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The contribution of reactive oxygen species and p38
mitogen-activated protein kinase to myofilament
oxidation and progression of heart failure in rabbits

P Heusch1*, M Canton2*, S Aker1, A van de Sand1, I Konietzka1, T Rassaf3, S Menazza2,
OE Brodde1, F Di Lisa2, G Heusch1 and R Schulz1

1Institute of Pathophysiology, University of Essen Medical School, Essen, Germany, 2Department of Biomedical Sciences,
University of Padova, Padova, Italy, and3Department of Medicine, University of Duesseldorf, Duesseldorf, Germany

Background and purpose: The formation of reactive oxygen species (ROS) is increased in heart failure (HF). However, the
causal and mechanistic relationship of ROS formation with contractile dysfunction is not clear in detail. Therefore, ROS
formation, myofibrillar protein oxidation and p38 MAP kinase activation were related to contractile function in failing rabbit
hearts.
Experimental approach and key results: Three weeks of rapid left ventricular (LV) pacing reduced LV shortening fraction (SF,
echocardiography) from 32 � 1% to 13 � 1%. ROS formation, as assessed by dihydroethidine staining, increased by 36 � 8%
and was associated with increased tropomyosin oxidation, as reflected by dimer formation (dimer to monomer ratio increased
2.28 � 0.66-fold in HF vs. sham, P < 0.05). Apoptosis (TdT-mediated dUTP nick end labelling staining) increased more than
12-fold after 3 weeks of pacing when a significant increase in the phosphorylation of p38 MAP kinase and HSP27 was detected
(Western blotting). Vitamins C and E abolished the increases in ROS formation and tropomyosin oxidation along with an
improvement of LVSF (19 � 1%, P < 0.05 vs. untreated HF) and prevention of apoptosis, but without modifying p38 MAP
kinase activation. Inhibition of p38 MAP kinase by SB281832 counteracted ROS formation, tropomyosin oxidation and
contractile failure, without affecting apoptosis.
Conclusions and implications: Thus, p38 MAP kinase activation appears to be upstream rather than downstream of ROS,
which impacts on LV function through myofibrillar oxidation. p38 MAP kinase inhibition is a potential target to prevent or
treat HF.
British Journal of Pharmacology (2010) 160, 1408–1416; doi:10.1111/j.1476-5381.2010.00793.x
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In failing hearts, the formation of reactive oxygen species
(ROS) is increased in both, non-cardiomyocyte cells and car-
diomyocytes (Giordano, 2005). ROS impair contractile func-
tion by a number of mechanisms, including decreased nitric
oxide bioavailability, decreased b-adrenoceptor expression
(Qin et al., 2003) and ion channel activity (Hool, 2006), acti-
vation of protein kinases (Michel et al., 2001; Li et al., 2002)
and oxidation of myofibrillar proteins; we have recently dem-

onstrated tropomyosin oxidation in both isolated rat hearts
and microembolized pig hearts and related it to contractile
dysfunction (Canton et al., 2004; 2006). ROS scavenging
attenuates left ventricular (LV) dysfunction following myocar-
dial infarction (Kinugawa et al., 2000; Qin et al., 2003) or
during LV pacing (Qin et al., 2003) and decreases LV hyper-
trophy and fibrosis (Kinugawa et al., 2000) as well as cardi-
omyocyte apoptosis (Qin et al., 2003).

Among other protein kinases, ROS activate p38 mitogen-
activated protein kinase (p38 MAP kinase) (Michel et al.,
2001; Li et al., 2002). In rabbit hearts, p38 MAP kinase is
activated after myocardial infarction and its activation corre-
lates with increased oxidative stress (Qin et al., 2005). Once
activated, p38 MAP kinase contributes to LV remodelling and
heart failure (HF) development (Wang, 2007), including LV
hypertrophy, fibrosis and inflammation (Tenhunen et al.,
2006) as well as cardiomyocyte apoptosis (Baines and
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Molkentin, 2005). Therefore, p38 MAP kinase provides an
interesting target for HF therapy (Kerkela and Force, 2006).
Indeed, pharmacological blockade of p38 MAP kinase (Wang
et al., 2005) or its genetic knockout (Ren et al., 2005) improve
LV function and attenuate morphological alterations follow-
ing myocardial infarction. p38 MAP kinase is also activated in
myocardial biopsies from HF patients (Haq et al., 2001), and
the improvement of LV function by resynchronization
therapy is associated with reduced p38 MAP kinase phospho-
rylation in human hearts (Butter et al., 2008). The mechanism
underlying the improvement in LV function following block-
ade of p38 MAP kinase activation in failing hearts, however,
remains unclear. Under physiological conditions, contractile
function was reduced by pharmacological blockade of p38
MAP kinase in rat cardiomyoyctes (Liao et al., 2002) or its
genetic knockout in mice hearts in vivo (Braz et al., 2003),
whereas in pigs reduced contractile function was not observed
(Schulz et al., 2002). In contrast, during post-ischaemic reper-
fusion or HF p38 MAP kinase inhibition invariably improves
contractile function and myocardial viability (Clark et al.,
2007).

The interaction between p38 MAP kinase activation and
ROS formation is not really clear: increased ROS formation
contributes to p38 MAP kinase activation (see above), but also
scavenging of ROS by vitamins C and E activates p38 MAP
kinase in rabbit hearts (Qin et al., 2003). The impact of the
interaction of ROS with p38 MAP kinase on contractile func-
tion is particularly unclear. Therefore, the present study used
a HF model of LV pacing in rabbits to address: (i) the time
course of ROS formation and p38 MAP kinase activation
during the progression of HF; (ii) the effect of ROS scavenging
by vitamins C and E; and (iii) the effect of p38 MAP kinase
inhibition on myofibrillar oxidation and MAP kinase activa-
tion and the resulting LV function and morphology. We here
show that inhibition of p38 MAP kinase by SB281832 coun-
teracts ROS formation, tropomyosin oxidation and contrac-
tile failure, without affecting apoptosis. Thus, p38 MAP kinase
activation appears to be upstream rather than downstream
of ROS, which impact on LV function through myofibrillar
oxidation.

Methods

This study was approved by the bioethical committee of the
district of Düsseldorf, Germany, and the investigation con-
forms with the Guide for the Care and Use of Laboratory
Animals published by the US National Institute of Health
(NIH publication no. 85–23, revised 1996). The drug/
molecular target nomenclature conforms to BJP’s Guide to
Receptors and Channels (Alexander et al., 2008).

Experimental model and protocols
Instrumentation of male Chinchilla rabbits (Charles River,
Kisslegg, Germany) weighing 3–4 kg body weight was per-
formed as described in detail elsewhere (Schulz et al., 2003;
Aker et al., 2004).

Time course of heart failure development. HF was induced by LV
pacing (400 bpm) for 1 (HF1, n = 7), 2 (HF2, n = 7) or 3 weeks

(HF3, n = 8) respectively. Seven sham-operated rabbits (Sham)
served as controls. HF was evident from clinical signs, such as
ascites and cachexia and echocardiographic parameters, such
as a reduction of LV shortening fraction (LVSF) and an
increase in LV end-diastolic diameter (LVEDD). After eutha-
nasia of the rabbits, samples (50 mg each) were taken from
the LV free wall and either frozen in liquid nitrogen and
stored at -70°C or fixed in formalin and embedded in
paraffin.

Vitamins C and E treatment. In four additional groups, rabbits
received either placebo or vitamins C (100 mg·kg-1·day-1 p.o.)
and E (200 mg·day-1 p.o.) for 3 weeks without (Sham, n = 7 or
Sham-Vit, n = 7) or with LV pacing (HF3, n = 8 or HF3-Vit,
n = 6).

SB281832 treatment. In four additional groups, rabbits
received either placebo or the p38 MAP kinase inhibitor
SB281832 at a dose of 50 mg·kg-1·day-1 p.o. for 3 weeks
without (Sham, n = 7 or Sham-SB, n = 7) or with LV pacing
(HF3, n = 8 or HF3-SB, n = 6). To detect potential blood pres-
sure changes following p38 MAP kinase blockade, measure-
ments of systolic and diastolic blood pressures were
performed using a sphygmomanometer cuff (Memoprint,
Babenhausen, Germany) in five rabbits of each group, while
conscious. There was no significant effect of p38 MAP kinase
blockade with SB281832 on blood pressure in sham (placebo:
106 � 1/69 � 1 mmHg vs. SB: 106 � 1/71 � 1 mmHg) or HF
(placebo: 99 � 3/65 � 1 mmHg vs. SB: 92 � 6/66 � 1 mmHg)
rabbits.

Echocardiography
Heart rate and LV function were measured (Supervision 7000,
Toshiba, Neuss, Germany) as described in detail elsewhere
(Schulz et al., 2003; Aker et al., 2004). LVSF was calculated
from LVEDD and end-systolic diameter: (LVEDD - end-
systolic diameter)/LVEDD ¥ 100.

Histology
Apoptosis was determined using the TdT-mediated dUTP nick
end labelling (TUNEL) technique (In Situ Cell Death Detec-
tion Kit, La Roche Diagnostics, Mannheim, Germany) as
described recently (Schulz et al., 2003; Aker et al., 2004).
TUNEL-positive cardiomyocyte nuclei were counted using
fluorescence microscopy (Leica DMLB, Bensheim, Germany).
Three fields of 0.075 mm2 each were analysed; TUNEL-
positive cardiomyocyte nuclei were counted and calculated
per mm2.

Cardiomyocyte cross-sectional area was measured in hae-
matoxylin and eosin-stained tissue sections (three fields of
0.075 mm2 each) as described in detail before (Schulz et al.,
2003; Aker et al., 2004).

Western blot
The tissue samples were processed as described previously
(Schulz et al., 2003; Aker et al., 2004).
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p38 MAP kinase and JNK MAP kinase phosphorylation. The
blots were incubated for 2 h either with an antiserum recog-
nizing total p38 MAP kinase or with an antiserum specific for
the dually phosphorylated form of p38 MAP kinase (New
England Biolabs, Beverly, MA, USA). In addition, the phos-
phorylated forms of JNK1 and 2 (46/54) MAP kinase (Thr183/
Tyr185) or total JNK1 and 2 MAP kinase (Thr183/Tyr185) (Cell
Signaling, Invitrogen, Life Technologies Corporation, Carls-
bad, CA, USA) were assessed. The resulting autoradiographs
were analysed by quantitative two-dimensional densitometry,
using commercially available software (Herolab, Wiesloch,
Germany). To quantify the extent of MAP kinase phosphory-
lation, the phosphorylated MAP kinase band intensity was
expressed relative to the intensity of the total MAP kinase
band. Data were expressed relative to the mean value of sham
rabbits.

p38 MAP kinase activation. After blocking, the membranes
were incubated overnight at 4°C with mouse monoclonal
antibodies against HSP27 phosphorylated at Ser83 (1:100,
kindly provided by Professor M. Marber). After incubation
with the respective secondary antibodies, immunoreactivity
was detected using the SuperSignal West Femto Maximum
Sensitivity Substrate (Pierce, Rockford, IL, USA). After detec-
tion of phosphorylated HSP27, membranes were reprobed
with monoclonal mouse anti-chicken HSP25/27 antibodies
(1:1750, HyTest, Turku, Finland). Signal intensities were quan-
tified using the Scion Image software (Frederick, MD, USA).

Reactive oxygen species
Samples were snap frozen in liquid nitrogen, embedded in
O.C.T. (Cryomatrix, Shandon, Pittsburgh, PA, USA) and cut
into 10 mm sections at -20°C. Sections were mounted on glass
slides. Dihydroethidine (DHE, D-11347, Molecular Probes
Inc., Eugene, OR, USA) at a concentration of 2 ¥ 10-6 M was
incubated at 37°C for 30 min in a humidified chamber. Nega-
tive controls were obtained by blocking the reaction with
100 mM N-Acetyl-L-Cysteine (NAC, A9165 Sigma-Aldrich,
Taufkirchen, Germany) for 30 min prior to DHE staining.
Images were taken with a laser scanning microscope (LSM
Pascal 5, Zeiss, Oberkochem, Germany) including a krypton/
argon laser; fluorescence was detected by a 585 nm long-pass
filter. Three fields of 0.075 mm2 each were analysed.

Tropomyosin oxidation
The tissue samples were processed as described previously
(Canton et al., 2004; 2006). Purified human cardiac tro-
pomyosin (Abcam, Cambridge, UK) oxidized with 2 mM 5,5′-
dithiobis(2-nitrobenzoate) in a buffer containing 1 M NaCl,
1 mM EDTA and 0.05 M sodium phosphate served as positive
control.

Serum noradrenaline (NA) concentration and myocardial
b-adrenoceptor density
Peripheral arterial blood was drawn through a catheter into
ice-cold tubes before euthanasia. The b-adrenoceptor density

was assessed in frozen tissue. The blood and tissue samples
were processed as described previously (Leineweber et al.,
2006).

Statistics
Data are expressed as mean values � SEM. Comparison of
data before and during LV pacing was performed by one-way
ANOVA. Comparison of haemodynamic data before and during
the 3 weeks of pacing between the different treatment groups
was performed by two-way ANOVA. Cardiomyocyte cross-
sectional area, the number of TUNEL-positive cardiomyo-
cytes, b-adrenoceptor density, MAP kinase phosphorylation
and activation and tropomyosin oxidation were compared
between untreated and treated sham and HF rabbits by two-
way ANOVA. When a significant overall effect was detected by
ANOVA, individual mean values were compared using Bonfer-
roni’s method. All statistical calculations were performed
using the Prism programme. A P-value < 0.05 was considered
significant.

Results

Time course
There was a progressive increase in LVEDD and a reduction of
LVSF with increasing duration of LV pacing (Table 1). Heart
rate and serum NA concentration increased, while
b-adrenoceptor density decreased already after 1 week of LV
pacing. Cardiomyocyte cross-sectional area remained
unchanged at 1 week, but increased after 2 and 3 weeks of LV
pacing, and the number of TUNEL-positive cardiomyocytes
was increased more than 12-fold after 3 weeks of LV pacing.
The ROS concentration was significantly increased after
3 weeks of LV pacing (Figure 1), and such increase in ROS was
associated with increased tropomyosin oxidation, as indi-
cated by an increased tropomyosin dimer to monomer ratio
(Figure 2). p38 MAP kinase and HSP27 phosphorylation were
increased only after 3 weeks of LV pacing (Figure 3; Table 1).
JNK1 phosphorylation remained unchanged throughout
3 weeks of LV pacing, while JNK2 phosphorylation was
increased after 3 weeks of pacing (7.03 � 2.24-fold compared
with sham).

ROS scavenging
Administration of antioxidant vitamins did not significantly
alter any analysed parameter in sham rabbit hearts, except
that p38 MAP kinase phosphorylation was increased,
however, without a significant concomitant increase in
HSP27 phosphorylation (Table 2).

Administration of antioxidant vitamins throughout the
3 weeks of LV pacing completely abolished the increases in
ROS concentration and tropomyosin oxidation (Figures 1 and
2), and it increased LVSF. The serum NA concentration
remained elevated despite an improvement in LVSF, while
b-adrenoceptor density returned back to baseline. Cardiomyo-
cyte cross-sectional area and number of TUNEL-positive car-
diomyocytes were reduced following 3 weeks of LV pacing
with antioxidant vitamins. In contrast, p38 MAP kinase and
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HSP27 phosphorylation remained elevated after 3 weeks of
LV pacing with antioxidant vitamins (Table 2). Similarly,
enhancement of JNK2 phosphorylation was unaffected by
vitamin treatment (9.80 � 1.88-fold increase compared with
sham).

p38 MAP kinase inhibition
Blockade of p38 MAP kinase with SB281832 did not alter any
analysed parameter in sham rabbit hearts (Table 3). SB281832
abolished the increased p38 MAP kinase, HSP27 and JNK2
phosphorylation following 3 weeks of LV pacing as well as the
HF-induced increase in ROS concentration and tropomyosin
oxidation (Figures 1 and 2); LVSF was better preserved follow-
ing 3 weeks of LV pacing. As with vitamin treatment, the
b-adrenoceptor density returned back to baseline in the pres-
ence of an unchanged serum NA concentration. Cardiomyo-

cyte hypertrophy was attenuated with SB281832 while
the increased number of TUNEL-positive cardiomyocytes
remained unaffected following 3 weeks of LV pacing.

The myocardial ROS concentration inversely correlated to
LVSF, such that any attenuation in the ROS concentration was
associated with an improvement in LVSF (Figure 4).

Discussion

The present study demonstrates that: (i) antioxidants abolish
the increases in both myocardial ROS formation and tro-
pomyosin oxidation otherwise seen in failing hearts, along
with improvement of contractile function and prevention of
apoptosis. Antioxidants, however, do not modify the pacing-
induced activation of p38 MAP kinase; (ii) inhibition of p38
MAP kinase counteracts ROS accumulation, tropomyosin oxi-
dation and contractile failure, while it does not affect apop-
tosis, indicating that p38 MAP kinase activation is upstream
rather than downstream of oxidative stress; and (iii) oxidation
of myofibrillar proteins is a causal link between ROS forma-
tion and contractile dysfunction.

Interaction between ROS and p38 MAP kinase
Reactive oxygen species have been proposed to trigger the
activation of downstream redox-sensitive kinases, such as p38
MAP kinase (Michel et al., 2001; Li et al., 2002). In the present
study, however, scavenging of ROS did not affect p38 MAP
kinase phosphorylation and activity, suggesting that other
signals – apart from ROS – contribute to p38 MAP kinase
activation in failing hearts.

Reactive oxygen species scavenging with vitamins C and E
even increased p38 MAP kinase phosphorylation in sham
rabbit hearts, confirming previous data (Qin et al., 2003) and
suggesting a negative feedback between ROS formation and
p38 MAP kinase phosphorylation. In neuronal cells, activa-
tion of MAP kinase occurs indeed via ROS-induced inhibition
of protein phosphatases 2A and 5 (Chen et al., 2008).

While ROS scavenging did not alter p38 MAP kinase phos-
phorylation and activity, p38 MAP kinase blockade decreased

Table 1 Haemodynamics, b-adrenoceptor density and noradrenaline concentration, morphology and MAP kinase activation during the
progression of HF

Sham HF1 HF2 HF3

Heart rate (bpm) 224 � 5 263 � 10A 277 � 10A 258 � 15
LVEDD (mm) 17.0 � 0.3 18.7 � 0.4A 19.3 � 0.3A 19.6 � 0.5AB

Fractional shortening (%) 30.0 � 1.7 19.1 � 0.7A 15.9 � 0.7A 10.3 � 1.3AB

Noradrenaline (ng·mL-1) 1.33 � 0.17 2.87 � 0.69A 4.03 � 0.81A 3.83 � 0.64A

ß-Adrenoceptor density (fmol·mg-1) 67 � 5 45 � 2A 47 � 2A 41 � 3A

Cardiomyocyte cross-sectional area (mm2) 242 � 11 266 � 4 299 � 8AB 334 � 7ABC

Number of TUNEL-positive cardiomyocytes [/(1000*mm2)] 4 � 2 23 � 5A 16 � 4 50 � 8ABC

Phospho p38-MAPK/total p38-MAPK (relative to sham) 1.00 � 0.24 0.54 � 0.09 0.65 � 0.24 2.34 � 0.54ABC

Phospho HSP27/total HSP27 (relative to sham) 1.00 � 0.42 1.75 � 0.24 1.01 � 0.14 2.58 � 0.60AC

Mean � SEM.
Ap < 0.05 versus Sham.
Bp < 0.05 versus HF1.
Cp < 0.05 versus HF2.
HF1, heart failure rabbits, 1 week (n = 7); HF2, heart failure rabbits, 2 weeks (n = 7); HF3, heart failure rabbits, 3 weeks (n = 8); LVEDD, left ventricular end-diastolic
diameter; Sham, sham-operated rabbits (n = 7); TUNEL, TdT-mediated dUTP nick end labelling.

Figure 1 The myocardial ROS concentration (DHE signal) increased
following 3 weeks of LV pacing (n = 8) compared with sham rabbits
(n = 7). Such increase in the myocardial ROS concentration was pre-
vented by both, pretreatment with vitamins C and E (n = 6) and p38
MAP kinase blockade with SB281832 (n = 6). Data are expressed as
mean � SEM. DHE, dihydroethidine; HF3, heart failure rabbits after
3 weeks of pacing; LV, left ventricular; ROS, reactive oxygen species.
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ROS formation, suggesting that ROS are downstream rather
than upstream of p38 MAP kinase. Indeed, attenuated ROS
formation following p38 MAP kinase blockade has previously
been demonstrated in neutrophils (Sakamoto et al., 2006),
kidney homogenates of hypertensive rats (Tojo et al., 2005)
and vascular rings of rats with HF (Widder et al., 2004). The
mechanism by which p38 MAP kinase activation increases
ROS formation relates possibly to an increased expression and
activity of NADPH oxidase (Bao et al., 2007).

Cardiomyocyte hypertrophy and apoptosis
p38 MAP kinase activation is involved in cardiomyocyte
hypertrophy and apoptosis (Michel et al., 2001; Baines and

Molkentin, 2005; Tenhunen et al., 2006). In the present study
p38 MAP kinase activation increased the formation of ROS,
which could then promote cell death through many path-
ways, notably by MPTP opening and mitochondrial dysfunc-
tion (Di Lisa and Bernardi, 2009). Both antioxidants and p38
MAP kinase inhibition prevented HF. However, antioxidants
did not attenuate the HF-induced increase in p38 MAP kinase
activation, and conversely, the inhibition of p38 MAP kinase
kinase did not prevent apoptosis, which, in turn, was abro-
gated by antioxidants. The latter finding could be related to
the concomitant blockade of JNK phosphorylation by
SB281832, as JNK inhibition increases the extent of cardi-
omyocyte apoptosis in failing hamster hearts (Taniike et al.,
2008). Therefore, the pro-apoptotic effect of JNK blockade is
likely to counteract the anti-apoptotic effect afforded by p38
MAP kinase inhibition and the subsequent ROS formation.

Myofibrillar oxidation and failure
Although a wide array of mechanisms is set in motion in
decompensated hypertrophy, our results emphasize the
importance of oxidative stress and the consequent alteration
of myofilaments. ROS can impair contractile function at
various levels, notably by alterations of energy metabolism,
calcium homeostasis and b-adrenoceptor expression (Qin
et al., 2003; Bilginoglu et al., 2009). Down-regulation of
b-adrenoceptor density contributes to contractile dysfunction
in failing hearts, and up-regulation of b-adrenoceptors – for
example by knocking out G protein-coupled receptor kinase 2
(GRK2) (Raake et al., 2008) – attenuates HF development.
Importantly, ROS activates GRK2 in glioma cells, thereby
favouring down-regulation of b-adrenoceptors (Cobelens
et al., 2007). Accordingly, the present findings show that both
antioxidant vitamins and p38 MAP kinase blockade attenu-
ated ROS formation and b-adrenoceptor down-regulation.

There is little information on the direct impact of oxida-
tive stress on the contractile machinery (Ide et al., 2000;
Giordano, 2005). Genetic deletion of enzymes involved in
ROS removal induces severe structural and functional alter-
ations (Li et al., 1995), whereas antioxidant treatments coun-
teract adverse remodelling in HF (Lombardi et al., 2009). We
have previously demonstrated the role of ROS in myofibrillar
protein oxidation and contractile dysfunction during myo-
cardial ischaemia and reperfusion (Canton et al., 2004).
Furthermore, the coronary microembolization-induced tro-
pomyosin oxidation (Canton et al., 2006) is associated with
impaired calcium responsiveness of the contractile machin-
ery (Skyschally et al., 2008). The present study extends
the relationship between tropomyosin oxidation and con-
tractile impairment to a model of HF totally devoid of
ischaemia.

Activated p38 MAP kinase – potentially via increased
NADPH oxidase expression and activity – contributes to
increased ROS formation in failing hearts, while increased
ROS formation has little impact on p38 MAP kinase activa-
tion. Increased ROS formation induces b-adrenoceptor down-
regulation, possibly via activation of GRK2, and most
importantly, oxidizes myofilaments, thereby reducing con-
tractile function. These effects are not mutually exclusive, but
might well be independent from each other and act in a

Figure 2 Upper panel: representative Western blots of tropomyosin
oxidation. Lane 1 (L1) illustrates the highest degree of oxidation
obtained by adding 1 mM H2O2 for 15 min to isolated tropomyosin.
Lanes 3 and 5 illustrate typical examples of Western blots from failing
rabbit hearts after 3 weeks of LV pacing as compared with control
hearts from sham operated rabbits (lanes 2, L2 and 4, L4). Electro-
phoreses of lanes 2 and 3 were carried out under non-reducing
conditions as opposed to conventional reducing conditions used for
lanes 4 and 5. The comparison between reducing and non-reducing
electrophoresis permits the attribution of tropomyosin dimers in
lanes 2 and 3 (L2, L3) to disulfide cross-bridge formation. Lower
panel: tropomyosin oxidation increased following 3 weeks of LV
pacing (n = 8) compared with sham rabbits (n = 7). Such increases in
tropomyosin oxidation were prevented by both, pretreatment with
vitamins C and E (n = 6) and p38 MAP kinase blockade with
SB281832 (n = 6). Data are expressed as mean � SEM. HF3, heart
failure rabbits after 3 weeks of pacing; LV, left ventricular.
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cooperative fashion to impair contractile function and con-
tribute to the progression of HF.

Limitations
Because LV dysfunction is closely related to the extent of ROS
formation (Qin et al., 2003) and the time course of ROS for-
mation is unknown, we pretreated rabbits with vitamins C
and E in order to maximize any therapeutic effect. For the
same reason and to study the interaction between p38 MAP
kinase activation and ROS formation, also the p38 MAP
kinase inhibition was applied prior to the initiation of LV
pacing.

The focus on oxidative stress and p38 MAP kinase might
represent a limitation of the present study. However, the
present findings do not exclude the involvement of other
mechanisms in the transition from hypertrophy to failure.
Indeed, it is clear from the present study that the initial
decline in contractile function early during LV pacing is not

related to p38 MAP kinase activation, as significant changes in
p38 MAP kinase and HSP27 phosphorylation were observed
only during the transition from the second to the third week
of LV pacing. Therefore, it is not surprising that blockade of
p38 MAP kinase with SB281832 did not completely restore LV
function but maintained it at the level achieved after 2 weeks
of LV pacing. Thus, p38 MAP kinase activation contributes to
the progression rather than the initiation of HF. The mecha-
nisms by which p38 MAP kinase becomes activated during
the progression of HF are numerous and might include LV
dilatation, neurohumoral activation, protein kinase activa-
tion or ion alterations (Aker et al., 2004).

The present results suggest that the extent of protein oxi-
dation in relation to contractile dysfunction is probed reliably
by tropomyosin, as we have shown in microembolized hearts
(Canton et al., 2006). The fact that the amount of tropomyo-
sin undergoing DCB formation appears rather modest might
suggest that this process is not the only one responsible for
contractile dysfunction. Indeed, it is likely that the alteration

Figure 3 (A) Representative Western blots of phosphorylated p38 MAP kinase, total p38 MAP kinase, phosphorylated HSP27 and total HSP27
in Sham and HF3 rabbits. (B) Representative Western blots of phosphorylated p38 MAP kinase, total p38 MAP kinase, phosphorylated HSP27
and total HSP27 in Sham and HF3 rabbits, treated with vitamins C and E. (C) Representative Western blots of phosphorylated p38 MAP kinase,
total p38 MAP Kinase, phosphorylated HSP27 and total HSP27 in Sham and HF3 rabbits, blocked with SB281832. HF3, heart failure rabbits
after 3 weeks of pacing.

Table 2 Haemodynamics, morphology, b-adrenoceptor density and noradrenaline concentration without and with ROS scavenging by
vitamins C and E in sham and HF rabbits

Sham Sham-Vit HF3 HF3-Vit

Heart rate (bpm) 223 � 6 220 � 4 259 � 11A 241 � 5
LVEDD (mm) 16.6 � 0.2 16.7 � 0.2 19.8 � 0.5A 18.8 � 0.2A

Fractional shortening (%) 31.9 � 1.0 31.1 � 0.7 12.9 � 0.7A 18.7 � 0.9AB

Noradrenaline (ng·mL-1) 2.19 � 0.37 1.96 � 0.26 5.82 � 0.76A 5.37 � 1.12A

ß-Adrenoceptor density (fmol·mg-1) 62 � 5 67 � 4 37 � 3A 53 � 7AB

Cardiomyocyte cross-sectional area (mm2) 227 � 6 211 � 4 306 � 6A 259 � 9AB

Number of TUNEL-positive cardiomyocytes [/(1000*mm2)] 4 � 3 19 � 7 64 � 4A 18 � 4B

Phospho p38-MAPK/total p38-MAPK (relative to sham) 1.00 � 0.30 4.79 � 0.80A 2.47 � 0.71A 3.25 � 0.55A

Phospho HSP27/total HSP27 (relative to sham) 1.00 � 0.25 1.52 � 0.55 2.70 � 0.66A 2.90 � 0.28A

Mean � SEM.
Ap < 0.05 versus Sham.
Bp < 0.05 versus HF3.
HF3, heart failure rabbits, 3 weeks (n = 8); HF3-Vit, heart failure rabbits (3 weeks) receiving vitamins C and E (n = 6); LVEDD, left ventricular end-diastolic diameter;
ROS, reactive oxygen species; Sham, sham-operated rabbits (n = 7); Sham-Vit (n = 7), sham-operated rabbits receiving vitamins C and E; TUNEL, TdT-mediated
dUTP nick end labelling.
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of contractile function results from the sum of several oxida-
tive processes affecting various proteins. Please note our
attention was focused on DCB formation, as this covalent
modification is suitable for quantification. It is likely that
other oxidative changes affect the native band, yet they can
hardly be quantified. Regarding the relatively modest amount
of tropomyosin oxidized, it has to be pointed out that severe
contractile abnormalities have been reported for cardiomyo-
cytes harbouring a minor fraction of altered myofibrillar pro-
teins. Indeed, this was the case with the original report of
inborn error of tropomyosin (Bottinelli et al., 1998). As far as
the relevance of tropomyosin oxidation is concerned, it is
worth pointing out that the only cysteine residue of cardiac
tropomyosin (Cys190) (Lewis and Smillie, 1980) is located at
the interface with troponin T (White et al., 1987). Large con-

formational modifications that generally result from protein
oxidation especially when DCB are generated are likely to
alter protein interactions that are crucial for contractile activ-
ity. This concept is supported by experimental models and
clinical findings relating tropomyosin alterations to contrac-
tile abnormalities (Michele and Metzger, 2000). Furthermore,
other covalent changes, such (de)phosphorylation, nitration/
nitrosylation and proteolysis, might also occur and impair
contractile function (van der Velden, 2006; Belin et al., 2007;
Vahebi et al., 2007). These changes, far from being mutually
exclusive with ROS-induced alterations, can be favoured by
oxidation or, in turn, render proteins more susceptible to
ROS. We did not find proteolysis of tropomyosin and desmin
(data not shown), yet we cannot exclude that other myofibril-
lar proteins are proteolysed. Evidence of tropomyosin nitrosy-
lation was obtained (unpublished results), yet its extent was
not affected by antioxidant vitamins and p38 MAP kinase
inhibition. The phosphorylation status of myofibrillar pro-
teins is important in several models of HF (Belin et al., 2007;
Vahebi et al., 2007). Actually, p38 MAP kinase activation is
associated with tropomyosin dephosphorylation and reduced
sarcomeric function (Vahebi et al., 2007). Although we did
not assess myofibrillar protein phosphorylation, the activa-
tion of p38 MAP kinase favours ROS formation, so that any
functional changes resulting from tropomyosin dephospho-
rylation could have been secondary to oxidation or vice versa.

In summary, we show that inhibition of p38 MAP kinase by
SB281832 counteracts ROS formation, tropomyosin oxidation
and contractile failure, without affecting apoptosis. Thus, p38
MAP kinase activation appears to be upstream rather than
downstream of ROS, which impacts on LV function through
myofibrillar oxidation. However, we did not exclude other
modifications of the contractile machinery nor other targets
of ROS. Further studies will have to look at the potential use
of p38 MAP kinase inhibition in the prevention and treat-
ment of HF.
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