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Abstract

Critical review of state-of-art pharmacological applications of aminoxyl (nitroxide)
stable free radicals to avoid cytotoxic effects under oxidative and nitrosative stress is
presented. A common feature of both types of paramagnetic species — nitric oxide (NO) and
free nitroxide (aminoxyl) radicals — is a N—O moiety. A nitric oxide moiety, when placed into
a saturated organic structure, looses its signaling function, demonstrates a unique triplet ESR
spectrum, expresses the ability to interact with superoxide and NO toxic metabolic products
as well, and preserves the number of biological activities. This might find an importance for
future aminoxyl radicals' applications in pharmacology as anticancer, radioprotective, or
antihypertensive drugs. Aminoxyl radicals are considered to be potent complementary medi-
cines for combined use with nitric oxide inducers to avoid cytotoxic effects. To use aminoxyl
free radicals as medicines, additional studies of their neurotropic effects are required.

Key words: nitric oxide, aminoxyl (nitroxide) free radicals, cardiovascular system, nitric
oxide signaling, nitric oxide cytotoxic metabolites, nitroxide bioactivity, super oxide dismutase
mimic activity.

The highly reactive and bioactive species of nitric oxide (NO) is well-known as
an intra- and extracellular signaling messenger and neuromediator [1]. NO, being
a messenger molecule and leading to vaso-relaxation, also represents an inorganic
free radical, which is the only known free radical effector of the enzyme — soluble
guanylyl cyclase, the NO receptor [2]. The physiology of NO (vaso-relaxation), its
synthesis (by nitric oxide synthases NOS1, NOS2, NOS3), catabolism, and targeting,
the mechanism of NO action (soluble guanylyl cyclase activation), and the pharmaco-
logical role of NO are well studied, especially in the cardiovascular system [1-6].
Due to its high reactivity, NO along with its signaling properties and cytoprotective
effects also has the cytotoxic effects when overproduced [7, 8]. NO can act as a cyto-
toxic effector, when produced at high flux, as a result of inflammatory, stimuli-
induced nitric oxide synthase (iNOS) [5, 7]. The cytotoxic effects of NO are largely
dependent on the formation of reactive oxidant species, such as nitrogen dioxide,
peroxynitrite, alkyl peroxynitrite, dinitrogen trioxide, nitrous acid, and carbonate
radical [5] (Fig. 1, B). These reactive species can produce nitration, nitrosation and
deamination of DNA bases, which lead to DNA instability.
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On the other hand, aminoxyl (nitroxide) radicals' (Fig. 1, A), NO-derived stable
free radicals and cell membrane-permeable amphiphiles [9], which can effectively
interact with those NO cytotoxic derivatives and recombine with their free radical
metabolites [10—12], have been well-known for a long time [13]. The first
representative of unique aminoxyl free radicals was synthesized 50 years ago: 1-oxyl-
2,2,6,6-tetramethylpiperidine, TEMPO (Fig. 1, A-1) [16]. A common feature of both
species — NO and nitroxide (aminoxyl) radicals — is a free radical N-O moiety with
athree electron m-bond. Organic compounds of aminoxyl free radicals series are
formally originated from the NO species, captured by alkyl substituents, and
represent an electronic NO analogue [17]. The extremely high stability of aminoxyl
free radicals is due to: (I) the spatial hindrance of the N-O moiety by three saturated
alkyl groupings at each alpha-carbon atom, and (II) delocalization of the unpaired
electron at N—O bond [9]. While organic substituents of the nitrogen atom are of an
aromatic nature or unsaturated, unpaired electron, delocalized via an aromatic
system, and aminoxyl radicals become unstable, and then easily enter to radical
reactions [13]. So, aminoxyls’ N—O moiety looses signal properties, when trapped in
organic free radical structure, but preserves paramagnetic properties and bioactivity.

! The term “nitroxide” was early introduced for this class of free radicals (paramagnetic derivatives of nitric
oxide) in the English language literature [13, 14]. Russian scientists also used the terms “iminoxyl” and “nitroxyl” [9,
15]. The correct term for this group of radicals is “aminoxyl” free radicals, as it was stated at the 3rd International
Symposium on Spin Trapping and Aminoxyl Radical Chemistry, Kyoto, Japan, 1991, and is a part of on IUPAC
convention.
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Other features common for both NO and nitroxide (aminoxyl) radicals are their
paramagnetic properties and ESR spectrum. Aminoxyl radicals are characterized by
the triplet ESR spectrum, while the ESR spectrum of NO species can normally be
observed either in the gas phase [18] or after its capture by NO “spin trap” [19]. The
aminoxyl ESR spectrum appears to be very sensitive to the properties of microenvi-
ronment, which benefits its power in spin labeling studies of biomacromolecules and
biomembranes [20, 21]. In the structure of aminoxyl free radicals, the N-O moiety is
located in a “sack” formed of alkyl substituents, which makes a signaling function
impossible and restricts its reactivity, though retaining its antioxidant properties and
biological activity. In general, aminoxyl free radicals facilitate hydrogen peroxide
metabolism by catalase-like reaction, dismutate catalytically superoxide anion-radi-
cal, and limit the formation of toxic hydroxyl radicals produced by Fenton reactions
[14, 11]. It was found that aminoxyl radicals moderate and regulate the bioactivity of
NO while neutralizing the toxic products of NO metabolism: peroxynitrite, nitrogen
dioxide and carbonate radical [10-12] (Fig. 1, C). Aminoxyls may even down-
regulate NO synthase activity [11]. As it follows from detailed studies over the last
two decades, aminoxyl bioactivities originate from the ability of the N-O grouping to
enter radical and redox reactions [9, 15, 11, 12].

Since aminoxyl free radicals are organic chemical derivatives of NO, they have
similar biological activity [15, 11, 12]. As an example, recent findings report in detail
that aminoxyl radical TEMPOL [22], 1-o0xyl-2,2,6,6-tetramethyl-4-hydroxypiperidine
(Fig. 1, A-2), caused rapid and reversible dose-dependent reductions in blood pres-
sure, when administered intravenously to hypertensive rodent models [23] (see also
US Patent 6096759 of 08.01.2000 — Method for treating essential hypertension). These
data confirm numerous and long-term studies of biological activity of aminoxyl radi-
cals, first of all, antineoplastic [24], radiosensitizing [25, 26], radioprotective [9, 27],
antiischemic and antishock [28-30], and antiaggregative [31] activities. For the first
time, pharmacological — antineoplastic [24] and radiosensitizing [25, 26] — activities
of aminoxyl radicals TEMPOL were studied in 1964. Antitumor activity of aminoxyl
radicals themselves and aminoxyl derivatives of famous anticancer preparations has
been studied in details since then in several laboratories in Europe and in the United
States using cell cultures [24], experimental animals carrying solid and ascite tumors
[32-41], and in clinics [42]. Aminoxyl radicals were also used as modifiers of
antineoplastic therapy, considerably reducing cardiotoxicity of anthracycline antibio-
tics, as it was demonstrated for spin-labeled rubomicyn — “Emoxyl” [36], or preser-
ving head hairs after irradiation of cancer patients [11]. Antihypertensive effect of
TEMPOL, TEMPO (Fig. 1, A), and other aminoxyl free radicals was also accom-
panied by vasodilation and increased the NO level along with enhanced potassium
channel conductance in blood vessels and neurons [23]. The increased NO level
in blood as a result of aminoxyl radicals administration in order to decrease high
blood pressure does not seem to be caused by the fact that N-O moiety represents
a part of aminoxyl radicals [43]: aminoxyls N—O moiety forms covalent bondings
with organic substituents (Fig. 1, A-1 and A-2).

Thus, the following biological activities are characteristic of aminoxyl free
radicals as NO derivatives: radioprotective [9, 27], antitumor [24, 32—42], antiische-
mic and antishock [28-30], inhibition of platelet activation [31], haemolytic [44],
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neurotropic [45, 46] and some other activities [47-49]. Aminoxyl free radicals have
those important types of pharmacological activity, being “nitric oxide like” and posses-
sing very low toxicity [S0-52], most likely due to SOD mimic activity of N-O moiety
[11, 15]. It has also been shown that aminoxyl radicals neutralize the toxic products of
NO metabolism: peroxynitrite, nitrogen dioxide and carbonate radical [10, 12]. This
might be important not only for future aminoxyl applications as potent medicines, but
also for their applications as complementary medicines (antidotes) to avoid some cytoto-
xic effects of NO as well. Furthermore, they may be considered to be used as urgent
care medicines during natural disasters, technogenic catastrophes or military operations.

On the way of aminoxyl free radicals to clinical trials (e.g., as aminoxyls were
applied to treat ocular oxidative/nitrosative stress [53]), particular attention should be
paid to the study of their neurologic effects. It was reported [23] that administration
of aminoxyl radicals was accompanied by reduced sympathetic nervous system
activity at central and peripheral sites. However, a cautionary note has been sounded
on influence of aminoxyls on glutamate levels in the hippocampus of conscious rats
[46]. Animals injected with aminoxyl of pyrrolidine series showed limbic seizure
with secondary generalization. Its administration resulted in neuronal cell loss in
CALl area, which is closely associated with the neurotoxicity of endogenous glutamate
and aminoxyl itself [46]. Furthermore, exploring cDNA microarray approach will be
important to follow changes in overall gene expression as a result of administration
of aminoxyl radicals. Nowadays, this technique has been applied for a number of
medicines including NO [54].
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Pe3ome

P.U. JKoanos, ®@. Mviopao. OtBedast Ha BOIPOC: KaK HCIIOJIb30BaTh aMHUHOKCHIIbHBIC
(HATPOKCHIIBHBIE) CBOOOJIHBIC palUKalbl JJIsl PETYJINPOBAHUS OKCHIATHBHOTO/HUTPO3ATHB-
HOTO CTpecca, a TaKXkKe B Ka4eCTBE MOTEHLUANIBHBIX JICKAPCTBEHHBIX IPENapaToB.

[IpencraBnen KpUTHYECKHUI 0030p COBPEMEHHBIX CIIOCOOOB (HapMaKOIOTHYECKOTO MpH-
MEHEHHsI aMUHOKCHJIBHBIX (HUTPOKCHIIBHBIX) CTa0MJIBHBIX CBOOOJHBIX PAIUKAJIOB C LIENBIO
NPEJIOTBPALIEHUS] LUTOTOKCHYECKOTO BO3JCHCTBHS OKCHUAATHBHOTO W HUTPO3aTHBHOI'O
ctpecca. Kak u okcun azora (NO), cBOOOJHBIC HUTPOKCHIIEHBIC (AMHHOKCHIIBHBIC) PaUKAIIBI
conepkar ¢pparment N—O. [Ipu moMemmeHnu B OpraHuyecKy o CTPYKTYpY OKCHJT a30Ta TepsieT
CBOIO CUTHAIBbHYIO (DYHKIIMIO, XapaKTepu3yeTcs TPUILIETHBIM criekTpoM OIIP, mpuobperaer
CIIOCOOHOCTh B3aMMOJAEHUCTBOBATh C CYIIEPOKCHIOM W TOKCHYHBIMH META0OIHTAMH OKCHIIA
a30Ta, COXPAHSS MPH ITOM HEKOTOPBIE BHIIBI OMOJOTHYECKOW aKTUBHOCTH. JTO MOXET CTaTh
OCHOBOH 115 OYIyIIEero MpUMEHEH!s] aMUHOKCHJIBHBIX PaIWKalioB B (hapMaKOJIOTHH B Kade-
CTBE IIPOTHUBOPAKOBBIX, MPOTHBOIYIEBHIX MJIM TMIIOTEH3UBHBIX MPENapaToB. AMUHOKCHIILHBIE
panuKaibl pacCMATPUBAIOTCSA KaK MOTEHIHANBHBIEC JIEKApCTBA IS KOMIUIEKCHOTO MpHUMeEHe-
HUSI C MHAYKTOpaMH OKCHJIa a30Ta C LENbI0 N30ekKaTh HUTOTOKCHYeCKUX dddexros. s nc-
TI0JIb30BaHUSI aMUHOKCHIIBHBIX CBOOOJTHBIX PaJIMKaJIOB B KAYECTBE MEANIIMHCKHUX IPErnapaToB
HEOOX0AMMO JIOTIOTHUTENILHOE N3YyYEHUE X HEHPOTPOIHBIX CBOWCTB.

KiroueBble cjIoBa: OKCHI a30Ta, aMHHOKCHIIBHBIE (HUTPOKCHIIBHBIE) CBOOOIHBIC pajlii-
KaJbl, CepACYHO-COCYNCTasi CUCTEMA, CUTHAIM3AIM OKCHIA a30Ta, MUTOTOKCHYHBIE MeTa-
60HTHI OKCHIIA a30Ta, OMOAKTHBHOCTh HUTPOKCHIIOB, CYTIEPOKCHIANCMYTa3Hasl aKTHBHOCTD.
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