
Review Article
Mechanism of Hypoxia-Mediated Smooth Muscle Cell
Proliferation Leading to Vascular Remodeling

Xiaojuan Huang,1 Elif Ece Akgün,2 Khalid Mehmood,3 Hui Zhang,1 Zhaoxin Tang ,1

and Ying Li 1

1College of Veterinary Medicine, South China Agricultural University, Guangzhou 510642, China
2Department of Histology and Embryology, Faculty of Veterinary Medicine, Atatürk University, Erzurum 25030, Turkey
3Department of Pathology, Faculty of Veterinary and Animal Sciences, The Islamia University of Bahawalpur, 63100, Pakistan

Correspondence should be addressed to Ying Li; lying@scau.edu.cn

Received 8 July 2022; Revised 25 November 2022; Accepted 7 December 2022; Published 24 December 2022

Academic Editor: Christina Pabelick

Copyright © 2022 Xiaojuan Huang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Vascular remodeling refers to changes in the size, contraction, distribution, and flow rate of blood vessels and even changes in
vascular function. Vascular remodeling can cause cardiovascular and cerebrovascular diseases. It can also lead to other
systemic diseases, such as pulmonary hypertension, pulmonary atherosclerosis, chronic obstructive pulmonary disease, stroke,
and ascites of broilers. Hypoxia is one of the main causes of vascular remodeling. Prolonged hypoxia or intermittent hypoxia
can lead to loss of lung ventilation, causing respiratory depression, irregular respiratory rhythms, and central respiratory
failure. Animals that are unable to adapt to the highland environment are also prone to sustained constriction of the small
pulmonary arteries, increased resistance to pulmonary circulation, and impaired blood circulation, leading to pulmonary
hypertension and right heart failure if they live in a highland environment for long periods of time. However, limited studies
have been found on the relationship between hypoxia and vascular remodeling. Therefore, this review will explore the
relationship between hypoxia and vascular remodeling from the aspects of endoplasmic reticulum stress, mitochondrial
dysfunction, abnormal calcium channel, disordered cellular metabolism, abnormal expression of miRNA, and other factors.
This will help to understand the detailed mechanism of hypoxia-mediated smooth muscle cell proliferation and vascular
remodeling for the better treatment and management of diseases due to vascular remodeling.

1. Introduction

Vascular remodeling has always been a burning issue in car-
diovascular disease research, especially in plateau areas.
Blood vessels are composed of endothelial cells (ECs),
smooth muscle cells (SMCs), and fibroblasts. Vascular
remodeling is the dysregulation of migration, proliferation,
and apoptosis of these cells, resulting in thickening or thin-
ning of the vessel wall [1]. Hypoxia is very easy to occur in
high altitude or low-temperature environment, which leads
to vascular permeability increased, intracellular calcium
overload, cellular metabolic dysfunction, mitochondrial
endoplasmic reticulum (ER) stress, nervous system dysfunc-
tion and ultimately leads to vascular remodeling. Hypoxia
refers to the pathological process of abnormal changes in tis-

sue and function caused by insufficient intracellular oxygen
or oxygen consumption disorder [2]. In a low-temperature
environment, mammals are often in a poorly ventilated
environment, the concentration of CO2 increases and the
concentration of O2 decreases, and the body needs more
oxygen for the normal metabolic function of cells than nor-
mal temperature, so mammals are prone to deficiency in
low-temperature environments. The hypobaric and hypoxic
environment in high-altitude areas can easily lead to the
decrease of blood oxygen saturation level and the increase
of blood viscosity in mammals and birds, which affects the
occurrence of vascular remodeling. Studies have shown that
humans living at high altitudes are in a state of chronic hyp-
oxia for a long time, which causes them to have varying
degrees of vascular remodeling [3], which seriously affects
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their health [4]. To date, there are few studies on hypoxia-
mediated vascular smooth muscle cell (VSMC) proliferation
leading to vascular remodeling. Therefore, this review aims
to provide a comprehensive analysis of this to explore some
potential prospects.

2. Relationship between VSMCs and
Vascular Remodeling

Vascular remodeling refers to the process of changes in the
size, shape, structure, and function of blood vessels, includ-
ing apoptosis, proliferation, migration of vascular cells, and
the production and degradation of extracellular matrix [5].
VSMCs constitute the middle layer of the vessel wall [6],
and its changes can affect vascular remodeling. VSMC can
be divided into contractile type and synthetic type according
to their different structures and functions [7]. Under normal
conditions, VSMC is contractile after maturation, but the
differentiation and maturation of VSMC can still be dediffer-
entiated by some internal environmental factors, such as
platelet-derived growth factor BB (PDGF-BB) and angioten-
sin II (Ang II), and become the synthetic phenotype with
low differentiation under stimulation. This process is called
SMC phenotypic transformation and is characterized by
abnormal cell proliferation, migration, apoptosis, and syn-
thesis [8]. The transformation of VSMCs from contractile
type to synthetic type causes excessive proliferation and
migration of VSMCs [9, 10], decrease of contractile protein
expression [11], thickening of vascular wall, resulting in nar-
rowing of vascular lumen, increased blood pressure, and
increased arterial blood vessels. The phenotypic transforma-
tion of VSMCs is an important link leading to vascular
remodeling, causing hypoperfusion, organ dysfunction, and
even end-organ failure [12], which may lead to the occur-
rence of various diseases, such as pulmonary arterial hyper-
tension (PAH), atherosclerosis, and vascular restenosis.
Conventional wisdom holds that VSMC apoptosis is silent,
that VSMC undergoes apoptosis as a compensatory mecha-
nism for neoplastic endothelial proliferation and vascular
stenosis, and that apoptotic VSMC secrete cytokines or
membrane-bound ligands that act via paracrine secretion
on adjacent cells to promote cell proliferation and inflamma-
tion [13, 14]. The migration of VSMC into the endosomal
layer is an important process in the formation of new endo-
somes [15]. Mature VSMC has the potential to alter their
migratory properties and extracellular matrix components,
and growth factors, cytokines, and calcium signaling can
all promote VSMC migration [16, 17].

3. Effects of Hypoxia on VSMCs

Hypoxia can cause a decrease in the partial pressure of oxy-
gen in the blood, which directly affects the contraction of
vascular smooth muscle and increases blood pressure. Lower
partial pressure of blood oxygen can cause abnormal cal-
cium pumps, abnormal opening of calcium channels, release
of vasoactive substances, inflammatory processes, oxidative
stress, and matrix deposition triggering a series of biochem-
ical reactions that lead to VSMC survival, proliferation, and

migration; thickening of vascular smooth muscle and vascu-
lar fibrosis; and promoting the development of vascular
remodeling. In addition, hypoxia can prompt the release of
inflammatory factors, growth factors, and vasoconstrictor
factors from ECs, which induce VSMC proliferation through
paracrine secretion. For example, ECs induce VSMC prolif-
eration by secreting large amounts of endothelin-1 (ET-1),
Ang II, PDGF-BB, and VEGF-A [18, 19], which induce
vasoconstriction and vascular hypertrophy [20]. In addition,
VSMC proliferation and migration can be promoted by acti-
vating signaling pathways such as mitogen-activated protein
kinase signaling (MAPK) [21, 22], protein kinase A (PKA)
[23], protein kinase C (PKC) [24], and phosphatidylinositol
3-kinase (PI3K) [25].

4. Effects of Mitochondrial Damage and ER
Stress on Vascular Remodeling

ER is the largest membrane network structure in cells, and its
main function is to synthesize and process proteins. Hypoxia
stimulates stress in the endoplasmic reticulum [26, 27]. Hyp-
oxia can lead to inhibition of protein folding and isomeriza-
tion through activation of IRE 1α, PERK, and ATF 6
signaling pathways [28], a process known as unfolded protein
response (UFR) (Figure 1), thereby limiting the function of
local redox enzyme ERO 1α in ER, causing ER stress, increas-
ing the release of inflammatory factors (such as IL-6, tumor
necrosis factor-α (TNF-α), and McP-1), aggravating
hypoxia-induced vascular injury, and leading to vascular
remodeling [29]. ER has a strong calcium buffer capacity, so
it is called the calcium pool. ER calcium concentration is much
higher than cytoplasmic calcium concentration under normal
conditions. Under the stimulation of hypoxia, the calcium
pool releases [Ca2+] into the cytoplasm, which increases the
concentration of [Ca2+] in the cytoplasm and rapidly
decreases the concentration of [Ca2+] in the ER, which pro-
motes the differentiation cycle of resting cells and makes
SMCs proliferate. Under the conditions of ER hypoxia,
[Ca2+] changes in the internal environment, redox imbalance,
and overexpression of nonfoldable defective proteins, the syn-
thetic and posttranslational modified proteins will change,
leading to severe accumulation of nonfoldable proteins in
ER, resulting in ER stress [30]. ER stress activates the unfolded
protein response (UPR), regulates increased Nogo-B expres-
sion, and then disrupts ER-like mitochondrial units, resulting
in increased mitochondrial membrane potential and mito-
chondrial superfluidization, promoting [Ca2+] inward flow
and regulating VSMC migration and proliferation [31], and
causing pulmonary artery constriction [32].

Mitochondria are the main sites of glucose oxidation and
fatty acid β-oxidation in cells. However, hypoxia can directly
inhibit aerobic oxidation of mitochondrial glucose oxida-
tion, so the tricarboxylic acid cycle and oxidative phosphor-
ylation are inhibited [33] and alter the production of its
products acetyl coenzyme A, reactive oxygen species
(ROS), and ATP and induce cell proliferation [26, 27, 34].
Under normoxic conditions, [K+] voltage-gated channels
remain open, [Ca2+] voltage-gated channels are inhibited,
and ROS produced by mitochondria are removed by the
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cellular antioxidant system [35]. In hypoxic conditions,
intracellular ROS are elevated, and the antioxidant system
is inhibited [36]. In hypoxic conditions, intracellular ROS
are elevated, and the antioxidant system is inhibited causing
closure of [K+] channels, depolarization of the cell mem-
brane, stimulation of [Ca2+] channels to open [Ca2+] entry
into the cell leading to vasoconstriction, and dysregulation
of ROS production by mitochondria [37]. Chronic intermit-
tent hypoxia can increase NADPH oxidase-derived ROS by
increasing [38]. Complex III produces ROS after hypoxia,
and increased oxidation is detected in the mitochondrial
intermembrane gap and cytoplasm, while oxidation in the
mitochondrial matrix is reduced [35]. ROS inhibit the
PHD expression, promote increased hypoxia-inducible
factor-1 (HIF-1), and regulate mitochondrial autophagy [39].

Mitochondria not only regulate energy metabolism by
controlling the process of oxidative phosphorylation and
the levels of mitochondrial enzyme in the cell but also
[Ca2+] store and regulate cell apoptosis. Insufficient ATP
production will inhibit the opening of mitochondrial
ATP-dependent [K+] channels, resulting in [Ca2+] influx,
and calcium overload in mitochondria, resulting in mito-
chondrial damage. Mitochondrial damage triggers the
production of ROS, which impacts mitochondria and
aggravates the damage of mitochondrial structure and
finally leads to the increase of AMP/ATP. ROS induces
the transformation of VSMCs into a proliferative pheno-
type and contributes to vascular hypertrophy and remodel-
ing in hypertension [40].

Mitochondria increase AMP due to hypoxia, and AMP
can contribute to the production of ATP through the

AMP-activated protein kinase (AMPK) pathway in glycoly-
sis [21, 22]. The AMPK pathway can promote the glycolysis
process to produce ATP. Abnormal energy metabolism can
also affect ER homeostasis and produce abnormal synthesis
and processing proteins of ER [41].

5. Effect of Hypoxia on [Ca2+] Channel

The contraction of vascular smooth muscle is caused by the
increased free calcium concentration in cells promoting the
formation of actin myosin cross bridge [42]. Hypoxia affects
mitochondrial ROS production and causes altered redox-
sensitive [K+] and [Ca2+] channel activity in the cell mem-
brane [43]. [Ca2+] can enter VSMC from outside the cell
via voltage-gated channels and nonvoltage-gated channels
[30]. The phenotypic switch of VSMCs is also related to
the calcification process [5]. [Ca2+] homeostasis is an impor-
tant factor regulating cell division, proliferation, and vascu-
lar activity. Intracellular calcium overload can cause
abnormal cell excitation-contraction coupling mechanism,
resulting in abnormal vascular function.

Hypoxia directly inhibits voltage-dependent [K+] chan-
nels, decreases [K+] efflux, decreases cell membrane poten-
tial, and causes abnormal opening of L- and T-type
voltage-dependent [Ca2+] channels in VSMC (Wu, et al.,
2021). Hypoxia can cause abnormal opening of [Ca2+] chan-
nels in VSMCs [44, 45] and [Ca2+] influx, with the increase
of calcium concentration, and calpain is activated to pro-
mote the proliferation of VSMCs and vascular remodeling
by upregulation of calpain-1, -2, and -4 [46].
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Figure 1: ER stress process induced by hypoxia. ATP production is reduced due to hypoxia, which leads to abnormal protein translation
and the release of a large number of [Ca2+] from the calcium pool. Finally, the activity of proapoptotic genes is inhibited, and the
activity of antiapoptotic genes is activated, which leads to the proliferation of VSMCs.
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Store-operated calcium channels (SOCCs) are the main
channels for [Ca2+] to enter PASMC under anoxic condi-
tions [47]. SOCC is located on the SMC membrane. When
[Ca2+] from ER and stromal reticulum are released into the
cytoplasm, the calcium channels on the cell membrane and
the ON extracellular [Ca2+] are also opened. SOCC consists
mainly of transient receptor potential (TRP), Orai protein
and stromal interaction molecule (STIM), and caveolin-1
[48]. Hypoxia causes upregulation of transient receptor
potential vanilloid 3 (TRPV3), which induces an increase
in proliferating cell nuclear antigen (PCNA) and regulates
the cell cycle by regulating cell cycle proteins and phosphor-
ylated CaMK II (p-CaMK II) and activating the
phosphatidylinositol-3-kinase (PI3K)/Akt pathway to
increase intracellular calcium concentration [49]. In addi-
tion, hypoxia promotes upregulation of intracellular [Ca2+]
concentrations through activation of transient receptor
potential canonical (TRPC) channels [50, 51]. For example,
hypoxia upregulates TRPC6, which causes acute pulmonary
vasoconstriction through receptor action on calcium chan-
nels and pulmonary vascular remodeling through storage
action on calcium channels [50, 51]. STIM 1 is a single chan-
nel protein located on the ER and sarcoplasmic reticulum,
which can be used as a calcium sensor of the ER and sarco-
plasmic reticulum [52]. In the absence of oxygen and in
higher reservoir of [Ca2+], phospholipase C (PLC) hydro-
lyzes phosphatidylinositol diphosphate (inositol-1,4,5-tri-
phosphate, IP3) and diacylglycerol (DAG) [53]. IP3 binds
to the IP3 receptor on the ER. The ER releases large amounts
of [Ca2+] into the cytoplasm, leading to depletion of calcium
stores. When the concentration of [Ca2+] in the ER and sar-
coplasmic reticulum decreases, STIM 1 transfers from the
ER and sarcoplasmic reticulum to the membrane and binds
to the Orai protein, resulting in calcium influx and smooth
muscle contraction [54].

6. Effect of Cytokines on VSMCs

Vascular smooth muscle contraction is regulated not only by
calcium-dependent mechanisms but also by noncalcium-
dependent mechanisms, including a-Ras-homologous kinase
(Rho A), protein kinase C (PKC), and mitogen-activated
protein kinase (MAPK) [55]. Hypoxia can promote mast
cells, macrophages, and vascular ECs to release a variety of
cytokines and chemokines [56], some of which can contract
pulmonary blood vessels, such as leukotriene, thromboxane
A2, prostaglandin, endothelin-1 (ET-1), Ang II, and IL-1
and -6. These vasoconstriction substances can lead to vaso-
constriction, VSMC proliferates uncontrollably, and elevated
blood pressure and a series of vascular wall lesions can exac-
erbate vascular remodeling. Leukotrienes are mainly synthe-
sized by the Golgi apparatus and ER of leukocytes, and
excessive release of LTB4 from activated macrophages can
cause PASMC proliferation [57]. Broad pathological effects
of leukotrienes include increased production of matrix pro-
teins, increased smooth muscle contractility and prolifera-
tion, and enhanced cell survival [58]. Thromboxane A2
binds to the receptor TP and causes [Ca2+] inward flow via
the PLC/IP3 pathway [Ca2+] contraction in smooth muscle

[59, 60]. Prostaglandin D2 (PGD 2) receptor subtype 1
(DP 1) is a receptor for PGD 2. Under hypoxia, PGD 2 is
reduced, resulting in DP 1 loss, which intensifies hypoxia-
induced vascular remodeling. DP1 deficiency promotes
VSMC hypertrophy and proliferation by enhancing mam-
malian target of rapamycin complex (mTORC) activity.
DP1 activation promotes dissociation of the mTORC1 com-
plex and inhibits mTORC1 activity via phosphorylation of
PKA at Ser791 [61, 62]. Ang II and hypoxia both induce
VSMCs to produce ET-1, which activates G protein-
coupled receptors on VSMC membranes and causes VSMCs
to produce ROS which causes vasoconstriction. Actions of
Stamp 2 in macrophages drive vascular remodeling pro-
cesses in SMCs via secreted factors such as CXCL 12 [63].

Ang II is one of the cytokines that play an important role
in vascular remodeling, and the effect of Ang II on VSMCs is
exemplified by the fact that Ang II is the most important
endocrine ligand in the renin-angiotensin system (Ras) [64,
65]. Ang II can stimulate VSMC proliferation through the
MAPK signaling pathway. The signaling pathway is as fol-
lows: Ang II binds to the receptor AT1R and activates the
PI3K/PK-MEK-ERK1/2 pathway [16, 17], and Ang II acts
directly on VSMCs, causing VSMC proliferation [66]. Acti-
vation of AT1R activates the receptor tyrosine kinase
(JAK), which promotes VSMC proliferation via the JAK/
STAT pathway. Ang II stimulates the epidermal growth fac-
tor receptor (EGFR) to activate the Ras/ERK cascade and
PI3K/Akt/p70S6K kinase cascade and the ER stress/
unfolded protein response that causes VSMC proliferation
[67] (Figure 2). In addition, AT1R is also a heterodimeric
G protein-coupled receptor (GPCR), which causes initial
heterodimeric G protein dissociation and activation of
ligand-specific intermediates (including nonreceptor tyro-
sine kinases) by activating EGFR, resulting in increased
intracellular [Ca2+] concentrations and promoting mito-
chondrial production of ROS [68].

7. Effect of MicroRNAs on VSMCs

Hypoxia induces the expression of specific microRNAs
(miRs) in VSMCs. miRs are small noncoding RNAs, approx-
imately 21-23 nucleotides in length, that repress the expres-
sion of targeted genes by binding to the 3′ untranslated
region of the target gene [70]. In addition, many studies have
found that miRNA is related to VSMC proliferation and vas-
cular remodeling [71]. Here are some examples of which
miRNA are involved in vascular remodeling.

Under hypoxic conditions, miR-1 is downregulated in
VSMCs and promotes sphingosine kinase 1 expression to
inhibit apoptosis [72]. The low expression of miR-1 under-
lies hypoxia-induced VSMC proliferation and migration.
miR-17 is upregulated in VSMCs under hypoxia, and miR-
17 regulates VSMC proliferation and apoptosis through
Mfn 2 [73]. miR-18a-5p is upregulated in pulmonary artery
smooth muscle of PAH patients. miR-18a-5p promotes
VSMC proliferation and migration by repressing the target
gene Notch2 [74]. Hypoxia induced upregulation of miR-
19a in pulmonary arteries and inhibited phosphatase and
tensin homolog deleted on chromosome ten (PTEN)
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expression to promote VSMC proliferation and migration;
in addition, HIF-1α also promoted miR-19a upregulation
[75]. miR-150 is downregulated in the pulmonary arteries
of PAH patients. miR-150 inhibits the expression of α-
SMA, a marker of PASMC, and alters the overproliferation
of growth factor-β (TGF-β), mainly through the Akt/mTOR
signaling pathway [76]. Hypoxia-induced elevation of miR-
155-5p levels in PASMCs affects cell cycle progression by
directly targeting glycogen phosphorylase to regulate cell
cycle protein D1, cell cycle protein E, and CDK2 [77].
miR-760 is reduced in the pulmonary arteries of PAH
patients, and miR-760 regulates hypoxia-induced VSMC
proliferation, migration, and apoptosis by targeting toll-like
receptor 4 [78].

In VSMCs of hypoxia-induced PAH tissue, the expression
of miRNA-140-5p and SOD 2 was inhibited, while the expres-
sion of Dnmt 1 was increased, which promoted VSMC prolif-
eration and inhibited apoptosis and differentiation [79].
Under hypoxic conditions, miRNA-143 andmiRNA-145 were
upregulated, ATP-binding cassette transporter A1 (ABCA 1)
was downregulated [79], and miRNA-143/145 could promote
hypoxia-induced VSMC proliferation and migration by inhi-
biting the ABCA 1 overexpression [80]. miRNA-145 can also
inhibit VSMC proliferation, migration, and phenotypic switch
by preventing the activation of PI3K/Akt/mTOR signaling
pathway [81]. miRNA-145 can induce VSMC phenotypic dif-
ferentiation by promoting TGF-β.

Under hypoxic conditions, miRNA-26b-5p was found to
be significantly downregulated, and TGF was regulated
through the Smad4-β/Smad 4 signaling pathway, promoting

phenotypic transformation and TGF-β expression in
VSMCs. Upregulation of TGF-β has a regulatory function
on differentiation and proliferation of SMCs. [82]. Hypoxia
induces upregulation of miRNA-92b-3 and miRNA-214,
miRNA-92b-3 promotes VSMC proliferation through
mTOR signaling pathway [83], and miR-214 promotes cell
proliferation by inhibiting the expression of CCNL 2 [84].
Studies have shown that hypoxia upregulates the expression
of cullin 7 mRNA and miR-1260b, cullin 7 mRNA leads to
the proliferation and migration of VSMCs by downregulat-
ing the expression of p53 [50], miR-1260b promotes the pro-
liferation and migration of VSMCs by downregulating the
expression of growth differentiation factor 11 (GDF 11),
and 3′ UTR binds to inhibit the expression of GDF 11,
thereby inhibiting Smad signaling and enhancing VSMC
proliferation [85] and promoting vascular remodeling.
miR-223 was significantly downregulated under hypoxia,
and the reduction of miR-223 promoted Rho B to regulate
the proliferation, migration, and expression of myosin light
chain in VSMCs, thereby affecting vascular remodeling and
PAH development [86].

8. Transcription Factors Are Involved in
Hypoxia-Induced Vascular Remodeling

Transcription factors can bind to specific sequences
upstream of the 5′ end of genes, and they are protein mole-
cules that mediate cell proliferation, differentiation, apopto-
sis, inflammation, and immune signal transduction. Under
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hypoxic conditions, abnormal increase or decrease of cyto-
kines, growth regulators and vasoactive substances will affect
the expression of transcription factors, regulate other cellular
regulators, and thus participate in the proliferation of
VSMCs. Transcription factors such as macrophage migra-
tion inhibitory factor, HIF-1, and Ras can bind to the regu-
latory sites of promoters to promote the production of
VSMC proliferation-related growth factors.

8.1. Effect of HIF-1 on VSMCs. Hypoxia can mediate [Ca2+]
channel opening, mitochondrial fission, increased ET-1
secretion, and vascular endothelial-derived growth factor
expression through upregulation of the HIF-1 expression,
leading to the development of vascular remodeling [87].
HIF-1 is a transcriptional regulator. HIF-1 is a heterodimer
composed of HIF-1α and HIF-1β subunits, which can regu-
late the expression of multiple genes and help maintain the
stability of the intracellular environment under hypoxic con-
ditions. miRs are small noncoding RNAs of HIF-1 and are
readily hydrolyzed and inactivated by the prolyl hydroxylase
domain (PHD) at normal oxygen concentrations in cells
[88]. PHD is a member of the 2-ketoglutarate- (2-OG-)
dependent dioxygenase superfamily, whose hydroxylation
activity is catalyzed by oxygen, iron ions, and 2-OG. PHD
as a key enzyme regulating HIF can be hydroxylated and
lead to its degradation, thus affecting the outcome of related
diseases [89]. Under normoxic conditions, PHDs can
hydroxylate the prolyl group of HIF-1α, and then von
Hippel-Lindau protein (VHL) promotes the degradation of
HIF-1α [90].

However, PHD is inhibited under hypoxic conditions
and fails to hydroxylate the HlF-1 subunit, which promotes
the formation of HIF transcription factors [91]. Its half-life
is prolonged under hypoxia environment, thus further acti-
vating downstream signaling pathways and playing a biolog-
ical role [92]. HIF-1 controls oxygen transport by promoting
angiogenesis and glycolysis processes. HIF-1 inhibits oxygen
consumption and promotes glycolysis through pyruvate
dehydrogenase kinase 1 (PDK1), promoting the expression
of ROS, while HIF-1 activation enhances cell resistance to
death [93]. ROS are highly active molecules in the body,
including superoxide anion, hydroxyl radical, and hydrogen
peroxide. ROS produced by hypoxia can cause continuous
contraction of SMCs and upregulate the expression of vari-
ous proliferation-related genes together with HIF-1 to pro-
mote SMC proliferation and migration [94].

HIF-1α promotes vascular remodeling by participating
in the production of vascular endothelial growth factor
(VEGF). The relative expression level of VEGF mRNA in
SMCs increased significantly within a few hours after hyp-
oxia and then decreased to the normal level after the
resumption of oxygen supply, indicating that hypoxia can
lead to the increase of VEGF gene expression in cells, result-
ing in the proliferation and migration of SMCs [95]. VEGF
binding to VEGFR can cause extracellular [Ca2+] influx
and VSMC migration [96, 97]. VEGF promotes smooth
muscle phenotype transformation through activation of
STAT3 leading to SMC cell proliferation [98]. VEGF also
causes increased intracellular ROS, NF-κB activation, and

IL-6 expression [99]. HIF-1 also promotes the expression
of PDGF [100]. PDGF induces VSMC proliferation through
the MAPK and PI3K/Akt/protein kinase B (PKB) signaling
pathway, which controls cell cycle progression and protein
and DNA synthesis [101]. In addition, PDGF activates the
signal transducer and activator of transcription (STAT) pro-
tein family and binds specifically to the regulatory elements
SIE or GAS [102]. PDGF activates SOCC by phosphorylat-
ing PLC-γ [Ca2+] depletion in the calcium pool that causes
STIM to translocate to the cell membrane and bind to Orai1
protein, opening [Ca2+] channels and [Ca2+] inward flow
[103] (Figure 3).

8.2. Effect of Rho Kinases on VSMCs. Rho kinases belong to
the serine/threonine kinase family, and the serine/threonine
kinase Rho kinase (ROCK) mediates a variety of cellular
responses related to PAH [107]. Rho kinase causes excessive
vascular smooth muscle contraction and vascular remodel-
ing through inhibition of myosin phosphatase and activation
of its downstream effectors [108]. Wang et al. reported that
PASMC exposed to hypoxia showed increased Rho kinase
activity and increased phosphorylation of myosin light
chains, causing sustained contraction of vascular smooth
muscle [99, 109]. The Rho/ROCK pathway plays an impor-
tant role in a variety of essential cellular functions, including
contraction, motility, proliferation, and migration, leading to
the development of cardiovascular disease. Rho A and Rho C
activate the ROCK signaling pathway by phosphorylating
the protein MYPT-1, thereby regulating the proliferation
and migration of VSMCs [110]. ROCK2 regulates VSMC
contractility through direct binding and phosphorylation of
myosin phosphatase [111]. During hypoxia, activation of
ROCK enhances NHE activity and promotes migration
and proliferation of PASMC. Activation of Rho kinase
(ROCK) by endothelin-1 enhances NHE activity in PASMC
and leads to pH alkalinization [112]. Ang II also regulates
the Rho A/ROCK signaling pathway and actin polymeriza-
tion via the AT1R, which then affected the dedifferentiation
of VSMCs [113].

8.3. Effect of TRAIL, NHE, and HIMF on VSMCs. TNF-
related apoptosis-inducing ligand (TRAIL) is a type II trans-
membrane protein, and TRAIL mRNA and protein are
mainly expressed in SMCs of the pulmonary artery and
aorta [114]. TRAIL binds to the receptor TRAIL-R and
causes VSMC proliferation and survival by activating the
Akt, NF-κB, and EPK pathways [115].

Intracellular pH homeostasis is key to VSMC function.
The Na+/H+ exchanger (NHE) is an important mechanism
in the regulation of cellular pH. Hypoxia causes an increase
in VSMC pH [116]. NHE is an integral membrane protein
that transports intracellular [H+] out of cells and extracellu-
lar [Na+] into cells, thereby protecting cells from intracellu-
lar acidification [117]. VSMCs exposed to hypoxia in vivo or
in vitro exhibited elevated pH and enhanced NHE activity
[118]. The increase of pH can affect the increase of vascular
pressure and can also promote the increase of intracellular
[Ca2+] concentration by regulating the activity of
calmodulin-dependent enzymes [116]. During hypoxia,
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activation of HIF-1 and ROCK enhances NHE activity and pro-
motes VSMC migration and proliferation [44, 112, 119, 120].

Hypoxia-induced mitogenic factor (HIMF) is also known
as inflammatory zone 1 or resistin-like molecule-α [121].
The HIMF expression was low in normoxic state but signifi-
cantly increased in vascular ECs, SMCs, bronchial epithelial
cells, and type II alveolar epithelial cells under hypoxia state.
HIMF strongly activated Akt phosphorylation. It promotes
SMC proliferation through the PI3K/Akt pathway (Figure 4)
[122]. HIMF increases vascular pressure and vascular resis-
tancemore potently than either ET-1 or Ang II. Hypoxia upre-
gulates [Ca2+]-sensitive receptor and HIMF expression
through activation of the Rho A/ROCK2 pathway [123].
HIMF can stimulate [Ca2+] release from the calcium pool in
VSMC via the PLC/IP3 signaling pathway [124].

8.4. Effect of Cyclin on VSMCs. Cyclin is a protein whose
concentration varies with the cell cycle of eukaryotic cells
and includes cyclin A, cyclin B, cyclin D, cyclin E, cyclin
G, and cyclin H. They are involved in regulating the enzy-
matic activity of cyclin-dependent kinases (CDKs) to regu-
late cell cycle processes. Hypoxia also promotes VSMC
viability; increases the expression of PCNA, cyclin D, cyclin

E, cyclin A, and p-CaMK II; moves VSMCs from G0/G1
phase to G2/M+S phase; enhances microtubule formation;
and increases the number of intracellular [Ca2+] [9]. Cyclin
D1 reduces the time to S phase, accelerates the G1/S transi-
tion, and promotes cell proliferation [77]. Cyclin D1 can be
expressed through EPK signal pathway. Macrophage migra-
tion inhibitory factor upregulates cyclin D1 via ERK signal-
ing, induces VSMC proliferation, and leads to vascular
remodeling [129]. Hypoxia promotes the expression of pro-
liferating cell nuclear antigen (PCNA), cyclin E, and cyclin
A; changes VSMCs from G0/G1 phase to S phase; and also
inhibits the expression of Storkhead box (Stox 1) in VSMCs
by activating Akt protein [130]. PCNA exists in the nucleus
and is a helper protein of DNA polymerase and plays an
important role in initiating cell proliferation. Under hypoxic
conditions, the increased expression of the mitophagy pro-
tein PINK 1/Parkin induces VSMC proliferation, inhibits
apoptosis, and ultimately leads to vascular remodeling, lead-
ing to pulmonary hypertension [131]. Deletion of
nucleotide-binding oligomerization domain protein 2
(NOD 2) exacerbates hypoxia-induced proliferation, vascu-
lar remodeling in PAH and VSMC, and promotes HIF-1α
expression and Akt phosphorylation [132].

Gene
expression

Hypoxia

PHDs

AMPK AMPKα2

HIF-1α

HIF-1α HIF-1β

HIF-1β

CBP/p300

HIF-1α

PDK1

α-OG

PDGF

PDGF

PLCγ

IP3

IP3

PI3KDAG

PKC

Ras

MAPK

VSMC proliferation

Cell shrinkage

Ca2+

Ca2+ CaM CaM-K

ROS

P

Akt

mTOR

JAK

STAT3

P

Figure 3: Hypoxia can lead to the effect of AMPK pathway, and the increased expression of HIF-1 promotes the effect on SMCs. (1)
Hypoxia inhibits mitochondrial production of α-OG by promoting the AMPK pathway, which inhibits the expression of PHDs and
promotes the expression of HIF-1α. (2) Hypoxia inhibits the expression of PHDs, resulting in stable expression of HIF-1α and increased
expression of PDK1, which promotes the expression of ROS, which in turn inhibits the hydroxylation of HIF-1α by PHDs. (3) HIF-1α
and HIF-1β translocate to the nucleus to bind to hypoxic elements and regulate the transcription and translation of genes related to cell
proliferation [104]. (4) HIF-1 promotes PDGF expression and PDGF binds to corresponding receptors to activate SOCC, MAPK, PI3K/
Akt, and JAK/STAT3 signaling pathways [105]. (5) PDGF induces transactivation of cyclin D1 and survival proteins in SMC through
phosphorylation of STAT3, thereby promoting SMC proliferation and migration and reducing apoptotic cell death [106]. (6) PDGF
induces the breakdown of phosphatidylinositol 4,5-bisphosphate (PLCγ) to IP3 and diacylglycerol (DAG), which binds to receptors on
the ER and stimulates the release of [Ca2+] from the calcium pool to the cytoplasm [103]. DAG stimulates VSMC proliferation via the
PKC/Ras/MAPK pathway.
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β-Catenin is widely found in various types of cells. Its
main functions are mediating intercellular adhesion and par-
ticipating in gene expression as well as in regulating cell prolif-
eration, differentiation, and apoptosis. β-Catenin is a
bifunctional protein that plays an important role in regulating
the transcription of c-Myc and cyclin D1. Aquaporin 1 (AQP
1), a protein located in the red cell membrane, forms “chan-
nels” in the cell membrane that control the flow of water in
and out of the cell, acting as the “pump of the cell.” It can affect
contraction and expansion of red blood cells. The AQP1 over-
expression upregulates β-catenin protein levels, enhances the
expression of β-catenin targets, and promotes VSMC prolifer-
ation and migration [133]. SphK 1 plays an important role in
cell growth, differentiation, and programmed death by regu-
lating the metabolic homeostasis of sphingosine. Sphk 1 cata-
lyzes the production of 1-sphingosine, which promotes cell
proliferation and angiogenesis [134].

9. Molecular Mechanisms of Other Potential
Factors Involved in Hypoxia-Induced
Vascular Remodeling

NO is mainly produced by ECs, and hypoxia stimulates the
production of NO by EC, which diffuses to VSMC and then
acts as an important regulator of VSMC proliferation by
inducing the production of cleaved cysteine aspartame and
p21 expression [135, 136]. TGF-β promotes SMC prolifera-

tion through upregulation of the Nox4 expression, which is
the main isoform expressed in PASMCs of patients with
pulmonary hypertension, and Nox4 may affect VSMC prolif-
eration by promoting ROS production [137]. In addition, hyp-
oxia stimulates sympathetic nerve release of serotonin and
epinephrine, and serotonin increases [Ca2+] in SMCs [138],
increases epinephrine release, and causes proliferation of
SMCs through the renin-angiotensin axis, leading to vascular
remodeling [139]. Hypoxia causes enhanced glycolysis, lead-
ing to increased lactate production. Lactate causes the VSMC
phenotype to switch to the synthetic phenotype by enhancing
the activity of the lactate transporter protein [140].

10. Conclusion and Future Outlook

Studies have shown that elevated calcium ion concentration,
synthesis, and secretion of angioconstrictor such as growth
factors Ang II and ET and inhibition of apoptosis-related
mRNA expression can contribute to the development of
vascular remodeling. MAPK signaling pathway and sympa-
thetic nerve excitation can effectively inhibit the prolifera-
tion, and sympathetic nerve excitation can effectively
inhibit the proliferation of SMCs and vascular remodeling
caused by hypoxia. However, many experiments have found
that hypoxia can induce the expression of many cytokines
and miRNAs. Various types of miRNAs are involved in reg-
ulating SMC proliferation and vascular remodeling. The role
of HIMF is involved in the pathogenesis of diseases that has
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Figure 4: Effect of TRAIL, NHE, and HIMF on VSMCs. (1) Hypoxia induces TRAIL to combine with TRAIL-R and enhance the expression
of insulin-like growth factor-type 1 receptor (IGF1R) through the NF-κB pathway, promoting vascular intimal hyperplasia [125]. (2) HIMF
upregulates VEGF and VCAM expressions via PDK1/PI3K/Akt/NF-κB signaling pathway [126]. (3) HIMF regulates the cell cyclin E
expression through the PI3K/AKT/mTOR pathway, causing a rapid shift from G0/G1 phase to S phase development in VSMCs [127].
(4) Hypoxia-induced increase in the HIMF expression results in the release of large amounts of [Ca2+] from the calcium pool into the
cytoplasm [94, 128]. (5) Hypoxia activates the NHE channel, resulting in a decrease in intracellular [H+] and an increase in [Na+],
leading to a rise in pH and VSMC proliferation.
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not been completely explored, and whether there are other
ways to promote SMC proliferation and vascular remodel-
ing, etc., all these mechanisms are needed to be further stud-
ied. Today, remodeling and inappropriate vasoconstriction
diseases are often treated for their symptoms, and there is
no effective primary treatment for the cause [141]. There-
fore, more studies are needed to deepen the understanding
of the process of SMC proliferation and vascular remodeling
caused by hypoxia and provide better ideas for the treatment
of pulmonary artery remodeling, pulmonary hypertension,
and other diseases caused by hypoxia.

Conflicts of Interest

The authors declare no conflict of interest. This study did
not include the use or evaluation of commercial products.

Authors’ Contributions

This study was conceived and designed by Hui Zhang,
Zhaoxin Tang, and Ying Li. Xiaojuan Huang drafted the
manuscript, and Xiaojuan Huang, Elif Ece Akgün, Khalid
Mehmood, Hui Zhang, and Ying Li discussed and edited
the manuscript.

References

[1] C. Ye, F. Zheng, N.Wu, G. Q. Zhu, and X. Z. Li, “Extracellular
vesicles in vascular remodeling,” Acta Pharmacologica Sinica,
vol. 43, no. 9, pp. 2191–2201, 2022.

[2] J. Burtscher, R. T. Mallet, M. Burtscher, and G. P. Millet,
“Hypoxia and brain aging: neurodegeneration or neuropro-
tection?,” Ageing Research Reviews, vol. 68, article 101343,
2021.

[3] E. A. Herrera, J. G. Farías, G. Ebensperger, R. V. Reyes, A. J.
Llanos, and R. L. Castillo, “Pharmacological approaches in
either intermittent or permanent hypoxia: A tale of two expo-
sures,” Pharmacological Research, vol. 101, pp. 94–101, 2015.

[4] A. Sydykov, K. Muratali Uulu, A. Maripov,
M. Cholponbaeva, T. Khan, and A. Sarybaev, “A case of
chronic thromboembolic pulmonary hypertension in a
high-altitude dweller,” High Altitude Medicine & Biology,
vol. 20, no. 3, pp. 303–306, 2019.

[5] A. Jaminon, K. Reesink, A. Kroon, and L. Schurgers, “The
role of vascular smooth muscle cells in arterial remodeling:
focus on calcification-related processes,” International Jour-
nal of Molecular Sciences, vol. 20, no. 22, p. 5694, 2019.

[6] G. Bkaily, N. Abou Abdallah, Y. Simon, A. Jazzar, and
D. Jacques, “Vascular smooth muscle remodeling in health
and disease,” Canadian Journal of Physiology and Pharmacol-
ogy, vol. 99, no. 2, pp. 171–178, 2021.

[7] Z. Liu, Y. Wang, H. Zhu et al., “Matrine blocks AGEs-
induced HCSMCs phenotypic conversion via suppressing
Dll4-notch pathway,” European Journal of Pharmacology,
vol. 835, pp. 126–131, 2018.

[8] A. Frismantiene, M. Philippova, P. Erne, and T. J. Resink,
“Smooth muscle cell-driven vascular diseases and molecular
mechanisms of VSMC plasticity,” Cellular Signalling,
vol. 52, pp. 48–64, 2018.

[9] H. Li, Y. Wang, L. Chen et al., “The role of MIF, cyclinD1 and
ERK in the development of pulmonary hypertension in
broilers,” Avian Pathology, vol. 46, no. 2, pp. 202–208, 2017.

[10] Y. X. Li, L. Run, T. Shi, and Y. J. Zhang, “CTRP9 regulates
hypoxia-mediated human pulmonary artery smooth muscle
cell proliferation, apoptosis and migration via TGF-β1/
ERK1/2 signaling pathway,” Biochemical and Biophysical
Research Communications, vol. 490, no. 4, pp. 1319–1325,
2017.

[11] S. Allahverdian, C. Chaabane, K. Boukais, G. A. Francis, and
M. Bochaton-Piallat, “Smooth muscle cell fate and plasticity
in atherosclerosis,” Cardiovascular Research, vol. 114, no. 4,
pp. 540–550, 2018.

[12] N. Coll-Bonfill, B. de la Cruz-Thea, M. V. Pisano, and M. M.
Musri, “Noncoding RNAs in smooth muscle cell homeosta-
sis: implications in phenotypic switch and vascular disor-
ders,” Pflugers Archiv: European Journal of Physiology,
vol. 468, no. 6, pp. 1071–1087, 2016.

[13] D. Aravani, K. Foote, N. Figg et al., “Cytokine regulation of
apoptosis-induced apoptosis and apoptosis-induced cell pro-
liferation in vascular smooth muscle cells,” Apoptosis, vol. 25,
no. 9-10, pp. 648–662, 2020.

[14] M. R. Bennett, S. Sinha, and G. K. Owens, “Vascular smooth
muscle cells in atherosclerosis,” Circulation Research,
vol. 118, no. 4, pp. 692–702, 2016.

[15] W. T. Gerthoffer, “Mechanisms of vascular smooth muscle
cell migration,” Circulation Research, vol. 100, no. 5,
pp. 607–621, 2007.

[16] S. S. Li, S. Gao, Y. Chen et al., “Platelet-derived microvesicles
induce calcium oscillations and promote VSMC migration
via TRPV4,” Theranostics, vol. 11, no. 5, pp. 2410–2423, 2021.

[17] X. Li, B. Hu, L. Wang, Q. Xia, and X. Ni, “P2X7 receptor-
mediated phenotype switching of pulmonary artery smooth
muscle cells in hypoxia,” Molecular Biology Reports, vol. 48,
no. 3, pp. 2133–2142, 2021.

[18] A. Chanakira, D. Kir, R. A. Barke, S. M. Santilli,
S. Ramakrishnan, and S. Roy, “Hypoxia differentially regu-
lates arterial and venous smooth muscle cell migration,” PLoS
One, vol. 10, no. 9, article e0138587, 2015.

[19] S. K. Nishiyama, J. Zhao, D. W. Wray, and R. S. Richardson,
“Vascular function and endothelin-1: tipping the balance
between vasodilation and vasoconstriction,” Journal of
Applied Physiology, vol. 122, no. 2, pp. 354–360, 2017.

[20] D. Y. Lee, K. J. Won, K. P. Lee et al., “Angiotensin II facilitates
neointimal formation by increasing vascular smooth muscle
cell migration: involvement of APE/Ref-1-mediated overex-
pression of sphingosine-1-phosphate receptor 1,” Toxicology
and Applied Pharmacology, vol. 347, pp. 45–53, 2018.

[21] C. Yang, X.Wu, Y. Shen, C. Liu, X. Kong, and P. Li, “Alaman-
dine attenuates angiotensin II-induced vascular fibrosis via
inhibiting p38 MAPK pathway,” European Journal of Phar-
macology, vol. 883, article 173384, 2020.

[22] M. Yang, C. Li, S. Yang et al., “Mitochondria-associated ER
membranes-the origin site of autophagy,” Frontiers in Cell
and Developmental Biology, vol. 8, p. 595, 2020.

[23] M. Cui, Z. Cai, S. Chu et al., “Orphan nuclear receptor Nur77
inhibits angiotensin II-induced vascular remodeling via
downregulation of β-catenin,” Hypertension, vol. 67, no. 1,
pp. 153–162, 2016.

[24] J. M. Park, V. Q. Do, Y. S. Seo et al., “NADPH oxidase 1 medi-
ates acute blood pressure response to angiotensin II by

9BioMed Research International



contributing to calcium influx in vascular smooth muscle
cells,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 42, no. 5, 2022.

[25] B. B. Gao, H. Hansen, H. C. Chen, and E. P. Feener, “Angio-
tensin II stimulates phosphorylation of an ectodomain-
truncated platelet-derived growth factor receptor-beta and
its binding to class IA PI3K in vascular smooth muscle cells,”
The Biochemical Journal, vol. 397, no. 2, pp. 337–344, 2006.

[26] P. Dromparis, R. Paulin, T. H. Stenson, A. Haromy,
G. Sutendra, and E. D. Michelakis, “Attenuating endoplasmic
reticulum stress as a novel therapeutic strategy in pulmonary
hypertension,” Circulation, vol. 127, no. 1, pp. 115–125, 2013.

[27] P. Dromparis, R. Paulin, G. Sutendra, A. C. Qi, S. Bonnet, and
E. D. Michelakis, “Uncoupling protein 2 deficiency mimics
the effects of hypoxia and endoplasmic reticulum stress on
mitochondria and triggers pseudohypoxic pulmonary vascu-
lar remodeling and pulmonary hypertension,” Circulation
Research, vol. 113, no. 2, pp. 126–136, 2013.

[28] A. D. Mihai and M. Schröder, “Glucose starvation and hyp-
oxia, but not the saturated fatty acid palmitic acid or cholesterol,
activate the unfolded protein response in 3T3-F442A and 3T3-
L1 adipocytes,” Adipocytes, vol. 4, no. 3, pp. 188–202, 2015.

[29] J. Wu, W. Pan, C. Wang et al., “H2S attenuates endoplasmic
reticulum stress in hypoxia-induced pulmonary artery hyper-
tension,” Bioscience Reports, vol. 39, no. 7, 2019.

[30] X. Cao, Y. He, X. Li, Y. Xu, and X. Liu, “The IRE1α-XBP1
pathway function in hypoxia-induced pulmonary vascular
remodeling, is upregulated by quercetin, inhibits apoptosis
and partially reverses the effect of quercetin in PASMCs,”
American Journal of Translational Research, vol. 11, no. 2,
pp. 641–654, 2019.

[31] Y. D. Yang, M. M. Li, G. Xu et al., “Nogo-B receptor directs
mitochondria-associated membranes to regulate vascular
smooth muscle cell proliferation,” International Journal of
Molecular Sciences, vol. 20, no. 9, p. 2319, 2019.

[32] D. Wu, B. Zhao, X. Qi et al., “Nogo-B receptor promotes
epithelial-mesenchymal transition in non-small cell lung
cancer cells through the Ras/ERK/Snail1 pathway,” Cancer
Letters, vol. 418, pp. 135–146, 2018.

[33] D. C. Fuhrmann and B. Brune, “Mitochondrial composition
and function under the control of hypoxia,” Redox Biology,
vol. 12, pp. 208–215, 2017.

[34] P. Li, D. Zhang, L. Shen et al., “Redox homeostasis protects
mitochondria through accelerating ROS conversion to
enhance hypoxia resistance in cancer cells,” Scientific Reports,
vol. 6, no. 1, article 22831, 2016.

[35] G. B. Waypa, K. A. Smith, and P. T. Schumacker, “O2 sens-
ing, mitochondria and ROS signaling: the fog is lifting,”
Molecular Aspects of Medicine, vol. 47-48, pp. 76–89, 2016.

[36] S. Yan, T. C. Resta, and N. L. Jernigan, “Vasoconstrictor
mechanisms in chronic hypoxia-induced pulmonary hyper-
tension: role of oxidant signaling,” Antioxidants, vol. 9,
no. 10, p. 999, 2020.

[37] K. J. Dunham-Snary, D. Wu, E. A. Sykes et al., “Hypoxic pul-
monary vasoconstriction: from molecular mechanisms to
medicine,” Chest, vol. 151, no. 1, pp. 181–192, 2017.

[38] R. E. Nisbet, A. S. Graves, D. J. Kleinhenz et al., “The role of
NADPH oxidase in chronic intermittent hypoxia-induced
pulmonary hypertension in mice,” American Journal of
Respiratory Cell and Molecular Biology, vol. 40, no. 5,
pp. 601–609, 2009.

[39] V. Infantino, A. Santarsiero, P. Convertini, S. Todisco, and
V. Iacobazzi, “Cancer cell metabolism in hypoxia: role of
HIF-1 as key regulator and therapeutic target,” Interna-
tional Journal of Molecular Sciences, vol. 22, no. 11,
p. 5703, 2021.

[40] C. Zhang, Y. Shi, D. Liao, K. Du, and L. Qin, “Molecular
mechanism of vascular remodeling in hypertension and Chi-
nese medicine intervention,” Sheng li xue bao, vol. 71, no. 2,
pp. 235–247, 2019.

[41] T. Zhu, W. Zhang, P. Luo et al., “Epigallocatechin-3-gallate
ameliorates hypoxia-induced pulmonary vascular remodel-
ing by promoting mitofusin-2-mediated mitochondrial
fusion,” European Journal of Pharmacology, vol. 809,
pp. 42–51, 2017.

[42] R. M. Touyz, R. Alves-Lopes, F. J. Rios et al., “Vascular
smooth muscle contraction in hypertension,” Cardiovascular
Research, vol. 114, no. 4, pp. 529–539, 2018.

[43] D. Wu, A. Dasgupta, A. D. Read et al., “Oxygen sensing,
mitochondrial biology and experimental therapeutics for pul-
monary hypertension and cancer,” Free Radical Biology and
Medicine, vol. 170, pp. 150–178, 2021.

[44] L. A. Shimoda, M. Fallon, S. Pisarcik, J. Wang, and G. L.
Semenza, “HIF-1 regulates hypoxic induction of NHE1
expression and alkalinization of intracellular pH in pulmo-
nary arterial myocytes,” American Journal of Physiology-
Lung Cellular and Molecular Physiology, vol. 291, no. 5,
pp. L941–L949, 2006.

[45] L. A. Shimoda, J. Wang, and J. T. Sylvester, “Ca2+ channels
and chronic hypoxia,” Microcirculation, vol. 13, no. 8,
pp. 657–670, 2006.

[46] C. Wang, Y. Li, L. Xu, Q. Zhang, Gegentuya, and G. Tian,
“Bortezomib inhibits hypoxia-induced proliferation by sup-
pressing caveolin-1/SOCE/[ca(2+)](i) signaling axis in
human PASMCs,” BioMed Research International,
vol. 2021, Article ID 5551504, 9 pages, 2021.

[47] L. Weigand, J. Foxson, J. Wang, L. A. Shimoda, and J. T. Syl-
vester, “Inhibition of hypoxic pulmonary vasoconstriction by
antagonists of store-operated Ca2+ and nonselective cation
channels,” American Journal of Physiology-Lung Cellular
and Molecular Physiology, vol. 289, no. 1, pp. L5–L13, 2005.

[48] J. Wang, L. Weigand, W. Lu, J. T. Sylvester, G. L. Semenza,
and L. A. Shimoda, “Hypoxia inducible factor 1 mediates
hypoxia-induced TRPC expression and elevated intracellular
Ca2+ in pulmonary arterial smooth muscle cells,” Circulation
Research, vol. 98, no. 12, pp. 1528–1537, 2006.

[49] Q. Zhang, Y. Cao, Q. Luo et al., “The transient receptor
potential vanilloid-3 regulates hypoxia-mediated pulmonary
artery smooth muscle cells proliferation via PI3K/AKT sig-
naling pathway,” Cell Proliferation, vol. 51, no. 3, article
e12436, 2018.

[50] B. Liu, D. Wang, E. Luo et al., “Role of TG2-mediated
SERCA2 Serotonylation on hypoxic pulmonary vein remod-
eling,” Frontiers in Pharmacology, vol. 10, p. 1611, 2019.

[51] H. Liu, X. Ge, N. Huang et al., “Up-regulation of cullin7 pro-
motes proliferation and migration of pulmonary artery
smooth muscle cells in hypoxia-induced pulmonary hyper-
tension,” European Journal of Pharmacology, vol. 864, article
172698, 2019.

[52] H. Grabmayr, C. Romanin, and M. Fahrner, “STIM proteins:
an ever-expanding family,” International Journal of Molecu-
lar Sciences, vol. 22, no. 1, p. 378, 2021.

10 BioMed Research International



[53] I. Derler and C. Romanin, “Natural photoswitches expose
STIM1 activation steps,” Cell Calcium, vol. 90, article
102240, 2020.

[54] L. Zhang, L. Wang, S. Li, J. Xue, and D. Luo, “Calsequestrin-1
regulates store-operated Ca2+ entry by inhibiting STIM1
aggregation,” Cellular Physiology and Biochemistry, vol. 38,
no. 6, pp. 2183–2193, 2016.

[55] K. Szadujkis-Szadurska, R. Szadujkis-Szadurski, L. Szadujkis-
Szadurski et al., “The role of calcium in modulating the reac-
tivity of the smoothmuscle cells during ischemia/reperfusion.
Part 1,” Postepy Higieny i Medycyny Doswiadczalnej, vol. 64,
pp. 188–194, 2010.

[56] N. Ambalavanan, A. Bulger, and J. B. Philips III, “Hypoxia-
induced release of peptide growth factors from neonatal por-
cine pulmonary artery smooth muscle cells,” Biology of the
Neonate, vol. 76, no. 5, pp. 311–319, 1999.

[57] W. Tian, X. Jiang, Y. K. Sung, J. Qian, K. Yuan, and M. R.
Nicolls, “Leukotrienes in pulmonary arterial hypertension,”
Immunologic Research, vol. 58, no. 2-3, pp. 387–393, 2014.

[58] M. T. Ee, C. Kantores, J. Ivanovska, M. J. Wong, A. Jain, and
R. P. Jankov, “Leukotriene B4mediates macrophage influx
and pulmonary hypertension in bleomycin-induced chronic
neonatal lung injury,” American Journal of Physiology-Lung
Cellular and Molecular Physiology, vol. 311, no. 2,
pp. L292–L302, 2016.

[59] H. Braun, M. Hauke, R. Eckenstaler et al., “The F2-
isoprostane 8-iso-PGF2α attenuates atherosclerotic lesion for-
mation in Ldlr-deficient mice - Potential role of vascular
thromboxane A2 receptors,” Free Radical Biology &Medicine,
vol. 185, pp. 36–45, 2022.

[60] S. Cho, H. Namgoong, H. J. Kim, R. Vorn, H. Y. Yoo, and S. J.
Kim, “Downregulation of soluble guanylate cyclase and pro-
tein kinase G with upregulated ROCK2 in the pulmonary
artery leads to thromboxane A2 sensitization in
monocrotaline-induced pulmonary hypertensive rats,” Fron-
tiers in Physiology, vol. 12, article 624967, 2021.

[61] L. N. He, Y. R. Lan, G. M. He, S. J. Guo, F. Q. Wen, and
T. Wang, “Resveratrol inhibits hypoxia-induced oxidative
stress and proliferation in pulmonary artery smooth muscle
cells through the HIF-1alpha/NOX4/ROS signaling path-
way,” Sheng Li Xue Bao, vol. 72, pp. 551–558, 2020.

[62] Y. He, C. Zuo, D. Jia et al., “Loss of DP1 aggravates vascular
remodeling in pulmonary arterial hypertension via mTORC1
signaling,” American Journal of Respiratory and Critical Care
Medicine, vol. 201, no. 10, pp. 1263–1276, 2020.

[63] M. Batool, E. M. Berghausen, M. Zierden et al., “The six-
transmembrane protein Stamp2 ameliorates pulmonary vas-
cular remodeling and pulmonary hypertension in mice,”
Basic Research in Cardiology, vol. 115, no. 6, p. 68, 2020.

[64] M. Imanishi, S. Tomita, K. Ishizawa et al., “Smooth muscle
cell-specific Hif-1α deficiency suppresses angiotensin II-
induced vascular remodelling in mice,” Cardiovascular
Research, vol. 102, no. 3, pp. 460–468, 2014.

[65] J. Yu, S. Wang, W. Shi et al., “Roxadustat prevents Ang II
hypertension by targeting angiotensin receptors and eNOS,”
JCI Insight, vol. 6, no. 18, 2021.

[66] S. Eguchi, T. Kawai, R. Scalia, and V. Rizzo, “Understanding
angiotensin II type 1 receptor signaling in vascular patho-
physiology,” Hypertension, vol. 71, no. 5, pp. 804–810, 2018.

[67] T. Kawai, S. J. Forrester, S. O'Brien, A. Baggett, V. Rizzo, and
S. Eguchi, “AT1 receptor signaling pathways in the cardiovas-

cular system,” Pharmacological Research, vol. 125, no. Part A,
pp. 4–13, 2017.

[68] S. J. Forrester, T. Kawai, S. O'Brien, W. Thomas, R. C. Harris,
and S. Eguchi, “Epidermal growth factor receptor transactiva-
tion: mechanisms, pathophysiology, and potential therapies
in the cardiovascular system,” Annual Review of Pharmacol-
ogy and Toxicology, vol. 56, no. 1, pp. 627–653, 2016.

[69] E. Hossain, Y. Li, and M. B. Anand-Srivastava, “Role of the
JAK2/STAT3 pathway in angiotensin II-induced enhanced
expression of Giα proteins and hyperproliferation of aortic
vascular smooth muscle cells,” Canadian Journal of Physiol-
ogy and Pharmacology, vol. 99, no. 2, pp. 237–246, 2021.

[70] C. Mazziotta, C. Lanzillotti, M. R. Iaquinta et al., “Micro-
RNAs modulate signaling pathways in osteogenic differentia-
tion of mesenchymal Stem Cells,” International Journal of
Molecular Sciences, vol. 22, no. 5, p. 2362, 2021.

[71] H. Zang, Q. Zhang, and X. Li, “Non-coding RNA networks in
pulmonary hypertension,” Frontiers in Genetics, vol. 12, arti-
cle 703860, 2021.

[72] J. R. Sysol, J. Chen, S. Singla et al., “ID: 123: role of
microRNA-1 in regulating pulmonary vascular remodeling
in pulmonary arterial hypertension,” Journal of Investigative
Medicine, vol. 64, no. 4, 2016.

[73] Z. Lu, S. Li, S. Zhao, and X. Fa, “Upregulated miR-17 regu-
lates hypoxia-mediated human pulmonary artery smooth
muscle cell proliferation and apoptosis by targeting mitofusin
2,” Medical Science Monitor, vol. 22, pp. 3301–3308, 2016.

[74] R. Miao, W. Liu, C. Qi et al., “MiR-18a-5p contributes to
enhanced proliferation and migration of PASMCs via target-
ing Notch2 in pulmonary arterial hypertension,” Life Sci-
ences, vol. 257, article 117919, 2020.

[75] M. Zhao, N. Chen, X. Li, L. Lin, and X. Chen, “MiR-19a mod-
ulates hypoxia-mediated cell proliferation and migration via
repressing PTEN in human pulmonary arterial smooth mus-
cle,” Life Sciences, vol. 239, article 116928, 2019.

[76] Y. Li, W. Ren, X. Wang et al., “MicroRNA-150 relieves vascu-
lar remodeling and fibrosis in hypoxia-induced pulmonary
hypertension,” Biomedicine & Pharmacotherapy, vol. 109,
pp. 1740–1749, 2019.

[77] G. Wang, X. Tao, and L. Peng, “miR-155-5p regulates
hypoxia-induced pulmonary artery smooth muscle cell func-
tion by targeting PYGL,” Bioengineered, vol. 13, no. 5,
pp. 12985–12997, 2022.

[78] Y. Z. Yang, Y. F. Zhang, L. Yang, J. Xu, X. M. Mo, and
W. Peng, “miR‑760 mediates hypoxia-induced proliferation
and apoptosis of human pulmonary artery smooth muscle
cells via targeting TLR4,” International Journal of Molecular
Medicine, vol. 42, no. 5, pp. 2437–2446, 2018.

[79] Y. Zhang and J. Xu, “MiR-140-5p regulates hypoxia-
mediated human pulmonary artery smooth muscle cell pro-
liferation, apoptosis and differentiation by targeting Dnmt1
and promoting SOD2 expression,” Biochemical and Biophys-
ical Research Communications, vol. 473, no. 1, pp. 342–348,
2016.

[80] Y. Yue, Z. Zhang, L. Zhang, S. Chen, Y. Guo, and Y. Hong,
“miR-143 and miR-145 promote hypoxia-induced prolifera-
tion and migration of pulmonary arterial smooth muscle cells
through regulating ABCA1 expression,” Cardiovascular
Pathology, vol. 37, pp. 15–25, 2018.

[81] M. Zhang, F. Li, X. Wang et al., “MiR-145 alleviates Hcy-
induced VSMC proliferation, migration, and phenotypic

11BioMed Research International



switch through repression of the PI3K/Akt/mTOR pathway,”
Histochemistry and Cell Biology, vol. 153, no. 5, pp. 357–366,
2020.

[82] C. Ruan, J. Lu, H. Wang, Z. Ge, C. Zhang, and M. Xu, “miR-
26b-5p regulates hypoxia-induced phenotypic switching of
vascular smooth muscle cells via the TGF-β/Smad4 signaling
pathway,” Molecular Medicine Reports, vol. 15, no. 6,
pp. 4185–4190, 2017.

[83] J. Lee, J. Heo, and H. Kang, “miR-92b-3p-TSC1 axis is critical
for mTOR signaling-mediated vascular smooth muscle cell
proliferation induced by hypoxia,” Cell Death and Differenti-
ation, vol. 26, no. 9, pp. 1782–1795, 2019.

[84] H. Liu, Y. Tao, M. Chen et al., “Upregulation of MicroRNA-
214 contributes to the development of vascular remodeling in
hypoxia-induced pulmonary hypertension via targeting
CCNL2,” Scientific Reports, vol. 6, no. 1, article 24661, 2016.

[85] M. Seong and H. Kang, “Hypoxia-induced miR-1260b regu-
lates vascular smooth muscle cell proliferation by targeting
GDF11,” BMB Reports, vol. 53, no. 4, pp. 206–211, 2020.

[86] Y. Zeng, X. Zhang, K. Kang et al., “MicroRNA-223 attenuates
hypoxia-induced vascular remodeling by targeting RhoB/
MLC2 in pulmonary arterial smooth muscle cells,” Scientific
Reports, vol. 6, no. 1, article 24900, 2016.

[87] L. A. Shimoda, “Cellular pathways promoting pulmonary
vascular remodeling by hypoxia,” Physiology, vol. 35, no. 4,
pp. 222–233, 2020.

[88] S. Wedgwood, S. Lakshminrusimha, P. T. Schumacker, and
R. H. Steinhorn, “Hypoxia inducible factor signaling and
experimental persistent pulmonary hypertension of the new-
born,” Frontiers in Pharmacology, vol. 6, p. 47, 2015.

[89] M. J. Strowitzki, E. P. Cummins, and C. T. Taylor, “Protein
hydroxylation by hypoxia-inducible factor (HIF) hydroxy-
lases: unique or Ubiquitous?,” Cell, vol. 8, no. 5, p. 384, 2019.

[90] T. Chen, Q. Zhou, H. Tang et al., “miR-17/20 controls prolyl
hydroxylase 2 (PHD2)/hypoxia-inducible factor 1 (HIF1) to
regulate pulmonary artery smooth muscle cell proliferation,”
Journal of the American Heart Association, vol. 5, no. 12,
2016.

[91] C. Wigerup, S. Påhlman, and D. Bexell, “Therapeutic target-
ing of hypoxia and hypoxia-inducible factors in cancer,”
Pharmacology & Therapeutics, vol. 164, pp. 152–169, 2016.

[92] G. L. Semenza, “HIF-1 and tumor progression: pathophysiol-
ogy and therapeutics,” Trends in Molecular Medicine, vol. 8,
no. 4, pp. S62–S67, 2002.

[93] A. Okamoto, C. Sumi, H. Tanaka et al., “HIF-1-mediated
suppression of mitochondria electron transport chain func-
tion confers resistance to lidocaine-induced cell death,” Sci-
entific Reports, vol. 7, no. 1, p. 3816, 2017.

[94] P. C. Li, M. J. Sheu, W. F. Ma, C. H. Pan, J. H. Sheu, and C. H.
Wu, “Anti-restenotic roles of dihydroaustrasulfone alcohol
involved in inhibiting PDGF-BB-stimulated proliferation
and migration of vascular smooth muscle cells,” Marine
Drugs, vol. 13, no. 5, pp. 3046–3060, 2015.

[95] J. E. Ziello, I. S. Jovin, and Y. Huang, “Hypoxia-inducible fac-
tor (HIF)-1 regulatory pathway and its potential for therapeu-
tic intervention inmalignancy and ischemia,” The Yale Journal
of Biology and Medicine, vol. 80, no. 2, pp. 51–60, 2007.

[96] A. Chandra and N. Angle, “Vascular endothelial growth fac-
tor stimulates a novel calcium-signaling pathway in vascular
smooth muscle cells,” Surgery, vol. 138, no. 4, pp. 780–787,
2005.

[97] Y. X. Lv, S. Zhong, H. Tang et al., “VEGF-A and VEGF-B
coordinate the arteriogenesis to repair the infarcted heart
with vagus nerve stimulation,” Cellular Physiology and Bio-
chemistry, vol. 48, no. 2, pp. 433–449, 2018.

[98] X. H. Liao, Y. Xiang, H. Li et al., “VEGF-A stimulates STAT3
activity via nitrosylation of myocardin to regulate the expres-
sion of vascular smooth muscle cell differentiation markers,”
Scientific Reports, vol. 7, no. 1, p. 2660, 2017.

[99] Z. Wang, M. R. Castresana, and W. H. Newman, “Reactive
Oxygen and NF-κB in VEGF-Induced Migration of
Human Vascular Smooth Muscle Cells,” Biochemical and
Biophysical Research Communications, vol. 285, no. 3,
pp. 669–674, 2001.

[100] K. Schultz, B. L. Fanburg, and D. Beasley, “Hypoxia and
hypoxia-inducible factor-1alpha promote growth factor-
induced proliferation of human vascular smooth muscle
cells,” American Journal of Physiology-Heart and Circulatory
Physiology, vol. 290, no. 6, pp. H2528–H2534, 2006.

[101] J. Perez, R. A. Torres, P. Rocic et al., “PYK2 signaling is
required for PDGF-dependent vascular smooth muscle cell
proliferation,” American Journal of Physiology Cell Physiol-
ogy, vol. 301, no. 1, pp. C242–C251, 2011.

[102] H. Yamamoto, M. Crow, L. Cheng, E. Lakatta, and J. Kinsella,
“PDGF Receptor-to-Nucleus Signaling of p91 (STAT1α)
Transcription Factor in Rat Smooth Muscle Cells,” Experi-
mental Cell Research, vol. 222, no. 1, pp. 125–130, 1996.

[103] J. M. Bisaillon, R. K. Motiani, J. C. Gonzalez-Cobos et al.,
“Essential role for STIM1/Orai1-mediated calcium influx in
PDGF-induced smoothmuscle migration,”American Journal
of Physiology Cell Physiology, vol. 298, no. 5, pp. C993–C1005,
2010.

[104] X. J. Han, W. F. Zhang, Q. Wang et al., “HIF-1α promotes the
proliferation and migration of pulmonary arterial smooth
muscle cells via activation of Cx43,” Journal of Cellular and
Molecular Medicine, vol. 25, no. 22, pp. 10663–10673, 2021.

[105] X. Li, S. Duan, H. Zhang, S. Han, Q. Jin, and R. Cui, “RELMα
can cause contraction of rat aortic smooth muscle cells,”
International Journal of Clinical and Experimental Medicine,
vol. 8, no. 5, pp. 7009–7014, 2015.

[106] X. H. Liao, N. Wang, D. W. Zhao et al., “STAT3 protein reg-
ulates vascular smooth muscle cell phenotypic switch by
interaction with myocardin,” The Journal of Biological Chem-
istry, vol. 290, no. 32, pp. 19641–19652, 2015.

[107] K. C. Penumatsa, A. A. Singhal, R. R. Warburton et al., “Vas-
cular smooth muscle ROCK1 contributes to hypoxia-induced
pulmonary hypertension development in mice,” Biochemical
and Biophysical Research Communications, vol. 604, pp. 137–
143, 2022.

[108] Y. Fukumoto and H. Shimokawa, “Rho-kinase inhibitors,”
Handbook of Experimental Pharmacology, vol. 218, pp. 351–
363, 2013.

[109] D. Strassheim, E. Gerasimovskaya, D. Irwin, E. C. Dempsey,
K. Stenmark, and V. Karoor, “RhoGTPase in vascular dis-
ease,” Cell, vol. 8, no. 6, p. 551, 2019.

[110] T. M. Seccia, M. Rigato, V. Ravarotto, and L. A. Calò, “ROCK
(RhoA/Rho kinase) in cardiovascular-renal pathophysiology:
a review of new advancements,” Journal of Clinical Medicine,
vol. 9, no. 5, p. 1328, 2020.

[111] T. Shimizu, Y. Fukumoto, S. Tanaka, K. Satoh, S. Ikeda, and
H. Shimokawa, “Crucial role of ROCK2 in vascular smooth
muscle cells for hypoxia-induced pulmonary hypertension

12 BioMed Research International



in mice,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 33, no. 12, pp. 2780–2791, 2013.

[112] J. C. Huetsch, J. Walker, C. Undem et al., “Rho kinase and
Na+/H+ exchanger mediate endothelin-1-induced pulmonary
arterial smooth muscle cell proliferation and migration,”
Physiological Reports, vol. 6, no. 9, article e13698, 2018.

[113] N. Li, R. Cai, Y. Niu, B. Shen, J. Xu, and Y. Cheng, “Inhibition
of angiotensin II-induced contraction of human airway
smooth muscle cells by angiotensin-(1-7) via downregulation
of the RhoA/ROCK2 signaling pathway,” International Jour-
nal of Molecular Medicine, vol. 30, no. 4, pp. 811–818, 2012.

[114] A. G. Hameed, N. D. Arnold, J. Chamberlain et al., “Inhibi-
tion of tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) reverses experimental pulmonary hyperten-
sion,” The Journal of Experimental Medicine, vol. 209,
no. 11, pp. 1919–1935, 2012.

[115] H. Liu, E. Yang, X. Lu et al., “Serum levels of tumor necrosis
factor-related apoptosis-inducing ligand correlate with the
severity of pulmonary hypertension,” Pulmonary Pharmacol-
ogy & Therapeutics, vol. 33, pp. 39–46, 2015.

[116] J. Huetsch and L. A. Shimoda, “Na(+)/H(+) exchange and
hypoxic pulmonary hypertension,” Pulmonary Circulation,
vol. 5, no. 2, pp. 228–243, 2015.

[117] L. Fliegel, “Structural and functional changes in the Na+/H+

exchanger isoform 1, induced by Erk1/2 phosphorylation,”
International Journal of Molecular Sciences, vol. 20, no. 10,
p. 2378, 2019.

[118] J. Walker, C. Undem, X. Yun, J. Lade, H. Jiang, and L. A. Shi-
moda, “Role of Rho kinase and Na+/H+ exchange in hypoxia-
induced pulmonary arterial smooth muscle cell proliferation
and migration,” Physiological Reports, vol. 4, no. 6, article
e12702, 2016.

[119] J. C. Huetsch, H. Jiang, C. Larrain, and L. A. Shimoda, “The
Na+/H+ exchanger contributes to increased smooth muscle
proliferation and migration in a rat model of pulmonary arte-
rial hypertension,” Physiological Reports, vol. 4, no. 5, article
e12729, 2016.

[120] A. Ito, K. Onitake, and J. Andreassen, “Lumen phase specific
cross immunity between Hymenolepis microstoma and H.
nana in mice,” International Journal for Parasitology,
vol. 18, no. 8, pp. 1019–1027, 1988.

[121] O. Boucherat, R. Paulin, S. Provencher, and S. Bonnet, “New
insights into HIMF (hypoxia-induced mitogenic factor)-
mediated signaling pathways in pulmonary hypertension,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 39,
no. 12, pp. 2451–2453, 2019.

[122] M. Lv and W. Liu, “Hypoxia-induced mitogenic factor: a
multifunctional protein involved in health and disease,”
Frontiers in Cell and Developmental Biology, vol. 9, article
691774, 2021.

[123] L. Zhu, F. Liu, Q. Hao et al., “Dietary geranylgeranyl pyro-
phosphate counteracts the benefits of statin therapy in exper-
imental pulmonary hypertension,” Circulation, vol. 143,
no. 18, pp. 1775–1792, 2021.

[124] C. Fan, Q. Su, Y. Li et al., “Hypoxia-induced mitogenic factor/
FIZZ1 induces intracellular calcium release through the PLC-
IP3pathway,” American Journal of Physiology-Lung Cellular
and Molecular Physiology, vol. 297, no. 2, pp. L263–L270,
2009.

[125] M. M. Kavurma, M. Schoppet, Y. V. Bobryshev, L. M. Kha-
chigian, and M. R. Bennett, “TRAIL stimulates proliferation

of vascular smooth muscle cells via activation of NF-κB and
induction of insulin-like growth factor-1 receptor,” The Jour-
nal of Biological Chemistry, vol. 283, no. 12, pp. 7754–7762,
2008.

[126] R. A. Johns, E. Takimoto, L. W. Meuchel et al., “Hypoxia-
inducible factor 1α is a critical downstream mediator for
hypoxia-induced mitogenic factor (FIZZ1/RELMα)–induced
pulmonary hypertension,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 36, no. 1, pp. 134–144, 2016.

[127] X. Li, X. Wang, S. Li, and J. Yang, “Effects of chrysin (5,7-
dihydroxyflavone) on vascular remodeling in hypoxia-
induced pulmonary hypertension in rats,” Chinese Medicine,
vol. 10, no. 1, p. 4, 2015.

[128] H. Tian, L. Liu, Y. Wu et al., “Resistin-like molecule β acts as
a mitogenic factor in hypoxic pulmonary hypertension via
the Ca2+-dependent PI3K/Akt/mTOR and PKC/MAPK sig-
naling pathways,” Respiratory Research, vol. 22, no. 1, p. 8,
2021.

[129] J. D. Swant, B. E. Rendon, M. Symons, and R. A. Mitchell,
“Rho GTPase-dependent signaling is required for macro-
phage migration inhibitory factor-mediated expression of
cyclin D1,” The Journal of Biological Chemistry, vol. 280,
no. 24, pp. 23066–23072, 2005.

[130] Y. Xu, Z. Sun, Q. Wang, T. Wang, Y. Liu, and F. Yu, “Stox1
induced the proliferation and cell cycle arrest in pulmonary
artery smooth muscle cells via AKT signaling pathway,” Vas-
cular Pharmacology, vol. 120, article 106568, 2019.

[131] L. Linqing, Q. Yuhan, L. Erfei et al., “Hypoxia-induced
PINK1/Parkin-mediated mitophagy promotes pulmonary
vascular remodeling,” Biochemical and Biophysical Research
Communications, vol. 534, pp. 568–575, 2021.

[132] M. Kwon, N. Hwang, Y. Park, M. A. Perrella, and S. W.
Chung, “NOD2 deficiency exacerbates hypoxia-induced pul-
monary hypertension and enhances pulmonary vascular
smooth muscle cell proliferation,” Oncotarget, vol. 9, no. 16,
pp. 12671–12681, 2018.

[133] X. Yun, H. Jiang, N. Lai, J. Wang, and L. A. Shimoda, “Aqua-
porin 1-mediated changes in pulmonary arterial smooth
muscle cell migration and proliferation involve β-catenin,”
Lung Cellular and Molecular Physiology, vol. 313, no. 5,
pp. L889–L898, 2017.

[134] J. R. Sysol, J. Chen, S. Singla et al., “Micro-RNA-1 is decreased
by hypoxia and contributes to the development of pulmonary
vascular remodeling via regulation of sphingosine kinase 1,”
American Journal of Physiology-Lung Cellular and Molecular
Physiology, vol. 314, no. 3, pp. L461–L472, 2018.

[135] T. M. Kang, “Unconventional eNOS in pulmonary artery
smooth muscles: why should it be there?,” Pflügers Archiv,
vol. 471, no. 10, pp. 1245-1246, 2019.

[136] X. Tan, L. Feng, X. Huang, Y. Yang, C. Yang, and Y. Gao,
“Histone deacetylase inhibitors promote eNOS expression
in vascular smooth muscle cells and suppress hypoxia-
induced cell growth,” Journal of Cellular and Molecular Med-
icine, vol. 21, no. 9, pp. 2022–2035, 2017.

[137] P. Siques, E. Pena, J. Brito, and A. S. El, “Oxidative stress,
kinase activation, and inflammatory pathways involved in
effects on smooth muscle cells during pulmonary artery
hypertension under hypobaric hypoxia exposure,” Frontiers
in Physiology, vol. 12, article 690341, 2021.

[138] T. Yokoyama, N. Nakamuta, T. Kusakabe, and Y. Yamamoto,
“Sympathetic regulation of vascular tone via noradrenaline
and serotonin in the rat carotid body as revealed by

13BioMed Research International



intracellular calcium imaging,” Brain Research, vol. 1596,
pp. 126–135, 2015.

[139] S. J. Kim, A. Y. Fong, P. M. Pilowsky, and S. B. G. Abbott,
“Sympathoexcitation following intermittent hypoxia in rat
is mediated by circulating angiotensin II acting at the carotid
body and subfornical organ,” The Journal of Physiology,
vol. 596, no. 15, pp. 3217–3232, 2018.

[140] L. Yang, L. Gao, T. Nickel et al., “Lactate promotes synthetic
phenotype in vascular smooth muscle cells,” Circulation
Research, vol. 121, no. 11, pp. 1251–1262, 2017.

[141] Y. Wang, R. N. Pandey, A. J. York et al., “The EYA3 tyrosine
phosphatase activity promotes pulmonary vascular remodel-
ing in pulmonary arterial hypertension,” Nature Communi-
cations, vol. 10, no. 1, p. 4143, 2019.

14 BioMed Research International


	Mechanism of Hypoxia-Mediated Smooth Muscle Cell Proliferation Leading to Vascular Remodeling
	1. Introduction
	2. Relationship between VSMCs and Vascular Remodeling
	3. Effects of Hypoxia on VSMCs
	4. Effects of Mitochondrial Damage and ER Stress on Vascular Remodeling
	5. Effect of Hypoxia on [Ca2+] Channel
	6. Effect of Cytokines on VSMCs
	7. Effect of MicroRNAs on VSMCs
	8. Transcription Factors Are Involved in Hypoxia-Induced Vascular Remodeling
	8.1. Effect of HIF-1 on VSMCs
	8.2. Effect of Rho Kinases on VSMCs
	8.3. Effect of TRAIL, NHE, and HIMF on VSMCs
	8.4. Effect of Cyclin on VSMCs

	9. Molecular Mechanisms of Other Potential Factors Involved in Hypoxia-Induced Vascular Remodeling
	10. Conclusion and Future Outlook
	Conflicts of Interest
	Authors’ Contributions



