al-
drich, UK). Segments of the femoral artery were incubated with RV
45uM (0.1% dimethyl sulfoxide (DMSO)) or PSS (controls; 0.1%
DMSO) for 1h. The dose of RV was chosen based on previous in-vitro
studies showing positive effects of RV on a broad range of vascular and
metabolic parameters [38-40].

To investigate the contribution of known vasodilators to ACh-in-
duced dilation and FMD we incubated segments of the artery with in-
hibitors of vasodilator pathways: L-NG-nitro-L-arginine (L-NNA, an in-
hibitor of nitric oxide synthase; 100 uM; 101043560, Sigma Aldrich,
UK); indomethacin (a nonselective inhibitor of cyclooxygenases; 10 uM;
17378, Sigma Aldrich, UK); or the combination of apamin (a selective
blocker of small-conductance calcium-activated potassium channels;
100 nM; A1289, Sigma Aldrich, UK) and Tram 34 (a selective blocker of
intermediate-conductance calcium-activated potassium channels; 1 uM;
T6700, Sigma Aldrich, UK) alone or in combination with RV (45 puM).
For control vessels, they were superfused in PSS as above. After a 1-h
incubation in RV or PSS, dilator responses in pre-constricted vessels
(Phe, 10puM) in the presence of inhibitors, to ACh (10~ °-10"3M;
Acetylchlorine hydrochloride, 101873875, Sigma Aldrich, UK) and in-
traluminal flow (5-10 pL min~ ') were determined. Intraluminal flow
was introduced for 4-5min at each flow rate with a peristaltic pump
(flow control pump FC, Living Systems Instrumentation, Burlington,
VT, USA) connected to the right cannula (distal end of the vessel) of the
chamber. The pressure gradient within the vessel was constantly
monitored with a PM/4 perfusion pressure monitor (Living Systems
Instrumentation, Burlington, VT, USA). At the end of each experiment,
endothelial-independent responses were assessed using the NO donor,
sodium nitroprusside (SNP, 101434502, Sigma Aldrich). Arteries were
then superfused with calcium (Ca2*)-free PSS containing 2 mM EGTA
for 20 min to obtain passive diameters. Unless otherwise stated, each
group of experiments consisted of at least five animals (1 vessel per
animal). All drugs and reagents were obtained from Sigma-Aldrich
(Poole, UK), unless otherwise stated. The experimental groups were
divided as: young control (YC), young RV (YRV), old control (OC), and
old RV (ORV).

2.4. Cell culture

To examine the influence of RV on endothelial cell viability and
production of NO, human coronary artery endothelial cells (HCAEC,
Promo cell, C-12221) were grown as a monolayer at 37 °C under 5%
CO, atmosphere in EC growth medium MV (Promo cell, C-22020)
supplemented with 5% foetal calf serum, 4 uL-mL~' growth medium,
0.5 ng/mL ™! vascular endothelial growth factor, 10 ng mL ™" epidermal
growth factor and 90 pg-mL~! heparin. Before use, cells were washed
three times in phosphate buffered saline (PBS) and then incubated with
0.1% trypsin for 3min to detach them from the flask surface, cen-
trifuged for 3minat 220g, and re-suspended in growth medium for
seeding. Cells were seeded onto Nunc Thermanox coverslips
(10,000 cells/coverslip; 13mm diameter) (Thermo Fisher Scientific,
USA) and allowed to proliferate for 24h (approximately 90% con-
fluency). Half of the coverslips were kept in the well plate to perform
the ACh assay while the other overslips were transferred into a milli-
fluidic system made up of a bioreactor chamber (Kirkstall, UK) attached
with a flow pump system in which increased flow was introduced [41]
as indicated in the section below. All reagents were obtained from
Sigma-Aldrich (Poole, UK), unless otherwise stated.

2.5. Determination of NO production

Cells were exposed to RV 45uM dissolved in 0.1% DMSO and
growth medium for 1h to simulate the incubation period in the pres-
sure myograph. Control cultures were treated with growth medium
(0.1% DMSO) alone. After the incubation, the supernatant was col-
lected and the cultured cells exposed to ACh 10~>M for 2-10 min, or
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flow rates of 5-10 pL-min !, calculated at 5.59 x 10~ *dyn/cm? (re-
presenting physiological rates of interstitial flow) [41], for 3-9 min.
Following exposure to ACh or increased flow, the supernatant was
collected and the production of NO quantified using the Griess assay
(23479, Sigma Aldrich, UK). Briefly, samples were immediately in-
cubated with flavin adenine dinucleotide (50 pM), reduced B-nicotina-
mide adenine dinucleotide phosphate (500 uM) and nitrate reductase
from aspergillus species (1 u-mL™') for 15min at 37 °C. Then, the
samples were incubated with lactate dehydrogenase (100 u-mL™1) and
sodium pyruvate (100 mM) for a further 5min at 37 °C. Equal volumes
of sample and Griess reagent (1% sulfanilamide in 2.5% H3PO4 and
0.1% N-(1-naphthyl) ethylenediamine dihydrochloride) were incubated
at room temperature for 10 min. The absorbance was measured at
570 nm using a microplate reader (Molecular Devices, Menlo Park, CA,
USA). The content of nitrite was calculated based on a standard curve
constructed with NaNO, at the concentrations ranging from 3.12 to
400 uM. The assay sensitivity is approximately 125 pMoL [42]. All re-
agents used in the cell culture experiments were prepared in the growth
medium mentioned above and acquired from Sigma (Dorset, UK), un-
less otherwise stated.

We determined cell viability with the Alamar Blue assay (DAL 1025,
Thermofisher Scientific, UK), which quantifies metabolically active
cells. Briefly, the samples were washed for 5 min in PBS and incubated
in a solution of 2 uM calcein-AM (live) and 4 uM ethidium homodimer-1
(dead) solution in PBS for 30 min. After rinsing, the samples were im-
aged with an inverted fluorescence microscope (Leica DMI6000B; Leica
Microsystems, Germany) using a conventional fluorescein long pass
filter. The quantification of the cells was done with Image J software
(US National Institutes of Health).

2.6. Statistical analysis

All statistical analysis was performed using SPSS software version
20 (IBM, Chicago, Illinois, USA). The dilator responses elicited by ACh
and intraluminal flow in the presence of RV or PSS are expressed as
percentage dilation from the pre-constricted value. ACh concentration
response curves and flow responses from the segments of the femoral
artery in the pressure myograph and the cultured cells were assessed,
independently, using a two-way repeated-measures analysis of variance
(ANOVA) with as within factors: flow (three levels: 5, 8 and
10 uLmin~ ') or ACh concentration, and as between factors: RV, age,
and/or treatment. If main effects or interactions were found, sub-
sequent unpaired t-tests were performed to locate the differences.
Values of p < 0.05 were considered significant. Data are represented
as means = standard error of mean (SEM) unless stated otherwise.

3. Results
3.1. RV purity and stability

Purity of RV used in this study was 97 = 13% ( = SD) (Fig. S1).
The concentration of RV at the beginning of the pressure myography
experiments was (mean * SD) 47.0 = 1.6uM and dropped to
34.4 = 1.5uM following the 1-h circulation in the myograph chamber,
indicating a 27.3 = 4.6% (n = 3) loss of RV between pre- and post-
incubation. No RV metabolites (stilbenoid metabolites) were detected
via HPLC analysis, indicating that the only bioactive compound present
was the RV aglycone.

3.2. Constrictor responses to KPSS and Phe

The initial diameter of the arteries used in these studies did not
differ significantly between groups: 156 * 20um (YC; n = 12);
163 9um (YRV; n=10); 150 * 34uym (OC; n=6), and
172 38um (ORV; n = 6) (Table S1 supplementary material). The
degree of constriction caused by superfusion with 60 mM KPSS or
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Fig. 1. Acetylcholine (ACh) induced dilator responses in femoral arteries from wildtype young and old mice. A) Effects of resveratrol (RV) on ACh-induced
dilation. RV significantly improved dilation of the isolated pressurized femoral artery segments (*p < 0.05). YC: young control (n = 6); YRV: young RV (n=6); OC: old
control (n = 6); and ORV: old RV (n = 6). B, C) Characterization of the dilator response to ACh. Incubation of isolated pressurized femoral arteries from wildtype young
(B) and old mice (C) with L-NG-nitro-1-arginine (L-NNA; 100 uM; n = 6 per group), indomethacin (10 uM; n = 6 per group), or the combination of apamin (100 nM) +
Tram 34 (1 uM) (n = 6 and 8 for the young and old groups, respectively; *p < 0.05). D, E, F) Characterization of the dilator response to ACh in young mice in the
presence of resveratrol (RV); with (D) L-NG-nitro-1-arginine (L-NNA; 100 uM; n = 5); (E) apamin (100 nM) + Tram 34 (1 uM) (n = 5); or (F) Indomethacin (10 puM;
n=>5). Both L-NNA and apamin + Tram, but not Indomethacin, led to significant inhibition of the dilator response in both control and RV co-incubated vessel segments

(*p < 0.02). # RV main effect (p < 0.05). Data are means + SEM.

10 uM Phe was similar in isolated femoral arteries from young and old
mice and was not significantly affected by incubation with RV (Fig. S2).

3.3. Effects of RV on dilator responses

The ACh (10~°-10~ 3 M)-induced concentration-dependent dilation
in isolated pressurized femoral arteries was similar in young and old
mice. Maximal responses were observed after 2-3 min. RV increased
dilation to ACh in both age groups when compared with their respective
controls (p < 0.05) (Fig. 1A)(Table S1, supplementary material).
Smooth muscle cell sensitivity to NO was determined in young mice, by
assessing the endothelium-independent responses to SNP and found to
be unaffected by the absence/presence of RV (101.32 + 5.30 [n = 6]
and 94.36 + 9.42 [n = 4] in the absence/presence of RV, respec-
tively).

3.4. Characterization of ACh-induced dilation

To ascertain the mechanisms by which RV can improve dilator re-
sponses of the femoral artery, we firstly characterised the ACh-induced
dilator components in vessels from young and old mice, without pre-
incubation with RV, using dilator pathway inhibitors. L-NNA reduced

dilation (Fig. 1A; p < 0.01). The absence of a significant age and L-
NNA interaction indicates that this effect was similar in vessels from
young and old mice (Fig. 1B and C). As the dilator components were
similar in vessels from young and old mice, we investigated the effect of
RV in vessels from young mice only. In both control and RV co-in-
cubated vessels, L-NNA (Fig. 1D) and apamin + Tram 34 (Fig. 1E) led
to a reduction in dilator responses (p < 0.02). Similar to control, in-
domethacin did not significantly inhibit ACh-induced dilation in vessels
co-incubated in RV (Fig. 1F).

3.5. Characterization of FMD

Introduction of intraluminal flow resulted in dilation of arteries
from both young and old mice. This was significantly greater at
10 uL-min~! in comparison to 5pL-min~! for vessels from both the
young and aged mice (p < 0.05). Maximal responses were observed
after approximately 1-2min (Fig. 2A; An increase in flow rate (to
100 uL-min~') did not lead to any measurable increase in diameter for
any of the vessels tested). Similar to ACh-induced dilation, FMD did not
differ significantly between vessels from young and old mice (Fig. 2B).
There was a significant interaction (p < 0.01) between the interven-
tions and age. This was reflected by the fact that only in vessels from old
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Fig. 2. Effects of resveratrol (RV) of the dilator response to intraluminal flow. A) A representative flow trace. B) Incubation with RV significantly reduced the
dilator response of isolated pressurized femoral arteries from 4-(YRV, young RV; n = 10) and 26-month-old mice (ORV, old RV; n = 6) to intraluminal flow (8 and
10 pL.min~"') when compared to age-matched controls (YC, young control; n = 12 and OC, old control; n = 6) (p < 0.05). * Control is different from RV in both young and
old at p < 0.05. C, D) Characterization of the dilator response to intraluminal flow in vessels from young and old mice. Incubation of isolated pressurized femoral
arteries from (C) 4-month old mice; and (D) 26-month old mice, with L-NG-nitro-r-arginine (L-NNA; 100 uM; n = 6), indomethacin (10 uM; n = 6), or apamin (100 nM) +
Tram 34 (1 uM) (Young, n = 6; Old n = 8) all reduced flow-mediated dilation in both young and old. Data are means + SEM; Treatment symbols in Fig. 2C are identical to
those indicated in Fig. 2B. * Higher at 10 uL min~ ' than at 5puLmin~! (p < 0.05); # Control (PSS) different from Indomethacin and L-NNA (p < 0.01); $ Control (PSS)

different from apamin + Tram 34 (p < 0.05).

mice, apamin + Tram 34 inhibited FMD (at 8 pL-min~ ') (p < 0.05),
while L-NNA and indomethacin led to significant reduction in flow at 8
and 10 pL~min_1 (p < 0.01)(Fig. 2C and D).

3.6. Effects of RV on FMD

There was a main effect of RV on FMD (P < 0.01), but the inter-
action between flow and the presence or absence of RV (p < 0.01) was
reflected by lack of flow-induced dilation at the higher flow rates, but
not entirely at the lower flow rates in vessels from both young and old
mice (Fig. 2). This observation may explain why addition of L-NNA,
apamin + Tram 34 or indomethacin to vessels co-incubated with RV
did not induce further reductions in FMD (Fig. S3; p < 0.05).

3.7. Effects of RV on dilation in arteries from eNOS knock-out mice

To further understand which dilator pathways are stimulated or
inhibited by RV, we examined responses of femoral arteries from eNOS
knock-out mice. All vessels constricted to 60 mM KPSS and 10 puM
phenylephrine to a similar degree as in vessels from wildtype mice (RV,
PSS, RV plus inhibitors). Vessels dilated minimally in response to ACh
(107° - 10~3M), and RV incubation led to an improved dilation to a
level similar to that in vessels from wildtype mice incubated with ACh
(Fig. 3) dilation of arteries taken from C57 control mice after PSS in-
cubation. We observed a significant main effect of treatment
(p = 0.002) and animal model (p < 0.001), with interaction between
them (Fig. 3). Subsequent independent t-test analyses demonstrate that
co-incubation in RV and potassium channel inhibitors (apamin and
Tram 34), led to a significant reduction in dilator responses (at ACh
1077 -107°M, p < 0.05; and at ACh 10™* -107°M, p < 0.01)
(Fig. 3). Introduction of intraluminal flow resulted in dilation of arteries

from the eNOS KO mice. Incubation with RV or RV plus apamin and
Tram 34 inhibitors, had no overall effect on dilator responses. There
was no overall main effect of either treatment or animal model.

3.8. Effects of RV on NO production

To assess the direct influence of acute RV exposure on ECs and its
effect on NO production, isolated ECs were stimulated with ACh and
flow over the same time that mimics the temporal responses observed
with pressure myography. We observed that the production of NO in
response to ACh is highest during the first 2 min with a steady decrease
over time. Incubation with RV increased the production of NO at 2 min
(p < 0.05; Fig. 4). During flow conditions, the production of NO is
transiently elevated (p < 0.05), but less so during incubation with RV
(p < 0.05; Fig. 4). The reduction in the production of NO by EC during
flow conditions, in the presence of RV, was not attributable to reduced
cell viability, which was similar amongst all groups (mean *= SD)
96 + 2% (Fig. 4).

4. Discussion

While we demonstrate that dilator responses of isolated mouse fe-
moral arteries to ACh and intraluminal flow are not compromised with
age, our key finding is that acute ex-vivo exposure to RV enhances ACh-
induced dilation, but not FMD in arteries from both young and old
mice. The differential effects on ACh-induced dilation and FMD suggest
that RV might impair flow-mediated endothelial mechano-transduction
at low shear stress but potentiates the release of ACh-induced en-
dothelial derived mediators, by stimulating the endothelial-derived
hyperpolarizing factor (EDHF) and NO pathways. Using isolated en-
dothelial cells in culture, we show ACh-induced release of NO. These



M. Diaz, et al.
A
920
-e PSS
80
-O-RV 45uM 1
70 a ——A———"4
c =RV plus Apamin & Tram 7/ =
S 60 ] O
k=] -m PSS (C57 Control) /O
g 50 ;f’
a o
e 40 (%’/‘ Pie
30 17
A
20 o [ ] [
[
- @y | 0- W @ -0
1. .- L Y i AR -
- ? | 1 l J
o —{H- {1 {———A A% {—
-9 8 7 -6 5 -4 3
-10
Log [ACh] (M
B
100 -k PSS
80 -#-RV (45 uM)
-@-RV plus Apamin & Tram
c 60 -8 PSS (C57 Control)
2
E 40
3
20 -
=7
0 - __“_“ __________
-20
-40
5 8 10

Flow rate (uL.min-1)

Fig. 3. Effects of resveratrol (RV) on dilation in femoral arteries from
eNOS knockout mice. A) effect of RV on acetylcholine (ACh)-induced dila-
tion: Incubation of the isolated femoral artery segments from eNOS KO mice (n=4)
with RV improved dilation to levels similar to that observed in femoral arteries from
wildtype mice and significantly higher than in the presence of potassium channel
inhibitors apamin + Tram34. B) Effect of RV on dilator response to flow:
Incubation of the artery segments from eNOS KO mice in RV (n=4) or RV plus
apamin & Tram34 inhibitors (n=4) had no overall effect on FMD. Controls included
incubation in PSS for eNOS KO mice (n=4) and wildtype C57 mice (n=15). *
Different from RV plus inhibitors atp < 0.05 and ** atp < 0.01. Data are presented
as mean + - SEM.

effects can be ascribed to RV itself as trans-RV appeared stable during
pressure myography experiments and we found no conversion to cis-RV,
or any other metabolite.

4.1. Endothelial function and ageing

We observed no attenuation in dilation (a marker of endothelial
function) to either ACh or intraluminal flow in the femoral artery of
aged mice (Figs. 1A and 2B). While some studies indicate that ageing
blunts NO-dependent relaxation, hence compromising endothelium-
mediated dilation of the aorta [43], mesenteric artery [44] and cor-
onary arterioles of rats [45], our findings are in agreement with those
reported by Sinkler and Segal [6], demonstrating that the maximal
internal diameter induced by ACh of the feeding artery of the gluteus
maximus muscle from 26-month old mice did not differ from their 4-
month old counterparts [6]. This was accompanied by similar con-
strictor responses to Phe [4]. In fact, second- and third-order arterioles
from the old mice showed enhanced dilation to doses of ACh 10~ M
and higher. Furthermore, ACh-induced dilation was proportional to
that evoked by sodium nitroprusside. Together, this suggests that the
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Fig. 4. Effects of resveratrol (RV) on NO: production by cultured human
coronary artery endothelial cells (HCAEC). (A) Pre-incubation with RV for 1h
increased the production of NO, by cultured HCAEC in response to ACh (10> M)
stimulation for 2 min when compared to controls (p < 0.05). (B) With the exception
of flow rates of 8 uLsmin’, pre-incubation with RV (45uM) for 1h reduced the
production of NO, by cultured HCAEC in response to increased flow (5 &
10 uL.min~ %), particularly during the first 3 min of exposure (p < 0.05). Data are
means * SEM. (C) Representative images of the HCAEC Live-Dead assay. Cultured
cells were incubated with growth medium (controls; A) or RV for 1 h (B). Following
incubation, both groups of cells were exposed for 2 (C), 10 (D), and 60 min (E) to
acetylcholine (ACh; 10~ M). Different sets of cells (controls and RV) were exposed
to increased flow (5-10uL: min~!) for three (F; 5uL- min~ '), six (G;
8uL: min~ ') and 9min (H; 10 uL* min~ ). Dead cells were stained with EthD-1
(red); live cells were stained with Calcein-AM (green). No treatment (ACh, increased
flow or RV) had negative effects on cell viability in relation to controls. Cell viability
(%) for each group was (mean = SD) A:99 + 1;B: 98 + 1;C: 95 = 1,;D:
97 + 1bE:94 = 1, F: 97 = 2;G:94 = 1and H: 93 * 1.
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endothelium was fully able to drive vascular smooth muscle relaxation
without any age-related complications [6]. These findings are in
agreement with those reported by Bearden and colleagues [4], who
demonstrated a conserved architecture of arteriolar networks in the
gluteus maximus muscle of young (3 months), adult (12 months) and
old (20 months) mice. This was accompanied by similar dilator and
constrictor responses to ACh and Phe, respectively [4]. More recently,
Nguyen and colleagues [46] showed that the ACh-induced dilation of
the isolated and pressurized femoral artery from 9 to 12-mo C57BL/6
mice was proportional amongst sedentary, catechin-treated (an anti-
oxidant with putative cardiovascular properties) and exercising mice
[46]. Only in the presence of LNNA was ACh-induced dilation lower in
the 12-mo sedentary mice which supports the notion of an age- and
vascular bed-dependent contribution of specific vasodilators in re-
sponse to ACh [46]. In addition to femoral artery responses, we also
demonstrate that the aortic vessel responses to ACh-stimulation are
similar in our young and aged mice (see supplementary material, Fig.
54)

The ACh-induced and flow-mediated endothelium-dependent dila-
tion of arteries depend on the interplay of NO, EDHFs and prostacyclin
(PGI,) [47]. Therefore, we characterized the dilator response of the
mouse femoral artery to ACh and intraluminal flow by inhibiting the
production of such molecules. The ACh-induced dilation was reduced
upon treatment with L-NNA or the combination of apamin + Tram 34
in both young and old mice while indomethacin had little impact on
maximal diameter, indicating that NO significantly contributes to the
ACh-induced dilation with no, or an insignificant, contribution of PGI,
(Fig. 1B and Q).

In addition to ACh-induced dilation, we also assessed endothelial
function by means of FMD. The dilation of arteries in response to in-
creases in wall shear stress is more physiologically relevant than agonist
stimulation [37], and is considered a clinical measure of endothelial-
dependent dilation [48]. Similar to ACh-induced dilation, we found
preserved FMD with age and observed significant differences in the
contribution of endothelial factors to maximal FMD with ageing. Of
interest is the fact that FMD seems to rely on NO and EDHFs in the
young with little contribution of PGI,. This is in contrast with the aged
arteries in which PGI; is an important contributor to FMD (Fig. 2B and
C). This may be an early hallmark of vascular dysfunction in old age.
Our findings are partially in agreement with a previous report that
studied age-related changes in FMD of the mouse femoral artery [49],
but not in soleus feed arteries from the rat [50]. In line with our ob-
servation, using high-frequency ultrasound, Schuler and colleagues
demonstrated that FMD of the mouse femoral artery is mostly NO-de-
pendent and that eicosanoids play little, if any, role in dilation in 12-
week-old male mice while the NO-dependent component of FMD de-
creased with age [49]. It has been proposed that such changes reflect
back-up mechanisms that compensate for the loss of NO bioavailability,
or release of other endothelial factors, particularly during the late
stages of life or in pathological states [51-53]. Our findings thus con-
firm previous studies that indicate an age-related shift from NO to a
larger dependence on PGI, in vessel dilation of isolated pressurized
arteries in response to intraluminal flow. Reduced dilator responses in
vessels from aged mice have also been attributed to increased wall
stiffness and/or reduced compliance in mesenteric/femoral arteries
from 23 m old mice [5,54]. In our hands, ACh-dependent dilation was
similar in aortic vessels from both young and old mice and may be a
consequence of activation of compensatory dilator pathways.

4.2. Effects of RV on vessel dilation

We found that regardless of age, RV markedly improved ACh-in-
duced dilation. It has been shown ex-vivo that RV induced vasodilation
in noradrenaline- and potassium chloride-pre-constricted mesenteric
and uterine arteries from female guinea-pigs (5-50 uM) [55] and me-
senteric arteries of male F344 x Brown Norway rats (0.01-100 uM) [1]
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and obese Wistar rats (5-35 pM) [56]. In the latter study, ACh-induced
dilation was blunted in the arteries from obese rats, which led the au-
thors to conclude that RV might also promote dilation by means of
endothelium-independent mechanisms [56]. In our study, RV po-
tentiated ACh-induced dilation of the isolated pressurized femoral ar-
tery from young and aged healthy mice (Fig. 1A). Such effects were
abolished upon co-incubation of the femoral segments with RV and L-
NNA or apamin + Tram 34, which indicates that RV-improved dilation
is mediated by NO and EDHFs (Fig. 1D-F). Our isolated endothelial cell
culture studies demonstrate that RV pre-incubation increased ACh-in-
duced NO release, further confirming RV potentiation of ACh-induced
NO production. In isolated femoral arteries from the eNOS KO mice,
where there is no NO production due to the absence of the eNOS en-
zyme, RV potentiated the ACh-induced dilator responses (Fig. 3). When
RV was co-incubated in apamin and Tram 34, which block the EDHF
pathway, dilation was completely abolished. Previous evidence has
suggested that in the absence of the eNOS enzyme, EDHF responses
become most prominent as a compensatory response [57,58]. Here, we
demonstrate that RV potentiates dilation by activating small (SKc,) and
intermediate conductance (IKc,) potassium channels leading to acti-
vation of the EDHF pathway in isolated small femoral arteries. The
mechanism of RV induced EDHF-mediated relaxation has been shown
to involve redox-sensitive activation of the phosphatidylinositol (PI) 3-
kinase/Akt signal transduction pathway [59]. In femoral arteries from
wildtype mice, we used the non-selective cyclooxygenase (COX) in-
hibitor, indomethacin, to block the release of PGI,. In most blood
vessels, the major source of PGI, is endothelial COX-1, while its release
is differentially regulated by COX-2 [60]. Activation of COX-2 also in-
duces the release of vasoconstrictor prostanoids and COX-2 inhibition
in hypertension patients led to improved FMD [61]. Although RV has
been shown to influence both COX-1 and 2 isoenzymes, it can directly
bind to COX-2, inhibiting its activity [62]. The improved dilator re-
sponses observed after co-incubation of vessels with RV and in-
domethacin, at low ACh concentrations (Fig. 1F), suggests that RV acts
as a modulator of COX-mediated dilator function, influencing both di-
lator and constrictor pathways.

While RV markedly improved ACh-induced dilation, it compro-
mised FMD. The mechanisms mediating compromised FMD by RV are
likely to involve the inhibition of endothelial derived dilator factors
since incubation of vessels, in the absence of RV, with L-NNA,
apamin + Tram 34 or indomethacin resulted in significantly lower
levels of dilation to intraluminal flow when compared to controls. We
cannot exclude, however, the possibility that RV inhibits FMD by en-
dothelium-independent mechanisms or by induction of endothelial
derived vasoconstrictor factors (such as PGE,) via COX-2 pathway. We
are not aware of any other ex-vivo study that investigated the direct
effects of RV on FMD in the isolated pressurized mouse femoral artery.
Although RV has not been shown to reduce BP regardless of dose or
duration of treatment [63], it seems to have positive effects on FMD in
some instances. For instance, RV (3 mg-kg ™ '-day ' for six weeks) im-
proved FMD of the femoral artery in rabbits fed a high-cholesterol diet
[64]. Further, in middle-aged and older obese humans with elevated
BP, but not in normotensive subjects, acute (30-270 mg) and chronic
(75mg-day ! for six weeks) supplementation with RV improved FMD
of the brachial artery [65,66]. We have recently demonstrated that RV
can potentiate FMD where it is compromised in patients after coronary
artery bypass grafting (CABG) surgery but blunted the response where
the endothelial responses are intact in patients that had undergone
percutaneous coronary intervention (PCI) intervention [67]. The exact
constituent responsible for such effects in vivo was not identified in
these studies, which is especially relevant since RV is metabolised in the
gut when administered orally. This may explain the discrepancy with
our observations, whereby our vascular effects are most likely mediated
by non-metabolised trans-RV as we have observed no apparent stilbe-
noid metabolite peaks in our incubation medium after 1 h of incubation
with RV. The loss of RV is most likely due to oxidative breakdown or
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binding to the walls of the tubing and incubation bath.

Using our methodology, the flow rates established to achieve FMD,
represented low shear stress, equating to 1-2 dyn/cm? within the iso-
lated vessel (Fig. 4) [47]. Consequently, RV's influence on FMD may
vary depending on the level of expression of mechanoreceptors, as well
as the concentrations used. RV can bind to integrin and growth factor
receptors directly influencing mechanotransduction pathways. For ex-
ample, integrin av33 contains a receptor site for RV, the binding of
which has been shown to influence cellular function and induce
apoptosis [68]. These effects were evident at RV concentration of
10 uM. The dose dependent effect of RV on EC uptake [69], prolifera-
tion and apoptosis is well documented [70,71]. Using isolated en-
dothelial cells in culture, Lee and colleagues demonstrated that while at
low doses RV (10 uM) promoted eNOS phosphorylation, thus increasing
NO release, at high doses (100 pM), it led to down regulation of NO
production, by acting via the FERM domain of the focal adhesion kinase
(FAK) [72]. In terms of acute effects, the small degree of flow mediated
constriction observed in our study in vessels from aged mice after RV
incubation (at higher flow rates) may be due to activation of pro-con-
tractile voltage gated calcium channels leading to smooth muscle cell
depolarisation and consequent vessel constriction [73].

5. Conclusions

Our findings indicate that in the isolated pressurized mouse femoral
artery, the mechanisms that govern dilation differ according to type of
stimulus (agonist vs. flow). The age-related shift in the contribution to
flow-mediated dilation towards a larger role of PGI, in the old vessels is
associated with unaltered levels of maximal dilation. Further, we show
that trans-RV significantly enhanced ACh-induced dilation, but not FMD
at shear stress equivalent to 1-2 dyn/cm?. L-NNA significantly reduced
ACh-induced dilation, suggesting that RV stimulates the NO pathway,
which we further confirmed by demonstrating the release of NO by
cultured endothelial cells after RV incubation. In the absence of the
eNOS enzyme (in vessels from eNOS KO mice), RV potentiation of di-
lation was completely abolished in the presence of inhibitors that block
the small and intermediate conductance potassium channels, thus also
implicating EDHF. The evaluation of vascular responses ex-vivo with
pressure myography provides a well-controlled model for the under-
standing of the pathophysiological properties of blood vessels.
Considering the clinical value of FMD, it is surprising that there is
currently no generally accepted procedure in rodents that is in line with
that in humans. Evidence attributing positive effects of RV to FMD in
both humans and other animals is fairly recent and not enough data
have been gathered in this area. Our results show that in femoral ar-
teries from ‘normal’ mice, RV does not potentiate FMD at the low flow
rates tested. However, this may become relevant at high flow rates. Our
findings have important implications in the direct delivery of RV as a
therapeutic strategy to modulate dilator function, in diseased but not
‘normal’ states.

Author disclosure statement

No competing financial interests exist.
Acknowledgements

This work was supported by the European Commission MOVE-AGE,
an Erasmus Mundus Joint Doctorate Programme (2011-2015) and
‘Innovate UK’ (Ref. 131728). We are grateful to Dr Elizabeth Cottrell,
Maternal and Fetal Health Research Centre, University of Manchester,
for the supply of the eNOS knockout mice.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

Nitric Oxide 92 (2019) 1-10

doi.org/10.1016/j.ni0x.2019.07.008.
List of abbreviations

ACh Acetylcholine
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FMD flow-mediated dilation

FAK focal adhesion kinase

HPLC high-performance liquid chromatography

KPSS high potassium physiological salt solution
HCAEC human coronary artery endothelial cells

L-NNA  L-NG-nitro-L-arginine
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ANOVA two-way repeated-measures analysis of variance

References

[1] S.S. Gocmez, P.J. Scarpace, M.A. Whidden, B. Erdos, N. Kirichenko, Y. Sakarya,
T. Utkan, N. Tumer, Age Impaired endothelium-dependent vasodilation is improved
by resveratrol in rat mesenteric arteries, J Exerc Nutrition Biochem 20 (2016)
41-48.

[2] N.E. de Picciotto, L.B. Gano, L.C. Johnson, C.R. Martens, A.L. Sindler, K.F. Mills,

S. Imai, D.R. Seals, Nicotinamide mononucleotide supplementation reverses vas-

cular dysfunction and oxidative stress with aging in mice, Aging Cell 15 (2016)

522-530.

S. Choi, J.A. Kim, H.Y. Li, K.O. Shin, G.T. Oh, Y.M. Lee, S. Oh, Y. Pewzner-Jung,

A.H. Futerman, S.H. Suh, KCa 3.1 upregulation preserves endothelium-dependent

vasorelaxation during aging and oxidative stress, Aging Cell 15 (2016) 801-810.

[4] S.E.Bearden, G.W. Payne, A. Chisty, S.S. Segal, Arteriolar network architecture and

vasomotor function with ageing in mouse gluteus maximus muscle, J. Physiol. 561
(2004) 535-545.

[5] M. Jelinic, M. Tare, K.P. Conrad, L.J. Parry, Differential effects of relaxin deficiency

on vascular aging in arteries of male mice, Age (Dordr) 37 (2015) 9803.

S.Y. Sinkler, S.S. Segal, Aging alters reactivity of microvascular resistance networks

in mouse gluteus maximus muscle, Am. J. Physiol. Heart Circ. Physiol. 307 (2014)

H830-H839.

[7]1 A.J. Donato, K.A. Magerko, B.R. Lawson, J.R. Durrant, L.A. Lesniewski, D.R. Seals,
SIRT-1 and vascular endothelial dysfunction with ageing in mice and humans, J.
Physiol. 589 (2011) 4545-4554.

[8] D.W. Trott, J.W. Seawright, M.J. Luttrell, C.R. Woodman, NAD(P)H oxidase-derived
reactive oxygen species contribute to age-related impairments of endothelium-de-
pendent dilation in rat soleus feed arteries, J. Appl. Physiol. 110 (2011) (1985)
1171-1180.

[9] A.J. Wadley, J.J. Veldhuijzen van Zanten, S. Aldred, The interactions of oxidative
stress and inflammation with vascular dysfunction in ageing: the vascular health
triad, Age (Dordr) 35 (2013) 705-718.

[10] S. Messina, A. Mazzeo, A. Bitto, M. Aguennouz, A. Migliorato, M.G. De Pasquale,
L. Minutoli, D. Altavilla, L. Zentilin, M. Giacca, F. Squadrito, G. Vita, VEGF over-
expression via adeno-associated virus gene transfer promotes skeletal muscle re-
generation and enhances muscle function in mdx mice, FASEB J. 21 (2007)
3737-3746.

[11] M. Diaz, H. Degens, L. Vanhees, C. Austin, M. Azzawi, The effects of resveratrol on
aging vessels, Exp. Gerontol. 85 (2016) 41-47.

[12] L. Larsson, H. Degens, M. Li, L. Salviati, Y.I. Lee, W. Thompson, J.L. Kirkland,

M. Sandri, Sarcopenia: aging-related loss of muscle mass and function, Physiol. Rev.
99 (2019) 427-511.

[3

[6


https://doi.org/10.1016/j.niox.2019.07.008
https://doi.org/10.1016/j.niox.2019.07.008
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref1
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref1
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref1
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref1
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref2
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref2
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref2
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref2
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref3
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref3
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref3
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref4
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref4
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref4
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref5
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref5
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref6
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref6
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref6
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref7
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref7
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref7
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref8
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref8
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref8
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref8
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref9
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref9
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref9
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref10
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref10
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref10
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref10
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref10
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref11
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref11
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref12
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref12
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref12

M. Diaz, et al.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

N. Fourny, C. Lan, E. Seree, M. Bernard, M. Desrois, Protective effect of resveratrol
against ischemia-reperfusion injury via enhanced high energy compounds and
eNOS-SIRT1 expression in type 2 diabetic female rat heart, Nutrients 11 (2019).
J. Tome-Carneiro, M. Gonzalvez, M. Larrosa, M.J. Yanez-Gascon, F.J. Garcia-
Almagro, J.A. Ruiz-Ros, M.T. Garcia-Conesa, F.A. Tomas-Barberan, J.C. Espin, One-
year consumption of a grape nutraceutical containing resveratrol improves the in-
flammatory and fibrinolytic status of patients in primary prevention of cardiovas-
cular disease, Am. J. Cardiol. 110 (2012) 356-363.

J. Tome-Carneiro, M. Larrosa, A. Gonzalez-Sarrias, F.A. Tomas-Barberan,

M.T. Garcia-Conesa, J.C. Espin, Resveratrol and clinical trials: the crossroad from in
vitro studies to human evidence, Curr. Pharmaceut. Des. 19 (2013) 6064-6093.
C.K. Chen, C.R. Pace-Asciak, Vasorelaxing activity of resveratrol and quercetin in
isolated rat aorta, Gen. Pharmacol. 27 (1996) 363-366.

M. Hu, B. Liu, Resveratrol via activation of LKB1-AMPK signaling suppresses oxi-
dative stress to prevent endothelial dysfunction in diabetic mice, Clin. Exp.
Hypertens. 38 (2016) 381-387.

X. Li, Y. Dai, S. Yan, Y. Shi, J. Li, J. Liu, L. Cha, J. Mu, Resveratrol lowers blood
pressure in spontaneously hypertensive rats via calcium-dependent endothelial NO
production, Clin. Exp. Hypertens. 38 (2016) 287-293.

D.M. Breen, V.W. Dolinsky, H. Zhang, H. Ghanim, J. Guo, M. Mroziewicz,

E.L. Tsiani, M.P. Bendeck, P. Dandona, J.R. Dyck, S.P. Heximer, A. Giacca,
Resveratrol inhibits neointimal formation after arterial injury through an en-
dothelial nitric oxide synthase-dependent mechanism, Atherosclerosis 222 (2012)
375-381.

T. Nagaoka, T.W. Hein, A. Yoshida, L. Kuo, Resveratrol, a component of red wine,
elicits dilation of isolated porcine retinal arterioles: role of nitric oxide and po-
tassium channels, Investig. Ophthalmol. Vis. Sci. 48 (2007) 4232-4239.

S.J. Thandapilly, J.L. LeMaistre, X.L. Louis, C.M. Anderson, T. Netticadan,

H.D. Anderson, Vascular and cardiac effects of grape powder in the spontaneously
hypertensive rat, Am. J. Hypertens. 25 (2012) 1070-1076.

K. Magyar, R. Halmosi, A. Palfi, G. Feher, L. Czopf, A. Fulop, I. Battyany, B. Sumegi,
K. Toth, E. Szabados, Cardioprotection by resveratrol: a human clinical trial in
patients with stable coronary artery disease, Clin. Hemorheol. Microcirc. 50 (2012)
179-187.

K. Fyjitaka, H. Otani, F. Jo, H. Jo, E. Nomura, M. Iwasaki, M. Nishikawa,

T. Iwasaka, D.K. Das, Modified resveratrol Longevinex improves endothelial func-
tion in adults with metabolic syndrome receiving standard treatment, Nutr. Res. 31
(2011) 842-847.

L. Gliemann, M. Nyberg, Y. Hellsten, Effects of exercise training and resveratrol on
vascular health in aging, Free Radic. Biol. Med. 98 (2016) 165-176.

A.J. Gescher, W.P. Steward, Relationship between mechanisms, bioavailibility, and
preclinical chemopreventive efficacy of resveratrol: a conundrum, Cancer
Epidemiol. Biomark. Prev. 12 (2003) 953-957.

N.W. Kan, M.C. Lee, Y.T. Tung, C.C. Chiu, C.C. Huang, W.C. Huang, The synergistic
effects of resveratrol combined with resistant training on exercise performance and
physiological adaption, Nutrients 10 (2018).

T. Walle, F. Hsieh, M.H. DeLegge, J.E. Oatis Jr., U.K. Walle, High absorption but
very low bioavailability of oral resveratrol in humans, Drug Metab. Dispos. 32
(2004) 1377-1382.

C. Manach, A. Scalbert, C. Morand, C. Remesy, L. Jimenez, Polyphenols: food
sources and bioavailability, Am. J. Clin. Nutr. 79 (2004) 727-747.

T. Walle, Bioavailability of resveratrol, Ann. N. Y. Acad. Sci. 1215 (2011) 9-15.
M. Azachi, R. Yatuv, A. Katz, Y. Hagay, A. Danon, A novel red grape cells complex:
health effects and bioavailability of natural resveratrol, Int. J. Food Sci. Nutr. 65
(2014) 848-855.

A. Ladurner, D. Schachner, K. Schueller, M. Pignitter, E.H. Heiss, V. Somoza,
V.M. Dirsch, Impact of trans-resveratrol-sulfates and -glucuronides on endothelial
nitric oxide synthase activity, nitric oxide release and intracellular reactive oxygen
species, Molecules 19 (2014) 16724-16736.

M. Coimbra, B. Isacchi, L. van Bloois, J.S. Torano, A. Ket, X. Wu, F. Broere,

J.M. Metselaar, C.J. Rijcken, G. Storm, R. Bilia, R.M. Schiffelers, Improving solu-
bility and chemical stability of natural compounds for medicinal use by in-
corporation into liposomes, Int. J. Pharm. 416 (2011) 433-442.

M.R. Vijayakumar, L. Kumari, K.K. Patel, P.R. Vuddanda, K.Y. Vajanthri,

S.K. Mahto, S. Singh, Intravenous administration of trans-resveratrol-loaded TPGS-
coated solid lipid nanoparticles for prolonged systemic circulation, passive brain
targeting and improved in vitro cytotoxicity against C6 glioma cell lines, RSC Adv. 6
(2016) 50336-50348.

N. Mignet, J. Seguin, G.G. Chabot, Bioavailability of polyphenol liposomes: a
challenge ahead, Pharmaceutics 5 (2013) 457-471.

N. Summerlin, Z. Qu, N. Pujara, Y. Sheng, S. Jambhrunkar, M. McGuckin, A. Popat,
Colloidal mesoporous silica nanoparticles enhance the biological activity of re-
sveratrol, Colloids Surfaces B Biointerfaces 144 (2016) 1-7.

E.L. Wightman, J.L. Reay, C.F. Haskell, G. Williamson, T.P. Dew, D.O. Kennedy,
Effects of resveratrol alone or in combination with piperine on cerebral blood flow
parameters and cognitive performance in human subjects: a randomised, double-
blind, placebo-controlled, cross-over investigation, Br. J. Nutr. 112 (2014)
203-213.

M. Shahid, E.S. Buys, Assessing murine resistance artery function using pressure
myography, J. Vis. Exp. 76 (2013), https://doi.org/10.3791/50328.

J.L. Bruder, T. Hsieh, K.M. Lerea, S.C. Olson, J.M. Wu, Induced cytoskeletal changes
in bovine pulmonary artery endothelial cells by resveratrol and the accompanying
modified responses to arterial shear stress, BMC Cell Biol. 2 (2001) 1.

M. Frombaum, S. Le Clanche, P. Therond, E. Nubret, D. Bonnefont-Rousselot,

D. Borderie, Penetration of resveratrol into bovine aortic endothelial cells (BAEC): a
possible passive diffusion, C R Biol 335 (2012) 247-252.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Nitric Oxide 92 (2019) 1-10

C.L. Kao, L.K. Chen, Y.L. Chang, M.C. Yung, C.C. Hsu, Y.C. Chen, W.L. Lo, S.J. Chen,
H.H. Ku, S.J. Hwang, Resveratrol protects human endothelium from H(2)O(2)-in-
duced oxidative stress and senescence via SirT1 activation, J. Atheroscler. Thromb.
17 (2010) 970-979.

E. Alias, V. Parikh, A. Hidalgo-Bastida, M. Wilkinson, K.S. Davidge, T. Gibson,

D. Sharp, R. Shakur, M. Azzawi, Doxorubicin-induced cardiomyocyte toxicity —
protective effects of endothelial cells in a tri-culture model system, J.
Interdiscipl.Nanomed. 3 (2018) 122-132.

M.M. Diaz Gomez, O.L. Bocanegra Jaramillo, R.R. Teixeira, F.S. Espindola, Salivary
surrogates of plasma nitrite and catecholamines during a 21-week training season in
swimmers, PLoS One 8 (2013) e64043.

B. van der Loo, R. Labugger, J.N. Skepper, M. Bachschmid, J. Kilo, J.M. Powell,
M. Palacios-Callender, J.D. Erusalimsky, T. Quaschning, T. Malinski, D. Gygi,

V. Ullrich, T.F. Luscher, Enhanced peroxynitrite formation is associated with vas-
cular aging, J. Exp. Med. 192 (2000) 1731-1744.

S. Dal-Ros, C. Bronner, C. Auger, V.B. Schini-Kerth, Red wine polyphenols improve
an established aging-related endothelial dysfunction in the mesenteric artery of
middle-aged rats: role of oxidative stress, Biochem. Biophys. Res. Commun. 419
(2012) 381-387.

A. Csiszar, Z. Ungvari, J.G. Edwards, P. Kaminski, M.S. Wolin, A. Koller, G. Kaley,
Aging-induced phenotypic changes and oxidative stress impair coronary arteriolar
function, Circ. Res. 90 (2002) 1159-1166.

A. Nguyen, F. Leblond, M. Mamarbachi, S. Geoffroy, E. Thorin, Age-dependent
demethylation of Sod2 promoter in the mouse femoral artery, Oxid Med Cell Longev
2016 (2016) 8627384.

M. Azzawi, C. Austin, The effects of endothelial factor inhibition on the time course
of responses of isolated rat coronary arteries to intraluminal flow, J. Vasc. Res. 44
(2007) 223-233.

C. Heiss, R.E. Sievers, N. Amabile, T.Y. Momma, Q. Chen, S. Natarajan,

Y. Yeghiazarians, M.L. Springer, In vivo measurement of flow-mediated vasodila-
tion in living rats using high-resolution ultrasound, Am. J. Physiol. Heart Circ.
Physiol. 294 (2008) H1086-H1093.

D. Schuler, R. Sansone, T. Freudenberger, A. Rodriguez-Mateos, G. Weber,

T.Y. Momma, C. Goy, J. Altschmied, J. Haendeler, J.W. Fischer, M. Kelm, C. Heiss,
Measurement of endothelium-dependent vasodilation in mice-brief report,
Arterioscler. Thromb. Vasc. Biol. 34 (2014) 2651-2657.

C.R. Woodman, E.M. Price, M.H. Laughlin, Selected Contribution: aging impairs
nitric oxide and prostacyclin mediation of endothelium-dependent dilation in soleus
feed arteries, J. Appl. Physiol. 95 (2003) (1985) 2164-2170.

J. Bauersachs, R. Popp, M. Hecker, E. Sauer, 1. Fleming, R. Busse, Nitric oxide at-
tenuates the release of endothelium-derived hyperpolarizing factor, Circulation 94
(1996) 3341-3347.

A. Puzserova, V. Ilovska, P. Balis, P. Slezak, I. Bernatova, Age-related alterations in
endothelial function of femoral artery in young SHR and WKY rats, BioMed Res. Int.
2014 (2014) 658479.

0.A. Sofola, A. Knill, R. Hainsworth, M. Drinkhill, Change in endothelial function in
mesenteric arteries of Sprague-Dawley rats fed a high salt diet, J. Physiol. 543
(2002) 255-260.

Y.X. Wang, M. Halks-Miller, R. Vergona, M.E. Sullivan, R. Fitch, C. Mallari,

B. Martin-McNulty, V. da Cunha, A. Freay, G.M. Rubanyi, K. Kauser, Increased
aortic stiffness assessed by pulse wave velocity in apolipoprotein E-deficient mice,
Am. J. Physiol. Heart Circ. Physiol. 278 (2000) H428-H434.

E.K. Naderali, P.J. Doyle, G. Williams, Resveratrol induces vasorelaxation of me-
senteric and uterine arteries from female Guinea-pigs, Clin. Sci. (Lond.) 98 (2000)
537-543.

E.K. Naderali, S.L. Smith, P.J. Doyle, G. Williams, The mechanism of resveratrol-
induced vasorelaxation differs in the mesenteric resistance arteries of lean and
obese rats, Clin. Sci. (Lond.) 100 (2001) 55-60.

L. Luksha, S. Agewall, K. Kublickiene, Endothelium-derived hyperpolarizing factor
in vascular physiology and cardiovascular disease, Atherosclerosis 202 (2009)
330-344.

G.J. Waldron, H. Ding, F. Lovren, P. Kubes, C.R. Triggle, Acetylcholine-induced
relaxation of peripheral arteries isolated from mice lacking endothelial nitric oxide
synthase, Br. J. Pharmacol. 128 (1999) 653-658.

M. Ndiaye, T. Chataigneau, R. Andriantsitohaina, J.C. Stoclet, V.B. Schini-Kerth,
Red wine polyphenols cause endothelium-dependent EDHF-mediated relaxations in
porcine coronary arteries via a redox-sensitive mechanism, Biochem. Biophys. Res.
Commun. 310 (2003) 371-377.

G.E. Caughey, L.G. Cleland, P.S. Penglis, J.R. Gamble, M.J. James, Roles of cy-
clooxygenase (COX)-1 and COX-2 in prostanoid production by human endothelial
cells: selective up-regulation of prostacyclin synthesis by COX-2, J. Immunol. 167
(2001) 2831-2838.

M.E. Widlansky, D.T. Price, N. Gokce, R.T. Eberhardt, S.J. Duffy, M. Holbrook,

C. Maxwell, J. Palmisano, J.F. Keaney Jr., J.D. Morrow, J.A. Vita, Short- and long-
term COX-2 inhibition reverses endothelial dysfunction in patients with hyperten-
sion, Hypertension 42 (2003) 310-315.

T.A. Zykova, F. Zhu, X. Zhai, W.Y. Ma, S.P. Ermakova, K.W. Lee, A.M. Bode,

Z. Dong, Resveratrol directly targets COX-2 to inhibit carcinogenesis, Mol.
Carcinog. 47 (2008) 797-805.

Y. Liu, W. Ma, P. Zhang, S. He, D. Huang, Effect of resveratrol on blood pressure: a
meta-analysis of randomized controlled trials, Clin. Nutr. 34 (2015) 27-34.

J.G. Zou, Z.R. Wang, Y.Z. Huang, K.J. Cao, J.M. Wu, Effect of red wine and wine
polyphenol resveratrol on endothelial function in hypercholesterolemic rabbits, Int.
J. Mol. Med. 11 (2003) 317-320.

R.H. Wong, N.M. Berry, A.M. Coates, J.D. Buckley, J. Bryan, 1. Kunz, P.R. Howe,
Chronic resveratrol consumption improves brachial flow-mediated dilatation in


http://refhub.elsevier.com/S1089-8603(19)30111-9/sref13
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref13
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref13
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref14
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref14
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref14
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref14
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref14
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref15
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref15
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref15
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref16
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref16
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref17
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref17
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref17
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref18
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref18
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref18
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref19
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref19
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref19
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref19
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref19
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref20
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref20
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref20
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref21
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref21
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref21
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref22
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref22
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref22
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref22
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref23
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref23
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref23
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref23
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref24
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref24
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref25
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref25
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref25
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref26
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref26
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref26
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref27
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref27
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref27
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref28
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref28
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref29
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref30
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref30
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref30
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref31
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref31
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref31
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref31
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref32
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref32
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref32
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref32
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref33
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref33
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref33
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref33
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref33
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref34
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref34
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref35
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref35
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref35
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref36
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref36
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref36
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref36
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref36
https://doi.org/10.3791/50328
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref38
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref38
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref38
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref39
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref39
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref39
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref40
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref40
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref40
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref40
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref41
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref41
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref41
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref41
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref42
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref42
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref42
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref43
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref43
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref43
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref43
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref44
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref44
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref44
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref44
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref45
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref45
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref45
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref46
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref46
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref46
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref47
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref47
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref47
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref48
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref48
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref48
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref48
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref49
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref49
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref49
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref49
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref50
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref50
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref50
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref51
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref51
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref51
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref52
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref52
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref52
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref53
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref53
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref53
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref54
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref54
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref54
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref54
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref55
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref55
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref55
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref56
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref56
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref56
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref57
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref57
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref57
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref58
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref58
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref58
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref59
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref59
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref59
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref59
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref60
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref60
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref60
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref60
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref61
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref61
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref61
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref61
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref62
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref62
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref62
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref63
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref63
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref64
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref64
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref64
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref65
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref65

M. Diaz, et al.

[66]

[67]

[68]

[69]

healthy obese adults, J. Hypertens. 31 (2013) 1819-1827.

R.H. Wong, P.R. Howe, J.D. Buckley, A.M. Coates, I. Kunz, N.M. Berry, Acute re-
sveratrol supplementation improves flow-mediated dilatation in overweight/obese
individuals with mildly elevated blood pressure, Nutr. Metab. Cardiovasc. Dis. 21
(2011) 851-856.

M. Diaz, A. Avila, D. H, E. Coeckelberghs, L. Vanhees, V. Cornelissen, M. Azzawi,
Acute Resveratrol Supplementation and Flow-Mediated Dilation in Older Coronary
Artery Disease Patients: towards Patient Stratification, (2019) Submitted Article.
H.Y. Lin, L. Lansing, J.M. Merillon, F.B. Davis, H.Y. Tang, A. Shih, X. Vitrac,

S. Krisa, T. Keating, H.J. Cao, J. Bergh, S. Quackenbush, P.J. Davis, Integrin
alphaVbeta3 contains a receptor site for resveratrol, FASEB J. 20 (2006)
1742-1744.

S. Selvaraj, A. Mohan, S. Narayanan, S. Sethuraman, U.M. Krishnan, Dose-depen-
dent interaction of trans-resveratrol with biomembranes: effects on antioxidant
property, J. Med. Chem. 56 (2013) 970-981.

10

[70]

[71]

[72]

[73]

Nitric Oxide 92 (2019) 1-10

Y. Ho, Y.S. Lin, H.L. Liu, Y.J. Shih, S.Y. Lin, A. Shih, Y.T. Chin, Y.R. Chen, H.Y. Lin,
P.J. Davis, Biological mechanisms by which antiproliferative actions of resveratrol
are minimized, Nutrients 9 (2017).

B. Szende, E. Tyihak, Z. Kiraly-Veghely, Dose-dependent effect of resveratrol on
proliferation and apoptosis in endothelial and tumor cell cultures, Exp. Mol. Med.
32 (2000) 88-92.

H.R. Lee, J. Kim, J. Park, S. Ahn, E. Jeong, H. Park, FERM domain promotes re-
sveratrol-induced apoptosis in endothelial cells via inhibition of NO production,
Biochem. Biophys. Res. Commun. 441 (2013) 891-896.

B. Rode, J. Shi, N. Endesh, M.J. Drinkhill, P.J. Webster, S.J. Lotteau, M.A. Bailey,
N.Y. Yuldasheva, M.J. Ludlow, R.M. Cubbon, J. Li, T.S. Futers, L. Morley,

H.J. Gaunt, K. Marszalek, H. Viswambharan, K. Cuthbertson, P.D. Baxter, R. Foster,
P. Sukumar, A. Weightman, S.C. Calaghan, S.B. Wheatcroft, M.T. Kearney,

D.J. Beech, Piezol channels sense whole body physical activity to reset cardio-
vascular homeostasis and enhance performance, Nat. Commun. 8 (2017) 350.


http://refhub.elsevier.com/S1089-8603(19)30111-9/sref65
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref66
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref66
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref66
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref66
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref67
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref67
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref67
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref68
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref68
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref68
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref68
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref69
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref69
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref69
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref70
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref70
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref70
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref71
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref71
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref71
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref72
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref72
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref72
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref73
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref73
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref73
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref73
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref73
http://refhub.elsevier.com/S1089-8603(19)30111-9/sref73

	Differential effects of resveratrol on the dilator responses of femoral arteries, ex vivo
	Introduction
	Materials &#x200B;&&#x200B; methods
	HPLC analysis of RV purity and stability
	Animal tissue
	Pressure myography
	Cell culture
	Determination of NO production
	Statistical analysis

	Results
	RV purity and stability
	Constrictor responses to KPSS and Phe
	Effects of RV on dilator responses
	Characterization of ACh-induced dilation
	Characterization of FMD
	Effects of RV on FMD
	Effects of RV on dilation in arteries from eNOS knock-out mice
	Effects of RV on NO production

	Discussion
	Endothelial function and ageing
	Effects of RV on vessel dilation

	Conclusions
	Author disclosure statement
	Acknowledgements
	Supplementary data
	List of abbreviations
	References




