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Abstract Persistent hyperglycemia causes many microvascular and macrovascular
complications in type 2 diabetics. Chronic wounds are one of the most common
complications. Adipose tissue-derived mesenchymal stem cells (AT-MSCs) shows
great potential for chronic wound healing because of their ability to secrete many
factors to stimulate migration, growth, angiogenic. In previous research, we were
determined that diabetic AT-MSCs (dAT-MSCs) impaired the ability of wound
healing compared with non-diabetic AT-MSCs (nAT-MSCs). In this study, we aim
to examine the effect of high D-glucose concentration on the mobility of nAT-MSCs
and wound healing in vitro. The expression of migratory genes was determined
by reverse transcription quantitative polymerase chain reaction (RT-qPCR). In vitro
scratch assay was used to examine the healing ability of nAT-MSCs under the influ-
ence of high D-glucose concentration. The results show that high D-glucose treated-
nAT-MSCs were reduced the expression of migration factors (SDF-1 and CXCR-4),
which suggested the high D-glucose treated-nAT-MSCs may decrease their migra-
tion mobility compared with those of non-treated nAT-MSCs. Moreover, the wound
healing ability in vitro was impaired high D-glucose treated-nAT-MSCs compared
with those of non-treated nAT-MSCs. Interestingly, the migration mobility of nAT-
MSCs under the effect of high D-glucose condition was similar to those of dAT-
MSCs. Our study provides further insight into the impact of high D-glucose levels
on reducing wound healing ability of nAT-MSCs in supporting of the improving
AT-MSC function in the treatment of diabetic complications.
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Abbreviations

SDF-1 Stromal cell-derived factor-1
CXCR-4 SDF-1 receptor

1 Introduction

Type2diabetesmellitus is a global health problem, characterizedby insulin resistance
and hyperglycemia [1]. The persistent hyperglycemia causes many complications in
diabetic patients [1]. A chronic wound is a hard-to-heal wound, one of the most
common complications, causing many difficulties in the lives of type 2 diabetes [2].
Nowadays, stemcell therapy showsgreat potential for chronicwoundhealingbecause
of their ability to secrete many factors to stimulate migration, growth, angiogenic
and immunomodulation [1, 3, 4].

However, our previous research showed that diabeticAT-MSCs (dAT-MSCs)were
impaired wound healing ability compared with non-diabetic AT-MSCs (nAT-MSCs)
in the flap mouse model and in vitro wound healing model [5, 6]. Stromal cell-
derived factor-1 (SDF-1) and CXCR-4 (SDF-1 receptor) have been shown to direct
the movement of stem cells related to repairing damage in many cells and tissues [7].
Besidesesides, the expression of migration factors (SDF-1, CXCR-4) in dAT-MSCs
was lower than those of nAT-MSCs [6]. Furthermore, previous studies have shown
that high D-glucose concentrations impaired proliferation and migration of human
fibroblast, keratinocyte [8, 9]. In vitro scratch assay is an inexpensive and easymethod
to assess cell movement in vitro of many cells such as fibroblasts, keratinocytes, and
mesenchymal stem cells in chronic wound healing [6, 10, 11].

Therefore, we examined the impact of high D-glucose concentration on the
mobility andwound healing ability in vitro of nAT-MSCs comparedwith dAT-MSCs.

2 Material and Methods

2.1 Stem Cell Culture

Non-diabetic AT-MSCs (nAT-MSCs) and diabetic AT-MSCs (dAT-MSCs) are
provided by Laboratory of RegenerativeMedicine and StemCell Biology, University
of Tsukuba, Japan. These cells were characterized in the previous report [6]. Briefly,
AT-MSCs were cultured in Iscove’s Modified Dulbecco’s medium (Thermo, USA),
with 10% fetal bovine serum (Thermo, USA), 1% antibiotics (Sigma, USA) and five
ng/ml basic fibroblast growth factor (bFGF, Sigma, USA) at 37 °C and 5% CO2.
The medium will be renewed every three days. Cells are frozen with cell banker
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solution (Sigma, USA) and preserved in liquid nitrogen for further experiments. The
AT-MSCs at passage 5–8 were used for the experiments.

2.2 Cell Proliferation Assay

AT-MSCs were cultured on 24-well plate at a density of 1.5 × 104 cells/well and
cultured under high D-glucose concentrations (100 and 200 mM). The cell culture
mediumwas changed every three days. Themorphology and growth ofAT-MSCswill
be monitored for 11 days after a supplement with D-glucose. Trypan blue staining
method was used to determine cell proliferation every 48 h.

2.3 Quantitative Reverse Transcription-Polymerase Chain
Reaction

Stem cell movement plays an important role in the healing of chronic wounds. There-
fore, we cultured nAT-MSCs and dAT-MSCs in D-glucose (100 mM) supplemen-
tation medium to examine the influence of those on the expression of migratory
genes. After adding D-glucose for three days, RNA was extracted with Sepasol-
RNA I Super G (Nacalaitesque, Japan). Total RNA (300 ng) was reverse tran-
scribed by transcription-polymerase chain reaction (RT-PCR) Kit (TOYOBO, Japan)
to converse to cDNA. cDNA was analyzed using a LightCycler 96 System (Roche,
Switzerland) usingMaximaSYBRGreen/ROXqPCRMasterMix (2X)Kit (Thermo,
USA). The expression levels of migration genes were analyzed using the 2−��Ct

methods. β-actin gene was used as an internal control. The primer sequences for the
PCR reactions are shown in Table 1.

Table 1 The primers used for the quantitative polymerase chain reaction

Function Gene Primer Sequence

Internal control β-actin 5′-primer GTGCGTGACATTAAGGAGAAGCTGTGC

3′-primer GTACTTGCGCTCAGGAGGAGCAATGAT

Migration factors SDF-1 3′-primer AACGCCAAGGTCGTGGTCGTGCTGG

5′-primer CTACAATCTGAAGGGCACAGTTTGG

CXCR-4 3′-primer CTGTGACCGCTTCTACCCCAAT GACTT

5′-primer CCAAGGAAAGCATAGAGGATGGGGTTC
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2.4 In Vitro Scratch Assay

In vitro, wound-healing assay as described previously [12, 13]. Briefly, nAT-MSCs
and dAT-MSCs were cultured on 4-well plates with a density of 4 × 104 cells/well.
After 24 h, AT-MSCs were treated with 100 mMD-glucose. When cells had reached
confluent monolayers, a scratch was created on the surface of the culture dish by a
p1000 pipette tip (width 1 mm). Images of wound areas were recorded and analyzed
by Wimasis software (https://mywim.wimasis.com) at 0 h and after 24 h. Data have
presented the average of five measurements from wound areas.

2.5 Statistical Analysis

The significant differences among many test groups have been used to identify
one-way ANOVA (Tukey posthoc test; SPSS 20 software, IBM Corp.). P < 0.05
value is statistical significance. The data indicated the mean of the three independent
experiments (mean ± SD).

3 Results

3.1 The Effect of High D-glucose Concentrations on Growth
Ability of AT-MSCs

D-glucose is the main source of energy for many cellular activities [14]. Despite this,
highD-glucose levels have been shown to increase free radicals and increase the level
of ageing of many types of cells [15, 16]. Hence, we evaluated the impact of high D-
glucose concentrations on the growth of nAT-MSCs by adding 100 mM and 200 mM
D-glucose to the culture medium. Cell proliferation of nAT-MSCs was monitored
for 11 days after D-glucose supplementation and compare with dAT-MSCs.

Our results showed that the doubling times of nAT-MSCs (35.67 ± 0.49 h) and
dAT-MSCs (34.9± 1.26 h)were not statistically different. However, nAT-MSCswere
cultured with highD-glucose concentrations had slower growth rates than the control
sample and dAT-MSCs. Differences in growth rates are most evident since day 3 of
the culture process. At the log phase, we found that the doubling time of nAT-MSCs
treated with 100 mM D-glucose was 60.95 ± 4.18 h (1.70 fold decrease, p < 0.01, n
= 3) compared to the control sample. It is worth noting that nAT-MSCs treated with
200 mMD-glucose hardly proliferated with the doubling time was 201.07± 34.92 h
(Fig. 1). Therefore, this result proves that high D-glucose concentration inhibits the
growth of nAT-MSCs, which can lead to reduced wound healing ability. According
to the results of cell proliferation, we considered that the concentration of 200 mM
D-glucose is not suitable for further experiments, so we only examined the effect of

https://mywim.wimasis.com
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Fig. 1 Growth curve of AT-MSCs under the impact of high D-glucose concentrations. Several cells
were determined every 48 h by using the trypan blue exclusion method for 11 days after D-glucose
supplementation. High D-glucose concentrations inhibit the growth of nAT-MSCs. Data indicated
the average values of three independent experiments (mean ± SD); Ctrl: control

100mMD-glucose on nAT-MSCs for the expression of the migration factors (SDF-1
and CXCR-4) and wound healing in vitro.

3.2 The High D-glucose Concentration Decreased Migration
Factors Expression in AT-MSCs

Chronic wounds are one of the common complications in diabetic patients [2]. SDF-
1 and CXCR-4 factors are known to promote acute and chronic wound healings [7].
Previous studies have demonstrated that the wound healing ability of dAT-MSCswas
impaired in vitro wound healing model and the flap mouse model [5, 6].

The results showed that nAT-MSCs have higher expression of migration factors
than dAT-MSCs. Specifically, the expression of SDF-1 (5.32 ± 0.35 fold, P < 0.01,
n = 3) and CXCR-4 (8.99 ± 0.60 fold, P < 0.01, n = 3) were higher than dAT-MSCs
(Fig. 2).Notably, the expression of SDF-1 andCXCR-4 in 100mMD-glucose treated-
nAT-MSCs were reduced compared with control nAT-MSCs (SDF-1, 1.24 ± 0.08
fold decrease andCXCR-4, 1.94± 0.13 fold decrease, P < 0.01, n= 3). However, the
expression of these factors in nAT-MSCs were still higher than dAT-MSCs (SDF-1,
4.30 ± 0.15 fold increase, P < 0.01, n = 3; CXCR-4, 4.63 ± 0.18 fold increase, P
< 0.01, n = 3) (Fig. 2). Thus, the results suggest that high D-glucose concentration
reducing the expression ofmigration factors inAT-MSCs. Thismay reduce the ability
of nAT-MSCs to heal the wound under hyperglycemia or in diabetic patients.
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Fig. 2 The high D-glucose concentration decreased migration factors expression in nAT-MSCs.
The mRNA expression level was examined by qRT-PCR and normalized to β-actin. The expression
of SDF-1 and CXCR-4 were decreased in nAT-MSCs under the influence of 100 mM D-glucose.
The data indicated the mean of the three independent experiments (mean ± SD); P < 0.01 (**);
Ctrl: Control

3.3 The High D-glucose Concentration Reduced the Ability
of AT-MSCs to Heal Chronic Wounds in Vitro

Previous results have elucidated that highD-glucose concentration altered the expres-
sion of genes involved in the ability of wound healing of AT-MSCs (Fig. 2). We
performed the scratch assay to examine the effect of high D-glucose concentration
on the ability of AT-MSCs to treat chronic wounds. This is an appropriate method
to study the effect of cell–matrix and interaction, mimicking cell migration during
wound healing in vivo [13].

The results demonstrated that the wound areas at 24 h of nAT-MSCs were signif-
icantly recovered in comparison with those of dAT-MSCs (wound area: nAT-MSCs,
12.80± 0.88% vs. dAT-MSCs, 22.95± 3.22%;P < 0.01; n= 5) (Fig. 3). Notably, the
ability to coverwounds of nAT-MSCs has been significantly reducedwhen exposed to
high D-glucose concentration (wound area: 100 mM D-glucose treated-nAT-MSCs,
23.48± 3.68% vs. nAT-MSCs, 12.80± 0.88%; P < 0.01; n= 5) (Fig. 3). The wound
areas in 100 mM D-glucose treated-nAT-MSCs and dAT-MSCs were not statistical
differences (wound area: 100 mMD-glucose treated-nAT-MSCs, 23.48 ± 3.68% vs.
dAT-MSCs, 22.95 ± 3.22%, P > 0.05, n = 5) (Fig. 3). These results indicate that the
ability of wound healing in nAT-MSCs is impaired by the effects of high D-glucose
concentration, possibly due to the inhibition of factors that promote cell migration.

4 Discussion

The stem cell migration to the damaged area plays a very important role in wound
healing [7, 12]. Previous studies have shown that the wound healing ability of dAT-
MSCs is impaired due to an increase in the number of adhesion molecules and a
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a

b

Fig. 3 High D-glucose concentration inhibits the ability of in vitro cell migration. a The image
was taken using a microscope and analyzed by Wimasis software at 0 and 24 h. b Percentage of
wound areas of nAT-MSCs (control and 100 mM) and dAT-MSCs at 0 and 24 h. Data were taken
from the average of five different wound areas and three replications (mean value ± SD); **, P <
0.01. Scale bar 500 μm

prolonged inflammation stage [5, 6]. Here, we demonstrated that the high D-glucose
concentration reduced the expression of migration factors (SDF-1 and CXCR-4) and
impaired the ability to heal wounds of AT-MSCs in vitro.

Previous studies have elucidated that the high D-glucose concentrations increase
free radicals and the ageing level of any types of cells [15, 16]. Our results show
that 100 and 200 mM D-glucose decreased the proliferation of nAT-MSCs (Fig. 1).
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This result agrees with previous studies high D-glucose concentration inhibits the
proliferation of mice bone stem cells, MG63 bone cells and some stem cell lines
from other sources in human (bones, placenta, umbilical cord and chorion) [17–
19]. Also, our previous publication showed that dAT-MSCs were impaired wound
healing ability is compared with nAT-MSCs in the flap mouse model and in vitro
wound healing model [5, 6]. Furthermore, the high D-glucose concentrations also
impaired the proliferation and migration of human fibroblast, keratinocyte [8, 9].

The interaction between SDF-1 and CXCR-4 recruit stem cells into the wound
area, promoting wound repair and neovascularization [2]. In vivo wound healing
model, the concentration of SDF-1 remarkedly increased at the wound site, and it
was manifested throughout the healing process. Blocking of SDF-1/CXCR4 leads to
a significant reduction in epidermal stem cell movement and impairs wound healing
in vivo [20]. Our results found that the expression of SDF-1 andCXCR-4 have signifi-
cantly downregulated in dAT-MSCs than those in nAT-MSCs (Fig. 2). The reduction
of these factors is expected to reduce the migration ability of nAT-MSCs during
wound healing. Therefore, the scratch assay was performed to mimic cell movement
during wound healing in vivo. The result of in vitro scratch assay shows that the
wound healing ability of nAT-MSCs treated with high D-glucose concentration was
similar as dAT-MSCs in wound healing in vitro (Fig. 3), indicating the reducing
in cell proliferation, gene expression, and wound healing ability under high glucose
concentration. Althoughwe demonstrated the effect of high D-glucose concentration
on impairing thewound healing ability of nAT-MSCs in vitro, the further study on the
flap mouse model is needed to elucidate the effect of high D-glucose concentration
on nAT-MSCs in wound healing in vivo.

Taken together, our study demonstrated that the expression of migration factors
and the wound healing ability in high D-glucose treated-nAT-MSCs and dAT-MSCs
were inhibited compared with non-treated nAT-MSCs. This study provides a better
understating in the adverse effect of high D-glucose concentration on AT-MSC
functions for future application of AT-MSCs under diabetic conditions.
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