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Resumo

Hipertensdo arterial pulmonar (HAP) € uma doenca crénica e progressiva
caracterizada por um aumento persistente da resisténcia vascular pulmonar e pela
sobrecarga do ventriculo direito, que resulta em insuficiéncia cardiaca e morte. O inicio
e a progressdo da HAP dependem da interacdo entre cardiomiécitos e células da
vasculatura pulmonar, especialmente células endoteliais (ECs), que regulam a
homeostasia vascular. No entanto, a interacdo entre esses tipos de células ainda é
pouco conhecida, a nivel molecular.

O presente estudo tem como objetivo avaliar a comunicacéao intercelular entre
ECs e cardiomiécitos. Pelo facto de a inflamacdo estar associada a HAP, decidimos
expor as células endoteliais da veia umbilical humana (HUVEC) ao lipopolissacarideo
(LPS), usado como um estimulo inflamatério. O meio condicionado recolhido das
HUVEC foi adicionado a células H9c2, um modelo de cardiomidcitos. Posteriormente,
foram avaliados os niveis de Cx43 e de marcadores de autofagia (i.e., p62 e a razéo
LC3II/LC3I) nas células. Os resultados mostraram que alteragdes do secretoma das
HUVEC, induzidas pelo LPS modula os niveis de Cx43 e dos marcadores de autofagia
em células H9c2. Resultados semelhantes foram observados in vivo utilizando um
modelo animal de rato de PAH induzido por monocrotalina (MCT).

Estes resultados sugerem que, na HAP, as ECs secretam fatores para o sangue,

nomeadamente mediadores inflamatérios, que afetam a funcéo dos cardiomiécitos.

Palavras chaves
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Abstract

Pulmonary arterial hypertension (PAH) is a chronic and progressive disorder
characterised by a persistent increase in pulmonary vascular resistance and overload of
the right ventricle, leading to heart failure and death. The onset and progression of PAH
depends on the crosstalk between cardiomyocytes and cells of the pulmonary
vasculature, especially endothelial cells (ECs), which regulate vascular homeostasis.
However, the interaction between these cell types is still poorly understood at a
molecular level.

The present study aimed to evaluate the crosstalk between ECs and
cardiomyocytes. We mimicked PAH-associated inflammation by exposing human
umbilical vein endothelial cells (HUVEC) to the inflammatory stimulus lipopolysaccharide
(LPS). The HUVEC-conditioned medium was then added to cardiac cell line (H9c2 cells).
The levels of Cx43 and autophagy markers (i.e. p62 and LC3I/LC3lIl) in rat ventricular
H9c2 cells exposed to a conditioned medium were evaluated. The results showed that
conditioned medium from HUVECs modulated the levels of Cx43 and autophagy
markers in H9c2 cells. Similar results were observed in vivo using a monocrotaline
(MCT)-induced PAH rat model.

Together, these results suggest that in PAH, ECs secrete factors to the blood
which are similar to inflammatory mediators, with these factors affecting cardiomyocyte

function.

Keywords

Autophagy; Inflammation; Cell Communication; Pulmonary Hypertension.

W



Table of Contents

List of Abbreviations and ACIrONYMS.......cooiiiiiiiiiii e Il
LiSt OF HIUSTIAtIONS ... et r e e e e e e e eeee e e e e e eeeeennnes I
LiSt Of TaDIES e \%
S E] U 10 Yo PSP PP \%
N 015 1 - T3 VI
Chapter 1. INtrodUCTION .....coooiiiiiiiii e 2
Chapter 2. Materials and methodsS ..., 4
S R =T | I o] 1 ] (=S 4
2.2.  Conditioned Medium (CM)........iiii i e e e 4
2.3, HOIC2 CellS trealMENL......cceeeeeeiieiee e e e e e e e e e e e e 4
2.4, Cell VIabIlity @SSAY ... cciiiieiiiiiiiiiiiie e 4
2.5.  Pulmonary hypertension model..........cccccviiiiiiiiiiii 5
2.6.  Western blot analysiS ... 5
2.7.  ImmunofluOresSCeNCE MICIOSCOPY ...ccevveeiriiiiieieeeeeeeetiiee e e e e e e e et e e e e e e eareaans 5
2.8.  Statistical analysiS. .........coooviiiiiiiiii 6
Chapter 3. RESUILS ..ot e e e e e e e e e e e e e e araaa s 7
3.1. Effect of LPS on cell viability and inflammation response on HUVECs................... 7
3.2. Modulation of Cx43 and autophagy markers on H9c2 cells after treatment with CM-
HUWVECS ... ettt ettt e e e e e e et e e e e e e e e e et a e e e e eaeeeesas st raeaeaaeeeeaaannenees 9
3.3. Modulation of Cx43, LC3 and p62 in the right ventricle of the MCT-treated rat..... 12
Chapter 4. Discussion and CONCIUSION .......ouuuiiiiiiiiiiiice e 14

Chapter 5. REfEIENCES ..uuuui e 18



Chapter 1. Introduction

Pulmonary hypertension (PH) is a haemodynamic state defined as a mean
pulmonary arterial pressure (MPAP) > 20 mmHg at rest, measured by right heart
catheterisation (1). PH is a global health issue, with a prevalence of 10% in individuals
aged over 65 years (2). Dyspnea, fatigue and syncope are the most common symptoms,
with the interval between onset of these symptoms and diagnosis ranging from 18 to 32
months (2). Unfortunately, PH symptoms are associated with an impaired prognosis and
the survival rate without treatment is 34% at 5 years (3). PH is categorised into five
groups based on pathophysiological mechanisms, clinical features, haemodynamic
characteristics and prognostic implications (1). PAH, described as a subgroup of PH by
World Health Organization Group | PH (4), is characterised by mPAP > 20 mmHg, with
normal pulmonary artery wedge pressure (PAWP) < 15 mmHg and pulmonary vascular
resistance (PVR) 2 3 Wood units, in the absence of other causes of pre-capillary PH (1,
5). PAH can be idiopathic, hereditary or secondary to various conditions, but all forms
are a vasculopathy (4, 6), distinguished by endothelial dysfunction with an accumulation
of vascular cells in the pulmonary arterial wall, loss of precapillary arteries, perivascular
inflammation and fibrosis (7). Factors such as shear stress, hypoxia, dysregulation in
bone morphogenetic protein receptor type Il (BMPR2), metabolic derangements,
mitochondrial dysfunction, circulating autoantibodies and immune complexes (7) lead to
pulmonary vascular changes. Over time, these derangements impose a haemodynamic
load on the right ventricle, leading to heart failure and death (8, 9). Right ventricular (RV)
function is the primary and major prognostic factor for morbidity and mortality in PH. RV
hypertrophy (RVH) is initially an adaptive physiological response to increased overload;
however, with persistent afterload increase, this response transitions to pathological
maladaptive remodelling (8). Furthermore, endothelial dysfunction eventually results in
an imbalance between the production and release of several mediators, such as
vasoconstrictors/vasodilators and proinflammatory/anti-inflammatory signals (10), which
could modulate the integrity of RV function.

The electrical and metabolic coupling of cells through specialised cell contacts,
called gap junctions (GJs), are critical for heart function (11). GJs localise mainly at the
intercalated discs to allow rapid and unidirectional action potential propagation through
the heart muscle (11-13). Therefore, the impairment of GJ intercellular communication

has been associated with conduction block and arrhythmogenesis (13).



GJs are composed of a family of multispanning membrane proteins, the
connexins (Cxs) (14). Cx43 is the most widely expressed and is found in a large variety
of cell types and tissues (12), including ithe heart (11, 12, 15). Usually, in pathological
conditions, Cx43 is down-regulated and/or redistributed to the lateral membranes of
cardiomyocytes. In order to maintain the correct function of the heart, Cx43 needs to be
carefully regulated (12). In the heart, autophagy and ubiquitin-proteasome system (UPS)
are the two major intracellular pathways responsible for the degradation of most cellular
proteins (15, 16), thus regulating the turnover of myocardial proteins(15). Its
dysregulation has been associated with many pathological conditions, such as cancer
(16), heart failure (10) and hypertension (14).

Despite many studies on PAH development (6), the effect of mediators released
by pulmonary endothelium on cardiomyocytes remains underexplored. Therefore, this
work focuses on the crosstalk between the endothelium and cardiomyocytes. To mimic
pathological conditions, we exposed cardiomyocytes to the medium from ECs subject to
inflammatory treatment. We aimed to evaluate the effect of this inflammatory treatment
on autophagy and Cx43 expression in H9c2 cells, as well as in tissue extracts from a PH
rat model. Improved knowledge of these processes may help in the designing of new
and more effective approaches for PAH treatment.



Chapter 2. Materials and methods

2.1. Cell cultures

Human umbilical vein endothelial cells (HUVEC)/TERT2 cells were obtained from
Everycyte. The cells were cultured in gelatin pre-coated flasks in Medium 200 (Thermo
Fisher SCIENTIFIC) supplemented with Low Serum Growth Supplement (LSGS,
Thermo Fisher SCIENTIFIC), 100 U/ml penicillin, 100 pg/ml streptomycin, 10% fetal
bovine serum (FBS). Cells were grown under a humidified atmosphere, containing 5%
CO; at 37°C.

The H9c?2 rat cardiomyoblast cells were obtained from SIGMA-Aldrich and were
obtained from ECACC and cultured in high glucose cultured in Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine under a humidified atmosphere,
containing 5% CO; at 37°C.

2.2. Conditioned medium (CM)

HUVECs were treated with LPS (Sigma-Aldrich) dissolved in saline solution for
24 hours. The medium was removed 6 hours before the end of experiment and replaced
by new Medium 200, to remove any residual LPS. Then, the medium was collected
(HUVECSs conditioned medium, CM-HUVECS), centrifuged at 15,000 g for 5 minutes at

4°C to remove cell debris and stored at -80°C for subsequent experimentation.

2.3. H9c2 cells treatment
H9c2 cells were treated with CM-HUVECSs for 24h under a humidified atmosphere
containing 5% CO; at 37°C.

2.4. Cell viability assay

Cell viability was assessed by Alamar Blue (Resazurin) assay. Briefly, cells were
treated with different concentrations (50 and 100 pg/ml) of LPS for 12, 24 and 48 hours.
The cells were further incubated with resazurin (final concentration 50 uM) for 4 hours at
37 °C, after which the absorbance was recorded at 570 nm with a reference filter at 620
nm using Biotek Synergy HT spectrophotometer (Biotek). Cell viability (% control) was
calculated according to the ratio between (A570 - A620) treated cells and (A570 - A620)

control cells.



2.5. Pulmonary hypertension model

The animal model of PH was developed as described previously by Baptista et al
(8). Briefly, PH was induced in rats by a single intraperitoneal injection (60 mg/Kg body
weight) of MCT. Rats, euthanised by cervical dislocation, were sacrificed at 3, 4 and 6
weeks. All animal experiment protocols were approved by the ORBEA-IBILI (permit
09/2015) and handled according to European Union guidelines (2010/63/EU).

2.6. Western blot (WB) analysis

Total cell extracts were obtained by harvesting the cells in Laemmli buffer (4 %
SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue, 0.125 M Tris-
HCI, pH 6.8). Then cell lysates were sonicated and denaturated at 95°C for 5 minutes.

The right ventricle was homogenised in a tissue grinder (Potter-Elvehjem PTFE,
Corning Life Sciences), in a lysis buffer (150 mM NaCl, 50 mM Tris-HCI, 1% NP-40 and
0.1%, 0,2 % SDS, pH 7.5) supplemented with protease and phosphatase inhibitors.
Homogenates were centrifuged at 1000 g for 5 minutes, and further centrifuged at 15,700
g, for 20 minutes. The supernatants were denatured with 3x Laemmli buffer, boiled at
95°C for 5 minutes, and sonicated.

Whole-cell and tissue extracts were resolved by SDS-PAGE and
electrophoretically transferred onto nitrocellulose membranes. The membranes were
blocked for 1 hour at room temperature with 5% non-fat milk in Tris-buffered saline-
Tween 20 (TBS-T) (20 mM Tris-HCI, 150 mM NaCl and 0.2% Tween 20, pH 7.6) for 1
hour at room temperature, and then probed overnight at 4°C with the appropriate primary
antibodies (Table I). Following incubation of primary antibodies, the blots were washed
three times with TBS-T (15 minutes each) and incubated with horseradish peroxidase-
conjugated for 1 hour at room temperature and then washed with TBS-T three times (15
minutes each). The immunoreactive proteins were detected by chemiluminescence
(ImageQuantTM LAS 500, Amersham Biosciences). Immunoblot band intensity was

analysed with Image J and calnexin was used as a protein loading control.

2.7.  Immunofluorescence microscopy

H9c2 cells were grown on glass coverslips and treated with the CM. Cells were
fixed with 4% paraformaldehyde (PFA) in phosphate-buffered Saline (PBS), for 10
minutes, washed three times with PBS, permeabilised with 0.2% (v/v) Triton X-100 in
PBS for 5 minutes and blocked with 2% bovine serum albumin (BSA) in PBS for 30
minutes. Then, cells were probed with primary antibodies (Table 1) directed against Cx43
for 1 hour at room temperature, washed three times with PBS and probed with

fluorescent-coupled secondary antibodies (Alexa Fluor 488).



Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI). The cells were
rinsed in PBS and then mounted on microscope slides with MOWIOL 488 Reagent
(Calbiochem). All solutions were prepared in 2% w/v BSA in PBS. Fluorescence images

were obtained using a Zeiss Axio HXP IRE 2 microscope (Carl Zeiss AG).

Table 1 List of primary and secondary antibodies used for WB and

immunofluorescence (IF).

Antibody Host/Clonality Application | Dilution | Company
. . Cell Signalling
Anti-lkBa Rabbit/polyclonal wWB 1:1000
Technology
: SICGEN
Anti-Cx43 Goat/polyclonal wWB 1:5000
_ _ Thermo Fisher
Anti-LC3 Rabbit/polyclonal wWB 1:1000 S
Scientific
_ _ Cell Signalling
Anti-p62 Rabbit/polyclonal WB 1:1000
Technology
Anti-Cx43 Goat/polyclonal IF 1:100 | SICGEN
Anti-calnexin Goat/polyclonal wWB 1:5000 | SICGEN
Anti-goat HRP Rabbit/polyclonal WB 1:10000 | BioRad
_ _ BioRad
Anti-rabbit HRP | Goat/polyclonal wB 1:10000
Alexa Fluor 488 Molecular Probes,
. Donkey/polyclonal IF 1:200 ) _
anti-goat Life Technologies

2.8.  Statistical analysis.

Quantitative data are presented as the mean + standard error. All experiments
were repeated at least three times with similar results. Figures show data from one
representative experiment. The number of repititions for each experiment is stated in
each specific figure legend. Differences among multiple groups were analysed by one-
way ANOVA or two-way ANOVA, followed by Dunnett’s test for multiple comparisons.
All computations were performed using GraphPad Prism 6.0 Software. In all

experiments, differences were considered statistically significant at p<0.05.



Chapter 3. Results

3.1. Effect of LPS on cell viability and inflammation response on HUVECs

In this study, LPS was used to induce inflammation in ECs. To investigate the
impact of LPS on HUVECSs viability, resazurin reduction colourimetric assay was used.
HUVECSs were treated with LPS (50 and 100 ug/ml) for 12, 24 and 48 h. The cells were
further incubated with resazurin (final concentration 50 uM) for 4 h. The results indicate

that concentrations of LPS used have a non-cytotoxic effect on HUVECs (Figure 1.).
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Figure 1. HUVECSs cell viability. HUVECs were treated with LPS (50 and 100 pg/ml) for 12, 24
and 48 hours, and resazurin assay was used to assess cell viability. The percentage of
cytotoxicity was calculated relative to a control (untreated cells). Data are expressed as the mean

+ SEM (of at least three independent experiments performed in duplicate).



Several studies (17, 18) have demonstrated that nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) transcription factor modulates the expression of
genes implicated in inflammatory responses. The NF-kB activation involves the
phosphorylation of IkBa, which results in IkBa ubiquitination and degradation by the
proteasome (17, 18). Therefore, to assess LPS-mediated endothelial inflammation, we
guantified the expression of IkBa. The results presented below in Figure 2 showed that,
in cells treated with LPS, the protein levels of IkBa trended down, suggesting that IkBa

in phosphorylated and degraded by the proteasome.
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Figure 2. Expression of IkBa after LPS treatment. (A) HUVEC cells were treated with LPS
treatment (100 pg/ml) for 15, 30 and 60 minutes. Whole-cell extracts were prepared and
analysed by representative WB using anti—IkBa or anti-calnexin antibodies. (B) Densitometric
quantification of IkBa expression using calnexin as a loading control (n=1).

Cal, Calnexin; Ctr, Control



3.2. Modulation of Cx43 and autophagy markers on H9c2 cells after treatment
with CM-HUVECs

The major gap junction protein expressed in the heart, Cx43, is highly remodelled
in the diseased heart (10). Usually, Cx43 undergoes a remodelling that involves its
degradation and/or lateralisation at the lateral membranes. To evaluate the impact of the
crosstalk between ECs and cardiomyocyte on Cx43 levels, CM was collected from
HUVEC s after an inflammatory stimulus using 50 or 100 pug/ml of LPS for 24 hours (CM-
HUVECs-LPS). Therefore, we evaluated the effect of CM-HUVECs on H9c2 Cx43 levels.
The results shown below demonstrate that the expression of Cx43 decreased

significantly (p<0.05) in H9c2 cells (Figure 3).
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Figure 3. Effect of conditioned medium from HUVECs treated with LPS on Cx43 levels in
HI9C2 cells. (A) HI9C2 cells treated with CM-HUVECs for 24 h. Whole-cell extracts were
prepared and analyzed by representative WB using anti—-Cx43 or anti-calnexin antibodies; (B)
Densitometric quantification of Cx43 expression using calnexin as a loading control. Data are
presented as the mean + SEM of, at least, three independent experiments and are expressed
as a percentage of the control. (*p < 0.05 vs. Ctr.)

Cal, Calnexin; Ctr, Control;



Immunofluorescence staining was then performed to evaluate the subcellular
distribution of Cx43 in H9c2 cells after treatment with CM from HUVECs. The images
obtained by fluorescent microscopy suggested that Cx43 appears to accumulate at the

perinuclear region (Figure 4).

Cx43 DAPI Merge

Figure 4. Modulation of Cx43 distribution by on H9c2 cells after treatment with CM-
HUVECs treated with LPS. The subcellular distribution of Cx43 inH9c2 cells, treated with

CM-Control

CM-LPS 50

CM-LPS 100

CM-HUVECSs for 24 hours, was assessed using immunofluorescence assay. Representative
immunofluorescence images with Cx43 (green) and nucleus (blue). All images were taken at

20x magnification (n=2).
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Considering that autophagy and intercellular communication are dysregulated in
PAH (2, 19, 20), we proceeded to investigate the effect of the medium from ECs on these
biological processes. The expression levels of microtubule-associated protein 1A/1B-
light chain 3 (LC3) and p62 levels in H9c2 cells after treatment with CM from ECs were
evaluated using WB (Figure 5). Results showed an increased ratio of LC3-II/LC3-I

(Figure 5A) and decrease in p62 levels (Figure 5C). These data suggest the activation
of autophagy.
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Figure 5. Effect of CM-HUVECS treated with LPS on H9C2 cells on autophagy activity in H9c2
cells. (A) CM-HUVECs were collected after LPS treatment (50 or 100 pug/ml) for 24 h. H9C2 cells
treated with CM-HUVECs for 24 h. Whole-cell extracts were prepared and analyzed by
representative WB using anti-LC3; (B) Densitometric quantification of ratio LC3II/LC3-I. Data are

presented as the mean + SEM of, at least 3 independent experiments and
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are expressed as a percentage of the control. (C) Whole-cell extracts were prepared and
analysed by representative WB using anti—p62 or anti-calnexin antibodies; (D) Densitometric
guantification of p62 expression using calnexin as a loading control. Data are presented as the
mean + SEM of, at least, three independent experiments and are expressed as a percentage of

control. (*p < 0.05. vs. Ctr.). Cal, Calnexin; Ctr, Control,

3.3. Modulation of Cx43, LC3 and p62 in the right ventricle of the MCT-treated rat
To investigate the modulation of proteins associated with intercellular
communication and autophagy in the RVH, we used the established MCT rat model of
PH(8). It has been reported that MCT rat model of PAH can partially reproduce the
human phenotype of RVH progression, including the transition from an adaptive to a
maladaptive phase (21), changes in gene expression and inflammatory activation (22).
After MCT administration in animals, the RV initially compensates for the increase in
afterload through hypertrophy and increased contractile function, known as the
adaptative phase. After 3-4 weeks, with the disease progressing to a maladaptive phase,

the RV’s compensatory mechanisms fail, leading to RV failure and death (6, 8).
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Figure 6. Effect on Cx-43 levels with progression of RV hypertrophy. RV homogenized
from MCT-treated rat were prepared and analysed by WB using anti-Cx43 antibody and anti-
calnexin antibody as a loading control. The Cx43 density was measured, plotted in a graph and
normalised to calnexin. Representative immunoblots are presented above the graphs. Data are
presented as the mean =+ SEM of, at least 3 independent experiments and are expressed as a
percentage of control.

Cal, Calnexin; Ctr, Control;
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Our findings show that the expression level of Cx43 tends to increase three to
four weeks after MCT injection and then decreases after this time (Figure 6). Regarding
the ratio of LC3-1l/LC3-I (Fig 7A), a marker of autophagy activity, the data suggested an
increase with disease development. However, unlike as expected, the p62 levels (Fig
7B) the data suggest an increase in the maladaptive stage of the disease, but without

any changes in the adaptative stage of the disease.
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Figure 7. Effect on autophagy activity levels with progression of RV hypertrophy. RV
homogenized from MCT-treated rat were prepared and analysed by western blotting using anti-
LC3 antibody (A), anti-p62 antibody and anti-calnexin antibody as a loading control (B). The
ratio LC3II/LC3I and p62 density was measured, plotted in a graph. Data are presented as the
mean + SEM of, at least 3 independent experiments and are expressed as a percentage of
control. (*p < 0.05, **p < 0.01, ***p < 0.001 vs. Ctr.)

Cal, Calnexin; Ctr, Control,
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Chapter 4. Discussion and Conclusion

PAH is characterised by a persistent elevation of pulmonary artery pressure that
leads to an abnormal enlargement of the right ventricle, reflecting RVH. RVH is the main
determinant of mortality in patients with PAH. Left untreated, PAH can result in heart
failure and death. Although the understanding of PAH has expanded significantly in
recent years, allowing the development of therapeutic approaches, a cure for this
disease is far from being achieved. Therefore, further study is required to elucidate the
molecular mechanisms underlying its pathophysiology, thus opening new avenues for

the development of more efficient therapeutic strategies.

Although the exact pathophysiology underlying RVH remains unclear,
inflammation may play an important role, contributing to contractility, vasoconstriction
and proliferation of vascular cells, whilst also promoting vascular remodelling, the most
significant feature of PAH (6, 20, 23). Furthermore, endothelial dysfunction in pulmonary
vasculature results in an imbalance between the production and release of mediators,
such as miRNA, that could modulate the integrity of right ventricular function. We have
previously demonstrated (8) that hypoxia induces down-regulation of SMURFL1 in
cardiomyocytes through the secretion of miR-424(322) (8) by pulmonary artery
endothelial cells (PAECs). Moreover, we also determined, in the MCT rat model of PH,
the association between circulating miR-424(322) levels and the stage of right ventricle
hypertrophy (8). In this study, we show that mediators secreted by ECs could modulate

proteostasis and proteins levels in a cardiomyocyte.

LPS is a pathogen-associated molecular pattern, which can be found in the outer
membrane of gram-negative bacteria (24, 25). Previous studies (26, 27) have reported
that the mechanism of LPS-induced cardiac dysfunction is the activation of inflammation,
necrosis or cardiomyocyte autophagy and, for this reason, has been extensively used to
model inflammation-related diseases (27, 28). The rationale for this investigation was
based on the recognition that PAH pathogenesis involves a variety of signalling pathways
in transducing the inflammatory response. To examine whether LPS is able to stimulate
inflammatory mediator production, through up-regulation of NF-kB, protein levels of the
inflammatory marker IkBa were measured after LPS treatment on HUVECSs. The results
in this study show that IkBa decreased in cells treated with LPS. A decrease of IkBa
proteins suggests that IkBa is being phosphorylated and degraded by the proteasome,
evidencing that LPS could be used as a representation of the proinflammation condition
in the disease state. Using HUVECSs subjected to LPS as an in vitro model of ECs under

inflammatory stress, Alamar Blue assay was performed to address if LPS concentrations

14



were affecting cell viability. It was found that the concentrations of LPS used had a non-

cytotoxic effect on HUVECS.

Bearing in mind that the mechanism of LPS-induced cardiac dysfunction could
be related with pro-inflammatory mediator release by ECs after LPS stimuli, it was
beneficial to investigate how this stress condition modulates cardiomyocytes, the
functional unit of the heart (29). Therefore, communication between ECs and
cardiomyocytes is made through the secretion of paracrine signals and direct
neighbouring cell contact (10). Cx43, a gap junction primarily found in ventricular
cardiomyocytes, is necessary for the endothelial cell-to-cell communication (13). In order
to assure the correct function of the heart, Cx43 needs to be carefully regulated by
proteolytic systems (12). Identification of specific proteins that were modulated and how
they are modulated during the development of PAH pathogenesis may contribute to a
more effective approach for this disease. Failure to maintain the balance between
accumulation and clearance can lead to abnormal protein aggregation and impaired
protein degradation pathways (29). The two most important proteolytic systems in the
heart are UPS, which usually degrades the majority of proteins, and autophagy, a
biological lysosome-dependent process of degradation of long-lived or aggregated
proteins and cellular organelles (30).

In the present work, the CM from HUVECSs treated with LPS lead to a significant
decrease in Cx43 protein levels in H9c2 cells. Using immunostaining, we were able to
demonstrate that Cx43 is present closer to the nuclear region, compared with the control
condition. These results suggest that mediators released by EC could induce
internalisation of Cx43. When Cx43 is internalised into the cell, can be recycled back to
the plasma membrane through recycling pathway, or it can be ubiquitinated for
proteasomal and lysosomal degradation (31). To understand if modulation of Cx43 levels
is via activation of the autophagy signalling pathway, LC3 and p62 were investigated in
H9c2 cells. In H9c2 cells, the levels of p62 were significantly decreased and there is
some evidence of an increase in LC3-1l/LC3-I ratio, although without significance.
Autophagy is a highly conserved cellular process where organelles and cytosolic proteins
are encapsulated within double-membraned autophagosomes that ultimately fuse with
lysosomes for degradation (32). A cytosolic form of LC3 (LC3-l) is conjugated to
phosphatidylethanolamine to form LC3-phosphatidylethanolamine conjugate (LC3-II).
This conversion of LC3-1 into LC3-Il, the recruitment of LC3-1l to the autophagosome and
the ratio of LC3-II/LC3-1 constitute a reliable marker of autophagic activity (32). However,
this ratio cannot differentiate increased autophagosome synthesis from decreased

autophagosome degradation (19). For this reason, quantification of autophagy substrate
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p62 is used as a reporter of autophagy activity (11), which inversely correlates with flux.
In the literature, it has been reported that besides the role of LPS on inflammation, LPS
stimulates cardiomyocyte autophagy, which may mediate cell death (26). Additionally,
previous studies have demonstrated that Cx43 expression levels may be regulated by
the autophagy pathway (12, 33), by recruitment of Cx43 to LC3-positive
autophagosomes that subsequently fuse with the lysosome. Moreover, previous studies
have shown that autophagic abnormalities are observed in PAECs, pulmonary artery
smooth muscle cells (PASMCs) and in the right ventricular from both animal models and
patients (2) and the autophagic marker LC3B and its activated form LC3B-Il are
increased in pulmonary tissues from patients with PH (2). In addition, Jing et al (20)
demonstrated that inhibition of autophagy has protective effects on the pathological
process of PAH, by suppressing the proliferation and migration of PASMCs and inducing
their apoptosis. Together, this suggests that an inflammatory state could cause alteration
of the expression levels and cellular distribution of Cx43 through autophagy. However,
more studies are required to characterise the inflammatory signalling pathway between
ECs, which release proinflammatory mediators, and cardiac cells.

Regarding disease, PAH is characterised by two stages of disease progression,
an adaptative phase and a maladaptive phase, in which the signalling pathways are
deregulated and cell homeostasis are seriously compromised. The RV initially
compensates for the PH-induced increases in afterload through hypertrophy and
increased contractile function. However, as PH continues to worsen, the RV’s
compensatory mechanisms fail, leading to RV failure and death. MCT administration and
chronic exposure to hypoxia are the most widely used models of PAH in translational
research, due to their good reproducibility and well-described histopathology (6). To
elucidate the molecular mechanisms underlying this pathophysiology changes during the
onset of PAH, we used the established MCT model. After 3-4 weeks of MCT
administration in animals, the transition from an adaptive to a maladaptive phase occurs
(21). Our results show an increase in expression level of Cx43 up to 4 weeks of disease
progression, after which Cx43 levels decrease. Regarding the autophagy marker, the
ratio of LC3-II/LC3-1 seems to increase with disease development. However, converse
to what was expected, the p62 levels, the data suggest an increase in the maladaptive
stage, but without changes in the adaptative stage of disease. The results obtained in
this study suggest that in our model of PAH there is a regulation of Cx43 levels, as well
as the autophagy pathway. However, further study is necessary to understand how
autophagy could be a suppressor or a promoter of the pathogenesis of PAH, which

depends upon timing, magnitude, duration and severity of cellular stress (19).
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Endothelial cells can be responsible for releasing soluble factors that can deliver
cardio-injury signals to cardiomyocytes. In many different types of PH, deteriorating RV
function is one of the strongest predictors of mortality. RV-directed therapies would
strengthen the ability of the RV to adapt to the increased afterload, would inhibit
maladaptive responses to improve the functional capacity, quality of life, and longevity
of patients with PH. However, despite the critical importance of RV function to outcomes
in PH, no RV-directed therapies exist. For this reason, more research to elucidate the

two stages of disease progression are necessary.

Together, these results may clarify a mechanism of impairment on cardiac
intercellular communication and consequently dysfunction of the heart, which could be

used for the development of new therapeutic approaches in PH.
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