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Abstract
Background  Intravenously infused human placenta-derived mesenchymal stem cells enhance overall function and 
exhibit therapeutic potential even with minimal engraftment or tissue replacement, with substances released from 
human placenta-derived mesenchymal stem cells playing a significant role in these positive outcomes. Stem cell-
derived extracellular vesicles transfer beneficial factors that aid recovery in various tissues through genetic regulation. 
However, the effects of systemically injected mesenchymal stem cells and their released derivatives on normal aging 
have not been reported.

Methods  Aged female mice received intravenous infusions of human placenta-derived mesenchymal stem cells. 
Starting at 18–19 months of age, mice were given injections of either human placenta-derived mesenchymal stem 
cells or PBS, followed by two more injections at six-week intervals. For the in vitro study, human fetal neural progenitor 
cells were sourced from spontaneously aborted fetal brain tissue. Extracellular vesicles were isolated from the human 
placenta-derived mesenchymal stem cell culture media using the qEV original size exclusion column.

Results  RNA sequencing showed human placenta-derived mesenchymal stem cells’ effectiveness in modulating 
aging-related neural pathways, particularly by downregulating age-specific genes in the hippocampus, indicative 
of neural reactivation. A pivotal aspect of our study was the discovery of micro RNAs in human placenta-derived 
extracellular vesicles reactivating senescent cells, likely through inhibition of Toll-like receptor 4 signaling and a 
concomitant increase in OSKM (OCT4, SOX2, KLF4, C-MYC) transcription factors, notably SOX2. The regeneration 
process involves targeted miRNAs modulating Toll-like receptor 4 and messenger RNAs boosting OSKM levels.

Conclusions  Our study represents a pioneering achievement in regenerative medicine, demonstrating the potential 
of micro RNAs in EVs to stimulate OSKM, a significant stride forward in addressing neural aging.
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Background
Aging, a primary risk factor for senility, is character-
ized by a progressive decline of structural integrity and 
physiological functions over time. Many aging-associated 
markers have been identified and monitored in diverse 
aging-related diseases, including Alzheimer’s disease 
(AD) and Parkinson’s disease (PD), to determine their 
pathophysiology and to develop diagnostic tools and 
therapeutic interventions [1, 2]. Some of these interven-
tions, such as modulators of immune responses, dis-
missal of damaged and senescent cells, and infusion with 
young blood, have been confirmed to extend the healthy 
lifespan of some animals [3–5]. Recently, the feasibil-
ity of stem cell-based therapies has been tested in sev-
eral degenerative diseases, such as AD, PD, and cardiac 
degeneration; these therapies have produced favorable 
outcomes even without full replacement of the damaged 
tissues or cells, suggesting that the factors derived from 
the transplanted cells are more critical to therapeutic effi-
cacy [6–9].

Our previous research, in conjunction with other 
reports, indicate that intravenously infused human pla-
centa-derived mesenchymal stem cells (hpMSCs) not 
only enhance overall function but also exhibit therapeu-
tic potential, even with minimal engraftment or tissue 
replacement, demonstrating released substances from 
hpMSCs play a significant role in driving these positive 
outcomes [10–12]. In addition, conditioned media (CM) 
from stem cell cultures are able to enhance recovery of 
the damaged tissues and cells in animal models, imply-
ing that bioactive materials secreted from stem cells can 
modulate and recover the aging process and age-associ-
ated functional deficits [13]. Among the released mate-
rials, extracellular vesicles (EVs) from stem cells were 
reported to transfer positive factors inducing a recovery 
from Huntington’s disease [14]. EVs are nanoscale lipid 
membrane-bound particles that are released from the 
plasma membrane of almost all types of cells. EVs con-
tain cell-derived proteins, peptides, nucleic acids such 
as DNA fragments, messenger RNAs (mRNAs), and 
microRNAs (miRNAs), and, via exchange of their cargos, 
contribute to cellular communication and modulation 
of neighboring cells’ behaviors including development, 
immune responses, tumorigenesis, and disease progres-
sion [15, 16]. In particular, miRNAs in stem cell-derived 
EVs play important roles in the recovery processes via 
genetic regulation in diverse tissues such as the hypo-
thalamus [17], blood vessels [18], kidneys [19], liver [20], 
and myocardial tissue [21]. However, the effects of sys-
temically injected MSCs and their released derivatives on 
normal aging have not been reported.

In our pursuit to understand the potential modula-
tion of normal aging by stem cells and their secreted ele-
ments, we initiated a regimen of intravenous injections 

of hpMSCs into aged mice, with subsequent administra-
tions every six weeks. Compared to their age-matched 
counterparts, this regimen notably improved cognitive 
and locomotor functions in the aged mice manifesting 
enhanced neuronal signaling pathways and a reduced 
expression of genes typically associated with aging in the 
hippocampus. Moreover, we found that both the direct 
coculture with hpMSCs and their extracellular vesicles 
human placenta-derived extracellular vesicle (hpEV) 
treatment significantly retarded the cellular senescence 
in human primary fetal neural progenitor cells (hfNPCs). 
miRNA-rich hpEVs, as revealed through comprehen-
sive analysis and in vitro experiments, have a profound 
ability to mitigate senescence and protect cells. This 
protection is associated with dampened Toll-like recep-
tor 4 (TLR4) signaling and a significant upregulation of 
OSKM pluripotent transcription factors (OCT4, SOX2, 
KLF4, and C-MYC). Notably, the expression of SOX2, a 
factor closely associated with neural cells, was especially 
increased. This regenerative mechanism is further vali-
dated by the delivery of miRNAs that target TLR4 sig-
naling, complemented by the incorporation of mRNAs 
that enhance OSKM concentrations, setting the stage for 
innovative anti-aging therapeutic strategies.

Materials and methods
Animals
In our aging study, 2-month-old female mice were 
obtained from Orient-Bio, Inc. (Seongnam-si, Korea) and 
aged until 18–19 months before receiving hpMSC injec-
tions. They were housed in standard conditions with a 
12/12-hour light/dark cycle and had free access to food 
and water. All procedures were approved by the CHA 
University Institutional Animal Care and Use Commit-
tee (IACUC number: 150007), following standard ani-
mal care guidelines. Female mice were chosen for their 
calmer temperament and longer median lifespan com-
pared to males, which suited our long-term study needs 
and ensured an adequate number of subjects for the 
experiments [22, 23].

Isolation and culture of HpMSCs
First-trimester placental tissues (6–8 weeks’ gestation) 
were obtained from healthy donors with comparable 
maternal age and no known medical complications, 
under Institutional Review Board (IRB)–approved pro-
tocols of the Goeunbit Hospital IRB (Republic of Korea). 
Written informed consent was obtained from each donor 
prior to tissue procurement. All placentas were processed 
within 30 min of delivery using a standardized enzymatic 
digestion protocol, as described previously by Kim et al. 
[10].

To minimize donor-related variability and ensure 
batch-to-batch consistency, only three donor placentas 
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were selected for hpMSC isolation. Early-passage hpM-
SCs (passage 5–10) were used throughout the study to 
avoid senescence-associated heterogeneity. All cells were 
expanded under identical conditions in EV-depleted 
medium. hpMSCs were seeded at a consistent density 
and cultured to approximately 80–90% confluency (not 
fully confluent) before harvesting. Conditioned media 
were collected after 48 h of culture for EV isolation.

Isolation and characterization OfEVs from HpMSC culture 
media
hpMSCs were seeded at consistent density and cultured 
to 90–100% confluency in EV-depleted media. Condi-
tioned media were collected after 48 h and subjected to 
sequential centrifugation and filtration. EVs were isolated 
using the qEV original size exclusion column (Izon Sci-
ence Ltd, Burnside, Christchurch, New Zealand) with 
particle-free phosphate buffered saline (PBS) as the elu-
tion buffer. Fractions 7 to 10, known to be enriched in 
extracellular vesicles, were pooled and further purified 
by centrifugation at 1,000 ×g for 1 min using a 0.22 μm 

Ultrafree centrifugal filter (Merk Millipore, Burlington, 
MA, USA).

All EV isolation procedures were carried out using 
rigorously standardized conditions across different 
hpMSC batches. To validate the consistency of EV quality 
between donors, we performed small RNA and mRNA 
sequencing analyses of hpEVs derived from each donor. 
In accordance with the MISEV2018 guidelines and recent 
ISEV2023 recommendations, the term “extracellular 
vesicles (EVs)” is used throughout this study to avoid 
assumptions about vesicle biogenesis pathways. Based 
on their size, morphology, and protein composition, the 
isolated vesicles correspond to the “small EV” category 
(< 200 nm).

Intravenous administration of HpMSCs to aged mice and 
tissue collection
Aged female mice received intravenous infusions of hpM-
SCs (1 × 105/100 µL PBS) via the tail vein (Fig. 1A). Start-
ing at 18–19 months of age, mice were given injections of 
either hpMSCs or PBS, followed by two more injections 

Fig. 1  Infusion of hpMSC Enhances Viability, Spatial Memory, and Cognitive Functions in Normally Aged Mice. (A) Schematic representation of the in vivo 
experiment. A total of 1 × 105/100 µl hpMSCs was intravenously injected into 18–19-month-old mice. This was followed by two more infusions every 6 
weeks. Behavioral tests were performed thrice during the intervals between injections. (B) Multiple infusions of hpMSCs elevated the survival probability 
of the Treated Old mice (Trt-O) in comparison to the Old mice. (C-G) Multiple infusions of hpMSCs enhanced the spatial memory of Trt-O mice as seen in 
the MWM test: (C) Time of the first appearance on a test platform, (D) Frequency of appearances on the platform, (E) Duration spent in Zone 1 where the 
test platform was positioned, (F) Total distance moved, and (G) mean velocity were measured. (H-K) Locomotive and motor activity was enhanced in Trt-O 
mice: (H) Number of times they appeared in the “In Zone” area, (I) Total movement distance in the “In Zone” area, (J) Total distance moved, and (K) Mean 
velocity were measured. (L) Duration of complete descent in the pole test Symbols: Open triangle represents 2–3-month-old young mice; open circle 
indicates Old mice; closed rectangle symbolizes Treated Old mice. Each test began with 16–18 mice from each group *, **, ***: p values for comparison 
between Young and Old groups, * <0.05, ** <0.01, *** <0.001; §, §§, §§§: p values for comparison between Young and Treated (Trt-O) groups, § <0.05, §§ 
<0.01, §§§ <0.001; #, ##, ###: p values for comparison between Old and Trt-O groups, # <0.05, ## <0.01, ### <0.001
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at six-week intervals. Experiments to track hpEVs using 
palm-tdTomato performed in vivo measurements 24  h 
after injection (according to the half-life of the tdTomato 
protein). Behavioral assays were conducted on the mice 
during the breaks between these injections. Depending 
on the treatment set, mice were euthanized either two 
weeks post the first injection or two weeks after the third, 
and various tissues were harvested for subsequent anal-
yses. For in vitro studies, hpEVs were administered at a 
final concentration of 2 µg/mL. This dosage was selected 
based on our previously published study (Park et al., 
Cells, 2021), which demonstrated that placenta-derived 
EVs exhibited potent antiviral activity and promoted cell 
survival in a dose-dependent manner without cytotoxic-
ity. In particular, EV concentrations ranging from 2.5 to 5 
µg/mL resulted in full suppression of SARS-CoV-2 infec-
tion in Vero cells, while partial inhibition was observed at 
1.25 µg/mL. Furthermore, the functional microRNA con-
tent of EVs at 1–2 µg was sufficient to mediate measur-
able biological effects. Therefore, the 2 µg/mL dose was 
selected as a biologically relevant and safe concentration 
for downstream in vitro assays.

Behavioral assessments
To evaluate the potential enhancement in functional 
behaviors of aged mice after hpMSC infusion, we car-
ried out an array of behavioral tests. These assessments 
encompassed cognitive, locomotor, motor function, and 
exploratory behaviors, conducted in line with meth-
odologies from previous research, albeit with certain 
modifications [10, 24]. Additional test procedures are 
elaborated upon in the Supplement Information.

Morris water maze (MWM) test
This test involved a 1.2-meter diameter pool with a hid-
den platform in one quadrant. Mice were given 60  s to 
locate the submerged platform, with training sessions 
over five days and a probe trial on the sixth day.

Locomotion test
Conducted in a 40 × 40 cm arena divided into two areas, 
mice were observed for 15 min as they moved freely.

Video monitoring
All behavioral tests, including the MWM, locomo-
tion test, open field test, and elevated plus maze, were 
recorded using a CCD camera system connected to a 
computer and monitored with the EthoVision video-
tracking system.

Pole test
To evaluate strength, coordination, and balance, mice 
were trained and tested on a 42.5 cm vertical pole, with 
their performance time recorded over several days.

Quantitative PCR analysis of hippocampal tissues and cells
Total RNAs were isolated from cells and hippocampal 
tissues using the TRIzol method (Invitrogen, Waltham, 
MA, USA) following the manufacturer’s recommended 
protocol. A more detailed description of the procedure 
can be found in the Supplement Information. The PCR 
primers utilized in this study are listed in Supplement 
Table 6.

Transfection of plam-tdTomato
Palm-td lentivirus was obtained from Ph.D. Hwang at 
Seoul National University [25]. For transfection, hpM-
SCs were plated in a T-75 flask and treated with 800 µL 
of fabricated Palm-td lentivirus and 8.8 µL of polybrene 
(10 mg/mL, Santa Cruz Biotechnology). After 48 h, tdTo-
mato fluorescence-positive cells were quantified using 
FACS analysis (Beckman Coulter, CA, USA).

Culture of HfNPCs
hfNPCs utilized in this study were sourced from spon-
taneously aborted human fetal brain tissue (8 ~ 14 ges-
tational weeks) and cultured based on the methods 
previously detailed by Moon et al. [26]. A comprehen-
sive description of the hfNPCs culture procedure can be 
found in the Supplement Information.

Coculture of HpMSCs with HfNPCs
For coculturing, a transwell system was employed. hfN-
PCs were seeded onto either 6- or 12-well plates and 
incubated overnight at 37 °C in a humidified environment 
with 5% CO2, 92% N2, and 3% O2. The following day, the 
upper inserts, which either contained hpMSCs (with a 
3.0-µm pore size; high density; BD Falcon, NJ, USA) or 
were devoid of any cells, were gently positioned over the 
wells containing the hfNPCs. Every two days, the hpM-
SCs were refreshed, and the coculture was maintained in 
the hfNPCs medium for a total of four days.

RNA sequencing analysis
RNA sequencing was performed using mouse brain tis-
sue (GSE305309). Sequencing was performed at Thera-
gen Bio (Seongnam-si, Korea) using Illumina 2000. 
We aligned the reads to the mouse reference genome 
(GRCm38) using TopHat [27]. The read counts were nor-
malized to the fragments per kilobase of exon per million 
(FPKM). To investigate the biological function of differ-
entially expressed genes (DEGs), GO term and KEGG 
pathway analyses were performed using the DAVID bio-
informatics Resource [28]. Small RNA sequencing was 
performed using placental derived extracellular vesicles 
(GSE305310). Sequencing was performed at the Bei-
jing Genomics Institution (BGI, Beijing, China) using 
BGISeq-500. The reads were aligned to the human refer-
ence genome (GRCh38) using subread aligner [29]. The 
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miRNA read counts were normalized to the count per 
million (CPM). mirDB was used to predict the binding 
sites for miRNAs [30].

 Nanoparticle tracking analysis (NTA)
hpEVs, diluted in PBS, were analyzed using a ZetaView 
Nanoparticle Tracking Video Microscope (Particle 
Metrix, Inning, Germany). The analysis entailed three 
cycles, each scanning 11 cell positions and capturing 60 
frames per position. The settings used were: autofocus 
for focus; a camera sensitivity of 80.0 for all samples; a 
shutter speed of 100; a scattering intensity of 1.2; and a 
cell temperature of 23℃. Videos captured were subse-
quently processed using the ZetaView Software 8.02.31, 
with set parameters: maximum particle size at 1,000 and 
minimum particle size at 5.

 Transmission electron microscopy (TEM) imaging
5 µL samples of hpEVs, diluted to contain 0.5 µg protein, 
were placed onto hydrophilic grids. After allowing them 
to settle for a few minutes, the grids were rinsed with dis-
tilled water and subsequently contrasted for 20  s using 
2% uranyl acetate. Imaging was then conducted with a 
JEM-1010 microscope (JEOL, Seoul, Korea) set to oper-
ate at 80 kV.

 Western blot analysis
hpEVs and cells were lysed in 10 × RIPA buffer containing 
a protease inhibitor cocktail tablet (Roche, Basel, Swit-
zerland) and phosphatase inhibitors Ⅱ and Ⅲ (Sigma-
Aldrich, Mo, USA). An aliquot of each sample was 
subjected to 10% SDS-PAGE, followed by western blot-
ting. Blots were blocked for 1 h in 10% skim milk. Anti-
bodies specific for the following proteins were obtained 
from the indicated suppliers: CD81 (1:1,000, Santa Cruz 
Biotechnology, Dallas, TX, USA), CD9 (1:1,000, Santa 
Cruz Biotechnology), CD63 (1:1,000, Santa Cruz Bio-
technology), TSG101 (1:500, Abcam, Cambridge, UK), 
Alix (1:500, Cell signaling technology, Danvers, MA, 
USA), Calnexin (1:1,000, Abcam), and Vinculin (1:2,000, 
Abcam). Primary antibodies were incubated with blots 
overnight at 4℃, followed by incubation with anti-rabbit 
or anti-mouse horseradish peroxidase (HRP) conjugated 
secondary antibodies (Jackson immunoresearch, West 
Grove, PA, USA) for 1 h. Immunoreactivity was detected 
using enhanced chemiluminescent HRP substrate (Merck 
Millipore, Darmstadt, Germany).

Labeling EVs with the lipophilic membrane dye PKH26 and 
detection of labelled EVs in FMD-NPCs
EVs were labeled using the PKH26 dye solution mix kit 
(Sigma-Aldrich), a red fluorescent cell linker designed 
for general cell membrane labeling, following the manu-
facturer’s recommended protocol. Further details on 

the labeling procedure can be found in the Supplement 
Information.

Transfection of miRNAs into hfNPCs and EV-mediated 
delivery of Cy3-labeled miRNA mimic and imaging in 
hfNPCs
hfNPCs were seeded in 6-well plates at a concentration 
of 6 × 105/well. On the subsequent day, miRNAs, up to 
a concentration of 30 nM were transfected into the cells 
utilizing the Lipofectamine 3000 reagent as per the man-
ufacturer’s instructions (Invitrogen). The cells were then 
incubated with a mixture of the miRNA and reagent in 
complete hfNPC culture medium for 5 hours, after which 
the medium was refreshed. Following a further 48 to 96 h 
of incubation, both mRNAs and proteins were harvested 
from the transfected cells for subsequent analyses.

A 5′-Cy3–labeled synthetic miRNA mimic (non-tar-
geting control sequence) was loaded into hpEVs with a 
commercial EV-loading reagent according to the manu-
facturer’s protocol. Reactions were quenched and passed 
through qEV columns to remove free mimic; EV-contain-
ing fractions were pooled and concentrated with 100-kDa 
centrifugal filters. Loading controls included (i) hpEVs 
processed without mimic (unloaded hpEVs) and (ii) 
“mock-loaded” EVs processed identically without reagent. 
hfNPCs were plated on poly-D-lysine–coated coverslips 
(≥ 70% confluency), treated with hpEV–miRNA (equiva-
lent to 2  µg EV protein/mL) for 6–24  h, washed with 
PBS, fixed in 4% paraformaldehyde, counterstained with 
DAPI, and imaged by fluorescence/confocal microscopy 
under identical exposure settings. A lipofection positive 
control was prepared by delivering the same Cy3-mimic 
with Lipofectamine per the manufacturer’s instructions.

EV-Mediated transfer of plasmids containing GFP or OCT4 
and SOX2 genes via CPP complex
To facilitate the transfer of plasmids housing the GFP or 
OCT4 and SOX2 genes into target cells, a cell-penetrating 
peptide (CPP) complex was employed. This complex was 
created by fusing a DNA-binding peptide with a cell-pen-
etrating sequence. Initially, plasmids were combined with 
the CPP at a ratio of 3:1, involving 0.21  µg of the plas-
mids and 0.07 µg of CPP. A variant of CPP, devoid of the 
DNA-binding peptide, acted as a control. This blend was 
left undisturbed for an hour at room temperature. Subse-
quently, EVs, amounting to 0.14 µg, were mixed with the 
DNA-CPP concoction (totaling 0.28 µg) at a 1:2 propor-
tion, and the resulting mixture was incubated for another 
4 h at ambient temperature. This EV-DNA-CPP complex 
was then introduced to 1 ml of cell culture medium per 
well (1 × 105 cells/well of a 24-well plate). After incubat-
ing for 48 to 96 h, either total RNA was extracted, or fluo-
rescence imaging analyses were executed.
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Neurosphere formation assay
Neurosphere formation assay was conducted using old 
hfNPCs cultured under non-adherent suspension condi-
tions. Cells at passages 23 and 25 were dissociated into 
single cells and seeded at a concentration of 3 × 103/cm2 
onto non-coated, low-attachment plates with serum-free 
medium supplemented with epidermal growth factor 
(EGF) and basic fibroblast growth factor (bFGF). Both 
untreated control and 2 µg/ml hpEV-treated groups were 
prepared at the time of cell seeding. Cultures were main-
tained at 37 °C with 5% CO2 for 3 to 5 days to allow neu-
rosphere formation. Representative images were acquired 
on Day 3 for passage 23 and Day 5 for passage 25, with 
scale bars of 500 μm. Neurosphere numbers were quanti-
fied manually from three independent experiments. Sta-
tistical analysis was performed comparing neurosphere 
numbers between control and hpEV-treated groups.

Assessment of BBB permeability and brain parenchymal EV 
penetration
To evaluate age-related differences in blood–brain 
barrier (BBB) permeability and confirm the penetra-
tion of systemically administered hpEVs into the brain 
parenchyma, we performed an Evans Blue tracer assay 
in young (2.5-month-old) and aged (21-month-old) 
C57BL/6J mice. Evans Blue (2% w/v in PBS; 4 mL/kg 
body weight) was administered via the tail vein under 
brief isoflurane anesthesia. One hour post-injection, 
mice were deeply anesthetized and perfused transcardi-
ally with ice-cold PBS to remove intravascular dye. Brains 
were dissected and examined both intact and as 1  mm 
coronal sections for gross visualization of dye distribu-
tion. In parallel, a subset of mice received intravenous 
palm-tdTomato-labeled hpEVs or hpMSC-derived EVs 
24  h prior to tracer injection to enable co-localization 
analysis. Evans Blue fluorescence (albumin-bound) and 
tdTomato signals were assessed in fresh sections using 
a fluorescence stereomicroscope (Leica M205 FA) and 
confocal microscopy (Zeiss LSM 880). Dye accumulation 
beyond vascular boundaries into the parenchyma was 
taken as evidence of BBB disruption. Aged mice exhib-
ited robust Evans Blue extravasation and EV fluorescence 
within brain parenchyma, whereas young mice displayed 
minimal tracer or EV penetration beyond the vascula-
ture. Representative images are shown in Supplementary 
Fig. S2C.

Statistical analysis
All statistical evaluations were performed using IBM 
SPSS Statistics version 20.0 (IBM SPSS; IBM SPSS Korea, 
Inc., Seoul, Korea). The viability, image intensity data, 
and all in vitro results were subjected to various statis-
tical tests, including the Kaplan-Meier Estimation and 
log-rank test. Depending on the data distribution, either 

the two-sample t-test (or its non-parametric counterpart, 
the Wilcoxon rank sum test) or the one-way ANOVA (or 
its non-parametric alternative, the Kruskal-Wallis test) 
was used. Where applicable, post hoc analyses were car-
ried out using Fisher’s least significant difference, with 
adjustments for multiple comparisons through the Bon-
ferroni procedure. For datasets involving repeated mea-
sures or nested data structures, a linear mixed model was 
employed, incorporating random effects to account for 
variability among mice. The post hoc test used for the lin-
ear mixed model was Fisher’s least significant difference.

Results
Multiple systemic injections of HpMSCs improved survival 
rate of aged mice
To investigate the potential of stem cells to modulate nor-
mal, non-pathological aging, we repeatedly infused hpM-
SCs into mice of 18–19 months (“Treated Old” group: 
Trt-O) through the tail vein (Fig.  1A). Age-matched 
control mice (“Old” group) were treated with phosphate-
buffered saline (PBS) according to the same schedule. 
The Old mice gradually died, and less than half of them 
survived for 175 days after the first injection. In contrast, 
three-quarters of the Treated Old mice were alive during 
the same period and remained viable for up to 7 months 
(Fig.  1B), indicating that the infused stem cells had no 
detrimental effects and were beneficial for the mice’s 
survival.

HpMSCs treated aged mice exhibited enhanced cognitive 
functions
In our study using Morris Water Maze (MWM) assays, 
we observed that aged mice treated with hpMSCs 
showed significant improvements in cognitive and mem-
ory functions. Initially, both Old and Treated Old mice 
took longer to locate a platform compared to young 
mice (Fig.  1C). However, after the third treatment, the 
Treated Old mice reached the platform as quickly as 
the young group, unlike their untreated counterparts. 
They also passed through the platform area more fre-
quently (Fig.  1D) and spent a similar amount of time 
in the target zone (Zone 1) as young mice, indicating 
enhanced memory retention (Fig.  1E). Nonetheless, 
the similar total movement distance and mean velocity 
between the Treated Old and Old groups indicate that 
hpMSCs enhanced cognitive and spatial memory func-
tions (Fig. 1F and G). In terms of locomotive activity, the 
Treated Old mice demonstrated a significant increase in 
movement within the target zone after the third injection 
(Fig.  1H and I), contrasting with old mice who moved 
more in non-target areas (Fig.  1J and K). Furthermore, 
in a pole test, the Treated Old mice’s descent speed 
matched that of the young mice after repeated treatments 
(Fig.  1L). These findings collectively show that multiple 
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infusions of hpMSCs effectively ameliorated age-related 
declines in cognitive, memory, and locomotive functions, 
with notable improvements after the third infusion.

HpMSCs downregulated age-related and antioxidant 
genes in the age mice
Given that hpMSC treatment curtails the aging-associ-
ated decline in spatial memory and cognition, we sought 
to examine whether hpMSCs alter the expression of age-
related genes in the hippocampus. We found that expres-
sion of p16INK4a, a representative aging marker, was 
induced in the aged mice but was significantly suppressed 
in Treated Old mice compared to that in the Old group 
(Fig. 2A). Induced expression of High Mobility Group 
AT-Hook 2a (HMGA2a), which is involved in senescence 
associated heterochromatin foci formation [31], in the 
Old group was reduced in the Treated Old to the com-
parable level in the Young group (Fig. 2B). Expression 
of Glial Fibrillary Acidic Protein (GFAP), an astrocyte 
marker and a potential indicator of age-related changes 
in neuroinflammation and cognitive function [32], was 
substantially higher in the Old group compared to that 
in Young mice. However, an increase in GFAP expression 

was significantly abated in the Treated Old group, indi-
cating that hpMSCs can repress the astrocyte-associated 
immune aging in aged brain (Fig. 2C). The expression of 
antioxidant genes was examined because an increase in 
oxidative stress drives hippocampal aging [33]. The key 
antioxidant genes, Superoxide Dismutase 2 (SOD2) and 
Catalase (CAT), but not Superoxide Dismutase 1 (SOD1), 
significantly increased in the Old group and the hpMSC 
treatment nullified the upregulation of them, bringing 
down to the level detected in Young mice, suggesting that 
the cell treatment protects the hippocampus against the 
increased oxidative stress mediated damage in aged mice 
(Fig. 2D-F).

Initially, we verified the cellular aging process of neural 
stem/progenitor cells. We observed a consistent decline 
in the proliferation of hfNPCs from passage 22 (Fig. 
S1A), which was associated with a diminished expres-
sion of Proliferating Cell Nuclear Antigen (PCNA) and 
a heightened expression of p16INK4a (Fig. S1B). Con-
currently, there was an enlargement in cell size and a 
greater diversity within the cell population (Fig.S1C). 
We observed a decrease in PCNA and an increase in 
P16INK4a, correlating with a gradual decline in cellular 

Fig. 2  hpMSC Suppresses Expression of Aging and Oxidative Stress-Related Genes in Hippocampi of Infused Aged Mice and in Co-Cultured hfNPCs. 
hpMSC-mediated modulation of the expression of (A-C) aging-related genes, p16INK4a, HMGA2a, and GFAP, (D-F) antioxidant genes, SOD1, SOD2, and CAT 
in aged mice, and (G-I) senescence associated genes, p16INK4a, p19INK4d, and p21CIP1, in co-cultured older hfNPCs, Trt-O *, **, ***: p values for comparison 
between Young and Old groups, * <0.05, ** <0.01, *** <0.001; §, §§, §§§: p values for comparison between Young and Treated (Trt-O) groups, § <0.05, §§ 
<0.01, §§§ <0.001; #, ##, ###: p values for comparison between Old and Trt-O groups, # <0.05, ## <0.01, ### <0.001
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proliferation capacity, indicating cellular senescence. 
Additionally, hfNPCs, essential for tissue regeneration 
and maintenance, exhibit reduced proliferative and dif-
ferentiation capabilities with aging. To evaluate this, we 
induced neuronal differentiation and analyzed class III 
β-tubulin (TUJ-1) expression levels. In hfNPCs induced 
to undergo spontaneous differentiation at passage 25, 
TUJ-1 expression was significantly reduced compared to 
passage 17. The results showed a decrease in TUJ-1 levels 
with increasing cell passages, indicating diminished dif-
ferentiation capacity and increased cellular senescence. 
This highlights the strong association between cellular 
senescence and the decline in both proliferation and dif-
ferentiation abilities, demonstrating aging neural cells 
with functional impairments and challenges in tissue 
regeneration (Fig. S1D).

Because the infused hpMSCs profoundly influenced 
the gene expression and functions of brain in the treated 
mice under their limited capability to cross blood-brain 
barrier (BBB), we proceeded to coculture either control 
hfNPCs or older cells on a plate with hpMSCs position-
ing in the upper chamber of a trans-well setup, which 
allowed us to scrutinize the potential of hpMSCs in 
mitigating cellular senescence in a paracrine dependent 
manner. Compared to the control, we observed a signifi-
cant increase in the expression of senescence markers 
p16INK4a, p19INK4d, and p21CIP1 in aged hfNPCs. Inter-
estingly, the co-culture with hpMSCs notably down-
regulated the levels of p16INK4a, p19INK4d, and p21CIP1, 
although the decrease in p21CIP1 was not statistically sig-
nificant compared to its increased levels in aged hfNPCs. 
This indicates that hpMSC treatment has the senescence 
of hfNPCs. (Fig.  2G-I). Together, these results suggest 
that the infused cells counter brain aging processes and 
shield hippocampal neurons and other brain cells by 
activating specific pathways, such as reducing oxidative 
stress and other aging-related stresses, thereby enhanc-
ing, or sustaining cognitive function.

The RNA-seq analysis revealed that neural functions and 
signals
To gain an insight into how hpMSCs contribute to regen-
erative effects, we conducted Gene Ontology (GO) term 
analysis with the total mRNAs isolated from the hip-
pocampi of Young, Old, and Treated Old. Compared to 
Young, the significant changes in the aged hippocam-
pus were identified in biological activities, especially 
immune/inflammation involved functions and neuro-
nal activity-related extracellular signals and endocy-
tosis (Table S1). In addition, analysis of differentially 
expressed genes (DEGs) in the hippocampi of the Old 
group showed inhibition of synaptic activity and sig-
naling-related genes, while genes related to various dis-
eases, including neurodegenerative and inflammatory 

diseases, were activated, indicating a functional decline 
with increased neuronal pathogenesis in the Old group 
(Table S2). When compared to the Old group, GO terms 
with bigger than 1.5-fold change in the Treated Old 
group included positive regulators of proliferation, brain 
development, biosynthesis, and metabolism, suggesting 
that the infusion of hpMSCs modulated the expression of 
various genes associated with anti-aging processes (Table 
S3). Focusing on brain functions, we found that hpM-
SCs treatment strongly affected genes related to synaptic 
activity and transmission, such as nerve impulses, synap-
tic transmission, neurotransmitter secretion, ion trans-
port, and cell-to-cell signaling (Table 1). These results 
were consistent with DEG analysis of Old and treated 
Old mice, presenting that hpMSC treatment enhanced 
several neuronal signaling pathways, including calcium 
signaling, salivary secretion, serotonergic synapses, and 
amphetamine addiction, while inhibiting neuroactive 
ligand-receptor interaction signaling pathways (Table 
2). The observed enhancements in neuronal activities 
and locomotion may be attributed to hpMSCs-induced 
upregulation of calcium signaling genes and amphet-
amine response genes [34]. The DEG analysis supported 

Table 1  Changes in Brain-Associated gene ontology terms in 
hpMSC-Treated old mice compared to old mice
Term Count P Value
Transmission of nerve impulse 42 2.867E-09
Cell–cell signaling 49 3.093E-09
Synaptic transmission 36 4.782E-09
Neurotransmitter transport 22 3.312E-08
Ion transport 85 1.253E-07
Metal ion transport 60 1.756E-07
Neurotransmitter secretion 14 2.395E-07
Intracellular signaling cascade 100 5.914E-07
Neuron differentiation 54 8.752E-07
Neuroactive ligand–receptor interaction 39 1.323E-06
Regulation of neurotransmitter levels 17 1.825E-06
Potassium ion transport 29 1.954E-06
Cation transport 62 6.291E-06
Cell adhesion 66 6.507E-06
Biological adhesion 66 6.898E-06
Generation of a signal involved in cell–cell signaling 19 7.503E-06
Cell projection organization 43 1.487E-05
Behavior 50 3E-05
Calcium signaling pathway 29 3.299E-05

Table 2  Changes in Brain-Associated KEGG pathways in hpMSC-
Treated old mice compared to old mice
Signaling pathways Status
Neuroactive ligand–receptor interaction Inhibited
Calcium signaling pathway Activated
Salivary secretion Activated
Serotonergic synapse Activated
Amphetamine addiction Activated
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that the hpMSCs could restore the biological deteriora-
tion such as decline of salivary function, a characteristic 
of aging in both humans and rodents, via induction of 
salivary secretion-related genes [35]. We also compared 
known aging genes with our DEG analysis and catego-
rized the upregulated and downregulated genes in each 
signaling pathway (Table S4). Our findings indicate that 
hpMSCs upregulated positive regulatory genes linked to 
learning and neuronal activity, such as the GRIN fam-
ily, SYNJ1, SYNGAP1, RELN, and TBR1, consistent with 
Table S3.

EVs from hpMSCs, hpEVs, suppressed cellular senescence 
of HfNPCs
Given the capacity of EVs to cross the BBB and to 
attenuate brain aging potentially through the modula-
tion of miRNAs within them, it is evident that hpEVs, 
EVs derived from hpMSCs, stand as pivotal key factors 
in rejuvenating and delaying brain aging. To explore the 
potential influence of hpEVs in blunting brain aging pro-
cesses, the hpEVs isolate from hpMSC culture media 
were characterized first. Nanoparticle tracking analy-
sis (NTA) on the hpEVs showed a total concentration of 
approximately 9.7 × 1010 particles/ml, with a mean diam-
eter of 148.5 nm and a size distribution between 100 and 
200 nm, indicating that the majority of hpEVs were dis-
tinct from other types of microvesicles or apoptotic bod-
ies (Fig. 3A). The morphological and molecular attributes 
of the hpEVs were analyzed to evaluate their potential 
utility. Transmission electron microscopy (TEM) dem-
onstrates that the hpEVs presented a rounded mem-
brane morphology with a consistent size, around 200 nm 
in diameter, aligning with the findings from the NTA 
(Fig.  3B). Furthermore, the western blot analysis con-
firmed the presence of typical EV surface markers in the 
hpEVs, such as the tetraspanins CD9, CD63, and CD81, 
as well as other markers Alix, and TSG101, using Vincu-
lin as a control (Fig. 3C). A slight presence of Calnexin, 
an endoplasmic reticulum (ER) protein, indicated mini-
mal contamination with ER-derived vesicles.

Next, to assess the potentials of hpEVs to influence 
neuronal cellular senescence, we treated older hfN-
PCs with hpEVs (2  µg/ml) for four days and then ana-
lyzed alteration of gene expression linked with cellular 
senescence and oxidative stress. Our analysis revealed 
a decrease in expression of several senescence related 
genes, p19INK4d, p21CIP1, and p53 in the hpEV treated 
older hfNPCs although no change was observed in the 
expression of p16INK4a (Fig. 3D), indicating that hpEVs 
have the capability to suppress a subset of genes related 
to senescence. In additions, the expression of antioxidant 
genes was also influenced by hpEVs treatment (Fig. 3E): 
both SOD1 and SOD2, and CAT genes were induced 
along with increased expression of Nuclear Factor 

Erythroid 2-Related Factor 2 (NRF2), a transcription fac-
tor for antioxidant gene, after the four-day treatment, 
suggesting that the hpEVs can modulate the NRF2-anti-
oxdant gene signaling axis and protect the cells against 
the oxidative stress implicated damages.

To investigate whether hpEVs attach to the cell mem-
brane of hfNPCs and deliver their internal cargo to exert 
anti-aging effects, we conducted a further experiment. 
The results demonstrated that hpEVs effectively attach 
to and remain on the surface of hfNPCs. After label-
ing hpEVs with PKH26 and treating hfNPCs with these 
labeled hpEVs for 24 h, fluorescence microscopy revealed 
that the PKH26-labeled hpEVs were prominently detect-
able on the cell membrane of hfNPCs, indicating suc-
cessful attachment. This adherence suggests that hpEVs 
can potentially deliver their anti-aging cargo to hfN-
PCs. Additionally, visualization of the hfNPC cytoplasm 
using a Nestin antibody confirmed the colocalization of 
hpEVs on the hfNPC membrane, further supporting their 
potential role in anti-aging interventions. Furthermore, 
we utilized fluorescent EV reporters, specifically palmi-
toylated-tdTomato (palm-tdTomato), to verify that EVs 
released from intravascularly injected hpMSCs migrate to 
the brain. By transfecting hpMSCs with palm-tdTomato 
via a lentivirus vector, tdTomato proteins were tagged to 
the cell membranes, enabling the detection of tdTomato-
labeled EVs released from these cells [36]. As shown in 
Fig. S2A, fluorescence signals confirmed the presence of 
tdTomato in the cell membranes of hpMSCs transfected 
with the palm-tdTomato lentivirus. We then intravascu-
larly injected these transfected cells into 18-month-old 
aging mice and examined their brains using confocal 
microscopy. The results were striking: tdTomato + EVs 
were detected in the mouse brains, with co-localiza-
tion of the exosomal marker CD63 (Fig. 3G). To further 
obtain direct evidence of functional miRNA transfer from 
hpEVs into recipient cells, we performed a fluorescent 
gain-of-signal delivery assay using hpEVs loaded with a 
5′-Cy3–labeled synthetic miRNA mimic. After removal 
of unincorporated mimic, hfNPCs were exposed to hpEV–
miRNA and imaged. As shown in Supplementary Fig. S4, 
cells treated with hpEV–miRNA displayed robust punc-
tate Cy3 signal within the cytoplasm, whereas unloaded 
hpEVs produced no detectable Cy3 signal. A lipofection 
positive control exhibited the expected intracellular Cy3, 
and the hpEV–miRNA condition showed comparable or 
greater mean fluorescence intensity across fields. Quan-
titative single-cell analysis confirmed significantly higher 
Cy3 intensity in the hpEV–miRNA group versus controls, 
indicating efficient EV-mediated delivery of miRNA cargo 
into hfNPCs. These uptake data complement our tran-
scriptomic findings following hpEV exposure and support 
the biological relevance of abundant hpEV miRNAs in 
modulating targets in hfNPCs.
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This provides compelling evidence that hpMSC-
derived EVs can traverse the vascular system and deliver 
their cargo to the brain, highlighting their potential for 
targeted anti-aging therapies. Interestingly, we did not 
observe this phenomenon in young mice. As shown in 
Fig. S2B, hpMSC-derived EVs were not observed in the 
brains of Young mouse that received hpMSC adminis-
tration. This difference indicates that hpMSC-derived 
EVs can traverse the compromised BBB in Old mouse, 
allowing them to reach and exert effects in the brain. 
This phenomenon was not observed in Young mouse 
with an intact BBB. Taken together, these results suggest 
that hpEVs play a crucial role in mediating the anti-aging 
effects of hpMSCs. They achieve this by transferring 
their cargo and modulating a subset of genes involved 

in replication-associated cellular senescence, as well as 
genes regulating oxidative stress and redox status. This 
highlights the potential of hpEVs as a therapeutic tool 
for targeting age-related conditions and improving brain 
health in aging populations.

miRNA-enriched HpEVs modulated neuroinflammation- and 
TLR4-associated signaling pathways
EVs function as cellular couriers, facilitating intercellu-
lar communication by transferring a variety of cargos to 
both adjacent and remote cells [16]. Among cargos, miR-
NAs can orchestrate key aging processes such as cellular 
senescence and stem cell depletion by regulating gene 
expression post-transcriptionally [37, 38]. To gain mech-
anistic insight into the anti-aging effects facilitated by 

Fig. 3  Characterization of Human Placenta-derived Extracellular Vesicles (hpEVs) Isolated from Conditioned Media of hpMSCs. (A) Nanoparticle Tracking 
Analysis (NTA) of the hpEVs samples showed a representative particle size distribution plot derived from sample measurements. (B) Transmission Electron 
Microscopy (TEM) images of the hpEVs are displayed on the left, with a magnified view of the designated square region. The respective scale bars mea-
sure 200 nm and 100 nm, respectively. (C) Western blotting analysis revealed specific markers on a representative membrane image. The expression of 
EV markers such as CD9, CD63, CD81, TSG101, and Alix, as well as Vinculin and the endoplasmic reticulum protein Calnexin in the hpEVs, was evident. (D) 
Exposure to hpEVs (at 2 µg/ml) modulated a subset of genes associated with senescence in the older hfNPCs. (E) Expression of oxidative stress and stress 
responsive genes in old NPCs was induced in response to the hpEV treatment. (F) After a 24-hour treatment with 2 µg of PKH26-labeled hpEVs, hfNPCs 
were subjected to immunocytochemistry staining. The cells were distinctly stained with DAPI (blue), Nestin (green), and PKH26 (red). The combined im-
ages are also presented. The scale bar represents 100 μm. (G) Representative confocal images of the mouse brain treated with palm-tdTomato-hpMSCs 
administered via intravascular injection. Evidence of EVs migration to the brain is shown by the detection of tdTomato (red) and human CD63 (green). 
Scale bars are 100 μm. #, ##, ###: p values for comparison between Old and Old-Trt groups, # <0.05, ## <0.01, ### <0.001
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miRNAs in hpEVs, we performed small RNA sequencing 
analysis with total RNAs from hpEVs. This analysis pin-
pointed 18 predominant human miRNAs, hsa-miRNAs, 
each of which accounts for more than 1% of the total 
miRNA pool and collectively represent 80% of all identi-
fied miRNAs (Fig. 4A). The GO analysis highlighted that 
these predominant miRNAs play a critical role in modu-
lating a variety of processes intricately linked to aging, 
such as cellular senescence, brain functionality, and both 
acute and chronic inflammatory responses. They also 
influence the dynamics of Toll-Like Receptor (TLR) sig-
naling pathways, NFκB signaling networks, and amyloid 
precursor protein (APP) processes (Fig. 4B). Specifically, 
we focused our analysis on the TLR4 pathway, given its 
heightened expression levels in the aging brain and sig-
nificant association with the majorly abundant miRNAs 
targeting TLR4 signals [39]. Notably, hsa-miR-92a-3p, 
the miRNAs of the highest abundance, and hsa-miR-
21-5p directly target TLR4. Additionally, hsa-miR-122-5p 
is involved in modulating RB binding protein 5 (RBBP5) 
and CD40L, and hsa-miR-150-5p interacts with a 
mRNA coding TLR4 interactor with leucine-rich repeats 

(TRIL). Furthermore, hsa-miR-22-3p has been identi-
fied as a regulator of a NOD-like receptor family, pyrin 
domain containing 3 (NLRP3) and a p53 pathway show-
ing a comprehensive influence on a range of aging-related 
processes and signaling pathways [39, 40]. Remarkably, 
recent studies have identified that the TLR4 and NLRP3 
inflammasome pathways play a critical role in inducing 
cellular senescence and preventing the development of 
cancer stem cells in brain by suppressing the activity of 
pluripotent transcription factors (PTFs) such as OCT4, 
SOX2, KLF4, and C-MYC (OSKM) [41, 42].

Drawing upon recent findings, we sought to further 
scrutinize the role of key miRNAs associated with TLR4 
within hpEVs, with a central focus on SOX2, one of 
the most PTFs in brain. First, we observed remarkable 
increase in TLR4 expression in old hfNPCs compared 
to that in young cells (CONT), which was significantly 
reversed in the hpEV treated old cells (Fig. 4C), indicat-
ing that certain miRNAs harbor the potential to fine-tune 
TLR4 expression. To further elucidate the roles of miR-
NAs in the hpEV associated modulation of TLR4 expres-
sion, we transfected the older hfNPCs with synthetic 

Fig. 4  MicroRNA Analysis in EVs and Regulation of Toll-like Receptor 4 (TLR4) by miRNAs. (A) Predominant miRNAs present in hpEVs. Listed are the miR-
NAs that constitute more than 1% of the total content. (B) Analysis of aging-, inflammation-, and brain function-related GO terms in relation to miRNAs 
in hpEVs. The numbers indicate the average count of genes each miRNA targets within the pathways. (C) TLR4 expression is elevated in old hfNPCs but is 
suppressed with hpEV treatment. (D) The miRNA mimics targeting TLR4 efficiently downregulated the TLR4 expression in old hfNPCs (E) The hsa-miR-92a-
3p binds the target TLR4 mRNA. A line means a perfect match, and a dot line means G: U wobble pairs. An empty space in seed regions means mismatch. 
(F) The miR-92a mimic significantly repressed the expression of senescence associated genes, p16INK4a and p19INK4d in old hfNPCs *, **, ***: p values for 
comparison between Control and Old groups, * <0.05, ** <0.01, *** <0.001; §, §§, §§§: p values for comparison between Young and Treated (Trt-O) groups, 
§ <0.05, §§ <0.01, §§§ <0.001; #, ##, ###: p values for comparison between Old and Treated (Old-Trt) groups, # <0.05, ## <0.01, ### <0.001

 



Page 12 of 19Kim et al. Cell Communication and Signaling          (2025) 23:466 

miRNA mimics targeting TLR4 - specifically the mim-
ics for hsa-miR-92a-3p and hsa-miR-21-5p in hpEVs. 
Both miRNA mimics were notably potent in inhibiting 
TLR4 expression, with the miR-92a mimic demonstrat-
ing the most pronounced downregulation effect, reduc-
ing expression levels by approximately 56%. This finding 
strongly suggests that TLR4 is a prominent target gene 
of miRNAs present within hpEVs (Fig.  4D). The com-
putational analysis revealed that hsa-miR-92a-3p could 
potentially and strongly bind to the 10,275 ~ 10,282 

region of the TLR4 gene. This binding is characterized 
by a microRNA-target hybridization energy (or Gibbs 
free energy of the duplex, dG) of −18.1. A more nega-
tive duplex dG value, like the one observed here, indi-
cates a more stable and possibly more effective regulatory 
binding between the miRNA and its target, suggesting a 
higher affinity between the miR-92a mimic and the TLR4 
gene region specified. Moreover, the analysis showed a 
combined interaction energy of −9.74 ddG (delta delta 
G), a parameter that indicates the change in stability of 

Fig. 5 (See legend on next page.)
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the RNA-RNA interaction when a mutation occurs, fur-
ther emphasizing the affinity and potential regulatory 
efficacy of hsa-miR-92a-3p with the specified region of 
the TLR4 gene (Fig.  4E). Consistent with these compu-
tational predictions, the inhibition of cellular senescence 
by the miR-92a mimic was corroborated by the observed 
downregulation of p16INK4a and p19INK4d expression 
in the mimic treated hfNPCs (Fig.  4F). Consequently, it 
can be inferred that hpEVs have the potential to delay or 
inhibit the senescence of hfNPCs through miRNA-medi-
ated suppression of the TLR4 pathway.

HpEVs reactivation OSKM by the TLR4-targeting MiRNA 
expression
Building upon the insight from the relationship between 
TLR4 and miR92a-3p in hpEVs, we subsequently exam-
ined the expression levels of OSKM in aging hfNPCs. 
Compared to CONT, the expression of SOX2, OCT4, and 
C-MYC significantly decreased in old hfNPCs, suggest-
ing a diminished stem cell characteristic with advanc-
ing age (Fig. 5A). However, KLF4 expression remained 
relatively stable, possibly because of its inherently low 
baseline expression as indicated by its CT values. When 
these aged cells were exposed to hpEVs, there was a pro-
nounced upswing in the expression of SOX2, OCT4, and 
C-MYC (Fig. 5B). To evaluate the effects of hpEVs on 
cellular rejuvenation of hfNPCs, we treated late-passage 
old hfNPCs (p23) with hpEVs and assessed neurosphere 
formation. Compared with the control group, which dis-
played the aging-associated phenotype of strong adhe-
sion and flattened growth, hpEV-treated cells showed 
a significant increase in suspension growth and neu-
rosphere formation (Fig. 6A and B). In more senescent 
hfNPCs (p25), control cells failed to form neurospheres 
and predominantly exhibited adherent growth, whereas 
hpEV-treated cells retained the capacity to form neu-
rospheres (Fig. 6C). These findings indicate that hpEV 

treatment alleviates the aging-induced adhesion pheno-
type of old hfNPCs and promotes restoration of stem-
ness or maintenance of an undifferentiated state, thereby 
exerting cellular rejuvenation effects. This outcome, 
albeit somewhat anticipated, underscores that hpEVs 
mainly enhance the expression of SOX2 among OSKM 
in NPCs, demonstrating the integral role of SOX2 as an 
essential transcription factor for maintaining pluripo-
tency and orchestrating neural differentiation [43], and 
the heightened sensitivity of the SOX2 signaling path-
way to hpEVs in NPCs. To further investigate the inter-
play between hsa-miR-92a-3p and TLR4 expression and 
its potential impact on OSKM expression, we treated 
aged cells with the miR-92a mimic. Notably, there was a 
marked elevation in the expression of the OSKM mem-
bers, particularly SOX2, C-MYC, and KLF4, in the miR-
92a mimic treated aged hfNPCs (Fig. 5C). Given the 
observation from the hpEV treated cells, it is evident 
that, apart from SOX2, the expression of C-MYC and 
KLF4 expressions were notably elevated. However, OCT4 
expression remained unchanged, suggesting that both 
the hpEV and the miR-92a mimic can influence a subset 
of OSKM to reactivate cells. The observed differences 
in expression patterns could potentially be attributed to 
the varying amounts of miR-92a mimic. To further con-
firm the involvement of the TLR4 signaling pathway in 
the senescence of hfNPCs, we treated older hfNPCs with 
TLR4 pathway inhibitors: CLI-095 or the downstream 
TRIF-TBK1 inhibitor BX-795 (Fig. 5D). We observed that 
treatment with CLI-095 remarkably reduced the tran-
scription levels of p16INK4a, p19INK4d, p21CIP1, and p53 in 
older hfNPCs (Fig. 5E). Moreover, administering BX795 
resulted in a significant increase in the expression of 
OSKM and RBBP5 in older hfNPCs (Fig. 5F). These find-
ings strongly suggest that TLR4 pathway modulates cel-
lular senescence by influencing the expression of OSKM 

(See figure on previous page.)
Fig. 5  hpEVs Mitigate Cellular Senescence of hfNPCs by Modulating the TLR4-mediated Transcriptional Repression of Pluripotent Transcription Factors 
(PTF), OSKM. (A) Decreased expression of OSKM in hfNPCs in the old hfNPCs. (B) hpEV treatment induced SOX2, OCT4, and C-MYC expression in the old 
hfNPCs. (C) The TLR4-targeting miR-92a mimic treatment enhances the expression of SOX2, C-MYC, and KLF4. (D) A concise diagram depicting TLR4 signal-
ing. TLR4 activation triggers two distinct downstream signaling pathways: MyD88-IRAKs and TRIF-TBK1. The recruited MyD88-IRAKs complex activates 
NFκB, leading to inflammation and aging. Similarly, TRIF-TBK1 induces inflammation by activating interferon response elements. Furthermore, TRIF-TBK1 
undermines the stemness of numerous stem cells by inhibiting RBBP5-mediated induction of PTFs. Key terms: MyD88 refers to myeloid differentiation 
primary response protein 88; IRAKs stand for interleukin 1 (IL-1) receptor-associated kinases; NFκB is nuclear factor κB; TRIF denotes TIR domain-containing 
adaptor protein-inducing interferon-β; TBK1 is TANK binding kinase 1; and RBBP5 represents retinoblastoma binding protein 5. (E) The TLR4 inhibitor 
CLI-095 (2 µM) suppressed the expression of senescence-related genes in old hfNPCs after 48 h of treatment. (F) Treatment with a TBK1 inhibitor, BX-795 
(100 nM), for 48 h induced the expression of OSKM and RBBP5 in old hfNPCs. (G) The hpEVs harboring GFP plasmids by the cell penetrating peptide (CPP) 
complexes were incubated with the hfNPCs for 96 h and the fluorescent microscopic images were acquired (upper lane). The Figures on the lower lane 
represent images from Confocal microscope. The cells were staining with DAPI (blue) and the pictures were merged with DAPI staining and GFP expres-
sion. Scale bar = 50 and 20 μm, fluorescent microscope and Confocal microscope, respectively. (H) Expression of transferred OCT4 for 96 h induced the 
expression of SOX2, OCT4, C-MYC, and RBBP5. (I) Expression of transferred SOX2 for 96 h induced the expression of OSKM and RBBP5. Note: CPP-assisted 
EV loading in panels (G–I) was performed as a proof-of-concept to assess the delivery capacity of hpEVs. This approach is distinct from the native hpEV 
mechanism studied in earlier experiments and was not intended to model physiological miRNA/mRNA transfer Data are presented as mean ± SD. *, **, 
***: p values for comparison between Control and Old groups, * <0.05, ** <0.01, ***; #, ##, ###: p values for comparison between Old and Treated groups, 
# <0.05, ## <0.01, ### <0.001



Page 14 of 19Kim et al. Cell Communication and Signaling          (2025) 23:466 

in neural stem/progenitor cells and participating in an 
inflammatory signaling pathway [44].

Observing existence of OCT4 and C-MYC mRNA 
in the hpEVs (Fig. S3), we further dissect the potential 
mechanisms underlying the hpEV mediated anti-senes-
cence effects, especially the transfer of OSKM mRNAs. 
To facilitate EV-mediated gene transfer, a method was 
developed utilizing a cell-penetrating complex, spe-
cially employing a cell-penetrating peptide (CPP) fused 
with DNA binding peptide. GFP plasmids were success-
fully introduced into hpEVs using CPPs. To ascertain the 
effectiveness of our CPP-aided nucleotide transfer, we 
subsequently exposed older hfNPCs to the hpEVs infused 
with the GFP plasmid. This not only validated our 
method’s robustness but also provided a foundation for 
deeper explorations into the dynamics of EV-mediated 
gene transfers in the realm of cellular aging. Compared 
to the control group without CPPs, the older hfNPCs 
treated with CPPs exhibited notably stronger green sig-
nals, with GFP proteins primarily localized in the cyto-
plasm. This observation indicates the successful transfer 
of plasmids into the cells (Fig. 5G). Next, we treated older 
hfNPCs with hpEVs loaded with a human OCT4 plasmid 
for 96  h and found that the transferred OCT4 plasmid 
significantly induced the expression of SOX2, C-MYC, 
RBBP5, and OCT4 itself (Fig.  5H). In addition, human 
SOX2 plasmids were transferred to the old hfNPCs after 
loaded into hpEVs. After 96 h incubation, all OSKM and 
RBBP5 were significantly induced, especially the high-
est increase in OCT4 expression (Fig.  5I), suggesting 
that either transferring or inducing OSKM (Fig.  5B) is 
able to reactivate PTFs and to rejuvenate aged hfNPCs. 
The results from both the miR-92a mimic and the plas-
mid transfers suggest a putative underlying mechanism 

of the hpEV mediated cellular rejuvenation. Stem cells, 
during their growth phase leading to senescence, exhibit 
elevated TLR4 levels on their plasma membrane, which 
act as a catalyst for cellular aging. A primary contribu-
tor to this aging process is the TLR4-TBK1 pathway. 
This pathway substantially suppresses the expression of 
PTFs, OSKM, mainly by inhibiting RBBP5, intensifying 
the cellular aging process. However, a significant inter-
vention occurs when these aged cells come into contact 
with youthful stem cells or their EVs. Upon internaliza-
tion, these EVs release miRNAs targeting not only TLR4 
but also its downstream molecules, thereby weakening 
the TLR4-driven signals. This event leads to the release 
of the previously suppressed OSKM factors in the aged 
cells, reigniting the genes crucial for cell proliferation, 
anti-aging, and rejuvenation. Moreover, EVs, either from 
vibrant stem cells or other young tissues, also contain 
mRNAs for OSKM, promoting the direct expression of 
PTFs. This multifaceted interaction revitalizes aged cells, 
effectively halting their aging progression (Fig. 7). Taken 
together, hpEVs are able to inhibit cellular senescence 
and rejuvenate hfNPCs by suppressing the TLR4 signal 
via miRNAs, followed by the induction of OSKM expres-
sion and the suppression of aging-related genes.

Discussion
Our study delves into the potential of hpMSCs as a solu-
tion for addressing neural aging, with a particular focus 
on their EVs. Through the multiple administrations 
of hpMSCs, we observed significant improvements in 
the survival and cognitive functions of aged mice. RNA 
sequencing analysis provided valuable insights into the 
influence of hpMSCs on aging-related neural pathways, 
notably highlighting the downregulation of age-related 
and oxidative stress indicating antioxidant genes in the 
hippocampus. Despite the challenges posed by hpMSCs 
in crossing the blood-brain barrier (BBB), their role in 
regenerating the aging brain via human hpEVs is pivotal. 
Consistent with previous findings on BBB disruption dur-
ing aging, we observed that hpEVs and tracer signals suc-
cessfully penetrated into the brain parenchyma of aged 
mice but not young mice, further validating the feasibil-
ity of systemic EV delivery for neuroregenerative interven-
tions in aging. Recent research has highlighted the role of 
circulating EVs in young blood, particularly in regenerat-
ing aged skeletal muscle through the transfer of genetic 
materials, specifically mRNA. Notably, removing EVs 
from young blood compromised their beneficial effects 
[45]. Our study also indicates that both hpMSCs and 
hpEVs can suppress or delay normal cellular senescence 
in old neural progenitor cells (Fig. 2G-I and Fig. 3D). This 
suggests that the anti-aging effects mediated by hpMSCs 
are, at least in part, attributed to the released EVs, fur-
ther underscoring their role in regenerative processes. 

Fig. 6  Effect of hpEV treatment on neurosphere formation of old hfN-
PCs in non-adherent culture. (A) Representative images of neurospheres 
formed at Day 3 of suspension culture in passage 23 old hfNPCs untreated 
and 2 µg/ml hpEV-treated. Scale bar = 500 μm (B) Quantification of the 
number of neurospheres in panel A (C) Representative images of neuro-
spheres formed at Day 5 of suspension culture in passage 25 old hfNPCs 
untreated and 2  µg/ml hpEV-treated. Scale bar = 500  μm. Data are pre-
sented as mean ± SD. ###: p values for comparison between Old control 
and Old EV-treatment groups, ### <0.001
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Recent results support that miRNAs in stem cell-derived 
EVs play key roles in tissue recovery processes by modu-
lating gene expression in various tissues [17–21]. Our 
analysis of small RNAs from hpEVs revealed the pres-
ence of numerous miRNAs targeting TLR4 signaling 
implicated in aging and cellular senescence (Fig. 7). The 
hsa-miR-92a-3p, one of the highly enriched miRNAs in 
hpEVs, likely modulates the TLR4-mediated inflamma-
some pathway and activate pluripotent OSKM expres-
sion in aged cells and organs (Fig. 4 and Fig. 5C). This 
provides new insights into stem cell/stem cell-derived 
EV-mediated modulation of the TLR4-implicated aging 
process. While our data highlight TLR4 as a represen-
tative and tractable signaling node influenced by hpEV-
derived miRNAs, it is important to note that the overall 
anti-senescence effects of hpEVs may involve additional 
inflammatory or aging-associated pathways (e.g., other 
TLRs, NF-κB, NLRP3). Further studies using broad sig-
naling inhibition and network-level analyses will be 
needed to delineate the full spectrum of downstream 
pathways modulated by hpEVs. Their role in suppressing 
TLR4 signaling while upregulating OSKM transcription 

factors was further assessed. In aged stem cells and non-
stem cells, the activation of TLR4 dimers inhibits OSKM 
activation by suppressing RBBP5 expression. In contrast, 
young stem cells release EVs containing miRNAs that tar-
get TLR4, effectively suppressing its expression. When 
these EVs fuse with their target cells, the transferred 
miRNAs relieve the TLR4-induced repression of OSKM. 
As a result, OSKM factors becomes reactivated, which 
is associated with the observed partial recovery of these 
senescent cells (Fig. 7), although this correlation dose not 
prove causation. These results may be attributed to the 
inherent characteristics of hfNPCs. It’s worth noting that 
SOX2, a marker commonly associated with neural stem 
cells (NSCs) and neural progenitor cells (NPCs), is typi-
cally highly expressed in NPCs, and able to induce the 
expression of endogenous pluripotent transcription fac-
tors (PTFs), subsequently regulating their target genes 
and maintaining the induced pluripotent stem cell (iPSC) 
state, all without the need for additional exogenous fac-
tors [43]. Given these insights, the induction of SOX2 by 
hpEVs within a four-day timeframe may indicate that the 
senescent hfNPCs under treatment are in the early stages 

Fig. 7  Multi-faceted Role of EVs: Hypothetical Anti-Aging Mechanism. As stem cells proliferate and progress towards senescence, TLR4 levels on the 
plasma membrane amplify, accelerating cellular aging. The TLR4-TBK1 pathway robustly inhibits the expression of pluripotent transcription factors, OSKM, 
primarily through the suppression of RBBP5, further exacerbating cellular senescence. However, when aged cells interact with healthy, young stem cells 
or their extracellular vesicles (EVs, represented as orange closed circles), the endocytosed EVs discharge miRNAs that target TLR4 and its subsequent 
molecules, attenuating TLR4 expression and its associated signaling pathways. As a result, the OSKM factors within the aged cells are liberated from the 
TLR4-associated inhibition. This reinvigorates old cells by reactivating target genes responsible for proliferation, anti-aging, and rejuvenation. EVs, whether 
derived from stem cells or other young, healthy cells/tissues, might not only carry diverse miRNAs modulating TLR4 signaling but also house mRNAs cod-
ing for OSKM, elevating the expression of PTFs directly. Consequently, aged cells undergo rejuvenation, stalling the aging process. Green closed circle: 
TLR4 ligand; Orange closed circle: EVs from young healthy stem cells; Black and Red T bars: inhibition of signal pathways; Dashed arrow: suppressed signals
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of reactivation. The potent effect of SOX2 is evident from 
our EV-loading experiment, which showed reactivation 
of all OSKM factors accompanied by signs of senescent 
cell rejuvenation (Fig. 5I). It’s plausible that the hpEV 
mediated induction or transfer of SOX2 may require a 
longer duration to progress to a later stage of the PSC 
process, facilitated by SOX2-mediated activation of other 
factors. This transient reactivation strategy is consistent 
with previous reports demonstrating that short-term 
(2–4 days) induction of OSKM factors can restore youth-
ful gene expression and tissue function without tumori-
genic transformation (Ocampo et al., 2016; EMBO Mol 
Med, 2017). Our hpEV-based approach likewise pro-
motes partial reprogramming over a brief period, thereby 
minimizing oncogenic risk. Additionally, it’s important 
to consider that EVs may carry OSKM mRNAs and pro-
teins themselves, as evidenced by the detection of OCT4 
and C-MYC genes (Fig. S3). These transferred OSKM 
mRNAs and proteins can directly and transiently induce 
the expression of other PTFs and reactivate aged cells 
independently of TLR4 signals, which is supported by 
the observed OCT overexpression in this study (Fig. 5H). 
While these experiments demonstrate the feasibility of 
using hpEVs as gene delivery vehicles, we acknowledge 
that the CPP-assisted loading of exogenous plasmids 
does not reflect the native physiological mechanism of 
hpEV cargo transfer. Rather, this approach was employed 
as a functional test to explore the application potential of 
engineered hpEVs for exogenous gene modulation. This 
distinction is important to separate mechanistic findings 
based on native hpEV action from translational strategies 
that harness their delivery capacity. As a result, stem cells 
or stem cell-derived EVs have the potential to delay or 
inhibit the aging processes in endogenous stem cells and 
somatic cells, or even regenerate them.

Interestingly, our study aligns with recent research 
demonstrating that the aging-related proteins, which 
increase in both Old mice and humans, can be effectively 
suppressed by infusing human umbilical cord plasma 
[3]. This treatment not only improved hippocampal and 
cognitive functions in aged mice but also increased the 
expression of tissue inhibitor of metalloproteinases 2 
(TIMP2), a molecule linked to spatial memory and long-
term potentiation. The authors analyzed the youth related 
factors, including TIMP2, in human cord blood plasma 
and plasma from different aged mice and then revealed 
the age dependent separation of proteins and the puta-
tive regenerating factors in human cord blood plasma. 
Intriguingly, our findings mirror the changes observed 
between the youth-associated proteins from human cord 
blood plasma and their expression in the hippocampus 
treated with hpMSCs: there was an hpMSC associated 
induction of proteins that had decreased in aged individ-
uals but upregulated in the cord blood plasma (Table S5). 

These parallels strongly suggest the hpMSC treatment 
modulate an age implicated environment in organisms 
toward a more youthful condition, which is the common 
mechanism between human cord blood and hpMSC-
mediated anti-aging effects.

In this study, we focused on female C57BL/6 mice 
and did not assess the therapeutic effects of hpMSCs in 
males. Our findings indicate that the therapeutic poten-
tial of hpMSCs may be influenced by sex-related differ-
ences, such as estrous cycle variations and hormonal 
levels. Female C57BL/6 mice are known to exhibit more 
pronounced cognitive deficits due to natural aging 
compared to males. Additionally, studies have shown 
that despite estrous cycle variations, female C57BL/6 
mice display a more consistent pattern of aging-related 
changes than males, making them a suitable model for 
our study. Although we did not perform behavioral tests 
on male C57BL/6 mice, we observed neuroregenerative 
effects of hpEVs in these males. This suggests that hpM-
SCs or hpEVs could potentially offer similar regenerative 
benefits in aging male C57BL/6 mice. We are currently 
conducting a comprehensive in vivo study that includes 
males to further explore this hypothesis. These findings 
highlight the broad applicability of hpMSCs and hpEVs 
for neuroregeneration across both sexes, reinforcing their 
potential as therapeutic agents for age-related conditions. 
For clinical translation, key considerations will include 
the scalability and standardization of hpEV production, 
quality control across donor batches, and the need for 
comprehensive safety assessment—including biodistri-
bution, immunogenicity, and long-term oncogenic risk 
evaluation—prior to human application.

In conclusion, our study showed that hpMSCs and 
hpEVs can reactivate endogenous stem cells and improve 
cellular function and individual’s activities via modulat-
ing various age- and anti-stress-related genes. The anti-
aging effect of hpMSCs is, at least partially, mediated 
by EVs that deliver miRNAs and/or mRNAs to com-
promise TLR4 signals and to modulate both the aging/
cellular senescence process and inflammation status. 
Our research has pioneered a groundbreaking strat-
egy for regenerating neural aging through two distinct 
approaches: (1) hpEVs and (2) hpEV-mediated OSKM 
stimulation, which offers the potential to amplify the 
therapeutic effect. While OSKM factor upregulation 
coincides with improved function in our aging model, 
our data do not establish a direct causal relationship. 
Definitive proof would require targeted loss-of-function 
experiments (e.g., OSKM knockdown or pathway block-
ade in vivo) to determine whether abrogating OSKM 
activity diminishes the observed benefits. Our findings 
underscore the transformative potential of EV-based 
therapies in the realm of anti-aging interventions and 
support clearly that the role of EVs, and the miRNAs 



Page 17 of 19Kim et al. Cell Communication and Signaling          (2025) 23:466 

they harbor, is central to our quest for interventions that 
can extend health span and enhance the quality of life in 
aging individuals.

Conclusion
In conclusion, our study showed that hpMSCs and hpEVs 
can reactivate endogenous stem cells and improve cel-
lular function and individual’s activities via modulat-
ing various age- and anti-stress-related genes. The 
anti-aging effect of hpMSCs is, at least partially, medi-
ated by EVs that deliver miRNAs and/or mRNAs to com-
promise TLR4 signals and to modulate both the aging/
cellular senescence process and inflammation status. 
Our research has pioneered a groundbreaking strat-
egy for regenerating neural aging through two distinct 
approaches: (1) hpEVs and (2) hpEV-mediated OSKM 
stimulation, which offers the potential to amplify the 
therapeutic effect. Our findings underscore the trans-
formative potential of EV-based therapies in the realm 
of anti-aging interventions and support clearly that the 
role of EVs, and the miRNAs they harbor, is central to our 
quest for interventions that can extend health span and 
enhance the quality of life in aging individuals.
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