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Background and Purpose: Pulmonary hypertension (PH) is a multifactorial chronic
disease characterized by an increase in pulmonary artery (PA) resistance leading to
right ventricle (RV) failure. Endothelial dysfunction and alteration of NO/cGMP
signalling in PA plays a major role in PH. We recently described the involvement of
the Rho protein Racl in the control of systemic blood pressure through its involve-
ment in NO-mediated relaxation of arterial smooth muscle cell (SMC). The aim of this
study was to analyse the role of SMC Rac1 in PH.

Experimental Approach: PH is induced by exposure of control and SMC
Rac1-deficient (SM-Rac1-KO) mice to chronic hypoxia (10% O,, 4 weeks). PH is
assessed by the measurement of RV systolic pressure and hypertrophy. PA reactivity
is analysed by isometric tension measurements. PA remodelling is quantified by
immunofluorescence in lung sections and ROS are detected using the
dihydroethidium probe and electronic paramagnetic resonance analysis. Rac1 activity
is determined by immunofluorescence.

Key Results: Racl activation in PA of hypoxic mice and patients with idiopathic
PH. Hypoxia-induced rise in RV systolic pressure, RV hypertrophy and loss of
endothelium-dependent relaxation were significantly decreased in SM-Rac1-KO mice
compared to control mice. SMC Racl deletion also limited hypoxia-induced PA
remodelling and ROS production in pulmonary artery smooth muscle cells (PASMCs).
Conclusion and Implications: Our results provide evidence for a protective effect of
SM Rac1 deletion against hypoxic PH. Rac1 activity in PASMCs plays a causal role in
PH by favouring ROS-dependent PA remodelling and endothelial dysfunction
induced by chronic hypoxia.
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1 | INTRODUCTION

Pulmonary arterial hypertension (PH) is a multifactorial and chronic
disease characterized by a progressive increase in pulmonary vascular
resistance and pulmonary arterial pressure that leads to right ventricle
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(RV) failure and death (Simonneau et al, 2019; Thenappan
et al,, 2018). The increase in pulmonary vascular resistance results
from both excessive vasoconstriction and vascular wall remodelling,
which together lead to a narrowing of pulmonary arterial lumen.
Pulmonary artery (PA) wall remodelling is a hallmark of PH and is
characterized by structural changes including intimal cell proliferation,
medial hypertrophy and hyperplasia, enhanced muscularity of small
PA, adventitial thickening, fibrosis and complex and/or thrombotic
lesions over time (Humbert et al., 2004, 2019). Current treatments
such as phosphodiesterase 5 inhibitors, soluble guanylate cyclase
stimulators, endothelin receptor antagonists and activators of the
prostacyclin pathway aim at promoting vasodilation of PA (Sitbon
et al., 2019; Thenappan et al, 2018). Although these treatments
improve the 6-min-walk distance, haemodynamic parameters and the
quality of life of PH patients, with the exception of prostacyclin, they
do not prolong survival. This suggests that targeting only vasocon-
striction is not sufficient to stop disease progression (Galié et al.,
2008, 2009; McLaughlin et al., 2002, 2015; Sitbon et al., 2002, 2019).

Vascular SMCs are strongly involved in PH through their role
(Humbert
et al., 2019; Lyle et al., 2017) (Thenappan et al., 2018). Small G
proteins of the Rho family (RhoA, Racl and CDC42) are recognized
as major regulators of vascular smooth muscle cell (SMC) functions

in  PA vasoconstriction but also in remodelling

such as contraction, proliferation and migration, thus participating
in the physiological regulation of blood pressure and remodelling.
Accordingly, dysregulation or overactivation of Rho proteins plays a
causal role in cardiovascular diseases (Loirand et al., 2013). In this
way, we have shown that vascular SMC Rac1 is a regulator of sys-
temic blood pressure through its involvement in nitric oxide (NO)-
mediated relaxation of systemic arterial SMCs and that alteration
of Racl signalling pathway can lead to high blood pressure (Andre
et al, 2014; Sauzeau et al., 2010). Since abnormalities in NO
NO-induced
contribute to the pathophysiology of PH (Humbert et al., 2019;

production and metabolism, and vasodilation
Watanabe, 2018), the aim of the present study was to assess the
role of Racl in the SMCs of PA and its involvement in PH devel-
opment. Our data show that Racl is activated in pulmonary artery
smooth muscle cell (PASMC) in a mouse model of PH induced by
chronic hypoxia and in lung samples from PH patients. By using
mice harbouring specific deletion of Racl in SMCs, we provide
evidence that this activation has a causal role in the development
of hypoxia-induced PH. Deletion of Racl in PASMCs limits
hypoxia-induced PH in mice by impeding reactive oxygen species
(ROS)-dependent PASMC proliferation and PA remodelling, and

endothelium dysfunction.

2 | METHODS

21 | Mice

All experimental procedures and animal care were performed in accor-
dance with the Regional Ethical Committee for Animal Experiments of
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What is already known

e Pulmonary hypertension (PH) is characterized by an
increase in pulmonary artery resistance and endothelial
dysfunction.

e Racl regulates the systemic blood pressure through its
involvement in NO-mediated relaxation of smooth

muscle cell.

What this study adds

e Racl activation is observed in pulmonary arteries of
hypoxic mice and patients with idiopathic PH.

e Smooth muscle Racl deletion limited hypoxia-induced
pulmonary artery remodelling and ROS production.

What is the clinical significance

e Our results provide evidence for a protective effect of

Rac1 inhibition against hypoxic PH.

the Pays de la Loire (Authorization number 00909.01). Animal studies
are reported in compliance with the ARRIVE guidelines (Percie du Sert
et al.,, 2020) and with the recommendations made by the British Journal
of Pharmacology (Lilley et al., 2020). Mice were housed in transparent
open-top cages (29.5 x 16 x 13 cm; five mice per cage) under a 12-h
light/dark cycle in a temperature-controlled and humidity-controlled
room with food and water available ad libitum. All in vivo studies were
carried out during the light phase of the cycle. Animal experiments
were designed to have groups of equal size using randomized and
blinded analysis. In some instance, however, group sizes were unequal
due to unexpected loss of animals while conducting the procedures.
C57Bl/6 Racllox/lox (Racllox/lox, RRID:IMSR_NM-CKO-
200212) and SMMHC-Cre (RRID:IMSR_JAX:019079) mice were
crossed to produce SMMHC-Racllox/lox mice as previously
described (Andre et al., 2014). Considering that the SMMHC-Cre con-
struct is carried on the Y chromosome, only male mice were analysed
in this study. Eight-week-old SMMHC-Rac1'®'°% males were treated
with tamoxifen (intraperitoneally, 1 mg~d*1 in sunflower oil) for five
consecutive days during 2 weeks to induce Racl deletion in smooth

1on/ lox

muscle cells (SM-Rac1-KO). Tamoxifen-treated Rac mice were

used as control (SM-Rac1'%¥/1°%).
2.2 | Hypoxia-induced pulmonary hypertensive
(PH) mice

To induce PH, mice were exposed to chronic hypoxia in a gaseous

hypoxic chamber providing nitrogen injection to obtain 10% O, for


https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1304
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1287&familyId=939&familyType=CATALYTICRECEPTOR
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=219
https://www.guidetopharmacology.org/GRAC/FamilyIntroductionForward?familyId=58
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1504
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5250
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=500
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2509
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2509
info:x-wiley/rrid/RRID:IMSR_NM
info:x-wiley/rrid/RRID:IMSR_JAX:019079
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1016

BRITISH
3420 PHARMACOLOGICAL
SOCIETY

DILASSER ET AL.

28 days (five mice per cage). Mice exposed to normoxia (21% O,) for

28 days were used as normoxic controls (five mice per cage).

2.3 | Right and left ventricular systolic pressure
(RVSP and LVSP)

As previously described (Dumas de la Roque et al., 2017), RVSP and
LVSP were measured in non-ventilated mice under isoflurane anaes-
thesia. To maintain the body temperature, mice were maintained on a
heated blanket. At the end of the experimemt, mice were killed by
exsanguination. Mice were thoracotomized and a heparin-filled hypo-
dermic needle coupled to a polyethylene catheter was inserted in
subdiaphragmatic directly into the right or the left ventricle. RVSP and
LVSP were measured with a fluid-filled pressure sensor connected to
the PowerlLab recording unit (AD Instruments, RRID:SCR_018833)
and recorded with the LabChart software (AD Instruments, RRID:
SCR_001620).

2.4 | Right ventricular (RV) hypertrophy
measurements

After exsanguination, the right ventricle (RV) was separated from
the left ventricle plus septum (LV + S). The RV/(LV + S) ratio (Fulton
index) was then determined from the tissue weight.

2.5 | Exvivo pulmonary artery (PA) reactivity

Murine PA were cleaned, cut in rings and mounted on a multichannel
isometric myograph (Danish Myo Technology, Aarhus, Denmark) in
Krebs-Henseleit physiological solution (in mol-L™%: 118.4 NaCl, 4.7
KCl, 2 CaCl,, 1.2 MgSQy,, 1.2 KH,PO,4, 25 NaHCOs;, and 11 glucose)
bubbled with carbogen (5% C0,-95% O, at 37°C. A pretension of
10 mN was applied. The wire myograph was connected to a digital
data recorder (MacLab/4e, AD Instruments, RRID:SCR_018833), and
recordings were analysed using LabChart software (AD Instruments,
RRID:SCR_0017551, version #7). Concentration-response curves to
KCL and endothelin-1 (ET-1) were obtained by measuring the
amplitude of the contractile responses to increasing concentration of
KCl (30 mmol-L™* to 110 mol-L™%, ET-1 (1077
107® mol-L™%) or 5-HT (108 mol-L~* to 10~* mol-L~?%). Endothelium/
NO-dependent and independent relaxations were tested by adding

mol-L™! to

increasing concentrations of acetylcholine (ACh; 1078 molL™?! to
107* molL™Y) or (SNAP;

1078 molL™! to 10™* molL™Y) to rings pre-contracted by

S-nitroso-N-acetyl-p,L-penicillamine
phenylephrine (PhE, 1 pmoI~L’1) and were quantified as the percent-

age of the maximal PhE-induced contraction.

2.6 | Lung tissue preparation

Mice lungs were fixed in 4% paraformaldehyde (PFA) for 48 h and
embedded into paraffin. These samples were then sliced in 7-um-thick

sections. For immunofluorescence analyses and ROS detection assay,
mice lungs were placed into Tissue-Tek O.C.T. Compound (Sakura
Finetek) and snap-frozen in liquid nitrogen before the realization of
10-pum-thick sections. Human lung biopsies were fixed in 4% PFA and
embedded in paraffin. The Immuno-related procedures used comply
with the recommendations made by the British Journal of Pharmacol-
ogy (Alexander et al., 2018).

2.7 | Measurement of PA remodelling

Lung sections were stained by immunohistochemistry with anti-
SM22a antibody (Abcam, RRID:AB_443021) on haematoxylin and
eosin-stained sections for visualization of SMC. Sections were then
observed (fluorescence microscope, Nikon) and analysed (Fiji/Image)
RRID:SCR_002285 and RRID:SCR_003070). PA
muscularization was then quantified as the percentage of SM22«

software,

positive distal PA (intra-alveolar vessels <100 pm) within the section.
Five-pm-thick sections were analysed to calculate a mean value in
each animal. The percentage of medial thickness of muscularized
PA was
diameter) x 100].

determined as [(2 x medial wall thickness/external

2.8 | Human lung specimens

Human lung specimens were obtained during lung transplantation in
patients with idiopathic pulmonary arterial hypertension (iPAH) and
during lobectomy or pneumonectomy for localized lung cancer in con-
trol subjects. Preoperative echocardiological evaluation, including
echocardiography, was performed in the control subjects to rule out
PH, and the lung specimens from the control subjects were collected
at a distance from the tumour foci. The absence of tumoral infiltration
was retrospectively established in all tissue sections by the histopath-
ological analysis. This study was approved by the local ethics commit-
tee (CPP lle-de-France VII, Le Kremlin-Bicétre, France). All enrolled
patients gave written approval. As these biopsies are not easy to
obtain and in order to maintain homogeneous groups, we included
three samples in each group. Thus, no statistical analysis was

performed on this study.

2.9 | Analysis of Racl activity

Human pulmonary biopsies and lungs paraffin-embedded sections
were deparaffinized and permeabilized (PBS + 0.1% Triton-X100)
before incubation with anti-Rac-GTP antibody (NewEast Biosciences,
RRID:AB_1961793) (1/1000) overnight at room temperature. After
three washes in PBS, sections were incubated for 1 h at room temper-
ature with the secondary Alexa568-labelled anti-rabbit antibody
(RRID:AB_10563566) (1/1000). Anti-SM22a antibody (Abcam)
(1/500, overnight at room temperature) with a secondary
Alexa488-labelled anti-mouse antibody (RRID:AB_138404) (1/1000,
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1 h at room temperature) were used to localize smooth muscle. To
quantify Rac-GTP levels within SMC, Rac-GTP fluorescence intensi-
ties were measured with Fiji (Fiji, RRID:SCR_002285) inside a mask
delimited by SM22q positive cell areas and normalized to the control
condition. To emphasize the specificity of Rac-GTP signal within SMC,
an intensity profile was realized on Fiji along the designated line. To
allow the comparison between them, each channel intensities was
normalized individually as follow: - lowest intensity level = 0 A.U. and

highest intensity level = 1 A.U.

210 | Cellculture

Pulmonary artery smooth muscle cells (PASMCs) were isolated from
PA of SM-Rac1'®/'®* mice. Tissues were cleaned manually and
digested for 1 h with collagenase Il (1 mg-ml~%, Worthington Bio-
chemical) at 37°C under agitation. Cells were cultured in Dulbecco
modified Eagle medium (Gibco) containing 10% FBS, 1 g-L~! glucose,
100 units-ml~?* penicillin, and 100 pg-ml~?! streptomycin at 37°C and

5% CO,. All experiments were performed between passages 1 and 3.

211 | ROS detection assay

For tissue ROS detection, cryosection (10 pm) of unfixed snap-frozen
lungs were incubated in 10-pM dihydroethidium (DHE, Invitrogen) for
30 min incubation at 37°C. Sections were then mounted with
Prolong™ Gold antifade reagent containing DAPI (Invitrogen). For
in vitro ROS detection, 6000 PASMCs per well were seeded into
8-well ibidi p-Slide (IbiTreat) and allowed to adhere during 6 h and
then serum starved during 24 h. When indicated, cells were
pre-incubated with 107> M of EHT1864 (Tocris Bioscience) or
1.5 mmol-L™! of tempol (Sigma-Aldrich) during 30 min. Cells were
placed in normoxic or hypoxic (1% O,) conditions in a Heracell
150 incubator (Kendro) during 6 h. Then cells were incubated with
10 pmol-L~* at 37°C for 15 min and fixed with 4% PFA for 10 min.
After fixation, cells were incubated with Hoescht to stain nuclei.
Images were captured with an inverted microscope (Nikon) in
epifluorescence. DAPI and Hoescht staining were detected at
405 nm, and oxidized DHE was detected at 555 nm. A threshold mask
removing the background signal was applied to allow the detection of
dihydroethidium positive cells.

212 | Superoxide ion measurement by electronic
paramagnetic resonance (EPR)

Mice lungs were incubated in a Krebs-Hepes solution with 500 uM of
1-hydroxy-3methoxycarbonyl-2,2,5,5-tetramethylpyrrolidin ~ (CMH;
Noxygen), 25-uM deferoxamine (Sigma-Aldrich) and 5-uM DETC
(Sigma-Aldrich) and frozen in liquid nitrogen. The samples were
analysed
(Magnettech, MS5000). The instrument settings and the modality of
signal quantification were previously described (Tesse et al., 2021).

using a table-top x-band spectrometer Miniscope

2.13 | Xanthine oxidase activity assay

Mice lungs were homogenized in 100-mM Tris-HCI, pH 7.5,
containing 1x protease inhibitors (Sigma-Aldrich). Xanthine oxidase
activity was measured in the lungs with a fluorometric assay kit
(Cayman Chemical) according to manufacturer's instructions.

214 | RNA extraction and real-time PCR

Total RNA was extracted from the pulmonary arteries with TRIZOL
reagent (Life Technologies) according to the manufacturer's
instructions. One microgram of RNA was used for reverse
transcription with High-Capacity cDNA Reverse Transcription Kit (Life
Technologies). Real-time PCR using TagMan probes was performed in
7900HT Fast Real-Time PCR System (Applied Biosystems). The
expression of Hifla (item number Mm00468869_m1, ThermoFisher),
NOS3 (eNOS) (item number Mm00435217_m1, ThermoFisher), Nox1
(item number Mm00549170_m1, ThermoFisher), Cybb (Nox2)
(item number MmO01287743_m1, ThermoFisher), GAPDH (item
number Mm99999915_g1, ThermoFisher) and HPRT (item number
MmO03024075_m1, ThermoFisher) was analysed. Natural product
studies are reported in compliance with the recommendations made

by the British Journal of Pharmacology (lzzo et al., 2020).

2.15 | Pulmonary artery smooth muscle cells
(PASMCs) proliferation

Ten thousand PASMCs per well were seeded in 24-well plate and
allowed to adhere during 6 h and then serum-starved during 24 h.
When indicated, cells were pre-incubated with 10-5 mol-L™?
of EHT1864 (Tocris Bioscience) or 1.5 mmol-L™! of tempol
(Sigma-Aldrich) during 30 min. Cells were placed in normoxia or
hypoxia (1% O,) in a Heracell 150 incubator (Kendro) during 96 h, and
time-lapse images were captured for 96 h (1 image/15 min) on a
JuliStage microscope (NanoEntek, Seoul, Korea). The number of
dividing cells during this time was then counted.

216 | Statistics

Data and statistical analysis complied with the recommendations of
the British Journal of Pharmacology on experimental design and
analysis (Curtis et al., 2018). Data analysis was performed in a blinded
manner wherever possible. For multiple comparisons, the one-way
ANOVA test was used followed by Tukey's post-test to specifically
compare indicated groups. For multiple comparison of contractility
studies, the two-way ANOVA test was used followed by a Bonferroni
post-test. For two group comparisons, the Mann-Whitney test was
performed. Post hoc tests were conducted only if F in ANOVA
achieved P < 0.05. Sample size subjected to statistical analysis was
at least five animals per group (n = 5, where n is the number of
independent values). Data analysis was performed using the GraphPad
Prism software (GraphPad Prism, RRID:SCR_002798). The threshold
for statistical significance was set at P < 0.05.
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217 | Materials
5-HT, ACh,
2,5,5-tetramethylpyrrolidin (CMH) deferoxamine, DETC from Sigma
Aldrich Chimie S.a.r. 80 Rue de Luzais L' Isle St. Quentin Fallavier
Cedex 38297 France.

Tissue Tek from Sakura Finetek, 18 rue Hergé Parc Scientifique
de la Haute Borne 59650 Villeneuve d'Ascq. SM22a antibody from
Abcam, 24 rue Louis Blanc75010 PARISFRANCE. Rac-GTP antibody
from NewEast Biosciences, 1150 First Avenue, Suite 501A King of
Prussia, PA 19406 USA. Collagenase from Worthington, Worthington
Biochemical Corporation, 730 Vassar Ave., Lakewood, NJ 08701,
USA. Cell culture medium, Tirol, DHE and DAPI from Thermo Fisher,

phenylephrine,  1-hydroxy-3methoxycarbonyl-2,-

(@)

Life Technologies SAS16 Avenue du QuébecBP 30210, F - 91941
Courtaboeuf Cedex (Villebon-sur-Yvette). EHT1864 from Tocris, 19
Rue Louis Delourmel 35230 Noyal Chatillon sur SeicheFrance. CMH
from Noxygen, Lindenmatte 42,79215 Elzach, Germany.

2.18 | Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
http://www.guidetopharmacology.org and are permanently archived
in the Concise Guide to PHARMACOLOGY 2021/22 (Alexander,
Christopoulos, et al., 2021; Alexander, Fabbro, et al., 2021).

Normoxia

Hypoxia
SM-Rac1-KO SM-Rac1lox/lox SM-Rac1-KO SM-Racilox/lox

FIGURE 1  Smooth muscle
(SM) Rac1 deletion prevents
chronic hypoxia-induced increase
in right ventricular systolic

@ SM-Ractlox/lox
[l SM-Rac1-KO

Mean intensity of Rac-GTP
(fold increase)
N

Normoxia Hypoxia

—_
O
~—

©
o
N
o

@
[&]
w
&)

ate

LVSP (mmHg)
RVSP (mmHg)

2]
a
N
[&]

RV(LV +S)

pressure and right ventricular
remodelling. (a) Representative
images of Rac-GTP
immunofluorescence (red) in
cryosections of lung from
SM-Rac1'°* and SM-Rac1-KO
mice exposed for 4 weeks to
normoxia or hypoxia. Nuclei are
detected by DAPI staining (blue)
and smooth muscle by SM22a
immunofluorescence labelling
(green). Scale bar = 80 pm.
(b) Quantification of Rac-GTP

* labelling fluorescence intensity in

0.6 E— SMCs. (c) Right ventricular

systolic pressure (RVSP, left
0.0-

At

° pressure (LVSP, middle panel) and
Fulton index (RV/(LV + S); right
panel) in SM-Rac1'*'** and
SM-Rac1-KO mice exposed for

o
\S]

n=8 n=8 n=8 n=8 n=6 n=5 n=10 n=9

Normoxia
@ SM-Racoxox

Normoxia Hypoxia Hypoxia

WSM-Rac1-KO

panel), left ventricular systolic
n=7 n=5 n=14 n=10

4 weeks to normoxia or hypoxia.
Data are expressed as mean
+SEM. *P < 0.05

Normoxia Hypoxia


http://www.guidetopharmacology.org

DILASSER ET AL

3 | RESULTS
3.1 | Racl contributes to pulmonary hypertension
(PH) development

We first assessed the level of Rac1 activation by immunofluorescence
with a conformational sensitive anti-Rac1-GTP antibody in lung
sections from normoxic and hypoxic mice. Racl-GTP staining was
significantly increased in PA walls of hypoxic SM-Rac1'®/'%* mice
compared to normoxic SM-Rac1'®/'* mice, while in contrast,
Rac1l-GTP fluorescence remained as weak as that of normoxic
SM-Rac1-KO mice in hypoxic SM-Rac1-KO mice (Figure 1a,b).
Rac1-GTP labelling co-localized with SM22« staining indicating that
the increased Rac1 activity observed in PA of hypoxic SM-Rac1'¥/1o
mice occurred in PASMC (Figure 1a).

As expected, SM-Rac1'”/'°% mice exposed to hypoxic condition
developed PH characterized by a strong elevation of RVSP and a right
ventricular remodelling attested by the increase in the Fulton index
(Figure 1c). Deletion of Racl in SMC reduced PH as shown by the

30% decrease in RVSP and the 60% decrease in right ventricular
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hypertrophy in hypoxic SM-Rac1-KO mice compared to hypoxic
SM-Rac1''"° mice (Figure 1c). As previously described, SM-Rac1-KO
mice develop a systemic hypertension associated with an increase of
LVSP (Andre et al., 2014). Under hypoxic condition, the deletion of
Racl in SMC has no effect on LVSP. These results show that Racl is
activated in PASMC of hypoxic mice and contributes to the pathogen-
esis of PH.

3.2 | SM-Racl deletion has no effect on the
contractile properties of PA

To determine whether the involvement of Racl in PH was due to
its role in the modulation of the vascular tone (Andre et al., 2014),
we measured ex vivo contractile properties of PA from normoxic
and hypoxic SM-Rac1'/'®* and SM-Rac1-KO mice. Contractile
responses of PA to KCl and ET-1 were similar in SM-Rac1'®/'>
and SM-Rac1-KO mice both in normoxic and hypoxic conditions
(Figure 2). Contractile responses to 5-HT were increased in hypoxic
conditions compared to normoxia but were similar in SM-Rac1'®/x
and SM-Rac1l-KO mice 2).

(Figure Regarding vasodilation,
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as mean + SEM. *P < 0.05
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ACh-induced NO-dependent relaxation was similar in PA from
normoxic SM-Rac1'®/°% and SM-Rac1-KO mice, suggesting that
Rac1l is not involved in NO-mediated relaxation of PASMC in basal
conditions (Figure 2). Chronic exposure of SM-Rac1'®/'%* mice to
hypoxia decreased ACh-mediated relaxation of PA, attesting the
endothelium dysfunction known to be associated with hypoxic
PH. This defect in endothelium-derived NO-dependent relaxation is
not observed in PA from hypoxic SM-Rac1-KO mice, suggesting
that Racl in PASMC is involved in hypoxia-induced loss of NO-
induced PA dilation (Figure 2). To directly assess the role of Racl
in NO-signalling pathway in PASMC, we then used the NO donor
SNAP, which directly triggers guanylate cyclase activation, cyclic
GMP (cGMP) production and relaxation, independently of the
endothelium (Figure 2). Concentration-relaxation response curves to

1on/|0x and

SNAP were similar in PA from normoxic SM-Rac
SM-Rac1-KO mice, confirming that Racl is not involved in cGMP
relaxation of PASMC
Chronic exposure to hypoxia did not modify the endothelium-
independent vasodilator effect of SNAP, both in SM-Rac1'®/'°% and
SM-Rac1-KO mice (Figure 2). These results indicate that Racl in
PASMC
mechanisms inducing contraction nor in cGMP signalling mediating
NO-dependent relaxation. However, they show that PASMC Racl

in endothelium/NO-

signalling-mediated in basal conditions.

is neither involved neither in intracellular signalling

deletion prevents hypoxia-induced defect

(a)

Normoxia

dependent relaxation suggesting a role of PASMC Racl upstream
in the effect of NO on PASMC.

3.3 | Raclis required for hypoxia-induced PA
remodelling

To assess the role of Racl in hypoxia-induced PA remodelling,
muscularization of small PA has been analysed on lung sections by
immunohistochemical labelling with an antibody that recognizes the
SMC phenotypic marker SM22a. SM22a staining was weak in lung
sections from normoxic SM-Rac1'®/'* and SM-Rac1-KO mice
(Figure 3). Exposure to chronic hypoxia increased the number and the

thickness of muscularized distal PA in SM-Rac1'®/'*

mice but only
had very limited effect on PA wall structure in SM-Rac1-KO mice
(Figure 3). These observations suggest an essential role of SM Rac1 in

PA remodelling associated with hypoxia-induced PH.
3.4 | Raclis essential for hypoxia-induced ROS
production in the lung

Racl is well known for its essential role in ROS production through
the regulation of NADPH oxidase activity (Hordijk, 2006) and ROS

Hypoxia

T}
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SM-Rac1-KO

(b) , (c) -
> 100~ - 60+ .
©
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o 2 u FIGURE 3 Smooth muscle Rac1l deletion
§ -“:’ 504 ; prevents pulmonary artery (PA) remodelling
'g -oq,-_-) < 20- - induced by hypoxia. (a) Representative images of
s© = SM22alpha labelling on haematoxylin and
§ = eosin-stained sections of lung from SM-Rac1'>/1%
= 0- 0 and SM-Rac1-KO mice exposed for 4 weeks to
n=5  n=5 n=5  n=5 normoxia or hypoxia. Scale bar = 80 um. (b and c)
Normoxia Hypoxia Normoxia Hypoxia quantification of the number of muscularized PA
(b) and wall thickness (c). Data are expressed as
.SM-RaC1'°X"°X . SM-Rac1-KO mean + SEM. *P < 0.05
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stimulate SMC proliferation (Li et al., 2014; Wang et al., 2014; Wang
& Sun, 2010). In addition, lung ROS levels are increased in chronically
hypoxic mice (Fresquet et al., 2006; Liu et al., 2006). We thus hypoth-
esize that the role of Racl in PA remodelling in hypoxic PH can be
related to ROS production. To address this hypothesis, we measured
ROS production by dihydroethidium staining in lung cryosections from
and SM-Rac1-KO mice.
Dihydroethidium labelling was similarly weak in both normoxic
SM-Rac1'®'°* and SM-Rac1-KO mice indicating a low ROS produc-
tion (Figure 4). The strong rise in dihydroethidium staining in hypoxic

normoxic and hypoxic SM-Rac1'®/1

SM-Rac1'®/'* mice demonstrated an increase in ROS production
detection in both PA and lung parenchyma (Figure 4a,b). This hypoxia-
induced stimulation of ROS production was significantly reduced in
PA and marginally decreased in the lung parenchyma of hypoxic
SM-Rac1-KO mice (Figure 4a,b). These observations were confirmed

by electronic paramagnetic resonance, demonstrating that Racl

Normoxia

FIGURE 4 Smooth muscle Racl
deletion prevents hypoxia-induced ROS
production in pulmonary artery (PA) and
pulmonary artery smooth muscle cell
(PASMC) proliferation. (a) Representative
images of dihydroethidium (DHE) staining
of lung sections from SM-Rac1'®/'** and
SM-Rac1-KO mice exposed for 4 weeks
to normoxia or hypoxia. Scale

bar = 20 pm. L, lumen; P, parenchyma; *

SM-Rac1-KO SM-Raci!ox/1ox
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deletion in SMC prevents hypoxia-induced superoxide ion (O5,7)
overproduction in lungs (Figure 4c). This result is not related to a
significant modification in xanthine oxidase activity (Figure 4c) or
expression of major drivers of ROS production such as NOX1, NOX2,
eNOS (NOS3) and HIFla (Figure 4d). These results suggest that
PASMC Rac1 plays a critical and a direct role in hypoxia-induced ROS

production in the lungs.

3.5 | Raclis required for hypoxia induced PASMC
proliferation

We next wanted to investigate the role of Racl in ROS production
and PASMC proliferation by a pharmacological approach in vitro. As
shown in Figure 4e, hypoxia induced increased ROS production and

PASMC proliferation, both of which were suppressed by Racl
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inhibition of by EHT1864 or the antioxidant tempol. These results
revealed that hypoxia-induced ROS production and the resulting
ROS-mediated PASMC proliferation depend on Rac1.

3.6 | Raclis overactivated in PA of idiopathic
pulmonary arterial hypertension (iPAH) patients

In order to assess whether SMC Racl may play a role similar to that
observed in mice in the pathogenesis of PH in humans, we performed
Rac1-GTP immunostaining in lungs specimens from PH patients
(Figure 5). As expected, immunostaining of PASMC by the anti-
SM22q antibody shows the thickening of the medial layers of the PA
in explanted lungs from iPAH patients compared to control samples
(Figure 5a). The weak Racl-GTP immunostaining in control lung
samples indicated a low level of active Racl in these subjects.
In contrast, the strong fluorescence intensity of Rac1-GTP observed
in iPAH patient samples showed that PH is associated with a strong
Rac1 activity in the PA (Figure 5a,b). Analysis of the spatial profile of
fluorescence intensities revealed that active Racl is specifically
localized in PASMC, in agreement with our observation in the experi-

mental model of PH in mice (Figure 5c).
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4 | DISCUSSION

Our study demonstrates an increase in Racl activity in human and
murine PASMCs during PH. The specific deletion of Racl in SMC
limits the rise in RSVP and PA remodelling induced by chronic
hypoxia, suggesting a causal role of SM Rac1 activity in the develop-
ment of PH. Our results thus show that, in contrast to systemic
circulation (Andre et al., 2014; Sauzeau et al., 2010), SM Rac1 is not
involved in the contraction or the relaxation of PASMCs, but that its
role in PH is mediated by an increase in ROS production and prolifera-
tion of PASMCs.

Studies on the identification of the role of Racl in SMCs have
produced conflicting results (Loirand & Pacaud, 2014). Indeed, in the
vascular system, Rac1 is described to promote relaxation by regulating
cGMP level in SMCs (Andre et al., 2014; Sauzeau et al., 2010) while it
is involved in the contraction of visceral and bronchial SMCs
(Andre-Gregoire et al., 2018; Rahman et al., 2014). These discrepan-
cies suggest that the role of Racl1 depends on the type or tissue/organ
location of SMCs and cannot be generalized to all SMCs. In the same
line, we show in the present study that the role of Racl in PASMC is
different from that in systemic arteries. In PA, SM Rac1 deletion has

no direct effect on vasoconstriction or vasodilation. However, SM

Rac-GTP
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Rac1 is overactivated in pulmonary artery (PA) of idiopathic pulmonary arterial hypertension (iPAH) patients. (a) Representative

confocal images of Rac-GTP immunofluorescence (blue) in cryosections of lung from control and iPAH patients. Arteries was detected by elastin
autofluorescence (red), smooth muscle by SM22« immunofluorescence (green), and Rac1 activity by Rac-GTP immunofluorescence (blue). Scale
bar = 80 pm. (b) Quantification of smooth muscle (SM) layer thickness and Rac1 activity (Rac-GTP labelling fluorescence intensity) in lung
sections from control and iPAH patients. (c) Magnification corresponding to the white square in (a) and spatial profile of fluorescence intensity for
indicated fluorescence channels for the white line positioned on the image. Data are expressed as mean + SEM
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Racl deletion improves endothelial-dependent PA vasodilation in
mice exposed to chronic hypoxia, without having an effect on the
dilation induced by a NO-donor (SNAP), suggesting a role of PASMC
Racl upstream to the effect of endothelial NO on PASMC.
Endothelial dysfunction in PA, characterized by impaired synthesis
and/or bioactivity of endothelium-derived NO and a decrease in
endothelium-dependent relaxation is recognized as a key event and a
common feature of all types of PH, including hypoxic PH (Budhiraja
et al., 2004; Hampl & Herget, 2000). This endothelial dysfunction has
been ascribed, at least in part, to elevated level of NOX-derived ROS
in experimental model of PH (Fresquet et al., 2006; Knock, 2019), in
agreement with the increase in plasma oxidative stress biomarkers in
PH patients (Reis et al., 2013). High levels of superoxide anion (O,™)
favour its interaction with NO to produce peroxynitrite (ONOQO™),
thus decreasing NO (Boota et al., 1996; Fresquet et al., 2006). Oxida-
tive stress has become recognized as a central player in the underlying
pathophysiology of PH and antioxidants or drugs that target specific
sources of ROS, such as NOX, have been suggested as potential
therapies for PH (Knock, 2019).

NOX1 and NOX2 are both expressed in PA, and NOX1- and
NOX2-derived ROS have been shown to participate to PH in
experimental animal models and in humans (Yan et al., 2020). NOX1
or NOX2 knockout in mice suppresses the increased right ventricular
systolic pressure and prevents the right ventricular hypertrophy and
vascular remodelling induced by chronic hypoxia (Hanna et al., 2004;
Liu et al., 2006; Nisbet et al., 2009). Full activation of NOX1 or NOX2
allowing sustained long-lasting increase in ROS production is depen-
dent on the recruitment of active Rac1 (or Rac2) that completes the
assembly of the holoenzyme (Knock, 2019). Our results showing that
chronic hypoxia-induced ROS production in the lungs is prevented in
SM-Rac1-KO mice. This supports a major role of PASMC NOX1 and
NOX2 in the generation of deleterious ROS in PH and demonstrate
in vivo the essential role of Rac1 in the production of ROS by NOX1
and NOX2 without modification of their expression. They also prove
the SMC origin of the ROS responsible for endothelial dysfunction,
PASMCs proliferation and PA wall remodelling in hypoxic PH.
As previously demonstrated in vitro (Diebold et al., 2008, 2010; Patil
et al., 2004), Rac1-dependent ROS production in PASMCs is directly
stimulated by hypoxia suggesting that chronic hypoxia in mice may be
the trigger for Rac1 activation and Rac1-mediated stimulation of NOX
involved in vivo in pulmonary vascular remodelling associated to
hypoxic PH. However, besides hypoxia, vasoconstrictors and other
receptor ligands such as 5-HT, ET-1 or EGF involved in PH and known
to activate NOXs (Knock, 2019) are also described as Rac1 activators.
This suggests that the involvement of Racl in NOX/ROS signalling in
the pathogenesis of PH may not be limited to hypoxic PH but can be
common to all types of PH. This is supported by the increase in Racl
activity observed in PA of iPAH patients.

In conclusion, our study provides evidence that Rac1 activation in
PASMC participates in the pathophysiology of PH by causing
endothelial dysfunction and PASMC proliferation through increased
production of ROS. In addition, it has been demonstrated that Rac1 in
endothelial cells (Sun et al., 2020; Taraseviciene-Stewart et al., 2006;

Yu et al., 2012), or in pulmonary artery fibroblasts (Zhang et al., 2020)
plays a role in the development of pulmonary hypertension,
supporting the idea that pharmacological inhibition of Racl may
restrict disease progression and improve clinical outcomes of PH
patients. To validate the therapeutic interest to inhibit Rac1 activity in
PH, it will be necessary to develop specific and potent Raclinhibitors

suitable for in vivo analyses.
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