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Free Radicals Mediate Cardiac Toxicity Induced by Adriamycin
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Anthracycline antibiotics, including adriamycin (ADM), are widely used to treat various human cancers, but their
clinical use has been limited because of their cardiotoxicity. ADM is especially toxic to heart tissue. The mechanisms
responsible for the cardiotoxic effect of ADM have been very/extremely controversial. This review focuses on the par-
ticipation of free radicals generated by ADM in the cardiotoxic effect. ADM is reduced to a semiquinone radical species
by microsomal NADPH-P450 reductase and mitochondrial NADH dehydrogenase. In the presence of oxygen, the
reductive semiquinone radical species produces superoxide and hydroxyl radicals. Generally, lipid peroxidation proceeds
by mediating the redox of iron. ADM extracts iron from ferritin to form ADM-Fe3*, which causes lipid peroxidation of
membranes. These events may lead to disturbance of the membrane structure and dysfunction of mitochondria.
However, superoxide dismutase and hydroxyl radical scavengers have little effect on lipid peroxidation induced by ADM
—Fe3*. Alternatively, ADM is oxidatively activated by peroxidases to convert to an oxidative semiquinone radical, which
participates in inactivation of mitochondrial enzymes or including succcinate dehydrogenase and creatine kinase. Here,
we discuss the activation of ADM and the role of reductive and oxidative ADM semiquinone radicals in the cardiotoxic

effect of this antibiotic.
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Fig. 1. Stereoview of the Hydrogen-bonding Interactions between ADM (A) or Daunomycin (B) and DNA Fragment d
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Fig. 3. Lipid Peroxidation of Erythrocyte Membranes In-
duced by ADM-Fe3+
Reaction mixtures contained erythrocyte membranes (0.2 mg/protein/
ml) and ADM-Fe?+ (0.1 mm ADM: 0.05 mm Fe3+) (O) or 0.1 mm of ADM
(@) in 0.15 M NaCl at pH 7.4. Each point represents the mean of three ex-
periments.
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Fig. 4. Reduction of Cytochrome ¢ Induced by ADM-Fe3*
(A) and Ferrous Ion Formation (B)
(A) The reaction mixture contained 0.03 mm ferricytochrome ¢ and 0.1
mM ADM-Fe3* in 0.15 M NaCl at pH 7.4. (B) The reaction mixture con-
tained 0.1 mm BPS and ADM-Fe3* in 0.15 M NaCl at pH 7.5. (O) under
aerobic conditions, (A) addition of SOD (3X10-3 mm) under aerobic con-
ditions, (@) under anaerobic conditions.
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Fig. 5. Oxygen Consumption Induced by ADM-Fe3+
The reaction mixture contained 0.1 mm ADM-Fe3* in 0.15 m NaCl at
pH 7.4. Arrow indicates the addition of 1.0 mm BPS.



858

Vol. 123 (2003)

HCO O OH §

NH

HO T2 (V)

Fig. 6. Generation of O; from ADM-Fe3+
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Fig. 7. Effect of Scavengers of Reactive Oxygen Radicals on
Lipid Peroxidation
Conditions were the same as described for Fig. 3, except for adding
scavengers. Each value represents the mean of three experiments. SOD: 3 X
1073 mwm, Cat: 4X 1073 mm and Thiourea, Ethanol: 10 mm.
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Fig. 8. Effect of ADM-Fe2+/ADM-Fe3+ Ratio on the Perox-
idation Reaction
The reaction mixture contained erythrocyte membranes (0.2 mg protein
/ml) and various ratio of ADM-Fe2*/ADM-Fe3*. After incubation for 3
min, TBARS formation was measured. Each point represents the mean of
three experiments.
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Fig. 9. Iron Release from Ferritin by ADM
The reaction mixture contained 1.0 mm BPS and ADM or ferritin in
0.15m NaCl at pH 7.4. In (A) and (B), 1.0 mg/ml of ferritin and 100 um of

ADM was presented, respectively. Each point represents the mean of three
experiments.
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Fig. 10. Effect of ADM (A) and Ferritin (B) Concentration
on Lipid Peroxidation
The reaction mixture contained erythrocyte membranes (0.2 mg protein
/ml) in 0.15 M NaCl at pH 7.4. After incubation for 1 hr, the TBARS were
measured. Each point represents the mean of three experiments.
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Fig. 11. Effect of ADM-Fe3* Concentration on CK Activity
and Lipid Peroxidation
Mitochondria (0.1 mg protein/ml) were incubated with ADM-Fe3* in
10 mm Hepes buffer at pH 7.4, containing 0.15 m NaCl. After exposure for 2
hr, CK activity and lipid peroxidation were measured. (O): CK activity and
(@): TBARS formation.
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Fig. 12. Effect of Radical Scavengers on ADM-Fe?*—induced
CK Inactivation and Lipid Peroxidation
Conditions were the same as described for Fig. 11, except for adding
scavengers. After incubation for 1 hr, CK activity and lipid peroxidation
were measured. Each value represents the mean+SD of four experiments.
SOD: 3X 104 mm, Cat: 4X10~4mm, Mannnitol: 10 mm, BHT: 1 um and
GSH: 100 um.
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Fig. 13. SDS-PAGE Analysis of Mitochondrial Protein after
Incubation with ADM-Fe3+
Conditions were the same as described for Fig. 11. After incubation
with ADM-Fe3* for 2 hr at 37°C, mitochondria were denatured with 10%
TCA and centrifuged. The resultant precipitate was solubilized in SDS and
applied to PAGE. Lane 1: native mitochondria, lane 2: +ADM-Fe3*, lane
3: 2+BHT, lane 4: 2+ Trolox and lane 5: 2+ a-tocopherol.
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Fig. 14. Spectral Change of ADM Induced by HRP

The reaction mixture contained ADM (50.0 um), HRP (1.25 um) and
H,0, (200 um). In 10 mm Hepes buffer containing 0.15 M NaCl at pH 7.4.
Numbers in the figure refer to the incubation time (min). After incubating,
the spectrum of ADM was recorded.

& HRP O SHITHBNTH CK OARTEMHALAE 5
TE/=DOT (Fig. 17), " CK ORNEMLZ5I SR
LTWb0THIZBEADM I+ / > X 0Idd
L5 BIE ADM F / > Xi3 BB ADM F / > LR
FRTHBEEDNS. HEEHLO SH D B
BRADM /> XiZBE ADM F / > TRF B
IR TRRIb SN, BEREEORNEHINSIER D
INEEZILND.

5. 7obIH47) FREBEICLSI MO
>R TEBERONEMRL

Demant & Jansen,? Davies & Doroshow,3®
Marcillat 53013 ADM Offifid N D EERIERE I b
I2RUT7THBEER, ETFREREERN ADM
WCE S TARIEMALT B 2 & &R L7, KriZ Davies

100 1
80 | 8

60 1

CK activity (%)

40 + .

0 1 n 1 . 1 s 1 n 1 . 1 s 1
0 5 10 15 20 25 30

Time (min)

Fig. 15. Inactivation of CK Induced by ADM with HRP

Conditions were the same as described for Fig. 14, except for addition
of ADM (10 um) . After incubating at 37°C, an aliquot of the reaction mix-
ture was removed and then the activity of CK was measured. Each point
represents the mean +SD of five experiments. (O): ADM not added, (@):
ADM added and (A): without HRP and H,0,.

Fig. 16. Oxidation of ADM by HRP
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Fig. 17. CK Inactivation Induced by a Colorless Compound
from ADM
Conditions were the same as described for Fig. 15, except for CK. After
incubating for 5 min, catalase (0.04 um) was added to the reaction mixture
and then CK (1.23 um) was added and the mixture was further incubated.
Each point represents the mean+SD of five experiments.
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Fig. 18. Loss of Mitochondrial SDH Activity Induced by
ADM Activated by HRP

Submitochondrial particles (0.1 mg protein/ml) were incubated with 10
um ADM, 0.12 um HRP, 100 um H,0, in 50 mm Hepes buffer at pH 7.4. Af-
ter the incubation at 37°C, an aliquot of the reaction mixture was used for
measurement of SDH activity. Each point represents the mean=+SD of five
experiments. (O): ADM, (@): without ADM and (A): ADM without
HRP and H,0,.
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Fig. 19. Effect of Radical Scavengers and Iron-chelators on
the SDH Inactivation
Conditions were the same as described for Fig. 18, except for adding
radical scavengers and iron chelators. Each value represents the mean +SD
of five experiments. SOD: 3X10-4mm, Cat: 4X10-*mm, BHT, EDTA,
DETAPAC,GSH: 0.1 mMm and Mannitol: 10 mm.
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Fig. 20. Loss of Mitochondrial Respiratory Enzymes during
the Interaction of ADM with HRP
Conditions were the same as described for Fig. 18, except for concentra-
tions of ADM. (O): cytochrome c oxidase, (@): NADH oxidase and (A):
NADH dehydrogenase.
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Fig. 21. Spectral Change in Anthracycline Drugs Induced by HRP
Conditions were the same as described for Fig. 18. Spectral changes were recorded during the interaction of anthracycline drugs with HRP. Number of curves

refer to time (min) of incubation.
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WTIIBH 5 M TIE RN,

ADM, IEJIET Y, 4FI)VET Y, EIIIE
T, AUIRATY, TIINES DY RS
HA o) RbEEEE HRP &1 > F 2 X—FT
D&, TUIIVE T AR TREFAIER DRR
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3B L (Fig. 21), % SDH K O CK I3 A& AL
SN /= (Fig. 22). % Figure 23 ORERICRT LD
2, 77 I9IIVESCERRNT, Wiy > h5Y
A7 CRPEEES BERICEROF ) DGz
FLTHBD, BEMBELINTERINZBEREL
2F /2, BRF/ONEIBERF/CIRFUER
L THEOANEEENFIERIIN TS EE
AbNb. TIZINETSEBEN T /=)L &
725 TWA®D T HRP IZX DR EBLIZFED 5
N9 (Fig. 21), 9 % 7= SDH % CK DR 75 AE
HlebBRINLEno/- (Fig.22). W ZDLHI
SDH K& U CK O ARIEMAL DGR S & Z DRI DR

IEWRED ADM 2% 9 2 EEbns. W12 L
MUZEN5, ADM % 90mg/m?2 #%5 L T, X
NHMHPOHEEL, BBXESuMTH S,V
AEBREMETITBWT, SDH IZX 3 % ADM O
ICso 13, #10.8uM TH > 7=,

TR IHA 0 RGUEEEITHRP ICXK ST
ADM>TENES > >A 5 ES > >ETIES
DEFTIRATIOS>TIIIET CDIETHRIES

None [
Adriamycin 77}
Epirubicin m

BOBRBEIBBLT L THD, LhEFEERSE Idarubicin 77}
21X, 2 h3 2 RU 7@ SDH % CK OARE LA Pirarubicin 7/}
FEELTLBHDEEALND, Dounomycin 77777 /

fek ADM O DIEHEEOEK & SN TE/2IEE Aclarwbicin 77727 1"
BRI S BV S TS KU T BAOREE, 0 00 301600 2 06000
BEDOADM 2 WTREINTHBD, I ha2 KR () %)

U7 BFRE R T O IR AL R E T3 E Fig. 22. Anthracycline Drugs-induced CK and SDH Inactiva-

uM O ADM ZILEETH %. 3V ADM #H D 1755 —
Ty b THHI P RUTEZAILCFIE I
XL T ADM MigWlfiE 2/ L TWa 20, %

tion during the Interaction with HRP
Conditions were the same as described for Fig. 18, except for replace-
ment of ADM for anthracycline drugs. Submitochondrial particles contained
11.3 u/mg protein CK activities. Each value represents the mean & SD of five
experiments.

OCH;0 OCH;0 OCH,0
HsC o H3C HI83C O
NH H HoN
OH ~ Pk 2
Adriamycin Pirarubicin Epirubicin
o} OH (0]

0O OH o}
CH
I S o™

OCH;0 OH O © O © o
HaC—7—~0 e 72 " —CH
T NH, N
OH 2 H o
O
Daunomycin Idarubicin HyC Aclarbicin
OH

Fig. 23.
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N, FZFF UNEARL T SDH Xid CK 2 AREMEAL L /-
Platel 55213, T v b D.LIEFHEMEIC ADM &1 45
IWED > EmE L, RSB DERN A F )L
B2 ADM=1:4 QHEETHEGINLELEEITHE
ENBZEEHmELTWS, F/z, Hirano 55X
I Temma 55913 ADM, TEJET >, I E
22 D iEFE M 2 D E MR AR B AR AT K o
THRXRZEZA, ESIIES VT ADM & V)L
B2 RN EERLE ZINSOHRIL, 7
ShIYA YRR O.OEEE & HRP (2
L5 bEN L THRIND LK ha > RY 7B
RORNEHANBB I —HTDILERL TS,
Reszka 57 XHHRREE F T, 727 X)L F
SH—YINT T )AL ERERPNICBIET S E
ERLTWD, ZOBI 7 )V FF 24 —EIdH
2 NO IV EL, TNNY T /AT
EBALTHZEEZHOEMNILE RLAF -t
DOHBERHREMEIIKLS, Z<0EMZERILTEZEN
HHEMhER DTN 8D 26D &iF, 7
~THA U 2 RPURE SOOI O 3K D
PERIREIC, BEINDAREMZRBL TV,
H,O, I3k 2 8 AERROR TAR S N, DFHRITK
BICFEMAETAIAZ0E E 7z IAroE >
EBS>TRINAF I —EEL TERT 2 AR
D TREN, ADMIZ7 U NI4T OE > DN
WA F 2 —BiEEIc L o Tl EE b nTH
o SH &2/ E8, CK< SDH 2D & L
PO RUTEBRADAERMZEREL T, Tx
NF—RAROEEZERL, LIEFEENEHIN
5EEBZBNS.
6. BHYIC
EERNIZBWTADMIZ 7 U F o0 6 8k%5l
EH T ADM-Fe3+ &7z 0 fllfafs o s & @ mg L =
BEI®5%. —F, BIEMIEERES N ADM
WEHI ba2 B Y EREZEONEME L 25
L, Tx)F—RHOLEF =KL, OIEFEEITE
HLTLK3bDEEZLNS.
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