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Umbilical cord-matrix stem cells induce ")
the functional restoration of vascular
endothelial cells and enhance skin wound
healing in diabetic mice via the polarized
macrophages

Shichang Zhang"*"'®, Li Chen®', Guoying Zhang®” and Bo Zhang®

Abstract

Background: Chronic nonhealing wounds represent one of the most common complications of diabetes and
require advanced treatment strategies. Increasing evidence supports the important role of mesenchymal stem cells
in diabetic wound healing; however, the underlying mechanism remains unclear. Here, we explored the effects of
umbilical cord-matrix stem cells (UCMSCs) on diabetic wound healing and the underlying mechanism.

Methods: UCMSCs or conditioned medium (UCMSC-CM) were injected into the cutaneous wounds of streptozotocin-
induced diabetic mice. The effects of this treatment on macrophages and diabetic vascular endothelial cells were
investigated in vivo and in vitro.

Results: Our results reveal that UCMSCs or UCMSC-CM accelerated wound healing by enhancing angiogenesis. The
number of host macrophages recruited to the wound tissue by local infusion of UCMSCs was greater than that
recruited by fibroblast transplantation or control. The frequency of M2 macrophages was increased by UCMSC
transplantation or UCMSC-CM injection, which promoted the expression of cytokines derived from M2 macrophages.
Furthermore, when cocultured with UCMSCs or UCMSC-CM, lipopolysaccharide-induced macrophages acquired an
anti-inflammatory M2 phenotype characterized by the increased secretion of the cytokines interleukin (IL)-10 and
vascular endothelial growth factor and the suppressed production of tumor necrosis factor-a and IL-6. UCMSC-CM-
activated macrophages significantly enhanced diabetic vascular endothelial cell functions, including angiogenesis,
migration, and chemotaxis. Moreover, the action of UCMSC-CM on macrophages or vascular endothelial cells was
abrogated by the administration of neutralizing antibodies against prostaglandin E2 (PGE2) or by the inhibition of PGE2
secretion from UCMSCs.
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in diabetic mice.
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Conclusions: Our findings demonstrate that UCMSCs can induce the functional restoration of vascular endothelial cells
via the remodeling of macrophage phenotypes, which might contribute to the marked acceleration of wound healing
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Introduction

Chronic wounds, such as diabetic ulcers, are a major
clinical problem in diabetic patients and can lead to se-
vere outcomes, including increased amputation rates
and even death [1]. Despite the availability of clinical
treatments for chronic wounds, the amputation rate is
high. Among the many factors contributing to diabetic
ulcers, impaired angiogenesis by endothelial cell dys-
function is crucial [2]. There is growing evidence sug-
gesting that mesenchymal stem cell (MSC)-based
therapies can promote diabetic wound healing via en-
hanced angiogenesis, which obviates the distress of non-
healing and amputation [2-5]. Therefore, MSC
transplantation offers a novel treatment strategy to aug-
ment diabetic wound healing [2, 6].

MSCs derived from autologous and allogeneic tissues
have been used for the cell therapy of diabetic ulcers [2, 3].
The therapeutic potential of autologous stem cells is im-
paired by the severe reduction in number and dysfunction
of MSCs derived from diabetic patients with long-term dis-
ease [7, 8]. Previous studies have indicated that the number
and function of MSCs decrease with age. The majority of
diabetic patients are elderly and consequently lack sufficient
numbers of autologous stem cells for the cell therapy of
diabetic ulcers [9, 10]. Among the available sources of
MSCs, the umbilical cord represents a cost-effective, pro-
ductive, feasible, acceptable, and universal source from
which to isolate MSCs [11]. Although umbilical cord-
matrix stem cell (UCMSC) transplantation has been shown
to promote wound healing, there have been few reports in
diabetes mellitus [12-15]. The underlying mechanism of
the UCMSC-induced acceleration of diabetic wound heal-
ing remains unclear.

Increasing evidence has demonstrated that trans-
planted MSCs can act as an initiator to trigger endogen-
ous cell-mediated tissue repair [16—19]. The repair of
cutaneous wounds is a highly complex biological process
involving several cell types, cytokines, and extracellular
matrix components [20]. Angiogenesis is a central
process in wound healing and impaired angiogenesis is a
feature of diabetic wounds [21]. The dysfunction of vas-
cular endothelial cells contributes to poor wound healing
in diabetes [21]. Diabetic wound healing and angiogen-
esis are enhanced by MSCs derived from different
sources [4, 22, 23], which suggests that the recovery of

vascular endothelial cell dysfunction is initiated by
MSCs. However, the precise mechanisms by which
MSCs correct vascular endothelial cell dysfunction are
still unclear.

The therapeutic effects of MSCs might be attributable
to their ability to stimulate the survival and functional
recovery of resident cells or to regulate the local micro-
environment or niche and immune response [24]. Mac-
rophages are a fundamental cell type in wound healing
and immunity. M1- and M2-polarized macrophages are
key components of tissue repair and remodeling that
occur during wound healing [25]. Therefore, UCMSCs
may induce the restoration of vascular endothelial cell
dysfunctions via the remodeling of the macrophage phe-
notypes during wound healing in diabetes.

In this study, the therapeutic potential of UCMSCs on
the full-thickness excisional skin wounds of diabetic
mice was investigated. In addition, the effects of
UCMSCs on the polarization of macrophages were ex-
amined in both in vivo and in vitro experiments. Fur-
thermore, the role of UCMSC-polarized macrophages in
the restoration of vascular endothelial cell dysfunction,
which was induced by high glucose, was identified. Fi-
nally, the mechanisms by which UCMSCs enhance cuta-
neous wound healing in diabetic mice were elucidated.
These findings will promote the clinical application of
MSC-based therapy for diabetic ulcers.

Materials and methods
Tissue sources and cell culture
Umbilical cords were obtained from full-term delivered
infants. Normal skin was obtained from healthy donors
undergoing plastic surgery procedures (mostly dermoli-
pectomies), both male and female, excluding pregnant
women. Tissues were obtained at the Department of Ob-
stetrics and Gynecology and the Department of Plastic
Surgery, respectively, at the First Affiliated Hospital of
Nanjing Medical University. Tissue specimens were col-
lected following the principles of the Declaration of
Helsinki. This study was approved by the Research Eth-
ics Committee of the First Affiliated Hospital of Nanjing
Medical University, and all participants provided in-
formed written consent.

The isolation, expansion, and characterization of
UCMSCs were performed as described in our previous
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study [26]. Primary human normal skin fibroblasts (FBs)
were obtained from skin tissue samples by the collage-
nase digestion method [27] and were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, Gibco, Grand
Island, USA) as previously described [28]. Human um-
bilical vein endothelial cells (HUVECs) were isolated as
previously described [29] and cultured in epithelial
growth medium (EGM)-2 basal medium supplemented
with 2% fetal bovine serum (FBS) and a EGM-2 Single-
Quot Kit (Lonza, Basel, Switzerland). In all experiments,
passages 2—4 were tested. Raw264.7 mouse monocytes/
macrophages (from the American Type Culture Collec-
tion) were cultured in high-glucose DMEM containing
10% FBS (Gibco), 100 units/mL penicillin, and 100 pg/
mL streptomycin.

UCMSC-conditioned medium (UCMSC-CM) production
UCMSCs at passages 3—4 (P3-P4) were grown to 80%
confluence in DMEM supplemented with 10% knockout
serum replacement and 2 mM L-glutamine (Gibco). The
UCMSC-CM was collected 24 h later and concentrated
fivefold using ultrafiltration units with a 3-kDa cutoff
(Millipore, Bedford, USA). The concentrated CM was
immediately cryo-preserved at - 80°C until use. Non-
conditioned medium (NCM) without UCMSCs was used
as a control.

To confirm the role of Prostaglandin E2 (PGE2), the
effects of inhibitors of cyclooxygenase-2 (an essential en-
zyme in PGE2 synthesis) on UCMSCs were investigated.
UCMSCs were treated with indomethacin (1 pM, Sigma-
Aldrich, St. Louis, USA) or NS-398 (1uM, Sigma-
Aldrich) for the preparation of indomethacin-CM or
NS-398-CM, respectively.

Diabetic mouse skin wound model and treatments

Forty-eight C57BL/6] female mice (age 8—10 weeks and
weighing 20-25 g) were purchased from the Laboratory
Animal Center, Army Medical University. Obliteration
of pancreatic [ cells was achieved with the intraperito-
neal injection of 60 mg/kg streptozotocin (STZ; Sigma-
Aldrich) in 50 mM sodium citrate buffer (pH 4.5) for 5
consecutive days. Ten days after the initial injection,
mice with a blood glucose level >300mg/dL were
deemed diabetic, whereas those with a level < 300 mg/dL
received an additional 3 days of STZ injection (50 mg/
kg). Mice were considered diabetic if their glucose levels
remained > 300 mg/dL for at least 4 weeks before the
date of wounding. After shaving the mice, two full-
thickness excisional skin wounds (8 mm in diameter)
were created on the upper dorsal surface of each mouse.
Then, the mice were randomly divided into four treat-
ment groups: (1) control group (wounds treated with
150 uL. NCM), (2) FB group (wounds treated with 1 x
10° FBs in 150 pL PBS), (3) UCMSC group (wounds
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treated with 1 x 10° UCMSCs in 150 uL PBS), and (4)
UCMSC-CM  group (wounds treated with 150 pL
UCMSC-CM). Briefly, the mice were subcutaneously
injected with FBs, UCMSCs, UCMSC-CM, or PBS
around the wounds at six injection sites (25 puL per site).
Each mouse in the UCMSC-CM group received an in-
jection of 150 uL every day for three consecutive days.
At days 0, 3, 7, and 14 post wounding, the wound sur-
face area was recorded, and digital photographs were ob-
tained using an Olympus digital camera. The wound
area was quantified using Image] software (NIH, Be-
thesda, MD) and was expressed as the percentage of ori-
ginal wound size over time.

For in vivo tracing, the UCMSCs were prelabeled with
the membrane dye PKH26 according to the instructions
provided by the manufacturer (Sigma-Aldrich). In separ-
ate experiments, PKH-26-labeled UCMSCs were trans-
planted into wounds of 9 diabetic mice. Wound bed
tissues of diabetic mice were harvested at 1, 7, and 14
days after UCMSC transplantation. These tissues were
placed into optimal cutting temperature (OCT) com-
pound (Sakura Finetek, Tokyo, Japan) and cut into 4-
pum-thick sections on a cryostat. All nuclei in the sec-
tions were stained with 4,6-diamidino-2-phenylindole
(DAPL; Sigma-Aldrich). PKH26-labeled UCMSCs in
wound bed tissues were detected by fluorescence mi-
croscopy (Olympus, Tokyo, Japan).

Histological analysis and immunofluorescence analysis
Wound bed tissues from each group were harvested at
14 days post administration and were fixed with 4%
paraformaldehyde. The samples were then embedded in
paraffin, and 4-pm sections were used for hematoxylin
and eosin (H&E) staining. Six pictures of each specimen
slice were captured. The capillary-like structures were
analyzed with Image] software.

Wound bed tissues of each group were harvested at 3
days post administration and were divided into two parts
along their central axis. One half was fixed with 4%
paraformaldehyde and was embedded in OCT com-
pound and cut into 4-pm-thick sections on a cryostat.
The other half was used for RNA extraction. The sec-
tions were then permeabilized with 0.1% (v/v) Triton X-
100 in PBS for 20 min, blocked with 5% (v/v) bovine
serum albumin for 30 min, and incubated overnight with
the following primary antibodies purchased from Abcam
(Cambridge, UK): anti-F4/80 (rat IgG, 1:200), anti-Ly6C
(rat IgG, 1:200), and anti-CD206 (mouse IgG, 1:400).
The following secondary antibodies were purchased
from Invitrogen: anti-rat IgG-TRITC and anti-mouse
IgG-FITC. After counterstaining with DAPI, tissue im-
ages were captured with a Leica confocal microscopy
system. The average number of F4/80-, Ly6C-, CD206-,
and F4/80-positive cells was determined by counting 45
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random fields under universal fluorescence microscopy;
at least 6 animals per group were examined.

Quantitative real-time PCR

Total RNA was extracted from wound bed tissues ac-
quired 3 days post administration using a RNeasy Mini
kit (Qiagen, Inc., Valencia, CA) according to the manu-
facturer’s instructions. The total RNA concentration was
determined by optical density at 260 nm using a spectro-
photometer. The reverse transcription reaction from
1ug of RNA template was carried out using a First
Strand ¢cDNA Synthesis kit (TOYOBO, Japan). Quantita-
tive real-time PCR was performed using SYBR Green
Real-time PCR Master Mix (TOYOBO) and detected by
a LightCycler 480 II real-time PCR system (Roche,
USA). The expression level was analyzed and normalized
to GAPDH in the cDNA samples. The fold change in
gene expression was calculated using the 2-AACT
method. Primer sequences are provided in Add-
itional file 1: Table S1.

In vitro effects of UCMSCs on macrophages

To investigate the effects of UCMSCs on macrophages,
Raw264.7 cells were suspended in a culture medium and
stimulated with 100 ng/mL lipopolysaccharide (LPS;
Sigma-Aldrich). After 5-10min, 1x 10° LPS-induced
macrophages were transferred to 6-well culture plates
and treated as follows: (1) cocultured with 1x 10°
UCMSCs, which were seeded onto the 0.4-pm-pore-size
Corning Transwell inserts; (2) cultured in concentrated
UCMSC-CM diluted 1:4 in fresh medium; and (3) cul-
tured in fresh medium as a control. After 3 days, super-
natants were collected, centrifuged to remove possible
cell contamination (500xg for 10 min), and stored at -
20°C until the levels of cytokines were examined by
enzyme-linked immunosorbent assay (ELISA).

In vitro angiogenesis assays
Subconfluent HUVECs were harvested with trypsin/
EDTA, seeded into 6-well plates at 4 x 10° cells/well,
and incubated overnight to allow adhesion. Adherent
cells were then incubated under high-glucose concentra-
tion (30 mM) conditions in EGM-2 for 72 h.
Subconfluent HUVECs were incubated overnight in
EGM-2 plus 2% FBS containing NCM, UCMSC-CM di-
luted 1:4, or cocultured with LPS-treated macrophages
or UCMSC-CM-treated macrophages. These HUVECs
were detached with trypsin/EDTA and resuspended in
EBM-2 plus 0.1% FBS containing NCM, UCMSC-CM
diluted 1:4, or cocultured with LPS-treated macrophages
or UCMSC-CM-treated macrophages. The formation of
network structures was assessed using the reduced
growth factor Matrigel™ (BD Biosciences) thick gel
method according to the manufacturer’s instructions.
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HUVECs were seeded at 3 x 10* cells/well in 6-well slide
chambers in 100 uL of Matrigel. The chambers were in-
cubated under the aforementioned four conditions at
37°C and 5% CO, overnight. The wells were then
photographed under phase-contrast inverted microscopy
at x4 and x 10 magnification. For each condition, net-
work extension was measured using the Image] software,
as previously described [30]. Each condition was tested
in sextuplicate, and the assay was repeated twice.

In vitro migration assays

The ability of UCMSCs to stimulate HUVEC migration
was evaluated in the scratch assay. HUVECs grown to
form a confluent monolayer in 100 pg/mL fibronectin-
coated 6-well plates were starved in EBM-2 containing
0.1% FBS under high-glucose concentration (30 mM)
conditions for 24h. A central scratch was created by
scraping cells away with a 200-uL pipette tip. After the
removal of debris by washing the cells with PBS, cells
were incubated with EBM-2 containing 2 mM hydroxy-
urea (Sigma-Aldrich) to induce growth arrest in the
presence of NCM, UCMSC-CM diluted 1:4, or cocul-
tured with LPS-treated macrophages or UCMSC-CM-
treated macrophages. Before incubation and after 24 h of
incubation, cells were washed. Scratches were photo-
graphed at x4 magnification at 25%, 50%, and 75% of
the scratch length and distance. The scratch area was
measured using the ImageJ software before and after in-
cubation. Each condition was tested in sextuplicate, and
the assay was repeated six times.

In vitro chemotaxis assays

HUVEC chemotaxis towards UCMSC-CM diluted 1:4 or
in cocultures with LPS-treated macrophages or
UCMSC-CM-treated macrophages was assayed with a
modified 96-well Boyden chamber (Neuro Probe) using
an 8-pm-pore-size membrane from the Transwell sys-
tem. The membrane of the Boyden chamber was pre-
coated with type I collagen (10 pg/mL in PBS, Sigma-
Aldrich) at room temperature for 1 h overnight and then
washed with PBS. Subconfluent HUVECs were starved
in EBM-2, respectively, under high-glucose (30 mM)
conditions for 24 h. HUVECs were detached with 0.02%
PBS/EDTA, resuspended in EBM-2, and then placed in
the upper chamber at a concentration of 5000 cells/well.
The stimuli (NCM, UCMSC-CM diluted 1:4, or cocul-
ture with LPS-treated macrophages or UCMSC-CM-
treated macrophages) were added to the lower chamber.
During all the starvation and experimental period,
HUVECs were incubated in EBM-2 containing 0.1%
FBS. The chambers were maintained at 37 °C and 5%
CO, for 4h. The upper surface-adherent cells were re-
moved by scrapping, and the lower surface-adherent
cells were considered to have migrated. The membranes
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were fixed with 100% methanol at room temperature for
5min and then mounted on glass slides with medium
containing DAPI. The numbers of stained nuclei were
counted in five high-power fields per well under fluores-
cence microscopy.

Identification of the effect of UCMSC-secreted PGE2 on
LPS-treated macrophages

To determine the involvement of UCMSC-secreted
PGE2 in UCMSC-CM-induced macrophage polarization,
LPS-treated macrophages were stimulated with NS-398-
CM or a mixture of UCMSC-CM with an anti-PGE2
neutralizing antibody (10 pg/mL, Cayman Chemical).
After 3 days, the supernatants were collected and stored
at —20°C until use. In addition, NCM was mixed with
PGE2 (2 ng/mL, Sigma-Aldrich) prior to the addition of
the mixture to stimulate LPS-treated macrophages as a
positive control. The cytokine levels of these superna-
tants were examined by ELISA.

Evaluation of the role of PGE2 in promoting the UCMSC-
mediated functional recovery of diabetic vascular
endothelial cells via LPS-treated macrophages

The involvement of UCMSC-secreted PGE2 in the ef-
fects of UCMSCs on the functional assays of high-
glucose-treated HUVECs via macrophages was evaluated
by angiogenesis, migration, and chemotaxis assays.
HUVECs cocultured with LPS-treated macrophages
were treated with NS-398-CM, a mixture of UCMSC-
CM with anti-PGE2 neutralizing antibody, or NCM plus
PGE2.

Enzyme-linked immunosorbent assay (ELISA)

The levels of PGE2, tumor necrosis factor (TNF)-a,
interleukin (IL)-6, IL-10, and vascular endothelial growth
factor (VEGF) in the supernatants of cultured cells were
determined using ELISA kits (R&D Systems, Minneap-
olis, MN) according to the manufacturer’s protocols.
The concentrations of TNF-a, IL-6, IL-10, and VEGF
were normalized to the total protein content.

Statistical analysis

Data are presented as the means + standard deviation of
n determinations as indicated in the figure legends. Stat-
istical analysis was performed with GraphPad Prism 7
software (GraphPad, San Diego, CA). One-way ANOVA
with Tukey’s multiple comparisons test was used to
compare each parameter when there were two or more
independent groups. A two-way ANOVA of grouped
analyses was used to compare the wound recovery rate
at different time points, and then Bonferroni post hoc ¢
tests were performed to compare replicate means by row
when the ANOVA was statistically significant. Values of
P <0.05 were considered statistically significant.
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Results

UCMSCs and UCMSC-CM treatment accelerated the rate
of wound healing in diabetic mice

To investigate the therapeutic potential of UCMSCs and
UCMSC-CM on the wound healing of streptozotocin-
induced diabetic mice, either UCMSCs or UCMSC-CM
were administered to the local wound site. Figure la
shows that the wound closure in UCMSC- or UCMSC-
CM-treated mice was significantly accelerated compared
with that of FB-treated mice or NCM-treated mice; the
wound closure in FB-treated diabetic mice was not sig-
nificantly improved compared with that in NCM-treated
mice. The area under curve analysis revealed that the
overall rate of wound healing was significantly greater in
mice that received UCMSCs or UCMSC-CM starting
from day O to day 14 than in mice that received FB or
PBS administration (Fig. 1b). There were no differences
in wound closure rate between UCMSC- and UCMSC-
CM-treated mice. Histologic analysis showed that
UCMSC or UCMSC-CM treatment accelerated wound
healing by enhancing angiogenesis, re-epithelialization,
and granulation tissue (Fig. 1c). Furthermore, a larger
number of capillary-like structures were observed in the
wound site of UCMSC- or UCMSC-CM-treated mice
(Fig. 1c, d). Capillary densities in the wound site at 14
days posttreatment were assessed morphometrically after
H&E staining. The density of blood vessels was signifi-
cantly higher in the wound site of UCMSC- or UCMSC-
CM-treated mice than in that of FB- or NCM-treated
mice (Fig. 1e). However, the number of transplanted cells
labeled with PKH26 in the wound tissue decreased grad-
ually over time after cell transplantation (Additional file 1:
Figure S1). These results suggest that UCMSC or
UCMSC-CM administration can enhance wound healing
and angiogenesis in diabetic mice.

UCMSC and UCMSC-CM treatment increased the
percentage of M2 macrophages in the local wounds of
diabetic mice

To evaluate the effects of transplanted UCMSCs on the
phenotype of infiltrating macrophages at day 3 posttreat-
ment, wound tissues were immunostained for F4/80,
CD206 for M2 macrophages, and Ly6C. As shown in
Fig. 2a, a large number of F4/80-positive macrophages
were observed in the wound sites of diabetic mice. The
number of F4/80- and CD206-positive macrophages in
the wound site of UCMSC- or UCMSC-CM-treated
mice was significantly higher than that of FB- or NCM-
treated mice, whereas the number of Ly6C-positive cells
in the wound site of UCMSC- or UCMSC-CM-treated
mice was significantly lower than that of FB- or NCM-
treated mice (Fig. 2a—d). Furthermore, the relative ex-
pression of arginase-1, which is another well-known
marker for M2 macrophages, was higher in the wound
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site of UCMSC- or UCMSC-CM-treated than FB- or
NCM-treated mice (Fig. 2e). These findings demonstrate
that UCMSCs or UCMSC-CM can increase the percentage
of M2 macrophages and decrease the number of Ly6C-
positive cells in the local wound sites of diabetic mice, po-
tentially contributing to the regulation of the inflammatory
response and enhancing the healing of diabetic wounds.

The local inflammatory microenvironment of the
wound tissues was further investigated. Real-time PCR
results indicated that UCMSC or UCMSC-CM treat-
ment significantly increased the local levels of both anti-
inflammatory cytokines, IL-10 and VEGEF, and signifi-
cantly decreased the levels of proinflammatory cytokines,
IL-1PB, TNF-a, and IL-6 (Fig. 3a—f). These results further
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demonstrate that UCMSC or UCMSC-CM treatments
promote diabetic wound healing, at least in part, by in-
creasing the percentage of M2 macrophages, which
regulate the local inflammatory microenvironment of
the wound tissues.

UCMSCs induced an M2 macrophage immune profile in
coculture

The cytokine profile in the supernatants from LPS-
induced macrophages, UCMSCs, or their cocultures was
further determined by ELISA. The levels of TNF-a and
IL-6 secreted by macrophages were decreased in the su-
pernatants of UCMSC-cocultured macrophages or
UCMSC-CM-treated macrophages (Fig. 4a, b). On the
contrary, macrophages cocultured with UCMSCs or
treated with UCMSC-CM produced significantly in-
creased levels of IL-10 and VEGF in the supernatants

(Fig. 4c, d). These results suggest that UCMSCs or
UCMSC-CM are capable of switching macrophages
from the M1 phenotype to the M2 phenotype.

UCMSC-CM treatment rescued the diabetic vascular
endothelial cell dysfunction via M2 macrophages

To investigate the effects of UCMSC- or UCMSC-CM-
treated macrophages on the function of diabetic vascular
endothelial cells, the diabetic dysfunction of HUVECs was
induced by high glucose, and endothelial cell functions, in-
cluding in vitro angiogenesis assays, migration assays, and
chemotaxis assays, were examined when HUVECs were
cultured in UCMSC-CM with or without LPS-treated
macrophages or UCMSC-CM-treated macrophages. The
functions of HUVECs were obviously impaired in the
high-glucose medium. As shown in Fig. 5a and b,
HUVECs cultured in UCMSC-CM had significantly more
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tubules per field of view (FOV) than those cultured with
LPS-treated macrophages or control medium. The num-
ber of tubules derived from HUVECs was further signifi-
cantly increased by cocultured with UCMSC-CM-treated
macrophages when compared with that of HUVECs cul-
tured in UCMSC-CM. Furthermore, the migration assay
showed that compared with LPS-treated macrophages or
control medium, UCMSC-CM significantly increased the
rate of HUVEC migration, and LPS-treated macrophages
cultured in UCMSC-CM further markedly enhanced the
UCMSC-CM-induced HUVEC migration (Fig. 5¢, d). In
addition, the chemotaxis assay results revealed that the
number of chemotactic HUVECs treated with UCMSC-
CM or indirectly cocultured with UCMSC-CM-treated
macrophages was greater than that of HUVECs indirectly
cocultured with LPS-treated macrophages or in the control
medium (Fig. 5e and Additional file 1: Figure S2). The
chemotactic ability of HUVECs cultured in UCMSC-CM
and indirectly cocultured with UCMSC-CM-treated macro-
phages was significantly different. Collectively, these results
demonstrate that UCMSC-CM-activated macrophages can
further enhance the restoration of diabetic endothelial cell
function compared with UCMSC-CM.

PGE2 secreted by UCMSCs is a major mechanism for their
recovery effect on diabetic endothelial cell function via
the remodeling of the macrophage phenotype

To identify the potential mechanism underlying the
UCMSC-mediated rescue of diabetic endothelial cell
function, inflammatory factors in UCMSC-CM were

examined by ELISA. We found that the concentration of
PGE2 secreted by UCMSCs was over 2500 pg/L in the
UCMSC-CM, which was abolished by treatment with the
PGE?2 inhibitors NS-398 and indomethacin (Additional file 1:
Figure S3). The addition of PGE2 to the control medium
induced the same effects as UCMSC-CM on LPS-treated
macrophages, including increasing the levels of IL-10 and
VEGF and reducing the levels of TNF-a and IL-6 (Fig. 6).
These effects were reversed in NS-398-CM derived from
NS-398-treated UCMSCs. When a neutralizing antibody
against PGE2 was added to the cultures, UCMSC-CM did
not increase the secretion of IL-10 and VEGF and decrease
the secretion of TNF-a and IL-6 by LPS-treated macro-
phages (Fig. 6).

Furthermore, Fig. 7 shows that the angiogenesis, migra-
tion, and chemotaxis abilities of diabetic endothelial cells
were also restored by the addition of PGE2 to the control
medium with LPS-treated macrophages, which is
similar to the effect of UCMSC-CM. The proangio-
genic effects of UCMSC-CM-polarized macrophages
on diabetic endothelial cells were blunted by treat-
ment with the PGE2 inhibitors NS-398 or the neu-
tralizing antibody against PGE2. Therefore, UCMSC-
derived PGE2 plays a key role in the regulation of
endothelial ~ cell functions by UCMSCs via
macrophages.

Discussion
Increasing evidence has demonstrated that MSCs de-
rived from different tissues can promote diabetic wound
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healing [22, 31, 32]. However, a few reports have re-
vealed that UCMSCs may facilitate the repair of diabetic
wounds, but the underlying mechanism remains unclear
[15, 33]. In the present study, we also confirmed that
UCMSCs can accelerate diabetic wound healing, which
is consistent with the findings of several previous studies
[15, 33]. Furthermore, we found that UCMSC-CM can
enhance wound healing in diabetic mice, suggesting that
the paracrine effects of UCMSCs play a key role in the
promotion of diabetic wound healing. This finding cor-
relates with our previous observations that UCMSCs can
rescue acute liver failure in mice by stimulating en-
dogenous cell regeneration through paracrine effects
[26]. The present study focused on identifying the
underlying mechanism by which transplanted UCMSCs
can act as an initiator to trigger endogenous cell-
mediated wound healing. Our results indicate that
UCMSCs can induce the functional restoration of vascu-
lar endothelial cells via remodeling of the macrophage

phenotypes, thereby enhancing cutaneous wound heal-
ing in diabetic mice (Fig. 8).

Stem cell therapy has become a promising approach in
wound healing, and multiple mechanisms contribute to
the efficacy of stem cell therapy [34]. In addition to the
direct transdifferentiation and regeneration abilities of
transplanted cells, trophic effects from cell therapies play
a critical role [16]. In this study, we validated the thera-
peutic potential of UCMSC transplantation for diabetic
wound healing. However, we also found that the number
of transplanted UCMSCs in wound tissues decreased
gradually with time. There is growing evidence that less
than 1% of transplanted MSCs can survive for longer
than a week following implantation [16, 35]. We further
demonstrated that like UCMSC transplantation, the
local injection of UCMSC-CM can promote the repair of
diabetic wounds, suggesting that UCMSC secretions play
an important role in UCMSC transplantation. Therefore,
UCMSCs promote diabetic wound healing by regulating
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(See figure on previous page.)

Fig. 5 UCMSC-CM restores the dysfunctions of diabetic vascular endothelial cells via M2 macrophages. The functions of high-glucose-induced
HUVECs, which were treated with NCM (control) and UCMSC-CM or cocultured with LPS-treated macrophages (M®) or UCMSC-CM-treated MO,
were determined by angiogenesis assays, migration assays, and chemotaxis assays. a Representative images of tube network in the angiogenesis
assay. Images were taken at 24 h. Scale bar 200 um. b Quantitative analysis of the total tube length using ImageJ software in the angiogenesis
assay. ¢ Representative images of the migration assay. Images were taken at 0 to 24 h. Scale bar 200 um. d Quantitative analysis of the wound

area in the migration assay. The scratch area was measured using the ImageJ software before and after incubation. e Quantitative analysis of
chemotactic cell number in the chemotaxis assay. The chemotactic cells were fixed with 100% methanol and then stained with DAPI. The
numbers of stained nuclei were counted in five high-power fields per well under fluorescence microscopy. n =6, per group. *P < 0.05, **P < 0.01

endogenous cells or the microenvironment via their
paracrine effects.

Several studies have demonstrated that MSCs improve
the angiogenesis of diabetic wounds [4, 31]. Our results
show that UCMSCs enhance the angiogenesis of diabetic
vascular endothelial cells in vivo and in vitro, indicating

diabetic vascular endothelial cells. Impaired angiogenesis
is the cause of refractory wounds and is mainly attributed
to the dysfunction of vascular endothelial cells caused by a
high-glucose-induced wound microenvironment in pa-
tients with diabetes mellitus [21]. Macrophages are key
regulators of the local inflammatory microenvironment in

that UCMSCs may facilitate the functional recovery of diabetic wounds [25, 36]. M1 macrophages are
N
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characterized by the expression of TNF-a and IL-6, which
are generally considered as proinflammatory and inhibit
angiogenesis in wound healing [25]. In contrast, M2 mac-
rophages express high levels of arginase-1, IL-10, and
VEGF, which are considered as anti-inflammatory and
promote angiogenesis in wound healing. Our results dem-
onstrate that UCMSC or UCMSC-CM treatment in-
creases the percentage of endogenous M2 macrophages in
the local wounds of diabetic mice. In the local inflamma-
tory microenvironment of diabetic wounds, UCMSC or
UCMSC-CM treatment produces high levels of IL-10 and
VEGF but low levels of TNF-a and IL-6. In vitro, we
found that UCMSCs or UCMSC-CM promote the
polarization of macrophages into the anti-inflammatory
M2 phenotype characterized by increased levels of the se-
creted cytokines IL-10 and VEGF and the suppressed pro-
duction of TNF-a and IL-6. These results are consistent
with accumulating evidence showing that MSCs can
change endogenous macrophages from the M1 phenotype
to the M2 phenotype in diabetic wounds [31, 37]. How-
ever, the role of MSC-induced M2 macrophages in pro-
moting angiogenesis in wound healing by MSCs has not
been reported. Herein, in vitro assays revealed that
UCMSC-induced M2 macrophages can further enhance
the action of UCMSCs in promoting the functional recov-
ery of diabetic vascular endothelial cells. Therefore,
UCMSCs induce the functional restoration of endogenous
vascular endothelial cells via the remodeling of
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endogenous macrophage phenotypes and enhance cutane-
ous wound healing in diabetic mice.

The effects of UCMSCs on the polarization of macro-
phage have been reported in the cell therapy of different
diseases [14, 38], but the underlying mechanisms remain
unclear. In addition to IL-4 and IL-13, several other soluble
factors, including IL-10, GM-CSF, and PGE2, induce the
polarization of M2 macrophages under different experi-
mental conditions [25]. In this study, high levels of PGE2
were detected in UCMSC-CM. Previous studies have
shown that PGE2 secreted by MSCs derived from other tis-
sues might be responsible for the MSC-induced M2 pheno-
type of macrophages [39, 40]. We found that the action of
the UCMSC-CM-induced M2 phenotype of macrophages
was abrogated by the administration of neutralizing anti-
bodies against PGE2 or by inhibiting the secretion of PGE2
from UCMSCs. Furthermore, the proangiogenic effects of
UCMSC-CM-polarized macrophages on diabetic vascular
endothelial cells were blunted by treatment with NS-398 or
a PGE2 neutralizing antibody. Taken together, these find-
ings suggest that UCMSC-derived PGE2 plays a key role in
regulating the functional recovery of diabetic vascular endo-
thelial cells by UCMSCs via macrophages.

Conclusions

In summary, our findings confirm that UCMSCs can ac-
celerate wound healing and improve angiogenesis in dia-
betic mice. In the UCMSC-dependent promotion of
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angiogenesis and wound healing, UCMSC-secreted
PGE2 plays a crucial role in improving the restoration of
vascular endothelial cell dysfunction via the remodeling
of macrophage phenotypes, which subsequently improve
the local microenvironment of vascular endothelial cells
through the secretion of IL-10 and VEGF. Our results
suggest that UCMSCs may represent a promising strat-
egy for diabetic wound healing by initiating endogenous
cell-mediated tissue repair.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513287-020-1561-x.

Additional file 1: Table S1. Quantitative real-time PCR primers used in
this study. Figure S1. Cell survival and engraftment of PKH26-labeled
UCMSCs into wound bed tissues in diabetic mice. Figure S2. Representative
images of the chemotaxis assays. Figure S3. The concentrations of PGE2
were determined by ELISA in the UCMSC-CM and the CM derived from
UCMSCs that were cultured in medium with the PGE2 inhibitors NS-398 or
indomethacin. Figure S4. Representative images of the chemotaxis assays.

Abbreviations

CM: Conditioned medium; DAPI: 4,6-Diamidino-2-phenylindole;

DMEM: Dulbecco’s modified Eagle’s medium; EGM: Epithelial growth
medium; ELISA: Enzyme-linked immunosorbent assay; FBs: Fibroblasts;

FBS: Fetal bovine serum; H&E: Hematoxylin and eosin; HUVECs: Human
umbilical vein endothelial cells; IL: Interleukin; LPS: Lipopolysaccharide;

MSC: Mesenchymal stem cell; NCM: Nonconditioned medium; OCT: Optimal
cutting temperature; PGE2: Prostaglandin E2; STZ: Streptozotocin; TNF: Tumor
necrosis factor; UCMSC: Umbilical cord-derived matrix stem cell; UCMSC-

CM: UCMSC-conditioned medium; VEGF: Vascular endothelial growth factor

Acknowledgements
Not applicable.

Authors’ contributions

SZ and LC were responsible for the collection and assembly of data, data
analysis and interpretation, and manuscript writing. SZ, GZ, and BZ were
responsible for the conception and design, financial support, and final
approval of the manuscript. All authors read and approved the final
manuscript.

Funding

This work was supported by grants from the National Natural Science
Foundation of China (Nos. 81671836 and 81300507) and the Key Laboratory
for Laboratory Medicine of Jiangsu Province of China (No. ZDXKB2016005).

Availability of data and materials
The datasets supporting the conclusions of this article are included within
the article and its additional files.

Ethics approval and consent to participate

Studies involving human tissue specimens were collected following the
principles of the Declaration of Helsinki. This study was approved by the
Research Ethics Committee of the First Affiliated Hospital of Nanjing Medical
University (2016-SRFA-079). All animal experiments performed were in
accordance with the institutional guidelines for animal research and
approved by the Animal Care and Use Committee of Nanjing Medical
University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Page 14 of 15

Received: 15 November 2019 Revised: 17 December 2019
Accepted: 12 January 2020 Published online: 28 January 2020

References

1. Armstrong DG, Boulton AJM, Bus SA. Diabetic foot ulcers and their
recurrence. N Engl J Med. 2017,376:2367-75.

2. Veith AP, Henderson K, Spencer A, et al. Therapeutic strategies for
enhancing angiogenesis in wound healing. Adv Drug Deliv Rev. 2019;146:
97-125.

3. Futrega K King M, Lott WB, et al. Treating the whole not the hole:
necessary coupling of technologies for diabetic foot ulcer treatment. Trends
Mol Med. 2014;20:137-42.

4. Hou G Shen L, Huang Q, et al. The effect of heme oxygenase-1 complexed
with collagen on MSC performance in the treatment of diabetic ischemic
ulcer. Biomaterials. 2013;34:112-20.

5. ChenY,MaY,LiN, et al. Efficacy and long-term longitudinal follow-up of
bone marrow mesenchymal cell transplantation therapy in a diabetic
patient with recurrent lower limb bullosis diabeticorum. Stem Cell Res Ther.
2018,9:99.

6. Jarajapu YP, Grant MB. The promise of cell-based therapies for diabetic
complications: challenges and solutions. Circ Res. 2010;106:854-69.

7. Kim H, Han JW, Lee JY, et al. Diabetic mesenchymal stem cells are
ineffective for improving limb ischemia due to their impaired angiogenic
capability. Cell Transplant. 2015;24:1571-84.

8. Shin L, Peterson DA. Impaired therapeutic capacity of autologous stem cells
in a model of type 2 diabetes. Stem Cells Transl Med. 2012;1:125-35.

9. Rennert RC, Sorkin M, Januszyk M, et al. Diabetes impairs the angiogenic
potential of adipose-derived stem cells by selectively depleting cellular
subpopulations. Stem Cell Res Ther. 2014;5:79.

10. van de Vyver M. Intrinsic mesenchymal stem cell dysfunction in diabetes
mellitus: implications for autologous cell therapy. Stem Cells Dev. 2017;26:
1042-53.

11, Lu LL, Liu YJ, Yang SG, et al. Isolation and characterization of human
umbilical cord mesenchymal stem cells with hematopoiesis-supportive
function and other potentials. Haematologica. 2006;91:1017-26.

12. Shi H, Xu X, Zhang B, et al. 3,3"-Diindolylmethane stimulates exosomal
Wnt11 autocrine signaling in human umbilical cord mesenchymal stem
cells to enhance wound healing. Theranostics. 2017;7:1674-88.

13. Bakhtyar N, Jeschke MG, Herer E, et al. Exosomes from acellular Wharton's
jelly of the human umbilical cord promotes skin wound healing. Stem Cell
Res Ther. 2018;9:193.

14. Shohara R, Yamamoto A, Takikawa S, et al. Mesenchymal stromal cells of
human umbilical cord Wharton's jelly accelerate wound healing by
paracrine mechanisms. Cytotherapy. 2012;14:1171-81.

15. Fong CY, Tam K, Cheyyatraivendran S, et al. Human Wharton's jelly stem
cells and its conditioned medium enhance healing of excisional and
diabetic wounds. J Cell Biochem. 2014;115:290-302.

16. Dong F, Caplan Al. Cell transplantation as an initiator of endogenous stem
cell-based tissue repair. Curr Opin Organ Transplant. 2012;17:670-4.

17.  Lane SW, Williams DA, Watt FM. Modulating the stem cell niche for tissue
regeneration. Nat Biotechnol. 2014;32:795-803.

18.  Loebel C, Burdick JA. Engineering stem and stromal cell therapies for
musculoskeletal tissue repair. Cell Stem Cell. 2018;22:325-39.

19. Williams AR, Hare JM. Mesenchymal stem cells: biology, pathophysiology,
translational findings, and therapeutic implications for cardiac disease. Circ
Res. 2011;109:923-40.

20. Rodrigues M, Kosaric N, Bonham CA, et al. Wound healing: a cellular
perspective. Physiol Rev. 2019,99:665-706.

21. Brem H, Tomic-Canic M. Cellular and molecular basis of wound healing in
diabetes. J Clin Invest. 2007,117:1219-22.

22. O'Loughlin A, Kulkarni M, Creane M, et al. Topical administration of
allogeneic mesenchymal stromal cells seeded in a collagen scaffold
augments wound healing and increases angiogenesis in the diabetic rabbit
ulcer. Diabetes. 2013;62:2588-94.

23. Gadelkarim M, Abushouk Al, Ghanem E, et al. Adipose-derived stem cells:
effectiveness and advances in delivery in diabetic wound healing. Biomed
Pharmacother. 2018;107:625-33.

24, Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and
disease. Nat Rev Immunol. 2008;8:726-36.

25. Mantovani A, Biswas SK, Galdiero MR, et al. Macrophage plasticity and
polarization in tissue repair and remodelling. J Pathol. 2013,229:176-85.


https://doi.org/10.1186/s13287-020-1561-x
https://doi.org/10.1186/s13287-020-1561-x

Zhang et al. Stem Cell Research & Therapy (2020) 11:39 Page 15 of 15

26. Zhang S, Chen L, Liu T, et al. Human umbilical cord matrix stem cells
efficiently rescue acute liver failure through paracrine effects rather than
hepatic differentiation. Tissue Eng Part A. 2012;18:1352-64.

27. Mitts TF, Bunda S, Wang Y, et al. Aldosterone and mineralocorticoid
receptor antagonists modulate elastin and collagen deposition in human
skin. J Invest Dermatol. 2010;130:2396-406.

28. Clark RA, An JQ, Greiling D, et al. Fibroblast migration on fibronectin
requires three distinct functional domains. J Invest Dermatol. 2003;121:695-
705.

29. Baudin B, Bruneel A, Bosselut N, et al. A protocol for isolation and culture of
human umbilical vein endothelial cells. Nat Protoc. 2007;2:481-5.

30. Barcelos LS, Duplaa C, Krankel N, et al. Human CD133+ progenitor cells
promote the healing of diabetic ischemic ulcers by paracrine stimulation of
angiogenesis and activation of Wnt signaling. Circ Res. 2009;104:1095-102.

31, Zhang QZ, Su WR, Shi SH, et al. Human gingiva-derived mesenchymal stem
cells elicit polarization of m2 macrophages and enhance cutaneous wound
healing. Stem Cells. 2010;28:1856-68.

32, Wang C, Wang M, Xu T, et al. Engineering bioactive self-healing
antibacterial exosomes hydrogel for promoting chronic diabetic wound
healing and complete skin regeneration. Theranostics. 2019,9:65-76.

33. HanY, Sun T, HanY, et al. Human umbilical cord mesenchymal stem cells
implantation accelerates cutaneous wound healing in diabetic rats via the
Whnt signaling pathway. Eur J Med Res. 2019;24:10.

34, Stappenbeck TS, Miyoshi H. The role of stromal stem cells in tissue
regeneration and wound repair. Science. 2009;324:1666-9.

35. Lee RH, Pulin AA, Seo MJ, et al. Intravenous hMSCs improve myocardial
infarction in mice because cells embolized in lung are activated to secrete
the anti-inflammatory protein TSG-6. Cell Stem Cell. 2009;5:54-63.

36. Wynn TA, Vannella KM. Macrophages in tissue repair, regeneration, and
fibrosis. Immunity. 2016;44:450-62.

37. Uchiyama A, Motegi S, Sekiguchi A, et al. Mesenchymal stem cells-derived
MFG-E8 accelerates diabetic cutaneous wound healing. J Dermatol Sci.
2017,86:187-97.

38. Sun G, Li G, LiD, et al. huecMSC derived exosomes promote functional
recovery in spinal cord injury mice via attenuating inflammation. Mater Sci
Eng C Mater Biol Appl. 2018,89:194-204.

39. Ylostalo JH, Bartosh TJ, Coble K, et al. Human mesenchymal stem/stromal
cells cultured as spheroids are self-activated to produce prostaglandin E2
that directs stimulated macrophages into an anti-inflammatory phenotype.
Stem Cells. 2012;30:2283-96.

40. Nemeth K, Leelahavanichkul A, Yuen PS, et al. Bone marrow stromal cells
attenuate sepsis via prostaglandin E(2)-dependent reprogramming of host
macrophages to increase their interleukin-10 production. Nat Med. 2009;15:
42-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Tissue sources and cell culture
	UCMSC-conditioned medium (UCMSC-CM) production
	Diabetic mouse skin wound model and treatments
	Histological analysis and immunofluorescence analysis
	Quantitative real-time PCR
	In vitro effects of UCMSCs on macrophages
	In vitro angiogenesis assays
	In vitro migration assays
	In vitro chemotaxis assays
	Identification of the effect of UCMSC-secreted PGE2 on LPS-treated macrophages
	Evaluation of the role of PGE2 in promoting the UCMSC-mediated functional recovery of diabetic vascular endothelial cells via LPS-treated macrophages
	Enzyme-linked immunosorbent assay (ELISA)
	Statistical analysis

	Results
	UCMSCs and UCMSC-CM treatment accelerated the rate of wound healing in diabetic mice
	UCMSC and UCMSC-CM treatment increased the percentage of M2 macrophages in the local wounds of diabetic mice
	UCMSCs induced an M2 macrophage immune profile in coculture
	UCMSC-CM treatment rescued the diabetic vascular endothelial cell dysfunction via M2 macrophages
	PGE2 secreted by UCMSCs is a major mechanism for their recovery effect on diabetic endothelial cell function via the remodeling of the macrophage phenotype

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

