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Guo J, Hu H, Gorecka J, Bai H, He H, Assi R, Isaji T, Wang
T, Setia O, Lopes L, Gu Y, Dardik A. Adipose-derived mesen-
chymal stem cells accelerate diabetic wound healing in a similar
fashion as bone marrow-derived cells. Am J Physiol Cell Physiol
315: C885–C896, 2018. First published November 7, 2018; doi:
10.1152/ajpcell.00120.2018.—We have previously shown that
bone marrow-derived mesenchymal stem cells (BMSC) accelerate
wound healing in a diabetic mouse model. In this study, we
hypothesized that adipose tissue-derived stem cells (ADSC), cells
of greater translational potential to human therapy, improve dia-
betic wound healing to a similar extent as BMSC. In vitro, the
characterization and function of murine ADSC and BMSC as well
as human diabetic and nondiabetic ADSC were evaluated by flow
cytometry, cell viability, and VEGF expression. In vivo, biomi-
metic collagen scaffolds containing murine ADSC or BMSC were
used to treat splinted full-thickness excisional back wounds on
diabetic C57BL/6 mice, and human healthy and diabetic ADSC
were used to treat back wounds on nude mice. Wound healing was
evaluated by wound area, local VEGF-A expression, and count of
CD31-positive cells. Delivery of murine ADSC or BMSC accel-
erated wound healing in diabetic mice to a similar extent, compared
with acellular controls (P � 0.0001). Histological analysis showed
similarly increased cellular proliferation (P � 0.0001), VEGF-A
expression (P � 0.0002), endothelial cell density (P � 0.0001),
numbers of macrophages (P � 0.0001), and smooth muscle cells (P �
0.0001) with ADSC and BMSC treatment, compared with controls.
Cell survival and migration of ADSC and BMSC within the scaffolds
were similar (P � 0.781). Notch signaling was upregulated to a
similar degree by both ADSC and BMSC. Diabetic and nondiabetic
human ADSC expressed similar levels of VEGF-A (P � 0.836) in
vitro, as well as in scaffolds (P � 1.000). Delivery of human diabetic
and nondiabetic ADSC enhanced wound healing to a similar extent in
a nude mouse wound model. Murine ADSC and BMSC delivered in
a biomimetic-collagen scaffold are equivalent at enhancing diabetic
wound healing. Human diabetic ADSC are not inferior to nondiabetic
ADSC at accelerating wound healing in a nude mouse model. This
data suggests that ADSC are a reasonable choice to evaluate for
translational therapy in the treatment of human diabetic wounds.

adipose; diabetes; mesenchymal stem cells; tissue scaffolds; wound
healing

INTRODUCTION

Diabetic foot ulcers (DFU) are a major complication of
diabetes mellitus that frequently lead to amputation or even
death (15, 17). The incidence of DFU is increasing owing to
the worldwide increasing prevalence of diabetes and the pro-
longed life expectancy of diabetic patients; DFU impose a
considerable morbidity and mortality along with substantial
social, medical, and economic burdens. Thus, developing new
and efficient treatment strategies for improving DFU healing is
urgently needed (15, 21, 31).

The underlying mechanism of DFU development is compli-
cated and involves a multifactorial etiology including hypoxia,
dysfunctional fibroblasts and epidermal cells, impaired angio-
genesis and neovascularization, high levels of metallopro-
teases, damage secondary to reactive oxygen species, and
advanced glycation end products, as well as decreased host
immune resistance and neuropathy (16). Most currently avail-
able approaches for diabetic wound healing have only limited
therapeutic efficacy (3, 22). In recent years, a mesenchymal
stem cell-based therapeutic approach targeting improved neo-
vascularization and cutaneous regeneration has demonstrated
efficacy in wound healing, providing a potentially comprehen-
sive solution by addressing multiple etiologic factors (29). We
have previously shown that bone marrow-derived mesenchy-
mal stem cells (BMSC) accelerate wound healing in a diabetic
mouse model (2).

Although BMSC are readily available in animal models,
adipose tissue-derived stem cells (ADSC) carry several advan-
tages including ease of extraction without invasive procedures,
increased abundance, and possibility for rapid expansion (8).
Additionally, ADSC appear to be less immunogenic and more
genetically stable in long-term culture compared with BMSC
(14, 23).

We hypothesized that ADSC have a similar therapeutic
effect in improving DFU healing as BMSC. We tested this
hypothesis in a diabetic C57BL/6 mouse full-thickness splinted
back wound model. We subsequently compared the efficacy of
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human diabetic and nondiabetic ADSC in a similar wound
model in nude mice.

MATERIALS AND METHODS

Animals. All animal studies were performed in strict compliance
with federal guidelines and approved by Yale University’s Institu-
tional Animal Care and Use Committee. Male C57BL/6 mice (8–12
wk; 20–30 g; Jackson Laboratory) were used for induction of diabetes
before creating full-thickness back wounds. Mice were injected daily
for 7 days with streptozotocin (50 mg/kg IP; Tocris Biosciences,
Bristol, UK). After ~1 wk hyperglycemia was confirmed with a
glucometer; only mice with blood glucose levels greater than 300
mg/dl were used. For experiments with human ADSC, nude mice (20
mice, 8–12 wk; 20–30 g; Jackson Laboratory) were used in a similar
fashion.

Mice were anesthetized with ketamine (100 mg/kg) and xylazine
(10 mg/kg). Back hair was removed using a chemical depilatory
(Nair). A full-thickness skin wound (5 mm diameter) was created on
the back, and a silicone ring (10 mm inner diameter, 0.5 mm thick)
was sutured into place surrounding the wound to prevent healing by
contracture (12). Collagen scaffolds (see below) were then unfolded
and placed onto the wound surface. Wound size measurements were
obtained every other day postoperatively. Mice were briefly anesthe-
tized with isoflurane and wounds were photographed with an Olym-
pus SP-800 UZ camera mounted on a tripod at a fixed distance; a ruler
was included in the digital photo for scale. Wound areas were
analyzed using ImageJ software (National Institutes of Health,
Bethesda, MD). At the completion of the study, mice were euthanized
and the wounds with surrounding tissues were harvested and placed in
10% phosphate-buffered formalin overnight. Afterwards, the samples
were paraffin embedded and stained for histochemical analysis as
described below.

MSC isolation and expansion. Murine bone marrow-derived MSC
or adipose-derived MSC were obtained from C57BL/6 mice femoral
bone marrow or abdominal fat as previously reported (1, 2). MSC
were cultured in EGM-2 media (Lonza, Basel, Switzerland), consist-
ing of 10% FBS (GIBCO) and 1% penicillin-streptomycin (GIBCO),
2 mM L-glutamine (Corning Life Sciences) in plastic dishes at 37°C
in 5% humidified CO2. They were continuously cultured for further
use, and cell passages 2–6 were used in this study.

MSC identity was confirmed by FACS analysis of passage 2 cells as
previously described (2). MSC were identified using anti-CD34, anti-
CD90, anti-Sca-1, anti-CD105, anti-CD45, anti-HLA-DR (BioLegend),
using an LSRII flow cytometer (BD Biosciences).

Green fluorescence dye DiOC18(3),3,3= was used to label some of
the cells before their addition to the collagen gel (see below).
DiOC18(3)-positive cells were detected by immunofluorescence on
frozen sections taken on postoperative day 5. MSC cell proliferation
was detected using BrdU labeling. In brief, cell culture medium was
removed, and the BrdU labeling solution (10 �M) was added to the
cell culture dish. The cells were then incubated at 37°C for 2 h. PBS
was used to wash cells twice after removal of the labeling solution.
The cells were then fixed with 4% formaldehyde (15 min., room
temperature). The cells were then incubated in antibody staining
buffer (1 ml) with FITC-conjugated anti-BrdU primary antibody
overnight at room temperature. The samples were then washed with
Triton X-100 permeabilization buffer three times. Flow cytometry
was then used to detect the expression levels of BrdU.

Apoptosis was evaluated using an AnnexinV-FITC/propidium io-
dide (PI) kit; approximately 1 � 105 cells were harvested and washed
twice with PBS. AnnexinV-FITC binding buffer (195 �l) was added
to the resuspended cells, followed by a 30 min incubation in 5 �l
AnnexinV-FITC at 37°C in the dark. Cells were then centrifuged at
1,000 g for 5 min, and 190 �l binding buffer with 10 �l PI was added.
Flow cytometry was then used to count the number of apoptotic cells.

Collagen scaffolds. Collagen scaffolds were constructed by adding
type 1 rat tail collagen (3 ml of 5% solution; Enzo Life Sciences) to
PBS (1 ml) and 10� DMEM (0.5 ml; Sigma-Aldrich). pH was then
adjusted to 7.0 using drop wise addition of 1 M NaOH or 0.1 M
NaOH, as previously described (2). For cellular constructs, 2 � 106

MSC in 0.5 ml solution were added to the collagen gel; for acellular
constructs, an equal volume of PBS was used (final volume 5 ml). The
collagen solution was allowed to solidify within a rectangular mold
(room temperature, 30 min) and was then compressed between glass
plates (5 min). The compressed collagen sheet was then rolled tightly
and incubated in tissue culture medium (37°C, 72 h). After 72 h,
collagen roll was unfolded for in vivo application.

Immunohistochemistry and immunofluorescence. Immunohisto-
chemistry and immunofluorescence were performed as previously
described (2).The primary antibodies used in our experiment included
anti-VEGF-A (rabbit: 1:100; Santa Cruz Biotechnology), Ki67 (rab-
bit: 1:200; Abcam), anti-caspase 3 (rabbit: 1:1,000; Cell Signaling),
F4/80 (rat: 1:100; Abcam), �-smooth muscle actin (rabbit: 1:100;
Abcam), vimentin (rabbit: 1:500; Abcam). For immunohistochemis-
try, after developing with diaminobenzidine and counterstaining with
hematoxylin, photomicrographs were obtained and positive cells were
manually counted and reported as a percentage of total cells. Cells were
considered positive if they stained for both diaminobenzidine (brown)
and hematoxylin (purple), indicating signal of interest and nuclei, respec-
tively. Four sections per slide were counted at random per sample and the
average number of cells of the total number of cells was recorded.

For immunofluorescence, after incubation with primary antibodies
overnight, the sections were incubated with secondary antibodies at
room temperature for 1 h using goat anti-rabbit Alexa Fluor 488 (Life
Technologies, Grand Island, NY), donkey anti-goat Alexa-Fluor-488
(Life Technologies), or donkey anti-rabbit Alexa-Fluor-568 (Life
Technologies). Sections were stained with SlowFade Gold Antifade
Mountant with DAPI (Life Technologies) and a coverslip was applied.
Digital fluorescence images were captured after optimal exposure
time was determined based on control samples to exclude background
staining. The intensity of the immunoreactive signal was measured
using ImageJ software, and the signal intensity was measured after
subtraction of the background signal. To determine number of positive
cells, four sections were chosen at random and cells stained with
DAPI and signal of interest were counted and averaged.

Human ADSC cell culture. Human nondiabetic and diabetic ADSC
were obtained from Lonza. Cells from one healthy and one diabetic
patient were used in this study. ADSC passages 3–4 were cultured and
maintained in ADSC basal medium with addition of the ADSC-GM
SQ Kit (Lonza). ADSC from passage 2 were cultured for 24 h to reach
nearly 90% confluence. Prior to use, the medium was changed to
FBS-free medium for 12 h.

Western blotting. ADSC were washed twice with cold PBS, and
cell lysates were extracted with RiPA Lysis buffer (Millipore). Equal
amounts of protein (20–40 �g) were separated on a 10% SDS-PAGE
gel and electrophoretically transferred onto polyvinylidene difluoride

Fig. 1. Similar characterization of murine adipose tissue-derived stem cells (ADSC) and bone marrow-derived mesenchymal stem cells (BMSC) in vitro. A:
photomicrographs show morphology of BMSC (left) and ADSC (right), immediately after isolation (�200, scale bar � 50 �m). B: FACS analysis confirms
identity of murine BMSC and ADSC with positive expression of Sca-1, CD90, CD105 and lack of expression of CD45, CD34, and HLA-DR. C: FACS confirms
similar proliferation (BrdU) of murine BMSC and ADSC. D: FACS confirms similar apoptosis (AnnexinV-PI) of murine BMSC and ADSC. E: VEGF expression
by BMSC and ADSC quantified by ELISA (P � 0.05, n � 3). F: quantification of VEGF-A expression in BMSC and ADSC by Western blotting. Histogram
depicts relative expression in both groups (P � 0.0654, n � 3 for each in vitro experiment).
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microporous membranes (0.45 �m pore size, Immobilon, Millipore).
Membranes were then blocked in TBS with Tween 20 (TBS-T)
containing 5% bovine serum albumin for 1 h at room temperature and
incubated in anti-VEGF-A (1:500; Abcam 51745) or GAPDH (1:
3,000, Cell Signaling) primary antibodies overnight at 4°C on a
shaker. After membranes were washed with TBS-T and incubated
with either anti-rabbit or anti-mouse horseradish peroxidase-conju-
gated secondary antibody (Cell Signaling) for 1 h at room tempera-
ture, immunocomplexes were visualized using chemiluminescence
(GE) following the manufacturer’s protocol.

ELISA assay. Collagen scaffolds were prepared as previously de-
scribed. The scaffolds were then incubated at 37°C for 72 h. The medium
was subsequently collected and VEGF concentration was determined
using mouse Quantikine ELISA kit according to manufacturer’s instruc-
tions (R&D Systems). Briefly, samples, buffers, and standards were
prepared according to packaging instructions, and 50 �l of Assay Diluent
was added to each well of a previously antibody-coated 96-well plate.
Two hundred microliters of standard, control, or scaffold sample were
then added in duplicate pairs to consecutive wells, followed by a 2 h

incubation at room temperature. Each well was then washed three times
with washing buffer. VEGF conjugate (200 �l) was then added to each
well, followed by a 2 h incubation at room temperature. Finally, 200 �l
of substrate solution were added to each well and after a 20 min
incubation at room temperature, stop buffer was added. Concentrations
were then determined using a microplate reader at 450 nm.

Statistical analyses. Data are expressed as means � SD. Statistical
analysis was performed using an independent Student’s t-test for two
groups of data and analysis of variance (ANOVA) followed by Scheffé’s
post hoc test for multiple comparisons. Statistical analysis was performed
by an independent statistician using SPSS statistic software (version 15.0;
SPSS, Chicago, IL) and GraphPad Prism software (version 5.0; La Jolla,
CA). P � 0.05 was considered significant.

RESULTS

Similar characterization of murine ADSC and BMSC in
vitro. We have previously shown that delivery of activated
murine BMSC in a collagen scaffold enhances wound healing
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Fig. 2. Murine bone marrow-derived mesenchymal stem cells (BMSC) and adipose tissue-derived stem cells (ADSC) show equivalent wound healing in vivo.
A: line graph shows wound size over time (***P � 0.001, two-way ANOVA, n � 5 for each group). B: representative images of wounds at days 0, 3, 5, 7, and
9 (scale bar: 2 mm). C: hematoxylin-eosin stain of wound tissue. Left to right: acellular, BMSC, ADSC, and normal skin at day 5 (�200, scale bar � 100 �m).
Black line represents muscle thickness, black star in top left corner is oriented to skin surface; and arrowheads point to inflammatory cell foci above and below
the muscle layer. D: quantification of muscle thickness by bar graph (**P � 0.01, ***P � 0.001, n � 3 for each group).

Fig. 3. Murine bone marrow-derived mesenchymal stem cells (BMSC) and adipose tissue-derived stem cells (ADSC) show equivalent effects on cell infiltration
into wounds in vivo. A: representative images and bar graph showing mesenchymal stem cells (MSC) labeled with DiOC18(3) in vitro and in vivo. Left: in
DMEM medium in vitro; middle: MSC labeled in the scaffold culture after 72 h in vitro; right: labeled cells in vivo at day 5 (n � 3, �200, scale bar � 50 �m).
B: representative images of immunohistochemistry for �-actin, CD31, F4/80, Ki67, caspase-3, and VEGF-A (n � 4 for each group, �400, scale bar � 50 �m).
C and D: quantification of percentage of positive cells (***P � 0.001, n � 4).
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in a diabetic mouse model (2). To improve the translational
application of this model, we determined whether ADSC have
similar efficacy to BMSC in several assays. Both BMSC and
ADSC showed similar morphology in vitro (Fig. 1A), as well
as expression of surface markers consistent with mesenchymal
stem cell identity (Fig. 1B) (9). We used CD34 and HLA-DR
surface markers to show the different phenotype of undiffer-
entiated versus differentiated cells. CD34 expression in undif-
ferentiated BMSC and ADSC was 0.31% and 0.24%, respec-
tively, and increased to 84.5% and 82.1%, respectively, in
differentiated cells (Fig. 1B). Similarly, HLA-DR expression
increased from 0.09% and 0.05% to 98.86% and 92.42% in
BMSC and ADSC cells, respectively, after differentiation (Fig.
1B). Both cell lines also expressed similar rates of proliferation
and apoptosis in vitro (Fig. 1, C and D). There was no
difference in the amount of VEGF secreted between the two
cell lines, as measured by ELISA and Western blotting
(VEGF-A detected by Western blotting) (Fig. 1, E and F).

Murine BMSC and ADSC show equivalent acceleration of
wound healing in vivo. As expected, diabetic C57BL/6 mice
had increased blood glucose levels (392.0 � 25.4 mg/dl vs.
132.4 � 20.4 mg/dl, day 7; P � 0.0001; n � 4) and reduced
body weight (19.7 � 1.2 g vs. 23.0 � 1.5 g, day 28; P �
0.0019; n � 4) compared with control mice. We have previ-
ously shown that scaffolds containing BMSC significantly
improve the rate of wound healing in splinted back wounds,
compared with acellular controls (2). Wounds treated with
ADSC accelerated healing to the same degree as BMSC
(ADSC, 39 � 3% vs. BMSC, 43 � 5%; P � 0.304, post hoc),
both improved compared with acellular scaffolds (63 � 4%;
P � 0.0001, ANOVA; Fig. 2, A and B).

Wound histology showed a significant increase in muscle
thickness and less inflammatory cell infiltration in both ADSC-
and BMSC-treated wounds, as compared with acellular con-
trols (P � 0.0001); there was no significant difference in the
average muscle thickness in wounds treated with scaffolds
containing BMSC or ADSC (P � 0.989, post hoc; Fig. 2, C
and D).

We next determined whether BMSC and ADSC treatment
results in attraction of similar numbers of infiltrating cells into
the wound environment to accelerate healing. BMSC and
ADSC were labeled with the cell tracking dye DiOC18(3)
before incorporation into collagen scaffolds. Both immediately
after labeling as well as after 3 days in vitro, cells in both
treatment conditions showed similar rates of dye labeling.
After 5 days in vivo, there were similar numbers of cells
infiltrating into scaffolds containing BMSC or ADSC (P �
0.781; Fig. 3A). Further, we transfected some BMSC and
ADSC with a lentivirus carrying green fluorescence protein
(GFP) before incorporation in scaffold, and harvested them
from mouse back wounds at day 5. Analysis revealed similar
expression of GFP-containing cells in both BMSC and ADSC
wounds (data not shown).

There were increased numbers of �-actin-positive cells in
MSC-treated wounds, compared with acellular scaffolds (P �
0.0001, post hoc), while the number of �-actin-positive cells in
wounds treated with ADSC and BMSC was similar (P �
0.786, post hoc) (Fig. 3, B and C). Similarly, there was
increased expression of CD31-positive cells in MSC-treated
wounds compared with acellular scaffolds, and similar num-
bers of positive cells in wounds treated with ADSC or BMSC
(P � 0.409, post hoc) (Fig. 3, B and C). In addition, there were
also more F4/80-positive cells in wounds treated with scaffolds
containing BMSC or ADSC compared with wounds treated
with acellular scaffolds (P � 0.0001). There were more Ki67-
positive cells in both BMSC- and ADSC-containing scaffolds,
compared with acellular scaffolds (P � 0.0001), with similarly
low numbers of caspase-3-positive cells in all groups (P �
0.5483), consistent with increased proliferation in the scaffolds
containing BMSC or ADSC. Lastly, we found an increase in
the numbers of VEGF-A-positive cells in wounds treated with
ADSC or BMSC (Fig. 3, B and D). These results show that
ADSC and BMSC promote similar types of cell infiltration,
proliferation, and VEGF-A synthesis, findings consistent with
our previous data (2).

Since Notch signaling has been implicated in angiogenesis
(18) as well as keratinocyte specification (26), we determined
whether there was any difference between BMSC- and ADSC-
treated wounds in their expression of several members of the
Notch signaling pathway. The expression of Notch ligands
DLL-1 and CBF-1, the Notch receptor notch-1, and the Notch
pathway target gene HES-1 from the surrounding wound tis-
sues was increased to the same degree in wounds treated with
scaffolds containing BMSC or ADSC, compared with acellular
scaffolds (P � 0.05 for DLL-1 expression; P � 0.001 for
CBF-1, Notch-1 and HES-1 expression) (Fig. 4, A and B).
These results were confirmed using immunofluorescence,
which also showed increased expression of DLL-1 and CBF-1
(Fig. 4, C and D), as well as HES-1 and Notch-1 (Fig. 4, E and
F), in both BMSC as well as ADSC compared with acellular
scaffolds (P � 0.0001, day 7). There was no significant
difference between BMSC and ADSC. These results demon-
strate that delivery of murine ADSC upregulates the Notch
signaling pathway to a similar degree as does delivery of
BMSC in vivo.

Human diabetic and nondiabetic ADSC show similar mor-
phology in vitro. Since murine ADSC are capable of improving
wound healing in a diabetic mouse wound model (Figs. 2–4),
they may have translational potential to human patients. Since
diabetic patients may have cells with reduced healing potential
compared with cells derived from nondiabetic patients, we next
assessed whether human diabetic and nondiabetic ADSC show
similar wound healing potential. Human ADSC derived from
both nondiabetic and diabetic donors showed similar morphol-
ogy in vitro (Fig. 5A); the expression of surface markers was
consistent with mesenchymal stem cell identity in both cell

Fig. 5. Human nondiabetic and diabetic adipose tissue-derived stem cells (ADSC) show similar morphology in vitro. A: human ADSC show similar
spindle-shaped morphology in vitro (�200, scale bar � 50 �m, in G1, day 3). Left, nondiabetic donor source. Right, diabetic donor source. B: FACS analysis
confirms identity of human ADSC with positive expression of CD105, and CD44 and lack of expression of CD45, CD34, and HLA-DR. C: VEGF-A expression
of ADSC in the collagen scaffold at 0 h, 24 h, and 72 h. Left 3 panels, immunohistochemistry; right 3 panels, immunofluorescence (�400, scale bar � 50 �m).
D: quantification of percentage of VEGF-A positive cells in nondiabetic and diabetic ADSC over time (*P � 0.05, **P � 0.01, ***P � 0.001, n � 3 for each
group). E: VEGF expression via ELISA assay in diabetic and nondiabetic cells (P � 0.05, n � 3 per group). F: Western blot showing VEGF-A expression in
nondiabetic and diabetic human ADSC and quantification of VEGF expression of human ADSC; P � 0.668.
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lines (Fig. 5B). We used CD34 and HLA-DR surface markers
to show the different phenotype of undifferentiated versus
differentiated cells. Both diabetic and nondiabetic cells showed
an increase of CD34 surface markers from 0.13% to 75.12% in
nondiabetic and from 0.21% to 71.90% in diabetic cells once
differentiated; HLA-DR also increased similarly from 0.07%
to 91.65% and from 0.02% to 95.71% in nondiabetic and
diabetic cells, respectively (Fig. 5B). VEGF-A protein expres-
sion was detectable at baseline, increased by 24 h in the
collagen scaffold, and was maintained by 72 h in vitro. There
was no difference in number of VEGF-A-positive cells (Fig. 5,
C and D), as well as VEGF protein expression between
nondiabetic and diabetic ADSC by ELISA and Western blot
analysis (Fig. 5, E and F).

Similar wound healing with nondiabetic and diabetic human
ADSC in vivo. Collagen scaffolds containing human ADSC
derived from either nondiabetic or diabetic patients were
placed on splinted wounds in nude mice. Scaffolds containing
human ADSC showed improved wound healing compared with
acellular scaffolds (P � 0.01), without any difference between
nondiabetic and diabetic ADSC (P � 0.822, post hoc; Fig. 6,
A and B). There was an increased number of �-actin-positive
cells in the wounds treated with human ADSC, compared with
acellular scaffolds (P � 0.0002, post hoc), with similar number
of �-actin-positive cells between diabetic and nondiabetic
ADSC (P � 0.754, post hoc) (Fig. 6, C and D). Similarly, there
were more CD31-positive cells and VEGF-A-positive cells in
wounds treated with healthy ADSC, compared with acellular
scaffolds, with similar numbers of positive cells in wounds
treated with nondiabetic or diabetic ADSC (P � 0.841 and
0.293, respectively, post hoc) (Fig. 6, C, D, E). Lastly, there
were more Ki67-positive cells in human ADSC-containing
scaffolds, compared with acellular scaffolds (P � 0.001), with
similarly low numbers of caspase-3-positive cells in all groups
(Fig. 6C), consistent with increased proliferation in the scaf-
folds containing diabetic and healthy ADSC. These results
suggest that delivery of human diabetic ADSC enhances
wound healing similarly to nondiabetic ADSC.

DISCUSSION

Based on our previous promising result that delivery of
BMSC in a biomimetic-collagen scaffold accelerates wound
healing in a diabetic mouse splinted back wound model, the
present study compared the therapeutic potential of ADSC, a
cell type with better potential for translational studies, with that
of previously studied BMSC. We found that murine ADSC
delivered in a biomimetic-collagen scaffold enhance diabetic
wound healing with similar therapeutic effect as BMSC. Fur-
ther, human diabetic and nondiabetic ADSC are morphologi-
cally and functionally similar, with diabetic cells having com-
parable wound healing potential to healthy ADSC. This finding
is of importance for the treatment of DFU, since these data
suggest that a diabetic patient’s own cells may have the same
therapeutic potential as those from healthy controls, allowing
for isogenic cell transfer.

ADSC are a more attractive cell type as compared with
BMSC because they require less invasive aspiration methods,
are a more abundant source, and are very stable under cell
culture conditions with a normal haploid karyotype after 100
duplications (11). There are 10- to 1,000-fold more stromal/
stem cells per unit volume of tissue as compared with BMSC
(13). Previous studies have reported that collagen scaffolds
enhanced the survival, migration, and differentiation of the
stem cells transplanted into target tissue (10, 25, 28). Our study
demonstrated MSC survival beyond 5 days after implantation,
and cell survival and migration of ADSC or BMSC within the
scaffolds were similar. Sheng et al. (27) found transplanted
ADSC were detectable in subcutaneous and vascular vessels
for up to 4 wk.

Our study indicates that ADSC delivered in a biomimetic-
collagen scaffold accelerates diabetic wound healing with sim-
ilar therapeutic effect as BMSC. This finding carries great
clinical implications for the translation of this treatment to
human trials. Consistent with published studies, local admin-
istration of ADSC in a matrix scaffold could effectively accel-
erate wound healing by promoting neovascularization and
reepithelialization (24). We found similarly higher levels of
VEGF expression in wounds treated with both BMSC and
ADSC, compared with the acellular group. We also found
increased CD31 density in the wound beds of MSC-treated
(ADSC or BMSC) groups, compared with the acellular control
group, suggesting that delivery of ADSC or BMSC promotes
angiogenesis. Lastly, the muscular layer in wounds treated with
stem cells was thicker, likely as a result of paracrine cell
signaling and chemoattraction of host cells to the wound.

Inflammatory cells play a key role in all three phases of
wound healing via wound sterilization and phagocytosis,
growth factor release to promote chemotaxis, granulation tis-
sue formation, as well as cell activation and proliferation. In
particular, macrophages are essential to wound healing. Dif-
ferent macrophage phenotypes predominate in the wound bed
during various parts of the wound healing cycle, and it has
been hypothesized that retention of the proinflammatory mac-
rophage phenotype leads to chronic wounds (19). We have
previously demonstrated increased wound macrophage con-
centrations after delivery of mesenchymal stem cells; future
studies are needed to examine the phenotype and role of
infiltrating macrophages (2).

We also demonstrated that in vivo delivery of murine ADSC
in a scaffold gel upregulates Notch signaling to the same extent
that BMSC does. Our observation is consistent with previous
literature that has shown epidermal stem cells and MSC accel-
erate diabetic wound healing via the Notch signaling pathway
(6, 30). Pedrosa et al. (25) reported that overexpression of the
Notch ligand Jag1 in endothelial cells increased vessel density,
maturation, and perfusion, thus accelerating wound healing.
Our results suggest that treatment of diabetic wounds may
occur via upregulation of Notch signaling, resulting in in-
creased angiogenesis.

Fig. 6. Similar wound healing with nondiabetic and diabetic human adipose tissue-derived stem cells (ADSC) in vivo. A: line graph shows wound size over time
(P � 0.0003, n � 3 for each group). B: representative images of wounds at days 0, 5, 9, 12, and 15. C: representative images of immunohistochemistry showing
expression of �-actin, CD31, F4/80, Ki67, caspase-3, and VEGF-A (�400 scale bar � 50 �m). D: quantification of percentage of positive cells (***P � 0.001,
n � 4 for each group).
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Our study also found that human diabetic ADSC in a
scaffold gel have the same ability to improve diabetic nude
mouse wound healing as nondiabetic ADSC. Though multiple
studies have shown that human ADSC have the potential to
increase angiogenesis and wound healing (4, 20), the therapeu-
tic potential of ADSC derived from diabetic donors remains
unclear (5, 32). We were able to demonstrate that diabetic cells
are noninferior to healthy ones at upregulating VEGF expres-
sion and accelerating wound healing. Although they display
differential gene expression, MSC from type 1 diabetic donors
are phenotypically and functionally similar to healthy control
MSC with regard to their immunomodulatory and migratory
potential, indicating their suitability for use in autologous
therapy (7, 30). Our results suggest that ADSC, even from
diabetic patients, promote diabetic wound healing, opening the
potential for large-scale clinical trials for diabetic patients.
Further, our data suggest that isogenic cells lines, as well as
those derived from other species, potentiate wound healing.
We believe this to be the result of the paracrine effects of
transplanted cells in the recipient wound environment, which
lasts beyond the lifetime of transplanted cells (6). Therefore,
wound healing is likely to be potentiated by release of key
growth factors and recipient cell chemoattraction, which is
independent of the cell source transplanted onto cutaneous
wounds.

There are some limitations in the present study. First, stan-
dardized MSC manufacturing and quality control are limited
by interbatch variation. Second, the streptozotocin model of
diabetes more closely represents type 1 diabetes by inducing
necrosis of 	-pancreatic cells, which may have subtle but
important effects on wound healing. Third, the wound model
used in this study represents an acute insult, rather than a
chronic diabetic wound. Despite these limitations, our study
provides meaningful results that may be useful for future trials,
particularly for diabetic patients.

In conclusion, taken together, the present study demonstrates
that murine ADSC delivery in a biomimetic-collagen scaffold
enhances diabetic wound healing to a similar degree as previ-
ously used BMSC, circumventing the need for invasive cell
harvesting methods. Further, we have illustrated the noninfe-
riority of diabetic ADSC on angiogenesis and promotion of
wound healing as compared with cells from healthy controls,
broadening the scope of therapeutic potential for autologous
stem cell-based approaches for diabetic patients.
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