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SUMMARY

Cardiosphere-derived cells (CDCs) and their extracellular vesicles (CDC-EVs) can rejuvenate and improve 
cardiac function, but their efficacy varies among donors. This study aimed to identify predictors of CDC- 
EV potency. CDCs from human donors were analyzed for phenotypical and biological properties. The anti- 
aging activity of CDC-EVs was tested using an in vitro matrix assay. Results showed that donor age did 
not determine potency, but CDC senescence correlated with most bioactive properties. However, senes- 
cence alone was insufficient to predict CDC-EV potency. CDC-EVs were classified as more potent (P-EVs) 
or less potent (NP-EVs) based on assay performance. In a rat model of premature cardiac aging, P-EVs 
reduced senescence-associated GLB1 gene expression and protected against hypertrophy and fibrosis, 
while NP-EVs had negative effects. The study concludes that CDC-EV anti-aging potency cannot be pre- 
dicted by donor age or CDC senescence, proposing an in vitro potency assay for evaluating CDC-EVs before 
clinical use.

INTRODUCTION

Cellular, structural, and functional changes associated to aging 

are largely responsible for heart diseases such as heart failure 

with preserved ejection fraction (HFpEF). 1 HFpEF remains an un- 

met medical need because of its increasing prevalence, high 

mortality and morbidity rates, and limited therapeutic strategies 

available. 2,3 Cardiac aging is associated with increased cell 

senescence, 4–6 compromised myocardial perfusion, 7 and 

increased fibrosis and hypertrophy 8 among others. Cardio- 

sphere-derived cells (CDCs) and the extracellular vesicles they 

release (CDC-EVs) present promising characteristics for revert- 

ing some of these aging-associated pathological features 9 

as demonstrated in preclinical studies, 10,11 such as increasing 

microvessel formation, 12 attenuating cardiomyocyte apoptosis 

and hypertrophy, reducing regional fibrosis, 13,14 and acting as 

immunomodulators. 13,15 Cardiospheres are self-organized 

three-dimensional (3D) structures obtained after established 

3D culturing system from cardiac explant-derived cells 

(EDCs). 16 Cardiospheres are a complex, niche-like environment 

that favors proliferation and stemness of cardiac progenitor 

cells. CDCs, obtained after further culture of cardiospheres, 

are multipotent and clonogenic. 17 They express CD105 and

are negative for the expression of hematopoietic markers 

(CD45). 16 Inside the CDC population, there are a variable propor- 

tion of cells expressing other surface markers: CD117 (c-kit), 

CD90 (Thy-1), and CD31. 16 Therefore, they include different sub- 

populations such as c-kit+ cells, endothelial cells, and mesen- 

chymal stem cells. In clinical trials, the use of CDCs has been 

proven to be safe and to have some beneficial effects. 18–20 

However, when moving stem cells or extracellular vesicles as 

products from the preclinical to the clinical scenario, the results 

are less satisfactory than expected. 21 Hasty translation led to un- 

derestimation of how the heterogeneity and complexity of these 

products could impact their potency, 22 one of the factors that 

could influence the disappointing results of previous clinical tri- 

als. 23 Although most clinical trials in the field used confirmation 

of cell identity as the single requirement before product adminis- 

tration, 24 the gold standard for cell potency assessment in car- 

diac applications is structural and functional recovery in a rodent 

model of myocardial infarction. 25,26 However, this model is 

costly, time-consuming, and of doubtful translation, hindering 

its use for routine testing. 27 In vitro functional assays do not 

reflect the complexity of living organisms, but they require less 

time and economic resources and can be representative of the 

potential mechanism of action (MoA) of the tested product if

iScience 28, 112910, July 18, 2025 © 2025 Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ll
OPEN ACCESS

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:grigorianl@yahoo.es
https://doi.org/10.1016/j.isci.2025.112910
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112910&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


properly validated. Finding economic, feasible, and efficient po- 

tency assays based on evidence of MoA for therapeutic cells and 

cell-derived EVs in the cardiovascular field still remains a chal- 

lenge 24,28,29 and crucial for successful translation.

Considering relevant characteristics and the potential MoA by 

which CDC-EVs may exert their beneficial effects in the treat- 

ment of cardiac aging, we here explore if the donors’ chronolog- 

ical age, senescence of the CDCs, and/or CDC-EV rejuvenating 

potency in vitro can be used to predict CDC-EV efficacy in vivo.

RESULTS

The senescence status more than the chronological age 

of cell donors determines the cardiosphere-derived 

cells bioactivity

CDC senescence seemed more determinant of CDCs’ prolifera- 

tive and migrative properties in culture than cardiac tissue do- 

nors’ chronological age. An example of CDCs’ properties from 

a chronologically aged donor (70-years old) but with ‘‘low’’ 

senescence rate in culture (9.1%) vs. a chronologically young 

donor (7-months old) but with ‘‘high’’ senescence (14.8%) is 

shown in Figure 1A. ‘‘Low’’ senescent CDCs from the aged 

donor were highly proliferative, with a higher proportion of Ki- 

67+ cells, and with a higher ability for wound closure compared 

to the ‘‘highly’’ senescent CDCs from the young donor.

No correlation was observed between chronological age and 

CDC senescence (Figure 1B). Donor chronological age did not 

influence CDC proliferative capacity (Population Doubling 

Time, PDT) nor DNA synthesis (R 2 < 0.15, p > 0.1), but it nega- 

tively affected CDC migration (R 2 = 0.33, p < 0.05, Figure 1B). 

In contrast to chronological age, EDCs senescence correlated 

to the gene expression of some aging-associated genes (i.e., 

CDK2A with R 2 = 0.22, p < 0.05, data not shown), and CDC 

senescence to most CDCs properties: CDC proliferation (PDT, 

R 2 = 0.35, p < 0.05), DNA synthesis (R 2 = 0.34, p < 0.05), and 

migration (R 2 = 0.59, p < 0.001) as shown in Figure 1C.

The chronological age or sex of the 34 human donors of car- 

diac tissue in our study have shown to be unrelated to molecular 

markers of cellular aging in EDCs derived from tissue samples 

under the same conditions (Figure S1). The chronological age 

did not correlate either to EDC senescence, to the gene expres- 

sion of CDKN1A, CDK2A, and TP53 in EDCs, or any of the other 

genes explored (R 2 < 0.15, p > 0.1, Figure S1). Chronological age 

did not correlate either to CDC telomere length or Vascular 

Endothelial Growth Factor (VEGF) secretion (R 2 < 0.15, p > 0.1, 

Figure S2).

Scoring the anti-aging potency of CDC-EVs in vitro

The obtained CDC-EVs were characterized in terms of their bio- 

activity using an aging-reversal potency matrix assay. In partic- 

ular, the rejuvenating and pro-angiogenic potency was tested 

in vitro on EDCs (cardiac stromal cells, CSCs) previously ob- 

tained and human umbilical vein endothelial cells (HUVEC). 

CDC-EVs were purified from CDCs obtained from 18 human 

donors and tested on CSCs from two human donors (target 1 

with ‘‘moderate’’ basal senescence and target 2 with ‘‘high’’ 

basal senescence). The rejuvenating potency of CDC-EVs was 

determined by their ability to reduce CSC senescence, to induce

CSC interleukin-6 (IL-6) secretion, and to reduce the gene 

expression of CDKN1A (p21), CDKN2A (p16), TP53 (p53) 

TGFB1 (TGF-β), and senescence and fibrosis-related genes in 
CSCs. CDC-EVs from different donors reduced senescence of 

target 1 between − 3.2 and − 8.1%. Similarly, in target 2, CSC 

senescence was reduced by all CDC-EVs as well (between

− 2.0 and − 14.5%). However, the anti-senescent effect of the 

CDC-EVs did not correlate to any of the CDC characterization 

parameters explored (chronological age of the donors, cardio- 

sphere size, percentage of senescent EDCs, or percentage of 

senescent CDCs). The relationship between EDC and CDC 

senescence and their derived CDC-EV anti-senescent effect is 

shown in Figure 2. The CDC-EV pro-angiogenic potency was 

determined by their ability to induce tube formation on HUVEC. 

Regarding angiogenic potential, all CDC-EVs except one, signif- 

icantly improved endothelial branching length (between +15 

and +58%). CDC-EVs pro-angiogenic effect did not correlate 

to their anti-senescent effect nor to any of the CDC characteriza- 

tion parameters explored (R 2 < 0.15, p > 0.1).

All CDC-EVs significantly increased CSC IL-6 secretion and 

most CDC-EVs reduced CSC CDKN1A and CDKN2A expression 

but only a few CDC-EVs reduced TGFB1 and TP53 expression in 

CSCs (Figure 3A).

Based on the individual results obtained for the 7 aging-related 

parameters evaluated in the assay, the total potency score was 

calculated for each CDC-EVs from different donors which were 

then classified as more-potent (green, total score between 11 

and 14), mild potent (white, total score between 7.5 and 8.5), 

and less potent (red, between 5 and 7) (Figure 3B) using the ma- 

trix assay designed (Table S1). The CDC-EVs with the highest 

potency (1 and 2, with 14 and 12.5 points, respectively, in the po- 

tency score over max. 18 possible), were among the 33% CDC- 

EVs with the ‘‘best’’ results in most of the tests evaluated in the 

assay matrix. On the other hand, the least potent donor (18, 

with 5 points in the potency score), was among the ‘‘worst’’ 

33% CDC-EVs in most of the potency tests in the assay matrix, 

not having shown a significant beneficial effect in most of the 

in vitro tests. The performance of each of the different CDC- 

EVs on the different parameters of the potency matrix assay is 

shown in Figure 3A. The chronological age of the donors did 

not correlate to the antiaging potency score of the CDC-EVs 

(Figure 3C). The pathology of each of the donors according to 

their position in the potency assay is detailed in Table S2. 

According to these results, CDC-EVs from donors 1 (14-years 

old, male) and 2 (77-years old, female) were selected as the more- 

potent and used for treating animals assigned to the potent EVs 

group (P-EVs) in vivo. CDC-EVs from donor 18 (73 years old, 

male) were considered as the least-potent and were used for 

treating the animals assigned to the non-potent EVs group (NP- 

EVs). Performance of the P-EVs (donor 2) and NP-EVs (donor 

18) vs. control conditions (serum free media alone, SFM) in 

some potency tests in the assay are shown in Figure 4. Both 

P-EVs and NP-EVs reduced senescence of CSCs of target 2, 

but P-EVs did it to a significantly larger extent (n = 1520 ± 18 

cells/condition). Relative tube formation in endothelial cells 

(HUVEC) under the effect of P-EVs (n = 19 ± 1 images/condition) 

significantly increased, while it kept similar (slightly reduced, dif- 

ference not significant) under the effect of NP-EVs.
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Validation of the in vitro aging-reversal potency assay in 

a rat model of premature cardiac senescence

More- and less-potent CDC-EVs selected according to their po- 

tency score in the matrix assay were tested in an in vivo model of 

premature cardiac aging (Figure 5A). Administration of daily 

D-galactose (D-gal) to rats had been demonstrated to induce 

cardiac-aging. 30 In our study, senescence of the cardiac tissue, 

measured by the expression of the GLB1 gene, was significantly 

increased in rats with the daily administration of D-gal during 

20 weeks (1.56 ± 0.17 vs. 1.00 ± 0.1 in the control group,

p < 0.05) as shown in Figure 5B. Treatment with P-EVs abrogated 

the D-gal-induced aging, since the relative GLB1 expression in 

P-EV-rats was significantly lower vs. the D-gal group (0.93 ± 

0.19, p < 0.05) and similar to healthy controls. The use of NP- 

EVs showed only a non-significant trend for improvement. 

Cardiac hypertrophy, measured as the ratio of the heart to the 

body weight, was barely increased by daily administration of 

D-gal in the whole group of animals (2.6 ± 0.09 vs. 2.5 ± 

0.1 mg/g in the control group, Figure 5C) although the effect 

was more notorious in males (2.5 ± 0.05 vs. 2.2 ± 0.1 mg/g,

Figure 1. Donor chronological age vs. CDC biological age effect on different CDC properties

(A) Representative images from one chronologically aged donor (70-years old), but biologically young (9.1% of senescent CDCs) vs. one chronologically young 

donor (7-months old), but biologically aged (14.8% of senescent CDCs) after 72 h of culture.

(B) Chronological age is not significantly related to CDC senescence (n = 34 donors), population doubling time (PDT, n = 14), or DNA synthesis capacity (% Ki-67+ 

CDCs, n = 16) after 72 h of culture. Chronological age significantly affects CDC migration capacity after 24 h of wound generation (n = 16).

(C) CDC senescence however relates to PDT (n = 14), DNA synthesis (n = 16), and migration capacity (n= 16) significantly and to a higher extent. Adult samples are 

represented with a square, while pediatric samples are represented with a diamond. Male samples are shown in black and female samples in purple. White scale 

bar corresponds to 100 μm, black scale bar to 400 μm. p values obtained with t test.

Data are represented as mean ± SEM.
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p < 0.01; in D-gal vs. controls respectively). Given the absence of 

hypertrophy with D-gal, there was no room for further improve- 

ment using P-EVs. However, rats treated with NP-EVs devel- 

oped cardiac hypertrophy (2.9 ± 0.11 mg/g) with p < 0.05 both 

vs. the healthy and the P-EVs groups. When considering only 

males, this difference was also significant vs. the D-gal 

group (p < 0.05).

Cardiac fibrosis was increased in D-gal rats (Figures 5D and 

5E). At genetic level, administration of EVs prevented from signif- 

icant increase in TGFB1 relative expression observed in D-gal 

group (1.8 ± 0.2, p = 0.01 vs. healthy rats). Relative TGFB1 

expression was 1.6 ± 0.3 in the group receiving NP-EVs and 

1.5 ± 0.23 with P-EVs, although the difference between both 

was not significant. Histological evaluation showed that intersti- 

tial fibrosis was significantly increased by D-gal administration 

(from 1.4 ± 0.2 to 2.0 ± 0.1%, p < 0.05) and in the D-gal rats 

treated with NP-EVs (2.1 ± 0.1%, p < 0.05 vs. healthy). The in- 

crease of the fibrosis in rats receiving D-gal but treated with 

P-EVs was not significant (2.0 ± 0.2%, p > 0.05). Representative 

images of cardiac fibrosis in animals in the different groups are 

shown in Figure 5E.

At functional level, D-gal administration did not affect cardiac 

perfusion. Cardiac perfusion measured by single photon emis- 

sion computer tomography (SPECT) mean activity at the 

endpoint was similar in the healthy, D-gal, and D-gal + P-EVs 

groups (262 ± 7, 264 ± 13, and 252 ± 12 cps, respectively, all dif- 

ferences not significant, p > 0.05, Figure 5F). Nevertheless, car- 

diac perfusion of animals treated with NP-EVs was considerably 

worse than in animals in healthy and D-gal groups (220 ± 7 cps, 

p < 0.05 vs. healthy and D-gal). Representative images of SPECT 

activity in animals in all groups at endpoint are shown in 

Figure 5F. In a randomly selected subgroup of P-EV (n = 4) and 

NP-EV (n = 2) animals, SPECT was also performed at week-12, 

before the treatment was administered, showing an opposite 

trend in the perfusion evolution from week-12 to the endpoint 

in both groups (Figure S3). Serum levels of inflammaging-related 

tumor necrosis factor alpha (TNF-α) and IL-6 were increased in 

D-gal rats and were lower in EV-treated animal, with a slightly 

better profile in P-EV vs. NP-EV groups (Figure 6).

DISCUSSION

A simple in vitro assay proposed in this study permits to select 

therapeutically more potent CDC-EVs to reverse cardiac aging 

in a living organism. The rejuvenating potency of CDC-EVs in 

our study was determined in a step-forward approach, by their

ability to favorably modulate six senescence-related genetic, 

protein and bioactivity markers gathered in a matrix assay. 

Markers selected in the assay are linked to the potential MoA 

by which CDC-EVs are expected to exert their beneficial effects 

in the treatment of cardiac aging. 31–37

The lack of suitable in vitro assays to monitor the therapeutic 

potential of EVs currently restricts their application in clinical 

studies. Although challenging because of the complexity of the 

MoA of native EVs, testing their biological activity by using a po- 

tency test in vitro or in vivo is recommended by expert working 

groups in the field. 21,38 These assays will ensure that only EV- 

products of consistent potency are released for clinical testing 

or therapeutic use. In fact, as our results show, some of the 

EVs may even have negative effects contributing to the contro- 

versial or neutral results observed in other studies. 11,16,39–43 

Thus, development of potency tests will promote rigorous, 

robust clinical testing of EV-based drug products and accelerate 

clinical translation. As suggested previously, 24 in this study, we 

designed the potency test considering the anti-senescent effect 

of the CDC-EVs as the most relevant MoA to counteract the ag- 

ing-related cardiac changes underlying some types of HFpEF. 

The reduction of the senescence in different cardiac cell types, 

as well as stimulating angiogenesis has been associated to mul- 

tiple therapeutical benefits in cardiac aging. 44–47

Our results show that EVs classified as potent (P-EVs) with the 

in vitro matrix assay had higher cardiac rejuvenating potency 

in vivo than EVs classified as non-potent (NP-EVs). While 

P-EVs had the potential to significantly reduce the expression 

of the senescence-associated gene GLB1 in D-gal age- 

induced-animals and to non-significantly reduce cardiac hyper- 

trophy and TGFB1 expression, NP-EVs did not significantly 

produce any effect and in fact significantly increased cardiac hy- 

pertrophy, cardiac fibrosis, and reduced perfusion. These results 

are in accordance with the effects observed in the in vitro func- 

tional assay. While P-EVs (from donors 1 and 2) had significant 

beneficial effects in most in vitro effects explored (reducing 

CSC senescence, increasing CSC IL-6 secretion, reducing the 

genetic expression of senescence-associated genes, and 

improving angiogenesis), NP-EVs (from donor 18) only signifi- 

cantly improved CSC senescence in one of the two target do- 

nors, increased CSC IL-6 secretion, and reduced CDKN2A 

expression. In addition, NP-EVs in vitro even tended to increase 

TGFB1, TP53, and CDKN2A expression in CSCs and reduced 

endothelial tube formation. These results highlight the impor- 

tance of human CDC-EV variation in modulating target cellular 

responses and confirm that their effects can be positive, absent

Figure 2. Correlation between EDC senes- 

cence (n= 17 donors) and CDC senescence 

(n = 18) vs. derived CDC-EVs anti-senescent 

potency in one of the CSC target donors (n = 

1199 ± 27 cells/donor)

Adult samples are represented with a square, 

while pediatric samples are represented with a 

diamond. Male samples are shown in black and 

female samples in purple. p values obtained with t 

test. Data are represented as mean ± SEM.
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or even negative in some cases and that in vitro potency tests 

can serve as in vivo predictors to identify optimal and discard- 

able products for expected specific MoA.

Clinical trials in patients with HFpEF have been failing to 

demonstrate robust efficacy of different pharmacological strate- 

gies during decades until recently, when two drugs from the 

group of sodium-glucose cotransporter type 2 inhibitors proved 

to meaningfully reduce the HF hospitalizations and cardiovascu- 

lar death. 48 However, because of the increasing prevalence of 

the HFpEF, with high morbidity and mortality rates, this syn- 

drome still constitutes an important target for the new drug- 

development research.

In light of the increasing awareness for treatments in patients 

with HFpEF, the development of corresponding animal models 

would be highly desired. 49 There is increasing evidence that the 

chronic exposure to D-gal in rodents is associated to an 

enhanced cardiac expression of senescence markers, oxida- 

tive stress, inflammation, mitochondrial dysfunction, fibrosis, 

and hypertrophy that ultimately are translated into diastolic 

dysfunction 30,50,51 observed in aging-related HFpEF. By using 

the D-gal model of accelerated aging in our study, we could 

reproduce some of the previously described effects on cardiac 

tissue such as an increased senescence and fibrosis and 

higher serum levels of inflammatory markers. However, despite 

using a higher dose compared to previous publications, our 

study failed to demonstrate an increase in cardiac hypertrophy 

in the global group (it was only reproduced in males) and 

changes in parameters of diastolic dysfunction, such as end- 

diastolic pressure, min dP/dT, or Tau (data not shown). In terms 

of cardiac fibrosis, it is worthy to note that even if increased in 

D-gal rats compared to healthy controls, it was meaningfully 

lower (2% vs. ∼8% or higher) than that reported in other 

studies where CDCs and CDC-EVs showed rejuvenating ef- 

fects. 10 In general, in this study D-gal administration only 

induced moderate changes at cardiac level. Small changes 

were observed in GLB1 expression, hypertrophy and cardiac 

fibrosis compared to healthy animals not receiving D-gal. 

Therefore, as D-gal administration did not seem to induce large 

damage at cellular, structural, and functional level, this prob- 

ably gave little room for the P-EVs to exert more significant 

benefits. All these considerations are important to take into ac- 

count while interpreting at some extent only modest beneficial 

effects of the P-EVs in our D-gal animals.

In conclusion, if confirmed in other aging-related disease ani- 

mal models, the matrix assay proposed here could be a suitable 

in vitro potency test for discerning suitable EVs for their allogenic 

use in clinical trials of aging related HF-pEF.

Limitations of the study

Several limitations of our study need to be considered. As 

mentioned before, the rat model of D-gal-induced premature ag- 

ing we used in the study did not recapitulate all the cardiac 

changes, especially those related with diastolic dysfunction, 

described previously. 52–55 This might have affected mostly the 

potentially beneficial effects of the P-EVs. However, we did 

confirm our hypothesis by demonstrating a more favorable ther- 

apeutic profile of the P-EVs vs. NP-EVs in other genetic and 

structural parameters where the model worked appropriately, 

although the degree of these changes was still far from the 

described in naturally aged animals. 11,56–58 On the other hand, 

although the number of human donors included in our study 

was not small (n = 18) and the chronological age range was 

wide (3 months–81 years old), larger sample size, and inclusion 

of neonate samples, would permit to make a more robust 

conclusion about the implication of the chronological age of 

the donors on the potency of the therapeutic product, absent 

in this study. A larger sample size would also help define pass 

and fail quantitative ranges for the therapeutic EVs instead of 

qualitative ones used in this study.

Finally, all tissue samples were obtained from sick donors 

who underwent cardiac surgery for different reasons. As this 

could have affected some of the characteristics of the derived 

cells, the inclusion of healthy donors would be of interest for the 

purpose of the study. However, even among the adult group 

where the disease type and the progression of the disease 

was uniform (mitral valve insufficiency), we did not observe a 

relationship between the chronological age, CDC senescence, 

or antiaging in vitro performance. Interestingly, the CDC-EVs 

derived from an adult that was additionally suffering from multi- 

vessel coronary artery disease were the ones presenting the 

least potency score, classified as NP and even showing 

some deleterious effects in both the in vitro assay and the 

in vivo experiments.

In spite of all the limitations, the results highlight the impor- 

tance of performing adequate potency tests before using biolog- 

ical products in the clinical scenario, as the use of non-potent or

Figure 3. CDC-EV potency assay results for the different donors

(A) Characterization and performance of CDC-EVs from the different donors in the different tests in the potency matrix assay. The values in the table indicate 

donor position according to results in the potency test, age, gender, and performance in each of the different tests in the potency assay matrix. Reduction in 

cardiac stroma cell (CSC) senescence (in two target donors) induced by the different CDC-EVs (n = 1199 ± 27 cells/condition in target donor 1 and n = 1520 ± 18 

cells/condition in target donor 2). Increment in CSC IL-6 secretion vs. serum-free media (SFM) alone (in two target donors) induced by the different CDC-EVs (n = 3 

samples/condition). CDKN1A, CDKN2A, TP53, and TGFB1 relative expression in CSC (from two target donors) under the effect of the different CDC-EVs (n = 3 

samples/condition). Relative tube formation in endothelial cells (HUVEC) under the effect of the different CDC-EVs (n = 19 ± 1 images/condition). All data are with 

respect to untreated CSCs or endothelial cells under SFM. Values in green indicate the donors that showed the most effect in the corresponding test (belonged to 

the best tercile) and therefore received the maximum score in that particular test. Values in red indicate the donors that showed the least beneficial effect in the 

corresponding test (belonged to the worst tercile) and therefore received a 0 score in that particular test.

(B) Total score obtained in the potency matrix assay, used for the classification of potent CDC-EVs, mild-potent CDC-EVs and non-potent CDC-EVs. Donors in 

green presented the highest total antiaging potency score (belonged to the best tercile) and were classified as potent (P-EVs). Donors in red presented the lowest 

total antiaging potency score (belonged to the worst tercile) and were classified as non-potent (NP-EVs).

(C) Correlation between the age of the donor and the anti-aging potency score of the derived CDC-EV (n = 18). p value obtained with t test. A, adult; P, pediatric; M, 

male; F, female; Y, years; m, months.
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suboptimal products may lead to unforeseen results and lack of 

desired efficacy.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be 

fulfilled by the lead contact, Grigorian-Shamagian Lilian (grigorianl@yahoo.es).

Materials availability

This study did not generate new unique reagents. The reagents and materials 

used and their accession codes can be found in the key resources table.

Data and code availability

• Data: The data supporting the findings of this study are available within 

the paper and its supplementary information files. Additional data are 

available from the corresponding author upon request.

• Code: Previously published software and codes used to analyze the re- 

sults (ImageJ) are referenced in the key resources table.

• Other: Any additional information required to reanalyze the data re- 

ported in this paper is available from the lead contact upon reasonable 

request.

ACKNOWLEDGMENTS

This research was funded by the Instituto de Salud Carlos III, Ministerio de 
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Figure 5. Cardiac effects of D-gal and P- and NP-EV administration

(A) P-EVs and NP-EVs rejuvenating and pro-angiogenic potency was tested in a rodent model of cardiac aging. Timeline including group distribution, product 

administration and tests performed.

(B) Effects on cardiac senescence at genetic level (Healthy: n = 6, D-gal: n = 11, D-gal + P-EVs: n = 7, D-gal + NP-EVs: n = 6).

(C) Effects on cardiac hypertrophy on the whole population (Healthy: n = 8, D-gal: n = 12, D-gal + P-EVs: n = 7, D-gal + NP-EVs: n = 6).

(legend continued on next page)
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mello, A., and Marbá n, E. (2010). Relative roles of direct regeneration 

versus paracrine effects of human cardiosphere-derived cells trans- 

planted into infarcted mice. Circ. Res. 106, 971–980. https://doi.org/10. 

1161/CIRCRESAHA.109.210682.
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Anti Ki-67 Antibody Abcam Cat# ab15580; RRID: AB_443209

Alexa Fluor Goat anti-rabbit 488 nm Thermo Fisher 10236882

DAPI Sigma-Aldrich D8417

CD105 Antibody, anti-human, PE Miltenyi Biotec Cat# 130-112-163; RRID:AB_2654424
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Human cardiac biopsies Hospital Gregorio Marañ ó n N/A
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Iscove’s Modified Dulbecco’s Medium Hyclone SH30228

Fetal Bovine Serum Sigma-Aldrich F524

Penicillin/Streptomycin Gibco 15140

2-mercaptoetanol Gibco 31350

Fibronectin Sigma-Aldrich 341631

TryPLE Select Gibco 12563

CryoStor Sigma-Aldrich C2894

M-200 Gibco M200500

Large Vessel Endothelial Supplement Gibco A1460801

Low Serum Growth Supplement kit Gibco S003K

Geltrex Thermo Fisher A1413202

D-gal Sigma Aldrich G53688

Critical commercial assays

QIAzol Lysis Reagent QIAGEN 79306

iScript TM cDNA Synthesis Kit Bio-Rad Laboratories 1708890

SYBR® Green chemistry Bio-Rad Laboratories 172-5124

Abcam’s Senescence Detection Kit abcam ab65351

Telomere PNA FISH Kit/Cy3 Dako, Agilent K5326

Human VEGF-A enzyme-linked immunosorbent assay kit Enzo Life Sciences 156-0001

Human IL-6 enzyme-linked immunosorbent assay kit Enzo Life Sciences ADI-900-033

Rat Cytokine Proteome Profiler Array Panel A R&D Systems ARY008

Quick Start TM Bradford Protein Assay Bio-rad 5000201

Deposited data

Raw and analyzed data This paper N/A

Experimental models: Cell lines

HUVEC Gibco C0035C

Experimental models: Organisms/strains

Rats: Sprague-Dawley Hospital Gregorio Marañ ó n N/A

Oligonucleotides

Primers for genes studied, see Tables S4 and S5 This paper N/A

Software and algorithms

ImageJ Schindelin et al. 59 https://imagej.net/ij/
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EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Cardiac biopsies from human subjects

All the studies were conducted according to the guidelines of the Declaration of Helsinki. Human cardiac biopsy collection for EDC, 

CDC and EV production was approved by the Ethics Committee Comit� e de �Etica de Investigaci� on con Medicamentos del Hospital

General Universitario Gregorio Mara~n� on (protocol code 331/16 and date of approval 15/12/2016). Informed consent was obtained 

from all subjects involved in the studies or their legal guardians. Heart tissue was collected from 34 patients who underwent cardiac 

surgery for other reasons. While adult donors shared the pathology and the disease (mitral valve insufficiency), the disease type var- 

ied among pediatric donors (e.g., ventricular or atrial septal defects, Tetralogy of Fallot, mitral insufficiency, Table S2). Patients of 

both sexes and different ages (including pediatric and adult) were randomly included in the study. Donors’ age and sex distribution 

are detailed in Table S3 and Figure S4.

Generation of EDCs and CDCs

EDCs and CDCs were subsequently obtained following the procedure previously published. 60 In brief, cardiac biopsies from patients 

undergoing cardiac surgery were processed through mechanical and enzymatic digestion to obtain explants of 1–2 mm size. The 

explants were cultured and EDCs started leaving the explant and colonizing the plate after approximately 48 h of culture, and 

they reached full confluency after approximately 16 days. Then, cells were transferred to ultra-low-attachment Nunclon Plates 

(174932, Thermo Fisher Scientific, Waltham, MA, U.S.A) for 72 h to allow them to form three-dimensional (3D) spheroids (cardio- 

spheres), which are known to potentiate stemness and regenerative potential. 16 The cardiospheres were passaged to produce 

the CDCs and their identity was confirmed using cell surface markers by flow cytometry (Figure S5).

Animal models

Experiments were approved by the Ethics Committee Comit� e de � Etica de Experimentaci� on Animal del Hospital Gregorio Mara~n�on

and by the Competent Authority (protocol code 296/19, approved in 2019) conforming to the guidelines from Directive 2010/63/ 

EU of the European Parliament on the protection of animals used for scientific purposes. Rats were housed under standard condi- 

tions with free access to food and water. The experimental procedure is illustrated in Figure 5A. Thirty-six 12-week-old Sprague- 

Dawley rats (30% females) were randomly allocated into four groups: healthy controls (n = 11), D-gal controls (sham group, D-gal, 

n = 12), D-gal rats treated with more potent CDC-EVs (D-gal + P-EVs, n = 7) and D-gal rats treated with less-potent CDC-EVs 

(D-gal + NP-EVs, n = 6). To induce cardiac aging, animals in the D-gal groups received during 13 weeks daily intraperitoneal (IP) in- 

jections of 600 mg/kg of D-galactose (D-gal, G53688, Sigma Aldrich) resuspended in phosphate buffered saline (PBS) at 300 mg/mL 

as described. 30 For 13 weeks, animals in the healthy control group received daily IP injections of PBS alone. After 13 weeks, rats in the 

D-gal group were randomly allocated to receive a single IP administration of the corresponding treatment: 1) PBS alone for the sham 

group (D-gal); 2) P-EVs resuspended in PBS (D-gal + P-EVs); or 3) NP-EVs resuspended in PBS (D-gal + NP-EVs). The dose of P- and 

NP-EVs was of 7.5 mg EV equivalent protein/kg animal weight (≈2.25⋅10 11 particles) as based on previous studies. 10,61 During the 
following 7-weeks, the animals received additional IP injections of D-gal or PBS alone twice a week according to their allocation 

group to mimic realistic situations of cardiac aging in which after receiving the treatment, factors that affect and increase oxidative 

stress and cellular damage are still present. In a randomly selected subgroup of rats, cardiac perfusion was evaluated using SPECT at 

12 weeks (n = 6) and 19 weeks (n = 18). At the endpoint, blood samples were collected, and the animals were euthanized by cardiac 

excision under 2% isoflurane anesthesia for further studies. After sacrifice, we determined cardiac hypertrophy and fibrosis, and the 

gene expression of senescence and fibrosis-related genes (GLB1, TGFB1, CDKN2A and TP53).

METHOD DETAILS

Cell culture

Cultured cells were kept incubated at 37 ◦ C, 5% CO 2 , 21% O 2 and 90% humidity. When cells reached confluency, the cells were de- 

tached using TryPLE Select (12563, Gibco) instructions and replated in complete medium or frozen (on CryoStor, C2894, Sigma- 

Aldrich, at − 180 ◦ C).

Continued
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Other

Ultra-low-attachment Nunclon Plates Thermo Fisher 174932

Centricon-Plus 70 Centrifugal Filter with 3-kDa cut-off frequency Merck KGaA UFC700308

Rapid-Flow Sterile Disposable Filter Units (0.45-μm) Thermo Fisher 169-0045

e2 iScience 28, 112910, July 18, 2025

iScience
Article

ll
OPEN ACCESS



EDCs and CDCs

EDCs and CDCs were obtained and cultured following procedures previously published. 16,60 When cultured and passaged, EDCs 

and CDCs were seeded over fibronectin coated plates (341631, Sigma-Aldrich, diluted to 12.5 μg/mL in PBS) at a density of 

2,000 cells/cm 2 and maintained in Iscove’s Modified Dulbecco’s Medium (IMDM, SH30228, Hyclone) supplemented 20% with Fetal 

Bovine Serum (FBS, F524, Sigma-Aldrich), 1% penicillin/streptomycin (PS, 15140, Gibco) and 0.1% 2-mercaptoetanol (31350, 

Gibco). EDCs and CDC cells reached confluency after approximately 7 days when cultured under these conditions. When doing ex- 

periments and obtaining CDC-EVs, the cells were cultured in FBS-free IMDM, keeping the other supplements (PS and 

2-mercaptoetanol).

HUVEC

HUVEC (C0035C, Gibco) were passaged and cultured following supplier’s instructions. HUVEC were plated over plates at a density 

of 2,500 cells/cm 2 and maintained in M-200 (Gibco) supplemented with Large Vessel Endothelial Supplement (LVES, A1460801, 

Gibco) or with the Low Serum Growth Supplement (LSGS) kit (S003K, Gibco). HUVEC reached 80% confluency after approximately

6 days when cultured under these conditions. When doing experiments in HUVEC with the CDC-EVs, the cells were cultured in FBS- 

free M-200, keeping the addition of the other supplements in the LSGS kit.

Generation and characterization of CDC-EVs

When CDCs from passage 3 (P3) reached approximately 80% confluence, the medium was changed to FBS-free Iscove’s Modified 

Dulbecco’s Medium (IMDM), and left unchanged for 15 days to allow CDCs to secrete and concentrate EVs in the medium. Condi- 

tioned medium was filtrated using a 0.45-μm filter and ultraconcentrated using Centricon-Plus 70 Centrifugal Filter with 3-kDa cut-off 

frequency (Merck KGaA, Darmstadt, Germany). The 0.45-μm filter was used to exclude larger particles such as apoptotic bodies 62 

from the preparation. EVs were then analyzed by nano-particle tracking analysis (NTA, performed with NanoSight NS300 from Mal- 

vern Panalytical Ltd., Malvern, United Kingdom, Figure S5) and their protein content was determined with Bradford assay after EV 

lysis and protease inactivation. EVs were precipitated after incubation with 4% w/v polyethylene glycol (PEG) overnight at 4 ◦ C 

and centrifugation at 4 ◦ C at 1500x g for 30 min. For experiments, the precipitated EVs were resuspended in the corresponding 

medium at the specified dose. These methods have shown that the isolated EV express typical EV markers such as 

TSG101, 10,63,64 CD63, 10,63–66 CD81, 63,64,66 HSP90, 63,64 and are negative for calnexin. 63,64 A more detailed expression of the markers 

found in CDC-EVs can be found in previous works. 67

Characterization of EDCs and CDCs

During the different stages of product (CDC-EVs) development, involved cells were characterized in terms of their gene expression 

profile, their biological age and/or their activity as shown in Figure S6. In particular, cellular age in EDCs-P1 (from 18 patients) was 

measured by the percentage of senescent cells and the expression of some senescence-related genes (CDKN1A, CDKN2A, and 

TP53). The expression of other genes related to stemness, fibrosis and the secretion of relevant factors for cardiac regeneration 

and repair was also investigated (NANOG, hTERT, GATA4, MEF2C, TGFB1, VEGFA, IGF1, IGF1R, HGF, SOD1, SOD2). CDC-P2 

identity was confirmed by expression of specific surface markers using flow cytometry (99.0 ± 0.2% CD105+ cells, 8.7 ± 1.6% 

CD117+ cells, 36.9 ± 3.8% CD90 + cells, 7.2 ± 1.5% CD31 + cells and 1.3 ± 0.2% CD45 + cells, Figure S5A), and CDC-P2 biological 

age was characterized by the percentage of senescent cells in all donors and by telomere length in 16 donors. Additional CDC-P2 

characteristics explored in these 16 donors included proliferation, DNA synthesis, migration and VEGF-A secretion.

Senescence

Cells were plated in complete medium (3 wells per condition/donor) at 13,000 cells/cm 2 in fibronectin pre-coated 12-well plates. After 

24 hour-incubation, wells were washed and replaced with FBS-free medium (containing the resuspended CDC-EVs if applicable). 

After another 72 hour-incubation, the cells were fixed using Abcam’s Senescence Detection Kit (ab65351, abcam, Cambridge, 

UK), which is used to detect SA-β-Gal activity in cultured cells. The samples were prepared, fixed and stained following the assay 

protocol (with overnight incubation). After staining, samples were washed and kept in 70% glycerol (G5516, Sigma-Aldrich) in 

PBS at 4 ◦ C. As SA-β-Gal positive cells develop a blue color, a total of around 10 images at 20x (around 650 cells) per well were taken 

with a Leica DMI3000B optical microscope and Leica DFC310 FX camera (Wetzlar, Germany), and manually classified as senescent 

(blue) or non-senescent using ImageJ Software 59 and as previously described. 68

Gene expression analysis. EDCs-P0 from 18 donors were characterized in terms of the relative gene expression of specific genes 

involved in stemness, fibrosis, the secretion of relevant factors and senescence. The genes under study were: NANOG, hTERT and 

GATA4, MEF2C, TGFB1, VEGF, IGF1, IGF1R, HGF, SOD1, SOD2, CDKN1A, CDKN2A, and TP53. RNA from 300,000 pelleted EDCs- 

P0 was isolated using QIAzol Lysis Reagent instructions (QIAGEN, Venlo, The Netherlands) and relative gene expression 

quantification was performed with a two-step Real-Time Polymerase Chain Reaction (RT-PCR, in a MyCycler Thermal Cycler 

System, Bio-Rad Laboratories, Hercules, CA, U.S.A). One microgram of total RNA was reverse-transcribed into complementary 

DNA (cDNA) using the iScript cDNA Synthesis Kit (1708890, Bio-Rad Laboratories) and random hexamer primers in 20-μL 
reactions, following the manufacturer’s instructions. cDNA obtained was diluted 1:20 and gene expression quantification was 

performed in a CFX RT-PCR Detection System (Bio-Rad Laboratories) using a 96-well plate and each sample was analyzed in 

triplicate. PCR amplifications were done with 2 μL of diluted cDNA using SYBR Green chemistry (172-5124 Bio-Rad Laboratories) 

and specific primer pairs in a final volume of 20 μL. RT-qPCR efficiency for each assay was controlled using relative standard
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curves generated from a pool of cDNA. Ct data was collected and analyzed applying the 2 − ΔΔCt method for relative quantification 

using the sample with the highest expression as calibrator. Gene expression normalization factor was calculated for each sample 

based on the geometric mean of GADPH and 18S reference genes in geNorm. 69 Specific primer pairs are detailed in Table S4. 

Flow cytometry. For flow cytometry, 150,000 CDCs-P1 from 16 donors were plated in a 100 mm dish and cultured until full 

confluency (around one week) in complete medium. Cells were detached using TryPLE Select (12563, Gibco) instructions, 

counted (around 500,000) and resuspended in 500 μL of PBS. Corresponding antibodies (CD105 PE, CD117 APC, CD90 FITC, 
CD31 PerCP and CD45 Vioblue from Miltenyi Biotec) were added to the cell suspension and incubated during 15 min at Room 

Temperature (RT) in the absence of light. Immunofluorescence was quantified with a MACSQuant (Miltenyi-Biotech, Bergisch 

Gladbach) cytometer and data analyzed using Macs Quantify software. The average percentage of CDC-P2 from the different 

donors expressing each of the explored surface markers is summarized in Figure S5A: 99.0 ± 0.2% CD105+ cells, 8.7 ± 1.6% 

CD117+ cells, 36.9 ± 3.8% CD90 + cells, 7.2 ± 1.5% CD31 + cells and 1.3 ± 0.2% CD45 + cells, in concordance to the population 

of CDCs described by other groups. 16,17,70

DNA synthesis

CDC cultures for immunocytochemistry analysis were washed in PBS and fixed in 4% formaldehyde for at least 24 h. For analyzing 

DNA synthesis, fixed cells were washed three times in PBS and permeabilized with 0.1% Triton-X (X100, Sigma-Aldrich) in PBS for 

30 min at RT. They were later kept 1 h at RT with Dako protein block (X0909, Dako), and overnight incubated in the Ki-67 primary 

antibody (ab15580, abcam) at a dilution of 1:400 in Dako protein block and 4 ◦ C in a humid chamber. After three 10 min washes, 

the samples were left in Alexa Fluor Goat anti-rabbit 488 nm antibody (10236882, Thermo Fisher Scientific, Waltham, MA, U.S.A) 

at 1:400 in Dako protein block 1 h at RT, washed twice, incubated in DAPI (D8417, Sigma-Aldrich) at 1:5000 in PBS 10 min at RT, 

washed twice and kept in PBS at 4 ◦ C until imaging. Around 10 images at 10x per well (800–1200 cells) were acquired with the Leica 

DMI3000B optical microscope and Leica DFC310 FX camera (Wetzlar, Germany), and analyzed using ImageJ Software. 

Proliferation. CDCs-P1 from 16 donors were plated at 4,200 cells/cm 2 in 6-well plates (3 wells per condition/donor) in complete 

medium. After 24 h (time 0), each well was washed with PBS, changed to FBS-free medium, an imaged at eight random locations 

previously marked at 5x with the Leica DMI3000B optical microscope and Leica DFC310 FX camera (Wetzlar, Germany). After 

another 72 h, wells were imaged at the exact same locations with the same parameters. Cells in each image were manually 

counted using ImageJ, and Population Doubling Time (PDT) at each location was calculated according to Equation 1. Average 

PDT was obtained from the PDT at each of the 24 locations.

PDT = (t 2 − t 1 ) ∗ 
log (2)

log(q2) − log (q1)
(Equation 1)

Population Doubling Time. t 2 − t 1 is equal to the elapsed time, in this case 3 days. q2 is the final number of cells, in this case, after 

the 72 hours. q1 is the initial number of cells.

Migration. CDCs-P1 were plated at 57,000 cells/cm 2 in 12-well plates (3 wells per donor) in complete medium. After 24 h, wells were 

washed, changed to FBS-free medium and incubated for 48 h. Wounds were generated using a 1000 μL pipette tip, washed, and 

imaged at 5x in five different marked locations per well with the Leica DMI3000B optical microscope and Leica DFC310 FX 

camera (Wetzlar, Germany). After 24 h, wounds were imaged at the same locations. Images were processed in ImageJ to 

determine the percentage of wound closure. First, the wound area at the time of wound generation (time 0) was determined. 

Then, cells in that same area were segmented in the image taken at the same location after 24 h. The percentage of wound 

closure was calculated at each location as the area of the segmented cells divided by the total area of the wound. The average 

percentage of wound closure for CDCs of each donor was obtained by averaging the value in the 15 locations.

Telomere length. CDC-P2 nucleus telomere length was analyzed with the Telomere PNA FISH Kit/Cy3 (K5326, Dako, Agilent, Santa 

Clara, CA, U.S.A). 150,000 CDCs-P1 from 16 donors were plated in a 100 mm dish and cultured until full confluency (around one 

week) in complete medium. Cells were detached using TryPLE Select (12563, Gibco) instructions, counted (250,000–500,000), 

pelleted and resuspended in 9 mL of KCl 75 mM in H 2 Od. After 30 min incubation at 37 ◦ C, nuclei were fixed and washed in 

Carnoy’s solution (methanol and acetic acid 3:1) and stored at 4 ◦ C until hybridation. Fixed nuclei were pre-treated, denatured 

and hybridized, washed and counterstained following the kit instructions and stored at − 20 ◦ C until imaging. A minimum of 50 

nuclei from each donor were imaged at 63.5x keeping the same image parameters with a confocal scanning inverted AOBS/SP2- 

microscope (Leica Microsystems, Wetzlar, Germany) and analyzed using ImageJ software. After background subtraction, nuclei 

were segmented in the corresponding DAPI image. The mean intensity value of each segmented nucleus was calculated in the 

Cy3 image, as the length of the telomeres is directly correlated to the fluorescence intensity of the spots. 71

VEGF-A secretion. CDCs-P1 from 16 different donors were plated in triplicate at 28,500 cells/cm 2 in 12-well plates in complete 

medium. After 24 h, each well was washed with PBS and incubated with 600 μL of FBS-free media for 72 h. After this time, the 

conditioned media was collected and the VEGF secretion analyzed following the VEGF enzyme-linked immunosorbent assay 

(ELISA) kit instructions from Enzo Life (156-0001, Enzo Life Sciences, Farmingdale, NY, U.S.A).

Design of the ageing-reversal potency matrix assay

The obtained CDC-EV were characterized in terms of their bio-activity using an ageing-reversal potency matrix assay. In particular, 

the rejuvenating and pro-angiogenic potency was tested in vitro on EDCs previously obtained and endothelial cells (ECs, HUVEC,
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C0035C, Gibco). EDCs were used as the target Cardiac Stromal Cell (CSC) population as they contain a variety of cell types important 

in heart physiology and pathology. 16,17 Two types of CSCs were used as target: moderately senescent (25.6 ± 1.4% of senescent 

cells in culture) from target donor 1 (54 years old, male) and highly senescent (47.5 ± 1.3%) from target donor 2 (56 years old, female). 

The rejuvenating potency of CDC-EVs was determined by their ability to reduce CSC senescence, to induce CSC IL-6 secretion and 

to reduce the gene expression of CDKN1A (p21), CDKN2A (p16), TP53 (p53) and TGFB1 (TGF-β), senescence and fibrosis-related 
genes in CSCs. Senescence reduction induced by the different CDC-EVs in the CSCs of each target donor was calculated by sub- 

tracting the average percentage of senescent cells in the CSC after adding the different CDC-EVs in SFM minus the average percent- 

age of senescent cells in the donor under control conditions (SFM alone). Therefore, the more negative the value obtained, the more 

the CDC-EVs reduced senescence. The same formula was used for estimating the increment in IL-6 secretion induced by the CDC- 

EVS. The more positive the value obtained, the more the CDC-EVs induced IL-6 secretion. The CDC-EV pro-angiogenic potency was 

determined by their ability to induce tube formation on HUVEC, dividing the average total branching length of the ECs with the 

different CDC-EVs by the total branching length of the ECs under control conditions (SFM alone). A value higher than one means 

the CDC-EVs were able to increase EC tube formation, while a value smaller than one means the CDC-EVs impaired EC tube forma- 

tion compared to control conditions.

The results of all the tests in the matrix-assay for each CDC-EVs were scored individually and added to estimate the global potency 

score as shown in Table S1. Each test related to function modification (ability to reduce senescence, to induce increases in IL-6 

secretion and to induce EC tube formation) was assigned a maximum score of 2 (more weight in the final score), whereas each 

test related to the ability to modify gene expression of senescence or fibrosis markers received half of the weight in the final score 

(a maximum possible score of 1). In each test, the CDC-EVs were divided in three groups: the ones showing superior performance 

(6/18, first tercile) that received the maximum possible score for that particular test, the ones showing average performance (second 

tercile) receiving half of the maximum score for that particular test, and the ones showing the worst performance (third tercile) 

receiving no score for the corresponding test. The CDC-EVs with the highest total score were selected as more-potent (P-EV) 

and the CDC-EVs with the total lowest score were selected as less-potent (NP-EV). The maximum possible score was 18 if CDC- 

EVs showed superior performance in all the tests in the matrix-assay.

Anti-senescent effect

CSCs were plated in complete medium at 13,000 cells/cm 2 in fibronectin pre-coated 12-well plates. After 24 hour-incubation, wells 

were washed and replaced with FBS-free medium (blank or containing the resuspended CDC-EVs). After another 72 hour-incubation, 

the cells were fixed using Abcam’s Senescence Detection Kit following the assay protocol. All samples were run in triplicate. Senes- 

cence reduction of the different CDC-EVs was calculated as senescence of EDCs-P3 from donor 1 (25.6 ± 1.4%) or donor 2 (47.5 ± 

1.3%) treated with the corresponding CDC-EVs minus the senescence of the EDCs-P3 of the same donor under control conditions 

(SFM alone, 25.6% in donor 1 and 47.5% in donor 2). The more negative the value obtained, the more the CDC-EVs reduced 

senescence.

Gene expression reduction

The gene expression of senescence and fibrosis-related genes (CDKN1A (p21), TGFB1 (TGF-β), CDKN2A (p16) and TP53 (p53)) in 
target CSCs under control conditions or treated with the CDC-EVs from the eighteen different donors were analyzed. CSCs were 

plated in complete medium at 13,000 cells/cm 2 in fibronectin pre-coated 12-well plates. After 24 hour-incubation, wells were washed 

and replaced with FBS-free medium (blank or containing the resuspended CDC-EVs). After another 72 hour-incubation, RNA was 

isolated, reverse-transcribed into cDNA, PCR amplified and the gene expression quantified as previously described. Specific primer 

pairs are detailed in Table S4. All samples were run in triplicate. The relative expression of each gene in the CSCs under the effect of 

the different CDC-EVs was normalized by the expression of the same gene in the untreated CSCs.

IL-6 secretion

CSCs were plated in complete medium at 13,000 cells/cm 2 in fibronectin pre-coated 12-well plates. After 24 hour-incubation, wells 

were washed and replaced with 600 μL of FBS-free medium (blank or containing the resuspended CDC-EVs). After another 72 hour- 

incubation, the conditioned media was collected, diluted 1:25, and IL-6 levels determined following the kit instructions from Enzo Life 

(ADI-900-033, Enzo Life Sciences, Farmingdale, NY, U.S.A). All samples were run in triplicate. Increment in IL-6 secretion caused by 

CDC-EVs was calculated as IL-6 secretion of EDCs-P3 from donor 1 or donor 2 under the effect of the different CDC-EVs minus the 

IL-6 secreted by the untreated EDCs (140 ± 6.6 pg/mL in donor 1 and 291 ± 26 pg/mL in donor 2).

Pro-angiogenic effect

The pro-angiogenic effect of the different CDC-EVs was tested as their ability to induce tube formation. 12-well plates were coated 

with 150 μL of Geltrex (A1413202, Thermo Fisher Scientific, Waltham, MA, U.S.A) and incubated at 37 ◦ C for 30 min. Later, 87,500 

HUVEC-P5 were resuspended in 500 μL of FBS-free M-200 (negative control), in M-200 with FBS (positive control) or in FBS-free 

M-200 with the CDC-EVs at 300 μg (≈9⋅10 9 particles)/1⋅10 6 cells and plated over the pre-coated plates in three wells for each con- 

dition. After 15 h of incubation, tube formation was imaged at 5x in 5–6 different locations in each well with the Leica DMI3000B op- 

tical microscope and Leica DFC310 FX camera (Wetzlar, Germany). 16–20 images per condition were analyzed and quantified auto- 

matically using the Angiogenesis Analyzer tool in ImageJ 72 and used to obtain the average total branching length. The relative tube 

formation of HUVEC treated with the different CDC-EVs was obtained by normalizing the total branching length by the total branching
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length of HUVEC with FBS-free-medium (and without any CDC-EVs). A value higher than one means the CDC-EVs were able to in- 

crease EC tube formation, while a value smaller than one means the CDC-EVs impaired EC tube formation compared to control 

conditions.

In vivo evaluation

Gene expression analysis

The gene expression of senescence and fibrosis-related genes (GLB1 (β-galactosidase) and TGFB1 (TGF-β)) in the cardiac tissue of 
the rats in the different groups was analyzed as previously described, but using ACTB as reference gene for gene expression normal- 

ization. Specific primer pairs are detailed in Table S5. The number of animals in each group that underwent the cardiac gene expres- 

sion analysis were: Healthy: n = 6, D-gal: n = 11, D-gal + P-EVs: n = 7, D-gal + NP-EVs: n = 6.

Cardiac hypertrophy

Cardiac hypertrophy was determined at the endpoint by calculating the ratio between the heart weight (mg) and the body weight (g). 

For determining heart weight, hearts were carefully cleaned and washed from major vessels, blood, and clots in PBS. The hearts were 

weighted after removing excess fluid. The number of animals in each group that were included in the cardiac hypertrophy measure- 

ment were: Healthy: n = 8, D-gal: n = 12, D-gal + P-EVs: n = 7, D-gal + NP-EVs: n = 6.

Cardiac fibrosis

Excised hearts were fixed in 4% formaldehyde at least for one month and a tissue portion in the medium region of the ventricles de- 

hydrated and embedded in paraffin blocks. This was done with a Myr STP120 (Tarragona, Spain) tissue processor with the following 

program: (i) 3 times, 1 h each, in 96% ethanol (ii) 3 times, 1 h each, in 100% ethanol (iii) 3 times, 1 h each, in isoparaffin, and (iv) twice,

2 h each, in paraffin, followed by inclusion with a Myr EC350-1 modular tissue embedding center. The blocks were cut into 3 μm slices 

with a microtome (Microm HM325, Thermo Scientific), mounted, and fixed to the glass slide with heat (90 ◦ C for 1 h followed by 60 ◦ C 

for 2 h). The slices were later deparaffined (embedding in isoparaffin during 60 s while shaking) and hydrated (embedding in 100% 

ethanol during 60 s while shaking, the same procedure in 96% ethanol, and in distilled water). The slices were finally stained with 

Masson’s Trichrome staining using the reagents and the procedure from Bio-Optica. The slides were mounted and imaged with a 

Leica DM 1000 LED microscope (8 random images per heart, in interstitial sites, at 20x) and manually segmented for estimating 

the percentage of fibrotic area (in blue) using ImageJ. The number of animals in each group that were included in the cardiac fibrosis 

measurement were: Healthy: n = 4, D-gal: n = 12, D-gal + P-EVs: n = 7, D-gal + NP-EVs: n = 6.

Cardiac perfusion

ECG-gated SPECT images were performed with a small-animal scanner (μSPECT, MILabs, the Netherlands) 60 min after the intra- 

venous administration of 65.7 ± 11.9 99m Tc-sestamibi. The SPECT acquisition parameters were an isotropic voxel size of 0.4 mm and

1 h of acquisition time, images were reconstructed using two-dimensional ordered subset expectation maximization (OSEM-2D) with 

16 subsets and 1 iteration. For manual analysis, Multimodality Workstation software (MMWKS) 73 was used to define LV myocardium 

by a single expert to get the mean, maximum and minimum of 99m Tc-sestamibi uptake values. The number of animals in each group 

that underwent the cardiac perfusion study before receiving the treatment were: D-gal + P-EVs: n = 4, D-gal + NP-EVs: n = 2. The 

number of animals in each group that underwent the cardiac perfusion study at the endpoint were: Healthy: n = 4, D-gal: n = 4, 

D-gal + P-EVs: n = 6, D-gal + NP-EVs: n = 4. To prepare the images for Figures 5F and S3A, intensity of representative raw 

SPECT images was normalized by the injected dose, by the animal weight and by the acquisition time using ImageJ to allow for com- 

parison. From the normalized 3D image, a slide in the middle of the LV was chosen and displayed using the physics look up table with 

the same window and level in the images of the different animals.

Cytokine concentration in peripheral blood

Blood collected at the endpoint on serum tubes was left at RT for 30 min and then centrifuged at 2000× g at 4 ◦ C for 15 min. Serum 

was stored at − 80 ◦ C until used. The samples were assessed using the Rat Cytokine Array Panel A from R&D Systems (ARY008, Min- 

neapolis, USA) following manufacturer’s instructions. The number of animals in each group that underwent the cytokine concentra- 

tion test were: Healthy: n = 4, D-gal: n = 4, D-gal + P-EVs: n = 4, D-gal + NP-EVs: n = 4.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are presented as mean ± standard error of the mean (SEM) in the text and in figures. Significance of differences was assessed 

by Student’s t test or with 1-way ANOVA in case of multiple groups if the distribution of the variable was normal; otherwise, the Mann- 

Whitney or Kruskal-Wallis tests were used. Categorical variables (percentage of senescent cells and of Ki-67+ cells) were compared 

using the Z Score for two population proportions. Pearson tests were performed to study the correlation among the different param- 

eters. All probability values reported are two-sided, with p < 0.05 considered significant. For in vitro studies the lowest number of 

replicates per experiment was three.

ADDITIONAL RESOURCES

Human samples collection was approved by the Ethics Committee Comit� e de � Etica de Investigaci� on con Medicamentos del Hospital

General Universitario Gregorio Mara~n� on (protocol code 331/16 and date of approval 15/12/2016).
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