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Abstract

Damage-associated molecular patterns, such as HMGBL, play a well-recognized role in the
development of pulmonary arterial hypertension (PAH), a progressive fatal disease of the
pulmonary vasculature. However, the contribution of the particular type of vascular cells, type of
cell death, or the form of released HMGB1 in PAH remains unclear. Moreover, although male
PAH patients show a higher level of circulating HMGBL, its involvement in the severe PAH
phenotype reported in males is unknown. In this study, we aimed to investigate the sources and
active forms of HMGBL released from damaged vascular cells and their contribution to the
progressive type of PAH in males. Our results showed that HMGBL is released by either
pulmonary artery human endothelial (HPAEC) or human smooth muscle cells (HPASMC) that
underwent necrotic cell death, although only HPASMC produce HMGB1 during apoptosis.
Moreover, only HPASMC death induced a release of dimeric HMGB1, found to be mitochondrial
reactive oxygen species dependent, and TLR4 activation. The modified Sugen/Hypoxia rat model
replicates the human sexual dimorphism in PAH severity (right ventricle systolic pressure in males
vs. females 54.7+2.3 vs. 44.6:2 mmHg). By using this model, we confirmed that necroptosis and
necrosis are the primary sources of circulating HMGBL1 in the male rats, although only necrosis
increased circulation of HMGBJ1 dimers. Attenuation of necrosis but not apoptosis or necroptosis
prevented TLR4 activation in males and blunted the sex differences in PAH severity. We conclude
that necrosis, through the release of HMGBL1 dimers, predisposes males to a progressive form of
PAH.
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HMGB1 release and activity depend on the type of vascular cells, type of cell death, and form of
released HMGB1. HMGBL1 released from necrotic cells promotes PAH severity in male rodents in
the preclinical model of PAH, suggesting its involvement in progressive PAH and poor survival

prognosis
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INTRODUCTION:

Pulmonary arterial hypertension (PAH) is a severe incurable disease that ultimately leads to
the patient’s death due to the development of the right ventricle (RV) failurel. The damage
of the pulmonary vascular cells is a well-recognized stimulus that initiates PAH development
in the animal models? and contributes to its progression through the entire course of the
disease3. In humans, apoptosis and necrosis of the pulmonary vasculature were confirmed to
present at different stages of the disease® .

High mobility group box 1 (HMGB1) is a chromatin-associated protein that acts as an
essential DNA chaperone. Once released from damaged cells, it also functions as a damage-
associated molecular pattern (DAMP) and, by binding to several receptors, including toll-
like receptor 4 (TLR4) and receptor for advanced glycation end products (RAGE), initiates
inflammatory response and tissue repair. Multiple previous studies proposed the critical role
of HMGB1 and its downstream signaling in PAH. Thus, it was found that PAH upregulates
the extracellular levels of HMGBL1 in the lungs and increases the levels of circulating
HMGBI in patients or preclinical animal models®—2. The therapeutic strategies that either
neutralize HMGBL1 or inhibit TLR4 and RAGE activity or expression, strongly attenuate
PAH development and progression’~12,
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There is a well-established sexual dimorphism in the prevalence of PAH and disease
outcome. While females are more predisposed to PAH13: 14 males consistently show a
poorer survival rate® 16, Men present a significantly higher mean pulmonary artery pressure
at diagnosis compared to women?®. Male sex also associates with a worse functional class,
higher brain natriuretic peptide levels, and shorter 6-min walk distances compared with
female patients'6. The progressive form of PAH in men corresponds with a worse response
to standard PAH-specific therapies” and the development of maladaptive right ventricular
remodeling®. Thus, there is a strong necessity to utilize a sex-specific approach for handling
and treating PAH. Nevertheless, the particular causes responsible for the development of a
more aggressive form of PAH in men is still under debate and not well understood. Neither
is it clear what type of therapy will be beneficial for men. The limited availability of
adequate preclinical animal models that reproduce sex differences in the PAH severity
additionally limits the research capabilities and prevents a better understanding of the
mechanisms that drive PAH progression in males.

Recently we have discovered that male but not female PAH patients have significantly
increased levels of circulating HMGB16. However, the mechanisms responsible for such
sexual disparity in HMGBL1 release remain unknown. There are numerous contradictions in
the published literature regarding the type of cell death releasing HMGBL1 or the biological
activity of monomeric vs. oligomeric forms of HMGB1. Besides, it was proposed that the
ability of cells to release HMGB1 depends on the cell typel8 19, Therefore, in this study, we
aimed to investigate the contribution of different types of cell death (apoptosis vs. necrosis)
in HMGB1 release from either human pulmonary artery endothelial (HPAEC) or human
smooth muscle cells (HPASMC). We have also analyzed the contribution of monomeric and
dimeric forms of HMGBL in the activation of downstream signaling.

In this study, we also used an optimized Sugen/hypoxia model that allowed us to replicate a
considerably more severe form of PAH in male rats. By using this model, we investigated
the particular type of cell death responsible for the release of HMGB1 and manifestation of
sex differences in PAH severity.

METHODS:

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Culturing pulmonary vascular cells

Human male pulmonary artery smooth muscle cells (HPASMCs), were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, GIBCO, ThermoFisher, Waltham, MA,
cat#11965-092) containing 4.5¢/L glucose and 5% FBS (GenClone, Genessee Scientific).
Human male pulmonary artery endothelial cells (HPAEC) were cultured in Endothelial Cell
Medium (ECM, ScienCell Research Laboratories Inc, cat #1001), containing 2% FBS.

Apoptosis and necrosis induction

One day before the experiment, HPASMC and HPAEC were plated at 70-80% of confluence
into 12-well plates and grown overnight in the growth media described above. Apoptosis of
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HPASMC was induced by culturing the cells in DMEM, containing a reduced level of
glucose (0.1g/L). In HPAEC, apoptosis was induced by culturing cells in serum-free ECM.
Apoptosis in both cell types was measured 48 hours after induction. For necrosis induction,
both cell types underwent 3—4 freeze/thawing cycles, as published®. Conditioned media
collected from apoptotic or necrotic HPAEC or HPASMC was used to treat the
corresponding naive HPAEC or HPASMC for 0-6 hours. To confirm the relevance of the
visualized monomeric and dimeric bands to HMGBL1 as well as to validate the contribution
of HMGBL1 in the stimulation of TLR4 and RAGE, the necrotic conditioned media was
mixed with 25u/ml of neutralizing anti-HMGB1 antibodies2? (clone 3E8, Biolegend, San
Diego, CA, cat# 651402) and incubated for overnight. The next day, the protein A/G ultra
link resin beads (Thermo Fisher, cat#53132) were added to bind HMGB1-1gG complex. The
samples were rotated at 4°C for 2 hours and centrifuged (30sec at 1,000 g). The supernatant
(conditioned media with depleted HMGBL) or original necrotic media were used to treat
naive HPASMC for 6 hours.

Isolation of rat pulmonary artery smooth muscle cells

Rat PASMC (RPASMC) were isolated from the pulmonary artery of male Sprague Dawley
rats, as described before2, Briefly, the lung excised from the rat was placed in cold DMEM
without glutamine and pyruvate (GIBCO, ThermoFisher, Waltham, MA, cat# 11960-044).
The pulmonary artery vascular tree was separated from lung parenchyma, cut and transferred
to 2 mL of 1 mg/mL collagenase-2 (Worthington Biochemical Corporation, Lakewood, NJ,
cat# LS004176,) in DMEM without glutamine and pyruvate for 20 minutes at 37°C. After
incubation, the supernatant was aspirated, and the cell suspension was mixed with 10 mL of
warm DMEM with glutamine (GIBCO, ThermoFisher, Waltham, MA, cat# 11965-092)
supplemented with 20% FBS (GenClone, Genessee Scientific cat# 25-5144). Cells were
plated in a 10 cm dish covered with gelatin (cat# ES-006-B, Millipore). The media was
changed every 2-3 days, and after 2—3 passages, the cells were stained for smooth muscle-
actin (Anti-a-SM actin (1A4), Alexa-Fluor488 ab184675, Abcam, 1:100, Isotype 19gG2a)
using FACS performed in a Novocyte 2000 (ACEA Biosciences) instrument.

Protective role of low doses of ethanol

Isolated RPASMC were cultured in DMEM containing 10% FBS and 4.5¢/1 glucose. One
day before the experiment, cells were and plated into a 12-well plate in density 1.8x10°
cells/well. After 24 hours of cell stabilization, the culture medium was replaced by DMEM
with 0.1% FBS, containing 0-10 mmol/I of ethanol or 0-5 ul/ml of DMSO. One hour later,
cells were stimulated with 0.1 mM of sodium orthovanadate (MilliporeSigma, Burlington,
MA, cat#50860500) for 20 minutes, followed by 0.5mM H,0, (Fisher Chemical, cat#H325-
100) for another 35 minutes to induce cell necrosis as previously published 22. At the end of
the incubation period, the cells were collected, washed with DPBS (GIBCO, ThermoFisher,
Waltham, MA, cat#14190-144) and used for apoptosis and necrosis quantification.

Quantification of apoptotic and necrotic cells

The level of apoptosis and necrosis was measured using Apoptosis and Necrosis
Quantification Kit (Biotium Inc., Fremont, CA) according to the manufacturer’s protocol, as
previously published?3. Briefly, cells were collected with trypsin, washed with PBS,
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resuspended in 50l of reaction mix containing buffer, FITC-Annexin V, and Ethidium
homodimer. After 25 minutes of incubation in the dark at room temperature, samples were
diluted with 200pl of a kit 1X buffer. The analysis was performed using the NovoCyte Flow
Cytometer (ACEA Biosciences, San Diego, CA). Gating was done based on untreated cells.

Measuring the rate of hydrogen peroxide generation

The rate of hydrogen peroxide produced by HPASMC and HPAEC was measured in cells
seeded at density 40000 cells per well in 96-well plate using the Amplex® Red Hydrogen
Peroxide Assay Kit (Thermo Fisher Scientific, Burlington, ON, Canada, cat# A22188) as
published?4. Briefly, the cells were washed twice in Hanks’ Balanced Salt Solution (HBSS,
Thermo Fisher Scientific, Burlington, ON, Canada, cat# 14025076) and 50 pM of Amplex®
Red reagent and 0.1 U/mL of horseradish peroxidase were added. The total volume was
adjusted to 100 pL with the provided reaction buffer, and the fluorescence was measured at
excitation 540 nm and emission 590 nm using the plate reader (Synergy H1, Biotek,
Winooski, VT). The kinetics of the reaction was recorded every 2 minutes for 60 minutes.
The rate of H,O, production was evaluated by subtracting the final fluorescence intensity
from the initial fluorescence intensity, divided by time. The data were presented as a relative
rate of peroxide generated per minute.

To evaluate the role of NADPH oxidases (NOX) enzymes in hydrogen peroxide production
and HMGBL1 dimerization, the cells were pre-treated with 25 nM of NOX1/NOX4 inhibitor,
GKT137831 (Medkoo Biosciences, Morrisville, NC, cat # 522357) for 3 hours before
measuring the H,O, production.

Assessment of mitochondrial superoxide production

To compare the level of superoxide production in HFASMC and HPAEC, both cell types
seeded at density 40000 cells per well in 96-well plate were incubated with 7.5 pM of
MitoSox red (Thermo Fisher Scientific, Burlington, ON, Canada, cat# M36008),
mitochondrial superoxide indicator, for 30 min. Cells were washed twice with HBSS, and
the fluorescence was measured on a plate reader (Synergy H1, Biotek, Winooski, VT) with
the excitation at 510 nm and emission 580 nm.

The contribution of mitochondrial superoxide in HMGB1 dimerization was evaluated by
incubation of HPASMC with mitochondrial-specific superoxide radical scavenger, Mito-
Tempo (200 nM, Cayman Chemical, Ann Arbor, M, cat # 16621), for 6 hours before
MitoSox treatment.

Western blot analysis

The secreted HMGB1 was measured as described previously®: 23, Briefly, media collected
from apoptotic or necrotic cells or rat plasma was mixed with either reduced or non-reduced
6X Laemmli sample buffer (Boston Bioproducts, Ashland, MA, cat #BP-111R or
BP-111NR) and to measure total HMGBL levels or dimeric/monomeric HMGB1
correspondingly. After 5 min of incubation at 95°C, the equal volume of sample (45ul of
media or 10ul of 1:10 diluted plasma) was loaded on the 4-20% Mini-PROTEAN TGX
Stain-Free gels (Bio-Rad Laboratories, Hercules, CA), electrophoretically separated using
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PowerPac Universal power supply and transferred using Trans-Blot Turbo transferring
system (Bio-Rad Laboratories, Hercules, CA). The membranes were blocked with 5% BSA
(Fisher Scientific, Fair Lawn, NJ, cat#9048-46-8) and incubated with anti-HMGB1 antibody
(Abcam, Burlingame, CA, ab18256) diluted to 1:1000 for overnight at 4C. The next day, the
membranes were washed three times with Tris-buffered saline (TBST) and incubated with
anti-Rabbit 1gG, HRP-Linked Antibody (Cell Signaling, Danvers, MA cat#7074S) diluted to
1:5000 for 1 hour at room temperature. The signal was recorded with the ChemiDoc MP
Imaging System (Bio-Rad Laboratories, Hercules, CA) using a chemiluminescent protocol
and analyzed using Image Laboratory software.

To measure TLR4 and RAGE expression in HPASMC or HPAEC, the cells were lysed in
RIPA Buffer (Thermo Scientific, Rockford, IL, cat#89900). To prepare pulmonary tissue
lysates, 20mg of freshly frozen lung tissue was homogenized in the lysis buffer containing
1M Tris, 1% Triton, 20% Glycerol, NaVO4, NaF and Phenylmethane Sulfonyl Fluoride
(PMSF) and Halt Protease Inhibitor Cocktail (Thermo Scientific, Rockford, IL, cat#78438)
as previously published & 25, The lysates were centrifuged at 10,000g for 10 minutes at 4°C,
and the protein concentration in the collected supernatant was measured using the Pierce
BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, cat#23225) according to
manufacturer’s instructions. The samples were electrophoretically separated as described
above and probed with anti-TLR4 (Santa Cruz Biotechnology, Dallas, TX, cat#293072) or
anti-RAGE (A-9) (Santa Cruz Biotechnology, Dallas, TX, cat#365154) diluted to 1:1000.
The protein loading was normalized per total sample protein using free stain gels, as
published?®.

Model of progressive pulmonary hypertension in males

Sprague Dawley rats purchased from Charles River (Wilmington, MA) were bred in-house.
The colony was kept in a 12-hour light-dark cycle and received standard rodent food and
water ad libitum. All experimental procedures were approved by the University of Arizona’s
IACUC. At 10 weeks of age, male and female rats (N=8 in each group) were randomized to
receive either vehicle (Control group) or a single dose of the VEGF receptor 2 antagonist
SU5416, 50 mg/kg s.c., as published?> (Su/Hx group). After injection of SU5416, rats were
placed in a hypoxic chamber (BioSpherix, Redfield, NJ) with oxygen levels maintained at
the level of 10% + 0.5% during the entire duration of the study (1 week). The O, and CO,
levels were continuously monitored using oxygen controller PROOX 110 (BioSpherix) and
LB-2 CO2 analyzer (Sensormedics). The Control rats were kept under normoxic conditions.
The advanced stage of PAH was induced by using the same dose of SU5416 and analyzing
rats after exposure to hypoxia (10% = 0.5% of O,) for three weeks and keeping them in
normoxia for another two weeks (5 weeks total) as previously published?®: 27,

Anti-apoptotic, anti-necroptosis and anti-necrosis therapy in rats

To investigate the contribution of cell death on HMGB1 release and PAH severity, male PAH
rats were treated with anti-apoptotic, anti-necroptosis, or anti-necrosis drugs or
corresponding vehicles (N=6 in each group). To inhibit apoptosis, rats were injected with a
cell-permeable irreversible pan-caspase inhibitor Z-VAD(OMe)-FMK (Biorbyt Ltd,
Cambridge, UK, cat# orb181387) in the dose 1 mg/kg i.v. as previously reported?®, For
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necroptosis inhibition, rats were treated with a cell-permeable, potent, and selective blocker
of necroptosis Necrostatin-1 (Cayman Chemical, Ann Arbor, MI, cat # 11658), 1 mg/kg i.v.
29 Necrosis was attenuated by a cell-permeable inhibitor of necrosis, Necrox-5
methanesulfonate (Cayman Chemical, Ann Arbor, MI, cat# 17278) at the dose 1 mg/kg i.p.
as previously published30. Additional two groups of rats were treated with either dimethyl
sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, cat# D2438) in the dose 50 pl of 20%
solution per 100g of body weight i.v. as a vehicle for Z-VAD(OMe)-FMK and Necrostatin-1,
or with ethanol (Decon Labs., King of Prussia, PA, cat# 2701) 100 ul of 40% solution per
100g of body weight i.p. as a vehicle for Necrox-5. All treatments were initiated on the day
of Sugen injection (day 0) and were given daily at the same time of the day during the entire
period of study (1 week).

Hemodynamic measurements

One or five weeks after Su/Hx injection, untreated or treated PAH rats and healthy controls
were anesthetized with Inactin (Sigma-Aldrich, T133, 100 mg/kg i.p.), and instrumented for
the measurement of right ventricle (RV) hemodynamics as described3!. A customized
pressure transducer catheter (SPR-513, Millar Instruments, Houston, TX) connected to a
Millar Transducer Control Unit TC-510 and a PL3504 PowerLab 4/35 data acquisition
system (ADInstruments, Colorado Springs, CO) was inserted into the jugular vein and
advanced to the RV. After RV pressure was fully stabilized, it was continuously recorded for
15-30 min. At the end of pressure recording, a PE-240 polyethylene tube was inserted into
the trachea to facilitate breathing and connected to a Harvard Rodent Ventilator (Model 683;
Harvard Apparatus, South Natick, MA). The thorax was opened, the left atrium was cut, and
the lungs were flushed with saline (0.9% sodium chloride) via a needle inserted into RV.
Animals were euthanized by removing heart/lung block. Lungs, RV, and left ventricle +
septum (LV+S) were dissected, weighed, and quickly frozen in the liquid nitrogen. The
analysis of the RV function was performed using the Blood Pressure Software module (AD
Instruments, Colorado Springs, CO).

Statistical analysis:

RESULTS:

Statistical analysis was performed using the GraphPad Prism software. Data were expressed
as mean value (+ SEM), and significance was determined by the analysis of variance
(ANQVA) or unpaired t-test. For ANOVA, Bonferroni multiple comparison tests were used
to compare the multiple or selected pairs of columns. A value of P < 0.05 was considered
significant. The Grubbs’ test (extreme studentized deviate) was used to determine the
significant outliers. This criterion was pre-determined before the initiation of the data
analysis.

Induction of pulmonary vascular cell death

To evaluate the contribution of apoptosis of HPASMC or HPAEC in HMGBL release, we
first elaborated on the protocol that induces a reproducible and comparable level of apoptotic
cell death in either type of pulmonary vascular cells. We discovered that HPASMC
underwent apoptosis when we restricted the level of glucose in the media (Fig. 1A). In
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contrast, HPAEC responded by apoptosis when they were cultured in the serum-free media
(Fig. 1B). Both conditions induced a similar level of apoptosis in either HPASMC or
HPAEC 48 hours after the treatment initiation and did not stimulate any significant increase
in necrotic cell death. Importantly, we found these conditions to be cell-specific, as HPAEC
growing in glucose-free media or HPASMC exposed to serum-free media did not show an
increase in apoptotic cell death (Fig. S1A, B). We also confirmed that hypoxic conditions
produced no additional cell death in starved HPAEC (Fig. S1C), or even induce protection of
HPASMC restricted by glucose (Fig. S1D). This observation is in high agreement with the
previously published data showing that hypoxia-induced activation of HIF1a and other pro-
survival factors increase proliferation and vitality of PASMC32: 33 or PAEC34 35,

To induce necrosis, we subjected both cell type to several cycles of cell freezing and thawing
as published®, which produced cell rupture similar to necrosis without any contribution of
the controlled type of cell death. Since the conditioned media collected from dying cells was
used to stimulate the naive cells, we avoided using any chemical reagents for the induction
of either type of cell death.

Role of apoptosis and necrosis cell death in HMGB1 release and downstream signaling

We found that necrosis of either HPAEC or HPASMC induces a severe and comparable level
of HMGB1 accumulation in cell media (Fig. 2A). However, only apoptotic HPASMC but
not HPAEC contributed to HMGBL1 release. The amount of HMGBL1 released by apoptotic
HPASMC was considerably lower compared to HMGB1 produced by necrosis, although
apoptosis was induced in only ~12% of cells, while freeze/thaw protocol stimulated almost
complete cell rapture. Given the inconsistency in the literature about apoptotic cells as a
potential source of HMGBL1, we consider our discovery to be very important. Indeed, by
providing the evidence of a cell-specific contribution of apoptotic cells in HMGBL1 release,
we could explain the source of the present contradictions.

To examine the ability of HMGBL1 released from apoptotic or necrotic cells to activate TLR4
and RAGE receptors, naive HPASMC and HPAEC were stimulated with conditioned media
collected from corresponding cells and used to measure the level of TLR4 and RAGE
expression. Consistent with our previous results, we found that apoptotic HPASMC but not
HPAEC activated TLR4 1-4 hours after cell stimulation by apoptotic media (Fig. 2B). There
was no effect of apoptotic media on RAGE in either type of vascular cells (Fig. 2 C). The
conditioned media collected from necrotic cells also stimulated TLR4 in HPASMC,
although this stimulation started earlier and was more prolonged and intense compared to
apoptotic media (Fig. 2D, upper panel). Surprisingly, even necrotic HPAEC media did not
activate TLR4 (Fig. 2D, lower panel). However, necrotic media activated RAGE in both cell
types, although the profile of this activation was different — a transient early activation in
HPASMC (Fig. 2E, upper panel) and a late prolonged activation in HPAEC (Fig. 2E, lower
panel). These results confirm a significant difference between two primary vascular cell
types not only in their ability to release HMGB1 but also in their responses to the
neighboring apoptosis and necrosis, with HPASMC primarily activating TLR4 and HPAEC
— RAGE receptors.
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Although both, necrotic and apoptotic cells, release multiple factors that could act as
DAMPs and activate TLR4 and RAGE, we have confirmed that the conditioned media
depleted by HMGBL1 does not activate TLR4 or RAGE (Fig. 2 F), suggesting the primary
role of HMGBL1 in the activation of both receptors.

Cell difference in HMGB1 dimerization

Since HMGBL has several cysteine residues, in the presence of oxidative conditions, it
readily forms a dimer, although the functional role of such dimerization is not established.
We discovered that the necrotic and apoptotic media collected from HPASMC but not
HPAEC contains dimeric HMGB1 (Fig. 3A, left graph), and HPASMC necrosis produces
more HMGB1 dimers compared to HPASMC apoptosis. Importantly, the necrotic media
depleted by HMGBL1 with anti-HMGB1 neutralizing antibodies showed a strongly
attenuated signal from either monomeric or dimeric form, thus confirming the relevance of
both signals to HMGB1 (Fig. S2A). The separation of HMGB1 signal on monomers and
dimers in HPASMC but not HPAEC cells reduces the level of monomeric HMGBL1 in
HPASMC that now became significantly lower compared to monomeric HMGBL1 in necrotic
HPAEC (as compared to non-separated HMGBL1 presented in Fig. 2A). Taken together, these
results suggest that in HPASMC the total HMGBL signal consists of both monomeric and
dimeric forms.

To investigate the mechanism responsible for HMGB1 dimerization in HPASMC, we
measured the levels of reactive oxygen species (ROS) production in untreated HPASMC and
HPAEC. We found that the levels of both primary cellular ROS, hydrogen peroxide (H205),
and superoxide (O27), were increased in HPASMC compared to HPAEC (Fig. 3 B, C). The
role of hydrogen peroxide in HMGB1 dimerization was further investigated by measuring
the ratio of HMGBL1 dimer and monomers in the presence of GKT137831, an inhibitor of
two primary H,O, producing NADPH oxidase isoforms, NOX1 and NOX4. Indeed,
NOX1/4 inhibitor reduced the production of H,O, in HPASMC, although it failed to
attenuate the HMGBL1 dimerization (Fig. 3D). In contrast, treatment of HPASMC with
mitochondria-specific antioxidant, MitoTempol, attenuated the levels of mitochondrial
superoxide and reduced HMGB1 dimer/monomer ratio (Fig. 3E). These results propose a
critical role of mitochondrial ROS in HMGBL1 dimerization.

Progressive form of pulmonary hypertension in males

Based on our previous findings® 23, we hypothesized that HMGBL1 release and signaling
plays a more important role in males compared to females. Moreover, we proposed that
HMGB1 could be responsible for the more severe form of PAH in males!®. However, the
classical preclinical models of PAH, including chromic hypoxia, monocrotaline and Sugen/
hypoxia, show no difference in the levels of the right ventricle (RV) pressure or hypertrophy,
providing no opportunity to replicate and study the mechanisms responsible for the sex
difference in PAH severity. Therefore, to evaluate the relevance of our /n vitro findings to the
pathobiology of pulmonary hypertension in males, we first elaborated on a preclinical
animal model that nicely simulated the sex difference in PAH severity described in patients.
Thus, we discovered that PAH induced by a high dose of Sugen (50 mg/kg, s.c.) followed by
one week of exposure to hypoxia, reproduces sex differences in PAH severity reported in
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humans. Indeed, in this model, the male rats showed a significantly higher RV systolic
pressure (RVSP, Fig. 4A) and RV hypertrophy (Fig. 4B) compared to females. Moreover,
despite the higher RVSP in males, which places males under a higher demand in RV
performance, and despite the significantly upregulated RV contractility and relaxation in
male Controls vs females Controls (Fig. 4C), PAH males had a similar level of RV
performance compare to PAH females. This loss of the initial sex difference in RV function
and failing to adequately respond to the pressure demand suggests the development of RV
dysfunction in male rats similar to male PAH patients1®. Indeed, male but not female PAH
rats showed a significant drop in RV contractility index (Fig. 4E). We propose this novel
model to be an important tool to investigate the mechanisms responsible for this sex
difference.

In agreement with the previously published reports from our group and others36-38, we did
not find a significant sex difference in RVSP and RV hypertrophy when untreated rats were
analyzed at a developed stage of PAH (Fig. S3 A, B). The RV contractility (Fig. S3C) was
also similar in both sexes, while RV relaxation was lower in females compared to males
(Fig. S3D). However, since female’s RVSP was not significantly lower anymore, the
decrease in female’s RV performance suggest the loss of protection seen in females at the
earlier stage. The same conclusion could be made based on the analysis of RV contractility
index, which was not changed in females at the early stage (Fig. 4E) but was found to be
significantly different vs. healthy controls in both sexes at an advanced stage (Fig. S3E).
Although a more detailed study is required to conclude about the mechanisms responsible
for the loss of sex difference at the developed stage of PAH, the loss of protection in females
secondary to PAH-mediated misbalance between protective and disease-promoting female
sex hormones is pretty well described3: 40,

Sex difference in PAH mediated HMGB1 release and function

As expected, the more severe PAH discovered in males corresponded with significantly
higher levels of circulating HMGBL1 in male rats (Fig. 5A). Moreover, we found that PAH
significantly increased the expression of TLR4 in the lungs of male rats, while females
showed similar levels of TLR4 in Control and PAH groups (Fig. 5B). In contrast, the levels
of pulmonary RAGE were strongly elevated in the lungs of both sexes (Fig. 5C). We
concluded that activation of HMGB1/TLR4 axis could be responsible for the progressive
form of PAH in males. In contrast, the expression of RAGE elevated in both sexes, while
known for being an essential contributor in PAH pathogenesis?®: 41, is unlikely to contribute
to the sex difference in PAH severity.

Release of HMGBL1 in the PAH male rats treated by anti-apoptotic, anti-necroptotic and
anti-necrotic drugs

In addition to the validation of HMGB1 monomeric/dimeric signals by HMGBL1 neutralizing
antibodies as described above (Fig. S2A), the formation of dimers /n vivo was first
visualized in control and diseased samples by running them in non-reduced and reduced
conditions (Fig. S2B). Next, we investigated which particular type of cell death — apoptosis,
controlled necrosis (necroptosis), or passive necrosis - is responsible for the increased levels
of the circulating HMGB1 monomers and dimers and PAH progression in males. For this
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purpose, we treated PAH male rats with pan-caspase inhibitor Z-VAD(OMe)-FMK (Z-VAD
group), the selective blocker of necroptosis Necrostatin-1 (NCST group), an inhibitor of
necrosis induced by increased mitochondrial ROS production, Necrox-5 (NX5 group). The
collected plasma was used to measure the levels of circulating HMGBL1 in rats that
underwent one of these therapies and compared them to the healthy controls, untreated
diseased animals, or rats treated with corresponding vehicles (DMSO for Z-VAD or NCST;
ethanol (EtOH) for NX5). We found that anti-apoptotic therapy, although induced a slight
decrease in circulating HMGB1 monomers and dimers, did not significantly reduce any
HMGB1 form in plasma of male rats (Fig. 5D). In contrast, necroptosis inhibition
significantly decreased the amount of circulating HMGB1 monomer compared to either
untreated Su/Hx rats or rats treated with vehicle (Fig. 5E), although HMGB1 dimer
remained elevated. Finally, an inhibitor of necrosis significantly attenuated the levels of both
- HMGB1 monomers and dimers - in plasma compared to untreated Su/Hx rats (Fig. 5F).
Surprisingly, NX5 vehicle, ethanol, has also produced a similar effect. We found a
previously published report that a low dose of ethanol protects hepatocytes from necrotic
damage?2. To understand whether the pulmonary vascular cells could undergo similar
protection, we reproduced the experimental conditions reported for hepatocytes. Indeed,
RPASMC isolated from untreated SD rats showed a similar to hepatocytes dose-depended
effect in response ethanol treatment. At a low dose, ethanol was protective against the
necrotic cell death (Fig. S4A), while increased ethanol concentrations lost this protection.
Importantly, the concentration of ethanol that showed protection (0.1 mM) was precisely the
same concentration we used in the animals as a vehicle for NX5. There was no protection
from ethanol against apoptotic cell death. We conclude that a low dose of ethanol protects
the pulmonary vascular cells from necrotic cell death and attenuates the release of HMGB1
monomers or dimers. In contrast, the low dose of DMSO (1 pl/ml), used as a vehicle for Z-
VAD or NCST, produced no changes in the level of necrosis and only mild increase of
apoptosis (Fig. S4B). However, since chronic injections of DMSO did not alter plasma
HMGB1 monomers or dimers (Fig. 5D, E) or activation of TLR4 (Fig. 6E) and RAGE (Fig.
6F) and hemodynamic parameters (Fig. 6A-D), we concluded that this vehicle does not
contribute to HMGB1 release, activation of its receptors or PAH development.

The critical role of necrosis in the manifestation of sex difference in PAH severity

To understand whether any type of cell death is responsible for a more progressive form of
PAH in males, we measured the primary hemodynamic parameters — RVSP, RV hypertrophy,
RV contractility and relaxation in male rats treated with Z-VVAD, NCST, NX5 or vehicles and
compared them with untreated Su/Hx male and female rats. We found that only EtOH and
NX5 treated male rats showed a significant decrease in RV pressure down to the female
levels (Fig. 6A). Thus, attenuation of necrosis by either NX5, a known necrosis inhibitor39,
or by ethanol that at low doses was found to be protected against necrotic cell death in
hepatocytes*2 and RPASMC (Fig. S4A), abolishes the sex difference in PAH severity. In
contrast, rats treated with anti-apoptotic, anti-necroptotic therapy or their vehicle, DMSO,
show a preserved sexual dimorphism in RV pressure increase. Although anti-apoptotic and
anti-necroptotic therapies slightly attenuated RV hypertrophy when compared to the
untreated Su/Hx male rats, they failed to do so compared to vehicle control (Fig. 6B). EtOH
and NX5 again showed pronounced protection, with NX5 decreasing RV remodeling even
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significantly below the female’s level (Fig. 6B). Moreover, attenuation of necrosis
significantly reduced RV load, since RV contractility (dP/dt max) was attenuated only in
treatment groups associated with necrosis reduction (Fig. 6C). There were also slight
changes in dP/dt min in the NX5 group (Fig. 6D), suggesting that necrosis could also affect
RV relaxation.

Reduced necrosis but not apoptosis or necroptosis attenuates TLR4 signaling in the lungs
of male rats with PAH

Since the increase of TLR4 signaling was found to be male-specific (Fig.5 B, C), we studied
whether TLR4 expression was attenuated in rats treated by the therapy that blunted the sex
difference in PAH severity. In agreement with the RVSP, TLR4 expression was not altered in
the rats treated with Z-VVAD, NCST or their vehicle compared to untreated male Su/Hx rats
and remained significantly elevated vs. healthy male Controls (Fig. 6E). In contrast, rats
treated by EtOH or NX5 showed a decreased TLR4 expression down to female levels and
stopped being different from healthy male Controls. We conclude that increased necrosis in
males with PAH activates TLR4 signaling, which, in turn, could be responsible for the
progressive form of PAH in males.

Analysis of RAGE expression (Fig. 6F) revealed that PAH induces a significant upregulation
of its protein levels in the lungs, although, as in Fig. 5C, it was elevated in both sexes. None
of the treatments significantly attenuated the expression of RAGE. Taken together, our /n
vitro and in vivo results suggest that necrosis could induce a transient activation of RAGE
(Fig. 2E). However, chronically its expression is not regulated by any type of cell death in
males and is not contributing to the sex difference in PAH severity.

DISCUSSION:

The initial damage of pulmonary vascular cells was introduced in PAH pathogenesis
paradigm long ago?. It considers being one of the primary causes of pulmonary vascular
remodeling due to an uncontrolled vascular over-repair3. However, the particular molecular
mechanisms initiated by cell death are not fully understood. Recently, several simultaneous
studies confirmed the critical role of HMGBL1 in PAH development and progression.
HMGBL1 is one of the most extensively studied DAMPs that stimulates two types of damage-
mediated responses — activation of inflammatory and immune cells to clean the site of
damage and initiation of tissue repair. Different research groups, including ours, discovered
that in PAH patients and preclinical PAH animal models, the signal from an extra-nuclear
HMGBL1 in the pulmonary vascular wall and the levels of circulated HMGB1 are strongly
elevated®9. HMGB1-neutralizing antibody’-%, HMGBL1 inhibitors!: 12, or peptide
therapeutics that alter HMGB1/TLR4 interactionl? significantly attenuated the development
of preclinical PAH.

Nevertheless, there are multiple contradictions in current knowledge. Thus, although the
passive release of HMGB1 from cells that died by necrosis is well confirmed, the ability of
apoptotic cells to release HMGBLI is under debate. Indeed, some previous research points
toward the nonimmunogenic nature of apoptotic cell death, in particular, due to the inability
to release HMGB1 bound to apoptotic chromatin®* 45, In contrast, it was shown that
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apoptosis inducers stimulate HMGBL1 release from cancer cell lines (Jurkat, U937, HeLa S6,
and Panc-1 cells)*8. Whether the ability of apoptotic cells to secrete HMGBL is cell-specific
and whether apoptotic cell death is contributing to HMGB1 release in PAH remains
unknown. To answer these questions, we identified the cell-specific conditions that induce a
comparable level of apoptotic cell death in HPAEC and HPASMC and measured the level of
HMGB1 release from apoptotic pulmonary vascular cells with necrotic death served as a
positive control. We discovered that, indeed, the ability of apoptotic cells to release HMGB1
depends on the cell type. Thus, HPAEC did not produce any significant changes in the levels
of extracellular HMGBL1, confirming our previous observations*3, while HPASMC secreted
a substantial amount of HMGBL. To our knowledge, this is the first evidence of the cell-
specific capacity to secrete HMGBL1 upon apoptosis induction. The particular mechanisms
responsible for this cell difference yet remained to be elucidated. HPAEC and HPASMC
may have a different level of HMGBL1 distribution between nuclear and cytosolic fractions.
Indeed, it seems highly probable that cytosolic HMGBL that is not bound to chromatin could
be released in the event of apoptotic cell death.

It is important to mention that the conditions used in our study to induce apoptosis (glucose
restriction and cell starvation) are highly relevant to PAH. Thus, found a significant decrease
in the levels of plasma glucose in Su/Hx rats (Fig. S5), which could correspond to a higher
demand for glucose in multiple tissues switched to aerobic glycolysis?. The severe or
complete vasooclusion due to the formation of concentric lesions or microtrombosis in small
pulmonary arteries reduces or prevents the supply of blood to the area distal to the occlusion.
Moreover, the insufficiency of vasa vasorum, which becomes leaky, dysfunctional, and fails
to supply nutrition to pulmonary artery cells, is also described8. Thus, although these
restrictions could induce changes in cellular metabolism, the similar changes are occurring
in the pulmonary vascular cells during the course of the disease and could contribute to the
PAH progression.

The conditioned media collected from apoptotic or necrotic cells showed a cell-specific
profile in the activation of the primary HMGBL receptors, TLR4, and RAGE, which also
was never reported before. This discovery is of high importance since the induction of
HPASMC apoptosis was proposed to be an effective strategy to attenuate the increased
media thickness of pulmonary arteries and reduce pulmonary pressure. However, in light of
our discovery, the positive effect of apoptosis inducers could be limited by simultaneous
activation of TLR4-mediated pro-inflammatory response?9: 50,

Another contradiction present in the field is related to the biological activity of oligomeric
forms of HMGB1. HMGBL1 contains three cysteine residue, which could form intra-
molecular or cross-molecular disulfide bonds. However, the role of HMGB1 dimers or
higher oligomers in HMGBL interaction with TLR4 or RAGE is not clear. Previous studies
confirmed the importance of HMGB1 Cys106 in binding to TLR4 since mutation of this
residue completely abolished HMGB1-mediated TLR4 activation®Z. It was also described
that in the presence of oxidants, HMGB1 could dimerize through Cys106, and such dimers
were found to bind to TLR4/MD2 complex with higher affinity than monomeric HMGB152,
In our study, we confirmed that the formation of HMGB1 dimers occurs specifically in
HPASMC that have a higher rate of ROS production compared to HPAEC. We also verified
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that mitochondrial ROS, rather than cytosolic ROS produced by NOX enzymes, are
responsible for HMGBL1 oligomerization. The importance of mitochondrial ROS in the
regulation of the redox environment in HPASMC could reflect the high levels of
mitochondrial respiration known for smooth muscle cells compared to endothelial cells that
appear to be primarily glycolytic.

The elevated levels of HMGB1 dimerization in HPASMC could explain TLR4 activation in
cells treated with conditioned media collected from HPASMC and the absence of such
TLR4 stimulation in cells treated by media collected from HPAEC. Moreover, HMGB1
dimerization was found to play a critical role in the manifestation of sex difference in PAH
severity, since only therapy that significantly attenuated the levels of circulating HMGB1
dimers reduced RVSP and TLR4 activation in lungs of male rats down to female levels.

The contribution of sex to PAH prevalence and outcomes is very well established and
consists of two aspects - a higher incidence of PAH in women®3, and a more progressive and
severe PAH development!®, which contributes to a poorer survival prognosis in men16. Our
previous research provides strong evidence of the sex dimorphism in the type of cell death
activated in response to stress and the amount of released HMGB123. Thus, we found that
male sex is associated with a higher level of necrotic cell death and substantial HMGB1
release in response to stress. In contrast, females are prone to respond to stressful conditions
by apoptosis and do not secrete any significant amounts of HMGB1. This effect was
confirmed in PAEC isolated from mice or human donors23, in Su/Hx treated rats and PAH
patients®, and in kidney, spleen, and aorta of spontaneously hypertensive rats3°, suggesting
that it is common for different cell types. It was also found to be independent of sex
hormones since it presents in cells isolated and cultured outside of the body?23. In these
previous studies, we suggested that sex difference in the HMGBL signaling could be
responsible for the activated TLR4 pathway specifically in PAH malesS, and for the pro-
inflammatory phenotype of PAH found to be directly associated with the male sex36,

Our group has recently discovered that the chronic mitochondrial dysfunction induced by a
point mutation in Fe-S scaffold protein, NFU1, causes a spontaneous PAH that fully
reproduces the male:female ratio (1:3) in PAH prevalence3l. However, there is a very limited
number of pre-clinical studies that reproduce the sexual dimorphism in PAH severity. In this
study, we first discovered that PAH induced by a high dose of Sugen 5416 (50 mg/kg) as
previously described?>: 27 and characterized at the early but relatively established stage of
disease (mean RVSP 54.7+2.3 mmHg in males and 44.6+2 in females), produces a
significantly more severe form of PAH in males compared to females. Since this model
reproduces the reported sex difference in mean pulmonary artery pressure (mPAP) at
baselinel®, we used it to study the contribution of different types of cell death in the
manifestation of this sex difference. As expected, only anti-necrotic therapies, which
significantly decreased circulated HMGB1 monomers and dimers, reduced RVSP to the
female level and strongly attenuated RV hypertrophy and contractility. We conclude that
apoptosis and necroptosis do not contribute to the progressive PAH in males.

The necrosis of pulmonary arteries, although much less studied compared to apoptosis, was
described in several studies published in the middle of last century as one of the common
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histopathological changes in patients with PAH® 54 55_ |t has been noticed that necrotic
changes have been especially evident in patients with a rapidly progressive course of the
disease and the highest pulmonary artery blood pressure®. The authors speculated that the
high pressure in the pulmonary circulation could significantly reduce the blood supply to the
pulmonary vessels through vasa vasorum; thus, impairs the nutritive supply and induces
vascular wall ischemia. Coupled with an insufficient adaptation that involves an increased
number of opened bronchopulmonary anastomoses, these patients with a highly progressive
form of PAH developed severe arterial necrosis. We believe that these mechanisms described
for the patients with an aggressive form of PAH could be relevant to the discovered in this
study activation of necrosis in males. Indeed, the higher pulmonary pressure and more
progressive form of PAH in male rats compared to females predispose them to necrotic
damage of the pulmonary vascular wall.

A release of HMGB1 could mediate downstream signaling through activation of either
TLR4 or RAGE receptors. The potential contribution of each of these receptors has been
proposed to contribute to PAH pathobiology by the previous research, although there is a
disagreement in the literature on which receptor - TLR4 or RAGE - is a more critical
contributor to PAH. Interestingly, among the studies that reported the sex of the animal
models used, the majority that proposed the importance of TLR4 were done on male rats or
mice’- 11, In contrast, studies showing the importance of RAGE were done on females,
patient cohorts that consist mostly of females, or both sexes?® 4156, The additional research
is required to confirm whether the contradictions in the contribution of TLR4 vs. RAGE
present in the literature are due to insufficient consideration of sex. Nevertheless, based on
the current results, we propose that activation of HMGB1/TLR4 axis rather than HMGB1/
RAGE is responsible for the development of the more progressive form of PAH in males.
Indeed, TLR4 activation was found to occur specifically in male PAH rats and became
significantly attenuated by anti-necrotic therapy. In contrast, the levels of RAGE activation
were comparable between the sexes. Moreover, male-specific activation of TLR4 signaling
in PAH was already reported by our group®. In this previous study, we used a model of
advanced PAH model that was analyzed 14 weeks after Su/Hx injection. Taken together, our
previous and current results propose the importance of TLR4 signaling in males on different
stages of PAH development and could be responsible for the male-specific inflammatory
response3® that predispose males to accelerated PAH progression. In contrast, RAGE that
also found to be significantly upregulated by PAH becomes activated in both sexes, and
while its activation in females well correlates with apoptotic cell death?®, the particular
mechanisms responsible for its activation in males yet to be elucidated.

In conclusion, our study provides novel insight on HMGB1 release and action. It also
confirms the essential role of necrotic cell death in HMGBL release, activation of TLR4, and
the manifestation of sex difference in PAH severity. This finding suggests that a considerably
more active HMGB1/TLR4 axis in males could represent an important therapeutic target to
reduce the PAH progression and improve the survival prognosis in male patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PERSPECTIVES:

Activation of the inflammatory and immune system plays an essential role in the
pathogenesis of PAH®7: 58 However, while blocking inflammation remains an attractive
approach and could become an important part of the complex PAH therapy, the previous
attempts of targeting inflammation were not successful®®. It has been proposed that a
more precise approach for treating inflammation could produce higher benefits®8: 59,
Based on our discovery, there is a strong possibility that the responsiveness to anti-
inflammatory therapy could depend on patient sex. Although women are more
predisposed to PAH, the results reported in this study and our previous research: 23,
provide strong evidence of more activated inflammatory pathways in men that could
predispose them to accelerated PAH progression and poor survival prognosis. Thus, this
study highlights the importance of taking sex into consideration in future research and in
the treatment of PAH and suggests that male patients may benefit from the
implementation of anti-inflammatory drugs as a part of PAH therapy.
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NOVELTY AND SIGNIFICANCE:

What Is New?

Apoptosis of human pulmonary artery smooth muscle cells (HPASMC) but
not human endothelial cells (HPAEC) release pro-inflammatory alarming
HMGB1, suggesting that secretion of HMGB1 from apoptosis cells depends
on a cell type.

HMGB1 released from HPASMC consists of monomeric and dimeric
HMGB1,; necrotic HPAEC release only HMGB1 monomers.

The formation of HMGB1 dimers in HPASMC depends on the presence of
mitochondrial reactive oxygen species (ROS) and correlates with TLR4
activation in cells and in a rat model of pulmonary arterial hypertension
(PAH).

Necrosis but not other types of cell death releases monomeric and dimeric
HMGB1 and accelerates the progression of PAH in males, producing a sex
difference in PAH severity described in PAH patients.

What Is Relevant?

PAH is hypertension occurring in the pulmonary circulation due to the
remodeling of the pulmonary artery wall that leads to cardiac failure and
death.

This study addresses an important role of necrotic cell death and HMGB1
release in sexual dimorphism of PAH progression.

Hypertension. Author manuscript; available in PMC 2021 December 01.




1duosnuey Joyiny

1duosnuely Joyiny

Zemskova et al. Page 22

A HPASMC B HPAEC
3 Control $¥% O Control
154 *% W Low glucose 151 Hl Serum-free
o 2
o [T
O 104 © 104
© ©
S 8
5 51 %5 51
) |;| III -_ )
0 T T 0-
Apoptosis Necrosis Apoptosis Necrosis
Control Low glucose Control Serum-free
7 108 ;
Rl Q82 10" a8 82 Q81 Q82 101557 2
0.32% 242% 0.94% 13.17% 3.06% 5.02% 7.39% 9.29%
107 107
105
wn n wn 10° n
£ £ = =
% H S 10 )
< c c c
c c € c
< 10* < < 10* <
i 103 N 0
Q83 Q84 Q83 Q84 Q83 . Q84
1025{96:21% - 1.05% 0% i L 10? 91.74% 0.18% o 82.85% 0.47%
1097 102 103 104 105 108 1072 1091 102 103 104 105 108 107 1091 102 10 104 10 106 107 108 1091 102 103 104 105 106 107 10¢

Ethidium homodimer Ethidium homodimer Ethidium homodimer Ethidium homodimer

Figure 1. Apoptosis induction in HPASMC and HPAEC.
The comparable level of apoptosis was induced in human pulmonary artery smooth muscle

cells (HPASMC) by culturing them in a low-glucose media ((0.1g/L, A) and in human
pulmonary artery endothelial cell (HPAEC) by culturing them in a serum-free media (B).
The treatments did not induce significant necrotic cell death in any cell type. Data presented
as Mean+SEM, **P<0.01, ***P<0.001 vs. untreated Control. N=6 in all groups.
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Figure 2. Necrosis and apoptosis of HPASMC and HPAEC in HMGBL1 release and receptor
activation.

Apoptotic HPASMC but not HPAEC release HMGBL1. Necrosis produces a strong and
comparable increase of the extracellular HMGBL1 in both cell types (A, N=5). Conditioned
media collected from apoptotic cells and used to treat the corresponding naive cells induced
transient activation of TLR4 in HPASMC but not HPAEC (B, N=5). Apoptotic media did not
change the activity of RAGE in either cell type (C, N=5). Media collected from necrotic
cells induced prolonged activation of TLR4 in HPASMC (D upper panel, N=5), while the
activity of TLR4 in HPAEC was not changed (D lower panel, N=5). The stimulation of
RAGE by necrotic media was early and transit in HPASMC (E upper panel, N=4) and
delayed in HPAEC (E lower panel, N=4). Neutralization of HMGB1 prevents TLR4 or
RAGE activation by conditioned media collected from necrotic HPASMC, confirming the
importance of HMGBL1 in receptor stimulation (F, N=13). Data presented as Mean+SEM,
*P<0.05, **P<0.01, ***P<0.001 vs. untreated Control.
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Figure 3. The release of HMGBL1 dimer from HPASMC is mitochondrial ROS dependent.
HPASMC but not HPAEC death induces a release of HMGBL in a dimeric form (A, N=5).

The elevated production of reactive oxygen species (ROS), such as hydrogen peroxide
(H202, B, N=8) or mitochondrial superoxide (O,~, C, N=8) found in HPASMC versus
HPAEC, could be responsible for the oxidation of HMGBL1 into dimers. However,
attenuation of H,O, levels by pretreatment HPASMC with NOX1/4 inhibitor, GKT137831,
did not alter HMGB1 dimer/monomer levels in cells (D, N=6-8). In contrast, incubation of
HPASMC in mitochondria-specific O, scavenger, MitoTempol, reduced not only the levels
of mitochondrial ROS but also HMGB1 dimer/monomer ratio (E, N=6-8). Data presented as
Mean+SEM, *P<0.05, **P<0.01, ***P<0.001 vs. untreated Control; 8P<0.05, 888P<0.001
vs. necrosis in HPASMC.
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Figure 4. Model of progressive PAH in males.
To mimic the sex difference in PAH severity, rats were injected with a high dose of SU5416

(50 mg/kg s.c.) followed by 1 week of exposure to hypoxia (10% of O,). There was a
significant elevation of right ventricle (RV) systolic pressure (RVSP, A) and RV hypertrophy
(B) in both sexes, although the changes in males were significantly more severe compared to
females. At the same time, the initial sex difference in RV contractility (C) and relaxation
function (D) was eliminated by PAH, suggesting that RV in males did not respond
adequately to the demand. The contractility index (E) as an additional measure of RV
performance was decreased in male but not female PAH rats. Data presented as Mean+SEM,
***P<(,001 vs. sex-matched Controls; 38P<0.01, 388P<0.001 vs. Male Control. N=8 in all
groups.
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Figure 5. An increased HMGBL release in male PAH rats is fully attenuated only by anti-necrotic
therapy.
PAH mediated a substantial increase in the levels of circulating HMGB1 in males, while in

females the changes were significantly less pronounced and did not reach statistical
significance compared to female Controls (A, N=6-8). The increased release of HMGBL1 in
males corresponded with significant activation of TLR4 in the lungs of male PAH rats, while
females showed no changes in TLR4 in response to PAH (B, N=8). Both sexes had a
significantly elevated expression of RAGE in the lungs of PAH rats (C, N=8). To evaluate
the contribution of different types of cell death on the elevated HMGBL1 release, male rats
were treated with pan-caspase inhibitor Z-VAD(OMe)-FMK (Z-VAD), the selective blocker
of necroptosis Necrostatin-1 (NCST), the inhibitor of necrosis Necrox-5 (NX-5), or vehicles
(DMSO, used as vehicle in Z-VAD and NCST and ethanol (EtOH), a vehicle for NX-5). All
treatments were given daily starting from the day of SU5416 injection and continued
throughout the study (1 week). There were no significant changes in the amount of
circulating HMGB1 monomers or dimers in Z-VVAD treated rats (D, N=6). NCST
significantly reduced the plasma levels of HMGB1 monomers but not dimers (E, N=6).
NX-5 and its vehicle (EtOH) strongly attenuated the release of either HMGB1 monomers or
dimers (F, N=6). Data presented as Mean£SEM, *P<0.05, **P<0.01, ***P<0.001 vs. sex-
matched Controls; 8P<0.05 vs. Male Su/Hx (A, B) or vs. untreated Su/Hx rats (F); $8P<0.01
vs. vehicle-treated rats (E, F).
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Figure 6. Hemodynamic changes and expression of TLR4 and RAGE in rats received anti-
apoptotic, anti-necroptotic, and anti-necrotic therapy.

Treatment approaches that decrease necrotic cell death (Necrox-5 (NX-5) or its vehicle,
ethanol (EtOH)) significantly attenuated RVSP in male PAH rats down to female level, thus
eliminating the sex differences (A, N=6-8). RVSP in rats received anti-apoptotic (Z-
VAD(OMe)-FMK (Z-VAD)), anti-necroptotic (Necrostatin-1 (NCST)) treatments or their
vehicle, DMSO, remained unchanged. NX-5 and EtOH significantly attenuated RV
hypertrophy (B, N=6-8) compared to untreated Su/Hx male rats and even below Su/Hx
female level (NX-5). Although Z-VAD and NCST treatment slightly reduced RV/LV+S ratio
compared to untreated Su/Hx male rats, the changes were not significantly different versus
the group treated by the vehicle (DMSO). NX-5 and EtOH but not any other interventions
significantly reduced RV contractility (dP/dt max) in male PAH rats (C, N=6-8). NX-5
attenuated RV dP/dt min (D, N=6-8), suggesting a reduced RV load in these rats. Induction
of PAH in male rats corresponded with a significant upregulation of TLR4 and RAGE
expression in the lungs. The expression of TLR4 (E, N=5) maintained significantly high in
the rats treated by anti-apoptotic ((Z-VAD(OMe)-FMK (Z-VVAD)), anti-necroptotic
(Necrostatin-1 (NCST)) agents or their vehicle (DMSQ), but stopped being significant and
was found to be reduced down to female levels in the lung of rats treated by an anti-necrotic
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agent (Necrox-5 (NX-5)) or low dose of ethanol (EtOH). The expression of RAGE (F, N=6)
remained significantly upregulated in all treatment groups and was increased in PAH
females. Data presented as Mean+SEM, *P<0.05, **P<0.01, ***P<0.001 vs. untreated
Su/Hx male rats (A-D) or vs. healthy male Controls (E, F); 3P<0.05 vs. $8P<0.01,
888p<0.001 vs. Su/Ha female rats (A-D).
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