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The stimulation of non-enzymic lipid peroxidation by doxorubicin, daunorubicin and 7 derivatives was 
investigated in extracted microsomal phospholipids and in intact microsomes. 

Evidence was obtained for the necessity of a free amino-sugar moiety for a stimulative effect on lipid 
peroxidation. Binding of anthracyclines to RNA (which is present in microsomes) was inhibitory towards 
stimulation. 

Drugs that stimulated lipid peroxidation in a non-enzymic system with extracted phospholipids also were 
stimulative in an enzymic, NADPH-dependent, microsomal system. They were not always effective in 
intact microsomes without the enzymic system. 

The role of the enzymic system in the stimulation of anthracycline induced lipid peroxidation is thought 
to  be the reduction of iron ions rather than the stimulation of oxygen radical production via the 
anthracyclines. 

Key words: anthracyclines, iron ions, lipid peroxidation, microsomes, microsomal 
phospholipids 

INTRODUCTION 

Several years ago it was found that quinone compounds like adriamycin could 
undergo redox-cycling, by enzymic activation to a semiquinone and subsequent 
reoxidation by This redox-cycling process 1eads.to the formation of super- 
oxide anion radicals. Other forms of activated oxygen species that initiate lipid 
peroxidation were thought to be formed by dismutation and via iron-dependent reac- 
tions. The formation of these reactive oxygen radicals and the attack on unsaturated 
membrane lipids, have been mentioned as a factor in the development of the cardio- 
myopathy which can occur on adriamy~in-treatment.~.~ 

We previously found in a study with several anthracycline analogs that all these 
compounds stimulated oxygen consumption in microsomes.6 Under the conditions 
used (when oxygen uptake via lipid peroxidation is blocked by EDTA) the oxygen 
consumption represented enzymic activation and consequent formation of oxygen 
radicals. Yet, of the compounds tested, two did not stimulate microsomal NADPH- 
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370 LYDl STERRENBERG ef af. 

dependent lipid peroxidation (aglycones of doxorubicin and daunorubicin). From 
these experiments it was concluded that enzymic activation of the anthracyclines does 
not necessarily lead to lipid peroxidation. 

Recently growing evidence has been collected on a non-enzymic stimulation of lipid 
peroxida t i~n .~J ,~  This stimulation has been suggested to be caused by an intermole- 
cular electron transfer mechanism within an adriamycin-iron co-ordination 
c o m p l e ~ . ’ , ~ , ~ ~ ~  

In this paper we investigate this non-enzymic stimulation of lipid peroxidation with 
the anthracyclines mentioned before. In addition AD-32, an adriamycin-derivative 
which has been shown to be less cardiotoxic, has been included in this study. 

The stimulative effect was tested both with extracted microsomal phospholipids 
and with intact microsomes. 

MATERIALS AND METHODS 

Materials 
NADP+, RNA (type IV, calf liver), DNA (calf thymus, type I) and glucosed-phos- 
phate dehydrogenase were obtained from Sigma Chemical Co., St. Louis, USA. 

Fez+ (as FeS0,.7H20) was from Merck, Darmstadt, FRG and Fe3+ (as 
Fe(N03),.9H,0) from Baker Chemicals BV, Deventer, The Netherlands. Water with 
a low defined concentration of iron-ions (Analar@) was obtained from BDH- 
Chemicals Ltd., Poole, England. 

Daunorubicin.HC1 ( I ) ,  daunorubicinone (2) ,  doxorubicin.HC1 (3) ,  doxo- 
rubicinone (4 ) ,  4-demethoxydaunorubicin.HC1 (5 ) ,  4’-O-methyldoxorubicin.HCI 
(6) ,  4‘-deoxydoxorubicin.HCI (7), 4’-epidoxorubicin,HC1(8) and N-trifluoroacetyl- 
doxorubicin-14-valerate (AD-32, 9 )  were all gifts from dr. F.F. Arcamone, 
Farmitalia Carlo-Erba, Milan, Italy. The structures of compounds 1-8 were depicted 
in a previous paper6; figure 1 shows the structure of compound 9. 

All other reagents used were of analytical grade purity. 

HO 
NH 
i 
COC Fa 

N-trifluoroacetyldoxorubicin- 14  - valerate (AD 3 2 )  

FIGURE I Structure of AD-32 (compound 9 ) .  
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37 1 ANTHRACYCLINE-INDUCED NON-ENZYMIC LIPID PEROXIDATION 

Methods 

Preparation of microsomes. Microsomes were prepared from 3-5 livers from male 
Wistar rats (200-250 g, TNO, Zeist, The Netherlands). Therefore, the rats were 
decapitated and livers were removed. The livers were homogenized (w/v: 1/2) in cold 
50 mM phosphate buffer pH 7.4 containing 0.1 mM EDTA. Microsomes were pre- 
pared by centrifugation as described before. I i  The microsomal pellet was suspended 
in phosphate buffer and stored at -80°C. Before use, the microsomes were diluted 
with 50 mM Tris, 150 mM KCI, pH 7.4 in Analar water, washed twice by repeated 
centrifugation, and resuspended in the Tris-buffer. 

Extraction of microsomal lipids. Microsomal lipids were extracted as described by 
Folch et a1.12 Briefly, lipids from f 30 mg microsomal protein in 1 ml were extracted 
with 5 ml methanol/chloroform (1 :2 v/v). After centrifugation the chloroform layer 
was taken and the chloroform was evaporated by heating the lipid-extract at 50°C 
under nitrogen. Extracted lipids were sonified with 5 ml Tris-HC1 buffer for 
? 10 min, giving a milky-white suspension. Before use the lipid-in-Tris-suspension 
was centrifuged at room temperature for 5 min at 1500 g. This suspension was finally 
used twice diluted. 

Peroxidation conditions. Non-enzymic peroxidation of extracted microsomal lipids 
or intact microsomes was induced as follows. Incubates of 3 ml volume contained 
either 1 mg/ml protein or the above mentioned microsomal lipid extract, and 50 pM 
anthracyclines, solubilized in DMSO (final DMSO concentration 1 Yo v/v). Control 
incubates contained microsomal phospholipids plus DMSO. When present, the RNA 
concentration was 1 mg/ml. The peroxidation process was started with the addition 
of a concentrated iron solution. Fez+ and Fe3+ solutions were freshly prepared in 

M HCI. The incubation was at 37°C in a shaking water bath. Air was freely 
admitted . 

NADPH-dependent lipid peroxidation was induced in microsomes as described I l ,  

using the NADPH-regenerating system of Mimnaugh et The concentration 
glucose-6-phosphate dehydrogenase was 0.85 U/ml. The total volume was 3 ml. 

Assessment of lipid peroxidation. For the assessment of lipid peroxidation at dif- 
ferent times samples of 0.5 ml were taken. Lipid peroxidation was measured as 
thiobarbituric acid reactive material essentially as described by Folch et a1.13 For 
experiments with microsomes the lipid peroxidation is expressed as nmol malon- 
dialdehyde (MDA)/mg protein, using a molar extinction coefficient for MDA of 1.56 
x lo5 M-I cm-I. 

Extraction of coloured material in butanoI was applied with extracted pho- 
spholipids since these were not precipitable with trichloroacetic acid. Lipid peroxida- 
tion in extracted lipids was then expressed as ‘‘Yo of the maximal MDA formation”. 
The maximal production of thiobarbituric acid was assessed by incubation of the 
extracted phospholipids (at the same concentration as used in the other peroxidation 
experiments) with 5 pM Fe2+ and 0.1 mM ascorbic acid for 1 hours at 37°C. 

Otherassays. Protein was measured with the Fohn phenol reagent.14 RNA in micro- 
somes was measured according to Karsten. I s  The microsomal preparations were 
found to contain f 6 mg RNA/100 mg protein. 
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FIGURE 2 
in the absence of an enzymic system. No iron, 13 pM Fe3+ or 13 pM Fe2+ was added. 
0-0 lipid peroxidation in the presence of 50 pM doxorubicin 
0-0 lipid peroxidation in the absence of anthracycline 
Maximal lipid peroxidation corresponds with a AA532/ml of 8,1. 

Stimulation of lipid peroxidation by doxorubicin (3) in extracted microsomal phospholipids 

RESULTS 

Figures 2 and 3 summarize the results of experiments using extracted phospholipids. 
Figure 2 shows that doxorubicin slightly enhanced MDA formation in the absence of 
iron ions. Addition of ferric and ferrous ions (5  pM) further enhanced MDA forma- 
tion, the latter being most effective. For further experiments a combined addition of 
ferrous ions (5  pM) and the anthracyclines was used. 

Figure 3 shows that under these conditions compounds I ,  3 ,  5 ,  6, 7 and 8 
significantly enhanced peroxidation of the phospholipids, whereas compounds 2, 4 
(aglycones) and 9 (blocked amino-group in the sugar moiety) were ineffective at the 
chosen concentration (50 pM). 

The same figure also shows the effect of RNA (which is present in microsomal pre- 
parations) on the anthracycline-Fe2+ induced lipid peroxidation. Enhanced thiobarbi- 
turic acid (TBA) reactivity was found due to addition of RNA in the control; a similar 
increase in TBA-reactivity due to addition of RNA was found for compounds 2 , 4  and 
9. These drugs again did not stimulate peroxidation as compared with the RNA con- 
taining control. RNA addition decreased the stimulatory effect of all other com- 
pounds slightly or pronounced and led to a loss in significance of stimulation for 
drugs I and 8. 

Further studies were performed using hepatic microsomes instead of extracted 
phospholipids. In figure 4 the effects of compounds 1-9 on non-enzymic lipid per- 
oxidation is presented. Only compound 9 stimulated the process whereas the aglycone 
2 inhibited peroxidation. 

Finally, in microsomes a comparison in more detail was made for doxorubicin (3) 
between the enzymic, NADPH-dependent and the non-enzymic system. The com- 
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373 ANTHRACYCLINE-INDUCED NON-ENZYMIC LIPID PEROXIDATION 

MICROSOMAL 
PHOSPHOLIPIDS s 

"1 8 T 

FIGURE 3 Non-enzymic lipid peroxidation in extracted microsomal phospholipids. Control: no anthra- 
cyclines added. Numbers refer to the drug added (50 pM). The concentration of added Fe" was 5 pM. 
Lipid peroxidation was allowed to proceed for 2 hours. For other details see Materials and Methods. N = 4. 

lipid peroxidation in the absence of RNA 
B effect in the presence of 1 mg/ml RNA 
Significancies were calculated using the Student's t-test (t-dependent). Significancies are indicated for the 
effect of the drugs compared with the appropriate control. 
b Significant with p < 0.05, system without RNA. 
* Significant with p < 0.05, system with 1 mg RNA/ml. 
Maximal lipid peroxidation corresponds with a AA5Jm1 of 8,I .  

parison was made in buffer without added iron ions and in buffer to which F$+-ions 
were added to a concentration of 2 pM. From figure 5A it can be seen that non- 
enzymic lipid peroxidation in microsomes was inhibited by doxorubicin. When 
NADP+ (1.9 mM) was added (figure 5B), which is a constituent of the NADPH- 
regenerating system, and the small amount of F$+-ions, doxorubicin slightly 
stimulated TBA-reactivity. The NADPH-regenerating system augmented the TBA- 
reactivity (figure 5C). Only in the case that no extra Fe2+-ions were added, the enzymic 
system potentiated the stimulative effect of adriamycin found in the non-enzymic 
system. 

DISCUSSION 

The objective of this study was to investigate whether activation of anthracyclines and 
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374 LYDI STERRENBERG et al. 

the consequent production of oxygen radicals are necessary for, or add to, the per- 
oxidative effect of the anthracyclines in microsomal membranes. We also wanted to  
know whether the aglycones of doxorubicin and daunorubicin were able to stimulate 
non-enzymically lipid peroxidation. These aglycones are not stimulative in enzymic, 
NADPH-dependent lipid peroxidation in microsomes6, but have the structural fea- 
tures for complex-forming with iron ions. l 6 , I 7  This means that these drugs would have 
the potential of intermolecular electron transfer within the iron-adriamycin complex 
and should stimulate non-enzymic lipid peroxidation. 

The experiments were performed with Fez+-ions since they were found to be a better 
stimulator of lipid peroxidation then Fe3+ -ions (figure 2). Also in NADPH-dependent 
microsomal lipid peroxidation continuous enzymic reduction of Fe3+ to  Fe2+ will 
occur. This favours the NADPH-dependent lipid peroxidation in microsomes com- 
pared to the non-enzymic system, since the Fe2+ -concentration limits the stimulative 
effect. 

With extracted phospholipids a picture of stjmulating capacity for compounds 1-8 
emerged that qualitatively corresponded to that obtained in microsomes with a 
NADPH-regenerating system.6 That is only compounds 1 , 3 , 5 ,  7 and 8 significantly 
stimulated the MDA production. Thus, non-enzymic lipid peroxidation in extracted 
phospholipids seems to accurately predict the stimulative capacity of anthracyclines 
in enzymic microsomal lipid peroxidation. The relatively low stimulating effect 
obtained for daunorubicin 1 and the daunorubicin derivative 5 was due to a lag time 
before the stimulating effect appeared (not shown). Such a lag time was not found for 
the doxorubicin derivatives. From the results with AD-32 and with the aglycones it 
may be inferred that the presence of the aglycone part of the molecule per se is not suf- 
ficient for stimulation of lipid peroxidation. 

We previously found spectral evidence for a binding of anthracyclines to micro- 
soma1 ribosomal RNA.6 When RNA was added to the phospholipids, enhanced MDA 
production was found with the aglycones (2 and 4 )  and with AD-32 (9). Since a similar 
enhancement of MDA production by RNA was found in the control, it can be inferred 
that RNA addition did not affect the aglycone- or AD-32-stimulated lipid peroxida- 
tion. All three drugs also have an impaired nucleic acid binding, due to the lack of a 
sugar-moiety (the aglycones) or due to  a sugar-moiety with a blocked amino-group 
(AD-32).I6 With other anthracyclines, addition of RNA inhibited the stimulating 
effect of the drugs. These anthracyclines all possess a sugar-moiety with a free amino- 
group. Via this group they should be able to bind to RNA. Thus, binding to RNA 
apparently reduced the stimulating effect of drugs on lipid peroxidation. Binding to  
nucleic acid has been reported to block enzymic activation as wel11*J9. Our data also 
suggest that in addition to  the aglycone part of the molecule a free amino-sugar group 
is needed for stimulation of MDA production: only those compounds that possess 
such a group enhanced non-enzymic lipid peroxidation. 

The results with extracted lipids (figure 4) were no model for non-enzymically 
induced lipid peroxidation in intact microsomal membranes. Most drugs lost their 
lipid peroxidation-stimulatory capacity in microsomal membranes. The non-enzymic 
stimulation of lipid peroxidation in microsomes also differed from the stimulation in 
microsomes in the presence of an enzyme-system. E.g. an inhibition (though not 
significant) was found for doxorubicin (3) in the non-enzymic system in microsomes 
whereas this drug stimulated lipid peroxidation in microsomes in the presence of an 
NADPH-dependent enzymic system and in extracted phospholjpids. Using Fe3+ -ions 
instead of FeZ+-ions did not change this (not shown). 
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315 ANTHRACYCLINE-INDUCED NON-ENZYMIC LIPID PEROXIDATION 

MICROSOMES 

C 

** 
T 

FIGURE 4 Non-enzymic lipid peroxidation in intact microsomal membranes. Microsomes (1 mg 
proteinlml) were incubated with 5 pM Fez+ and 0 (0) or 50 pM anthracycline (a) for 2 hours. The 
numbers refer to the drug used. Significancies were computed with Student's t-test (t-dependent). Signifi- 
cancies are indicated for the effect of the drug compared to the control. 
* p < 0.05; ** p < 0.001; N = 5 .  
1 nmol MDA/mg protein corresponds with a AA532/ml of 0.053. 

A slightly stimulative effect of doxorubicin in non-enzymic lipid perodixation in 
microsomes was however observed when NADP+ was added to  the microsomes 
(figure 5B). NADP' is a constituent of the regenerating system used in NADPH- 
dependent microsomal lipid peroxidation. Though also the control was stimulated by 
the addition of NADP+ , the effect on doxorubic induced non-enzymic lipid peroxida- 
tion was greater (at 120 min the stimulation for the control was 3x, whereas the 
stimulation for adriamycin was lox). How NADP' affects the stimulative activity of 
adriamycin is not known. MgCl,, present in the regenerating system in a concentra- 
tion of 9 mM, did not affect the stimulation of lipid peroxidation by adriamycin. Also 
glucose-6-phosphate dehydrogenase, when denatured, had not effect (not shown). 

The enzymic system (figure 5C) enhanced MDA production compared to the non- 
enzymic system in the presence of NADP+ (figure 5B). However it potentiated the 
stimulatory effect of doxorubicin only when no extra iron was added (thus at an iron 
concentration, contaminating the buffer). As we also reported before6 at higher iron 
concentrations the stimulative effect of adriamycin diminishes. 

On the basis of previous work6JL and of this study we think that the contribution of 
the NADPH-regenerating system in the induction of lipid peroxidation is due to the 
generation of limited amounts of Fez+-ions. The reduction of Fe3+-ions to Fez+-ions is 
direct i.e. by the enzyme, or could proceed indirectly via the aglycone part of the 
anthracyclines (figure 6). The latter reaction is likely to be favoured under hypoxic 

i t  is only when the enzymic reduction of Fe3+-ions is promoted by the 
indirect way and when a free amino-group in the anthracycline sugar moiety is present 
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lipid peroxidation 

f 
Fea+ Fez+ 

(chelated) (chelated) 

NADPH cytochrome P-450 reductase-wNADP+ 

QUINONE I SEMIQUINONEI 
FeJ+ FB=+ 

I t  
QU I NONE I 

Fez+ 

1 
lipid peroxidation 

FIGURE 6 Proposed contribution of microsomal NADPH-dependent enzymic activity (cytochrome 
PUO-reductase) to microsomal lipid peroxidation. Enzymic activity results in the reduction of Fe3+ to Fg' 
either directly, or indirectly via the aglycone part of the anthracycline. In the latter situation an adriamycin- 
iron complex might be involved, with intramolecular electron transfer. Alternatively, the semiquinone 
form of the aglycone-part might reduce free iron. 

that lipid peroxidation is stimulated by the anthracyclines. The aglycones, which we 
found to be reducable6, and AD-32 lack this latter required structural feature. 
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