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Summary

Pulmonary hypertension is a complex and heterogeneous
condition with five main subtypes (groups). This review focuses
on pulmonary hypertension caused by chronic hypoxia (hypoxic
pulmonary hypertension, HPH, group 3). It is based mainly on
our own experimental work, especially our collaboration with the
group of Professor Herget, whose fifth anniversary of death we
commemorate. We have found that oxidation and degradation of
the extracellular matrix (ECM) /n vitro, in either the presence or
the absence of pro-inflammatory cells, activate vascular smooth
muscle cell (VSMC) proliferation. Significant changes in the ECM
of pulmonary arteries also occurred /7 vivo in hypoxic rats,
namely a decrease in collagen VI and an increase in matrix
metalloproteinase 9 (MMP-9) in the tunica media, which may also
contribute to the growth activation of VSMCs. The proliferation of
VSMCs was also enhanced in their co-culture with macrophages,
most likely due to the paracrine production of growth factors in
these cells. However, hypoxia itself has a dual effect: on the one
hand, it can activate VSMC proliferation and hyperplasia, but on
the other hand, it can also induce VSMC hypertrophy and
increased expression of contractile markers in these cells. The
influence of hypoxia-inducible factors, microRNAs and galectin-3
in the initiation and development of HPH, and the role of cell
types other than VSMCs (endothelial cells, adventitial fibroblasts)
are also discussed.
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Introduction

Compared to the systemic -circulation, the

pulmonary vasculature is a low-pressure system.
Pulmonary hypertension (PH) is defined as a mean
pulmonary artery pressure (mPAP) greater than
20 mmHg at rest, according to the ESC/ERS 2022
Guidelines for the diagnosis and treatment of pulmonary
hypertension [1]. PH is a complex, heterogeneous group
of diseases with different etiologies, manifestations,
course, prognosis and treatment (for a review, see [2-4]).
Common to all of them is not only the elevation of
mPAP, but

pulmonary vascular wall. Most often PH leads to right

also pathological remodelling of the
heart ventricle hypertrophy and eventually failure. PH
markedly worsens the quality of life of the patients and
their prognosis.

The current classification of PH recognizes
5 groups [1]:
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Group 1

Pulmonary arterial hypertension (PAH). This is
pre-capillary hypertension [4], the primary pathology of
which lies primarily in the pulmonary vasculature. Its
prevalence and incidence is relatively low [5]. It includes
idiopathic and familiar subtypes, as well as various drug-
induced and other uncommon forms (for a review,
see [1,2,6,7]).

Group 2

PH associated with left heart disease, which is
the most common type of pulmonary hypertension, at
least in the Western world [5]. The increased blood
pressure in the left atrium propagates “backwards” to the
Thus,
develops [4], but later mPAP may also increase, resulting

pulmonary veins. initially, post-capillary PH

in combined pre- and post-capillary PH (for a review, see

[2,3]).

Group 3
PH associated with
hypoxemia. This is the second most common type of PH

lung disease and/or
[5]. It is a pre-capillary form of PH [4] and occurs mainly
in chronic obstructive pulmonary disease (COPD), but it
has also been reported in obstructive sleep apnea
syndrome and in interstitial pulmonary fibrosis (for
a review, see [2,3, 8-10]). Chronic exposure to cigarette
smoke can also lead to this type of PH [11,12]. Hypoxia
of high altitude also elicits PH (high-altitude pulmonary
hypertension, HAPH) [13]. In comparison with PAH
(group 1), which is progressive and irreversible, the
pulmonary vascular remodeling during hypoxic PH is
milder and is largely thought to be reversible, although
some patients can also develop severe PH with
irreversible vascular remodeling similar to that in the
group 1 [14]. In addition, group 3 PH can overlap with
group 2 (29.3 % of patients with PH) [5].

Group 4

PH associated with chronic pulmonary
artery obstruction (or chronic thromboembolic pulmonary
hypertension, CTEPH). This is pre-capillary hypertension

[4,15].

Group 5
PH  with
mechanisms; it is either pre-capillary or combined pre-

unclear and/or  multifactorial
and post-capillary PH (for a review, see [2,4,16]).
In our studies performed in collaboration with

Professor Jan Herget's group, we focused on hypoxic

pulmonary hypertension (HPH), which belongs to the
group 3. Studies by Professor Jan Herget's group focused
on HPH induced by low oxygen partial pressure in the
surrounding atmosphere, e.g. in an experimental hypoxic
chamber simulating high altitudes [17,18], during airway
obstruction [19], or in lung diseases, such as microbial
and sterile inflammation [20],
[21,22], or silicosis [23].

There are two mechanisms involved in the onset
of HPH:
and hypoxic

asthma, emphysema

and development hypoxic  pulmonary

vasoconstriction pulmonary vascular
remodeling (for a review, see [8,24]). Important actors in
both these stages are vascular smooth muscle cells
(VSMC:s). This review focuses on the role and behavior
of VSMCs in both of these stages, particularly in the

vascular wall remodeling.

VSMCs
striction

in hypoxic pulmonary vasocon-

The immediate response of pulmonary vessels to
a decrease in alveolar oxygen partial pressure is
vasoconstriction [13,25]. This differs from systemic
circulation, where the main response to hypoxia is
vasodilation, caused by the stabilization of hypoxia-
inducible factor-1a (HIF-1a), i.e. its avoidance of prolyl
hydroxylation [26], and concomitant upregulation of
endothelial (NO)
pulmonary vasoconstriction is a physiological mechanism

nitric  oxide synthase. Hypoxic
reducing the distribution of blood to hypoventilated areas
of the blood

oxygenation [13,27,28].

lungs, thereby maintaining optimal

Pulmonary vasoconstriction is a functional
change in the pulmonary vasculature, mediated by
VSMCs, and is completely reversible, at least in health.
The mechanism by which VSMCs sense hypoxia has
been a subject of considerable research and debate and is
beyond the scope of this text; it is reviewed in detail by
Archer et al. in this issue. Suffice it to say here that
hypoxia-induced redox changes in the VSMCs diminish
the open-state probability of several types of potassium
channels, resulting in cell membrane depolarization. This,
in turn, activates voltage-gated calcium channels, and
thus the influx of Ca?" ions and subsequent activation of
the contractile apparatus in VSMCs (for a review, see
[8,29,24]). Ca*" release from the sarcoplasmic reticulum
is also an important part of the mechanism, as is
Ca?" influx through other types of Ca?"-conductive
channels (see Archer ef al. in this issue).

Although hypoxic pulmonary vasoconstriction is
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intrinsic to VSMCs, it can be modulated by the
endothelium, i.e., decreased by endothelium-derived
vasodilators, such as NO [25] and prostacyclin, and
increased by endothelium-derived vasoconstrictors, such
as endothelin and thromboxane [29], and also by
inhibition of NO synthase. This inhibition may be caused,
at least partly, by the elevation of asymmetric

dimethylarginine, inhibitor of NO

synthesis [27].

an endogenous

VSMCs in structural remodeling of the
pulmonary vasculature

With prolonged duration or recurrence of
hypoxia, morphological remodeling of pulmonary
vessels, particularly peripheral, pre-alveolar vessels,
follows [25,30].

The mechanism of remodeling of the vascular
wall during hypoxia involves, although it may seem
somewhat paradoxical, the production of reactive oxygen
species (ROS). On the one hand, it is logical to
understand hypoxia as a reducing state. During hypoxia,
the limited availability of oxygen prevents the generation
of ROS, including superoxide (O and its conversion to
hydrogen peroxide, decreases the ratio of oxidized/
reduced redox couples (e.g., NAD*/NADH, NADP'/
NADPH, FAD?'/FADH,), and reduces sulthydryl groups
on various molecules [24, 29, 31,32]. On the other hand,
several authors, including Prof. Herget and his co-
workers [33-35], have reported an increased production
of ROS in pulmonary blood vessels during chronic
hypoxia. This has been attributed to the activity of
enzymes such as xanthine oxidase, endothelial NO
synthase (eNOS) and NADPH oxidase, all of which are
capable of producing superoxide, as well as inducible NO
synthase (iNOS), increasing the production of NO, which
readily generates peroxynitrite in the presence of
superoxide. Further indirect evidence for increased ROS
production in hypoxic pulmonary hypertension is that
antioxidant treatment ameliorated pulmonary
hypertension in rats exposed to chronic hypoxia [33-35].

Another important mechanism of the remodeling
of pulmonary blood vessels is the production of
proteolytic enzymes, especially by cells of the immune
system, infiltrating the vascular wall during hypoxia [36-
39]. The effect of both ROS and proteolytic enzymes
ultimately stimulates the proliferation of VSMCs, their
hyperplasia, increased matrix deposition by these cells,

and thickening of the wvascular wall in pulmonary

hypertension (for a review, see [8, 13, 40]).

Effects of ROS and macrophages

During chronic hypoxia, ROS are produced by
cells of the pulmonary vasculature, namely endothelial
cells, VSMCs, adventitial fibroblasts [14,41,42], and also
cells of the immune system, such as alveolar and
[33,43-45]
infiltrating large and small pulmonary arteries and

interstitial macrophages and mast cells,
occurring subpleurally and perivascularly [36,46].

ROS can have a dual effect on cells, including
VSMC:s. In higher concentrations, they can cause damage
to the cell membrane, mitochondria, DNA or alteration of
the function of various enzymes in the sense of their
inhibition (protein kinase C) or activation (proteases and
endonucleases). These effects can then lead to cell growth
arrest and cell death. However, dying cells and their
surviving neighbors can produce growth factors and other
biomolecules that ultimately stimulate the proliferation
of the cell population originally damaged by oxidative
stress. Moreover, some authors even believe that at
lower concentrations, ROS can directly stimulate cell
proliferation, acting as signaling molecules. The
mechanism of this effect is similar to that of growth
factors. ROS can activate the receptor and non-receptor
tyrosine kinases, mitogen-activated protein kinase
(MAPK), transcription factor NF-kB, the expression of
proto-oncogenes c-fos, and c-jun, the apoptosis-
regulating Bcl-2 gene, and also autocrine production of
growth factors, which plays an important role in
activating the growth of the VSMC population. Already
in 1996, Burdon formulated the hypothesis that normal
production of ROS is necessary for normal transduction
of signals regulating cell growth [47]; for a review, see
[12,48,49].

dinucleotide phosphate (NADPH) oxidase are considered

Mito-chondria and nicotinamide adenine

to be the major ROS producers in the cardiovascular
system. In accordance with this, studies on VSMCs under
normobaric hypoxia in both humans and animals have
shown that the Nox4 isoform of the NADPH oxidase
complex was overexpressed, which contributed to VSMC
proliferation leading to pulmonary hypertension [13]. In
contrast, studies by Archer and co-workers have shown
that ROS produced at physiological levels during
mitochondrial electron transport maintain the open state
of voltage-gated K channels, which inhibits the influx of
Ca?" ions into cells [29,50]. This keeps the pulmonary
circulation in a relaxed state and does not promote VSMC
proliferation, because Ca?" ions are necessary not only for



S572 Bagakova et al.

Vol. 73

VSMC contraction but also for proliferation [49,51].

ROS can also stimulate VSMC
proliferation indirectly by modifying their extracellular
matrix (ECM). To
developed a simple model of oxidative damage to the

However,

explore this possibility, we
ECM in vitro, i.e., namely collagen irradiated with
ultraviolet (UV) light. This was a model of pathological
ROS
production by electron leakage from mitochondria. We

ROS production, not a physiological basal

used either type I collagen, which is the major ECM
protein of the healthy vessel wall, or type III collagen,
another important type of collagen in the blood vessel
wall, whose content increases in a pathologically altered
vascular wall, such as in hypertension. Although our
research was primarily related to PH, we initially used rat
aortic smooth muscle cells as a cellular model because of
their relatively easy isolation compared to pulmonary
vascular cells [52,53].

We found that UV light not only oxidized
collagen but also degraded it into low molecular weight
fragments. The adhesion of VSMCs to this collagen was
weakened, which was reflected not only by their smaller
spreading area but also by their higher susceptibility to
detachment from the substrate by trypsin. Even molecular
markers of cell adhesion differed between cells on
irradiated collagen and on non-irradiated collagen. Cells
on irradiated collagen had less developed focal adhesion
plaques and contained lower concentrations of
Bi-integrins, which include receptors for collagen, and
also lower concentrations of focal adhesion proteins talin
and vinculin, contractile protein a-actin (i.e., a marker of
VSMC differentiation) and cytoskeletal protein vimentin.
At the same time, VSMCs proliferated faster on irradiated
collagen, at least at lower population densities - at higher
densities these differences disappeared. The faster
proliferation of VSMCs was explained by the fact that the
cells escaped the growth control provided by cell-matrix
VSMCs

concentrations of immunoglobulin adhesion molecules

contact. In addition, contained increased
such as intercellular cell adhesion molecule-1 (ICAM-1)
and vascular cell adhesion molecule-1 (VCAM-1), which
bind the cells of the immune system [52,53]. A similar
pro-inflammatory phenotype of VSMCs,
ICAM-1 and producing various cytokines and
chemokines, e.g. interleukins 1B and 6 (IL1p and IL6),

monocyte chemoattractant protein-1 (MCP-1), further

expressing

stimulating VSMC proliferation, has also been described
in the pulmonary arteries of human patients suffering
from HPH as well as in animal models of this disease (for

a review, see [54,55]).

Our research therefore also focused on immune
cells and their influence on the ECM and on the adhesion
and proliferation of VSMCs. As the first of these immune
cells, we focused on macrophages, as these cells are
known to play an important role in the origin and
development of vascular diseases, and are an important
source of ROS. For example, already in 1996, it was
shown by Professor Herget's group that alveolar
macrophages harvested from the lungs of rats exposed to
hypoxia produced more ROS than macrophages from
normoxic animals [56]. In addition, macrophages can
digest the ECM with their proteolytic enzymes and may
even proliferate in the pathologically altered vascular
wall (for a review, see [14,57]). In our experiments, we
therefore grew rat aortic VSMCs either in cocultures with
rat alveolar macrophages or on a collagen substrate pre-
modified with these macrophages activated by TiO> dust.

We found that macrophages themselves did not
proliferate in co-cultures but activated proliferation of
VSMCs. Because this increased proliferative activity of
VSMCs became apparent only after several days of
coculture, we reasoned that it was induced by paracrine
production of cytokines, chemokines and growth factors
by macrophages (for a review, see [45,58,59]), rather
than being an immediate effect of short-living oxygen
radicals produced in these cells. It is known that
macrophages exhibit remarkable plasticity in response to
the environment and can be polarized into either pro-
inflammatory M1 cells, which produce high levels of
reactive oxygen and nitrogen species and pro-
inflammatory cytokines, such as interferon-gamma and
tumor necrosis factor-alpha (TNF-o), or into anti-
inflammatory M2 cells, which promote tissue repair by
producing immunomodulatory substances, such as
interleukin 10 (IL10), and growth factors, such as
transforming growth factor-beta (TGF-B) and vascular
endothelial growth factor (VEGF) [45,60]. A recent study
by Professor Herget's followers has shown that alveolar
macrophages exposed to hypoxia were able to produce
superoxide only in vivo but not in vitro, although they
were able under both conditions to polarize to pro-
proliferative M2 macrophages [44].

On collagen modified by activated macrophages,
similar to UV light-modified collagen, the VSMCs
adhered more weakly, were prone to spontaneous

detachment, and showed signs of damage (e.g.,

vacuolization). The remaining undamaged VSMCs,

however, proliferated rapidly and soon compensated for
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these cell losses [48]. The initial unfavorable response of
VSMCs may be due to an adverse effect of activated
macrophages on the collagen substrate. The wall of the
failing right ventricle in PH contained macrophages with
activated nucleotide-binding domain, leucine-rich-
containing family, pyrin domain-containing-3 (NLRP3)
inflammasome, which induced mitochondrial damage,
impaired growth and apoptosis of cardiomyocytes [60],
and similar cell-damaging substances could also be
retained in our macrophage-modified collagen used as
a growth substrate for VSMCs.

In the context of ROS, it is also worth mentioning
the dual role of NO in the pathogenesis of PH. The effect
of NO on VSMCs depends on the amount of NO, the
amount of ROS, and the ratio of NO to ROS. At relatively
low concentrations, NO exerts vasodilatory and
antiproliferative effects on VSMCs through a cyclic
guanosine monophosphate (cGMP)-dependent pathway
[25,61,62]. However, at high concentrations, NO readily
reacts with oxygen and especially with superoxide to form
highly reactive substances such as peroxynitrite [25]. At
the same time, the production of peroxynitrite is also
increased at higher ROS concentrations [12]. Through
these mechanisms, NO changes its initial beneficial effect
of relieving PH into an effect that further exacerbates PH

by contributing to tissue injury [12,13,25,30,33].

Effect of proteolytic enzymes and mast cells

Cells of the immune system that infiltrate the
vascular wall during hypoxia also produce proteolytic
enzymes, such as chymases, tryptases and metallo-
proteinases (MMPs). These proteolytic enzymes degrade
the ECM of pulmonary vessels, especially collagen
[33,63,64], and thus are another important factor that
induces VSMC proliferation by releasing these cells from
growth inhibition by the physiological ECM (for a review,
see [52,53,65]). VSMC proliferation then leads to thick-
ening of the pulmonary vessel walls, increasing their
rigidity and peripheral resistance, and thus leads to long-
term fixation of PH. The thickening and the rigidity of
pulmonary vessels are further promoted by the increased
synthesis of ECM molecules, particularly collagen, by the
multiplied VSMCs [14,57].

Among the cells of the immune system, in
addition to macrophages, we have paid special attention
to mast cells. These cells have been relatively little
considered in the pathogenesis of HPH, and in the
pathogenesis of vascular diseases in general. They have
even been referred to as "forgotten cells" in the literature,

although in addition to VSMCs, macrophages and
fibroblasts, they are another important cell type present in
a pathologically altered blood vessel wall (for a review,
see [39,46]). These cells also play an important role in
various fibrotic diseases, such as renal, pulmonary,
hepatic and cardiac fibrosis and the formation of
hypertrophic scars (for a review, see [66]).

In our studies on the effect of mast cells on
VSMC proliferation, we chose RBL-2H3 cells, i.e. a rat
basophilic leukemia (mastocytoma) cell line, as a model of
mast cells infiltrating the walls of pulmonary blood
vessels. We first compared the production of proteolytic
enzymes in these cells and in cell types present in the
vascular wall, such as endothelial cells, VSMCs and
fibroblasts. We found that the production of chymases,
tryptases and metalloproteinases was several times higher
in RBL-2H3 cells than in vascular wall cell types.
Moreover, the production of these enzymes was usually
higher in RBL-2H3 cells cultured in a hypoxic atmosphere
(3 % O2+ 5 % CO») than in a normoxic atmosphere (21 %
0, + 5% COy), whereas the production of proteolytic
enzymes in vascular wall cell types was not affected by
hypoxia ~or was even reduced.  However,
immunofluorescence staining of MMP-13 revealed that
endothelial cells and VSMCs cultured under hypoxic
conditions contained more numerous and more brightly
stained granules with this enzyme than the cells cultured in
normoxia [37,38]. In a follow-up study, we then monitored
the growth of VSMCs on type I collagen pre-exposed to
RBL-2H3 cells cultivated for 48 hours in normoxia or
hypoxia. On collagen pre-modified by normoxic RBL-2H3
cells, the proliferation activity of VSMCs was similar to
that on unmodified collagen. However, on collagen
pre-modified by hypoxic RBL-2H3 cells, the cell
population doubling time was significantly shorter, and the
final cell population density was significantly higher than
on unmodified collagen. This behavior of VSMCs was
explained by the degradation of collagen by proteases
released from RBL-2H3 cells, which was
pronounced in hypoxic RBL-2H3 cells [39].

Increased collagenolysis is known to stimulate

more

the migration and proliferation of mesenchymal cells,
including VSMCs, and is an important contributor
to vascular remodeling in HPH. Consistent with this, the
metalloproteinase  inhibitor Batimastat significantly
reduced experimental HPH in rats, while reducing the
muscularization of peripheral lung vessels and right
[67].

cromoglycate (DSCG), an

ventricular  hypertrophy Similarly, disodium

inhibitor of mast cell
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degranulation, decreased the amount of collagen cleavage
fragments in pre-alveolar vessels, inhibited muscular-
ization in peripheral pulmonary arteries, and reduced the
development of PH [68]. Interestingly, this effect was
only observed when DSCG was applied in the early phase
of hypoxia exposure. By contrast, when DSCG was
administered to rats with already developed chronic HPH,
it delayed the regression of HPH upon return to normoxia
by preventing the cleavage of the increased amount of
[69]. Another
mechanism by which mast cells, including RBL-2H3
cells, can stimulate the growth of VSMCs, is through
their production of various chemokines and cytokines,

collagen in the blood vessel walls

such as TNF-a, interleukins, leukotrienes and MCP-1
(for a review, see [58]).

We further focused on the adhesion and growth
of VSMCs on collagen modified by primary mast cells
isolated from rat lungs. Type I collagen was deposited in
polystyrene culture wells and was exposed for 1 or 3 days
to mast cells seeded into the inserts above the collagen
and cultured in a normoxic or hypoxic atmosphere. The
collagen substrate was then rinsed with phosphate-
buffered saline (PBS) and was seeded with rat aortic
VSMCs (approx. 2150 cells/cm?). The growth curves of
VSMCs in Fig. 1 show that collagen pre-modified by
mast cells (MCs) promoted the growth of VSMCs more
than unmodified collagen. This difference was more
apparent on collagen modified by MCs for 3 days than on
collagen modified by MCs for only 1 day. On collagen
modified by MCs for 1 day, the VSMCs reached a higher
population density on day 5 after seeding (Fig. 1 A, B),
while on collagen modified for 3 days, a higher cell
population density was already reached on day 3 after
seeding, and this difference was more striking on
collagen modified with hypoxic MCs (Fig. 1 C, D).
Overall, the final population densities of VSMCs tended
to be higher on collagen modified by hypoxic MCs than
modified by normoxic MCs.

However, a disadvantage of primary cultures
of mast cells from rat lungs (by bronchoalveolar lavage)
was the frequent presence of bacterial contamination. We
therefore performed further studies on extracts from
normoxic and hypoxic mast cells, containing proteases.
The mast cell extracts were prepared using a solution
containing 1 part PBS, 1 part 280 mM sorbitol, 1 mM
Ca®" and 0.5 mM Mg?*. Collagen type I, deposited on the
bottoms of polystyrene culture wells, was exposed to
these extracts for 20 hours in a cell incubator, and was
then rinsed with PBS and deionized H,O, dried and

seeded with rat aortic VSMCs (approx. 2150 cells/cm?).
The cells were cultured either in standard Dulbecco’s
Modified Eagle’s Minimum Essential Medium (DMEM)
with 10 % of fetal bovine serum (FBS) or in a chemically
defined serum-free medium (BD Biocoat, Cat. No.
355160), supplemented with epidermal growth factor
(EGF), fibroblast growth factor (FGF) and insulin,
already used in our previous study [39]. The reason was
to minimize the adsorption of serum proteins, such as
vitronectin, fibronectin and albumin, which influence cell
adhesion and spreading and can mask the effect of the
modified collagen on VSMCs.

The advantage of using a serum-free medium
was evident on day | after cell seeding. As shown in Fig.
2A, the number of cells on day 1 after seeding tended to
be highest on collagen modified with hypoxic mast cell
extract. This was more evident in the serum-free medium
than in the standard serum-supplemented medium. In the
serum-supplemented medium, the size of the cell
spreading area was similar in VSMCs on all collagen
layers. However, in the serum-free medium, the cell
spreading areca was smaller in VSMCs on collagen
modified with extracts from mast cells, whether normoxic
or hypoxic (Fig. 2B).

In the following days, the number of VSMCs
increased faster in cells on unmodified collagen, and on
day 7 it became significantly higher than on collagen
modified with normoxic or hypoxic mast cell extracts
(Fig. 2C). However, in a serum-free medium (where the
adsorption of molecules with a potential masking effect
was minimized), the highest cell numbers were achieved
on collagen modified with hypoxic mast cell extract
(Fig. 2D). In this case, there is also an interesting
connection between the relatively small adhesion area of
the cells and the increased growth of their population.
This is in line with the generally accepted fact that cell
proliferation is highest at the intermediate level of cell-
matrix adhesion [70].

Among all proteolytic enzymes produced by
mast cells, we finally turned most attention to MMP-13.
This enzyme is an interstitial collagenase, the principal
enzyme responsible for the initiation of collagen
breakdown in the rat species during the development of
HPH [36]. We therefore studied the adhesion, growth and
viability of VSMCs in cultures on collagen I exposed to
MMP-13. Collagen I was adsorbed on polystyrene culture
dishes, digested with MMP-13, seeded with rat aortic
VSMC (approx. 2500 cells/cm?) and incubated in DMEM
with 10 % of FBS for 1 to 7 days.
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Fig. 3. Changes in the concentration of adhesion molecules
(Bi-integrins, talin, vinculin), cytoskeletal proteins (a-actin and
B-actin) and heat-shock proteins 60 and 70 (HSP 60, HSP 70) in
rat aortic VSMCs cultured on unmodified collagen I (white
columns) and on MMP-13-degraded collagen I (black columns).
Measured by ELISA per mg of protein on day 3 after seeding.
The absorbances of cell samples from the degraded collagen are
expressed as percentages of the values obtained from control
cells on unmodified collagen. Mean £ SEM from 2-4 experiments,
Student t-test for unpaired data, *p<0.05 compared to control
values.

We found that the VSMCs on MMP-13-treated
collagen adhered in about 1.5 times lower initial numbers
than the cells on unmodified collagen (2200 £+ 200 vs.
1490 + 650 cells/cm?; p<0.01). In addition, these cells
were usually less spread, i.e. they contacted the modified
collagen by a smaller cell adhesion area. Their shape was
often round or spindle-like, whereas the cells on
unmodified collagen were mainly polygonal. The
concentration of [-integrin adhesion receptors and
B-actin in cells on MMP-13-treated collagen was lower
by about 35 % (Fig. 3). The concentrations of focal
adhesion proteins talin and vinculin, and a contractile
protein a-actin, were unchanged, but the clustering of the
first two proteins into focal adhesion plaques, as well as
the assembly of o- and [-actin-containing
microfilaments, were lower (Fig. 4). The cells on MMP-
13-treated collagen contained more heat-shock protein 60
(by 20 = 7 %), and were more prone to cell death, as
indicated by a more than 3 times higher number of trypan
blue-stained cells (Fig. 5A). As a result, the growth
curves showed that the cells on MMP-13-modified
collagen proliferated more slowly than the cells on the
control unmodified collagen.

However, the VSMCs on the modified collagen
proliferated for a longer period of time, whereas on
unmodified collagen the cells reached their maximum
population density earlier and entered the stationary
phase (Fig. 5B). These results suggested that the cells on
MMP-13-degraded collagen escaped the ECM-mediated

growth control more easily and increased their turnover
[53,65]. Increased turnover of VSMCs, i.e. coexistence of
proliferation and apoptosis, has been shown repeatedly in
the pulmonary vascular cells of rats with HPH (for
a review, see [8]).

Changes in the ECM of pulmonary arteries in vivo

Our further studies on changes in the ECM of
pulmonary arteries during hypoxia and their potential
influence on the behavior of VSMCs were performed in
rats in vivo. The rats were exposed to hypoxia (10 % O5)
in a normobaric hypoxic chamber for four days. The rats
then
(approximately 250-400 pum in diameter, 3"-5" order,

were euthanized, and pulmonary arteries
classified as conduit arteries) were subjected to immuno-
histochemical, proteomic, and real-time PCR analyses,
focused particularly on non-fibrillar collagens of type IV
and VI [71]. Type IV collagen is located in the basal
lamina of cells, including VSMCs, and it helps maintain
VSMC s in a differentiated state. Plating VSMCs on type
IV collagen induced an increase in contractile proteins,
namely a-actin and myosin heavy chain, in these cells.
Moreover, various types of stem cells seeded on type IV
collagen spontaneously differentiated towards smooth
muscle cell phenotype (for a review, see [72]). Type VI
collagen is located in the basement membrane and in the
interstitial space between cells. It has been reported to
induce the differentiation of fibroblasts into myofi-
broblasts, manifested by their expression of smooth
muscle a-actin (for a review, see [72]). Type VI collagen
consists of three chains (al, a2, and a3). The a3(VI)
chain is approximately three times longer than the a1(VI)
and 02(VI) chains and, unlike the other chains, contains
a Kunitz-like terminal domain (C5), with a sequence very
similar to that of Kunitz-type A proteinase inhibitors
(first described by Bonaldo et al. 1989 [73]). This
C5 terminal collagen a3(VI) domain with 58 residues is
present as a propeptide in the newly formed type VI
collagen microfibrils (composed of a1, 02 and a3 chains).
However, immediately after the microfibrils are secreted
into the ECM, this C5 propeptide is cleaved off and is no
longer present in the mature collagen VI fibrils [74]. This
C5 domain, after cleavage from the o3(VI) main chain,
represents a biologically active peptide, endotrophin
[75-77]. Endotrophin appears to be one of the key players
in the signaling effects mediated by collagen VI,
including its pro-fibrotic nature and chemoattractant
properties for macrophages [77]. Endotrophin was first
identified by Park and Scherer (2012) as a pathological
signal that promotes breast cancer growth [78], and is
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Reduced formation of focal adhesion plaques and actin eytoskeleton in VSMCs
on collagen modified by MMP-13

Fig. 4. Immunofluorescence staining of vinculin (A, B), talin (C, D), alpha-actin (E, F) and beta-actin (G, H) in 3-day-old cultures of rat
aortic VSMCs grown on unmodified collagen I (A, C, E, G) or on collagen I digested with MMP-13 (B, D, F, H). Zeiss Axioplan
epifluorescence microscope, scale bar = 10 pm.
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an important marker and driver of fibroinflammatory
diseases (for a review, see [79]).

We found that the expression of type IV
collagen in the tunica media of arteries of hypoxia-
exposed rats was not changed at protein and mRNA
levels. However, type VI collagen was significantly
reduced in the tunica media of hypoxic rats at protein
level (Fig. 6), while its expression at mRNA level
increased. This phenomenon was described for the first
time in our study [71]. At the same time, we detected
a significant increase in MMP-9 in the funica media,
while the expression of MMP-2 at both protein and

mRNA levels was decreased in the tunica media. We
concluded that the loss of collagen VI and increasing
concentration of endotrophin could be important factors
inducing the phenotypic modulation of VSMCs, i.e., loss
of their contractile filaments (e.g., a-actin-containing)
and activating their migration and proliferation, which
leads to remodeling of the pulmonary arteries during
hypoxic pulmonary hypertension. At the same time,
collagen VI was retained in the tunica adventitia, which
could promote the differentiation of adventitial fibro-
blasts to myofibroblasts [71].

Increased cell death and extended proliferation time in VSMCs on MMP-13-modified collagen

A. Trypan-blue stained VSMCs
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Fig. 5. A) Percentage of trypan blue-stained cells in 2-day-old cultures of rat aortic VSMCs on unmodified collagen I (Col. I), on
collagen I digested by MMP-13 (Col. I + 13), on polystyrene tissue culture dishes (PS dish), and on glass coverslips (Glass). Mean +
SEM from 15 measurements. Student t-test for unpaired data, **p<0.01 compared to control values on Col. I. B) Growth curves of
VSMCs on Col. I and Col. I+MMP-13. Mean + SEM from 20 measurements (days 1 to 4) or from 4 measurements (days 5 to 7).
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the tunica media of pulmonary arteries (about 300 pm in diameter) during hypoxia. At the same time, the amount of type IV collagen
(green on the surface of the VSMCs) remained unchanged. Fibrillar collagens (type I and III) are drawn in black, and collagen VI
anchors them to collagen IV. A biologically active peptide, endotrophin, cleaved from the a3(VI) is drawn in blue. The status of some
VSMCs changes during the development of HPH (decreasing concentration of the protein myosin 11, a marker of the differentiated

status of VSMCs). Modified from [71].
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A recent comprehensive and systematic
proteomic study by the group of K.R. Stenmark shows
significant changes in the matrisome (i.e. the ensemble of
genes encoding ECM and ECM-associated proteins) in
calf pulmonary vessels in response to hypoxia. Major
changes included a strong immune response and wound
repair signature characterized by increased levels
of complement components (mainly membrane attack
complex C5 to C9 components), coagulation cascade
proteins (fibrinogen and fibrin), and provisional matrix
glycoproteins (tenascin C, fibronectin). In addition, the
authors observed an upregulation of ECM-modifying
enzymes (proteases and protease inhibitors, enzymes
involved in collagen biosynthesis and stabilization),
growth factors (TGF-B3, insulin-like growth factor-2,
IGF-2), and core ECM proteins involved in vascular
stiffening, such as collagens (fibrillar, e. g. types I and III,
and non-fibrillar, e.g. types IV and VIII), fibronectin, as
well as the glycoproteins vitronectin, which promotes cell
adhesion spreading and migration, and periostin, which is
associated with epithelial-mesenchymal transition [80].
The role of hypoxia-inducible factors in vascular
remodeling

In addition to the effects of the changes in ROS
and ECM investigated in our previous studies, other
stimulation of VSMC

proliferation and vascular remodeling during HPH are

important players in the
hypoxia-inducible factors (HIFs). HIFs are oxygen-
sensitive transcription factors governing the metabolic
response of cells to low oxygen levels. There are three
basic members of the human HIF family, namely HIF-1,
HIF-2 and HIF-3. HIFs are heterodimers composed of
oxygen-sensitive o subunit (HIF-lo, HIF-2a, HIF-3a)
and oxygen-insensitive B subunit (HIF-1f3, HIF-2p3, HIF-
3B) [8]. HIF-1a is primarily expressed in VSMCs, HIF-
2a is predominantly found in endothelial cells (although
its role in VSMCs should not be underestimated), and
HIF-3a is
fibroblasts [51]. The interplay between all members of

predominantly expressed in pulmonary
the HIF family then leads to the onset and development
of HPH.

HIFs are responsible for the activation or
inhibition of more than 2 % of human genes participating
in the cellular adaptive response in order to maintain
oxygen homeostasis [8,40,51,81]. Erythropoietin was the
first of the genes for which the HIF regulation was
described (by HIF-1a), and in this way, pharmacological
interference with the HIF system was investigated as

a possible therapy for anemia. Professor Herget's
followers focused on roxadustat, a prolyl hydroxylase
inhibitor and HIF stabilizer [82]. It is known that HIFs
promote VSMC contraction by inhibiting K* channels,
which leads to the influx of Ca®?" ions [8,51]. The
application of roxadustat can therefore be associated with
a risk of increased pulmonary vascular resistance and
vasoconstrictor reactivity. Fortunately, this risk was not
confirmed when roxadustat was administered to rats for
14 days. However, this risk should be taken into account,
since HIFs and their stabilizers or activators can support
blood vessel remodeling [82]. Calcium ions entering the
VSMCs can stimulate their proliferation, especially in
with  the  shift
phosphorylation to oxygen-independent glycolysis, which
likens the behavior of VSMCs to that of tumor cells
[8,49,51,55,59]. In this context, it is interesting to note
that gene therapy for oxygen-sensitive Kv1.5 channels,

combination from  oxidative

whose expression was downregulated by HIF activation,
reduced pulmonary hypertension in chronically hypoxic
rats [83].

HIFs also up-regulate growth factors/receptor
tyrosine kinases, activate protein kinase B (AKT)
and extracellular signal-regulated kinase (ERK), and
mamma-lian target of rapamycin (mTOR), i.e. factors
that promote cell proliferation and survival, and suppress
growth inhibitory factors such as phosphatase and
tensin homolog (PTEN), p53 and the Hippo signaling
pathway [8,51].

In endothelial cells, hypoxia and HIF-la
upregulate genes for growth factors such as vascular
endothelial growth factor (VEGF) and platelet-derived
growth factor (PDGF) [95], which
migration and proliferation of VSMCs [40]. Last but not
least, HIF-1a increases the expression of CD146, which
is a co-receptor of VEGF receptor 2 (VEGFR2) and
PDGF receptor-p (PDGFR-B), and further enhances the
expression of HIF-1a [8,51,84].

HIFs in VSMCs
migration and proliferation, stimulate a switch from the

stimulate the

Ultimately, activate the
quiescent contractile phenotype to a synthetic and
proliferative phenotype, inhibit VSMC apoptosis, and
also induce osteogenic differentiation of VSMCs, which
results in blood vessel calcification [8,51,55]. VSMCs
also acquire a pro-inflammatory phenotype, characterized
by the expression of cell adhesion molecules of the
immunoglobulin and selectin families, and by the
production of various chemokines, cytokines and growth
factors, attracting cells of the immune system (e.g.
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monocytes, macrophages, lymphocytes) and promoting
their proliferation [8,14,54,55,57].

It can be summarized that HIF-1 plays a major
role in driving VSMC proliferation, while HIF-2 plays
a major role in inflammatory cell recruitment via
activation of endothelial cells and VSMCs to a pro-
inflammatory phenotype. HIF-2a is therefore considered
to play a major role in the initiation of HPH, whereas
HIF-la may play a major role in the progression and
perpetuation of the disease [85,86]. Chronic PH is then
characterized by the accumulation of persistently
activated cell types in the pulmonary vessels, exhibiting
aberrant expression of genes involved in proliferation,
apoptosis resistance, inflammation and ECM remodeling
[55].

The role of miRNA in vascular remodeling

Other important factors in the onset and
development of HPH, including vascular remodeling, are
microRNAs (miRNAs). These molecules are single-
stranded small noncoding RNAs (18-22 nt in length) that
can directly degrade or repress the translation of their
mRNAs, thus

expression at the posttranscriptional level [58,87]. As it is

target negatively regulating gene

estimated that at least 30 % of genes in the human

genome are directly regulated by miRNAs, a growing
number of studies are revealing that miRNAs play
a unique and pivotal role in the progression of HPH
through switch of VSMCs
a contractile to a synthetic phenotype.

the phenotypic from
The non-
proliferative differentiated contractile phenotype is
characterized by the expression of myocardin, o-actin,
of VSMC differentiation),
h-caldesmon and calponin-1 (intermediate markers of
VSMC differentiation) and desmin, meta-vinculin, SM1
and the SM2 isoforms of myosin heavy chain and
smoothelin (late markers of VSMC differentiation).

During the transition to the synthetic phenotype, these

SM22a (early markers

markers are gradually lost, in order from late to early, so
that some level of the early markers, e.g. a-actin, is
retained by cells in the synthetic phenotype (for a review,
see [54,57]). In addition, some isoforms of differentiation
markers are replaced by others, e.g. a-actin by B-actin or
SM1 and SM2 isoforms of myosin heavy chain by
myosin heavy chain embryonic (SMemb). Other markers
of synthetic VSMCs include the presence of tropomyo-
sin 4, increased synthesis of ECM proteins and
glycoproteins, such as collagen and osteopontin-8, and
particularly

activity [87].

increased migration and proliferation

Table 1. MicroRNAs which promote or inhibit the switch from contractile to synthetic phenotype and proliferation of VSMCs in HPH.

Dependence/effect Pro-proliferative Anti-proliferative Reference
Hypoxia-dependent miRNA-9 miRNA-17~92 cluster [87]
miRNA-20a miRNA-30c
miRNA-23a miRNA-124
miRNA-214 miRNA-140
miRNA-206
miRNA-449
miRNA-17 miRNA-26b-5p [58]
miRNA-18a-5p miRNA-140-5p
miRNA-19a miRNA-150
miRNA-92b-3 miRNA-223
miRNA-143 miRNA-760
miRNA-145
miRNA-155-5p
miRNA-214
miRNA-1260b
Growth factor-dependent miRNA-221 miRNA-21 [87]
miRNA-15b miRNA-132
miRNA-96

miRNA-24
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The transition from the contractile to the synthetic
phenotype and vice versa is regulated by specific
miRNAs that VSMC
proliferation or have an antiproliferative effect (Table 1).

ultimately either stimulate
Modulation of their expression could therefore be used in

the prevention and therapy of HPH.

Cell types other than VSMC in vascular remodeling
During HPH, a metabolically reprogrammed,
proliferative and pro-inflammatory phenotype is acquired
not only by VSMC:s but also by other cell types present in
the blood vessel wall. These cells include intimal
endothelial cells and adventitial fibroblasts, which can be
considered as “sentinel cells” separating VSMCs from the
blood and the surrounding vascular environment, and
which are activated first in response to various adverse
[4,14,49,59].
endothelin-1, a potent vasoconstrictor, which stimulates

factors Endothelial cells can produce
the expression of HIF-la in VSMCs, promotes the
proliferation of VSMCs and fibroblasts, and facilitates
the production of ECM by these cells [11,51]. Moreover,
endothelial cells can undergo a so-called endothelial-to-
mesenchymal transition and acquire a VSMC-like
phenotype, characterized by the presence of smooth
muscle a-actin [85].

A similar transformation can be observed in
fibroblasts,
fibroblasts positive for smooth muscle a-actin, and
resemble VSMCs [12,14,40,54]. These fibroblasts are
capable of proliferating, stimulating the proliferation

adventitial which transform into myo-

of VSMCs, and particularly recruiting monocytes and
lymphocytes (e.g., T-cells) and activating them into cells
with the pro-inflammatory and pro-remodeling phenotype
[14,88,89]. Last but not least, VSMC-like cells capable of
proliferation and paracrine secretion of growth factors
can arise from progenitor cells, either resident in the
vascular wall or circulating in the blood after their release
from the bone marrow [12,54]. Importantly, a recent
study by Hu et al. (2023) [90] showed that human and
bovine pulmonary vascular fibroblasts from patients or
animals with PH exhibited even greater expression of
cytokines, chemokines and growth factors than VSMCs
and endothelial cells from the same vessels, and that HIF
alone was not sufficient to

inhibition reverse

the persistently activated phenotype of these fibroblasts.

Effect of hypoxia on the growth of VSMCs in vitro

The pulmonary arteries used to study ECM
changes in vivo (part "Changes in the ECM of pulmonary
arteries in vivo" above) were also used to isolate VSMCs

and culture them in vitro for growth studies. The arteries
(approx. 250-400 pm in diameter, 3'-5" order) were
dissected from the lungs of normoxic and hypoxic adult
male Wistar rats under a microscope, were visually
cleared of tunica adventitia, and were minced into
fragments (0.5 mm® or less). These fragments were
digested by collagenase, and VSMCs were isolated from
them by an explantation method [52,91,92]. The identity
of the VSMCs was verified by smooth muscle a-actin
detection at the protein level [71]. The cells were then
cultured in a humidified air atmosphere either under
normoxic conditions (21 % O, and 5 % CO;) or under
hypoxic conditions (2.5 % O, and 5 % CO) in a high-
glucose DMEM supplemented with 10 % of FBS and
The growth of four
experimental groups of cells was compared:

gentamicin (40 pg/ml) [92].

(a) VSMCs from hypoxic rats cultured in
a hypoxic atmosphere (“hyp in hyp”),

(b) VSMCs from hypoxic rats cultured in
a normoxic atmosphere (“hyp in norm”),

(c) VSMCs from normoxic rats cultured in
a hypoxic atmosphere, (“norm in hyp”)

(d) VSMCs from normoxic rats cultured in
a normoxic atmosphere (“norm in norm”).

We found that
measured by the increase in cell number from day 1 to

the proliferation activity,

day 7 after seeding, tended to be highest in group (a) and
lowest in group (d) (Fig. 7). Although these differences
were not statistically significant, this result is consistent
with our earlier findings of increased VSMC growth on
collagen modified by hypoxic mast cells (Figs 1, 2). This
result is also in agreement with previous studies by other
authors, who described an increased proliferative activity
of pulmonary arterial VSMCs in HPH in humans and in
various experimental models (for a review, see [8,54]). It
is also evident that culturing cells from hypoxic donors in
normoxia tended to attenuate the proliferative activity of
VSMCs, whereas culturing cells from normoxic donors in
hypoxia enhanced this activity, although not to the level
of the activity of hypoxic cells cultured in hypoxia

(Fig. 7).

Effect of hypoxia on markers of VSMC differentiation in
vitro

Interesting results were obtained when the
expression of genes for markers of VSMC differentiation
at the mRNA level was studied by real-time qPCR in
cultures of VSMC isolated from pulmonary arteries of
normoxic and hypoxic rats. These markers included
smooth muscle a-actin, calponin-1 and myosin heavy
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chain, i.e. early, intermediate and late markers of VSMC
differentiation, respectively (for a review, see [54,57,87]).
We expected a loss in the mRNA expression of these
markers as a sign of phenotypic modulation of VSMCs
during HPH. However, the expression of a-actin was
unchanged in hypoxic VSMCs, and the expression
of calponin-1 and particularly myosin heavy chain was
even increased (Fig. 8). At the same time, the expression
of type I collagen was unchanged, but the cells from
hypoxic rats showed an increased expression of galectin-
3. This B-galactosyl-binding protein, considered to be
implicated in the pathogenesis of HPH, can have a dual
effect on VSMCs. On the one hand, an increased
expression of Gal-3 in VSMCs was reported to be
associated with increased proliferation activity of these
[93].
Moreover, in VSMCs, Gal-3 induced the expression of

cells and their lower tendency to apoptosis

osteopontin, a marker of phenotypic modulation of
VSMCs towards synthetic phenotype, associated with
VSMC proliferation and vascular calcification [94]. On
the other hand, Gal-3 was reported to stimulate cell
differentiation towards contractile VSMC phenotype, e.g.
by inducing the expression of a-actin in endothelial cells
[95] and by increasing the expression of a-actin and
calponin in VSMCs [92,94]. This is probably related to
the pro-fibrotic effect of Gal-3, as a-actin and calponin
can also be considered as markers of fibrosis [92,96].
Hypoxia may also have a dual effect on
the differentiation status of cells. On the one hand, as
already explained, it promotes the dedifferentiation
of initially contractile VSMCs into a synthetic phenotype,
but on the other hand, it is used to differentiate stem
cells into different cell types, such as endothelial cells
[97,98], [99], [100],
cardiomyocytes (for a review, see [101]), and also

chondrocytes osteoblasts
smooth muscle cells. For example, in a recent study by
Lin et al. (2020) [102], human subcutaneous adipose
tissue-derived stem cells (ADSCs),
induction medium consisting of low-glucose DMEM
supplemented with 1 % of FBS, TGF-B1 (5 ng/ml) and
bone morphogenetic protein-4 (BMP-4; 2.5 ng/ml) and
of Oz),
expression of a-actin, SM22a, calponin and myosin

cultured in an

subjected to hypoxia (1 % increased the
heavy chain, i.e. markers of VSMC differentiation, which
was mediated by N6-adenosine methyltransferases
(Mettl3). At the same time, however, hypoxia and Mettl3
induced paracrine production of VEGF, TGF-,
growth (HGF),
macrophage colony-stimulating factor (GM-CSF), basic
fibroblast growth factor (bFGF), and stromal cell-derived

hepatocyte factor granulocyte-

factor-1 (SDF-1) in ADSCs, i.e. factors promoting not
only the differentiation but also the proliferation of
ADSCs.

Therefore, the described dual effects of hypoxia,
i.e., two opposing tendencies of hypoxia to stimulate
either growth or differentiation of VSMCs, may have
coincided in our studies on HPH. As expected, we
observed an increased tendency of hypoxic VSMCs to
proliferate, i.e., to increase in number, although this
tendency did not reach

Growth of VSMCs in hypoxic and normoxic environments
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Fig. 7. VSMCs showed a tendency to increase their growth
activity under hypoxic conditions. When VSMCs were isolated
from pulmonary arteries of hypoxic rats and cultivated for 3 and
7 days (3D, 7D) in a hypoxic atmosphere (Hyp in hyp), they
reached on average higher numbers than when cultured in
a normoxic atmosphere (Hyp in norm), and higher numbers than
VSMCs from normoxic rats grown in a hypoxic atmosphere (Norm
in hyp). The lowest average cell numbers were observed for
VSMCs from normoxic rats grown in a normoxic atmosphere
(Norm in norm). The number of initially adhered cells on 1 day
(1D) after seeding was similar in all tested groups. Mean + SEM,
n = 5. One Way ANOVA, Student-Newman-Keuls Method, p <
0.05. No statistically significant difference was detected.

Gene expression in VSMCs from normoxic and hypoxic rats
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Fig. 8. Expression of genes encoding a-actin (ACTA2), myosin
heavy chain (MYH11), calponin-1 (CNN1), type I collagen
(COL1A1) and galectin-3 (LGALS3) in VSMCs isolated from
pulmonary arteries of normoxic and hypoxic rats (passage 2) and
cultivated for 6 days in a normoxic atmosphere and in a hypoxic
atmosphere, respectively. Mean + SD, n = 5. Student's t-test,
p < 0.05. * significant difference compared to normoxic cells.
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Fig. 9. Morphology of VSMCs isolated from pulmonary arteries of normoxic (A, B, E, F) and hypoxic (C, D, G, H) rats and cultivated
for 1 day (A, C, E, G) and for 4 days (B, D, F, G) in DMEM with 10 % of FBS (A-D) or with 0.5 FBS (E-H) in a normoxic atmosphere
(A, B, E, F) and in a hypoxic atmosphere (C, D, G, H). F-actin in the cells was stained with phalloidin conjugated with TRITC, cell
nuclei were counterstained with Hoechst 33342. Olympus IX 71 microscope, DP 70 digital camera. Scale bar represents 100 ym.
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Fig. 10. Morphology of VSMCs isolated from pulmonary arteries of normoxic (A, C, E, G) and hypoxic (B, D, F, H) rats and cultivated
in DMEM with 10 % of FBS for 4 days in pure polystyrene wells (A, B), in wells coated with type I collagen (C, D), with type IV collagen
(E, F) or with type VI collagen (G, H). Cells stained with Texas Red C. maleimide. Olympus IX 51 microscope, DP 70 digital camera,
obj. 10x. Scale bar represents 100 pm.




2024

VSMCs in Hypoxic Pulmonary Hypertension S585

statistical significance. At the same time, we also
observed an increased expression of differentiation
markers in VSMCs. This led us to the idea that in
addition to hyperplasia, hypertrophy of VSMCs could
also occur in our experimental setup.

The question of VSMC hypertrophy in HPH

First, it is important to note that even under basal
physiological conditions, pulmonary (and also systemic)
VSMCs are a highly heterogeneous population, ranging
from less differentiated cells prone to proliferative and
synthetic behavior to highly differentiated quiescent cells
with contractile function [103]. The representation
of individual subpopulations of VSMCs in the pulmonary
vascular bed varies transversely and longitudinally in the
tunica media of pulmonary arteries. For example, the
middle tunica media of the bovine main pulmonary artery
contained highly differentiated VSMCs (expressing both
a-actin and SM myosin), while the sub-endothelial and
outer media also contained less differentiated VSMCs
expressing only a-actin [104]. At the same time, the
content of highly differentiated cells increased in the
proximal-to-distal axis, so that the distal pulmonary
arteries contained a relatively homogeneous population of
differentiated contractile VSMCs [105]. Obviously, these
morphologically different subpopulations of VSMCs also
exhibited different growth responses to hypoxic exposure.
For example, hypoxia is thought to activate proliferation
only in a specific less differentiated subpopulation
of VSMCs, rather than directly causing phenotypic
modulation and proliferation of originally differentiated
contractile VSMCs [103,104]. Another important point is
that the growth activation of VSMCs involves not only an
increase in their number, but also an increase in their
volume and protein content [105]. Moreover, the growth
responses of VSMCs can change over time - the
proliferative activity of VSMCs was higher in the early
stages than in the late stages of HPH [54].

For studies of VSMC morphology, we used the
same VSMCs as for the ECM and proliferation studies,
i.e., described in the first paragraphs of parts “Changes in
the ECM of pulmonary arteries in vivo"” and "Effect of
hypoxia on the growth of VSMCs in vitro". As shown in
Fig. 9, the population of VSMCs isolated from the
pulmonary arteries of normoxic rats and cultured under
normoxic conditions was heterogeneous, i.e. containing
cells adhering to the substrate with a spreading area of
varying size and shape and with a more or less developed
filamentous actin (F-actin) cytoskeleton (Fig. 9 A, B).

This is
heterogeneity of VSMCs isolated by an explantation

consistent with the previously described
method from bovine pulmonary arteries, containing small
rhomboid cells and larger spindle-shaped or cobblestone-
like  epitheloid differed in
immunofluorescence staining for SM alpha-actin and SM

cells, which also
myosin [104].

However, in cultures of VSMCs isolated from
pulmonary arteries of hypoxic rats, more cells were
spread over a larger area on the culture substrate than in
the case of VSMCs from normoxic arteries, which may
be indicative of their larger volume (Fig. 9 C, D).
Furthermore, this larger cell spreading area did not
depend on the composition of the culture medium or the
cell adhesion substrate. This larger area of hypoxic
VSMCs was found both in the standard culture medium
with 10 % FBS (Fig. 9 A-D) and in the serum-deprived
medium with only 0.5 % FBS (Fig. 9 E-H), and not only
on the culture polystyrene (Fig. 9) but also on various
ECM proteins present in the vessel wall, such as collagen
I, IV, VI, and fibronectin (Fig. 10). In addition, the larger
spreading area of hypoxic VSMCs was evident not only
when these cells were cultured under hypoxia (Fig. 9),
but also when they were cultured under normoxia (“hyp
in norm”; Fig. 10). These results suggest that larger cells
were not generated or selected by the culture conditions,
but were already primarily present in the pulmonary
arteries of hypoxic rats. Increased volume and proteo-
synthesis in VSMCs in response to hypoxia were found
in the outer media of the main pulmonary artery and in
distal pulmonary arteries (diameter from 1500 pm to 100
pm) [105], i.e. in VSMCs from similar regions to those
used in our experiments.
of VSMCs of
intrapulmonary arteries was also observed in a study by
Shimoda et al. (2001) [106] in mice exposed for 21 days
to normobaric hypoxia in a hypoxic chamber with
10 =+ 0.5% O,. This increased volume of VSMCs
explained, at least partly, the reduction in Ky current

An increased volume

density in these cells. However, normal HIF-1la levels
were a prerequisite for this VSMC hypertrophy, because
hypoxic mice with a null allele at the Hifla locus, i.e.
Hifla(+/-) mice, lacked this hypertrophic response of
VSMC s, as well as the reduction in Ky current induced
by chronic hypoxia.

Hypertrophy and strengthening of the contractile
apparatus of VSMCs may result from their increased
mechanical stress in hypertension. In the vessels of the
systemic circulation, this hypertrophy may also be
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associated with polyploidy of the cells. This polyploidy is
the result of incomplete growth stimulation, which leads
to DNA synthesis and mitosis of cells that are not
followed by karyokinesis of the cells, or at least their
cytokinesis, which also leads to the formation of
binucleated cells. This process is also referred to as
endoreduplication [107]. VSMCs with duplicated or
multiplied chromosomal equipment are then considered
to be more efficient in the synthesis of contractile and
ECM proteins, and thus better able to withstand an
increased mechanical load. In this sense, hypertrophy and
polyploidization of cells are considered a kind of
differentiation of VSMCs [91]; for a review, see [57].
Another mechanism of possible polyploidy in pulmonary
hypertension could be cell fusion initiated by circulating
cells that contribute to tissue repair [108]. However, the
presence of polyploidy in pulmonary vessels is rather
unlikely, as shown by studies based on flow cytometry
[109] or based on fluorescent in situ hybridization (FISH;
[108]). Consistent with this, VSMCs of the outer media
of the bovine main pulmonary artery and distal
pulmonary arteries, which increased their volume and
photosynthesis in response to hypoxia, exhibited
relatively low DNA synthesis [105].

However, cell hypertrophy can also be a sign of
cell senescence. A recent study by Born et al. (2023)
[110] showed that HPH was associated with the

accumulation of senescent VSMC, and also endothelial
cells, mainly at sites of vascular hypertrophy. This
accumulation coincided with increases in the DNA
damage markers gamma H2A histone family member X
(y-H2AX) and tumor suppressor p53 binding protein 1
(53BP1). Senescent VSMCs stimulated the migration and
growth of neighboring cells through the secretion of
paracrine factors, whereas senescent endothelial cells
released pro-inflammatory factors attracting cells of the
immune system. Nevertheless, the elimination of
senescent cells by senolytic therapies aggravated PH,
which resulted mainly from the removal of senescent
and further activation of VSMC

proliferation and loss of lung capillaries [110]. Senescent

endothelial cells

cells with reduced proliferative capacity have been
demonstrated in pulmonary arteries during HPH in
studies by the group of Stenmark et al. Their occurrence
depended on the duration and the severity of hypoxia, the
duration of hypertension, and the localization in the
pulmonary circulation, where they varied in the length
and thickness of the vessels (for a review, see [54]).

The work of Prof. Herget's
collaborating scientists from the Institute of Physiology
of the Czech Academy of Sciences in the field of
pulmonary hypertension is
Fig. 11.

group and
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Fig. 11. Work of Professor Jan Herget’s group and scientists from the Institute of Physiology of the Czech Academy of Sciences.

Resulting publications in brackets.

Treatment options for HPH

Despite decades of research on HPH

mechanisms, the practical outcome — effective therapy —
still remains limited. As extensive recent reviews on this
topic are available, we supplement our review focusing
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on pulmonary vascular remodeling in hypoxia only with
a brief, non-exhaustive overview of the main concepts.
While several options to slow down or even stop
the progression of PAH (group 1 PH) are available, they
are not necessarily wuseful and could even be
counterproductive in HPH [113]. The main reason is that
these drugs (targeting NO/cGMP axis, prostacyclin, or
endothelin) [114-116] not only reduce the morphological
remodeling of the pulmonary vascular wall, but also
inhibit hypoxic pulmonary vasoconstriction. As this
physiological mechanism is important for optimization of
lung ventilation/perfusion ratio and thus arterial blood
oxygenation, its inhibition easily results in further
worsening of oxygenation (already compromised in
patients with HPH). Currently, the therapy of patients
with HPH therefore primarily targets the underlying
disease, e.g. COPD with bronchodilators or interstitial
with
antifibrotics (for a review, see [9,113]).

lung diseases anti-inflammatory drugs and

The problem of the inhibition of hypoxic
pulmonary vasoconstriction may, in principle, be
overcome by using inhaled instead of systemically
administered agents. That way, the agent reaches poorly
ventilated regions of the lung much less easily that the
well ventilated areas. Any vasodilator (and anti-
proliferative) effect is thus meager in the poorly
ventilated parts and the worsening of the oxygenation is
mostly prevented.

A good example of such a substance is inhaled
NO. It must be administered in low concentrations
(low ppm at most) to prevent lateral diffusion from the
ventilated to the non-ventilated alveoli. This also limits
the potential toxic effects of NO [117,118]. Inhaled NO
has the added advantage of being selective only for
pulmonary vessels. After diffusion from the alveoli, it is
very rapidly scavenged by hemoglobin in erythrocytes
and therefore does not enter the systemic vasculature in
large enough quantities to cause vasodilation. However,
NO has the major drawback of being severely toxic in
higher concentrations, which hinders its usefulness for
long-term outpatient treatment.

Prostacyclin analogues can also be administered
by inhalation, and they (e.g. treprostinil) were shown to
be useful in patients with PH associated with interstitial
lung disease, i.e. PH belonging to group 3 [119-121].

Other
against vascular remodeling in HPH could include

promising  therapeutic  interventions

silencing or enhancing the specific miRNAs mentioned

above (Table 1; [58,87]), and also silencing the

expression of HIFs by small interfering RNAs (siRNAs)
[85,122] antisense oligonucleotides or small molecule
inhibitors [86].

Statins, competitive inhibitors of 3-hydroxy-3-
methyl-glutaryl-coenzyme A (HMG-CoA) reductases, are
another promising group of drugs for the therapy of HPH.
Although they were primarily developed to reduce
cardiovascular risks by lowering the level of blood
cholesterol, they display a number of health-positive
effects unrelated to their primary function (so-called
pleiotropic effects). They proved beneficial in several
animal models of HPH and some human studies.
Moreover, they may amplify the effects of other drugs
targeting HPH [8,111].

Conclusion and further perspectives

This review focuses on the history of more than
twenty years of collaboration between a group of
scientists at the Institute of Physiology of the Czech
Academy of Sciences, and Professor Jan Herget's group
at the 2™ Faculty of Medicine of Charles University, and
was written to mark the five-year anniversary of Jan’s
death. The collaboration concerned HPH, and in
particular the changes in pulmonary vascular wall
components. With prolonged, continuous or intermittent
hypoxia, vascular wall remodeling can occur when
migration, proliferation and phenotypic modulation of
VSMC:s and other cell types present in the vascular wall,
such as endothelial cells and adventitial fibroblasts, are
activated. In this activation, an important role is played
by reactive oxygen and nitrogen species, by the presence
of pro-inflammatory cells (macrophages, mast cells), by
degradation of the extracellular matrix by proteases and
qualitative changes in its composition, by the production
of hypoxia-inducible factors, by changes in the
expression of specific micro RNAs, and also by the
expression of galectins (galectin-3).

Our results show that hypoxia has a dual effect
on the growth of VSMCs. On the one hand, it promotes
their proliferation and hyperplasia; on the other hand, it
also promotes the hypertrophy of VSMCs and the
expression of contractile proteins in these cells, such as
calponin-1 and myosin heavy chain, which seems to be
related to the pro-fibrotic effect of hypoxia. This dual
effect of hypoxia on VSMC growth in terms of
hyperplasia and hypertrophy needs to be further
investigated.
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protein; hypoxia; Hypox, hypoxia;
growth factor; IL, interleukin; iNOS, inducible nitric
oxide synthase; LGALS3, gene encoding human galectin-
3; MAPK, mitogen-activated protein kinase; MCP-1,
monocyte chemoattractant protein-1; MC(s), mast cells;
Mettl3, methyltransferase 3 (N6-Adenosine-Methyltrans-

ferase Complex Catalytic Subunit); miRNA(s), micro
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