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Summary. Elevations of serum lipid peroxide levels were 
demonstrated in mice after an equitoxic dose of doxoru- 
bicin. When BDF 1 mice were injected with doxorubicin 
(20 mg/kg body weight, IP), lipid peroxide levels in sera 
were elevated I day after the injection and the levels 
declined on subsequent days. 5-Fluorouracil (400 mg/kg 
body weight, IP) never changed the peroxide levels in 
serum. Furthermore, it was found that the co-adminis- 
tration of [dl]-o~-tocopheryl acetate or coenzyme Qlo IM 
strongly inhibited the doxorubicin-induced elevation of 
lipid peroxides in serum. 

The effectiveness of [dl]-ce-tocopheryl acetate or 
coenzyme Q~o in reducing the lethality of doxorubicin in 
mice was also confirmed. 

These results indicate that the measurement of 
serum 2-thiobarbituric acid-reacting substances pro- 
vides a useful measurement of lipid peroxide levels, 
which may be involved in some way with doxorubicin 
toxicity, and that the administration of antioxidants 
provide protection against some of the side effects of 
doxorubicin. 

Introduction 

The anthracyclic antitumor antibiotic doxorubicin is one 
of  the most  clinically useful cancer chemotherapeutic 
agents against a wide spectrum of human tumors [2, 3, 
5]. However, cardiotoxicity is a major dose-limiting 
complication of  doxorubicin therapy [4, 11, 12]. Doxo- 
rubicin-induced cardiac damage has also been observed 
in various species o f  animals, and was believed to be the 
cause of  lethality of  this drug [10, 13, 18, 22]. However, 
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the pathogenesis of  the doxorubicin-induced cardiomy- 
opathy remains unclear at present. Recently, Myers and 
his group reported that doxorubicin-induced cardiac 
toxicity was associated with peroxidation of  cardiac 
lipid in mice and showed that c~-tocopherol, a free radi- 
cal scavenger, ameliorated cardiac damage caused by 
doxorubicin [14, 15]. 

In this report, we describe attempts to find an appro- 
priate parameter to indicate doxorubicin toxicity. Lipid 
peroxide levels in sera were increased by the administra- 
tion of  doxorubicin to mice, and co-administration of  
antioxidants such as c~-tocopherol and coenzyme Q [19] 
inhibited the elevation of  serum lipid peroxide levels and 
prevented animal deaths. 

Materials and Methods 

Chemicals 

Sources of the drugs used for experiments were as follows: doxorubi- 
tin and 5-fluorouracil (5-FU) were obtained from Kyowa Hakko 
Kogyo Co., Ltd., Tokyo, Japan. [dl]-c~-Tocopheryl acetate (Vit E) 
and coenzyme Q10 (CoQ) were from Eisai Co., Ltd., Tokyo, Japan 
(50 mg/ml Vit E or 10 mg/ml CoQ was dissolved in a solution con- 
taining 70 mg polyoxyethelene (60) hydrogenated castor-oil deriva- 
tive/ml). Doxorubicin was also supplied by Drug Research and De- 
velopment, Chemotherapy, NCI, Maryland. Bovine serum albumin 
(BSA) was obtained from Sigma Chemical Co., St. Louis, Mo. All 
other chemicals were of analytical grade. 

Measurement of Lipid Peroxide Levels in Serum 

Lipid peroxide in serum was measured in terms of the formation of 
2-thiobarbituric acid (TBA)-reaeting substances, presumed to be ma- 
londialdehyde, by means of a fluorometric assay described by Yagi 
[20] with slight modifications. Sample serum was diluted with 0.5 ml 
0.8% NaC1 solution containing 2 mg/mi BSA, and 4.0ml N/12 
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Fig. 1. Relationship between fluorescence intensity of TBA-reacting 
substance and serum volume. The sera of normal BDF1 mice were 
obtained by centrifugation of blood collected from cervical blood 
vessels. Each amount of serum was diluted to 0.5 ml 0.8% NaC1 
solution containing 2 mg BSA/ml, and 4.0 ml N/12 H2SO 4 was 
added as described in 'Materials and Methods.' Relative fluorescence 
intensity was measured at 553 nm emission with 515 nm excitation 
by means of a Hitachi MPF-3 spectrofluorometer, calibrated with 
quinine sulfate 
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Results 

Elevation o f  Serum Lipid Peroxide Levels 
by Doxorubicin 

Figure 2 shows the change in serum lipid peroxide levels 
after the administration of doxorubicin. The basal levels 

of lipid peroxides in sera were as low as about 

6 nmol/ml.  When doxorubicin was administered as an 
equitoxic dose (a single dose of 20 mg/kg body weight 
IP), three mice out of five exhibited 3 - 7  times the serum 
lipid peroxide levels of control mice after 1 day. The 
serum lipid peroxide levels then declined gradually over 
3 days after doxorubicin administration. The differences 
between doxorubicin treated and control groups after 1 

and 3 days of doxorubiein administration were signifi- 
cant  (P < 0.05). An  equitoxic dose of 5-FU (a single 

dose of 400 mg/kg body weight IP) [17] did not raise 
the level of serum lipid peroxides, as shown in Table 1. 
Thus the elevation of serum lipid peroxide seems to re- 
sult from a specific effect of doxorubicin rather than 
from a nonspecific degeneration of tissues. 

H 2 S O  4 w a s  added. After mixing, 10% phosphotungstic acid (0.5 ml) 
was added with shaking. After 5 rain, the mixture was centrifuged at 
3000 rpm for 10 rain. The sediment was mixed with 2.0 ml N/12 
H2SO 4 and 0.3 mi 10% phosphntungstic acid and shaken. After cen- 
trifugation at 3000 rpm for 10 min, the precipitate was suspended in 
4.0 ml distilled water and was mixed with 1 ml 1% TBA solution 
containing 50% of glacial acetic acid. The mixture was incubated at 
95 ° C for 60 min. The reaction was terminated by cooling and 5 ml 
of n-butanol was added to extract the fluorescent pigment. After 
vigorous shaking, the mixture was centrifuged for 20rain at 
3000 rpm. The fluorescence intensity at 553 nm in the butanol layer 
was measured with 515 nm excitation by means of a Hitachi MPF-3 
spectrofluorometer calibrated with quinine sulfate. 1,1,3,3,-Tetra- 
ethoxypropane was used as the standard solution. The amount of 
fluorescence intensity increased linearly with addition of serum up to 
at least 40 ~1 of serum (Fig. 1), and 20 ~1 serum was sufficient to 
detect TBA-reactive substance formation by means of this assay. 
Doxorubicin does not interfere with this assay method. 

Treatment of Mice with Doxorubicin and with or without Vit E 
or CoQ 

BDF 1 male mice with an average weight of 25 g were used (one 
group: 10 mice). All mice treated with doxorubicin received 20 
mg/kg body weight IP. In the groups that were treated with Vit E or 
CoQ (Vit E: 5, 50, or 500 mg/kg body weight, CoQ: 50 mg/kg body 
weight) the treatment was administered in four doses (IM) as follows 
with respect to the time of doxorubiein treatment: first, 24 h before; 
second, 2 h before; third, 2 h after; and fourth, 24 h after. For the 
measurement of lipid peroxide levels in serum, each group of mice 
(one group: 5 mice) was sacrificed on the days indicated and blood 
was taken from cervical blood vessels. 

Inhibition o f  the Doxorubiein-induced Elevation 
o f  Lipid Peroxide Levels by Vit E or CoQ 

The effect of Vit E or CoQ was examined on lipid perox- 
ide levels in sera of doxorubicin-treated mice. As shown 
in Fig. 3, co-administration of Vit E (500 mg/kg body 
weight IM four times, to give a total dose of 2,000 
mg/kg body weight) with the equitoxic dose of doxoru- 

bicin did not produce an elevation of lipid peroxide lev- 

els in serum. CoQ (50 mg/kg body weight IM four 
times, to give a total dose of 200 mg/kg body weight) 
was also effective in inhibiting the formation of lipid per- 
oxide induced by doxorubicin. Vit E or CoQ alone low- 

Table 1. Effect of 5-FU on serum lipid peroxide levels 

Malondialdehyde formation (nmol/ml serum) 

Control 6.9 _+ 0.9 a 

5-FU 6.3 _+ 0.4 

a Mean + SE 
BDF 1 male mice, average weight 25 g (one group: 5 mice) received 
400 mg/kg body weight 5-FU IP at time 0. Lipid peroxide levels in sera 
of 5-FU treated mice were compared with those of non-5-FU treated 
mice after 24 h of 5-FU administration. The serum of each mouse was 
obtained by centrifugation of blood collected from cervical blood 
vessels and 20 ~1 serum was used for each measurement. A fluoro- 
metric assay method was used for the measurement of lipid peroxides, 
as described in 'Materials and Methods,' and the value was represented 
as nmol of malondialdehyde, tetraethoxypropane being used as the 
standard 
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Fig. 2. Serum lipid peroxide levels of doxorubicin(ADR)-treated 
mice. BDF1 male mice, average weight of 25 g (one group: 5 mice) 
received 20 mg ADR/kg IP at time 0. Lipid peroxide levels in the 
sera of ADR-treated mice were compared with those of control mice 
on the indicated days. Twenty microliters of serum was obtained 
from each mouse and lipid peroxide was measured as described in 
'Materials and Methods.' The value was expressed as nmol of ma- 
londialdehyde, tetraethoxypropane being used as the standard. 
O, value for a given ADR-treated mouse; ~ ,  represents the mean 
value + SE for the ADR-treated group. Three mice of five in the 
group '9 days after ADR administration' died. (~, mean value + SE 
for the control group 
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Fig. 4. Effect of Vit E on the lethality of ADR. BDF 1 male mice, 
average weight of 25 g (one group: 10 mice) each received 20 mg 
ADR/kg at time 0. The survival of ADR-treated mice and of groups 
of mice treated with ADR and Vit E was compared. Equal amounts 
of Vit E (IM) were administered four times as follows (5 rng/kg, 50 
mg/kg, or 500 mg/kg each time): 24 h and 2 h before ADR treat- 
ment and 2 h and 24 h after ADR treatment. O O, 20 mg 
ADR/kg; O-~4D,  20 mg ADR/kg + 500 mg Vit E/kg × 4; 
x - - x ,  20 mg ADR/kg + 50 mg Vit E/kg x 4; A A, 20 mg 
ADR/kg + 5 mg Vit E/kg x 4 
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Fig. 3. Inhibition of lipid peroxide formation in sera of ADR-treated 
mice by Vit E or CoQ. BDF 1 male mice, average weight of 25 g (one 
group: 5 mice) each received 20 mg ADR/kg IP at time 0. Vit E (500 
mg/kg IM each time) or CoQ (50 mg/kg IM each time) was adminis- 
tered four times, as described in 'Materials and Methods.' Twenty 
microliters of serum from each mouse was used for the measurement 
of lipid peroxides, as described in Fig. 2. A, mean value +_ SE for the 
ADR- and Vit E-treated group; ~, mean value + SE for ADR- and 
CoQ-treated group 

ered the basa l  level o f  se rum lipid peroxide  (data  no t  

shown).  

Protective Effect of Vit E or CoQ 
on the Lethality of Doxorubicin 

As  shown in Fig.  4, the  effect o f  Vit  E on  the lethali ty o f  

doxorub ic in  was  examined.  The  dose schedule was  the 
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Fig. 5. The effect of CoQ on the lethality of ADR. BDF 1 male mice, 
average weight of 25 g (one group: 10 mice) each received 20 mg 
ADR/kg IP at time 0. ADR-treated mice were compared with the 
group of mice treated with ADR and CoQ. CoQ (50 mg/kg body 
weight IM) was administered four times as described in Fig. 4 for 
Vit E. O O, 20 mg ADR/kg; O- - - -~ ,  20 mg ADR/kg + 50 mg 
CoQ/kg x 4 

same as indica ted  in Fig.  3. Vit  E was  effective to ame-  

l iorate  the toxic i ty  o f  doxorubic in  in the  g roup  o f  mice  
t rea ted  with  500 m g / k g  b o d y  weight.  

Doxorub ic in -a s soc i a t ed  card io toxic i ty  has  been re- 

por ted  to be  effect ively prevented  by  C o Q  [1], and the 

above  results  indicate  tha t  this c o m p o u n d  apparen t ly  

inhibits the fo rma t ion  o f  lipid peroxide  in se rum caused  
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by doxorubicin administration (Fig. 3). Therefore, 50 
mg CoQ/kg  body weight IM was administered four 
times to mice, as indicated in Fig. 3, and the lethality of  
doxorubicin was examined (Fig. 5). The same dose 
schedule and amount  of  CoQ was shown to be effective 
in decreasing the toxicity of  doxorubicin. 

In contrast,  Vit E or CoQ had no effect against the 
lethality of  5-FU (data not shown). 

Discussion 

The development of  a microfluorometric assay has per- 
mitted us to determine lipid peroxides in the serum of  
each small animal. Normal  mice exhibited relatively low 
levels of  peroxide, and differences among individual ani- 
mals were very small. In this study, after administration 
of  doxorubicin, the lipid peroxide levels in sera were ap- 
parently elevated, but there were considerable differ- 
ences in the response to doxorubicin among individual 
mice. The source of the variability is now under investi- 
gation. Doxorubicin is known to liberate free radicals 
through a microsomal  NADPH-dependen t  electron 
transport  system and to stimulate the formation of  lipid 
peroxide [7, 8]. Myers  et al. [14] reported that  doxorubi- 
cin-induced cardiac toxicity was associated with peroxi- 
dation of cardiac lipid in mice. Therefore, it was sug- 
gested that  the release of  lipid peroxide from the heart  
increased the lipid peroxide levels in serum. An equitoxic 
dose of  5-FU [17], which does not stimulate free radical 
reaction (data not shown), never elevated the peroxide 
level in serum (Table 1). Aclacinomyein A, an anthracy- 
cline antibiotic discovered by Oki et al. [16], which also 
stimulates free radical reaction as observed with doxoru- 
bicin, increased the lipid peroxide level in serum (data 
not shown). These results suggest that  the drugs that  
involve free radicals and lipid peroxidation [8, 21] also 
have the potential to increase serum lipid peroxide. 

Administration of  Vit E, which is changed to ce-to- 
copherol in vivo [6], inhibited the elevation of  serum 
lipid peroxide by doxorubicin (Fig. 3) and reduced the 
doxorubicin-induced mortali ty (Fig. 4). These results 
confirmed the results obtained by Myers  et al. [14, 15]. 
Doxorubicin is known to be a potent inhibitor o f  mito- 
chondrial CoQ enzymes [9], and CoQ was shown to be 
effective in decreasing doxorubicin-induced cardiotox- 
icity [1]. In this report,  CoQ was found to inhibit the 
elevation of  serum lipid peroxide by  doxorubicin and 
ameliorate the lethality (Figs. 3 and 5). As CoQ is also an 
antioxidant [19], the results obtained in this investiga- 
tion could be explained in terms of  the inhibition of  lipid 
peroxidation in vivo by CoQ. Earlier work by others 
showed that  the anti tumor effect of  doxorubicin was not 
reduced by o~-tocopherol or CoQ [1, 14]. Therefore, co- 
administration of  antioxidants such as ce-toeopherol and 
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CoQ may  be effective in preventing cardiac toxicity by 
doxorubicin. 

As 20 ~1 serum is sufficient for measurement  of  lipid 
peroxide levels, the fluorometric assay method m a y  be 
useful not only for animal studies but also for clinical 
work. Our preliminary measurements have indicated 
that elevation of  lipid peroxide levels in sera could be 
detected in some patients who were receiving drugs such 
a s  doxorubicin and bleomycin, which are involved in 
free radical formation [8, 21]. 
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