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The results presented demonstrate the influence of aromatic indolinic aminoxyls:
1,2-dihydro-2-ethyl-2-phenyl-3 H-indole-3-phenylimino-1-oxyl (IA-C2) and 1,2-dihydro-
2-octadecyl-2-phenyl-3 H-indole-3-phenylimino-1-oxyl (IA-C18) on oxidation of lipids
and proteins of cardiac sarcoplasmic reticulum membranes.

We have used doxorubicin and t-butyl hydroperoxide as agents inducing oxidative
stress in isolated rat cardiac sarcoplasmic reticulum membrane system. Carbonyl
groups were measured as the end product of membrane protein oxidation, and
thiobarbituric acid reactive substances were assessed as a marker of lipid pero-

xidation.

Inhibition of peroxidation of certain membrane components depends on the length
of acyl chain. Aminoxyl IA-C2 inhibits the lipid peroxidation process while IA-C18 is
an efficient protector against protein oxidation.

Lipid and protein oxidation due to free radi-
cal formation may be responsible for mem-
brane damage upon doxorubicin (DOX) in-
duced heart targeted free radical insult. Di-
rect involvement of free radicals in the acute
cardiotoxicity induced by doxorubicin is sup-
ported by the observation that compounds act-

ing as free radical scavengers can signifi-
cantly prevent the contractile impairment of
the myocardium [1]. Univalent redox shuttle
of the anthraquinone moiety of DOX can gen-
erate superoxide free radical [2]. It is com-
monly thought that the heart exposed to DOX
shows a significant degree of membrane per-
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turbation arising from lipid peroxidation,
which in turn largely contributes to
cardiotoxic effects [3]. Careful inspection of
hydroperoxides in blood plasma samples col-
lected from the coronary sinus and femoral ar-
tery of nine cancer patients treated intrave-
nously with doxorubicin, showed unexpect-
edly a paradoxical inhibition of cardiac lipid
peroxidation [4]. These observations suggest
that the exacerbation of the lipid peroxidation
process observed in several models probably
involves pre-existing Fe(II) complexes. In the
presence of DOX and NADPH lipid pero-
xidation of an in vitro membrane system in
the presence of DOX and NADPH is not ob-
served if Fe(IIl) is not added [5]. Doxorubicin
can be involved in oxidation of membrane
lipids as well as proteins. It is still not clear
whether these processes are independent or
protein oxidation is a consequence of lipid
peroxidation.

Taking this into account we decided to test if
the oxidative stress induced by univalent re-
duction of doxorubicin can result in lipid
and/or protein oxidation in isolated rat car-
diac sarcoplasmic reticulum membrane.

Our experiments proved that the process of
protein oxidation is independent from lipid
oxidation induced by doxorubicin semi-
quinone radical, which is produced in one elec-
tron reduction reaction in the presence of
NADPH. Besides DOX and NADPH, Fe(III) is
needed for lipid peroxidation. Also Sugioka &
Nakano [5] demonstrated requirement for the
ferricion-ADP-adriamycin complex initiat-
ing phospholipid peroxidation in an in vitro
system. The recently reported requirement of
Fe(III) for doxorubicin-mediated oxidative
mutagenesis confirms the above mentioned
necessity  oxidative deterioration  of
non-protein biomolecules [6].

MATERIALS AND METHODS

Chemicals. Doxorubicin hydrochloride
(Doxolem) was obtained from Lemery S.A. de

C.V. (Mexico). All other reagents were ob-
tained from Sigma (St. Louis MO, U.S.A).

Subcellular fractionation of cardiac sar-
coplasmic reticulum membrane (micro-
somes). Males Wistar rats (200-250 g) were
used in the experiments. The animals were
anaesthetised with diethyl ether and killed
by decapitation. The hearts were removed
quickly and placed in MSET buffer: 225 mM
mannitol, 75 mM sucrose, 1 mM EGTA,
10 mM Tris/HCI, pH 7.4. The tissue was scis-
sored and 20% homogenates were prepared.
Each heart was homogenized in a Palmer ho-
mogenizer by 50 gentle up-and-down strokes.
Nuclei and cell debris were removed by
centrifugation at 450 X g for 2 min. Super-
natants were collected and centrifuged again
at 10000 X g for 10 min in order to remove
mitochondria. The postmitochondrial super-
natant (cytosolic fraction containing sarco-
plasmic reticulum membrane) was recen-
trifuged at 100000 X g for 1 h. The pellet of
sarcoplasmic reticulum membrane was sus-
pended in 150 mM KCIl, 10 mM Tris/HCI
buffer, pH 7.4. The amount of protein was
measured by biuret method [7]. A typical
preparation yielded about 7 mg of sarco-
plasmic reticulum membrane per 1 g of heart
tissue.

Assessment of thiobarbituric acid reac-
tive substances (TBARs) in cardiac sar-
coplasmic reticulum membranes exposed
to t-butyl hydroperoxide. The membranes
(2 mg of protein suspended in 2 ml of 50 mM
phosphate buffer, pH 7.4) were treated with 1
mM Bu'OOH for 30 min at 37°C. Aminoxyl
TIA-C2 or IA-C18 was added to the sample as
ethanol solutions before addition of Bu'OOH.
The control samples were treated with
Bu'OOH and, instead of an aminoxyl an ap-
propriate amount of ethanol was added. The
extent TBARs production was measured ac-
cording to Buege & Aust [8] with 20 uM in fi-
nal concentration of butylated hydroxyto-
luene in order to prevent peroxidation of
membrane lipids during thiobarbituric acid
assay [9].
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Oxidation of cardiac sarcoplasmic retic-
ulum membrane protein after exposition
to doxorubicin and indolinic aminoxyls.
Sarcoplasmic reticulum membranes, 2 mg,
were treated with 100 uM doxorubicin and 1
mM NADPH in 1 ml of 50 mM phosphate
buffer, pH 7.4, for 30 min. Indolinic amino-
xyls IA-C2 or TA-C18 were added at 25 uM fi-
nal concentration to the test tubes. A modified
method of Levine et al. [10] for assessment of
protein carbonyls was used. The entire pro-
cess was performed in glass centrifuge tubes
and 0.5 ml of 20 mM 2,4-dinitrophenyl
hydrazine in 2 M HCI] was added to 0.5 ml of
the membrane solution (1 mg protein). Blank
reactions lacked only DNPH. Following 1 h in-
cubation with continuous shaking the protein
was precipitated by addition of 1 ml of cold
trichloroacetic acid (20%, w/v) and centri-
fuged at 3000 X g for 10 min. The protein was
then washed three times with ethanol/ethyl
acetate (1:1, v/v) and dissolved in 2 ml of 6 uM
guanidine - HCI, pH 6.5. The amount of pro-
tein carbonyls was estimated using a molar
absorption coefficient of 22000 at 360 nm.

Synthesis of aminoxyls IA-C2 and
IA-C18. Indolinic aminoxyl IA-C2 was synthe-
sized as described by Berti ef al. [11]. IA-C18
was also synthesized according to this method
using CigHg7MgI [12]. The alkyl iodide was
obtained starting from the corresponding bro-
mide by treatment with Nal (5 equivalents) in
acetone. This procedure was applied because
no reaction occurred with the commercial bro-
mides used for the preparation of the Grig-
nard reagent, even by activation of magne-
sium with Iy or diiodoethane. The aminoxyl
was then purified by silica gel column chroma-
tography, with cyclohexane/ethyl acetate
(9.5:0.5, v/v). IA-C18 was obtained in red
semisolid viscous form; its crystallisation
from hot ethanol proved unsuccessful. The
identity and purity of the compounds were
checked by thinlayer chromatography, by
mass spectroscopy on a Carlo ERBA QMD
1000 spectrometer and by ESR spectroscopy
on a Varian E-4 spectrometer.

RESULTS

Indolinic aminoxyl IA-C2 (structure pre-
sented on Scheme 1) added to sarcoplasmic
reticulum membranes inhibited almost com-
pletely lipid peroxidation induced by Bu'OOH
as assessed by the amount of TBARs produced
(Fig. 1a). Under the same conditions IA-C18
inhibited but slightly lipid peroxidation.

Figure 1b demonstrates the effect of indo-
linic nitroxide antioxidants on sarcoplasmic
reticulum membrane protein oxidation in-
duced by doxorubicin in the presence of
NADPH. In this conditions the degree of pro-
tection exerted by IA-C2 and IA-C18 showed a
pattern opposite to that observed in the lipid
peroxidation system induced by ButOOH,
namely IA-C2 was hardly effective while
TIA-C18 proved to be an extremely effective in-
hibitor of membrane protein oxidation.

Figure 2 illustrates typical ESR spectra of
IA-C2 and IA-C18 in organic solvent (benzene)
and in cardiac sarcoplasmic reticulum mem-
branes under argon atmosphere. The pres-
ence of biological membranes changed the
characteristics of the respective aminoxyl
spectra, pointing to efficient membrane inser-
tion of IA-C2, whereas almost complete broad-
ening of IA-C18 indicated of strong immobili-
sation and probe spin-spin interaction in lo-
calized membrane domains.

DISCUSSION

Doxorubicin is a member of anthracycline
antibiotics. Cardiotoxicity induced by DOX
limits its clinical administration. Molecular
mechanisms responsible for DOX cardio-
toxicity have been widely discussed as unclear
so far, despite many efforts to solve this in-
triguing problem. One of the discussed mecha-
nisms is based on the ability of DOX to release
free radicals in a cellular environment. Under
such conditions DOX undergoes one electron
reduction reaction with formation of
doxorubicin semiquinone radical (DOX ") [13].



46 D. Kulawiak-Galaska and others 2002
NPh NPh
Ph Ph Scheme 1. Structure of aromatic
indolinic aminoxyls.
N CH,CH, N° CH,CH,),.CH, IA-C2, 12-dihydro-2-ethyl-2-phenyl-
(l). (l). 3H-indole-3-phenylimino-1-oxyl;IA-
C18, 1,2-dihydro-2-octadecyl-2- phe-
nyl-3H-indole-3-phenylimino-1-oxyl.
IA-C2 IA-C18

The cardiac membrane proteins have been
found as critical target of DOX  attack. How-
ever, we are unable, in accordance with other
authors [5, 14] to detect any accumulation of
TBARs after exposition of membranes to DOX
and NADPH as well established conditions for
doxorubicin semiquinone radical formation.
In our experiments IA-C18 was able to an-
chor at membrane structures and protect
membrane proteins against oxidation induced
by doxorubicin. On the other hand, IA-C2 had
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Figure 1. The effect of indolinic aminoxyls on lipid
(1a) and protein (1b) oxidation in rat heart sarco-
plasmic reticulum membrane.

a: Bu'OOH, 100 uM; IA-C2, 25 uM; IA-C18, 25 uM. b:

DOX, 100 uM; NADPH, 1 mM; IA-C2, 25 uM; IA-C18,
25 uM.

no effect on proteins but protected membrane
lipids against peroxidation evoked by t-butyl
hydroperoxide.

Selective oxidation of membrane proteins in-
duced by DOX without involvement of iron is
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Figure 2. ESR spectra of aminoxyls.

A: TA-C2 in benzene; B: IA-C18 in benzene; C: IA-C2 in
cardiac sarcoplasmic reticulum membrane; D: TA-C18
in cardiac sarcoplasmic reticulum membrane.
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one of the novelties of the present study. An-
other unexpected finding is the extreme effi-
cacy of hydrophobic indolinic aminoxyl
IA-C18 in protecting against oxidative dam-
age. While insignificantly active in preventing
lipid peroxidation, this aminoxyl displayed a
strongly immobilized spectrum in sarco-
plasmic reticulum membrane (Fig. 2). Parti-
tion studies with model phosphatidylcholine
bilayer point to a surprising depth of penetra-
tion of anthracycline semiquinones into the
membrane interior [15]. As doxorubicin
semiquinone localizes preferentially to the
depth of the 12th position of stearic acid in a
membrane, it seems reasonable to assume
that hydrophobic membrane protein domains
are responsible for both-immobilization of
indolinic free radicals localized scavengers
and the subsequent efficient protection of sen-
sitive residues inside the membrane domains.
Aminoxyl TEMPOL is able to protect against
the cardiotoxicity of doxorubicin only at a con-
centration as high as 2.5 mM [16].
Aminoxyls can be divided into two distinct
classes: the aliphatic one having nitroxide
-NO" function between two sp3 carbons like
the tetra-methyl-piperidines (including TEM-
POL) or pyroline, and those called aromatic
aminoxyls, having the -NO " group conjugated
with a 7t system, such as indolinic aminoxyls.

N-Ph
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N CHy(CH,);-CH,
I .
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XN CH,~(CH,),;-CH,

Due to free valence of the -NO  groups both
groups of aminoxyls, aliphatic (piperidine,
pyroline) and aromatic ones, are able to cou-
ple with carbon-centred radicals R~ [17]
(Scheme 2).
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Scheme 2.

Aromatic aminoxyls having a conpgated
benzene ring can react with virtually all kinds
of oxygen centred radicals, namely RO™ and
ROO’, forming diamagnetic compounds pre-
sented in Scheme 3.

Protein peroxyl radicals are well known in-
termediates of free radical dependent protein
oxidation [18]. Due to high reactivity of aro-
matic aminoxyls with peroxyl species concen-
tration as low as 25 uM [A-C18 is sufficient to
protect cardiac membrane proteins exposed
on doxorubicin (Fig. 1).

Lipid and protein oxidation due to free radi-
cal formation is considered as one of the main
factors responsible for disintegration of bio-
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logical membranes. The harm due to free radi-
cal overproduction (e.g. on application of
doxorubicin) will be much more intense if the
antioxidant status of the cell is rather poor,
like in the cardiomyocyte as compared with
the other cells [19].

It is generally accepted that, amongst the cel-
lular components that can be damaged by free
radicals, membrane lipids are most effectively
protected by cellular antioxidants such as vita-
min E [20]. The heart seems to be relatively
deficient in this antioxidant as compared with
other tissues [21]. Indolinic aminoxyl IA-C2
seems to be a good candidate for substituting
of vitamin E in biological systems as it is a
good antioxidant protecting membrane phos-
pholipids (Fig. 1). On the other hand, so far
there is little evidence that a hydrophobic or
hydrophilic antioxidant can protect proteins
[22]. The protective effect of IA-C18 on mem-
brane proteins exposed to DOX and NADPH
points to the possibility of applying a new
strategy for rational design of an antioxidant
molecule which would be an efficiently protect
proteins against oxidative stress.
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