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Abstract

Aims Volume overload (VO) and pressure overload (PO) induce differential cardiac remodelling responses including dis-
tinct signalling pathways. Extracellular signal-regulated kinases 1 and 2 (ERK1/2), key signalling components in the mitogen-
activated protein kinase (MAPK) pathways, modulate cardiac remodelling during pressure overload (PO). This study aimed
to assess their role in VO-induced cardiac remodelling as this was unknown.
Methods and results Aortocaval fistula (Shunt) surgery was performed in mice to induce cardiac VO. Two weeks of
Shunt caused a significant reduction of cardiac ERK1/2 activation in wild type (WT) mice as indicated by decreased phosphor-
ylation of the TEY (Thr-Glu-Tyr) motif (�28% as compared with Sham controls, P< 0.05). Phosphorylation of other MAPKs was
unaffected. For further assessment, transgenic mice with cardiomyocyte-specific ERK2 overexpression (ERK2tg) were
studied. At baseline, cardiac ERK1/2 phosphorylation in ERK2tg mice remained unchanged compared with WT littermates,
and no overt cardiac phenotype was observed; however, cardiac expression of the atrial natriuretic peptide was increased
on messenger RNA (3.6-fold, P < 0.05) and protein level (3.1-fold, P < 0.05). Following Shunt, left ventricular dilation and hy-
pertrophy were similar in ERK2tg mice and WT littermates. Left ventricular function was maintained, and changes in gene ex-
pression indicated reactivation of the foetal gene program in both genotypes. No differences in cardiac fibrosis and kinase
activation was found amongst all experimental groups, whereas apoptosis was similarly increased through Shunt in ERK2tg
and WT mice.
Conclusions VO-induced eccentric hypertrophy is associated with reduced cardiac ERK1/2 activation in vivo. Cardiomyocyte-
specific overexpression of ERK2, however, does not alter cardiac remodelling during VO. Future studies need to define the
pathophysiological relevance of decreased ERK1/2 signalling during VO.
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Introduction

Heart failure (HF) development and progression are associ-
ated with alterations in cardiac gene expression as well as
molecular, cellular, and interstitial changes in the heart
causing differences in cardiac shape, size, and function.1

The term cardiac remodelling encompasses all of these
changes. Based on shape and size, three different patterns
of left ventricular (LV) remodelling can be distinguished:
concentric remodelling (increased wall thickness but normal
mass), concentric hypertrophy (increased wall thickness and
mass), and eccentric hypertrophy (increased dimensions
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and mass).2 In various cardiovascular diseases, these dis-
tinctive LV remodelling responses can be induced through
haemodynamic stress, that is, pressure overload (PO) and
volume overload (VO).3 Hypertension or aortic stenosis
are typically associated with PO causing concentric LV re-
modelling and hypertrophy, respectively. Initially, this re-
sponse is compensatory as it reduces wall stress according
to the law of Laplace. Diseases like aortic and mitral regur-
gitation, in contrast, primarily lead to VO causing eccentric
hypertrophy. From a haemodynamic point of view, this re-
sponse can be considered maladaptive due to an increase
in wall stress. A murine study, however, demonstrated a
more favourable cardiac phenotype following VO compared
with PO.4 This included a longer preservation of systolic
function, less adverse LV remodelling, and a better survival.
These different phenotypes could be attributed at least
partially to differences in cardiac signalling mechanisms fol-
lowing VO and PO. A detailed and better understanding of
such mechanisms driving LV remodelling is needed for
novel therapeutic strategies to target HF.5

In this context, the mitogen-activated protein kinases
(MAPKs) have been shown to be pivotal signalling molecules
involved in cardiac remodelling and cardiovascular diseases
in response to different stimuli.6 The MAPK signalling cascade
typically involves activation through MAPK kinases (MKKs; e.g.
MEK1/2), which are themselves phosphorylated and thereby
activated by MKK kinases (MKKKs; e.g. Raf-1). Three main
branches of MAPKs are distinguished, involving p38 kinases,
c-Jun N-terminal kinases (JNKs), and extracellular signal-
regulated kinases 1/2 (ERK1/2).7 Once phosphorylated,
MAPKs become activated and regulate a diverse range of
intracellular targets affecting important regulatory events in-
cluding growth, differentiation, and survival. With respect to
cardiac remodelling and hypertrophy, particularly ERK1/2
signalling has been shown to be of great importance.8,9 How-
ever, contradictory findings from murine studies hamper a
clear understanding of its precise role.6 Canonical ERK1/2
activation is mediated byMEK1/2-dependent phosphorylation
in the TEY (Thr-Glu-Tyr) motif of their activation loops.10

Bueno et al.11 showed that cardiomyocyte-specificMEK1 over-
expression and subsequent ERK1/2 activation cause a physio-
logical form of concentric hypertrophy with enhanced
systolic function and improved resistance to apoptotic
stimuli. In accordance with these findings, specific deletion of
ERK2 in cardiomyocytes was shown to attenuate PO-induced
cardiac hypertrophy in mice.12 In contrast, a different study
reported increased cardiac hypertrophy with pronounced sys-
tolic dysfunction following PO in mice with a cardiomyocyte-
specific ERK2 deletion.13 Targeted ERK1/2 inactivation in the
heart through overexpression of the dual-specificity phospha-
tase 6 (DUSP6) was shown to not diminish cardiac growth in
response to both pathological and physiological stimuli, sug-
gesting that ERK1/2 signalling is not required for cardiac hyper-
trophy.14 These controversial findings highlight the need for a

more comprehensive understanding of how ERK1/2 precisely
affects cardiac remodelling.

The aim of this study was to assess a potential involvement
of ERK1/2 in cardiac remodelling during VO as this has not yet
been investigated. Therefore, VO was induced through
aortocaval fistula (Shunt) surgery in wild type (WT) and trans-
genic mice with cardiomyocyte-specific ERK2 overexpression
(ERK2tg) followed by subsequent morphological, functional,
and molecular analyses.

Material and methods

Mice

The investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health (publication no. 85-23, revised 1985).
All animal work was approved by the responsible agency
(Niedersächsisches Landesamt für Verbraucherschutz und
Lebensmittelsicherheit) and was performed in accordance
with the institutional guidelines.

For pure WT experiments, C57Bl/6N mice aged 8–10
weeks were purchased from Charles River (Sulzfeld,
Germany). Transgenic mice from the FVB/N background ex-
pressing ERK2 under the control of the mouse α-myosin
heavy chain promoter and WT littermates were generated
as previously described (named Erk2T188T in the study by Lo-
renz et al.).9 For our experiments, they were crossed into
the C57Bl/6J strain for more than 10 generations, and only
male and age-matched animals were used.

Aortocaval fistula (Shunt)

The aortocaval fistula (Shunt) model was used to induce VO
in mice as described previously.4 Mice undergoing this pro-
cedure were at least 10 weeks of age, and the surgeries
were performed under 1.5% isoflurane. Briefly, a longitudi-
nal abdominal incision was made, the intestine was put
aside, and the aorta as well as the inferior vena cava were
dissected free from any surrounding tissue. The aorta was
clamped just above the renal arteries and punctured with
a 23-gauge needle passing through to the inferior vena
cava in an infrarenal position. The lateral aortic puncture
site was then sealed with cyanoacrylate glue. The abdomen
was closed, and the mice were kept on a heating plate un-
til full recovery from anaesthesia. Sham animals underwent
the same procedure except for vessel puncture. Mice were
studied 2 weeks post-surgery.

Heart weight measurements

Mice were sacrificed under 5% isoflurane by cervical disloca-
tion. To expose the beating heart, the ribcage was opened
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and removed. Then, both atria and ventricles were dissected
free, dried, and weighed using a fine balance (Sartorius,
Germany). The respective tibia length (TL) of each animal
was used for normalization.

Echocardiography

Mice were anesthetized with 1.5% isoflurane, and transthoracic
echocardiography was performed in a supine position using a
Vevo 2100 Imaging System (Visualsonics, Canada). During this
procedure, the core temperature was maintained at 37 °C,
and heart rates were kept consistent between experimental
groups at 400–500 b.p.m. Electrocardiogram monitoring was
obtained using hind limb electrodes. LV geometry and systolic
function were assessed by using standard 2D parasternal long
and short axis views. As previously described, speckle tracking
was performed to quantify the peak longitudinal strain rate dur-
ing early LV filling [termed reverse longitudinal strain rate
(rLSR)] for assessment of diastolic function.15 The examiner
was blinded towards group assignment.

Quantitative real-time polymerase chain reaction

DNA-free RNA was extracted from LV tissue with the
RNeasy kit and the RNase-free DNAse Set (Qiagen,
Germany), followed by cDNA synthesis using the iScript
cDNA synthesis kit (Bio-Rad Laboratories, Germany) accord-
ing to manufacturer’s instructions. Gene expression was
assessed via quantitative real-time polymerase chain reac-
tion on a Bio-Rad iQ-Cycler. Transcripts of interest were
amplified and measured using SYBR green fluorescent dye.
Relative gene expression was calculated with the delta-
delta Ct method using GAPDH as denominator. The follow-
ing primer sequences were used:

GAPDH (Gapdh) Sense: GAGACGGCCGCATCTTCTT
Antisense: CAATCTCCACTTTGCCACTGC

ANP (Nppa) Sense: GGGGGTAGGATTGACAGGAT
Antisense: CAGAATCGACTGCCTTTTCC

BNP (Nppb) Sense: ACAAGATAGACCGGATCGGA
Antisense: ACCCAGGCAGAGTCAGAAAC

SERCA-2α (Atp2a2) Sense: GGGCAAAGTGTATCGACAGG
Antisense: TCAGCAGGAACTTTGTCACC

α-Skeletal actin (Acta1) Sense: CTCACTTCCTACCCTCGGC
Antisense: GCCGTTGTCACACACAAGAG

Histology

LV tissue was harvested, fixed in 4% buffered formaldehyde
overnight, paraffin embedded, sectioned (5 μm), and
stained with fluorescein-conjugated wheat germ
agglutinin (WGA-Alexa Fluor 594; Invitrogen, USA) for cross-
sectional area (CSA) assessment. At least 400 randomly se-
lected cardiomyocytes per animal were measured using the

Image J software (Bethesda, USA). Picrosirius red (Abcam,
UK) staining for evaluation of fibrosis was performed accord-
ing to standard procedure. At least two randomly selected
sections per LV were analysed and quantified with the
Image J software. TdT-mediated dUTP-biotin nick end label-
ling (TUNEL) staining for detection of apoptotic cells was per-
formed using the In Situ Cell Death Detection Kit (Roche,
Germany) according to the manufacturer’s instructions.
TUNEL-positive cells were counted in five to eight random
fields (20×) per LV.

Western blot analysis

Snap-frozen LV tissue was homogenized in RIPA buffer
(Merck Millipore, USA) containing protease and phospha-
tase inhibitor cocktails (Roche). Protein concentration was
measured using Pierce BCA Protein Assay (Thermo Fisher
Scientific, USA). Tissue homogenates containing 20 μg of
protein were then separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto nitrocellulose membranes (Bio-Rad Laboratories).
The following primary antibodies were used: anti-phospho-
Akt (Ser473), anti-total Akt, anti-phospho-ERK1/2 (Thr202/
Tyr204), anti-total ERK1/2, anti-phospho-p38 (Thr180/
Tyr182), anti-total p38, anti-phospho-JNK (Thr183/Tyr185),
anti-total JNK (all from Cell Signaling, USA), anti-phospho-
ERK1/2 Thr188 (Badrilla, UK), anti-ANP N-terminal (Abcam),
anti-SERCA-2α (Thermo Fisher Scientific), and anti-GAPDH
(Merck Millipore). Membranes were subsequently incu-
bated with horseradish peroxidase-conjugated secondary
antibodies (anti-rabbit from Cell Signaling and anti-mouse
from GE Healthcare, UK) followed by detection of protein
bands using an enhanced chemiluminescent detection
system (GE Healthcare) according to the manufacturer’s in-
structions. For quantification, band intensity was measured
using the Image Lab software (Bio-Rad).

Statistical analysis

Data are presented as mean ± SEM. Unpaired Student’s t-tests
and two-way ANOVA followed by Bonferroni test for multiple
comparisons were used where appropriate. P< 0.05was con-
sidered statistically significant. All statistical analyses were per-
formed using GraphPad Prism v7 (San Diego, USA).

Results

Reduced cardiac ERK1/2 activation during VO-
induced eccentric hypertrophy

Following 2 weeks of cardiac VO through aortocaval fistula
(Shunt) surgery, eccentric LV hypertrophy was confirmed via
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post-mortem morphometric analysis and echocardiography
in WT C57Bl/6 mice. Shunt induced LV hypertrophy and dila-
tion with significant increases in LV weight/tibia length
(LV/TL) ratio and left ventricular end-diastolic diameter
(LVEDD) without affecting the septal wall thickness as com-
pared with Sham controls (Figure 1A–C). This pattern of car-
diac remodelling was associated with a significant decrease
in ERK1/2 phosphorylation of the TEY motif (�28%, P <

0.05; Figure 1D) indicating reduced canonical ERK1/2 activa-
tion in the heart. In addition to TEY phosphorylation, activa-
tion of ERK1/2 through autophosphorylation at Thr188 was
shown to be an important mechanism as it directs ERK1/2
to nuclear targets causing cardiac hypertrophy.9 However,
phosphorylation of Thr188 in LV lysates was unaffected in

the Shunt group (Figure 1D) and so were phosphorylation
levels of other MAPKs, i.e. JNK and p38 (Figure 1E).

Baseline characterization of
cardiomyocyte-specific ERK2 transgenic mice in
the C57Bl/6 background

Cardiac characterization of ERK2 transgenic (ERK2tg) mice in
the C57Bl/6 background was carried out at baseline first be-
fore subjecting them to Shunt. As shown in the FVB/N back-
ground, ERK2tg mice were viable and developed normally.
Protein expression of ERK2 was increased by 10.5-fold in
hearts of ERK2tg mice compared with WT littermates,

Figure 1 Assessment of eccentric LV hypertrophy and cardiac MAPK activation levels in WT mice following 2 weeks of VO. (A–C) LV weight to tibia
length ratio (LV/TL), left ventricular end-diastolic diameter (LVEDD), and septal wall thickness (Septum) were assessed in WT mice through post-
mortem morphometric analysis (LV/TL) and echocardiography (LVEDD, Septum) 2 weeks after Shunt and Sham control surgery. (D, E) Cardiac phos-
phorylation levels of ERK1/2 (of both TEY motif and the autophosphorylated Thr188) (D), JNK and p38 (E) were evaluated by Western blotting. Band
intensities were normalized to the respective total protein for quantification and GAPDH served as loading control.
* P < 0.05, ** P < 0.01, n.s. not significant using unpaired Student’s t-test. Numbers in bars reflect the number of mice.
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whereas ERK1 levels were unchanged (Figure 2A). The over-
expression of ERK2 was not associated with altered ERK1/2
phosphorylation of both the TEY motif and the autophospho-
rylation site at Thr188 (Figure 2A). Echocardiography
revealed no differences in LV geometry (assessed via LVEDD
and septum thickness) and systolic function (assessed via
ejection fraction) between ERK2tg mice and WT littermates
(Figure 2B–E). The LV mass was also comparable, as the
LV/TL ratio did not differ (Figure 2F).

Molecular characterization of cardiac stress markers
showed a markedly increased expression of natriuretic pep-
tide type A (Nppa, ANP) on both mRNA and protein level in
LV lysates from ERK2tg mice compared with WT littermates
(Figure 3A, B). This regulation appeared to be specific
for ANP as gene expression of other stress markers, for
example, natriuretic peptide TYPE B (Nppb, BNP) and α-
skeletal actin (Acta1) were unchanged (Figure 3A).
Sarcoplasmic/endoplasmic reticulum calcium ATPase-2α

(Atp2a2, SERCA-2α) was significantly reduced on
cardiac mRNA but not protein level in ERK2tg mice (Figure
3A, B).

VO-induced cardiac remodelling is not affected by
cardiomyocyte ERK2 overexpression

Following 2 weeks of Shunt, echocardiography was
performed in ERK2tg mice and WT littermates to assess LV
geometry and function. Representative M-mode images are
shown in Figure 4A. Comparable increases in LVEDD indicated
similar levels of LV dilation in both genotypes compared
with Sham controls (Figure 4B, Table 1). Septal wall thickness,
heart rate, systolic function via assessment of the
ejection fraction, and the rLSR as readout for diastolic
function were not different amongst all experimental groups
(Figure 4C–F, Table 1). Compared with the respective Sham

Figure 2 Baseline cardiac characterization of ERK2tg mice. (A) Expression levels of total ERK2 protein and ERK1/2 phosphorylation (of both the TEY
motif and the autophosphorylated Thr188) were assessed in LV lysates from ERK2tg mice and WT littermates by Western blotting. Band intensities
were normalized to GAPDH for quantification. (B) Representative M-mode echocardiographic images. (C–F). Measurements of LVEDD, septum thick-
ness, ejection fraction, and LV/TL ratio. ** P < 0.01, n.s. not significant using unpaired Student’s t-test. Numbers in (or above) bars reflect the number
of mice. LVEDD, left ventricular end-diastolic diameter; LV/TL, LV weight to tibia length ratio.
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group, the increase in LV/TL (WT: +38%, P < 0.01; ERK2tg:
+31%, P < 0.05) ratio revealed similar levels of LV hypertro-
phy in both genotypes following Shunt, although there was
a statistically non-significant tendency towards less hypertro-
phy in ERK2tg mice (Figure 4G, Table 1). These findings indi-
cate similar LV geometry and function in ERK2tg mice and
WT littermates following Shunt.

For further characterization of cardiac remodelling, histo-
logical analyses were performed in LV sections after 2 weeks
of Shunt. Cross sectional area (CSA) measurements demon-
strated small increases in cardiomyocyte size through Shunt,
which did not reach statistical significance and were compa-
rable between WT and ERK2tg mice (Figure 5A, B). Cardiac fi-
brosis was analysed via Picrosirius red staining and displayed
no differences amongst all four experimental groups (Figure
5A, C). TUNEL positive cells were significantly increased fol-
lowing Shunt indicating induction of apoptosis; however, to
a similar degree in both ERK2tg and WT mice (Figure 5A, D).

Shunt also induced similar trends with respect to gene ex-
pression of cardiac stress markers in WT and ERK2tg mice,
that is, increased ANP, BNP, and α-skeletal actin and de-
creased SERCA-2α levels (Table 2). Although not consistently

significant, these changes indicate a return to the foetal gene
program in both genotypes.

As shown for WT mice, cardiac ERK1/2 TEY phosphoryla-
tion was also significantly reduced in ERK2tg mice following
Shunt (Figure 6A). Phosphorylation of other relevant kinases
in the heart, such as Akt, JNK, and p38 remained unchanged
in both WT and ERK2tg mice indicating unchanged activation
levels (Figure 6B).

Discussion

VO and PO induce distinctive signalling mechanisms in the
heart driving differential cardiac remodelling, that is, eccen-
tric and concentric hypertrophy. This explains why therapeu-
tic efficacy of certain drugs, for example, angiotensin
converting enzyme inhibitors, varies depending on the dis-
ease pathophysiology and related mechanisms.16 PO, for in-
stance, is associated with early activation of
calcium/calmodulin-dependent protein kinase II (CaMKII) in
the heart and detrimental downstream effects, whereas the

Figure 3 Gene expression of cardiac stress markers in ERK2tg mice at baseline. (A) Gene expression of ANP (Nppa), BNP (Nppb) α-skeletal actin
(Acta1), and SERCA-2α (Atp2a2) in LV lysates from ERK2tg mice compared with WT littermates was assessed using quantitative real-time polymerase
chain reaction. GAPDH served as denominator. (B) Protein expression of ANP and SERCA-2α was assessed by Western blotting. Band intensities were
normalized to GAPDH for quantification. * P < 0.05, ** P < 0.01, n.s. not significant using unpaired Student’s t-test. Numbers in bars reflect the num-
ber of mice.
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same duration of VO induces beneficial activation of protein
kinase B (Akt) without altering CaMKII phosphorylation
levels.4 The majority of studies performed in animal models
in this context focus on PO and concentric hypertrophy; thus,
a better understanding of relevant mechanisms in the heart
during VO-induced eccentric hypertrophy is needed.

Kehat et al.13 demonstrated previously that loss of ERK1/2
signalling in mice causes cardiomyocyte lengthening, i.e.
eccentric hypertrophy. We tested whether this applies vice
versa, i.e. whether eccentric hypertrophy is associated with
reduced cardiac ERK1/2 activation in vivo. Thus, WT mice
were subjected to 2 weeks of VO via Shunt surgery to induce
eccentric hypertrophy. Subsequent molecular analyses re-
vealed that cardiac ERK1/2 activation through phosphoryla-
tion of the TEY motif indeed decreased significantly as
compared with Sham controls. Phosphorylation levels of
other MAPKs, that is, JNK and p38, remained unaffected. To
our knowledge, this is the first in vivo cardiac stress model
resulting in decreased cardiac ERK1/2 activation. The majority
of studies consistently report augmented ERK1/2 activation
upon different cardiac stimuli including biomechanical stress
and neurohormonal factors.17 Whether cardiac ERK1/2 is

activated or deactivated therefore appears to be dependent
on the particular stimulus. It could be speculated that the re-
duced cardiac ERK1/2 phosphorylation during VO is due to a
stretch-induced increase in specific phosphatase activity. In
line with this hypothesis, a recent study carried out in rat
isolated papillary muscles showed that stretch can induce
expression of DUSP6.18 In our in vivo model of VO, phospha-
tases like DUSP6 could potentially be activated by a preload-
mediated stretch of proteins involved in preload sensing such
as the giant molecule titin. This, however, needs further eval-
uation. It is noteworthy that other groups did not report any
differences in ERK1/2 phosphorylation in the heart following
VO.4,19 This could be due to differences in the experimental
design: (i) the study by Toischer et al. was carried out in
FVB/N mice, whereas we used mice from C57Bl/6 back-
ground; (ii) the duration of VO was shorter, that is, 1 week in-
stead of 2 weeks in our study; (iii) You et al. used a novel
murine model of aortic regurgitation to induce VO, which
most likely differed in severity compared with our well-
established aortocaval fistula (Shunt) model.20 As ERK1/2 ac-
tivation is transient and depends, amongst other factors, on
the duration and strength of a given stimulus,21 the

Figure 4 LV geometry, function, and hypertrophy in ERK2tg mice following VO. (A) Representative M-mode echocardiographic images from ERK2tg
mice and WT littermates 2 weeks after Shunt and Sham. (B–F) LVEDD, septum thickness, heart rate, ejection fraction, and reverse longitudinal strain
rate (rLSR) were assessed using echocardiography. (G) LV/TL ratio. * P < 0.05 and ** P < 0.01 vs. corresponding Sham, n.s. not significant between
genotypes using two-way ANOVA with Bonferroni post-test. Numbers in bars reflect the number of mice. LVEDD, left ventricular end-diastolic diam-
eter; LV/TL, LV weight to tibia length ratio.
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discrepant findings regarding cardiac ERK1/2 activation dur-
ing VO can at least be partially attributed to different meth-
odological approaches.

In addition to phosphorylation of the TEY motif, an alterna-
tive pathway of ERK2 activation involving autophosphoryl-
ation on Thr188 has been introduced by Lorenz et al.9 in
2009. More recently, this particular mode of ERK2 activation
was shown to contribute to adverse cardiac remodelling in re-
sponse to pathological stimuli but did not interfere with phys-
iological hypertrophy during voluntary exercise in mice.22 In
our model of eccentric hypertrophy, cardiac Thr188 phos-
phorylation remained unaffected. This fits the concept that
short-term VO-induced eccentric hypertrophy reflects a
rather physiological form of cardiac remodelling with benefi-
cial signalling and the absence of cardiac dysfunction.23

Compared with ERK1, ERK2 contributes significantly more
to the protein content of total ERK1/2 in the heart.24 Thus,
the role of ERK2 alone is of particular interest with respect to
cardiac remodelling and hypertrophy.25 Given the fact that
VO, according to our findings, is associated with a decrease
in cardiac ERK activation, we hypothesized that overexpres-
sion of ERK2 in cardiomyocytes would affect cardiac remodel-
ling in the context of VO-induced eccentric hypertrophy.
Firstly, previously generated ERK2tg mice (FVB/N back-
ground)9were crossed into a C57Bl/6 background to be consis-
tent regarding genetic strains throughout our experiments. It
is important to mention that we have used two different
C57Bl/6 substrains in our study (i.e. C57Bl/6N for pure WT ex-
periments and C57Bl/6J for generation of ERK2tg mice andWT

littermates). Previous experiments from our laboratory dem-
onstrate that C57Bl/6N and C57Bl/6J do not differ with respect
to their cardiac response to 2weeks of Shunt including compa-
rable morphological changes and a similar reduction of ERK1/2
phosphorylation (data not shown); thus, using different
C57Bl/6 substrains was unlikely to affect the results of this
study. Baseline characterization of the newly generated
ERK2tg mice revealed no overt cardiac phenotype compared
with WT littermates. LV morphology and function, as assessed
via echocardiography, were similar and no differences in heart
weights were observed. Despite a 10.5-fold increase in cardiac
ERK2 protein content, phosphorylation of the TEY motif in
ERK2tg mice remained unaffected as compared with WT litter-
mates. This is in accordance with previous observations show-
ing that ERK2 activity is limited by upstream signals rather than
its expression levels.9 Unexpectedly, cardiomyocyte ERK2
overexpression at baseline induced the expression of ANP on
both mRNA and protein level in the heart. Expression of other
cardiac stress markers, such as BNP, α-skeletal actin and
SERCA-2α were either unchanged or differed only on mRNA
level (e.g. SERCA-2α). Thus, ERK2 can distinctively regulate
ANP expression in the heart independent from its activation
status. This seems to be a unique feature in the C57Bl/6 back-
ground as it has not been described before. Given the
important role of ANP in cardiac remodelling and HF progres-
sion,26,27 further studies are needed to identify the precise
molecular mechanisms underlying this novel regulation and
its pathophysiological relevance. Apart from the difference in
baseline cardiac ANP expression and well-known mouse

Table 1 Echocardiographic and morphometric measurements in ERK2tg mice and WT littermates 2 weeks after Shunt and Sham
procedure

WT ERK2tg

Sham Shunt Sham Shunt

Number of mice 6 7 6 8
Echocardiography

Heart rate (b.p.m.) 444 ± 23 500 ± 23 452 ± 15 479 ± 13
LVEDD (mm) 4.63 ± 0.07 5.15 ± 0.08b 4.51 ± 0.10 5.35 ± 0.07b

LVESD (mm) 3.37 ± 0.12 3.66 ± 0.13 3.17 ± 0.13 3.66 ± 0.09a

EF (%) 52.3 ± 3.5 56.4 ± 2.1 55.0 ± 3.0 57.8 ± 1.5
FS (%) 26.1 ± 1.6 29.8 ± 1.4 28.6 ± 2.0 30.8 ± 1.0
SV (μL) 50.1 ± 1.6 71.7 ± 1.5b 50.6 ± 2.6 79.5 ± 2.3b

Septum (mm) 0.88 ± 0.03 0.92 ± 0.07 0.80 ± 0.03 0.83 ± 0.04
PW (mm) 0.83 ± 0.04 0.86 ± 0.07 0.72 ± 0.02 0.73 ± 0.02
rLSR (1/s) 4.92 ± 0.48 5.97 ± 0.96 4.22 ± 0.41 5.43 ± 0.33

Morphometry
BW (g) 30.5 ± 0.8 31.5 ± 0.6 32.0 ± 0.8 30.5 ± 0.8
HW/TL (mg/mm) 7.41 ± 0.16 10.80 ± 0.93b 6.87 ± 0.28 9.47 ± 0.32a

LV/TL (mg/mm) 5.55 ± 0.17 7.67 ± 0.58b 5.18 ± 0.20 6.78 ± 0.24a

RV/TL (mg/mm) 1.42 ± 0.04 1.79 ± 0.15 1.21 ± 0.09 2.0 ± 0.11b

BW, body weight; EF, ejection fraction; FS, fractional shortening; HW/TL, heart weight to tibia length ratio; LVEDD, left ventricular end-
diastolic diameter; LVESD, left ventricular end-systolic diameter; LV/TL, left ventricular weight to tibia length ratio; PW, posterior wall
thickness during diastole; rLSR, reverse longitudinal strain rate; RV/TL, right ventricular weight to tibia length ratio; Septum, septal thick-
ness during diastole; SV, stroke volume. The following P values denote between Shunt and respective Sham controls using two-way
ANOVA with Bonferroni post-test:
a*p<0.05, **p<0.01 between Shunt and respective Sham controls using two-way ANOVA with Bonferroni post-test.
b* p<0.05, ** p<0.01 between Shunt and respective Sham controls using unpaired Student’s t-test.
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strain-specific features, for example, higher baseline contrac-
tility in FVB/N compared with C57Bl/6 mice,28 ERK2tg mice
and WT littermates used in this study (C57Bl/6 background)
showed no relevant baseline difference compared with the
mice used by Lorenz et al. (FVB/N background).

Similar to WT, 2 weeks of VO caused significantly de-
creased cardiac ERK1/2 activation levels in ERK2tg mice as
compared with Sham controls. Against our hypothesis, levels

of LV dilation and hypertrophy were comparable between
ERK2tg and WT littermates following Shunt. In both geno-
types, changes in gene expression of cardiac stress markers
following Shunt were indicative of a reactivation of the foetal
gene program in cardiomyocytes, a typical hallmark during
cardiac stress.29 Systolic and diastolic function were assessed
via echocardiography, remained unchanged between both
genotypes, and did not differ between Sham and Shunt
groups. The latter was expected as the Shunt model is associ-
ated with a long period of cardiac compensation until HF de-
velops.4,30 As our study was carried out at only one time
point 2 weeks after Shunt, this does not rule out the possibil-
ity that increased ERK2 abundance might affect LV geometry
and function following long term VO. The similar responses in
both genotypes might be due to the lack of increased ERK2
activation in ERK2tg mice, which limits the impact of our
findings.

ERK1/2 signalling plays an important role in the develop-
ment of cardiac fibrosis and apoptosis during PO.9,12 Our his-
tological analyses revealed that cardiomyocyte-specific
overexpression of ERK2 did not affect the levels of fibrosis
and apoptosis in the heart following 2 weeks of VO. Whereas
fibrosis remained unchanged amongst all groups, apoptosis

Figure 5 Cardiomyocyte hypertrophy, LV fibrosis, and apoptosis in ERK2tg mice following VO. (A). Representative histological images from transverse
LV sections of ERK2tg mice and WT littermates following 2 weeks of Shunt and Sham. Cross sectional area (CSA) was assessed via wheat germ agglu-
tinin (WGA) staining, fibrosis was detected through Picrosirius red staining and apoptosis via TUNEL assay (white arrow indicates TUNEL-positive cells).
(B–D) Quantification of CSA (per cardiomyocyte), fibrosis (% area), and apoptosis (number of TUNEL-positive cells per 10

5
nuclei identified via DAPI

staining). * P < 0.05 and ** P < 0.01 vs. corresponding Sham, n.s. not significant between genotypes using two-way ANOVA with Bonferroni post-test.
Numbers in bars reflect the number of mice.

Table 2 Gene expression profiles of cardiac stress markers in
ERK2tg mice and wild type littermates 2 weeks after Shunt

WT ERK2tg

ANP 2.46 ± 0.80 2.00 ± 0.27*
BNP 1.99 ± 0.32* 2.17 ± 0.27**
α-Skeletal actin 3.48 ± 1.17 1.94 ± 0.30*

SERCA-2α 0.61 ± 0.04** 0.83 ± 0.08

ANP (Nppa), BNP (Nppb), α-skeletal actin (Acta1), and SERCA-2α
(Atp2a2) mRNA levels were assessed in LV lysates via quantitative
real-time polymerase chain reaction, and GAPDH was used as de-
nominator. Fold changes vs. respective Sham group are shown;
n = 5–8/group. The following P values denote between Shunt
and respective Sham controls using unpaired Student’s t-test:
*P < 0.05.
**P < 0.01.

ERK1/2 in cardiac volume overload 9

ESC Heart Failure (2019)
DOI: 10.1002/ehf2.12497



as early pathological feature during experimental VO4,19 was
significantly increased, but to a similar degree in both geno-
types following Shunt.

Akt activation was previously shown to be an important car-
diac signalling mechanism during VO as it promotes eccentric
hypertrophy to handle the increased volume.31 Accordingly,
Akt-deficient mice displayed less eccentric hypertrophy fol-
lowing VO, which was associated with earlier deterioration of
systolic function and higher mortality as compared withWT lit-
termates.30 However, as HF progresses during chronic VO, the
initial Akt activation in the heart decreases. Our study was
most likely carried out in the transition phase between early
activation and late deactivation of Akt, which is why cardiac

phosphorylation levels appeared unchanged after Shunt even
in WT mice.

In conclusion, we show for the first time that VO-induced
eccentric hypertrophy is associated with a reduction in cardiac
ERK1/2 activation in vivo. Cardiomyocyte-specific overexpres-
sion of ERK2 was not sufficient to affect cardiac remodelling
in response to VO. This may be due to the fact that ERK2 over-
expression did not induce ERK2 activation in the heart; how-
ever, as shown for PO, activation is required for ERK2 to
modulate cardiac remodelling.9,32 As this is a limitation of
the current study, subjecting mice with increased ERK1/2 ac-
tivity (e.g. through alteration of specific phosphatase activity)
to Shunt would be an interesting approach to get a better

Figure 6 Kinase phosphorylation in ERK2tg mice following VO. (A) ERK1/2 phosphorylation of the TEY motif was assessed in LV lysates from ERK2tg
mice after 2 weeks of Shunt and Sham by Western blotting. Band intensities were normalized to total ERK for quantification. (B) Phosphorylation
of Akt, JNK, and p38 in ERK2tg mice and WT littermates following Shunt and Sham. Band intensities were normalized to total levels of respective ki-
nases for quantification. GAPDH was used as loading control. * P < 0.05 using unpaired Student’s t-test (A), n.s. not significant between genotypes
using two-way ANOVA with Bonferroni post-test (B). Numbers in bars reflect the number of mice.
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understanding of how ERK1/2 is involved in VO-induced eccen-
tric hypertrophy.
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