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Abstract—We have shown that (i) the cytochrome ¢ reductase activity of the commercial NADH
dehydrogenase does not perturb its ability to catalyse the reduction of various antitumor compounds of
the anthracycline class, (ii) the reduction of these compounds by NADH, catalysed by commercial
NADH dehydrogenase, correlates with their reduction by NADH catalysed by microsomes. Moreover,
our data strongly suggest that two catalytic sites are present, one for cytochrome ¢ and one for quinone

type compounds.

The anthracycline antibiotics Adriamycin® (doxoru-
bicin hydrochloride)§ (Adr) and daunorubicin (Dr)
are highly efficient antineoplastic agents; unfor-
tunately their clinical use is limited due to clinical
and histopathologic evidence of cardiotoxicity [1].
Although the mechanism of anthracycline cardiac
toxicity remains incompletely understood, there are
now numerous data suggesting that it is related to
their ability to be reduced by an enzyme of the
mitochondrial respiratory chain [2,3], their sub-
sequent reoxidation by molecular oxygen generating
active oxygenated species largely responsible for car-
diac injury. In a recent study, using beef heart sub-
mitochondrial preparation, Doroshow and Davies
[4, 5] have clearly demonstrated that a component
of mitochondrial complex I, probably the NADH
dehydrogenase flavin, is the mitochondrial site of
anthracycline reduction.

For some years we have been involved in the
search for new derivatives exhibiting less cardiotoxic
effects. We have thus synthesized compounds modi-
fied either at the level of the sugar or at the level of
the dihydroxyanthraquinone moiety. We have shown
that modified anthracyclines either with large groups
at the sugar moiety [6-8] or complexed with metal
ions [9-11] are more difficult to be reduced than
daunorubicin or Adriamycin®. Their production of
activated oxygen is thus limited.

Submitochondrial particles or microsomes are
usually used to test the ability of anthracycline
derivatives to generate activated oxygenated species
and in a first step superoxide radicals [2, 12]. On the
other hand it has been shown that a crude soluble
NADH dehydrogenase preparation, from porcine
heart mitochondria, can catalyse anthracycline
reduction by NADH [13]. Unfortunately, probably
due to extraction procedure, the commercially avail-
able enzyme appears to be damaged as evidenced by
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its cytochrome ¢ reductase activity which is a non-
physiological activity [14], and by loss of the physio-
logical ubiquinone reductase (this inability has been
referred to the fact that the dehydrogenase is essen-
tially devoid of lipids).

However, the use of NADH dehydrogenase, avail-
able commercially, to determine the ability of anthra-
cycline derivatives to generate superoxide radicals,
is a very rapid and simple test as compared to that
using submitochondrial particles or microsomes.

In this context we have undertaken a study to
determine whether the commercially available
NADH dehydrogenase could be used to this test.
Our data show that (i) reduction of the drugs by
NADH, catalysed by commercially available NADH
dehydrogenase, correlates with their reduction by
NADH catalysed by microsomes, (ii) the cytochrome
¢ reductase activity of the enzyme does not perturb
its ability to catalyse the reduction of anthracycline
type drugs by NADH. Moreover, our data suggest
that two catalytic sites are present: one for cyto-
chrome ¢ and one for quinone type compounds.

MATERIALS AND METHODS

Purified Adriamycin® (Adr) (Chart 1), 4'-epi-
adriamycin (4'-Adr), aclacinomycin (Acla) were
kindly provided by Laboratoires Roger Bellon and
daunorubicin (Dr) by Laboratoires Rhone Poulenc.
N-(1-deoxyfructos-1-yl)daunorubicin (Dr-10), N-[1-
carboethoxy-propen-1-yl] daunorubicin (Dr-19), 5-
imino-daunorubicin (5-IDr), dibenzyldaunorubicin
(diB-Dr), ametantrone and novantrone were syn-
thesized as indicated in previous work [6, 7, 8, 15—
18]. Stock solutions were prepared just prior to use.
Cytochrome c¢ (type VI, from horse heart), NADH
(grade IIT), NADH dehydrogenase (from porcine
heart), superoxide dismutase (SOD), riboflavin
5’-phosphate (FMN) and p-chloromercuriphenyl-
sulphonic acid (CPSA) were from Sigma Chemical
Co. (St. Louis, MO). All other reagents were of the
highest quality available and deionized bidistilled
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Chart 1.

water was used throughout the experiments. Absorp-
tion spectra were recorded on a Cary 219 spectro-
photometer. The rate of oxygen consumption was
determined at 25° using a YSI 5331 oxygen moni-
toring system. Microsomes were prepared from liver
of male.Sprague-Dawley rats as previously described
[19,20]. The final microsomal sediments were sus-
pended in 0.15M KCI-0.05M Tris-sHCl buffer,
pH7.4. Protein concentration was determined by
the method of Lowry et al. [21].

NADH oxidation was measured at 340 nm using
an extinction coefficient of 6200/Mcm and cyto-
chrome c reduction at 550 nm, using an extinction
coefficient (reduced minus oxidized) equal to 19600/
Mcm.

RESULTS AND DISCUSSION

The reduction of various anthracycline derivatives
by NADH, catalysed by NADH dehydrogenase, was
compared with their reduction by NADH catalysed
by microsomes. The rate of oxygen consumption or

NADH oxidation was taken as 100% for dauno-
rubicin and Table 1 shows the percentage of the rate
in the case of the other derivatives. As can be seen
results obtained for NADH dehydrogenase cor-
relates more or less with those obtained with micro-
somes.

The NADH dehydrogenase catalysed reduction of
the drug by NADH and their subsequent reoxidation
by molecular oxygen, yielding superoxide radical,
can be monitored spectroscopically at 550 nm by
the reduction of cytochrome ¢ by superoxide. This
method is less time consuming than oxygen con-
sumption measurements and is three times more
sensitive than the spectroscopic determination at
340 nm of NADH oxidation.

A first set of experiments was performed in order
to determine the kinetics of cytochrome ¢ reduction.
The variation of the optical density at 550 nm was
thus followed as a function of time. Table 2 shows
the data of a typical experiment in which 60 u/l
NADH dehydrogenase was added to a mixture con-
taining 40 uM cyt ¢>*, 0 or 100 uM drug and 83 uM
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Table 1. Comparison of the rate of NADH oxidation and
oxygen consumption by anthracyclines catalysed by NADH
dehydrogenase or microsomes

NADH
dehydrogenase Microsomes
NADH® Oxygen® Oxygen®
oxidation consumption consumption
Dro0.1M 100% 100% 100%
Adr 90 87 —
Acl 93 88 —
Dr-10 75 67 82
5-IDr 23 18 37
DiB-Dr 17 15 24
Dr-19 14 10 31
Nov 11 10 18
Ame 11 9 17
Control 5.9 0 22

Experimental conditions were as follows: HEPES buffer
0.05 M pH 7.4, 100 uM anthracycline and 2200 uM NADH,
200u/l NADH dehydrogenase, “200uM NADH and
100u/l NADH dehydrogenase, °100uM NADH and
0.5 g/1 microsomal proteins. Daunorubicin was taken as a
standard. In the presence of NADH dehydrogenase the
absolute rates of NADH oxidation and oxygen con-
sumption corresponding to the 100% control were 11 uM/
min and 25 uM/min, respectively. In the presence of micro-
somes, the absolute rate of oxygen consumption cor-
responding to the 100% control was 9 uM/min g. Standard
deviation was about 5%.

NADH. The initial rate of cyt ¢>* reduction has been
determined. In the absence of drug, the formation
of cyt ¢+ is due to the reduction of cyt ¢** by NADH
catalysed by the enzyme (E). With these condi-
tions a mean value of 3.4 yM/min was obtained.
The rate, hereafter labelled v; of cyt ¢** forma-
tion is proportional to the enzyme — cyt ¢** com-
plex [E—cytc®]; concentration, i.e. v =
ki[E - cyt *],, where k, is the kinetics constant
for the catalysed reduction of cytc* by NADH.
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When the experiment is performed in the presence
of drug (D), cytc®* is reduced either by NADH
through the enzyme or by O; . The rate, hereafter
labelled v, of cyt ¢** formation, can thus be written

v = ky[E — cyt &3, + ky[eyt AH][07 ],

where k, is the kinetics constant for reduction of
cyt®* ¢ by O and [E — cyt ¢>*] is the concentration
of enzyme—cytochrome ¢ complex in the presence of
the drug. Taking into account that O; concentration
is proportional to the enzyme—drug complex [E-D]
concentration it follows that

vy = ki[E — cyt &*], + kb[cyt SH][E-D).

Similar experiments were performed in the pres-
ence of superoxide dismutase. In that case as O3
was eliminated by SOD and the reduction of cyt c**
was due to NADH through the enzyme only. One
should expect a kinetics v3 = ki[E — cyt ¢**],. The
data reported in Table 2 show that v, and v; have
the same values. We can infer that the concentration
of enzyme—cytochrome ¢ complex does not depend
on the presence of the drug. This strongly suggests
that cytc®* and drug do not compete for the
reduction by the enzyme and that two different cata-
lytic sites are present, one responsible for cyto-
chrome ¢ reduction and the other for drug reduction.
The kinetics of reduction of cytochrome by O3 is
thus the difference between the kinetics of reduction
in the presence and in the absence of drug.

In a second set of experiments 100 uM cytochrome
¢ and 100 uM drug were used. These compounds
were in large excess in regards to NADH which was
only 10 uM. The low NADH concentration was used
in order to observe its complete oxidation. An
enzyme amount of 125 u/l was used throughout these
experiments. When the reaction was performed in
the absence of drug the reaction stopped when
exactly two moles cyt c** were reduced per mole
NADH (Fig. 1). When the same experiment was

Table 2. Initial rate of cytc** reduction by NADH catalysed by NADH dehydrogenase and
initial rate of cyt * reduction by O; in the presence of anthracycline

[Cyt ] (uM)® at

[Cyt ] [Cyt '] the end of the
Drug (uM min~1)? (uM min~1)® reaction
-SOD +S0OD -SOD +SOD +SOD

None 3.4 () 34(0) 122 (vy) 12.2 (v3) 183 (c; = ¢1)
Dr 20.5(v;) 3.4 30.6 (v2) 122 4.6 (cy)
Adr 19.3 3.4 30.6 12.2 5.1
4'-Adr 19.3 34 — — -
Acla 16.5 3.4 24.4 12.3 43
Quinizarin 4 3.5 — — —
Dr-10 15.3 34 24.4 12.2 7.8
5-IDr 4.9 33 20.8 12.1 14.3
Dr-19 3.7 34 — — —
Nov — — 24.4 12.2 10.5

Experimental conditions were as follows: *40uM cytc**, 83uM NADH, 60u/l| NADH
dehydrogenase, 0 or 100 uM anthracycline, 0 or 50 ug/ml SOD, ®100 uM cyt **, 10 yM NADH,
0 or 100 uM anthracycline, 125u/l NADH dehydrogenase, 0 or 50 ug/ml SOD. Standard

deviation was about 5%.
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Fig. 1. Rate of cyt ¢** reduction by NADH catalysed by
NADH dehydrogenase and rate of cyt¢®* reduction by
O; in the presence of anthracycline. Experimental con-
ditions were as follows: (1) 100 uM cyt ¢**, 10 uM NADH,
125 u/I NADH dehydrogenase (— - —); (2) 100 uM cyt c**,
10uM NADH, 125u/l NADH dehydrogenase, 100 uM
anthracycline (-—-); (3) 100 uM cyt ¢**, 10 uM NADH,
125u/l NADH dehydrogenase, 100uM anthracycline
125 u/l NADH dehydrogenase, 50 ug/ml SOD (----- ). vy,
v, and v,y are the initial rate; ¢, ¢, and c; are the con-
centrations of cyt ¢** at the end of the reaction.

Table 3. Concentrations of enzyme or FMN required to
reduce 1.1uM cytc® per minute. Experimental con-
ditions: 150 uM NADH, 80 uM cyt ¢**

Enzyme Multiplicating factor
HEPES 5u/l 1
7.2 0.21 uM
HEPES FMN
7.2 100 uM 476
pH FMN
32 2.5uM 12
HEPES CPSA treated enzyme
7.2 125 uM 590

performed in the presence of drug, the kinetics of
reduction of cytochrome ¢ was increased more or
less, depending on the type of the drug, as previously
shown. The reaction stopped when two moles cyto-
chrome ¢ were reduced per mole NADH. When the
experiment was performed in the presence of drug
and SOD, the kinetics of reduction of cyt ¢+ during
the first 30 sec was the same as that observed in the
absence of drug but the quantity of cyt c* reduced
was lower (Fig. 1). The concentrations of cytc*
reduced once the reaction has stopped and the kin-
etics of reduction are reported in Table 2.

Thus, the concentration of cyt ¢>* reduced by the
enzyme depends on the drug present (nature and
concentration). The difference between the con-
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centration of cyt ¢3* reduced in the presence of drug
with and without SOD gives the concentration of
cyt ¢+ reduced by O3 . As can be seen there is a
correlation between v,-v3 and cy—;.

The above-described experiments raised the possi-
bilities of two different pathways for the reduction
of drug and cyt ¢**. To test whether this hypothesis
could be valuable we tried to determine if the two
types of electrons transferring groups, i.e. FMN and
the four Fe—S clusters were equally required for the
reduction either of cytc®* or of the drug. In this
context two types of experiments were performed.

In a first set of experiments we tested the ability
of FMN to catalyse the reduction of cytc*t by
NADH. We observed that in HEPES buffer FMN
was able to catalyse the reduction of cytc** by
NADH. In a typical experiment, in the presence
of 150 uM NADH, 80 uM cyt ¢ and 100 uM FMN,
1.1 uM cytochrome ¢ were reduced per minute. In
the same conditions of concentrations 5u/l (i.e.
0.21 uM) NADH dehydrogenase produce the same
effect (Table 3). We observed that the ability of
FMN to catalyse the reduction of cyt ¢>* by NADH
was strongly pH dependent and that at pH 3.2 only
2.5uM FMN were required to reduce the same
amount of cytc®*. Similar experiments were per-
formed in the presence of drug: FMN was not able
to catalyse the reduction of drug by NADH.

NADH dehydrogenase available from Sigma com-
pany is prepared according to Mahler’s method [22].
This yields a low molecular weight with grossly modi-
fied enzyme properties. Assuming one mole FMN
per mole of enzyme, molecular weight of 70,000 was
estimated and we used this value to estimate the
enzyme concentration in our solution.

In a second set of experiments we used the enzyme
which was incubated in the presence of p-
chloromercuriphenylsulphonic acid (CPSA). This
acid has the properties to inhibit the iron cluster. A
50-fold excess of CPSA was added to the enzyme.
When the enzyme 10 uM was added to 80 uM cyt c**
a slow reduction of cyt ¢>* occurred but the reaction
stopped when 10 uM of cytc** had been reduced
(i.e. about 1 mole cyt c** per mole enzyme). This
can be taken as an indication that the inhibition of
iron centre by CPSA gave rise to the reduction of
FMN. The subsequent addition of NADH yielded a
further reduction of cytc’*. In the presence of
150 uM NADH and 80 uM cyt c**, about 125 uM
CPSA-treated enzyme were necessary to catalyse the
reduction of 1.1 uM cyt 3+,

All these data have been gathered up in Table 3.
As can be seen at pH 7.4, the activity of the CPSA-
treated enzyme compares with that of FMN. This is
not true at acidic pH value where the activity of the
acid-treated enzyme completely vanished. As it was
observed in the case of FMN the acid-treated enzyme
did not catalyse the reduction of the drug by NADH.

Our data show that the cytochrome ¢ reductase
activity exhibited by the commercially available
NADH dehydrogenase does not prevent the enzyme
catalysing the reduction of anthracycline by NADH
in a way that compares with that observed for micro-
some. Moreover our data suggest that contrary to
what is observed for cytochrome ¢ the drugs are not
reduced at the FMN site.
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