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Abstract

Introduction: Doxorubicin (DOX) is a well-known anticancer drug. However its clinical use has been limited due to
cardiotoxic effects. One of the major concerns with DOX therapy is its toxicity in patients who are frail, particularly
diabetics. Several studies suggest that mesenchymal stem cells (MSCs) have the potential to restore cardiac function
after DOX-induced injury. However, limited data are available on the effects of MSC therapy on DOX-induced
cardiac dysfunction in diabetics. Our objective was to test the efficacy of bone marrow-derived (BM-MSCs) and
adipose-derived MSCs (AT-MSCs) from age-matched humans in a non-immune compromised rat model.

Methods: Diabetes mellitus was induced in rats by streptozotocin injection (STZ, 65 mg/kg b.w, i.p.). Diabetic rats
were treated with DOX (doxorubicin hydrochloride, 2.5 mg/kg b.w, i.p) 3 times/wk for 2 weeks (DOX group); or with
DOX+ GFP labelled BM-MSCs (2x106cells, i.v.) or with DOX + GFP labelled AT-MSCs (2x106cells, i.v.). Echocardiography
and Langendorff perfusion analyses were carried out to determine the heart function. Immunostaining and western
blot analysis of the heart tissue was carried out for CD31 and to assess inflammation and fibrosis. Statistical analysis was
carried out using SPSS and data are expressed as mean ± SD.

Results: Glucose levels in the STZ treated groups were significantly greater than control group. After 4 weeks of
intravenous injection, the presence of injected MSCs in the heart was confirmed through fluorescent microscopy and
real time PCR for ALU transcripts. Both BM-MSCs and AT-MSCs injection prevented DOX-induced deterioration of %FS,
LVDP, dp/dt max and rate pressure product. Staining for CD31 showed a significant increase in the number of
capillaries in BM-MSCs and AT-MSCs treated animals in comparison to DOX treated group. Assessment of the
inflammation and fibrosis revealed a marked reduction in the DOX-induced increase in immune cell infiltration,
collagen deposition and αSMA in the BM-MSCs and AT-MSCs groups.

Conclusions: In conclusion BM-MSCs and AT-MSCs were equally effective in mitigating DOX-induced cardiac damage
by promoting angiogenesis, decreasing the infiltration of immune cells and collagen deposition.
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Introduction
With a prevalence in over 382 million people, diabetes
mellitus, which is presently among the top 10 killers
worldwide, is projected to affect 592 million by 2035 [1].
Epidemiological evidences have shown established con-
nections between diabetes mellitus and cancer. It is re-
ported that in diabetic patients not only the risk of
cancer is increased, but the rate of patient survival has
also been found to be low [2]. Some of the probable
mechanisms that have been proposed to play a role in
this increased prevalence are hyperinsulinemia, hyper-
glycemia and chronic inflammation [3]. Doxorubicin
(DOX), an anticancer drug, is regularly a part of com-
bination therapy and acts by intercalating DNA and
inhibiting the process of replication [4]. Its clinical appli-
cation is limited though due to its cardiotoxic effects in
normal individuals. Also it has been reported that dia-
betes mellitus increases accumulation of DOX in the
heart and the resultant cardiac injury is far greater than
in non-diabetic individuals [5]. As diabetes mellitus itself
can lead to heart failure [6], using DOX in comorbid pa-
tients to treat cancer puts them at potentially increased
risk of cardiac injury.
Stem cells provide a vast avenue to explore cell therapy

for cardiac regeneration. Though there are a lot of candi-
dates, mesenchymal stem cells (MSCs) have emerged as the
prime ones. Several studies have demonstrated that MSCs
are safe and effective for cardiac repair [7]. They retain their
immune privilege when injected into myocardium and are
allogenically compatible [8]. The rescue of cardiac function
has been accredited to a multitude of factors, mainly their
ability to secrete a wide array of paracrine factors [7], re-
cruitment of endogenous cardiac stem cells [9], by promot-
ing angiogenesis and by mitigating inflammation and
fibrosis [7, 10]. Cardiac function has been established to be
highly benefitted by vascularization, therefore increased
angiogenesis in the ischemic heart is considered to be an
integral part of cardiac repair [11]. Several studies have re-
ported that MSCs secrete several pro-angiogenic and im-
munosuppressive factors such as placental-derived growth
factor (PIGF), vascular endothelial growth factor (VEGF),
fibroblast growth factor-2 (FGF-2), angiopoeitin-1,
platelet-derived growth factor (PDGF), monocyte
chemotactic protein-1 (MCP-1), plasminogen activator
and matrix metalloproteinase-9 (MMP-9), prostaglan-
din E2 (PGE2) and interleukin 10 (IL-10) [12, 13].
To date, there has also been some research into miti-

gating DOX-induced cardiomyopathy through the appli-
cation of MSCs [14, 15]. However, a more pertinent
study employing relevant diabetic models is not avail-
able. This study aims to examine the capacity of MSCs
to restore heart function in diabetic rats with cardiac in-
jury following DOX administration. MSCs derived from
bone marrow (BM) and from adipose tissue (AT) are
currently touted to be chief prospective sources for thera-
peutic applications [16]. BM-MSCs are hard to obtain,
given their source [17], while AT-MSCs are relatively eas-
ier and more straight forward to establish [18]. Further-
more, both BM-MSCs and AT-MSCs express the same
surface markers [19]. There is broad similarity in differen-
tiation ability between BM-MSCs and AT-MSCs [20]. AT-
MSCs have displayed higher proliferation rates. The secre-
tion of various angiogenic factors were also reported to be
slightly in the two sources of MSCs. In this regard high
levels of VEGF, IGF and SCF are reported to be produced
in BM-MSCs, while on the other hand, AT-MSCs produce
a significant amount of basic fibroblast growth factor
(bFGF) [21]. Given these considerations and their present
clinical applicability, both were used in this study to allow
for comparison and a comprehensive approach.

Materials and methods
This study was approved by the ethical committee of the
Faculty of Medicine, Cairo University, Egypt.

Isolation and expansion of BM-MSCs
Human bone marrow samples were obtained from healthy
age-matched (25 − 40 years) adult volunteer donors after
written consent and approval were obtained. All procedures
were performed in Kasr Al Ainy University hospital in
accordance with the code of conduct approved by the Eth-
ics Committee of the Faculty of Medicine, Cairo University.
A 5-mL bone marrow sample was aspirated from the pos-
terior superior iliac spine. After 1:1 dilution with Hank’s
balanced salt solution (Lonza, Basel, Switzerland), the bone
marrow samples were layered over Ficol hypaque (Invitro-
gen, Waltham, Massachusetts, USA) for density gradient
centrifugation. Mononuclear cells thus separated were
counted and plated at a density of 500,000 cells/flask in
complete medium. Cells were suspended in complete alpha
minimum essential media (α-MEM; Gibco®, Burlington,
USA) supplemented with 10 % fetal bovine serum (FBS;
Hyclone, Logan, Utah, USA), 1 × nonessential amino
acids (NEAA; Sigma-Aldrich, St. Louis, USA), 4 mM L-
glutamine (Sigma-Aldrich, St. Louis, USA), and 100 U/mL
penicillin, 0.01 mg/mL streptomycin sulfate (Sigma-Aldrich,
St. Louis, USA) in T25 tissue culture flasks. Flasks were in-
cubated in a humidified 5 % CO2 incubator at 37 °C. After
24 h the culture media were changed to remove non-
adherent cells. For all of the experiments, only cells from
the early passages (P) of culture were used (P2 to P4).

Isolation and expansion of AT-MSCs
Human subcutaneous adipose tissues were obtained
from adult age-matched healthy subjects (28 − 40 years)
undergoing liposuction after written consent and ap-
proval were obtained. All procedures were performed in
Kasr Al Ainy University hospital in accordance with the
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code of conduct approved by the Ethics Committee of
Faculty of Medicine, Cairo University. Cell isolation was
performed as previously published [22]. Briefly, adipose
tissue biopsy samples were collected under sterile condi-
tions in serum-free DMEM/F12 medium (supplemented
with 200 μg/mL streptomycin and 200U/mL penicillin;
Gibco®, Burlington, USA). Tissue samples were washed
in PBS, minced, and digested with 1 mg/mL collagenase
type I in 0.1 % BSA for 1 h at 37 °C. Minced samples
were centrifuged at 650 g for 10 minutes. The pellet was
treated with red blood cell lysis buffer (155 mM NH4Cl,
10 mM KHCO3, and 0.1 mM EDTA) for 10 minutes at
room temperature (RT). After centrifugation (650 g for
10 minutes), the cellular pellet was filtered through a
100-μm mesh filter to remove debris. The filtrate was
centrifuged, and the obtained stromal vascular fraction
(SVF) was plated onto T25 cell culture flasks in complete
culture medium (DMEM containing 20 % FBS, 100 μg/mL
streptomycin, 100 U/mL penicillin, 2 mM l-glutamine, and
1 μg/mL amphotericin-B; Gibco®, Burlington, USA). Cells
were then cultured as for BM-MSCs. For all of the experi-
ments, only cells at early passages of culture were used
(P2 to P4). In accordance with the Second Annual Meet-
ing of the International Fat Applied Technology Society
(Pittsburgh, PA, USA, 2004), the obtained plastic adherent
cell stromal populations expanded from collagenase di-
gests of adipose tissue have been termed adipose stem
cells (ASCs).

Characterization of mesenchymal stem cells
The selection of immunophenotyping was based on the
International Society for Cellular Therapy (ISCT) proposal
[23]. Briefly, the non-adherent hematopoietic cells were
washed off, and the adherent MSCs were characterized
by fluorescence-activated cell sorting (FACS; Beckman
Coulter, NE15106, USA) with antibodies against CD45,
CD34, CD90.1, CD44, and CD105.

In vivo studies
Animals
Fifty male Wistar rats weighing 200 − 220 g were used in
this study. Animals were housed at the Animal Care fa-
cility of the Faculty of Medicine, Cairo University, in
chip-bedded cages at RT under a 12:12-h light–dark
cycle and were given free access to standard rat chow
and water for the entire duration of the study. The ex-
perimental protocol and procedures were approved by
the Institutional Animal Care and Ethical Committee,
Kasr Al-Ainy Faculty of Medicine, Cairo University.

Experimental design
Weight-matched rats (n = 10/group) were allocated into
the following groups: group 1, control (C), received 0.2 mL
of saline (vehicle; intraperitoneal (i.p.)), in six equal doses
over 2 weeks; group 2, diabetic group (STZ), injected
with streptozotocin (STZ, MP Biochemicals, CA, USA;
65 mg/kg body wt, i.p.) to induce diabetes mellitus. STZ
was dissolved in sodium citrate buffer (pH 4.5) and stored
at 4 °C [24]; group 3, diabetic + DOX group (STZ +DOX),
received a single dose of STZ (65 mg/kg body wt, i.p.),
followed after 4 weeks by adriamycin (doxorubicin hydro-
chloride, Pharmacia Italia, Nerviano, Italy; 2.5 mg/kg body
wt, i.p.) in saline. DOX was injected in six equal doses over
the period of 2 weeks to induce heart failure; group 4,
bone marrow group (BM-MSCs), received BM MSCs (2 ×
106/mL stem cells intravenously (i.v.) into the tail vein)
4 weeks after the first DOX injection (8 weeks after the
STZ injection); group 5, adipose tissue group (AT-MSCs),
received AT-MSCs (2 × 106/mL stem cells i.v. into the tail
vein) 4 weeks after the first DOX injection (8 weeks after
the STZ injection). For the detailed treatment plan, please
see Figure S3 in Additional file 1.
Noninvasive blood pressure measurements and echo-

cardiography were performed for all rats at baseline, 4
weeks after STZ injection, 4 weeks after the first DOX
injection (8 weeks after STZ injection), and 4 weeks after
stem cell injection (12 weeks after STZ injection). At the
end of the study (12 weeks after STZ injection), blood
samples were collected for serum insulin and fibrinogen
measurements. Hearts were excised from rats in all
treatment groups (after 12 weeks of STZ injection) for
ex vivo heart perfusion as described below. Heart tissue
samples were then collected for subsequent histopatho-
logical analysis and detection of injected stem cells.

Verification of diabetes mellitus
Blood samples were collected from rat tail veins for all
studied groups at baseline and at 4, 8 and 12 weeks from
STZ injection. Blood glucose was assayed by a kit sup-
plied by Diamond Diagnostics (MA, USA).

Care of diabetic animals
After STZ administration, rats were closely observed
during the first 48 h for hypoglycemia and release of
stored insulin (data not shown). Diabetic rats were also
provided with plenty of fluid to compensate for the high
urine volume. Two to three STZ diabetic rats were
housed per cage (21 cm high by 25.5 cm wide by 47 cm
long) and housing conditions were closely monitored.

Arterial blood pressure measurements
The mean arterial blood pressure (ABP) was recorded in
conscious rats using the tail-cuff method (Harvard 50–
9331 Rectilinear recording System; Harvard Apparatus,
Kent, UK). Rats were acclimated for restraint and tail-cuff
inflation for 5 to 7 days before the procedure. A tail-cuff
occluded with an optical pulse sensor was placed proxim-
ally on the tail. To obtain an accurate blood pressure
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reading, rats were allowed 5 minutes calm in the re-
strainers. On inflation, the cuff occluded blood flow
through the tail, and on deflation the return of blood is
detected by the optical pick up system and converted to
an analog signal through a built-in pressure transducer.
The pressure in the cuff is increased above the systolic
pressure till no pulse is recorded, and then the pressure is
allowed to slowly drop below the systolic, while the pulse
amplitude rapidly increases. Systolic and diastolic pressure
readings are then captured and displayed on a PC com-
puter (Intracell, UK.) At least three consecutive readings
were obtained and averaged for each rat.

Echocardiography
Echocardiography was performed to evaluate cardiac func-
tion to all five groups. The rats were lightly anesthetized
with an injection of ketamine hydrochloride (25 mg/kg,
i.p.) and xylazine (5 mg/kg, i.p.). An echocardiography sys-
tem equipped with a 12-MHz phased-array transducer
(SONOS 5500; Philips Medical System, Best, Netherlands)
was placed over the left parasternal area and rocked
through the heart from the apex to the base. A two-
dimensional short-axis view of the left ventricle and M-
mode tracings were recorded to measure left ventricular
end-diastolic dimension (LVEDD) and left ventricular end
systolic dimension (LVSD). Percent fractional shortening
(FS) was calculated from the composite LV internal dia-
stolic (LVEDD) and LV internal systolic (LVSD) dimen-
sions as follows:

FS ¼ End‐diastolic dimension−End‐systolic dimension
End‐diastolic dimension

� 100

Isolated heart perfusion
At the end of in vivo experiments (echocardiography),
the animals were anesthetized using ketamine hydro-
chloride (25 mg/kg, i.p.) and heparinized by i.p. injection
(1,000 IU). A left thoracotomy was performed and hearts
were rapidly exposed, excised and immediately placed in
ice cold Kreb-Henseleit (KH) heparinized solution. The
ascending aorta was then cannulated and placed along
the perfusion line of non-recirculating constant-flow
Langendorff apparatus (Radnotti, Harvard apparatus,
USA). The apparatus was maintained at 37 °C. The dur-
ation between excision and perfusion of the hearts did
not exceed one minute. Hearts were then perfused using
KH buffer with the following concentration (in mM): 25
NaHCO3, 4.7 KCl, 118.5 NaCl, 1.2 MgSO4, 1.2 KH2PO4,
2.5 CaCl2 and 10 glucose, pH 7.4 (Sigma Aldrich, MO,
USA). Perfusion was maintained at a constant flow of
16 mL/min at 37 °C and aerated with a gas mixture
(95 % O2, 5 % CO2). The heart was allowed to beat spon-
taneously throughout the experiment. To determine left
ventricular pressure, a saline-filled latex balloon was
inserted into the left ventricle through an incision in the
left atrial appendage. The balloon was tied securely into
place and filled with saline to give an end-diastolic pres-
sure of approximately 10 − 15 mmHg. The hearts were
placed in a water-jacketed heart chamber (Radnotti,
Harvard apparatus, USA) maintained at 37 °C and allowed
to stabilize for 30 minutes. The intraventricular balloon
catheter was connected to a pressure transducer. Left ven-
tricular pressure and heart rate were monitored continu-
ously and recorded on a computer. Digital analysis of the
wave was performed and displayed by an electronic poly-
graph (NEC-San-ei, 2238, Tokyo, Japan). Baseline mea-
surements were recorded at the end of this period. Left
ventricular function was assessed by left ventricular devel-
oped pressure (LVDP) (peak systolic minus end-diastolic
pressure), left ventricular end-diastolic pressure (LVEDP),
left ventricular end-systolic pressure (LVESP), maximum
rate of pressure rise dp/dt max (as two sensitive indices
for contractility), and rate pressure product RPP, the prod-
uct of heart rate and left ventricular developed pressure
(HR × LVDP), which correlates well with the cardiac work.
Contractile parameters were recorded at 30 minutes,
60 minutes and 120 minutes.

Measurement of serum insulin levels
A rat-specific insulin ELISA kit (Spi-Bio, Bertin Pharma,
France) was used to measure serum insulin levels.
Spectrophotometric reading was performed between
405 and 414 nm.

Measurement of serum fibrinogen level
A rat-specific Bio Med-Fibrinogen kit, Egy-Chem (BioMED
Diagnostics, OR, USA) was used to measure serum fibrino-
gen levels.

Detection of transplanted MSCs in the heart
To detect transplanted MSCs in the heart tissue, BM-
MSCs and AT-MSCs were labeled with green fluorescent
protein (GFP) using EzWay™ Transfection Reagent
(Komabiotech, Seoul, South Korea). The manufacturer’s
protocol was followed for transfection. GFP-transfected
cells were incubated for 24 h prior to testing and then vi-
sualized under a fluorescent microscope prior to injection
(Figure S2 in Additional file 2). To detect cells in the heart,
one month after transplantation myocardial tissue sections
were immunostained with anti-GFP antibody and visual-
ized under the microscope. The quantification of trans-
planted MSCs in the heart was performed by RealTime
PCR for human ALU transcripts in the transplanted hu-
man MSCs in rat hearts as described previously [25].
Briefly, the hearts were quickly removed and frozen in li-
quid nitrogen, genomic DNA was isolated from the frozen
heart samples, and ALU PCR was performed using
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TaqMan probes to detect transplanted human MSCs in
the rat myocardium.

Detection of the CD31+ cells
Immunohistochemical studies were carried out according
to Wang et al. [26]. Cardiac tissue samples from all the
groups were fixed in 10 % formalin for 48 h and the paraf-
fin blocks were prepared. Each sample was cut into 5-μm-
thick sections and taken onto poly-lysine-coated slides,
air-dried overnight at RT, incubated at 60 °C for 20 mi-
nutes, dewaxed in xylene, and rehydrated using different
descending concentrations of ethanol. Later, the samples
were boiled for 10 − 20 minutes in antigen retrieval solu-
tion (0.1 M citric acid, 0.1 M sodium citrate buffer solu-
tion, pH 6), cooled at RT for 20 minutes and washed twice
in PBS. CD31 staining was carried out by using primary
antibody (Abcam) and HRP-labeled secondary antibody.
Slides were then incubated with 3,3′-Diaminobenzedine
(DAB) chromogen (Lab Vision™) mixture for 5 − 15 mi-
nutes at room temperature and then counterstained with
Mayer-Haematoxylin for 1 − 3 minutes. Morphometric as-
sessment of the area of CD31+ cells was performed using
Leica Qwin 500 LTD computer-assisted image analysis soft-
ware (Cambridge, UK). The measurements were done in
10 high power fields (HPF) in all the experimental groups.

Detection of immune cell infiltration and fibrosis
H&E staining was performed to detect immune cell infil-
tration. Briefly slides were deparaffinized in xylene, rehy-
drated in different descending concentrations of ethanol
and stained in hematoxylin. Next, the slides were coun-
ter stained in eosin, dehydrated in increasing concentra-
tions of ethanol and xylene and mounted. The images
were captured under the microscope. The percent area
of mononuclear infiltrating cells was calculated using
the Leica Qwin 500 LTD computer-assisted image ana-
lysis software (Cambridge, UK). To detect fibrosis myo-
cardial sections were stained with Masson’s trichrome
and the percent area of collagen fibers was calculated
using the Leica Qwin 500 LTD computer-assisted image
analysis software (Cambridge, UK).

Western blotting
Briefly, myocardial tissue protein extracts prepared from
control and treated samples in different groups were sus-
pended in PBS containing protease inhibitor cocktail, and
50 μg of protein was loaded onto 10 % TGX FastCast
Acrylamide gel (Bio-Rad Laboratories Ltd). Electrophor-
esis, immunoblotting, and protein detection were done for
α-smooth muscle actin (α-SMA) using anti α-SMA (Sigma
Adrich) antibody. Bands were visualized with Fluor S-
MultiImager MAX system (Bio-Rad Laboratories, Canada)
and quantified by image analysis software (Quantity One,
Bio-Rad Laboratories, Canada).
Statistical analysis
Statistical analysis was done using the software package
SPSS. Data are expressed as mean ± SD. Comparisons
between groups were done using analysis of variance
(ANOVA) and for multiple comparisons the Bonferroni
test was used post-test for normally distributed quantita-
tive variables. Quantitative variables that were not nor-
mally distributed were compared using non parametric
(NPar) tests (Kruskal-Wallis test, Mann-Whitney test).
Correlation was assessed to test for linear relationships
between quantitative variables. P values <0.05 were con-
sidered statistically significant.

Results
Characterization of MSCs
To characterize BM-MSCs and AT-MSCs, we performed
FACS analysis. Our results demonstrate that >90 % of cells
were CD90+, CD105+ and CD44+, while all were CD45-

and CD34- (Fig. 1 and Figure S1 in Additional file 3).

Blood glucose
We measured blood glucose levels in all the groups at
baseline and after 4, 8 and 12 weeks after STZ injec-
tion to confirm the establishment of diabetes mellitus.
There was no difference observed in glucose levels
among all the groups at baseline. After 4, 8 and 12
weeks after STZ administration there was a significant
increase in blood glucose levels in the STZ and STZ +
DOX groups. However, 4 weeks after implantation of
BM-MSCs and AT-MSCs (12 weeks after STZ injection),
the glucose levels decreased 4-fold in comparison to the
STZ +DOX group (Fig. 2a).

Body weight
We monitored body weight in all the groups at baseline,
and 4, 8 and 12 weeks after STZ injection. In the control
group, all the animals had a normal growth trend, as
there was a significant increase in body weight after 4, 8
and 12 weeks. However in the STZ and STZ +DOX
groups body weight decreased after 4, 8 and 12 weeks in
comparison to the control group. After 4 weeks of BM-
MSC and AT-MSC implantation there was a significant
increase in body weight in comparison to the STZ and
STZ + DOX groups (Fig. 2b).

Serum insulin levels
Serum insulin levels were measured in all the groups
after 12 weeks of STZ injection. Serum insulin decreased
5-fold in the STZ and STZ +DOX groups in comparison
to the control group (Fig. 2c). However, BM-MSC and
AT-MSC implantation significantly increased insulin
levels in comparison to both the STZ and STZ +DOX
group (Fig. 2c).
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Serum fibrinogen levels
Serum fibrinogen levels were measured in all the groups
12 weeks after STZ injection. The levels significantly in-
creased in the STZ and STZ +DOX group in compari-
son to the control group (Fig. 2d). Both BM-MSC and
AT-MSC implantation decreased fibrinogen levels ap-
proximately 2-fold (Fig. 2d).
Arterial blood pressure
ABP was recorded in conscious rats at baseline and 4, 8
and 12 weeks after STZ injection. There was no differ-
ence observed among the different groups in systolic or
diastolic ABP levels at baseline or after 4 weeks of STZ
administration (Fig. 3a, b). However, after 4 weeks of
DOX treatment (8 weeks after STZ injection) both
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systolic and diastolic ABP levels significantly decreased.
In both BM-MSCs and AT-MSCs after 4 weeks of im-
plantation (12 weeks after STZ injection) ABP increased
1.5-fold compared to the DOX group (Fig. 3a, b).

In vivo cardiac function assessment
To determine the effect of MSC implantation on cardiac
function, we performed echocardiography at baseline,
and 4, 8 and 12 weeks after STZ injection. There was no
difference observed in left ventricular (LV) volumes and
percent FS among different groups at baseline and after
4 weeks of STZ treatment (Fig. 4). However, after 4
weeks of DOX treatment (8 weeks after STZ injection)
there was a significant increase observed in LV diameter
and a substantial decrease in percent FS. In both BM-
MSCs and AT-MSCs, 4 weeks of implantation (12 weeks
after STZ injection) led to an improvement in heart
function as we observed a significant increase in percent
FS and a decrease in LV volumes (Fig. 4).

Isolated heart perfusion
Retrograde Langendorff perfusion was performed to
measure heart rate, LVESP, LVEDP, LVDP, dp/dt and
RPP. There was a 2-fold decrease in heart rate after
DOX treatment compared to the control and STZ
groups. Both BM-MSC and AT-MSC therapy stabilized
the heart rate (Fig. 5a). We observed a significant de-
crease in LVDP and LVSP, and an increase in LVEDP
after DOX administration. Both BM-MSC and AT-MSC
treatment improved these parameters (Fig. 5b, c, d).
Assessment of cardiac contractility was done by the meas-
urement of dp/dt and RPP levels. DOX administration
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decreased these parameters, however, both BM-MSCs and
AT-MSCs were equally effective in preventing these
changes (Fig. 5e, f ).

Detection of stem cells in the heart
The ability of injected stem cells to repair the heart de-
pends upon successful delivery of injected cells in the
cardiac tissue. We labeled the stem cells with GFP be-
fore transplantation (Figure S2 in Additional file 2), our
immunohistochemistry results demonstrated that 4
weeks after intravenous injection, implanted BM-MSCs
and AT-MSCs were present in the heart (Fig. 6a). Real-
time PCR was performed for quantification of MSCs in
the heart. We detected 0.1078 % of human DNA in the
total DNA extracted from the heart tissues in the BM-
MSC group and 0.557 % of human DNA in total DNA
extracted from heart tissues in the AT-MSC group
(Fig. 6b).

Assessment of fibrosis and inflammation
To detect fibrosis in the heart, myocardial sections
were stained with Masson’s trichrome; control rats had
fine collagen fibers between the muscle fibers, diabetic
rats (STZ group) had dense collagen fibers between the
muscle fibers, and the STZ + DOX group had extensive
collagen fibers between disorganized muscle fibers.
These results were further complimented by α-SMA
expression, which is a very well-established marker of
cardiac fibrosis. We observed a significant increase in
α-SMA protein levels in the STZ + DOX group in com-
parison to the control and STZ groups. Both BM-MSC
and AD-MSC transplantation decreased the level of



a)

d)

e) f)

c)

b)

Fig. 6 a Bone marrow-derived mesenchymal stem cells (BM-MSCs) and adipose tissue-derived mesenchymal stem cells (AT-MSCs) were labeled
with green fluorescent protein (GFP) before injection. Implanted cells were detected in the myocardium 4 weeks after intravenous injection
through the tail vein (magnification × 10). b Real-time PCR was performed to quantify transplanted MSCs in the heart. Genomic DNA was
isolated from the heart samples, and ALU PCR was performed using TaqMan probes to detect transplanted human MSCs in the rat myocardium.
Histograms show percentage of human DNA found in total DNA extracted from rat heart tissues from the BM-MSC and AT-MSC groups. c and
d Myocardial sections were stained with Masson’s trichrome, (magnification × 200) to detect fibrosis in the heart in the different groups (control,
streptozotocin (STZ), STZ + doxorubicin (STZ + DOX), BM-MSCs and AT-MSCs; d histograms show percent area of collagen deposition. Black arrows
indicate collagen fibers. Quantification of the cells in various groups was performed using the Leica Qwin 500 LTD computer-assisted image
analysis system (Cambridge, UK). Measurements were done in 10 high power fields (HPF) in all the experimental groups. e and f α-smooth
muscle actin (α-SMA) expression was assessed by western blot in different groups. f Histograms show α-SMA levels, values were normalized with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). @P <0.05 compared to STZ, ▲P <0.05 compared to STZ and STZ + DOX
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fibrosis, as we observed decreased collagen deposition
and α-SMA protein levels (Fig. 6c-f ).
On H&E staining of the heart sections there was

high infiltration of immune cells in the STZ and
STZ + DOX groups, along with distortion of myocytes
(Fig. 7a, b). Both BM-MSC and AT-MSC treatment
significantly decreased the infiltration of immune cells
(Fig. 7a, b).
Assessment of angiogenesis
CD31 has been widely relied upon as a marker for
angiogenesis. We have tested myocardial tissue in differ-
ent groups for CD31expression (Fig. 7c). CD31+ cells
were found in the STZ group (Fig. 7c) and were mark-
edly reduced in the STZ +DOX group (Fig. 7c). Both
BM-MSC and AT-MSC treatment increased the number
of CD31+ cells 5-fold (Fig. 7c, d).



a) b)

d)c)

Fig. 7 a H & E staining was performed to detect infiltration of immune cells in the heart. Photomicrographs of heart sections (×200) from different
groups: control, streptozotocin (STZ), STZ + doxorubicin (STZ + DOX), bone marrow-derived mesenchymal stem cells (BM-MSCs) and adipose
tissue-derived mesenchymal stem cells (AT-MSCs) . Black arrows indicate infiltrating immune cells. b Histograms show percent area of immune cell
infiltration. c CD31 expression in the myocardium was examined by immunohistochemistry (magnification × 200) in different groups. Black arrows
indicate CD31+ cells; wavy arrows show damaged muscle tissue. d Histograms show percentage of CD31+ cells. Quantification of the cells in various
groups was performed using the Leica Qwin 500 LTD computer-assisted image analysis system (Cambridge, UK). The measurements were done in
10 high power fields in all the experimental groups. @P <0.05 compared to STZ, ▲P <0.05 compared to STZ and STZ + DOX
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Discussion
In the present study, we report for the first time that
mesenchymal stem cell therapy prevents DOX-induced
deterioration of cardiac function in diabetic rats. In vari-
ous pre-clinical and clinical studies, AT-MSCs and BM-
MSCs have comparable outcomes [27, 28]. Therefore we
investigated both AT-MSCs and BM-MSCs to assess
their respective efficacy. Both were equally effective in
mitigating DOX-induced alterations in cardiac function
in diabetic rats.
Previously, several studies have demonstrated that

MSC transplantation in diabetic rats downregulates
hyperglycemia and normalizes body weight [29, 30].
Similarly, we found that AT-MSC and BM-MSC trans-
plantation decreased glucose levels and increased body
weight in STZ-induced diabetes in rats. However, it was un-
clear until now whether MSC therapy can decrease blood
glucose levels in DOX-treated diabetic rats. Our experi-
ments reported a significant decrease in blood glucose
levels in DOX-treated animals. It has been suggested that
insulin and fibrinogen play a key role in glycemic control in
the body [31]. To determine if this may be the cause of
MSC therapy-mediated decrease in blood glucose levels, we
measured serum insulin and fibrinogen levels. It was found
that serum insulin levels decreased and fibrinogen levels in-
creased in STZ-treated and DOX-treated animals. AT-MSC
and BM-MSC injections both restored the levels of insulin
and fibrinogen to those found in the control group.
As diabetic patients are more susceptible to cancer

than normal people, DOX therapy becomes a necessary
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evil, threatening to cause a severe degree of damage to the
already ailing heart of diabetic patients. This was amply
substantiated in the current study. We found significant
deterioration of cardiac function in the DOX-treated STZ
group compared to the control and STZ-treated animals.
We investigated a number of parameters to assess cardiac
damage after treatment with doxorubicin. Heart rate has
been ascertained as an independent risk factor in cardio-
vascular disease [32]. We found a significant decrease in
the heart rate in the DOX-treated group. Both BM-MSC
and AT-MSC transplantation prevented this decrease. Our
experiments further demonstrated that stem cell trans-
plantation prevents DOX-induced decrease in percent FS
and improved LV dimensions.
The RPP represents the myocardial workload, provid-

ing a direct indication of the energy demand and energy
consumption of the heart, which can digress in cardio-
vascular risk [33]. We observed A significant decrease in
RPP levels after 4 weeks of DOX treatment. However,
stem cell implantation increased RPP levels. For further
assessment of the effects of BM-MSCs and AT-MSCs in
modulating cardiac function, hearts from all the experimen-
tal groups were isolated and perfused using Langendorff ap-
paratus and dp/dt was evaluated to assess the cardiac
contractility of the isolated perfused hearts. dp/dt has been
established as a predictor of event-free survival in patients
with heart failure [34]. We found both AT-MSC and BM-
MSC therapy prevented DOX-induced decrease in dp/dt
levels. In various animal models the transplantation of mes-
enchymal stem cells to the damaged myocardium has been
found to improve heart function and prevent congestive
heart failure [35–38].
DOX is known to cause disruptions of cardiac function

through different mechanisms. Several studies have
reported the impairment of angiogenesis, increase in in-
flammatory cell infiltration and fibrosis following DOX
therapy [39, 40]. The suggested mechanisms of MSC-
mediated cardiac repair include modulation of inflamma-
tion [41] and promotion of angiogenesis [42]. Therefore,
in this study, to find the mechanisms of stem cell therapy-
mediated protection against DOX-induced damage, we
assessed the level of angiogenesis, immune cell infiltration
and fibrosis following MSC therapy. MSCs have been
regularly reported to release angiogenic factors such as
SDF-1, VEGF, PIGF, FGF-2, angiopoeitin-1, PDGF, MCP-
1, plasminogen activator and MMP-9 [12, 13, 43, 44]. Our
study further substantiates the notion of MSC-induced
angiogenesis in damaged myocardium, helping in im-
provement of cardiac function, thus strongly corroborat-
ing previous studies wherein MSCs were found to
stimulate angiogenesis in animal models of myocardial in-
farction, which eventually resulted in repair of ischemic
heart tissue [45, 46]. MSCs also secrete various immuno-
suppressive soluble factors such as prostaglandin E2
(PGE2), IL-10 and indolamine dioxygenase (IDO) [47].
These factors modulate inflammatory responses in the in-
farcted heart and promote the repair process. In fibrosis,
there is excessive fibroblast accumulation, extracellular
matrix (ECM) deposition and scar formation, leading to
increased stiffness of the heart tissue, culminating in pro-
gressive cardiac failure [48]. Reducing cardiac fibrosis is
critical in improving the condition of the affected heart
[49]. Our findings are in agreement with the previously
published reports and show that there was a marked re-
duction in fibrosis in the BM-MSCs and AT-MSC groups
compared to the STZ +DOX group. Some of the initial
studies have also demonstrated that mouse bone marrow
MSCs trans-differentiated into cardiomyocytes in the
heart [50]. However, subsequent studies have revealed that
cardiac differentiation of MSCs is limited to the expression
of cardiac-specific markers, without the generation of
functional cardiomyocytes [51, 52].
Based on the outcome of these pre-clinical studies, a

wide variety of MSC-based clinical trials have reported im-
provement in function in patients with cardiovascular and
metabolic disease [53–56]. However, before making defini-
tive conclusions and applying MSCs for widespread clin-
ical use, there is a need for more studies to understand the
in-depth mechanisms and the duration of improvement in
patients treated with stem cell therapy.

Conclusions
In conclusion, the present study not only confirms the an-
tidiabetic potential of MSCs, but we also show for the first
time that both AT-MSCs and BM-MSCs are equally ef-
fective in restoring heart function in DOX-treated diabetic
rats. Furthermore, these findings should act as a stimulus
for further research on the benefits of mesenchymal stem
cell therapy for diabetic patients suffering from cancer.
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Additional file 1: Figure S3. Schematic diagram of the timeline of all
the groups. (PDF 11 kb)

Additional file 2: Figure S2. Figure S2 Representative image of a stem
cell expressing the transfected green fluorescent protein prior to
injection (magnification × 20). (PDF 13 kb)

Additional file 3: Figure S1. Immunophenotyping of adipose tissue-
derived mesenchymal stem cells by flow cytometry. a Flow Gate; b CD45;
c CD34; d CD44; e CD90 and f CD105. All the cells were negative for
CD45 and CD34; >90 % of the cells were positive for CD44, CD90 and
CD105. (PDF 164 kb)

Abbreviations
α-MEM: alpha minimum essential media; α-SMA: α-smooth muscle actin;
ABP: arterial blood pressure; AD: adipose tissue; ANOVA: analysis of variance;
ASCs: adipose stem cells; AT-MSCs: adipose tissue-derived mesenchymal stem
cells; bFGF: basic fibroblast growth factor; BM-MSCs: bone marrow-derived
mesenchymal stem cells; DAB: 3,3′-Diaminobenzedine; DMEM: Dulbecco’s
modified Eagle’s medium; DOX: doxorubicin; dp/dt: rate of pressure rise;
ELISA: enzyme-linked immunosorbent assay; FACS: fluorescence-activated cell

http://stemcellres.com/content/supplementary/s13287-015-0142-x-s1.pdf
http://stemcellres.com/content/supplementary/s13287-015-0142-x-s2.pdf
http://stemcellres.com/content/supplementary/s13287-015-0142-x-s3.pdf


Ammar et al. Stem Cell Research & Therapy  (2015) 6:148 Page 13 of 14
sorting; FBS: fetal bovine serum; FGF-2: fibroblast growth factor-2; FITC: fluorescein
isothiocyanate; FS: fractional shortening; GFP: green fluorescent protein;
H&E: hematoxylin and eosin; HR: heart rate; HRP: horseradish peroxidase;
IGF: Insulin-Like Growth Factor; i.p.: intraperitoneal; i.v.: intravenous;
IDO: indolamine dioxygenase; IL-10: interleukin 10; ISCT: International Society for
Cellular Therapy; KH: Kreb-Henseliet; LV: left ventricle/ventricular; LVDP: left
ventricular developed pressure; LVEDD: left ventricular end diastolic dimension;
LVEDP: left ventricular end diastolic pressure; LVESD: Left Ventricular End Systolic
Diameter; LVESP: left ventricular end systolic pressure; LVSD: left ventricular end
systolic dimension; LVSP: Left Ventricular Systolic Pressure; MCP-1: monocyte
chemotactic protein-1; MMP-9: matrix metalloproteinase-9; MNCs: mononuclear
cells; MSCs: mesenchymal stem cells; NEAA: nonessential amino acids; NPar: non
parametric tests; PBS: phosphate-buffered saline; PCR: polymerase chain reaction;
PDGF: platelet-derived growth factor; PGE2: prostaglandin E2; PIGF: placenta
derived growth factor; RPP: rate pressure product; RT: room temperature;
SCF: Stem Cell Factor; SDF-1: stromal cell derived factor-1; STZ: streptozotocin;
SVF: stromal vascular fraction; VEGF: vascular endothelial growth factor.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
HIA and SD conceptualized the study; HIA, GLS, MBN, RIA, HMG, HEE and SD
designed the experiments; HIA, GLS, MBN, RIA, HMG, HEE, NS and EAR carried out
the experiments and acquired the data; MZB carried out immunohistochemical
staining and morphometric analysis; HIA, GLS, NS, EAR and SD interpreted the
data, carried out data analysis and statistical analysis; HIA, GLS and SD drafted the
manuscript; MBN, RIA, HMG and HEE provided critical inputs in revising the
manuscript, and GLS, NS, EAR, MZB and SD revised the manuscript. All the
authors have read and approved the final version of the manuscript.

Acknowledgements
This work was supported by Manitoba Medical Service Foundation and St
Boniface Hospital Foundation.

Author details
1Department of Physiology, Faculty of Medicine, Cairo University, Cairo,
Egypt. 2Regenerative Medicine Program, Institute of Cardiovascular Sciences,
St. Boniface Hospital Research Centre, University of Manitoba, Winnipeg
R2H2A6, Canada.

Received: 24 October 2014 Revised: 23 April 2015
Accepted: 3 August 2015

References
1. International Diabetes Federation. IDF Diabetes Atlas. In: Guariguata L, Nolan

T, Beagley J, Linnenkamp U, Jacqmain O, editors. International Diabetes
Federation. 6th ed. 2013. Chapter 2: 32-49.

2. Onitilo AA, Engel JM, Glurich I, Stankowski RV, Williams GM, Doi SA. Diabetes
and cancer I: risk, survival, and implications for screening. Cancer Causes
Control. 2012;23:967–81.

3. Xu CX, Zhu HH, Zhu YM. Diabetes and cancer: Associations, mechanisms,
and implications for medical practice. World J Diabetes. 2014;5:372–80.

4. Tacar O, Sriamornsak P, Dass CR. Doxorubicin: an update on anticancer
molecular action, toxicity and novel drug delivery systems. J Pharm
Pharmacol. 2013;65:157–70.

5. Al-Shabanah OA, El-Kashef HA, Badary OA, Al-Bekairi AM, Elmazar MM. Effect
of streptozotocin-induced hyperglycaemia on intravenous pharmacokinetics
and acute cardiotoxicity of doxorubicin in rats. Pharmacol Res. 2000;41:31–7.

6. Dhingra R, Vasan RS. Diabetes and the risk of heart failure. Heart Fail Clin.
2012;8:125–33.

7. Williams AR, Hare JM. Mesenchymal stem cells: biology, pathophysiology,
translational findings, and therapeutic implications for cardiac disease.
Circ Res. 2011;109:923–40.

8. Dhingra S, Huang XP, Li RK. Challenges in allogeneic mesenchymal stem
cell-mediated cardiac repair. Trends Cardiovasc Med. 2010;20:263–8.

9. Hatzistergos KE, Quevedo H, Oskouei BN, Hu Q, Feigenbaum GS, Margitich
IS, et al. Bone marrow mesenchymal stem cells stimulate cardiac stem cell
proliferation and differentiation. Circ Res. 2010;107:913–22.

10. Tang J, Xie Q, Pan G, Wang J, Wang M. Mesenchymal stem cells participate
in angiogenesis and improve heart function in rat model of myocardial
ischemia with reperfusion. Eur J Cardiothorac Surg. 2006;30:353–61.
11. Xie J, Lu W, Gu R, Dai Q, Zong B, Ling L, et al. The impairment of ILK related
angiogenesis involved in cardiac maladaptation after infarction. PLoS One.
2011;6, e24115.

12. Kinnaird T, Stabile E, Burnett MS, Lee CW, Barr S, Fuchs S, et al. Marrow-
derived stromal cells express genes encoding a broad spectrum of
arteriogenic cytokines and promote in vitro and in vivo arteriogenesis
through paracrine mechanisms. Circ Res. 2004;94:678–85.

13. Hung SC, Pochampally RR, Chen SC, Hsu SC, Prockop DJ. Angiogenic effects
of human multipotent stromal cell conditioned medium activate the
PI3K-Akt pathway in hypoxic endothelial cells to inhibit apoptosis, increase
survival, and stimulate angiogenesis. Stem Cells. 2007;25:2363–70.

14. Oliveira MS, Melo MB, Carvalho JL, Melo IM, Lavor MS, Gomes DA, et al.
Doxorubicin Cardiotoxicity and Cardiac Function Improvement After Stem Cell
Therapy Diagnosed by Strain Echocardiography. J Cancer Sci Ther. 2013;5:52–7.

15. Mohammadi Gorji S, Karimpor Malekshah AA, Hashemi-Soteh MB, Rafiei A,
Parivar K, Aghdami N. Effect of mesenchymal stem cells on Doxorubicin-
induced fibrosis. Cell J. 2012;14:142–51.

16. Dmitrieva RI, Minullina IR, Bilibina AA, Tarasova OV, Anisimov SV, Zaritskey
AY. Bone marrow- and subcutaneous adipose tissue-derived mesenchymal
stem cells: differences and similarities. Cell Cycle. 2012;11:377–83.

17. Stenderup K, Justesen J, Clausen C, Kassem M. Aging is associated with
decreased maximal life span and accelerated senescence of bone marrow
stromal cells. Bone. 2003;33:919–26.

18. Ahn J, Lee H, Seo K, Kang S, Ra J, Youn H. Anti-tumor effect of adipose
tissue derived-mesenchymal stem cells expressing interferon-beta and
treatment with cisplatin in a xenograft mouse model for canine melanoma.
PLoS One. 2013;8, e74897.

19. Al-Nbaheen M, Vishnubalaji R, Ali D, Bouslimi A, Al-Jassir F, Megges M, et al.
Human stromal (mesenchymal) stem cells from bone marrow, adipose
tissue and skin exhibit differences in molecular phenotype and
differentiation potential. Stem Cell Rev. 2013;9:32–43.

20. Alves EG, Serakides R, Boeloni JN, Rosado IR, Ocarino NM, Oliveira HP, et al.
Comparison of the osteogenic potential of mesenchymal stem cells from the
bone marrow and adipose tissue of young dogs. BMC Vet Res. 2014;10:190.

21. Peng L, Jia Z, Yin X, Zhang X, Liu Y, Chen P, et al. Comparative analysis of
mesenchymal stem cells from bone marrow, cartilage, and adipose tissue.
Stem Cells Dev. 2008;17:761–73.

22. Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, et al. Multilineage
cells from human adipose tissue: implications for cell-based therapies.
Tissue Eng. 2001;7:211–28.

23. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D,
et al. Minimal criteria for defining multipotent mesenchymal stromal cells.
The International Society for Cellular Therapy position statement.
Cytotherapy. 2006;8:315–7.

24. Warne JP, Akana SF, Ginsberg AB, Horneman HF, Pecoraro NC, Dallman MF.
Disengaging insulin from corticosterone: roles of each on energy intake and
disposition. Am J Physiol Regul Integr Comp Physiol. 2009;296:R1366–1375.

25. McBride C, Gaupp D, Phinney DG. Quantifying levels of transplanted murine
and human mesenchymal stem cells in vivo by real-time PCR. Cytotherapy.
2003;5:7–18.

26. Wang Y, Liu P, Duan Y, Yin X, Wang Q, Liu X, et al. Specific cell targeting
with APRPG conjugated PEG-PLGA nanoparticles for treating ovarian cancer.
Biomaterials. 2014;35:983–92.

27. Kim Y, Kim H, Cho H, Bae Y, Suh K, Jung J. Direct comparison of human
mesenchymal stem cells derived from adipose tissues and bone marrow in
mediating neovascularization in response to vascular ischemia. Cell Physiol
Biochem. 2007;20:867–76.

28. Strioga M, Viswanathan S, Darinskas A, Slaby O, Michalek J. Same or not the
same? Comparison of adipose tissue-derived versus bone marrow-derived
mesenchymal stem and stromal cells. Stem Cells Dev. 2012;21:2724–52.

29. Abdel Aziz MT, El-Asmar MF, Haidara M, Atta HM, Roshdy NK, Rashed LA, et al.
Effect of bone marrow-derived mesenchymal stem cells on cardiovascular
complications in diabetic rats. Med Sci Monit. 2008;14:BR249–255.

30. Boumaza I, Srinivasan S, Witt WT, Feghali-Bostwick C, Dai Y, Garcia-Ocana A,
et al. Autologous bone marrow-derived rat mesenchymal stem cells
promote PDX-1 and insulin expression in the islets, alter T cell cytokine
pattern and preserve regulatory T cells in the periphery and induce
sustained normoglycemia. J Autoimmun. 2009;32:33–42.

31. Monnerat-Cahli G, Trentin-Sonoda M, Guerra B, Manso G, Ferreira AC, Silva
DL, et al. Bone marrow mesenchymal stromal cells rescue cardiac function
in streptozotocin-induced diabetic rats. Int J Cardiol. 2014;171:199–208.



Ammar et al. Stem Cell Research & Therapy  (2015) 6:148 Page 14 of 14
32. Cooney MT, Vartiainen E, Laatikainen T, Juolevi A, Dudina A, Graham IM.
Elevated resting heart rate is an independent risk factor for cardiovascular
disease in healthy men and women. Am Heart J. 2010;159:612–9. e613.

33. Gobel FL, Norstrom LA, Nelson RR, Jorgensen CR, Wang Y. The rate-pressure
product as an index of myocardial oxygen consumption during exercise in
patients with angina pectoris. Circulation. 1978;57:549–56.

34. Kolias TJ, Aaronson KD, Armstrong WF. Doppler-derived dP/dt and -dP/dt
predict survival in congestive heart failure. J Am Coll Cardiol. 2000;36:1594–9.

35. Tomita S, Mickle DA, Weisel RD, Jia ZQ, Tumiati LC, Allidina Y, et al.
Improved heart function with myogenesis and angiogenesis after
autologous porcine bone marrow stromal cell transplantation. J Thorac
Cardiovasc Surg. 2002;123:1132–40.

36. Shake JG, Gruber PJ, Baumgartner WA, Senechal G, Meyers J, Redmond JM, et al.
Mesenchymal stem cell implantation in a swine myocardial infarct model:
engraftment and functional effects. Ann Thorac Surg. 2002;73:1919–25.
discussion 1926.

37. Silva GV, Litovsky S, Assad JA, Sousa AL, Martin BJ, Vela D, et al.
Mesenchymal stem cells differentiate into an endothelial phenotype,
enhance vascular density, and improve heart function in a canine chronic
ischemia model. Circulation. 2005;111:150–6.

38. Wang JA, Fan YQ, Li CL, He H, Sun Y, Lv BJ. Human bone marrow-derived
mesenchymal stem cells transplanted into damaged rabbit heart to
improve heart function. J Zhejiang Univ Sci B. 2005;6:242–8.

39. Shi Y, Moon M, Dawood S, McManus B, Liu PP. Mechanisms and
management of doxorubicin cardiotoxicity. Herz. 2011;36:296–305.

40. Chatterjee K, Zhang J, Honbo N, Karliner JS. Doxorubicin cardiomyopathy.
Cardiology. 2010;115:155–62.

41. Ma S, Xie N, Li W, Yuan B, Shi Y, Wang Y. Immunobiology of mesenchymal
stem cells. Cell Death Differ. 2014;21:216–25.

42. Pittenger MF, Martin BJ. Mesenchymal stem cells and their potential as
cardiac therapeutics. Circ Res. 2004;95:9–20.

43. Zhang M, Mal N, Kiedrowski M, Chacko M, Askari AT, Popovic ZB, et al.
SDF-1 expression by mesenchymal stem cells results in trophic support of
cardiac myocytes after myocardial infarction. FASEB J. 2007;21:3197–207.

44. Sasaki T, Fukazawa R, Ogawa S, Kanno S, Nitta T, Ochi M, et al. Stromal
cell-derived factor-1alpha improves infarcted heart function through
angiogenesis in mice. Pediatr Int. 2007;49:966–71.

45. Nagaya N, Fujii T, Iwase T, Ohgushi H, Itoh T, Uematsu M, et al. Intravenous
administration of mesenchymal stem cells improves cardiac function in rats
with acute myocardial infarction through angiogenesis and myogenesis.
Am J Physiol Heart Circ Physiol. 2004;287:H2670–2676.

46. Huang NF, Lam A, Fang Q, Sievers RE, Li S, Lee RJ. Bone marrow-derived
mesenchymal stem cells in fibrin augment angiogenesis in the chronically
infarcted myocardium. Regen Med. 2009;4:527–38.

47. Hsu WT, Lin CH, Chiang BL, Jui HY, Wu KK, Lee CM. Prostaglandin E2
potentiates mesenchymal stem cell-induced IL-10 + IFN-gamma + CD4+
regulatory T cells to control transplant arteriosclerosis. J Immunol.
2013;190:2372–80.

48. Krenning G, Zeisberg EM, Kalluri R. The origin of fibroblasts and mechanism
of cardiac fibrosis. J Cell Physiol. 2010;225:631–7.

49. Sirish P, Li N, Liu JY, Lee KS, Hwang SH, Qiu H, et al. Unique mechanistic
insights into the beneficial effects of soluble epoxide hydrolase inhibitors in
the prevention of cardiac fibrosis. Proc Natl Acad Sci USA. 2013;110:5618–23.

50. Rota M, Kajstura J, Hosoda T, Bearzi C, Vitale S, Esposito G, et al. Bone
marrow cells adopt the cardiomyogenic fate in vivo. Proc Natl Acad Sci
USA. 2007;104:17783–8.

51. Rose RA, Jiang H, Wang X, Helke S, Tsoporis JN, Gong N, et al. Bone
marrow-derived mesenchymal stromal cells express cardiac-specific markers,
retain the stromal phenotype, and do not become functional
cardiomyocytes in vitro. Stem Cells. 2008;26:2884–92.

52. Leblond AL, O’Sullivan J, Caplice N. Bone marrow mononuclear stem cells:
potential in the treatment of myocardial infarction. Stem Cells Cloning.
2009;2:11–9.

53. Ascheim DD, Gelijns AC, Goldstein D, Moye LA, Smedira N, Lee S, et al.
Mesenchymal precursor cells as adjunctive therapy in recipients of
contemporary left ventricular assist devices. Circulation. 2014;129:2287–96.

54. Karantalis V, DiFede DL, Gerstenblith G, Pham S, Symes J, Zambrano JP,
et al. Autologous mesenchymal stem cells produce concordant
improvements in regional function, tissue perfusion, and fibrotic burden
when administered to patients undergoing coronary artery bypass grafting:
The Prospective Randomized Study of Mesenchymal Stem Cell Therapy in
Patients Undergoing Cardiac Surgery (PROMETHEUS) trial. Circ Res.
2014;114:1302–10.

55. Lee JW, Lee SH, Youn YJ, Ahn MS, Kim JY, Yoo BS, et al. A randomized,
open-label, multicenter trial for the safety and efficacy of adult
mesenchymal stem cells after acute myocardial infarction. J Korean Med Sci.
2014;29:23–31.

56. Heldman AW, DiFede DL, Fishman JE, Zambrano JP, Trachtenberg BH,
Karantalis V, et al. Transendocardial mesenchymal stem cells and
mononuclear bone marrow cells for ischemic cardiomyopathy: the TAC-HFT
randomized trial. JAMA. 2014;311:62–73.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Isolation and expansion of BM-MSCs
	Isolation and expansion of AT-MSCs
	Characterization of mesenchymal stem cells
	In vivo studies
	Animals
	Experimental design
	Verification of diabetes mellitus
	Care of diabetic animals
	Arterial blood pressure measurements
	Echocardiography
	Isolated heart perfusion
	Measurement of serum insulin levels
	Measurement of serum fibrinogen level
	Detection of transplanted MSCs in the heart
	Detection of the CD31+ cells
	Detection of immune cell infiltration and fibrosis
	Western blotting
	Statistical analysis


	Results
	Characterization of MSCs
	Blood glucose
	Body weight
	Serum insulin levels
	Serum fibrinogen levels
	Arterial blood pressure
	In vivo cardiac function assessment
	Isolated heart perfusion
	Detection of stem cells in the heart
	Assessment of fibrosis and inflammation
	Assessment of angiogenesis

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



