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Role of p38 mitogen-activated protein kinase in
cardiac remodelling

S Frantz1, T Behr1, K Hu, D Fraccarollo, J Strotmann, E Goldberg, G Ertl, CE Angermann

and J Bauersachs

Medizinische Klinik und Poliklinik I, Herz-/ Kreislaufzentrum, Universität Würzburg, Germany

Background and purpose: Mitogen-activated protein kinases (MAPK) are centrally involved in several mechanisms important
for heart failure such as apoptosis, activation of inflammatory responses and cell proliferation. We therefore evaluated the effect
of the selective p38 MAPK inhibitor SB 239063 on progression of left ventricular remodelling after myocardial infarction (MI)
in rats.
Experimental approach: Rats were treated for 9 weeks with placebo or SB 239063 by gavage (15mg kg-1) twice daily starting
7 days after ligation of the left anterior descending artery. Serial transthoracic echocardiography was performed at days 7, 36
and 70.
Key results: Over the 9 weeks, mortality was not different between the groups. On echocardiography, animals after
myocardial infarction exhibited significant left ventricular dilatation as expected (week 10, end-systolic diameter, placebo
sham 5.217 0.34 vs. placebo MI 8.447 0.57 mm). However, there was no difference between placebo and SB 239063-
treated rats (week 10, end-systolic diameter, SB MI 7.767 0.74mm, not significantly different from placebo MI).
Haemodynamics changed accordingly. Moreover, SB 239063 had no effect on left ventricular hypertrophy. Treatment with SB
239063 significantly reduced cytokine expression of tumour necrosis factor and interleukin-1b after myocardial infarction.
However, collagen content was not influenced by the treatment.
Conclusion: Despite a reduction of inflammation, treatment with the p38 inhibitor SB 239063 does not affect cardiac
remodelling and cardiac function when treatment is started 7 days after myocardial infarction.
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Introduction

Large myocardial infarctions lead to post-infarction ventri-

cular remodelling, a process that is characterized by replace-

ment of necrotic myocardium with fibrotic tissue, increased

size of myocytes and fibrosis in the remote area, as well as

alterations in the left ventricular structure. Several mechan-

isms have been proposed for left ventricular remodelling

including inflammation with mitogen-activated protein

kinases (MAPK) as central mediators of the inflammatory

response.

MAPK are evolutionary conserved enzymes connecting

cell-surface receptors to critical intracellular targets. Their

activity is tightly controlled by a consecutive activation of

MAPK kinases and MAPKK kinases (Chang and Karin, 2001).

The MAPK signalling pathways ultimately phosphorylate

and activate the terminal kinases p38, c-Jun N-terminal

kinases , and extracellular signal-regulated kinases (ERKs).

MAPK serve as pivotal transducers of a number of biological

functions including cell growth, differentiation, prolifera-

tion and apoptosis. In the myocardium all MAPKs are

expressed. They have been implicated in a variety of

important physiological and pathophysiological processes:
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MAPK activity is significantly induced in experimental heart

failure (Petrich and Wang, 2004) and inhibition of p38

MAPK reduces hypertensive cardiac hypertrophy and end-

organ damage (Behr et al., 2001). Their precise role in cardiac

hypertrophy has not been exactly defined, despite the use

of several transgenic animals to delineate further the role

of p38 in cardiac hypertrophy. Although expression of a

dominant-negative mutant of p38 does not affect cardiac

hypertrophy induced by pressure overload (Zhang et al.,

2003), the dominant-negative mutants used in the labora-

tory of Braz et al. (2003) displayed enhanced myocyte

growth, a process involving calcineurin-NFAT signalling,

which suggests that p38 is an antagonist of the hypertrophic

response. Thus, important questions regarding p38 signal-

ling and cardiac remodelling still need to be answered.

MAPK signalling cascades represent an attractive inter-

mediate signalling transduction target for pharmacological

intervention as they have an important role in apoptosis,

induction of inflammatory responses and cell proliferation,

all mechanisms involved in the development of heart failure.

We tested the hypothesis that inhibition of p38 MAPK

with SB 239063 improves left ventricular remodelling after

myocardial infarction (MI) in rats by preventing the

inflammatory responses.

Methods

Experimental MIs

All procedures conformed to the Guide for the Care and Use

of Laboratory Animals published by the US National Institutes

of Health. Male Wistar rats weighing 180–200 g underwent

MI or sham operations. Left coronary artery ligation was

induced by a previously described technique (Gaudron

et al., 1997). Sham operation was performed using an

identical procedure, except that the suture was passed under

the coronary artery without ligation. Animals were ran-

domly allocated to receive twice daily doses, by gavage, of

placebo or the MAPK inhibitor SB 239063 (15 mg kg�1

bodyweight) starting 7 days after MI as previously described

(Frantz et al., 2004).

In vivo haemodynamic measurements

Ten weeks after left coronary artery ligation or sham

operation, haemodynamic measurements were performed

as described previously (Hu et al., 1998). Left ventricular

systolic and end-diastolic pressures (LVSP, LVEDP), mean

arterial pressure (MAP) and heart rate (HR) were measured

under light isoflurane anaesthesia and spontaneous respira-

tion.

Echocardiography

Ultrasound analyses were performed by a single researcher

experienced in rodent echocardiography, unaware of the

treatment, at days 7, 36 and 70 immediately prior to killing

the animals, as recently described (Frantz et al., 2004). From

two-dimensional short-axis imaging, endocardial borders

were traced at end-systole and end-diastole, utilizing a

prototype off-line analysis system (NICE, Tomtech, The

Netherlands). Measurements were performed at the mid-

papillary and the apical muscle level. The end-systolic

(smallest) and end-diastolic (largest) cavity areas were

determined. Using the end-systolic and end-diastolic areas,

fractional area changes were calculated [(end-diastolic area –

end-systolic area)*end-diastolic area�1]. From two-dimen-

sionally targeted M-mode tracings, end-diastolic diameter

and end-systolic diameter were measured. Fractional short-

ening was calculated. Only animals with an infarct size

between 30 and 60% of the left ventricle were included.

Sample collection and determination of infarct size

After echocardiographic measurements, hearts were excised

and dissected into atria, right and left ventricle, including

septum. The left ventricle was cut into three transverse

sections: apex, middle ring and base as previously described

(Bauersachs et al., 2001). From the middle ring, 5mm-sections

were cut and stained with picrosirius red. The boundary

lengths of the infarcted and non-infarcted endocardial and

epicardial surfaces were traced with a planimeter digital

image analyser. Infarct size (fraction of the infarcted left

ventricle) was calculated as the average of percentage of

length of epicardial and endocardial circumference.

Real-time PCR

Myocardial RNA isolation and real-time PCR measurements

were performed as previously described (Frantz et al., 2005)

with TaqMan probes for 18S, interleukin-1b (IL-1b), tumour

necrosis factor (TNF), collagen 1, atrial natriuretic peptide

(ANP) and myosin heavy chain (MHC). RNA samples were

normalized to 18S rRNA.

p38 acitivity

The activation of p38 was measured by the activation of

its downstream target, the MAPKAP-2, in aortic tissue. The

tissue was taken from a study after 8 weeks of treatment with

the p38 inhibitor SB 239063 as recently presented by us

(Widder et al., 2004).

Materials

SB 239063 (trans-1-(4-hydroxycyclohexyl)-4-(4-fluorophenyl

methoxypyridimidin-4-yl) imidazole) was provided by

GlaxoSmithKline (King of Prussia, PA, USA). TaqMan probes

of IL-1b, ANP, collagen 1 and TNF were obtained from

Applied Biosystems (Foster City, CA, USA).

Statistical analysis

All data are expressed as mean and s.e.m. Absolute

differences between groups were compared using a two-way

analysis of variance adjusted by the Fisher rule. Statistical

significance was achieved when two-tailed Po0.05. Statis-

tical analyses were carried out using StatView statistics

programme (Abacus Concepts, Inc., Berkley, CA, USA).
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Results

Mortality and organ weights

Rats were randomly allocated into SB 239063 or a placebo

group, 7 days after MI. Mortality after coronary artery

ligation was not different between the two groups: all

animals in the SB 239063 group and all animals in the

placebo group survived until day 70.

Body weights were slightly, but not significantly reduced

in animals treated with SB 239063 (Table 1). Infarct size

determined 10 weeks after MI was comparable in both

groups (placebo vs SB 239063, 43.873.2 vs 42.672.0%).

Echocardiographic and haemodynamic measurements

Animals underwent echocardiography at days 7, 36 and 70

post-MI. All measurements were recorded at two levels:

at the apical level, which shows changes within the infarcted

region, and at the mid-papillary level, which shows changes

in the dimensions of the surviving un-infarcted myocar-

dium. Left ventricles of infarcted animals were dilated

significantly when compared to those from sham-operated

animals (see Figure 1, Table 2). However, treatment with

SB 239063 did not improve left ventricular dilatation.

Ten weeks after ligation of the left coronary artery,

haemodynamic measurements were obtained from the

animals. Consistent with the echocardiographic data, LVSP,

dP/dtmax and dP/dtmin were significantly lower and LVEDP

significantly higher in rats after MI. Treatment with

SB 239063 did not improve these haemodynamic variables

(see Table 1 and Figure 2).

Molecular measurements

Activation of MAPKAP-2, the downstream target of p38 (see

Figure 3) was reduced in rats, treated for 8 weeks with the

p38 inhibitor SB239063 after MI, as previously shown

(Widder et al., 2004).

Molecular indices of left ventricular hypertrophy, MHC

and ANP, were not affected by SB 239063 treatment (bMHC

aMHC�1, placebo MI vs SB 239063 MI, 2.170.6 vs 2.170.7,

NS; ANP, placebo MI vs SB 239063 MI, 2.470.9 vs 2.270.5,

NS). Collagen I RNA expression was not influenced by the

treatment (Figure 2, normalized to 18S, placebo MI vs SB

239063 MI, 1.570.6 vs 1.570.6, NS), but was significantly

higher than in sham-operated animals (placebo normalized

to 18S, placebo vs SB 239063, 0.170.09 vs 0.270.1).

However, as expected, the proinflammatory cytokine

interleukin 1b (Figure 3, normalized to 18S, placebo MI vs

SB 239063 MI, 3.970.7 vs 1.970.2, P¼0.006) as well as TNF

(Figure 3, normalized to 18S, placebo MI vs SB 239063 MI,
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Figure 1 Echocardiographic analyses. The development of left
ventricular dilatation (b) and representative examples (a) of two-
dimensional echocardiography of sham-operated and infarcted
animals 10 weeks after MI. These images were obtained from
short-axis imaging at the mid-papillary level. In the infarcted animal,
dilatation of the left ventricular cavity can be detected. SB 239063
treatment had no effect on left ventricular dilatation (**Pp0.01,
sham vs MI).

Table 1 Global parameters and haemodynamic measurements

Sham Sham MI MI

placebo SB 239063 placebo SB 239063

n 15 16 5 8
MI size (%) 43.873.2 42.672.0
bw 37774 35874 38079 35879
Heart weight bw�1 2.270.1 2.070.5 2.370.5 2.970.4
LVSP (mm Hg) 13373 13774 12377 13578
LVEDP (mm Hg) 771 771 1476* 1373*
dP/dtmax (mm Hg* s�1) 91047728 11 0207732 79207563 75897625*
dP/dtmin (mm Hg* s�1) �83917832 �97757867 �52797545* �56007462*

Abbreviations: bw, body weight; dP/dtmax, the maximum rate of pressure rise; dP/dtmin, the maximum rate of pressure decline; LV, left ventricle; LVEDP, left

ventricular end-diastolic pressure; LVSP, left ventricular systolic pressure.

Data are mean7s.e.m., n indicates number of animals studied.

*Po0.05 Sham vs MI.
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2.870.4 vs 1.570.4, P¼0.04) were significantly reduced in

animals treated with SB 239063 after myocardial infarction.

Discussion

p38 MAPK signalling has been implicated in the progression

of chronic heart failure and hypertrophy (See et al., 2004).

This study failed to prove the hypothesis that treatment with

the p38 MAPK inhibitor SB 239063 prevents left ventricular

remodelling and mortality after myocardial infarction,

although treatment with SB 239063 did reduce the inflam-

matory response.

p38 MAPK is rapidly activated in rats after myocardial

infarction (Shimizu et al., 1998). Sustained p38 activation

has been described in animal models (Behr et al., 2001) and

in humans (Cook et al., 1999) with heart failure. Moreover,

p38 plays an important role in cardiac remodelling. Mice

with targeted activation of p38 MAP kinase in ventricular

myocytes develop signs of heart failure and cardiac fibrosis,

and ultimately die prematurely at 7–9 weeks (Liao et al.,

2001). In spontaneously hypertensive stroke-prone rats,

treatment with the p38 MAPK inhibitor SB 239063 has been

shown to reduce pro-inflammatory gene expression and

enhance survival (Behr et al., 2001). Furthermore, vascular

p38 MAPK is markedly activated in rats after MI, and

treatment with SB 239063 prevents post-infarction endo-

thelial vasomotor dysfunction (Widder et al., 2004). Thus,

there was a strong rationale to hypothesize that p38 MAPK

inhibition would improve left ventricular remodelling and

prevent the progression of heart failure.

Why did we not detect protective effects against MI with

the MAPK inhibitor SB239063 despite it significantly redu-

cing the production of proinflammatory cytokines? Firstly,

several mechanisms have been suggested to contribute to

left ventricular remodelling. These include, among others,

alterations in left ventricular function (Carluccio et al.,

2006), myocyte apoptosis, myocyte regeneration, neuro-

humoral activation and inflammatory responses. However,

0

5

10

15

20
LV

E
D

P
 [m

m
H

g]

Sham

Placebo

-12000

-8000

-4000

0

dP
/d

t [
m

m
H

g/
s]

Sham

SB
MI 

Placebo

*

*

MI 

SB 

Sham

Placebo

Sham

SB
MI 

Placebo

MI 

SB 

Sham

Placebo

Sham

SB
MI 

Placebo

MI 

SB 

*

*

a

b

C
ol

la
ge

n/
18

S

0

1

2
* *

Figure 2 Haemodynamic measurements. (a) dP/dtmin (the max-
imum rate of pressure decline) and LVEDP in sham-operated rats and
in rats treated with SB 239063 or placebo (*Pp0.05, sham vs MI).
(b) Collagen was not influenced by the treatment (*Pp0.05,
placebo vs MI).

Table 2 Echocardiographic measurements at week 10

Sham Sham MI MI

placebo SB 239063 placebo SB 239063

n 13 14 5 9
Heart rate (b.p.m.) 23278 22975 23574 233717

Papillary
ESD (mm) 5.2170.34 5.6670.46 8.4470.57** 7.7670.74**
EDD (mm) 8.1270.25 8.6570.29 10.6070.54** 9.9170.49**
FS (%) 36.672.3 35.673.3 20.671.6* 23.374.5*

Apical
ESD (mm) 4.8370.39 5.5570.51 8.3470.57** 7.5770.81**
EDD (mm) 7.8570.26 8.0570.26 10.1470.44** 9.5270.43**
FS (%) 37.772.3 36.572.9 17.472.8** 21.373.5**

Abbreviations: EDD, end-diastolic diameter; ESD, end-systolic diameter; FS, fractional shortening.

Data are mean7s.e.m., n indicates number of animals studied.

*Po0.05, **Po0.01 sham vs MI.
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even though we found that the inflammatory response in MI

was reduced by SB 239063, the remodelling process was not

altered by this treatment. Thus, either the inflammatory

cascade was only partially blocked by SB239063 or, what

seems to be more likely inflammation cannot entirely explain

the complex pathophysiology of ischaemic remodelling.

Secondly, SB 239063, the drug used in our experiments, is

a second-generation and highly selective p38 MAPK inhi-

bitor (IC50 for p38 inhibition: 0.044 mM, ERK1/2410 mM)

(Barone et al., 2001). However, p38 has an a- and a b-isoform

with distinct functions: for example, myocyte apoptosis is

enhanced by p38-a, whereas in contrast, survival is improved

by p38-b (Wang et al., 1998). With regard to ischaemia, only

mice with expression of the dominant-negative mutant form

of p38a have so far been tested in a cardiac ischaemic model

and found to be protected from ischaemic injury (Ren et al.,

2005). Thus, p38 isoform-specificity of the drug might

influence the results and explain the different results

obtained in our study from that of See et al. (2004): they

found protective effects when rats were treated for 3 weeks

after myocardial infarction with the p38 inhibitor,

RWJ-67657, which inhibits both p38 isoforms. Yet, in this

latter study, infarct sizes were only small and only minor

protective echocardiographic effects were found; this might

also account for the different results obtained between the

two studies.

Thirdly, the effects seem to be species-specific. Indeed, the

p38 MAPK inhibitor, SB 239063, used in the present study

reduced ischaemia/reperfusion injury in a rat model, when

infused minutes before ischaemia (Kaiser et al., 2005). In

contrast, SB 239063 did not reduce ischaemia/reperfusion

injury in a pig model (Kaiser et al., 2005). Thus, our results in

rats could be different to results in mice.

Fourthly, studies exploring effects on left ventricular

remodelling after MI need to be divided into those where

treatment is given before or at the time of MI and those

where the treatment is delayed until after myocardial

infarction. Early treatment may reduce infarct size with

consequent improvement of remodelling. In contrast,

studies with late treatment look at remodelling indepen-

dently of infarct size reduction. Most of the studies that

started p38 inhibition before or early after cardiac injury

reported protective effects: ischaemia/reperfusion injury was

significantly reduced in rats pretreated with the same p38

inhibitor as that used in our study, SB 239063 (Gao et al.,

2002). Mice treated immediately after permanent coronary

artery ligation with the p38 inhibitor SC-409 were protected

from the effects of ischaemic injury (Liu et al., 2005). The p38

MAPK inhibitor SB 203580 only reduced infarct size when

administered early after myocardial infarction but not after a

delay (Gorog et al., 2004). We started treatment 1 week after

myocardial infarction to avoid effects on infarct size and

early activation of inflammatory responses. Thus, p38 seems

to affect the acute healing phase after ischaemic injury, but

may be less important for left ventricular remodelling when

viewed independently of its effects on infarct size.

In conclusion, we did not detect significant effects of p38

MAPK inhibition on left ventricular remodelling after MI.

Although other animal studies suggest that p38 might be an

attractive target for improving heart failure progression, the

data available indicate that inhibition of this kinase does not

always induce a clear, protective effect. However, the timing

and dosing regime seem to be important determinants of the

effectiveness of a p38 inhibitor in protecting the heart from

the injurious effects of MI, as well as the type of drug and its

specificity, especially with regard to p38 a and b isoforms.

The function of these inhibitors and their role in cardiac

remodelling need to be evaluated further.
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