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Extracellular vesicles (EVs) are key mediators of intercellular communication and may reflect
physiological changes during aging. We analyzed plasma-derived EVs from a healthy aging cohort
stratified by age, using size exclusion chromatography, surface profiling, nanoparticle tracking, and
small RNA sequencing. While EV size and concentration remained largely unchanged, older
individuals showed shifts in EVimmunophenotype consistent with immunosenescence and displayed
distinct miRNA signatures enriched in muscle-specific and metabolism-related miRNAs, including
miR-206, miR-143-3p, miR-122-5p, and miR-20b-3p—linked to muscle, metabolic, and vascular
function. Notably, miR-6529-5p, associated with neuroprotection, was elevated in aging. Target gene
analysis revealed involvement in aging pathways such as Ras, VEGF, and MAPK signaling. EV miRNAs
and particle counts correlated with biological aging markers, including GDF-15, visceral fat, and
muscle quality. These findings highlight coordinated age-related changes in EVs reflecting
musculoskeletal and metabolic aging and support their potential as minimally invasive biomarkers of

biological aging and functional decline.

Aging is a complex and multifactorial process characterized by the
progressive accumulation of cellular and molecular damage over time,
ultimately leading to a decline in physiological function, increased sus-
ceptibility to chronic diseases, and impaired cognitive and social
capacities"”. Understanding the molecular underpinnings of aging is
essential to identifying early biomarkers and potential therapeutic targets
that may preserve healthspan and delay the onset of age-related decline™.
Among the biological systems currently under investigation, extra-
cellular vesicles (EVs) have emerged as promising mediators and bio-
markers of aging. EVs are membrane-bound nanoscale particles released
by virtually all cell types and play a critical role in intercellular com-
munication by transporting molecular cargo—such as proteins, lipids,
and RNAs—that reflect the physiological status of their cells of origin®.
Their composition, secretion patterns, and molecular content, including

non-coding RNAs, can vary with age and cellular stress, offering a
window into systemic physiological changes®”.

One of the most studied classes of EV cargo is microRNAs (miRNAs)
—short, non-coding RNA molecules approximately 22 nucleotides in
length. miRNAs act as key regulators of gene expression, often through the
repression of target mRNAs, and are involved in fundamental biological
processes such as development, immune response, metabolic regulation,
and stress adaptation'*">. miRNAs can be encapsulated within EVs, where
they remain protected and stable in circulation, allowing them to mediate
long-distance cell-to-cell signaling”. Importantly, several miRNAs have
been implicated in several hallmarks of aging, including oxidative stress,
mitochondrial ~ dysfunction, cellular  senescence, and chronic
inflammation'*"®. Recent studies suggest that both the quantity and
molecular composition of circulating EVs change with age'””'. Notably,
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EVs secreted by senescent cells have been shown to propagate senescence-
associated signals and contribute to the development of age-related
pathologies™”’. However, to establish EVs as reliable biomarkers of aging,
it is necessary to comprehensively characterize their abundance, molecular
content, and functional signatures across the lifespan®**. In particular, age-
related differences in EV-associated miRNA profiles remain incompletely
understood.

In this study, we sought to characterize the plasma-derived EVs and
their small RNA cargo across a cohort of healthy individuals ranging from
20 to over 80 years of age. We combined EV surface profiling, nanoparticle
tracking analysis, and small RNA sequencing to assess age-dependent
changes in EV abundance, size, and molecular content. Given the central
role of skeletal muscle in metabolic health and functional capacity, and its
particular vulnerability to aging, we placed special emphasis on identifying
miRNA signatures related to musculoskeletal function.

Results

Characterization of plasma-derived extracellular vesicles
Summarized epidemiological data of the participants are presented in Table 1
(by sex) and Table 2 (by age group). Plasma-derived EVs were isolated using
size exclusion chromatography from three age groups: young (n=12),
middle-aged (n = 13), and old (n = 14). EV surface profiling was carried out
using the MACSPlex Exosome Kit, which enables the detection of 37
surface-associated proteins per group, including classical exosomal markers
CD9, CD63, and CD81 (Fig. 1A). A heatmap of normalized mean fluor-
escence intensities revealed age-dependent variations in EV surface protein
composition. Specifically, a progressive decrease in CD3, CD56 (neural cell
adhesion molecule), HLA-A (MHC class I), and CD45 (pan-leukocyte
marker) expression was observed with advancing age. CD14 and CD69

showed a trend toward an increase in the older group, though these dif-
ferences should be interpreted cautiously, given the pooled nature of the
samples. Nanoparticle tracking analysis (NTA) was used to quantify EV
concentration and size distribution across the full cohort (n = 39) (Fig. 1B,
C). No statistically significant differences were found in EV concentration or
mean particle size according to age or sex. Potential outliers were evaluated
using the interquartile range (IQR) method (values > 1.5 x IQR beyond
quartiles). One individual in the older group showed EV concentration
>3 x IQR above the third quartile. However, this value was retained in
analyses as it represented a biologically plausible measurement with con-
sistent quality control metrics, and its removal did not substantially alter the
statistical conclusions (trend remained: p =0.15 with outlier vs. p=0.22
without). A trend toward increased EV concentration with age was noted,
suggesting possible age-related alterations in vesicle release or clearance
dynamics. When examined as a continuous variable, chronological age
showed a modest positive association with EV concentration (r=0.32,
p =0.05), indicating a gradual increase in EV release across the adult lifespan
(Supplementary Fig. 2). In contrast, EV particle size did not display a sig-
nificant relationship with age (r=-0.22, p = 0.18; Supplementary Fig. S5B).
These continuous-age analyses support the trends observed in the catego-
rical comparisons, reinforcing that EV concentration tends to rise with
advancing age, whereas EV size remains largely stable.

Age-related differences in EV-associated small RNAs

Small RNA sequencing of plasma-derived EVs was conducted to investigate
age-dependent molecular signatures. Annotation of the EV-associated RNA
reads followed a hierarchical prioritization (known miRNA >rRNA >
tRNA > snRNA > snoRNA > repeat > gene > novel miRNA). A total of 762
miRNAs were identified in plasma-derived extracellular vesicles, including

Table 1 | Baseline characteristics of the 39 participants included in the study

Total (n = 39) Male (n =21) Female (n =19) p

Age (years) 48.5(20-85)+2.8 49.3 (23-79)+ 3.9 47.6 (20-85)+ 4.3 0.767
Sex (female) 19 (49%) — —
Height (m) 1.69 (1.47-1.87) + 0.01 1.77 (1.61-1.87) £ 0.01 1.61 (1.47-1.69) + 0.01 <0.001*
Weight (kg) 69.7 (44.5-100) + 2.27 78.2 (58.8-100) + 2.6 58.6 (44.5-77.2) 2.0 <0.001*
Body mass index (kg/m?) 23.8(17.3-35.7) £ 0.6 25.1(19.4-30.8) +0.7 22.5(17.3-35.7) £ 0.9 0.025*
Basal metabolic rate 1517 (1095-2130) + 45.8 1738 (1297-2130) +47.1 1284 (1095-1500) + 27 <0.001*
Body fat mass (kg) 16.0 (5.8-39.1) £ 1.1 15.6 (5.8-31.5)+ 1.4 16.3(7.4-39.1) £ 1.8 0.776
Soft lean mass (kg) 49.6 (31.4-77.1)+2.0 58.9 (40.5-77.1) 2.0 39.8(31.4-49.3)+1.2 <0.001*
Fat-free mass 52.7 (33.6-81.5)+ 10.6 62.5 (42.9-81.5)+2.1 42.3(33.6-52.3)+1.3 <0.001*
Visceral fat area 75.1 (22.2-202.8) + 6.4 72.7 (22.2-156.8) + 7.7 77.6 (27.7-202.8) + 10.6 0.708
Waist-hip ratio 0.900 (0.900-1.09) + 0.010 0.910 (0.790-1.08) + 0.020 0.880 (0.790-1.09) + 0.020 0.393
50 kHz body phase angle 5.53 (3.60-6.70) +0.13 5.90 (3.60-6.70) +0.17 5.16 (3.90-6.20) + 0.15 0.004*
Physical performance

Grip Strength (kg/cm) 30.6 (10.5-53.4) + 1.8 39.4 (27.5-53.4)+1.5 21.4(10.5-35.9)+ 1.5 <0.001*

Chair Test (s) 9.40 (5.30-20.7) + 0.50 9.40 (6.40-20.7) + 0.70 9.40 (5.30-15.93) + 0.60 0.949

Walking speed (normal) (s) 3.50 (2.23-4.43) £ 0.07 3.50 (2.76-4.43) + 0.10 3.50 (2.23-4.06) + 0.10 0.748

Walking speed (fast) (s) 2.23 (0.72-3.28) + 0.07 2.10(0.72-3.00) + 0.09 2.40 (1.80-3.28) + 0.09 0.016*
Inflammatory markers

GDF-15 446 (131-1335) £ 40 465 (131-1335) + 63 428 (219-1011) £ 50 0.646
Exosomes characterization

Extracellular vesicles number 4.99x10°(1.34 x 10-5.95 x 109 + 1.75x 10°  6.29 x 10® 3.61x10° 0.452

(particles/mL) (1.34x10"-5.95x 10% +2.94 x 10°  (2.21 x 10"-3.70 x 10°) + 1.87 x 10°

Extracellular vesicles size (nm) 139 (110-175)+ 3 136 (110-162) + 3 143 (112-175) +4.0 0.134

Data are mean + (SEM), range () or %.
“Statistically significant (o < 0.05).
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Table 2 | Baseline characteristics of the 39 participants included in the study

Young (n=12) Middle age (n =13) Old (n=14) p
Age (years) 27.4(20-33)+1.3 47.1 (39-56) + 1.50° 68.8 (60-85) £ 2.2"* <0.001*
Sex (female) 6 (15.4%) 6 (15.4%) 7 (17.9%)
Height (m) 1.71(1.53-1.83) £ 0.02 1.71 (1.57-1.87) £ 0.02 1.66 (1.47-1.85) + 0.03 0.584
Weight (kg) 69.3 (44.5-91.9)+4.6 65.4 (48.3-85.6) + 3.1 71.1(48.6-100) + 4.1 0.239
Body composition
Body mass index (kg/m?) 23.3(17.3-28.7)= 1.0 22.4(19.4-28) +0.7 25.7 (21.3-35.7) £ 0.6 0.042
Basal metabolic rate 1615 (1126-1964) + 93 1529 (1209-1854) + 59 1422 (1095-2130) + 81 0.232
Body fat mass (kg) 13.2 (7.40-18.3) £ 1.1 11.8 (5.80-22.3) + 1.2 22.3 (15.0-39.1) = 1.8"* <0.001*
Soft lean mass (kg) 52.8 (32.8-69.6) + 3.9 50.6 (36.5-64.7) + 2.6 45.9 (31.4-77.1)+3.6 0.329
Fat-free mass 56.1 (35.0-73.8) + 4.1 53.7 (38.8-68.7) + 2.7 48.7 (33.6-81.5)+3.7 0.326
Visceral fat area 56.7 (28.0-79.9) +5.2 52.2 (22.2-108) + 6.5 112 (70.1-203) = 11" <0.001*
Waist-hip ratio 0.87 (0.790-0.960) + 0.02 0.860 (0.790-0.980) + 0.020 0.950 (0.810-1.09) + 0.020"* 0.005*
50 kHz body phase angle 5.93 (4.70-6.60) + 0.20 5.82 (5.10-6.70)+0.14 4.93 (3.60-6.70) = 0.21°# <0.001*
Physical Performance
Grip Strength (kg/cm) 33.5(13.3-53.4)+3.5 33.7 (20.5-49.6) + 2.7 25.3(10.5-53.4)+2.7 0.081
Chair Test (s) 8.14 (6.70-10.1) £+ 0.30 7.93 (5.30-14.0)+ 0.63 11.9 (7.72-20.7) + 0.5™* <0.001*
Walking speed (normal) (s) 3.43 (2.76-4.43) £ 0.13 3.35(2.23-4.02) +0.13 3.66 (2.60-4.08) + 0.11 0.193
Walking speed (fast) (s) 2.12 (1.75-2.47) £ 0.07 1.99 (0.72-2.42) £ 0.12 2.54 (1.98-3.28) + 0.11"* 0.002*
Inflammatory markers
GDF-15 365 (131-1011) = 70 350 (219-501) + 21 626 (348-1336)+ 78" 0.004*
Exosomes characterization
Extracellular vesicles number  2.10 x 10° (2.21 x 107-8.27 x 10°) 3.32x 10°(1.34 x 107-1.45 x 109 9.01 x 10° (3.09 x 107-5.95 x 10°) 0.224
(particles/mL) +7.91x107 +1.07 x 10° +4.64x10°
Extracellular vesicles 140 (115-162) + 4 142 (110-162) + 4 139 (112-175) + 5 0.687

size (nm)

Data are mean + (SEM), range () or %.

*Statistically significant (o < 0.05). * indicates a statistically significant difference compared with the Young group (p 0.05); # indicates a statistically significant difference compared with the Middle-aged

group (p 0.05).

631 known and 131 novel miRNAs, based on alignment to the human
genome (GRCh38) and miRBase reference sequences. Across all age groups,
the majority of reads corresponded to the “other” category—mapped
sequences without known annotation—followed by reads assigned to
miRNA, tRNA, and rRNA categories (Supplementary Fig. 3). A detailed
breakdown of RNA biotypes (Fig. 2A) revealed that while known miRNAs
were among the most abundant annotated small RNAs, a substantial por-
tion of the EV RNA cargo mapped to repeats, exonic/intronic regions, and
uncharacterized elements, highlighting the complexity and heterogeneity of
EV-derived small RNAs. Interestingly, intron+ sequences were more
abundant in the young group compared to middle-aged and older indivi-
duals, suggesting a potential age-related loss of regulatory RNA species
derived from intronic regions. The global analysis of miRNA expression
revealed distinct age-associated clustering patterns. As shown in the heat-
map (Fig. 2B), several miRNAs were differentially expressed in the young
group compared to both middle-aged and older individuals, supporting an
early divergence in the EV miRNA signature during aging.

Differential expression analysis confirmed this trend. Volcano plots
indicated a higher number of significantly dysregulated miRNAs when
comparing the young group with either the middle-aged (17 upregulated, 39
downregulated; Tables 3 and 4) or the elderly group (26 upregulated, 31
downregulated) (Fig. 2C, E). In contrast, the comparison between old and
middle-aged participants revealed only 23 differentially expressed miRNAs
(Fig. 2D), further reinforcing the notion that the most marked tran-
scriptomic changes in EV miRNA profiles occur early in the aging process.
These age-associated shifts were further illustrated by analyzing the relative
read distribution of the top-expressed miRNAs across old and young age
groups (Supplementary Fig. 4). While several miRNAs showed balanced
expression across young and old individuals, others—such as miR-1-3p,

miR-199b-5p, miR-200b-3p, miR-200a-3p, miR-200c-3p, miR-206, miR-
378c¢, and miR-6529-5p, were predominantly expressed in older individuals,
with read counts exceeding 80-90% in this group. This skewed age-related
expression pattern supports their relevance as potential biomarkers of
biological aging.

To further investigate the coordinated expression and potential
biological roles of EV-associated small RNAs, we performed k-means
clustering across all 39 participants based on log,-transformed expression
ratios. This analysis revealed four distinct subclusters of sSRNAs, each
characterized by specific expression dynamics (Supplementary Fig. 5,
panel A). Subcluster 1 consisted of sSRNAs with increasing expression
trends, while subcluster 2 included those with stable, baseline-like
expression. In contrast, subclusters 3 and 4 displayed pronounced
downregulation across samples, suggestive of age-related repression. GO
enrichment analysis of validated target genes for each subcluster (Sup-
plementary Fig. 5, panel B) uncovered subcluster-specific biological sig-
natures, including pathways involved in nuclear transport, synaptic
function, and cell cycle regulation, indicating that coordinated shifts in EV
miRNAs may regulate distinct cellular processes during aging.

Among the downregulated miRNAs in older individuals (Table 4),
several with known links to aging and inflammation were identified,
including miR-143-3p, miR-196a-5p, miR-222-3p, miR-320b, miR-335-
3p, miR-543, and miR-98-5p. Notably, miR-222-3p and miR-654-5p
showed highly significant downregulation (adjusted p < 0.01), suggesting
strong age-associated regulatory shifts. In parallel, novel miRNAs such as
novel_109 and novel_433 were also significantly downregulated in older
individuals, pointing toward previously undescribed regulatory elements
potentially involved in the aging process. Figure 2F summarizes the
overlap and divergence of miRNA expression profiles across sex and age
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Fig. 1 | Characterization of plasma-derived EV. A Heatmap of EV surface epitope
detection for each pool of samples grouped by age range (young, n = 12; middle-
aged, n =13; old, n = 14). Data are presented as the average median fluorescence
intensity in the APC-H channel for each group of samples, normalized by the mean

YOUNG MIDDLE-AGE oLo

intensity of CD9, CD63 and CD81. The percentage of expression is reflected as a
color scale. Individual sample values are provided in Supplementary Table S1.
Analysis of B particle concentration and C particle size by NTA for each individual
sample (n = 39). Data is presented as mean + SEM according to sex and age range.

groups, revealing both shared and distinct miRNA signatures that may
contribute to the molecular heterogeneity of aging. Notably, some miR-
NAs appeared as unique to middle-aged individuals in the Venn diagram,
without overlap with either the young or old groups. This observation
does not necessarily indicate statistical or biological significance but
suggests that certain miRNAs were differentially expressed only in one of
the middle-aged comparisons. These may represent transient or adaptive
regulatory signatures characteristic of the transition from young adult-
hood to established aging. Although no pathway analysis was performed
specifically on this subset, their intermediate pattern may reflect com-
pensatory responses activated during midlife.

Functional enrichment of age-associated miRNA targets

To explore the potential biological significance of the age-related miRNA
changes, Gene Ontology (GO) and KEGG pathway enrichment analyses
were performed on the computationally predicted targets of differentially
expressed miRNAs. GO analysis for the old vs. young comparison revealed
significant enrichment in terms related to biological processes (BP), cel-
lular components (CC), and molecular functions (MF) (Fig. 3A). (Addi-
tional enrichment analyses for the middle-aged vs. young and old vs.
middle-aged comparisons are provided in Supplementary Fig. S6, illus-
trating distinct age-related biological pathways across comparisons).
Among BP, the top-enriched terms included protein phosphorylation,
intracellular signal transduction, DNA repair, and other processes involved
in cell signaling and genome maintenance. In CC category, significant
enrichment was observed in genes associated with the cytoskeleton, Golgi
apparatus, and the endomembrane system, suggesting potential associa-
tions in vesicle formation, trafficking, or cellular architecture changes that
occur with aging. Regarding MF, the most enriched terms included kinase

activity, nucleoside triphosphatase regulator activity, and transcription
regulator activity, highlighting putative regulatory associations in signaling
cascades and gene expression. Figure 3B displays a KEGG pathway
enrichment analysis comparing predicted target gene expression between
older and younger individuals, highlighting pathways associated with
upregulated (left panel) and downregulated (right panel) miRNAs in the
older group. It is important to note that miRNAs generally function as
negative regulators of gene expression. Consequently, pathways enriched
for targets of miRNAs upregulated in older individuals would be predicted
to undergo relative suppression, whereas pathways targeted by down-
regulated miRNAs may experience de-repression or activation. For
example, the enrichment of targets of upregulated miRNAs in the VEGF
signaling pathway suggests that this pathway may face increased inhibitory
pressure with aging, potentially contributing to vascular dysfunction.
Conversely, pathways such as MAPK signaling, targeted by downregulated
miRNAs, may become less inhibited. These regulatory relationships
remain predictive and require experimental validation to confirm actual
pathway activity changes.

Among pathways linked to upregulated miRNAs, notable enrich-
ments include the Ras signaling pathway, Thl and Th2 cell differ-
entiation, glycerophospholipid metabolism, leukocyte transendothelial
migration, glutamatergic synapse, VEGF signaling, regulation of actin
cytoskeleton and oxytocin signaling pathways. These pathways are
involved in immune response modulation, vascular and synaptic sig-
naling, and hormonal regulation. For pathways associated with down-
regulated miRNAs, older individuals show significant reductions in
pathways such as non-small cell lung cancer, neuroactive ligand-
receptor interaction, dopaminergic synapse, circadian entrainment, and
MAPK signaling. Other pathways linked to downregulated miRNAs

npj Aging| (2026)12:30


www.nature.com/npjamd

https://doi.org/10.1038/s41514-025-00321-1

Article

A)

1e+05

1e+03

1e+01

Average Counts (Log Scale)

B)

O

Old vs Young

hey R TR
.

. $
e o e

< o0y val)

(TN

.o
a--

0 1 "

D)

Old vs Middle Age

Cluster 1: high inyoung

.- e
Eig

= logyipvaba}

Cluster 2: progressive

[0 - Y
log;(Fokd Change)

Cluster 3: Mixed pattern

s>

Middle Age vs Young

Cluster 4: Highin old

Cluster 5: Minimally

Eig

= loguavabas}
.
* e

Old

include Axon guidance, Th17 cell differentiation, adrenergic signaling in
cardiomyocytes, and Cell adhesion molecules, many of which are crucial
for neural function, hormone response, and cellular communication.
Together, these results suggest substantial age-associated changes in
immune, endocrine, neuronal, and metabolic signaling pathways, which
may reflect both adaptive and maladaptive responses to aging. However,
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these computational predictions require experimental validation to
confirm functional relevance.

Association between EV characteristics and clinical variables
We next examined the relationship between EV concentration and size with
clinical and functional aging markers. Correlation heatmaps revealed that
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Fig. 2 | sSRNA profile of plasma-derived EV. A Classification of EV-associated small
RNAs by biotype. Bar chart showing the average read counts (log scale) of different
small RNA biotypes identified in plasma-derived EVs. Annotation followed a
hierarchical structure: known miRNA > novel miRNA > rRNA > tRNA >

snRNA > snoRNA > repeat > exon > intron > other. While miRNAs were among
the most abundant annotated classes, a considerable fraction of reads mapped to
non-coding elements such as repeats, intronic/exonic regions, and an unclassified
“other” category. B Cluster analysis of the differences between miRNA expressions.
Colored boxes on the left indicate distinct microRNA clusters with differential
expression patterns across age groups. The overall result of the (transcript per
million) TPM cluster analysis is grouped by the log;o(TPM + 1) value. The color

scale from red to blue represents the level of miRNA expression. C, D, E Volcano
diagrams comparing the miRNA expression between the old versus the young group
(C), the old versus the middle-age groups (D) and the middle-age versus the young
groups (E). The x-axis shows the fold-change (FC) in miRNA expression between
different samples, and the y-axis shows the statistical significance of the differences
between groups. Differentially expressed miRNAs are considered to be those with
log,FC > 1 and p-value < 0.05. F Venn diagrams illustrating the overlap and
uniqueness of significantly dysregulated miRNAs (FDR < 0.05) across pairwise age
group comparisons (young vs. middle-aged; young vs. old; middle-aged vs. old),
stratified by sex. Numbers indicate the count of unique and shared differentially
expressed miRNAs.

Table 3| Old vs. young up-regulated miRNA expression profile

sRNA Log,FC p-value Adjusted
p-value
Up-regulated  hsa-miR-125b- —-2.14 0.02 0.17
1-3p
hsa-miR-1301-3p —3.61 0.02 0.15
hsa-miR-1307-3p —-0.92 0.01 0.11
hsa-miR-134-5p —2.00 0.02 0.17
hsa-miR-143-3p —1.43 0.001 0.02
hsa-miR-149-5p —2.98 0.005 0.07
hsa-miR-196a-5p -3.27 2.17E-04  0.01
hsa-miR-196b-5p —2.47 0.02 0.17
hsa-miR-22-5p -3.14 0.01 0.13
hsa-miR-222-3p -1.69 4.17E-08  1.05E-05
hsa-miR-224-5p —1.64 0.01 0.10
hsa-miR-26a-5p —0.45 0.04 0.19
hsa-miR-320a-3p —0.81 0.003 0.05
hsa-miR-320b —1.84 6.31E-06  3.18E-04
hsa-miR-320c —1.60 0.01 0.10
hsa-miR-335-3p —2.60 0.001 0.02
hsa-miR-365a-5p —2.58 0.04 0.19
hsa-miR-365b-5p —2.84 0.03 0.17
hsa-miR-409-3p —1.45 0.003 0.05
hsa-miR-4488 -2.26 0.05 0.21
hsa-miR-450a-5p —3.83 0.01 0.11
hsa-miR-485-5p —1.61 0.04 0.19
hsa-miR-493-3p —1.89 0.01 0.13
hsa-miR-493-5p -1.39 0.04 0.19
hsa-miR-543 -2.07 0.001 0.02
hsa-miR-615-3p —3.68 4.65E-06  2.93E-04
hsa-miR-654-5p -3.89 1.73E-04  0.01
hsa-miR-671-3p -2.10 0.03 0.19
hsa-miR-98-5p -1.79 0.001 0.01
novel_109 —4.15 0.02 0.17
novel_433 —3.82 0.01 0.13

vesicle concentration was significantly associated with multiple aging-
related clinical variables in an age-dependent manner (Fig. 4A). Vesicle size
showed weaker and more variable associations (Fig. 4B). Specifically, vesicle
concentration was negatively correlated with markers of adiposity and
positively correlated with physical function metrics, particularly in younger
individuals. Correlations between log-transformed plasma EV concentra-
tion and key clinical variables were assessed in the overall cohort (top
panels) and stratified by sex (bottom panels) (Fig. 5A, B). Significant

Table 4 | Old vs. young down-regulated miRNA expression
profile

sRNA LogoFC p-value Adjusted
p-value
Down- hsa-miR-125b-1-3p —-2.14 0.02 0.17
regulated hsa-miR-1301-3p  —3.61  0.02 0.15
hsa-miR-1307-3p -0.92 0.01 0.11
hsa-miR-134-5p —2.00 0.02 0.17
hsa-miR-143-3p —1.43 0.001 0.02
hsa-miR-149-5p —2.98 0.005 0.07
hsa-miR-196a-5p -3.27 2.17E-04 0.01
hsa-miR-196b-5p —2.47 0.02 0.17
hsa-miR-22-5p -3.14 0.01 0.13
hsa-miR-222-3p -1.69 4.17E-08 1.05E-05
hsa-miR-224-5p —1.64 0.01 0.10
hsa-miR-26a-5p —0.45 0.04 0.19
hsa-miR-320a-3p —0.81 0.003 0.05
hsa-miR-320b —1.84 6.31E-06 3.18E-04
hsa-miR-320c —1.60 0.01 0.10
hsa-miR-335-3p —2.60 0.001 0.02
hsa-miR-365a-5p —2.58 0.04 0.19
hsa-miR-365b-5p —2.84 0.03 0.17
hsa-miR-409-3p —1.45 0.003 0.05
hsa-miR-4488 —2.26 0.05 0.21
hsa-miR-450a-5p -3.83 0.01 0.11
hsa-miR-485-5p —1.61 0.04 0.19
hsa-miR-493-3p -1.89 0.01 0.13
hsa-miR-493-5p -1.39 0.04 0.19
hsa-miR-543 -2.07 0.001 0.02
hsa-miR-615-3p —3.68 4.65E-06 2.93E-04
hsa-miR-654-5p -3.89 1.73E-04 0.01
hsa-miR-671-3p -2.10 0.03 0.19
hsa-miR-98-5p -1.79 0.001 0.01
novel_109 —-4.15 0.02 0.17
novel_433 -3.82 0.01 0.13

negative correlations were observed between EV concentration and muscle
quality (r=-0.422, p=0.007), and positive correlations with waist-to-hip
ratio (r=0.365, p=0.022). Stratified analyses revealed that the inverse
association between EV concentration and muscle quality was particularly
strong in males (r = -0.698, p < 0.001). EV concentration was also positively
associated with visceral fat in males (r=0.490, p = 0.028). Regarding phy-
sical function associations, EV concentration was positively correlated with
walking speed and the chair test (r=0.318, p=0.048 and r=0.365,
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p =0.022), but not significantly associated with grip strength in the overall
sample. When stratified by sex, EV concentration showed a positive asso-
ciation with fast walking speed in both females (r = 0.465, p =0.031) and
males (r = 0.467, p = 0.039), and a trend toward significance in the chair test
in males (r=0.273, p=0.144). These associations suggest that EV con-
centration may reflect early changes in functional capacity and metabolic
health.

EV-associated miRNAs correlate with functional and biological
aging proxies

To further explore the potential relevance of EV-derived miRNAs as can-
didate markers of biological and functional aging, we performed regression
analyses between individual miRNAs and key clinical proxies of health
status. In this study, biological aging was operationalized through GDF-15
levels and functional capacity measures (grip strength, gait speed, chair
stand performance), which together capture the multi-dimensional nature
of the aging process beyond chronological age alone. As expected, GDF-15
levels were positively correlated with chronological age (data not shown),
supporting its validity as a biological aging marker in our cohort. (Supple-
mentary Fig. 7). However, the moderate correlation coefficient indicates that
GDF-15 captures variance in aging-related physiology beyond chron-
ological time alone, consistent with its role as a marker of biological rather
than solely chronological aging. We assessed associations between miRNA
expression levels and waist-to-hip ratio, muscle quality, visceral fat area,
adherence to the Mediterranean diet (Predimed score), and GDF-15 levels,
as well as physical performance metrics such as the chair stand test, grip
strength and gait speed (normal and fast). Linear regression analyses
included all detected miRNAs with mean expression >10 TPM across
samples (n = 156 miRNAs) to ensure adequate detection levels. Each clinical
outcome was modeled separately as: Outcome ~Age + Sex + miRNA
expression (see methods section). The results are summarized in volcano
plots (Fig. 6), which display the beta coefficients and statistical significance
for each miRNA-phenotype association. For the waist-to-hip ratio, miRNAs
such as let-7d-5p, miR-30e-3p, and miR-340-5p showed the strongest
associations, predominantly negative. In the case of the Predimed score,
higher levels of miR-361-3p, miR-340-5p, and miR-451a were associated

with healthier dietary patterns. Regarding muscle quality, miR-125b-5p,
miR-140-3p, miR-320b, and miR-122-5p showed negative associations,
suggesting a potential correlation with reduced muscle performance. For
GDF15, a well-established marker of biological aging’®”’, miR-320b, miR-
30a-5p, miR-381-3p, and miR-320c emerged as the most strongly associated
miRNAs. Lastly, let-7d-5p, miR-30c-5p, and miR-30a-5p were among the
top miRNAs associated with visceral fat. In the chair stand test, miRNAs
such as miR-320a-3p, miR-320b, miR-125b-5p, miR-361-3p, and miR-320c
showed positive associations with better performance, while miR-27a-5p
showed a negative association. For fast walking speed, miR-142-5p, let-7i-
5p, miR-181a-5p, and miR-101-3p emerged as top candidates with positive
associations, whereas miR-200b-3p showed a negative association. For
normal walking speed, just 3 miRNAs were significant: miR-425-5p, miR-
320a-3p, and miR-421-3p. Finally, in the grip strength model, miR-140-3p
and miR-320b were among the miRNAs most strongly associated. Alto-
gether, these correlative findings highlight specific EV-carried miRNAs as
candidates for biomarkers of age-related physiological alterations and health
trajectories.

Discussion

In this study, we characterized plasma-derived EVs across healthy aging and
identified age-associated miRNA signatures predominantly reflecting
musculoskeletal and metabolic changes, with secondary alterations in
immune and neurological pathways.

Our findings align with previous research indicating that EVs play a
crucial role in intercellular communication and are involved in various
physiological and pathological processes, including aging and age-related
diseases'"*. Interestingly, contrary to previous reports suggesting a decline
in EV concentration with agezs, we observed a trend toward increased EV
concentration in older individuals. This discrepancy may reflect age-related
changes in vesicle biogenesis, release, or clearance mechanisms, warranting
further investigation”. In fact, a recent report has proposed that alterations
in the release of EV could be considered an emerging hallmark of aging, as
EV secretion patterns are associated with cellular and senescence status’

On the other hand, the age-dependent variation in EV surface markers
—including decreased CD3, CD56, HLA-A, and CD45 and increased CD14
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Fig. 4 | Association between vesicle number and vesicle size with all the clinical
variable included in the study by age groups. Heatmaps show the correlation
among all the variables by age group (A) and the bar plots the specific correlation

coefficient between vesicle number (B) and size and all the variables by age groups
(C©). The red line shows the correlation coefficients that are significant.

and CD69—supports a shift in EV immunophenotype, consistent with
immunosenescence and changes in circulating immune cell populations™.
These changes could reflect a reduced contribution of adaptive immune cells
to the pool of circulating EVs and an increased release by activated
monocytes”. Interestingly, recent findings have shown that EV surface
antigen profiling can be used as a biomarker of aging, reflecting features of
inflammaging commonly observed in older people, as well as the

cardiovascular risk of individuals®'. Furthermore, the alterations in the
surface markers of EVs could not only indicate a differential cellular origin
but could also affect the uptake of these EVs by different target cells™. This
could ultimately influence the intercellular communication mediated by
EVs during aging.

The analysis of EV-associated small RNAs revealed distinct clustering
by age group, with the young cohort showing a markedly different profile
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Fig. 5 | Associations between EV concentration and clinical/functional aging
marKkers, stratified by sex. A Scatterplots show associations between log-
transformed EV concentration and three aging-related physiological variables:
muscle quality, visceral fat content, and waist-to-hip ratio. Top panels represent all
individuals; bottom panels show stratified analyses by sex (green = females, blue =

log (Vesicle number)

log (Vesicle number)

males). EV concentration was negatively associated with muscle quality and posi-
tively associated with adiposity markers, particularly in males. B Associations
between log-transformed EV concentration and physical function indicators: fast
walking speed, grip strength, and chair stand test performance. Similar to panel A,
top panels show the full cohort, and bottom panels show sex-stratified analyses.

compared to middle-aged and older individuals. This early divergence in the
EV miRNA signature suggests that some molecular hallmarks of aging are
already encoded in EV's well before late-life decline becomes clinically evi-
dent. Among the downregulated miRNAs in older individuals, several have
known roles in aging-related pathways, including miR-143-3p, miR-196a-
5p, miR-222-3p, and miR-320b"". Notably, miR-222-3p—implicated in
vascular aging and endothelial dysfunction—was significantly reduced in
older individuals, in line with its reported decline in age-related vascular
disease contexts™**.

One of the most important findings of our study was the predominant
expression of several miRNAs in EVs from older individuals, including
miR-206, a well-characterized muscle-specific miRNA (“myomiR”). miR-

206 plays a pivotal role in skeletal muscle regeneration, satellite cell differ-
entiation, and neuromuscular junction remodeling”~*'. It is known to be
upregulated in response to muscle injury and sarcopenia, suggesting a
compensatory mechanism in aging muscle. While previous studies have not
definitively shown miR-206 enrichment in EVs from older adults, our
findings provide the first evidence that miR-206 may be exported in EVs
during aging, positioning it as a minimally invasive biomarker of muscle
degeneration and functional capacity.

In addition to miR-206, several other miRNAs—miR-122-5p, miR-
143-3p, miR-99b-5p, and miR-20b-3p—also showed strong age-associated
enrichment in EVs. These miRNAs are linked to key biological processes
relevant to aging, such as lipid metabolism (miR-122-5p), insulin resistance
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and miR-320c, showed consistent associations across multiple phenotypes, sup-
porting their potential as biomarkers of functional and biological aging. The Beta
coefficients were extracted from the regression of the outcome~Age + miRNAs.

A waist-to-hip ratio; B Predimed score, C muscle quality (50 kHz phase angle,
InBody); D plasma GDEF-15; E visceral fat (InBody); F chair test; G fast WS (walking
speed); H normal WS (walking speed); I grip strength.

and muscle aging (miR-143-3p), and vascular remodeling (miR-20b-
3p)*™*. The combined presence of these miRNAs in EVs suggests an
integrated molecular response to systemic stress, particularly in metaboli-
cally active tissues like skeletal muscle, which undergo significant remo-
deling with age. Interestingly, miR-6529-5p was one of the most highly
expressed miRNAs in older individuals in our relatively healthy aging
cohort. This finding differs from recent evidence reporting significant
downregulation of miR-6529-5p in plasma exosomes of patients with
Alzheimer’s disease, where lower levels were associated with worse cognitive
performance®. Rather than a direct contradiction, this difference may reflect
distinct biological contexts—healthy aging versus neurodegenerative dis-
ease. In our cohort, the upregulation of miR-6529-5p could indicate a
compensatory or protective mechanism aimed at preserving cognitive or
cellular function during healthy aging. This hypothesis requires functional
validation but suggests that miR-6529-5p trajectories may differ between
resilient and pathological aging and could potentially serve as a biomarker
distinguishing these trajectories.

The KEGG pathway enrichment analysis highlights significant tran-
scriptional alterations associated with aging, reflecting both adaptive and
maladaptive changes across various biological systems. Notably, the upre-
gulation of the Ras signaling pathway in older individuals suggests enhanced
cellular proliferation and survival mechanisms, which have been linked to
longevity assurance and metabolic regulation®. Similarly, the increased
activity in VEGF signaling pathways may represent a compensatory
response to age-related vascular insufficiencies, as augmenting VEGF

signaling has been shown to prevent capillary loss and improve organ
function in aged models”. The enrichment of Thl and Th2 cell differ-
entiation pathways indicates a shift in immune response dynamics with age,
potentially contributing to altered inflammatory profiles observed in the
elderly”. In the nervous system, upregulated glutamatergic synapse path-
ways may reflect attempts to maintain excitatory neurotransmission amidst
age-related synaptic decline. Additionally, changes in oxytocin signaling
pathways could influence social and emotional behaviors in aging popula-
tions, given oxytocin’s role in socioemotional processing***’. Conversely, the
downregulation of pathways such as dopaminergic synapse and circadian
entrainment underscores potential vulnerabilities in neurochemical sig-
naling and circadian regulation with age. Reduced dopaminergic activity has
been associated with cognitive decline in aging, while alterations in circadian
rthythms can impact sleep quality and overall health®*. The observed
decrease in MAPK signaling pathways further suggests diminished cellular
stress responses and regenerative capacities in older individuals. Collec-
tively, these findings provide an initial characterization of the molecular
shifts occurring with aging, highlighting potential targets for interventions
aimed at mitigating age-associated functional declines. Importantly, we also
observed strong associations between EV concentration and miRNA con-
tent with clinical and functional indicators of aging, such as visceral fat,
muscle quality, grip strength, gait speed, and chair stand performance.
These associations remained significant even after adjusting for chron-
ological age, supporting the utility of EV-associated miRNAs as proxy
markers of biological rather than chronological aging. Consistently, a recent

npj Aging| (2026)12:30

10


www.nature.com/npjamd

https://doi.org/10.1038/s41514-025-00321-1

Article

study demonstrated that plasma EV content is linked to frailty status in older
adults, further suggesting that these particles could serve as indicators of
functional capacity”. In this sense, EVs have been proposed as central
players involved in the hallmarks of aging, contributing to age-promoting
processes such as DNA damage, inflammatory signaling spread, or
impairment of stem cell function. However, EVs have also demonstrated the
potential to reduce the age-related decline in physical performance by
promoting autophagy, mitochondrial function, or telomere repair™.

Despite the strengths of this study—including multimodal EV profil-
ing and integration with functional clinical metrics—several limitations
should be acknowledged. First, the observational and cross-sectional nature
of the study precludes any conclusions regarding causality. While we
identified associations between EV features and biological aging markers, it
remains unclear whether changes in EV composition actively contribute to
aging phenotypes or merely reflect downstream consequences. Longitudinal
studies tracking EV dynamics over time, ideally alongside changes in muscle
and metabolic function, are needed to disentangle cause-and-effect rela-
tionships. Second, our sample size, while sufficient to detect significant
differences, was relatively modest and composed of a predominantly healthy
aging population. The limited sample size precluded comprehensive
adjustment for potential confounders such as medication use, specific
comorbidities, physical activity levels, and smoking history in multivariable
models. While our study included generally healthy individuals, residual
confounding cannot be excluded. Future studies with larger cohorts are
needed to validate these associations with appropriate confounder adjust-
ment and to determine whether the observed EV-miRNA signatures are
independent of other age-related factors. These results should therefore be
considered exploratory and hypothesis-generating rather than definitive.
Third, while our EV isolation and characterization methods followed
MISEV2023 guidelines and included size exclusion chromatography using
qEVoriginal/70 nm columns (which effectively separates EVs from the
majority of free-circulating RNA-protein complexes, soluble proteins, and
lipoprotein particles based on size), we did not perform RNase protection
assays to definitively confirm that detected miRNAs represent internal EV
cargo rather than surface-associated RN As. However, several lines of evi-
dence support that our detected miRNAs predominantly represent bona
fide EV cargo: (1) size exclusion chromatography is recognized in
MISEV2023 guidelines as a method that significantly reduces co-
purification of non-vesicular extracellular RNA; (2) our multi-step isola-
tion protocol combining SEC with subsequent RNA extraction using vali-
dated kits minimizes contamination from free ribonucleoprotein
complexes; (3) we detected classical EV-enriched miRNAs known to be
predominant EV cargo (e.g., miR-122, miR-320 family, let-7 family); and (4)
the miRNA profiles we observed are consistent with previous EV-miRNA
studies using similar SEC-based isolation methods. Nevertheless, future
studies employing RNase protection assays (e.g., ref. 54) combined with
qPCR validation would provide additional direct confirmation of cargo
localization for specific miRNA candidates. Fourth, although we report
strong correlations between EV-associated miRNAs and functional mea-
sures such as gait speed and muscle quality, the biological activity of these
miRNAs in recipient cells remains speculative. Functional validation using
cell-based assays and in vivo models is needed to determine whether these
EV miRNAs are taken up by target tissues (e.g., muscle, endothelium, brain)
and whether they mediate specific phenotypic effects.

Finally, our analysis focused primarily on small RNAs, particularly
miRNAs, within EVs. However, EVs also contain other molecular cargo—
including proteins, lipids, and long non-coding RNAs—that may play cri-
tical roles in aging. Future studies employing multi-omics approaches (e.g.,
proteomics, lipidomics, transcriptomics) could provide a more holistic
understanding of EV-mediated signaling in aging. Moving forward, inter-
ventional studies examining EV dynamics pre- and post-intervention could
elucidate whether EV profiles are modifiable and whether changes reflect
improvements in biological aging markers. Proof-of-concept studies have
demonstrated that EV profiles can be altered by acute interventions in non-
aging contexts (e.g., exercise (see ref. 55)), suggesting that similar approaches

may be valuable for understanding EV dynamics in aging populations™.
Future work should examine whether lifestyle or pharmacological inter-
ventions targeting healthy aging produce measurable changes in EV-
miRNA signatures. Based on our findings, preliminary evidence suggests a
model in which plasma-derived EVs serve as dynamic conveyors of aging-
related molecular information, particularly from skeletal muscle and
metabolic tissues. The miRNA signatures they carry may offer novel ave-
nues for biomarker discovery, patient stratification, and the design of tar-
geted interventions to promote healthy aging and preserve muscle function.
Critically, all findings reported here are correlative in nature. We have not
performed functional validation experiments to demonstrate that the
identified EV-miRNAs are taken up by recipient cells, successfully suppress
their predicted target genes, or causally influence the biological processes
identified through pathway enrichment. Such functional validation through
cell-based assays and in vivo models represents an essential next step to
establish causality.

Methods

Study population

This study included 39 participants from the Balearic Islands Study of Aging
(BILSA Study), a prospective open cohort initiated in January 2022 in the
Mallorca Island area. Participants were recruited between February and
October 2022 at the Hospital Universitari Son Espases. All individuals
underwent a comprehensive 3-h assessment, including physiological, psy-
chological, and medical evaluations conducted by trained personnel to
assess general health status and physical function. Participants were gen-
erally healthy and community-dwelling adults. Individuals with well-
controlled chronic conditions such as hypertension, diabetes, or hyperch-
olesterolemia were eligible. Age categories were defined a priori based on
biological life stages commonly used in aging research: young adults (20-33
years, representing post-developmental maturity), middle-aged adults
(39-56 years, representing the transition period), and older adults (>60
years, representing established aging). We acknowledge that these discrete
categories may not optimally capture continuous age-related changes and
that boundary effects may exist. Former and occasional smokers were also
included. Exclusion criteria comprised cognitive impairment, neuromus-
cular or muscular diseases, and a history of cancer within the previous ten
years. To minimize confounding due to transient inflammatory responses,
participants were instructed to refrain from exercise 24 h prior to the study
visit. All individuals were thoroughly informed about the study objectives,
procedures, and potential risks. The study was conducted in accordance
with the ethical principles of the Declaration of Helsinki and approved by
the Ethics Committee of the Balearic Islands (Comité d’Etica de la Inves-
tigaci6 de les Illes Balears; IB 4337/20 PI). Written informed consent was
obtained from all participants prior to enrollment. Blood samples were
collected from each participant and stored at —80 °C in the Biobank Unit for
subsequent analyses. Clinical data collected included age, sex, smoking
status, comorbidities, and results from a fasting blood test.

Clinical and functional assessments

Clinical and functional characterization of participants was performed
following standardized protocols as previously described by our group™.
Briefly, body composition parameters, including body fat mass, soft lean
mass, fat-free mass, visceral fat area, waist-to-hip ratio, and 50kHz body
phase angle, were assessed using multi-frequency bioelectrical impedance
analysis (InBody S10, InBody Co., Seoul, South Korea). Phase angle reflects
cellular membrane integrity and muscle quality, with lower values indi-
cating reduced muscle health”*". Physical performance was evaluated
through grip strength measurements using a hydraulic hand dynamometer
(KERN MAP 80 K1, KERN, Germany), the five-repetition chair stand test,
and gait speed assessment at both normal and fast pace over a 4-meter
course. GDF-15 (growth differentiation factor-15) was selected as a marker
of biological aging due to its consistent elevation with chronological age
across populations and its strong associations with multiple age-related
diseases, physical function decline, frailty, and all-cause mortality risk**”".
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Plasma GDF-15 concentrations were quantified using a commercially
available ELISA kit (R&D Systems, Minneapolis, MN, USA). Finally,
adherence to the Mediterranean diet was assessed using the validated 14-
item PREDIMED questionnaire.

EV isolation

EVs were isolated by qEVoriginal/70 nm Gen 2 size exclusion columns
(Izon Science, Christchurch, NZ). As per the manufacturer’s instructions,
500 uL of samples were successively centrifuged, first at 1500 x gfor 10 min
and subsequently at 10,000 x g for 10 min, with a constant temperature of
4°C in both cases. Columns were flushed with 17 mL of commercial PBS
(Capricorn Scientific, Ebsdorfergrund, DE), 0.22-um filtered. Samples were
added on top of gEV columns, and 0.4 mL fractions were collected. Four
fractions of 0.4 mL corresponding to the Purified Collection Volume (PCV)
were pooled, aliquoted and stored at —80 °C until further analysis.

EV characterization

Size and concentration profile of EVs were acquired for each individual
sample by Nanosight NS300 (Malvern Instruments, Malvern, UK). Diluted
samples were analyzed by capturing five consecutive videos with a syringe
pump speed of 50. A sCMOS camera and green laser type were used, and
data were processed with NTA 3.2 Dev Build 3.2.16 Software. A total of 37
EV surface markers were analyzed by flow cytometry (BD FACSVerse,
BDBiosciences, United States) using the human MACSPlex EV Kit 10
(Miltenyi Biotec, Bergisch Gladbach, DE), according to the manufacturer’s
short protocol. Sample pools were made according to age group (young,
n =12; middle-aged, n = 13; old, n = 14), and 1.3 pg of protein was used for
each sample pool. The average fluorescence medians of CD9, CD63, and
CD81 in the APC-H channel were used to normalize the fluorescence of
each sample for data analysis.

RNA isolation, sRNA profile, and bioinformatic analysis

Total RNA was isolated from EVs using the miRNeasy Serum/Plasma kit
(Qiagen, Hilden, DE) following the manufacturer’s instructions. Briefly, five
volumes of QIAzol Lysis Reagent were added to 200 pL of each sample,
followed by the incorporation of chloroform and centrifugation for 15 min
at 12,000 x gat4 °C. Upper phase was transferred to a new tube, mixed with
absolute ethanol (Sharlab S. L, Barcelona, ES) and pipetted into an RNeasy
MinElute spin column. After centrifugation at 8000 x g for 15, several
cleansing steps were performed with RWT and RPE buffers. Finally, 80%
ethanol was added to the column, centrifuged for 2 min at 8000 x g, and
RNA was eluted in 12 uL. RNase-free water. RNA concentration was mea-
sured spectrophotometrically (NanoDrop™ 2000/2000c, Thermo Fisher
Scientific). Small RNA libraries were constructed following the manu-
facturer’s protocol. Briefly, 3’ and 5 adapters were sequentially ligated to
small RNAs, followed by reverse transcription to synthesize first-strand
cDNA and PCR amplification. Libraries were sequenced on an Illumina
platform (Novogene, Beijing, China) using single-end 50bp reads.
Expression normalization and data quality control were performed using
TPM (Transcripts Per Million) values log;o-transformed for downstream
analyses. Density distributions were inspected to ensure uniformity across
samples, and a Pearson correlation matrix was computed to assess the
consistency of expression profiles between samples. Samples with R* > 0.85
were retained for analysis (see Supplementary Fig. 1).

Statistical analysis

All statistical analyses were performed using R version 4.2.3 (R Core
Team, 2023) and relevant Bioconductor packages. Descriptive statistics
were calculated for all demographic and clinical variables. Data are
presented as mean + standard deviation (SD) for normally distributed
variables or median with interquartile range (IQR) for non-parametric
data. Normality was assessed using the Shapiro-Wilk test. For group
comparisons across age (young, middle-aged, and old) or sex, we used
one-way ANOVA or Kruskal-Wallis tests for continuous variables,
followed by post-hoc Tukey’s or Dunn’s tests where appropriate.

Categorical variables were compared using chi-square tests. EV con-
centration and particle size were analyzed using linear models to assess
differences across age and sex groups, and trends were evaluated using
Spearman’s rank correlation. EV surface marker expression data
obtained from the MACSPlex assay were normalized and analyzed using
heatmaps and hierarchical clustering. Differential surface marker
expression across age groups was assessed using limma-based linear
models, with Benjamini-Hochberg correction for multiple testing. For
RNA-seq data, raw counts were pre-processed and filtered using edgeR
and DESeq2 pipelines. Low-count miRNAs were filtered out prior to
normalization using the variance-stabilizing transformation (VST).
Principal component analysis (PCA) and heatmaps were used to
visualize group clustering. Differential expression analysis between age
groups was performed using DESeq2, with an adjusted p-value
(FDR) < 0.05 considered significant. Volcano plots were generated using
the ggplot2 package. k-means clustering was applied to log,-transformed
miRNA expression values using the stats:kmeans function with a fixed
number of clusters (k = 4), determined by silhouette and elbow methods.
Functional enrichment of predicted miRNA targets was conducted
using the clusterProfiler package, employing Gene Ontology (GO) and
KEGG databases. Enrichment significance was determined by hyper-
geometric testing with FDR correction. To assess associations between
EV characteristics (e.g., particle number/concentration size) and clinical
aging markers, Spearman correlation coefficients were computed, and
significance was adjusted using the Benjamini-Hochberg method.
Spearman correlation analyses between EV features and clinical markers
were performed both in the overall cohort and stratified by sex to explore
potential sex-specific associations. Heatmaps of correlation matrices
were generated using the ComplexHeatmap package. Sex-stratified
analyses were also performed to identify sex-specific associations.
Finally, linear regression models were used to evaluate associations
between individual miRNA expression levels (log,-transformed counts)
and biological or functional aging indicators (e.g., GDF-15, grip
strength, chair test, visceral fat, and dietary scores). Linear regression
models evaluating associations between individual miRNAs and clinical
outcomes included chronological age and sex as covariates. Each clinical
outcome was modeled separately as: Outcome ~ Age + Sex + miRNA
expression. Beta coefficients and p-values were extracted for each
miRNA term, and p-values were adjusted for multiple testing using the
Benjamini-Hochberg method. This approach was chosen to identify
miRNA-phenotype associations independent of chronological age,
allowing us to assess whether specific miRNAs associate with biological
aging markers beyond their correlation with age itself. For EV char-
acteristic analyses (particle concentration and size), age group (catego-
rical: young, middle-aged, old) and sex were included as independent
variables. Spearman correlation analyses between EV features and
clinical markers were performed both in the overall cohort and stratified
by sex to explore potential sex-specific associations. Due to the limited
sample size (n = 39, with <7 individuals per age/sex stratum), we did not
adjust for comorbidities or smoking status in our primary analyses.
While participants with well-controlled chronic conditions were
included, the low frequency of individual comorbidities precluded
meaningful adjustment. This represents an important limitation of our
study and is discussed in the discussion. Volcano plots were generated to
display the strength and significance of miRNA-phenotype associations,
with beta coefficients and adjusted p-values from each model. A p-value
or FDR <0.05 was considered statistically significant for all analyses
unless otherwise specified.

Data availability

The datasets generated and/or analyzed during the current study are not
publicly available due to ethical restrictions related to patient privacy and
confidentiality, but are available from the corresponding author on rea-
sonable request. Data are located in controlled access data storage at Health
Research Institute of the Balearic Islands (IdISBa).
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Code availability

All scripts used for the analysis (preprocessing, differential expression, EV-
miRNA quantification, and statistical modeling) are available upon rea-
sonable request from the corresponding author.
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