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Abstract: Pulmonary hypertension (PH) is a serious cardiovascular disease caused by a
variety of pathogenic factors, which is characterized by increased pulmonary vascular
resistance (PVR) and progressive elevation of mean pulmonary artery pressure (mPAP).
This disease can lead to right ventricular hypertrophy and, in severe cases, right heart
failure and even death. Vascular remodeling—a pathological modification involving aber-
rant vasoconstriction, cell proliferation, apoptosis resistance, and inflammation in the
pulmonary vascular system—is a significant pathological hallmark of PH and a critical
process in its progression. Recent studies have found that vascular remodeling involves the
participation of a diversity of cellular pathological alterations, such as the dysfunction of
pulmonary artery endothelial cells (PAECs), the proliferation and migration of pulmonary
artery smooth muscle cells (PASMCs), the phenotypic differentiation of pulmonary artery
fibroblasts, the inflammatory response of immune cells, and pericyte proliferation. This
review focuses on the mechanisms and the intercellular crosstalk of these cells in the PH
process, emphasizing recent advances in knowledge regarding cellular signaling pathways,
inflammatory responses, apoptosis, and proliferation. To develop better treatments, a list
of possible therapeutic approaches meant to slow down certain biological functions is
provided, with the aim of providing new insights into the treatment of PH by simplifying
the intricacies of these complex connections. In this review, comprehensive academic
databases such as PubMed, Embase, Web of Science, and Google Scholar were system-
atically searched to discuss studies relevant to human and animal PH, with a focus on
vascular remodeling in PH.

Keywords: pulmonary hypertension; vascular remodeling; endothelial cells; smooth
muscle cells; fibroblasts; cellular mechanisms

1. Introduction
Pulmonary hypertension (PH) is a chronic and progressive cardiovascular disease char-

acterized by elevated blood pressure in the pulmonary arteries that can lead to significant
morbidity and mortality; this can significantly impair the normal physiological function of
patients’ pulmonary vascular system and their quality of life [1]. Referring to European
data, PH was estimated at 5.8 cases per million adults annually, while its prevalence ranges
from 47.6 to 54.7 cases per million adults. Notably, PH is disproportionately diagnosed
among females and individuals in older adulthood [2]. In the latest European Society of
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Cardiology and European Respiratory Society (ESC/ERS) guidelines, it has been stated that
the current hemodynamic definition of PH is characterized by a resting mean pulmonary
arterial pressure exceeding 20 mm Hg, a pulmonary capillary wedge pressure of less than
15 mm Hg, and a pulmonary vascular resistance of at least 2 Wood units, as measured
through right heart catheterization [3]. According to differences in clinical diagnosis, hemo-
dynamics, and therapeutic regimens, pulmonary hypertension has been classified into
five groups (Table 1): pulmonary arterial hypertension; pulmonary hypertension due to
left-sided heart disease; pulmonary hypertension due to lung disease or hypoxia; chronic
thromboembolic pulmonary hypertension; and pulmonary hypertension with unclear or
multifactorial mechanisms [4].

Table 1. An overview of the clinical classification and direction of medication for PH.

Group Clinical Classification Clinical Subtype Therapeutic Drugs

1 Pulmonary arterial hypertension

Idiopathic, heritable, drug- and
toxin-induced, venous/capillary
(PVOD/PCH) involvement, viral
(HIV) or parasitic disease
(schistosomiasis), connective tissue
disorders, liver cirrhosis, congenital
heart disease, schistosomiasis,
persistent PH of the newborn

CCBs (nifedipine, diltiazem,
amlodipine), endothelin receptor
antagonists, Ambrisentan, Bosentan,
macitentan, PDE5i and guanylate
cyclase stimulators (Sildenafifil,
Tadalafifil, Riociguat), prostacyclin
analogues and prostacyclin receptor
agonists (Epoprostenol, Iloprost,
Treprostinil, Beraprost, Selexipag)

2 PH associated with left heart failure Left-sided atrial, ventricular, or
valvular disease Diuretics, PDE5i (e.g., Sildenafil)

3 PH associated with chronic
hypoxemic lung disease

COPD, interstitial lung disease,
obstructive sleep apnea, high altitude,
developmental lung disorders

Treprostinil, PDE5is

4 PH associated with pulmonary artery
obstructions

Pulmonary emboli, pulmonary
hemangioma, pulmonary vasculitis,
congenital pulmonary stenosis

VKAs, Riociguat, Treprostinil s.c.,
PDE5is (e.g., Sildenafifil), ERAs (e.g.,
Bosentan)

5 PH with unclear and/or
multifactorial mechanisms

Sickle cell disease, sarcoidosis,
metabolic disorders, renal failure,
fibrosing mediastinitis

——

PVOD, pulmonary veno-occlusive disease; PCH, pulmonary capillary hemangiomatosis; CCB, calcium channel
blocker; PDE5i, phosphodiesterase 5 inhibitor; COPD, chronic obstructive pulmonary disease; VKA, vitamin K
antagonist; ERA, endothelin receptor antagonist.

The underlying cause of PH has yet to be definitively identified, but there is a widely
accepted consensus that PH subtypes all share a fundamental pathological characteristic:
vascular remodeling characterized by dysfunction of the inner membrane’s endothelial
cells, proliferation and migration of middle membrane smooth muscle cells, and profibrotic
responses of adventitial fibroblasts, as well as the involvement of multiple immune cells
and progenitor/stem cells, ultimately leading to the thickening of the pulmonary artery
vessel wall, narrowing of the lumen, and an increase in the resistance within the pulmonary
vascular system which, in turn, leads to sustained constriction of healthy blood vessels,
gradual stiffening of the vessel walls, and the formation of arterial vasculature plexiform
lesions [5–7]. Remodeling processes in the lungs are triggered by factors including hypoxia,
inflammation, shear stress, and genetic predisposition, leading to a cycle of deteriorating
pulmonary hemodynamics and additional vascular changes.

By searching comprehensive academic databases such as PubMed, Embase, Web of
Science, and Google Scholar, a comprehensive overview of the current understanding of
pulmonary hypertension is provided, focusing on its definition, clinical manifestations,
and epidemiological trends, as well as the underlying mechanisms of vascular remodeling.
Through synthesizing recent research, this review endeavors to expound on the interaction
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between cellular crosstalk and intervention strategies designed to improve outcomes for
patients with pulmonary hypertension, which is essential for both academics and physicians
as it sets the stage for further studies and improvements in treatment.

2. Remodeling of the Vascular Wall
2.1. Endothelial Remodeling

Pulmonary hypertension is associated with impaired functioning of various cell types
found within the pulmonary vasculature, specifically involving endothelial cells, which
form a major part of the pulmonary artery endothelium [8]. The endothelium is the ma-
jor determinant in maintaining its homeostasis. Functions of the normal endothelium
include maintenance of vascular tone, regulation of leukocyte trafficking, luminal signaling,
production of growth factors and cell signals with autocrine and paracrine properties,
gas exchange, barrier function, and homeostasis; in addition, it has antithrombotic and
anti-inflammatory characteristics [9]. Activation of endothelial cells by external stimuli
(e.g., hypoxia, shear stress, and inflammation) leads to pulmonary vascular endothelial
dysfunction, which is mainly characterized by aberrant proliferation, resistance to apop-
tosis, enhanced inflammatory signaling, and metabolic reprogramming [10] (Figure 1).
Endothelial dysfunction is an important cause of vascular remodeling.
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Figure 1. Remodeling of the pulmonary artery intima. Hypoxia, shear stress, epigenetic factors,
and inflammation stimulate pathological changes in endothelial cell migration, proliferation, and
apoptosis, leading to dysfunction and thickening of the vessel wall which, in turn, induces PH, with
hypoxia playing a dominant role. Hypoxic conditions induce changes in the levels of HIF-α, which
is involved in the regulation of proteasomal degradation and promotes angiogenesis through the
NO/cGMP cascade of VEGF. In this figure, the upward arrow represents an increase in the substance
and the downward arrow represents a decrease in the substance.

2.1.1. Endothelial-Dysfunction-Related Factors

Among those external stimuli, hypoxia plays a dominant role. It has been found that
among the many hypoxic factors, the common ones are mainly hypoxia-inducible factor-1
(HIF-1)- and hypoxia-inducible factor-2 (HIF-2)-mediated gene expression, but the role is
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still mainly dependent on HIF-1 [11]. Human epidermal growth factor receptor 3, (ErbB3)
exhibited significant upregulation in the distal pulmonary arteries and pulmonary artery
endothelial cells isolated from patients with PH. ErbB3 induced nuclear translocation of
Y-box binding protein 1 (YB-1) and subsequently promoted HIF-1/2α transcription [12].
As a heterodimeric transcription factor consisting of HIF-α and HIF-β, HIF-1 is maintained
at a normal level under aerobic conditions by proline hydroxylation, which contributes to
its binding to the von Hippel–Lindau (VHL) ubiquitin ligase complex, where proteasomal
degradation occurs [13]. In contrast, the rate of HIF hydroxylation is reduced under hypoxic
conditions or VHL deficiency; HIF-α then accumulates and increases, dimerizes with HIF-β
family members, and transcriptionally activates genes associated with angiogenesis as
a result of the alteration of the normal physiological properties of blood vessels [11]. In
addition, vascular endothelial growth factor (VEGF), a hypoxia-inducible factor, also known
as vascular permeability factor, includes VEGF-A, -B, -C, -D, and placental growth factor
and is not characteristically expressed in normal endothelial cells; notably, it is central
to endothelial cell growth and survival factors [5]. According to a study, in PH, VEGF
gene and protein expression is upregulated under hypoxic conditions. VEGF binds to
the tyrosine kinase family of signaling receptors (e.g., flt-1, flk-1/KDR, and flt-4). In this
context, flk-1 plays a major role in triggering a signaling cascade that leads to the tyrosine
phosphorylation of phospholipase C gamma1 (PLCγ1), resulting in elevated intracellular
calcium, activation of nitric oxide synthase (NOS), and production of nitric oxide (NO),
which, in turn, affects vascular tone and stimulates angiogenesis by activating guanylate
cyclase in endothelial cells to produce cyclic guanosine monophosphate (cGMP) [14–16].
This NO/cGMP cascade is thought to play a significant role in the vasoactive action
of VEGF. Prostacyclin also affects pulmonary endothelial cell function by acting as a
vasodilator, coupling to cell surface G protein receptors, promoting pulmonary artery
dilation, and inhibiting vascular smooth muscle cell proliferation [16]. However, it was
found that deletion of the raw material for prostacyclin, cyclooxygenase 1, leads to PH
vascular remodeling and thrombus formation [17]. In contrast, endothelin-1 (ET-1)—a
vasoconstrictor factor that often binds to G-protein-coupled receptors—was found to be
elevated in the lungs of patients with PH, and a gene promoter polymorphism in ET-1
resulted in the loss of the binding site for the Kruppel-like factor (KLF), which further
affected vascular remodeling [18].

2.1.2. Hyperproliferation and Apoptosis of Endothelial Cells

The equilibrium between the growth and programmed death of endothelial cells is
vital for preserving the integrity and operation of blood vessels. Endothelial cells (ECs)
maintain organ homeostasis and assist in tissue regeneration. In adults, endothelial cells
are largely quiescent under normal physiological conditions; interestingly, stimulation with
some growth factors nevertheless promotes the generation of new endothelial cells [19].
VEGF is essential in the survival and proliferation of vascular endothelial cells. VEGF binds
to two tyrosine kinase receptors—vascular endothelial growth factor receptor 1 (VEGFR-1;
Flt-1) and VEGFR-2 (KDR/Flk-1)—on endothelial cells and undergoes a complex series
of zymogen-activated reactions to promote the mitogenic and angiogenic functions of
VEGF [20]. However, the presence of the Notch receptor—as an important activity regu-
lator of VEGF—causes VEGF to be preferentially expressed with VEGFR2. SU5416 (com-
monly known as Sugen), a potent and selective VEGFR inhibitor, induces apoptosis of
lung endothelial cells, lung small vessel injury, and gap enlargement [21]. Thus, ECs’
deletion of VEGFR2 or modulation with SU5416 leads to severe angio-obliterative PH,
and VEGF overexpression attenuates the disease, suggesting a possible protective role
for VEGF [22]. Moreover, it was found that SU5416 did not inhibit cell proliferation and,
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thus, VEGF receptor inhibition initially induced pulmonary artery endothelial cell (PAEC)
apoptosis. Subsequent hypoxic exposure may stimulate the proliferation of a subgroup
of anti-apoptotic PAECs [23]. Previous research has demonstrated that chronic blockade
of VEGFR triggers the activation of forkhead box protein 1 (FOXO1), resulting in the
expression of multiple tyrosine kinase receptors, including VEGFR2, ultimately leading
to the emergence of anti-apoptotic ECs [24]. Excessive apoptosis can lead to endothelial
dysfunction, impaired angiogenesis, and compromised tissue repair. Understanding this
balance is vital for developing therapeutic strategies that enhance endothelial repair mecha-
nisms while preventing excessive proliferation associated with disease states. Additionally,
the forkhead box M1 (FOXM1) is an endothelial regeneration transcription factor that
stimulates the proliferation of PAEC and pulmonary artery smooth muscle cells (PASMCs),
promoting endothelial regeneration after lung tissue and vascular injury [25].

2.1.3. Endothelial–Mesenchymal Transition

Endothelial–mesenchymal transition (EndMT) denotes the transformation of endothe-
lial cells into mesenchymal cells [26]. Endothelial cells change from cobblestone-like to
mesenchymal and fibroblastic phenotypes in response to inflammation, oxidative stress,
and mechanical stress. They also acquire motility and contractile properties; in other
words, endothelial cells gradually lose their distinct endothelial characteristics and take
on a mesenchymal phenotype [27]. During EndMT, endothelial cells acquire invasiveness
and migratory properties, detach from the cell layer, and invade the underlying tissue [28].
Throughout this transformation, endothelial cells lose endothelium-specific markers such
as CD 31/platelet–endothelial cell adhesion molecule, vascular endothelial calreticulin,
von Willebrand factor (vWF), and the expression of tyrosine kinase with immunoglobulin-
and epidermal growth factor-like domain 1 (TIE1) and TIE2, which have immunoglobulin-
like structural domains and epidermal growth factor (EGF)-like structural domains. In
addition, they enhance mesenchymal cell markers such as N-adhesin, α-smooth muscle
actin (α-SMA), waveform proteins, smooth muscle protein 22α (SM22α), fibroblast-specific
protein-1 (FSP-1, also known as S100A4), and fibronectin expression [28]. Many studies
have demonstrated that various signaling pathways and mediators, including vascular
endothelial growth factor A (VEGFA), transforming growth factor β (TGFβ), inflammatory
factors such as interleukin-1β (IL-1β), IL-6, and IL-10, and so on, bone morphogenetic
proteins (BMPs), fibroblast growth factors (FGFs), epidermal growth factor receptor (EGFR),
platelet-derived growth factor (PDGF), transcription factors (e.g., GATA4, Snail, Slug, and
Twist1), and microRNA, all induce EndMT. Multiple additional signaling pathways, such
as Wnt/β-linker protein signaling, NF-κB pathway, Notch signaling, and CaN/NFAT
signaling, which have also been implicated in pulmonary hypertension, are also involved
in EndMT [29,30]. It is well-known that EndMT is mainly responsible for exacerbating
endothelial dysfunction and promoting pulmonary vascular remodeling, and, interestingly,
it has been found that lineage tracing in PH can identify partial and complete EndMT
states with different marker profiles. Partial-EndMT cells express endothelial progenitor
cell markers such as endothelial progenitor protein-1 (PROM 1/CD 133) and CD 34 [31],
which may be involved in neovascularization, angiogenesis, tissue repair, and regenera-
tion [32–34], and are beneficial to some extent. Meanwhile, fully transformed cells express
mesenchymal stem cell (MSC) markers such as stem cell antigen 1 (Sca 1) and endothelial
glycoprotein (ENG/CD 105); as such, they may exacerbate vascular remodeling, fibrosis,
and endothelial dysfunction [31]. However, the contribution of EndMT to disease pro-
gression is not fully understood but may alleviate PH symptoms and slow progression
through the use of phosphodiesterase-5 inhibitors, prostacyclin analogs, and endothelin
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receptor antagonists [20]. Therefore, targeting the signaling pathway of EndMT is expected
to provide new research directions in the treatment of PH.

2.1.4. Endothelial Cell Activation and Thrombosis Formation

Abnormal activation of platelets and endothelial cells, together with the continued
participation of coagulation factors, leads to the formation of in situ pulmonary artery
thrombosis. This thrombotic lesion is a common pathologic feature in patients with PH.
Endothelial cell activation is a precursor to thrombosis and is distinguished by the upregu-
lation of adhesion molecules and proinflammatory cytokine secretion. This activation can
be triggered by various factors, including oxidative stress, cytokines, and hypoxia [35–37].
Activated endothelial cells can contribute to blood clot formation by stimulating platelet
activation via vWF, activating factor X, and initiating tissue factor (TF) activity [36]. Activa-
tion of platelets is mediated through the serine protease thrombin, adenosine diphosphate
(ADP), collagen dimerization complex, and vWF [38], which leads to platelet aggrega-
tion. Platelet activation also increases the production of various adhesion molecules and
receptors (e.g., selectin P and gp IIIa/IIb), as well as thromboxane A2 (TXA 2) [39]. The
vasoconstrictor factor thromboxane A2 (elevated expression in patients with PH) has a
proaggregatory effect, whereas the vasodilators NO and prostacyclin (reduced expression
in patients with PH) inhibit aggregation [40]. Platelet-derived particles—which are circu-
lating debris released from activated, damaged, or apoptotic platelets in the pulmonary
vasculature of PH patients—can activate the coagulation cascade and stimulate thrombo-
sis [41]. Recently, the omega-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) have been found to reduce thrombogenicity by altering platelet function and
decreasing the expression of inflammatory genes [42]. Interestingly, the chromatin and cy-
toplasmic enzymes formed after neutrophil death form a system of neutrophil extracellular
traps, which activate platelets/endothelial cells and are thought to be mediators of throm-
bosis [36]. Therefore, targeting the signaling pathways mediated by platelet-activating
factors is expected to alleviate intravascular thrombosis.

2.1.5. Endothelial Cell Heterogeneity

Endothelial cell heterogeneity refers to cellular subpopulations of endothelial cells in
different vascular beds with different phenotypic and functional characteristics. Relying
on single-cell RNA sequencing (scRNA-seq) technology, data from scRNA-seq reposito-
ries of human lung tissues, and genetic genealogical tracing, it has been demonstrated
that pulmonary vascular endothelial cells can be classified into multiple subtypes in the
microvascular system, including PAECs, pulmonary venous endothelial cells, general capil-
lary endothelial cells (gCap ECs), and air cell capillary endothelial cells (aCap ECs) [43–45].
Differences in these cells between individuals have been associated with the formation of
the pulmonary artery vessel wall, but the mechanisms of action for these factors are not yet
fully comprehended. It has recently been found that venous endothelial cells are involved
in the formation of PAECs by migrating and transforming in the opposite direction of blood
circulation, are the main source of neointimal expansion, and are the main endothelial
subtype of arteriovenous malformation [46]. In addition to this, gCap ECs, which specialize
in regulating the tone and function of vasodilation and act as stem/progenitor cells in
the homeostasis and repair of capillaries, are also transformed and reprogrammed into
arterial ECs during the development of PH, which may also be a new source of arterial
endothelium [45]. Pneumocytes, as cells specific to lung tissue, contain airspaces and
perform gas exchange independently of other endothelial subtypes, and they play a crucial
role in leukocyte transport [43]. Along with these populations of endothelial cells, there
is a population of endothelial tip cells that form vascular endothelial sprouts through the
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action of the CXC chemokine receptor 4a (CXCR-4a) and its ligand (C-X-C motif) ligand
12 (CXCL-12a) via the Notch/Wnt signaling pathways. These are, in turn, towed by stalk
endothelial cells after the tip cells to promote vascular extension and remodeling [47,48].
Multiple endothelial cells are involved in the transformation of PAECs, which has an
impact on vascular remodeling. However, it is unclear how PAECs maintain the stability of
their cell populations during maturation and stabilization, and, thus, the in-depth study of
endothelial cell heterogeneity is expected to reveal new entry points in the mechanism of
vascular remodeling.

2.1.6. Endothelial Cell Metabolism and Epigenetics

The effect of abnormal metabolism of ECs on pulmonary vascular remodeling has
been demonstrated in the human pulmonary vascular system and PH models. Under
aerobic conditions, vascular wall cells still exhibit the Warburg effect or abnormalities
in glycolysis [49]. This metabolic shift is mainly regulated by the glycolytic enzyme
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), lactate dehydrogenase,
and hexokinase, as well as the mitochondrial enzyme pyruvate dehydrogenase kinase [50].
In addition, PFKFB3 is a key regulator of glycolysis, and specific deletion of ECs inhibits
PH development [51]. In addition, pyruvate kinase M2 (PKM2), a rate-limiting enzyme of
glycolysis, participates in pyruvate formation to inhibit the glycolytic process and interacts
with the protein JMJD8 to inhibit vessel formation [52]. G6PD (glucose-6-phosphate-
dehydrogenase) is an X-linked gene that encodes the key enzyme in the glycolytic pathway.
It has been found that the N126D mutant of G6PD (asparagine 126 mutated to aspartic acid),
denoted as G6pdN126D, is associated with vascular remodeling in pulmonary hyperten-
sion. In G6pdN126D rats administered with the vascular endothelial growth factor receptor
blocker sugen-5416, the levels of plasminogen activator inhibitor-1, thrombin-antithrombin
complex, and proinflammatory cytokine expression—including chemokine (C-C motif)
ligand 3 (CCL3), CCL5, and CCL7—were elevated in the lungs, exacerbating inflammation,
thrombosis, and hypertrophic pulmonary artery remodeling [53]. The pentose phosphate
pathway is an important node of the glycolytic process linking other metabolic pathways.
Mutations in the bone morphogenetic protein receptor 2 (BMPR2) gene are also involved
in the metabolic process of PAECs. BMPR2 mutation may induce increased expression
of the regulator of alternative splicing polypyrimidine tract-binding protein 1 (PTBP1)
and the proglycolytic splicing product PKM2, which may promote the reprogramming of
glycolysis [54]. Further studies have also revealed that the upregulation of β-catenin/Wnt
and downregulation of peroxisome proliferator-activated receptor γ (PPAR-γ) through the
TGF-β/Smad signaling pathway may accelerate glycolysis [55]. Therefore, the glycolytic
pathway deserves to be further explored to find new therapeutic targets.

2.2. Media Remodeling

Smooth muscle cells (SMCs) are a crucial element of the vascular wall’s middle layer
and play a crucial part in maintaining vascular homeostasis, as well as the typical vascular
system. They are distributed throughout the vascular media layer and function to regulate
blood pressure, vasoconstriction, arterial tone diameter, and blood flow distribution [56].
Under normal physiological conditions, SMCs exhibit a contractile phenotype marked
by the presence of specific contractile proteins, such as smooth muscle actin and myosin.
This contractile function is essential for the dynamic regulation of vascular resistance and
is affected by diverse physiological stimuli, including shear stress, high pressure, and
pulsatile blood flow [57]. In addition, SMCs are involved in the repair process after vascular
injury, demonstrating their ability to adapt to different functional demands. The balance
among the proliferation, migration, and apoptosis of SMCs is essential for the process of
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vascular homeostasis and remodeling [58]. However, in PH, vascular smooth muscle is
more inclined to proliferate and migrate, and under normal conditions, there is only a
coating of SMCs in non-myofibrillated distal pulmonary arterioles, whereas SMCs in more
proximal arterioles are hypertrophied [5].

2.2.1. Smooth Muscle Cell Phenotypic Transition

Under normal conditions, vascular smooth muscle cells (VSMCs) exhibit a static con-
tractile phenotype that regulates the normal physiological function of the vascular system.
In the early stages, VSMCs are migratory and proliferative and are relatively stable under
normal conditions. When the vasculature is injured, contractile VSMCs are converted into a
highly plastic synthetic phenotype. This process is considered to be the dedifferentiation of
VSMCs (Figure 2), and the cellular phenotype changes from a spindle shape to an irregular
shape, exhibiting high proliferation, migration, and accumulation of extracellular matrix
components (e.g., collagen, elastin, and proteoglycans) [59]. VSMCs’ phenotypic conversion
is an important step in the process of vascular regeneration and repair. Downregulation
of contractile gene expression, cytoskeletal remodeling, and cellular reprogramming in
synthetic VSMCs induced an increase in their proliferative capacity, and they combined
with matrix metalloproteinases to promote extracellular matrix remodeling and the thick-
ening of the vascular intima–media layer. Platelet-derived growth factor-BB (PDGF-BB),
KLF4, miRNA, and CCL5 were found to regulate the dedifferentiation of VASM [60–62].
Nesfatin-1—an adipocytokine that elevates blood pressure—stimulates the conversion of
contractile VSMCs into a synthetic phenotype and enhances the proliferation of VSMCs [63].
Although synthetic VSMCs are beneficial for the formation of neointima after vascular
injury, their mechanism of endothelial remodeling is still worthy of in-depth study.
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Figure 2. Phenotypic changes in pulmonary artery smooth muscle cells. Under the stimulation
of mechanical injury, hypoxia, inflammatory factors (IL-1, IL-6, IL-10), various high-concentration
growth factors (PDGF, TGF-β) and transcription factors (KLF, OCT, FOXO1), and signaling pathways
such as JAK-STAT, NOTCH-HFS5, and TGF-β1-FOXO1, the phenotype of PASMCs gradually changed
from a highly differentiated contractile phenotype to an undifferentiated rhombic synthetic cell
phenotype, thereby enabling the cells to acquire the ability to proliferate, migrate, invade, synthesize,
and secrete a large number of ECMs and special cytokines. Notably, proliferation is an important
feature of their phenotypic change. In this figure, the pointed arrow represents promotion and the
square arrow represents inhibition.
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2.2.2. Proliferation of Pulmonary Artery Smooth Muscle Cells

The proliferation of pulmonary artery smooth muscle cells is a prominent feature in
PH. This process is impacted by various factors. Research has demonstrated that KLF4
functions as a regulatory factor in the process of vascular smooth muscle cell differen-
tiation and proliferation during vascular remodeling development, and hypoxia factor
(HIF1α)-induced PDGF-BB facilitates the high expression of KLF4 in SMCs. It has been
found that anti-PDGF-BB inhibitors slowed down vascular remodeling by blocking the
expression of PDGF [64]. Notch3, a member of the Notch family of receptors, induces
VSMC proliferation and dedifferentiation. The Notch signaling pathway is essential for the
identification of neointimal founder cells; a minority subset of SMCs marked by Notch3
could potentially act as the primary source of neointimal cells in the major population, and
Notch3-knockout mice (Notch3−/−) are resistant to the development of hypoxia-induced
pulmonary vascular remodeling and PH [65]. The fact that the transcription factor stuffing
forkhead box protein is required for PASMC proliferation is well established. FOXO1 ex-
pression was downregulated in the pulmonary vasculature and PASMCs of human and
experimental PH lungs, and the FOXM1 gene was upregulated in hypoxia-stimulated
human pulmonary arterial smooth muscle cells (HPASMCs); thus, the specificity of the
forkhead box protein may also be different in terms of the effects on vascular remodel-
ing [66–68]. In contrast, BMP2 was shown to inhibit PASMC proliferation and promote
apoptosis in PASMCs to protect against excessive vascular remodeling [69]. The balance
of these factors is extremely important for the vascular wall, and exploring their intrinsic
mechanisms of occurrence is important for our understanding of mesangial remodeling.

2.2.3. Anti-Apoptosis in Smooth Muscle Cells and Reversal of Vascular Remodeling

The ability of SMCs to resist apoptosis is a key factor in vascular remodeling, es-
pecially under pathological conditions. The transient receptor potential canon (TRPC),
especially TRPC3, involved in the anomalous store-operated Ca2+ entry mechanism results
in PASMC phenotypes (exacerbated proliferation, enhanced migration, apoptosis resis-
tance, and vasoconstriction); whereas, conversely, an increase in intracellular K+ ([K+] i)
concentration improves apoptosis resistance and slows down intimal thickening [70].
Among the epigenetic factors, it has been found that the downregulation of miR-204 acti-
vated the Src-STAT3-NFAT pathway of PASMC proliferation and apoptosis resistance in
PH-PASMCs, which promoted neovascularization and aggravated the process of vascular
remodeling [71], whereas miR-21-5p promoted apoptosis during hypoxia [72]. Further
investigation is required to clarify the exact pathway through which transcription factor
p53 triggers programmed cell death in SMCs via p21, inhibits SMC proliferation, and de-
creases neointimal development [73]. In addition, endothelial progenitor cell (EPC)-derived
exosomes (Exos) (EPC-Exos) induced apoptosis in PASMCs and reversed the process of
regeneration under hypoxic conditions [72]. These antiapoptotic mechanisms are essential
for maintaining the number of SMCs during vascular injury and remodeling. However,
excessive survival of SMCs can lead to pathological remodeling, such as neointimal hy-
perplasia and vascular occlusion. Strategies aimed at restoring the balance between SMC
proliferation and apoptosis are being explored as potential therapeutic interventions for
the reversal of vascular remodeling and re-establishment of regular vascular operation.

2.2.4. Crosstalk Between Endothelial and Smooth Muscle Cells

The connection between ECs and VSMCs plays an important role in the develop-
ment of the vascular system and the maintenance of vascular homeostasis. Especially
in pathological conditions, ECs located in the intimal layer are directly exposed to the
blood flow environment, and they are most vulnerable to stimulation by injury and in-
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flammatory responses, releasing some vasoactive factors, such as NO, prostacyclin (PGI2),
ET-1, and TXA2 [74], which mediate the influence on normal physiological functions and
behaviors of VSMCs through paracrine effects. For example, NO produced by NO syn-
thase in the endothelium diffuses to vascular smooth muscle cells, where it influences
vascular tone and vascular smooth muscle cell proliferation by stimulating the formation
of cGMP [75]. Extracellular vesicles act as carriers of intercellular information transfer,
transporting proteins, lipids, and microRNAs to regulate the cellular phenotype [76]. It
was found that PDGF-BB and TGF-β 1 expression was upregulated in endothelial–smooth
muscle cells (ECs-SMCs) under low shear stress stimulation and played different roles in
vascular remodeling, with PDGF-BB modulating the paracrine effect of ECs on SMCs and
TGF-β1 acting as the feedback for the transition from SMCs to ECs. MiR-663 is a potential
biomarker for PH, targeting the TGF-β1/Smad2/3 pathway to decrease PDGF-BB-induced
proliferation of PASMCs and, thereby, preventing pulmonary vascular remodeling and
right ventricular hypertrophy in PH [77]. Moreover, in response to such adverse events,
ECs and SMCs also produce soluble chemokines that recruit inflammatory cells, such as
T cells, B cells, and macrophages, and promote the production of proliferative antiapoptotic
factors, which affect vascular remodeling [78]. Understanding the intricate interactions
between endothelial cells and SMCs is essential for developing therapeutic strategies aimed
at preventing or reversing vascular remodeling.

2.3. Adventitial Remodeling

Fibroblasts are the most numerous cells in connective tissue. They are a major com-
ponent of the adventitia of the vascular wall—the “damage-sensing component” of the
vascular wall—and play a key role in maintaining tissue homeostasis and structural in-
tegrity. Fibroblasts are more inclined to synthesize and remodel the extracellular matrix
(ECM) than endothelial cell dysfunction and smooth muscle cell proliferation and migration.
At rest, fibroblasts are involved in the production of collagen, elastin, and glycoproteins,
which enhance the tensile strength and flexibility of tissues. They are also involved in
wound healing, migrating to the site of injury and promoting tissue repair by secreting
growth factors and cytokines. The normal physiological function of fibroblasts is essen-
tial for tissue regeneration and repair, as well as for the maintenance of the ECM, which
provides a scaffold for cell attachment and regulates cellular function through biochemical
and mechanical signals [79–81]. Additionally, the transformation of myofibroblasts and the
involvement of the immune response should not be overlooked (Figure 3).

2.3.1. Activation of Fibroblasts

Activation of fibroblasts is a complex process that can be triggered by various stimuli,
such as hypoxia, inflammatory cytokines, and growth factors. Increased contractile prop-
erties and ECM production are prominent hallmarks. More notably, hypoxia leads to the
upregulation of α-SMA expression, which induces adventitial fibroblasts to differentiate
into myofibroblasts, providing a fibrotic response for the vasculature to cope with the in-
jury, and it is also thought to contribute to vascular remodeling. Interestingly, this increase
in α-SMA level results from Galphai- and c-Jun NH2-terminal kinase (JNK)-dependent
signaling pathways [82]. Premyelinated fibroblasts tend to proliferate more than SMCs in
response to injury or stress, whereas postmyelinated fibroblasts exhibit SMC-like cellular
qualities; however, their contractile properties are distinct from those of SMCs in that these
vessels constrict gradually when exposed to vasoactive substances, and they do not fully
relax in response to agents that cause vasodilation. At present, it is not clear whether fibrob-
lasts can differentiate into SMCs [83–85]. Expression of fibroblast activation protein (FAP) is
a distinctive feature of fibroblast activation, but a Type II membrane protein, CD26/DPP4,
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may act to inhibit fibroblast activation through the TGFβ signaling pathway in cases of
chronic hypoxia [86]. Activated fibroblasts or myofibroblasts enhance the production of
type-I collagen and other ECM proteins (including fibronectin, tenascin-C, and elastin)
in fibrotic tissues, which are essential for tissue repair and fibrosis, including the process
of remodeling the vascular epithelium [87]. This increased ECM deposition is a double-
edged sword: although it is critical for wound healing, excessive accumulation can lead
to pathologic fibrosis and tissue stiffness, which can lead to a variety of fibrotic disorders,
particularly with regard to vascular tone.
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Figure 3. Remodeling of the pulmonary artery adventitia. Fibroblasts constitute a significant portion
of the pulmonary artery adventitia, enabling vascular remodeling via processes including extracellular
matrix deposition, fibroblast phenotypic alteration, and activation of the immune response. Normally,
fibroblasts are responsible for producing collagen, elastin, and glycoproteins, but activated fibroblasts
triggered by external factors such as hypoxia, immune factors, and shear stress boost the secretion of these
proteins, resulting in the deposition of an extracellular matrix. Furthermore, the condition of hypoxia
triggers an increase in the expression of α-smooth muscle actin (α-SMA), resulting in vascular fibroblasts
transforming into a myofibroblast-like cell, thereby worsening the fibrosis of the vascular wall.

2.3.2. Phenotypic Changes in Fibroblasts

It is notable that, in the context of injury, the phenotypic changes in fibroblasts—as
the primary fibrogenic cell type—play an essential role in pathological tissue fibrosis.
However, when their genetic profiles are analyzed using scRNA-seq datasets, a variety of
fibroblast names is found, such as stromal cells, mesenchymal stem cells, myofibroblasts,
and unknown mesenchymal cells [88]. Although there is ambiguity in the nomenclature
of the cells, they can be distinguished from other cell classes by relying on extracellu-
lar markers of fibroblasts, such as vimentin, platelet-derived growth factor receptor A
(PDGFR A), FAP, FSP1, and CD90 (Thy1) [89]. Fibroblasts exist in different tissues, during
different developmental processes, and in different species, and they can be classified
into different cell subpopulations. In lung tissues, the results of studying human lung
fibroblast subpopulations revealed that the CTHRC1+ pathological fibroblasts promote
lung fibrosis in COVID-19 patients [90]. In response to injury stimuli, immune responses
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are involved. It has been found that in hypoxia-induced pulmonary vascular remodeling,
the adventitia exhibits the earliest and most sustained immune response, and a partic-
ular proinflammatory phenotype of adventitial fibroblasts can stimulate macrophages
via paracrine signals of IL6 and STAT3, HIF1, and CCAAT/enhancer binding protein β

(C/EBPβ) pathways, as well as small extracellular vesicles (EVs), which participate in the
modulation of the immune response and the activation of pro-inflammatory effects [91,92].
Fibroblasts with this pro-inflammatory phenotype secrete associated cytokines, includ-
ing CXCL, CCL, CD40L, vascular cell adhesion molecule 1 (VCAM-1), interleukins, NO,
prostaglandins, and TGFß, which activate the surrounding immune microenvironment [81].
Monocyte and macrophage migration and infiltration are facilitated by one of the pri-
mary chemokines known as monocyte chemoattractant protein-1 (MCP-1), which is also
expressed in numerous cell types. Previous findings have shown that the production of
MCP-1 by PH-/IPH-Fibs is tightly regulated by miR-124, and using histone deacetylase
(HDAC) inhibitors to target the acetylation of miR-124 is a promising strategy for reducing
pro-inflammatory activation in fibroblasts [93].

2.3.3. Crosstalk Among Fibroblasts, Endothelial Cells, and Smooth Muscle Cells

Dysfunction of the endothelium, migration and proliferation of the middle membrane,
and deposition of matrix proteins in the adventitial fibroblasts lead to the onset of vascular
remodeling lesions. Elevated vessel wall pressure and increased pulmonary artery (PA) flow
trigger the mechanical stresses of vessel wall remodeling, leading to an increase in PAEC
fluid shear stress, which accelerates the accumulation of pulmonary arterial adventitial
fibroblasts (PAAFs) and the process of EndMT [94]. The role of communication between
endothelial cells and adventitial fibroblasts is important in PH. ECs secrete ET-1 and
IL-6, differentiating adventitial fibroblasts into myofibroblasts and, thereby, accelerating
vascular remodeling. The increase in myofibroblasts results in elevated ECM stiffness,
directly promoting the proliferation of PAECs [95]. The ECM gene of PAAFs is also
expressed through mechanical stress activation, inducing excessive collagen accumulation,
leading to an increase in ECM stiffness, and making vessels less compliant. Activated
myofibroblasts also promote PASMC and PAEC proliferation, which, in turn, affects ECM
stiffness and PA stiffness and increases vascular stiffness [96]. It has been found that
in idiopathic pulmonary hypertension, secretions produced by PAAFs significantly alter
phenotypic changes in normal smooth muscle cells. The expression of pentraxin 3 (PTX3), a
prototypical member of the long pentameric protein family, occurs across a wide variety of
cell types, including fibroblasts. Fibroblast growth factor (FGF), a member of the heparin-
binding growth factor family, regulates SMC survival, proliferation, and migration. PTX3
binds to FGF2 and inhibits fibroblast growth factor receptor (FGFR) signaling, thereby
impairing the pro-proliferative effects of fibroblast growth factor. Downregulation of PTX3
expression promotes PAAFs’ regulation of SMC proliferation; thus, the significance of
PTX3 in vascular remodeling should not be overlooked [97]. ECs-SMC crosstalk is equally
pivotal in preserving vascular homeostasis. Mediated by a hypoxia-induced mitogenic
factor (HIMF), high-mobility group box 1 (HMGB1) and its receptor advanced glycation
end products (RAGEs) participate in ECs-SMC communication. HMGB1, which is secreted
by PAECs, is responsible for modulating autophagy and BMPR2 in PASMCs through
paracrine mechanisms, promoting an overproliferative phenotype [98]. Understanding
these interactions is prominent for expounding the mechanisms underlying tissue repair
and the development of fibrosis.
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2.4. Extracellular Matrix Remodeling

The extracellular matrix (ECM) is a highly organized molecular network composed of
structural and nonstructural proteins, primarily including basement membrane (BM), colla-
gen, elastin, laminin, fibronectin, tenascin-C, and proteoglycans [99]. These components
provide essential stability and support for the structure of vascular wall cells and play a
critical role in cellular and tissue homeostasis. In addition to supporting cells within the
vascular layer, the ECM provides architectural and biochemical assistance to adjacent cells,
serves as a landing site for inflammatory factors, and regulates intercellular signaling [99].
A normal ECM is vital for effective tissue repair, while abnormal regulation can lead to
tissue remodeling. This remodeling occurs due to an imbalance between protein hydrolases
(e.g., matrix metalloproteinases and elastase) and matrix metalloproteinase inhibitors, lead-
ing to increased collagen accumulation in perivascular and endovascular compartments,
collagen cross-linking, and elastin breakdown. The equilibrium between extracellular ma-
trix (ECM) synthesis and degradation is disrupted, ultimately compromising the structural
integrity of the pulmonary vasculature [100,101].

2.4.1. Stiffness of the Extracellular Matrix

The process of ECM remodeling is highly intricate and complex, and it is primarily
driven by alterations in the equilibrium between collagen and elastin, which affects the
deposition, degradation, and turnover of ECM proteins, ultimately resulting in the devel-
opment of vascular fibrosis and vascular stiffness [102]. Matrix metalloproteinases (MMPs),
as ECM turnover proteins, play a crucial role in the development of PH, coordinating with
endogenous inhibitors to inhibit endogenous inhibitors and tissue inhibitors of metallo-
proteinase (TIMPs) and prevent excessive degradation of matrix proteins [100]. Recent
findings that vascular stiffness not only precedes vascular remodeling but also appears
in all forms of PH have led scholars to suggest that stiffness may serve as a predictor of
disease progression and survival [103,104]. The normal pulmonary circulatory system is
characterized by low pressure and high compliance. Collagen deposition thickens the
vessel wall’s trilaminar membrane, decreasing proximal PA arterial compliance and in-
creasing resistance to flow in the distal PA. Remodeling of the ECM leads to sclerosis of the
proximal PA and distal vascular injury, and remodeling continues as pulse pressure and
shear stress in the pulmonary vascular system are elevated, driving the development of
PH from a positive feedback pathway [105]. However, research has increasingly demon-
strated that ECM stiffness is not only a consequence but also a positive trigger of vascular
remodeling. MicroRNAs (miRNAs) play a crucial role in mediating numerous cellular
processes that involve both cell-to-cell and cell-to-matrix interactions. Activation of ECM
hardening by the cotranscription factor Yap/TAZ induces the microRNA-130/301 family
to regulate the PPARγ-APOE-LRP8 axis to promote collagen deposition and lysyl oxidase
(LOX)-dependent remodeling [106]. Matrix stiffening directly activates the proliferation of
PASMCs and PAECs and drives the cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGE2)
pathway to promote fibroblast activation. Mechanical stress induced by vascular stiffness
triggers a cascade of changes in ECs, PASMC proliferation, migration, and enhanced matrix
deposition, which perpetuates vascular stiffness and creates self-sustaining feedback loops
that exacerbate vascular remodeling in PH [107]. Therefore, weakening the stiffness of the
ECM is beneficial for the inhibition of the development of the vascular remodeling process,
but the study of the specific target mechanism remains to be refined.

2.4.2. Inflammatory Response and the Extracellular Matrix

The inflammatory response has also been implicated as a cause of ECM remodeling in
the pulmonary vasculature. Recruitment of various immune cells to the adventitia—such
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as macrophages, T cells, dendritic cells, and mast cells—affects vascular remodeling and
collagen deposition through cell–cell contact or the delivery of inflammatory factors, es-
pecially in the intimal layer, where the highest levels of ECM collagen deposition are
found [101]. In other studies, it was found that activated adventitial fibroblasts increased
the expression of collagen, elastin, fibronectin, tenascin-C, and osteopontin in patients with
PH. Conversely, tenascin-C and osteopontin increase the proliferation of fibroblasts and
SMCs and assist in the transformation of myofibroblasts as a means of creating a stable
closed loop that exacerbates vascular sclerosis [108]. The available results show that elastase
expression is increased in PASMCs from patients with PH, causing degradation of the ECM
and permitting stimulating or releasing the growth factors and signaling molecules from
the ECM, such as FGF and TGF-β, to stimulate PASMC and fibroblast proliferation, giving
rise to the formation of a stable loop of collagen, elastin, and other ECM structural proteins,
such as those for increased deposition. In addition to this, the ECM provides a reservoir
for these bioactive molecules to be stored in an inactive form [109]. More interestingly,
inflammatory cytokines activate and recruit macrophages and neutrophils to secrete MMPs
and elastase. The increase in MMPs is thought to be an adaptive response to the increased
digestibility of the ECM at the endothelium and BM, and the protein hydrolysis products
are proinflammatory and further activate the inflammatory response [110]. Involvement of
the inflammatory response drives changes in the amount of ECM proteins, which drives a
series of processes in vascular remodeling; thus, targeting ECM protein mechanisms may
be beneficial in the treatment of vascular lesions.

2.5. Immune Cells

Research suggests that an impaired immune system plays a role in the formation of
PH. Inflammation plays a significant role among various factors that contribute to the
development of PH. Different inflammatory responses are prominent features of different
types of PH, and although the exact mechanisms of immunity are unknown, the involve-
ment of innate and adaptive immunity has been identified in patients with PH and in
animal studies designed to simulate the condition of perivascular inflammation in lungs
infiltrated by immune cells, as well as elevated levels of cytokines and chemokines, mainly
due to T lymphocytes, B lymphocytes, macrophages, mast cells, dendritic cells (DCs),
and neutrophils [111].

2.5.1. T Cells

T cells play an important role in vascular remodeling as key players in the adap-
tive immune response, which include helper T cells (Th cells), regulatory T cells (Tregs),
cytotoxic T lymphocytes (CTLs), and angiogenic T cells (Tang) [112]. Th cells generate
pro-inflammatory responses, while TCRs mount a counterbalancing response to attain tol-
erance and thwart autoimmunity [113]. There are different subtypes of Th cells, including
Th1, Th2, and Th17, and Th1 and Th17 cells can trigger an inflammatory response by pro-
ducing interleukin (IL)-6, IL-2, IL-21, interferon-gamma, and tumor necrosis factor-alpha
(TNF-α) [114]. Th17 cells secrete IL-17A, which promotes the migration of PASMCs and
influences hypoxia-induced PH pathogenesis [115]. Conversely, Tregs inhibit inflammation
in PH by secreting cytokines and chemokines such as IL-10, BMPR2, and CXCL12-CXCR4.
In addition, in patients with CTD-PH, the Treg/Th17 ratio could be an important marker
of PH prognosis [116]. Cytotoxic T cells have a potent capacity for cytolytic activity that
triggers local inflammatory responses and are abnormally increased in peripheral lung
tissues of patients with idiopathic and hereditary PH. Angiogenic T cells (Tang) expressing
CD 31 and CXCR 4 have been shown to have a significant effect on angiogenesis [117].
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2.5.2. B Cells

B cells are the basis of humoral immunity, can differentiate into plasma cells, and are
responsible for the production of autoantibodies. B cells do this through antigen presenta-
tion, production of various cytokines, and promotion of T effector cell differentiation [118].
B cells mainly secrete IL-6 and interferon-gamma (IFN-γ) pro-inflammatory factors, and
IFN-γ-producing B cells have been found to have greater lung infiltrative properties in
studies of the SSc-PH mouse model [119]. In addition to this, available studies have found
that B cells have an effect on PH; B-cell-deficient rats have diminished susceptibility to
severe monocrotaline (MCT)-induced or hypoxia-induced PH and pulmonary vascular
remodeling [120]. Blockade of B cells by anti-CD 20 antibody or B-cell deficiency in JH-KO
rats attenuates vascular remodeling in experimental PH [120]. Moreover, studies have
demonstrated that B-cell removal therapy offers a balance of safety and effectiveness in the
management of systemic sclerosis–PH and systemic lupus–PH [121].

2.5.3. Macrophages

Macrophages, as a crucial component of the innate defense mechanism, play a
crucial part in tissue homeostasis and immune system stability. Through powerful
phagocytosis, macrophages encapsulate pathogens and foreign bodies and present them
as antigens to T cells to facilitate differentiation and activation of the adaptive im-
mune response [122]. It has been demonstrated that the development of the inflam-
mation surrounding blood vessels in PH is strongly associated with macrophage re-
cruitment. Excessive leukotriene B4 (LTB 4) synthesis by macrophages recruited around
small pulmonary arteries induces apoptosis of PAECs, abnormal proliferation, and hy-
pertrophy of PASMCs [123]. There are two main polarized phenotypes of macrophages:
M1 and M2 macrophages. M1 macrophages are usually associated with pro-inflammatory
responses and produce cytokines such as IL-6 and VEGF, and IL-6 has strong fibrillar prop-
erties. In contrast, M2 macrophages are involved in anti-inflammatory and tissue repair
processes [124]. T follicular helper (TFH) cells that produce IL-21 were implicated in PH. The
TFH/IL-21 axis has been found to enhance pulmonary vascular remodeling, which involves
M2 macrophage polarization and recruitment [125]. Chemokine receptor 1 C-X3-C motif
(CX3CR1)-knockout mice (CX3CR1−/−), however, exhibited an increase in macrophages
and a change in macrophage polarization from M2 to M1. In addition, this study found
that M2 macrophages promoted the growth and proliferation of PASMCs through the
C-X3-C motif ligand 1/chemokine receptor 1 C-X3-C motif (CX3CL1/CX3CR1) axis and
that CX3CR1 inhibition significantly reduced the proliferative effect of M2 macrophages on
PASMCs, which was beneficial in slowing down the progression of PH [126]. Targeting and
regulating the conversion mechanism of M1 and M2 macrophages is expected to provide
new perspectives on therapies for PH.

2.5.4. Mast Cells

Mast cells regulate inflammatory activity by releasing histamine and proteases, mainly
during degranulation. Research has consistently demonstrated that the granule substances
discharged by mast cells have a significant connection to the progression of PH. Chy-
motrypsin, a protease secreted by mast cells, indirectly relieves pulmonary vasoconstriction
by activating the production of angiotensin II. (AngII.), endothelin-1 (ET-1), and MMPs,
which inhibit PH and pulmonary vascular remodeling [127]. Trypsin-like enzymes, another
protease released by mast cells, induce PASMC proliferation and migration and increase
the synthesis of fibronectin and matrix metalloproteinase-2 in a protease-activated receptor
2/extracellular signal-regulated kinase 1 and 2 (PAR-2 /ERK1/2)-dependent manner to
promote vascular remodeling [128]. In addition to this, mast cell activation produces lipid
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mediators such as lysophosphatidic acid (LPA), prostaglandin I2, LTB4, N-3 fatty acid
epoxides, etc., which specifically regulate processes such as inflammation, angiogenesis,
and fibrosis [129]. Mast cells have anti-inflammatory and immunosuppressive functions in
addition to pro-inflammatory properties, but their specific mechanisms need to be demon-
strated in further studies [130]. Since the number of mast cells and protein secretion are
regulated by the c-kit tyrosine kinase receptor, the application of imatinib, a tyrosine kinase
receptor inhibitor, as a mast cell stabilizer in the treatment of PH is still of interest [131].

2.5.5. Dendritic Cells and Neutrophils

Dendritic cells (DCs) are specialized antigen-presenting cells that link the innate and
adaptive immune systems, and they play a significant role in the immune response. DCs
aggregate around remodeled pulmonary vessels and migrate to pulmonary lymph nodes
and tertiary lymphoid organs (TLOs), resulting in the speculation that they may participate
in the inflammatory response to PH with other immune cells [132]. Changes in DCs’ com-
position, maturation, and migration were found to be closely related to the architecture and
capability of the pulmonary vascular system in Tnfaip3DNGR1-KO mice [133]. DC homeostasis
influences the development of PH, but the exact mechanism is not yet known.

Neutrophils are recognized to destroy pathogens through phagocytosis, degranulation,
and the secretion of neutrophil extracellular traps (NETs) [134]. Fewer studies have been
performed on the pathogenesis of neutrophils in PH, but it has been found that, in hypoxia-
and MCT-induced rats, neutrophil levels are increased; furthermore, the expression levels of
protein components of NETs, such as myeloperoxidase (MPO) and neutrophil elastase (NE),
are upregulated in patients with PH [135]. NE exists in PASMCs and neointimal lesions
in PH lungs, and released NE activates MMPs, promotes ECM degradation, and inhibits
BMPR2 signaling, inducing SMC overproliferation and apoptosis in PAECs [136]. NETs
also promote pro-inflammatory responses and angiogenesis in PAECs and exacerbate PH
through the MPO/H2O2/NF-kB/TLR4 signaling pathway [137]. In a recent trial of elafin
for PH, it was demonstrated that elafin improved PAEC homeostasis and reversed PH [136].
Emphasizing the role of NE versus NETs in neutrophils has some clinical potential.

2.6. Progenitor Cells and Stem Cells

Previous research has revealed the function of extravascular cells in PH and the in
situ proliferation of resident vascular cells in the pathophysiology of PH. Through cellu-
lar ecological niches in the vessel wall, in the surrounding pulmonary mesenchyme, or
distant tissues (primarily bone marrow), these undifferentiated vascular progenitor and
stem cells—which possess the ability to self-renew and colonize—are mobilized and can
transform new vascular cells in response to particular stimuli [138]. According to earlier re-
search, BMPR2 mutations also control stem and progenitor cell differentiation. Endothelial
progenitor cells (EPCs) are increased and have a hyperproliferative endothelial phenotype
(CD45+/CD133+/c-kit+/CXCR4+) in PH patients with BMPR2 mutations, which impacts
the formation of vascular networks and modifies the BMPR2 pathway [139]. Recent re-
search has identified two distinct subpopulations of EPCs: early-growth EPCs originating
from the hematopoietic lineage and late-growth EPCs generated from the endothelium
lineage [140]. These EPCs have been discovered to have different modes of action in PH.
The early-outgrowth EPCs release key proangiogenic factors such as CXCL12, VEGFA,
and insulin-like growth factor-1, which primarily contribute to endothelial regeneration
through paracrine actions [141]. On the other hand, the late-outgrowth EPCs are “more
potent” progenitor cells than the early-outgrowth EPCs, as they are capable of producing
mature endothelial progeny in vitro and participating in the development of new capillar-
ies, although they occur in very small quantities in the blood. Due to their direct effects
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on blood vessel formation and the production of angiogenic factors, these cells reach their
highest numbers following injury in order to repair damaged vessels [142]. Similar research
has shown that the pulmonary vascular system of PH patients has markedly higher levels
of some endothelial progenitor cell types that express c-kit, CD31, CD34, eNOS, caveolin-1,
and vWF markers [143,144]. Thus, it is still interesting to see how progenitor cells and stem
cells contribute to the development of PH pathogenesis.

2.7. Pericytes

Pericytes, located around endothelial cells, are multifunctional mural cells that have a
role in regulating blood flow, are closely related to endothelial cells, and have been shown
in PH models to be involved in early cell recruitment for vascular remodeling [145]. The
PDGF-B/PDGFRβ signaling axis, which is also known as the endothelial–pericyte signaling
axis, mediates this process [146]. Pericytes are SMC progenitors that have been shown
in recent genetic lineages to induce pericyte differentiation into myofibroblasts through
activation of the classical TGF-β signaling pathway [147]. On the other hand, pericytes
migrate and proliferate through CXCL-12/CXCR7 signaling, acquiring functional and
phenotypic aberrations under disease conditions [148]. More interestingly, an increased
coverage of NG2+/3G5+ pericytes in the pulmonary vasculature was discovered in a PH
model [148], and the progenitor cell subpopulation characterized by ATP Binding Cassette
Subfamily G Member 2 (ABCG2) may also differentiate into α-SMA+ SMC/myofibroblasts
and NG2+ pericytes [149]. Contradistinctively, decreased endogenous secretion of Wnt5a (a
known Wnt/PCP ligand), a key mediator of pulmonary endothelial–pericyte interactions,
inhibits pericyte recruitment to areas of neointimal growth, affecting vascular stabilization
and regeneration of neovascularization [150]. The influence of pericytes on vascular re-
modeling cannot be ignored, and investigating the underlying pathological mechanisms of
endothelial cell/pericyte interactions may provide new therapeutic ideas for PH.

3. Conclusions
PH is a cardiovascular disease that seriously affects human health, with pathological

changes in the vascular system characterized by significant vascular remodeling. It is
known that the proliferation and migration of ECs and SMCs, differentiation of fibroblasts,
extracellular matrix deposition, the inflammatory response of immune cells, and pericyte
proliferation are the pathological basis for the pathogenesis of PH; however, inter-cellular
crosstalk, the functional heterogeneity of the cellular subsets, and the specific cell types
involved are also crucial to the development of PH. The development of PH also harbors
key pathogenic mechanisms that still need to be elucidated through further research.
Although prostacyclin analogs, non-prostaglandin IP receptor agonists, HIF inhibitors,
selective endothelin receptor antagonists, and phosphodiesterase 5 inhibitors have provided
palliative care, none of the serviceable treatments for PH are curative and, at present,
treatments for the side effects and the routes of administration in PH patient are still not well
developed. Therefore, searching for new therapeutic targets is important. Clarifying other
pathogenic mechanisms is clearly justified, and the development of new medicines designed
to modulate and ameliorate the pathological remodeling process can be expected to broaden
the therapeutic approaches to combat the severe morbidity and lethality associated with
PH, ultimately leading to improved clinical treatment outcomes.
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PH Pulmonary hypertension
PVR Pulmonary vascular resistance
mPAP Mean pulmonary artery pressure
PAECs Pulmonary artery endothelial cells
PASMCs Pulmonary artery smooth muscle cells
PAAF Pulmonary arterial adventitial fibroblast
ESC European Society of Cardiology
ECM Extracellular matrix
HIF Hypoxia-inducible factors
ErbB3 Human epidermal growth factor receptor 3, also recognized as HER3
YB-1 Y-box binding protein 1
VHL Von Hippel–Lindau
VEGF Vascular endothelial growth factor
BMPR2 Bone morphogenetic protein receptor 2
NO Nitric oxide
NOS Nitric oxide synthase
cGMP Cyclic guanosine monophosphate
FOX Forkhead box protein
EndMT Endothelial–mesenchymal transition
NET Neutrophil extracellular trap
EGF Epidermal growth factor
α-SMA α-smooth muscle actin
SM22α Smooth muscle protein 22α
TGF Transforming growth factor
IL Interleukin
BMP Bone morphogenetic proteins
NF-κB Nuclear Factor-kappa B
SCA Stem cell antigen
ENG Endothelial glycoprotein
vWF Via vascular hemophilic factor
TF Tissue factor
DHA Docosahexaenoic acid
TxA 2 Thromboxane A2
CXCL C-X-C chemokine ligand
CXCR C-X-C chemokine receptor
CCL C-C motif chemokine ligand
MMP Matrix metalloproteinases
KLF Kruppel-like factor
ECs Endothelial cells
EPC Endothelial progenitor cell
SMCs Smooth muscle cells
ERS European Respiratory Society
VEGFR Vascular endothelial growth factor receptor
BMPs Bone morphogenetic proteins
eNOS Endothelial nitric oxide synthase
EGFR Epidermal growth factor receptor
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FSP Fibroblast-specific protein
FAP Fibroblast activation protein
CaN Calcineurin
NFAT Nuclear factor of activated T-cells
ADP Adenosine diphosphate
EPA Eicosapentaenoic acid
EVs Extracellular vesicles
PLCγ1 Phospholipase C gamma 1
ET-1 Endothelin-1
KLF Kruppel-like factor
FOXO1 Forkhead box protein 1
FOXM1 Forkhead box protein M1
FGF Fibroblast growth factors
PDGF Platelet-derived growth factor
MSC Mesenchymal stem cell
CXCR CXC chemokine receptor
CXCL (C-X-C motif) ligand
PKM2 Pyruvate kinase M2
CCL Chemokine (C-C motif) ligand
PTBP1 Polypyrimidine tract-binding protein 1
PPAR-γ Peroxisome proliferator-activated receptor γ
PDGF-BB Platelet-derived growth factor-BB
TRPC Transient receptor potential canonical
PGI2 Prostacyclin
TGF Transforming growth factor
FGFR Fibroblast growth factor receptor
CO Carbon monoxide
HO-1 Heme oxygenase 1
MCP-1 Monocyte chemoattractant protein-1
PTX3 Pentraxin 3
PA Pulmonary artery
BM Basement membrane
MMPs Matrix metalloproteinases
LOX Lysyl oxidase
TIMPs Tissue inhibitors of metalloproteinase
COX-2 Cyclooxygenase-2
PGE2 Prostaglandin E2
DCs Dendritic cells
TNF Tumor necrosis factor
IFN-γ Interferon-gamma
MCT Monocrotaline
LTB4 Leukotriene B4
NETs Neutrophil extracellular traps
NE Neutrophil elastase
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M.; Urbanowicz, T.; et al. Lymphocyte Involvement in the Pathology of Pulmonary Arterial Hypertension. Int. J. Mol. Sci. 2024,
25, 13455. [CrossRef]

79. Lendahl, U.; Muhl, L.; Betsholtz, C. Identification, discrimination and heterogeneity of fibroblasts. Nat. Commun. 2022, 13, 3409.
80. Zhang, H.; Li, M.; Hu, C.J.; Stenmark, K.R. Fibroblasts in Pulmonary Hypertension: Roles and Molecular Mechanisms. Cells 2024,

13, 914. [CrossRef]
81. LeBleu, V.S.; Neilson, E.G. Origin and functional heterogeneity of fibroblasts. FASEB J. 2020, 34, 3519–3536. [CrossRef]
82. Short, M.; Nemenoff, R.A.; Zawada, W.M.; Stenmark, K.R.; Das, M. Hypoxia induces differentiation of pulmonary artery

adventitial fibroblasts into myofibroblasts. Am. J. Physiol. Cell Physiol. 2004, 286, C416–C425. [CrossRef] [PubMed]
83. Desmoulière, A.; Chaponnier, C.; Gabbiani, G. Tissue repair, contraction, and the myofibroblast. Wound Repair. Regen. 2005,

13, 7–12. [PubMed]
84. Stenmark, K.R.; Fagan, K.A.; Frid, M.G. Hypoxia-induced pulmonary vascular remodeling: Cellular and molecular mechanisms.

Circ. Res. 2006, 99, 675–691. [CrossRef] [PubMed]
85. Stenmark, K.R.; Davie, N.; Frid, M.; Gerasimovskaya, E.; Das, M. Role of the adventitia in pulmonary vascular remodeling.

Physiology 2006, 21, 134–145. [CrossRef]
86. Suzuki, Y.; Kawasaki, T.; Tatsumi, K.; Okaya, T.; Sato, S.; Shimada, A.; Misawa, T.; Hatano, R.; Morimoto, C.; Kasuya, Y.; et al.

Transcriptome Analysis of Fibroblasts in Hypoxia-Induced Vascular Remodeling: Functional Roles of CD26/DPP4. Int. J. Mol.
Sci. 2024, 25, 12599. [CrossRef]

87. Seidelmann, S.B.; Lighthouse, J.K.; Greif, D.M. Development and pathologies of the arterial wall. Cell Mol. Life Sci. 2014,
71, 1977–1999. [CrossRef]

88. Buechler, M.B.; Pradhan, R.N.; Krishnamurty, A.T.; Cox, C.; Calviello, A.K.; Wang, A.W.; Yang, Y.A.; Tam, L.; Caothien, R.;
Roose-Girma, M.; et al. Cross-tissue organization of the fibroblast lineage. Nature 2021, 593, 575–579.

89. Tsukui, T.; Sun, K.H.; Wetter, J.B.; Wilson-Kanamori, J.R.; Hazelwood, L.A.; Henderson, N.C.; Adams, T.S.; Schupp, J.C.; Poli, S.D.;
Rosas, I.O.; et al. Collagen-producing lung cell atlas identifies multiple subsets with distinct localization and relevance to fibrosis.
Nat. Commun. 2020, 11, 1920. [CrossRef]

90. Melms, J.C.; Biermann, J.; Huang, H.; Wang, Y.; Nair, A.; Tagore, S.; Katsyv, I.; Rendeiro, A.F.; Amin, A.D.; Schapiro, D.; et al.
A molecular single-cell lung atlas of lethal COVID-19. Nature 2021, 595, 114–119. [CrossRef]

91. Li, M.; Riddle, S.; Kumar, S.; Poczobutt, J.; McKeon, B.A.; Frid, M.G.; Ostaff, M.; Reisz, J.A.; Nemkov, T.; Fini, M.A.; et al.
Microenvironmental Regulation of Macrophage Transcriptomic and Metabolomic Profiles in Pulmonary Hypertension. Front.
Immunol. 2021, 12, 640718. [CrossRef] [PubMed]

92. Kumar, S.; Frid, M.G.; Zhang, H.; Li, M.; Riddle, S.; Brown, R.D.; Yadav, S.C.; Roy, M.K.; Dzieciatkowska, M.E.; D’Alessandro, A.;
et al. Complement-containing small extracellular vesicles from adventitial fibroblasts induce proinflammatory and metabolic
reprogramming in macrophages. JCI Insight 2021, 6, e148382. [CrossRef] [PubMed]

93. Wang, D.; Zhang, H.; Li, M.; Frid, M.G.; Flockton, A.R.; McKeon, B.A.; Yeager, M.E.; Fini, M.A.; Morrell, N.W.; Pullamsetti, S.S.;
et al. MicroRNA-124 controls the proliferative, migratory, and inflammatory phenotype of pulmonary vascular fibroblasts. Circ.
Res. 2014, 114, 67–78. [CrossRef]

94. 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. Circulation 2015, 131, 1006–1018. [CrossRef]
[PubMed]

95. Evans, C.E.; Cober, N.D.; Dai, Z.; Stewart, D.J.; Zhao, Y.Y. Endothelial cells in the pathogenesis of pulmonary arterial hypertension.
Eur. Respir. J. 2021, 58, 2003957. [CrossRef]

96. Jandl, K.; Radic, N.; Zeder, K.; Kovacs, G.; Kwapiszewska, G. Pulmonary vascular fibrosis in pulmonary hypertension—The role
of the extracellular matrix as a therapeutic target. Pharmacol. Ther. 2023, 247, 108438. [CrossRef]

97. Crnkovic, S.; Thekkekara Puthenparampil, H.; Mulch, S.; Biasin, V.; Wilhelm, J.; Bartkuhn, M.; Bonyadi Rad, E.; Wawrzen, A.;
Matzer, I.; Mitra, A.J.b. Adventitial fibroblasts direct smooth muscle cell-state transition in pulmonary vascular disease. eLife 2025,
13, RP98558. [CrossRef]

98. Lin, Q.; Fan, C.; Gomez-Arroyo, J.; Van Raemdonck, K.; Meuchel, L.W.; Skinner, J.T.; Everett, A.D.; Fang, X.; Macdonald, A.A.;
Yamaji-Kegan, K.; et al. HIMF (Hypoxia-Induced Mitogenic Factor) Signaling Mediates the HMGB1 (High Mobility Group Box
1)-Dependent Endothelial and Smooth Muscle Cell Crosstalk in Pulmonary Hypertension. Arterioscler. Thromb. Vasc. Biol. 2019,
39, 2505–2519. [CrossRef]

99. Ambade, A.S.; Hassoun, P.M.; Damico, R.L. Basement Membrane Extracellular Matrix Proteins in Pulmonary Vascular and Right
Ventricular Remodeling in Pulmonary Hypertension. Am. J. Respir. Cell Mol. Biol. 2021, 65, 245–258. [CrossRef]

https://doi.org/10.3390/ijms252413455
https://doi.org/10.3390/cells13110914
https://doi.org/10.1096/fj.201903188R
https://doi.org/10.1152/ajpcell.00169.2003
https://www.ncbi.nlm.nih.gov/pubmed/14561589
https://www.ncbi.nlm.nih.gov/pubmed/15659031
https://doi.org/10.1161/01.RES.0000243584.45145.3f
https://www.ncbi.nlm.nih.gov/pubmed/17008597
https://doi.org/10.1152/physiol.00053.2005
https://doi.org/10.3390/ijms252312599
https://doi.org/10.1007/s00018-013-1478-y
https://doi.org/10.1038/s41467-020-15647-5
https://doi.org/10.1038/s41586-021-03569-1
https://doi.org/10.3389/fimmu.2021.640718
https://www.ncbi.nlm.nih.gov/pubmed/33868271
https://doi.org/10.1172/jci.insight.148382
https://www.ncbi.nlm.nih.gov/pubmed/34499621
https://doi.org/10.1161/CIRCRESAHA.114.301633
https://doi.org/10.1161/CIRCULATIONAHA.114.008750
https://www.ncbi.nlm.nih.gov/pubmed/25593290
https://doi.org/10.1183/13993003.03957-2020
https://doi.org/10.1016/j.pharmthera.2023.108438
https://doi.org/10.7554/eLife.98558.3
https://doi.org/10.1161/ATVBAHA.119.312907
https://doi.org/10.1165/rcmb.2021-0091TR


Int. J. Mol. Sci. 2025, 26, 4265 24 of 26

100. Chelladurai, P.; Seeger, W.; Pullamsetti, S.S. Matrix metalloproteinases and their inhibitors in pulmonary hypertension. Eur.
Respir. J. 2012, 40, 766–782. [CrossRef]

101. Hoffmann, J.; Marsh, L.M.; Pieper, M.; Stacher, E.; Ghanim, B.; Kovacs, G.; König, P.; Wilkens, H.; Haitchi, H.M.; Hoefler, G.; et al.
Compartment-specific expression of collagens and their processing enzymes in intrapulmonary arteries of IPAH patients. Am. J.
Physiol. Lung Cell Mol. Physiol. 2015, 308, L1002–L1013. [CrossRef] [PubMed]

102. Mutgan, A.C.; Radic, N.; Valzano, F.; Crnkovic, S.; El-Merhie, N.; Evermann, M.; Hoetzenecker, K.; Foris, V.; Brcic, L.; Marsh, L.M.;
et al. A comprehensive map of proteoglycan expression and deposition in the pulmonary arterial wall in health and pulmonary
hypertension. Am. J. Physiol. Lung Cell Mol. Physiol. 2024, 327, L173–L188. [CrossRef]

103. Ploegstra, M.J.; Brokelman, J.G.M.; Roos-Hesselink, J.W.; Douwes, J.M.; van Osch-Gevers, L.M.; Hoendermis, E.S.; van den Bosch,
A.E.; Witsenburg, M.; Bartelds, B.; Hillege, H.L.; et al. Pulmonary arterial stiffness indices assessed by intravascular ultrasound in
children with early pulmonary vascular disease: Prediction of advanced disease and mortality during 20-year follow-up. Eur.
Heart J. Cardiovasc. Imaging 2018, 19, 216–224. [CrossRef] [PubMed]

104. Sun, W.; Chan, S.Y. Pulmonary Arterial Stiffness: An Early and Pervasive Driver of Pulmonary Arterial Hypertension. Front. Med.
2018, 5, 204. [CrossRef]

105. Chemla, D.; Lau, E.M.; Papelier, Y.; Attal, P.; Hervé, P. Pulmonary vascular resistance and compliance relationship in pulmonary
hypertension. Eur. Respir. J. 2015, 46, 1178–1189. [CrossRef]

106. Bertero, T.; Cottrill, K.A.; Lu, Y.; Haeger, C.M.; Dieffenbach, P.; Annis, S.; Hale, A.; Bhat, B.; Kaimal, V.; Zhang, Y.Y.; et al. Matrix
Remodeling Promotes Pulmonary Hypertension through Feedback Mechanoactivation of the YAP/TAZ-miR-130/301 Circuit.
Cell Rep. 2015, 13, 1016–1032. [CrossRef]

107. Liu, F.; Haeger, C.M.; Dieffenbach, P.B.; Sicard, D.; Chrobak, I.; Coronata, A.M.; Suárez Velandia, M.M.; Vitali, S.; Colas, R.A.;
Norris, P.C.; et al. Distal vessel stiffening is an early and pivotal mechanobiological regulator of vascular remodeling and
pulmonary hypertension. JCI Insight 2016, 1, e86987. [CrossRef] [PubMed]

108. Thenappan, T.; Chan, S.Y.; Weir, E.K. Role of extracellular matrix in the pathogenesis of pulmonary arterial hypertension. Am. J.
Physiol. Heart Circ. Physiol. 2018, 315, H1322–H1331. [CrossRef]

109. Thompson, K.; Rabinovitch, M. Exogenous leukocyte and endogenous elastases can mediate mitogenic activity in pulmonary
artery smooth muscle cells by release of extracellular-matrix bound basic fibroblast growth factor. J. Cell Physiol. 1996, 166,
495–505. [CrossRef]

110. Kumar, R.; Graham, B. How does inflammation contribute to pulmonary hypertension? Eur. Respir. J. 2018, 51, 1702403. [CrossRef]
111. Zhang, Y.; Li, X.; Li, S.; Zhou, Y.; Zhang, T.; Sun, L. Immunotherapy for Pulmonary Arterial Hypertension: From the Pathogenesis

to Clinical Management. Int. J. Mol. Sci. 2024, 25, 8427. [CrossRef]
112. Marsh, L.M.; Jandl, K.; Grünig, G.; Foris, V.; Bashir, M.; Ghanim, B.; Klepetko, W.; Olschewski, H.; Olschewski, A.; Kwapiszewska,

G. The inflammatory cell landscape in the lungs of patients with idiopathic pulmonary arterial hypertension. Eur. Respir. J. 2018,
51, 1701214. [CrossRef] [PubMed]

113. Rabinovitch, M.; Guignabert, C.; Humbert, M.; Nicolls, M.R. Inflammation and immunity in the pathogenesis of pulmonary
arterial hypertension. Circ. Res. 2014, 115, 165–175. [CrossRef] [PubMed]

114. Steiner, M.K.; Syrkina, O.L.; Kolliputi, N.; Mark, E.J.; Hales, C.A.; Waxman, A.B. Interleukin-6 overexpression induces pulmonary
hypertension. Circ. Res. 2009, 104, 236–244. [CrossRef]

115. Maston, L.D.; Jones, D.T.; Giermakowska, W.; Howard, T.A.; Cannon, J.L.; Wang, W.; Wei, Y.; Xuan, W.; Resta, T.C.; Gonzalez Bosc,
L.V. Central role of T helper 17 cells in chronic hypoxia-induced pulmonary hypertension. Am. J. Physiol. Lung Cell Mol. Physiol.
2017, 312, L609–L624. [CrossRef] [PubMed]

116. Gaowa, S.; Zhou, W.; Yu, L.; Zhou, X.; Liao, K.; Yang, K.; Lu, Z.; Jiang, H.; Chen, X. Effect of Th17 and Treg axis disorder on
outcomes of pulmonary arterial hypertension in connective tissue diseases. Mediat. Inflamm. 2014, 2014, 247372. [CrossRef]

117. Hur, J.; Yang, H.M.; Yoon, C.H.; Lee, C.S.; Park, K.W.; Kim, J.H.; Kim, T.Y.; Kim, J.Y.; Kang, H.J.; Chae, I.H.; et al. Identification of
a novel role of T cells in postnatal vasculogenesis: Characterization of endothelial progenitor cell colonies. Circulation 2007, 116,
1671–1682. [CrossRef]

118. Zhao, H.; Song, J.; Li, X.; Xia, Z.; Wang, Q.; Fu, J.; Miao, Y.; Wang, D.; Wang, X. The role of immune cells and inflammation in
pulmonary hypertension: Mechanisms and implications. Front. Immunol. 2024, 15, 1374506. [CrossRef]

119. Matsushita, T. Regulatory and effector B cells: Friends or foes? J. Dermatol. Sci. 2019, 93, 2–7. [CrossRef]
120. Breitling, S.; Hui, Z.; Zabini, D.; Hu, Y.; Hoffmann, J.; Goldenberg, N.M.; Tabuchi, A.; Buelow, R.; Dos Santos, C.; Kuebler, W.M.

The mast cell-B cell axis in lung vascular remodeling and pulmonary hypertension. Am. J. Physiol. Lung Cell Mol. Physiol. 2017,
312, L710–L721. [CrossRef]

121. Zamanian, R.T.; Badesch, D.; Chung, L.; Domsic, R.T.; Medsger, T.; Pinckney, A.; Keyes-Elstein, L.; D’Aveta, C.; Spychala, M.;
White, R.J.; et al. Safety and Efficacy of B-Cell Depletion with Rituximab for the Treatment of Systemic Sclerosis-associated
Pulmonary Arterial Hypertension: A Multicenter, Double-Blind, Randomized, Placebo-controlled Trial. Am. J. Respir. Crit. Care
Med. 2021, 204, 209–221. [CrossRef] [PubMed]

https://doi.org/10.1183/09031936.00209911
https://doi.org/10.1152/ajplung.00383.2014
https://www.ncbi.nlm.nih.gov/pubmed/25840998
https://doi.org/10.1152/ajplung.00022.2024
https://doi.org/10.1093/ehjci/jex015
https://www.ncbi.nlm.nih.gov/pubmed/28329155
https://doi.org/10.3389/fmed.2018.00204
https://doi.org/10.1183/13993003.00741-2015
https://doi.org/10.1016/j.celrep.2015.09.049
https://doi.org/10.1172/jci.insight.86987
https://www.ncbi.nlm.nih.gov/pubmed/27347562
https://doi.org/10.1152/ajpheart.00136.2018
https://doi.org/10.1002/(SICI)1097-4652(199603)166:3%3C495::AID-JCP4%3E3.0.CO;2-K
https://doi.org/10.1183/13993003.02403-2017
https://doi.org/10.3390/ijms25158427
https://doi.org/10.1183/13993003.01214-2017
https://www.ncbi.nlm.nih.gov/pubmed/29371380
https://doi.org/10.1161/CIRCRESAHA.113.301141
https://www.ncbi.nlm.nih.gov/pubmed/24951765
https://doi.org/10.1161/CIRCRESAHA.108.182014
https://doi.org/10.1152/ajplung.00531.2016
https://www.ncbi.nlm.nih.gov/pubmed/28213473
https://doi.org/10.1155/2014/247372
https://doi.org/10.1161/CIRCULATIONAHA.107.694778
https://doi.org/10.3389/fimmu.2024.1374506
https://doi.org/10.1016/j.jdermsci.2018.11.008
https://doi.org/10.1152/ajplung.00311.2016
https://doi.org/10.1164/rccm.202009-3481OC
https://www.ncbi.nlm.nih.gov/pubmed/33651671


Int. J. Mol. Sci. 2025, 26, 4265 25 of 26

122. Ross, E.A.; Devitt, A.; Johnson, J.R. Macrophages: The Good, the Bad, and the Gluttony. Front. Immunol. 2021, 12, 708186.
[CrossRef]

123. Tian, W.; Jiang, X.; Tamosiuniene, R.; Sung, Y.K.; Qian, J.; Dhillon, G.; Gera, L.; Farkas, L.; Rabinovitch, M.; Zamanian, R.T.; et al.
Blocking macrophage leukotriene b4 prevents endothelial injury and reverses pulmonary hypertension. Sci. Transl. Med. 2013,
5, 200ra117. [CrossRef]

124. Zawia, A.; Arnold, N.D.; West, L.; Pickworth, J.A.; Turton, H.; Iremonger, J.; Braithwaite, A.T.; Cañedo, J.; Johnston, S.A.;
Thompson, A.A.R.; et al. Altered Macrophage Polarization Induces Experimental Pulmonary Hypertension and Is Observed in
Patients with Pulmonary Arterial Hypertension. Arterioscler. Thromb. Vasc. Biol. 2021, 41, 430–445. [CrossRef] [PubMed]

125. Li, C.; Liu, P.; Zhu, H.; Yang, H.; Zha, J.; Yao, H.; Zhang, S.; Huang, J.; Li, G.; Jiang, G.; et al. T follicular helper cell is essential for
M2 macrophage polarization and pulmonary vascular remodeling in hypoxia-induced pulmonary hypertension. Respir. Res.
2024, 25, 428. [CrossRef]

126. Amsellem, V.V.; Abid, S.; Poupel, L.; Parpaleix, A.; Rodero, M.; Gary-Bobo, G.; Latiri, M.; Dubois-Rande, J.L.; Lipskaia, L.;
Combadiere, C.; et al. Roles for the CX3CL1/CX3CR1 and CCL2/CCR2 Chemokine Systems in Hypoxic Pulmonary Hypertension.
Am. J. Respir. Cell Mol. Biol. 2017, 56, 597–608. [CrossRef]

127. Zhao, X.O.; Sommerhoff, C.P.; Paivandy, A.; Pejler, G. Mast cell chymase regulates extracellular matrix remodeling-related events
in primary human small airway epithelial cells. J. Allergy Clin. Immunol. 2022, 150, 1534–1544. [CrossRef] [PubMed]

128. Kwapiszewska, G.; Markart, P.; Dahal, B.K.; Kojonazarov, B.; Marsh, L.M.; Schermuly, R.T.; Taube, C.; Meinhardt, A.; Ghofrani,
H.A.; Steinhoff, M.; et al. PAR-2 inhibition reverses experimental pulmonary hypertension. Circ. Res. 2012, 110, 1179–1191.
[CrossRef]

129. Moriyama, H.; Endo, J. Pathophysiological Involvement of Mast Cells and the Lipid Mediators in Pulmonary Vascular Remodeling.
Int. J. Mol. Sci. 2023, 24, 6619. [CrossRef]

130. Elieh Ali Komi, D.; Wöhrl, S.; Bielory, L. Mast Cell Biology at Molecular Level: A Comprehensive Review. Clin. Rev. Allergy
Immunol. 2020, 58, 342–365. [CrossRef]

131. Farha, S.; Dweik, R.; Rahaghi, F.; Benza, R.; Hassoun, P.; Frantz, R.; Torres, F.; Quinn, D.A.; Comhair, S.; Erzurum, S.; et al. Imatinib
in pulmonary arterial hypertension: C-Kit inhibition. Pulm. Circ. 2014, 4, 452–455. [CrossRef] [PubMed]

132. Mickael, C.; Sanders, L.A.; Lee, M.H.; Kumar, R.; Fonseca-Balladares, D.; Gandjeva, A.; Cautivo-Reyes, K.; Kassa, B.; Kumar,
S.; Irwin, D.; et al. Classical dendritic cells contribute to hypoxia-induced pulmonary hypertension. FASEB J. 2024, 38, e70015.
[CrossRef]

133. Koudstaal, T.; van Hulst, J.A.C.; Das, T.; Neys, S.F.H.; Merkus, D.; Bergen, I.M.; de Raaf, M.A.; Bogaard, H.J.; Boon, L.; van Loo,
G.; et al. DNGR1-Cre-mediated Deletion of Tnfaip3/A20 in Conventional Dendritic Cells Induces Pulmonary Hypertension in
Mice. Am. J. Respir. Cell Mol. Biol. 2020, 63, 665–680. [CrossRef] [PubMed]

134. Herro, R.; Grimes, H.L. The diverse roles of neutrophils from protection to pathogenesis. Nat. Immunol. 2024, 25, 2209–2219.
[CrossRef] [PubMed]

135. Bogaard, H.J.; Aman, J. Neutrophil Elastase: Finding Its Way from Mechanism, via Biomarker to Treatment Target in Pulmonary
Hypertension? Chest 2021, 160, 1177–1178. [CrossRef]

136. Sweatt, A.J.; Miyagawa, K.; Rhodes, C.J.; Taylor, S.; Del Rosario, P.A.; Hsi, A.; Haddad, F.; Spiekerkoetter, E.; Bental-Roof, M.;
Bland, R.D.; et al. Severe Pulmonary Arterial Hypertension Is Characterized by Increased Neutrophil Elastase and Relative Elafin
Deficiency. Chest 2021, 160, 1442–1458. [CrossRef]

137. Aldabbous, L.; Abdul-Salam, V.; McKinnon, T.; Duluc, L.; Pepke-Zaba, J.; Southwood, M.; Ainscough, A.J.; Hadinnapola, C.;
Wilkins, M.R.; Toshner, M.; et al. Neutrophil Extracellular Traps Promote Angiogenesis: Evidence from Vascular Pathology in
Pulmonary Hypertension. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 2078–2087. [CrossRef]

138. Dierick, F.; Solinc, J.; Bignard, J.; Soubrier, F.; Nadaud, S. Progenitor/Stem Cells in Vascular Remodeling during Pulmonary
Arterial Hypertension. Cells 2021, 10, 1338. [CrossRef]

139. Toshner, M.; Voswinckel, R.; Southwood, M.; Al-Lamki, R.; Howard, L.S.; Marchesan, D.; Yang, J.; Suntharalingam, J.; Soon, E.;
Exley, A.; et al. Evidence of dysfunction of endothelial progenitors in pulmonary arterial hypertension. Am. J. Respir. Crit. Care
Med. 2009, 180, 780–787. [CrossRef]

140. Ho, V.W.; Grainger, D.E.; Chagraoui, H.; Porcher, C. Specification of the haematopoietic stem cell lineage: From blood-fated
mesodermal angioblasts to haemogenic endothelium. Semin. Cell Dev. Biol. 2022, 127, 59–67. [CrossRef]

141. Wang, X.; Wang, R.; Jiang, L.; Xu, Q.; Guo, X. Endothelial repair by stem and progenitor cells. J. Mol. Cell Cardiol. 2022,
163, 133–146. [CrossRef] [PubMed]

142. Perrotta, F.; Perna, A.; Komici, K.; Nigro, E.; Mollica, M.; D’Agnano, V.; De Luca, A.; Guerra, G. The State of Art of Regenerative
Therapy in Cardiovascular Ischemic Disease: Biology, Signaling Pathways, and Epigenetics of Endothelial Progenitor Cells. Cells
2020, 9, 1886. [CrossRef]

143. Duong, H.T.; Comhair, S.A.; Aldred, M.A.; Mavrakis, L.; Savasky, B.M.; Erzurum, S.C.; Asosingh, K. Pulmonary artery endothe-
lium resident endothelial colony-forming cells in pulmonary arterial hypertension. Pulm. Circ. 2011, 1, 475–486. [CrossRef]

https://doi.org/10.3389/fimmu.2021.708186
https://doi.org/10.1126/scitranslmed.3006674
https://doi.org/10.1161/ATVBAHA.120.314639
https://www.ncbi.nlm.nih.gov/pubmed/33147993
https://doi.org/10.1186/s12931-024-03058-9
https://doi.org/10.1165/rcmb.2016-0201OC
https://doi.org/10.1016/j.jaci.2022.05.028
https://www.ncbi.nlm.nih.gov/pubmed/35779668
https://doi.org/10.1161/CIRCRESAHA.111.257568
https://doi.org/10.3390/ijms24076619
https://doi.org/10.1007/s12016-019-08769-2
https://doi.org/10.1086/677359
https://www.ncbi.nlm.nih.gov/pubmed/25621158
https://doi.org/10.1096/fj.202400338RR
https://doi.org/10.1165/rcmb.2019-0443OC
https://www.ncbi.nlm.nih.gov/pubmed/32755457
https://doi.org/10.1038/s41590-024-02006-5
https://www.ncbi.nlm.nih.gov/pubmed/39567761
https://doi.org/10.1016/j.chest.2021.06.068
https://doi.org/10.1016/j.chest.2021.06.028
https://doi.org/10.1161/ATVBAHA.116.307634
https://doi.org/10.3390/cells10061338
https://doi.org/10.1164/rccm.200810-1662OC
https://doi.org/10.1016/j.semcdb.2022.01.008
https://doi.org/10.1016/j.yjmcc.2021.10.009
https://www.ncbi.nlm.nih.gov/pubmed/34743936
https://doi.org/10.3390/cells9081886
https://doi.org/10.4103/2045-8932.93547


Int. J. Mol. Sci. 2025, 26, 4265 26 of 26

144. Montani, D.; Perros, F.; Gambaryan, N.; Girerd, B.; Dorfmuller, P.; Price, L.C.; Huertas, A.; Hammad, H.; Lambrecht, B.; Simonneau,
G.; et al. C-kit-positive cells accumulate in remodeled vessels of idiopathic pulmonary arterial hypertension. Am. J. Respir. Crit.
Care Med. 2011, 184, 116–123. [CrossRef] [PubMed]

145. Yuan, K.; Agarwal, S.; Chakraborty, A.; Condon, D.F.; Patel, H.; Zhang, S.; Huang, F.; Mello, S.A.; Kirk, O.I.; Vasquez, R.; et al.
Lung Pericytes in Pulmonary Vascular Physiology and Pathophysiology. Compr. Physiol. 2021, 11, 2227–2247. [CrossRef]

146. Thijssen, V.L.; Paulis, Y.W.; Nowak-Sliwinska, P.; Deumelandt, K.L.; Hosaka, K.; Soetekouw, P.M.; Cimpean, A.M.; Raica, M.;
Pauwels, P.; van den Oord, J.J.; et al. Targeting PDGF-mediated recruitment of pericytes blocks vascular mimicry and tumor
growth. J. Pathol. 2018, 246, 447–458. [CrossRef] [PubMed]

147. Butsabong, T.; Felippe, M.; Campagnolo, P.; Maringer, K. The emerging role of perivascular cells (pericytes) in viral pathogenesis.
J. Gen. Virol. 2021, 102, 001634. [CrossRef]

148. Bordenave, J.; Tu, L.; Berrebeh, N.; Thuillet, R.; Cumont, A.; Le Vely, B.; Fadel, E.; Nadaud, S.; Savale, L.; Humbert, M.; et al.
Lineage Tracing Reveals the Dynamic Contribution of Pericytes to the Blood Vessel Remodeling in Pulmonary Hypertension.
Arterioscler. Thromb. Vasc. Biol. 2020, 40, 766–782. [CrossRef]

149. Chow, K.; Fessel, J.P.; Kaoriihida, S.; Schmidt, E.P.; Gaskill, C.; Alvarez, D.; Graham, B.; Harrison, D.G.; Wagner, D.H., Jr.;
Nozik-Grayck, E.; et al. Dysfunctional resident lung mesenchymal stem cells contribute to pulmonary microvascular remodeling.
Pulm. Circ. 2013, 3, 31–49. [CrossRef]

150. Yuan, K.; Shamskhou, E.A.; Orcholski, M.E.; Nathan, A.; Reddy, S.; Honda, H.; Mani, V.; Zeng, Y.; Ozen, M.O.; Wang, L.; et al.
Loss of Endothelium-Derived Wnt5a Is Associated with Reduced Pericyte Recruitment and Small Vessel Loss in Pulmonary
Arterial Hypertension. Circulation 2019, 139, 1710–1724. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1164/rccm.201006-0905OC
https://www.ncbi.nlm.nih.gov/pubmed/21471108
https://doi.org/10.1002/j.2040-4603.2021.tb00178.x
https://doi.org/10.1002/path.5152
https://www.ncbi.nlm.nih.gov/pubmed/30101525
https://doi.org/10.1099/jgv.0.001634
https://doi.org/10.1161/ATVBAHA.119.313715
https://doi.org/10.4103/2045-8932.109912
https://doi.org/10.1161/CIRCULATIONAHA.118.037642

	Introduction 
	Remodeling of the Vascular Wall 
	Endothelial Remodeling 
	Endothelial-Dysfunction-Related Factors 
	Hyperproliferation and Apoptosis of Endothelial Cells 
	Endothelial–Mesenchymal Transition 
	Endothelial Cell Activation and Thrombosis Formation 
	Endothelial Cell Heterogeneity 
	Endothelial Cell Metabolism and Epigenetics 

	Media Remodeling 
	Smooth Muscle Cell Phenotypic Transition 
	Proliferation of Pulmonary Artery Smooth Muscle Cells 
	Anti-Apoptosis in Smooth Muscle Cells and Reversal of Vascular Remodeling 
	Crosstalk Between Endothelial and Smooth Muscle Cells 

	Adventitial Remodeling 
	Activation of Fibroblasts 
	Phenotypic Changes in Fibroblasts 
	Crosstalk Among Fibroblasts, Endothelial Cells, and Smooth Muscle Cells 

	Extracellular Matrix Remodeling 
	Stiffness of the Extracellular Matrix 
	Inflammatory Response and the Extracellular Matrix 

	Immune Cells 
	T Cells 
	B Cells 
	Macrophages 
	Mast Cells 
	Dendritic Cells and Neutrophils 

	Progenitor Cells and Stem Cells 
	Pericytes 

	Conclusions 
	References

