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Abstract
Endothelial senescence (ES) contributes to aging-related disorders and triggers a senescence-associated secretory-
pattern (SASP), releasing Extracellular Vesicles (EVs), potentially impacting atherosclerosis. We used EVs from 
young (8 weeks) and aged (24 months) ApoE-knockout mice to detect ES in human aortic (HAEC) and coronary 
(CAEC) endothelial cells. Age-related atherosclerosis was confirmed by increased atheroma plaque formation in 
aged compared to young ApoE-knockout mice fed a high-fat diet, and the contribution of EVs from aged ApoE-
knockout mice on ES was evidenced by a replicative senescence assay in cultured HAEC and CAEC, starting 
with the promotion of ES. A proteomic analysis depicted the recently PCSK9-associated CAP1 protein as a cargo 
component in EVs from aged animals and highly expressed in mouse and human endarterectomy plaques. Gene 
silencing of CAP1 inhibited HAEC and CAEC ES while overexpressing CAP1 in these cells restored the senescent-
phenotype. The in vivo contribution of CAP1 was assessed by injecting CAP1-containing EVs isolated from aged 
ApoE-knockout mice into wild-type (WT) mice fed either a regular or high-fat diet. Compared to the EVs from 
young mice, the CAP1-containing EVs led to a pronounced ES along with the formation of intraluminal atheroma 
plaques. Similarly, young ApoE-knockout mice developed thickened and calcified atheroma plaques, along with 
increased ß-Gal-positive aortic staining when injected with EVs isolated from aged ApoE-knockout mice, like the 
atheroma plaques observed in aged ApoE-knockout animals. In conclusion, early molecular targets of ES may 
contribute to better management of atherosclerosis, in which here we unveiled CAP1 as a new molecular target.
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Introduction
Endothelial dysfunction (ED) is recognized as a criti-
cal underlying condition of cardiovascular disease [1], in 
which about one-third affects those under the age of 70. 
Endothelial senescence (ES) is an aging-related response 
and a leading cause of ED by still unknown mechanisms. 
Our understanding of the misalignment between chrono-
logical and vascular aging must still be completed in this 
context. Establishing a distinct molecular signature of 
senescence can enhance our comprehension and poten-
tially prevent vascular aging-related cardiovascular dis-
ease influencing ED [2], a primary etiological source of 
atherosclerosis.

Cellular senescence represents a programmed stress 
response that initiates a lasting cell cycle arrest and acti-
vates the senescence-associated secretory phenotype 
(SASP), encompassing the release of various types of 
Extracellular Vesicles (EVs) [3, 4]. Endothelium-derived 
EVs are surrogate markers of endothelial injury [5], 
released in age-related CVD, including atherosclerosis 
and acute coronary syndrome [6]. Likewise, recent find-
ings have shown that EV release induces endothelial 
senescence-related ED [7]. Hence, an effort to under-
stand ES involves accurately defining the cargo in EVs to 
prevent senescence-related ED.

Cyclase-associated protein 1 (CAP1) is an actin fila-
ment capping protein that regulates actin cytoskeleton 
dynamics [8]. Hence, CAP1 plays a role in cell migra-
tion and invasion, processes that are essential in vari-
ous physiological and pathological contexts, including 
atherosclerosis. CAP1 has emerged as a novel regulator 
of cholesterol metabolism by interacting with PCSK9, 
thereby modulating the progression of atherosclerosis 
[9].

In this study, we have undertaken a comprehensive 
analysis of the cargo within EVs released by young and 
aged atherosclerotic mice to shed light on ES mecha-
nisms underlying vascular aging. Notably, our findings 
reveal, for the first time, the role of CAP1 as a novel pre-
dictive marker for early aging signals derived from EVs in 
atherosclerosis.

Materials and methods
Reagents and equipment
CAP1 (ab155079, 1:1000), PCSK9 (ab181142, 1:1000), 
β-Tubulin (ab6046, 1:2000), GAPDH (ab22555, 1:2000), 
Goat anti-mouse IgG (AB97019, 1:2000), Goat anti-rab-
bit IgG (AB6721, 1:2000) and Senescence Detection Kit 
(ab65351) were from Abcam (Cambridge, UK). Oil Red 
O (#O0625-25G), Hematoxylin (#253949.1211), Eosin 
(#56879.1210), and BAY11-7083 (#196870) inhibitor of 
NFkB activation, were from Merck Millipore (Burling-
ton, Massachusetts, USA). Opti-MEM Reduced Serum 
Medium (Cat. 31985047), Lipofectamine RNAiMAX 

transfection reagent (Cat. 13778100) Human CAP1 
Silencer Select siRNA (Cat. AM16708) was from Life 
Technologies (Carlsbad, CA, USA). Evolocumab was 
from AMGEN (Amgen, Barcelona, SPAIN). Line Human 
Aortic Endothelial Cells (HAEC, #6100) was from Sci-
ence Cell (Carlsbad, California, USA). Line Human Coro-
nary Artery Endothelial Cells (CAEC) (H1169) was from 
Cell Biologics (Chicago, Illinois, USA). Cytokine com-
position was assayed with the proteome Profiler mouse 
cytokine Array kit (ARY006, R&D Systems (Minneapolis, 
MN, USA).

Animal studies
All the surgical procedures were performed in the Exper-
imental Surgery Department of the Francisco de Vitoria 
University (Pozuelo de Alarcon, Spain). The procedures 
conformed to the Guide for the Care and Use of Labo-
ratory Animals published by the US National Institutes 
of Health (NIH Publication No. 85 − 23, revised 1985), 
the Animal Welfare Ethics Committee, the EU Directive 
on experimental animals (63/2010 EU), and the related 
Spanish legislation (RD 53/2013). Male Young (8 weeks), 
Aged (24 months) ApoE-/- and Wild Type (C57BL/6J) 
mice were housed for 12 weeks on a high fat/choles-
terol diet (21% butter fat and 0.21% cholesterol, Harlan 
TD 88137). Every 4 weeks, blood was drawn from each 
mouse at a maximum of 100  µl/mouse. After 12 weeks 
of fat diet supplementation, animals were sacrificed, and 
aortas were isolated and collected for further processing.

Human study
Human carotid endarterectomy specimens were obtained 
from 6 patients (3 men older than 80 and 3 men younger 
than 60) with > 70% carotid stenosis, as demonstrated by 
digital subtraction angiography and Doppler ultrasonog-
raphy. According to local ethics committee regulations, 
all samples were obtained as surgical residues (Scientific 
Committee, Ramon y Cajal University Hospital).

Blood collection and plasma isolation
Animal blood samples were collected in sodium citrate 
(363086) (BD Vacutainer, Franklin Lakes, NJ, USA) from 
a submandibular (facial) bleed in mice. Blood samples 
were centrifuged at 400 g for 10 min, and the plasma was 
stored at − 80 °C.

Histology
On the day of the sacrifice of the animal, followed by 
exsanguination, the intact aorta was removed. The arte-
rial wall was stained to identify the lipid Oil Red O 
(ORO). The aortas were immersed in formalin, washed 
thrice with PBS, and incubated for one hour in freshly 
prepared ORO (6  mg/mL in 60% isopropanol). Aortas 
were then washed for 30 min in 60% isopropanol. Under 
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a steromicroscope, perivascular adipose tissue was gen-
tly removed with spring scissors (Castroviejo) and fine-
tipped tweezers, cutting away the perivascular tissue 
while holding the vessel steady. Vessels were carefully 
transferred to a glass cover slide and photographed to 
determine cholesterol deposits, and lipid quantification 
was performed using image analysis software (Image J).

Immunohistochemistry
Aortic sections were fixed in 4% formalin for 24 h, dehy-
drated through a graded ethanol series, and embedded in 
paraffin. Serial 4 μm sections were deparaffinized, rehy-
drated, and subjected to immunostaining. After blocking 
with normal serum for 1  h at room temperature, sec-
tions were incubated overnight at 4 °C with the primary 
antibody (1:150). Following PBS washes, sections were 
incubated with a horseradish peroxidase-conjugated 
secondary antibody (1:500) for 1 h at room temperature. 
After additional PBS washes, signal detection was per-
formed using the DAB system. Sections were visualized 
by brightfield microscopy, and images were analyzed 
using the ImageJ software.

HAEC and CAEC cell culture
Primary cells HAEC and CAEC were grown in Endothe-
lial Cell Medium (composed of 500 mL of basal medium 
(Cat. #1001), 25 mL of FBS (Cat. #0025), 5 mL of Endo-
thelial Cell Growth Supplement (ECGS, Cat. #1052), and 
5 mL of penicillin/streptomycin (P/S, Cat. #0503), all 
obtained from ScienCell Research Laboratories (Carls-
bad, CA, USA)), and incubated 48 h in a humidified CO2 
incubator with 5% CO2 at 37  °C. Following incubation, 
2 mL of cell supernatant was collected and added to P1 
endothelial cells for further evaluation of ES.

Immunoblotting
Protein lysates were extracted from cell cultures with 
RIPA buffer to measure the levels of CAP1 and PCSK9. 
Proteins were separated by SDS-PAGE and transferred 
to PVDF membranes. The membranes were blocked with 
3% BSA in 25 mM Tris, 150 mM NaCl, 0.05% Tween-20, 
pH 7.4 (T-TBS), washed, and incubated with the corre-
sponding primary antibodies diluted 1:500 for one hour 
at room temperature. Subsequently, the membranes 
were washed 3 times with T-TBS and incubated with 
horseradish peroxidase-conjugated secondary antibodies 
1:3000 for one hour for protein detection by chemilumi-
nescence. GAPDH, β-Tubulin, and Ponceau Red (when 
blotting proteins from culture medium, 15  min stain-
ing followed by 2x washes with PBS) levels were used as 
loading controls.

Isolation extracellular vehicles
Mouse plasma was centrifuged at 2400G for 15  min at 
4 °C to remove dead cells and debris (Eppendorf Centri-
fuge 5415 R). Three additional rounds of centrifugation 
were then performed: (1) 2,400 × g for 15 min at 4 °C. (2) 
12,500 × g for 5 min at 4 °C. (3) 20,500 × g for 50 min at 
4  °C. After centrifugation, the pellets were resuspended 
in PBS (double filtered through 0.22 ml filters) in a vol-
ume equal to the initial volume of supernatant and sub-
jected to test centrifugations at 10.000G. Finally, the 
supernatant was collected, determined for further stud-
ies, and quantified by BCA.

EV validation in terms of size and concentration was 
conducted at the core facilities of “Hospital Universita-
rio La Paz, Madrid, Spain”, utilizing the NanoSight LM10 
system (Malvern Panalytical, Worcestershire, United 
Kingdom). This system is widely used for nanoparticle 
tracking analysis (NTA), enabling precise measurements 
of size distributions and concentrations of EVs in liquid 
samples.

To assess ES, endothelial cells were seeded at 85% con-
fluence and pre-treated once with 30  µg isolated EVs 
from young and old ApoE-/- mice for 24 h in PBS. Sub-
sequently, the medium was removed, and cells were col-
lected for immunoblotting. To evaluate senescence in 
mice, two injections of 300  µg EVs in PBS were admin-
istered twice a week after 12 weeks of a high-fat diet 
(HFD).

SiRNA transfection
HAEC and CAEC were seeded in 6 multi-well plates with 
2  ml of culture medium. Following the manufacturer’s 
protocol, CAP1 siRNA transfection was performed using 
Opti-MEM Reduced Serum Medium, Lipofectamine 
RNAiMAX transfection reagent, and Human CAP1 
Silencer Select siRNA. Transfection was performed for 
24  h, and the transfecting medium was replaced with a 
complete growing medium. Cells were incubated for 
24 h, then subjected to pCAP1 plasmid transfection and 
assayed for ES through the SA-β-Gal Staining procedure, 
as detailed below.

Plasmid transfection
HAEC and CAEC were seeded in 35  mm glass-bottom 
culture dishes and incubated for 24 h with Lipofectamine 
RNAiMAX transfection reagent (Thermo Fisher) con-
taining 1  µg/plasmid DNA (CAP1 (NM_001105530)) 
(Origene) in medium supplemented with neomy-
cin (500  µg/ml). After the transfection reagents were 
removed, the cells were washed twice with a preheated 
culture medium and cultured for 48 h.
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SA-β-gal staining
The senescence-associated β-galactosidase (SA-β-Gal) 
was detected by fixing the cells with 1% formaldehyde, 
followed by PBS washing, and exposure to a solution con-
taining X-Gal for 1 h at 37 ºC. To assess HAEC and CAEC 
senescence in response to Evolocumab (Amgen S.A, Bar-
celona, Spain), cells were seeded and pre-treated with 
100 µg/ml Evolocumab. After a 24-hour incubation, the 
medium was removed, and the cells were washed with 
PBS. Subsequently, SA-β-Gal staining was performed, 
as described above. For the in vivo β-galactosidase assay, 
4  μm paraffin-embedded aortic sections were fixed on 
microscopy slides for 10 min with 1% paraformaldehyde, 
followed by washing with PBS. Subsequently, the samples 
were incubated with the optimal X-gal concentration, fol-
lowing the manufacturer’s protocol, for 1 h at 37ºC.

Proteomic studies
The proteomic analysis was performed at “Servicio de 
Central de Apoyo a la Investigacion, Universidad de 
Malaga (SCAI, Malaga, Spain). Protein concentration 
from EVs was assessed using the Pierce™ BCA assay, and 
samples were normalized to ~ 1 µg/µL. Gel-assisted pro-
teolysis was performed by entrapping proteins in a poly-
acrylamide gel matrix, followed by in-gel digestion with 
trypsin. Peptides were extracted using acetonitrile (ACN) 
and formic acid (FA), then dried and resuspended in 
0.1% FA. Samples were analyzed using an Easy nLC 1200 
UHPLC system coupled to a Q-Exactive HF-X Hybrid 
Quadrupole-Orbitrap mass spectrometer (Thermo Fisher 
Scientific, Waltham, MA, USA). Peptides were separated 
on a PepMap RSLC C18 analytical column, using a gradi-
ent of solvent A (0.1% FA in water) and solvent B (0.1% 
FA in 80% ACN). MS/MS spectra were acquired and 
processed in Proteome Discoverer™ 2.4 with SEQUEST® 
HT, EVs protein identification was performed against 
the Mus musculus UniProtKB database (version 2023-
03-01). The Percolator algorithm was applied for valida-
tion, maintaining a strict false discovery rate (FDR) of 
< 1%. Label-free quantification was performed using the 
Minora feature in Proteome Discoverer™ 2.2, normalizing 
precursor intensities based on total peptide amount. To 
ensure data quality, blank runs were performed before 
each injection, and a standard sample was included in 
each batch. The Benjamini-Hochberg correction was 
applied to control the false discovery rate (FDR) in mul-
tiple comparisons and to compute q-values, utilizing an 
R package to ensure statistical reliability and robustness. 
For protein classification, the FunRich software version 
3.1.4 (available at http://www.funrich.org) was used, 
with a significance level set at 0.05. to perform enrich-
ment analysis based on the Wikipathways and KEGG 
databases. A volcano plot was generated using the Life 
Sciences Mass Spectrometry Software (Thermo Fisher 

Scientific, Waltham, MA, USA). The graph was cre-
ated by plotting the log2 fold change (FC) of the identi-
fied proteins against their corresponding adjusted -log10 
P-values. Proteins with an FC > 1.3 were considered 
upregulated, while those with an FC < 1.3 were classified 
as downregulated. A P-value of less than 0.05 was used 
as the threshold for statistical significance in all analyses.

Cytokine array
We simultaneously detected a total of 36 mouse cyto-
kines, chemokines, and acute-phase proteins from EVs 
ApoE-null mice using the Proteome Profiler Cytokine 
Array Kit ARY006 (R&D Systems, Minneapolis, MN, 
USA). This membrane-based antibody array enables the 
parallel assessment of relative levels of specific mouse 
cytokines and chemokines, following the manufacturer’s 
instructions.

Statistical analysis
All data were analyzed in a statistical software package 
(SPSS 22.0, SPSS Inc., Chicago, IL, USA). All values are 
given as a mean ± SD. Significance is reported at the 5% 
level. Whenever comparisons were made with the com-
mon control, differences were tested by analysis of vari-
ance followed by Dunnett’s modification of the t-test. 
The small sample size (N) made it challenging to deter-
mine normality, so we first assessed the normality of the 
data using the Shapiro-Wilk test. Given the violation 
of normality, we opted for a non-parametric alterna-
tive, the Mann-Whitney U test. Statistical significance 
was inferred for P values less than 0.05. In addition, to 
illustrate significant differences in protein expression 
between groups, a Volcano diagram was produced using 
the Life Sciences Mass Spectrometry Software (Thermo 
Fisher Scientific, Waltham, MA, USA).

Results
Aged mice lacking ApoE are more prone to developing 
atherosclerosis
To prove that atherosclerosis is an aging-related disorder, 
we fed young (8 weeks) and aged (24 months) ApoE null 
mice a regular high-fat/cholesterol diet at the same time, 
resulting in the development of more aortic lipid deposi-
tion and plaque lesions in older animals relative to their 
younger counterparts (Fig.  1AB). To assess whether the 
release of circulating EV in atherosclerosis may trigger 
an ES-associated programmed stress response, we first 
established a model of endothelial replicative senescence 
assay in HAEC and CAEC primary cell cultures spanning 
passages P1 through P12 and using b-Gal-staining and 
the expression of p16 as indicators. The rise in ES became 
notably pronounced at P5 for both cell types (Supple-
mentary Fig.  1), underscoring the escalating manifesta-
tion of endothelial aging with consecutive cell passages.

http://www.funrich.org
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Fig. 1 Atherosclerosis-induced ApoE KO mice were fed a high-fat diet. A. Representative images of Aortic Oil Red O staining from young and aged ath-
erosclerotic ApoE null mice fed a regular or a high-fat diet for 8 weeks (N = 3 mice/group. Mean ± ScD. *p < 0.05 young vs. aged aortas). B. Representative 
Eosin/Hematoxilin staining of aortic sections of the same mice as in (A) (N = 3 Mean ± SD. *p < 0.01 Young vs. Aged). C. Representative β-galactosidase 
staining of P0 HAEC incubated with EVs from aged and young ApoE null mice and isolated at indicated times (N = 3 Mean ± SD. *p < 0.01, #p < 0.01, 
$p < 0.001, ¶ p < 0.0001 Young EVs vs. Aged EVs. D. Representative Β-gal staining of P5 HAEC incubated with the same EVs as in (B) (N = 3 Mean ± SD. 
*p < 0.001, #p < 0.0001 Young EVs vs. Aged EVs). Scale bar = 50 μm
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To test whether atherosclerosis-induced senescence-
associated secretory phenotype (SASP) may induce ES, 
we isolated blood-circulating EVs (identified by NTA 
analysis and a detailed cytokine-chemokine profile, 
Supplementary Fig. 2) from both young and aged ApoE-
deficient mice fed with high-fat diet at four different time 
points (0, 4, 8, and 12 weeks after feeding, Supplementary 
Fig.  2A), and added to primary young endothelial cell 
cultures (passage P0), which do not exhibit signs of endo-
thelial senescence (Supplementary Fig.  1). Remarkably, 
all EVs isolated from aged atherosclerotic mice induced 
endothelial senescence in P0 endothelial cell cultures 
(Fig. 1C). In contrast, when added to P5 ECs, EVs derived 
from young mice and collected at 4, 8, and 12 weeks 
experienced a significant delay in inducing a senescent 
phenotype (Fig. 1D). These findings underscore the dis-
tinct aging-related effects of atherosclerosis-inducing 
circulating EVs (of yet unknown origin) on endothelial 
cell senescence and offer new insights into the potential 
mechanisms driving age-related susceptibility to athero-
sclerosis. A detailed analysis of EV characterization by 
NTA, together with SASP-associated component com-
position, in which the level of 36 cytokines, chemokines, 
growth factors, and other SASP regulatory elements (see 
methods for details) was further assayed (Supplementary 
Figs. 2B-C).

Circulating EVs from atherosclerotic mice exhibit a 
proteomic signature consistent with aging and lipid 
metabolism
We conducted protein mass spectrometry in isolated 
blood circulating EVs from young and aged athero-
sclerotic ApoE null mice fed with the high-fat diet for 8 
weeks using the Q Exactive™ HF-X Hybrid Quadrupole-
Orbitrap mass spectrometer, identifying a total of 424 
differentially expressed proteins. The identification of 
Intercellular Adhesion Molecule 1 (ICAM-1), von Wil-
lebrand Factor (vWF), and Vascular Endothelial Growth 
Factor Receptor 3 (VEGFR-3) among the identified pro-
teins supports the notion that a subset of the EVs origi-
nates from endothelial cells. Further analysis through the 
STRING platform revealed 14 clusters of interacting pro-
teins. Additionally, utilizing the FUNRINCH Functional 
Enrichment analysis tool [10], we comprehensively ana-
lyzed protein functionality, pinpointing significant inter-
actions related to biological and molecular functions, 
including aging, lipid metabolism, and cell adhesion 
(Fig.  2AB). After thoroughly examining proteins show-
ing distinct patterns between aged and young mice, four 
cargo proteins of interest were upregulated. A resulting 
Volcano Plot illustrated the differentially expressed pro-
teins between the two groups (Fig. 2C). Particular empha-
sis is placed on Cyclase-associated protein 1 (CAP1), a 
cytoskeletal component that shows differential presence 

in EVs from aged versus young atherosclerotic ApoE-null 
mice. Interestingly, CAP1 has been identified as a crucial 
partner of PCSK9 [9, 11], playing a significant role in the 
degradation of LDL receptors. While CAP1 was predom-
inantly found in aged EVs, PCSK9 was present in young 
and aged EVs without a noticeable difference.

CAP1 promotes ES in HAEC and CAEC
To investigate the role of CAP1 in ES, we observed a sig-
nificant increase in endogenous CAP1 expression over 
time in HAEC, CAEC (Fig. 3A), and culture media from 
passages 1–12 (Fig.  3B). Conditioned media collected 
from senescent endothelial cells at different passages 
1–12 HAEC and CAEC were added to endothelial cell 
cultures at passage 1 HAEC and CAEC. In both cases, an 
increase in endothelial senescence was observed follow-
ing incubation with this media. (Fig. 3C).

To determine the role of CAP1 in ES, we silenced CAP1 
using specific small interfering RNA (CAP1-siRNA, see 
methods for details), which significantly reduced senes-
cent activity in both cell types at passage 10 (P10), indi-
cating that CAP1 promotes ES (Fig. 3D). To confirm the 
impact of CAP1 on ES, we conducted a validation study 
wherein we reinstated CAP1 in CAP1-silenced endo-
thelial cells by transfecting pCAP1, a plasmid housing 
the CAP1 cDNA. Remarkably, pCAP1-induced exog-
enous CAP1 overexpression successfully reinstated the 
ES phenotype compromised in CAP1-silenced cells. (see 
methods for details) (Fig. 3E). To validate this finding, we 
isolated EVs from CAP1-silenced HAEC and CAEC and 
incubated them with P1 HAEC and CAEC. EVs from P5 
HAEC and CAEC induced p16 expression in P1 endothe-
lial cells. In contrast, CAP1-silenced EVs failed to induce 
p16, suggesting that CAP1 is required for EV-mediated 
senescence (Supplementary Fig. 3A).

Previous studies have demonstrated that CAP1 con-
tributes to the nuclear translocation of the proinflamma-
tory transcription factor NFκB in endothelial HUVECs 
[8]. To investigate the role of NFκB in CAP1-induced 
endothelial senescence (ES) in HAEC and CAEC, we 
treated P5 HAEC and CAEC with the NFκB activation 
inhibitor BAY11-7083 (10µM for 24  h). This treatment 
resulted in a significant reduction in the senescence 
marker p16. Notably, when NFκB inhibition was com-
bined with CAP1 silencing, p16 expression was nearly 
undetectable (Supplementary Fig. 3B).

PCSK9 levels, on the other hand, remained constant 
in healthy and senescent HAEC and CAEC (Fig. 3F). To 
exclude the role of PCSK9 in CAP1-induced ES, we incu-
bated ECs in the presence of 100  µg/ml PCSK9 inhibi-
tor Evolocumab, finding no differences in ES in both cell 
types (Fig. 3G) and in overexpressing CAP1 (pCAP1) in 
CAP1-silenced cells (Fig.  3H; see methods for details), 
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suggesting that CAP1-induced ES is independent of 
PCSK9.

CAP1 levels in other cell types, including vascular 
smooth muscle cells, macrophages, and fibroblasts, 
remained unchanged in response to cell passaging (Sup-
plementary Fig. 3C).

CAP1 exhibits differential expression in mouse aortas and 
human carotid endarterectomies from young versus aged 
individuals
Our observations revealed a significant upregulation of 
CAP1 in aortic sections from aged atherosclerotic mice 
compared to their younger counterparts (Fig. 4A). Addi-
tionally, CAP1 levels were analyzed in human endarter-
ectomy samples, revealing that older patients (> 80 years) 
exhibited higher levels of CAP1 compared to younger 

Fig. 2 Proteomic analysis of EVs isolated from young and aged ApoE KO mice. A, B. Functional enrichment analysis of proteins present in blood circulat-
ing EVs from aged vs. young atherosclerotic ApoE null mice. C. Differences between young and aged EV samples, as well as the variability within each 
group, visualized through Principal Component Analysis (PCA). D. The volcano plot represents the quantitative proteomics data of samples, highlighting 
proteins with significant differential abundance. In this plot, proteins with statistical significance are defined as those with a -log10 p-value > 1.3 (y-axis). 
Statistically underexpressed proteins (green square) have a log2 fold change ≤ -1, while statistically overexpressed proteins (red square) have a log2 fold 
change ≥ + 1 (x-axis)
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Fig. 3 CAP1 induces ES in HAEC and CAEC. (A) Representative immunoblot detection of CAP1 in HAEC and CAEC from P1 to P12. (N = 3 Mean ± SD. 
*p < 0.05. #p < 0.01. $p < 0.001 P1 vs. selected passages). (B) Representative immunoblot detection of CAP1 in conditioned medium of HAEC and CAEC 
from P1 to P12. (N = 3 Mean ± SD. *p < 0.05. P1 vs. selected passages). (C) Senescence-associated Β-gal (SABG) staining of P1 HAEC and CAEC incubated 
24 h with 2 ml culture medium from P1-12 HAEC and CAEC as indicated (N = 3 Mean ± SD. *p < 0.05. **p < 0.01. P1 vs. selected passages). (D) CAP1 silenced 
HAEC and CAEC representative immunoblot shows. N = 3 Mean ± SD. *p < 0.05 CAP1 siRNA vs. CONTROL. (E) CAP1 silenced HAEC and CAEC overexpress-
ing CAP1 (after transfection of pCAP1 ), as shown by representative immunoblot. N = 3 Mean ± SD. *p < 0.05 CAP1 siRNA vs. CAP1 siRNA/pCAP1. (F) Repre-
sentative immunoblot detection of PCSK9 in HAEC and CAEC from P1 to P12. (N = 3 Mean ± SD). (G) ES assay in HAEC and CAEC incubated with 100 mM 
PCSK9 inhibitor Evolocumab. N = 3 Mean ± SD. (H) ES assay in Evolocumab incubated cells as in B. N = 3 Mean ± SD, *p < 0.05, and #p < 0.05 CONTROL vs. 
CAP1 siRNA in HAEC and CAEC, respectively. @p < 0.05 HAEC CAP1 siRNA/pCAP1 and CAP1 siRNA/pCAP1/Evo vs. CONTROL. $p < 0.05 CAEC CAP1 siRNA/
pCAP1 and CAP1 siRNA/pCAP1/Evo vs. CONTROL
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Fig. 4 Expression of CAP1 in mouse and human atherosclerosis. (A) Representative immunohistochemistry detection of CAP1 in aortic plaques from 
young and aged ApoE atherosclerotic mice. Scale bars 50 μm. N = 3 mice/group. *p < 0.05 Young vs. Aged ApoE KO mice. (B) Representative immuno-
histochemistry detection of CAP1 in human carotid endarterectomy sections from group 1 (patients younger than 60 years, upper panels) and group 2 
(patients older than 80 years, lower panels). Scale bars 100 μm. N = 3 patients/group. P < 0.005 group1 vs. group2
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patients (< 60 years) (Fig.  4B). However, to more pre-
cisely evaluate the role of CAP1 in humans, a substantial 
increase in sample size will be necessary.

CAP1 containing EVs from aged ApoE KO mice increase ES 
in WT mice and elicit an atheroma phenotype in response 
to a high-fat diet
To investigate the role of CAP1 in ES in vivo, we iso-
lated EVs from ApoE knockout animals and observed 
a significant increase in CAP1 levels in EVs from aged 
mice (Fig. 5A), which are the same mice exhibiting more 
significant aortic lipid accumulation (Fig.  1A). Follow-
ing confirmation that CAP-1-containing EVs trigger ES 
in endothelial cell cultures (Fig.  1CD), we investigated 
whether EVs may also influence ES in vivo.

We IV injected 300  µg/week EVs isolated from young 
(Fig.  5BD) and aged ApoE KO mice (Fig.  5CE) into 
WT mice fed with regular (Fig.  5BC) and high-fat diet 

(Fig.  5DE). Two weeks after injection, a pronounced 
increase in β-gal-positive staining was observed in aor-
tic rings from WT mice injected with aged EVs, regard-
less of diet consumed (Fig.  5CE vs. 5BD). Additionally, 
a p16 immunohistochemical detection in the same sec-
tions further confirmed the senescence phenotype (Sup-
plementary Fig.  4). HE staining of aortic sections from 
WT mice yielded an unexpected phenotype consisting 
in intraluminal atheroma-like structures when fed with 
high-fat diet (Fig. 5E), in comparison with the aortic sec-
tions from mice fed with regular diet (Fig. 5D). Overall, 
our findings suggest that CAP1-containing EVs isolated 
from aged atherosclerotic mice (Fig.  5A), induce endo-
thelial senescence and promote the progression of an 
atherosclerotic phenotype in WT mice on a high-fat diet.

Fig. 5 EVs from aged ApoE knockout mice induce ES in WT animals. A. Representative immunoblot detection of CAP1 from blood circulating EVs isolated 
from young and aged ApoE knockout mice (N = 3 Mean ± SD. *p < 0.05 Young vs. Aged ApoE EVs). B-E. Hematoxylin/Eosin (H&E) staining (upper panels) 
and b-Galactosidase (b-Gal) assay (lower panels) in aortic sections of WT mice fed with regular diet (B, C) or high-fat diet (D, E), and injected with EVs from 
young (B, D), or aged (C, E) ApoE KO mice as indicated. Scale bars 100 μm (N = 3/group)
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Injection of CAP1-containing EVs isolated from aged ApoE 
KO mice increases atherosclerosis in young ApoE KO mice
The above data led us to explore whether CAP1-contain-
ing EVs could lead to ES and atherosclerosis in young 
ApoE KO mice. We confirmed that younger animals 
injected with EVs from aged ApoE-null mice developed 
atheroma plaques similar to those found in older speci-
mens, displaying extensive necrotic cores, together with 
increased β-Gal-positive aortic staining (Fig. 6 right pan-
els) and intraplaque calcium deposits, as shown by Von 
Kossa staining of the same aortic sections, compared to 
the aortas from mice injected with EVs from young ani-
mals. Conversely, when administering EVs derived from 
young ApoE null mice, we observed reduced senescence 
and smaller plaque formation (Fig. 6 left panels). Collec-
tively, our data highlight CAP1-containing EVs as a new 
molecular target against senescence and atherosclerosis 
in mice.

Discussion
The current study identifies cyclase-associated protein 1 
(CAP1) as a novel potential marker of aging-related ES 
in atherosclerosis. Aging-related atherosclerosis became 
evident when aged and young ApoE-null mice were con-
currently fed a high-fat diet, revealing increased aortic 
lipid deposition and atheroma plaque formation in aged 
mice, along with a distinct EV composition. The role of 
circulating EVs in ES was confirmed through a replicative 
senescence assay in HAEC and CAEC, where EVs from 
aged ApoE KO mice induced ES in healthy cells. A pro-
teomic analysis further identified CAP1 as a key cargo 
component predominantly enriched in EVs from aged 
mice.

Aging is a leading cause of endothelial dysfunction, 
an essential hallmark for the onset and progression of 
cardiovascular complications, including atherosclero-
sis [12]. In this regard, endothelial senescence (ES) is an 
age-related complication that contributes to the progres-
sion of atherosclerosis over time [13]. However, the fac-
tors triggering ES remain poorly understood [14, 15], 
highlighting the need for further investigation to better 
elucidate these mechanisms. Here, we found that CAP1 
could represent a novel target for preventing ES, and ES-
associated atherosclerosis.

CAP1 is an actin disassembly protein involved in actin 
dynamics [16]. Recently, the dysregulation of CAP1 has 
drawn attention to its association with several diseases, 
particularly emphasizing its role in developing metabolic, 
renal, and cardiovascular diseases [17–19]. Several lines 
of evidence have highlighted the implication of CAP1 in 
atheroma plaque development, and recent findings sug-
gest a molecular mechanism by which CAP1 influences 
PCSK9-mediated inhibition of LDL receptor (LDL-r) 

recycling. Here, we identify a new role for CAP1 in ath-
erosclerosis progression.

We have identified CAP1 as a cargo component pre-
dominantly present in EVs derived from ApoE null 
mice. The implication of CAP1 in ES became evident in 
CAP1-silenced HAEC and CAEC, in which ES was sig-
nificantly reduced, while restoration of CAP1 cDNA 
into CAP1-silenced endothelial was enough to res-
cue the ES phenotype. Notably, atherosclerotic lesions 
in young mice injected with EVs from aged animals 
resembled those currently present in older animals, 
with thickened necrotic cores, calcium deposition, and 
heightened senescence, suggesting CAP1 as a novel can-
didate for targeting ES associated with the progression of 
atherosclerosis.

Given the relationship between CAP1 and PCSK9 in 
atherosclerosis [9], we hypothesized that PCSK9 might 
also contribute to CAP1-induced ES, as evidenced by 
the requirement of CAP1 in PCSK9-mediated inhibition 
of LDLr recycling [19]. In line with this observation, it’s 
worth noting that PCSK9 is expressed in vascular endo-
thelial cells, and as with CAP1, the levels of PCSK9 also 
increase in aged HAEC [20]. However, our data suggest 
a CAP1-independent effect of PCSK9 on ES, consistent 
with recent findings identifying its role as a novel diag-
nostic biomarker in acute myocardial infarction AMI 
[21]. Interestingly, this study revealed that CAP1 expres-
sion increased in the supernatants of ox-LDL-induced 
HUVECs in a dose- and time-dependent manner. Addi-
tionally, CAP1 inhibited cell proliferation, promoted 
inflammation, and activated NF-κB [8], a key transcrip-
tion factor implicated in cellular senescence, as evi-
denced in this work, in which NFkB activation inhibition 
further reduced ES in CAP1-silenced cells.

Extracellular vesicles (EVs) are small bilayer nanopar-
ticles released by nearly all cell types and secreted to 
many fluids, including plasma, serum, blood, urine, or 
spinal fluid. EVs are secreted in response to many patho-
logical conditions, containing several cargo components 
[22], which may play a significant role in the progression 
of aging-related diseases, like Alzheimer’s disease [23], 
chronic kidney disease [24], and atherosclerosis [25]. 
Indeed, EVs from aged/injured tissues can propagate cel-
lular senescence signals, as we found in atherosclerotic 
ApoE knockout mice. Indeed, the role of EVs in plaque 
development and maturation has been extensively inves-
tigated. ICAM-1 and PECAM-1 from EVs are transferred 
to endothelial cells, promoting adhesion and recruitment 
of monocytes [26] and neutrophils [27], and in many 
cases, EVs also elicit an inflammatory response through 
activation of NF-kB inflammatory transcription factor in 
ECs [28]. Whether EVs bind to ECs and transfer CAP1 
along with other cargo components cannot be ruled out 
and remains subject to further investigation. Indeed, 
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Fig. 6 EVs from aged ApoE knockout mice induce ES and extensive atheroma plaque formation in young ApoE null mice. Hematoxylin/Eosin (H&E) stain-
ing (upper), β-Gal assay (lower left), and Von Kossa staining (lower right) in aortic sections of young ApoE knockout mice injected with EVs from young 
(upper panels) or aged (lower panels) ApoE KO mice. (Mean ± SD. N = 3/group *p < 0.05 EVs from aged vs. EVs from young ApoE KO mice). Orange arrows 
show atheromatous plaque thickness. White arrows indicate arterial medial thickness. Black arrows show intraplaque calcium deposits
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ICAM-1 and other specific EC components includ-
ing vWF, were differentially expressed in EVs from aged 
ApoE null mice.

Consistent with the above, several cargo components, 
from nucleic acids [29], metabolites [30], and proteins, 
have been reported so far, which may help to understand 
the progression of many complications. Multi-omics 
approaches have enabled the establishment of specific 
cargo elements of EVs in atherosclerosis [25], such as 
the release of adhesion molecules to endothelial cells, 
thereby promoting monocyte recruitment and adhesion 
[26] or specific microRNAs to atheroprone endothelium 
[31]. By using a proteomic approach, we identified novel 
EV components that could serve as potential molecu-
lar targets for senescence beyond chronological aging, 
in which CAP1 has emerged as a promising candidate 
linked to ES-related atherosclerosis. However, additional 
cargo elements beyond CAP1, such as non-coding RNAs, 
lipids, and proteins yet to be identified, may also play a 
significant role. Besides, whether CAP1 is solely respon-
sible or it binds to other partners also requires further 
investigation. In this context, it is noteworthy that CAP1 
is a receptor for the human resistin protein, participat-
ing in monocyte-mediated inflammation [32]. This inter-
action has implications for conditions such as coronary 
artery disease (CAD) [33] and atherosclerosis [34]. Fur-
thermore, recent research has linked resistin secretion by 
alveolar macrophages to endothelial dysfunction [35].

Our study is the first to identify CAP1 as a novel 
molecular target in ES-associated atherosclerosis. How-
ever, certain limitations must be addressed, including the 
need for a larger in vivo sample size to ensure robust con-
clusions for future clinical applications. While we have 
identified specific endothelial cell markers and described 
a clear impact on ES progression and atheroma forma-
tion, further studies are required to comprehensively 
characterize all EV sources and clarify the molecular 
mechanisms governing EV uptake. For extended valida-
tion and potential clinical implementation, blood circu-
lating CAP1 should be assessed.
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