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Implantation of placenta-derived mesenchymal stem 
cells accelerates murine dermal wound closure  
through immunomodulation
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Abstract: Background: Diabetic foot ulcer (DFU) is a major complication of diabetes mellitus. Although previous 
studies have established that inflammation, ischemia and neuropathy contribute to the development of DFU, it is 
still an unmet medical need due to lack knowledge of cellular and molecular mechanisms associated with DFU. 
In the present study, we tested our hypothesis that subcutaneous application of human placental mesenchymal 
stem cells (PMSCs) can accelerate diabetic dermal wound healing by modulating immunoresponse. Methods and 
Results: By using an in vivo excisional wound healing model in Goto-Kakizaki (GK) rats, we found that injection of 
PMSCs accelerates wound closure. Further studies revealed that application of PMSCs can regulate inflammation 
associated with wound healing by controlling secretion of pro- and anti-inflammatory factors, the beneficial effects 
can be partially blocked by application of antibodies against interleukin-10 (IL-10). Furthermore, in vitro experiments 
suggested that co-culture of PMSCs with human dermal fibroblasts can significantly inhibit activation of NF-ĸB in-
duced by lipopolysaccharides (LPS), indicating the molecular mechanism of PMSCs mediated immunomodulation. 
Conclusion: Taken together, our study suggested that the immunomodulation of PMSCs play an important role on 
diabetic dermal wound healing process, thus PMSCs might represent an attractive choice for treatment of diabetes 
dermal wound and DFU.
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Introduction

Diabetes mellitus is one of the most common 
metabolic disorders that greatly affect the life 
quality of the whole human society. It was esti-
mated that the prevalence of type 2 diabetes 
was 285 million (6.4% of the world population) 
on 2010, which will keep increasing to 439 mil-
lion (7.7%) by year of 2030 [1]. In addition to 
major symptoms, diabetes patients are usually 
suffering multiple complications, such as dia-
betic foot ulcer, ketoacidosis, nephropathy, 
high blood pressure, stroke and so on (www.
diabetes.org). Among these complications, dia-

betic foot ulcer (DFU) is one of the most fre-
quent clinical indications in diabetic patients. 
The estimates indicate that about 2-3% diabet-
ic patients will develop a foot ulcer each year, 
and about 15% of them will develop a foot ulcer 
during their lifetime, which causes a tremen-
dous medical burden worldwide [2, 3]. A num-
ber of risk factors have been linked to develop-
ment of DFU, including limb ischemia, neuropa-
thy and impaired dermal wound healing [2, 3]. 
Given the fact that multiple cellular processes 
are involved in dermal wound healing asso- 
ciated with diabetes, such as inflammatory 
response, infection, angiogenesis and vasculo-
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genesis, development an effective means for 
treatment of diabetes associated chronic 
wound healing remains an unmet medical 
need.

Stem cell based therapy has emerged as an 
effective treatment in regenerative medicine 
for multiple diseases, such as cardiac diseases 
[4], diabetes [5], and central neuronal degen-
erations [6]. In addition, increasing clinical and 
preclinical evidences have suggested that the 
beneficial effects of cell-based therapy extend 
beyond the initial concept that implanted stem 
cells can differentiate and regenerate injured 
local tissues. There is a more complex process 
of paracrine factors secreted by the stem cells 
might also play critical roles in tissue repair 
[7-11]. In particular, immunomodulation effects 
of implanted stem cells are considered to be a 
potential mechanism underlying the beneficial 
effects of stem-cell based therapy [12-14]. 

Here, we sought to test a hypothesis that 
implantation of mesenchymal stem cells 
derived from human placentas (PMSCs) can 
ameliorate dermal wound healing by immuno-
modulation. We found that co-culture of PMSCs 
with dermal fibroblasts can inhibit in vitro 
inflammatory response induced by LPS. Further 
in vivo experiments demonstrated that implan-
tation of PMSCs can accelerate closure of the 
excisional wounds in diabetic Goto-Kakizaki 
(GK) rats and the beneficial effects of PMSCs 
were at least partially through modulating 
inflammatory response following dermal injury. 
Thus, our study suggested a potential immuno-
modulation role of implanted PMSCs in diabetic 
wound healing.    

Materials and methods

Patient selection, tissue processing and mes-
enchymal stem cell isolation 

PMSCs isolation protocol was established from 
other studies [15]. Briefly, fresh placentas were 
collected from normal, full-term (38-40 weeks 
gestation), healthy donors in compliance and 
approval of the Independent Ethics Committee 
of the Tongji Hospital affiliated with Tongji 
University. Written informed consent was 
signed prior to the study. All tissues were exam-
ined by a certified pathologist to verify that they 
were free of human immunodeficiency virus, 
toxoplasmosis, cytomegalovirus and rubella 

virus infections. To maintain recovery of PMSCs, 
all tissues were kept on ice and processed 
within three hours after the pathologist 
evaluation. 

The harvested tissues were extensively washed 
with ice-cold phosphate-buffered saline (PBS) 
and then manually minced. The tissues were 
digested in 0.1% collagenase IV (Sigma-Aldrich, 
St. Louis, MO) at 37°C for 1 h followed by a cell 
strainer filtration (Falcon 3078, BD Biosciences, 
San Jose, CA) to eliminate undigested debris. 
After that, the cells were span down at 2000 
rpm for 10 minutes, and red blood cells were 
lysed by red blood cell lysis buffer for 5 minutes 
at 37°C. The remaining cells were collected by 
centrifugation at 300 × g for 5 minutes and cul-
tured in growth medium (DMEM medium con-
taining 10% FBS, 100 units/ml penicillin, 100 
μg/ml streptomycin, 2 mM L-glutamine, and 1% 
nonessential amino acids). The cells were cul-
tured at 37°C under a 5% CO2 atmosphere for  
4 days before the culture medium was first 
replaced. 

Characterization of isolated PMSCs

PMSCs from passage 3 were used for pheno-
typic marker identification by flow cytometry 
analysis. The cells were detached with trypsin 
(0.25% with 0.1% ethylenediaminetetraacetic 
acid (EDTA) in Hanks’ balanced salt solution 
(HBSS)) and suspended in ice-cold staining  
buffer. Approximately 5 × 105 cells were in- 
cubated with fluorescence conjugated anti- 
bodies for 30 min. The antibodies used  
were CD29 (APC-conjugated), CD13 (FITC-con- 
jugated), CD73 (PE-conjugated), CD105 (PE- 
conjugated), CD49b (APC-conjugated), HLA-DR 
(FITC-conjugated), CD45 (PE-conjugated), and 
CD34 (FITC-conjugated). All of the antibodies 
were obtained from Becton Dickinson and 
Company (BD Pharmingen, San Diego, CA). At 
least 15,000 events per staining were ana- 
lyzed by flow cytometry (FACScan, BD 
Biosciences), and the data analysis was per-
formed with BD FACSDiva software (version 
5.0, BD Biosciences).

The pluripotency of the isolated PMSCs was 
tested by culturing PMSCs in adipogenic or 
osteogenic culture medium followed by oil red 
O staining for adipocytes and Alizarin red stain-
ing for osteocytes.
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Non-contact co-culture of PMSCs and human 
dermal fibroblasts

Primary human dermal fibroblasts were co-cul-
tured with PMSCs in separate six-well plates in 
a transwell cell culture system (Corning, 
Tewksbury, MA) [16]. Pores with a size of 0.4 
μm allow exchange of PMSC-produced soluble 
factors from upper chamber (PMSCs) to lower 
chamber (fibroblasts). For all studies, the cells 
were seeded at 5 × 105 cells/chamber and 
maintained in DMEM for 8 h. Fibroblast cells 
were serum starved for 24 h prior to any experi-
ment. After serum starvation, fibroblast cells 
were stimulated with LPS 1 µg/ml in the pres-
ence or absence of 5 × 105 PMSCs in the upper 
chamber. Fibroblasts were harvested at each 
specified time point, total and cytoplasmic were 
isolated and analyzed as mentioned.

Animal studies

Animal husbandry and experiments were con-
ducted in accordance with the Guide for the 
Care and Use of Laboratory Animals published 
by the Tongji Hospital affiliated with Tongji 
University. Diabetic Goto-Kakizaki (GK) rats 
(aged 8-12 weeks) were placed in individual 
cages and subjected to wounding. The dorsum 
hair was removed by a clipper. A full-thickness 
circular (8 mm diameter) excisional wound was 
created on the dorsum of each rat with a der-
mal biopsy punch (Miltex, Plainsboro, NJ). Six 
hours after surgery, 106 PMSCs (a total of 100 
µl) and same volume of PBS (control) were sub-
cutaneously injected around the wound area. 
For recombinant IL-10 (rIL-10) and IL-10 anti-
body (Life Technologies, Grand Island, NY; puri-
ty ~95%) treatment experiments, rIL-10 (100 
ng) or IL-10 antibody (200 ng) was subcutane-
ously injected around wound area after exci-
sional wound surgery. The treatments were 
continued once every other day throughout the 
whole experiments.

Analysis of wound closure

Digital photographs of the excisional wounds 
were taken at day 0, 5, 10 and 15. The wound 
area was measured by tracing the wound mar-
gin and calculated using ImageJ software (NIH). 
The percentage wound closure was calculated 
as following formula: Wound closure percent-
age = (area of original wound-area of actual 
wound)/area of original wound × 100. Rats 

were heavily anesthetized using ketamine and 
dorsal skin was removed using aseptic tech-
nique at day 15 after the wound surgery. Each 
wound was cut out and placed into buffered 
formalin solution for histopathological exami-
nation. Tissue sections were stained with either 
H&E or Masson’s Trichrome and examined by 
qualified pathologists blinded by treatments for 
evaluation of pathological outcomes of differ-
ent treatments. 

Western blot analysis

At the end of co-culture experiments, fibro-
blasts were collected and lysed by RIPA buffer 
(25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% 
NP-40, 1% sodium deoxycholate, 0.1% SDS) 
supplemented with protease and phosphatase 
inhibitor cocktails (Roche, Applied Science). For 
each sample, 25 μg of total protein was loaded 
and separated on 8% SDS polyacrylamide  
gels. Then proteins were transferred to polyvi-
nylidene difluoride membrane and blotted with 
primary antibody and horseradish peroxidase 
conjugated secondary antibody. Peroxidase 
activity was developed with ECL kits (Pierce). 
Anti-NF-κB and anti-GAPDH antibodies were 
used in the experiments.

Statistical analysis

All results are presented as the mean ± SEM. 
Statistical comparisons between two groups 
were performed using the Student t-test. 
Probability (P) values < 0.05 were considered 
statistically significant. All in vitro experiments 
were repeated at least in triplicate and data 
used for analysis.

Results

Characterization of PMSCs

To characterize the cell surface markers of typi-
cal PMSCs, flow cytometry was performed to 
analyze PMSCs. The cells were stained with 
FITC-, APC-, or PE-conjugated surface marker 
antibodies and examined by flow cytometry. 
Cells were dissociated and stained with CD29 
(mononuclear cell marker), CD73 (endothelial 
cell and stem-cell marker), CD13 (mesenchy-
mal stem-cell marker), CD105 (mesenchymal 
stem-cell marker), CD49b (mesenchymal stem-
cell marker), HLA-DR (an MHC class II cell-sur-
face receptor encoded by the human leukocyte 
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antigen; DR is also a marker for immune stimu-
lation), CD45, and CD34. Stained cells and an 
unstained control cells were subjected to FACS 
analysis. Most of the PMSCs strongly expressed 
CD29, CD13, CD73, and CD105, CD49b and 

were negative for HLA-DR, CD45, and CD34 
(Figure 1A), indicating a successful purification 
of PMSCs. Further analysis demonstrated that 
the immunophenotype of PMSCs remained 
unchanged for more than eight cell passages. 

Figure 1. Characterization of isolated PMSCs. (A) Representative images of flow cytometry show the expression of 
surface markers of the PMSCs isolated from human placenta. Microscope images show that isolated PMSCs can 
differentiate into adipocytes (B) and osteocytes (C). Scale bar: 50 µm.
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After culturing with differentiation medium, the 
isolated PMSCs can also differentiate into adi-
pocytes (Figure 1B) and osteocytes (Figure 1C) 
as demonstrated by Oil Red O and Alizarin red 
staining, indicating the functions of PMSCs 
were preserved after isolation.

PMSCs transplantation promotes wound clo-
sure

In order to test whether PMSCs treatment can 
facilitate dermal wound healing process, we 
utilized an excisional wound healing animal 
model in diabetic GK rats. As shown in Figure 
2A, full-thickness excisional wounds with a 
mean diameter of 8 mm were created in GK 
rats. Six hours later, PMSCs were transplanted 
around the wound. While the initial wounds  
are similar between experimental groups, 
PMSCs treatment (61.01 ± 9.25%) resulted in  
a significantly smaller wound than that in con-
trol animals (93.42 ± 16.98%, P < 0.01 as com-

pared with PMSCs treatment) within 5 days of 
treatment. Furthermore, the wounds in PMSCs 
treated group healed around day 15, while the 
wounds in control group were still very pro-
nounced (11.52 ± 2.34% in PMSCs treated 
group vs. 40.48 ± 7.56% in control group, P < 
0.01).

In accordance with observation of wound clo-
sure rates, histochemical analysis revealed 
increased cellular infiltration and collagen 
deposition and thick granulation tissue in 
PMSCs-treated wounds (Figure 2C). The thick-
ness of the newly formed epidermal layer in the 
PMSCs treated group was much greater than 
that of the control group on day 15 after trans-
plantation. Furthermore, the alignment of fi- 
bers in the healing skin tissue appeared more 
regular in the PMSCs treated group. Finally,  
folliculuspili and some other appendices 
emerged as regenerating skin tissue in PMSCs 
animals but not in controls.

Figure 2. PMSCs treatment enhances diabetic wound healing. A. Representative images show subcutaneous ap-
plication treatment of PMSCs accelerates diabetic wound closure. B. All wounds were measured and quantified by 
ImageJ software at day 0, 5, 10 and 15 post-operation. The wound contraction rate is plotted as the percentage 
reduction of original wound area over time (each group, n = 5; **: P < 0.01). C. H&E staining (upper panels) and 
Masson trichrome staining (lower panels) show that epidermal layer was obviously thicker in PMSCs-treated group 
than that of PBS-treated control, more similar to the normal. The PMSCs-treated group exhibited a thick layer of 
granulation tissue with a large number of microvessels as well. Scale bar: 100 µm.
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PMSCs regulated the local inflammatory re-
sponse during skin wound healing

To explore the molecular mechanism of PMSCs 
mediated wound healing, we next investigated 
the in vivo effects of PMSCs on production of 
local inflammatory cytokines in skin wounds. 
ELISA analysis showed that PMSCs treatment 
significantly decreased the local levels of pro-
inflammatory cytokines, TNF-α, IL-6 and IL-1, 
increased the anti-inflammatory cytokine IL-10 
(Figure 3A-D). These findings suggested that 
PMSCs treatment promotes skin wound heal-
ing, at least in part, by suppressing pro-inflam-
matory cytokine secretion as well as by increas-
ing the production of IL-10 at the local wound 
sites.

PMSCs suppress LPS mediated NF-κB activa-
tion in fibroblasts

In order to further dissect molecular mecha-
nisms underlying PMSCs mediated immuno-
modulation, we used a PMSCs/fibroblasts in 

vitro co-culture system. As NF-κB plays a cen-
tral role in regulating the transcription of most 
of inflammatory factors (such as IL-1β, IL-6 and 
TNF-α), we tested whether PMSCs have any 
impact on activation of the NF-κB signaling in 
fibroblasts. NF-κB-p65 phosphorylation at ser-
ine 536 is essential for its activation and tran-
scriptional activity. Therefore, we investigated 
whether the presence of PMSCs regulates the 
phosphorylation of p65. To activate NF-κB, LPS 
was added to culture media. Western blot anal-
ysis revealed that LPS treatment alone resulted 
in rapid and sustained p65 phosphorylation at 
serine 536 at 30 and 60 min time points. 
Interestingly, the presence of PMSCs strongly 
inhibited LPS-induced NF-κB activation in der-
mal fibroblasts at the 30 and 60 min time 
points (Figure 4). There was no significant 
change in total p65 levels after addition of 
PMSCs cells, suggesting that PMSCs cells 
might regulate inflammatory response by tar-
geting NF-κB signaling in dermal wound 
healing. 

Figure 3. PMSCs treatment regulates secretion of inflammatory factors. Inflammatory factors in blood circulation 
were determined at indicated time points. PMSCs treatment can effectively inhibit secretion of pro-inflammatory 
factors, TNF-α (A), IL-1 (B) and IL-6 (C) and promote secretion of anti-inflammatory factor, IL-10 (D). The data were 
presented as mean ± SEM; *P < 0.05.
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Modulation of IL-10 signal affects PMSCs me-
diated diabetic wound healing 

Since we found that PMSCs treatment in- 
creased the production of IL-10 at the local 
wound sites, we hypothesized that PMSCs 
treatment might modulate inflammatory res- 
ponse by secreting IL-10. In order to test this 
hypothesis, we co-treated wounds with combi-
nation of PMSCs and IL-10 antibody to neutral-
ize production of IL-10 at local wounds. We 
found that co-treatment significantly delayed 
wound healing as compared to PMSCs treat-
ment alone (compare Figure 5A, upper panels 
to Figure 2A lower panels). To further confirm 
the action of IL-10 in wound healing, recombi-
nant IL-10 was applied to the wounds (subcuta-
neous injection, 100 ng per wound, injection 
was started on day 2 and performed once every 
other day till the end of experiments), we found 
that rIL-10 treatment enhanced wound healing 
(Figure 5A, lower panels). These observations 
were also confirmed by histochemical analysis 
(Figure 5C). Thus, our study indicated upregula-

tion of IL-10 might contribute to beneficial 
effects of PMSCs mediated diabetic wound 
healing. 

Discussion

In the present study, our data suggested that 
PMSCs treatment can promote dermal wound 
healing in a diabetic GK rat model. The molecu-
lar action of PMSCs mediated wound healing 
might be through immunomodulation by inhibit-
ing NF-κB mediated pro-inflammatory response 
and promoting secreting of anti-inflammatory 
factor IL-10. 

There are a number of types of stem cells being 
used in regenerative medicine, of which mes-
enchymal stem cells (MSCs) remain to be one 
of more desirable sources for stem cell-based 
therapy. It has been shown that MSCs have low 
tumorigenicity [17, 18], immunogenicity [19], 
and are relatively easy to obtain with minimal 
ethical issues [20-22] MSCs can be isolated 
from various tissues [15]. Given the low per-
centage of MSCs present in the bone marrow 

Figure 4. PMSCs inhibit activation of NF-ĸB signaling in fibroblasts. A, B. Western blot analysis shows that LPS in-
duced activation of NF-ĸB signal in fibroblasts is inhibited by co-culture of PMSCs at different time points (30 mins 
and 60 mins). C, D. Quantification of western blot analysis by ImageJ software. Data are presented as mean ± SEM; 
n = 6 per group; **P < 0.01.
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(0.001-0.01%), the scientists have worked on 
isolating MSCs from other sources. One of 
them is PMSCs which has been used in the 
present study. Although other group have 
shown PMSCs can accelerate dermal wound 
healing through promoting local tissue angio-
genesis [15, 23], the potential roles of PMSCs 
on immunomodulation during chronic diabetic 
wound healing remain largely unknown. 

Interestingly, some other study have shown 
that MSCs treatment can modulate immune 
reactions in other disease model, such as 
peripheral artery diseases [24], solid organ 
transplantations [25], and Crohn’s disease [26] 
(reviewed in [27]). However, there are few stud-
ies focused on the immunomodulation of 
PMSCs in treatment of diabetic wound. In our 
study, we didn’t observe obvious immunore-
sponse after implantation of PMSCs. In addi-

tion, we found that application of PMSCs could 
attenuate inflammatory response following 
excisional wound healing through NF-ĸB medi-
ated pathway. 

Of course, our study cannot address every 
aspect of PMSCs mediated immunomodula-
tion. For example, in addition to potential role of 
IL-10 secretion, we also observed that the infil-
tration of macrophage was less in PMSCs treat-
ment group. Thus, the cellular actions or poten-
tial interactions between implanted PMSCs and 
macrophage might be a direction for future 
studies. In addition, it has been shown that ini-
tial inflammatory response mediated by TGF-β 
or other factors are beneficial for dermal wound 
healing. Thus our next question is: do implant-
ed PMSCs play differential roles on regulating 
initial protective inflammation and following 
detrimental inflammation? If yes, what are the 

Figure 5. Modulation of local IL-10 concentration affects PMSCs mediated diabetic wound healing. A. IL-10 antibody 
is co-injected with PMSCs after wound surgery (upper panels), the neutralization of IL-10 significantly inhibits PMSCs 
mediated wound healing. To test the effect of IL-10 signal in wound healing process, recombinant IL-10 (rIL-10, 100 
ng) was injected to the wounds, we found injection of rIL-10 enhanced wound healing. B. All wounds were measured 
and quantified by ImageJ software at day 0, 5, 10 and 15 post-operation. The wound contraction rate is plotted as 
the percentage reduction of original wound area over time (each group, n = 5; **: P < 0.01). C. H&E staining (upper 
panels) and Masson trichrome staining (lower panels) show that rIL-10 treated wound exhibits better pathological 
morphologies than those treated by combination of PMSCs and IL-10 antibody treatment. Scale bar: 100 µm.
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underlying cellular and molecular mecha- 
nisms? Since our data in Figure 5 showed  
IL-10 antibody could only partially inhibit  
effects of PMSCs, what are other factors that 
are involved in PMSCs mediated diabetic 
wound healing? Finally, PMSCs have been 
shown to promote angiogenesis of local tissue, 
which could also contribute to diabetic wound 
healing. Our future studies will also focus  
on studying the role of PMSCs on angiogenesis 
following diabetic wounding with a hope to 
determine which effects play more important 
roles. Finally, we will also try to identify the 
paracrine factors that are secreted by PMSCs. 
Identification of these factors will allow us to 
understand the cellular and molecular mecha-
nisms of PMSCs mediated immunomodulation. 
The answers to these questions will help us 
gain more insights for the roles of PMSCs  
in treatment of wound healing and other 
diseases. 

Taken together, our data suggested PMSCs  
can promote wound healing by immunomo- 
dulation through NF-ĸB and IL-10 pathways. 
Therefore, targeting functional interactions 
between implanted PMSCs and local immune 
system might be a potential approach for treat-
ment of different diseases.
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