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Aims It is a dogma of cardiovascular pathophysiology that the increased cardiac mass in response to increased workload is
produced by the hypertrophy of the pre-existing myocytes. The role, if any, of adult-resident endogenous cardiac
stem/progenitor cells (eCSCs) and new cardiomyocyte formation in physiological cardiac remodelling remains
unexplored.

Methods
and results

In response to regular, intensity-controlled exercise training, adult rats respond with hypertrophy of the pre-existing
myocytes. In addition, a significant number (�7%) of smaller newly formed BrdU-positive cardiomyocytes are pro-
duced by the exercised animals. Capillary density significantly increased in exercised animals, balancing cardiomyogen-
esis with neo-angiogenesis. c-kitpos eCSCs increased their number and activated state in exercising vs. sedentary
animals. c-kitpos eCSCs in exercised hearts showed an increased expression of transcription factors, indicative of
their commitment to either the cardiomyocyte (Nkx2.5pos) or capillary (Ets-1pos) lineages. These adaptations
were dependent on exercise duration and intensity. Insulin-like growth factor-1, transforming growth factor-b1,
neuregulin-1, bone morphogenetic protein-10, and periostin were significantly up-regulated in cardiomyocytes of
exercised vs. sedentary animals. These factors differentially stimulated c-kitpos eCSC proliferation and commitment
in vitro, pointing to a similar role in vivo.

Conclusion Intensity-controlled exercise training initiates myocardial remodelling through increased cardiomyocyte growth factor
expression leading to cardiomyocyte hypertrophy and to activation and ensuing differentiation of c-kitpos eCSCs. This
leads to the generation of new myocardial cells. These findings highlight the endogenous regenerative capacity of the
adult heart, represented by the eCSCs, and the fact that the physiological cardiac adaptation to exercise stress is a
combination of cardiomyocyte hypertrophy and hyperplasia (cardiomyocytes and capillaries).
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Introduction
Traditionally, the adult mammalian heart has been viewed as a
post-mitotic organ with no, or very low, regenerative capacity.
Since it is known that cardiomyocytes withdraw from the cell
cycle shortly after birth, it follows that all cardiomyocytes have
to be as old as the individual.1,2 This static view of the adult mam-
malian heart has been challenged by findings of myocyte replace-
ment in the mammalian adult heart, under normal, pathological,
and increased workload conditions,2– 4 including the identification
of human cardiomyocytes that are significantly younger than the
individual.5

It has been generally accepted that any physiological or patho-
logical increase in the myocardial mass had to be due solely to
hypertrophy of existing cardiomyocytes.6 However, despite the
contribution of cardiomyocyte hypertrophy as a compensatory
mechanism, in the absence of neo-myogenesis the rate at which
cardiomyocytes are lost would result in the atrophy and ultimate
disappearance of the heart during the lifespan of any long-lived
mammalian organism.2 Thus, cardiomyocyte renewal within the
adult mammalian heart is not only possible, but it appears to be
required for normal organ homoeostasis.7

The discovery of resident endogenous cardiac stem-progenitor
cells (eCSCs) in the adult heart has contributed greatly to a new

view of cardiac biology. A variety of markers have been proposed
to identify eCSCs in different species;8 yet it remains to be deter-
mined whether these markers identify distinct populations of
eCSCs or different developmental stages of a single cell type.9

Despite the significant regenerative potential of the
c-kitposeCSCs,8 the role of c-kitposeCSCs in cardiac physiological
remodelling induced by exercise training remains to be deter-
mined. Recent data have advanced the hypothesis that the ‘physio-
logical hypertrophy’ produced by exercise training, at odds with
pathological hypertrophy, is accompanied also by adult cardiomyo-
cyte division in vivo.10 Here, we show that treadmill exercise train-
ing, which can be intensity controlled according to individual VO2 max,
stimulates the activation of c-kitpos eCSCs and induces new cardio-
myocyte and capillary formation, thereby contributing to the physio-
logical remodelling of the heart. We also identified a group of
exercise-induced growth factors involved in these adaptive processes.

Methods
For a full description of all methods used, see Supplementary material
online, Methods. Briefly, male Wistar rats (�230 g) were exercised on
motorized treadmills for 30 min/day, 4 days/week for up to 4 weeks
at either a low (55–60% of individual VO2 max) or high (85–90% of
VO2 max) intensity. After 4 weeks of exercise training, VO2 max,

Figure 1 Treadmill exercise training improved VO2 max, myocardial mass and induced cardiomyocyte hypertrophy. (A–C) VO2 max (A), heart
weight (B), and left ventricle cardiomyocyte diameter (C) following 4 weeks of low intensity and high intensity exercise training, compared with
sedentary CTRL animals (data are mean+ SEM, *P , 0.05 vs. CTRL, **P , 0.05 vs. LI; n ¼ 6/group). (D) The distribution plot of the ventricular
cardiomyocyte volume (mm3) in exercise-trained and CTRL rats at 2 weeks (n ¼ 6/group).
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myocardial mass, and cardiac function were assessed and compared
with age-matched sedentary CTRLs. Cardiomyocyte hypertrophy,
new cardiomyocyte and capillary formation, c-kitpos eCSC number,
and their committed progeny were quantified by immunohisto-
chemistry. qRT–PCR and western blot were performed on ventricular
myocytes to determine the expression levels of an array of growth
factors. Growth factors identified as up-regulated by exercise training
were tested on c-kitpos, CD45neg eCSCs in vitro.

Results

New cardiomyocyte and capillary
formation contribute to cardiac
remodelling induced by exercise training
in direct correlation to exercise intensity
Both low intensity- (LI, 55–60% of VO2 max) and high intensity (HI,
85–90% of VO2 max)-controlled treadmill exercise training for up
to 4 weeks (see Supplementary material online) improved aerobic
exercise capacity as measured by changes in VO2 max (Figure 1A)
and increased myocardial mass (Figure 1B). As expected, the HI
exercise-trained group showed the greatest increases. Echocardi-
ography revealed that the HI exercise actually produced positive
anatomical and physiological cardiac remodelling as demonstrated
by a thickening of the inter-ventricular septum and the left ven-
tricle (LV) posterior wall, with an increased diastolic and
reduced systolic internal LV diameter. These anatomical changes
were accompanied by a 9% increase in both the ejection fraction
and fractional shortening, compared with CTRL (Table 1).

The increase in the myocardial mass occurred at least in part
through cardiomyocyte hypertrophy as the average LV cardiomyo-
cyte diameter was significantly greater in exercising animals than
CTRL (Figure 1C). However, when the myocyte size was measured,
a distribution plot of the cell volume showed not only the pres-
ence of larger, hypertrophied (.40 000 mm3) myocytes, but intri-
guingly also a population of smaller (,10 000 mm3) ventricular
cardiomyocytes in exercising animals, compared with the CTRLs
(Figure 1D). The appearance of these smaller cardiomyocytes
strongly suggested that in addition to the hypertrophic response,
new myocyte generation participated in the myocardial adaptation
to exercise training.

To directly monitor new myocyte formation, we injected BrdU
to sedentary and exercising rats for the 4-week study. Double
staining for BrdU/a-sarcomeric actin revealed the presence of a
significant number of small newly formed, mononucleated,
BrdUpos cardiomyocytes in the LV of exercising animals
(Figure 2A; Supplementary material online, Figure S1). Some new
myocyte formation was also detected in sedentary CTRL
animals but their number was significantly lower than in exercised
rats (Figure 2B). The number of BrdUpos cardiomyocytes progres-
sively increased (P , 0.05) through the 4-week exercise-training
programme in both LI and HI animals (Figure 2B). However, the
intensity of neo-myogenesis was directly correlated with the in-
tensity and duration of training, with the greatest number of
newly formed cardiomyocytes detected in HI animals after 4
weeks (7.4+ 0.3%; Figure 2B). The immunohistochemistry data
were confirmed by detecting rod-shaped small, mononucleated
BrdUpos myocytes in myocyte-enriched cell preparations isolated
from HI hearts (Supplementary material online, Figure S1). No
bi-nucleated myocytes were detected in this population (Supple-
mentary material online, Figures S1 and S2). New cardiomyocyte
formation was further confirmed by the presence of a subpopula-
tion of cycling (Ki67pos) cardiomyocytes in LI and HI animals
(Figure 2C–D). Endogenous cardiac stem-progenitor cell-derived
myocyte precursors can cycle two or three times before under-
going terminal differentiation with permanent withdrawal from
the cell cycle.

BrdU labelling in vivo provided an accumulative measure of new
myocyte formation over the 4-week exercise protocol while the
Ki67pos myocytes are those that were still or had recently been
in the cell cycle just prior to sacrifice. Therefore, it is not surprising
that the number of BrdUpos myocytes is significantly higher than
that of Ki67pos myocytes (Figure 2C and D). This interpretation of
the data is strengthened by the fact that all the identified newly
formed myocytes were still mononucleated and there was a pro-
gression of their size after their formation. The average diameter
of Ki67pos myocytes, presumably formed shortly before sacrifice,
was smaller than that of the BrdUpos myocyte cohort, which
included myocytes born throughout the 4 weeks of exercise (Sup-
plementary material online, Figure S3). Nevertheless, the latter
were still significantly smaller than BrdUneg myocytes, representing
those already present at the start of the exercise (Supplementary
material online, Figure S3). The latter data show that it takes .4
weeks for the new myocytes to reach the full mature size. The in-
tensity of BrdU labelling further rejects the hypothesis that BrdU
incorporation is due to DNA repair or DNA synthesis in a
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Table 1 Echocardiographic data from high intensity
exercised animals after 4 weeks of training compared
with age-matched sedentary CTRLs

Criteria CTRL HI Significance

SWTD (mm) 1.94+0.05 2.26+0.08 P ¼ 0.004

SWTS (mm) 3.06+0.09 3.55+0.07 P ¼ 0.002

LVEDD (mm) 6.43+0.15 6.65+0.11 P ¼ 0.262

LVESD (mm) 3.43+0.07 2.92+0.07 P ¼ 0.001

PWTD (mm) 1.88+0.10 2.14+0.09 P ¼ 0.044

PWTS (mm) 2.84+0.17 3.25+0.13 P ¼ 0.048

Fractional
shortening
(%)

46.66+0.93 56.04+0.48 P ¼ 0.000

Ejection
fraction (%)

71.51+0.98 80.66+0.42 P ¼ 0.000

Body weight
(g)

388.68+13.30 387.72+3.66 P ¼ 0.941

LV mass (mg) 848.00+44.89 1097.30+44.46 P ¼ 0.002

LV/body
weight ratio
(mg/g)

2.18+0.10 2.83+0.12 P ¼ 0.002

SWTD, septal wall thickness in diastole; SWTS, septal wall thickness in systole;
LVEDD, left ventricle end-diastolic diameter; LVESD, left ventricle end-systolic
diameter; PWTD, posterior wall thickness in diastole; PWTS, posterior wall
thickness in systole (data are mean+ SEM, n ¼ 6 for all).
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process of bi-nucleation because the only labelled cells were those
mononucleated and of the small size. Furthermore, the diploid
DNA content of these small myocytes (data not shown) rejects
polyploidization as a cause of DNA synthesis. All these features
support the conclusion that the labelled cells are younger and
have been generated after the start of the exercise programme.
Tissue cell homoeostasis is generally maintained through a balance
between cell loss and cell replacement. The very significant spurt
of new myocyte formation in response to exercise could be the con-
sequence of myocyte loss triggered by the workload. Thus, cardio-
myocyte apoptosis was assessed in CTRL, LI, and HI animals after
2 and 4 weeks. Of the 25 animals examined, a single caspase-3-
positive apoptotic cardiomyocyte nucleus was detected in the LV
apex of one HI exercised animal after 2 weeks (Supplementary ma-
terial online, Figure S4). This argues against a role for myocyte death
as a trigger of new myocyte generation during exercise training.

The increase in the number of newly formed BrdUpos cardio-
myocytes without significant cardiomyocyte loss infers an increase
in cardiomyocyte number with exercise training. Indeed, the total
number of ventricular cardiomyocytes increased with exercise
training, amounting to a 4 and 7% increase following 4 weeks of
LI and HI exercise training, respectively (Supplementary material
online, Figure S5). These data agree with the percentage increase
in the number of newly formed BrdUpos cardiomyocytes with LI
and HI exercise training (Figure 2B).

Finally, exercise training produced a balanced myocardial growth
that encompassed myogenesis and angiogenesis. Indeed, capillary
density was significantly greater in exercising animals compared
with CTRL and this parameter too correlated with exercise inten-
sity (Figure 3A–D). The presence of BrdUpos capillary cells in
the exercised hearts confirmed their formation after the start of
training (Figure 3C).

Figure 2 Intensity-controlled treadmill exercise induced cardiac myogenesis (A) Representative image of a small newly formed BrdUpos

(green) cardiomyocyte (a-sarcomeric actin; red) in the LV of a high intensity exercising animal. (Inset is ×2 zoom of boxed area). Nuclei
detected by DAPI in blue. (B) The % number of BrdUpos cardiomyocytes formed was dependent on the exercise duration and intensity. (C)
Representative image of a small newly formed Ki67pos (green) cardiomyocyte in the left ventricle of a high intensity exercising animal. (D)
The % number of Ki67pos cardiomyocytes was dependent on the exercise duration and intensity (data are mean+ SEM, *P , 0.05 vs.
CTRL, **P , 0.05 vs. LI, †P , 0.05 vs. 1 and 2 weeks; n ¼ 6 for All).
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Multiplication and differentiation of
c-kitpos endogenous cardiac
stem-progenitor cells in response to
exercised-induced increased workload
contribute to physiological cardiac
remodelling
To identify the source of the newly formed cardiomyocytes and
capillaries shown above, we assessed the effect of the exercise
training on the activation and differentiation of the resident
c-kitpos eCSCs. Because new myocardial cell and capillary forma-
tion was higher in the HI protocol, we focused our assessment
to HI exercised animals, compared with CTRLs.

The frequency of c-kitpos eCSCs in the healthy myocardium of
several mammalian species, including human, mouse, rat, and pig,
is approximately one per every 1000–2000 myocytes, depending
on age.8 As shown in Figure 4A, there was �1 c-kitpos eCSC per
1500 myocytes in the sedentary CTRL animals. These cells were
�95% (95+ 3) quiescent, that is, non-cycling, in these animals,
as determined by their absence of the expression of Ki67 and no
uptake of BrdU (Figure 4B and C). High intensity exercise training
increased the c-kitpos eCSC number two-fold above that of

CTRLs at 2 weeks (P , 0.05) and, although it subsequently
decreased, it remained higher up to 4 weeks of HI training
(Figure 4A–C). This early eCSC expansion was likely a conse-
quence of the activation of a large fraction of them, so that
27+ 4% and 16+4% were Ki67pos at 2 and 4 weeks, respectively
(Figure 4B and C ), and .60% had cycled during the exercise proto-
col and incorporated BrdU compared with �5% in the CTRLs.
The late decline in c-kitpos eCSC numbers appears due to a com-
bination of their differentiation and loss of c-kit expression to-
gether with the decrease in the stimulus for their replication,
which accompanies the fall in wall stress as the heart adapts its
mass to the workload.11

Interestingly, in the control healthy myocardium, �85% of the
c-kitpos eCSCs were already committed to either the myocyte
(Nkx2.5pos) or vascular (Ets-1pos) cell lineage (Figure 4D–F ) and,
therefore, could be considered as early progenitors/precursors,
likely to have already lost their multipotency and being committed
to one of the cardiac cell lineages. Therefore, the frequency of un-
committed, multi-potent c-kitpos eCSCs without the expression of
cardiogenic lineage genes (linneg) in the non-stressed healthy myo-
cardium is only �90 per106 myocytes (Figure 4D), that is, �15% of
the total c-kitpos eCSC population.

Figure 3 Intensity-controlled treadmill exercise induced angiogenesis. (A and B), Representative images of vWF (brown) capillaries (arrow-
heads) identified in the left ventricle of a high intensity exercised (A) and CTRL (B) animal. (C) Representative image of a BrdUpos (green) ca-
pillary (vWF; red) from the left ventricle of a high intensity exercised animal (Inset is ×2 zoom). (D) The capillary density in the left ventricle of
exercising animals was dependent on the exercise intensity and duration (data are mean+ SEM, *P , 0.05 vs. CTRL, **P , 0.05 vs. LI,
†P , 0.05 vs. 2 weeks; n ¼ 6 for all).
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The distribution of the different types of eCSCs expressing
cardiac lineage markers remained constant throughout the whole
study, suggesting that the level of activation, leading to multiplica-
tion and differentiation, is similar for all these committed cells
(Figure 4D–F ). On the other hand, there appeared to be a prefer-
ential (greater than three-fold) expansion of the ‘primitive’ c-kitpos

linneg eCSCs subgroup (Figure 4D). This significant eCSC expansion
affecting all subtypes coincided temporally and quantitatively with
the progressive increase of newly formed myocytes and capillaries
from 2 to 4 weeks (Figures 2 and 3). Taken together, these data are
strongly supportive of a precursor–product relationship between
the c-kitpos eCSCs and the newly formed, differentiated cardiac
cell progeny.

Increased cardiomyocyte-specific growth
factor expression in intensity-controlled
exercise-trained hearts
Because myocytes constitute �80% of the myocardial mass, we
hypothesized that the myocyte workload and consequential in-
crease in wall stress produced by exercise training could induce
an auto/paracrine response of the myocytes. This response, in add-
ition to protecting the mature myocytes from apoptosis and stimu-
lating their hypertrophy, could also have provided the stimulus for
c-kitpos eCSC activation. Thus, to identify the source of putative
eCSC-activating factors, pure populations of rod-shaped left

ventricular cardiomyocytes isolated from the HI-group and CTRL
hearts at different times points were analysed for the expression
of a battery of growth factors and cytokines.

qRT–PCR analysis of 26 growth factors (Figure 5A) identified a
subset which were significantly up-regulated in cardiomyocytes
following intensity-controlled HI exercise training. Indeed, their
insulin-like growth factor-1 (IGF-1) and transforming growth factor-
b1 (TGF-b1) expression were significantly increased (P , 0.05)
above those of CTRLs at 7 and 14 days after exercise training
(Figure 5B). It is well known that IGF-1 is up-regulated following exer-
cise and has been implicated in myocardial hypertrophy.12 Intriguingly,
IGF-1 myocardial expression modulates eCSC survival and function,
preventing eCSC ageing and cardiac dysfunction in aged mice.13 Fur-
thermore, the TGF-b1 superfamily, including activins and bone mor-
phogenetic proteins, stimulates cardiomyocyte differentiation of
embryonic as well as adult cardiac progenitors.14 However, the great-
est changes were observed on the levels of neuregulin-1 (NRG-1),
periostin (POSTN), and BMP-10 (Figure 5C). POSTN and NRG-1
have been implicated in regulating cardiac hypertrophy following pres-
sure overload15,16 and have also been implicated in myocyte replace-
ment following cardiac injury.17,18 BMP-9, which shares homology
with BMP-10, has been shown to stimulate angiogenesis in vivo.19

Up-regulated mRNA levels of the growth factors after exercise train-
ing determined by qRT–PCR were confirmed at the protein level by
western blot (Figure 5D).

Figure 4 Activation and ensuing differentiation of c-kitpos endogenous cardiac stem-progenitor cells in hearts of exercising animals. (A) c-kitpos

endogenous cardiac stem-progenitor cell number in the left ventricle of CTRL and following 2 or 4 weeks of high intensity exercise training. (B)
Representative image showing c-kitpos (green), Ki67pos (white) endogenous cardiac stem-progenitor cells from the left ventricle (a-sarcomeric
actin; red) of a 2-week HI exercised animal. Nuclei detected by DAPI in blue. (C and D) % number of c-kitposKi67pos (cycling) and c-kitposKi67neg

(quiescent) cells (C) and number of uncommitted c-kitposLinneg, c-kitposNkx2.5pos, or c-kitposEts-1pos progenitor cell (D) in the left ventricle of
CTRL animals and following 2 or 4 weeks of HI exercise training. (data are mean+ SEM, *P , 0.05 vs. CTRL; n ¼ 6 for all). (E and F) c-kitpos

(green) endogenous cardiac stem-progenitor cells express the transcription factors Nkx2.5 (white dots; E) or Ets-1 (white dots; F) indicating
their commitment to the cardiomyocyte and endothelial lineage, respectively (inset is ×2 zoom of boxed area).
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Up-regulated exercise-induced
myocardial growth factors differentially
govern the fate of endogenous cardiac
stem-progenitor cells
To ascertain whether the different up-regulated myocyte growth
factors could be responsible for the activation of the c-kitpos

eCSCs in the exercised animals, we tested their effects on
c-kitpos eCSC proliferation and differentiation potential in vitro.

Dose–response curves were constructed to determine the
optimal concentration for each growth factor (Supplementary ma-
terial online, Figure S6). Addition of IGF-1 and NRG-1 to the
culture media enhanced eCSC BrdU incorporation by five- and
three-fold, respectively, compared with CTRL (Figure 6A). Import-
antly, when IGF-1 and NRG-1 were added simultaneously to eCSC
cultures, they showed an additive effect, suggesting that they act
through separate molecular pathways (Figure 6A). The other
growth factors tested did not have any detectable effect on

Figure 5 Exercise-induced changes in myocardial growth factor expression. (A) The array of 26 growth factors that were analysed for tran-
script expression in cardiomyocytes following 4 weeks of high intensity exercise training. (B–C) qRT–PCR array analysis revealed up-regulation
of insulin-like growth factor-1, transforming growth factor-b1 (B) bone morphogenetic protein-10, NRG-1, and POSTN (C) in cardiomyocytes
isolated from high intensity animals after 7 and 14 days, compared with CTRL. (D) Western blot analysis confirmed up-regulation of insulin-like
growth factor-1, transforming growth factor-b1, bone morphogenetic protein-10, NRG-1, and POSTN at the protein level (data are
mean+ SEM, *P , 0.05 vs. CTRL, **P , 0.05 vs. 7 days; n ¼ 3 for all).
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eCSC proliferation. Accordingly, IGF-1 and NRG-1 stimulation was
associated with the activation of their respective receptors and
physiological molecular signalling targets, Akt and STAT-3, respect-
ively (Figure 6B). The latter have been shown to play a fundamental
role in the self-renewal of embryonic and adult stem cells,20,21 gen-
erating the hypothesis that these molecular cascades play a similar
role in the fate of eCSCs.

On the other hand, BMP-10 and TGF-b1 stimulated differentiation
of the eCSCs into the three main cardiac lineages (Figure 6C–E). Spe-
cifically, BMP-10 supplementation led to a three-fold increase in cells
positive for vWF, identifying endothelial cells (Figure 6E), and also pro-
duced a five-fold increase in smooth muscle actin (SMA)-positive cells
(Figure 6D). BMP-10 did not increase the number of cells expressing
cTnI, a marker of CSC specification towards the myocyte lineage.

Figure 6 Exercise-induced cardiac growth factors govern c-kitpos endogenous cardiac stem-progenitor cell growth and differentiation in vitro.
(A–F) Histogram plots and western blots showing the effect of bone morphogenetic protein-10 (10 ng/mL), insulin-like growth factor-1
(100 ng/mL), NRG-1 (100 ng/mL), POSTN (500 ng/mL), or transforming growth factor-b1 (5 ng/mL) supplementation on endogenous
cardiac stem-progenitor cell proliferation, and cardiomyocyte, smooth muscle, and endothelial differentiation. Differences are expressed as
the fold change over un-supplemented CTRL cells (data are mean+ SEM, *P , 0.05 vs. CTRL; n ¼ 3 for all).
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TGF-b1 supplementation resulted in a three-fold increase in myocyte-
committed cTnI-positive cells (Figure 6C) and nine-fold increase in
SMA-positive cells (Figure 6D). TGF-b1 administration was associated
with the activation of its receptor followed by Smad2 phosphorylation
(Figure 6F).

Recently, NRG-1 and POSTN have been reported to induce
cardiomyocytes to re-enter the cell cycle and proliferate17,18 a
phenomenon that was previously thought not to be possible.
However, these findings have not been reproduced by
others.22,23 Furthermore, NRG-1 enhances differentiation of ES
cells into cardiomyocytes.24 In the present study, when rat ven-
tricular cardiomyocytes were supplemented with either IGF-1,
NRG-1, POSTN, BMP-10, or TGF-b1, individually or in different
combinations, for 3, 7, and 14 days, neither DNA synthesis
within cardiomyocytes, as assessed by BrdU incorporation, nor
any myocyte mitosis (Ki67 or phospho-Histone H3) was detected.

Discussion
The results presented here challenge the prevalent view of cardiac
growth from the early post-natal period and throughout life, which
is based on the hypertrophy of existing myocytes without any sig-
nificant contribution of new myocyte formation. Indeed, we show
that the physiological adaptation of the adult heart to an increased
cardiac workload, induced by the exercise programme, has three
main components: (i) physiological hypertrophy of the existing
myocytes, accompanied by their increased production of specific
growth factors which through auto- and paracrine loops foster
their own survival and hypertrophy as well as activating the
c-kitpos eCSCs; (ii) the activation of c-kitpos eCSCs, which increase
in number and undergo a process of cell specification and differen-
tiation towards the myocyte and vascular lineages; and (iii) the ac-
cumulation of new myocardial cells, namely new myocytes and
microvasculature. These cellular modifications are dependent on
exercise duration and intensity and result in an increased contract-
ile muscle mass and enhanced cardiac function, which reduces the
wall stress.

Exercise exerts its beneficial effects not just through reducing
the burden of classical cardiovascular risk factors, but also directly
affecting the cellular and molecular structure and function of the
heart.25 Here, we show that this response includes both neo-
myogenesis and neo-angiogenesis, the latter likely resulting from
a combination of replication of existing vascular cells and de novo
differentiation of the eCSCs. The data presented here also pro-
vides insight in the molecular mechanisms involved in the hyper-
trophic and regenerative response. The mature myocytes
respond to the increased workload by up-regulating a cohort of
secreted growth factors and cytokines. These exercise
up-regulated factors differentially govern c-kitposeCSC fate in
vitro, pointing to a similar effect in vivo. Thus, eCSCs from the
adult heart exhibit a response to many growth factors that recapi-
tulates, at least in part, embryonic cardiac progenitor activation and
lineage commitment.26 Furthermore, these data on c-kitpos eCSCs
and growth factors in vitro generate the hypothesis that these
growth factors could be effective in vivo to improve cardiac regen-
eration and repair after myocardial damage and dysfunction. Ac-
cordingly, we have recently demonstrated in a porcine model of

myocardial infarction that it is possible to boost cardiac repair
and regeneration through the intracoronary injection of small
doses of IGF-1 and HGF.27 New experiments in small and large
animals implementing NRG-1 and TGF-b1 to the above repara-
tive/regenerative growth factor combination are ongoing.

A recent intriguing paper has reported that down-regulation of
the transcription factor C/EBPb in swim exercise-trained mice
appears to be a central mediator of physiological myocyte hyper-
trophy and proliferation, which accounts for �6% of new
myocyte formation.10 The number of proliferating myocytes
closely match the number of newly formed myocytes generated
following HI treadmill exercise training shown here. However,
Boström et al.10 proposed that the new myocyte formation in
exercised animals resulted from adult mature, cardiomyocyte div-
ision, even though they failed to show direct evidence of this phe-
nomenon either in vivo or in vitro. Our results failed to demonstrate
that the growth factor’s up-regulated with exercise training
induced mature, adult cardiomyocytes to divide, in vitro, and
pointed to a precursor–product relationship between c-kitpos

eCSCs and BrdUpos cardiomyocytes as the source of new cardio-
myocyte formation. However, our results cannot rule out the oc-
casional replication of a small number of mature cardiomyocytes
with exercise training. Myocyte-restricted lineage tracing experi-
ments are needed to definitively unravel this issue. Although we
specifically characterized the role of c-kitpos eCSCs, these findings
do not rule out the participation of other cardiac stem cell-like
populations, such as those of pro-epicardial origin28,29 and the
Sca1pos cells described in the mouse,30 in the physiological adapta-
tion of the heart to exercise training.

The fact that a few weeks of vigorous exercise can significantly
increase the myocyte count and mass indicates that this phenom-
enon is not just a biological curiosity but an important component
of cardiac physiology and homoeostasis. The myocardial response
described is not dependent on the type of exercise applied, but
rather the intensity at which the exercise is performed. What
remains to be determined is the cardiac response to continuously
increased workload such as that which is experienced by endur-
ance elite athletes. How much hyperplasia can the myocardium
generate? How much can it tolerate before adversely affecting
cardiac function? What happens to the cohort of new myocytes
during de-training? Work to address these questions is now in
progress.

Supplementary material
Supplementary material is available at European Heart Journal
online.
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