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A major limitation to a prolonged use of adriamycin (ADM) during a clinical treatment is its dose-dependent cardiotoxicity. This
toxicity has been related to a general disturbance of the inner mitochondrial membrane structure and its essential biological
functions, associated to the production of free radicals by the anthracyclines. 4’-Epiadriamycin (4’-epiADM), 4’-deoxyadriamycin
(4'-deoxyADM), 4'-deoxy-4’-iodoadriamycin (4'-deoxy-4’-iodoADM) and 4’-demethoxydaunorubicin (4-demethoxyDNR) are
ADM and daunorubicin (DNR) derivatives differing from their parent compounds by minor structural modifications. They are
nevertheless documented as less cardiotoxic. Our purpose was to establish whether mitochondrial membrane damages induced in
vivo in mice heart by those compounds are correlated with the free radical formation. Heart mitochondria of treated mice were
isolated 48 h after a single drug injection in order to measure the acute mitochondrial toxicity. Enzymatic activities of complex
I-III and complex IV of the mitochondrial respiratory chain, mitochondrial membrane fluidity and lipid peroxidation were
measured. None of the ADM and DNR derivatives displayed a significant acute mitochondrial toxicity. A mitochondrial toxicity
was however detected for 4-deoxyADM and 4-demethoxyDNR when drugs were given chronically, but it was strongly reduced as
compared with ADM and DNR. Electron transfer between NADH and cytochrome ¢, formation of superoxide radicals and lipid
peroxidation were measured in vitro for the various drugs. Comparison of the in-vivo and in-vitro results provides evidence that
free radical production explains only partly the in-vivo toxicities.

Introduction

Adriamycin (ADM) is an antitumour anthracycline
with a broad spectrum of activity against a large variety
of human cancers [1]. A major limitation to its pro-
longed use during a clinical treatment is its dose-de-
pendent cardiotoxicity, the recommended safe cumula-
tive dose being 550 mg,/m? [2,3]. It has been proposed
that ADM binds with a high affinity to cardiolipin
(CL), a phospholipid specific of the inner mitochon-
drial membrane [4-6), and is subsequently converted
by NADH dehydrogenase in a semiquinone radical
[7-10]). In the presence of O,, this radical generates
superoxide anions and hydroxyl radicals which peroxi-
dize unsaturated membrane lipids [11-16]. This results
in a general disturbance of the inner mitochondrial
membrane structure and of its essential biological
functions. ADM inhibits in vitro and in vivo the activity
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of complex I-III and complex IV of the mitochondrial
respiratory chain, peroxidizes mitochondrial lipids and
modifies the fluidity of the mitochondrial membrane
[10,17-21]. Free radical scavengers have been shown to
abolish or to delay these toxic effects [1,22-24] that
were not observed with ADM analogs having no affin-
ity for CL (N-acetylADM, steffimycine) or unable
to generate free radicals (5-iminodaunorubicin)
[7,8,17,18,20,25,26]. It is worthwhile to mention that
those derivatives are less cardiotoxic than ADM, as
demonstrated by electrocardiograms on rats treated
chronically and by toxicity experiments carried out on
cultured cardiocytes [27-31].

Other anthracyclines (4’-epiADM, 4'-deoxyADM,
4'-deoxy-4'-iodcADM and 4-demethoxydaunorubicine)
differ from their parent compound (ADM and
daunorubicine (DNR)) by minor modifications that are
not supposed to modify their affinity for CL or their
ability to generate toxic radical species. Those
molecules are nevertheless documented as being less
cardiotoxic than ADM [32-38]. Our purpose here is to
correlate the mitochondrial membrane damages (com-
plex I-IIT and IV, membrane fluidity and lipid per-
oxidation) induced by these drugs in mice heart in vivo
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with the anthracycline induced in-vitro free radical
production.

Materials and Methods

Materials

ADM, 4’-epiADM, 4’-deoxyADM, 4’-deoxy-4'-iodo-
ADM and 4-demethoxyDNR were provided by Farmi-
talia (Milan). DNR, yeast NADH (grade III), horse
heart cytochrome ¢, bovine liver superoxide dismutase
(SOD), horse heart catalase, diphenylhexatriene
(DPH), sodium deoxycholate and bovine serum albu-
mine (BSA) were purchased from Sigma. Trichloro-
acetic acid (TCA) and EDTA were Aldrich products;
thiobarbituric acid (TBA), NaN,, Tris, sucrose, dithion-
ite (Na,S,0,), NaOH and HCI were from Merck. All
chemicals were of analytical grade. Drugs were dis-
solved in Tris-HCl (pH 7.4) just before use and pro-
tected against light exposure. OF1 Swiss male and
female mice, average weight 25 g, were provided by
IFFA CREDO Belgium. Absorbance measurements
were performed on a Shimadzu UV-190 double beam
spectrophotometer; fluorescence polarization meas-
urements on an Elscint Microviscosimeter MV 1la.

Methods

In-vivo studies. Acute treatment: Groups of six mice
were treated as follows; in each group, three mice
received drug by the i.p. route and three mice received
10 mM Tris-HCI buffer (pH 7.4). For each drug and for
each dose, two groups of mice (six males and six
females) were treated. Mice were killed by cervical
dislocation 48 h after the injection.

Mice heart mitochondria were extracted as follows:
hearts were removed, rinsed in 10 mM Tris-HCI buffer
(pH 7.4) at 4°C and gently homogenized (25%, w /v) in
0.25 M sucrose /1 mM EDTA /1% BSA /10 mM Tris-
HC! (pH 7.4) with a glass homogenizer fitted with a
Teflon pestle. The homogenate was centrifuged a first
time for 5 min at 480 X g (2000 rpm) in a Sorvall
RC2-B centrifuge fitted with a SS-34 rotor. The super-
natant was then centrifuged for 10 min at 7700 X g
(9000 rpm), yielding a light brown pellet of mito-
chondria, a fraction of which was resuspended and
repelleted twice in Tris-HCI at 11500 X g during 6
min, in order to remove the BSA which would interfere
in the Folin test. Mitochondria used for lipid peroxida-
tion measurements were treated in the same way in
order to remove the EDTA and sucrose which inter-
fere in lipid peroxidation assays. To perform the enzy-
matic assays, 100 ul of mitochondria were diluted
ten-fold in Tris-HCL. 25 wl of deoxycholate 10% were
added to the solution. The protein concentration of
each mitochondrial suspension was determined with a
Folin test [39].

Complex I-1II (NADH dehydrogenase-cytochrome-c
reductase) activity was assayed at 25°C by following the
NADH-dependent cytochrome ¢ reduction at 550 nm
in a 1-ml reaction mixture containing 725 wul of Tris
buffer, 100 ul of NADH 1 mg/ml, 50 ul of oxidized
cytochrome ¢ (15 mg/ml) and 25 ul of NaN, 1072 M.
The reaction was initiated by the addition of 100 ul of
the mitochondrial suspension.

Cytochrome-c oxidase activity was assayed spec-
trophotometrically at 550 nm by following the oxida-
tion of reduced cytochrome c¢. Cytochrome ¢ was re-
duced by dithionite. Excess of dithionite was elimi-
nated by gel filtration on a Sephadex G-25 column.
The reaction mixture contained 850 wl of Tris-HCI
buffer, 50 ul of reduced cytochrome ¢ and the reaction
was initiated by the addition of 100 w1 of the mitochon-
drial suspension (25°C).

In fluorescence depolarization experiments, 100 pl
of mitochondria were suspended in Tris-HCl buffer
and 40 ul of DPH as a tetrahydrofuran solution (20
pg/ml) was then added (final volume 2 ml). The
mixture was incubated 30 min before measuring fluo-
rescence depolarization at a constant temperature of
25°C on a Elscint Microviscosimeter MV 1a.

For lipid peroxidation measurements, groups of 18
mice were treated as before. Each peroxidation rate
was determined on a mitochondrial extract coming
from hearts of three mice from the same group. 1 ml of
TCA 10% was added to 1 ml of mitochondrial solution
and the suspension was centrifuged. 1 ml of TBA 1%
in NaOH 0.01 M was then added to the supernatant.
This solution was heated at 95°C for 20 min, cooled at
room temperature and the amount of malonaldehyde-
TBA adduct produced was measured at 532 nm, sub-
tracting the absorbance at 580 nm and considering an e
equal to 156 mM~!cm™! [40].

Chronic treatment: For each drug, two groups of 12
mice were treated as follows; one i.p. injection (4
mg/kg) two times a week up to a total dose of 20
mg/kg. This total dose was limited to 12 mg/kg in the
case of 4-deoxyADM and 4-demethoxyDNR; this dose
was also considered for ADM and DNR which are the
reference compounds. Two control groups of mice
received only buffer. Mice were killed two weeks after
the last injection. Six hearts were used for enzyme
activity and membrane fluorescence measurements;
eighteen hearts were used for lipid peroxidation meas-
urements. Heart mitochondria were extracted as de-
scribed above.

Complex I-III and complex IV activities, fluores-
cence depolarization and lipid peroxidation measure-
ments on mice heart mitochondria were performed as
described above.

In-vitro studies. Mice heart mitochondria were ex-
tracted as described in the in-vivo studies and stored at
—20°C for several weeks without loss of activity.



Complex I-III activation by anthracyclines was
measured at 25°C in a reaction medium containing 50
!l of oxidized cytochrome ¢ (15 mg/ml), NADH (103
M), 25 ul NaN; (1072 M) in Tris-HCI buffer alone or
Tris-HCI buffer containing antimitotic (final concentra-
tion 10~* M). At ¢t =0, 100 ul of mitochondrial sus-
pension (0.5 mg protein) are added to this reaction
medium (final volume 1 ml). The enzymatic activity of
complex I-1II is then measured as described before.

In-vitro lipid peroxidations were measured on mice
heart mitochondria (1 mg/ml) incubated 3 h at 25°C in
the presence of NADH (2.5 mM) and the different
anthracyclines (10~* M). After incubation the solution
was centrifuged (10 min, 800 X g) and the pellet was
resuspended in 600 w1 of Tris buffer. 1 ml of TCA 10%
was added and the solution was centrifuged. 2 ml of
TBA 1% in NaOH 0.01 M was added and the lipid
peroxidation rate is determined as decribed above. A
zero-time blank (lipid peroxidation after an incubation
time ¢ =0) was always subtracted from the result ob-
tained at £ =3 h, in order to include any interference
by anthracycline or other additions to the reaction
mixture in the measurement of peroxidation.

O, consumption was determined at 20°C with a
Clark type electrode in a 2-ml reaction mixture con-
taining 1 mg of mitochondrial proteins, 2-107*4 M
NADH and 3 - 10~3 M NaNj,. The oxygen consumption
was measured after addition of the antimitotic (104
M). Thereafter, SOD (100 units) and catalase (40 units)
were added sequentially.

Superoxide anion production is evaluated at 25°C
from the rate of SOD-inhibitable acetylated cy-
tochrome ¢ reduction as described in Ref. 4. The
reaction medium (1 ml) contained 50 wg of mitochon-
drial proteins, NADH (10~3 M), 50 nmol of acetylated
cytochrome c, antimitotic (10~* M) and 0 or 10 ug
SOD, in Tris-HCl buffer. Acetylated cytochrome c¢

TABLE 1

In-vivo acute mitochondrial toxicity of anthracyclines
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reduction was followed spectrophotometrically at 550
nm. The difference AAsq_gop — 4 Ass0450p allows
the calculation of superoxide anion production, consid-
ering an € of 19.3 mM~! cm~!. Cytochrome c¢ acetyla-
tion was performed as described by Azzi and Wada
[41,42]. Briefly, 100 mg cytochrome ¢ are dissolved in
10 ml of a sodium acetate saturated solution at 0°C.
Acetate anhydride is added in excess with respect to
the lysine content of the protein (10:1, mol /mol). The
reaction is interrupted after 30 min and the mixture is
dialysed during 12 h at 0°C against 10 mM Tris-HCl
buffer ((pH 7.4) 2 1, four buffer changes).

Results

In-vivo acute mitochondrial toxicity of anthracyclines

Table 1 reports the enzymatic activities of complex
I-III and complex IV of heart mitochondria extracted
from mice treated with the different antimitotics at a
dose of 40 mg/kg. ADM has the strongest inhibiting
capacity. Analogs modified in C-4’ position do not
modify the enzymatic activities. DNR is slightly less
inhibitory than ADM. Weak inhibitions are observed
with 4-demethoxyDNR.

Table I indicates also that only ADM, DNR and
4-demethoxyDNR enhance the lipid peroxidation
measured on heart mitochondria of treated mice. En-
zymatic inhibition and membrane rigidification (fluo-
rescence polarization data, Table I) resulting from
these lipid peroxidations are only observed with ADM
and DNR. Peroxidation mediated by 4-demetho-
xyDNR does not significantly modify the membrane
fluidity and the enzymatic activities. This suggests that
the lipid peroxidations measured after 4-demethoxy-
DNR treatment do not reach a treshold beyond which
membrane damages become drastic. Such a treshold

Mice received an i.p. dose of anthracycline (40 mg/kg) and heart mitochondria were extracted 48 h later. Enzymatic activities of complex I-111
and complex IV of the mitochondrial respiratory chain are expressed as the percentage of the activity measured in mice which received no drug.
Lipid peroxidation is expressed in pmol of malonaldehyde equivalents/mg protein per hour. P is the fluorescence polarization value,
proportional to the loss of fluidity of the mitochondrial membrane. Each value is the average of six experiments. All measurements were done as

described in Materials and Methods.

Drug Complex I-1I1 Complex IV Lipid peroxidation P

No drug 100 100 411452 0.242 +0.004

ADM 43492 48182 1138+ 64 ° 0.270+0.001 *
4'-EpiADM 100+9° 100+6° 412+61° 0.240+0.007 ®
4’-DeoxyADM 100+7 100+8 439+ 60 0.241+0.002

4’-Deoxy-4’-iodoADM 100+7 10019 450421 0.242+0.003

DNR 50+5 61+8 882420 0.261+0.003

4-DemethoxyDNR 8243 82+8 607+17 0.242+0.003

2 See Ref. 18.

b See Ref. 19.
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was already mentioned during acute treatment of mice
with high doses of 4’-epiADM (60-70 mg/kg) [21].

In-vivo chronic mitochondrial toxicity of anthracyclines

Originally, we intended to give each mouse a total
cumulative dose of 20 mg/kg of antimitotic, the treat-
ment consisting in an injection of 4 mg/kg twice a
week during two weeks and an half. This schedule is
classically used in ADM chronic toxicity trials and
allows to reach maximal cumulative doses even higher
than the one here considered [43].

However, the maximum total cumulative dose of
4-deoxyADM and 4-demethoxyDNR here tolerated was
12 mg/kg, beyond which the number of surviving mice
in each treatment group became too small (up to 80%
of the animals died before a total cumulative dose of
16 mg/kg could be reached).

4’-DeoxyADM and 4-demethoxyDNR, given chroni-
cally (12 mg /kg), inhibit complex I-11I and complex IV
activities. The inhibition was however less pronounced
than with ADM or DNR, the reference compounds, at
the same total cumulative dose of 12 mg /kg (Table II).
4'-¢piADM and 4'-deoxy-4’-iodoADM do not affect
significantly the activity of complex I-III and complex
IV. Lipid peroxidation and depolarization fluorescence
values are also shown in Table II. Clearly, ADM,
DNR, 4-demethoxyDNR and 4’-deoxyADM enhance
significatively the lipid peroxydation rate and the mem-
brane rigidity, while the other compounds have no
effect. This chronic toxicity trial revealed toxic effects
undetectable during an acute treatment. The data
gathered in Table II are in agreement with the follow-
ing sequence of mitochondrial toxicity: ADM > DNR
> 4-demethoxyDNR > 4'-deoxyADM > 4'-deoxy-4'-io-
doADM = 4'-¢piADM = no drug.

In-vitro enhancement of electron transport, production
of oxygen free radicals

ADM was shown to increase the rate of electron
flow between NADH and cytochrome ¢ in extracted
beef heart mitochondria [8,44]. The same observation

TABLE 11

In-vivo chronic mitochondrial toxicity of anthracyclines
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Fig. 1. Effect of anthracyclines on the rate of electron transfer
between NADH and cytochrome ¢ through complex I-III of mito-
chondria extracted from mice heart (measure of the reduction of
cytochrome ¢ at 550 nm). The experimental procedure is described
in Materials and Methods. 1, ADM; 2, DNR; 3, 4-deoxyADM; 4,
4-demethoxyDNR; 5, 4-epiADM; 6, 4-deoxy-4-iodoADM. The arrow
corresponds to the addition of the antimitotic.
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TABLE III
Oxygen consumption by complex I III of mice heart mitochondria

O, consumption was determined in vitro at 20°C with a Clark-type
electrode in a 2-ml reaction mixture containing 1 mg of mitochon-
drial proteins, 2:10~* M NADH and 3-10~3 M NaN;. The oxygen
consumption was measured after addition of the antimitotic (10~*
M). Thereafter, SOD (100 units) and catalase (40 units) are added
sequentially. Results are the average of six experiments.

Drug O, consumption
(nmol/min per mg protein)

+SOD + catalase

(100 units) (40 units)
None 11 +2 11 +2 11 +2
ADM 63 +7 495+6 36 +4
4’-EpiADM 28 +2 23.5+3 20 +1
4’-DeoxyADM 45545 35 13 24 +15
4'-Deoxy-4"-iodoADM 22 +2 20 +2 16.5+2
DNR 47 +6 38 +5 345+4
4-DemethoxyDNR 40 +4 31 +3 22 +2

Mice were treated chronically with the different anthracyclines as indicated in Materials and Methods and heart mitochondria were extracted
two weeks after the last injection. The total cumulative dose is indicated between brackets. Each result is the average of six experiments.
Parameter description is given in Table 1. Measurements were done as described in Materials and Methods.

Drug 100

ADM (20 mg /kg) 54+7
ADM (12 mg /kg) 56+9
4'-EpiADM (20 mg/kg) 10016
4'-DeoxyADM (12 mg/kg) 77+4
4’-Deoxy-4'-iodoADM (20 mg /kg) 9748
DNR (12 mg /kg) 6016
4-DemethoxyDNR (12 mg /kg) 69+3

100 428111 0.241 +0.002
52 6 947+19 0.265 £ 0.003
51 +4 802+17 0.258 +0.003
97 %5 453+ 14 0.241+0.002
75.5+9 617 +14 0.250 + 0.002

100 +9 462120 0.241+0.002
59.5+6 744+ 16 0.255 1 0.002
69 +6 664 +20 0.250+0.003




TABLE IV
Superoxide anion production

Superoxide anion production is determined in vitro from the rate of
SOD-inhibitable acetylated cytochrome ¢ reduction as described in
Refs. 11 and 41. The reaction medium (1 ml) contained 50 ug of
mitochondrial proteins, NADH (10™3 M), 50 nmol of acetylated
cytochrome ¢, antimitotic (10™* M) and 0 or 10 pg SOD, in
Tris-HCI buffer. Acetylated cytochrome ¢ reduction was followed
spectrophotometrically at 550 nm. The results are the average of six
experiments.

Drug Superoxyde radical
production (nmo! reduced
acetylated cytochrome ¢ /
min per mg protein).

None 0.5+0.05
ADM 235419
4'-EpiADM 11 +08
4’-DeoxyADM 165+1.1
4'-Deoxy-4'-iodoADM 2.5+0.48
DNR 16.8+1.7

4-DemethoxyDNR 145+1.2

was made with mice heart mitochondria (Fig. 1). Other
anthracyclines enhance to a lesser extent, both the
electron transport between NADH and cytochrome ¢
(Fig. 1), and the oxygen consumption by complex I-III
of the mitochondria (Table III). Addition of SOD and
catalase in the reaction chamber results in a partial
decrease of the oxygen consumption, for each drug,
indicating that H,O, and superoxide anion are pro-
duced in the reaction medium.

Superoxide anion formation is followed by the rate
of SOD-inhibitable acetylated cytochrome ¢ reduction,
as described in Refs. 11 and 41. The amount of super-
oxide produced in our experimental conditions in the

TABLE V
In-vitro lipid peroxidation measured on mitochondria

Mitochondria (1 mg protein/ml) were incubated during 3 h with
NADH (2.5 mM) and the different anthracyclines (10~% M). After
incubation, the solution was centrifuged (10 min, 800X g) and the
pellet was resuspended in 600 ul of Tris buffer, before lipid per-
oxidation was measured. A zero-time blank (lipid peroxidation after
an incubation time ?=0) was always subtracted from the result
obtained at ¢ =3 h, in order to include any interference by anthra-
cycline or other additions to the reaction mixture in the measure-
ment of peroxidation. The results are the average of six experiments.

Drug Lipid peroxydation
(nmol malonaldehyde /
mg protein per h)

None 4.7440.53
ADM 253 +2
4-EpiADM 10.04+0.8
4'-DeoxyADM 16.27+1.9
4'-Deoxy-4'-iodoADM 6.341+0.7
DNR 18.04+1

4-DemethoxyDNR 11.53+1.3
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presence of ADM is close to the one measured by
Doroshow [11] (Table IV) and is always higher than
with any other anthracycline. The formation of super-
oxide anion is paralleled by the enhancement of in-vitro
mitochondrial lipid peroxidation (Table V).

Anthracyclines can be classified according to their
ability to transport electrons, to generate free radicals
and to enhance lipid peroxidation as follows: ADM >
DNR > 4'-deoxyADM > 4-demethoxyDNR > 4'-epi-
ADM > 4'-deoxy-4'-iodoADM > no drug.

Discussion

Our objective, since several years, has been to estab-
lish a relationship between the cardiotoxicity, the mito-
chondrial toxicity and the molecular structure of an-
thracyclines [8,18,20,21,44,45]. Two sites on the ADM
molecule have been identified as crucial: the amine in
position 3’ of the daunosamine, essential for the inter-
action with CL, a phospholipid specific of the inner
mitochondrial membrane, and the quinone moiety on
the aglycone, involved in the production of free radi-
cals. Modification of these functions generates either
compounds which have no affinity for CL (N-acetyl-
ADM, steffimycine) or are unable to induce the forma-
tion of free radicals (5-iminodaunorubicine), although
they bind CL. Those derivatives are devoid of mito-
chondrial toxicity, and are less cardiotoxic than ADM
or DNR, their parent compounds [28-31].

Acute treatment of mice with high doses of C-4’ and
C-4-modified anthracyclines (4’-epiADM, 4’'-deoxy-
ADM, 4'-deoxy-4'-iodoADM, 4-demethoxyDNR) is
characterized by an absence of cardiac mitochondrial
toxicity (4’-epiADM, 4'-deoxyADM and 4'-deoxy-4'-
iodoADM) or a weak toxicity (4-demethoxyDNR), as
indicated by measurement of complex I-III and IV
activities, mitochondrial membrane fluidity and lipid
peroxidations.

A chronic mitochondrial toxicity is observed in the
case of 4'-deoxyADM and 4-demethoxyDNR; it modi-
fies the properties of the mitochondrial membrane,
though in a lesser extent than ADM and DNR. 4'-epi-
ADM and 4’-deoxy-4’-iodoADM do not affect the
mitochondrial functions.

The following sequence summarizes the mitochon-
drial toxicity of the ADM derivatives: ADM > DNR >
4-demethoxyDNR > 4’-deoxyADM > 4’-deoxy-4’-iodo-
ADM = 4'-epiADM = no drug.

It provides evidence that minor structural changes
in the ADM molecule can significantly modify the
mitochondrial toxicity. The relationship between the
decreased mitochondrial toxicity of ADM and DNR
derivatives and their lower cardiotoxicity, already de-
scribed for N-acetylADM, steffimycine and 5-imino-
DNR is confirmed. Indeed, the weak cardiotoxicity of
4'-epiADM, 4'-deoxyADM, 4’-deoxy-4’-iodoADM and
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4-demethoxyDNR has been demonstrated by histologi-
cal studies on treated animals, cardiac biopsies and
electrocardiograms on patients receiving the com-
pounds during an antitumour treatment [1,33-38].

The attenuated cardiotoxicity of 4’-epiADM has
partially been explained on the basis of a modified
metabolic pathway, consisting in the conjugation to a
glucuronic acid, which is not observed with ADM be-
cause of an inadequate configuration of the hydroxyl
group in position C-4’ [46,47]. However, this original
metabolic pathway is specific for humans and does not
occur in murine [48]. Other factors must be envisaged
to explain the difference of mitochondrial and cardiac
toxicities between ADM and 4’-epiADM.

The maximum tolerated cumulative dose was of 12
mg /kg during a chronic treatment with 4’-deoxyADM
and 4-demethoxyDNR. LD50 measurements in mice
indicated that these antimitotics have a higher general
toxicity than ADM [3,38,49]. This general toxicity
(hematologic toxicity, myelosuppression, gastrointes-
tinal toxicity) was also described in patients treated
with 4-demethoxyDNR [38,50]. We show here that it is
not related to an increased mitochondrial toxicity. It
was not observed during acute treatment of mice with
4'-deoxyADM and 4-demethoxyDNR in spite of the
high doses administred, probably as the result of the
limited delay (48 h) between the administration of the
drugs and the sacrifice of the animals.

Two properties are essential in our mind to explain
the weaker mitochondrial toxicities of the ADM and
DNR derivatives: a weaker affinity for CL and/or a
weaker ability to transport electrons and to mediate
the free radicals formation. The affinities of ADM,
DNR and their derivatives for CL are not significantly
different (data not shown). On the contrary, despite
their structural analogy, the derivatives do not trans-
port electrons and do not catalyse the formation of
superoxide anion as efficiently as their parent com-
pounds. Our data provide experimental evidence that
minor structural differences between the anthra-
cyclines are sufficient to modify their ability to transfer
electrons. Theoretical calculations showed that the 4'-
epiADM epimerisation of the hydroxyl group in C-4’
generates a conformation not observed in the case of
ADM, in which the hydrogen of the hydroxyl moiety in
C-4' interacts with the hydroxyl group in C-6 position
[51]. This interaction alters indirectly the quinone func-
tion as the hydroxyl group in position C-6 interacts
with the oxygen in position 5. The decreased ability to
transfer electrons would result from the stabilisation of
the quinone function, whose reduction would become
more difficult. The environment of the quinone func-
tion is also modified in 4-demethoxyDNR, since the
methoxy group in C-4 position, present in DNR, is
replaced by a single hydrogen atom. This replacement

could explain its decreased capacity of transferring
electrons.

The respective capabilities of anthracyclines to pro-
duce free radicals in vitro explain only partly their
in-vivo toxicity. Comparison of the sequences of in-vivo
mitochondrial toxicity and free radicals production re-
veals an inversion between 4'-deoxyADM and 4-de-
methoxyDNR. Moreover, 4-demethoxyDNR produces
slightly more free radicals than 4’-epiADM, whereas its
in-vivo toxicity is much more pronounced.

Our data indicate that, besides a direct modification
of the quinone function, modifications at position 4’ of
the daunosamine moiety of ADM or at position 4 of
the aglycone can reduce its ability to produce toxic free
radicals and its mitochondrial toxicity. Since com-
pounds modified in this way have been shown to dis-
play antitumour activity comparable to that of ADM
[1,38,53], it is clear that such modifications can be
envisaged as a promising way to obtain antimitotics
with a better therapeutic index than ADM or DNR.
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