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ABSTRACT 

Vascular aging, defined by senescence and diminished functionality of brain endothelial cells (ECs), contributes 

importantly to multiple age-related cerebrovascular and neurodegenerative pathologies. Microvesicles (EMVs) 

and exosomes (EEXs) released by endothelial cells maintain the molecular characteristics of their parent cells and 

transport bioactive molecules capable of modulating recipient cell behavior. Nevertheless, the specific 

contributions of these vesicles to vascular aging processes remain incompletely understood. In this investigation, 

evaluations employing SA-β-gal staining, cerebral blood flow assessment, blood–brain barrier permeability, 

aging-associated molecular markers, and cognitive function testing demonstrated that EMVs secreted by young 

ECs provided superior attenuation of cerebrovascular and brain aging in mice compared with EEXs from the same 

cells. In contrast, EMVs originating from aged ECs promoted more pronounced aggravation of cerebrovascular 

and brain aging in mice than did EEXs released by aged ECs. Subsequent experiments established that these 

EMVs influence cerebrovascular and brain aging primarily through delivery of miR-17-5p and exert regulatory 

effects on EC senescence and activity via the miR-17-5p/PI3K/Akt signaling cascade. In older human subjects, 

circulating EMV abundance and EMV-associated miR-17-5p expression exhibited notable changes and displayed 

robust correlations with reactive oxygen species levels and vascular aging indices. Receiver operating 

characteristic curve analysis supported the utility of EMVs and EMV-miR-17-5p as potential diagnostic 

biomarkers of vascular aging. Overall, the results uncover previously unrecognized functions of EMVs, which 

exert more potent modulatory effects on vascular and brain aging than EEXs through control of EC behavior via 

the miR-17-5p/PI3K/Akt pathway. These findings further position EMVs and EMV-miR-17-5p as promising 

candidates for biomarkers and therapeutic intervention in vascular aging. 
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Introduction 

Aging together with its associated disorders constitutes one of the foremost global health and societal concerns. 

Estimates suggest that over 20% of the world population will exceed 60 years of age by 2050 [1]. Vascular aging 

is tightly intertwined with overall organismal aging and frequently leads to inadequate blood supply to organs, 

thereby causing tissue atrophy and functional deterioration [2]. Within the central nervous system, vascular aging 

accelerates brain aging, manifesting as progressive cognitive and sensorimotor deficits that may culminate in 

neurodegenerative conditions [3, 4]. Consequently, accurate monitoring and effective prevention of vascular aging 

hold considerable importance for the management of age-related pathologies, especially those impacting the brain. 

Currently, however, robust methods for the assessment or reversal of vascular and brain aging are insufficient. 
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Early vascular aging is prominently featured by endothelial cell (EC) senescence accompanied by functional 

compromise [1]. During this process, key EC behaviors—including proliferation, migration, responses to 

oxidative stress, and regulation of apoptosis—become disordered [5], while senescent ECs progressively 

accumulate [1]. These alterations heighten vascular susceptibility and foster the development of disorders such as 

neurodegenerative decline, atherosclerosis, and cerebrovascular pathology [1, 6]. Oxidative stress and apoptotic 

pathways represent central, mutually reinforcing components of the cellular senescence program [7, 8]. In light 

of these observations, ECs emerge as valuable cellular targets for both evaluation and therapeutic modulation of 

vascular aging. Extracellular vesicles, encompassing mainly microvesicles and exosomes, are liberated by 

multiple cell types in response to various stimuli or apoptotic cues [9, 10]. Such vesicles conserve molecular traits 

of their cells of origin and mediate diverse effects on target cells by shuttling intracellular constituents [11]. 

Endothelial microvesicles (EMVs) and endothelial exosomes (EEXs) function as significant vehicles for 

intercellular signaling [12] and may additionally serve as innovative indicators of endothelial dysfunction or injury 

[9, 11]. The generation and physiological actions of EMVs and EEXs are strongly influenced by the activation 

status and overall condition of the source ECs. Under homeostatic conditions, EMVs and EEXs support viability 

and restrain apoptotic activity in human brain ECs [13, 14]. By comparison, EMVs induced by hyperglycemia or 

EEXs generated under atheroprone low-oscillatory shear stress have been found to elevate apoptosis rates in 

human umbilical vein ECs (HUVECs) [15, 16]. Plasma concentrations of EMVs rise substantially among elderly 

individuals [17]. An earlier report showed that administration of young mouse blood mitigated cognitive deficits 

and synaptic plasticity impairments associated with senescence in aged animals [18], raising the possibility that 

young EEXs or EMVs could offer a novel acellular strategy for counteracting aging. Of note, the mechanisms 

governing the formation of EMVs differ from those of EEXs, and their respective impacts on recipient cells and 

tissues have not been systematically compared [9, 11]. Drawing upon these insights, we postulated that EMVs 

and EEXs may exert pivotal influences on cerebrovascular and brain aging, EC functionality, and could 

additionally qualify as useful biomarkers for vascular aging. 

MicroRNAs (miRNAs) act as critical regulators of cellular senescence and multiple cellular processes, 

constituting the predominant functional payload within EMVs and EEXs. As one illustration, EMV levels 

harboring miR-126 decline markedly in individuals with diabetes mellitus [19]. EMVs enriched with miR-126 

stimulate migration and proliferation in human coronary artery ECs [19]. Likewise, miR-19a-3p delivered by 

HUVEC-derived EEXs augments endothelial tube formation and proliferative capacity [20]. Hence, the 

identification of specific miRNAs responsible for mediating EMV- and EEX-dependent regulation of vascular 

aging warrants detailed examination. 

The current work seeks to delineate the therapeutic capacities and differential attributes of EMVs versus EEXs in 

the control of cerebrovascular and brain aging. Particular attention is devoted to clarifying the miRNA-based 

mechanisms involved and evaluating biomarker potential. We first examined the consequences of EMVs and 

EEXs isolated from young versus aged mouse brain ECs upon cerebrovascular and brain aging parameters. Upon 

determining that EMVs produced stronger effects than EEXs, we proceeded to characterize EMV actions on EC 

performance in both living organisms and cultured systems, pinpointed miR-17-5p as the major functional miRNA 

constituent within EMVs, and interrogated the pertinent downstream pathways to uncover the mechanistic basis. 

Complementing these preclinical studies, clinical analyses quantified plasma EMV levels and associated miRNAs 

in individuals across age ranges to assess linkages with vascular aging. 

Materials and Methods  

Animal and ethics 

Every procedure performed on animals strictly followed the ARRIVE reporting guidelines and the directives of 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Prior ethical clearance was 

granted by the Institutional Animal Care and Use Committee of Guangdong Medical University under approval 

number GDY1902103. 

Isolation and culture of primary mouse brain microvascular endothelial cells 

Primary brain microvascular endothelial cells (BMECs) were derived from 2-week-old C57BL/6 mice following 

established isolation techniques [21]. Cells were initially plated at 1.0 × 10^4 cells/cm² and allowed to grow to 

near-confluence (90%) before being passaged. Passaging involved treatment with trypsin-EDTA (Gibco, cat# 
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25200072). Confirmation of endothelial identity relied on immunofluorescence labeling for CD31 (1:500, CST, 

USA, cat# 3528S) and CD34 (1:300, abcam, cat# ab229021). The degree of senescence in these cultures was 

monitored using senescence-associated β-galactosidase (SA-β-gal) activity. Young BMECs were defined as those 

maintained through early passages (P 2–4) displaying less than 5% SA-β-gal positivity, whereas old BMECs 

corresponded to later passages (P 15–16) showing more than 60% SA-β-gal positivity [22, 23]. 

Preparation, analysis and characterization of EMVs and EEXs 

EMVs and EEXs were separated through sequential ultracentrifugation steps. Supernatants collected from cultures 

of young BMECs (y.cells) and old BMECs (o.cells) first underwent centrifugation at 300 rcf for 15 min and then 

at 2000 rcf for 20 min to clear debris. The clarified liquid was spun at 20,000 rcf for 70 min to harvest the EMV 

population (y.EMVs from young cells and o.EMVs from old cells). The post-EMV supernatants received further 

ultracentrifugation at 100,000 rcf for 2 h to isolate EEXs (y.EEXs and o.EEXs). Vesicle concentrations were 

quantified after 1/200 dilution in PBS with the NTANS300 Instrument (Malvern Instruments, United Kingdom) 

in light-scatter configuration using a 405-nm laser; each measurement consisted of three 30-second videos 

captured at 30 frames per second. Morphological features and size profiles of the isolated vesicles were examined 

by transmission electron microscopy (TEM) according to methods described earlier [24]. All preparations were 

kept at −80°C until needed to preserve bioactivity. Quantification of EMVs and EEXs was conducted by personnel 

blinded to the experimental groups. 

Incorporation study of EMVs and EEXs in vitro and in vivo 

Quantities of 1 × 10^9 EMVs or EEXs were first labeled with PKH 26 fluorescent dye (2 μM, Sigma, USA, cat# 

PKH26GL) [25]. After labeling, the vesicles were resuspended in PBS and introduced either to cultured BMECs 

or administered systemically to mice [26]. Uptake efficiency was assessed via confocal microscopy (OLYMPUS, 

FV3000, Japan), with all conditions performed in triplicate.  

Animals, sample size calculation and grouping 

C57BL/6 mice (30 males and 30 females) were acquired from the Nanjing Biomedicine Institute of Nanjing 

University and maintained in a controlled facility with continuous access to standard diet and water. Mice aged 3 

months served as the young cohort (y.mice), while 24-month-old animals represented the old cohort (o.mice). 

After initial tests revealed minimal impact of y.EEXs/y.EMVs and o.EEXs/o.EMVs on cerebrovascular features 

in both age groups, the study shifted focus to evaluating o.EEXs/o.EMVs in y.mice and y.EEXs/y.EMVs in 

o.mice. Random assignment placed animals into six groups of 10 mice each: y.mice + saline, y.mice + o.EMVs, 

y.mice + o.EEXs, o.mice + saline, o.mice + y.EMVs, and o.mice + y.EEXs. Treatments consisted of tail-vein 

delivery of 1 × 10^10 EMVs or EEXs in 100 μL 0.9% saline (or saline vehicle alone) once per week across five 

consecutive weeks. 

Biodistribution of EMVs in mice 

Distribution patterns of EMVs in living mice were tracked after labeling with the fluorescent membrane dye DiR 

(1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide) (Yeasen Biotechnology, cat# 40757ES25) and 

imaging on a Bruker in vivo Xtreme platform (USA). Labeling involved incubating EMVs with 5 μM DiR for 20 

min at room temperature in darkness, followed by centrifugation at 20,000 rcf for 70 min. The collected pellet 

was resuspended in 100 μL PBS for intravenous injection. Control animals received the supernatant from the final 

wash step to exclude contributions from free dye. Imaging sessions occurred on isoflurane-anesthetized live 

animals or on harvested organs after euthanasia. Signal acquisition lasted 12 s (excitation 748 nm, emission 780 

nm) on a Carestream MI system, with intensity reported in relative fluorescence units (RFU) [27]. 

Morris water maze test 

Evaluation of learning and memory capabilities relied on the Morris water maze assay conducted according to 

standardized methods [28]. Measured variables encompassed duration spent in the target quadrant, platform 

crossing frequency at the original location, and overall search strategy.  

Cerebral blood flow and blood brain barrier function measurements 
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Laser speckle contrast imaging with the PeriCam PSI System (Perimed, Sweden) served to quantify cerebral blood 

flow (CBF) in accordance with established protocols [29]. Animals were anesthetized with isoflurane (2%–2.5% 

in a mixture of 70% N₂O and 30% O₂) and fixed in a stereotaxic apparatus. Following a midline scalp incision to 

expose the skull, continuous imaging of the intact cranium was carried out for 60 s, after which perfusion 

parameters were processed using Pimsoft software. 

Assessment of blood-brain barrier (BBB) disruption relied on Evans blue (EB) extravasation following exposure 

to various EMV or EEX preparations, consistent with prior methodologies [30]. Absorbance measurements were 

converted to EB content via a standard curve, with final concentrations reported as μg/g tissue. 

Detection of aging associated biomarkers 

Key aging-related markers such as MDA, GSSG, and Klotho were quantified using commercial assay kits 

according to the suppliers’ instructions (MDA: Beyotime, cat# S0131M; GSSG: Beyotime, cat# S0053; Klotho: 

ZCI Bio, cat# ZC-31968) as previously detailed [31-33]. TERT mRNA levels were determined through 

quantitative PCR. Experiments were conducted in triplicate.  

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

In line with earlier recommendations [34, 35], cerebrovascular aging was evaluated by SA-β-gal staining of the 

basilar artery. Brain tissues were processed as reported previously [29]: specimens were placed in PBS within a 

10 cm Petri dish, the brainstem was isolated and oriented vertically in O.C.T. embedding medium (Solarbio, 

China), and 20 μm coronal cryosections were generated. SA-β-gal enzymatic activity was detected following the 

manufacturer’s guidelines [24]. The percentage of SA-β-gal-positive (blue-stained) cells relative to total cells was 

calculated in the basilar artery and hippocampal CA3 region using Image J software (NIH). Counts were obtained 

from five randomly chosen microscopic fields per animal across six mice per group. 

Immunofluorescent staining of mouse brain slices 

Coronal brain sections of 20 μm thickness were prepared with a cryostat as described in prior work [25, 29]. 

Microvascular density and the colocalization of ROS/NO production and apoptosis with endothelial cells were 

examined in the hippocampus. Sections were incubated overnight at 4°C with anti-CD31 mouse monoclonal 

antibody (1:500, CST, USA, cat# 3528S), followed by goat anti-mouse IgG H&L conjugated to Alexa Fluor® 

647 (1:500, Abcam, cat# ab150115) for 60 min. CD31-labeled microvascular structures were imaged using an 

OLYMPUS FV3000 fluorescence microscope. 

Sequential staining was employed to evaluate ROS, NO, and apoptosis within brain endothelial cells. ROS and 

NO levels were detected by incubation with DCFH-DA (10 μM, Beyotime, #S0033S) or DAF-FM DA (5 μM, 

Beyotime, #S0019) for 30 min at 37°C in the dark. Apoptosis was visualized with TUNEL assay (Beyotime, 

#C1086) for 60 min at 37°C protected from light. Nuclei were stained with DAPI (1 μM, Beyotime, #C1006) for 

10 min at room temperature. Fluorescence was acquired at 488 nm for DCFH-DA and TUNEL signals, and at 495 

nm for DAF-FM DA, under uniform microscope settings. Positive cell ratios were determined from five random 

fields per section. Three consecutive rostrocaudal sections were analyzed per mouse, and average values were 

computed for each subject. Image acquisition utilized FV31S-SW software (Ver 2.3.1), while quantification was 

performed with Image J (NIH). All image analyses were carried out by personnel blinded to experimental 

conditions. 

Analysis of miR-17-5p level in mice brain 

Cortical tissue (100 mg) was harvested from the left hemisphere of each mouse and homogenized. Total RNA 

was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA). RNA integrity was confirmed by 

spectrophotometry (OD260/OD280 ratio of 1.7–2.0). Relative expression of miR-17-5p was measured with the 

Hairpin-it™ miRNA RT-PCR Quantitation Kit (GenePharma, Shanghai, China) on a Roche LightCycler 480 

Instrument II (Roche), employing the protocol outlined above. 

MiRNA sequencing 

Total RNA extracted from y.EMVs and o.EMVs using the miRNeasy Kit (Qiagen Inc., Valencia, CA, USA) 

served as input material. RNA concentration and quality were assessed with a Qubit 3.0 Fluorometer (Invitrogen) 

and Agilent 2100 Bioanalyzer (Applied Biosystems). Small RNA sequencing libraries were generated from 100 
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ng RNA with the VAHTS™ Small RNA Library Prep Kit for Illumina® (Vazyme Biotech) [36]. Known miRNAs 

were annotated against miRBase v22 using the exceRpt pipeline, and novel miRNAs were predicted by 

miRDeep2. Expression values were normalized via the TMM algorithm, and differential expression was analyzed 

with edgeR. Transcripts meeting the criteria of p < 0.05 and fold change ≥ 1.5 were classified as differentially 

expressed. 

MiR-17-5p regulatory network analyzed by ingenuity pathway analysis 

Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Mountain View, CA, USA) was applied to construct the 

miR-17-5p regulatory network [37]. Differentially expressed genes were integrated into established biological 

pathways and interaction networks using rodent and human ortholog mappings. Network prioritization relied on 

scores generated from the Ingenuity Knowledge Base, with original datasets deposited in Data S1. Statistical 

threshold was set at p < 0.05. Informed by IPA outcomes, y.cells were pretreated with the PI3K activator 740Y-

P (10 μM; Selleckchem) and o.cells with the PI3K inhibitor LY294002 (20 μM; Selleckchem) for 2 h prior to 

initiating in vitro functional assays. 

Luciferase reporter assays 

The PI3K coding sequence was amplified by PCR from genomic DNA and cloned downstream of the luciferase 

reporter gene in the pGL-3 control vector (Clontech). HBMECs were plated in 24-well plates and grown for 24 h 

before transfection with 200 ng of reporter plasmid plus Renilla luciferase control plasmid using Lipofectamine 

3000 (Invitrogen). To test miR-17-5p effects, 20 μM synthetic miRNA mimics were co-transfected. Cells were 

lysed 48 h after transfection, and luciferase activity was determined with the Dual-Luciferase Reporter Assay 

System (Promega, USA). Firefly luciferase values were normalized to Renilla luciferase activity within each 

sample. Data represent the mean ± SEM of three independent replicates. 

Detection of EMVs carrying miR-17-5p 

Visualization of miR-17-5p contained inside EMVs after uptake by target cells and within the mouse hippocampus 

was achieved using a FAM-conjugated peptide nucleic acid (PNA) probe specifically designed for miR-17-5p 

(FAM-miR-17-5p). BMECs were transfected employing Lipofectamine 3000 (Invitrogen, California, USA) as 

instructed by the manufacturer. EMVs harboring FAM-miR-17-5p (EMVs-FAM-miR-17-5p) were subsequently 

harvested from the transfected BMECs and labeled with PKH 26 dye (2 μM, Sigma, USA, cat# PKH26GL). The 

presence and distribution of these miR-17-5p-carrying EMVs in BMECs and mouse hippocampal regions were 

observed by fluorescence microscopy (OLYMPUS, FV3000, Japan) [38]. 

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

Quantification of miR-17-5p expression levels in y.EMVs/o.EMVs, cultured BMECs, and mouse brain tissue was 

performed by RT-PCR following previously validated laboratory procedures [24].  

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

Lentiviral transduction was used to generate BMEC lines with stable overexpression or knockdown of miR-17-

5p [29]. Lentiviral constructs expressing GFP-tagged miR-17-5p mimic (Lv-miR-17-5p), miR-17-5p-specific 

shRNA (Lv-si-miR-17-5p), or matched scrambled controls (Lv-SC) were supplied by GenePharma Biotech 

(Shanghai, China). Old cells (o.cells) at 75% confluence in 6-well plates were transduced with 1 × 107 infectious 

units of Lv-miR-17-5p or Lv-miR-17-5pSC. Young cells (y.cells) received 1 × 107 infectious units of Lv-si-miR-

17-5p or Lv-si-miR-17-5pSC, resulting in the cell lines o.cellsmiR-17, o.cellsmiR-17SC, y.cellsmiR-17KO, y.cellsmiR-17KOSC 

[29]. After 24 h, conditioned media from these cultures were collected to isolate the corresponding EMVs: 

o.EMVsmiR-17, o.EMVsmiR-17SC, y.EMVsmiR-17KO, and y.EMVsmiR-17KOSC. Successful transduction was confirmed 

under fluorescence microscopy. miR-17-5p abundance in the modified cells and vesicles was validated by RT-

PCR [29] with U6 serving as the reference gene. All reactions were run in triplicate, and relative expression was 

calculated using the 2−△△Ct method. These engineered EMVs were then applied in functional studies involving 

animals and BMECs. The experimental groups consisted of: y.mice/y.cells, y.mice/y.cells + o.EMVs, 

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

o.mice/o.cells + y.EMVsmiR-17KOSC, o.mice/o.cells + y.EMVsmiR-17KO. Assessments of cerebrovascular and brain 

aging in animals were conducted as outlined earlier. 
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Endothelium-specific overexpression and knockout of miR-17-5p 

To examine the contribution of miR-17-5p to the control of cerebrovascular and brain aging, endothelium-targeted 

modulation was implemented. Adeno-associated virus serotype 9 (AAV9) vectors expressing miR-17-5p driven 

by the endothelial-specific TIE promoter (TIEmiR-17-5p AAV9) were generated. AAV9 vectors carrying miR-

17-5p (miR-17-5p-AAV9) or control constructs (CTL-AAV9) from Genechem (Shanghai, China) were injected 

stereotactically at 2 μL virus genomes per mouse [29]. 

Analysis of BMECs senescence and functions 

BMECs grown to 75% confluence in 6-well or 96-well plates were treated with various EMV preparations (1 × 

10^9 particles/mL) for 24 h before functional testing [26]. Senescence status was determined by SA-β-gal staining. 

Cells from passages 2–4 (P 2–4) with SA-β-gal positivity below 5% were considered y.cells, while those from 

passages 15–16 (P 15–16) exceeding 60% positivity were classified as o.cells [23]. Parameters including ROS/NO 

generation, apoptosis rate, cell migration, proliferation, and angiogenic tube formation were evaluated using 

previously reported techniques [29, 39].  

Western blot analysis 

Equal amounts of total protein (25 μg) were separated on 12% SDS-PAGE gels and transferred to PVDF 

membranes (0.22 μm, Millipore). After blocking with 5% skim milk for 1 h, membranes were probed overnight 

at 4°C with primary antibodies targeting β-actin (1:1000, Abcam, cat# ab8226), GAPDH (1:1000, Abcam, cat# 

ab8245), Annexin V (1:1000, Abcam, cat# ab313581), TSG101 (1:1000, Abcam, cat# ab125011), CD9 (1:1000, 

Abcam, cat# ab236630), CD63 (1:1000, Abcam, cat#134045), CD81 (1:1000, Abcam, cat#79559), P21 (1:1000, 

Abcam, cat#109520), P16 (1:1000, CST, cat#80772), P53 (1:1000, CST, cat#9282), 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). Incubation with goat anti-rabbit IgG H&L secondary antibody 

(1:5000, Abcam, cat# ab6721) followed [29]. Chemiluminescent detection was performed on an Azure C600 

system (Azure Biosystems, USA). Band densities were quantified using Image J software (NIH) and normalized 

against β-actin. Statistical evaluation was conducted with GraphPad Prism 5. 

Telomere length measurement 

Telomere length assessment employed a monochrome multiplex quantitative PCR (MM-qPCR) approach as 

previously established [40]. Genomic DNA was purified from endothelial cells with the DNeasy Blood and Tissue 

Kit (Cat. No. 69504, Qiagen, Hilden, Germany) and diluted to 100 ng/μL in Tris-HCl (10 mmol/L, pH 7.5) 

containing 0.1 mmol/L EDTA. Each reaction contained 5 ng of genomic DNA. Telomere sequences were 

amplified using primers Telg: 5′-ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT-3′ and Telc: 

5′-TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA-3′. Normalization to the single-copy β-

globin gene was achieved at 88°C with primers hbgu: 5′-

CGGCGGCGGGCGGCCGGGGCTGGGCGGCTTCATCCACGTTCACCTTG-3′ and hbgd: 5′-

GCCCGGCCCGCCGCGCCCGTCCCGCCGGAGGAGAAGTCTGCCGTT-3′. Telomere length was calculated 

as the T/S ratio (telomere to β-globin copy numbers). 

Enrollment of participants and sample size calculation 

Study participants were recruited at the Affiliated Hospital of Guangdong Medical University during the period 

spanning January 2019 to December 2020. All individuals provided written informed consent before joining the 

study. Inclusion criteria specified: (1) adults of either sex aged over 18 years; (2) subjects appearing healthy upon 

standard physical examination. Participants were excluded if they met any of the following conditions: (1) 

presence of established cardiovascular conditions including coronary artery disease, congestive heart failure, 

hypertension (blood pressure ≥140/90 mmHg), peripheral arterial disease, or prior stroke; concurrent systemic 

diseases such as diabetes mellitus (fasting glucose ≥7.0 mM), chronic kidney disease, chronic obstructive 

pulmonary disease, osteoporosis, neurological or psychiatric disorders (for example, dementia or major depressive 

disorder), or active cancer; (2) current pregnancy or breastfeeding. Altogether, 119 volunteers were enrolled and 

divided into three age-based cohorts: young adults (18–45 years, n = 58), middle-aged adults (46–65 years, n = 

33), and older adults (>65 years, n = 28) [41, 42]. 
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Intima-media thickness measurement 

Measurement of carotid intima-media thickness (IMT) was conducted by B-mode ultrasound. Participants were 

positioned supine with 45° head elevation and 30° lateral tilt, first to the right side and subsequently to the left, 

with the average value recorded [43]. Each assessment was repeated three times by the same trained operator who 

remained unaware of the subjects’ clinical status and group assignment. Vascular aging was defined as IMT values 

greater than 0.58 mm [1, 44-46]. 

Analysis of the plasma ROS level 

Levels of reactive oxygen species (ROS) in plasma were determined using the DCF ROS/RNS Assay Kit (Abcam, 

ab238535) in accordance with the provided protocol. Blood samples were centrifuged at 10,000 rcf for 5 min, and 

the supernatant was mixed with DCFH solution for incubation lasting 30 min at room temperature while protected 

from light. Fluorescence readings were obtained on a BioTek microplate reader with excitation at 480 nm and 

emission at 530 nm. Plasma ROS concentrations were interpolated from a standard curve [29]. 

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

Isolation of EMVs from plasma samples was achieved with commercially available kits (Life Technologies and 

Miltenyi Biotec) using methods described earlier [24].  

Quantification of miR-17-5p within plasma-derived EMVs involved extraction of miRNA using TRIzol reagent 

(Invitrogen, Carlsbad, CA) combined with the miRNeasy Mini Kit according to manufacturer recommendations. 

The analytical steps were as follows: isolation of 20 μg total RNA with TRIzol®; synthesis of cDNA via the 

Hairpin-it™ miRNA RT-PCR Kit (GenePharma); and subsequent qPCR amplification employing U6 snRNA as 

the endogenous reference. All reactions were performed in triplicate. Relative expression of EMV-miR-17-5p was 

computed using the 2−△△Ct formula. 

Statistical analysis 

Data processing and statistical evaluations were carried out with SPSS version 22.0 and GraphPad Prism 5 

software. The D’Agostino-Pearson omnibus test served to evaluate normality. Two-group comparisons for 

normally distributed variables utilized Student’s t-test. Analyses involving more than two groups employed one-

way or two-way ANOVA. Relationships among parameters were explored using Spearman rank correlation. 

Adjusted odds ratios (ORs) with 95% confidence intervals (CI) were reported for multivariate findings. The ability 

of EMVs, EMV-miR-17-5p, and their combined use to discriminate vascular aging was assessed by receiver 

operating characteristic (ROC) curves and corresponding area under the curve (AUC) values. Results are reported 

as mean ± SEM. Significance levels are indicated as: ns (not significant), * (p < 0.05), ** (p < 0.01), and *** (p 

< 0.001). Throughout the study, ‘n’ denotes the number of mice in preclinical experiments or the number of 

recruited participants in the clinical component. 

Results and Discussion 

Determination of BMECs and the characteristics of EMVs and EEXs 

Purity of isolated primary brain microvascular endothelial cells (BMECs) was established by positive 

immunostaining for the endothelial-specific markers CD31 (red fluorescence) and CD34 (green fluorescence). 

Immunofluorescence imaging confirmed successful isolation and maintenance of these primary BMECs in 

culture. BMECs at passages 2–4 (P 2–4) and passages 15–16 (P 15–16) were classified as y.cells and o.cells, 

respectively, and differentiated on the basis of SA-β-gal staining. Western blot analysis verified the enrichment 

of exosome-associated proteins TSG101, CD9, CD63, and CD81 in purified EEXs, whereas the microvesicle 

marker Annexin V was present in EMV preparations. Transmission electron microscopy (TEM) illustrated clear 

differences in vesicle dimensions, with EMVs ranging from 100–600 nm and EEXs from 30–100 nm. These size 

distributions align with previous TEM-based characterizations of EMVs and EEXs [47]. Size measurements 

obtained through TEM imaging were further corroborated by nanoparticle tracking analysis. 

Y.EMVs mitigated and o.EMVs exacerbated cerebrovascular and brain aging more significantly than y.EEXs and 

o.EEXs 
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To assess the capacity of EMVs and EEXs for internalization within the mouse brain vasculature, PKH26-labeled 

vesicles were introduced via tail vein injection. PKH26, a lipophilic fluorescent dye routinely utilized for vesicle 

labeling [48], allowed visualization of uptake.  

For comprehensive biodistribution analysis, DiR-labeled EMVs and EEXs were similarly injected [27]. Strong 

fluorescent signals emerged across multiple organs, including the brain, liver, lung, heart, kidney, and spleen. 

EMV accumulation in the brain reached its maximum between 1 and 4 h, remained visible at 8 h, and declined 

markedly by 24 h. Beyond 8 h, EMVs predominantly localized to the liver, persisting through 24 h. EEXs, 

however, showed primary distribution in the brain, lung, and kidney. At the 24 h mark, brain fluorescence 

measured 7.1 ± 1.8 RFU, liver 23.7 ± 3.1 RFU, spleen 9.5 ± 2.5 RFU, and kidney 4.0 ± 1.7 RFU, with the liver 

exhibiting the strongest signal and thus serving as the main site of EMV retention at this time point. 

Subsequent experiments compared the differential actions of vesicles derived from young versus aged ECs on 

cerebrovascular aging in both young and old recipient mice. SA-β-gal staining of the basilar artery served as the 

primary readout for cerebrovascular senescence [34, 35]. Exposure to o.EMVs and o.EEXs led to a substantial 

rise in senescent cells within the basilar artery wall of y.mice (Figures 1a and 1g). In contrast, y.EEXs/y.EMVs 

in y.mice and o.EEXs/o.EMVs in o.mice elicited no notable changes (Figures 1a and 1g). 

Cerebral blood flow (CBF) and blood–brain barrier (BBB) function are recognized indicators of cerebrovascular 

health [4]. Both y.EMVs and y.EEXs strengthened BBB integrity, while o.EMVs and o.EEXs compromised it, 

with EMVs producing more robust effects in each direction. No significant alterations occurred with 

y.EEXs/y.EMVs in y.mice or o.EEXs/o.EMVs in o.mice (Figures 1b–1d). In aged recipients, y.EEXs and 

y.EMVs elevated CBF, the latter to a greater degree (Figures 1e and 1h). As cerebral microvascular density 

(cMVD) reflects CBF status, CD31-positive endothelial cells were quantified in the hippocampus. Compared with 

o.mice controls, cMVD increased 3.8 ± 0.03-fold in the y.EMVs group and 2.1 ± 0.02-fold in the y.EEXs group 

(Figures 1f and 1i). Meanwhile, o.EMVs and o.EEXs diminished CBF in y.mice by 65% and 55%, respectively 

(Figures 1e and 1h), with o.EMVs inducing a significantly sharper reduction in cMVD than o.EEXs (Figures 1f 

and 1i). Neither vesicle type from matching age groups affected CBF or cMVD substantially in y.mice or o.mice 

(Figures 1e-1f and 1h). 

 
a) 

   
b) c) d) 

 
e) 
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Figure 1. Young-derived EMVs more potently ameliorated cerebrovascular aging, whereas old-derived 

EMVs more strongly promoted its progression, relative to their EEX counterparts.  

(a) Typical photomicrographs of SA-β-gal staining, a hallmark of cellular senescence, in the basilar artery. 

Blue staining highlighted senescent cells within the vascular smooth muscle and endothelial layers (scale bar 

= 40 μm, n = 6 biological replicates per group). (b, c) Blood–brain barrier permeability was examined 

through EB extravasation. (d) EB leakage in mouse brain tissue (one-way ANOVA, Tukey's multiple 

comparisons test, mean ± SEM, n = 6 biological replicates per group, experiment repeated 3 times; − 

indicates no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001). (e) Representative laser Doppler 

flowmetry images of CBF in the various experimental cohorts (scale bar = 0.5 cm, n = 10 biological 

replicates per group). (f) Confocal micrographs of cerebral microvascular density visualized by CD31+ 

immunostaining in mouse brains. Red, CD31+; blue, DAPI nuclear stain (scale bar = 50 μm, n = 6 biological 

replicates per group). (g) Percentage of SA-β-gal-positive cells within the basilar artery (one-way ANOVA, 

Tukey's multiple comparisons test, mean ± SEM, n = 6 biological replicates per group; − indicates no 

significant difference, *p < 0.05, ***p < 0.001). (h) Measured CBF values across groups (Kruskal–Wallis 

ANOVA, post hoc Dunn's multiple comparison test; mean ± SEM, n = 10 biological replicates per group; − 

indicates no significant difference, *p < 0.05, ***p < 0.001). (i) Vessel density quantification in the studied 

groups (one-way ANOVA, Tukey's multiple comparisons test, mean ± SEM, n = 6 biological replicates per 

group; − indicates no significant difference, *p < 0.05, ***p < 0.001). EB, Evans blue; CBF, cerebral blood 

flow. 

 

Given the established contribution of cerebrovascular decline to broader brain aging [49], the influence of these 

vesicles on brain senescence was also examined. In y.mice, o.EMVs raised SA-β-gal-positive cell counts in the 

hippocampal CA3 region by roughly 3.3-fold and o.EEXs by 1.1-fold (Figures 2a and 2b). Both y.EMVs and 

y.EEXs significantly lowered senescent cell numbers relative to o.mice controls (Figures 2a and 2b). Additional 

aging indicators—GSSG, MDA, telomerase reverse transcriptase (TERT), and Klotho—were evaluated [50-53]. 

o.EMVs and o.EEXs elevated plasma GSSG and brain MDA concentrations (Figures 2c and 2d) while 

suppressing Klotho and TERT levels in y.mice brain tissue (Figures 2e and 2f). y.EMVs and y.EEXs produced 

the inverse pattern across these markers (Figures 2b–2f), with EMVs demonstrating stronger modulation of 

GSSG and Klotho than EEXs. 

 
a) 
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b) c) d) e) f) 

    

g) h) i) j) 

 
k) 

Figure 2. Young EMVs attenuated brain aging, whereas old EMVs accelerated it to a greater extent than 

young EEXs and old EEXs.  

(a) Representative photomicrographs showing SA-β-gal-positive cells within the CA3 hippocampal subfield 

for each experimental group (scale bar = 100 μm). n = 6 biological replicates per group. (b) Quantitative 

analysis of SA-β-gal-positive cells among the experimental 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). 

(c–f) Levels of MDA, telomerase reverse transcriptase, and Klotho expression in the mouse 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). (g, h) Escape latency across the experimental groups (two-

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

the target quadrant across the experimental 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). (j) Number of platform crossings among the different groups (Kruskal–Wallis ANOVA, post 

hoc Dunn's multiple comparison test, mean ± SEM, n = 10 biological replicates per group, **p < 0.01, ns, no 

significance). (k) Search strategies employed by the different groups (n = 10 biological replicates per group). 

 

Cognitive decline commonly accompanies brain aging [54]. Evaluation via the Morris water maze revealed that 

o.EMVs and o.EEXs prolonged escape latency, reduced target quadrant occupancy, and disrupted platform 

crossing and search patterns in y.mice (Figures 2g, 2i–2k). Effects on quadrant time and platform crossings were 

comparable between o.EMVs and o.EEXs (Figures 2i and 2j). In o.mice, y.EMVs notably shortened escape 

latency (Figure 2h), extended target quadrant time (Figure 2i), and enhanced platform crossing frequency and 

search efficiency (Figures 2j and 2k). y.EEXs improved platform crossings (Figure 2j) and search strategy 

(Figure 2k) but exerted limited influence on escape latency or quadrant duration (Figures 2h and 2i). 

Differential expression of MiR-17-5p in y.EMVs versus o.EMVs 

Given that preliminary results demonstrated stronger influences of EMVs on cerebrovascular and brain aging 

compared to EEXs, the present study directed attention toward the mechanistic actions of EMVs. An initial 

miRNA sequencing screen was conducted to detect functionally relevant miRNAs contained in EMVs (n = 

2/group). The resulting heatmap identified 26 miRNAs that were significantly downregulated and 63 that were 

upregulated in o.EMVs relative to y.EMVs. MiR-191-3p, miR-196b-5p, and miR-17-5p emerged as the three 
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most highly enriched miRNAs in y.EMVs when contrasted with o.EMVs. Subsequent qPCR validation assessed 

the expression of miR-191-3p, miR-196b-5p, and miR-17-5p in both y.EMVs and o.EMVs. Levels of miR-191-

3p and miR-196b-5p did not differ significantly between the two EMV types. However, miR-17-5p content within 

o.EMVs was markedly lower, showing an approximate 52% reduction compared with y.EMVs. Earlier 

investigations [55] have indicated that miR-17-5p possesses anti-aging properties. Further comparisons confirmed 

substantially diminished miR-17-5p expression in senescent cells (o.cells) and brain tissues from aged mice 

(o.mice) in relation to young counterparts (y.cells/y.mice). Administration of y.EMVs produced a pronounced 

elevation of miR-17-5p in o.cells as well as in the brains of o.mice. By contrast, o.EMVs led to an unexpected 

decline in miR-17-5p levels within y.cells and the brains of y.mice. Such patterns suggest that the miR-17-5p 

content in recipient cells is governed by the specific cargo profile of EMVs. To track transfer, a FAM-conjugated 

peptide nucleic acid (PNA) probe specific for miR-17-5p (FAM-miR-17-5p) was utilized [38]. Experiments 

revealed that EMVs (red) transporting miR-17-5p (green) were efficiently internalized by cultured cells and by 

the vascular compartment in the mouse brain. Overall, these observations indicate that EMVs likely operate by 

transferring miR-17-5p to target tissues. 

Y.EMVs suppressed, whereas o.EMVs enhanced cerebrovascular and brain aging via miR-17-5p regulation 

To delineate the functional significance of miR-17-5p, targeted genetic silencing (miR-17-5p-KO) was introduced 

into y.EMVs (y.EMVsmiR-17KO), while overexpression was induced in o.EMVs (o.EMVsmiR-17) through 

transduction of y.cells with LV-si-miR-17-5p (y.cellsmiR-17KO) and o.cells with LV-miR-17-5p (o.cellsmiR-17) [29]. 

Post-manipulation assessments confirmed successful miR-17-5p enrichment in o.cellsmiR-17 and o. o.EMVsmiR-17, 

alongside clear depletion in y.cellsmiR-17KO and y.EMVsmiR-17KO relative to scrambled controls. 

Subsequent functional tests revealed that o.EMVsmiR-17 displayed reduced potency in promoting senescence within 

basilar artery cells (Figures 3a and 3g), elevating blood–brain barrier permeability (Figures 3b and 3d), and 

diminishing CBF (Figures 3e and 3h) and cMVD (Figures 3f and 3i) when compared with unmodified o.EMVs 

and EMVsmiR-17SC. Likewise, y.EMVsmiR-17KO proved less effective than native y.EMVs and EMVsmiR-17KOSC in 

lowering senescent cell counts in the basilar artery (Figures 3a and 3g), decreasing BBB permeability (Figures 

3c and 3d), and augmenting CBF (Figures 3e and 3h) and cMVD (Figures 3f and 3i). 

 
a) 

  

 
b) c) d) 
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e) 

 
f) 

   

g) h) i) 

Figure 3. Y.EMVs mitigated while o.EMVs aggravated cerebrovascular aging through control of miR-17-5p. 

(a) Representative images of SA-β-gal staining in the basilar artery showing blue-stained cells in the arterial 

wall smooth muscle or ECs (scale bar = 40 μm, n = 6 biological replicates per group). (b, c) blood brain 

barrier function was tested using the EB extravasation method. (d) EB extravasation in mouse brains (one-

way ANOVA, Tukey's multiple comparisons test, mean ± SEM, n = 6 biological replicates per group, 

experiment repeated 3 times, *p < 0.05, **p < 0.01, ***p < 0.001). (e) Representative images of CBF 

measured by laser Doppler flowmetry in different groups (n = 10 biological replicates per group). (f) 

Confocal microscopy images of cMVD indicated by CD31+ cells in mouse brains. Red, CD31+; blue, DAPI 

for nuclear staining (scale bar = 50 μm, n = 6 biological replicates per group). (g) The percentage of SA-β-

gal-positive cells in the 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). EB, Evans blue; CBF, cerebral blood flow. 

 

These cerebrovascular outcomes were mirrored in brain aging parameters. Compared with o.EMVs and 

o.EMVsmiR-17, o.EMVsmiR-17SC showed attenuated effects on raising hippocampal senescent cell numbers (Figures 

4a and 4b), increasing plasma GSSG and brain MDA levels, and suppressing Klotho and TERT expression in the 

brain (Figures 4c–4f). In addition, o.EMVsmiR-17 were less capable of extending escape latency (Figure 4g), 

reducing target quadrant occupancy and platform crossings, and impairing search strategy (Figures 4i–4k). In 

parallel, o.EMVsmiR-17SC exerted weaker protective actions than y.EMVs and y.EMVsmiR-17KO by showing limited 

efficacy in reducing senescent cells, MDA, and GSSG while elevating TERT and Klotho (Figures 4a–4f). They 

were also less effective at decreasing escape latency, boosting platform crossings and target quadrant time, and 

optimizing search strategy (Figures 4h–4k). In conclusion, EMVs appear to regulate cerebrovascular and brain 

aging primarily by modulating miR-17-5p levels. 

 
a) 
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b) c) d) e) f) 

    

g) h) i) j) 

 
k) 

Figure 4. Y.EMVs ameliorated while o.EMVs intensified brain aging by modulating miR-17-5p.  

(a) Representative images of SA-β-gal-positive cells in the CA3 region of the hippocampus in different 

groups. Blue staining shows the presence of senescent cells (scale bar = 100 μm). n = 6 biological replicates 

per group. (b) Quantification of SA-β-gal-positive cells 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). (c–f) Mouse brain MDA, telomerase reverse transcriptase and Klotho expression and plasma levels of 

GSSG (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). (g, h) Escape latency of various groups 

(two-way ANOVA with repeated measures, mean ± SEM, n = 10 biological replicates per group). (i) 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, ns, no significance). (j) The number 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, ns, no significance). (k) Search strategy for different 

groups (n = 10 biological replicates per group). 

Furthermore, an adeno-associated virus serotype 9 (AAV9) vector carrying miR-17-5p under the control of the 

endothelium-specific TIE promoter (TIEmiR-17-5p AAV9) was generated to examine the contribution of 

endothelial miR-17-5p to vascular and brain aging [56]. Overexpression of miR-17-5p specifically in the 

endothelium of aged mice substantially reduced senescence in both the basilar artery and hippocampus (Figures 

5a and 5d, and 5d-5e). It also restored CBF (Figures 5c and 5f), improved cognitive performance (Figures 6b–

6e), and normalized brain aging indicators, including GSSG, MDA, TERT, and Klotho levels (Figures 5g–5j). 

Conversely, endothelial-specific knockdown of miR-17-5p in young mice markedly promoted senescence in the 

basilar artery and hippocampus, impaired CBF and cognitive function, and worsened brain aging markers 

(Figures 5 and 6). 
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a) 

 
b) 

 
c) 

    

d) e) f) g) 

   

h) i) j) 

Figure 5. Endothelium-targeted overexpression of miR-17-5p alleviated, whereas endothelium-targeted 

deletion of miR-17-5p aggravated cerebrovascular and brain aging. (a, b) Representative images of SA-β-gal 

staining in the basilar artery and CA3 region of the hippocampus (scale bar = 40 μm for the basilar artery; 

scale bar = 100 μm for CA3; n = 6 biological replicates per group). (c) Representative images of CBF 

measured by laser Doppler flowmetry in different groups (n = 10 biological replicates per group). (d, e) 

Summary data of SA-β-gal staining in the basilar artery and CA3 region of the hippocampus (one-way 

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

0.001, ns, no significance). (f) Quantification of CBF in various groups (one-way ANOVA, Tukey's multiple 

comparisons test, mean ± SEM, n = 10 biological replicates per group, ***p < 0.001, ns, no significance). (g–

j) Mouse plasma GSSG levels and brain MDA, telomerase reverse transcriptase, and Klotho expression 
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across groups (one-way ANOVA, Tukey's multiple comparisons test, mean ± SEM, n = 6 biological 

replicates per group, **p < 0.01, ***p < 0.001, ns, no significance). CBF, cerebral blood flow. 

 

  

 

a) b) 

  
c) d) e) 

Figure 6. Endothelium-specific overexpression of miR-17-5p improved, while endothelium-specific 

knockdown of miR-17-5p impaired cognitive performance.  

(a, b) Escape latency of various groups (two-way ANOVA with repeated measures, mean ± SEM, n = 10 

biological replicates per group). (c) 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 < 0.001, ns, no 

significance). (d) The number 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 < 0.001, ns, no 

significance). (e) Searching strategy for different groups (n = 10 biological replicates per group). 

Y.EMVs reduced, while o.EMVs intensified oxidative stress and apoptosis in the mouse brain vasculature through 

miR-17-5p modulation 

Oxidative stress and apoptotic pathways play central roles in aging [8]. To explore the mechanisms underlying 

EMV actions, reactive oxygen species (ROS), nitric oxide (NO), and TUNEL staining were performed on mouse 

hippocampal sections (including both overview and high-magnification views) (Figures 7a–7o). Administration 

of o.EMVs markedly elevated ROS (Figures 7a and 7g and 7i) and apoptotic signals (Figures 7c and 7j and 7l) 

while suppressing NO production in the vasculature of hippocampal slices from young mice (Figures 7e and 7m 

and 7o). In contrast, y.EMVs substantially lowered ROS (Figures 7b and 7h and 7i) and apoptosis levels 

(Figures 7d and 7k and 7l) and enhanced NO generation in the vasculature of hippocampal slices from aged 

mice (Figures 7f and 7n and 7o). Manipulating miR-17-5p levels through overexpression or knockdown 

substantially attenuated the effects of o.EMVs or y.EMVs, respectively, as well as those of their corresponding 

scrambled controls (Figures 7a–7o). 

  

a) b) 
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c) d) 

  

e) f) 

  
 

g) h) i) 

  

 

j) k) l) 

  

 
m) n) o) 

Figure 7. Y.EMVs attenuated, while o.EMVs promoted oxidative stress and apoptosis in the mouse brain 

vasculature by modulating miR-17-5p.  

(a, b) Representative low-magnification images of ROS staining in mouse hippocampal blood vessels (red: 

CD31, green: ROS; scale bar = 120 μm. n = 6 biological replicates per group). (c, d) Representative low-

magnification images of TUNEL-stained mouse hippocampal blood vessels (red: CD31+, green: TUNEL; 

scale bar = 120 μm. n = 6 biological replicates per group). (e, f) Representative low-magnification images of 

NO staining in mouse hippocampal blood vessels (red: CD31+, green: NO; scale bar = 120 μm. n = 6 

biological replicates per group). (g, h) Representative images of costaining for CD31+ (red) and ROS (green) 

across groups. CD31 served as an endothelial marker, with DAPI (blue) used for nuclear counterstaining 

(scale bar = 30 μm. n = 6 biological replicates per group). (i) Summary of ROS 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). (j, k) Immunofluorescence costaining of CD31+ (red) and 

TUNEL (green) in mouse brain vasculature across groups. TUNEL served as a marker of apoptosis (scale bar 

= 30 μm. n = 6 biological replicates per group). (l) 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). (m, n) Immunofluorescence costaining of CD31 (red) with NO (green) 

across groups (scale bar = 30 μm. n = 6 biological replicates per group). (o) Summary of NO levels 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). NO, nitric oxide; ROS, reactive oxygen species. 
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Y.EMVs safeguarded, whereas o.EMVs aggravated BMEC senescence and dysfunction through modulation of the 

miR-17-5p/PI3K/Akt signaling axis 

Immunofluorescence analysis demonstrated efficient uptake of PKH26-labeled EMVs and EEXs (red) by BMECs 

following 8 h of co-incubation. Subsequent functional assays were conducted to determine whether EMVs 

influence BMEC senescence and physiological performance. Key senescence-associated markers include P16, 

P21, and P53, with telomere attrition representing a central mechanism in this process [57]. Exposure to o.EMVs 

strongly induced senescence, as indicated by heightened SA-β-gal activity, upregulated expression of P16, P21, 

and P53 proteins, and shortened telomere length (Figures 8a and 8c-8g). Additionally, o.EMVs elevated ROS 

and apoptotic rates (Figures 8h and 8j and 8k) while suppressing NO production (Figures 8h and 8l), along 

with impairing proliferation (Figure 9d), migration (Figures 9a and 9c), and tube-forming capacity in y.cells 

(Figures 9e and 9g). Relative to native o.EMVs and o.EMVsmiR-17SC, the o.EMVsmiR-17 variant exerted milder 

detrimental impacts on y.cells (Figures 8 and 9). In contrast, y.EMVs effectively lowered senescent cell 

populations and reduced P16, P21, and P53 protein abundance while extending telomere length (Figures 8b–8g). 

These vesicles also suppressed ROS generation and apoptosis (Figures 8h–8k), enhanced NO levels (Figures 8i 

and 8l), and stimulated proliferation (Figure 9d), migration (Figures 9b and 9c), and tube formation in o.cells 

(Figures 9f and 9g). The Y.EMVsmiR-17KO displayed reduced protective efficacy compared with native y.EMVs 

and y.EMVsmiR-17KOSC (Figures 8 and 9). 

 

 

a) 
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Figure 8. Y.EMVs and o.EMVs regulated brain microvascular endothelial cell 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-positive cells in various groups (one-way ANOVA, Tukey's multiple comparisons test, mean ± 

SEM, n = 3 technical replicates, *p < 0.05, **p < 0.01, ***p < 0.001). (d) Western blotting images of 

senescent proteins P16, P21 and P53. (e–g) Quantification of P16, P21 and P53 in various groups. (h, i) 

Representative images of ROS, NO and apoptosis in the y.cells and o.cells in the various groups, as assessed 

by FACS, DAF-FM DA and TUNEL staining (scale bar = 200 μm for NO, scale bar = 20 μm for TUNEL. 

The red and blue staining in TUNEL indicates apoptotic cells and nucleus). (j-l) Summary of ROS, apoptosis 

and NO expression in various groups (one-way ANOVA, Tukey's multiple comparisons test, mean ± SEM, n 

= 3 technical replicates, *p < 0.05, **p < 0.01, ***p < 0.001). NO, nitric oxide; ROS, reactive oxygen 

species. 

 

 

 
a) c) 

 

 
b) d) 

 

 

e) 

 
f) g) 

  
  

h) i) j) k) 

Figure 9. Y.EMVs improved, while o.EMVs impaired BMEC migration, proliferation and tube formation by 

controlling the miR-17-5p/PI3K/Akt pathway.  

(a, b) Representative images of the scratch assay showing BMEC migration (scale bar, 400 μm). (c) 

Quantification of BMEC migration (one-way ANOVA, Tukey's multiple comparisons test, mean ± SEM, n = 
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3 technical replicates, *p < 0.05, **p < 0.01, ***p < 0.001). (d) CCK-8 assay of BMEC proliferation (one-

way ANOVA, Tukey's multiple comparisons test, mean ± SEM, n = 3 technical replicates, *p < 0.05, **p < 

0.01, ***p < 0.001). (e, f) Representative images of BMEC 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 = 3 technical replicates, *p < 0.05, **p < 0.01, ***p < 0.001). (h–k) Western blotting 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 = 3 technical replicates, **p < 0.01, ***p < 0.001). BMEC, brain 

microvascular endothelial cell. 

From a mechanistic perspective, ingenuity pathway analysis (IPA) identified strong associations between miR-

17-5p activity and the PI3K/Akt signaling cascade. Gene ontology (GO) enrichment further linked miR-17-5p to 

processes such as protein kinase A signaling, synaptic plasticity, neurite extension, and cellular migration. 

Bioinformatics prediction using available databases (http://mirwalk.umm.uni-heidelberg.de/) nominated PI3K as 

a direct target of miR-17-5p, a relationship subsequently validated through Dual-Luciferase Reporter Assay. 

Western blot analyses showed that o.EMVs substantially lowered p-PI3K/PI3K and p-Akt/Akt ratios in y.cells 

(Figures 9j and 9k). In comparison with o.EMVs and o.EMVsmiR-17SC, o.EMVsmiR-17 increased these 

phosphorylation ratios (Figures 9j and 9k). Meanwhile, y.EMVs robustly enhanced p-PI3K/PI3K and p-Akt/Akt 

levels in o.cells (Figures 9h and 9i), whereas Y.EMVsmiR-17KO produced the opposite effect relative to y.EMVs 

and controls (Figures 9h and 9i).  

To validate the involvement of the PI3K/Akt axis, pharmacological modulation was performed using the PI3K 

inhibitor LY-294002 and the activator 740Y-P. Treatment with 740Y-P effectively counteracted the detrimental 

actions of o.EMVs on BMEC senescence (Figures 8a–8g) as well as on ROS, NO, apoptosis, migration, 

proliferation, and tube formation (Figures 8h–8l and 9a–9g), concurrent with restored p-Akt/Akt and p-

PI3K/PI3K signaling (Figures 9j and 9k). Conversely, LY-294002 largely abolished the beneficial influences of 

y.EMVs on senescence (Figures 8b–8g) and endothelial functions (Figures 8h–8l and 9a–9g), accompanied by 

reduced pathway activation (Figures 9h and 9i). Notably, LY-294002-treated o.EMVsmiR-17 displayed stronger 

senescence-promoting and functional-impairing effects than untreated o.EMVsmiR-17 but remained less potent than 

native o.EMVs (Figures 8h–8l and 9a–9g). Similarly, 740Y-P supplementation enhanced the anti-senescence 

and functional-protective capacity of y.EMVsmiR-17KO beyond that of the unmodified knockdown vesicles, yet not 

to the full extent observed with native y.EMVs (Figures 8h–8l and 9a–9g). Collectively, these findings indicate 

that EMVs govern BMEC senescence, oxidative injury, apoptosis, and angiogenic deficits primarily by 

modulating the miR-17-5p/PI3K/Akt signaling pathway. 

Clinical subject characteristics 

Following the identification of differential expression patterns for EMVs and EMV-miR-17-5p in cultured cells 

and mouse models, the translational relevance of these vesicles and their cargo was examined in human plasma 

specimens. The study recruited 119 individuals, comprising 50 females and 69 males. These participants were 

stratified into three age categories: young adults (18–45 years, n = 58), middle-aged adults (46–65 years, n = 33), 

and older adults (>65 years, n = 28). Notable intergroup differences emerged with respect to chronological age, 

carotid intima-media thickness (IMT), circulating EMV abundance, and EMV-encapsulated miR-17-5p content. 

Plasma EMV, EMV-miR-17-5p, and ROS concentrations exhibited age-dependent patterns, independent of sex 

Particle size analysis indicated that plasma EMVs (defined as CD105+CD144+ microvesicles) displayed 

comparable dimensions across the young, middle-aged, and aged cohorts. Quantitative assessment revealed that 

EMV concentrations in aged individuals were roughly 2.5 times higher than in young subjects and 1.6 times higher 

than in middle-aged subjects, whereas levels between the young and middle-aged groups did not differ 

significantly (Figure 10a). These observations mirrored results obtained from in vitro cell models and murine 

experiments. Levels of miR-17-5p within circulating EMVs were markedly lower in the aged group compared 

with young participants, though they did not differ from the middle-aged cohort (Figure 10b). Plasma ROS 

concentrations were also elevated in aged individuals relative to both younger groups, with the greatest increase 

observed in the oldest participants (Figure 10c). Correlation studies demonstrated that ROS levels positively 

associated with EMV concentrations (Figure 10d), (r = 0.51, p < 0.001) and inversely associated with EMV-miR-

17-5p levels (Figure 10e), (r = −0.45, p < 0.001). Additional analyses stratified by sex confirmed the absence of 
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significant differences in EMV counts between males and females, with equivalent levels observed in both sexes 

among individuals younger than 45 years and those older than 45 years. 

   

a) b) c) 

   

d) e) f) 

  

 

g) h)  

Figure 10. Plasma EMV and EMV-miR-17-5p concentrations changed with advancing age and showed 

associations with vascular aging indicators and ROS; both parameters possessed considerable diagnostic 

potential for detecting vascular aging.  

(a) Plasma levels of EMVs in different 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, ***p < 0.001). (b) Plasma levels of EMV-miR-17-5p in various groups were assessed by 

qPCR (Kruskal‒Wallis ANOVA, post hoc Dunn's multiple comparison test; mean ± SEM, **p < 0.01). (c) 

Plasma levels of ROS in different groups (Kruskal–Wallis ANOVA, post hoc Dunn's multiple comparison 

test, mean ± SEM, *p < 0.05, ***p < 0.001). (d, e) Correlation analysis of the levels of EMVs and EMV-

miR-17-5p with ROS. (f, g) Correlation analysis of the levels of EMVs (n = 119) and EMV-miR-17-5p (n = 

119) with IMT. Correlations between variables were determined by Spearman correlation analysis. (h) ROC 

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

vascular aging defined by IMT. IMT, intima-media thickness; ROS, reactive oxygen species. 

Plasma EMV and EMV-miR-17-5p levels correlated with IMT and exhibited strong diagnostic utility for vascular 

aging 

Carotid intima-media thickness (IMT) represents a well-established surrogate measure of vascular aging [1, 44]. 

Spearman rank correlation analysis uncovered a moderate positive link between circulating EMV levels and IMT 

(Figure 10f), (r = 0.59, p < 0.001), while EMV-miR-17-5p content displayed a robust negative correlation with 

this parameter (Figure 10g), (r = −0.63, p < 0.001). 

Receiver operating characteristic (ROC) curve analysis, presented in Figure 10h, evaluated the capacity of EMVs 

and EMV-miR-17-5p to discriminate vascular aging, defined according to an IMT threshold of >0.58 mm [1, 44-

46]. Individual AUC values were 0.724 for EMVs (sensitivity 51.8%, specificity 91.4%) and 0.77 for EMV-miR-

17-5p (sensitivity 84.3%, specificity 57.1%). When combined, the two markers achieved an AUC of 0.815 

(sensitivity 74.7%, specificity 74.3%). These data collectively support the potential application of plasma EMVs 

and EMV-miR-17-5p as accessible biomarkers for the assessment of vascular aging. 
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This investigation revealed that y.EMVs effectively counteracted cerebrovascular aging. This was demonstrated 

through the suppression of vascular senescence, the prevention of CBF decline, and the maintenance of BBB 

integrity. The vesicles also mitigated brain aging by lowering the abundance of senescent cells in the 

hippocampus, modulating key aging indicators (TERT, Klotho, MDA, and GSSG), and improving cognitive 

performance in mice. By comparison, o.EMVs produced the reverse outcomes. Notably, EMVs elicited more 

robust responses than EEXs. Mechanistic analyses indicated that y.EMVs hindered cerebrovascular aging, 

whereas o.EMVs accelerated it, primarily by altering miR-17-5p abundance. In addition, y.EMVs diminished 

endothelial cell senescence and bolstered endothelial cell viability, resistance to oxidative stress, and survival by 

stimulating the miR-17-5p/PI3K/Akt signaling cascade, with o.EMVs displaying antagonistic actions. 

From a clinical perspective, circulating EMV concentrations rose substantially in healthy subjects beyond 65 years 

of age and displayed a positive association with the vascular aging parameter IMT. In contrast, EMV-associated 

miR-17-5p levels declined in older adults and correlated negatively with IMT. Plasma ROS concentrations 

showed a positive relationship with EMV levels and an inverse relationship with EMV-miR-17-5p content. In 

summary, young endothelial cells release EMVs that impede vascular aging by relieving endothelial senescence 

and functional impairment through activation of the miR-17-5p/PI3K/Akt pathway, which in turn restrains brain 

aging. Senescent endothelial cells, however, generate EMVs with detrimental properties, marked by higher vesicle 

release and diminished miR-17-5p packaging. Both EMVs and their miR-17-5p cargo hold considerable promise 

as biomarkers of vascular aging. These results offer valuable insights into potential strategies for detecting and 

intervening in cerebrovascular and brain aging processes. 

Vascular aging underlies numerous vascular disorders that place considerable strain on healthcare resources [3, 

4]. The identification of dependable clinical biomarkers for vascular senescence continues to represent a critical 

gap in medical practice. EMVs and EEXs have gained recognition as key participants and potential diagnostic 

tools in vascular conditions including stroke, diabetes, and kidney disease [58, 59]. Nevertheless, their specific 

connection to vascular aging has remained unclear. The present work provides initial evidence that y.EMVs and 

y.EEXs markedly lowered the number of senescent cells in the basilar artery, while o.EMVs and o.EEXs raised 

it, with EMVs showing a stronger impact. These observations point to an important regulatory function of EMVs 

and EEXs in cerebrovascular aging. 

Progression of cerebrovascular aging compromises CBF and BBB function [4, 60]. Earlier reports documented 

reductions of roughly 15% in cerebral microvessel density and 33% in CBF among aged mice [61]. Dynamic 

contrast-enhanced MRI further confirmed heightened BBB permeability within the hippocampus of elderly 

individuals [62]. Here, administration of y.EMVs and y.EEXs enhanced cerebrovascular density, restored CBF, 

and strengthened BBB integrity in old mice, whereas o.EMVs and o.EEXs induced adverse changes in young 

animals. These results imply that EMVs and EEXs secreted by young endothelial cells exert rejuvenating effects 

on the cerebrovasculature, but those originating from aged endothelial cells promote progressive deterioration. 

The superior potency of EMVs over EEXs observed in this study merits additional mechanistic inquiry. 

Recent studies have highlighted differences in the transcriptomic content of exosomes versus microvesicles 

isolated from human umbilical cord mesenchymal stem cells [63], which may underlie the divergent contributions 

of EMVs and EEXs during aging due to variations in their molecular payloads. The current findings are consistent 

with prior reports demonstrating that EMVs derived from senescent porcine heart endothelial cells triggered 

endothelial senescence [64], and that EEXs from aged human umbilical vein endothelial cells promoted 

senescence in vascular smooth muscle cells [65]. Utilizing primary cerebral endothelial cells, this study uniquely 

establishes that EMVs exert more potent control over cerebrovascular aging than EEXs. 

Cerebrovascular aging exerts a major influence on the development of brain aging [4, 60]. The effects of EMVs 

and EEXs on brain aging were therefore also assessed. SA-β-gal staining indicated that y.EMVs and y.EEXs 

reduced hippocampal cellular senescence, while o.EMVs and o.EEXs elevated it. Neurovascular decline 

associated with aging involves structural damage and functional loss that ultimately impair cognition [60]. In 

Morris water maze assessments, y.EMVs and y.EEXs improved cognitive performance, whereas o.EMVs and 

o.EEXs worsened it. EMVs produced clearer benefits than EEXs on parameters of spatial memory such as escape 

latency and search strategy, but both vesicle populations yielded similar results for measures of long-term memory 

including target quadrant occupancy and platform crossings. This pattern suggests differential modulation of 

spatial learning capacity alongside comparable influences on long-term memory retention [66]. 

Evaluation of hippocampal aging-related molecules demonstrated that y.EMVs and y.EEXs decreased senescent 

cell counts, lowered MDA and GSSG concentrations, and raised TERT and Klotho expression in aged mice, with 
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o.EMVs and o.EEXs eliciting opposing shifts. EMVs outperformed EEXs in the regulation of GSSG and Klotho. 

MDA and GSSG function as oxidative stress indicators strongly associated with aging and have been found at 

higher levels in the hippocampus of aged rodents [31, 32]. Klotho is widely regarded as an anti-aging gene that 

supports antioxidant defense and curbs inflammation; its enhanced expression extends murine lifespan [33]. TERT 

helps preserve telomere integrity, thereby limiting oxidative injury and cellular senescence [52, 53]. No 

meaningful distinctions emerged between EMVs and EEXs concerning MDA and TERT modulation, indicating 

potentially shared actions on lipid peroxidation and telomerase function [53, 67]. 

Taken together, y.EMVs proved superior to EEXs in attenuating brain aging, while o.EMVs displayed stronger 

aggravating potential. This distinction likely relates to differential control of oxidative stress pathways. Supporting 

evidence comes from parabiosis experiments, which showed that exposure to young circulatory factors restored 

neurogenesis and cognition in old mice [68], suggesting that blood-borne elements such as y.EMVs may serve as 

primary mediators of rejuvenation. 

Emerging evidence has identified miRNAs as important mediators of the biological effects of EMVs [9, 11, 12]. 

Our miRNA sequencing data indicated that miR-17-5p abundance was markedly reduced in o.EMVs relative to 

y.EMVs. As a prominent member of the miR-17-92 cluster, miR-17-5p functions as a conserved modulator of 

cellular senescence [55, 69]. This miRNA is enriched in embryonic stem cell-derived EVs, where it helps rescue 

age-related deficits in neurogenesis [70]. Transgenic overexpression of miR-17 prolongs lifespan in mice and 

diminishes the accumulation of senescent cells in various tissues, including skin, lung, kidney, and heart [55]. 

Reduced miR-17-5p expression represents a characteristic feature of stress-induced premature senescence in 

human diploid fibroblasts and human trabecular meshwork cells [71]. Moreover, elevated miR-17 levels inhibit 

apoptosis and enhance tube formation in HUVECs [72]. The present results support a protective role for miR-17-

5p against vascular endothelial dysfunction and aging. 

In this study, endothelium-specific knockdown and overexpression experiments in young and old mice confirmed 

the essential contribution of miR-17-5p to endothelial cell-mediated regulation of brain aging. We observed 

significantly higher miR-17-5p levels in young brain endothelial cells, brain tissue, and y.EMVs compared with 

their aged counterparts. Treatment with y.EMVs elevated miR-17-5p concentrations in mouse brain tissue and 

senescent endothelial cells. These observations establish that miR-17-5p is preferentially expressed in young brain 

endothelial cells, packaged into EMVs, and transferred to target endothelial cells, while its expression declines in 

senescent endothelial cells from old mice. Notably, o.EMVs may deliver additional negative regulators of miR-

17-5p beyond simply reducing its quantity; the precise mechanisms responsible for the pro-aging actions of 

o.EMVs require further clarification. Functional experiments demonstrated that forced expression of miR-17-5p 

in o.EMVs or depletion of miR-17-5p in y.EMVs substantially attenuated the adverse or beneficial impacts on 

cerebrovascular and brain aging, respectively. These findings underscore the central role of miR-17-5p in 

mediating the effects of EMVs. 

Endothelial cell senescence and dysfunction constitute early hallmarks of cerebrovascular and brain aging [1]. We 

therefore examined the influence and mechanisms of EMVs on endothelial cells. Results showed that y.EMVs 

significantly reduced, while o.EMVs increased, endothelial cell senescence; these changes were partially reversed 

by modulating miR-17-5p levels through downregulation or overexpression. Collectively, these data indicate that 

EMVs exert differential control over endothelial cell senescence during aging via regulation of miR-17-5p. 

Oxidative stress and apoptosis represent central processes driving vascular aging and endothelial cell senescence 

[8]. Excessive oxidative stress disrupts endothelial homeostasis, impairs BBB integrity, promotes cerebral edema, 

and compromises cerebral perfusion [7, 73]. Furthermore, elevated endothelial cell apoptosis contributes to 

reduced CBF, BBB disruption, and vascular aging [4, 29]. Key mediators of oxidative stress include endothelial 

cell apoptosis, ROS production, and NO generation. Quantitative analyses revealed that y.EMVs attenuated 

oxidative damage and apoptosis, whereas o.EMVs exacerbated these processes in cultured endothelial cells and 

brain slice preparations. This pattern is consistent with the known ability of heightened oxidative stress to promote 

apoptosis [73]. Such bidirectional modulation mirrors EV-mediated regulation of the aging microenvironment, 

whereby y.EMVs suppress and o.EMVs amplify pro-senescence signals in recipient cells. 

In addition, endothelial cell migration, proliferation, and tube formation are essential for angiogenesis and 

vascular network expansion [5]. Diminished angiogenic capacity and vessel density correlate with reduced CBF 

[4]. In the present study, y.EMVs enhanced the angiogenic potential of endothelial cells, while o.EMVs 

suppressed it. Upregulation of miR-17-5p in o.EMVs or its downregulation in y.EMVs markedly diminished these 
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respective effects on endothelial cell functions. Overall, these findings demonstrate that EMVs regulate 

endothelial cell senescence and function through miR-17-5p, thereby influencing vascular and brain aging. 

Pathway analysis using IPA identified strong associations between miR-17-5p activity and members of the PI3K 

family as well as Akt. The PI3K/Akt pathway constitutes a classical signaling cascade with multifaceted 

regulatory roles. Previous work from our group has established its involvement in ROS/NO generation, apoptosis, 

cell migration, and proliferation [29, 74]. The current results showed that y.EMVs increased, while o.EMVs 

decreased, p-PI3K/PI3K and p-Akt/Akt ratios in senescent and young endothelial cells, respectively; these 

alterations were dependent on miR-17-5p levels. Pharmacological inhibition or activation of PI3K significantly 

blocked the downstream effects of o.EMVs or y.EMVs combined with miR-17-5p modulation on p-Akt/Akt 

levels, endothelial cell senescence, and function. Treatment with the PI3K inhibitor LY-294002 or activator 740Y-

P attenuated but did not fully abolish the actions of y.EMVs/o.EMVs and o.EMVmiR-17/y.EMVmiR-17KO on 

endothelial cell behavior, suggesting that the PI3K/Akt pathway plays a major but not exclusive role in mediating 

the effects of EMVs and miR-17-5p. On the basis of these observations, y.EMVs and o.EMVs appear to counteract 

or promote cerebrovascular and brain aging, respectively, through activation or suppression of the miR-17-

5p/PI3K/Akt signaling axis. 

This comprehensive analysis revealed a pronounced elevation of EMVs in the culture medium of high-passage 

endothelial cells and in the plasma of aged mice exhibiting vascular aging. Compared with y.EMVs and young 

endothelial cells, miR-17-5p content was substantially lower in o.EMVs and senescent endothelial cells. These 

observations suggest that EMV quantity and EMV-miR-17-5p levels may serve as potential biomarkers for 

vascular aging. Consistent with the preclinical data, clinical samples from aged individuals showed significantly 

increased EMV levels and decreased EMV-miR-17-5p levels. These changes correlated positively and negatively 

with chronological age, respectively. Plasma ROS concentrations were also elevated in older subjects and 

displayed positive or negative associations with EMV and EMV-miR-17-5p levels, linking these vesicles to 

oxidative stress. It is important to note that chronological aging does not invariably parallel vascular aging. 

Clinically, carotid intima-media thickness (IMT) serves as an established indicator of vascular aging, with values 

exceeding 0.58 mm signifying vascular aging in healthy populations [1, 44-46]. One limitation of the present 

study is that IMT measurements can be influenced by operator experience. Additional vascular aging indicators 

should be investigated. Blood-based biomarkers offer advantages in terms of objectivity and reproducibility [75], 

and venous blood sampling is routine in clinical settings. Correlation analyses in this study confirmed that plasma 

EMV levels were positively associated with IMT, while EMV-miR-17-5p levels were negatively associated. 

Receiver operating characteristic (ROC) curve analysis supported the diagnostic utility of both EMVs and EMV-

miR-17-5p for vascular aging, with EMV-miR-17-5p showing superior performance and the combined biomarker 

yielding the highest accuracy. These clinical findings align with the in vivo and in vitro results, reinforcing the 

concept that EMVs from young endothelial cells exert rejuvenating effects on vascular and brain aging, whereas 

those from senescent cells operate through alternative mechanisms. EMVs and EMV-miR-17-5p therefore 

represent promising biomarkers for vascular aging. 

Biodistribution studies indicated that EMVs accumulated predominantly in the brain within the first 4 h post-

administration and shifted primarily to the liver thereafter. This temporal pattern suggests that the observed effects 

on brain vasculature result from both direct and indirect actions of EMVs. Future research exploring liver-brain 

axis communication via EVs would be valuable [76]. It is also recognized that the in vivo distribution of EVs can 

be modulated by temporal and environmental factors [77]. Consequently, more refined methodologies are needed 

for the accurate characterization and quantification of EVs in vitro and in vivo. In subsequent investigations, 

techniques such as nanopore sequencing and nanoscale liquid chromatography coupled to tandem mass 

spectrometry (Nano LC–MS/MS) could be employed to comprehensively profile the RNA and protein cargo of 

EMVs and EEXs. Additionally, mitochondrial dysfunction is a critical driver of senescence, warranting dedicated 

studies in future work. Finally, validation in larger cohorts encompassing diverse ethnic backgrounds and 

geographic latitudes will be necessary to strengthen these conclusions. 

Conclusion 

In summary, the present study demonstrated that EMVs exert more potent regulatory effects on vascular aging 

than EEXs. EMVs released by young endothelial cells attenuate vascular and brain aging by alleviating endothelial 

cell senescence and preserving endothelial cell functions through the miR-17-5p/PI3K/Akt pathway. In contrast, 
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EMVs derived from senescent endothelial cells produce opposing effects. Plasma EMVs and their encapsulated 

miR-17-5p represent promising biomarkers for vascular aging. These findings provide novel mechanistic insights 

and potential therapeutic avenues for the management of vascular and brain aging. 
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