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Background: Pressure ulcer is common in the bedridden elderly with high mortality and lack of effective treatment. In this study, 
human-adipose-derived-stem-cells-hyaluronic acid gel (hADSCs-HA gel) was developed and applied topically to treat pressure ulcers, 
of which efficacy and paracrine mechanisms were investigated through in vivo and in vitro experiments.
Methods: Pressure ulcers were established on the backs of C57BL/6 mice and treated topically with hADSCs-HA gel, hADSCs, 
hyaluronic acid, and normal saline respectively. The rate of wound closure was observed continuously during the following 14 days 
and the wound samples were obtained for Western blot, histopathology, immunohistochemistry, and proteomic analysis. Human 
dermal fibroblasts (HDFs) and human venous endothelial cells (HUVECs) under normal or hypoxic conditions were treated with 
conditioned medium of human ADSCs (ADSC-CM), then CCK-8, scratch test, tube formation, and Western blot were conducted to 
evaluate the paracrine effects of hADSCs and to explore the underlying mechanism.
Results: The in vivo data demonstrated that hADSCs-HA gel significantly accelerated the healing of pressure ulcers by enhancing 
collagen expression, angiogenesis, and skin proliferation. The in vitro data revealed that hADSCs strengthened the proliferation and 
wound healing capabilities of HDFs and HUVECs, meanwhile promoted collagen secretion and tube formation through paracrine 
mode. ADSC-CM was also proved to exert protective effects on hypoxic HDFs and HUVECs. Besides, the results of proteomic 
analysis and Western blot elucidated that lipid metabolism and PPARβ/δ pathway mediated the healing effect of hADSCs-HA gel on 
pressure ulcers.
Conclusion: Our research showed that topical application of hADSCs-HA gel played an important role in dermal regeneration and 
angiogenesis. Therefore, hADSCs-HA gel exhibited the potential as a novel stem-cell-based therapeutic strategy of treating pressure 
ulcers in clinical practices.
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Introduction
Pressure ulcers are defined as localized injuries in the skin and underlying soft tissues as a result of prolonged pressure or 
pressure in combination with friction and shearing force.1 Multiple factors contribute to the pathophysiology of pressure 
ulcers, among which hypoxia plays a major role.2,3 In chronic wounds represented by pressure ulcers, severe damage of 
the vascular network obstructs oxygen supply, which inhibits extracellular matrix (ECM) synthesis, angiogenesis and re- 
epithelialization.4,5 Besides, persistent hypoxia also increases the production of reactive oxygen species (ROS), which 
exacerbates inflammation and prolongs the healing of wounds.6,7 As a refractory disease causing about 1 to 3 million 
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death annually in the United States, pressure ulcers not only exert negative impacts on the life quality of patients in 
physical, social, and psychological aspects, but also lead to increased mortalities in both acute and long-term care 
settings.8–13 Conventional treatments for pressure ulcers include negative-pressure wound therapy, air-fluidized therapy, 
ultrasound therapy, electromagnetic therapy, and surgical flap grafting.14–16 Recently, some novel methods have been 
developed to accelerate wound healing, such as growth factors supplementation, somatic cell therapy, and skin tissue 
engineering.17–19 However, the clinical outcomes remain unsatisfactory and radical therapy is in urgent need. To take a 
step forward in innovative ways to improve the treatment of pressure ulcers, our study developed a novel approach to 
topically deliver human adipose-derived stem cells (hADSCs) in hyaluronic acid (HA) which is termed as hADSCs- 
HA gel.

hADSCs, a class of mesenchymal stem cells (MSCs) that are abundant and easy to extract, have been widely 
recognized to promote wound healing.20 Earlier studies have reported that hADSCs have multidirectional differentiation 
potential and can directly participate in wound repair by differentiating into skin cells, vascular endothelial cells, etc.21,22 

However, recent evidence suggests that the main mechanism by which hADSCs aid in wound healing is mainly based on 
their paracrine nature, that is, the secretion of multiple bioactive molecules comprised of various growth factors, 
cytokines, and chemokines. hADSCs modulate the inflammatory responses at the wound site by secreting anti-inflam-
matory cytokines and promoting macrophage polarization from M1 to M2.23 In addition, hADSCs support the formation 
of new vessels by secreting a variety of pro-angiogenic factors such as VEGF, PDGF, FGF-2, and IGF-1, thus enhancing 
blood supply to the wound.24 Besides, hADSCs paracrinally facilitate the proliferation and migration of the participant 
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cells in wound repair, such as human dermal fibroblasts (HDFs), human umbilical vein endothelial cells (HUVECs), and 
human keratinocytes (HaCaTs), which stimulates wound healing.25–28 hADSCs can also release a range of matrix 
metalloproteinases (MMPs) that, through inducing the breakdown, remodeling, and regeneration of the extracellular 
matrix (ECM), enhance wound mechanics and facilitate tissue recovery.29 In clinical trials, transplantation of hADSCs 
has been used as a therapeutic approach for limb ischemia, diabetic ulcers, and burns.30–34 Animal studies have revealed 
that hADSCs could improve the healing of pressure ulcers in both young and old mice, which were further confirmed 
with both fresh and cryopreserved hADSCs.35,36 These clinical and preclinical studies suggest that hADSCs are suitable 
candidates for treating pressure ulcers.

HA is a polysaccharide that exists naturally in the ECM of human body. Because of its excellent moisturizing, 
lubricating, biocompatible and biodegradable properties, it has a wide range of applications in wound treatments.37 By 
absorbing and maintaining water, HA promotes wound hydration, shields the wound from harmful substances, and 
accelerates epithelial regeneration.38 HA can also interact with CD44 to reduce the recruitment of inflammatory cells 
and alleviate tissue damage.39 Besides, with the ability to bind with RHAMM, HA contributes to the formation of new 
vessels and the migration of HDFs and HUVECs.40,41 By stimulating collagen synthesis by HDFs, HA also participates in 
the synthesis and remodeling of ECM, which enhances the strength and elasticity of newly formed tissue.42 Notably, prior 
research has demonstrated that HA promotes stem cell migration and differentiation, encourages their aggregation towards 
the wound site, and has a good synergistic effect on the biological function of stem cells in treating wounds.43 Therefore, 
HA is widely used as a scaffolding material in tissue engineering to support cell proliferation and tissue regeneration.44

Compared with previously reported techniques, hADSCs-HA gel presents significant advantages in the treatment of 
pressure ulcers. For instance, though surgical debridement therapy removes dead tissue and leaves wound beds clean, it 
also entails risks of bleeding, infection, discomfort, and anesthetic complications.45 Negative pressure wound therapy 
(NPWT), while promoting drainage of exudate from the wound site, has limited efficacy in the management of large or 
deep ulcers and may increase discomfort.46 While ultrasonic therapy can increase blood flow and boost cell activity, its 
efficacy varies depending on frequency and intensity of treatment and may cause thermal damage to adjacent tissues.47 In 
contrast, hADSCs-HA gel can be applied directly to the wound without the need for invasive surgeries or complex 
manipulations, thus minimizing patient discomfort and infection risk. More importantly, in addition to being loaded with 
hADSCs that can paracrinally stimulate wound healing, hADSCs-HA gel is further innovated and optimized in the 
delivery of stem cells. Current applications of hADSCs in wound healing are mainly based on systematic administration 
and local delivery.48 Systematic administration is confronted with high cellular reduction rate and the difficulty in precise 
tissue targeting.49 Therefore, local delivery is gaining increasing interest particularly in the large surface area wounds and 
chronic non-healing wounds. Local approaches mainly include subcutaneous injection and topical application. However, 
shear injury during injection has a negative effect on cell engraftment rate.50 Alternatively, topical applications of 
hADSCs could avoid these issues. For instance, 3D keratin scaffolds supported the adhesion, proliferation, and 
differentiation of hADSCs. It also aided hADSCs to promote wound healing and remodeling in vivo.51 To enhance 
the therapeutic efficacy of hADSCs, several scaffolds have been developed to facilitate the delivery and survival of 
hADSCs, such as biodegradable albumin scaffold, carboxymethyl cellulose hydrogel, and poly vinyl alcohol hydrogel.52– 

54 HA is a natural polymer present in the connective, epithelial, and neural tissues and is also a substantial constituent of 
extracellular matrix (ECM).55 Because of its high molecular weight, hydrophilic nature, and biocompatibility character-
istics, HA acts as a promising cellular scaffold which can promote the survival and biological activity of hADSCs.56–59 

Several studies have demonstrated that by applying the hydrogel containing hADSCs and HA topically, the healing of 
burn wounds, radiation injuries, and diabetic ulcers can be accelerated with promoted re-epithelization and angiogenesis.-
60–62 However, topical applications of such hydrogel on pressure ulcers have been rarely reported.

In this study, in vivo effects of hADSCs-HA gel were evaluated on a mouse pressure ulcer model by skin 
histopathological and immunohistochemical analyses. The paracrine effect of hADSCs was further investigated at the 
cellular level by employing conditioned medium of hADSCs (ADSC-CM) on HDFs and HUVECs under both normal 
and hypoxic conditions. Also, we explored the underlying mechanism with the aid of proteomic analysis. The funda-
mental innovation and benefit of our findings is that we offer a minimally invasive method for applying hADSCs to 
pressure ulcers, which enables highly efficient and safe applications of hADSCs in clinical settings.
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Methods
Reagents and Chemicals
Alpha Minimal Essential Medium (α-MEM), High D-Glucose Dulbecco’s Modified Eagle Medium (DMEM), premium fetal 
bovine serum (premium FBS), trypsin (0.25%), and phosphate buffered saline (PBS) were purchased from Gibco BRL (NY, 
USA). Fetal bovine serum (FBS) was purchased from CellMax (Beijing, China). Cell culture plates were purchased from 
Eppendorf (Hamburg, Germany). Pentobarbital sodium (1030001) was purchased from Sigma-Aldrich (USA). 
Radioimmunoprecipitation assay (RIPA) buffer and proteinase inhibitor cocktails were purchased from Bimake (TX, USA). 
Hyaluronic acid (HA) powder (H909938) was bought from Macklin (Shanghai, China). Medical recombinant type III humanized 
collagen gel was purchased from Newliann (Hunan, China). Magnetic plates weighing about 2.5 g with a 12-mm diameter, a 3- 
mm thickness and a 1000 G magnetic force were purchased from Minci (Shenzhen, China). Masson staining kit (R20381) was 
obtained from Yuanye (Shanghai, China). Bicinchoninic acid (BCA) protein quantification kit was bought from Thermo (USA). 
Antibody of β-actin (A3854) was purchased from Sigma-Aldrich (USA). Antibodies of COL1 (A16891) and PPARβ/δ (A5656) 
were bought from Abclonal (Wuhan, China). Antibody of COL3 (NB600-594) was purchased from Novus (Shanghai, China). 
Antibody of PCNA (13110) were bought from Cell Signaling Technology (MA, USA). Monoclonal antibody of CD31 (3528) 
was bought from Cell Signaling Technology (MA, USA). Polyclonal antibody of CD31 (YP-Ab-16944) was bought from 
UpingBio Technology (Shenzhen, China). Antibody of ANGPTL4 (18374-1-AP) was purchased from Proteintech (Wuhan, 
China). Antibody of HIF-1α (WL01607) was purchased from Wanleibio (Shenyang, China). Cobalt chloride hexahydrate 
(CoCl2, C116457) was purchased from Aladdin (Shanghai, China). Nitrocellulose membrane was bought from Sartorius Stedim 
Biotech (Göttingen, Germany). Western Lightning® Plus ECL was obtained from Biosharp (Beijing, China). Cell counting kit-8 
(CCK-8, B34304) was bought from Bimake (TX, USA). GSK3787 (S8025) was purchased from Selleck (Shanghai, China).

Animal Preparation
All animal experimental procedures were performed according to the guidelines for the Care and Use of Laboratory 
Animals of the National Institutes of Health and were approved by the Medical Norms and Ethics Committee of Zhejiang 
Chinese Medical University (grant number: 20210705–12). Male C57BL/6 mice (8-week-old), weighing about 30 g, 
were provided by Shanghai Slack Company, animal production license number (SCXK: 2017–0005 Shanghai, Zhejiang, 
China). The mice were quarantined for one week before being kept in the Animal Experimental Research Center of 
Zhejiang Chinese Medical University with ad libitum access to water and chow on a 12 h light: 12 h dark cycle.

Culture of hADSCs, HDFs, and HUVECs and Preparation of hADSCs-HA Gel
The primary hADSCs (PZF21000003) were provided by Hangzhou Regional Cell Preparation Center and were subjected 
to quality control by being tested for bacteria, fungi, mycoplasma, virus contamination, and specific markers of stem 
cells. The cells were maintained in α-MEM supplemented with 10% premium FBS and were cultured at 37 °C with 5% 
CO2. The cells at passage 5 were used for the preparation of hADSCs-HA gel and conditioned medium of ADSC 
(ADSC-CM). The HDF (KCB200537) and HUVEC (KCB 2010233YJ) cell lines were provided by Kunming Cell Bank 
of Chinese Academy of Sciences and were cultured in DMEM with 10% FBS at 37 °C with 5% CO2.

HA powder was dissolved in saline at a concentration of 6 mg/mL. hADSCs were cultivated to the 5th generation and 
reached 90% confluence before being harvested by 0.25% trypsin. After the centrifugation at 1000 rpm for 5 min, the 
hADSCs were re-suspended by the HA solution at a concentration of 104 cells/μL to obtain hADSCs-HA gel.

Animal Modeling and Treatment
A total of 32 C57BL/6 mice were employed to evaluate the therapeutic effects of hADSCs-HA gel on the pressure ulcer. 
As previously reported, the pressure ulcer model was established on the mice back.63–66 Briefly, after being anesthetized 
by an intraperitoneal injection of 50 mg/kg pentobarbital sodium, the mice back were depilated and sterilized. Then the 
dorsal skin was gently pulled up and pinched between two circular magnetic plates for 12 hours, followed by a 12-hour 
rest period, to simulate an ischemia-reperfusion (I/R) cycle. Totally, 4 I/R cycles were performed in 4 days, and the 
pressure ulcer formed after the last I/R cycle. Then the 32 mice were equally randomized into 4 groups (n = 8): model 
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group, HA group, ADSC group, and hADSCs-HA gel group. In the hADSCs-HA gel group, 200 μL hADSCs-HA gel 
was topically applied using syringes onto the wound beds of mice once every other day. hADSCs were suspended in 
saline at the concentration of 104 cell per μL and 200 μL of such solution was applied topically with syringes on the 
wounds of mice in the ADSC group. HA powder was dissolved in saline at the concentration of 6 mg per mL and the 
wounds of mice in the HA group were treated with 200 μL HA solution topically using syringes. In the model group, 
topical application of 200 μL saline was conducted with syringes on the pressure ulcers of mice.

In another parallel experiment, we compared the therapeutic efficacy of hADSCs-HA gel and a commercially 
available medical recombinant type III humanized collagen gel. After undergoing the same approach of modeling, 40 
mice were equally randomized into 5 groups (n = 8): model group, HA group, ADSC group, hADSCs-HA gel group, and 
collagen group. The mice in the collagen group were treated with 200 μL collagen gel topically and the other 4 groups 
received the same treatment as mentioned above.

Throughout the 2-week trial period, the ulcer wound area was checked daily and the images of the wound sites were 
taken every 4 days. The wound closure rate was measured using the Image J 1.47 software (Version: 1.6.0) (Media 
Cybernetics, Bethesda, MD, USA) according to the formula: wound closure rate (%) = (A0 - At) / (A0) × 100%, in which 
A0 was the original wound area and At was the wound area at the indicated times.

Histopathological Observation
The mice were sacrificed on the 14th day and approximately 3 mm thickness of full-layer traumatic tissue samples were 
harvested along the outer edge of the entire wound. After fixed in 4% paraformaldehyde for 48 hours at room 
temperature, the skin samples were dehydrated through a series of graded ethanol, embedded in paraffin, and then cut 
into 3-μm-thick sections. The slices were stained with hematoxylin and eosin (H&E) and scanned with a microscope 
(Axio Scope A1, ZEISS, Germany). The analysis of histological structure and wound width was conducted with the 
Image J 1.47 software (version: 1.6.0). Masson staining was carried out using commercial staining kits according to the 
manufacturer’s instructions. Photographs were captured by the microscope and were analyzed for collagen deposition 
with the Image J 1.47 software (version: 1.6.0) based on the amount of blue staining in relation to the overall area of the 
photomicrographed tissue.

Immunohistochemical Analysis
Immunohistochemistry was performed according to the previous reports.67,68 Briefly, after the sections were rehydrated 
and blocked, they were incubated with primary antibodies overnight at 4 °C. The primary antibodies were as follows: 
Col-1 (1:200), Col-3 (1:200), CD31 (1:800), and PCNA (1:4000). After the application of corresponding secondary 
antibodies, the DAB substrate was used to detect antibody binding. Finally, after being counterstained with hematoxylin, 
the slides were pictured using a fluorescence microscope and the positive areas were measured using the Image J 1.47 
software (version: 1.6.0).

Proteomic Analysis of Mice Skin Samples
Preparation of Protein Samples and LC-MS/MS Analysis
When the mice from the model group, the HA group and the hADSCs-HA group were sacrificed on the 14th day, replicated 
skin samples were taken from the wound sites and put on ice immediately. After adding protein lysate (8 M urea, 1% SDS), 
which contained protease inhibitor to inhibit protease activity, the mixture was treated by ultrasound for 2 min at a low 
temperature, followed by splitting for 30 min. After centrifugation at 12000 g at 4 °C for 30 min, the concentration of protein 
supernatant was determined by BCA protein quantification assay. Peptides were got after the protein samples were digested 
and they underwent LC-MS/MS analysis by an EASY nLC-1200 system (Thermo, USA) coupled with a timsTOF Pro2 
(Bruker, Germany) mass spectrometer at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).

Bioinformatics Analyses
The raw files from LC-MS/MS spectra were imported into the MaxQuant version 2.0.3.1 software system for database 
searching analysis. The databases used are mainly the NCBI, UniProt databases for specified species protein sequences 
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and other species libraries such as self-measured genomes, transcriptome data, species-specific databases, etc. Protein 
differential expression analysis among the three identified protein groups was performed with R software (R4.0.1, the 
EDGER package). Differences were tested by Welch analysis with thresholds of |log2FC| ≥ 0.263 and p < 0.05. To draw 
volcano plot, the change fold of protein expression difference was used as X ais and p value was used as Y-axis. The 
values of the horizontal and vertical coordinates were logarithmically processed. Venn analysis was conducted with the 
software developed by Majorbio to provide a visual presentation of the number of proteins in each protein set and the 
overlaps between them. Expression pattern clustering analysis was performed based on information about protein 
expression in different samples by calculating the distance between proteins and then classifying the proteins with an 
iterative approach. Blast2GO 2.5.0 was applied in the GO enrichment analysis according to biological processes, cellular 
components and molecular functions. We also used the GO enrichment string diagram to show the correspondence 
between the target proteins and the GO terms. KEGG analysis was conducted with KOBAS software to display the 
KEGG pathways which the differential proteins participated in.

In vitro Experiments
In vitro experiments were conducted to determine the effects of ADSC-CM on HDFs and HUVECs. DMEM with 10% 
FBS culturing HDFs or HUVECs for 48 h was collected as the culturing medium of HDFs (HDF-CM) or the culturing 
medium of HUVECs (HUVEC-CM) respectively. hADSCs were switched to DMEM with 10% FBS and incubated for 
48 h to get the conditioned medium of hADSCs (ADSC-CM).

HDFs and HUVECs were divided into 2 groups to determine the effects of ADSC-CM under normal conditions: 
normal control (NC) group and ADSC-CM group. NC group was treated by HDF-CM or HUVEC-CM and ADSC-CM 
group was treated by ADSC-CM at the same concentration. With the same intervention span, the 2 groups underwent 
CCK-8, wound healing, and tube formation assays. After 48 h treatment, protein was extracted for Western blot.

HDFs and HUVECs were divided into 3 groups to determine the effects of ADSC-CM on hypoxic cells: NC group, 
Hypoxia group, and Hypoxia + ADSC-CM group. The NC group was cultured with HDF-CM or HUVEC-CM. The 
Hypoxia group was treated with 100 μM CoCl2 in HDF-CM or HUVEC-CM and the Hypoxia + ADSC-CM group was 
treated with 100 μM CoCl2 in ADSC-CM. With the same intervention span, the 3 groups underwent wound healing. 
After 48 h treatment, protein was extracted for Western blot.

GSK3787, which is a selective and irreversible inhibitor of PPARβ/δ, was used to verify the PPARβ/δ mechanism. 
HDFs and HUVECs were seeded into 10 cm plates and divided into 4 groups respectively: NC group, GSK3787 group, 
ADSC-CM group and ADSC-CM + GSK38787 group. The NC group was treated with HDF-CM or HUVEC-CM. The 
GSK3787 group was treated with GSK3787 at the concentration of 1 nM. The ADSC-CM group was treated with ADSC- 
CM and the ADSC-CM + GSK3787 group was treated with ADSC-CM supplemented with 1 nM GSK3787. After 48 h 
intervention, total proteins of each group were extracted for Western blot analysis.

Cell Proliferation Assay
The proliferation of HDFs was measured with CCK-8. HDFs (2.5 × 103 cells per well) were seeded into 96-well plates 
and were divided into two groups: normal control group (NC) and ADSC-CM group. HDF-CM was used to dilute the 
ADSC-CM at the gradient of 20%, 40%, 60%, and 80%. DMEM with 10% FBS culturing HDFs for 48 h was collected 
as the culturing medium of HDFs (HDF-CM). hADSCs were switched to DMEM with 10% FBS and incubated for 48 h 
to get the conditioned medium of hADSCs (ADSC-CM). The ADSC-CM groups were treated with different concentra-
tions of ADSC-CM, while the HDF-CM was applied to the NC group. After 24 h of treatment, 10 μL of CCK-8 reagent 
was added to each well of the culture medium (100 μL per well), and the absorbance of each well was observed at 450 
nm using a microplate reader (Bio-Rad 680, Hercules, USA). The proliferation of HUVECs was measured using the 
same kit as mentioned above. HUVECs were seeded in the 96-well plate at a density of 3×103 cells per well. DMEM 
with 10% FBS culturing HUVECs for 48 h was collected as the culturing medium of HUVECs (HUVEC-CM) and the 
same treatment approach was followed. After 48 h of treatment, the absorbance at 450 nm was measured. For each 
experiment, 3 biological replicates were performed.
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Wound Healing Assay
HDFs were cultivated to reach 100% confluence after being seeded in 6-well plates at a density of 1.5×105 cells per well. 
The HDFs were then divided into two groups: the NC group and the ADSC-CM group. The culture medium was 
discarded, and artificial wounds were made in each well using 200 μL pipette tips. The width of each scratch was kept 
consistent and measured as the baseline value. The ADSC-CM was diluted 10-fold with FBS-free DMEM to eliminate 
the effect of FBS on cell proliferation. At the same time, HDF-CM was also diluted 10-fold with FBS-free DMEM. The 
wells of the NC group and the ADSC-CM group were then washed with PBS and supplemented with diluted HDF-CM 
and ADSC-CM respectively. Then the cells were cultured for 0 h, 24 h and 48 h in a 5% CO2 incubator during which the 
width of the scratch was observed with an inverted microscope (CarlZeiss, Göttingen, Germany) and measured by the 
Image J 1.47 software (version: 1.6.0). The closure percentage of the scratch was calculated as below: wound healing rate 
(%) = (A0 - At) / A0 × 100%. A0 represented the initial wound area and At represented the remaining wound area when 
the measurement was done. The wound healing ability of HUVECs was evaluated in the same way as HDFs and the 
dynamic observation of the scratches was done at 0 h, 24 h, 48 h and 72 h after treatment.

To investigate the effects of ADSC-CM under hypoxic conditions, the artificial wounds in the NC group were 
cultured in diluted HDF-CM or HUVEC-CM. The Hypoxia group was treated with 100 μM CoCl2 in diluted HDF-CM or 
HUVEC-CM, while the Hypoxia + ADSC-CM group was treated with 100 μM CoCl2 in diluted ADSC-CM. The width 
of wounds was observed and calculated at 0 h, 24 h, and 48 h with the same method as mentioned above. For each 
experiment, 3 biological replicates were performed.

Tube Formation Assay
HUEVCs (1 × 105 cells per well) were seeded on a Matrigel-coated plate. Then the cells in the NC group and the ADSC- 
CM group were treated with HUVEC-CM and ADSC-CM respectively. Images were taken using an inverted microscope 
following 0 h, 2 h, 4 h, and 6 h of incubation at 37 °C with 5% CO2. To evaluate the tube formation properties of 
HUVECs in different groups, the number of branching points and the total tube length were calculated with the Image J 
1.47 software (version: 1.6.0). For each experiment, 3 biological replicates were performed.

Western Blot Analysis
After the total proteins of mice skin samples, HDFs and HUVECs were extracted with RIPA lysis buffer supplemented 
with proteinase inhibitor, they were quantified with the BCA protein quantification assay. The protein samples were then 
separated by denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 6~12%) and transferred 
onto nitrocellulose membranes. The membranes were blocked with 5% non-fat milk for 1 h at room temperature and 
incubated at 4 °C with primary antibodies. The primary antibodies were as follows: PPARβ/δ (1:1000), ANGPTL4 
(1:1000), COL1 (1:1000), PCNA (1:1000), CD31 (1:1000), and HIF-1α (1:1000). β-actin (1:20000) served as a control. 
After being washed, the membranes were incubated with peroxidase-conjugated secondary antibodies at 4 °C for 2 h. 
Finally, all the proteins bands were detected by ECL kit and visualized by GE ImageQuant LAS4000 System 1 (Bio-Rad, 
Hercules, CA, USA). Results were analyzed with the Image J 1.47 software (version: 1.6.0). For each experiment, 3 
biological replicates were performed.

Statistical Analysis
Data were expressed with the form of mean ± standard deviation (SD). GraphPad prism 9 (version: 9.5.1) was adopted to 
process the data and one-way ANOVA analysis was used to compare the data from different groups. A p value < 0.05 is 
considered as significant and a p value < 0.01 is considered as very significant.

Results
hADSCs-HA Gel Accelerated Wound Healing of Pressure Ulcers in vivo
To evaluate the in vivo effects of hADSCs-HA gel on skin pressure ulcers, the dorsal wounds of pressure ulcers in mice 
were photographed following treatments from day 2 to day 14. As shown in Figure 1A and F, the wound closure rate was 
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significantly increased following topical treatments of HA, hADSCs, and hADSCs-HA gel on the wounds of mice (all p < 
0.01 vs model). Surprisingly, the pressure ulcers in the ADSC-HA group healed more quickly than the other 2 treatment 
groups, reaching a 96.91% ± 1% closure on day 14, compared to 88.20% ± 0.36% in HA group, and 86.72% ± 0.63% in 
ADSC group (p < 0.05 or p < 0.01 vs ADSC-HA). As shown in SFigure 1A and C, the wound closure rate was significantly 
higher in the ADSC-HA group than that in the collagen group at days 6, 10, and 14 (all p < 0.01 vs collagen).

Histopathological analysis was conducted on wound samples of mice by HE and Masson staining. As shown in 
Figure 1B and G, the maximal diameter of the wound in the model group was considerably larger than that in the other 
three groups (all p < 0.01). By contrast, the diameter of wounds in the ADSC-HA group was significantly smaller 
compared to the HA and ADSC groups (both p < 0.01). According to the detailed skin structure presented in Figure 1C, 
the squamous epithelium in the model group was necrotic and detached. In the dermis of the model group, large areas of 
inflammatory cell infiltration were visible and the fibrous arrangement was greatly disordered. In comparison to the 
model group, the HA and ADSC groups showed signs of partial skin repair, including a modest degree of normal 
squamous epithelial regeneration, decreased inflammatory necrotic exudate, and decreased inflammatory cell infiltration. 

Figure 1 Continued.
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In the ADSC-HA group, there was obvious regeneration of normal squamous epithelium. The granulation and fibrous 
tissue regenerated significantly in the dermis with increased amounts of fibroblasts and normal hair follicles, indicating 
finely restored skin structure with the treatment of hADSCs-HA gel. Figure 1D showed high magnification of angiogenic 
areas. In the model group, a small number of neovessels was visible in the dermis with discontinuous fibrous walls. In the 
HA group, a small amount of neovascularization was randomly and independently distributed within the hyperplastic 
fibrous tissue. In the ADSC group, plenty of neovessels were seen in the dermis and surrounded by mixed infiltrate of 
neutrophils and macrophages. In the ADSC-HA group, a significant number of neovasculature was distributed in clusters, 
most of which were morphologically naive surrounded with ferritin-containing macrophages. As shown in Figure 1E and 
H, the Masson staining results revealed that collagen production was promoted in both ADSC (p < 0.05) and ADSC-HA 
groups (p < 0.01) compared to the model group. Meanwhile, the positive area of collagen fibers in the ADSC-HA group 
was larger than that in the HA and the ADSC group (p < 0.05 vs HA, p < 0.01 vs ADSC). Taken together, the above 
results indicated that hADSCs-HA gel accelerated the healing of pressure ulcers by promoting the restoration of skin 
structure, which outperformed topical treatments of HA, hADSCs or commercial collagen gel alone.

hADSCs-HA Gel Enhanced Collagen Expression, Angiogenesis, and Skin Proliferation 
of Pressure Ulcers in vivo
Immunohistochemistry of Col-1 and Col-3 was performed to obtain insights into the collagen architecture in response to 
the hADSCs-HA gel treatment. As shown in Figure 2A–D, the expressions of skin Col-1 and Col-3 significantly 
increased after topical treatments of HA, hADSCs, and hADSCs-HA gel on the dorsal skin wounds of mice (Col-1: 
all p < 0.01; Col-3: p < 0.05 or p < 0.01 vs Model). Of note, hADSCs-HA gel gave rise to higher expressions of Col-1 
and Col-3, compared to the HA and the ADSC groups (Col-1: p < 0.05 or p < 0.01 vs ADSC-HA; Col-3: both p < 0.01 vs 
ADSC-HA).

Pro-angiogenic and pro-proliferative effects of hADSCs-HA in vivo were conducted via CD31 and PCNA immuno-
histochemistry, respectively. As shown in Figure 2E–H, the skin CD31 and PCNA expressions were significantly 

Figure 1 Continued.
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elevated after topical treatments of HA, hADSCs, and hADSCs-HA gel on the dorsal skin wounds of mice (p < 0.05 or p 
< 0.01 vs model). Furthermore, the positive areas of CD31 and PCNA in the ADSC-HA group were significantly larger 
than that of the HA and the ADSC groups (p < 0.05 or p < 0.01 vs ADSC-HA).

Western blot was also conducted to further present the quantitative expression of Col-1, CD31, and PCNA in mice 
skin. As shown in Figure 2I–L, the Col-1, CD31, and PCNA expressions in the ADSC group and ADSC-HA group were 
significantly increased (p < 0.05 or p < 0.01 vs model). Notably, the results of Western blot also indicated that ADSC-HA 
gel significantly increased the expressions of Col-1, CD31, and PCNA than hADSCs or HA alone (p < 0.05 or p < 0.01 
vs ADSC-HA). The data in SFigure 1B, D, E and F showed that Col-1, CD31 and PCNA in the ADSC-HA group were 
all significantly higher than that in the collagen group (all p < 0.01 vs. collagen.

The above data suggested that hADSCs-HA gel could facilitate wound healing by promoting collagen deposition, 
enhancing vessel regeneration, and improving cell proliferation in vivo at the pressure ulcer site.

ADSC-CM Promoted the Proliferation, Wound Healing Ability, and Collagen 
Secretion of HDFs in vitro
Wound healing, CCK-8, and Western blot assays were conducted to investigate the pro-migrative, proliferative, and collagen- 
promoting effects of ADSC-CM on HDFs. As shown in Figure 3A and B, the closure rates of scratch wounds at 24 and 48 h in 

Figure 1 The effects of human ADSCs-hyaluronic acid (hADSCs-HA) gel on pressure ulcers in vivo. (A) Representative images of dorsal skin wounds in mice recorded at 2, 
6, 10, and 14 days after topical applications of saline (model), hyaluronic acid (HA), hADSCs (ADSC) or hADSCs-HA gel (ADSC-HA). (B) Hematoxylin-eosin (HE) staining of 
the wound areas on day 14 (scale bar = 1 mm). (C) High magnification view of HE stained skin structures at wound sites (10X, scale bar = 100 μm). Black arrows highlight 
inflammatory cells. Blue arrows highlight necrotic exudate. (D) High magnification view of HE stained angiogenic areas (20X, scale bar = 100 μm). Red arrows highlight 
neovascularization. (E) Masson staining of the wound areas on day 14 (scale bar = 100 μm). (F) Quantification of the wound closure rate according to the formula: wound 
closure rate (%) = (A0 - At) / (A0) × 100%. A0 was the original wound area and At was the wound area at the indicated times. (G) Quantification of the diameter of wounds 
on day 14 evaluated by HE staining. (H) Quantification of the area fraction of collagen on day 14 evaluated by Masson staining. Data are shown as mean ± SD (n = 5); *p < 
0.05 vs model, **p < 0.01 vs model; #p < 0.05 vs ADSC-HA, ##p < 0.01 vs ADSC-HA.
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ADSC-CM group were significantly higher than that of NC group (p < 0.05 or p < 0.01 vs NC). As shown in Figure 3C, the 
results of the CCK-8 assay revealed that ADSC-CM could boost the proliferation of HDFs at concentrations higher than 40% 
(p < 0.05 or p < 0.01 vs NC). As shown in Figure 3D–G, the expressions of PCNA, COL1, and COL3 in HDFs were 
significantly increased after ADSC-CM treatment (p < 0.05 or p < 0.01 vs NC). Thus, the above results revealed that ADSC- 
CM could promote wound healing by benefiting the migration, proliferation and collagen production of HDFs.

Figure 2 The representative images of immunohistochemical staining and Western blot of mice skin samples. (A and B) The immunohistochemical staining of Col-1 and the 
analysis of the positive area with the Image J 1.47 software. (C and D) The immunohistochemical staining of Col-3 and the analysis of the positive area with the Image J 1.47 
software (5X, bar = 200 μm; 10X, bar = 100 μm). (E and F) The immunohistochemical staining of CD31 and the analysis of the positive area with the Image J 1.47 software 
(5X, bar = 200 μm; 10X, bar = 100 μm). (G and H) The immunohistochemical staining of CD31 and the analysis of the positive area with the Image J 1.47 software (10X, bar 
= 100 μm). (I–L) The results of Western blot of Col-1, CD31, and PCNA on day 14 and quantification of protein expression. Data are shown as mean ± SD (n = 3); *p < 
0.05 vs model, **p < 0.01 vs model; #p < 0.05 vs ADSC-HA, ##p < 0.01 vs ADSC-HA.
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ADSC-CM Enhanced the Proliferation, Wound Healing Ability, and Tube Formation of 
HUVECs in vitro
Wound healing, CCK-8, tube formation, and Western blot assays were conducted to evaluate the proangiogenic effects of 
ADSC-CM on HUVECs. As shown in Figure 4A and C, the wound healing rates of HUVECs at 24, 48, and 72 h in 
ADSC-CM group were significantly elevated compared to NC group (all p < 0.01 vs NC). As shown in Figure 4B, the 
results of CCK-8 assay revealed that HUVECs treated with ADSC-CM of each concentration displayed enhanced 
proliferation (all p < 0.01 vs NC). As shown in Figure 4D, ADSC-CM promoted tube formation of HUVECs in terms 
of generating more branching points and longer tubes at 24, 48, and 72 h (p < 0.05 or p < 0.01 vs NC). In Figure 4G and 
H, the Western blot results showed that ADSC-CM upregulated the expression of PCNA in HUVECs compared to the 
NC group (p < 0.05 vs NC). The above findings suggested that ADSC-CM could effectively improve angiogenesis in 
vitro.

ADSC-CM Improved the Biological Functions of HDFs and HUVECs Under Hypoxic 
Conditions
Wound healing assay and Western blot were conducted to further explore the effects of ADSC-CM on HDFs and 
HUVECs under hypoxic conditions. As shown in Figure 5A–D, the wound healing rates of HDFs and HUVECs at 24 h 
and 48 h in the Hypoxia group were significantly decreased compared to that in the NC group (both p < 0.01 vs NC). 
However, the closure rates of scratch wounds at 24 and 48 h in the Hypoxia + ADSC-CM group were significantly higher 
than that in the Hypoxia group (all p < 0.01 vs Hypoxia).

As shown in Figure 5E–J, the application of CoCl2 elevated the expressions of HIF-1α in the Hypoxic groups of 
HDFs and HUVECs (p < 0.05 or p < 0.01 vs NC). In the Hypoxia + ADSC-CM groups of HDFs and HUVECs, the levels 
of HIF-1α were significantly lower than those in the Hypoxia group (p < 0.05 or p < 0.01 vs Hypoxia). As shown in 

Figure 3 The effects of the conditioned medium of hADSCs (ADSC-CM) on human dermal fibroblasts (HDFs). (A and B) The representative images of wound healing assay 
captured at 0, 24, and 48 h (scale bar = 200 μm) and the wound closure rate calculated according to the formula: wound healing rate (%) = (A0 - At) / A0 × 100%. A0 

represented the initial wound area and At represented the remaining wound area when the measurement was done. (C) The results of CCK-8 assay after 48 h treatment of 
ADSC-CM. (D–G) Western blot results of PCNA, COL1, and COL3 after 48 h treatment of ADSC-CM and quantification of protein expression. Data are shown as mean ± 
SD (n = 3); *p < 0.05 vs NC, **p < 0.01 vs NC.
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Figure 5E, H, I and L, the expressions of PCNA in HDFs and HUVECs were decreased under hypoxic conditions (p < 
0.05 or p < 0.01 vs NC). The Hypoxia + ADSC-CM group presented higher level of PCNA than the Hypoxia group (both 
p < 0.05 vs Hypoxia), indicating restored proliferative ability of HDFs and HUVECs. As shown in Figure 5E and G, the 
expression of COL1 was decreased in hypoxic HDFs (p < 0.01 vs NC) and was elevated in the Hypoxia + CM group (p < 
0.01 vs Hypoxia). As shown in Figure 5I and K, CD31 in HUVECs was decreased in the Hypoxia group (p < 0.05 vs 
NC) and was increased in the Hypoxia + CM group (p < 0.05 vs Hypoxia). Thus, the above results revealed that hADSCs 
reversed the adverse effects of hypoxia on HDFs and HUVECs and promoted their biological functions in paracrine way.

Lipid Metabolism and PPARβ/δ Pathway May Mediate the Pressure Ulcer Healing Effect 
of hADSCs-HA Gel
To elucidate the mechanism of hADSCs-HA gel promoting wound healing of pressure ulcers in mice, a proteomic 
analysis was conducted. As shown in Figure 6A, a total of 3896 proteins were shared by model, HA, and ADSC-HA 
groups, which covered 93.54% of the total number of detected proteins. At the same time, there existed 11, 1, and 15 
proteins unique to the model, HA, and ADSC-HA group, respectively. The heat map in Figure 5B revealed the 
enrichment of differentially expressed proteins (DEPs) in the three groups. A significant enrichment of proteins related 
to lipid metabolism such as Fatty acid-binding protein (P04117), Platelet glycoprotein 4 (Q3U6Y9), Long-chain-fatty- 
acid-CoA ligase (D3Z041), and Long-chain-fatty-acid-CoA ligase (Q99PU5) was detected in the ADSC-HA and HA 
group compared to the model group (p < 0.05 or p < 0.01 vs model). Besides, the expression of Acyl-CoA dehydrogenase 
family member 11 (A0A087WSI8) was also enriched in the ADSC-HA group compared to the model group (p < 0.05 vs 
model). These findings indicated that hADSCs-HA gel had the potential of facilitating lipid metabolism during the 
process of wound healing.

Figure 4 Continued.
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Next, a quantitative volcano plot was used to reveal the DEPs between the ADSC-HA group and the model group. As 
shown in Figure 6C, there were 135 up-regulated and 120 down-regulated DEPs detected in the model group compared 
to the ADSC-HA group. Among them, lipid metabolism-related proteins such as Platelet glycoprotein 4 (Q3U6Y9), 
Long-chain-fatty-acid-CoA ligase (D3Z041) and Fatty acid-binding protein (P04117) were down-regulated in the model 
group and this further indicated that the hADSCs-HA gel promoted the healing of pressure ulcer by stimulating lipid 
utilization.

GO and KEGG enrichment analyses were used to assess all DEPs detected in the model and ADSC-HA group. As 
shown in Figure 6D, the string graph of GO analysis showed that the DEPs were associated with lipid metabolism 
functions such as “fatty acid transport”, “long-chain fatty acid transport”, and ‘lipid import into cells’. As shown in 
Figure 6E, the results of KEGG analysis showed that 16 pathways were significantly enriched in the ADSC-HA group 
compared with the model group. Among them, there were several fat utilization-related pathways, such as PPARβ/δ 
signaling pathway, adipocytokine signaling pathway, and fatty acid degradation pathway, suggesting that hADSCs-HA 
gel may participate in lipid metabolism. It was noteworthy that PPARβ/δ pathway was one of the most significantly 
enriched KEGG terms (p < 0.001 vs model). Figure 6F showed the significant pathways that were notably enriched in the 
HA group relative to the model group, with a particular focus on the PPARβ/δ signaling pathway. (p < 0.05 vs model). 
We speculated that PPARβ/δ pathway may mediate the effects of hADSC-HA gel on promoting lipid metabolism and 
wound healing.

PPARβ/δ Pathway-Dependent Mechanism of ADSC-CM on HDFs and HUVECs
To explore the mechanism of PPARβ/δ pathway mediating the pressure ulcer healing effect of hADSCs-HA gel, we 
further investigated the regulative actions of ADSC-CM at protein levels. GSK3787, which is a selective and irreversible 

Figure 4 The effects of ADSC-CM on human umbilical vein endothelial cells (HUVECs). (A and C) The representative images of wound healing assay captured at 0, 24, 48, and 
72 h (scale bar = 200 μm) and the wound closure rate calculated according to the formula: wound healing rate (%) = (A0 - At) / A0 × 100%. A0 represented the initial wound area 
and At represented the remaining wound area when the measurement was done. (B) The results of CCK-8 assay after 48 h treatment of ADSC-CM. (D–F) The results of tube 
formation assay after 2, 4, and 6 h treatment of ADSC-CM (scale bar = 200 μm) and quantification of branching points and tube length. (G and H) The results of Western blot of 
PCNA after 48 h treatment of ADSC-CM and quantification of protein expression. Data are shown as mean ± SD (n = 3); *p < 0.05 vs NC; **p < 0.01 vs NC.
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Figure 5 The effects of ADSC-CM on HDFs and HUVECs under hypoxic conditions. (A–D) The representative images of wound healing assay captured at 0, 24, and 48 h 
(scale bar = 200 μm) and the wound closure rate calculated according to the formula: wound healing rate (%) = (A0 - At) / A0 × 100%. A0 represented the initial wound area 
and At represented the remaining wound area when the measurement was done. (E–H) Western blot results of COL1, HIF-1α, and PCNA in HDFs after 48 h treatment and 
quantification of protein expression. (I–L) Western blot results of CD31, HIF-1α, and PCNA in HUVECs after 48 h treatment and quantification of protein expression. Data 
are shown as mean ± SD (n = 3); *p < 0.05 vs NC, **p < 0.01 vs NC; ns p ≥0.05 vs Hypoxia, #p < 0.05 vs Hypoxia, ##p < 0.01 vs Hypoxia.
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inhibitor of PPARβ/δ, was used to verify the PPARβ/δ mechanism. HDFs and HUVECs were seeded into 10 cm plates 
and divided into 4 groups respectively: NC group, GSK3787 group, ADSC-CM group and ADSC-CM + GSK38787 
group. The NC group was treated with HDF-CM or HUVEC-CM. The GSK3787 group was treated with GSK3787 at the 

Figure 6 Continued.
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Figure 6 The proteomic analysis of dorsal skin wounds in a mouse pressure ulcer model. (A) Venn diagram showing the number of common and unique proteins identified 
in the model, HA, and ADSC-HA groups. (B) The heat map presenting the results of the clustering analysis of the model, HA, and ADSC-HA groups. (C) The volcano plot 
revealing differentially expressed proteins (DEPs) between the ADSC-HA group and the model group. (D) The string graph showing the DEPs between the ADSC-HA group 
and the model group and their corresponding GO terms. The red squares highlighted the typical DEPs related to lipid metabolism. (E) KEGG analysis showing the typical 
pathways where the DEPs between the ADSC-HA group and the model group mainly enriched. The red square highlighted PPARβ/δ pathway which we concentrated on. (F) 
KEGG analysis showing the typical pathways where the DEPs between the HA group and the model group mainly enriched. *p < 0.05 vs model; **p < 0.01 vs model.
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concentration of 1 nM. The ADSC-CM group was treated with ADSC-CM and the ADSC-CM + GSK3787 group was 
treated with ADSC-CM supplemented with 1 nM GSK3787. After 48 h intervention, total proteins of each group were 
extracted for Western blot analysis.

As shown in Figure 7A–F, ADSC-CM significantly increased the expressions of COL1 and PCNA in HDFs, which 
was in parallel with the results shown in Figure 3D (each p < 0.01 vs NC). Besides, the expressions of PPARβ/δ pathway 
proteins (PPARβ/δ and ANGPTL4) were significantly up-regulated after ADSC-CM treatment in HDFs (each p < 0.05 or 
p < 0.01 vs NC). As revealed in Figure 7B, G, H, and I, ADSC-CM significantly increased the expressions of PPARβ/δ, 
ANGPTL4, and CD31 in HUVECs (each p < 0.05 or p < 0.01 vs NC). For verification, an antagonist of PPARβ/δ 
(GSK3787) was used to counteract the actions of ADSC-CM. As shown in Figure 7, combined treatment of ADSC-CM 

Figure 7 Verification of the regulative effects of hADSCs-HA gel on PPARβ/δ pathway by Western blot (WB). (A) Representative WB bands of PPARβ/δ, ANGPTL4, COL1, 
PCNA in HDFs following 48 h treatment of ADSC-CM or 1 nM GSK3787. (B) Representative WB bands of PPARβ/δ, ANGPTL4, CD31 in HUVECs following 48 h 
treatment of ADSC-CM or 1 nM GSK3787. (C–F) Expressions of PPARβ/δ pathway (PPARβ/δ, ANGPTL4), collagen synthesis (COL1) and proliferation (PCNA)-related 
proteins in HDFs after GSK3787 intervention. (G–I) Expressions of PPARβ/δ pathway (PPARβ/δ, ANGPTL4) and angiogenesis (CD31)-related proteins in HUVECs after 
GSK3787 intervention. Data are shown as mean ± SD (n = 3); *p < 0.05; **p < 0.01.
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and GSK3787 not only reversed the regulative actions of ADSC-CM on collagen synthesis (COL1) and proliferation 
(PCNA)-related proteins in HDFs, but also angiogenesis (CD31)-related protein in HUVECs (each p < 0.05 or p < 0.01 
vs ADSC-CM). Moreover, GSK3787 counteracted the activated PPARβ/δ pathway regulation of ADSC-CM in both 
HDFs and HUVECs (p < 0.01 vs ADSC-CM). The above results indicated that ADSC-CM improved the collagen 
synthesis and proliferation of HDFs and the angiogenesis of HUVECs through the activation of PPARβ/δ pathway.

Discussion
Utilizing mice pressure ulcer model, our study achieved a profound insight into the therapeutic value and underlying 
molecular mechanism of hADSCs-HA gel in treating pressure ulcers. The animal experiment demonstrated that 
hADSCs-HA gel accelerated pressure ulcers healing, which performed better than applying hADSCs or HA respectively. 
In terms of histopathology, hADSCs-HA gel elevated the expression of Col-1, Col-3, PCNA, and CD31 in skin, which 
verified its role in promoting collagen secretion, skin proliferation, and angiogenesis. In previous studies, several kinds of 
MSCs have been used to treat pressure ulcers in the form of cell solution for injection. Bukowska et al demonstrated that 
by injecting freshly cultured and cryopreserved hASCs, pressure wound repair accelerated in both young male and 
female immunocompetent mice.36 In another study, Yoon et al proved that subcutaneous injection of fibroblasts 
differentiated from mesenchymal stem cells derived from human embryonic stem cell improved the healing of pressure 
ulcers by suppressing inflammatory genes and stimulating angiogenesis.69 In our study, we optimized the delivery of 
hADSCs by topical application of hADSCs-HA gel and minimized the risk of secondary trauma and infection. At the 
same time, the cellular data showed that ADSC-CM improved the functions of HDFs and HUVECs under both normal 
and hypoxic conditions, indicating that hADSCs-HA gel promoted wound healing through paracrine pathway. In 
previous studies, Dong et al found that with the delivery of HA, spreading, proliferation, and secretion of stem cells 
were facilitated.70 Jiao et al found that HA prolonged the retention of stem cells and also potentiated their paracrine 
function in treating ovarian aging.71 Our study also substantiated the role of HA as a promising carrier to apply hADSCs 
on pressure wounds which allowed hADSCs to maintain paracrine function. In a word, the innovation of our study lies 
in: 1) topical application of hADSCs-HA gel instead of invasive therapy; 2) demonstration of the protective effects of 
hADSCs on HDFs and HUVECs under hypoxic conditions; 3) clarification of PPARβ/δ paracrine mechanism of hADSCs 
on wound healing.Widely distributed in many systems of human body, adipocytes have received increasing recognition 
as important contributors to tissue homeostasis and repair. Distinct from those in subcutaneous white adipose tissue in 
aspects of anatomy, structure, and function, adipocytes residing in dermis have been proved to play a crucial role in hair 
growth, wound healing, and thermoregulation in recent work.72 As reported by Shook et al, when skin wounds occur, 
several kinds of fatty acid are released by dermal adipocytes such as palmitoleic acid and oleic acid leading to the 
activation of macrophages in the wound area.73 In addition, adipocytes also participate in endocrine signaling by 
secreting a wide range of “adipokines”, among which adiponectin and leptin have been reported as active contributors 
in wound healing by stimulating re-epithelization and re-vascularization.74–78 Also, the process of adipogenesis is proved 
to actively engaged in wound healing by recruiting fibroblasts and orchestrating with angiogenesis.79,80 Existing studies 
have demonstrated that with the transplantation of adipose tissue or hADSCs, adipogenesis of injured skin can be 
strengthened.35,81,82 However, the underlying mechanism has not yet been fully clarified. PPAR pathway, a core mediator 
of adipogenesis and lipid metabolism, is also potentially associated with tissue regeneration.83–85 According to the results 
of our proteomic analysis, PPAR pathway was enriched by the detected DEPs, implicating its latent value in regulating 
the therapeutic effects of hADSCs-HA gel.

PPARs are nuclear hormone receptors and belong to a subfamily of transcription nuclear factors.86 There are three 
isotypes of PPARs known as PPARα, PPARβ/δ and PPARγ. PPARα is highly expressed in the tissues involved with β- 
oxidation of fatty acid such as liver, skeletal muscle, and heart, and plays a vital role in starvation and feeding 
response.87,88 It has also been proved to have anti-inflammatory and neuro-protective effects.89–91 PPARγ is the most 
studied one among the three isoforms. Mainly distributed in adipose tissue, PPARγ is an important modulator of 
adipogenesis, adipocyte differentiation, and lipid storage, and also acts as the regulator of insulin sensitivity.92–94 

Among the three isoforms, the functions of PPARβ/δ remain least understood. Abundantly distributed in brain, adipose 
tissue, and skin, PPARβ/δ acts as the bridge between metabolism and regeneration, and participates in important 
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processes involved in regeneration including proliferation, differentiation, migration, angiogenesis, and so on.95–97 

However, the role of PPARβ/δ in healing of skin wounds has received limited consideration. Previous studies found 
that activation of PPARβ/δ in wounds maintained survival of keratinocytes and promoted their migration through PI3K/ 
PIP3 pathway, leading to accelerated re-epithelialization.98–100 PPARβ/δ also promotes proliferation of endothelial cells 
(ECs) and endothelial progenitor cells by enhancing their glycolysis and energy use.101,102 However, the mechanism of 
this instability is still unclear. As to skin fibroblasts, there have been little clues about how they response to regulation of 
PPARβ/δ.

Our studied shed some light on how PPARβ/δ impact on HDFs and HUVECs, and demonstrated how ADSC-CM 
modulated this process for the first time. After binding with RXR, PPARβ/δ forms a complex to activate transcription of 
various target genes, among which ANGPTL4 is one of the most important downstream genes of PPARβ/δ. In addition to 
weakening cellular tight junctions, ANGPTL4 could induce the production of nitric oxide (NO) in wound epithelia 
through integrin/JAK/STAT3-mediated up-regulation of inducible nitric oxide synthase (iNOS) expression. Such novel 
mechanism gives rise to angiogenesis in wounds and is named as keratinocyte-to-endothelial cell communication.103 

ANGPTL4 also modulates integrity of matrix proteins to facilitate cell migration and maintain homeostasis of 
microenviroment.104,105 However, most of previous studies examined the paracrine function of ANGPTL4, while its 
potential cell-autonomous roles were neglected.106 In our study, ADSC-CM evoked up-regulation of both PPARβ/δ and 
ANGPTL4 in HDFs and HUVECs. In contrast, when PPARβ/δ pathway was blocked by GSK3787, the expression of 
ANGPTL4 was suppressed and such trend could be reversed by application of ADSC-CM. These findings indicated that 
ADSC-CM stimulated PPARβ/δ pathway as an upstream activator. At the same time, the level of PCNA, an important 
biomarker of cell proliferation,107 was elevated by ADSC-CM and declined by inhibition of PPARβ/δ in both HDFs and 
HUVECs. It followed that PCNA was also a potential target gene of PPARβ/δ and paracrine functions of hADSCs 
influenced the proliferation phase of wound healing positively by enhancing activity of PPARβ/δ axis. At the end of 
inflammatory phase and beginning of proliferation phase of wound, activated fibroblasts produce several matrix 
metalloproteinases (MMPs) that penetrate and break down fibrin clot, replacing it with ECM components. Among 
them, COL1 plays an important role in refilling the defect and restoring ECM.108 On the other hand, CD31, also known 
as platelet endothelial cell adhesion molecule-1, is widely involved in proangiogenic events such as migration, adhesion, 
and proliferation of ECs during wound healing. In our study, COL1 in fibroblasts and CD31 in HUVCEs showed the 
same trends of expression with ANGPTL4 and PCNA. Based on this, we could conclude that PPARβ/δ promoted 
regeneration of vessels and ECM in wound sites, and mediated the paracrine effects of hADSCs on the restoration of 
wound micro-environments. It is noteworthy that in a recent study, a kind of Lignin/Puerarin Nanoparticle-Incorporated 
Hydrogel was developed to treat mice hind-limb ischemia model and was found to upregulate PPARβ/δ by stimulating 
autophagy.109 Interestingly, another latest article showed that exosomes of hADSCs promoted diabetic wound repair by 
stimulating autophagy of skin cells.110 In light of our experimental findings, the paracrine activation of PPARβ/δ by 
hADSCs may be closely related to autophagy, which still needs further verification. In previous studies, the activation of 
PPARβ/δ suppressed inflammation and promoted angiogenesis by regulating macrophage phenotype and IL-1 
expression.111,112 Besides, the activation of PPARβ/δ also induced fibroblasts to produce GPx1 and catalase, which 
can scavenge excess H2O2 in diabetic wound beds.113 These findings imply that the promotion of PPARβ/δ by hADSCs 
may involve upstream and downstream regulatory mechanism, which is valuable for further exploration.

The healing of pressure ulcers is a complicated and dynamic process under sophisticated control of oxygen 
concentration at the wound site, which involves the interaction of multiple mechanisms. In our study, both HDFs and 
HUVECs under hypoxic conditions showed high expression of HIF-1α, but the wound healing capacity and markers of 
proliferation (PCNA), angiogenesis (CD31), and collagen synthesis (COL1) were reduced. The activation of HIf-1α is 
the core pathway of hypoxic adaptation, stimulating inflammatory responses, angiogenesis, and metabolic 
reprogramming.114 However, as a survival factor during the first hours of hypoxia, the overactivation of HIF-1α also 
acts as a death-promoting factor when the hypoxia is prolonged.115 Besides, hypoxic microenvironment also directly 
induces mitochondrial fragmentation and ubiquitination, inhibiting oxidative phosphorylation and leading to cell 
apoptosis.116,117 Additionally, by activating JNK and DDIT3, hypoxia inhibits adaptive unfolded protein response 
(UPR), thus aggravating endoplasmic reticulum (ER) stress and cell apoptosis, but this process is independent of HIF- 
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1α.118 Several previous studies have confirmed that MSCs play a positive role in the regulation of cell biological 
functions under hypoxic conditions. Wilai Kosol et al found that the secretome of MSCs reversed the inhibitory effects of 
hypoxia on keratinocyte proliferation and migration, contributing to the acceleration of wound healing.119 The study by 
Chunling Liao et al confirmed that conditioned medium of MSC protected renal tubular epithelial cells in hypoxia by 
downregulating HIF-1α.120 In our study, ADSC-CM decreased the expression of HIF-1α and promoted the biological 
functions of HDFs and HUVECs under hypoxic conditions. Previous studies proved that the activation of PPARβ/δ 
boosted fatty acid oxidation and improved mitochondrial function via the AMPK-p53-GDF15 pathway.121 Such 
processes lowered ROS production, ER stress, and mitochondrial damage induced by hypoxia, thus protecting cells 
against hypoxic damage.122 Furthermore, it was also been demonstrated that PPARβ/δ and HIF-1α achieved synergistic 
transcriptional regulation of the co-target gene ANGPTL4 by altering the metachromatic plasma conformation, which 
stimulated angiogenesis.123 In parallel with these, in vitro data of our study proved that hADSCs stimulated PPARβ/δ and 
ANGPTL4 in both HDFs and HUVECs, which may also act as the approach to protect cells under hypoxic conditions. 
However, the underlying mechanism still needs further exploration.

Another implication of our study is the optimization of stem cell delivery in wound treatment. By innovatively 
encapsulating hADSCs in HA, we demonstrated that the therapeutic efficacy of such combination was greater than that of 
HA or hADSCs alone. Compared with commercial collagen gel, hADSCs-HA gel significantly accelerated the healing of 
pressure ulcers by promoting collagen regeneration, angiogenesis, and skin cell proliferation. Our study also showed that 
hADSCs modulated lipid metabolism and promoted healing in paracrine way, which distinguished hADSCs-HA gel from 
other wound-healing materials. Another advantage of hADSCs-HA gel is the superior biocompatibility of HA compared 
with other scaffold materials, improving the stability and activity of stem cells in wound sites. Besides, the topical 
application of hADSCs-HA gel also enhances its usability, safety and potential for clinical translation. In recent years, 
topical application of hydrogel-based stem cell therapy has gained increasing attention in the treatment of various chronic 
wounds. In previous studies, gelatin-based hydrogel (GBH) wound dressing combined with ADSCs improved wound 
healing in both mice and porcine.124 A photo-active gelatin (Az-Gel) modified stem cell seeded bilayer PVA hydrogel 
dressings with silver nanoparticles loaded poly (lactic-co-glycolic acid) (PLGA) electrospinning films (Ag-PLGA) 
presented great biocompatibility and anti-bacterial activity. Such hydrogel allowed the bioactive factors secreted by 
ADSCs to penetrate and promoted cell growth and wound healing.125 In addition, an enzyme-crosslinked gelatin 
hydrogel containing ADSC spheroid was successfully prepared. It significantly boosted the regeneration of epidermis 
and improved wound architecture.126 Besides, in a clinical study, hydrogel-based allogeneic ADSCs sheets was used to 
treat diabetic ulcers and 82% of the patients in treatment group achieved complete wound closure within 12 weeks.127 

Compared with above-mentioned hydrogels, hADSCs-HA exihibits multiple advantages such as simple preparation, 
convenient application, and less triggering of immune responses. Accordingly, we believe that hADSCs-HA gel has 
broad prospects in clinical application. In addition to pressure ulcers, hADSCs-HA gel also possesses potentials in 
treating diabetic ulcers, burn wounds, and radioactive damages. However, clinical translation of hADSCs-HA gel still 
faces some obstacles. The limitations of our study mainly include the following aspects: (1) hADSCs are varied due to 
differences in donor age, sex, body mass index, clinical status, and cell sampling location, therefore the quality control of 
hADSCs-HA gel before clinical application is still an urgent problem; (2) The biocompatibility of hADSCs-HA gel still 
needs further research; (3) In our study, hADSCs-HA gel was prepared immediately before use. However, the storage 
conditions of gel still need to be explored to facilitate clinical application.

Conclusion
This study demonstrated the promotive efficacy of hADSCs-HA gel on mice pressure ulcers and clarified the PPARβ/δ- 
related paracrine mechanism underlying the effects of ADSC-CM on HDFs and HUVECs. In vivo, hADSCs-HA gel 
accelerated the healing of pressures ulcers during the proliferative phase by promoting collagen synthesis and vascular-
ization. In vitro, hADSCs improved the biological properties of HDFs and HUVECs in a paracrine manner by facilitating 
their proliferation, boosting their migration and elevating their expression of proteins related with wound healing. ADSC- 
CM was also observed to promote the functions of HDFs and HUVECs under hypoxic conditions. With the aid of 
proteomics analysis, we also verified that such paracrine functions of ADSC-CM were achieved through the activation of 
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PPARβ/δ pathway. Therefore, hADSCs-HA gel is a promising therapeutic candidate for treating pressure ulcers topically. 
Overall, this work contributed new understanding about the ability of MSCs to wound restoration, and this has 
significance in the application of stem cells in clinical background.
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