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ABSTRACT

Bone regeneration is typically a reliable processwithout scar formation. The endocrine disease type 2
diabetes prolongs and impairs this healing process. In a previous work, we showed that angiogenesis
and osteogenesis—essential steps of bone regeneration—are deteriorated, accompanied by reduced
proliferation in type 2 diabetic bone regeneration. The aim of the study was to improve these mech-
anisms by local application of adipose-derived stem cells (ASCs) and facilitate bone regeneration in
impaireddiabetic bone regeneration. TheavailabilityofASCs ingreatnumbers and the relativeeaseof
harvest offers unique advantages over other mesenchymal stem cell entities. A previously described
unicortical tibial defect model was utilized in diabetic mice (Leprdb2/2). Isogenic mouse adipose-
derived stem cells (mASCs)db2/db2were harvested, transfectedwith a green fluorescent protein vec-
tor, and isografted into tibial defects (150,000 living cells per defect). Alternatively, control groups
were treatedwithDulbecco’smodified Eagle’smediumormASCsWT. In addition,wild-typemicewere
identically treated. By means of immunohistochemistry, proteins specific for angiogenesis, cell pro-
liferation, cell differentiation, and bone formation were analyzed at early (3 days) and late (7 days)
stages of bone regeneration. Additionally, histomorphometry was performed to examine bone for-
mation rate and remodeling. Histomorphometry revealed significantly increased bone formation in
mASCdb2/db2-treated diabetic mice as compared with the respective control groups. Furthermore,
locally applied mASCsdb2/db2 significantly enhanced neovascularization and osteogenic differentia-
tion.Moreover, bone remodelingwas upregulated in stem cell treatment groups. Local application of
mACSs can restore impaired diabetic bone regeneration and may represent a therapeutic option for
the future. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1–9

SIGNIFICANCE

This study showed that stem cells obtained from fat pads of type 2 diabeticmice are capable of recon-
stituting impaired bone regeneration in type 2 diabetes. These multipotent stem cells promote both
angiogenesis and osteogenesis in type 2 diabetic bony defects. These datamight prove to have great
clinical implications for bony defects in the ever-increasing type 2 diabetic patient population.

INTRODUCTION

Bony defects usually heal without scar formation.
However, certain comorbidities delay and impair
bone healing [1]. Diabetes mellitus was shown to
markedly diminish fracture-healing capacity [2].
Most diabetic patients are suffering from type
2 diabetes (approximately 90%), with a predicted
doubled prevalence worldwide for the year 2030
as compared with 2000 [3, 4]. In addition to an
increased fracture risk in type 1 and 2 diabetes,
fracture healing is detrimentally affected [5–8].
Loder showed that diabetic patients without neu-
ropathy have a 1.6-fold delay in fracture healing
[7]. Mechanisms causing increased fracture risk
associatedwith paradox bone-density regulation,

delayedbone-healing capacity, higher prevalence

for nonunions, and altered microarchitecture are

poorly understood and the topic of current re-

search [1, 5, 9]. Considering the epidemiological

changes in combination with the severely altered

bone metabolism, development of optimal treat-

ment strategies for diabetes-associated diseases

is in high demand.
So far, insights into mechanisms involved in

diabetes-associated impairment of fracture heal-

ingwere largely generated in type 1diabetesmel-

litus (T1DM) animalmodels [10–12]. For instance,

a distinct reduction of the proliferative capacity of

thecellpopulationofosteoprogenitorcellshasbeen

described in T1DM fractures in rats [10, 13, 14].
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In addition, bone formation impairment was observed in a mu-
rine unicortical type 2 diabetes mellitus (T2DM) model [15]. Ex-
pression of the transcription factor Runt-related transcription
factor 2 (RUNX-2), which is important for osteogenic differenti-
ation, was markedly reduced in this model. Besides osteogenic
differentiation, proliferating cell nuclear antigen (PCNA), which
is indicative for cell proliferation, was significantly reduced in di-
abetic bony defects [15]. Thus, it is generally accepted that fac-
tors important for proliferation and differentiation in early and
late bone healing are markedly altered in diabetic bony defects
[14–16].

Angiogenesis is a crucial step in early bone regeneration and is
decreased in T2DM defects [15, 17]. The importance of vascular-
ization at the injury site is not only explained by the supply of nu-
trients, but also by migration of osteoprogenitors and other
osteogenic cells [18]. Reduced expression of vascular endothelial
growth factor (VEGF) was indicative for alterations in vasculariza-
tion of T1DM animals [16]. Moreover, a current study showed
that local application of VEGF distinctly increases angiogenesis
and subsequently promotes bone healing in a T2DM model [15].
Additionally, implantation of adipose-derived stem cell (ASC)-
derived endothelial cells improved vascularization of calvarial
boneallografts [19]. The presence of ASCs inducedneovasculari-
zation and osteocytic repopulation significantly [20]. Studies by
Rehman et al. brought both concepts together by demonstrat-
ing that ASCs represent a source of VEGF [21]. Several studies
have investigated the potential of ASC application in bony de-
fects and reported significant improvements [22]. However,
data of ASC application in diabetic bone regeneration are lack-
ing. As such, wound-healing experiments in a T1DM animal
model revealed a massive reduction of ASC recruitment and
therefore impaired healing capacity [23].

Wehypothesized thatdiminishedbone regeneration inT2DM
can be rescued by implantation of isogenic ASCs. Compared with
bone marrow stromal cells, ASCs are much more abundant, are
more accessible, and have lower donor morbidity, while showing
similar capabilities inmigration, differentiation, proliferation, and
immunosuppression [22, 24, 25]. In our project, we conducted
harvest and transfer of isogenic diabetic mouse adipose-derived
stem cells (mASCs) to best mimic a potential clinical treatment
approach.

MATERIALS AND METHODS

Isolation and Application of Mouse Adipose-Derived
Stem Cells

Mouse adipose-derived stem cells were harvested from inguinal
fat pads of db2/db2 andwild-type (WT)mice and labeled similarly
as previously described [17]. Briefly, inguinal fat padswere excised
and washed in betadine/phosphate-buffered saline (PBS). There-
after, fat pads were minced under sterile conditions and digested
with0.1%CollagenaseA (RocheDiagnostics,Mannheim,Germany,
http://www.roche.com) for 30minutes at 37°C in a shakingwater
bath, centrifuged down, washed, and plated. Culture conditions
were performed with Dulbecco’s modified Eagle’s medium
(DMEM), GlutaMAX, 10% fetal bovine serum, 100 IU/ml penicillin,
and 100 IU/ml streptomycin for in vitro experiments. mASCs
were divided into four culture groups: cells from WT and dia-
betic animals in normal glucose (5.5 mM) and high glucose
(22 mM) [26]. At passage 1 and 80% confluence, osteogenic

differentiation was initiated. Osteogenic differentiation me-
dium (1% additional b-glycerolphosphate, 0.1% ascorbic acid;
modified from Neuhuber et al. [27]) was changed every third
day with glucose concentration accordingly. Cells were incu-
bated at 37°C with a carbon dioxide level at 5%.

Alkaline phosphatase reaction (7 days after osteogenic differ-
entiation) and Alizarin Red staining (28 days after osteogenic dif-
ferentiation) were performed similarly as described [17]. In order
to allow tracking ofmASCsdb2/db2 in vivo, cells were labeled with
a turboGFP lentiviral construct (GE Healthcare Life Sciences, Piscat-
away, NJ, http://www.gelifesciences.com). Briefly, mASCsdb2/db2

were treated with the construct and 8 mg/ml polybrene at 80%
confluence in a 10-cm dish. For 12 hours thereafter, cells were
checked for green fluorescent protein (GFP) fluorescence and
subsequently treated with puromycin to select only those cells
transfected. For seeding purposes, mASCsdb2/db2 were tryp-
sinized, washed with PBS, and counted.

Animal Surgery

All animal experimentswere approvedby the Institutional Animal
Care and Use Committee, Landesamt für Natur, Umwelt und Ver-
braucherschutz Nordrhein-Westfalen. Heterozygous Leprdb (db+/
db2) mice were obtained from the Jackson Laboratory (catalog
no. 000697, Jackson Laboratory, Bar Harbor, ME, https://www.
jax.org) and kept with unlimited access to water and standard lab-
oratory chow. Heterozygous db+/db2 mice on a C57BL/6J back-
ground were mated to obtain WT, db+/db2, and db2/db2 mice.
Genotyping for breeding was performed on genomic DNA by re-
striction enzyme digest after polymerase chain reaction (forward
primer: ATGACCACTACAGATGAACCCAGTCTAC; reverse primer:
CATTCAAACCATAGTTTAGGTTTGTC) according to Horvat and
Bünger [28]. Female littermates at age 16–20 weeks were used
for all experiments. All surgical procedures were performed under
inhalation anesthesia with isoflurane and buprenorphine (Abbott
GmbH, Wiesbaden, Germany, http://www.abbott.de). An estab-
lished murine tibial defect model was performed as previously de-
scribed [29]. Briefly, after shaving and disinfecting the left leg, an
incision was made on the proximal anterior skin surface over the
tibia. After splitting theanterior tibialmuscle, the tibiawasproperly
exposed. A1-mmunicortical defectwas createdon the anterior tib-
ial surface. The six animalgroups included (a) diabetic animals treat-
edwith 1.53105mASCsdb2/db2; (b) 1.53105mASCsWT inDMEM;
(c) diabetic control animals treated with DMEM without cells; (d)
WT animals treated with 1.5 3 105 mASCsdb2/db2; (e) 1.5 3 105

mASCsWT inDMEM;and (f)WTcontrol animalswithDMEMwithout
cells. Lactic acid films were used as protective cover over the
inserted medium, modified as previously described [30]. Wound
closure was performed with 6-0 Prolene interrupted sutures. The
anterior tibial muscle was reset into its anatomical position. Each
group consisted of at least seven animals. Euthanasia was per-
formedaccording tonational and international lawsandguidelines.
Briefly, cervical dislocationwas performed after thorough anesthe-
sia to harvest tissue.

Tissue Preparation and Histological Procedures

Tibiae were harvested at a given time, fixed in 4% paraformalde-
hyde (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.
com) overnight at 4°C, and decalcified in 19% EDTA (PanReac
Applichem, Darmstadt, Germany, https://www.applichem.com)
for 5 days with daily changes of solution. Samples were then
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dehydrated, embedded in paraffin, and cut into serial sagittal sec-
tions (thickness 6–9 mm).

For immunohistochemical stainings of RUNX-2 (rabbit, poly-
clonal; Santa Cruz Biotechnology, Santa Cruz, CA, http://www.
scbt.com; sc-10758, 1:50, RUNX-2, AB_2184247), sections were
incubated at 58°C for 1 hour and subsequently rehydrated and in-
cubated with 0.125% Proteinase K for 30 minutes. After a short
washing step with PBS, sections were permeabilized with 0.1%
Tween 20 for 4 minutes and treated with blocking solution for
1 hour. Incubation with primary antibodies followed overnight
in blocking solution at 4°C. After washing with PBS, a rabbit bio-
tinylated secondary antibody followed by the AB reagent and
NovaRED (Vector Laboratories, Burlingame, CA, http://vectorlabs.
com) was used for detection. For PCNA detection, a PCNA Staining
Kit (Thermo Fisher Scientific Life Sciences, Waltham, MA, http://
www.thermofisher.com) was used according to manufacturer’s pro-
tocols. Images were taken with an AxioImager M2 Imaging System
(Zeiss, Stuttgart, Germany, http://www.zeiss.com).

For immunohistochemical staining of platelet endothelial cell
adhesion molecule 1 (PECAM-1), vascular cell adhesion molecule
1 (VCAM-1) PCNA retrieval was performed by incubating rehy-
drated sections with 0.125% Proteinase K (Roche) in 10 mM Tris
(pH 6.8) for 10 minutes at 37°C. Sections were blocked (10% nor-
mal goat serum (Vector Laboratories) and permeabilized with
0.1% Triton X-100 (Sigma-Aldrich) in PBS for 1 hour. Next, incuba-
tionwithprimary antibody specific for PECAM-1 (rat,monoclonal;
catalog no. 553370, BDBiosciences, Heidelberg, Germany, http://
www.bdbiosciences.com; 1:400, PECAM, AB_394816), VCAM-1
(rabbit, Santa Cruz Biotechnology, sc-1504, 1:50, V-CAM1), and
PCNA (rabbit, Santa Cruz Biotechnology, sc-7907, 1:50, PCNA)
was carried out overnight at 4°C. After washing with PBS, sec-
ondary antibody (goat anti-rat conjugated with Alexa 594,
Thermo Fisher Scientific Life Sciences 1:1,000 dilution in PBS)
has been applied and incubated for 4 hours at room tempera-
ture. All sections were counterstained with 49,6-diamidino-2-
phenylindole (DAPI). Sections were subsequently mountedwith

Figure1. mASCsdb2/db2 showed increasedosteogenic differentiation as comparedwithmASCsWT. (A):Alkalinephosphatase (ALP) activity on7
days differentiatedmASCs from diabetic andWT animals in bothmedia (5.5 and 22mMglucose). mASCs from diabetic origin showed increased
activity. (B): Photometric measurement of ALP reaction. (C): Alizarin red staining of osteogenically differentiated mASCs in normoglycemic and
hyperglycemicmedium(5.5and22mMglucose) showed increasedmineralizationas comparedwithmASCsWT inbothmedia. (D):Quantification
of Alizarin red-positive pixels revealed highly significant increasedmineralization rates ofmASCsdb2/db2 in bothmedia compared withmASCsWT .
Results are shownasmeans6 SEM.p,p, .05;pp,p, .01;ppp,p, .001 (two-sample t test). Scale bars=10mm (A), 15mm (C). Abbreviations: a.u.,
arbitrary units; mASC, mouse adipose-derived stem cell; WT, wild type.
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Fluoromount Aqueous Mounting Medium (Sigma-Aldrich). Im-
ages for immunofluorescence were taken with a fluorescence
microscope (model IX83, Olympus, Tokyo, Japan, http://www.
olympus.co.jp).

Quantification of Bone Formation

Every sixth section was used to characterize bone formation with
aniline blue (Carl Roth, Karlsruhe, Germany, https://www.
carlroth.com) staining as previously described [31]. Images were
taken with a bright-field microscope (Zeiss Axiovert 100) and the
following settings with Axiovision 4.8: objective 32.5, exposure
time614ms, dimensions 3,90033,090 pixels (Px), scanned color.
Histomorphometric measurements of aniline blue-stained sec-
tions were performed in Adobe Photoshop (Adobe, San Jose,
CA, http://www.adobe.com) with modifications [32]. Briefly, a
2,000-3 2,000-Px dimensioned selection boxwasplaced to cover
the entire defect area. By using the AdobeMagicWand Tool (set-
tings: tolerance60%;noncontiguous), newosteoid formationwas
selected semiautomatically. Tonal separation in two steps and
deselecting existing cortical bone resulted inhighlightedpixels re-
liably corresponding to bone formation area.

Assessment of Blood Vessel Sprouting

PECAM-1-positive endothelial cells and blood vessels were histo-
morphometrically quantified in a predefined area of 4,000 3
4,000 Px. Pixel count was fully automated in Adobe Photoshop
by measuring PECAM-1-positive pixel, subtracting background
staining from control. This corresponded to the PECAM-1-
positive endothelial cells. Blood vessel sprouting was analyzed
on at least four stained slides per defect by two blinded indepen-
dent examiners.

Differentiation and Proliferation Analysis

Analogous to quantification of bone formation, a region of inter-
est was selected (2,000 3 2,000 Px). Immunohistochemically,
RUNX-2- and PCNA-positive stained pixels were automatically se-
lected by using the Adobe Magic Wand Tool (settings: tolerance
60%; noncontiguous).

The analysis of spatial proximity of RUNX-2, PCNA, and
PECAM staining (red) in relation to GFP-positive pixels (green)
was performedby setting a numerical relationship.Mergedpixels
(GFP-positive pixels and target-specific pixels [RUNX-2, PCNA,
and PECAM], yellow) were placed into proportion to target spe-
cific pixels (red) to calculate the ratio of autocrine cells versus
paracrine-stimulated cells.

Statistics

Results of the study are presented as mean 6 SEM of at least
three independent experiments. p values were calculated by Stu-
dent’s t test comparing two groups and analysis of variance if
comparing more than two groups. Statistical significances were
set at p, .05.

RESULTS

mASCsdb2/db2 Showed Increased Osteogenic Potential
as Compared with mASCsWT In Vitro

First, we analyzed the osteogenic potential of mASCsdb2/db2 and
mASCsWT in vitro (Fig. 1). In order to study an intermediate stage

of osteogenic differentiation, enzymatic alkaline phosphatase
(ALP) assaywas performedat 7days differentiation. Interestingly,
mASCsdb2/db2 showed a significantly increased ALP activity as
comparedwithmASCsWT in both normogylcemic and hyperglyce-
mic conditions. We next analyzed a late stage of osteogenesis by
performing Alizarin red staining to determine calcification of
extracellular matrix at day 28 of osteogenic differentiation
[17]. Histomorphometry revealed increased mineralization
of mASCsdb2/db2 in both hyperglycemic and normoglycemic
media, as compared with mASCsWT (Fig. 1).

mASCsdb2/db2 in Bony Defects

Next, we sought to evaluate the osteogenic potential of
mASCsdb2/db2 in vivo. In order to ensure proper colonization
of mASCsdb2/db2GFP+ at the injury site and validate the seeding
procedure, fluorescencemicroscopy pictures for enhanced green
fluorescent protein (EGFP) and DAPI were taken 7 days postoper-
ation (dpo) comparing diabetic defects seeded with transplanted
mASCsdb2/db2 with the control group (DMEM only). Indeed, im-
munofluorescence verified successful colonization of defects
treated with transplanted mASCsdb2/db2 (Fig. 2).

Figure 2. Successful colonization of mASCsdb2/db2GFP+ in diabetic
defects. Defects were colonized with isogenic GFP-positive (green)
mASCsdb2/db2 (1.53 105mASCsdb2/db2; right column). GFP-positive
cells indicate successful colonization (left column; comparison with
diabetic defectwithout treatment). Scale bar =20mm.Abbreviations:
DAPI, 49,6-diamidino-2-phenylindole; EGFP, enhanced green fluores-
cent protein; GFP, green fluorescent protein; mASC, mouse adipose-
derived stem cell.
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Angiogenesis Is Increased by Local Application ofmASCs

Angiogenesis is a crucial step in bone regeneration. In order to in-
vestigate the effects of mASCs on angiogenesis in diabetic bone
regeneration, immunohistochemical stainings for PECAM-1 were
performed. Immunohistochemistry revealed a significant in-
crease in endothelial cell count in diabetic bone regeneration af-
ter local application of isogenic (db2/db2 origin) and allogenic
(WT origin) mASCs compared with diabetic control animals
3 dpo. mASCsdb2/db2 treated diabetic mice showed similar
PECAM-1 levels as WT controls. We did not see significant im-
provement of angiogenesis in mASC-implanted WT mice com-
pared with WT control animals. These findings were confirmed
by immunohistochemistry for VCAM-1 (Fig. 3).

Local Application of mASCs Enhanced Osteogenic
Differentiation and Proliferation

To further evaluate the capability of mASCs to stimulate local
osteogenic differentiation and proliferation, immunohisto-
chemistry for PCNA (proliferation) and RUNX-2 (osteogenic differ-
entiation) was carried out at 3 dpo. Moreover, we performed
immunohistochemistry for osteocalcin, a latemarker for osteogen-
esis at 7 dpo. Our findings confirmed that, after local application
of mASCs, osteogenesis, proliferation, and terminal differentia-
tion were significantly enhanced in mASCdb2/db2-treated dia-
betic mice compared with diabetic control mice. This group

reached PCNA, RUNX-2, and osteocalcin levels similar to the
WTcontrol group. Local treatment of bony defectswithmASCsWT

in WT animals showed no significant increases of PCNA, RUNX-2,
or osteocalcin expression compared with WT control animals
(Fig. 4).

Osteogenesis Is Markedly Increased in Late Bone
Regeneration After Isogenic mASCdb2/db2

Transplantation

In order to analyzebone formation after applicationofmASCs,we
performed aniline blue staining to detect osteoid formation
7 dpo. Aniline blue staining revealed a significant increase of bone
regeneration in diabetic animals treated by local administration
of mASCsdb2/db2, mimicking physiological bone regeneration
in WT control mice (Fig. 5). We did not observe significant im-
provement of osteogenesis in WT animals transplanted with
mASCsdb2/db2 or mASCsWT.

Paracrine Effects Dominate Increases in Angiogenic and
OsteogenicDifferentiationMediatedbymASCsdb2/db2GFP+

We analyzed the spatial proximity of transplanted mASCsdb2/db2GFP+

and indicators of proliferation, angiogenesis, and osteogenic
differentiation to evaluate paracrine and cell-autonomous
effects. We performed immunofluorescence staining to esti-
mate functions of the transplanted mASCs. In all three groups,

Figure 3. IsogenicmASCsdb2/db2 andmASCWT increase angiogenesis in diabetic defects. (A):Blood vessels and endothelial cellswere detected
by immunofluorescence for PECAM-1 (3 dpo). db2/db2 control mice exhibited decreased angiogenesis compared with control WT mice (left
column), whereas defects treatedwithmASCsdb2/db2 (right column) showed a significant improvement in angiogenesis comparedwith control
animals without treatment (db-Ctrl). Although all mASC-transplantedmice exhibited improved angiogenesis, mASCsdb2/db2 did show the high-
est increase in angiogenesis. (B): Higher magnifications from A (white box). (C): Quantification of PECAM-1-positive pixels (arbitrary units)
revealed that angiogenesis is significantly increased in mASCs-treated defects compared with diabetic defects without treatment and rescued
to levels ofWTcontrolmice.mASCs transplanted intoWTmicehave showna further improvement toWT-control animals. (D):Blood vessels and
endothelial cells were detected by immunofluorescence for VCAM-1 (3 dpo). Results largely paralleled PECAM-1 staining. (E): Higher magni-
fications from (D) (white box). (F):Quantification of VCAM-1-positive pixels (arbitrary units) revealed that angiogenesis is significantly increased
in mASC-treated defects compared with diabetic defects without treatment and rescued to levels of WT mice. Results are shown as means6
SEM.pp,p, .01;ppp,p, .001 (two-sample t test). Scale bars=200mm (A,D), 20mm (B, E). Abbreviations: a.u., arbitrary units; Ctrl, control; dpo,
days postoperation; GFP, green fluorescent protein; mASC, mouse adipose-derived stem cell; PECAM-1, platelet endothelial cell adhesionmol-
ecule 1; VCAM-1, vascular cell adhesion molecule 1; WT, wild type.
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wedetected both cell-autonomous and paracrine effects, with a
ratio favoring paracrine effects in PECAM (1:2.8) and RUNX-2
(1:5.9) stainings. In contrast, both effects were accountable in
PCNA stainings (1:1.1) (Fig. 6).

DISCUSSION

In this study, we investigated the effects of isogenicmASCsdb2/db2

in type 2 diabetic bone regeneration andexplored their osteogenic
andangiogenicpotential.We coulddemonstrate that transplanted
mASCsdb2/db2 were capable of successful colonization inside the
bony defect. Moreover, our experiments revealed that local appli-
cation of mASCsdb2/db2 completely rescued bone regeneration in
diabeticdefectsaccompaniedbysignificantenhancementofangio-
genesis, proliferation (PCNA), osteogenic differentiation (RUNX-2),
and expression of osteocalcin.

Most diabetes-related bone studies are conducted in T1DM
animal models. Particularly with regard to angiogenesis, a
T2DM model associated with a metabolic syndrome is highly
demanded. In previous work, angiogenesis has been shown to
be reduced in T2DM bone regeneration, due to impaired recruit-
ment of endothelial progenitor cells and endothelial cell migra-
tion [15]. In our experiments, mASCsdb2/db2 were capable of
promoting angiogenesis in the bony defect zone in db2/db2mice
compared with the control group.

Besides angiogenesis, cell proliferation constitutes an inte-
gral part of fracture healing. PCNA, a protein synthesized during
cell replication, is upregulated in the bony defect zone of the
mASCdb2/db2 transplanted db2/db2mice. Combination of RUNX-2
and PCNA is indicative for differentiation of osteoprogeni-
tor cells [15]. Enhanced levels of RUNX-2 and PCNA are
consistent with increased osteocalcin level in mASCdb2/db2

Figure 4. mASCsdb2/db2 application enhances proliferation and differentiation in diabetic bony defects. (A): Immunohistochemistry for PCNA,
RUNX-2, and osteocalcin revealed enhancement of osteogenic and proliferative capacity in mASCsdb2/db2-treated diabetic animals compared
with control group (db2/db2). (B):Quantification of Nova Red-positive pixels showed that cell proliferation and differentiation are significantly
increased in diabetic animals treated with mASCsdb2/db2 compared with untreated animals. Application of mASCsWT into diabetic defects
showed no significant improvement in PCNA, RUNX-2, or osteocalcin expression. WT defects treated with mASCs showed no significant alter-
ation in PCNA, RUNX-2, or osteocalcin expression. Results are shown asmeans6 SEM. p,p, .05; pp, p, .01 (two-sample t test). Scale bar = 200
mm. Abbreviations: Ctrl, control; dpo, days postoperation; mASC, mouse adipose-derived stem cell; PCNA, proliferating cell nuclear antigen;
RUNX-2, Runt-related transcription factor 2; WT, wild type.
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transplanted db2/db2 mice and depicts improved bone
regeneration.

In diabetes, the puzzling situation of a pro-osteogenic hyper-
insulinemia with concurrent antiosteogenic hyperglycemia oc-
curs [33]. Experiments have shown that chronic hyperglycemia
decreases the osteogenic and angiogenic potential of osteopro-
genitors [34]. Similar results were obtained in another study, sug-
gesting the osmolar activity of glucose as a component of
impairedosteoblastmaturation [34]. Additionally, hyperglycemia
leads to a decreased expression of RUNX-2 and therefore

diminishes osteogenesis in favor of adipogenesis [35]. Taken to-
gether, antiosteogenic effects overweigh in the hyperglycemic
condition in vivo.

In contrast, it has been shown that the hyperglycemic condi-
tion elevates the proliferative and differentiative capacity of
adipocyte-derived stem cells in vitro [36]. We were able to show
increased mineralization and differentiation of mASCsdb2/db2

in vitro in both normoglycemic and hyperglycemic media as com-
pared with mASCsWT. However, it is difficult to reproduce the
complex interplay of all in vivo factors in an in vitro setting.

Figure 5. mASCsdb2/db2 increase bone regeneration in diabetic bony defects. (A): Aniline blue staining of db2/db2 control mice showed im-
paired new bone formation compared with WT control mice (left column), whereas diabetic defects treated with mASCsdb2/db2 showed im-
proved bone formation (right column) (7 dpo). Transplantation of mASCsdb2/db2 andmASCsWT intoWTmice did not improve bone formation.
(B): Extracted osteoid formation area. (C):Quantification of aniline blue-positive pixels revealed that bone formation is significantly increased in
mASC-treated diabetic defects compared with the control group db2/db2 and similar to bone formation of WTmice. mASC implantation into
WTmicedidnot show improvedbone regeneration. Results are shownasmeans6 SEM.Scalebar =200mm.p,p, .05;pp,p, .01;ppp,p, .001
(two-sample t test). Abbreviations: Cb, cortical bone; Ctrl, control; d, days postoperation; mASC, mouse adipose-derived stem cell; n.s., not
significant; WT, wild type.

Figure 6. Paracrine effects dominate increases in angiogenic and osteogenic differentiation mediated by mASCsdb2/db2GFP+ Immunofluores-
cence stainingswereperformed for PECAM,RUNX-2, andPCNA indiabeticmice transplantedwithmASCdb2/db2GFP+ and controls. EGFP-positive
areas indicate transplanted stem cells. Scale bar = 40mm. Abbreviations: DAPI, 49,6-diamidino-2-phenylindole; EGFP, enhanced green fluores-
cent protein; GFP, green fluorescent protein;mASC,mouse adipose-derived stem cell; PCNA, proliferating cell nuclear antigen; PECAM, platelet
endothelial cell adhesion molecule; RUNX-2, Runt-related transcription factor 2.
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Concluding, isolated chronic hyperglycemia of stem cells of dia-
betic origin enhances the osteogenic stem cell differentiation in
vitro [37], whereas diabetes-related compromised angiogenesis,
inflammatory environment, and chronic hyperglycemia reduce
osteogenic potential in vivo. In our current study, mASCsdb2/db2

surpass theosteogenicpotentialofmASCsWT inbothnormoglycemic
and hyperglycemic conditions in vitro. The chronically deviated
expression patterns of mASCsdb2/db2 in their original milieu
might cause their higher osteogenic potential in vitro, omitting
the compromising systemic adverse effects of diabetes in vivo
[2, 34, 36, 37].

Moreover, we wanted to address the question of whether
transplanted mASCsdb2/db2GFP+ elicit paracrine or cell-autonomous
effects. Our findings emphasize that mASCsdb2/db2GFP+ largely have
a paracrine and, to a lesser degree, cell-autonomous effect on dif-
ferentiation and angiogenesis congruent with previous studies
[17, 38]. The high proliferative activity of the mASCs implied
the largely cell-autonomous effect on proliferation.

The impact of diabetes mellitus on mASCs remains a topic of
current scientific discussion. BMP-4, a protein involved in the
maintenance of stem cells, is elevated in diabetes mellitus; con-
cordantly, the BMP-4 inhibitor matrix Gla protein is decreased
[39]. Multiple endothelial cell markers are increased in inguinal
fat pads of diabetic rats, indicating an amplified vascularity. Di-
abetic dedifferentiated fat cells exhibit an enhancement of both
endothelial and adipogenic lineage differentiation [39]. Our
findings in application of mASCsdb2/db2 from diabetic animals
resemble these findings, indicating that stem cell lineages from
diabetic animals have a higher osteogenic differentiation poten-
tial in vitro.

Given the relatively simple methods to lipoaspirate tissue
containing ASCs and differentiate the harvested cells into the
bone lineage in vivo, an established routine of aesthetic surgery
may bemodified [40, 41]. Today, aesthetic surgical practice is un-
selective transfer of lipoaspirates. The innovative therapeutic
concept would be a lipoaspiration of human fat tissue, purifica-
tion of ASCs, subsequent differentiation, and autotransplanta-
tion in diabetic patients with bony defects analogous to the
implementation in this study. Current obstacles are the poor os-
motic nutrition and the necessity of neovascularization of the

transferred cells, which might be addressed by supply of angio-
genic factors [42, 43].

CONCLUSION

In the current study, we have demonstrated that isogenic trans-
plantation ofmASCsdb2/db2 enhanced both osteogenesis and an-
giogenesis in diabetic bone regeneration. Proteins specific for
osteogenic and angiogenic activity as well as mineralization and
osteoid formationwere elevated in diabetic bone defects treated
with mASCsdb2/db2 and quantitatively reversed to physiological
bone healing inWT animals. This study can serve as a basis for fu-
ture translational studies performed in large animals and humans
to overcome the epidemiological and economical hurdles of dia-
betic bony injuries.
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