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A B S T R A C T   

Recent studies suggest hypoxia can promote adipose-derived stem cells (ADSCs) to attenuate 
hypoxia/reoxygenation (H/R)-induced damage to human dermal microvascular endothelial cells 
(HDMECs). Extracellular vesicles (EVs), isolated from ADSCs, play an-important role in the fields 
of regenerative medicine. Here, we aimed to investigate the effect of EVs isolated from hypoxia- 
pretreated ADSCs (ADSC-EVs[H]) on HDMECs to attenuate ischemia/reperfusion injury of free 
skin flaps. First, we characterized EVs isolated from normoxia-cultured ADSCs (ADSC-EVs[N]) 
and ADSC-EVs(H). Experimental data indicated that EVs isolated from ADSCs consisted of lipid- 
bilayer vesicles that exhibited positive expression of vascular endothelial growth factor (VEGF) 
and marker proteins CD9, CD63 and CD81, and the mean particle size of EVs in the hypoxia- 
pretreated ADSCs (ADSC[H]) group was smaller (74.17 nm) than in the normoxic-cultured 
ADSCs (ADSC[N]) group (93.87 nm). Hypoxic pretreatment increased the number of EVs. 
Later, we favorably constructed the co-culture model of EVs isolated from ADSCs (ADSC-EVs) and 
H/R-induced HDMECs. Cell counting kit-8, Ethynyldeoxyuridine assay, western blotting and 
immunofluorescence staining showed that ADSC-EVs(H) promoted the survival of HDMECs and 
increased LC3 level. Apoptosis, reactive oxygen species (ROS) and JC-1 mitochondrial membrane 
potential (MMP) assays revealed that ADSC-EVs(H) reduced the apoptosis rate and ROS accu-
mulation and increased MMP level in HDMECs, indicating that ADSC-EVs(H) effectively atten-
uated H/R-induced damage in HDMECs through autophagy activation and the-inhibition of 
apoptosis and oxidative stress. This study confirmed that ADSC-EVs(H) could effectively regulate 
the proliferation, apoptosis, oxidative stress, and autophagy expression of H/R-induced HDMECs 
in vitro, and therefore the transplantation of ADSC-EVs(H) may provide novel insights for the 
transplantation of free skin flaps.   

1. Introduction 

Free skin flap transplantation is an important method to repair soft tissue defects in plastic and reconstructive medicine. However, 
ischemia/reperfusion (I/R) injury has limited the clinical application of free skin flaps [1]. 

Recent years, cell-based therapy with adipose-derived stem cells (ADSCs) has emerged as a promising tool in regenerative medicine 

* Corresponding author. 
E-mail address: linhuang_72@163.com (H. Lin).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e13315 
Received 5 September 2022; Received in revised form 22 January 2023; Accepted 26 January 2023   

mailto:linhuang_72@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e13315
https://doi.org/10.1016/j.heliyon.2023.e13315
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e13315&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e13315
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e13315

2

[2]. As an important source of mesenchymal stem cells (MSCs), ADSCs play an important role in a variety of cellular functions, 
including promoting the survival of adipose grafts and angiogenesis, and alleviating reperfusion injury in the brain [3–5]. However, 
the mechanism remains controversial. One view is that MSCs could repair damage mainly by differentiating into target cells [6]; 
however, it has been shown that most MSCs died within 2 weeks after transplantation; and the remaining viable MSCs were insufficient 
to repair the damage [7]. Another hypothesis is that MSCs regulate cell damage mainly through paracrine factor [8]. 

As an important paracrine mediator between MSCs and target cells, extracellular vesicles (EVs) are involved in various pathological 
and physiological processes, including intercellular substance exchange and signal transduction [9]. For example, EVs can enhance 
angiogenesis [10]; and alleviate inflammation by carrying multiple components, including soluble proteins, mRNA and microRNA, 
into target cells [11–13]. Additionally, EVs from ADSCs (ADSC-EVs) can protect rat skin flaps, brain, and adipose tissues [3–5] against 
I/R injury. 

Our previous study has demonstrated hypoxia promotes ADSCs to attenuate hypoxia/reoxygenation (H/R)-induced injury in 
human dermal microvascular endothelial cells (HDMECs). However, it remains unclear whether hypoxia-pretreated ADSC-EVs (ADSC- 
EVs[H]) can inhibit H/R-induced HDMECs injury. In this study, we aimed to 1) isolate and compare EVs isolated from normoxia- 
cultured ADSCs (ADSC-EVs[N]) and ADSC-EVs(H); and 2) investigate the effect of ADSC-EVs(H) on H/R-induced HDMECs injury 
and explore possible mechanisms. 

2. Material and methods 

2.1. Cell culture and EVs isolation 

HDMECs and ADSCs were purchased from American Type Culture Collection (Washington, America). HDMECs were cultured as 
previous described [14]. ADSCs were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Grand island, America) con-
taining 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin solution [2]. 

EVs were extracted from the supernatants of ADSCs cultures using an Exosome Isolation kit (293–77601, Wako Pure Chemical 
Industries, Tokyo, Japan), following the manufacturer’s instructions. Briefly, ADSCs were either transferred to DMEM containing 10% 
EV-depleted FBS and cultured in a normoxic incubator (95% air, 5% CO2), or transferred to serum-free DMEM and cultured in a 
hypoxic incubator (93% N2, 5% CO2, 2% O2). After 48 h, the medium was centrifuged at a rate of 1000 r/min for 10 min and the 
supernatant was filtered through 0.22 μm filters to remove dead cells and debris. The high purity EVs were extracted using Exosome 
Isolation kit. Magnetic beads made of Tim 4 protein were used to bind phosphatidyl serine (PS) on the surface of EVs in the presence of 
metal ions, then neutral elution buffer containing EDTA was used to elute the EVs. Isolation of EVs with high purity and integrity was 
achieved by the PS affinity method [15]. EVs were immediately used for experiments or stored at − 80 ◦C. The experiments were 
approved by the Ethics Committee of Beijing Anzhen Hospital, Capital Medical University, China. 

2.2. EVs assay 

The proteins of EVs were detected using a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, Waltham, Mas-
sachusetts, America) according to the manufacturer’s instructions. The optical density (OD) of proteins was measured at 562 nm by a 
microplate reader (Multiskan GO, Thermo Fisher Scientific). Marker proteins and vascular endothelial growth factor (VEGF) in EVs 
were detected using western blotting with the following antibodies: CD9 antibody (bs-2489 R, Bioss, Beijing, China), CD81 antibody 
(GTX31381, GeneTex, Southern California, America), VEGF antibody (AF5131, Affinity, Jiangsu, China), CD63 antibody (GTX41877, 
GeneTex) and β-actin (1:50,000; cat. No. AC026; ABclonal, China). The secondary antibody was a rabbit polyclonal secondary anti-
body to mouse IgG-H&L (ab6728, Abcam, Shanghai, China). The morphology of EVs was observed using a transmission electron 
microscope (JSM-IT300LV, JEOL, Beijing, China) with an EVs electron microscope analysis kit (Weihui Biology, Beijing, China). 
Finally, the diameter, distribution and number of EVs were analyzed by nanoparticle tracking analysis with a Nanosight NS300 
(Beijing, China). 

2.3. Experimental protocol 

The HDMECs were randomly divided into four groups: 1) Control group, cultured under normoxic conditions (95% air, 5% CO2); 2) 
H/R group, placed into a hypoxic incubator (94% N2, 5% CO2, 1% O2) for 8 h then incubated under normal conditions for 24 h [14]; 3) 
H/R + ADSC-EVs(N) group, H/R group treatment followed by the addition of 20 μg ADSC-EVs(N) to the culture medium; and 4) H/R +
ADSC-EVs(H) group, H/R group treatment followed by the addition of 20 μg ADSC-EVs(H) to the culture medium. 

2.4. Cell proliferation 

Cell Counting Kit-8 (CCK8, C0038, Beyotime, Shanghai, China) assay was used to determine the proliferation rate of HDMECs at 24 
h, 48 h and 72 h, following the manufacturer’s instructions. Briefly, cells were seeded into 96-well plates, 10 μL CCK8 solution was 
added to each well and incubated for 4 h at 37 ◦C. The OD at 450 nm was measured by a microplate reader. 

According to the manufacturer’s instructions, the Ethynyldeoxyuridine (EdU) Cell Proliferation Kit with Alexa Fluor 555 (cat. No. 
CX003, Cellor Lab, China) was used to conduct the EdU assay. Cells were cultured in 24-well dishes at a density of 1 × 104 cells per 
well. After 24 h of co-culture with ADSC-EVs, the cell medium was removed, and EdU-labeled (also called EdU+) medium was added to 
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24-well dishes and incubated at 37 ◦C for 2 h. Cells were first fixed with 4% paraformaldehyde for 15 min at room temperature and 
washed with PBS three times for 5 min, then permeabilized with 0.3% Triton X-100 at room temperature and washed with PBS three 
times for 5 min. Following that, 200 μL of click working solution was added to each well and incubated for 30 min under light-shading 
conditions. After washing three times with PBS, the nuclei were counterstained with Hoechest 33,342 for 10 min at room temperature. 
Finally, EdU + cells were observed using a fluorescence microscope (Nikon DS-Ri2, China) and shown as orange fluorescence. And 
Image processing and analysis was performed using Image J (version 1.51). 

2.5. Apoptosis assay 

Flow cytometry (FACSCalibur, BD Biosciences, Franklin Lakes, New Jersey, America) was used to assess the apoptosis rate of 
HDMECs co-cultured with ADSC-EVs for 24 h. To detect apoptotic cells, a fluorescein isothiocyanate (FITC) Annexin V (AV) Apoptosis 
Detection Kit I (556,547, BD Biosciences) was used according to manufacturer’s instructions, under which AV labels apoptotic cells and 
propidium iodide (PI) marks necrotic cells. 

2.6. Reactive oxygen species (ROS) assay 

After co-cultured with ADSC-EVs for 24 h, the ROS level in HDMECs was measured using the ROS Assay Kit (S0033, Beyotime) 
according to the manufacturer’s instructions. The light emission of cell samples was measured at a wavelength of 520 nm using a flow 
cytometer. ROS-positive cells showed strong green fluorescence. 

2.7. JC-1 mitochondrial membrane potential (MMP)assay 

Preparation of the JC-1 staining solution (Component A) and positive control were undertaken using a MMP kit (C2006-1, 
Beyotime) according to the manufacturer’s instructions. After co-cultured with ADSC-EVs for 24 h, HDMECs were harvested and 
resuspended with 0.5 mL phosphate-buffered saline. Next, 0.5 mL JC-1 staining solution was added to each sample and incubated for 
30 min at 37 ◦C. Cells were washed and resuspended twice with JC-1 buffer for analysis by flow cytometry. 

2.8. Immunofluorescence staining 

Immunofluorescence staining was used to detect the expression of microtubule-associated protein 1 A/1 B-light chain 3 (LC3) in 
HDMECs. Briefly, HDMECs were seeded on a 15-mm glass diameter (cat. No. 801007, Nest, Wuxi, China), which was then placed on a 
24-well cell culture plate (cat. No. CCP-12H, Servicebio, China). After being co-cultured with ADSC-EVs for 24 h, cells were washed 
with PBS three times. Then the cells were fixed with 4% paraformaldehyde for 15 min and washed with PBS three times for 5 min. 
Then, HDMECs were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, Shanghai, Beijing) for 15 min and washed with PBS three 
times for 5 min. Blocked cells with 1% bovine serum albumin for 1 h at room temperature, then incubated with LC3 antibody 
(ab48394, Abcam, 1:100) at 4 ◦C for 12 h. After incubation with donkey anti-rabbit IgG H&L (ab6802, Abcam, 1:200) for 1 h at 37 ◦C in 
the dark, 4′,6-diamidino-2-phenylindole was used to stain the nuclei for 10 min. The images were captured under a fluorescence 
microscope (Olympus Corporation, Tokyo, Japan). 

2.9. Western blotting 

HDMECs were washed twice with cold PBS and exposed to RIPA lysis buffer containing a protease inhibitor for 20 min, followed by 
centrifugation at 15,000×g for 10 min at 4 ◦C. The protein concentration was determined using BCA method, and protein content was 
adjusted to achieve equal concentration and volumes. Next, protein samples were analyzed by 12.5% sodium dodecyl sulfate (SDS)- 
polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride membrane. Samples were then incubated with 
primary antibodies at 4 ◦C for 12 h, including LC3 (1:1000; cat. No. A17424; ABclonal, China) and β-actin (1:50,000; cat. No. AC026; 
ABclonal, China). Secondary antibody incubation was then performed using IRDye 680 Goat anti-Rabbit IgG (H + L) (1:10,000, cat. 
No. C80605-15; LiCOR, America) and Donkey anti-mouse IgG (H + L) (1:10,000, cat. No. Ab175738; Abcam, Shanghai). Protein bands 
were visualized and quantified using an Odyssey Infrared Imaging system (Gene Company, Ltd., Beijing, China). 

2.10. Statistical analysis 

All statistical analyses were performed with SPSS 20.0 version (IBM, State of California, America). Differences among groups were 
analyzed by one-way analysis of variance and two-factor analysis of variance. The normality of the data distribution was confirmed 
using the Shapiro–Wilk test, while the homogeneity of variance was confirmed using the F-test. Pairwise comparisons within groups 
were conducted using the Student–Newman–Keuls q test. For all comparisons, P < 0.05 was considered statistically significant. All data 
are presented as mean ± standard deviation. 
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3. Results 

3.1. Characteristic changes in ADSC-EVs after hypoxic pretreatment 

The concentration of EV proteins extracted from ADSCs cultured under normoxic conditions (0.1899 ± 0.0130 mg/mL) was 
significantly increased after hypoxic pretreatment (0.3022 ± 0.0139 mg/mL; P < 0.01; Fig. 1A). The marker proteins CD9, CD63, and 
CD81, as well as VEGF in EVs, were expressed in both normoxic-cultured ADSCs (ADSC[N]) and hypoxia-pretreated ADSCs (ADSC[H]) 
groups (Fig. 1B). Furthermore, the EVs, extracted from the ADSC(H) groups were retained characteristic cup-shaped morphology 
(Fig. 1C and D). The results of the nanoparticle tracking analysis revealed that the majority of EVs were between 30 and 160 nm in 
diameter (Fig. 1E), with the mean particle size of EVs in the ADSC(H) group (74.17 nm) being less than that of the ADSC(N) group 
(93.87 nm) (Fig. 1F) (P < 0.05). Conversely, hypoxic pretreatment induced more EVs production in ADSCs, and the concentration of 
EVs increased from 1.03 × 108/mL in the ADSC(N) group to 4.52 × 108/mL in the ADSC(H) group (P < 0.05, Fig. 1G). Taken together, 
the results of present study demonstrated that the character of EVs were changed after hypoxic pretreatment. 

3.2. ADSC-EVs(H) attenuated the inhibitory effect of H/R on HDMEC proliferation 

The proliferation ability of HDMECs co-cultured with ADSC-EVs for 24 h, 48 h and 72 h were tested using the CCK8 assay. The OD 
value at 450 nm denoted the cell proliferation rate (Fig. 2A). At 24 h, the proliferation rate of HDMECs did not differ significantly 

Fig. 1. Characteristic changes in the extracellular vesicles (EVs) of adipose-derived stem cells (ADSCs) after hypoxic pretreatment. (A) Protein 
concentrations in hypoxia-pretreated ADSCs (ADSC[H]) and normoxia-cultured ADSCs (ADSC[N]). (B) Western blotting of proteins. Expression of 
β-actin, vascular endothelial growth factor (VEGF) and EV-specific markers (CD9, CD63 and CD81) were used to verify the vesicle purity of the EVs. 
Transmission electron microscopy showed the morphology of EVs (scale bar = 200 nm, magnification = 19,000 × ) (C) and maintenance of the 
characteristic cup-shaped morphology in the ADSC(H) group (scale bar = 500 nm) (D). Nanoparticle tracking analysis of EVs in ADSC(H) and ADSC 
(N) showed the changes of particle size distribution (E); mean particle size (F); and number of per milliliter (G); *P < 0.05 vs. ADSC(N); **P < 0.01 
vs. ADSC(N). 
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between the Control, H/R, H/R + ADSC-EVs(N), and H/R + ADSC-EVs(H) groups, 0.71 ± 0.07, 0.53 ± 0.09, 0.59 ± 0.07, 0.63 ± 0.08, 
respectively (P > 0.05). 

At 48 h, the cell proliferation rate in Control and H/R groups was significantly different at 0.97 ± 0.09 and 0.54 ± 0.05, 
respectively, (P < 0.01). Compared with the H/R group, the proliferation rates in H/R + ADSC-EVs(N) and H/R + ADSC-EVs(H) groups 
were significantly higher at 0.68 ± 0.07 (P < 0.05) and 0.84 ± 0.09 (P < 0.01), respectively. ADSC-EVs(H) significantly reduced the 
inhibitory effect of H/R on HDMEC proliferation. 

At 72 h, the difference in cell proliferation between the Control (1.37 ± 0.01) and H/R group (0.50 ± 0.09) continued to increase 
(P < 0.01), indicating that H/R induced irreversible damage to HDMECs in the absence of intervention. Conversely, after co-cultured 
with ADSC-EVs, the proliferation rate was significantly increased in both H/R + ADSC-EVs(N) (0.80 ± 0.09) and H/R + ADSC-EVs(H) 
(1.10 ± 0.05) groups, and ADSC-EVs(H) had a stronger promotion on HDMEC proliferation (P < 0.05). In addition, the proliferation of 
HDMECs was gradually enhanced with the prolongation of co-culture time with ADSC-EVs(H). 

The EdU assay was used to test the proliferation of HDMECs by detecting the replication activity of DNA (Fig. 2B and C). EdU + cells 

Fig. 2. Proliferation rates of human dermal microvascular endothelial cells (HDMECs) in the four groups. (A) Cell Counting Kit 8 was used to test 
the proliferation rate of HDMECs, and the results were expressed as the absorbance (optical density) at 450 nm. (B) The Ethynyldeoxyuridine (EdU) 
assay was used to detect the DNA replication ability of HDMECs. The EdU + cells were stained as orange. The nuclei were counterstained with 
Hoechst 33,342 (blue). The Merge panel showed the results of superimposed fluorescence. Magnification, × 400. Scale bar, 50 μm. (C) Comparison 
of EdU + cells in the four groups. HDMECs in Control group were cultured under normoxic conditions (95% air, 5% CO2). For the hypoxia/ 
reoxygenation (H/R) group, HDMECs were placed in a hypoxic incubator (94% N2, 5% CO2, 1% O2) for 8 h, then incubated under normal conditions 
for 24 h. In the H/R + ADSC-EVs(N) and H/R + ADSC-EVs(H) groups, HDMECs underwent H/R treatment followed by the addition of 20 μg of EVs 
from normoxia-cultured adipose-derived stem cells (ADSC-EVs[N]) or hypoxia-pretreated ADSCs (ADSC-EVs[H]) to the culture medium respec-
tively. ^^P < 0.01 vs. Control, *P < 0.05 vs. H/R, **P < 0.01 vs. H/R, $P < 0.05 vs. H/R + ADSC-EVs(N). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. Extracellular vesicles (EVs) from hypoxia-pretreated adipose-derived stem cells (ADSC-EVs[H]) reduced hypoxia/reoxygenation-induced cellular and mitochondrial apoptosis and reactive 
oxygen species (ROS) accumulation. (A) Scatter diagrams of flow cytometry results of the four groups: untreated Control human dermal microvascular endothelial cells (HDMECs); hypoxia/reox-
ygenation (H/R) treated HDMECs; H/R + ADSC-EVs(N) and H/R + ADSC-EVs(H), H/R treated HDMECs co-cultured with EVs from normoxia-cultured adipose-derived stem cells (ADSC-EVs[N]) or 
ADSC-EVs(H), respectively, for 24 h. Each dot plot shows the following: upper left quadrant, necrotic cells; upper right quadrant, late apoptotic cells positive for annexin-V fluorescein isothiocyanate 
(annexin-V FITC) and propidium iodide (PI); lower left quadrant, viable cells, which exclude annexin-V FITC and PI; and lower right quadrant, early apoptotic cells positive for annexin-V FITC and 
negative for PI. Apoptotic cells are represented by the percentage of annexin-V FITC single-positive and annexin-V FITC/PI double-positive cells. (B) Comparison of apoptosis rates among the four 
groups. (C) Scatter diagrams of cellular mitochondrial membrane potential expressed using percentage positivity of JC-1 dye in the FL1-A & FL2-A channels. (D) Comparison of J-aggregate/JC-1 
monomer ratios, which represent the mitochondrial membrane potential, in each group. (E) Flow cytometry evaluation of ROS production in HDMECs. Strong green fluorescence of ROS-positive cells in 
the FL1-A channel. (F) Comparison of ROS production, as expressed by fluorescence intensity, in the four groups. Data expressed as mean ± standard deviation. ^^P < 0.01 vs. Control; **P < 0.01 vs. H/ 
R; $$P < 0.01 vs. H/R + ADSC-EVs(N). FITC-A, annexin-V FITC. PI-A, PI. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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showed orange fluorescence and the nuclei were counterstained with Hoechst 33,342 and showed blue fluorescence. The EDU + cells 
rate indicated that the number of EdU + cells divided by the number of nuclei. After the H/R treatment, the EdU + cells rate (23.4 ±
2.3%) was significantly decreased compared with the Control group (69.1 ± 2.2%) (P < 0.01). However, the EdU + cells rate in the H/ 
R + ADSC-EVs(N) group (43.7 ± 0.8%) was higher than that in the H/R group (P < 0.01). Importantly, the EdU + cells rate in the H/R 
+ ADSC-EVs(H) group (54.3 ± 1.1%) was significantly higher than that in the H/R + ADSC-EVs(N) group (P < 0.01). Taken together, 
the results of present study demonstrated that ADSC-EVs(H) had better cytoprotective effect than ADSC-EVs(N) in promoting the 
proliferation of H/R-treated HDMECs. 

3.3. ADSC-EVs(H) inhibited H/R-induced apoptosis in HDMECs and mitochondria 

We investigated the apoptosis of H/R-induced HDMECs after co-cultured with ADSC-EVs for 24 h by flow cytometry (Fig. 3A and 
B). H/R significantly induced apoptosis in HDMECs (39.69 ± 1.74%, P < 0.01), compared with Control (5.36 ± 1.40%). However, the 
apoptosis rates in H/R + ADSC-EVs(N) and H/R + ADSC-EVs(H) groups were 30.69 ± 1.98% and 19.05 ± 1.15% (P < 0.01), 
demonstrating that ADSC-EVs(H) had a strong inhibitory effect on H/R-induced apoptosis in HDMECs. 

The reduction of MMP is a landmark event in the early stage of apoptosis. The results were expressed by J-aggregate/JC-1 monomer 
ratio (Fig. 3C and D). Compared with Control (24.36 ± 2.30), the J-aggregate/JC-1 monomer ratio was significantly lower in the H/R 
group (1.54 ± 0.06) (P < 0.05), indicating that H/R induced additional JC-1 monomers production, leading to the depolarization of 
the mitochondrial membrane, and thus increasing the level of mitochondrial apoptosis. Compared with the H/R group, the J-aggre-
gate/JC-1 monomer ratio was significantly higher after co-cultured with ADSC-EVs (P < 0.05), with 2.38 ± 0.12 for H/R + ADSC-EVs 

Fig. 4. Expression of microtubule-associated protein 1 A/1 B-light chain 3 (LC3) in human dermal microvascular endothelial cells (HDMECs) in the 
four groups. Untreated Control HDMECs; hypoxia/reoxygenation (H/R)-treated HDMECs; H/R + ADSC-EVs(N) and H/R + ADSC-EVs(H), H/R- 
treated HDMECs were co-cultured with EVs from normoxia-cultured adipose-derived stem cells (ADSC-EVs[N]) or hypoxia-pretreated ADSCs 
(ADSC-EVs[H]). (A) Immunofluorescence staining (green) of LC3, showing increased accumulation in the HR + ADSC-EVs(H) group. Nuclei stained 
with 4′,6-diamidino-2-phenylindole (DAPI) were blue. The Merge panel showed the results of superimposed fluorescence. Magnification, × 400. (B) 
Comparison of mean fluorescence intensity of LC3 immunofluorescent staining in the four groups; (C) Evaluation of the protein expression ratio of 
LC3 II/I (D) by western blotting analysis of the relative expression of LC3 II/I using β-actin as an internal control. ^^P < 0.01 vs. Control; **P < 0.01 
vs. H/R; $$P < 0.01 vs. H/R + ADSC-EVs(N). 
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(N) and 6.46 ± 0.67 for H/R + ADSC-EVs(H) (P < 0.01). The results revealed that ADSC-EVs significantly reduced H/R-induced 
mitochondrial membrane depolarization and apoptosis, particularly ADSC-EVs(H). 

3.4. ADSC-EVs(H) reduced H/R-induced ROS accumulation in HDMECs 

Flow cytometry results in Fig. 3E and F showed the ROS level of HDMECs in the four groups expressed as fluorescence intensity. 
Fluorescence intensity in the H/R group (18651.80 ± 1102.32) was significantly higher than in the Control group (6708.64 ± 138.06) 
(P < 0.01), indicating that H/R induced additional ROS production in HDMECs. With ADSC-EVs co-cultured for 24 h, the fluorescence 
intensity significantly decreased (P < 0.01). Furthermore, the fluorescence intensity was significantly lower in ADSC-EVs(H) group 
(8811.39 ± 405.38) compared with H/R + ADSC-EVs(N) group (12155.20 ± 842.14; P < 0.01). ADSC-EVs(H) strongly reduced H/R- 
induced ROS accumulation. 

3.5. ADSC-EVs(H) promoted autophagy induction in HDMECs 

The expression of LC3 was detected using immunofluorescence and western blotting after HDMECs were co-cultured with ADSC- 
EVs for 24 h (Fig. 4). Among the four groups of HDMECs, the fluorescence intensity of LC3 was lowest in the Control group (P < 0.01, 
Fig. 4A and B). Spots of LC3 fluorescence indicative of aggregation appeared in H/R group and were significantly enhanced after co- 
culture with ADSC-EVs for 24 h (P < 0.01), particularly in the ADSC-EVs(H) group (P < 0.01), indicating that hypoxic pretreatment 
enhance the autophagy induced by ADSC-EVs in HDMECs. 

The ratio of LC3 II/I was tested to evaluate autophagy level of HDMECs (Fig. 4C and D). Compared with the Control, the ratio of LC3 
II/I was significant increase in the H/R group (P < 0.05). Importantly, the ratio of LC3 II/I in the H/R + ADSC-EVs(H) group was 
evidently higher than that in the H/R group (P < 0.01), but not obviously in the H/R + ADSC-EVs(N) group (P > 0.05). Taken together, 
the results of present study indicated that hypoxia-pretreated ADSC-EVs activated the autophagy of HDMECs. 

4. Discussion 

In this study, we investigated the effect of hypoxic pretreatment on ADSC-EVs and the effect of the EVs on H/R-induced damage in 
HDMECs. Our results clearly demonstrated that hypoxic pretreatment promoted additional secretion of EVs by ADSCs, and that ADSC- 
EVs(H) enhanced proliferation and autophagy and inhibit H/R-induced apoptosis and ROS accumulation, more significantly than 
ADSC-EVs(N) in HDMECs. To our knowledge, this is the first study to report the protective effects of ADSC-EVs(H) on H/R-induced 
damage in HDMECs in vitro. 

Currently, the protective mechanism of MSCs remains controversial. The advantages of using MSCs in flap transplantation involve 
differentiation and paracrine signaling. In a report using a mouse random flap model, only 20.81% of microvascular endothelial cells 
were differentiated from ADSCs [7]. Researchers also found that most MSCs died within 2 weeks after transplantation [16], indicating 
that differentiation alone is not sufficient to repair the lesions [7]. Therefore, paracrine signaling may be the main mechanism un-
derlying the cytoprotective effect of MSCs. Gnecchi et al. reported that intramuscular injection of medium after culturing MSCs could 
reduce the area of myocardial infarction [17]. In this study, we successfully demonstrated that paracrine signaling was an important 
pathway for ADSC-mediated protection, and that ADSC-EVs are the true implementors of protection against H/R injury in HDMECs. 

Moderate hypoxia can activate adaptive cellular responses, including secretion of survival and proangiogenic factors that match the 
supply of O2 [18–20]. In this research, hypoxic pretreatment induced significantly more EVs to be released from ADSCs and increased 
the expression of VEGF in ADSC-EVs. Johnsen et al. found that knockdown of hypoxia-inducible factor 1 α (HIF-1α) resulted in a 
significant decrease in EVs in MSCs [20]. Zhang et al. reported that inhibition of HIF-1α inhibited VEGF expression in a time-dependent 
manner [21]. Therefore, we inferred that hypoxic pretreatment might enhance EVs secretion by activating the HIF-1α/VEGF signaling 
pathway. EVs functioning through paracrine or autocrine approaches might promote the adaptation of ADSCs to the hypoxic 
microenvironment. 

ADSC-EVs(H) had the ability to promote the proliferation of HDMECs at the cellular level, with a significant time-to-effect rela-
tionship. However, statistical significance was not reached until 48 h. Yudi Han et al. reported that the proportion of EVs entering 
human umbilical vein endothelial cells was significantly higher after 12 h of co-culture than 6 h [22], indicating that, over time, more 
and more EVs entered endothelial cells to promote cell proliferation, and that angiogenic proteins encapsulated within the EVs directly 
promoted cell proliferation and triggered the transcription of angiogenic genes [23]. They also found that the proliferation of these 
cells peaked at 12 h of co-culture with ADSC-EVs and hypothesized that the effect of ADSC-EVs was temporary and lapsed after 12 h. Its 
protective effect was diminished after endocytosis and degradation of angiogenic proteins by target cells [22]. While ADSC-EVs were 
performed prior to hypoxia in HDMECs in this research. We speculated that different cellular processes might be responsible for the 
different phenomena, and the H/R treatment of HDMECs delayed the endocytosis, resulting in postponed effect of ADSC-EVs. 

Weizhong Wang et al. reported that reperfusion injury is an important cause of free skin flap necrosis [24]. And the death of 
HDMECs is an important feature of reperfusion injury of free skin flap transplantation. At the reperfusion stage, high levels of ROS, 
endothelium-derived relaxing factor, and pro-inflammatory cytokines such as tumor necrosis factor α and interleukin-1 are released 
from ischemic tissues [25], resulting in leukocyte infiltration, interstitial edema, apoptosis and autophagy [26]. Reperfusion can also 
cause mitochondrial respiratory chain dysfunction by damaging complexes I, II and IV, resulting in mitochondrial membrane depo-
larization and mitochondrial outer membrane rupture, leading to the release of cytochrome C into the cytoplasm and activation of the 
autophagy and apoptosis pathway. To further investigate the mechanisms possibly responsible for the protective effect of ADSC-EVs 
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(H), we assessed the levels of ROS, MMP and apoptosis. The results demonstrated that ADSC-EVs(H) prior to hypoxia inhibited ROS 
accumulation, mitochondrial membrane depolarization and apoptosis rate; this indicated that the mitochondrial damage and 
apoptosis could be inhibited by ADSC-EVs(H). 

The relationship between autophagy and apoptosis is complex. In most cases, autophagy is a physiologic process for tissue survival, 
whereas apoptosis removes the debris in the presence of tissue injury. Cytoprotective autophagy tends to be anti-apoptotic rather than 
pro-apoptotic and constitutes an initial barrier against apoptosis at low stress intensity. However, at high stress intensity, the induction 
of apoptosis results in the subversion of cytoprotective autophagy and the conversion of cytoprotective molecules into cytotoxic ones 
[27]. In that circumstance, cleavage of essential autophagy-related proteins not only inactivates the autophagic machinery but also 
leads to the generation of protein fragments with novel pro-apoptotic properties [27]. However, there are only several examples of 
autophagy having a promotion effect of apoptosis [28]. In this study, ADSC-EVs(H) attenuated the damage of HDMECs by activating 
autophagy and inhibiting apoptosis. The mechanism might be that the ADSC-EVs(H) would increase the threshold of stress required to 
induce apoptosis, thus HDMECs underwent cytoprotective autophagy rather than lethal apoptosis. 

This study also has some limitations. First, the alterations in capacity of angiogenesis of HDMECs after H/R and EVs treatment were 
not investigated but is planned for a future study. Second, the mechanism of ADSC-EVs(H) in inhibiting apoptosis was not investigated 
but is planned for a future study. Third, the animal experiments were not performed to further elucidate the protective effect of 
hypoxia-pretreated ADSC-EVs on HDMECs. 

Conclusions 

Our study demonstrated that ADSC-EVs(H) effectively regulated H/R induced HDMECs proliferation, apoptosis, oxidative stress, 
and autophagy in vitro, and therefore the transplantation of ADSC-EVs(H) may provide new insights for free skin flaps transplantation. 
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