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1. ABSTRACT 
 

Stretch activates various signal transduction 
pathways including mitogen-activated protein kinases 
(MAPK). Stretch-induced phosphorylation of MAPK-
contribution to contractility in human myocardium is 
unknown. We tested the effects of stretch on p44/42-, p38-
MAPK and p90rsk phosphorylation and the functional 
relevance for force development in failing (F) and non-
failing (NF) human myocardium. Trabeculae were 
stretched to a diastolic tension of 12mN/mm2 for 2.5 to 30 
minutes and frozen for Western Blot analysis. Stretch 
induced a time-dependent increase in phosphorylation of 
p44/42-, p38-MAPK and p90rsk. For functional analysis, 
trabeculae from F myocardium were stretched and the 
immediate (Frank-Starling mechanism; FSM) and delayed 
(slow force response; SFR) increase in twitch force was 
assessed before and after blocking the activation of p44/42-
MAPK (30�mol/L U0126) and p38-MAPK (10�mol/L 
SB203580). Inhibition of p44/42-MAPK almost completely 
blocked the SFR (106.7±3.7% vs. 125.4±2.9%), while p38-
MAPK-blockade significantly increased the SFR 
(124.6±1.9% vs. 121.2±2.2%). Stretch induced a time-
dependent increase in p44/42-, p38-MAPK and p90rsk 

phosphorylation in F and NF myocardium. While p44/42-
MAPK phosphorylation contributed to the SFR, p38-
MAPK activation antagonized the stretch-induced SFR. 

 
 
 
 
 
 
 
2. INTRODUCTION 

 
Stretch is an important regulator of myocardial 

function. It mediates functional (force development) and 
trophic (gene expression, protein synthesis) effects via 
various signal transduction pathways. Changes in force 
development after acute stretch occur in two phases. First, 
there is an immediate increase in force (Frank-Starling-
mechanism; FSM) followed by a further slow increase in 
force (slow force response; SFR). While the FSM is based 
on an increase in myofilament sensitivity for intracellular 
([Ca2+]i) (1), the SFR may be associated with an increase in 
the magnitude of [Ca2+]i transients (2). The mechanisms 
underlying the increase in [Ca2+]i and the SFR after stretch 
are not completely understood. Previous studies have 
shown, that stretch leads to an increase in intracellular Na+ 
([Na+]i) via stretch activated channels (SAC) or the Na+/H+ 

exchanger (NHE), followed by an increase in [Ca2+]i via the 
Na+/Ca2+ exchanger (NCX) in its reverse mode (2-8). 
Furthermore, recently it was shown that stretch activates 
the NHE1 via p44/42-MAPK/p90rsk phosphorylation and 
the SFR is inhibited by blockade of MEK1/2, the upstream 
kinase of p44/42-MAPK and p90rsk (9). This signal 
transduction cascade, however, was initiated by angiotensin 
receptor activation, which does not play a role in mediating 
stretch induced functional effects in human ventricular 
myocardium (5, 7). In contrast Angiotensin II and 
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Endothelin-1 play a role in SFR in human atrial 
myocardium but without resulting activation of NHE1 and 
NCX (7). In a small series of patients with and without left 
ventricular assist devices (LVAD) p44/42-MAPK was 
reduced after unloading the ventricle whereas p38MAPK 
was significantly increased (10). Due to tissue specific 
differences and only very little and indirect data in 
ventricular human myocardium it is unknown, whether 
p44/42-, p38-MAPK and p90rsk also contribute directly to the 
functional effects of stretch in human myocardium with 
consecutive clinical impact. 

 
Various studies have shown, that stretch mediates 

activation of transcription factors and early genes via multiple 
signal transduction pathways. Through direct activation of 
signalling molecules or by inducing neurohumoral factors like 
Angiotensin II (11) or Endothelin-1 (7, 12). Stretch is 
converted into intracellular growth signals, resulting in 
hypertrophy (13, 14). Among the main mediators of stretch-
induced hypertrophy are the mitogen-activated protein kinases 
(MAPK) (12, 14). MAPK are ubiquitous kinases in eukaryotic 
organisms and control gene transcription via phosphorylation 
of nuclear substrates (like c-myc, c-jun, ATF-2) and other 
kinases, like p90rsk or MAPKAPK2 (14). Stretch-induced 
phosphorylation of p44/42-MAPK and its downstream effector 
p90rsk as well as p38-MAPK and JNK1 have been observed in 
neonatal and adult cardiac myocytes, trabeculae and whole 
hearts of various animal species (9, 12, 15-19). Therefore, 
MAPK activation may be also involved in the trophic 
effects of stretch in mammalian myocardium. 

 
Therefore, we tested, for the first time in human 

failing and non-failing myocardium, the hypothesis that 
stretch activates p44/42-, p38-MAPK and p90rsk in human 
myocardium and that stretch-induced phosphorylation of 
these kinases is directly involved in the changes in force 
development following acute stretch. 
 
3. MATERIALS AND METHODS 
 

Ventricular trabeculae (n=125) were obtained from 
6 non-failing hearts, that could not be transplanted for 
technical reasons, and 18 end-stage failing hearts due to 
ischemic (n=5) or dilated cardiomyopathy (n=13). The 
mean age of the donor heart patients was 33±8 years, 50% 
were female. The mean age of the heart failure patients was 
55±4 years, one of them was female. The mean ejection 
fraction of failing hearts was 28.8±3.5%, mean cardiac 
index was 2.1±0.1L/min/m2 and mean pulmonary capillary 
wedge pressure was 19.4±2.1mmHg. The study protocol 
was approved by the local ethics committee, and the 
transplant patients gave informed written consent. The 
investigation conforms to the principles outlined in the 
Declaration of Helsinki. 

3.1. Muscle strip preparation 
Immediately after explantation, the heart was stored 

in ice cold cardioplegic Tyrode´s solution equilibrated with 
carbogen to a pH of 7.4. Small endocardial trabeculae 
(“muscle strips”, cross-sectional area <0.8mm2) were 
dissected under a stereo-microscope. Muscles strips were 
mounted in special chambers between miniature hooks, 

connected to an isometric force transducer (Scientific 
Instruments, Germany) and superfused with non-
cardioplegic Tyrode´s solution. Isometric twitches were 
evoked through electrical stimulation as described 
previously(5, 6, 20). 
 
3.2. Experimental protocol 

For western blot analysis trabeculae at steady-state 
contractile conditions were acutely stretched to a diastolic 
tension of 12 mN/mm2. Each trabecula was shock frozen at 
a particular time (2.5, 5, 10, 15 or 30minutes) after stretch 
(unrepeated measurements). Control trabeculae were 
electrically stimulated but remained non-stretched. For 
functional experiments, trabeculae were gradually stretched 
to the length at which maximal force development was 
observed (Lmax). Afterwards, length was reduced to 88% of 
Lmax (L88). After 30 minutes, trabeculae were stretched 
acutely to 98% of Lmax (L98). Subsequently, a biphasic 
increase in developed force was observed, the FSM and the 
SFR, respectively. To assess the involvement of p44/42- 
and p38-MAPK, 30�mol/L U0126 (Calbiochem, 10-

2mol/L stock solution in DMSO), an inhibitor of MEK1/2 
and 10�mol/L SB203580 (Calbiochem, 10-2mol/L stock 
solution in DMSO), an inhibitor of p38-MAPK were used. 
All experiments involving U0126 and SB203580 included 
paired stretch protocols. First, a control stretch protocol 
without inhibitors was conducted followed by a second 
stretch protocol in the presence of the respective inhibitor. 
 
3.3. Western blots 

Trabeculae were shock frozen in liquid nitrogen 
and homogenized with homogenization buffer (1% NP40, 
10% glycerol, 137mmol/L NaCl, 20mmol/L Tris-HCl, 
20mmol/L NaF, 1mmol/L Na3VO4, 1mmol/L sodium 
pyrophosphate, 50mmol/L ß-glycerophosphate, 1mmol/L 
Ethylendioxy-bis-(ethylennitrilo)-tetraessigsäure (EGTA), 
10mmol/L Ethylendiaminotetraessigsäure (EDTA), 
1mmol/L Phenylmethylsulfonylfluorid (PMSF), 4µg/ml 
Aprotinin, 4µg/ml Leupeptin and 4µg/ml Pepstatin-A). The 
homogenates were centrifuged and protein concentrations 
in the supernatant were determined using the BCA Protein 
Assay (Pierce, Rockford, IL, USA). Protein samples were 
separated using SDS-Page and transferred to nitrocellulose 
membranes. To examine the protein expression and the 
phosphorylation of p44/42-MAPK, p38-MAPK and p90rsk 
the membranes were incubated overnight with protein- and 
phosphoprotein-specific antibodies, followed by incubation 
for 1h at room temperature with secondary antibody 
conjugated with horse-radish peroxidase. Immunoreactive 
bands were visualized by chemoluminescence. In each 
trabecula we determined basal expression and the 
phosphorylation state of the respective kinases. The degree 
of kinase phosphorylation was defined as the ratio of 
phosphorylated protein to total protein. Non-stretched 
trabeculae from the same hearts were measured in parallel 
and served as controls. The stretch-induced alteration in 
phosphorylation was determined by normalization to the 
basal phosphorylation state of non-stretched trabeculae. 

 
3.4. Statistical analysis 

Data are presented as mean±standard error of the 
mean (S.E.M.). Difference in time-dependent changes of 
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Figure 1. A, Original traces of isometric contractions of a human ventricular trabecula before and during acute stretch. B, 
Average values (n = 108 trabeculae) of developed force at different time points after acute stretch. */#, p<0.05vs. control/F vs. 
NF. 

 
twitch force or protein phosphorylation was tested by a 2-
way ANOVA for unrepeated measurements, accounting for 
nonfailing/failing myocardium. Individual mean values 
were compared by Tukey post hoc test. Differences were 
considered statistically significant at p<0.05. 
 
4. RESULTS 
 
4.1. Functional effects of stretch 

To measure the effect of acute stretch on the 
phoshorylation state of p44/42-, p38-MAPK and p90rsk, 
non-stretched trabeculae from failing (F) and non-failing 
(NF) human myocardium were acutely stretched (within 30 
sec) to a diastolic tension of 12mN/mm². Force 
development was recorded and the each trabeculae was 
shock frozen at a particular time (2.5, 5, 10, 15 or 
30minutes) after stretch for western blot analyses. Figure 
1A shows original traces of a muscle strip from a failing 
human myocardium subjected to this stretch protocol. First, 
the isometric contractions of the non-stretched muscle strip 
are shown. Then, the muscle strip was acutely stretched 
from slack length to a diastolic tension of 12mN/mm². As a 
result developed force increased immediately (within < 10 
beats, FSM) from 0.2 to 26.5mN/mm². During the 
following minutes, there was an additional increase in 
developed force to a maximum of 38.8mN/mm² after ~7.5 
minutes (SFR). Thirty minutes after acute stretch developed 

force amounted to 29.3mN/mm². In the following, we 
focused on the stretch-induced changes during the SFR. 
Therefore, changes in twitch force after stretch will be 
presented as changes normalized to the first inotropic phase 
(i.e. the FSM) after stretch. Figure 1B shows average data 
of stretch-induced changes in SFR of trabeculae from 
failing and non-failing human hearts. Data are normalized 
to the developed force immediately following stretch (NF: 
21.1±2.5mN/mm2 = 100%, F: 33.2±3.4mN/mm2 = 100%). 
The stretch-induced SFR was present in failing and non-
failing human myocardium, but the time course was 
different. In failing human trabeculae the maximum of SFR 
occurred after 5 min and amounted to 150.7±19.3% (n=8). 
After 30 min, developed force had declined to 
118.9±15.2% of the FSM (n=11). In non-failing trabeculae, 
the SFR was maximal after 15 min. It amounted to 
181.8±14.0% of the FSM (n=7; * p<0.05) and was 
significantly larger than in failing trabeculae (# p<0.05). 
Thirty minutes after acute stretch, developed force had 
decreased to 124.2±21.1% (n=6). 
 
4.2. Stretch-induced phosphorylation of MAPK and 
p90rsk 

To elucidate potential subcellular signal 
transduction pathways underlying stretch-dependent force 
development, we directly assessed activation of MAP 
kinases by Western blot techniques. 
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Figure 2. Stretch-dependent p44/42-MAPK phosphorylation in human failing and non-failing myocardium. A, Immunoblots of 
phosphorylated (pp, top) and total (p, bottom) p44/42-MAPK from human failing ventricular trabeculae. Except for the non-
stretched control trabecula (Ctrl), trabeculae were acutely stretched for 2.5, 5, 10 or 15min. B, Mean ratio of pp44/42-MAPK to 
p44/42-MAPK in stretched and non-stretched trabeculae in failing (F, black bars) and non-failing (NF, white bars) human 
myocardium (* p<0.05 vs. control). (NF: white bars; F: black bars; numbers of experiments are indicated in parenthesis). 

 
Figure 2A shows typical western blot experiments 

for p44/42-MAPK (phosphorylated (pp44/42) and total 
(p44/42) protein) from failing human trabeculae. In the 
non-stretched control muscle strip (Ctrl) there was a 
detectable basal phosphorylation of p44/42-MAPK. In this 
experiment, four other trabeculae from the same heart were 
stretched for 2.5, 5, 10 and 15 minutes. Stretch induced an 
increase in phosphorylation of p44/42-MAPK to 120-130% 
after 10-15 minutes. The mean values for failing and non-
failing human myocardium are shown in Figure 2B. In 
failing (n=48) and non-failing (n=40) human myocardium 
stretch induced a time-dependent increase in p44/42-
MAPK phosphorylation. At 2.5 min after stretch there was 
detectable increase in p44/42-MAPK phosphorylation (NF: 
114.6±9.8%, n.s. vs. Ctrl; F: 128.1±8.9%), which reached a 
maximum after 10 min (NF: 131.1±7.3%, p<0.05; F: 
133.4±6.9%, p<0.05). In the subsequent 20 min, there was 
a reduction of the p44/42-MAPK phosphorylation. There 
was no significant difference in the magnitude and time 
course of the stretch-induced p44/42-MAPK 
phosphorylation between failing and non-failing human 
myocardium. Hence, the stretch-dependent increase in 
p44/42 phosphorylation was transient with an increase 
during the first 10 min after stretch and a slight decline 
from maximum values at time points > 10 min. 

 
p90rsk colocalizes with p44/42-MAPK and can be 

phosphorylated and thereby activated by this kinase at 
Thr573. Therefore, we analyzed the time-dependent 
phosphorylation of p90rsk after acute stretch in failing 

(n=42) and non-failing (n=31) human trabeculae. Figure 
3A illustrates the stretch-dependent phosphorylation of 
p90rsk in failing human trabeculae. Compared to non-
stretched controls, stretched trabeculae exhibited an 
increase in phosphorylation of p90rsk. Figure 3B shows 
average data for time-dependent p90rsk phosphorylation 
after stretch. As with p44/42-MAPK, phosphorylation 
already increased 2.5 min after stretch (NF: 131.1±23.5%, 
n.s. vs. Ctrl; F: 120.7±8.8%, n.s). The maximal stretch-
dependent phosphorylation of p90rsk was reached after 10 
min stretch and was significantly higher in NF than F 
myocardium (NF: 186.4±34.3%, p<0.05; F: 135.9±8.8%, 
n.s.; NF vs. F # p<0.05). As with p44/42-MAPK, the time 
course of stretch-dependent p90rsk phosphorylation was 
transient and declined after > 10 min of stretch. 

 
Next, we measured the effect of stretch on p38-

MAPK phosphorylation. As evident from the original 
western blot (Figure 4A) as well as the average data (Figure 
4B, F: n=44; NF: n=29) stretch also induced a time-
dependent increase in p38-MAPK phosphorylation. In 
failing human myocardium the time course was comparable 
to p90rsk and p44/42-MAPK. Immediately after stretch 
there was a significant increase in p38-MAPK 
phosphorylation (2.5min: 131.6±11.4%, p<0.05 vs. Ctrl). 
The increase in phosphorylation was slower than for 
p44/42-MAPK and p90rsk and reached its maximum after 
15min (175.1±20.6%, n.s.), followed by a gradual decrease 
in p38-MAPK phosphorylation. 30 minutes after stretch the 
phosphorylation state amounted to 135.2±7.3% (n.s.). In 
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Figure 3. Stretch-dependent p90rsk phosphorylation in human failing and non-failing myocardium. A, Immunoblots of 
phosphorylated (pp, top) and total (p, bottom) p90rsk from human failing ventricular trabeculae. Except for the control trabecula 
(Ctrl), all trabeculae were acutely stretched for 5, 10, 15 or 30min. B, Mean ratio of pp90rsk to p90rsk in stretched and non-
stretched trabeculae in failing (F) and non-failing (NF) human myocardium (*/# p<0.05 vs. control/F vs. NF, numbers of 
experiments are indicated in parenthesis). 

 
contrast, trabeculae from non-failing human myocardium 
responded to acute stretch with an immediate strong 
increase in p38-MAPK phosphorylation (2.5min: 
246.6±32.9%, * p<0.05). This difference was also 
significantly larger than in failing human myocardium (# 
p<0.05). The phosphorylation state tended to decrease 
slightly over the next 20-25 minutes, but was significantly 
higher than basal p38-MAPK phosphorylation in non-
stretched trabeculae (15min: 193.9±36.5%, p<0.05; 30 min: 
168.3±24.1%, n.s.). 

 
4.3. Functional relevance of phosphorylation for 
stretched-induced force alterations 

The data shown above indicate that stretch of 
human myocardium increases phosphorylation of p44/42-, 
p38-MAPK and p90rsk and elicits a SFR with a similar time 
course. This may suggest, that activation of these kinases is 
involved in the functional effects of prolonged stretch. To 
examine the involvement of these kinase in stretch-induced 
increases in force development, we employed a stretch 
protocol previously established to investigate subcellular 
mechanisms of the immediate and slow force response(5, 6, 
20). These experiments were conducted in 17 trabeculae 
from 9 failing human hearts. Figure 5 illustrates an original 
recording (A) as well as average results (B) obtained with 
U0126, a MEK1/2 inhibitor that suppresses activation of 
p44/42-MAPK and p90rsk. In this experiment (Figure 5A) 
U0126 markedly suppressed the SFR (108,3%) compared 

to the control SFR (137,5%). On average (Figure 5B) 
U0126 did not affect the basal force development at L88 
(U0126: 111.3±15.9% vs control (left)) and the FSM 
(U0126: 216.1±12.8% vs control: 222.5±10.4% (middle)), 
but it almost completely reduced the stretch-induced SFR 
(102.7±4.0%) compared to control (124.0±3.0%, n=10, 
p<0.01, right). 

 
We also tested the involvement of p38-MAPK in 

the stretch-induced increase in force development, using 
the specific p38-MAPK inhibitor SB203580. As evident 
from the original recording (Figure 6A) as well as from the 
mean data (Figure 6B, left) SB203580 by itself had a slight 
positive inotropic effect on basal force development at L88 
to 111.9±5.3% of control basal force (n=7, p<0.05). In 
addition, it significantly prolonged relaxation (RT50 
increased from 148±10 to 163±12ms (p<0.05) and RT90 
increased from 277±20 to 306±24ms (p<0.05), data are not 
shown). Inhibition of p38-MAPK had no effect on the FSM 
(SB203580: 199.4±11.3% vs control: 201.0±9.7%) (Figure 
6B, middle), but it significantly augmented the SFR to 
124.6±1.9%, n=7, p<0.05) compared to control 
(121.2±2.2%) (Figure 6B, right). 
 
5. DISCUSSION 
 

MAPK are important mediators of the trophic 
effects of mechanical stress in the heart (13, 14). Studies on 
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Figure 4. Stretch-dependent p38-MAPK phosphorylation in human failing and non-failing myocardium. A, Immunoblots of 
phosphorylated (pp, top) and total (p, bottom) p38-MAPK from human failing ventricular trabeculae. Except for the control 
trabecula (Ctrl), all trabeculae were acutely stretched for 5, 10, 15 or 30min. B, Mean ratio of pp38-MAPK to p38-MAPK in 
stretched and non-stretched trabeculae in failing (F) and non-failing (NF) human myocardium (*/# p<0.05 vs. control/F vs. NF, 
numbers of experiments are indicated in parenthesis). 

 
various animal species have shown that stretch activates 
MAPK and first small series in patients support these 
findings (10). In the present study we could show, for the 
first time, that p44/42-, p38-MAPK and p90rsk are 
phosphorylated by stretch in a transient time-dependent 
manner in both failing and non-failing human myocardium 
and that activation of these kinases directly affects the 
functional effects of stretch on cardiac contractility. 

 
In various animal species MAPK and p90rsk are 

activated by mechanical stress. In isolated neonatal and 
adult myocytes as well as in isolated or perfused hearts 
mechanical stress induces a time-dependent increase in 
phosphorylation of p44/42-MAPK (15, 19), p38-MAPK 
(15, 21) and p90rsk (19, 22). In a small set of patients with 
or without LVAD these findings could be confirmed for 
p44/42-MAPK but levels of p38-MAPK were significantly 
lower in patients with unloaded ventricles (10) whereas 
Haq et al. (23) reported an increase of all MAPK (including 
p38MAPK) in failing human hearts and Lemke et al. (24) 
demonstrated reduced p38-MAPK-activity in patients with 
end stage heart failure. It is well recognized that these 
kinases mediate the trophic effects of mechanical stress by 
phosphorylation/activation of transcription factors and 
early genes, which leads to hypertrophy and heart failure. 
Despite extensive evidence for the involvement of MAPK 
and p90rsk in stress-induced hypertrophy in animal hearts, 
however, much less and conflicting data is published about 
the role of these kinases for the trophic response to 
mechanical stress in human myocardium and no data are 
available on stretch induced functional effects. 

Furthermore, there are no data available comparing stretch-
induced activation of MAPK and p90rsk in failing versus 
non-failing human myocardium. To investigate these 
issues, we have established an experimental model that 
enabled us to apply defined stretch to multicellular human 
trabeculae. A further advantage of this model is that it 
allowed us to combine functional data (force development) 
with molecular biology data (phosphorylation of MAPK 
and p90rsk) from the same preparation. The results revealed 
that stretch induces a transient time-dependent increase in 
p44/42-MAPK and p90rsk as well as p38-MAPK 
phosphorylation. This response was observed in failing and 
non-failing myocardium suggesting that in both normal and 
diseased hearts activation of these kinases might be 
involved in the regulation of growth signals. Another 
important finding of our study is that these kinases are not 
only involved in the long-term regulation of gene 
expression but also in the short-term regulation of 
contractility. The latter mechanism could be clinically 
important since ventricular contractility needs to adapt to 
increased load rapidly to avoid pulmonary or peripheral 
congestion. 

 
A biphasic increase in developed force upon stretch 

composed of immediate FSM and delayed SFR has been 
described both in atrial and ventricular myocardium and 
many species. Recently this concept has been further 
developed to a triphasic functional response to stretch, 
where the FSM and SFR are followed by a decline in 
developed force. Despite a number of studies dealing with 
the underlying mechanisms signalling pathways and 
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Figure 5. Effect of U0126 on the stretch-induced increases in developed force. A, Original recording of stretch-induced 
alterations in isometric twitch force of a ventricular muscle strip during stretch from 88% to 98% of optimal length before and 
following exposure to 30�mol/L U0126. B, Effects of 30�mol/L U0126 (n=10) on basal twitch force at L88, FSM, and SFR (* 
p<0.05 vs. control). 

 
cellular mechanisms of the SFR are still not completely 
understood. A large body of evidence indicates that stretch-
induced inotropy is mediated by an increase in [Na+]i which 
in turn alters NCX activity to elevate SR Ca2+ load and 
[Ca2+]i transients. The stretch-induced [Na+]i increase is 
thought to be caused by stimulation of the NHE1 (5-8). 
Although in animal myocardium NHE1 stimulation may be 
brought about by release and autocrine/paracrine actions of 
angiotensin II and endothelin-1 (25, 26), such a mechanism 
has been excluded to underlie the SFR in human ventricular 
myocardium (5). Furthermore, recently it was shown in 
feline papillary trabeculae that stretch activates the NHE1 
via p44/42-MAPK/p90rsk phosphorylation and the SFR was 
inhibited by p44/42-MAPK blockade (PD98059) (9). The 
present study has identified p44/42-, p38-MAPK and p90rsk 
as novel regulators of the stretch-induced SFR in failing 
human myocardium. Inhibition of p44/42-MAPK and 
p90rsk (by means of inhibition of the upstream kinase 
MEK1/2) almost completely suppressed the stretch-induced 

SFR. This finding is noteworthy since it points to the 
MEK1/2-p44/42-p90rsk cascade as a direct and powerful 
regulator of stretch-induced cardiac inotropy. Because 
p44/42-MAPK and p90rsk are able to phosphorylate the 
NHE at its regulatory domain (27, 28), it is possible that 
these kinases are direct activators of the NHE1 and that 
they might represent the missing link between myocardial 
stretch and NHE1 stimulation in human myocardium. In 
addition, the time course of the p44/42-MAPK and p90rsk 
phosphorylation after acute stretch fits well to the time 
course of the SFR after stretch from L88 to L98, supporting 
the notion of a causal link between p44/42-MAPK-p90rsk 
signalling and the SFR. In contrast to p44/42-p90rsk, p38-
MAPK seems to be a negative regulator of force 
development that is activated by stretch. Inhibition of p38-
MAPK by SB203580 increased basal force development 
and, in addition, elevated the SFR, suggesting that p38-
MAPK regulates contractility under basal conditions as 
well as following stretch. Thus, stretch not only activates 
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Figure 6. Effect of SB203580 on the stretch-induced increases in developed force. A, Original recording of stretch-induced 
alterations in isometric twitch force of a ventricular muscle strip during stretch from 88% to 98% of optimal length before and 
following exposure to 10µmol/L SB203580. B, Effects of 10�mol/L SB203580 (n=7) on basal twitch force at L88, FSM, and 
SFR (* p<0.05 vs. control). 
 
signalling pathways with positive inotropic effects but also 
at least one pathway with a negative inotropic effect, i.e. 
p38-MAPK. The precise mechanism underlying the 
negative inotropic effect of p38-MAPK is not known at 
present. However, recent evidence from our laboratory 
suggests that p38-MAPK might act via a decrease of the 
Ca2+ sensitivity of the myofilaments. Typically, an 
intervention that results in an increased myofilament Ca2+-
responsiveness prolongs, while an intervention that reduces 
Ca2+ myofilament sensitivity abbreviates twitch kinetics. In 
line with that notion the positive inotropic effect of p38-
MAPK inhibition was associated with an increase in 
relaxation. 

 
The stretch-dependent increase in developed force 

after acute stretch was higher in NF than in F myocardium 
as observed previously for the SFR (20). Acute stretch led 
to an increase of p44/42-, p38-MAPK and p90rsk in both F 
and NF myocardium. The time course was similar for 
p44/42-MAPK and p90rsk. Unlike p44/42-p90rsk, however, 

the phosphorylation of p38-MAPK after stretch was faster 
and higher in NF than in F myocardium. Therefore, this 
mechanism would be less effective in the F hearts 
suggesting that heart failure patients are less vulnerable to 
the negative inotropic effects following acute stretch. This 
also means, that differences in the magnitude of the SFR 
between F and NF myocardium can not be explained by 
phosphorylation of p38-MAPK, which was higher in the 
NF hearts despite the larger SFR, indicating that further 
mechanisms have to contribute to the reduced SFR in F 
myocardium. One such mechanism might be impaired Na+-
contraction coupling (20). 

 
Besides long-term regulation of MAPK in chronic 

heart failure, the acute stretch-dependent 
phosphorylation/activation of MAPK during the SFR might 
be of clinical relevance. For example, during acute 
increases in right ventricular load as seen in pulmonary 
embolism the SFR would be beneficial to readapt the right 
ventricular ejection to that of the left ventricle. Inhibition of 
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p38-MAPK might potentiate this adaptive mechanism and 
could therefore be a potential therapeutic tool in pulmonary 
embolism, which is still characterized by high mortality, 
especially in patients with right ventricular dilatation and 
dysfunction (29).  
 
6. ACKNOWLEDGEMENTS 
 

Anke Kockskamper, and Dirk von Lewinski 
contributed equally to this work. This work was supported 
by the Deutsche Forschungsgemeinschaft (PI 414/1 and 2 
and the Klinische Forschergruppe 155, TP6, to BP and JK). 
 
7. REFERENCES 
 
1. J. P. Konhilas, T. C. Irving and P. P. de Tombe: Frank-
Starling law of the heart and the cellular mechanisms of 
length-dependent activation. Pflugers Arch, 445(3), 305-10 
(2002)  
 
2. B. V. Alvarez, N. G. Perez, I. L. Ennis, M. C. Camilion 
de Hurtado and H. E. Cingolani: Mechanisms underlying 
the increase in force and Ca(2+) transient that follow 
stretch of cardiac muscle: a possible explanation of the 
Anrep effect. Circ Res, 85(8), 716-22 (1999)  
 
3. S. Calaghan and E. White: Activation of Na+-H+ 
exchange and stretch-activated channels underlies the slow 
inotropic response to stretch in myocytes and muscle from 
the rat heart. J Physiol, 559(Pt 1), 205-14 (2004)  
 
4. N. G. Perez, M. C. de Hurtado and H. E. Cingolani: 
Reverse mode of the Na+-Ca2+ exchange after myocardial 
stretch: underlying mechanism of the slow force response. 
Circ Res, 88(4), 376-82 (2001)  
 
5. D. von Lewinski, B. Stumme, F. Fialka, C. Luers and B. 
Pieske: Functional relevance of the stretch-dependent slow 
force response in failing human myocardium. Circ Res, 
94(10), 1392-8 (2004)  
 
6. D. von Lewinski, B. Stumme, L. S. Maier, C. Luers, D. 
M. Bers and B. Pieske: Stretch-dependent slow force 
response in isolated rabbit myocardium is Na+ dependent. 
Cardiovasc Res, 57(4), 1052-61 (2003)  
 
7. J. Kockskamper, D. von Lewinski, M. Khafaga, A. 
Elgner, M. Grimm, T. Eschenhagen, P. A. Gottlieb, F. 
Sachs and B. Pieske: The slow force response to stretch in 
atrial and ventricular myocardium from human heart: 
functional relevance and subcellular mechanisms. Prog 
Biophys Mol Biol, 97(2-3), 250-67 (2008)  
 
8. C. Luers, F. Fialka, A. Elgner, D. Zhu, J. Kockskamper, 
D. von Lewinski and B. Pieske: Stretch-dependent 
modulation of [Na+]i, [Ca2+]i, and pHi in rabbit 
myocardium--a mechanism for the slow force response. 
Cardiovasc Res, 68(3), 454-63 (2005)  
 
9. C. I. Caldiz, C. D. Garciarena, R. A. Dulce, L. P. 
Novaretto, A. M. Yeves, I. L. Ennis, H. E. Cingolani, G. 
Chiappe de Cingolani and N. G. Perez: Mitochondrial 

reactive oxygen species activate the slow force response to 
stretch in feline myocardium. J Physiol, 584(Pt 3), 895-905 
(2007)  
 
10. M. Flesch, K. B. Margulies, H. C. Mochmann, D. 
Engel, N. Sivasubramanian and D. L. Mann: Differential 
regulation of mitogen-activated protein kinases in the 
failing human heart in response to mechanical unloading. 
Circulation, 104(19), 2273-6 (2001)  
 
11. T. Yamazaki, I. Komuro, S. Kudoh, Y. Zou, I. 
Shiojima, Y. Hiroi, T. Mizuno, K. Maemura, H. Kurihara, 
R. Aikawa, H. Takano and Y. Yazaki: Endothelin-1 is 
involved in mechanical stress-induced cardiomyocyte 
hypertrophy. J Biol Chem, 271(6), 3221-8 (1996)  
 
12. R. Kerkela, M. Ilves, S. Pikkarainen, H. Tokola, V. P. 
Ronkainen, T. Majalahti, J. Leppaluoto, O. Vuolteenaho 
and H. Ruskoaho: Key roles of endothelin-1 and p38 
MAPK in the regulation of atrial stretch response. Am J 
Physiol Regul Integr Comp Physiol, 300(1), R140-9 (2011)  
 
13. J. Lammerding, R. D. Kamm and R. T. Lee: 
Mechanotransduction in cardiac myocytes. Ann N Y Acad 
Sci, 1015, 53-70 (2004)  
 
14. C. Ruwhof and A. van der Laarse: Mechanical 
stress-induced cardiac hypertrophy: mechanisms and 
signal transduction pathways. Cardiovasc Res, 47(1), 
23-37 (2000)  
 
15. Y. Seko, N. Takahashi, K. Tobe, T. Kadowaki and 
Y. Yazaki: Pulsatile stretch activates mitogen-activated 
protein kinase (MAPK) family members and focal 
adhesion kinase (p125(FAK)) in cultured rat cardiac 
myocytes. Biochem Biophys Res Commun, 259(1), 8-14 
(1999)  
 
16. P. H. Sugden and A. Clerk: "Stress-responsive" 
mitogen-activated protein kinases (c-Jun N-terminal 
kinases and p38 mitogen-activated protein kinases) in 
the myocardium. Circ Res, 83(4), 345-52 (1998)  
 
17. A. Yasaka and W. Hayashida: Alterations of load-
induced p38 MAP kinase activation in failing rat hearts. 
Biochem Biophys Res Commun, 285(2), 503-7 (2001)  
 
18. T. Yamazaki, I. Komuro, S. Kudoh, Y. Zou, I. 
Shiojima, T. Mizuno, H. Takano, Y. Hiroi, K. Ueki, K. 
Tobe and et al.: Mechanical stress activates protein 
kinase cascade of phosphorylation in neonatal rat 
cardiac myocytes. J Clin Invest, 96(1), 438-46 (1995)  
 
19. T. Yamazaki, K. Tobe, E. Hoh, K. Maemura, T. 
Kaida, I. Komuro, H. Tamemoto, T. Kadowaki, R. 
Nagai and Y. Yazaki: Mechanical loading activates 
mitogen-activated protein kinase and S6 peptide kinase 
in cultured rat cardiac myocytes. J Biol Chem, 268(16), 
12069-76 (1993)  
 
20. D. von Lewinski, J. Kockskamper, D. Zhu, H. Post, 
A. Elgner and B. Pieske: Reduced stretch-induced force 



Stretch and MAPK in human myocardium 

892 

response in failing human myocardium caused by 
impaired Na(+)-contraction coupling. Circ Heart Fail, 
2(1), 47-55 (2009)  
 
21. A. Clerk, A. Michael and P. H. Sugden: Stimulation of 
the p38 mitogen-activated protein kinase pathway in 
neonatal rat ventricular myocytes by the G protein-coupled 
receptor agonists, endothelin-1 and phenylephrine: a role in 
cardiac myocyte hypertrophy? J Cell Biol, 142(2), 523-35 
(1998)  
 
22. Y. Takeishi, J. Abe, J. D. Lee, H. Kawakatsu, R. A. 
Walsh and B. C. Berk: Differential regulation of p90 
ribosomal S6 kinase and big mitogen-activated protein 
kinase 1 by ischemia/reperfusion and oxidative stress in 
perfused guinea pig hearts. Circ Res, 85(12), 1164-72 
(1999)  
 
23. S. Haq, G. Choukroun, H. Lim, K. M. Tymitz, F. del 
Monte, J. Gwathmey, L. Grazette, A. Michael, R. Hajjar, T. 
Force and J. D. Molkentin: Differential activation of signal 
transduction pathways in human hearts with hypertrophy 
versus advanced heart failure. Circulation, 103(5), 670-7 
(2001)  
 
24. L. E. Lemke, L. J. Bloem, R. Fouts, M. Esterman, G. 
Sandusky and C. J. Vlahos: Decreased p38 MAPK activity 
in end-stage failing human myocardium: p38 MAPK alpha 
is the predominant isoform expressed in human heart. J 
Mol Cell Cardiol, 33(8), 1527-40 (2001) 
doi:10.1006/jmcc.2001.1415 
 
25. H. E. Cingolani, B. V. Alvarez, I. L. Ennis and M. C. 
Camilion de Hurtado: Stretch-induced alkalinization of 
feline papillary muscle: an autocrine-paracrine system. Circ 
Res, 83(8), 775-80 (1998)  
 
26. H. E. Cingolani, N. G. Perez, B. Pieske, D. von 
Lewinski and M. C. Camilion de Hurtado: Stretch-elicited 
Na+/H+ exchanger activation: the autocrine/paracrine loop 
and its mechanical counterpart. Cardiovasc Res, 57(4), 
953-60 (2003)  
 
27. F. Cuello, A. K. Snabaitis, M. S. Cohen, J. Taunton and 
M. Avkiran: Evidence for direct regulation of myocardial 
Na+/H+ exchanger isoform 1 phosphorylation and activity 
by 90-kDa ribosomal S6 kinase (RSK): effects of the novel 
and specific RSK inhibitor fmk on responses to alpha1-
adrenergic stimulation. Mol Pharmacol, 71(3), 799-806 
(2007)  
 
28. A. N. Moor, X. T. Gan, M. Karmazyn and L. Fliegel: 
Activation of Na+/H+ exchanger-directed protein kinases 
in the ischemic and ischemic-reperfused rat myocardium. J 
Biol Chem, 276(19), 16113-22 (2001)  
 
29. S. Konstantinides: Pulmonary embolism: impact of 
right ventricular dysfunction. Curr Opin Cardiol, 20(6), 
496-501 (2005) 
 
Abbreviations: F: failing, FSM: Frank-Starling 
Mechanism, MAPK: mitogen-activated protein kinase, 

NCX: Na+/Ca2+ exchanger, NF: non-failing, NHE: Na+/H+ 

exchanger, RSK: ribosomal S6 kinase, SFR: slow force 
response 
 
Key Words: Stretch, MAPK, Human Myocardium, Slow 
Force Response 
 
Send correspondence to: Dirk von Lewinski, Division of 
Cardiology, Medical University of Graz, Auenbruggerplatz 
15, 8036 Graz, Austria, Tel: 43-316-385-12544, Fax: 43-
316-385-13733, E-mail:  dirk.von-lewinski@medunigraz.at  
 
 
 
 
 
 
 
 
 
 


