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Abstract

Diabetic foot ulcer (DFU) is one of diabetic complications, which is frequently present and

tormented in diabetes mellitus. Most multipotent mesenchymal stromal cells (MSCs) are capable

of immune evasion, providing an allogeneic, ready-to-use, cell product option for therapeutic

applications. The beneficial effect of MSCs for the treatment of a variety of traumatic injuries,

such as open wounds, has been extensively explored. In this study, a rat DFU model was used

to simulate the pathophysiology of clinical patients and to investigate the localization of human

umbilical cord mesenchymal stem cells (hUC-MSCs) after intravenous transplantation and its role

in DFU healing, so as to evaluate the potential of hUC-MSCs in the treatment of DFU. The diabetic

rat model was established by streptozotocin injection, which was used to create full-thickness foot

dorsal skin wounds to mimic DFU by a 6-mm skin biopsy punch and a Westcott scissor. The hUC-

MSCs were transplanted through femoral vein, and the ulcer cicatrization situation and the fate of

hUC-MSCs were evaluated. Our data suggest that intravenously transplantated hUC-MSCs have

the ability to migrate and locate to the wound tissue and are helpful to wound healing in DFU rats,

partly by regulating inflammation, trans-differentiation and providing growth factors that promote

angiogenesis, cell proliferation and collagen deposition. Herein, we demonstrate that hUC-MSC

transplantation is able to accelerate DFU healing in rats and transplantation of exogenous stem

cells may be a potential strategy for clinical application in DFUs.
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Introduction

Diabetes mellitus (DM) is a metabolic syndrome characterized by the
prevalence of hyperglycemia, resulting from a deficiency of insulin
secretion or its inability to properly perform its functions. Despite
increased prevention efforts and improved understanding of the

situation, the prevalence rate has continued to rise in recent decades
and shifted to developing countries [1]. DM complications have a
degenerative character and usually occur in a time interval of 5 to
10 years after disease onset. Tissue loss complications in diabetic
patients have been identified as the main cause of hospitalization and

http://creativecommons.org/licenses/by-nc-nd/4.0/
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non-traumatic lower extremity amputation [2]. Diabetic foot ulcer
(DFU) is one of the complications, which is correlated with failure of
healing, longer length of inpatient stay, and increased mortality [3].
DFU is an outcome of complicated amalgam of various risk factors
such as peripheral neuropathy, peripheral vascular disease, foot
deformities, arterial insufficiency, trauma and impaired resistance to
infection, with the persistent hyperglycemia state, which make the
DFU difficult to heal than normal wounds [4]. Due to the limited
efficacy of traditional treatment methods, DFU treatment remains an
important clinical challenge and new methods to promote the healing
of diabetic foot disease are constantly studied to reduce morbidity
and mortality.

Mesenchymal stem cells (MSCs) are considered as potential
candidates for a variety of therapeutic applications, such as immune
disorders, including graft-versus-host disease and systemic lupus
erythematosus, bone and cartilage regeneration, nervous system dis-
eases and chronic ulcerative lesions [5–9]. Stem cells are one kind
of undifferentiated cells that can be extensively expanded in vitro
[10]. MSCs are adult stem cells with unique characteristics including
long-term ex vivo proliferation, multilineage differentiation poten-
tial, and immunomodulatory properties [11]. Bone marrow-derived
mesenchymal stem cells (BMSCs) are an important source of adult
stem cells. They have been extensively studied and confirmed to
play an important role in reconstructing skin and promoting wound
healing [12]. Nevertheless, the harvesting of BMSCs is invasive and
it is necessary to explore other substitute stem cells for practical
application. Umbilical cord mesenchymal stem cells (UC-MSCs) may
be a good choice. They are similar to BMSCs in their characteristics,
including cell surface markers, gene expression profiles, immuno-
suppressive properties and differentiation ability [13]. Compared
with other original MSCs, the advantages of UC-MSCs are short
amplification time, high proliferation rate and higher safety [14].
In addition, the stem cells harvested from the umbilical cord are
abundant at the cell source, easy to acquire, without any ethical
difficulties, and with little immunogenicity [15]. Although UC-MSCs
have been reported to have multiple tissue repair effects, few studies
have been conducted on UC-MSCs for DFU treatment.

In this study, the hUC-MSCs were transplanted via the left
femoral vein in the DFU rats, and their effects on wound healing
compared with the control group were detected. We also traced the
mobilization and localization of transplanted hUC-MSCs to DFUs
with the lentivirus expressing ZsGreen. In addition, inflammatory
factors and growth factors in foot ulcer tissue were analyzed to
further explore their potential mechanisms in wound healing. We
found that hUC-MSCs have the ability to detect ulcer tissue and
accelerate ulcer healing through paracrine and trans-differentiation,
which provides important information for their potential clinical
application.

Materials and Methods

Isolation and culture of hUC-MSCs

All human umbilical cords were obtained from the Department of
Obstetrics and Gynecology, Affiliated Hospital of Nantong Uni-
versity. Written informed consent was obtained from the patients’
families in accordance with procedures approved by the ethics com-
mittee at the Affiliated Hospital of Nantong University. The umbil-
ical cords were kept at 4◦C and transported to the laboratory,
washed three times by sterile phosphate-buffered saline (PBS) with
1% penicillin/streptomycin (Sigma-Aldrich, St Louis, USA). After

removal of all the vessels, the remaining tissues were chopped with
sterile operation scissors and digested with 0.5% collagenase type
II (Sigma-Aldrich) at 37◦C for 8 h. The samples were neutralized
with isometric culture media and centrifuged at 250 g for 5 min.
The sediments were resuspended and cultured in Dulbecco’s modified
Eagle’s medium/F12 (DMEM/F12) medium (Gibco, Gaithersburg,
USA) supplemented with 10% fetal bovine serum (FBS; Gibco),
100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine
(Sigma-Aldrich) in a humidified incubator (Thermo Fisher Scientific,
Waltham, USA) supplemented with 5% CO2, and the medium was
changed every other day. The primary hUC-MSCs were routinely
examined under a phase-contrast inverted microscope (Leica DMR
3000; Leica Microsystem, Wetzlar, Germany). For continuous cell
culture of hUC-MSCs, the adherent hUC-MSCs at 80% confluence
were washed with PBS and transferred into a petri dish containing
culture medium with 0.2% trypsin-EDTA (Gibco) at 37◦C for 2 min.
The cell suspension was transferred into a 15-ml tube and centrifuged
at 250 g for 5 min, and the supernatant was removed and the pallet
of hUC-MSCs was then resuspended in the 15-ml tube of culture
medium, and 6 × 103 cells/cm2 of hUC-MSCs were plated onto petri
dishes for continuous cell culture. Cells were used for the subsequent
study after 2–3 passages.

Identification of hUC-MSC surface markers

Immunofluorescent assay and flow cytometry were employed to
detect the phenotypes of hUC-MSCs. Passage 3 hUC-MSCs were
seeded into a six-well plate and cultured overnight, fixed by 4%
paraformaldehyde for 1 h, and incubated with CD29-FITC, CD44-
PE, CD90-FITC, CD105-PE, CD34-FITC, and CD133-PE anti-
human antibodies (0.5 μl/well; Abcam, Cambridge, UK) for 1 h
at room temperature. After being rinsed three times with PBS, cells
were stained with DAPI solution. The fluorescence of hUC-MSCs
was detected with the Leica DMR 3000 microscope.

For flow cytometric analysis, passage 3 hUC-MSCs were used to
prepare single-cell suspension, and 2 μl of CD29-FITC, CD44-PE,
CD90-FITC, CD105-PE, CD34-FITC, and CD133-PE anti-human
antibodies were added subsequently into the suspension. These cell
suspensions were incubated for 30 min on ice in the dark, and then
observed with a BD FACSAria III flow cytometer (BD Biosciences,
Franklin Lakes, USA).

Animal care and models for DFUs

Specific pathogen-free adult female Sprague-Dawley rats (150–200 g;
grade: clean; license: SCXK 2013-0005) at the age of 4 to 6 weeks
were provided by SLAC Laboratory Animal Co., Ltd (Shanghai,
China) and used to establish DFU model. The rats were maintained
on a 12-hour light cycle in the animal facility of the Animal Unit
of Nantong University. The rats were fasted for solids and liquids
for 8 h and injected intraperitoneally once with 100 mg/kg of STZ
(Sigma-Aldrich) to induce diabetes. After that, free access to fat food
and water was given, and the blood glucose was checked every other
day. One week after injection with STZ, the following criteria were
employed to select successful DFU model rats: (i) blood glucose over
16.7 mM and (ii) blood glucose levels controlled (16.7–33.3 mM)
by 6–18 units/day of insulin (Wan-Bang Biochemical Medicine Co.,
Ltd, Xuzhou, China). After 8 weeks of fat food feeding, the DFU
model rats of high level blood glucose were subject to following treat-
ment: diabetes rats were anesthetized with intramuscular injection of
ketamine (50 mg/kg), and a single round full-thickness skin wound
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Figure 1. Schematic diagram of the hUC-MSC culture and injection (A) The models of DFU rats were injected with 1 ml hUC-MSCs or PBS via contralateral

femoral vein each. (B) Representative microphotographs of primary (a), passage 1 (b), passage 2 (c), and passage 3 (d) hUC-MSCs. After several passages,

the morphology of expanded hUC-MSCs appeared to be shuttle-shaped, became uniform, showing better size and refraction under the microscope. Scale bar,

100 μm.

was created in the dorsum of the foot by a disposable 6-mm skin
biopsy punch and Westcott scissor. All the experiments with animals
were performed in Laboratory Animal Center of Nantong University,
and all animal experiments were conducted in accordance with
the standard operating procedures for laboratory animal center of
Nantong University approved by the Lab Animal Ethical Committee
of Nantong University.

Transplantation of hUC-MSCs to DFU rats

A total of 30 DFU model rats were successfully duplicated and
randomly divided into two groups: the treatment group and the
control group. The left femoral vein was found with blunt dissec-
tion, and 5 × 106 hUC-MSCs suspended in 1 ml PBS was injected
into each rat in the treatment group, and each rat in the control
group was injected with equal volume of PBS (Fig. 1A). Then local
hemostasis and wound suturation were performed. At Day 3 (D3),
8 (D8), and 16 (D16) after treatment, five rats in each group were
randomly selected and sacrificed, and the feet with diabetic ulcer
were harvested. The feet were divided into two equal parts vertically
along the center line of the ulceration with scissor. Half of each foot
was stored immediately at −80◦C for the detection of cytokines by
proteome profiler array and enzyme-linked immunosorbent assay
(ELISA), and the other half was fixed with 4% phosphate-buffered
paraformaldehyde for hematoxylin and eosin (H&E) staining, Mas-
son’s trichrome staining and immunohistochemical analysis. The
blood glucose was checked daily and well-controlled at 16.7 and
33.3 mM by 6 ∼ 18 units/day of insulin during the whole process.

Measurement of DFU area

At D3, D8, and D16 post-treatment, parfocal digital photographs
with a ruler were taken for each foot with a DSC-HX50 digital
camera (Sony, Tokyo, Japan) before the harvest. The ulcer area in
each foot was measured from the pictures taken at each time point
using Image-Pro Plus 6.0 image analysis software.

Histological and immunohistochemical assessment of

DFU healing

To detect the re-epithelialization/granulation tissue formation and
collagen deposition, H&E staining and Masson’s trichrome staining

were employed. The DFU tissues at D16 post-treatment were col-
lected from rat feet in the control and hUC-MSC treatment groups,
fixed with 4% phosphate-buffered paraformaldehyde, embedded in
paraffin, and sectioned at 4.0 μm. The sections were dehydrated with
successive concentrations of ethanol and washed twice with distilled
water, followed by H&E staining and Masson’s trichrome staining
according to the protocols of the manufacturer (Cyagen Biosciences
Inc., Santa Clara, USA).

The microvessel density in the DFU tissues at D16 was analyzed
by immunohistochemical analysis using rat anti-CD31 primary
antibody. The sections of the samples were blocked with 3% normal
goat serum/0.3% Triton X-100/0.1% BSA (Sigma-Aldrich) in PBS.
The sections were then incubated overnight at 4◦C with the primary
antibody against CD31 (1:200 dilution, sc-53526; Santa Cruz
Biotech, Santa Cruz, USA), followed by incubation with horseradish
peroxidase-conjugated goat anti-mouse IgG secondary antibody
(1:500 dilution, ab205719; Abcam) for 60 min at room temperature.
After hematoxylin staining, tissue sections were washed again and
then dehydrated with ethanol, treated with dimethylbenzene, and
sealed for microscopic analysis. And the status of cell apoptosis and
proliferation in the DFU tissues were detected by using the terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay kit (ab66110; Abcam) and Ki-67 staining (ab15580; Abcam)
according to the product instruction manuals, respectively. All the
histological sections were observed under the Leica DMR 3000
microscope and analyzed with Image-Pro Plus 6.0 image analysis
software across five nonconsecutive tissue sections for each wound
by two blinded experienced investigators.

Detection of cytokines in DFU tissues

The cytokines in DFU tissues were detected by ELISA and proteome
profiler array. The DFU tissues were washed with sterile PBS and
cut into smaller pieces. Total protein was extracted, centrifuged and
resuspended into sample application buffer containing a protease
inhibitor cocktail (Promega, Madison, USA). The contents of VEGF,
bFGF and FGF in DFU tissues at D3, D8, and D16 post-treatment
were measured using the ELISA kits (Shanghai ExCell Biology, Inc.,
Shanghai, China) according to the product instruction manuals. The
optical density of each well was determined with a spectrophotome-
ter (Labomed, Los Angeles, USA) at 450 nm after substrate solution
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of hydrogen peroxide was added, and the concentrations of cytokines
were calculated. The levels of inflammatory factors and chemokines
in DFU tissues at D3 post-treatment were detected with the proteome
profiler array (R&D Systems, Minneapolis, USA) according to the
product instruction manuals. The pixel densities on developed X-ray
films were collected and analyzed using Image-Pro Plus 6.0 image
analysis software.

Labeling of hUC-MSCs by ZsGreen

Preparation of labeled hUC-MSCs by ZsGreen was performed as
described previously [16]. Briefly, the pLVX-ZsGreen1-N1 plasmid
and packaging plasmids that include pGag/Pol, pRev, and pVSV-G
(Invitrogen) were co-transfected into HEK293T cells (Kebo Bio.,
Shanghai, China) to package virus. After 48 and 72 h transfection,
the vector-containing supernatants were harvested and then used to
infect the passage 2 hUC-MSCs at 70% cell confluence. Three days
after transfection, the infection efficiency was detected with an IX71
fluorescence microscope (Olympus, Tokyo, Japan) and the cells were
cultured successively to passage 3 in a 37◦C humidified incubator
supplemented with 5% CO2, and the medium was changed every
other day.

Tracing of transplanted hUC-MSCs in DFU tissues

Twenty DFU model rats were duplicated and injected with 5 × 106

hUC-MSCs via the femoral vein as mentioned above. At 24 h, D3,
D8 and D16 after transplantation, the rats were randomly selected
and sacrificed, and the feet with diabetic ulcers were harvested (5
each time point). The DFU tissues were collected and embedded
with OCT and stored at −80◦C for fluorescent immunostaining.
And 4-μm longitudinal sections from the samples were cut in a cryo-
stat and thaw mounted onto polylysine-coated slides. The sections
were rinsed three times with PBS and stained with DAPI solution
(1 mg/ml). The histological sections were observed under the Leica
DMR 3000 microscope and analyzed with Image-Pro Plus 6.0 image
analysis software across five nonconsecutive tissue sections for each
wound by two blinded experienced investigators.

To explore the differentiation of the hUC-MSCs in DFU tissues,
the sections at each time point were then also incubated overnight
at 4◦C with the primary antibody against CD31 (1:200 dilution)
or against pan-cytokeratin (1:200 dilution, sc-58826; Santa Cruz),
followed by incubation with Alexa Fluor® 647-conjugated goat anti-
mouse IgG secondary antibody (1:500 dilution, ab150115; Abcam)
for 60 min at room temperature. These sections were also rinsed
three times with PBS and stained DAPI solution (1 mg/ml). Finally,
the sections were examined and photographed with the Leica DMR
3000 microscope.

Statistical analysis

Results were expressed as the mean ± SD of three independent exper-
iments. Statistical analysis was performed using GraphPad Prism 5.0
software (GraphPad Software, La Jolla, USA). Differences between
experimental groups were assessed by one-way analysis of variance
followed by Dunnett’s test. For all statistical analyses, P values <0.05
were considered to be statistical significance.

Results

Culture and characterization of hUC-MSCs

The morphology of expanded hUC-MSCs appeared to be shuttle-
shaped and fibroblast-like. There were some red blood cells in the

primary culture. After three passages, the hUC-MSC population
became uniform, showing a layer of adherent cells with better size
and refraction under the microscope (Fig. 1B). Immunofluorescent
assay and flow cytometry analysis were employed to characterize the
phenotype of passage 3 hUC-MSCs. Until now, no specific marker
was found in hUC-MSCs, and we used the general phenotype for
MSCs. The data revealed that CD29, CD44, CD90, and CD105
were highly expressed, whereas the cells expressed minimal levels of
CD34, CD36 and CD133 (Fig. 2A). The results of flow cytometry
analysis were consistent with those of immunofluorescence analysis,
over 95% cells expressed CD29 (99.9%), CD44 (98.0%), CD90
(97.8%), and CD105 (99.9%), but all cells were almost negative for
CD34, CD36 and CD133 (<5.0%; Fig. 2B). Because of the strong
proliferation capacity, we obtained larger quantity and more purified
hUC-MSCs after continuous cell culture.

Ulceration healing after hUC-MSC transplantation

There were no obvious adverse reactions and transplant rejection
in the treatment group and the control group during 16 days of
treatment. Figure 3 showed the representative ulcer images from the
two groups at D3, D8 and D16 after treatment, the wound closure
rate at relevant time points, and the level of blood glucose during the
treatment. At D3 after treatment, there was no significant difference
of the open wound size between the control group and the treatment
group (38.6 ± 3.5 mm2 versus 38.3 ± 2.3 mm2, P > 0.05). Redness
and swelling could be detected in the ulcers, although crustations
were formed, the mean area of the foot ulcers were a little enlarged in
both two groups probably because of the inflammatory reaction. At
D8, the mean size of wound was significantly reduced with formation
of black scabs and alleviation of the inflammatory responses in the
treatment group, and the rate of wound closing in the treatment
group (45.1% ± 1.8%) was significantly higher than that in the
control group (26.7% ± 2.1%) with the area of 28.3 ± 2.5 mm2 in
the control group versus 21.2 ± 1.3 mm2 in the treatment group
(P < 0.05). Furthermore, the ulcers were significantly smaller in the
group that received hUC-MSCs, when compared with those in the
control group at D16, and the hUC-MSCs almost induced a wound
closure of 90% with the area of 26.3 ± 2.4 mm2 in the control group
versus 3.8 ± 0.3 mm2 in the treatment group (P < 0.01). Blood glu-
cose levels in diabetic rats were consistently higher than 16.7 mM in
both treatment group and control group, and there was no significant
difference between the two groups during the whole experimental
process, with blood glucose of 27.6 ± 2.5 mM in the control group
versus 29.1 ± 3.1 mM in the treatment group (P > 0.05). These
results suggested that vein transplantation of hUC-MSCs accelerated
the ulceration healing but had no distinct therapeutic effect on blood
glucose in diabetic rats.

Histological assessment of ulceration healing

Histological analysis of the ulceration tissues was performed to
further evaluate the details of wound healing. H&E staining of
skin sections from the DFUs at D16 after treatment showed closely
complete re-epithelialization and thick granulation tissue in the
treatment group, whereas not fully re-epithelialized and thinner
granulation tissue in the control group (Fig. 4A). The thickness of
granulation tissue in the treatment group was 293 ± 26 μm, which
was significantly thicker compared with that in the control group
(195 ± 18 μm, P < 0.05). The DFUs treated with hUC-MSCs showed
greater tissue regeneration and fewer infiltrating inflammatory cells
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Figure 2. Characterization of passage 3 hUC-MSCs (A) Immunofluorescent assay indicated that hUC-MSCs were positive for cell surface markers CD44, CD29,

CD105 and CD90, and negative for CD133, CD34 and CD36. (B) Flow cytometry also revealed that CD29, CD44, CD90 and CD105 were highly expressed and

CD133, CD34 and CD36 were nearly negligible on the cells. Scale bar, 25 μm.

Figure 3. DFU healing and blood glucose level at different time points after treatment (A) Representative changes of DFUs in the control group and hUC-MSC

treatment group at D3, D8 and D16 after treatment. (B) The rate of wound closing in DFUs in hUC-MSC-treated model rats during observation compared with

control model rats at D3, D8 and D16 after injection. The ulcer area in each foot was measured from the pictures taken at each time point using Image-Pro Plus

6.0 image analysis software, and the rate of wound closing was defined as a percentage of the wound area at each time divided by D3. (C) The blood glucose

levels during the entire treatment. Blood glucose level was checked at random every other day. There was no significant difference between the two groups

(P > 0.05). Data were presented as the mean ± SD, n = 5, at each time point. ∗P < 0.05.

compared with the control (Fig. 4B). Collagens are mainly expressed
and distributed in the dermis of the skin and are closely associated
with the repair of injured skin. In order to detect collagen forma-
tion, Masson trichrome staining with computer-aided morphological
analysis was used, and results showed that there were more collagen
tissues in the fibers in the hUC-MSC-treated rats than in the control
rats, with density value of 0.31 ± 0.02 in the control group versus
0.72 ± 0.06 in the treatment group (P < 0.05; Fig. 4C). These data
suggest that transplanted hUC-MSCs accelerate wound healing in

DFU rats by promoting epithelialization, granulation tissue forma-
tion and collagen deposition.

Angiogenesis is another key factor during the wound healing;
therefore, the new small blood vessels in the DFUs at D16 after treat-
ment were evaluated by immunohistochemical staining of CD31.
Dense small vessels growing widely in wound granulation tissue
could be detected in the treatment group, but sparse new vessels
in the DFUs were present in the control group. Compared with
that in the control group, the vascular density in the hUC-MSC-
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Figure 4. hUC-MSCs promoted the epithelialization and granulation, tissue regeneration, angiogenesis, cell proliferation and reduced apoptosis in DFUs at D16

after treatment (A) H&E staining showed better dermal re-epithelialization on the DFU wound beds treated with hUC-MSCs compared with the control model

rats. (B) The granulation tissues in hUC-MSC treatment group were thicker than that in the control group. (C) Masson trichrome staining evidently showed more

collagen deposition in hUC-MSC treatment group compared with the control group. (D) Immunohistochemical staining of CD31 showed more blood vessel

structures on the wound beds in the hUC-MSC group compared with the control group. (E) Ki-67 staining revealed more positive cells in the hUC-MSC groups

than that in the control group, indicating that hUC-MSC treatment promoted cell proliferation in DFUs. (F) Apoptotic cells were detected by TUNEL assays.

Few apoptotic cells were detected in the hUC-MSC treatment group, suggesting that hUC-MSCs reduced the apoptosis in the process of healing. Data were

presented as the mean ± SD. ∗P< 0.05. Scale bar, 100 μm.

treated group was significantly higher (Fig. 4D). The situation of
cellular proliferation in the wound tissues is another important
element contributed to the ulcer healing; therefore, Ki-67 staining
was employed to investigate whether the transplanted hUC-MSCs
could promote cell proliferation in the DFUs. There were Ki-67

positive cells diffusely distributed in the basal layer of wound epi-
dermis in the treatment group, but only a few in the control group.
Compared with that in the control group, the average expression
of Ki-67 in DFUs treated with hUC-MSCs was significantly higher
(Fig. 4E). In addition, the situation of cell apoptosis in the DFUs was
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Figure 5. Effect of hUC-MSC treatment on cytokines and chemokines in DFU wound beds (A) The levels of VEGF, bFGF and HGF at D3, D8 and D16 were

determined by ELISA. (B) The R&D Systems Rat Cytokine Antibody Proteome Profiler Array system was employed to detect the inflammation-related cytokines

and chemokines in the DFU tissues at D3 after treatment. Quantification of cytokines and chemokines, and the mean pixel density was analyzed with Image-Pro

Plus 6.0. ∗P< 0.05.

also evaluated by TUNEL assay. The apoptotic cells in the control
group had obvious nuclear cell characteristics, which indicated that
the apoptotic cells were much more than those in the hUC-MSC
treatment group. Quantitative analysis showed that the apoptotic
cells in the control group were increased about five folds when
compared with those in the hUC-MSC treatment group (Fig. 4F).
These results demonstrated that with more angiogenesis and cellular
proliferation, less cellular apoptosis could be achieved in the process
of the ulcer healing in the rats treated with hUC-MSCs.

Paracrine effects of hUC-MSCs in DFUs

It is generally accepted that transplanted MSCs promote tissue repair
mainly through paracrine mechanisms. The levels of VEGF, bFGF
and HGF were measured by ELISA. The levels of VEGF and bFGF
were significantly higher in the DFUs treated with hUC-MSCs than
in the control at D8 and D16, while HGF was maintained at a high
level at all the three time points, which indicated that hUC-MSCs
resulted in an increase in wound angiogenesis (Fig. 5A). Various
cytokines and chemokines play an important role in inflammation,
and many factors constitute a network, one of which is regulated by
one or more other cytokines. Thus, we evaluated the levels of major
cytokines and chemokines in DFUs on D3 after treatment by using
proteomic analyzer array, which allowed simultaneous analysis of 28
factors in a single experiment. It was found that the levels of IL-1ra,
IL-10, CCL3, CCL5, CCL20, CINC-1, CINC-2α/β, CINC-3, CNTF,
CX3CL1, CXCL7 and LIX were significantly up-regulated, whereas

IL-13 was significantly restrained in the treatment group compared
with those in the control group (P < 0.05; Fig. 5B). Our data revealed
that transplanted hUC-MSCs had the ability to modulate the synthe-
sis of several cytokines and chemokines which are involved in the
inflammatory process to restrain the inflammatory reaction.

Trace of the hUC-MSCs in DFU tissues after

transplantation

The satisfactory healing effect prompts us to explore and trace
the distribution of hUC-MSCs transplanted via femoral vein. The
lentivirus expressing ZsGreen was employed to infect the hUC-
MSCs, and the labeling efficiency was ∼90% (Fig. 6A). The labeled
hUC-MSCs were transplanted to the DFU rats via femoral vein in the
same way as the previous treatment experiment. An additional 24-h
period was added to detect whether the hUC-MSCs could come to
the ulcers rapidly. The frozen sections of ulcer tissues were prepared
at 24 h, D3, D8 and D16 after transplantation, and the distribution
and intensity of ZsGreen-positive cells were detected immediately
(n = 5). Other observers blind to the observational group counted
the numbers of ZsGreen-positive cells and total cells in the fields,
and the intensity of transplanted cells in the DFUs in this study
was defined as a percentage of the number of ZsGreen-positive cells
divided by the total cell number. The ZsGreen-positive cells could
be detected in the DFUs 24 h after hUC-MSC transplantation with
the intensity of 2.9% ± 0.2%, suggesting that transplanted cells via
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Figure 6. Trace of the hUC-MSCs in DFU tissues after transplantation (A) The hUC-MSCs were labeled with the lentivirus expressing ZsGreen and detected

under bright-field and green fluorescence. (B) The images of transplanted ZsGreen-positive cells at different time points in DFU wound beds. (C) The rate of

ZsGreen-positive cells at different time points. Data were presented as the mean ± SD. Scale bar, 100 μm.

femoral vein had the ability to migrate and find home to the injury
skin tissues rapidly, although the quantity was not very large. In
addition, the ZsGreen-positive cells could also be found at D3, D8
and D16, and their intensities were 8.6% ± 0.7%, 17.8% ± 1.4%
and 14.2% ± 1.1%, respectively (Fig. 6B,C). The transplanted hUC-
MSCs reached and survived in the ulcer tissues at all the time points,
and the highest intensity was achieved at D8, suggesting that vein
transplanted hUC-MSCs migrate to the wound area and contribute
to the wound healing during the whole process.

Fate of hUC-MSCs in DFU tissues

The high rate of ZsGreen-positive cells in the DFUs prompts us to
further explore the fate of transplanted hUC-MSCs. A large number
of ZsGreen positive cells were found in different parts of the ulcer,
especially at D8 and D16, which may indicate the multidirectional
differentiation potential of hUC-MSCs in vivo. In order to determine
whether hUC-MSCs were engrafted and differentiated into vascular
structures, we further examined whether ZsGreen positive cells
expressed CD31 simultaneously with frozen sections of ulcer tissue at
D16 after transplantation. ZsGreen and CD31 double positive cells
were detected in newly formed capillaries, indicating that the trans-
planted hUC-MSCs were spontaneously differentiated into endothe-
lial phenotype, while no ZsGreen positive cells were found in the
control group, indicating the specificity of ZsGreen immunostaining
(Fig. 7A). Because of the presence of ZsGreen positive cells in the
newly formed dermis and epidermis, further co-staining of epithelial
keratin and ZsGreen was performed in the wound area at D16

to determine whether hUC-MSCs have the potential of epithelial
differentiation. In the treatment group, the transplanted ZsGreen
positive cells combined with dermal structure and expressed pan-
cytokeratin positive signals, while in the control group, no ZsGreen
positive cells were found (Fig. 7B). These findings indicated that
ZsGreen-positive hUC-MSCs were incorporated and differentiated
into regenerated epidermal and vascular structures to enhance the
wound epithelialization and healing.

Discussion

The global prevalence of diabetes has risen dramatically, which is
expected to continue to impose a huge financial burden. In the
lifetime of diabetic patients, 12% to 25% suffer from diabetic
complications [17]. Foot ulcer has a significant impact on the quality
of life of patients. Foot ulcer has negative effects such as pain, social
isolation, physical morbidity, work ability limitation and mental
health [18]. Successful wound healing is a dynamic and complex
process, including a series of coordinated events: inflammation, cell
migration, proliferation, differentiation, angiogenesis, fibrosis, re-
epithelialization and tissue remodeling [19]. Some studies have con-
firmed that wound healing may be interfered by infection, necrosis
and excessive inflammatory factors. And if the wound continues to
inflame, it will cause a persistent state of nonunion [20,21]. DFU is
an outcome of complicated amalgam of various risk factors such as
peripheral neuropathy, peripheral vascular disease, foot deformities,
arterial insufficiency, trauma and impaired resistance to infection
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Figure 7. Fate of hUC-MSCs in DFU tissues (A) Frozen sections of DFU tissues at D16 in hUC-MSC treatment group showed the ZsGreen-positive cells were

concomitant with the staining of CD31, which revealed that transplanted ZsGreen-hUC-MSCs were differentiated into endothelial cells expressing CD31 and

incorporated into the vascular structures. (B) Frozen sections of DFU tissues at D16 in hUC-MSC treatment group showed the co-staining of cytokeratin and

ZsGreen, which revealed that transplanted ZsGreen-hUC-MSCs were differentiated into epithelial cells expressing cytokeratin. Scale bar, 100 μm.

[22,23]. These factors may damage wound healing in DFUs and
prolong one or more stages of inflammation, proliferation and
remodeling [24]. DFUs still remain an important challenge since the
available therapies have limited efficacy and some of the novel ther-
apeutic approaches, which include the recombinant growth factors,
are very expensive [25]. Most of them are directed against a single
etiological factor, whereas a variety of factors lead to the formation of
DFUs. The ideal treatment of DFUs should have the synergistic effects
of anti-inflammation, granulation tissue formation, cell proliferation
and angiogenesis.

UC-MSCs may be a good choice for the treatment of chronic
trauma such as DFU. It was reported that MSCs are ideal candi-
dates for tissue repair [12]. Previous studies have shown that UC-
MSCs can effectively repair acute kidney injury and liver injury
caused by ischemia-reperfusion injury [26–28]. In addition, hUC-
MSCs have good proliferation and differentiation ability and low
immune resistance, which are considered as an alternative source
of stem cells for cutaneous regeneration in patients with DFUs
[29,30]. In present study, full-thickness foot dorsal skin wounds
in streptozotocin injected rats were employed to mimic DFUs and
transplanted with the hUC-MSCs via femoral vein. Transplanted
hUC-MSCs labeled by ZsGreen were proved to be able to migrate
and find home to the wound tissues and locate in the wound edge
and wound base. But the mechanism responsible for the homing of
hUC-MSCs to wounds is not well understood and it may involve
the complex interplay of adhesion molecules, chemokines and extra-
cellular matrix proteases [31]. Compared with the control group,

the ulcer size in the hUC-MSC treatment group was decreased
significantly, and the recovery was gradual and obvious. We also
found that transplanted hUC-MSCs promoted re-epithelialization
and granulation tissue formation, significantly enhanced angiogen-
esis and cell proliferation, and decreased cell apoptosis. Simultane-
ously, the transplanted hUC-MSCs increased the secretion of growth
factors (VEGF, bFGF and HGF) and restrained the inflammation
reaction. It has been recognized that wound healing may be interfered
by infection, necrosis and excessive inflammatory factors [21,29].
Our results showed that hUC-MSC transplantation significantly
increased the production of the anti-inflammatory cytokines such as
IL-10 and the chemokines such as CCL, CINC and CX3CL, which
are main participants in the anti-inflammatory cytokine profile of
hUC-MSCs.

The blood supply is the key to wound healing. Angiogenesis
involves a variety of coordinated events, including the degradation
of extracellular matrix around the parent vessel, migration and
proliferation of endothelial cells and parietal cells to assemble new
vessels, lumen formation, and the construction of mural cell layers
of the vessel wall with associated pericytes and smooth muscle cells
[32]. Paracrine effect is considered to be the main mechanism for the
role of MSCs in tissue repair [33,34]. Some MSC-secreted paracrine
growth factors conducive to angiogenesis such as VEGF, bFGF and
HGF have been demonstrated to promote the neovascularization of
injured tissues [35,36]. Some study also indicated that MSCs are able
to improve tissue vascularity by promoting endothelial cell sprouting
through soluble factor secretion [37]. Our data also revealed that
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hUC-MSCs increased the levels of VEGF, bFGF and HGF in DFU
wound beds and promoted wound angiogenesis. Furthermore, we
speculated that hUC-MSCs may accelerate the DFU wound healing
by paracrine effects to increase wound angiogenesis.

Collagen, as a structurally and functionally pivotal molecule
which builds a scaffold in the connective tissue, is also involved in
every stage of wound healing [38]. Our results showed that hUC-
MSCs could increase the collagen deposition in the granulation
tissues of DFU wound beds. Granulation tissue is also essential
to wound healing, as it is formed on the surface of wounds to
protect and provide nutrition to the wounds. It consists of fibroblasts,
new capillaries, and infiltrated inflammatory cells. The granulation
tissue was thicker and almost completely re-epithelialized, the cell
proliferation was increased, and the cell apoptosis was decreased in
the hUC-MSC group. All these advantages in the DFU wound beds
of the hUC-MSC treatment group may also be due to the paracrine
action and inflammation regulation of hUC-MSCs.

In order to further explore the potential mechanism by which
hUC-MSCs promote wound healing, we applied hUC-MSCs express-
ing ZsGreen to wound healing to determine whether hUC-MSCs
engrafted into wounds could differentiate along multiple lineages of
tissue regeneration in a specific microenvironment. Some studies have
shown that human MSCs have the potential of epithelial differentia-
tion under appropriate culture conditions [39]. Our data showed that
ZsGreen-positive hUC-MSCs appeared to coexist with the staining
of the first epithelial-specific structural protein pan-cytokeratin in
vivo, suggesting that ZsGreen-positive hUC-MSCs spontaneously
differentiated into epithelial cells. In addition, our results also
revealed that transplanted ZsGreen-positive cells co-expressed
CD31, a phenotypic marker of vascular endothelium. These findings
further supported the fact that intravenous transplanted hUC-MSCs
can migrate to wound tissue and differentiate into endothelial cells
in situ, contributing to the formation of neovascularization. Our
study is consistent with previous studies reporting that human
adipose-derived stem cells can differentiate into endothelial cells and
improve postnatal neovascularization, demonstrating that human
MSCs have similar characteristics [40].

In this study, we demonstrated an important component of
wound healing effect induced by hUC-MSCs, which may be a par-
ticularly promising treatment for chronic non-healing wounds, such
as DFUs. Our research showed that transplanted hUC-MSCs could
migrate and find home to the wound tissues, creating a biological
microenvironment to accelerate healing. Paracrine action and trans-
differentiation are the potential mechanisms for the role of hUC-
MSCs in DFU wound bed repair. Previously, we used human adipose-
derived stem cells to treat DFUs in rat models and achieved good
results [41]. If it was widely used in clinic, the demand for fat would
be quite large; however, the source of fat is sometimes limited. By
contrast, the umbilical cord is easy to obtain because almost all
the delivery women in China often discard it. In this study, we
demonstrated that human umbilical cord stem cells have almost the
same efficacy as adipose-derived stem cells in the treatment of DFU
model, which provides a premise for the large-scale future use in
clinic. The combined use of hUC-MSCs with the existing treatment in
chronic non-healing wounds may have advantages over the current
single treatment. However, the mechanisms underlying these actions
remain to be elucidated. Because of the short period of treatment,
the potential negative side effects were not assessed in this study, and
in the future long-term systemic effects of stem cell therapy should
be established and the safety of stem cell therapy should also be
addressed.

In conclusion, transplanted hUC-MSCs via vein improve wound
healing in the DFU model of rats through paracrine action and trans-
differentiation, and transplantation of UC-MSCs may provide a new
strategy for the treatment of DFUs.
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