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ABSTRACT 

Background: Adipose tissue-derived stem cells (ASC) possess the ability to differentiate into adipocytes or endothelial 
cells to help in the adipogenesis, vasculogenesis and vascular repair. This study aims at determining the impact of high- 
fat diets (HFD)-induced type 2 diabetes (T2D) on the differentiation potential of ASC. Results: C57BL/6J male mice 
were fed a vegetal (VD) or an animal (AD) HFD. Isolation of ACS from mice showing different levels of metabolic 
alterations reveals that advanced T2D did not affect the number of cells per gram of tissue. Rather, a higher proportion 
of inflammatory CD36+ cells was identified in HFD fed mice. Despite a marked decreased expression of adipogenic 
genes (aP2, C/EBPα and PPARγ2), ASC from HFD groups had a higher adipogenic potential and a lower endothelial 
differentiation potential in vitro compared to control. ASC from the VD group had enhanced cyclin B1 expression and 
had more adipogenic potential compared to AD group. Conclusion: Our results demonstrate that the metabolic modifi- 
cations, linked to the nature of fatty acids in diets, modulate the differentiation potential of ASC with increased adipo- 
genesis to the detriment of the endothelial pathway. Results highlight the importance of evaluating the ASC differentia- 
tion behavior in a context of autologous cell-based therapy for the repair of vascular tissues in diabetic patients. 
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Vascular Cellular Therapy 

1. Introduction 

Adipose tissue is an energy storage organ that has an en- 
docrine role secreting a variety of bioactive hormones 
called adipokines [1]. It is also a niche for a large panel 
of multipotent Adipose tissue-derived Stem Cells (ASC) 
contributing to its roles as an energy storage and endo- 
crine tissue. The commitments of ACS give rise to vari- 
ous cell types (myoblasts, osteoblasts, chondroblasts or 
adipoblasts) depending on the appropriate stimuli [2,3]. 
Among others, these cells will develop into preadipo- 

cytes and endothelial cells [4-7]. While preadipocytes 
giving birth to mature adipocytes helping the expansion 
and the development of adipose tissue, endothelial cells 
play an essential role in vascularization of expanded fat 
pad and the renewal of damaged vessels. Thus, adipose 
tissue constitutes an important niche of stem cells help- 
ing in the cell turnover and tissues repair in the whole 
body. 

The unbalance between the energy storage and energy 
expenditure conduct to an increased adipose tissues mass 
leading to obesity-linked type 2 diabetes (T2D) [8,9]. 
Defined by adipocyte hyperplasia and hypertrophy, obe- 
sity leads to the establishment of a cellular “dysfunc- 
tional” state in adipocytes and an altered adipokines se- 
cretion profile [10,11]. 
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In this study, we hypothesize that excess in energy 
supply through high-fat diets (HFD) alter the differentia- 
tion potential of ASC favoring adipocytes over the endo- 
thelial pathway. This will alter the vascular renewal po-  
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tential of ASC to the detriment of adipose tissue expan- 
sion needed to store energy excess. Thus, significant pro- 
gress has been made in our understanding of the relation 
between HFD feeding and adipose tissue dysfunction. 
Nevertheless, experimental evidence for HFD impact on 
ASC segregation remains to be elucidated. Therefore, we 
propose a possible role for HFD-linked metabolic altera- 
tions on the ASC differentiating potential. Herein, we 
evaluated the impact of HFD on the unbalance between 
the endothelial versus the adipocytes differentiating po- 
tential of ASC. 

2. Materials and Methods 

2.1. Experimental Protocol 

The animal protocol was approved by the Animal Care 
and Use Committee of the Montreal Heart Institute con- 
forming to the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health 
(NIH Publication No. 85-23, revised 1996). Three groups 
of 10 C57BL/6J male mice (Jackson Laboratory, Bar 
Harbor, MN, USA) were included in this study at 5 
weeks of age. Each group was fed either standard diet 
(SD) used as control (6% fat, 57% sucrose) or one of the 
two low cholesterol HFD (34.9% fat, 26.3% sucrose) [9]. 
These latter were iso-caloric but differed in fat nature: 
VD was composed of soy and cotton oil while AD was 
composed of lard. Weight gain was monitored during the 
20 weeks of protocol and daily food consumption was 
calculated by subtracting the residual quantity from the 
supplemented food quantity each day. Energy intake was 
calculated on the basis of 3.8 kcal/g for the SD and 5.2 
kcal/g for both HFD. 

2.2. Biochemical Analysis 

The Intra-Peritoneal Glucose Tolerance Test (IPGTT) was 
performed after 20 weeks of diet following an overnight 
fasting. Mice received an intra-peritoneal injection of 20 
g of glucose/kg of body weight and glucose level was 
monitored by tail vein bleeding at 0, 15, 60 and 90 min- 
utes post-injection. Area under the curve (AUC) of the 
glycaemia plotted against the time was used to evaluate 
mice glucose tolerance. At sacrifice, after an overnight 
fast (18 hr), blood samples were gathered by cardiac ex- 
sanguinations and plasma insulin concentration was mea- 
sured using the mouse EIA kit (ALPCO). 

2.3. Isolation of ASC 

Mice were anesthetized using Ketamine and Xylazine 
and euthanized by cardiac exsanguination. Abdominal vis- 
ceral white adipose tissue was extracted, washed and 
minced in low glucose Dulbecco’s Modified Eagle’s 

Medium (DMEM), then digested in a 1 mg/ml type I col- 
lagenase solution (GIBCO) for 45 minutes at 37˚C in a 
shaking water bath. Afterwards, adipocytes and non- 
adipose cells were separated by centrifugation and the 
resulting upper layer (containing the adipose cells) was 
collected and immediately plated in DMEM [12]. The 
remaining pellet, containing non-adipose cells, was di- 
gested for an additional 20 minutes in a 1 mg/ml type I 
collagenase solution in a 37˚C water bath under constant 
shaking. Afterwards, cells were diluted in basal medium 
and filtered through a 100 µm2 strainer to discard cellular 
debris. The number of viable cells was determined by 
Trypan blue. The non-adipose cell density was defined 
by the ratio of their number per milligram of adipose 
tissue. These cells, mainly ASC but also including leu- 
kocytes and small amount of endothelial cells, were col- 
lected and stored in liquid nitrogen in 80% DMEM, 10% 
FBS and 10% DMSO until analysis. This cell fraction is 
named ASC. 

Prior using the ASC isolated from HFD-fed mice, 
ASC were isolated from 15-week-old healthy male C57/ 
BL6J mice and used as control in morphometric and con- 
focal analyses of specific cell markers. These ASC were 
grown in DMEM in a 12-well plates coated with a rat tail 
collagen film (Roche Applied Science, IN) according to 
the manufacturer instruction. Culture medium was changed 
every 2 - 3 days and pictures were taken using a light 
microscope (BX45 of Olympus) or stained and analyzed 
by confocal microscopy. 

2.4. Confocal Microscopy 

Cells were washed with PBS, fixed in 2% paraformalde- 
hyde for 15 minutes and permeabilized with 0.1% Triton 
X-100. Nonspecific binding sites were blocked using a 
2% normal serum solution. After washing, cells were in- 
cubated in 1% normal serum containing the appropriate 
primary antibody: mesenchymal marker CD44 (BD Bio- 
sciences Pharmingen; San Jose, CA), adipogenic lineage 
cell and stromal progenitor cell markers fatty acid-bind- 
ing protein-2 (aP2, Abcam; Cambridge, MA) and prea- 
dipocyte factor-1 (Pref-1, MBL International Corp.; Wo- 
burn, MA), endothelial markers CD31 (SantaCruz Bio- 
technology; CA) and von Willebrand factor (vWF, Che- 
micon International; Nepean, Ontario). Cells were then 
washed and incubated with the corresponding secondary 
antibody: goat-anti-rabbit Alexa Fluor 488-conjugated (In- 
vitrogen, Carlsbad, CA), goat-anti-rat Alexa Fluor 555- 
conjugated (Invitrogen) or donkey-anti-goat Alexa Fluor 
555-conjugated (Invitrogen). Cell nuclei were visualized 
with Topro-3 iodide (Invitrogen). Slides were analyzed 
using a confocal microscope (Zeiss LSM 510 63x/1.4 
Plan-Apochromat objective, Carl Zeiss Canada, Toronto, 
Ontario). 
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2.5. Adipogenic Differentiation of ASC 

To assess adipogenic differentiation potential, frozen 
ASC were thawed and seeded in cell culture flasks (25 
cm2) with DMEM. After a 2 - 3 rounds of division, cells 
were transferred to type I collagen-coated 24-well culture 
plates. When ASC reached 80% - 90% confluence, me- 
dium was changed to adipogenic inducing differentiation 
medium containing DMEM high-glucose supplemented 
with 5% FBS, 450 μM isobutylmethylxanthine, 0.1 μM 
dexamethasone, 2 μM insulin and 1 μM of 2,4-thiazoli- 
dinediones, with media changes every 2 - 3 days [7]. 
DMEM low-glucose supplemented with 5% FBS was 
used as a control to measure the spontaneous adipogenic 
differentiation. After 21 days, adipogenic differentiation 
was measured by Oil-Red-O coloration. Cells were then 
fixed in 10% formalin for 15 minutes. 60% isopropanol 
was then added before drying wells completely. A stock 
of 0.5% ORO staining solution was prepared in 60% 
triethyl phosphate (TEP, Sigma) and filtered. A working 
solution was prepared by mixing 30 ml of ORO stock 
solution with 50 ml of PBS, filtered through a 1 µm filter 
and added to the dried wells. Following a 1 hour incuba-
tion, the ORO solution was removed and cells were 
washed in PBS prior to picture acquisition using a light 
microscope (BX45 of Olympus) equipped with a video 
camera (QIMAGING, QICAM, Olympus). The quantifi- 
cation of ORO positive cells was made using the Image- 
Pro program. Red pixels of 4 - 15 fields using two wells 
for each condition (adipogenic or control media) were 
counted for each mouse. Adipogenic differentiation po- 
tential of ASC for each diet was determined by the per- 
centage of the number of red pixels over the total number 
of pixels. The adipogenic differentiation potential was 
calculated by comparing the adipogenic and the basal 
media within a same diet. Data from 4 - 6 mice per group 
per medium were compiled. 

2.6. Quantification of mRNA Level 

Total RNA was isolated from frozen ASC using Qiazol 
reagent according to the manufacturer’s instructions (Qia- 
gen, Toronto, ON, Canada). Single-strand cDNA was syn- 
thesized according to the procedure in the iScript cDNA 
Synthesis Kit manual (Bio-Rad Laboratories, Montreal, 
QC, Canada). Q-PCR reactions were carried out using the 
Brilliant-II SYBR® Green Master-Mix (Stratagene, Mis- 
sissauga, ON, Canada) and specific primers for: 
 aP2: forward primer 5’-TGG GAA CCT GGA AGC 

TTG TCT C-3’ reverse primer 5’-GCT GAT GAT 
CAT GTT GGG CTT G-3’; 

 PPARγ2 forward primer 5’-AGC ATG GTG CCT 
TCG CTG AT-3’ reverse primer 5’-GGT GGA GAT 
GCA GGT TCT AC-3’; 

 C/EBPα forward primer 5’-GAG CCG AGA TAA 

AGC CAA ACA-3’ reverse primer 5’-CGG TCA 
TTG TCA CTG GTC AAC T-3’; 

 TNFα forward primer 5’-CAT-CTT-CTC-AAA- 
ATT-CGA-GTG-ACA-A-3’ reverse primer 5’-TGG- 
GAG-TAG-ACA-AGG-TAC-AAC-CC-3’;  

 Cyclin B1: forward primer 5’-TGG CCT CAC AAA 
GCA CAT GA-3’ reverse primer 5’-GCT GTG CCA 
GCG TGC TAA TC-3’. 

The mRNA levels were normalized to Cyclophilin-A 
expression levels (Fwd 5’-CCG-ATG-ACG-AGC-CCT- 
TGG-3’; Rev 5’-GCC-GCC-AGT-GCC-ATT-ATG-3’). 
The targeted and referenced genes were amplified in du- 
plicate in the same run using the Mx3000P Q-PCR Sys- 
tem (Stratagene). 

The relative quantification of target genes was deter- 
mined using the MxProTM Q-PCR software version 3.00 
(Strategene). Briefly, Ct average of each duplicate was 
calculated for each gene and Cyclophilin-A and the ΔCT 
(CTgene-CTCyclo-A) was determined. The control adi- 
pose tissue sample was chosen as a reference sample and 
set as 100% of gene quantity. Finally, the mRNA abun- 
dance of other samples to the mRNA abundance of the 
control adipose tissue was calculated with use of the 
formula 2−ΔΔCT. 

2.7. Endothelial Differentiation of ASC 

Frozen ASC were thawed and amplified 2 - 3 times. Cells 
were then plated on type 1 collagen-coated Lab-Tek 
chamber slides (Thermo Fisher Scientific, NY). When 
ASC reached 80% - 90% confluence, medium was 
changed for endothelial differentiation medium, consist- 
ing of endothelial growth medium-2 (EGM-2, Lonza, 
Walkersvelle, MD) supplemented with 5% FBS, vascular 
endothelial growth factor (50 ng/ml, Peprotech, Rocky 
Hill, NJ) and epithelial growth factor (10 ng/ml, Pepro- 
tech, Rocky Hill, NJ) [13,14]. DMEM supplemented 
with 5% FBS was used as a reference control medium to 
evaluate basal endothelial cell content. After 0, 7 or 14 
days, endothelial differentiation was evaluated through 
the acquisition of endothelial markers detected by con- 
focal microscopy. Staining procedure was performed as 
described above. 

2.8. Immunohistologic Analysis of CD36 
Expression in Fat Tissues 

To evaluate macrophage infiltration, white adipose tissue 
was fixed in 10% formalin, embedded in parafilm and 
cut in 4 m sections. White adipose tissue sections were 
analyzed by immunohistology using the following a rab-
bit polyclonal anti-CD36 (Santa Cruz sc-9154, 200 ug/ml) 
diluted: 1/100 and biotinylated anti-rabbit IgG (Vector, 
BA-1000, 1.5 mg/ml) diluted 1/400. Slides were then 
stained for 30 min using an avidin-biotin complex (Vec- 
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tor Labs) followed by a DAB-peroxidase revelation. Fi- 
nally, the sections were counterstained with hematoxylin 
(Leica Biosystems, Richmond, USA) and mounted with 
permount (Fisher Scientific, Fair Lawn, USA). For each 
tissue, three images were acquired (Olympus) and ana- 
lyzed for nucleated CD36 positive cells using segmenta- 
tion with image Pro 6.2 (Mediacybernetics, Bethesda, 
USA). 

2.9. Statistical Analysis 

All results are presented as mean ± SEM. Repeated mea- 
sure analysis of covariance (ANCOVA) was used to com- 
pare differences in weight gain divided by initial weight 
and a one-way analysis of variance (ANOVA) model 
was used to study the glycemic parameters. Nonparamet- 
ric ANOVA (Kruskal-Wallis test) followed by a Dunn 
test were used to compare non-adipose cell number in 
adipose tissue (n = 9 mice/diet). Non-parametric ANOVA 
(Kruskal-Wallis test) followed by a Mann-Whitney test 
were used to compare the adipogenic differentiation po- 
tential within a same diet and by a Dunn test to compare 
the three diets for a same culture media. ANOVA for 
multiple testing followed by a Tukey test was used to 
compare mRNA level of different genes. Analysis of 
CD36 density was made as follows (by a statistician of 
the Montreal Heart Institute Coordinating Center (MHI- 
CC)): Areas were compared between diets using an ana- 
lysis of variance (ANOVA) with heterogeneous (unequal) 
variances. Measurement repetitions for each animal were 
considered as independent observations. Probability values 
were considered significant at P < 0.05. 

3. Results 

3.1. Metabolic Parameters Influenced by the Fat 
Origin in HFD 

The extent of metabolic alterations was measured 20 
weeks after the beginning of the protocol [9]. Obesity 
was developed in both HFD groups, as demonstrated by 
a 150% weight gain for VD and 135% for AD measured 
up to to their initial weight, compared to SD group (64% 
increased weight). In addition, AUC values show overt 
glucose intolerance in VD (45.5 ± 3.1) and AD (44.6 ± 1.0) 
groups compared to SD group (28.6 ± 1.1). Metabolic 
alteration was also reflected by a high fasting glycaemia 
in VD (9.00 ± 0.57 mmol/L) and AD (7.73 ± 0.47 mmol/L) 
groups compared to control (3.97 ± 0.20 mmol/L). All 
together these data delineate a T2D state in HFD fed 
mice coupled to hyperinsulinemia in the AD group [9]. 

3.2. Characteristics of Adipose Tissue from Mice 
Fed with the Three Diets 

In order to evaluate the impact of diet on abdominal 

white adipose tissue cell contents and aspects were char- 
acterized. Mature adipocytes were hypertrophic and hy- 
perplasic in HFD groups compared to control [9,12]. 
However, the number of non-adipose cells isolated per 
mg of adipose tissue was comparable in all mice group 
(Figure 1(a)). Moreover, the immunohistologic analysis 
of the CD36 expression in the white adipose tissues re- 
vealed a 4 - 7 fold increase in density of nucleated 
CD36+ cells in the VD and the AD groups, compared to 
SD group, showing a higher macrophage infiltration in 
the adipose tissue of the corresponding mice (Figure 
1(b)). 

3.3. Morphology and Protein Expression of ASC 

Prior to evaluating the differentiation potential of ASC 
from mice fed with the 3 diets, we verified whether ASC 
retained their cellular characteristics after freezing and 
after seeding on collagen matrix. Two cryopreservation 
agents, DMSO and PVP, were tested. The rate of ASC 
survival was 2-fold higher post-DMSO cryopreservation 
compared to the PVP medium. The first represented an 
accelerated growth kinetic during the first week in cul- 
ture (data not shown). Based on these results, all isolated  
 

 
(a) 

 
(b) 

Figure 1. Cellular characteristics of adipose tissues of SD, 
VD and AD fed mice. Non-adipose cellular density (a) and 
area of CD36+ nucleated cells (b) were measured by cell 
count and immunohistology analysis respectively. Immuno- 
histologic analysis of the CD36 density was evaluated at 20X. 
n = 9 for cellular density. n = 4 for the SD, n = 5 for the VD 
and n = 8 for the AD for cell area. *P < 0.01, **P < 0.001 vs 
SD. 
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Since the proliferation potential of ASC has been ne- 
gatively correlated to their differentiation capacity in 
obese [15], we measured the mRNA expression level of 
mitotic cyclin B1. Surprisingly, in ex vivo ASC, cyclin 
B1 mRNA level was 3-fold higher in the VD group 
(228.50 ± 1.77, P < 0.001) compared to the AD group 
(76.30 ± 7.74) and the SD group (76.25 ± 7.28) (Figure 
3(e)). 

ASC were cryopreserved in DMSO until usage. 
During the amplification phase, the majority of ASC at 

4, 6 and 12 days post-seeding had a fibroblastic-like mor- 
phology characteristic (Figure 2A). Further, about 95% 
of cells expressed the mesenchymal stromal marker CD44 
and a high level of the pre-adipocyte marker Pref-1 while 
maintaining the expression of aP2 indicating an adipo- 
genic potential (Figure 2A). Most of the cells aggregate 
in colonies (Additional Figure S1). The elevated expres- 
sion of CD44, Pref-1 and aP2 and the presence of colo- 
nies suggest that once seeded on collagen, ASC cryopre- 
served in DMSO maintain their adipogenic characteris- 
tics. 

To further characterize the adipogenic potential, ORO 
experiments were performed on ASC. After 21 days of 
culture in adipogenic medium, adipocyte differentiation 
of ASC tends to increase in the three groups compared 
with their corresponding control media (Figure 3(f)). 
The adipogenic differentiation of ASC was greater for 
the two HFD groups compared to the SD group. Indeed, 
when control and adipogenic conditions were compared, 
a 4.3 and 3.0 fold increase in ORO positive area was 
calculated for the VD (P = 0.0028) and the AD (P = 
0.0001) respectively, while only a 1.5 fold induction was 
seen for the SD group. This enhanced adipogenic poten- 
tial of ASC of HFD groups was also reflected in an 
higher level of FAS mRNA expression level significant 
in the case of AD group (P < 0.05) (Figure 3(b)). 

3.4. HFD Modulate the Adipogenic 
Differentiation Potential of ASC 

ASC adipogenic potential was evaluated through the 
mRNA expression levels of key genes involved in the 
process: aP2, FAS, PPARγ2 and C/EBPα. PPARγ2 
mRNA levels tend to decrease in the VD group, but only 
C/EBPα expression level was significantly reduced in 
this group compared to control (Figure 3). For its part, 
AD decreases PPARγ2 and C/EBPα mRNA levels by 
approximately by up to 4 folds compared to SD and VD 
groups. The difference between these 2 HFD groups was 
observed in decrease aP2 mRNA expression level and 
increased FAS mRNA expression level in AD group 
(Figure 3). 

3.5. Vegetal HFD Abrogates the Endothelial 
Differentiation of ASC 

Response of ASC to endothelial differentiation medium 
was clearly distinct between the 3 groups of mice. Cells 

 
Day 4 Day 6 Day 12 

CD 44 Pref-1 aP2 

 

Figure 2. ASC morphology and proteins expression on collagen matrix. ASC were grown on collagen matrix. Cell morphol- 
ogy was evaluated by observation at 4, 6 and 12 days post cell seeding. Expression of markers for mesenchymal stromal cells 
(CD44+), stromal progenitor cells (Pref-1+) and adipocytes lineage cells (aP2+) were evaluated by confocal microscopy (63X) 
after immunostaining. 
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(a)                                             (b) 

 
(c)                                             (d) 

 
(e)                                            (f) 

Figure 3. Quantification of mRNA level of adipogenic genes in SD (n = 4), VD (n = 4) and AD (n = 3) groups. aP2 (a), FAS (b), 
PPARg (c), C/EBPα (d) and cyclin B1 mRNA levels were evaluated by Q-PCR. Specific gene expression in uncultured ASC 
was normalized to reported gene cyclophiline-A. Each sample was tested in duplicate. *P < 0.05, **P < 0.01 vs SD; #P < 0.05, 
###P < 0.001 vs VD. (f) The adipogenic differentiation potential, expressed as a percentage of colored pixels (i.e. ORO positive 
staining) over total pixel number, was measured for ASC after 21 days of culture media with or without adipogenic agent. 
 
originating from the SD group rapidly acquired vWF ex- 
pression after 7 days and subsequently declined (Figures 
4A-C). In the AD group, differentiation of vWF cells 
was successful but required an additional week in endo- 
thelial medium (Figures 4D and E). In contrast, ASC 
from the VD group were persistently negative for vWF 
cells (Figures 4F and G). Thus, we demonstrated a de- 
layed endothelial differentiation process with ASC from 
the AD group compared to the SD group while this pro- 
cess was completely inhibited in VD group. To be certain 
that the negative result of the VD group was not due to a 
specific defect in vWF expression, the mRNA expression 
of CD31, another endothelial cell marker was evaluated. 
Following 7 days in endothelial differentiation medium,  

CD31 cells were observed for the SD group whereas 
ASC from the VD group were negative for this marker 
(Figures 4H and I) (Note that the CD31 cytosolic stain- 
ing in our assays is due to the fixation step of the staining 
protocol, which results in the permeabilisation of the 
cell membrane). These results confirmed the incapacity 
of ASC from the VD group to differentiate into endothe- 
lial cells. 

4. Discussion 

While many studies have focused on the effects of me- 
tabolic abnormalities on adipocyte activity and resulting 
systemic implications, consequences for ASC survival, 
mplification and differentiation potential have not  a   

Copyright © 2013 SciRes.                                                                              OJEMD 



V. LAMONTAGNE  ET  AL. 203

  
0 day 7 days 14 days 

14 days0 day

7 days 0 day

VD SD 

7 
da

ys
 

VD 

AD 

SD 

 

Figure 4. Evaluation of the ASC endothelial differentiation potential. Expression of the endothelial cell marker vWF (green 
label) in ASC from the SD group after 0 (A), 7 (B) and 14 (C) days, from the VD group after 0 (D) and 7 (E), and from the 
AD group after 0 (F) and 14 (G) days in endothelial media. Expression of the endothelial cell marker CD31+ (red label) in 
ASC cultures from SD (H) and VD (I) groups analyzed by confocal microscopy after 7 days in endothelial media. 
 
been fully addressed. This question is of clinical impor- 
tance, white fat tissues are being considered as an attrac- 
tive source of autologous stem cells in regenerative me- 
dicine. 

The identification of adult tissues as a source of stem 
cells has opened tremendous possibilities in regenerative 
medicine. Early clinical studies using bone marrow-de- 
rived stem cells have provided promising results and de- 
monstrate their therapeutic potential. However, important 
challenges, including the cell harvesting procedure from 

the bone marrow, may limit their utilization [16]. Other 
studies have demonstrated the in vitro and in vivo angio- 
genic and tissue regeneration potential of ASC repre- 
senting an attractive alternative to overcome this clinical 
limitation [7,17,18]. ASC, a promising new source of 
adult stem cells for cardiac repair and bone regeneration, 
were shown to give rise to both adipocytes and endothe- 
lial cells [7,19]. Knowing the major impact of metabolic 
status on adipose tissue and inflammatory infiltrate [10], 
we hypothesized that the balance between adipogenic 
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and endothelial differentiation processes of ASC is al- 
tered in a context of metabolic disorders. To evaluate this 
hypothesis, we used two different HFDs that we show 
induced T2D in male mice [20]. 

In our experimental setting, the HFD with lipids from 
vegetal source (VD) induced a T2D status characterized 
by obesity-linked fasting hyperglycemia and glucose in- 
tolerance but in contrast to the AD no hyperinsulinemia. 
At the cellular level, adipocyte hypertrophy was exacer- 
bated under AD, compared to the VD group. This result 
can be explained by hyperinsulinemia state of AD-fed 
mice. Indeed, it has been demonstrated that high circu- 
lating level of insulin and insulin sensitivity are associ- 
ated with adipocyte hypertrophy [21]. When exposed to a 
low adipogenic medium, ASC from VD and AD but not 
from the SD group demonstrated a significant adipogenic 
differentiation potential when compared to the basal con- 
dition. The use of a low adipogenic medium in our study 
could explain the non-significant adipogenic differentia- 
tion for the SD group (compared to its own control), con- 
trary to the VD and the AD groups (compared to their 
respective control). The microenvironment from which 
originate ASC could have shape the capacity of ASC to 
respond to exogenous adipogenic stimuli provided by 
pro-adipogenic differentiation medium in vitro. This en- 
hance adipogenic potential could be linked to different 
factors. Adipose tissue expansion during obesity devel- 
opment is associated with a chronic low-grade inflamma- 
tory cell infiltration that is part of the non-adipose cell 
pool [22]. CD36 is expressed mainly by infiltrating nu- 
cleated macrophages and was found to be enhanced at a 
comparable level in abdominal white fat from the two 
HFD mice groups. This suggests that for a similar num- 
ber of non-adipose cells, a lower proportion of preadipo- 
cytes is expected to be present in VD and AD cell frac- 
tions when compared to SD containing a much lower 
count of macrophages. In this case, other factors than the 
available number of ASC certainly impact on the adipo- 
genic potential of cells isolated from the VD and AD-fed 
mice. 

Cellular response to pro-adipogenic stimulation could 
be determined by their basal expression of lipogenic 
genes. PPARγ and aP2 mRNA are typically up-regulated 
during the differentiation process of preadipocytes into 
adipocytes while C/EBPα was also linked to insulin sen- 
sitivity [23]. However, a decreased level of these mRNA 
was associated with metabolic diseases such as T2D and 
to a decrease differentiation of newly formed adipocytes 
[24,25]. In agreement with this, AD-fed mice had more 
advanced T2D with hyperinsulinemia when compared to 
VD-fed mice and had the lowest expression level of li- 
pogenic genes even if cells were exposed in vivo to high 
concentration of free fatty acids. 

The activation status of macrophages, primary source 

of TNFα was reported to contribute in a major way to 
shape the adipogenic potential of fat tissue [26]. Macro- 
phages are more strongly induced in the adipose tissue in 
the abdominal white fat of the AD than in the VD group 
reflected by a 2.5-fold increase at the mRNA level of 
TNFα in corresponding adipocytes [9]. The lower adi- 
pogenic genes expression levels in ASC from AD could 
then also be explained by their exposition to a higher 
proportion of activated macrophages in fat tissue, pro- 
ducing TNFα which is reported to inhibit PPARγ expres- 
sion [27,28]. This reduction was confirmed by our QPCR 
analyses on fat tissues [20]. As TNFα was reported to 
promote preadipocyte proliferation, we could have ex- 
pected an increased cyclin B1 mRNA level in the AD 
compared to the VD ASC. Conversely, high levels of 
TNFα such as in AD fat tissue, is also associated with the 
induction of insulin resistance, stimulation of lipolysis 
and preadipocyte apoptosis, and contribute to the reduc- 
tion of the number of cycling cells [29]. Nevertheless, the 
expression level of lipogenic genes could be difficult to 
extrapolate into adipogenic potential as demonstrated by 
the ASC from SD that had the highest expression levels 
but only a marginal response to the adipogenic media. 

With prolonged exposure to high free fatty acid con- 
centrations, the induced white fat tissue expansion im- 
plies the development of neo-vessels to provide nutrients 
[30]. ASC have the capacity to differentiate into endo- 
thelial cells, a characteristic that arouses the interest in 
these cells for vascular regenerative medicine. The nature 
and stiffness of the extracellular matrix proteins used for 
ASC cultures influences their adhesion, proliferation and 
differentiation but are not affected by the cryopreserva- 
tion process [31-36]. Detection of cells with an endothe- 
lial phenotype and markers in our cultures initiated with 
ASC from the SD and the AD indicates that the cryopre- 
servation, culture condition, selected collagen matrix and 
selected endothelial differentiation medium were appro- 
priate to maintain the endothelial differentiation potential 
of ASC. However, hyperglycemia has been reported to 
impair bone marrow derived endothelial progenitor cells 
functions including endothelial differentiation [37-39]. 
ASC isolated from the abdominal visceral white fat of 
the HFD groups had an elevated fasting glycemia, dem- 
onstrated an absence of endothelial differentiation for the 
VD group while it was delayed, but still effective, for the 
AD group. As both HFD groups were diabetic, other im- 
portant factors can negatively impact endothelial differ- 
entiation capacities of ASC. The hyperinsulinemic status 
of AD mice, not found in VD mice, could have partially 
protected the ASC potential to differentiate into EC, ex- 
plaining the 1-week delay to detect vWF expression. In- 
deed, insertion of insulin implants prior to arterial cathe- 
ter injury was demonstrated to increase the number of 
circulating progenitor cells and the reendothelialization 
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in the rodent model [40,41]. 
ASC derived from VD-fed mice were unable to give 

rise to vWF or CD31 positive cells. Linoleic acid (omega- 
6) content was the same between the two HFD, but the 
percentage of palmitic acid was lower in the VD than in 
the AD, excluding this track as a possible explanation for 
this defect. In contrast, the AD has two times more α- 
linolenic acid, an omega-3 fatty acid, than the VD. A 
higher ratio of omega-3 over omega-6 fatty acid was as- 
sociated with a higher level of later stage progenitor cells 
[42]. Thus, the lower ratio of omega-3 over omega-6 in 
the VD could explain the abrogated endothelial cell dif- 
ferentiation in this diet. The enhanced adipogenic poten- 
tial and defective endothelial differentiation of ASC from 
the VD group suggests that a ratio of unsaturated fatty 
acids may contribute to shaping the equilibrium between 
differentiation pathways. 

Taken together, our results underline the contribution 
of HFD to induce metabolic alterations modulating the 
proliferation and the balance between the adipogenic and 
the endothelial differentiation process of progenitor cells 
in adipose tissue. Furthermore, we have demonstrated 
that these cellular processes are differently modulated by 
the lipid composition of the diet. These results highlight 
the importance of evaluating the ASC differentiation be- 
havior in a context of autologous cell-based therapy for 
the repair of vascular tissues in obese and diabetic do- 
nors. 
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Figure S1. Arrangement of ASC into colony forming units 12 days post-plating onto collagen coated plates. 
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