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Abstract—Quinoline and indolinone nitroxide radicals are known to be efficient scavengers of oxygen-
centred (rate constants (k) between 10° and 10°/M/sec) and carbon-centred radicals (almost diffusion-
controlled rate). In this study, the relative effects of these compounds in protecting low density
lipoprotein (LDL) from oxidation induced by copper have been investigated. The extent of lipid
peroxidation was assessed by monitoring the increased conjugated diene formation, the altered surface
charge of the apolipoprotein B and the generation of aldehydic breakdown products of oxidized LDL.
All the nitroxides inhibited LDL peroxidation in a concentration-dependent manner. The corresponding
hydroxylamines of the nitroxides were also studied and were shown to inhibit lipid peroxidation to
almost the same extent as the parent nitroxide. The data indicates that this class of nitroxide radicals
(and their reduced hydroxylamine forms) are effective lipophilic antioxidants with the quinoline

nitroxide being more efficient than the indolinone nitroxides.
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Nitroxide radicals such as tetramethyl-piperidine
and pyrrolidine nitroxides, oxazolidine nitroxides
and their derivatives have been applied extensively
in a variety of biochemical studies. These include
uses as spin labels [1], probes of oxygen concentration
[2] and activities akin to those of superoxide
dismutase [3] and catalase [4]. Addition of the
nitroxides to mammalian cellular systems has
revealed protective effects against ionizing radiation
[5], blocking DNA scission, and from hydrogen
peroxide-induced damage [6].

In this paper, the antioxidant activity of the
nitroxide derivatives (Fig. 1) of the quinoline (1)
and indolinone types (2-6) has been studied.
Indolinone nitroxides have been shown in chemical
systems to scavenge effectively aroyloxyl [7],
phenoxyl [8], alkyl radicals [9, 10] (the latter at a
nearly diffusion-controlled rate), and to react with
alkoxyl and peroxyl radicals with estimated rate
constants (k) between 10° and 105/M/sec [10, 11].
Recent studies in biological systems have revealed
their effectiveness as chain-breaking antioxidants
during the oxidation of linolenic acid mediated by
cytochrome ¢ and tert-butylhydroperoxide [12]. In
this work, we have investigated the relative abilities
of indolinone and quinoline nitroxide radicals and
their associated hydroxylamines to protect human

+ Corresponding author. Tel. (071) 955 4240; FAX (071)
955 4983.

1 Abbreviations: LDL, low density lipoproteins; BHT,
butylated hydroxytoluene; TEMPO, 2,2,6,6-tetramethyl-
piperidine-1-oxyl; REM, relative electrophoretic mobility;
DMF, dimethylformamide; SCE, saturated calomel elec-
trode; TBARS, thiobarbituric acid reactive substances.

LDL% against oxidation. The results show that
these classes of nitroxides act as chain-breaking
antioxidants in inhibiting the oxidation of LDL
mediated by copper in a concentration-dependent
manner.

MATERIALS AND METHODS

Chemicals. The nitroxides 1-6 and hydroxylamines
4a, 6a, were synthesized, respectively, according
to the literature: 1,2-dihydro-2,2-diphenyl-4-
ethoxy-quinoline-1-oxyl (quinoline nitroxide, 1)[13];
1,2-dihydro-2,2-diphenyl-3H -indole - 3-one-1-oxyl
(2 - phenyl - 3 - keto derivative, 2); 1,2 - dihydro -
2,2 - diphenyl - 3H - indole - 3 - phenylimino - 1 - oxyl
(2-phenyl-3-phenylimino derivative, 3); 1,2-dihydro-
2-ethyl-2- phenyl-3H - indole-3-phenylimino-1-oxyl
(2-ethyl-3-phenylimino derivative, 4); 1,2-dihydro-2-
methyl-2-phenyl-3H-indole-3-one-1-oxyl (2-methyl-
3-keto derivative, 5); 1,2-dihydro-2-ethyl-2-phenyl-
3H-indole-3-one-1-oxyl (2-ethyl-3-keto derivative 6);
1-hydroxy-1,2-dihydro-2-ethyl-2-phenyl-3H-indole-
3-phenylimino  (2-ethyl-3-phenylimino hydroxyl-
amine, 4a); 1-hydroxy-1,2-dihydro-2-ethyl-2-phenyl-
3H-indole-3-one (2-ethyl-3-keto hydroxylamine, 6a)
[14]. The identity and purity of the compounds were
checked by thin layer chromatography and by
mass spectroscopy on a Carlo Erba QMD 1000
spectrometer. Melting points were measured on an
Electrothermal Melting Point Apparatus. Methanol
(HPLC Grade) was obtained from Rathburn
Chemical Ltd (Walkerburn, U.K.). All other
reagents were of the highest quality and obtained
from the Sigma Chemical Co. (Poole, U.K.) or from
BDH Ltd (Dagenham, U.K.).
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Fig. 1. Structures of nitroxides and hydroxylamines. (Me, methyl; Et, ethyl; Ph, phenyl; NPh,
phenylimino.) 1,2-Dihydro-2,2-diphenyl-4-ethoxy-quinoline-1-oxyl (1); 1,2-dihydro-2,2-diphenyl-3H-
indole-3-one-1-oxyl (2); 1,2-dihydro-2,2-diphenyl-3H-indole-3-phenylimino-1-oxyl (3); 1,2-dihydro-2-
ethyl-2-phenyl-3H-indole-3-phenylimino-1-oxyl (4); 1,2-dihydro-2-methyl-2-phenyl-3H-indole-3-one-1-
oxyl (5); 1,2-dihydro-2-ethyl-2-phenyl-3H-indole-3-one-1-0xyl (6); 1-hydroxy-1,2-dihydro-2-ethyl-2-
phenyl-3H-indole-3-phenylimino (4a); 1-hydroxy-1,2-dihydro-2-ethyl-2-phenyl-3H-indole-3-one (6a);
2,2,6,6-tetramethyl-1-piperidine-1-oxyl (TEMPO).

Isolation of LD L. Fresh human blood was obtained
by venipuncture from volunteers (with informed
consent), taken into acid citrate dextrose anti-
coagulant pH 6.4 in the presence of 0.1 mM EDTA
and the plasma separated after centrifugation for
use in isolation of LDL. The LDL was then separated
by equilibrium density ultra-centrifugation at 16° on
a Beckman L-70 centrifuge using a fixed-angle rotor
working at 150,000 g according to a modified method
of Chung et al. [15]. The lipoprotein sample was
dialysed for 5 hr in a 5-fold volume of PBS, pH 7.4,
10 mM containing 10 uM EDTA at 4°. After dialysis,
the LDL was filtered through a sterile 0.22 um
diameter pore and used within 2-3 weeks after
preparation. Protein concentration was determined
by the modified procedure of Markwell et al. [16]
using bovine serum albumin as a standard. In all
experiments LDL was used at a final concentration
of 0.125 mg LDL protein/mL.

The effects of the nitroxides and their hydroxyl-
amines on the suppression of copper-mediated
oxidative modification of LDL was assessed by
measuring the conjugated diene formation during
LDL peroxidation, by measuring the extent of
formation of aldehydic breakdown products of lipid
peroxidation using the thiobarbituric acid assay and
by measuring the electrophoretic mobility of oxidized
LDIL.

Measurement of the suppression of copper-
mediated LDL oxidation by nitroxides and hydroxyl-
amines. LDL protein in PBS (0.125 mg/mL) was
oxidized by incubating at 37° with 3 uM CuSO, for
2 hr (unless otherwise stated). The nitroxides and
hydroxylamines were prepared as a 0.6 mM stock

solution in methanol and added as methanol solution
(maximum 1.6% v/v) prior to addition of copper.
The reaction was stopped after 2 hr by the addition
of BHT (final concentration, 300 uM).

Conjugated diene formation. The effects of the
nitroxides on the oxidation of LDL was determined
by continuous monitoring of the increased conjugated
diene hydroperoxide formation by difference
spectroscopy [17]. The oxidation of 0.125 mg/mL
LDL in PBS was initiated by addition of 3 uM copper
in the presence of 1 uM nitroxide compounds. The
LDL oxidation was determined by recording the
increase in the absorbance from 220 to 300 nm at
5min intervals during a 3hr period [18] on a
Beckman DU65 spectrophotometer fitted with Quant
1 software and linked to an IBM PC/2. The increased
absorption at 234nm during copper-mediated
oxidation indicates the formation of conjugated
diene hydroperoxides of the fatty acids, and can be
directly measured by recording the UV spectra [17].
The oxidizability of the LDL was expressed as the
time to reach half maximal absorbance for each
experiment and was measured as described by Jessup
et al. [19].

Thiobarbituric acid assay. The extent of lipid
peroxidation was also measured by determining the
percentage inhibition of aldehydic breakdown
products using the thiobarbituric acid assay [20]. To
0.5mL of the incubated samples, 0.5mL of
trichloroacetic acid [10% (w/v)] was added, followed
by 0.5mL of thiobarbituric acid [0.75% (w/v) in
0.1 M HCI]. The samples were heated for 20 min at
95°, followed by cooling and centrifugation. The
absorbance of the pink chromophore of the
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Fig. 2. Conjugated diene formation of copper-mediated oxidation of LDL in the absence and presence
of nitroxides. The oxidation of LDL (0.125 mg protein/mL) was initiated by the addition of 3 uM
copper in the absence and in the presence of nitroxides. The progress of the peroxidation reaction was
monitored during a 3 hr period at 37°, by measuring the increased formation of conjugated dienes at
234 nm, as described in Materials and Methods. Results are an average of two experiments
(difference < 17%). ([J) Copper (3 uM), (@) 2-phenyl-3-phenylimino (3) (3 uM), (&) 2-phenyl-3-
phenylimino (3) (1 uM), () 2-phenyl-3-keto (2) (1 uM), (M) 2-ethyl-3-phenylimino (4) (1 uM), (O)
2-methyl-3-keto (8) (1 uM).

supernatant was measured at 532 nm and corrected
for the absorbance at 580 nm.

Gel electrophoresis. Oxidative modification of
LDL was assessed by measuring the altered surface
charge of the apolipoprotein B of the LDL. At the
end of the 2 hr incubation, 15 pL. samples were taken
and applied to agarose gels for electrophoreses at
100 V in barbital buffer, pH 8.6 (Beckman Paragon
Lipo Gel electrophoresis system). The electro-
phoretic mobility of the LDL samples was measured
relative to the mobility of untreated LDL and
expressed as the % inhibition of REM of oxidized
LDL in the presence and absence of nitroxides.
Lipoproteins were visualized by staining with Sudan
Black B stain.

Appropriately incubated controls were carried out
including nitroxides and hydroxylamines with native
LDL and methanol with copper and LDL. All
concentrations are expressed as final concentrations.
Three different batches of LDL were used: one
for the concentration-response curves (TBARS
formation) and gels; one for the experiments
comparing the hydroxylamines with their cor-
responding nitroxides and TEMPO; and one for the
conjugated diene experiments.

RESULTS

Oxidation of low density lipoprotein by copper-
induced stress was assessed by three methods:
monitoring the increased formation of conjugated
diene hydroperoxides, measuring the breakdown
products of lipid peroxidation, and by assessing the
consequence for the apolipoprotein B protein portion
of the LDL molecule by observing the change in
surface charge.

The relative abilities of the indolinone nitroxides
of both the phenylimino and the keto varieties 2-5
to inhibit LDL oxidation were monitored by
observing their effects on conjugated diene formation
at 234 nm (Fig. 2). The data show that incorporation
of the nitroxides (1 uM) delays the time to the
commencement of oxidation (the lag phase), the
phenylimino derivatives being more effective than
the keto ones, but the rate of propagation of
oxidation, once the lag phase is complete, is
approximately the same for all incubations. Incor-
poration of elevated nitroxide concentration (3 uM)
(2-phenyl-3-phenylimino derivative 3), showed com-
plete inhibition of conjugated diene formation of
the 3 hr incubation period. The time to achieve half
maximal absorbance was used as an index of
oxidizability [19]. In comparison with the values for
oxidized LDL (88 min), the effects of the nitroxides
(1 uM) are greater for the phenylimino compounds
(130 min and 148 min, respectively for the phenyl
and ethyl derivatives) than for the keto ones (115 min
and 122 min, respectively for the phenyl and methyl
derivatives) (Table 1).

The effects of the nitroxides on the extent of lipid
peroxidation were also assessed by detecting the
extent of formation of secondary metabolites of lipid
peroxidation products using the thiobarbituric acid
assay [20]. The average absorbance of TBARS in
the absence of inhibitor was 3.529/mg LDL protein.
Figure 3 shows a typical concentration-response
curve (0-10 uM) for one of the nitroxides used (2-
phenyl-3-phenylimino derivative, 3) where almost
maximum inhibition of copper-induced lipid per-
oxidation assessed after 2 hr incubation was achieved
with concentrations =6 uM nitroxide. The con-
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Table 1. Oxidizability of copper-mediated LDL peroxidation in the
absence and presence of 1 uM nitroxides 2~5

Oxidizability
(Time to half
maximal absorbance

Nitroxide added in min)
None 88
2-phenyl-3-keto (2) (1 uM) 115
2-phenyl-3-phenylimino (3) (1 uM) 130
2-phenyl-3-phenylimino (3) (3 uM) >180
2-ethyl-3-phenylimino (4) (1 uM) 148
2-methyl-3-keto (5) (1 uM) 122

LDL (0.125 mg protein/mL), pH 7.4, was incubated for 3 hr at 37°
with 3 uM copper and 1M nitroxide when present and increased
conjugated diene formation was measured by difference spectroscopy
at 234 nm as described in Materials and Methods.

100

% Inhibition of lipid peroxidation

M I M 1 4 1

6 8 10

Nitroxide concentration (uM)

Fig. 3. Concentration—response curve showing percentage inhibition of copper-mediated LDL oxidation

by 2-phenyl-3-phenylimino nitroxide (3). LDL (0.125 mg protein/mL) at pH 7.4 was incubated at 37°

with 3 uM copper for 2 hr in the presence of a range of concentrations of the nitroxide (3). The extent

of peroxidation was measured using the thiobarbituric acid assay as described in Materials and Methods.
Results are means + SD. N=3.

centration of nitroxide giving 50% inhibition of lipid
peroxidation, defined as ICs, was determined from
the corresponding concentration-response curves of
the nitroxides 1-5. All the indolinone nitroxides (2—
5) gave similar concentration-response curves, which
is also reflected in the similarity between the ICs
values (3.06 = 0.24, N =12) compared with the
more effective quinoline nitroxide (1) with an ICs
value of 2.23+0.56, N=3, (P<0.001=7***
estimated with a Student’s #test).

The effects of the nitroxides on suppression of the
change in surface charge on the protein portion of
the LDL induced by copper were monitored by
electrophoresis after 2 hr incubation. The nitroxides
2-5prevented the increase in electrophoretic mobility
of oxidized LDL in a concentration-dependent
manner to approximately similar extents (Fig. 4).
The values were evaluated from gels such as that
shown in Fig. § for the 2-ethyl-3-phenylimino
derivative (4), where the progressive decrease in
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Fig. 4. Percentage inhibition of REM of oxidized LDL in
the presence of varying concentrations of indolinone
nitroxides 2-5. LDL (0.125 mg protein/mL) was oxidized
for 2 hr at 37° with 3 uM copper in the absence and presence
of the nitroxides and samples applied to agarose gels as
described in Materials and Methods. The percentage
inhibition of REM by the nitroxides is concentration
dependent and was calculated relative to the mobility of
untreated LDL (N = 2-4).

electrophoretic mobility of oxidised LDL can be
observed as the nitroxide concentration increases.
The two hydroxylamines (2-ethyl-3-phenylimino
hydroxylamine 4a, 2-ethyl-3-keto hydroxylamine
6a), studied in comparison with their corresponding
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nitroxides (2-ethyl-3-phenylimino derivative 4, 2-
ethyl-3-keto derivative 6) and the commercial
nitroxide TEMPO (used for comparison), also
inhibited the oxidative modification of the LDL. In
these experiments, 1uM hydroxylamines was
sufficient to suppress the formation of aldehydic
breakdown products of lipid peroxidation by
approximately 50%. The LDL usedin this experiment
was from a different donor to the one used for the
determination of conjugated dienes and it is well-
known that the endogenous antioxidant status of
LDL varies from individual to individual [21]. No
major differences were observed between the
nitroxide derivatives and their hydroxylamines. The
2-ethyl-3-phenylimino nitroxide 4 was found to be a
more efficient inhibitor of lipid peroxidation
(57.6 = 4%, N = 3) than the 2-ethyl-3-keto nitroxide
6 (48.1 £ 6%, N = 3) as assessed by measuring the
percentage inhibition of lipid peroxidation by using
the thiobarbituric acid assay. TEMPO, which is a
widely used piperidine nitroxide along with its many
derivatives in lipid peroxidation studies, inhibited
LDL peroxidation to a lesser extent.

It has been suggested that antioxidants, under
certain conditions can act as prooxidants when acting
as hydrogen-abstractors [22]. There was no evidence
for the nitroxides acting as prooxidants in our case
since experiments incubating LDL with nitroxides
and hydroxylamines (up to 10 uM) for 2 hr showed
no oxidation of the LDL.

DISCUSSION

The susceptibility of LDL to oxidationis dependent
on its content of peroxyl radical scavenging

Fig. 5. The effect of 2-ethyl-3-phenylimino nitroxide (4) on changes in electrophoretic mobility of LDL

subjected to copper-mediated oxidative stress. LDL (0.125 mg protein/mL) at pH 7.4 was oxidized for

2hr at 37° with 3 uM copper in the absence and presence of the nitroxide and samples applied to

agarose gels as described in Materials and Methods. Lane 1, incubated native LDL; lane 2, oxidized

LDL;; lane 3, 10 uM nitroxide during oxidation; lane 4, 4 uM nitroxide during oxidation; lane 5, 2.5 uM

nitroxide during oxidation; lane 6, 1.5 uM nitroxide during oxidation; lane 7, 0.5 uM nitroxide during
oxidation.

BP 48:6-E
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antioxidants, the polyunsaturated fatty acid content
and the endogenous level of hydroperoxides [23-
25]. It is well known that oxidized LDL is atherogenic
and that antioxidants which inhibit LDL oxidation
in vitro have been shown to prevent fatty streak
formation in in vivo animal models and are associated
with protection against coronary artery disease in
population studies. In addition, published reports
and epidemiological studies are beginning to provide
confirmation that dietary peroxyl radical scavengers
such as a~tocopherol, at appropriate levels, decrease
the incidence of and mortality from coronary heart
disease.

Previousstudies[26, 27] have shown that piperidine
and oxazolidine nitroxide derivatives inhibit iron-
mediated lipid peroxidation in rat liver microsomes
and that this is dependent on the accessibility of the
nitroxide moiety to the lipid region of the membrane,
thus allowing participation in the chain-breaking
antioxidant activity.

We have investigated the ability of indolinone and
quinoline nitroxide radicals to protect LDL from
oxidation and the modification of its recognition
properties induced by copper. Scavenging of oxygen-
centred radicals by indolinone and quinoline
nitroxides yields non-paramagnetic products of the
nitroxide (Scheme 1) [10, 11]. The reactivity of the
nitroxides with carbon-centred radicals gives rise
to the corresponding alkylated hydroxylamines
(Scheme 1) through coupling at the nitroxide function
[9, 10].

Our findings suggest that both groups of indolinone
nitroxides are equally effective in suppressing the
formation of the breakdown products of lipid
peroxidation and the altered surface charge of the
apolipoprotein B. However, the 3-phenylimino
derivatives (3, 4) seem to be better inhibitors of the
propagation of conjugated diene formation than the
3-keto derivatives (2, 5). The difference in these
results could be correlated to the different substituent
in position 3 of the indole ring. Furthermore, the
different hydrogen abstraction capacity of these
derivatives could account for the differences
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observed, since nitroxides can potentially act as
prooxidants by abstracting a labile hydrogen atom
initiating an autoxidation chain reaction. Those with
a high hydrogen abstraction capacity are less efficient
as antioxidants and a good antioxidant is one whose
hydrogen abstraction and spin-trapping capacities
are well balanced. Thus, the phenylimino derivatives
may be better antioxidants since their hydrogen
abstraction ability is less than the keto ones (rate
constants of hydrogen transfer from, dihydroacridine
to 2-phenyl-3-keto nitroxide, 2 and 2-ethyl-3-
phenylimino nitroxide, 4 at 60° in deareated
acetonitrile are 2.5 and 0.38/M/sec, respectively).
In addition, the hypothesis that phenylimino
derivatives are better inhibitors than the keto ones
is supported by the redox potentials of these
nitroxides measured in DMF/H,O 55:45 vs SCE.
The redox potentials for the keto derivatives 2 and
5 are —0.28 and —0.26 V, respectively, while that
for the phenylimino derivative 3 is —0.35 V. This
shows that the latter, having a more negative value,
is a weaker oxidizing agent (less hydrogen abstraction
ability) therefore a better antioxidant than the two
former. Also, the redox potential for the quinoline
nitroxide 1 is still more negative, —0.38 V, and is
therefore the least oxidizing nitroxide and the best
antioxidant in the series studied.

The quinoline nitroxide 1, with its N-O moiety
present in a 6-membered ring structure conjugated
with a benzene ring, seemed to be relatively
more effective in inhibiting copper-mediated LDL
peroxidation than all the other nitroxides bearing
the N-O function in a 5-membered ring structure
also conjugated to a benzene ring (indolinone
nitroxides, 2-5). It has been previously reported that
piperidines (6-membered ring nitroxides) are more
efficientinhibitors of lipid peroxidation in microsomal
membranes than oxazolidines or pyrrolidines (5-
membered ring nitroxides) [27]. This was attributed
to a higher accessibility of the nitroxide moiety of
the piperidines into the lipid layer which explained
their higher efficacy as antioxidants. This mechanism
might also explain the difference observed between
quinoline and indolinone nitroxides in protecting
LDL from oxidation since the ring structure bearing
the nitroxide function is also different in these two
classes of nitroxides. Although the study of quinoline
nitroxides towards the trapping of different kinds of
radicals is still under investigation, preliminary
results have demonstrated that they act efficiently
as chain-breaking antioxidants [12].

The possibility that the inhibition of LDL oxidation
may be due to interaction of the nitroxides with
copper thus hindering the metal binding to the LDL
particle, may be excluded, since neither EPR nor
spectroscopic evidence has been found for complex
formation between nitroxides and copper ions [6].
Furthermore, no reaction was observed when
reacting nitroxides and copper ions in aqueous
acetonitrile.

Hydroxylamine derivatives of the nitroxides were
also assessed in order to determine the relative
importance of the nitroxide moiety in the radical
scavenging mechanism, compared to the reduced
nitroxide. In principle, the hydroxylamines tested in
this study could potentially be better inhibitors of



Nitroxide radicals inhibit LDL peroxidation

LDL oxidation since they may have a dual action of
both hydrogen donation to a lipid radical, whether
alkyl, alkoxyl or peroxyl radical, thereby inhibiting
the propagation of free-radical reactions, as well as
the ability of the oxidized form of the hydroxylamine
after hydrogen donation, the nitroxide, to possess
radical scavenging properties. No difference was
observed between the nitroxide derivatives and their
associated hydroxylamines. Miura ez al. [26] have
previously reported, applying an oxazolidine nitrox-
ide, that no difference between nitroxide and reduced
nitroxide was observed in prevention of microsomal
lipid peroxidation induced by NADPH.

Literature reports have shown that many com-
monly used nitroxide radical spin probes, such as
piperidines and doxylstearates at concentrations as
high as 100 uM have no adverse effects on cell
survival, therefore are relatively non-cytotoxic [28]
and that they are tolerated remarkably well by
animals [29]. Although toxicity results on indolinone
and quinoline nitroxides are awaited, there exists
the possibility that these nitroxides or other
appropriate nitroxide derivatives, might be con-
sidered as lipophilic therapeutic antioxidants.

Acknowledgement—The authors greatly thank MURST
(Ministero dell’Universita e della Ricerca Scientifica e
Tecnologica), for financial support.

REFERENCES

1. Berliner LI, Spin Labeling Theory and Application 1.
Academic Press, New York, 1979.

2. Hu H, Sosnovsky G, Wen Li S, Rao MNU, Morse 11
PD and Swartz H, Development of nitroxides for
selective localization inside cells. Biochim Biophys
Acta 1014: 211-218, 1989.

3. Mitchell J, Samuni A, Krishna M, De Graff W, Ahn
M, Samuni U and Russo A, Biologically active metal-
independent superoxide dismutase mimics. Bio-
chemistry 29: 2802-2807, 1990.

4. Mehlhorn RJ and Swanson CE, Nitroxide-stimulated
H,0, decomposition by peroxidases and pseudo-
peroxidases. Free Rad Res Commun 17: 157-175, 1992.

5. Hahn SM, Wilson L, Krishna CM, Liebmann J, De
Graff W, Galmson J, Samuni A, Venzon D and
Mitchell JB. Identification of nitroxide radioprotectors.
Radiation Res 132: 87-93, 1992.

6. Samuni A, Godinger D, Aronovitch J, Russo A and
Mitchell IB, Nitroxides block DNA scission and protect
cells from oxidative damage. Biochemistry 30: 555-
561, 1991.

7. Berti C, Colonna M, Greci L and Marchetti L,
Homolytic substitutions in indolinone nitroxide radicals
1. Reaction with aroyloxyl radicals. Tetrahedron 33:
3149-3154, 1977.

8. Carloni P, Greci L, Stipa P, Rizzoli C, Sgarabotto P
and Ugozzoli F, Antioxidants and light stabilizers. Part
1. Reactions of an indolinone nitroxide and phenoxyl
radicals. Polym Degrad Stab 39: 73-83, 1993.

9. Carloni P, Greci L, Stipa P and Eberson L, Electron-
transfer reactions. Oxidation of Grignard reagents in
the presence of aminoxyl as radical-trapping agent. J
Org Chem 56: 4733-4737, 1991.

10. Greci L, Homolytic substitution in indolinone nitroxide
radicals. Part III. Reactions with terbutoxy and methyl
radicals. Tetrahedron 38: 2435-2439, 1982.

11. Cardellini L, Carloni P, Greci L, Stipa P and Faucitano
A, Homolytic substitution in indolinone nitroxide

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

1161

radicals. Part 5. Reactions with tert-butylperoxy
radicals. Gazz Chim Ital 119: 621625, 1989,
AntosiewiczJ, Bertoli E, Damiani E, Greci L, Popinigis
J, Przyblski S, Tanfani F and Wozniak M, Indolinonic
and quinolinic aminoxyls as protectants against
oxidative stress. Free Rad Biol Med 15: 203-208, 1993.
Berti C, Colonna M, Greci L and Marchetti L,
Nitroxide radicals from 2-substituted quinoline-N-
oxides with organometallic compounds. Tetrahedron
32: 2147-2151, 1976.

Berti C, Colonna M, Greci L. and Marchetti L, Stable
nitroxide radicals from phenylisatogen and arylimino
derivatives with organometallic compounds. Tetra-
hedron 31: 1745-1753, 1975.

Chung BH, Wilkinson T, Geer JC and Segrest JP,
Preparative and quantitative isolation of plasma
lipoproteins: rapid, single, discontinuous density
gradient ultracentrifugation in a vertical rotor. J Lipid
Res 21: 284-317, 1980.

Markwell MA, Haas SM, Bieber LL and Tolbert NE,
A modification of the Lowry procedure to simplify
protein determination in membrane and lipoprotein
samples. Anal Biochem 87: 206-210, 1978.
Esterbauer H, Striegl G, Puhl H and Rotheneder M,
Continuous monitoring of in vitro oxidation of human
low density lipoprotein. Free Rad Res Commun 6: 67—
75, 1988.

Wiseman H, Paganga G, Rice-Evans C and Halliwell B,
Protective actions of tamoxifen and 4-hydroxytamoxifen
against oxidative damage to human low-density lipo-
proteins: a mechanism accounting for the cardio-
protective action of tamoxifen? Biochem J 262: 635—
638, 1992.

Jessup W, Darley-Usmar V, O’Leary V and Bedwell
S, 5-Lipoxygenase is not essential in macrophage-
mediated oxidation of low-density lipoprotein. Biochem
J 278: 163~169. 1991.

Walls R, Kumar KS and Hochstein P, Aging human
erythrocytes. Differential sensitivity of young and old
erythrocytes to haemolysis induced by peroxide in the
presence of thyroxine. Arch Biochem Biophys 174:
463-468, 1975.

Paganga G, Rice-Evans C, Rule R and Leake D, The
interaction between ruptured erythrocytes and low-
density lipoprotein. FEBS Lett 303: 154-158, 1992.
Bast A, Haenen GRMM and Doelman CJA, Oxidants
and antioxidants: State of the Art. Am J Med 91 (3C):
25-138, 1991.

Rice-Evans C and Bruckdorfer KR, Free radicals,
lipoprotein and cardiovascular dysfunction. Mol
Aspects Med 13: 1-111, 1993.

Dieber-Rotheneder M, Puhl H, Waeg G, Striegl G and
Esterbauer H. Effect of oral supplementation with -
a-tocopherol on the vitamin E content of human low
density lipoproteins and resistance to oxidation. J Lipid
Res 32: 1325-1332, 1992.

Jessup W, Rankin SM, De Whalley CV, Hoult JRS,
Scott J and Leake DS, a-Tocopherol consumption
during low-density lipoprotein oxidation. Biochem J
265: 399—405, 1990.

Miura Y, Utsumi H and Hamada A, Antioxidant
activity of nitroxide radicals in lipid peroxidation of rat
liver microsomes. Arch Biochem Biophys 300: 148-
156, 1993.

Nilsson U, Olsson LI, Carlin G and Bylund-Fellenius
AC, Inhibition of lipid peroxidation by spin labels.
Relationships between structure and function. J Biol
Chem 264: 11131-11135, 1989.

Ankel EG, Lai C-S, Hopwood LE and Zivkovic Z,
Cytotoxicity of commonly used nitroxide spin probes.
Life Sci 40: 495498, 1987.

Afzal V, Brasch RC, Nitecki DE and Woff S, Nitroxyl
spin label contrast enhancers for magnetic resonance
imaging. Invest Rad 19: 549-552, 1984.



