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Abstract

Aims Pressure overload (PO) and volume overload (VO) lead to concentric or eccentric hypertrophy. Previously, we could
show that activation of signalling cascades differ in in vivo mouse models. Activation of these signal cascades could either
be induced by intrinsic load sensing or neuro-endocrine substances like catecholamines or the renin-angiotensin-
aldosterone system.
Methods and results We therefore analysed the activation of classical cardiac signal pathways [mitogen-activated protein
kinases (MAPKs) (ERK, p38, and JNK) and Akt-GSK3β] in in vitro of mechanical overload (ejecting heart model, rabbit and hu-
man isolated muscle strips). Selective elevation of preload in vitro increased AKT and GSK3β phosphorylation after 15 min in
isolated rabbit muscles strips (AKT 49%, GSK3β 26%, P < 0.05) and in mouse ejecting hearts (AKT 51%, GSK49%, P < 0.05),
whereas phosphorylation of MAPKs was not influenced by increased preload. Selective elevation of afterload revealed an in-
crease in ERK phosphorylation in the ejecting heart (43%, P < 0.05), but not in AKT, GSK3β, and the other MAPKs. Elevation of
preload and afterload in the ejecting heart induced a significant phosphorylation of ERK (95%, P < 0.001) and showed a mod-
erate increased AKT (P = 0.14) and GSK3β (P = 0.21) phosphorylation, which did not reach significance. Preload and afterload
elevation in muscles strips from human failing hearts showed neither AKT nor ERK phosphorylation changes.
Conclusions Our data show that preload activates the AKT–GSK3β and afterload the ERK pathway in vitro, indicating an in-
trinsic mechanism independent of endocrine signalling.
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Introduction

Left ventricular hypertrophy is a harbinger of cardiac morbid-
ity and mortality.1 Haemodynamic load and neurohumoral
stimulation play dominant roles in the regulation of myocar-
dial gene expression, development of cardiac hypertrophy,
and consequently during heart failure (HF) progression.2,3

Haemodynamic overload can be differentiated in pressure
overload (PO) or volume overload (VO). Conditions of PO
with high afterload, such as aortic stenosis and hypertension,
result in concentric hypertrophy, which is characterized by an
increase in ventricular wall thickness and little or no chamber
dilation.4,5 Conversely, conditions of VO with an increase in

cardiac preload, as evident in pathological conditions such
as mitral or aortal regurgitation, promote an eccentric pat-
tern of hypertrophy. This is characterized by a relatively little
increase in wall thickness and a disproportionately large in-
crease in chamber volume.5

Several kinases have been implicated in the regulation of
hypertrophy and HF. The phosphatidylinositol-3-kinases
(PI3Ks) enzymes were shown to be cardioprotective through
regulation of cell growth and differentiation. Binding of the
PI3K to pleckstrin homology domain from 3-phosphoinosi-
tide-dependent protein kinase 1 (PDK1) leads to activation
of this kinase.6 Protein kinase B (Akt) is amongst the most im-
portant downstream targets that can be activated through
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PDK1-dependent phosphorylation.6 Three isoforms are
known for Akt, of which Akt1 and Akt2 are preferably
expressed in cardiomyocytes. The Akt signalling pathway
plays an important role in physiological heart growth.7 Once
activated, Akt in turn phosphorylates and thereby inactivates
glycogen synthase kinase 3β (GSK3β) that affects develop-
ment of cardiac hypertrophy through derepression of differ-
ent targets, for example, eIF2B, β-catenin, c-Myc, nuclear fac-
tor of activated T-cells (NFAT), and GATA4.6,8–10 Another
important target of the Akt signalling pathway is the mamma-
lian target of rapamycin (mTOR). Activated mTOR improves
protein synthesis via the two signalling pathways p70/85/S6
kinase-1 and p54/56/S6K2.6,8 Blocking mTOR prevents both
pathological hypertrophy and cardiac dysfunction11,12 and
may thus have beneficial therapeutic benefits.

Mitogen-activated protein kinases (MAPKs) consist of three
kinases: the extracellular signal-regulating kinases (ERKs), p38,
and JUN N-terminal kinases (JNKs).13–15 The activation of ERK1
and ERK2 takes place through their phosphorylation by up-
stream mitogen-activated protein kinase kinases (MEK) 1 and
2.16 Overexpression of MEK1 and MEK2 results in adaptive
concentric hypertrophy of the heart, and the interaction with
the calcineurin/NFAT signalling pathway was shown to pro-
mote cardiac hypertrophy.17 The MEK5/ERK5 signalling path-
way leads to an increase in the number of cardiac sarcomeres
connected in series and to eccentric dilated growth.18 p38 ki-
nases and JNKs comprise the MAPK cascade and are activated
by MEK3/MEK6 and MEK4/MEK7, respectively. p38 kinases
and JNKs phosphorylate and activate GATA4-mediated tran-
scription to promote pathological hypertrophy.13MAPK signal-
ling has been extensively reviewed before.19

Previously, we have shown that Akt and MAPK phosphory-
lation are differentially regulated in preload vs. afterload.20

However, it is not yet clear whether the activation of these
important signalling molecules is due to an endocrine
receptor-mediated stimulation13,14,21,22 or due to intrinsic
sensing of mechanical overload. We therefore investigated
the regulation of the intracellular signalling pathways involv-
ing MAPKs and AKT/GSK3β in vitro using rabbit and human
heart muscle tissue under different loading conditions, that
is, preload vs. afterload.

Methods

Rabbit muscle preparation and mechanical
stretch

The investigation conforms to the Guide for the Care and Use
of Laboratory Animals (NIH Publication No. 85-23, revised
1996). Female chinchilla bastard rabbits (1.5 to 2 kg, Charles
River, Kisslegg, Germany) were heparinized and anaesthetized
with thiopental sodium (50 mg/kg i.v.). Hearts were excised

and retrograde perfused with modified Krebs–Henseleit solu-
tion as described.23 Right ventricular trabeculae or thin papillary
muscles were dissected and mounted in culture chambers
(Scientific Instruments, Heidelberg, Germany) between a force
transducer and a hook connected to a micrometre drive
allowing for length adjustment. The system is equipped with a
servomotor with force-feedback function and allows cultivation
of functionally intactmulticellularmuscle preparations for up to
48 h at 37°C with physiological protein turnover maintained.24

After [Ca2+]o was stepwise raised to 1.0 mmol/L, the
Krebs–Henseleit solution was replaced with tissue culture
medium at 1.25 mmol/L [Ca2+] (M-199, Invitrogen, Karlsruhe,
Germany) supplemented with 20 IU/L human insulin, 0.2%
(wt/vol) BSA, 70 μmol/L streptomycin, and 100 IU/mL
penicillin and equilibrated with 100% O2. Preparations were
allowed to stabilize for 1 h under continuous electrical
stimulation (1 Hz, 3 to 5 V) and subsequently assigned to the
different experimental groups. In Group 1, the isometric
group, preparations were stretched progressively over 30 s to
3 mN/mm2 resting tension, corresponding to Lmax at which
isometric tension would be maximum. In Group 2, the isotonic
group, preparations were also stretched to 3 mN/mm2

resting tension and allowed to shorten isotonically from this
level of resting tension. Isotonic shortening means that
afterload is zero. Group 3 was unloaded; that is, preparations
remained slack under otherwise identical conditions. Isometric
force development or isotonic shortening was recorded
continuously over 24 h at the designated loading conditions.
At the end of the incubation period, muscle preparations
were harvested from the culture chamber, rapidly frozen in
liquid N2, and stored at �80°C.

Human myocardial tissue

All procedures performed conform to the Declaration of Hel-
sinki and were approved by the local ethics committee. Writ-
ten informed consent was received from all participants prior
to inclusion in the study. Left ventricular myocardial tissue
was taken from explanted hearts of patients with end-stage
HF [New York Heart Association HF classification IV (NYHA
IV)] undergoing heart transplantation. Detailed patient char-
acteristics are provided in Table 1. The explanted hearts were
acquired directly in the operating theatre during surgical pro-
cedures and immediately placed in cooled cardioplegic solu-
tion. Right ventricular muscles strips were dissected from
the hearts and placed in the system as described below.

Human myocardial muscle strip preparation and
experiments

Myocardial muscle strip preparation and experiments
were performed as previously described.25,26 Calcium
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concentration and culture medium were identical to those
used in the rabbit experiments described above. The only dif-
ference was that the muscle strips were stretched to human
isometric Lmax (12 mN/mm2). Muscles strips were treated as
described above.

Mouse ejecting heart

Ejecting heart studies were undertaken as previously
described.27 Animals were anaesthetized (sodium pentobar-
bitone; 60 mg/kg i.p.) and heparinized (1000 IU/kg i.p.) and
hearts dissected into ice-cold Krebs–Henseleit buffer (KHB;
mmol/L: NaCl 118, KCl 3.8, KH2PO4 1.18, NaHCO3 25, MgSO4

1.19, CaCl2 1.25, glucose 10, and Na-pyruvate 5.0) gassed
with 95% O2–5% CO2. The aorta was cannulated with a
blunted 19G needle and the hearts were initially perfused
in Langendorff mode with KHB at a pressure of 50 mmHg
and temperature of 37.5°C. The left atrium was then cannu-
lated (19G needle) via the atrial ear and pulmonary veins
were tied off. Hearts were paced at 450 b.p.m. via a right
atrial electrode. Aortic pressure was measured using a trans-
ducer. The heart was then switched to the ejecting,
recirculating mode (total volume 150 mL). Preload was set
to 10 cmH20 and afterload to 30 cmH20 and the heart left
contracting for 15 min. After this period, the hearts were dis-
tributed to the following four groups with different preload

and afterload (Group 1: 10 cmH20 preload and 30 cmH20
afterload; Group 2: 10 cmH20 preload and 80 cmH20
afterload; Group 3: 25 cmH20 preload and 30 cmH20
afterload; and Group 4: 25 cmH20 preload and 80 cmH20
afterload). The hearts were left for another 15 min under
these conditions and then harvested, dissected, and rapidly
frozen in liquid N2 and stored at �80°C.

Western immunoblot analysis

Frozen muscle strips or pieces of the left ventricle were
thawed on ice in 50 μL of homogenization buffer [1% (v/v)
NP 40 (IGEPAL CA-630), 10% (v/v) glycerol, 137 mM NaCl,
20 mM Tris–HCl pH 7,4, 20 mM NaF, 1 mM Na-orthovana-
date, 1 mM Na-pyrophosphate, 50 mM β-glycerophosphate,
10 mM ethylene-diamine-tetra-acetic acid (EDTA) pH 8,
1 mM ethylene glycol-bis-(2-aminoethyl)-tetra-acetic acid
(EGTA) pH 7, 4 μg/mL aprotinin, 4 μg/mL leupeptin, 4 μg/
mL pepstatin A, 1 mM phenylmethanesulfonyl fluoride
(PMSF)] and homogenized. Protein of the suspensions was
determined with BCA™ Protein Assay Kit (Pierce Biotechnol-
ogy, Rockford, IL, USA) and 20 μg of samples subjected to
SDS-PAGE. Western blotting was carried out according to
standard protocols. The following antibodies were used:
anti-P-AKT, anti-AKT, anti-P-GSK3β, anti-P-p38, anti-P-ERK,
anti-ERK, anti-P-JNK (New England Biolabs, Ipswich, MA,
USA), anti-GAPDH (BioTrend, Cologne, Germany), anti-mouse
IgG, horseradish peroxidase-linked, and anti-rabbit IgG
horseradish peroxidase-linked (Amersham Biosciences,
Freiburg).

For quantification, an enhanced chemo luminescence de-
tection system (Amersham) was used according to the manu-
facturer’s instructions.

Statistics

Force values were transferred to tension by normalizing to
the cross-sectional area of a preparation, which was calcu-
lated assuming an elliptical cross section using the formula
Cross-sectional area = D1/2*D2/2*π, with D1 and D2 repre-
senting width and thickness. Gene and protein expression
was analysed using unpaired Student’s t-test with values of
P < 0.05 considered statistically significant.

Results

Load-dependent phosphorylation of Akt/GSK3β
and MAPKs in isolated rabbit muscles strips

Stretching of rabbit heart muscle strips under isotonic condi-
tions (only preload) led to an increase in the phosphorylation

Table 1 Characteristics of patients included in the muscle strips
experiments

HF (n = 5; 0 DCM, 5 ICM)

Male sex (%) 80.0
Age (mean ± SEM, years) 61.4 ± 1.99
EF (mean ± SEM, %) 19 ± 1.97
CI (mean ± SEM, L/min*m2) 2.23 ± 0.11
LA diameter (mean ± SEM, mm) 50.33 ± 1.91
LVEDD (mean ± SEM, mm) 72 ± 2.73
IVS (mean ± SEM, mm) 9.25 ± 0.41
PCW (mean ± SEM, mmHg) 24.8 ± 1.53
Ischaemic heart disease (%) 100
LVAD (%) NA
Diabetes (%) 40
ACE inhibitors (%) 80
Beta-blockers (%) 60
Diuretics (%) 100
Digoxin (%) 60
Catecholamines (%) 60
Amiodarone (%) 40
AT1 receptor antagonists (%) 0
Aldosterone antagonists (%) 40
PDE inhibitors (%) 0
Ca2+-channel blockers (%) 0
Statin (%) 40

ACE, angiotensin-converting enzyme; CI, cardiac index; DCM, di-
lated cardiomyopathy; EF, ejection fraction; HF, end-stage heart
failure; ICM, ischaemic cardiomyopathy; IVS, interventricular sep-
tum; LA, left atrial; LVAD, left ventricular assist device; LVEDD, left
ventricular end-diastolic diameter; NA, not available; PCW, pulmo-
nary capillary wedge pressure; PDE, phosphodiesterase.
Values are n, mean ± SEM, or n (%).
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of Akt (+49%, n = 9, P< 0.05, Figure 1A + B) and GSK3β (+26%,
n = 9, P < 0.05, Figure 1C) compared with slack preparations.
In contrast, phosphorylation of ERK (+82%, n = 8, P < 0.05,
Figure 1D) was increased by isometric stretch (preload and
afterload) but not by isotonic stretch. Phosphorylation of
p38 (n = 8, P = n.s., Figure 1E) was not changed under both
conditions.

Load-dependent phosphorylation of Akt/GSK3β
and MAPKs in ejecting mouse heart

Ejecting heart experiments with different loading conditions
were performed (Figure 2A). As observed in rabbit muscle
strips following isotonic stretch, an exclusive increase in pre-
load resulted in a significantly increased Akt (+51%, n = 6,

Figure 1 Effect of 15 min increased preload (isotonic), increased preload and afterload (isometric) compared with unloaded (slack) rabbit muscles
strips on MAPK and Akt/GSK3β phosphorylation. (A) Example of Western blots, (B) phosphorylation of Akt, (C) phosphorylation of GSK3β, (D) phos-
phorylation of ERK, and (E) phosphorylation of p38. *P < 0.05.

(A)

(B)

(D) (E)

(C)
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P < 0.05, Figure 2B) and GSK3β (+46%, n = 6, P < 0.05, Figure
2C) phosphorylation. Phosphorylation of the MAPKs, how-
ever, remained unaffected. Selective increases in afterload
on the other hand induced ERK phosphorylation (+43%,

n = 6, P < 0.05, Figure 2D). Combined elevation of preload
and afterload (as shown for rabbit muscles strips following iso-
metric stretch) caused increases of ERK phosphorylation vs.
controls (95%, P < 0.001) and vs. hearts subjected to preload

Figure 2 Effect of 15 min increased afterload, increased preload, and increased preload and afterload compared with normal loaded (control) isolated
mouse ejecting hearts on MAPK Akt and GSK3β phosphorylation. (A) Example of Western blots, (B) phosphorylation of Akt, (C) phosphorylation of
GSK3β, (D) phosphorylation of ERK, (E) phosphorylation of p38, and (F) phosphorylation of JNK. *P < 0.05, **P < 0.01, ***P < 0.001.
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only (+160%, P < 0.001, Figure 2D). Phosphorylation levels of
Akt (+34%, P = 0.14) and GSK3β (+24%, P = 0.21) showed a ten-
dency to be higher, but this observation did not reach statisti-
cal significance (Figure 2A + B). The phosphorylation of p38
and JNK was not changed by any of the loading conditions
(Figure 2E + F).

Load-dependent phosphorylation of MAPKs and
Akt/GSK3β in human failing myocardium

We further investigated the identified load-specific activation
of Akt and ERK in human failing cardiac muscle strips
(Figure 3A). Here, increase in preload (isotonic conditions)
or in preload and afterload (isometric condition) did not lead
to an increase in either Akt or ERK phosphorylation (Figure
3B + C).

Discussion

The results of the present study show that (i) preload leads to
an increased phosphorylation of Akt and GSK3β; (ii) afterload
induces the phosphorylation of ERK; and (iii) p38 and JNK are
not phosphorylated by preload or afterload in vitro. There-
fore, preload and afterload differentially affect the activation
of MAPKs and Akt/GSK3β.

Mechanisms of load-induced Akt/GSK3β and ERK
activation

Activation of MAPKs and Akt is a hallmark shown in various
in vivo and in vitro afterload models, that is, the transverse
aortic constriction (TAC) and the isolated perfused heart
Langendorff model.21,28,29 Importantly, both these models
also show an increase in preload and can therefore not be
considered to induce pure afterload.30 Thus, we additionally
included the ejecting heart model in this study, which
allowed for selective elevation of preload or afterload, re-
spectively. Our findings revealed that ERK is activated by
afterload, whereas preload leads to activation of Akt/GSK3β.
To confirm these results, we subjected isolated rabbit mus-
cles strips to isolated preload (isotonic contraction) and to
preload and afterload (isometric contraction) and found com-
parable results. Previous findings have demonstrated that ge-
netic ERK activation by MEK1 overexpression leads to concen-
tric hypertrophy.16,31 Also, ERK is activated in HCM
(hypertrophic cardiomyopathy) models.32 Kehat et al. could
show that a reduction of ERK activation in vitro is associated
with eccentric hypertrophy.31 In accordance, recent findings
from our group confirmed this in vivo using the aortocaval fis-
tula surgery as preload model.33 ERK2 overexpression, how-
ever, did not affect preload-induced eccentric hypertrophy.33

The activation of Akt/GSK3β through preload is line with
the available in vivo data.20 We could additionally show that
the early preload-induced Akt activation seems to be an

Figure 3 Effect of 15 min increased preload and increased preload and
afterload compared with unloaded (slack) human failing muscles strips
on ERK and Akt phosphorylation. (A) Example of Western blots, (B) phos-
phorylation of Akt, and (C) phosphorylation of ERK.

(A)

(B)

(C)
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adaptive mechanism during VO (i.e. preload)-induced HF
progression.33,34

Interestingly, p38 phosphorylation was found to be en-
hanced through PO and VO in vivo.20 In contrast, our in vitro
data did not show an increase in p38 phosphorylation, pointing
towards a neurohumoral, rather than mechanical, activation.

Location of mechanosensors

The knowledge of how mechanical stress is sensed by cardio-
myocytes and transduced into intracellular signals is limited.
Several mechanisms are discussed. Some authors suggest
pathways that involve autocrine and/or paracrine factors re-
leased by mechanical stress such as endothelin-1 or
angiotensin.35 Others have suggested pathways that are par-
tially or completely independent from humoral or neurohu-
moral factors but involve cellular mechanoreceptors like
stretch-activated channels,36 Na+/H+-exchanger,37 Z-disc pro-
teins like MLP,38 or costamere proteins like melusin.39

For Akt/GSK3β, a link to the myofilament proteins melusin39

and zyxin40 has been described, indicating that preload is
sensed at the level of myofilaments. In contrast, mechanical
ERK activation has been linked to the focal adhesion kinase
(FAK) in the costamere41 or to mechanical stretch-induced sig-
nalling of the angiotensin II type 1 receptor independent of li-
gand activation.42,43 This indicates that membrane molecules
might be more involved in the sensing of afterload.

Human failing heart

In heart muscle strips from patients with terminal HF, we
could not detect any changes in the phosphorylation of the
analysed signalling molecules. This can be explained by either
an already high grade of mechanoactivation and kinase phos-
phorylation in the failing human heart.44 Therefore, it seems
likely that further high loading conditions do not translate in
an additional activation of signalling pathways. We also could
not detect a reduction of Akt and EKR phosphorylation in the
unloaded control muscle strip. This indicated that the
activation of Akt and ERK signalling persists for at least a
shorter time period. Longer unloading by left ventricular as-
sist device implantation reduces ERK as well as AKT phos-
phorylation in human HF.29 Therefore, mechanosensing and
pathological signal activation seems to require longer times
for normalization after chronic activation in human HF.

Conclusions

Preload and afterload induce different signalling in vitro. Akt/
GSK3β is activated by preload, whereas ERK is activated by
afterload, indicating intrinsic mechanosensing without endo-
crine influence. In contrast, p38 is not regulated by preload or
afterload in vitro, indicating an endocrine activation in vivo. Fur-
ther research is needed to identify the load-specific sensors and
possible therapies.

Acknowledgement

Open Access funding enabled and organized by Projekt DEAL.

Limitations

The data of this study are a limited assessment of the effects
of mechanical stretch on cardiac signalling pathways using
ex vivo systems of rabbit and human muscle strips, subjected
to stretch and working heart perfusions of mouse hearts.
Also, chronic effects of mechanical overload could not be
studied in our ex vivo models. This provides limited insight
into how the different loading conditions lead to cardiac pa-
thology. As previously mentioned, we presented data for
phosphorylation of specific kinases in relation to GAPDH ex-
pression levels. Ideally, the total levels of each kinase and
the ratio of the phosphorylation/total kinase should be
shown. However, due to the limited amount of tissue, these
additional Western blots were not possible. However, be-
cause of the short time of the experiments (15–30 min), a
change in the total kinase levels was not to be expected.

Funding

This work was supported by the Deutsche
Forschungsgemeinschaft (SFB1002 D04 to K.T.). Open Access
funding was enabled and organized by Projekt DEAL.

Conflict of interest

None declared.

References

1. Levy D, Garrison RJ, Savage DD, Kannel
WB, Castelli WP. Prognostic implications
of echocardiographically determined left
ventricular mass in the Framingham

Heart Study. N Engl J Med 1990; 322:
1561–1566.

2. Lei H, Hu J, Sun K, Xu D. The role and
molecular mechanism of epigenetics in

cardiac hypertrophy. Heart Fail Rev
2020; 26: 1505–1514.

3. Cotecchia S, Del Vescovo CD, Colella M,
Caso S, Diviani D. The alpha1-adrenergic

Preload and afterload on MAPKs and Akt/GSK3β 1829

ESC Heart Failure 2022; 9: 1823–1831
DOI: 10.1002/ehf2.13877



receptors in cardiac hypertrophy: signaling
mechanisms and functional implications.
Cell Signal 2015; 27: 1984–1993.

4. Skurk C, Izumiya Y, Maatz H, Razeghi P,
Shiojima I, Sandri M, Sato K, Zeng L,
Schiekofer S, Pimentel D, Lecker S,
Taegtmeyer H, Goldberg AL, Walsh K.
The FOXO3a transcription factor regu-
lates cardiac myocyte size downstream
of AKT signaling. J Biol Chem 2005;
280: 20814–20823.

5. Grossman W, Jones D, McLaurin LP.
Wall stress and patterns of hypertrophy
in the human left ventricle. J Clin Invest
1975; 56: 56–64.

6. Cantley LC. The phosphoinositide
3-kinase pathway. Science 2002; 296:
1655–1657.

7. DeBosch B, Sambandam N, Weinheimer
C, Courtois M, Muslin AJ. Akt2 regulates
cardiac metabolism and cardiomyocyte
survival. J Biol Chem 2006; 281:
32841–32851.

8. Proud CG. The multifaceted role of
mTOR in cellular stress responses. DNA
Repair (Amst) 2004; 3: 927–934.

9. Antos CL, McKinsey TA, Frey N,
Kutschke W, McAnally J, Shelton JM,
Richardson JA, Hill JA, Olson EN. Acti-
vated glycogen synthase-3 beta sup-
presses cardiac hypertrophy in vivo. Proc
Natl Acad Sci U S A 2002; 99: 907–912.

10. Sanbe A, Gulick J, Hanks MC, Liang Q,
Osinska H, Robbins J. Reengineering in-
ducible cardiac-specific transgenesis
with an attenuated myosin heavy chain
promoter. Circ Res 2003; 92: 609–616.

11. McMullen JR, Sherwood MC, Tarnavski
O, Zhang L, Dorfman AL, Shioi T, Izumo
S. Inhibition of mTOR signalingwith rap-
amycin regresses established cardiac hy-
pertrophy induced by pressure overload.
Circulation 2004; 109: 3050–3055.

12. Shiojima I, Sato K, Izumiya Y, Schiekofer
S, Ito M, Liao R, Colucci WS, Walsh K.
Disruption of coordinated cardiac hyper-
trophy and angiogenesis contributes to
the transition to heart failure. J Clin In-
vest 2005; 115: 2108–2118.

13. Nakamura M, Sadoshima J. Mechanisms
of physiological and pathological car-
diac hypertrophy. Nat Rev Cardiol 2018;
15: 387–407.

14. Turner NA, Blythe NM. Cardiac
fibroblast p38 MAPK: a critical regulator
of myocardial remodeling. J Cardiovasc
Dev Dis 2019; 6: 27.

15. Hui X, Hu F, Liu J, Li C, Yang Y, Shu S,
Liu P, Wang F, Li S. FBXW5 acts as a neg-
ative regulator of pathological cardiac
hypertrophy by decreasing the TAK1 sig-
naling to pro-hypertrophic members of
the MAPK signaling pathway. J Mol Cell
Cardiol 2021; 151: 31–43.

16. Bueno OF, de Windt LJ, Tymitz KM,
Witt SA, Kimball TR, Klevitsky R,
Hewett TE, Jones SP, Lefer DJ, Peng
CF, Kitsis RN, Molkentin JD. The
MEK1-ERK1/2 signaling pathway pro-
motes compensated cardiac hypertro-
phy in transgenic mice. EMBO J 2000;
19: 6341–6350.

17. Sanna B, Bueno OF, Dai YS, Wilkins BJ,
Molkentin JD. Direct and indirect interac-
tions between calcineurin-NFAT and
MEK1-extracellular signal-regulated ki-
nase 1/2 signaling pathways regulate
cardiac gene expression and cellular
growth.Mol Cell Biol 2005; 25: 865–878.

18. Nicol RL, Frey N, Pearson G, Cobb M,
Richardson J, Olson EN. Activated
MEK5 induces serial assembly of sarco-
meres and eccentric cardiac hypertro-
phy. EMBO J 2001; 20: 2757–2767.

19. Rose BA, Force T, Wang Y. Mitogen-acti-
vated protein kinase signaling in the
heart: angels versus demons in a
heart-breaking tale. Physiol Rev 2010;
90: 1507–1546.

20. Toischer K, Rokita AG, Unsöld B, Zhu W,
Kararigas G, Sossalla S, Reuter SP,
Becker A, Teucher N, Seidler T, Grebe
C, Preuß L, Gupta SN, Schmidt K,
Lehnart SE, Krüger M, Linke WA, Backs
J, Regitz-Zagrosek V, Schäfer K, Field
LJ, Maier LS, Hasenfuss G. Differential
cardiac remodeling in preload versus
afterload. Circulation 2010; 122:
993–1003.

21. You J, Wu J, Zhang Q, Ye Y, Wang S,
Huang J, Liu H, Wang X, Zhang W, Bu
L, Li J, Lin L, Ge J, Zou Y. Differential
cardiac hypertrophy and signaling path-
ways in pressure versus volume over-
load. Am J Physiol Heart Circ Physiol
2018; 314: H552–H562.

22. Pillai VB, Sundaresan NR, Gupta MP.
Regulation of Akt signaling by sirtuins:
its implication in cardiac hypertrophy
and aging. Circ Res 2014; 114: 368–378.

23. Janssen PM, Lehnart SE, Prestle J,
Hasenfuss G. Preservation of contractile
characteristics of human myocardium
in multi-day cell culture. J Mol Cell
Cardiol 1999; 31: 1419–1427.

24. Liang Q, Molkentin JD. Redefining the
roles of p38 and JNK signaling in cardiac
hypertrophy: dichotomy between cul-
tured myocytes and animal models. J
Mol Cell Cardiol 2003; 35: 1385–1394.

25. Sossalla S, Wagner S, Rasenack EC, Ruff
H, Weber SL, Schöndube FA, Tirilomis T,
Tenderich G, Hasenfuss G, Belardinelli
L, Maier LS. Ranolazine improves
diastolic dysfunction in isolated myocar-
dium from failing human hearts—role
of late sodium current and intracellular
ion accumulation. J Mol Cell Cardiol
2008; 45: 32–43.

26. Sossalla S, Fluschnik N, Schotola H, Ort
KR, Neef S, Schulte T, Wittköpper K,
Renner A, Schmitto JD, Gummert J,
el-Armouche A, Hasenfuss G, Maier LS.
Inhibition of elevated Ca2+/calmodulin-
dependent protein kinase II improves
contractility in human failing myocar-
dium. Circ Res 2010; 107: 1150–1161.

27. Grieve DJ, Cave AC, Byrne JA, Layland J,
Shah AM. Analysis of ex vivo left ventric-
ular pressure-volume relations in the
isolated murine ejecting heart. Exp
Physiol 2004; 89: 573–582.

28. Tenhunen O, Sármán B, Kerkelä R,
Szokodi I, Papp L, Tóth M, Ruskoaho

H. Mitogen-activated protein kinases
p38 and ERK 1/2 mediate the wall
stress-induced activation of GATA-4
binding in adult heart. J Biol Chem
2004; 279: 24852–24860.

29. Baba HA, Stypmann J, Grabellus F,
Kirchhof P, Sokoll A, Schäfers M, Takeda
A, Wilhelm MJ, Scheld HH, Takeda N,
Breithardt G, Levkau B. Dynamic regula-
tion of MEK/Erks and Akt/GSK-3β in hu-
man end-stage heart failure after left
ventricular mechanical support: myocar-
dial mechanotransduction-sensitivity as
a possible molecular mechanism.
Cardiovasc Res 2003; 59: 390–399.

30. Modesti PA, Vanni S, Bertolozzi I, Cecioni
I, Polidori G, Paniccia R, Bandinelli B,
Perna A, Liguori P, Boddi M, Galanti G,
Serneri GGN. Early sequence of cardiac
adaptations and growth factor formation
in pressure- and volume-overload hyper-
trophy. Am J Physiol Heart Circ Physiol
2000; 279: H976–H985.

31. Kehat I, Davis J, Tiburcy M, Accornero F,
Saba-el-Leil MK, Maillet M, York AJ,
Lorenz JN, Zimmermann WH, Meloche
S, Molkentin JD. Extracellular
signal-regulated kinases 1 and 2 regu-
late the balance between eccentric and
concentric cardiac growth. Circ Res
2011; 108: 176–183.

32. Davis J, Davis LC, Correll RN,
Makarewich CA, Schwanekamp JA,
Moussavi-Harami F, Wang D, York AJ,
Wu H, Houser SR, Seidman CE, Seidman
JG, Regnier M, Metzger JM, Wu JC,
Molkentin JD. A tension-based model
distinguishes hypertrophic versus di-
lated cardiomyopathy. Cell 2016; 165:
1147–1159.

33. Jochmann S, Elkenani M, Mohamed BA,
Buchholz E, Lbik D, Binder L, Lorenz K,
Shah AM, Hasenfuß G, Toischer K,
Schnelle M. Assessing the role of extra-
cellular signal-regulated kinases 1 and
2 in volume overload-induced cardiac
remodelling. ESC Heart Fail 2019; 6:
1015–1026.

34. Mohamed BA, Schnelle M, Khadjeh S,
Lbik D, Herwig M, Linke WA, Hasenfuss
G, Toischer K. Molecular and structural
transition mechanisms in long-term vol-
ume overload. Eur J Heart Fail 2016;
18: 362–371.

35. Sadoshima J, Xu Y, Slayter HS, Izumo S.
Autocrine release of angiotensin II medi-
ates stretch-induced hypertrophy of car-
diac myocytes in vitro. Cell 1993; 75:
977–984.

36. Gannier F, White E, Lacampagne A,
Garnier D, Le Guennec JY. Streptomycin
reverses a large stretch induced in-
creases in [Ca2+]i in isolated guinea
pig ventricular myocytes. Cardiovasc
Res 1994; 28: 1193–1198.

37. Alvarez BV, Perez NG, Ennis IL, Camilion
de Hurtado MC, Cingolani HE. Mecha-
nisms underlying the increase in force
and Ca2+ transient that follow stretch
of cardiac muscle: a possible explanation
of the Anrep effect. Circ Res 1999; 85:
716–722.

1830 N. Hartmann et al.

ESC Heart Failure 2022; 9: 1823–1831
DOI: 10.1002/ehf2.13877



38. Knöll R, Hoshijima M, Hoffman HM,
Person V, Lorenzen-Schmidt I, Bang ML,
Hayashi T, Shiga N, Yasukawa H,
Schaper W, McKenna W, Yokoyama M,
Schork NJ, Omens JH, McCulloch AD,
Kimura A, Gregorio CC, Poller W,
Schaper J, Schultheiss HP, Chien KR.
The cardiac mechanical stretch sensor
machinery involves a Z disc complex that
is defective in a subset of human dilated
cardiomyopathy. Cell 2002; 111:
943–955.

39. Brancaccio M, Fratta L, Notte A, Hirsch
E, Poulet R, Guazzone S, de Acetis M,
Vecchione C, Marino G, Altruda F,
Silengo L, Tarone G, Lembo G.
Melusin, a muscle-specific integrin β1-
interacting protein, is required to pre-

vent cardiac failure in response to
chronic pressure overload. Nat Med
2003; 9: 68–75.

40. KatoT, Muraski J, Chen Y, Tsujita Y, Wall
J, Glembotski CC, Schaefer E, Beckerle
M, Sussman MA. Atrial natriuretic pep-
tide promotes cardiomyocyte survival
by cGMP-dependent nuclear accumula-
tion of zyxin and Akt. J Clin Invest
2005; 115: 2716–2730.

41. Domingos PP, Fonseca PM, Nadruz W Jr,
Franchini KG. Load-induced focal adhe-
sion kinase activation in the myocar-
dium: role of stretch and contractile ac-
tivity. Am J Physiol Heart Circ Physiol
2002; 282: H556–H564.

42. Zou Y, Akazawa H, Qin Y, Sano M,
Takano H, Minamino T, Makita N,

Iwanaga K, Zhu W, Kudoh S, Toko H,
Tamura K, Kihara M, Nagai T, Fukamizu
A, Umemura S, Iiri T, Fujita T, Komuro I.
Mechanical stress activates angiotensin
II type 1 receptor without the involve-
ment of angiotensin II. Nat Cell Biol
2004; 6: 499–506.

43. Heineke J, Molkentin JD. Regulation of
cardiac hypertrophy by intracellular sig-
nalling pathways. Nat Rev Mol Cell Biol
2006; 7: 589–600.

44. Haq S, Choukroun G, Lim H, Tymitz KM,
del Monte F, Gwathmey J, Grazette L,
Michael A, Hajjar R, Force T, Molkentin
JD. Differential activation of signal
transduction pathways in human hearts
with hypertrophy versus advanced heart
failure. Circulation 2001; 103: 670–677.

Preload and afterload on MAPKs and Akt/GSK3β 1831

ESC Heart Failure 2022; 9: 1823–1831
DOI: 10.1002/ehf2.13877


