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Abstract: Background: Extracellular vesicles (EVs) derived from stem cells demonstrate significant
potential in bone regeneration. Adipose tissue is regarded as a stem cell reservoir with abundant
reserves and easy accessibility. Compared to adipose-derived stem cells (ASCs), dedifferentiated fat
cells (DFATs) possess similar stem cell characteristics but exhibit greater proliferative capacity, higher
homogeneity, and an enhanced osteogenic differentiation potential. This study is the first to examine
the effect of DFATs-derived EVs on bone regeneration and elucidate their potential mechanisms
of action. Methods: Primary DFATs were cultured using the “ceiling culture” method and EVs
were isolated by ultracentrifugation and characterized. Experiments were performed to assess the
impact of the EVs on the proliferation, migration, and osteogenesis of bone marrow mesenchymal
stem cells (BMSCs). Subsequently, high-throughput miRNA sequencing was conducted on the
EVs derived from DFATs that had undergone 0 days (0d-EVs) and 14 days (14d-EVs) of osteogenic
differentiation. Results: The results indicated that the EVs derived from DFATs which experienced
14 days of osteogenic induction significantly promoted the proliferation, migration, and osteogenic
differentiation of BMSCs. High-throughput sequencing results revealed that up-regulated miRNAs
in the 14d-EVs were primarily involved in biological processes such as the Notch signaling pathway
and the positive regulation of cell movement and migration. The target genes of these differently
expressed miRNAs were enriched in osteogenesis-related signaling pathways. Conclusion: This
study innovatively demonstrated that conditioned EVs (14d-EVs) derived from DFATs promoted the
osteogenic differentiation of BMSCs via miRNAs, offering a promising cell-free therapeutic option
for bone defect.

Keywords: dedifferentiated fat cells; extracellular vesicles; bone regeneration; osteogenesis

1. Introduction

Oral and maxillofacial bone defects impact facial aesthetics and lead to functional
impairments. Stem cell-derived extracellular vesicles (EVs) have emerged as a prominent
research focus in the field of bone regeneration [1–3]. Compared to cell therapy, EVs offer
advantages such as reduced immunogenicity, lower production costs, enhanced stability,
simpler sterilization processes, and more convenient storage conditions [4–6]. These
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characteristics make EVs-based cell-free therapies a promising alternative to traditional
stem cell therapies.

The biological function of EVs largely depends on the source and physiological status
of the donor cells [7]. Therefore, identifying suitable source cells is crucial for enhancing
the curative efficacy of EVs. Compared to bone marrow mesenchymal stem cells (BM-
SCs), the extraction of stem cell-derived EVs from adipose tissue offers several advantages.
Firstly, adipose tissue is widely distributed and readily accessible. The number of stem
cells obtained from adipose tissue is far greater than that obtained from the same amount
of bone marrow [8]. Furthermore, adipose-derived stem cells (ASCs) exhibit greater pro-
liferative capacity during in vitro culture and expansion [9], ensuring a steady supply
of EVs for therapeutic applications. Consequently, adipose tissue-derived stem cells are
anticipated to improve the yield and biological effects of EVs, which holds significant
scientific importance.

Recently, the role of dedifferentiated fat cells (DFATs) in bone regeneration has gar-
nered increasing attention [10–13]. Adipogenic differentiation was previously deemed an
irreversible terminal process, until 1986, when Sugihara et al. [14] first successfully cultured
DFATs using the “ceiling culture” method. Subsequent studies have confirmed that DFATs
express stem cell-related markers [15] and possess the potential to differentiate into vari-
ous cell types, including adipocytes, osteoblasts, chondrocytes, and neurocytes [11,16–19].
Compared to ASCs, DFATs exhibit superior proliferation capabilities, greater homogeneity,
and an enhanced osteogenic differentiation potential [10,11]. These characteristics suggest
that DFATs may offer significant advantages as donor cells for EVs in bone regeneration.

EVs regulate the repair and regeneration of injured sites by influencing the prolifera-
tion, migration, differentiation, and immune environment of recipient cells. Among these
processes, miRNAs may play a crucial role in mediating their biological effects [20,21].
Studies have shown that stem cell-derived EVs induced through osteogenic differentiation
exhibit a more pronounced osteogenic effect [22,23]. The variability in osteogenic effects
may be attributed to differences in miRNAs between EVs derived from stem cells which
have experienced osteogenic versus non-osteogenic induction processes.

Currently, research on DFATs primarily focuses on cell therapy, with few studies
investigating the impact of DFATs-derived EVs on tissue regeneration. This study is
the first to explore the role and mechanisms of DFATs-derived EVs in enhancing bone
regeneration via miRNAs, aiming to provide a reference for the treatment of oral and
craniomaxillofacial bone defects.

2. Materials and Methods
2.1. Primary Culture of DFATs and BMSCs

All animal experiments were performed in compliance with the ARRIVE guidelines
and the National Research Council’s Guide for the Care and Use of Laboratory Animals. The
experimental protocol was approved by the ethics committee of Shanghai Ninth People’s
Hospital, Shanghai Jiao Tong University School of Medicine, with the ethical approval
number SH9H-2024-A1026-1. DFATs were isolated from the subcutaneous inguinal tissue
of 10-week-old female SD rats according to the protocol reported in a previous report [11].
In brief, the abdominal adipose tissue was cut as much as possible and digested with
0.1% (w/v) type I collagenase (BioFroxx, Anprotec, Germany) in a container at 37 ◦C for
1 h. The digested products were centrifuged at 135× g for 3 min. The floating layer at
the top that contained the mature adipocytes was collected and placed in a T25 culture
flask full of Dulbecco’s modified eagle medium (DMEM) (Gibco, Grand Island, NY, USA)
supplemented with 20% fetal bovine serum (FBS) (ExCell Bio, Suzhou, China) and 1%
penicillin-streptomycin (Gibco, Grand Island, NY, USA). The culture flask was inverted
and placed in a humidified incubator with 5% CO2 at 37 ◦C. After 7 days, the flask was
turned upside down so that DFATs were cultured as adherent cells.
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Femur bone marrow from 3-week-old male SD rats was utilized for primary BMSCs
isolation according to a previously reported protocol [24]. All the media were refreshed
every 3 days and cells at third passage were used in the following experiments.

2.2. Osteogenic, Adipogenic and Chondrogenic Differentiation of DFATs

Third-passage DFATs in the logarithmic growth phase were seeded into six-well
plates. When the cell density reached 60~80%, osteogenic (Cyagen, Santa Clara, CA,
USA), adipogenic (Cyagen, Santa Clara, CA, USA), and chondrogenic (Cyagen, Santa
Clara, CA, USA) differentiation media were applied for subsequent culturing. After 14~21
days of differentiation induction, the cells were fixed with 4% neutral formaldehyde
solution (Biosharp, Anhui, China) for 30 min. Alizarin red, oil red O, and Alcian blue dyes
were then used for staining. The staining was observed under a microscope and images
were captured.

2.3. Identification of DFATs

DFATs were resuspended in flow cytometry buffer, and the cell concentration was
adjusted to 3 × 106 cells/mL. A total of 100 µL of the cell suspension was incubated with
2 µL of CD11b-FITC, CD29-FITC, CD34-FITC, CD45-FITC, CD73-FITC, and CD90-FITC
antibodies (Cyagen, Santa Clara, CA, USA) at 4 ◦C for 30 min. The samples were then
washed and resuspended with PBS. The fluorescence intensity of DFATs-labeled antibodies
was immediately detected using a flow cytometer (BD Biosciences, San Jose, CA, USA),
and the results were analyzed using FlowJo V10.10.

2.4. Isolation and Characterization of EVs

When the third-passage DFATs reached 80% confluence, the regular culture medium
was replaced with DMEM supplemented with 10% EVs-free fetal bovine serum (Sigma-
Aldrich, St. Louis, MO, USA) and 1% penicillin–streptomycin. After 48 h of culturing, the
cell supernatant was collected, and DFATs-derived EVs were isolated by ultracentrifugation.
Specifically, the supernatant was centrifuged at 4 ◦C by freezing centrifuge (Thermo Fisher,
Waltham, MA, USA) under the following conditions: it was centrifuged at 300× g for
10 min, followed by 2000× g for 10 min and 10,000× g for 30 min. Subsequently, the
supernatant underwent ultracentrifugation for 70 min at 110,000× g at 4 ◦C by ultra-
centrifuge (Beckman Coulter, Brea, CA, USA). According to the literature [25], all the EVs
used in this study were stored at −80 ◦C within 4 weeks after extraction to maintain the
stability and particle diameter. The collected EVs were resuspended in PBS and stored at
−80 ◦C. The morphology of the EVs was observed using a transmission electron microscope
(TEM) (Hitachi, Tokyo, Japan). The particle size and concentration were measured using a
nanoparticle size analyzer (NanoSight, Malvern, UK). Additionally, Western blot analysis
was performed to detect surface marker proteins using specific antibodies for CD81 (1:1000,
Abclonal, Woburn, MA, USA), TSG101 (1:1000, Affinity, Nottingham, UK), and Calnexin
(1:2000, Abcam, Cambridge, UK).

2.5. Internalization Assay of EVs

BMSCs were plated at a density of 1.5 × 105 cells/mL in a 35 mm confocal culture
dish. EVs were diluted to a concentration of 100 µg/mL using 500 µL of Dilute C (Sigma-
Aldrich, St. Louis, MO, USA). The dye working solution was prepared by adding 4 µL
of PKH-67 dye (Sigma-Aldrich, St. Louis, MO, USA) to 500 µL of Dilute C. It was then
combined with the diluted EVs suspension and incubated in the dark at room temperature
for 4 min. To quench excess dye, 2 mL of 0.5% FBS was added. Finally, the prepared
mixture was transferred to a confocal culture dish so that the PKH-67-labeled EVs were
incubated with the BMSCs for 12 h. Following co-culturing, the cytoskeleton and nuclei
were subsequently stained with iFluor555 phalloidin (YEASEN, Shanghai, China) and
DAPI (YEASEN, Shanghai, China), respectively. The internalization of the EVs by the
BMSCs was observed using a laser confocal microscope (Leica, Wetzlar, Germany).
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2.6. Determination of Optimal Conditioned EVs

To determine the optimal duration of osteogenic induction and the concentration of
DFATs-derived EVs, EVs were isolated from the cell supernatant at 0, 3, 7, and 14 days
of osteogenic induction, which were designated as 0d-EVs, 3d-EVs, 7d-EVs, and 14d-
EVs, respectively. The concentration of EVs was measured using a BCA protein assay
kit (Beyotime, Shanghai, China). Second-generation BMSCs in the logarithmic growth
phase were seeded into a 12-well plate at a density of 2 × 105 cells per well. Once the
cells adhered, the proliferation medium was replaced with 1.5 mL of osteogenic induction
medium containing varying concentrations of EVs. To evaluate the osteogenic effect of
DFATs-derived EVs on BMSCs, BMSCs were exposed to different groups of EVs. After
7 days of osteogenic induction, alkaline phosphatase (ALP) staining was performed using
the BCIP/NBT alkaline phosphatase colorimetric kit (Beyotime, Shanghai, China). ALP
activity was assessed using an alkaline phosphatase detection kit (Beyotime, Shanghai,
China) according to the manufacturer’s instructions.

2.7. Proliferation Assay

According to the results from Section 2.6, 10 µg/mL of EVs was identified as the opti-
mal concentration for subsequent experiments in vitro. The 96-well plates were inoculated
with BMSCs, and 100 µL of a culture medium containing 0d-EVs, 14d-EVs, or PBS was
added after the cells were adhered to the wall. On the first, second, and third day, 10 µL
of CCK-8 solution (Dojindo, Kumamoto, Japan) was added to each well. After a 30 min
incubation at 37 ◦C, absorbance at 450 nm was measured using a microplate reader (Biotek,
Winooski, VT, USA).

2.8. Migration Assay

A transwell culture chamber consists of an 8 µm microporous membrane that separates
the upper chamber (6.5 mm in diameter) from the lower chamber (9 mm in diameter).
When cells in the upper chamber migrate through the membrane pores into the lower
chamber, the migration can be observed microscopically. A total of 600 µL of medium
containing 0d-EVs, 14d-EVs, or PBS was added to the lower chamber of a 24-well transwell
plate (Corning, Corning, NY, USA), and a BMSCs suspension was added to the upper
chamber at a concentration of 1 × 105 cells/mL. The cells were incubated at 37 ◦C with
5% CO2 for 48 h and then fixed with 4% paraformaldehyde and stained with crystal violet
(Beyotime, Shanghai, China) for 20 min. Non-migrated cells in the upper chamber were
gently removed with a cotton swab. Cell migration observation and quantitative analysis
were then conducted.

2.9. Quantitative Real-Time Polymerase Chain Reaction (qRT–PCR)

BMSCs were seeded into 6-well culture plates. Upon reaching 80% confluence, the
complete medium was replaced with osteogenic induction medium, which contained
10%FBS, 1% penicillin–streptomycin, 10 mmol/L sodium β-glycerophosphate, 0.1 µmol/L
dexamethasone, and 50 mg/L vitamin C. The cells were divided into three groups based on
the EVs content in the induction medium: the PBS group (control) with no EVs, the 0d-EVs
group containing 10 µg/mL 0d-EVs, and the 14d-EVs group containing 10 µg/mL 14d-EVs.
The medium was refreshed every 3 days, and total RNA was extracted after 7 days of
osteogenic induction. The total RNA was extracted using Trizol reagent (Takara, Tokyo,
Japan) and reverse transcribed into cDNA with the PrimeScript™ RT kit (Takara, Tokyo,
Japan), following the manufacturer’s instructions. Quantitative real-time polymerase chain
reaction (qRT–PCR) was conducted using SYBR reagent (YEASEN, Shanghai, China) with
GAPDH as an internal control to assess the mRNA expression of osteogenic-related target
genes. Quantitative analysis was performed using the 2−∆∆Ct method.
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2.10. Western Blotting

After 7 days of osteogenic induction in 6-well plates, total proteins were extracted from
BMSCs using RIPA lysis buffer (Merck, Kenilworth, NJ, USA) and quantified using a BCA
protein assay. Following protein denaturation, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed, and proteins were transferred to polyvinyli-
dene fluoride (PVDF) membranes. The membranes were then blocked with blocking solu-
tion (Beyotime, Shanghai, China) and incubated overnight at 4 ◦C with primary antibodies.
Afterward, they were incubated for 1 h with secondary antibodies (YEASEN, Shanghai,
China) and developed using enhanced chemiluminescence reagents (Thermo Fisher Scien-
tific, Massachusetts, USA). The intensity of each band was analyzed semi-quantitatively
using ImageJ. The antibodies used in this study were as follows: RUNX2 (1:1000, Affinity,
Nottingham, UK); BMP2 (1:1000, Affinity, Nottingham, UK); β-actin (1:3000, Abways,
Shanghai, China); and horseradish peroxidase-conjugated donkey anti-rabbit IgG (H+L)
(1:5000, YEASEN, Shanghai, China).

2.11. miRNA Sequencing and Screening

The extraction, library preparation, and sequencing of miRNAs on the 14d-EVs and 0d-
EVs were provided by CloudSeq Inc. (Shanghai, China). Differentially expressed miRNAs
were filtered by calculating p-values and the fold change (FC) between the two groups.
FC ≥ 1.0 and p < 0.05 were used as thresholds for identifying differential miRNAs. The
top 10 target genes of these differentially expressed miRNAs were then analyzed using
gene ontology (GO) analysis and the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis. Graphics of a bioinformatic analysis were created using OmicStudio
tools at https://www.omicstudio.cn/tool (accessed on 26 July 2024).

2.12. Statistical Analysis

Statistical analysis was performed by SPSS 25.0. Data were presented as mean ± standard
deviation. Comparisons between two groups were made using the t-test, while compar-
isons among three groups were conducted using one-way analysis of variance (ANOVA).
Tukey’s honest significant difference (HSD) test was employed to assess the significance
of differences among groups in ANOVA. Statistical significance was determined based
on a two-tailed α level of 0.05, with ****p < 0.0001, *** p < 0.001, ** p < 0.01, and * p < 0.05
indicating significance and ns indicating no significance.

3. Results
3.1. Identification of DFAT Cells

Alizarin red S (ARS) staining demonstrated that after 21 days of osteogenic induction
and differentiation, DFATs formed mineralized nodules with orange–red calcium salt de-
posits (Figure 1B), which demonstrates the osteogenic potential of DFATs. Oil red O staining
revealed the formation of lipid droplets in DFATs following 21 days of adipogenic induction,
which appeared red upon dye binding (Figure 1C). This result demonstrates the adipogenic
potential of DFATs. Alcian blue staining indicated that DFATs can differentiate into chon-
drocytes after 21 days of chondrogenic induction, with the acidic mucopolysaccharides
being stained blue–green (Figure 1D).

Flow cytometry was performed to assess the expression of surface markers on the
DFATs. Quantitative analysis revealed that mesenchymal stem cell markers such as CD29
(99.7%), CD73 (96.8%), and CD90 (100%) were positive. In contrast, CD11b/c (0.88%),
CD34 (0.70%), and CD45 (0.74%) were negative (Figure 1E). These findings confirmed that
the DFATs possessed multidirectional differentiation capabilities and expressed stem cell
surface markers, indicating their stem cell characteristics.

https://www.omicstudio.cn/tool
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positive for the CD81 and TSG101, whereas the endoplasmic reticulum marker calnexin 
was absent in the EVs but present in the DFATs lysates (Figure 2C). 

 

Figure 1. Culture and characterization of DFATs. (A) Schematic diagram showing the culture of
primary DFATs by “ceiling culture” method (created with BioRender.com). (B) ARS staining indicated
that DFATs showed osteogenic differentiation potential, with mineralized nodules appearing orange–
red. (C) Oil red O staining demonstrated that DFATs were capable of differentiating into adipocytes,
with lipid droplets appearing red. (D) Alcian blue staining revealed that DFATs had chondrogenic
differentiation potential, with the acidic mucopolysaccharides appearing blue–green. (E) Flow
cytometry analysis of DFATs surface markers showed positive expression of mesenchymal stem cell
markers CD29 (99.7%), CD73 (96.8%), and CD90 (100%). (DFATs: dedifferentiated fat cells. ARS
staining: alizarin red S staining).

3.2. Characterization of EVs and Their Internalization by BMSCs

TEM revealed that the EVs exhibited a typical disk-shaped, double-layer membrane
structure (Figure 2A). Nanoparticle tracking analysis (NTA) indicated that their diameter
ranged from 79.5 nm to 219.1 nm, with a peak size of approximately 118.8 nm, which was
consistent with the diameter range of EVs (Figure 2B). WB demonstrated that the EVs were
positive for the CD81 and TSG101, whereas the endoplasmic reticulum marker calnexin
was absent in the EVs but present in the DFATs lysates (Figure 2C).
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TEM: transmission electron microscopy. NTA: nanoparticle tracking analysis. ALP: alkaline phos-
phatase. 14d-EVs: EVs derived from DFATs that had undergone 14 days of osteogenic differentia-
tion. ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: no statistical significance). 
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3A). These results demonstrated that EVs secreted by DFATs during in vitro culture could 
be successfully extracted and were effectively internalized by the BMSCs. 

 

Figure 2. Identification of EVs and determination of their optimal concentration and osteogenic
induction duration. (A) TEM revealed that EVs possessed a characteristic disk-shaped and double-
layer membrane structure. (B) NTA demonstrated that diameter of EVs ranged from 79.5 nm to 219.1
nm. (C) Western blot analysis indicated that EVs expressed two positive surface markers (CD81 and
TSG101) and one negative marker (calnexin). (D) ALP staining revealed that DFATs-derived EVs
at different concentrations and various osteogenic induction days exhibited different abilities on
promoting osteogenesis in BMSCs. (E) ALP activity detection indicated that 14d-EVs exhibited highest
osteogenic ability at concentration of 10 µg/mL. (EVs: extracellular vesicles. TEM: transmission
electron microscopy. NTA: nanoparticle tracking analysis. ALP: alkaline phosphatase. 14d-EVs: EVs
derived from DFATs that had undergone 14 days of osteogenic differentiation. ** p < 0.01, *** p < 0.001,
**** p < 0.0001, ns: no statistical significance).

After EVs and BMSCs were co-cultured for 12 h, PKH-67-labeled EVs were observed
to aggregate around the nuclei of the BMSCs under a laser confocal microscope (Figure 3A).
These results demonstrated that EVs secreted by DFATs during in vitro culture could be
successfully extracted and were effectively internalized by the BMSCs.

3.3. Screening of the Optimal EVs for Osteo-Inductive Property

The results of ALP staining (Figure 2D) showed that EVs derived from DFATs at
different concentrations (10, 25, 50 µg/mL) and various osteogenic induction days (0, 3, 7,
and 14 days) exhibited different abilities in promoting osteogenesis in BMSCs. Combined
with the quantitative detection of ALP activity (Figure 2E), it was observed that EVs
derived from 14 days of osteogenic induction at a concentration of 10 µg/mL resulted in
the significantly highest ALP activity compared to the other groups. Therefore, 10 µg/mL
was chosen as the optimal concentration for subsequent in vitro experiments.
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Figure 3. Conditioned EVs enhanced the proliferation and migration of BMSCs. (A) The inter-
nalization of EVs by BMSCs. iFluor555 labeled the cytoskeleton (red), DAPI labeled the nucleus
(blue), and PKH-67 labeled the EVs (green). (B) Representative images of a transwell migration assay
demonstrated that the EVs enhanced cell migration, with 14d-EVs exhibiting a more pronounced
effect compared to the other groups. (C) Quantitative analysis of cell migration in the transwell
assay revealed that 14d-EVs promoted cell migration more effectively than the other groups. (D) The
CCK-8 assay indicated that 14d-EVs significantly enhanced the proliferation of BMSCs (* p < 0.05,
** p < 0.01).

3.4. Conditioned EVs Promoted the Proliferation and Migration of BMSCs

To evaluate the effect of EVs on BMSCs in vitro, the samples were divided into three
groups: the control group (containing PBS), the 0d-EVs group (containing 10 µg/mL 0d-
EVs), and the 14d-EVs group (containing 10 µg/mL 14d-EVs). The results of the CCK-8
assay (Figure 3D) show that there was no statistical difference among the three groups on
the first day. However, on the second and third days, the OD value of the 14d-EVs group
was significantly higher than that of the other two groups, indicating a superior ability to
promote cell proliferation.

The transwell assay (Figure 3B,C) showed that the cell migration ability after co-
culturing with EVs for 48 h was greater than that of the control group. The number of
migrating cells in the 14d-EVs group was significantly higher than that in the 0d-EVs group.
These results further demonstrate that osteogenic induction pretreatment enhanced the
ability of DFATs-derived EVs to promote cell proliferation and migration.
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3.5. Conditioned EVs Promoted the Osteogenic Differentiation of BMSCs

To examine the effect of DFATs-derived EVs on BMSCs osteogenesis, ALP staining,
ARS staining, qRT-PCR, and WB were performed. ALP staining microscopic images
(Figure 4A) showed that the EVs promoted ALP expression in the BMSCs, with the 14d-EVs
group exhibiting a stronger promoting effect compared to the 0d-EVs group. Similarly,
the ARS staining (Figure 4B) revealed that the 14d-EVs group formed more mineralized
nodules than the other two groups. The qRT-PCR results (Figure 4C) confirmed that
the 14d-EVs significantly up-regulated the mRNA expression level of BMP2, RUNX2,
OCN, and OPN. The WB analysis (Figure 4D,E) indicated that both the 0d-EVs and 14d-
EVs significantly promoted the expression of the osteogenesis-related proteins BMP2 and
RUNX2 in the BMSCs.

Pharmaceutics 2024, 16, x FOR PEER REVIEW 9 of 16 
 

 

These results further demonstrate that osteogenic induction pretreatment enhanced the 
ability of DFATs-derived EVs to promote cell proliferation and migration. 

3.5. Conditioned EVs Promoted the Osteogenic Differentiation of BMSCs 
To examine the effect of DFATs-derived EVs on BMSCs osteogenesis, ALP staining, 

ARS staining, qRT-PCR, and WB were performed. ALP staining microscopic images (Fig-
ure 4A) showed that the EVs promoted ALP expression in the BMSCs, with the 14d-EVs 
group exhibiting a stronger promoting effect compared to the 0d-EVs group. Similarly, 
the ARS staining (Figure 4B) revealed that the 14d-EVs group formed more mineralized 
nodules than the other two groups. The qRT-PCR results (Figure 4C) confirmed that the 
14d-EVs significantly up-regulated the mRNA expression level of BMP2, RUNX2, OCN, 
and OPN. The WB analysis (Figure 4D,E) indicated that both the 0d-EVs and 14d-EVs sig-
nificantly promoted the expression of the osteogenesis-related proteins BMP2 and RUNX2 
in the BMSCs. 

 
Figure 4. Conditioned EVs promoted osteogenic differentiation of BMSCs. (A) Representative im-
ages of ALP staining demonstrated that 14d-EVs promoted osteogenic differentiation of BMSCs. 
(B) Representative images of ARS staining indicated that 14d-EVs facilitated formation of mineral-
ized nodules in BMSCs. (C) qRT-PCR analysis revealed that 14d-EVs up-regulated mRNA expres-
sion levels of BMP2, RUNX2, OCN, and OPN. (D) WB analysis showed that 14d-EVs enhanced 
protein expression of BMP2 and RUNX2. (ALP: alkaline phosphatase. ARS staining: alizarin red S 

Figure 4. Conditioned EVs promoted osteogenic differentiation of BMSCs. (A) Representative
images of ALP staining demonstrated that 14d-EVs promoted osteogenic differentiation of BMSCs.
(B) Representative images of ARS staining indicated that 14d-EVs facilitated formation of mineralized
nodules in BMSCs. (C) qRT-PCR analysis revealed that 14d-EVs up-regulated mRNA expression
levels of BMP2, RUNX2, OCN, and OPN. (D) WB analysis showed that 14d-EVs enhanced protein
expression of BMP2 and RUNX2. (ALP: alkaline phosphatase. ARS staining: alizarin red S staining.
14d-EVs: EVs derived from DFATs that had undergone 14 days of osteogenic differentiation. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: no statistical significance).
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3.6. MiRNA Profiles of EVs Derived from Osteogenically Differentiated DFATs and
Undifferentiated DFATs Were Altered

High-throughput sequencing technology was used to detect the expression differences
in miRNAs in DFATs-derived EVs on days 0 and 14 of osteogenic induction, followed
by cluster analysis of these differentially expressed miRNAs. The heat map (Figure 5A)
demonstrates high consistency within each group. The Venn diagram (Figure 5B) reveals
that a total of 483 miRNAs were identified, with 93 specific miRNAs in the 14d-EVs group
and 208 specific miRNAs in the 0d-EVs group. The volcano plot (Figure 5C) indicates that,
compared to the 0d-EVs, 44 miRNAs were significantly up-regulated and 50 miRNAs were
significantly down-regulated in the 14d-EVs group.
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Figure 5. Different miRNA expression profiles in undifferentiated and osteogenic-differentiated
DFATs-derived EVs. (A) Heat maps from miRNA cluster analysis revealed significant differences
between 14d-EVs and 0d-EVs groups, with high consistency within each group. (B) Venn diagram
illustrated that 93 miRNAs were specific to 14d-EVs group, while 208 miRNAs were specific to
0d-EVs group. (C) Volcano plot demonstrated that 44 miRNAs were significantly up-regulated and 50
miRNAs were significantly down-regulated in DFATs-derived EVs after 14 days of osteogenic induction.

3.7. Conditioned EVs Promoted Osteogenic Differentiation Through miRNAs Profiles

GO and KEGG enrichment analyses were performed on the differentially expressed
miRNA target genes. Bar graphs and bubble graphs were generated for the top ten target
genes. The GO analysis results showed (Figure 6A) that the up-regulated miRNAs in
the 14d-EVs group were primarily involved in biological processes such as the Notch
signaling pathway and the positive regulation of cell motility and movement and were
enriched in cellular components like the Golgi apparatus and ubiquitin ligase complex.
Additionally, these miRNAs were associated with molecular functions such as clathrin
binding, phospholipid binding, and calcium ion binding. In contrast, down-regulated
miRNAs in the 14d-EVs group were mainly involved in biological processes related to the
regulation of the lipid biosynthetic process, vesicle fusion, and the lipid metabolic process
and were enriched in molecular functions like ion channel activity and protein binding.

The KEGG pathway enrichment bubble diagram (Figure 6B) reveals that the target
genes of differentially expressed miRNAs were predominantly enriched in osteogenic
differentiation-related pathways, including the MAPK signaling pathway, calcium signaling
pathway, and Notch signaling pathway. These enrichment analyses indicated that the
miRNAs from 14d-EVs were closely associated with osteogenic differentiation and cell
migration. These findings suggest that DFATs-derived conditioned EVs might promote the
osteogenic differentiation of BMSCs through miRNAs.
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Figure 6. GO and KEGG enrichment analysis on the target genes of differently expressed miRNAs.
(A) The GO analysis indicated that up-regulated miRNAs in the 14d-EVs group were primarily
associated with biological processes like the Notch signaling pathway and the positive regulation of
cell motility and movement. (B) The KEGG pathway bubble plot illustrates that the target genes of
differentially expressed miRNAs were predominantly enriched in pathways related to osteogenic
differentiation. (GO: gene ontology. KEGG: Kyoto Encyclopedia of Genes and Genomes).

4. Discussion

Stem cells are extensively utilized in tissue engineering and regenerative medicine [26],
and DFATs with stem cell properties are gradually receiving attention in this field. BMSCs,
commonly used in bone tissue engineering, require invasive procedures for their extraction.
Adipose tissue has the advantages of large cell reserves and easy access, positioning it as an
ideal source of seed cells in tissue engineering [9]. A report indicated that DFATs could be
isolated from human buccal fat pads using minimally invasive techniques, which involve
only a 2 cm intraoral incision to obtain adipose tissue for DFATs cultivation [27].

Adipose tissue can be stratified into three distinct layers following digestion with
collagenase and centrifugation. From top to bottom, these layers are the floating cell layer,
the transparent liquid layer, and the stromal vascular fraction (SVF). Among floating cells,
approximately 97% are mononuclear mature adipocytes filled with lipid droplets, while
about 3% are mature adipocytes that have lost lipid droplets [28]. DFATs are isolated using
the “ceiling culture” method from these floating cells, whereas ASCs are obtained from
the SVF, which is a heterogeneous mixture of various cell types [29]. Consequently, ASCs
are derived from a more heterogeneous cell population, whereas DFATs are more uniform
in origin and exhibit a higher homogeneity. Moreover, studies have demonstrated that
DFATs possess a superior proliferation capacity and osteogenic differentiation potential
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compared to ASCs [11,30]. However, Xue M et al. highlighted several challenges facing the
application of DFATs [31]. A primary limitation is the absence of specific genetic markers to
clearly define the dedifferentiation state. Additionally, the culture of DFATs lacks sufficient
purity, tracking the dedifferentiation process of adipocytes in vivo remains difficult, and
the fate of excreted lipid droplets is still unknown, all of which hinder progress in this field.
Overall, DFATs still hold promise as highly effective seed cells in regenerative medicine.

This study is the first to investigate the potential application of EVs derived from
DFATs in bone regeneration. We employed conditioned EVs from DFATs to promote
the osteogenic differentiation of BMSCs, thereby circumventing the immunomodulatory
disorders and potential tumor formation risks associated with stem cell therapy [32].
Previous researchers utilized DFATs combined with polylactic-co-glycolic acid (PLGA) and
transplanted them into three-wall periodontal bone defects in the maxillary first molars
of rats. The results confirmed that DFATs combined with PLGA could enhance bone
regeneration [33]. A recent study employed cell sheet technology to compare the efficacy
of DFATs and ASCs in repairing alveolar bone defects in SD rats, revealing that DFATs
demonstrated a superior ability to promote bone defect repair [11]. Recent studies have
identified EVs released by stem cells as crucial regulators of cell communication, with
numerous investigations confirming that EVs from various stem cell types can enhance
bone repair [34–36]. However, the role of DFATs-derived EVs in regenerative medicine
remains unexplored. Given these considerations, our selection of DFATs as the source of
EVs represents a novel approach.

EVs are vesicles with a phospholipid bilayer structure released by cells. They carry
diverse biological elements derived from their source cells, including proteins (e.g., cy-
toskeletal proteins, cytokines, and growth factors), lipids (e.g., cholesterol, lipid rafts, and
ceramides), and nucleic acids (e.g., DNAs, mRNAs, and miRNAs). EVs play a vital role in
intercellular communication and the regulation of physiological and pathological processes.
With low immunogenicity and no capacity for self-replication, EVs-based cell-free therapies
can potentially minimize immune rejection and tumorigenicity [37]. Overall, EVs offer
advantages such as low toxicity, low immunogenicity, high biocompatibility, and suitability
for long-term storage and transport, providing new approaches for regenerative medicine.

Numerous methods are available for isolating EVs, and the choice of an appropri-
ate technique should be guided by the research objectives and experimental conditions.
Specifically, the methods for isolating EVs include ultracentrifugation, ultrafiltration, poly-
ethylene glycol-based precipitation (PEG), immunoaffinity capture (IA), size-exclusion
chromatography (SEC), and microfluidics (MF) [38]. Each technique has distinct advantages
and limitations concerning sample purity, yield, and equipment requirements. Among
these, ultrafiltration, PEG, and SEC yield higher EVs quantities, although ultrafiltration and
PEG result in lower purity. For applications requiring high-purity EVs, ultracentrifugation,
IA and MF are preferable [39]. SEC is based on the distribution and flow rate of different
particles in the gel filtration matrix to screen molecules of different sizes, which is particu-
larly advantageous for isolating EVs of specific sizes [40]. Ultracentrifugation, considered
as the gold standard, separates particles by size and density through sedimentation under
ultra-high-speed centrifugation [41]. Given its balance of yield, purity, cost, and efficiency,
ultracentrifugation was selected for EVs isolation in this study.

The optimal osteogenic induction duration for EVs varies depending on the cell type.
The present study demonstrated that EVs derived from DFATs with 14 days of osteogenic
induction produced the highest ALP activity when applied to BMSCs at a concentration
of 10 µg/mL. Other studies have also corroborated that EVs derived from stem cells with
osteogenic induction exhibit a more pronounced bone-promoting effect. Zhu et al. isolated
EVs from human alveolar bone-derived bone marrow mesenchymal stromal cells (AB-
BMSCs), revealing that EVs secreted by AB-BMSCs after 7 days of osteogenic induction
effectively promoted the osteogenic differentiation of BMSCs [22]. Liu et al. demonstrated
that osteogenic induction for 3, 7, or 14 days enhanced the bone-promoting ability of
PDLSCs-derived EVs, with 14 days of induction showing the greatest capacity to promote
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BMSCs’ osteogenic differentiation [20]. Additionally, study reported that the EVs of stem
cells from human exfoliated deciduous teeth (SHEDs) with 3 days of osteogenic induction
could promote PDLSCs osteogenic differentiation via the Wnt/β-catenin and BMP/Smad
signaling pathways [42].

The mechanism through which conditioned EVs promote osteogenesis in BMSCs
might involve changes in the miRNA expression profile. MiRNAs within EVs represent a
critical class of bioactive molecules, playing a pivotal role in intercellular communication,
immune modulation, and tissue repair [43]. In the present study, we compared differen-
tially expressed miRNAs using the high-throughput sequencing of DFATs-derived EVs
at days 0 and 14 of osteogenic induction. The results indicated that 44 miRNAs were
significantly up-regulated and 50 miRNAs were significantly down-regulated in condi-
tioned EVs. Notably, several differentially expressed miRNAs, including miR-378a-3p,
miR-16-5p, and miR-221-3p have previously been associated with osteogenesis. A recent
study demonstrated that tantalum particles enhanced the proliferation, migration, and
osteogenic differentiation of BMSCs by upregulating miR-378a-3p via macrophage-derived
EVs [44]. Another study established that miR-16-5p, enriched in BMSCs-derived EVs,
promoted osteogenic differentiation by targeting Axin2, a negative regulator of the Wnt/β-
catenin pathway [45]. Additionally, research has indicated that miR-221-3p suppresses
the osteogenic differentiation of BMSCs through the IGF-1/ERK pathway, with its down-
regulation potentially alleviating alveolar bone loss in diabetic patients [46]. These findings
reveal that alterations in miRNA expression profiles might be the downstream mechanism
responsible for the facilitation of osteogenesis by conditioned EVs.

5. Conclusions

In summary, the present study demonstrated that conditioned EVs derived from DFATs
enhanced the proliferation, migration, and osteogenic differentiation of BMSCs, with the
underlying mechanism potentially linked to differential miRNA expression in EVs. These
findings highlight the potential of DFATs-based cell-free therapy in regenerative medicine
and offer novel research directions and methodologies for bone tissue regeneration.
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