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Abstract

Vascular remodeling is a basic pathological process in various diseases
characterized by abnormal changes in the morphology, structure, and function
of vascular cells, such as migration, proliferation, hypertrophy, and apoptosis.
Various growth factors and pathways are involved in the process of vascular
remodeling. The transforming growth factor-g (TGF-f) signaling pathway,
which is mainly mediated by TGF-£1, is an important factor in vascular wall
enhancement during vascular development and regulates the vascular
response to injury by promoting the accumulation of intimal tissue. Vascular
endothelial growth factor (VEGF) has an important effect on initiating the
formation of blood vessels. The Hippo-YAP/TAZ signaling pathway also plays
an important role in angiogenesis. In addition, studies have shown that there
is a certain interaction between the TGF-/Smads signaling pathway, Hippo-
YAP/TAZ signaling pathway, and VEGF. Many studies have shown that in the
development of atherosclerosis, hypertension, aneurysm, vertebrobasilar
dolichoectasia, pulmonary hypertension, restenosis after percutaneous trans-
luminal angioplasty, and other diseases, various inflammatory reactions lead
to changes in vascular structure and vascular microenvironment, which leads
to vascular remodeling. The occurrence of vascular remodeling changes the
morphology of blood vessels and thus changes the hemodynamics, which is
the cause of further development of the disease process. Vascular remodeling
can cause vascular smooth muscle cell dysfunction and vascular homeostasis
regulation. This review aims to explore the mechanisms of the TGF-/Smads
signaling pathway, Hippo-YAP/TAZ signaling pathway, and vascular
endothelial growth factor in vascular remodeling and related diseases. This
paper is expected to provide new ideas for research on the occurrence and
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1 | TRANSFORMING GROWTH
FACTOR-f/SMADs SIGNALING
PATHWAY

1.1 | Transforming growth factor-g/
Smads signaling pathway function

The transforming growth factor-8 (TGF-)/Smads signal-
ing pathway plays an indispensable role in the growth
and development of embryos, the maintenance of tissue
homeostasis, and the proliferation, differentiation, and
migration of cells. The pathway was originally studied in
the fields of inflammation, tissue repair, and embryonic
development. In recent years, TGF-f3 has been shown to
play an important role in the regulation of cell growth,
differentiation, and immune function.!

1.2 | TGF-f/Smads signaling pathway
elements
1.2.1 | Ligands and receptors of the TGF-{3/

Smads signaling pathway

The TGF-f superfamily has more than 40 members,
including TGF-fs, bone morphogenetic protein (BMP),
activin, and related proteins.2 These members have a
common dimeric structure.®> TGF-f is secreted in both
paracrine and autocrine ways and binds to receptors to
regulate the activation or inhibition of its pathways.*
TGF- receptors have three types: type I, type II, and type
IIT receptors. TGF-f acts by binding to TGF-f type 1I
receptors (TSR II) and type I receptors (TBR I) and then
activates downstream signaling.>® However, the Type III
receptor inhibits the TGF-f signaling pathway by
isolating TGF-B.”

1.2.2 | Members and roles of downstream
molecules in the TGF-/Smads signaling
pathway (Smad family)

Smad transcription factors are the core of the TGF-§
signaling pathway. The TGF family binds to TBRI and
TPARII and forms a complex. To date, a total of eight
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development of related diseases and provide a new direction for research on
the treatment of related diseases.

Hippo-YAP/TAZ, TGF-f/Smad, TGF-3-1, vascular remodeling, VEGF

different Smad proteins have been identified in mammals
and are divided into three subfamilies according to their
functions: receptor-regulated Smads (R-Smads), univer-
sal chaperone Smads (Co-Smads), and inhibitory Smads
(I-Smads). Under general conditions, R-Smads are
mainly located in the cytoplasm, I-Smads are mostly
located in the nucleus, and Co-Smads are distributed in
the nucleus and cytoplasm.® The R-Smad family includes
Smadl, Smad2, Smad3, Smad5, and Smad8. Smad4
belongs to the Co-Smad family.” Smadé and Smad7 are
members of the I-Smad family, which plays a key role in
inhibiting TGF-B-mediated signaling. I-Smads can antag-
onize TGF-f/Smads signaling by inhibiting the activation
of R-Smads."”

1.3 | Regulatory mechanisms of the
TGF-B/Smads signaling pathway

TGF-f1, TGF-£3, and activin have high affinity for the
type II receptor. Therefore, a unique interface can be
generated by first forming a complex with TER II and
then recruiting TBR I to the complex. In contrast, TGF-£2
has a very low affinity for TER II. Therefore, TR I and
TPR II are required to first form a complex or coreceptor,
such as betaglycan, which facilitates TGF-f2 assembly
within the complex."* The TGF-g signaling pathway can
be activated through the classical Smad pathway and the
non-Smad pathway.* The main focus of this review is on
the role of the Smad-mediated classical TGF-/Smads
signaling pathway in vascular remodeling. In the
classical Smad pathway, complexes formed by the
binding of receptors and ligands at the plasma membrane
activate the phosphorylation-dependent signaling of
downstream mediators, mainly Smad proteins, and
mediate oligomer-dependent signaling of ubiquitin
ligases and intracellular protein kinases under the action
of receptor kinases. In the classical Smad signaling
pathway, the downstream pathways activated by differ-
ent ligands are also different (Figure 1). For example,
TGF-Bs and activin usually induce the phosphorylation
of Smad2 and Smad3, while BMPs usually induce the
phosphorylation of Smadl, Smad5, and Smad8."" Phos-
phorylated Smads (R-Smads) bind with Smad4 to form
heteromeric complexes and transfer them to the nucleus,
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FIGURE 1 The classical TGF-f signaling pathway. In the classical TGF-§ pathway, TGF-§ family ligands and receptors bind at the

plasma membrane level and then activate and phosphorylate the corresponding R-Smads protein downstream, namely Smad2/3 or Smad1/
5/8. Phosphorylated R-Smads combine with Co-Smad (Smad4) to form a complex, which is transferred into the nucleus and mediates gene

transcription and expression. TGF-@, transforming growth factor-g.

where Smads and other signaling proteins mediate
regulatory signals that control target gene expression,
multilevel RNA processing, mRNA translation, and
nuclear or cytoplasmic protein regulation.'>'?

In the Smads-mediated signaling pathway, phosphoryl-
ated Smad2 and Smad3 also have positive and negative
regulating effects (Figure 2). Both Smad2 and Smad3 have
a conserved MH1 domain that binds DNA, and a
conserved MH2 domain that binds receptors, a partner
Smad4 and transcriptional co-activators.”> The two
domains are separated by more divergent linker regions.
The linker regions of Smad2/3 contain serine/threonine
residues, and each site is phosphorylated by a specific

kinase. For example, TGF-f is more readily phosphorylated
at thr220/179 of Smad2/3.">'® The application of antibody
(Abs) reactive with structurally related phosphorylated
peptides reveals that there are three types of phospho-
isoforms: C-terminally phosphorylated Smad2/3(pSmad2C
and pSmad3C), linker-phosphorylated Smad2/3(pSmad2L
and pSmad3L) and dully phosphorylated Smad2/
3(pSmad2L/C and pSmad3L/C)."” Different phosphoryl-
ated forms of Smad2/3 guide different gene expression and
show different biological effects. TBRI phosphorylates
COOH-tail serine residues of Smad2 and Smad3. Both
pSmad2C and pSmad3C translocate with Smad4 to the
nucleus. Smad2/3/4 complex binds the p21**" promoter
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FIGURE 2 Different smad2/3 phosphorylation sites. (A) TBRI phosphorylates COOH-tail serine residues of Smad2 and Smad3. Both
pSmad2C and pSmad3C translocate with Smad4 to the nucleus. Smad2/3/4 complex binds the p21™2" promoter and suppresses cell growth.
(B) Pro-inflammatory cytokines (CKs) such as tumor necrosis factor-a activate c-Jun N-terminal kinase (JNK), which phosphorylated the
linker regions of Smad2 and Smad3. PSmad3L translocates with Smad4 to nucleus and binds plasminogen activator inhibitor type 1(PAI-1)
promoter. PSmad2L is localized in the cytoplasm, and Smad2 translocates to the nucleus only after COOH-tail phosphorylated by TERI.

PSmad2L/C in cooperation with pSmad3L and Smad4 stimulated PAI-1 transcription and ECM deposition. In addition, pSmad3L

upregulates c-Myc and stimulates cell growth.'

and suppresses cell growth. On the other hand, pro-
inflammatory cytokines (CKs), such as tumor necrosis
factor-a (TNF-a) activate c-Jun N-terminal kinase (JNK),
which phosphorylated the linker regions of Smad2 and
Smad3. pSmad3L translocate with Smad4 to nucleus and
binds plasminogen activator inhibitor type 1(PAI-1)
promoter. PSmad2L is localized in the cytoplasm, and
Smad?2 translocates to the nucleus only after COOH-tail
phosphorylated by TERI. PSmad2L/C in cooperation with
pSmad3L and Smad4 stimulated PAI-1 transcription and
ECM deposition. In addition, pSmad3L upregulates c-Myc
and stimulates cell growth.'*

2 | HIPPO-YAP/TAZ SIGNALING
PATHWAY

2.1 | The function of the Hippo-YAP/
TAZ signaling pathway

The Hippo-YAP/TAZ signaling pathway was first identi-
fied in Drosophila melanogaster, and its main role is to
regulate the proliferation, differentiation, and migration
of cells in organs. Dysregulation of the Hippo-YAP/TAZ
signaling pathway leads to abnormal cell growth and
tumor formation. Sakabe et al. showed that YAP and
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TAZ were necessary for the proliferation of endothelial
cells during retinal angiogenesis. In addition, YAP in the
cytoplasm promotes endothelial cell migration.'®

2.2 | Regulation mechanism of the
Hippo-YAP/TAZ signaling pathway

When the Hippo-YAP/TAZ signaling pathway is acti-
vated by TAO kinase (Figure 3A), MST1/2 in the
pathway is phosphorylated to form LATS1/2 by the
costimulation of the scaffold proteins SAV1, MOB1A/B
and NF2, while MAP4K4/6/7 and MAP4K1/2/3/5 in the
pathway are activated and phosphorylated by NF2 to
form LATS1/2. Phosphorylated LATS1/2 activates and
phosphorylates YAP/TAZ to cause them to stay in the
cytoplasm or be degraded by SCF.” The Hippo-YAP/TAZ
signaling pathway is activated to limit growth and cell
proliferation. When the Hippo-YAP/TAZ signaling path-
way is in an inactivated state (Figure 3B), YAP and TAZ

FIGURE 3

are dephosphorylated and translocated into the nucleus.
In the absence of nuclear YAP/TAZ, TEAD binds to
VGLLA4 and acts as a transcriptional silencer. When YAP
and TAZ are translocated into the nucleus, TEAD1-4 are
separated from VGLL4, and then YAP and TAZ bind to
TEAD1-4 instead of VGLL4. TEAD-mediated gene
transcription is activated, which can promote tissue
growth and inhibit apoptosis.'’

3 | VASCULAR ENDOTHELIAL
GROWTH FACTOR

3.1 | Vascular endothelial growth factor
function

Vascular endothelial growth factor (VEGF) is a homo-
dimeric glycoprotein with a molecular weight of
45kDa.** VEGF mainly plays a role in promoting
angiogenesis in the embryonic stage, while it mainly
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Mechanism of Hippo signaling pathway. (A) When the Hippo pathway is activated, LATS are phosphorylated, which

phosphorylates and prevents YAP/TAZ translocation into the nucleus, resulting in YAP/TAZ remaining in the cytoplasm or being degraded.
At this time, TEAD in the nucleus binds to VGLL4 and acts as a transcriptional silencer. (B) When Hippo signaling is turned off,
phosphorylated YAP/TAZ is dephosphorylated and incorporated into the nucleus. At this time, TEAD in the nucleus is separated from
VGLL4 and forms a complex with YAP/TAZ to mediate gene transcription and expression.
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plays a role in repairing pathological vascular injury in
the adult stage.”" It plays an important role in angiogen-
esis, the repair of vascular injury, and the maintenance of
vascular health, and the mechanisms include inhibition
of the proliferation of vascular smooth muscle cells
(VSMCs), improvements in endothelial cell survival rate,
and the inhibition of thrombosis and inflammation in the
vascular wall.*

3.2 | Mechanism of VEGF action

The VEGF family consists of multiple members: VEGF-A
(with multiple subtypes), VEGF-B, VEGF-C, VEGF-D,
VEGF-E, VEGF-F, placental growth factor, and the
newly discovered endocrine-derived vascular endothelial
growth factor (EG-VEGF).**** VEGF receptors have
three types: VEGFR-1, VEGFR-2 and VEGFR-3.
VEGFR-1 and VEGFR-2 are mainly expressed in vascular
endothelial cells, but they can also be expressed in
nonendothelial cells. However, VEGFR-3 is mostly
expressed in endothelial lymphocytes. VEGF gene
expression is regulated by a variety of growth factors,
such as fibroblast growth factor (FGF), epidermal growth
factor (EGF), and tumor necrosis factor (TNF). In
addition, hypoxia is another inducing factor.”> VEGFs
trigger signal transduction by binding to receptors and
promoting receptor phosphorylation. Compared with
VEGFR-1, VEGFR-2 has stronger angiogenesis-
promoting activity and higher tyrosine kinase activity.*®

4 | INTERACTIONS OF THE TGF-
B/SMADs SIGNALING PATHWAY,
HIPPO-YAP/TAZ SIGNALING
PATHWAY, AND VEGF

4.1 | Interactions between the TGF-#/
Smads signaling pathway and HIPPO-
YAP/TAZ signaling pathway

YAP/TAZ plays a role in vascular development, and
studies have shown that TAZ promotes SMC differentia-
tion through a nonclassical TGF-B/Smads signaling
pathway.”” The interaction of YAP and Smad2 is
stimulated by TGF-f and is necessary for nuclear
translocation (Figure 4). The binding of YAP/TAZ to
Smad?2 is essential for Smad2 nuclear translocation and
efficient TGF-B transcription.”®° Studies have shown
that YAP, Smad2/3, and TEAD work together to regulate
TGF-B-induced transcriptional programs to induce the
migration and invasion of breast cancer.’’ It has also
been found that the YAP/TEAD/Smad3/p300 complexes
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can drive the upregulation of the Ctgf gene, thereby
regulating cell proliferation and ECM production.** The
interaction between YAP1 and Smad2 can promote
nuclear translocation of Smad2 and activation of the
TGF-B/Smads pathway, leading to intracellular inva-
sion.** However, YAP and TAZ were proven to bind to
Smad2/3 in the TGF-B/Smads signaling pathway and
form complexes that affect Smad nuclear/mass conver-
sion by isolating Smads in the cytoplasm.?* Studies have
shown that BMP2, a member of the TGF-f superfamily,
can promote the phosphorylation of downstream Smad
1/5/8, thus increasing the protein level of SMADI.
Nevertheless, when the expression level of YAP is
decreased, the phosphorylation of Smadl/5/8 and the
protein level of Smadl are decreased.’® Existing studies
have shown that the Hippo-YAP/TAZ signaling pathway
may regulate the TGF-B/Smads signaling pathway by
regulating Smad nucleation and TGF-3/Smads signaling
pathway activity.*® In summary, the downstream signal-
ing molecules YAP and TAZ of the Hippo-YAP/TAZ
signaling pathway promote the transduction of the TGF-
B/Smads signaling pathway by regulating the trans-
location of Smads, the downstream signaling molecules
of the TGF-f/Smads signaling pathway, into the nucleus,
which establishes the interaction between the two
pathways.

4.2 | Interaction between the Hippo-
YAP/TAZ signaling pathway and VEGF

The Hippo-YAP/TAZ signaling pathway plays an impor-
tant role in VEGF-induced angiogenesis and develop-
ment. VEGF stimulation leads to cytoskeletal changes
and promotes YAP/TAZ activation and nuclear entry,
which in turn regulates the expression of related proteins
and affects cytoskeletal movement (Figure 5). Studies
have shown that endothelial cell knockout of YAP/
TAZ can reduce the expression of the proteins MACF1
and MYOIC, which are involved in cytoskeletal
reconstruction and protein transport and block the
transport of VEGFR2 protein, thus inhibiting angiogene-
sis.*”*® The Hippo-YAP/TAZ signaling pathway is a key
regulator of VEGF/VEGFR-induced angiogenesis and
vasculogenic mimicry (VM). Azad et al.*® found that
various VEGFR inhibitors could activate LATS in the
Hippo-YAP/TAZ signaling pathway and inhibit YAP/
TAZ. Among them, SU4312 had the most significant
inhibitory effect. The mRNA levels of CYR61 and CTGF,
two downstream transcriptional targets of YAP/TAZ,
were also significantly reduced after VEGFR inhibitor
treatment. Three types of cells with high expression of
YAP or TAZ were treated with VEGF, and the subcellular
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FIGURE 4 Interaction between TGF-f signaling pathway and Hippo signaling pathway. There is an interaction between Hippo

signaling pathway and TGF signaling pathway, which together play a role in vascular remodeling. The main mechanism is that YAP/TAZ
promotes TGF-{ signaling pathway by promoting the translocation of R-Smad and Co-Smad complex into the nucleus.

localization of YAP/TAZ was determined. Nuclear
translocation of YAP/TAZ occurred within 13-30 min
after VEGF treatment. Since LATS inhibits YAP/TAZ by
phosphorylating and chelating YAP/TAZ in the cyto-
plasm, this finding suggests that VEGF/VEGFR can
activate YAP/TAZ and promote YAP/TAZ nuclear
translocation by inhibiting LATS. Further experiments
showed that the inhibitory effect may be achieved by
P13K/MAPK-mediated inhibition of MST1/2. Studies®”*
have shown that VEGF-treated endothelial cells can
promote the translocation of YAP into the nucleus, while
knocking down YAP can reduce the proliferation,
migration, and angiogenesis of VEGF-induced endothe-
lial cells.

5 | VASCULAR REMODELING

Vascular remodeling is a change in vessel wall structure,
which often occurs under pressure, inflammation,
trauma, and other stimulation conditions. Oxidative
stress and inflammation are often the pivotal players in
endothelial dysfunction during abnormal vascular remo-
deling.*® Vascular remodeling is a process driven by all
types of wvascular cells and participates in the
reconstruction of the extracellular matrix (ECM). Posi-
tive and negative remodeling is based on how those
stimulus factors coordinate and determine the direction
of remodeling.”' VSMCs are the main structural cells of
the vascular wall. Under pathological conditions such as
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FIGURE 5

Interaction between Hippo signaling pathway and VEGF/VEGFR. VEGF stimulation leads to cytoskeletal changes and

promotes YAP/TAZ activation and nuclear entry, which in turn regulates the expression of related proteins and affects cytoskeletal
movement. VEGF/VEGFR promotes YAP/TAZ translocation to the nucleus by inhibiting the phosphorylation of LATS.

hypertension, the proliferation, migration, and pheno-
typic changes of VSMCs lead to vascular remodeling. In
addition, the accumulation of inflammatory cells, espe-
cially monocytes and macrophages, plays a key role in
vascular remodeling by regulating SMC function and
ECM turnover** (Figure 5).

5.1 | Relationship between the TGF-f/
Smads signaling pathway and vascular
remodeling

TGF-B/Smads signaling pathway has different biolog-
ical effects on angiogenesis in different pathological

environments and concentrations and can inhibit
or promote angiogenesis.*> TGF-B1 has been shown
to promote angiogenesis by upregulating thrombopoi-
etin-4 (TSP-4) through a Smad3-mediated signaling
pathway.** Angiotensin receptor-like kinase 1 (ALK1)
is an endothelial-specific TGF-§ type I receptor that
activates the downstream Smad1/5/8 signaling factor,
which binds to Smad4 to form a complex, enters the
nucleus, and regulates gene expression. This factor
may increase the recruitment of pericytes by in-
creasing PDGF-BB expression in endothelial cells,
thereby inhibiting the degradation of the ECM and
promoting angiogenesis.>® Congenital diaphragmatic
hernia (CDH) is a pulmonary dysplasia characterized
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by reduced distal airway branches, reduced alveolar
numbers, and thickening of the lung wall. Ullrich
et al.*> found that the expression of microRNA(miR)
200b in tracheal secretions of fetuses that survived
fetoscopic endoluminal tracheal occlusion treatment
was higher than that of fetuses that did not res-
pond to tracheal occlusion. The microRNA200 family
inhibits several genes in the TGF-f3 pathway. Through
in vitro studies, they found that treatment of miR200b
can induce TGF-$ signaling pathways and in-
crease the occurrence of branching morphologies. In
their study, they delivered miR200b in utero using
PACE NPs to treat a rat model of CDH, and they

Open Access,

found that in utero delivery of miR200b induces
alterations in the TGF-f pathway, leads to pulmo-
nary vascular remodeling, and improves PH.*> Simi-
larly, a recent experiment by Da et al. on the treat-
ment of abdominal aortic aneurysms (TAA) in mice
found that the application of AGGF could inhibit
vascular inflammation and remodeling of TAA by
blocking the cleavage of LAP-TGF-f1 to form ma-
ture TGF-B1 and inhibiting Smad2/3 and ERK1/2
phosphorylation in VSMCs.*® Their experiments both
elucidate the crucial role of TGF-f signaling
pathway in angiogenesis and vascular remodeling
(Figure 6).

-

Positive Remodeling

-

Health Vascular

Negative Remodeling

Unidirectional Shear Stress(USS)
High Blood Pressure

Trauma

Oxidative Stress

Inflammation

7

FIGURE 6 Vascular remodeling process. Changes in vascular anatomy, vascular microenvironment, and hemodynamics are brought on

by stimulation from various sources, including hypertension, trauma, oxidative stress response, inflammation, etc. Inflammation and

oxidative stress are thought to play a more important role in driving vascular remodeling. To adapt to the changes, vascular remodeling is
driven. However, excessive vascular remodeling is the key factor speeding up the development of disorders associated with vascular
remodeling. Vascular remodeling includes positive and negative remodeling which is determined by the interaction of different stimuli.
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5.2 | Participation of the Hippo-YAP/
TAZ signaling pathway in vascular
remodeling

YAP/TAZ in endothelial cells is an important regulator
of angiogenesis in the growth and development of the
embryo and postnatal life. This important role of YAP/
TAZ was first expressed in the central nervous system
after birth. As the body grows and develops, this effect
will also be observed in the liver and other organs.’’
Studies have shown that mice with specific knockout of
YAP/TAZ have a decrease in the number of apical cells
and vascular sprouting. YAP/TAZ is involved in the
formation of new blood vessels in the embryonic stage.
However, its role of angiogenesis in adulthood is not
obvious, but it plays an important role in pathological
vascular remodeling.®® Liu H.T. et al. found that
knockout of HSF110 improved hypoxia-induced pulmo-
nary artery remodeling in PH mice by inhibiting the
YAP/TAZ-TEAD4 pathway, thereby improving PH dis-
ease progression.”” Ong et al. found that ECs lacking
YAP/TAZ or their transcriptional partners, TEAD1, 2,
and 4 fail to divide, resulting in stunted vascular growth
in mice. They also found that YAP/TAZ promote
angiogenesis by fueling nutrient-dependent mTORC1
signaling.*® Studies have shown that endothelial cell
YAP/TAZ can inhibit inflammation and delay the
formation of atherosclerosis. YAP/TAZ inhibits the INK
signaling pathway and downregulates pro-inflammatory
gene expression, thereby reducing monocyte attachment
and infiltration.*’

5.3 | VEGF involvement in vascular
remodeling process

Under various stimulation conditions, VEGF, angio-
tensin II (Ang II), and FGF induce the activation of
matrix proteolytic enzymes (ECM), resulting in the
degradation of ECM and the shedding of pericytes on
the vascular wall. VEGF contributes to the remodel-
ing of the ECM by increasing the permeability of the
vascular endothelium, leading to the extravasation of
plasma proteins and deposition in the ECM.”
VEGFR-2 regulates endothelial cell migration, prolif-
eration, differentiation, and survival, as well as
vascular permeability and dilation.”® Studies have
shown that VEGF can promote the repair of damaged
blood vessels by indirectly inducing SMC migration
by upregulating FGF-2 levels and downregulating
TGF-B1 levels. FGF-2 plays a vital role in cell
proliferation, differentiation, migration, angiogene-
sis, and wound healing.*> Mice with VEGF allele

Open Access,

knockout die because of vascular developmental
disorders of the embryo and yolk sac.’> Burgers
et al. found that vioA profoundly reduced the vascular
leakage and EC proliferation after laser-induced
choroidal neovascularization in vivo and the micro-
vascular sprouting of choroidal explant cultures ex
vivo. The effects of vioA were mechanistically based
on an impairment of the VEGFR2 signaling path-
way.”® VEGF plays an important role in angiogenesis
and pathological vascular repair and remodeling.

6 | VASCULAR REMODELING-
RELATED DISEASES

At present, the occurrence and development of many
diseases are related to vascular remodeling, such as
atherosclerosis, hypertension, aneurysm and arterial
dissection, and vertebrobasilar dolichoectasia (VBD).

6.1 | TGF-B/Smads signaling pathway,
Hippo-YAP/TAZ signaling pathway, and
VEGTF, as well as their roles in vascular
remodeling of atherosclerosis

Vascular remodeling can be classified as positive or
negative remodeling according to the remodeling index
(RI). The RI is the ratio of the cross-sectional area
(CSA) of the vascular external elastic membrane (EEM)
at the lesion to the CSA of the EEM of the proximal
or distal vessel. RI>1.05 indicates positive remode-
ling, RI<0.95 indicates negative remodeling, and
0.95>RI>1.05 indicates intermediate remodeling.
Initially, it was showed that positive vascular remodel-
ing was more beneficial to atherosclerosis than negative
vascular remodeling. However, with further research, it
has been found that although positive vascular remo-
deling can compensate for luminal stenosis, the plaques
of patients with positive vascular remodeling are more
prone to thrombosis than those with negative vascular
remodeling.’* Positively remodeled vascular plaques
contain more macrophages, larger necrotic cores, and
thin fibrous caps, which are prone to breakage. Plaques
with negative remodeling are mainly fibrocalcified,
and the plaques are more stable.”*>> The damage of
positive remodeling in vascular plaques may be rela-
ted to the cytokines secreted by a large number of
inflammatory cells in the plaque, such as hypoxia-
inducible factor, VEGF, and matrix metalloproteinases
(MMPs). These cytokines can promote neovasculariza-
tion in blood vessels. Recent studies reveal an essential
role of the Hippo-YAP/TAZ pathway in atherogenesis,
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angiogenesis, and vascular remodeling. YAP and TAZ
are regulated by shear stress in endothelial cells.**>°

6.2 | TGF-f/Smads signaling pathway,
Hippo-YAP/TAZ signaling pathway, and
VEGTF, as well as their roles in vascular
remodeling of hypertension

In hypertension and hypertensive diseases, arterial
remodeling is stimulated by hemodynamic changes,
resulting in reduced vascular compliance. The remodel-
ing process is mainly changed by endothelial dys-
function, the proliferation and migration of medial
VSMCs, the apoptosis and transformation of extravas-
cular fibroblasts, and the synthesis, degradation, and
rearrangement of the ECM.

Endothelium-dependent vasodilation is impaired
in animal models of balloon injury-induced vascular
remodeling, so vascular remodeling is thought to lead
to endothelial dysfunction.”” During the progression
of hypertension, the proliferation and migration of
VSMCs increase, leading to the loss of contractility
and abnormal ECM.® In the process of vascular
remodeling, adventitial fibroblasts (AFs) are activated
and differentiate into myofibroblasts (MFs), which
proliferate and migrate to the media and intima,
participating in the process of vascular remodeling.
This process leads to fibroblast proliferation and
tissue fibrosis through a non-Smad-dependent TGF-
B pathway.”® ECM synthesis and degradation are
dynamic processes that exist throughout vascular
remodeling. As a basic structural element of the
ECM, collagen limits the overexpansion of the vessel.
Collagen I, ITII, and IV deposition in the blood vessel
wall was increased in a mouse model of hyper-
tension.®*®' Evidence suggests that several prohyper-
tensive factors and signaling pathways are involved in
collagen overproduction. These include TGF-B-
stimulated Smad2/3 and mitogen-activated protein
kinase (MAPK) pathways, Ang II-activated activator
protein-1 (AP-1), protein kinase C (PKC), and p38
MAPK signaling.®*®® Jia et al. used Liensinine to
intervene in Ang II-induced hypertension mice and
found that Liensinine could improve the vascular
remodeling of mice's abdominal aorta by inhibiting
MAPK/TGF-$1/Smad2/3 signaling pathway. The ex-
periment demonstrated the essential role of TGF-f/
Smad2/3 signaling pathway in vascular remodeling
and revealed that inhibition of vascular remodeling
may become a new therapeutic strategy to inhibit the
progression of hypertensive diseases.®*

6.3 | TGF-B/Smads signaling pathway,
Hippo-YAP/TAZ signaling pathway, and
VEGTF, as well as their roles in vascular
remodeling of aneurysm

Aortic aneurysm formation is mainly due to the
weakening of the aortic wall, resulting in aortic
enlargement.®® The cellular and extracellular compo-
nents of the aortic wall dynamically change at different
stages of aortic pressure, injury repair, and remodeling,
thus providing appropriate compliance and sufficient
strength to adapt to changes in hemodynamics.®®
SMCs, which are the main regulatory cells in the
vascular wall, undergo phenotypic regulation to
control the structure and function of the aorta under
conditions of inflammation and injury. The most
common phenotypic modulation in aortic aneurysm
patients is a decrease in the expression of SMC proteins
and an increase in the expression of inflammatory
proteins. Phenotypic conversion of SMCs can be
regulated by various mechanisms, including transcrip-
tional control, signaling pathway regulation, micro-
RNA regulation, and epigenetic regulation. The TGF-
/Smads signaling pathway plays an important regula-
tory role in maintaining aortic contractile phenotype
and function. A recent study showed that postnatal
mice with disruptions in the gene encoding TSRII
showed insufficient contractility and elasticity in their
ascending aorta and proximal aorta.°” In addition,
Smad3 deficiency causes SMCs to switch from a
contractile to a synthetic phenotype.®®

6.4 | TGF-B/Smads signaling pathway,
Hippo-YAP/TAZ signaling pathway, and
VEGTF, as well as their roles in vascular
remodeling of VBD

VBD is a rare cerebrovascular disease, and the main
manifestations are vertebrobasilar artery prolongation,
tortuosity, and dilation.®® The pathophysiological mech-
anism may involve an imbalance in MMP expression
leading to the degradation of various matrix proteins in
the vascular wall, causing abnormal remodeling of the
vascular wall and abnormal proliferation of connective
tissue.”® Evidence suggests that MMPs can break down
the inner elastic membrane and allow SMCs to migrate
to the middle layer. The repeated destruction and repair
of the inner elastic membrane lead to weakness of the
vessel wall, resulting in uneven thickness of the vessel
wall and then leading to hemodynamic changes. The
vicious cycle caused by pathological vascular remodeling
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and hemodynamic changes is the main pathophysiologi-
cal mechanism of VBD. Zhu et al. successfully induced
the VBD model and found that the inflammatory cascade
also plays an important role in VBD.”' The proliferation
and migration of vascular parietal cells and the
reconstruction of the vascular microenvironment in the
process of vascular remodeling may be important reasons
for the aggravation of tortuous vascular dilation. The
clinical manifestations of VBD are not specific, often
manifesting as ischemic stroke, cerebral hemorrhage,
hydrocephalus, and compression of the brain stem and
cranial nerves, and there are some asymptomatic
patients. VBD can cause changes in posterior circulation
hemodynamics and abnormal blood perfusion, leading to
cerebral ischemia and infarction. At present, there is no
effective treatment. It is very important to detect the
combined symptoms early and apply early clinical
interventions. Although the pathogenesis of VBD is still
unclear, it may have the same or a similar mechanism as
other vascular remodeling-related diseases. The TGF-{3/
Smads signaling pathway, Hippo-YAP/TAZ signaling
pathway, VEGF, and other angiogenesis-related factors
may play a key role in the process of vascular remodeling
leading to vascular extension and expansion.

6.5 | TGF-B/Smads signaling pathway,
Hippo-YAP/TAZ signaling pathway, and
VEGF, as well as their roles in vascular
remodeling of pulmonary hypertension

According to the pathological and hemodynamic
characteristics, PH can be divided into five categories,
including arterial pulmonary arterial hypertension
(PAH), pulmonary hypertension (PH) caused by left
heart disease, PH caused by respiratory diseases and
hypoxia, PH caused by pulmonary obstructive diseases,
PH caused by unknown causes and multifactorial PH.
PH caused by respiratory diseases includes interstitial
pulmonary diseases, chronic obstructive pulmonary
disease (COPD), and sleep apnea. Pulmonary vascular
remodeling refers to vascular structural changes caused
by injury factors such as hypoxia, high blood shear
stress, and inflammation, which are the main patholog-
ical features of pulmonary arterial hypertension (PAH).
Vascular remodeling in PH is characterized by the
accumulation of different vascular cells in the pulmo-
nary artery and the infiltration of inflammatory cells
around the vessel.”” The basic pathological process of
remodeling involves cellular hypertrophy, hyperplasia,
inflammation, apoptosis, migration, and accumulation
of ECM. These pathological changes result in structural
changes in the intima, media, and adventitia of the

Open Access,

vessel wall.”> VEGF is associated with the whole process
of COPD development, is closely related to pulmonary
vascular remodeling, and participates in the develop-
ment of COPD PH. Serum VEGF concentrations can be
used as sensitive indicators of the severity, activity, and
prognosis of COPD.”* SMCs can release a variety of
stimulatory cytokines, including TGF-$1. This factor
can actively induce endothelial progenitor cells to
migrate to the inner membrane, thereby promoting
pulmonary vascular remodeling.””> Gore et al. studied
the expression of TGF-§ in lung endothelial cells of 14
PAH patients and 15 normal controls and found that the
expression level of TGF-§ in lung endothelial cells of
PHA patients was significantly increased. The experi-
mental results showed that the TGF-§ signaling path-
way directly acted on lung ECs to promote an increase
in growth factors and inflammatory factors, which
played an important role in hypoxic PH.”® Tang et al.
used Ginsenoside Rgl to treat hypoxia-induced PAH
rats and found that hypoxia could promote the
inflammation and vascular remodeling of pulmonary
artery tissue in rats, and the levels of TGF-81 and p-
Smad2/3 in pulmonary artery tissue were significantly
upregulated. Vascular remodeling was significantly
improved in rats treated with Ginsenoside Rgl, and
TGF-81 and p-Smad2/3 levels in pulmonary artery
tissue were also reduced. This suggests that inflamma-
tion and vascular remodeling play a crucial role in the
occurrence and development of PAH diseases and the
role of TGF-3/Smad2/3 signaling pathway in vascular
remodeling. Inhibition of TGF signaling can improve
vascular remodeling and inhibit the progression of PAH
disease.”” In addition, ECM remodeling during vascular
remodeling can lead to ECM hardening. ECM sclerosis
can activate YAP/TAZ to maintain the proliferation and
migration of pulmonary artery endothelial cells and
pulmonary VSMCs. The mechanism may be that
mechanical stimulation leads to YAP/TAZ activation
to manipulate metabolic enzymes, including glutamin-
ase, to induce glutamine breakdown and glycolysis.”®

Although current advances in the treatment of
PAH have improved patient outcomes, 5-year and 10-
year survival rates of 52%-75% and 45%-66%, respec-
tively.”” However, these patients still have limited
lung function and reduced long-term survival, which
may be due to the role of irreversible vascular
remodeling. The signature feature of PAH vascular
remodeling is the excessive proliferation and anti-
apoptosis of pulmonary artery smooth muscle cells.
Therefore, inhibiting the over-remodeling process of
PAH vessels may be a new therapeutic strategy to
delay the progression of PAH disease and increase the
long-term survival rate of patients.
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6.6 | TGF-B/Smads signaling pathway,
Hippo-YAP/TAZ signaling pathway, and
VEGTF, as well as their roles in vascular
remodeling of restenosis after
percutaneous transluminal angioplasty

Restenosis after percutaneous transluminal angioplasty
(PTA) is a major factor affecting the long-term outcome
of this technique. It was previously thought that the
occurrence of restenosis after PTA was similar to wound
healing. That is, after PTA balloon expansion, vascular
wall injury causes vascular elastic retraction, thrombosis,
and the migration and proliferation of VSMCs.*
Therefore, the endointimal hyperplasia theory was used
to explain the stenosis of the lumen during restenosis.
However, in recent years, the failure of many clinical
trials on intimal hyperplasia has led to a new under-
standing of the mechanism of restenosis.®! At present,
current research tends to support that restenosis after
PTA is mostly caused by intimal hyperplasia and vascular
remodeling rather than only intimal hyperplasia. The
results of restenotic vascular remodeling after PTA
include compensatory vessel thickening caused by the
increase in the whole vessel CSA and chronic retraction
caused by the decrease in the whole vessel area. That is,
dilated vascular remodeling and contractile vascular
remodeling work together.®? Similarly, various pathways
and factors play important roles in the process of
vascular remodeling. Ryan et al. established a balloon
rat model of common carotid artery injury and showed
that by blocking the effect of TGF-f with a selective
inhibitor of TR II, the expression of TGF-§ in vascular
advection was reduced, and the secretion of type I
collagen and SMA in the ECM was significantly reduced.
After 2 weeks, the proliferative area of the intima
decreased, and the diameter of the lumen increased.
This finding suggests that TGF-§ stimulates fibroblast
phenotype conversion to SMA-expressing MFs and
stimulates ECM secretion.®

7 | CONCLUSION AND FUTURE
PROSPECTS

Although exploration of the pathological mechanism of
vascular remodeling has made progress in recent
decades, the specific and comprehensive mechanism is
still not fully elucidated. This article reviews the possible
mechanism of vascular remodeling and its role in the
occurrence and development of many diseases according
to current research progress. In conclusion, vascular
remodeling can be triggered by various stimuli, including
high blood pressure, trauma, oxidative stress, and
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inflammation, to make up for the aberrant changes in
hemodynamics and vascular microenvironment brought
on by vascular injury. Proper vascular remodeling can
compensate for vascular dysfunction and even restore
vascular function. On the contrary, excessive vascular
remodeling can aggravate the disease progression of
vascular dysfunction and vascular remodeling-related
diseases. Treatments for these disorders that reduce
inflammation are currently making significant progress.
Despite this, there are currently no effective treatments
for vascular remodeling. More research is required to
determine how to prevent excessive vascular remodeling
and slow the progression of disease. Numerous signaling
pathways are active during vascular remodeling, accord-
ing to recent studies. By inhibiting the excessive
conduction of these signaling pathways, the occurrence
of aberrant vascular remodeling can be prevented and
the disease progression of vascular remodeling-related
diseases can be delayed.

The Hippo-YAP/TAZ signaling pathway, TGF-S/
Smads signaling pathway, and VEGF play important
roles in the process of angiogenesis and the repair of
pathological damaged blood vessels, and there are certain
interactions among them. According to recent research,
inhibiting the Hippo-YAP/TAZ signaling pathway, TGF-
B/Smads signaling pathway, and VEGF can prevent
aberrant vascular remodeling and hence slow the
progression of illness. On the other hand, we discovered
that there is a relationship between the TGF-f/Smads
signaling pathway, the Hippo-YAP/TAZ signaling path-
way, and VEGF. Therefore, inhibiting one of the three
may also indirectly inhibit the effect of the other. By
studying the mechanism of the three factors in vascular
remodeling and related diseases, we hope to provide
new therapeutic ideas for vascular remodeling-related
diseases.

AUTHOR CONTRIBUTIONS

Hui Liu: Writing—original draft; writing—review and
editing. Mingyue Sun: Writing—review and editing. Nan
Wu: Writing—review and editing. Bin Liu: Writing—
original draft; writing—review and editing. Qingxin Liu:
Writing—original draft; writing—review and editing. Xueli
Fan: Writing—original draft; writing—review and editing.

ACKNOWLEDGMENTS

This work was supported by the following grants:
National Natural Science Foundation of China (grant
numbers 81701192 and 81901380), Shandong Provincial
Natural Science Foundation, China (grant numbers
ZR2017BH078 and ZR2017BC047), and Scientific
Research Foundation of Binzhou Medical University
(grant numbers BY2017KYQD15 and BY2016KYQD21).



14 of 16 WI LEy_lmmunity, Inflammation and Disease

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

ORCID
Xueli Fan http://orcid.org/0000-0002-7787-3702
REFERENCES

1. Forte A, Galderisi U, Cipollaro M, De Feo M, Corte AD.

10.

11.

12.

13.

14.

15.

Epigenetic regulation of TGF-f1 signalling in dilative aorto-
pathy of the thoracic ascending aorta. Clin Sci. 2016;130(16):
1389-1405. doi:10.1042/cs20160222

Chaikuad A, Bullock AN. Structural basis of intracellular
TGF-f signaling: receptors and Smads. Cold Spring Harbor
Perspect Biol. 2016;8(11):a022111. doi:10.1101/cshperspect.
a022111

Abrigo J, Campos F, Simon F, et al. TGF-# requires the
activation of canonical and non-canonical signalling pathways
to induce skeletal muscle atrophy. Biol Chem. 2018;399(3):
253-264. doi:10.1515/hsz-2017-0217

Zhang YE. Non-Smad signaling pathways of the TGF-f8 family.
Cold Spring Harbor Perspect Biol. 2017;9(2):a022129. doi:10.
1101/cshperspect.a022129

Meng Z, Moroishi T, Guan KL. Mechanisms of Hippo pathway
regulation. Genes Dev. 2016;30(1):1-17. doi:10.1101/gad.
274027.115

Vander Ark A, Cao J, Li X. TGF-§ receptors: in and beyond
TGF-B signaling. Cell Signal. 2018;52:112-120. doi:10.1016/j.
cellsig.2018.09.002

Lopez-Casillas F, Payne H, Andres J, Massagué J. Betaglycan
can act as a dual modulator of TGF-beta access to signaling
receptors: mapping of ligand binding and GAG attachment
sites. J Cell Biol. 1994;124(4):557-568. do0i:10.1083/jcb.124.
4.557

Shi Y, Massagué J. Mechanisms of TGF-{ signaling from cell
membrane to the nucleus. Cell. 2003;113(6):685-700. doi:10.
1016/s0092-8674(03)00432-x

Tzavlaki K, Moustakas A. TGF-B signaling. Biomolecules.
2020;10(3):487. doi:10.3390/biom10030487

ten Dijke P, Arthur HM. Extracellular control of TGF(
signalling in vascular development and disease. Nat Rev Mol
Cell Biol. 2007;8(11):857-869. d0i:10.1038/nrm2262

Heldin CH, Moustakas A. Signaling receptors for TGF-f
family members. Cold Spring Harbor Perspect Biol.
2016;8(8):2022053. doi:10.1101/cshperspect.a022053

Itoh S, Itoh F, Goumans MJ, Ten Dijke P. Signaling of
transforming growth factor-§ family members through Smad
proteins. Eur J Biochem. 2000;267(24):6954-6967. doi:10.1046/
j-1432-1327.2000.01828.x

Derynck R, Zhang YE. Smad-dependent and Smad-
independent pathways in TGF-f family signalling. Nature.
2003;425(6958):577-584. doi:10.1038/nature02006

Yoshida K, Matsuzaki K, Murata M, Yamaguchi T, Suwa K,
Okazaki K. Clinico-pathological importance of TGF-f/
Phospho-Smad signaling during human hepatic fibrocarcino-
genesis. Cancers. 2018;10(6):183. doi:10.3390/cancers10060183
Matsuzaki K, Kitano C, Murata M, et al. Smad2 and Smad3
phosphorylated at both linker and COOH-Terminal regions
transmit malignant TGF-$ signal in later stages of human

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

LIU ET AL.

Open Access,

colorectal cancer. Cancer Res. 2009;69(13):5321-5330. doi:10.
1158/0008-5472.Can-08-4203

Alarcon C, Zaromytidou Al, Xi Q, et al. Nuclear CDKs drive
smad transcriptional activation and turnover in BMP and
TGF-f pathways. Cell. 2009;139(4):757-769. d0i:10.1016/j.cell.
2009.09.035

Matsuzaki K. Smad phosphoisoform signaling specificity: the
right place at the right time. Carcinogenesis. 2011;32(11):
1578-1588. d0i:10.1093/carcin/bgr172

Sakabe M, Fan J, Odaka Y, et al. YAP/TAZ-CDC42 signaling
regulates vascular tip cell migration. Proc Natl Acad Sci U S A.
2017;114(41):10918-10923. doi:10.1073/pnas.1704030114
Zhang H, Liu CY, Zha ZY, et al. TEAD transcription factors
mediate the function of TAZ in cell growth and epithelial-
mesenchymal transition. J Biol Chem. 2009;284(20):13355-13362.
doi:10.1074/jbc.M900843200

Carmeliet P. VEGF as a key mediator of angiogenesis
in cancer. Oncology. 2005;69(Suppl 3):S4-S10. doi:10.1159/
000088478

Jakeman LB, Armanini M, Phillips HS, Ferrara N. Develop-
mental expression of binding sites and messenger ribonucleic
acid for vascular endothelial growth factor suggests a
role for this protein in vasculogenesis and angiogenesis.
Endocrinology. 1993;133(2):848-859. doi:10.1210/end0.133.2.
7688292

Li D, Zhang C, Song F, Lubenec I, Tian Y, Song QH. VEGF
regulates FGF-2 and TGF-31 expression in injury endothelial
cells and mediates smooth muscle cells proliferation and
migration. Microvasc Res. 2009;77(2):134-142. doi:10.1016/j.
mvr.2008.09.007

Tjwa M, Luttun A, Autiero M, Carmeliet P. VEGF and PIGF:
two pleiotropic growth factors with distinct roles in develop-
ment and homeostasis. Cell Tissue Res. 2003;314(1):5-14.
doi:10.1007/s00441-003-0776-3

Samson M, Peale Jr, FV, Frantz G, Rioux-Leclercq N, Rajpert-
De Meyts E, Ferrara N. Human endocrine gland-derived
vascular endothelial growth factor: expression early in
development and in Leydig cell tumors suggests roles in
normal and pathological testis angiogenesis. J Clin Endocrinol
Metab. 2004;89(8):4078-4088. doi:10.1210/jc.2003-032024
Ferrara N. Vascular endothelial growth factor as a target for
anticancer therapy. Oncologist. 2004;9(Suppl 1):S2-S10. doi:10.
1634/theoncologist.9-suppl_1-2

Shibuya M. Differential roles of vascular endothelial growth
factor receptor-1 and receptor-2 in angiogenesis. J Biochem
Mol Biol. 2006;39(5):469-478. doi:10.5483/bmbrep.2006.39.
5.469

Liu F, Lagares D, Choi KM, et al. Mechanosignaling through
YAP and TAZ drives fibroblast activation and fibrosis. Am
J Physiol Lung Cell Mol Physiol. 2015;308(4):L344-L357. doi:10.
1152/ajplung.00300.2014

Varelas X, Sakuma R, Samavarchi-Tehrani P, et al. TAZ
controls Smad nucleocytoplasmic shuttling and regulates
human embryonic stem-cell self-renewal. Nat Cell Biol.
2008;10(7):837-848. doi:10.1038/ncb1748

Varelas X, Samavarchi-Tehrani P, Narimatsu M, et al. The
Crumbs complex couples cell density sensing to Hippo-
dependent control of the TGF-3-SMAD pathway. Dev Cell.
2010;19(6):831-844. doi:10.1016/j.devcel.2010.11.012


http://orcid.org/0000-0002-7787-3702
https://doi.org/10.1042/cs20160222
https://doi.org/10.1101/cshperspect.a022111
https://doi.org/10.1101/cshperspect.a022111
https://doi.org/10.1515/hsz-2017-0217
https://doi.org/10.1101/cshperspect.a022129
https://doi.org/10.1101/cshperspect.a022129
https://doi.org/10.1101/gad.274027.115
https://doi.org/10.1101/gad.274027.115
https://doi.org/10.1016/j.cellsig.2018.09.002
https://doi.org/10.1016/j.cellsig.2018.09.002
https://doi.org/10.1083/jcb.124.4.557
https://doi.org/10.1083/jcb.124.4.557
https://doi.org/10.1016/s0092-8674(03)00432-x
https://doi.org/10.1016/s0092-8674(03)00432-x
https://doi.org/10.3390/biom10030487
https://doi.org/10.1038/nrm2262
https://doi.org/10.1101/cshperspect.a022053
https://doi.org/10.1046/j.1432-1327.2000.01828.x
https://doi.org/10.1046/j.1432-1327.2000.01828.x
https://doi.org/10.1038/nature02006
https://doi.org/10.3390/cancers10060183
https://doi.org/10.1158/0008-5472.Can-08-4203
https://doi.org/10.1158/0008-5472.Can-08-4203
https://doi.org/10.1016/j.cell.2009.09.035
https://doi.org/10.1016/j.cell.2009.09.035
https://doi.org/10.1093/carcin/bgr172
https://doi.org/10.1073/pnas.1704030114
https://doi.org/10.1074/jbc.M900843200
https://doi.org/10.1159/000088478
https://doi.org/10.1159/000088478
https://doi.org/10.1210/endo.133.2.7688292
https://doi.org/10.1210/endo.133.2.7688292
https://doi.org/10.1016/j.mvr.2008.09.007
https://doi.org/10.1016/j.mvr.2008.09.007
https://doi.org/10.1007/s00441-003-0776-3
https://doi.org/10.1210/jc.2003-032024
https://doi.org/10.1634/theoncologist.9-suppl_1-2
https://doi.org/10.1634/theoncologist.9-suppl_1-2
https://doi.org/10.5483/bmbrep.2006.39.5.469
https://doi.org/10.5483/bmbrep.2006.39.5.469
https://doi.org/10.1152/ajplung.00300.2014
https://doi.org/10.1152/ajplung.00300.2014
https://doi.org/10.1038/ncb1748
https://doi.org/10.1016/j.devcel.2010.11.012

LIU ET AL.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Immunity, Inflammation and Disease

15 of 16
W1 LEY—| =95

Open Access,

He J, Bao Q, Zhang Y, et al. Yes-associated protein promotes
angiogenesis via signal transducer and activator of transcrip-
tion 3 in endothelial cells. Circ Res. 2018;122(4):591-605.
doi:10.1161/circresaha.117.311950

Hiemer SE, Szymaniak AD, Varelas X. The transcriptional
regulators TAZ and YAP direct transforming growth factor
B-induced tumorigenic phenotypes in breast cancer cells.
J Biol Chem. 2014;289(19):13461-13474. doi:10.1074/jbc.M113.
529115

Fujii M, Toyoda T, Nakanishi H, et al. TGF- synergizes with
defects in the Hippo pathway to stimulate human malignant
mesothelioma growth. J Exp Med. 2012;209(3):479-494. doi:10.
1084/jem.20111653

Pefani DE, Pankova D, Abraham AG, et al. TGF-f3 targets the
Hippo pathway scaffold RASSF1A to facilitate YAP/SMAD2
nuclear translocation. Mol Cell. 2016;63(1):156-166. doi:10.
1016/j.molcel.2016.05.012

Varelas X. The Hippo pathway effectors TAZ and YAP in
development, homeostasis and disease. Development. 2014;
141(8):1614-1626. doi:10.1242/dev.102376

Huang Z, Hu J, Pan J, et al. YAP stabilizes SMADI1 and
promotes BMP2-induced neocortical astrocytic differentiation.
Development. 2016;143(13):2398-2409. do0i:10.1242/dev.130658
Goumans MJ, Liu Z, ten Dijke P. TGF-£ signaling in vascular
biology and dysfunction. Cell Res. 2009;19(1):116-127. doi:10.
1038/cr.2008.326

Wang X, Freire Valls A, Schermann G, et al. YAP/TAZ
orchestrate VEGF signaling during developmental angiogenesis.
Dev Cell. 2017;42(5):462-478.e7. doi:10.1016/j.devcel.2017.08.002
Kim J, Kim YH, Kim J, et al. YAP/TAZ regulates sprouting
angiogenesis and vascular barrier maturation. J Clin Invest.
2017;127(9):3441-3461. doi:10.1172/jci93825

Azad T, Janse van Rensburg HJ, Lightbody ED, et al. A LATS
biosensor screen identifies VEGFR as a regulator of the Hippo
pathway in angiogenesis. Nat Commun. 2018;9(1):1061.
doi:10.1038/541467-018-03278-w

Wang L, Cheng CK, Yi M, Lui KO, Huang Y. Targeting
endothelial dysfunction and inflammation. J Mol Cell Cardiol.
2022;168:58-67. doi:10.1016/j.yjmcc.2022.04.011

Pant R, Marok R, Klein LW. Pathophysiology of coronary
vascular remodeling: relationship with traditional risk factors
for coronary artery disease. Cardiol Rev. 2014;22(1):13-16.
doi:10.1097/CRD.0b013e31829dea90

Planas-Rigol E, Terrades-Garcia N, Corbera-Bellalta M, et al.
Endothelin-1 promotes vascular smooth muscle cell migra-
tion across the artery wall: a mechanism contributing to
vascular remodelling and intimal hyperplasia in giant-cell
arteritis. Ann Rheum Dis. 2017;76(9):1624-1634. do0i:10.1136/
annrheumdis-2016-210792

Goumans MJ, Ten Dijke P. TGF-§ signaling in control of
cardiovascular function. Cold Spring Harbor Perspect Biol.
2018;10(2):a022210. doi:10.1101/cshperspect.a022210
Muppala S, Xiao R, Krukovets I, et al. Thrombospondin-4
mediates TGF-B-induced angiogenesis. Oncogene. 2017;36(36):
5189-5198. doi:10.1038/0nc.2017.140

Ullrich SJ, Yung NK, Bauer-Pisani TJ, et al. In utero delivery of
miRNA induces epigenetic alterations and corrects pulmonary
pathology in congenital diaphragmatic hernia. Mol Ther Nucleic
Acids. 2023;32:594-602. d0i:10.1016/j.0mtn.2023.04.018

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Da X, Li Z, Huang X, et al. AGGF1 therapy inhibits thoracic
aortic aneurysms by enhancing integrin a7-mediated inhibi-
tion of TGF-f1 maturation and ERKI1/2 signaling. Nat
Commun. 2023;14(1):2265. doi:10.1038/s41467-023-37809-x
Liu H, Zhang S, Liu Y, et al. Knockdown of HSP110 attenuates
hypoxia-induced pulmonary hypertension in mice through
suppression of YAP/TAZ-TEAD4 pathway. Respir Res.
2022;23(1):209. doi:10.1186/s12931-022-02124-4

Ong YT, Andrade J, Armbruster M, et al. A YAP/TAZ-TEAD
signalling module links endothelial nutrient acquisition to
angiogenic growth. Nat Metab. 2022;4(6):672-682. doi:10.1038/
$42255-022-00584-y

Wang L, Luo JY, Li B, et al. Integrin-YAP/TAZ-JNK cascade
mediates atheroprotective effect of unidirectional shear flow.
Nature. 2016;540(7634):579-582. d0i:10.1038/nature20602
Carmeliet P, Jain RK. Molecular mechanisms and clinical
applications of angiogenesis. Nature. 2011;473(7347):298-307.
doi:10.1038/nature10144

Cébe-Suarez S, Zehnder-Fjdllman A, Ballmer-Hofer K. The role
of VEGF receptors in angiogenesis; complex partnerships. Cell
Mol Life Sci. 2006;63(5):601-615. doi:10.1007/s00018-005-5426-3
Damert A, Miquerol L, Gertsenstein M, Risau W, Nagy A.
Insufficient VEGFA activity in yolk sac endoderm compromises
haematopoietic and endothelial differentiation. Development.
2002;129(8):1881-1892. doi:10.1242/dev.129.8.1881

Burgers LD, Li Y, Michalakis S, et al. The protein biosynthesis
inhibitor vioprolide A evokes anti-angiogenic and pro-survival
actions by targeting NOP14 and decreasing VEGF receptor 2-
and TAZ-signaling. Biomed Pharmacother. 2022;152:113174.
doi:10.1016/j.biopha.2022.113174

Hong YJ, Jeong MH, Choi YH, et al. Positive remodeling is
associated with vulnerable coronary plaque components
regardless of clinical presentation: virtual histology-
intravascular ultrasound analysis. Int J Cardiol. 2013;167(3):
871-876. doi:10.1016/j.ijcard.2012.01.096

Tauth J, Pinnow E, Sullebarger JT, et al. Predictors of coronary
arterial remodeling patterns in patients with myocardial
ischemia. Am J Cardiol. 1997;80(10):1352-1355. do0i:10.1016/
$0002-9149(97)00682-6

Wang KC, Yeh YT, Nguyen P, et al. Flow-dependent YAP/
TAZ activities regulate endothelial phenotypes and athero-
sclerosis. Proc Natl Acad Sci U S A. 2016;113(41):11525-11530.
doi:10.1073/pnas.1613121113

Orozco LD, Liu H, Perkins E, et al. 20-Hydroxyeicosatetraenoic
acid inhibition attenuates balloon injury-induced neointima
formation and vascular remodeling in rat carotid arteries.
J Pharmacol Exp Ther. 2013;346(1):67-74. doi:10.1124/jpet.113.
203844

Rodriguez Al, Csanyi G, Ranayhossaini DJ, et al. MEF2B-
Nox1 signaling is critical for stretch-induced phenotypic
modulation of vascular smooth muscle cells. Arterioscler
Thromb Vasc Biol. 2015;35(2):430-438. doi:10.1161/atvbaha.
114.304936

Yang B, Janardhanan R, Vohra P, et al. Adventitial transduc-
tion of lentivirus-shRNA-VEGF-A in arteriovenous fistula
reduces venous stenosis formation. Kidney Int. 2014;85(2):
289-306. doi:10.1038/ki.2013.290

Brown IAM, Diederich L, Good ME, et al. Vascular smooth
muscle remodeling in conductive and resistance arteries in


https://doi.org/10.1161/circresaha.117.311950
https://doi.org/10.1074/jbc.M113.529115
https://doi.org/10.1074/jbc.M113.529115
https://doi.org/10.1084/jem.20111653
https://doi.org/10.1084/jem.20111653
https://doi.org/10.1016/j.molcel.2016.05.012
https://doi.org/10.1016/j.molcel.2016.05.012
https://doi.org/10.1242/dev.102376
https://doi.org/10.1242/dev.130658
https://doi.org/10.1038/cr.2008.326
https://doi.org/10.1038/cr.2008.326
https://doi.org/10.1016/j.devcel.2017.08.002
https://doi.org/10.1172/jci93825
https://doi.org/10.1038/s41467-018-03278-w
https://doi.org/10.1016/j.yjmcc.2022.04.011
https://doi.org/10.1097/CRD.0b013e31829dea90
https://doi.org/10.1136/annrheumdis-2016-210792
https://doi.org/10.1136/annrheumdis-2016-210792
https://doi.org/10.1101/cshperspect.a022210
https://doi.org/10.1038/onc.2017.140
https://doi.org/10.1016/j.omtn.2023.04.018
https://doi.org/10.1038/s41467-023-37809-x
https://doi.org/10.1186/s12931-022-02124-4
https://doi.org/10.1038/s42255-022-00584-y
https://doi.org/10.1038/s42255-022-00584-y
https://doi.org/10.1038/nature20602
https://doi.org/10.1038/nature10144
https://doi.org/10.1007/s00018-005-5426-3
https://doi.org/10.1242/dev.129.8.1881
https://doi.org/10.1016/j.biopha.2022.113174
https://doi.org/10.1016/j.ijcard.2012.01.096
https://doi.org/10.1016/s0002-9149(97)00682-6
https://doi.org/10.1016/s0002-9149(97)00682-6
https://doi.org/10.1073/pnas.1613121113
https://doi.org/10.1124/jpet.113.203844
https://doi.org/10.1124/jpet.113.203844
https://doi.org/10.1161/atvbaha.114.304936
https://doi.org/10.1161/atvbaha.114.304936
https://doi.org/10.1038/ki.2013.290

16 of 16 WI LEy_lmmunity, Inflammation and Disease

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

LIU ET AL.

hypertension. Arterioscler Thromb Vasc Biol. 2018;38(9):
1969-1985. doi:10.1161/atvbaha.118.311229

Virdis A, Neves MF, Amiri F, Touyz RM, Schiffrin EL. Role
of NAD(P)H oxidase on vascular alterations in angiotensin
II-infused mice. J Hypertens. 2004;22(3):535-542. doi:10.1097/
00004872-200403000-00016

Lemarié CA, Tharaux PL, Lehoux S. Extracellular matrix
alterations in hypertensive vascular remodeling. J Mol Cell
Cardiol. 2010;48(3):433-439. doi:10.1016/j.yjmcc.2009.09.018
Harvey A, Montezano AC, Lopes RA, Rios F, Touyz RM.
Vascular fibrosis in aging and hypertension: molecular
mechanisms and clinical implications. Can J Cardiol.
2016;32(5):659-668. doi:10.1016/j.cjca.2016.02.070

Jia P, Chen D, Zhu Y, et al. Liensinine improves AnglI-
induced vascular remodeling via MAPK/TGF-f1/Smad2/3
signaling. J Ethnopharmacol. 2023;317:116768. do0i:10.1016/j.
jep.2023.116768

Shen YH, LeMaire SA, Webb NR, Cassis LA, Daugherty A,
Lu HS. Aortic aneurysms and dissections series. Arterioscler
Thromb Vasc Biol. 2020;40(3):e37-e46. doi:10.1161/atvbaha.
120.313991

Davis FM, Daugherty A, Lu HS. Updates of recent aortic
aneurysm research. Arterioscler Thromb Vasc Biol. 2019;39(3):
€83-e90. doi:10.1161/atvbaha.119.312000

Ferruzzi J, Murtada SI, Li G, et al. Pharmacologically
improved contractility protects against aortic dissection in
mice with disrupted transforming growth factor-8 signaling
despite compromised extracellular matrix properties.
Arterioscler Thromb Vasc Biol. 2016;36(5):919-927. doi:10.
1161/atvbaha.116.307436

Huang X, Yue Z, Wu J, et al. MicroRNA-21 knockout
exacerbates angiotensin II-induced thoracic aortic aneurysm
and dissection in mice with abnormal transforming growth
factor-3-SMAD3 signaling. Arterioscler Thromb Vasc Biol.
2018;38(5):1086-1101. doi:10.1161/atvbaha.117.310694
Smoker WR, Corbett JJ, Gentry LR, Keyes WD, Price MJ,
McKusker S. High-resolution computed tomography of the
basilar artery: 2. Vertebrobasilar dolichoectasia: clinical-
pathologic correlation and review. Am J Neuroradiol.
1986;7(1):61-72.

Pico F, Labreuche J, Amarenco P. Pathophysiology, presenta-
tion, prognosis, and management of intracranial arterial
dolichoectasia. Lancet Neurol. 2015;14(8):833-845. doi:10.
1016/s1474-4422(15)00089-7

Zhu YQ, Xing H, Dai D, Kallmes DF, Kadirvel R. Differential
interstrain susceptibility to vertebrobasilar dolichoectasia in a
mouse model. Am J Neuroradiol. 2017;38(3):611-616. doi:10.
3174/ajnr.A5028

Humbert M, Guignabert C, Bonnet S, et al. Pathology and
pathobiology of pulmonary hypertension: state of the art and
research perspectives. Eur Respir J. 2019;53(1):1801887. doi:10.
1183/13993003.01887-2018

Guignabert C, Dorfmiiller P. Pathology and pathobiology of
pulmonary hypertension. Semin Respir Crit Care Med.
2017;38(5):571-584. d0i:10.1055/5-0037-1606214

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Open Access,

Farid Hosseini R, Jabbari Azad F, Yousefzadeh H, et al. Serum
levels of vascular endothelial growth factor in chronic
obstructive pulmonary disease. Med J Islam Repub Iran.
2014;28:85.

Barbera JA. Mechanisms of development of chronic obstruc-
tive pulmonary disease-associated pulmonary hypertension.
Pulm Circ. 2013;3(1):160-164. doi:10.4103/2045-8932.109949
Gore B, Izikki M, Mercier O, et al. Key role of the endothelial
TGF-B/ALK1/endoglin signaling pathway in humans and
rodents pulmonary hypertension. PLoS One. 2014;9(6):€100310.
doi:10.1371/journal.pone.0100310

Tang B, Liu Y, Zhang J, Lu M, Wang H. Ginsenoside Rgl
ameliorates hypoxia-induced pulmonary arterial hypertension
by inhibiting endothelial-to-mesenchymal transition and
inflammation by regulating CCN1. Biomed Pharmacother.
2023;164:114920. doi:10.1016/j.biopha.2023.114920

He J, Bao Q, Yan M, et al. The role of Hippo/yes-associated
protein signalling in vascular remodelling associated with
cardiovascular disease. Br J Pharmacol. 2018;175(8):1354-1361.
doi:10.1111/bph.13806

Galie N, Humbert M, Vachiery JL, et al. 2015 ESC/ERS
guidelines for the diagnosis and treatment of pulmonary
hypertension: the Joint Task Force for the Diagnosis and
Treatment of Pulmonary Hypertension of the European
Society of Cardiology (ESC) and the European Respiratory
Society (ERS):
Paediatric and Congenital Cardiology (AEPC), International
Society for Heart and Lung Transplantation (ISHLT). Eur
Heart J. 2016;37(1):67-119. doi:10.1093/eurheartj/ehv317

Ip JH, Fuster V, Badimon L, Badimon J, Taubman MB,
Chesebro JH. Syndromes of accelerated atherosclerosis: role of
vascular injury and smooth muscle cell proliferation. J Am
Coll Cardiol. 1990;15(7):1667-1687. d0i:10.1016/0735-1097(90)
92845-s

Glagov S. Intimal hyperplasia, vascular modeling, and the
restenosis problem. Circulation. 1994;89(6):2888-2891. doi:10.
1161/01.cir.89.6.2888

Currier JW, Faxon DP. Restenosis after percutaneous trans-
luminal coronary angioplasty: have we been aiming at the
wrong target? J Am Coll Cardiol. 1995;25(2):516-520. doi:10.
1016/0735-1097(95)98445-j

Ryan ST, Koteliansky VE, Gotwals PJ, Lindner V. Transform-
ing growth factor-beta-dependent events in vascular remodel-
ing following arterial injury. J Vasc Res. 2003;40(1):37-46.
doi:10.1159/000068937

endorsed by: Association for European

How to cite this article: Liu H, Sun M, Wu N,
Liu B, Liu Q, Fan X. TGF-f/Smads signaling
pathway, Hippo-YAP/TAZ signaling pathway, and
VEGF: their mechanisms and roles in vascular
remodeling related diseases. Immun Inflamm Dis.
2023;11:e1060. doi:10.1002/iid3.1060


https://doi.org/10.1161/atvbaha.118.311229
https://doi.org/10.1097/00004872-200403000-00016
https://doi.org/10.1097/00004872-200403000-00016
https://doi.org/10.1016/j.yjmcc.2009.09.018
https://doi.org/10.1016/j.cjca.2016.02.070
https://doi.org/10.1016/j.jep.2023.116768
https://doi.org/10.1016/j.jep.2023.116768
https://doi.org/10.1161/atvbaha.120.313991
https://doi.org/10.1161/atvbaha.120.313991
https://doi.org/10.1161/atvbaha.119.312000
https://doi.org/10.1161/atvbaha.116.307436
https://doi.org/10.1161/atvbaha.116.307436
https://doi.org/10.1161/atvbaha.117.310694
https://doi.org/10.1016/s1474-4422(15)00089-7
https://doi.org/10.1016/s1474-4422(15)00089-7
https://doi.org/10.3174/ajnr.A5028
https://doi.org/10.3174/ajnr.A5028
https://doi.org/10.1183/13993003.01887-2018
https://doi.org/10.1183/13993003.01887-2018
https://doi.org/10.1055/s-0037-1606214
https://doi.org/10.4103/2045-8932.109949
https://doi.org/10.1371/journal.pone.0100310
https://doi.org/10.1016/j.biopha.2023.114920
https://doi.org/10.1111/bph.13806
https://doi.org/10.1093/eurheartj/ehv317
https://doi.org/10.1016/0735-1097(90)92845-s
https://doi.org/10.1016/0735-1097(90)92845-s
https://doi.org/10.1161/01.cir.89.6.2888
https://doi.org/10.1161/01.cir.89.6.2888
https://doi.org/10.1016/0735-1097(95)98445-j
https://doi.org/10.1016/0735-1097(95)98445-j
https://doi.org/10.1159/000068937
https://doi.org/10.1002/iid3.1060

	TGF-u3b2/Smads signaling pathway, Hippo-YAP/TAZ signaling pathway, and VEGF: Their mechanisms and roles in vascular remodeling related diseases
	1 TRANSFORMING GROWTH FACTOR-u3b2/SMADs SIGNALING PATHWAY
	1.1 Transforming growth factor-u3b2/Smads signaling pathway function
	1.2 TGF-u3b2/Smads signaling pathway elements
	1.2.1 Ligands and receptors of the TGF-u3b2/Smads signaling pathway
	1.2.2 Members and roles of downstream molecules in the TGF-u3b2/Smads signaling pathway (Smad family)

	1.3 Regulatory mechanisms of the TGF-u3b2/Smads signaling pathway

	2 HIPPO-YAP/TAZ SIGNALING PATHWAY
	2.1 The function of the Hippo-YAP/TAZ signaling pathway
	2.2 Regulation mechanism of the Hippo-YAP/TAZ signaling pathway

	3 VASCULAR ENDOTHELIAL GROWTH FACTOR
	3.1 Vascular endothelial growth factor function
	3.2 Mechanism of VEGF action

	4 INTERACTIONS OF THE TGF-u3b2/SMADs SIGNALING PATHWAY, HIPPO-YAP/TAZ SIGNALING PATHWAY, AND VEGF
	4.1 Interactions between the TGF-u3b2/Smads signaling pathway and HIPPO-YAP/TAZ signaling pathway
	4.2 Interaction between the Hippo-YAP/TAZ signaling pathway and VEGF

	5 VASCULAR REMODELING
	5.1 Relationship between the TGF-u3b2/Smads signaling pathway and vascular remodeling
	5.2 Participation of the Hippo-YAP/TAZ signaling pathway in vascular remodeling
	5.3 VEGF involvement in vascular remodeling process

	6 VASCULAR REMODELING-RELATED DISEASES
	6.1 TGF-u3b2/Smads signaling pathway, Hippo-YAP/TAZ signaling pathway, and VEGF, as well as their roles in vascular remodeling of atherosclerosis
	6.2 TGF-u3b2/Smads signaling pathway, Hippo-YAP/TAZ signaling pathway, and VEGF, as well as their roles in vascular remodeling of hypertension
	6.3 TGF-u3b2/Smads signaling pathway, Hippo-YAP/TAZ signaling pathway, and VEGF, as well as their roles in vascular remodeling of aneurysm
	6.4 TGF-u3b2/Smads signaling pathway, Hippo-YAP/TAZ signaling pathway, and VEGF, as well as their roles in vascular remodeling of VBD
	6.5 TGF-u3b2/Smads signaling pathway, Hippo-YAP/TAZ signaling pathway, and VEGF, as well as their roles in vascular remodeling of pulmonary hypertension
	6.6 TGF-u3b2/Smads signaling pathway, Hippo-YAP/TAZ signaling pathway, and VEGF, as well as their roles in vascular remodeling of restenosis after percutaneous transluminal angioplasty

	7 CONCLUSION AND FUTURE PROSPECTS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES




