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ABSTRACT

An understanding of cardiac progenitor cell biology would
facilitate their therapeutic potential for cardiomyocyte res-
toration and functional heart repair. Qur previous studies
identified cardiac mesoangioblasts as precommitted pro-
genitor cells from the postnatal heart, which can be
expanded in vitro and efficiently differentiated in vitro
and in vivo to contribute new myocardium after injury.
Based on their proliferation potential in culture, we show
here that two populations of mesoangioblasts can be iso-
lated from explant cultures of mouse and human heart.
Although both populations express similar surface
markers, together with a panel of instructive cardiac tran-
scription factors, they differ significantly in their cellular
content of mitochondria. Slow dividing (SD) cells, contain-
ing many mitochondria, can be efficiently differentiated
with 5-azacytidine (5-aza) to generate cardiomyocytes
expressing mature structural markers. In contrast, fast
dividing (FD) mesoangioblasts, which contain decreased

quantities of mitochondria, do not respond to 5-aza treat-
ment. Notably, increasing mitochondrial numbers using
pharmacological nitric oxide (NO) donors reverses the dif-
ferentiation block in FD mesoangioblasts and leads to a
progressive maturation to cardiomyocytes; conversely
decreasing mitochondrial content, using respiratory chain
inhibitors and chloramphenicol, perturbs cardiomyocyte
differentiation in SD populations. Furthermore, isolated
cardiac mesoangioblasts from aged mouse and human
hearts are found to be almost exclusively mitochondria-
low FD populations, which are permissive for cardiomyo-
cyte differentiation only after NO treatment. Taken to-
gether, this study illustrates a key role for mitochondria in
cardiac mesoangioblast differentiation and raises the inter-
esting possibility that treatments, which increase cellular
mitochondrial content, may have utility for cardiac stem
cell therapy. STEM CELLS 2011,;29:1064—1074
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INTRODUCTION

Embryonic stem cells (ESCs) and, more recently, induced plu-
ripotential stem cells (iPSCs) are frequently considered appeal-
ing progenitor cell types for regenerative medicine programs
including functional heart repair [1, 2], as they provide an
almost limitless supply of starting material for the generation
of particular lineages such as mesodermal cardiac precursors
[2, 3]. On the other hand, adult stem cells, a collective term
for postnatal cells found in particular organ-specific niches,
present a viable alternative to the ESC/iPSC platform [4] and
could potentially provide autologous repair. Arguably, the
most explored source of these adult stem cells is the bone
marrow, which can give rise to progenitor cells of the hemato-
poietic, endothelial, and mesenchymal lineage [5, 6]. Recently,
the existence of resident cardiac progenitor cell populations
with stem cell properties has been demonstrated independently
in several laboratories [7-9], and, together with ESCs, these
populations are currently being explored for their utility in cell

replacement strategies [10]. However, as with all potential
precursor-cell therapy, the molecular mechanisms that govern
differentiation and repair are still poorly understood.

A characteristic feature of cardiomyocytes is their large
and intricate network of mitochondria, which are required to
coordinate energy demands (ATP generation), calcium home-
ostasis, and maintain mechanical function throughout the life
of the heart [11]. Indeed, this attribute has been exploited
recently to provide a nongenetic approach for the isolation of
cardiomyocytes from complex cell populations in vitro, by
virtue of their large mitochondrial content [12]. Interestingly,
mitochondrial function is also suggested to be important
during the process of cardiomyocyte differentiation per se
[13, 14], as respiratory chain poisoning of ESCs inhibits car-
diac muscle generation through mechanisms that have been
shown to require a functioning Complex III [15]. Moreover,
reactive oxygen species (ROS), either from mitochondrial
origin [14] or generated from the nonphagocytic NADPH
oxidase family [16], have particular relevance as signaling
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molecules during ESC differentiation to the cardiomyocyte
lineage.

Previously, we demonstrated that a cardiac stem cell pop-
ulation, which we have termed cardiac mesoangioblasts, could
be efficiently isolated from both mouse and human adult
hearts [7, 17] and are distinct from other reported cardiac
stem cells [8, 9]. Although self-renewable, cardiac mesoangio-
blasts appear precommitted to the cardiac lineage and can
engraft into damaged myocardium and form well-structured
cardiomyocytes [7, 17]. Considering the potential clinical
applications of cardiac progenitor cells as therapeutics, we
have further investigated the characteristics of these popula-
tions. While isolating multiple mesoangioblast clones from
cardiac explants, we observed that two clonal populations
were recovered with dissimilar proliferative capacity. We
report here that precommitted and fast dividing (FD) mesoan-
gioblasts do not form structural cardiomyocytes upon differ-
entiation, whereas slow dividing (SD) mesoangioblasts popu-
lations are capable of upregulating a range of structural
cardiac proteins upon differentiation. Analysis of the two
mesoangioblasts populations suggests mitochondrial load as
an important parameter for commitment to cardiogenesis.

MATERIALS AND METHODS

Reagents

Unless stated otherwise, all reagents were purchased from
Sigma Chemical Company (Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com). MitoTracker Green, tetrame-
thylrhodamine methyl ester (TMRM), and JC-1 reagents and
the Alexa-488 labeling kit were purchased from Molecular
Probes (Invitrogen, Carlsbad, CA, http://www.invitrogen.
com). Antibodies for flow cytometry analysis CD44, CD34,
and CD45, were purchased from BD Biosciences (San Jose,
CA, http://www.bdbiosciences.com/eu) and alkaline phospha-
tase (AP) and CD31 were purchased from ID Labs Inc
(London, Ontario, http://www.idlabs.com).

Cell Isolation, Culture, and Differentiation

Cardiac explants from mouse and humans were collected fol-
lowing local guidelines (San Raffaele Hospital, Milano, Italy)
after approval by the ethics review board. Mice were treated
following the U.S. NIH guidelines, and experiments with
human samples conformed to the declaration of Helsinki. Mu-
rine and human cardiac mesoangioblasts were isolated from
ventricle explants as reported previously [7, 17].

For measurement of proliferation, cells were plated at a
density of 1 x 10* cells per square centimeter in complete
Dulbecco’s modified Eagle medium (DMEM) containing 20%
fetal bovine serum (FBS) in the presence or absence of the
different agents throughout the whole course and passed every
3 days. At each passage, the number of cells were counted
manually from triplicate samples. Population doublings (PDs)
were determined by the formula PD = (logNf — logNi)/log,,
where Nf is number of counted cells and Ni number of seeded
cells. Statistical analysis was performed as indicated (¢ test,
p < .05). For the induction of differentiation, mesoangioblasts
were cultured in DMEM/F12 medium containing 10% FBS
with 10 uM azacytidine for 2-5 days. Cells were then har-
vested as indicated and processed for further analysis.

Cell viability was measured using an MTT assay kit from
Sigma. Briefly, at the end of each treatment, plates were
removed from the incubator into a laminar flow hood where
the medium was replaced with 100 ul fresh medium and 10 ul

www.StemCells.com

1065

tetrazodium salt before returning to the incubator for 4 hours,
followed by the addition of 100 ul MTT solvent. The plates
were left overnight in the dark at room temperature (RT).
They were then measured in an enzyme-linked immunosorbent
assay plate reader (Labdesign AB, Tidby, Sweden, www.phar
maceuticalsl.com) at 570 and 690 nm for subtracting back-
ground absorbance. The percentages of viable cells were calculated
from a standard curve prepared from serial dilutions.

Gene Expression Profiling

Total RNA was isolated in cells with TRIzol reagent (Invitrogen)
and reverse transcribed with Tagman (Platinum Taq DNA poly-
merase, Invitrogen). Real-time quantitative reverse-transcription
polymerase chain reaction (QRT-PCR) was performed using the
primers described previously [7]. Total genomic DNA was puri-
fied using Qiagen DNeasy Tissue Spins (Qiagen, Hilden, Ger-
many, www.qgiagen.com). For measurement of mitochondrial
DNA (mtDNA), the ratio of mtDNA to nuclear DNA (nDNA)
was measured by RT-PCR using the Platinum SYBR Green qPCR
SuperMix UDG kit (Invitrogen), and the following primers: mouse
Mt-Co2 (Fw CTACAAGACGCCACAT; Rw GAGAGGGGA-
GAGCAAT); human Mt-Co2 (Fw CGATCCCTCCCTTAC-
CATCA; Rw CCGTAGTCGGTGTACTCGTAGGT); mouse
SdhA  (Fw TACTACAGCCCCAAGTCT; Rw TGGACC-
CATCTTCTATGC); human SdhA (Fw TCTCCAGTGGCCAA-
CAGTGTT; Rw GCCCTCTTG TTCCCATCAAC).

Immunoblotting and Immunocytochemistry

Cells were lysed directly on ice in Laemmli buffer and sepa-
rated by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis under reducing conditions. Proteins were blotted to
nitrocellulose membranes (Hybond-ECL, Amersham Bioscien-
ces, Piscataway, NJ; http://www.gelifesciences. com) followed
by incubation with the indicated antibodies. For collection of
extracellular matrix (ECM), cells were washed in phosphate-
buffered saline (PBS) and then detached with PBS containing
5 mM EDTA. ECM remaining on the plate was then solubi-
lized with Triton X-100 and processed for Western blot.

For immunocytochemistry, cells were grown on glass
cover slips at 1 x 10% cells per square centimeter in DMEM-
F12 medium containing 10% FBS with 10 uM azacytidine for
3-5 days. Subsequently, cells were washed with PBS and fixed
with 4% paraformaldehyde for 10 minutes. Cells were then per-
meabilized with 0.25% Triton X-100, 1% bovine serum albu-
min in PBS for 30 minutes at RT, and incubated overnight at
4°C with an anti-cardiac actin antibody and 4’,6-diamidino-2-
phenylindole (DAPI) (Invitrogen). Cells were photographed af-
ter 2 or 5 days treatment with 5-azacytidine (5-aza).

Electron Microscopy

For electron microscopy studies, cells were detached with tryp-
sin, centrifuged, and then fixed for 30 minutes with 2.5% glu-
taraldehyde in Hank’s balanced salts solution (pH 7.4). After-
ward, cells were postfixed with buffered 1% osmium tetroxide
in a cacodylate buffer for 1 hour and dehydrated in an acetone
series. Samples were embedded into Durcupan resin (Sigma-
Aldrich). Slices were prepared using a Leica microtome. The
resulting preparations with stained mitochondria were counted
and imaged on a transmission electron microscope (JEOL JEM
1010). Images were captured using a Sony digital camera.

Flow Cytometry

Cells were detached on ice with PBS plus 5 mM EDTA and
incubated with fluorescein isothiocyanate/tetra-methyl rhoda-
mine isothiocyanate preconjugated antibodies against surface
molecules for 30 minutes at 4°C. Cells were then washed and
fluorescent samples were analyzed in a FACSCalibur Flow
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Figure 1. Characterization of mesoangioblast clones. (A): Cardiac
mesoangioblasts isolated from heart explants. Scale bar = 100 pm. (B):
Morphology of cardiac clones from fast dividing (FD) clones V5 and D2
and from slow dividing (SD) clones J2 and L4. Scale bar = 50 um. (C):
Proliferation of FD (V5 and D2) and SD (J2 and L4) clones. Graph repre-
sents the mean of four independent experiments. (D): Cell cycle analysis
for FD and SD populations. Graph is representative of three independent
experiments. (E): Quantitative reverse-transcription polymerase chain
reaction analysis of nkx2.5, mef2c, and gata-4 expression in SD (J2 and
L4) and FD (V5 and D2) cell clones (n = 4). (F): Flow cytometry analy-
sis of surface marker expression in FD and SD populations (n = 3).
Abbreviations: AP, alkaline phosphatase; FD, fast dividing; GO, GO
phase; G1, G1 phase; M, M phase; S, S phase; SD, slow dividing.

cytometer. At least 10,000 events for each sample were
counted. For analysis of mitochondrial mass, cells were har-
vested with 2 mM EDTA solution in PBS and washed with
PBS. Mitochondrial mass was determined by staining the cells
with 1 uM MitoTracker Green FM (Invitrogen), with 100 nM
TMRM (Invitrogen), or with 100 nM JC-1 (Invitrogen) for 15
minutes at 37°C. Absorption of MitoTracker Green FM,
TMRM, and JC-1 was determined by fluorescence-activated
cell sorting (FACS) analysis. The uptake of MitoTracker (FL1)
was used as an indicator for the mitochondrial mass, TMRM
(FL2) staining was used as indicator for membrane potential
and JC-1 (FL1 and FL2; only FL2 is shown) staining was used
as an independent indicator of membrane potential. For each
sample, at least 30,000 cells were analyzed for the correspond-
ing fluorescence on a FACSCalibur Flow cytometer. Experi-
ments were performed three times with similar results and
polarization controls with cells incubated with the uncoupler
carbonyl cyanide p-trifluoromethoxyphenylhydrazone (10 uM)
were used to corroborate the function of the probes.

Modification of Mitochondrial Number

Mitochondria elimination in cells was induced with the addi-
tion of the respiratory chain inhibitor antimycin A (AM)

(2 uM) and the uncoupler dinitrophenol (DNP) (400 uM) to
cultures for 24 hours [18]. Cells were also treated with 20 mg/
ml chloramphenicol (Chl) for 4 days to reduce the number of
mitochondria. Mitochondrial morphology was analyzed by im-
munofluorescence [19]. The quantity of mitochondria was
increased with the nitric oxide (NO) donors S-nitrosoacetyl
penicillamine (SNAP, 100 uM) or diethylenetriamine (DETA)-
NO (300 uM) for 24 hours as described previously [20]. Addi-
tion of reagents did not affect cell viability (Supporting Infor-
mation Fig. S1). Mesoangioblasts were grown on cover slips,
and mitochondria were stained with 200 nM MitoTracker Red
FM or Green FM (Invitrogen). DAPI was used to stain nuclei.
Cells were photographed under a Nikon microscope.

Measurement of Respiration and Acidification Rates

Oxygen consumption and acidification rates were measured in
cells using a Seahorse XF-24 analyzer (SeahorseBioscience,
North Billerica, MA www.seahorsebio.com). SD and FD cells
were seeded in cell culture microplates at 30,000 cells per
well in 200 ul growth medium and then incubated at 37°C for
12 hours. Assays were initiated by removing the growth
medium and replacing it with 200 ul of assay medium (a
low-buffered Roswell Park Memorial Institute medium with 1
mM phosphate) prewarmed to 37°C. The cells were incubated
at 37°C for 30 minutes to allow media temperature and pH to
reach equilibrium. Following equilibration, oxygen consump-
tion rate (OCR) in picomoles per minutes (indicator of mito-
chondrial respiration) and extracellular acidification rate
(ECAR) in milli-pH units per minutes (indicator of lactic acid
production or glycolysis) were measured simultaneously for 2
minutes to establish a baseline rate. After baseline measure-
ment, 80 ul of a testing agent prepared in assay medium was
then injected into each well to reach the desired final concen-
tration (Port A with 260 uM DNP, mitochondrial respiration
uncoupler or with 5 uM oligomycin; and Port B with 400
mM potassium cyanide, complex IV inhibitor). New OCR and
ECAR values were then determined. Two baseline rates and
two response rates were measured and the average of two
baseline rates or test rates was used for data analysis. At the
end of the assay cells were detached with trypsin and the
number and percentage of viable cells were determined after
trypan blue exclusion using ViCell (Beckman-Coulter, Kre-
feld, Germany, www.beckmancoulter.com). Cell viability of
all treated samples was similar when compared with control
cells in acute assays lasting 1 hour.

RESULTS

Characterization of Cardiac Mesoangioblasts Clones

Cardiac mesoangioblasts were obtained as described previ-
ously [7, 17]. In brief, hearts were collected from 4-week-old
mice and the ventricles were isolated using a dissecting
microscope. Recovered ventricles were further dissected into
small fragments followed by plating into 1% gelatin-coated
tissue culture dishes containing DMEM/20% serum (Fig. 1A).
After 10 days, floating cells were collected and single clones
were obtained by limiting dilution on gelatin-coated plates.
All recovered clones acquired a characteristic triangular and
refractile morphology at low density similar to as described
previously (Fig. 1B; [7]). Interestingly, although morphologi-
cally identical, independent clones could be categorized by
their proliferation potential in culture and were termed SD or
FD. As illustrated in Figure 1C, two independent SD clones
(J2 and L4), which represented about 90% of the total clones
obtained, exhibited a doubling time of >72 hours in culture.
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In contrast, approximately 10% of the total clones analyzed
were FD populations, exemplified by the independent clones
V5 and D2. These clones displayed a doubling time of
approximately 24 hours in culture (Fig. 1C). Despite these
differences in growth rates, all clones proliferated until pas-
sage 25, where they stopped dividing. This disparity in prolif-
eration was mirrored by differences in the cell cycle of the
two populations. In contrast to the FD population, higher
numbers of SD cells were found in the GO/G1 phase of the
cell cycle and fewer SD cells were at the G2/M phase, con-
sistent with their observed slower growth rates (Fig. 1D).
Gene expression analysis confirmed that both SD and FD cell
types expressed the early cardiac transcription factors Nkx2.5,
Mef2c, and Gata4 (Fig. 1E) and were therefore deemed pre-
committed to the cardiac lineage. Further characterization of
SD and FD clones revealed that both types stained positive
for the surface markers CD31, CD34, CD44, and AP and
were negative for CD45 (Fig. 1F), indicating a mesoangio-
blast phenotype [7]. Thus, these results suggested that two
populations of cardiac mesoangioblasts could be isolated from
ventricle explants with widely different proliferation rates.

Stimulation of Cardiac Mesoangioblast
Differentiation

The ability of cardiac mesoangioblasts to undergo terminal dif-
ferentiation was assessed with 5-aza, a DNA hypomethylating
agent with proven utility in promoting cardiomyocyte differen-
tiation from a range of ESCs and adult stem cells [7, 21, 22].
Accordingly, addition of 5-aza (10 uM) to the medium of SD
cultures led to a progressive increase in the expression of the
structural cardiac markers o-actinin, connexin 43, and cardiac
troponin through 5 days in culture, as monitored by qRT-PCR
(Fig. 2A). In contrast, parallel cultures of FD cells responded
poorly to 5-aza treatment, with only minimal expression of
mature cardiac markers throughout the time course (Fig. 2A).
Furthermore, immunoblot analysis of 5-day-differentiated cells
confirmed the expression of these cardiac structural protein in
SD cells, which were clearly reduced in FD cells (Fig. 2B), and
immunofluorescence for cardiac actin revealed strong sarco-
meric staining in SD cells only (Fig. 2C). These results sug-
gested that SD, but not FD, cells had the capacity to terminally
differentiate to the cardiomyocyte lineage.

Mitochondria Abundance Correlates
with Cell Differentiation

Increasing evidence suggest that mitochondria play important
roles during the cellular differentiation of both lineage-
restricted cells [23] and stem cells [13, 24]. In particular, stem
cell commitment to the cardiac lineage appears strongly associ-
ated with mitochondrial metabolism [13, 14], with a concomitant
decrease in proliferative capacity. Given this information, we
next measured mitochondrial content in cardiac mesoangioblasts
by a variety of methods. Using the mitochondria-selective dye,
MitoTracker Green, confocal microscopy analysis of SD cells
revealed a punctate staining pattern for mitochondria, which was
significantly more intense than in FD cells stained in parallel
(Fig. 2D). A similar result was obtained using MitoTracker Red
(Supporting Information Fig. S2). Furthermore, FACS analysis
showed that the overall mitochondrial abundance of SD clones
was significantly higher than detected in FD cells (Fig. 2E, top).
An additional mitochondrial marker, TMRM, that accumulates
in cells in a membrane potential-dependent manner produced
similar results (Fig. 2E, middle). Finally, JC-1, a ratiometric
marker that also measures mitochondrial membrane potential,
showed an increased red fluorescence signal (signifying mono-
mer aggregation), indicating higher mitochondrial membrane
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potential in the SD population (Fig. 2E, bottom). To further
show changes in mitochondrial abundance other methodologies
were used. Immunoblotting of total cellular extracts revealed a
slight increase in mitochondrial protein abundance in SD cells
(Fig. 2F). These findings were extended by measurement of mi-
tochondrial mtDNA content by qRT-PCR analysis, resulting in a
mtDNA/nDNA ratio more than threefold higher in SD cells when
compared with FD cells (Fig. 2G). Finally, electron microscopy
was used to visualize intact mitochondria in both FD and SD
populations, illustrating an approximately three- to fourfold
increase in the number of mitochondria in SD cells when com-
pared with FD cells (Fig. 2H). No differences in mitochondrial
structure could be observed between the two populations. Collec-
tively, these results indicated that, in contrast to FD cells, SD
clones contained larger numbers of mitochondria, together with a
greater capacity to undergo terminal differentiation to
cardiomyocytes.

Oxygen Consumption Differs Between
FD and SD Cells

Questioning whether the differences in mitochondrial mass
between FD and SD cells were functionally relevant, we next
measured OCR and ECAR using the Seahorse flux analyzer
platform. As shown in Figure 2I (and Supporting Information
Fig. S3), oxygen consumption differed between the two cell
populations, with FD cells having higher OCR values when
compared with SD cells, both under basal conditions and after
addition of the uncoupler DNP to stimulate maximal respira-
tion. In contrast, ECAR values, as a measure of acidification,
were found to be higher in SD cells when compared with FD
cells in culture (Fig. 21 and Supporting Information Fig. S3).
Interestingly, after treatment with 5-aza to promote differen-
tiation, whereas OCR and ECAR values in FD cells remained
unchanged, SD cells exhibited a twofold increase in oxygen
consumption coupled with a concomitant decrease in the
ECAR acidification rate (Fig. 2I and Supporting Information
Fig. S3). Taken together these results suggested that although
SD cells contained a higher number of mitochondria than FD
cells, the mitochondrial component was not being used for
oxygen consumption until cells were prompted to differenti-
ate. As these results were contrary to our expectations, we
explored these findings in more detail. To do this, we devel-
oped a cell growth regime whereby galactose replaced glu-
cose as a carbon source, thus forcing cells to use oxidative
phosphorylation (rather than glycolysis) for energy produc-
tion. In contrast to control (glucose-grown) conditions, where
OCR values of FD cells were approximately twofold higher
than SD cells, the situation was reversed under conditions of
galactose growth. Under these conditions OCR values of SD
cells were approximately threefold higher than those obtained
with FD cells (Supporting Information Fig. S4A, S4B). This
finding was consistent with the results obtained with differen-
tiating SD cells and would suggest that SD cells have a latent
mitochondrial capacity that can be used when needed. Indeed,
when both FD and SD cells were cultivated in glucose me-
dium oligomycin, an oxidative phosphorylation inhibitor,
failed to decrease OCR values, indicating that mitochondria
were not producing ATP under these conditions. Interestingly,
under conditions of galactose growth, both cell populations
could now respond to oligomycin, as shown by a decrease in
OCR values (Supporting Information Fig. S4).

Mitochondrial Augmentation Promotes
Cardiac Differentiation

Previous studies have demonstrated that mitochondrial abun-
dance in diverse cell types can be augmented by the signaling
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Figure 2. Mesoangioblast differentiation and mitochondrial quantification. (A): Quantitative reverse-transcription polymerase chain reaction
(qRT-PCR) analysis of cardiac structural gene expression following 10 uM 5-azacytidine (5-aza) differentiation of fast dividing (FD) and slow
dividing (SD) populations, (n = 3). (B): Western blot analysis of cardiac protein expression in FD and SD cells after 5-aza treatment for 5 days.
Results are representative from two independent experiments. (C): Cardiac actin immunofluorescence of FD and SD clones after 5-aza treatment
for 5 days. Scale bar = 100 um. (D): Confocal microscopy of MitoTracker Green staining in FD clones (V5 and D2) and SD clones (J2 and L4).
Scale bar = 50 um. (E): Quantification of mitochondria in FD and SD clones by flow cytometry with MitoTracker Green, tetramethylrhodamine
methyl ester, and JC-1 staining. One of three independent experiments is shown. Mean fluorescence intensity is shown at the upper right of the
graphic. (F): Western blot analysis of mitochondrial protein expression in FD and SD clones. Tubulin was used as a cellular loading control.
Results are representative from three independent experiments and protein quantification is shown in the graphic. (G): gRT-PCR analysis of mito-
chondrial DNA ratio in FD and SD cells, (n = 3). (H): Electron microscopy images of SD and FD clones (left panel with low x8,000 magnifica-
tion; right panel with high x25,000 magnification). (I): Mitochondrial respiration rate and glycolysis (extracellular acidification rate) of SD and
FD clones both in growing or differentiating conditions. Each data point represents mean = SD (n = 4). Abbreviations: 5-Aza, 5-azacytidine;
Cn43, connexin 43; DNP, dinitrophenol; ECAR, extracellular acidification rate; FD, fast dividing; mtDNA, mitochondrial DNA; nDNA, nuclear
DNA; OCR, oxygen consumption rate; SD, slow dividing; TMRM, tetramethylrhodamine methyl ester; TnT, troponin.

molecule NO [20, 25]. To determine whether mitochondrial
load was associated with mesoangioblast differentiation, we
first treated FD cells with the NO donors SNAP and DETA-
NO and monitored mitochondrial content with Mitotracker
Green. As expected, application of 100 uM SNAP or 300 uM
DETA-NO to growing cultures of FD-V5 cells augmented mi-
tochondrial numbers, as measured by flow cytometry (Fig. 3A
and Supporting Information Fig. S5). Moreover, fluorescence

microscopy revealed significantly greater staining in V5 cells
after NO-donor treatment (Fig. 3B). These results were con-
firmed by measuring mtDNA content as before. As shown in
Figure 3C, the mtDNA/nDNA content of FD cells was signifi-
cantly increased following both NO supplementation regimes.
Results obtained from electron microscopy analysis also cor-
roborated this finding and showed that addition of NO donors
increased mitochondrial content in FD cells (Supporting
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qRT-PCR analysis of late cardiac gene expression in FD cells treated with SNAP (100 M) with or without 5-azacytidine treatment (5 days).
Graph represents the mean of three independent experiments. (F): Western blot analysis of cardiac protein expression after differentiation with 5-
aza and SNAP treatment. (G): Immunofluorescence of cardiac actin expression in FD cells after treatment with 5-aza and SNAP. Scale bar = 50
pm. Abbreviations: Aza, 5-azacytidine; Cn43, connexin 43; DETA, diethylenetriamine; FD, fast dividing; NO, nitric oxide; SNAP, S-nitrosoacetyl
penicillamine; mtDNA, mitochondrial DNA; nDNA, nuclear DNA; TnT, troponin.

Information Fig. S6). Notably, the increase in mitochondrial
numbers in FD-VS5 cells was associated with a decrease in
their proliferation rate (Fig. 3D), to that observed in SD cells
(Fig. 1C). At the same time, oxygen consumption analysis of
FD cells treated for 24 hours with 100 uM SNAP revealed a
decrease in OCR values to a similar rate found in SD cells
(Supporting Information Fig. S4A). Moreover, when growth
medium was switched from glucose to galactose, NO-treated
FD cells had twofold higher OCR values than control condi-
tions (Supporting Information Fig. S4B).

Remarkably, in contrast to control conditions, NO-treated
FD cells had a significantly improved ability for cardiomyo-
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cyte differentiation upon addition of 5-aza to the culture
medium, as demonstrated by increased gene expression of late
cardiac markers (Fig. 3E), greater steady-state levels of cardiac
proteins (Fig. 3F), and an abundance of well-defined sarco-
meric cardiac actin structures (Fig. 3G). Importantly, the appli-
cation of an NO-donor alone, to FD cells, was insufficient for
differentiation (Fig. 3F). This is in contrast to the situation
with ESCs, where spontaneous cardiac differentiation can be
augmented with NO donors [26, 27]. In summary, these results
strongly suggest that a combination of increased mitochondrial
abundance, together with a permissive differentiation regime,
is required for cardiac mesoangioblast differentiation.
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Loss of Mitochondria Abrogates Mesoangioblast
Differentiation

Having shown that incrementing mitochondrial number in FD
cells favored differentiation, we next questioned whether
reducing mitochondrial abundance would impede cardiomyo-
cyte differentiation in SD cells. To test this hypothesis, SD
cells were treated with DNP and AM, a combination of mito-
chondrial poisons that induces mitochondrial elimination,
coined mitoptosis [18, 28]. As an experimental control for
mitochondrial diminution, SD cells were cultured with Chl,
an inhibitor of mitochondrial protein synthesis [19]. As
expected, SD cells treated with 400 uM DNP/2 uM AM for
24 hours, or alternatively, cultured with 20 mg/ml Chl for 4
days, had reduced numbers of mitochondria as measured by
flow cytometry (Fig. 4A and Supporting Information Fig. S5),
fluorescence microscopy (Fig. 4B), and electron microscopy
(Supporting Information Fig. S6) Furthermore, FD cells
undergoing mitoptosis contained reduced steady-state levels
of intracellular mitochondrial proteins (cytochrome ¢ and
hsp60), together with an increased level of mitochondrial pro-
tein in the ECM (Fig. 4C) signifying mitochondrial extrusion.
Intriguingly, this reduction in mitochondrial number, either
through mitoptosis or through inhibition of mitochondrial bio-
genesis, led to an increased proliferation of SD cells to a rate
similar to FD cells in culture (Fig. 4D). As anticipated, the
reduction of mitochondrial number in SD cells led to an
increase in OCR values in glucose medium (Supporting Infor-
mation Fig. S4A) and, conversely, reduced OCR values in

galactose medium (Supporting Information Fig. S4B). Con-
sistent with our previous findings, 5-aza-treated SD cells,
undergoing mitoptosis or inhibited for mitochondrial protein
synthesis, failed to differentiate to cardiomyocytes as meas-
ured by a reduction of cardiac structural protein-abundance
(Fig. 4E) together with less defined staining of sarcomeric
cardiac actin (Fig. 4F) when compared with control cultures.
Collectively, these data support the notion that mitochondria
are intrinsically associated with cardiac potential

Human Cardiac Mesoangioblasts and Mitochondria

Having established the importance of mitochondrial density in
murine cardiac mesoangioblast differentiation, we wondered
if a similar system was operating in human cells. Our prior
work revealed that cardiac mesoangioblasts isolated from
patients undergoing surgery for myocardial infarction differed
in their cardiac potential when compared with cells isolated
from patients with ventricular hypertrophy and were nonres-
ponsive to 5-aza treatment [17]. As shown in Figure 5A, mes-
oangioblasts from the infarcted group (Group A, clones A3
and A13) were similar in appearance to mesoangioblasts iso-
lated from hypertrophic patients (Group B, clones B7 and B9)
with a refractile and triangular morphology. Nevertheless,
MitoTracker Green staining of Group B cells demonstrated
reduced mitochondrial load in comparison to Group A cells,
as measured by flow cytometry (Fig. 5B) and also microscopy
(Fig. 5C). Consistent with our results in murine cells, addition
of the NO-donor SNAP to growing cultures of Group B
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cytometry, in the absence or presence of SNAP (100 uM, 24 hours). (C): Confocal microscopy of MitoTracker Green staining (as above). Scale
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microscopy analysis of cardiac actin immunofluorescence together with MitoTracker Green staining in group A and group B cells after treatment
with 5-aza. Scale bar = 100 um. Abbreviations: 5-aza, 5-azacytidine; Cn43, connexin 43; mtDNA, mitochondrial DNA; nDNA, nuclear DNA;
SNAP, S-nitrosoacetyl penicillamine; TnT, troponin.

mesoangioblasts increased mitochondrial load (Fig. 5B, 5C) SNAP was associated with a reduced proliferation rate similar
and, at the same time, increased the total ratio of mtDNA as to the one of Group A (Fig. 5E). Importantly, the NO-induced
measured by qRT-PCR (Fig. 5D). Notably, this increase in greater number of mitochondria in Group B cells correlated
mitochondrial load in Group B cells after treatment with with their increased ability to express cardiac structural
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nDNA, nuclear DNA; SNAP, S-nitrosoacetyl penicillamine.

markers, similarly to Group A, upon differentiation with 5-
aza, when compared with Group B cells with lower mitochon-
drial number (Fig. 5F). Furthermore, Group A cells expressed
the structural marker cardiac actin, which was absent in paral-
lel Group B cultures (Fig. 5G). Therefore, these findings lead
us to conclude that in both murine and human-derived cardiac
mesoangioblasts, the potential for terminal cardiac differentia-
tion appears dependent on mitochondrial density.

Effects of Aging on Cardiac Mesoangioblasts
Differentiation

Previous studies have highlighted decreased mitochondrial
activity and/or density as a possible contributing factor in the

Cardiac Mesoangioblast Differentiation

cellular aging process [29, 30]. To ascertain whether animal
age could influence cardiac potential, we first assessed the
number of mitochondria from heart explant-mesoangioblasts
of mice at 8 months of age (old) and compared these levels
to those obtained from mice at 2 months of age (young).
Interestingly, we found that >90% of clones isolated from
young mice revealed a robust staining with MitoTracker
Green (Fig. 6A, top). This is in contrast to our results
obtained from mesoangioblasts isolated from 4-month-old
mice, where only 10% stained for mitochondria (Fig. 2). At
the other extreme, all mesoangioblast clones isolated from
aged mice (8 months) showed a decreased cellular number of
mitochondria (Fig. 6A, top). Moreover, all young-isolated
mesoangioblasts had significantly lower proliferation rates
than mesoangioblasts isolated from older animals (results not
shown). Extending these findings, we performed a similar
analysis in cardiac patients and examined mitochondrial levels
in mesoangioblasts derived from patients younger than 30
years of age (n = 9) and compared these levels to patients
older than 60 years of age (n = 12). Analogous to our results
with aged mice, we found that mesoangioblasts from young
patients more readily stained for mitochondria than parallel
cultures from older patients (Fig. 6A, bottom). As anticipated,
addition of SNAP to growing cultures of mesoangioblasts
could augment the number of mitochondria in both old mouse
and old human samples (Fig. 6A, 6B), and at the same time,
increase the ability of old clones to express cardiac actin
upon differentiation with 5-aza (Fig. 6C).

DiscussioN

Increasing evidence supports the notion that multipotent pro-
genitor cells can be harvested from a variety of adult devel-
oped tissue [31-33]. Our prior studies reported the isolation
of a novel mesoangioblast population from postnatal heart,
which exhibited spontaneous commitment to the cardiomyo-
genic lineage [7, 17]. Given that factors affecting the growth
and differentiation of these progenitor cells could be har-
nessed for regenerative heart repair, we focused our attention
on the in vitro characteristics of these cells. Through these
studies, we provide here the first evidence that mitochondrial
load is an important feature for successful differentiation of
these adult stem cells to cardiomyocytes.

Using explant-culturing procedures, two mesoangioblast
populations could be isolated from mouse and human heart
tissue. Although both populations expressed identical mesoan-
gioblast surface markers, and appeared precommitted to the
cardiac lineage (by expressing early cardiac transcription
factors), they differed drastically in their proliferation rate,
allowing us to characterize these cells as either fast or SD
mesoangioblasts. Closer inspection of these populations
revealed that SD clones contained many more mitochondria
and could differentiate to cardiomyocytes upon stimulation,
whereas FD clones contained reduced numbers of mitochon-
dria in comparison with SD cells and were unable to undergo
S-aza-stimulated differentiation. We believe these attributes
are causally linked to mitochondrial load because (a) increas-
ing mitochondrial quantity with NO in FD cells resulted in a
decrease in proliferation, together with an initiation of cardiac
differentiation after 5-aza treatment and (b) decreasing the mi-
tochondrial load in SD cells, by mitoptosis or Chl, increased
cellular proliferation and also impeded cardiac differentiation.
Thus, mitochondrial load was inversely proportional to prolif-
eration and directly proportional to differentiation potential.
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Remarkably, although mitochondrial load was dissimilar
between SD and FD cells, oxygen consumption measurements
did not reflect these differences and were actually the opposite
to what was expected, at least under normal proliferation con-
ditions in glucose supplemented media. However, when cells
were forced to use oxidative phosphorylation for energy pro-
duction by growth in galactose-supplemented medium, oxygen
consumption then mirrored mitochondrial load. Of note, oli-
gomycin-dependent respiration only occurred after growth in
galactose, suggesting that ATP synthesis via respiration was
not a major component for cell growth in glucose. Further-
more, oxygen consumption values increased during 5-aza
treatment in SD cells implying that SD cells contain a reserve
respiration capacity which may be required for differentiation.
Overall, these results suggest that SD cell populations, by vir-
tue of higher mitochondrial numbers, appear more adaptable
than FD cells with regard to differentiation.

Reinforcing these findings, prior work has shown that
osteogenic differentiation correlates with increased mitochon-
drial biogenesis in human mesenchymal stem cells [34] and
mitochondrial defects limit differentiation of hematopoietic
progenitor cells [35]. The relationship between mitochondria
and differentiated status is more strongly maintained in ESCs
and iPSCs, where the rapidly dividing and undifferentiated
state has been linked to low mitochondrial mass or immaturity
[36-38]. Although recent data would suggest that oxidative
phosphorylation is an important mechanism for ATP genera-
tion [39] and differentiation [40] in ESCs. These more recent
results are consistent with our findings, at least for cell differ-
entiation, although it should be emphasized that our cell pop-
ulations are taken from adult tissue. It is also important to
note that mitochondria may serve regulatory roles beyond
their historical function as the cellular powerhouse, for exam-
ple, by production of ROS [41].

Our data also point to the aging process as an important
factor potentially affecting the differentiation capability of
mesoangioblasts. We found that mesoangioblasts isolated
from both aged mouse and human samples were almost exclu-
sively of the FD phenotype and showed little potential for
cardiac differentiation when exposed to 5-aza. Limited infor-
mation is available regarding cardiac progenitor cell differen-
tiation with regards to aging; however, natural aging has been
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