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Abstract
Introduction: the use of extracellular vesicles (EVs) has a high potential in regenerative medicine. Although mainly those 
derived from mesenchymal stromal cells (MSC) have been studied, circulating EVs from umbilical cord blood (UCBEV) or 
from healthy young adults (peEV) also contain factors that can favor tissue regeneration. This study evaluates the effect 
of UCBEV and peEV on MSC differentiation to osteoblasts and adipocytes, and endothelial cell angiogenesis.

Material and methods: MSC cultures were treated with UCBEV and peEV during differentiation into osteoblasts or adi-
pocytes. The expression of osteoblastic or adipogenic genes was studied. Mineralization and lipid droplet formation were 
quantified. Umbilical cord vein endothelial cells (HUVEC) were evaluated in angiogenesis assays.

Results: UCBEV and peEV did not affect MSC viability, but peEV increased HUVEC viability. In osteoblasts, collagen 
type I alpha 1 (COL1A1) expression was increased by peEV, but mineralization was not affected. In adipocytes, adipose 
triglyceride lipase (ATGL) and fatty acid-binding protein 4 (FABP4) expression was inhibited, and lipid droplet formation 
was decreased with both types of EV. In HUVEC, UCBEV and peEV induced angiogenesis.

Conclusion: the results suggest that both types of EVs, from abundant sources, without major ethical issues and easy 
to isolate, have high potential in regenerative medicine applied to bone, inhibiting bone marrow adiposity and favoring 
angiogenesis.
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INTRODUCTION

The bone system depends on a balance between 
bone formation and resorption. When this balance 
is disrupted by trauma in the form of bone fractures, 
this tissue has the ability to self-renew (1). In this 
healing process, various cell types, extracellular ma-
trices, and signaling molecules are involved (2), across 
the three main phases that occur: the inflammatory 
phase, the reparative phase, and the remodeling phase. 
In the reparative phase, osteoprogenitor cells and un-
differentiated mesenchymal cells are induced to dif-
ferentiate into osteoblasts, rather than into other cell 
types such as adipocytes (3). Furthermore, the forma-
tion of new blood vessels, which supply oxygen and 
nutrients necessary for bone formation, is crucial in 
the regenerative process (2). However, in some cases, 
healing delays, non-union fractures, or bone diseas-
es (osteoporosis, osteonecrosis, or cancer) can occur. 
These conditions present significant morbidity and 
substantially reduce the activity and quality of life of 
patients suffering from them. Therefore, new ther-
apeutic strategies are needed to reduce prolonged 
immobilization or repeated surgical interventions. 
These could also pose a significant cost to healthcare 
systems and society (4). 

Recent advances in tissue engineering have pro-
posed the combination of different cell types with 
synthetic biomaterials as an alternative to bone 
grafts. Specifically, mesenchymal stem cells (MSC) 
derived from bone marrow have been proposed for 
the treatment of various pathologies due to their 
differentiation, regenerative, and immunomodula-
tory abilities (5). However, although they can be ob-
tained from third-party donors, the possibility of the 
persistence of implanted MSCs in recipient patients 
or the formation of ectopic tissues has hindered 
their application in bone injury healing (6). Addi-
tionally, other limitations for their application in-
clude the difficulty of maintaining optimal potency 
and viability during cell expansion and the method 
of administration to the patient (7). Recent studies 
have revealed that the potential of MSCs in tissue 
regeneration is linked to their paracrine activity, 
which partly depends on extracellular vesicles (EVs) 
derived from the secretome. Thus, the use of these 
EVs in regenerative medicine has been proposed as 
a cell-free therapeutic strategy (8).

EVs play an intercellular communication role and 
contain a wide variety of biologically active mole-
cules, such as proteins, lipids, and different types of 
nucleic acids that can be relevant in the inflammato-
ry response and tissue regeneration through signals 
transmitted to recipient cells (9). Depending on their 
size, EVs can be classified as microvesicles, exosomes, 
and apoptotic bodies. Specifically, exosomes range 
from 40 to 100 nm, have an endosomal origin, and 
are released by exocytosis from multivesicular bod-

ies through plasma membranes (7). Thus, they can 
be administered intravenously and circulate through 
bodily fluids, such as blood, urine, or saliva (10). These 
exosomes seem to transmit the therapeutic effects 
of the originating cell while overcoming the limita-
tions associated with the use of cells in regenerative 
medicine (7,9). They can be isolated from multiple 
bodily fluids such as semen, blood, urine, saliva, 
breast milk, amniotic fluid, ascitic or cerebrospinal 
fluid, and bile (11). The content of these circulating 
EVs depends on the organism's state, making them 
a source of biomarkers and factors that can even be 
used for therapeutic applications as an alternative 
to MSC-derived EVs. Indeed, using MSC-derived EVs 
involves manipulating in vitro cell cultures, which 
may cause loss of MSC properties and genetic insta-
bility when performed outside their natural niche 
(12). This can be partially avoided using stable and 
immortalized MSC lines obtained by genetic manip-
ulation, for example, inducing the expression of hu-
man telomerase reverse transcriptase (hTERT). This 
procedure has produced MSCs with high prolifera-
tion and expansion capacity, maintaining their im-
munomodulatory, differentiation, and regenerative 
properties (13,14). Although various animal studies 
have shown that over time, immortalized MSCs do 
not transform into tumor cells, and therefore con-
clude that they can be considered safe for potential 
clinical use, these studies have certain limitations. 
Among them are the lack of clinical trials and the 
still unknown possibility of immortalized MSCs ac-
cumulating unwanted mutations after prolonged 
expansion periods. Therefore, it has been suggested 
that the use of these cells, both in cell therapy and 
in cell-free therapy based on the use of EVs, should 
be subject to strict controls during culture (15). This 
increases the complexity of the procedure due to 
the need to maintain stable MSC lines and the de-
sign of bioreactors for large-scale EV production. 
Therefore, it is interesting to study other alternative 
sources of regenerative EVs, such as circulating EVs 
in blood, which can be obtained without the need 
to expand and maintain cells in culture (16). More-
over, the amount of EVs obtained from plasma can 
be between 10 and more than 100 times higher than 
that obtained from cell cultures (17). One potential 
source is umbilical cord blood. It has a composition 
similar to that of adult bone marrow, but unlike 
this, it also contains a series of immunosuppressive 
cells, allowing it to reduce levels of inflammatory 
cytokines (18). In humans, it has been observed that 
human umbilical cord blood cell-derived extracellu-
lar vesicles (UCBEV) vs peripheral blood-derived de-
rived extracellular vesicles from adults (peEV) have 
higher expression of miRNAs involved in pregnan-
cy, leukemia suppression, inflammation inhibition, 
cell mobility, and nervous system development, as 
well as factors related to embryonic development 
(19,20), suggesting a high regenerative potential. As 
for peEV, several studies have shown their therapeu-
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tic potential for the treatment of ischemic processes 
and wound healing (21). Thus, the objective of this 
study was to evaluate the potential effects of UCBEV 
and peEV on endothelial cell angiogenesis and MSC 
osteoblastic and adipogenic differentiation.

MATERIAL AND METHODS

EXTRACTION OF EXTRACELLULAR VESICLES 
FROM BLOOD PLASMA

After signing informed consent, healthy women with-
out chronic pathologies and of adult age (between 
26 and 31 years) underwent a single blood extraction. 
The umbilical cord blood was donated by mothers who 
met the same inclusion criteria as the healthy adults 
and also signed their participation consent.

Blood samples were centrifuged at 3000 rpm for  
10 minutes to obtain plasma. One milliliter of plasma 
was passed through PURE-EVs size-exclusion chroma-
tography columns (HansaBioMed Life Sciences Ltd.) 
using phosphate-buffered saline (PBS) as the vehicle. 
The 3 milliliters in which the EVs eluted were concen-
trated by ultrafiltration with 10 MWCO concentra-
tors (Vivaspin 6 centrifugal concentrator, Sartorius) 
until a volume of 300-350 μl was obtained, which 
was stored at -20 °C until use. The concentration 
and size of the exosomes obtained from each sam-
ple were determined with a nanoparticle tracking 
analyzer (Nanosight NS300) based on “Nanoparticle 
Tracking Analysis” (NTA) technology at the Universi-
ty Institute of Nanochemistry (IUNAN) at the Univer-
sidad de Córdoba.

CHARACTERIZATION OF EVS BY WESTERN 
BLOT

EVs were characterized by Western blot. For this, 
10 μg of each sample were loaded into an 8-16 % 
acrylamide gel (nUView Tris-Glycine Precast Gels, 
NuSeP) under denaturing conditions and separated 
by electrophoresis using the "Mini-Protean" system 
(Bio-Rad). Then, the proteins were transferred to a 
polyvinylidene fluoride (PVDF) membrane (Bio-Rad) 
using the Trans-Blot Transfer System (Bio-Rad). The 
membrane was blocked with a 5 % skim milk solu-
tion in TTBS buffer (20 nM Tril-CL pH 7.6, 150 mM 
NaCl, 0.05 % Tween) for 1 hour at room temperature 
and incubated overnight at 4 °C with primary anti-
bodies anti-CD81 (25kDa, 1:500; ref.: 10630D), CD9 
(25kDa, 1:1000; ref.: 10626D), and anti-CD63 (30- 
60 kDa, 1:1000; ref.: 10628D), all in 1 % milk with TTBS. 
Subsequently, the membrane was washed with TTBS and 
incubated for 1 hour with the secondary anti-mouse an-
tibody (1:4000; ref.: 32430), in 2 % milk with TTBS. 

All antibodies used were from Invitrogen, Ther-
moFisher Scientific. Detection was performed using 
the chemiluminescent substrate Clarity Western ECL 
Substrate (Bio-Rad), and the images were acquired 
with the ChemiDoc™ XRS+ system (Bio-Rad) using 
the Image Lab 6.1 software from the same manu-
facturer.

MSC AND HUVEC CELL CULTURES

The MSCs used were isolated from cryopreserved 
mononuclear cells (Stemcell Technologies, Cologne, 
Germany) according to the protocol previously de-
scribed by our group (22). They were expanded in min-
imum essential alpha medium (αMEM) from Biowest 
(Nuaillé, France), containing 2 mM of ultraglutamine 
(Biowest), 10 % fetal bovine serum (FBS; Gibco-Ther-
mo Fisher Scientific), 100 U of penicillin, 0.1 mg of 
streptomycin/mL, and 1 ng/mL of fibroblast growth 
factor (FGF-2) from Sigma-Aldrich (Saint Louis, MO, 
USA). Umbilical vein endothelial cells (HUVEC) from 
Lonza (Basel, Switzerland) were grown in endothelial 
basal medium (EBM), with supplements and growth 
factors, known as endothelial growth medium (EGM) 
from Lonza. This contained 10 % FBS, hydrocortisone, 
gentamicin, human epidermal growth factor (hEGF), 
and bovine brain extract.

Both MSC and HUVEC cultures were incubated at 37 °C 
with 95 % humidity and 5 % CO2. When they reached 
90 % confluence, the cells were lifted with trypsin-ED-
TA (Gibco) and seeded in 12 (P12), 24 (P24), or 96-well 
(P96) plates for different experiments. 

CELL VIABILITY ASSAY

Cell viability was determined using the 3-(4,5-di-
methylthiazol-2)-2,5-diphenyl tetrazolium bromide 
(MTT; Sigma-Aldrich) assay. MSCs and HUVECs were 
seeded in P96 plates at a density of 4000 and 8000 
cells per well, respectively, in the corresponding cul-
ture medium for each cell type, as described earli-
er. After 24 hours, the medium was replaced with 
medium containing exosome-free FBS, supplement-
ed with different concentrations of UCBEV or peEV  
(10 × 106, 20 × 106, 40 × 106, 80 × 106, and 160 × 106 
particles/mL). After 72 hours, the medium was re-
moved, and 50 µL per well of Dulbecco's modified 
Eagle medium (DMEM) without phenol red, supple-
mented with 1 mg of MTT/mL (both from Sigma-Al-
drich), was added. After 2 hours of incubation, the 
medium was removed, and the formazan crystals 
produced were dissolved in isopropanol. The result-
ing solution’s absorbance was measured at 570 nm, 
with the absorbance at 650 nm used as a reference, 
using a BioTek Instruments PowerWave XS micro-
plate spectrophotometer (Winooski, VT, USA).
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CELL MIGRATION ASSAY

Migration was studied using the Scratch Assay in 
P24 plates. In confluent cultures, a cell-free zone 
was generated using the tip of a P200 pipette, and 
different concentrations of UCBEV or peEV (10 × 106 
and 160 × 106 particles/mL) were added to the me-
dium. Cultures were maintained for up to 24 hours, 
and images were taken at different times using the 
IncuCyte Zoom Imaging System from Sartorius. Im-
ages at 18 and 15 hours of migration for MSC and 
HUVEC, respectively, were analyzed with ImageJ 
V1.53f51 software (NIH; Bethesda, MD, USA). The 
times were selected because, after these times, the 
cell-free zone was fully occupied, making it impossi-
ble to identify differences between treatments. Mi-
gration was quantified relative to the percentage of 
the initial area not occupied by cells.

DIFFERENTIATION OF MSCs INTO 
OSTEOBLASTS AND ADIPOCYTES

In MSC cultures at 60-80 % confluence, differentiation to 
osteoblasts or adipocytes was induced. Osteoblastic dif-
ferentiation was maintained for 21 days in medium sup-
plemented with 10 nM dexamethasone, 0.2 mM ascorbic 
acid, and 10 mM β-glycerol phosphate (Sigma-Aldrich), 
in the presence or absence of the different EV concen-
trations tested (10 × 106 and 160 × 106 particles/mL). On 
the other hand, differentiation into adipocytes was in-
duced with 500 nM dexamethasone, 0.5 mM isobutyl-
methylxanthine, and 50 μM indomethacin (all from Sig-
ma-Aldrich), maintained for 14 days, in the presence or 
absence of the different EV concentrations.

CYTOCHEMICAL STAINING

Alizarin red staining at 21 days of osteoblastic differ-
entiation was used to visualize and quantify extracel-
lular matrix mineralization. Cultures in P12 plates were 
fixed with 3.7 % formaldehyde for 10 minutes and 
then stained with 40 mM alizarin red in water, pH 4.15 
(Sigma-Aldrich) for 10 minutes. The wells were then 
washed several times with 60 % isopropanol, dried, 
and visualized under an optical microscope. Alizarin 
red deposits were measured after elution with 10 % 
acetic acid, neutralization with 10 % ammonium hy-
droxide, and quantification by spectrophotometry at 
405 nm absorbance of the resulting solution.

The formation of fat vesicles in cultures induced to dif-
ferentiate into adipocytes was evaluated by Oil Red O 
staining. For this, cells were fixed with 3.7 % formalde-
hyde for 15 minutes, washed with 60 % isopropanol in 
water, and stained for 15-20 minutes with a 0.3 % Oil 
Red O solution (weight/volume) in 60 % isopropanol. 
The cells were then washed twice with distilled water, 

stained with hematoxylin, and images were taken, at 
least nine per well, using an optical microscope. Fat 
vesicle staining was quantified with ImageJ software 
(NIH), and values were normalized with the number of 
cells per image. Lipid accumulation in the cultures was 
expressed as: (Oil Red O stained area / number of cells).

RNA ISOLATION AND GENE EXPRESSION 
QUANTIFICATION

Samples for RNA isolation and subsequent analysis of 
adipogenesis and osteoblastogenesis marker genes were 
taken from MSC cultures 10 days after induction to dif-
ferentiate into osteoblasts or adipocytes. RNA was isolat-
ed following the manufacturer's instructions using the 
NZY total RNA isolation kit (NZYTech, Lisbon, Portugal) 
and quantified with a NanoDrop ND-1000 spectropho-
tometer (Thermo Fisher Scientific). Then, 900 ng were 
retrotranscribed using the iScript cDNA synthesis kit from 
Bio-Rad (Hercules, CA, USA). Quantitative real-time poly-
merase chain reaction (RT-qPCR) tests were carried out in 
a CFX96 Connect (Bio-Rad). Each reaction contained 1 μL 
of cDNA, 10 pmol of each primer pair (Table I), and Sen-
siFAST Sybr No-Rox Mix from Bioline (London, UK). The 
PCR amplification program included a cycle at 95 °C for  
2 minutes (DNA denaturation and polymerase activation) 
and 44 amplification cycles: 95 °C for 5 seconds (DNA de-
naturation) and 65 °C for 30 seconds (hybridization and 
extension). Results were analyzed using the CFX Maestro 
V 2.3 software (Bio-Rad) to obtain threshold cycles (Ct). 
The POLR2A gene, encoding RNA polymerase II subunit 
A, was used as a constitutive gene, and relative expres-
sion vs control samples was expressed as arbitrary units 
calculated using the 2-(∆∆Ct) method, where ∆∆Ct = ∆Ct 
(sample) – ∆Ct (control sample); and ∆Ct (sample) = Ct 
(gene of interest sample) – Ct (constitutive gene sample), 
and ∆Ct (control sample) = Ct (gene of interest control 
sample) – Ct (constitutive gene control sample).

ANGIOGENESIS ASSAY IN HUVEC

To evaluate the effect of UCBEV and peEV on angio-
genesis in HUVEC, a tube formation assay in Matri-
gel was performed. HUVEC cells were pretreated for  
24 hours with different concentrations of UCBEV or 
peEV (10 × 106 and 160 × 106 particles/mL) in EGM me-
dium + 10 % FBS without exosomes. For the angio-
genesis assay, 10 µL of reduced growth factor Matrigel 
(Corning, NY, USA) at 4 °C was added to P96 micro-
plates from Greiner Bio-One (Kremsmunster, Austria), 
allowed to gel at room temperature. Then, from 
each HUVEC culture pretreated with the different 
EVs, 15,000 cells per well were added, resuspended in  
70 μl of EBM + 2 % FBS without exosomes, supple-
mented with the corresponding type and concen-
tration of EV. The cells were maintained under cul-
ture conditions for 4 hours at 37 °C and 5 % CO2.  
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After this period, images were taken using an optical 
microscope and analyzed with the Angiogenesis An-
alyzer extension of ImageJ software. As a negative 
control of angiogenesis, cultures maintained in un-
supplemented medium without EVs were used, and 
as a positive control, the medium was supplemented 
with 30 ng/mL of the angiogenesis inducer fibroblast 
growth factor 2 (FGF-2).

STATISTICAL ANALYSIS

Data are expressed as the mean ± standard error of the 
mean (mean ± SEM). In all experiments, the number of 
replicates for each parameter studied was at least 3. Com-
parison between the different treatments was performed 
using the ANOVA test to detect significant changes, fol-
lowed by a Tukey test to identify significant differences 
between pairs of treatments. Significant changes were 
considered for p < 0.05.

RESULTS

CHARACTERIZATION OF CIRCULATING EVs 
FROM UMBILICAL CORD BLOOD OR ADULT 
PLASMA 

The size analysis of the UCBEV and peEV by Nanopar-
ticle Tracking Analysis shows that most of the EVs ob-

tained have a diameter ranging from 50 to 150 nm 
(Figs. 1 A and B). The concentration of particles per 
ml of umbilical cord plasma ranged from 0.7 × 10¹¹ to 
1.3 × 10¹¹, and for adult blood plasma, it ranged from 
3.2 × 10¹¹ to 1.1 × 10¹². On the other hand, the char-
acterization of the protein expression of the mark-
ers CD81, CD9, and CD63, by Western blot, indicated 
that both types of EVs express these markers (Fig. 1C). 
These results show how, after processing the plasma 
samples from umbilical cord blood or adult blood, cir-
culating EVs were obtained.

EFFECT OF UCBEV AND peEV ON CELL 
VIABILITY OF MSCs AND HUVECs

To evaluate the effect of UCBEV and peEV on the 
cell viability of MSC cultures, the cells were treated 
with different concentrations of EVs (10 × 106, 20 × 
106, 40 × 106, 80 × 106, and 160 × 106 particles/mL) 
for 48 hours. The results showed that the viability 
was not significantly affected by any of the doses 
and types of EVs (Fig. 2A). Based on these results, in 
HUVEC cultures, the effect of the lowest and highest 
concentration of EVs used in the study on MSC via-
bility (10 × 106 and 160 × 106 particles/mL) was eval-
uated. In this case, a significant increase in viability 
was observed when the cells were treated with the 
smaller concentration (10 × 106) of particles/mL of 
peEV (Fig. 2B).

Table I. Primers used for QRT-PCR

Gene Sequence (5'-->3') Product (bp)

Polymerase (RNA; DNA directed) II polypeptide A (POLR2A)
TTTTGGTGACGACTTGAACTGC
CCATCTTGTCCACCACCTCTTC

125

Runt-related transcription factor 2 (RUNX2)
TGGTTAATCTCCGCAGGTCAC 

ACTGTGCTGAAGAGGCTGTTTG
143

Osterix (SP7)
AGCCAGAAGCTGTGAAACCTC 
AGCTGCAAGCTCTCCATAACC

163

Integrin-binding sialoprotein (IBSP)
AGGGCAGTAGTGACTCATCCG

CGTCCTCTCCATAGCCCAGTGTTG
171

Collagen, type I, alpha 1 (COL1A1)
CGCTGGCCCCAAAGGATCTCCTG
GGGGTCCGGGAACACCTCGCTC

263

Peroxisome proliferator activated receptor gamma 2 (PPARG2)
GCGATTCCTTCACTGATACACTG
GAGTGGGAGTGGTCTTCCATTAC

136

Patatin Like Phospholipase Domain Containing 2 (ATGL)
CCAACACCAGCATCCAGTTCA 
ATCCCTGCTTGCACATCTCTC

102

Lipoprotein lipase (LPL)
AAGAAGCAGCAAAATGTACCTGAAG 

CCTGATTGGTATGGGTTTCACTC
113

Fatty-acid-binding protein 4 (FABP4)
TCAGTGTGAATGGGGATGTGAT 
TCTGCACATGTACCAGGACACC

162
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Figure 1. Quantification and characterization of circulating exosomes isolated from umbilical cord blood plasma (UCBEV) or peripheral blood 
plasma from healthy adults (peEV). A and B. Show the analysis of particle size distribution obtained from UCBEV and peEV, respectively.  
C. Shows the protein expression via Western blot of EV markers CD63, CD9, and CD81 in UCBEV and peEV.
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Figure 2. Quantification of cell viability in MSC (A) and HUVEC 
(B) treated for 72 hours with different concentrations of circulating 
UCBEV or peEV. *p < 0.05 compared to untreated cultures 
(control).
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EFFECT OF UCBEV AND peEV ON MSC AND 
HUVEC MIGRATION

In the cell migration assay, the presence of 10 × 106 
or 160 × 106 particles/mL of both types of EVs (UCBEV 
and peEV) reduced migration in MSC and HUVEC cul-
tures, after 18 hours or 15 hours, respectively (Fig. 3). 
The decrease was more pronounced in the presence of 
peEV (Fig. 3).

EFFECT OF UCBEV AND peEV ON MSC 
DIFFERENTIATION

Osteogenic differentiation

The results of extracellular matrix mineralization 
after 21 days of osteogenic differentiation in MSCs 
induced to differentiate into osteoblasts in the pres-
ence of different concentrations of UCBEV and peEV, 
show that none of the concentrations used affected 
this mineralization (Figs. 4 A and B).

After 10 days of osteoblastic differentiation, the ex-
pression of osteoblastic marker genes, such as the 
transcription factor RUNX2, osterix (SP7), the inte-
grin-binding sialoprotein (IBSP), and type I collagen 
alpha-1 (COL1A1), was also studied in these cultures. 
These genes code for two transcription factors re-
sponsible for osteogenic differentiation and pro-
teins of the extracellular matrix. The results shown 
in figure 4C indicate that, like mineralization, treat-
ment with the different types of EVs did not produce 
significant changes in the expression of these osteo-
blastic genes. Only in the expression of COL1A1, an 
increase was observed in cultures treated with the 
highest concentration of EVs (Fig. 4C).
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Adipogenic differentiation

In MSCs differentiated into adipocytes, the results of 
the Oil Red O staining analysis showed that the pres-
ence of UCBEV or peEV in the adipogenic medium re-
duced the formation of fat vesicles compared to the 
untreated cultures (Fig. 5B). Regarding the expres-
sion of the gene coding for the main transcription 
factor responsible for adipogenic differentiation, 
peroxisome proliferator-activated receptor gamma 
2 (PPARG2), no significant differences were observed 
between the different treatments after 10 days of 
adipogenic differentiation. Changes were observed 
in the expression of genes involved in fatty acid me-
tabolism, such as adipose triglyceride lipase (ATGL) 
and fatty acid-binding protein 4 (FABP4). The mRNA 
levels of ATGL decreased in cultures treated with 160 
× 106 particles/mL of UCBEV, and the gene expression 
of FABP4 was inhibited with both concentrations of 
peEV used (Fig. 5C). The decrease in the expression of 
the genes ATGL and FABP4 may be related to the re-

duction in fat vesicle formation and different mecha-
nisms of action of UCBEV and peEV on MSC cultures 
differentiated into adipocytes.

STUDY OF THE EFFECT OF UCBEV AND peEV 
ON ANGIOGENESIS

The results of the quantification of the total length 
of segments and tubular structures indicate that all 
EV treatments increased angiogenesis vs untreated 
HUVECs (Control -). This increase was more significant 
with UCBEV treatments (Figs. 6 B and C).

DISCUSSION

Regenerative medicine applied to bone has great 
potential for the treatment of pathologies such as 
osteoporosis, osteoarthritis, osteonecrosis, and trau-

Figure 3. Effect of UCBEV and peEV on cell 
migration. A. Representative images of MSC or 
HUVEC cultures at time 0, after creating a cell-
free line on the plate, and at 18 or 15 hours of 
culture, respectively, in the presence or absence 
of different concentrations of UCBEV or peEV.  
B. Quantification of the migration area 
percentage in MSC after 18 hours of treatment. 
C. Same as B, after 15 hours with HUVEC.  
*p < 0.05 compared to untreated cultures 
(control).
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matic fractures. Although cell therapy has been widely 
evaluated in bone regeneration with promising results 
(23), it is currently considered that the use of EVs de-
rived from MSCs as a cell-free therapeutic tool could 
avoid the drawbacks of producing and implanting 
progenitor cells for therapeutic purposes in bone (7). 
However, obtaining EVs derived from MSCs, even from 
immortalized cell lines, requires the establishment and 
maintenance of stable cell cultures, which increases 
the complexity of their isolation and requires suitable 
facilities for clinical use. Therefore, it is advisable to 
evaluate the potential therapeutic capacity of other 
sources of EVs that are easily accessible, abundant, and 
do not present significant ethical issues.

Thus, the aim of this work was to evaluate the effect 
of EVs derived from umbilical cord blood and from 
healthy adult individuals on processes related to bone 
regeneration, such as angiogenesis in endothelial cells 
and osteoblastic and adipogenic differentiation in 
bone marrow-derived MSCs.

Our results showed that both types of EVs did not 
significantly affect osteogenic differentiation but re-
duced adipogenesis in MSCs and increased angiogen-
esis in HUVECs. While UCBEV seem to favor angiogen-
esis more, and peEV may intervene more significantly 
in fat metabolism through inhibition of FABP4, we 
did not detect other major differences between both 
types of EVs. This could be partly because, in addition 
to nutrients and oxygen from the maternal blood, 
the umbilical vein blood also transports EVs from the 
mother (24). Therefore, besides fetal-origin exosomes, 
there would also be adult-origin exosomes.

The response to tissue damage requires a series of 
molecular and cellular events, including cell mi-
gration among others (25). According to the re-
sults obtained, migration of MSCs and HUVECs de-
creased, although with UCBEV, the reduction in cell 
migration was smaller than with peEV. These re-
sults suggest that the content of both types of EVs 
favored differentiation but reduced cell migration.  

Figure 4. Study of the 
osteoblastic differentiation 
capacity of MSC treated with 
different concentrations of 
UCBEV and peEV.  
A. Representative images 
of Alizarin red staining 
for extracellular matrix 
mineralization in MSC cultures 
induced to osteoblasts 
and treated with different 
concentrations of UCBEV or 
peEV for 21 days. 
B. Quantification of Alizarin red 
staining. C. Gene expression of 
osteoblastic markers (RUNX2, 
SP7, IBSP, and COL1A1) in MSC 
cultures treated with UCBEV or 
peEV, 10 days after induction to 
differentiate into osteoblasts.  
*p < 0.05 compared to 
untreated cultures (control).
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Figure 5. Study of the 
adipogenic differentiation 
capacity of MSC treated with 
different concentrations  
of UCBEV and peEV.  
A. Representative images of 
"Oil Red O" staining of fat 
vesicles in MSC cultures induced 
to adipocytes and treated with 
different concentrations of 
UCBEV or peEV for 14 days.  
B. Quantification of "Oil Red 
O" staining. C. Gene expression 
of adipogenic marker genes 
(PPARG, ATGL, LPL, and FABP4) 
in MSC cultures treated with 
UCBEV or peEV, 10 days after 
induction to differentiate into 
adipocytes. *p < 0.05 compared 
to untreated cultures (control).

Figure 6. Study of angiogenesis in 
HUVEC cultures. A. Representative 
images of tubular structure formation 
in HUVEC cultures on matrigel and 
treated with different concentrations 
of UCBEV or peEV. The control (-) 
corresponds to untreated cultures, 
and the control (+) to cultures 
treated with bFGF (30 ng/mL) as an 
angiogenic factor. B and C. Graphical 
representation of the quantification 
in the angiogenesis assay of the total 
segment length and the number of 
tubular structures, respectively. 
*p < 0.05 compared to untreated 
cultures (control [-]).
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This effect has been previously described by other au-
thors, who showed that during osteogenic and chon-
drogenic differentiation of MSCs, migration decreased 
as differentiation progressed (26). Also, other au-
thors have described that EVs derived from plasma of 
healthy individuals inhibit migration of microvascular 
endothelial cells (27).

Osteogenic differentiation of MSCs is a complex pro-
cess regulated by various factors, such as the bone mi-
croenvironment, which significantly influences osteo-
genesis (28), and in which EVs participate, regulating 
different physiological aspects of stem cells (29). In 
this context, our results showed that the gene ex-
pression of COL1A1 increased in cultures treated with 
peEV, which could favor mineralization (30). Howev-
er, in the expression of other osteoblastic genes, no 
significant changes were observed with treatments 
of peEV or UCBEV. This can be related to the fact that 
none of the EVs evaluated affected the mineralization 
of MSCs differentiated into osteoblasts. Induction of 
bone formation by EVs derived from MSCs has been 
observed in numerous previous studies (31). Howev-
er, the application of exosomes derived from plasma 
of healthy adolescents on undifferentiated MSCs did 
not significantly affect osteogenic differentiation, 
although when treated with primary osteoblast cul-
tures, an increase in alkaline phosphatase (ALPL) ac-
tivity was observed (7). However, in that study, min-
eralization was not studied, so the possible effect 
of those exosomes on the final maturation of the 
treated osteoblasts cannot be concluded. In another 
study, it was shown that treatment of MSC cultures 
derived from bone marrow with EVs from umbilical 
cord blood plasma increased mineralization (32). The 
differences with the results obtained in the present 
study could be due to the concentration of exosomes 
used (which cannot be compared as it is expressed in 
µg/mL) and the MSCs being derived from mice and 
not humans.

Regarding adipogenic differentiation, treatment with 
the evaluated circulating EVs led to a decrease in fat 
vesicle formation. This was accompanied by a decrease 
in the expression of the ATGL gene in cultures treated 
with UCBEV and of FABP4 in peEV, involved in fat me-
tabolism and fat vesicle formation (33,34). It is inter-
esting to note that the expression of the PPARG gene 
was not affected by the treatments, suggesting that 
the EVs used may affect more the maturation than the 
early differentiation of adipocytes.

The fact that each of the evaluated circulating EV 
types affected the expression of different adipogenic 
genes suggests differences in their cargo, which could 
include miRNA content. It has been demonstrated that 
the expression of FABP4 can be inhibited by several 
miRNAs, such as miR-369-5p and miR-455 (35), while 
ATGL can be inhibited by hsa-miR-214-3p (36). There-
fore, in subsequent studies, it would be interesting to 
determine the cargo differences between UCBEV and 

peEV to identify possible mechanisms of action on MSC 
differentiation. It should also be emphasized that, re-
garding the effect of circulating EVs on adipogenesis, 
it is important to consider the nature and health of 
the donors. Thus, circulating exosomes from obese ad-
olescents favor adipogenic differentiation more than 
osteogenic differentiation compared to those derived 
from healthy adolescents with normal weight (31).

It has been reported that the increase in adiposity in 
bone marrow during aging is caused by changes in the 
marrow microenvironment, which favor differentia-
tion of MSCs into adipocytes rather than osteoblasts 
(37). Therefore, although our results do not show 
an effect of UCBEV and peEV on osteoblastogenesis, 
they have shown their ability to decrease adipogen-
esis. Therefore, the application of these vesicles could 
prevent the increase in adiposity in bone marrow and 
consequently favor bone formation through a poten-
tial increase in osteoprogenitors. This is supported by 
studies showing that intravenous injection of EVs from 
umbilical cord blood in old mice for two months, once 
a week, reduced age-related bone loss, stimulating 
bone formation and inhibiting bone resorption (32).

Blood vessel formation is essential in regenerative pro-
cesses to provide nutrients, oxygen, and facilitate the 
arrival of progenitor and immune cells. Our results indi-
cate that the evaluated circulating EVs increased angio-
genesis in HUVECs. Other authors have shown an an-
giogenic effect of UCBEV in pigs (38) and other animal 
models. In vitro studies have shown that EVs derived 
from umbilical cord blood and from the mother in-
crease angiogenesis in human microvascular endotheli-
al cells (HMEC) (39) and HUVECs (40). Exosomes derived 
from serum of healthy humans aged 20-30 years also 
have a proangiogenic effect through the inhibition of 
inflammation in macrophages. Thus, local application 
of these exosomes along with bone grafts favored bone 
regeneration in a model of mandibular bone defects 
in rats through reduced inflammation and increased 
angiogenesis (41). Therefore, our results are in line 
with these studies and support that both healthy adult 
and umbilical cord blood could represent an abundant 
source of EVs for therapeutic purposes. Potential thera-
peutic applications would include those related to bone 
formation due to their effects on MSC differentiation 
and the induction of angiogenesis.

CONCLUSIONS

In conclusion, both types of EVs did not affect mineral-
ization in MSCs differentiated into osteoblasts but de-
creased adipogenesis in MSCs and increased angiogen-
esis in HUVECs. These findings suggest that both types 
of EVs, from abundant sources without significant 
ethical issues and easy to isolate, have high potential 
in regenerative medicine applied to bone, inhibiting 
bone marrow adiposity and favoring angiogenesis.
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