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Abstract

BACKGROUND: Diabetic wound healing remains a major challenge due to the impaired functionality of angiogenesis by
persistent hyperglycemia. Mesenchymal stem cell exosomes are appropriate candidates for regulating the formation of
angiogenesis in tissue repair and regeneration. Here, we explored the effects of exosomes derived from human amniotic
mesenchymal stem cell (hAMSC-Exos) on the biological activities of human umbilical vein endothelial cells (HUVECs)
treated with high glucose and on diabetic wound healing and investigate IncRNAs related to angiogenesis in hAMSC-Exos.
METHODS: hAMSCs and hAMSC-Exos were isolated and identified by flow cytometry or western blot. A series of
functional assays such as cell counting kit-8, scratching, transwell and tube formation assays were performed to evaluate
the potential effect of hAMSC-Exos on high glucose-treated HUVECs. The effect of hAMSC-Exos on diabetic wound
healing were tested by measuring wound closure rates and immunohistochemical staining of CD31. Subsequently, the
IncRNAs profiles in hAMSC-Exos and hAMSCs were examined to screen the IncRNAs related to angiogenesis.
RESULTS: The isolated hAMSC-Exos had a size range of 30—150 nm and were positive for CD9, CD63 and CD81. The
hAMSC-Exos facilitate the functional properties of high glucose-treated HUVECs including the proliferation, migration
and the angiogenic activities as well as wound closure and angiogenesis in diabetic wound. hAMSC-Exos were enriched
IncRNAs that related to angiogenesis, including PANTRI1, H19, OIP5-AS1 and NR2F1-AS1.

CONCLUSION: Our findings demonstrated hAMSC-Exos facilitate diabetic wound healing by angiogenesis and contain
several exosomal IncRNAs related to angiogenesis, which may represent a promising strategy for diabetic wound healing.
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Numerous studies have indicated that human amniotic
mesenchymal stem cells (hAMSCs) can be isolated from
human amniotic tissue of the placenta. They are not only
free from ethical or legal concerns and are easily obtained
from discarded placentas [3] but also have the merits of
self-renewal potential and low immunogenicity and could
differentiate into multiple cell types [4, 5], these features
make hAMSCs an attractive cell source for wound repair
and regeneration. Recently, many studies have demon-
strated that the roles of MSC-Exos in promoting wound
repair and regeneration mainly lie on paracrine mecha-
nisms, in which exosomes play a major role [6, 7]. It has
been demonstrated that exosomes can accelerate the heal-
ing of diabetic wounds by angiogenesis [8—10].

Exosomes, as nanoparticles, are secreted by different
cell types and have a diameter range of 30—150 nm. They
can positively express the protein markers, CD9, CD63 and
CDS8]1, as determined by flow cytometry or western blotting
[11]. Exosomes are methods of paracrine communication
that exist in extracellular environments, such as the con-
ditioned media of cells and various body fluids, from which
they were successfully isolated. Further analysis of exo-
somes revealed that they can carry nucleic acids (e.g.,
mRNA, miRNA, and IncRNA) and proteins, which can be
transferred to target cells to regulate biological processes,
which is called intercellular communication [12].

Current research indicates that long noncoding RNAs
(IncRNAs, with lengths of more than 200 nucleotides) may
play regulatory roles in the healing process of diabetic
wounds. For instance, exosomal KLLF3-AS1 and HOTAIR
derived from MSCs can enhance angiogenesis to promote
the healing process of diabetic wounds [13, 14]. To date,
there have been no reports regarding the function of
hAMSC-Exos in the healing of diabetic wounds and enri-
ched IncRNAs in hAMSC-Exos.

In this study, we sought to investigate whether hAMSC-
Exos could facilitate the proliferation, migration and the
angiogenic activities of HUVECsS and facilitate the diabetic
wound healing by angiogenesis. Subsequently, IncRNAs
enriched in hAMSC-Exos related to angiogenesis were
screened to analyze the underlying mechanisms of angio-
genesis facilitated by hAMSC-exos in the healing of dia-
betic wounds, which may provide novel ideas for further
therapy.

2 Materials and methods
2.1 Tissues and ethical approval
Discarded human amniotic tissues were obtained from

several puerperae from April 2021 to December 2021 in
the Department of Obstetrics and Gynecology, the First
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Affiliated Hospital of Nanchang University (Jiangxi,
China). All patients with hepatitis B, hepatitis C, syphilis
and acquired immune deficiency syndrome (AIDS) tested
negative from the puerpera, who also had no other infec-
tious diseases. All experiments described in this study were
conducted under protocols that were reviewed and
approved by the Medical Research Ethics Committees of
the First Affiliated Hospital of Nanchang University (no.
20218-008). Written informed consent was signed by the
pregnant women or their legal guardians.

2.2 Isolation of hAMSCs and hAMSC-Exos

hAMSCs were isolated and cultured as previously described
[15]. Human amniotic tissues were separated from maternal
placentas under aseptic conditions and rinsed with sterilized
PBS (Solarbio, Beijing, China). Then, the amniotic tissues
were transferred to 2-mL cryogenic vials and cut into small
fragments with ophthalmic scissors. Then digested twice
with 0.05% trypsin—-EDTA (Gibco, Ottawa, Canada). Sub-
sequently, the cells were digested with 0.75 mg/mL colla-
genase II (Worthington, OH, USA) containing DNase I
(Solarbio) at 37 °C for approximately 1 h. The cells were
then digested with Dulbecco’s Modified Eagle’s medium
(DMEM) (Solarbio) supplemented with 10% fetal bovine
serum (FBS) (Solarbio Biotechnology, Berlin, Germany).
The filtrate containing cells was collected by a 300-mesh
filter, centrifuged and resuspended with DMEM supple-
mented with 10% FBS and 10 ng/mL basic fibroblast growth
factor (bFGF) (Peprotech, Cranbury, NJ, USA) (complete
medium) and incubated in an incubator. The culture medium
was first replaced after 12 h. Third-generation hAMSCs
were collected for further use.

Isolation of hAMSC-Exos was carried out as previously
described [16]. The hAMSCs were seeded into 100-mm
culture dishes (Corning Inc., Corning, NY, USA) with
complete medium for 72 h. Then, washed three times with
PBS and incubated with DMEM free of FBS for 48 h. After
that, the culture medium was collected, and the hAMSC-
Exos were collected by ultracentrifugation. Briefly, the
culture medium of hAMSCs was collected and centrifuged at
500 x gfor10 minat4°C,3000 x gfor20 minat4°C,and
10,000 x g for 30 min at 4 °C to eliminate cell debris; a
0.22-pm filter (Merck Millipore, Burlington, MA, USA) was
used to filter the supernatant. Subsequently, the supernatant
was ultracentrifuged at 100,000 x g with a 70Ti rotor
(Beckman Coulter, Brea, CA, USA) for 70 min at 4 °C, and
the pellet obtained was washed with PBS and ultracen-
trifuged again. The pellet in which the hAMSC-Exos were
enriched was obtained and resuspended in 100puL of PBS,
and a BCA protein assay kit (Solarbio) was used to measure
the concentrations of hAMSC-Exos proteins. Samples were
stored at —80 °C prior to use.
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2.3 Differentiation potential of hAMSCs

To demonstrate that hAMSCs could differentiate into
osteoblasts and adipocytes, hAMSCs at passage 4 were
seeded in a 6-well plate according to the manufacturer’s
instruction. After the hAMSCs reached 70% confluence,
OriCell human MSC osteogenic differentiation medium
(Cyagen Biosciences, Jiangsu, China) was added to the
6-well plate and replaced every 4 days. The differentiation
potential of osteogenic formation of calcium nodules was
assessed by Alizarin Red S (pH 4.2) staining after 26 days
of induction. The hAMSCs of passage 4 were seeded in a
6-well plate as before. When the hAMSCs reached 100%
confluence, OriCell human MSC adipogenic differentiation
medium A was added to the 6-well plate for 3 days, and
medium B was then changed to culture for 1 day. The
differentiation potential of adipogenesis formation of lipid
droplets was assessed the by Oil red O staining after
21 days of induction (All obtained from Cyagen
Biosciences).

2.4 Identification of biomarkers of hAMSCs by flow
cytometry

The standard flow cytometry method was used to analyze
the hAMSC phenotypic. The primary hAMSCs were cul-
tured until passage 5 and when the hAMSCs reached 80%
confluence, they were resuspended with PBS at a concen-
tration of 1 x 10° cells/mL and stained with fluorescein
isothiocyanate (FITC)-conjugated antibodies mouse anti-
human CD44, CD45, CD90, CD105, phycoerythrin (PE)-
conjugated antibodies mouse anti-human CD34, CD73,
HLA-DR (all obtained from BD Biosciences, San Jose,
CA, USA) and their isotype controls, normal mouse IgG1-
FITC, IgG2b-FITC, IgGl1-PE, IgG2a-PE (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) at 4 °C for 30 min.
Then, the cells were washed twice with 2 mL of PBS. The
cells were resuspended in 300 pL of PBS and analyzed by a
FACSCanto II (BD Biosciences). FLOWJO V10 software
was used to analyze the data (TreeStar Inc., Ashland, OR,
USA).

2.5 Morphological and size analyses of hAMSC-
Exos

For transmission electron microscope (TEM) detections, 10
pL of hAMSC-Exos were fixed using glutaraldehyde and
dropped onto the copper mesh of an electron microscope
(Hitachi, HT-7700, Tokyo, Japan). The cells were then
subjected to negative staining with 10 pL of uranyl acetate
two times. An HT-7700 electron microscope was used to
analyze the hAMSC-Exos at 100 kV.

For the size distribution analysis of the hAMSC-Exos,
10 pL. of hAMSC-Exos was diluted to 30 pL. The standard
product was used to test the high sensitivity flow cytometry
for nanoparticle tracking analysis (NTA) (NanoFCM Co.
Ltd., Xiamen, China). After

passing that, hAMSC-Exos were loaded, and the particle
sizes and concentrations of hAMSC-Exos were then
detected by high-sensitivity flow cytometry for NTA.

2.6 Western blotting analysis of hAMSC-Exos
marker proteins

hAMSC-Exos were lysed with protein extraction reagent
(Applygen Technologies Inc., Beijing, China) containing a
complete protease inhibitor tablet, according to the manu-
facturer’s instructions. The protein lysates were subjected
to SDS-PAGE and separated by electrophoresis. Then, they
were transferred to a polyvinylidene difluoride membrane
(PVDF, Merck Millipore). The membranes were blocked
with 5% nonfat milk and then incubated with rabbit mon-
oclonal anti-human CD9, CD63, and CD81 antibodies
(1:1000 dilution; Abcam, Cambridge, MA, USA) at 4 °C
overnight. Subsequently, the membranes were incubated
with horseradish peroxidase-conjugated secondary anti-
bodies for 1 h. Finally, the proteins were visualized by an
enhanced chemiluminescence system (Clinx Science
Instruments, Shanghai, China).

2.7 Labeling and uptake of hAMSC-Exos

The hAMSC-Exos were labeled with PKH26 (Sigma-
Aldrich, St. Louis, MO, USA) fluorescent solution at room
temperature for 20 min. Then, they were centrifuged at
100, 000 x g for 70 min to remove the supererogatory
fluorescent solution at 4 °C. HUVECs were incubated with
PKH26-labeled hAMSC-Exos for 8 h in the dark at 37 °C.
Subsequently, the cells were fixed with 4% paraformalde-
hyde, and the cell nuclei were stained with 0.5 pg/mL
DAPI (Invitrogen, Carlsbad, CA, USA). Finally, the cells
were observed with an inverted fluorescence microscope
(Leica, Wetzlar, Germany).

2.8 Cell proliferation assay

HUVECs were purchased from the American Type Culture
Collection and cultured in endothelial cell medium (ECM)
with 33 mmol/L glucose to mimic a hyperglycemic envi-
ronment, which was supplemented with 5% FBS and 1%
penicillin/streptomycin. Mannitol (5.5 mM glu-
cose + 27.5 mM D-mannitol) was used as an osmotic
control. HUVECs were cultured in a hyperglycemic envi-
ronment for 7 days, and the media were replaced every
48 h. A total of 1 x 10* cells were seeded into 96-well
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plates, and cultured in exosome-free low-serum (2% FBS,
VivaCell Biotechnology, Denzlingen, Germany) medium
containing PBS or 100 pg/mL. hAMSC-Exos for 0, 12, 24,
36, 48 and 60 h. Cell counting kit-8 reagent (CCK-8; 10 uL
per well; Dojindo, Kumamoto, Japan) was used to assay
the proliferation. After incubation at 37 °C for 2 h, the
absorbances were evaluated at 450 nm using a Varioskan
Flash (Thermo Fisher Scientific, Waltham, MA, USA).

2.9 Scratch assay

After culturing with 33 mmol/L. glucose for 7 days, the
HUVECs were seeded into 6-well plates. The cells were
scratched with a pipette tip (200 pL) and washed twice
with PBS when the cells reached 100% confluence. Then,
the cells were cultured in exosome-free low-serum (2%
FBS) ECM containing PBS or 100 pg/mL hAMSC-Exos.
Images were obtained at O h, 12 h, and 24 h. Imagel
(National Institutes of Health, Bethesda, MD, USA) soft-
ware was used to measure the wound areas. The following
formula: migration area (%) = (A0 — At)/A0 x 100%
was used determine the migration rates, where AQ repre-
sents the area of the initial wound scratch and At represents
the area of the remaining wound at the measurement point.

2.9.1 Transwell assay

HUVECs (4 x 10* cells) were resuspended in serum-free
ECM and seeded into the upper chamber with 8-pm pore-
size polycarbonate membranes of a 24-well transwell
chamber (Corning). The lower chamber was filled with
exosome-free low-serum (2% FBS) ECM containing PBS
or 100 pg/mL hAMSC-Exos. After incubation at 37 °C
with 5% CO, for 24 h, the cells migrated to the lower
surface of the membrane. The migrated cells on the lower
surface were fixed with 4% formaldehyde for 15 min. Then
the cells were stained with 0.1% crystal violet (Solarbio)
for 30 min. Images of the migrated cells were captured
with a microscope, and the numbers of migrated cells were
counted using Image] software. The numbers of cells that
had migrated through the membranes were counted in at
least three randomly selected microscopic fields.

2.9.2 Tube-formation assay

A 96-well plate was covered with 100 pL of Matrigel
(Corning) and incubated for 30 min. The HUVECs
2 x 10* cells/well) were cultured in exosome-free low-
serum (2% FBS) ECM containing PBS or 100 pg/mL
hAMSC-Exos. After incubation at 37 °C for 8 h, the cap-
illary-like structures were observed with a microscope, and
the total lengths of the network structures were measured
using Imagel software.

@ Springer

2.9.3 The effects of hAMSC-Exos on diabetic wounds

Twenty male Sprague Dawley (SD) rats (7-8 weeks) were
purchased from SJA Laboratory Animal Co, Ltd. (Hunan,
China). All procedures were approved by the Experimen-
tal Animal Welfare Ethics Committee of the First Affili-
ated Hospital of Nanchang University (Jiangxi, China)
(CDYFY-TACUC-202208QR040). Streptozocin (50 mg/
kg) was intraperitoneally injected after 16 SD rats were fed
a high-fat diet for one month. The criterion for inclusion
was exceeding 16.7 mmol/L glucose. Then, the rats were
anesthetized by intraperitoneal injections of 1% 35 mg/kg
pentobarbital sodium (Sigma—Aldrich), and a full-thickness
cutaneous wounds (2.5 cm in diameter) were created on the
dorsum of each rat. All the rats were divided into three
groups and subcutaneously injected with hAMSC-Exos or
PBS: (1) PBS 4+ NC group (normal rats treated with 100
pL PBS), (2) PBS + DM group (diabetic rats treated with
100 pL of PBS), and (3) hAMSC-Exos + DM group (di-
abetic rats treated with 100 pL of 100 pg/mL hAMSC-
Exos). The wounds were photographed at Days 0, 7, 10 and
14 postoperation. The wound closure rates were calculated
as scratch assay. The wound areas were evaluated with
ImagelJ software.

2.9.4 Immunohistochemical staining

Skin specimens around wounds were harvested after the
rats were sacrificed on postoperative Day 14. Then the
sections were cut into 5-mm paraffin sections after fixation
with 4% paraformaldehyde. Three sections from each
group were subjected to immunohistochemistry after the
slides were prepared. Primary antibodies against CD31
(Abcam) were used for the immunohistochemistry deter-
minations. The cells were incubated with the primary anti-
body against CD31 overnight at 4 °C. Images were
captured by microscopy (Leica) and the capillary densities
were evaluated using Imagel software.

2.9.5 LncRNA/mRNA microarray analysis of hAMSC-Exos
and hAMSCs

Total RNA samples from hAMSC-Exos and hAMSCs were
prepared using TRIzol. An Arraystar Human LncRNA
Microarray V5.0 was used to detect the profiles of exoso-
mal IncRNAs in these samples. In this study, we selected
the differentially expressed IncRNAs and mRNAs between
hAMSCs and hAMSC-Exos with fold changes > 5. Then,
GO and KEGG pathway function analyses of the differ-
entially expressed mRNAs were performed using in-house
scripts written by Kang Cheng Biology (Shanghai, China).
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2.9.6 Gene ontology (GO) and KEGG pathway analyses

GO covers three domains, namely biological processes,
molecular functions and cellular component, and their
analysis was used to analyze the main functions of the dif-
ferentially expressed genes and gene products (http:/www.
geneontology.org). Fisher’s exact tests in the Bioconductor
topGO package were used to classify the GO categories. The
significance of the functions was measured by using the GO
term enrichments of the differentially expressed genes.
p < 0.05 is recommended as the threshold of significance.
Pathway analysis is a functional analysis that maps genes to
KEGG pathways (http://www.genome.jp/kegg). Fisher’s
exact tests were used to identify the significantly enriched
pathways. p < 0.05 was considered statistically significant.

2.9.7 The reliability of the IncRNA microarray results
was verified by real-time quantitative polymerase
chain reaction (RT-gPCR)

RT-gqPCR was used to verify the reliability of the microarray
results. Four differentially expressed IncRNAs and four
mRNAs were randomly selected for analysis. The primers
for the IncRNAs and mRNAs are shown in Table 1. Gradient
dilution DNA templates were used to draw standard curves.
The PCR conditions were as follows: 95 °C, 10 min; 40 PCR
cycles at 95 °C, 10 s; and 60 °C, 60 s. After that, the fluo-
rescence signals were collected. U6 was used as an internal
reference. The 272" method was used to calculate the
expression levels of IncRNAs and mRNAs 17.

2.9.8 Construction of the ceRNA network of differentially
expressed IncRNAs

To understand the underlying functions of the differentially
expressed IncRNAs, a ceRNA network was constructed to

Table 1 Sequences of the primers used in RT-qPCR

identify the potential miRNA response elements (MREs).
In the ceRNA hypothesis, IncRNAs acting as ceRNAs can
modulate miRNA target gene expressions by harboring
miRNAs. This means that both IncRNAs and mRNAs have
the same miRNA-binding sites that are the foundations of
those interactions. The IncRNA-miRNA-mRNA interac-
tions were predicted using miRDB (http://www.mirdb.org/)
and TargetScan (www.targetscan.org/).

2.9.9 Statistical analysis

All the data are presented as the mean =+ standard devia-
tion (SD). Statistical analyses were performed using
GraphPad Prism 8.0 software. T-tests were used to evaluate
the significant differences between two groups. One-way
analysis of variance (ANOVA) and two-way ANOVA were
used to analyze the differences among three groups and
differences between two or three groups at different time
points. p < 0.05 was considered statistically significant.

3 Results

3.1 Isolation and identification of hAMSCs
and hAMSC-Exos

The hAMSCs showed spindle-shaped and fibroblast-like
morphologies (Fig. 1A). When the hAMSCs were passaged
until passage 3, we observed all of the hAMSCs (Fig. 1B).
Flow cytometry showed that the hAMSCs strongly
expressed the MSC marker proteins, CD44, CD73, CD90,
and CD105, but did not express the hematopoietic stem cell
marker proteins, CD34, and CD45, or the histocompati-
bility protein, HLA-DR, (Supplemental Fig. 1A). After
culturing with osteogenic and adipogenic differentiation
media, hAMSCs could be induced to differentiate into

LncRNA and mRNA Primer sequence (5'-3’) Size(bp)
Forward Reverse

HOTAIR CTCCGTGGGGTCCTGCT AGGCTTCTAAATCCGTTCCAT 53
H19 GGTCTGTTTCTTTACTTCCTCCA CATATTCATTTCCAAGCTTTCAT 94
LINCO01857 AACCTGCTGGTGCCTTCATCT AGAGTGCGGGCTCCATAGTTC 660
MALATI1 GCTCGCCTGAAGGTGGTAA CTTCCGCCGCCTCTTAAA 75
STAT4 CTTTGGATTGATGGGTATGTC CTTTGTAGTCTCGCAGGATGT 238
MYC CCTACCCTCTCAACGACAGC CTCTGACCTTTTGCCAGGAG 248
VEGFD GCTGCCTGATGTCAACTGCT GTGGACTGAGATGATCGCTTC 157
MAPK6 CATCTTTGCTGAAATGCTGACT AAACTGGAATTACGCTGAGAAG 137
U6 GCTTCGGCAGCACATATACTAAAAT CGCTTCACGAATTTGCGTGTCAT 89
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Fig. 1 Characterization of
hAMSC-Exos. A Primary
hAMSCs with spindle shapes on
culture dishes. B The hAMSCs
at passage 3. C The morphology
of hAMSC-Exos was captured
by TEM. D The diameters and
particle concentrations of
hAMSC-Exos were detected via
NTA. E The specific surface
marker proteins (e.g., CD9,

CD63, CD81) of hAMSC-Exos
were assessed by western
blotting
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osteoblasts and adipocytes, respectively, in vitro (Supple-
mental Fig. 1B and C). The above results demonstrate that
hAMSCs express specific marker proteins of MSCs and
possess low immunogenicity as well as multidifferentiation
potential, which may mean that hAMSCs have potential as
a therapy for use in diabetic wounds.

To evaluate the characteristics of nanoparticles derived
from the supernatant of the hAMSC culture medium,
transmission electron microscopy (TEM) and high sensi-
tivity flow cytometry for nanoparticle analysis were
employed for these determinations. TEM showed that
hAMSC-Exos exhibited circular, bilayer membrane struc-
tures with different sizes (Fig. 1C). The Flow NanoAna-
lyzer revealed that the hAMSC-Exos had a mean diameter
of 75.72 nm, and their diameters were within the range of
30-150 nm (Fig. 1D). Western blot analysis demonstrated
that the hAMSC-Exos expressed the exosomal surface
markers, CD9, CD63 and CDS81 (Fig. 1E). All data indi-
cated that the hAMSC-Exos were successfully harvested
from the supernatant of hAMSC culture medium.

3.2 The hAMSC-Exos facilitated the proliferation
of HUVECs

As shown in Fig. 2A, PKH26-labeled hAMSC-Exos
exhibiting red fluorescence were transferred to the cyto-
plasm of HUVECsS after co-incubation for 12 h. The CCK-
8 assay demonstrated that the hAMSC-Exos could accel-
erate the proliferation of HUVECs from 12 h (Fig. 2B).
These data revealed that hAMSC-Exos were successfully
absorbed by HUVECs and could accelerate their
proliferation.
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Fig. 2 hAMSC-Exos facilitated the proliferation of HUVECs.
A PKH26-labeled hAMSC-Exos with red fluorescence were trans-
ferred to the cytoplasm of HUVECs. B Cell counting kit-8 assays
were used to evaluate the proliferation of HUVECs treated with
hAMSC-Exos. *p < 0.05, low glucose with mannitol compared with
high glucose group; *p < 0.05, hAMSC-Exos compared with high
glucose group, n.s. no significance
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3.3 The hAMSC-Exos facilitated the migration
of HUVECs

Migration of HUVECsSs is important for angiogenesis to
accelerate the healing of diabetic wounds. Here, scratch
and transwell assays were conducted to evaluate the
migration of HUVECs by hAMSC-Exos (Fig. 3A-D). Both
transwell and scratch assays demonstrated that hAMSC-
Exos significantly increased migration of HUVECs
(p < 0.05).

3.4 hAMSC-Exos enhanced the angiogenic activities
of HUVECs

Angiogenesis can provide nutritional support to wound
sites, thereby promoting the healing of diabetic wounds.
Tube-formation assays on Matrigel are recognized as a
model of angiogenesis in vitro. After treatment with
hAMSC-Exos, the HUVECs showed a greater number of

A

Oh

12h

24h[SEE

LGHMAN HG

Fig. 3 hAMSC-Exos facilitated migration of HUVECs. A Represen-
tative images of scratch assays in HUVECs treated with hAMSC-
Exos or PBS. B Quantitative analysis of the migration rates in (A).
C Representative images of the transwell assay in HUVECs treated

Migration area (%)

capillary-like structures compared with the control group
(Fig. 4A and B) (p < 0.05).

3.5 hAMSC-Exos accelerated the healing of diabetic
wounds

To evaluate the effects of hAMSC-Exos on the cutaneous
healing process of diabetic wounds, PBS or hAMSC-Exos
were injected subcutaneously around the wound. The
wounds images at Days 0, 7, 10 and 14 postoperation showed
that the wounds of normal rats were healing faster than the
wounds of diabetic rats. However, diabetic rats injected with
hAMSC-Exos showed much faster wound closure rates than
those injected with PBS (Fig. 5A and B) (p < 0.05).

3.6 hAMSC-Exos promoted the healing process
of diabetic wounds by improving angiogenesis

CD31 expressions are widely used to evaluate the extent of
angiogenesis in wound sites. To explore the impact of

- HG
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100 - —— HG+hAMSC-Exos
sk
75 e #
50
25
ns
0- T T
12 24
Time (hours)
D g0 **
it
Z 600
% 400
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S 200
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& ¥
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with hAMSC-Exos or PBS. D Quantitative analysis of the migrated
cells in (C). *p < 0.05, low glucose with mannitol compared with
high glucose group; *p < 0.05, hAMSC-Exos compared with high
glucose group, n.s. no significance
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Fig. 4 A Representative images of tube formation assays in HUVECs
treated with hAMSC-Exos or PBS. B Quantitative analysis of the tube
lengths of in (A). *p < 0.05, low glucose with mannitol compared
with high glucose group; *p < 0.05, hAMSC-Exos compared with
high glucose group, n.s. no significance

hAMSC-Exos, immunohistochemical staining for CD31
was performed. The results showed that greater numbers of
CD31-stained cells appeared in the wounds of normal rats
than in diabetic rats, which demonstrated that the wound
healing process could be delayed by hyperglycemia.
However, among the diabetic rats, more CD31-stained
positive cells appeared around wounds treated with
hAMSC-Exos in contrast to those treated with PBS
(Fig. 5C and D). The above results suggested that hAMSC-
Exos were able to facilitate the angiogenesis of diabetic
wounds, which demonstrated the potential of hAMSC-Exos
in promoting angiogenesis.

3.7 Differential expression of IncRNAs and mRNAs

MSC-Exos can carry IncRNAs [12], which can be trans-
ferred to target cells to regulate the biological processes.
To explore the potential contents of hAMSC-Exos, we
conducted a comprehensive analysis of the IncRNA
expressions between hAMSCs and hAMSC-Exos by using
a microarray. We screened the differential expressions of
IncRNAs and mRNAs (fold changes > 5) in hAMSC-
Exos. The results showed that 2686 IncRNAs were sig-
nificantly upregulated and 2388 IncRNAs were signifi-
cantly downregulated. Concurrently, 857 mRNAs were
significantly upregulated and 3979 mRNAs were signifi-
cantly downregulated. These results suggest that hAMSCs
could release exosomes in a specifific manner, and that
IncRNAs and mRNAs may be selectively packaged into
hAMSC-Exos. We selected the partially differentially
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expressed exosomal IncRNAs (Table 2) and mRNAs
(Table 3).

3.8 GO and KEGG pathway analyses
of the differential expression of genes
from the hAMSC-Exos

TopGO was used to perform a GO analysis of the upreg-
ulated differential expressions of genes to infer the cellular
components, molecular functions and biological processes
in which they were involved. Enrichment of the top 10
items is shown in Fig. 6A. The biological processes
included the positive regulation of transcription from
multicellular organismal process and response to stimulus
and cell communication. Molecular functions were
involved in signaling receptor activity, molecular trans-
ducer activity and transmembrane signaling receptor
activity. Cellular components were involved in intrinsic
component of membrane, transporter complex, and trans-
membrane transporter complex. These results suggest that
hAMSC-Exos may regulate the construction of cell mem-
brane, recognition of cell molecules and receptors and
transfer of information between cells through the bioactive
molecules they contain.

In terms their functions, the differentially expressed
mRNAs were used for pathway analysis to infer the path-
ways in which they were involved. The annotations of the
microarray genes for pathways were downloaded from
KEGG. The differentially expressed genes that were
upregulated in hAMSC-Exos play roles in several different
pathways, and the most enriched pathways were olfactory
transduction, neuroactive ligand-receptor interaction, and
hematopoietic cell lineage (Fig. 6B), which may play
dominant roles in wound repair and tissue regeneration.

3.9 RT—qPCR verification

The reliability of the microarray results was verified by
RT—-gPCR. LINCO1857, H19, HOTAIR, MALATI,
VEGFD, STAT4, MAPK6, and MYC were selected for
RT—qPCR verification. LINCO1857, H19, HOTAIR,
VEGFD and STAT4 were upregulated and MALATI,
MAPKG6 and MYC were downregulated in hAMSC-Exos,
which is consistent with the microarray data. This means
that the data acquired by the microarray were reliable. The
RT-gPCR results are shown in Fig. 7 (p < 0.05).

3.9.1 Construction of ceRNA networks

In terms of the ceRNA hypothesis, miRNAs can silence
mRNAs expressions by binding to mRNA, and IncRNAs
can competitively bind to miRNAs to regulate the
expressions of mMRNAs. The IncRNAs and mRNAs
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wound closure (%)

Fig. 5 hAMSC-Exos facilitated cutaneous wound healing and
increased the capillary density in rats. A Gross views of wounds
treated with NC + PBS, DM + PBS and DM + hAMSC-Exos at
Days 0, 7, 10 and 14 postoperation. B Quantitative analysis of the
wound closure rates for each group at the indicated times. C Repre-
sentative images of immunohistochemical staining for CD31 in

exhibited coexpression patterns in the networks. Therefore,
IncRNAs can be considered and may function as ceRNAs.
Here, ceRNA networks were constructed, that could
directly exhibit IncRNAs-miRNA-mRNA interactions.
The angiogenesis-related IncRNAs, PANTRI1, H19, OIP5-
AS1 and NR2F1-AS1, were selected to construct the
ceRNA networks (Fig. 8). They can act as ceRNAs and
bind to miRNAs to regulate the expressions of the miRNA
targets, VEGFA, PTEN, HIFI1A, and SIRTI1, which may
participate in regulating the healing process of diabetic
wounds.

4 Discussion

In this study, we demonstrated that exosomes secreted by
hAMSCs could facilitate the proliferation, migration, and
tube formation of HUVECs in vitro as well as facilitate
diabetic wound healing by angiogenesis in vivo. Previous

Bl DM+Exos
= DM-+PBS
Hm NC+PBS

7d 10d 14d

40—

30 i

Loop number/hpf
N
S
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0_
¢ S ©
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D

wound sections treated with NC + PBS, DM + PBS and DM +
hAMSC-Exos. D Quantitative analysis of the loop numbers for each
field in every group. NC normal control, DM diabetes mellitus.
*p <0.05, NC + PBS compared with DM + PBS; #p < 0.05,
DM + hAMSC-Exos compared with DM + PBS, n.s. no significance

studies have indicated that the MSCs could affect the
healing process of diabetic wounds by transplantation
[18, 19]. For example, intracutaneous injection of hAMSCs
around the wound can promote diabetic wound healing by
angiogenesis [20].The effects by which hAMSCs promote
angiogenesis lie on paracrine mechanism in which soluble
growth factors and exosomes play a major role. However,
there are many unpredictable risk factors in the direct
transplantation of the MSCs, such as potential tumori-
genicity, undesired immune responses and storage limita-
tions [21]. Exosomes secreted by MSCs through paracrine
mechanisms not only have the same effects as MSCs but
also exhibit great potential for angiogenesis formation
during wound healing due to their high stability, low
immunogenicity, nontumorigenicity and ease to storeage
[22-24]. MSC-Exos have been shown to have positive
treatment effects for cutaneous wounds, and provide more
efficient and safe cell-free therapy [25].
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Table 2 Partially differentially expressed exosomal IncRNAs (
hAMSCs-Exos vs hAMSCs)

Transcript_ID Fold change = Regulation = Gene symbol
ENSTO00000429730 90.9142162  Up LINCO01857
ENST00000443988 40.5410851  Up PANTRI1
ENSTO00000634576 38.2345874  Up LINCO00466
ENST00000559368 20.0761399  Up OIP5-AS1
ENST00000439545 8.489689 Up HOTAIR
ENST00000412712 8.4132814 Up ID2-AS1
ENST00000442037 8.1966398  Up H19
ENST00000606233 7.0520906 Up NR2F1-AS1
ENSTO00000473846 6.9437933  Up GLIS3
ENST00000433869 54139862  Up ERLNCI
ENST00000619449  219.8320917  Down MALATI
ENST00000498411 41.5729725 Down FLNA
ENST00000572915 30.4030594  Down PAFAHIBI1
ENSTO00000487310 21.1927544  Down JAK2
ENST00000462077 17.9850517 Down FLRT3
ENSTO00000585639 16.7170572  Down LINCO00907
ENST00000645313 16.6357361  Down CDKN2B-AS1
ENST00000431243 12.0066769  Down MTHFR
ENST00000512932 10.036883 Down THAP9-AS1
ENST00000422420 6.0660912  Down CDKN2B-AS1

Table 3 Partially differentially expressed exosomal mRNAs (
hAMSCs-Exos vs hAMSCs)

Transcript_ID Fold CHANGE Regulation Gene symbol

ENST00000382333 61.8289843 Up FGFBP1
ENST00000392320 16.5734116 Up STAT4
ENST00000392870 14.9090414 Up GRK5
ENSTO00000380874 8.5155086 Up FOXC1
ENST00000225275 7.1874011 Up MPO
ENST00000222390 6.9418515 Up HGF
ENST00000345617 6.705519 Up HDAC4
ENST00000222572 6.4455032 Up PON2
ENST00000297904 5.5418924 Up VEGFD
ENSTO00000360648 5.3705867 Up PAK3
ENST00000621592  102.3147973 Down MYC
ENST00000361099 66.3645547 Down STAT1
ENSTO00000613296 51.7064087 Down ALMSI1
ENST00000551116 42.4786968 Down DDIT3
ENST00000261845 33.5184144 Down MAPK6
ENST00000545279 24.077475 Down SMADS5
ENST00000218388 22.5360599 Down TIMP1
ENST00000298139 21.2347851 Down WRN
ENST00000221930 18.3312543 Down TGFB1
ENST00000412585 11.8659524 Down HLA-B
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Many studies have indicated that exosomes originating
from adipose-derived mesenchymal stem cells (ADMSCs),
bone marrow mesenchymal stem cells (BMSCs) and
umbilical cord mesenchymal stem cells (UCMSCs) can
accelerate cutaneous wound healing. For example,
ADMSC-Exos could promote vascularization to accelerate
the healing of diabetic cutaneous wounds [26]. Exosomes
derived from atorvastatin-pretreated BMSCs can accelerate
the healing of diabetic skin defects by promoting the for-
mation of blood vessels in diabetic rats [8]. UCMSC-Exos
facilitate diabetic wound repair by regulating oxidative
stress, and promoting angiogenesis [9, 27]. However, there
have been no reports regarding the application of hAMSC-
Exos in diabetic wound healing thus far. The present study
reported only that the application of conditioned medium
from hAMSCs could promote wound healing in diabetic
mice [28]. To explore the role of hAMSC-Exos in diabetic
wound healing, we successfully isolated and identified
hAMSCs and hAMSC-Exos and observed the effects of
hAMSC-exos on the biological activities of HUVECs
treated with high glucose levels and diabetic wound heal-
ing. Our results demonstrated that hAMSC-Exos could
facilitate the proliferation, migration and angiogenic
activities of HUVEC:s in vitro and facilitate diabetic wound
healing by angiogenesis in vivo.

Although the hAMSC-Exos have already exhibited
therapeutic value in diabetic wounds through angiogenesis,
the underlying mechanisms of hAMSC-Exos in diabetic
wound healing remain poorly understood. Exosomes con-
tain a variety of bioactive molecules, and IncRNA is one of
the important molecules secreted by MSC-Exos [29, 30]. It
has been reported that exosomal IncRNAs can promote
angiogenesis via ceRNAs [31, 32]. To explore whether the
hAMSC-Exos contain IncRNAs associated with angio-
genesis, the differential expressions of IncRNAs in
hAMSCs and hAMSC-Exos were compared by using a
microarray; subsequently, IncRNAs related to angiogenesis
were screened. The results showed that PANTRI1 (also
known as linc-POU3F3), H19, OIP5-AS1 and NR2F1-AS1
were enriched in hAMSC-Exos, which could regulate
angiogenesis [33-36].

Emerging evidence has shown that PANTRI1, HI19,
OIP5-AS1 and NR2F1-AS1 can regulate angiogenesis by
promoting the migration, proliferation, and tube formation
of endothelial cells [36-39]. One of the mechanisms
underlying angiogenesis facilitated by IncRNAs is that they
act as ceRNAs to regulate mRNA expressions by sponging
miRNAs. For example, H19 can increase VEGFA expres-
sions by sponging miR-29c to regulate the progression of
corneal neovascularization [40]. OIP5-AS1 affects hepa-
tocellular carcinoma angiogenesis by regulating VEGFA
expressions through sponging miR-3163 [38]. To analyze
the mechanisms of exosomal IncRNAs that are involved in
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Fig. 7 Relative expression levels of LINC01857, H19, HOTAIR,
MALATI, VEGFD, STAT4, MAPK6, and MYC in hAMSC-Exos.
They were verified by RT-qPCR, *p < 0.05, hAMSC-Exos compared
with hAMSCs

Fig. 8 The ceRNA interaction
network of IncRNA-miRNA—
mRNA. The IncRNAs were
linked to mRNAs via miRNAs
in this network. Red nodes
represent IncRNAs, pink nodes
represent miRNAs, and cyan
nodes represent mRNAs
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promoting angiogenesis, ceRNA networks were con-
structed. The networks showed that VEGFA, PTEN,
HIF1A, and SIRT1 were the target genes of exosomal
IncRNAs, the lower expression of them are associated with
delaying the healing process of diabetic wounds [41-43].
Our next study explored the effect of IncRNAs on diabetic
wound healing through the ceRNA mechanism.

In summary, our study demonstrated that hAMSC-Exos
could facilitate the proliferation, migration and angiogenic
activities of HUVECs treated with high glucose and
facilitate diabetic wound healing by angiogenesis in rats
and contained several exosomal IncRNAs related to
angiogenesis such as PANTRI1, H19, OIP5-AS1 and
NR2F1-AS1. These findings suggested that hAMSC-Exos
may represent a promising strategy for diabetic wound
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