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Adipose stem cells isolated from diabetic ®

mice improve cutaneous wound healing in
streptozotocin-induced diabetic mice
Ran An'", Yong Zhang'", Yu Qiao', Lili Song', Hongjun Wang? and Xiao Dong'~

Abstract

Background: Adipose-derived mesenchymal stem cells (ASCs) therapy is emerging as a novel therapeutic option
for the treatment of a variety of diseases including diabetes and diabetic wound healing. Multiple studies indicate
that ASCs could promote wound healing and reverse diabetes. However, whether ASCs from diabetic donors retain
their therapeutic functions and the mechanisms of how ASCs contribute to wound healing remain largely
unknown. In this study, we explored the cutaneous wound healing ability of ASCs collected from C57BL/6 mice
that had been rendered diabetic with streptozotocin (STZ).

Methods: ASCs were harvested from adipose tissues of type 1 diabetic (T1D) or normal C57BL/6 mice. Cell
phenotypes were evaluated by flow cytometry analysis, and cell differentiation into adipocytes, chondrocytes, and
osteocytes was compared. Secretions of transforming growth factor 3 (TGF-31), basic fibroblast growth factor
(bFGF), and vascular endothelial growth factor (VEGF) by ASCs were assessed by ELISA. Migration and proliferation
of fibroblasts co-cultured with T1D ASCs or control ASCs were also compared. The therapeutic effects of T1D and
control ASCs in promoting wound closure were measured in vivo in a T1D wound mouse model. Granulation
tissues were collected and stained with H&E at 14th day. CD34 and collagen | were detected by
immunohistochemistry. Expressions of IL-6, a-SMA, CD31, collagen |, and collagen Il were quantified by real-time
PCR. GFP-expressing ASCs were used to trace in vivo cell differentiation.

Results: T1D ASCs and control ASCs showed similar expression of cell surface markers (CD29, CD34, CD105) and
proliferation pattern. They can both differentiate into different cell types. T1D ASCs secreted similar amounts of
VEGF and bFGF, but less TGF-3 compared with control ASCs. Like control ASCs, T1D ASCs promoted the
proliferation and migration of skin fibroblast cells. When injected in cutaneous wound of T1D mice, T1D ASCs
increased wound closure and hair follicle regeneration at a comparable extent as ASCs. Mice receiving T1D ASCs or
ASCs exhibited significantly higher expressions of collagen |, collagen I, and CD31 and reduced expression of IL-6
in wound tissues. Immunohistochemistry staining showed increased angiogenesis in mice receiving ASCs as was
evident by increased CD34" cells and collagen | staining. GFP™ ASCs injection showed that ASCs differentiated into
fibroblasts and endothelial cells in vivo.
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wound healing in diabetic recipients.

Conclusions: Our results suggest that T1D ASCs could accelerate cutaneous wound healing. Mechanisms may
include increasing fibroblast growth and migration, skin angiogenesis, and differentiation into fibroblasts and
endothelial cells. This study provides evidence that diabetic ASCs may be used as a therapeutic option in cutaneous

Keywords: Adipose stem cells, Diabetes, Cutaneous wound healing

Introduction

In diabetic patients, skin can be frequently injured by
acute and chronic wounds such as burning or diabetic
skin ulceration, which causes physical and mental suffer-
ing in affected individuals [1]. Wound healing, an ex-
tremely complex and dynamic process, requires a
cascade of various cells, growth factors, and tissue events
including cellular migration, proliferation, angiogenesis,
and extracellular matrix deposition [2]. Wound healing
in patients with diabetes is often significantly delayed
since long-term high blood glucose level causes neur-
opathy and impairs blood circulation. In addition, in-
creased expression of inflammatory factors [3, 4],
decreased production of growth factors and chemokines
[5], proliferation and migration of fibroblasts [6], and re-
duced angiogenesis and secretion of collagen also con-
tributed to delayed wound healing [7-9]. The results of
current treatment options including anti-infective drugs
and some physical therapy methods are far from satisfy-
ing [10, 11], so more effective treatments to expedite
wound healing for diabetics are needed [12].

Bone marrow-derived mesenchymal stem cells (BM-
MSCs), a subpopulation of self-renewing multipotent
stem cells, have been extensively studied and proved ef-
fective in promoting skin wound healing when injected
into wound site [13, 14]. However, the application of
BM-MSCs is limited due to the complicated sample
process and the decrease of their proliferation and differ-
entiation capacities after in vitro culture [15] or in cells
harvested from aged donors [16, 17]. Compared to BM-
MSCs, ASCs can be more easily obtained in a large
quantity. ASCs are similar to BM-MSCs in terms of self-
renewal and differentiation capacity [18]. The growth
rate, proliferation, and differentiation capacity of ASCs
did not decrease after culture of several passages [19,
20]. The beneficial effects of ASCs in tissue repair have
also been demonstrated [21, 22].

Compared to allogeneic cell therapy, autologous cell
therapy is deemed as a safer therapeutic approach be-
cause they do not induce immune rejection responses.
However, autologous cells are not always suitable for
therapy since MSCs could lose their protective proper-
ties during the progression of certain diseases such as
lupus [23, 24]. Diabetes is often associated with compli-
cations in multiple organ systems throughout the body,

which could decrease ASC proliferation and growth fac-
tor secretion and therefore reduce their therapeutic ef-
fects [25-28]. Whether ASCs isolated from
hyperglycemic donors are suitable for the treatment of
cutaneous wounds remain unclear. In this study, we gen-
erated a full-thickness excisional splint wound model in
diabetic mice and assessed the therapeutic effects of
ASCs isolated from healthy or diabetic donors on skin
wound healing. Our results show that T1D ASCs could
accelerate cutaneous wound healing at a similar extent
as the control ASCs.

Material and methods

Animals

C57BL/6] male mice at 6—8 weeks of age (Beijing Wei-
tong Lihua Experimental Animal Technology Co. Ltd,,
Beijing, China) were used for this study. All animal
experiments were approved by the Animal Care
Committee at Qingdao Agricultural University.
Tg(CAG-EGFP)B5Nagy transgenic mice used for cell
tracing studies were from Dr. Wei Shen’s Laboratory
(Qingdao Agricultural University).

Induction of diabetes

Diabetes was induced in C57BL/6 mice by a single injec-
tion of STZ (i.p) (Sigma-Aldrich; St. Louis, MO, USA) at
180 mg/kg body weight. Blood glucose levels and body
weights were measured daily for 7 days. Mice with two
consecutive blood glucose readings above 300 mg/dl
were considered as T1D mice and used for this study
[29].

Isolation and culture of ASCs

The epididymal fat tissues were collected from the
C57BL/6 or STZ-induced hyperglycemic mice. Tissues
were washed with phosphate-buffered saline (PBS; San-
gon Biotech; Shanghai, China) and digested with 0.1%
collagenase type II (Sigma-Aldrich; St. Louis, MO, USA)
for 30 min at 37 °C. The digestion was terminated by the
addition of complete culture medium that consist of
DMEM/F12 (Gibco; Langley, OK, USA), supplemented
with 10% fetal bovine serum, 1% pen-strep, 1% sodium
pyruvate, and 1% nonessential amino acid (Gibco; Lang-
ley, OK, USA). Cells were collected and cultured in
complete medium at 37 °C in 5% CO, atmosphere. Cells
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were passaged when reached 90% confluence. Rates of
proliferation of ASCs were measured by XTT Cell Pro-
liferation Assay kits according to the manufacturer’s in-
structions (ATCC). ASCs were dispersed into 100 pl of
cell suspension in 96-well plate (2000 cells/well) and cul-
tured overnight before the addition of 10 pl cell counting
solution. Cells were incubated for 1 h, and absorbance at
450 nm was measured using a microplate reader. Cells
were counted daily for 7 days.

Isolation and culture of mouse skin fibroblasts (MSFs)
Skin fibroblasts were isolated from the back skin of
healthy newborn C57BL6 mice. The pieces of skin were
washed with PBS and digested with 0.01% collagenase
type 1 with 0.1% Trypsin (Sigma-Aldrich; St. Louis, MO,
USA) for 30 min at 37 °C. The digestion was terminated
by the addition of complete DMEM/F12 medium. Fibro-
blasts were collected by centrifugation and later cultured
in complete DMEM/F12 medium at 37 °C in a 5% CO,
atmosphere before use.

Characterization of ASCs

Expressions of cellular markers, including CD105, CD29,
and CD34, were measured by flow cytometry analysis as
described. ASCs were trypsinized and fixed in 4% para-
formaldehyde, re-suspended in PBST (0.1% Tween 20 in
PBS, Sangon Biotech, Shanghai, China), and then incu-
bated with fluorescent-conjugated antibodies to CD34,
CD29, and CD105 or corresponding isotype controls
(Abcam; Cambridge, MA,USA) at room temperature for
30 min. Samples were analyzed with a LSR Flow Cyt-
ometer. ASCs were induced to differentiate into adipo-
cytes, osteocytes, and chondrocytes using cell
differentiation kits according to the manufacturer’s rec-
ommendations (MoBiTec, Lotzestrafle, Germany). Pres-
ence of adipocytes was determined by oil red O staining,
osteoblasts by alizarin red staining, and chondrocytes by
alkaline blue staining as described. Expressions of Lpl,
Glut-4, PPARy, FABP-4, C/EBPa, Runx2, Alp, Opn,
Sox9, Has2, and Acan at mRNA level were measured
after ASCs were differentiated into adipocytes, osteo-
cytes, and chondrocytes.

Enzyme-linked immunosorbent assay (ELISA)

T1D or control ASCs were seeded in serum-free
medium in 6-well plates (2 x 10° cells per well) for 5
days. The supernatant of culture medium was then col-
lected. Concentrations of TGF-B1, bFGF, and VEGF in
cell culture medium were measured using the individual
ELISA kits (Lengton Bioscience, Shanghai, China) ac-
cording to the manufacturer’s instructions.
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Cell migration assay

Fibroblasts were allowed to grow till 90% confluence,
and mechanical “wounds” were made on the cell culture
plate by scraping with a 10-pL pipette tip. Fibroblasts
were then co-cultured with T1D ASCs or normal ASCs
(2x10° cells/well) in a Transwell cell culture system
(Corning; Corning, NY, USA) for 24 h. Migrations of fi-
broblasts were recorded at 0 and 24 h after the scratch.
Percentages of field area covered by migrated cells over
the total field area were determined with a computer-
assisted image analysis system (Image], NIH).

Fibroblast proliferation assay

To determine the impact of ASCs from normal and dia-
betic mice on the proliferation of fibroblasts, fibroblasts
seeded in triplicates (1 x 10° cells/well) were co-cultured
with control or T1D ASCs in a Transwell system. After
24 h, fibroblasts were trypsinized and the number of fi-
broblasts in each well was counted using a
hemocytometer.

Skin wound model and ASC treatment

Mice were anesthetized with Sumianxin II. After shav-
ing, a biopsy punch was generated at the back of the
mice to outline two circular patterns for the wound (5
mm in diameter) on each side. ASCs from T1D or con-
trol mice (5 x 10°, at passage 3) re-suspended in 200 pL
of PBS were injected around each wound for diabetic
mice. Mice injected with PBS were used as the control.
Mice were housed in separated cages after treatment.

Measurement of wound closure rate

The wounds were photographed before (0 day) and 3, 7,
and 14 days post-treatment. Wound size and closure rate
were calculated using the Image] software by the follow-
ing equation: wound healing rate (%) = (A, — A) x 100%/
Ao A, represents the initial wound area, and A, was the
wound area at 0, 3, 7, or 14 days post-treatment.

Hematoxylin and eosin (H&E) staining

Skin tissues were fixed in 4% paraformaldehyde for 24 h,
embedded in paraffin, and sectioned. For H&E staining,
the slides were immersed in filtered hematoxylin for 6
min, rinsed with water, and stained with eosin for an-
other 1-2min. Sections were rinsed with water and
dehydrated in ascending alcohol solutions, cleared with
xylene, and mounted with a cover slip for observation.

Immunohistochemistry and immunofluorescent staining

For immunohistochemistry, tissue sections were blocked
in 1% BSA for 30 min, incubated with the mouse anti-
collagen I (1:200 Abcam; Cambridge, MA, USA) or
rabbit anti-CD34 antibodies (1:200, Abcam; Cambridge,
MA, USA) for 12 h at 4 °C. Sections were then rinsed for
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3 times with buffer, followed by incubation with HRP
(horseradish peroxidase)-conjugated rabbit anti-mouse
or goat anti-rabbit secondary antibodies (1:200, Abcam;
Cambridge, MA, USA). Slides were washed and
mounted with coverslips for observation. Fluorescent-
conjugated anti-CD34, GFP, and skin fibroblast actin
antibodies (Abcam; Cambridge, MA, USA) were used in
immunofluorescent staining. Tissue sections were
blocked in 1% BSA for 30 min, followed by antibody in-
cubation (1:1000) overnight at 4 °C. Nuclear dye DAPI
was applied for 3 min at room temperature, and slides
were washed and mounted with coverslips for observa-
tion. All images were captured using an Olympus IX
microscope (Olympus; Tokyo, Japan).

Quantitative real-time PCR

RNA was extracted from cells or tissues and reverse
transcribed into ¢cDNA using the Omniscript RT kit
(Qiagen, Germantown, MD, USA). Gene expression was
analyzed using standard protocol. PCR reactions were
performed using the ABI 7700 Sequence Detection sys-
tem (Applied Biosystems; Foster City, CA, USA). Fold
changes in gene expression were normalized to the ex-
pression of beta actin. The following primers were used:
Lpl: forward: CCAATGGAGGCACTTTCCAG, reverse:
CCACGTCTCCGAGTCCTCTC; Glut-4: forward: AT
GGCTGTCGCTGGTTTCTC, reverse: ACCCATAGCA
TCCGCAACAT; PPARy: forward: ATCATCTACAAT
GCTGGCC, reverse: CTCCCTGGTCATGAATCCTTG;
FABP-4: forward: GATGCCTTTGTGGGAACCTG, re-
verse: GAATTCCACGCCCAGTTTGA; C/EBPa: for-
ward: CGCAAGAGCCGAGATAAAGC, reverse: GCCG
GGTCATTGTCACTGGTCA; Runx-2: forward: AGT
CCGCCAACTTCCTGTGCT, reverse: GGTGAAACTC
TTGCCTCGTC; Alp: forward: GCCCTCTCCAAGAC
ATATA, reverse: CCATGATCACGTCGATATCC; Opn:
forward: AGCAAGAAACTCTTCCAAGCAA, reverse:
GTGAGATTCGTCAGATTCATCCG; Sox9: forward:
AGCTCACCAGACCCTGAGAA, reverse: TCCCAG
CAATCGTTACCTTC; Has2: forward: TGAACAAAAC
GGTAGCACTCTG, reverse: ACTTTAATCCCAGGGT
AGGTCAG; Acan: forward: ATTTCCACACGCTA
CACCCTG, reverse: TGGATGGGGTATCTGACTGTG;
a-SMA: forward: TGACCCAGATTATGTTTGAGACC,
reverse: CCAGAGTCCAGCACAATACCA; collagen I
forward: AGGCCACGCATGAGCCGAAG, reverse: GC
CATGCGTCAGGAGGGCAG; collagen III. forward:
AGGATCTGAGGGCTCGCCAGG, reverse: AGCCAC
CAGACTTTTCACCTCCA; transforming growth factor
B (TGEF-B): forward: CGCCATCTATGAGAAACC; re-
verse: GTAACGCCAGGAATTGT; vascular endothelial
growth factor (VEGEF): forward: CTACTGCCGTCCGA
TTGAGA, reverse: CTATGTGCTGGCTTTGGTGAG;
basic fibroblast growth factor (bFGF): forward: GGCTG
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CTGGCTTCTAAGTGT, reverse: CCAACTGGAGTA
TTCCGTGAC. IL-6: forward: CCACTTCACAAGTC
GGAGGCTTA, reverse: GCAAGTGCATCATCGTTG
TTCATAC.

Statistical analysis

All data shown as mean + standard deviation (SD). Dif-
ferences between groups were compared by Student’s ¢
test and ANOVA test. p < 0.05 was considered statistical
significance.

Results

Characteristics of diabetic mice

We first confirmed hyperglycemia of C57BL/6 mice
treated with STZ. As is evident in Fig. 1A, B, blood glu-
cose levels of treated mice were elevated at day 5 after
STZ injection. The body weights of mice were signifi-
cantly reduced compared to control mice receiving ve-
hicle. Mice showed typical signs of diabetes including
polyphagic, polydipsic, and polyuric. The blood glucose
levels of those mice were continuously measured for 10
days to ensure they remained > 350 mg/dl before gener-
ation of the wound model. The average body weight in
STZ-treated mice was 25 + 3 g (Fig. 1B).

Characterization of ASCs

Phenotypes of ASCs isolated from STZ-induced diabetic
or control C57BL/6 mice with normoglycemia were
compared. ASCs from both origins formed a monolayer
with a larger spindle-shaped fibroblastic morphology
during the first few days of cell culture. T1D ASCs grew
slightly slower compared to control ASCs (Supplemen-
tary Fig. 1, A, B), as the control reached 90% confluence
at day 7 and T1D ASCs at day 10 after initial seeding.
After 3 passages, there was no significant difference in
cell growth between the control and theT1D ASCs
(Fig. 1C, D).

We analyzed the surface markers in T1D ASCs and
ASCs by flow cytometry at passage 3. Both T1D and
control ASCs were positive for CD29 (98.7% vs. 94.3%)
and CDI105 (94.6%; 96.8%), and negative for CD34
(3.44%; 4.33%) (Fig. 1E). T1D ASCs secreted similar
amounts of bFGF and VEGF (Fig. 1F (a, b)) but signifi-
cantly less amount of TGF-Bl1 compared to control
ASCs (Fig. 1F (c)). Collectively, there were no dramatic
differences on cell morphology, growth rate, cell surface
marker expression, and bFGF and VEGF secretion be-
tween T1D ASCs and control ASCs.

We compared the impact of diabetes status on lineage
differentiation of ASCs isolated from control or T1D
mice. We found that cells from both control of T1D
mice could differentiate into adipocytes, chondrocytes,
and osteocytes under standard cell induction conditions
(Fig. 2A). Expressions of cell type specific genes were
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at passage 3. E Cell surface antigen expression in T1D ASCs and ASCs analyzed by flow cytometry. F Concentration of bFGF (a), VEGF (b), and
TGF-B1 (c) secreted by T1D ASCs and ASCs. *p < 0.05, Student’s t test
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Fig. 2 Multiple differentiation potential of ASCs harvested from control of T1D donors. A Representative micrographs of ASC-derived adipocytes
identified by oil red staining, osteocytes by alizarin red staining, and chondrocytes by toluidine blue staining. Scale bar = 100 um. B Expression of
Lpl, Glut-4, PPARy, FABP-4, and C/EBPa mRNA level in adipocytes derived from control or T1D ASCs. C Expression of Runx2, Alp, and Opn mRNA
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also measured in adipocytes, osteocytes, and chondro-
cytes derived from control of T1D ASCs. Our results
showed that expressions of Lpl and Glut-4 were higher,
while PPARy were lower in T1D ASCs compared to
control ASCs in adipocytes (p < 0.05). There were no dif-
ferences in expression of FABP-4 and C/EBPax mRNA in
those cells (Fig. 2B). Expression of Alp and Opn were
significantly lower in T1D ASC-derived osteocytes com-
pared to control ASC-derived cells (p<0.01), with no
change in Runx2 mRNA level (Fig. 2C). Expressions of
Acan were significantly higher in T1D ASC-derived
chondrocytes compared to controls (p <0.01), while no
difference in expression of Sox9 and Has2 mRNA level
observed (Fig. 2D).

T1D ASCs promotes wound healing in diabetic mice

Wound healing rate and wound area are reliable predic-
tors of complete wound closure [30]. We measured
wound healing rates in T1D mice receiving local injec-
tion of T1D ASCs or control (normal) ASC group in the
full-thickness excisional splint wound model in diabetic
mice. Non-treated C57BL/6 and T1D mice treated with
PBS were used as controls. For normoglycemic control
mice, the wound healing rate was 30 + 4.5% at day 7 and
79 +4.0% at day 14, respectively. In contrast, T1D mice
showed delayed wound healing rate, with 10 +3.0%
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wound closure at day 7 and 34 +5.0% at day 14. Injec-
tion with ASCs or T1D ASCs improved wound healing:
at day 7 post-treatment, the wound closure rates were
20+ 3.2% and 18 + 3.4% in mice receiving ASCs or T1D
ASCs, respectively; at 14 days post-treatment, the wound
healing were 70 + 3.8 and 60 + 4.2%, respectively (Fig. 3B,
C). Our data showed that T1D mice treated with T1D
ASCs or ASCs had higher wound closure rates com-
pared to PBS groups observed at both 7 and 14 days
post-wounding. Collectively, these results indicate T1D
ASCs had slightly lower but comparable protection as
normal ASCs.

T1D ASCs promote angiogenesis and collagen expression
in diabetic mice

To explore the mechanisms of protection of ASCs, we
measured formation of subcutaneous glands, epidermal
thickness, and follicle formation in regenerated tissue
areas in mice receiving T1D or control ASCs (Fig. 4A—
D). Newly formed and mature vessels were characterized
by CD34 staining at 14 days post-wounding (Fig. 4E-H).
These pictures showed that the numbers of newly
formed vessels were increased during the healing process
for all groups. By staining with the anti-collagen anti-
body, we found that T1D and control ASC wound
showed the higher numbers of newly formed vessels at
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Fig. 3 T1D ASCs promote wound healing in T1D mouse wound. A Representative images of excisional wound model using a donut-shaped
splint to keep the wounds open. B Photomicrographs of wounds treated with PBS, ASCs, or T1D ASCs at 0, 3, 7, and 14 days. Control normal
mice wounds were treated with PBS; T1D mice wounds were treated with PBS, T1D ASCs, or ASCs respectively. C The wound closure rates of T1D
mice treated with PBS, ASCs, or T1D ASCs. PBS, control normal mice were treated with PBS. Date expressed as the mean + SD; n=8-10 per

group; *p < 0.05, **p < 0.01 vs. PBS group, ANOVA test
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of wound sections of normal control group treated with PBS (E); T1D mice wounds treated with PBS (F), ASCs (G), or T1D ASCs (H) 14 days post-
wounding. Collagen | protein immunohistochemistry staining of wound sections of normal control group treated with PBS (I); T1D mice wounds
treated with PBS (J), ASCs (K), or T1D ASCs (L) 14 days post-wounding. Bars = 100 um. M Gene expression analysis by gRT-PCR using actin as the

endogenous control. *p < 0.05, **p < 0.01, ***p < 0.001 vs. PBS controls. Triplicate results were averaged and mean + SD is shown, ANOVA test

day 14, compared with T1D treated with PBS (PBS
group). As shown in Fig. 4I-L, T1D ASC treatment sig-
nificantly enhanced re-epithelialization compared to that
observed PBS group. Larger collagen deposition areas
were observed in the T1D ASC group compared to the
untreated group at 14 days post-wounding. We also ob-
served that permutation compactness and uniform dis-
tribution of type 1 collagen in T1D ASC and ASC
groups.

Inflammation response occurred after cutaneous
wounding is a prerequisite for healing. The inflammatory

cytokine, IL-6, plays a critical role in wound healing by
regulation of leukocyte infiltration, angiogenesis, and col-
lagen accumulation [31]. We found IL-6 expression was
reduced in wound treated with T1D ASCs and ASCs
(Fig. 3M), suggesting reduced inflammation in ASC
treated tissues. However, the amount of IL-6 was higher
in T1ID ASCs compared to ASCs, suggesting that STZ
treatment had a negative impact on the immunomodula-
tion ability of ASCs. Wound healing is also a highly regu-
lated process with a-SMA expression being induced in
fibroblast. The increased expression of a-SMA and CD31
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is suggesting that the interstitial collagen I and III expres-
sion increased in a time-dependent fashion [32]. We
measured the mRNA expression of collagen types I and
III, a-SMA, and CD31 in scar tissues. Increased collagens
I and III were observed in wounds treated with T1D ASCs
and control ASCs compared to wounds treated with PBS.
Increased CD31 expression in T1D ASC and ASC groups
were found when compared to the untreated group at 14
days post-wounding (Fig. 4M).

T1D ASCs enhance migration and proliferation of
fibroblasts

Migration of fibroblasts to the wound area contributes
to wound healing. The effects of ASCs on fibroblasts mi-
gration were evaluated by in vitro fibroblast migration
assay. Compared to MSF cultured alone, the migration
speed of fibroblasts into scratched areas was increased
2.1- and 2.2-folds when co-cultured with T1D or control
ASCs (Fig. 5A, B). The proliferation rates of normal
mice fibroblasts were also significantly increased after
co-culture with T1D or control ASCs (Fig. 5C, D). In
addition, mRNA expressions of collagen I, collagen III,
and a-SMA were also significantly increased when co-
cultured with ASCs (Fig. 5E). There were slightly lower
increases of those genes in cells cultured with T1D ASCs
compared those with ASCs, although the differences
were not significant.
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ASCs can differentiate into vascular endothelial cells and
fibroblasts after injection

To further explore the mechanisms of how ASCs pro-
mote wound healing, we tested the differentiation poten-
tial of ASCs in vivo, by injecting GFP-positive ASCs in
mouse wounds. GFP ASCs were identified by immuno-
histochemistry using an anti-GFP antibody. Our data
showed GFP expression in various substrata of the
granulation tissues in the wound area at 2 weeks post-
cell infusion (Fig. 6A—C). ASCs were seen incorporating
into the winding linear structures along with the newly
formed and the mature vessels. GFP and CD34 double-
positive cells were observed (Fig. 6D-F). In addition,
some injected ASCs displayed a fibroblastic phenotype,
based on the GFP/vimentin co-staining at 2 weeks after
cell injection (Fig. 6G-I). Our results indicate that ASCs
might have contributed to wound healing by differenti-
ation into vascular endothelial cells and fibroblasts
in vivo.

Discussion

The purpose of the present study was to evaluate the
capacity of diabetic ASCs in promoting cutaneous
wound healing in diabetic mice and also explore the pos-
sible mechanisms involved. In this study, we generated
mice with hyperglycemia by STZ injection. We referred
these mice “T1D” mice although we realized that there
are no autoimmune activations in these mice while they
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Fig. 5 T1D ASCs enhance the migration, proliferation, and a-SMA and collagen I/l expression of fibroblasts in vitro. A Representative images of
“wounds” in the scratch assay before and 24 h after co-culture with T1D or control ASCs. B Migration rates of fibroblasts. C Representative images
of mice fibroblasts before and 5 days after co-cultured with T1D or control ASCs. D Cell numbers of fibroblasts co-cultured with T1D ASCs or
ASCs for 5 days. E Gene expression of a-SMA, collagen |, and collagen lll. Bars = 200 um. Each bar represents the mean + SD of three independent
experiments. *p < 0.05, **p < 0.01, Student’s t test
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Nuclei

vimentin

Fig. 6 Differentiation of ASCs in mouse wound area. A-C Representative images show injected GFP-positive ASCs in mice wound. D Positive
identification of injected ASCs in wound dermal tissue is indicated by GFP staining (green). E Red stain indicates CD34. F Overlay demonstrates
co-localization of GFP and CD34 signal (white arrows). G Positive identification of injected ASCs in wound dermal tissue indicated by the GFP
staining (green). H Red stain indicates vimentin. | Overlay demonstrates co-localization of GFP and vimentin signal (white arrows). Bar =100 um

all had high blood glucose levels. We found that T1D
ASCs and control ASCs showed comparable abilities to
improve wound healing in diabetic mice. There was no
dramatic morphologic difference between diabetic ASCs
and healthy ASCs, nor did the expression of stem cell
surface markers including CD29, CD105, and CD34.
Several studies have demonstrated that ASC-conditioned
medium promotes proliferation and collagen synthesis
in human fibroblasts, and ASCs secrete growth factors
such as bFGF, TGF-f3, and VEGF that play an important
role in controlling cell activities at the wound site [33].
It was reported that diabetic ASCs showed reduced pro-
liferation and released lower amounts of growth factors
at passage 1 [27]. In these experiments, we found that
diabetic ASCs grow slower than nondiabetic ASCs at
the first couple of passages. But at passage 3, there
was no difference in cell growth rate between these
two types of cells. We also found that diabetic ASCs
secreted similar amounts of VEGF, bFGF, and TGEF-f
compared with the normal ASCs at passage 3. It is
reasonable to assume that the proliferation and
growth factor release function of T1D ASCs were re-
covered during in vitro cell culture.

Proliferation and migration of fibroblasts play import-
ant roles during cutaneous wound healing [34]. Our
studies showed that when co-cultured with fibroblasts,
diabetic and control ASCs both promoted the prolifera-
tion and migration of mice fibroblasts to the same
extent, although fibroblasts expressed less collagen and
a-smooth muscle actin (a-SMA) when co-cultured with
diabetic ASCs.

It was reported that ASCs accelerated diabetic skin
wound healing, at least in part through increased colla-
gen synthesis and neovascularization at wound sites [35].
In our study, we found that diabetic ASCs and control
ASCs could promote closure of wound in T1D mice, by
promoting angiogenesis and increased collagen
expression.

One mechanism of ASCs to initiate tissue regeneration
is through differentiating into skin cells [36]. In order to
determine whether ASCs can differentiate into other
cells critical for wound healing in vivo, GFP*ASCs were
injected into cutaneous wound. Two weeks later, we
collected the granulation tissue, stained with
fluorescent-conjugated CD34, GFP, and vimentin anti-
body. Co-staining of GFP/CD34 and GFP/vimentin were
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observed in some cells. It seems that ASCs differentiated
into fibroblasts and endothelial cells in mice. This is
consistent with the data reported by Nie et al. [37] and
Huang et al. [38].

In our experiments, T1D ASCs and control ASCs
showed similar abilities in improving cutaneous wound
healing. However, we found that there were still some
differences between normal ASCs and T1D ASCs. For
example, T1D ASCs need more time to reach 90% con-
fluence, although they did not show growth rate differ-
ence after several passages. Less TGF-f} secretion, higher
IL-6 expression in treated cutaneous wound, and less
collagen and a-SMA mRNA expression in co-cultured
fibroblasts were observed in T1D ASCs. These differ-
ences might have contributed to a slightly less effective-
ness in the wound healing rate when compared to
healthy ASCs at day 7 (wound closed 18 +3.4% and
20+ 3.2% respectively). The mechanisms behind these
differences are still under investigation. In conclusion,
although T1D ASCs showed some difference when com-
pared to control ASCs, they still possess significant
wound healing properties and might be used for further
therapy.

Conclusions

The results suggest that T1D ASCs could accelerate cu-
taneous wound healing. The mechanisms may include
increasing fibroblast growth and migration, skin
angiogenesis, and differentiation into fibroblasts and
endothelial cells. These findings provide evidence that
diabetic ASCs may be used as a therapeutic option in
cutaneous wound healing in diabetic recipients.
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