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Interaction of superoxide ion with adriamycin in an aprotic medium has been studied. It
was shown that superoxide ion reacts irreversibly with adriamycin, giving a diamagnetic
product (the dimer or oligomer of semiquinone) which can be reoxidized to adriamycin. This
product was also obtained when adriamycin reacted with benzosemiquinone, ubisemi-
quinone, and the semiquinones of tocopherylquinone and vitamin K ,. It is suggested that the
cardiotoxicity of adriamycin and other anthracycline anticancer antibiotics is caused by the
high electron-attracting properties of these antibiotics, while the ability of natural quinones
to reduce cardiotoxicity and to induce recovery of respiration in mitochondria is due to their
interaction with the semiquinone states of the antibiotics.

INTRODUCTION

In 1975 Handa and Sato (/) found that the anthracycline anticancer antibiotics
adriamycin and daunorubicin (Ia, Ib) initiated sulfite oxidation during incubation
with rat liver microsomes. The authors suggested that these drugs form the
semiquinone anion radicals in microsomes. These results were later supported by
studying the antibiotic effects on rat liver microsomes (2, 3), submitochondrial
particles (4), and cytochrome P-450 reductase (5).

It is known that the compounds Ia, Ib show high cardiotoxicity. Bachur et al.

0O OH
COCHZR Ia,R = OH,
OH adriamycin
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NH,

(3) suggested that the anthracycline antibiotics enter the single-electron transfer

chain at a point between NADPH and cytochrome P-450, forming semiquinones

which reduce molecular oxygen to the superoxide ion. An analogous mechanism

was proposed by Thayler (4). Goodman and Hochstein (5) suggested that
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cardiotoxicity of the anthracycline antibiotics is caused by superoxide production,
which leads to initiation of lipid peroxidation.

It is therefore important for the elucidation of the origin of cardiotoxicity of
these drugs to investigate the mechanism of interaction of adriamycin with the
superoxide ion. In addition, it is of interest to study the possibility of the
interaction of adriamycin with natural quinones which are believed to be able to
reduce the cardiotoxicity of the antibiotics (6).

MATERIALS AND METHODS

Adriamycin HCI (Farmitalia) was used without purification. Ubiquinone Qg and
vitamin K, had a stated purities of 98 and 94%, respectively. Tocopherylquinone
was prepared by oxidation of a-tocopherol with ferric chloride (7). Its spectral
and thin-layer chromatography properties were in good agreement with literature
data (7). '

The O3 solutions in dimethylformamide (DMF) were prepared by electrochemi-
cal reduction of molecular oxygen (8). The supporting electrolyte was tetrabutyl-
ammonium perchlorate. The cell had a mercury cathode and a platinum anode.
The anode and cathode compartments were separated by a cock. DMF was dried
over anhydrous potassium carbonate and was twice vacuum distilled. For
experiments a middle fraction (~50% of the total amount of DMF) was used.
Solutions of the superoxide ion, 0.001-0.05 M, were freshly prepared prior to each
experiment. (Time of electrolysis was equal to 15-70 min.) Under these conditions
a half-life of the superoxide ion was equal to ~20 hr (9).

After argon flushing, the solutions of reactants were transported in a quartz cell
of a spectrophotometer under argon. Spectra were recorded on a Specord uv-VIS
spectrophotometer and a Jes-ME-3X (Jeol) esr spectrometer.

RESULTS

The absorption spectra of adriamycin HCl and a product of the reaction of
adriamycin with O; at room temperature are shown in Fig. 1. The spectrum of
adriamycin HCI in DMF is very similar to that of the adriamycin monocation in
water (Ap,, = 483, 503(lg € 4.08), 537, and 589 nm in DMF; 475, 495(1g € 4.00), 540
nm in water (/0)). When solutions of adriamycin and O3 were mixed at the molar
ratio <2, a spectrum with maxima at 559, 618, and 645 nm was immediately
generated. The spectrum did not change when pure oxygen bubbled through the
reaction mixture.

In order to study the possibility of reoxidation of the reaction product, an
excess of benzoquinone was added to the reaction mixture. As is seen from Fig. 2,
it caused regeneration of adriamycin.! When the O3 solution was repeatedly

! The amount of adriamycin recovered depended on the amount of benzoquinone added. In the
experiment cited in Fig. 2, the recovery of adriamycin was about 70%.
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Fi1G. 1. Curve (1) Absorption spectrum of adriamycin HCI; [adriamycin] = 0.8 x 107* M. (2)
Absorption spectrum of X; [adriamycin] = 0.7 X 107* M, [05] = 1.8 x 107" M. (3) The same at
[adriamycin] = 0.5 X 10™* M, [03] = 1.8 x 10~* M. The same at [adriamycin] = 0.35 x 10~* M, [O5]
=35x%x 104 M. 3.5 x 1074 M.
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FIG. 2. Curve (1) Absorption spectrum of X; [adriamycin] = 0.8 x 10~ M, [0z] = 1.7 X 107* M (the
first solution). (2) Absorption spectrum obtained by mixing 2.7 ml of the first solution with 0.7 ml of
0.01 M benzoquinone solution (the second solution). (3) Absorption spectrum abtained by mixing 1.5
ml of the second solution with 1.0 ml of 4.4 x 10~* M solution of O3.
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added, the spectrum of reaction product reappeared quantitatively together with
that of benzoquinone, the latter being formed as the result of reduction of
benzoquinone with the superoxide ion. However, it should be mentioned here that
in the experiments carried out with a large excess of the superoxide ion, the
addition of benzoquinone to reaction mixture caused the formation of new
product(s) (this was indicated by increase of the optical density at 500-600 nm)
instead of regenerating adriamycin.

Further, we studied the competitive interaction of superoxide ion with the
double mixture of adriamycin and quinones: benzoquinone, ubiquinone Q,
tocopherylquinone, and vitamin K,. Earlier we had shown (//) that the reaction of
O3 with these quinones in DMF occurs to form the corresponding semiquinone
anion radicals. In the presence of adriamycin, semiquinones however did not
form; and in all cases only a spectrum of the product of the reaction of O; with
adriamycin was quantitatively produced. This product was also formed in the
reaction of adriamycin with benzosemiquinone or ubisemiquinone, which were
prepared by the interaction of the superoxide ion with corresponding quinones.

DISCUSSION

Our findings thus show that the interaction of adriamycin with the superoxide
ion is practically irreversible, i.e., the equilibrium ([1]) is completely displaced to
the right.

0 OH

0 OH
co0k —
2 - OH + 0, =X [1]

CHO O OH ? CHO 0. OH O

(Ta) (ILa)

However, by reason of the absence of esr spectrum, the end product of Reaction
(1] is not a semiquinone anion radical (Ila). Nonetheless, we believe that X is
formed in electron-transfer process and is not the base or the anion of adriamycin.
(The latter could be formed for example through deprotonation with O3.) Indeed,
this product is also formed in the electron-transfer reaction between semiquinones
and adriamycin (Reaction [2]), and its spectrum is completely different from those
of the base or the anion of adriamycin (/0).

¢ o
R R R
4 1 % Ry
+ Ta == + ILa [2]
Rs R2 F(3 Rz

(For benzoquinone, R, = R, = R; = R, = H, ubiquinone Q,, R, = R, = CH;0, R;
= CH,;, R, = H(CH,C(CH,) = CHCH,)y-).
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We found that X can be reoxidized into adriamycin with a large excess of
benzoquinone. Therefore, it seems to be the dimer or oligomer of semiquinone
(IIa). It is possible that X is a mixture of two or three compounds as the ratio of
maxima at 559, 618, and 645 nm depended on the experimental conditions. For
example, this ratio was equal to 1:1.3:1 at [O]/[adriamycin]=<2, whereas the
maxima were poorly separated and their ratio was equal to about 1 at a large
excess of Oz. This behavior is probably caused by the existence of different
configurations of the semiquinone complexes with hydrogen bonds of varying
types. In addition, deprotonation of the semiquinone complexes by O; was
possible when the reaction was carried out with an excess of the superoxide ion.

That adriamycin is able to react with superoxide ion in aprotic medium opens
the question of the possibility of reduction of molecular oxygen by adriamycin in
mitochondria and microsomes. As is known, Equilibrium [3] is determined by the
difference between one-electron redox potentials of adriamycin and molecular
oxygen:

IIa + O, = Ia + O3. (3]

One-electron redox potential of oxygen is equal to —0.11 to —0.15 V vs SHE (at
[0,] = 1 M) (/2). The first redox potential of adriamycin is equal to —0.63 to 0.66
V vs SCE at pH 7.1-7.5 (2, 13); but this is a two-electron potential, and it
therefore cannot be used for the calculation of the equilibrium constant for
Reaction [3]. Besides, one must take into account that the formation of
sufficiently stable complexes of the adriamycin semiquinone displaces Equilib-
rium {3] to the left even though the difference between redox potentials
Ela/lla) — E(0,/05) < 0.

Therefore another mechanism for stimulation of the superoxide production by
adriamycin must exist. It is evident that O; can be formed by oxidation of
completely reduced adriamycin with molecular oxygen. But Thayler (4) showed
that during incubation of adriamycin and NADH with submitochondrial particles,
NADH oxidation accompanied by the formation of the superoxide ion caused an
insignificant decrease of the adriamycin concentration. It is clear that the
stationary concentration of the adriamycin semiquinone would be significant if
adriamycin was a true one-electron carrier between NADH and O,. We therefore
believe that the participation of adriamycin in stimulation of the superoxide
formation can be indirect. For example adriamycin may modify the properties of
components of the respiratory chain (4).

Thus our experiments show that adriamycin may oxidize the semiquinones of
ubiquinones, tocopherylquinone, vitamin K, and even benzoquinone. Cardiotox-
icity of adriamycin can therefore be caused by its high electron-attracting
properties, as practically all mitochondrial one-electron carriers must be oxidized
by adriamycin. Indeed, adriamycin partially inhibits respiration in mitochondria
and submitochondrial particles in vitro (/4, 15). It is possible that the effect of
natural quinones to decrease the cardiotoxicity of adriamycin (6) is accounted for
by their ability to displace equilibriums ([2]) to the left and by this means to restore
respiration in mitochondria.
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