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Background: Non-healing diabetic ulcers are the most common cause of amputation. Several studies have reported
for the therapeutic potency of simvastatin and mesenchymal stem cells (MSCs) on improving angiogenic factors
and wound healing.
Objectives: This study is aimed to evaluate and compare the treatment outcomes between low-dose simvastatin
and MSCs transplantation in diabetic wound healing.
Methods: Balb/c nude mice were divided into four groups: control group (CON), diabetic wounded group (DM,
streptozotocin 45 mg/kg intraperitoneal daily for 5 days), diabetic wounded group with daily oral treatment of
simvastatin (DM+SIM) and diabetic wounded group with implanted MSCs (DM+MSCs).  Seven days before
wound creation, oral simvastatin was started in DM+SIM (0.25mg/kg/day). Eleven weeks after the diabetic induction,
all mice were created bilateral full-thickness excisional skin wounds on the back and received fibrin gel or MSCs
into wound bed. At day 7 and 14 post wounding, the percentage of wound closure (%WC), the percentage of
capillary vascularity (%CV), tissue malondialdehyde (MDA) levels, stromal cell-derived factor 1 (SDF-1) levels,
neutrophil infiltration and re-epithelialization were determined by using image analysis, confocal fluorescence
microscopy, TBARs assay, immunohistochemically staining and hematoxylin and eosin staining, respectively.
Interleukin 6 (IL-6) levels, tissue vascular endothelial growth factor (VEGF) levels, and pAkt levels were determined
by using enzyme-linked immunosorbent assay.
Results: The %WC in DM+SIM and DM+MSCs groups were significantly higher when compared to the diabetic
group. This study also showed that simvastatin and MSCs could increase %CV, VEGF, pAkt and SDF-1 level.
Moreover, tissue MDA, IL-6 and neutrophil infiltration in DM+SIM and DM+MSCs groups were significantly
decreased when compared to the diabetic group. Furthermore, the re-epithelialization of DM+MSCs group was
significantly increased when compared to the diabetic group.
Conclusion: The results showed no significant difference between groups in all parameters on day 14 post-wound
creation.   Therefore, low-dose simvastatin might be used as an alternative treatment for diabetic wound healing.
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The International Diabetes Federation (IDF)
estimated the global prevalence of diabetes to be 415

million in 2015 and predicted to rise to 642 million
in 2040. (1)  In particular, long-term diabetes or poor
control of hyperglycemia leads to the development of
severe diabetic complications in multiple organs. The
most common and serious complication of diabetes
mellitus is diabetic foot ulcers. Prolonged inflammatory
phase can in turn disturb collagen metabolism, resulting
in poor blood supply, reduced production of growth
factors, and impaired angiogenesis to contribute to
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the frequent skin lesions and poor wound healing in
diabetic patients. Non-healing ulcers were the most
common cause of 85.0% of amputations among
diabetic patients. (2, 3)

Mesenchymal stem cells (MSCs) are non-
hematopoietic stem cells with high-proliferative
potency and able to differentiate into multiple lineages
such as osteoblasts, chondrocytes, adipocytes,
fibroblasts, endothelial cells and smooth muscle, etc.
MSCs can be easily isolated from many sources
such as bone marrow, adipose tissue, and umbilical
cord and can be expanded in vitro.(4) However, the
consequences of hyperglycemia-induced oxidative
stress impair the number and functional activities of
endogenous MSCs.(5) Numerous studies demonstrated
that MSCs transplantation could increase angiogenic
factors and stem/progenitor cell chemokines, including
vascular endothelial growth factor (VEGF) and
stromal cell-derived factor 1 (SDF-1), enhance re-
epithelialization and increase angiogenesis and improve
wound healing. (6 - 9)  Moreover, MSCs treatment are
able to modulate the immune response and decrease
inflammation through decreasing proinflammatory
cytokines such as interleukin-1 (IL-1), and interleukin-
6 (IL-6) and promoting anti-inflammatory factors. (10)

Statins are primarily used to lower circulating
cholesterol levels by inhibiting 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMG-CoA).
Besides, the mechanism of lipid lowering effect, statins
also have pleiotropic effects which demonstrated
the clinical benefits particular for cardiovascular
system. (11, 12)  The American College of Cardiology/
American Heart Association (ACC/AHA) blood
cholesterol guideline in 2013 demonstrated that statin
therapy reduced atherosclerotic cardiovascular risk
which is recommended for individuals at increased
atherosclerotic cardiovascular risk.(13) Simvastatin
which is the most common derivative of statins has
been reported for its pleiotropic effects  on accelerated
re-epithelialization, enhanced VEGF production,
increased angiogenesis, and improved wound healing
in diabetic and non-diabetic models.(14, 15)

However, there are no comparative studies
between the effects of low-dose simvastatin and
MSCs transplantation in diabetic wound healing.
Therefore, the objective of this study was to compare
the effects of low-dose simvastatin and MSCs
transplantation in diabetic wound mouse model.

Materials and methods
Animals

Male BALB/c nude mice (7 - 8 weeks, 20 - 25 g)
from the National Laboratory Animal Center, Salaya
Campus, Mahidol University, Thailand were used in

this study.  The mice were divided into four groups as
follows: control group (CON; n = 12); diabetic group
(DM; n = 12); diabetic group received a daily oral
treatment of simvastatin (0.25 mg/kg) (DM+SIM;
n = 12); and diabetic group received an implantation
of 1x106 MSCs (DM+MSCs; n = 12). All procedures
were conducted in accordance with guidelines for
the use of experimental animals by the National
Research Council of Thailand. This study has been
approved by Ethics Committee, Faculty of Medicine,
Chulalongkorn University, Bangkok, Thailand (No. 009/
2558).

Mesenchymal stem cells (MSCs) preparation and
culture

Human mesenchymal stem cells were cultured
and maintained by the Stem Cell and Cell Therapy
Research Unit, Chulalongkorn University. Briefly,
human MSCs were isolated from human bone
marrow and were cultured in medium (5%FBS/
DMEM/1x pen-strep/L-glutamin) at 37C 5% CO2.
The phenotypes of MSCs were positive for CD44,
CD73, CD90 and CD105.

Diabetic induction and wounding protocols
In the diabetic groups, mice were induced by

injection of streptozotocin (Sigma Chemical Co, USA.)
in citrate buffer pH 4.5 (Sigma Chemical Co, USA.)
with the dose of  45 mg/kg intraperitoneal injection
daily for 5 days. The same volume of citrate buffer
was injected by the same route to non-diabetic control
animal. Two weeks of diabetic induction, tail-vein
blood glucose levels were measured by glucometer
(Advance Glucometer, Bochringer Mannheim,
Germany). The inclusion criteria for diabetes is that
the fasting plasma glucose concentration equals to or
greater than 200 mg/dL. (16)

The wounding protocol was modified from
Sivan-Loukianova E, et al. and Wu Y, et al. (6, 17)

Eleven weeks of diabetic induction, the mice were
anesthetized (sodium pentobarbital 55 mg/kg, i.p.) and
swabbed with alcohol on dorsal-rostral back. Bilateral
full-thickness excisional skin wounds (0.6 x 0.6 cm2)
were created on both left and right sides of the midline
(Figure 1). A square-shaped plastic splints were
secured around the perimeter of the wound
to limit wound contracture. Each mouse was received
fibrin gel (Shanghai RAAS blood products Co. Ltd,
China) or MSCs in fibrin gel on wound bed. Then the
wounds were covered by Tegaderm (3M Company,
St. Paul, MN, USA). (6, 17) Low dose of simvastatin
supplements (0.25 mg/kg BW) were given daily before
wound creation for 7 days and continued to the end
of the study. (18 - 20)
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Wound closure (WC) measurement
This study was observed at day 7 (n = 6 in each

group) and day 14 (n = 6 in each group) after wound
creation. Briefly, mice were anesthetized with an
intraperitoneal injection of sodium pentobarbital at a
dose of 55 mg/kg. Digital photographs of wounds
were taken at days 0, 7 and 14 by a digital camera
(Nikon DS-L2, Japan). Areas of the wound were
measured by tracing the wound margin and calculated
using digital image software analysis (Image-Pro Plus
II 6.1; Media Cybernetics, Bethesda, MD), and the
percentage of wound closure (%WC) was evaluated
using the following equation: (area of original wound
area of actual wound)/area of original wound  100.(6)

Capillary vascularity (CV) measurement
The right jugular vein of anesthetizing mouse was

cannulated for injection of 0.1 ml of 5% FITC-labeled
dextran. The capillary vascularity was examined
using confocal fluorescence microscopy at 100x
magnification (Nikon eclipse E800, Nikon, Japan).
From the fluorescent photographs, the capillary
diameter less than 15 m were analyzed using Image
Pro II 6.1 software. The percentage of capillary
vascularity was calculated using the following
equation: (number of pixels within capillaries/total
number of pixels of the entire frame)  100.(21)

Histologic examination
Mice were sacrificed at 7 and 14 days after wound

creation, at which times, the left side wound sample
was harvested and stored at 80C for the
measurements of tissue IL-6, tissue VEGF, tissue pAkt
and tissue MDA levels. The right side wound sample
was collected for the measurements of neutrophil
infiltration, re-epithelialization and SDF-1 expression.
Tissue specimens were fixed in 10% formaldehyde
for 24 hours. Two-micrometer-thick sections were
stained with hematoxylin-eosin (H&E). The H&E
stained samples were used to measure the number
of neutrophils infiltrating in the wound areas and
re-epithelialization using light microscopy (Nikon
eclipse 50i, Nikon, Japan) at 400x magnification and
stereotype microscopy (Nikon SM2800, Nikon, Japan)
and digital sight  for microscope (Nikon DS-L2, Nikon,
Japan) at 10x magnification, respectively. These results
were analyzed using image Pro Plus 6.1 software and
confirmed by blind assessment.(21) The percentage of
re-epithelialization calculated with the following
formula: (distance covered by epithelium/distance of
the wound edges) x 100. (21)

As for immunohistochemistry, 2-micrometer-thick
paraffin-embedded sections were cut from the
paraffin-embedded tissue. Heat-induced antigen
retrieval was performed in antigen retrieval solution

Bilateral full-thickness excisional skin wound

Figure 1. Bilateral full-thickness excisional skin wounds (0.6 x 0.6 cm2) were created on both left and right sides of
the midline. A square-shaped plastic splints were secured around the perimeter of the wound to limit wound
contracture. The wounds were covered by Tegaderm. (6, 17)
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(pH 9, Dako, USA). Primary rabbit polyclonal SDF-1
antibody (sc-28876, Santa Cruz, USA, at 1:25 dilution)
was added for incubation 1 hour at room temperature.
The sections were washed with wash buffer and
incubated with anti-rabbit secondary antibody (Dako,
USA) for 30 min at room temperature and added with
the DAB+ Substrate Chromogen System (Dako, USA)
at room temperature. The sections are photographed
at 400x magnification using a light microscope. Then,
the images were analyzed using image software
(Image-Pro Plus II 6.1). Results were confirmed by
blind assessment.

VEGF, IL-6 and serine/threonine-specific protein
kinase (Akt) activation immunoassay

At 7 and 14 days after wound creation, tissues
from the skin wound area was harvested and stored at
-80C for analysis of VEGF, interleukin 6 (IL-6) levels
and pAkt using an enzyme-linked immunosorbent
assay (murine VEGF-specific ELISA kit (R&D
Systems, USA), IL-6 ELISA (R&D Systems, USA)
and phospho-Akt (S473) Pan Specific DuoSet IC
ELISA (R&D Systems, USA) kits, based on the
manufacturer’s protocols. (22,  23) The amount of VEGF,
IL-6 and pAkt were expressed as picograms per
milligram protein unit.

Malondialdehyde (MDA) measurement
The supernatants of each tissue sample were used

to analyze malondialdehyde levels (MDA; lipid
peroxides parameter) by a TBARS assay kit (Cayman
Chemical Co, USA). MDA was expressed as nM/
mg protein unit.

Statistical analysis
The data were expressed as the means  standard

errors of mean (SEM). The differences between
groups were determined by one-way analysis of
variance (ANOVA), followed by the least significant
difference (LSD) post hoc test using SPSS software,
version 21. The comparison between groups was
done by using Student’s t - test. Differences were
statistically significant when P - value was less than
0.05.

Results
As shown in Table 1 and Table 2, the effects of

the two treatments, low-dose simvastatin and MSCs
transplantation, on day 7 and 14 after wound creation,
were reported and compared to those values of the
DM groups. It could be summarized that in diabetic
wounds, the prolonged chronic inflammatory
state as represented by the levels of the extent of
neutrophil infiltration and increased IL-6 were
significantly different than levels of control groups.
This pro-inflammatory environment caused a chronic
inflammatory state with poor proliferation. Our data
showed the reductions of growth factor, tissue VEGF,
and SDF-1 levels were significant in the DM group
than in the control group. Under these lacks of
angiogenic factors and chemokines expression, the
percentage of capillary vascularity (%CV) were
significantly decreased in DM groups as shown in both
periods of day 7 and day 14 after wound creation.  In
addition on day 7 and 14 post-wound creation,
the percentage of wound closure (%WC) were
significantly less in the DM group than in the control
groups (P < 0.05).

Table 1. Means  SEM of tissue malondialdehyde (MDA, nM/mg protein unit), percentage of capillary vascularity
(%CV), percentage of wound closure (%WC), vascular endothelial growth factor (VEGF, picograms per milligram
protein unit), percentage of SDF-1 protein expression in wound (SDF-1), phospho-Akt (pAkt, picograms per
milligram protein unit), and interleukin 6 (IL-6, picograms per milligram protein unit), percentage of neutrophil
infiltration, and  percentage of   re-epithelialization were shown for each 7-day group.

MDA 3.58  0.83 (n = 4) 14.88  6.65 (n = 5 )** 3.56  0.53 (n = 5 )# 6.01  2.52 (n = 4)#

%CV 73.17  4.21 (n = 4) 49.12  4.43 (n = 3 )** 68.31  6.33 (n = 3)# 65.16  5.09 (n = 3)
%WC 63.83  6.36 (n = 5) 40.84  2.54 (n = 6)* 71.27  4.49 (n = 5)## 58.90  8.95 (n = 5)#

VEGF 199.59  34.71 (n = 6) 54.07  12.99 (n = 5)** 150.29  25.61 (n = 6)# 133.24  13.22 (n = 6)#

SDF-1 43.89  2.05 (n = 6) 28.12  2.38 (n = 5)** 39.98  1.61 (n = 6)## 38.05  2.09 (n = 6)##

pAkt 458.44  67.06 (n = 6) 137.36  24.17 (n = 5)** 383.70  20.61 (n = 6)# 429.82  108.04 (n = 6)##

IL-6 38.47  8.32 (n = 5) 91.70  19.81 (n = 5) 70.95  22.35 (n = 6) 75.30  15.25 (n = 6)
Neutrophil infiltration 22.17  2.77 (n = 6) 51.83  7.87 (n = 6)* 26.40  10.59 (n = 5)# 31.00  7.32 (n = 6)#

Re-epithelialization 89.03  6.78 (n = 4) 41.41  6.24 (n = 5)** 78.73  7.89 (n = 4)# 68.61  18.56 (n = 4)

                                                                                  7 days post-wounding
CON DM DM  MSCs DM  SIM

*P < 0.05 significant difference vs CON, **P < 0.01 significant difference vs CON
# P < 0.05 significant difference vs DM, ## P < 0.01 significant difference vs DM
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In Table 3, the comparison between groups of
DM+SIM, and DM+MSCs were performed by using
Student’s t - test.  The results showed no significant
difference between groups in all parameters on day

14 post-wound creation. However, on days 7, the
percentages of re-epithelialization and %WC in the
DM+MSCs groups were significantly higher than
those of the DM+SIM group.

Table 2. Means  SEM of tissue malondialdehyde (MDA, nanograms per milligram protein unit), percentage of capillary
vascularity (%CV), percentage of wound closure (%WC), vascular endothelial growth factor (VEGF, picograms
per milligram protein unit), percentage of SDF-1 protein expression in wound (SDF-1), phospho-Akt (pAkt,
picograms per milligram protein unit), and interleukin 6 (IL-6, picograms per milligram protein unit), percentage
of neutrophil infiltration, and percentage of re-epithelialization were shown for each 14-day group.

14 days post-wounding
CON DM DM  MSCs DM  SIM

MDA 6.98  0.91 (n = 5) 37.11  19.86 (n = 5 )** 10.07  4.32 (n = 5)# 13.09  7.35 (n = 4)#

%CV 32.81  2.13 (n = 3) 21.94  2.70 (n = 3)* 39.88  4.61 (n = 3)## 38.17  1.61 (n = 3)##

%WC 97.98  1.39 (n = 5) 81.15  4.28 (n = 4)* 91.23  2.91 (n = 6)# 96.42  2.22 (n = 6)##

VEGF 45.80  15.71 (n = 6) 30.43  4.26 (n = 5) 31.01  4.23 (n = 5) 44.29  7.43 (n = 6)
SDF-1 29.74  2.66 (n = 5) 20.86  2.54 (n = 5)* 32.25  1.90 (n = 6)## 33.45  2.57 (n = 6)##

pAkt 220.81  48.82 (n = 4) 52.99  21.71 (n = 4) 237.22  85.16 (n = 5) 204.88  137.09 (n = 5)
IL-6 28.34  6.28 (n = 6) 76.34  25.02 (n = 6)* 29.24  7.29 (n = 6)# 24.04  5.32 (n = 6)##

Neutrophil infiltration 7.80  0.80 (n = 5) 23.60  4.00 (n = 5)** 10.00  3.10 (n = 5)## 9.60  2.27 (n = 5)#

Re-epithelialization 100.00  0.00 (n = 5) 95.46  4.54 (n = 5) 100.00  0.00 (n = 4) 100.00  0.00 (n = 6)

*P < 0.05 significant difference vs CON, **P < 0.01 significant difference vs CON
# P < 0.05 significant difference vs DM, ## P < 0.01 significant difference vs DM

Table 3. Students’ t test of means  SEM of tissue malondialdehyde (MDA), percentage of capillary vascularity (%CV),
percentage of wound closure (%WC), vascular endothelial growth factor (VEGF), percentage of  SDF-1 protein
expression in wound (SDF-1), phospho-Akt (pAkt), and interleukin 6 (IL-6), neutrophil infiltration, and
re-epithelialization were performed between two groups of  7 and 14 day DM+MSCs and 7 and 14 day DM + SIM
groups.

                                                                7 days post-wounding                                                 14 days post-wounding
MSCs SIM P -  value MSCs SIM P -  value

MDA    NS   NS

%CV  —  NS   NS

%WC     0.005   NS

VEGF    NS  — — NS

SDF-1    NS   NS

pAkt    NS  — — NS

IL-6 — —  NS   NS

Neutrophil infiltration  —  NS   NS

Re-epithelialization  —   0.006  — — NS
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Discussion
Hyperglycemia induced highly oxidative

microenvironment, resulting in the impairment of
various cell types, including MSCs that typically
required for wound healing process.  Diabetic wounds
are characterized by prolonged chronic inflammatory
state, impaired cellular defense mechanisms and
induced prolonged elevation of pro-inflammatory
mediators including TNF-, IL-6 and IL-1. This
pro-inflammatory environment induces a low-grade
inflammation, leading to a chronic inflammatory
state. (24, 25) Moreover, reduction of growth factors,
angiogenesis and abnormal blood flow cause
prolonged and incomplete diabetic wound healing. (26)

In this study we found that the pleiotropic effect of
low dose simvastatins could improve wound healing
in diabetic mice compatible to MSCs transplanation
treatment. The results of wound closure (%WC) and
capillary vascularity (%CV) were no significant
difference between the groups of DM+SIM, and
DM+MSCs after 14 days after wound creation.

In our previous study, by using daily oral feeding
of simvastatin (0.25 mg/kg BW/day) in diabetic mouse
model, the pleiotropic effects of simvastatin; including
reducing neutrophil infiltration, enhancing VEGF
production, increasing angiogenesis, and improving
wound healing were demonstrated. (27) A number of
studies also support this findings, particularly the
increased circulating endothelial progenitor cells
(EPCs), increased angiogenesis, and improved wound
healing were demonstrated in both diabetic and non-
diabetic models. (15, 28 - 31)

Considering these previous findings, we
hypothesized that the anti-oxidative stress and
anti-inflammation effects of low-dose simvastatin
supplementation could improve diabetic wound healing
comparable to MSCs transplantation.  By comparing
the groups of DM+SIM, and DM+MSCs, the results
showed that on day 7; DM+MSCs could significantly
increase re-epithelialization in diabetic wound
compared to DM+SIM. Whereas, all other measured
parameters including MDA, %CV, VEGF, SDF-1,
pAkt, IL-6, and neutrophil infiltration, showed no
significant differrence.  A number of research findings
indicated that MSCs could promote all wound
healing processes simultaneously and described by its
immunomodulatory and anti-inflammatory effects,
promoting growth factor secretion and stimulating
proliferation and differentiation for regeneration of

injury tissues. (32) Whereas the pleiotropic effects of
simvastatin in diabetic wound healing were mostly
referred to enhancing VEGF production, increased
angiogenesis and reducing oxidative stress. (15, 28)

In case of anti-oxidative agent, the previous
study showed that simvastatin could act as a radical
scavenger and decrease the generation of ROS. (33)

By using the model of vascular injury, simvastatin was
shown to increase VEGF and SDF-1 secretion and
lead to promote the regeneration of endothelial cells
via the activation of the Akt-mediated signaling
pathway. (30, 34 - 35) SDF-1 is a chemotactic factor
regulating the migration of stem cells. However, the
decreased EPCs and MSCs recruitments and functions
have been implicated in the diabetic wound healing
impairment.(36)

Moreover, simvastatin could reduce neutrophil
infiltration in skeletal muscle reperfusion injury model
and wound model. The stabilizing effect of simvastatin
upon eNOS could enhance NO production during
the early phase of reperfusion.(37, 38) And this might
be implied to our finding that simvastatin could also
decrease the number of neutrophils infiltrating diabetic
skin wound.

IL-6 plays roles in recruitment of leukocytes by
stimulating IL-8 and monocyte chemoattractant
protein-1 (MCP-1) secretion from endothelial
cells. (39) The study of Rezaie-Majd demonstrated that
simvastatin had anti-inflammatory effects through the
down regulation and production of proinflammatory
cytokines including IL-6 and IL-8 in the endothelium
and leukocytes. (40)

The results of this study demonstrated the benefit
effects of pleiotropic mechanism of low dose
simvastatin that could improve wound healing
in diabetic mice similar to the effects of MSCs
transplanation. Therefore, in the future it might be
helpful to improve the clinical benefit and preventing
diabetes amputation. However, this finding still need
further clinical research to determine the proper dose
of simvastatin for diabetic patients.

These findings support the idea that pleiotropic
effects of low dose simvastatin could improve wound
healing in diabetic mice similar to the benefit effects
of MSCs transplanation.  Their similar processes are
partly mediated by the reductions of oxidative stress,
IL-6, and neutrophil infiltration, and then result to the
next phase of enhancing proliferations of both vascular
structure and epithelial cells in diabetic wound.
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Conclusion
These results may be the first in vivo evidence

that shows the comparative effects of simvastatin and
MSCs on the enhancement of angiogenesis and wound
closure in diabetic skin wound model.
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