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NITROXIDES AS PROTECTORS AGAINST OXIDATIVE
DAMAGE INDUCED BY THE FENTON SYSTEM

JOLANTA GLEBSKA', KRZYSZTOF GWOZDZINSKI

Department of Molecular Biophysics, University of £odz, Lodz, Poland

The protective effect of nitroxides, six-membered piperidine derivatives, on deoxyribose oxidation to thiobarbituric
acid-reactive substances by the Fenton system consisting of hydrogen peroxide and ferrous ions has been studied.
Several newly synthesized nitroxides, analogs of Tempo (2,2,6,6-tetramethylpiperidine-1-oxyl), containing various
substituents at the 4-position were tested and compared to Tempo. All nitroxides were found to be highly efficient an-
tioxidants inhibiting the deoxyribose oxidation process in a concentration-dependent manner, while the extent of pro-
tection provided by nitroxides depends strongly upon their structure, The data ebtained suggest that the oxidation of
iron(Il) rather than scavenging of hydroxyl radicals is the main mechanism of nitroxide protective action under the
assay conditions used. Thus, the proven potency of nitroxides as good hydroxyl radical scavengers in simple systems

may have little relevance in biological systems,

INTRODUCTION

Reactive oxygen species (ROS), including super-
oxide radical anions, hydroxyl radicals, as well as
oxidants such as hydrogen peroxide have been
implicated in the pathogenesis of various types of
diseases. Biologically, three important ways of
producing ROS are through enzyme systems, by
autooxidation and by the Fenton reaction (Saran &
Bors, 1990; Winterbourn, 1991a; Candeias, Folkes
& Wardman, 1995). The Fenton reaction, i.e. the
conversion of hydrogen peroxide and/or superox-
ide 1o hydroxyl radicals catalyzed by metal ions, is
the major pathway for generation of highly reac-
tive, hazardous hydroxyl radicals, leading to the
oxidative damage of biclogical macromolecules
(Candeias et al., 1995; Winterbourn, 1991a; Shen,
Tian, Li, Li & Chen, 1992). The exact mechanism
of this process and nature of species involved in
this reaction system are not well understood yet
and are also strongly dependent on the system
investigated, i.e. the target molecules studied
(Winterbourn, 1991a; Franzini, Sellak, Hakim &
Pasquier, 1994; Winterbourn, 1991b).

If radical processes spread within the cells, en-
dogenous antioxidants may interfere preventing
the formation and/or deleterious action of ROS,
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what would limit the injury of critical cellular
components, Under normal physiological condi-
tions, the protection provided by cellular defense
systems is sufficient, but in most pathological
situations complementation by exogenous antioxi-
dants is necessary to minimize the oxidative dis-
ruption by free radicals of cellular metabolism and
homeostasis.

Recently, much physiological and pharmacol-
ogical interest has been focused on nitroxides, low
molecular-weight cell-permeable stable radicals,
which may be considered as promising therapeutic
agents against oxidative injury (Zhang, Pinson &
Samuni, 1998; Hahn, Krishna & Mitchell, 1994).
In order to suppress or control the oxidation of
biological macromolecules it is essential to under-
stand the fundamental aspects of protective actions
of a potential antioxidant. Nitroxides easily un-
dergo one-electron redox reactions and they can
act in a catalytic fashion as self-replenishing anti-
oxidants (Krishna & Samuni, 1994; Krishna,
Russo, Mitchell, Goldstein, Dafni & Samuni,
1996a). Nitroxide radicals were found to exhibit
superoxide dismutase activity (Krishna, Samuni,
Taira, Goldstein, Mitchell & Russo, 1996a; Zhang,
Goldstein & Samuni, 1999) and 1o scavenge other
free radicals without forming any reactive secon-

Abbreviations: ROS — reactive oxygen species; MDA — malondialdehyde; TCA — trichloroacetic acid; TBA — thio-

barbituric acid; TBARS — thiobarbituric acid-reactive substances; DR — deoxyribose; >N —O and Nx -

nitroxide

radical; >N-OH - hydroxylamine; >N+=0 — oxoammonium cation
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dary species, what prevents free radical-induced
damage (Damiani, Kalifiska, Canapa, Canestrari,
Wozniak, Olmo & Greci, 2000; Metodiewa, Koch-
man, Skolimowski, Ggbicka & Koska, 1999).
Moreover, nitroxides may also protect targets from
biological injury by detoxifying metals, either
reducing hypervalent metals (Krishna et al.,
1996b) or oxidizing reduced transition metal ions
(Krishna & Samuni, 1994; Bar-On, Mohsen,
Zhang, Feigin, Chevion & Samuni, 1999) that
could potentiate deleterious effects by producing
ROS.

To further our knowledge of the antioxidant be-
havior of this class of nitroxide compounds, and
before extending their use into more complex
biological systems such as living cells and whole
animals, it is essential to have more information
about their operation in simple model systems.

These experiments were performed to determine
the ability of a variety of nitroxides to react with
oxidizing species generated chemically in Fenton
system. Because of the high reactivity of hydroxyl
radicals which interact indiscriminately, in a diffu-
sion-controlled manner with all vitally important
cell components, we examined the capacity of
nitroxides to protect a model target such as deoxy-
ribose. The ‘deoxyribose assay’ is a sensitive and
convenient method for oxidative damage quantifi-
cation by measurement of the aldehyde end-
products formation from deoxyribose (Aruoma,
1994; Winterbourn, 1991b).

The results presented here show a significant
dependence between structure and activity of ni-
troxide compounds ascribed to the effect of sub-
stituent. Besides, the possible mechanisms respon-
sible for nitroxide potency against Fenton system-
derived oxidative damages are discussed.

MATERIALS AND METHODS

Materials
Chemical structures of investigated nitroxides
are shown in Fig. 1.
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Fig. 1. Chemical structures of investigated nitroxides

Tempo  (2,2,6,6-tetramethylpiperidine-1-oxyl)
and Tempol (4-hydroxy-2,2,6,6-tetramethyl-pipe-
ridine-1-oxyl) were purchased from Sigma (Poz-
nan, Poland) whereas Tempicol-2 (4-hydroxy-4
-(2-pyridylmethyl)-2,2,6,6-tetramethylpiperidine-1
-oxyl), Tempicol-2-NO  (4-hydroxy-4-(N-oxide-
2-pyridylmethyl)-2,2,6 6-tetramethyl-piperidine-1-
oxyl) and Tempace (4-acetamido-2,2,6,6-tetra-
methylpiperidine-1-oxyl) were synthesized in our
laboratory by the methods described previously
(Metodiewa, Skolimowski, Kochman, Gwozdzin-
ski & Glebska, 1998; Rozantsev, 1970). All other
chemicals used were of the highest quality com-
mercially available.

Fenton reaction

A typical experimental procedure was as fol-
lows: the reaction mixture containing potassium
phosphate buffer (50 mM, pH 7.4), deoxyribose
(1, 5 or 10 mM) and an appropriate concentration
of nitroxide was exposed to the Fenton system
consisting of 50 pM hydrogen peroxide and 50
pM ferrous sulfate for 30 min at room tempera-
ture. Reactions were started by addition of hydro-
gen peroxide and subsequently the iron salt. Stock
ferrous sulfate solutions (5 mM) were prepared in
10 mM HCI immediately before use. Nitroxide
concentration ranged from 0 (control) to 1 mM,
except for Tempol, where concentrations up to 10
mM were studied to determine the effect of high
nitroxide concentrations on its protective ability.

Deoxyribose oxidation assay

Deoxyribose degradation to thiobarbituric acid-
reactive substances (TBARS), mainly to malon-
dialdehyde (MDA), after exposure to oxidizing
species generated chemically in Fenton system was
monitored by the method described by Halliwell
and Gutteridge (Halliwell & Gutteridge, 1981).
TBA-reactivity was measured as follows: 1 ml of
2.8% (w/v) trichloroacetic acid (TCA) and 0.5 ml
of 1% (w/v) TBA in 50 mM NaOH were added to
the reaction mixture with subsequent heating at
100°C for 8 min for production of the TBA-MDA
adduct. The absorbance of the final pink chromo-
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gen was assessed against an appropriate blank at
532 nm and deoxyribose oxidation was expressed
as TBARS formation.

Data presentation

Inhibition by nitroxide of deoxyribose oxidation
was expressed in percent as relative protection and
calculated from the following formula:

[TBARS] - [TBARS]ny
[TBARS]

%P =

x 100% ,

where [TBARS] and [TBARS]y, denote TBARS
concentration without (control) and in the presence
of nitroxide, respectively. Results are given as
means + standard deviation of three or more sepa-
rate experiments. The differences between means
were determined by Student’s “t” test and P values
lower than 0.05 were considered significant.

RESULTS AND DISCUSSION

In this study we verified the antioxidant efficiency
of nitroxides, piperidine derivatives differing in
substituents at the 4-position of piperidine ring,
against oxidative damage to deoxyribose exposed
to the Fenton system. Three newly synthesized
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nitroxides, analogs of Tempo: Tempicol-2, Tem-
picol-2-N-oxide and Tempace, as well as others
used more commonly, Tempo and Tempol were
tested. The relative protection by nitroxides esti-
mated in comparison to the control, nitroxide free
sample, is displayed in Fig. 2 and 3. The extent of
nitroxide action was investigated in the concentra-
tion range which is achievable in vivo, i.e. 50 pM
-1.0 mM, apart from Tempol, where concentra-
tions up to 10 mM were tested to verify the influ-
ence of nitroxide excess on its protective ability,
since adverse effect of nitroxides have also been
observed at high concentrations {(Offer, Russo &
Samuni, 2000).

As shown in Fig. 3, under these experimental
conditions Tempol did not show any prooxidative
effect and above 3 mM of Tempol relative protec-
tion achieved a maximal, constant value of ca.
86%. All nitroxides inhibited deoxyribose oxida-
tive degradation in a concentration dependent way
suggesting a stoichiometric course of the reaction
underlying this process with respect to nitroxide.

The results presented in Fig. 2 clearly demon-
strate the influence of the nitroxide structure on its
protective efficiency. In general the antioxidant
activity of nitroxides followed the order related to
the electron inductive effect of piperidine ring
substituents at the 4-position. Markedly, the ni-
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Fig. 2. Relative protection (%) of deoxyribose against oxidative degradation by the Fenton system. The reaction mixture
containing deoXyribose (5 mM) and various concentrations of a mitroxide (Tempo, black circles; Tempol, black squares;
Tempicol-2, empty diamonds; Tempicol-2-NO, black triangles and Tempace, empty tnangles) was exposed to the Fenton
system mixtore (50 pM H; Oy, 50 pM FeSOq) for 30 min. Experimental conditions are described in the Materials and
Methods section. Results are given as means + standard deviation from at least three sets of experiments
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Fig. 3. Effect of varying deoxyribose and Tempol concentrations on the relative protection afforded by Tempol. Black bars,
10 mM deoxyribose;, gray bars, 5 mM deoxyribose; white bars. 1 mM deoxyribose. Experimental conditions are described
in the Materials and Methods section. Results are given as means + standard devialion from at least three sets of experi-

ments

troxides with —OH or -NH(CO)CHj; group substi-
tuted, where a hydrogen atom is replaced by more
electronegative atoms such as oxygen or nitrogen,
were better protectors than Tempo. However, in
the case of Tempicol-2 and Tempicol-2-NO, theo-
retical prediction suggests that the total inductive
effect of their substituents should be a little greater
than it is in the case of Tempo, but the inhibitory
potency seen for these compounds was slightly
lower than that of Tempo (explanation below).
Nevertheless, the more electronegative substituents
show a stronger tendency for the electrons with-
drawal, which should facilitate the reduction of
nitroxide group, but not its oxidation. Indeed, the
same compounds which displayed relatively higher
protection yields, i.e. Tempol and Tempace, were
more quickly and efficiently reduced by ferrous
ions (Glgbska, unpublished data) or ascorbic acid
(Glebska & Gwozdzinski, 1998; Morris, Sosnov-
sky, Hui, Huber, Rao & Swartz, 1991). Substitu-
ents enhanced protective ability of nitroxides in
the same order in which they augmented their
reduction rates with iron(I) ions. Therefore, it
seems likely that nitroxides protect deoxyribose
rather through oxidation of reduced redox-active
iron jons accompanied by nitroxide reduction
(Bar-On et al., 1999; Krishna & Samuni, 1994;
Zhang et al., 1998) than through scavenging of
hydroxyl radicals or reduction of ferryl ions ac-
companied by nitroxide oxidation (Deffner &

Schimmack, 1976; Krishna er a/., 1996b; Meto-
diewa ef al, 1999). Thus, the antioxidant activity
of nitroxide radicals against deoxyribose oxidation
by Fenton system may be mainly connected with
their ability to maintain iron ions in their oxidized
form.

In addition, the crucial role of the reaction be-
tween nitroxide and iron(Il) in the investigated
Fenton system can give an explanation for the
disagreement between theoretical assumptions and
experimental results observed for Tempicol-2 and
Tempicol-2-NO. This discrepancy was not ob-
served in the reaction between nitroxide and
ascorbic acid (Glebska & Gwozdzinski, 1998) and
might be ascribed to some additional effects, such
as a possible interaction between nitrogen atom
from the pyridyl moiety and ferrous ions, perhaps
resulting in formation of weak complexes. This
can make iron not so easily accessible for the ni-
troxide group, also of other nitroxide molecules,
thus limiting electron transfer reactions.

To study restrictions in protection stemming
from nitroxide/deoxyribose concentration ratio,
antioxidative effect of Tempol was investigated as
a function of deoxyribose concentration. Surpris-
ingly, the relative protection did not significantly
vary with deoxyribose concentration in the applied
range of 1-10 mM (Fig. 3). A simple explanation
based on insufficient amount of Fenton reaction-
derived oxidants is unlikely, though, since in-
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creasing the deoxyribose concentration leads to a
parallel increase in absolute TBARS concentration
(data not shown), while only the relative protection
remains unchanged.

The observed phenomenon can be discussed
based on a simplified scheme, considering inde-
pendently two mechanisms, which have been pro-
posed to underlay the nitroxide inhibitory effect.
The deoxyribose molecule (DR) is degraded to
TBARS (reaction 1) by oxidants produced in the
Fenton reaction (reaction 2)

DR + "OH —XL_5 TBARS (reaction 1)

Fe* + H,0, —2_» "OH + OH™ + Fe*'
(reaction 2)

and the possible chemical reactions involved in the
protective action of nitroxides are (i) scavenging
of Fenton oxidants, exemplified by hydroxyl
radicals,

>N'-O+'OH —X >N'=0+OH
(reaction 3)

or an alternative pathway — (ii) oxidation of the
reduced iron ions

>N-0 +Fe’" —*4 3 >N-OH + Fe*'
(reaction 4).

The relative protection value is given by equa-
tion | (square brackets always denote the concen-
tration of the respective reagent and values with an
‘Nx” index correspond to conditions with nitroxide
in the reaction mixture).

p_ [TBARS] - [TBARS]y,

1
[TBARS] [
Formula 1 can be converted into
" [TBARSTy 21

[TBARS]

and since [DR] » ["OH], one can assume that
TBARS arise stoichiometrically from reaction 1
and the final concentration of TBARS equals the
total concentration of hydroxyl radical having
participated in the reaction

p=i— [0y 131
[OH]

When it is assumed that nitroxide takes part only
in reaction 3, the rate of hydroxyl radical produc-
tion and disappearance is formulated as follows:

@g]& = ky[Fe? Tn HO0zlx —

Ki["OH]nDR]wx — ks["OHIwi[Nx]  [4]

d[:iH] = kalFe” ][H,0;] - K\['OH]IDR]  [5]

In the case of k; « k; and/or k; (Winterbourn,
1991b) the steady-state approximation leads to

d['OH]y

dt g (61
d[OH] _
i 0 7]
Hence:

2+
[‘OH}y = kolFe™ Inx[H207 vy

* ; (8]

1[DR]nx +k3[Nx]

[OH]= ko[Fe?* ][H,0,1] (9]
k{[DR]

Since the nitroxide presence does not alter the
hydrogen peroxide and iron concentrations as well
as assuming conditions of pseudo first-order reac-
tion ([DR] » ["OH]), substitution of the equations
[8] and [9] to [3] yields

L . [10]
k{[DR]+k;3[Nx]

and upon rearrangement

__ kalNx] [11]

Kj[DR]+k3[Nx]

In that case, the amount of oxidants available for
reaction with the target should be constant and
dependent only on the protector concentration.
Therefore, the relative protection would decrease
with increasing deoxyribose concentration. How-



62 Jolanta Gigbska, Krzysztof Gwozdzinski

ever, this result is inconsistent with the obtained
experimental data.

If the second mechanism, oxidation of ferrous
ions, is presumed to be the only one involved in
nitroxide action against deoxyribose damage, the
rate of hydroxyl radical concentration change is
described by the following equation:

_df'gH] = ko[Fe”][H,0,] - k[ 'OH][DR] [12]

Because k; « k, (Winterbourn, 1991b), the con-
centration of hydroxyl radical can be determined
in a manner similar to the previous case, assuming
steady-state conditions, yielding

ko[Fe** ][H,0,]

T

[13]

Unfortunately, under this mechanism the iron(II)
concentration is influenced by the nitroxide pres-
ence, thus equation [13] breaks up into two sepa-
rate expressions depending on nitroxide involve-
ment

2
{.OH]NK - kZ[Fe +]NK[H202]NX

14
ki[DR]nx e
2+
[.OH] - kz[Fe ][[‘{202] [] 5]
k,[DR]

The rate at which iron(Il) is oxidized is given by
the equations

2+
ﬂfs(ﬁﬂ= ~ ka[Fe* Tns[HzO2)nx
— ky[Fe* JndNx] [16]
or
2+
LE-L ~ K [Fe¥ J[H,0,] [17)
so that
_dFe*" Iy,
Fe2* ny = dt 18
[Fe™ Inx K5[H20; I + ka[Nx] (18]

and

_ dfre*]

[Fe2*] = 0 i

19
koH,0,1] il

2+
_AFeT ] AFe™*] and

For time [_

d[Fe?* Tny

dt
end of the reaction, —A[Fe*' |y, = —A[Fe*'], which
in turn equals the initial iron ion concentration
[Fe*'J due to the pseudo first-order reaction con-
ditions. Also, when [DR] » [Fe*'], [DR] = [DR]n
= [DR],.

Hence, the relative protection can be computed
by substituting the values from equation [18] and
[19] into [14] and [15], respectively and subse-
quently merging equations [14], [15] and [3],
yielding

— —A[Fe?*] iving, after the
Nx EBving,

P=1- kZ[HZOZ ]NX [20]

k2[H202]Nx + k4[NX]

and after rearrangement

_ k4[Nx]
k2[Hy05 Iy + kg[Nx]

[21]

Thus, the TBARS yield would vary with deoxy-
ribose concentration as for pseudo first-order re-
action, but relative protection would remain un-
changed exactly in the same way as it is shown in
Fig. 3.

The ‘iron oxidation” model seems to be quite
close to experimental findings in this study sug-
gesting that the reduced metal oxidation may play
a dominant role in the protective mechanism of
nitroxide action.

In summary, this work provides some informa-
tion concerning mechanisms of inhibition of oxi-
dative processes and the relationships between
structure and function for nitroxide antioxidants.
The results presented clearly show that the relative
protection of deoxyribose degradation to TBA-
reactive products depends strongly upon the ni-
troxide structure. Even though some general trends
can be observed, they do not allow for universal
prediction of nitroxide efficiency because of some
additional (e.g. affinity-related) aspects which may
complicate predictions even in well-defined, sim-
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ple chemical systems. However, these results
should help to guide the development of nitroxides
for specific pharmacological application as thera-
peutic agents by providing a basis for future pre-
diction of their antioxidant potency.

The main conclusions from mechanistic studies
are that (i) the obtained results attest to the potency
of antioxidants from the nitroxide family against
oxidative injury induced by redox-active transition
metal ions and (ii) nitroxides pre-empt the Fenton
chemistry rather by oxidizing ferrous ions than by
scavenging hydroxyl radicals.

In any case, these findings show the need for
further careful evaluation and indicate that nitrox-
ides might have an application as protectors from
biological damage caused by redox active transi-
tion metal ions, but presented suggestions require
further support from more extensive studies
planned in the future.
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