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Vasoprotective effects of NOX4 are mediated via
polymerase and transient receptor potential
melastatin 2 cation channels in endothelial cells

Rheure Alves-Lopes®¢, Silvia Lacchini¢, Karla B. Neves®™®, Adam Harvey®, Augusto C. Montezano®,

and Rhian M. Touyz®®

Background: NOX4 activation has been implicated to
have vasoprotective and blood pressure (BP)-lowering
effects. Molecular mechanisms underlying this are unclear,
but NOX4-induced regulation of the redox-sensitive Ca®*
channel TRPM2 and effects on endothelial nitric oxide
synthase (eNOS)-nitric oxide signalling may be important.

Method: Wild-type and LinA3, renin-expressing
hypertensive mice, were crossed with NOX4 knockout
mice. Vascular function was measured by myography.
Generation of superoxide (O,") and hydrogen peroxide
(H,0,) were assessed by lucigenin and amplex red,
respectively, and Ca®" influx by Cal-520 fluorescence in rat
aortic endothelial cells (RAEC).

Results: BP was increased in NOX4KO, LinA3 and LinA3/
NOX4KO mice. This was associated with endothelial
dysfunction and vascular remodelling, with exaggerated
effects in NOX4KO groups. The TRPM2 activator, ADPR,
improved vascular relaxation in LInA3/NOX4KO mice, an
effect recapitulated by H,0,. Inhibition of PARP and
TRPM2 with olaparib and 2-APB, respectively, recapitulated
endothelial dysfunction in NOX4KO. In endothelial cells,
Ang Il increased H,0, generation and Ca* influx, effects
reduced by TRPM2 siRNA, TRPM2 inhibitors (8-br-cADPR,
2-APB), olaparib and GKT137831 (NOX4 inhibitor). Ang II-
induced eNOS activation was blocked by NOX4 and
TRPM2 siRNA, GKT137831, PEG-catalase and 8-br-cADPR.

Conclusion: Our findings indicate that NOX4-induced
H,0, production activates PARP/TRPM2, Ca?* influx, eNOS
activation and nitric oxide release in endothelial cells.
NOX4 deficiency impairs Ca>* homeostasis leading to
endothelial dysfunction, an effect exacerbated in
hypertension. We define a novel pathway linking
endothelial NOX4/H,0, to eNOS/nitric oxide through PARP/
TRPM2/Ca®*. This vasoprotective pathway is perturbed
when NOX4 is downregulated and may have significance
in conditions associated with endothelial dysfunction,
including hypertension.

Keywords: NOX4, transient receptor potential melastatin-
2, polymerase, olaparib, 2-APB, H,0,, endothelial
dysfunction

Abbreviations: eNOS, endothelial nitric oxide synthase;
NADPH, nicotinamide adenine dinucleotide phosphate;
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RAEC, rat aortic endothelial cells; ROS, reactive oxygen
species

INTRODUCTION

n the vasculature, the family of nicotinamide adenine
I dinucleotide phosphate (NADPH) oxidases (NOX) are
important sources of reactive oxygen species (ROS),
including superoxide anion (O,) and hydrogen peroxide
(H,O,) [1]. Initial studies focused on O, generated by
NOX1 and NOX2, which, when produced in excess, medi-
ates deleterious effects in the cardiovascular system [2].
Although O, has been shown to induce vasoconstriction,
H,0, causes both vasorelaxation and vasoconstriction,
depending on the vascular bed and cellular source [3—5].
For example, when produced primarily in vascular smooth
muscle cells (VSMCs), H,O, promotes vasoconstriction,
whereas endothelial-derived H,O, leads to vasodilation
[3-5]. Growing evidence suggests that H,O, may be an
endothelium-derived hyperpolarizing factor (EDHF) [6].
In endothelial cells, NOX4 is the most prevalent isoform
and, in contrast to other NOX isoforms, which generate
superoxide O, , NOX4 produces mainly H,O,, which may
imply an alternative function for this NOX [7,8]. The pro-
tective role of NOX4 in the cardiovascular system has been
previously described [9,10]. Compared with wild-type mice,
aortas from NOX4-deficient mice exhibit increased

Journal of Hypertension 2023, 41:1389-1400

?School of Medicine, Medical Sciences and Nutrition, University of Aberdeen, Aber-
deen, PStrathclyde Institute of Pharmacy & Biomedical Sciences, University of Strath-
clyde, Glasgow, UK, “Institute of Biomedical Sciences, University of Sao Paulo, Sao
Paulo, Brazil, “Research Institute of the McGill University Health Centre, McGill
University, Montreal, Quebec, Canada and ®School of Cardiovascular and Metabolic
Health, University of Glasgow, Glasgow, UK

Correspondence to Rheure Alves-Lopes, PhD, University of Aberdeen School of
Medicine and Dentistry, University of Aberdeen, Polwarth Building, Foresterhill Rd,
Aberdeen AB25 27D, UK. E-mail: Rheure.Lopes@glasgow.ac.uk

Received 31 August 2022 Revised 16 May 2023 Accepted 17 May 2023

J Hypertens 41:1389-1400 Copyright © 2023 The Author(s). Published by Wolters
Kluwer Health, Inc. This is an open access article distributed under the terms of the
Creative Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-
NC-ND), where it is permissible to download and share the work provided it is properly
cited. The work cannot be changed in any way or used commercially without
permission from the journal.

DOI:10.1097/HJH.0000000000003478

www.jhypertension.com 1389


mailto:Rheure.Lopes@glasgow.ac.uk

Alves-Lopes et al.

inflammation, vascular remodelling and endothelial dys-
function. This is associated with a reduction in H,O, levels,
endothelial nitric oxide synthase (eNOS) expression and
nitric oxide production [11]. On the contrary, aorta isolated
from transgenic mice with endothelium-targeted NOX4
overexpression, exhibit greater endothelial-dependent va-
sodilatation and lower blood pressure when compared
with wild-type mice. This is associated with increased
H,O, production and H,O,-induced hyperpolarization.
These effects contrast markedly with those reported for
other NOXes, which involve superoxide-mediated inacti-
vation of nitric oxide [12]. Thus, endothelial NOX4 might
counterregulate the deleterious effects of NOX1 and NOX2
in the vasculature. These effects have been attributed, in
part, to the activation of eNOS and nitric oxide production.
However, molecular mechanisms linking endothelial
NOX4/H,0; to eNOS/NO remain unclear. We propose that
the transient receptor potential melastatin 2 (TRPM2) cation
channel is important.

TRPM2 is a cation channel permeable to Ca®" and is
highly sensitive to changes in intracellular H,O; levels [13—
15]. In conditions of oxidative stress, including hyperten-
sion, H,O, promotes DNA damage leading to poly (ADP-
ribose) polymerase-1 (PARP-1) activation. Upon DNA dam-
age, PARP-1 utilizes NAD " as the substrate and catalyzes the
addition of mono-ADP-ribose (ADPR) to different acceptor
proteins, including TRPM2 [16,17]. H,O, can thus activate
TRPM2 either indirectly via ADPR release, which binds to
TRPM2 or directly via oxidation of cysteine residues
(Cys549) in the channel [18-20]. Once activated, TRPM2
increases Ca®" influx and may regulate eNOS, which is
highly regulated by intracellular levels of Ca** [21]. There-
fore, TRPM2 may have a protective effect in endothelial
cells via Ca*"-regulated eNOS activation and nitric oxide
production. Although TRPM2 channels are present in en-
dothelial cells [22], there is a paucity of information on the
functional role of TRPM2 in nitric oxide signalling. As NOX4
is an important source of H,O, in vascular cells, the pro-
tective role of this NOX may involve H,O,-induced TRPM2
activation, followed by increased Ca*" influx, eNOS activa-
tion and nitric oxide release. Here, we tested whether
NOX4/H,0, mediates endothelial effects through PARP/
TRPM2/Ca*" signalling. Vascular studies were performed in
an experimental mouse model of angiotensin I (Ang ID-
dependent hypertension and in NOX4 knockout mice and
molecular studies were executed in cultured endothelial
cells.

MATERIALS AND METHODS

Blood pressure and vascular studies in
hypertensive (LinA3) mice crossed with NOX4
knockout mice

Blood pressure measurements and vascular studies were
performed in male transgenic mice, which express human
renin under the control of the transthyretin promoter (LinA3
mice), their wild-type littermates on a C57BL/6 back-
ground, NOX4 knockout mice and LinA3 mice crossed with
NOX4 knockout mice (aged 4—5 months). Systemic NOX4-
null mice were generated by targeted deletion of the
translation initiation site and exons 1 and 2 of the gene.
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All lines were backcrossed more than 10 generations onto a
C57BL/6 background as described previously [23]. Animals
were fed ad [libitum. LinA3 mice develop hypertension
throughout their lifespan as we previously described [24].
In Lina3 mice, the human prorenin cDNA is expressed
primarily in the liver under the control of a 3-kb region
of the transthyretin gene promoter. As a result of genetically
clamping renin, activation of the renin-angiotensin-aldoste-
rone system is mildly increased in Lina3 mice, which is
associated with a progressive increase in blood pressure
[24,25]. Experiments were performed in accordance with
the United Kingdom Animals Scientific Procedures Act 1986
and ARRIVE Guidelines and approved by the institutional
ethics review committee (70/9021).

SBP was assessed by tail-cuff plethysmography (Visitech
Systems model BP-2000-M-6; Apex, North Carolina, USA) as
described previously [26]. Mice were trained to the appara-
tus for 1 week before measurements.

Vascular functional studies were performed in second-
order branches (diameter of 150—-300 wm) of mesenteric
arteries without perivascular fat. Vessels were isolated
(2mm in length) from mice and mounted on a wire myo-
graph as previously described [27] (DMT myograph; ADIn-
struments Ltd., Oxford, UK). Vessel segments were
equilibrated in Krebs Henseleit-modified physiological salt
solution (in mmol/l: 120 NaCl, 25 NaHCOs3, 4.7 KCI, 1.18
KH,POy, 1.18 MgSOy, 2.5 CaCl,, 0.026 EDTA and 5.5 glucose)
at 37°C, continuously bubbled with 95% O, and 5% CO,, pH
7.4. After 30 min of stabilization, the contractile ability of
the preparations was assessed by adding KCI (120 mmol/D) to
the organ baths. Endothelial integrity was verified by relaxa-
tion induced by acetylcholine (10~°mol/l; ACh) in vessels
pre-contracted with U46619 (3 x 10"®mol/l). Preconstric-
tion in response to 3 x 10~ mmol/l U46619 was not different
between the groups. In some experiments, vessels were pre-
treated for 30min with TRPM2 inhibitor 2-APB
(3x 10 mol/l), PARP inhibitor olaparib (10~®mol/D),
TRPM2 activator cADPR (10> mol/I) and H,O, (10> mol/D).

Oxidative nucleic acid damage in mouse aorta
Oxidative nucleic acid damage was assessed by 8-OHdG
immunofluorescence in the aorta sections. After deparaffi-
nization and hydration, sections were heat treated (1 mmol/
I EDTA, pH 8.0) for 15min in a microwave. Primary
8-hydroxyguanosine antibody incubation (8-OHG, 1:200,
ADb10802; Abcam, Cambridge, UK) was performed over-
night at 4°C, followed by rinsing in TBS+ 0.05% Tween20,
and incubation with secondary antibody (Alexa-fluor-488-
conjugated, 1:300, A-11055; Molecular Probes, Eugene,
Oregon, USA). Lipofuscin-mediated autofluorescence was
removed by using 0.1% Sudan Black B (Sigma, St Louis,
Missouri, USA). Slides were mounted using ProLong Gold
Anti-fade mounting media containing DAPI (Molecular
Probes) for nuclei staining. All sections were analysed in
Live Cell Microscope (Zeiss, Cambridge, UK), using fluo-
rescent filters (Alexa-fluor-488 and DAPI), and obtained
images for each fluorescent filter. 8-OHG analysis was
performed by measuring the intensity of immunofluores-
cence in Alexa-fluor-488 [CTTF = Integrated Density —
(Area of selected tissue X Mean fluorescence of background
readings].
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Mouse aortic proteoglycan and collagen content
To assess aorta proteoglycan content, the sections were
stained with Alcian blue (1% w/v). Total proteoglycan
content (%) was measured in the media layer of aorta by
bright field analysis using an EVOS XL Microscope (Invi-
trogen, Thermo Fisher Scientific, Waltham, Massachusetts,
USA). All data were quantified by digital image analysis
software (ImageJ; NIH, Bethesda, Maryland, USA).

To assess collagen content, aorta sections were stained
with picrosirius red (0.1% w/v). Total collagen content (%)
was measured in the media layer of the aorta by bright field
analysis. To distinguish between mature (red/yellow) and
immature (green) collagen fibres, sections were also visu-
alized under polarised light using an Olympus BH-2 micro-
scope (Olympus, Tokyo, Japan). These images were also
used to measure the thickness of the aorta wall. Data were
quantified by digital image analysis software (Image]).

Primary culture rat aortic endothelial cells
Molecular and cellular studies were performed in rat aortic
endothelial cells (RAEC) (Sigma R304—-05A) and cultured
with endothelial cell growth medium (PromoCell — C-
22010), supplemented with Endothelial Cell Growth Medi-
um (PromoCell — C-39215) and Penicillin-Streptomycin.
Cells were stimulated with Ang I 100 nmol/l to activate
vascular signalling pathways. In some experiments, phar-
macological inhibitors were added 30 min before Ang II. To
inhibit PARP and TRPM2 signalling, we used olaparib
(Ipmol/) and 8-Br-cADPR (1 pwmol/D, respectively.
NOX4 was inhibited with GKT137831 (10 pmol/D), and to
reduce H,O, levels, catalase—polyethylene glycol
(1000 units/mD was used. Some experiments were also
performed in the presence of PD 123319, AT, receptor
antagonist and NOX4 siRNA or TRPM2 siRNA.

Small interfering RNA transfection

RAEC cells were transiently transfected with 50 nmol/] rat
TRPM2 Silencer Select Pre-designed siRNA — Ambion (Cat
4390816 — ID s148526) (SF 2B) or with 400 nmol/1 rat NOX4
Silencer Select Pre-designed siRNA — Ambion [Cat 4390816
— ID s136995) (SF 2A)]. As a control, it was used Silencer
Select Negative Control Ambion (Cat 4390844). Experi-
ments were performed immediately (NOX4) or 2 h (TRPM2)
after transfections. Silence efficiency was measured by
western blot.

Measurement of cellular reactive oxygen species
NADPH-dependent ROS generation was measured by en-
hanced lucigenin chemiluminescence, with lucigenin as the
electron acceptor and NADPH as the substrate as we
previously described [28]. Briefly, RAEC were homogenized
in assay buffer (in mmol/l: 50 KH,PO,4, 1 EGTA and 150
sucrose, pH 7.4). The assay was performed with 100 pl of
sample, 1.25 pl of lucigenin (5 pumol/D), 25 nl of NADPH
(0.1 mmol/D and assay buffer to a total volume of 250 pl.
Luminescence was measured for 30 cycles of 18 s each by a
luminometer (Orion IT Microplate Luminometer, Berthold,
Germany). Basal readings were obtained before the addi-
tion of NADPH to the assay. The reaction was started by the
addition of the substrate. Basal and buffer blank values were
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subtracted from the NADPH-derived luminescence. ROS
production was expressed as relative luminescence units
(RLU)/pg protein. H,O, was assessed with the Amplex Red
assay kit (Molecular Probes, Life Technologies). RAECs were
incubated with the reaction mixture according to manufac-
turer specifications. A microplate reader was used for absor-
bance at 560 nm. H,O, levels were corrected by the protein
concentration of each sample.

Measurement of intracellular Ca>" transients
Intracellular free Ca*" levels were measured in RAEC using
the fluorescent Ca*" indicator, Cal-520 acetoxymethyl ester
(Cal-520/AM; Abcam; 10 wmol/D. Fluorescence measure-
ments were performed using an inverted epifluorescence
microscope (Axio Observer Z1 Live-Cell imaging system;
Zeiss) with excitatory wavelengths of 490 and emission of
535. ITmages were acquired and analysed using Zen Blue
Program (Zeiss). Cells were grown in six-well plates and
following the removal of culture media were incubated
with 10 wmol/1 of Cal-520 AM in 0.5% FBS at 37°C for 75 min
followed by 30 min at room temperature. Following incu-
bation, the dye solution was replaced with HEPES physio-
logical saline solution containing the following
components (in mmol/D): NaCl 130, KCI 5, CaCl 1, MgCl
1, HEPES 20 and D-glucose 10, pH 7.4) for 30 min before
imaging. Fluorescence intensity as a measure of [Ca*"]i, was
monitored for 30 s in basal condition and 2.5 min under Ang
I1 10~ mol/I stimulation.

Immunoblotting

Total protein was extracted from RAEC, which were lysed in
50mmol/l Tris-HCl (pH 7.4) lysis buffer containing 1%
Nonited P-40, 0.5% sodium deoxycholate, 150 mmol/I NaCl,
1 mmol/1 EDTA, 0.1% SDS, 2 mmol/] sodium orthovanadate
(NazVO,), 1 mmol/l phenylmethylsulfonyl fluoride (PMSF),
1 pg/ml pepstatin A, 1 pg/ml leupeptin and 1 pg/ml apro-
tinin. Total protein extract was sonicated and cleared by
centrifugation at 10000 rpm for 10 min and pellet contain-
ing mostly debris and non lysed cells, was discarded.
Protein concentrations were determined using the DC
protein assay kit (Bio-Rad Laboratories, Hercules, Califor-
nia, USA). Proteins from homogenates (30 pg) were sepa-
rated by electrophoresis on a polyacrylamide gel and
transferred onto a nitrocellulose membrane. Nonspecific
binding sites were blocked with 3% bovine serum albumin
in Tris-buffered saline solution with 0.1% Tween for 1h at
room temperature. Membranes were then incubated with
specific antibodies overnight at 4°C. Antibodies used were
Anti-NOX 4 (abcam - ab133303 — 1:1000), Anti-TRPM2
(Abcam — ab96785 — 1:10000), Phospho-eNOS (Ser1177)
(cell Signaling - 95711 — 1:1000) and loading control GAPDH
(Abcam - ab8245 — 1:5000). After incubation (1h) with
secondary fluorescence-coupled antibodies (Licor), signals
were visualized by an infrared laser scanner (Odyssey Clx,
LICOR). Protein expression levels were normalized to load-
ing controls and expressed as a percentage (%) of the control.

PARP activity

PARP activity was assessed based on the detection of
biotinylated poly (ADP-ribose) deposited by PARP-1
onto immobilized histones (Trevigen 4677-096-K). About
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40-60 pg of protein from cell lysates were loaded into a 96-
well plate coated with histones and biotinylated polyAD-
Pribose, allowed to incubate for 1 h, treated with strep-HRP
and read at 450 nm in a spectrophotometer.

Nitric oxide production

Production of nitric oxide was determined using the nitric
oxide fluorescent probe diacetate 4-amino-5-methylamino-
2’ 7’-difluorofluorescein diacetate (DAF-FM; Life Technolo-
gies, Molecular Probes, Paisley, UK). RAEC were loaded with
DAF-FM diacetate (final concentration 5 wmol/l, 30 min) in
serum-free media, keptin the dark and maintained at 37°C, as
we previously described [29]. Briefly, cells were washed to
remove the exceeding probe. The medium was replaced and
incubated for an additional 10 min to allow complete de-
esterification of the intracellular diacetates. Nitric oxide levels
were assessed in the presence and absence of GKT 137831
(10> mol/D) and 8-Br-cADPR (1076 mol/]). Cells were
washed with phosphate-buffered saline (PBS) and harvested
with mild trypsinization at 0.025%. Trypsin was inactivated
with soybean trypsin inhibitor (0.025%) in PBS (1:1). After
washing, the pellet was transferred to a black 96 well micro-
plate (BD Falcon, Loughborough, UK). The DAF-FM fluo-
rescence was assessed with a spectrofluorometer at
excitation/emission wavelengths of 495/515nm. Fluores-
cence intensity was normalized to the protein concentration
and expressed as fluorescence emission/pg of protein.

Statistical analysis

For wvascular functional studies, concentration-response
curves were generated, and the maximal effect (E ) was
calculated using nonlinear regression analysis. pD, (defined
as the negative logarithm of the ECs(, values) and E, ., were
compared by Student’s #-test or two-way analysis of variance
(ANOVA) with Bonferroni post-test, as appropriate. For the
other experiments, statistical comparisons between groups
were performed using a two-tailed Student’s #-test and or
one-way ANOVA. Bonferroni or Dunnett post-test were used
as appropriate. A P value less than 0.05 was considered
statistically significant. Data analysis was conducted using
GraphPad Prism 8.0 (GraphPad Software Inc., San Diego,
California, USA). Data are expressed as mean 4= SEM.

RESULTS

Increased blood pressure and vascular
dysfunction in mice deficient in NOX4
Blood pressure was significantly increased in LinA3 mice,
NOX4KO mice and LinA3/NOX4KO mice versus controls
(P <0.05) (Fig. 1a). Aorta from LinA3/NOX4KO mice exhib-
ited increased thickness with associated increase in colla-
gen and proteoglycan content versus wild-type (Figure 1b—
d). This was also associated with increased oxidative DNA
damage, as assessed by 8-OHdG, a biomarker for the
measurement of ROS-induced DNA damage [30] (Supple-
mentary Figure 2; http://links.Iww.com/HJH/C206).
Mesenteric arteries isolated from hypertensive LinA3
mice exhibit reduced endothelial function (Fig. 2a), an
effect exacerbated in the absence of NOX4 (Fig. 2b). To
explore the potential role of TRPM2, H,O, and PARP-1 in
endothelial dysfunction, vessels were pre-treated with
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modulators of TRPM2 (cADPR, TRPM2 activator; 2-APB,
TRPM2 inhibitor), PARP-1 (olaparib, PARP inhibitor) and
H,0,. As shown in Fig. 2¢, cCADPR ameliorated endothelial
dysfunction observed in LinA3/NOX4KO mice. These
effects were recapitulated in vessels exposed to H,O,
(Fig. 2d). Olaparib induced a slight but significant im-
pairment in endothelial function in LinA3 vessels
(Fig. 2e), while 2-APB worsened endothelium-dependent
vasorelaxation in wild-type and LinA3 mice (Fig. 2f).

Ang ll-induced reactive oxygen species
generation and PARP activation in endothelial
cells are NOX4-dependent

To explore in greater detail putative molecular mechanisms
and NOX4-dependent processes observed in intact vessels,
we measured NOX-induced ROS production by assessing
NADPH-dependent O, generation and H,O, levels via
lucigenin chemiluminescence and amplex red assay re-
spectively. As demonstrated in Fig. 3a and b, stimulation
with Ang II for 5min induced ROS generation in RAEC. To
assess the role of NOX4, experiments were performed in
the presence of NOX4 siRNA (Fig. 3g). Figure 3¢ and d show
that Ang II-induced ROS generation in RAEC is reduced in
the absence of NOX4. ROS generation and H,O, produc-
tion induced by Ang IT were reversed in the presence of the
AT, receptor antagonist PD 123 319 and NOX4 inhibitor
GKT 137831 (Fig. 3e and f).

In conditions of oxidative stress, H,O, can cause DNA
damage, leading to PARP activation. To assess this in RAEC,
cells were stimulated with Ang II and PARP activity was
measured. As observed in Fig. 4a, Ang II significantly
increased PARP activation. This was abolished when cells
were pre-treated with GKT137831, and PEG-Catalase,
which dismutates H,O,. Activation of PARP induced by
Ang 1T was blunted by NOX4 siRNA (Fig. 4b).

Ca®" influx in rat aortic endothelial cells
induced by Ang-ll is dependent on NOX4, PARP
and TRPM2 signalling

To assess whether NOX4/PARP/TRPM2 signalling plays a
role in Ang Il-induced Ca*" influx in RAEC, cells were
pretreated with GKT137831, PEG-catalase (reduces H,O,
levels), 8-Br-cADPR and 2-APB (TRPM2 inhibitors) and
Olaparib (PARP inhibitor). Enhanced Ang-II induced
Ca®" influx in RAEC was reduced in the presence of
NOX4/PARP/TRPM2 inhibitors (Fig. 5a—c). Corroborating
the pharmacological data, NOX4siRNA and TRPM2 siRNA
also reduced Ang Il-induced Ca*" influx in RAEC (Fig. 5d—
). Non-targeting siRNA had no impact on Ang Il-induced
Ca*" influx in RAECs (Supplementary Figure 1; http://links.
lww.com/HJH/C206).

NOX4 and redox-sensitive TRPM2 channels are
involved in Ang-ll induced endothelial nitric
oxide synthase activation

Phosphorylation of eNOS is regulated by Ca*" and it is an
important step involved in vascular relaxation [31]. Consid-
ering the involvement of NOX4/TRPM2 signalling in en-
hanced Ca*" influx in RAEC, we next evaluated whether
eNOS phosphorylation in cells stimulated with Ang II
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involves NOX4 and TRPM2 (Fig. 6a—e). Ang II induced a
significant increase in eNOS phosphorylation, with maxi-
mal responses at 5 min (Fig. 6a). Pretreatment of cells with
NOX4 (GKT137831) and TRPM2 (8-Br-cADPR) inhibitors
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attenuated Ang II-stimulated phosphorylation of eNOS
(Fig. 6b) and nitric oxide release (Fig. 6e) in RAEC. This
was recapitulated when NOX4 and TRPM2 were down-
regulated with siRNA (Fig. 6¢ and d).
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DISCUSSION

Major findings from the present study demonstrate that
NOX4 deficiency is associated with hypertension and
potentiation of endothelial dysfunction and vascular
remodelling in a mouse model of hypertension. To unravel
molecular mechanisms underlying these phenomena,
studies were performed in cultured endothelial cells,
where Ang II, via AT2R, induced generation of H,O,
and activation of TRPM2, with consequent increase in
Ca*" influx, activation of eNOS and release of nitric oxide,
which causes vascular relaxation. Our findings identify a
novel pathway involving NOX4/H,O,-modulation of re-
dox-sensitive TRPM2 channels in endothelial cells, which
influences cellular Ca*" homeostasis, important in the
regulation of nitric oxide production, endothelial function
and blood pressure control.

NOX4 is the major NOX isoform expressed in endothelial
cells [32,33], and in contrast to other NOXs, which generate
O,, NOX4 activation leads to production of H,O, [34].
Transgenic overexpression of NOX4 in the vascular endo-
thelium of mice enhances endothelial-dependent relaxa-
tion, followed by a reduction in blood pressure, with no
effects on endothelial-independent relaxation or vascular
contractility, suggesting that NOX4 protective effects are
unique to endothelial cells [12]. Improvement of relaxation
in transgenic NOX4 mice is abolished in the presence of
catalase, which scavenges H,0O,, indicating that enhanced
vasodilatation induced by overexpression of NOX4 is de-
pendent on H,O, generation [12]. Our findings further
support this, as blood pressure in NOX4 knockout mice
was elevated to similar levels to that in LinA3 mice, a model
of Ang II-dependent hypertension. Moreover, we clearly
demonstrate that the pressor effect of NOX4/H,O, deficien-
cy is linked to endothelial dysfunction, oxidative DNA
damage and ECM remodelling. Together, these findings
suggest that NOX4/H,O, has blood pressure depressor and
vasoprotective effects.

Ang II increased endothelial cell H,O, generation
through AT,R, as effects were attenuated in cells pre-ex-
posed to the AT2R antagonist PD123319. Agonist-stimulat-
ed H,O, production was also reduced in endothelial cells in
which NOX4 activity was inhibited pharmacologically and
by siRNA downregulation. These findings corroborate pre-
vious publications indicating that NOX4 generates primarily
H,O, [34-36]. Several articles have reported NOX4/H,O,
functional effects in endothelial cells. NOX4 overexpres-
sion potentiates endothelial proliferation, increases tube
formation, cell migration and eNOS expression, effects
reversed by antioxidant agents [37,38]. In the presence of
nitric oxide, NOX4 overexpression does not lead to injuri-
ous peroxynitrite (ONOO™) formation [7,39]. Mechanisms
by which NOX4 induction of H,O, production modulate
endothelial function are elusive, but may be associated with
the PARP-regulated Ca**-permeable channel TRPM2, as we
demonstrate here. We showed that in Ang II stimulated
endothelial cells, PARP is activated in a NOX4/H,O,-de-
pendent manner. Supporting our paradigm, others have
suggested a role for PARP activation in endothelial cells.
This was shown in endothelial cells exposed to hypoxia
wherein redox-regulated Ca*" influx and ERK1/2 activation

1398

www.jhypertension.com

were reduced by PARP inhibition [40]. Together, these
findings suggest that PARP is downstream of NOX/ROS
formation and a prerequisite for redox-regulated
Ca*" homeostasis.

In TRPM2-overexpressing cells, PARP inhibitors prevent
ROS-induced Ca*" influx [41], a paradigm that we further
explored in endothelial cells. To inhibit TRPM2 and NOX4
signalling, we used several pharmacological agents that
modulate TRPM2, PARP and NOX: 2-APB is a TRPM2
channel blocker, olaparib is a PARP inhibitor, 8-Br-cADPR
is a cyclic ADP-ribose inhibitor and GKT137831 inhibits
NOX/ NOX4. Although these agents may have some non-
specificity, we further verified TRPM2 and NOX4 using
siRNA. We observed that Ca®" transients induced by Ang
IT in RAEC is an event dependent on NOX4, H,O,, PARP
and TRPM2 Ca*" channel. These data suggest that oxidative
stress via PARP activation may lead to Ca®' influx
via TRPM2.

As eNOS activation is regulated by Ca*" levels, we next
sought to determine whether the final downstream target of
this cascade is activation of eNOS, resulting in the produc-
tion of nitric oxide, a potent vasodilator [42]. We observed
that Ang 1T induces eNOS activation in endothelial cells
followed by an increase in nitric oxide release, an effect
dependent on NOX4 and TRPM2. Our data identify eNOS as
a downstream component of NOX4/TRPM?2 signalling. As
eNOS and its production of bioactive nitric oxide contribute
to vasodilation [42], mice lacking NOX4 exhibit significant
impairment in TRPM2 signalling with a consequent reduc-
tion in Ca*" influx followed by endothelial dysfunction.
Our findings suggest that activation of the NOX4/H,O,/
PARP/TRPM2 pathway regulates nitric oxide dependent
relaxation, promoting cardiovascular protective effects
[11,43]. Similar results have been observed in porcine aortic
endothelial cells, wherein H,O, regulates eNOS Ser-1177
phosphorylation [44].

The functional significance of these molecular systems
was demonstrated in the studies on intact arteries isolated
from wild-type, NOX4 knockout mice, LinA3/NOX4 knock-
out mice and LinA3 mice, which recapitulate human hy-
pertension [45]. Endothelial-dependent relaxation was
reduced in LinA3 hypertensive mice, similar to what has
been previously described in models of Ang II induced
hypertension [46—48]. Impairment in endothelial-depen-
dent relaxation was potentiated in the absence of NOX4
(LinA3NOX4 mice) but attenuated when LinA3/NOX4
knockout vessels were treated with activators of TRPM2
and H,O,. On the contrary, pharmacological inhibition of
PARP and TRPM2 recapitulated vascular dysfunction that
was observed in the absence of NOX4. Together our in-
vitro and ex-vivo studies highlight an important role for
NOX4/H,0, regulation of PARP-TRPM2 modulation of
Ca”" that contributes to eNOS activation and nitric oxide
release in endothelial cells.

In addition to endothelial cells, TRPM2 has been studied
in VSMCs [15]. Previous findings suggest that in hyperten-
sion, oxidative stress promotes activation of TRPM2 in
VSMCs leading to perturbed Ca*" handling and increased
vascular contractility [15]. Although TRPM2 may have a
hypercontractile effect in VSMCs, we demonstrate here
that, in endothelial cells, TRPM2 activation via regulation
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of Ca*" homeostasis, leads to eNOS-induced nitric oxide
release and vascular relaxation. Together, these data sug-
gest diverse functional and cellular effects of TRPM2. The
distinct effects of TRPM2 may be associated with different
signalling pathways regulated by Ca®". For example, in
VSMCs, Ca*"-mediated activation of myosin light chain
leads to vasoconstriction, whereas Ca*"-mediated activa-
tion of eNOS in endothelial cells causes vasorelaxation
[21,49]. In-vivo studies, wherein hypertensive animals are
treated with TRPM2 inhibitors, will better elucidate the role
of this channel in pathophysiological conditions.

In conclusion, we define a novel molecular pathway in
endothelial cells, wherein NOX4-induced H,O, production
activates PARP/TRPM2 signalling with associated increase
in Ca*" influx, eNOS activation and nitric oxide release
(Supplementary  Figure 3; http://links.lww.com/HJH/
C206). The absence of NOX4 impairs Ca®*" homeostasis
leading to endothelial dysfunction, an effect exacerbated in
a pathological condition such as hypertension. Taking into
consideration the cardiovascular deleterious effects in-
duced by other isoforms of the NOX family, our data
suggest that future potential therapeutic strategies to mod-
ulate ROS production in cardiovascular diseases need to
target individual NOX isoforms, preferably in a cell-specific
manner, rather than global inhibition of NOXs.
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