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SUMMARY

PaN, S.-S. AND N. R. BACHUR. Xanthine oxidase catalyzed reductive cleavage of
anthracycline antibiotics and free radical formation. Mol. Pharmacol. 17: 95-99

(1980).

Bovine milk xanthine oxidase (xanthine:oxidase oxygen oxidoreductase, EC 1.2.3.2) uti-
lizes anthracycline antibiotics including daunorubicin and adriamycin in its electron

‘transfer system both aerobically and anaerobically and generates drug semiquinone free

radicals. Under anaerobic conditions and in the presence of several electron donors,
xanthine oxidase metabolizes daunorubicin and adriamycin. The resultant metabolite
from daunorubicin was identified as 7-deoxydaunorubicin aglycone by chromatography
and mass spectrometry. NADH is the preferred electron donor for the cleavage reaction,
although xanthine, purine, and glycolaldehyde also function. The cleavage reaction has
the highest activity in phosphate buffer with a wide optimal pH range. With NADH as
electron donor the concentration that gave 50% of the maximum cleavage rate is 250 um
for daunorubicin. Oxygen consumption by xanthine oxidase was stimulated by anthra-
cyclines when NADH and NADPH were the electron donors, but it was inhibited if other
electron donors were used. Both cleavage reaction and oxygen uptake are inhibited by
allopurinol. Daunorubicin semiquinone free radical (g value, 2.0035 + 0.0001) was
detected by electron paramagnetic resonance after a lag period when xanthine oxidase
was incubated with NADH or xanthine. The same free radical signal was detected without
the lag period when the system was kept anaerobic. This lag period is precisely the time
required for the depletion of oxygen as indicated by measuring the oxygen uptake. We
propose that the semiquinone free radical form is an intermediate for the reductive

glycosidic cleavage of anthracycline.

INTRODUCTION

It is well established that the quinone anticancer drugs,
adriamycin and daunorubicin, are metabolized by mam-
malian microsomes through a reductive glycosidic cleav-
age, resulting in deoxyaglycone production (1-3). In turn,
microsomal pyridine nucleotide utilization, oxygen con-
sumption, and free radical formation are greatly en-
hanced (4, 5). Further investigations proved that
NADPH cytochrome P-450 reductase, a flavin-contain-
ing microsomal enzyme, catalyzed the reductive glyco-
sidic cleavage (6). Our laboratory and others suggest (7,
8) that the reductive cleavage of anthracyclines by mi-
crosomes proceeds first by a single electron transfer to
form an anion-free radical intermediate. The free radical
then undergoes spontaneous cleavage to yield the deox-
yaglycone products. It is our belief that other cellular
flavo-enzymes are also capable of catalyzing this reduc-
tive cleavage and free radical formation and play a role
in the metabolism of the anthracycline antibiotics. Of the

flavo-enzymes, xanthine oxidase is well known to use a
wide variety of electron donors and to catalyze the re-
duction of numerous compounds (9). Therefore, we stud-
ied the interaction of xanthine oxidase and the anthra-
cycline antibiotics. In this paper, we describe the activity
of purified homogeneous bovine milk xanthine oxidase
(xanthine:oxygen oxidoreductase, EC 1.2.3.2) as a cata-
lyst for the reductive cleavage of anthracycline antibiot-
ics and for anthracycline conversion to free radical inter-
mediates. A preliminary account of this study has been
reported (10).

MATERIALS AND METHODS

Daunorubicin-HCI and adriamycin-HCl were supplied
by the Drug Development Branch, Division of Cancer
Treatment, National Cancer Institute, and were further
purified as described previously (11). Pyridine nucleo-
tides and flavin coenzymes were purchased from P-L
Biochemicals. Bovine milk xanthine oxidase was isolated
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according to the method of Nelson and Handler (12).
Deflavo xanthine oxidase was prepared as described by
Komai et al. (13). Protein was determined by the method
of Lowry (14).

Enzymatic activities. Oxygen measurements—The ox-
ygen content of reaction mixtures was measured with a
Clark electrode in a Yellow Springs Instrument Model
53 oxygen analyzer. The procedure of Bachur et al. (4)
was used with some modification. The reaction mixture
contained 0.1 M potassium phosphate buffer (pH 7.5), 1
mM NADH (or other electron donors), 16 to 320 ug of
xanthine oxidase as needed and 0.5 mm anthracyclines in
a final volume of 1.5 ml.

Anthracycline antibiotic metabolism—The enzyme re-
action mixtures were the same as described above for
oxygen measurement but were in 0.2 ml total volume.
Each reaction mixture was flushed with nitrogen for one
minute to produce anoxic conditions. The reaction was
started by the addition of enzyme and was carried out at
37° for 10 min with shaking. Anthracycline antibiotics
and the metabolic products were extracted into 0.2 ml n-
butanol, chromatographed and quantified by fluoromet-
ric assay as previously described (15).

Spectral analysis. Mass spectra were obtained on a
V.G. Micromass 30F spectrometer under the following
conditions: ion source temperature was held at 170°, trap
current at 170 pA, and electron energy at 70 eV.

Electron paramagnetic resonance (EPR)' spectra of
anthracycline semiquinones were detected with a Varian
E109 spectrometer operated at room temperature, micro-
wave power at 4 mW, and modulation amplitude at 1G.
Pitch standard was the reference.

RESULTS

Xanthine Oxidase and Reductive Cleavage of Anthra-
cyclines. The addition of xanthine oxidase to an anaero-
bic incubation of daunorubicin or other anthracycline
antibiotics with electron donors such as xanthine, NADH
or NADPH resulted in metabolism of the drugs. When
daunorubicin was the substrate, silica gel chromatogra-
phy of the reaction products showed one major fluores-
cent metabolite, regardless of the electron donor used.
This product had chromatographic characteristics re-
sembling the 7-deoxydaunorubicin aglycone, which is the
product of microsomal NADPH cytochrome P-450 re-
ductase and is a major metabolite seen in vivo (4, 6).

Mass spectrum of aglycone product. The metabolite
of daunorubicin from anaerobic cleavage by xanthine
oxidase was isolated and analyzed as previously reported
(16). Mass spectrum of this compound (Fig. 1) indicated
a parent ion peak of m/e 382; and fragments at m/e 364
(=H:0), 339 (—COCHys), 321 (—COCHs, —H:0). These
results together with the thin layer chromatograph
clearly indicate that this metabolite is 7-deoxydaunorub-
icin aglycone and that a reductive cleavage at the C-7
position of daunorubicin occurred. A graphic scheme of
the reaction is presented (Fig. 2).

Protein dependence. When NADH was the electron
donor, reductive cleavage of daunorubicin responded lin-
early to the concentration of xanthine oxidase. Boiled

! The abbreviation used is: EPR, electron paramagnetic resonance.
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F16. 1. Mass spectrogram of the daunorubicin metabolite produced
by xanthine oxidase

The method for isolation and conditions for the spectra are as
described in MATERIALS AND METHODS.

xanthine oxidase or incubation without xanthine oxidase
yielded no metabolites.

DH and ion effects. The cleavage of daunorubicin by
xanthine oxidase was determined in three buffers, potas-
sium phosphate, Tris-HCl, and sodium pyrophosphate,
all at 0.1 M (Fig. 3). Overall, the enzymatic activity in
phosphate buffer was higher than in the other two
buffers. Whereas the optimal pH range in phosphate and
pyrophosphate seems to be quite wide, in Tris-HCI buffer
the optimum was between pH 7.8 to 8.4. All experiments
thereafter were performed in 0.1 M phosphate buffer at
pH 7.5 unless otherwise noted.

Electron donor specificity of glycosidic cleavage.
Since xanthine oxidase utilizes numerous electron donors
(9), we examined the abilities of different electron donors
to support reductive cleavage of daunorubicin by xan-
thine oxidase (Table 1). NADH was the most effective
electron donor whereas xanthine, glycolaldehyde, and
purine yielded lesser amounts of metabolite. When pter-
ine and 1,10-orthophenanthroline were the electron do-
nors, no metabolites were detected, although both were
reported to be effective substrates to reduce xanthine
oxidase (17). NADPH was active; however, it provided
only Yoth of the activity of NADH. Deflavo xanthine
oxidase (13) was inactive for glycosidic cleavage when
NADH was used as substrate.

Under the optimal conditions used, the rate of dauno-
rubicin cleavage by xanthine oxidase was 0.25 umol mg™*
min~!, which was considerably lower than the cleavage
rate by microsomal NADPH cytochrome P-450 reduc-
tase of 7.12 umol mg™' min~".2 The effect of concentration
of daunorubicin on the reductive glycosidic cleavage re-
action was determined (Fig. 4). The concentration that
gave half of the maximum cleavage rate was 250 um for
daunorubicin. Similar kinetic values were obtained for
adriamycin.

Xanthine oxidase catalyzed oxygen consumption.
Xanthine is the most efficient electron donor for xanthine
oxidase when oxygen is the electron acceptor, as indi-
cated by the highest endogenous specific activity for

2 Unpublished data.
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F1G. 2. Reductive glycosidic cleavage of daunorubicin
Adriamycin has —CH,OH for C-14 position instead of —CHa.

w
°

GLYCOSIDIC CLEAVAGE ACTIVITY
(umole/mg/10 min)

~
°o

=
o

1 1 1 1 1 1
65 70 75 80 85 90
pH

F1G. 3. pH dependence for glycosidic cleavage of daunorubicin by
xanthine oxidase

The reaction mixture (final volume of 0.2 ml) contained 0.1 M
phosphate (pH 7.5), 1.0 mu NADH, 0.5 mm daunorubicin. Each reac-
tion mixture contained 16 pg xanthine oxidase. @@, Phosphate
buffer; —, Tris-HCl buffer; A——A, pyrophosphate buffer.

TaABLE 1
Electron donor specificity for reductive glycosidic cleavage of
daunorubicin by xanthine oxidase
Electron donor Deo cone

xyﬁzed pro-

(1 mn) (umol/mg/10 min)
Xanthine 1.14
Glycoladehyde 1.02
Purine 1.52
NADH 2.25
NADPH 0.10
Pterine 0.00
1,10-ortho-phenanthroline 0.00

oxygen consumption. This oxygen consumption was in-
hibited by daunorubicin entirely at 10~* M xanthine (Ta-
ble 2). At higher concentrations of xanthine (10~ M) the
inhibition was only slight. Daunorubicin also inhibited
glycolaldehyde and purine supported oxygen consump-
tion to some extent. Of the electron donors we examined,
only NADH and NADPH showed increased oxygen uti-
lization when daunorubicin was added to reaction mix-

tures. The stimulatory action was most profound with
NADH, and was studied further. Oxygen consumption,
both the endogenous and the anthracyline stimulated,
exhibited linear responses to xanthine oxidase concentra-
tion. When xanthine oxidase was incubated with NADH
(or xanthine) and daunorubicin in a closed system in the

presence of air, daunorubicin remained unchanged before
oxygen was consumed (Fig. 5). Reductive cleavage of
daunorubicin to yield 7-deoxydaunorubicin aglycone
started as soon as oxygen was depleted and continued as
long as substrates were available. Allopurinol (1 mm), a
well described inhibitor of xanthine oxidase, inhibits
NADH-dependent daunorubicin cleavage and oxygen up-
take about 50%. This inhibition is more dramatic with
the xanthine-dependent activities which are inhibited
100%.

Free radical formation. When xanthine oxidase was
incubated with daunorubicin in the presence of air and
NADH or xanthine as electron donor in an EPR spec-
trometer, no free radical signal appeared immediately.
After a lag period, a strong signal formed. The lag time
corresponded precisely to the time required for the de-
pletion of oxygen in the reaction mixture, which was
demonstrated by measuring oxygen consumption and
EPR signal in the reaction mixture side by side (Fig. 5).
The free radical (Fig. 6) had a calculated g value of 2.0035
+ 0.0001 when either NADH or xanthine was electron
donor. Under anaerobic conditions, the signal appeared
without a lag period. Incubation mixtures without xan-
thine oxidase or daunorubicin under the same conditions

gave no signals.
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F1G. 4. Effect of daunorubicin concentration on the glycosidic
cleavage catalyzed by xanthine oxidase

The reactions were carried out as described in Fig. 3. Each reaction
mixture contained 12.8 ug xanthine oxidase. The aglycone product was
measured as described in MATERIALS AND METHODS.
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DISCUSSION

It has been generally accepted that xanthine oxidase
receives electrons from xanthine and NADH via different
sites (13). The electron flow from xanthine or NADH to
acceptor molecules might also occur via different path-
ways in this enzyme (18). Our data show that anthracy-
cline drugs participate in the electron transfer system of
xanthine oxidase; these drugs serve as electron acceptors
for the enzyme, receiving electrons from either xanthine
or NADH. However, the electron flow from xanthine to
anthracycline is less efficient than from NADH to an-

TABLE 2
Endogenous and daunorubicin affected oxygen consumption of
xanthine oxidase*
Electron donor Con- Oxygen uptake

tion Endoge- Dauno-
nous  rubicin

mznu-ed
(my) (X107 mol/mg/ (%)
min)

Effect

Xanthine 1.0 16.00 14.10 -12.0
0.1 22.00 b —100.0
Glycoaldehyde 1.0 0.87 0.74 -14.9
Purine 1.0 7.30 4.68 -26.0
NADH 1.0 091 3.05 225.0
0.2 0.65 1.75 269.2
NADPH 1.0 0.13 0.21 64.7
0.2 s s
1,10-ortho-phenanthroline 1.0 b b

* The assays were performed as described under MATERIALS AND
METHODS.
** Not measurable.
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F1G6. 5. Relationship of anthracycline stimulated oxygen consump-
tion to anthracycline biotransformation by xanthine oxidase

The reaction conditions are as described in MATERIALS AND METH-
ops. Augmented oxygen uptake began with the addition of daunorub-
icin (0.5 mM) to the reaction vessel (zero time). 20-ul samples were
removed at indicated times and were mixed with 40 ul butanol. A 5-ul
portion of the butanol extract was applied to silica gel thin-layer plates
and chromatographed in chloroform-methanol-water (80:20:3). The
metabolite and drug were detected and assayed as previously described
(5). ®@—@, Oxygen content; l——ll, daunorubicin O——O, dauno-
rubicin deoxyaglycone; beginning of free radical formation (arrow).

g = 2.0036

4G~
H -
F1G. 6. EPR spectrum of daunorubicin semiquinone produced by
xanthine oxidase
Reaction mixture and conditions are as described in MATERIALS AND
METHODS.

thracycline. In contrast, when oxygen is the electron
acceptor, xanthine is the most effective electron donor.
Aerobically, anthracycline facilitated the NADH-to-ox-
ygen electron flow threefold but inhibited the xanthine-
to-oxygen flow depending on the concentration of xan-
thine. We explain these observations as follows: (1) The
two reductions, xanthine to oxygen and NADH to oxy-
gen, take two different electron transfer routes. (2) An-
thracycline serves as a bridge between NADH and oxy-
gen which facilitates that electron flow pathway; but for
the already very effective electron flow of xanthine to
oxygen, anthracyclines interfere. (3) Anthracycline as the
sole electron acceptor simply is not very effective for the
xanthine reduced enzyme. Deflavo xanthine oxidase was
unable to cleave anthracycline which indicates the re-
quirement for flavin cofactor for the electron transfer
from NADH to anthracycline.

The EPR signal produced from anthracycline reduc-
tion by xanthine oxidase (Fig. 6) indicates semiquinone
free radical formation of anthracyclines and a single
electron transfer mechanism for the reaction. The semi-
quinone form of anthracycline acts as an intermediate of
the electron shuttle, since the free radical signal becomes
detectable only when no acceptor is available to remove
the electron from the semiquinone. We propose that the
semiquinone undergoes spontaneous cleavage to form
deoxyaglycone as suggested for the reaction catalyzed by
NADPH cytochrome P-450 reductase (7, 8). This would
also explain the immediate anaerobic cleavage of anthra-
cycline antibiotics where semiquinone signal is seen with-
out any lag period and the end product was also 7-
deoxyaglycone. Although the g value of 2.0035 is higher
than our previous report of 2.0023 (4), we felt that differ-
ent measuring systems may have contributed to the
difference. Our most recent studies agree with the value
2.0035.

The capability of xanthine oxidase to utilize anthra-
cycline antibiotics in its electron transfer system and
generate free radicals may play an important role in
terms of drug toxicity. Anthracyclines are converted to
free radicals which may react directly with susceptible
molecules such as DNA, or indirectly generate other
toxic free radicals such as O.> or OH". Although the
efficiency of xanthine oxidase for the conversion may not
be as high as microsomal NADPH cytochrome P-450
reductase (anaerobic cleavage by xanthine oxidase is only
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Yaoth that of NADPH cytochrome P-450 reductase), the
wide distribution and the high content of this enzyme in
cells increases its importance.
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