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Abstract

Circular RNAs (circRNAs), constituting a novel class of endogenous non-coding RNAs generated through the reverse
splicing of mMRNA precursors, possess the capacity to regulate gene transcription and translation. Recently, the piv-
otal role of circRNAs in controlling vascular aging, as well as the pathogenesis and progression of aging-related
vascular diseases, has garnered substantial attention. Vascular aging plays a crucial role in the increased morbidity
and mortality of the elderly. Endothelial cells (ECs) and vascular smooth muscle cells (VSMCs) are crucial components
of the intima and media layers of the vascular wall, respectively, and are closely involved in the mechanisms under-
lying vascular aging and aging-related vascular diseases. The review aims to provide a comprehensive exploration

of the connection between circRNAs and vascular aging, as well as aging-related vascular diseases. Besides, circRNAs,
as potential diagnostic markers or therapeutic targets for vascular aging and aging-related vascular diseases, will be
discussed thoroughly, along with the challenges and limitations of their clinical application. Investigating the role
and molecular mechanisms of circRNAs in vascular aging and aging-related vascular diseases will provide a novel
insight into early diagnosis and therapy, and even effective prognosis assessment of these conditions.
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Introduction

Increasing life expectancy and declining fertility rates
have made aging a global healthcare concern. Accord-
ing to World Population Prospects 2022 issued by the
United Nations [1], the population aged 60 and above,
commonly referred to as the ‘aging population; is pro-
jected to surpass 2 billion by 2050. Among this group,
approximately 450 million individuals will be over 80.
However, the demographic transition is accompanied
by an increased prevalence of aging-related diseases [2].
Vascular aging refers to the progressive deterioration of
normal vascular structure and function associated with
advanced age [3]. Given that aging is an irreversible bio-
logical process and an independent risk factor for numer-
ous chronic diseases, understanding the complexities of
vascular aging will facilitate the prediction of prognosis
and identification of potential therapeutic targets for
aging-related diseases [4].

Non-coding RNAs (ncRNAs), which regulate gene
expression, have garnered increasing attention, with cir-
cular RNAs (circRNAs) emerging as a noteworthy sub-
type. Characterized by their covalently closed circular
structures, circRNAs have gained recognition as a novel
class of RNA regulatory molecules due to their stability,
conservation, endogenous nature, and abundance [5].
However, the extent of circRNAs’ involvement in diseases
relatively remains relatively unexplored.
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The primary focus of this review is to provide an over-
view of the latest advancements in research on circRNAs
in vascular aging and aging-related vascular diseases. It
will provide background information on circRNAs and
their regulatory roles in the pathophysiological process of
endothelial cells (ECs) and vascular smooth muscle cells
(VSMCs), including how circRNAs mediate the crosstalk
between ECs and VSMCs. Moreover, we will summarize
and discuss the roles and functions that circRNAs play in
the pathogenesis and progression of aging-related vascu-
lar diseases. Finally, the potential application of circRNAs
as diagnostic markers or therapeutic targets for the clini-
cal practice of vascular aging and aging-related diseases
will be discussed, as well as the potential future chal-
lenges in their clinical application.

Vascular aging

The renowned 17th-century physician Thomas Syden-
ham once said, "A man is as old as his arteries", implying
a strong correlation between vascular aging and individ-
ual aging [6]. Vascular aging serves as a significant bridge
between aging and aging-related diseases. It is vital to
understand vascular aging and how it contributes to the
progression of aging-related vascular diseases.

General characteristics
Vascular aging refers to the progressive degeneration
of the vessel wall, which includes both structural and
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Fig. 1 Mechanisms of vascular aging. The pathology of vascular aging involving the intricate interplay of multiple factors, such as oxidative
stress, mitochondrial dysfunction, cellular senescence, chronic inflammation, vascular wall microenvironment dysfunction, epigenetic alterations,
and genomic instability, etc. These interrelated factors together lead to the development of vascular aging. (Created with BioRender.com). ROS,
reactive oxygen species; RNS, reactive nitrogen species; EndMT, endothelial-mesenchymal transition

functional alterations [7]. It encompasses widespread
alterations across the whole circulatory system, involv-
ing arteries, microvasculature, and veins. These changes
together result in impaired blood flow regulation and
cardiovascular dysfunction.

Arterial aging is one of the most significant aspects of
vascular aging that cannot be ignored, as the structural
and functional alterations in the arteries play a major role
in the overall decline in aging-related vascular functions
[8]. One of the main characteristics of vascular aging is
thought to be arterial stiffness. Vascular aging is associ-
ated with increased rigidity of the arterial walls, influ-
encing their capacity to finely regulate the blood flow
dynamics [9, 10]. In the elderly, increased pulsatile energy
is conveyed to the microvasculature of stiffened arter-
ies, potentially inpairing organ function [11]. Further-
more, vascular calcification, defined by the deposition of
ectopic calcium salts at the vascular sites, is regarded as
an important phenotype of vascular aging [12]. Calcifica-
tion is mainly divided into intimal and medial calcifica-
tion. The former is commonly linked to atherosclerotic
plaque, while the latter is considered a more diffuse arte-
riosclerotic process [13]. Both arterial stiffness and cal-
cification are hallmarks of vascular aging, serving as key
indicators of cardiovascular health risks [13].

The microvasculature is widely distributed through-
out the body and serves a crucial function in regulating
the local environment of various organs and tissues [14].
Aging leads to the gradual deterioration of microvascular
function, resulting in tissue hypoxia, insufficient nutrient
delivery, and waste accumulation [6]. These changes ulti-
mately contribute to widespread negative effects on the
function of multiple organs.

Venous aging can result from the same cellular and
molecular aging mechanisms that affect arteries and
microvasculature, potentially leading to a range of venous
diseases, including varicose veins, chronic venous insuffi-
ciency, and deep vein thrombosis [15]. Although venous
aging has not been extensively studied, it undoubtedly
represents a significant and promising direction for vas-
cular aging in the future.

General biochemical causes of vascular aging

The pathology of vascular aging is an intricate pro-
cess involving the interplay of multiple factors, such
as oxidative stress, mitochondrial dysfunction, cellular
senescence, chronic inflammation, vascular wall micro-
environment dysfunction, epigenetic alterations, and
genomic instability, etc [6, 14, 16—19] (Fig. 1).



He et al. Journal of Nanobiotechnology (2025) 23:216

Oxidative stress, which leads to excessive production
of reactive oxygen species (ROS) and reactive nitro-
gen species (RNS) [20-23], aggravates ECs damage by
upregulating free radical levels [24, 25], and plays a key
role in accelerating vascular aging. Nitric oxide (NO) is
a primary factor for maintaining vascular homeostasis in
ECs. The ROS produced by nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase (NOX) increases
with age [14]. The reaction of superoxide anion with NO
that forms peroxynitrite reduces the bioavailability of
NO, resulting in endothelial dysfunction and ultimately
impacting the blood flow, vascular dilation, and the regu-
lation of the internal environment [26, 27].

Mitochondrial dysfunction is directly correlated with
vascular aging [28]. In aged ECs, dysfunctional mito-
chondria are one of the major contributors to increase
ROS generation [14]. Mitochondrial-derived ROS con-
tributes to pro-inflammatory phenotypic alterations
via nuclear factor kappa-B (NF-kB) activation [29], and
it activates the protein kinase B (Akt) signaling pathway
and the NF-kB/NOX1 axis, thereby accelerating vascular
aging [30, 31].

Cell senescence, a cell aging process initiated by
responses to various endogenous and exogenous stress-
ors, involves various unique phenotypic alterations in
cells [32, 33]. Despite the proportion of senescent cells in
the vascular system of the elderly is generally low, several
mechanisms of cellular senescence have been demon-
strated that may damage vascular function and promote
the progression of age-related vascular diseases [6]. Apart
from inducing cell-cycle arrest, a notable feature of cel-
lular senescence is the production of proinflammatory
cytokines, growth factors, and proteases, collectively
known as the senescence-associated secretory pheno-
type (SASP), which contributes to chronic inflamma-
tion [17, 34-36]. In addition, via the paracrine processes,
senescent cells may affect the phenotypes and functions
of neighboring cells in the vascular system [6]. Through
these mechanisms, senescent cells may lead to endothe-
lial dysfunction, impaired barrier function, elevated
inflammatory status, and pathological remodeling of
senescent blood vessels [6].

Chronic inflammation prompts the release of
cytokines, activating an inflammatory cascade, result-
ing in poor immune function and an inability to clear
senescent cells and inflammatory factors, which create a
vicious cycle of inflammation and senescence [36—-38]. It
is worth mentioning that there is an important interac-
tion between oxidative stress and inflammation. Specifi-
cally, ROS functions as a signaling molecule that activates
the inflammatory signaling pathway (e.g. the NF-«B sign-
aling pathway) that promotes inflammation. Conversely,
inflammatory mediators can trigger oxidative stress (e.g.

Page 4 of 34

the tumor necrosis factor (TNF) signaling induces ROS/
RNS production) [14, 39].

Under a variety of healthy and pathological conditions,
vascular wall cells interact with each other, enabling the
vascular wall to function as a whole via cell crosstalk,
known as the “vascular wall microenvironment” [40]. The
stability of the vascular wall microenvironment is closely
linked to the normal function of blood vessels. Age-asso-
ciated changes in the vascular wall microenvironment
may contribute to the intricate changes in the local tissue
fluid and cellular environment, thereby initiating or exac-
erbating the development of vascular aging [6].

Simultaneously, epigenetic mechanisms such as DNA
methylation and histone modification are key features
of vascular aging and influence the sensitivity and activi-
ties of signaling pathways in cells and tissues by regulat-
ing genes expression [41-44], while genomic instability
also accelerates the vascular aging process [45, 46]. These
interrelated factors together lead to the development of
vascular aging, highlighting the overall imbalance of the
vascular system and the multifaceted interactions.

Cellular and tissue remodeling in vascular aging

Recent investigations have provided evidence support-
ing the involvement of molecular-mediated cell senes-
cence in vascular aging [32, 47]. The vascular walls are
structurally composed of the intima, media, and adven-
titia, which primarily consist of ECs, VSMCs, adventitial
fibroblasts (AFs), and immune cells [19]. In the context of
vascular aging, the functions of these cells undergo sig-
nificant changes, leading to impaired vascular function.

ECs, as the barrier between the blood and vessel wall,
are responsible for regulating key functions, including
vascular contraction and relaxation, inhibition of intimal
thickening, etc [48]. ECs become dysfunctional as aging
progresses, making them one of the key drivers of vas-
cular aging. Senescent ECs contribute to a decrease in
the vascular density, thickening of the intima and media,
increased collagen deposition, and a decline in elastin
deposition, ultimately leading to diminished arterial elas-
ticity and vessel lumen dilation. This not only exacerbates
endothelial dysfunction, but also impairs angiogenesis
and vascular tone [49].

VSMCs, primarily located in the medial of vessel wall,
play a crucial role in providing essential structural sup-
port to the blood vessels, and maintaining vascular tone
through coordinated contraction and relaxation, thereby
influencing vascular function [50]. During aging, with
the gradual accumulation of adverse factors such as
mitochondrial dysfunction and oxidative stress, VSMCs
transition into SASP [47]. This phenotypic transition
leads to the overexpression of cytoskeletal proteins and
integrins in VSMCs, which enhances vascular stiffness.
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Additionally, by secreting matrix metalloproteinases
(MMPs), VSMCs exacerbate collagen deposition and
elastin degradation, further impairing vascular elasticity
and function [47, 51]. Furthermore, under conditions of
high calcium or phosphate, VSMCs could switch to oste-
ogenic phenotype which promotes vascular calcification
[47, 52, 53].

AFs are not only involved in maintaining vascular
structure, but also serve essential immune and endocrine
functions that regulate vascular remodeling [54, 55].
Aging-related alterations in AFs can impair their abil-
ity to maintain vascular integrity and regulate vascular
remodeling. Liu et al. reported that sirtuin 6 (SIRT6) was
down-regulated in the aorta of aged rats, which contrib-
uted to an aging phenotype in AFs, affecting their prolif-
eration, collagen secretion, migration, and the expression
of a-smooth muscle actin (a-SMA), thereby accelerating
vascular aging [56].

In addition to ECs, VSMCs, and AFs, the role of
immune cells in vascular aging has become increasingly
significant. As aging progresses, the immune system
gradually becomes dysregulated, leading to aging-related
chronic low-grade inflammation, which promotes the
process of vascular aging [57]. Senescent macrophages
secrete pro-inflammatory cytokines and MMPs, pro-
moting inflammatory responses and extracellular matrix
(ECM) degradation, playing a key role in vascular aging
and remodeling [58, 59]. Moreover, senescent T-cells and
B-cells contribute to vascular aging by promoting inflam-
matory responses, enhancing antigen presentation, and
secreting pro-inflammatory cytokines, thereby exacer-
bating the inflammatory environment within the blood
vessels [60, 61].

Cells within the vessel wall do not work independently
but communicate with each other to modulate the vas-
cular functions, commonly constituting the vascular
wall microenvironment. Exosomes (Exos) are capable of
transmitting biological messages between adjacent cells
and distant cells, such as stimulating the deposition of
hydroxyapatite crystals, modulating the alteration of phe-
notype, and interfering with underlying signaling [19].
Recent studies have focused on exploring the communi-
cation between vascular wall cells, and have found that
the communication plays an important role in modulat-
ing vascular aging [62-64]. Our previous studies have
revealed that both Exos released from high phosphate-
induced ECs and AFs enhance VSMC calcification by
transmitting miR-21-5p and miR-670-3p, respectively
[40, 62].

Therefore, the cells within the vascular wall microen-
vironment serve not only as physical structural barriers,
but also as regulators of vascular function, highlighting
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the crucial role of the vascular wall microenvironment in
the occurrence and development of vascular aging.

Consequences of vascular aging

Vascular aging stands as an independent risk factor for
aging-related diseases [12], and the prevalence of aging-
related vascular diseases has consistently risen each
year [6]. Vascular aging plays a key role in a variety of
aging-related macrovascular diseases, including ath-
erosclerosis (AS) [65], aneurysm [66], peripheral arterial
disease (PAD) [67], myocardial infarction (MI) [68, 69],
and ischemic stroke (IS) [70]. Moreover, the multifac-
eted structural and functional microvasculature damage
generated by vascular aging results in the occurrence of
aging-related microvascular diseases, including acute
kidney injury (AKI) [71, 72], age-related macular degen-
eration (AMD) [73], diabetic retinopathy (DR) [73],
heart failure (HF) [69], and hypertension [74, 75]. Con-
sequently, in-depth research into the potential molecu-
lar mechanisms of vascular aging will help advance the
development of prevention and treatment strategies.

History and characteristics of circRNAs

Recently, a new generation of RNA-sequencing (RNA-
seq) has successfully and comprehensively explored the
characteristics of circRNAs, revealing their critical role in
various biological processes [76], establishing circRNA as
a rising star in the large family of ncRNAs. Next, we pro-
vide an overview of the history development and char-
acteristics of circRNAs, highlighting their tremendous
regulatory potential.

History development of circRNAs

To trace the discovery and research history of circR-
NAs in aging-related vascular diseases, a comprehen-
sive review of the circRNA timeline would be helpful
(Fig. 2A). CircRNAs were first identified as viroids in
1976 [77]. Their presence in eukaryotic cells was initially
observed through electron microscopy in 1979 [78], and
in 1986, circRNAs were identified within the hepatitis
delta virus [79]. These findings suggest that circRNAs,
as covalently closed single-stranded RNA molecules,
are ubiquitous across various organisms, from viruses to
mammals. However, the specific mechanism of circRNA
formation remains unclear.

Only a few circRNAs were initially reported, likely due
to their low expression levels, and were considered the
by-products of alternative splicing errors or experimen-
tal mistakes [80, 81]. In 1991, researchers identified the
first examples of human endogenously spliced circRNAs,
transcribed from the deleted in the colorectal carcinomas
(DCC) gene with ends joined in a scrambled order com-
pared to the typical linear sequence [82]. Concurrently,
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in 1993, Capel et al. observed circRNA transcription in
genes in mouse male germ cells, suggesting a potential
role in normal cell function [83]. Despite these early dis-
coveries, large-scale circRNA recognition was hindered
by the elaborate traditional study methods and a lack of
useful information.

In 2012, with the use of RNA-seq technology, Salzman
et al. revealed the abundance of circRNAs in the tran-
scriptome of mammalian cells through high-throughput
sequencing [84]. This discovery propelled circRNAs into
the spotlight, with their unique characteristics, such
as the exceptional stability compared to linear mRNA
transcripts, attributed to the resistance against exonu-
cleolytic decay by exoribonucleases [85]. By 2013, reports
confirmed the function of circRNAs as miRNA sponges,
highlighting their specific regulatory ability [78, 86]. Fur-
ther exploration unveiled various biological functions of
circRNAs, including the direction of protein synthesis
[87], interaction with proteins to regulate their activity
or translocation [88, 89], and direct interaction with their
host genes [90].

As the molecular functions and mechanisms of circR-
NAs continue to be explored, they have been found to
possess diverse epigenetic regulatory functions in various
organisms, actively participating in regulating physiologi-
cal and pathological processes associated with human
diseases [5, 91-95]. In 2010, it was found that the level
of circRNAs was associated with the risk of AS, provid-
ing a new direction for future vascular diseases [96].
Additionally, ECs and VSMCs are crucial components
of blood vessels, and circRNAs were found to regulate
their functional changes in 2015 [93, 97]. As more circR-
NAs are discovered in vascular diseases, showing differ-
ent expression patterns in various cells or under different
physiological and pathological conditions, this suggests
that these biomolecules have potential roles in the occur-
rence and development of different diseases, making
them promising diagnostic and therapeutic tools for car-
diovascular diseases (CVDs) [98, 99]. Since 2022, numer-
ous studies have found that synthetic circRNAs can be
engineered to explore their applications as a novel class
of mRNA therapeutics and vaccines [92, 100, 101], which
represent a potential clinical application in vascular dis-
eases. Therefore, in this review, we specifically focus on
the relationship between circRNAs and vascular aging
and aging-related vascular diseases.

Characteristics of circRNAs

CircRNAs are characterized by the absence of 5 -caps
and 3’-poly(A) tails. Unlike typical RNA splicing, cir-
cRNA formation involves back splicing of pre-mRNAs
using RNA-polymerase II [76, 102]. In intron-pairing-
driven circularization, two complementary introns

Page 7 of 34

are joined by direct base pairing, forming a circular
structure with multiple introns and exons by intron
removal. RNA-binding protein (RBP)-driven circu-
larization involves RBPs acting as carriers to bind non-
adjacent introns, which are then removed. Lariat-driven
circularization, resulting from exon-skipping, produces
exon circRNAs (EcircRNAs) and exon—intron circR-
NAs (EIciRNAs), while intron lariats give rise to circular
intronic RNAs (ciRNAs) [5, 103, 104]. The majority of
circRNAs originate from known protein-coding genes,
exhibiting cell-specific and tissue-specific expression pat-
terns, and their biogenesis is regulated by specific cis-act-
ing elements and trans-acting factors [5].

Nuclear circRNAs enhance gene transcription, while
cytoplasmic circRNAs function as microRNA (miRNA)
sponges, interact with circRNA-binding proteins
(cRBPs), serve as molecular scaffolds, or even translate
into proteins [105] (Fig. 2B). For example, nuclear circR-
NAs have been shown to exert transcriptional and trans-
lational control, especially over their parent genes in the
nucleus. The study has shown that circYap can directly
bind its parent mRNA and its translation initiation pro-
teins eukaryotic translation initiation factor 4G (eIlF4G)
and poly(A)-binding protein (PABP), and the overexpres-
sion of circYap disrupts the interaction between PABP
on the 3’-tail with eIF4G on the 5'-cap of yes-associated
protein (Yap) mRNA, thereby blocking translation [106].
The most extensively reported function of cytoplasmic
circRNAs is as miRNA sponges, which bind miRNAs to
decrease their availability and thereby up-regulate the
expression of their target mRNAs [107-109]. The first
identified miRNA sponge is CDR1las, which contains
over 70 conserved target sites for miR-7, and circSry,
which contains 16 binding sites for miR-138 [107]. There-
fore, various functions of circRNAs have gradually been
clarified [89, 110].

Numerous studies have demonstrated the regula-
tory functions of circRNAs in various cellular processes
[111-113]. Through numerous mechanisms described
above, circRNAs play a pivotal role in the regulation of
signaling pathways involved in various CVDs, such as AS,
MI and aneurysm, making them potential diagnostic and
therapeutic targets [76, 114, 115]. Abnormal circRNA
levels in response to pathological stimulation make them
promising biomarkers for disease diagnosis and progno-
sis [91, 116], offering a novel approach to investigate cel-
lular physiology and disease pathology.

The role of circRNAs in vascular aging

Vascular dysfunction is commonly associated with
abnormal gene regulation and the impaired function
of vascular wall cells [117]. This review focuses on ECs
and VSMCs, since they are crucial components of blood
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Table 1 Summary of circRNAs and the mechanisms involved in EC functions
CircRNAs Mechanisms Functions References
circGNAQ Increases PLK2 expression by sponging miR-146a-5p Inhibits senescence [121]
CiPVT1 Regulates the miR-24-3p/CDK4/pRb pathway Delays senescence, promotes proliferation and increases [122]
angiogenic activity
circ_0005699 Regulates the miR-450b-5P/NFKB1 axis Induces inflammation and apoptosis [127]
circ-USP36 Elevates VCAM1 expression by sponging miR-98-5p Accelerates apoptosis and inflammation but suppresses [128]
viability
Sponges miR-637 to enhance WNT4 expression Inhibits proliferation and migration [134]
circRSF1 Regulates the miR-758/CCND2 axis Improves viability, tube formation, and migration [129]
Modulates the miR-135b-5p/HDACT axis Inhibits inflammation, apoptosis, and proliferation [118]
CircAFF1 Regulates the miR-516b/SAV1/YAP1 axis Inhibits proliferation, tube formation, migration, and apop-  [131]
tosis
circ_0003204 Increases E-cadherin expression but reduces N-cadherin Inhibits proliferation and migration [132]
and vimentin expression
Increases HDACO expression by sponging miR-942-5p Promotes apoptosis, oxidative stress, and inflammation [119]
circ_0074673 Regulates the miR-1200/MEOX2 axis Inhibits proliferation, migration, and angiogenesis [136]
circGSE1 Regulates the miR-323-5p/NRP1 axis Promotes proliferation, migration, and tube formation [137]
circCOL1A2  Regulates the miR-29b/VEGF axis Promotes proliferation, migration, and angiogenesis [138]
circ_0086296 Forms the circ_0086296/miR-576-3p/IFIT1/STAT1 feedback  Promotes inflammation [142]

loop

CircRNASs, circular RNAs; ECs, endothelial cells; PLK2, polo-like kinase 2; CDK4, cyclin-dependent kinase 4; NFKB1, nuclear factor kappa B subunit 1; VCAM1, vascular cell
adhesion molecule 1; WNT4, wingless type MMTV integration site family, member 4; CCND2, cyclin D2; HDACT, class lla histone deacetylase 1; SAV1, salvador homolog
1; YAP1, yes-associated protein 1; HDACY, class lla histone deacetylase 9; MEOX2, mesenchyme homeobox 2; NRP1, neuropilin 1; VEGF, vascular endothelial growth
factor; IFIT1, interferon-induced protein with tetratricopeptide repeats 1; STAT1, signal transducer and activator of transcription 1

vessels and play a significant role in aging-induced vas-
cular dysfunction. Recently, circRNAs have been linked
to the pathophysiological processes leading to vascular
aging, including function changes in ECs and VSMCs.
However, our current understanding of their intricate
biological functions remains limited. To demonstrate
the potential role of circRNAs in the process of vascular
aging, we will summarize how circRNAs influence the
development of vascular aging by modulating the func-
tions of ECs and VSMCs, as well as the crosstalk between
them, as follows.

circRNAs and EC functions

EC Dysfunction is widely recognized as a key risk factor
for vascular aging [17]. In contrast to the general vascu-
lar remodeling process, ECs exhibit senescent phenotype
during the vascular aging process, characterized by cell
cycle arrest, impaired metabolic function, DNA damage,
and mitochondrial dysfunction, which collectively lead to
a loss of endothelial function [49]. Meanwhile, vari-
ous functions of ECs are significantly altered, including
decreased proliferation and angiogenic ability, increased
apoptosis, weakened migration capacity, and exacerbated
inflammatory response. These alterations accelerate the
normal vascular function and ultimately contribute to
the progression of vascular aging. Existing studies have
reported the involvement of circRNAs in regulating the

physiological and pathological processes in ECs, includ-
ing senescence, apoptosis, proliferation, migration, angi-
ogenesis, and inflammation, suggesting their potential
role in the occurrence and progression of vascular aging
[24, 118, 119] (Table 1) (Fig. 3).

Senescence and apoptosis
Exploring cellular senescence and apoptosis, particularly
within the context of vascular aging, reveals the intricate
and multifaceted regulatory role of circRNAs in these
biological processes. Cellular senescence, characterized
by irreversible cell cycle arrest and stressor-induced met-
abolic changes, stands as a key feature of age-related EC
dysfunction [49, 120]. Recent investigations have shown
specific circRNAs, such as circGNAQ [121] and ciPVT1
[122], as crucial players in modulating EC senescence.
Notably, circGNAQ enhances Polo-like kinase 2 (PLK2)
expression by acting as a sponge for miR-146a-5p, sug-
gesting a potential role in inhibiting EC senescence.
Similarly, ciPVT1 has been shown to be increased in EC
senescence and acts as a sponge for miR-24-3p, thereby
enhancing cyclin-dependent kinase 4 (CDK4) expression
and promoting Rb phosphorylation, thus reversing EC
senescence.

Similar to senescence, EC apoptosis is linked to
the progression of vascular aging. There is increas-
ing evidence that EC apoptosis is an early event in
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the development of AS [123]. The close association
between EC apoptosis and aging-related vascular dis-
eases like AS further emphasizes the significance of
circRNAs in modulating the functions of blood vessels
[124, 125]. Oxidized low-density lipoprotein (ox-LDL)
serves as a common inducer of AS in vitro [126]. Chen
et al. identified a higher expression of circ_0005699 in
patients with AS; however, silencing of circ_0005699
led to the up-regulation of miR-450b-5p, subsequently
mitigating ox-LDL-induced apoptosis of human umbili-
cal vein ECs (HUVECs:) [127]. Peng et al. observed that

the binding of miR-98-5p to vascular cell adhesion
molecule 1 (VCAM]1) inhibited LDL-induced HUVEC
injury, while circ-USP36 overexpression can up-reg-
ulate VCAM1 expression by sponging miR-98-5p to
promote HUVEC apoptosis [128]. Interestingly, under
the same stimulation conditions, some RNA molecules
can induce different effects. For example, Zhang et al.
reported that circRSF1 exerted a suppressive effect on
the pathogenesis of AS by modulating ox-LDL-induced
vascular EC apoptosis, proliferation, and inflammation
via sponging miR-135b-5p and targeting histone dea-
cetylase 1 (HDAC1) [118]. Similarly, Wei et al. found
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that circRSF1 in human aortic EC (HAECsS) can act as a
miR-758 sponge, regulating cyclin D2 (CCND2) expres-
sion to reverse HAEC apoptosis and improve migration
and angiogenesis [129].

The above studies show the diverse pathways of circR-
NAs in modulating EC senescence and apoptosis, which
demonstrate their ability to influence key factors, such as
miRNAs and target genes, resulting in varying outcomes
depending on the cellular contexts.

Proliferation, migration, and angiogenesis

The recognition of EC damage as a pivotal pathologi-
cal feature in the development of AS highlights its inti-
mate association with crucial functions governing EC
integrity, including proliferation, migration, and angio-
genesis [130, 131]. A body of research has revealed the
intricate regulatory network formed by circRNAs in
mediating various EC functions [131-133]. Wang et al.
demonstrated that hypoxia-induced up-regulation of cir-
cAFF1 promoted the expression of salvador homolog 1
(SAV1) by sponging miR-516b, and then induced YAP1
phosphorylation, ultimately inhibited EC proliferation
and angiogenesis [131]. Furthermore, the knockdown
of hsa_circ_0003204 significantly reduces E-cadherin
expression while enhancing the expression of N-cad-
herin and vimentin in ox-LDL-induced HUVECs, which
consequently promotes EC proliferation and migration
[132]. Beyond these previously mentioned findings, one
study revealed that the overexpression of circ-USP36 in
ox-LDL-induced ECs exacerbated endothelial injury by
sponging miR-637 and enhancing wingless type MMTV
integration site family member 4 (WNT4) expression,
thereby inhibiting EC proliferation and migration [134].
Mesenchyme homeobox 2 (MEOX2) is considered to be
an angiogenic phenotypic regulator of ECs [135]. Huang
et al. demonstrated that the lower expression of exoso-
mal circ_0074673 led to decreased MEOX2 expression,
and promoted proliferation, migration, and angiogenesis
in high glucose (HG)-induced HUVECs [136]. In light of
the critical role played by increased neuropilin-1 (NRP1)
in the angiogenesis of senescent ECs, Qiu et al. analyzed
circGSE1 expression in aortic ECs from aged and young
mice, and discovered that circGSE1 overexpression could
regulate the miR-323-5p/NRP1 axis, and promote the
regeneration of senescent blood vessels in vitro [137].
Zou et al. demonstrated that increasing levels of circ-
COL1A2 could promote proliferation, migration, angio-
genesis, and permeability in HG-induced human retinal
microvascular ECs (HG-RMECs) [138].

Overall, these insights underscore the key role of the
intricate regulatory network of circRNAs in influenc-
ing EC proliferation, migration, and angiogenesis. By
regulating the expression and functions of circRNAs, it
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is expected to protect vascular integrity and delay the
development of vascular aging.

Inflammation

As individuals age, a concomitant increase in EC inflam-
mation heightens the risk of vascular dysfunction and
CVDs [49]. Low-grade inflammation, a hallmark of
aging, serves as a fundamental driver for age-related
injuries and diseases, with a well-established association
between inflammation and AS [139-141]. Several stud-
ies have demonstrated that high expression levels of hsa_
circ_0005699 and circ_0003204 in ox-LDL-induced ECs
contribute to the promotion of inflammation [119, 127].
The former modulates the nuclear factor kappa B subu-
nit 1 (NFKB1) expression and inflammatory cytokines,
while the latter exacerbates ox-LDL-induced HUVEC
injury through the regulation of the miR-942-5p/HDAC9
pathway [119, 127]. Conversely, the up-regulation of
circRSF1 reduces ox-LDL-induced inflammation in
HUVECs via the miR-135b-5p/HDACI1 signaling path-
way [118]. Moreover, circ-USP36 up-regulation could
increase ox-LDL-induced HUVEC inflammation by
enhancing the expression of VCAM1 through sponging
miR-98-5p [128]. Additionally, Zhang et al. proposed that
circ_0086296 inhibition decreased the level of interferon-
induced protein with tetratricopeptide repeats 1 (IFIT1)
and subsequently reduced the production of proinflam-
matory cytokines in ox-LDL-treated HUVECs [142].

Remarkably, the implications of these findings extend
to clinical relevance, as evidenced by large trials confirm-
ing the benefits of anti-inflammatory therapy for patients
with high risk of MI [143, 144]. This insight opens a
promising door for the development of anti-inflamma-
tory therapies for CVDs. Collectively, these findings
emphasize the crucial role of circRNAs in modulating EC
inflammation during the aging process, providing a valu-
able foundation for developing targeted interventions
that may mitigate the impact of inflammation on cardio-
vascular health. These discoveries not only deepen our
understanding of the molecular mechanisms underlying
aging-related vascular diseases, but also pave the way
for innovative therapeutic strategies aimed at alleviating
inflammation and improving cardiovascular outcomes in
aged individuals.

In summary, ECs are integral components of the blood
vessel wall, crucial for preserving the stability of vascu-
lar function and structure. CircRNAs manifest a mul-
tifaceted role and diverse mechanisms in regulating EC
functions, involving critical processes such as prolifera-
tion, apoptosis, and angiogenesis. Currently, predomi-
nant research focuses on the mechanism of circRNAs
with miRNA sponges, while studies on protein sponges,
scaffolds, and upstream regulatory mechanisms in
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CircRNAs Mechanisms Functions References

circACTA2 Regulates the NF-kB/NLRP3 axis Inhibits inflammation [173]
Regulates the ILF3/CDK4 axis Promotes senescence [151]

circRNA-0077930 Regulates the circRNA0077930-miR622-Kras ceRNA Promotes senescence [152]
network

CircTEX14 Modulates the miR-6509-3p/THAP1 axis Inhibits proliferation and migration, but enhances [154]

apoptosis

circ_0002168 Regulates the miR-545-3p/CKAP4 axis Induces proliferation and suppresses apoptosis [155]

circtNRG-1 Regulates the miR-193b-5p/NRG-1 axis Promotes apoptosis [156]

circWDR77 Regulates the miR-124/FGF2 axis Promotes proliferation and migration [160]

circ_Lrp6 Suppresses miR-145 Hinders migration, proliferation, and differentiation [161]

hsa_circ_0008896 Regulates CDC20B expression by sponging hsa- Promotes proliferation and migration [162]
miR-633

circDiaph3 Suppresses miR-148a-5p to increase the level of Igf1r Promotes differentiation, proliferation, and migration [163]
and activates the IGF-1 signaling pathway

circCHFR Regulates the miR-370/FOXO1/Cyclin D1 axis Promotes proliferation and migration [164]

circHIPK3 Regulates the miR-106a-5p/MFN2 axis Inhibits calcification and differentiation [170]
Regulates the FUS/SIRT1/PGC-1a/MFN2 signaling Inhibits calcification [168]
pathway

hsa_circRNA_0008028 Sponges miR-182-5p to regulate TRIB3 Induces proliferation, calcification, and autophagy (171

CDR1as Regulates the miR-7-5p/CNN3 and CAMK2D axis Promotes proliferation and calcification 172

circMAP3K5 Regulates the miR-22-3p/TET2 axis Promotes differentiation (108]

circEsyt2 Regulates p53 splicing via binding to PCBP1 Enhances proliferation and migration, but inhibits [174]

apoptosis and differentiation
circZXDC Regulates the miR-125a-3p/ABCC6 axis Promotes phenotypic transition, proliferation, [175]

and migration

CircRNASs, circular RNAs; VSMCs, vascular smooth muscle cells; NF-kB, nuclear factor kappa-B; NLRP3, NOD-like receptor pyrin domain containing 3; ILF3, interleukin
enhancer-binding factor 3; CDK4, cyclin-dependent kinase 4; Kras, kirsten rat sarcoma viral oncogene; THAP1, THAP domain-containing protein 1; CKAP4,
cytoskeleton-associated protein 4; NRG-1, neuregulin-1; FGF2, fibroblast growth factor 2; CDC20B, cell division cycle 20B; IGF-1, insulin-like growth factor-1; FOXO1,
forkhead box protein O1; MFN2, mitofusin2; FUS, fused in sarcoma; SIRT1, sirtuin 1; PGC-1q, peroxisome proliferator-activated receptor gamma coactivator 1-alpha;
TRIB3, tribbles pseudokinase 3; CNN3, calponin 3; CAMK2D, calcium/calmodulin dependent protein kinase Il delta; TET2, tet methylcytosine dioxygenase 2; PCBP1,

poly (C)-binding protein 1; ABCC6, ATP-binding cassette subfamily C member 6

modulating EC functions are still limited [142, 145, 146].
Hence, further exploration of the role of circRNAs in ECs
can enhance our understanding of the complex processes
that drive vascular aging.

CircRNAs and VSMC functions

Serving as the major component of the middle layer in
arterial walls, VSMCs are essential for preserving nor-
mal vascular function. The differentiation, proliferation,
and migration of VSMCs help repair vascular injury in
general vascular remodeling. However, during vascular
aging, VSMCs undergo abnormal proliferation and phe-
notypic switching, shifting from a contractile pheno-
type to a synthetic or osteogenic phenotype [147]. This
phenotypic switching contributes to vascular stiffness
and calcification, ultimately impairing vasomotor func-
tion. Additionally, VSMCs experience increased senes-
cence and apoptosis, with reduced proliferation and
migration, further accelerating vascular aging. In the
context of vascular aging, circRNAs are closely linked to

various aspects of VSMC senescence, apoptosis, prolifer-
ation, migration, calcification, and phenotypic switching
[148] (Table 2) (Fig. 4).

Senescence and apoptosis

Studies have demonstrated that senescent VSMCs exhibit
cellular senescence-related phenotypes, such as the
SASP, which is linked to aging-related vascular diseases
such as hypertension, AS, and diabetes [149, 150]. The
up-regulation of circACTA2 in VSMCs competitively
binds interleukin enhancer-binding factor 3 (ILF3) with
CDK4 mRNA, leading to reduced stability and protein
expression of CDK4 mRNA, and ultimately contributing
to Angll-induced VSMC senescence [151]. On the other
hand, circRNA-0077930 from HUVECs-Exos induced
VSMC senescence by down-regulating the expression of
miR-622 while up-regulating the expression of kirsten rat
sarcoma viral oncogene (Kras), p21, p53, and p16. Exos
without circRNA-0077930 are unable to promote VSMC
senescence, indicating that circRNA-0077930 serves as
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Fig. 4 Roles of circRNAs in the physiological and pathological processes of VSMCs. CircRNAs are closely linked to various aspects of VSMC
senescence, apoptosis, proliferation, migration, calcification, and phenotypic switching, thereby playing a regulatory role in VSMC aging. (Created
with BioRender.com). Abbreviations: CircRNAs, circular RNAs; VSMCs, vascular smooth muscle cells; Kras, kirsten rat sarcoma viral oncogene; THAPT,
THAP domain-containing, apoptosis-associated protein 1; CKAP4, cytoskeleton-associated protein 4; NRG-1, neuregulin-1; CDK4, cyclin-dependent
kinase 4; ILF3, interleukin enhancer-binding factor 3; FGF-2, fibroblast growth factor 2; CDC208, cell division cycle 20B; FOXOT1, forkhead box protein
O1; CCND1, cyclin D1; FUS, fused in sarcoma; SIRT1, sirtuin 1; PGC-1q, peroxisome proliferator-activated receptor gamma coactivator 1-alpha;
MFN2, mitofusin2; TRIB3, tribbles pseudokinase 3; CAMK2D, calcium/calmodulin dependent protein kinase Il delta; CNN3, calponin 3; TET2, tet
methylcytosine dioxygenase 2; PCBP1, poly (C)-binding protein 1; ABCC6, ATP-binding cassette subfamily C member 6

an effective therapeutic target for VSMC senescence  significant reduction in circTEX14 levels among patients
[152]. with AS. circTEX14 enhances ox-LDL-induced VSMC

As a response to numerous pathological signals present  apoptosis while suppressing proliferation and migration
in CVD conditions, such as pro-inflammatory cytokines, by targeting miR-6509-3p to increase the expression of
ox-LDL, high levels of NO, and mechanical damage, THAP domain-containing, apoptosis-associated pro-
VSMC apoptosis has been identified as a crucial process  tein 1 (THAP1) [154]. Wei et al. identified circ_0002168
in numerous CVDs [148, 153]. A study has reported a as a key player in the formation of abdominal aortic
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aneurysm (AAA) and protected against VSMC apopto-
sis via the miR-545-3p/CKAP4 axis [155]. Furthermore,
Sun et al. observed that increased circNRG-1 expression
could counteract the apoptotic inhibition effect of AnglI
on mouse aortic smooth muscle cells (SMCs), suggest-
ing its potential as a therapeutic target for renin—angio-
tensin—aldosterone system (RAAS)-mediated vascular
remodeling in AS and hypertension [156].

Taken together, these studies demonstrate that the
involvement of specific circRNAs in regulating the life
cycle of VSMCs, and aberrant expression of circRNAs
may result in vascular structural disorders and functional
deterioration. These findings provide a valuable perspec-
tive on the dual roles of circRNAs in regulating VSMC
senescence and apoptosis, which opens avenues for tar-
geted interventions in vascular aging and aging-related
vascular diseases.

Proliferation and migration

VSMC proliferation and migration are essential for
preserving vascular homeostasis and closely associ-
ated with the development of AS and the progression
of aging-related vascular diseases [157-159]. Numer-
ous circRNAs have been identified as pivotal regulators
of VSMC proliferation and migration, primarily serving
as endogenous RNAs that compete with miRNAs [148,
160, 161]. For instance, circWDR77 facilitates VSMC
proliferation and migration by modulating fibroblast
growth factor 2 (FGF-2) expression through targeting
miR-124, while circ_Lrp6 inhibits VSMC proliferation,
migration, and differentiation via regulating miR-145
[160, 161]. Through competitive binding with hsa-
miR-633, hsa_circ_0008896 enhances cell division cycle
20B (CDC20B) expression, promoting VSMC prolifera-
tion and migration and thereby contributing to the pro-
gression of AS [162]. Additionally, circDiaph3 serves as
a competitive endogenous RNA (ceRNA) to suppress
miR-148a-5p and activate the insulin-like growth fac-
tor-1 (IGF-1) signaling pathway, thereby enhancing
VSMC proliferation and migration [163]. CircCHFR is
significantly up-regulated in ox-LDL-induced VSMCs,
and functions as a sponge for miR-370 to up-regulate
the expression of the target gene forkhead box protein
O1 (FOXOL1), finally promoting VSMC proliferation
and migration [164].

In conclusion, these findings highlight the role of
circRNAs as important regulators of VSMC behav-
ior. Under pathological conditions, circRNAs promote
excessive VSMC proliferation and migration by inter-
acting with miRNAs and target genes, contributing to
abnormal vascular remodeling.
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Calcification

The osteogenic differentiation of VSMCs serves as the
pivotal cytological basis underlying vascular calcification,
which represents a crucial phenotype associated with
vascular aging [165, 166]. The biological process involves
circRNAs as key regulators to control the balance of
VSMC functions [167]. Recent studies have highlighted
the regulatory role of circRNAs in AS by modulating
VSMC calcification [168, 169]. For instance, circHIPK3
has been extensively studied for its regulatory effects
on VSMC calcification [168, 170]. Firstly, Feng et al
reported significantly reduced circHIPK3 expression in
both calcified VSMCs and the serum of AS patients. They
demonstrated that circHIPK3 would attenuate VSMC
calcification by activating the SIRT1/PGC-la signaling
pathway and promoting the expression of mitofusin 2
(MFN2) [168]. Secondly, Zhang et al. found that circH-
IPK3 overexpression indirectly up-regulated MEFN2
expression via interacting with miR-106a-5p, and then
inhibited VSMC calcification and the development of AS
[170]. Moreover, circRNAs emerge as crucial players in
the pathogenesis of diabetes-related vascular diseases.
Hsa_circRNA_0008028, widely expressed in HG-induced
VSMCs, functions as a sponge for miR-182-5p, facilitat-
ing tribbles pseudokinase 3 (TRIB3) up-regulation and
subsequently promoting vascular calcification [171].
Additionally, under hypoxic conditions, it was found
that the up-regulation of CDRlas facilitated the phe-
notypic transition of human pulmonary artery smooth
muscle cells (HPASMCs) from a contractile to an osteo-
genic phenotype in patients with pulmonary hyperten-
sion [172]. This effect was mediated by CDR1as sponging
miR-7-5p and up-regulating the expression of calcium/
calmodulin-dependent kinase II-delta (CAMK2D) and
calponin 3 (CNN3) [172].

In conclusion, these findings suggest that specific cir-
cRNAs play direct or indirect roles in the process of
VSMC calcification by regulating the expression of
genes associated with calcium ion regulation, includ-
ing not only regulating calcium channel expression, but
also influencing key proteins that impact the intracellular
calcium ion concentration balance. Through the precise
regulation of these pathways, circRNAs actively contrib-
ute to the homeostatic control of calcium ions in VSMCs,
thereby influencing the occurrence and progression of
calcification.

Differentiation

As universally acknowledged, VSMC differentiation
in response to pathological and physiological stimuli
during the process of vascular injury and repair, leads
to abnormal vascular remodeling and arterial lumen
narrowing, ultimately contributing to vascular aging.
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Study has revealed that vascular injury-related intimal
hyperplasia is associated with CVDs such as AS and
hypertension-induced restenosis [173]. Previous study
has demonstrated that the increased expression of circ-
MAP3K5 induced by ten-eleven translocation-2 (TET2)
could inhibit intimal hyperplasia and promote SMC
differentiation, suggesting that circMAP3K5 may act
as a critical regulator for SMC phenotypic transition
[108]. Apart from the findings, we have already shared
that the overexpression of circHIPK3 may also hinder
osteogenic differentiation by raising the levels of smooth
muscle 22 alpha (SM22a) and reducing the activity of
alkaline phosphatase (ALP), runt-related transcription
factor 2 (RUNX2), and osteoclastogenesis inhibitory
factor (OPG). These findings provide further evidence
that circHIPK3 reduces the osteogenic differentiation of
VSMCs to enhance vascular calcification and hence pro-
mote the progression of AS [170]. Gong et al. revealed
that circEsyt2 could inhibit VSMC differentiation and
modulate VSMC phenotype switching and vascular
remodeling in a mouse model of AS. The mechanism
involved circEsyt2 binding to poly(C)-binding protein 1
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(PCBP1) and modulating its nuclear translocation, which
in turn regulated p53 alternative splicing and the pro-
duction of p53p [174]. Additionally, it is noteworthy that
circZXDC acts as a sponge for miR-213a-125p, causing
a rise in ATP-binding cassette sub-family C member 3
(ABCC3) expression, which promotes VSMC transdif-
ferentiation from a contractile to synthetic phenotype in
individuals with moyamoya disease [175].

These findings suggest that circRNAs, as active regula-
tors of VSMC fate, play a crucial role in guiding the dif-
ferentiation and phenotypic changes of VSMCs during
vascular injury and remodeling by modulating intracellu-
lar signaling pathways and influencing the activity of key
transcription factors.

Taken together, the investigation of circRNAs in regu-
lating VSMC dysfunction offers comprehensive insights
into our understanding of vascular physiological and
pathological processes. These studies unveil the diverse
functions of circRNAs in almost all key physiological
processes of VSMCs, encompassing the regulation of
senescence, apoptosis, proliferation, migration, calcifica-
tion, and differentiation, suggesting that circRNAs serve
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circular RNAs

as key regulators in VSMCs function through an intri-
cate and comprehensive regulatory network and multiple
signaling pathways.

CircRNAs mediating ECs and VSMCs crosstalk

The intricate intercellular communication within the
cardiovascular system relies heavily on extracellular vesi-
cles (EVs) that encapsulate diverse molecules, including
proteins, RNA, DNA, and lipids. Exosomes (Exos), as a
kind of small EVs, serve as crucial vehicles for the sta-
ble enrichment of circRNAs and facilitate the exchange
of biological information between cells and even organs
[176, 177]. The physiological communication between
ECs and VSMCs in the cardiovascular system plays a
crucial role in systemic development and homeostasis
regulation. Various pathological conditions, such as vas-
cular wall remodeling, are closely associated with abnor-
mal intercellular communication between these two cell
types [178]. Recent studies have indicated that circRNAs
could be found in Exos and act as mediators for informa-
tion exchange between ECs and VSMCs, influencing the
development of recipient cells [179, 180]. For instance,
increased expression of cZFP609 has been observed in
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aging-related vascular diseases (Created with BioRender.com). CircRNAs,

VSMCs-specific human Sirtuins 1 (SIRT1) transgenic
mice and in the plasma of patients with AS or diabetic
PAD of the lower extremities. The underlying mechanism
involves the delivery of cZFP609 from VSMCs to ECs
via Exos. Moreover, with SIRT1-dependent suppression
of hypoxia-inducible factor 1-alpha (HIFla) activation,
cZFP609 reprograms ECs to reduce angiogenesis after
IS [180] (Fig. 5A). In addition to materials secreted from
VSMCs to ECs, ECs can also secrete materials to VSMCs.
In the presence of hyperglycemia, hsa_circ_0008362
derived from ECs-Exos induces VSMC calcification via
two pathways: on the one hand, hsa_circ_0008362 pro-
motes VSMC calcification by sponging miR-1251-5p to
upregulate Runx2 expression. On the other hand, hsa_
circ_0008362 exacerbates VSMC calcification by directly
interacting with Runx2 protein, respectively [181]
(Fig. 5B).

Therefore, by exhibiting multidimensional and mul-
tifaceted characteristics, circRNAs emerge as crucial
regulators of vascular aging, mediating the intricate
interactions between ECs and VSMCs, and coordinating
the transmission of information to either facilitate or hin-
der the process of vascular aging.
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circRNAs in aging-related vascular diseases

Aging involves the degradation of various organs within
the body system, representing a natural biological phe-
nomenon, as well as the accumulation of damage caused
by stressors. Widely acknowledged as an irreversible
biological process, aging stands out as a major risk fac-
tor for chronic diseases, especially CVDs associated with
aging [141, 182]. While vascular aging contributes to
the occurrence of aging-related macrovascular diseases,
age-related changes in microvascular phenotype, func-
tion, and structure are equally pivotal to the occurrence
of aging-related microvascular diseases [6]. As described
above, circRNAs regulate the cellular physiological alter-
ations and functions of ECs and VSMCs in the vascular
wall, suggesting their potential role in the pathological
process of various aging-related vascular diseases. There-
fore, the primary purpose of this section is to summarize
the role of circRNAs in the occurrence and progression
of aging-related vascular diseases, including macro- and
microvascular diseases (Fig. 6).

Macrovascular diseases

The relationship between the molecular levels of circR-
NAs and macrovascular diseases is widely explored, and
circRNAs play a pivotal role in the pathogenesis of mac-
rovascular diseases, with a particular focus on AS [183].
They exert influence on gene expression, engage with
miRNAs, and actively participate in intricate signaling
pathways, impacting crucial processes such as inflam-
mation and plaque formation. A comprehensive under-
standing of the specific roles of circRNAs within these
pathways holds great promise for advancing our com-
prehension of the molecular mechanisms underlying
macrovascular diseases, paving the way for innovative
therapeutic interventions. The subsequent discussion
introduces and summarizes the crucial role of circRNAs
in macrovascular diseases (Table 3).

Atherosclerosis

Aging significantly influences atherosclerotic CVDs, a
prevalent vascular condition contributing to several age-
related vascular diseases [18]. In recent years, various
studies have delved into the potential mechanisms under-
lying circRNA-mediated AS [145, 184, 185], with a focus
on the crucial role of VSMC phenotypic switching and
neointima formation in AS. Kong et al. demonstrated that
the overexpression of circ-Sirtl effectively suppressed
the inflammatory phenotypic switching of VSMCs both
in vitro and in vivo, leading to improved injury-induced
vascular inflammation and neointimal formation [184].
The mechanism involved circ-Sirtl binding to miR-
132/212 to prevent miR-132/212 from inhibiting SIRT1
expression, which resulted in the deacetylation and
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inactivation of nuclear NF-xB p65. Another study dem-
onstrated that miR-132/212 were involved in vascular
endothelial function and inflammation via targeting the
inhibition of SIRT1 expression in ECs, contributing to
impaired angiogenic responses during postnatal develop-
ment in adult mice [186]. Another novel circRNA, named
circSQSTM1, was screened in atorvastatin-stimulated
ECs, which could reduce inflammation, inhibit oxidative
stress and promote autophagy by up-regulating Sirtl in
ECs. The overexpression of circSQSTM1 in ECs attenu-
ates AS progression in mice [187]. These studies under-
score that circ-Sirtl and circSQSTM1 exhibit protective
effects against the inflammatory phenotype of VSMCs
and ECs, shedding light on the mechanisms of circRNAs
for AS [187, 188].

Tong et al. reported that Exos-derived circ_0001785
could mitigate EC injury, delaying AS through the miR-
513a-5p/TGFBR3 ceRNA network mechanism, pro-
viding a potential Exos-based intervention strategy for
AS [189]. Additionally, the dysregulation of autophagy
might contribute to the development of AS [190]. Hsa_
circ_0030042 is down-regulated in patients with coro-
nary artery diseases (CADs), preventing ox-LDL-induced
aberrant autophagy in HUVECs by sponging endogenous
eukaryotic initiation factor 4A-III (eIF4A3). The overex-
pression of hsa_circ_0030042 ameliorates plaque stability
in a high-fat-diet-fed AS mice model [145]. Meanwhile,
ox-LDL-induced inflammation in macrophages is essen-
tial to the pathophysiology of AS. Ye et al. discovered that
hsa_circ_0007478 was up-regulated and exhibited stable
expression, along with decreased miR-765 expression and
elevated ephrin A3 (EFNA3) expression in ox-LDL-stim-
ulated macrophages, which regulated the macrophage
inflammatory response to expedite AS development
[191].

These studies underline the significant role of circRNAs
in the occurrence and progression of AS through their
regulation of ECs, VSMCs, and macrophages. By influ-
encing these key vascular wall cells, circRNAs contribute
to the development of AS and could serve as promising
molecular biomarkers, offering potential avenues for tar-
geted therapies.

Aneurysm

Aneurysm refers to a localized abnormal dilation of
artery wall filled with blood due to weakness or injury
in the vessel wall, primarily observed in critical arterial
vessels such as the cerebral arteries and abdominal aorta
[192]. Recent studies have demonstrated that circRNAs
also hold significant potential in modulating aneurysms.
For instance, circ_0008285 and circ_0000595 exhibit high
expression levels in thoracic aortic aneurysm (TAA) and
are involved in the pathogenesis and progression of TAA.



He et al. Journal of Nanobiotechnology (2025) 23:216

Circ_0008285 and circ_0000595 modulate the miR-
150-5p/BASP1 and miR-582-3p/ADAMI0 pathways,
respectively, via the sponge mechanisms, ultimately pro-
moting VSMC apoptosis and resulting in TAA formation
[193, 194].

CircRNAs also serve as crucial regulatory factors of
macrophages during AAA development. Song et al
demonstrated that circCdyl stimulated the inflamma-
tory response and promoted classically activated M1
macrophage polarization to contribute to AAA for-
mation. The mechanism involved circCdyl inhibiting
interferon regulatory factor 4 (IRF4) nuclear translo-
cation via acting as a sponge for let-7c, resulting in
elevated CCAAT/enhancer binding protein delta (C/
EBP-0) expression [195]. Similarly, the up-regulation
of hsa_circ_0087352 in human AAA samples enhances
the inflammatory response in lipopolysaccharide (LPS)-
stimulated macrophages by increasing the expression
and secretion of interleukin 6 (IL-6) and tumor necrosis
factor-alpha (TNF-a) through sponging with hsa-miR-
149-5p in the cytoplasm [196]. Beyond the previously
mentioned, circRNAs are essential for the pathogenesis
and progression of intracranial aneurysm (IA). Myelop-
eroxidase (MPO) has been identified in previous stud-
ies as being connected to both aneurysm formation
and ruptured IA following degenerative remodeling.
Zhang et al. revealed that the mechanism underlying
IA rupture involves two different signaling pathways of
circRNA_0079586/miR-183-5p/MPO and circRNA_Ran-
GAP1/miR-877-3p/MPO. Patients with ruptured IA have
elevated expression of circRNA_0079586 and circRNA_
RanGAP], along with enhanced MPO expression [197].

Taken together, circRNAs play a key role in the devel-
opment of aneurysms, not only affecting the activity and
phenotypic transformation of VSMCs and macrophage
function, but also regulating the development and rup-
ture of aneurysms. The complex regulatory role of cir-
cRNAs underscores their potential as therapeutic targets
for aneurysmal diseases.

Peripheral arterial disease

PAD development is primarily attributed to AS, thus
always accompanied by CVDs and/or cerebrovascular
diseases, leading to increased mortality [198]. Occlusion
and diffuse diseases in distal vessels commonly result
in multi-segmental impairment. As a prevalent vascular
complication of diabetes, PAD has been associated with
tissue defects in over half of patients with diabetic foot
ulcer (DFU) [199]. With the rapid development of the
circRNA field, circRNAs in the wound tissues or blood
of DFU patients have been detected by RNA-seq or
gene microarray analysis, revealing a potential correla-
tion between the levels of circRNAs and DFU. Liao et al.
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analyzed microarray data from tissues with non-diabetes
mellitus (DM) patients and that with DFU patients, iden-
tifying 8 differentially expressed circRNAs [200]. These
results suggest that circRNAs may be involved in specific
biological processes and signaling pathways related to the
healing process of DFU.

DFU represents a common and severe complication
of DM in the elderly, with EC dysfunction serving as the
initial stage. Hyperglycemia exposure directly affects EC
dysfunction by increasing inflammatory factors, oxida-
tive stress, and apoptosis [201-203]. CircBPTF knock-
down blocks cell apoptosis, the release of interleukin-1
(IL-1B), IL-6, TNF-a, and monocyte-chemoattractant
protein-1 (MCP-1), and the production of ROS and
malondialdehyde, via mediating the miR-384/LIN28B
axis in HUVECs, which substantially ameliorates HG-
induced HUVEC inflammatory damage and oxidative
stress [204]. Shan et al. observed that circHIPK3 was sig-
nificantly up-regulated in HG-ECs and acted as a sponge
for endogenous miR-30a-3p to promote the expression
of frizzled homolog 4 (FZD4), wingless-type MMTV
integration site family member 2 (WNT?2), and vascular
endothelial growth factor C (VEGFC), ultimately lead-
ing to EC dysfunction and increased production of pro-
inflammatory chemokines that interfere with wound
healing [205]. Additionally, hyperglycemia may induce
excessive VSMC proliferation and migration, leading to
vascular occlusion, which is also a major cause of PAD.
High levels of cZFP609 are associated with reduced
ankle-brachial index in the plasma of diabetic patients
with lower extremities PAD. The underlying mechanism
involves the delivery of exosomal cZFP609 from VSMCs
to ECs. With SIRT1-dependent suppression of HIFla
activation, cZFP609 reprograms ECs to reduce angiogen-
esis after ischemia in vitro, and knockdown of cZFP609
improves blood flow recovery after hindlimb ischemia
[180]. This indicates that circRNAs have regulatory
effects on well-known targets for alleviating endothelial
dysfunction and inflammatory response. Understanding
the roles of circRNAs in DFU holds promise for advanc-
ing therapeutic strategies in diabetic patients.

Myocardial infarction

MI is a prevalent CVD caused by myocardial ischemia
and ischemia—reperfusion (I/R) injury, which results
in apoptosis and necrosis of myocardial cells [206]. It
tends to occur in patients with coronary stenosis and
coronary spasm. A significant pathological event of MI
is angiogenesis, which is associated with many circRNAs
[207]. CircCEBPZOS in serum EVs is reduced in patients
with adverse cardiac remodeling. In vivo experiments
reveal that circCEBPZOS overexpression alleviates MI-
induced left ventricular dysfunction while expanding
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the functional capillary network. The process involves
circCEBPZOS directly binding to miR-1178-3p to up-
regulate phosphoinositol-dependent kinase 1 (PDPK1)
expression, which reduces post-MI remodeling, pro-
motes revascularization, and ultimately enhances heart
function [208]. Similarly, another study demonstrated
that the overexpression of circFndc3b exhibits cardio
protective effects by reducing cardiomyocyte (CM) apop-
tosis, enhancing neovascularization, limiting infarct size,
and preserving post-MI cardiac function and integrity,
through the FUS/VEGF signaling mechanisms partly
[209]. Furthermore, Si et al. found that circHipk3 played
a critical role in coronary angiogenesis by promoting
coronary artery EC proliferation, migration, tube for-
mation, and increasing capillary density in the vicin-
ity of infarction via the circhipK3/miR-133a/CTGF axis
[210]. There are numerous other circRNAs linked to I/R
damage. The I/R-induced decrease of HECT domain
containing 1 (HECTD1) could be reversed by circDL-
GAP4 sponging miR-143, thereby increasing EC viabil-
ity and reducing apoptosis and migration. This suggests
that circDLGAP4 is an effective therapeutic target for
I/R injury [211]. In HUVECs, hypoxia up-regulates the
expression of cZNF292, cAFF1, and cDENND4C while
down-regulating cTHSD1 expression. The inhibition of
cZNF292 expression decreases globular angiogenesis and
cell proliferation [93, 207]. Undoubtedly, a deeper com-
prehension of the connection between MI and circRNAs
will lay the foundation for the development of circRNAs-
based approaches to MI diagnosis and treatment.

Ischemic stroke

Maintaining optimal oxygenation and nutritional enrich-
ment in cerebral tissue is crucial due to the high meta-
bolic demands of the brain. However, the intrinsic
regulation capacity of brain function declines, poten-
tially leading to vascular dysfunction and subsequently
increasing susceptibility with aging [212]. Recent stud-
ies have clarified the crucial role that circRNAs play in
vascular endothelial damage linked to IS, highlighting
the intricate interactions between inflammation, oxida-
tive stress, and IS pathogenesis [213]. AS represents a
significant pathogenic factor in IS [214]. Recent studies
have reported a significant up-regulation of circRNAs
in human brain microvascular ECs (hBMECs), associ-
ated with endothelial dysfunction, which play a crucial
role in regulating various biological processes follow-
ing IS and may contribute to the development of unsta-
ble atherosclerotic plaques [215]. Besides, the levels of
plasma circPTP4A2 and circTLK2 are shown to be sig-
nificantly higher in patients with severe stroke compared
to those with mild stroke, indicating their close associa-
tion with large artery atherosclerotic stroke [216, 217].
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CircPDS5Bhas been discovered to promote the migration
and angiogenesis of hBMECs exposed to glucose depri-
vation/reoxygenation in middle cerebral artery occlu-
sion mice [146]. The blood-brain barrier (BBB), which
consists of capillaries formed by hBMECs, as well as
pericytes and astrocytes around the capillaries, plays a
key role in maintaining central nervous system homeo-
stasis [218]. CircRNAs have been found to protect BBB
integrity by targeting miRNAs against IS. Yang et al. have
demonstrated that circ-FoxO3 activates EC autophagy
by inhibiting mechanistic target of rapamycin complex
1 (mTORC1) to clear cytotoxic aggregates, thereby alle-
viating BBB damage. These findings suggest a novel role
for circRNAs in maintaining the integrity of the BBB and
may be a prospective therapeutic strategy for the treat-
ment of neurological diseases such as IS [218]. Addition-
ally, Li et al. found that circSCMHI1 facilitated vascular
repair in the peri-infarct cortex following a photo-throm-
botic stroke and mitigated ischemia-induced m®A meth-
ylation. By binding with fat mass and obesity-associated
protein and promoting its nuclear translocation through
ubiquitination, circSCMH1 reduced the m°A methyla-
tion of phospholipid phosphatase 3 (Plpp3) mRNA in
ECs and inhibited Plpp3 degradation, ultimately improv-
ing motor functional behaviors [219]. These findings
underscore the important role of circRNAs in the context
of IS, providing insights into potential therapeutic targets
for mitigating vascular damage and promoting recovery
after stroke.

Microvascular diseases

In addition to acknowledging the critical role of vascular
aging in the pathogenesis of aging-related macrovascular
diseases, its significance in aging-related microvascular
diseases is also increasingly recognized [6]. After summa-
rizing circRNAs implicated in aging-related macrovascu-
lar diseases, the focus now shifts to discussing circRNAs
that contribute to aging-related microvascular diseases
(Table 4).

Acute kidney injury

AKI is a syndrome marked by the swift decline of renal
function within hours to days, often triggered by sudden
myocardial and cerebral infarction, especially in elderly
individuals and those with pre-existing renal condi-
tions [220]. Substantial evidence suggests a correlation
between the dysregulated expression of circRNAs and
AKI induced by various etiologies, which may contribute
to disrupted intracellular signaling, increased oxidative
stress, heightened apoptosis, exacerbated inflammation,
and sepsis-induced tissue damage associated with AKI
[220-222]. Renal I/R injury is a common cause of AKI
[223]. Kolling et al. found that CiRs-126 was significantly
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Table 4 Functions of circRNAs in aging-related microvascular diseases
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Diseases CircRNAs Regulatory mechanisms Functions Expression References
AKI CiRs-126 Serves as part of a signaling cascade The protective mechanism of AKI Up-regulated [224]
involving LRIG and miR-126-5p
mmu_circ_0001295 Alleviates microvascular dysfunction Down-regulated [225]
and reduces inflammatory factors
AMD cZBTB44 Acts as miR-578 sponge to increase Enhances EC viability, proliferation, Up-regulated [228]
VEGFA and VCAM1 expression migration, and tube formation
CircRNA Uxs1 Sponges miR-335-5p to increase PGF Promotes EC tube formation, migra- Up-regulated [229]
expression and activate the mTOR/p70  tion, and proliferation
S6k pathway
hsa_circRNA7329 Regulates SCD through sponging Promotes macrophage-mediated Up-regulated [230]
hsa-miR-9 inflammation and pathological angio-
genesis
DR circHIPK3 Sponges miR-30a-3p and inhibits Inhibits EC viability, proliferation, migra- Up-regulated [233]
miR-30a-3p activity to increase VEGFC,  tion, and tube formation
FZD4, and WNT2 expression
CcZNF609 Sponges miR-615-5p and inhibits Inhibits migration and tube formation, ~ Up-regulated [234]
miR-615-5p activity to increase MEF2A  but improves apoptosis in ECs
expression
circMET Enhances the interaction Induces EC pathological angiogenesis  Up-regulated [236]
between IGF2BP2 and NRARP/ESM1 and tip cell specialization
circFTO Up-regulates TXNIP by binding to miR-  Induces EC viability and angiogenesis ~ Up-regulated [237]
128-3p
circEhmt1 Mediates the NFIA/NLRP3 signaling Protects ECs against HG-induced injury ~ Up-regulated [238]
cPWWP2A Sponges miR-579 to increase angiopoi-  Maintains vascular integrity Up-regulated [239]
etin 1, occludin, and SIRT1 expression
HF circHIPK3 Regulates the miR-29a/IGF-1 pathway  Decreases oxidative stress-induced Up-regulated [241]
CMVEC dysfunction
Regulates the miR-17-3p-ADCY6 axis Improves Ca’* concentration Up-regulated [281]
in the cytoplasm
CircBPTF Improves EC proliferation Up-regulated [243]
circRNA-RBCK1 Binds miR-133a to up-regulate GTPCH1  Improves diastolic dysfunction Down-regulated [244]
expression
Hypertension  circHIPK2 Sponges miR-145-5p to up-regulate Promotes VSMC phenotypic transition  Up-regulated [246]
disintegrin and ADAM17 expression
circACTA2 Targets the circACTA2-NF-kB-NLRP3 axis  Inhibits VSMC inflammation Down-regulated [173]
hsa_circ_0105015  Targets hsa-miR-637 Promotes EC dysfunction and vascular ~ Up-regulated [248]
inflammation
hsa_circ_0122153 Regulates the RAAS-related hsa_ Increases the risk of EH Up-regulated [249]
circ_0122153/hsa-miR-483-3p axis
hsa_circ_0025088 Regulates the RAAS-related hsa_ Increases the risk of EH Up-regulated [249]

circ_0025088/hsa-miR-27a-3p axis

CircRNASs, circular RNAs; AKI, acute kidney injury; LRIG, leucine-rich repeats and immunoglobulin-like domains protein; AMD, age-related macular degeneration;
VEGFA, vascular endothelial growth factor A; VCAM1, vascular cell adhesion molecule 1; ECs, endothelial cells; PGF, placental growth factor; mTOR, mammalian target
of rapamycin; SCD, stearoyl-CoA desaturase; DR, diabetic retinopathy; VEGFC, vascular endothelial growth factor C; FZD4, frizzled family receptor 4; WNT2, wingless
type MMTV integration site family, member 2; MEF2A, myocyte specific enhancer factor 2A; IGF2BP2, insulin-like growth factor 2 mRNA binding protein 2; NRARP,
notch regulated ankyrin repeat protein; ESM1, endothelial cell specific molecule 1; TXNIP, thioredoxin interacting protein; NFIA, nuclear factor IA; NLRP3 NLR family
pyrin domain containing 3; HG, high glucose; SIRT1, sirtuin 1; HF, heart failure; IGF-1, insulin-like growth factor-1; CMVECs, cardiac microvascular endothelial cells;
ADCY6, adenylate cyclase 6; GTPCH1, GTP cyclohydrolase 1; ADAM17, A disintegrin and metalloprotease 17; VSMCs, vascular smooth muscle cells; ILF3, interleukin
enhancer binding factor 3; CDK4, cyclin dependent kinase 4; NF-kB, nuclear factor kappa-B; RAAS, renin-angiotensin-aldosterone system; EH, essential hypertension

elevated in hypoxic ECs in patients with AKI, highlighting
its specificity as a potential biomarker for AKI. In addi-
tion, CiRs-126 was found to sponge with miR-126-5p, an
important ncRNA that impacts endothelial homeostasis
and hypoxia signaling. Besides, CiRs-126’s linear coun-
terpart, leucine-rich repeats and immunoglobulin-like

domains protein 1 (LRIG1), is reported to be important
in early cell protection and regeneration in ischemia
AKI. Therefore, CiRs-126 might serve as part of a sign-
aling cascade involving LRIG and miR-126 to against
renal injury [224]. Sepsis is the leading underlying cause
of AKI in severely ill patients, accounting for 40-50% of



He et al. Journal of Nanobiotechnology (2025) 23:216

AKI [225]. The current understanding focuses on inflam-
mation, microcirculatory dysfunction, and metabolic
reprogramming as key pathways in septic AKI [220].
Mesenchymal stem cell-derived Exos have been reported
to alleviate microvascular dysfunction and decrease the
expression of inflammatory factors in sepsis through the
delivery of mmu_circ_0001295, thus inhibiting sepsis-
induced AKI [225]. These studies emphasize the role of
circRNAs in modifying AKI and demonstrate the feasi-
bility of using circRNAs as novel therapeutic targets for
kidney injury. More research into the mechanisms by
which circRNAs regulate microcirculatory dysfunction
in AKI may identify novel therapeutic targets and offer
more effective strategies for the prevention and treat-
ment of AKL

Age-related macular degeneration

AMD is a degenerative disease that affects the macular
area of the retina and severely damages vision in elderly
people [73]. One of the main causes of vision loss in
AMD is choroidal neovascularization (CNV) [226] and
endothelial dysfunction plays a key part in the occur-
rence of CNV [227]. Recent studies have verified that
circRNAs play significant regulatory roles in CNV. A
significant increased level of ¢ZBTB44 was observed
by Zhou et al. in the CNV choroid. The knockdown of
cZBTB44 reduced the activity, proliferation, migration,
and tubular formation of ECs, which had an anti-angio-
genic effect. Mechanistically, cZBTB44 sponged miR-578
and resulted in enhanced expression of vascular endothe-
lial growth factor A (VEGFA) and VCAM1 [228]. Simi-
larly, Wu et al. demonstrated that circRNA Uxs1 sponged
miR-335-5p, activating the downstream mTOR-p70 S6K
pathway and up-regulating placental growth factor (PGF)
expression. The increased expression of circRNA Uxsl
promoted CNV by enhancing EC tube formation, migra-
tion, and proliferation [229]. These studies suggest that
circRNAs play a key role in CNV by regulating endothe-
lial angiogenesis function.

Macrophages are critical to maintaining inflammatory
homeostasis in AMD [73]. Using bioinformatics analysis,
Su et al. identified a regulatory axis of hsa_circRNA7329/
hsa-miR-9/SCD. Specifically, hsa_circRNA7329 mod-
ulated stearoyl-CoA desaturase (SCD) by sponging
hsa-miR-9. This promoted macrophage-mediated inflam-
mation and pathological angiogenesis, contributing to
AMD progression [230]. In addition, it has been reported
that circRNAs may alter ECM expression in the patho-
genesis of CNV. ECM maintains the shape of vascular
tissue structure and regulates the proliferation and dif-
ferentiation of vascular cells. Huang et al. identified 117
differently expressed circRNAs between control and
laser-induced choroids. The most significant mechanism
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among these circRNAs-mediated regulatory pathways is
the ECM-receptor interaction, indicating that circRNAs
in CNV may target ECM to promote angiogenesis [226].
Therefore, circRNAs are expected to be promising thera-
peutic targets for AMD treatment and even other ocular
diseases involving CNV.

Diabetic retinopathy

Diabetes, a prevalent chronic metabolic disorder, is char-
acterized by elevated blood glucose levels, which can
result in long-term microvascular complications [231].
Diabetic vascular complications are closely associated
with vascular aging, and damage to vascular ECs is a pre-
cursor to retinal vascular dysfunction in DR [232]. Recent
studies have underscored the crucial role of circRNAs
in maintaining the metabolic homeostasis of ECs in the
context of DR [138, 233—-235]. It has been discovered that
circHIPK3 is significantly up-regulated in the diabetic
retina and retinal ECs [233]. By acting as a miR-30a-3p
sponge and inhibiting its expression, circHIPK3 can
modulate the vitality, proliferation, migration, and lumen
formation of ECs in vitro, promoting EC proliferation as
well as vascular dysfunction associated with DR [233].
Another study has highlighted the marked up-regula-
tion of cZNF609 under conditions of hyperglycemia and
hypoxic stress, both in vivo and in vitro. The knockdown
of cZNF609 enhances EC migration and tube formation,
protecting ECs from oxidative and hypoxic stress in vitro,
meanwhile reducing retinal vascular loss and inhibiting
pathological angiogenesis in vivo [234].

The specialization of endothelial tip cells is criti-
cal for angiogenesis, with NOTCH-regulated ankyrin
repeat protein (NRARP) and endothelial cell-specific
molecule-1 (ESM-1) serving as key regulators of both
angiogenesis and tip cell behavior. Through its interac-
tion with insulin-like growth factor 2 mRNA binding
protein 2 (IGF2BP2), circMET can stabilize the expres-
sion of NRARP mRNA and ESM-1, hence regulating
the endothelial sprouting and pathological angiogenesis.
CircMET knockdown diminishes endothelial migra-
tion and sprouting in vitro, while also greatly decreases
pathological angiogenesis and suppresses tip cell spe-
cialization in vivo [236]. The up-regulation of circFTO in
HG-induced retinal vascular ECs leads to enhanced angi-
ogenesis, but this effect is reversed by circFTO knock-
down. Mechanistically, circFTO is thought to up-regulate
thioredoxin interacting protein (TXNIP) by binding to
miR-128-3p, ultimately promoting angiogenesis in DR
[237].

The interplays and communication between different
cells also play a pivotal role in both the steady state of
DR and microvascular remodeling. Lin et al. discovered
that the hypoxia-induced expression of circEhmt1 in ECs
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facilitated secretion from adjacent cells, hence protect-
ing ECs against HG-induced damage [238]. Similarly,
Exos-derived cPWWP2A could be transferred from peri-
cytes to ECs. By interacting with miR-579 to promote the
expression of angiogenin 1, occludin, and SIRT1, cPW-
WP2A can maintain vascular integrity and alleviate DM-
induced retinal vascular dysfunction [239].

By modulating key processes such as endothelial
proliferation, migration, and angiogenesis, circRNAs
significantly contribute to vascular dysfunction and
pathological changes in DR. These findings highlight the
potential of circRNAs as therapeutic targets for address-
ing microvascular complications in DR.

Heart failure

HEF is a serious chronic disease with high global mortality
and significant adverse health effects [240]. Microcircu-
lation dysfunction is a major cause of HF. By connect-
ing the circulation and CMs, cardiac microvascular ECs
(CMVECs:) are essential for regulating and maintaining
cardiac function. CMVECs-related oxidative stress com-
plications after myocardial ischemia are the main rea-
son for cardiac dysfunction [241]. Recent studies have
revealed the roles of Exos-drived circRNAs in main-
taining CMVEC function. CircHIPK3 released from
hypoxic-preconditioned CMs is transferred to CMVECs
by Exos and mediates the expression of IGF-1 via target-
ing miR-29a in CMVECs, thereby alleviating CMVECs
dysfunction caused by oxidative stress [241]. Interest-
ingly, it has also been found that circHPIK3 impairs
cardiac function in the long term by raising Ca** con-
centration via the circHPIK3-miR-17-3p-Adcy6 axis,
which may be a therapeutic target for HF [242]. Further-
more, Madeé et al. discovered that the level of circBPTF
increased in ECs exposed to hypoxia, as well as in car-
diac samples from patients with end-stage ischemic HF.
Subsequent study demonstrated that circBPTF silencing
resulted in EC cycle arrest [243]. HF with preserved ejec-
tion fraction (HFpEF) is associated with EC dysfunction.
Li et al. found that statins up-regulate the expression of
circRNA-RBCK1 via the AP-2a/circRNA-RBCK1 signal-
ing pathway. The interaction between circRNA-RBCK1
and miR-133a enhances diastolic function, thereby pre-
venting HFpEF [244]. Overall, these studies highlight the
critical involvement of circRNAs in regulating EC func-
tion and maintaining cardiac microvascular integrity in
HE, suggesting that circRNAs could serve as promising
therapeutic targets for improving vascular and cardiac
outcomes in HF patients.

Hypertension
Hypertension, a clinical syndrome characterized by ele-
vated systemic arterial blood pressure, is considered a
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disease associated with vascular aging. The factors con-
tributing to the vascular function deterioration accelerate
with aging [245]. Investigating and modulating circRNAs
in the development of hypertension are crucial. Study has
elucidated the significance of phenotypic transition in
primary hypertension-associated vascular remodeling in
VSMCs [246]. Notably, circHIPK?2 is found to be signifi-
cantly up-regulated in VSMCs of hypertension patients
and acts as a sponge for miR-145-5p, facilitating AnglI-
induced phenotypic alteration in VSMCs [246]. Inflam-
mation is considered a key mechanism leading to the
phenotypic transformation of VSMCs [247]. Via regulat-
ing the expression of a-actin in VSMCs, circACAT?2 has
an impact on the VSMC inflammation and neointimal
hyperplasia. Yang et al. showed that circACTA2 inter-
acted with p50 and suppressed the expression of the
NF-xB p65 and p50 subunits. This not only prevented
TNF-a-induced dimerization of p50/p65 and subsequent
nuclear translocation, thereby inhibiting NLRP3 gene
transcription activation, but also reduced inflammation
by suppressing NLRP3 inflammasome activity [173].

EC dysfunction resulting from chronic inflamma-
tion is one of the pathogenic mechanisms for hyperten-
sion. He et al. discovered that vascular inflammation is
accompanied by the up-regulation of hsa_circ_0105015.
By sponging has-miR-637 to induce inflammation and
EC dysfunction, hsa_circ_0105015 promotes hyperten-
sion progression [248]. Additionally, there is a strong
correlation between the development of hypertension
and the imbalance of the RAAS. A study has indicated
that the hsa_circ_0122153/hsa-miR-483-3p and hsa_
circ_0025088/hsa-miR-27a-3p axes have an effect in the
development and progression of hypertension by regulat-
ing the RAAS [249].

These studies underscore the significant role of circR-
NAs in hypertension, particularly in regulating VSMC
phenotype, EC function, inflammation, and affecting
critical signaling pathways like the RAAS, pointing to
circRNAs as potential targets for innovative therapeutic
strategies in managing hypertension.

The clinical application of CircRNAs

in aging-related vascular diseases

CircRNAs play a pivotal role in the pathogenesis and pro-
gression of various aging-related vascular diseases due to
their strong stability and specific expression in cells and
tissues [250]. Recent studies have established that circR-
NAs are emerging as potential diagnostic biomarkers for
various diseases, as they are closed circular molecules
resistant to RNA exonucleases or RNase R, ensuring
the stability in blood and other body fluids. Besides, the
characteristics of conservation across mammals, high
sensitivity, and specificity make circRNAs potential new
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therapeutic targets and markers for the diagnosis, thera-
pies and prognosis of diseases [251-254].

CircRNA detection and investigation methods

To gain a deeper understanding of the clinical role of cir-
cRNAs in aging-related vascular diseases, it is crucial to
employ appropriate detection and investigation methods.

Accurate and reliable circRNA detection methods
lay the groundwork for researching how they function
in aging-related vascular diseases. Several methods are
available for detecting circRNAs, including RNA-seq,
quantitative reverse transcription PCR (qRT-PCR), and
microarrays [255]. High-throughput RNA-seq enables
comprehensive analysis of circRNA expression profiles
[85, 256], allowing researchers to identify circRNAs
linked to aging-related vascular diseases and uncover
potential biomarkers for early diagnosis and personal-
ized treatment. qRT-PCR is commonly used to quantita-
tively measure the expression levels of specific circRNAs
and to validate RNA-seq results [257]. By utilizing spe-
cific probes, microarrays can effectively identify circR-
NAs associated with aging-related vascular diseases,
supporting biomarker discovery [258]. In addition,
northern blotting and RNA in situ hybridization are
employed to detect specific expression patterns of circR-
NAs [85]. These detection methods provide reliable tools
for researchers to gain a deeper understanding of the
dynamic changes of circRNAs under different physiologi-
cal and pathological conditions.

In vitro and in vivo experiments are the two main
approaches for studying the function of circRNAs. In
the context of vascular aging, in vitro experiments use
cell culture models to explore the effects of circRNAs on
processes such as proliferation, migration, and apoptosis
in ECs and VSMCs. Through transfection techniques,
specific circRNAs can be overexpressed or suppressed,
enabling researchers to observe their effects on cellu-
lar functions. RNA interference and clustered regularly
interspaced short palindromic repeats (CRISPR)-Cas
systems allow precise modulation of circRNA expres-
sion, enabling the exploration of circRNA function
[259]. In vivo studies employ animal models, such as
mice, to assess the long-term impacts of circRNAs on
tissues like blood vessels. Gene knockdown or overex-
pression mouse models are commonly used to investi-
gate the roles of circRNAs in different physiological and
pathological conditions. Preclinical studies serve as a
crucial bridge between basic research and clinical appli-
cation, helping to validate the efficacy and safety of cir-
cRNAs as potential therapeutic targets. They also explore
the combination of circRNAs with other therapeutic
strategies, such as anti-inflammatory and antioxidant
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therapies, thereby expanding their potential in the man-
agement of aging-related vascular diseases [260].

These methods not only provide new insights for basic
scientific research of circRNAs, but also offer valuable
clinical guidance for the early diagnosis, treatment, and
prognosis of aging-related vascular diseases. Despite
advances in current detection and research techniques,
the detection and investigation of circRNAs still face
challenges, including issues of stability, specificity, and
cost-effectiveness, as well as interspecies differences and
the reproducibility of experimental results need further
resolution [257]. Future research should continue to opti-
mize existing technologies and develop more efficient
and reliable circRNA detection and research methods to
facilitate their clinical translation.

CircRNAs act as potential biomarkers for diagnosis
CircRNAs have been identified as prospective markers
for improved specificity in the diagnosis of aging-related
vascular diseases [261-263]. CircRNAs provide distinct
advantages over other existing methodologies and bio-
markers: in addition to possessing very stable and highly
conserved features with a longer half-life in plasma, cir-
cRNAs are broadly distributed in blood, plasma, and
EVs, thereby they can be easily detected via non-invasive
methods. Currently, hundreds of cell-specific circRNAs
in mammal cells and tissues have been found using RNA
detection technologies, providing more candidates for
the selection of disease biomarkers [240, 264].

The potential of circRNAs as biomarkers for clini-
cal application in aging-related vascular diseases is well
supported by the compelling evidence. Firstly, circRNAs
contribute to the enhancement of diagnostic specific-
ity for aging-related vascular diseases. For example, an
analysis of serum samples from individuals with CAD
identified 624 significantly up-regulated circRNAs and
171 significantly down-regulated circRNAs, with hsa_
circ_0001879 and hsa_circ_0004104 emerging as prom-
ising candidates for CAD diagnosis [251]. Secondly,
the severity of vascular diseases can be assessed by the
expression levels of circRNAs. Hou et al. identified three
differentially expressed circRNAs (hsa_circ_0016868,
hsa_circ_0001364, hsa_circ_0006731) in the left main
coronary artery with high levels of AS [253]. Moreover, as
circRNAs are abundant in blood EVs, and their fraction is
substantially higher in EVs than in cells, circRNAs in EVs
may have significant implications for disease diagnosis
[265]. Xiong et al. demonstrated that the overexpression
of small EVs (sEVs)-derived circNPHP4 was linked with
aggressive clinicopathologic features in patients with cor-
onary atherosclerotic disease, as well as a strong capac-
ity for risk prediction in coronary atherosclerotic disease
[266]. Thus, monitoring the levels of specific circRNAs
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not only serves as a diagnostic tool, but also predicts dis-
ease progression.

CircRNAs act as potential targets for therapy

CircRNAs mainly act as miRNA sponge that regulate
the downstream target proteins. Therefore, blocking or
mimicking a certain circRNAs/miRNAs/mRNAs axis
may successfully alleviate disease progression [207].
Some RNA drugs such as antisense oligonucleotides and
small interfering RNAs have successfully entered clinical
research and have become promising therapeutic strate-
gies for many diseases. They can reverse the regulation
of downstream target genes by reducing the expression
of circRNAs. In fact, most of the circRNAs discussed in
Sects. "The role of CircRNAs in vascular aging" and "Cir-
cRNAs in aging-related vascular diseases" exhibit sub-
stantial potential as therapeutic targets for aging-related
vascular diseases. However, their therapeutic values need
to be further evaluated in clinical practice. In addition to
engaging in downstream target gene regulation through
miRNA sponge mechanisms, some circRNAs can con-
tribute to diseases via RBP or small peptide translation
mechanisms [267]. For example, circ_0002331 alleviated
ox-LDL-induced HUVEC dysfunction by interacting
with RBP ELAVLY], indicating a potential therapeutic tar-
get for AS [268].

It is well known that natural oligonucleotides are chal-
lenging to reach the target site intactly. Fortunately, EVs,
especially Exos, have the advantages of low immuno-
genicity and long half-life, as well as the capacity to target
tissues and cross biological barriers [269, 270]. Therefore,
they exhibit significant promise as natural drug delivery
carriers in treatment. EVs loaded with circ-ITCH can
promote EC angiogenesis and accelerate wound healing
in DFU [271]. circSHOC2 in Exos can inhibit neuronal
apoptosis and alleviate neuronal injury, which might
provide a potential therapeutic strategy for IS [272].
Innovatively, selecting candidates focused on a single
disease from multiple circRNAs and downstream signal
pathways is extremely difficult. This issue can be partially
resolved with synthetic circRNAs. For example, the inte-
gration of several effective targets into a single synthetic
circRNA shows much potential for the diagnosis and
treatment of diseases [264].

All of these studies imply that circRNAs are involved
in the treatment of aging-related vascular diseases, and
mediating the circRNA-miRNA-mRNA regulatory axis
may reverse the disease process. Therefore, precisely
regulating circRNAs in vascular ECs and VSMCs could
emerge as a novel approach for treating aging-related
vascular diseases, laying the groundwork for developing
novel targeted therapies and drugs, and bringing new
hope for personalized and accurate treatment.

Page 25 of 34

CircRNAs act as potential biomarkers for prognosis
Prognosis, a paramount concern in clinical investiga-
tions, appears intricately linked to the expression profiles
of specific circRNAs in the onset and progression of dis-
eases, as evidenced by recent studies [273]. By employ-
ing multifactorial logistic regression models and Cox
proportional hazards regression models to scrutinize the
role of inflammation-related circRNA polymorphisms in
predicting IS recurrence, the findings highlight a notable
association between the expression of circ-STAT3 and
recovery at 90 days post-IS, suggesting circ-STAT3 as a
novel biomarker for forecasting post-stroke functional
outcomes [274]. Among patients with moderate to severe
strokes, the plasma levels of circPTP4A2 and circTLK2
exceed those with mild strokes, and these alterations reli-
ably predict the adverse clinical outcomes 90 days post-
IS. These results reinforce the close correlation between
the plasma levels of circPTP4A2 and circTLK2 with
stroke severity, subtype, and prognosis [216]. In a cohort
study involving 216 IA patients and 186 healthy volun-
teers, Huang et al. revealed that hsa_circ_0000690 exhib-
ited diminished expression in the plasma of patients with
IA (AUC ROC=0.752) and was tightly correlated with
the type of surgical procedure, underscoring its poten-
tial as a diagnostic marker for IA and its proficiency in
predicting prognosis three months post-surgery [275].
Therefore, circRNAs emerge as promising biomarkers
for prognosis, potentially enhancing clinical progno-
sis assessments and tailoring individualized treatment
strategies.

Challenges and limitations of CircRNAs in clinical practice
CircRNAs possess the potential to serve as both thera-
peutic targets and biomarkers for diagnosis and prog-
nosis, with a close correlation between their expression
levels and pathological and clinical features (Fig. 7).
Despite these promising findings, the clinical applica-
tion of circRNAs still faces many challenges and limi-
tations. Currently, most circRNAs lack sensitivity and
reliability as biomarkers. According to Schulte et al,
although there is a significant abundance of circRNAs
in cardiac tissue, circRNAs in plasma were difficult to
detect and did not increase following myocardial dam-
age [276]. Furthermore, research findings should take
into account the impact of confounding factors such as
sample size, age, gender, race, CVDs risk factors, drugs,
and lifestyle. These problems have the potential to cause
inaccurate and misleading results that have a negative
effect on health [207]. Therefore, to drive the transla-
tion and application of research, reliable methods and
standardized strategies are required. To further assess
the advantages of circRNAs as diagnostic and prognostic
biomarkers in comparison to other chemical entities and
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Fig. 7 The clinical application of circRNAs in aging-related vascular diseases. CircRNAs are extracted from samples such as tissues or body fluids,
and subsequently identified and quantified using various detection techniques, including RNA sequencing, gRT-PCR, and microarrays, thereby
laying the groundwork for understanding the role of circRNAs in vascular aging. In vitro studies use cell culture models to investigate the functional
effects of circRNAs, while in vivo studies assess the long-term effects of circRNAs on tissues like blood vessels using animal models. Moreover,
preclinical research serves as a crucial bridge between basic studies and clinical applications. By employing these detection and investigation
methods, specific circRNAs can be identified and explored as potential biomarkers and/or therapeutic targets. (Created with BioRender.com).
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already existing markers, larger clinical samples and AUC
measurements are required.

Besides the challenges mentioned above, another major
challenge before the therapeutic application of circR-
NAs is figuring out how to accurately deliver circRNAs
to the target site. Fortunately, EV-delivered circRNAs
have shown promising therapeutic potential. However,
numerous challenges remain to be addressed before their
application in actual clinical treatments. Firstly, Exos
isolation and purification techniques are still in their
infancy. Secondly, research is limited since the specific
mechanisms of vascular aging are still unknown. Addi-
tionally, it is critical to precisely identify the particular
pathological conditions and signaling axes that regulate
different circRNAs in vascular aging, as well as consider
the disruption of other metabolic products in EVs. Thus,
further investigation into their specific mechanisms is
required, along with more studies to accurately target
specific circRNAs. Last but not least, circRNAs have
a variety of cellular target sites and different regulatory
mechanisms that could result in unfavorable side effects
and off-target effects in other tissues or cells. Before
applying circRNAs into clinical treatment, the safety and

efficacy of circRNA-based therapeutics must be thor-
oughly assessed [207].

In conclusion, it will be the focus of future research
to explore new candidate diagnostic biomarkers or
therapeutic targets by elucidating the pathophysiologi-
cal mechanisms of aging-related vascular diseases. The
ongoing efforts in this area aim to unlock the full poten-
tial of circRNAs in clinical applications and improve our
understanding of their role in the progression and man-
agement of diseases.

Conclusion and prospective

CircRNAs, as pivotal regulatory factors in vascular aging
and aging-related vascular diseases, affect the function of
vascular wall cells, particularly ECs and VSMCs. Despite
being in its early stages, research on this subject is gain-
ing momentum. As mentioned earlier, AFs are integral
components of the blood vessel wall. However, there is a
paucity of studies directly investigating the relationship
between circRNAs and AF function, and this research
gap could offer a new avenue for future exploration.
In addition, although our review highlights the role of
immune cells, such as macrophages, in vascular aging
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and aging-related vascular diseases under the regula-
tion of circRNAs, this area remains lacking extensive
research. As the significance of immune cells in vascu-
lar aging becomes increasingly recognized, future stud-
ies should focus on how circRNAs regulate immune cell
functions, particularly in the crosstalk between immune
cells and vascular wall cells like ECs and VSMCs, and
their potential contributions to vascular aging and aging-
related vascular diseases. This research could deepen our
understanding of the molecular mechanisms of vascular
aging and pave the way for novel therapeutic strategies,
especially in immune modulation and targeted treat-
ments for aging-related vascular diseases.

An increasing number of studies have been dedicated
to elucidating the potential molecular mechanisms by
which circRNAs regulate vascular aging. Given their exo-
nuclease resistance and relative stability, circRNAs may
potentially serve as forefront biomarkers and therapeu-
tic targets for aging-related diseases in the future. Thus,
it is crucial to elucidate the physiological and pathogenic
roles of circRNAs in aging. However, it should be noted
that the functions of circRNAs are not isolated; they may
regulate multiple intracellular processes, thereby affect-
ing the overall function and stability of the cells. Fur-
thermore, circRNAs may influence each other through
different signaling pathways or different functions of the
same pathway, thus interacting within the same cellular
process.

Aging often leads to the occurrence of various diseases,
but there is increasing evidence that cell senescence is a
double-edged sword. Senescent cells could be beneficial
under certain conditions. For example, cell senescence
promotes acute wound healing [277]; nevertheless, in
chronic wounds, it might result in chronic inflammation
and delayed wound healing [278]. Furthermore, the safety
issues raised by the removal of senescent cells deserve
careful consideration. A study found that elimination of
senescent pulmonary ECs exacerbated pulmonary hyper-
tension in mice [279]. Consequently, the significance of
aging in human disease warrants further studies to com-
prehensively understand the regulatory mechanisms of
aging, which is necessary for the development of more
targeted and effective treatments.

In this review, we deliberately focus on the role of
circRNAs in a specific subset of aging-related vascular
diseases. It is noteworthy, in fact, that circRNA regula-
tion is implicated in numerous aging-related diseases.
One prominent example is diabetic cardiomyopathy
(DCM), which stands as the primary cause of morbid-
ity and mortality among individuals with DM world-
wide. The pathology of DCM is linked to myocardial
fibrosis. Wang et al. demonstrated that silencing circH-
IPK3 resulted in a reduction of myocardial fibrosis and
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an improvement in cardiac function in the mice with
DCM. The underlying mechanism involved circHIPK3
functioning as a ceRNA to inhibit the expression of
miR-29b-3p but up-regulating the expression of Col3al
and Collal, thereby promoting myocardial fibrosis in
DCM [280]. However, the current body of evidence
is insufficient to definitively establish whether circR-
NAs regulate the homeostasis of vascular wall cells like
VSMCs or ECs to either promote or inhibit the devel-
opment of DCM. This knowledge gap presents a fertile
area for further exploration, offering a novel direction
for investigating other diseases in the future.

In conclusion, vascular aging plays a pivotal role in
aging-related vascular diseases, and circRNAs have
emerged as a prominent research hotspot in the bio-
medical field. In the present review, we comprehen-
sively explore the role of circRNAs in vascular aging
along with aging-related vascular diseases, elucidating
their regulatory impact on ECs, VSMCs, as well as vari-
ous kinds of macro- and microvascular diseases. Addi-
tionally, we explore the potential of circRNAs as tools
for clinical application, including diagnosis, therapies,
and prognosis, in the context of aging-related vascular
diseases. The challenges and limitations, as well as the
possible future research directions of circRNAs in clini-
cal practice, are also be discussed thoroughly. There-
fore, this review will help enhance understanding of the
interconnection among circRNAs, vascular aging, and
aging-related vascular diseases, thereby facilitating the
acceleration of development, optimization, and clinical
application of diagnostic or therapeutic tools grounded
in circRNA-related research. Subsequent research
endeavors are imperative to identify additional circR-
NAs serving as potential biomarkers and therapeutic
targets for vascular aging and aging-related vascular
diseases.
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