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Summary. The aim of the present investigation was to 
evaluate the potential cardioprotective effect of reduced 
glutathione (GSH) against the delayed cardiomyopathy in- 
duced by doxorubicin (DXR) in a well-documented rat 
model. DXR was administered i.v. at a weekly dose of 
3 mg/kg for a total of 4 doses; 250 or 500 mg/kg of GSH 
was given i.v. t0 rain before and 2 h after each DXR 
injection, resulting in a total weekly dose of 500 or 
1000 mg/kg, respectively. The development of cardiotox- 
icity was monitored in vivo by means of electrocardiogra- 
phy (QaT duration), and was evaluated by measuring the 
contractile performance of isolated atria and by light and 
electron microscopy of left ventricular samples excised 
5 weeks after the last DXR administration. DXR was 
found to impair body weight gain and to produce an irre- 
versible and time-dependent prolongation of QaT, a 
decrease in myocardial contractility of isolated atria and 
typical morphologic alterations, including myocyte 
vacuolization and myofibrillar loss. Pretreatment with 
GSH at a dose of 500 mg/kg x 2, but not at 250 mg/kg • 2, 
partially prevented the impairment of  body weight gain, 
QaT prolongation in ECG and the decrease in myocardial 
contractility of isolated atria induced by DXR. Alterations 
of the morphologic pattern were also significantly reduced 
in animals receiving the higher dose of GSH. Determina- 
tions of the cardiac non-protein sulfhydryl group content 
showed that GSH, at doses higher than or equal to 
500 mg/kg, significantly increased this parameter, irre- 
spective of the presence of DXR. In conclusion, the present 
data indirectly support the hypothesis that oxidative dam- 
age is involved in DXR cardiotoxicity and indicate that 
maintenance of the reduced thiol pool could be an impor- 
tant issue in myocardial protection. 

Offprint requests to: E Villani, Divisione di Fisiopatologia Car- 
diorespiratoria, Istituto Nazionale per lo Studio e la Cura dei Tumori, Via 
Venezian i, 1-20 133 Milano, Italy 

Introduction 

The clinical use of doxorubicin (DXR) in long-term treat- 
ments is limited by serious side-effects and particularly by 
the development of a dose-dependent form of cardiomy- 
opathy, which is frequently lethal [26, 28]. Several reports 
suggest that oxygen-free radicals produced during the met- 
abolic activation of DXR may have toxic effects on heart 
muscle [4, 15], which is provided with poor mechanisms of 
detoxification of such species [8]. In some animal models 
DXR has been shown to reduce non-protein sulfhydryl 
group levels in myocardial cells [7, 15], and the adminis- 
tration of exogenous reduced glutathione (GSH) was found 
to prevent the depletion of the reduced thiol pool after 
DXR treatment [7], as well as the development of acute 
DXR cardiotoxic effects in mice, without affecting the 
antitumor properties of the drug [27]. A similar protective 
effect was observed in animals treated with DXR and 
N-acetylcysteine, a putative precursor of GSH [9]. The aim 
of the present investigations was to evaluate whether the 
administration of GSH protected the myocardium against 
the delayed toxicity of DXR in a validated model of coadi- 
otoxicity in rats [22]. The possibility of a relationship 
between the hypothesized protective effect of GSH and the 
myocardial levels of GSH after i.v. administration of this 
compound was also investigated. 

Materials and methods 

Animals. Female CD (Crl:CD(SD)BR) rats (Charles River, Calco, Italy) 
with a starting weight of 120-130 g were used in the study. The animals 
were maintained under standard laboratory conditions and in quarantine 
for 7 days before being randomized into experimental groups of 6-8 
animals. 

Drugs and treatment schedules. DXR and reduced GSH were kindly 
supplied by Farmitalia-C. Erba (Milan, Italy) and by Boehringer Bio- 
chemia Robin, (Milan, Italy), respectively. DXR was dissolved in dis- 
tilled water and administered i.v. at a dose of 3.0 mg/kg per week 
(2 ml/kg) for 4 weeks. Reduced GSH was reconstituted in distilled water 
immediately before use and was given i. v. at a dose of 250 or 500 mg/kg 
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Fig. 1. Effect of different doses of GSH on the non-protein sulfhydryl 
content in the heart (means • SEM of six determinations) performed 
30 min after GSH administration 

(2 ml/kg) 10 rain before and 2 h after each DXR administration, resulting 
in a total weekly dose of 500 or 1000 mg/kg, respectively. Controls 
received the same volumes of saline as the treated animals (2 ml/kg per 
injection) according to the same time schedules. 

Determinations of non-protein sulfhydryl levels. Groups of 6 animals 
were sacrificed at different times after a single i.v. administration of 
different doses of GSH. The hearts were removed, weighed and immedi- 
ately homogenized in ice-cold 5% trichloroacetic acid; the protein pre- 
cipitate was removed by centrifugation at 5000 g for 10 rain and the 
acid-soluble sulfhydryl concentration was determined by the method 
described by Ellman [10]. The results of these determinations were used 
to choose the GSH doses for the subsequent investigations. Non-protein 
sulfhydryl levels were also determined in hearts from animals receiving 
3 mg/kg i.v. of DXR preceded (10 min before) by an i.v. injection of 
saline or GSH at the doses chosen for the cardiotoxicity study (250 or 
500 mg/kg). This set of determinations was performed 30 min after DXR 
administration. Control values refer to hearts from animals receiving i. v. 
injections of saline according to the same schedules as the treated ani- 
mals. 

Evaluation of general toxicity. The body weight of the animals was 
recorded at 2-week intervals, as an index of general toxicity. Five weeks 
after the last DXR administration, after recording the last ECG, the 
animals were sacrificed by cervical dislocation. Blood samples for bio- 
chemical and hematological analyses were obtained after the sacrifice. A 
complete blood count, serum determinations of urea nitrogen, creatinine, 
glucose, sodium, potassium, calcium, iron, lactate dehydrogenase, alka- 
line phosphatase and transaminases were performed. 

Evaluation of delayed cardiotoxicity. The development of myocardial 
toxicity was monitored in vivo by ECG and was subsequently evaluated 
by measuring the contractile performance of isolated atria and by light 
and electron microscopic examination of left ventricular samples excised 
5 weeks after the last DXR administration. 
1. ECG parameters. Electrocardiograms were recorded at the beginning 

of the treatment and subsequently at 2-week intervals. The standard 
procedure for ECG recording has been described in detail elsewhere 
[22]. QaT duration was measured for each tracing since the parame- 
ter was found to be related to the severity of the morphologic lesions 
developed by DXR-treated animals [22, 23]. QaT duration was not 
corrected for changes in heart rate, according to the findings of some 
authors [5, 14]. QaT was calculated as the interval between the 
Q wave and the apex of the T wave. 

2. Assessment of myocardial contractility. Myocardial contractility was 
evaluated in spontaneously beating atria isolated from animals at the 
end of the observation period and incubated in Tyrode's solution at 

Table 1. Non-protein sulfhydryl group concentration in rat myocardial 
tissue (gmol/g fresh tissue) 30 rain after a single i.v. administration of 
GSH and/or DXR (means • SEM of 4 - 6  determinations) 

Controls 1.43 • 0.16 
DXR t.34• 
GSH (250 mg/kg) 1.70 • 
GSH (500 mg/kg) 2.14• a, b 
GSH (250 mg/kg) + DXR 1.59 4-0.19 
GSH (500 mg/kg) + DXR 2.08 • a 

P <0:05, a vs DXR; b vs controls 

37 ~ C, aerated with a 95% 02 + 5% CO2 iTlixture, to maintain a pH value 
of 7.4. The contractile performance of isolated atria was assessed by 
subjecting the preparations to stepwise increases in resting tension and 
recorded by means of an isometric tension recording system; dF/dt (g/s) 
was used as a contractility index. 

3. Histological evaluation. Immediately after the sacrifice, left ventric- 
ular fragments were prepared for electron microscopy, as described 
elsewhere [21, 22]. DXR cardiotoxicity was evaluated by examina- 
tion of transverse and longitudinal sections of the whole ventricle and 
the severity of the lesions was quantitated according to a scale from 0 
to 2, as follows: 0 = no damage; 0.2 = involvement of very few 
(fewer than 10) myocytes; 0.5 = involvement of more than 10 myo- 
cytes; 1 = involvement of small clusters of myocardial cells; 
1.5 = multiple clusters of vacuolated myocytes; 2 = diffuse myocyte 
damage. The sections were evaluated without prior knowledge of the 
treatment given to the animals. 

Statistical analysis. A factorial design of the analysis of variance was 
adopted to assess differences in the time-courses of body weight and QaT 
duration and in the contractile responses of isolated atria to increasing 
values of resting tension. Morphologic data were evaluated by means of 
Wilcoxon's non-parametric test. Differences in cardiac non-protein 
sulfhydryl content were evaluated by means of a one-way analysis of 
variance with Duncan's multiple range test (confidence level P = 0.05). 

Results  

Determination o f  non-protein sulfl~ydryl levels 

T h e  admin i s t r a t ion  o f  G S H  p r o d u c e d  a d o s e - d e p e n d e n t  

inc rease  in m y o c a r d i a l  su l fhydry l  g roups ,  w i th  a p e a k  va l -  
ue  o b s e r v e d  10 rain and a subsequen t  p la teau  up to 30 rain. 
F i g u r e  1 repor ts  the m e a n  p e a k  va lues  o f  the ac id - so lub le  
su l fhydry l  con ten t  o f  the hear t  af ter  a s ing le  i .v .  admin i s -  
t ra t ion o f  d i f fe ren t  doses  o f  G S H ,  and shows  that  on ly  
doses  equa l  to o r  grea te r  than 500 m g / k g  w e r e  able  to 
inc rease  s ign i f i can t ly  the  r e d u c e d  th iol  p o o l  o f  m y o c a r d i a l  
cells.  D X R  a lone  d id  no t  a f fec t  the  ex ten t  o f  the m y o c a r d i a l  
non -p ro t e in  su l fhydry l  p o o l  30 m i n  after  d rug  admin is t ra -  
t ion.  W h e n  G S H  was  admin i s t e r ed  in c o m b i n a t i o n  wi th  
D X R ,  a s ign i f i can t  inc rease  in non -p ro t e in  su l fhydry l  
g roup  l eve l s  was  o b s e r v e d  wi th  the dose  o f  500 m g / k g ,  
w h e r e a s e  250 m g / k g  w e r e  i ne f f ec t i ve  on  this as we l l  as on 
the o ther  pa ramete r s  tes ted  in the  s tudy (Tab le  1). 

Evaluation o f  general  toxicity 

N o  deaths  w e r e  o b s e r v e d  in any o f  the  e x p e r i m e n t a l  g roups  
dur ing  the obse rva t ion  per iod .  As  s h o w n  in Fig.  2, D X R  
was  found  to impa i r  the  b o d y  w e i g h t  ga in  s ign i f i can t ly  
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Fig. 2. Time-course of body weight in rats treated with DXR and 
DXR+GSH at two different doses (means + SEM of six to eight ani- 
mats) 
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Fig, 3. Time-course of QaT duration in rats treated with DXR and 
DXR+GSH at two different doses (means _+ SEM of six to eight ani- 
mals) 

compared with controls. At the dose of 500 mg/kg x 2 
GSH partially prevented the effect induced by DXR, 
whereas the lower dose was ineffective. No substantial 
differences were found in serum biochemical and hemato- 
logical parameters. WBC counts, RBC counts and hemo- 
globin concentration were not modified by any of the treat- 
ments. A slight increase was observed in serum potassium 
and calcium levels in DXR-treated animals, but the differ- 
ence from controls was not statistically significant (data 
not shown). 

Evaluation of delayed myocardial toxicity 

1. ECG alterations. As already observed in previous stud- 
ies, QaT duration was significantly increased in DXR- 
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Fig. 4. Contractile response to increasing load of isolated atria excised 
from rats treated with DXR and DXR+GSH at two different doses 
(means _+ SEM of six to eight animals) 

treated animals, particularly from the 4th week onwards, 
GSH alone did not affect QaT duration, but at the dose of 
500 mg/kg x 2 significantly reduced the effect of DXR on 
this parameter. Again, the lower dose of GSH was devoid 
of protective effects (Fig. 3). 

2. Assessment of myocardial contractility. The evalua- 
tion of the contractile properties of spontaneously beating 
atria isolated five weeks after the last DXR administration 
showed that DXR impaired the contractile performance of 
preparations isolated from treated animals as against con- 
trol preparations. Neither dose of GSH alone was found to 
affect the contractile performance. However, the combined 
administration of DXR and the higher GSH dose signifi- 
cantly reduced the inhibitory effect exerted by the an- 
thracycline antibiotic (Fig. 4). 

3. Histologic evaluation. The most prominent findings 
in left ventricular preparations obtained from DXR-treated 
animals were represented by myocyte vacuolization and 
myofibrillar loss; mitochondria were not significantly af- 
fected. The damaged cells were randomly distributed 
throughout the myocardium and no preferential location 
was observed. Figure 5 reports the mean morphological 
scores attributed to the different groups of preparations: a 
slight, non-significant improvement of the morphological 
pattern was observed in preparations receiving DXR plus 
the lower GSH dose, but a significant difference was only 
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Fig. 5. Morphological evaluation of the effect of two different doses of 
GSH on the cardiac toxicity of DXR (means of six to eight animals) 

observed when GSH was administered at the dose of 
500 mg/kg x 2. The incidence of severe morphological le- 
sions (scores greater than or equal to 0.5) was also eval- 
uated: the values obtained (53% for DXR alone, 50% for 
DXR+GSH 250 mg/kgx2 and 38% for DXR+GSH 
500 mg/kg • 2) confirmed that GSH was able to achieve a 
dose-dependent degree of protection against DXR-induced 
myocardial injury. 

Discussion 

The schedule adopted in the present study for DXR admin- 
istration in the rat produced general toxic signs, evidenced 
by a significant impairment of body weight gain, and 
delayed manifestations of cardiax toxicity, including irre- 
versible prolongation of QaT intervals, impairment of con- 
tractility of isolated myocardial preparations and a typical 
pattern of morphologic alterations which is similar to the 
pattern observed in patients treated with anthracyclines 
[11 ]. The choice of the doses of GSH was based on mortal- 
ity data reported by other authors, showing that 
2000 mg/kg of GSH i.p. produced lethal effects in mice 
[27], and on the preliminary results reported in the present 
study, indicating that doses of 500-1000 mg/kg were able 
to significantly increase the myocardial non-protein 
sulfhydryl group content. Since in isolated rat hearts free 
radical formation by DXR has been shown to peak after 
10 min of perfusion [19], the schedule of GSH administra- 
tion was chosen so that high levels of non-protein sulfhy- 
dryl groups were achieved during the early stages of the 
presence of DXR in the myocardium. 

With this experimental model, the higher dose of GSH 
(500 mg/kg x 2) was found to increase the myocardial re- 
duced thiol pool and to reduce the general and cardiac 
toxicity of DXR, whereas the lower dose (250 mg/kg x 2) 
was devoid of significant protective effects. In the present 
investigations, the pharmacokinetics of the GSH-DXR in- 
teractions were not directly investigated. However, data 
obtained in a previous study showed that GSH is able to 
prevent the cardiotoxic effects of DXR even when the two 

agents were tested on isolated myocardial preparations 
[25]. Therefore, it is unlikely that general kinetic factors 
play a major role in the cardioprotective effects of GSH in 
vivo. As far as we know, no data are currently available as 
to the possible interference of GSH with the cellular phar- 
macokinetics of DXR. However, the pretreatment with 
GSH is not expected to affect the tissue distribution of 
DXR on the basis of the following observations. 

1. Nucleophilic thiols are unable to react at plasma 
level with DXR, since the quinone itself is not reactive; an 
interaction of GSH with reactive intermediates of the drug 
following intracellular metabolic activation (i. e. redox cy- 
cling) has been proposed in organs and tissues, including 
heart [16]. 

2. The plasma half-life of GSH is very short (i. e. a few 
minutes), since it is rapidly removed following i.v. admin- 
istration [1, 13]. 

3. Pretreatment of tumor-bearing mice with GSH (at 
the same dose levels used in the present study) did not 
interfere with the antitumor activity of doxorubicin (data 
not shown). This observation is consistent with previous 
observations that sulfhydryl-containing compounds were 
not able to change DXR uptake by tumor cells [12]. 

The partial prevention of DXR-induced cardiotoxicity 
by GSH seems to support the hypothesis of the oxidative 
damage in this pathology. In fact, the metabolic activation 
of DXR to the corresponding semiquinone free radical has 
been proposed to initiate a reaction cascade, leading to the 
generation of oxygen-derived reactive species, such as su- 
peroxide anions, hydrogen peroxide and hydroxyl radicals 
[3, 4, 6, 21], which in turn would result in extensive mem- 
brane lipid peroxidation and DNA damage [15, 17]. The 
production of an excess of oxygen metabolites is particu- 
larly critical in the heart, which is provided with limited 
enzymatic defenses against these species [8]. Three differ- 
ent enzyme systems are involved in the removal of oxygen 
metabolites from the cell: superoxide dismutase (SOD), 
catalase and selenium-dependent glutathione peroxidase 
(GSH-Px). SOD and catalase activities were found to be 
significantly lower in the myocardium than in the liver [8], 
which is also known to activate DXR, but is not a target for 
the organ-specific toxicity of the drug. It seems therefore 
that the ability to dispose efficiently of oxygen metabolites 
plays an important role in protecting tissues against DXR 
toxicity and that the heart mainly relies in GSH-Px to 
perform this task. However, DXR has been shown to 
depress the activity of this enzyme in the heart [8, 20] and 
to reduce the myocardial pool of GSH [7], thus increasing 
the intracellular concentration of oxygen-derived toxic me- 
tabolites by both promoting their generation and inhibiting 
their enzymatic removal. The use of antioxidants to limit 
the extent of the myocardial damage produced by oxygen- 
free radicals has been extensively emphasized in the recent 
literature [18]. Since sulfhydryl groups play an important 
role in promoting the nonenzymatic detoxification of free 
radicals [2], it has been hypothesized that increasing the 
cardiac sulfhydryl group content might enhance the ability 
of the heart to withstand DXR exposure; the results obtain- 
ed in DXR-treated mice receiving N-acetylcysteine seem 
to support this hypothesis [9]. The partial protection ob- 
served in this study when DXR-treated rats received ade- 
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quate doses of GSH also fits into this pattern. In fact, the 
degree of cardioprotection achieved with the different 
doses of GSH seems to be related to their ability to increase 
the sulfhydryl group content during the time of persistence 
of DXR in myocardial cells, although DXR did not signif- 
icantly deplete the non-protein sulfhydryl pool in this rat 
model (but see [27] for similar results in the mouse). 

The cardioprotective effect of GSH suggests that the 
delayed as well as the acute manifestations of DXR cardi- 
otoxicity may depend on the early oxidative damage pro- 
duced by the drug and that maintenance of an adequate 
reduced thiol pool may represent an important approach 
towards myocardial protection. 
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