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Background: Bone marrow mesenchymal stem cells (BMSC)-derived exosomes (Exos) are important in
promoting bone and vascular regeneration. Antler blood (ALB) is a valuable traditional Chinese medicine
with potent regenerative effects. However, there is still a lack of clarity regarding the relationship be-
tween ALB and BMSC-Exos.
Methods: Primary BMSCs were isolated from SD Rats, and BMSC-derived Exos (BMSC-Exos) were har-
vested and identified accordingly. ALB was treated with the solution contained pepsin and hydrochloric
acid to simulated gastrointestinal digestion in vitro. Furthermore, the liquid chromatography-mass
spectrometry (LC-MS) was performed to determine the components of digested ALB. Moreover, ALB
was utilized to intervene on BMSCs to produce specialized Exos (Exos-ALB), of which the angiogenesis
functions were detected both in vitro and in vivo. For the potential mechanism, both high-throughput
sequencing and proteomics were performed.
Results: The main components of ALB consist of amino acids and peptides. Both ALB and BMSC-Exos
exhibited significant promotion of bone and blood vessel formation, respectively. Moreover, ALB and
BMSC-Exos could increase the expression of BMP-2, RUNX2, and ALP, but reduce the Osteopontin (OPN)
expression. Notably, Exos-ALB exhibited the strongest performance in these functions, whereas the
presence of miR-21-5p inhibitor can partially counteract the effects of Exos-ALB. The proteomics reveal
differential genes associated with bone minimization, angiogenesis, osteoblast differentiation, vesicle-
mediated transport, and the Wnt signaling pathway.
Conclusion: ALB enhances the ability of BMSCs-derived Exos to promote bone and vascular regeneration,
which may be related to the up-regulation of miR-21-5p.

© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction life and psychological well-being [1]. Angiogenesis, a process
The skeletal system is a vital organ in the human body, large
defects can limit bone regeneration capacity or result in non-union,
leading to substantial negative impacts on the patient's quality of
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crucial for bone formation, skeletal development, and osteointe-
gration, plays a significant role in facilitating the transport of
growth factors to ensure cell viability and interaction [2]. Among
various approaches, the transplantation of bone marrow mesen-
chymal stem cells (BMSCs) has demonstrated promising outcomes
in promoting fracture healing by enhancing both osteogenesis and
angiogenesis [3]. Nonetheless, the clinical application of BMSCs still
faces challenges due to limitations in cell sources, invasive and
painful collection procedures, and safety concerns.

Exosomes (Exos) carry various bioactive molecules such as
proteins, nucleic acids, and cytokines, which have specific func-
tions and regulatory effects [4]. Emerging evidence suggests that
stem cells derived Exos possess regenerative properties similar to
those of stem cells and can be directly used for therapeutic
iety for Regenerative Medicine. This is an open access article under the CC BY-NC-ND

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zuorenjie@stu.xmu.edu.cn
mailto:liaoquan@stu.xmu.edu.cn
mailto:yeziwei@stu.xmu.edu.cn
mailto:jsdingdcc@163.com
mailto:24520221154755@stu.xmu.edu.cn
mailto:24520221154755@stu.xmu.edu.cn
mailto:liuguoyan@xmu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.reth.2024.11.003&domain=pdf
www.sciencedirect.com/science/journal/23523204
http://www.elsevier.com/locate/reth
https://doi.org/10.1016/j.reth.2024.11.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.reth.2024.11.003
https://doi.org/10.1016/j.reth.2024.11.003


R. Zuo, Q. Liao, Z. Ye et al. Regenerative Therapy 26 (2024) 1168e1180
purposes, bypassing some of the limitations associated with stem
cell transplantation therapy [5]. Previous studies have demon-
strated that Exos derived from BMSCs (BMSC-Exos) exhibit ther-
apeutic effects in bone regeneration by delivering their cargo of
exosomal molecules, mimicking the therapeutic functions of
BMSCs [6,7].

Traditional Chinese medicine (TCM) recognizes the intercon-
nectedness of the body's organs and emphasizes the transmission
of physiological signals. This is where extracellular vesicles, such as
Exos, play a significant role [8]. They have the capability to transmit
information and are not subject to rejection, making them freely
ingestible by cells [9]. Thus, Exos play a significant role in eluci-
dating the mechanisms underlying the action of TCM. Moreover,
several studies have investigated the impact of TCM components
on the function ofMSC-derived exosomes (MSC-Exos). For instance,
the therapeutic effect of Tanshinone IIA on myocardial ischemia/
reperfusion injury has been attributed to its ability to enhance the
expression of miR-223-5p in MSC-Exos [10]. Similarly, research has
demonstrated that Morinda officinalis F.C. How. can inhibit osteo-
clast differentiation through rat BMSC-derived exosomes, thereby
offering a potential treatment strategy for osteoporosis [11].
Consequently, there is considerable interest in exploring strategies
to leverage the therapeutic potential of BMSC-Exos to promote
bone repair.

Antler blood (ALB) is the extracted blood obtained from har-
vested deer antlers, providing a nurturing and conducive environ-
ment for antler growth and regeneration [12]. ALB is considered a
classic and precious medicinal material in ancient Chinese medi-
cine theory, is documented in numerous ancient texts for its pur-
ported effects of strengthening tendons, bones, promoting blood
circulation, and nourishing essence [13]. Recent studies have sug-
gested that the regenerative capabilities of deer antlers may be
attributed to their peptide content [14]. Additionally, research has
demonstrated ALB's potential in accelerating wound healing, aiding
in skin repair [15,16], and even treating osteoporosis [17e19], These
findings suggest the potential of ALB in promoting bone repair.
Therefore, in the field of bone regeneration, we have focused our
attention on the effective utilization of deer ALB, attempting to
explore its deeper implications.

This study aims to explore the potential of ALB in enhancing the
ability of BMSCs Exos to promote bone regeneration. Given ALB's
positive effects on osteoblast proliferation and differentiation, as
well as the crucial role of BMSCs Exos in bone regeneration, we
sought to evaluate the role of ALB-treated BMSCs Exos in promoting
both bone and blood vessel formation. To achieve this, we utilized
cell culture techniques and in vivo models. Moreover, high-
throughput sequencing and proteomics were also performed to
uncover the molecular mechanisms involved. The findings from
this study are expected to shed light on the underlying mechanism
through which ALB enhances BMSCs Exos in promoting bone
regeneration.

2. Materials and methods

2.1. Experimental animals and cells

Eight to ten-week-old male Sprague-Dawley (SD) rats used in
the experiments were purchased and housed at the Xiamen
University Animal Experiment Center. Fertilized chicken eggs
were incubated using standard incubation equipment
(1000000 GC-7411A, Mengda, Shandong, China). All animal ex-
periments were conducted strictly in accordance with the
approved animal experimental protocols of the Xiamen University
Animal Experiment Center. Animal Experiment Ethics Number:
XMULAC20240124.
1169
The human umbilical vein endothelial cell line EA.hy926 was
obtained from the National Resource Center, while rat bone
marrow mesenchymal stem cells (BMSCS) were isolated and
identified in our laboratory.

2.2. Preparing ALB enzymatic digestion solution

5 g of freeze-dried deer ALB powder (Jilin Dong'ao Deer Industry
Group Co., Ltd) was dissolved in 20 mL of distilled water. Add a
certain amount of solution prepared from 250 U/mL pepsin (1 g/
50 g ALB) and 0.1mol/mL hydrochloric acid solution to the deer ALB
solution. Adjust the pH to 1.5 and shake at 37 �C and 200 rpm for
2 h, followed by a water bath for 10 min to deactivate the pepsin.
Then, centrifuge at 12000 RPM for 30 min, then add pancreatin
(1 g/25 g ALB) to the supernatant and adjust the pH to 7.5. Shake for
another 4 h, boil to deactivate, centrifuge, and retain the superna-
tant. Freeze-dry the supernatant to obtain solid deer ALB enzymatic
digestion solution, which was then dissolved in ultrapure water
with a concentration of 500 mg/mL.

2.3. Acquisition and characterization of exosome

2.3.1. Isolation and identification of mesenchymal stem cells (MSCs)
Following full-body disinfection and anesthetized, the femur

was swiftly extracted under aseptic conditions. Subsequently, a
small hole was created at the top of the femur's marrow cavity. The
marrow cavity was flushed multiple times from top to bottomwith
a syringe, and the collected bone marrow cells were placed in the
culture dish. After 48 h of cultivation, partial and complete medium
changes were performed to retain adherent MSCs.

When the cell confluence reaches 80 %, cells are resuspended in
PBS buffer with a concentration of 1� 107 cells/mL. Incubationwith
the relative antibody (FITC-CD90 (202503, Biolegend), APC/C7-
CD29 (102225, Biolegend) and PE/C7-CD45 (202213, Biolegend))
is carried out in the dark for 20 min. Gate conditions are set for
CD29þ, CD90þ, and CD45�. Cells passing through the gate are
collected for further cultivation. The flow cytometry sorting process
was conducted using the MoFlo Astrios 1EQS (Beckman, Shanghai,
China).

2.4. Extraction and identification of Exos

In this experiment, ultracentrifugation was used for exosome
isolation. MSCs were divided into two groups for cultivation: one
group served as the control (Exos) with the addition of PBS buffer,
while the other group was stimulated with deer ALB enzymatic
digest solution at a concentration of 100 mg/mL for 4 days. After
intervention, the cell culture supernatants were collected and
preserved for exosome extraction. Exos were extracted using dif-
ferential ultracentrifugation, as described in previous publications
[20,21].

According to the guidelines established by the International
Society for Extracellular Vesicles (ISEV) in 2014, the identification of
Exos relies on three criteria: transmission electron microscopy
(TEM), nanoparticle tracking analysis (NTA), andWestern blot (WB)
analysis targeting the expression of TSG101, CD63, and Calnexin
[20,21]. After exosome extraction, the concentration was deter-
mined to be 2.5 � 1010 particles/mL. Subsequently, the Exos were
diluted to a controlled concentration of 5� 109 particles/mL for the
following experiments.

2.5. CCK-8 assay and PKH67 staining

During the logarithmic growth phase, BMSCS and EA.hy926 cells
were seeded onto a 96-well plate to achieve a cell density of
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3000 cells/well. Following cell attachment, different pharmaco-
logical concentrations of ALB enzymatic digestion solution were
added, and the cells were further cultured in the incubator. After 12,
24, and 48 h of drug treatment, the culture medium was replaced
with fresh culture medium (100 mL), followed by the addition of
10 mL of CCK-8 reagent. The cell were then incubated for an addi-
tional 2 h. Subsequently, the optical density (OD) at 450 nm
wavelength of each well was measured using a microplate reader.

The exosome suspension was stained with PKH67 dye and
incubated for 30min to allow dye binding. The exosome suspension
was added to the cells for co-culture. Following incubation, cells
were collected for fluorescence microscopy observation.

2.6. Bone regeneration experiment

2.6.1. Alizarin red S staining and alkaline phosphatase (ALP)
staining

. In this study, MSCs were divided into four groups: the Control
group without the addition of ALB enzymatic digestion solution,
the ALB group with direct addition of ALB enzymatic digestion
solution and osteogenic induction medium (PD-008, Procell,
Wuhan, China), the Exos group with addition of Exos derived from
normal MSCs and osteogenic induction medium, and the Exos-ALB
group with addition of Exos produced by MSCs stimulated by ALB
enzymatic digestion solution and osteogenic induction medium.
Each group was cultured for 12 days in the incubator to prevent
complete differentiation. The induction time for ALP staining
experiment was set to 8 days. The staining solutions used were
Alizarin Red S working solution (C0138, Beyotime, Shanghai, China)
or ALP staining solution (C3206, Beyotime).

2.6.2. Western blot and qRT-PCR
Cells were collected and proteins were extracted, concentrated,

and transferred through a sodium dodecyl sulfate-polyvinylidene
fluoride membrane. Subsequently, the membranes were incu-
bated with primary antibodies at 4 �C on a shaker overnight. The
next day, after completing the rinsing step, the gel was treated with
the secondary antibody for 60 min at room temperature. The
membrane was then developed and images were captured using
the SUPER ECL detection kit. The protein expression was accessed
using ImageJ software (Bethesda, MD). The antibodies used in this
study were presented in the Supplementary Table 1.

Cell samples were collected and total RNA was extracted.
Reverse transcription and PCR processes were performed using the
Hifair@ II 1st strand cDNA synthesis kit purchased from Next Sage
Biologics with Hieff® qPCR SYBR Green Master Mix (No Rox), and
all operations were done according to the steps of the kit in-
structions and on ice. The reaction system and parameter settings
are described in the Supplementary Table 2.

2.6.3. Animal experiments on bone regeneration and hematoxylin
and eosin (HE) staining

The 6-8-week-old male SD rats were divided into three groups,
each consisting of 3 rats, and acclimated for one week in the animal
experiment center. Polyethylene glycol-polypropylene glycol
copolymer (F127) was mixed with sterile distilled water and added
to a 96-well cell culture plate to form a gel. Subsequently, aliquots
of Exos and Exos-ALB suspension were added and allowed to so-
lidify at 37 �C. The rats were anesthetized in a gas anesthesia box,
followed by shaving and disinfection. Using a cranial drill, two
5 mm-diameter holes were created, and the prepared cylindrical
gel was filled into the cavities to form the blank-Exos group, blank-
(Exos-ALB) group, and Exos-(Exos-ALB) group. The skin was su-
tured, and the rats were allowed to recover from anesthesia. After
48 h, positron emission tomography and X-ray computed
1170
tomography (PET-CT) imaging were performed to confirm the
modeling effect. After 8 weeks of feeding, the rats were euthanized
by intraperitoneal injection of a high-concentration solution of
chloral hydrate, and the skull area was removed and fixed. Finally,
high-resolution micro-CT imaging was performed on the skull
samples, and software was used for data analysis to evaluate the
repair of skull defects.

The skull tissue samples, previously scanned by CT, were fixed in
4 % paraformaldehyde solution for 24 h. Subsequently, decalcifi-
cation and dehydration were performed before the paraffin
embedding. The samples were sliced into 4-micron-thick sections.
The sections were then dewaxed and rehydrated, followed by the
staining with hematoxylin solution (G1121, Solarbio), as well as the
eosin solution (G1121, Solarbio). After dehydration, the sections
were then mounted with neutral balsam mounting medium and
observed using a microscope.

2.7. Vascular regeneration experiment

2.7.1. In vitro angiogenesis assay
The in vitro angiogenesis experiment comprises the scratch

assay, tube formation assay, and Transwell cell migration assay.
Scratch Assay: EA.hy926 cells were cultured in a 6-well plate

until they reached 100 % confluence. A 200 mL pipette tip was used
to create a straight scratch on the cell layer surface. The migration
and scratch closure were observed and recorded using a micro-
scope at 0 and 12 h post-scratch.

Tube Formation Assay: Pre-cooled Matrigel was added to a 96-
well plate, with 50 mL per well, and incubated for 30 min to so-
lidify. EA.hy926 cells in good condition were seeded at a density of
3000 cells per well on the Matrigel-coated 96-well plate. After
adding 50 mL of culture medium, the plate was incubated at 37 �C
for 8 h. Tube formation was observed under a microscope, and
ImageJ software was used to quantitatively analyze the network
density, length, and branching of the tubes.

Transwell Migration Assay: A Transwell plate was used for the
migration assay, with high-glucose DMEM and the appropriate
drugs added to the lower chamber. EA.hy926 cells were suspended
in serum-free DMEM and placed in the upper chamber. The plate
was incubated at 37 �C for 24 h. The cells on the lower side were
fixed in 4 % paraformaldehyde for 30 min, then stained with crystal
violet (C0121, Beyotime), and the number of migrated cells was
analyzed using ImageJ software.

2.7.2. Chick embryo chorioallantoic membrane(CAM) angiogenesis
assay

The procedure for the in vivo angiogenesis experiment involves
the following steps: Firstly, 12 fertilized chicken eggs are prepared
by wiping the eggshells with potassium permanganate solution
and incubated for 24 hwith the blunt end up. Secondly, the eggs are
divided into 4 groups with 3 eggs each, placed in an incubator at
approximately 38.0 �C with a humidity of 55%e70 % for 13 days.
After the incubation period, the chicken embryos are carefully
removed, and a small window is created at the blunt end. PBS buffer
is then gently added through the window to moisten the mem-
brane, and the membrane is peeled off using sterilized ophthalmic
forceps to expose the CAM. Subsequently, 40 mL of antler enzymatic
solution and two types of exosome suspension are added to the
filter paper pieces and placed on the avascular areas of the CAM,
with a control group using filter paper containing 0.9 % NaCl so-
lution. The window is sealed with transparent tape, and a small
ventilation hole is made with a needle before returning the eggs to
the incubator for further cultivation. After 48 h of incubation, the
chicken embryos are observed on an egg candler for vascular for-
mation around the filter paper pieces. The CAM is then carefully
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dissected and placed in a 6 cm cell culture dish for further obser-
vation. The area of the formed blood vessels is calculated and
analyzed using ImageJ software.

2.8. Treatment with miR-21-5p inhibitor

The miR-21-5p inhibitor (HY-RI00449) and its negative control
were sourced from MedChemExpress. For transfection, when the
cell confluence reached 80 %, LipoRNAi™ Transfection Reagent
(C0535, Beyotime) was employed to facilitate the delivery of the
inhibitor into the cells.

2.9. LC-MS analysis of ALB enzymatic digestion solution

50 mL of ALB enzymatic digestion solution was added to a 3 kDa
ultrafiltration centrifuge tube and centrifuged at 12,000 g for
30 min at 4 �C. The filtrate was retained. The data analysis software
used was Compound Discoverer 3.3. The chromatographic column
used was the Waters UPLC BEH Amide column (1.7 mm,
2.1*100 mm). The mobile phase was set as a solution of 25 mol/L
ammonium acetate and 25 mol/L ammonia water (solvent A) and
pure acetonitrile (solvent B). The gradient elutionwas performed as
follows: 0e0.5 min, 95 % solvent B; 0.5e7min, 95%e65 % solvent B;
7e8 min, 65%e40 % solvent B; 8e9 min, 40 % solvent B; 9e9.1 min,
40%e95 % solvent B; 9.1e12 min, 95 % solvent B. The flow rate was
set at 500 mL$min-1, column temperature at 40 �C, and the injection
volumewas 3 mL in positive ion scanningmode and 4 mL in negative
ion scanning mode. Mass spectrometry conditions: Thermo mass
spectrometer was used for primary and secondary mass spec-
trometry data collection. The mass-to- charge ratio scan range was
set to 100e1200, with collision energy at 30 eV. The parameters for
the ion source (ESI) were as follows: gas pressure for nebulization
(GS1) was set to 60 Psi, auxiliary gas pressure was 60 Psi, curtain
gas pressure was 35 Psi, temperature was 650 �C, and spray voltage
was 5,000V (in positive ion scanning mode) and �4000V (in
negative ion scanning mode).

2.10. Exosome sequencing

Prepare three groups of Exos and Exos-ALB samples, labeled
SA1/SA2, SB1/SB2, and SC1/SC2, and submit them to the third-party
biological company (Novogene) for high-throughput sequencing.
Then, use www.targetscan.orghttp://www.targetscan.orgto per-
form target screening for the detectedmiRNAs, and conduct GO and
KEGG enrichment analysis through https://david-d.ncifcrf.gov/
summary.jsp. Filter out non-significant data and sort the remain-
ing results by COUNT in descending order, selecting the top 10.

2.11. miR-21-5p target gene prediction

To identify the potential target genes of miR-21-5p, we utilized
the online tool TargetScan (https://www.targetscan.org/). This
database predicts the interactions between microRNAs and their
mRNA targets based on seed sequence matching and conservation.

2.12. Proteomics

To assess protein expression differences between samples
treated with ALB and untreated controls, Exos were dissolved in
8 M urea, with 100 mL per sample. Proteomics analysis was
conducted using the Thermo Orbitrap Fusion Lumos at Xiamen
University. After filtering out proteins with missing values, 5825
proteins were detected. Statistical analysis with GraphPad 10.1
revealed 528 differential proteins (P < 0.05), with 258 upregu-
lated and 270 downregulated in the ALB group compared to the
1171
blank NC group. KEGG and GO analyses were performed on the
associated genes of these proteins. A heatmap of the TOP 20
significantly regulated proteins was generated, using Log10
(count) values, and KEGG analysis focused on the TOP 10
pathways.

2.13. Statistical analysis

Experimental data were analyzed and plotted using GraphPad
Prism 8.0. Results are expressed as Mean ± SD. Group comparisons
were performed using the t-test and One Way ANOVA, with sig-
nificance levels indicated as follows: *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001.

3. Results

3.1. Acquisition and characterization of exosome

It was observed microscopically that rat BMSCs exhibited
morphological diversity, including fibrous, stellate, flattened, and
spindle shaped, and had good adhesion ability (Fig. 1A). Flow
cytometry analysis utilizing CD45(�), CD90(þ), and CD29(þ)
markers was employed for cell sorting (Fig. 1B). After ultracentri-
fugation, the extracted material forms a white precipitate along the
wall of the centrifuge tube (Fig. 1F). The particles were approxi-
mately 40e120 nm in diameter (Fig. 1CeD), had a density of
2.5 � 1010/mL, and had a cup-shaped appearance under the elec-
tron microscope. The surface protein markers TSG101 and CD63
were expressed, while Calnexinwas absent (Fig. 1E). These findings
confirm that the extracted material is exosome.

3.2. Ingredient identification of simulated gastrointestinal digestion
of deer ALB

ALB is used orally as a pharmaceutical product and is digested
and absorbed into the human body to exert its pharmacological
effects. Therefore, we performed in vitro simulated gastrointestinal
digestion of deer ALB for in vitro experiments, and performed
liquid-quantity-mass spectrometry (LQ-MS) analysis of the product
for the preliminary detection of the components contained. A total
of 23,359 components were detected using LC-MS/MS technique
(Fig. 2A), of which 22 components met our screening criteria. These
components were mainly composed of amino acids and peptides
(Fig. 2B). It is noteworthy that among the identified components,
the concentrations of soy isoflavones and baicalein were relatively
high. From the liquid-quality results, it is probable that the main
active components of deer ALB are peptides, but it has not yet been
determined whether it is a single peptide or a synergistic effect of
multiple peptides.

3.3. ALB enzyme digest promotes exosome uptake without
cytotoxicity

The CCK-8 assay results demonstrated that the ALB enzyme
digest was not cytotoxic to BMSCs and EA.hy926 cells. However,
growth inhibition was observed at higher concentrations. Conse-
quently, we selected enzyme digest concentrations of 100 mg/mL
for BMSCS and 80 mg/mL for EA.hy926 cells for subsequent
experimental studies (Fig. 3A). To determine whether the cells
could phagocytose the added Exos, we labeled the Exos with
green fluorescence using the PKH67 staining solution. Simulta-
neously, the cell nuclei were stained with DAPI, resulting in blue
fluorescence. The images revealed that the green fluorescence
(Exos) was surrounded by the blue fluorescence (nuclei),

http://www.targetscan.org
http://www.targetscan.org
https://www.targetscan.org/


Fig. 1. (A) Microscope was utilized to observe the BMSCS characteristics. (B) Flow cytometric sorting used CD45(�), CD90(þ) and CD29(þ) as sorting criteria. (C) Nano-flow results
to present the extracted precipitate characteristics. (D) Electron microscopy of the precipitate showed a teacup mouth shape morphology. (E) WB results show that the precipitate
expresses TSG101 and CD63, but not Calnexin. (F) Cytosolic precipitate attached to the wall of the centrifuge tube.
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indicating successful phagocytosis of the Exos into the cytoplasm
by the cells (Fig. 3B).

3.4. ALB significantly enhances the function of BMSC-Exos in
promoting bone regeneration

Alizarin red staining results indicated that the Exos-ALB group
significantly enhanced osteogenesis compared to the Exos group,
with the Control group showing the least staining (Fig. 4A). The ALB
group was similar to the Exos group, and the ALP staining results
were consistent with those of alizarin red staining (Fig. 4A).
Western blot and qRT-PCR analysis results indicated that ALP, BMP-
2, and Runx2 expression levels in the Exos-ALB group were
significantly higher than in the Exos group, indicating a stronger
promotion of osteogenic differentiation (Fig. 4BeD). However,
Osteopontin (OPN) expression was downregulated, and mRNA
detection results were consistent with this finding (Fig. 4BeD).

The cranial defect model results showed that the Exos-ALB
group exhibited significantly smaller pore sizes and the fastest
bone tissue repair and regeneration; the Exos group did not show a
significant bone repair effect (Fig. 4E). HE staining results (Fig. 4F)
indicated that the Exos-ALB group had more newly formed mature
bone and new blood vessels, the Exos group had continuous bone
tissue and new blood vessels, and the Control group had only a
small amount of discontinuous bone tissue and fibrous connective
tissue.
1172
3.5. ALB significantly enhances the function of BMSC-Exos in
promoting angiogenesis

Peripheral vascular regeneration is crucial for bone tissue repair.
Results from the scratch assay and Transwell assay showed that
both Exos and Exos-ALB enhanced the migration ability of endo-
thelial cells (Fig. 5A and B), with Exos-ALB demonstrating a more
significant effect. ALB also exhibited migration-promoting ability,
although less prominently. Moreover, VEGF and ANG as key genes
related to angiogenesis were selected for the further study. WB
results showed that Exos-ALB significantly promoted the expres-
sion of VEGF and ANG (Fig. 5C). Further validation through qRT-PCR
corroborated these findings (Fig. 5D).

In addition, both tube formation assay (in vitro) and the CAM
model (in vivo) were employed to evaluate peripheral vascular
regeneration. Compared to Exos, EA.hy926 cells treated with
Exos-ALB showed more pronounced and complete tube formation
in the tube formation assay (Fig. 5E). These data suggest that Exos
produced under stimulation by ALB enzyme digest have stronger
angiogenic potential than normal Exos. Furthermore, results from
the CAM model demonstrated that Exos-ALB significantly pro-
moted branching of blood vessels around the filter paper (Fig. 5F).
It is noteworthy that direct application of ALB enzyme digest
also promoted blood vessel formation, although its ability to
promote vessel formation was weaker compared to the exosome
group.



Fig. 2. (A) Preliminary determination of the components of ALB enzyme digest by liquid-mass spectrometry. (B) Component selection criteria are: spectrum area is greater than
10,000,000 and mzVault score greater than 90.
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Fig. 3. (A) The effect of different concentrations of ALB enzymatic solution on BMSCS and EA.hy926 cell proliferation capacity. NS, not statistically significant. (B) Tracking of
extracellular vesicles via PKH67 staining. ***p < 0.001; Mean ± SEM.
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3.6. RNA sequencing reveals miR-21-5p may be involved in the
undergoing mechanism of ALB promoting bone regeneration

The above experiments collectively validated that MSCs, upon
stimulation with deer ALB enzymatic hydrolysate, produce Exos
with significantly enhanced regenerative potential for both bone
and vascular tissues. Subsequently, RNA sequencing and compar-
ative analysis were conducted on exosome samples from both
groups (Fig. 6A). The sequencing results revealed that the majority
of miRNAs did not exhibit significant differences between the two
groups of Exos. However, compared to the Exos from the normal
group,miR-21-5pwas upregulated in Exos generated after deer ALB
stimulation (Fig. 6B).

Previous studies have demonstrated the promotive roles of miR-
21-5p in both bone [22] and vascular [23] regeneration. Through
bioinformatics analysis, we identified 234 potential target genes
that miR-21-5p may bind to (Supplementary Table 3). To further
explore these targets, we performed Gene Ontology (GO) enrich-
ment analysis, aiming to understand the involved biological pro-
cesses (BP), molecular functions (MF), and cellular components
(CC). We identified a total of 27 enrichedMFs,109 enriched BPs, and
17 enriched CCs (Fig. 6C, p < 0.05). The top 10 significantly enriched
MFs, BPs, and CCs from the GO analysis are presented in Fig. 6D.
Additionally, KEGG pathway enrichment analysis revealed the
enrichment of these targets in 22 pathways, with the top 10
enriched KEGG pathways shown in Fig. 6E (p < 0.05).

3.7. miR-21-5p inhibitor reduced the expression of both
angiogenesis and osteogenesis-related proteins

The miR-21-5p inhibitor was utilized to target and suppress
miR-21-5p, and its effects on the expression of angiogenesis- and
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osteogenesis-related proteins were assessed. As anticipated, the
miR-21-5p inhibitor led to a downregulation of angiogenesis-
related proteins, such as VEGF and ANG (Fig. 7A), as well as
osteogenesis-related proteins, including ALP, RUNX2, and BMP-2
(Fig. 7B). Furthermore, the inhibitor was also able to partially
reverse the upregulation of these proteins induced by ALB
(Fig. 7AeB).

3.8. miR-21-5p inhibitor reduced the expression of both
angiogenesis and osteogenesis-related proteins

Proteomics was employed to identify genes with altered
expression following ALB treatment (Fig. 8A). The heat map, which
contrasts the NC group with the ALB group, shows clear differences
in protein expression between two groups. Proteins such as
PCHP_MOUSE (Phosphorylcholine phosphatase) and ALN_MOUSE
(Alanyl-tRNA synthetase) exhibit significant upregulation in the
ALB group, whereas proteins like LIP_MOUSE (Triacylglycerol
lipase) and WRT_MOUSE (Protein Wnt) show downregulation.
Pathway enrichment analysis of these differentially expressed
genes (Fig. 8B) revealed that the Biological Process pathways were
significantly associated with bone minimization, angiogenesis,
osteoblast differentiation, vesicle-mediated transport, and the Wnt
signaling pathway.

4. Discussion

In this study, ALB was found to demonstrate a capacity to
enhance both osteogenesis and angiogenesis in vitro. Furthermore,
through additional in vitro and in vivo experiments, we observed
that ALB exerted a significant promotion effect on the function of
BMSC-Exos in promoting osteogenesis and angiogenesis. To



Fig. 4. (A) Alizarin Red S staining and ALP staining results. (B) Western blot analysis detected the expression levels of osteogenesis-related proteins. (C) Analysis of grayscale values
of bands corresponding to osteogenesis-related proteins. (D) qRT-PCR detected the mRNA expression levels of osteogenic-related genes. (E) Establishment of a rat cranial defect
model and analysis of experimental results. (F) Histological results of HE staining. *, p < 0.05; **, p < 0.01; ***, p < 0.001; Mean ± SEM.
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Fig. 5. (A) Cell scratch assay and quantitative results. (B) Microscopic results of the angiogenesis assay, quantitatively analyzed for vessel formation nodes, branches, and inter-
section connections. (C) Transwell assay, quantitatively analyzed based on the number of migrated cells. (D) Western blot detected the expression levels of angiogenesis-related
proteins and analyzed band grayscale values. (E) qRT-PCR detected the mRNA expression levels of angiogenesis-related genes. (F) CAM experiment results and quantification
analysis of vascular area. *, p < 0.05; **, p < 0.01, ***, p < 0.001; Mean ± SEM.
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Fig. 6. (A) The heatmap displays the results of RNA sequencing. (B) The heatmap displays miRNA expression levels (TPM processed). (C) Volcano plots depict the distribution of
differential miRNA. (D) Top 10 terms with significant enrichment in MF, BP and CC. (E) Top 10 terms with significant enrichment in KEGG pathway.
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investigate the underlying mechanisms, RNA sequencing was
employed, revealing that ALB may exert its effects by upregulating
miR-21-5p. Additionally, proteomics analysis revealed that differ-
entially expressed genes are closely related to various biological
processes, including vesicle-mediated transport and the Wnt
signaling pathway.

Adequate blood supply is essential for rapid repair and regen-
eration of bone tissue [24,25]. Therefore, we conducted research on
the vascular formation effects of deer ALB. ALB, found within deer
antlers, has an extremely complex composition [26]. Contemporary
scientific research focuses on exploring the regenerative functions
of deer antlers, with the peptide components believed to be the
reason behind their powerful regenerative capabilities [13,27,28].
In this study, we utilized LC-MS to determine its components. After
1177
enzymatic digestion, we found that the majority of components
were amino acids and peptides, which aligns with previous
findings.

In addition to the examination of vascular formation effects, we
also investigated the expression levels of other proteins associated
with bone growth. One such protein is bonemorphogenetic protein
2 (BMP2), which was initially identified in bone and plays a pivotal
role in regulating osteoblast differentiation, bone development,
and bone repair [29]. Transgenic mice that exhibit overexpression
of noggin, an antagonist of BMP2, specifically in osteoblasts, display
reduced trabecular bone volume and decreased rates of bone for-
mation [30]. Another important protein we examined is Runx2,
which serves as a crucial transcriptional effector during the dif-
ferentiation, maturation, and normal functioning of osteoblasts,



Fig. 7. Western blot was to detect the expression of (A) angiogenesis-related and (B) osteogenesis-related proteins.
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chondrocytes, and mesenchymal stem cells [31]. The mutual in-
duction of Runx2 with the Wnt and Sp7 pathways promotes the
differentiation of pre-osteoblasts into immature osteoblasts. Ulti-
mately, Runx2 facilitates the production of bone matrix proteins in
immature osteoblasts, leading to complete osteoblast maturation
[32]. Furthermore, ALP activity is often considered an indicator of
osteoblast presence and new bone formation [33]. In our study, we
observed that Exos-ALB significantly upregulated the expression of
the aforementioned proteins, suggesting a potential regulatory role
of ALB in bone growth processes.

Meanwhile, combining existing data analysis revealed that OPN
is unique, it has dual regulatory effects, promoting bone formation
while inhibiting bone formation, and participating in key processes
such as the migration, adhesion, and degradation of bone matrix by
osteoblasts [34]. Recent studies have found a close relationship
between OPN and osteoclast (OC) activity [35,36]. The upregulation
of osteoclast activity would be detrimental to the repair and
regeneration of bone tissue [37]. When OPN expression is upre-
gulated, OC activity is activated and bone formation is inhibited,
leading to a decrease in bone mass. The role of OPN in osteogenic
differentiation is not fully understood. Based on the experimental
results of this study, Exos-ALB significantly downregulated the
expression level of OPN, suggesting its correlation with the inhi-
bition of osteoclast activity.

Recent studies on extracellular vesicles have revealed the sig-
nificant regulatory role of miRNAs in life activities [38]. Therefore,
we extracted and collected extracellular vesicles derived from two
groups of BMSCS for RNA sequencing studies. The results showed
that miR-21-5p was significantly upregulated under the stimula-
tion of deer ALB. Moreover, miR-21-5p could significantly reverse
the impact of ALB in promoting both angiogenesis and
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osteogenesis-related proteins. Related research indicates that miR-
21-5p may play an important role in promoting bone and vascular
regeneration [39,40]. Thus, we propose that miR-21-5p may be an
important mediator for deer ALB to exert its function in promoting
bone and vascular regeneration.

The proteomics results revealed that differentially expressed
genes were associated with several biological processes, including
the Wnt signaling pathway. Prior research has established a
connection between miR-21-5p and the Wnt signaling pathway
[41,42]. For instance, in fluoride-induced osteoblast activation, miR-
21-5p activates the canonical Wnt signaling pathway by targeting
PTEN and DKK2 [41]. Additionally, genes differentially expressed
following ALB treatment were linked to bone minimization,
angiogenesis, osteoblast differentiation, and vesicle-mediated
transport. These findings reinforce the association of ALB with
bone repair and Exos. Future research will focus on further eluci-
dating the underlying molecular mecanisms.

The significance of this study lies in its pioneering exploration of
the impact of ALB on stem cell Exos. By examining the effects of ALB
on stem cell Exos, we aim to contribute to the current under-
standing of the regenerative potential of ALB and its underlying
mechanisms. However, it is important to acknowledge the limita-
tions of our study. Although we have provided preliminary insights
into the potential mechanism involved, further investigations are
necessary to fully elucidate the intricate workings and pathways
underlying the observed effects. For example, additional analysis is
needed to identify the specific active amino acids or peptides
responsible for the regenerative effects of ALB, as well as to
establish the relationship between OPN and OC. Additionally,
further research is needed to clarify whether ALB acts directly on
angiogenesis to promote bone regeneration or if it promotes BMSC-



Fig. 8. (A) Heatmap and (B) Volcano plot were utilized to display the differentially expressed genes. (CeD) Pathway enrichment results of differentially expressed genes.
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Exos derived miR-21-5p, thereby inducing angiogenesis and bone
regeneration. Moreover, the precise role of miR-21-5p in bone and
vascular regeneration also needs to be further validated through
additional proteomics investigations as well.

5. Conclusions

MSCs derived from bone marrow, when stimulated by ALB
enzymatic digestion, produce Exos with enhanced capability to
promote bone and vascular regeneration. Sequencing analysis also
revealed that ALB enzymatic digestion may strengthen its
regenerative function by upregulating the expression of miR-21-
5p in Exos. Furthermore, proteomics analysis identified differen-
tial gene expressions associated with bone regeneration, angio-
genesis, osteoblast differentiation, vesicle-mediated transport, and
the Wnt signaling pathway, suggesting multiple mechanisms
contributing to the observed effects. These findings provide a
new research direction for understanding the pharmacological
1179
mechanisms of TCM and aim to create possibilities for its clinical
application.
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