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Abstract-Some reactions of adriamycin (doxorubicin) and its Fe3+ and Cuz’ complexes were inves- 
tigated with a view to understanding the mechanisms by which metal ion-adriamycin complexes damage 
cellular components. The ability of adriamycin in the presence of Cu*+ to inactivate the mitochondrial 
enzyme cytochrome c oxidase was effectively prevented by physiologic levels of glutathione. This result 
is explained by the observation that glutathione reacts with the Cu”- adriamycin complex to produce 
free adriamycin. As sulfhydryl compounds are, in contrast, known to promote Fe3’-adriamycin-induced 
damage to cellular components, these results suggest that the response of a metal ion-adriamycin system 
to the presence of sulfhydryl compounds may be indicative of whether or not Cu’+-adriamycin is the 
damaging species. The partition of adriamycin into the octanol phase of an octanol-water two-phase 
system was greatly enhanced by the presence of cardiolipin. This result can be explained by the formation 
of a strong adriamycin-cardiolipin complex in the octanol phase which is one-half formed at an 
adriamycin concentration of 6 PM. 

Adriamycin (doxorubicin) has wide clinical appli- 
cation as an antitumour drug. However, its clinical 
efficiency is limited by its cumulative dose-dependent 
cardiotoxicity [l]. Several factors may be involved in 
this cardiotoxicity. Even though the heart takes up 
relatively less adriamycin than does the liver or the 
kidney [2], the fact that the heart contains relatively 
less of the protective enzymes catalase, glutathione 
peroxidase and superoxide dismutase [3] suggests 
that free radical oxidative stress on the heart muscle 
may be responsible. It has been suggested that iron- 
dependent hydroxyl radical production during 
metabolism of adriamycin by NADH dehydrogenase 
is responsible for injury to cardiac mitochondria 
[4,5]. Cardiac mitochondria are a prominent site of 
injury (11 by adriamycin. Both adriamycin [6,7] and 
the Fe3+-adriamycin complex [8] have a high affinity 
for the phospholipid cardiolipin (diphospha- 
tidylglycerol). Cardiolipin is found in the inner 
mitochondrial membrane where it constitutes some 
25% of the total lipid phosphorus [9] and is the most 
plentiful in the mitochondria-rich heart. Adriamycin 
is known to cause an oxygen-dependent lipid per- 
oxidation that is dependent upon trace amounts of 
iron or copper [10-141. The degradation of car- 
diolipin in pig heart submitochondrial particles 
induced by Fe3’-adriamycin is accompanied by the 
simultaneous inactivation of several respiratory 
enzymes [12,13]. 
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The terminal respiratory enzyme bovine heart 
cytochrome c oxidase, which is located in the inner 
mitochondrial membrane, requires cardiolipin [15] 
for full activity. The activity of cytochrome c oxidase 
is decreased in the presence of adriamycin both in 
uivo [16] and in vitro [7, 12, 131. While inactivation 
of cytochrome c oxidase is probably not solely 
responsible for adriamycin’s cardiotoxicity, it may 
be an important factor and, as a reasonably well 
characterized mitochondrial cardiolipin-dependent 
enzyme [17], the mechanism of its inactivation war- 
rants further study. 

Adriamycin binds strongly to Fe3+ [l, 18, 191 

Fe3+ + 3 adriamycin S Fe3+(adriamycin), 

with an overall association constant of 1O33 Mm3 and 
stepwise association constants of lo’* M-l, 10” M-’ 
and 104.’ M- ’ [ 191. However, a recent report suggests 
that the value of 1O33 M-” has been overestimated 
as an overall association constant of 102*.4M-3 has 
also been measured [20]. Cu2+ also binds strongly to 
adriamycin [19,21] with Cu2+(adriamycin)2 having 
an overall association constant of lOI 7 Me2. These 
association constants are so large that the presence 
of Cu*+- and Fe3+-adriamycin complexes forming in 
uiuo must be considered. This may occur in spite of 
the fact that the concentrations of free or weakly 
bound Fe3+ and Cu2+ are very low [3] in vivo. A 
recent report has shown that the transfer of Fe3+ 
from transferrin, the strongly binding Fe3+ transfer 
protein, to adriamycin can occur [22]. Postulating a 
Cu*+-adriamycin species is less problematic as Cu?+ 
is present in vivo as a less strongly bound species 
[I, 31. 
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MATERIALS AND METHODS 

Adriamycin. as the hydrochloride, admixed with 
lactose, was obtained from Adria Laboratories. The 
Fe’+-adriamycin complex was formed by diluting 
stock FeCI,.6H20 (99%) dissolved in 1 mM I-ICI [to 
prevent Fe(II1) hydroxide polymer formation] into 
a solution of adriamycin dissolved in water and 
allowing a few minutes for the color to fully develop. 
Unless indicated, experiments were conducted in 
pH 7.0 (NaH2P0,-Na2HPOJ) buffer (ionic strength 
0.10 M, 48 mM phosphate). To prevent an EDTA- 
inhibitable adriamycin-induced inactivation of cyto- 
chrome c oxidase in the absence of any added metal 
ion, it was found to be necessary to purify the phos- 
phate buffer of adventitious metal ions by slowly 
passing it down a 1 x 40 cm Dowex 5OW cation 
exchange column. The adriamycin-induced inac- 
tivation of cytochrome c oxidase activity in sub- 
mitochondrial particles has been shown [12, 131 to 
be counteracted by EDTA and greatly enhanced by 
exogenous Fe3+ and Cu’+. 

Cytochrome c oxidase (Sigma, bovine heart) was 
dissolved in pH 7.4 phosphate buffer containing 
0.4% Tween 80. and typically 5 ul of this stock would 
be added to the reaction mixture thus giving a final 
Tween 80 concentration of 0.002% in a final volume 
of 1.2 ml. The enzyme concentration (typically 0.4 to 
2 nM) was determined spectrophotometrically [23]. 
The substrate ferrocytochrome c (Sigma, horse 
heart) was dithionite reduced and passed down a 
Sephadex G-25 column (all under N,) to remove 
excess dithionite. The cytochrome c oxidase cata- 
lyzed aerobic oxidation of ferrocytochrome c was 
followed at 550 nm on a Shimadzu UV-260 spectro- 
photometer. The initial velocities were estimated 
using the following millimolar extinction coefficients 
[24]: E (reduced) 27.7 mM-’ cm-’ and AE (reduced- 
oxidized) 18.5 mM-’ cm-‘. The percentage activi- 
ties, calculated from the initial velocities, are always 
in reference to controls run under identical 
conditions. Superoxide dismutase (from bovine 
erythrocytes), catalase (thymol free, from bovine 
liver), cardiolipin (from bovine heart, as the sodium 
salt in methanol), reduced glutathione and 2-mer- 
captoethanol were all obtained from Sigma. 

The n-octanol-aqueous buffer partition coef- 
ficients, P,,,,, of adriamycin were measured spectro- 
photometrically in 48 mM, pH 7.1, phosphate buffer. 
An equal volume of octanol was added to adriamycin 
in aqueous buffer, and the two-phase mixture was 
shaken for about S min and then centrifuged to fully 
separate the two phases. The adriamycin con- 
centration in the aqueous buffer phase was estimated 
from a Beer’s Law plot of the extinction at 480 nm 
and that in the organic phase was obtained by 
difference. 

RESULTS 

Partition of adriamycin into octanol-aqueous buffer 
in the presence and absence of cardiolipin. The n- 
octanol-aqueous buffer partition coefficient, P,,,, 
was observed to decrease with an increase in the 
total adriamycin concentration. Thus, with initial 
adriamycin concentrations of 4.9. 24. 70 and 150 PM 

[cardiolipm] (PM) 

Fig. 1. Partition of adriamycin into an octanol-aqueous 
buffer (pH 7.1. 48 mM phosphate) two-phase mixture in 
the presence of added cardiolipin. The total initial adri- 
amycin concentration was held constant at 70 ,uM (0) and 
150 PM (0) respectively. The large increases in the appar- 
ent partition coefficient. P,,,,, are due to formatmn of a 
strongly bound complex between adriamycin and car- 

diolipin in the octanol phase. 

in the aqueous buffer phase, the measured P,,,, values 
were 2.5, 0.93, 0.35 and 0.21 respectively. A similar 
decrease in P,,,, has been observed previously 125) 
with increasing daunomycin concentration. This 
effect is due to adriamycin self-association in the 
aqueous buffer phase which lowers the adriamycin 
monomer concentration in the aqueous phase and 
consequently that in the organic phase. The 
measured values of P,,, compare to a value of 0.48 
measured at pH 7.8 [26]. 

Upon the addition of cardiolipin to the octanol 
phase, the apparent P,,,, increased up to 40-fold (Fig. 
1). The increased uptake of adriamycin into the 
octanol phase indicates that a strongly bound com- 
plex is formed between adriamycin and cardiolipin in 
the octanol phase. The stoichiometry of the complex 
was determined by adding small amounts of car- 
diolipin dissolved in methanol to the octanol phase 
and measuring the decrease in adriamycin con- 
centration in the aqueous phase. The number of 
adriamycin molecules that combine with a cardiolipin 
molecule was thus estimated to be 3.2 -t 0.5 
(mean i SD, N = 5). At the adriamycin concen- 
tration of 70 uM (assuming a 3 : I adrlamycin : car- 
diolipin complex), the apparent Kd,,, for the adri- 
amycin-cardiolipin complex was estimated to hc 
about 200 ,uM3 in octanol. Thus. the complex would 
be one-half formed at an adriamycin concentration 
of 6 PM ( Kdl\,’ ‘“). 

lnactirlation of cytochrornr c oxidu.se by Fe’*- 
adriurnycin in the presence of superoxide dismutuse. 
catafase and hydrogen peroxide. The small amount 
of protection offered by superoxide dismutase (Table 
1) may be taken to indicate that superoxide (0; ) 
produced by Fe3+-adriamycin may play some role m 
the inactivation of cytochromc c oxidase. Catalase. 
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Table I. Effects of superoxide dismutase and catalase on the Fe’*-adriamycin-induced inac- 
tivation of cytochrome c oxidasc* 

System 

Control 
+Superoxidc dismutase (50 units/ml) 
+Fe” -adriamycin (10 !~M/60 pM)t 
+Fe7’-adriamycin (10 ,uM/60r~M) + superoxide dismutase (50 units/ml) 
+Fc”-adriamycin (10 ,uM/60 ,uM) + superoxide dismutase (120 units/ml) 
+Fc” -adriamycin (20 pM/60 uM) 
+Fe’--adriamycin (20 /tM/60 ;iM) + superoxide dismutase (120 units/ml) 
+Fc’- +driamycin (20 /cM/hO ,uM) + superoxide dismutase (300 units/ml) 
+Catalasc (3000 units/ml) 
+Fe”-adriamycin (5 uM/30 ,uM) 
i-Fe”-adriamycin (5 ~M/30 PM) + catalase (3000 units/ml) 
+Fci- -adriamycin ( IO /tM/30 HIM) + catalase (3000 units/ml) 
+Fc’- -adriamycin (20 ,~M/60 PM) + glutathione (5 mM) 

. 

p/r Activity 

100 
100 
76 
76 
85 
57 
67 
67 

139 
x0 

133 
129 
40 

* Experiments were performed in pH 7.0 phosphate buffer (48 mM). Activities were esti- 
mated from initial velocities for the aerobic oxidation of ferrocytochrome c. The cytochrome c 
oxidase conccntraiion was 2 nM on a heme aa, basis. The order of addition was buffer (with or 
without the protective enzyme); cytochrome c oxidase; Fez’-adriamycin (or not); followed by 
a 15-min incubation; and then ferrocytochrome c. The ferroqtochrome c concentration was 
20,uM in the superoxide dismutase experiments and 12pM in the catalase experiments. The 
addition of Fe’+ alone had no effect on the enzyme activity. An activity of 100% corresponds 
to the oxidation of ferrocytochrome c at a rate of 6 pM/min. 

t First concentration refers to Fe?‘, the second to adriamycin. 

however, offered good protection (Table 1) against 
Fe3+-adriamycin-induced inactivation of cyto- 
chrome c oxidase. Catalase was also observed to 
reproducibly cause a small increase in the cyto- 
chrome c oxidase activity (Table 1). The addition of 
5 mM glutathione significantly reduced the activity 
below that due to Fe3+-adriamycin alone. 

Since the catalase protection results of Table 1 
seemed to suggest that HzOz participated in the 
Fe3+-adriamycin-induced inactivation of cyto- 
chrome c oxidase, H202 was added directly to the 
incubation mixture to test this hypothesis. However, 

as the results of Table 2 show, up to 250 PM H202 
reproducibly had no effect on the degree of cyto- 
chrome c oxidase inactivation. Similar results were 
also obtained at Hz02 concentrations of 1 and 10 PM. 
These results indicate that exogenous H202 does not 
promote the Fe”+-adriamycin-induced inactivation 
of cytochrome c oxidase. This result may come about 
because the Fe3+-adriamycin complex itself may pro- 
duce sufficient Hz02 to react in a rate-determining 
reaction to produce damaging radical species. 
Hence, the rate of cytochrome c oxidase inactivation 
would be insensitive to exogenous H,O,. 

Table 2. Effect of hydrogen peroxide on the Fe” -adriamycin-induced inactivation of 
cytochrome c oxidase* 

System 9% Activity 

Control 100 

+(catalase)t 110 
+Fe’+-adriamycin 38 
+Fe’+-adriamycin + HzOz + (catalase)? 53 
+Fe”-adriamycin + (catalase): 50 
-Cytochrome c oxidase + Fe’*-adriamycin + H?O, + (catalase)t 
-Cytochrome c oxicase + Hz02 (2& 

* Experiments were performed in pH 7.0 phosphate buffer (48 mM). Activities were 
estimated from initial velocities for the aerobic oxidation of ferrocytochrome c (14 PM). 
The cytochrome c oxidase concentration was 0.4 nM. An activity of 100% corresponds 
to the oxidation of ferrocytochrome c at a rate of 1 pM/min. 

+ Since HzOz can itself oxidize ferrocytochrome c at an appreciable rate under these 
conditions, a double incubation was carried out. The first incubation of 10 min was carried 
out in the presence of all the components indicated except catalase. A second subsequent 
incubation (indicated by the brackets) of 1Omin was carried out after the addition of 
catalase (300 units/ml) to remove any remaining HZOz. This was effective in removing 
any excess Hz02 as shown by the data on the last two lines which was obtained in the 
absence of any enzyme. The Fe”-adriamycin concentration was 20 PM Fe” and 60 ,uM 
adriamycin, and the HZOz concentration was 250 PM throughout. 

$ Apparent activity due to residual Hz02 in the absence of any enzyme. No second 
catalase incubation was carried out here. 

BP 37:19-I 
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Fig. 2. Cu”-adriamycin spectrum (----) and the spectral changes that accompany the addition of 
1.9 mM glutathione. Reaction conditions: SO FM Cu’“, 100 FM adriamycin in pH 7.0 (48 mM) phosphate 
buffer at 25”. The spectrum with the (----) line is that of the Cu~+(adriamycin)~ corn&x (A,,,,, 512 nm 
1211). Upon the addition of I .9 mM glutathione to the CuL’(adriamycin)2 solution. slow spectral changes 
(---) that evolved towards a free adriamycin spectrum were seen. The first spectrum (0) was swept 
just after the addition of glutathione, and subsequent spectra were recorded at 4.Gmin intervals 
thereafter. The spectrum with the (,-,-.) line is a reference spectrum at the same concentration of 

adriamycin and glutathione as above but in the absence of any added Cu”. 

Fei+- and ~u~+“u~ria~~c~~ complexes. Copper is 
present intracellularly and in plasma as more weakly 
bound species than is iron [l, 31. Cuz+ also forms 
very stable complexes with adriamycin [19.21] that 
could be important in both the antitumor and car- 
diotoxic effects of adriamycin [ 11. Since free 01” is 
known to react with glutathione f271, it was decided 
to look at the effect of physiologic levels of gluta- 
thione on the Cu”+-adriamycin complex and also the 
ability of glutathione to protect against the 
inactivation of cytochrome c oxidase. 

The addition of CuS04 to buffered adriamycin 
solutions (Fig. 2) resulted in rapid (less than 5 set) 
spectral changes corresponding to formation of a 
Cu’+-adriamycin complex [Xl, and this was fol- 
lowed by slower small spectral changes that were 
complete after 5 min. Based on the spectra (Amax 
512 nm) and the reaction conditions, it was con- 
cluded that the Cu’+(adriamycin)z species was 
formed [21]. Over the time scales of Figs. 2 and 
3, there was no observable dissociation of Cu”- 
adriamycin. However, after several hours a brick 
red precipitate formed, indicating possible aggregate 
formation. Upon the addition of glutathione to fresh 
Cu’“-adriamycin solutions, there was a small fast 
initial spectral change followed by a second slower 
process exhibiting two isosbestic points at 430 and 
512 nm (Fig. 2). The spectrum that evolved was close 
to that of free adriamycin (Fig. 2). Thus, in the 
presence of glutathione, the Cu”+-adriamycin com- 
plex dissociates to give free adriamycin. Shown in 
Fig. 3 is the time course of the dissociation of the 
Cu?+-adriamycin complex in the presence of each 
of glutathione, 2-mercaptoethanol and EDTA. The 
initial rate for the formation of free adriamycin was 
almost the same in the presence of 0.02, 0.05. 0.5, 
1.0. 1.9 and S.SmM glutathione (4.7, 4.2, 4.8. 4.6 
and S.l PM min-’ respectively). Mercaptoethanol 
and EDTA, likewise, were observed to cause a simi- 
lar slow dissociation of the Cu’~+-adriamycin 
complex. The initial rates in the presence of 1.9 mM 

mercaptoethanol (3.X PM min-‘) and 2 mM EDTA 
(2.4yM min-‘) were smaller than those observed 
for glutathione. Glutathione, mercaptoethanol, and 
EDTA probably react with free Cu”’ produced by 

time (mini 

Fig. 3. Change in extinction at 600 nm with time upon the 
addition of 1.9 mM glutathione (-); 5.5 mM glutathinne 
(-.--); 1.9 mM mercaptoethanol (---); and 2 mM 
EDTA (----) to 100b~M (adriamycin basis) Cu”-adri- 
amycin complex (Cu-” : adriamycin ratio. I : 3). Also shown 
are the changes in extinction at 600 nm upon the addition 
of 2 mM EDTA (-.,--) and 1.9 mM ~lutathionc (- -) 
to 100 ,uM (adriamycin basis) Fe”’ -adriamycin complex 
(Fe’+ : adriamycin ratio 1 : 3). The small spectral changes 
observed upon the addition of glutathione to the Fc” - 
adriamycin complex showed no isoshestic points and were 
generally not consistent with any significant dissociation of 
Fe”--adriamycin, Reaction conditions: pH 7.0 (4X mM) 

phosphate buffer. 25.0”. 
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Table 3. Effect of glutathione on the Cu”-adriamycin- 
induced inactivation of cytochrome c oxidase* 

[Adriamycin] W& [Glutathione] 
(PM) (PM) o/o Activity 

0 0 0 100 
0 0 2000 100 
0 2.8 0 52 
0 5.6 0 48 
0 2.8 2000 100 

50 5.6 0 13 
50 2.8 0 38 
so 2.8 2000 93 
50 2.x 1000 100 
50 2.8 500 100 
SO 2.8 50 94 
50 2.8 1 55 
50 0 0 100 

* Experiments were performed in pH 7.0 phosphate 
buffer (48 mM). The order of addition was: buffer, Cu”, 
glutathione, enzyme and adriamycin which was then fol- 
lowed by a lo-min incubation. The cytochrome c oxidase 
concentration was 0.4 nM. Ferrocytochrome c (10 PM) was 
then added, and its oxidation was followed at 550 nm. An 
activity of 100% corresponds to the oxidation of ferrocyto- 
chrome c at a rate of 1 pM/min. 

a rate-limiting dissociation of adriamycin from the 
Cu*+-adriamycin complex or its aggregate. 
Glutathione is known to reduce Cu2+ to Cu+ [27] 
and insoluble colorless polymeric Cu+-sulfhydryl 
complexes are known to be readily formed by the 
reduction of Cu *+ by sulfhydryl compounds [28]. 
Thus, these results indicate that Cu?+-adriamycin 
would not be stable in the presence of glutathione 
under cellular conditions. 

The results of Table 3 indicate that Cu2+-adri- 
amycin greatly enhances the amount of inactivation 
of cytochrome c oxidase over that shown by Cu2+ 
alone. Physiologic levels of glutathione were very 
effective in protecting cytochrome c oxidase from 
inactivation by Cu*+ -adriamycin. The glutathione 
thus prevents inactivation of cytochrome c oxidase 
by removing free Cu *+ from solution before it can 
complex with adriamycin. Glutathione may also be 
acting in its capacity as a radical scavenger [3] as 
well. 

DISCUSSION 

The increased partition of adriamycin into the 
lipophilic phase is explained by the formation of a 
strong complex between cardiolipin and adriamycin 
in the octanol phase. The high affinity of adriamycin 
[6,7,29] and Fe”‘-adriamycin [8] for cardiolipin 
may result in adriamycin or Fe3+-adriamycin con- 
centrating in or binding to membranes that contain 
cardiolipin, thus making these membranes and the 
components they enclose particularly susceptible to 
adriamycin-induced damage. The inner mitochon- 
drial membrane is particularly rich in cardiolipin 
[9], and thus the mitochondria may be a target for 
adriamycin-induced damage. The membrane-bound 
mitochendrial enzymes that require the presence 
of cardiolipin for full activity [7, 15, 17. 30) may be 

damaged by Fe”+-adriamycin or adriamycin that has 
associated to the cardiolipin bound to the enzyme. 
A bound Fe’+-adriamycin complex would be located 
where it could damage the enzyme in situ through 
formation of reactive oxy radicals. Evidence for the 
role of cardiolipin in the Fe”+-adriamycin-induced 
damage arises from the observation that the loss of 
cytochrome c oxidase activity in heart submito- 
chondrial particles is accompanied by a sim- 
ultaneous loss of cardiolipin from the particle and 
that this inactivation was demonstrated to be revers- 
ible upon cholate solubilization of the particles 
[12,13]. 

There are mixed reports on the ability of both 
catalase and superoxide dismutase to offer protection 
against various types of adriamycin and Fe’+-adri- 
amycin-induced damage [4,5, 10, 11, 13, 18,31,32]. 
Both catalase and superoxide dismutase (but to a 
lesser extent) offer protection against the Fe3+-adr- 
iamycin-induced destruction of erythrocyte ghost 
membranes [18]. Catalase (but not superoxide dis- 
mutase) has also been observed to inhibit completely 
Fe3+-adriamycin-dependent damage to deoxyribose 
[ll] as well as reduce oxygen uptake by the Fe3+- 
adriamycin complex [31]. Catalase was also observed 
to inhibit the iron-dependent adriamycin-induced 
production of methane from dimethyl sulfoxide by 
heart submitochondrial particles; but superoxide dis- 
mutase was only partly effective in inhibiting meth- 
ane production [4,5]. 

There are also mixed reports on the abiiity of 
exogenous H202 to promote adriamycin-induced 
damage to cellular components [33-351. Hydrogen 
peroxide has been observed to increase effectively 
the adriamycin-stimulated methane production from 
dimethyl sulfoxide by heart submitochondrial par- 
ticles [4,5]. The Fe3+ -adriamycin-induced oxidative 
cleavage of DNA has been shown to be greatly 
stimulated by micromolar concentrations of exogen- 
ous H202 [33,34]. On the other hand, deoxyribose 
degradation by adriamycin was only very slightly 
enhanced in air by the presence of 180,uM Hz02 

]351. 
Some of the reactions that may lead to adriamycin 

(ADM) induced damage are: 

Sred + ADM+ ADMT + S,, 

semiquinone radical formation (1) 

ADM- + 0 2=ADM+02m 

superoxide formation (2) 

ADM’ + Fe3+-ADM 4 Fe*+ 1 
-ADM + ADM 

02- + Fe3+-ADM + Fez+ 
Fe3+ reduction (3) 

-ADM + O2 I 

202- + 2H+ + Oz-+ H?Oz + O2 

hydrogen peroxide formation (5) 

Fe*+-ADM + Hz02 ---, Fe’+-ADM + OH’ + OH- 

hydroxyl radical formation (6) 

Semiquinone free radical formation (reaction 1) may 
occur enzymatically by reaction with some reducing 
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species, Srcd [ 1,4, 51, or it may occur by adriamycin 
self-reduction [ 111. Reaction 2 is fast with ktorwnrd = 
3 x 10’ Mm’ sec.-’ and kreVeTSC = 0.4 x 10s Mm’ set-’ 
[36]. Under aerobic conditions the equilibrium of 
reaction 2 would lie far to the right. Though an upper 
limit of 10’ M- ’ set- ’ has been placed on reaction 3 
by analogy with other Fe”’ complexes [37], Fe3+ 
reduction may occur through reaction 3 or through 
4 137) as 02- is an effective reducing agent 13). It has 
also been shown [31] that Fe3- reduction occurs with 
the formation of an oxidized adriamycin radical and 
it was also suggested that the Fe’+ chelate may react 
with 0: to yield O?- or Hz02. Fe”-ADM may be 
involved in production of reactive hydroxyl radicals 
through a Fenton-type reaction 6 [3-S]. The H,Oz 
required in reaction 6 could be provided by react&n 
5 which is fast (5 x lO’M_’ set-‘) at pH 7.0 [-?I. 

Glutathione has been variously observed to both 
increase and decrease damage to cellular com- 
ponents induced by adriamycin. Our results suggest 
a rationale for these observations [l, 4. 5, 14, 18, 
33. 38-421. The metal-ion dependent adriamycin- 
induced lipid peroxidation of the liver mitochondrial 
membrane [14] and of the nuclear membrane [39] 
has been observed to be effectively inhibited by 
the presence of glutathione. On the other hand, 
glutathione in the presence of Fe”+-adriamycin 
caused increased inactivation of cytochrome c oxi- 
dase (Table 1) and is also known to cause efficient 
destruction of erthrocyte ghost membranes [18]; to 
catalyze the reduction of oxygen [lg]; to cause the 
cleavage of DNA [33]; and to cause lipid per- 
oxidation in liver microsomes [40]. It has also been 
shown that when adriamycin is added to isolated 
hepatocytes [41] inactivation of the glutathione per- 
oxidase protection system results in a decrease in 
cell viability and an increase in lipid peroxidation. 
However, high concentrations of glutathione 
(15 mM) have no effect on the Fe3+-adriamycin- 
induced complement susceptibility of human mela- 
noma cells (431. The sulfhydryl compounds N-ace- 
tylcysteine and cysteamine have been shown in mice 
to increase significantly the survival time after acute 
adriamycin administration without interfering with 
adriamycin’s antitumor activity (421 towards Ehrlich 
ascites tumor cells either in tlivo or in t&o. These 
results and the glutathione results taken together 
suggest that where exogenous sulfhydryl compounds 
protect against the damaging effects of adriamycin it 
is the Cu’+-adriamycin species that is responsible, 
but where sulfhydryl compounds increase the 
damaging effects of adriamycin it is the Fe’+-adri- 
amycin that is responsible. If this is so, then these 
results may thus provide the basis for an indicator 
of which metal ion-adriamycin species is the one 
responsible for adriamycin’s metal-ion induced cyto- 
toxicity. This conclusion is also consistent with the 
in oitro cytotoxic effects of adriamycin on human 
breast cancer cells 138) in which it was found that 
N-acetylcysteine increases the cytotoxicity of 
adriamycin. In this case the presence of reactive u-on- 
dependent adriamycin species was inferred by the 
ability of membrane-permeable iron chelating agents 
to reduce the cytotoxic effects of adriamycin. Know- 
ing whether a particular cell type, whether normal 
or cancerous, is further damaged as the result of 

formation of either endogenous copper- or iron 
adriamycin complexes may possibly provide a basis 
for protecting that cell type or speeding its destruc- 
tion by the selective removal or addition of these 
metal ions. 
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