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Increased Expression of EGR-1 in Diabetic Human
Adipose Tissue-Derived Mesenchymal Stem Cells

Reduces Their Wound Healing Capacity
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The prevalence of type 2 diabetes mellitus (T2DM), which leads to diabetic complications, has been increasing
worldwide. The possible applications of T2DM-derived stem cells in cell therapy are limited because their
characteristics are still not fully understood. In this study, we characterized adipose tissue-derived mesenchymal
stem cells (AT-MSCs) from diabetic patients (dAT-MSCs) and found that insulin receptor substrate-1 (IRS-1) was
highly phosphorylated at serine 636/639 in dAT-MSCs. Moreover, we found that early growth response factor-1
(EGR-1) and its target genes of PTEN and GGPS1 were highly expressed in dAT-MSCs in comparison to healthy
donor-derived AT-MSCs (nAT-MSCs). We observed impaired wound healing after the injection of dAT-MSCs in
the ischemic flap mouse model. The expressions of EGR-1 and its target genes were diminished by small hairpin
RNA-targeted EGR-1 (shEGR-1) and treatment with a mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK) inhibitor (PD98059). Importantly, dAT-MSCs with shEGR-1 were able to restore
the wound healing ability in the mouse model. Interestingly, under hypoxic conditions, hypoxia-inducible factor-
1a (HIF-1a) can bind to the EGR-1 promoter in dAT-MSCs, but not in nAT-MSCs. Together, these results
demonstrate that the expression of EGR-1 was upregulated in dAT-MSCs through two pathways: the main
regulatory pathway is the MAPK/ERK pathway, the other is mediated by HIF-1a through direct transcriptional
activation at the promoter region of the EGR1 gene. Our study suggests that dAT-MSCs may contribute to
microvascular damage and delay wound healing through the overexpression of EGR-1. Interrupting the expression
of EGR-1 in dAT-MSCs may be a useful treatment for chronic wounds in diabetic patients.

Introduction

The major problems of type 2 diabetes mellitus (T2DM)
are associated with cells losing their ability to respond to

insulin, which results in poor glucose control and degenera-
tive complications [1,2]. Insulin and chemical treatments,
such as sulfonylurea, metformin, thiazolidinedione, exena-
tide, pramlintide, are useful for achieving the control of
T2DM, but difficult to relieve the symptoms of diabetic
complications directly [3–5]. Chronic wounds, which occur
in one or more phases of wound healing, are a common di-
abetic complication [6,7]. Hyperglycemia in diabetes leads to
blood flow abnormalities, microvascular cell loss, and the
lack of trophic factors in endothelial and neuronal cells,
which results in hypoxia or ischemia causing tissue dis-
ease and degeneration [2,8].

Hypoxia stabilizes an important transcription factor, hypoxia-
inducible factor (HIF)-1a, which regulates gene expression un-
der hypoxic conditions [9,10]. Hypoxia-activated cell death

leads to impaired endothelial cell barrier function and an increase
in vascular permeability, leakage, and necrosis [11,12].

Hypoxia increases the transcriptional activation of early
growth response factor-1 (EGR-1), which is highly ex-
pressed in the abdominal fat of diabetic patients and in db/
db mice [13–15]. EGR-1 expression is also mediated
through mitogen-activated protein kinase (MAPK), includ-
ing the extracellular signal-regulated kinase (ERK) pathway
[15]. EGR-1 activates the expression of many growth fac-
tors such as bFGF and TGF-b, adhesion molecules (Cyr61,
ICAM-1, and MCP-1), and theinflammatory signaling
cascade of TNF-a and interleukin-6 (IL-6). Thus, high
EGR-1 activity is involved in the pathogenesis of athero-
sclerosis, restenosis, and cardiovascular diseases [16–19]. A
previous study demonstrated that atherosclerosis and vas-
cular inflammation were decreased in homozygous Egr-1-/-/
apoE-/- double-knockout mice [19].

Stem cell therapy has recently shown promise in the
prevention of diabetic complications due to its regenerative
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potential [20–22]. However, it has been demonstrated that
diabetic adipose tissue-derived mesenchymal stem cells
(dAT-MSCs) had abnormal gene expression profiles and
exhibited a low capacity for differentiation into osteoblasts
and chondrocytes in comparison to non-diabetic adipose
tissue-derived mesenchymal stem cells (nAT-MSCs) under
in vitro conditions that mimicked hyperglycemia [23]. The
present study aimed to elucidate the characteristics of dAT-
MSCs under normoxic and hypoxic conditions in vitro and
in vivo, in a mouse model of wound healing, to allow for a
better understanding of the potential future applications of
dAT-MSCs in stem cell therapy.

We provide evidence that EGR-1 is highly expressed in
dAT-MSCs and that is regulated by both ERK1/2 signal
pathway and HIF-1a under normoxic and hypoxic condi-
tions, indicating that the upregulation of EGR-1 affects the
functional role of adipose tissue-derived mesenchymal stem
cells (AT-MSCs) in diabetic patients. This finding suggests
that EGR-1 may be an ideal therapeutic target for improv-
ing the function of dAT-MSCs before their therapeutic
application.

Materials and Methods

Antibodies

The following antibodies were used for the analyses of
stem cell markers: Fluorescein isothiocyanate (FITC)-
labeled anti-HLA-ABC (311404; BioLegend), FITC-labeled
anti-CD90 (328107; BioLegend), phycoerythrin (PE)-
labeled anti-CD13 (301701; BioLegend), PE-labeled anti-
CD166 (559263; BD Pharmingen), PE-labeled anti-CD105
(323206; BioLegend), PE-labeled anti-CD73 (550257; BD
Pharmingen), PE-labeled anti-HLA-DR (307606; BioLe-
gend), PE-labeled anti-CD31 (303106; BioLegend), PE-
labeled anti-CD14 (301806; BioLegend), allophycocyanin
(APC)–labeled anti-CD45 (555485; BD Biosciences), and
FITC-labeled anti-CD34 (555821; BD Biosciences). APC-
labeled anti-IgG1 (555751; BD Biosciences), PE-labeled
anti-IgG1 (555749; BD Biosciences), FITC-labeled anti-
IgG1 (555748; BD Biosciences) were used as the isotype
controls. After staining the nAT-MSCs and dAT-MSCs with
fluorochrome-conjugated antibodies, the cells were sorted
and analyzed using a MoFlo (MoFlo XDP; Beckman Coul-
ter). The following primary antibodies were used for the
western blotting analyses: rabbit mAb Akt (11E7, #4685)
and Phospho-Akt (Ser473; (D9E, #4060S); p44/42 ERK1/2
(137F5, #4695) and Phospho-p44/42 ERK1/2 (D13.14.4E,
#4370S); rabbit anti-IRS-1 (D23G12) and rabbit antibody
phospho-IRS-1 (serine 636/639) (2388) (Cell Signaling
Technology); rabbit anti-EGR-1 (588, sc-110); goat anti-b
Actin (C-11, sc-1615); goat anti-Lamin B (M20, sc-6217)
(Santa Cruz Biotechnology); rabbit anti-HIF-1a (NB100-
479; Novus Biologicals); and HRP-conjugated goat anti-
rabbit IgG (656120) and rabbit anti-goat IgG (611620)
(Invitrogen) were used as the secondary antibodies.

The isolation of AT-MSCs

The studies are performed according to the amended
Declaration of Helsinki and all of the experiments were
approved by the ethics committee of the University of
Tsukuba. Human adipose tissue was obtained after obtaining

informed consent from diabetic (n = 3, HbA1c >7.0, long-
term treatment) and nondiabetic (n = 3) donors, male, age =
59 – 10 years, who were undergoing procedures in the De-
partment of Cardiovascular Surgery, University of Tsukuba
Hospital, Tsukuba, Japan. The isolation of AT-MSCs was
performed as previously described [24]. Cells were cultured
in Iscove’s modified Dulbecco’s medium (IMDM, 12200-
069; Invitrogen), 10% fetal bovine serum, 2 mg/mL L-
glutamine (25030; Invitrogen), and 5 ng/mL recombinant
human bFGF (064-04541; PeproTech) at 37�C in 5% CO2

and a humidified atmosphere. After 3 days, the medium
containing nonadherent cells was removed and replaced
with fresh medium. Frozen cell stocks were prepared using
Cell Banker solution (ZENOAQ) and stored in liquid ni-
trogen for further experiments. All AT-MSCs used for the
experiments of this study were at passage 5–8.

The in vitro differentiation of AT-MSCs

In vitro differentiation was performed as described pre-
viously [24]. Osteogenic and adipogenic differentiation
were assessed on day 21 by 1% Alizarin Red S (Kodak) and
Oil Red O (Muto Pure Chemicals) staining, respectively.
The final step of assessing the differentiation was to measure
absorbance at 482 and 490 nm for Alizarin Red and Oil
Red O staining, respectively using a spectrophotometer
Gene Quant�100, 4280 V1.6.1 (GE Healthcare). To assess
chondrogenic differentiation, cell pellets were sectioned and
stained with Hematoxylin and Eosin (H&E; Muto Pure
Chemicals) and Toluidine Blue (Muto Pure Chemicals) to
visualize the control cells and chondrocytes, respectively.
The cells were visualized with an Olympus IX71 micro-
scope (Olympus) under UPlan FI (·10 and ·20). All of the
differentiation experiments were performed independently.
The nAT-MSC and dAT-MSC experiments were performed
in triplicate.

The cell proliferation assay

AT-MSCs were plated at a density of 4 · 104 cells per 35-
mm dish, and cultured under normoxic (20% O2, 37�C) or
hypoxic (5% O2, 37�C) conditions. The cell culture medium
was replaced every 4 days. Every 24 h, the cells were washed
twice with PBS and dispersed into a single cell solution using
0.05% trypsin/EDTA. The number of cells was counted using
Trypan Blue (Invitrogen) exclusion for 10 days.

shRNA transfection

The shRNAs were designed for human EGR-1 (NM_001964,
TRCN0000273850; Sigma-Aldrich). The shRNA transfec-
tion was performed using the Hexadimethrine Bromide
Transfection Reagent (Sigma-Aldrich) according to the man-
ufacturer’s protocol.

Insulin stimulation

Insulin stimulation was performed as described previ-
ously [14]. nAT-MSCs and dAT-MSCs were cultured under
normoxic (20% O2, 37�C) or hypoxic (5% O2, 37�C) con-
ditions until cells reached 80% confluence. Insulin (1,000 nM)
was added for 1 h to allow for the detection of IRS-1
phosphorylation.
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Analysis of ERK1/2 activity in AT-MSCs

nAT-MSCs and dAT-MSCs were cultured in normoxic
(20% O2, 37�C) or hypoxic (5% O2, 37�C) conditions, until
the cells reached 80% confluence. PD98059 (P215; Sigma-
Aldrich), an inhibitor of ERK1/2, was used according to the
manufacturer’s protocol, at a concentration 50mM for 60 min
to detect mRNA expression.

Quantitative reverse transcription polymerase
chain reaction

To examine the expression of genes related to osteogenic
and adipogenic differentiation, nAT-MSCs and dAT-MSCs
were assessed at day 7 after induction. nAT-MSCs and dAT-
MSCs were cultured under normoxic (20% O2, 37�C) or
hypoxic (5% O2, 37�C) conditions for 5 days and RNA was
extracted using an RNeasy Mini Kit (Qiagen). Total RNA
(1 mg) was reverse transcribed using an reverse transcription
polymerase chain reaction (RT-PCR) Kit (TOYOBO).
cDNA was analyzed using a GeneAmp 7500 Fast Real-
Time PCR System (Life Technologies) using SYBR Green
Reagent (TOYOBO). The expression levels of the target
genes were analyzed using the DDCt method. The sequences
of the primer sets used for the PCR reactions are shown in
Table 1.

Western blotting

nAT-MSCs and dAT-MSCs were cultured under nor-
moxic (20% O2, 37�C) or hypoxic (5% O2, 37�C) conditions

for 4 days. Whole cell lysates were prepared with RIPA
buffer (25 mM Tris, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholic acid, 0.1% SDS) for 30 min and centrifuged at
15,000 rpm at 4�C for 10 min. The collected supernatants
were used for western blotting analyses. In each group, an
equal amount of protein was electrophoresed on 8.5% so-
dium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel and then transferred onto PVDF mem-
branes (Immobilon-P; Millipore). The membranes were then
incubated with a primary antibody as indicated. HRP-
conjugated goat anti-rabbit IgG or rabbit anti-goat IgG was
used as secondary antibody, and an enhanced chemilumi-
nescence HRP substrate (Millipore) was used for detection.
Goat anti-b-Actin and goat anti-Lamin B were used as the
internal controls for monitoring protein loading and transfer.

Enzyme-linked immunosorbent assay

nAT-MSCs and dAT-MSCs were cultured under nor-
moxic (20% O2, 37�C) or hypoxic (5% O2, 37�C) conditions
for 4 days. Then, cells were treated with PD98059 (50 mM)
in fresh culture medium (IMDM) for 60 min. The quanti-
tative concentration of IL-6 present in cell culture super-
natants was measured by the IL-6 High Sensitivity Human
Enzyme-Linked Immunosorbent Assay (ELISA) Kit (D6050;
R&D systems) following the manufacturer’s protocol.

Chromatin immunoprecipitation assay

dAT-MSCs were cultured under normoxic (20% O2,
37�C) or hypoxic (5% O2, 37�C) conditions for 4 days. A

Table 1. The Primers Used for Quantitative Polymerase Chain Reaction

Function Gene Primer Sequence

Internal control b-actin 5¢-primer GTGCGTGACATTAAGGAGAAGCTGTGC
3¢-primer GTACTTGCGCTCAGGAGGAGCAATGAT

Transcription factors EGR-1 5¢-primer AGTCTTTTCCTGACATCTCTCTGAA
3¢-primer ACTAGGCCACTGACCAAGCTGAA

Angiogenic factors TGF-b 5¢-primer AGAGCTCCGAGAAGCGGTACCTGAACCC
3¢-primer GTTGATGTCCACTTGCAGTGTGTTATCC

bFGF 5¢-primer AGAGCGACCCTCACATCAAGCTACAAC
3¢-primer ATAGCTTTCTGCCCAGGTCCTGTTTTG

Adhesion molecules Cyr61 5¢-primer TGGGTCTGTGACGAGGATAGTATCAAGG
3¢-primer CTTGTAAAGGGTTGTATCGGATGCGAGG

Col4 5¢-primer AGGGCCAGCCTGGCCTGCCAGGACTTCC
3¢-primer TCACCCTTAGAGCCTGTGATTCCTGGAG

Inav 5¢-primer ATACGACCCCAATGTTTACAGCATCAAG
3¢-primer GCCAGTAAAATTGTATAAGGAGGACATG

Proinflammatory cytokine IL-6 5¢-primer ACAAGAGTAACATGTGTGAAAGCAG
3¢-primer TATACCTCAAACTCCAAAAGACCAG

Adipogenic markers PPARg2 5¢-primer GCCAAGGCTTCATGACAAGGGAGTTTC
3¢-primer CACGTGTTCCGTGACAATCTGTCTGAG

Adiponectin 5¢-primer CCTGGTGAGAAGGGTGAGAAAGGAGATCC
3¢-primer TGTGATGTGGTAGGCAAAGTAGTACAGCC

Osteogenic markers Runx2 5¢-primer CAGATGGGACTGTGGTTACTGTCATGG
3¢-primer CCTAAATCACTGAGGCGGTCAGAGAAC

ALP 5¢-primer ACGTGGCTAAGAATGTCATC
3¢-primer CTGGTAGGCGATGTCCTTA

Mediators of insulin resistance PTEN 5¢-primer TTG GCG GTG TCA TAA TGT CT
3¢-primer GCA GAA AGA CTT GAA GGC GTA

GGPS1 5¢-primer ACTGTTTGGATTAGCAGTAGGTCTC
3¢-primer GGAGTGTAGATTAGCATAATCATCC
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chromatin immunoprecipitation (ChIP) assay was performed
using a ChIP-IT Express Enzymatic Kit (Active Motif) ac-
cording to the manufacturer’s instructions. The extracted
chromatin samples were enzymatically sheared and im-
munoprecipitated with rabbit anti-HIF-1a, and control IgG as
the primary antibodies. The precipitated genome fragments
were subjected to a PCR. The PCR primer set was designed
for the HRE sequence on the EGR-1 promoter as follows:

hEGR-1-3k HRE sense—(AGACTTCCACAGGCGAT
TCTGCTGC) and antisense—(GCAATTGGCATTCAACA
AACAGTGG).

Animal studies

Female C57BL/6 mice were purchased from Charles
River Japan, Inc. All of the mice were maintained on a 12-h
light–12-h dark cycle in the Animal Research Center of the
University of Tsukuba. All protocols of the animal experi-
ments were approved by the Animal Care Committee of the
University of Tsukuba. The mouse skin flap model was
performed as described previously [25]. Briefly, 10-week-
old C57BL/6 mice were anesthetized and a peninsula-
shaped incision (3 · 2 cm) was made on the dorsal surface,
generating an ischemia gradient by blood flow restriction.
The mice were divided into five groups: PBS (n = 5), nAT-
MSC (n = 30), dAT-MSC (n = 30), dAT-MSC-mock (n = 5),
and dAT-MSC small hairpin RNA-targeted EGR-1 (shEGR-
1) (n = 6). In each of the AT-MSC transplantation groups,
cells were injected locally on the dorsal surface at four
positions (5 · 105 cells/200 mL IMDM/mouse). Immuno-
suppression was induced by the intraperitoneal injection of
cyclosporin A (20 mg/kg body weight; Wako) every 2 days.
We previously demonstrated that the efficiency of wound
healing of C57/BL6 mice with injection of cyclosporin A
was not different from that of BALB/c nu/nu mice without
the cyclosporin A treatment [25], therefore, we used C57/
BL6 mice with the cyclosporin A treatment in this study.
After 7 days, 200mL of Bandeiraea simplicifolia-I (BS-I)
Lectin-TRITC (0.1 mg/mL; Sigma-Aldrich) was injected
into the tail vein, *30 min before sacrifice. Images of the
ischemic flap were captured. The flap tissue was embedded
and sectioned for analysis.

Histological analysis

The tissue structure and vessel formation were stained
using H&E counterstain and BS-I Lectin-TRITC, respec-
tively. The inflammatory cells in the ischemic tissue were
examined by immunohistochemical staining with PE-labeled
anti-CD45 (30F11; BD Pharmingen). The relative value of
vessel per area was based on the fluorescence intensity ratio
per each field and measured by ImageJ software (NIH). A
number of CD45 cells were counted in each field. The pre-
sented data were the average of 10 fields per data.

Statistical analysis

Student’s t-test was used to determine the significance of
differences between two experimental groups. The one-
way analysis of variance, followed by Bonferroni post-hoc
test (SPSS software; IBM Corp.), were used to determine
statistical differences among three or four experimental
groups. A P value <0.05 was considered to indicate

statistical significance. All of the data are presented as the
mean – standard deviation.

Results

The differentiation potential and the expression
of mesenchymal stem cell surface markers
in nAT-MSCs and dAT-MSCs

AT-MSCs are known to possess the ability to differentiate
into several types of mesenchymal cells and to express some
mesenchymal stem cell markers [26–28]. To examine the
differentiation potential of dAT-MSCs, we first cultured
nAT-MSCs and dAT-MSCs under conditions that would
induce differentiation into osteoblasts, adipocytes, and
chondrocytes. Alizarin Red, Oil Red O, and Toluidine Blue
staining were performed to examine calcification in osteo-
blasts, lipid accumulation in adipocytes, and cartilage pro-
teoglycan synthesis in chondrocytes, respectively (Fig. 1A).
Both nAT-MSCs and dAT-MSCs had the same potential to
differentiate into osteocytes and chondrocytes (Fig. 1A, B).
On the other hand, the differentiation ability toward adipo-
cyte lineage was higher in dAT-MSC than that in nAT-
MSC. Consistent with these observations, the expression
levels of the two adipocyte-specific genes (PPARg2 [29]
and adiponectin [30]) were greater in dAT-MSCs than in
nAT-MSCs, whereas the expression levels of the osteogenic
genes (Runx2 [31] and ALP [32]) in dAT-MSCs and nAT-
MSCs were comparable (Fig. 1C). A flow cytometric anal-
ysis revealed that the MSC-specific cell surface markers,
except CD166/ALCAM were expressed at similar levels in
both dAT-MSCs and nAT-MSCs (Fig. 1D). CD166/AL-
CAM expressed higher in dAT-MSCs compared with nAT-
MSCs. It has been reported that CD166/ALCAM is a close
structural and functional homolog of RAGE [33], and
RAGE-mediated regulation of adiposity and inflammation
associated with T2DM and diabetic vascular complications
[34]. Collectively, these findings demonstrate that of these
two types of AT-MSCs, dAT-MSCs possess a greater po-
tential to differentiate into adipocytes; the other phenotypes
were indistinguishable from nAT-MSCs.

The ability to improve wound healing is impaired
in dAT-MSCs in the mouse skin flap model

We next examined the proliferation activity of nAT-
MSCs and dAT-MSCs. In the log phase, the average dou-
bling time in nAT-MSCs and dAT-MSCs was similar under
both normoxic and hypoxic conditions (Fig. 2A). As ex-
pected, both types of AT-MSCs proliferated faster under
hypoxic conditions. On day 7 of culture, when the cells
reached confluence, the dAT-MSCs that were cultured under
hypoxic conditions appeared to be difficult to dissociate into
single cell suspensions by trypsinization. Even with an ex-
tended treatment time with a higher concentration of tryp-
sin/EDTA, the number of countable dAT-MSCs was much
lower due to cell aggregation (Fig. 2B). The increased cell
aggregation and adhesion of the dAT-MSCs only appeared
under hypoxic conditions. We hypothesized that the in-
creased aggregation and adhesion of dAT-MSCs might af-
fect their regenerative activity in ischemic tissue in vivo.
To test this, the wound healing activity of AT-MSCs was
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FIG. 1. The differentiation potential and expression of mesenchymal stem cell surface makers in non-diabetic adipose
tissue-derived mesenchymal stem cells (nAT-MSCs) and diabetic adipose tissue-derived mesenchymal stem cells (dAT-
MSCs). (A) Differentiated cells were recognized on day 21 using Alizarin Red staining, which indicated the calcification of
the surface of osteoblasts (red). Oil Red O staining indicated the lipid accumulation of adipocytes (red); Hematoxylin and
Eosin (H&E) staining was performed as a control. Toluidine Blue staining indicated cartilage proteoglycan and glycos-
aminoglycan ( purple). Scale bar: 200 mm. (B) Absorbance was measured at 482 and 490 nm for Alizarin Red and Oil Red O
staining, respectively. In the Oil Red O staining of dAT-MSCs, absorbance was significantly higher than that in nAT-MSCs.
(C) The expression of differentiated master genes was examined by a quantitative reverse transcription polymerase chain
reaction (qRT-PCR) and normalized to b-actin on days 0 and 7 of osteogenic and adipogenic induction. The level of
osteogenic differentiation in dAT-MSCs was similar to that in nAT-MSCs, whereas the level of adipogenic differentiation in
dAT-MSCs was significantly higher than that in nAT-MSCs. The expression levels of Runx2, ALP, PPARg2, and adi-
ponectin were determined by a qRT-PCR. (D) nAT-MSCs and dAT-MSCs were analyzed and sorted by a FACS Vantage
SE to determine the expressions of HLA-ABC, CD90, CD13, CD166, CD105, CD73, HLA-DR, CD31, CD14, CD45, and
CD34 (line peaks) in comparison to isotype controls (black peaks). The white and black bars indicate nAT-MSCs and dAT-
MSCs, respectively. Data represent the average of three independent experiments (mean – SD); *P < 0.05; **P < 0.01. SD,
standard deviation. Color images available online at www.liebertpub.com/scd
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examined using mice with an ischemic flap. Although the
injection of both AT-MSCs improved the recovery from
injury at 1 week after surgery, the necrotic surface area was
larger in the dAT-MSC-injected mice than in the nAT-
MSC-injected mice (Fig. 2C, D). The H&E staining of the
ischemic flap revealed a hypertrophic epidermis, which re-

sembled normal wound healing, in the nAT-MSC-injected
mice. In contrast, the hypertrophy of the epidermis was
less evident in the dAT-MSC-injected mice (Fig. 2E). The
improved wound healing of the nAT-MSC-injected mice
was also shown by Lectin-TRITC staining, which shows
the active neovascularization. Notably, the formation of

FIG. 2. The ability to improve wound healing is impaired in dAT-MSCs in the mouse skin flap model. (A) The number of
cells was counted every 24 h using Trypan Blue exclusion over 10 days under normoxic (20% O2) or hypoxic (5% O2)
conditions. Abnormal cell adhesion was observed in dAT-MSCs under hypoxic conditions on day 7. The precise number of
cells could not be counted because the cells adhered together too tightly. The average doubling time was 32.5 – 2 h under
normoxic conditions and 28.5 – 2 h under hypoxic conditions (P < 0.01). (B) The number of dAT-MSCs was counted after
abnormal cell adhesion and compared with the number of nAT-MSCs on days 8, 9, and 10. (C) Images of the necrotic areas of
mice injected with PBS, nAT-MSCs, and dAT-MSCs were captured on day 7 after injection. (D) The percentage of the
necrotic area was calculated based on the necrotic area per wound area in mice that were injected with PBS (n = 5), nAT-MSCs
(n = 30), and dAT-MSCs (n = 30). (E) The embedded sections were examined by H&E staining for tissue structure, which
revealed the epidermis, wound, and muscle in each wound site; BS-I Lectin-TRITC was injected into the tail vein to observe
the vessel formation (red) with fluorescence intensity; and the CD45 immunohistochemical staining of inflammatory cells
(brown). (F) The fluorescence intensity was measured using the ImageJ software program to evaluate the number of vessels in
each area (n = 20). (G) The CD45-positive cells were counted and expressed relative to the number nAT-MSCs (n = 10). Data
represent the average of three independent experiments (mean – SD); *P < 0.05; **P < 0.01. Scale bars: 100mm; BS-I, Ban-
deiraea simplicifolia-I; Ep, epidermis; M, muscle; W, wound. Color images available online at www.liebertpub.com/scd

OVEREXPRESSION OF EGR-1 IN DIABETES-DERIVED AT-MSCS 765



neovascularization was less prominent in the flap in the
dAT-MSC-injected mice (Fig. 2E, F). At 1 week after sur-
gery, the flap of the untreated mice showed significant CD45-
positive cell infiltration, suggesting that the inflammation that
occurred in response to tissue injury was prolonged (Fig. 2E,
G). In contrast, the number of CD45-positive cells in the flap
of the nAT-MSC-injected mice was much lower than that in
the untreated mice (Fig. 2E, G). A greater number of CD45-
positive cells were observed in the flap of the dAT-MSC-
injected mice than in the nAT-MSC-injected mice (Fig. 2E,
G). Taken together, these findings indicate the impaired
ability of dAT-MSCs to improve wound healing in the is-
chemic flap in our mouse model of ischemia.

The expression of EGR-1 is increased in dAT-MSCs

To explore the molecular basis for the impaired wound
healing effects of dAT-MSCs, we focused on EGR-1, a zinc
finger transcription factor, since the overexpression of this
molecule in adipocytes has been reported to promote insulin
resistance in T2DM patients [35]. Indeed, EGR-1 protein
was more abundant in dAT-MSCs than in nAT-MSCs un-
der both normoxic and hypoxic conditions (Fig. 3A). A
quantitative RT-PCR revealed that the mRNA level of
EGR-1 was significantly greater in dAT-MSCs than in
nAT-MSCs, indicating that EGR-1 was upregulated at the
transcriptional level (Fig. 3A). Although the expression of

FIG. 3. The expression of EGR-1 is increased in dAT-MSCs. (A) nAT-MSCs and dAT-MSCs were cultured under
normoxic (20% O2) or hypoxic (5% O2) conditions. The mRNA and protein levels of transcription factor EGR-1 were
examined by a qRT-PCR and an immunoblot analysis, respectively, normalized to b-actin and Lamin B. (B) PTEN and
GGPS1 expression was determined by a qRT-PCR and normalized to b-actin. (C) Insulin (1,000 nM) was added to the
culture medium for 60 min to stimulate the phosphorylation of IRS-1 (P-IRS-1). P-IRS-1 at serine 636/639 and total IRS-1
(T-IRS-1) were analyzed by immunoblotting. (D) The mRNA expression level of interleukin-6 (IL-6) was assessed by a
qRT-PCR and normalized to b-actin, and the quantitative protein concentration of IL-6 present in cell culture supernatants
was measured by the IL-6 High Sensitivity Human ELISA Kit (D6050; R&D systems). (E, F) The mRNA expression levels
were assessed by a qRT-PCR and normalized to b-actin to determine the expression of bFGF and TGF-b (E), Cyr61, Col4,
and Inav (F). White and black bars indicate normoxic and hypoxic conditions, respectively. Data represent the averages of
three independent experiments (mean – SD); *P < 0.05, **P < 0.01. EGR-1, early growth response factor-1; ELISA,
enzyme-linked immunosorbent assay; H, hypoxia; N, normoxia.
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EGR-1 is known to be rapidly and transiently induced by
stress signals, including hypoxia, it is noteworthy that EGR-
1 was highly expressed in dAT-MSCs, even under normoxic
conditions. Consistent with these observations, the mRNA
levels of the two target molecules of EGR-1 in adipocytes,
PTEN [36] and GGPPS [14], were higher in dAT-MSCs
than in nAT-MSCs. Interestingly, although the level of
EGR-1 protein was comparable under normoxic and hyp-
oxic conditions, hypoxia induced the expression of PTEN,
but not GGPS1 (the gene encoding GGPPS) (Fig. 3B).

A previous study reported that the phosphorylation of
insulin receptor substrate-1 (IRS-1) at Ser636 was increased
in skeletal muscle cells from T2DM patients due to an in-
crease in basal MAPK activity [37]. Since EGR-1 has been
shown to augment Erk/MAPK signaling through the upre-
gulation of GGPPS [15], we examined whether the phos-
phorylation of Ser636/639 by IRS-1 was increased in
dAT-MSCs by western blot analysis (Fig. 3C). In the ab-
sence of insulin, we did not observe any phosphorylation of
Ser636/639 of IRS-1 (data not shown). In contrast, in the
presence of insulin, the phosphorylation of Ser636/639 of
IRS-1 was observed in dAT-MSCs under the normoxic
conditions; this phosphorylation was further increased under
hypoxic conditions (in place of the phosphorylation of IRS-
1 on tyrosine sites [38]) (Fig. 3C).

Aside from its role in insulin signaling, EGR-1 has been
shown to play multiple roles in the regulation of the inflam-
matory response [39], fibrogenesis [40], and cell adhesion
[39]. Since our findings showed that the wound healing effects
in the mouse skin flap model were impaired in dAT-MSCs,
we examined the mRNA level of IL-6 in dAT-MSCs, and
found that it was more than 25-fold higher than that in nAT-
MSCs under both normoxic and hypoxic conditions, and the
protein level was 4-fold higher in dAT-MSCs compared with
nAT-MSCs measured by ELISA (Fig. 3D). In addition, the
mRNA levels of the cytokines and adhesion molecules that
are known to be regulated by EGR-1 [39,41] was examined
using a quantitative RT-PCR. We found that the expression
levels of EGR-1 target cytokines (bFGF and TGF-b) were
significantly higher in dAT-MSCs compared with nAT-MSCs
under hypoxic conditions (Fig. 3E). Although the mRNA level
of bFGF was observed to be increased in dAT-MSCs in
comparison to nAT-MSCs, irrespective of oxygen tension, the
upregulation of TGF-b in dAT-MSCs was only observed
under hypoxic conditions (Fig. 3E). Among the known EGR-1
target genes that encode cell adhesion molecules, Cyr61 and
Col4 were more highly expressed in dAT-MSCs than in nAT-
MSCs, irrespective of oxygen tension, whereas the increased
expression of Inav was only observed under hypoxic condi-
tions (Fig. 3F). Collectively, these data suggest an important
role of EGR-1 in regulating many target genes that respond to
insulin resistance, cell adhesion, and inflammation that may
associate with the impaired wound healing activity of dAT-
MSCs in vivo.

Activated ERK1/2 signaling is the major upstream
signal of EGR-1 activation in dAT-MSCs

It has been shown that EGR-1 expression is induced by
various stress signals, including tissue injury, oxidative
stress, and hypoxia [42]. In vascular smooth muscle cells,
EGR-1 expression is induced by hemin through the activa-

tion of ERK1/2 [43]. To determine the upstream signaling
that is involved in the activation of EGR-1 in dAT-MSCs,
we examined the effect of PD98059, an inhibitor of MAPK/
ERK kinase, on the EGR-1 protein levels in AT-MSCs. The
level of ERK1/2 phosphorylation in both types of AT-MSCs
was clearly reduced by PD98059 treatment, whereas the
treatment did not affect the phosphorylation of AKT at
serine 473 (Fig. 4A). EGR-1 expression was almost com-
pletely repressed by PD98059 in both types of AT-MSCs
under normoxic conditions (Fig. 4B). Interestingly, how-
ever, the persistent expression of EGR-1 was detected in the
PD98059-treated dAT-MSCs under hypoxic conditions,
suggesting that an additional upstream signal is involved in
the EGR-1 induction in dAT-MSCs under hypoxic condi-
tions (Fig. 4B). Although EGR-1 expression is known to be
induced by hypoxia, the direct effect of HIF-1a on EGR-1
gene transcription is controversial, since hypoxia-induced
EGR-1 expression is retained in hepatoma cells which lack
HIF-1b (a heterodimeric partner of HIF-1a) [13]. In support
of this hypothesis, the induction of HIF-1a was similarly
observed in both types of AT-MSCs, despite EGR-1 ex-
pression being constitutively activated in dAT-MSCs
(Fig. 4C). Interestingly, a ChIP assay revealed that, under
hypoxic conditions, HIF-1a binds directly to a putative HRE
within the EGR-1 promoter in dAT-MSCs, but not in nAT-
MSCs (Fig. 4D). These data indicate that the increased
EGR-1 expression that is observed in dAT-MSCs under
hypoxic conditions is mediated by at least two distinct
mechanisms: ERK1/2 signaling activation and direct tran-
scriptional activation by HIF-1a. To evaluate the relative
contribution of the ERK1/2 pathway in dAT-MSCs on the
expression of the EGR-1 target genes, the effect of PD98059
on the expression of the EGR-1 target genes was examined
by a quantitative RT-PCR (Fig. 4E, F). In the presence of
PD98059, the mRNA levels of all of the cytokines and
adhesion molecules that were examined were reduced in
dAT-MSCs to levels that were comparable to those in nAT-
MSCs (Fig. 4E, F). As a result of the remarkable changes of
IL6 and Cyr61 in mRNA levels, we analyzed these two
proteins by western blot and ELISA (Fig. 4G, H). Our data
confirmed that the protein level of IL6 and Cyr61 were re-
markably increased in dAT-MSCs compared with nAT-
MSCs. Consistent with the result in mRNA expression, the
expressions of IL6 and Cyr61 were significantly decreased
in dAT-MSCs the presence of the inhibitor (Fig. 4G, H).
Thus, these data suggest that the ERK1/2 pathway is the
major upstream signal for the expression of EGR-1 in dAT-
MSCs. On the other hand, the effect of HIF-1a on EGR-1
expression is minor, but is specifically observed in AT-
MSCs under diabetic conditions.

The constitutive activation of EGR-1 is responsible
for the impaired wound repair activity of dAT-MSCs

Our findings showed that dAT-MSCs were less effective
for improving wound repair in the ischemic flap and that
EGR-1 expression was constitutively activated in dAT-
MSCs. To provide direct evidence of the involvement of
EGR-1 in the impaired wound healing activity of dAT-
MSCs, EGR-1 expression was knocked down by shRNA.
As shown in Fig. 5A, EGR-1 expression was reduced by
shRNA in dAT-MSCs at both the mRNA and the protein
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FIG. 4. Activated ERK1/2 signaling is the major upstream signal of EGR-1 activation in dAT-MSCs. PD98059 (50mM) was
added to nAT-MSC and dAT-MSC cultures for 60 min that were maintained under normoxic (20% O2) or hypoxic (5% O2)
conditions. Whole cell proteins were prepared for an immunoblot analysis. (A) The phosphorylation of ERK1/2 and total ERK1/2
(T-ERK1/2), the phosphorylation of AKT at serine 473, and total AKT (T-AKT) were examined in treated and untreated cells
under normoxic and hypoxic conditions. (B) The expression levels of EGR-1 and internal control b-Actin were also assessed by
immunoblotting in treated and untreated cells under nomoxic and hypoxic conditions. (C) HIF-1a expression was assessed in
nAT-MSCs and dAT-MSCs under normoxic and hypoxic conditions by an immunoblot analysis and normalized to Lamin B. (D)
A chromatin immunoprecipitation (ChIP) assay was performed for the EGR-1 promoter HRE using an anti-HIF-1a antibody
under normoxic (20% O2) and hypoxic (5% O2, 4 days) conditions. Input samples (1/10 input) were used as an internal control;
IgG was used as a negative control. The binding of HIF-1a to the EGR-1 promoter was specified in dAT-MSCs under hypoxic
conditions. (E, F) The mRNA expression levels of the EGR-1 target genes were examined by a qRT-PCR and normalized to b-
Actin, including bFGF, TGF-b, and IL-6 (E), and Cyr61, Col4, and Inav (F). (G) The protein levels of Cyr61 was examined by
immunoblot analysis, and normalized to b-Actin. (H) The quantitative protein concentration of IL-6 present in cell culture
supernatants was measured by ELISA. The white and black bars indicate normoxic and hypoxic conditions, respectively. Controls
representative of nontreated cells. Data shown are the averages of three independent experiments (mean – SD). *P < 0.05;
**P < 0.01. ERK, extracellular signal-regulated kinase; H, hypoxia; HIF-1a, hypoxia-inducible factor-1a; N, normoxia.
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level (Fig. 5A). In accordance with the reduction in EGR-1,
the expression of Cyr61 at the protein level was abolished in
the knockdown EGR-1-dAT-MSCs under both normoxic
and hypoxic conditions (Fig. 5B). In addition, the expres-
sion levels of PTEN and GGPS1, three cytokines (bFGF,
TGF-b, and IL-6), and three adhesion molecules (Cyr61,
Col4, and Inav) were significantly decreased under hypoxic
conditions (Fig. 5C–E). In accordance with the result in
Fig. 4E and F, the gene expression levels of TGF-b, Col4,
and Inav were not affected by PD98059 in dAT-MSCs
under normoxic conditions (Fig. 4E, F). The mRNA level of
PTEN, TGF-b, Col4, and Inav was not significantly reduced
by shEGR-1 under normoxic conditions in dAT-MSCs,
whereas the expression levels of the other genes were
comparable in both types of AT-MSCs under normoxic
conditions (Fig. 5C–E). These data suggest that the role of
EGR-1 in the regulation of these genes was restricted under
normoxic conditions.

The reduced expression of EGR-1 in dAT-MSCs
promotes wound repair activity

To examine whether the repression of EGR-1 by shRNA
restored the ability to improve wound healing in dAT-
MSCs, the wound healing activity of EGR-1-deficient
dAT-MSCs was examined using the mouse skin flap model
(Fig. 6A). We found that the knockdown of EGR-1 in dAT-
MSCs significantly reduced the necrotic surface area of the
ischemic flap. The H&E staining of the wound section
showed that the epidermis of mice injected with EGR-1-
deficient dAT-MSCs was thicker than that in mice that
were injected with dAT-MSCs (Fig. 6B). Moreover, neo-
vascularization was significantly increased, whereas the
infiltration of CD45-positive cells was reduced in the EGR-
1-deficient dAT-MSCs in comparison to the controls
(Fig. 6B–D). Collectively, these data suggest that the
constitutive activation of EGR-1 is responsible for the

FIG. 5. The constitutive ac-
tivation of EGR-1 is respon-
sible for the impaired wound
repair activity of dAT-MSCs.
(A) dAT-MSCs were trans-
fected with shRNA lentiviral
transduction particles targeting
EGR-1 (dAT-MSC-shEGR-1).
The control cells were trans-
fected with lentiviral control
(dAT-MSC-Mock). After puro-
mycin selection, the cells were
cultured under normoxic (20%
O2) and hypoxic conditions (5%
O2) for 4 days. The mRNA and
protein levels of EGR-1 were
examined by a qRT-PCR and
an immunoblot analysis, respec-
tively. (B) The protein levels of
Cyr61 and the internal control
b-Actin were assessed by im-
munoblot analysis. (C–E) The
mRNA expression levels of the
EGR-1 target genes were as-
sessed by a qPCR and nor-
malized to b-Actin, including
PTEN and GGPS1 (C); bFGF,
TGF-b, and IL-6 (D); Cyr61,
Col4, and Inav (E). The white
and black bars indicate nor-
moxic and hypoxic conditions,
respectively. Data represent the
averages of three independent
experiments (mean – SD); *P <
0.05, **P < 0.01.H, hypoxia;
N, normoxia; shEGR-1, small
hairpin RNA targeted EGR-1.
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impaired wound repairing activity of the AT-MSCs derived
from T2DM patients.

Discussion

In the present study, we found that EGR-1 is constitu-
tively activated in AT-MSCs derived from T2DM patients.

We focused on this molecule because its overexpression in
adipocytes plays a central role in insulin resistance in T2DM
patients [14,15]. The overexpression of EGR-1 leads to the
activation of two critical target genes (PTEN and GGPS1) in
adipocytes. While GGPPS activates MAPK/ERK1/2 sig-
naling, PTEN impairs PI3K/Akt signaling, thereby reducing
signals from insulin receptors in T2DM adipocytes [14,15].

FIG. 6. The reduced expression of EGR-1 in dAT-MSCs promotes wound repair activity. (A) Images of necrotic areas in
mice that were injected dAT-MSC-mock and dAT-MSC-shEGR-1 were captured at day 7 after transplantation. The per-
centage of the necrotic area was calculated based on the area of necrotic tissue in relation to the wound area of mice injected
with dAT-MSC-mock (n = 5) and dAT-MSC-shEGR-1 (n = 6). The knockdown of EGR-1 significantly increased the rate of
wound healing in comparison to the control group. (B) The embedded sections were examined by H&E staining for tissue
structure, which revealed the epidermis, wound, and muscle in each wound site; BI Lectin-TRITC staining was used to reveal
the vessel formation (red); CD45 immunohistochemistry staining was performed to identify the inflammatory cells (brown).
(C) The activity of vessel formation in each area was measured based on fluorescence intensity using the ImageJ software
program (n = 20). (D) The number of CD45-positive cells were counted relative to the number of dAT-MSC-mock cells
(n = 10). (E) A schematic illustration of wound healing process with nAT-MSC or dAT-MSC transplantation. The wound
healing ability of dAT-MSCs was impaired due to adhesion molecules and excessive IL-6. This impairment might lead to a
prolonged inflammation phase and delayed wound healing in comparison to the normal wound healing process with nAT-
MSC transplantation. Data represent the average results from independent experiments (mean – SD). *P < 0.05; **P < 0.01.
Scale bars: 100mm; Ep, epidermis; M, muscle; W, wound. Color images available online at www.liebertpub.com/scd
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Our data showed the increased expression of PTEN and
GGPS1 and the phosphorylation of IRS-1 at serine 636/639
in dAT-MSCs, suggesting an early manifestation of in-
sulin resistance at the stem cell level under diabetic
conditions.

Our data showed that dAT-MSCs appeared to aggregate
exclusively under hypoxic conditions in vitro, and that
these cells were less effective for improving wound healing
in the mouse skin flap model. The repression of EGR-1 by
shRNA restored the ability of dAT-MSCs to improve
wound healing, suggesting that EGR-1 is responsible for
the impaired wound repair ability of dAT-MSCs (Fig. 6).
Notably, the reduction of EGR-1 in dAT-MSCs signifi-
cantly improved neovascularization at the wound site on
the ischemic flap (Fig. 6C). Macro/microangiopathy in
T2DM patients is characterized by the increased expres-
sion of a variety of growth factors and adhesion molecules
[2,16]. For instance, bFGF and TGF-b are known to in-
crease vascular permeability and coagulation, which leads
to blood flow abnormalities in patients with diabetic an-
giopathy [2,44]. Cyr61, Col4, and Inav are the markers of
microangiopathy in diabetic patients [45–47]. In agreement
with previous reports, our results showed the upregulation
of these growth factors and adhesion molecules in dAT-
MSCs at the mRNA level (Fig. 3). Importantly, Cyr61 is an
extracellular matrix protein and plays an important role as
an angiogenic mediator. It has been reported that Cyr61
participates in the pathogenesis of proliferative diabetic
retinopathy and rheumatoid arthritis [45,48]. In this study,
the mRNA and protein levels of Cyr61 were significantly
decreased in both PD98059-treated dAT-MSCs and in
EGR-1 knockdown dAT-MSCs (Figs. 4F and 5E). In ad-
dition, the expression of Cyr61 at the protein level was
diminished in dAT-MSCs treated with inhibitor or shEGR-
1 (Figs. 4G and 5B).

IL-6 has been shown to play critical roles in T2DM,
obesity, and cardiovascular diseases [15,49,50]. The circu-
lating levels of plasma IL-6 are increased in T2DM patients
who are treated with insulin [51]. Excessive amounts of IL-6
have been shown to prolong the inflammatory response in
injuries and to delay the wound healing process [52,53]. In
fact, the expression of IL-6 in dAT-MSCs was 25-fold
higher at the mRNA level and 4-fold increase at the protein
level compared to nAT-MSCs (Fig. 3E). The expression of
IL-6 was downregulated in the presence of PD98059 at the
mRNA (Fig. 4E) and protein levels (Fig. 4H). Thus, it is
likely that IL-6 plays a key role in the impairment of the
wound healing ability of dAT-MSCs.

Further studies are required to determine the precise roles
of the individual cytokines and adhesion molecules that are
highly expressed in dAT-MSCs under normal or diabetic
conditions in vivo (db/db mice).

The increased expression of EGR-1 has also been re-
ported in patients with scleroderma, an autoimmune disease
that affects collagen [39]. The induction of EGR-1 by TGF-
b plays an important role in the promotion of fibrosis in the
fibroblasts of scleroderma patients [54]. Interestingly, in
EGR-1 null mice, the impaired healing of cutaneous wounds
and fibroblast-specific EGR-1 overexpression under the
control of the Col1a2 promoter resulted in the robust healing
of incisional wounds [38]. In contrast, the aberrant and
persistent expression of EGR-1 in peripheral tissue pro-

moted scleroderma and pulmonary fibrosis in a murine
model [55,56]. Taken together with our present data, these
results suggest that EGR-1 plays a dual role in wound
healing, which is dependent on the cellular context. Given
that fibroblasts are descendants of MSCs, the biological
function of EGR-1 might change with cellular differentia-
tion. Thus, the rigorous regulation of EGR-1 expression
would be important for the appropriate control of wound
healing.

Although several studies have suggested EGR-1 to be a
hypoxia-inducible gene, the elevated expression of EGR-1
in dAT-MSCs was constitutively observed under both nor-
moxic and hypoxic conditions (Fig. 3A). Since EGR-1 ex-
pression was clearly diminished by PD98059, an inhibitor of
MAPK/ERK kinase ERK1/2 (Fig. 4B), MAPK signaling is
likely to be the major upstream regulator of EGR-1 in dAT-
MSCs. In fact, phosphorylated ERK activates ELK-1 bind-
ing to serum response elements in EGR-1 promoter [57],
indicating that MAPK signaling pathway promotes mutual
activation of EGR-1 expression in both AT-MSCs. Of note,
the residual expression of EGR-1 was found in dAT-MSCs
under hypoxic conditions (Fig. 4B), suggesting the existence
of an additional pathway of EGR-1 regulation in dAT-MSCs
under hypoxic conditions. We performed a ChIP assay and
found that HIF-1a bound directly to the EGR-1 promoter in
dAT-MSCs, suggesting that EGR-1 expression is regulated
by both MAPK signaling and HIF-1a in dAT-MSCs. This
regulatory pathway of EGR-1 by HIF-1a is relatively minor;
however, under certain pathological conditions, it might
play a specific role in T2DM patients. Interestingly, al-
though the EGR-1 protein levels were similar under nor-
moxic and hypoxic conditions, EGR-1 shRNA treatment
resulted in the reduction of a group of genes (TGF-b, Col4,
and Inav) under hypoxic, but not normoxic conditions
(Fig. 5C, D). Consistently, PD98059 only affected the ex-
pression of these genes under hypoxic conditions (Fig. 4).
These results suggest that the expression of these genes is
only regulated by EGR-1 under hypoxic conditions. The
molecular mechanism underlying the functional differences
of EGR-1 under normoxic and hypoxic conditions remains
to be elucidated.

In conclusion, the present study demonstrates that the ex-
pression of EGR-1 was upregulated in dAT-MSCs through
two different pathways. The main regulatory pathway is the
MAPK/ERK pathway, which is independent of oxygen ten-
sion. The other regulatory pathway is mediated by HIF-1a
through the direct transcriptional activation at the promoter
region of the EGR1 gene. The latter is observed under hyp-
oxic conditions in dAT-MSCs, but not in nAT-MSCs. Our
data demonstrate that a high level of EGR-1 is responsible for
the impaired wound healing effect of dAT-MSCs. Thus, the
control of EGR-1 expression by the manipulation of the up-
stream MAPK/ERK signaling and HIF factors could be a new
therapeutic target for stem cell therapy in T2DM patients with
chronic wounds and tissue ischemia.
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