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ABSTRACT: Aging is a progressive loss of physiological integrity and functionality process which increases 

susceptibility and mortality to diseases. Vascular aging is a specific type of organic aging. The structure and 

function changes of endothelial cells (ECs) and vascular smooth muscle cells (VSMCs) are the main cause of 

vascular aging, which could influence the threshold, process, and severity of vascular related diseases. 

Accumulating evidences demonstrate that exosomes serve as novel intercellular information communicator 

between cell to cell by delivering variety biologically active cargos, especially exosomal non-coding RNAs 

(ncRNAs), which are associated with most of aging-related biological and functional disorders. In this review, we 

will summerize the emerging roles and mechanisms of exosomal ncRNAs in vascular aging and vascular aging 

related diseases, focusing on the role of exosomal miRNAs and lncRNAs in regulating the functions of ECs and 

VSMCs. Moreover, the relationship between the ECs and VSMCs linked by exosomes, the potential diagnostic 

and therapeutic application of exosomes in vascular aging and the clinical evaluation and treatment of vascular 

aging and vascular aging related diseases will also be discussed.  
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1. Introduction 

 

Vascular aging is a specific type of organic aging, leading 

to major adverse cardiovascular events including 

restenosis, atherosclerosis, vascular calcification (VC) 

and pulmonary hypertension. It could influence the 

threshold, process, and severity of various cardiovascular 

diseases. Vascular aging occurs mainly in the inner and 

medial layers of vessel wall [1]. Therefore, the 

dysfunctions of endothelial cells (ECs) and vascular 

smooth muscle cells (VSMCs) including cellular 

apoptosis, senescence, proliferation, inflammation, and 

the phenotypic change of VSMCs play an important role 

in vascular aging [2]. In terms of the cells，ECs and 

VSMCs may undergo both replicative and induced 

senescence in vivo. At the level of vascular tissue, 

progenitor cells may be involved in damage and 

replacement of senescent cells. If progenitor cells are 

depleted, and ECs and VSMCs are less self-renewing, it 

may lead to vascular aging. In terms of function, it is 

featured by increased stiffness, reduced sensitivity to 

vasodilators, increased sensitivity to vasoconstrictors and 

decreased angiogenic capacity. 

Exosomes are endosomal origin from multivesicular 

bodies with the smallest diameter of 30-100nm. 

Exosomes derived from different cells transport distinct 
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proteins, lipids, nucleic acids such as mRNA, microRNAs 

(miRNAs) and long noncoding RNAs (lncRNAs) [3, 4]. 

Because of the variety and abundance of specific cargos, 

exosomes keep a great potential application for diagnostic 

and prognostic biomarkers and therapeutic tools. 

Exosomes, exploited as gene regulators and information 

communicators, contributed to many essential 

physiological and pathophysiological processes including 

proliferation, differentiation, apoptosis, homeostasis, and 

migration [5, 6]. Accordingly, increasing evidence has 

demonstrated that aging-related biological and functional 

disorders are associated with alterations in exosomes, 

suggesting that exosomes are potential regulators for 

vascular aging [7-10].  

 

 
Table 1. Exosomal non-coding RNAs implicated in ECs functions. 

 

Exosomal non-

coding RNAs 
Cargos Targets ECs functions Reference 

Exosomal miRNAs 

miR-122-5p HGF pro-proliferation, pro-migration [23] 

miR-210-3p HGF pro-proliferation, pro-migration [23] 

miR-296-5p HGF pro-proliferation, pro-migration [23] 

miR-376c-3p HGF pro-proliferation, pro-migration [23] 

miR-214 ATM 
pro-proliferation, anti-senescence, pro-

angiogenesis  
[24] 

miR-17 
ANGPT1 

STAT3 

pro-proliferation, pro-migration, 

anti-inflammation 
[25] [35] 

miR-19 ANGPT1 pro-proliferation, pro-migration [25] 

miR-20a ANGPT1 pro-proliferation, pro-migration [25] 

miR-30c ANGPT1 pro-proliferation, pro-migration [25] 

miR-126 ANGPT1 pro-proliferation, pro-migration [25] 

miR-92a SOCS5 anti- proliferation, pro-inflammation [26] [30] 

miR-21 RhoB anti- proliferation, pro-inflammation [27] [31] 

miR-24 Sp1 anti- proliferation [28] 

miR-15a VEGF, NF-kB  pro-inflammation [32, 33] 

miR-27a VEGF, EGFR pro-inflammation [32, 33] 

miR-34a BCL2, SIRT1 pro-inflammation [32, 33] 

miR-223 ICAM-1 anti-inflammation [34] 

miR-125a DLL4 pro-angiogenesis [36] 

miR-181b-5p TRPM7 pro-angiogenesis [37] 

miR-106b-5p ANG2 anti- angiogenesis [38] 

miR-320 IGF-1, Hsp20, Ets2 anti- angiogenesis [39] 

Exosomal lncRNAs 

HOTTIP cyclin D1, PCNA pro-proliferation, pro-migration [48] 

POU3F3 bFGF, VEGF 
pro-proliferation, pro-migration, 

pro-angiogenesis 
[49] 

MALAT1 
 IL-6, TNF-α, SAA3 anti- proliferation, pro-migration, 

pro-inflammation 

[50] 

[59, 60] 

HOTAIR VEGF pro-angiogenesis [53] 

H19 Unknown pro-angiogenesis [54] 

CCAT2 TGFβ, Bcl-2  pro-angiogenesis, anti-apoptosis [55] 

Meg3 Unknown anti- angiogenesis [57] 

GAS5 P53, Caspase 3, Caspase 7 pro-apoptosis [58] 
 

HGF: hepatocyte growth factor; ATM: ataxia telangiectasia mutated; ANGPT1: angiopoietin-1; STAT3: signal transducer and activator of transcription 

3; SOCS5: suppressor of cytokine signaling 5; RhoB: ras homologue family member B; Sp1: specificity protein 1; VEGF: vascular endothelial growth 
factor; NF-kB: nuclear factor-kappa B; EGFR epidermal growth factor receptor; BCL2: B-cell CLL/lymphoma 2; SIRT1: silent information regulator 1; 

ICAM-1: intercellular adhesion molecule-1; DLL4: delta-like 4; TRPM7: transient receptor potential melastatin 7; ANG2: Angiopoietin 2; IGF-1: insulin-

like growth factor-1; Hsp20: small heat-shock protein 20; Ets2: E26 transformation-specific 2; PCNA: proliferating cell nuclear antigen; bFGF: basic 

fibroblast growth factor; IL-6: interleukin 6; TNF-α: tumor necrosis factor alpha; SAA3: serum amyloid antigen 3 ； TGFβ ：
transforming growth factor β. 

Non-coding RNAs (ncRNAs) are mainly including 

miRNAs, lncRNAs as well as circular RNAs(cirRNAs) 

[11]. Recently, several ncRNAs have emerged as 

important molecules regulating the complexity of 

vascular aging. A large number of studies dealing with 

circulating exosomes and their cargos prove that 

exosomal miRNAs and lncRNAs were involved in 

regulating ECs and VSMCs dysfunction, which 

significantly affecting the process of vascular aging [12, 

13]. However, there are fewer researches to explore the 
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role of cirRNAs incorporated into exosomes in regulating 

vascular aging. Therefore, in this review, we summarize 

the current knowledge about the exosomal ncRNAs 

focusing on the role of miRNAs and lncRNAs in vascular 

aging, especially targeting at the effects on ECs and 

VSMCs and the information communication between 

these cells.  

 

2. The role of exosomes in vascular aging 

 

Vascular aging is tightly associated to alterations in the 

physiological functions and structural properties of the 

vascular wall, mainly in ECs and VSMCs. Emerging 

evidence suggest that exosomes acted as natural vehicles 

for the delivery of nucleic acids and signaling molecules 

[14, 15]. The important role of exosomes in modulating 

vascular aging is exploited with growing interests in 

exosomal cargo studies, especially the exosomal miRNAs 

and lncRNAs. Hence, better understanding of vascular 

biological and functional changes with aging is vital to 

against vascular aging related diseases.  

 

2.1 Exosomal ncRNAs and ECs functions  

 

ECs, the monolayer lining blood vessels, regulate the 

vascular integrity and homeostasis [16, 17]. An extensive 

surge of abnormalities of ECs, collectively termed 

“endothelial dysfunction”, are fundamental contributors 

to the pathogenesis of vascular diseases. When the 

endothelium was exposed to micro-environmental 

stimuli, such as oxidative stress, hypoxia, inflammatory 

mediators, hypertension, hyperglycemia, or shear stress, 

the ECs would undergo alterations including 

proliferation, apoptosis, migration, senescence, 

angiogenesis, inflammation, and functional networks 

which eventually affect vascular aging [18]. In this part, 

we focused on the relationship between specific contents 

of exosomal ncRNAs and ECs functions (Table 1).  

 

2.1.1. Exosomal miRNAs and ECs functions  
 

One of striking aspects of the content of exosomes is that 

they are highly enriched in miRNAs that could target the 

3’untranslated region (3’UTR) of specific mRNAs to 

inhibit, in most cases, their translation. Numerous lines of 

evidence supported that exosomal miRNAs were involved 

in regulating ECs proliferation，apoptosis, senescence, 

angiogenesis, and inflammation [19-21].  

ECs proliferation is vital to promote endothelial 

healing. Accumulating evidence had indicated that 

exosomal miRNAs acted as critical regulators to 

participate in EC proliferation [22, 23]. It had been 

reported that exosomes carried miR-122-5p, miR-210-3p, 

miR-296-5p, and miR-376c-3p were significantly 

increased in human umbilical endothelia cell (HUVEC) 

and may account for the different regulation of ECs 

proliferation and migration [23]. Besides, miR-214 was 

incorporated into exosomes, leading to ECs proliferation 

and angiogenesis both in vitro and in vivo [24]. Garcia et 

al. proved that exosomes containing an enrichment of 

proangiogenic miR-17, miR-19, miR-20a, miR-30c and 

miR-126 from cardiomyocytes could promote the 

proliferation and migration of ECs [25]. On the contrary, 

a large number of researches reported that miRNAs had 

an effect of inhibiting the proliferation of ECs, including 

miR-92a [26], miR-21 [27] and miR-24 [28]. It had been 

shown that miR-92a could modulate KLF4 and MKK4 

expression in ECs and inhibition of miR-92a might 

increase ECs proliferation and migration [26].  

ECs inflammation induced by stimuli such as shear 

stress, inflammatory cytokines, or hypoxia, is more 

susceptible to cardiovascular diseases. Recent reports had 

shown that several exosomal miRNAs were involved in 

the regulatory mechanisms of cellular inflammation by 

controlling leukocyte activation and infiltration through 

the vascular wall [29]. As the proinflammatory regulator 

in ECs, miR-92a could activate inflammatory cytokines 

and chemokines and promote monocyte adhesion [30] 

while miR-21 could induce the expression of C–C motif 

chemokine 2 (CCL2) and vascular cell adhesion protein 1 

(VCAM-1) by enhancing the activity of the transcription 

factor AP-1 [31]. It had been demonstrated that some 

miRNAs from exosomes (miR-15a, miR-27a and miR-

34a) were increased in patients with sepsis, which could 

modulate the inflammatory response [32, 33]. 

Oppositively, Li et al. discovered that exosomes 

containing miR-223 inhibited intercellular adhesion 

molecule-1 (ICAM-1) expression during inflammation 

through regulating the NF-κB and MAPK pathways [34]. 

It had been confirmed that exosomes derived from 

mesenchymal stem cells contained miR-17 superfamily 

that played an anti-inflammatory role in pulmonary ECs 

through the suppression of signal transducer and activator 

of transcription 3 (STAT3) [35]. 

ECs angiogenesis is responsible for the progression 

of vascular aging, and emerging evidence suggest that 

exosomal miRNAs are signaling molecules that modulate 

the microenvironment and promote angiogenesis of ECs 

[36]. Several miRNAs are responsible for angiogenesis 

while others are the so-called antiangiogenic miRNAs. 

Liang et al. indicated that exosomes could transfer miR-

125a to ECs and promote angiogenesis by repressing 

angiogenic inhibitor delta-like 4 (DLL4) [36]. Yang et al. 

showed that exosomes could promote the ECs 

angiogenesis induced by oxygen-glucose deprivation via 

miR-181b-5p/TRPM7 axis [37]. On the contrary, it had 

been proven that up-regulation of exosomal miR-106b-5p 

suppressed angiogenesis in ECs by overexpression of 
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angiopoietin 2 [38]. Besides, it had been indicated that 

exosomes exerted an anti-angiogenic function through 

transfer of miR-320 into ECs [39]. 

ECs apoptosis and senescence results in a disruption 

of the endothelium barrier and creating leaks that destroy 

the vascular wall integrity, which contribute to the 

development of atherosclerosis [40]. Exosomes 

containing miR-214 repressed the expression of ataxia 

telangiectasia mutated in recipient cells, thereby 

preventing senescence and inducing angiogenesis and 

migration [24].  

 

2.1.2. Exosomal lncRNAs and ECs function  

 

LncRNAs contains a class of transcripts longer than 200 

nucleotides [41]. They regulate gene expression at 

transcription, epigenetic, and translation levels, 

coordinating and integrating multiple signaling pathways 

involved in cellular proliferation, differentiation, and 

homeostasis [42, 43]. Several lines of evidence had 

demonstrated that lncRNAs were involved in different 

aspects during the process of vascular aging including 

cellular differentiation, proliferation, apoptosis, and 

inflammation [44-47]..  

Recent report showed that exosomal lncRNA 

HOTTIP promoted ECs proliferation and migration via 

activation of the Wnt/β-catenin pathway [48]. Another 

study demonstrated that exosomal lncRNA POU3F3 

could increase ECs proliferation and migration [49]. 

Besides, it had been reported that silencing of exosomal 

lncRNA MALAT1 by GapmeRs or small interfering 

RNAs induced a switch of the ECs phenotype to a 

promigratory but antiproliferative state that resulted in 

impaired ECs proliferation and reduced vessel growth 

[50].  

A large number of studies had reported that several 

lncRNAs played an important role in regulating 

angiogenesis of ECs [51, 52]. For instance, the lncRNA 

HOTAIR was packed into exosomes secreted by glioma 

cells and conveyed to ECs. Then, HOTAIR stimulated 

angiogenesis by increasing the expression of VEGFA 

[53]. In addition, it had been reported that CD90+ cells 

modulated ECs angiogenesis through the release of 

exosomes containing lncRNA H19 by upregulating 

VEGF production [54]. Besides, exosomal lncRNA 

POU3F3 could promote ECs angiogenesis in vivo [49] 

and glioma cells could also enhance ECs angiogenesis by 

activating VEGFA and TGFβ through the release of 

exosomes containing lncRNA CCAT2 [55]. Moreover, 

Kaneko et al demonstrated that Meg3 epigenetically 

regulated gene expression via interacting with Ezh2 and 

Jarid2 [56], and Boon et al. further reported that Meg3-

mediated changes in epigenetic regulation of gene 

expression contributed to endothelial dysfunction in 

angiogenesis [57]. 

Except from the role in regulating angiogenesis of 

ECs, CCAT2 could also inhibit ECs apoptosis by 

decreasing Bax and caspase-3 expression [55]. 

Conversely, recent report had shown that high expression 

of lncRNA GAS5 could increase the apoptosis of vascular 

ECs [58]. Meanwhile, MALAT1, involved in modulating 

ECs proliferation as mentioned before [50], had been also 

identified as a regulator of inflammatory cytokine 

production and affected inflammation of ECs through 

SAA3 [59, 60]. 

 

2.2 Exosomal ncRNAs and VSMCs functions  
 

VSMCs, the main cells of the media vessel wall, can 

control blood flow and keep vascular tension 

maintenance. VSMCs phenotypic conversion from a 

contractile to synthetic state with the progress of aging 

and in response to various pathological stimuli, 

contributes to vascular pathologies including 

atherosclerosis, restenosis, and VC. Investigators 

indicated that exosomes acted as a specific signaling 

mechanism during VSMC phenotypic modulation was 

taken part in regulating cellular proliferation, migration, 

apoptosis, calcification, and differentiation [61]. In this 

part, we summarized the role of exosomal ncRNAs in the 

regulation of VSMCs functions (Table 2). 

 

2.2.1. Exosomal miRNAs and VSMCs functions 

Previous studies had indicated that several exosomal 

miRNAs were involved in the regulation of VSMCs 

phenotypic modulation. The contractile phenotype of 

VSMCs with non-proliferative and non-migratory 

switched to a proliferative, migratory, apoptotic, and 

differentiation phenotype [61, 62].  

Liu et al. had proved that exosomal miR-31 could 

promote the VSMCs contractile phenotype by repressing 

cellular repressor of E1A-stimulated genes (CREG) 

expression [63]. Besides, exosomes containing miR-133 

had been shown to regulate the differentiation of VSMCs 

by inhibiting the transcription factor, specificity protein-1 

(Sp-1) [64]. In addition, it had been reported that miR-223 

regulated VSMCs phenotype transition from contractile to 

synthesis [65]. On the contrary, miR-26a inhibited the 

differentiation of VSMCs and governed phenotypic 

shifting by directly targeting SMAD1 and SMAD4 [66].  

An increasing number of studies had demonstrated 

that miRNAs played a pivotal role in the progress of 

VSMCs proliferation through post-transcriptional 

mechanisms [67, 68]. For example, some exosomal 

miRNAs had been found to promote the proliferation of 

VSMCs such as miR-21, miR-130a, miR-221/222, et al 

[67-69]. MiR-21 is one of the most abundant miRNAs in 
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the vascular wall which can enhance the VSMCs 

proliferation [67]. miR-221 and miR-222 had been shown 

to regulate the proliferation of VSMCs by targeting p27 

and p57 [69, 70]. While, others had been proven to inhibit 

the proliferation of VSMCs [71, 72]. MiR-152 inhibited 

cell proliferation in VSMCs by decreasing DNA 

methyltransferase 1 (DNMT1) expression and 

downregulating the methylation level of ERα gene 

promoter region [73]. MiR-155 induced by oxidized low-

density lipoprotein (ox-LDL) was considered to inhibit 

the proliferation of VSMCs by suppression of certain 

members of the matrix metalloproteinase (MMP) family 

[74]. Besides, Tan et al. indicated that activated platelet-

derived exosomes containing miR-223, miR-339 and 

miR-21 could be transferred into VSMCs and inhibit 

VSMCs proliferation [75].  

 

 
Table 2. Exosomal non-coding RNAs implicated in VSMCs functions. 

 

Exosomal non-

coding RNAs 
Cargos Targets ECs functions Reference 

Exosomal 

miRNAs 

miR-31 MAPK/ERK, LATS2 promote phenotype transition [63] 

miR-133 Sp1 promote phenotype transition [64] 

miR-223 MEF2C, RhoB promote phenotype transition [65] 

miR-26a Smad1 inhibit phenotype transition [66] 

miR-21 BCL2 pro-proliferation [67] 

miR-130a BMP2, TGFβ1 pro-proliferation [68] 

miR-221/222 p27, p57 pro-proliferation [69, 70] 

miR-152 DNMT1 anti-proliferation [73] 

miR-155 Ets1 anti-proliferation [74] 

miR-223 PDGFRβ anti-proliferation [75] 

miR-339 PDGFRβ anti-proliferation [75] 

miR-21 PDGFRβ anti-proliferation [75] 

miR-29b DNMT3b pro-migration [78] 

miR-143-3p TGFβ pro-migration, pro-angiogenesis [79] 

miR-712 NCKX4 pro-calcification [80] 

miR-714 PMCA1 pro-calcification [80] 

miR-762 NCX1 pro-calcification [80] 

miR-29a/b ADAMTS-7 anti-calcification [83] 

miR-125b Ets1, Osterix 
anti-transdifferentiation, 

anti-calcification 
[84, 85] 

miR-126-3p 
VEGF, ANG1, ANG2, 

MMP9, TSP1 
pro-angiogenesis [86] 

miR-92a MKK4 anti-apoptosis, anti-senescence [88] 

miR-34a SIRT1 pro-senescence [89] 

Exosomal 

lncRNAs 

MALAT1 Unknown pro-proliferation, pro-migration [92] 

MEG3 p53 anti-proliferation, anti-migration [93] 

lncRNA-p21 p53 anti-proliferation, pro-apoptosis [94] 

HOTAIR ALPL, BMP2 anti-calcification [95] 
 

MAPK/ERK: mitogen-activated protein kinase/extracellular regulated kinase; LATS2: large tumor suppressor homolog 2; Sp1: 
specificity protein 1; MEF2C: myocyte enhancer factor-2c; RhoB: ras homologue family member B; Smad1: SMAD family member 1; 

BCL2: B-cell CLL/lymphoma 2; BMP2: bone morphogenetic protein 2; TGFβ1: transforming growth factor beta 1; DNMT1: DNA 

methyltransferase 1; Ets1: E26 transformation-specific 1; PDGFRβ： platelet-derived growth factor receptor-beta； DNMT3b: DNA 

methyltransferase 3b; TGFβ：transforming growth factor β; NCKX4: sodium/calcium exchanger 4; PMCA1: plasma membrane calcium 

ATPase 1; NCX1: sodium/calcium exchanger 1; ADAMTS-7: a disintegrin and metalloproteinase with thrombospondin motifs-7; 
VEGF: vascular endothelial growth factor; ANG1: angiopoietin 1; ANG2: angiopoietin 2; MMP9: matrix metallopeptidase 9; TSP1: 

thrombospondin 1; MKK4: mitogen-activated protein kinase 4; SIRT1: silent information regulator 1; ALPL: alkaline phosphatase; BMP2: 

bone morphogenetic Protein 2. 

 

VSMCs can migrate from the medial wall to the 

intimal lining in response to vascular injury. Some 

miRNAs involved in the regulatory mechanisms of 

cellular migration are promoters while others are 

inhibitors [76, 77]. For instance, Chen et al. indicated that 

miR-29b promoted VSMCs migration by regulating the 

expression of MMP-2/MMP-9 genes and targeting DNA 

methyltransferase 3b (DNMT3b) [78]. In addition, miR-

143-3p could modulate exosome-mediated responses in 

pulmonary VSMCs and Deng at al. proved that miR-143-
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3p enriched exosomes had the VSMCs promigratory and 

proangiogenic effect [79]. 

VC is a tightly regulated process actually driven by 

VSMCs osteogenic conversion and related to the 

activation of sphingomyelin phosphodiesterase 3 

(SMPD3) and cytoskeletal remodeling. As the process of 

VSMCs calcification is tightly regulated by the genetic 

reprogramming, it is not surprising that there are 

accumulating evidence to support an integral role of 

miRNAs involved in this process [80-82]. One study 

reported that several exosomal miRNAs could disrupt 

calcium transporters and promote calcium deposition of 

VSMCs including miR-712, miR-714 and miR-762 [80]. 

On the contrary, Du et al. identified that miR-29a/b 

inhibited VSMCs calcification by suppressing the 

expression of a disintegrin and metalloproteinase with 

thrombospondin motifs-7 (ADAMTS-7) [83]. Moreover, 

the expression of miR-125b suppressed VSMCs 

transdifferentiation and calcification [84, 85]. 

Angiogenesis of VSMCs is responsible for the 

progression of vascular aging. MiR-126-3p enhanced 

VSMCs angiogenesis by suppressing the expression of its 

known target, SPRED1, simultaneously modulating the 

expression of genes involved in angiogenic pathways 

including vascular endothelial growth factor (VEGF), 

angiopoietin 1 (ANG1), angiopoietin 2 (ANG2), matrix 

metallopeptidase 9 (MMP9), thrombospondin 1 (TSP1) 

and so on [86]. Apoptosis and senescence of VSMCs had 

been proven as important processes in vascular diseases 

[87]. It had been shown that miR-92a overexpression 

inhibited VSMCs apoptosis and senescence by 

suppressing mitogen-activated protein kinase 4 (MKK4) 

and JNK1 pathways [88]. In contrast, miR-34a could 

promote VSMCs senescence through SIRT1 

downregulation [89].  

 

2.2.2. Exosomal lncRNAs and VSMCs functions  

 

LncRNAs are capable of modulating target DNA, RNA, 

and proteins at the pre- and posttranscriptional level. An 

increasing number of studies had demonstrated that 

lncRNAs played a pivotal role in the regulation of VSMC 

phenotype, functions, perhaps also in the development of 

VSMCs-related diseases [90, 91]. This chapter described 

the emerging roles of exosomal lncRNAs in VSMCs 

proliferation, migration, apoptosis, and calcification.  

As mentioned above, MALAT1 could regulate the 

proliferative and promigratory functions of ECs [50], 

Brock et al. [92] proved that MALAT1 could also 

significantly enhance proliferation and migration of 

pulmonary VSMCs, probably through hypoxia-inducible 

factor 1α. In addition, Sun et al. [93] found that inhibition 

of MEG3 regulated the cell cycle progression and 

promoted more VSMCs from the G0/G1 phase to the 

G2/M+S phase. Therefore, lncRNA MEG3 

downregulation triggers pulmonary VSMCs proliferation 

and migration. Exosomal lncRNA-p21 was a p53-induced 

lncRNA [45], which recently was proven to control 

VSMCs proliferation [94]. Importantly, subsequent 

studies showed that inhibition of lncRNA-p21 could also 

reduce apoptosis of VSMCs by interfering with p53 [94]. 

Besides, Carrion et al. showed that silencing of lncRNA 

HOTAIR elevated expressions of calcification-related 

genes, such as BMP2 and ALP, which eventually played 

a key role in calcification of VSMCs [95].  

 

 
Figure 1. The communication between ECs and VSMCs via exosomal 

ncRNAs. The blue and brown arrows indicate that exosomal miR206 and miR-

143/145 secreted by ECs regulate the functions of VSMCs. The green and 

purple arrows indicate that exosomal miR-155 and miR-143 secreted by 

VSMCs regulate the functions of ECs. 
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3. The role of exosomes in the network of information 

communication between ECs and VSMCs 

 

Exosomes, a newly identified natural nanocarrier and 

intercellular messenger, played a pivotal role in regulating 

cell-to-cell communication. Active interactions 

between ECs and VSMCs are critical to modulate the 

process of vascular aging. Accumulating evidence 

showed that the close communication between ECs and 

VSMCs were achieved via the release of exosomes [96, 

97]. However, little is known about the mechanisms that 

regulate ECs and VSMCs crosstalk. In this part, we aimed 

to discuss the mechanisms underlying the regulation of 

the ECs and VSMCs through exosomes especially 

exosomal ncRNAs (Figure 1).  

Several reports showed that ECs could regulate the 

functions of VSMCs through the release of exosomes 

containing miRNAs. For example, the expression of the 

miR-143/145 cluster was regulated by shear-responsive 

transcription factor KLF2 in ECs [97] and then miR-

143/145 could mediate VSMCs phenotype modulation by 

transporting to VSMCs via exosomes [98, 99]. In 

addition, miR-206 derived from HUVEC maintains the 

contractile phenotype of VSMCs by suppressing 

exosomes secretion [100].  

A large line of reports found that VSMCs could also 

modulate ECs functions through exosomes. For instance, 

miR-155, significantly expressed in Krüppel-like factor 5 

(KLF5)-overexpressing VSMCs, was a potent regulator 

of endothelium barrier function. VSMCs-

derived exosomes mediated the transfer of miR-155 from 

VSMCs to ECs, which, in turn, inhibited EC proliferation 

and migration, thus eventually destroying the tight 

junctions and the integrity of endothelial barriers [101]. 

Deng et al. had discovered that a crucial exosomal 

communication between pulmonary VSMCs and ECs in 

pulmonary artery hypertension (PAH) [79]. It had been 

proven that exosomes secreted by pulmonary VSMCs 

were enriched with miR-143, which could be transported 

to ECs, inducing ECs migration and angiogenesis [79].  

 

 
Table 3. Roles of exosomal miRNAs in vascular aging related diseases. 

 
 Cargo Disease Functions  

Heart Diseases 

miR-221/222 CAD Promote the progression of CAD  [103] 

miR-208a CAD Promote the progression of CAD  [104] 

miR-126 CAD Inhibit the progression of CAD  [105] 

miR-17-92 CAD Inhibit the progression of CAD  [106] 

miR-22 AMI Protect against CMCs apoptosis  [108] 

miR-133 AMI Promote the progression of AMI  [109] 

miR-21 AMI, HF Promote CMCs loss  [110, 113] 

miR-24 HF Promote the progression of HF  [114] 

miR-214 HF Promote the progression of HF  [115] 

Hypertension 

miR-211 EH Activate the axis of RAAS  [119] 

miR-615 EH Activate the axis of RAAS  [119] 

miR-155 EH Regulate the progression of VC  [99] 

Cerebrovascular 

Diseases 

miR-126 AIS 
Inhibit microglial activation and 

inflammatory response  
[122] 

miR-30d-5p AIS 
Inhibit autophagy-mediated microglial 

polarization to M1  

[123] 

 

miR-181b-5p AIS promoted BMEC angiogenesis  [37] 

miR-146a VCID 
Inhibit inflammatory effects on damaged 

astrocytes  
[124] 

Kidney Diseases 
miR-200b CKD Regulate the progression of renal fibrosis [126] 

miR-16 CKD Regulate the progression of CKD  [127] 

PAD miR-92a 
Hind Limb 

Ischemia 
Inhibit functional recovery  [129] 

 

CAD: coronary artery disease; AMI: acute myocardial infarction; CMCs: cardiomyocytes; HF: heart failure; VC: vascular 

calcification; EH: essential hypertension; RAAS: rennin-angiotensin-aldosterone system; AIS: acute ischemic stroke; BMEC: brain 

microvascular endothelial cell; VCID: vascular cognitive impairment and dementia; CKD: chronic kidney disease; PAD: peripheral 
artery disease. 

4. The role of exosomes in vascular aging related 

diseases 

 

Vascular aging occurs earlier than clinical diseases. It is a 

high-risk factor of vascular aging-related diseases. 

Vascular aging and vascular diseases interact with each 

other. The aging blood vessels provide an environment for 

the occurrence and development of vascular diseases, 

whereas vascular diseases accelerate the process of 

vascular aging. Exosomal non-coding RNAs are recently 
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regarded as a critical factor in vascular diseases. It has 

been demonstrated that a number of vascular aging related 

diseases like heart diseases, hypertension, cerebro-

vascular diseases, kidney diseases, and peripheral artery 

diseases (PAD) are highly influenced by exosomes (Table 

3). 

 

4.1 The role of exosomes in vascular aging related heart 

diseases 

 

Intercellular communication mediated by exosomes is 

vital for preserving vascular integrity and in the 

development of cardiovascular diseases. A recent surge of 

reports suggested that major heart diseases like coronary 

artery disease (CAD), acute myocardial infarction (AMI) 

and heart failure (HF) were highly influenced by the 

cargoes in exosomes.  

The present study demonstrated that vessel wall and 

inflammatory cell–derived miRNAs could be detected in 

the blood and were regulated in patients with CAD.  The 

communication among the involved cells, leading to 

promote the formation of  plaque, were regulated by 

exosomes in CAD [102]. Bazan et al. found that exosomes 

derived from VSMCs exhibited more pro-atherosclerotic 

miR-221/222 in patients with CAD [103]. MiR-208a，

which was enriched in serum-derived exosomes，tended 

to be elevated with stable CAD [104]. Vascular miRNAs, 

including miR-126 [105] and miR-17-92 cluster [106], 

were downregulated in patients with CAD.  

AMI, a detrimental consequence of acute coronary 

occlusion, is characterized by cardiomyocyte loss and 

myocardial necrosis [107]. It had been revealed that 

exosomes contained the increased amount of miR-22 

under ischemic condition, and could be centralized to 

cardiomyocytes  to protect against apoptosis by targeting 

methyl-CpG-binding protein 2 [108]. On the contrary, it 

had been proved that exosomal miR-133 [109] and miR-

21 [110] could promote the progression of AMI.  

HF is a general term for the heart’s inability to pump 

sufficiently and maintain blood flow to meet the body’s 

needs. In general, significant cardiac ultrastructural, 

biochemical and molecular abnormalities, contribute to 

the pathophysiology of all forms of HF [111]. A number 

of exosomal miRNAs were recurrent [112] and confirmed 

to be altered in various forms of HF. It had been reported 

that miR-21 [113], miR-24 [114] and miR-214 [115] were 

consistently affected in patients with varying origins and 

degrees of HF. 

 

4.2 The role of exosomes in vascular aging related 

primary hypertension 

 

Primary hypertension is characterized by decreased 

compliance and increased rigidity of vessels. The 

interaction between vascular aging and hypertension 

contributes to arterial stiffness, while arterial stiffness and 

hypertension are mutually causal. On the one hand, 

hypertension causes vessel wall injury, leading to arterial 

stiffness. On the other hand, arterial stiffness is the main 

cause of high systolic blood pressure, especially in the 

elderly [116]. Activation of rennin-angiotensin-

aldosterone system (RAAS) is the bedrock in 

hypertension [117]. Recently, it had been demonstrated 

that exosomal miRNAs were altered by RAAS activation 

and thus correlated with hypertension [118]. The 

miRNome analysis of exosomes from patients with 

hypertension found that miR-211 and miR-615 were 

fluctuated with blood pressure [119]. Besides, VC, the 

hydroxyapatite deposition in the intimal and medial layers 

of the vascular wall, can lead to hypertension. Chen et al. 

reported that miR-155 could regulate VC procession [99]. 

 

4.3 The role of exosomes in vascular aging related 

cerebrovascular diseases 

 

Vascular aging leads to the development of hemodynamic 

aging syndrome [120]. It may cause cerebrovascular 

diseases and cognitive impairment because of the high 

pulsation blood flow. 

Acute ischemic stroke and lacunar infarction are 

associated with endothelial dysfunction. Vascular aging 

may play an important role in the pathogenesis of stroke 

and serve as a potential marker of the risk of stroke [121]. 

Geng et al. found that miR-126 was significantly reduced 

in patients with ischemic stroke, miR-126+ exosomes 

could inhibit microglial activation and inflammatory 

response induced by ischemic stroke and promote 

neurogenesis and vasculogenesis after ischemic stroke 

[122]. Jiang et al. revealed that exosomes enriched with 

miR-30d-5p had a protective effect on AIS by inhibiting 

autophagy-mediated microglial polarization to M1 [123]. 

Yang et al. suggested that the expression of miR-181b-5p 

were remarkably enhanced in exosomes, which indicated 

that miR-181b-5p may involve in the progress of AIS 

[37]. 

Vascular cognitive impairment and dementia is a 

type of cognitive disorder induced by vascular 

abnormalities. It had been reported that exosomal miR-

146a exerted anti-inflammatory effects on damaged 

astrocytes and prevented diabetes-induced cognitive 

impairment [124]. 

 

4.4 The role of exosomes in vascular aging related 

kidney diseases 

 

The interaction of vascular aging and arteriosclerosis can 

ultimately contribute to chronic kidney disease (CKD) 

[125]. Arteriosclerosis is common in end-stage renal 
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disease (ESRD). The incidence of plaque calcification and 

arterial stiffness is increased in patients with ESRD. VC 

is a strong predictor and common complication in patients 

with ESRD. Yu et al. found that the renal tubule-derived 

urinary exosomal miR-200b could regulate the 

progression of renal fibrosis, eventually leading to CKD 

[126]. Lange et al. concluded that miR-16 derived from 

urinary exosomes was the most stable endogenous 

reference gene in patients with CKD [127]. 

 

4.5 The role of exosomes in vascular aging related PAD 

 

PAD is a vascular abnormity of diffuse atherosclerosis 

and is a major cause of cardiovascular mortality [128]. To 

date, less attention were paid to the association of 

miRNAs with vascular integrity in PAD. Bonauer et al. 

revealed that the expression of exosomal miR-92a was 

significantly increased in ischemic injury. Besides, 

inhibition of miR-92a promoted functional recovery in 

mice with ischemic damage to limb muscle [129]. 

 

5. Diagnosis and clinical evaluation of vascular aging 

 

The specific cargoes of exosomes make them to be 

promising novel biomarkers and diagnostic tool for 

vascular aging. It especially concerns exosomes-

associated miRNAs because of the significantly different 

levels between physiological and pathological conditions. 

In patients affected with AMI, the level of p53 responsive 

miRs (miR-192, miR-194, miR-34a) inside in exosomes 

were associated with development of HF, which 

suggesting a diagnostic value of these miRNAs [130]. The 

miRNome analysis of exosomes from hypertensive 

patients proved that several miRNAs including miR-615, 

miR-211 were sensitive to blood pressure, which 

exhibited a promising prognostic biomarker on 

hypertension [119]. Nevertheless, evaluation of exosomes 

as a source of diagnostic and prognostic biomarkers of 

vascular diseases is still in its infancy. Further studies 

should be done to validate diagnostic and prognostic value 

of exosome-associated biomarkers.  

Clinical evaluation of vascular aging is generally 

divided into invasive and non-invasive methods. Invasive 

evaluations are rarely used in clinical practice because of 

their complex requirements, high cost and damage. 

Currently, non-invasive methods are commonly used in 

clinical assessment of vascular aging mainly include: (1) 

Framingham formula; (2) non-invasive detection of 

vascular function and structure; (3) biomarkers of 

vascular senescence cells [131]. 

(1) Framingham formula: Framingham heart study 

establishes a vascular age formula based on risk factors 

for cardiovascular events, such as men, hyperlipidemia, 

hypertension, diabetes, and smoking. It proposes the 

concept of vascular age, which is still widely used in 

clinical vascular age assessment and guidance of 

cardiovascular risk prevention [132]. 

(2) Non-invasive detection of vascular function and 

structure: (i) Pulse wave velocity (PWV) is the 

conduction velocity of the arterial pulse wave along the 

arterial wall from the proximal to the distal end when the 

heart pump hemorrhage occurs. The ratio of the distance 

between the two recorded parts and the conduction time 

of the pulse wave is measured. PWV is based on the 

mechanism that the speed of conduction of pulse waves in 

the blood output from the heart increases when the 

arteriosclerosis is hardened. The more severe arterial 

stiffness becomes, the greater the PWV is. The elastic 

components of the aorta decrease, the vessel wall 

thickens, the arteries expand progressively, the arterial 

stiffness increases, and the PWV increases with 

increasing aging. Moreover, the PWV of central elastic 

artery increased more significantly than that of peripheral 

artery [133]. PWV is positively correlated with 

Framingham and has predictive value for the diagnosis of 

coronary heart disease [134]. (ii) Intima-media thickness 

(IMT) is the distance between the arterial intima to media 

that measured by high-frequency B-mode ultrasound 

probe. IMT thickening is the landmark of vascular aging. 

The carotid IMT is an independent predictor of 

cardiovascular and cerebrovascular risk. For each 0.1 mm 

increase in carotid IMT, the risk of myocardial infarction 

increased by 11%  [135]. IMT in healthy people is 

increasing gradually with the increase of age. Besides, 

vascular aging is accelerated as well as IMT is growing 

faster in the populations with atherosclerotic 

cardiovascular risk factors. (iii) The principle of 

vasodilation function is to measure the temporal change 

of brachial artery diameter under shear stress by 

ultrasound. The impaired diastolic function of brachial 

artery was associated with aging [136]. 

(3) Biomarkers of vascular senescence cells: 

Currently, endothelial microparticles (EMPs) and 

endothelial progenitor cells (EPCs) are widely recognized 

and detected as cell markers. EMPs are microparticles 

carrying certain antigenic properties of ECs when they are 

activated, damaged or apoptotic. The increase of EMPs 

represents vascular endothelial injury, indicating vascular 

aging [137]. When vascular endothelial injury occurs, 

EPCs, derived from bone marrow, could be differentiated 

into mature ECs to repair damage blood vessels. Besides, 

EPCs can activate the proliferation and migration of ECs 

around the injured region through paracrine secretion and 

it is an important mechanism of endogenous vascular 

endothelial repair [138]. The decreasing of EPCs is 

closely related to the prognosis of atherosclerosis and 

cardiovascular diseases, which suggesting vascular aging 

[139]. 
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6. Treatment and clinic intervention of vascular aging 

 

In addition to act as potential biomarkers, exosomes could 

also be served as a therapeutic tool for treatment of 

vascular diseases. The main promise of using exosomes 

as a therapeutic tool is their property to stably maintain 

and carry a variety of biomolecules. Specific gene 

expression can be modulated by genetic approaches 

including silencing or overexpression of the prospective 

miRNAs or lncRNAs. The promising miRNA triad (miR-

126, miR-145 and miR-155) could be primarily suggested 

for anti-atherogenic therapy. Moreover, since exosomes 

possess some properties such as biological barrier 

permeability, biocompatibility, low immunogenicity and 

low toxicity, which are suitable for therapeutic delivery 

[140, 141]. Thus, many researches investigate the 

function of exosomes as vehicles for exogenous miRNAs, 

lncRNAs, and even drugs delivery. Notably, although 

targeting miRNAs or lncRNAs shows promising 

therapeutic strategies, careful monitoring and studying of 

these interactions is essential and important in order to 

guarantee a safe application in humans.  

Vascular aging is not only a natural physiological 

process, but also a pathological process involving a 

variety of risk factors, among which genetics, 

environment and lifestyle are involved in. It is an effective 

means of anti-vascular aging in clinic that regulating the 

reversible mechanism of vascular aging and strengthening 

the prevention and control of risk factors. The patients 

with vascular aging had better improve the lifestyle 

through healthy eating, weight control, smoking cessation 

and reasonable exercise. Drugs target for risk factors such 

as angiotensin-converting enzyme inhibitors, calcium 

antagonists or endothelial function like beraprost sodium 

have been found to improve vascular function, ameliorate 

arterial stiffness, and regulate the process of vascular 

aging. Although aging is irreversible, early detection and 

intervention of premature vascular failure is a new 

direction for prevention and treatment of cardiovascular, 

cerebrovascular and other vascular diseases. 

 

7. Perspectives and Conclusions 

 

The accumulation of the changes in the structure and 

function of aging vessels constitute the basis of vascular 

aging, while vascular aging is the basis of a variety of 

vascular diseases. Therefore, better understanding of the 

mechanism, evaluation and management of vascular 

aging will provide new research targets for vascular 

diseases.  The cargos of exosomes especially ncRNAs 

play a crucial role in regulating aging processes and 

vascular aging related diseases. It also offers promising 

opportunities for treating and assessing vascular diseases. 

Despite interesting promises in implication, exosomal 

ncRNAs-based therapies still require more preclinical 

studies and many obstacles still need to be overcome in 

the future. 
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