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Abstract

Selective cardiotoxicity of doxorubicin (DOX) remains a significant and dose-limiting clinical prob-

lem. The mechanisms implicated are not yet fully defined but may involve the production of reactive

oxygen species or expression of cytokines. Although patients with advanced congestive heart failure

express elevated circulating levels of tumour necrosis factor-� (TNF�), little is known about the

prognostic importance and regulation of TNF� in the heart in cardiac disease states. Here we tested

whether the expression of TNF�, along with oxidative stress, is associated with the development of

DOX-induced cardiomyopathy (DOX-CM) and whether concurrent treatment with taurine (Taur), an

antioxidant, or rolipram (Rolp), a TNF� inhibitor, offer a certain protection against DOX cardiotoxic

properties. DOX (cumulative dose, 12mgkg�1) was administered to rats in six equal (intraperitoneal)

injections over a period of 6 weeks. Cardiomyopathy was evident by myocardial cell damage, which

was characterized by a dense indented nucleus with peripheral heterochromatin condensation and

distorted mitochondria, as well as significant increase in serum levels of creatine kinase and lactate

dehydrogenase. DOX also induced an increment (P<0.001) in serum TNF� and plasma nitric oxide

levels. The extent of left ventricular (LV) superoxide anion, lipid peroxide measured as malondialde-

hyde, catalase and calcium content were markedly elevated, whereas superoxide dismutase, total

and non-protein-bound thiol were dramatically decreased in DOX-treated rats. Exaggeration of

DOX-CM was achieved by intraperitoneal injection of lipopolysaccharide (LPS) (1mgkg�1) 18h

before sampling and evaluated by highly significant increase in heart enzymes (P<0.001), oxidative

stress biomarkers and TNF� production. Pre- and co-treatment of DOX or DOX-LPS rats with Taur

(1% daily supplemented in drinking water, 10 days before and concurrent with DOX) or Rolp

(3mgkg�1, intraperitoneally, one dose before DOX administration then every 2 weeks throughout

the experimental period) ameliorated the deleterious effect of both DOX and LPS on the aforemen-

tioned parameters. Meanwhile, it is noteworthy that Rolp exhibited a more preferable effect on

serum TNF� level. Taur and rolipram also restored the myocardial apoptosis induced by DOX. In

conclusion, a cumulative dose of DOX affected free radical and TNF� production in the heart of an

experimental cardiomyopathy animal model. The current results suggest that down-regulation of

these radicals and cytokines could be maintained by using the free radical scavenger Taur or, more

favourably, the TNF� inhibitor Rolp.

Introduction

Doxorubicin HCl (Adriblastina) is one of the most effective and useful antineoplastic
agents for the treatment of a variety of malignancies, including lymphoma, leukaemia
and solid tumours. However, its therapeutic use is sometimes limited by late-onset
acute and chronic cardiotoxicity (Coudray et al 1995). The chronic cardiotoxicity is
dose dependent and causes irreversible myocardial damage, resulting in dilated cardio-
myopathy (DCM) with fatal congestive heart failure (Sorensen et al 1997). Previous
studies reported that free-radical-mediated myocyte damage (Al-Shabanah et al 1998),
disturbance in myocardial adrenergic function (Valdes Olmos et al 1997), intracellular
calcium overload (Rossi et al 1994) and release of cardiotoxic cytokines (e.g., tumour
necrosis factor-� (TNF�)) might be involved in the pathogenesis of doxorubicin-
induced cardiomyopathy.



Taurine, one metabolite of methionine and cysteine,
has been shown to have cytoprotective properties through
its antioxidant, osmoregulating and anti-atherogenic
activity (Chen 1993) and its effect on intracellular calcium
flux (Milei et al 1992; Murakami et al 2002). It also re-
duces cell damage associated with ischaemia-reperfusion
(Chen 1993) and attenuates the development of apoptosis
(Wang et al 1996). Epidemiological studies revealed that
taurine intake correlates inversely with the incidence of
coronary heart disease, heart failure and dilated cardio-
myopathy (Sole & Jeejeebhoy 2002).

Recent studies have highlighted the elevated level of
TNF� in patients with heart failure (Torre-Amione et al
1996). Although the elaboration of TNF� in these patients
was originally suggested to be a potential biochemical
mechanism that was responsible for the cachexia that
occurs in this syndrome (Levine et al 1990), it is also
known that over-expression of this pro-inflammatory cyto-
kine can produce left ventricular (LV) dysfunction and
cardiomyopathy in man (Hegewisch et al 1990). This latter
observation has prompted the thought that over-produc-
tion of TNF� may contribute to disease progression in
heart failure by virtue of its direct toxic effects within the
heart and circulation (Seta et al 1996). Therefore, it is pro-
vocative to suggest that the development of pharmacologi-
cal agents that suppress the synthesis or block the actions of
TNF� would be useful in preventing or delaying the pro-
gression of heart failure, but the utility of specific TNF�
inhibitors in this disorder has not yet been explored.

Recently, agents that increase intracellular cyclic adeno-
sine monophosphate ([cAMP]i), such as inhibitors of phos-
phodiesterase type 4 (PDE4), e.g. rolipram, reduce TNF�
production both in-vitro and in-vivo (Nyman et al 1997).

The following study was conducted to investigate the
cardiotoxic effect of doxorubicin in rats, examine the role
of lipopolysaccharide (LPS) as a TNF� inducer in experi-
mental cardiotoxicity, focus on the putative role of taurine
as a free radical scavenger in oxidative stress induced by
doxorubicin in the heart, and elucidate the possible pro-
tective effect of rolipram as a TNF� inhibitor on experi-
mentally induced cardiomyopathy.

Materials and Methods

Experimental animals

Adult male albino rats, 180� 20g, were supplied by
Egyptian Organization for Biological Product and
Vaccine. Rats were subjected to controlled conditions of
temperature (25� 2�C) and illumination (12-h light–dark),
andallowed free access tonormal rat chowdiet and tapwater.
All experiments were carried out in accordance with proto-
cols approved by the local experimental ethics committee.

Experimental protocol

Two weeks after acclimatization, the rats were randomly
divided into seven experimental groups (22–24 rats
in each): control; doxorubicin; doxorubicinþ taurine;

doxorubicinþ rolipram; doxorubicinþLPS; doxorubicinþ
LPSþ taurine; doxorubicinþLPSþ rolipram.

Control rats received normal saline (0.5mL) according
to the same study schedule. Doxorubicin HCl (Adriblastina;
Pharmacia Upjohn, Italy) was injected intraperitoneally in
a cumulative dose of 12mgkg�1 per week over 6 weeks
(Wakasugi et al 1992). Taurine (Sigma-Aldrich, St Louis,
MO) was supplemented daily in drinking water (1%) to
appropriate groups, 10 days before doxorubicin administra-
tion and thereafter throughout the experiment; the calcu-
lated dose of taurine, based on the average daily water
intake, was 1 gkg�1 (Mitton et al 1999). Rolipram (A. G.
Scientific Inc., Sandiego, CA) was injected intraperitoneally
in a dose of 3mgkg�1 (Buttini et al 1997) one day before
doxorubicin injection, then every two weeks throughout the
treatment period. LPS (E. coli O127; Sigma-Aldrich,
St Louis, MO) was injected intraperitoneally in a single
dose of 1mgkg�1 18h before sampling (Beno et al 2001).

After 2 and 6 weeks of drugs administration, 10 rats from
each group were anaesthetized with urethane (1.3mgkg�1).
Blood samples were collected via tetro-orbital bleeding for
serum and plasma separation. A part of the serum sample
was used immediately for enzyme assays and the remaining
part, together with plasma samples, was stored at �20�C
until analysis. Rats were then killed by decapitation, the
chest was opened and the hearts immediately isolated, and
washed in cold 0.1M sodium phosphate buffer (pH 7.4).
The left ventricles were isolated and subjected directly to
myocardial oxidative stress and ultrastructure studies.

Serum creatine kinase-MB type (CK-MB) and lactate
dehydrogenase (LDH) activity was determined calorimetri-
cally by using commercial kits (ELITECH diagnostic,
France) (Morin 1977; Rotenberg et al 1988). Serum
TNF� was evaluated by ELISA technique using a kit
purchased from Biosource (USA) (Chen et al 1988). The
sensitivity of the ELISA system was <5pgmL�1. Plasma
nitric oxide (NO), measured as nitrite, was determined
using Griess reagent (Moshage et al 1995). LV oxidative
stress was detected by spectrophotometric determination
of superoxide anion (O2

�) (Hassoun & Stohs 1996),
superoxide dismutase (SOD) (Marklund 1985), catalase
(CAT) (Clairborne 1985) and thiol content (total and non
protein bound (total-SH and NP-SH)) (Sedlak & Lindsay
1968). Total protein in LV tissue homogenate was assayed
according to the method of Chromy & Fischer (1977) using
a diagnostic kit provided by Biocon (Germany). Lipid
peroxidation in LV was assessed by the simple and sensitive
thiobarbituric acid reaction with lipid peroxide end-
product malondialdehyde (MDA). The concentration of
MDA was estimated as thiobarbituric acid-reactive sub-
stances (TBARS) by spectrophotometric assay (Placer
et al 1966), the colour complex was detected at 532 nm
using tetramethoxypropane as standard. LV Ca2þ content
was evaluated by atomic absorption flame emission spec-
trophotometer (Volkl & Fahimi 1985).

Ultrastructural study

Tissue samples, 4–5mm in size, were taken from
four different areas of the subendocardium, as well as
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subepicardium, of the free LV wall between the midregion
and apex of the heart. The tissue pieces were immersed for
15min in 0.1M phosphate buffer (pH 7.4) containing 3%
glutaraldehyde. This fixed tissue was further cut into
pieces smaller than 1mm cubes. Aldehyde fixation was
continued for a total duration of 2 h. The tissues were
washed for 1 h in the aforementioned phosphate buffer
containing 0.05M sucrose. Postfixation was done in 2%
OsO4 for 1.5 h, after which the tissue pieces were dehy-
drated in graded alcohol series. Tissue embedding was
done in Epon. Ultrathin sections were placed on for-
mavr-coated grids and stained with uranyl acetate and
lead citrate. Electron micrographs of the subendocardial
and subepicardial regions from all groups were compared
to establish ultrastructural differences.

Statistical analysis

Parameters between treated and control groups were
evaluated for significance using Student’s t-test (SPSS
programs, Chicago, IL). Comparisons of three or more
groups were conducted by one-way analysis of variance
followed by Tukey’s Student’s rank test. Statistical
association between functional parameters were assayed
using Spearman’s nonparametric correlation analysis.
Results are expressed as mean� s.d. Significance was set
at P<0.05.

Results

The cumulative cardiotoxicity of doxorubicin in rats was
established by myocardial cell damage (Figure 5B) and a
significant increase in serum levels of CK-MB and LDH
(118.8%, 253.1% and 57.3%, 164.8%, control vs
doxorubicin-treated rats at weeks 2 and 6, respectively)
(Figures 1 and 2).

Rats receiving doxorubicin underwent a significant
increase in serum TNF� (4- and 2 fold) and plasma NO
(2 and 3.7 fold) levels compared with the corresponding
control groups (after 2 and 6 weeks, respectively)
(Table 1). Moreover, doxorubicin elicited a significant
increment (P<0.01) in LV tissue O2

�, MDA, CAT and
Ca2þ content, whereas a marked decrement (P<0.01) in
SOD, total-SH and NP-SH level was observed compared
with control values (Table 2, Figure 3). Injection of LPS
in combination with doxorubicin greatly exacerbated
(P<0.001) the aformentioned parameters, notably
TNF�, by approx. 53.8% and 51.4% compared with
doxorubicin-treated rats after 2 and 6 weeks, respectively.

It was noticeable that taurine supplementation amelio-
rated the cardiotoxic effect of doxorubicin or doxorubicinþ
LPS. This was evident by a significant decrease in
serum activity of both CK-MB (30.3%; 55.6%, 29.1%;
47.3%, doxorubicin vs doxorubicin þ taurine; doxorubicin
þLPS vs doxorubicinþLPSþ taurine after 2 and 6 weeks,
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respectively) and LDH (35.6%; 46.7%, doxorubicin vs
doxorubicinþLPS; doxorubicinþ taurine vs doxorubicin
þLPSþ taurine at week 6, respectively). Taurine induced
half decline in the LV oxidative stress biomarkers, O2

� and
MDA, CAT, Ca2þ content and plasma NO levels
(P<0.001), meanwhile it increased LV activity of SOD,
total -SH and NP-SH (P<0.001) compared with the
respective doxorubicin and doxorubicinþLPS rats
(Tables 1 and 2).

Notable among the striking findings of this study was
the crucial role of rolipram in inhibiting doxorubicin-
induced cardiomyopathy. This was clearly recognized by
a marked reduction (P<0.001) in serum CK-MB (55.9%;
57.0% and 31.9%; 52.0%, doxorubicin vs doxorubicin þ
rolipram and doxorubicinþLPS vs doxorubicinþLPSþ
rolipram at weeks 2 and 6, respectively) and LDH levels
(48.7%; 48.0%, doxorubicin vs doxorubicinþ rolipram
and doxorubicinþLPS vs doxorubicinþLPSþ rolipram
at week 6, respectively) (Figures 1 and 2). It is noteworthy
that rolipram induced a decrement in serum TNF� level
(2.4, 2.9 fold at week 2 and 7.5, 4.8 fold at week 6, doxor-
ubicin vs doxorubicinþ rolipram and doxorubicinþLPS
vs doxorubicinþLPSþ rolipram). Furthermore, we
found that rolipram remarkably decreased (P<0.001)
plasma NO level (by approx. 53.2%; 44.0% after 2 and 6
weeks, respectively, compared with doxorubicin-treated
rats, meanwhile its level was reduced after 6 weeks by
68.9% compared with the doxorubicinþLPS group.
Rolipram also reduced the elevated levels of LV O2

�,
lipid peroxides, CAT and Ca2þ (P<0.001) (Tables 1 and
2, Figure 3) and abolished the negative effects on LV SOD,

total -SH and NP-SH (P<0.001) (Table 2) compared with
the doxorubicin or doxorubicinþLPS groups.

Finally, using the combined results from all rats, serum
TNF� was positively correlated with serum CK-MB
(r¼ 0.86, P<0.0001) and LDH (r¼ 0.83, P<0.0001),
plasma NO (r¼ 0.89, P<0.0001), and LV O2

� (r¼ 0.90,
P<0.0001) and Ca2þ (r¼ 0.93, P<0.0001). In contrast,
it was negatively correlated with LV SOD (r¼�0.48,
P<0.001) and NP-SH (r¼�0.74, P<0.0001) (Figure 4).

Morphological changes in the doxorubicin or doxoru-
bicinþLPS groups were typical for doxorubicin-induced
cardiomyopathy and included swelling of mitochondria,
vacuolization of cytoplasm, formation of lysosomal bodies
and dilation of the sarcotubular system (Figures 5B and
5C). Ultrastructure of hearts from the doxorubicin and
doxorubicinþLPS groups with taurine or rolipram were
indistinguishable from that of the control group and had a
regular myofibrillar arrangement, maintained sarcotubular
system and preserved mitochondria (Figures 5D and 5E).

Discussion

Doxorubicin continues to be a mainstay chemotherapeu-
tic agent, but cardiotoxicity is a significant dose-limiting
side effect requiring lifetime dosing limits. Although oxi-
dative chemistry has long been implicated in the aetiology
of doxorubicin-induced cardiomyopathy, the putative
reactive oxygen species (ROS) involved, and the mechan-
ism by which injury occurs, remain poorly understood.
Here, we demonstrated severe LV dysfunction in a
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well-established rat model of doxorubicin-induced cardio-
myopathy to test the hypothesis that cytokines, particu-
larly TNF�, are formed during, and may participate in,
DOX-mediated cardiotoxicity. Also we elucidated the
putative role of rolipram in remodelling of doxorubicin-
induced cardiomyopathy.

Development of cardiomyopathy due to doxorubicin in
this study was demonstrated bymyocardial cell damage and
an increase in serum levels of CK-MB and LDH. Creatine
kinase is considered to be one of the most oxidatively
sensitive enzymes (Yin et al 1998). Both in-vivo (Yin et al
1998) and in-vitro (Thomas et al 1994) studies have demon-
strated that doxorubicin causes a reduction of total heart
creatine kinase activity which is accompanied by the detec-
tion of increased creatine kinase activity in the serum, a
clinical marker of cardiac cell damage. A contemporary
mechanism of doxorubicin-induced cardiac dysfunction is
based on tissue oxidation through increased cellular O2

�

formation (Hasinoff 1998), as elicited by our results. The
anthracycline ring structure of doxorubicin has been shown
to undergo both enzymatic and non-enzymatic single-elec-
tron redox cycling, liberating O2

� from molecular oxygen
(Sarvazyan et al 1995). Alternatively, this agent attacks the
cardiac myocyte membrane, damages several macromole-
cular cellular components and causes protein and lipid
peroxidation. This effect would compromise the cellular
integrity and potentially account for the leakage of heart
enzymes through the membranes and increase their serum
activity (El-Missiry et al 2001). Furthermore, it has recently
been demonstrated that some -SH groups of creatine
kinase, which have an important role in its enzyme activity,

are very sensitive to ROS activated by doxorubicin (Miura
et al 2000). Such oxidative modification may participate in
the decrease of creatine kinase activity in cardiomyocytes
(De Atley et al 1999).

The contribution of doxorubicin oxidative stress in
doxorubicin-induced cardiomyopathy is obvious in this
study, where there was an increase in lipid peroxides as
indicated by increased TBARS concentration accompa-
nied by a concomitant decrease in the activity of SOD in
the heart. Our results are consistent with those from pre-
vious studies (Mohamed et al 2000). It has been suggested
that doxorubicin enhances iron-dependent lipid peroxida-
tion within the heart. The doxorubicin–iron complex is
highly toxic to various intracellular proteins and mem-
brane lipids (Miura et al 2000). In addition, the decline
in SOD may have some role in the of doxorubicin-induced
cardiomyopathy. However, an up-regulation of antioxi-
dant gene expression in response to doxorubicin in mouse
heart has been observed, while the antioxidant activity
was not increased (Yin et al 1998).

The putative role of oxidative stress in the induction of
doxorubicin-induced cardiomyopathy seen in this study
may be supported by the protective effect of the activation
of CAT on the development of cardiomyopathy. In fact,
mammalian myocardium is somewhat deficient in CAT.
Thus, adaptive changes in CAT may be inadequate in
protecting myocardial cells against oxidative stress (Yin
et al 1998; Timao & Singal 2000).

The exact role of the doxorubicin-induced decrease
in -SH group, as elucidated in our study, is not clear, but
it may involve oxidative-stress-induced changes at the
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gene or at the protein level (Yin et al 1998). Moreover,
lipid peroxides may inhibit the activity of selected enzymes
by oxidation of reduced thiol groups (Timao & Singal

2000). In fact, an inverse correlation between glutathione
peroxidase activity and lipid peroxides in the hearts of
doxorubicin-treated rats has been reported (Li et al 2000).

The marked increase in circulating TNF� level, as well
as its positive correlation with CK-MB, LDH, O2

� and
lipid peroxides, and negative correlation with SOD and
NP-SH in this study after doxorubicin administration, pos-
tulated our idea that TNF�may contribute in the induction
and progression of doxorubicin-induced cardiomyopathy.
The molecular mechanisms responsible for the expression
of TNF� by doxorubicin are not well defined. It has been
suggested that ROS may mediate the activation of genes
for some pro-inflammatory cytokines (i.e. TNF�) through
the stimulation of transcription factor NF-�B (Schreck &
Baeuerle 1991). Recently, TNF� mRNA and protein
were shown to be elevated in heart failure (Kubota et al
2000).

Our data corroborate the effectiveness of doxorubicin
as an inducer of Ca2þ overload in LV tissues. It has been
reported that doxorubicin-treated animals express a dose-
dependent increase in the sensitivity to Ca2þ-induced
mitochondrial dysfunction and cell death. Moreover, per-
sistent and irreversible alteration in the mitochondrial
Ca2þ-loading capacity are also observed. Many studies
have demonstrated that the ADP/ATP translocase (regu-
lators of mitochondrial Ca2þ-loading capacity) gene was
down-regulated in cardiac myocytes exposed to doxorubi-
cin (Jeyaseelan et al 1997).

Regarding plasma NO in this study, it was clear that
doxorubicin caused a remarkable elevation in its level. In
cardiac injury, elevated NO production occurs via induc-
tion of iNOS (Weinstein et al 2000). NO react with O2

� at
a nearly instantaneous rate intracellularly to form peroxy-
nitrite anions (Stamler et al 1992). This potent oxidant is
capable of disrupting cellular function and modifying
iron/sulfur centres, protein thiol and tyrosine residues to
form 3-nitrotyrosine (Ischiropoulos 1998).

Our results clearly showed that LPS exaggerated the
cardiotoxicity induced by doxorubicin, as established by
the ultrastructure study and elevation of O2

�, TBARS,
SOD and CAT. Meanwhile, it decreased total -SH and
NP-SH in the heart tissues. These results are in agreement
with other studies (Miura et al 2000). The increase in
oxidative stress caused by LPS may be attributed to the
increased production of ROS through stimulation of
polymorphonuclear leucocytes, which are responsible for
killing microorganisms and eliminating cellular debris.
These functions are mediated by O2

� generated by an
NADPH-dependent oxidase, as well as other ROS, such
as H2O2 and hydroxyl radicals (Deleo et al 1998).

The increase in SOD and CAT activity after LPS
injection may be a defence mechanism against increased
oxidative stress. Moreover, ROS might be involved in
the induction of Mn-SOD mRNA by LPS (White & Tsan
2001).

Co-administration of LPS with doxorubicin highly
increased the amount of TNF� in serum. LPS can induce
TNF� production via CD14-dependent (Theofan et al
1994) and -independent (Kumura et al 2000) pathways.
Interaction of LPS with CD14 leads to rapid intracellular
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tyrosine phosphorylation of Ras by phosphoprotein kinase,
a process that initiates the protein kinase cascade, leading to
TNF� formation (Meldrum 1998).

It was observed that taurine supplementation in drink-
ing water to the rats given doxorubicin alone or with LPS
increased substantially the antioxidant defence of the
heart and restored the biomarkers’ values of oxidative
stress and cardiotoxicity. The protective effect of taurine
on doxorubicin-induced cardiomyopathy is in harmony
with early studies (Gurer et al 2001). Taurine is likely to
act by scavenging ROS intracellularly and potentially
inhibits programmed cell death (Wu et al 1999). In add-
ition, it exerts a protective effect against oxidative damage
by hypochlorous acid, a by-product of chloride and H2O2,
through the formation of taurine chloramines, which in
turn suppresses the translation of TNF� mRNA (Park
et al 1993). Expression of iNOS is also subject to transcrip-
tional and post-transcriptional regulation by taurine. A
mechanism of iNOS regulation similar to that of TNF�
regards the stability and efficiency of iNOS mRNA trans-
lation induced by doxorubicin and LPS, among other
effector molecules (Wersz et al 1994).

In this study, combination of taurine with doxorubicin,
or doxorubicinþLPS, ameliorated the elevated LV Ca2þ

content. Apart from its effect as antioxidant, taurine
also functions principally as a regulator of intracellular
Ca2þ flux. It appears to affect cell metabolism through a
Ca2þ biphasic effect that depends on Ca2þ concentration.
Thus it prevents increased Ca2þ-mediated cell injury (Wu
et al 1999).

Operationally, combined administration of rolipram
and doxorubicin or doxorubicinþLPS showed homolo-
gous effects on the LV tissues, oxidative stress markers
and biochemical parameters studied as compared with
taurine administration with few qualitative and quantita-
tive distinctions.

Thus, our findings provide further evidence that inhi-
bitors of PDE4 attenuate doxorubicin-induced cardio-
myopathy. Rolipram, by inhibiting PDE4 breakdown of
cAMP, increases its intracellular level, which in turn de-
creases ROS and TNF� formation (Sullivan et al 1999).
Furthermore, Miotla et al (1998) demonstrated that roli-
pram attenuates the production of neutrophil-derived med-
iators (i.e. O2

�).
The significant decrement in serum TNF� production

induced by doxorubicin and LPS agrees with the report
of Miotla et al (1998) and Harada et al (2000). This gives
rise to the suggestion that attenuation of TNF� produc-
tion by rolipram may be the primary defence against
doxorubicin- and LPS-induced tissue injury (Sullivan
et al 1999). On the other hand, it has been postulated
that elevated [cAMP]i inhibits NFkB-mediated TNF�
transcription in monocytes (Harada et al 2000).

The observed reduction in plasma NO after adminis-
tration of rolipram with doxorubicin and LPS could be
attributed to inhibition of NO synthase activity and hence
blocking of NO formation (Sander et al 1999).

Our data showed that combination of rolipram with
doxorubicin and LPS induced a significant reduction
in LV Ca2þ content. These results confirmed previous

work (Toimil et al 2000) that proved that rolipram, by
its increase in [cAMP]i, inhibited histamine- ATP- and
thrombin-induced increase in cellular Ca2þ. Moreover,
rolipram reduced the agonist-mediated elevation of intra-
cellular Ca2þ mainly through inhibition of Ca2þ mobiliza-
tion from internal stores (Toimil et al 2000).

Conclusion

It can be concluded that taurine or rolipram may be of
great benefit in combination therapy with doxorubicin to
limit free-radical- and TNF�-mediated cardiac injury.
Rolipram exhibited more beneficial effects on TNF�-
mediated cardiac toxicity. Obviously, further studies
delineating the capacity of selective TNF� inhibitors to
prevent doxorubicin-induced heart injury may provide
additional mechanistic insight as well as potential thera-
peutic benefit.
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