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Abstract

Vascular aging is characterized by progressive endothelial dysfunction, arterial stiffening, and structural re-
modeling of the vascular wall, which are processes that precede overt cardiovascular disease and predict ad-
verse outcomes independently. MicroRNAs have emerged as key post-transcriptional regulators linking cellular
aging mechanisms to clinically measurable vascular phenotypes and their attenuation. Among them, miR-140-
5p has gained attention for its role in maintaining vascular homeostasis and modulating aging-related vascular
dysfunction. Experimental evidence indicates that miR-140-5p expression decreases with age and vascular
stress due to epigenetic modifications, including promoter hyper-methylation and reduced miRNA biogenesis
capacity, contributing to endothelial senescence, senescence-associated secretory phenotype (SASP), impaired
nitric oxide bioavailability, and chronic low-grade inflammation. At the medial layer, reduced miR-140-5p
favors vascular smooth muscle cell phenotypic switching and extracellular matrix imbalance, promoting arte-
rial stiffening. These molecular alterations provide a mechanistic basis linking miR-140-5p dysregulation to
established clinical indices of vascular aging, including reduced flow-mediated dilation and increased pulse
wave velocity. This review synthesizes current evidence on the biological role of miR-140-5p in vascular aging,
integrates microRNA molecular mechanisms with functional and structural vascular metrics, and discusses its
potential as a biomarker and therapeutic target. Understanding the role of miR-140-5p may support strategies
aimed at preserving vascular resilience and delaying age-related cardiovascular risk.
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Introduction bidity and mortality even in the absence of traditional risk
factors [2, 3]. Hallmark features of vascular aging include
impaired endothelium-dependent vasodilation, increased
collagen deposition with elastin fragmentation, vascular
smooth muscle cell (VSMC) phenotypic switching, and

These changes occur gradually with advancing age and chronic low—grade inﬂa}mmation, collectively legding to
precede the development of overt cardiovascular disease, reduced arterial compliance and elevated pulsatile load

independently leading to increased cardiovascular mor-  [2» 3]- Clinically, vascular aging is commonly quantified
using functional and structural indices. Flow-mediated

dilation (FMD) serves as a noninvasive surrogate of endo-
thelial nitric oxide (NO)—dependent vasodilatory capacity
and reflects early, potentially reversible vascular dysfunc-
tion [4]. Carotid—femoral pulse wave velocity (PWV),
the gold-standard measure of arterial stiffness, integrates

Vascular aging is a progressive and multifactorial process
characterized by endothelial dysfunction, arterial stiffen-
ing, and structural remodeling of the vascular wall [1, 2].
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deterioration in FMD often precedes measurable increases
in PWYV, supporting the concept that endothelial dysfunc-
tion represents an early initiating event in the vascular ag-
ing continuum [5].

In recent years, increasing attention has focused on the
molecular mechanisms that link cellular aging to these
clinically measurable vascular phenotypes [1, 2]. Among
these, microRNAs have emerged as key post-transcrip-
tional regulators of vascular homeostasis, modulating en-
dothelial function, VSMC. behavior, extracellular matrix
(ECM) turnover, and inflammatory signaling [6, 7]. Age-
associated alterations in microRNA expression profiles
have been consistently observed in vascular tissues and
circulating compartments, suggesting that dysregulated
microRNA networks contribute to the initiation and pro-
gression of vascular aging rather than merely reflecting
downstream disease states [8, 9]. In this light, miR-140-5p
has gained interest as a biologically plausible regulator of
vascular aging. Although initially characterized in mus-
culoskeletal tissues, accumulating evidence indicates that
miR-140-5p is expressed in endothelial cells and VSMCs
and responds to aging-related stressors such as oxida-
tive stress, inflammation, and metabolic perturbations
[10-12]. Experimental studies suggest that miR-140-5p
participates in pathways relevant to cellular senescence,
NO bioavailability, inflammatory activation, and extracel-
lular matrix regulation—processes central to endothelial
dysfunction and arterial stiffening [10]. Importantly, miR-
140-5p expression has been suggested to decline with age
in animal models [10, 13], positioning it as a potential up-
stream modulator linking molecular aging mechanisms to
functional and structural vascular alterations. This review
synthesizes current evidence on the role of miR-140-5p in
vascular aging, with a particular focus on its mechanistic
connections to endothelial dysfunction, arterial stiffness,
and clinically relevant indices such as FMD and PWV. By
integrating molecular insights with established vascular
aging metrics, the work aims to clarify the relevance of
miR-140-5p within the broader framework of cardiovas-
cular aging.

Methods

This narrative review was done through literature search
from PubMed, Scopus, Cochrane, and ScienceDirect
databases using the keywords “miR-140-5p”, “vascular
aging”, and “arterial stiffness”. We included studies which
assessed potential mechanisms and role of miR-140-5p in
vascular aging and arterial stiffening, along with related

literature.
Biological profile of miR-140-5p

miR-140-5p is the predominant mature strand derived
from the miR-140 precursor and has been increasingly
recognized for its regulatory roles in vascular and aging-
related processes [14]. The miR-140 locus generates both

miR-140-5p and miR-140-3p from the same precursor;
however, miR-140-5p is generally the more abundant
and functionally relevant form in vascular cells [10]. To
date, miR-140-5p has been most extensively studied in
musculoskeletal tissues, particularly in cartilage, where
it is a key regulator of chondrocyte homeostasis and is
consistently implicated in age-related disorders such as
osteoarthritis and rheumatoid arthritis [6, 14, 15]. This
established role in tissue aging and extracellular matrix
turnover provides a biological basis for investigating its
function in the vasculature. It is expressed in endothelial
cells and VSMCs, where it participates in post-transcrip-
tional regulation of genes involved in cell proliferation,
apoptosis, extracellular matrix remodeling, and inflamma-
tory signaling [16]. Importantly, miR-140-5p expression
is modulated by cellular stressors that are highly relevant
to vascular aging, including oxidative stress, inflamma-
tion, and metabolic perturbations which characterize age-
related vascular dysfunction [10].

Emerging evidence indicates that miR-140-5p expression
changes dynamically in response to pathological stimuli.
For example, in models of atherosclerosis and oxida-
tive injury, miR-140-5p modulates redox homeostasis by
interacting with the Nrf2/Sirt2/Keapl antioxidant path-
way, exacerbating oxidative stress when overexpressed
and contributing to vascular dysfunction [17]. Another
study in Hutchinson-Gilford progeria syndrome (HGPS)
fibroblasts—models of accelerated aging—demonstrated
that miR-140-5p overexpression impairs Nuclear factor
erythroid 2-related factor 2 (NRF2) signaling, increases
oxidative stress, and induces mitochondrial dysfunction,
further implicating miR-140-5p in aging-associated cel-
lular stress responses [18].

While the bulk of vascular research on miR-140-5p pre-
dates 2024, mechanistic studies consistently show that
miR-140-5p regulates processes central to vascular cell
homeostasis. In human VSMCs exposed to oxidized low-
density lipoprotein (ox-LDL), miR-140-5p influences
viability, migration, and apoptosis via interaction with
targets such as ROBO4, highlighting its involvement in
atherogenic cellular behavior [19]. Additionally, miR-140-
5p and related regulatory networks are implicated across
aging-related contexts, interacting with long non-coding
RNAs and other molecular regulators that influence cel-
lular senescence, inflammation, and extracellular matrix
metabolism [10].

Epigenetic and transcriptional regulation of
miR-140-5p in vascular aging

It is noteworthy that the age-related decrease in miR-140-
5p expression does not occur passively but is mediated by
active changes at the epigenetic and transcriptional levels.
Understanding the upstream regulatory mechanisms is
necessary to identify potential interventions that could
restore miR-140-5p levels in aging vascular tissue. The
miR-140 gene is located on chromosome 16q22.1 within
intron 15 of the WWP2 gene (WW domain containing E3
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ubiquitin protein ligase 2), so its expression depends on
host gene regulation [10, 20]. Epigenomic analysis re-
vealed a differentially methylated region (DMR) spanning
228 base pairs with 16 CpG sites in the WWP2 promoter
that controls miR-140 transcription [21]. Studies using
dCas9-DNMT3a epigenetic editing demonstrated that ex-
perimental hypermethylation of this DMR simultaneously
decreased WWP2 and miR-140 expression, indicating a
fairly strong causal relationship [21].

In aging cartilage tissue, increased CpG methylation in the
miR-140-5p regulatory region is correlated with decreased
expression and reduced binding affinity of the SMAD-
3 transcription factor [22]. This evidence was confirmed
by the administration of 5-aza-2'-deoxycytidine as a DNA
demethylating agent, which successfully restored miR-
140-5p expression in hypermethylated chondrocytes [22].
Methylation data on aged endothelial and VSMCs are still
limited; however, global DNA methylation changes have
been recorded in both cell types during vascular aging,
suggesting that similar mechanisms may occur in both
[23]. The transcriptional regulation of miR-140 is influ-
enced by transcription factors that respond to oxidative
stress and inflammation. Nrf2 directly binds the miR-140
promoter region and enhances its transcription, as vali-
dated by a chromatin immunoprecipitation assay. Knock-
down of Nrf2 via siRNA significantly decreased miR-140
expression, confirming the role of Nrf2 as a transcriptional
activator [24]. Conversely, the activation of NF-xB under
chronic inflammatory conditions suppresses miR-140-
5p transcription through competition with transcriptional
activators in the promoter region [25]. This forms a patho-
logical feedback loop of oxidative stress and inflamma-
tion that reduces miR-140-5p, thereby exacerbating redox
dysfunction and the inflammatory response, both of which
are hallmarks of vascular aging [26].

The maturation of miR-140-5p from its precursor into
its functional form requires the activity of microRNA-
processing enzymes, whose capacity is reduced in aging
cells. The maturation process involves the cleavage of pri-
miRNA by the Drosha-DGCRS8 complex in the nucleus
and the cleavage of pre-miRNA by Dicer in the cytoplasm.
In aged mouse cerebral microvascular endothelial cells,
Dicer expression is significantly reduced, accompanied by
a global decrease in mature microRNA profiles and im-
paired angiogenic capacity. The overexpression of Dicer
in aged endothelial cells partially restores microRNA pro-
files and angiogenic function and plays a role in the de-
cline in Dicer in age-related vascular dysfunction [13, 27].
Genetic deletion of Dicer in endothelial cells alters the
expression of specific microRNAs and affects the vascular
inflammatory response [28]. In VSMCs, Drosha knock-
down reduces cell viability and proliferation, indicating an
important role for microRNA biogenesis in homeostasis
[29]. To date, changes in microRNA processing enzymes
have not been adequately characterized for miR-140-5p in
aging vascular cells, so a global reduction in microRNA
processing capacity provides a plausible mechanism for
the reduction in mature miR-140-5p.

The regulation of miR-140-5p becomes more complex in
the presence of competing endogenous RNA (ceRNAs),
which absorbs miR-140-5p and reduces its availability to
suppress target mRNAs. The long noncoding RNA (In-
cRNA) H19 binds to miR-140-5p directly in VSMCs, as
validated through a luciferase reporter assay and RNA im-
munoprecipitation. The overexpression of H/9 enhances
the osteoblastic transition of VSMCs by sequestering
miR-140-5p and suppressing Sathb2 and pro-calcification
transcription factors [30]. Similarly, the IncRNA PCA3
functions as a ceRNA for miR-140-5p in macrophages,
forming the PCA3/miR-140-5p/RFX7/ABCA1 axis,

Table 1. Summary of miR-140-5p mechanisms in vascular and nonvascular cells.

Mechanism Regulation Effects induced Cell type Validation method Reference
CpG sites on the WIWP2 Hypermethylation —> |
DNA methylation promoter (16 sites, 228 ypermethy Chondrocytes dCas9-DNMT?3a editing [21]
expression
bp DMR)
. miR-140-5p promoter  Hypermethylation — | Bisulfite sequencing,
DNA methylation region SMAD-3 binding Chondrocytes ChIP [22]
Transcription factor ~ Nrf2 binding Nrf2 a_ctlvatlon -1 Pulmonary fibroblasts ChIP assay, siRNA [24]
expression knockdown
Transcription factor ~ NF-«kB activation NE-«B .actlvatlon -1 Endothelial cells qRT-PCR [25]
expression
. . . . . Decreased Dicer — |  Microvascular .
miRNA biogenesis Dicer expression miR-140-5p maturation  endothelial cells Overexpression rescue [27]
miRNA biogenesis ~ Drosha-DGCRS Knockdown = | yq\0 siRNA knockdown [32]
g VSMC viability
H19 sponging — | .
ceRNA network IncRNA H19 . s VSMC Luciferase, RIP assay [30]
bioavailability
ceRNA network IncRNA PCA3 PCA3 sponging — | Macrophage Luciferase, RIP assay [31]

bioavailability

Note: DMR: differentially methylated region; ChIP: chromatin immunoprecipitation; RIP: RNA immunoprecipitation; VSMC: vascular smooth

muscle cell.
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which modulates lipid accumulation and atherosclerosis
progression [31]. Changes in IncRNA expression dur-
ing vascular aging can shift the balance of miR-140-5p
between its free active form and its ceRNA-bound form,
thereby affecting the regulatory capacity of miR-140-5p
for its target mRNAs. This layered regulatory mechanism
suggests that the decrease in miR-140-5p during vascular
aging is the result of the integration of epigenetic changes,
transcription factor activity, microRNA biogenesis capac-
ity, and ceRNA networks. This understanding opens up
opportunities for multilevel interventions, such as pro-
moter demethylation, modulation of the Nrf2/NF-kB path-
way, restoration of Dicer activity, or ccRNA manipulation,
which could be strategies to restore miR-140-5p function
in aging blood vessels (Table 1).

miR-140-5p and endothelial function

Endothelial dysfunction is an early and defining feature
of vascular aging, often characterized by impaired NO—
mediated vasodilation, heightened oxidative stress, and a
pro-inflammatory endothelial phenotype [33]. Endothelial
nitric oxide synthase (eNOS)—derived NO is critical for
vasodilatory capacity and vascular homeostasis; reduc-
tions in NO bioavailability are strongly associated with
diminished FMD and heightened cardiovascular risk [4,
34]. In the light of miRNAs as pivotal regulators of endo-
thelial gene networks [35], several lines of evidence sug-
gest that miR-140-5p participates in endothelial responses

to metabolic and oxidative stress. In human endothelial
cell models exposed to high glucose and oxidative stimuli,
alterations in miR-140-5p expression have been observed
[36]. In a study, miR-140-5p has been implicated in path-
ways affecting cellular proliferation, apoptosis, and angio-
genic signaling in hyperglycemic HUVECs [36].

Studies of oxidative stress in endothelial contexts also
identify miR-140-5p among miRNAs that influence re-
dox regulatory networks, including Nrf2—-SIRT?2 signal-
ing axes [24, 26]. Overexpression of miR-140-5p under
oxidative conditions has been shown to increase reactive
oxygen species (ROS) production and reduce antioxidant
activity in HUVECs exposed to oxidized low-density li-
poprotein (ox-LDL), suggesting that dysregulated miR-
140-5p may exacerbates redox imbalance in endothelial
cells [37]. This aligns with broader evidence that miRNAs
can modulate endothelial senescence and inflammation by
targeting redox and NF-«xB pathways that converge on NO
signaling and vasodilatory function [35]. Furthermore, an
epigenetic study suggests that downregulation of miR-
140-5p in the aorta may be linked to atherosclerosis by
influencing endothelial gene expression (Figure 1) [38].

miR-140-5p and arterial stiffness

Arterial stiffness represents a composite measure of age-
associated changes in vascular structure and function,
integrating endothelial dysfunction with medial layer
remodeling of the arterial wall [3, 39, 40]. Central to the
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Figure 1. Mechanisms, pathway, and roles of miR-140-5p in vascular aging (created originally by authors through biorender.com).
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development of arterial stiffness is the VSMC phenotypic
transition from a quiescent, contractile state toward a syn-
thetic, proliferative, and sometimes calcifying phenotype,
accompanied by ECM imbalance—particularly increased
collagen deposition, elastin fragmentation, and fibrosis.
Although most research to date has not focused exclu-
sively on miR-140-5p in human vascular aging, several
experimental studies provide mechanistic insights into
how miR-140-5p influences VSMC behavior and ECM
dynamics relevant to arterial stiffness. miR-140-5p has
been shown to regulate VSMC viability, migration, and
apoptosis in response to oxidized lipoprotein challenge, a
key atherogenic stimulus that overlaps with mechanisms
of vascular remodeling. In human VSMCs treated with
ox-LDL, increased miR-140-5p expression was associated
with enhanced proliferation and migration and reduced
apoptosis, at least partly through direct targeting of round-
about guidance receptor 4 (ROBO4) gene (Figure 1) [19].
In contrast, other evidence indicates that miR-140-5p can
attenuate maladaptive VSMC transitions implicated in
stiffness and calcification. /n vitro studies demonstrate that
miR-140-5p suppresses VSMC osteogenic differentiation
by targeting regulators such as SATB2 [30]. Overexpres-
sion of miR-140-5p in this context reduces markers of
calcification and extracellular matrix mineralization, while
its downregulation promotes these transitions [30]. Al-
though the dual roles of miR-140-5p in both proliferative
responses and calcification highlight context-dependent
effects, these pathways converge on key structural deter-
minants of arterial mechanics, namely ECM composition
and VSMC phenotype stability. miRNAs more broadly
have been implicated in arterial stiffness via modulation
of collagen abundance, elastin integrity, and VSMC phe-
notypic plasticity, underscoring the functional plausibility
of miR-140-5p’s involvement in these processes [41]. The
summary of the mechanisms, pathway, and roles of miR-
140-5p in vascular aging is presented in Figure 1.

miR-140-5p and pulse wave velocity

PWYV integrates endothelial function and arterial wall
structure and is the clinical gold-standard measure of
large-artery stiffness [5]. Increased PWV reflects cumula-
tive alterations in NO—dependent vasorelaxation, ECM
composition (collagen—elastin balance), VSMC phe-
notype, and medial calcification [42]. miR-140-5p can
influence PWV by modulating endothelial homeostasis
and NO bioavailability [35], miR-140-5p affects func-
tional vasorelaxation. miRNA networks are established
regulators of eNOS/NO signaling and endothelial oxida-
tive stress, where dysregulated miRNAs correlate with
impaired FMD and with PWV in human studies [35].
Although strand-specific longitudinal data for miR-140-
5p are limited, experimental evidence shows miR-140-5p
participates in endothelial stress responses (oxidative and
metabolic), which plausibly reduce NO bioavailability
when miR-140-5p is dysregulated [35]. In addition, miR-
140-5p regulates VSMC phenotype and ECM homeosta-

sis, as suggested by in vitro studies evaluating the effects
on target genes such as ROBO4 and SATB2 [19]. Taken
together, these functional (endothelial/NO) and structural
(VSMC/ECM) mechanisms provide a biologically plau-
sible pathway by which declining miR-140-5p increases
PWYV, with PWYV representing an integrated downstream
phenotype of cumulative miR-140-5p-related vascular
damage rather than an isolated molecular readout [43].

miR-140-5p in modulating cellular senescence
and the senescence-associated secretory phe-
notype

Cellular senescence is the permanent cessation of prolif-
eration accompanied by resistance to apoptosis and the
acquisition of the senescence-associated secretory pheno-
type (SASP). This condition is a major driver of age-relat-
ed vascular deterioration. Senescent endothelial cells and
VSMCs accumulate in arterial walls with age and contrib-
ute to vascular dysfunction through two mechanisms: loss
of regenerative function and secretion of inflammatory
mediators and proteases that damage vascular structure
[25]. Recent evidence has revealed that miR-140-5p is a
negative regulator of senescence whose expression de-
creases in aging cells and whose manipulation can modu-
late the onset and manifestation of senescence.
Senescence is characterized by the activation of the cy-
clin-dependent kinase inhibitors p16™* (CDKN24) and
p21°WAF (CDKNI1A), which induce permanent cell cycle
arrest. Studies of IL-1B-induced senescent chondrocytes
have shown that miR-140 overexpression significantly
suppresses p16I"** and p21“"""™*! expression, accom-
panied by reduced senescence-associated B-galactosidase
(SA-B-gal) activity and maintenance of proliferative ca-
pacity. Conversely, the inhibition of miR-140 increased
the expression of both senescence markers [44]. Pathway
analysis revealed that miR-140-5p targets components
of the Notch (JAG1, NUMBL) and PI3KAKT (IGF1R,
TLR4) pathways that regulate pl6 and p21 expression
[10]. Although these data are derived from chondrocytes,
their relevance to vascular cells is supported by the obser-
vation that miR-140-5p is expressed in endothelial cells
and VSMCs and that its downstream targets (7LR4 and
IGFIR) have been validated in both vascular cell types [10,
45]. However, further research is needed to confirm the
direct regulation of p16/p21 by miR-140-5p in endothelial
cells and VSMCs undergoing senescence.

The SASP encompasses a broad spectrum of proinflam-
matory cytokines (IL-6, IL-8, and TNF-a), chemokines
(MCP-1), and proteases (matrix metalloproteinases,
MMPs) secreted by senescent cells. These factors create
a microenvironment that promotes chronic inflammation
(inflammaging), extracellular matrix degradation, and
dysfunction of surrounding vascular cells. miR-140-5p
suppresses SASP secretion by targeting key components
of the NF-kB activation pathway. Tumor necrosis factor
receptor-associated factor 6 (TRAF6), an adaptor protein
that activates the NF-kB and AP-1 pathways, is a direct
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target of miR-140-5p, as validated by a luciferase reporter
assay. The overexpression of miR-140 suppresses TRAF6
expression and reduces the secretion of IL-6, TNF-a, IL-
1B, and IFN-y in infected macrophages [46]. Toll-like
receptor 4 (TLR4), a molecular pattern recognition recep-
tor that activates NF-kB, is also a validated target of miR-
140-5p [45, 47]. Although, further validation in vascular-
specific contexts is still needed.

In synovial fibroblasts, overexpression of miR-140-5p
suppresses TLR4 expression and reduces IL-6 and IL-8
secretion [45]. In macrophages exposed to ox-LDL, a
miR-140-5p mimic reduces TLR4 expression, decreases
oxidative stress, and suppresses apoptosis [47]. High-
mobility group box 1 (HMGBI), an alarmin that functions
as a component of SASP, is another direct target of miR-
140-5p. miR-140-5p suppresses HMGBI expression and
reduces TNF-a, IL-6, MMP-1, and MMP-3 secretion in
inflamed chondrocytes. This effect is mediated through
the inhibition of HMGBI downstream of the PI3K/AKT
pathway [48]. MMP-13 and ADAMTS-5, proteases that
degrade the extracellular matrix and contribute to patho-
logical vascular remodeling, are also validated direct
targets of miR-140-5p [49]. These findings indicate that
miR-140-5p suppresses the SASP through multitarget in-
hibition of the TRAF6/TLR4/NF-kB pathway. Decreased
miR-140-5p levels in aging vascular cells suppress this
pathway, amplifying SASP secretion and contributing to
chronic vascular inflammation and the progression of arte-
rial stiffening.

The persistent DNA damage response (DDR) is a strong
inducer of senescence. The accumulation of DNA damage
in senescent vascular cells activates histone H2AX phos-
phorylation (y-H2AX) and ATM/ATR kinases, triggering
cell cycle arrest and senescent phenotypes. miR-140 sup-
presses y-H2AX expression in senescence-induced chon-
drocytes, indicating attenuation of DDR signaling [50].
Furthermore, miR-140 targets flap endonuclease 1 (FENI),
an enzyme involved in DNA repair, and downregulation
of miR-140 increases the accumulation of DNA damage
foci in cancer cells [51]. Whether miR-140-5p modulates

Table 2. Molecular targets of miR-140-5p in senescence and the SASP.

the DDR in endothelial cells and VSMCs requires direct
investigation. However, y-H2AX expression is increased
in the aortas of aged mice and endothelial cells subjected
to chronic oxidative stress, providing a basis for the role
of miR-140-5p in vascular maintenance. Therapeutic
strategies targeting miR-140-5p should consider its ef-
fects on senescence and the SASP as relevant mechanistic
endpoints, alongside measurements of FMD and PWV as
functional outcomes (Table 2).

Translational and clinical implications

Recent advances in circulating microRNA profiling sup-
port the translational relevance of microRNAs as bio-
markers of subclinical vascular dysfunction, with multiple
studies demonstrating that specific circulating miRNA
signatures map to arterial stiffness traits and other early
vascular phenotypes, raising the possibility that miR-140-
5p may contribute to early detection of vascular aging in
selected disease contexts. The integration of mechanistic
evidence from epigenetic regulation, cellular senescence,
and SASP revealed convergent pathways linking miR-
140-5p dysregulation to the clinical parameters of vascu-
lar aging. Table 3 summarizes the mechanistic pathways
linking miR-140-5p dysregulation at the molecular level
with measurable clinical parameters of vascular aging,
demonstrating how epigenetic changes and senescence
converge to decrease FMD and increase PWV. A direct
relationship between miR-140-5p levels and FMD/PWV
measurements in human cohorts has not yet been docu-
mented. The translational pathways presented in Table 3
were extrapolated from various sources on the basis of (1)
experimental evidence of molecular target regulation by
miR-140-5p, (2) the well-established role of senescence,
SASP, and ECM degradation in vascular pathophysiology,
and (3) documented correlations between inflammatory
markers, MMPs, and arterial stiffness in clinical studies.
Current conclusions are still based on potential mechanis-

Molecular targets Function Regulatory mechanism  Biological effects  Validation methods  References
ple™<® . Delaying qRT-PCR, Western
(CDKN24) Cell cycle arrest Suppresses p16 expression senescence blot [44]
TRAF6 NF-kB/AP-1 adaptor Target 3'UTR — | TRAF6 %ﬁlL-Q TNF-a, IL- Luciferase reporter [46]
TLR4 Inflammatory receptor ~ Target 3'UTR — | TLR4 | IL-6, IL-8 Luciferase reporter [45]
; ¥ | TNF-a, IL-6, .
HMGBI Alarmin/SASP factor ~ Target 3'UTR — | HMGBI1 MMP-1, MMP-3 Luciferase reporter [48]
MMP-13 ECM protease Target IUTR — | MMP- L matrlx. Luciferase reporter [52]
13 degradation
Target 3'UTR — | | proteoglycan . o
ADAMTS-5 Aggrecanase ADAMTS-S degradation Luciferase reporter [49]
FENI DNA repair enzyme Target 3'UTR — | FENI D.NA repair Luciferase reporter [51]
disruption

Note: SA-B-gal: senescence-associated B-galactosidase, DDR: DNA damage response, IF: immunofluorescence, ECM: extracellular matrix.
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tic and indirect evidence, thus needed further studies to
conclude robustly.

Although miR-140-5p is generally described as the
regulator of vascular homeostasis, which indicates that
its biological effects are often highly context-dependent
and potentially bidirectional among conditions. Under
physiological or moderate stress conditions, it appears to
produce protective toles through modulating inflamma-
tory signaling, limits extracellular matrix degradation, and
also attenuating cellular senescence pathways. However,
among pathological conditions, where sustained oxidative
stress or metabolic disturbance occur, miR-140-5p exac-
erbate redox imbalance, contributing to vascular dysfunc-
tion through interactions with the Nrf2/SIRT?2 axis. Thus,
it should be interpreted according to context, which im-
plies that therapeutic strategies targeting miR-140-5p will
require careful consideration of tissue specificity, timing,
and dosage.

With recent progress in miRNA-based therapeutics, these
early evidence suggests that targeted modulation of miR-
140-5p using mimics or antagomirs represents a feasible
experimental strategy to test whether restoring miR-140-
5p can preserve endothelial function and limit arterial
stiffening. However, available studies also highlight con-
text-dependent effects, with miR-140-5p promoting oxida-
tive stress and hypertension in certain models, underscor-
ing the need for strand-specific, tissue-targeted approaches
and careful dose optimization. To advance clinical transla-
tion, priority should be given to cross-sectional studies in-
tegrating plasma or tissue miR-140-5p measurements with
FMD and carotid—femoral PWV in age-stratified cohorts,
longitudinal studies assessing whether baseline miR-140-
5p predicts PWV progression and cardiovascular events,
and preclinical interventional studies in which vascular
compliance or PWV are prespecified endpoints.

Limitations and research gaps

Despite the mechanistic plausibility, direct human evi-
dence linking miR-140-5p to clinically measured vascular
aging indices, particularly flow-mediated dilation and
pulse wave velocity, especially through cohort studies,
remains limited. Thus, the proposed relationships among
them were biologically plausible which has not been clini-
cally validated and should therefore be cautiously inter-
preted. Most available data are derived from in vitro ex-
periments or disease-oriented animal models, which may
not fully capture the gradual and multifactorial nature of
physiological vascular aging. In addition, existing studies
are largely cross-sectional and do not allow assessment of
temporal relationships between miR-140-5p expression
and progression of vascular dysfunction. Furthermore, the
majority of mechanistic evidence concerning the regula-
tion of pl6/p21 and SA-B-gal by miR-140-5p originates
from chondrocyte models. While the same downstream
targets (7LR4 and TRAF6) have been validated in vascular
cells, further research is required to confirm the effects of
miR-140-5p on endothelial cell and VSMC senescence.
Strand-specific effects of miR-140-5p further compli-
cate interpretation, as context-dependent and sometimes
opposing biological actions have been reported across
different cellular environments and pathological states.
Importantly, it is not yet established whether modulation
of miR-140-5p can causally improve endothelial function,
reduce arterial stiffness, or alter pulse wave velocity in
vivo. Addressing these gaps will require well-phenotyped,
age-stratified human cohorts, longitudinal designs inte-
grating molecular and vascular functional data, and care-
fully controlled interventional studies that account for tis-
sue specificity, dosage, and off-target effects of miR-140-
5p modulation.

Table 3. Integration of miR-140-5p dysregulation with clinical indices of vascular aging.

Molecular level

Cellular effects

Vascular tissue
changes

Hypermethylation of
the WWP2-miR-140
promoter — | miR-
140-5p

| miR-140-5p — 1
p]61NK4a, pz](.]Pl

| miR-140-5p —
1 TRAF6, TLR4,
HMGBI

| miR-140-5p — 1
MMP-13, ADAMTS-5

| miR-140-5p — 1
ROBOA4, loss of SATB2
suppression

ceRNA sequestration
(HI19 1) — | miR-140-
Sp bioavailability

Decreased biogenesis
of mature miR-140-

5p

Senescence ECs and
VSMCs

Activation of NF-kB
— SASP

ECM degradation

VSMC phenotype
switching

Loss of pro-
calcification target
suppression

Loss of proinflammatory
target suppression

Accumulation of senescent
cells in the arterial wall

Secretion of IL-6, IL-
8, TNF-a (chronic
inflammation)

Elastin fragmentation,
collagen deposition

Osteoblastic transition,
medial calcification

Progressive vascular
calcification

.. Measurement

Clinical phenotype References
parameters

Endothelial dysfunction | FMD [21,22]
Decregse_d NO-dependent | FMD [25, 44]
vasodilation
Endothelial dysfunction,
arterial stiffening | FMD, 1 PWV [45, 46, 48]
Decree'lsed arterial 1PWV [49, 52]
compliance
Increased arterial
stiffness TPWV (19, 30]
Arterial stiffening 1 PWV [30]

Note: EC: endothelial cell; VSMC: vascular smooth muscle cell; ECM: extracellular matrix; NO: nitric oxide; FMD: flow-mediated dilation; PWV:

pulse wave velocity; SASP: senescence-associated secretory phenotype.
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Conclusions

Emerging evidence, mostly from animal studies, indicates
that miR-140-5p influences endothelial NO bioavail-
ability, oxidative and inflammatory signaling, vascular
smooth muscle cell phenotype, and extracellular matrix
homeostasis. Through these integrated effects, age-related
dysregulation of miR-140-5p provides a plausible molecu-
lar link between cellular stress responses and clinically
measurable vascular aging phenotypes. The integration of
epigenetic, senescence, and SASP evidence revealed that
the decrease in miR-140-5p during vascular aging is not a
passive phenomenon but rather the result of coordinated
changes in gene regulation, microRNA biogenesis, and
noncoding RNA networks. At the same time, current evi-
dence underscores important limitations, particularly the
scarcity of longitudinal human data directly connecting
miR-140-5p levels with FMD and PWV. Future studies
combining well-phenotyped aging cohorts, longitudinal
vascular assessments, and strand-specific interventional
approaches under well-designed human strudies will be
essential to clarify whether miR-140-5p functions primar-
ily as a biomarker, a mechanistic driver, or both.
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