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Inactivation of Creatine Kinase by Adriamycin®
during Interaction with Horseradish Peroxidase
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ABSTRACT. Oxidative damage of creatine kinase (CK) induced by Adriamycin® (ADM) with peroxidase was
investigated using horseradish peroxidase (HRP). ADM oxidatively inactivated CK during its interaction with
HRP in the presence of H,O, (HRP-H,0O,). The red color of ADM was lost during oxidation by HRP-H,O,.
Adding catalase stopped the color change of ADM induced by HRP-H,0,, indicating that ADM was oxidized
by HRP complex I or II. CK was inactivated readily, even when it was added to the reaction mixture containing
colorless ADM. Some sulthydryl groups of CK, which have an important role in its enzyme activity, were very
sensitive to ADM activated by HRP-H,O,, suggesting that inactivation of CK is due to oxidation of SH groups
at the active center. Presumably, oxidative ADM quinone is involved dominantly in the inactivation of CK.
Among the anthracycline drugs tested in this study, only ADM and epirubicin caused inactivation of CK and

alcohol dehydrogenase and loss of the red color during oxidation by HRP-H,O,.
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Anthracycline antibiotics, which include ADM,{ are
widely used to treat various solid and hematologic malig-
nancies [1, 2], but their clinical use has been limited
because they cause cumulative and dose-dependent cardio-
toxicity [3]. The cytotoxic action of ADM has been
explained by intercalation into DNA, which results in
inhibition of replication, transcription, and ultimately
translation [4], and generation of free radicals [4-6].
Intercalation dominantly accounts for the antitumor action
of the drug, and free radicals that are produced by reductive
activation of the drug by cytochrome P450 reductase
account for the related cardiotoxicity. The mechanism of
cytotoxicity mediated by free radicals involves one-electron
reduction of the C ring of the quinone moiety of these drugs
to a semiquinone radical. This semiquinone radical reacts
with molecular oxygen to initiate a cascade of reactions
resulting in the generation of a variety of reactive oxygen-
derived species, such as superoxide, H,O,, and hydroxyl
radicals. These species have been implicated in the damage
of cellular proteins, nucleic acids, and cell membrane
components.

Kolodziejczyk et al. [7] showed that the quinone-modified
anthracycline drug 5-iminodaunorubicin is readily acti-
vated oxidatively by HRP. In addition, Inchiosa and Smith
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[8] showed that ibuprofen, a nonsteroidal anti-inflamma-
tory drug, ameliorates the toxicity of ADM, and proposed
that the drug inhibits neutrophil infiltration. Neutrophils
contain a large amount of myeloperoxidase. These findings
suggest that peroxidases are involved in ADM metabolism.
However, the potential for oxidative activation of ADM by
peroxidase is not recognized in the metabolism of ADM.
However, CK is distributed abundantly in the heart and is
associated with the physiological role of ATP generation in
conjunction with the contractile or transport system [9]. In
this study, we investigated the enzymatic oxidative activa-
tion of ADM using HRP-H,0O,, and we showed that CK is
inactivated readily by oxidatively activated ADM.

MATERIALS AND METHODS
Chemicals

ADM was obtained from the Kyowa Hakko Co. Ltd., and
HRP from Wako Pure Chemical Industries, Co. Ltd.
Epirubicin (4-epi-adriamycin) and idarubicin were pur-
chased from Pharmacia Japan; pirarubicin was obtained
from Meijiseika Co. Ltd.; and daunorubicin, CK (rabbit
muscle), catalase (beef liver), and superoxide dismutase
(bovine erythrocyte) were purchased from the Sigma
Chemical Co. ADH (yeast) was obtained from Oriental
Yeast Co. Ltd. Other chemicals were high analytical grade
products obtained from commercial suppliers.

Determination of Enzyme Activities

CK activity was measured at 30° using a Wako Pure
Chemical Industries CK kit. One unit of CK transfers 1.0
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FIG. 1. Inactivation of rabbit muscle CK induced by ADM with
HRP-H,0,. The reaction mixture contained CK (1.23 pM),
HRP (1.25 pM), and H,0, (200 pM) in 10 mM HEPES buffer
containing 0.15 M NaCl at pH 7.4. The reaction was started by
adding ADM (10.0 pM). After incubating at 37° for 20 min, an
aliquot of the reaction mixture was removed, and then the
activity of CK was determined as described in Materials and
Methods. CK activity is expressed as a percentage of the control,
which corresponds to 3.8 U/mL of the enzyme activity at zero
time. Each point represents the mean = SD of five experiments.
Key: (O) ADM not added; (®) ADM added; and (A) ADM
without HRP-H,0O, added.

pmol of phosphate from phosphocreatine to ADP per
minute at 30°. The activity of peroxidase was determined as
follows. The reaction mixture contained 0.27 mM hydro-
gen peroxide, 1.7 mM KI, and peroxidase in 10 mM acetate
buffer at pH 5.0. After incubating for 5 min at 37°, the
absorbance was measured at 375 nm. The ADH activity was
determined by the method of Bonnichsen and Brink [10].
The protein was measured by the bicinchoninic acid assay
using BSA as a standard [11].
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FIG. 2. Effect of ADM concentration on the inactivation of CK.
Conditions were the same as described in Fig. 1, except for the
concentrations of ADM. After incubating for 15 min, the
activity of CK was measured. CK activity is expressed as a
percentage of the control, which corresponds to 3.0 U/mL of
enzyme activity. Each point represents the mean * SD of five
experiments.
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FIG. 3. Inhibition of CK activity of heart homogenate induced
by ADM with HRP-H,O,. Heart homogenate (0.5 mg protein/
mL) was suspended in 10 mM HEPES buffer containing 0.15 M
NaCl at pH 7.4. Other conditions were the same as described for
Fig. 1. CK activity is expressed as a percentage of the control
that corresponds to 1.8 U/mL of enzyme activity. Each point
represents the mean * SD of five experiments. Key: (O) ADM
not added; (@) ADM added; and (A) ADM without HRP-H,0,
added.

Preparation of Homogenate

Heart homogenates were prepared from male Wistar strain
rats, weighing about 200 g, as follows: hearts were minced
and homogenized in 10 mM HEPES buffer containing 0.15
M NaCl at pH 7.4. The homogenate (10%) was dialyzed
against the same buffer overnight at 4°. The specific
activity of CK in homogenate was 72 U/mg protein.

Determination of SH Group

The SH groups were measured using DTNB. The reduction
of DTNB was calculated using the value of €4, = 1.36 X
10*M ' em ™! [12].

RESULTS
Inactivation of CK

Figure 1 shows that ADM inactivated rabbit muscle CK
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FIG. 4. Spectral change of ADM induced by HRP-H,O,.
Conditions were the same as described for Fig. 1, except for the
concentration of ADM (50.0 pM). Numbers in the figure refer

to the incubation time (min). After incubating, the spectrum of
ADM was recorded.
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FIG. 5. Effect of catalase and superoxide dismutase on oxidation
of ADM. The reaction mixture contained HRP (1.25 pM) in 10
mM HEPES buffer containing 0.15 M NaCl at pH 7.4. The
reaction was started by adding H,O, (200 pM, curve a).
Catalase (Cat) (0.02 pM, curve b) or superoxide dismutase
(SOD) (0.3 pM, curve c¢) was added to the reaction mixture at
the arrow.

during interaction with HRP-H,O,. After incubating for
20 min, about 90% of the enzyme activity was lost. In the
absence of ADM, CK activity was decreased very slightly by
HRP-H,0,. ADM without HRP-H,0, had no effect on
the enzyme activity. Figure 2 shows that the inactivation of
CK depended on the concentration of ADM up to 10 wM.
The 1C50 of ADM was about 3.0 wM. Figure 3 shows that
CK activity in heart homogenate was also almost lost
oxidatively by ADM with HRP-H,O,. In the absence of
ADM, the CK activity in the homogenate decreased about
20%. However, when ADM was incubated with homoge-
nate in the absence of HRP-H,0,, CK activity in the
homogenate was not affected. These results indicated that
CK activity was lost during the interaction of ADM with
HRP-H,0,.

Spectral Change of ADM

The oxidation of ADM by HRP-H,O, was accompanied by
a marked change from red color to the colorless state. Figure
4 shows the spectral change in ADM during the interaction
with HRP-H,O,. The absorption around 480 nm decreased
rapidly, and after 4 min a complete loss of the red color of
ADM occurred. Under anaerobic conditions, CK inactiva-
tion and color disappearance also occurred, indicating no
involvement of oxygen in the inactivation of CK and

TABLE 1. Diminution of protein SH groups by ADM-peroxidase
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FIG. 6. CK inactivation induced by a colorless compound pro-
duced from ADM. Conditions were the same as described for
Fig. 1, except for CK. After incubating for 5 min, catalase (0.02
M) was added to the reaction mixture, and then CK (1.23 pM)
was added and the mixture was incubated further. CK activity is
expressed as a percentage of the control, which corresponds to
3.8 U/mL of enzyme activity. Each point represents the mean *
SD of five experiments.

conversion of ADM to the colorless compound (data not
shown). These results indicate that CK was inactivated by
ADM that had been activated oxidatively by HRP-H,O,.
Figure 5 shows that adding catalase stopped the decrease in
absorbance at 480 nm. In contrast, superoxide dismutase
did not affect the color change. These results indicated that
catalase decomposed H,O, to interfere with the formation
of HRP complex I or II and subsequently blocked oxidation
of ADM. Peroxidases oxidize various organic compounds by
a one-electron transfer [13—16], suggesting that an oxida-
tive ADM semiquinone radical forms during the interac-
tion with HRP-H,O,. However, we failed to detect ESR
signals of oxidative ADM semiquinone radicals. Presum-
ably, oxidative ADM semiquinone is too unstable or low in
amount to give detectable ESR signals. Of interest, CK was
also inactivated when it was added to the reaction system
containing colorless ADM (Fig. 6). These results suggested
that not only oxidative semiquinone, but also ADM qui-
none is involved in the CK inactivation.

Oxidation of SH Groups

CK is a typical SH enzyme. Therefore, we tested whether
SH groups of CK and BSA also were oxidized by ADM

BSA CK
SH SH
Additions (nmol/mg/protein) % of Loss (nmol/mg protein) % of Loss
None 4.62 = 1.20 30.15 £ 5.09
HRP-H,O, 2.52 = 1.12 45.7 19.75 = 1.48 35.6
AD with HRP-H,0O, 2.57 = 1.03 44.4 14.85 = 0.35 50.7

The reaction mixture contained CK (12.3 uM) or BSA (36.2 uM) in 10 mM HEPES buffer containing 0.15 M NaCl at pH 7.4. HRP (1.25 M) and hydrogen peroxide (200 pM)
were added to the reaction mixture with or without ADM (50 wM). After incubating for 30 min, the SH groups of the proteins were measured. Each value represents the mean
+ SD of five experiments.
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TABLE 2. Inactivation of SH enzymes induced by various
anthracycline drugs with HRP-H,0,

CK ADH
Additions Enzyme activity (%)
Adriamycin 135+2.4 6.6+ 14
Epirubicin 7.8 £1.5 39+09
Idarubicin 71.2 £ 6.3 64.9 = 5.6
Pirarubicin 709 = 84 65.6 + 4.0
Daunorubicin 715+ 6.6 529 *+ 6.4

Conditions were as described for Fig. 1. Anthracycline drugs (10.0 uM) were added
to the reaction mixture containing CK (1.23 uM) or ADH (6.76 pM). After
incubating for 15 min, the activity of the enzymes was measured. CK activity is
expressed as the percentage of the control that corresponds to 3.0 U/mL of the
enzyme activity. ADH activity is expressed as the percentage of the control that
forms 0.12 pmol NADH/mL/min. Each value represents the mean * SD of five
experiments.

activated by HRP-H,O,; Table 1 summarizes the results.
About 50 and 45% of the SH groups in CK and BSA,
respectively, were lost by exposure to ADM with HRP—
H,O,. However, even when CK and BSA were incu-
bated with HRP-H,O, in the absence of ADM, about 35
and 45% of the SH groups in CK and BSA, respectively,
were lost. Furthermore, adding H,O, at 200 wM also
caused oxidation of SH groups in CK and BSA to the
same extent (data not shown). Evidently, all oxidation of
SH groups in BSA was due to H,O,. About 35% of the
SH groups in CK were also oxidized directly by H,O,.
However, about 15% of the SH groups, which have an
important role in the enzyme activity, were oxidized by
ADM activated by HRP-H,0,. SH groups at the active
center of CK may be very sensitive to oxidative attack by

ADM.

OCH,0  OH
Ha (0]
| NH2 (1)
OH

..__...’
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CK Inactivation Induced by Other Anthracycline Drugs

We examined whether anthracycline antibiotic drugs, in-
cluding ADM, daunorubicin, epirubicin, idarubicin, and
pirarubicin, cause inactivation of SH enzymes, such as CK
and ADH, during interaction with HRP-H,O,. Table 2
summarizes our findings that only ADM and epirubicin
caused inactivation of SH enzymes by about 90%. The red
color of epirubicin was also lost by the interaction with
HRP-H,0, (data not shown). However, inhibition of SH
enzymes by daunorubicin, idarubicin, and pirarubicin was
only about 30-50%. The color of these anthracycline drugs
was not changed by HRP-H,0O, (data not shown). The
color disappearance of the anthracycline drugs was closely
related with inactivation of SH enzymes. Lactic acid
dehydrogenase, which is a non-SH enzyme, was not inac-
tivated by the anthracycline drugs tested here during the
interaction with HRP-H,O, (data not shown).

DISCUSSION

This study showed that CK is inactivated by ADM that has
been activated oxidatively by HRP-H,O,. ADM undergoes
oxidation readily and loses its red color during interaction
with HRP-H,O,. The decrease in absorbance around 480
nm is closely related to inactivation of CK. A frequently
proposed mechanism of quinone toxicity involves the
reduction of quinones by various flavoproteins to form
semiquinones, which, in turn, reduce oxygen to superoxide
and subsequently form other partially reduced oxygen
species [4—-6, 17, 18]. However, superoxide and hydroxyl
radical did not participate in the cause of CK inactivation
induced by ADM with HRP-H,0O, because superoxide

dismutase and mannitol, which are superoxide and hy-

OCHsO  OH

HsC7/ ~0

cococe

0O
___>
OCHsO O

HsC

NH 2

OH

(6]

(1)

FIG. 7. Scheme showing oxidation of ADM.
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droxyl radical scavengers, respectively, gave no protection
against CK inactivation (data not shown).

The oxidation of ADM may be analogous to enzymic
oxidation of hydroquinone [19, 20]. If ADM is oxidized
through a one-electron transfer, it should become an
oxidative semiquinone radical (II in Fig. 7). In this study,
however, it seems unlikely that oxidative semiquinone of
ADM dominantly caused CK inactivation because stable
colorless compounds produced from ADM also inactivated
CK. Oxidation of hydroquinone by HRP-H,O, produces
stable p-benzoquinone, which is a strong oxidizing agent
and reacts with SH groups [19, 20], suggesting that the
colorless compound is ADM quinone (III in Fig. 7). Indeed,
SH groups markedly decreased in CK, indicating that ADM
quinone oxidatively attacked cysteine residues of CK.
p-Benzoquinone can be quite toxic in its own right without
causing a free radical-based mechanism of toxicity [19, 20].
ADM quinone may be produced through further oxidation
of oxidative semiquinone by HRP complex I or II or by
interaction with two molecules of semiquinone.

Among the anthracycline drugs we tested, only ADM
and epirubicin caused inactivation of CK and loss of red
color. Although daunorubicin, idarubicin, and pirarubicin
have a hydroquinone structure in the B ring, they did not
cause CK inactivation and loss of red color. Evidently,
these anthracycline drugs were unsuitable substrates for
HRP.

Mammalian tissues contain microsomal enzymes and
prostaglandin synthase systems that have hydroperoxidase
activity [21, 22]. Involvement of ADM in an alternative
oxidative process, quite different from that already estab-
lished for reductive metabolites, may be important to
understand its biological properties. CK is distributed abun-
dantly in the heart and serves as an important energy buffer
for muscle concentration by quickly transferring creatine
phosphoryl groups to ADP to form ATP [9]. Inhibiting this
enzyme activity may cause critical damage to the heart.

References

1. Carter SK, The clinical evaluation of analogs—III. Anthra-
cyclines. Cancer Chemother Pharmacol 4: 5-10, 1980.

2. Young RC, Ozols RF and Myers CE, The anthracycline
antineoplastic drugs. N Engl ] Med 305: 139-153, 1981.

3. Lenaz L and Page JA, Cardiotoxicity of adriamycin and
related anthracyclines. Cancer Treat Rev 3: 111-120, 1976.

4. Gewirtz DA, A critical evaluation of the mechanisms of
action proposed for the antitumor effects of the anthracycline
antibiotics adriamycin and daunomycin. Biochem Pharmacol

57: 727-741, 1999.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

99

. Handa K and Sato S, Generation of free radicals of quinone

group-containing anti-cancer chemicals in NADPH-micro-
some system as evidenced by initiation of sulfite oxidation.

Gann 66: 43-47, 1975.

. Bachur NR, Gordon SL, Gee V and Kon H, NADPH

cytochrome P-450 reductase activation of quinone anticancer
agents to free radicals. Proc Natl Acad Sci USA 76: 954-957,
1979.

. Kolodziejezyk P, Reszka K and Lown JW, Enzymatic oxidative

activation of 5-iminodaunorubicin. Spectrophotometric and
electron paramagnetic resonance studies. Biochem Pharmacol

38: 803-809, 1989.

. Inchiosa MA Jr and Smith CM, Effect of ibuprofen on

doxorubicin toxicity. Res Commun Chem Pathol Pharmacol 67

63-78, 1990.

. Watts DC, Creatine kinase. In: The Enzymes VII (Ed. Boyer

PD), pp. 383-455. Academic Press, New York, 1973.
Bonnichsen RK and Brink NG, Liver alcohol dehydrogenase.
Methods Enzymol 1: 495-500, 1955.

Redinbaugh MG and Turley RB, Adaptation of the bicincho-
ninic acid protein assay for use with microtiter plates and
sucrose gradient fraction. Anal Biochem 153: 267-271, 1986.
Ellman GL, Tissue sulfhydryl groups. Arch Biochem Biophys
82: 70-77, 1959.

Duescher R] and Elfarra AA, 1,3-Butadiene oxidation by
human myeloperoxidase. Role of chloride ion in catalysis of
divergent pathways. ] Biol Chem 267: 19859-19865, 1992.
Metodiewa D, Reska K and Dunford HB, Oxidation of the
substituted catechols dihydroxyphenylalanine methyl ester
and trihydroxyphenylalanine by lactoperoxidase and its com-
pounds. Arch Biochem Biophys 274: 601-608, 1989.
Metodiewa D and Dunford HB, Evidence for one-electron
oxidation of benzylpenicillin G by lactoperoxidase com-
pounds I and III. Biochem Biophys Res Commun 169: 1211-
1216, 1990.

Mottley C, Toy K and Mason RP, Oxidation of thiol drugs
and biochemicals by the lactoperoxidase/hydrogen peroxide
system. Mol Pharmacol 31: 417-421, 1987.

Svingen BA and Powis G, Pulse radiolysis studies of antitu-
mor quinones: Radical lifetimes, reactivity with oxygen, and
one-electron reduction potentials. Arch Biochem Biophys 209:
119-126, 1981.

Chesis PL, Levin DE, Smith MT, Ernster L and Ames BN,
Mutagenicity of quinones: Pathways of metabolic activation
and detoxification. Proc Natl Acad Sci USA 81: 1696-1700,
1984.

Witz G, Latriano L and Goldstein BD, Metabolism and
toxicity of trans, trans-muconaldehyde, an open-ring microso-
mal metabolite of benzene. Environ Health Perspect 82: 19—
22, 1989.

Beckman ]S and Siedow JN, Bactericidal agents generated by
the peroxidase-catalyzed oxidation of para-hydroquinones.
J Biol Chem 260: 14604 -14609, 1985.

Fischer V, West PR, Harman LS and Mason RP, Free-radical
metabolites of acetaminophen and a dimethylated derivative.
Environ Health Perspect 64: 127-137, 1985.

Marnett L], Polycyclic aromatic hydrocarbon oxidation dur-
ing prostaglandin biosynthesis. Life Sci 29: 531-546, 1981.



