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Abstract
Aims/hypothesis Autologous progenitor cells represent a
promising option for regenerative cell-based therapies. Nev-
ertheless, it has been shown that ageing and cardiovascular
risk factors such as diabetes affect circulating endothelial and
bone marrow-derived progenitor cells, limiting their therapeutic
potential. However, their impact on other stem cell populations
remains unclear.We therefore investigated the effects of diabetes
on adipose-derived stem cells (ASCs) and whether these effects
might limit the therapeutic potential of autologous ASCs.
Methods A systems biology approach was used to analyse the
expression of genes related to stem cell identification in sub-
cutaneous adipose tissue (SAT), the stromal vascular fraction
and isolated ASCs from Zucker diabetic fatty rats and their
non-diabetic controls. An additional model of type 2 diabetes
without obesity was also investigated. Bioinformatic approaches
were used to investigate the biological significance of these
changes. In addition, functional studies on cell viability and
differentiation potential were performed.
Results Widespread downregulation of mesenchymal stem
cell markers was observed in SAT of diabetic rats. Gene
expression and in silico analysis revealed a significant effect

onmolecules involved in the maintenance of pluripotency and
self-renewal, and on the alteration of main signalling pathways
important for stem cell maintenance. The viability and differen-
tiation potential of ASCs from diabetic rats was impaired in
in vitro models and in in vivo angiogenesis.
Conclusions/interpretation The impact of type 2 diabetes on
ASCs might compromise the efficiency of spontaneous self-
repair and direct autologous stem cell therapy.
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Differentiation potential . Gene expression and in silico
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Abbreviations
ASCs Adipose-derived stem cells
ASCsChDMII ASCs from ChDMII rats
ASCsZDF ASCs from ZDF rats
ASCsZLC ASCs from ZLC rats
AU Arbitrary units
BMPCs Bone marrow-derived progenitor cells
ChDMII Chemically generated rat model of non-obese

type 2 diabetes
EC Endothelial cell
EPCs Endothelial progenitor cells
FGF Fibroblast growth factor
IPA Ingenuity Pathway Analysis
MSCs Mesenchymal stem cells
MTS 3-(4,5-Dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt (assay)

SAT Subcutaneous adipose tissue
SVF Stromal vascular fraction
ZDF Zucker diabetic fatty
ZLC Zucker lean normoglycaemic control
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Introduction

Cell therapy is a promising option for tissue engineering and
regenerative medicine. In recent years, numerous animal stud-
ies on cell therapy as a potential treatment for ischaemic
diseases have been conducted and shown promising results
[1, 2], in particular studies using bone marrow-derived pro-
genitor cells (BMPCs) [3, 4]. Nevertheless, the translation of
such therapies into clinical trials has generated controversy [5,
6]. It has been shown that ageing and cardiovascular risk
factors such as diabetes affect endothelial progenitor cells
(EPCs) and BMPCs, thereby limiting their therapeutic potential
[7–11]. However, the effect of the above risk factors on other
stem cell populations remains unclear.

Mesenchymal stem cells (MSCs) were first discovered as
clonogenic, adherent colony-forming fibroblastic cells that are
present in bonemarrow stroma [12]. The key characteristics of
MSCs include: adherence to plastic, extensive proliferative
capacity, expression of several common cell surface antigens
and the ability to differentiate into many lineage-specific cell
types [13, 14]. For many years, BMPCs were considered the
major source of stem cells for tissue engineering applications.
However, it is now known that MSCs reside in all organs and
tissues [15]. Due to their abundance and ease of collection,
stem cells isolated from adipose tissue (adipose-derived stem
cells [ASCs]) have in recent years generated rapidly growing
interest in their developmental plasticity and therapeutic
potential [16, 17]. Clinically relevant stem cell numbers
can be isolated from adipose tissue, as ASCs have higher
proliferation rates than BMPCs [18]. ASCs are an abundant
and practical source of donor tissue for autologous cell
replacement [19, 20].

Our aim therefore was to investigate the possible effects of
diabetes on ASCs and whether these effects might limit the
efficiency of autologous ASC transplantation in diabetic pa-
tients. Our investigations were performed using twomodels of
diabetes: (1) the Zucker diabetic fatty (ZDF) (Leprfa/fa) rat,
which is a genetic model of type 2 diabetes and obesity [21];
and (2) age-matched Zucker lean normoglycaemic control
(ZLC) (Leprfa/+/Lepr+/+) rats, a second model of biochemically
induced diabetes without obesity [22].

Methods

Animals

All procedures followed in the study fulfilled the criteria of the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication
number 85-23, revised 1996) and were approved by the Internal
Animal Committee Review Board.

Zucker diabetic fatty rats We purchased 7-week-old male
ZDF and ZLC rats from Charles River Laboratories
(L’Arbresle Cedex, France). Only ZDF rats had blood glucose
levels of >16.65 mmol/l from 11 weeks of age (electronic
supplementary material [ESM] Fig. 1).

Rat model of non-obese type 2 diabetes We used a chemically
generated rat model of non-obese type 2 diabetes (ChDMII)
based on ZLC rats, which were made diabetic by a combination
of nicotinamide (230 mg/kg, i.p.) injected 15 min before
streptozotocin (65 mg/kg, i.v.) [22].

Nude Balb/c mice We purchased 8-week-old nude Balb/c
mice from Janvier Laboratories (Le Genet-St-Isle, France)
and used them for in vivo angiogenesis assays.

A detailed description of the protocols is available in the
ESM (Methods, section 1.1).

Serum determinations

Blood was collected, centrifuged and stored at −80°C for
further analysis. Biochemical analyses were determined with
an analyser (CLIMA MC-15; RAL, Barcelona, Spain).

Isolation and culture of ASCs

Subcutaneous adipose tissue (SAT) was excised and
processed as detailed in the ESM (Methods, section 1.2) to
obtain ASCs.

Flow cytometry

Freshly collected stromal vascular fraction (SVF) and cultured
ASCs were characterised by flow cytometry. A detailed
description of the protocol and antibodies used is available
in the ESM (Methods, section 1.3).

ASC viability and detection of apoptosis in vitro

Cell viability was evaluated by using the colorimetric 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay (CellTiter
96 AQueous One Solution Cell Proliferation Assay; Promega,
Madison, WI, USA). Apoptotic cells were detected using an in
situ apoptosis detection kit (ApopTagRed; Chemicon, Temecula,
CA, USA) and an annexin V-FITC apoptosis detection kit (BD
Biosciences, San Diego, CA, USA). The protocols are described
in detail in the ESM (Methods, sections 1.4 and 1.5).

Gene expression and in silico analysis

Total RNAwas isolated from SAT and ASCs using kits (SAT:
RNeasy lipid tissue kit, ASCs: RNeasy mini isolation kit, both
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from Qiagen, Valencia, CA, USA) according to the manufac-
turer’s instructions. cDNA was synthesised from 1 μg total
RNA using a high-capacity cDNA archive kit (Applied
Biosystems, Foster City, CA, USA) and analysed by real-time
PCR using the Prism 7900HT Sequence Detection System
(Applied Biosystems) according to the manufacturer’s instruc-
tions. mRNA expression in ASCs and SAT was normalised
against the average expression of two reference genes, Rplp0
and Rpl13a , the stability of whose expression was validated
using geNorm version 3.5 software (http://medgen.ugent.be/
genorm). The respective cycle threshold (Ct) values in ZLC
were 20.12 and 24.5 for SAT, and 17.59 and 18.4 for ASCs.
The mean expression of reference genes differed between ZLC
and ZDF rats by factors of 1.04 and 1.26 in ASCs and SAT,
respectively. mRNA expression in ASCs after adipogenic,
osteogenic and endothelial differentiation was normalised
against the expression of the reference gene Rplp0 , which
differed in cells of ZLC and ZDF rats by factors of 0.65, 0.72
and 1.0, respectively. TaqMan gene expression assays and
sequences of the primers used are provided in ESM Table 1.

Gene expression in the SVF was analysed by a specific
array (Rat Stem Cell PCR; SA Biosciences, Frederick, MD,
USA), using pooled material due to the limited number of
samples. The contribution of each sample was equal. A de-
tailed description of the protocols is available in the ESM
(Methods, section 1.6).

The Ingenuity Pathway Analysis (IPA) software package
(Ingenuity Systems, www.ingenuity.com) was used to gain
insight into biological functions and pathways represented by
the differentially expressed transcripts in each group.

In vitro ASC differentiation

Adipogenic, osteogenic and endothelial cell (EC) differentia-
tion assays were performed using specific differentiation
media. Detailed protocols can be found in the ESM (Methods,
section 1.7).

Angiogenesis assay in vivo

Nude mice (8 weeks old) were injected subcutaneously with
4×106 undifferentiated ASCs diluted in 400 μl cold, growth
factor-reduced Matrigel (BD Biosciences). As a control,
Matrigel without cells was also injected. After 7 days, mice
were killed and Matrigel plugs were removed, photographed
and processed for histological analysis or haemoglobin
assessment. For detailed methods, see ESM (Methods sections
1.8 and 1.9).

Statistical analyses

Results are expressed as mean ± SEM. Student’s t test or
one-way ANOVA followed by Bonferroni’s post hoc test

were used for statistical analysis using a software package
(GraphPad, La Jolla, CA, USA). A value of p <0.05 was
considered significant.

IPA software uses right-tailed Fisher’s exact test to calcu-
late the p value, thus determining the probability that biolog-
ical functions are affected. The regulation z score algorithm is
used to make predictions on whether functions should in-
crease or decrease given the observed gene expression
changes. The z score algorithm is designed to reduce the
chance that random data will generate significant predictions.
An absolute z score of ≥2 is considered significant.

Results

Metabolic profile

Metabolic profiles of ZDF and ZLC rats are detailed in ESM
Table 2. ZLC rats had normal blood glucose levels (5.13±
0.11 mmol/l), whereas those of ZDF rats were significantly
higher (21.80±0.64 mmol/l, p <0.0001 vs controls), clearly
reflecting their diabetic status (ESM Fig. 1). Significantly
increased levels of total cholesterol, triacylglycerol, urea and
glutamic pyruvic transaminase were also observed in ZDF
compared with ZLC rats.

Primary culture of ASCs increases specific stem cell markers

Results revealed the presence of low numbers of stem cells in
the SVF. After in vitro culture (passage 3), most adherent cells
expressed CD29 (over 95%), CD90 (over 94%) and CD44
(44–60%), and were negative for the haematopoietic marker
CD45 (0.2%). No differences between groups were observed
(ESM Table 3).

ASCs from ZDF rats exhibit loss of viability

Loss of viability was observed during in vitro culture of ASCs
from ZDF rats (ASCsZDF). Flow cytometric analysis revealed
a significant decrease in the percentage of live ASCsZDF cells
compared with ASCs from ZLC rats (ASCsZLC) (ESM
Fig. 2a). To confirm our observations, the viability of ASCs
was measured. The MTS assay showed that the number of
viable cells in ASCsZDF cultures was significantly lower than
in ASCsZLC cultures (ESM Fig. 2b). To determine whether
this difference was due to an increased incidence of cell death,
apoptosis assays were performed. A significantly increased
percentage of apoptotic cells was detected in ASCsZDF cul-
tures compared with ASCsZLC (ESM Fig. 2c). The Annexin
V-FITC apoptosis detection kit also showed an increase in
apoptotic cells (ESM Fig. 2d).
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The expression of genes that define stemness is significantly
decreased in ASCsZDF

Considering the possible effects of diabetes on ASC charac-
teristics, we investigated the expression of genes related to
stem cell identification, maintenance and growth. To confirm
the effects on ASC content and that the differences observed
between ASCs were due to the effects of diabetes and not
induced by culture conditions, we analysed the gene expres-
sion profiles of SAT and the SVF. Most of the genes analysed
were downregulated in diabetic animals.

Gene expression analysis of ASCs for MSC markers
(Cd29 [also known as Itgb1 ], Cd44 , Cd73 [also known as
Nt5e], Cd90 [also known as Thy1], Cd105 [also known as
Eng ], Cd166 [also known as Alcam ] and collagen type α1
[Col1a1]) revealed no significant differences between both
groups, although, interestingly, ASCsZDF had widespread de-
creased expression of these markers (Fig. 1). The analysis
performed on tissue revealed that diabetes was associated with
an overall downregulation ofMSC-specific markers. Statistically
significant reductions were found for Cd44 , Cd90 , Cd105 ,
Cd166 and Col1a1 (Fig. 2).

The expression of genes that define stemness markers was
severely perturbed in diabetic SAT, just as in the derived
ASCs, highlighting the decreased expression of Pou5f1 .
Other genes involved in maintaining pluripotency and self-
renewal showed significantly reduced expression in diabetic
samples, e.g. Fgf4 and Podxl in ASCs (Fig. 1), and Dnmt3b ,
Fgf2 , Sox2 , Tert and Podxl in SAT (Fig. 2). Moreover,
changes in genes encoding molecules related to signalling
pathways important for stem cell maintenance (Notch, Wnt
and Hedgehog pathways) and linked to cellular movement
(Cxcl12 and Cxcr4 ) were observed. These changes reached
significance for Dll1 and Notch2 in ASCs (Fig. 1), and for
Notch1 , Notch2 and Cxcl12 in tissue (Fig. 2).

SVF gene expression analysis showed the same pattern.
We observed a widespread downregulation of stem cell
markers in this compartment (ESM Fig. 3), again suggesting
that the pluripotent capacity was attenuated.

In silico analysis shows the impact of diabetes on pluripotency,
self-renewal and the differentiation potential of ASCs

To identify molecular pathways and functional assignments
that differ between the two groups, thus allowing a biological
interpretation of these differences, the lists of genes were
uploaded into the IPA software. IPA highlighted the implica-
tion of downregulation of these genes in cell cycle progres-
sion, cellular growth and proliferation, cellular movement,
and cardiovascular system development and function. The
analysis made it possible to detect related genes, and subse-
quently analysed and confirmed that genes involved in the
maintenance of pluripotency and self-renewal pathways were

downregulated in diabetic samples (Tables 1 and 2, ESM
Fig. 4).

In agreement with our functional observations in cell via-
bility assays, IPA predicted a decrease of proliferation-related
(p =2.22×10−11, z score −2.232) and an increase of apoptosis-
related (p =9.56×10−9, z score 2.718) gene expression in
ASCsZDF compared with ASCsZLC.

Changes to the in vitro differentiation potential of ASCsZDF

Adipogenic differentiation Morphological changes associated
with adipogenesis were faster and higher in ASCsZDF, as also
evidenced by a marked increase in Herxheimer staining
(Fig. 3a). The microscopic observations were confirmed by
expression levels of adipogenic markers (Fig. 3b). Both cell
types were able to differentiate into adipocytes, showing
significant increases in expression of the adipocyte markers
Lpl , Fabp4 , Cd36 and Pparg . However, differentiated
ASCsZDF had higher expression of Lpl (p =0.0012), Fabp4
(p =0.0405), Cd36 (p =0.0201) and Pparg (p =NS) than dif-
ferentiated ASCsZLC. This pattern of expression showed that
the adipogenic differentiation potential of ASCsZDF was
higher than that of ASCsZLC.
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Fig. 1 Gene expression profile of cultured ASCs after three passages.
The presence of stem cell-specific markers in subcutaneous ASCs was
analysed by real-time PCR. Each data point is presented as the ratio of
ASCsZDF:ASCsZLC; n =5–6 per group, in technical duplicates; *p <0.05
and **p<0.01 for ASCsZDF vs ASCsZLC
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Osteogenic differentiation Real-time PCR analysis of lineage-
specific genes indicated differences in osteogenic differentiation
between ASCsZDF and ASCsZDF. Both cell types were able to
differentiate (Fig. 4a, b), showing significantly increased expres-
sion of genes encoding the osteogenic markers osteopontin
(Spp1), alkaline phosphatase l (Alpl) and osteocalcin (Bglap)
(Fig. 4b). Thus, in contrast to adipogenic differentiation,
ASCsZDF had reduced osteogenic potential.

Endothelial cell differentiation To investigate whether diabe-
tes affects EC differentiation potential, we measured the
expression of specific markers in ASCs and capillary-like tube
formation in Matrigel. ASCsZLC and ASCsZDF showed in-
creased expression of Pecam1 after differentiation (ASCsZLC

p <0.0001, ASCsZDF p =0.0109), whereas the expression of
Cd105 only increased significantly in ASCsZLC (Fig. 5a).
Although both differentiated ASC groups were able to devel-
op capillary-like networks (Fig. 5b), the ability of ASCsZDF

was significantly impaired compared with that of ASCsZLC

(Fig. 5c). To study in-depth the angiogenic potential of ASCs,
we measured the expression of genes encoding the anti-
angiogenic factors endostatin (Col18a1), thrombospondin-1
(Thbs1 ) and serpin peptidase inhibitor, clade E (Serpine1)
(ESM Fig. 5a). Interestingly, ASCsZDF had significantly
higher expression levels of endostatin (p =0.0311) and a
non-significant increase in expression of Thbs1 and Serpine1 .

On the other hand, when ASCs were differentiated the expres-
sion of anti-angiogenic factors tended to decrease, reaching
significance for Serpine1 in both types of cells (ESM Fig. 5b).

Angiogenesis in vivo

Macroscopic observations of the retrieved plugs at day 7 post-
implant showed angiogenesis in both types of ASC (Fig. 6a).
However, haemoglobin quantification (Fig. 6b) and histological
examination (Fig. 6c) revealed that the ability to stimulate
microvessel growthwas impaired inASCsZDF. The haemoglobin
content was only significantly increased in the ASCsZLC plugs
with respect to control plugs (without ASCs) (p=0.0239). A
higher level of von Willebrand factor was also evident in the
plugs containing ASCsZLC.

Impaired function in ASCsZDF is not due to leptin receptor
deficiency

ASCs fromChDMII rats (ASCsChDMII) were also investigated
to distinguish between the impact of diabetes and that of leptin
receptor deficiency on ASCs. Gene expression profiles for
ASCsChDMII and ASCsZDF were similar. Only the expression
of Cd166 differed significantly between ASCsChDMII and
ASCsZDF. The expression of Fgf2 and Pou5f1 was more
significantly affected inASCsChDMII than inASCsZDF compared
with controls (ESM Fig. 6).

In vitro differentiation assays confirmed that the differen-
tiation potential in ASCsChDMII and ASCsZDF was equal. No
significant differences in differentiation markers were ob-
served between ASCsChDMII and ASCsZDF (Fig. 7). As with
ASCsZDF, the adipogenic potential of ASCsChDMII was higher
than that of ASCsZLC, showing significantly higher expression
of the adipocyte markers Lpl , Fabp4 and Cd36 ; in contrast,
osteogenic and EC differentiation capacity was reduced. Differ-
entiated ASCsChDMII only showed a significant increase in
expression of the osteogenic marker Spp1 , but this increase
was significantly lower than in differentiated ASCsZLC. No
significant increase of EC markers was observed in differenti-
ated ASCsChDMII. Differentiated ASCsChDMII were able to de-
velop capillary-like networks of similar length to ASCsZDF

(ASCsChDMII 2802±636 arbitrary units [AU]; ASCsZDF

3104±580 AU), but these were significantly smaller than in
ASCsZLC (5507±637 AU, p =0.0310).

Discussion

Autologous progenitor cells represent a novel treatment op-
tion for ischaemic complications requiring therapeutic
revascularisation and vascular repair. One of the main groups
of patients who could benefit from cellular therapy is patients
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Fig. 2 Gene expression analysis of SAT. The presence of stem cell-
specific markers in SATwas analysed by real-time PCR. Each data point
is presented as the ratio of ZDF:ZLC; n =5–6 per group, in technical
duplicates; *p<0.05, **p <0.01 and ***p <0.001 for ZDF vs ZLC
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with diabetic complications, yet broadly dysfunctional cells
may limit the feasibility of this approach. As many of these
cells are being considered for clinical therapies, it is essential
to validate the identity and potency of these cells.

The link between diabetes and impaired properties of EPCs
and BMPCs is well established [7–10]. However, the impact
of diabetes on other types of stem cell remains unclear. In this
study, we analysed the effect of the presence of diabetes on
ASCs. We compared ASCs from a rat model of diabetes and
from age-matched non-diabetic rats, analysing their gene

expression profiles, in vitro viability and differentiation po-
tential. To confirm that the differences observed between both
groups of ASCs were due to the effects of diabetes and rule
out the possibility that changes were induced by in vitro
culture and clonal expansion, we analysed the differences
between animals in gene expression profiles of SAT and the
SVF. As in any gene expression study, the selection of a valid
endogenous control is critical to avoid misinterpretation of
results. Thus, the suitability of endogenous control genes
was evaluated in all experimental groups under comparison,

Table 1 Principal functions affected by diabetes

Biological functions

Category Function p value Top molecules associated

Cellular growth and proliferation Proliferation of cells 2.22×10−11 CD44, COL1A1, CXCL12, DLL1, DNMT3B, CD105,
FGF2, FGF4, NOTCH1, NOTCH2, POU5F1, SOX2,
TERT

Cellular growth and proliferation Growth of cells 1.45×10−9 CD44, CXCL12, DLL1, DNMT3B, CD105, FGF2,
FGF4, NOTCH1, NOTCH2, POU5F1, SOX2, TERT

Cell cycle Cell cycle progression 1.12×10−8 CD44, COL1A1, CXCL12, FGF2, NOTCH1,
NOTCH2, POU5F1, SOX2, TERT

Cell cycle Arrest in cell cycle progression 4.13×10−7 COL1A1, NOTCH1, NOTCH2, POU5F1, SOX2

Cell death Apoptosis 9.56×10−9 CD44, CXCL12, DLL1, DNMT3B, FGF2, NOTCH1,
NOTCH2, POU5F1, TERT

Cell morphology Tubulation of cells 1.52×10−9 CD166, CXCL12, FGF2

Cellular movement Transmigration of cells 4.09×10−8 CD44, CXCL12, CD90

Cellular movement Migration of cells 2.33×10−7 CD166, CD44, COL1A1, CXCL12, DNMT3B, CD105,
FGF2, PODXL, CD90

Cellular movement Chemotaxis of endothelial cells 1.82×10−6 CXCL12, FGF2,

Cellular movement Mobilisation of stem cells 6.11×10−6 CXCL12

Cell-to-cell signalling and interaction Binding of cells 1.87×10−7 CD44, CD166, CXCL12, FGF2, NOTCH1

Cellular development Differentiation of cells 3.59×10−9 CXCL12, DLL1, CD105, FGF2, FGF4, NOTCH1,
POU5F1, SOX2, TERT

Cellular development Differentiation of endothelial cells 1.33×10−4 FGF2, NOTCH1

Cellular development Endothelial cell development 6.82×10−7 CD44, CD105, FGF2, NOTCH1

Tissue development Tissue development 5.06×10−8 CD44, COL1A1, CXCL12, DLL1, CD105, FGF2,
NOTCH1

Tissue development Osteogenesis 2.92×10−3 CD44, COL1A1, CXCL12, DLL1, CD105, FGF2,
NOTCH1

Cardiovascular system development
and function

Development of blood vessel 5.37×10−13 CD166, CD44, COL1A1, CXCL12, CD105, FGF2,
NOTCH1, TERT

Cardiovascular system development
and function

Vasculogenesis 4.58×10−12 CD166, CD44, CXCL12, CD105, FGF2, NOTCH1,
TERT

Cardiovascular system development
and function

Angiogenesis 2.14×10−7 CD166, CXCL12, CD105, FGF2, TERT

Gene expression data were visualised in the context of biological function using IPA software (Ingenuity System, www.ingenuity.com). The table shows
the principal functions of the 70 biological functions significantly associated with the molecules analysed. The function analysis of IPAwas generated on
the basis of all currently available published data

p values are from Fisher’s exact test right-tailed

Protein abbreviations: COL1A1, collagen type α1; CXCL12, chemokine (C-X-C motif) ligand 12; DLL1, delta-like 1; DNMT3B, DNA (cytosine-5-)-
methyltransferase 3β; PODXL, podocalyxin-like protein 1; POU5F1, POU domain class 5 transcription factor 1; SOX2, SRY (sex-determining region Y)
box 2; TERT, telomerase reverse transcriptase
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confirming that the reference genes did not show a systematic
bias that was causally related to the inherent diabetic pheno-
type. The Ct of endogenous genes showed no systematic
variation in the ZDF compared with the ZLC group; in all

cases, moreover, the small variability that we did observe
(ΔCt<0.5) was the common variability associated with the
procedure [23].

ASCsZDF cultures showed a significant worsening in the
course of time. To confirm our observations, viability and
apoptosis assays were performed, showing impaired viability
in ASCsZDF compared with ASCZLC. Previous studies had
shown increased apoptotic activity of MSCs after exposure
in vitro to added high glucose concentrations [24].

In agreement with several studies [15, 18, 19], ASCs were
positive for the MSC marker genes Cd29 , Cd44 , Cd73 ,
Cd90 , Cd105 , Cd166 and Col1a1 . Interestingly, although
gene expression analysis failed to reveal significant differences
between the two groups, ASCsZDF had decreased expression for
these surface markers. The analysis performed for genes related
to stem cell identification in SAT and the SVF revealed overall
downregulation, possibly indicating that diabetes reduces the
stem cell reservoir in SAT.

IPA enables gene expression data to be displayed in a
systems biology context, showing a significant effect on sig-
nalling pathways important for stem cell maintenance. Results
revealed a clear effect of diabetes on molecules involved in
maintenance of pluripotency and self-renewal, highlighting
the significant decreased expression of Pou5f1 , which en-
codes an essential factor for maintenance of the pluripotent
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Fig. 3 Adipogenic differentiation of ASCsZDF and ASCsZLC. ASCs
isolated from ZDF rats showed greater adipogenesis than those from
ZLC rats. (a) The evolution of morphological changes using a bright-
field microscope (magnification ×20). Differentiation potency was eval-
uated byHerxheimer staining and (b) by lineage-specific gene expression
patterns determined by real-time PCR using specific markers (Lpl ,
Fabp4 , Cd36 and Pparg). White bars, undifferentiated ASCsZLC; dark
grey bars, undifferentiated ASCsZDF; light grey bars, differentiated
ASCsZLC; black bars, differentiated ASCsZDF. Each data point (b) is
presented as gene expression relative to the reference gene. The results
are means ± SEM; n =5–6 per group, in technical duplicates; *p <0.05
and **p <0.01 for ASCsZDF vs ASCsZLC; †p <0.05, ††p <0.01 and
†††p <0.001 for differentiated vs undifferentiated cells

Table 2 Top modified canonical pathways in ZDF compared with ZLC
rats

Top canonical pathways

Pathway p value

Notch signalling 1.76×10−9

Human embryonic stem cell pluripotency 1.06×10−6

Leucocyte extravasation signalling 6.16×10−6

Role of Oct4 in mammalian embryonic
stem cell pluripotency

3.71×10−5

Wnt–β-catenin signalling 9.22×10−5

FGF signalling 6.61×10−3

Gene expression data were visualised in the context of biological function
using IPA software (Ingenuity System, www.ingenuity.com). The table
shows the top canonical pathways affected by diabetes; 26 pathwayswere
significantly mapped. The pathway analysis of IPAwas generated on the
basis of all currently available published data
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Fig. 4 Osteogenic differentiation of ASCsZDF and ASCsZLC. (a) Differ-
entiation potency was evaluated by Alizarin red staining and (b) by
lineage-specific gene expression patterns determined by real-time PCR
using specific markers (Spp1 , Alpl and Bglap). White bars, undifferen-
tiated ASCsZLC; dark grey bars, undifferentiated ASCsZDF; light grey
bars, differentiated ASCsZLC; black bars, differentiated ASCsZDF. Each
data point (b) is presented as gene expression relative to the reference
gene. The results are means ± SEM; n =5–6 per group, in technical
duplicates; **p <0.01 for ASCsZDF vs ASCsZLC; †p <0.05 and
†††p <0.001 for differentiated vs undifferentiated cells
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state and for self-renewal in stem cells [25]. This transcription
factor is not only required to maintain pluripotency in the
developing embryo [26], but is also, as shown by several
studies, associated with the undifferentiated pluripotent state
of stem cell populations derived from adult tissues, as well as
playing a role as reprogramming factor to induce pluripotent
stem cells [27, 28].

Of the 26 pathways significantly mapped, Notch signalling
was the top canonical pathway affected by diabetes. Notch
signalling is implicated in the maintenance of self-renewal
potential in stem cells [29]; its activation in stem cells leads
to the maintenance of self-renewal potential through down-
regulation of tissue-specific transcription factors, while its
inhibition induced terminal differentiation [30]. Notch was
shown to play a role in adipocyte differentiation from MSCs
[30–33]. However, conflicting findings have been reported
concerning its role. It has been argued that Notch is dispens-
able in adipocyte differentiation [30]; but other evidence
shows that inhibition of Notch signalling or its target genes
can inhibit adipocyte differentiation [31] or, in contrast, that
Notch inhibition enhances adipogenesis [32, 33]. Here, we
show an obvious inhibition of Notch signalling in ASCsZDF,
which in agreement with the results of Huang et al [33] and
Ugarte et al [32], would explain the overexpression of Pparg
in undifferentiated ASCsZDF and their higher adipogenic
differentiation potential.

Our analysis also disclosed an effect on the Wnt–β-catenin
signalling pathway. Wnt signalling maintains pre-adipocytes
in an undifferentiated state through inhibition of the pro-
adipogenic transcription factors CCAAT- enhancer binding
protein α and peroxisome proliferator-activated receptor γ
[34]. Therefore, the higher expression of Pparg in undiffer-
entiated ASCsZDF may be a result of the reduced Wnt (also
known asWnt2) expression, again indicating a greater predis-
position to adipogenic differentiation in ASCsZDF.

Beside the Notch and Wnt pathways, the fate of MSCs is
also determined by fibroblast growth factor (FGF) signalling
[35]. Gene expression analysis also revealed an effect of
diabetes on the FGF pathway, which has been implicated in
cell survival, proliferation, pluripotency and the lineage deter-
mination of stem cells [36, 37]. FGF2 supports the osteogenic
and chondrogenic differentiation potential of MSCs and a
marked increase in adipocytes has been observed in BMSC
cultures fromFgf2−/− animals [37]. The effect on FGF signalling
might have contributed to the differences in adipogenic and
osteogenic differentiation observed between ASCsZDF

and ASCsZLC.
It has been reported that advanced glycation end-products

interfere with in vitro differentiation ofMSCs into adipogenic,
chondrogenic and osteogenic lineages [38]. Pre-adipocytes of
type 2 diabetes participants have shown decreased adipogenic
differentiation capacity [39] and a high glucose concentration
is a potent inhibitor of BMPC differentiation into osteoblastic
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ated ASCsZDF. (c) Quantification of total length of the tubes formed by
differentiated ASCs. (a, c) The data are means ± SEM; n=5–6 per group,
(a) in technical duplicates; *p <0.05 for ASCsZDF vs ASCsZLC; †p <0.05
and †††p<0.001 for differentiated vs undifferentiated cells

Diabetologia (2014) 57:246–256 253



lineages [40]. In agreement with these studies, we observed
impaired osteogenic differentiation of ASCsZDF. However, we
found that the adipogenic differentiation potential of ASCsZDF

was higher than that of ASCsZLC. Aguiari et al show that
glucose-enriched medium induces the adipogenic differentia-
tion of stem cells [41]. We propose that the effect of diabetes
on Notch, Wnt and FGF signalling is the cause of ASCsZDF

commitment to the adipogenic lineage compared with
ASCsZLC. Therefore, the effects of type 2 diabetes in major
signalling pathways implicated in the maintenance of the
undifferentiated state might compromise the plasticity and
self-renewal of ASCs and, consequently, the strategies for
tissue regeneration in diabetic patients. Further studies will
be required to confirm the involvement of these signalling
pathways in the commitment of ASCsZDF to an adipogenic
lineage.

To test whether diabetes affects the EC differentiation
potential of ASCs, we induced their differentiation towards
ECs. Although both differentiated ASC groups were able to
develop capillary-like networks, the ability of ASCsZDF was
significantly impaired. We also performed in vivo plug angio-
genesis assays to study the ability of ASCs to form new
vessels. Consistent with their in vitro EC differentiation ca-
pacity, ASCsZDF had an impaired ability to stimulate the
formation of an extended network of microvessels in the
implanted plug. Several studies have shown a role of the
Notch and Wnt pathways in angiogenesis [42–44]. Notch
signalling is required for angiogenesis in ischaemia models,
and Dll1 , the expression of which was lower in ASCsZDF, is
essential for postnatal angiogenesis [45], while jagged-1

(Jag1), which we also found downregulated, enhances angio-
genesis [46]. Recent reports have underlined the important
role of the Wnt system in vascular morphogenesis and in
organ-specific EC differentiation [47]. It has also been report-
ed that anti-angiogenic factors, such as collagen, type XVIII,
alpha 1, inhibit Wnt signalling activity [48]. Our results for
gene expression analysis revealed a significant increase in
expression of Col18a1 in ASCsZDF. Therefore, the inhibition
of signalling, with the increase in anti-angiogenic factors,
might be responsible for the impaired capacity of ASCsZDF

to develop newly formed microvessels.
Finally, because leptin is involved in regulating MSC dif-

ferentiation [49, 50], we investigated another model of diabe-
tes in addition to the ZDF leptin receptor-deficient model. Its
gene expression profile, as well as differentiation potential,
showed a similar pattern to ASCsZDF and ASCsChDMII.
Therefore, we can conclude that the impaired differentiation
potential observed in ASCsZDF is independent of leptin
receptor deficiency.

In summary, this is to our knowledge the first report to
analyse the effect of diabetes on molecules involved in the
maintenance of pluripotency and self-renewal of ASCs. Our
results indicate that the effects of diabetes on main signalling
pathways implicated in the maintenance of an undifferentiated
state are the cause of the greater ASCsZDF commitment to an
adipogenic lineage, compared with ASCsZLC, and that this
leads to a gradual depletion of the ASC pool.

For the first time, we demonstrate that the EC differentia-
tion potential and the ability of ASCsZDF to develop capillary-
like networks in vitro and in vivo are significantly impaired
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Fig. 7 Differentiation potential of ASCs from ChDMII rats. To evaluate
the differentiation potential of ASCs from ChDMII rats, cells were
induced to differentiate into adipocytes (a , d), osteoblasts (b , e) and
ECs (c , f). White bars, undifferentiated ASCsChDMII; black bars, differ-
entiatedASCsChDMII. The acquisition of a lineage-specific phenotype was
evaluated by real-time PCR. Each data point is presented as gene

expression levels relative to the reference gene. The results (a–c) are
means ± SEM; n =4 per group, in technical duplicates. No significant
differences were observed between ASCsChDMII and ASCsZDF. *p <0.05
and ***p <0.001 for differentiated ASCsChDMII vs differentiated
ASCsZLC; †p <0.05, ††p <0.01 and †††p <0.001 for differentiated
ASCsChDMII vs undifferentiated ASCsChDMII
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compared with ASCsZLC. Functional results, as well as gene
expression and subsequent in silico analysis show that the
benefits of using ASCs derived from diabetic patients might
be limited in angiogenic therapies. Collectively, our data also
help to explain the reduced spontaneous self-repair of hypoxic
and ischaemic damage in diabetic patients.
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