
BJP British Journal of
Pharmacology

DOI:10.1111/bph.13344
www.brjpharmacol.org
REVIEW Correspondence
Molecular switches under
TGFβ signalling during
progression from cardiac
hypertrophy to heart failure
J Heger, R Schulz and G Euler

Institute of Physiology, Justus Liebig University, Giessen, Germany
Tables of Links

TARGETS LIGANDS

GPCRsa Enzymesd

α-adrenoceptors AMPK PDK (PDHK)

Angioten

β-adrenoceptors Caspase 8 RIP1 (RIPK1)

Bcl-2

AT1 receptor ERK RIP3 (RIPK3)

Captopril

Catalytic receptorsb GRK2 Sirtuin 1

Isoprenal

NLRP3 JNK TAK1

L-NAME

Transportersc p38 TGFBR1 (ALK5)

ANT1 TGFBR2

GLUT1-4

SERCA2

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding e
org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014)
Guide to PHARMACOLOGY 2013/14 (a,b,c,dAlexander et al., 2013a,b,c,d).

© 2015 The British Pharmacological Society British Jou
Gerhild Euler, Institute of Physiology,
Justus Liebig University, Giessen,
Germany.
E-mail: Gerhild.Euler@physiologie.med.
uni-giessen.de
---------------------------------------------------------

Commissioning Editor: Peter
Ferdinandy
---------------------------------------------------------

Received
28 April 2015
Revised
23 July 2015
Accepted
29 September 2015
sin I

ine (

ntrie
and

rna
Cardiac hypertrophy is a mechanism to compensate for increased cardiac work load, that is, after myocardial infarction or upon
pressure overload. However, in the long run cardiac hypertrophy is a prevailing risk factor for the development of heart failure.
During pathological remodelling processes leading to heart failure, decompensated hypertrophy, death of cardiomyocytes by
apoptosis or necroptosis and fibrosis as well as a progressive dysfunction of cardiomyocytes are apparent. Interestingly, the
induction of hypertrophy, cell death or fibrosis is mediated by similar signalling pathways. Therefore, tiny changes in the
signalling cascade are able to switch physiological cardiac remodelling to the development of heart failure. In the present review,
we will describe examples of these molecular switches that change compensated hypertrophy to the development of heart failure
and will focus on the importance of the signalling cascades of the TGFβ superfamily in this process. In this context, potential
therapeutic targets for pharmacological interventions that could attenuate the progression of heart failure will be discussed.
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Introduction
The main causes of heart failure are on the one hand chronic
pressure overload of the left ventricle (LV) resulting in
hypertension and on the other the impairment of myocar-
dial perfusion resulting in acute myocardial infarction or
chronic hypoperfusion (Hoppe and Erdmann, 2009).
While pressure overload creates hypertension and results
in cardiac hypertrophy, myocardial infarction primarily
results in a loss of cardiomyocytes that is compensated
for by hypertrophy of the remaining cells, the generation
of fibrosis and ventricular dilatation. Thus, the remodel-
ling processes, caused by pressure overload or ischaemia
are different, but both eventually result in heart failure.
This has to be considered when using different animal
models, which are induced either by chronic pressure
overload by aortic banding or by direct damage after myo-
cardial infarction.

In spite of these differences, in both situations, the
organism reacts by activation of the sympathetic nervous
system and the release of local mediators (cytokines and
natriuretic peptides) to ensure a sufficient blood supply
under these conditions, thereby resulting in intra- and
intercellular remodelling processes. Temporarily, this leads
to compensated hypertrophy and preserved heart func-
tion. However, in the long run, progressive myocardial
dysfunction develops (Narula et al., 1996), either resulting
in around 50% of the patients having an impaired
diastolic function with preserved ejection fraction, while
the other 50% of patients develop systolic dysfunction
with reduced ejection fraction (Abbate et al., 2015). With
regard to the reduced ejection fraction, apoptotic and
necroptotic loss of cardiomyocytes, contractile dysfunc-
tion of cardiomyocytes and massive fibrosis are significant
factors for the transition from compensated hypertrophy
to decompensation and deterioration of systolic heart
function, which will be the main focus of the current
review.

Enhanced levels of TGFβ are found in patients with
heart failure (Khan et al., 2014), in various animal models
of cardiac remodelling and during the transition from
compensated hypertrophy to heart failure (Boluyt et al.,
1994; Lijnen et al., 2000; Rosenkranz, 2004). Therefore,
there is a huge drive to clarify the role of TGFβ in heart
failure progression. Interestingly, TGFβ modulates nearly
all processes that are engaged in heart failure development,
that is, cardiac hypertrophy, fibrosis, apoptosis, inflamma-
tion and differentiation of cardiac progenitor cells. In spite
of this, broad inhibition of TGFβ signalling does not only
have positive effects on heart failure progression. Adminis-
tration of the TGFβ receptor I (TGFBR1) inhibitor (SM16)
after aortic banding prevented cardiac fibrosis and attenu-
ated cardiac dysfunction. However, mortality rates increased
due to enhanced left ventricular dilatation and inflammation
(Engebretsen et al., 2014). Similar results have been found
when soluble TGFBR2 was applied after myocardial in-
farction. In this case, the increase in mortality rates was
probably due to reduced inflammatory responses (Ikeuchi
et al., 2004). Therefore, a more target-orientated approach
needs to be used to inhibit the detrimental TGFβ
pathways.
4 British Journal of Pharmacology (2016) 173 3–14
TGFβ signals through binding at a heterotetrameric receptor
complex of type II and type I receptor serine/threonine kinases.
Upon TGFβ binding, TGFBR2 phosphorylates and thereby
activates type I receptor serine/threonine kinases that in turn
phosphorylates and activates SMAD transcription factors. De-
pending on the subtype of type I receptor serine/threonine ki-
nases, also known as activin receptors or activin receptor-like
kinases (ALKs), different receptor-activated SMADs (R-SMADs)
become activated. In cardiomyocytes and also many other cell
types, TGFβ1 signalling is attributed to TGFBR1, also called
ALK5, which then results in SMAD2/3 activation. In endothe-
lial cells TGFβ has also been shown to signal via ALK1 and
SMAD1/5/8 (Goumans et al., 2002). However, this appears to
be no longer exclusive for endothelial cells; In other cells,
TGFbeta1 stimulation has been found to activate SMAD1/5
and SMAD2/3 as well. (Wharton and Derynck, 2009). We also
identified both responses in cardiomyocytes. After stimulation
of ventricular cardiomyocytes, from adult rats, with 1ng�ml�1

TGFβ1 for 2 h, enhanced phosphorylation of SMAD2/3,
SMAD1/3 and SMAD1/5 was detected in Western blots (n = 5,
P < 0.05 vs. unstimulated controls) (Figure 1), thereby indicat-
ing that TGFβ signalling is even more complicated than origi-
nally thought. Activated R-SMADs form a complex with
SMAD4 that translocates into the nucleus and acts as a tran-
scription factor. The binding specificity of SMADs to promoters
can be influenced by their association with other transcription
factors like activator protein 1 (AP-1). In addition to this canon-
ical SMAD pathway, another prominent signalling molecule of
TGFβ is TGFβ-activated kinase 1 (TAK1). TAK1 activation is also
mediated by TGFBR2. Downstream targets of TAK1 are c-Jun, N-
terminal kinase (JNK) and p38. Furthermore, via binding to its
receptor, TGFβ can activate other kinases like ERK,
phosphoinositide 3-kinase (PI3K) or small GTPases like Rho
(reviewed by Zhang, 2009). This huge variety of TGFβ signalling
pathways already implies that the effects of TGFβ in tissues will
be complex. In this review, we highlight the signalling
molecules that are induced by TGFβ and modulate adverse car-
diac remodelling by interfering with adrenoceptor-mediated
signalling, mitochondrial proteins, cell death, microRNAs
(miRNAs), contractile function or fibrosis. (Figure 2).
The TAK1 pathway is pro-hypertrophic
and prevents cell death while SMADs
promote apoptotic signalling in the
heart
TGFβ itself is known to be a pro-hypertrophic, pro-apoptotic
and pro-fibrotic factor in the heart. TAK1 and not SMADs
seems to be themainmediator of TGFβ-induced hypertrophic
growth effects. TAK1 is found to be up-regulated in vivo after
aortic banding, and TAK1 overexpression promotes cardiac
hypertrophy in transgenicmice (Zhang et al., 2000) (Figure 3).
Furthermore, in neonatal cardiomyocytes, angiotensin II-
induced hypertrophic growth could be prevented by knock-
down of TAK1 with silencing RNA (siRNA), but not with
siRNA against SMAD2/3 (Watkins et al., 2012). This indicates
that SMAD signalling is not involved in angiotensin II –

TGFβ1-induced hypertrophic growth. In addition to its pro-
hypertrophic effects, TAK1 antagonizes the apoptosis and



Figure 2
Overview about TGFβ influence on components of cardiac remodel-
ling in left ventricular systolic heart failure. TGFβ has been shown to
promote the transition from cardiac hypertrophy to apoptosis and
to regulate mitochondrial signalling molecules, miRNA expression
and contractile function and fibrosis. All these processes are involved
in heart failure progression.

Figure 1
TGFβ signals via the SMAD2/3 and SMAD1/5 pathway in
cardiomyocytes. Ventricular cardiomyocytes of adult rat were stimu-
lated with 1 ng�ml�1 TGFβ1 for 2 h. Protein extracts of these cells were
analysed by Western blots with antibodies specific against
phosphoSMAD2, phosphoSMAD1/3 or phosphoSMAD1/5. Phosphor-
ylation, which is indicative of SMAD activation, was detected for all
these SMADs. *P < 0.05 versus unstimulated controls, n = 5 indepen-
dent culture preparations.

TGFβ-guided switches to heart failure BJP
necroptosis induced by TNFα stimulation and prevents ad-
verse cardiac remodelling (Li et al., 2014a). Necroptosis is a
form of cell death, which combines features of necrotic and
apoptotic cell death, it is a death receptor-mediated process
which is executed via receptor activating protein (RIP) com-
plexes (Zhang et al., 2009). During TNFα stimulation, TAK1
associates with RIP1 thereby preventing RIP1 interaction
with other death signalling proteins, that is, with caspase 8
or RIP3. This results in a reduction in apoptosis and
necroptosis (Li et al., 2014a). As TAK1 is not only induced by
TGFβ and TNFα but also by other cytokines (Besse et al.,
2007), strong TAK1 activation may act as a pro-survival factor
in the heart.

In contrast to TAK1, SMAD signalling seems to coun-
teract hypertrophy, because hypertrophic growth of
cardiomyocytes induced by stimulation of α-adrenoceptors
was hampered by simultaneous overexpression of SMADs
(Heger et al., 2009). Hypertrophic growth of cardiomyocytes
induced by stimulation of α-adrenoceptors is mediated via
the transcription factor AP-1 (Taimor et al., 2004). Under si-
multaneous SMAD4 overexpression, AP-1/SMAD complexes
are formed, which may detract AP-1 from its hypertrophy-
promoting target genes. Indeed, a shift from hypertrophy
to the induction of apoptosis is found in α-adrenoceptor-
stimulated and SMAD4 overexpressing cardiomyocytes
(Heger et al., 2009). Furthermore, cardiac-specific SMAD4
knock-out mice displayed cardiac hypertrophy (Wang et al.,
2005). This indicates that SMAD4 acts as a molecular switch
for transition from hypertrophy to apoptosis. In addition,
TGFβ induces apoptosis in adult cardiomyocytes via en-
hancement of SMAD and AP-1 activity (Schneiders et al.,
2005). Similar to these findings, inhibition of SMAD signal-
ling in vivo may preserve the compensating character of hy-
pertrophic growth in cardiac remodelling while preventing
the transition to apoptosis (Figure 3).

That AP-1 is amediator of hypertrophy and apoptosis in β-
adrenoceptor stimulated cardiomyocytes has been shown by
use of transgenic mice overexpressing the AP-1 inhibitor jun
dimerization protein 2 (JDP2). JDP2 overexpression
prevented isoprenaline (ISO)-induced hypertrophy as well
as TGFβ-induced apoptosis in cardiomyocytes (Hill et al.,
2013). But AP-1 is also required to preserve the contractile
function of cardiomyocytes because AP-1 inhibition by
JDP2 overexpression attenuated contractile responses in-
duced by β-adrenoceptor stimulation (Hill et al., 2013). There-
fore, to prevent adverse remodelling, inhibition of SMAD
signalling seems to be the better choice than inhibition of
AP-1, because this would negatively influence the contractile
function of the heart.
Modulation of β-adrenoceptor
responses in the presence of TGFβ
During heart failure, progressive desensitization of β-
adrenoceptors occurs. β-adrenoceptors are members of the
GPCR superfamily whose stimulation results in activation
of PKAvia AC and cAMP, which regulate different intracellu-
lar, sarcolemmal and myofibrillar substrates. Thus, cAMP
exerts the cellular effects on cardiac contractile function in-
duced by activation of β-adrenoceptors. However, stimula-
tion of β-adrenoceptors also results in agonist-dependent
desensitization of these receptors, a phenomenon found
during the development of heart failure. This process is me-
diated by the receptor adapter protein β-arrestin that binds
to β-adrenoceptors. This binding either results in direct
British Journal of Pharmacology (2016) 173 3–14 5



Figure 3
Influence of TGFβ-SMAD and TGFβ-TAK1 signalling on adrenoceptor-mediated pathways in LV heart failure progression. Adrenoceptors (AR) stim-
ulate the expression of genes promoting hypertrophic growth via the transcription factor AP-1. Under simultaneous presence of SMAD4, the pro-
hypertrophic response to adrenoceptor stimulation is shifted to a pro-apoptotic gene transcription via AP-1/SMAD complexes. Also, under TGFβ
stimulation of cardiomyocytes, AP-1 and SMADs mediate apoptosis. In addition to these effects on cardiomyocytes, activation of the TGFβ/SMAD
pathway or induction of SMADs via β-arrestins induces the transcription of fibrotic genes. In contrast to the SMAD pathway, TAK1 activation stim-
ulates hypertrophic growth while inhibiting cardiac necroptosis and apoptosis by interacting with RIP1. Strong β-adrenoceptor (ADRB) activation
results in β-adrenoceptor desensitization via β-adrenoceptor /β-arrestin complexes. This process can be inhibited by TGFβ. Depicted in red are
switch molecules that can modulate the response of the cell to receptor stimulation and thereby influence the outcome of this stimulation on
the remodelling process.
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inhibition of β-adrenoceptors, known as functional desensi-
tization, or in internalization of β-adrenoceptors that re-
duces their density (reviewed by Lymperopoulos and
Negussie, 2013). Studies in β-arrestin1 knock-out mice dem-
onstrated a major role for β-arrestin1 in cardiac dysfunc-
tion, because contractile responses to β-adrenoceptor
stimulation were enhanced in these knock-out animals
(Conner et al., 1997). Furthermore, knock-down of β-
arrestin1 prevented adverse cardiac remodelling after myo-
cardial infarction by inhibiting apoptosis and preserving
cardiac function (Bathgate-Siryk et al., 2014). Interestingly,
an increase in myocardial β-adrenoceptor density and a
reduction in negative regulators such as Giα and β-
adrenoceptor-kinase-1 were demonstrated in transgenic
TGFβ-overexpressing mice (Rosenkranz et al., 2002). And
in isolated cardiomyocytes of adult rat, TGFβ enhanced
the hypertrophic response to β-adrenoceptor stimulation
(Schlüter et al., 1995). These findings indicate that TGFβ
can prevent β-adrenoceptor desensitization in cardiomyocytes
and thereby promote pro-hypertrophic signalling. Whether
this response is mediated by the down-regulation of β-
arrestin1 by TGFβ has not yet been clarified. But TGFβ
may be a plausible target in order to prevent β-adrenoceptor
desensitization.

So far, a connection between β-arrrestin expression
and TGFβ signalling has been shown in cardiac fibroblasts.
β-Arrestins were found to be up-regulated in cardiac
6 British Journal of Pharmacology (2016) 173 3–14
fibroblasts during heart failure. Overexpression of β-arrestin
in cardiac fibroblasts results in the uncoupling of β-
adrenoceptors and activation of SMAD2/3, thereby promoting
a pro-fibrotic phenotype. This may cause enhanced stiffness
of the ventricular wall and contribute to the development of
heart failure.

Although TGFβ stimulation prevents the uncoupling of
β-adrenoceptors and enhances the pro-hypertrophic signal-
ling, the inotropic β-adrenoceptor-mediated response was
diminished in TGFβ-overexpressing mice. This is due to an
up-regulation of mitochondrial uncoupling proteins during
β-adrenoceptor stimulation, which results in a decreased mi-
tochondrial energy production. Thus, TGFβ-overexpressing
mice resemble a phenotype occurring at the transition to
heart failure, namely, displaying cardiomyocytes hypertro-
phy and promoting apoptosis as well as mitochondrial
and contractile dysfunction (Schneiders et al., 2005;
Huntgeburth et al., 2011).

That these interacting pathways of ADRB-TGFβ signalling
are even more complex was indicated by the findings that
GPCRs not only activate TK receptors but also also
transactivate the serine/threonine kinase TGFBR1 in different
cell types (Burch et al., 2012). The proposed mechanism for
this transactivation is activation of integrin by GPCRs. Subse-
quently, integrin binding to the large latent TGFβ complex
causes a conformational change and allows TGFβ to bind
and activate TGFBR2/TGFBR1, thereby resulting in SMAD
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activation (Munger et al., 1999). Whether this β-
adrenoceptor-induced SMAD signalling holds true in
cardiomyocytes has yet to be analysed.
The ubiquitin system in the context of
β-adrenoceptor and TGFβ stimulation
Another focus for identification of the triggers contributing
to heart failure development or progression relies on the anal-
ysis of the proteasome, as degradation of proteins is changed
in cardiac hypertrophy. The primary cellular response to β-
adrenoceptor stimulation in the heart is an increased pool
of 20S subunits with catalytic activity, while chronic β-
adrenoceptor stimulation enhanced the 26S proteasome but
decreased 20S proteasomal activity, accompanied by a de-
crease in ubiquitinated proteins (Drews et al., 2010). Elevated
26S proteasome activities were also observed in a pressure
overload model stimulating ventricular hypertrophy (Depre
et al., 2006). The switch in proteasome subpopulations,
which is facilitated by different β-subunits of the proteasome,
is decisive for the development of hypertrophy and depends
again on the strength of β-adrenoceptor activation. Proteins
involved in cardiac hypertrophy are targeted by muscle-
specific ubiquitin ligase atrogin-1 for degradation (Zaglia
et al., 2014). Atrogin-1 KO hearts revealed increased apoptosis
and hypertrophy. The effects were mediated by the up-
regulation of an autophagy controlling protein, the
endosomal sorting complex required for transport III
(ESCRT-III) family protein charged multivesicular body pro-
tein 2B (CHMP2B). Thus, Zaglia et al. (2014) demonstrated
the interplay between the ubiquitin proteasome system
(UPS) and autophagy and the importance of controlled degra-
dation of proteins for the control of cardiac hypertrophy and
apoptosis.

UPS regulates important signalling pathways in the heart,
including MAPK, JNK and calcineurin (Portbury et al., 2012).
Huang et al. (2014) suggested a proteasome-dependent mech-
anism for angiotensin II–induced apoptosis in hearts that is
accompanied by activation of insulin-like growth factor re-
ceptor II (IGF2R) signalling. Heat shock transcription factor
1 (HSF1) acts as a repressor of IGF2R gene expression only if
deacetylated by sirtuin 1. However, angiotensin II and subse-
quently JNK activation mediates sirtuin 1 degradation via the
proteasome. This results in an increase in the acetylation of
HSF1 that is then not able to bind to the IGF2R promoter
So, sirtuin is a negative regulator of IGF2R, thereby protecting
cardiomyocytes from apoptosis. In this context, it is remark-
able that the IGF2R is required for the activation of latent
TGFβ (Dennis and Rifkin, 1991). In human umbilical-vein
endothelial cells, the association of IGF2R and the urokinase
receptor –converts plasminogen (uPAR) to active plasmin –

is essential for the activation of latent TGFβ, the release of
TGFβ and induction of apoptosis (Leksa et al., 2005). Whether
this also holds true for cardiomyocytes remains to be evalu-
ated, but we have already shown that angiotensin II induces
the release of TGFβ and SMAD-dependent apoptosis in
cardiomyocytes (Schröder et al., 2006). Not only is the intra-
cellular activity of TGFβ controlled by UPS but also the
stability and levels of TGFβ receptor complexes are deter-
mined by ubiquitination (Xu et al., 2012).
Influence of TGFβ on mitochondria,
energy metabolism and heart failure
Mitochondria are the power houses of the cell, generating ATP
via oxidative phosphorylation. On average, 30% of the
cardiomyocytes volume is filled with mitochondria (Barth
et al., 1992). One side product of the major respiratory en-
zyme complexes is the generation of reactive oxygen species
(ROS) that modifies the redox potential of the cell and is es-
sential for numerous signalling pathways (Chen and Zweier,
2014). Mitochondrial dysfunction occurs under pathophysi-
ological conditions and involves malfunction of complexes
of oxidative phosphorylation, and an increase in ROS pro-
duction that leads to cell death contributing to the develop-
ment of heart failure. The enzymes of the respiratory chain
seem to be the main site of ROS formation, but many other
enzymes contribute to ROS production in failing hearts, in-
cluding monoamine oxidases and the cytosolic adaptor pro-
tein p66Shc (Di Lisa et al., 2009). Cellular stress signals lead
to translocation of p66Shc into the mitochondrial intermem-
brane space, where it oxidizes cytochrome c and generates
ROS (Heusch, 2015). Factors that influence ROS production,
therefore, critically determine the cell’s fate.

A newly identified signalling molecule in the control of
mitochondrial ROS production that is under the control of
TGFβ signalling is nucleotide-binding domain and leucine-
rich repeat containing PYD-3 (NLRP3), a pattern recognition
receptor that is involved in the pathogenesis of chronic dis-
eases and inflammation. NLRP3 is expressed in the heart, lo-
calized in mitochondria, and interacts with components of
the redox system (Figure 4). Upon TGFβ stimulation of car-
diac fibroblasts, NLRP3 increases mitochondrial ROS produc-
tion, which supports SMAD2 phosphorylation and results in
the differentiation of cardiac fibroblasts into myofibroblasts,
an important process in adverse cardiac remodelling (Bracey
et al., 2014). The involvement of NLRP3 in cardiac fibrosis
has been confirmed in an in vivo model of hypertension: an-
giotensin II infusion for 28 days resulted in TGFβ-mediated
fibrosis in wild-type mice, but NLRP3-deficient mice were
protected against this angiotensin II-induced fibrosis. NLRP3,
therefore, is a newly identified mitochondrial signalling fac-
tor in TGFβ-induced cardiac remodelling that may promote
the transition to heart failure as it facilitates ROS-mediated
fibrosis.

Increased ROS production induces the opening of the mi-
tochondrial permeability transition pore (MPTP) (Figure 4)
that changes the permeability of the inner mitochondrial
membrane, leading to mitophagy, fusion/fission events and
biogenesis (Brenner and Moulin, 2012). Opening of the
MPTP facilitates the release of pro-apoptotic factors from
the mitochondria that stimulates the activation of caspases
and finally leads to cell death (Kinnally et al., 2011). The addi-
tion of noradrenaline induced a concentration-dependent
decrease inmitochondrial membrane potential that was asso-
ciated with a switch from compensated hypertrophy to apo-
ptosis, thereby indicating that MPTP opening is involved in
British Journal of Pharmacology (2016) 173 3–14 7



Figure 4
The central role of mitochondria in LV heart failure can be modulated by TGFβ. Hypertrophy, fibrosis and apoptosis can be controlled by mito-
chondria via generation of ROS. NLRP3 is a newly identified molecule that enhances mitochondrial ROS production and that is controlled by TGFβ
or angiotensin II (AngII). miR181c enhances ROS production via modulation of complex IV of the respiratory chain. TOM70, acting as a repressor
of mitochondrial ROS production, is found to be reduced in heart failure. This reduction then provokes enhancement of ROS. Enhancement of
mitochondrial uncoupling protein during stimulation of β-adrenoceptors by noradrenaline (NA) and TGFβ-receptor activation results in reduced
energy production and impaired contractile function. Opening of theMPTP plays a central role in the induction of apoptosis. Opening of this pore
can bemodulated by the accessory proteins VDAC and ANT1. Their expression is regulated by crystalline B, TGFβ, AngII, ROS and β-adrenoceptors
(ADRB). Central molecules that modulate mitochondrial processes in heart failure are depicted in red.
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adverse remodelling (Jain et al., 2015). Inhibiting MPTP
opening by overexpression of adenine nucleotide translocase
1 (ANT1) prevented TGFβ1-induced apoptosis in ventricular
cardiomyocytes (Heger et al., 2012) and improved cardiac
function in rats with an activated renin–angiotensin system
(Walther et al., 2007). These findings highlight the contribu-
tionMPTP opening has to the adverse cardiac remodelling in-
duced by TGFβ stimulation and indicate that ANT1 is a
critical component at the inner mitochondria membrane
for regulating MPTP opening (Figure 4).

Besides modulation of MPTP opening, the B-cell lymphoma
2 (Bcl-2) family is a well-known gate keeper in mitochondria-
mediated apoptosis. TGFβ can stimulate or inhibit the
expression of pro-apoptotic and anti-apoptotic Bcl-2 family
members (Grünenfelder et al., 2002). After renal artery ligation,
a model for angiotensinII/TGFβ-mediated cardiac hypertrophy,
up-regulation of the pro-apoptotic family member Bax and the
voltage-dependent anion channel-1 (VDAC1) occurred (Figure 4).
Together, they lead to permeabilization of the outer mito-
chondrial membrane, release of cytochrome c from the
intermembrane space into the cytosol, formation of the
apoptosome, activation of caspases and finally the induction
of apoptosis (Mitra et al., 2013). The small heat shock protein,
crystalline B, is able to block the pro-apoptotic action of
VDAC1, and thereby acts as a molecular key that guides
VDAC1 to be anti-apoptotic. Therefore, crystalline B may
become an interesting therapeutic target for the prevention
of the transition from compensated hypertrophy to heart
failure. Another heat shock protein (Hsp) with anti-apoptotic
8 British Journal of Pharmacology (2016) 173 3–14
action on the mitochondrial level is Hsp22 (Qiu et al., 2011).
Overexpression of Hsp22 results in physiological hypertro-
phy via up-regulation of NFκB, and binding of Hsp22 to signal
transducer and activator of transcription 3 (STAT3), which is a
marker of cardiac stress responses. Down-regulation of Hsp22
leads to an increased remodelling of the heart and death in
knock-out mice after transverse aortic constriction (TAC) by
modulating the nuclear and mitochondrial function of STAT3
and STAT3-dependent genes.

A further mitochondria-associated candidate, mediating a
switch to pathophysiological hypertrophy is TOM70, a
translocase of the mitochondrial outer membrane (TOM)
complex that mediates the import of mitochondrial
preproteins (Figure 4). Li et al. (2014b) nicely showed a
down-regulation of TOM70 in pathophysiological hypertro-
phy in humans as well as animal models. This results in the
reduced import of optical atrophy-1 (OPA1) – a protein impor-
tant for mitochondrial fusion –, a reduction in complex I ac-
tivity and finally in ROS production. As a consequence,
changes in the outer mitochondrial membrane and/or inner
mitochondrial membrane occurred, followed by apoptotic
events as discussed above. In addition, increased TOM70
levels made cardiomyocytes completely resistant to the ef-
fects of various pro-hypertrophic stimuli.

These findings explain the significance of themodulation of
mitochondrial pores by, for example, VDAC1, crystalline B or
TOM70 for cardiac hypertrophy to progress to heart failure.

At the onset of the development of heart failure, a meta-
bolic shift from fatty acid to glucose metabolism has been
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described. This shift is due to the down-regulation of en-
zymes for fatty acid oxidation, whereas glycolytic enzymes
are up-regulated (Sack et al., 1996). This enables the heart to
increase its metabolic substrate efficiency in relation to O2

consumption. However, the metabolic shift seems to be re-
lated to adverse cardiac remodelling. A key regulator of en-
ergy homeostasis induced by stimulation of glycolysis and
glycogen accumulation is AMP-activated kinase (AMPK),
which is activated during cardiac remodelling (Dolinsky and
Dyck, 2006; Kolwicz and Tian, 2011). Just recently,
myostatin, a member of the TGFβ superfamily, was identified
as a repressor of AMPK (Biesemann et al., 2014). Myostatin
reduces muscle growth (skeletal or cardiac), and thus pro-
tects the heart against hypertrophy and failure, and this
function of myostatin is, in part, mediated via repression
of AMPK and the prevention of a metabolic switch towards
glycolysis.

In addition to the metabolic shift, a down-regulation of
transporters for glucose (GLUT1/4) and fatty acid (CD36) up-
take into cardiomyocytes as well as a reduction of trans-
porters for pyruvate (PDH) or the carnitine shuttle (CPT1/2)
in mitochondria contribute to heart failure development, as
deletions of these transporters provoked cardiac remodelling
and or dysfunction (Bersin et al., 1994; Liao et al., 2002;
Domenighetti et al., 2010; Lai et al., 2014).

Thus, enhancing the uptake mechanisms for glucose and
fatty acids into cardiomyocytes, as well as for metabolized
substrates into mitochondria can attenuate heart failure pro-
gression. Furthermore, prevention of the metabolic switch,
probably via AMPK, is a promising target for therapeutic
approaches against heart failure development.
Figure 5
Influence of miRNAs on LV adverse remodelling can be modulated by β-adre
reverse or promote adverse cardiac remodelling are depicted. Up-regulatio
under pressure overload (TAC) or β-adrenoceptor stimulation (ISO) while p
these miRs are inhibited adverse remodelling develops. In contrast, up-regul
elling, and down-regulation of miR133a under TAC preserves cardiac functio
of adverse remodelling. Black arrows indicate the responses of the cell to TA
depicted in red. Green arrows and symbols indicate interference of miR exp
MicroRNAs in heart failure
An increased ability to regulate the processes involved in cardiac
remodelling is attributed to miRNAs. miRNAs are small non-
coding RNAs that target the 3´-untranslated region or 5’-
untranslated region of mRNA transcripts. This results in the de-
stabilizationor translational repressionofmRNAs (Bartel, 2004).
Furthermore, miRNAs can regulate gene transcription by induc-
ing histone modifications or DNA methylations (Hawkins and
Morris, 2008). In fact, one single miRNA can affect many target
genes generating a broad network ofmiRNA-controlled gene ex-
pression that has a huge effect on different biological processes
including cardiac remodelling. Analysing the role of miRNAs
in heart failure development has already identified some prom-
ising new therapeutic targets.

The RNase III endonucleaseDicer is essential for the process-
ing of pre-miRNA into its mature form. In the adult myocar-
dium, a loss of Dicer-induced biventricular enlargement is
accompanied by hypertrophic growth of cardiomyocytes, ven-
tricular fibrosis and functional defects (da Costa Martins et al.,
2008). A similar study by Chen et al. (2008) revealed signs of di-
lated cardiomyopathy and heart failure after cardiac-specific de-
letion of Dicer. Furthermore, they found that the level of Dicer
protein was significantly reduced in in human patients with di-
lated cardiomyopathy and failing hearts. These findings indi-
cate that miRNAs have a major function in the control of
heart failure development and progression.

Either an up-regulation or down-regulation of miRNAs
under pressure overload can mediate cardiac remodelling,
for example, when miR25 is increased the activity of the sar-
coplasmic reticulum (SR) Ca2+ ATPase (SERCA2A) is reduced
noceptors (ADRBs) or TGFβ. miRNAs that have been demonstrated to
n of miR15 or miR22 prevents the induction of fibrosis or apoptosis
reserving effects on moderate, compensatory hypertrophy, as when
ation of miR25 or miR21 under TAC enhances adverse cardiac remod-
n, whereas the overexpression of miR133a results in the development
C or ISO. Switch molecules in the process of adverse remodelling are
ression by anti-miRs or transgenic overexpression.
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and Ca-handling is impaired. Anti-miR25 reverses hypertrophy,
fibrosis and heart failure progression after TAC (Wahlquist et al.,
2014) (Figure 5).miR133a is down-regulated under pressure over-
load and when this down-regulation is prevented in transgenic
mice TAC-induced fibrosis and apoptosis are attenuated, whereas
hypertrophy is not affected (Matkovich et al., 2010); hence, these
diverse processes of cardiac remodelling are differentiated
(Figure 5). This indicates that by altering the levels of miR133a,
it may be possible to stop the adverse remodelling processes
while maintaining the compensatory effects of hypertrophy.
The development of moderate hypertrophy and physiological
cardiac remodelling induced by an infusion of isoprenaline is
converted to adverse remodelling inmiR22 knock-outmice with
a marked enhancement of fibrosis and apoptosis that finally
leads to dilated cardiomyopathy (Huang et al., 2013). The effects
of miR22 seem to be mediated by the inhibition of histone
deacetylases, which indicates that miR22 has a role in the epige-
netic regulation of gene expression during cardiac hypertrophy.
These findings indicate that during β-adrenoceptor stimulation
miR22 prevents the transition from compensated hypertrophy
to heart failure progression (Figure 5).

A new aspect of miRNA-controlled signalling relates to
the translocation of nuclear-encoded miR181c to mitochon-
dria (Das et al., 2014). This results in the remodelling of
mitochondrial complex IV and an enhanced production of
ROS (Figure 4). The overexpression of miR181c induces
ventricular dysfunction indicating that miRNAs can modu-
late exercise capacity directly at the mitochondrial level.
Interestingly, this miR181c-induced dysfunction was not ac-
companied by cardiac hypertrophy. Unfortunately, these ob-
servations were only carried out in vitro with a simulated
overexpression of miR181c and its role in cardiovascular dis-
ease in vivo has still to be proven.

With regard to TGFβ signalling, the miR15 family needs to
be mentioned. This family comprises six highly conserved fam-
ily members that are up-regulated in human heart failure and
can inhibit numerous components of the TGFβ signalling path-
way (Tijsen et al., 2014). Inhibition of one family member by
anti-miR15b in mice also resulted in the down-regulation of
other family members and predominantly enhanced SMAD-
signalling and cardiac fibrosis, especially after TAC (Figure 5).
Therefore, an up-regulation of miR15 members in heart failure
acts as negative feedback mechanism on TGFβ signalling in or-
der to restrict adverse remodelling. However, due to the ubiqui-
tous expression of miR15 and because miR15 is also involved
in inducing apoptosis after acute myocardial infarction
(Hullinger et al., 2012), the therapeutic application of miR15
against heart failure progression should be treated with caution
as a substantial amount of additional work needs to be done to
exclude negative side effects. In addition to miRs modifiying
TGFβ signalling pathways, TGFβ itself is also known as a regula-
tor of miRs. In the context of heart failure progression, miR21
should be highlighted; miR21 is selectively up-regulated in
fibroblasts upon TGFβ stimulation, and in the failing myocar-
dium (Thum et al., 2008; Topkara and Mann, 2011). It has been
shown to induce cardiac fibrosis by enhancing the proliferation
of fibroblasts and to stimulate endothelial mesenchymal transi-
tion during TGFβ stimulation (Kumarswamy et al., 2012) and
also to act as a mediator of adverse cardiac remodelling after
TAC (Thum et al., 2011) (Figure 5). Just recently, cardiac
fibroblasts were shown to secrete miRNA-enriched exosomes
10 British Journal of Pharmacology (2016) 173 3–14
(including miR21). Fibroblast-derived miR21 acts as a potent
paracrine RNA molecule that induces cardiomyocyte hypertro-
phy (Bang et al., 2014). miR155, secreted by macrophages, also
has paracrine effects on the heart, because miR155 knockout
in macrophages prevented angiotensin II-induced or TAC-
induced cardiac hypertrophy and dysfunction although
fibrosis was still present.

These findings showing that miRNAs can exert paracrine
effects implies that systemic pharmacological interference
of miRNA signalling by the use of anti-miRNAs might be use-
ful for preventing heart failure progression. Such a systemic
therapeutic intervention would be easy to apply clinically.
However, in cardiac pathophysiology, the systemic applica-
tion of anti-miRNAs is still restricted to basic science studies.
A promising approach in this direction has been shown by
Montgomery et al. (2011) using locked nucleic acid (LNA)-
modified miR208a-antisense oligonucleotides. Systemic de-
livery of these oligos silenced miR208a-expression in the
heart, thereby preventing hypertension-induced heart failure
in Dahl hypertensive rats by reducing cardiomyocyte hyper-
trophy, cardiac fibrosis and improving cardiac function. Be-
cause cardiac miR208 overexpression in transgenic mice
induced cardiac hypertrophy, the reduction of miR208a in
the heart by LNA-antisense oligos is at least in part responsi-
ble for cardioprotection in hypertensive Dahl rats. However,
reductions in the levels of circulating miR499 and miR208b
were also found during the treatment with LNA-modified
208a antisense oligos. Therefore, a combination of local and
systemic effects may contribute to the protective effects.

All these studies demonstrate the enormity of the miRNA
network and its influence on heart failure progression. Fine
tuning of specific miRNAs is essential for physiological hypertro-
phy or decompensation, and thus has great therapeutic potential
for the treatment of heart failure patients.
Right heart failure
For many years, analysis of left ventricular systolic dysfunc-
tion was at the centre of heart failure research, which is also
the focus of our review. However, in recent years, some prom-
ising advances in the analysis of right heart failure have been
made that should be discussed here.

Onemajor cause for right ventricular dysfunction is pulmo-
nary hypertension (PAH). Due to an increase in pulmonary vas-
cular resistance, afterload on the right ventricle (RV) increases,
leading to right heart failure which determines the prognosis
of patients with PAH. Therefore, it is of utmost importance to
define new therapeutic strategies to reduce RV remodelling in
order to improve patient prognosis (Ryan et al., 2015).

The RV, similar to the LV, compensates an increased work
load due to hypertension by hypertrophic growth processes.
However, compensatory remodelling is limited and over time,
the RV decompensates, finally leading to heart failure. There
seem to be chamber-specific responses, and thus, a simple ex-
tension of LV findings to the RV is not possible. An interesting
new finding in this respect comes from Schreckenberg et al.
(2015) who analysed the effect of chronic NO deprivation on
the remodelling processes in the LVand RV. Treatment of rats
with the NOS inhibitor L-NAME resulted in moderate ventricu-
lar hypertrophy without signs of dysfunction. However, the



TGFβ-guided switches to heart failure BJP
RV responded with dilatation and dysfunction. A massive
increase in oxygen radicals due to a down-regulation of
the anti-oxidative protein, SOD, was only found in the RV,
and this was the cause of RV remodelling, whereas in the
LV, anti-oxidative enzymes were even increased under the
L-NAME treatment. Thus, oxidative stress is a much greater
risk factor in the RV compared with the LV. The reduction
in SOD and the development of RV dysfunction could be
attenuated by captopril, an angiotensin-converting enzyme
inhibitor with high anti-oxidative capacity. Interestingly,
enhanced ROS production in the RV is responsible for
HIF1α inhibition and suppression of angiogenesis, thereby
resulting in capillary rarefication of the RV and chronic
ischaemia (Bogaard et al., 2009).

A further positive effect of therapeutics against the renin–
angiotensin system was demonstrated by Friedberg et al. (2013).
Pulmonary artery banding in rabbits induced RV hypertrophy
and biventricular up-regulation of the TGFβ pathways, including
activation of SMAD3, fibrosis and apoptosis. These responses
were blocked by losartan, an inhibitor of the AT1 receptor. In ad-
dition, TGFβ had negative effects on vascular remodelling in PAH
(Zaiman et al., 2008). Therefore, blocking this pathway has posi-
tive effects on the vasculature as well as on both ventricles and
seems to be a promising therapeutic target.

Further interesting targets in RVare (i) the up-regulation of
pyruvate dehydrogenase kinase (PDK), as it is responsible for
the metabolic shift to inefficient cytosolic glyocolysis and RV
dysfunction (Piao et al., 2010) and (ii) the inhibition of G-
protein receptor kinase 2 (GRK2) to prevent the down-
regulation of β-adrenoceptors and preserve RV function in
PAH (Piao et al., 2012).
Conclusion and outlook
Cardiac remodelling is a multifactorial-induced process. The
present pharmacological interventions are able to postpone
the onset of heart failure but are unable to prevent the ongo-
ing process of cardiac remodelling in hypertrophied hearts.
Newly identified signalling molecules might have the poten-
tial to serve as therapeutic targets in the treatment of heart
failure. Therefore, different and common pathways of left
and RVs should be considered. Among the decisive signalling
molecules for LV heart failure progression are modulators of
mitochondrial pores, such as NLRP3, ANT1, VDAC1 or
TOM70 and various miRNAs; for example, miR22 specifically
impairs the progression from compensated hypertrophy to
left ventricular heart failure and miR21 has significant
potential to induce fibrosis. Furthermore, prevention of the
down-regulation of mitochondrial transporters might improve
the metabolic situation in the remodelled myocardium.
Other switch molecules control the adrenoceptor-mediated
signalling pathway, like SMAD4, TAK1 or β-arrestin, thereby
modulating hypertrophic, apoptotic necroptotic and con-
tractile responses of the cell. In the RV, a higher susceptibil-
ity to oxygen radical production has been found, thereby
indicating the importance of using therapeutic ROS scaven-
gers. Furthermore, PDK and GRK2 have been identified as
new targets in RV.

Many of these targets are regulated by TGFβ, and ad-
ministration of an ALK5 inhibitor after aortic banding
prevented cardiac fibrosis and attenuated cardiac dysfunc-
tion. However, mortality rates of animals increased due to
enhanced left ventricular dilatation and inflammation
(Engebretsen et al., 2014). Therefore, a more target-
orientated approach needs to be used to inhibit the detri-
mental TGFβ pathways but preserve the protective ones.
As exemplified in this review, newly identified switch
molecules may offer novel options in the therapeutic ap-
proach against heart failure development and progression.
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