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The siRNA-mediated knockdown of AP-1 .

restores the function of the pulmonary artery
and the right ventricle by reducing perivascular
and interstitial fibrosis and key molecular
players in cardiopulmonary disease

loana Karla Comarita', Gabriela Tanko', lliutd Laurentiu Anghelache? and Adriana Georgescu'

Abstract

Background Pulmonary hypertension (PH) is a complex multifactorial vascular pathology characterized

by an increased pulmonary arterial pressure, vasoconstriction, remodelling of the pulmonary vasculature, throm-
bosis in situ and inflammation associated with right-side heart failure. Herein, we explored the potential benefi-

cial effects of treatment with siRNA AP-1 on pulmonary arterial hypertension (PAH), right ventricular dysfunction
along with perivascular and interstitial fibrosis in pulmonary artery-PA, right ventricle-RV and lung in an experimental
animal model of monocrotaline (MCT)-induced PAH.

Methods Golden Syrian hamsters were divided into: (1) C group-healthy animals taken as control; (2) MCT group
obtained by a single subcutaneous injection of 60 mg/kg MCT at the beginning of the experiment; (3) MCT-siRNA
AP-1 group received a one-time subcutaneous dose of MCT and subcutaneous injections containing 100 nM siRNA
AP-1, every two weeks. All animal groups received water and standard chow ad libitum for 12 weeks.

Results In comparison with the MCT group, siRNA AP-1 treatment had significant beneficial effects on investigated
tissues contributing to: (1) a reduction in TGF-B1/ET-1/IL-13/TNF-a plasma concentrations; (2) a reduced level of cyto-
solic ROS production in PA, RV and lung and notable improvements regarding the ultrastructure of these tissues;

a decrease of inflammatory and fibrotic marker expressions in PA (COL1A/Fibronectin/Vimentin/a-SMA/CTGF/Cal-
ponin/MMP-9), RV and lung (COL1A/CTGF/Fibronectin/a-SMA/F-actin/OB-cadherin) and an increase of endothelial
marker expressions (CD31/VE-cadherin) in PA; (4) structural and functional recoveries of the PA [reduced Vel, restored
vascular reactivity (NA contraction, ACh relaxation)] and RV (enlarged internal cavity diameter in diastole, increased
TAPSE and PRVOFs) associated with a decrease in systolic and diastolic blood pressure, and heart rate; (5) a reduced
protein expression profile of AP-153/ pFAK/FAK/pERK/ERK and a significant decrease in the expression levels

of miRNA-145, miRNA-210, miRNA-21, and miRNA-214 along with an increase of miRNA-124 and miRNA-204.

Conclusions The siRNA AP-1-based therapy led to an improvement of pulmonary arterial and right ventricular func-
tion accompanied by a regression of perivascular and interstitial fibrosis in PA, RV and lung and a down-regulation
of key inflammatory and fibrotic markers in MCT-treated hamsters.
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Introduction

Pulmonary hypertension (PH) is a complex multifacto-
rial vascular pathology that compresses a multitude of
conditions characterized by a mean pulmonary arterial
pressure >25 mmHg at rest, vasoconstriction, remod-
elling of the pulmonary vasculature, thrombosis in situ
and inflammation associated with right-side heart failure
ranging from immunosufficiencies syndromes to autoim-
mune and haematological disorders. The World Health
Organization classifies PH into five distinct groups (5th
Word Symposium on PH, Niece, 2013) depending on
the histopathological and hemodynamic characteristics,
etiology and therapeutic approaches. Group 1 refers to
pulmonary arterial hypertension (PAH) a heterogeneous
syndrome that originates in the small pulmonary arter-
ies which is currently being extensively researched in
terms of designing new and highly affective therapeutic
approaches but also elucidating the pathobiology under-
lying this condition. The most common pathophysi-
ological features of PAH disease include: endothelium
dysfunction, medial hypertrophy, adventitial hyperplasia
of small pulmonary arteries, perivascular inflammation,
plexiform lesions formed by the concentric arrangement
of endothelial cells with subadjacent myofibroblasts,
muscularization in normally nonmuscular arteries,
excessive proliferation and impaired apoptosis of vascular
cells, vascular remodelling involving complete oblitera-
tion of the vessel leading to increased vascular resistance
that results in increased right ventricle afterload, hyper-
trophy and failure [1-6].

Although remarkable progress has been made in the
last decade and numerous innovative therapies based
on 30 pharmacological agents [7] have been reported
to have beneficial effects on the pathological changes
induced by the monocrotaline (MCT) administration,
the late diagnosis of the patients in clinics together with
the delayed administration of a therapy are responsible
for the poor prognosis of this disease but also for the
way the patients respond to the treatment. For this rea-
son, many studies have reported that initiating a ther-
apeutic intervention in the early stages of the disease
would have a significantly higher success rate in terms
of hemodynamics, histopathological effects, and prog-
nosis [8]. In this current study, the hamster was used for
the first as an MCT-induced PAH murine model, to not
only investigate the beneficial effects of treatment with
siRNA AP-1 during the early stages of PAH (on fibro-
sis, vascular remodelling, right ventricular hypertrophy,

and hemodynamics), but also to try to provide answers
about the molecular mechanisms underlying this
pathology. Activator protein 1 (AP-1) is a crucial tran-
scription factor involved in the regulation of a mul-
titude of cellular processes including proliferation,
differentiation, cell migration, apoptosis, and survival
[9, 10] in response to a variety of extracellular stimuli
including cytokines, chemokines, growth factors, and
stress signals (reactive oxygen species). This transcrip-
tion complex has been shown to play an important role
in a variety of inflammatory illnesses [11], as well as
cancer [12], pulmonary fibrosis [13, 14], atherosclero-
sis [15], and other cardiovascular diseases [16, 17], by
modulating gene expression involved in inflammation
and immunity. In recent years, numerous preclinical
and clinical therapeutic strategies with very promising
outcomes based on AP-1 inhibitors have been estab-
lished, such as the development of small molecules or
natural compounds specifically targeted for the preven-
tion of inflammatory diseases, in particular [18-21].
Blocking the AP-1 transcription complex represents an
attractive molecular approach, so this study proposes
the use of a targeted siRNA for the silencing of AP-1
in order to restore structural and functional changes in
MCT-induced PAH and underlying associated fibrotic
and inflammatory processes.

Small interfering RNA (siRNA) is a double-stranded
RNA molecule whose mechanism of action is based
on post-transcriptional gene silencing. In recent years,
siRNA-based therapy emerged as a promising therapeu-
tic platform for development of personalized treatments
for a variety of diseases acting in a sequence-specific
manner by mRNA degradation for modulating targeted
gene expression. There are numerous delivery technolo-
gies of siRNA (lipidoid nanoparticles, exosomes, pep-
tides, etc.) developed in order to maximize the treatment
efficiency, biosafety, and stability [22—24]. In one of our
recent studies, we used a therapeutic strategy based on
siRNA Smad2/3 and extracellular vesicles (EVs) trans-
fected with siRNA Smad2/3 in order to restore vascular
dysfunction in an hiperlipidemic-hypertensiv (HH) ham-
ster model which mimics human atherosclerotic disease
[25]. The results showed that both naked siRNA Smad2/3
and EVs transfected with siRNA Smad2/3 had similar
therapeutic effects. In this study we chose to evaluate
the naked siRNA AP-1 administration in order to see its
therapeutic efficacy upon MCT-induced PAH but also
close monitoring of any possible side effects.
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Materials and methods

Experimental murine model with MCT-induced
cardiopulmonary disease (pulmonary hypertension,

and associated perivascular/pulmonary fibrosis and right
ventricular hypertrophy) injected or not with siRNA AP-1

A total of thirty-nine male Golden Syrian hamsters,
approx. 3 months of age, with a body weight of 100—
130 g, were randomly assigned into three experimental
groups, including: normal healthy animals for control
group (C) (n=12); MCT group (n=14) that received
a single subcutaneous injection of 60 mg/kg body
weight MCT at the beginning of the experiment (day
0), in order to induce pulmonary arterial hypertension
(PAH) with subsequent right ventricular hypertrophy;
MCT-siRNA AP-1 group (n=13), which 2 weeks after
the first injection with MCT, received treatment with
siRNA AP-1 (five doses with a concentration of 100 nM
each in a volume of 300 pl of phosphate-buffered saline
(PBS)), administered subcutaneously every two weeks
until the end of the 3-month experimental period
(Fig. 1). The AP1S3 siRNA (m): sc-141142 (SantaCruz
Biotechnology), designed specifically for the inhibi-
tion of AP1S3 expression, was administrated by sub-
cutaneous injection as described by the research in the
field [26, 27]. Previous animal studies (performed on
mice or rats) indicated that a high dosage of 80 mg/kg
of MCT was fatal in the first 3 weeks [28] so we chose
to administer a dose of 60 mg/kg MCT to our animal
model. This selected concentration was sufficient to
generate the animal model with pulmonary arterial
hypertension developed over an extended period of
time, reflecting the chronic pathological processes pre-
sent in sick human subjects as well. The aqueous solu-
tion of MCT was prepared according to the protocol
described in 1967 by Hayashi et al. [29]: MCT (170 mg,

3 C group (n=12)
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Sigma-Aldrich) was dissolved in 1.2 ml of 1 N HCI
solution followed by addition of 3 ml distilled water, pH
was adjusted to 7.4 using 1 M NaOH solution, and later
distilled water was added up to a final volume of 12 ml.

During the entire experimental period of 3 months,
all three experimental groups of hamsters were kept
in the same housing conditions with a 12/12 h light/
dark cycle, a temperature of 25 °C, humidity of 55%,
were fed with standard chow containing basal 1%NaCl
and received free access to tap water. Body weight was
measured at the beginning of the experiment to adjust
the treatment doses accordingly and at the end of the
3 months (12 weeks) of experiment, when the hamsters
were lightly anesthetized with 2% isoflurane for blood
collection. Subsequently, they were sacrificed under
intraperitoneal anaesthesia [a solution containing
80 mg ketamine, 10 mg xylazine, 2 mg acepromazine/
kg body weight in a sterile isotonic saline (0.9% saline)],
perfused with PBS containing 1 mM CacCl, for tissues
blood removal in order to collect the organs of interest
(pulmonary artery, lung, right ventricle) for weighing
the heart and biochemical, structural and functional
assays. The experimental protocols were approved by
the Ethics Committee from Institute of Cellular Biol-
ogy and Pathology “Nicolae Simionescu” according to
Decision n0.11/08.08.2017 and National Sanitary Vet-
erinary and Food Safety Authority (Bucharest, Roma-
nia) in compliance with Project Authorization no.
575/13.11.2020. Also, all the animal procedures were
carried out in strict accordance with the Guide of the
Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH publication no.
85-23, revised 1996), and were conducted in accord-
ance with National, European and International legisla-
tion on the use of experimental animals in biomedical

3 months A Standard diet

X Beginning of the
experiment

MCT group (n=14)

e b ¢
. -

2 weeks 1 month

MCT-siRNA AP-1 group (n=13)

ﬁ (a single dose of 60 mg/kg body weight)
C

1/2 months
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3 months injection with MCT

Treatment
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3 months starting at 2 weeks)
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Fig. 1 Schematic illustration of experimental animal models obtained for a period of 12 weeks. Golden Syrian hamsters (39 males, 3 months old)
were randomly divided into three experimental groups, including: (1) C group, healthy animals; (2) MCT group obtained by a single subcutaneous
injection dose of 60 mg/kg monocrotaline (MCT) at the beginning of the experiment (day 0); (3) MCT-siRNA AP-1 group that received subcutaneous
injections of 100 nM siRNA AP-1 every two weeks. All animal groups received water and standard chow ad libitum
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research. All surgical procedures were performed under
anaesthesia (mild or total) without causing the animals
suffering.

Biochemical analysis of plasmatic parameters

Blood samples were taken from all experimental ani-
mal groups by collecting approximately 1 ml of venous
blood from the retro-orbital plexus in vacutainers con-
taining ethylenediaminetetraacetic acid (EDTA) solution
and centrifuged at 2500 Xg for 10 min at 4 °C to obtain
plasma. For this, animals were lightly sedated via inhala-
tion with 2% isoflurane (ISOFLUTEK 1000 mg/g) mixed
with oxygen under fasting conditions. The procedure
was performed at 4 weeks and at the end of the 3-month
experimental period. Plasma levels assessing the lipid
profile (total cholesterol, HDL-cholesterol, LDL-choles-
terol, triglyceride), glucose and hepatic transaminases
(ALT-Alanine Aminotransferase, AST-Aspartate Ami-
notransferase), were determined by a colorimetric/kinetic
method using commercially available kits from DIALAB
GmbH, Vienna, Austria. The samples were measured in
duplicate using a spectrophotometric assay at a wave-
length between 340 and 500/600 nm (Tecan Infinite
M200 PRO).

Non-invasive measurement of haemodynamic parameters
Blood pressure in hamsters was measured with the
ADInstruments ML125NIBP (Non-Invasive Blood Pres-
sure) Controller connected to a PowerLab 4/26 system,
using specialized tail cuffs. The advantage of this tech-
nique is that it provides an accurate recording of pulse
rate and blood pressure in the caudal artery in real time.
The LabChart software allows the opening of two chan-
nels, one for the pulse signal (BPM) and the other for
pressure (mmHg), for a typical recording of these param-
eters. As the cuff inflates, the blood flow in the tail is
obstructed and the measurement of the systolic arterial
pressure is performed at the moment of the appearance
of the first noise determined by the pressure of the cuff.
The last noise picked up by the transducer before total
deflation at the cuff corresponds to the diastolic blood
pressure. Before starting the measurements, the animals
were immobilized with the help of a special cage and kept
in the dark for 30 min. Every measurement was repeated
8-10 times for the reproducibility of the results. Five ani-
mals from each group were evaluated.

Echocardiographic assessments

Transthoracic echocardiography was performed at the
end of the 12 experimental weeks. The high-resolution
ultrasonic imaging system for small animals Vevo 2100
equipment (VisualSonics Inc., Toronto, ON, Canada)
with MS 250 transducer (12—-24 MHz) was used for this
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diagnostic procedure. The animals have been prepared
in advance by removing the fur from the chest with a
hair clipper so as not to interfere with the signal of the
device. Throughout the procedure, hamsters were lightly
anesthetized with 2% inhaled isoflurane in combination
with oxygen and placed on a heated platform to main-
tain a constant body temperature. Vital signs (heart rate,
pulse) were constantly monitored. Through this analysis,
parasternal sections were obtained both on the long and
the short axis to determine the structure and function
of the right ventricle and the pulmonary artery. B mode
(two-dimensional), M mode were used to assess anatomi-
cal and functional characteristics and Pulsed Wave (PW)
Doppler mode was used to measure the hemodynamic
characteristics of blood flow. The right side of the heart
was investigated in: (1) parasternal long axis view, in
order to measure pulmonary artery (PA) diameter, right
ventricle wall thickness (RVWT) at the level of proximal
right ventricle (PRRV), proximal ventricle outflow cham-
ber during systole and diastole (PRVOFd, PRVOFs) and
pulsed waved doppler (PW) for PA peak flow velocity
(PFV) and velocity time integral (VTI); (2) parasternal
short axis view for PA PFV and VTI measurement; and
(3) in apical four chamber were measured RV systolic and
diastolic area and tricuspid annular plane systolic excur-
sion (TAPSE). VevoLab300 software was used to process
and analyse images obtained from all groups of animals.
Five animals from each group were followed.
Hamster echocardiography.

Myographic analysis of functional responses of isolated
pulmonary arteries

In order to see the response capacity of the pulmonary
artery to contract and relax after MCT injection or
siRNA AP-1 treatment and to analyse vascular dysfunc-
tion, the myographic system (Multi Myograph System-
model 620 M in combination with the Automatic Buffer
Filler System-625FS—Danish Myo Technology, DMT), a
device that investigates the vascular reactivity, was used.
The isolated arterial fragments (150-200 pum in diam-
eter) were placed on an elastomer to remove any lipid
residue and cut under a microscope to a length of 2 mm.
They were then mounted in the wire-myograph chamber
and immersed in HEPES sodium salt buffer, pH="7.45
at 37 °C. Subsequently, ACh (acetylcholine) was used
to induce vessel relaxation and NA (noradrenaline) to
induce vessel contraction. Before recordings starts, the
calibration of the optimal operating diameter was per-
formed and the standard start procedure was checked
for the integrity of the mounted blood vessel and the
presence of the intact endothelium by stimulation with
3x 1077 M NA. Oxygen bubbling in the myograph’s organ
chamber was constant throughout the experiment to
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maintain optimal blood vessel function. The responses of
pulmonary artery in the presence of curves of increasing
concentrations of NA or ACh were recorded in real time.
The concentration curve used was as follows: 1078 M,
3x10°% M, 107 M, 3x107 M, 10° M, 3x10°® M,
107° M, 3x10™> M, 10~* M for both NA and ACh. Fol-
lowing the presence of the vasodilator agent ACh or
vasoconstrictor agonist NA, the forces that developed in
the vascular wall were measured every 2 min. Finally, the
wire tension (mN/mm) developed by the blood vessels
in the presence of the vasoconstrictor NA was evaluated
and the relaxation capacity of the arteries in the pres-
ence of the vasodilator ACh was calculated as a percent-
age (%) of the maximum value of precontraction to NA.
PowerLab 4/26 hardware (ADInstruments) was used for
data acquisition and LabChart7 (multi-channel chart
recorder) software was used for image recording.

Measurements of serum inflammatory markers

Blood samples were collected on anticoagulant from the
retro-orbital venous plexus from all groups of animals and
analysed after centrifugation at 2500 Xg for 10 min at 4 °C.
Transforming growth factor beta 1 (TGF-B1), Endothe-
lin-1 (ET-1), Interleukin-1 beta (IL-1p) and Tumor Necro-
sis Factor alpha (TNF-«) were evaluated at 4 weeks and
at the end of the 3-month experimental period. The tests
were performed using commercially available enzyme-
linked immunosorbent assay (ELISA) colorimetric kits:
Human/Mouse TGF-beta 1 Uncoated ELISA Kit (Invitro-
gen), ET-1 Kit (R&D Systems), Mouse IL-1 and TNF-a
DuoSet ELISA (R&D Systems) with a lower detection
limit of 7.8 pg/ml, 0.39 pg/ml, 15.6 pg/ml, respectively
31.3 pg/ml according to the manufacturer’s protocol. To
determine the optical density of the samples, a microplate
reader set to a wavelength at 450 nm with a correction set
to 540 nm was used, as suggested by the manufacturer.

Analysis of different cell types in bronchoalveolar lavage
fluid

To isolate bronchoalveolar lavage (BAL) fluid, the ham-
sters were anesthetized with a solution administered
intraperitoneally containing 80 mg ketamine, 10 mg xyla-
zine, 2 mg acepromazine/kg body weight and the neck
area was disinfected with 70% ethanol. With the help of
a surgical scissors, a longitudinal incision was made in
the neck to remove the muscle and salivary glands and
to expose the trachea without injuring or cutting other
blood vessels, keeping the area clean. With an 18G nee-
dle, a small semi-excision was made in the trachea under
the laryngeal cartilage between two cartilaginous rings
and with a cotton thread, the catheter (consisting of a
20G needle covered by a transparent plastic polypropyl-
ene tube) was fixed very well. The insertion of the lavage
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tube should not be made too low to avoid structural dam-
age to the lung. A syringe was loaded with 1 ml of sterile
Hanks” Balanced Salt Solution (HBSS buffer from Gibco)
containing 100 uM EDTA and gently 500 pl of salt/EDTA
solution were injected into the lung. While the lavage
was being aspirated, a chest massage was performed,
and then the syringe was detached from the needle and
transferred to a clean collection tube, the process being
repeated 8—10 times. A volume of 10 ml salt/EDTA solu-
tion was used for each animal. The collected sample was
kept on ice. The whole procedure was performed under a
stereomicroscope. The tube with the pulmonary aspirate
was centrifuged at 800Xg for 10 min at 4 °C. This pro-
tocol was adapted after previously described by [30, 31].
The resulting pellet, containing the cellular influx in the
lung, was washed with filtered PBS, centrifuged at 800 xg
for 10 min at 4 °C and the supernatant was removed.
Subsequently, the cell pellet was resuspended in 200 pl
Ammonium-Chloride-Potassium (ACK) Lysis Buffer
(Gibco) and incubated for 2 min at room temperature
(RT), over which 1 ml of PBS was added and again cen-
trifuged. The pelleted cells were resuspended in 500 pl of
PBS, counted on the hemocytometer chamber and then
labelled with specific antibodies for different cell types: T
cells (CD3e", Invitrogen), T helper cells (CD4t, Abcam),
alveolar macrophages (Singlec-1*, SantaCruz Biotech-
nology), dendritic cells (CD11c", SantaCruz Biotech-
nology) and proinflammatory macrophages (MHC-II*,
Invitrogen). After a 40-min incubation at RT in the dark,
the cells thus marked were analysed by flow cytometry.
The analysis of the different cell types in the BAL fluid
was done according to the protocol described by Van
Hoecke et al. [32]. For all these markers, the gates were
set using the unmarked sample. A total of 10,000 events
were counted for each sample.

Western blot analysis

Protein extraction: Snap-frozen pieces of the pulmonary
artery were processed for protein extraction. For this
procedure, the samples were finely ground with a pair of
scissors, then immersed in RIPA buffer (Thermo Scien-
tific) containing 100 mM PMSF and a cocktail of phos-
phatase B inhibitors and protease inhibitors, and finally
they were homogenized using 1 mm diameter glass
beads and Minilys Personal High Power Tissue Homog-
enizer (Bertin Technologies) at 5000 rpm X 10 rounds for
2 min each with a 2 min break on ice. After processing,
the samples were kept for 3 h at — 80 °C, then allowed
to thaw at RT and centrifuged at 15,600 rpm, for 5 min,
at 4 °C. The supernatant containing the cytosolic protein
fractions (protein lysate) was collected in new tubes and
the protein concentration was quantified using the BCA
Protein Assay Kit (ThermoScientific). Sample replicates
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with a working range of 20-2000 pg/ml were measured at
a wavelength of 562 nm on a reading plate and reported
on a standard curve of bovine serum albumin (BSA).

Gel electrophoresis and immunoblotting: Equal amounts
of protein (100 pg/lane) were separated by 8%-12% SDS-
PAGE gel electrophoresis under denaturing conditions
and transferred onto nitrocellulose membrane. For each
set of experiments, a wide range molecular weight marker
(6.5—200 kDa) (Sigma-Aldrich) was loaded into one or
two lanes serving as standard. Blockade of nitrocellulose
membranes was performed prior to antibody labelling in
a non-specific site blocking solution (TBST solution with
3% BSA (AppliChem) or TBST solution with 5% Blotto,
non-fat dry milk (Santa Cruz Biotechnology)) for 1 h at
RT. The membranes were incubated at 4 °C overnight
with the following primary monoclonal antibodies: AP-1
28 kDa (1:500, Sigma-Aldrich), pFAK 125 kDa (1:200,
SantaCruz Biotechnology), FAK 125 kDa (1:200, San-
taCruz Biotechnology), pERK 42/44 kDa (1:1000, R&D
Systems), ERK 42/44 kDa (1:200, Abcam), and incubated
for 1 h with B-actin 42 kDa or GAPDH 36 kDa—used as
loading control (1:200, SantaCruz Biotechnology/ 1:1000,
Abcam 37168) which recognize the proteins of interest.
The membranes were washed thoroughly three times
with TBST (Tris Buffered Saline and 0.05% Tween 20)
and subsequently incubated with horseradish peroxidase-
conjugated secondary antibodies: anti-mouse antibodies
(1:5000, ThermoFisher Scientific) or anti-rabbit antibod-
ies (1:5000, ThermoFisher Scientific), which specifically
recognize primary antibodies, for 1 h at RT. Detection was
performed with enhanced chemiluminescence reagents
(ECL) (AppliChem) and the protein bands were quanti-
fied with the TotalLab program. The intensity of the bands
was normalized to B-actin/GAPDH levels, a housekeeping
reference protein or to the total form of the protein.

Transmission electron microscopy

Under deep anesthesia, the animals were perfused
through the left ventricle with modified Karnovsky’s
fixative consisting of 2.5% glutaraldehyde and 1.5% par-
aformaldehyde in 0.1 M sodium cacodylate buffer (pH
7.2). Small fragments of pulmonary artery, lung and right
ventricle free wall were harvested and processed for rou-
tine Transmission Electron Microscopy (TEM). Briefly,
approximately 1 cubic mm tissue blocks were postfixed
with 1% osmium tetroxide for 90 min, and stained en
bloc with 0.5% uranyl acetate for 30 min. Then, the tissue
samples were dehydrated in a graded series of ethanol,
cleared in propylene oxide, embedded in Epon 812 epoxy
resin, and sectioned for TEM. Ultrathin sections (70 nm)
were mounted on copper grids, double-stained with ura-
nyl acetate and lead citrate, and examined in a FEI Tecnai
G2 Spirit BioTwin TEM (Eindhoven, The Netherlands)
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at 100 kV. Digital images were recorded with a bottom-
mounted FEI Eagle 4 k CCD camera and its TIA software
(Eindhoven, The Netherlands).

RNA Extraction and Real-Time qPCR analysis

The total RNA was extracted from cryopreserved tis-
sue samples, namely the pulmonary artery and right ven-
tricle, using the miReasy Micro Kit (QIAGEN). For one
sample, approximately 10 mg of tissue were minced very
well with fine scissors on a metal support held in liquid
nitrogen, 700 pl lysis buffer (QIAzol Lysis Reagent) were
added, kept in the freezer for 10 min and then 1.4 mm zir-
conium oxide beads (Precellys) were added. The sample
was subjected to grinding cycles at 1800 rpm, 6 times for
1 min on ice. Centrifugation was performed at 10,000 xg
for 5 min at 4 °C, and the extract was transferred to a new
tube where the total RNA was extracted with chloroform
and precipitated with isopropanol and processed accord-
ing to the manufacturer’s recommendations. The elution
of the RNA was done in a final volume of 16 ul of RNase-
free water, and the RNA thus obtained was kept at — 80 °C
until examinations. The purity and concentration of the
RNA was read by spectrophotometry using NanoDrop
2000c (ThermoFisher). TagMan MicroRNA Reverse Tran-
scription Kit (Applied Biosystems) was used for reverse
transcription of RNA into cDNA synthesis in combination
with TagMan-Gene Expression Master Mix according to
the instructions of the manufacturer on a Veriti real-time
PCR system (Applied Biosystems). A total of six miRNAs
were analysed, each reaction per sample done in tripli-
cate: hsa-miR-21 (ID:0000397), hsa-miR-124 (ID:000446),
hsa-miR-204 (ID:000508), hsa-miR-214 (ID:002306), hsa-
miR-210 (ID:000512), hsa-miR-145 (ID:002278). U6 small
nucleolar RNA snRU6 (ID: 00197) was used to normal-
ize the expression level of miRNA and quantified using
the 2724t calculation method. The VIIA7 Software v1.2
(Applied Biosystems) with the automatic quantification
cycle (Cq) setting was used to analyse the data.

Tissue processing and histological examination

After sampling the organs of interest (pulmonary artery,
lung, right ventricle and liver), previously washed well
with PBS with Ca?*, the tissues were prepared for histo-
pathological examination. For the paraffin sections, the
samples were fixed in 4% paraformaldehyde for 24 h at RT,
dehydrated in successive ethanol baths, embedded in par-
affin, and subsequently they were cut with a microtome
at a thickness of 5 um. Before staining, the sections were
kept in oven at 60 °C, deparaffinized and rehydrated in
decreasing graded xylene and ethanol baths (from 100
to 70%), washed with distilled water and then mounted
on SUPERFROST PLUS glass slides (ThermoScientific)
treated with Poly-L-Lysine. The paraffin sections were
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then subjected to Hematoxylin&Eosin (H&E) or Picro-
Sirius Red staining (AB 245887 kit, Abcam) to observe
the presence of collagen, the main indicator of fibrosis,
but also to observe vascular remodelling. Hematoxylin
is a basic dye with affinity for acidic components of the
cell, Eosin is an acidic dye with affinity for basic cellular
components, and Picro-Sirius is one of the most impor-
tant stains to study collagen networks in different tis-
sues, in particular collagen I and III fibers. All slides were
observed and imaged using bright-field microscope (Leica
DMiS8, software LAS X) at 20 X magnification.

Immunofluorescence analysis

Immunofluorescent staining was performed on tissue
samples (pulmonary artery, lung, right ventricle and liver)
in order to monitor inflammatory and fibrotic markers.
Immediately after harvesting, they were fixed in cryopro-
tection solution of 2% paraformaldehyde in 0.1 M phos-
phate buffer and left at 4 °C overnight. To prepare the
histological sections, the tissue was passed through con-
secutive baths of glycerol of different concentrations (5%
for 15 min at RT, 10% for 1 h at 4 °C, 20% overnight at 4 °C
and 50% for 1 h at 4 °C), then washed with a solution of 3%
sucrose, 6 times for 15 min, and immersed in OCT (Tissue-
Tek, Sakura) for 30 min. To be mounted on the cutting sup-
port, the samples were quickly frozen in liquid nitrogen and
cut with a cryotome (Leica CM1850) using special blades
(MX35 Ultra, ThermoScientific), into 5 um thick sections
and attached to special SUPERFROST PLUS glass slides
(ThermoScientific) treated with Poly-L-Lysine. The immu-
nostaining process consisted of acclimatization of the sec-
tions at RT, fixation in methanol (- 20 °C), quenching of
autofluorescence with sodium borohydride for 1 h at 4 °C,
permeabilization with 0.2% Triton X-100 (ROTH) in PBS
with 0.05% Tween 20 (AppliChem) for 30 min at RT and
blocking non-specific sites with 10% goat serum (Invitro-
gen). The sections were separated on the slide using a lipid
pen (Invitrogen) and labeled overnight at 4 °C with the fol-
lowing primary antibodies (diluted in PBS with 1% BSA)
against: COL1A (1:250, Santa Cruz Biotechnology), a-SMA
(1:200, Cell Signaling Technology), Cx43 (1:200, Thermo
Fisher Scientific), MMP-9 (1:200, Santa Cruz Biotechnol-
ogy), Phalloidin-FITC (5 pg/ml, Sigma-Aldrich), PECAM-1
(CD31) (1:200, Santa Cruz Biotechnology), VE-cadherin
(1:200, Santa Cruz Biotechnology), OB-cadherin (1:200,
Santa Cruz Biotechnology), CTGF (1:200, Santa Cruz Bio-
technology), Fibronectin (1:200, Invitrogen), Vimentin
(1:200, Santa Cruz Biotechnology), washed 3 times with
PBS, incubated with secondary antibodies, Alexa Fluor
647 donkey anti-mouse IgG (H+L) and Alexa Fluor 488
goat anti-rabbit IgG (H+L) (1:500, Invitrogen) for 1 h, and
then washed 3 times with PBS. Nuclei were stained with
4/ 6-Diamino-2-phenylindole (DAPI) solution (5 mg/ml
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in PBS — 10 mM) for 5 min, washed 3 times with PBS and
mounted with ProLong solution (Invitrogen) and allowed
24 h to polymerize at RT. To assess ROS (reactive oxygen
species) levels, 6 pM of fluorochrome dihydroethidium
(DHE) (Sigma-Aldrich) were added on tissue sections for
30 min at RT. All images were captured and analysed under
a fluorescence microscope (Axio Vert.Al Fl, Carl Zeiss,
software Axio Vision Rel 483SE64-SP1) at 20X magnifica-
tion. Image analysis was performed using ImageJ program.

Data analysis

For the quantification and comparison of the data, One-
Way ANOVA, Bonferroni post-test analysis method in
GraphPad Prism 8.0 programme was applied. The sta-
tistically significant differences between the groups were
calculated, and represented as ***P<0.005, **P<0.01,
*P<0.05 for values vs. control group, and **P <0.005,
#P <0.01, *P <0.05 for values vs. MCT group.

Results

The effects of MCT injection and siRNA AP-1 treatment

on plasma biochemical parameters

For the characterization of the three experimental groups
in terms of biochemical parameters, blood was taken from
the retro-orbital venous plexus at 4 and 12 weeks respec-
tively after the subcutaneous injection of MCT (60 mg/
kg body weight). Accordingly, the values of blood glucose,
cholesterol, HDL-cholesterol, LDL-cholesterol, triglycer-
ides, hepatic transaminases, and the final weight of the ani-
mals were analysed (Table 1). The hamsters’ body weight
remained relatively constant between the three groups of
animals, with a slight tendency to decrease in the MCT
group, but without statistical significance. The heart of the
animals was also weighed at the end of the 12 experimental
weeks, and the results showed in Table 1 revealed a signifi-
cant increase in the MCT group (***P <0.005) compared to
a considerable decrease following the administration of the
siRNA AP-1 treatment (P <0.01). At 4 weeks, the values
of all the biochemical parameters showed no differences
between the groups, the values remaining within a normal
range (Table 1). At 12 weeks, the MCT injection induced a
significant increase (***P <0.005) in triglyceride values com-
pared to the control group. These values were significantly
reduced (**P <0.005) in the case of the group that received
siRNA AP-1 treatment. For the rest of the investigated
parameters, there was a slight upward trend for the MCT
group, but the values did not show statistical significance.
The plasma values of hepatic transaminases (AST and ALT
expressed as (U/L)) remained within normal limits both
at 4 and 12 experimental weeks, so that the subcutaneous
injection with MCT did not affect liver function, which
means that the selected dose of 60 mg/kg body for MCT
injection had no toxic effect on the liver (Table 1).
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Table 1 Evaluation of biochemical parameters of the three experimental animal groups: Control (C), MCT group, and MCT-siRNA AP-1
group, after 4 respectively 12 weeks of MCT injection to induce pulmonary arterial hypertension

After 4 weeks of MCT injection/2 weeks of
siRNA AP-1 treatment

Control group (n=12)

MCT-siRNA AP-1
group (n=13)

MCT group (n=14)

Glycaemia (mg/dl) 150.29+354
Cholesterol (mg/dl) 203.58+30.3
Triglyceride (mg/dl) 204.22+266
HDL cholesterol (mg/dl) 7056+115
LDL cholesterol (mg/dl) 81.8+8.65
Hepatic transaminases (U/L)

AST 84.72+3.72

ALT 7845+1.7

165.43+284 143.78+194
181.74+£14.6 162.63+£233

340.89+54.5 214.52+256
64.73+11.8 66.60+14.9
8041+93 87.71+158
89.57+48 9297 £44
80.21+4.0 8491+2.6

After 12 weeks of MCT injection/10 weeks of
siRNA AP-1 treatment

Control group (n=12)

MCT-siRNA AP-1
group (n=13)

MCT group (n=14)

Final body weight (g) 12142+119
Heart weight (g) 0,49+0.05
Glycaemia (mg/dl) 136.45+19.9
Cholesterol (mg/dl) 177.69+14.6
Triglyceride (mg/dl) 22523+251
HDL cholesterol (mg/dl) 60.37+11.6
LDL cholesterol (mg/dl) 7220+17.1
Hepatic transaminases (U/L)

AST 10043 +£6.6

ALT 93.94+86

107.66+10.3 11064+11.8
0.98+0.10 0.65+0.06
**¥P < 0,005 #p <0.01
160.19+28.2 139.92+19.7
190.70+184 164.09+16.1
430.83+85.9 173.45+44.1
***P < 0,005 ##p < 0.005
71.75+6.1 60.25+7.8
88.83+9.5 7761+123
100.83+538 100.18+3.9
95.16+4.9 97.22+4.1

Levels of body weight (g), heart weight (g), plasma glucose, total cholesterol, LDL-cholesterol, HDL-cholesterol, and triglycerides, were all expressed as mg/dl and

hepatic transaminases as U/L. Data are means = SD of duplicate determinations

The statistical significance, noticeably different, was represented as ***P < 0.005 values versus control group and P <0.005, **P <0.01 values versus MCT group. One-

way ANOVA, Bonferroni post-test was applied

The effects of MCT injection and siRNA AP-1 treatment

on pulmonary arterial hypertension

It is known that the main effect of MCT is to induce
pulmonary arterial hypertension within 2-3 weeks
after administration. In our experimental groups
of hamsters, systolic and diastolic blood pressure
and heart rate were monitored 12 weeks after MCT
administration, and 10 weeks after siRNA AP-1 treat-
ment (Fig. 1). In the hamsters in the MCT group, a
significant increase in systolic blood pressure was
recorded (***P<0.005) (Fig. 2A, E), which correlated

(See figure on next page.)

with significant increases in diastolic blood pressure
(***P<0.005) (Fig. 2B, E), and heart rate (***P <0.005)
(Fig. 2C, E). Additionally, it can be seen from the meas-
ured data that the siRNA AP-1 treatment group dis-
played significantly lower blood pressure (systolic and
diastolic) (**P<0.01) and heart rate values (/P <0.005)
that were relatively close to those of the control group
(Figs. 2A,B,C,D,F). The hamsters’ heart rates ranged
from 381 beats per minute (bpm) in the control group
to 446 bpm in the MCT group before dropping back to
359 bpm in the treated group with siRNA AP-1. The

Fig. 2 The development of pulmonary arterial hypertension in hamsters exposed to MCT for 12 weeks and siRNA AP-1 for 10 weeks compared

to control animals. A Systolic blood pressure (mmHg), B diastolic blood pressure (mmHg) and C Heart Rate (bpm) of pulmonary arteries were
measured using non-invasive voltage device and data quantification. For each measurement, the average value of a continuous recording interval
(8-10 times) was calculated. Five animals from each experimental group were evaluated. The data represent the means + SD. Statistical significance
represented as ***P < 0.005, versus control group and *#P <0.005, P <0.01 versus MCT group. One-way ANOVA, Bonferroni post-test was applied.
D-F Representative waveforms of pulmonary arterial pressure in all three experimental animal groups: systolic blood pressure (left-red), diastolic

blood pressure (right-red), heart rate (blue)
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heart rate was also assessed and monitored at the time
of the echocardiographic analysis.

Pulmonary artery function in MCT-induced PAH and siRNA
AP-1 treatment effects evaluated by wire myography

In order to follow the functionality of the pulmonary
arteries, the myograph technique which records in real
time the contraction and relaxation capacity of the arte-
rial wall was used. In this way, the effects of both MCT
injection and siRNA AP-1 treatment were investigated
on endothelial and muscle cells present in the struc-
ture of the vascular arterial wall originated from the
three hamster groups (C, MCT, MCT-siRNA AP-1) at
the end of the 12-weeks experimental period. The con-
traction and relaxation capacity of smooth muscle cells
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(SMCs) is responsible for the control and regulation of
vascular tone, and any disturbance in their function is
attributed to damage of the vascular endothelium. The
records obtained with the help of LabChart 7 software
for each individual experimental group highlighted that
the maximum values both for the contraction induced
by NA and the relaxation at ACh were obtained for the
concentration of 10™* M (Fig. 3). Regarding the MCT
group, the ability of the pulmonary arteries to contract
and relax to the action of the vasoconstrictor and vas-
odilator agents was significantly affected compared to
the control group (***P<0.005, respectively *P <0.05)
(Fig. 3). These functional changes correlate with the
onset of vascular endothelial dysfunction established
following MCT administration. After treatment with
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Fig. 3 A Representative images with myographic recordings at selected time points: for the contraction at NA (10 M+ 10~* M) and relaxation

at ACh (1078 M+ 107* M) of the pulmonary arteries isolated from all three investigated experimental groups. Images were recorded with LabChart 7
software. B Measures of maximal contraction forces developed by pulmonary arteries to 10 M NA and maximal relaxation percentages to 10~ M
ACh for the three hamster groups. Data are means +SD of 4 independent experiments for each investigated group. The statistical significance,
noticeably different, was represented as ***P < 0.005, *P < 0.05 versus control group and P <0.01 versus MCT group. Probability values were

calculated by One-way ANOVA, Bonferroni post-test
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siRNA AP-1 (MCT-siRNA AP-1 group), vascular reac-
tivity of the pulmonary arteries was visibly restored,
especially the response to the vasoconstrictor agent, to
values close to those recorded in the control animals
(**P <0.01). Additionally, the ability of pulmonary arter-
ies to relax was also improved, but without statistical
significance (Fig. 3). In our experiments dedicated to
investigating the functionality of the pulmonary arter-
ies, NA-induced contraction (1078 M+10~* M) was
measured as the tension developed in the vascular wall
(mN/mm), and endothelium-dependent relaxation to
ACh (107 M+10"* M) was calculated as a percentage
of the maximum NA pre-contraction.

MCT-siRNA AP-1
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Structure and function of pulmonary artery and right
ventricle in MCT-induced PAH and siRNA AP-1 treatment
effects monitored by echocardiography

Further in our experiments the echocardiography was
used to investigate the changes in the structure and func-
tion of the pulmonary artery and right ventricle gener-
ated by subcutaneous injection of MCT at 12 weeks from
the administration as well as the treatment with siRNA
AP-1 managed for 10 weeks. First, we investigated the
hemodynamic of blood flow in pulsed wave Doppler-
mode (PW Doppler-mode) using two parameters: Veloc-
ity Time Integral (VTI) which represents the length of the
ejection tract measured in mm and Doppler Peak Veloc-
ity (Vel) which represents the blood flow rate measured
in mm/s at the pulmonary artery level (Fig. 4A). Pulsed

Fig. 4 Changes in the blood flow, structure and function of pulmonary artery and right ventricle for the investigated experimental groups: C,
MCT, MCT-siRNA AP-1. A Representative recordings obtained in pulsed wave Doppler-mode, which highlight the Velocity Time Integral (VTI,
mm) and Doppler Peak Velocity (Vel, mm/s) of the pulmonary artery; B representative B-mode recordings, which highlight the inner diameter
(mm) of the pulmonary artery; C Representative B-mode recordings, which highlight the area of the right and left ventricle in diastole (mm?); D
Representative M-mode recordings, which highlight right ventricle wall thickness in diastole (RVWTd, mm); Representative M-mode recordings,
which highlight proximal ventricle outflow chamber during systole and diastole (PRVOFd, PRVOFs, mm); E Representative M-mode recordings

which highlight tricuspid annular plane systolic excursion (TAPSE, mm)
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wave velocity is the most frequently used approach for
measuring the pressure speed of the pulse from the heart
through the arteries. Data obtained in the PW Dop-
pler-mode (Table 2) showed that the animals injected

with MCT had considerably higher values for velocity
(***P <0.005), that can be correlated with an increase in
pulmonary arterial pressure reported in our experiments.
At the same time, a significant decrease (‘P <0.05) was

Table 2 Echocardiographic assessments for the three hamster groups: C, MCT, MCT-siRNA AP-1

Echocardiographic parameters Cgroup (n=5) MCT group (n=5) MCT-siRNA AP-1 group (n=5)
VTl (mm) 4421134 4895+7.90 51.22+947
Vel (mm/s) —1045.61+40.19 — 1242.99+28.56 —1136.44+35.28
*¥*¥P < 0,005 *P<0.05
PA diameter (mm) 249+0.20 3.35+0.22 3.14+£0.13
**¥P <0.005
ARVd (mm?) 15.13+4.39 12.25+2.42 14.83+257
*P<0.05
ALVd (mm?) 49.18+1.55 40.99+2.75 47.97+1.2
***¥P < 0,005 ###p < 0.005
RVWTd (mm) 0.57+0.06 0.64+0.03 0.63+0.04
PRVOFd (mm) 1.91+£045 1.93+0.29 2.10+£0.20
PRVOFs (mm) 1.56+0.39 1.09+£0.31 1.53+£0.21
**P <0.01 #P <0.01
TAPSE (mm) 1.66+0.18 1.25+0.18 1.72+£0.28
*P<0.05 #Pp <0.01

Velocity Time Integral (VTI, mm); Doppler Peak Velocity (Vel, mm/s); PA diameter (mm); area of the right and left ventricle in diastole (ARVd/ALVd, mm2); right ventricle
wall thickness in diastole (RVWTd, mm); proximal ventricle outflow chamber during systole and diastole (PRVOFd, PRVOFs, mm); tricuspid annular plane systolic
excursion (TAPSE, mm). Data are shown as the mean + SD of each experimental group. Five animals from each group were followed

The statistical significance, noticeably different, was represented as ***P < 0.005, **P <0.01, *P < 0.05 versus control group and ***P <0.005, **P <0.01, #P < 0.05 versus

HH group. The values were calculated by Owo-way ANOVA, Bonferroni post-test
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observed for this parameter after AP-1 siRNA adminis-
tration. For the VTI parameter, the values remain con-
stant for the three experimental groups, but with an
increasing tendency for the treated animals (Table 2).

The structure of the pulmonary artery was investigated
using B-mode recordings (Fig. 4B). The data reported
in Table 2 revealed that the inner diameter of the pul-
monary artery measured in mm showed a significant
thickening (***P <0.005) in the group injected with MCT
compared to the control animals, results that correlate
with a progressive remodelling accompanied by perivas-
cular fibrosis leading to arterial stiffening. The artery wall
structure did not improve as a result of the AP-1 siRNA
treatment (Table 2). According to parasternal short-axis
views, we measured the structure of the right ventricle
performed in B- mode (Fig. 4C) and the data presented
in Table 2 revealed that the area of the right ventricle in
diastole measured in mm? decreased significantly in the
MCT-injected group (*P <0.05), which can be correlated
with an installed right ventricular hypertrophy after the
treatment, but also a slight increasing trend in the MCT-
siRNA AP-1 group, but without statistical significance.
At the level of the left ventricle, a significant decrease in
the diameter of the internal cavity in diastole could be
observed in the group treated with MCT (***P<0.005),
together with a noticeable increase in siRNA AP-
1-treated group (P <0.005) (Table 2).

The relative thickness of the right ventricular wall,
measured in mm, was evaluated in M-mode (Fig. 4D),
and from the recordings acquired, an increasing ten-
dency could be observed in the MCT group, but without
statistical significance. Each of the three experimental
groups provided comparable results. With the help of
M-mode, we examined another parameter (PRVOF)
which indicates the proximal opening capacity of the
right ventricle in both systole and diastole, recordings
showed in Fig. 4D. The values measured in diastole were
kept constant for all three experimental groups. Accord-
ing to the data presented in Table 2, the values of this
parameter measured in systole decreased significantly
(**P <0.01) in the case of animals treated with MCT, but
this function was improved after treatment with siRNA
AP-1, group that exhibited significantly elevated values
(**P<0.01). Through the recordings in M-mode (Fig. 4E)
we evaluated the function of the tricuspid valve through
the parameter called TAPSE, which provides information
on the global function of the right ventricle. This param-
eter measures the extent of the systolic movement of the
lateral portion of the tricuspid ring towards the apex and
it is known that in pathology its values decrease. In the
case of our measurements presented in Table 2, a statisti-
cally significant decrease (*P <0.05) could be observed in
the MCT-treated animals and a significant improvement
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(**P<0.01) could be seen in the group that received
siRNA AP-1 treatment.

The MCT-induced ultrastructural changes in pulmonary
artery, lung and right ventricle were reduced by the siRNA
AP-1 treatment

In order to gain deeper insight into the structural
changes brought by MCT administered alone or in
combination with siRNA AP-1, we performed transmis-
sion electron microscopy (TEM) on pulmonary artery,
lung and right ventricle samples from hamsters of each
study group. The TEM analysis indicated a quite normal
structure of the pulmonary arteries from control ham-
sters, with the intima layer containing flat, elongated
endothelial cells, the media having mainly contractile
(differentiated) SMCs and elastic fibres, and the adven-
titia comprising typically fibroblasts and connective
tissue (Fig. 5A, upper panel). In contrast, all three lay-
ers of the pulmonary arteries from MCT-injected ham-
sters presented increased thickness, a salient feature of
hypertension-triggered vascular remodelling. Specifi-
cally, many endothelial cells displayed large vacuoles or
biosynthetic and pro-adhesive phenotype, the suben-
dothelial space was widened by cells that conceivably
migrated, proliferated or transdifferentiated there, the
elastic laminae were fragmented, the media comprised
hypertrophic “synthetic” (dedifferentiated) SMCs sur-
rounded by an excessively deposited extracellular matrix
(ECM), and the adventitia was filled with collagen-form-
ing cells embedded in a collagen-rich ECM (Fig. 5A, mid-
dle panel). However, these abnormalities were attenuated
following the treatment with siRNA AP-1. Thus, in the
group of MCT and siRNA AP-1 co-treated hamsters, the
endothelium showed flattened appearance and no pro-
adhesive and vacuolated traits, the elastic lamellae were
less fragmented, the thickness of media and adventitia
layers was clearly reduced mostly on account of a lesser
amount of cells and elastic fibres, although an exces-
sive ECM accumulation was still noticed (Fig. 5A, lower
panel). As regards the lung tissue, TEM investigation evi-
denced that control hamsters exhibited regular air-blood
barrier, inter-alveolar septa with apparently normal alve-
olar epithelial type I (AEC1) and type II (AEC2) cells, and
moderate amounts of collagen fibrils in the interstitial
space; the AEC2 were easily recognized by their charac-
teristic surfactant storing multilamellar bodies and apical
microvilli facing the alveolar space (Fig. 5B, upper panel).
Conversely, lung samples from the MCT-injected ham-
sters showed abnormal inter-alveolar septa, with areas
of septal thickening and AEC2 with shortened/absent
microvilli and almost empty lamellar bodies, suggest-
ing a defective production and/or release of surfactant
in the alveolar space. The interstitial space was markedly
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MCT siRNA AP-1

MCT siRNA AP-1

Fig.5 Representative transmission electron microscopy (TEM) images showing the effect of the 12-week administration of MCT alone

or in combination with siRNA AP-1 (for 10 weeks) on: A the pulmonary artery; B lung parenchyma; C right ventricle of hamsters from each

of the three experimental groups. £C endothelial cell, SMC vascular smooth muscle cell, IEL internal elastic lamina, BL basal lamina, ECM extracellular
matrix, col, collagen fibres, el elastin, N nucleus, m mitochondria, cav caveolae, Gc Golgi complex, rER rough endoplasmic reticulum (ER*: stressed
ER), mvb multivesicular bodies, PMN polymorphonuclear leukocyte, PL platelet, f myofilaments, AEC T type 1 alveolar epithelial cell, AEC 2 type

2 alveolar epithelial cell, RBC red blood cell, MF macrophage, IF inflammatory cell, IS interstitial space, IC interstitial cell, LD lipid droplet, LB
surfactant-storing lamellar bodies, tm tubular myelin, Gg glycogen granules, TC telocyte, SR sarcoplasmic reticulum, #: large vacuoles; yellow ellipse:
contact between a leukocyte and the endothelial cell surface; dashed yellow boxes: regions with fragmented elastin; arrows: dense plaques;
yellow freehand line: alveolar-capillary fused basement membrane; yellow boxes: intercalated discs. Scale bars indicate from left to right and top
to bottom: A2 um, 0.5 um; 1 um, 0.5 um, 1T um /0.5 um; 1 um, 0.25 um; B 1 um, 1. um, 0.5 um; T um, T um, 1T um; 1um, 1.um, T um; €2 um, 1 um,
Tpm; Tum, Tpum, T um; 1 um, T um, T um

enlarged because of a build-up of interstitial cells and  siRNA AP-1 treatment, the lung interstitial remodelling
extracellular matrix components, particularly collagen noted in the MCT-injected hamsters was minimized.
fibrils and elastin (Fig. 5B, middle panel). Following the =~ As compared to the MCT group, the MCT-injected
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hamsters that received siRNA AP-1 presented less col-
lagen and elastin fibres at the level of the alveolar septa
and interstitial space, much more AEC2 that retained
their microvilli and lamellar bodies, thinner alveolar-
capillary membrane, and fewer interstitial cells (Fig. 5B,
lower panel). The ultrastructural findings regarding the
cardiac tissue are illustrated in Fig. 5C. The myocar-
dial cells from the right ventricular tissue of the control
group displayed the characteristic cross-striated pattern
given by the lateral registration of the myofibrillar sar-
comeres, the repetitive units of myofibrils delimited by
Z-lines; the tightly bundled myofibrils were separated by
clusters of mitochondria. Adjacent cardiomyocytes were
joined by stair-like structures called intercalated disks,
acknowledged as highly organized junctional complexes
that intermediate the synchronized contraction of the
myocardium (Fig. 5C, upper panel). On the contrary, the
right ventricular cardiomyocytes from the MCT-treated
hamsters exhibited abnormal or loss of sarcomeric reg-
istration, with areas having wavy or misaligned Z-lines,
wavy or disorganized myofibrils, and disarranged inter-
calated discs. Noticeable, an excessive deposition of col-
lagen and other ECM components within the myocardial
interstitium and around intramyocardial vessels was
another deleterious feature found in the MCT group, that
suggested a severely affected tissue functionality (Fig. 5C,
middle panel). Most of the structural abnormalities seen
in the myocardial cytoarchitecture in the MCT-injected
hamsters were reversed by the siRNA AP-1 treatment.
The right ventricular cardiomyocytes from the MCT- and
siRNA AP-1-co-treated hamsters presented the typical
organization of myofibrils into registry, and the regular
assembly of myofibrils alternating with intermyofibrillar
mitochondria. Also, the morphology of the intercalated
discs was broadly retained, and the extent of the ECM
accumulation was clearly reduced (Fig. 5C, lower panel).

The histological changes following MCT administration
were remedied after siRNA AP-1 therapy

The structural alterations present in cardiac, lung, and
pulmonary vascular tissue were examined on histo-
logical sections stained with H&E and Picro-Sirius Red.
As a result, H&E images taken on sections of the right

(See figure on next page.)
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ventricle highlighted that in the MCT group, cardiomy-
ocytes displayed an increase in size, a myoarchitectural
disarray, a disorganization of the myofibrils with loss
of striation, and the wall of the blood vessels appeared
thickened in comparison to the normal architecture of
the heart tissue from the healthy animals (Fig. 6A). All
of these changes are linked to right ventricular hypertro-
phy and interstitial fibrosis, both improved after siRNA
AP-1 treatment. Regarding the lung tissue, there was
a thickening of the alveolar wall and alveolar capillary
membranes in the group receiving MCT. Also, pulmo-
nary arteries and veins intense congested with obstruc-
tions, impaired alveoli, hyperplasic lung parenchyma,
and thickened alveolar septa associated with interstitial
pulmonary fibrosis were observed in the MCT group.
In addition, the structure of pulmonary arterial wall
was seriously affected by observing a thickened vascular
media, a disordered adventitia, and neointimal prolifera-
tion (Fig. 6A). A notable improvement of the mentioned
changes in lung and pulmonary vascular tissue was seen
in the tissue sections from animals treated with siRNA
AP-1, indicating that this therapy restores the cellular
and tissue alterations produced following the administra-
tion of MCT (Fig. 6A).

Picro-Sirius Red-stained right ventricle and lung tis-
sue structures showed that MCT'’s influence on these two
organs resulted in a notable accumulation of Picro-Sirius
Red-positive collagen, myocyte hypertrophy in the right
ventricle along with perivascular accumulation of colla-
gen. Thickening of the alveolar wall and alveolar capillary
membranes resulting in pulmonary interstitial fibrosis
can also be seen on lung sections. In contrast, animals
treated with siRNA AP-1 exhibited a significant decrease
in foci of Picro-Sirius Red -positive material. All of these
changes are compared to tissue samples collected from
healthy animals (Fig. 6B).

Elevated levels of plasma inflammatory cytokines

in MCT-induced PAH were alleviated when administering
the siRNA AP-1 treatment

It is widely established that MCT administration causes
an aggravation of inflammatory processes in the vascu-
lar and pulmonary systems. In addition, knowing that

Fig. 6 A Representative bright-field microscopy images depicting from top to bottom H&E-stained sections with whole heart, right ventricle,

lung and pulmonary artery taken from healthy hamsters (C group) and hamsters after 12 weeks of MCT in the absence or presence of siRNA AP-1
injections given for 10 weeks (MCT group and MCT-siRNA AP-1 group). Four different microscopic fields for each experimental point were analysed.
Nuclei: blue, cytoplasm: pink, muscle fibres: deep red. B Representative bright-field microscopy images depicting Picro- Sirius Red-stained sections
with right ventricle and lung taken from healthy hamsters (C group) and hamsters after 12 weeks of MCT in the absence or presence of siRNA AP-1
injections given for 10 weeks (MCT group and MCT-siRNA AP-1 group). Four different microscopic fields for each experimental point were analysed.
Nuclei, cytoplasm and muscular fibers are visualized in yellow. Collagen fibers are manifested in a striking manner as vivid orange-red bands. Scale

bar indicate: 100 pm, magnification x 20
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increased amounts of inflammatory molecules eventually
activate the AP-1 transcription complex which is respon-
sible for boosting the proinflammatory and profibrotic
factors in cardiopulmonary disease, AP-1 was chosen as
primary therapeutic target in MCT-induced PAH. As a
result, we selected to investigate the expression of a series
of proinflammatory cytokines (ET-1, TGF-p1, IL-1p,
TNF-a) in vivo, measured in plasma previously collected
from the retro-orbital plexus from all three experimental
groups, using ELISA assay (Fig. 7).

The results showed that plasma levels of ET-1 and TGF-
B1 are significantly increased both 4 weeks (***P <0.005)
and 12 weeks (***P<0.005) after MCT administration,
and can be correlated with the onset of the changes that
have place at the vascular level. A substantial decrease
in plasma levels of ET-1 and TGF-1 was detected in the
group treated with siRNA AP-1 (*P<0.005; *P<0.01)
(Fig. 7A, B). Similar results were found following the
analysis of plasma concentrations of IL-1p and TNF-a
(Fig. 7C, D). At 4 experimental weeks of MCT there
was a significant increase in plasma IL-1f expres-
sion (***P<0.005), which was maintained at 12 weeks.
Throughout the treatment period with siRNA AP-1, the
levels of IL-1P remained significantly lower (*P<0.01)
with values close to those of the control. In the case of
plasma TNF-a expression, an increasing trend was
observed at 4 weeks in the MCT group, although statisti-
cal significance was apparent after 12 experimental weeks
of MCT (*P<0.05). The siRNA AP-1 treatment started
to reduce the expression of TNF-a at 4 weeks (P <0.05)
with a consistent declining trend at 12 weeks (Fig. 7C, D),
that correlated with other improvements observed in our
experiments.

Modification of immune and inflammatory infiltrate

in bronchoalveolar fluid after MCT and siRNA AP-1
administration

To better understand the immunological status and
inflammatory response occurring in the pulmonary
airways in cardiopulmonary disease, the immune and
inflammatory cell composition of bronchoalveolar lavage
(BAL) fluid was examined following administration of
MCT alone or in combination with AP-1 siRNA. There-
fore, in the cell population isolated from BAL fluid, the
expression of a set of markers, such as CD3e (for T cells),
CD4 (for T helper cells), CD8 (for cytotoxic T cells),
CD11c (for dendritic cells), MHC-II (for proinflam-
matory macrophages) and Singlec-1 (for alveolar mac-
rophages), was followed by flow cytometry (Fig. 8 (a-f)).
Following administration of MCT, the results presented
in Table 3 indicate a tendency for an increase in all these
investigated markers, with a preponderance for CD4 and
CD8 positive immune cell populations that demonstrate
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a significant increase in comparison to the control group
(***P<0.005). Regarding the outcome of AP-1 siRNA
treatment, it had little effect on MCT-induced inflamma-
tion, significant decreases being recorded only in the case
of CD3 and CD4 positive cell populations (**P<0.01)
(Table 3).

Expression level of oxidative stress, remodelling pathway
and fibrosis markers was reduced in pulmonary artery,
lung, and right ventricle following treatment with siRNA
AP-1

In our animal model with arterial hypertension induced
by MCT, a variety of ultrastructural, structural and
functional changes/abnormalities of the main affected
organs, pulmonary artery, lung and right ventricle, was
observed. These findings were positively correlated with
an increase in the plasma profile of several proinflam-
matory cytokines that promote inflammation in these
tissues. Knowing that tissue remodelling and fibrosis are
associated with inflammation, certain specific molecules
involved in vascular remodelling, right ventricular hyper-
trophy, pulmonary and cardiac fibrosis associated with
the epithelial-mesenchymal transition (EMT) or fibro-
blast-to-myofibroblast transition (FMT) were evaluated
after MCT administration alone or in combination with
AP-1 siRNA treatment.

First of all, the levels of cytosolic ROS (reactive oxy-
gen species) in the pulmonary artery, lung, right ventri-
cle, and liver, were assessed by fluorescence microscopy
(Fig. 9A). After analysing the fluorescence images, it was
found that the MCT group had considerably higher fluo-
rescence intensity values (***P<0.005) than the control
group both in the wall of the pulmonary artery and in the
lung, right ventricle, and liver (Fig. 9A). The AP-1 siRNA
treatment considerably attenuated the effects induced by
MCT, generating significantly reduced ROS fluorescence
intensity levels (***P < 0.005) (Fig. 9A).

Later, at the level of the pulmonary artery, lung and
right ventricle, a series of proteins involved in vascular
remodelling/fibrosis (COL1Al, Fibronectin, MMP-9,
CTGE, Calponin, Vimentin, a-SMA), pulmonary and car-
diac fibrosis (COL1A1, Fibronectin, CTGF, a-SMA) and
EMT (a-SMA, PECAM-1 (CD31), VE-cadherin) were
investigated by fluorescence microscopy (Figs. 9B-F). In
addition, the expressions of F-actin and OB-cadherin (or
cadherin-11) with role in inflammation, fibrosis and FMT
were considered at the right ventricle level (Fig. 9G).

Analysis of fluorescence images from the pulmonary
artery level revealed that, with the exception of CD31 and
VE-cadherin markers, where the fluorescence intensity
was significantly reduced (***P <0.005) (Fig. 9D) all other
investigated markers (COL1A1l, Fibronectin, MMP-9,
CTGF, Calponin, Vimentin, a-SMA) had fluorescence
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Fig. 7 Analysis of plasma inflammatory cytokines at 4 and 12 experimental weeks: A ET-1, BTGF-31, CIL-13 and D TNF-a levels evaluated

by enzyme-linked immunosorbent assay (ELISA) method, for all three experimental groups: C, MCT, MCT-siRNA AP-1. The measurements were
performed in triplicate and results were depicted as mean + SD. The statistical significance, noticeably different, was represented as ***P < 0.005,
*P < 0.05 versus control group and ##P <0.005, #P <0.01, *P < 0.05 versus MCT group. The values were calculated by One-way ANOVA, Bonferroni
post-test
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intensities significantly higher (***P<0.005) in the MCT
group when compared to control animals, confirming
the presence of EMT and the vascular remodelling pro-
cess (Fig. 9B, C). The group treated with siRNA AP-1 dis-
played lower expression for these markers (***P <0.005)
compared to the MCT group, values that were compara-
ble to those of the control group (Fig. 9B, C). Regarding
the markers CD31 and VE-cadherin, an increase in fluo-
rescence intensity was observed compared to the MCT
group (*P<0.05) (Fig. 9D).

To track pulmonary fibrosis and EMT, a panel of
markers that included COL1Al, CTGE, Fibronectin
and a-SMA was analysed by fluorescence microscopy
(Fig. 9E). The fluorescence intensity for all these mark-
ers was considerably increased after the injection with
MCT (***P <0.005, *P < 0.05), and maintained within nor-
mal limits after treatment with siRNA AP-1 (**P <0.005,
*P<0.01) (Fig. 9E).

The same protein panel was investigated in the case of
the right ventricle, where cardiac hypertrophy/fibrosis
and FMT were generated following the administration of
MCT (Fig. 9F). Two additional markers, F-actin (labelled
with phalloidin) and OB-cadherin, were analysed for
FMT evaluation (Fig. 9G). Again, in this situation, the
results in the expression of fluorescent proteins were sig-
nificantly augmented (***P<0.005) in the MCT group,
while in the MCT-siRNA AP-1 group, the increases in
the expression of these proteins were moderated substan-
tially by the treatment with AP-1 (***P <0.005, *P <0.01)
(Fig. 9F, G).

It can be concluded that the structural and functional
changes induced by MCT are supported and confirmed
by the increases in markers of oxidative stress, remodel-
ling pathways, and fibrosis in pulmonary artery, lung, and
right ventricle. It also highlights how siRNA AP-1 ther-
apy reduced and improved all these parameters.

The signalling molecules that control the inflammatory
response displayed a reduced expression profile

after siRNA AP-1 treatment

In our animal model with PAH and associated perivas-
cular and interstitial fibrosis induced by MCT, a series of
plasma proinflammatory cytokines (ET-1, TGF-f1, IL-1p,
TNF-a) and tissue profibrotic molecules (COL1A1l,

(See figure on next page.)
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Fibronectin, MMP-9, CTGF, Calponin, Vimentin,
a-SMA) had increased protein expressions. Knowing that
increased circulating levels of ET-1 activate the AP-1S3
transcription complex through the M APkinase pathway,
and ET-1 also promotes the differentiation of myofibro-
blasts by activating focal adhesion kinase (FAK), in our
study we envisioned that these signalling pathways and
molecules could have an important role in increasing the
expression of inflammatory and profibrotic factors.

According to the findings shown in Fig. 10a.1, a rela-
tive increase in the expression of the AP-1 transcription
complex could be seen as a result of MCT administration
(*P <0.05). At the same time, treatment based on siRNA
AP-1 significantly reduced the levels of this molecule not
only when compared to the MCT group (**P<0.005),
but also when compared to the control group (**P <0.01)
(Fig. 10a.1). Regarding the FAK protein expression
level, a key marker of the fibrotic process, a statistically
significant increase was observed in the MCT group
(*P<0.05), which was strongly reduced after 10 weeks
of siRNA AP-1 treatment (*P<0.01), the expression
level being similar to that recorded in the control group
(Fig. 10b.1). Furthermore, the expression level of ERK
molecule (member of the “generic” mitogen-activated
protein kinase (MAPK) signalling pathway) presented
in Fig. 10c.1 increased after the administration of MCT,
but without statistical significance. On the other hand,
the treatment with siRNA AP-1 considerably reduced
the expression of this fibrosis-related protein (P <0.05)
(Fig. 10c.1). The number of animals in each experimen-
tal group was 6. In order to obtain a sufficient amount
of protein, the arteries from 2 animals from each group
were put together.

Consequently, these results demonstrate that the acti-
vation of the FAK/ERK/AP-1 signalling pathway and the
EMT/EMT transition generates increased expression of
proinflammatory/profibrotic markers involved in pul-
monary vascular remodelling, pulmonary and cardiac
fibrosis, left ventricular hypertrophy and increased blood
pressure.

In addition, the inhibition of the AP-1 signal-
ling pathway by siRNA AP-1 treatment, significantly
reduced the expression of these signalling mole-
cules, which positively correlates with the reduction

Fig. 8 Representative 2-dimensional dot plot graphics of the flow cytometry data for the immune and inflammatory infiltrate in BAL fluid
collected from the three hamster groups (C, MCT and MCT-siRNA AP-1). Immune and inflammatory cells were incubated with different antibodies
for markers specific to these cell types as follow: a CD3e-FITC for T cells, b CD4-PE for T helper cells, ¢ CD8-APC for T cytotoxic cells, d MHC-II-PE

for proinflammatory macrophages type M1, e CD11c-AF647 for dendritic cells, macrophages, neutrophils, f Singlec-1-AF647 for alveolar
macrophages. Unstained cells were distributed in the left quadrant and stained cells were distributed in the right quadrant (measurements include
the percentage of cells within the gate). A total of 10.000 events counted for each marker
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Table 3 Analysis of markers specific to inflammatory and
immune cells from bronchoalveolar lavage (BAL) fluid by flow
cytometry

Markers Cgroup MCT group MCT-siRNA
(n=5) (n=5) AP-1 group
(n=5)
MHC-II 268+1.28 4.03+0.81 5.96+1.89
**P<0.01
CD11c 66.16+2.89 75.63+598 75.96+3.05
CD3e 55.88+3.80 64.47£10.69 7354+238
Singlec-1 63.63£543 76.10£9.09 7593191
CD4 54.84+18.19 75.99+4.88 73.74+2.42
**¥*P <0.005 **P<0.01
CcD8 1.69+134 9.98+4.24 7.05+1.14
*¥*P <0.005 **P<0.01

Five individual experiments were made for each experimental group. The data
represent the means +SD

Statistical significance represented as ***P <0.005, “P <0.01 values versus
control group. One-way ANOVA, Bonferroni post-test was applied

of profibrotic and proinflammatory factors and
the restoration of certain structural and functional
changes previously observed as being generated by
the administration of MCT, an inducer of the disease
cardiopulmonary.

Gene expression analysis of a panel of miRNAs

involved in the inflammatory response associated

with MCT-induced PAH; the effect of siRNA AP-1 treatment
All the structural and functional changes observed in the
pulmonary artery, right ventricle and lung, as well as the
increased levels of cytokines, proinflammatory and profi-
brotic markers observed in our study, led us to focus on

(See figure on next page.)
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a panel of miRNAs known to be directly involved in the
pathogenesis of PAH [33].

As a result, we assessed the relative gene expression
levels of miRNA-124, miRNA-145, miRNA-204, miRNA-
210, miRNA-21, and miRNA-214 extracted from pulmo-
nary arteries and right ventricle of the three investigated
experimental groups (C, MCT, MCT-siRNA AP-1) in
order to complete the table of molecular pathological
changes.

Two miRNAs, namely miRNA-124 and miRNA-
204, were shown to have down-regulated expressions
in the MCT group compared to C group (***P <0.005)
(Fig. 11A). For the other investigated miRNAs, miRNA-
145, miRNA-210, miRNA-21, and miRNA-214, the
expression levels were significantly increased, they being
up-regulated compared to those quantified at hamsters
in C group (***P<0.005,*P<0.05) (Fig. 11A). The group
that received siRNA AP-1 treatment also underwent
validation of the expression of this miRNA panel. Thus,
according to the findings shown in Fig. 11A, miRNA-124
and miRNA-204 considerably increased (***P<0.005),
whereas the expression levels of miRNA-145, miRNA-
210, miRNA-21, and miRNA-214 were significantly
down-regulated when compared to MCT group
(***P <0.005).

In cardiac tissue, specifically in the right ventricle, the
same miRNA panel was monitored. The findings dis-
played in Fig. 11B demonstrated that, in comparison to
the C group and the group receiving therapy with siRNA
AP-1, the expressions of miRNA-210, miRNA-21, and
miRNA-214 were considerably up-regulated in the group
receiving MCT (***P <0.005,"P <0.05). In the right ven-
tricle, the MCT-siRNA AP-1 group exhibited heightened
expression of miRNA-204 (**P<0.01, “P<0.05) together

Fig. 9 Representative immunofluorescence images for the evaluation of oxidative stress, remodelling pathway, and fibrosis markers specific

to vascular dysfunction, lung and cardiac fibrosis after 12 weeks of MCT alone or in combination with siRNA AP-1 for 10 weeks. The thin
cryo-sections from three types of tissues: pulmonary artery, lung and right ventricle harvested from all experimental groups (C, MCT, MCT-siRNA
AP-1) were immuno-labelled for: A Cytosolic ROS (Reactive Oxygen Species) production stained with dihydroethidium (DHE) dye shown

in bright red nuclear fluorescence; Bar graph with quantification of the stained areas expressed in: (a) pulmonary artery, (b) lung, (c) right
ventricle, (d) liver. B proteins involved in vascular remodelling/fibrosis: collagen type | (COL1A1-red), Fibronectin-red, Matrix metalloproteinase-9
(MMP-9-green); Bar graph with quantification of the stained areas expressed in pulmonary artery. C proteins involved in vascular fibrosis

and the epithelial-mesenchymal transition (EMT): Connective tissue growth factor (CTGF-red), Calponin-red, Vimentin-red, alpha smooth

muscle actin (a-SMA-green); Bar graph with quantification of the stained areas expressed in pulmonary artery. D specific endothelial markers

for EMT assessment: PECAM-1 (CD31-red), Vascular endothelial cadherin (VE-cadherin-green); Bar graph with quantification of the stained

areas in pulmonary artery. E proteins involved in pulmonary fibrosis and EMT: COL1A1-red, CTGF-red, Fibronectin-red, a-SMA-green; Bar graph
with quantification of the stained areas expressed in lung tissue. F, G proteins involved in cardiac hypertrophy/fibrosis and FMT: COL1A1-red,
CTGF-red, Fibronectin-red, a-SMA-red, F-actin (Phalloidin-green) OB-cadherin-red; Bar graph with quantification of the stained areas expressed

in right ventricle tissue. Nuclei were stained with DAPI dye shown in blue fluorescence. Data were presented as mean +SD. Each experiment point
was performed in triplicate, from two different set of experiments. Five different microscopic fields for each experimental point were analysed.
20x magnification, images quantified using the ImageJ program. The statistical significance, noticeably different, was represented as ***P < 0.005,
**P <001, *P <0.05 values versus control group and **P <0.005, P <0.01, *P < 0.05 values versus MCT group. One-way ANOVA, Bonferroni post-test

was applied
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with increased expression of miRNA-145 (***P<0.005,
##P <0.005) in comparison to the MCT group. Regarding
miRNA-124, the CT readings derived from ventricular
samples remained undetermined.

Discussion

Pulmonary arterial hypertension (PAH) remains a global
health issue, being a complex cardiopulmonary disease,
with diverse etiology, difficult to diagnose. One of the
major complications of this pathology is represented by
right ventricular systolic dysfunction characterized by
the transition from adaptive to maladaptive stage of right
ventricle hypertrophy to right heart failure being the
strongest predictor of mortality in patients with pulmo-
nary hypertension (PH) [34, 35]. The scientific literature
presents various animal models for the PH study which
aim to understand the pathophysiology/pathogenesis of
PH in different stages, but also to test and develop many
therapies that would improve the disease prognosis,
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reducing symptoms and increasing patients’ hope and
quality of life.

Described for the first time in 1967 by Kay et al. [36],
the MCT-induced PH animal model is currently one of
the most classic and broadly used in vivo murine mod-
els for the PH study because it presents advantages in
terms of cost efficiency, simple implementation and
reproducibility, but also the presence of histopathologi-
cal findings similar to those found in human PH such
as: endothelial dysfunction, vascular remodelling, exces-
sive proliferation of pulmonary arterial SMCs, hemo-
dynamic changes, inflammation and right ventricular
hypertrophy [37, 38]. To have the desired effect of MCT,
it is necessary to convert monocrotaline pyrrole (MCTP)
to its metabolically active form (dehydromonocrotaline)
in the liver under the action of oxidizing processes pro-
duced by cytochrome P-450 enzyme CYP3A4 [39]. After
MCTP becomes metabolically active, it has a pneumo-
toxic action causing damage at the level of pulmonary
arterial endothelial cells, local pulmonary microvascular
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Fig. 10 Representative Western blotting images of the expression levels of AP-153 (a), pFAK, FAK (b), pERK, ERK and (3-actin/GAPDH (c)

in pulmonary artery homogenates from all three experimental animal groups after 12 weeks of MCT alone or in combination with siRNA AP-1

for 10 weeks. Histograms show a quantitative representation of signalling molecules, AP-153 (a.1), pFAK, FAK (b.1), pERK, ERK (c.1). The data are
shown as the mean +SD of 4 independent experiments. Statistical significance represented as **P <0.01, *P <0.05 values versus control group

and #¥P <0.005, #P < 0.01, *P < 0.05 values versus MCT group, One-way ANOVA, Bonferroni post-test. Quantification of band intensities expressed

as ratio with B-actin/GAPDH was analysed by TotallLab TL120 program. The housekeeping B-actin and GAPDH proteins are shown as loading control

for protein normalization

thrombosis and endothelial dysfunction resulting in
increased pulmonary arterial pressure [40—42].

In the present study, to investigate structural and
functional changes as well as molecular mechanisms
associated with cardiopulmonary disease, we chose to
use the PAH hamster model induced by MCT (60 mg/
kg body weight in a single subcutaneous dose) together
with the therapeutic approach based on siRNA AP-1
treatment (100 nM administered subcutaneously every
2 weeks), from the early stages of the disease, spe-
cifically at two weeks after MCT administration, for a
period of 10 weeks. Following the biochemical profile
of the animals at 4 and 12 weeks, we found that MCT
causes changes in the lipid profile, particularly in the

case of triglyceride values that showed significantly
higher levels. These findings, which were also reported
in other studies, were correlated with hepatic metabo-
lism of this substance [43]. Even though MCT is a
toxic substance, the chosen dose concentration should
induce the specific changes of this pathology without
causing hepatotoxicity or other side effects that would
result in the establishment of other comorbidities. It is
known from research conducted on numerous experi-
mental animal models, except for the hamster, that
MCT at a dose of 20-80 mg/kg body (‘single hit" or
‘double hit’ approach) [44] has no toxic effect on liver
function. Since each species or strain metabolizes MCT
differently, in our MCT-induced PAH hamster model,
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we looked at the hepatic transaminase values through-
out the experimental period (4 and 12 weeks) to be
sure that the chosen dose of MCT does not induce
toxicity, and the model is optimal for PAH study. The
results revealed that plasma values of hepatic transami-
nases remained within normal limits, meaning that the
selected dose of 60 mg/kg body for MCT injection had
no toxic effect on hamster liver.

Furthermore, we showed that, 12 weeks after admin-
istration MCT induced significant increases in systolic
and diastolic blood pressure and an increased heart
rate, and siRNA AP-1 treatment counteracted the

negative effects of MCT on blood pressure. Our find-
ings are supported by other studies that evaluated a
series of parameters to monitor the effect of MCT on
pulmonary arterial pressure such as: right ventricle
end-systolic/end-diastolic pressure, right ventricle end-
systolic/end-diastolic volume and heart rate through
invasive hemodynamic determinations by recording
pressure—volume loops [28, 45-47].

It is known that, once the pulmonary arterial pressure
is established, the right ventricle will initially experience
adaptive hypertrophy through a compensatory mecha-
nism because the cardiac tissue adapts to the increased
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workload. Long-term maintenance of an increased car-
diac workload, as is the case in our experimental model,
causes the right ventricle to progress from a compensa-
tory state to a decompensated right ventricular failure.
Accordingly, for the evaluation of all these changes at
the level of the pulmonary artery but also for the assess-
ment of the structure and function of the right ventricle,
the echocardiographic analysis is absolutely essential
[48-51]. Thickening of the inner diameter of the pul-
monary artery observed in the case of our model can
be correlated with a progressive vascular remodelling
accompanied by a perivascular fibrosis but also to arterial
stiffening leading to increased systolic blood pressure and
consequent cardiac hypertrophy [52]. Arterial stiffening
is determined by the decrease in the arterial wall elastic-
ity, also observed in our myography experiments, where
the ability to contract and relax to various vasoconstric-
tor and vasodilator agents of the pulmonary artery was
severely affected (decreases pulmonary artery reactivity
associated with abnormal vasoconstriction and impaired
vasodilation), but also by the increase in Vel analysed by
PW Doppler mode, which changes the blood flow hemo-
dynamics leading to damage of peripheral small arteries
and microcirculation overall [53]. Turning our attention
to the assessment of global right ventricular function,
the following key parameters were considered, namely
ARV, RVWT, PRVOF and TAPSE which provide impor-
tant insights into the state of the cardiac tissue, and also
serve as a central predictor of survival and prognosis in
patients with PAH [54—56]. The reduction of the TAPSE
parameter, of the internal cavity of the right ventricle, as
well as of the PRVOF, demonstrated that the function
of the right ventricle was strongly affected in our MCT-
induced PAH hamster model. Treatment with siRNA
AP-1 restored the changes in these echocardiographic
parameters used to investigate structure and function of
the pulmonary artery and right ventricle. Furthermore,
our PAH animal model exhibited a series of histopatho-
logical alterations in cardiac, lung, and pulmonary vas-
cular tissue also noticed in other studies that included
severe chronic human cases of PH [57, 58]. It is impor-
tant to mention that in our study, siRNA AP-1 treatment
counteracted the negative effects of MCT on blood pres-
sure and restored the changes in echocardiographic and
histological parameters used to investigate structure
and function of the pulmonary artery and right ventri-
cle. Specifically, the administration of siRNA AP-1 in a
less advanced stage of PAH significantly attenuated the
perivascular fibrosis development at pulmonary artery
level, systolic and diastolic blood pressure, but also the
vascular wall dysfunction by improving the contraction
and relaxation capacity. At the same time, siRNA AP-1
treatment brought improvements in the right ventricular
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systolic function, right ventricle dilatation, delaying the
onset of cardiac hypertrophy.

For a better understanding of the pathophysiologi-
cal changes associated with PAH, particularly as a result
of MCT exposure, optical and electronic microscopy
offered critical information on the tissue abnormalities
prevalent in the organs of interest investigated in our
study. Pulmonary artery endothelium damage deter-
mined alveolar septal cell hyperplasia, pulmonary vein
occlusion, interstitial fibrosis in the pulmonary paren-
chyma, but also degeneration of AEC1 and AEC2, as
well as interstitial hypercellularity. This may be directly
related to the anti-mitotic capabilities of MCT, which
generated DNA damage and cell cycle arrest, as well as
AEC1 megakaryocytosis and perivascular edema, evi-
dence validated and previously described in another
animal model with MCT-induced PAH [59-62]. Stud-
ies continue to show the important role of inflammation
and immunity in the etiology of PAH. It is well known
that ET-1 is a potent endogenous vasoconstrictor pro-
duced by endothelial cells. ET-1 not only activates pro-
tein kinase C (PKC), which in turn activates transcription
factor AP-1 through the MAPkinase pathway, but it also
binds to ETA and ETB receptors, causing arterial vaso-
constriction. In addition, ET-1, also known as a mito-
genic factor for SMCs, facilitates the differentiation of
myofibroblasts by activating FAK, being one of the main
orchestrator of pulmonary hypertension [63-66]. In
addition to these known data, our study showed that,
after 4 weeks of MCT administration at PAH hamster
model, increases were observed in circulating levels of
both ET-1 and proinflammatory cytokines TGF-fB1, IL-1
and TNF-q, important mediators of tissue fibrosis, which
are responsible not only for the initiation of inflam-
mation at the respiratory level but also for pulmonary
arterial remodelling that causes the activation of key mol-
ecules involved in the fibrotic process namely AP-1, ERK
and FAK. Notably, FAK mediates the transduction of sig-
nals from modified adhesion molecules or ET-1/TGF-p1,
causing the transcriptional activation of AP-1 that leads
to the differentiation of fibroblasts into myofibroblasts
[67]. Other proinflammatory cytokines with increased
plasma levels, such as IL-1B and TNF-a, secreted mainly
by endothelial cells and activated fibroblasts, are respon-
sible for the production of a high level of ROS, which not
only maintain inflammation at the microvascular level,
but and influence pulmonary vasoreactivity [68].

Furthermore, our results revealed that the immune cell
infiltrate in the bronchoalveolar fluid, in particular CD4
and CD8 positive immune cell populations, could maintain
an inflammatory microenvironment even after 12 experi-
mental weeks of MCT, aggravating the inflammatory pro-
cess. Throughout the treatment period with siRNA AP-1, a
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reduction of inflammatory markers was observed both in
the plasma and in the bronchoalveolar fluid.

To have a better picture of the consequences that the
activation of certain key regulatory molecules has on
the PAH, we focused on investigating specific markers
involved in vascular remodelling, pulmonary fibrosis,
right ventricular hypertrophy, but also in the epithelial-
mesenchymal transition (EMT). EMT is a fundamen-
tal process in fibrotic disorders that is controlled by the
TGEF-P signalling pathway. Endothelial cells can undergo
this transition, developing a mesenchymal phenotype,
characterized by reduced levels of endothelial markers,
VE-cadherin and CD31, and increased levels of typical
mesenchymal markers such as calponin, vimentin and
a-SMA. The differentiation of lung fibroblasts into acti-
vated myofibroblasts has also been shown to be induced
by increased soluble profibrotic factors such as ET-1 and
TGF-B1 which are responsible for the production and
excessive deposition of EMC characterized by high levels
of COL1A, fibronectin, MMP-9, a-SMA and CTGF, mole-
cules involved in ECM remodelling, the progression of the
fibrotic process as well as in cardiac hypertrophy [69-73].

In our study, EMT was also observed both in the lung
and in the cardiac tissue, through the increased expres-
sion levels of the markers mentioned above. In addition,
the treatment we proposed to block the expression of
the transcription factor AP-1 was successful in reduc-
ing the inflammatory process by decreasing the lev-
els of proinflammatory cytokines, an effect observed as
early as 4 weeks after the initial MCT injection. Moreo-
ver, this decrease was correlated with the decrease in
the level of oxidative stress but also of proinflammatory
and profibrotic markers, inhibiting vascular remodel-
ling, perivascular and interstitial fibrosis, maladaptive
cardiac hypertrophy, thus preventing the occurrence of
EMT. Numerous studies have noted that oxidative stress
becomes evident by the third week of MCT treatment,
causing the release of a large amount of endothelium-
derived constrictor factors primarily ET-1, which accen-
tuates vascular endothelium damage resulting in ECM
remodelling, both at the level arterial as well as in the
lung, reduced pulmonary arterial vasodilator response
[74], but may also trigger the NRF-2 mediated stress
response pathway by increasing caspase-3 activation and
release [75] or by activating the NLRP3 inflammasome
caused by endothelial cell ferroptosis via HMGB1/TLR4
pathway [76, 77].

In the present study, the molecular mechanisms under-
lying the appearance of structural and functional changes
and inflammatory processes associated with cardiopul-
monary disease were also explored. Recent studies indi-
cated that miRNAs may play a crucial role in the genetic
regulation and development of the pathological changes
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that underlie PAH, including the proliferation, migration,
activation of endothelial cells, SMCs, and of fibroblasts,
as well as the inflammatory processes [33, 78]. Based on
these data, we examined the expression of a panel of six
miRNAs, including miRNA-124, miRNA-145, miRNA-
204, miRNA-210, miRNA-21, and miRNA-214, known
to be involved in PAH pathogenesis. It has already been
shown that down-regulation of miRNA-124 caused
fibroblast hyperproliferation and migration, resulting
in progressive adventitial remodelling, as well as in the
secretion of proinflammatory cytokines [79, 80] and of
miRNA-204, that is primarily expressed in pulmonary
artery MSCs, inducing increased resistance to apoptosis,
the level being decreased following the release of pro-
hypertensive molecules such as ET-1 [81]. Moreover, the
increased expression of miRNA-145, labeled as vascu-
lar SMC-specific miRNA, coincided with changes in the
phenotype of SMCs but also with the increased expres-
sion of the markers «-SMA and calponin [82], results also
obtained by us on immunolabelled sections from pulmo-
nary artery and right ventricle. Also, the miRNA-210 up-
regulation found by us, responsible for HIF-1-dependent
pathway activation, is known to have generated resist-
ance to apoptosis and the hyperplasia of vascular SMCs
[83]. Our data showed that miRNA-21 and miRNA-214
expressions were also up-regulated in pulmonary artery
and right ventricle, miRNA-21 being correlated with sup-
pression of Rho-kinase activity, resulting in decreased
angiogenesis and vasodilatation [84], but also prolif-
eration and migration of vascular SMCs [85]. Also, the
increased expression of T-cell-derived miRNA-214 was
positively correlated with the worsening of perivascular
fibrosis mediated by the profibrotic cytokine release that
lead to vascular stiffening under conditions of arterial
hypertension [86]. It should be noted that, our findings
demonstrated that siRNA AP-1 treatment decreased the
miRNA-210, miRNA-21, and miRNA-214 expressions in
both pulmonary artery and right ventricle.

Conclusion

These findings established that exposure to MCT
increased reactive oxygen species as well as a number
of proinflammatory and profibrotic factors, leading to
a variety of vascular effects such as: changes in vascu-
lar wall architecture, endothelial dysfunction, vascular
remodelling, and perivascular fibrosis associated with
an increase in pulmonary arterial pressure. Simultane-
ously, the right ventricle underwent adaptive hypertro-
phy as a result of compensatory mechanisms adapted to
the increased workload, resulting in impaired systolic
and diastolic performance. Correspondingly, proposed
therapy for cardiopulmonary disease, which uses siRNA
to mediate AP-1 transcriptional complex knockdown,
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yielded promising results with a good safety profile
throughout the 12-week trial period, including improved
pulmonary arterial and right ventricular function,
regression of perivascular and interstitial fibrosis in the
pulmonary artery, right ventricle, and lung, and down-
regulation of key inflammatory and fibrotic markers. All
these observations based on our findings/results make
us confident to say that siRNA AP-1- based therapeu-
tic strategy could be promising and feasible for treating
patients suffering from PAH in the future.

Study limitations: Ideally, the selection of an experi-
mental animal model for researching a condition/disease
is based mostly on the reproducibility of pathological
features present in humans for which researchers seek
an answer. The MCT-induced PAH animal model has
been subjected to some controversies in the last fifty
years, because its response varies depending on the spe-
cies, strains, the way the MCT is metabolized, but also
the lack of plexiform lesions. Because it is a chemically-
induced animal model, it is considered by many to be
a toxic model, a high dose of MCT being able to cause
serious extra-pulmonary features such as hepatic veno-
occlusive disease accompanied by liver failure and portal
hypertension, the development of myocarditis, obstruc-
tive pulmonary vein thrombosis, which may contribute
to higher mortality, which are not associated with severe
forms of PAH in humans. As a result, there are still ques-
tions whether this model is suitable for preclinical studies
of severe plexogenic PAH or is a model of severe angio-
proliferative PAH. When it comes to practical applica-
tions of siRNA-based therapeutics, the possible adverse
effects should always be taken into account. It is crucial
to note that no potential negative effect of exogenous
siRNA AP-1 treatment systemic delivery was identified in
our current work. It should also be mentioned that sys-
temic injection can lead to partial degradation of siRNA
due to endonucleases and exonucleases present in the
body, which could limit the therapeutic effectiveness of
this molecule at the targeted tissue level.

Acknowledgements

The authors appreciate the dedicated work of technicians Marilena Isachi (bio-
chemistry techniques), Carolina llies (animal care and feeding) and Marilena
Misici (preparing samples for transmission electron microscopy). Also, the
authors would like to thank Dr. Florentina Safciuc for the guidance on the
histological examination.

Author contributions

AG and IKC designed the research. IKC, ILA, GT performed the research. IKC,
ILA, GT analysed the data. AG and IKC wrote the manuscript. AG reviewed the
manuscript and obtained funding. All authors contributed to the article and
approved the submitted version.

Funding

This work was supported by the Romania’s National Recovery and Resil-
ience Plan, PNRR-III-C9-2022-18, CF 93/15.11.2022, Financing Contract no.
760063/23.05.2023, and by the Romanian Academy.

Page 31 of 33

Data availability
All datasets generated for this study are included in the article.

Declarations

Ethics approval and consent to participate
The animal study was reviewed and approved by Ethics Committees from
Institute of Cellular Biology and Pathology ‘Nicolae Simionescu’.

Competing interests

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Author details

'Institute of Cellular Biology and Pathology ‘Nicolae Simionescu’of Romanian
Academy, Bucharest, Romania. 2'Victor Babes National Institute of Pathology,
Bucharest, Romania.

Received: 10 November 2023 Accepted: 26 January 2024
Published online: 05 February 2024

References

1. Simonneau G, Robbins IM, Beghetti M, Channick RN, Delcroix M, Denton
CP, et al. Updated clinical classification of pulmonary hypertension. J Am
Coll Cardiol. 2009;54:543-54. https://doi.org/10.1016/jjacc.2009.04.012.

2. Wolter J, Mooi KG. Histopathology of pulmonary hypertensive diseases.
Diagn Histopathol. 2006;12:429-40. https://doi.org/10.1016/j.cdip.2006.
07.003.

3. RyanJJ, Marsboom G, Archer SL. Rodent models of group 1 pulmonary
hypertension. Handb Exp Pharmacol. 2013;218:105-49. https://doi.org/
10.1007/978-3-642-38664-0_5.

4. RyanJ, Bloch K, Archer SL. Rodent models of pulmonary hypertension:
harmonisation with the World Health Organisation’s categorisation of
human PH. Int J Clin Pract Suppl. 2011. https://doi.org/10.1111/j.1742-
1241.2011.02710x.

5. Meyrick B. The pathology of pulmonary artery hypertension. Clin Chest
Med. 2001;22:393-404, vii. https://doi.org/10.1016/50272-5231(05)
70279-3.

6. Humbert M, Guignabert C, Bonnet S, Dorfmuller P, Klinger JR, Nicolls MR,
et al. Pathology and pathobiology of pulmonary hypertension: state of
the art and research perspectives. Eur Respir J. 2019. https://doi.org/10.
1183/13993003.01887-2018.

7. Stenmark KR, Meyrick B, Galie N, Mooi WJ, McMurtry IF. Animal models
of pulmonary arterial hypertension: the hope for etiological discov-
ery and pharmacological cure. Am J Physiol Lung Cell Mol Physiol.
2009;297:L.1013-1032. https://doi.org/10.1152/ajplung.00217.2009.

8. Galie N, Humbert M, Vachiery JL, Gibbs S, Lang |, Torbicki A, et al. ESC/
ERS Guidelines for the diagnosis and treatment of pulmonary hyperten-
sion: The Joint Task Force for the Diagnosis and Treatment of Pulmonary
Hypertension of the European Society of Cardiology (ESC) and the Euro-
pean Respiratory Society (ERS): Endorsed by: Association for European
Paediatric and Congenital Cardiology (AEPC), International Society for
Heart and Lung Transplantation (ISHLT). Eur Respir J. 2015;46:903-75.
https://doi.org/10.1183/13993003.01032-2015.

9. Shaulian E, Karin M. AP-1 as a regulator of cell life and death. Nat Cell Biol.
2002;4:E131-136. https://doi.org/10.1038/ncb0502-e131.

10. Karin M, Liu Z, Zandi E. AP-1 function and regulation. Curr Opin Cell Biol.
1997;9:240-6. https://doi.org/10.1016/50955-0674(97)80068-3.

11. ZenzR, Eferl R, Scheinecker C, Redlich K, Smolen J, Schonthaler HB, et al.
Activator protein 1 (Fos/Jun) functions in inflammatory bone and skin
disease. Arthritis Res Ther. 2008;10:201. https://doi.org/10.1186/ar2338.

12. Eferl R, Wagner EF. AP-1: a double-edged sword in tumorigenesis. Nat Rev
Cancer. 2003;3:859-68. https://doi.org/10.1038/nrc1209.

13. Eferl R, Hasselblatt P, Rath M, Popper H, Zenz R, Komnenovic V, et al.
Development of pulmonary fibrosis through a pathway involving the
transcription factor Fra-2/AP-1. Proc Natl Acad Sci USA. 2008;105:10525—
30. https://doi.org/10.1073/pnas.0801414105.


https://doi.org/10.1016/j.jacc.2009.04.012
https://doi.org/10.1016/j.cdip.2006.07.003
https://doi.org/10.1016/j.cdip.2006.07.003
https://doi.org/10.1007/978-3-642-38664-0_5
https://doi.org/10.1007/978-3-642-38664-0_5
https://doi.org/10.1111/j.1742-1241.2011.02710.x
https://doi.org/10.1111/j.1742-1241.2011.02710.x
https://doi.org/10.1016/s0272-5231(05)70279-3
https://doi.org/10.1016/s0272-5231(05)70279-3
https://doi.org/10.1183/13993003.01887-2018
https://doi.org/10.1183/13993003.01887-2018
https://doi.org/10.1152/ajplung.00217.2009
https://doi.org/10.1183/13993003.01032-2015
https://doi.org/10.1038/ncb0502-e131
https://doi.org/10.1016/s0955-0674(97)80068-3
https://doi.org/10.1186/ar2338
https://doi.org/10.1038/nrc1209
https://doi.org/10.1073/pnas.0801414105

Comarita et al. Journal of Translational Medicine

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33

(2024) 22:137

Rajasekaran S, Vaz M, Reddy SP. Fra-1/AP-1 transcription factor negatively
regulates pulmonary fibrosis in vivo. PLoS ONE. 2012;7: e41611. https.//
doi.org/10.1371/journal.pone.0041611.

Meijer CA, Le Haen PA, van Dijk RA, Hira M, Hamming JF, van Bockel

JH, et al. Activator protein-1 (AP-1) signalling in human atherosclero-

sis: results of a systematic evaluation and intervention study. Clin Sci.
2012;122:421-8. https://doi.org/10.1042/CS20110234.

Alfonso-Jaume MA, Bergman MR, Mahimkar R, Cheng S, Jin ZQ, Karliner
JS, et al. Cardiac ischemia-reperfusion injury induces matrix metallopro-
teinase-2 expression through the AP-1 components FosB and JunB. Am J
Physiol Heart Circ Physiol. 2006;291:H1838-1846. https://doi.org/10.1152/
ajpheart.00026.2006.

Muslin AJ. MAPK signalling in cardiovascular health and disease: molecu-
lar mechanisms and therapeutic targets. Clin Sci. 2008;115:203-18.
https://doi.org/10.1042/CS20070430.

Palanki MS. Inhibitors of AP-1 and NF-kappa B mediated transcriptional
activation: therapeutic potential in autoimmune diseases and structural
diversity. Curr Med Chem. 2002;9:219-27. https://doi.org/10.2174/09298
67023371265.

Giri RS, Thaker HM, Giordano T, Williams J, Rogers D, Sudersanam V, et al.
Design, synthesis and characterization of novel 2-(2 4-disubstituted-
thiazole-5-yl)-3-aryl-3H-quinazoline-4-one derivatives as inhibitors of
NF-kappaB and AP-1 mediated transcription activation and as potential
anti-inflammatory agents. Eur J Med Chem. 2009;44:2184-9. https://doi.
0rg/10.1016/j.ejmech.2008.10.031.

Tsuchida K, Chaki H, Takakura T, Kotsubo H, Tanaka T, Aikawa Y, et al.
Discovery of nonpeptidic small-molecule AP-1 inhibitors: lead hopping
based on a three-dimensional pharmacophore model. J Med Chem.
2006;49:80-91. https://doi.org/10.1021/jm050550d.

Ye N, Ding Y, Wild C, Shen Q, Zhou J. Small molecule inhibitors targeting
activator protein 1 (AP-1). J Med Chem. 2014;57:6930-48. https://doi.org/
10.1021/jm5004733.

Hu B, Zhong L, Weng Y, Peng L, Huang Y, Zhao Y, et al. Therapeutic SiRNA:
state of the art. Signal Transduct Target Ther. 2020;5:101. https://doi.org/
10.1038/541392-020-0207-x.

Weng Y, Xiao H, Zhang J, Liang XJ, Huang Y. RNAi therapeutic and its
innovative biotechnological evolution. Biotechnol Adv. 2019;37:801-25.
https://doi.org/10.1016/j.biotechadv.2019.04.012.

Setten RL, Rossi JJ, Han SP. The current state and future directions of RNAI-
based therapeutics. Nat Rev Drug Discov. 2019;18:421-46. https://doi.
0rg/10.1038/541573-019-0017-4.

Comarita IK, Vilcu A, Constantin A, Procopciuc A, Safciuc F, Alexandru

N, et al. Therapeutic potential of stem cell-derived extracellular vesicles
on atherosclerosis-induced vascular dysfunction and its key molecular
players. Front Cell Dev Biol. 2022;10:817180. https://doi.org/10.3389/fcell.
2022.817180.

TangT, Deng Y, Chen J, Zhao Y, Yue R, Choy KW, et al. Local administra-
tion of siRNA through microneedle: optimization, bio-distribution, tumor
suppression and toxicity. Sci Rep. 2016;6:30430. https://doi.org/10.1038/
srep30430.

Friedrich M, Aigner A. Therapeutic siRNA: state-of-the-art and future
perspectives. BioDrugs. 2022;36:549-71. https://doi.org/10.1007/
s40259-022-00549-3.

Hessel MH, Steendijk P, den Adel B, Schutte Cl, van der Laarse A. Char-
acterization of right ventricular function after monocrotaline-induced
pulmonary hypertension in the intact rat. Am J Physiol Heart Circ Physiol.
2006;291:H2424-2430. https://doi.org/10.1152/ajpheart.00369.2006.
Hayashi'Y, Hussa JF, Lalich JJ. Cor pulmonale in rats. Lab Invest.
1967;16:875-81.

Daubeuf F, Frossard N. Performing bronchoalveolar lavage in the mouse.
Curr Protoc Mouse Biol. 2012;2:167-75. https://doi.org/10.1002/97804
70942390.m0110201.

Sun F, Xiao G, Qu Z. Murine bronchoalveolar lavage. Bio Protoc. 2017.
https://doi.org/10.21769/BioProtoc.2287.

Van Hoecke L, Job ER, Saelens X, Roose K. Bronchoalveolar lavage of
murine lungs to analyze inflammatory cell infiltration. J Vis Exp. 2017.
https://doi.org/10.3791/55398.

Zhou G, Chen T, Raj JU. MicroRNAs in pulmonary arterial hypertension.
Am J Respir Cell Mol Biol. 2015;52:139-51. https://doi.org/10.1165/rcmb.
2014-0166TR.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 32 of 33

Hoeper MM, Humbert M, Souza R, Idrees M, Kawut SM, Sliwa-Hahnle

K, et al. A global view of pulmonary hypertension. Lancet Respir Med.
2016;4:306-22. https://doi.org/10.1016/52213-2600(15)00543-3.

Hirani N, Brunner NW, Kapasi A, Chandy G, Rudski L, Paterson |, et al. Cana-
dian cardiovascular society/Canadian thoracic society position statement
on pulmonary hypertension. Can J Cardiol. 2020;36:977-92. https://doi.
org/10.1016/j.cjca.2019.11.041.

Kay JM, Harris P, Heath D. Pulmonary hypertension produced in rats by
ingestion of Crotalaria spectabilis seeds. Thorax. 1967,22:176-9. https://
doi.org/10.1136/thx.22.2.176.

Nogueira-Ferreira R, Vitorino R, Ferreira R, Henriques-Coelho T. Exploring
the monocrotaline animal model for the study of pulmonary arterial
hypertension: a network approach. Pulm Pharmacol Ther. 2015;35:8-16.
https://doi.org/10.1016/j.pupt.2015.09.007.

Dignam JP, Scott TE, Kemp-Harper BK, Hobbs AJ. Animal models of
pulmonary hypertension: getting to the heart of the problem. Br J Phar-
macol. 2022;179:811-37. https://doi.org/10.1111/bph.15444.

HeY, Lian W, Ding L, Fan X, Ma J, Zhang QY, et al. Lung injury induced by
pyrrolizidine alkaloids depends on metabolism by hepatic cytochrome
P450s and blood transport of reactive metabolites. Arch Toxicol.
2021;95:103-16. https://doi.org/10.1007/500204-020-02921-0.

Lalich JJ, Merkow L. Pulmonary arteritis produced in rat by feeding Crota-
laria spectabilis. Lab Invest. 1961;10:744-50.

Wilson DW, Segall HJ, Pan LC, Lame MW, Estep JE, Morin D. Mechanisms
and pathology of monocrotaline pulmonary toxicity. Crit Rev Toxicol.
1992;22:307-25. https://doi.org/10.3109/10408449209146311.
Rosenberg HC, Rabinovitch M. Endothelial injury and vascular reactivity in
monocrotaline pulmonary hypertension. Am J Physiol. 1988;255:H1484-
1491. https://doi.org/10.1152/ajpheart.1988.255.6.H1484.

Farahmand F, Malik A, Sharma A, Bagchi AK, Singal PK. Role of oxidative
stress versus lipids in monocrotaline-induced pulmonary hypertension
and right heart failure. Physiol Rep. 2021;9: e15090. https://doi.org/10.
14814/phy2.15090.

Zhuang W, Lian G, Huang B, Du A, Xiao G, Gong J, et al. Pulmonary arterial
hypertension induced by a novel method: twice-intraperitoneal injection
of monocrotaline. Exp Biol Med. 2018;243:995-1003. https://doi.org/10.
1177/1535370218794128.

Thibault HB, Kurtz B, Raher MJ, Shaik RS, Waxman A, Derumeaux G, et al.
Noninvasive assessment of murine pulmonary arterial pressure: valida-
tion and application to models of pulmonary hypertension. Circ Cardio-
vasc Imaging. 2010;3:157-63. https://doi.org/10.1161/CIRCIMAGING.109.
887109.

Jones JE, Mendes L, Rudd MA, Russo G, Loscalzo J, Zhang YY. Serial nonin-
vasive assessment of progressive pulmonary hypertension in a rat model.
Am J Physiol Heart Circ Physiol. 2002;283:H364-371. https://doi.org/10.
1152/ajpheart.00979.2001.

Kim KH, Kim HK, Chan SY, Kim YJ, Sohn DW. Hemodynamic and histo-
pathologic benefits of early treatment with macitentan in a rat model of
pulmonary arterial hypertension. Korean Circ J. 2018;48:839-53. https://
doi.org/10.4070/kcj.2017.0394.

Zhu Z, Godana D, Li A, Rodriguez B, Gu C, Tang H, et al. Echocardiographic
assessment of right ventricular function in experimental pulmonary
hypertension. Pulm Circ. 2019;9:2045894019841987. https://doi.org/10.
1177/2045894019841987.

Howard LS, Grapsa J, Dawson D, Bellamy M, Chambers JB, Masani ND,

et al. Echocardiographic assessment of pulmonary hypertension: stand-
ard operating procedure. Eur Respir Rev. 2012;21:239-48. https://doi.org/
10.1183/09059180.00003912.

Cheng HW, Fisch S, Cheng S, Bauer M, Ngoy S, Qiu'Y, et al. Assessment of
right ventricular structure and function in mouse model of pulmonary
artery constriction by transthoracic echocardiography. J Vis Exp. 2014.
https://doi.org/10.3791/51041.

Graham BB, Kumar R, Mickael C, Kassa B, Koyanagi D, Sanders L, et al.
Vascular adaptation of the right ventricle in experimental pulmonary
hypertension. Am J Respir Cell Mol Biol. 2018;59:479-89. https://doi.org/
10.1165/rcmb.2018-00950C.

Harvey A, Montezano AC, Lopes RA, Rios F, Touyz RM. Vascular fibrosis in
aging and hypertension: molecular mechanisms and clinical implications.
Can J Cardiol. 2016;32:659-68. https://doi.org/10.1016/j.cjca.2016.02.070.
Boissiere J, Gautier M, Machet MC, Hanton G, Bonnet P, Eder V. Doppler
tissue imaging in assessment of pulmonary hypertension-induced right


https://doi.org/10.1371/journal.pone.0041611
https://doi.org/10.1371/journal.pone.0041611
https://doi.org/10.1042/CS20110234
https://doi.org/10.1152/ajpheart.00026.2006
https://doi.org/10.1152/ajpheart.00026.2006
https://doi.org/10.1042/CS20070430
https://doi.org/10.2174/0929867023371265
https://doi.org/10.2174/0929867023371265
https://doi.org/10.1016/j.ejmech.2008.10.031
https://doi.org/10.1016/j.ejmech.2008.10.031
https://doi.org/10.1021/jm050550d
https://doi.org/10.1021/jm5004733
https://doi.org/10.1021/jm5004733
https://doi.org/10.1038/s41392-020-0207-x
https://doi.org/10.1038/s41392-020-0207-x
https://doi.org/10.1016/j.biotechadv.2019.04.012
https://doi.org/10.1038/s41573-019-0017-4
https://doi.org/10.1038/s41573-019-0017-4
https://doi.org/10.3389/fcell.2022.817180
https://doi.org/10.3389/fcell.2022.817180
https://doi.org/10.1038/srep30430
https://doi.org/10.1038/srep30430
https://doi.org/10.1007/s40259-022-00549-3
https://doi.org/10.1007/s40259-022-00549-3
https://doi.org/10.1152/ajpheart.00369.2006
https://doi.org/10.1002/9780470942390.mo110201
https://doi.org/10.1002/9780470942390.mo110201
https://doi.org/10.21769/BioProtoc.2287
https://doi.org/10.3791/55398
https://doi.org/10.1165/rcmb.2014-0166TR
https://doi.org/10.1165/rcmb.2014-0166TR
https://doi.org/10.1016/S2213-2600(15)00543-3
https://doi.org/10.1016/j.cjca.2019.11.041
https://doi.org/10.1016/j.cjca.2019.11.041
https://doi.org/10.1136/thx.22.2.176
https://doi.org/10.1136/thx.22.2.176
https://doi.org/10.1016/j.pupt.2015.09.007
https://doi.org/10.1111/bph.15444
https://doi.org/10.1007/s00204-020-02921-0
https://doi.org/10.3109/10408449209146311
https://doi.org/10.1152/ajpheart.1988.255.6.H1484
https://doi.org/10.14814/phy2.15090
https://doi.org/10.14814/phy2.15090
https://doi.org/10.1177/1535370218794128
https://doi.org/10.1177/1535370218794128
https://doi.org/10.1161/CIRCIMAGING.109.887109
https://doi.org/10.1161/CIRCIMAGING.109.887109
https://doi.org/10.1152/ajpheart.00979.2001
https://doi.org/10.1152/ajpheart.00979.2001
https://doi.org/10.4070/kcj.2017.0394
https://doi.org/10.4070/kcj.2017.0394
https://doi.org/10.1177/2045894019841987
https://doi.org/10.1177/2045894019841987
https://doi.org/10.1183/09059180.00003912
https://doi.org/10.1183/09059180.00003912
https://doi.org/10.3791/51041
https://doi.org/10.1165/rcmb.2018-0095OC
https://doi.org/10.1165/rcmb.2018-0095OC
https://doi.org/10.1016/j.cjca.2016.02.070

Comarita et al. Journal of Translational Medicine

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

(2024) 22:137

ventricle dysfunction. Am J Physiol Heart Circ Physiol. 2005;289:H2450-
2455. https://doi.org/10.1152/ajpheart.00524.2005.

Zakaria D, Sachdeva R, Gossett JM, Tang X, O'Connor MJ. Tricuspid annular
plane systolic excursion is reduced in infants with pulmonary hyperten-
sion. Echocardiography. 2015;32:834-8. https://doi.org/10.1111/echo.
12797.

Peyrou J, Parsai C, Chauvel C, Simon M, Dehant P, Abergel E. Echocardio-
graphic assessment of right ventricular systolic function in a popula-
tion of unselected patients before cardiac surgery: a multiparametric
approach is necessary. Arch Cardiovasc Dis. 2014;107:529-39. https://doi.
0rg/10.1016/j.acvd.2014.06.007.

Bossone E, D’Andrea A, D'Alto M, Citro R, Argiento P, Ferrara F, et al.
Echocardiography in pulmonary arterial hypertension: from diagnosis

to prognosis. J Am Soc Echocardiogr. 2013;26:1-14. https://doi.org/10.
1016/j.ech0.2012.10.009.

Werchan PM, Summer WR, Gerdes AM, McDonough KH. Right ventricular
performance after monocrotaline-induced pulmonary hypertension. Am
J Physiol. 1989,256:H1328-1336. https://doi.org/10.1152/ajpheart.1989.
256.5.H1328.

KatoY, Iwase M, Kanazawa H, Kawata N, Yoshimori Y, Hashimoto K, et al.
Progressive development of pulmonary hypertension leading to right
ventricular hypertrophy assessed by echocardiography in rats. Exp Anim.
2003;52:285-94. https://doi.org/10.1538/expanim.52.285.

Petry TW, Bowden GT, Huxtable RJ, Sipes IG. Characterization of hepatic
DNA damage induced in rats by the pyrrolizidine alkaloid monocrotaline.
Cancer Res. 1984;44:1505-9.

Wilson DW, Lame MW, Dunston SK, Segall HJ. DNA damage cell check-
point activities are altered in monocrotaline pyrrole-induced cell cycle
arrest in human pulmonary artery endothelial cells. Toxicol Appl Pharma-
col. 2000;166:69-80. https://doi.org/10.1006/taap.2000.8966.

Reindel JF, Ganey PE, Wagner JG, Slocombe RF, Roth RA. Development of
morphologic, hemodynamic, and biochemical changes in lungs of rats
given monocrotaline pyrrole. Toxicol Appl Pharmacol. 1990;106:179-200.
https://doi.org/10.1016/0041-008x(90)90239-q.

Silva-Neto JP, Barreto RA, Pitanga BF, Souza CS, Silva VD, Silva AR, et al.
Genotoxicity and morphological changes induced by the alkaloid
monocrotaline, extracted from Crotalaria retusa, in a model of glial cells.
Toxicon. 2010;55:105-17. https://doi.org/10.1016/j.toxicon.2009.07.007.
Galie N, Manes A, Branzi A. The endothelin system in pulmonary arterial
hypertension. Cardiovasc Res. 2004,61:227-37. https://doi.org/10.1016/j.
cardiores.2003.11.026.

Frasch HF, Marshall C, Marshall BE. Endothelin-1 is elevated in monocro-
taline pulmonary hypertension. Am J Physiol. 1999,276:.304-310. https://
doi.org/10.1152/ajplung.1999.276.2.L.304.

Zhai C, Zhang N, Wang J, Cao M, Luan J, Liu H, et al. Activation of
autophagy induces monocrotaline-induced pulmonary arterial hyperten-
sion by FOXM1-mediated FAK phosphorylation. Lung. 2022;200:619-31.
https://doi.org/10.1007/500408-022-00569-4.

Murphy JM, Jeong K, Lim SS. FAK family kinases in vascular diseases. Int J
Mol Sci. 2020. https://doi.org/10.3390/ijms21103630.

Lagares D, Kapoor M. Targeting focal adhesion kinase in fibrotic diseases.
BioDrugs. 2013;27:15-23. https://doi.org/10.1007/540259-012-0003-4.
Mukhopadhyay S, Hoidal JR, Mukherjee TK. Role of TNFalpha in pulmo-
nary pathophysiology. Respir Res. 2006;7:125. https://doi.org/10.1186/
1465-9921-7-125.

Pardali E, Sanchez-Duffhues G, Gomez-Puerto MC, Ten Dijke P. TGF-beta-
induced endothelial-mesenchymal transition in fibrotic diseases. Int J Mol
Sci. 2017. https://doi.org/10.3390/ijms18102157.

Tatler AL, Jenkins G. TGF-beta activation and lung fibrosis. Proc Am Thorac
Soc. 2012;9:130-6. https://doi.org/10.1513/pats.201201-003AW.

Flier SN, Tanjore H, Kokkotou EG, Sugimoto H, Zeisberg M, Kalluri R.
Identification of epithelial to mesenchymal transition as a novel source of
fibroblasts in intestinal fibrosis. J Biol Chem. 2010;285:20202-12. https://
doi.org/10.1074/jbc.M110.102012.

Goumans MJ, van Zonneveld AJ, ten Dijke P. Transforming growth factor
beta-induced endothelial-to-mesenchymal transition: a switch to cardiac
fibrosis? Trends Cardiovasc Med. 2008;18:293-8. https://doi.org/10.1016/j.
tcm.2009.01.001.

Willis BC, Borok Z. TGF-beta-induced EMT: mechanisms and implica-
tions for fibrotic lung disease. Am J Physiol Lung Cell Mol Physiol.
2007;293:L525-534. https://doi.org/10.1152/ajplung.00163.2007.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Page 33 of 33

Zimmer A, Teixeira RB, Constantin RL, Campos-Carraro C, Aparicio Cord-
ero EA, Ortiz VD, et al. The progression of pulmonary arterial hypertension
induced by monocrotaline is characterized by lung nitrosative and oxida-
tive stress, and impaired pulmonary artery reactivity. Eur J Pharmacol.
2021;891:173699. https://doi.org/10.1016/j.ejphar.2020.173699.
Nakayama Wong LS, Lame MW, Jones AD, Wilson DW. Differential cellular
responses to protein adducts of naphthoquinone and monocrotaline
pyrrole. Chem Res Toxicol. 2010;23:1504-13. https://doi.org/10.1021/
™x®1002436.

Sadamura-Takenaka Y, Ito T, Noma S, Oyama Y, Yamada S, Kawahara K,

et al. HMGB1 promotes the development of pulmonary arterial hyperten-
sion in rats. PLoS ONE. 2014;9: €102482. https://doi.org/10.1371/journal.
pone.0102482.

Xie SS, Deng Y, Guo SL, Li JQ, Zhou YC, Liao J, et al. Endothelial cell ferrop-
tosis mediates monocrotaline-induced pulmonary hypertension in rats
by modulating NLRP3 inflammasome activation. Sci Rep. 2022;12:3056.
https://doi.org/10.1038/541598-022-06848-7.

Joshi SR, McLendon JM, Comer BS, Gerthoffer WT. MicroRNAs-control of
essential genes: Implications for pulmonary vascular disease. Pulm Circ.
2011;1:357-64. https://doi.org/10.4103/2045-8932.87301.

Wang D, Zhang H, Li M, Frid MG, Flockton AR, McKeon BA, et al. Micro-
RNA-124 controls the proliferative, migratory, and inflammatory pheno-
type of pulmonary vascular fibroblasts. Circ Res. 2014;114.67-78. https://
doi.org/10.1161/CIRCRESAHA.114.301633.

Kang K, Peng X, Zhang X, Wang Y, Zhang L, Gao L, et al. MicroRNA-124
suppresses the transactivation of nuclear factor of activated T cells by tar-
geting multiple genes and inhibits the proliferation of pulmonary artery
smooth muscle cells. J Biol Chem. 2013;288:25414-27. https://doi.org/10.
1074/jbc.M113.460287.

Courboulin A, Paulin R, Giguere NJ, Saksouk N, Perreault T, Meloche J,

et al. Role for miR-204 in human pulmonary arterial hypertension. J Exp
Med. 2011;208:535-48. https://doi.org/10.1084/jem.20101812.

Caruso P, Dempsie Y, Stevens HC, McDonald RA, Long L, Lu R, et al. A role
for miR-145 in pulmonary arterial hypertension: evidence from mouse
models and patient samples. Circ Res. 2012;111:290-300. https://doi.org/
10.1161/CIRCRESAHA.112.267591.

Gou D, Ramchandran R, Peng X, Yao L, Kang K, Sarkar J, et al. miR-210 has
an antiapoptotic effect in pulmonary artery smooth muscle cells during
hypoxia. Am J Physiol Lung Cell Mol Physiol. 2012,303:L682-691. https://
doi.org/10.1152/ajplung.00344.2011.

Parikh VN, Jin RC, Rabello S, Gulbahce N, White K, Hale A, et al.
MicroRNA-21 integrates pathogenic signaling to control pulmonary
hypertension: results of a network bioinformatics approach. Circula-

tion. 2012;125:1520-32. https://doi.org/10.1161/CIRCULATIONAHA.111.
060269.

Sarkar J, Gou D, Turaka P, Viktorova E, Ramchandran R, Raj JU. Micro-
RNA-21 plays a role in hypoxia-mediated pulmonary artery smooth mus-
cle cell proliferation and migration. Am J Physiol Lung Cell Mol Physiol.
2010;299:L.861-871. https://doi.org/10.1152/ajplung.00201.2010.

Nosalski R, Siedlinski M, Denby L, McGinnigle E, Nowak M, Cat AND, et al.
T-cell-derived miRNA-214 mediates perivascular fibrosis in hypertension.
Circ Res. 2020;126:988-1003. https://doi.org/10.1161/CIRCRESAHA.119.
315428.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1152/ajpheart.00524.2005
https://doi.org/10.1111/echo.12797
https://doi.org/10.1111/echo.12797
https://doi.org/10.1016/j.acvd.2014.06.007
https://doi.org/10.1016/j.acvd.2014.06.007
https://doi.org/10.1016/j.echo.2012.10.009
https://doi.org/10.1016/j.echo.2012.10.009
https://doi.org/10.1152/ajpheart.1989.256.5.H1328
https://doi.org/10.1152/ajpheart.1989.256.5.H1328
https://doi.org/10.1538/expanim.52.285
https://doi.org/10.1006/taap.2000.8966
https://doi.org/10.1016/0041-008x(90)90239-q
https://doi.org/10.1016/j.toxicon.2009.07.007
https://doi.org/10.1016/j.cardiores.2003.11.026
https://doi.org/10.1016/j.cardiores.2003.11.026
https://doi.org/10.1152/ajplung.1999.276.2.L304
https://doi.org/10.1152/ajplung.1999.276.2.L304
https://doi.org/10.1007/s00408-022-00569-4
https://doi.org/10.3390/ijms21103630
https://doi.org/10.1007/s40259-012-0003-4
https://doi.org/10.1186/1465-9921-7-125
https://doi.org/10.1186/1465-9921-7-125
https://doi.org/10.3390/ijms18102157
https://doi.org/10.1513/pats.201201-003AW
https://doi.org/10.1074/jbc.M110.102012
https://doi.org/10.1074/jbc.M110.102012
https://doi.org/10.1016/j.tcm.2009.01.001
https://doi.org/10.1016/j.tcm.2009.01.001
https://doi.org/10.1152/ajplung.00163.2007
https://doi.org/10.1016/j.ejphar.2020.173699
https://doi.org/10.1021/tx1002436
https://doi.org/10.1021/tx1002436
https://doi.org/10.1371/journal.pone.0102482
https://doi.org/10.1371/journal.pone.0102482
https://doi.org/10.1038/s41598-022-06848-7
https://doi.org/10.4103/2045-8932.87301
https://doi.org/10.1161/CIRCRESAHA.114.301633
https://doi.org/10.1161/CIRCRESAHA.114.301633
https://doi.org/10.1074/jbc.M113.460287
https://doi.org/10.1074/jbc.M113.460287
https://doi.org/10.1084/jem.20101812
https://doi.org/10.1161/CIRCRESAHA.112.267591
https://doi.org/10.1161/CIRCRESAHA.112.267591
https://doi.org/10.1152/ajplung.00344.2011
https://doi.org/10.1152/ajplung.00344.2011
https://doi.org/10.1161/CIRCULATIONAHA.111.060269
https://doi.org/10.1161/CIRCULATIONAHA.111.060269
https://doi.org/10.1152/ajplung.00201.2010
https://doi.org/10.1161/CIRCRESAHA.119.315428
https://doi.org/10.1161/CIRCRESAHA.119.315428

	The siRNA-mediated knockdown of AP-1 restores the function of the pulmonary artery and the right ventricle by reducing perivascular and interstitial fibrosis and key molecular players in cardiopulmonary disease
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Experimental murine model with MCT-induced cardiopulmonary disease (pulmonary hypertension, and associated perivascularpulmonary fibrosis and right ventricular hypertrophy) injected or not with siRNA AP-1
	Biochemical analysis of plasmatic parameters
	Non-invasive measurement of haemodynamic parameters
	Echocardiographic assessments
	Myographic analysis of functional responses of isolated pulmonary arteries
	Measurements of serum inflammatory markers
	Analysis of different cell types in bronchoalveolar lavage fluid
	Western blot analysis
	Transmission electron microscopy
	RNA Extraction and Real-Time qPCR analysis
	Tissue processing and histological examination
	Immunofluorescence analysis
	Data analysis

	Results
	The effects of MCT injection and siRNA AP-1 treatment on plasma biochemical parameters
	The effects of MCT injection and siRNA AP-1 treatment on pulmonary arterial hypertension
	Pulmonary artery function in MCT-induced PAH and siRNA AP-1 treatment effects evaluated by wire myography
	Structure and function of pulmonary artery and right ventricle in MCT-induced PAH and siRNA AP-1 treatment effects monitored by echocardiography
	The MCT-induced ultrastructural changes in pulmonary artery, lung and right ventricle were reduced by the siRNA AP-1 treatment
	The histological changes following MCT administration were remedied after siRNA AP-1 therapy
	Elevated levels of plasma inflammatory cytokines in MCT-induced PAH were alleviated when administering the siRNA AP-1 treatment
	Modification of immune and inflammatory infiltrate in bronchoalveolar fluid after MCT and siRNA AP-1 administration
	Expression level of oxidative stress, remodelling pathway and fibrosis markers was reduced in pulmonary artery, lung, and right ventricle following treatment with siRNA AP-1
	The signalling molecules that control the inflammatory response displayed a reduced expression profile after siRNA AP-1 treatment
	Gene expression analysis of a panel of miRNAs involved in the inflammatory response associated with MCT-induced PAH; the effect of siRNA AP-1 treatment

	Discussion
	Conclusion
	Acknowledgements
	References


