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BACKGROUND AND PURPOSE

We tested the hypothesis that in resistance arteries from cardiovascular disease (CVD) patients, effects of an endothelium-
dependent vasodilator depend on the contractile stimulus.

EXPERIMENTAL APPROACH
Arteries dissected from parietal pericardium of cardiothoracic surgery patients were studied by myography and imaging
techniques. Segments were sub-maximally contracted by K*, the TxA, analogue U46619 or endothelin-1 (ET-1).

KEY RESULTS

Relaxing effects of Na-nitroprusside were comparable, but those of bradykinin (BK) were bigger in the presence of ET-1 compared
with K* or U46619. BK-induced relaxation was (i) abolished by L-NAME in K*-contracted arteries, (ii) partly inhibited by L-NAME in
the presence of U46619 and (iii) not altered by indomethacin, L-NAME plus inhibitors of small and intermediate conductance
calcium-activated K* channels, but attenuated by catalase, in ET-1-contracted arteries. This catalase-sensitive relaxation was un-
affected by inhibitors of NADPH oxidases or allopurinol. Exogenous H,O, caused a larger relaxation of ET-1-induced contractions
than those evoked by K™ or U46619 in the presence of inhibitors of other endothelium-derived relaxing factors. Catalase-sensitive
staining of cellular ROS with CellROX Deep Red was significantly increased in the presence of both 1 uM BK and 2 nM ET-1 but not
either peptide alone.

CONCLUSIONS AND IMPLICATIONS

In resistance arteries from patients with CVD, exogenous ET-1 shifts the mediator of relaxing responses to the endothelium-
dependent vasodilator BK from NO to H,O, and neither NADPH oxidases, xanthine oxidase nor NOS appear to be involved in this
effect. This might have consequences for endothelial dysfunction in conditions where intra-arterial levels of ET-1 are enhanced.

Abbreviations

A192621, (2R,3R,45)-4-(1,3-benzodioxol-5-yl)-1-[2-(2,6-diethylanilino)-2-oxoethyl]-2-(4-propoxyphenyl)pyrrolidine-3-
carboxylic acid; BK, bradykinin; BQ123, 2-[(3R,6R,9S,12R,155)-6-(1H-indol-3-ylmethyl)-9-(2-methylpropyl)-2,5,8,11,14-
pentaoxo-12-propan-2-yl-1,4,7,10,13-pentazabicyclo[13.3.0]octadecan-3-yl]acetic acid; BQ788, sodium N-{[(2R,65)-2,6-
dimethyl-1-piperidinyl]carbonyl}-4-methyl-L-leucyl-N-[(1R)-1-carboxylatopentyl]-1-(methoxycarbonyl)-D-
tryptophanamide; CVD, cardiovascular disease; DPI, diphenyleneiodonium; EDH, endothelium-dependent
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hyperpolarization; EDNO, endothelium-derived NO; EDRF, endothelium-derived relaxing factor; ET-1, endothelin-1; L-
NAME, N%-nitro L-arginine methyl ester; MEGJ, myo-endothelial gap junction; ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]
quinoxalin-1-one; PD156707, a-[2-(4-methoxyphenyl)-2-oxo-1-[(3,4,5-trimethoxyphenyl)methyl]ethylidene]-1,3-
benzodioxole-5-acetic acid; PSS, physiological salt solution; S6c, sarafotoxin S6c; sGC, soluble guanylate cyclase; SNP,

Na-nitroprusside; TRAM-34, 1-[(2-chlorophenyl)diphenylmethyl]-1H-pyrazole; TPEM, two-photon excitation fluorescence

microscopy; U46619, (52)-7-[(1R,4S,5S,6R)-6-[(1E,35)-3-hydroxy-1-octenyl]-2-oxabicyclo[2.2.1]hept-5-yl]-5-heptenoic
acid; UCL 1684, 6,12,19,20,25,26-hexahydro-5,27:13,18:21,24-trietheno-11,7-metheno-7H-dibenzo[b,n][1,5,12,16]
tetraazacyclotricosine-5,13-diium dibromide; XO, xanthine oxidase

Tables of Links

TARGETS

GPCRs* Enzymes©

ETa receptor COXs

ETg receptor Endothelial NOS

TP receptor Soluble guanylate cyclase
Voltage-gated ion channels® XO

Kca2.3

Kea3.1

5-HT L-NAME
A192621 Nitric oxide (NO)
Allopurinol Noradrenaline
Angiotensin Il oDQ

BK PD156707
BQ123 Phenoxybenzamine
BQ788 Phenylephrine
Capsaicin Sarafotoxin S6¢
ET-1 TRAM-34

H,0, U46619
Iberiotoxin UCL 1684
Indomethacin

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are permanently archived in the Concise

Guide to PHARMACOLOGY 2015/16 (“>“Alexander et al., 2015a,b,c).

Introduction

The endothelium regulates vascular homeostasis and
endothelial dysfunction is a marker of cardiovascular risk
and contributes to the progression of atherosclerosis and
cardiovascular events (Heitzer et al., 2001; Widlansky et al.,
2003). Human endothelium-dependent vasodilatations have
been investigated in several vascular beds and in isolated
blood vessels of different anatomical origin from volunteers
and from a broad variety of patients. Studies were performed
during basal vasomotor tone in vivo or during myogenic tone
and constriction induced by different exogenously adminis-
tered agonists in vitro. Vasodilatation was induced by differ-
ent endothelium-dependent stimuli such as acetylcholine,
bradykinin (BK) or increased wall shear stress. Variations in
the stimuli used may have contributed to different conclu-
sions about the relative importance of specific endothelium-
derived relaxing factors (EDRFs) in different situations
(Matoba et al., 2002; Morikawa et al., 2004; Phillips et al.,
2007; Chadha et al., 2011; Liu et al., 2011; Freed et al., 2014).
In coronary arterioles from cardiothoracic surgery patients
contracted with endothelin-1 (ET-1), Gutterman and col-
leagues attributed relaxing effects of increased wall shear
stress and of BK to endothelium-derived hydrogen peroxide
(H>O,) (Phillips et al., 2007; Liu et al., 2011). In mesenteric re-
sistance arteries from gastrectomy patients, Shimokawa and
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colleagues observed a contribution of H,O, to the relaxing
effect of BK during contraction induced by ET-1 (Morikawa
et al., 2004) or prostaglandin F,, (Matoba et al., 2002). In
mesenteric resistance arteries from intestinal surgery patients
contracted with vasopressin, Chadha et al. attributed the
effects of BK to endothelium-derived NO (EDNO) and
endothelium-dependent hyperpolarization (EDH) conducted
via myo-endothelial gap junctions (MEGJ) (2011), with no
notable effect of the H,O, scavenger catalase. Recently,
flow-induced relaxation of adipose tissue arterioles con-
stricted by ET-1 was reported to involve EDNO in patients
without coronary artery disease and H,O, produced by endo-
thelial mitochondria in patients with coronary artery disease
(Freed et al., 2014).

Here, we investigated relaxations to one endothelium-
dependent vasodilator in one vascular bed, during contrac-
tions induced by different vasoconstrictors. We tested the
hypothesis that in patients with cardiovascular diseases
(CVD), the effects of an endothelium-dependent vasodilator
depend on the type of vasoconstrictor stimulus. We (i)
studied resistance-sized arteries isolated from a biopsy of the
parietal pericardium obtained during elective cardiothoracic
surgery, (ii) recorded relaxing effects of BK during contrac-
tions induced by elevated extracellular K", the TxA, analogue
U46619 or exogenous ET-1, (iii) used pharmacological inhib-
itors to investigate the mechanisms involved and (iv) used
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two-photon excitation fluorescence microscopy (TPEM) to
semi-quantitatively estimate cellular levels of ROS. In the
presence of ET-1, the relaxing effects of BK persisted during
blockade of cyclooxygenases, NOS, small-conductance and
intermediate-conductance calcium-activated K channels
(Kca2.3 and Kc,3.1) and soluble guanylate cyclase (sGC)
but were inhibited by catalase and accompanied by a
catalase-sensitive increase in cellular ROS. This role of
H,O, in endothelium-dependent vasodilatation in the
presence of ET-1 may contribute to microvascular compli-
cations in type 2 diabetes (Eringa ef al., 2013), obesity
(Campia et al., 2012) and pulmonary arterial hypertension
(Kirkby et al., 2008; Miyagawa and Emoto, 2014) where
arterial levels of this endothelium-derived peptide are up-
regulated.

Methods

Patients and ethics

Biopsies from the parietal pericardium (approximately
2 x 2 cm) were collected from 121 patients at the initiation
of elective cardiothoracic surgery (coronary artery bypass
grafting and/or cardiac valve replacement). Patient character-
istics are summarized in Table 1.

All experiments were performed in accordance with
institutional guidelines and were approved by the
Medical Ethical Committee of the Region of Southern
Denmark (5-20100044). The experiments performed
conformed to the principles outlined in the Declaration of
Helsinki of the World Medical Association, and informed
written consent was obtained from all patients prior to collec-
tion of the biopsy.

Recording of vasomotor responses
Pericardial biopsies were stored for 16 h in 30 mL PSS at 4°C
to wash away anaesthetics and analgesics (Batenburg et al.,
2004). One long resistance-sized artery was then isolated
from the parietal pericardial sheet in PSS at room tempera-
ture as recently described (Bloksgaard et al., 2015). The artery
was dissected free from perivascular adipose tissue and cut
into 2-9 segments for paired comparisons of effects of
pharmacological inhibitors. Variations in group sizes can be
explained by the fact that the number of different pharmaco-
logical interventions exceeded the number of arterial
segments available that could be studied from one patient.
To record isometric tension development, 2-mm-long ar-
terial segments were mounted in wire myograph chambers
(DMT, Aarhus, Denmark) containing 5 mL PSS maintained
at 37°C and aerated with 5% CO, in air. Arterial segments
were distended until a diameter and passive wall tension,
which according to the law of Laplace, corresponded to a
transmural pressure of 100 mmHg. The lumen diameter of
436 segments under these conditions averaged 187 + 4 um
(mean of means + SEM, n = 121), and their maximal contrac-
tile response to the combination of 16 nM ET-1, 1 uM U46619
and 32 mM K* had a median value of 1.4 N-m~" with an inter-
quartile range of 0.8 to 2.0 N-m ™.
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Pharmacological protocols

From one long arterial segment (>1 cm), four 2-mm-long seg-
ments could be isolated and studied in parallel in a multi-
channel wire myograph. One control segment, without any
pharmacological inhibitors, was studied and compared in
parallel with segments that were incubated with inhibitors
of endothelial-derived relaxing factors, inhibitors of NADPH
oxidases, an inhibitor of xanthine oxidase (XO) and/or
catalase. This allowed us to compare the effects of different
pharmacological interventions within the same artery from
the same patient.

Cumulative concentration-response curves (CCRCs) to
different vasoconstrictors and to BK, SNP or H,O, were con-
structed in series, allowing at least 30 min between experi-
mental steps. Effects of the vasodilators were studied during
amplitude-matched submaximal contractions. Segments
were studied in the continuous presence of the selective
inhibitors after incubation for at least 20 min. Because of
the quasi-irreversible nature of ET-1-induced contractions
(De Mey et al., 2011), experiments with this contractile ago-
nist were performed towards the end of the experiments.

Imaging of cellular H,O; levels

ROS production was assessed by TPEM of arterial segments
stained with CellROX Deep Red. Nine 1.5-mm-long arterial
segments were isolated from one >2-cm-long artery from

Table 1

Clinical characteristics and reported pharmacotherapies of the study
group

Age (years) 69 £ 1
Male (%) 82
Surgery: CABG/valve/both (%) 58/29/13
Smoking (yes/former/no/unknown; %) 19/45/33/3
Body mass index (kg-mfz) 27.0+04
Known hypertension (%) 65
Systolic blood pressure (mmHg) 139+2
Diastolic blood pressure (mmHg) 741
Type 2 diabetes mellitus (%) 14
Hyperlipidaemia (%) 82
Ejection fraction (%) 54 +1
HbA1c (mmol-molq) 39+1
Plasma creatinine (umoI~L71) 95+6
Statin (%) 70
Low-dose aspirin (%) 66
Warfarin/P2Y antagonist (%) 7/12
ACEI/ARB (%) 24/21
>2 anti-hypertensive drugs (%) 18

Data are shown as means + SEM. ACEI, angiotensin-converting
enzyme inhibitor; ARB, angiotensin AT, receptor antagonist;
CABG, coronary artery bypass grafting (1-4); valve, aortic or mitral
valve replacement.
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the same patient (n = 4) and studied in parallel in multichan-
nel wire myographs. One segment was left untreated and not
stained after the stretching procedure. The remaining eight
segments were subjected to cumulative treatment with and
without catalase (2000 U-mL~" for 30 min), ET-1 (2 nM for
10 min), BK (1 uM for 10 min) and combinations of the three.
Staining was performed at the end of the experimental proto-
col using 5 uM CellROX Deep Red in PSS for 1 h. Finally, all
nine segments were fixed in 4% paraformaldehyde for 1 h at
37°C. The staining protocol, fixation and subsequent imag-
ing within 24 h from the staining and fixation were designed
in accordance with the guidelines from the manufacturer.
Imaging was conducted using a custom-built two-photon ex-
citation fluorescence microscope on a Nikon TI (Ramcon A/S,
Birerad, Denmark) eclipse platform (Brewer et al., 2013). The
objective used was a 60x water immersion objective, NA 1.25.
The laser was a Ti:Sa laser (HPeMaiTai DeepSee; Spectra Phys-
ics, Mountain View, CA, USA), and the excitation wavelength
was 820 nm. Emission was split by a dichroic mirror
(570DCXR; Chroma Technology Corp., Bellows Falls, VT,
USA) and collected in two channels at 655/40 nm (D655/
40M, Chroma Technology Corp., for CellROX Deep Red and
spectral overlap from elastin autofluorescence) and
542/20 nm (Semrock Bright Line® filter, Semrock, Rochester,
NY, USA, for elastin autofluorescence) using Becker and Hickl
GmbH, Berlin, Germany HPM-100-40 hybrid detectors. Im-
age analyses were performed using FIJI (Schindelin et al.,
2012). Intensity (I) data representing the cellular ROS produc-
tion within the samples were calculated as Icenrox —-

Liutofluorescence  tO  eliminate pixels with a significant
contribution of the autofluorescence to the data analyses.
For each arterial segment, at least eight regions of interest
(ROIs) without spatial overlap were imaged along the length
of the arterial segment. Intensities in each calculated image
(Icenrox — lautofluorescence) Were determined for 5-15 areas
per ROI per sample without spatial overlap. Background fluo-
rescence in the 655/40 nm channel, assessed using the ninth,
unstained segment, was negligible for all four patients
investigated.

Endothelium-dependence

In arteries isolated from four patients (resting lumen diame-
ter: 201 + 22 pm), cannulated and pressurized largely as previ-
ously described (Hilgers et al., 2010; Bloksgaard et al., 2015),
extra-luminal application of 100 nM U46619 caused
69 £ 6% constriction that was reduced to 12 + 5% by 1 uM
BK. Following perfusion of the arterial lumen with 2 mL of
air, no statistically significant BK-induced dilatation could
be observed, and endothelial cells, but not smooth muscle
cells, had become permeable to the nuclear dye diamidino-
2-phenylindole (DAPI), which did not stain nuclei in endo-
thelial and smooth muscle cells of control arteries perfused
with saline (data not shown).

Statistics

Results are expressed as contractile response (N-m™ ') or as
percentage reduction of the contraction (relaxations). Data
are shown as mean + SEM or as median (interquartile range)
when not normally distributed. Individual CCRCs were fitted
to a non-linear regression curve with variable slope. Potency
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(pD2; —log10 ECsp) and efficacy (Emax) Of agonists were com-
pared either paired (when experiments were performed in
arterial segments from the same patient) or unpaired (when
experiments were performed in arteries from different
patients) with two-sided f-test or extra sum-of-squares F-test
respectively. Differences in CellROX Deep Red intensities
were analysed by one-way ANOVA, followed by Bonferroni’s
post hoc test to compare multiple groups. P < 0.05 was consid-
ered statistically significant. Statistically significant differ-
ences in potency are indicated by asterisks (*) between
curves; differences in efficacy are indicated by asterisks at
the highest concentrations tested. All analyses were per-
formed using GRAPHPAD PRISM 6.04 (GraphPad Software
Inc., San Diego, CA, USA). pD; and E,,x values are summa-
rized in Supporting Information Table S1. Data and statistical
analysis comply to the best of our abilities with the recom-
mendations on experimental design and analysis in pharma-
cology (Curtis et al., 2015).

Materials

Physiological salt solution (PSS) contained (in mM) the fol-
lowing: NaCl, 115; NaHCO3, 25; K;HPOy, 2.5; MgSOy, 1.2;
glucose, 5.5; HEPES, 10; and CaCl,, 1.3. High-potassium PSS
(KPSS) contained 20 mM NaCl and 95 mM KClI, instead of
115 mM NaCl. Solutions with intermediate K* (and Na*) con-
centrations were prepared by mixing appropriate volumes of
PSS and KPSS. Buffers were continuously aerated with 5%
CO, in air at 37°C. BQ123 (Bachem, Weil am Rhein,
Germany), BQ788 (Bachem), CellROX® Deep Red (Molecular
Probes™; Thermo Fisher Scientific, Waltham, MA, USA),
diphenyleneiodonium (DPI) (Sigma-Aldrich, Brendby,
Denmark), ODQ (Cayman Chemical, Ann Arbor, MI, USA),
PD156707 (Tocris Bioscience, Bristol, UK), TRAM-34 (Tocris
Bioscience) and UCL 1684 (Tocris Bioscience) were dissolved
in DMSO. Capsaicin (Sigma-Aldrich), indomethacin (Sigma-
Aldrich), phenoxybenzamine (GlaxoSmithKline, Brendby,
Denmark) and U46619 (Tocris Bioscience) were dissolved in
100% ethanol. 5-HT (serotonin; Sigma-Aldrich), A192621
(Abbvie Labs, North Chicago, IL, USA), angiotensin II (Sigma-
Aldrich), apocynin (Sigma-Aldrich), arginine vasopressin
(Sigma-Aldrich), BK (Sigma-Aldrich), ET-1 (Bachem), gp91
ds-tat (AnaSpec, Seraing, Belgium), H,O, (Sigma-Aldrich),
Nnitro L-arginine methyl ester (L-NAME) (Sigma-Aldrich),
Na-nitroprusside (SNP) (Sigma-Aldrich), noradrenaline (Sigma-
Aldrich), phenylephrine (Sigma-Aldrich) and sarafotoxin-6¢
(S6¢) (Bachem) were dissolved in ddH,O. Allopurinol (Cayman
Chemical) and uncontaminated catalase (C40, Sigma-Aldrich)
were dissolved in PSS. Actions and concentrations of the
pharmacological inhibitors used are listed in Table 2.

Results

Contractile responses

All resistance arteries isolated from the parietal pericardium of
patients with CVD that were included in this study contracted
>0.1 N-m ™! in response to ET-1, the TxA, analogue U46619
and to increases in extracellular K* concentration from 5 to
32 mM (Figure 1). The potency and efficacy of ET-1 were signif-
icantly higher than those of U46619 and high K*. Contractile



Table 2

Pharmacological inhibitors

Endothelin-1 and H,0, in patient arteries m

Chemical Action Concentration Reference
A192621 Selective ETg-receptor antagonist 30 nM Davenport (2002)
Allopurinol Inhibitor of xanthine oxidase 0.5 mM Lacy et al. (1998)
Apocynin Inhibitor of NADPH oxidase 10 uM Stolk et al. (1994), Cifuentes-Pagano et al. (2012)
BQ123 Selective ETa-receptor antagonist 1uM Davenport (2002)
BQ788 Selective ETg-receptor antagonist 1T uM Davenport (2002)
Capsaicin Irreversible desensitizer of 1uM Szallasi and Blumberg (1999)
sensorimotor nerves
Catalase (C40) Scavenger of extracellular H,O, 2000 U-mL " Matoba et al. (2000), Gauthier et al. (2011)
DPI Inhibitor of NADPH oxidase 1 uM O’Donnell et al. (1993), Cifuentes-Pagano et al. (2012)
gp91 ds-tat Selective inhibitor of NADPH oxidase 2 1 uM Rey et al. (2001), Cifuentes-Pagano et al. (2012)
Iberiotoxin Inhibitor of large conductance 100 nM Galvez et al. (1990)
Ca’*-activated K* channels
Indomethacin Inhibitor of cyclooxygenases 1 and 2 10 uM Hart and Boardman (1963)
L-NAME Inhibitor of NOS 100 uM Rees et al. (1990)
oDQ Inhibitor of soluble guanylate cyclase 10 uM Garthwaite et al. (1995)
PD156707 Selective ET-receptor antagonist 100 nM Davenport (2002)
Phenoxybenzamine Irreversible a-adrenoceptor antagonist 1 pM Furchgott (1966)
TRAM-34 Inhibitor of intermediate conductance 1 uM Hilgers et al. (2010)
Ca’*-activated K* channels
UCL 1684 Inhibitor of small conductance 1 uM Rosa et al. (1998)
Ca”*-activated K* channels
251 (0.1 uM-1 mM) caused small contractions in arteries from less
& ET than 50% of the patients investigated. 5S-HT (0.1-10 pM) and
~ 2.0+ - K+ Sé6c (selective ETg-receptor agonist; 1 pM-1 nM) (Davenport,
T.E - U46619 2902) failed to induce contraction (Supporting Information
Z 1.5 Fig. S1).
5 Most pharmacological inhibitors of EDRFs used in this
B 10- study had no statistically significant effects on the sensitivity
g and maximal responses to the contractile stimuli, but there
S were notable exceptions. Maximal responses to U46619
© 054 (1.06 + 0.17 vs. 0.84 + 0.36 N-m ') were increased by 1 uM
UCL 1684 and 1 uM TRAM-34 (inhibitors of Kc,2.3 and K¢,
0.0 1 3.1, respectively). Indomethacin and 2000 U-mL™" catalase
09 8 7 6 '_2'5 20 -5 (scavenger of extracellular H,O,) each increased the potency
Log M [agonist] of ET-1 approximately threefold, and these effects were
additive (Figure 2).
Fi gure 1 In arteries from different patients, no statistically signifi-

Contractile responses to cumulative concentrations of ET-1, U46619
and increases in extracellular K™ concentration in pericardial resis-
tance arteries from the same CVD patients. Means + SEM (n = 13).
Differences between the sensitivities to the stimuli and between the
maximal responses to ET-1 and those to the other two stimuli are
statistically significant, analysed by comparing pD, and Eax values
with paired two-sided t-test.

responses to 2nM ET-1, the ECs of the peptide, to 1 uM U46619
and to 32 mM K" were of comparable amplitude in arterial
segments from the same patients (Figure 1) and were
sustained for 30 min. Angiotensin II (0.1-100 nM) and vaso-
pressin (1 pM-300 nM) caused contractions that were not
sustained. Noradrenaline (0.1-10 uM) and phenylephrine

cant differences were observed between the contractile
potency and efficacy of ET-1 (i) during inhibition of several
EDRFs by L-NAME, UCL 1684 and TRAM-34 and (ii) during
inhibition of these pathways combined with irreversible
blockade of o-adrenoceptors with phenoxybenzamine,
desensitization of sensorimotor nerves with capsaicin and
presence of 30 nM A192621 or 1 uM BQ788 (selective
ETy receptor antagonists) (Davenport, 2002) (Supporting
Information Fig. $2). Absence of contractile responses to S6¢
was not modified by presence of L-NAME, UCL 1684 and
TRAM-34, or their combination (Supporting Information
Fig. S2). However, the contractile potency of ET-1 was re-
duced in presence of 100 nM PD156707 (non-peptide ET, an-
tagonist; Supporting Information Fig. S3), and the efficacy of
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Figure 2

Effects of indomethacin (INDO) (A) and of catalase +/— INDO (B) on
contractile responses to ET-1 in pericardial resistance arteries from
the same CVD patients. Means + SEM (control and INDO: n=11;
catalase and catalase + INDO: n = 6). Effects on the sensitivity to
ET-1 are statistically significant, analysed by comparing pD; and Emax
values with extra sum-of-squares F-test.

the peptide was reduced in presence of 1 uM BQ123 (peptidergic
ET, antagonist; Emay: 0.2 + 0.1 vs. 1.4 £ 0.2 N-m™"). These
indicate that ET-1-induced contractions were mediated by
arterial smooth muscle ET, receptors.

Next, we used 2 nM ET-1, 1 uM U46619 and 32 mM K" to
induce contractions of comparable amplitude in experiments
investigating relaxing mechanisms. In the limited cases
where inhibitors of relaxing mechanisms altered the sensitiv-
ity to contractile stimuli, the concentrations of these stimuli
were modified accordingly.

Relaxing responses to BK and H,0,

BK (10 pM-1 uM) markedly relaxed sub-maximally
contracted pericardial resistance arteries from patients with
CVD (Figure 3A). The potency of BK depended on the con-
tractile stimulus. It was 10 times larger during contractions
induced by 2 nM ET-1 than during contractions in response
to U46619 or K*. This effect was selective as the NO donor
compound SNP relaxed the three types of contraction with
comparable potency (Figure 3B).
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Figure 3

Relaxing responses to cumulative concentrations of bradykinin (BK;
A) and Na-nitroprusside (SNP; B) in pericardial resistance arteries
from the same CVD patients during amplitude-matched submaximal
contractions induced by 2 nM ET-1, 1 uM U46619 or 32 mM K.
Means + SEM (n =17, 8 and 9, respectively, for BK and 6 for SNP).
The sensitivity to BK, but not the maximal relaxation, was signifi-
cantly higher in the presence of ET-1 than in the presence of
U46619 or 32 mM K*, analysed by comparing pD; and E.x values
with extra sum-of-squares F-test (A, unpaired) or paired two-sided
t-test (B, paired).

In K*-contracted arteries, relaxing responses to BK were
not modified by indomethacin but were strongly inhibited
by L-NAME. When, in addition to NOS, COXs were inhibited,
relaxing responses to BK were abolished (Figure 4A). This
indicates the involvement of NO in these responses.

During contraction induced by U46619, relaxing re-
sponses to BK were not significantly modified by indometha-
cin or L-NAME but were reduced by approximately 50% when
the two inhibitors were combined (Figure 4B). The remaining
relaxations were reduced somewhat by the additional
presence of 1 uM UCL 1684 and 1 pM TRAM-34, but small
resistant relaxations persisted (Figure 4B). These findings in-
dicate that the effects of BK during TP receptor stimulation
involve (i) NO when COXs are inhibited and (ii) a small com-
ponent that cannot be attributed to COX, NOS or endothelial
hyperpolarization via Kc,2.3 and K¢,3.1.
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INDO +L-NAME + TRAM-34 + UCL 1684 + ODQ respectively). Means + SEM, analysed by comparing pD, and En.x values and area under

the curves (AUC; A.U., arbitrary units) with paired two-sided t-test.

During contraction induced by ET-1, the potent relaxing
responses to BK were not modified by indomethacin,
L-NAME or by the combined blockade of COX, NOS, K¢,2.3,
Kca3.1 and inhibition of sGC with 10 uM ODQ (Figure 4C).
These resistant relaxing effects of BK during ET-1-induced
contraction were not significantly modified by 10 uM
apocynin, 1 uM DPI or 1 uM gp91 ds-tat (structurally different
inhibitors of NADPH oxidases) (Cifuentes-Pagano et al.,
2012), or 0.5 mM allopurinol (inhibitor of XO) (Figure 5A)
but were reduced in the presence of 0.1 uM iberiotoxin (in-
hibitor of BK,) and were inhibited by 2000 U-mL ! catalase
(scavenger of H,0,) (Figure 5B). These findings indicate the

involvement of H,O, as a relaxing factor during contraction
stimulated by ET-1 and that this H,O, is not derived from
NADPH oxidases, XO, COX or NOS.

Exogenous H,O0, (100 nM-3.0 mM) caused
concentration-dependent  relaxations in  pericardial
resistance arteries from CVD patients (Figure 6). In the
presence of indomethacin, L-NAME, UCL 1684 and
TRAM-34, the relaxing effect of H,O, tended to be more
potent (P = 0.06) and it was significantly more efficacious
in arteries from the same individuals during ET-1-
than during U46619-induced contraction. Compared
with K*-contracted arteries, the increased efficacy of
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Effects of inhibitors of NADPH oxidases and xanthine oxidase (A) and
of catalase and iberiotoxin (B) on relaxing responses to BK in pericar-
dial resistance arteries made to contract with ET-1 in the presence of
indomethacin, L-NAME, TRAM-34 and UCL 1684 [control: n=14 (A)
and 12 (B)]. Means + SEM. (A) Effects of allopurinol (n = 6), apocynin
(n=7),DPI(n=5)and gp91 ds-tat (n=7) on sensitivity and maximal
responses to BK in vessel segments from the same patients are not
statistically significant. (B) The effect of catalase (n = 6) on the max-
imal relaxation and the effect of iberiotoxin (n = 7) on the potency
of BK are statistically significant, analysed by comparing pD, and
Emax Values with unpaired two-sided t-test.

exogenous H,O, in the presence of ET-1 was even more
marked (Figure 6).

Production of H>0,

Cellular levels of ROS were investigated with CellROX Deep
Red staining and TPEM. The intensity of the fluorescent
staining was significantly more than the background fluores-
cence (determined in the absence of CellROX) but was not
modified by catalase (2000 U-mL™Y), ET-1 (2 nM) or BK
(1 uM). In the presence of both ET-1 and BK, however, the
staining intensity was significantly increased, and this was
prevented by catalase (Figure 7). These findings indicate a
significant production of ROS in the patients’ resistance
arteries under basal conditions and that the combined
presence of the vasoconstrictor ET-1 and the endothelium-
dependent vasodilator BK stimulate the production of H,O5.
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Figure 6

Relaxing responses to exogenous H,O in pericardial resistance arteries
from the same patients during contraction induced by ET-1 (n = 13),
U46619 (n=13) or K" (n = 10) in presence of indomethacin, L-NAME,
TRAM-34 and UCL 1684 (A) and during ET-1-induced contractions with
the additional presence of iberiotoxin (B; n = 5). Means + SEM. The
relaxing effect of H,O, is significantly larger in the presence of ET-1
compared with U46619 and K". Iberiotoxin significantly reduced the
potency of H,O, during contractions induced by ET-1, analysed by
comparing pD; and Enax values with paired two-sided t-test.
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Effects of catalase (2000 U-mL™"), ET-1 (2 nM) and BK (1 pM) on cel-
lular ROS levels. Fluorescence intensity above background autofluo-
rescence (Af) is shown for arterial segments stained with CellROX
Deep Red after incubation in the absence or presence of catalase
with or without ET-1 and/or BK. Means + SEM. *The difference is
statistically significant, analysed by Bonferroni’s post hoc test, n = 4.



Discussion and conclusions

The main findings of this investigation of patient resistance
artery responses to an endothelium-dependent vasodilator
are (i) more potent relaxation responses occur during ET-1-
than during K*- or U46619-induced contractions, (ii) the re-
sponses are significantly reduced by NOS blockade when the
contraction is induced by depolarization and by combined
NOS and COX blockade when mediated by TP receptors but
not ET, receptors, (iii) this resistant relaxation persists during
inhibition of Kc,2.3 and Kc,3.1 and (iv) it can be subse-
quently blocked by catalase but not inhibitors of NADPH ox-
idases or XO. In this study, we demonstrated that ET-1
induces a shift from NO- to H,O,-mediated relaxation and
that NOS, NADPH oxidase stimulation and XO activation
are not involved in this effect.

In conduit arteries, NO is the main EDRF and impairment
of its production and scavenging by superoxide anions are re-
sponsible for endothelial dysfunction (Heitzer et al., 2001). In
resistance arteries, additional mechanisms have been identi-
fied, such as endothelium-derived K* (Edwards et al., 1998),
epoxyeicosatrienoic acids (Fisslthaler et al., 1999), H,0O,
(Matoba et al., 2002; Morikawa et al., 2004; Phillips et al.,
2007; Liu et al., 2011) and hyperpolarization of smooth mus-
cle via MEG] (Feletou and Vanhoutte, 2006). The contribu-
tions of each of these were observed to be different in
animal models of CVD (Yada et al., 2006; Feletou and
Vanhoutte, 2009). Studies of endothelium-dependent
responses in human resistance arteries have used vessels
isolated from different vascular beds from volunteers and
various patient groups, and a variety of endothelial stimuli
have been used to elicit the responses during different
agonist-induced contractions (Matoba et al., 2002; Morikawa
etal., 2004; Phillips et al., 2007; Chadha et al., 2011; Liu et al.,
2011; Freed et al., 2014). These discrepancies in the experi-
mental conditions may have contributed to different
conclusions. Hence, in the present study we investigated
whether the contractile stimulus influences the responses of
resistance arteries from patients with CVD to an endothelium-
dependent vasodilator.

Large numbers of CVD patients have to undergo life-
saving cardiothoracic surgery despite chronic antithrom-
botic, cholesterol-lowering, antidiabetic and antihyperten-
sive treatments (Table 1). These patients are in our opinion
important targets for the development of new drug concepts.
During cardiothoracic surgery, the pericardium must be
opened to access the heart. From biopsies of this structure,
one long resistance artery can be isolated and divided into
several segments (Bloksgaard et al., 2015). This facilitated
characterization of mechanisms of vasodilatation in CVD
patients with various pharmacological inhibitors during
ex vivo contractions.

We identified three stimuli that induce sustained contrac-
tions in these resistance arteries. Maximal contractility varied
considerably between patients (0.1-5.4 N-m™"), but we took
special care to compare relaxing responses during
amplitude-matched contractions in vessels from each indi-
vidual. The contractile effects of ET-1 were not mimicked or
modified by a selective agonist and antagonist of ETy recep-
tors, alkylation of a-adrenoceptors, desensitization of sensori-
motor nerves, inhibition of NOS and of Kc,2.3 and Kg,3.1.

Endothelin-1 and H,0, in patient arteries m

They were thus mediated by smooth muscle ET, receptors
and not modulated by ETy receptors, endogenous NO or
perivascular nerves, which can be affected by ET-1 (Wang
and Wang, 2004; Meens et al., 2009; De Mey et al., 2011).
They were, however, enhanced by COX inhibition and cata-
lase, which suggests that basal or stimulated prostaglandin
and H,0, production are involved, and this remains to be
established. ET-1 was not only more potent but also more
efficacious than U46619 and depolarization at inducing a
contraction, which is in line with the broader signal
transduction stimulated by ET, receptors than by TP
receptors and depolarization in arterial smooth muscle
(Momotani et al., 2011; Takeya et al., 2015).

High-potassium (low-sodium) buffer causes depolariza-
tion, contracts smooth muscle, reduces endothelial
activation and inhibits endothelium-dependent hyperpolar-
izations (Feletou and Vanhoutte, 2006; Feletou and
Vanhoutte, 2009). Under this contractile condition, the
relaxing response to BK was blocked by L-NAME, indicating
that it was due to NO. During contractions induced by the
TP receptor stimulus U46619, NO only played a major role
when COX was inhibited. An additional component
persisted in the presence of COX and NOS inhibitors, which
was not observed in depolarized arteries. This persistent re-
laxation response was not significantly affected by TRAM-34
and UCL 1684 and thus differs from the classical EDH mech-
anisms that are initiated by activation of endothelial Kc,2.3
and Kc,3.1 (Feletou and Vanhoutte, 2006; Feletou and
Vanhoutte, 2009). This is in line with observations from ani-
mal studies indicating that TP receptor stimulation inhibits
calcium-activated potassium channels on endothelial and ar-
terial smooth muscle cells (Crane and Garland, 2004;
Ellinsworth et al., 2014). A different pattern was observed
when the same vessels from the same patients were made to
contract with ET-1. Here, BK was significantly more potent,
and the relaxations were not modified by inhibition of
COX, NOS, Kca2.3, Kca3.1 or sGC. Because an NO donor
was equally potent in relaxing contractions induced by depo-
larization, U46619 and ET-1, resistance to L-NAME indicates
inhibited production of NO in the presence of ET-1. Catalase
blocked the resistant BK-induced relaxing effects. Inhibition
by this selective large molecular weight scavenger indicates
the involvement of H,O, as a relaxing factor in the effects
of BK in the presence of ET-1. In addition to these pharmaco-
logical findings, staining with CellROX Deep Red revealed in-
creased cellular levels of H,O, in the presence of both ET-1
and BK. Taken together, our findings indicate that ET-1 stim-
ulates the transition from an NO-mediated to an H,O,-medi-
ated effect of an endothelium-dependent vasodilator.

Uncoupled endothelial NOS generates superoxide anions
instead of NO, and the oxygen free radicals can be dismutated
into H,O, (Heitzer et al., 2001; Forstermann and Munzel,
2006). In line with this, endothelium-derived H,O, was re-
ported to be absent in NOS-deficient mice (Matoba et al.,
2000; Satoh et al., 2014). From our observations, uncoupled
NOS and cyclooxygenases, another source of superoxide
anions, are, however, not involved because catalase was ob-
served to have an inhibitory effect in the presence of L-NAME
and indomethacin. We considered that stimulation of
superoxide-generating NADPH oxidases by ET-1 (Li et al.,
2003; Loomis et al., 2005) might reduce the bioavailability
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of NO and provide a source of H,O, (Heitzer et al., 2001;
Forstermann and Munzel, 2006). Yet, three inhibitors of
NADPH oxidases with different selectivity and specificity for
different enzyme subtypes (Cifuentes-Pagano et al., 2012)
did not significantly modify the catalase-sensitive effects.
Furthermore, inhibition of XO by allopurinol (Lacy et al.,
1998) did not affect BK-induced relaxation during ET-1 con-
tractions either. This leaves lipoxygenases and, in particular,
the electron transport chain of mitochondria as potential
sources of superoxide anion and H,O, (Freed ef al., 2014) to
seriously consider in future research.

In addition to promoting the transition of NO to H,O,,
ET-1-stimulated contractions were particularly sensitive to re-
laxation by H,0O,. Catalase increased the sensitivity to the
contractile effect of ET-1, indicating inhibition by endoge-
nous H,0,. Moreover, exogenous H,O, was more efficacious
in relaxing responses to ET-1 than to U46619 and K*. This
suggests that the contractile mechanisms stimulated by arte-
rial smooth muscle ET, receptors but not TP receptors or de-
polarization (Momotani et al., 2011; Takeya et al., 2015) are
particularly sensitive to inhibition by H,O5.

Although this study comes with important perspectives,
several limitations need to be addressed as well. We introduced
the use of human pericardial resistance arteries for pharmaco-
logical studies. They can frequently be obtained from patients,
with and without coronary artery disease (bypass and valve re-
placement), who are undergoing of cardiothoracic surgery.
They are then cut into several segments, which is helpful for
paired investigation of drug effects in a diverse population.
Whether pericardial arteries are representative of other vascular
beds remains to be established. The observed dependence of
BK-induced relaxation on the contractile stimulus advises cau-
tion when comparing studies of endothelial function in vitro
with the in vivo situation, where the nature of the underlying
vasomotor tone is unknown. The dependence on the contrac-
tile stimulus was deduced from the discrepancies between
observations with L-NAME and with BK. Conclusions about
endothelial (dys)function can thus depend on the use of a
particular inhibitor or stimulus.

Furthermore, the concentration of catalase used in the
present study (2000 U-mL™") might be on the high side, as
it was previously demonstrated that a concentration of
140 U-mL ™" was sufficient to abolish the effects of exogenous
H,O, on vascular tone (You et al., 2005). We used catalase at
2000 U-mL " so that are results are comparable with the
earlier findings of Gutterman and Shimokawa.

It remains to be established whether, in addition to exog-
enous ET-1, endogenous ET-1 can also induce the NO to H,O,
transition. In that case, our findings are particularly relevant
for obesity, insulin resistance and pulmonary hypertension,
where intra-arterial levels of ET-1 are up-regulated (Kirkby
etal., 2008; Campia et al., 2012; Eringa et al., 2013; Miyagawa
and Emoto, 2014). The molecular mechanisms of the transi-
tion have not yet been addressed. The roles of the various
ET receptor subtypes (De Mey et al., 2011), sphingolipids
(Spijkers et al., 2011; Freed et al., 2014) and mitochondria
(Freed et al., 2014) should also be considered.

From this study, we conclude that in resistance arteries
from patients with CVD, exogenous ET-1 shifts the mediator
of relaxing responses to the endothelium-dependent vasodi-
lator BK from NO to H,O,.
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Table S1 Overview of pD, and E,,x values from all figures
Figure S1 Contractile responses to cumulative concentra-
tions of angiotensin II (Ang II; n = 27), vasopressin (n = 5),
noradrenaline (n = 13), phenylephrine (n = 7), 5-hydroxy-
tryptamine (5-HT, serotonin; n = 5) and sarafotoxin 6c¢
(n =7). Means + SEM.

Figure S$2 Contractile responses to cumulative concentra-
tions of ET-1 (A) and sarafotoxin 6¢ (B) in the absence and
presence of 100 uM L-NAME, 1 uM TRAM-34 and 1 pM UCL
1684 and their combination. All responses to sarafotoxin
6¢c in presence of 10 uM indomethacin. Means + SEM
(A: n = 14, 11, and 10 for control, L-NAME and TRAM-
34 + UCL 1684, respectively. B: n =7, 7, 7, and 6 for control,
L-NAME, TRAM-34 + UCL 1684 and L-NAME + TRAM-
34 + UCL 1684, repectively).

Figure S$3 Contractile responses to cumulative concentra-
tions of ET-1 in the absence and presence of the non-peptide
ETA receptor antagonist PD156707 (100 nM). Means + SEM
(n = 7). The difference in potency is statistically significant,
analysed by paired two-sided T-test.
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