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Abstract: Cellular senescence is the arrest of normal cell division and is commonly associated with
aging. The interest in the role of cellular senescence in lung diseases derives from the observation
of markers of senescence in chronic obstructive pulmonary disease (COPD), pulmonary fibrosis
(IPF), and pulmonary hypertension (PH). Accumulation of senescent cells and the senescence-
associated secretory phenotype in the lung of aged patients may lead to mild persistent inflammation,
which results in tissue damage. Oxidative stress due to environmental exposures such as cigarette
smoke also promotes cellular senescence, together with additional forms of cellular stress such as
mitochondrial dysfunction and endoplasmic reticulum stress. Growing recent evidence indicate that
senescent cell phenotypes are observed in pulmonary artery smooth muscle cells and endothelial
cells of patients with PH, contributing to pulmonary artery remodeling and PH development. In this
review, we analyze the role of different senescence cell phenotypes contributing to the pulmonary
artery remodeling process in different PH clinical entities. Different molecular pathway activation and
cellular functions derived from senescence activation will be analyzed and discussed as promising
targets to develop future senotherapies as promising treatments to attenuate pulmonary artery
remodeling in PH.
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1. Introduction
1.1. Definition

Cellular senescence was first defined by Hayflick and Moorhead (1961) who reported
that normal human fibroblasts have a finite replicative lifespan [1]. Currently we refer
to cellular senescence as the arrest of normal cell division in response to a variety of
cellular stresses or DNA damage along with proinflammatory response, mitochondrial
dysfunction, and telomere shortening [2]. In this process, cells lose their ability to prolifer-
ate, accompanied in most cases by the expression of an inflammatory phenotype called
the senescent-associated secretory phenotype (SASP), which is capable of influencing the
microenvironment [3,4].

Cellular senescence has since been identified as a response to numerous stressors,
including exposure to genotoxic agents, nutrient derivation, hypoxia, mitochondrial dys-
function, and oncogene activation [5]. The senescence phenotype is often characterized by
irreversible cell cycle arrest; increased secretion of pro-inflammatory and tissue-remodeling
factors; structural aberrations, from enlarged and more flattened morphology; macromolec-
ular damage; chromatin reorganization; altered metabolic rates; accumulation of lysosomes
content; and resistance to apoptosis [5–7] (Figure 1).

Since its discovery two decades ago, many studies have been performed to determine
the functions of cellular senescence in human diseases. These studies have revealed that
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cellular senescence is involved in an increasing number of disease processes in many
different cell types and tissues. Cell senescence is associated with a variety of diseases,
such as diabetes, osteoarthritis, non-alcoholic fatty liver disease, tumorigenesis, pathogenic
infection, idiopathic pulmonary fibrosis (IPF), and pulmonary hypertensions. Depending
on the pathology, cellular senescence has different affects: deleterious or beneficial.

Figure 1. Hallmarks of cellular senescence. A large number of cellular processes are involved in the development of
senescence. These include: morphological changes and macromolecular damage; increased lysosomal compartment,
which is characterized by the overexpression of β-Gal; chromatin reorganization, which includes senescence-associated
heterochromatin foci (SAHF); irreversible cell cycle arrest, driven by the action of p16 and p21/p53 axes, depending on the
senescence driver and the implementation of a secretory phenotype, known as senescent-associated secretory phenotype
(SASP) and characterized by the release of matrix metalloproteinases (MMP), cytokines and extracellular vesicles. Although
these markers are strongly associated with a senescent phenotype, they are not exclusive or essential for the development of
the program (with the exception of cell cycle arrest).

1.2. Types of Senescence

In vitro senescence can be induced by different stimuli [8]. Depending on the stimulus,
the type of senescence may be different. Whether all these “types of senescence” actually
occur in vivo is not yet known. We can point out and differentiate mainly two types of
senescence triggered by two different mechanisms: replicative senescence or premature
senescence (Figure 2). Replicative senescence refers to the decrease in proliferation po-
tentially observed after multiple cell divisions, leading to shortening of telomeres that
ultimately results in total arrest [9]. It has also been hypothesized that this is a phenomenon
that occurs mainly in vitro [10]. In contrast, premature senescence may occur in response
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to various stress stimuli, such as oxidative stress, oncogenes or ionizing radiations [11].
Below we will briefly describe different types of premature senescence.

DNA damage-induced senescence occurs when irreparable damage in DNA induces
either senescence or apoptosis, depending on the magnitude of the damage. In vitro,
multiple DNA-damaging agents are used to induce this type of senescence, including
radiation (UV or ionizing) or multiple drugs such as bleomycin or doxorubicin [8].

Oncogene-induced senescence (OIS) is another type of senescence within premature
senescence. Overexpression of some oncogenes, such as Ras, Raf, Akt, E2F1/3, and Cyclin
E, or the inactivation of tumor suppressors such as PTEN can also induce premature
senescence [9].

Furthermore, either oxidizing products of the cell metabolism or known oxidative
agents (e.g., H2O2 or tert-butylhydroperoxide) can cause senescence, known as oxidative
stress-induced senescence [12,13]. Although oxidizing agents exert their effect partly
through DNA damage, other cellular components and processes are also affected.

Finally, we highlight two more types of premature senescence. The mitochondrial
dysfunction-associated senescence (MiDAS) was recently reported. Induction of mito-
chondrial dysfunction also leads to senescence. The phenotype, particularly the SASP,
seems to be characteristic of this type of senescence [14] and senescence-associated epige-
netics, which is characterized by changes in gene expression and induced by inhibitors
of DNA methylases (e.g., 5-aza-2′-deoxycytidine) or histone deacetylases (e.g., sodium
butyrate) [5,15].

Figure 2. Types of senescence. Cellular senescence may be triggered by two different mechanisms:
Replicative senescence and premature senescence. Replicative senescence refers to the decrease
in proliferation due to shortening of telomeres as a consequence of multiple cell division. While
premature senescence occurs in response to various stress stimuli, such as DNA damage, oncogenes,
ionizing radiation, or oxidative stress.

1.3. Senescence Markers

The phenotype associated with cellular senescence is highly variable and heteroge-
neous. Marker specificity varies depending on cell type, tissue, organismal developmental
stage, species, and other factors. The diversity of phenotype is reflected by the lack of
specific markers and by the necessity to measure multiple facultative senescence-associated
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markers [6,16]. The lack of universal or program-specific markers is a major limitation for
the identification and targeting of senescent cells in vitro and in vivo.

The best marker, however, should address both in vivo and in vitro conditions, apply
to various tissues and species, and show consistency and overlapping with other reliable
markers. Telomere shortening meets these requirements and shares similar trends with a
majority of various other senescence-associated cellular markers. However, there are other
senescent markers that we describe below (Table 1).

The lysosomal hydrolase β-galactosidase remains one of the most popular markers
of cellular senescence, particularly of replicative senescence [17]. Enzyme activity of β-
galactosidase in normal cells can be detected at pH 4, however, the activity of the enzyme
in a senescent cell is observed at pH6 [18,19].

Senescence is also associated with chromatin morphological changes. Heterochro-
matin foci are facultative heterochromatin domains associated with irreversible cell cycle
arrest and accumulate in senescent cells [20]. Structurally, senescence-associated hete-
rochromatin foci (SAHF) contain silent heterochromatin domains consisting of a histone
H3 di- or tri-methylated lysine 9 (H3K9Me2/3), a variant of histone H2A (macroH2A), and
heterochromatin protein 1 (HP1) proteins [21,22]. SAHF is not a universal marker of cell
aging but is a specific tissue and species senescent marker [23]. SAHF can be induced in
senescent cells by oncogenes, toxic agents, or telomere shortening [24,25].

Ser-139 at the C-terminus of the H2AX molecule is phosphorylated to produce
γH2AX [26]. Histone γH2AX is the most sensitive marker for double-stranded DNA breaks
(DSB) and telomere shortening [27]. The number of γH2AX foci increase in damaged and
senescent cells in most tissues and species, both in vivo and in vitro [28–30]. However,
γH2AX may not be a good marker of cellular senescence due to a lack of specificity since
the amount of γH2AX can be reduced following DSB repair. Another traditional marker of
the DNA repair processes is p53-binding protein 1 (53BP1), which is phosphorylated in
response to DNA damage and is an indicator of senescence [16].

Lamin B1 is another biomarker of senescence that is lost when cells are induced to
senescence due to changes in organelle structures [31].

Finally, we would like to mention markers involved in cell cycle arrest and SASP. Cell
cycle arrest was driven by the action and cooperation of several proteins implicated in the
p16/Rb and p21/p53 axes, depending on the senescence driver [7]. The SASP includes
several families of soluble and insoluble factors. These factors can be globally divided
into the following major categories: soluble signaling factors (interleukins, chemokines
and grown factors), secreted proteases, ROS, and secreted insoluble proteins/extracellular
matrix (ECM) [32].

Table 1. Senescence markers.

Senescence Marker Expected Change Senescent Cell Hallmark

Telomere Shortening of telomere length Telomere shortening

β-galactosidase
Enzyme activity depends on
pH (in senescent cells at pH6
and in normal cells at pH 4)

Increased lysosomal
compartment and activity

Heterochromatin foci

Over-expression of
heterochromatin proteins such
as H3K9Me2/3, macroH2A,

and HP1

Chromatin reorganization
(SAHFs formation)

Histone γH2AX Upregulated DNA damage

53BPI Overexpression DNA damage

Bcl-2 Overexpression Apoptosis resistance (DNA
damage)
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Table 1. Cont.

Senescence Marker Expected Change Senescent Cell Hallmark

Lamin B1 Downexpression Morphological changes
(Nuclear membrane)

P53 Overexpression of p53 Cell cycle arrest (Activation of
p53-p21 axis)

P21 Overexpression of p21 Cell cycle arrest (Activation of
p53-p21 axis)

P16 Overexpression of p16INK4a Cell cycle arrest (Activation of
p16-pRB axis)

pRb Overexpression of pRb Cell cycle arrest (Activation of
p16-pRB axis)

Ki67 Downregulation Cell cycle arrest (Lack of
proliferation)

EdU/BrdU Lack of edU/BrdU
incorporation

Cell cycle arrest (Lack of
proliferation)

MMP2 Upregulated Senescence-associated
secretory phenotype

IL6 Upregulated Senescence-associated
secretory phenotype

1.4. Vessels and Senescence

Aging is a risk factor for the vast majority of cardiovascular diseases, and in turn, many
cardiovascular diseases are associated with premature vascular aging and vascular cell
senescence [33]. Vessel aging leads to intimal and medial thickening (vascular remodeling),
loss of arterial elasticity, increased collagen deposition, fracture of the elastin lamellae,
and endothelial dysfunction. Vascular senescence cells can impair vascular functions and
contribute to vascular diseases. In addition, aged vessels show elevated expression of
several proinflammatory molecules, resulting in persistent vascular inflammation [33].

Cellular senescence is recognized as a crucial contributor to the pathobiology of vascu-
lar diseases, such as stroke, coronary artery diseases, myocardial infarction, or pulmonary
hypertension (PH). In atherosclerosis, especially, it is becoming evident that senescent cells
play a deleterious role in disease development and progression [34]. Senescent vascular
endothelial cells are predominately localized in the plaque of human atherosclerosis, but
not in normal lesions, and result in endothelial dysfunction [35]. Senescent endothelial
cells in these lesions produce less nitric oxide and prostacyclin, and both smooth muscle
cells and endothelial cells develop a proinflammatory, profibrotic SASP. This leads to a
dysfunctional vessel that is constricted and chronically inflamed, which favors plaque
formation and leads to stiffening and systemic hypertension [36]. Senescent endothelial
cells disrupt endothelial integrity and contribute to vascular aging. This may explain, in
part, why the elderly population has an increased susceptibility for vascular diseases, such
as coronary artery disease and PH [36]. The cellular and vascular abnormalities associated
with senescence found in atherosclerosis are in many ways similar to those found in the
pulmonary vasculature in PAH [37].

2. Pulmonary Hypertension and Senescence
2.1. Definition and Classification

PH is defined as a group of diseases characterized by a progressive increase in pul-
monary vascular resistance (PVR), which leads to right ventricular failure and premature
death [38]. The term PH is defined as a mean pulmonary artery pressure (mPAP) greater
than 25 mmHg, measured at rest according to the guidelines issued by the European Society
of Cardiology (SEC) and by the European Respiratory Society (SER) [39].
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The clinical classification of PH is intended to categorize multiple clinical conditions
into five groups according to their clinical presentation, pathological manifestations, hemo-
dynamic characteristics, and treatment strategies [39]. A comprehensive version of the
clinical classification is presented in Table 2.

Table 2. Clinical classification of pulmonary hypertension (PH). Adapted from [40].

1. Pulmonary Arterial Hypertension

1.1. Idiopathic
1.2. Heritable

1.2.1 BMPR2 mutation
1.2.2 Other mutations

1.3. Drugs and toxins induced
1.4. Associated with:

1.4.1. Connective tissue disease
1.4.2. Human immunodeficiency virus (HIV) infection

1.4.3. Portal hypertension
1.4.4. Congenital heart disease

1.4.5. Schistosomiasis
1.5 PAH long-term responders to calcium channel blockers

1.6 PAH with overt features of venous/capillaries (PVOD/PCH) involvement
1.7 Persistent PH of the newborn syndrome

2. PH due to Left Heart Disease

2.1. PH due to heart failure with preserved LVEF
2.2. PH due to heart failure with reduced LVEF

2.3. Valvular heart disease
2.4. Congenital/acquired cardiovascular conditions leading to post-capillary PH

3. PH due to Lung Disease and/or Hypoxia

3.1. Obstructive lung disease
3.2. Restrictive lung disease

3.3. Other lung disease with mixed restrictive/obstructive pattern
3.4. Hypoxia without lung disease
3.5 Developmental lung disorders

4. PH due to Pulmonary Artery Obstructions

4.1. Chronic thromboembolic PH
4.2. Other pulmonary arteries OBSTRUCTIONS

4.2.1. Sarcoma or angiosarcoma
4.2.2. Other malignant tumors

Renal carcinoma
Uterine carcinoma

Germ cell tumors of the testis
4.2.3 Non-malignant tumors

Uterine leiomyoma
4.2.3. Arteritis without connective tissue disease

4.2.4. Congenital pulmonary arteries stenosis
4.2.5. Parasites

Hydatidosis

5. PH with Unclear and/or Multifactorial Mechanisms

5.1. Hematological disorders: chronic hemolytic anemia, myeloproliferative disorders
5.2. Systemic and metabolic disorders: sarcoidosis, pulmonary Langerhans cell histiocutosis,

Gaucher disease, neurofibromatosis.
5.3. Others: chronic renal failure with or without hemodialysis, fibrosing mediastinitis.

5.4. Complex congenital heart disease

PH is a severe arteriopathy in which a characteristic form of neointimal vascular
remodeling progressively occludes the pulmonary arteries. The vascular lesions observed
in the various PH etiologies typically consist of dysfunctional pulmonary arterial endothe-
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lial cell (PAEC) and pulmonary arterial smooth muscle cells (PASMC) that have formed
a neointima and media [37]. Recently, it has been established that senescence plays a
significant role in this disease as an important contributor to vascular remodeling [41,42].

2.2. Expression and Distribution of Senescent Markers in Pulmonary Hypertension

Amongst the different groups of PH, the expression and distribution studies that
analyze senescent markers focus mainly on PAH, and to a lesser extent, HFpEF and COPD-
PH, and describe primarily p53, p21, p16, and Bcl2. Table 3 shows a summary of the studies
that analyze senescent markers expression in animal models and cell types, and Table 4
shows a summary of the studies in patients with PH.

P53 and p21 are senescent markers that are involved in cycle cell arrest. P53 is
overexpressed in PAECs from mice with hypoxia and rats with monocrotaline (MCT).
However, its expression is downregulated in PASMCs from mice with hypoxia and rats
with MCT [43,44]. The hypoxia and MCT-induced p53 decrease in PASMCs contributes
to pulmonary vascular remodeling by stimulation of PASMCs proliferation and store-
operated Ca2+ entry. Furthermore, the decreased p53 in PASMCs from these animal
models was associated with a decrease of Bax, a pro-apoptotic protein, and an increase
of Bcl-2, an anti-apoptotic protein, as well as HIF-1α levels. Moreover, PASMCs from
iPAH patients exhibited significant decreases in the protein expression level of p53 and
the Bax/Bcl-2 ratio compared with normal control PASMCs [43]. In contrast, PAECs
from iPAH patients demonstrated significant elevation of p53 and Bax/Bcl-2 ratio [43,45].
Regarding the animal’s lung tissue with experimental PH, some studies found that the p53
protein expression was significantly lower in lungs from MCT-PH and hypoxic PH animal
models, which might contribute to vascular remodeling with progression of PH [44,46,47].
Moreover, hypoxic pulmonary vascular remodeling is augmented in p53 knockout mice,
and these effects may be associated with an increase of HIF-1a and loss of p21 expression
in lung vessels [48].

Numerous studies have demonstrated that p21 is implicated in the vascular remodel-
ing associated with senescence in PH. Hypoxic mice markedly increased lung p21 mRNA
and protein levels in contrast to normoxia mice, and these increases are more pronounced
in older mice [47,49]. Moreover, our group demonstrated that p21 mRNA and protein
levels are increased in the experimental model of bleomycin-induced pulmonary fibrosis
associated with PH, IL-11-treated mice, and MCT rats [50–53]. Finally, p21 is also up-
regulated in pulmonary vessels, mainly in plexiform lesions, from PAH, CDH-PH, and
COPD-PH patients [41,54]

On the other hand, p16 also causes cell cycle arrest. P16-expressing cells have already
been described in plexiform lesions and the intima of the vessels in end-stage iPAH and
COPD-PH patients [49,54,55]. Similar results were observed in older hypoxic mice [41,49].

The overexpression of these markers implies an arrest of the cell cycle that manifests
itself in a decrease in proliferation. However, senescent cells also upregulate specific
senescent cell anti-apoptotic pathways such as Bcl2. Interestingly, high values of endothelial
Bcl2 index are associated with PAH [56], especially portopulmonary PH, whereas lower
values are associated with heart failure with preserved ejection fraction (HFpEF) [57]. Other
studies revealed an elevated Bcl2 expression in pulmonary arterial walls in mice exposed
to hypoxia [58]. Survivin is also highly expressed in luminal cells of severe lesions in PAH,
while it is absent in controls [41].

SASP markers are also important to detect senescent cells. Various studies have
demonstrated that MMP2 and IL-6 are upregulated in mice treated with MCT [41,59]. In
addition, MMP2 and IL-6 levels are elevated in serum, urine, and lungs of patients with
iPAH [60–62].
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Table 3. Summary of senescence markers’ expression and distribution studies in animal models and
cell types in PH.

Senescence
Marker

PH, PH Animal
Model and/or Cell

Type

Senescence Marker
Distribution

Senescence Marker mRNA
and Protein Expression Reference

P53

PAECs from HPH
mice Increased protein expression [43]

PAECs from rats
with MCT Increased protein expression [43]

PASMCs from HPH
mice Decreased protein expression [43,44]

PASMCs from rats
with MCT Decreased protein expression [43]

PASMCs and PAECs
from patients with

iPAH

Increased protein expression
in iPAH-PAECs and reduced

p53 expression in
iPAH-PASMCs

[43,45]

P21
Mice with HPH and

rats treated with
MCT

Lung tissue,
endothelial cells

Increased mRNA and protein
expression in lung tissue [41,47,49–53]

P16 Mice with HPH Mainly located in the
adventitia

Increased protein expression
in older hypoxic mice [41,49]

Bcl2
Mice with HPH Pulmonary arterial

walls Increased protein expression [58]

PASMCs from HPH
mice

Increased mRNA and protein
expression [58]

MMP2 Rats treated with
MCT

Endothelium and
adventitia and in

right ventricle
[41,59]

IL-6 Rats treated with
MCT

Adventitia and
diffuse staining in
media/neointima

[41]

Abbreviations: CHD: congenital heart disease; COPD: chronic obstructive pulmonary disease; HFpEF: heart failure
with preserved ejection fraction; HPH: hypoxia-induced pulmonary hypertension; iPAH: idiopathic pulmonary
arterial hypertension; MCT: monocrotaline; PAEC: pulmonary artery endothelial cell; PASMC: pulmonary artery
smooth muscle cell.

Table 4. Summary of senescence markers’ expression and distribution studies in patients with PH.

Senescence Marker Group of PH Senescence Marker
Distribution

Senescence Marker
mRNA and Protein

Expression
Reference

P21 PAH, CHD-PH and
COPD-PH Plexiform lesions [41,54]

P16 Severe iPAH and
COPD-PH

Plexiform lesions in
pulmonary artery [49,54,55]

Bcl2

HFpEF
Low values of

endothelial Bcl2
index

[57]

PAH

High values of
endothelial Bcl2

index and Bcl2 in
lung tissue

[56,57]

Survivin PAH Luminal cells of
severe lesions [41]

MMP2 iPAH
Increased protein

expression in serum
and urine

[60]

IL-6 iPAH
Increased protein

expression in serum
and lungs

[61,62]

Abbreviations: CHD: congenital heart disease; COPD: chronic obstructive pulmonary disease; HFpEF: heart
failure with preserved ejection fraction; iPAH: idiopathic pulmonary arterial hypertension.
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2.3. Signaling Pathways Involved in Cellular Senescence and in PH

Elucidation of the mechanisms by which cell senescence may affect PH development
and progression is of great clinical importance. In particular, it is relevant to identify the set
of factors and mechanisms that lead to senescence and PH. Here, we review some factors
and molecular mechanisms such as transforming growth factor- β (TGF-β), TNF-α, IL-6,
nitric oxide, and osteopontin, which participate in PH and senescence (Figure 3).

2.3.1. Growth Factors Imbalance Lead to Senescence and PH

Several growth factors are expressed in patients and animal models of PH. TGF-β
expression is correlated with physiological alterations of the pulmonary vasculature and
RV pressures [63] and contributes to the pathogenesis of PH [64,65]. Serum and lung tissue
expression levels of TGF-β are elevated in patients with iPAH and PH associated to chronic
lung disease (PH-CLD) [66]. The role of TGF-β in senescence may be both causal and
consequential [67]. In cancer, it has been recognized that TGF-β is capable of generating
senescence either by direct interaction with p16 and p21 [68] or by indirect action due to
exacerbated ROS production and DNA damage by the suppression of adenine nucleotide
translocate-2 (ANT2) [69,70]. On the other hand, the increase of TGF-β can also be a
consequence of senescence because senescent cells release TGF-β as part of SASP [32].
The TGF-β component of the SASP is recognized as an important mediator of fibrosis in
age-related diseases such as IPF [71].

On other hand, plasma connective tissue growth factor (CTGF) levels are higher in
PAH associated with congenital heart disease (CHD) and in PAH patients [72], and it has
been demonstrated that this growth factor is up-regulated in senescent cells and contributes,
similar to TGF-β, to the induction of paracrine senescence [73,74].

Finally, high levels of vascular endothelial growth factor (VEGF) have been observed
in PAH and PAH-CHD patients’ lung samples in plexiform lesions, however, adjacent
arteries showed a faint expression [75–77]. High levels of VEGF are also a consequence of
senescence, because senescent cells release these growth factors as a part of SASP. However,
the exact secretome is dynamic and depends on cell type, microenvironment, cause of
senescence, and the biological pathway by which the SASP is activated [78].

2.3.2. Cytokines as Activators of Senescence in PH

Previous studies have proven that various inflammatory factors such as interleukin
6 (IL-6), TNF-α etc. are involved in pulmonary vascular remodeling in PH. However,
the underlying mechanisms of these active substances promote senescence to remain
completely elucidated.

Many previous studies have described the key role that interleukins of the IL-6
family play in the pathogenesis of PH, among which IL-6 and interleukin11 (IL-11) are the
most relevant. The first demonstration of increased IL-6 dates to 1996 [61]; however, the
involvement of IL-11 in PH was recently demonstrated by our group [52]. Both interleukins
are overexpressed in the serum of patients with iPAH and PH-CLD, and high serum levels
of IL-6 are correlated with worse prognoses [51,52,61,79,80]. The exact mechanism by
which IL-11 promotes cell senescence has not yet been elucidated. However, our group has
shown that stimulation with IL-11 promotes an increase in p21 expression and senescence-
associated β-galactosidase (SA-β-Gal) activity both in vitro and in vivo [50–52]. As for
IL-6, the information described is greater. It has been reported that it may be involved in
the pathogenesis of senescence [81–83]. The stimulation with IL-6 + sIL-6Rα induced and
increases SA-β-Gal activity, p53 protein expression, and ROS levels [81]. The combination
of IL-6/sIL-6Rα complex and gp130 activates the JAK/STAT signal transduction pathway
and transmits the signal from the cell membrane to nucleus, which is critical to cell cycle
transition from G1 to S [84]. Moreover, IL-6/sIL-6Rα induces premature senescence through
STAT3/p53/p21 pathway in vascular smooth muscle cells [85,86]. On the other hand, the
increase of IL-6 can also be a consequence of senescence because senescent cells release
IL-6 as part of SASP [86,87].
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On the other hand, TNFα is recognized as a critical trigger for PAH [79] since trans-
genic mice that overexpress TNFα in the lung develop PAH [88] and TNFα expression
is elevated in rats with HP induced with MCT [89]. Recent evidence indicates that in-
creased TNFα directly promotes pulmonary vascular remodeling by reducing BMPR2
signaling [90]. Prolonged exposure of TNF-a is also known to induce senescence and SASP
in endothelial cells and fibroblasts [91] via increased ROS and activation of the NF-kB and
p38 MAPK pathway [92,93]. Increased ROS levels may be attributed to the weakened
anti-oxidative response evidenced by the under-expression of Nrf2 gene [93].

2.3.3. Imbalance in Mediators of Vascular Tone Leads to Senescence in PH

In patients with PH, the generation of vasodilatory mediators is reduced, and the
generation of vasoconstrictor mediators is increased, which in turn increases the generation
of reactive oxygen species and reactive nitrogen species, which play an important role in
the development and/or progression of PH [94–96]. Moreover, senescent cells secrete an ab-
normal variety of molecules, including ROS, which modifies the cellular microenvironment,
creating a vicious cycle of oxidative stress.

Regarding PH and endothelial nitric oxide synthase (eNOS), there are controversial
results. Some reports have shown that in patients with PAH, CLD-PH and congenital
heart disease associated with PH (CHD-PH), the expression of eNOS is reduced. Moreover,
it has been reported that eNOS expression is correlated inversely with the severity of
arterial remodeling [97–99]. However, other investigators have reported increased [100] or
unaltered [101] eNOS immunostaining in human lungs with PH. In plexiform lesions in
PAH, a high expression of eNOS has also been reported [102,103]. However, in senescent
endothelial cells, the activity of eNOS and the production of NO are diminished [104].
Furthermore, a report showed that the effect of NO donors reduced cellular senescence
and delayed age-dependent inhibition of telomerase activity, thus the production of NO
diminished and had an adverse effect [105].

Although several enzymes produce ROS, the most important is NADPH oxidase,
which plays a key role in the remodeling and vasoconstrictive aspects of PH [106]. Seven
enzyme subtypes of Nox have been identified in a wide range of cell types, but only
Nox1, Nox2, Nox4, and Nox5 are found in the pulmonary vasculature [107,108]. Nox4 is
overexpressed in PASMCs and PAEC in PH and produces ROS [109,110]. The incensement
of ROS can induce senescence through the p38MAPK/NF-κB/SASP pathway [111]. Nox4
could be epigenetically regulated. It is a direct target of miRNA-23b, miRNA-146a, or
miRNA-25 that could upregulate the Nox4 expression and ROS levels, thereby leading to
cellular senescence [109].

2.3.4. Osteopontin and Senescence in PH

Osteopontin is an extracellular matrix protein released by senescent PASMC. The
expression of this protein is increased in pulmonary arteries of patients with COPD-PH and
iPAH [49,112], as well as in patient with advanced but not early PAH associated with CHD
(PAH-CHD) [113]. Moreover, a positive correlation between osteopontin and age has been
observed [49,112]. Senescent PASMC were recently shown to secrete a high concentration of
osteopontin as a key component of their SASP and its release stimulated the migration and
proliferation of target cells [49]. Osteopontin triggers its response through the autocrine or
paracrine pathway, that is, through the release of components of the extracellular matrix
or through the release of soluble factors [49]. However, the molecular pathway by which
osteoponin induces senescence is not yet elucidated.
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Figure 3. Mechanisms of cellular senescence. TGFβ activates the p21 and p16 pathway to stop the
cell cycle, which induces senescence. The binding of IL-6 to its unique-receptor IL-6R triggers the
homodimerization of GP130. This results in the phosphorylation of Janus kinases (JAK), which
phosphorylate intracellular tyrosine residues that serve as docking sites for STAT3. JAK/STAT
induces cell cycle arrest and causes the initial generation of reactive oxygen species (ROS), subsequent
senescence, and senescence associated secretory phenotype (SASP) (expression of IL-1α, IL-1β, IL-6,
CTGF, VEGF, TGFβ, and osteopontin). NOX4 and TNFα also induce ROS production. ROS can
induce senescence and SASP through the p38MAPK/NF-κB/p53 pathway.

3. Senotherapy in PH

Great progress has been made recently in understanding the molecular mechanisms
involved in cellular senescence in PH. Although the complete reversal of normal aging has
not been achieved, improvements have been achieved in the reversal of senescence in the
vasculature of airways. Several new therapiy targets have been identified, leading to the
development of senotherapies.

We can differentiate two groups of senotherapy: (1) Senolytics drugs, which selectively
destroy senescent cells, and (2) Senostatic drugs, which inhibit the pathways that lead to
cellular senescence or suppress the release of SASP factors, which is to say, they reduce the
pro-inflammatory phenotype of senescent cells. Gene therapies and immunotherapies are
being explored as well, however, currently there are no data on PH [114].

Between senolytics and SASP suppression, senolytics hold the most therapeutic ben-
efit because permanent removal of the senescent cell leads to a durable abolishment of
deleterious SASP components [114]. Due to the close relationship observed between PH
and senescence, senotherapy may offer a new approach to treatment. Table 5 provides an
overview of the various classes of drugs that have been developed as senotherapies. Some
of these drugs have already been evaluated in the context of PH.

3.1. Senolytic Therapy

Senolytics are drugs that induce apoptosis in senescent cells while having little or
no effects on proliferating cells [115]. Despite arising from different tissues, groups of
diseases, and cell types, a senescent cell may share similar biochemistry. This allows the
reuse of therapeutic strategies across different groups of PH in which senescence is causal.
Moreover, senescent cells mainly have negative effects on disease, reducing the possibility
of senolysis-related side effects [114].
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Dasatinib can serve as a senolytic, killing senescent cells by transiently suppressing
senescence-associated anti-apoptotic pathways that are highly activated in senescence cells and
protect these cells from surrounding the pro-apoptotic microenvironment [71,116]. However,
incident cases of precapillary PH have been reported in CML patients treated with dasatinib. At
diagnosis, patients had moderate to severe precapillary PH with functional and hemodynamic
impairment. Generally, improvements were seen after dasatinib discontinuation (Clinicaltri-
als.gov identifier NCT01805843) [117]. In this same line, dasatinib causes pulmonary vascular
damage, induction of ER stress, and mitochondrial ROS production, which leads to increased
susceptibility to PH development in MCT-PH and hypoxic PH animal models [118].

There is no more data from clinical trials of senolytics therapies, but pre-clinical
trials have been carried out in PH animal models. Navitoclax administration reduced
SASP-dependent interstitial immune cell elevation in the vasculature, vessel remodeling,
and consequent hemodynamic manifestation of PH in hypoxic mice and hypoxic IL-6
transgenic mice [119]. Hsp90 inhibitors have been identified as a novel class of senolytics
because Hsp90 prevents apoptosis of senescent cells; therefore, its inhibition induces
apoptosis [120]. Gamitrinib, a mitochondria-targeted Hsp90 inhibitor, improves MCT-
induced PH in rats, reducing mPAP, RVSP, and vascular remodeling of distal pulmonary
arteries [121]. Moreover, other studies have shown 17-AAG, Hsp90 inhibitor, improves
the progress of PH demonstrated by lower pulmonary arterial pressure, absence of right
ventricular hypertrophy, and improved pulmonary vascular remodeling in MCT rats [122].
However, none of the trials has assessed the drugs in direct relation to senescence or SASP
in pulmonary hypertension.

Although there are practically no data from clinical trials of senolytics in patients with
PH, the potential of these drugs in the treatment of PH is great. Thus, several biotechnology
and pharmaceutical companies are searching for senolytic effective therapies to inhibit the
development of senescence by targeting the signaling pathways that produce it in each
disease [123].

3.2. Senostatic Therapy

An additional approach to senotherapy would be to disrupt the SASP, which contains
pro-inflammatory cytokines, growth factors, matrix metalloproteinases, and other bioactive
molecules that are implicated in the disease (Figure 4). Even though senostatic drugs that
target different molecular pathways involved in SASP have been described, most of these
drugs have not been tested in direct relation to senescence in pulmonary hypertension.
Therefore, a more in-depth investigation is needed to find out if senescent markers are
affected by the use of these drugs.

Inhibitors of the PI3K–mTOR pathway may extend lifespan. The inhibition of mTOR
by rapamycin has been shown to reverse or regress PH in several animal models [124–127].
Moreover, one clinical trial is being conducted with rapamycin for patients with severe PAH
(Clinicaltrials.gov identifier NCT02587325). Ten patients with PAH or chronic thromboembolic
PH have been included in a prospective open-label pilot study with everolimus. In two patients,
study medication was stopped prematurely because of an adverse event. The remaining eight
patients exhibited a significant decrease in PVR and increase in 6MWD after 6 months of
treatment with everolimus [128]. Pre-clinical studies have also been carried out with everolimus,
but all of them study the effects of everolimus in combination with sildenafil, not as a single
therapy [129,130].

Regarding NF-κB inhibitors, Metformin is the most studied. Several pre-clinical
studies have been performed with metformin in PH. These studies identified metformin
as an effective therapeutic agent in well-established models of severe PH, MCT-induced
PH, and hypoxia-induced PH rats. Metformin improved hemodynamic parameters and
right ventricle hypertrophy. Moreover, this drug has an efficient anti-remodeling effect
on pulmonary vasculature, improved endothelial function, decreased pulmonary artery
contractility, and inhibited pulmonary artery proliferation [131–133]. On the other hand,
five clinical trials are being carried out with metformin in PH. In HFpEF-PH, a prospective
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phase II clinical trial is evaluating the therapeutic efficacy of metformin (Clinicaltrials.gov
identifier NCT03629340), which will evaluate exercise hemodynamics, functional capacity,
and skeletal muscle signaling [134]. Moreover, three clinical trials (Clinicaltrials.gov identi-
fier NCT03617458, NCT01352026 and NCT01884051) are looking at the role of metformin
in PAH. In the study identified as NCT01884051, metformin therapy appeared to be safe
and well-tolerated in PAH patients and was associated with improved right ventricle func-
tion [135]. Finally, patients with PAH-CHD have been randomized to receive bosetan with
or without metformin, and the combination therapy provides improvements in important
outcomes such as exercise capacity and pulmonary hemodynamics, compared with bosetan
alone [136].

Another pathway investigated is apoptosis signal-regulating kinase 1 (ASK1). Selon-
sertib, a ASK1 inhibitor, has been evaluated in a double-blind study in PAH patients
(Clinicaltrials.gov identifier NCT02234141). In this study, selonsertib had no significant
effect on pulmonary vascular resistance in patients with PAH who were on stable therapy
compared with placebo [137]. This study was performed because of accumulating evidence
in pre-clinical studies that indicate that ASK1 inhibition might represent a novel thera-
peutic strategy for PAH since studies have shown that selonsertib oral administration to
monocrotaline and Sugen/hypoxia rats reduced pulmonary arterial pressure and reduced
RV hypertrophy. The effect of this drug in pre-clinical studies is related to the reduction of
p38 and JNK phosphorylation [138].

Expression of p38 MAPK increased in both hypoxic and MCT rats models of PH [139].
Furthermore, its role in senescence has been described in detail. For this reason, different
pre-clinical studies have been carried out with different inhibitors. The pretreatment with
SB203580, a specific p38 MAPK inhibitor, caused a complete reversal of the impaired
endothelium-dependent relaxation, secondary to both acute and chronic hypoxia [140].
Moreover, other studies demonstrated that right ventricle systolic pressure and super-
oxide anion production was lower in animals treated with p38 MAPK inhibitor than in
the hypoxic group [139,141]. PH-797804 is another p38 MAPK inhibitor but this one is
more specific and tolerated in humans [139]. Chronic hypoxic and MCT-induced PH was
reversed with a PH-797804. Both SB203580 and PH-797804 reduced the production of tissue
and circulating IL-6 in vivo [139]. FR167653 is another specific inhibitor of p38 mitogen,
and the results in pre-clinical studies have shown similar outcomes. FR167653 attenuates
vascular proliferation and reduces mean pulmonary artery pressure in MCT-induced PH
in rats [142]. Despite any clinical trial that has been performed with these inhibitors in PH,
PH-797804 has been evaluated in COPD patients and has demonstrated improvements
over placebo in lung function parameters and dyspnea in patients with moderate to se-
vere COPD [143]. Given that on many occasions, some patients with advanced COPD
developed PH, this treatment could be the first step into a new therapy in COPD-PH.

Another way to inhibit cellular senescence is by suppressing oxidative stress. Natural
chemicals with antioxidant potential can suppress oxidative stress-induced senescence. For
example, curcumin, a natural phenol with antioxidant and anti-inflammatory activities, can
attenuate hydrogen peroxide-induced premature endothelial cell senescence by activating
Sirt1 [144]. In MCT-induced PH curcumin, administration was associated with reduced
right ventricular wall thickness and a decreased right ventricle weight/body weight ra-
tio [145]. Moreover, some molecules can delay senescence by directly suppressing ROS
production. The antioxidant EUK-134 has been assessed in MCT rats and the treatment at-
tenuated cardiomyocyte hypertrophy and the development of PAH [146]. N-acetylcysteine
(NAC) is another antioxidant therapy employed in pre-clinical studies. The results demon-
strated that (NAC) reduced the right ventricular hypertrophy index, mean pulmonary
artery pressure, PVR, and pulmonary inflammation [147]. Currently, clinical trials are also
evaluating the use of NAC in patients with chronic thromboembolic PH (Clinicaltrials.gov
identifier NCT04081012).

Finally, we would like to mention the therapies that are aimed at inhibiting different
interleukins that participate in the development of senescence such as IL1 α/β, TNFα, or
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IL-6. There is substantial evidence in the literature that describes an elevated activity of
the cytokine IL-6 in the development of PH. Tocilizumab, a IL-6Rα inhibitor, is effective in
animal models of PH, and currently a phase II clinical trial is being carried out in patients
with group 1 PAH (Clinicaltrials.gov identifier NCT02676947). In summary, treatment
with this inhibitor is feasible in PAH but it has not demonstrated any significant effects
on hemodynamics or exploratory secondary endpoints in iPAH. However, a potential
improvement was noted in a subgroup of patients with CTD-PAH [148].

Serum levels of IL-1β, which also promotes IL-6 synthesis, are also augmented in PH
patients [79]. Anakinra is a recombinant of the IL-1β receptor α antagonist and is approved
for the treatment of rheumatoid arthritis [149]. Experimental animal data suggests that
anakinra protects against the development of PAH [150,151]. Taking these results, an
open-label study of iPAH patients was performed. Anakinra was shown to have a safe
profile (Clinicaltrials.gov identifier NCT03057028). This study also indicates that the drug
in PAH has a trend reduction of IL-6 and a substantial improvement in symptoms, but a
longer and larger study is necessary [152].

Finally, the administration of Etanercept, a TNFα inhibitor, was shown to improve
the disease progression and re-establish the normal BMP/NOTCH pathway in MCT
rats [153,154] and endotoxin-induced PH in pigs [155]. These results justify the need for
anti-TNFα approaches in the treatment of PAH, but no study is currently investigating the
safety and efficacy effects in PH patients.

Table 5. Overview of the various classes of drugs that have been developed as senotherapies. Some
of these drugs have already been evaluated in the context of PH.

Group Drug Mechanism of Action Groups of PH Data of Trials in PH

Senolytics

Dasatinib
Inhibits BCR/ABL

kinase. Targets
multiple antiapoptotic

pathways.

Clinical study

Incident cases of precapillary
PH have been reported in
patients who have chronic

myelogenous leukemia [117]
AM.

Pre-clinical PH
models

Dasatinib exaggerates the
response to MCT and hypoxia

[118] AM.

Navitoclax
(ABT263) Bcl2 inhibitor. Pre-clinical PH

models

ABT263 reduced SASP
elevation, vessel remodeling,

and consequent hemodynamic
manifestation in hypoxic mice
and hypoxic IL-6 transgenic

mice [119] AM.

FOXO4-DRI

Stimulates
p53-mediated

apoptosis of senescent
cells.

No data in PH.

HSP90 inhibitors * Induces apoptosis in
senescent cells.

Pre-clinical PH
models

Hsp90 inhibitors reduce mPAP,
RVSP, and vascular

remodeling and right
ventricular hypertrophy in

MCT rats [121,122] AM.

UBX0101

Stimulates
p53-mediated

apoptosis of senescent
cells.

No data in PH.
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Table 5. Cont.

Group Drug Mechanism of
Action Groups of PH Data of Trials in PH

Senostatic

Rapamycin * mTOR inhibitor

Clinical study:
Severe PAH Phase I (NCT02587325)

Pre-clinical PH
models

Rapamycin attenuates pulmonary
vascular remodeling and right

ventricular hypertrophy in MCT rats
and hypoxic mice [122–125].

Everolimus *
Clinical study:

PAH and chronic
thromboembolic PH

Everolimus decreased iPVR and
increases 6MWD [128] AM.

Metformin * NF-κB inhibitor;
suppression of the

SASP.

Clinical study:
CHD-PH

Metformin with bosetan provides
improvements in important outcomes

[136] AM.

Clinical Study:
PAH

Phase II
(NCT03617458)

Phase II (NCT01352026)
Recruiting

(NCT01884051).

Clinical study:
HFpEF-PH Active, not recruiting (NCT03629340).

Pre-clinical PH
models

Metformin improved hemodynamic
parameters and right ventricle

hypertrophy in well-established models
of severe PH.

Selonsertib *
(GS-444217)

ASK1 inhibition
suppression of the

SASP.

Pre-clinical PH
models

GS-444217 reduced pulmonary arterial
pressure and reduced RV hypertrophy
in MCT and Sugen/hypoxia models

[138] AM.

Clinical study: PAH Completed (NCT02234141). Selonsertib
had no significant effect [137] AM.

SB-203580 *

P38 MAPK inhibitor

Pre-clinical PH
models

SB203580 caused decreased right
ventricle systolic pressure, superoxide

anion production, and the production of
tissue and circulating IL-6 in hypoxic

rats [139,140] AM.

PH-797804 * Pre-clinical PH
models

Chronic hypoxic and MCT-induced PH
was reversed with PH-797804. The

production of tissue and circulating IL-6
was reduced too [137] AM.

FR167653 * Pre-clinical PH
models

FR167653 attenuates vascular
proliferation and reduces mean

pulmonary artery pressure in MCT rats
[142] AM.

Curcumin

Antioxidant therapy

Pre-clinical PH
models

Curcumin administration was
associated with reduced right

ventricular wall thickness and a
decreased right ventricle weight/body

weight ratio [145] AM.

NAC
Pre-clinical PH

models

NAC reduced right ventricular
hypertrophy index, mean pulmonary
artery pressure, PVR and pulmonary

inflammation [147] AM.

Clinical study: PAH Recruiting
(NCT04081012)

Tocilizumab IL-6Rα inhibitor Clinical study: PAH Phase II
(NCT02676947)

Anakinra IL-1α receptor
antagonist

Clinical study: PAH Complete
(NCT03057028)

Pre-clinical PH
models

Experimental animal data suggesting
anakinra protects against development

of PAH [150,151] AM.

Etanercept TNFα inhibitor Pre-clinical PH
models

Etanercept prevents and reverses
MCT-PH in rats and endotoxin-PH in

pigs5) [153–155].

ASK1: apoptosis signal-regulating kinase 1; HppEF-PH: heart failure with preserved ejection fraction associated
to pulmonary hypertension; NAC: N-acetyl cysteine. * None of the trials assessed the drugs in direct relation to
senescence or SASP in pulmonary hypertension.
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Figure 4. Pathways and inhibitors of cellular senescence. MAPK: mitogen-activated protein kinase; mTOR: mammalian
target of rapamycin; NAC: N-acetyl cysteine; NF-κB: nuclear factor-kappa B; ROS: reactive oxygen species.

4. Potential Application of Senolytics Therapies Used in Lung and Cardiac Disease
and Perspectives on PH

An accumulation of senescence and increased inflammation, caused by the senescence-
associated secretory phenotype, have been implicated in the etiology and progression of
lung and cardiovascular diseases such as IPD, COPD, or atherosclerosis. Due to overwhelm-
ing evidence about the important contribution of cellular senescence to the pathogenesis
of these diseases, specific targeting of senescent cells or of pathology-promoting SASP
factors has been suggested as a potential therapeutic approach. However, due to the lack
of a reliable marker able to detect senescence in vitro and in vivo, its precise impact of
senescence in lung and cardiac disease is to a large extent still undetermined.

The administration of the senolytic navitoclax to 24 month-old mice reduces car-
diomyocytes senescence, attenuates components of the cardiomyocytes SASP, reduces both
interstitial fibrosis and cardiomyocytes hypertrophy, and reduces LV mass, all of which are
characteristics of age-associated myocardial remodelling and HFpEF [156,157]. In the same
line, recently two studies have provided evidence that senotherapies slow or prevent the
progression of atherosclerosis [34,158]. Treatment of atherosclerotic Ldlr−/− mice with
navitoclax, after senescence is established, reduces plaque burden and diminishes senescent
cell numbers, plaque number, and the average plaque size. This is also associated with a
reduction in factors implicated in plaque formation, such as IL-1α, MCP1, and TNFα [34].
The potential for senotherapies to abate atherosclerosis is also provided by the studies of
Roos et al., using ApoE−/− mice, an alternative model of atherogenesis; treatment with
dasatinib and querectin reduces senescence cell burden and plaque calcification but does
not influence plaque size [158].
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Regarding chronic lung disease, a combination of senolytics and senostatics have
been evaluated as a new approach to COPD and IPF. Low-dose rapamycin reduced the
number of senescence associated b-galactosidase-positive cells and increased proliferation
of pulmonary artery endothelial cells from patients with COPD in vitro, with a reduction
in SASP mediators [159]. In the same way, the inhibition of mTORC1 by rapamycin in a
murine radiation lung injury model demonstrated decreased SASP cytokines and type II
pneumocyte senescence, resulting in an overall decrease in pulmonary fibrosis [160].

Since cardiovascular and pulmonary diseases share pathophysiological characteristics
with PH, targeting senescent cells in PAH with different senotherapies could be effective
to attenuate pulmonary artery remodeling and hypertension. However, as described in
detail in previous sections, there are no studies that describe in depth the direct relationship
between senescent processes, senolytic drugs, and PAH.

5. The Pitfalls of Senescence in Pulmonary Hypertension

Although we described that many senescent markers such as IL-6, MMP2, and Bcl2,
among others, are overexpressed in patients with PH, most of them participate in many
other processes and are not specific to senescent processes. It could lead to misinterpretation
of the data because the inhibition of some of them may have promoted improvements in
the pathophysiology of PH and may not be due to the senolytic effects of the drug. For
instance, navitoclax (ABT263), a Bcl2 inhibitor, has been used as a senolytic drug and has
been shown to reduce SASP elevation, vessel remodeling, and consequent hemodynamic
manifestation in hypoxic mice and hypoxic IL-6 transgenic mice [119]. However, maybe
part of the data are related to antiproliferative properties. For this reason, it is important
to carry out approaches that reveal the role of senotherapy more precisely. Grosse et al.,
showed that cleared senescent endothelial cells (p16high-senescent cells) in the liver are
not replaced adequately by non-senescent endothelial cells, resulting in increased vascular
permeability in the liver and associated perivascular liver fibrosis [161]. Whether these
effects also occur in PH is unknown. Therefore, combining genetic approaches such as the
use of p16-ablator mouse models [161] to pharmacological approaches are needed to have
a definitive interpretation of the role of cell senescence in the setting of PH.

Moreover, an important question is whether the loss of senescent cells caused by
senotherapy may be detrimental to the progression of the disease. Endothelial and muscle
cells loss combined with the limited regenerative potential of the vessels underlies the
pathophysiology of PH. A recent study showed that counteracting cell senescence by navi-
toclax alters pulmonary hemodynamics in healthy animals and aggravates experimental
PH [162]. This result contradicts those reported by Cullet et al. [119], which concluded that
navitoclax reduces vascular remodeling and improves hemodynamics in in vivo animal
models of PH. This controversy suggests that the role of senescent cells in the development
of PH has not yet been elucidated and further study is needed.

Finally, we would like to mention that possibly depending on the PH subtype that is
studied, the role of senescence may be different. In the PH associated with COPD or IPF,
senescence may play a greater role because the age of the affected patients is usually older.

Thus, unlike diseases such as atherosclerosis or IPF where cellular senescence is well
characterized, a conclusive effect of senolysis on PH development is still difficult. Therefore,
the long-term effect of targeting senescent cells in the vasculature is largely unknown.

6. Conclusions

PH is a disease that affects the pulmonary vasculature, increasing pulmonary vascular
resistance and pulmonary pressure, which leads to compensatory right ventricular hyper-
trophy, which can turn into right ventricular failure. The current approved therapies are
limited, despite the improvement of quality of life that could be realized. They remain
insufficient for reversing PH and improving survival. Every day, there is more evidence of
the participation of senescence as a cellular process in the pathology of PH, although its
role is still unclear. The data provided throughout the review provide a basis for further
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exploration of the role of senescence in PH and for clinical trials with senolytic drugs in
PH patients.
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24. Košař, M.; Bartkova, J.; Hubackova, S.; Hodny, Z.; Lukas, J.; Bartek, J. Senescence-associated heterochromatin foci are dispensable
for cellular senescence, occur in a cell type- and insult-dependent manner and follow expression of p16 ink4a. Cell Cycle 2011, 10,
457–468. [CrossRef] [PubMed]

25. Di Micco, R.; Sulli, G.; Dobreva, M.; Liontos, M.; Botrugno, O.A.; Gargiulo, G.; d’Ario, G.; Montani, E.; Mercurio, C.; Hahn, W.C.;
et al. Interplay between oncogene-induced DNA damage response and heterochromatin in senescence and cancer. Nat. Cell Biol.
Inf. 2011, 13, 292–302. [CrossRef]

26. Mah, L.-J.; El-Osta, A.; Karagiannis, T.C. γH2AX as a molecular marker of aging and disease. Epigenetics 2010, 5, 129–136.
[CrossRef]

27. Sedelnikova, O.A.; Horikawa, I.; Zimonjic, D.B.; Popescu, N.C.; Bonner, W.M.; Barrett, J.C. Senescing human cells and ageing
mice accumulate DNA lesions with unrepairable double-strand breaks. Nat. Cell Biol. 2004, 6, 168–170. [CrossRef] [PubMed]

28. Redon, C.E.; Nakamura, A.J.; Sordet, O.; Dickey, J.S.; Gouliaeva, K.; Tabb, B.; Lawrence, S.; Kinders, R.J.; Bonner, W.M.;
Sedelnikova, O.A. γ-H2AX detection in Peripheral blood Lymphocytes, Splenocytes, bone marrow, Xenografts, and Skin. Springer
Protoc. Handb. 2010, 682, 249–270. [CrossRef]

29. Sharma, A.; Singh, K.; Almasan, A. Histone H2AX Phosphorylation: A marker for DNA damage. Methods Mol. Biol. 2012, 920,
613–626. [CrossRef] [PubMed]

30. Balajee, A.S.; Geard, C.R. Replication protein A and gamma-H2AX foci assembly is triggered by cellular response to DNA
double-strand breaks. Exp. Cell Res. 2004, 300, 320–334. [CrossRef] [PubMed]

31. Freund, A.; Laberge, R.-M.; Demaria, M.; Campisi, J. Lamin B1 loss is a senescence-associated biomarker. Mol. Biol. Cell 2012, 23,
2066–2075. [CrossRef] [PubMed]

32. Coppé, J.-P.; Desprez, P.-Y.; Krtolica, A.; Campisi, J. The senescence-associated secretory phenotype: The dark side of tumor
suppression. Annu. Rev. Pathol. Mech. Dis. 2010, 5, 99–118. [CrossRef]

33. Wang, J.C.; Bennett, M. Aging and atherosclerosis: Mechanisms, functional consequences, and potential therapeutics for cellular
senescence. Circ. Res. 2012, 111, 245–259. [CrossRef]

34. Childs, B.G.; Baker, D.J.; Wijshake, T.; Conover, C.A.; Campisi, J.; Van Deursen, J.M. Senescent intimal foam cells are deleterious
at all stages of atherosclerosis. Science 2016, 354, 472–477. [CrossRef] [PubMed]

35. Minamino, T.; Yoshida, T.; Tateno, K.; Miyauchi, H.; Zou, Y.; Toko, H.; Komuro, I. Ras induces vascular smooth muscle cell
senescence and inflammation in Human Atherosclerosis. Circulation 2003, 108, 2264–2269. [CrossRef]

36. Tian, X.-L.; Li, Y. Endothelial cell senescence and age-related vascular diseases. J. Genet. Genom. 2014, 41, 485–495. [CrossRef]
[PubMed]

37. Van der Feen, D.E.; Berger, R.M.F.; Bartelds, B. Converging paths of pulmonary arterial hypertension and cellular senescence. Am.
J. Respir. Cell Mol. Biol. 2019, 61, 11–20. [CrossRef] [PubMed]

38. Kondo, T.; Okumura, N.; Adachi, S.; Murohara, T. Pulmonary hypertension: Diagnosis, management, and treatment. Nagoya J.
Med. Sci. 2019, 81, 19–30. [CrossRef]

39. Simonneau, G.; Montani, D.; Celermajer, D.; Denton, C.P.; Gatzoulis, M.A.; Krowka, M.; Williams, P.G.; Souza, R. Haemodynamic
definitions and updated clinical classification of pulmonary hypertension. Eur. Respir. J. 2019, 53, 1801913. [CrossRef]

40. Galiè, N.; Humbert, M.; Vachiery, J.-L.; Gibbs, S.; Lang, I.; Torbicki, A.; Simonneau, G.; Peacock, A.; Noordegraaf, A.V.; Beghetti,
M.; et al. ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The joint task force for the diagnosis
and treatment of pulmonary hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society
(ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and
Lung Transplantation (ISHLT). Eur. Heart. J. 2016, 37, 67–119.

41. van der Feen, D.E.; Bossers, G.P.L.; Hagdorn, Q.A.J.; Moonen, J.-R.; Kurakula, K.; Szulcek, R.; Chappell, J.; Vallania, F.; Donato,
M.; Kok, K.; et al. Cellular senescence impairs the reversibility of pulmonary arterial hypertension. Sci. Trans. Med. 2020, 12, 554.
[CrossRef]

42. Sugimoto, K.; Yokokawa, T.; Misaka, T.; Nakazato, K.; Ishida, T.; Takeishi, Y. Senescence marker protein 30 deficiency exacerbates
pulmonary hypertension in hypoxia-exposed mice. Int. Hear. J. 2019, 60, 1430–1434. [CrossRef]

43. Wang, Z.; Yang, K.; Zheng, Q.; Zhang, C.; Tang, H.; Babicheva, A.; Jiang, Q.; Li, M.; Chen, Y.; Carr, S.G.; et al. Divergent changes
of p53 in pulmonary arterial endothelial and smooth muscle cells involved in the development of pulmonary hypertension. Am.
J. Physiol. Cell. Mol. Physiol. 2019, 316, L216–L228. [CrossRef]

44. Wakasugi, T.; Shimizu, I.; Yoshida, Y.; Hayashi, Y.; Ikegami, R.; Suda, M.; Katsuumi, G.; Nakao, M.; Hoyano, M.; Kashimura, T.;
et al. Role of smooth muscle cell p53 in pulmonary arterial hypertension. PLoS ONE 2019, 14, e0212889. [CrossRef] [PubMed]

45. Diebold, I.; Hennigs, J.K.; Miyagawa, K.; Li, C.G.; Nickel, N.P.; Kaschwich, M.; Cao, A.; Wang, L.; Reddy, S.; Chen, P.-I.; et al.
BMPR2 preserves mitochondrial function and DNA during Reoxygenation to promote endothelial cell survival and reverse
pulmonary hypertension. Cell Metab. 2015, 21, 596–608. [CrossRef]

http://doi.org/10.1111/j.1474-9726.2010.00666.x
http://www.ncbi.nlm.nih.gov/pubmed/21176091
http://doi.org/10.1186/1747-1028-5-16
http://doi.org/10.4161/cc.10.3.14707
http://www.ncbi.nlm.nih.gov/pubmed/21248468
http://doi.org/10.1038/ncb2170
http://doi.org/10.4161/epi.5.2.11080
http://doi.org/10.1038/ncb1095
http://www.ncbi.nlm.nih.gov/pubmed/14755273
http://doi.org/10.1007/978-1-60327-409-8_18
http://doi.org/10.1007/978-1-61779-998-3_40
http://www.ncbi.nlm.nih.gov/pubmed/22941631
http://doi.org/10.1016/j.yexcr.2004.07.022
http://www.ncbi.nlm.nih.gov/pubmed/15474997
http://doi.org/10.1091/mbc.e11-10-0884
http://www.ncbi.nlm.nih.gov/pubmed/22496421
http://doi.org/10.1146/annurev-pathol-121808-102144
http://doi.org/10.1161/CIRCRESAHA.111.261388
http://doi.org/10.1126/science.aaf6659
http://www.ncbi.nlm.nih.gov/pubmed/27789842
http://doi.org/10.1161/01.CIR.0000093274.82929.22
http://doi.org/10.1016/j.jgg.2014.08.001
http://www.ncbi.nlm.nih.gov/pubmed/25269674
http://doi.org/10.1165/rcmb.2018-0329TR
http://www.ncbi.nlm.nih.gov/pubmed/30758225
http://doi.org/10.18999/nagjms.81.1.19
http://doi.org/10.1183/13993003.01913-2018
http://doi.org/10.1126/scitranslmed.aaw4974
http://doi.org/10.1536/ihj.19-190
http://doi.org/10.1152/ajplung.00538.2017
http://doi.org/10.1371/journal.pone.0212889
http://www.ncbi.nlm.nih.gov/pubmed/30807606
http://doi.org/10.1016/j.cmet.2015.03.010


Cells 2021, 10, 3456 20 of 24

46. Ravi, Y.; Selvendiran, K.; Meduru, S.; Citro, L.; Naidu, S.; Khan, M.; Rivera, B.K.; Sai-Sudhakar, C.B.; Kuppusamy, P. Dysregulation
of PTEN in cardiopulmonary vascular remodeling induced by pulmonary hypertension. Cell Biophys. 2013, 67, 363–372. [CrossRef]
[PubMed]

47. Abid, S.; Houssaïni, A.; Mouraret, N.; Marcos, E.; Amsellem, V.; Wan, F.; Dubois-Randé, J.L.; Derumeaux, G.; Boczkowski, J.;
Motterlini, R.; et al. p21-dependent protective effects of a carbon monoxide–Releasing molecule-3 in pulmonary hypertension.
Arter. Thromb. Vasc. Biol. 2014, 34, 304–312. [CrossRef] [PubMed]

48. Mizuno, S.; Bogaard, H.J.; Kraskauskas, D.; Alhussaini, A.; Gomez-Arroyo, J.; Voelkel, N.F.; Ishizaki, T. p53 Gene deficiency
promotes hypoxia-induced pulmonary hypertension and vascular remodeling in mice. Am. J. Physiol. Cell. Mol. Physiol. 2011, 300,
L753–L761. [CrossRef] [PubMed]

49. Saker, M.; Lipskaia, L.; Marcos, E.; Abid, S.; Parpaleix, A.; Houssaini, A.; Validire, P.; Girard, P.; Noureddine, H.; Boyer, L.; et al.
Osteopontin, a key mediator expressed by senescent pulmonary vascular cells in pulmonary hypertension. Arter. Thromb. Vasc.
Biol. 2016, 36, 1879–1890. [CrossRef]

50. Roger, I.; Milara, J.; Montero, P.; Ribera, P.; Cortijo, J. IL-11 promotes pulmonary vascular remodeling and lung fibrosis through
the activation of endothelial to mesenchymal transition. Eur. Respir. J. 2020, 56, 3378.

51. Roger, I.; Milara, J.; Estornut, C.; Bayarri, A.; Garcia, A.; Cortijo, J. Role of IL-11 system in pulmonay hypertension. Pulm.
Hypertens. 2020, 56, 1495.

52. Roger, I.; Estornut, C.; Ballester, B.; Milara, J.; Cortijo, J. Role of IL-11 in vascular function of pulmonary fibrosis patients. Pulm.
Hypertens. 2019, 54, PA1424.

53. Zhang, D.; Wang, G.; Han, D.; Zhang, Y.; Xu, J.; Lu, J.; Li, S.; Xie, X.; Liu, L.; Dong, L.; et al. Activation of PPAR-γ ameliorates
pulmonary arterial hypertension via inducing heme oxygenase-1 and p21WAF1: An in vivo study in rats. Life Sci. 2014, 98, 39–43.
[CrossRef] [PubMed]

54. Noureddine, H.; Gary-Bobo, G.; Alifano, M.; Marcos, E.; Saker, M.; Vienney, N.; Amsellem, V.; Maitre, B.; Chaouat, A.; Chouaid,
C.; et al. Pulmonary artery smooth muscle cell senescence is a pathogenic mechanism for pulmonary hypertension in chronic
lung disease. Circ. Res. 2011, 109, 543–553. [CrossRef] [PubMed]

55. Rai, P.R.; Cool, C.D.; King, J.A.C.; Stevens, T.; Burns, N.; Winn, R.A.; Kasper, M.; Voelkel, N.F. The cancer paradigm of severe
pulmonary arterial hypertension. Am. J. Respir. Crit. Care Med. 2008, 178, 558–564. [CrossRef] [PubMed]

56. Geraci, M.W.; Moore, M.; Gesell, T.; Yeager, M.E.; Alger, L.; Golpon, H.; Gao, B.; Loyd, J.; Tuder, R.M.; Voelkel, N.F. Gene
expression patterns in the lungs of patients with primary pulmonary hypertension. Circ. Res. 2001, 88, 555–562. [CrossRef]

57. Benza, R.L.; Williams, G.; Wu, C.; Shields, K.J.; Raina, A.; Murali, S.; Passineau, M.J. In situ expression of Bcl-2 in pulmonary
artery endothelial cells associates with pulmonary arterial hypertension relative to heart failure with preserved ejection fraction.
Pulm. Circ. 2016, 6, 551–556. [CrossRef]

58. Ding, X.; Zhou, S.; Li, M.; Cao, C.; Wu, P.; Sun, L.; Fei, G.; Wang, R. Upregulation of SRF is associated with hypoxic pulmonary
hypertension by promoting viability of smooth muscle cells via increasing expression of Bcl-2. J. Cell. Biochem. 2017, 118,
2731–2738. [CrossRef] [PubMed]

59. Okada, M.; Harada, T.; Kikuzuki, R.; Yamawaki, H.; Hara, Y. Effects of telmisartan on right ventricular remodeling induced by
monocrotaline in rats. J. Pharmacol. Sci. 2009, 111, 193–200. [CrossRef]

60. Wetzl, V.; Tiede, S.L.; Faerber, L.; Weissmann, N.; Schermuly, R.T.; Ghofrani, H.A.; Gall, H. Plasma MMP2/TIMP4 ratio at
follow-up assessment predicts disease progression of idiopathic pulmonary arterial hypertension. Nat. Cell Biol. Inf. 2017, 195,
489–496. [CrossRef]

61. Humbert, M.; Monti, G.; Brenot, F.; Sitbon, O.; Portier, A.; Grangeot-Keros, L.; Duroux, P.; Galanaud, P.; Simonneau, G.; Emilie, D.
Increased interleukin-1 and interleukin-6 serum concentrations in severe primary pulmonary hypertension. Am. J. Respir. Crit.
Care Med. 1995, 151, 1628–1631. [CrossRef] [PubMed]

62. Steiner, M.K.; Syrkina, O.L.; Kolliputi, N.; Mark, E.J.; Hales, C.A. Waxman AB. IL-6 overexpression induces pulmonary hyperten-
sion. Circ. Res. 2009, 104, 236–244. [CrossRef]

63. Agrotis, A.; Kalinina, N.; Bobik, A. Transforming growth factor-beta, cell signaling and cardiovascular disorders. Curr. Vasc.
Pharmacol. 2005, 3, 55–61. [CrossRef]

64. Lu, A.; Zuo, C.; He, Y.; Chen, G.; Piao, L.; Zhang, J.; XiaoChun, F.; Shen, Y.; Tang, J.; Kong, D.; et al. EP3 receptor deficiency
attenuates pulmonary hypertension through suppression of Rho/TGF-β1 signaling. J. Clin. Investig. 2015, 125, 1228–1242.
[CrossRef] [PubMed]

65. Gilbane, A.J.; Derrett-Smith, E.; Trinder, S.L.; Good, R.B.; Pearce, A.; Denton, C.P.; Holmes, A.M. Impaired bone morphogenetic
protein receptor II signaling in a transforming growth factor-β–dependent mouse model of pulmonary hypertension and in
systemic Sclerosis. Am. J. Respir. Crit. Care Med. 2015, 191, 665–677. [CrossRef] [PubMed]

66. Woo, K.V.; Ornitz, D.M.; Singh, G.K. Diagnosis and pathophysiological mechanisms of group 3 hypoxia-induced pulmonary
hypertension. Curr. Treat. Options Cardiovasc. Med. 2019, 21, 16. [CrossRef]

67. Roberts, A.B.; Wakefield, L.M. The two faces of transforming growth factor beta in carcinogenesis. Proc. Natl. Acad. Sci. USA
2003, 100, 8621–8623. [CrossRef] [PubMed]

68. Li, Z.-Y.; Chen, Z.-L.; Zhang, T.; Wei, C.; Shi, W.-Y. TGF-β and NF-κB signaling pathway crosstalk potentiates corneal epithelial
senescence through an RNA stress response. Aging 2016, 8, 2337–2354. [CrossRef]

http://doi.org/10.1007/s12013-011-9332-z
http://www.ncbi.nlm.nih.gov/pubmed/22205501
http://doi.org/10.1161/ATVBAHA.113.302302
http://www.ncbi.nlm.nih.gov/pubmed/24334871
http://doi.org/10.1152/ajplung.00286.2010
http://www.ncbi.nlm.nih.gov/pubmed/21335523
http://doi.org/10.1161/ATVBAHA.116.307839
http://doi.org/10.1016/j.lfs.2013.12.208
http://www.ncbi.nlm.nih.gov/pubmed/24412385
http://doi.org/10.1161/CIRCRESAHA.111.241299
http://www.ncbi.nlm.nih.gov/pubmed/21719760
http://doi.org/10.1164/rccm.200709-1369PP
http://www.ncbi.nlm.nih.gov/pubmed/18556624
http://doi.org/10.1161/01.RES.88.6.555
http://doi.org/10.1086/688774
http://doi.org/10.1002/jcb.25922
http://www.ncbi.nlm.nih.gov/pubmed/28176371
http://doi.org/10.1254/jphs.09112FP
http://doi.org/10.1007/s00408-017-0014-5
http://doi.org/10.1164/ajrccm.151.5.7735624
http://www.ncbi.nlm.nih.gov/pubmed/7735624
http://doi.org/10.1161/CIRCRESAHA.108.182014
http://doi.org/10.2174/1570161052773951
http://doi.org/10.1172/JCI77656
http://www.ncbi.nlm.nih.gov/pubmed/25664856
http://doi.org/10.1164/rccm.201408-1464OC
http://www.ncbi.nlm.nih.gov/pubmed/25606692
http://doi.org/10.1007/s11936-019-0718-3
http://doi.org/10.1073/pnas.1633291100
http://www.ncbi.nlm.nih.gov/pubmed/12861075
http://doi.org/10.18632/aging.101050


Cells 2021, 10, 3456 21 of 24

69. Wu, J.; Niu, J.; Li, X.; Wang, X.; Guo, Z.; Zhang, F. TGF-β1 induces senescence of bone marrow mesenchymal stem cells via
increase of mitochondrial ROS production. BMC Dev. Biol. 2014, 14, 21. [CrossRef] [PubMed]

70. Kretova, M.; Sabova, L.; Hodny, Z.; Bartek, J.; Kollarovic, G.; Nelson, B.D.; Hubackova, S.; Luciakova, K. TGF-β/NF1/Smad4-
mediated suppression of ANT2 contributes to oxidative stress in cellular senescence. Cell Signal. 2014, 26, 2903–2911. [CrossRef]
[PubMed]

71. Schafer, M.J.; White, T.A.; Iijima, K.; Haak, A.J.; Ligresti, G.; Atkinson, E.J.; Oberg, A.L.; Birch, J.; Salmonowicz, H.; Zhu, Y.; et al.
Cellular senescence mediates fibrotic pulmonary disease. Nat. Commun. 2017, 8, 14532. [CrossRef] [PubMed]

72. Li, G.; Tang, L.; Jia, P.; Zhao, J.; Liu, D.; Liu, B. Elevated plasma connective tissue growth factor levels in children with pulmonary
arterial hypertension associated with congenital heart disease. Pediatr. Cardiol. 2015, 37, 714–721. [CrossRef] [PubMed]

73. Kim, K.-H.; Park, G.-T.; Rue, S.-W.; Sonn, J.-K.; Park, J.-W.; Lim, Y.-B.; Jung, J.-C.; Bae, Y.-S.; Lee, Y.-S. Expression of connective
tissue growth factor, a biomarker in senescence of human diploid fibroblasts, is up-regulated by a transforming growth factor
β-mediated signaling pathway. Biochem. Biophys. Res. Commun. 2004, 318, 819–825. [CrossRef]

74. Jun, J.-I.; Lau, L.F. CCN2 induces cellular senescence in fibroblasts. J. Cell Commun. Signal. 2016, 11, 15–23. [CrossRef] [PubMed]
75. Jonigk, D.; Golpon, H.; Bockmeyer, C.L.; Maegel, L.; Hoeper, M.; Gottlieb, J.; Nickel, N.; Hussein, K.; Maus, U.; Lehmann, U.; et al.

Plexiform lesions in pulmonary arterial hypertension: Composition, architecture, and microenvironment. Am. J. Pathol. 2011, 179,
167–179. [CrossRef] [PubMed]

76. Nickel, N.; Kümpers, P.; Olsson, K.M.; Westerkamp, V.; Golpon, H.; Hoeper, M.M. Circulating angiopoietins in idiopathic
pulmonary arterial hypertension. In Proceedings of the American Thoracic Society 2011 International Conference, Denver, CO,
USA, 13–18 May 2011; pp. 2291–2300. [CrossRef]

77. Laddha, A.P.; Kulkarni, Y.A. VEGF and FGF-2: Promising targets for the treatment of respiratory disorders. Respir. Med. 2019,
156, 33–46. [CrossRef] [PubMed]

78. Watanabe, S.; Kawamoto, S.; Ohtani, N.; Hara, E. Impact of senescence-associated secretory phenotype and its potential as a
therapeutic target for senescence-associated diseases. Cancer Sci. 2017, 108, 563–569. [CrossRef] [PubMed]

79. Soon, E.; Holmes, A.M.; Treacy, C.M.; Doughty, N.J.; Southgate, L.; Machado, R.D.; Trembath, R.C.; Jennings, S.; Barker, L.; Nicklin,
P.; et al. Elevated levels of inflammatory cytokines predict survival in idiopathic and familial pulmonary arterial hypertension.
Circulation 2010, 122, 920–927. [CrossRef] [PubMed]

80. Ng, B.; Cook, S.A.; Schafer, S. Interleukin-11 signaling underlies fibrosis, parenchymal dysfunction, and chronic inflammation of
the airway. Exp. Mol. Med. 2020, 52, 1871–1878. [CrossRef]

81. Kojima, H.; Kunimoto, H.; Inoue, T.; Nakajima, K. The STAT3-IGFBP5 axis is critical for IL-6/gp130-induced premature senescence
in human fibroblasts. Cell Cycle 2012, 11, 730–739. [CrossRef]

82. Kuilman, T.; Michaloglou, C.; Vredeveld, L.C.; Douma, S.; van Doorn, R.; Desmet, C.J.; Aarden, L.A.; Mooi, W.J.; Peeper, D.S.
Oncogene-induced senescence relayed by an interleukin-dependent inflammatory network. Cell 2008, 133, 1019–1031. [CrossRef]
[PubMed]

83. Ren, C.; Cheng, X.; Lu, B.; Yang, G. Activation of interleukin-6/signal transducer and activator of transcription 3 by human
papillomavirus early proteins 6 induces fibroblast senescence to promote cervical tumourigenesis through autocrine and paracrine
pathways in tumour microenvironment. Eur. J. Cancer Oxf. Engl. 1990, 49, 3889–3899. [CrossRef] [PubMed]

84. Hirano, T.; Ishihara, K.; Hibi, M. Roles of STAT3 in mediating the cell growth, differentiation and survival signals relayed through
the IL-6 family of cytokine receptors. Oncogene 2000, 19, 2548–2556. [CrossRef] [PubMed]

85. Xu, D.; Zeng, F.; Han, L.; Wang, J.; Yin, Z.; Lv, L.; Guo, L.; Wang, D.; Xu, Y.; Zhou, H. The synergistic action of phosphate and
interleukin-6 enhances senescence-associated calcification in vascular smooth muscle cells depending on p53. Mech. Ageing Dev.
2019, 182, 111124. [CrossRef] [PubMed]

86. Kojima, H.; Inoue, T.; Kunimoto, H.; Nakajima, K. IL-6-STAT3 signaling and premature senescence. JAK-STAT 2013, 2, e25763.
[CrossRef] [PubMed]

87. Ortiz-Montero, P.; Londoño-Vallejo, A.; Vernot, J.-P. Senescence-associated IL-6 and IL-8 cytokines induce a self- and cross-
reinforced senescence/inflammatory milieu strengthening tumorigenic capabilities in the MCF-7 breast cancer cell line. Cell
Commun. Signal. 2017, 15, 1–18. [CrossRef] [PubMed]

88. Fujita, M.; Shannon, J.M.; Irvin, C.G.; Fagan, K.A.; Cool, C.; Augustin, A.; Mason, R.J. Overexpression of tumor necrosis factor-α
produces an increase in lung volumes and pulmonary hypertension. Am. J. Physiol. Cell. Mol. Physiol. 2001, 280, L39–L49.
[CrossRef]

89. Li, X.-Q.; Wang, H.-M.; Yang, C.-G.; Zhang, X.-H.; Han, D.-D.; Wang, H.-L. Fluoxetine inhibited extracellular matrix of pulmonary
artery and inflammation of lungs in monocrotaline-treated rats. Acta Pharmacol. Sin. 2011, 32, 217–222. [CrossRef] [PubMed]

90. Hurst, L.A.; Dunmore, B.J.; Long, L.; Crosby, A.; Al-Lamki, R.; Deighton, J.; Southwood, M.; Yang, X.; Nikolic, M.Z.; Herrera, B.;
et al. TNFα drives pulmonary arterial hypertension by suppressing the BMP type-II receptor and altering NOTCH signalling.
Nat. Commun. 2017, 8, 14079. [CrossRef]

91. Beyne-Rauzy, O.; Recher, C.; Dastugue, N.; Demur, C.; Pottier, G.; Laurent, G.; Sabatier, L.; Mas, V.M.-D. Tumor necrosis factor
alpha induces senescence and chromosomal instability in human leukemic cells. Oncogene 2004, 23, 7507–7516. [CrossRef]

92. Khan, S.Y.; Awad, E.M.; Oszwald, A.; Mayr, M.; Yin, X.; Waltenberger, B.; Stuppner, H.; Lipovac, M.; Uhrin, P.; Breuss, J.M.
Premature senescence of endothelial cells upon chronic exposure to TNFα can be prevented by N-acetyl cysteine and plumericin.
Sci. Rep. 2017, 7, 39501. [CrossRef] [PubMed]

http://doi.org/10.1186/1471-213X-14-21
http://www.ncbi.nlm.nih.gov/pubmed/24886313
http://doi.org/10.1016/j.cellsig.2014.08.029
http://www.ncbi.nlm.nih.gov/pubmed/25220407
http://doi.org/10.1038/ncomms14532
http://www.ncbi.nlm.nih.gov/pubmed/28230051
http://doi.org/10.1007/s00246-015-1335-x
http://www.ncbi.nlm.nih.gov/pubmed/26714814
http://doi.org/10.1016/j.bbrc.2004.04.108
http://doi.org/10.1007/s12079-016-0359-1
http://www.ncbi.nlm.nih.gov/pubmed/27752926
http://doi.org/10.1016/j.ajpath.2011.03.040
http://www.ncbi.nlm.nih.gov/pubmed/21703400
http://doi.org/10.1164/ajrccm-conference.2011.183.1_meetingabstracts.a2289
http://doi.org/10.1016/j.rmed.2019.08.003
http://www.ncbi.nlm.nih.gov/pubmed/31421589
http://doi.org/10.1111/cas.13184
http://www.ncbi.nlm.nih.gov/pubmed/28165648
http://doi.org/10.1161/CIRCULATIONAHA.109.933762
http://www.ncbi.nlm.nih.gov/pubmed/20713898
http://doi.org/10.1038/s12276-020-00531-5
http://doi.org/10.4161/cc.11.4.19172
http://doi.org/10.1016/j.cell.2008.03.039
http://www.ncbi.nlm.nih.gov/pubmed/18555778
http://doi.org/10.1016/j.ejca.2013.07.140
http://www.ncbi.nlm.nih.gov/pubmed/23953057
http://doi.org/10.1038/sj.onc.1203551
http://www.ncbi.nlm.nih.gov/pubmed/10851053
http://doi.org/10.1016/j.mad.2019.111124
http://www.ncbi.nlm.nih.gov/pubmed/31376399
http://doi.org/10.4161/jkst.25763
http://www.ncbi.nlm.nih.gov/pubmed/24416650
http://doi.org/10.1186/s12964-017-0172-3
http://www.ncbi.nlm.nih.gov/pubmed/28472950
http://doi.org/10.1152/ajplung.2001.280.1.L39
http://doi.org/10.1038/aps.2010.187
http://www.ncbi.nlm.nih.gov/pubmed/21217769
http://doi.org/10.1038/ncomms14079
http://doi.org/10.1038/sj.onc.1208024
http://doi.org/10.1038/srep39501
http://www.ncbi.nlm.nih.gov/pubmed/28045034


Cells 2021, 10, 3456 22 of 24

93. Mavrogonatou, E.; Konstantinou, A.; Kletsas, D. Long-term exposure to TNF-α leads human skin fibroblasts to a p38 MAPK- and
ROS-mediated premature senescence. Biogerontology 2018, 19, 237–249. [CrossRef] [PubMed]

94. Mittal, M.; Roth, M.; Konig, P.; Hofmann, S.; Dony, E.; Goyal, P.; Selbitz, A.-C.; Schermuly, R.; Ghofrani, A.; Kwapiszewska, G.;
et al. Hypoxia-dependent regulation of nonphagocytic NADPH oxidase subunit NOX4 in the pulmonary vasculature. Circ. Res.
2007, 101, 258–267. [CrossRef] [PubMed]

95. Frazziano, G.; Champion, H.C.; Pagano, P.J. NADPH oxidase-derived ROS and the regulation of pulmonary vessel tone. Am. J.
Physiol. Circ. Physiol. 2012, 302, H2166–H2177. [CrossRef]

96. Liu, J.Q.; Zelko, I.N.; Erbynn, E.M.; Sham, J.; Folz, R.J. Hypoxic pulmonary hypertension: Role of superoxide and NADPH
oxidase (gp91phox). Am. J. Physiol. Cell. Mol. Physiol. 2006, 290, L2–L10. [CrossRef]

97. Klinger, J.R.; Abman, S.H.; Gladwin, M.T. Nitric oxide deficiency and endothelial dysfunction in pulmonary arterial hypertension.
Am. J. Respir. Crit. Care. Med. 2013, 188, 639–646. [CrossRef]

98. Hagan, G.; Pepke-Zaba, J. Pulmonary hypertension, nitric oxide and nitric oxide-releasing compounds. Expert Rev. Respir. Med.
2011, 5, 163–171. [CrossRef]

99. Giaid, A.; Saleh, D. Reduced expression of Endothelial Nitric Oxide Synthase in the lungs of patients with pulmonary hypertension.
N. Engl. J. Med. 1995, 333, 214–221. [CrossRef]

100. Xue, C.; Johns, A.R. Endothelial Nitric Oxide Synthase in the lungs of patients with pulmonary hypertension. N. Engl. J. Med.
1995, 333, 1642–1644. [CrossRef] [PubMed]

101. Tuder, R.M.; Cool, C.D.; Geraci, M.W.; Wang, J.; Abman, S.H.; Wright, L.; Badesch, D.; Voelkel, N.F. Prostacyclin synthase
expression is decreased in lungs from patients with severe pulmonary hypertension. Am. J. Respir. Crit. Care Med. 1999, 159,
1925–1932. [CrossRef] [PubMed]

102. Mason, N.A.; Springall, D.R.; Burke, M.; Pollock, J.; Mikhail, G.; Yacoub, M.H.; Polak, J.M. High expression of endothelial nitric
oxide synthase in plexiform lesions of pulmonary hypertension. J. Pathol. 1998, 185, 313–318. [CrossRef]

103. Almudéver, P.; Milara, J.; De Diego, A.; Serrano-Mollar, A.; Xaubet, A.; Perez-Vizcaino, F.; Cogolludo, A.; Cortijo, J. Role of
tetrahydrobiopterin in pulmonary vascular remodelling associated with pulmonary fibrosis. Thorax 2013, 68, 938–948. [CrossRef]
[PubMed]

104. Matsushita, H.; Chang, E.; Glassford, A.J.; Cooke, J.P.; Chiu, C.P.; Tsao, P.S. eNOS activity is reduced in senescent human
endothelial cells: Preservation by hTERT immortalization. Circ. Res. 2001, 89, 793–798. [CrossRef]

105. Vasa, M.; Breitschopf, K.; Zeiher, A.M.; Dimmeler, S. Nitric oxide activates telomerase and delays endothelial cell senescence. Circ.
Res. 2000, 87, 540–542. [CrossRef] [PubMed]

106. Aggarwal, S.; Gross, C.M.; Sharma, S.; Fineman, J.R.; Black, S.M. Reactive oxygen species in pulmonary vascular remodeling.
Compr. Physiol. 2013, 3, 1011–1034. [CrossRef]

107. Tabima, D.M.; Frizzell, S.; Gladwin, M.T. Reactive oxygen and nitrogen species in pulmonary hypertension. Free Radic. Biol. Med.
2012, 52, 1970–1986. [CrossRef]

108. Freund-Michel, V.; Guibert, C.; Dubois, M.; Courtois, A.; Marthan, R.; Savineau, J.-P.; Muller, B. Reactive oxygen species as
therapeutic targets in pulmonary hypertension. Ther. Adv. Respir. Dis. 2013, 7, 175–200. [CrossRef] [PubMed]

109. Vasa-Nicotera, M.; Chen, H.; Tucci, P.; Yang, A.L.; Saintigny, G.; Menghini, R.; Mahè, C.; Agostini, M.; Knight, R.A.; Melino, G.;
et al. miR-146a is modulated in human endothelial cell with aging. Atherosclerosis 2011, 217, 326–330. [CrossRef]

110. Konior, A.; Schramm, A.; Czesnikiewicz-Guzik, M.; Guzik, T.J. NADPH Oxidases in vascular pathology. Antioxid. Redox Signal.
2014, 20, 2794–2814. [CrossRef] [PubMed]

111. Salazar, G. NADPH Oxidases and mitochondria in vascular senescence. Int. J. Mol. Sci. 2018, 19, 1327. [CrossRef] [PubMed]
112. Lorenzen, J.M.; Nickel, N.; Krämer, R.; Golpon, H.; Westerkamp, V.; Olsson, K.M.; Haller, H.; Hoeper, M. Osteopontin in patients

with idiopathic pulmonary hypertension. Chest 2011, 139, 1010–1017. [CrossRef] [PubMed]
113. Huang, L.; Li, L.; Yang, T.; Li, W.; Song, L.; Meng, X.; Gu, Q.; Xiong, C.; He, J. Transgelin as a potential target in the reversibility

of pulmonary arterial hypertension secondary to congenital heart disease. J. Cell. Mol. Med. 2018, 22, 6249–6261. [CrossRef]
[PubMed]

114. Childs, B.G.; Gluscevic, M.; Baker, D.J.; Laberge, R.-M.; Marquess, D.; Dananberg, J.; Van Deursen, J.M. Senescent cells: An
emerging target for diseases of ageing. Nat. Rev. Drug Discov. 2017, 16, 718–735. [CrossRef] [PubMed]

115. Kirkland, J.L.; Tchkonia, T.; Zhu, Y.; Niedernhofer, L.J.; Robbins, P.D. The clinical potential of senolytic drugs. J. Am. Geriatr. Soc.
2017, 65, 2297–2301. [CrossRef] [PubMed]

116. Zhou, Y.; Xin, X.; Wang, L.; Wang, B.; Chen, L.; Liu, O.; Rowe, D.W.; Xu, M. Senolytics improve bone forming potential of bone
marrow mesenchymal stem cells from aged mice. NPJ Regen. Med. 2021, 6, 1–5. [CrossRef]

117. Montani, D.; Bergot, E.; Günther, S.; Savale, L.; Bergeron, A.; Bourdin, A.; Bouvaist, H.; Canuet, M.; Pison, C.; Macro, M.; et al.
Pulmonary arterial hypertension in patients treated by dasatinib. Circulation 2012, 125, 2128–2137. [CrossRef]

118. Guignabert, C.; Phan, C.; Seferian, A.; Huertas, A.; Tu, L.; Thuillet, R.; Sattler, C.; Le Hiress, M.; Tamura, Y.; Jutant, E.-M.; et al.
Dasatinib induces lung vascular toxicity and predisposes to pulmonary hypertension. J. Clin. Investig. 2016, 126, 3207–3218.
[CrossRef] [PubMed]

119. Culley, M.K.; Zhao, J.; Tai, Y.Y.; Tang, Y.; Perk, D.; Negi, V.; Yu, Q.; Woodcock, C.-S.C.; Handen, A.; Speyer, G.; et al. Frataxin
deficiency promotes endothelial senescence in pulmonary hypertension. J. Clin. Investig. 2021, 131. [CrossRef] [PubMed]

http://doi.org/10.1007/s10522-018-9753-9
http://www.ncbi.nlm.nih.gov/pubmed/29582209
http://doi.org/10.1161/CIRCRESAHA.107.148015
http://www.ncbi.nlm.nih.gov/pubmed/17585072
http://doi.org/10.1152/ajpheart.00780.2011
http://doi.org/10.1152/ajplung.00135.2005
http://doi.org/10.1164/rccm.201304-0686PP
http://doi.org/10.1586/ers.11.5
http://doi.org/10.1056/NEJM199507273330403
http://doi.org/10.1056/nejm199512143332416
http://www.ncbi.nlm.nih.gov/pubmed/7477212
http://doi.org/10.1164/ajrccm.159.6.9804054
http://www.ncbi.nlm.nih.gov/pubmed/10351941
http://doi.org/10.1002/(SICI)1096-9896(199807)185:3&lt;313::AID-PATH93&gt;3.0.CO;2-8
http://doi.org/10.1136/thoraxjnl-2013-203408
http://www.ncbi.nlm.nih.gov/pubmed/23739137
http://doi.org/10.1161/hh2101.098443
http://doi.org/10.1161/01.RES.87.7.540
http://www.ncbi.nlm.nih.gov/pubmed/11009557
http://doi.org/10.1002/cphy.c120024
http://doi.org/10.1016/j.freeradbiomed.2012.02.041
http://doi.org/10.1177/1753465812472940
http://www.ncbi.nlm.nih.gov/pubmed/23328248
http://doi.org/10.1016/j.atherosclerosis.2011.03.034
http://doi.org/10.1089/ars.2013.5607
http://www.ncbi.nlm.nih.gov/pubmed/24180474
http://doi.org/10.3390/ijms19051327
http://www.ncbi.nlm.nih.gov/pubmed/29710840
http://doi.org/10.1378/chest.10-1146
http://www.ncbi.nlm.nih.gov/pubmed/20947652
http://doi.org/10.1111/jcmm.13912
http://www.ncbi.nlm.nih.gov/pubmed/30338626
http://doi.org/10.1038/nrd.2017.116
http://www.ncbi.nlm.nih.gov/pubmed/28729727
http://doi.org/10.1111/jgs.14969
http://www.ncbi.nlm.nih.gov/pubmed/28869295
http://doi.org/10.1038/s41536-021-00145-z
http://doi.org/10.1161/CIRCULATIONAHA.111.079921
http://doi.org/10.1172/JCI86249
http://www.ncbi.nlm.nih.gov/pubmed/27482885
http://doi.org/10.1172/JCI136459
http://www.ncbi.nlm.nih.gov/pubmed/33905372


Cells 2021, 10, 3456 23 of 24

120. Fuhrmann-Stroissnigg, H.; Ling, Y.Y.; Zhao, J.; McGowan, S.J.; Zhu, Y.; Brooks, R.W.; Grassi, D.; Gregg, S.Q.; Stripay, J.L.;
Dorronsoro, A.; et al. Identification of HSP90 inhibitors as a novel class of senolytics. Nat. Commun. 2017, 8, 1–14. [CrossRef]
[PubMed]

121. Boucherat, O.; Peterlini, T.; Bourgeois, A.; Nadeau, V.; Breuils-Bonnet, S.; Boilet-Molez, S.; Potus, F.; Meloche, J.; Chabot, S.;
Lambert, C.; et al. Mitochondrial HSP90 accumulation promotes vascular remodeling in pulmonary arterial hypertension. Am. J.
Respir. Crit. Care Med. 2018, 198, 90–103. [CrossRef]

122. Wang, G.; Li, S.; Zhao, Z.-M.; Liu, S.-X.; Zhang, G.-X.; Yang, F.; Wang, Y.; Wu, F.; Zhao, X.-X.; Xu, Z.-Y. Inhibition of heat shock
protein 90 improves pulmonary arteriole remodeling in pulmonary arterial hypertension. Oncotarget 2016, 7, 54263–54273.
[CrossRef] [PubMed]

123. Mullard, A. Anti-ageing pipeline starts to mature. Nat. Rev. Drug Discov. 2018, 17, 609–612. [CrossRef] [PubMed]
124. Ranchoux, B.; Antigny, F.; Rucker-Martin, C.; Hautefort, A.; Péchoux, C.; Bogaard, H.J.; Dorfmüller, P.; Remy, S.; Lecerf, F.; Planté,

S.; et al. Endothelial-to-mesenchymal transition in pulmonary hypertension. Circiulation 2015, 131, 1006–1018. [CrossRef]
125. Houssaini, A.; Abid, S.; Mouraret, N.; Wan, F.; Rideau, D.; Saker, M.; Marcos, E.; Tissot, C.-M.; Dubois-Randé, J.-L.; Amsellem, V.;

et al. Rapamycin reverses pulmonary artery smooth muscle cell proliferation in pulmonary hypertension. Am. J. Respir. Cell Mol.
Biol. 2013, 48, 568–577. [CrossRef]

126. Nishimura, T.; Faul, J.L.; Berry, G.J.; Veve, I.; Pearl, R.G.; Kao, P.N. 40-O-(2-Hydroxyethyl)-rapamycin attenuates pulmonary
arterial hypertension and neointimal formation in rats. Am. J. Respir. Crit. Care Med. 2001, 163, 498–502. [CrossRef]

127. Paddenberg, R.; Stieger, P.; Von Lilien, A.-L.; Faulhammer, P.; Goldenberg, A.; Tillmanns, H.H.; Kummer, W.; Braun-Dullaeus, R.C.
Rapamycin attenuates hypoxia-induced pulmonary vascular remodeling and right ventricular hypertrophy in mice. Respir. Res.
2007, 8, 15. [CrossRef] [PubMed]

128. Seyfarth, H.-J.; Hammerschmidt, S.; Halank, M.; Neuhaus, P.; Wirtz, H.R. Everolimus in patients with severe pulmonary
hypertension: A safety and efficacy pilot trial. Pulm. Circ. 2013, 3, 632–638. [CrossRef] [PubMed]

129. Ilgin, S.; Burukoglu, D.; Atli, O.; Sirmagul, B. Effects of everolimus in combination with sildenafil in monocrotaline-induced
pulmonary hypertension in rats. Cardiovasc. Toxicol. 2012, 12, 46–55. [CrossRef] [PubMed]
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