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ABSTRACT

Mesenchymal stem cells offer a promising approach to the treatment of myocardial infarction and
prevention of heart failure. However, in the clinic, cells will be isolated from patients who may be
suffering from comorbidities such as obesity and diabetes, which are known to adversely affect pro-
genitor cells. Here we determined the effect of a high-fat diet (HFD) onmesenchymal stem cells from
cardiac and adipose tissues.Micewere fed aHFD for 4months, afterwhich cardiosphere-derived cells
(CDCs) were cultured from atrial tissue and adipose-derived mesenchymal cells (ADMSCs) were iso-
lated fromepididymal fat depots. HFD raised bodyweight, fasted plasma glucose, lactate, and insulin.
Ventricle and liver tissue of HFD-fed mice showed protein changes associated with an early type 2
diabetic phenotype. At early passages, more ADMSCs were obtained from HFD-fed mice than from
chow-fed mice, whereas CDC number was not affected by HFD. Migratory and clonogenic capacity
and release of vascular endothelial growth factor did not differ between cells from HFD- and
chow-fed animals. CDCs from chow-fed and HFD-fed mice showed no differences in surface marker
expression, whereas ADMSCs fromHFD-fedmice containedmore cells positive for CD105, DDR2, and
CD45, suggesting a high component of endothelial, fibroblast, and hematopoietic cells. Both Noggin
and transforming growth factorb-supplementedmedium induced an early stage of differentiation in
CDCs toward the cardiomyocyte phenotype. Thus, although chronic high-fat feeding increased the
number of fibroblasts andhematopoietic cellswithin theADMSCpopulation, it left cardiac progenitor
cells largely unaffected. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1403–1414

SIGNIFICANCE

Mesenchymal cells are apromising candidate cell source for restoring lost tissueand therebyprevent-
ingheart failure. In theclinic, cells are isolated frompatientswhomaybe suffering fromcomorbidities
such as obesity and diabetes. This study examined the effect of a high-fat diet on mesenchymal cells
from cardiac and adipose tissues. It was demonstrated that a high-fat diet did not affect cardiac pro-
genitor cells but increased the number of fibroblasts and hematopoietic cells within the adipose-
derived mesenchymal cell population.

INTRODUCTION

Heart diseases are the number 1 cause of death
globally, and 65% of the people affected by type
2 diabetes suffer from some formof heart disease
or stroke. Considering that the number of people
with diabetes is increasing and that it has been
estimated that by 2030, 552 million people will
have diabetes [1], there is an urgent need for
the development of a novel approach to treat-
ment of advanced and terminal heart failure.
In the past few years, cell-based therapies have
emerged as promising strategies that aim to

replace cardiomyocyte loss after myocardial in-
jury. Various cell types have been used clinically
with the aim of heart repair [2–4]. The implanta-

tion of these cells has shown positive effects,
mostly through paracrine mechanisms; however,

the complete differentiation and integration of
donor cells in the myocardium is limited and still

under debate [2–4]. Therefore, to improve cur-
rent therapies, it is important to know what type

of cells are used and select themost effective cell
types. Type 2 diabetes mellitus (T2DM) is a met-

abolic disorder that alters the composition of
plasma metabolites, and therefore the heart and

aDepartment of Physiology,
Anatomy and Genetics,
University of Oxford, Oxford,
United Kingdom;
bDepartment of Cardiac
Surgery, University of Verona,
Verona, Italy

Correspondence: Filippo
Perbellini, Ph.D., Department of
Physiology, Anatomy and
Genetics, Sherrington Building,
Parks Road, Oxford OX1 3PT,
United Kingdom. Telephone:
4474569296; E-Mail:
f.perbellini@imperial.ac.uk

Received February 12, 2015;
accepted for publication
September 14, 2015; published
Online First on October 30, 2015.

©AlphaMed Press
1066-5099/2015/$20.00/0

http://dx.doi.org/
10.5966/sctm.2015-0024

STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1403–1414 www.StemCellsTM.com ©AlphaMed Press 2015

TISSUE-SPECIFIC PROGENITOR AND STEM CELLS

 by Janko M
rkovacki on January 5, 2016

http://stem
cellstm

.alpham
edpress.org/

D
ow

nloaded from
 

mailto:f.perbellini@imperial.ac.uk
http://dx.doi.org/10.5966/sctm.2015-0024
http://dx.doi.org/10.5966/sctm.2015-0024
http://stemcellstm.alphamedpress.org/


the other tissues have to adapt to a different availability of carbohy-
drates, free fatty acid (FFAs), and ketone bodies towork properly. In
addition, tissues become insulin-resistant, resulting in a loss of reg-
ulationof adipose tissue lipolysis,which, joinedwith increased levels
of fatty acid transporters on the cellmembrane [5], result both in an
increase in fatty acidmetabolic pathwaysandb-oxidationof FFAs [6,
7] and in an alteration in tricarboxylic acid cycle flux [8–10]. In asso-
ciationwith thesemetabolic disorders, several studies have dem-
onstrated that hypercholesterolemia, diabetes, and hypertension
impair the number and function of various progenitor cells [11,
12]. In the past few years, autologous cardiosphere-derived cells
(CDCs)andadipose-derivedmesenchymalcells (ADMSCs)havebeen
used for preclinical and clinical trials, which have confirmed early
short-term safety and therapeutic efficacy [13, 14]. However, be-
causeof reduced functionalityor adifferent compositionof cell pop-
ulations, in diabetic patients, the autologous origin of the cells could
be a limiting factor for cell transplantation. Herewe investigated the
functionality and differentiation capacity of ADMSCs and CDCs iso-
lated from mice fed a high-fat diet (HFD).

MATERIAL AND METHODS

Animals and Mouse Model of Diabetes

Animalswereobtained fromacommercial breeder (Harlan,Oxon,
U.K., http://www.harlan.com) and kept under controlled condi-
tions of temperature, light, and humidity, with ad libitum access
towater and chow. All the procedures involved in this studywere
reviewed and approved by the Institutional Animal Care and Use
Committee and the Home Office and conformed to the U.K. gov-
ernment regulations (HomeOffice license 30/2755). For 4months,
6-week-oldwild-typemaleC57BL/6mice (20–25g;n=24)were fed
HFD (Special Diet Service, Witham, U.K., http://www.sdsdiets.com)
that had an Atwater fuel energy (AFE) of 5.1 kcal/g, comprising 5%
from carbohydrate, 35% from protein, and 60% from oil. Control
mice (20–25 g; n = 24) received standard chow (Rat and Mouse
No.1 Maintenance; Special Diet Services) that had an AFE of
3.3 kcal/g, comprising 75% from carbohydrate, 17.5% fromprotein,
and 7.5% fromoil. Because in young andoldmicedifferences in gene
expression, metabolism, and atherosclerosis have been noticed in
response todiet [15], allmicewere sacrificedat a similar timepoint
after4monthsof their allocateddiet.At the timeof sacrifice, fasted
mice were weighed and terminally anesthetized with isoflurane to
allow tissue removal. Heart ventricles and the liver were removed
and freeze-clamped. Plasma was separated by centrifugation and
stored at280°C. Plasma glucose was analyzed using an ABX PEN-
TRA 400 (Horiba ABX, Montpellier, France, http://www.horiba.
com). Plasma nonesterified fatty acids (NEFA) were analyzed us-
ing a NEFA assay kit (Wako Chemicals, Neuss, Germany, http://
www.wako-chemicals.de). Insulin was measured by enzyme-
linked immunosorbent assay (ELISA;Mercodia, Uppsala, Sweden,
http://www.mercodia.com). The atria, previously dissected away
from ventricles, and inguinal adipose tissues were used immedi-
ately for cell isolation.

Cells Isolation and Expansion

Mouse atria were minced and digested in 0.05% trypsin (Invitro-
gen, Carlsbad, CA, http://www.invitrogen.com) for 3 minutes at
37°C. The small tissue segments were plated out onto fibronectin-
coated (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com)
60-mm Petri dishes containing complete explant medium

(CEM; supplemental online Table 1). Explants were then cul-
tured at 37°C in 5% CO2, and medium was replaced every 3–4
days. After a few days, cells with various morphologies, termed
explant-derived cells (EDCs), started to emerge from edges
of adherent explants and to grow as a monolayer on the
fibronectin-coated dish. These cells were harvested once
70%–80% confluent by washing explants with phosphate-
buffered saline (PBS; Sigma-Aldrich) followed by 0.53 mM
EDTA (Versene; Invitrogen) and then treated enzymatically with
0.05% trypsin for 5 minutes at 37°C. EDCs were resuspended in a
growth factor/cytokine-enriched medium named cardiosphere
growth medium (supplemental online Table 1) and seeded onto
24-multiwell plates precoated with poly-D-lysine (Sigma-Aldrich;
16.7 mg/ml) at a concentration of 33,000 cells per well. After ap-
proximately 4 days, fully formed, loosely adherent cardiospheres
were harvested by gentle pipetting and plated in CEM onto
fibronectin-coated flasks for expansion as CDCs to passage
2 or 3. The process is illustrated in Figure 1A.

The freshly isolated inguinal adipose tissuewas collected into
a sterile tube, and themilliliters of tissueweremeasured. The tis-
suewasmincedand thendigestedwith0.075%collagenase type2
(Sigma-Aldrich) in PBS for 1 hour at 37°C. The sample was passed
through a 100-mmcell strainer (Thermo Scientific, Pittsburgh, PA,
https://www.fishersci.com) and centrifuged at 2,300 rpm for 3
minutes so the mature adipocytes were separated from the stro-
mal components. The pellet, known as stromal vascular fraction
(SVF), was resuspended in Dulbecco’s modified Eagle’s medium
(DMEM)/F-12 with 20% fetal bovine serum (FBS) and 1%
penicillin/streptomycin, and the cells were plated onto 75-cm2

culture flasks at a density of 20,000 cells per cm2. ADMSCs were
cultured at 37°C in 5% CO2, and medium was replaced every 3–4
days. The cells were expanded and, once they reached conflu-
ence, harvested with 0.05% trypsin and split at a ratio of 1:3.
The process is illustrated in Figure 1C. Cell proliferation was
assessed by seeding a certain number of cells and trypsinizing
these cells once they reached confluence. Doubling time, mea-
sured in days,was calculated according to the following equation:

Td ¼ ðt2 2 t1Þp logð2Þ
log

�
q2

q1

�

where t22 t1 is the number of days between seeding and trypsi-
nization, q2 is the number of confluent cells, and q1 is the number
of cells seeded initially.

Cardiomyocyte Differentiation

Twenty thousand cells per cm2 were seeded in a 6-well plate pre-
coated with 0.1% gelatin. Once cells reached confluence, cardio-
myocyte differentiation was induced using the two protocols
illustrated in Figure 2A and described below. At the end of the
treatment the cells were lysed for RNA isolation (Qiagen, Hilden,
Germany, http://www.qiagen.com).

TGFb Conditioned Medium

The cells were treated according to Smits et al. [16] with minor
modification. In brief 5 mM 5-azacytidine (Sigma-Aldrich) was
added to the differentiation medium (CDM; supplemental
online Table 1) in each well; after 6–8 hours, the medium was
changed with fresh medium containing 5 mM 5-azacytidine. On
each of the next 2 days, 40 ml of 5-azacytidine was added directly
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to thewells, and the differentiationmediumwas refreshed at day 4.
Two days after finishing the 5-azacytidine stimulation, 13 1024 M
ascorbic acid and 1 ng/ml transforming growth factor b (TGFb)
(PeproTech,RockyHill,NJ, http://www.peprotech.com)wereadded
to the medium. From this point forward, ascorbic acid and TGFb
were added, respectively, every 2 days and 2 times a week.

Noggin Conditioned Medium

The cells were treated according to Jumabay et al. [17] with a
modified protocol. Noggin (100 ng/ml) (PeproTech) was added
to the differentiation medium and added to each well. After
3 days, medium was removed, and Methocult (M3534; StemCell
Technologies, Vancouver, BC, Canada, http://www.stemcell.
com) + 100 ng/ml Noggin was added to the cells. On day 8,
2 ml of CDM + Noggin was added to each well, and on day 12,
the medium was removed, and 2 ml of fresh CDM + Noggin
was added to eachwell. The differentiation protocol was stopped
after 14 days.

Colony-Forming Unit Assay

One hundred eighty cells per well were seeded into a 6-multiwell
plate (20 cells per cm2). CDCs were cultured in CEM, and ADMSCs
were cultured in DMEM/F-12 + 20% FBS. After 14 days, adherent

cells were fixed with 70% ethanol and stained with Crystal Violet.
A cluster of cells was considered a colonywhen it was formed from
30 cells or more. Clonogenic potential was expressed as the per-
centage number of colonies based on the number of cells seeded.

Migratory Assay: Scratch Wound Assay

Cells were grown to confluence and then scratched with a 200-ml
pipette tip. The resulting debris was removed, and images of the
closing wound were acquired using an inverted microscope after
0, 2, 4, 6, 8, 12, and 24 hours and analyzed using ImageJ software.
The migratory capacity was expressed as the percentage of new
surface area occupied by the cells in relation to the area at the
previous time point.

VEGF Assay (ELISA)

Cell culture mediumwas collected after 3 days in culture and fro-
zen immediately (220°C). The protein concentration in the me-
dium was determined using BCA protein assay kit. A 96-well
platewas coatedwith 100ml perwell vascular endothelial growth
factor (VEGF) capture antibody (R&D Systems Inc., Minneapolis,
MN, http://www.rndsystems.com) overnight. An ELISA was per-
formed according to the manufacturer’s instructions.

Western Blotting Analysis

Previously freeze-clamped ventricles and livers were crushed us-
ing a pestle and mortar, homogenized, and separated by SDS-
polyacrylamide gel (12.5%) electrophoresis followed by electro-
phoretic transfer of proteins from the gel to a nitrocellulose
membrane (Pall Corporation, Timonium, MD, http://www.pall.
com) using a semidry transfer cell (Bio-Rad Laboratories, Hercules,
CA, http://www.bio-rad.com). The nitrocellulose membranes
were blocked in 5% (w/v) dried milk in Tris-buffered saline-
Tween and then incubated with primary antibody solution at 4°C
overnight, followed by the appropriate horseradish secondary
antibody peroxidase-conjugated solution (supplemental online
Table 2). X-ray film was exposed to the fluorescent membranes,
the filmsweredeveloped in a compact34automatic x-ray developer
(X-Ograph Imaging Systems, Stonehouse, U.K., http://www.
xograph.com) and analyzed using Un-Scan-It, version 6.1 (Silk Sci-
entific, Orem, UT, http://www.silkscientific.com).

Immunohistochemistry

Thecellswere fixedwith4%paraformaldehyde (PFA) for10minutes
at room temperature (RT). To target intracellular markers, the
samples were permeabilized with Triton X-100, incubated with
blocking solution (2% FBS + 2% bovine serum albumin [BSA])
and with primary antibodies for 1 hour (supplemental online
Table 3). After rinsing with PBS, the samples were treated with
the secondary antibody for 30 minutes, stained with 49,6-
diamino-2-phenylindole, and stored at 4°C. The slides were ana-
lyzed using an Olympus FV1000 Fluoview confocal microscope.

Flow Cytometry

Once confluent, cells were trypsinized using 0.05% trypsin at 37°C
for 3–4 minutes and fixed with 4% PFA, and 2.53 105 to 43 105

cellspersamplewereanalyzedusing flowcytometry.Thecellswere
incubated in blocking solution (2% FBS + 2% BSA) for 30 minutes
at RT, incubated for 1 hour at RTwith primary antibody (or over-
night at 4°C), washed with PBS to remove the excess antibody,

Figure 1. Schematic representation of CDC and ADMSC isolation
process and cell morphologies. (A, B): Mouse atria were minced,
and the small tissue segments were plated out onto fibronectin-
coated dishes. EDCs started to emerge from the edges of adherent
explants and to proliferate as a monolayer on the fibronectin-coated
dish. These cells were harvested and cultured as cardiospheres for a
few days. The cardiospheres were then plated onto fibronectin-
coated flasks for expansionasCDCs. (C,D):The inguinal adipose tissue
was minced and enzymatically digested to separate the adipocytes
from the stroma. The SVFwas then seeded in culture flasks and grown
to confluence. Scale bar = 200mm. Abbreviations: ADMSCs, adipose-
derived mesenchymal cells; CDCs, cardiosphere-derived cells; EDCs,
explant-derived cells; SVF, stromal vascular fraction.
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and, if necessary, incubatedwith secondary antibody for 30min-
utes (supplemental online Table 4). The cells were analyzedusing a
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, http://
www.bdbiosciences.com), and each acquisition included 3–83 104

events. The data were analyzed using Summit4.3 and Flowing soft-
ware 2.5.1.

RNA Extraction and Real-Time PCR

Total RNAwas extracted using a RNeasymini kit (Qiagen), accord-
ing to the manufacturer’s instructions. The purity of RNA was
quantified with Nanodrop, and the complementary cDNA was
generated from 1 mg of RNA using the AB high transcriptase kit

(Applied Biosystems, Foster City, CA, http://www.appliedbiosystems.
com). Real-time polymerase chain reaction (PCR) amplification was
performed using Applied Biosystems SYBR Green. The polymer-
ase was heat-activated at 95°C for 10 minutes, followed by
40 cycles of denaturation step (95°C for 15 seconds), anneal-
ing step (60°C for 30 seconds), and extension step (72°C for
30 seconds). RelativemRNAexpression levelswere analyzed us-
ing comparative Ct methods (the 2[minus]DDCt method) with a
normalization to three endogenous controls (the three house-
keeping genes: glyceraldehyde-3-phosphate dehydrogenase,
b-actin, and b2-microglobulin) and one calibrator (the control
sample) (supplemental online Table 5).

Figure 2. DifferentiationofADMSCSandCDCs. (A): Schematic representationof thedifferentiationprotocols. (B–E):RelativemRNAexpression in
differentiated passage 3 ADMSCs and CDCs. All values were normalized to b-actin, glyceraldehyde-3-phosphate dehydrogenase, and b2-micro-
globulin (CDCs chow-fed, n = 4; CDCs HFD-fed, n = 5; ADMSCs, n = 5). p, p, .05 vs. control; $, p, .5 versus ADMSCs or CDCs chow-fed. (F): The
differentiation protocols changed the cellmorphologies; however, nobeating cells wereobserved in any condition. Scale bar = 200mm. p, p, .05;
pp, p, .01 (n = 11; statistical analysis is given in supplemental online Table 6). Abbreviations: A. acid, ascorbic acid; ADMSCs, adipose-derived
mesenchymal cells; 5-Aza, 5-azacytidine; CDCs, cardiosphere-derived cells; Diff, differentiation; HFD, high-fat diet; TGF, transforming growth factor.
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Statistical Analysis

Data obtained are expressed as means6 SEM. Differences were
investigatedusinganunpaired t testoraone-wayanalysisofvariance
with a Tukeypost hoc test and considered significant atp, .05 (SPSS
software).

RESULTS

Early Diabetic Phenotype

Six-week-old wild-typemale C57BL/6mice (20–25 g; n = 24) were
fedHFD for 4months and from the eighthweekhad a significantly
higher mean body weight than chow-fedmice (p, .01) (Fig. 3A).
Plasma metabolite levels were significantly different between
the two groups. High-fat feeding raised fasted plasma glucose,
lactate, and NEFA, as well as the fat pad/body weight ratio
(Fig. 3B–3E). Insulin levels were also significantly raised in the
HFD-fed mice, consistent with a compensatory rise in pancreatic
b-cells insulin secretion in response to hyperglycemia. Finally,
protein expressionwasassessedbyWesternblot on liver andven-
tricular frozen tissue fromchow-fed andHFD-fedmice (Fig. 4A). In
liver tissue fromHFD-fed mice, pyruvate dehydrogenase kinase 2
(PDK2) and chain acyl coenzyme A dehydrogenase (MCAD) levels
were 3.5- and 1.7-fold higher, respectively, than those in tissue
from chow-fed mice (p, .01; Figs. 4E, 4F). Cardiac PDK4 protein
expression was found to be 1.9-fold higher, MCAD levels in-
creased 1.1-fold, and the glucose transporter GLUT4 levels de-
creased by 22% (p, .05; Fig. 4B–4D).

Isolation and Expansion of Cardiosphere-Derived Cells
and Adipose-Derived Mesenchymal Cells

At the time of sacrifice, the HFD-fedmice yielded a larger amount
of inguinal adipose tissue (3.1 6 0.5 vs. 1.4 6 0.4 ml) (Fig. 5A).
After collagenase digestion, the cells of the stromal vascular frac-
tion were counted and plated in culture dishes for further expan-
sion or used for experiments (Fig. 1C, 1D). The total number of
cells of the stromal vascular fraction of HFD-fed mice was double
that from chow-fed mice; however, the number of cells per mil-
liliter was the same (Fig. 5B). At early passages, more ADMSCs
were obtained from HFD-fed mice than from chow-fed mice,
and the doubling times of ADMSCs of the two groups were esti-
mated to be approximately 10–12 days (Fig. 5C, 5D). EDCs, cardio-
spheres, and CDCs could be cultured from both chow-fed and
HFD-fed mice as illustrated in Figure 1A and 1B. EDCs were har-
vested, and cell numbers were counted to compare the two diet
groups. Cardiospheres did not show any differences in morphol-
ogy or size whether from chow-fed or HFD-fed mice. Cardio-
spheres were plated onto a fibronectin-coated surface and
grew as a monolayer, giving rise to CDCs that were then expanded
to passage 2. The proliferation potential of CDCs was determined
by trypsinizing and counting cells (Fig. 5E). The time taken for car-
diospheres to become confluent passage 0 CDCs was 7.46 1.3
days when from chow-fed mice and 7.7 6 1.7 days when from
HFD-fed mice. The doubling time of p1 and p2 CDCs was signifi-
cantly shorter than the time of p0 CDCs, ranging from 4 to 5 days
(p = .01; Fig. 5F). No significant differences between cells from
chow-fed or HFD-fed mice were found in any culture times; how-
ever, there was a close inverse correlation between the numbers
of EDCs and the SVF, suggesting that the HFD had some effect on
the number of EDCs obtained (Fig. 6).

The Effect of the Early Diabetic Phenotype on Cell Yield
and Expansion in Culture

The total number of ADMSCs isolated permouse had a significant
positive correlation with plasma glucose and cholesterol and an
inverse correlation with lactate levels (Spearman correlation co-
efficient: glucose =20.23 p, .001 ; cholesterol =20.49 p, .01;
lactate =20.49 p, .01; Fig. 6). Correlations of ADMSC numbers
with glucose and lactate were maintained until passage 2 (the
Spearman correlation coefficients were, respectively, 20.2 and
20.32; p, .05 and p, .01), whereas the correlation with cho-
lesterol was lost at passage 2 (Spearman correlation coefficient =
20.14 p, .08). EDC numbers correlated with plasma lactate
and cholesterol (p , .05) but not with glucose; however, these
correlations were not seen with CDCs.

Functionality of Cardiosphere-Derived Cells and
Adipose-Derived Mesenchymal Stem

To compare the functionality of the two different cell types from
the two diet groups, VEGF secretion, clonogenic capacity, and mi-
gratory capacity were tested. Biologically active VEGF proteins se-
creted by ADMSCs and CDCs after plating were measured by
ELISA. The assay showed that the same amount of VEGF protein ac-
cumulated in the culture medium of CDCs, irrespective of mouse
diet. In ADMSC medium from HFD-fed mice, the levels of VEGF
were lower, but the decrease was not significant (supplemental
online Fig. 2A). ADMSCs were grown to confluence and then
scratched with a pipette tip. The surface area of the wounds gen-
erated did not differ between the two groups, and thewound clo-
sure ratios normalized to the initial area were 17.2%6 1.5% and
17.7%6 1.7% for cells from chow-fed and HFD-fed mice, respec-
tively (supplemental onlineFig. 2B). Itwasnotpossible toperform
this experiment with CDCs because of insufficient cell numbers.
The clonogenic capacity is usually associatedwith stemness in cell
populations. ADMSCs showed a low clonogenic capacity, mainly
yielding two types of colonies, composed of either big or small
cells of different morphology (supplemental online Fig. 2C). The
clonogenic capacity ofADMSCs fromHFD-fedmice significantlyde-
creased over time in culture (p = .01). CDCs showed a higher clono-
genic capacity (albeit not significantly) that had a trend to increase
between passage 0 and passage 2. The colonies varied in cell size,
reflecting the heterogeneic nature of the cell populations. No dif-
ferences were noticed between the clonogenic capacity of cells
from the two diet groups.

Phenotypic Characterization of ADMSCs and CDCs From
Chow-Fed and HFD-Fed Mice

We assessed the expression of the mesenchymal cell markers CD90
and CD105 and the progenitor cell marker C-kit. In addition wemea-
sured the expression of CD45, which is found on hematopoietic cells
andmast cells, and the fibroblastmarkerDDR2.Using flowcytometry,
passage2CDCsderived fromchow-fed andHFD-fedmicewere found
tocontainthesameproportionsofcellspositive for themarkersCD45,
C-kit, DDR2, CD105, and CD90 (Fig. 7A; supplemental online Fig. 1). In
comparison, adipose tissue SVF and ADMSC populations differed be-
tween the two groups. A significantly higher expression of CD45-
positive cells was noted in the SVF of HFD-fed mice (66.6 6 1 vs.
58.6 6 2.1), and this difference was maintained until passage 2
(49.2 6 7.7 vs. 24 6 4.8). Furthermore, passage 2 ADMSCs from
HFD-fed mice showed significantly higher levels of CD105 (206 4.8
vs. 76 2.5) and DDR2 (76 2.4 vs. 36 0.7) (Fig. 7B, 7C). The results
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confirmed that CDCs and ADMSCs were a mixture of different cell
types and revealed their mesenchymal phenotype. Furthermore
ADMSCs from the two groupsweremade up of different proportions
of the cell types, demonstrating a higher component of endothelial,
hematopoieticcellsandfibroblasts intheADMSCsfromHFD-fedmice.
Immunocytochemistry of CDCs confirmed what was seen with flow
cytometric analysis (Fig. 7D). Some cells were highly positive for
CD90andweakly positive forDDR2, CD45, andCD105. It isworthnot-
ing that all the C-kit+ cells were CD45-positive and that C-kit was not
expressed on the surface of the cells but was in the cytoplasmwith a
punctate pattern. Furthermore CDCs displayed a positive staining for
the proliferative stem cell markers Oct4 and Sox2.

In Vitro Cardiomyogenic Differentiation Potential of
Mouse CDCs and ADMSCs

BothNoggin- andTGFb-supplementedmediawere able to induce
differentiation in passage 3 CDCs toward the cardiomyocyte phe-
notype (Fig. 2), significantly increasingmRNAexpression of tropo-
nin T, cardiac actin, and Gata4. TGFb-supplementedmedium also
increased expression of desmin. Although there were no differ-
ences in the differentiation potential of CDCs from chow-fed
and HFD-fed mice (Fig. 2B–2F), interestingly baseline ADMSCs

fromHFD-fedmice showeda significantly lower expressionof car-
diac actin compared with ADMSCs isolated from chow-fed mice
(Fig. 2C). Passage 3 ADMSCs treated with TGFb-supplemented
mediumshowedsomeincreasedexpression levelsofcardiacdiffer-
entiation genes; however, ADMSCs from HFD-fed mice seemed to
have a slower response to the induction of differentiation. Tropo-
nin T, which is increased in differentiation, had a lower expression
level in ADMSCs from HFD-fed mice compared with that in cells
fromchow-fedanimals,whereasgenes expressedearlier indiffer-
entiation (like Gata4 and Desmin) were higher in the cells from
HFD-fed mice (Fig. 2B–2E). During the differentiation process,
the cells changed morphology (Fig. 2F) but remained positive
for the mesenchymal marker vimentin (supplemental online
Fig. 4), and no spontaneous beating was observed. Confocal im-
aging showed very limited expression of troponin T ora actinin in
CDCs or ADMSCs after treatment with differentiation medium
(supplemental online Fig. 3), indicating that increased mRNA ex-
pression had not yet led to any significant protein changes. Actin
staining showed increased expression in both CDCs and ADMSCs
treated with TGFb, but not Noggin (supplemental online Fig. 4).
Desminwas not detectable in any CDCs, but increased expression
wasobserved inTGFb-treatedADMSCs (supplemental onlineFig. 3).

Figure 3. Growth chart and plasmametabolites levels in chow-fed or high-fat diet (HFD)-fedmice. (A): For 4months, 6-week-oldmicewere fed
HFD or chow diet, and from the 8th week HFD-fed mice had a significantly higher mean body weight than chow-fed mice (n = 24). (B–E): After
4months of HFD, fastedmice had altered plasmametabolites levels comparedwith chow-fedmice, and these changes were consistent with an
early type II diabetic phenotype. p, p , .05; pp, p , .01 (n = 6). Abbreviation: NEFA, nonesterified fatty acid.
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Wealsoobservedconsistently increasednumbersof smoothmuscle
actin (SMA)-positive cells in CDCs and ADMSCs treated with TGFb-
supplemented medium (supplemental online Fig. 4).

DISCUSSION

In this study, a high-fat diet was used to induce the early diabetic
phenotype in theC57BL/6Jmouse,which isknowntobeparticularly
susceptible to diabetes [18]. Considering that metabolism and the
stem cell niches can be affected by age and sex [15], all C57BL/6J
mice in the studyweremale,were randomlyallocated to their diets,
andwere obtained at the same age to eliminate the chance of a se-
lection bias. The advantage of this diet-induced diabetes is that the
onset of T2DM takes place in a similarway to that found inWestern
society—by high caloric intake, leading to obesity in otherwise nor-
mal individuals. As such, it might be more relevant to the human
condition than other mouse models of diabetes. As a result of this
diet, it is clear that metabolic disturbances consistent with early di-
abetes were achieved, and almost all of the HFD-fed mice had glu-
cose levelswithin thediabetic range.Consistentwiththe increaseof
plasma glucose, greatly reduced cardiac GLUT4 protein levels in

HFD-fedmicewould suggest reduced insulin-mediated glucose up-

take in their hearts. This reductionwas similar todocumented levels

in db/dbmice, which show contractile dysfunction that can be nor-

malized by the overexpression of GLUT4 [19], suggesting that this
metabolic disturbance plays a causative role in the cardiac dysfunc-
tion seen in diabetes [20]. The increase in MCAD levels in HFD-fed
mice is consistentwithhigher cardiacb-oxidation inhigh fat-fedan-
imals. Together with the decreased levels of GLUT4, this suggests
that a switch in substrate use away frommore oxygen-efficient glu-
coseoxidation, toward fatty acid oxidation, had occurredwith high-
fat feeding [21]. TheHFD-fedmice showed increased levels of PDK4
in ventricles and PDK2 in liver, which agrees with other diabetic
models and suggests the activation of PDK, by the products of
b-oxidation, and inhibitionof the pyruvate dehydrogenase complex.

This report has focusedonamousemodel of diabetes,whichdis-
playsmost of thehallmarks of early stageof type2diabetic pathology
andisasatisfactorymodel forthedisease.CulturedADMSCsandCDCs
were examined because of their capacity to improve function in the
infarcted heart in animal models [22–25] and because the number
of cells attained through in vitro expansion is greater than the
number available by direct isolation from digested tissue.

Figure 4. Protein expression in ventricles and livers from chow-fed and high-fat diet (HFD)-fed mice. (A): Protein expression was assessed by
Western blot on liver and ventricular tissue. (B–D):Glucose transporter GLUT4 expressionwas lower, and PDK4 andMCAD levels were higher in
ventricular tissue fromHFD-fedmice than from controls. (E, F): PDK2 andMCAD levels were higher in livers fromHFDmice than chow-fedmice.
p, p, .05; pp, p, .01 (n = 12). Abbreviations: MCAD, medium chain acyl coenzyme A dehydrogenase; PDK, pyruvate dehydrogenase kinase.
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Although the optimal timing for efficacy remains to be deter-
mined, ideally the time in culture would be minimized, because
cell administration within a few days of the ischemic event is pos-
tulated to help prevent the detrimental long-term changes seen
in heart failure, such as cardiac remodeling [26, 27]. Considering
that a significant number of patients that could benefit from cell
therapy are obese or diabetic, the relative culture time for cells
fromchow-fedandHFD-fedmice is a relevantdeterminant of out-
come. The doubling time and the proliferation rate of CDCs from
chow-fed or HFD-fed animals were the same, whichmay indicate
that the prospect of autologous transplantation fordiabetichuman
patientswouldnotbecompromised by a prolonged wait for cells.
Hearts fromHFD-fed animalswere clearly shown to be subject to
metabolic disturbances, and the correlation between EDC num-
bers andplasma lactateandcholesterol also suggests that thediet
started to affect the behavior of the cells. However, these differ-
ences were not evident beyond the cardiosphere stage, suggest-
ing that diabetic patients with impaired heart energetics would
not have an impaired ability to attain cells for therapy.

The increased amount of adipose tissue isolated from HFD-fed
mice resulted in a significantly higher number of cells in the SVF

andexpandedADMSCs,whichwouldbeapositive factor foran imme-
diate cell selection or a short in vitro expansion. The correlations be-
tweenplasma glucose, cholesterol, and lactatewith the total number
ofADMSCssuggestsomechanges intheadiposetissue. Inthepastfew
years, it has been shown that obesity is characterized by the accumu-
lation of diverse immune cells in the adipose tissue. Notably, proin-
flammatory macrophage infiltration and inflammation-related gene
expressionprecede thedevelopment of insulin resistance andappear
tobeacardinal featureofobesity in rodents andhumans [28,29].Our
findings, in agreement with others [28–30], showed that ADMSCs
from HFD-fed mice had higher levels of CD45+ cells, confirming the
infiltration of hematopoietic cells andmacrophages in adipose tissue.
Thenext stepwas toaccess the functionalityof theADMSCsandCDCs
isolatedfromthetwoanimalgroups. Ithasbeenshownthatmetabolic
syndromes such as obesity and diabetes can alter the progenitor cell
populations and their functionality in various tissues [31, 32]. Pérez
et al. [31] showed that though ADMSCs obtained from obese mice
and patients were phenotypically similar to controls, they presented
differences at the functional level. Emerging evidence suggests that
diabetes can also affect the cardiac environment and cardiac progen-
itor cell populations [33, 34] through an impairment of the growth

Figure 5. Cell growth rates. (A, B): High-fat diet (HFD)-fed mice displayed a larger amount of inguinal adipose tissue on dissection (A), but the
amount of cells permilliliter of adipose tissue between the two groupswas the same (B). (C, D):At early passages, more ADMSCswere obtained
fromHFD-fedmice than fromchow-fedmice (C), but therewerenodifferences indoubling time (D). (E):The samenumber of CDCswere isolated
fromHFD-fed and chow-fedmice. (F): The doubling times of p0–p1 and p1–p2 CDCswere significantly shorter than the time from cardiosphere
p0 cells. (G): p, p, .05; pp, p, .01; ppp, p, .001 (n = 11). Abbreviations: ADMSCs, adipose-derived mesenchymal cells; CDCs, cardiosphere-
derived cells; EDCs, explant-derived cells; SVF, stromal vascular fraction.
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reserveof theheart, so that theenhancedcardiaccelldeathcannotbe
counteractedbytherepopulatingmyocytesandvascularcells [33,34].
A fundamental aspect in progenitor cell therapeutic activity is their

ability torelease factors thatstimulatecell function inbothaparacrine
and autocrine way. Here we evaluated the biologically active VEGF
proteins secreted in the culture media, and we found the same

Figure 6. Correlations between cell numbers and plasmametabolites. ADMSC numbers at different passages correlated with plasma levels of
glucose, lactate, and cholesterol. EDCs correlatedwith plasma lactate and cholesterol. A close inverse correlationwas noticedbetween thenumbers
of EDCs and the stromal vascular fraction (n = 11). Abbreviations: ADMSCs, adipose-derived mesenchymal cells; EDCs, explant-derived cells.
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amountofVEGFprotein accumulated in the culturemediumof CDCs,
irrespective of mouse diet. In medium from ADMSCs from HFD-fed
mice, the levels of VEGF were lower, although not significantly so,
and this suggests an impaired ability of these cells to produce and re-
leaseangiogenicmediators. It is likely thatamoreseverediabeticstate
would have increased the difference between the two groups. We
then evaluated themigratory capacity of the cells. It was not possible
toperformthisexperimentwithCDCsbecauseof insufficientcellnum-
bers. No differences were noticed between ADMSCs from the two
groups,whichsuggestsasimilarmigratorycapacity.Wealsoevaluated
the clonogenic capacity of ADMSCs and CDCs, and we found that
ADMSCs have a low clonogenic capacity and that the number of col-
onies decreasedwith time in culture. Similar results havebeen shown

before with prolonged in vitro culture of mesenchymal cells [35]. In
comparison, CDCs showed a higher clonogenic capacity, which in-
creased between passage 0 and passage 2. Several different types
of colonieswere noticedwith high variability of cellmorphologies be-
tweencolonies,most likelybecauseofheterogeneityofprogenitorcell
types within the CDCs population. Interestingly, the increase in the
clonogenic capacity matched the decreased doubling time in
later passage CDCs. ADMSCs and CDCs from chow-fed and
HFD-fed mice were characterized using flow cytometry and con-
focalmicroscopy,with staining formarkersofprogenitorcells, fibro-
blasts, mesenchymal cells, and hematopoietic cells. The results
showed that the cells displayed a mesenchymal/fibroblast pheno-
type with low expression of the cardiac progenitor cell markers.

Figure 7. Markers expression of ADMSCs and CDCs. (A–C): Flow cytometric analysis showed a higher expression of CD45-positive cells in the
stromal vascular fraction from high-fat diet (HFD)-fed mice. Passage 2 ADMSCs were found to express more CD45, CD105, and DDR2 than
ADMSCs from chow-fed mice. Cell surface marker expression did not differ between CDCs from chow-fed and HFD-fed mice (n = 10).
(D): Representative confocal images showed that most of the CDCs were positive for Oct4 and Sox2 (green), weakly positive for CD45
(green), CD105 (green), C-kit (red), and DDR2 (green), and some cells were highly positive for CD90 (red). Nuclei were counterstained with
49,6-diamino-2-phenylindole (blue). Scale bar = 50mm. p,p, .05;p,p, .01 (n=11). Abbreviations: ADMSCs, adipose-derivedmesenchymal
cells; CDCs, cardiosphere-derived cells.
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The cells of the SVF included a rangeof cell types,mostly expressing
the mesenchymal, fibroblast, and hematopoietic markers CD90,
DDR2, and CD45, respectively. The only difference found between
the two diet groups was higher expression of CD45 in HFD SVF,
which could be justified by an infiltration of hematopoietic cells
in the adipose tissue as previously reported [28, 29]. However, after
in vitro expansion, passage 3ADMSCs fromHFD-fedmicedisplayed
a different phenotype compared with those from chow-fed mice,
with higher levels of CD105, DDR2, and CD45. Other groups have
previously described an increase of CD105+ cells in cultured
ADMSCs [36, 37]. Jing et al. [38] demonstrated that in a coculture
system, hematopoietic cells can improve proliferation if associated
with mesenchymal stromal cells. We can assume that the differ-
ences in surface marker expression of ADMSCs from HFD-fed mice
may be explained by the in vitro culture conditions, that could have
had an effect in maintaining and allowing these various cell popu-
lations to survive and/or proliferate. Although most of the CDCs
and ADMSCs expressed mesenchymal and fibroblast maskers,
the detection of progenitor/pluripotency markers suggest the
presence of progenitor cells within these two cell populations.
In this study, cells were treated with differentiation medium con-
taining 5-azacytidine + TGFb or Methocult + Noggin because,
from previous experiments (data not shown), these protocols
were able to induce a better differentiation along the cardiomyo-
cyte lineage. No differences were noticed in the differentiation
potential of CDCs from chow-fed and HFD-fed mice, that further
confirms the conclusion that the high-fat diet does not affect car-
diac progenitor cells. In a recent study, we showed that CDCs iso-
lated frommice aged 6 and 18months had the same number and
regenerative potential, whether from dystrophic mice, with mild
cardiac impairment, or from age-matched wild-type mice [39].
The differentiation of ADMSCs increased expression levels of car-
diac genes; however, ADMSCs fromHFD-fedmice seemed tohave
a slower response to the induction of differentiation. Troponin T
increased later in the differentiation protocol and had lower ex-
pression compared with that in ADMSCs from chow-fed animals,
whereas genes expressed earlier in differentiation (such as Gata4
andDesmin)werehigher in thedifferentiatedADMSCs fromHFD-
fedmice.We suggest that the reduced differentiation capacity of
ADMSCs fromHFD-fedmicecouldbedue to thehigherpercentageof
hematopoietic cells, which are reported to be less likely to differenti-
ate into cardiomyocytes thanmesenchymal cells [40–42]. The lack of
troponin T and a actinin (sarcomeric) signal from both CDCs and
ADMSCs suggests that the amount of protein produced was not
enough to be detected from the antibodies, further confirming the
early stage of differentiation achieved. The increased levels of actin
suggest a general effect of the TGFb-supplemented medium on the
cytoskeleton organization of these cells. SMA has been identified as
an important marker for the identification of cardiac fibroblasts

[43], and it has been shown that TGFb is one of the driving factors
for the differentiation of cardiac fibroblasts into myofibroblasts
[44]. These cells are involved in the scar formation and particularly in-
volvedinthedepositionofcollagenandextracellularmatrixaftermyo-
cardial infarction [44–46]. The increase in thenumberofSMA-positive
cells after treatment with TGFb differentiation medium is probably
due to theproliferationof the fibroblasts still present in theheteroge-
neouspopulation that formbothADMSCsandCDCs. BecauseTGFb is
upregulated aftermyocardial infarction [47], this suggests that itmay
be important to isolate cells in such a way that the number of fibro-
blasts present after in vitro expansion is reduced. In summary, both
ADMSCs and CDCs increased the expression of cardiac specific genes;
however, no beating cells were observed, indicating that the cells did
not acquire the phenotype of fully mature cardiomyocytes.

CONCLUSION

Here we investigated the effect of a HFD on mesenchymal cells
from cardiac and adipose tissues. The HFD altered various meta-
bolicpathways, therebycreatingamousemodel ofearly stage type
2 diabetes. Heart tissue explant culture yielded sufficient CDCs for
therapy, although this required substantial in vitro expansion.
From adipose tissue from HFD-fed mice, it was possible to isolate
a greater number of ADMSCs than from that from chow-fed mice;
however, the early diabetic phenotype modified the surface
marker expression profile of ADMSCs and their differentiation ca-
pacity. CDCs were not affected by the early diabetic phenotype,
suggesting that they may be a better candidate for cell therapy.
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