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Summary. Rat-liver microsomes and NADPH could re- 
duce Adriamycin, epirubicin and daunorubicin to their 
free radical forms, which enhanced peroxidation of micro- 
somal lipids less than 2-fold in air but 3- to 5-fold at a pO2 
of 4 mmHg. Mitoxantrone was not reduced by microsomes 
and had no effect on microsomal peroxidation. Daunoru- 
bicin caused more lipid peroxidation than similar concen- 
trations of either Adriamycin or epirubicin, which were 
equally efficient. In each case peroxidation was iron-de- 
pendent and could be catalysed by ferritin. The antioxi- 
dants 13-carotene and ct-tocopherol inhibited lipid peroxi- 
dation at low or high pO2. The dose-for-dose difference in 
the cardiotoxicity of epirubicin compared with Adria- 
mycin is not explained by its effect on microsomal lipid 
peroxidation. However, the lower incidence of cardiotox- 
icity with mitoxantrone may be a consequence of its inabil- 
ity to form free radical species and promote lipid peroxi- 
dation. 

Introduction 

A number of anthracycline and related compounds have 
been developed with the aim of obtaining an anticancer 
drug that is as effective as Adriamycin or daunorubicin 
but less cardiotoxic; epirubicin and mitoxantrone have 
shown some promise clinically [12, 30]. There is mounting 
evidence that free radical reactions are involved in the car- 
diotoxicity of Adriamycin and daunorubicin. Both are 
reduced by heart microsomal cytochrome P-450 reductase 
[6, 10] and by mitochondrial enzymes [18] to semiquinone 
radicals that are thought to give rise to cell-damaging pro- 
cesses such as lipid peroxidation [10, 11]. Lipid peroxida- 
tion has been measured in rats following Adriamycin ad- 
ministration [19], and this drug promotes the peroxidation 
of microsomal membrane lipids in vitro [9, 10, 23]. This 
process is iron-dependent and is maximal at O2 partial 
pressures of 4 -8  mmHg [23], the levels that are observed in 
functioning muscle cells [2]. Ferritin can provide the iron 
catalyst for the reaction [23], and lipid peroxidation under 
optimal conditions is inhibited by [3-carotene and, to a 
lesser extent, by c~-tocopherol [25]. 

This study was undertaken to determine whether 
Adriamycin, daunorubicin, epirubicin and mitoxantrone 
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also promote ferritin-catalysed microsomal lipid peroxida- 
tion with maximal effect at low pO2 and whether the report- 
edly low cardiotoxicities of epirubicin and mitoxantrone 
relate to their abilities to induce peroxidation. The ability 
of ct-tocopherol and [3-carotene to inhibit drug-induced 
peroxidation was also investigated. The study was carried 
out using rat-liver microsomes. A previous investigation 
using Adriamycin [23] has shown that the peroxidation of 
heart microsomes occurs under conditions similar to those 
used here, and by a similar mechanism. 

Materials and methods 

Microsomes were prepared from the livers of Wistar rats 
[3] and protein content was determined according to the 
method of Lowry et al. [8]. All procedures were carried out 
in acid-washed glassware, and levels of adventitious iron 
were decreased by treating solutions with chelex resin 
(BioRad Laboratories, Calif). All biochemicals were ob- 
tained from Sigma (St Louis, Mo) except Adriamycin and 
epirubicin (from Farmitalia; Carlo Erba, Italy), dauno- 
rubicin (from May and Baker; London, UK) and mitox- 
antrone (from Lederle; Pearl River, NY). 

Cytochrome c reduction. Cytochrome P-450 reductase ac- 
tivity was measured by incubating microsomes (0.5 mg 
protein) and NADPH (100 ~tM) with 100 ~tMcytochrome c 
in 1 ml 10 m M  phosphate buffer (pH 7.4). Reduction of 
cytochrome c was monitored at 550 nm (ZX ~;reduced-ox,d,sed = 

21,100 m -  %m-l). 

Lipid peroxidation. Microsomes (0.5 mg/ml)  were incubat- 
ed with 100 t~M NADPH and either 1 ~tM FeC13 or 50 p.g/ 
ml ferritin in phosphate buffer (pH 7.4) with drug as re- 
quired. The pO2 was manipulated by carrying out reactions 
in rubber-stoppered glass tubes and bubbling the solutions 
with O2-free N2, then adding air with a gas-tight syringe. 
Lipid peroxidation was measured as the formation of thio- 
barbituric acid-reactive products at 532 n m  (A532) [29]. 
[~-carotene or a-tocopherol was added in 10 ktl chloroform 
to a pellet of microsomes by gentle homogenisation follow- 
ed by resuspension in buffer as previously described [24]. 
Cytochrome P-450 reductase activity was standardised 
such that a 50 ktl preparation reduced cytochrome c in air 
at a rate of 3 ~tM/min when incubated with 100~tM 
NADPH in 1 ml buffer. 
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Fig. 1. Effect of anthracycline concentration on the peroxidation 0 8 ~ • dO 160 
of rat-liver microsomes. Incubations included microsomes, 
NADPH, ferritin and either daunorubicin (O), Adriamycin (11), 
epirubicin (O), or mitoxantrone (*) .  Reactions were carried out 
at a pC 2 of 4 mmHg 

Results 

Adriamycin ,  daunorubic in  and epirubicin at a concentra-  
t ion of  30 ~tM approximate ly  doubled  microsomal  reduc- 
t ion of  cytochrome c; however,  even at a concentrat ion of  
100 ~tM, mi toxantrone  had no effect (Table 1). Corre- 
spondingly,  all three anthracycl ines p r o m o t e d l i p i d  perox- 
idat ion in the presence of  ferritin at a pC2 of  4 mmHg in a 
concent ra t ion-dependent  manner  (Fig. 1); mi toxantrone  
did not  p romote  peroxidat ion.  As previously observed 
with Adr iamyc in  [23], l ipid peroxida t ion  induced by epi- 
rubicin and daunorubic in  was dependent  on iron (Table 2). 

Table 1. Effects of Adriamycin, epirubicin, daunorubicin and mi- 
toxantrone on microsomal cytochrome c reduction . 

Addition Rate of cytochrome c 
reduction (IxM/min) 

None 3.02 
Adriamycin (30 ~tM) 5.53 
Epirubicin (30 ~tM) 5.87 
Daunorubicin (30 IxM) 5.79 
Mitoxantrone (30 IxM) 3.00 
Mitoxantrone (100 lxM) 3.04 

= Microsomes were incubated in air with NADPH, cytochrome c 
and drug as indicated. Each result represents the mean of three 
experiments that agreed within 5% 

Fig. 2. Dependence of anthracycline-promoted lipid peroxidation 
on pC 2. Microsomes were incubated with NADPH, ferritin and 
either 30 ~tM daunorubicin (O), 30 IxM Adriamycin (Ill), 30 gM 
epirubicin (O), or no addition ( 1 )  as described in Materials 
and methods. Each point represents the mean + SD for two sets 
of duplicates 

A532 with no added  iron was p robab ly  a result of  adventi-  
tious transi t ion metals catalysing peroxidat ion.  Ferr i t in 
(50 ~tg/ml containing 1.04 nmol  Fe/~tg) was as efficient as 
1 t iM iron, and iron release from ferritin was required 
since desferr ioxamine inhibited peroxida t ion  (Table 2). 
Daunorubic in  and epirubicin,  like Adr iamycin ,  showed 
the same pO2 maximum at 4 mmHg (Fig. 2). Lipid peroxi-  
dat ion promoted  by daunorubic in  was significantly greater 
' than that  p romoted  by either Adr iamycin  or epirubicin 
(Figs. 1 and 2). 

At concentrat ions that have previously been shown to 
inhibit  Adr iamyc in -p romoted  l ipid peroxida t ion  maximal-  
ly [25], the ant ioxidants  [~-carotene and 0t-tocopherol were 
efficient inhibitors of  peroxida t ion  promoted  by epirubi- 
cin and daunorubic in  (Table 3). In each case, 13-carotene 
was more effective than c~-tocopherol at low pO2, whereas 
ot-tocopherol was better under  aerobic  conditions.  

Discussion 

Adr iamycin  has been shown to promote  l ipid peroxida t ion  
in liver and heart  microsomes,  with a maximal  effect at a 
low pO2 [23]. Peroxidat ion depends  on the reduction of  
Adr iamycin  to its semiquinone by cytochrome P450 reduc- 

Table 2. Effect of iron on anthracycline-dependent peroxidation of microsomal lipids a 

Addition Lipid peroxidation (As3e) 

None Adriamycin Epirubicin Daunorubicin Mitoxantrone 
(30 ~M) (30 ~M) (30 ~M) (30 rtM) 

None 0.058 0.105 0.110 0.138 ND 
1 p~M FeC13 0.174 0.632 0.587 0.872 0.014 
50 ~tg ferritin 0.071 0.742 0.707 0.984 0.012 
50 Ixg ferritin 0.064 0.082 0.089 0.096 ND 

+ 100 p~M desferrioxamine 

= Microsomes were incubated with NADPH and drug as indicated at a pC2 of 4 mmHg. A532 values were read against a no-NADPH 
blank, which has been subtracted. Each result represents the mean of four experiments that agreed within 5%. ND, not done 



Table 3. Effect of 13-carotene and c~-tocopherol on anthracycline- 
promoted lipid peroxidation at high and low pO2 ~ 

Addition % Inhibition of lipid peroxidation (A532) 

PO2 = 4 mniHg pO2 = 162 mmHg 

[3-carotene et-toco- [3-carotene c~-toco- 
pherol pherol 

Adriamycin 65 51 50 62 
(30 .aM) 

Epirubicin 67 53 42 64 
(30 .aM) 

Daunorubicin 64 50 38 69 
(30 .aM) 

Microsomes, ferritin, NADPH and anthracycline were incubat- 
ed with and without antioxidant (50 nmol/mg microsomal pro- 
tein). Blanks due to antioxidant and anthracycline and micro- 
somes incubated with no NADPH were subtracted and the per- 
cent ages of inhibition were calculated. Each value represents the 
mean of three experiments that agreed within 5% 

tase and the subsequent  reduct ion of  an i ron catalyst. Both 
reduct ion steps are inhibi ted by 02 [24]; however,  O2, is re- 
quired for p ropaga t ion  o f  the peroxidat ive  chain,  and 
these opposing effects of  O2 give the low pO2 max imum for 
the process [23]. The present  study has shown that, like 
Adr iamyc in  [23], daunorubic in  and epirubicin p romote  
microsomal  l ipid pe rox ida t ion  with maximal  efficiency at 
a low pO2. In agreement  with other  studies [4, 7, 13], we 
demonst ra ted  that mi toxant rone  was not  reduced by mi- 
crosomes and did not  p romote  peroxida t ion  of  microsomal  
lipids. In fact, our results suppor t  those of  Kharasch  and 
Novak  [7], who have shown that mi toxant rone  inhibits 
peroxidat ion.  Al though mi toxant rone  contains a potential-  
ly reducible  quinone group, its redox potent ia l  is 
- 0 . 4 5  mV [16], compared  with - 0 . 3 2  mV for Adr iamycin ,  
daunorubic in  and epirubicin [15], and  is p robab ly  too low 
to enable its reduct ion by the microsomal  reductase.  

Normal  heart  tissue contains 30 -60  .ag fer r i t in /g  [1]. 
Since most cellular i ron is restricted within ferritin, the 
abil i ty of  Adr iamycin ,  daunorubic in  and epirubicin to re- 
lease i ron from ferritin in a microsomal  system [20, 23] 
suggests that  ferritin may be a physiological  source of  i ron 
that could be avai lable  to catalyse react ions such as the 
perox ida t ion  of  l ipids.  0~-Tocopherol has been shown to 
protect  a number  of  biological  systems from Adr iamycin-  
p romoted  free radical  damage  in vitro [14, 17], al though 
results in vivo have been equivocal  [22, 26]. We have re- 
cently shown that  [I-carotene and c~-tocopherol can each 
inhibit  Adr i amyc in -dependen t  microsomal  l ipid peroxida-  
tion, with [3-carotene p roduc ing  the greater inhibi t ion at a 
low pO2 [25]. The present  work  demonstrates  that peroxi-  
dat ion p romoted  by epirubic in  and daunorubic in  is also 
inhibi ted by both ant ioxidants ,  with [~-carotene again 
being more efficient than c~-tocopherol at a low pO2. 

Clinical ly,  epi rubic in  is less cardiotoxic  than an 
equivalent  dose of  Adr iamyc in  or daunorubic in ,  al though 
the therapeut ic  advantage  is minimal  when the higher 
doses of  epirubicin are taken into account  [12, 28]. We 
found that  epirubicin p romoted  less microsomal  l ipid per- 
oxida t ion  than daunorubic in  over the concentrat ion range 
investigated, but  no such difference was observed between 
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epirubicin and Adr iamyc in  in our system. These results 
suppor t  and extend those of  other studies showing that 
Adr iamyc in  and epirubicin are equally able to generate 
superoxide in microsomes [5, 15, 21]. Although mitox- 
antrone is not  total ly clinically free of  cardiotoxic  side ef- 
fects, it is much less cardiotoxic  than Adr iamycin  [28]. The 
lack of  both  free radical  format ion and p romot ion  of  l ipid 
peroxida t ion  by mi toxant rone  may be a reason for this. 
Al though l ipid peroxida t ion  may be one of  the mecha- 
nisms by which cardiotoxici ty  manifests itself, it does not  
explain the dose-for-dose difference in the cardiotoxici ty  
of  Adr iamycin  and epirubicin.  A more significant factor 
may be the more rapid  g lucuronida t ion  of  epirubicin,  
which would facil i tate ur inary  excret ion of  the drug [27]. 
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