Cell. Mol. Life Sci. (2014) 71:1907-1916
DOI 10.1007/s00018-013-1535-6

Cellular and Molecular Life Sciences

REVIEW

Remodeling and dedifferentiation of adult cardiomyocytes

during disease and regeneration

Marten Szibor - Jochen Poling - Henning Warnecke -
Thomas Kubin - Thomas Braun

Received: 26 November 2012 / Revised: 21 November 2013 / Accepted: 25 November 2013 / Published online: 10 December 2013

© Springer Basel 2013

Abstract Cardiomyocytes continuously generate the con-
tractile force to circulate blood through the body. Imbal-
ances in contractile performance or energy supply cause
adaptive responses of the heart resulting in adverse rear-
rangement of regular structures, which in turn might lead
to heart failure. At the cellular level, cardiomyocyte remod-
eling includes (1) restructuring of the contractile apparatus;
(2) rearrangement of the cytoskeleton; and (3) changes in
energy metabolism. Dedifferentiation represents a key fea-
ture of cardiomyocyte remodeling. It is characterized by
reciprocal changes in the expression pattern of “mature”
and “immature” cardiomyocyte-specific genes. Dediffer-
entiation may enable cardiomyocytes to cope with hypoxic
stress by disassembly of the energy demanding contractile
machinery and by reduction of the cellular energy demand.
Dedifferentiation during myocardial repair might provide
cardiomyocytes with additional plasticity, enabling sur-
vival under hypoxic conditions and increasing the propen-
sity to enter the cell cycle. Although dedifferentiation of
cardiomyocytes has been described during tissue regen-
eration in zebrafish and newts, little is known about corre-
sponding mechanisms and regulatory circuits in mammals.
The recent finding that the cytokine oncostatin M (OSM)
is pivotal for cardiomyocyte dedifferentiation and exerts
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strong protective effects during myocardial infarction high-
lights the role of cytokines as potent stimulators of cardiac
remodeling. Here, we summarize the current knowledge
about transient dedifferentiation of cardiomyocytes in the
context of myocardial remodeling, and propose a model for
the role of OSM in this process.
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Introduction

In the developing embryo, the heart becomes the first func-
tional organ, due to the increasing need for the distribution
of nutrients and oxygen throughout the body [1]. The con-
tinuous contraction of the heart requires generation of high-
energy phosphates in cardiomyocytes throughout their life-
time. To meet the steady increase in workload and energy
demand, the heart switches from glycolysis to oxidative
metabolism during the embryonic to early neonatal tran-
sition period [2, 3]. Cardiomyocytes reach a mature state
during young adulthood concomitant with an increased rate
of B-oxidation of fatty acids, which provide ca. 90 % of the
total cardiac energy supply in adult hearts [1]. The close
relationship between the energy consuming contraction
machinery and the metabolic apparatus [4] is also evident
during cardiac remodeling events, and will affect the con-
tractile power of the myocardium.

The term cardiac remodeling was originally coined
to describe “changes that result in rearrangement of nor-
mally existing structures” [5]. It occurs as a morphologi-
cal transition from healthy to adapted tissue that is prone to
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destabilization and progression toward heart failure. At the
cellular level, remodeling causes stress to the whole car-
diomyocyte by altering energy metabolism, the structure of
the contractile apparatus and the cytoskeleton. Remodeling
is intimately connected to cellular dedifferentiation, indi-
cated by a loss of characteristics of mature (differentiated)
cardiomyocytes and re-expression of genes from embryonic
or fetal developmental stages. Current concepts propose that
cardiomyocytes gain resistance to altered metabolic and/or
hypoxic stress by dedifferentiation or sarcomeric disassem-
bly to survive and regenerate [6—9]. Relatively little is known
about the corresponding mechanisms and regulatory cir-
cuits and their impact for myocardial regeneration in human
beings or in mice, although several groups have addressed
the importance of cardiomyocyte dedifferentiation for tissue
regeneration in zebrafish and amphibians [10-13].

The classical view of the heart as a simple mechanical
pump has led to the development of concepts in which it
is regarded that heart failure is a hemodynamic disorder,
thereby putting emphasis on approaches to improve con-
tractile force [5, 14]. Such a mechanical view, however,
does not adequately address the highly complex nature of
cardiac adaptation to pathological conditions. Cardiomyo-
cytes need to adjust metabolic and contractile activities to
(patho-) physiological requirements. Clearly, if cardiomyo-
cyte were locked in a differentiated state not allowing dis-
assembly of the contractile apparatus and return to a more
immature mode of energy production, such plasticity would
be difficult to achieve. Indeed, dedifferentiation allows the
myocardium to cope much better with hypoxia-induced or
overload-induced cell death, preventing the progression
from compensated hypertrophy to heart failure (HF) [15].

The discovery of cardiac stem cells and the potential for
their use in therapeutic applications has led to novel attempts
to reverse HF (reviewed in [16, 17]). However, repairing
damaged adult hearts by administration of stem cells is much
debated and has caused major scientific controversies [18],
thereby questioning the validity and effectiveness of stem
cell based therapies to treat heart failure. Stimulation of
the endogenous repair potential of the myocardium, which
might not necessarily rely on cardiac stem cells, seems to
provide an alternative means to improve cardiac function.
We hypothesize that the “on-board” resources of adult car-
diomyocytes (i.e. the capability for dedifferentiation during
remodeling) provide sufficient plasticity to deal with tis-
sue damage, allowing functional recovery if damage is not
excessive and temporarily restricted.

Remodeling of the diseased heart

The adult heart compensates for increased workload by
physiologic growth to normalize myocardial wall stress
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while maintaining the differentiated status of cardiomyo-
cytes. Classical examples are post-natal developmental
hypertrophy [2, 3] and pregnancy-induced heart growth
[19]. In athletes, physiologic adaptation can reach a
remarkable extent, with up to 60 % increase of left ven-
tricular mass without signs of cardiac failure [20, 21].
Importantly, structural cardiac adaptations during adoles-
cence, pregnancy or endurance training must not be con-
fused with compensatory remodeling in the stressed heart
(reviewed by [22]), although in both cases, altered hemo-
dynamics contribute to changes in the cardiac architecture.
The term ‘increased workload’ is not well defined, and does
not suffice to describe cardiac stress for both athletes and
patients with valve defects or myocardial infarcts. More
accurate, multi-parametric descriptions of (patho-) physi-
ological tissue responses are needed to stratify therapeutic
concepts (for review see [23]). Physiologic adaptation typi-
cally preserves the proportions of the heart, i.e. the ratio of
wall thickness to lumen or the proportions of all four cham-
bers, while compensatory responses to pathological stimuli
usually start with concentric or dilative remodeling of the
stressed chamber. Moreover, compensatory remodeling is
accompanied by inflammatory infiltration, increase in inter-
stitial connective tissue (increasing the oxygen diffusion
distance and wall stiffness), reduction of cardiomyocyte
cell contacts (myocytes slippage), and apoptotic cell death
ultimately reducing the ventricular ejection capacity. Such
maladaptive processes are absent in physiologic responses
(reviewed in [23-25]). Here, we refer to the term ‘remod-
eling’ only to describe compensatory remodeling of the dis-
eased heart, but not to structural adaptation of the growing
healthy heart.

In animal models, cardiac ischemia is used to study
compensatory remodeling. It comprises response mecha-
nisms caused by the lack of oxygen and includes secondary
inflammatory infiltration. Importantly, remodeling affects
both ischemic and non-ischemic regions of the ventricle
with consequences for chamber size, shape and function.
While smaller damages might only lead to hypertrophy
of remaining cardiomyocytes in order to normalize wall
stress, large infarcts cause global changes in heart architec-
ture. One underlying mechanism for this global response is
the so-called infarct expansion that contributes significantly
to disproportionate ventricular dilatation and wall thin-
ning [26]. Underlying mechanisms include myocardial cell
death, as well as cardiomyocyte ‘slippage’ [27]. Myocyte
slippage results from cardiomyocyte mobilization, which
requires loosening of cell-to-cell contacts and subsequent
dynamic rearrangement of cardiomyocytes. Failure to nor-
malize contractile function in the ischemic heart results in
dilative cardiomyopathy (DCM), which can also be caused
by genetic predisposition or environmental factors, such
as infections with cardiotropic viruses [28-30]. Indeed,
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studies in hearts of DCM patients revealed a high preva-
lence of viral genomes (67.4 %) [28] and a considerable
amount of local cytokine concentrations [31, 32], high-
lighting the potential role of chronic cardiac inflammation
in the development of contractile dysfunction.

The detection of elevated levels of monocyte chemotac-
tic protein-1 (MCP-1), a potent attractor for macrophages,
in the failing heart substantiates the importance of low-
level chronic inflammation for the pathogenesis of DCM
[33]. Macrophages attracted by MCP-1 contribute to local
cytokine production after homing to sites of injury, further
promoting adverse remodeling events if accumulation of
inflammatory cells is not resolved [34, 35]. Several patho-
genic features of DCM are recapitulated in transgenic ani-
mals expressing MCP-1 in the heart, thus providing a use-
ful model to study DCM, especially as MCP-1 transgenic
animals robustly succumb to cardiac failure at 6 months
of age [36]. Cardiac remodeling is associated with multi-
ple changes in the morphology of cardiomyocytes [15, 37].
In principle, the degree of cardiomyocyte degeneration and
loss of differentiation markers can be correlated with the
extent of inflammatory infiltration, which is prominent in
the failing myocardium and in the border zone of myocar-
dial infarcts [8, 38].

Cardiomyocyte dedifferentiation in the diseased heart

The disorganization of cytoskeletal proteins and loss of
sarcomeric structures contribute to the pathogenesis of con-
tractile dysfunction [15, 37]. The loss of contractile force
is most evident in end-stage heart failure, and is associ-
ated with gene expression profiles typical for embryonic
and fetal hearts [9]. Genes re-expressed in dedifferentiated
cardiomyocytes include early cardiac transcription factors
such as GATA4 and Nkx2.5 [39], but also markers nor-
mally found in stem cells such as c-kit, Runx1 and Dab2,
which might contribute to the enhanced propensity of dedi-
fferentiated cardiomyocytes to enter the cell cycle [8, 38].
Other characteristic markers of dedifferentiation include
destrin, a-SM-actin, the natriuretic peptides ANP/BNP,
smooth-muscle actinin (ACTN1), and moesin, which are
all expressed in cardiomyocytes under pathological condi-
tions, e.g. in the infarct zone, in hibernating myocardium or
in cardiomyopathic tissue [8, 38].

Recently, we were able to show increased levels of the
cytokine oncostatin M (OSM) in the myocardium after
acute infarction, after ischemia/reperfusion, and in DCM
patients at sites of extensive remodeling [8, 40]. Genetic
inactivation of the OSM receptor reduces the degree of
cardiomyocyte dedifferentiation in infarct areas and results
in increased mortality [8]. Furthermore, inactivation of the
OSM receptor prevents dedifferentiation of cardiomyocytes

in an animal model of dilated cardiomyopathy [8]. Taken
together, these data suggest that OSM is a critical player in
cardiac remodeling by inducing cardiomyocyte dedifferen-
tiation in ischemic and chronically inflamed myocardium.
OSM might be also instrumental to reprogram cardiomyo-
cytes in hibernating regions of the myocardium, allowing
for survival of cardiomyocytes in conditions of reduced
supply of nutrients and oxygen. Hibernation, which is char-
acterized by regional dysfunction of myocardial tissue with
persistently reduced contraction and decreased coronary
blood flow, is reversible after revascularization [41]. Simi-
larly, cardiomyocyte dedifferentiation induced by OSM is
also partially reversible. OSM-induced, dedifferentiated
adult cardiomyocytes respond to hypertrophic signals, e.g.
insulin-like growth factor-1 (IGF-1), and are able to regain
a functional, differentiated phenotype both in vivo and in
vitro [38, 42]. In vivo, the recovery of contraction in hiber-
nating myocardium is seen after revascularization, while
stimulation of OSM-treated de-differentiated cardiomyo-
cytes in vitro with IGF-1 induces formation of new sarcom-
eres, even in the absence of mechanical load (unpublished
observation).

Of note, the actin depolymerizing protein destrin and
a-SM actin («-SM-actin) are markers of cytoskeletal reor-
ganization of cardiomyocytes and are re-expressed in fail-
ing hearts [8, 38]. a-SM-actin re-expression has been
observed in hibernating cardiomyocytes after chronic
ischemia [43] and in the infarct border zones [44]. Dur-
ing early cardiogenesis, a-SM-actin is broadly expressed
in the heart together with other smooth muscle cell genes,
and precedes expression of a-cardiac actin and a-skeletal
actin [45, 46]. The function of a-SM-actin during cardio-
myogenesis, however, is unclear but has been associated
with regulation of sarcomere formation [47]. In newborn
rats, a-skeletal actin is expressed in cardiomyocytes, and
is rapidly replaced by a-cardiac actin [48]. Since a-skeletal
actin transcripts increase together with hemodynamic
load, a-skeletal actin has been used as a biomarker simi-
lar to ANP/BNP. It is tempting to speculate that the switch
in actin isoforms also has consequences for cardiac tis-
sue architecture: a characteristic feature of actin filaments
is their close interaction with plasma membranes, thereby
linking the intracellular milieu to the extracellular matrix
via integrins [25]. Re-expression of the cytoskeletal linker
protein moesin in patients with dilative cardiomyopathy is
indicative for ongoing cytoskeletal reorganization [38].

We propose that whole organ remodeling and cardio-
myocyte dedifferentiation are intimately linked. Intracel-
lular cardiomyocyte reorganization might enforce cardiac
remodeling by contributing to the stability of the cardio-
myocytes during pathophysiologic stressors, as described
above. If the condition is not resolved rapidly, it ultimately
paves the road to myocyte slippage and infarct expansion.
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Remodeling of cardiomyocytes in vitro and in vivo

Although cardiac remodeling is a complex process charac-
terized by the interplay of cardiomyocytes with non-car-
diomyocytes such as fibroblasts, endothelial, and smooth
muscle cells, in vitro experiments with isolated cardio-
myocytes are needed to dissect the underlying molecular
mechanisms. It is evident, however, that conclusions from
in vitro experiments have to be evaluated carefully. Simi-
lar care is needed when selecting the experimental in vitro
system. Due to their accessibility and ease of culturing,
neonatal cardiomyocytes have been widely used to study
processes of cardiomyocyte remodeling. However, neo-
natal cardiomyocytes differ substantially from terminally
differentiated adult cardiomyocytes, both in respect to mor-
phology and response to environmental cues [38, 49]. In
contrast to neonatal cardiomyocytes, freshly isolated adult

Fig. 1 Morphology of car-
diomyocytes in culture. Phase
contrast micrographs of cul-
tured adult rat cardiomyocytes
freshly isolated (a) or after 5,
10 and 20 days in culture (b—d).
Cultures were treated with 5 %
fetal calf serum (FCS). White
arrows cardiomyocytes round
up apically and gradually loose
cross-striated appearance. Black
arrows rounded-up cardio-
myocytes. Note the spreading
of cardiomyocytes after FCS
stimulation

"10d FCS
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cardiomyocytes are characterized by a highly organized
three-dimensional structure including sarcomeres, which
can be easily identified within cardiomyocytes by phase
contrast microscopy (Fig. la). Isolated adult cardiomyo-
cytes are rather fragile, which is not fully explained by the
collagenase perfusion required to release cardiomyocytes
from the myocardium. Rather, the high susceptibility of
adult cardiomyocytes to mechanical stress during the iso-
lation procedure reflects the need of cardiomyocytes to
adapt to changes in cardiac architecture in order to avoid
unfavorable mechanical distortion. In vitro studies of long-
term cultures of cardiomyocytes revealed that fully dif-
ferentiated cardiomyocytes reestablish cell-cell contacts
and return to synchronously contracting tissue-like sheets
[31, 50], a process that requires complex cellular remod-
eling already starting 1 day after plating. Cardiomyocytes
cultured in fetal calf serum round up and gradually lose

o
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their marked cross-striated appearance (white arrows in
Fig. 1b), which allows spreading (black arrows in Fig. Ic,
d). Existing cellular structures continuously disappear with
the onset of remodeling. Since adult cardiomyocytes hardly
migrate, cell-to-cell contacts are reestablished through cel-
lular expansion (Fig. 1c, d). At high cell density, cardiomy-
ocytes partially re-differentiate and accumulate sarcomeric
proteins. After 2-3 weeks, re-differentiated cardiomyo-
cytes begin to contract synchronously in a tissue-like sheet.
These observations indicate that changes of the contractile
and cytoskeletal apparatus are reversible features of cardio-
myocytes, which enable cardiac remodeling during hyper-
trophy or after myocardial damage [14].

Several factors have been identified to govern remod-
eling of cardiomyocytes in vivo. Most prominent are the
Fibroblast (FGF) and Insulin-like growth factors (IGF),
which are potent stimulators of adult cardiomyocyte
growth and remodeling [42, 50]. FGF-2 (basic FGF)
increases cell size, and induces cytoskeletal remodeling

o-SM actin

Sarc. a-actinin

Fig. 2 Oncostatin M induces dedifferentiation of adult cardiomyo-
cytes. Confocal images of adult rat cardiomyocytes after 7 days in
culture stained with a-SM actin (red), sarcomeric a-actinin (green),
and DAPI (blue). The upper panel represents merged images of all
three channels (blue, red, green). Cultures were pretreated with 2 %
FCS for 2 days and then kept in 2 % FCS (con) or stimulated with

and re-expression of a-smooth muscle actin (a-SM actin),
while myofibrillar growth is restrained [50]. In contrast,
IGF-1 suppresses accumulation of o-SM actin, but pro-
motes myofibrillar growth [42]. Only recently, it was found
that OSM regulates reversion of cardiomyocytes to a more
immature state, which might have an important effect on
myocardial regeneration. In vitro, OSM favors elongation
of cardiomyocytes towards neighboring cells, where cell-
to-cell contacts are rapidly reestablished through filopo-
dia-like extensions (Fig. 2). Extensions are continuously
built and actin microfilaments are reconstructed while the
main cell body remains stationary. The level of sarcomeric
a-actinin protein dramatically decreases in OSM-treated
cardiomyocytes [8], and cardiomyocytes show massive
structural re-organization. Sarcomeric proteins such as
a- and B-myosin heavy chain genes and the giant protein
titin, needed for formation of new intact sarcomeres [51],
are downregulated in OSM-treated cardiomyocytes. This
observation correlates with clinical findings, where a lack

oncostatin M (OSM). Knock-down of the OSM receptor by siRNA
(OSM + siOf) prevents dedifferentiation. OSM treatment results in
a massive loss of mature sarcomeres and morphological changes with
typical cell extensions to re-establish cell-to-cell contacts. Scale bars
left and middle rows 30 wm, right row 50 pm
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of sarcomeres has been recognized as an important con-
tribution to decreased compliance in failing hearts [15].
FGF-2 induces remodeling of adult cardiomyocytes and
re-expression of a-SM-actin and ANP [52, 53], similar to
OSM. However, FGF-2 treatment maintains a cross-stri-
ated pattern and contractile capacities of cardiomyocytes
[50], while OSM causes an almost complete loss of sar-
comeres. Furthermore, morphological changes in cardio-
myocytes induced by FGF-2 in vitro depend on long-term
stimulation with high serum concentrations and triiodothy-
ronine [50], whereas OSM requires only short-term, low
serum concentration during the initial attachment phase
[8]. Inhibition of the OSM-receptor by siRNA inhib-
its cardiomyocyte dedifferentiation and re-expression of
a-SM-actin, and prevents formation of cell-to-cell contacts
(Fig. 2) [8], which are hallmarks of increased plasticity of
cardiomyocytes in vivo. Surprisingly, inhibition of MEK/
ERK signaling also prevented dedifferentiation of cardio-
myocytes by OSM [8], although the Raf/MEK/ERK path-
way has been described to promote hypertrophy of cardi-
omyocytes in vivo and in vitro [54]. It seems likely that
context-dependent effects strongly affect the outcome of
MEK/ERK pathway activation, which might explain such
conflicting results.

Dedifferentiating cardiomyocytes undergo structural
remodeling and changes in the gene expression profile.
The concomitant induction of both processes by OSM
argues for a tight linkage in the diseased and failing heart
[8, 38], although further studies are necessary to inves-
tigate whether loss of sarcomeres can be uncoupled from
re-expression of fetal genes. Decreased lethality of mice
treated with OSM and increased lethality of mice lack-
ing the OSM receptor after cardiac infarction suggest that
transient dedifferentiation of cardiomyocytes improves sur-
vival of stressed cardiomyocytes. At present, however, it is
unclear whether dedifferentiation of cardiomyocytes pro-
vides a basis for cardiac regeneration.

Dedifferentiation of cardiomyocytes might allow
metabolic adaptation to reduced oxygen supply

Cardiac remodeling and metabolic adaptation are closely
interconnected, as reflected by the characteristic switch
from lipid to glucose utilization in stressed cardiomyo-
cytes. Although changes in mitochondrial metabolism seem
initially beneficial to sustain contractility and survival,
increasing evidence suggests that metabolic reprogram-
ming might eventually result in mitochondrial dysfunc-
tion and cardiac failure (for review see [55]). However, it
is still debated whether mitochondrial adaptation is an epi-
phenomenon or a cause of heart failure. Clearly, further
research is needed to answer the question as to whether a
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switch in substrate utilization is beneficial or detrimental
for disease progression (for a review, see [56]).

The failing, mechanically dysfunctional heart suffers
from an imbalance between oxygen consumption and con-
tractile needs. As a consequence, the failing compared to
the healthy heart requires more energy, and hence more
oxygen. Structural abnormalities in late stage heart failure
are independent from its etiology and generally restrict
the physical activities of patients severely [57]. In this
respect, it is noteworthy that the breakdown of the sarco-
meric apparatus in the failing heart includes loss of myo-
globin [58-60], which limits cardiac availability of oxygen
to cardiomyocytes. Oxygen availability on the other hand,
is a prerequisite for p-oxidation of fatty acids, the primary
substrate of cardiomyocytes. Hence, dedifferentiation of
cardiomyocytes, including loss of myoglobin, reduces oxy-
gen-dependent generation of ATP, but maintains the ability
of heart cells to generate energy by glycolysis. This phe-
nomenon seems to support the conclusion that the meta-
bolic switch in the remodeling myocardium is an epiphe-
nomenon of the failing heart, and not a means to maintain
basic cellular functions in an adverse hypoxic environment.
In contrast, the fact that myoglobin-deficient adult mice
are viable and maintain normal cardiac function illustrates
that the myocardium is able to cope with reduced oxygen
availability by activation of compensatory mechanisms [61,
62]. OSM-stimulated cardiomyocytes downregulate myo-
globin together with myomesin 2, B-myosin heavy chain
and cardiac myosin regulatory light chain 2 (MLC-2) [8],
indicating profound changes in the metabolism of cardio-
myocytes. We propose that OSM-mediated downregulation
of myoglobin represents an adaptation to reduced oxidative
phosphorylation in dedifferentiated cardiomyocytes. This
assumption is supported by OSM-mediated stimulation of
expression of hypoxia-inducible transcription factors la
(HIF-1a) and 2 (Epasl, HIF-2a), and heat shock protein 27
(hsp27), which enable cardiomyocytes to survive reduced
oxygen supply (unpublished observations). Without HIF-
la, such an adaption is not possible, as illustrated by the
arrest of embryonic development, which proceeds at low
oxygen concentrations, in the absence of HIF-1a [63].

It has been postulated that energy metabolism itself
(B-oxidation of fatty acids versus glycolysis of carbohy-
drates) is critical for maintenance of the differentiated phe-
notype of cardiomyocytes [9]. Glucose-dependent energy
metabolism is characterized by high levels of glucose trans-
porters Glutl and Glut4 (Sic2al and Slc2a4 in rodents)
and muscle glycogen synthase (Gysl), whereas enzymes
of the P-oxidation pathway are indicative for utilization
of fatty acids and mitochondrial oxidative phosphoryla-
tion. Expression of enzymes of the P-oxidation pathway
and mitochondrial biogenesis are controlled by the peroxi-
some proliferator-activated nuclear receptors (PPARs) and
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to carbohydrate-dependent energy production by OSM is

their co-activators (PPARGCs) [64]. OSM stimulation in

protective for cardiomyocytes and represents a reversible

state.

vitro does not affect expression of proteins or genes regu-

lating mitochondrial biogenesis, but causes upregulation of

pyruvate dehydrogenase kinases (Pdk3 and 4), key negative

regulators of the TCA cycle, indicating increased depend-

Conclusion and future directions

ency on carbohydrates (unpublished observations). Inter-
estingly, Pdk4 gene expression is upregulated in remod-

The recent findings that cardiomyocytes display surprising
cellular plasticity in response to stress emphasize the need

[l

eling hypertrophic and atrophic rat hearts [65]. Moreover.

dedifferentiated cardiomyocytes show reduced expression

for a better understanding of adaptive processes including
cardiomyocyte dedifferentiation.

ally exhibit a

uli

of mitochondrial complex I subunits, which corresponds
to a decreased influx of NADH resulting from metabolic
remodeling due to upregulation of Pdk. Despite the decline

usu-

Cardiomyocytes

stereotypical response to pathological stim-

, such as activation of the embryonic or fetal gene pro-

of complex I-associated respiration during early phases of
heart failure [66] and in dedifferentiated cardiomyocytes,
the extent of metabolic reprogramming in dedifferentiated

cardiomyocytes does not seem to reach the level of meta-

gram, reduced oxidative metabolism and dedifferentiation,

thereby facilitating survival and allowing organ regenera-

tion. In the stressed heart,

the co-existence of remodeling

and dedifferentiation provides the necessary plasticity to

bolic remodeling and increased mitochondrial biogenesis
during post-natal heart development [2, 3]. This might

adapt, survive and regain functionality (Fig. 3). We pro-

pose that cardiomyocytes in the heart maintain a dynamic
balance between a mature working and a dedifferentiated,

suggest that dedifferentiated cardiomyocytes remain in a
metabolic “stand-by” mode, which allows them to return

quickly to a fully differentiated state and to more effective

‘regenerative” state, which resembles hibernation. Dedif-

ferentiation and hypertrophic signals provide the extra time

3

oxidative phosphorylation of fatty acids. Taken together,

needed by the heart to remodel and adapt to hypoxia for

the available data support the idea that the metabolic switch
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reconstitution of functionality. Dedifferentiation allows
cardiomyocytes to re-shape and re-build new cell-to-cell
contacts, to execute a metabolic shift, and probably also to
generate a certain (low) amount of new cardiomyocytes.
Hypertrophic stimuli enable cardiomyocytes in the remode-
ling zone to grow in size to decrease transmural wall stress
(Fig. 3). Most likely, the genes and proteins described so
far in dedifferentiated cardiomyocytes [8, 38] represent
only “the tip of the iceberg”. State-of-the-art profiling tech-
niques (e.g. next generation sequencing) combined with
sorting of dedifferentiated cardiomyocytes using appropri-
ate markers should soon overcome this shortcoming, and
lead to identification of additional molecules and a more
comprehensive view of dedifferentiation. The identifica-
tion and characterization of key regulatory cytokines such
as OSM provides new options to develop therapeutic drugs
and strategies. Clearly, careful cellular tracing of dediffer-
entiated cardiomyocytes in vivo and loss-of-function stud-
ies of potential regulators of cardiomyocyte dedifferentia-
tion are needed to substantiate this concept.
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