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Abstract 

Vascular aging, characterized by brain endothelial cells (ECs) senescence and dysfunction, has been 

known to lead to various age-related cerebrovascular and neurodegenerative diseases. However, its 

underlying mechanisms remain elusive. ECs derived microvesicles (EMVs) and exosomes (EEXs) carry 

the characteristics of parent cells and transfer their contents to modulate the functions of recipient cells, 

holding the potential to evaluate or regulate vascular aging. Here, we found that young or aged ECs 

released EMVs were more effective than their released EEXs on alleviating or aggravating mice 

cerebrovascular and brain aging as indicated by SA-β-gal staining, cerebral blood flow, blood brain 
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barrier function, aging related markers and cognitive ability test. We further identified that these EMVs 

regulated cerebrovascular and brain aging by transferring miR-17-5p and could modulate ECs 

senescence and functions via miR-17-5p/PI3K/Akt pathway. Plasma EMVs and their contained miR-17-

5p (EMV-miR-17-5p) were significantly increased or decreased in the elderly, and were closely 

correlated with vascular aging. Receiver Operating Characteristic (ROC) analysis showed that the area 

under the curve was 0.724 for EMVs, 0.77 for EMV-miR-17-5p and 0.815 for their combination for 

distinguishing vascular aging. Our results revealed the novel roles for EMVs that could more effectively 

modulate vascular and brain aging than EEXs by regulating ECs functions through miR-17-5p/PI3K/Akt 

pathway, and also suggested that EMVs and EMV-miR-17-5p represent promising biomarkers and 

therapeutic targets for vascular aging. 

Key words: brain aging; cerebrovascular aging; endothelial cell functions; endothelial exosomes; 

endothelial microvesicles; miR-17-5p  

 

 

 

 

 

Introduction 

Aging and aging-related diseases have become the most important medical and social issue 

worldwide. It is estimated that more than 20% of global population will be over 60 years old by 2050 

[1]. Vascular aging is closely associated with the aging process, which could cause insufficient blood 

flow to organs, resulting in organ atrophy and dysfunction [2]. Vascular aging in the central nervous 

system can induce brain aging manifested with cognitive and sensorimotor decline and even 

neurodegenerative diseases [3, 4]. Thus, monitoring and preventing vascular aging is important for aging-

related diseases, especially for brain. To date, there still lack of effective approaches to evaluate or 

alleviate vascular and brain aging. 

 Vascular aging is manifested by endothelial cells (ECs) senescence and ECs dysfunction in the 

early stage [1]. During vascular aging, ECs proliferation, migration, oxidative stress and apoptosis are 

dysregulated [5], along with accumulated senescent ECs [1], resulting in vascular vulnerability and 
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related diseases like atherosclerosis, cerebrovascular disease, and degenerative impairment [1, 6]. 

Theoretically, ECs are primary targets for reflecting and regulating vascular aging. Extracellular vesicles, 

which mainly consist of microvesicles and exosomes, are released by various cells in response to 

activation or apoptosis [7, 8]. These vesicles carry the characteristic of parent cells and elicit diverse 

effects on recipient cells by transferring their contents [9, 10]. Endothelial microvesicles (EMVs) and 

endothelial exosomes (EEXs) are important mediators of intercellular communication [11], and also 

could be novel markers of ECs dysfunction or damage [7, 9]. The release and functions of EMVs/EEXs 

mainly depend on the stimulation and the status of ECs. Under normal condition, EMVs/EEXs could 

promote viability and inhibit apoptosis of human brain ECs [12, 13]. Hyperglycemic-induced EMVs or 

atheroprone low-oscillatory shear stress induced EEXs caused higher levels of apoptosis of human 

umbilical vein endothelial cells (HUVECs) [14, 15]. The plasma level of EMVs has been shown to 

significantly elevate in the elderly [16]. The EMVs and EEXs of HUVECs are increased in release when 

cells undergo senescence, and these EMVs can induce calcification of human aortic smooth muscle cells 

and apoptosis and senescence of normal ECs [17-19]. An earlier study has found that blood transfusion 

of young mice reverses age-related impairments in cognitive function and synaptic plasticity in old mice 

[20], raising the possibility that young EEXs or EMVs might serve as a novel cell-free source to challenge 

aging. To be noted, the biogenesis of EMVs and EEXs is different, and their effects on the recipient 

cells/tissues await for validation [7, 9]. Based on these, we hypothesized that EMVs or EEXs might play 

critical roles in regulating cerebrovascular and brain aging and ECs functions, and hold biomarker 

potential for vascular aging. 

MicroRNAs (miRNAs) are crucial molecules regulating cell senescence and diverse functions and 

are the main functional cargo of EMVs/EEXs [21]. For example, the level of EMVs containing miR-126 

is significantly decreased in patients with diabetes mellitus [22]. MiR-126 enriched EMVs promote the 

migration and proliferation of human coronary artery ECs [22]. MiR-19a-3p in EEXs derived from 

HUVECs promoted ECs tube formation and proliferation [23]. Thus, it is of great interest that which 

miRNA is important in EMVs/EEXs in regulating vascular aging.  

     In this study, we aimed to investigate the effects and discrepancy of EMVs and EEXs on regulating 

cerebrovascular and brain aging, and to explore the underlying miRNAs mechanisms and the biomarker 

potential. First, we determined the effects of EMVs and EEXs derived from young or old mouse brain 
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ECs on cerebrovascular and brain aging. Based on our finding that EMVs were more effective, we further 

investigated the effects of EMVs on ECs functions in vivo and in vitro, identified miR-17-5p as the key 

functional miRNA in EMVs and analyzed the related pathways to explore the underlying mechanisms. 

In clinical study, we measured the levels of plasma EMVs and their contained miRNA in people of 

different ages for their association with vascular aging. 

Results 

Character of EMVs and EEXs 

Replicative aging model with postnatal-derived brain microvascular endothelial cells (BMECs) was 

established, and BMECs were identified by immunofluorescence. Results showed that BMECs were 

positive for ECs markers CD31+ and the purity was over 90% (Fig 1A). As shown in Fig 1B, senescence-

associated β-galactosidase (SA-β-gal) staining analysis showed that senescent BMECs (o.cells) 

displayed higher percentage of senescent cells compared with young BMECs (y.cells). EMVs and EEXs 

purified from conditioned medium collected from y.cells (y.EMVs, y.EEXs) and o.cells (o.EMVs, 

o.EEXs) were characterized by nanoparticle tracking analysis (NTA) and transmission electron 

microscopy (TEM) which showed that the sizes of y.EMVs/o.EMVs and y.EEXs/o.EEXs were 200-800 

nm and 50-100 nm in diameter, respectively (Fig 1C and 1D).  

Y.EMVs mitigated while o.EMVs aggravated cerebrovascular and brain aging more significantly 

than y.EEXs or o.EEXs respectively  

After verified that EMVs and EEXs could be internalized into mouse brain vasculature (Fig 1E), 

we measured their effects on cerebrovascular aging. SA-β-gal staining in basilar artery was utilized to 

evaluate cerebrovascular aging. Results showed that the number of senescent cells in basilar artery was 

dramatically 4.5-fold higher in o.mice than that in y.mice (Fig 2A, 2B and 2G). Y.EMVs and y.EEXs 

significantly decreased 60% and 45% the senescent cell number of basilar artery in o.mice (Fig 2B and 

2G). O.EMVs and o.EEXs significantly increased senescent cell number of basilar artery in y.mice (Fig 

2A and 2G), the effect of y.EMVs/o.EMVs was more significant than y.EEXs/o.EEXs (Fig 2G). Cerebral 

blood flow (CBF) and blood brain barrier (BBB) have been reported as indicators of cerebrovascular 

aging [4]. We found that CBF was dramatically decreased about 50% in o.mice compared with y.mice 

(Fig 2C, 2D and 2H). Y.EEXs and y.EMVs significantly increased CBF as evidenced by a 1.46 and 1.88-

fold elevation, and the increase of y.EMVs was more significant (Fig 2D and 2H). The results were 
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further supported by 2.8 and 1.1-fold increase of cerebral microvascular density (cMVD) in y.EMVs and 

y.EEXs groups, respectively (Fig 2F and 2I). In contrast, o.EMVs and o.EEXs reduced CBF of y.mice 

by 65% and 55% respectively (Fig 2C and 2H), and o.EMVs was more significant in decreasing cMVD 

of y.mice (61%) than o.EEXs (44%) (Fig 2E and 2I). Evans Blue (EB) extravasation was applied to 

detect BBB function. Results showed that EB leakage was 1.6 times higher in o.mice compared with 

y.mice. Y.EMVs and y.EEXs significantly improved while o.EMVs and o.EEXs insulted BBB integrity, 

the effects of y.EMVs/o.EMVs were more significant (Fig 2J).  

As cerebrovascular aging contributes to brain aging [24], we detected the effects of EMVs and EEXs 

on brain aging. First, we confirmed that the senescent cell number in hippocampus CA3 region of o.mice 

was dramatically increased (Fig 2K-2M). O.EMVs and o.EEXs increased about 3.3-fold and 1.1-fold of 

SA-β-gal positive cells in the CA3 region of y.mice, and o.EMVs was more significant (Fig 2K and 2M). 

The senescent cell number in o.mice treated with y.EMVs and y.EEXs was decreased by about 72% and 

60%, respectively (Fig 2L and 2M). The age-related biomarkers oxidized glutathione (GSSG) and 

malondialdehyde (MDA) were significantly increased, while telomerase reverse transcriptase (TERT) 

and klotho were decreased in o.mice (Fig 2N-2Q). O.EMVs and o.EEXs evidently increased plasma 

GSSG and brain MDA levels (Fig 2N and 2O), while decreased brain klotho and TERT levels in y.mice 

(Fig 2P and 2Q). On the contrary, y.EMVs and y.EEXs played the opposite roles in regulating age-

related biomarkers (Fig 2N-2Q). The effects of y.EMVs/o.EMVs were more significant than 

y.EEXs/o.EEXs on regulating the levels of GSSG and klotho.  

In furtherance, Morris water maze task was performed to measure the cognitive ability of the mice. 

We found that o.EMVs and o.EEXs obviously increased the escape latency, decreased time spend in the 

target quadrant, impaired platform crossing performance and searching strategy of y.mice (Fig 3A and 

3E-3G). The effects of o.EMVs were more significant than o.EEXs regarding to the escape latency 

performance (Fig 3A). The comparison of o.EMVs and o.EEXs on quadrant time, platform crossing and 

searching strategy showed no statistical difference (Fig 3A and 3E-3G). Y.EMVs dramatically shortened 

the escape latency (Fig 3C), increased quadrant time (Fig 3E), improved platform crossing performance 

and promoted the searching strategy of o.mice (Fig 3F and 3H). Y.EEXs significantly promoted platform 

crossing performance (Fig 3F) and searching strategy (Fig 3H), but barely influenced the escape latency 

and quadrant time of o.mice (Fig 3C and 3E). The effects of y.EMVs were more evident than y.EEXs 
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on escape latency and searching strategy (Fig 3C and 3H). Taken together, these results confirmed that 

o.EMVs/o.EEXs deteriorated while y.EMVs/y.EEXs attenuated brain aging, and the effects of EMVs 

were more remarkable than EEXs. 

MiR-17-5p was differentially expressed in y.EMVs and o.EMVs 

Considering the effects of EMVs were more significant than EEXs on cerebrovascular and brain aging, 

we focused on studying the mechanisms of EMVs. MicroRNA sequencing was applied to identify the 

functional miRNAs in EMVs. Heat map showed 26 significantly downregulated miRNAs and 63 

upregulated miRNAs in o.EMVs compared with y.EMVs, and the top ten overexpressed and 

downregulated genes was presented in the Fig 4A. MiR-17-5p was one of the top miRNAs riched in 

y.EMVs, and previous research has demonstrated its potential role in alleviating aging [25]. Q-PCR 

results confirmed that the level of miR-17-5p encapsulated in o.EMVs was robustly decreased about 52% 

compared with y.EMVs (Fig 4C). We also found that miR-17-5p levels in o.cells and brain of o.mice 

were significantly decreased than those in y.cells and brain of y.mice. Y.EMVs dramatically increased 

miR-17-5p levels in o.cells and brain of o.mice (Fig 4D and 4E). On the contrary, o.EMVs decreased 

miR-17-5p levels in y.cells and brain of y.mice, which is unexpected, and we speculated that o.EMVs 

might induce a senescent environment to inhibit miR-17-5p expression in recipient cells (Fig 4D and 

4E). These results implied the role of EMVs might function by regulating miR-17-5p. 

Y.EMVs inhibited while o.EMVs induced cerebrovascular and brain aging by modulating miR-17-

5p  

To clarify the role of miR-17-5p in EMVs, we knocked down miR-17-5p in y.EMVs (y.EMVmiR-17KO) 

and overexpressed it in o.EMVs (o.EMVmiR-17) by infecting y.cells with LV-si-miR-17-5p (y.cellsmiR-

17KO) and infecting o.cells with LV-miR-17-5p (o.cellsmiR-17). Results showed that the levels of miR-17-

5p in o.cellsmiR-17 and o.EMVmiR-17 were notably increased (S1C and S1E Fig), and the levels of miR-

17-5p in y.cellsmiR-17KO and y.EMVmiR-17KO were significantly decreased, as compared with the cells 

transfected with scrambled controls (S1D and S1F Fig).  

The results of functional tests showed that o.EMVmiR-17 had less effect on increasing cell senescent 

of basilar artery (Fig 2A and 2G) and BBB permeability (Fig 2J), and on decreasing CBF (Fig 2C and 

2H) and cMVD (Fig 2E and 2I), when compared with o.EMVs and o.EMVmiR-17SC. Y.EMVmiR-17KO 

decreased senescent number in basilar artery (Fig 2B and 2G) and BBB permeability (Fig 2J), and 
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increased CBF (Fig 2D and 2H) and cMVD (Fig 2F and 2I) less effectively than y.EMVs and y.EMVmiR-

17KOSC.  

In consistent with their effects on cerebrovascular aging, o.EMVmiR-17 had weaker impact on 

upregulating hippocampus senescent cell number (Fig 2K and 2M) and the levels of plasma GSSG and 

brain MDA, and on downregulating levels of brain klotho and TERT compared with o.EMVs and 

o.EMVmiR-17SC (Fig 2N-2Q). Moreover, o.EMVmiR-17 showed less influence on increasing the escape 

latency (Fig 3B), decreasing time spent in the target quadrant and platform crossing times, and 

deteriorating searching strategy compared with o.EMVs and o.EMVmiR-17SC (Fig 3E-3G). Y.EMVmiR-

17KO had less impact on decreasing senescent number and levels of MDA and GSSG, and on increasing 

TERT and klotho levels compared with y.EMVs and y.EMVmiR-17KOSC (Fig 2L-2Q). Y.EMVmiR-17KO also 

showed less effect on shortening escape latency, increasing platform crossing times and the time spent 

in the target quadrant, and improving searching strategy compared with y.EMVs and y.EMVmiR-17KOSC 

(Fig 3D-3F and 3H). In summary, these results suggested that EMVs might affect cerebrovascular and 

brain aging through miR-17-5p modulation.  

Y.EMVs ameliorated while o.EMVs aggravated oxidative stress and apoptosis of mouse brain 

vasculature via regulating miR-17-5p  

As shown in Fig 5A-5I, o.EMVs significantly increased the levels of ROS (Fig 5A and 5C) and 

apoptosis (Fig 5D and 5F), while decreased NO levels in vasculature of y.mice hippocampal brain slices 

(Fig 5G and 5I). Y.EMVs dramatically decreased the levels of ROS (Fig 5B and 5C) and apoptosis (Fig 

5E and 5F), while enhanced NO generation in vasculature of o.mice hippocampal brain slices (Fig 5H 

and 5I). MiR-17-5p overexpression or downregulation significantly impaired the effects of o.EMVs or 

y.EMVs and the corresponding scrambled controls (Fig 5A-5I). 

Y.EMVs protected while o.EMVs deteriorated BMECs senescence and functions via regulating 

miR-17-5p/PI3K/Akt pathway 

After verifying that EMVs could be incorporated into BMECs (Fig 1F), we aimed at investigating 

whether EMVs exert their effects by regulating BMECs senescence and functions. Results showed that 

o.EMVs dramatically promoted cell senescence (Fig 6A and 6C) and the levels of ROS and apoptosis 

(Fig 6D, 6F and 6G), while decreased NO level (Fig 6D and 6H) and the proliferation (Fig 7D), 

migration (Fig 7A and 7C) and tube formation ability of y.cells (Fig 7E and 7G). O.EMVmiR-17 showed 
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less deteriorative effects on y.cells compared with o.EMVs and o.EMVmiR-17SC (Figs 6A, 6C, 6D, 6F-6H 

and 7A, 7C-7E, 7G). Y.EMVs significantly inhibited cell senescence (Fig 6B and 6C), ROS and 

apoptosis levels (Fig 6E-6G), while promoted NO generation (Fig 6E and 6H), proliferation (Fig 7D), 

migration (Fig 7B and 7C) and tube formation of o.cells (Fig 7F and 7G). Y.EMVmiR-17KO was less 

effective than y.EMVs and y.EMVmiR-17KOSC (Figs 6B, 6C, 6E-6H and 7B-7D, 7F, 7G).  

As for mechanism study, Ingenuity Pathway Analysis (IPA) results showed that PI3K and its 

downstream mediator Akt were closely related to miR-17-5p function (Fig 4B and S1 Table). Western 

blot data demonstrated that o.EMVs significantly decreased the levels of p-PI3K/PI3K and downstream 

p-Akt/Akt in y.cells (Fig 7J and 7K). O.EMVmiR-17 upregulated the levels of p-PI3K/PI3K and p-Akt/Akt 

compared with o.EMVs and o.EMVmiR-17SC (Fig 7J and 7K). Y.EMVs dramatically enhanced the levels 

of p-PI3K/PI3K and p-Akt/Akt in o.cells (Fig 7H and 7I). Y.EMVmiR-17KO decreased the levels of p-

PI3K/PI3K and p-Akt/Akt compared with y.EMVs and the corresponding control (Fig 7H and 7I). To 

further confirm the crucial role of PI3K/Akt pathway in the effects of EMVs and miR-17-5p, the PI3K 

inhibitor LY-294002 and activator 740Y-P were applied for testing various BMECs functions. 740Y-P 

significantly ameliorated the impaired effects of o.EMVs on BMECs senescence (Fig 6A and 6C) and 

above mentioned functions (Figs 6D-6H and 7A-7G), accompanied with the upregulation of p-Akt/Akt 

level in BMECs (Fig 7J). LY-294002 markedly inhibited the favorable effects of y.EMVs on BMECs 

senescence (Fig 6B and 6C) and functions (Figs 6D-6H and 7A-7G), along with the downregulation of 

p-Akt/Akt levels of BMECs (Fig 7H). The effects of o.EMVmiR-17 treated with LY-294002 on 

aggravating BMECs senescence (Fig 6A and 6C) and functional impairments were more obvious than 

o.EMVmiR-17 while less effective than o.EMVs (Figs 6D-6H and 7A-7G), accompanied with 

downregulation of p-Akt/Akt level in BMECs compared with o.EMVmiR-17 (Fig 7J). The effects of 

y.EMVmiR-17KO treated with 740Y-P on inhibiting BMECs senescence (Fig 6B and 6C) and functional 

impairment were marked than y.EMVmiR-17KO while weaker than y.EMVs (Figs 6D-6H and 7A-7G), 

along with upregulation of p-Akt/Akt level in BMECs compared with y.EMVmiR-17KO (Fig 7H). These 

results suggested that EMVs regulate BMECs senescence, oxidative stress, apoptosis and angiogenesis 

by modulating miR-17-5p/PI3K/Akt pathway.  

Clinical subject characteristics 

Based on the findings of the differentially expressed EMVs and EMV-miR-17-5p in y.cells/o.cells 
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and y.mice/o.mice, we then investigated the biomarker potential of EMVs and EMV-miR-17-5p in 

human blood samples. A total of 119 subjects (50 females and 69 males) were enrolled in the study. The 

subjects were divided into young group (18-45 years old, n = 58), middle-age group (46–65 years old, n 

= 33), aged group (> 65 years old, n = 28). There were significant differences in age, intima-media 

thickness (IMT), EMVs and miR-17-5p encapsulated in EMVs (EMV-miR-17-5p) levels among young, 

middle-age and aged participants (S2 Table).  

Plasma levels of EMVs and EMV-miR-17-5p were significantly increased or declined in aged 

participants  

The size of plasma EMVs (defined as CD105+CD144+ MVs) from young, middle-age and aged 

people showed no statistical significance (S2A-S2C Fig). The level of EMVs in the aged people was 

approximately 2.5-fold and 1.6-fold higher than those in the young and middle-age groups, and there was 

no significant difference between young and middle-age groups (Fig 8A). These results were in 

accordance with the data in cultured cells and mice (S1A and S1B Fig). The plasma level of EMV-miR-

17-5p in the aged group was significantly lower than the young group, but showed no statistical 

difference compared with middle-age group. The comparison of the levels of EMV-miR-17-5p between 

the young group and the middle-age group was not statistically significant (Fig 8B). 

Plasma levels of EMVs and EMV-miR-17-5p were correlated with IMT and showed significant 

diagnostic value for vascular aging 

IMT has been considered as an appropriate tool for evaluating vascular aging [1, 26-28]. Spearman 

correlation analysis revealed a positive moderate correlation between EMVs level and IMT (Fig 8C, r = 

0.59, P < 0.001). The level of EMV-miR-17-5p was negatively correlated with IMT (Fig 8D, r = -0.63, 

P < 0.001).  

As shown in Fig 8E and S3 Table, ROC analysis was used to assess the diagnostic value of EMVs 

and EMV-miR-17-5p for vascular aging defined by IMT > 0.58 mm [1, 26-28]. The area under the ROC 

(AUC) of EMVs and EMV-miR-17-5p were 0.724 (sensitivity 51.8%, specificity 91.4%) and 0.77 

(sensitivity 84.3%, specificity 57.1%) respectively. The AUC of EMVs combined with EMV-miR-17-

5p was 0.815 (sensitivity 74.7%, specificity 74.3%). Taken together, our results suggested that EMVs 

and EMV-miR-17-5p might be used as surrogate markers for vascular aging. 

Discussion 
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This study showed that y.EMVs prevented cerebrovascular aging as indicated by inhibiting vascular 

senescence, CBF reduction and BBB dysfunction, and alleviated brain aging including decreasing 

hippocampus senescent cell number, aging hallmarks (TERT, klotho, MDA, GSSG) and enhancing mice 

cognitive function, whereas o.EMVs played the contrary roles. The effects of EMVs were more obvious 

than EEXs. Mechanism study on EMVs showed that y.EMVs inhibited while o.EMVs promoted 

cerebrovascular aging by regulating content miR-17-5p level. Furthermore, we found that y.EMVs 

attenuated ECs senescence and improved ECs functions including viability, oxidative stress and 

apoptosis by activating the miR-17-5p/PI3K/Akt pathway. O.EMVs functioned in the opposite way. 

Clinically, we found that plasma EMVs level was significantly increased in healthy individuals aged over 

65 and positively correlated with the vascular aging indicator IMT, while the plasma level of EMV-miR-

17-5p was decreased in the elderly and negatively correlated with IMT. Taken together, our study 

demonstrates that young ECs could release EMVs to prevent vascular aging by ameliorating ECs 

senescence and dysfunction via activating miR-17-5p/PI3K/Akt pathway, and subsequently inhibit brain 

aging. In senescent ECs, the released EMVs switched to the opposite effects, accompanied with a 

significant increase of EMVs level and downregulation of miR-17-5p encapsulated in it. EMVs and their 

contained miR-17-5p are promising vascular aging biomarkers. Our study provides potential targets for 

preventing and indicating cerebrovascular and brain aging. 

Vascular aging is responsible for multiple vascular diseases which have brought huge burden to 

health care resources [3, 4]. However, there is no clinical biomarker for vascular aging. EMVs and EEXs 

are increasingly accepted as important mediators and cellular biomarkers of vascular injury in many 

diseases, including stroke, diabetes and renal diseases [29, 30]. However, little is known about the 

correlation between EMVs/EEXs and vascular aging. Here, we first found that y.EMVs/y.EEXs 

markedly reduced while o.EMVs/o.EEXs increased the senescent cell number of basilar artery, and the 

role of EMVs was more significant, indicating the potential roles of EMVs/EEXs in regulating 

cerebrovascular aging. As we known, CBF and BBB are impaired due to the progress of cerebrovascular 

aging [4, 31]. One study demonstrated that the cerebral microvessel density and CBF significantly 

dropped by 15% and 33% respectively in the old mice [32]. Advanced dynamic contrast-enhanced 

magnetic resonance imaging analysis has shown that BBB permeability is obviously higher in 

hippocampus of older people [33]. In this study, we showed that y.EMVs and y.EEXs improved the 
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cerebrovascular density, CBF and BBB integrity of o.mice, while o.EMVs and o.EEXs played the 

opposite roles in young mice. These data implied that young ECs could secrete rejuvenated EMVs/EEXs 

which ameliorate cerebrovascular aging, but EMVs/EEXs generated from senescent ECs accelerate 

cerebrovascular aging when getting old. Of interesting, the effects of EMVs were more significant than 

EEXs in our study. The biogenesis of EMVs and EEXs is distinct [7, 9]. Their different roles in regulating 

cell senescence deserve further exploration. Our findings are supported by previous observations 

showing that EMVs from senescent pig heart ECs induced ECs senescence [34], and EEXs from 

senescent HUVECs induced vascular smooth muscle cells senescence [35]. By using primarily cerebral 

ECs, our results first suggested that the effects of EMVs were more effective than EEXs on regulating 

cerebrovascular aging. 

Cerebrovascular aging plays a prominent role in the pathophysiological process of brain aging [4, 

31]. We further detected the effects of EMVs/EEXs on brain aging. SA-β-gal staining showed that 

y.EMVs/y.EEXs decreased while o.EMVs/o.EEXs increased cell senescence in mice hippocampus. 

Aged brain undergoes progressive mythological and functional changes resulting in the observed 

behavioral retrogressions, like cognitive impairment [31]. We found that y.EMVs/y.EEXs improved, 

while o.EMVs/o.EEXs insulted cognitive ability of mice according to the morris water test. EMVs were 

more effective than EEXs in the escape latency performance and searching strategy, suggesting that 

EMVs is superior than EEXs at alleviating brain aging. The aging markers in hippocampus revealed that 

y.EMVs and y.EEXs significantly reduced senescent cell number, and decreased the levels of MDA and 

GSSG, while increased TERT and klotho levels of old mice. O.EMVs and o.EEXs played the contrary 

roles in regulating the above aging markers. EMVs were more effective than EEXs on regulating GSSG 

and klotho. MDA and GSSG have been implicated in aging and served as oxidative stress markers, and 

high levels of MDA and GSSG were found in the hippocampus of aged rat [36, 37]. Klotho gene is 

widely accepted as an anti-aging gene with anti-oxidative stress and anti-inflammation functions, and 

klotho overexpression could extend life span of mice [38]. TERT could maintain telomeres length to 

prevent oxidative stress damage and aging [39, 40]. Therefore, our data indicated that y.EMVs alleviated 

whereas o.EMVs exacerbated brain aging more effectively than EEXs, which might be partly related 

with oxidative stress regulation. One latest study demonstrated that parabiosis of young and old mice 

could rejuvenate neurogenesis and cognitive function of old mice [41], suggesting substances in the 
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circulation could be the mediators. Our data imply that the circulating y.EMVs might play a primary role 

in rejuvenation of old mice. 

Emerging evidence has identified miRNAs as important mediators of EMVs induced biological 

effects [7, 9, 11]. Our miRNA sequencing results showed that miR-17-5p level was significantly 

decreased in o.EMVs compared to that in y.EMVs. MiR-17-5p is a pivotal miRNA involved in aging 

[25]. MiR-17-5p was highly expressed in embryonic stem cell-derived small extracellular vesicles which 

could reverse senescence-related neurogenesis dysfunction [42]. Transgenic expression of miR-17 

increased mouse lifespan and decreased senescent cell number in the skin, lung, kidney and heart [25]. 

MiR-17-5p is downregulated in stress-induced senescence of human diploid fibroblasts and human 

trabecular meshwork cells [43]. MiR-17 overexpression suppresses apoptosis and promotes tube 

formation in HUVECs [44]. These results indicate that miR-17-5p might be important for preventing 

aging and ECs dysfunctions. In the present study, we found that miR-17-5p levels in young brain ECs, 

brain tissue and y.EMVs were significantly higher in comparison to the old ones. Y.EMVs treatment 

could elevate miR-17-5p levels of mice brain and senescent ECs. These results demonstrate that miR-

17-5p is enriched in young brain ECs and could be encapsulated in EMVs and transferred to the targeted 

ECs, and that miR-17-5p is down-regulated in senescent ECs of old mice. Of note, O.EMVs might 

transfer some negative regulators of miR-17-5p, in addition to simply decreasing the amount of miR-17-

5p, and the mechanisms of the pro-aging effect of o.EMVs needs to be further elucidated. Our functional 

study showed that overexpressing miR-17-5p in o.EMVs or knocking down miR-17-5p in y.EMVs 

significantly inhibit their deleterious or beneficial effects on cerebrovascular and brain aging, indicating 

that miR-17-5p is pivotal in mediating these functions of EMVs.  

ECs senescence and dysfunction are early features of cerebrovascular aging and brain aging [1]. 

We further detected the effects and the underlying mechanisms of EMVs on ECs. Results showed that 

y.EMVs significantly decreased while o.EMVs increased ECs senescence, which were partly inhibited 

by miR-17-5p down-regulation or overexpression respectively. These results indicate that EMVs play 

variable roles in regulating ECs senescence during aging by modulating miR-17-5p. Oxidative stress and 

apoptosis are the most important activities involved in vascular aging and ECs senescence [45, 46]. 

Excessive oxidative stress could impair ECs functions [47], resulting in BBB disruption, brain edema, 

and CBF reduction [48, 49]. Besides, high level of ECs apoptosis is related with CBF decline, BBB 
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breakdown, and vascular aging [4, 47]. We measured ECs apoptosis and the generations of ROS and NO 

which are important mediators in oxidative stress, and found that y.EMVs inhibited while o.EMVs 

increased oxidative stress and apoptosis of cultured ECs or ECs in brain tissue slices. This is as 

expectation, since increased oxidative stress has been demonstrated to deteriorate cell apoptosis [49]. 

Moreover, ECs migration, proliferation and tube formation are indispensable for angiogenesis and 

vascular sprouting [50]. The reduced angiogenesis and vessel density are positively related with CBF 

decrease [4]. In present study, we found that y.EMVs promoted the angiogenic capability of ECs, and 

o.EMVs functioned in the opposite way. MiR-17-5p up-regulation in o.EMVs or down-regulation in 

y.EMVs evidently impaired the effects of y.EMVs or o.EMVs on the above ECs functions. All these data 

indicate that EMVs could modulate ECs senescence and functions via regulating miR-17-5p, thus to 

regulate vascular aging and brain aging. In molecular pathway study, IPA analysis showed that PI3K 

family and Akt were closely related to miR-17-5p function. PI3K family is a multi-functional family and 

PI3K/Akt is a classic regulatory pathway. Our previous studies have demonstrated that PI3K/Akt 

pathway is involved in ROS/NO production, apoptosis, cell migration and proliferation [47, 51]. Our 

results showed that y.EMVs promoted while o.EMVs inhibited p-PI3K/PI3K and p-Akt/Akt levels in 

senescent and young ECs, respectively, and which were modulated by miR-17-5p upregulation or 

downregulation. PI3K inhibition or activation could significantly suppress the effects of o.EMVs or 

y.EMVs and miR-17-5p overexpression or knockdown on p-Akt/Akt level, as well as on ECs senescence 

and functions. The PI3K inhibitor LY-294002 and activator 740Y-P could inhibit but not completely 

reverse the effects of y.EMVs/o.EMVs and o.EMVmiR-17/y.EMVmiR-17KO on ECs functions, implying that 

PI3K/Akt is an important signaling pathway but not the only pathway contributing to EMVs and miR-

17-5p functions. Based on our observations, it is conceivable that y.EMVs and o.EMVs exerted their 

effects on resisting or inducing cerebrovascular and brain aging via activating or inhibiting miR-17-

5p/PI3K/Akt signaling pathway.  

In this study, we also found that the levels of EMVs were increased in the medium of high-passage 

ECs and plasma of old mice with vascular aging. Levels of miR-17-5p in o.EMVs and senescent ECs 

were significantly decreased compared with y.EMVs and young ECs. These data suggested that EMVs 

and EMVs-miR-17-5p levels might be potential biomarkers for vascular aging. Interestingly, our clinical 

result showed that the level of EMVs was significantly increased and the level of EMV-miR-17-5p was 
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decreased in the aged people. These results indicated that levels of EMVs and EMV-miR-17-5p were 

positively or negatively correlated with chronological aging, respectively. Chronological aging does not 

always parallel with vascular aging. It has been clinically demonstrated that IMT could reflect vascular 

aging and its value higher than 0.58 indicates vascular aging in healthy subjects [1, 26-28]. Nevertheless, 

the limitation of IMT should be noticed that the result of IMT may vary due to skills of different 

investigators [52]. The indicator for vascular aging should be further explored. Blood-based biomarker 

is characterized with objectivity and reproducibility [53]. Besides, venous blood collection is 

commonplace in clinical practice. In the present study, correlation analysis showed that plasma EMVs 

was positively while EMV-miR-17-5p was negatively correlated with IMT. ROC analysis showed the 

reliable diagnostic values of EMVs and EMV-miR-17-5p for vascular aging. The diagnostic efficacy of 

EMV-miR-17-5p is better than EMVs, and their combination is the best. These data imply that EMVs 

and EMV-miR-17-5p are associated with vascular aging and these findings accord with the results of in 

vivo and vitro studies, raising the potential that EMVs released from young ECs could rejuvenate 

vascular and brain aging, and EMVs released from senescent ECs functioned the other way. EMVs and 

EMV-miR-17-5p could serve as promising biomarkers for vascular aging. Nevertheless, our findings 

need more future studies by enlarging the sample size and enrolling population from other races and 

latitudes.  

In summary, we have demonstrated that EMVs play more pivotal roles in regulating vascular aging 

than EEXs. Young ECs released EMVs could alleviate vascular and brain aging by ameliorating ECs 

senescence and protecting ECs functions via miR-17-5p/PI3K/Akt pathway. EMVs derived from 

senescent ECs play the opposite roles. Plasma EMVs and their carried miR-17-5p could be efficient 

biomarkers for vascular aging. The present study also shed new light on the mechanisms and treatment 

of vascular and brain aging.  

Materials and Methods 

Isolation and culture of primary mouse brain microvascular endothelial cells  

Mouse brain microvascular endothelial cells (BMECs) were prepared from 2-week-old C57BL/6 mice 

as previously recommended [54]. Mice was soaked in 75% ethanol to disinfect 5 min after the cervical 

dislocation, then mice brains were removed and placed in a 10 cm petri dish containing precooled Hank's 

solution. The white matter, residual blood vessels and pia mater were removed and the cerebral cortex 
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was retained. Brain tissue was minced and homogenized, and 10 ml Modified Eagle Medium (MEM) 

medium was added to the tissue suspension and centrifuge the cells at 1200 rpm for 10 min at 4°C. The 

supernatant was discarded and myelin was removed by centrifugation at 2600 r/min for 10 min in 22% 

bovine serum albumin (BSA, Sigma). The microvascular segments and cells were resuspended by using 

the Endothelial Cell Growth Media (ECGM) and centrifuge at 1200 r/min for 5 min. Then the BMECs 

were inoculated in 12-well culture dishes previously coated with type I collagen. BMECs were cultured 

in 5% CO2 incubator at 37℃ with medium containing 80% Dulbecco’s Modified Eagle Medium (Gibco, 

cat# 10566016), 15% fatal bovine serum (Gibco, cat# 16010142), 0.05% endothelial cell growth 

supplements (Millipore, cat# 211F-GS), 0.1% heparin (Sigma, cat# H9267) and 1% antibiotic-

antimycotic solution (100X, Invitrogen, cat# 15240096). On the second day, endothelial cell growth 

medium (ECGM) containing 4 μg/mL puromycin (Sigma, cat# P8833) was added to continue culture, 

and 72 h later it was replaced with conventional ECGM medium. The culture medium was changed every 

other day, and when the cells reached 90-95% fusion, 0.25% trypsin was used for passage. BMECs were 

seeded at a density of 1.0 × 104 cells/cm2 for subsequent experiments and passaged when BMECs reached 

90% confluence. Serial passage of cells was performed by trypsinization with trypsin-EDTA (Gibco, cat# 

25200072). The purity of BMECs was controlled by immunofluorescence staining of endothelium 

marker CD31 (1:500, CST, USA, cat# 3528S).  

Determination of cell senescence 

Cell aging is induced by passage. Senescence-associated β-galactosidase (SA-β-gal) staining was 

applied to determine ECs senescence. BMECs were cultured in 6-well plates with 75% confluence, then 

the cells were washed twice by phosphate buffered solution (PBS), fixed by Fixative Solution for 15 min 

at room temperature (RT), and stained by X-Gal Staining Solution for 24 h at 37 °C in dark without CO2. 

SA-β-gal staining of BMECs were viewed under an inverted microscope (Nikon ECLIPSE Ti-S, Japan). 

Passage 2-4 (P 2-4) and passage 15-16 (P 15-16) BMECs were defined as y.cells (SA-β-gal < 5%) and 

o.cells (SA-β-gal > 60%), respectively [55].  

Preparation, analysis and characterization of EMVs and EEXs 

The culture media of y.cells and o.cells were collected and centrifuged at 300 rcf for 15 min and 2000 

rcf for 20 min and the supernatants were further centrifuged at 20,000 rcf for 70 min to pellet EMVs. 

These EMVs were defined as y.EMVs and o.EMVs. The supernatants of y.EMVs and o.EMVs were 
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further ultracentrifuged at 100,000 rcf for 2 h to pellet EEXs and defined as y.EEXs and o.EEXs, 

respectively. EMVs and EEXs were diluted 1/200 in PBS and their levels were analyzed by NTANS300 

Instrument (Malvern Instruments, United Kingdom) under light scatter mode with a 405-nm laser. Three 

videos of typically 30 s duration were taken, with a frame rate of 30 frames per second. Data with 

corresponding standard error were analyzed by NTA 3.0 software (Malvern Instruments, United 

Kingdom). Absolute numbers were recorded and back-calculated using the dilution factor. The 

morphology and size of EMVs and EEXs were assessed by TEM as we previously described [56]. EMVs 

and EEXs were respectively diluted with PBS to the concentration of 2 × 108/ml, and the dilution was 

added to a copper grid and incubated at RT for 5 min. Filter paper was used to absorb unevaporated 

solution. EMVs and EEXs were negatively stained with 2% aqueous uranylacetate at RT for 5 min and 

dried at 25°C for 30 min. EMVs and EEXs were examined at 80 kV in a Hitachi JEM-1400 transmission 

electron microscope (Hitachi, Tokyo, Japan), and all images were recorded with Gatan832 CCD digital 

camera. Laboratory technicians who measured the levels of EMVs/EEXs were blinded to the information 

of the grouping.  

Incorporation study of EMVs and EEXs in vitro and in vivo 

1×109 particles/ml EMVs and EEXs were pre-incubated with PKH 26 dye (2 μΜ, Sigma, USA, cat# 

PKH26GL) [57]. Briefly, 2×108/ml EMVs and EEXs were put into 2 ml EP tube (marked A) and mixed 

with 200 μl diluent C (Sigma, USA, cat# CGLDIL), another EP tube containing 4 μl PKH 26 and 200 μl 

diluent C was marked B, then tubes A and B were mixed immediately at RT for 3min, the mixture was 

transferred into 15 ml centrifuge tube and 2 ml 1% bovine serum albumin (BSA; Sigma, USA, cat# 

A4628) was added to terminate dyeing. The total mixture was transferred into ultracentrifuge tube and 

centrifuged at 20,000 rcf for 70 min to pellet EMVs, and the supernatants was further ultracentrifuged at 

100,000 rcf for 2 h to pellet EEXs. The stained EMVs and EEXs were added into BMECs to incorporate 

for 8 h in a 37 °C incubator, and cells were further incubated with DIO (1:300, Beyotime, China, cat# 

C1038) for 20 min at RT. As for the incorporation into mouse brain vascular, 100 μl saline containing 

1×109 particles/ml PKH 26 stained EMVs or EEXs were injected into mice by a single bolus 

administration through tail vein [58]. Slice preparation were performed as previously recommended [59]. 

At 12 h, mice were anaesthetized by isoflurane (2–2.5% in a 70% N2O/30% O2 mixture) and 

transcardially perfused with 4% buffered paraformaldehyde solution (pH 7.4). The hippocampus was 
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separated and maintained in 4% paraformaldehyde for 24 h at 4 °C, then transferred into 15% sucrose 

solution for 24 h at 4 °C followed by immersion in 30% sucrose for additional 24 h at 4 °C. The brains 

were then embedded with optimal cutting temperature compound (O.C.T, Solarbio, China) and finally 

stored in -80 ℃. Brains were cut into coronal 15 µm thick sections with a cryostat. Sections were fixed 

by Immunol-staining fix solution (Beyotime, China, cat# P0098) for 30 min, then were washed three 

times with PBS and permeabilized with 0.1% Triton X-100 (Beyotime, China, cat# P0096) for 30 min 

on ice. Samples were blocked with QuickBlock™ blocking buffer (Beyotime, China, cat# P0260) for 60 

min at RT, then were incubated with primary antibodies mouse monoclonal anti-CD31 (1:500, CST, USA, 

cat# 3528S) at 4 °C overnight, and then incubated with goat anti-mouse IgG H&L (Alexa Fluor® 647) 

(1:500, Abcam, cat# ab150115) for 60 min. Finally, DAPI (1 μM, Beyotime, cat# C1006) was used for 

staining cellular nuclear in BMECs and brain slices. Fluorescence was detected under a confocal 

microscope (OLYMPUS, FV3000, Japan).  

Animals, sample size calculation and grouping  

All animal experiments were performed following the ARRIVE guidelines and complied with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by 

the Institutional Animal Care and Use Committee of Guangdong Medical University (Permitted Number: 

GDY1902103). The C57BL/6 male and female mice were purchased from Nanjing Biomedicine Institute 

of Nanjing University and housed in a temperature and light-controlled room with free access to water 

and food. Mice with 3-month and 24-month ages were defined as young mice (y.mice) and old mice 

(o.mice), respectively.  

Sample size calculation was determined by the Power Analysis and Sample Size 15 (PASS 15) 

software using “Confidence Intervals for One Variance using Variance” for predicting detectable 

differences to reach power of 0.80 at a significance level of <0.05 and assuming a 45% difference at the 

90% confidence level. Results showed that at least 10 mice per group were needed to suffice statistically 

significant differences. We performed Morris water maze and measured CBF with laser doppler 

flowmetry in 10 mice, and the 6 of them were used for TERT, klotho and MDA analysis (brain tissue). 

Immunofluorescence study and β-galactosidase staining of hippocampus and β-galactosidase staining of 

basilar artery were also detected in these 6 mice. In another set of experiments, the plasma of 6 mice 

were collected and used for GSSG analysis. The rest 4 mice were accepted Evans blue (EB) extravasation 
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analysis. Mice were randomly grouped based on their ear tag identification numbers. 

 Firstly, we compared the effects of y.EMVs/o.EMVs and y.EEXs/o.EEXs on mouse cerebrovascular 

and brain aging. Mice were randomly divided into six experimental groups (n=10/group): y.mice+saline, 

y.mice+o.EMVs, y.mice+o.EEXs, o.mice+saline, o.mice+y.EMVs, o.mice+y.EEXs. Mice were injected 

with various EMVs/EEXs with the concentration of 1×1010 particles/100 μl in 0.9% saline or with 100 

μl 0.9% saline as control through tail vein once a week for five consecutive weeks. 

Cerebral blood flow and blood brain barrier function measurements 

The CBF of mice was determined by laser doppler flowmetry under the PeriCam PSI System (Perimed, 

Sweden) as we previously indicated [47]. In brief, mice were anesthetized by isoflurane (2–2.5% in a 

70% N2O/30% O2 mixture) and placed on a stereotaxic apparatus. A cross-cut incision was made on the 

skin of head to expose the entire skull. The intact skull was scanned under the PeriCam PSI System for 

60 s. The CBF perfusion was analyzed by the Pimsoft software. BBB injury was detected by Evans blue 

(EB) extravasation after various EMVs/EEXs treatments as previously reported [60]. Briefly, 2% 

solution of EB (Sigma-Aldrich, cat# E2129) in saline (4 ml/kg of body weight) was injected through tail 

vein. Six hours later, mice were anesthetized and the organs were perfused with phosphate buffer saline 

(PBS) and mouse brain was isolated and weighed. Brain tissue was immersed in 50% trichloroacetic acid 

(Sigma-Aldrich, cat# T0699) for 48 h. Hemisphere samples were homogenized in 1ml 50% 

trichloroacetic acid, the homogenate was ultracentrifuged at 5000 rcf for 20 min 4 °C. Supernatant was 

collected, and each 60 µl supernatant was added 80 µl anhydrous ethanol. EB level in the supernatant 

was measured at 620 nm by using a microplate spectrophotometer (Molecular Devices, Sunnyvale, CA, 

USA). Additionally, the absorbance value was adjusted to the volume of EB using the standard curve. 

The standard curve of EB could be found in the supplementary materials. The final EB dye value was 

represented as ug/g tissue.  

SA-β-gal staining in mice hippocampus and basilar artery 

As the basilar artery was the easiest observed vascular in mice brain, we chose to stain basilar artery 

with SA-β-gal kit to assess cerebrovascular aging. As previously reported [47, 61], mouse brain was 

placed in a 10 cm petri dish containing PBS, then the brainstem was gently separated and was placed 

vertically in O.C.T (Solarbio, China). Brain tissues were cut into coronal 20-μm-thick sections by a 

cryotome. The SA-β-gal staining was carried out according to the manufacturer’s instructions [62]. In 
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brief, brain slices of hippocampus and basilar artery were fixed by fixative solution for 15 min at RT, and 

stained by X-Gal staining solution for 24 h at 37 °C in dark without CO2. Brain slices of hippocampus 

was viewed under an inverted microscope (Nikon ECLIPSE Ti-S, Japan). Brain slices of basilar artery 

was assessed under the Laser microdissection pressure capture system (Palm microbeam, Zeiss, 

Germany). The intensity of blue-stained cells and total cells in basilar artery and CA3 area of the 

hippocampus were counted by Image J software (NIH). Data were collected from 5 random fields per 

mouse, 6 individual mice in each group.  

Detection of aging associated biomarkers 

Aging associated biomarkers including MDA, GSSG and klotho levels were detected according to the 

manufacturer’s instructions (MDA: Beyotime, cat# S0131M, GSSG: Beyotime, cat# S0053, Klotho: ZCI 

Bio, cat# ZC-31968) as previously reported, and TERT level was measured by q-PCR [36, 37, 39, 40]. 

The detailed procedures could be found in the supplementary materials. 

Morris water maze test  

Cognitive ability of the mice was analyzed by Morris Water Maze task as previously described [63]. 

The maze was a cylindrical test apparatus (1 m in diameter) filled with water at 25±1°C. The tank was 

divided into 4 quadrants, and contained a circular escape platform (10 cm in diameter), to which the mice 

could escape. The escape platform was placed 1 cm below the surface of the water and hidden from view 

by making the water opaque with a white bio-safe material. Data were obtained from a video camera 

which was connected to an automated tracking system (Zhongshi Di Chuang Technology Development 

Co., Ltd., China), fixed 1.7 m above the center of the pool. There were visual cues around the water maze 

and remained in the same position throughout the training and testing periods. Oriented navigation trials 

were performed 4 times per day for 5 consecutive days with a 1 h interval between trials. Each mouse 

had a time limit of 60 s to find the hidden platform and then required to remain seated on the platform 

for 5 s. If the mouse could not find the platform, the mouse was gently guided to the platform and allowed 

to re-orient to the distal visual cues for an additional 10 s before being removed from the pool. At day 6, 

the platform was removed, and the probe trial was conducted to assess the extent of memory. Each mouse 

was released from the start position opposite to the former platform quadrant. They were allowed 60 s to 

search for the platform. Time spent in the target quadrant, the number of target crossings over the 

previous location of the target platform and probe strategy were recorded. 
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Immunofluorescent staining of mouse brain slices 

As we previously reported [47, 57], mouse brains were cut into coronal 20-μm-thick sections with a 

cryostat. Levels of cerebral microvascular density, and ROS/NO and apoptosis colocalized with ECs in 

mouse hippocampus were assessed. The sections were incubated with mouse monoclonal anti-CD31 

(1:500, CST, USA, cat# 3528S) at 4 °C overnight, and then incubated with goat anti-mouse IgG H&L 

(Alexa Fluor® 647) (1:500, Abcam, cat# ab150115) for 60 min. Brain sections were washed three times, 

8 min each time with Immunol-staining wash buffer (Beyotime, cat# P0106). After washing, the coronal 

slices were continued to be stained by DCFH-DA (10 μM, Beyotime, cat# S0033S) or DAF-FM DA (5 

μM, Beyotime, cat# S0019) and incubated for 30 min at 37 °C out of light for ROS and NO staining. For 

apoptosis analysis, slices were stained with TUNEL solution (Beyotime, cat# C1086) and incubated for 

60 min at 37 °C in the dark. Nuclei were counterstained with DAPI (1 μM, Beyotime, cat# C1006) for 

10 min at RT. DCFH-DA and TUNEL staining were detected with an excitation wavelength of 488 nm, 

DAF-FM DA staining was detected with an excitation wavelength of 495 nm. The positive staining was 

observed under the same fluorescent microscope settings, and the percentage of positive cells of each 

slice was calculated from the average value of 5 randomly selected fields under a fluorescence 

microscope (OLYMPUS, FV3000, Japan). The average of three sequential slices from rostral to caudal 

represented the data for individual mouse. Images were processed with FV31S-SW (Ver 2.3.1) and 

analyzed by Image J (NIH) software. All slices were analyzed by a laboratory technician who was 

unaware of the group studied. 

MicroRNA sequencing 

Total RNA of y.EMVs and o.EMVs were isolated using the miRNeasy kit (Qiagen Inc., Valencia, CA, 

USA) according to the manufacturer's instructions, respectively. The concentration and integrity of the 

extracted total RNA was estimated by Qubit 3.0 Fluorometer (Invitrogen, Carlsbad, California) and 

Agilent 2100 Bioanalyzer (Applied Biosystems, Carlsbad, CA), respectively. Library preparation for 

small RNA sequencing was prepared with approximately 100 ng of total RNA using VAHTSTM Small 

RNA Library Prep Kit for Illumina® (Vazyme Biotech) [64]. For miRNA expression analysis, exceRpt 

was used to estimate the miRNA expression in miRBase. Alternatively, novel miRNAs were identified 

with miRDeep2. TMM (trimmed mean of M-values) was used to normalize the gene expression. 

Differentially expressed genes were identified using the edgeR program. Genes showing altered 
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expression with P < 0.05 and more than 1.5-fold changes were considered differentially expressed.  

RNA extraction and quantitative reverse transcription PCR (RT-PCR) 

The level of differentially expressed miR-17-5p was analyzed by RT-PCR in y.EMVs/o.EMVs, BMECs 

and in the mouse brain [56]. The total RNAs were extracted using TRIzol reagent (Invitrogen, Carlsbad, 

CA), and miRNAs in y.EMVs/o.EMVs were further extracted by miRNeasy Mini Kit under 

manufacturer's instruction and the detail information could be found in the supplementary materials. The 

quality and concentration of RNA was detected by spectrophotometer. MiR-17-5p expression was 

quantified using hairpin-it TM miRNAs RT-PCR Quantitation kit (GenePharma, Shanghai, China) based 

on manufactory instruments (25 °C for 30 min, 42 °C for 30 min, and 85 °C for 5 min). Real-time PCR 

was carried out on a LightCycer480-II System (Roche Diagnostics, Penzberg Germany) by using SYBR 

Premix Ex Taq TM (TAKARA, Japan) and parameters were: 95 °C for 3 min, 40 cycles were performed 

at 95 °C for 12 s, 60 °C for 40 s. Mmu-miR-17-5p forward: 5’-CAA AGU GCU UAC AGU GCA GGU 

AG-3’, reverse: 5’-ACC UGC ACU GUA AGC ACU UU GUU-3’. U6 was chosen as housekeeping gene 

for normalizing the data of miR-17-5p expression. Each experiment was repeated three times. The 

relative quantification of the gene expression was determined using the comparative CT method (2-△△Ct). 

MiR-17-5p overexpression and knockdown in BMECs and the grouping of experiments 

Stable overexpression and knockdown of miR-17-5p in BMECs were established by using lentivirus 

infection method [47]. Lentiviruses expressing green fluorescent protein marker with miR-17-5p mimic 

(Lv-miR-17-5p), miR-17-5p silencing short hairpin RNA (shRNA) (Lv-si-miR-17-5p) or their scrambled 

controls (Lv-SC) were purchased from GenePharma Biotech (Shanghai, China). Lv-miR-17-5p and Lv-

miR-17-5pSC were transfected into in o.cells, and Lv-si-miR-17-5p and Lv-si-miR-17-5pSC were 

transfected into y.cells, respectively (referred to o.cellsmiR-17, o.cellsmiR-17SC, y.cellsmiR-17KO, y.cellsmiR-

17KOSC) [47]. Various EMVs were collected from the culture media of these cells, and were defined as 

o.EMVmiR-17, o.EMVmiR-17SC, y.EMVmiR-17KO , and y.EMVmiR-17KOSC . The levels of miR-17-5p in various 

cells and EMVs were confirmed by RT-PCR as we mentioned above [47]. The various EMVs were 

applied for animal and BMECs functional studies, and the experimental groups were as follows: 

y.mice/y.cells, y.mice/y.cells+o.EMVs, y.mice/y.cells+o.EMVmiR-17SC, y.mice/y.cells+o.EMVmiR-17, 

o.mice/o.cells, o.mice/o.cells+y.EMVs, o.mice/o.cells+y.EMVmiR-17KOSC, o.mice/o.cells+y.EMVmiR-17KO. 

The animal study including cerebrovascular and brain aging experiments were launched as we illustrated 
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above. 

Analysis of BMECs senescence and functions  

BMECs were cultured in 6-well plates or 96-well plates with 75% confluence and incubated with 

different EMVs (1×109 particles/ml) for 24 h before various experiments were launched [58]. A SA-β-

gal staining kit was used to assess BMECs senescence as we mentioned above. Levels of ROS/NO and 

apoptosis of BMECs were measured as previously reported [47, 65]. For ROS and NO analysis, BMECs 

were grown to confluence on 6-well cell culture plate, then incubated with Dihydroethidium (DHE, 5μM, 

Beyotime, China, cat# S0063) or DAF-FM DA (5μM, Beyotime, China, cat# S0019) solution at 37 °C 

for 1 h and 30 min, respectively, and washed three times with PBS. For apoptosis measurement, cells 

were fixed, washed with PBS and stained with Hoechast 33258 staining solution (Beyotime, China, cat# 

C0003) for 10 min. The positive cells were observed under an inverted microscope (EVOS FL AUTO, 

Life Technologies, USA). Five independent fields were assessed for each well, and the average number 

of positive cells and negative total cells per field were determined. The ROS, NO and apoptosis 

production of cells was defined as the ratios of positive cells in versus total cells. 

Migration, proliferative capabilities and tube formation of BMECs were tested as previously 

reported [47, 66]. Proliferative capability of BMECs was tested by 3-[4,5-dimethylthiazyol-2-yl] -2,5-

diphenyltetrazolium bromide (MTT, 5mg/ml, Sigma, cat# CT01) assay. BMECs were respectively 

seeded at 2 ×103/96-well plate and cultured in 100 μl DMEM (Gibco, USA) supplemented with 10% 

Fetal bovine serum (FBS, Gibco, USA). After 2 days of incubation, the cells were treated with 20 μl 

MTT solution for 4 h at 37 °C, then150 μl DMSO was added to each well and cells were further incubated 

for 20 min at 37 °C. The optical density of the cells was read at 490 nm in a microplate reader (BioTek) 

in triplicate. Results were calculated from the values obtained in three independent experiments. The 

migration capacities were measured by scratch assay. BMECs were grown to confluence on 6-well cell 

culture plate. A scratch was made through the cell monolayer using a 200 μl pipette tip. After washing 

with PBS, cells were cultured in 0.5% FBS maintenance medium. Photographs of the wounded area were 

taken immediately (0-h time point) and 16 h after making the scratch to monitor the invasion of cells into 

the scratched area. The tube formation ability was evaluated by using the tube formation assay kit 

(Chemicon, USA, cat# ECM625) according to the manufacturer’s instructions. Briefly, ECMatrix 

working solution was thawed on ice overnight, mixed with 10×ECMatrix diluents and placed in a 96-
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well tissue culture plate at 37°C for 1h to allow the matrix solution to solidify. BMECs were replaced 

(1×104 cells/well) on the surface of the solidified ECMatrix and incubated with endothelial cell growth 

medium-2 (EGM-2) (Longza, USA) for 24 h at 37°C. Various EMVs (1×109 particles/ml) were added in 

each well and the cells were further incubated for 24 h at 37 °C, then tube formation was evaluated with 

an inverted microscope (EVOS FL AUTO, Life Technologies, USA). A structure exhibiting a length 3 

times its width was defined as a tube. Five independent fields were assessed for each well, and the average 

number of tubes per field was determined.  

MiR-17-5p regulatory network analyzed by Ingenuity Pathway Analysis 

The miR-17-5p regulatory network was analyzed by using IPA (Ingenuity Systems; Mountain View, 

CA, USA), which assists with RNA sequencing via grouping of differentially expressed genes into 

known functions, pathways, and networks primarily based on human and rodent studies [67]. The 

identified genes were mapped to genetic networks available from the Ingenuity database and were then 

ranked by score. The significance was set at a P < 0.05. Based on the results of IPA analysis, for 

molecular mechanism study, we pretreated y.cells with PI3K activator (740Y-P, 10 μΜ; Selleckchem), 

and pretreated o.cells with PI3K inhibitor (LY294002, 20 μΜ; Selleckchem) for 2 h before functional in 

vitro studies were launched.  

Western blot analysis  

Total 25 μg proteins of ECs were extracted with cell lysis buffer (Applygen Technologies Company, 

China, cat# C1051-100) supplemented with protease inhibitor tablet (Thermo Scientific, USA, cat# 

36978). Proteins were loaded into a 12% SDS-PAGE gels and transferred onto polyvinylidene difluoride 

membranes (pore size: 0.22 mm, Millipore, Billerica, USA). The membranes were blocked with 5% non-

fat milk for 1 h and incubated with primary antibodies against β-actin (1:1000, Abcam, cat# ab8226), 

PI3K (1:1000, CST, USA, cat# 4249S), phospho-PI3K (1:1000, CST, USA, cat# 17366S), Akt (1:1000, 

CST, USA, cat# 4685S) and phospho-Akt (1:1000, CST, USA, cat# 4060S) overnight at 4 °C. The 

secondary antibody goat anti-rabbit IgG H&L (1:5000, Abcam, cat# ab6721) was added onto the 

membrane [47]. Chemiluminescence was assessed by Azure C600 (Azure Biosystems, America). 

Enrollment of participants 

The human study was in accordance with the ethical standards of the institutional and/or national 

research committee and with the 1964 Helsinki declaration and its later amendments or comparable 
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ethical standards, which were approved and conducted under supervision of ethics committee of 

Affiliated Hospital of Guangdong Medical University (Human Investigation Committee PJ2019-046). 

The trial registration number is ChiCTR2000032734 (https://www.chictr.org.cn/).  

Participants were recruited from the Affiliated Hospital of Guangdong Medical University from 

January 2019 to December 2020 and total 119 Chinese participants were enrolled. Power Analysis and 

Sample Size (PASS) software was used to calculate the sample size (provided in supplementary 

materials). Written informed consent was obtained from all participants. Inclusion criteria were: (1) male 

or female aged >18 years old. (2) health in physical examination. Exclusion criteria: (1) subjects with 

coronary heart disease, congestive heart failure, hypertension (arterial blood pressure ≥140/90 mmHg), 

peripheral artery disease, stroke, tumor, pulmonary diseases, diabetes, fasting glucose ≥ 7.0 mM, 

osteoporosis, renal failures, cancer, dementia, and depression. (2) pregnant woman or breast-feeding 

woman. 119 subjects were recruited and assigned into three groups, young group (18-45 years old, n = 

58), middle-age group (46–65 years old, n = 33), aged group (> 65 years old, n = 28) [68, 69]. 

Intima-media thickness measurement  

The Intima-media thickness (IMT) was examined by carotid ultrasound with a head elevation of 45° 

and a side tilt of 30° to the right in the supine position, and then to the left, the mean value was calculated 

[70]. Measurements were performed three times by a single investigator who was blinded to the clinical 

characteristics and categorization of the participants. IMT > 0.58 mm indicates vascular aging [1, 26-28]. 

Analysis of the levels of EMVs and miR-17-5p in EMVs from plasma  

Plasma EMVs was isolated using available kits (Life technology and MiltenyiBiotec) as we previously 

described [56]. In brief, 8 ml of vein blood samples were collected in ethylene diamine tetraacetic acid 

(EDTA)-anticoagulant tubes and were centrifuged at 1500 rcf for 5 min at 10 °C to remove blood cells 

and collect plasma. Then the supernatant was centrifuged at 300 rcf for 15 min and 2000 rcf for 20 min 

and further centrifuged at 20,000 rcf for 70 min to pellet MVs. We defined EMVs as CD105+CD144+. 

Samples were incubated with Annexin V antibody (1:200 dilution; Santa Cruz Biotechnology Cat# sc-

1929, RRID: AB_2274151) for 2 h followed by incubation with rabbit anti-goat IgG conjugated with Q-

dot®655 (1:350 dilution; Life Technologies) for 90 min at room temperature, then added with PBS 

supplemented with 2 mM calcium solution to give a final volume of 700 μl. The pelleted MVs were 

incubated with 10 μl of Biotin-conjugated anti-CD105 (Miltenyi Biotec cat# 130-094-916, RRID: 
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AB_10828348) followed by adding 10 μl of anti-Biotin microbeads (MiltenyiBiotec cat# 130-094-256, 

RRID: AB_244366). Then the microbeads-labeled MVs from the total MVs suspension were separated 

by using a DynaMag-2 magnet (Life technology). After an overnight magnetic separation, the 

microbeads-bound MVs were resuspended with 100 μl particle-free PBS. 10 μl of multisort release 

reagent (MiltenyiBiotec) was added to each sample to cleave off the microbeads. After an overnight 

reaction, the MVs in the fluid were collected and considered as CD105+MVs. The isolated CD105+MVs 

were incubated with antibody against CD144+ at 4 °C overnight (1:200 dilution; Santa Cruz 

Biotechnology), followed by incubation with rabbit anti-goat IgG conjugated with Q-dot 655 for 2 h at 

4 °C (1:350 dilution; Life Technologies). Then, 700 μl filtered PBS was added to the MV suspension. 

The Q-dot 655-labeled MVs were considered as CD105+CD144+ MVs. Each sample was analyzed in 

triplicate.  

For detecting the EMV-miR-17-5p in human plasma, TRIzol reagent (Invitrogen, Carlsbad, CA) and 

miRNeasy Mini Kit were applied to extract miRNAs from EMVs under manufacturer's instruction. We 

used quantitative reverse transcription-PCR (qRT-PCR) to determine the level of EMV-miR-17-5p. The 

cDNAs were synthesized from 20 µg total RNA by hairpinit TM miRNAs RT-PCR Quantitation kit 

(GenePharma, Shanghai, China). Hsa miR-17-5p Forward primer: 5’-GGG GCA AAG TGC TTA CAG 

TG-3’. Reverse primer: 5’-GTG CGT GTC GTG GAG TCG-3’. U6 Forward primer: 5’-GCT TCG GCA 

GCA CAT ATA CTA AAA T-3’, Reverse primer: 5’-CGC TTC ACG AAT TTG CGT GTC AT-3’. U6 was 

chosen as housekeeping gene for normalizing the data of miR-17-5p expression. Each experiment was 

repeated three times. Relative expression level of EMV-miR-17-5p was calculated using 2−△△Ct method. 

Statistical analysis 

SPSS software version 22.0 and GraphPad Prism 5 software were used for statistical analysis. 

D’Agostino-Pearson omnibus test was used to determine normal distribution. Comparisons for two 

groups with normal distribution were examined by Student’s t-test. Multiple comparisons were 

performed by one or two-way ANOVA. Correlations between variables were analyzed by Spearman 

correlation analysis. Results were represented as adjusted odds ratios (OR) with the corresponding 95% 

confidence intervals (95% CI). ROC analysis and the AUC were applied to determine the sensitivity and 

specificity of the EMVs, EMV-miR-17-5p and their combination for assessment of vascular aging. All 

data was presented as means ± SEM. For all tests, ns, no significant; *, P < 0.05; **, P < 0.01; ***, P < 
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0.001. For mouse and clinical experiments, ‘n’ represents the number of mice used and the enrolled 

number.  

Data Availability Statement 

All relevant data are within the paper and its Supporting Information files. 
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Figure legends 

Fig 1. Identification of BMECs and the characterization of EMVs/EEXs from y.cells and o.cells, 

and the internalization of EMVs/EEXs in BMECs and mouse brain vasculature. (A) 

Immunofluorescent characterization of BMECs. The isolated BMECs were 95% positive for CD31(red), 

confirming the epithelial nature of these cells (scale bar=30 μm, n = 3 technical replicates). (B) 

Identification of senescence of BMECs analyzed by SA-β-gal staining (scale bar=200 μm). Senescent 

BMECs showed higher percentage of SA-β-gal positive stained cells marked blue (>60%) than young 

BMECs (Student’s t-test, mean ± SEM, n = 6 technical replicates, ** p < 0.01). (C) Representative 

transmission electron microscopy (TEM) analysis of y.EMVs/o.EMVs and y.EEXs/o.EEXs (scale 

bar=200 nm for EMVs, scale bar=100 nm for EEXs, n = 3 technical replicates). (D) Average size 

distribution and concentration of y.EMVs/o.EMVs and y.EEXs/o.EEXs determined by nanoparticle 

tracking assay (n = 3 technical replicates). (E) Confocal microscopy images of the internalization of 

EMVs and EEXs labeled with PKH 26 (marked red) in mouse brain vasculature, nuclei were stained 

with DAPI (marked blue), blood vessels were stained with CD31+ (marked green), scale bar=20 μm, n = 

6 biological replicates per group. (F) Confocal microscopy images of the internalization of EMVs labeled 
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with PKH 26 (marked red) in BMECs, nuclei were stained with DAPI (marked blue), cell membrane was 

stained with DIO (marked green), scale bar=20 μm. n = 3 technical replicates.  

Fig 2. Y.EMVs mitigated while o.EMVs aggravated cerebrovascular and brain aging more 

significantly than y.EEXs or o.EEXs by modulating miR-17-5p. (A, B) Representative images of SA-

β-gal staining in basilar artery (Scale bar=20 μm, n = 6 biological replicates per group). (C, D) 

Representative images of CBF tested by laser doppler flowmetry in diverse groups (n = 10 biological 

replicates per group). (E, F) Confocal microscopy images of cerebral microvascular density marked with 

CD31+ in mice brain. Red, CD31+; blue, DAPI for nuclei staining (scale bar=50 μm, n = 6 biological 

replicates per group). (G) The percentage of SA-β-gal staining positive cell in basilar artery (one-way 

ANOVA, Tukey’s multiple comparisons test, mean ± SEM, n =6 biological replicates per group, * p < 

0.05, *** p < 0.001). (H) Quantification of CBF in various groups (Kruskal–Wallis ANOVA, post hoc 

Dunn’s multiple comparison test, mean ± SEM, n = 10 biological replicates per group, * p < 0.05, *** p < 

0.001). (I) Quantification of vessel density in various groups (one-way ANOVA, Tukey’s multiple 

comparisons test, mean ± SEM, n = 6 biological replicates per group, * p < 0.05, ** p < 0.01, *** p < 0.001). 

(J) EB extravasation in mice brains (one-way ANOVA, Tukey’s multiple comparisons test, mean ± SEM, 

n = 4 biological replicates per group, experiment repeated for 3 times, * p < 0.05, ** p < 0.01, *** p < 

0.001). (K, L) Representative images of SA-β-gal positive cells in CA3 region of hippocampus in diverse 

groups (scale bar=100 μm. n = 6 biological replicates per group). (M) Quantification of SA-β-gal positive 

cell in various groups (one-way ANOVA, Tukey’s multiple comparisons test, mean ± SEM, n = 6 

biological replicates per group, * p < 0.05, ** p < 0.01, *** p < 0.001). (N) Plasma GSSG expression of 

mice in diverse groups (one-way ANOVA, Tukey’s multiple comparisons test, mean ± SEM, n = 6 

biological replicates per group, * p < 0.05, ** p < 0.01, *** p < 0.001). (O-Q) MDA, TERT and klotho 

expression in mice brain (one-way ANOVA, Tukey’s multiple comparisons test, mean ± SEM, n = 6 

biological replicates per group, * p < 0.05, ** p < 0.01, *** p < 0.001, ns, no significance). 

Fig 3. Y.EMVs improved while o.EMVs exacerbated mice cognitive ability more evidently than 

y.EEXs or o.EEXs by modulating miR-17-5p. (A-D) Escape latency of various groups (two-way 

ANOVA with repeated measures, mean ± SEM, n = 10 biological replicates per group). (E) Time spent 

in the target quadrant of various groups (one-way ANOVA, Tukey’s multiple comparisons test, mean ± 

SEM, n = 10 biological replicates per group, * p < 0.05, ** p < 0.01, *** p < 0.001, ns, no significance). 
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(F) The numbers of platform crossings of different groups (Kruskal–Wallis ANOVA, post hoc Dunn’s 

multiple comparison test, mean ± SEM, n = 10 biological replicates per group, * p < 0.05, ** p < 0.01, ns, 

no significance). (G, H) Searching strategy of diverse groups (n = 10 biological replicates per group).  

Fig 4. MiR-17-5p was significantly decreased in o.cells, o.mice and o.EMVs and capable of 

targeting PI3K family. (A) Heat map depicting normalized log2 expression values of top 10 up-

regulated and 10 down-regulated deferentially expressed genes. Red and green represent high and low 

relative expression, respectively. (B) MiR-17-5p regulatory network by Ingenuity Pathway Analysis 

(IPA). (C) MiR-17-5p expression in y.EMVs and o.EMVs (Student’s t-test, mean ± SEM, n = 5 technical 

replicates, ** p < 0.01). (D) MiR-17-5p expression in different groups (Student’s t-test, mean ± SEM, n 

= 4 technical replicates, * p < 0.05, ** p < 0.01). (E) Brain miR-17-5p level in diverse groups (Student’s 

t-test, mean ± SEM, n = 6 biological replicates per group, ** p < 0.01, *** p < 0.001). 

Fig 5. Y.EMVs ameliorated while o.EMVs aggravated oxidative stress and apoptosis in mouse 

brain vasculature via regulating miR-17-5p. (A, B) Representative images of co-staining of CD31+ 

(marked red) with ROS (marked green) in various groups. CD31+ is accepted as endothelium marker, 

DAPI (marked blue) for nuclei staining (scale bar=30 μm. n = 6 biological replicates per group). (C) 

Summary of ROS expression in mouse brain vasculature (one-way ANOVA, Tukey’s multiple 

comparisons test, mean ± SEM, n = 6 biological replicates per group, * p < 0.05, ** p < 0.01, *** p < 0.001). 

(D, E) Immunofluorescent co-staining of CD31+ (marked red) with TUNEL (marked green) in mouse 

brain vasculature in various groups. TUNEL is regarded as apoptosis marker (scale bar=30 μm. n =6 

biological replicates per group). (F) Summary of apoptotic levels in mouse brain vasculature (one-way 

ANOVA, Tukey’s multiple comparisons test, mean ± SEM, n = 6 biological replicates per group, * p < 

0.05, ** p < 0.01, *** p < 0.001). (G, H) Immunofluorescent co-staining of CD31+ (marked red) with NO 

(marked green) in various groups (scale bar=30 μm. n = 6 biological replicates per group). (I) Summary 

of NO expression in mouse brain vasculature (one-way ANOVA, Tukey’s multiple comparisons test, 

mean ± SEM, n = 6 biological replicates per group, ** p < 0.01, *** p < 0.001). Data information: For (A-

I), same threshold was applied over all pictures. 

Fig 6. Y.EMVs and o.EMVs modulated BMECs senescence, oxidative stress and apoptosis via the 

miR-17-5p/PI3K/Akt pathway. (A, B) Representative images of SA-β-gal staining in diverse groups 

(scale bar=200 μm). (C) Quantification of SA-β-gal staining positive cell in various groups (one-way 
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ANOVA, Tukey’s multiple comparisons test, mean ± SEM, n = 5 technical replicates, * p < 0.05, ** p < 

0.01, *** p < 0.001). (D, E) Representative figures of ROS, NO and apoptosis productions in y.cells and 

o.cells assessed by immunofluorescent dihydroethidium (DHE), DAF-FM DA and TUNEL staining in 

various groups (scale bar=200 μm). (F-H) Summary of ROS, apoptosis and NO expression in various 

groups (one-way ANOVA, Tukey’s multiple comparisons test, mean ± SEM, n = 5 technical replicates, * 

p < 0.05, ** p < 0.01, *** p < 0.001).  

Fig 7. Y.EMVs alleviated while o.EMVs exacerbated BMECs migration, proliferation and tube 

formation via regulating miR-17-5p/PI3K/Akt pathway. (A, B) Representative images of scratch 

assay of BMECs migrations (scale bar, 400 μm). (C) Quantification of BMECs migration (one-way 

ANOVA, Tukey’s multiple comparisons test, mean ± SEM, n = 5 technical replicates, * p < 0.05, ** p < 

0.01, *** p < 0.001). (D) CCK-8 assay of BMECs proliferation (one-way ANOVA, Tukey’s multiple 

comparisons test, mean ± SEM, n = 5 technical replicates, * p < 0.05, ** p < 0.01, *** p < 0.001). (E, F) 

Representative images of BMECs tube formation (scale bar, 200 μm). (G) Summarized data of tube 

points per field (one-way ANOVA, Tukey’s multiple comparisons test, mean ± SEM, n = 5 technical 

replicates, * p < 0.05, ** p < 0.01, *** p < 0.001). (H-K) Western blot was used to analyze the protein levels 

of p-PI3K/PI3K and p-Akt/Akt in various groups (one-way ANOVA, Tukey’s multiple comparisons test, 

mean ± SEM, n = 5 technical replicates, * p < 0.05, ** p < 0.01, *** p < 0.001). 

Fig 8. Plasma levels of EMVs and EMV-miR-17-5p were significantly increased or declined with 

age and were both correlated with vascular aging, and both showed significant diagnostic value for 

vascular aging. (A) Plasma levels of EMVs in diverse groups tested by NTA (18-45 years old, n = 58; 

46-65 years old, n = 33; >65 years old, n = 28) (Kruskal–Wallis ANOVA, post hoc Dunn’s multiple 

comparison test, mean ± SEM, ** p < 0.01). (B) Plasma levels of EMV-miR-17-5p in various groups 

assessed by q-PCR (Kruskal–Wallis ANOVA, post hoc Dunn’s multiple comparison test, mean ± SEM, 

** p < 0.01). (C, D) Correlation analysis of levels of EMVs (n =119) and EMV-miR-17-5p (n = 119) with 

IMT. Correlations between variables were analyzed by Spearman correlation analysis. (E) ROC analysis 

was used to assess the diagnostic value of EMVs, EMV-miR-17-5p and their combination for vascular 

aging defined by IMT. The AUC of EMVs and EMV-miR-17-5p were 0.724 and 0.77, respectively. The 

AUC of EMVs combined with EMV-miR-17-5p was 0.815. 
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Supporting information 

S1 Fig. The analysis of EMVs and miR-17-5p levels. (A) Plasma EMVs levels of y.mice and o.mice 

detected by NTA (Student’s t-test, mean ± SEM, n = 6 technical replicates, ** p < 0.01). (B) EMVs levels 

of y.cells and o.cells detected by NTA (Student’s t-test, mean ± SEM, n = 6 technical replicates, *** p < 

0.001). (C, D) MiR-17-5p levels in various cell groups (Student’s t-test, mean ± SEM, n = 6 technical 

replicates, *** p < 0.001). (E, F) MiR-17-5p levels in various EMVs groups (one-way ANOVA, Tukey’s 

multiple comparisons test, mean ± SEM, n =6 technical replicates, *** p < 0.001). 

S2 Fig. NTA analysis of plasma EMVs from young, middle-age and aged participants. (A-C) 

Representative plots showing the size distribution and concentration of plasma EMVs isolated from 

young, middle-age and aged participants. The CD105+ beads isolated MVs under fluorescence/non-

fluorescence modes. Orange curve: CD105+MVs were measured under light scatter (non-fluorescence) 

mode. Red curve: CD105+CD144+Q-dots MVs were measured under fluorescence mode. n = 4 technical 

replicates. 

S1 Table. Molecules involved in miR-17-5p regulatory network. 

S2 Table. Character of the enrolled patients.  

S3 Table. AUC, sensitivity, specificity, cut-off levels, and Youden Index for EMVs and EMV-miR-

17-5p in vascular aging. 
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