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Abstract
Background aims. Human adipose tissue-derived stem cells (hASCs) can be easily (and inexpensively) expanded in culture,
and their high plasticity allows their conversion to different cell types. We study the potential capacity of postmortem cardiac
tissue to direct cardiac differentiation of hASCs in vitro. Methods. Cardiac tissue collected from autopsies was used to obtain
cell extracts and conditioned medium, and both approaches were tested for cardiac induction. Results. Gene expression
analyses proved that post-mortem human cardiac tissue maintains genetic integrity. hASCs exposed to the cell extracts or
conditioned medium for 2 weeks achieved the appearance of myotube-like structures and were positive for cardiac markers
such as sarcomeric a-actinin, cardiac troponin I and T and desmin as proved by immunofluorescence. In addition,
differentiated cells showed increased expression of cardiomyocyte-related genes analyzed by reverse transcriptase polymerase
chain reaction (GATA-4, myocyte-enhancer factor-2c, a-cardiac actin and cardiac troponin I). Conclusions. For the first time,
post-mortem human cardiac tissue was used to induce hASC differentiation into myocardial-like cells. The methodology
described here would serve as a useful model to obtain cardiomyocyte-like cells in vitro.
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Introduction

Related heart diseases are the major cause of death
throughout the world (1). The development of new
cardioactive drugs is a complicated process in which
pre-clinical toxicity assays are a critical step. At the
present time, cell-based screening assays are used to
study disease mechanisms and to test the effect of
novel drugs or gene treatments. Different cell sources
have been used to obtain human cardiomyocyte-like
cells. Studies using human embryonic stem cells
(ESCs) have shown great potential for improving
drug screening. The effect that some drugs produce in
cardiomyocytes was similar to the effect produced in
cardiomyocytes derived fromESCs (2,3). In addition,
ESCs have proved to be a suitable model to test the
development of cardiac arrhythmias as a pharmaco-
logic side effect (4). To avoid ethical restrictions,
induced pluripotent stem cells (iPSCs) have become
the ideal alternative to ESCs. With the generation of
disease-specific iPSC lines from patients with various
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diseases (5), new expectations have emerged, not only
in basic research and regenerative medicine but also
in a pharmacologic context. However, the use of
ESCs or iPSCs is restricted to a few laboratories
around the world, not only because of the difficulties
secondary to a very restrictive legislation, which limit
their use, but also, and even more important, because
of the high cost of ESC and iPSC culture.

Previous studies showed the possibility of
obtaining cardiomyocyte-like cells by the use of cell
extracts from rat cardiomyocytes (6). More recently,
our group demonstrated an improvement of this
methodology using human cardiac tissue to direct
differentiation of human adipose tissue-derived stem
cells (hASCs) toward cardiomyocytes (7). In this
study, the cardiac tissue was obtained from patients
undergoing coronary artery bypass surgery, with lim-
itations to obtaining large amounts of tissue. Post-
mortem human cardiac tissue could be a suitable
alternative; it has been demonstrated that robust gene
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expression can be obtained using RNA from autopsy-
derived tissue 24 hours after autolysis (8).

Mesenchymal stromal cells transplanted into
infarctedmyocardium have been shown to acquire the
phenotypic characteristics of cardiomyocytes (9,10),
suggesting paracrine (i.e., cytokine and chemokine)
effects of the cardiac tissue in the implanted cells.
Conditioned media, derived by in vitro culturing
cells dissociated from the heart, have been proven to
induce differentiation of bone marrow-derived
mesenchymal stromal cells (11).

In this study, we used for the first time post-
mortem cardiac tissue to induce hASC differentia-
tion into myocardial-like cells. First, genetic integrity
of human cardiac post-mortem tissue was evaluated
by real-time polymerase chain reaction (PCR) ana-
lyses. Second, two different approaches were imple-
mented: (i) cell extract method and (ii) conditioned
medium. To confirm the cardiac phenotype achieved
by the hASCs, immunofluorescence analyses were
performed. In addition, gene expression was evalu-
ated by reverse transcriptase PCR to determine the
expression of several cardiac-specific makers.
Methods

Isolation and culture of hASCs

The hASCs used in this study were isolated from hu-
man adipose tissue and characterized as previously
shown (12). Phenotypic characterization and differ-
entiation potential of isolated hASCs are shown in
supplementary Figure 1. Cells were cultured with
high-glucose Dulbecco’s modified Eagle’s medium
(DMEM; Sigma-Aldrich, St Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich), 100 U/mL penicillin and 100 mg/mL
streptomycin (Invitrogen, Merelbeke, Belgium) at
37�C in a humidified atmosphere containing 5%CO2.
Samples

Myocardial tissue samples were obtained from five
forensic autopsies, �12 h post-mortem. Approxi-
mately 100 mg of tissue was taken in each case from
the lateral wall of the left ventricle and was kept
at �80�C until analysis. Each myocardial tissue
sample was used individually.
RNA extraction and determination of quantity, quality
and integrity

For molecular analysis, 30 mg of each myocar-
dial tissue sample was taken. The frozen tissue
samples were disrupted and homogenized using the
TissueLyser LT (Qiagen, Hilden, Germany), and
subsequently RNA was extracted using RNeasy
Fibrous Tissue Mini Kit (Qiagen). RNA quantity and
quality were assessed by a NanoDrop 2000c (Thermo
Fisher Scientific, Waltham, MA, USA). RNA integ-
rity was evaluated using chip-based capillary electro-
phoresis with Agilent RNA 6000 Nano Kit (Agilent
Technologies, Santa Clara CA, USA).
Reverse transcriptase and real-time PCR analysis

QuantiTect Reverse Transcription Kit (Qiagen) was
used for complementary DNA synthesis. Real-time
PCR was performed using the QuantiTect SYBR
Green PCR kit (Qiagen) on a 7500 device (Applied
Biosystems, Foster City, CA, USA). For all samples,
a relative quantitative gene expression analysis of
cardiac troponin I (TNNI3), myosin light chain 3
(MYL3) and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was carried out in triplicate.
Primers were commercially supplied by Qiagen
(QuantiTect Primer Assay reference numbers:
TNNI3, QT00084917; MYL3, QT00090223;
GAPDH, QT01192646).
Differentiation of hASCs into cardiomyocyte-like cells by
cell extract method

Cell extract method was performed as described
before (7). Briefly, post-mortem cardiac tissue was dis-
aggregated by physical and enzymatic methods. Iso-
lated cells were washed twice in cold phosphate-
buffered saline (PBS) and then in cold cell lysis buffer
(50 mmol/L sodium chloride, 5 mmol/L magnesium
chloride, 100 mmol/L N-2-hydroxyethylpiperazine-
N-ethanesulfonic acid, pH 8.2, 1 mmol/L dithioth-
reitol and 0.1 mmol/L phenylmethylsulfonyl fluoride;
all Sigma-Aldrich). Cells were centrifuged at 800g, re-
suspended in 1.5 volumes of cell lysis buffer con-
taining protease inhibitor cocktail (Sigma-Aldrich)
and allowed to swell on ice for 45 min. Cells were
homogenized by pulse sonication, and the lysate
was sedimented at 15,000g for 15 min at 4�C. The
supernatant was collected and used fresh. For expo-
sure to cell extract, hASCs were harvested by trypsin
digestion and washed twice in ice-cold PBS and once
in ice-cold Hank’s Balanced Salt Solution (Gibco-
BRL, Paisley, UK). Cells were pelleted at 300,000
cells/reaction in 1.5-mL tubes and suspended in
488-mL ice-cold Hank’s Balanced Salt Solution,
placed in a water bath at 37�C for 2 min and a final
concentration of 230 ng/mL streptolysin O (Sigma-
Aldrich) was added. Samples were incubated for
30 min at 37�C. Cells were centrifuged at 300g for
5 min at 4�C in a swing out rotor. The supernatant
was removed, and 500 mL extract containing 20 mL
1mmol/L of each nucleotide triphosphate set (Roche,
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Indianapolis, Indiana, USA) was added. Cells were
incubated with the extracts for 1 h at 37�C. DMEM/
10% FBS containing 2 mmol/L calcium chloride was
added, and the cells were transferred to 25 cm2 cul-
ture flasks. Dead (floating) cells and the Ca2þ-con-
taining medium were removed 4 h later and replaced
with fresh DMEM containing 10% FBS and antibi-
otics. Damaged or dead cells, marked with trypan
blue (Sigma-Aldrich), represented 15e20% of the
total. Cells were cultured for 2 weeks until use.
Control cells were either non-permeabilized and non-
extract exposed cells or permeabilized cells not
exposed to the extracts. Cell viability was assessed by
phase contrast microscopy after 2 weeks of extract
exposure by counting cells in four different regions of
the dish and calculating the average.
Differentiation of hASCs into cardiomyocyte-like cells by
conditioned medium

To prepare cardiac tissue-derived conditioned me-
dium, 500e700 mg of post-mortem right ventricle
tissue was cut into approximately 1-mm3 pieces, and
washed three times with PBS. Tissue fragments were
placed into 75 cm2 culture flasks containing 20 mL
of DMEM containing 10% FBS, 100 U/mL peni-
cillin and 100 mg/mL streptomycin and cultured as
explants. After 2 days, the medium was collected and
centrifuged at 2000g for 10 min followed by filtering
the supernatant through a 0.22-mm filtration unit
(Millipore, Bedford, MA, USA). The medium was
stored at 4�C until use. To induce cardiac differen-
tiation of hASCs, 8 � 104 cells per well were plated
on a six-well plate and incubated in cardiac tissue-
derived conditioned medium for 2 weeks.
Immunofluorescence

Cells seeded on glass coverslips were washed three
times with PBS and fixed with 4% paraformaldehyde
in PBS for 20 min at room temperature. Cells were
then permeabilized with 0.1% Triton X-100 (Sigma)
for 15 min, washed three times with PBS and blocked
in 2% blocking buffer solution (Roche) for 1 h at room
temperature. Cells were incubated overnight in pri-
mary antibody diluted in blocking buffer solution
at 4�C, washed three times in PBS and incubated for
2 h with secondary (fluorescein isothiocyanate-
conjugated or tetramethylrhodamine isothiocyanate-
conjugated; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) antibodies diluted 1:200 in blocking
buffer solution. Afterward, they were washed three
times in PBS, and the coverslips were mounted
on slides with 4,6-diamino-2-phenylindole (DAPI)-
containing mounting solution (Ultra Cruz mounting
medium; Santa Cruz Biotechnology). Controls were
performedwithnon-treated cells. Antibodies usedwere
desmin (1:20, mouse monoclonal; Sigma), human
cardiac-specific troponin I (1:100, mouse monoclonal;
Research Diagnostics, Flanders, NJ, USA), human
cardiac-specific troponin T (1:100, rabbit polyclonal;
Abcam, Cambridge, UK) and sarcomeric a-actinin
(1:200, mouse monoclonal; Sigma). Photographs were
taken with a Leica DM 5500B (Leica Camera AG,
Solms, Germany) fluorescent microscope, using Isis
software (MetaSystems, Oberkochen, Germany).
Figures were processed with Adobe Photoshop 7.0
(Adobe Systems, San Jose, CA, USA).
Reverse transcriptase PCR

After induction of differentiation, total RNA from
treated and non-treated hASCs was extracted
using an RNeasy Mini Kit (Qiagen). Comple-
mentary DNA synthesis was carried out from 1 mg
of RNA sample using the Reverse Transcription
System (Promega, Madison, WI, USA), and the
PCR reaction was performed with ReddyMix
PCR Master Mix (Thermo Fisher Scientific). After
the initial denaturation (2 min at 94�C), 33 cycles
were performed (30 s at 94�C, 50 s for annealing
temperature and 1 min at 72�C) for all sets of
primers except for b-actin, which was 25 cycles.
Primer sequences and annealing temperatures were
50ATCATGTTTGAGACCTTCAA30 and 50CATC-
TCTTGCTCGAAGTCCA30 (45�C) for b-actin,
50ATCTCTGCTGGCCATGAAAC30 and 50GAT-
GAGGGAAGGTGGTTTGG30 (53�C) for cardiac
a-actin, 50CCCTGCACCAGCCCCAATCAGA30 and
50CGAAGCCCAGCCCGGTCAACT30 (64�C) for car-
diac troponin I, 50AGTGGTTTCCGTAGCAACTC-
CT30 and 50TAGTGCAAGCTCCCAACTGACT30

(62�C) for Mef2c and 50TCCCTCTTCCCTCCT-
CAAATTCA30 and 50GCGTGTAAAGGCATC-
TG30 (52�C) for GATA-4. The PCR products were
visualized on 1% agarose gels containing 0.1 mg/mL
ethidium bromide using ultraviolet light.
Results and discussion

RNA integrity and gene expression analysis of human
cardiac post-mortem tissues

First, we evaluated the quality and integrity of the
RNA extracted from tissues 5e12 h post-mortem
using the RNA Integrity Number (RIN). RIN is an
algorithm based on a selection of features that pro-
vides information about the RNA integrity: (i) pro-
portion of large molecules compared with smaller
ones, (ii) the state of the degradation process and
(iii) how far the degradation proceeded. The samples
are assigned to 10 different categories ranging from
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Figure 1. (A) Post-mortem cardiac tissue RNA integrity. Representative RIN graphic for RNA sample with RIN value of 9.5. (B) RIN
values for all the samples. (C) Real-time PCR gene expression analysis of TNNI3, MYL3 and GAPDH in five samples (aee) obtained from
post-mortem cardiac tissue. (D) Reverse transcriptase PCR analysis of expression of cardiomyocyte marker genes. Isolated cardiomyocytes
used as a positive control (lane 1), control hASCs (lane 2), cardiomyocyte-conditioned medium treated cells (lane 3) and cells treated with
the cardiomyocyte extracts (lane 4) expressing GATA-4 (194 bp),Mef-2c (230 bp), cardiac a-actin (400 bp) and cardiac troponin I (233 bp).
Results are representative of three independent experiments.
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1 (worst) to 10 (best) (13). Our samples showed a
high degree of RNA integrity with RIN values
ranging from 9.5 to 8.5 and with a 260/280 ratio of 2
(Figure 1A). These findings demonstrated the
viability of using post-mortem tissue as a reliable
source of genetic material. Examination of gene
expression levels at the time point of death has
become an innovative tool in autopsies because RNA
of adequate quality can be extracted from human
post-mortem tissue (14,15).

Second, we performed gene expression analysis
of cardiac markers such as TNNI3 and MYL3 by
real-time PCR. The threshold cycle represents the
PCR cycle at which an increase in SYBR Green
fluorescence above a baseline signal can first be
detected. Figure 1B shows threshold cycle values
obtained for the genes TNNI3, MYL3 and GAPDH
in the five different autopsy samples. This result is
indicative and demonstrates the maintenance expres-
sion of cardiac markers in the post-mortem tissue.
Gene expression of beta-glucuronidase (GUSB),
nitric oxide synthase 3 (NOS3), collagen 1 (COL1A1)
and collagen 3 (COL3A1) has been previously shown
using messenger RNA extracted from post-mortem
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Figure 2. (AeL) Immunofluorescence analysis of cardiac markers in hASCs after extract induction. (CeF and IeL) Cardiomyogenic
differentiation of hASCs after 2 weeks of being exposed to cellular extracts obtained from human autopsies. (A, B, G, H) Control non-
treated cells. Red label for expression of troponin I (Trop I) and a-actinin (a-act) and green label for expression of desmin and troponin
T (Trop T). Nuclei were stained with DAPI. (Original magnification �40 for A, C, G and I and �63 for B, D, E, F, H, J, K and L.)

Post-mortem human cardiac tissue directs hASC cardiomyogenesis 1545
cardiac tissue (16). Autopsy-derived tissue 24 h old
seems to maintain genetic integrity and protein integ-
rity and could represent a suitable tissue source for in
vitro hASCs differentiation toward cardiomyocytes.
Expression of cardiac markers in hASCs after
differentiation

In this study, we tested the cardiac differentiation
potential of two different methodologies, both based
on the use of post-mortem cardiac tissue. Gene
expression analysis of messenger RNA levels and
immunofluorescence studies revealed expression of
cardiac-specific markers in hASCs after exposition to
the conditioned medium or to the cardiac cellular
extract.

Figure 1C shows cardiomyocyte-related gene
expression after cardiomyogenesis induction. Expres-
sion of early (GATA-4 or Mef2-c) and late (cardiac
a-actin and cardiac troponin I) cardiomyocyte
development markers was found in treated cells.
GATA4 and Mef2c are cardiac-specific transcription
factors, which have been reported to be implicated
in cardiac commitment and differentiation (17). In
addition, the expression of sarcomeric a-actinin and
troponin I, two cardiomyocyte-specific markers, has
been proved to be restricted to cardiomyocytes rather
than skeletal muscle (18).

Indirect immunofluorescence analyses of human
cardiac troponins (I and T), sarcomeric a-actinin and
desmin protein distribution revealed clear differences
between treated and untreated hASCs (Figures 2, 3).
After induction by the cellular extract or by the
conditioned medium, we found a high percentage of
cells (50e60%) that were positive for troponin I with
elongated nuclei, as shown by DAPI staining
(Figures 2C,D, 3D). Desmin expression was strongly
positive, with a marked filament organization in
treated hASCs (Figures 2E, 3C,E) compared with
control cells (Figures 2A,B, 3A,B). Although there
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Figure 3. (AeL) Immunofluorescence detection of cardiac differentiation markers of hASCs cultured in conditioned medium. (CeF and
IeL) hASCs after 2 weeks of being exposed to human cardiac explant-conditioned medium. (A, B, G, H) Control hASCs. Red label for
expression of troponin I (Trop I) and a-actinin (a-act) and green label for expression of desmin and troponin T (Trop T). Nuclei were
stained with DAPI. (Original magnification �40 for A, C, G and I and �63 for B, D, E, F, H, J, K and L.)
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was a weak or non-significant staining for sarcomeric
a-actinin in non-induced cells (Figures 2G,H,
3G,H), higher expression of this protein was observed
in the exoskeleton of cells treated with both differen-
tiation methods (Figures 2J, 3J). Finally, troponin T
was highly expressed in treated cells exposed to the
cardiac extract (Figure 2I,K) or cultured in condi-
tioned medium (Figure 3I,K) with almost 65% of
positive cells in both methods.

Morphologic changes were also noticeable after
treatment with cardiac post-mortem tissue by both
methodologies. Closer inspection of Figures 2 and 3
showed that treated cells extended their cytoplasmic
processes with adjacent cells and achieved amyotube-
like morphology, whereas control cells maintained
their spindle-like morphology. In addition, multi-
nucleated cells were detected after the induction
(Figure 3JeL).

Cardiac tissue extracts or cell lysates from normal
and infarcted myocardial tissue of rats have been
proven to contribute to the differentiation of bone
marrow-derived stromal cells into cardiomyocyte-
like cells (19). These findings raise the hypothesis
that soluble signaling molecules produced by cardiac
cells after death are ideal inducers of hASC differ-
entiation in myocardial-like cells. There have been
20 proteins including cytokines, growth factors and
myocardial related proteins identified to be released
into the culture medium by human cardiac explants
(20). In our study, we demonstrated that the post-
mortem cardiac tissue maintains its integrity and
provides the paracrine mechanisms necessary to
promote cardiomyogenic differentiation without
direct cell-to-cell contact between cardiomyocytes
and hASCs.

Previous studies have shown that cells can be
isolated from post-mortem tissues (21,22). Viable
hepatocytes can be isolated from cadaveric human
liver after 24 h of cold ischemia (21). In addition,
stem cells isolated from post-mortem tissues (48 h
after death) are currently used for experimental and
clinical purposes (23e27). Viable and functional
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skeletal myogenic cells from humans 17 days post-
mortem have been isolated (28).

It has been suggested that cardiomyocytes
(29,30) and cardiac fibroblasts (31) secrete cytokines
and chemokines in response to various stimuli, such
as ischemia or mechanical stress to the heart. Post-
mortem cardiac tissue might respond to the stress
caused by the natural cardiac arrest and the hypoxic
state that precedes natural death liberating factors.
Ischemic myocardium produces several cytokines or
transcription factors such as vascular endothelial
growth factor and stromal cell derived factor that
promote and increase stem cell survival (32) and, as
has been proven in vivo and ex vivo, that induce
differentiation of mesenchymal stromal cells into
cardiomyocyte-like cells (33e35).

In conclusion, the results of the present study
show that post-mortem cardiac tissue can induce
hASCs to express cardiac-specific contractile proteins
in vitro. This study confirms that the soluble signaling
molecules produced by cardiac cells after death are
also ideal inducers of hASC differentiation into
myocardial-like cells. The methodology described
here would serve as a useful and inexpensive in vitro
model to obtain cardiomyocyte-like cells that could be
used for cardioactive drug toxicity assays.
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