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Transcription factors (TFs) constitute an essential component of epigenetic
regulation. They contribute to the progression of vascular diseases by regulating
epigenetic gene expression in several vascular diseases. Recently, numerous
regulatory mechanisms related to vascular pathology, ranging from general TFs
that are continuously activated to histiocyte-specific TFs that are activated
under specific circumstances, have been studied. TFs participate in the
progression of vascular-related diseases by epigenetically regulating vascular
endothelial cells (VECs) and vascular smooth muscle cells (VSMCs). The
Krüppel-like family (KLF) TF family is widely recognized as the foremost
regulator of vascular diseases. KLF11 prevents aneurysm progression by
inhibiting the apoptosis of VSMCs and enhancing their contractile function. The
presence of KLF4, another crucial member, suppresses the progression of
atherosclerosis (AS) and pulmonary hypertension by attenuating the formation
of VSMCs-derived foam cells, ameliorating endothelial dysfunction, and
inducing vasodilatory effects. However, the mechanism underlying the
regulation of the progression of vascular-related diseases by TFs has remained
elusive. The present study categorized the TFs involved in vascular diseases and
their regulatory mechanisms to shed light on the potential pathogenesis of
vascular diseases, and provide novel insights into their diagnosis and treatment.
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Introduction

TFs constitute a class of trans-acting factors that regulate the transcription of target

genes (1). They execute this function by binding to specific DNA sequences of cis-acting

elements (transcription factor-binding sites or transcription factor-binding structural

domains) of target genes via hydrogen bonding (2). TFs are usually categorized into

general TFs and tissue-specific TFs. General TFs bind with RNA polymerase II to form

pre-initiation complex, which is responsible for the beginning of transcription (3). Within

specialized cellular tissues, tissue-specific TFs are activated following the stimulation of

extracellular inducers such as cytokines (4). The activated TFs participate in the

regulation of cellular functions and the progression of diseases. Currently, TFs have been

investigated in vascular diseases, and numerous TFs related to the progression of vascular

diseases have been elucidated. For example, the pathogenesis of aneurysms involves the
01 frontiersin.org

http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2024.1384294&domain=pdf&date_stamp=2020-03-12
https://doi.org/10.3389/fcvm.2024.1384294
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1384294/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1384294/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1384294/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1384294/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://doi.org/10.3389/fcvm.2024.1384294
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Hu et al. 10.3389/fcvm.2024.1384294
transcriptional regulation of genes associated with apoptosis, cellular

senescence, inflammatory response, and oxidative stress (5, 6). TFs

not only determine the expression of these genes, but the deletion

of certain TF such as drosophila mothers against decapentaplegic

(SMAD) 3 can also result in fatality without mice models (7). This

highlights the importance of TFs in the occurrence and

development of vascular diseases. TFs contribute to the

progression of vascular-related diseases mostly by epigenetically

regulating VECs and VSMCs. They are involved both in the basic

transcriptional regulation of VECs and VSMCs and cell cycle

regulation, cell development and differentiation, cellular

inflammatory response, and metabolic changes (8). For instance,

the forkhead box (Fox) TF family profoundly contributes to

mammalian development, while the prevalence of vascular disease

has risen among certain family members (9). Cell cycle regulation

related TF FoxM1 promotes the proliferation of SMCs and ECs to

intensify vascular remodeling (10). FoxO1 exacerbates the

inflammatory response and promotes foam cell formation in

response to cell stimulation, thereby exacerbating atherosclerotic

lesions (11). The complete comprehension of the role of TFs in

vascular diseases poses two significant challenges. Firstly, the

understanding of the stimuli that trigger the pathogenic

dysregulation of TFs is essential. For example, the construction of

schematic models for pressure mechanical channels, shear stress

types, and other physical parameters such as intima and media

thickness at vessel bifurcation poses significant challenges in the

study of vascular stress related to hemodynamic disorders (12, 13).

The other aspect is that when regulation takes place in the form

of a TF complex, it is often untoward to elucidate the downstream

regulatory mechanisms of TF partners due to the presence of

positive feedback loops (14). The primary therapeutic challenge

lies in the design of small molecule drugs that can effectively bind

to and inhibit the functional domain of TFs, thereby preventing

pathogenic TFs’ DNA binding domains from interacting with

target genes. Meanwhile, the inhibition of both the catalytic

domain and the protein binding domain by small molecule drugs

should be taken into consideration simultaneously (15). In the

present study, we summarize the TFs involved in vascular-related

diseases and elucidate their cellular and molecular mechanisms in

VSMCs, VECs, inflammation, and metabolism to provide novel

diagnostic and therapeutic advantages in the future.
TFs in vascular biology

In addition to capillaries, a vessel wall is composed of an

intima, a tunica media, and an adventitia (16). Numerous TFs

are involved in the transcriptional regulation of several disease-

causing genes, especially during the vascular physiological

disruption caused by different pathological factors and the

progression of vascular diseases. Important cellular functions

regulated by TFs in vascular diseases include apoptosis,

proliferation, migration, aging, phenotypic switching of VSMCs,

inflammation, stress, and metabolism. The investigation of TFs

exemplifies the intricate nature of vascular biology. VSMCs

constitute the tunica media of blood vessel walls, contributing to
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their structural integrity and elasticity (17). TF p53 plays a

crucial role in the regulation of apoptosis, cell proliferation, and

cell senescence, which is intricately associated with VSMCs-

related vascular biology (18). Physiologically, the acetylation of

p53 mediated by p300 in normal arteries forms the foundation

for an appropriate stress response (19). The expression of p53 in

vascular cells is typically low; however, p53 accumulates in aorta

exacerbates apoptosis of aortic SMCs (20, 21). On the other

hand, the increased expression of p53 hinders neointima

formation by suppressing the proliferation of VSMCs, a process

mediated by p21, while promoting cell senescence (22, 23). For

VSMCs, the senescence-associated phenotype is affected by the

pattern of glucose metabolism (24). Approximately 30% of ATP

source of normal VSMCs depends on aerobic pathways, while

HIF-1α is relatively high expressed (25, 26). When vascular

injury occurs, VSMCs will undergo phenotypic switching from

“contractile” to “synthetic” driven by metabolic pattern change,

wherein TF hypoxia-inducing factor (HIF)-1α stimulates the shift

of vascular cells towards increased reliance on anaerobic

glycolysis (27). VECs form the tunica intima of blood vessel

walls and serve as the primary defense component against the

hemodynamic pressure (28). The SRY-related HMG-box (Sox)

TF family associated with embryonic development and cell fate

has a profound influence on the regulation of VECs-related

cellular processes (29). Phenotypic shift-related TF Sox4, which is

responsible for the endothelial-mesenchymal transition, not only

contributes to the invasion of cancer cells, but also alters the fate

of VECs and results in endothelial dysfunction when triggered by

abnormal lipid metabolism and shear stress (30). While the ECs-

specific TF Sox17, an essential member of the Sox family,

maintains the normal proliferation extent of VECs (31). The

latest research has demonstrated that the upregulation of specific

TFs alters the ECs niches. Overexpression of TFs SoxF, Ets, and

NHR induces ectopic ECs that support and recruit hematopoietic

stem/progenitor cells, which normally tend to be stationary

under the promotion of VECs (32, 33). These studies will better

understand the effect of vascular niche on homeostasis and

regeneration of blood stem cells. Meanwhile, the researchers

proposed the experimental approach of “transcription factor

cocktail”, wherein these three TFs were overexpressed in

combination to investigate their impact on the vascular niche.

Therefore, the extensive exploration of applying this concept in

the presence of interactions between TFs is highly warranted.

Chronic inflammatory infiltration constitutes an important step

in the pathogenesis of vascular diseases, and the role of TFs such

as the KLFs and nuclear factor (NF)-κB are being extensively

investigated in vascular inflammation (34–36). KLFs maintains

homeostasis of the vascular wall by regulating apoptosis, cell

proliferation and differentiation, as well as inflammation through

the involvement of co-regulators such as CREB-binding protein

(CBP), histone deacetylases and p300/CBP-associated factor (37).

The homeostasis regulation of VECs heavily relies on KLF2,

which not only exerts an anti-inflammatory effect by up-

regulating anti-inflammatory genes such as PPAP2B and

activating endothelial nitric oxide synthase (eNOS) to suppress

the expression of pro-inflammatory cytokines but also plays a
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crucial role in inhibiting thrombosis and angiogenesis (38–41). The

activation of NF-κB triggers an inflammatory response

characterized by the up-regulation of anti-apoptotic genes,

secretion of inflammatory cytokines, and expression of adhesion

molecules, which facilitates the recruitment of leukocytes to the

response region (42). The majority of vascular NF-κB-related

signaling molecules are existed in VECs, primarily involved in

adhesion and coagulation processes when activated mainly by

TNF-α and thrombin, while simultaneously compromising the

barrier function (43, 44). Metabolisms play crucial roles in

vascular physiology, with HIF-1α being an integral component of

these processes (45). The key processes regulated by HIF-1α

encompass angiogenesis, cell proliferation/survival, glucose

metabolism, as well as iron metabolism (46). When cells

experience hypoxia, HIF-1α stimulates the upregulation of

glycolysis-related enzymes and facilitates glucose transportation

through several glucose transporters (47). The upregulation of

glycolysis not only facilitates vascular remodeling, but also

expedites senescence-associated phenotypic transformation and

compromises VSMCs function (48). Another isoform, HIF-2α,

which is linked to insulin resistance induced by hyperlipidemia

and exerts multiple mechanisms in regulating lipid metabolism,

including promoting ceramide-mediated cholesterol clearance to

exert an anti-atherosclerotic effect (49).
Aneurysm-related TFs

Aneurysm refers to the irreversible dilation of the arterial wall

(6). Fragmentation of elastin and weakening of the tunica media of

the arterial wall constitutes the most significant pathologic features

of aneurysms (50). Loss of elastic fibers is an early pathological

change in aneurysms. The arterial wall initiates repair

mechanisms in the form of collagen deposition as the disease

progresses, whereas the determining factor for aneurysm rupture

is collagen degradation, which is attributed to the imbalance

between collagen synthesis and degradation (51, 52). Other

pathologic features of aneurysms include loss of VSMCs,

recruitment and infiltration of inflammatory cells such as

lymphocytes and monocytes, and intraluminal thrombus (53–55).

The lethality of ruptured aneurysms reaches 94% (56). Therefore,

a comprehensive understanding of their pathogenesis is urgently

required, and the transcriptional regulation of causative genes

could be an important link in related studies.

The most decisive pathological changes in the progression of

aneurysms are apoptosis and dysfunction of VSMCs in the tunica

media, accompanied by the rupture of elastic fibers and collagen

deposition, thus weakening the tunica media of the arterial wall

and further dilatating or rupturing the arterial wall (53). While the

dysfunctions exhibited by VSMCs encompass impaired contractile

function and a phenotypic switching towards senescence and

synthetic secretion. Salmon et al. reported upregulated expression

of ZFP148, an apoptosis-related TF, in VSMCs of abdominal

aortic aneurysm (AAA). ZFP148 activates the p21 and Bak

promoters to inhibit the proliferation of VSMCs and induce

apoptosis in VSMCs. In addition, they confirmed that ZFP148
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inhibited the expression of SM22a and SM-actin, and caused

VSMCs to lose function by suppressing the expression of SM22a

and SM-actin (57). Similarly, Lu et al. demonstrated that the

autophagy-related molecule TFEB activates the promoter of the

apoptosis suppressor gene Bcl2 to inhibit apoptosis in VSMCs and

prevent the formation of AAA (58). The application of TFEB

agonists trappsol cyclo has been observed in phase II clinical trials

conducted for the treatment of Niemann-Pick Type C disease and

has a anticipating potential in the treatment of AAA (59). The

metabolic pattern of VSMCs is intricately related to the normal

maintenance of their cellular functions, and alterations in the

metabolic pattern of VSMCs stimulated by different pathogenic

factors predispose them to unfavorable cellular phenotypes (24).

Gao et al. reported that the deletion of p53, a senescence-

associated TF, inhibited the mRNA and protein levels of Sco2 and

SCO2, respectively, thereby inactivating the transport chain

complex IV. It induces a metabolic paradigm shift in VSMCs with

reduced levels of oxidative phosphorylation and increased levels of

glycolysis, causing the senescence of VSMCs and exacerbating

AAA under energy limitation (60). Meanwhile, the increased

expression of p53 in the aorta tissue induced the apoptosis of

VSMCs by promoting the downstream apoptosis gene Bax, and as

a response to the injury process that the degeneration lies in

tunica media, the proliferation level in VSMCs was relatively

elevated (21). Decreased contractile function of VSMCs is an

important manifestation of VSMC dysfunction. Gong et al.

reported that TF SMAD3 deficiency impairs the transforming

growth factor (TGF)-β pathway, causing defective differentiation of

VSMCs and decreased contractile function, accompanied by

reduced elastin fibers synthesis and elevated collagen fiber

deposition, and ultimately causing thoracic aortic aneurysm (61).

The phenotypic transition of VSMCs in aneurysms is largely from

a static “contractile” phenotype to a “synthetic” phenotype with

proliferative, migratory, and pro-inflammatory properties (62).

Chakraborty et al. reported that IRF3, a pro-inflammatory TF,

which functions as a link in the STING (stimulator of interferon

genes) pathway induces a shift from a contractile phenotype to a

proliferative, extracellular matrix (ECM) production and an

inflammatory phenotype in VSMCs following dsDNA stimulation,

causing AAA (63). Zhao et al. reported that TF XBP1 was up-

regulated in the AAA model and that it directly bound to the

FoxO4 promoter to maintain the contractile phenotype of VSMCs,

whereas the inhibition of their interactions induced a shift toward

a pro-inflammatory and proteolytic phenotype of VSMCs (64).

The migration of VSMCs is disadvantageous to the tunica media.

Arif et al. reported that AP-1, which is responsible for regulating

matrix metalloproteinases (MMPs), inhibits IL-1β-mediated

migration of aortic VSMCs to delay aneurysm progression in mice

with Marfan syndrome (65).

VECs constitute the first line of defense against the impact of

blood flow, and their dysfunction is an important feature in the

early progression of aneurysm. Continued exposure of VECs to

excessive shear stress generates numerous reactive oxygen species

(ROS), thus activating apoptosis- and inflammation-related

pathways, producing endothelium-associated pathogenic cytokines

such as inducible nitric oxide synthase, intercellular cell adhesion
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molecule (ICAM), and vascular cell-adhesion molecule (VCAM),

and recruiting chemotaxis-induced macrophages recruitment and

infiltrating MMPs, followed by complete collapse of the intima

and dilatation of the vascular wall (66–68). Luo et al. reported that

the recruitment of histone deacetylase 1-nucleosome remodeling

and deacetylase complex by TF ZEB2 in VECs inhibits the

cystathionine γ lyase/hydrogen sulfide system, inducing endothelial

cell endoplasmic reticulum (ER) stress and exacerbating AAA (69).

The administration of entinostat, which intercepts ZEB2-HDAC1

complex, effectively mitigates ER stress induced by the p-ERK

pathway and restores the S-sulfhydration level of protein disulfide

isomerase, demonstrating its potential for treating AAA. Lee et al.

reported that the deletion of vascular differentiation, neogenesis-

related TF SOX17 in VECs exacerbated intracranial aneurysm

(IA). Deletion of Sox17 up-regulates the cell cycle inhibitory

molecules p15INK4b and p16INK4a and inhibits the proliferation of

VECs, thereby promoting the progression of IA under chronic

stress stimuli (70). The imbalance of ROS metabolism constitutes

the primary factor in endothelial dysfunction (71). Zhao et al.

reported that the downregulation of the vasoprotective TF E2F1-

associated Rb/E2f1/Dhfr signaling pathway in VECs induces eNOS

uncoupling-mediated ROS production, thereby elevating the

incidence of AAA in AngII-induced hypertensive mice (72). Aoki

et al. demonstrated that the COX-2-PGE2-EP2 signaling is up-

regulated in patients with IA. This mechanism promotes NF-κB-

mediated MCP-1 expression, exacerbating chronic inflammation of

endothelial cells caused by excessive shear stress under

hemodynamic shock and facilitating IA progression (73). Hamann

et al. reported that the oxidative stress (OS)-related molecule

CD163 is up-regulated in AAA, accompanied by up-regulation of

the anti-OS TF NRF2 and its mediated HO-1, NQO-1, revealing

the potential value of the CD163/NRF2-related pathway in the

diagnosis of AAA (74). NF-κB is a crucial inflammation-

associated TF in VECs, mediating localized chronic inflammation

as well as neovascularization (75). Saito et al. inhibited NF-κB

signaling in VECs and noted a substantial downregulation of the

expression of SMC proliferation-related cytokines such as platelet

derived growth factor subunit B (PDGF-B), ICAM-1 and VCAM-

1, which subsequently suppressed macrophage-associated

inflammation and OS, thereby inhibiting the generation of aortic

aneurysms (76). Loss of function in VECs is usually accompanied

by altered functions in VSMCs (77). For example, Zhao et al.

observed cell differentiation and reported that apoptosis-related

protective TF KLF11 is down-regulated in VECs of AAA mice.

KLF11 not only inhibits inflammation and MMP expression in

VECs but also binds to the Nox2 promoter to inhibit its mediated

OS in VECs and delay AAA progression. In addition, KLF11

expression in VECs can maintain the contractile phenotype of

VSMCs and inhibit VSMC apoptosis (78). An important step in

inflammatory infiltration and thrombosis is the adhesion of VECs

(79). Shin et al. reported the up-regulation of Egr-1, a pro-

inflammatory, pro-adhesive, and pro-thrombotic TF in human

AAA. The overexpression of Egr-1 in VECs up-regulates the

expression of inflammatory chemokines such as MCP-1, MIP-1β,

and ICAM-1, and tissue factors, thereby contributing to enhanced

monocyte adhesion and thrombosis (80).
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Inflammatory infiltrates are a hallmark of aneurysmal diseases.

Inflammatory cells recruit and infiltrate largely myeloid cells

and T lymphocytes. Different cytokines secreted by these

inflammatory cells contribute to aneurysm progression. Cytokines

associated with T-lymphocytes include interferon-γ, tumor

necrosis factor (TNF)-α, and IL-17A, whereas those associated

with myeloid cells are IL-1β, IL-6, and TGF-β. These cytokines

influence the progression of aneurysms in macrophages. These

cytokines affect the recruitment and infiltration of macrophages,

neutrophils, and T cells in arterial tissues, ultimately destroying

the survival of smooth muscle cells or endothelial cells, integrity

of elastic fibers, and extracellular matrix, thereby exacerbating the

progression of aneurysms (81, 82). The activation of the MAPK

pathway is accompanied by several inflammatory responses, such

as ERK-mediated expression of inflammatory factors, such as

TNF and IL-1β, activation of NF-κB signaling, JNK-mediated

macrophage M1 polarization, and pro-inflammatory cytokine

expression mediated by the p38α/MK2 pathway (83). Martorell

et al. reported that VDR, a TF associated with anti-inflammation

and anti-proliferation, interacts with RXRα and inhibits the

activation of MAPK pathway, VEGF expression, and ECM

degradation in VECs, exhibiting anti-inflammatory and anti-

neovascularization effects, thereby inhibiting AAA progression

(84). In human clinical trials, the VDR activator calcitriol

exhibited minimal toxicity at a dosage of 38ug/d; however, its

efficacy in inhibiting MAPK pathway activation for the treatment

of AAA remains unknown (85). Gao et al. reported that MKL1

expression was upregulated in AA. The deletion of MKL1 in

VSMCs reduces the p38MAPK activity and inhibits vascular

inflammation and senescence-related phenotypes, thereby

preventing AA progression (86). Infiltrating T cells in the arterial

wall of the aneurysmal tissue are predominantly CD4+T cells (87).

Ye et al. reported that SMAD3-deficient mice spontaneously

generated AA or aortic coarctation that ruptured and died, and

the pathology involved chronic inflammation infiltrated by CD4+T

cells throughout the aneurysm. In addition, the secretion of GM-

CSF by cells caused elevated expression of MMPs, thus

contributing to the progression of aneurysm (7). Another feature

of CD4+T cells is their high secretion of IL-17, the signature

cytokine of Th17 cells, which is responsible for inflammatory cell

recruitment in the aorta (87). Romain et al. reported reduced

IL-17 production and plasma IL-17 concentration in STAT3

signaling-deficient T cells, which delayed AAA progression in

mice (88). Studies related to macrophage infiltration in aneurysms

are intricately linked to the macrophage polarization. Increased

M1 polarization of infiltrating macrophages suggests a higher

incidence of aneurysm, faster progression, and a greater risk of

rupture (89). A study by Han et al. demonstrated that Axl in

macrophages mediates the up-regulation of the STAT1/HIF-1α

pathway, causing M1 polarization and inducing a pro-

inflammatory phenotype. The investigators reported that increased

infiltration of M1-polarized macrophages at the lesion site led to a

higher risk of IA rupture (90, 91). Axl and STAT1

phosphorylation inhibitor R248 significantly inhibited M1

polarization, which is promising in preventing the progression

and rupture of IA.
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FIGURE 1

Schematic representation of the regulation of aneurysm-related TFs. The progression of aneurysms is facilitated by the loss of VSMCs, inflammation
response, and stress. While the preservation of systolic function of VSMCs prevents aneurysm progression. The stress response encompasses
endoplasmic reticulum stress, ROS generation, and vascular endothelial shear stress. VSMC, vascular smooth muscle cells; ER, endoplasmic
reticulum; ROS, reactive oxygen species. Created with BioRender.com.
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The innate immune response will continue to be a prominent

area of research in the future, given the extensive repertoire of TFs

associated with inflammatory response. Neutrophils play a pivotal

role in the innate immune response, and neutrophil extracellular

traps (NETs) have garnered increasing attention as a crucial

pathological process in aneurysm-related research (92, 93).

However, there remains a dearth of research on TFs in this context.

The process of neutrophils from activation to death evolved rapidly,

implying that the regulated release of NETs by neutrophils may

involve various TFs such as ATF-2, TCF and NF-AT by

transcriptome analysis and NETosis assay (94). In conclusion, TFs

are involved in the regulation of many signaling pathways mainly

related to apoptosis, stress and cell function maintenance in

VSMCs and VECs, which are particularly important for aneurysms,

and also affect the progression of aneurysms through the regulation

of inflammatory response (Figure 1).
Atherosclerosis-related TFs

AS lesions are known to originate in the intima. The primary

pathologic changes in the early stages of AS include the

generation of intimal foam cells and accumulation of ECM,

causing dilatation of the intima. The progression of AS is

exacerbated by intimal inflammation, weakened cellular burial,
Frontiers in Cardiovascular Medicine 05
generation of an intimal fibrous cap, and stiffening of the vessel

wall. Eventually, the intimal surface erodes, ruptures, and

generates an intraluminal thrombus, causing life-threatening

gradual luminal obstruction or even occlusion (95, 96).

The generation of foam cells constitutes a characteristic

pathological change in AS. The accumulation of foam cells,

containing lipid droplets, is the primary contributor to intimal

thickening in the early stages of the disease. Foam cells are

derived from macrophages maturing from circulating monocytes

and smooth muscle cells migrating from the tunica media. As

the disease progresses, the toxic effects of ox-LDL on endothelial

cells and other cells in the microenvironment of the lesion cause

necrosis and disintegration of foam cells, leading to atheromatous

necrotic material within the plaque (97, 98). The NFAT TF

family functions as a blocking target of FK506 and cyclosporine

A (99). Liu et al. reported that the deletion of macrophage

NFATc3 inhibits miR-204 expression and enhances scavenger

receptor SR-A/CD36-mediated uptake of lipoproteins, thus

promoting the generation of foam cells. Moreover, the scavenger

receptor is an important pathway of macrophages for

internalizing ox-LDL (100). Ma et al. reported that enhanced

KLF4 expression and nuclear translocation inhibit lipid

deposition in peripheral macrophages and VSMCs by down-

regulating SR-A, which is required for M2 polarization of

peripheral macrophages. In addition, this regulatory pathway
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suppresses the generation of foam cells by decreasing cholesterol

uptake (101). IL-1β response is a crucial inflammatory pathway

of foam cells involved in AS progression, which promotes the

expansion of AS lesion areas along with PDGF, TNF, and

M-CSF (95). Zhang et al. reported that the lack of mTORC2

in macrophages significantly increased FoxO1-mediated IL-1β

response and aggravated AS progression (11). Mature

macrophages are important sources of foam cells. Erbilgin et al.

reported that a deficiency of Zhx2 in macrophages promoted

macrophage apoptosis, inhibited macrophage M1 polarization,

and stimulated M2 polarization. Zhx2 deficiency reduced both

macrophage-derived foam cells and attenuated M1 macrophage-

associated inflammation, thereby delaying AS progression. In

addition, chromatin immunoprecipitation followed by sequencing

(ChIP-seq) analysis revealed the apoptotic genes Jun and Bcl6 as

direct targets of Zhx2 (102).

In the early stage of AS, mesangial VSMCs migrated toward the

intima to form resident SMCs. They undergo a phenotypic transition

with the progression of AS, which is characterized by an increased

proliferative capacity, decreased contractility, and diffuse

thickening of the intima due to the massive secretion of ECM.

Migrating VSMCs are not only involved in the generation of foam

cells and necrotic core but also exhibit a macrophage-like

inflammatory phenotype (95, 103, 104). Cheng et al. reported that

the deletion of ZEB2, an epithelial-mesenchymal transition

(EMT)-associated TF in VSMCs, inhibited TGF-β and Notch

signaling, causing a reduced transition of VSMCs to a fibroblast-

like myoblast phenotype and an accelerated transition to a

chondroblast-like myoblast phenotype as well as disruption of the

fibrous cap formation, causing a higher risk of AS plaques (105).

Ledard et al. revealed the pathogenic function of Slug, another

EMT-related TF, in AS. PDGF-BB has been reported to induce

the expression of NF-κB and mTOR to promote the proliferation

and migration of VSMCs, displaying potential AS pathogenicity

(106). Researchers have reported the involvement of PDGF-BB in

thrombosis, and its inhibition of Slug degradation via the

ubiquitin-proteasome pathway greatly increased the expression of

Slug. In addition, PDGF-BB down-regulates ABCA1 and ABCG1,

cholesterol efflux-related genes in VSMCs, as well as induces the

Slug-dependent switch to the inflammatory phenotype in VSMCs.

These results suggest that Slug promotes thrombosis and induces

plaque destabilization in AS (107). Lee et al. studied the

proliferation of VSMCs and found that the endocrine nuclear

receptor PR reduces the mRNA levels of the cell cycle proteins

CCNA and CCNE, thereby inhibiting the proliferation of VSMCs.

In addition, lower mortality rates have been reported in

premenopausal women with AS as well as in those taking estrogen

and progesterone (108–110).

Activation of the inflammatory response in VECs reduces

the stability of plaques by proteolytic modification of ECM

components. However, unstable plaques eventually disintegrate,

leading to thrombosis and thus vascular occlusion, such that the

modulation of the inflammatory response influences a patient’s

prognosis. Whether it is adhesion-associated molecules, ox-LDL,

chemokines, or other inflammatory cytokines, NF-κB regulates the

activation of endothelial cell inflammation (77). Karunakaran et al.
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reported that the inhibition of RIPK1 in VECs in response to

inflammatory stimuli prevents NF-κB translocation to the nucleus,

thereby inhibiting IL-1β signaling as well as monocyte adhesion

(111). Jia et al. studied OS-associated inflammation and

demonstrated that the expression of BACH1, an OS-associated TF,

was up-regulated in AS plaques. Depletion of BACH1 in VECs

inhibited the expression of adhesion molecules, thereby preventing

monocyte adhesion and inflammatory cytokine expression. In

addition, BACH1 co-localizes with YAP, a molecule associated

with cytomechanical signaling and endothelial cell activation, and

activates YAP transcription and co-promotes vascular

inflammation (14). In protective TFs, Luo et al. reported that TF

KLF2 activates the UCP2 promoter in VECs, and that deletion of

UCP2 in VECs displayed a pro-inflammatory, pro-fibrotic

phenotype, with increased collagen deposition that accelerated AS

progression. In addition, UCP2 mediates Akt/FoxO1 inhibition

through AMPK phosphorylation and alleviates endothelial

inflammation (112). Increased production of MCP-1 in VECs

directly leads to enhanced monocyte recruitment; for instance,

Subramanian et al. analyzed an AngII-induced LDL-R knockout

murine model of AS and demonstrated that the deletion of PPAR-

γ increased MCP-1 production and exacerbated AS (113).

TFs related to lipid metabolism and microenvironmental

homeostasis in AS have been extensively studied. Cholesterol

homeostasis is balanced between the uptake/synthesis, efflux, and

esterification, and excess cholesterol is transferred by LDL into the

circulation and deposited in the arteries, thereby causing AS (114).

Zhang et al. reported that exogenous administration of ceramide

in high-fat-fed APOE knockout mice increased hepatic and

plasma cholesterol levels. HIF-2α in adipocytes activates the

ACER2 promoter, accelerating ceramide degradation and removing

hepatic cholesterol, thereby preventing AS progression (49).

Enhanced autophagic effects in macrophages not only reduce the

number of foam cells but also eliminate lipids and control the

progression of inflammation. Tao et al. reported that SR-B1, a

scavenger receptor associated with autophagy-lysosome, activates

PPAR-α, mediates TFEB nuclear translocation, and up-regulates

autophagy effector molecules, VPS34, LC3, and ATGs, in

macrophages (115). Caveolin-1 enhances autophagy, promotes

lipid penetration in AS, and improves cholesterol metabolism and

inflammatory response in AS (116). Yuan et al. reported that

curcumin inhibits the nuclear translocation of SREBP-1, a

cholesterol homeostasis-associated TF, and increases caveolin-1

expression in the aortic wall of APOE knockout mice. Similarly,

curcumin improves lipid levels and prevents cholesterol

accumulation in VSMCs (117). Diminished efferocytosis of

macrophages prevents timely clearance of dead cells from the

intima, causing increased intimal loading. Edsfeldt et al. reported

that the expression of IRF5, a proinflammatory macrophage-

associated TF, and CD11c, a monocyte marker, are associated with

an unstable plaque-associated phenotype in human carotid

plaques. IRF5 accelerates macrophage switching to a pro-

inflammatory phenotype, thereby exacerbating plaque

inflammatory infiltration and increasing necrotic core size by

impairing macrophage efferocytosis, causing an increased risk of

rupture in AS plaques (118). We have described in the previous
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section the mechanisms involved in shear stress in aneurysms, and

the stabilization and degree of shear stress are intricately related to

the promotion or inhibition of AS (119). Cheng et al. reported

that cell development and differentiation-associated TF SOX4

expression are up-regulated in atherosclerotic aorta. Up-regulation

of SOX4 in VECs accelerates the phenotypic shift of endothelial

cells to mesenchymal-like endothelial cells, causing dysfunction of

VECs and exacerbating AS progression. Furthermore, in contrast

to steady shear stress, which exerts anti-AS effects in arterial blood

flow, they reported that oscillatory shear stress up-regulated SOX4

and promoted AS progression (30). The activation of heat shock

proteins (HSPs) in AS lesions not only damages VECs and

activates macrophages but also influences lipid metabolism (120).

Krishnamurthy et al. reported that HSF-1, an HSP regulatory-

associated TF, is activated in inflammatory and autoimmune

responses and is up-regulated at the site of AS lesions. HSF-1

reduces bile acid sequestration and increases circulating

lipoproteins by up-regulating Cholesterol 7α-hydroxylase/

Multidrug transporter 1. The deletion of HSF-1 inhibits heat

shock and stress responses and decreases the levels of plasma

lipoproteins, thereby inhibiting AS progression (121).

In the forthcoming years, TF-regulated clonal hematopoiesis

may emerge as a focus in the investigation of AS. While the clonal
FIGURE 2

Schematic representationof the regulationof AS-related TFs. The formationof fo
contribute to the development of AS.While the promotionof lipidmetabolism re
foamcells. VSMCs dysfunction ismanifested by pathological proliferation and th
low-density lipoprotein; HDL, high-density lipoprotein; IDL, intermediate densi
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hematopoiesis was found to be augmented in the elderly

individuals and exhibited a strong correlation with AS (122). The

pathogenesis of AS has been linked to a deficiency in clonal

hematopoiesis-related TFs such as TET2 and DNMT3A due to the

mutation of homologous genes, as reported (123, 124). Clonal

hematopoiesis enhances the production and recruitment of

inflammatory cells to the lesion, thereby exacerbating the

inflammatory response, such as the IL-6-mediated response

associated with macrophages (125). The elucidation of more

mutation sites in TFs is imperative for a comprehensive

understanding of the association between clonal hematopoiesis

and AS in future studies. In short, whether it is inflammation

response, SMC phenotypic switching, lipid metabolism or foam

cell formation, TFs are involved in all stages of AS progression

(Figure 2). Fortunately, there are currently quite a number of

drugs involved in the regulation of these TFs in the treatment of AS.
Pulmonary arterial hypertension-
related TFs

Pulmonary arterial hypertension (PAH) is a kind of PH, which

is localized to the pulmonary vasculature. Its common pathological
amcells, cellular dysfunction, and the initiationof an inflammatory response
strains ASprogression. VSMCs andmacrophages constitute the formationof
e transformation into chondroblast. LDL, low-density lipoprotein; VLDL, very
ty lipoprotein; AS, atherosclerosis. Created with BioRender.com.
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features are vasoconstriction, inflammatory infiltration, and

thrombosis caused by vasoactive substances secreted by immune

cells in the circulating blood, cytokines, and platelet activation

(126). Endothelial dysfunction caused by metabolic shifts in the

intima of pulmonary arterial endothelial cells (PAECs) in

response to metabolic shifts, tissue factors, and other factors,

causes further loss of endothelial integrity and the formation of

in situ thrombus; and the loss of vascular integrity and

obstruction caused by intimal PASMCs in the tunica media

cause vasoconstriction and vascular obstruction due to metabolic

shifts and loss of calcium homeostasis. Furthermore, pulmonary

artery fibroblasts (PAFs) in the adventitia grow out of control in

response to different factors, causing vascular fibrosis and

vascular stiffness (127, 128). A continuous increase in pulmonary

vascular resistance increases the susceptibility of the patient to

life-threatening right heart failure.

PAECs regulate multiple vascular functions, including

vasodilation and vasoconstriction, growth and migration of

PASMCs, regulation of thrombus formation, and inflammatory

responses (126). Numerous TFs are involved in regulating these

functions. FoxM1, another member of the Fox family, regulates the

cell cycle. Dai et al. reported that FoxM1 is significantly up-

regulated in the lung tissues of patients with idiopathic pulmonary

arterial hypertension (IPAH) and PH mice. They revealed a

mechanism by which the PAECs present in PH are interoperable

with PASMCs. In the IPAH model, researchers detected elevated

expression of endothelial dysfunction-associated factors, most

notably CXCL12, inducing elevated expression of FoxM1 and

promoting the proliferation of PASMCs (10). The present study

illustrated the mechanism of EC-SMC crosstalk facilitated by

FoxM1; however, it remains insufficient to comprehend the

initiation of PAH. Further investigations are expected to elucidate

the association between endothelial dysfunction, PASMCs

proliferation, and vasoconstriction. In addition to AS, KLF4

functions as a defender in PAH. Shatat et al. reported that KLF4

was downregulated in the lung tissues of patients with IPAH. In

PAECs, KLF4 promoted the expression of eNOS, endothelin

receptor type B, and Prostaglandin I2 Synthase for vasodilatation,

antiproliferative, antiplatelet attachment, and antithrombotic effects,

whereas KLF4 inhibited the expression of EDN1 to reduce the

vasoconstrictive effect and pro-proliferative effect of ET-1 (35). The

current understanding of KLF4 is limited to PAECs, and its effect

on PASMCs and right ventricular cardiomyocytes still needs to be

explored to comprehend the global progression of PAH. The

absence of Sox17 in IA inhibits the proliferation of VECs, and thus

Sox17 could be playing a pathogenic role in PAH. Interestingly,

Park et al. reported that the lack of Sox17 in PAECs of PAH mice

up-regulated hepatocyte growth factor/c-Met signaling and caused

pathological remodeling of the pulmonary vasculature, manifested

as the proliferation of PAECs, displaying predominantly in contrast

to the phenomenon in IA. In addition, Notch signaling inhibited

Sox17 expression in VECs (31). BMPR2 mutations are one of the

most important genetic features of patients with PH, and BMPR2

deficiency promotes apoptosis in PAECs (129, 130). Alastalo et al.

demonstrated that the mechanism of BMP-mediated endothelial

homeostasis is dependent on the PPAR-γ/β-catenin transcriptional
Frontiers in Cardiovascular Medicine 08
complex and identified apelin as a target of this complex. Apelin

enhances the survival, proliferation, and migration of PAECs to

promote endothelial homeostasis. The paracrine effect of it,

however, exhibited an inverse phenotype in PASMC (131). The

thiazolidinediones currently in clinical use fail to meet the

requirements for PAH treatment, necessitating a focus on

developing drugs that exhibit greater compatibility with PPARγ

ligands, such as nitroalkene derivatives of unsaturated fatty acids.

Other factors contributing to endothelial dysfunction include the

endothelial-to-hematopoietic transition (EHT). Liang et al.

conducted lineage tracing and reported that endothelial-derived

cells transformed into hematopoietic cells with myeloid features

during the progression of PH in mice. Runx1 is one of the TFs

involved in EHT; its inhibition in vivo suppresses EHT and

prevents these transformed hematopoietic cells from exiting the

bone marrow (132, 133). The distinction in EHT extents between

PH with left heart diseases and only PAH needs further clinical

studies since Runx1 is highly expressed in circulating endothelial

progenitor cells, which contributes a more comprehensive

understanding of the relationship between EHT and PH.

Impaired energy metabolism in PASMCs is associated with the

development of PAH (134). Li et al. reported that ALDH1A3, a

glycolysis and cell proliferation-related enzyme, was up-regulated

in patients with PAH. ALDH1A3 up-regulates cell cycle and

metabolism-related genes such as CCNA2 and PKM2 by targeting

TF NFYA and H3K37ac in PASMCs, promoting the proliferation

of PASMCs and aggravating small pulmonary artery obstruction

(135). This targeting effect, however, exhibits an opposite impact

on PAECs. Therefore, future clinical translational studies should

consider PASMCs-sensitive inhibitors. Thickening of the tunica

media and formation of neointima constitute important pathologic

features of PAH (128). Steffes et al. conducted a single-cell

analysis and demonstrated that Notch3-labeled PASMCs

predominate in neointimal cells, suggesting that Notch signaling is

required for the formation of neointima (136). However, the

relationship between neointima formation and media thickness

induced by Notch3 and the inflammatory response remains

unknown; nevertheless, it involved in the progression of PAH.

PASMCs-mediated vasoconstrictor effects directly increase vascular

resistance and cause PAH (137). Barnes et al. reported that TF

HIF-1α in PASMCs attenuated the vasoconstrictive capacity of

PASMCs by restricting myosin light chain phosphorylation and

improved vascular remodeling by activating p27 in a hypoxia-

induced mouse model of PH (26). Kurosawa et al. conducted a

high-throughput compound screening by inhibiting PASMC

proliferation and selected cyclamidomycin for their study. In

addition to antiproliferative effects, cyclamidomycin inhibited the

expression of HIF-1α and NF-κB to promote aerobic metabolism

and suppress inflammation. Moreover, cyclamidomycin elevated

the expression of Nrf2 to reduce the level of OS (48).

Massive proliferation of PAFs in the adventitia causes the

thickening and stiffening of vessel walls and loss of pulmonary

artery elasticity-important pathologic features of PAH (138). Li

et al. identified that TF Elk-1 in PAFs mediated JNK-induced

15- Lipoxygenase expression and regulated p27 expression and

nuclear translocation in a hypoxia-induced PAH model, causing
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elevated cyclin A and CDK2 expression and accelerating the

progression of G1-S and S cycles and promoting the proliferation

of PAFs (139). However, whether Elk-1 is related to the sudden

increase of α-SMA in the tunica adventitia myofibroblast and the

molecular basis remain unclear, which will enrich our

understanding of the tunica adventitia in PAH and comprehend

the connection with the tunica media. Regarding the phenotypic

transition of PAFs, Chen et al. demonstrated that the TGF-β1/

Smad3 signaling in PAFs inhibited the 5-HT-induced transition

of PAFs to myofibroblasts, suppressed the production of

connective tissue growth factor and ECM, and reduced the

migration ability of PAFs (140).

In brief, TFs are substantially involved in the functional regulation

of PAECs, PASMCs and PAFs, as well as in the regulation of a large

number of intracellular signaling pathways. In addition, they are also

indispensable in inflammation, oxidative stress, and metabolic

pathways, and show great clinical translational potential (Figure 3).

Currently, IPAH still constitutes a significant proportion,

necessitating further exploration of genetic heterogeneity to enhance

the comprehension of PAH (141). Consequently, TFs play a pivotal
FIGURE 3

Schematic representation of the regulation of PAH-related TFs. The alteratio
as well as the dysfunction of PAECs and PAFs, collectively contribute to pulm
While the vasodilatory effect inhibits vascular remodeling. PAECs, pulmonary
PAFs, pulmonary artery fibroblasts. Created with BioRender.com.
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role in IPAH research. Future studies on PAH-related TFs will

persist within the context of hypoxia-related vascular remodeling,

which accompanied by severe cell proliferation and angiogenesis.

The HIF TF family, as the mainly part in this background, has

been extensively studied in PASMCs, PAECs and fibroblasts,

exhibiting intricate cross talk with ECs proliferation and ROS

production (142). Clinical translation targeting HIF family should

be expedited in the future, since the drug such as 2-

Methoxyestradiol, which targets both HIF-1α and HIF-2α, may

potentially assume a prominent role in the treatment of PAH in

the context of tumor-related studies (143, 144).
Vasculitis-related TFs

Vasculitis refers to a group of diseases characterized by

autoimmune disorders, infiltration of inflammatory cells in the

vessel wall, perivascular tissues, and vessel lumens, thus causing

vascular damage (145). Its major pathological changes include

fibrin deposition, collagen fiber degeneration, necrosis of VECs and
n in metabolic pattern, the excessive proliferation of PAECs and PASMCs,
onary artery remodeling, which is responsible for the progression PAH.
artery endothelial cells; PASMCs, pulmonary artery smooth muscle cells;
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VSMCs, inflammatory cell infiltration such as neutrophils and

lymphocytes, thrombosis, and altered blood composition. Its

primary pathological classifications include ANCA-associated

vasculitis (AAV), granulomatous vasculitis, allergic vasculitis, and

segmental inflammation and necrosis (146). Patients with severe

vasculitis who are not treated promptly could suffer life-threatening

complications due to organ involvement and even organ failure

such as aneurysm, heart failure, and kidney failure (147).

The two major areas to be investigated in vasculitis include the

source of tissue-infiltrating inflammatory cells and the

mechanisms of different kinds of tissue injury. Numerous

studies on TFs have been conducted. For the large-vessel

vasculitis, Takayasu arteritis is characterized by loss of immune

tolerance, functional bias to Th1 and Th17, and mast cell-

mediated vascular remodeling (145, 148, 149). Régnier et al.

studied pro-inflammatory T-cell differentiation in TAK and

reported that interferon-related gene expression was up-

regulated in T-cells from patients with Takayasu disease by

transcriptome analysis and that the JAK-STAT pathway was

activated. The inhibition of this pathway significantly reduced

T-cell activation, decreased polarization to Th1 and Th17, and

increased the Treg ratio (150). The flow cytometry analysis of

TAK patients compared to healthy donors in this study revealed

a significant increase in p-STAT5 levels in both CD4+ and

CD8+T cells, indicating its potential diagnostic value. AAV is

identified as extravascular inflammation mediated by

microvascular endothelial inflammation, leading to tissue injury,

vascular fibrosis, and vascular dysfunction (151). When it comes

to renal impairment, the activated and impaired VECs become a

cause of necrotizing crescentic glomerulonephritis (152). Choi

et al. reported elevated NF-κB expression in the glomeruli of

AAV mouse models and patients, existing as a p50/p65 dimer.

ANCA-stimulated neutrophils induced endothelial NF-κB

expression in a cell contact-independent manner thus recruiting

neutrophils to the endothelium. Subsequent activation of VECs

is mediated partially by the release of TNF-α from ANCA-

activated neutrophils (36). The activation of NF-kB exhibited a

strong positive correlation with both the inflammatory response

and the number of crescent glomeruli in mice, which reflect the

severity of AAV, thereby indicating its potential prognostic

significance. Kawasaki disease is marked by damage to coronary

arteries and is the predominant vasculitic disease in children

(153). This acute inflammatory response is primarily mediated

by innate immune cells and accompanied by infiltration of IgA+

plasma cells and CD8+ T cells. Concurrently, there is an

observed presence of proliferating myofibroblasts in the tunica

intima (154). NFAT2 expression is up-regulated in Kawasaki

disease (KD) and disrupts vascular endothelial cell homeostasis.

The NFAT pathway is currently the only molecular target with

clinical therapeutic relevance (155). Huang et al. demonstrated

in human coronary artery endothelial cells that TF FOXO4

binds NFAT2 to down-regulate its expression, thereby increasing

cadherin 5 levels to rescue the disruption of endothelial

junctions by NFAT2 (156). The clinical investigations

demonstrated a remarkable elevation in NFAT2 mRNA levels

and firefly luciferase activity among KD patients, while the
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remaining four NFAT1 to NFAT5 are present at basal levels.

This finding holds great potential as a valuable diagnostic

marker. Giant cell arteritis (GCA) is another class of large-vessel

vasculitis characterized by expression of NOTCH in T cells, and

NOTCH is critical to Treg cell survival (157). The pathogenesis

of GCA primarily involves the recruitment of T cells and

monocytes mediated by activated dendritic cells, accompanied

by the secretion of ROS and MMPs by multinucleated

macrophages in tunica media, resulting in compromised

vascular wall integrity (158). Jin et al. reported that CD8+ Treg

cells from patients with GCA lacked anti-inflammatory function,

whereas NOTCH1 and NOTCH4 signaling were up-regulated in

CD4+T cells and CD8+ Treg cells, respectively. Meanwhile, these

results serve as indications of the gravity of autoimmune

vascular inflammation. Further studies have revealed that this

defective NOTCH4 up-regulation in CD8+ Treg cells prevents

NOX2 from translocating to the cell surface by vesicular

transport and recycles NOX2 from the cell surface into the

endosomes. In addition, high expression of NOTCH4 deprives

CD8+ Treg cells of NOX2+ exosome secretion, failing to combat

vascular inflammation (159). Sato et al. identified a population

of CD4+T cells with high proliferative potential and stem cell-

like features by single-cell transcriptome analysis. In arteritis

lesions, the investigators reported a tertiary lymphoid structure

in the perivascular adventitia, where CD4+T cells were localized

and generated two effector cell populations, namely, EOMES+

cytotoxic T cells and BCL6+ follicular helper T cells, by

expressing TF TCF1. Highly TCF1-expressing CD4+T cells

proliferate and infiltrate in situ, produce effector T cells, and

cause chronic and persistent GCA by expressing IL-7R (160).

The CD4+ T cells exhibiting high levels of TCF1 expression

undergo proliferation and differentiation, ultimately giving rise

to pathological effector T cells that attack the vascular wall. This

group of cells is recognized as the primary instigator of the

disease. Uveitis is a typical clinical manifestation of leukemia,

and Th17 and its related TFs are important factors in its

pathogenesis (161). Yang et al. applied berberine to inhibit the

activation of STAT3, which reduced the differentiation of

CD4+T cells to Th17 cells and the production of IL-17, thereby

suppressing the inflammatory response (162).

In a word, current studies on vasculitis-related TFs mainly

focus on the regulation of inflammatory responses related to

T lymphocytes and neutrophils (Figure 4). Further studies are

needed in other pathological types of vasculitis, such as

autoimmune IgA vasculitis. When blood vessels undergo

shear stress, activation of the mechanosensory ion channel

molecule PIEZO1 is accompanied by the induction of innate

immune response. Meanwhile, the absence of PIEZO1 also

exhibits to ablate autoinflammation (163). It has been

demonstrated that the TF NFAT/YAP complex induces

PIEZO1 in the context of shear stress, which is worthy of

investigation in autoimmune IgA vasculitis (13). With the

increasing involvement of physics in vascular diseases

research, inflammation related to physical factors such as

shear stress may become a focal point in studying TFs

involved in vasculitis.
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FIGURE 4

Schematic representation of the regulation of Vasculitis-related TFs. The involvement of TFs in T cell activation and differentiation, neutrophil
activation and recruitment, as well as exosome-mediated biological processes, play crucial roles in the regulation of vascular wall inflammation.
ANCA, anti-neutrophil cytoplasmic antibodies; Th, helper T cell; Tc, cytotoxic T cell; Tfh, follicular helper T cell; Teff, effector T cell; Treg,
regulatory T cell. Created with BioRender.com.
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Summary and perspective

The epigenetic regulatory capacity of TFs is altered by

pathogenic factors and influences disease progression. In

addition, mutations in TF-DNA interactions function as key

drivers of phenotypic variations and influence disease

susceptibility (164). Therefore, it is essential to investigate the

role of TFs in disease pathogenesis. TFs are implicated in

the progression of vascular diseases by epigenetically regulating

the proliferation, migration, differentiation, OS, inflammation,

and metabolism of VECs and VSMCs. In the present study, we

summarize the mechanisms by which TFs mediate the

progression of vascular diseases via epigenetic regulation of ECs

and SMCs, conclude the known and potential drug therapeutic
TABLE 1 Aneurysm-related TFs and potential drug targets.

TFs Cell types Targets
VDR VECs MAPK signaling Anti-inflammatory; anti-an

TFEB VSMCs Bcl2 Anti-apoptosis

KLF15 VSMCs p53-p300 Cope with stress correctly

ZEB2 VECs CSE/H2S Suppress ER stress

STAT1 Macrophages STAT1-HIF1α Inhibit M1 polarization

NRF2 Macrophages NLRP3 signaling Anti-inflammatory; Anti-a

NF-κB VSMCs TLR4 signaling Anti-inflammatory; suppre

STAT3 Macrophages MMP9 Prevent elastin degradation

PPARγ VSMCs NFAT-NF-κB Suppress SMC phenotypic

VECs, vascular endothelial cells; MAPK, mitogen-activated protein kinase; VSMCs, va

endoplasmic reticulum; STAT, signal transducers and activators of transcription; HIF

TLR4, toll-like receptor 4; MMP9, matrix metalloproteinase 9; NFAT, nuclear factor of
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targets, and propose diagnostic or therapeutic strategies to

address the multiple mechanisms by which TFs regulate

epigenetic transcriptional deregulation (Tables 1–4).

Tissue-specific TFs are known to selectively regulate gene

expression. The DNA binding of target genes is specific. Each TF

regulates only one set of gene targets, such that targeting

aberrantly expressed TFs could be an effective strategy to treat

diseases. However, except for nuclear hormone receptors such as

PR, which can be regulated by ligand-binding domains, a few

small molecule drugs can directly target TFs, which is partially

attributed to the structural disorder of TFs and the lack of small

molecule-binding pockets (15). Small molecule inhibitors

targeting interactions of TFs with other proteins, molecular gels,

and monomer degraders can modulate the stability of TFs, or
Effects Drugs References
giogenesis Calcitriol (84)

Cyclodextrin (58)

Curcumin (19)

Entinostat (69)

Bemcentinib (90)

poptosis; Oltipraz (165)

ss ECM degradation Taxifolin (166)

Imatinib (167)

modulation, proliferation and migration Pioglitazone (168)

scular smooth muscle cells; CSE/H2S, cystathionine γ-lyase/hydrogen sulfide; ER,

, hypoxia-inducing factor; NLRP3, NOD-, LRR- and pyrin domain-containing 3;

activated T cells; NF-κB, nuclear factor kappa-B.
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TABLE 2 AS-related TFs and potential drug targets.

TFs Cell types Targets Effects Drugs References
KLF4 VSMCs; VECs SRA Inhibit foam cell formation Formononetin (101)

PR VSMCs CCNA; CCNE Antiproliferative Progesterone (110)

PPARγ VSMCs MCP-1 Limit monocyte chemoattractant Pioglitazone (113)

SREBP-1 VSMCs Caveolin-1 Anti-inflammatory; improve lipid metabolism Curcumin (117)

BACH-1 VECs YAP Anti-inflammatory Rosuvastatin (14)

KLF2 VECs UCP2 Anti-inflammatory Resveratrol (112)

HIF-2α Adipocyte ACER2 Accelerate cholesterol clearance Roxadustat (49)

SOX4 VECs Mesenchymal markers Anti-EndoMT effect Metformin (30)

STAT3 Macrophages SH2 domain Anti-inflammatory Luteolin (169)

KLF14 Hepatocyte ApoA-I Increase HDL-C level and cholesterol efflux rate Perhexiline (170)

ER VSMCs CSE/H2S Decrease plasma cholesterol level Estrogen (171)

TFEB Macrophages LC3; p62 Promote the autophagy-lysosomal system Trehalose (172)

NFAT PBMCs;VECs Pro-inflammatory genes Suppress plaque inflammation A-285222 (173)

AP-1 VECs CD137 Anti-inflammatory Phthalides (174)

STAT1 Macrophages AMPK-STAT1-STING signaling Anti-inflammatory; improve lipid metabolism Balasubramide derivative 3C (175)

NF-κB VECs Pro-inflammatory genes Anti-inflammatory; ameliorate endothelial dysfunction Apabetalone (176)

SP-1 Macrophages PSRC1 Anti-inflammatory Mithramycin (177)

STAT6 Macrophages PI3K/Akt-NF-κB signaling Promote M2 activation Protocatechuic acid (178)

NRF2 VECs HO-1 Anti-inflammatory; anti-oxidation Cardamonin (179)

SRA, scavenger receptor A1; CCNA/CCNE, cyclinA/E; MCP-1, monocyte chemoattractant protein-1; YAP, yes-associated protein; UCP2, uncoupling protein 2; ACER2,

alkaline ceramidase 2; EndoMT, endothelial-to-mesenchymal transition; SH2, src homology domain 2; PBMCs, peripheral blood mononuclear cells; AMPK, adenosine

5′-monophosphate (AMP)-activated protein kinase; STING, stimulator of interferon genes; PSRC1, proline/serine-rich coiled-coil protein 1; PI3K/Akt,

phosphatidylinositol-3-kinase/Akt; M2, type 2 polarized macrophages; HO-1, heme oxygenase-1.

TABLE 3 PAH-related TFs and potential drug targets.

TFs Cell types Targets Effects Drugs References
FOXM1 PASMCs CCNB1; CCNA2 Antiproliferative Thiostrepton (10)

SOX17 PAECs HGF/c-Met signaling Antiproliferative Crizotinib (31)

Notch3 PASMCs Notch signaling Suppress neointima formation Dibenzazepine (136)

HIF-1α PASMCs NF-κB Antiproliferative Celastramycin (48)

HIF-2α PAECs CXCL12; ET-1 Antifibrosis C76 (180)

STAT3; NFAT Macrophages SDF-1; MCP-1 Anti-inflammatory; anti-oxidation Molecular hydrogen (181)

ER PASMCs β-adrenergic receptor signaling Suppress PASMCs hypertrophy Genistein (182)

NRF2 PASMCs HO-1 Anti-inflammatory; anti-oxidation Oxymatrine (183)

RUNX2 PASMCs Hippo signaling Suppress arterial calcification Magnesium sulfate (184)

PASMCs, pulmonary artery smooth muscle cells; PAECs, pulmonary artery endothelial cells; HGF/c-Met, hepatocyte growth factor/c-mesenchymal-epithelial transition;

CXCL12, chemokine (C-X-C motif) ligand 12; ET-1, endothelin-1; SDF-1, stromal cell-derived factor-1.

TABLE 4 Vasculitis-related TFs and potential drug targets.

TFs Cell types Targets Effects Drugs References
STATs T lymphocytes JAK/STAT signaling Suppress Th1/Th17 polarization Ruxolitinib (150)

Notch-1 CD4+T cells mTORC1 Suppress Th1/Th17 polarization DAPT (185)

STAT6 M2 macrophages Pro-fibrotic genes; M2 marker genes Anti-inflammatory; antifibrosis Leflunomide (186)

STAT3 CD4+T cells Differentiation-related genes Suppress Th17 polarization Berberine (162)

NF-κB PAECs AMPK/mTOR/NF-κB signaling Anti-inflammatory; anti-apoptosis Liraglutide (187)

IRF3 VECs Pro-inflammatory genes Suppress DNA-induced inflammation LL37 (188)

JAK, janus kinase; mTORC1, mammalian target of rapamycin complex 1.
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Proteolysis-targeting chimeras degradation techniques targeting

TFs can be used for drug design (189). However, almost all

therapeutic strategies for TFs mentioned in the present study are

limited by the current technology that places TFs in their

signaling pathways and modulates them with existing drugs or

small molecule compounds to treat the disease. The immediate

application of TF therapy lies in its potential to replace coding
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gene defects, such as those associated with aortic aneurysm

rupture caused by SMAD3 mutations (7). The challenge lies in

the complexity of comprehending the extent to which target cells

can effectively accept and regulate the expression of target genes.

In addition to its application in cancer therapy, chimeric antigen

receptor is also anticipated to find utility in vasculitis or other

inflammatory vascular diseases. The modification of T cells
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enables TFs to exert an immune regulatory function within the

inflammatory microenvironment or alter the differentiation

trajectory of activated T cells for enhanced control over the

inflammatory response. TFs constitute an important link in

the development of cell engineering, and understanding the

alterations of TFs on cell progression contributes to the

formulation of therapeutic strategies. Joung et al. applied single-

cell transcriptome and chromatin accessibility analyses to

construct a targeted differentiated TFs atlas, mapped the effects

of TFs overexpression to reference cell types with single-cell

resolution, and established a cellular disease model by sequencing

a screening library of targeted TFs, including SMCs, ECs, and

EMT SMCs, that are intricately related to vascular diseases. In

addition, the researchers conducted mimetic time-series analysis

to screen and validate that over a quarter of TFs overexpressed

affected the differentiation of human embryonic stem cells and

mapped the regulatory network of TFs through ATAC data to

develop a transcription factor screen for predicting reference cell

types (190).

Currently, TFs-related research methods include electrophoretic

mobility shift assay, luciferase reporter assay, yeast one-hybrid assay,

and CHIP. Researchers have been applying TRANSFAC and

JASPAR databases to systematically recognize the structure and

function of TFs and predict their potential regulatory functions

and signaling pathway integration (191, 192). However, the

understanding of TFs is still limited. For example, although the

DNA-binding domains of TFs are known and can be used to

study disease pathogenesis, the transcriptional effector domains,

which are also important components of TFs, are relatively poorly

understood. Researchers have already conducted large-scale

effector activity assays of TFs and annotated thousands of effector

domains; however, the annotation of about 60% of transcriptional

effector domains needs improvement. Therefore, high-throughput

TFs effector domain analysis in vascular-related diseases could

emerge as a significant research direction in the future (193, 194).

Meanwhile, more comprehensive pseudotime analysis ought to be

employed in future studies to examine the trajectories of

pluripotent stem/progenitor cells, aiming to unveil the occurrence

of cell fate switching. Vascular diseases encompass a multitude of

cellular functional transformations, including the transition of

VECs into hematopoietic cells, mesenchymal cells, or

chondroblasts, as well as senescence-associated secretion

phenotypes exhibited by VSMCs. Recent investigations on the
Frontiers in Cardiovascular Medicine 13
epigenetic regulation governing the destiny of embryonic

epidermal stem cells mediated by the TF SOX9 hold instructive

implications for subsequent research endeavors in vascular diseases

(195). The integration of the previously proposed transcriptional

factor activity sequencing technology will enable a more

comprehensive analysis of cell trajectory in the regulation of

vascular cell fate (196).
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