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Abstract—The effect of the combination of Adriamycin (ADM) with rhein (RH), an anti-inflammatory
drug, on the electron flow through site III and IV of the respiratory chain of rat liver mitochondria
was investigated. RH, even at high concentrations, does not inhibit either duroquinol (DHQ) oxidation
or cytochrome oxidase activity both of which are decreased by ADM in a dose-dependent manner.
The analysis of interaction, performed with the isobolar method, shows a strong synergistic effect that
cannot be ascribed to increased permeability of the mitochondrial membranes brought about by RH.
The mechanism by which RH potentiates the effect of ADM on DHQ oxidation and cytochrome
oxidase activity is most likely to be changes induced in the physical status of the inner mitochondrial
membrane such as to permit low ADM concentrations to bind and segregate enough cardiolipin to
inhibit electron transport through complex III and IV.
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ADMzt is an anthracycline antibiotic which, because
of its broad spectrum of activity, is one of the most
widely employed anti-neoplastic drugs in the
treatment of several tumors [1, 2]. However, its use
in chemotherapy is severely restricted because of its
toxic side effects, mainly at the cardiac level [3].
There is experimental evidence that this toxicity
arises from impairment of mitochondrial function
[4-9]. Several mechanisms have been proposed to
explain the ADM-induced mitochondrial alterations,
including the inhibition of electron transfer through
the three energy-conserving sites of the respiratory
chain [4-6]. Since it is unlikely that ADM interacts
with each enzyme of the respiratory chain, it has
been proposed that the multi-site effect is due to an
interaction of the drug with cardiolipin in the inner
mitochondrial membrane required for the full activity
of the most enzymes of the respiratory chain [7-13].

Moreover, it has been previously reported that
RH, 4,5-dihydroxy-anthraquinone-2-carboxylicacid,
an anti-inflammatory drug [14,15] lowers ATP
availability [16] by inhibiting both respiration and
glycolysis of tumor cells [17]. RH decreases oxygen
consumption by affecting the oxidation of NAD-
and FAD-linked substrates at the dehydrogenase—
coenzyme level [18], whereas the inhibition of
glycolysis must be ascribed to a reduced glucose
uptake [17] due to an alteration of membrane-
associated functions [19] thus affecting glucose
transporter activity [20]. The interaction of RH with
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1 Abbreviations: ADM, Adriamycin; DHQ, duroquinol;
FCCP, carbonylcyanide p-trifiuoromethoxyphenyl hydra-
zone; RH, rhein.

the plasma membrane not only decreases the rate
of the glucose transport, but also the activity of the
transplasma membrane redox enzyme system which
transfers electrons from reducing agents in the
cytoplasm to external impermeable oxidants, such
as ferricyanide [21-24].

However, the RH-ADM association results in a
strong synergic inhibitory effect of the plasma
membrane redox activity. This synergism of action
may be ascribed to the fact that RH does not act at
a specific site but by modulating the membrane
fluidity [19] makes the transmembrane electron
transport system more sensitive to ADM [24].

Therefore, because RH interacts with cell
membranes inducing deep modifications in their
structure and function [18-20, 24], and considering
that the major ADM-sensitive sites lie in complex
III and IV [13], experiments were undertaken to
evaluate the ability of RH to potentiate the ADM
effect on the Q to cytochrome oxidase span of the
respiratory chain, to establish the nature, the extent
as well as the possible mechanism(s), of such a
response.

MATERIALS AND METHODS

Preparation of mitochondria. Rat liver mito-
chondria were isolated from adult male Sprague—
Dawley rats fasted overnight according to Pedersen
et al. [25]. The mitochondria were resuspended in a
minimal volume of H-medium (70mM sucrose,
210mM mannitol, 2.1mM Li-HEPES, pH7.10)
without BSA, because of its ability to bind RH [14],
at a concentration of 50 mg/mL. The respiratory
control ratio of mitochondrial preparations, with
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succinate as substrate, ranged between 5.5 and 8.
Protein content was determined according to Gornall
et al. [26].

Assay of oxygen consumption, cytochrome <
oxidase activity, mitochondrial swelling and ADM
binding. The rates of oxygen consumption were
determined with a Clark oxygen electrode (Yellow
Springs Instruments Co., OH, U.S.A.) equipped
with an ultrathin Teflon membrane. The electrode
was inserted horizontally in a thermostated, closed
glass chamber (Gilson Medical Electronics, WI,
U.S.A)) of 2.0mL. The volume was always 2.0 mL
and contained final concentration of 120 mM KCl,
3mM Li-HEPES, 1mM EGTA, pH7.10, and
3.0 mg of mitochondrial protein. Other additions are
given in the figure legends. The temperature was 25°
and the oxygen solubility was taken to be 479ng
atoms mL~! when the medium was air-equilibrated
at 760 Torr (=10,1080 Pa) [27].

Cytochrome ¢ oxidase activity was also measured
polarographically in the same medium with the
addition of 0.125mM reduced cytochrome c,
prepared according to Nicolay and De Kruijff [13].

The swelling was evaluated by suspending 3.0 mg
of mitochondrial protein in 3.0mL of medium
(120 mM KC1, 3mM Li-HEPES, 1 mM EGTA) and
measuring the decrease in optical density at 700 nm
and 25° in an Aminco DW-2a spectrophotometer
equipped with a thermospacer apparatus [28].

The binding of ADM to mitochondrial preparations
was measured in a closed glass chamber of 2.0 mL
capacity, equipped with a Clark electrode so that
oxygen uptake could be measured simultaneously.
Mitochondria (3.0 mg protein) were preincubated at
25° for 1min with appropriate concentration of
ADM and RH. Then 1 mM DHQ and, after 1 min,
0.75 uM FCCP were added and the incubation was
allowed to proceed for an additional 30sec.
Mitochondria were withdrawn with a Pasteur pipette
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and centrifuged for Smin at 14,000rpm in an
Eppendorf 5415 microfuge. The concentration of
unbound ADM was evaluated spectrophoto-
metrically at 500nm with a Beckman DU-7
spectrophotometer using an extinction coefficient of
13mM tcm~l. Standard calibration spectra were
run with ADM solutions of known content (by
weight).

Data analysis. The analysis of the RH-ADM
interaction on both DHQ oxidation and cytochrome
¢ oxidase activity was performed by means of the
isobolar approach [29]. Briefly, this method, which
is supposed to offer a general solution to the problem
of interaction [30], implies the construction of
isoeffect curves or surfaces based on the dosage of
the agents, given alone or in combination, to achieve
the same effect. The case in which one agent (RH)
doesn’t produce any evaluable effect in combination
with another agent (ADM) able to produce a
remarkable effect is termed heterergic. According
to Berembaum [29] if there is no interaction between
the two agents the isobole will be a straight line
parallel to the dose axis on the ‘non effective’ agent.
If the interaction is positive (synergism) or negative
(antagonism) the isobole deviates asymptotically
toward or away from the axis of the ‘non effective’
agent. Therefore, the method enables the effect of
non-interactive combinations to be calculated from
experimental data, regardless of the particular types
of exposition—effect relationship of the individual
agents and, more generally, without invoking the
mechanism of action [30].

Chemicals. The following chemicals were pur-
chased from the indicated sources: ascorbic acid,
fatty acid-free BSA, cytochrome ¢, EGTA and
FCCP from Sigma Chemical Co. (St Louis, MO,
U.S.A.); HEPES, antimycin A and cytochrome ¢
from Boehringer Italia (Milan, Italy); rotenone and
DHQ from K&K Laboratories (Plainview, NY,
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Fig. 1. Effect of RH (A) and ADM (B) concentration on the oxidation of DHQ by rat liver mitochondria

in the presence of FCCP. The final volume was 2.0 mL and the temperature 25°. The mitochondria

(3 mg protein) were preincubated with the indicated concentration of RH and ADM in buffered medium

(see Materials and Methods) with 4 uM rotenone for 1 min, 1 mM DHQ was then added and the rate

of oxygen consumption recorded. After 1 min, FCCP, at a final concentration of 0.75 uM, was injected

and the rate of subsequent oxygen uptake recorded. Each point +SD was averaged from seven different
mitochondrial preparations.
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Fig. 2. (A) Effect of RH concentration on the inhibition of DHQ oxidation by ADM. Mitochondria
(3 mg protein) were preincubated with 0.24 mM ADM and with indicated RH concentration for 1 min.
Other experimental condition as in Fig. 1. Each point was averaged from seven different mitochondrial
preparations. Error bars within circles. (B) Concentration of ADM and RH in combination to obtain
a 50% inhibition of DHQ oxidation. The dotted vertical bars show the zero-interaction region, whereas
the numbers indicate the interaction index calculated according to Berembaum [29]. The ADM
concentration to give a 50% inhibition was 0.45 mM. Each combination was repeated five times with
different mitochondrial preparations. Error bars within circles.

U.S.A.); ADM from Farmitalia (Milan, Italy). All
the other reagents were of analytical grade and were
purchased from BDH Italia (Milan, Italy). RH was
a gift from Dr Vittorio Behar, Proter Laboratories,
Opera (Milan, Italy).

RESULTS

Effect of RH and ADM on the DHQ oxidation

The effect of RH and ADM on electron flow
through site 2 was investigated by using as substrate
DHQ which feeds electrons directly to Q. Figure 1
shows the concentration-dependent effect of RH
and ADM on the DHQ oxidation by rat liver
mitochondria. The mitochondria, in the presence of
rotenone to inhibit electron flow from site 1, were
preincubated for 1min with increasing drug
concentrations; 1 mM DHQ was then added and the
rate of state 4 oxygen consumption was recorded for
another minute. Then, 0.75 uM FCCP was injected
and the rate of the subsequent oxygen uptake was
determined. As may be observed in Fig. 1A, RH
showed no inhibition of the very high DHQ oxidation
rate, confirming again that RH does not affect the
electron flow through site 2 [18]. However, a
completely different pattern occurred when the
mitochondria were incubated with ADM (Fig. 1B).
The drug, up to 0.24mM, did not significantly
affect DHO oxidation (= — 10%), whereas higher
concentrations led to a sharp decline of the
oxygen consumption rate which was 120 ng atoms
Omin~'mg~! (A% = — 82%) at 0.8 mM ADM. The
concentration to obtain half-maximal rate was
0.45mM ADM.

In order to establish whether RH might enhance
the inhibition of oxygen consumption by ADM,
mitochondria were incubated with a fixed amount
of ADM, i.e. 0.24 mM, and increasing concentrations
of RH. As shown in Fig. 2A, 0.24 mM ADM by

itself had little effect on the oxygen uptake rate,
which was lowered from 650 ng atoms O min~! mg™~*
to 580ng atoms Omin 'mg~' and not further
modified by the addition of RH up to 25uM.
Nevertheless, if the RH amount was increased, the
oxygen consumption rate was reduced by ADM and
the extent of inhibition increased with RH
concentration. At 150 uM RH, the rate of oxygen
uptake was 180ng atoms Omin~'mg™! (A% =
— 70%), i.e. the value obtained by 0.65 mM ADM
(Fig. 1B). Half-maximal inhibition was observed
with the combination 0.24 mM ADM and 70 uM
RH. Thus, these data clearly demonstrate that RH
greatly enhances the ability of ADM to inhibit DHQ
oxidation. In order to define the type of response,
the effect of different combinations of ADM and
RH on the DHQ oxidation was tested according to
Berembaum [29]. The results are presented in Fig.
2B. When given alone the ADM concentration to
inhibit oxygen consumption rate by 50% was
0.45mM. All combinations tested were strongly
synergic because the experimental points diverged
toward the RH axis and, accordingly, the relative
isobole was concave up [29]. The interaction index
was always much lower than 1, ranging from 0.41 to
0.73.

Effect of ADM and ADM-RH association on
cytochrome oxidase activity

The activity of the terminal enzyme complex of
the respiratory chain, i.e. cytochrome oxidase, also
appeared to be affected by ADM (Fig. 3), whereas
RH is completely inactive on this enzyme [18].
Mitochondria, in the presence of rotenone and
antimycin A to prevent electron flow from substrates
entering site 1 and 2 and of FCCP to yield the
maximum rate of oxygen consumption, were
preincubated for 1min with established ADM
concentrations. Then 0.125 mM reduced cytochrome



1784

A
90
“-U)
£
< 60
£
£
(o)
2 30}
c
i 1 1
.2 4 8
mM ADM

A. FLORIDI et al.

2 4 .6
mM ADM

Fig. 3. {A) Effect of ADM concentration on cytochrome oxidase activity of rat liver mitochondria.
Mitochondria (3 mg protein) were preincubated for 1 min in buffered medium supplemented with 4 uM
rotenone, 0.2 nmol antimycin A mg protein™! and 0.75 uM FCCP. The reaction was started by the
addition of 0.125 mM reduced cytochrome c. Other experimental conditions as in Fig. 1. Each point
was averaged from seven different mitochondrial preparations. Error bars within circles. (B)
Concentration of ADM and RH in combination to reduce cytochrome oxidase activity by 50%. Symbols
as in Fig. 2B. Each combination was repeated five times with different mitochondrial preparations.
Error bars within circles.

¢ was added and the subsequent rate of oxygen
consumption recorded. As shown by the dose-
response curve of Fig. 3A ADM in concentrations
up to 0.15 mM, did not significantly inhibit the rate
of oxidation of reduced cytochrome ¢ which, on the
contrary, was severely impaired by higher drug
concentrations. The ADM concentration to obtain
half-maximal rate was 0.39 mM, a value very similar
to that found with DHQ as substrate. When the
effect of ADM on cytochrome oxidase activity was
evaluated in the presence of RH, a strong synergic
effect occurred. In fact, as shown in Fig. 3B, in all
combinations tested, the concentration of ADM to
obtain 50% inhibition was much lower than that
required when given alone (0.39mM) and, as
observed with DHQ (Fig. 2B), the isobole was
concave up. It should be stressed that the 50% effect
was obtained with remarkably lower ADM and RH
concentrations than those required when DHQ was
the substrate.

Effect of RH on mitochondrial permeability and on
the ADM binding

It has been reported that agents perturbing
the structure of the membranes increase their
permeability {31] and that mitochondrial sus-
ceptibility to respiratory inhibition by ADM depends
on the permeability of the outer mitochondrial
membrane [32]. On the other hand, RH binds to
membranes and modifies their structural and
functional properties [19, 20, 24]. Tt is, then, possible
that the greater susceptibility of DHQ oxidation, as
well as of cytochrome oxidase activity, to the ADM-
RH association might be ascribed to an increased
permeability of the mitochondrial membranes.
Therefore, the effect of RH on mitochondrial
membrane permeability was investigated. As shown
in Fig. 4A, no modifications in the rate of oxidation
of externally added reduced cytochrome ¢ were

observed over the range of RH concentrations
tested. On the contrary, when mitochondria were
treated with increasing levels of digitonin, a
detergent which selectively lyses mitochondrial outer
membrane, the rate of oxidation of reduced
cytochrome ¢ increased in a linear manner
with digitonin concentration (Fig. 4B). Yet, in
mitochondria pre-treated for 1min with 0.06%
digitonin, the oxidation of externally added reduced
cytochrome ¢ was stimulated by low and inhibited
by high ADM concentrations (Fig. 4C). The half-
maximal rate was obtained at 0.39mM ADM, a
value identical to that found for non-permeabilized
mitochondria, (Fig. 3A). Thus, these data clearly
show that the synergistic effect of the ADM-RH
association on mitochondrial respiration was not
caused by a modification of the outer membrane
permeability. Neither can this synergism be referred
to an increased permeability of the inner membrane
because of the inability of RH to modify it either in
absence of metabolic energy (Fig. 4D, 1) or when
mitochondria were respiring on DHQ (Fig. 4D, 2).

The higher susceptibility of mitochondrial res-
piration to the association ADM~-RH might be due
to an increased capacity of RH-treated mitochondria
to bind ADM. Figure 5 shows the binding of ADM
to rat liver mitochondria as function of the RH
concentration. In order to establish whether there
was a relationship between the amount of ADM
bound and the inhibition of oxygen consumption,
the binding was evaluated under the same
experimental conditions as in Fig. 2A. In the absence
of RH, 5nmol mg protein~! of ADM were bound
by mitochondria. Low RH concentrations did not
affect the ADM binding whereas, at higher
concentrations, the amount of ADM bound linearly
increased over the range tested.

The greater amount of ADM bound by RH-
treated mitochondria, the greater the inhibition of
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Fig. 4. (A) Effect of RH concentration on the rate of oxidation of reduced cytochrome c. Experimental
conditions as in Fig. 3A. Each value =SD was averaged from five different mitochondrial preparations.
(B) Effect of digitonin concentration on the rate of oxidation on reduced cytochrome c. Mitochondria
(3 mg protein) were preincubated for 1 min with indicated digitonin concentration. Other experimental
conditions as in Fig. 3A. Each value was averaged from five different mitochondrial preparations. Error
bars within the circles. (C) Effect of ADM concentration on the rate of oxidation of reduced cytochrome
¢ in digitonin-treated mitochondria. Mitochondria (3 mg protein) were preincubated for 1 min with
0.06% digitonin. Other experimental conditions as in Fig. 3A. Each point was averaged from five
different mitochondrial preparations. Error bars within the circles. (D) Typical traces showing the
effect of 150 uM RH, i.e. the highest concentration used in association with ADM, on the permeability
of the inner mitochondrial membrane of rat liver mitochondria. The mitochondria (3 mg protein were
incubated at 25° in 3.0 mL of the buffered medium, see Materials and Methods) and the additions
indicated by the arrows. Rotenone and antimycin A were added at a final concentration of 4 uM and
0.2 nmol mg protein™!. The experiments were repeated with four different mitochondrial preparations
and yield reproducible results (+3%). 1: non-respiring mitochondria; 2: mitochondria respiring on
DHQ (1 mM).

oxygen consumption as clearly demonstrated in Fig.
6. In the absence of RH, mitochondria incubated
with 0.24 mM ADM, bound an amount of drug
(5 nmol mg protein~!) that was insufficient to impair
DHQ oxidation because, as shown in trace B, the
rate of oxygen consumption was similar to that of
the control (trace A). When mitochondria were
incubated with 0.24 mM ADM in the presence of
75uM RH, the amount of ADM bound rose to
13 nmol mg protein~! and the oxygen uptake rate
was inhibited by 50% (trace C). These values were
identical to those found in mitochondria incubated
with 0.45 mM ADM (trace D) a concentration which,
as shown in Fig. 1B, inhibited DHQ oxidation by
50%.

DISCUSSION

The observations recorded in this report dem-

onstrate that RH strongly potentiates the inhibitory
effect of ADM on electron flow from Q to oxygen.
Although this drug does not affect the electron
transfer through site 2 and 3 of the mitochondrial
respiratory chain (Fig. 1A) [18], its combination
with ADM results in a strong synergic effect that
permits the reaching of a pre-established level of
inhibition with concentrations of ADM that are
much lower than those necessary when ADM is used
alone. This synergism cannot be ascribed to a
facilitated diffusion of ADM through the outer
mitochondrial membrane. In spite of the ability of
RH to interact with mitochondrial membranes, it
does not increase the outer membrane permeability
as is clearly demonstrated by its failure to stimulate
the oxidation of reduced cytochrome c¢. The
outer mitochondrial membrane is impermeable to
cytochrome ¢ so that the rate of electron transfer
between externally added reduced cytochrome c and
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Fig. 5. Effect of RH concentration on ADM binding.
Mitochondria (3mg protein) were preincubated in a
buffered medium with 4 yM rotenone, 0.24 mM ADM and
the indicated concentration of RH for 1 min. DHQ (1 mM)
was then added and the oxygen consumption rate recorded.
After 1 min 0.75 uM FCCP was injected and the rate of
subsequent oxygen uptake recorded for further 30 sec. The
mitochondria were withdrawn with a Pasteur pipette and
centrifuged at 14,000 rpm for 5 min. The unbound ADM
was evaluated spectrophotometrically at 500nm on the
supernatant.

the redox sites in the inner membrane depends
strictly on the intactness of the outer membrane
[33]. If RH were acting by increasing the outer
membrane permeability, a stimulation of the rate of
oxygen consumption would have been observed. On

the other hand, the outer mitochondrial membrane .

apparently does not represent a barrier to ADM, as
is demonstrated by the fact that the ADM

ADM 0.24mM

i DHQ
m:a
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concentration to inhibit 50% cytochrome oxidase
activity in digitonin-treated mitochondria is the same
as that required for untreated mitochondria (Fig.
4C). Our data are in agreement with those of Nicolay
and co-workers [9, 13], whereas they differ from
those of Mannella ef al. [32] who found a correlation
between the lysis of the outer membrane and the
susceptibility of rat liver mitochondrial cytochrome
oxidase.

The synergistic inhibitory effect of the ADM-RH
association on DHQ oxidation as well as on
cytochrome oxidase activity should be ascribed to
an increased binding of ADM achieved by RH.
ADM has direct access to the cytosolic side of the
inner membrane, but, by raising its concentration,
a greater amount of the drug is bound and a second
level of saturation is reached [9, 31]. This is mainly
due to penetration of ADM through the inner
membrane with consequent binding to cardiolipin of
the matrix side [31]. RH binds to mitochondria and
induces severe alterations in their structure such as
a rarefaction of the matrix and a distortion and
disruption of the cristae [19], reflecting on their
functionality {16-18]. Since RH does not modify the
permeability of the inner mitochondrial membrane
(Fig. 4D), the greater amount of ADM bound by
RH-treated mitochondria may presumably be
ascribed to changes of the physical status of the
membrane [19,34] that could allow low ADM
concentrations to bind and segregate cardiolipin so
as to inhibit the electron flow through complex I
and IV of the respiratory chain.

However, it should be noted that the amount of
ADM bound is lower than that reported by Nicolay
et al. [9] and Chevenal et al. [31]. This discrepancy

ADM 0.24mrM
R‘H T5uM

Fig. 6. Typical traces showing the relationship between the amount of ADM bound and the inhibition
of DHQ oxidation in the absence (traces B and D) and in the presence (trace C) of 75uM RH.
Experimental conditions as in Fig. 5. The experiments were repeated five times and yield reproducible
results (£6%). (A) control. The upper number along the traces refers to ADM bound (nmol mg
protein') whereas the lower is the rate of oxygen consumption (ng atoms O min™! mg protein™').
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is most likely due to the different metabolic state of
mitochondria in which the binding was evaluated.
In fact, the amount of drug bound was in close
agreement with that reported in the cited papers
{9,31] (£5%) when the binding was performed
under the same conditions {data not shown).

In conclusion, these data clearly indicate that RH
enhances ADM inhibition of electron transport by
increasing the binding to inner mitochondrial
membrane although the biochemical basis of such a
phenomenon must be better clarified.

Acknowledgements—This work was partially supported by
grants from AIRC, CNR Special Project “ACRO” and
Ministero della Sanita.

The authors thank Mr Luigi Dall’Oco, Mr Mauro Di
Giovanni, and Mrs Ivana Zardin for their skilful graphic
and photographic work.

REFERENCES

1, Arcamone F, Cassinelli G, Fantini G, Grein A,
Orezzi P, Pol C and Spall C, Adriamycin, 14-
hydroxydaunomycin, a new antitumor antibiotic from
S. pencetius var. caesius. Cancer Treat Rep 53: 842~
848, 1969.

2. Di Marco A, Gaetani N, Orezzi P, Scarpinato BM,
and Silvestrini R, “Daunomycin” a new antibiotic of
Rhodomycin group. Nature (London) 201: 706-707,
1964.

3. Mettler FP, Young DM and Ward JM, Adriamycin-
induced cardiotoxicity (cardiomyopathy and congestive
heart failure) in rats. Cancer Res 37: 2705-2713, 1974.

4. Gosalvez M, Blanco M, Hunger J, Miko M and Chance
B, Effects of anticancer agents on the respiration of
isolated mitochondria and tumor cells. Eur J Cancer
10: 567-574, 1974.

5. Muhamed H, Ramasarma T and Kurup CKR, Inhibition
of mitochondrial oxidative phosphorylation by adri-
amycin. Biochim Biophys Acta 722: 43-50, 1982.

6. Bianchi C, Bagnato A, Paggi MG and Floridi A, Effect
of adriamycin on electron transport in rat heart, liver
and tumor mitochondria. Exp Mol Pathol 45: 123-135,
1987.

7. Goormaghtigh E, Pollakis G and Ruysschaert JM,
Mitochondrial membrane modifications induced by
adriamycin-mediated electron transport. Biochem
Pharmacol 32: 889-893, 1983.

8. Goormaghtigh E, Huart P, Brasseur R and Ruysschaert
JM, Mechanism of inhibition of mitochondrial complex
I-111 by adriamycin derivatives. Biochim Biophys Acta
861: 83-94, 1986.

9. Nicolay K, Timmers RIM, Spoelstra E, Vaner Neut
R, Fox 1J, Huigen YM, Verkleij Al and De Kruijff
B, The interaction of adriamycin with cardiolipin in
model and rat liver mitochondrial membranes. Biochim
Biophys Acta 778: 359-371, 1984.

10. Goormaghtigh E, Brasseur R and Ruysschaert M,
Adriamycin inactivates cytochrome ¢ oxidase by
exclusion of the enzyme from its cardiolipin essential
environment. Biochem Biophys Res Commun 104:
314-320, 1982.

11. Goormaghtigh E and Ruysschaert JM, Anthracycline
glycoside-membrane interactions. Biochim Biophys
Acta 779: 271-288, 1984.

12. Goormaghtigh E, Vandenbranden M, Ruysschaert JM
and De Kruijff B, Adriamycin inhibits the formation
of non-bilayer lipid structures in cardiolipin-containing
model membranes. Biochim Biophys Acta 685: 137-
143, 1982.

13. Nicolay K and De Kruijff B, Effects of adriamycin on

14.

15.

16.

17.

18,

19.

20.

21.

22.

23,

24.

25.

26,

27.

28.

29.

30.

31.

respiratory chain activities in mitochondria from rat
liver, rat heart and bovine heart. Evidence for a
preferential inhibition of complex III and IV. Biochim
Biophys Acta 892: 320-330, 1987.

Franchi E, Micheli S, Lovacchi L, Friedmann CA and
Zilletti L, The influence of rhein on biosynthesis of
prostaglandin-like substances in vitro. J Pharm
Pharmacol 35: 262-264, 1982.

Raimondi L, Banchelli-Soldaini G, Buffoni F, Ignesti
G, Monacesi L., Amaducci L and Friedmann CA,
Rhein and derivatives. In vitro studies on their capacity
to inhibit some proteases. Pharm Res Commun 14;
103-112, 1982.

Delpino A, Paggi MG, Gentile FP, Castiglione §,
Bruno T, Benassi M and Floridi A, Protein synthetic
activity and adenylate energy charge in rhein-treated
cultured human glioma cells. Cancer Biochem Biophys
12: 241-252, 1992.

Floridi A, Castiglione S, Bianchi C and Mancini A,
Effect of rhein on the glucose metabolism of Ehrlich
ascites tumor cells. Biochem Pharmacol 40: 217-222,
1990.

Floridi A, Castiglione S and Bianchi C, Sites of
inhibition of mitochondrial electron transport by rhein.
Biochem Pharmacol 38: 743-751, 1989.

lTosi F, Santini MT and Malorni W, Membrane and
cytoskeleton are intraceltular targets of rhein in A431
cells. Anticancer Res 13: 545-554, 1993,

Castiglione §, Fanciulli M, Bruno T, Evangelista M,
Del Carlo C, Paggi MG, Chersi A and Floridi A, Rhein
inhibits glucose uptake in Ehrlich ascites tumor cells
by alteration of membrane-associated functions. Anti-
Cancer Drugs 4: 407414, 1993.

Crane FL, Sun IL, Clark MG, Grebing G and Léw H,
Transplasma-membrane redox systems in growth and
development. Biochim Biophys Acta 811: 233-264,
1985.

Sun IL, Crane FL, Grebing C and 1.6w H, Properties
of a transplasma membrane electron transport system.
J Bioenerg Biomembranes 16: 583595, 1984.

Crane FL, MacKellar WC, Morre DI, Ramasarma T,
Goldenberg H, Grebing C and Low H, Adriamycin
affects plasma membrane redox functions. Biochem
Biophys Res Commun 93: 746-754, 1980.

Fanciulli M, Gentile FP, Bruno T, Paggi MG, Benassi
M and Floridi A, Inhibition of membrane redox activity
by rhein and adriamycin in human glioma cells. Anti-
Cancer Drugs 3: 615-621, 1992.

Pedersen PL, Greenwalt JW, Reynafarje B, Hullihen
J, Decker GIL, Soper JW and Bustamante E,
Preparation and characterization of mitochondria and
submitochondrial particles of rat liver and liver-derived
tissues. Methods Cell Biol 20: 411-481, 1978.

Gornall AG, Baldwin CJ and David MM, Deter-
mination of serum proteins by means of biuret reaction.
J Biol Chem 177: 751-766, 1949.

Reynafarje B, Costa L and Lehninger AL, O, solubility
in aqueous media determined by a kinetic method.
Anal Biochem 145: 406418, 1985.

Floridi A, Alexandre A, Paggi MG, Pellegrini L,
Marcante ML, Silvestrini B, Caputo A and Lenhinger
AL, Mechanisms of mitochondrial swelling induced by
lonidamine. In: Cell Membrane and Cancer (Eds.
Galeotti T, Cittadini A, Neri G, Papa S and Smets
LA), pp. 217-221. Elsevier Science Publ., 1985,
Berembaum MC, Criteria for analyzing interactions
between biologically active agents. Adv Cancer Res 35:
269-335, 1981.

Berembaum MC, The expected effect of a combination
of agents: the general solution. J Theor Biol 114: 413~
431, 1985.

Chevenal D, Muller M, Toni R, Ruetz S and Carafoli
E, Adriamycin as probe for the transversal distribution



1788 A. FLORIDI et al.

of cardiolipin in the inner mitochondrial membrane. J 33, Wikstrém M and Casey M, The oxidation of exogenous
Biol Chem 260: 13003-13007, 1985. cytochrome ¢ by mitochondria. Resolution of long-

32. Mannella CA, Capolongo N and Berkowitz R, standing controversy. FEBS Lert 183: 293-298, 1985.
Correlation between outer-membrane lysis and sus- 34, Beccerica E, Ferretti G, Curatola G, and Cervini C,
ceptibility of mitochondria to inhibition by adriamycin Diacetyirhein and rhein: in vivo and in vitro effect on
and polyamines. Biochim Biophys Acta 848: 312-316, lymphocyte membrane fluidity. Pharmacol Res 27:

1986. 277285, 1990.



