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The inhibition of respiratory chain activities in rat liver, rat heart and bovine heart mitochondria by the 
anthracycline antibiotic adriamycin was measured in order to determine the adriamyein-sensitive sites. It 
appeared that complex HI and IV are efficiently affected such that their activities were reduced to 50% of 
control values at 175 + 25 pM adriamycin. Complex I displayed a minor sensitivity to the drug. Of the 
complex-l-related activities tested, only duroquinone oxidation appeared sensitive (50% inhibition at approx. 
450 I~M adriamycin). Electron-transfer activities catalyzed by complex II remained essentially unaltered up 
to high drug concentrations. Of the activities measured for this complex, only duroquinone oxidation was 
significantly affected. However, the adriamycin concentration required to reduce this activity to 50% 
exceeded I mM. Mitochondria isolated from rat liver, rat heart and bovine heart behaved essentially 
identical in their response to adriamycin. These data support the conclusion that, in these three mitochondrial 
systems, the major drug-sensitive sites lie in complex III and IV. Cytochrome c oxidase and succinate 
oxidase activity in whole mitochondria exhibited a similar sensitivity towards adriamycin, as inner membrane 
ghosts, suggesting that the drug has direct access to its inner membrane target sites irrespective of the 
presence of the outer membrane. By measuring NADH and succinate oxidase activities in the presence of 
exogenously added cytochrome c, it appeared that adriamycin was less inhibitory under these conditions. 
This suggests that adriamycin competes with cytochrome c for binding to the same site on the inner 
membrane, presumably cardiolipin. 

Introduction 

The anthracycline antibiotic adriamycin is 
widely employed to treat a broad range of malig- 
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nancies [1]. The clinically most important restric- 
tion to long-term treatment with adriamycin is the 
development of a specific cardiotoxicity which is 
cumulative and total dose-dependent [2]. The 
mechanism by which adriarnycin interferes with 
heart performance has been extensively investi- 
gated. Although there is no conclusive evidence as 
to the site where adriarnycin exerts its major ef- 
fects, it seems that mitochondria represent an 
important target [3,4]. 

The early development of impaired myocardial 
function is characterized by changes in the mor- 



phology and function of heart mitochondria [5-7], 
and the onset of changes in the electrocardiogram 
shows a good correlation with the onset of de- 
pressed mitochondrial function [5]. Moreover, we 
have recently demonstrated by cytofluorescence 
microscopy that, in the isolated rat heart perfused 
with drug-containing medium, nuclei and 
mitochondria are the exclusive sites of adriamycin 
localization [4]. The interference with energy 
metabolism which occurred under these condi- 
tions most probably is due to adriamycin- 
mitochondria interactions, since acute effects due 
to the nuclear localization are hard to envisage. 

Several mechanisms have been suggested to be 
responsible for the inhibition of mitochondrial 
function. These include: (i) inhibition of respira- 
tion [8-10]; (ii) inhibition of enzymes involved in 
oxidative phosphorylation [11], e.g., the inorganic 
phosphate carrier [12,13]; (iii) lipid peroxidation 
[14,15]; (iv) dissociation of the mitochondrial iso- 
zyme of creatine kinase from the inner membrane 
leading to impaired energy metabolism [16,17]. It 
is important to note that all four mechanisms 
involve the action of adriamycin at the level of the 
mitochondrial inner membrane. This also holds 
for drug-induced lipid peroxidation since: (i) in 
the heart cell mitochondria are the major 
organelles responsible for free radical production 
[10,18,19]; (ii) the peroxidation process is initiated 
through reduction of adriamycin by NADH dehy- 
drogenase [20,21]; (iii) only inner-membrane- 
bound adriamycin induces lipid peroxidation [14]. 

The above considerations imply that, in the 
mitochondrion, the inner membrane represents the 
major target for adriamycin. There is considerable 
evidence to suggest that, within the inner mem- 
brane, adriamycin exerts its effects by forming a 
highly stable and specific complex with the nega- 
tively charged phospholipid cardiolipin [3,9,22- 
24]. In normal tissue, the inner mitochondrial 
membrane is the exclusive source of cardiolipin. 

In the present report the effects of adriamycin 
on a variety of respiratory chain activities in 
mitochondria isolated from rat liver, rat heart and 
bovine heart are described. The major objective of 
this study was twofold. Firstly, to carry out an 
extensive and complete investigation on the 
adriamycin sensitivity of the various electron- 
transport components. Such a study had not been 
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carried out sofar and is also of value because it 
may shed light on the mechanism by which the 
drug interferes with respiratory chain functions. 
Secondly, to compare mitochondria from rat liver, 
rat heart and bovine heart in their response to 
adriamycin. Apart from giving a potential contri- 
bution to the mechanistic aspects of adriamycin 
action on mitochondria, such a comparison is of 
interest because of the specific heart toxicity of 
adriamycin observed in vivo and because of 
suggestions in the literature that mitochondria 
from different tissues display a differential re- 
sponse to adriamycin in vitro. The data presented 
here demonstrate that, in particular, the activity of 
complex III and IV is progressively inhibited by 
increasing concentrations of adriamycin. Complex 
III and IV inactivation may be partly due to 
dissociation of cytochrome c from the outer 
surface of the inner membrane, since exogenously 
added cytochrome c shifted their inhibition curves 
to higher adriamycin concentrations. Mitochondria 
from the three sources studied were essentially 
indistinguishable in their response to adriamycin. 
These results will be discussed in the light of the 
proposed role of adriamycin-cardiolipin interac- 
tions in drug-induced mitochondrial toxicity. 

Materials and Methods 

Chemicals. Adriamycin (NSC123127), duro- 
quinone, horse-heart cytochrome c (type VI), 
NADH (grade III) and 2,6-dichlorophenolin- 
dophenol were purchased from Sigma Chemical 
Co. (St. Louis, MO, U.S.A.). Coenzyme Q-1 was a 
gift from Hoffmann-La Roche (Basel, Switzer- 
land). All other chemicals were of analytical grade 
and obtained from regular commercial sources. 

Mitochondria. Mitochondria were isolated from 
the liver and heart of male Wistar rats, and from 
bovine heart as described in Refs. 9, 25 and 26, 
respectively. Mitochondrial suspensions were 
stored at - 8 0 ° C .  Freezing and thawing the 
mitochondria leads to (partial) loss of the permea- 
bility barrier of their inner membrane towards 
NADH, thereby explaining the efficient oxidation 
of this coenzyme through NADH dehydrogenase- 
linked activities. Inner membrane ghosts were pre- 
pared from rat-hver mitochondria as detailed be- 
fore [9]. 
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Cytochrome c oxidase. Cytochrome c oxidase 
was purified from bovine heart according to 
Fowler et al. [27], as modified by Hartzell et al. 
[28]. The enzyme preparation was stored in liquid 
nitrogen in 50 mM Tris/H2SO 4 (pH 8.0). Its 
activity was determined at 30 ° C in 100 mM NaC1, 
10 mM Hepes (pH 7.4), 1 mM EDTA and 1% 
(v/v) Tween-20. 

Enzymatic assays. Spectrophotometric assays of 
respiratory chain activities were measured on a 
Varian model 635 double-beam spectrophotome- 
ter. Rates of oxygen consumption were de- 
termined polarographically as detailed earlier [9]. 
All activities were measured at 30 o C. 

Reduced cytochrome c was prepared by dis- 
solving 10 ~mol cytochrome c and 200 ~mol 
ascorbic acid in 2 ml 10 mM Tris/HC1 (pH 7.4) 
at 4 ° C. After 2 h incubation, the reduced cyto- 
chrome c was separated from its reductant by 
passing the above mixture through a Sephadex 
G-15 column, eluted with N2-saturated 10 mM 
Tris/HCl (pH 7.4). The concentration of cyto- 
chrome c was determined using a difference in 
molar extinction coefficient at 550 nm between 
reduced and oxidized forms of 18 500 M -1 • cm -1. 

Reduced forms of coenzyme Q-1 and 
duroquinone were prepared according to Rieske 
[29]. Concentrations of stock solutions of reduced 
and oxidized forms were determined as described 
by Lenaz et al. [30]. 

All mitochondrial activities were measured in 
the presence of the uncoupler CCCP in order to 
avoid potential complications due to concomitant 
adriamycin-induced reduction of respiratory rates 
through inhibition of the enzymes involved and 
stimulation of these rates through drug-induced 
uncoupling [9]. NADH oxidase activity was mea- 
sured at 340 nm in 50 mM KC1, 50 mM Hepes 
(pH 7.4), 2 ~M CCCP and 100 ~tM NADH. 
NADH-cytochrome c reductase activity was mea- 
sured as above, except that the buffer also con- 
tained 2 mM KCN and 60 ~tM cytochrome c. 
NADH-Q-1 and NADH-duroquinone reductase 
activities were assayed as described for NADH 
oxidase, except that the buffer also included 2 
mM KCN, and 40 ~tM Q-1 and 0.2 mM 
duroquinone, respectively, as the substrates. 

The following enzyme activities were assessed 
by measuring the reduction of cytochrome c at 

550 nm: (i) NADH-cytochrome c reductase; (ii) 
succinate-cytochrome c reductase; (iii) ubiquinol 
(Q1H2)-cytochrome c reductase; (iv) duroquinol- 
cytochrome c reductase. Substrate was either 100 
~M NADH, 10 mM potassium succinate plus 5 
~M rotenone, 25 I~M Q1H2 or 40 ~tM duroquinol, 
respectively. The remaining reaction medium was 
50 mM KCI, 50 mM Hepes (pH 7.4), 2 mM KCN 
and 2 ~M CCCP. The reactions were initiated by 
adding 60 ~M cytochrome c. 

Succinate oxidase activity was measured 
polarographically with a Clark oxygen electrode in 
a medium containing 50 mM KC1, 50 mM Hepes 
(pH 7.4), 5 ~tM CCCP, 5 ~M rotenone and 10 mM 
potassium succinate. 

Cytochrome c oxidase activity was measured 
from the rate of oxidation of reduced cytochrome 
c at 550 nm. The medium contained 50 mM KC1, 
50 mM Hepes (pH 7.4), 2 ~M CCCP, 5 ~tM 
rotenone and 25 ~tM reduced cytochrome c. In 
some cases, the effects of the detergents Tween-20 
and Triton X-100, both added to 1% (v/v), on the 
above activity was measured. Before initiating the 
reaction with cytochrome c, mitochondria were 
preincubated for 5 min with the detergent. 

NADH-ferricyanide reductase was measured at 
420 nm in the same medium as used to determine 
NADH oxidase activity, except that 2 mM KCN 
and 0.5 mM potassium ferricyanide were added. 

The following enzyme activities were assessed 
by measuring the rate of dichlorophenol-in- 
dophenol (DCIP) reduction at 600 nm: (i) suc- 
cinate-DCIP reductase; (ii) succinate-Q-1 re- 
ductase; (iii) succinate-duroquinone reductase. 
Substrate was 10 mM succinate, 10 mM succinate 
plus 40 ~M Q-I, or 10 mM succinate plus 40 ~tM 
duroquinone, respectively. The remaining medium 
contained 50 mM KC1, 50 mM Hepes (pH 7.4), 2 
~tM CCCP, 2 mM KCN, 5 ~M rotenone, and 0.1 
mM DCIP. 

Adriamycin was added from a freshly prepared 
20 mM stock solution in 50 mM Hepes (pH 7.4). 
Unless otherwise indicated, adriamycin was added 
to the mitochondrial suspension immediately prior 
to addition of the respiratory substrates. No prein- 
cubation period of mitochondria with drug was 
employed. 

In all enzyme tests, reaction rates were de- 
termined from the initial linear parts of the ab- 



sorbance vs. time curves. Except for cytochrome c 
oxidase activities which, due to the exponential 
decay in reduced cytochrome c concentration, were 
arrived at by plotting log (absorbance) vs. time. 

Protein determination. Protein was measured 
according to Peterson [31] with bovine serum al- 
bumin as the standard. The protein concentrations 
used in the spectrophotometric and oxygraph 
experiments amounted to 100-200 and to 200-500 
~g/ml ,  respectively. 

Results  

The present paper deals with the possible 
inhibitory effects of adriamycin on respiratory 
chain activities in isolated mitochondria. Firstly, 
observations made on activities confined to one 
respiratory complex will be described. Secondly, 
dose-response curves of adriamycin towards activ- 
ities spanning two electron-transport complexes 
are treated. Finally, the effects of adriamycin on 
N A D H  oxidase and succinate oxidase activity (i.e., 
electron transport from NADH or succinate to 
oxygen) are presented. 

Complex I (NADH dehydrogenase) 
Three different artificial water-soluble electron 

acceptors were used to probe the action of 
adriamycin at the level of complex I. Fig. 1 depicts 
dose-response curves of adriamycin action to- 
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Fig. 1. Effects of adriamycin on complex I activity in rat-liver 
mitoehondria. In all eases, NADH (100 ~M) served as electron 
donor. The following electron acceptors were used: potassium 
ferricyanide (O); coenzyme Q-1 (e); duroquinone (m). 
Rotenone (5 ~M) inhibited the various activities to 0%, 85% 
and 90%, respectively. 
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wards N A D H  oxidation by rat fiver mitochondria 
using potassium ferricyanide, coenzyme Q-1 and 
duroquinone, respectively, as electron acceptors. 
The reduction of duroquinone was significantly 
inhibited in the range of drug concentrations 
tested, such that at approx. 450 ~tM 50% of the 
original activity is lost. The reduction of the other 
two electron acceptors remained largely unaf- 
fected up to 1 mM adriamycin. 

It is interesting to note that the dose-response 
curve for duroquinone reduction by complex I is 
slightly shifted to higher drug concentrations when 
increasing the duroquinone concentration (data 
not shown). This suggests that the inhibition by 
adriamycin of NADH-duroquinone oxidoreduc- 
tase activity is partly due to a weak competition 
between drug and electron acceptor ~or sites on 
the inner membrane involved in duroquinone 
reduction. 

The above activities were also measured in rat- 
heart and bovine-heart mitochondria (see Table I). 
The response to adriamycin was essentially identi- 
cal as for the rat-liver system described above. 

Complex H (succinate dehydrogenase) 
As indicated in Table I, reduction of dichloro- 

phenol-indophenol (DCIP) and of coenzyme Q-1 
through succinate dehydrogenase activity was 
completely insensitive to adriamycin up to 1 mM. 
Furthermore, the adriamycin concentration re- 
quired to inhibit duroquinone reduction to 50% 
exceeded 1 mM. The above holds for all three 
types of mitochondria tested. 

Complex I I I  (ubiquinol-cytochrome c oxidoreduc- 
tase) 

The influence of adriamycin on the oxidation 
of reduced coenzyme Q-1 and of reduced duro- 
quinone has been studied to probe its effect on 
complex III activity (Table I). Both activities were 
inhibited to 50% around 170 ~M adriamycin in 
mitochondria from rat liver, rat heart and bovine 
heart. 

Complex I V  (cytochrome c oxidase) 
The activity of the terminal enzyme complex of 

the respiratory chain (i.e., cytochrome c oxidase) 
appeared to be also sensitive to adriamycin. The 
dose-response curves of this enzyme in rat liver 
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TABLE I 

INHIBITION OF RESPIRATORY CHAIN ACTIVITIES BY 
A D R I A M Y C I N  IN RAT LIVER, RAT H E A R T  A N D  
BOVINE H E A R T  M I T O C H O N D R I A  

n.e., no significant effect up to 1 m M  adriamycin; n.d., not 
determined. 

Oxidoreductase 
activity 

Adriamycin concentration at 
50% inhibition (~tM) 

rat liver rat heart bovine 
heart 

NADH-Fe(CN)36 - n.e. n.e. n.e. 
NADH-Q-1 n.e. n.e. n.e. 
NADH-duroqu inone  450 400 425 
Succinate-DCIP n.e. n.e. n.e. 
Succinate-Q-1 n.e. n.e. n.e. 
Succinate-duroquinone > 1000 > 1000 > 1000 
Q-1 H2-cytocl~rome c 175 185 170 
Duroquinol-cytochrome c 180 180 165 
Cytochrome c-O 2 175 a 165 170 
NADH-cytochrome c 240 250 240 
Succinate-cytochrome c 175 165 180 
N A D H - O  2 65 b 60 55 
Succinate-O 2 100 c n.d. n.d. 

" When assayed in the presence of 1% (v /v)  Triton X-100 or 
Tween-20, these numbers  amount  to 230 and 60 ~M, respec- 
tively. For rat-liver inner-membrane ghosts in control 
medium it is 175 ~M. 

b When 15 ~M cytochrome c is added prior to adriamycin, the 
50% inhibitory concentration becomes 320 ~M. Upon  rever- 
sal of the order of addition of cytochrome c and drug, the 
corresponding concentration was found to be 200 ~tM 
adriamycin. 

c Addition of both 7.7 and 15.4 ~M cytochrome c prior to 
adriamycin addition displaces this concentration to 200 ~M. 
For inner membrane  ghosts assayed in control buffer (i.e., 
without exogenous cytochrome c) the corresponding number  
was 80 ~tM adriamycin. 

mitochondria and in rat liver inner mitochondrial 
membrane ghosts are shown in Fig. 2. Clearly, 
both preparations are equally affected by the drug 
(50% inhibition at 175_+25 ~M adriamycin), 
thereby suggesting that removal of the outer mem- 
brane does not alter the inhibitory potency of 
adriamycin (see below). 

When assayed under identical conditions as 
used above, bovine-heart mitochondrial cyto- 
chrome c oxidase displayed a nearly identical 
response (Fig. 3, Table I). The 50% inhibitory 
drug concentration was 170 ~M. Goormaghtigh et 
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Fig. 2. Effects of adriamycin on complex IV activity in rat liver 
mitochondria (o) and in rat-liver inner membrane  ghosts ((3). 
Reduced cytochrome c (25 p.M) was employed as electron 
donor. 

al. [3] have previously reported that, under their 
conditions, a considerably lower concentration 
(approx. 3 ~M) was sufficient to reduce the bovine 
heart mitochondrial terminal oxidase activity by 
50%. Since the discrepancy might be caused by the 
fact that these authors carried out their experi- 
ments in 1% (v/v) Triton X-100, we have also 
measured a dose-response curve in the presence of 
this detergent (Fig. 3). However, the 50% inhibi- 
tory drug concentration increased to 230 ~M in- 
stead of decreasing. Only when measuring the 
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Fig. 3. Effects of adriamycin on complex IV activity in bovine 
heart  mitochondria and on the activity of purified bovine heart 
mitochondrial  complex IV. Bovine heart  mitochondria were 
assayed in buffer ( ), in buffer plus 1% (v/v)  Triton 
X-100 ( . . . . .  ), or in buffer plus 1% (v /v)  Tween-20 ( - -  - -  - - ) .  
Purified cytochrome c oxidase (final concentration, 10 nM) 
was measured in 1% Tween-20, as indicated in Materials and 
Methods ( O - - - - - O ) .  Reduced cytochrome c (final con- 
centration, 25 I~M) served as electron donor. For simplicity, 
experimental points are only shown for the isolated enzyme. 



activity of purified bovine heart cytochrome c 
oxidase in isolated form in the presence of 1% 
Tween-20 (i.e., the detergent employed to keep the 
enzyme in solution), did we observe a sensitivity 
towards adriamycin (50% loss in activity at 5 + 1 
~M (Fig. 3)) comparable to that reported by 
Goormaghtigh et al. [3]. Cytochrome c oxidase 
activity in bovine-heart mitochondria when as- 
sayed in the presence of 1% (v/v) of this detergent 
Tween-20 was inhibited to 50% of control values 
at 60 FM adriamycin (Fig. 3). 

The data in Fig. 3 demonstrate that the ap- 
parent inhibitory efficiency of adriamycin towards 
cytochrome c oxidase greatly depends on the com- 
position of the assay medium, which may be due 
to variations in the number and the accessibility 
of the target sites. However, when measured under 
identical conditions rat liver (Fig. 2), bovine-heart 
(Fig. 3) and rat-heart mitochondria (Table I) be- 
have virtually identical in the drug-induced inhibi- 
tion of their terminal oxidase activities. 

Complex I and 111 (NADH-cytochrome c oxidore- 
ductase) 

We have also measured the action of adriamy- 
cin on combined complex I and III activity in 
mitochondria from the three sources used here. 
Fig. 4A contains the dose-response curves of com- 
plex I and III for rat-liver and bovine-heart 
mitochondria, measured as cytochrome c reduc- 
tion. Both mitochondrial systems are equally af- 
fected, such that 50% reduction in activity occurs 
at 240 t~M. A similar result was obtained for 
rat-heart mitochondria: 250 ~M (Table I). 

It has been suggested from several studies that 
adriamycin itself may participate in electron trans- 
port [20,23]. This involves reversible reduction and 
oxidation at a redox potential level comparable to 
that of ubiquinone [20,21]. The reduced semi- 
quinone radical form of adriamycin has been pro- 
posed to be capable of reacting with molecular 
oxygen leading to reoxidation of the drug and the 
formation of superoxide anion [21], a process be- 
lieved to be of importance for the initiation of 
adriamycin-induced lipid peroxidation [32]. If 
activation of adriamycin to its semi-quinone radi- 
cal, followed by reaction with oxygen, would oc- 
cur at significant rates under our experimental 
conditions, it might be expected that, in the pres- 
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Fig. 4. Effects of adriarnycin on complex I-III activity in 
rat-liver and bovine-heart mitochondria. (A) Activity (as per- 
centage of control) in rat-liver (e) and bovine-heart 
mitochondria (©), measured as cytochrome c reduction; (B) 
specific activity (in ~mol /min per nag protein) in rat-liver 
mitochondria, measured as NADH oxidation (e) or cyto- 
chrome c reduction (©). Since 1 mol NADH donates 2 mol 
electrons and 1 mole cytochrome c accepts 1 mol electrons, the 
scale for NADH oxidation is presented as half that of cyto- 
chrome c reduction. 

ence of adriamycin, the rate of NADH oxidation 
would be higher than that of cytochrome c reduc- 
tion. To study this possibility, complex I-III  activ- 
ity in rat liver mitochondria was determined both 
from NADH oxidation (at 340 nm) and from 
cytochrome c reduction (at 550 nm). The results, 
as shown in Fig. 4B, demonstrate that both ap- 
proaches yield comparable electron-transfer rates, 
thereby implying that most electrons donated by 
NADH are transferred to cytochrome c. However, 
in the coneentration range from 50 to 200 ~M 
adriamycin the rate of NADH oxidation is con- 
sistently higher than the rate of cytochrome c 
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reduction. This might be due to loss of electrons 
from the electron-transport chain through oxida- 
tion of reduced adriamycin by oxygen. 

It has recently been demonstrated that the 
above adriamycin-mediated electron transport may 
lead to the formation of a covalent complex be- 
tween the drug and cardiolipin [33]. However, the 
formation of this compound appeared to be a 
rather slow process. Since the present experiments 
did not involve preincubation of the mitochondrial 
systems in the presence of both drug and electron 
donor, the drug-induced effects presented here are 
most likely due to unmodified adriamycin itself. 

Complex H-I l l  (succinate-cytochrome c oxidore- 
ductase) 

Complex II-III activity, measured as the rate of 
cytochrome c reduction with succinate as electron 
donor, was also inhibited by adriamycin. Inhibi- 
tion of the activity to 50% of control values oc- 
curred around 170 ~M adriamycin in the three 
mitochondrial systems (Table I). 

Complex I-III-IV (NADH oxidase) 
In order to probe the efficiency of adriamycin 

in inhibiting the entire respiratory chain, its ef- 
fects on the oxidation of NADH to oxygen (i.e., 
on NADH oxidase activity) were measured. Fig. 5 
demonstrates that for rat-liver mitochondria 50% 
loss in activity is reached at 65 ~M of the drug. 
Bovine-heart and rat-heart mitochondrial NADH 

100q ~ O.o 

0 I I 
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Fig. 5. Effects of adriamycin on N A D H  oxidase activity in rat 
liver mitochondda.  The  experiment was carried out in the 
absence (O)  and in the presence of 15 I~M exogenous cyto- 
chrome c (0) which was added 1 rain prior to adriamycin. 

oxidase activities showed an almost identical in- 
hibition pattern: 50% inhibition at 55 and 60 t~M 
adriamycin, respectively (Table I). 

Apart from measuring the effect of adriamycin 
on NADH oxidase activity in the presence of 
NADH and oxygen as the only exogenous respira- 
tory co-factors, we have also measured the in- 
fluence of addition of exogenous cytochrome c on 
the modulation of this activity by adriamycin. 
This experiment was prompted by the observation 
of Goormaghtigh et al. [34] that adriamycin effec- 
tively interferes with the binding of cytochrome c 
to cardiolipin-containing liposomes. Moreover, it 
has been suggested that: (i) cytochrome c mediates 
electron transfer between complex III and IV by 
free diffusion along the external surface of the 
inner membrane [35,36] while bound to cardioli- 
pin molecules [35]; (ii) cardiolipin is the major 
binding site for adriamycin in mitochondria [9,37]. 
This potential role of competition between 
adriamycin and cytochrome c for binding to inner 
membrane cardiolipin in drug-induced enzyme in- 
activation was studied by measuring dose-re- 
sponse curves in the presence of exogenously ad- 
ded cytochrome c. In the absence of adriamycin, 
NADH oxidase activity was stimulated in a 
saturatable fashion upon addition of increasing 
concentrations of cytochrome c. Stimulation was 
saturated at 15 and 5 ~tM and was found to be 2.3- 
and 2.4-fold in rat-liver and bovine-heart 
mitochondria, respectively (data not shown). It 
appeared that NADH oxidase was less sensitive to 
adriamycin in the presence of exogenous cyto- 
chrome c. As an example, Fig. 5 shows the results 
of a dose-response curve for rat liver mitochondrial 
NADH oxidase measured in the presence of 15 
~tM cytochrome c. In this experiment, in which 
the mitochondria were preincubated with cyto- 
chrome c during 1 min prior to addition of 
adriamycin, the 50% inhibitory drug concentration 
amounted to 320 ~M, which is considerably higher 
than the corresponding concentration (i.e., 65 ~M) 
obtained without adding exogenous cytochrome c. 
When adriamycin was added before cytochrome c, 
this reduction of the inhibitory efficiency of 
adriamycin was partly reversed. Using this proto- 
col and 15 ~tM exogenous cytochrome c, 50% 
inhibition of NADH oxidase occurred at 200 ~t M 
adriamycin (Table I). 
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Fig. 6. Effects of adriamycin on succinate oxidase activity in 
rat liver mitochondria (e, m, ©) and in rat liver inner mem- 
brane ghosts ([]). The activity was measured in the absence 
(e, t3) and in the presence of 7.7 (m) or 15.4 I~M (©) exogenous 
cytochrome c which was added 1 min prior to adriamycin. 

Complex H-111-1V (succinate oxidase) 
The action of adriamycin on succinate oxidase 

activity, measured polarographically as the rate of 
oxygen consumption, has been measured for rat- 
liver mitochondria and rat-liver inner-membrane 
ghosts (Fig. 6). Uncoupled respiration was in- 
hibited to 50% of control values at 100 and 80 ~tM 
for mitochondria and inner membrane ghosts, re- 
spectively. 

As for NADH oxidation by rat liver mitochon- 
dria, it appeared that exogenously added cyto- 
chrome c displaces the dose-response curve of 
succinate oxidation to higher drug concentrations 
(Fig. 6). In the absence of drug, cytochrome c 
slightly stimulates respiration on succinate: 1.1- 
fold at 7.7 and 1.3-fold at 15.4 ~tM cytochrome c, 
respectively (not shown). Interestingly, the 50% 
inhibitory adriamycin concentration is approx. 200 
i~M at both cytochrome c concentrations (Fig. 6). 

Discussion 

The present report confirms earlier studies (e.g., 
Refs. 8-10) that in vitro incubation of isolated 
mitochondria with adriamycin results in the in- 
hibition of respiration. This study adds a number 
of relevant new elements to these observations. 
Firstly, sensitivity to adriamycin is specific for 
certain activities of the electron-transport chain. 
Secondly, it appeared that, as far as the activities 
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are measured here, mitochondria from heart and 
liver are indistinguishable in their acute in vitro 
response to adriamycin. 

The data as summarized in Table I demonstrate 
that all activities of complex III and IV measured 
here were inhibited by 50% between 150 and 200 
t~M adriamycin. Complex I-catalyzed NADH- 
duroquinone oxidoreductase activity was inhibited 
by 50% around 425 IxM adriamycin, while ferri- 
cyanide and coenzyme Q-1 reduction by this com- 
plex were essentially unaffected up to 1 mM. It 
should be realized that artificial water-soluble 
electron acceptors were used to measure complex 
I. These might deviate in their response from the 
behavior of the intrinsic acceptor ubiquinone-10 
[30,38]. The different acceptors employed are re- 
duced at different sites in both complex I and II 
(see also Ref. 39), as is evident from/he different 
sensitivity of their reduction to adriamycin. 
Duroquinone reductase activity is located very 
close to the oxygen side of NADH dehydrogenase 
[39] and has been reported to require endogenous 
ubiquinone-10 [40]. This leads us to conclude that 
there is a minor adriamycin-sensitive site in the 
acceptor side of complex I. Taken together the 
data seem to imply that complex III and IV and, 
to a minor extent, complex I possess adriamycin- 
sensitive sites while the drug is without significant 
effect upon complex II. 

A possible mechanistic explanation of the 
adriamycin-induced enzyme inactivations will have 
to address the following points. (i) Are their ef- 
fects caused by direct drug-enzyme interactions or 
are they indirectly mediated through drug-lipid 
interactions? (ii) Why do rat liver, rat-heart and 
bovine-heart mitochondria display an identical re- 
sponse to the drug? (iii) Why are complex III and 
IV preferentially inhibited by adriamycin? These 
three items will be discussed below. 

There is considerable evidence that the 
adriamycin-induced inhibition of inner membrane 
enzymes is due to effects of the drug exerted at the 
level of the lipid matrix and not to direct drug-en- 
zyme interactions. Evidence for this comes from 
studies on cytochrome c oxidase [3,14,41,42], 
NADH-cytochrome c oxidoreductase [24], the in- 
organic phosphate carrier [12,13] and the carni- 
tine-acylcamitine translocase [43]. Moreover, the 
above studies strongly suggest that the enzyme 
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inactivations are due to adriamycin binding to the 
negatively charged phospholipid cardiolipin. Thus, 
when employing adriamycin and related drugs, a 
linear relationship was found between the loga- 
rithm of the drug concentration required to inhibit 
cytochrome c oxidase [42] and NADH-cyto- 
chrome c oxidoreductase [24] activity by 50% and 
the logarithm of the association constant of the 
antibiotic-cardiolipin complex. Carofoli and co- 
workers [12,13] have presented evidence that: (i) 
the Pi carrier of the inner membrane requires 
cardiolipin for its activity; (ii) cardiolipin activa- 
tion of carrier activity is counteracted by 
adriamycin; (iii) the latter phenomenon is due to 
adriamycin-cardiolipin complex formation. 

Obviously, cardiolipin palys a special role in 
the activity of several enzymes localized in the 
inner mitochondrial membrane (for a review, see 
Ref. 44), including complex I, III and IV of the 
respiratory chain. It has been demonstrated that 
for the above enzyme systems full reactivation 
after extensive delipidation requires the presence 
of cardiolipin in the reconstitution medium [45,46]. 
Therefore, we propose that the effects of 
adriamycin exerted on the four complexes of the 
respiratory chain as described here can be 
explained in terms of adriamycin-cardiolipin inter- 
actions. Binding of the drug to cardiolipin mole- 
cules which are essential for enzymatic activity 
causes inactivation of complex III and IV, and is 
also responsible for inhibition of duroquinone re- 
duction by complex I. In this model the essentially 
complete resistance of complex II activity towards 
adriamycin would then be explained by the fact 
that this enzyme lacks an essential requirement for 
cardiolipin. 

The remarkable similarity of mitochondria from 
heart and liver in their response to adriamycin can 
also be explained in terms of a primary role of 
cardiolipin as a drug target. Both mitochondria 
from rat liver [9,37] and rat heart [37] bind 
adriamycin to a level equivalent to their cardioli- 
pin content. The identical response to adriamycin 
of bovine heart mitochondria as compared to the 
rat-heart and rat-liver systems can be accounted 
for by their similar cardiolipin content [9,37,47]. It 
is interesting to note that the drug-binding capac- 
ity of rat liver [9,37] and rat heart [37] 
mitochondria is essentially saturated around 250 

rtM adriamycin, i.e., in the concentration range 
where most of the activities reported here have 
been reduced by at least 50% (Table I). 

An important point to discuss next is the mech- 
anism by which adriamycin-cardiolipin complex 
formation leads to inactivation of enzymes having 
an absolute requirement for this lipid. Although 
this mechanism is not fully understood as yet, a 
number of factors which are most probably of 
importance have been recognized. Firstly, Ruys- 
schaert and coworkers [24,41] have recently pro- 
posed that efficient drug-induced inactivation not 
only requires high-affinity binding to cardiolipin, 
but also segregation of drug cardiolipin complexes 
in a phase separated from the surface of the 
enzyme. This phase segregation phenomenon, as 
induced by adriamycin in model membranes con- 
taining negatively charged phospholipids, has been 
demonstrated using differential scanning calori- 
metry [24,41] and 31p-NMR [22]. This process, 
which is driven by ring-stacking interaction be- 
tween adriamycin chromophores, would disable 
the close contact between cardiolipin and enzyme 
as required for the latter to be active. Secondly, 
adriamycin has been demonstrated by 31P-NMR 
to eliminate efficiently non-bilayer lipid structures 
in model membranes [22,34]. Moreover, the drug 
completely removes the strong isotropic compo- 
nent, presumably originating from lipids organized 
in non-bilayer configurations, from 31P-NMR 
spectra of rat liver inner-membrane ghosts [22]. Of 
special interest for the present discussion is the 
observation that the non-bilayer lipid organization 
as induced by cytochrome c in cardiolipin lipo- 
somes is completely eliminated by subsequent ad- 
dition of adriamycin [34]. Thirdly, this study pre- 
sents evidence that competition between cyto- 
chrome c and adriamycin for binding to a com- 
mon site in the inner membrane (presumably 
cardiolipin) may play a role in explaining complex 
III and IV inactivation. This evidence primarily 
comes from the observation that exogenous cyto- 
chrome ¢ efficiently antagonizes adriamycin-in- 
duced inactivation of NADH oxidase (Fig. 5) and 
succinate oxidase (Fig. 6) activity in rat-liver 
mitochondria. Furthermore, Goormaghtigh et al. 
[34] have reported that cytochrome c bound to 
cardiolipin liposomes is dissociated from this sys- 
tem for 50% at drug concentrations around 200 



~tM, i.e., in the range where we have observed 
pronounced effects on cytochrome c-linked re- 
spiratory activities. 

The outer mitochondrial membrane does not 
seem to play a role in the adriamycin-induced 
inhibition of respiratory function. Thus, cyto- 
chrome c oxidase activity was equally susceptible 
in whole mitochondria as in inner membrane 
ghosts, devoid of outer membrane (Fig. 2). In 
principle, this experiment might be complicated 
by the fact that, in whole mitochondria reduced 
cytochrome c can only reach its oxidase in those 
mitochondria having a damaged outer membrane 
allowing free permeation of the molecule to the 
external surface of the inner membrane  [48]. For 
this reason, the drug-sensitivity comparison was 
also made for succinate-oxidase activity (Fig. 6). 
This activity is measured with substrates which are 
freely permeable through the outer membrane.  
Also in this case, whole mitochondria and inner 
membrane  ghosts displayed virtually identical 
dose-response curves. Therefore, it seems ap- 
propriate to conclude that adriamycin has direct 
access to all its inner membrane target sites irre- 
spective of the presence of the outer membrane.  
Our observations are at variance with those of 
Mannella et al. [49] who reported that they 
observed a correlation between outer membrane  
lysis and susceptibility of rat liver mitochondrial 
succinate oxidase to adriamycin. 

In summary, adriamycin preferentially inhibits 
the complexes I I I  and IV of the mitochondrial 
respiratory chain. The inactivation may  be 
explained by binding of the drug to the inner 
membrane  phospholipid cardiofipin, the latter 
being essential for proper functioning of the com- 
plexes. Interference with enzyme activity by 
adriamycin-cardiolipin complex formation may 
arise from drug-induced phase segregation and 
elimination of functionally important  non-bilayer 
lipid structures. Furthermore, the inhibition of 
cytochrome c-linked respiratory activities most 
probably partly arises from competition between 
adriamycin and cytochrome c for binding to sites 
on the inner membrane which play a role in the 
catalytic activity. 
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