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Abstract

As the primary barrier against external damage, human
skin is highly susceptible to oxidative stress, leading to
cellular dysfunction. This study is the first to investigate
the reparative effects and synergistic mechanisms of
Mesenchymal Stem Cell-derived Exosomes (MSC-Exos)
and Sangi-derived Exosome-like Nanoparticles (SENs) on
Hydrogen Peroxide (H,0,)-induced oxidative stress injury
in Human Dermal Fibroblasts (HDFs). Experimental results
demonstrated that both MSC-Exos and SENs were efficiently
internalized by HDFs without significant cytotoxicity. While
MSC-Exos alone markedly enhanced cell migration, SENs
alone showed no pro-migratory effect. However, their
combination synergistically promoted cell proliferation,
significantly reduced intracellular Reactive Oxygen Species
(ROS) levels, and restored mitochondrial membrane
potential. Western blot analysis revealed that the combined
treatment effectively suppressed apoptosis by upregulating
the anti-apoptotic protein BCL-2 to pro-apoptotic protein
BAX ratio. These findings indicate that MSC-Exos and
SENs independently ameliorate H,0,-induced oxidative
stress injury, with their combination exhibiting synergistic
therapeutic potential.

Introduction

As the largest organ and the body’s first line of defense, the
skin plays critical physiological roles in thermoregulation, sen-
sory perception, and immune modulation [1,2]. Pathologically,
ultraviolet radiation, inflammatory stimuli, viruses, and bacte-
ria can elevate Reactive Oxygen Species (ROS) levels, inducing
oxidative stress that triggers skin cell damage, including aging,
necrosis, and apoptosis [3]. Although endogenous antioxidant
systems counteract such damage, pathological conditions often
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disrupt redox homeostasis due to excessive ROS accumulation,
overwhelming antioxidant defenses and exacerbating oxidative
stress and inflammation [4,5]. Consequently, exogenous anti-
oxidants hold promise for mitigating oxidative damage and pro-
moting skin repair [6].

Exosomes, nanoscale extracellular vesicles secreted by cells,
carry diverse bioactive molecules (proteins, lipids, and nucleic
acids) and serve as key mediators of intercellular communica-
tion [7]. Their parent cell-mimetic biological functions make
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exosomes a promising cell-free therapeutic strategy [8]. Mes-
enchymal Stem Cell-Derived Exosomes (MSC-Exos), in particu-
lar, exhibit potent anti-inflammatory, immunomodulatory, and
tissue-regenerative properties [9], demonstrating therapeutic
efficacy in cardiovascular diseases, neurological injuries, osteo-
arthritis, acute liver injury, diabetic wounds, and skin damage
[10-16].

Beyond animal-derived exosomes, plant-derived Exosome-
Like Nanoparticles (ELNs) have recently gained attention.
Studies show that ELNs from plants such as grapefruit, ginger,
strawberry, and cabbage are internalized by mammalian cells,
exerting anti-inflammatory, antioxidant, and antimicrobial ef-
fects [17-21]. Panax notoginseng (Sangi), a traditional Chinese
herb, is widely studied for its hemostatic, antioxidant, and anti-
inflammatory properties [22,23]. However, the role of Sanqi
Exosome-like Nanoparticles (SENs) in mitigating skin oxidative
stress remains unexplored.

This study investigates the reparative effects of MSC-Exos
and SENs in an oxidative stress model. We treated H,0,-injured
Human Dermal Fibroblasts (HDFs) with MSC-Exos and SENSs, ei-
ther alone or in combination, and evaluated their impacts on
cell proliferation, ROS clearance, mitochondrial function, migra-
tion, and anti-apoptotic pathways.

Materials and methods
Preparation of MSC-Exos and SENs

Preparation for MSC-Exos: Collect the MSC culture superna-
tant and use the stem cell culture medium exosome extraction
kit (Shifangjie S909) for the extraction of MSC-Exos. Place the
collected MSC culture supernatant on ice, centrifuge at 6500g
for 10 minutes to remove residual cells; collect the supernatant
and centrifuge at 10000g for 10 minutes to remove cell debris.
Transfer the supernatant to a new centrifuge tube and add Iso-
lation Reagent A at a volume ratio of 2:1 (V-sample: V-A=2:1);
invert and mix 3-5 times, then let it sit at 4°C for 5 minutes, fol-
lowed by centrifugation at 13500 g for 3 minutes. Transfer the
supernatant to a new centrifuge tube and add Isolation Reagent
C at a volume ratio of 3:1; invert and mix 3-5 times, then let it
sit at 4°C for 1 hour, followed by centrifugation at 13500 g for
30 minutes. Discard the supernatant and collect the precipitate,
which is the exosome; resuspend the precipitate in 500uL of
physiological saline (or resuspension solution for downstream
experiments) L of physiological saline (or resuspension solution
for downstream experiments) according to subsequent experi-
ments. Centrifuge the resuspended exosome solution at 5000 g
for 10 minutes, discard the precipitate, and finally use the ob-
tained exosomes for subsequent experiments or store them at
-80°C after aliquoting. (The refrigerated high-speed centrifuge
used for centrifugation is Xiangyi H1580R.)

Preparation of SENs: First, clean and dry the Panax notogin-
seng, then extract the juice using the plant tissue liquid exo-
some extraction kit (Shifangjie S309) for the extraction of exo-
somes from Panax notoginseng. After collecting the plant tissue
liquid, centrifuge at 10°C at 6500 g for 10 minutes to remove
residual plant tissue; collect the supernatant and centrifuge at
10000 g for 20 minutes to remove plant cell debris. Transfer the
supernatant to a new centrifuge tube, add Isolation Reagent A
at a volume ratio of 2:1 (V-sample: V-A=2:1); invert and mix 3-5
times, then let it sit at 4°C for 10 minutes, followed by centrifu-
gation at 12000 g for 10 minutes. Transfer the supernatant to a
new centrifuge tube and add Isolation Reagent C at a volume
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ratio of 3:1; invert and mix 3-5 times, then let it sit at 4°C for 1
hour, followed by centrifugation at 13500 g for 0.5 hours. Dis-
card the supernatant and collect the precipitate, which is the
exosome; based on subsequent experiments, resuspend the
precipitate in 500 pL of physiological L of physiological saline
(or resuspension solution for downstream experiments). Cen-
trifuge the resuspended exosome solution at 2000 g for 10
minutes, discard the precipitate, and finally use the obtained
exosomes for subsequent experiments or store them at -80°C
after aliquoting. (The refrigerated high-speed centrifuge used
for centrifugation is Xiangyi H1580R.)

Identification of MSC-Exos and SENs

BCA assay for exosomal samples: The exocytosis weight sus-
pension was taken, and an equal volume of RIPA lysis solution
(containing protease inhibitor) was added, and the sample was
lysed at 4°C for 1 h. The sample was completely lysed. Quantify
the samples according to the BCA quantification kit instructions
(Beyotime): standard solution: 0.5 mg/ml, add the standard in
accordance with 0, 2, 4, 8, 12, 16, 20 pL to the standard of 96L
to the standard of 96--well plate (repeated once per well), and
well plate (repeated once per well), and add the standard dilu-
tion to replenish to 20 pLL, which is equivalent to the concen-
tration of the standard of 0, 0.05, 0.1, 0.2, 0.3, respectively, 0.4,
0.5 mg/mL, add 20 pLL of sample to the 96-well plate (repeated
once per well), add 200 pLL BCA working solution to each well,
place at 37°C for 20-30 min, measure the absorbance using an
enzyme labeling instrument (Diatek DR3506), and calculate the
protein concentration of the sample according to the standard
curve and the sample volume used.

Measurement of exosome particle size concentration: Us-
ing the NTA particle size tracking analyzer (Malvern NS300), first
of all, respectively, take the appropriate volume of exosomes
diluted to the appropriate number of times, with the diluent
to adjust the instrument to the optimal state, injected into the
sample, particle size analysis and detection, until the sample to
complete the detection of the instrument can be obtained to
detect the exosomes of the particle size and concentration of
information.

Transmission electron microscopy analysis of exosome
samples: Using a projection electron microscope (Hitachi
HT7700), the exosomes were firstly removed 50 uL; the sample
L; the sample was aspirated 10 pL dropwise added to the cop-
per mesh to precipitate for 1 min, and the floating liquid was
sucked L dropwise added to the copper mesh to precipitate for
1 min, and the floating liquid was sucked off by the filter paper;
dibasic uranium acetate 10 pL dropwise added to the cL drop-
wise added to the copper mesh to precipitate for 1 min, and
the floating liquid was sucked off by the filter paper; and the
exosomes were dried for a few minutes at room temperature,
and the imaging was examined by electron microscopy at 100
kv, and the results of the transmission electron microscopy im-
aging were obtained.

Western blot of exosome samples: Western Blot was used
to detect the expression of surface proteins of MSC-Exos and
SENs. The protein concentration of the exosome was deter-
mined as shown in 2.2.1. 20 pg of g of protein was added to the
buffer and boiled for 10 min. Prepare 12% separator gel and 5%
concentrate gel. Add appropriate amount of electrophoresis so-
lution and electrophoresis samples in an electrophoresis appa-
ratus (Burroughs powerpac HC). Prepare transfer buffer and put
the cut gel into it. Activate 0.22 mm PVDF membrane in metha-
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nol, soak time is 30 seconds, lay the filter paper, membrane and
gel in order, adjust the voltage 80V to transfer the membrane
for 130 min. Take out the membrane and then put it on the
shaking bed with sealing solution at 37+Cfor about 1.5 h. Pri-
mary antibody dilution was prepared for CD9, CD63 and STG101
antibody, put it on the shaking bed for sealing, 4°C for 12-24
h. The membrane was washed with TBST for about 5-10min.
The primary antibody was recovered after 4 washes with TBST
for 5-10 min. 37°C shakers for 2 h. The secondary antibody was
incubated with horseradish enzyme labeled goat anti-rabbit IgG
(1:5000). The membrane was washed with TBST for about 5-10
min/3-4 times and then visualized by chemiluminescence imag-
ing using a gel imager (Tennant 4200).

Cell culture and processing

Human Dermal Fibroblasts (HDFs) were purchased from
Wuhan Punosai Life Science and Technology Co. Cells were cul-
tured in DMEM basal medium (Gibco) containing 10% Fetal Bo-
vine Serum (FBS) (Gibco) and 1% penicillin-streptomycin double
antibiotic solution (Gibco) at 37°C and 5% CO, saturated humid-
ity environment.

Cytotoxic effects of MSC-Exos and SENs

HDFs were inoculated into 96-well plates with 5000 cells per
well of 100 mL, the plates were divided into two groups: a 24-
hour group and a 48-hour group, each plate divided into blank
control group, single MSC exosome group, single Sangi exosome
group, and mixed exosome group, with 5 replicate wells in each
group. When the cell density was 80%-90%, exosomes were
added according to different groups: in the single MSC exosome
group and the single panax pseudoginseng exosome group,
the final concentration of exosomes was 50 pug/mL; and in the
mixed exosome group, the final concentration of MSC exosome
and panax pseudoginseng exosome was 25 pug/mL each. 24 and
48 h of incubation, the reagent was prepared according to the
instructions of the CCK8 kit (Beyotime), and was added to the
plate, incubated for 1 h in a cell culture incubator at 37°C and
5% CO,. Incubate the plates in a cell culture incubator at 37°C
and 5% CO, for 1 h-2 h. Detect the absorbance value at 450 nm
with an enzyme marker (BioTek), record the value and analyze
statistically.

Exosome labeling

The HDFs were inoculated in 24-well plates, divided into
blank control and hydrogen peroxide-treated groups, and the
exosomes from MSC were labeled with PKH26 red fluorescent
probe (Solarbio), and the exosomes from Panax quinquefolium
were labeled with PKH67 green, fluorescent probe (Beijing Bio-

A (drug — treated) — A (Blank)
A (Control) — A (Blank)

Cell viability(100%) = X 100%

Lab Co., Ltd.). 200 ug of PKH26-labeled exosomes and PKH67-
labeled exosomes were added into HDFs, cultured for 48 h, and
then the cells were fixed with 4% paraformaldehyde (biosharp),
and nuclear staining was carried out with DAPI staining solution
(Beyotime), and the fluorescence signals of PKH26 and PKH67
were observed by the fully automated Intelligent Imaging Sys-
tem to analyze the relationship between cells and exosomes.
The relationship between cells and exosomes was analyzed.

Cell proliferation assay

HDFs were inoculated into 96-well plates with 5000 cells per
well of 100 mL, divided into blank control group, single H,0_-
treated group, single MSC exosome group, single Sangi exo-
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some group, and mixed exosome group, with 5 replicate wells
in each group. When the cell density was 80% and 90%, the cells
were treated with medium containing 1 mM hydrogen peroxide
for half an hour except for the blank control group, and then
replaced with complete medium containing 10% FBS, and exo-
somes were added according to different groups: in the single

MSC exosome group and the single panax pseudoginseng
exosome group, the final concentration of exosomes was 50 pg/
mL; and in the mixed exosome group, the final concentration of
MSC exosome and panax pseudoginseng exosome was 25 ug/
mL each. 24 and 48 h of incubation, the reagent was prepared
according to the instructions of the CCK8 kit, and was added to
the plate, incubated for 1 h in a cell culture incubator at 37°C
and 5% CO,. Incubate the plates in a cell culture incubator at
37°C and 5% CO, for 1 h-2 h. Detect the absorbance value at
450 nm with an enzyme marker, record the value and analyze
statistically.

Wound healing assay

HDF cells were seeded in a 24-well plate at a density of
3.5x10* cells per well with 1 mL per well, divided into a blank
control group, a single H,O, treatment group, a single MSC-Exos
group, a single SENs group, and a mixed exosome group, with 2
replicates for each group. When the cell density reached 80%-
90%, the cells in all groups except the blank control group were
treated with a medium containing 1 mM hydrogen peroxide
for half an hour. A pipette tip was used to create a scratch in
the center of each well, ensuring the width of the scratch was
consistent. The wells were then washed with PBS solution and
replaced with complete medium containing 2% FBS. MSC-Exos
and SENs were added according to the group (final concentra-
tion of 50 pug/mL), and the cells were incubated at 37°C with
5% CO, for routine culture. Photos were taken at 0, 12, and 24
hours after scratching, and statistical analysis was performed.

Reactive oxygen species (ROS) generation detection

HDF cells were seeded in a 24-well plate at a density of
3.5x10* cells per well with 1 mL per well, divided into a blank
control group, a single H,O, treatment group, a single MSC-Exos
group, a single SENs group, and a mixed exosome group, with 2
replicates for each group. When the cell density reached 80%-
90%, the cells in all groups except the blank control group were
treated with a medium containing 1 mM hydrogen peroxide for
half an hour. The medium was replaced with complete medium
containing 10% FBS, and MSC-Exos and SENs (final concentra-
tion of 50 pg /mL) were added according to the groups, and the
cells were cultured for 48 h. The cells were labeled with ROS us-
ing Reactive Oxygen Detection Kit (Beyotime), and fluorescent
probes 2’,7’-Dichlorodihydrofluorescein Diacetate (DCFH-DA) to
label ROS in the cells, incubate the cells at 37°C, avoiding light
for 30 min, and wash the cells twice with serum-free cell culture
medium to fully remove the DCFH-DA that did not enter the
cells, and take photos for observation using a fully automated
intelligent imaging analysis system.

Mitochondrial membrane potential (MMP) Assay

The steps of cell grouping and oxidative stress modeling were
the same as 2.6, using the mitochondrial membrane potential
detection kit (JC-1) (Beyotime), adding JC-1 working solution
500 pL /well, incubating the cells for 30 L /well, incubating the
cells for 30 min at 37°C, avoiding light, washing twice with JC-1
buffer, and taking observation photos using the fully automated
intelligent imaging analysis system.
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Western blot

The steps of cell grouping and oxidative stress modeling
were the same as in 2.4. After treatment, the cells were washed
twice with PBS and the residual liquid was pipetted dry, and
then lysed according to the ratio of high-efficiency RIPA lysate:
protease inhibitor Cocktail (MedChemExpress)=10 mL:1 cap-
sule, and the cells were lysed in six-well plates with 50 uL of
the mixture in each well on ice, and then collected in EP tubes
by a cell scraper L of the mixture in each well on ice, and then
collected in EP tubes by a cell scraper and then centrifuged at
1000 rpm for 5 min. Proteins were collected in EP tubes using a
cell spatula, followed by centrifugation at 1000 rpm for 5 min,
heating at 100°C dry thermostat (Hangzhou Ausheng Instru-
ment Co., Ltd.) for 10 min, and subsequent cooling on ice for 10
min. Protein concentration was measured using the BCA Pro-
tein Assay Kit (ThermoFisher). Total proteins were mixed with
5x SDS-PAGE Protein Sampling Buffer (Beyotime), prepared
to the same concentration, and heated to 100°C for 10 min.
Concentration gels and separation gels were prepared using a
one-step PAGE Gel Rapid Preparation Kit (12.5%) (Yalase), and
the concentration gels were prepared using a constant voltage
current of 30 V and the separation gels were prepared using
a constant voltage current of 90 V in 1x SWE Rapid HighSWE
Rapid High--Resolution ElectrophoreResolution Electrophoresis
Buffer (Wuhan Xavier Bio-Tech Co. Ltd.) to separate proteins.
The proteins were separated in 1x iceice--bath free rapid mem-
brane transfer buffer (Wuhan Xavier bath free rapid membrane
transfer buffer (Wuhan Xavier Biotechnology Co., Ltd.) using a
constant current of 400 mA to transfer the proteins to the PVDF
membrane. After being closed with 5% skimmed milk for 2 h,
the PVDF membranes were incubated with specific primary and
secondary antibodies, and finally, the protein bands were visu-
alized using an overly sensitive chemiluminescent agent in a ful-
ly automated chemiluminescent image analysis system (Tanon).
The primary antibodies used included anti-Beta Actin (1:50 000,
Wuhan Proteintech), BCL-2 (1:1 000, Wuhan Proteintech), BAX
(1:1 000, Cell Signaling, USA), and the secondary antibodies
used were Horseradish Peroxidase (HRP) and Horseradish Per-
oxidase (HRP). The secondary antibodies used were Horserad-
ish Peroxidase (HRP)-coupled horse anti-mouse IgG (1:20 000,
Cell Signaling, USA), HPR-coupled goat anti-rabbit 1gG (1:20
000, Cell Signaling, USA), and Protein Marker (ThermoFisher).

Statistical analysis

All experiments were repeated at least 3 times. Western Blot
images were processed using Imagel software and data were
processed using Prism 10 software, all data are expressed as
Mean+SEM unless otherwise stated. Multiple comparisons
were performed using one-way analysis of variance (ANOVA) if
not otherwise indicated, and P<0.05 was considered a statisti-
cally significant difference.

Results
Characterization of MSC-Exos and SENs

Exosome is a cell-secreted nanoscale lipid bilayer membrane
vesicle with a diameter of about 40-160 nm, which is approxi-
mated as a saucer-shaped or a hemisphere with one side con-
cave under transmission electron microscope, and contains
nucleic acids, proteins, lipids, and so on [24]. Based on the par-
ticle size, morphology and protein expression of the extracts
can be identified as exosomes or not, the peak particle sizes of
MSC-Exos and SENs extracted in this study were 124 nm and 90
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nm, respectively (Figure 1A, Figure 1B), which were within the
range of the particle size of exosomes. Under the electron mi-
croscope, both MSC-Exos and SENs were in the shape of “disk”
or “cup”, and their diameters were around 100 nm (Figure 1C,
Figure 1D), which was in line with the standard micromorpho-
logical characteristics of exosomes.

Fluorescent labeling and cellular uptake analysis of MSC-
Exos and SENs

Both exosomes and plant-derived exosome-like nanopar-
ticles have been shown to be efficiently delivered into mam-
malian cells [25,26]. To further validate the ability of fine HDF to
take up MSC-Exos and SENs, MSC-Exos and SENs were labeled
with PKH26 and PKH67, respectively, at a concentration of 25 p
g/mL, and subsequently observed under a fluorescence micro-
scope (Figure 2A). The green and red fluorescence within HDF
indicate that MSC-Exos and SENs are able to be taken up by HDF.

Cytotoxic effects of MSC-Exos and SENs

To evaluate the cytotoxic effects of MSC-Exos and SENs on
HDFs, cell viability was detected at 24 and 48 h after treatment
in this study. The experimental results showed that neither
MSC-Exos nor SENs exhibited cytotoxicity in the set concentra-
tion range. In addition, at 24h, SENs alone and in combination
presented cell proliferation promotion, indicating that MSC-
Exos and SENs not only have good biocompatibility, but also
promote the proliferation of HDFs to a certain extent.

Effects of MSC-Exos and SENSs on cell proliferation

The experiments showed that there was no significant dif-
ference in the cell proliferation levels among the experimental
groups after 24 h treatment. However, after 48 h treatment,
the cell proliferation level of the MSC-Exos and SENs combined
group was significantly higher than that of the H,O_-treated
group, whereas the experimental groups given MSC-Exos or
SENSs alone did not show statistically significant differences. This
result suggests that under oxidative stress conditions, the com-
bined action of MSC-Exos and SENs can more effectively pro-
mote the cell proliferation of HDFs and may have a synergistic
protective effect.

Effects of MSC-Exos and SENSs on cell migration

The cell scratch assay was used to observe the migration of
HDFs related to wound healing. As shown in Figure 5, after 12h
treatment, there was no significant difference in all groups com-
pared to the H,O,-treated group, and there was a tendency to
promote cell migration in the MSC-Exos group, but there was
no statistical difference. After 24 h treatment, there was a sta-
tistically significant difference in the MSC-Exos group compared
with the H,0,-treated group and the level of cell migration was
similar to that of the blank control group; whereas, there was a
tendency to promote cell migration in the MSC-Exos and SENs
combination group although there was no statistically signifi-
cant difference in the MSC-Exos and SENs combination group
compared with the H,0,-treated group. It indicated that MSC-
Exos could effectively promote the migration ability of HDFs
under oxidative stress conditions, and the combination of MSC-
Exos and SENs tended to promote the migration of HDFs.

Effects of MSC-Exos and SENs on reactive oxygen species
generation and mitochondrial membrane potential

H,0, induces cellular oxidative stress to damage HDFs, and
the green fluorescence is the level of intracellular reactive oxy-
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Figure 1: Exosome identification results. (A,B) Particle size analysis of MSC-Exos and SENs, respectively; (C)
electron micrograph of MSC-Exos with a scale bar of 100 nm; (D) electron micrograph of SENs with a scale bar
of 100 nm.
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Figure 2: Uptake of MSC-Exos and SENs by HDFs. (A) MSC-Exos and SENs were stained with PKH26 and PKH67,
respectively, and co-incubated with HDF for 48 h. Nuclei were stained with DAPI prior to visualization by
fluorescence microscopy. The scale bar was 200u m.
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Figure 4: Effects of MSC-Exos and SENs on H,O,-induced oxidative stress model on cell proliferation. (A,B) Cell
proliferation analysis by Cell Counting Kit-8 assay. 1 mM H,0, was treated with 1 mM H,0, for 0.5 h, followed
by MSC-Exos and SENs for 24 and 48 h. Absorbance was measured at 450 nm. (*p<0.05, **** p<0.0001, ns: not
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gen species generation. The experiments showed that the aver-
age intracellular reactive oxygen species showed a decreasing
trend after MSC-Exos and SENs treated oxidative stress HDFs for
48h, i.e., both exosomes

have obvious ROS scavenging ability, and the effect of the
combination of MSC-Exos and SENs was more obvious (Figure
6A & 6C).

Under oxidative stress conditions, a decrease in mitochon-
drial membrane potential may lead to an increase in ROS gener-
ation, which in turn triggers apoptosis or autophagy. In this ex-
periment, the mitochondrial membrane potential was detected
using the JC-1 probe. When the mitochondrial membrane po-
tential was high, JC-1 aggregated in the matrix of the mitochon-
dria and formed a polymer, producing red fluorescence; when
the mitochondrial membrane potential was low, JC-1 could not
aggregate in the matrix of the mitochondria, and at this time,
JC-1 was a monomer, producing green fluorescence. The ex-
periments showed that the mitochondrial membrane potential
level decreased significantly after H202 treatment of HDFs, and
the mitochondrial membrane potential tended to increase after
48 h of treatment with MSC-Exos and SENs, and the increase

was more obvious in the group of MSC-Exos and SENs in com-
bination. This indicated that both MSC-Exos and SENs had the
effect of restoring the mitochondrial membrane potential of
oxidative stress cells, and the effect of MSC-Exos and SENSs in
combination was more obvious. (Figure 6B, Figure 6D).

Regulation of BAX and BCL-2 protein expression by MSC-
Exos and SENs

Existing studies have shown that BCL-2 family proteins play
a key role in the process of apoptosis through mitochondrial
pathway [27]. Among them, BCL-2, as an anti-apoptotic protein,
prevents the release of cytochrome C by inhibiting the permea-
bility of the outer mitochondrial membrane, thereby maintain-
ing the mitochondrial membrane potential. BAX, on the other
hand, is a pro-apoptotic protein that initiates apoptosis by cre-
ating pores in the mitochondrial membrane that promote the
release of cytochrome C [28]. Therefore, the ratio of BCL-2/BAX
was positively correlated with the mitochondrial membrane
potential level. The results showed that the ratio of BCL-2/BAX
decreased significantly after H,0, treatment of HDF, indicating
that the mitochondrial membrane potential of H,0, also de-
creased significantly, which was consistent with the change of
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Figure 5: Effect of MSC-Exos and SENs on cell migration. (A) The cell scratch model was constructed and treated
with 1 mM H,0, for 0.5 h. After the treatment, MSC-Exos and SENs were added by group to verify the effect of
exosomes on the migration effect of cells using the scratch assay. Scale bar was 40 m; (B) Prism 10 analyzed
Adobe Photoshop and Imagel-treated images, and migration rates of scratched wounds were counted using
two-factor ANOVA. (**p<0.01, ****p<0.0001,ns: not significant, n=3)
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Figure 6: Effects of MSC-Exos and SENs on reactive oxygen species generation and mitochondrial membrane
potential. (A) Levels of reactive oxygen species within HDFs were determined using DCFH-DA after treatment
with 1 mM H,0, for 0.5 h and treatment with MSC-Exos and SENs for 48 h. Scale bar is 200 um; (B) Mitochondrial
membrane potential within HDFs treated with MSC-Exos and SENs for 48 h after 0.5 h treatment with 1 mM H,0,
was determined using JC-1. Scale bar is 200 um; (C) Relative fluorescence intensity of ROS was analyzed using
Prism 10; (D) Relative ratio of red fluorescence to green fluorescence was analyzed using Prism 10. (¥*p<0.05,
**p<0.01, ***p<0.001,****p<0.0001, ns: not significant, n=3).
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Figure 7: Regulation of BAX and BCL-2 protein expression by MSC-Exos and SENs. (A) Expression of BCL-2, BAX,
and B- Actin within treated HDFs; (B) Ratio of BCL-2/BAX in each group after quantitative analysis by Image J.
(*p<0.05, **p<0.01, ns: not significant, n=3).

mitochondrial membrane potential of 3.6, and the ratio of BCL-
2/BAX increased after 48 h of MSC-Exos and SENs treatment,
and was more obvious in the SC-Exos and SENs group, which
was also consistent with the experimental results of 3.6. These
results indicated that the combination of MSC-Exos and SENs
could promote the expression of BCL-2, thereby maintaining
the mitochondrial membrane potential level and exerting anti-
apoptotic effects. At the same time, the expression of BAX de-
creased, indicating that the combination of MSC-Exos and SENs
could inhibit the production of pro-apoptotic signals, thereby
inhibiting apoptosis (Figure 7).

Discussion

Oxidative stress has been implicated in a variety of patholog-
ical processes, such as skin aging, chronic inflammatory skin dis-
eases, and delayed healing from trauma [29,30]. Among them,
ROS is a key mediator of cell sighaling pathways and inflamma-
tion during healing [31]. Excessive oxidative stress caused by
ROS overproduction after trauma can lead to cellular senes-
cence, apoptosis, and chronic inflammation, ultimately interfer-
ing with wound healing process [31]. In addition, mitochondria
are the main source of intracellular ROS, and their functional
status is of great significance for the maintenance of cellular re-
dox homeostasis [32]. However, under conditions of oxidative
stress, excessive levels of ROS can disrupt the integrity of mi-
tochondrial membranes, leading to mitochondrial dysfunction
and cell damage [32,33].

Oral administration of exogenous antioxidants in everyday
life can be considered a traditional means of antioxidant, but
these treatments often fail to achieve the desired antioxidant
effect due to the first-pass effect [34,35]. In recent years, stem
cell exosomes and plant-derived exosome-like nanoparticles
have attracted extensive attention due to their good biocom-
patibility, drug loading capacity, and potential to modulate cell
function [36,37]. Therefore, in this study, H,0,-induced oxida-
tive stress model was used to explore the role and synergistic
effect of MSC-Exos and SENs in damage repair.

The results showed that both MSC-Exos and SENs were effi-
ciently taken up by HDF cells (Figure 2), which is consistent with
previous studies [25,26]. Moreover, the intracellular distribu-
tion of the two is not fused with each other (Figure 2), suggest-
ing that they can enter the cell as independent functional units
to play a role. This phenomenon may be related to differences

in membrane composition and surface proteins between mam-
malian exosomes and plant-derived nanoparticles [38]. This “in-
dependent” pattern of uptake may be beneficial for each of its
specific biological functions.

In functional experiments, we observed that both exosomes
were non-cytotoxic and even promoted HDF proliferation at
some concentrations and time points (Figure 3), showing good
biocompatibility. MSC-Exos significantly enhanced cell migra-
tion in scratch assays, while SENs alone did not exhibit a migra-
tion-promoting effect. The role of MSC-Exos in promoting cell
migration may be related to its abundance of growth factors
and regulatory miRNAs. MiR-21-5p and miR-125b-5p, among
others, have been shown to promote fibroblast migration and
inhibit scarring [39,40]. In contrast, the migration-promoting ef-
fect of SENs in this study was not significant, which may be due
to the fact that the components of SENs are more inclined to
antioxidant and anti-inflammatory, rather than directly activat-
ing migration-related signaling pathways, but this still needs to
be verified experimentally.

From the perspective of mechanism, exosome combination
can significantly reduce the level of intracellular ROS, restore
mitochondrial membrane potential, and upregulate the BCL-2/
BAX ratio, suggesting that it can achieve antioxidant and pro-
survival effects by stabilizing mitochondrial function and inhibit-
ing mitochondria-related apoptosis pathways. It is worth noting
that although SENs did not significantly promote cell migration,
they performed prominently in regulating ROS clearance and
mitochondrial function, suggesting that they may be used as a
powerful supplement to enhance the antioxidant effect of stem
cell exosomes.

The advantage of this study is that it is the first time to pro-
pose and verify the synergistic antioxidant strategy of plant-
derived exosome-like nanoparticles and stem cell exosomes,
which provides a new research idea for the combined applica-
tion of multi-source exosomes in skin injury repair. However,
there are still some limitations in this study, for example, the
specific bioactive components of SENs have not yet been clari-
fied, and the composition analysis in exosomes still needs to be
deepened. In addition, this study is an in vitro study, and further
animal models and tissue repair experiments are needed in the
future to verify its application prospect in real skin trauma en-
vironments.
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Conclusion

This study showed that both MSC-Exos and SENs could im-
prove H,0,-induced oxidative stress damage, and MSC-Exos
played a significant role in promoting cell migration, while SENs
mainly played an antioxidant role. The combination of the two
has a synergistic effect in promoting cell proliferation, reduc-
ing ROS level, restoring mitochondrial membrane potential and
regulating the BCL-2/BAX ratio, which provides a new research
direction for the combined application of exosomes.
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