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Cyclic nitroxides ¢NO*) are stable radicals of diverse size, charge, lipophilicility, and cell permeability,
which provide protection against oxidative stress via various mechanisms including SOD-mimic activity,
oxidation of reduced transition metals and detoxification of oxygen- and nitrogen-centered radicals. However,
there is no agreement regarding the reaction of nitroxides with peroxyl radicals, and many controversies in
the literature exist. The question of whether nitroxides can protect by scavenging peroxyl radicals is important
because peroxyl radicals are formed in biological systems. To further elucidate the mechanism(s) underlying
the antioxidative effects of nitroxides, we studied by pulse radiolysis the reaction kinetics of piperidine,
pyrrolidine, and oxazolidine nitroxides with several alkyl peroxyl radicals. It is demonstrated that nitroxides
mainly reduce alkyl peroxyl radicals forming the respective oxoammonium catieN$=€0). The most
efficient scavenger of peroxyl radicals is 2,2,6,6-tetramethylpiperitlifoesyl (TPO), which has the lowest
oxidation potential among the nitroxides tested in the present study. The rate constants of peroxyl reduction
are in the order CH{OH)OO > CH;OO > t-BuOQO, which correlate with the oxidation potential of these
peroxyl radicals. The rate constants for TPO vary between>2.80" and 1.0x 10°®* M~! st and for
3-carbamoylproxyl (3-CP) between 8d410° and 9.0x 10° M~ s™1. The efficacy of protection of nitroxides
against inactivation of glucose oxidase caused by peroxyl radicals was studied. The results demonstrate a
clear correlation between the kinetic features of the nitroxides and their ability to inhibit biological damage
inflicted by peroxyl radicals.
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o= . : . et al? determined by pulse radiolysis an upper limit ok110°
licity, which effectively protect cells, tissues, organs, and whole ¢, =" 7 ; ; .
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. - N . bated whether nitroxides detoxify peroxyl radicals at all. To
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with secondary intermediates such as peroxyl radicals, which gan . 9 . . .

are less reactive thad®H radicals but potentially more toxic nitroxides, we studied by puise radiolysis the reactions of

. ifferent piperidine, pyrrolidine, and oxazolidine nitroxides with
because they are much more selective. It has been shown thaj . L
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nitroxides inhibit radical-mediated lipid peroxidation in fatty

L 9201 - features with their effect on inactivation of glucose oxidase
acid micelles>?%liposomal membrane&,low-density lipopro- . .
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SCHEME 1
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R=H (TPO) 4-0x0-TPO R = CONH;, (3-CP) CHDO
R=OH R = CH,NH; (3-AP)
R =NH;

system. 2,2azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABT)S
and glucose oxidase (GOXx) froAspergillus nige(EC 1.1.3.4)
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pulses of 0.2 1.5us and 200 mA. All measurements were made
at ambient temperature ia 4 cmspectrosil cell using three
light passes (optical path length 12.1 cm). Dosimetry was done
using aerated solutions containing 10 mM KSCN by following
the formation of (SCNy~ at 475 nm Geq7s = 2.3 x 1074 M
Gy 1 cm™) or solutions saturated with 80%,® and 20% @
containing 10 mM KSCN and 106M ABTS?™ by following
the formation of ABTS™ at 416 nm Gegig= 2.1 x 1074 M
Gy lcm).

Steady-statey-irradiation experiments were carried out at
room-temperature using ¥’Cs source. The dose rate was
determined by the Fricke dosimeter to be 8.1 Gy Thin

were purchased from Sigma. The nitroxides TPO, 4-OH-TPO,

4-amino-TPO, 3-carbamoylproxyl (3-CP), 3-aminomethylproxyl
(3-AP) and 2-cyclohexane-5,5-dimethyl-3-oxazolidine-1-oxyl
(CHDO) were purchased from Aldrich, and 4-oxo-TPO was
obtained from Alexis Biochemicals. Scheme 1 displays the
structures of the nitroxide derivatives studied.

The hydroxylamines derived from TPO, 4-OH-TPO, and
3-CP were prepared by catalytic reduction usinghkdbbled
over Pt powder or by bubbling HCI gas through ethanolic
solution of the nitroxide followed by drying. Solutions of

Results

Production of Alkyl Peroxyl Radicals (ROO*). ROC was
generated upon irradiation of aqueous solutions saturated with
N,O/O; = 4:1 (20-12.5 mM NO and 0.240.6 mM O,
respectively), which contained the organic compound RHzCH
OH, (CHs)3sCOH (-BuOH), or dimethyl sulfoxide (DMSO)) and
1-4 mM PB at pH>3. Under these conditions ca. 90% of all
the radicals formed by the irradiation are converted into ROO

hydroxylamines were freshly prepared before each experimentand ca. 10% form superoxide (eqs @):

in order to minimize their oxidation to the corresponding
nitroxides. Stock solutions of CHDO and 3-AP were prepared
in CHsCN, which reacts relatively slow with all the radicals

formed by radiolysis. The concentration of formaldehyde was

H,0 "~ € ,((2.7),"OH (2.8), H(0.6), H, (0.45), HO,
(0.7), KO (2.6) (1)

determined using the Nash reagent (2 M ammonium acetate,

0.05 M acetic acid, and 0.02 M acetylacetoffeJThe reagent

was mixed with an equal volume of the tested solution, and

after incubation for about an hour at 38, the absorption at
412 nm was read. Hydroperoxides were analyzed by a molyb
date-activated iodide ass&The hydroperoxide concentration
was determined by the addition of 1 mL of 0.15 M biphthalate
buffer (pH 4), 1 mL of 0.3 M Nal, and 5@L of 2.5 mM
ammonium molybdate to 1 mL of irradiated solution. In view
of the relatively slow oxidation of iodide by the organic
hydroperoxides$? the buildup of = was followed at 350 nm
until a plateau was reached. The concentration of the hydrop
eroxide was calculated usir€l3)3s0= 25 000 M1 cm™1. The

Reaction 1 represents the radiation-induced formation of the
primary radicals and molecular species. The numbers in
parentheses are tf& values at low scavenger concentrations,
which represent the concentrations of the species (if M
Gy 1), and are somewhat higher in the presence of high solute
concentrations.

€ T N0+ H,0—"OH+ N, + OH"
k,=9.1x 10°M s 3 (2)

'OH+RH—R +H,0 k;=6x10°M s (3)

organic hydroperoxide concentration was determined after the

addition of 50uL of 1.5 x 10* unit/mL of catalase to 1 mL of
the irradiated sample.
GOx Activity. The activity of GOx was determined by
measuring the initial rate of the formation ot®, at 240 nm
(e = 39.4 M1 cm™), which was formed when the enzyme
was added to @saturated solution containing 0.1 dAglucose
and 20 mM phosphate buffer (PB) at pH 5.1 and°85
Apparatus. Pulse radiolysis experiments were carried out
with a Varian 7715 linear accelerator with 5-MeV electron

TABLE 1: Summary of Rate Constants for Reactions 4 and 79

R +0,—RO0O k,>16x10°M 's*3 (4
H'+0,—~HOO k=12x10°M's*% (5)
HOO =H"+ 0, pK,= 4.8 (6)

Peroxyl radicals decay either bimolecularly or undergo a number
of unimolecular processé3Alkyl peroxyl radicals, e.g., Ck
OO and t-BuOO, react bimolecularly, forming tetroxide

*CH,C(CHs),OH

“CHs “CH,OH

ke 1.6 x 10°M-1s 131
ks 4.0x 1B M-1g134
ke

ke (TPO) 1.5x 1PM~ts17

ko (4-0x0-TPO)

ks (4-OH-TPO)

ko (4-amino-TPO)
ks (3-CP)

2.8x 1P M~ts17
NA
NA

1.8x 1°M1g 1%

ko (3-AP)
aThis study.? NA: not available.

4. x 1P Mtg i3l
4.0x 1BM-1s150

45% 1°M-1s13
(2-11)x 1B M1 13
41x 1P M-ts1a
10+ 2 x 10f[HPO2 ] s 1 3
44x 1PM1s17
9.9x 1BM-1s12
72x 1BM-1s17
8.7x 1BM-1s 12

NA
3.5x 1P M-1s1 %7
4.4x 1P M-t ta

NA

24x 1PMtst

7.6x 1PM-1sta
8.8x 1P M tgta
6.7 1FM~1sta
75x 1P M~1s137

4.7x 1PM1gta
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Figure 1. Reaction oft-BuOCO with 3-CP. Dependence of kobs of
the decay ot-BuOCO on [3-CP] in the absence (solid symbols) and
the presence (empty symbols) of 108 ABTS?". Solutions were
saturated with 80% PO and 20% Qand contained 0.5 Nert-butanol
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Figure 2. Reaction of CHOO" with nitroxides. Dependence &fps of
the decay of CHOO on [nitroxide] upon pulse-irradiation of solutions

and 4 mM PB at pH 7.0. The difference between the intercepts reflects saturated with 80% D and 20% @ and containing 0.2 M DMSO,
the use of 1.3 and 0.12 Gy/pulse in the absence and presence of0p,M ABTS?-, and 4 mM phosphate buffer (pH 7.0). The dose was

ABTS?, respectively.

intermediates, which decompose to give different products
including ca. 27% superoxidé:3

ROCU + ROU — ROOOOR @)
When there is a hydroxyl functional group in theposition to
the peroxyl radical, e.g., G¥OH)OQO, it undergoes also a base-
catalyzed elimination of HOQ(reaction 8)3°>:36
CH,(OH)OO — CH,0+ H" + O, (8)
CH(OH)OO radicals were produced by pulse irradiation of
N20O/O, saturated solution containing 0.5 M @BH and only
1 mM PB at pH 5-6 to slow down the self-decomposition of
the peroxyl radicals. Indeed, the decay of f6H)OC followed
at 290 nm é90= 500 M~ cm~1) obeyed second-order kinetics
(k7 = (4.1 £ 1.1) x 1 M~ s7Y) indicating that under such
conditions reaction 7 competes efficiently with reaction 8.
Kinetics of the Reaction of ROO with Nitroxides. Nitrox-
ides readily react with carbon-centered radicals forming rela-
tively stable adducts (reaction 37
>NO"+ R"— >NO—R 9
Therefore, the yields of ROOQdepend on the ratids[O,]/
ko[nitroxide], and the contribution of reaction 10 depends on
the yield of ROO and to a lesser extent also on the rdtig
[nitroxide]/(2k;[ROC] + kg) (Table 1).

ROCO + >NO" — products (20)

0.12 Gy/pulse.

TPO
3x10*
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£ 2x10°
x
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Figure 3. Reaction of nitroxides with CHOH)OO. Dependence of
kobs Of the decay of CL{OH)OO on [nitroxide] upon pulse-irradiation
(0.12 Gy/pulse) of solutions saturated with 80%\and 20% Q@and
contained 0.5 M methanol, 1M ABTS?~, and 1 mM PB at pH 5.0
(3-CP) or 6.0 (TPO, 4-OH-TPO).

1 for the reaction of 3-CP withBuOQ:, resulting ink;o = (8.1

+ 0.6) x 10° M~ s7L The intercept in Figure 1 reflects the
contribution of the self-decomposition 6BuOQC, and is about
10-times higher in the direct experiment following the decay
of t-BuOCO because its yield was about 10-times higher than
that in the indirect experiment following the formation of
ABTS*~. Figures 2 and 3 show the results for the reactions of
the nitroxides in the presence of ABTSwith CH;OO" and
CH,(OH)OO, respectively.

The rate constant of reaction 10 was determined either by ~The rate constants of the reactions of {0 andt-BuOO

following directly the absorption decay of RO@t 276-300
nm or indirectly using ABT%" as a detector molecule. AB¥S
reacts relatively slowly with nitroxides, GBCr,31 t-BuOO and
CH,(OH)OO (present results), but is readily oxidized by the
product of reaction 10 to ABTS, which absorbs highly in the
visible region é416 = 36 000 M1 cm’l; €60 = 12 000 M1
cm™1). The use of ABTS was particularly useful in cases
where the absorption of the nitroxide in the UV region interferes
with the direct determination, and when low concentrations of
peroxyl radicals were essential to minimize their bimolecular
self-decomposition (reaction 7).

The samé o values were obtained either directly or indirectly
using ABTS™ as a marker. Typical results are shown in Figure

with the pyrrolidine nitroxides were hardly affected by increas-
ing [PB] from 4 x 103to 0.4 M at pH 7.0, but they increased
in the case of the piperidine nitroxides (Figures 4 and 5). The
apparent bimolecular rate constanks,g in Figures 4 and 5
were obtained from the dependencekgfs on [nitroxide] at
constant [PB] and pH. A pronounced downward curvature of
the plot ofkapp dependence on [PB] was observed only in the
case of 4-amino-TPO (Figures 4 and 5). For all piperidine
nitroxides, kapp decreased ca. 5-folds upon increasing the pH
from 6.9 to 8.0 at constant [PB] indicating that the reaction is
catalyzed by HPO,~. The reaction could not be studied in acidic
solutions because of too rapid oxidation of the nitroxides by
HOO (pK, = 4.8) (Table 2)t%:27In the case of CR{OH)OQO,
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Figure 4. Effect of phosphate concentration on the rate of the reaction
of t-BuOO with piperidine nitroxides. The formation of ABTSupon
pulse irradiation (0.14 Gy/pulse) of,/O, saturated solutions contain-
ing 0.5 M tert-butanol, 100uM ABTS? and PB at pH 6.9 was
followed. kapp Was obtained from the dependencekgf on [nitroxide]
at constant [PB].
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Figure 5. Effect of phosphate concentration on the rate constant of
CH3OO reaction with piperidine nitroxides. The formation of ABTS
upon pulse irradiation (0.14 Gy/pulse) ot®V/O, saturated solutions
containing 0.2 DMSO, 10«M ABTS?", and PB at pH 6.9 was
followed.
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Figure 6. Yields of ABTS~ formed in the reaction of C}¥0O with
TPO, 4-0x0-TPO, 4-amino-TPO, or 4-OH-TPO. The reciprocal yield
of ABTS'~ vs [nitroxide] measured upon pulse-irradiation of solutions
saturated with 80% PO and 20% @and contained 0.2 M DMSO and
100uM ABTS?Z. In the case of TPO, 4-oxo-TPO and 4-OH-TPO, [PB]
= 4 mM and the dose was 0.11 or 0.12 Gy/pulse. In the case of
4-amino-TPO, [PBF 0.2 M and the dose 1.7 Gy/pulse.

presence of 20 mM DMSO (4 mM PB, pH 7.0), the absorption
peak of the nitroxide decreased with increasing the dose and
-A[nitroxide]/[CH3OC0]r ~ 1. In the presence of 0.5 MBUOH

(4 mM PB, pH 7.0), no effect on the spectrum of 3-CP was
observed whereas TPOand the products of the self-
decomposition of 4-oxo-TPOwere identified spectrophoto-
metrically1912In the presence of 0.5 M G&@H (1 mM PB,

pH 5.7), no effect on the spectrum of 3-CP was observed while
TPO was consumed-A[TPO]/[CH,(OH)OO]r ~ 1, i.e.,
G(-TPO)~ 5.5. In the latter systems we determined the yields
of CH,0 and hydroperoxides. Under all experimental conditions
these yields increased linearly with the dose. In the absence of
the nitroxides we determine®(CH,O) = 5.6 + 0.2 and
G(H20,) = 3.8 £ 0.1. These results are in agreement with
reaction 8, dismutation of £ into O, and HO, and the
radiolytically produced @~ (G = 0.6) and HO, (G = 0.72).

In the presence of 150M TPO we found thaiG(-TPO) ~
G(H20; + HOCH,OOH) ~ 0.5G(CH;0) ~ 5.7 + 0.3, and in

the presence of 150M 3-CP G(CH,0) ~ G(H20, + HOCH;-
OOH)= 5.6+ 0.3. The yields of the hydroperoxides decreased
to zero after the addition of catalase indicating that under our
experimental conditions HOGKEOH decomposes into GO

the concentration of PB could not be increased because the selfand HO,.38

decomposition of CL{OH)OCQO is catalyzed by PB.
The kjo values derived from the dependence lgfs on
[nitroxide] are summarized in Table 2. In the case of the

The yield of ABTS™ formed as a result of reaction 10 was
determined under the conditions where the contribution of
nitroxide reaction with R(reactions 9) and the self-recombina-

piperidine nitroxides, the extrapolated values to zero [PB] are tion of the ROO (reaction 7) are negligible, i.e., when varying

included in Table 2.

Product Analysis. The optical absorption of the nitroxides
following y-irradiation was studied under conditions where the
contribution of the reaction of the nitroxide with the alkyl radical

[nitroxide] had no effect on the yield. Alternatively, we
determined the effect of [nitroxide] on the yield of ABTSat
constant radiation dose, i.e., from the intercept of the line
obtained by plotting 1/[ABTS] vs [nitroxide] (e.g., Figure 6).

(reaction 9) was negligible, i.e., solutions saturated with 50% The results are summarized in Table 3. In some of the cases,

N.O and 50% @ containing 56-200 uM nitroxide. In the

e.g., relatively lonk;o, even the use of relatively high [nitroxide]

TABLE 2: Summary of the Rate Constants (M1 s71) for the Uncatalyzed Reaction of ROO with Nitroxides

t-BuOC CH, 0O CH,(OH)OO HOO 2
3-CP (8.1 0.6) x 10° (1.1+0.1) x 10° (9.04 0.1) x 10° (1.1+0.1) x 10°
3-AP (9.6+ 0.6) x 10° (1.540.6) x 10° ND (1.14+0.2)x 10°
CHDO (5.0+ 0.5) x 10° (6.7+ 0.5) x 10 ND (1.6+0.2) x 10°
TPO (2.840.2) x 107 (5.140.1) x 107 (1.040.1) x 108 (1.14+0.1) x 10
4-OH-TPO (3.3 0.2) x 10° (5.4+0.2) x 10P 4.4+ 0.1) x 107 (2.7+0.3)x 107
4-amino-TPO (1.0£0.2) x 10° (1.54+0.2) x 10 NDb <1x 107
4-0x0-TPO (2.8:0.2) x 10P (5.4+0.2) x 10° ND <6 x 100

a Calculated for comparison from the data in refs 16 and°2¥D: not determined.
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TABLE 3: Percent Yields of ABTS*~ (100 x [ABTS* ]/ TABLE 4: Effect of Nitroxides on Inactivated GOx by
[ROO"]totar) Formed via Reaction 10 Chy(OH)OO* Radicals Expressed in Percentage of
tBUOO  CHOO  CHy(OH)OO Remaining Activity
4-amino-TPO a5t 2 981+ 2 ND° [nitroxide] (uM) TPO 3-CP CHDO
TPO 75+ 3 854+ 5° 954 5P 0 32 32 32
4-OH-TPO 84+ 5 904 5° 96+ 9° 2 56 44
4-oxo-TPO =55 75+ 4P ND 5 93 7 35
3-CP =47 >65 824+ 8° 10 96 90
3-AP =52 72+ 8° ND 20 91 43
CHDO =20 =207 ND 50 96 78

aThe reaction was relatively slow and therefore relatively high a GOx was exposed to 90 min gfirradiation in solutions saturated
concentrations of the nitroxides were used, which enables only the with 50% NO and 50% @containing 0.5 M CHOH and 5 mM acetate
determination of a lower limit> Determined from the intercept of the  at pH 5.6.
line obtained by plotting 1/[OD]s vs [nitroxide] at constant [PB] and
pulse intensity® ND: not determined. monium cation, which oxidizes efficiently ABFS. In the case

of t-BuOQO, we identified spectrophotometrically the formation

enabled only the determination of a lower limit value for of the stable TPO® and the decomposition products of the
ABTS'~ yields (Table 3). From the slope/intercept ratios we relatively unstable 4-oxo-TPO As previously reported for
calculatedky, for nitroxide reaction with B which are included HOO 2" the reaction of ROOwith the piperidine nitroxides
in Table 1. was catalyzed by HPO,~. Hence, under physiological condi-

Kinetics of the Reaction of ROO with Hydroxylamines. tions (pH 7.4, 50 mM phosphate), the apparent rate constants
The decay of about M CH3;0O or t-BuOCO at pH 7 was for the piperidine nitroxides are somewhat higher than the values
unaffected by the presence of 2.6 mM 3-CP-H, TPO-H, or listed in Table 2 (see Figures 4 and 5). Furthermore, catalysis
4-OH-TPO or TPO-H indicating that the rate constant for this by H,PO,~ implies that nitroxide reaction with peroxyl (Reac-
reaction cannot exceedx 1(®* M~1 s71. Therefore, contamina-  tion 10) takes place via an inner-sphere electron-transfer
tion of the nitroxide with the respective hydroxylamine should mechanism, where the decomposition of the addusiOOOR,
not have any effect on the kinetic results. Ungleradiolysis can undergo general acid catalysis (reactions113).
conditions, the formation of characteristic absorption of the
respective nitroxides was observed. >NO" + ROO = >NOOOR (12)

GOx Inactivation by ROO* and the Effect of Nitroxides. i _
The activity of 8-200 ug/mL GOx was determined prior and >NOOOR— >N"=0+ R0, (12)
aftery-irradiation of solutions saturated with 50%®land 50%
O, containing 0.5 Mt-BuOH or 0.5 M CHOH and 5 mM
acetate buffer at pH 5.6. Phosphate buffer was replaced by
acetate to slow down the base-catalyzed elimination of HOO Clearly, in the absence of catalysis, an adduct formation still
from the peroxyl radical (reaction 8), which becomes the main can take place but an outer-sphere electron-transfer mechanism
decomposition pathway under steady-state radiolysis. Superoxidgreaction 14) cannot be excluded.
radicals are formed radiolyticall{3 = 0.6) and during the self-
decomposition of-BuOO?3° and CH(OH)OO radicals (reaction >NO" + ROO — >N"=0 + ROO (14)
8). Therefore, the effect of superoxide radicals on the inactiva- ) . o )
tion of GOx was tested upopirradiation of solutions saturated 1 he formation of an unstable amino trioxide was previously
with O, containing 0.1 M formate and 5 mM acetate at pH 5.6. Suggested using aab initio thermochemical studf. The
Under these conditions, where all the primary radicals formed deécomposition of this adduct can also take place via homolysis
by the radiation are converted into superoxide radicals, the forming >NOC" and RO, where the alkoxyl radical is also
activity of GOx was not impaired. This was also the case with €Xpected to oxidize ABTS. However, the homolysis mecha-
t-BuOO, i.e., GOx maintained its full activity even when NISMIS rulled out because the.reacnon is catalyzed HQh .
subjected to 90 min of irradiation ([RORew ~ 470 uM), Also, we |d9ntlf|ed the formation of_ the stable TP@nd the
which could not be further increased due to the consumption décomposition products of the relatively unstable 4-oxo-TPO
of oxygen. The inactivation of GOx by GKDH)OO increased in the case oftert—_butanol, which is not oxidized by these
upon increasing the dose and interestingly with increasing the ©X0ammonium cations. It was also suggested thaOOOR
dilution at a constant dose. A similar effect of dilution has been deécomposes into £and >NOR and that the latter undergoes
previously reported®41 Within 90 min of irradiation, GOXx (8 C—0 bond cleavage forming the starting nltrOX|d(_a and RGO
ug/mL) lost about 68% of its activity. We compared the OUr present results do not support this mechanism.
protective effects of TPO, 3-CP and CHDO against peroxyl- Tablle 2 demopstrates that the most efﬁment scavenger of
mediated inactivation of GOx becausg for TPO is about 10- ROC is _TPO_, Whl_ch has the lowest oxidation potential among
fold higher than that for 3-CP. We also assumed that it is at the studied nitroxides (Table 5). The rate constant yalues are in
least 100-fold higher than that for CHDO as is the case with the order: CHOH)OO > CH;00 > t-BuOG, which cor-
t-BuOO and CHOO (see Table 2). The results in Table 4 show relates well with the oxidation potentials of the peroxyl radicals
that nitroxides protected the enzyme in a concentration depend-(Tﬁlble 5).

>NOOOR+ H,PO,” — >N"=0+ ROOH+ HPO{_
1

ent manner, and that the efficacy is in the order TPG-CP Contrary to our findings, Brede et &tletermined using pulse

> CHDO. The results were unaffected by the presence of 30 fadiolysis the rate constant for the reaction of “some” alkyl

uM diethylenetriaminepentaacetc acid (DTPA). peroxyl radicals with TPO and 4-OHTTPO to be lower than
) ) 1 x 10° Mt s7. Brede et af. used a giant dose between 100

Discussion and 200 Gy, but other important experimental conditions are

The present results demonstrate that the reaction of nitroxidenot given. The effect of the nitroxide on the decay of ROO
with peroxyl radicals forms mainly the corresponding oxoam- depends on the initial concentration of ROKIROC + ROO),
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TABLE 5: Oxidation Potential E° (mV) vs NHE for the SCHEME 2
Redox Couples>N*=0/>NO* and ROO/ROO~ CHO + Hy0,
CH,0 + H,0
>N*=0/>NOr ROO/ROO" f o
15 a7 +
ZDO?-l-TPO Zﬁ%ﬁ ggg“ HOCH00™ H™ - HOCH,00H HOCH,00 + H'  HOCH,O0H
4-N H3+_TPO 826]’.5 851’15,51,52872.5,51,52 Q“’O' N e Q‘FO HaNOC. ) N ~ H,NOC. _
4-0x0-TPO 91% e DN 2
3-CH;NHz"-proxyl ~ 853% N
3-carbamoylproxyl 86687055152 /‘CHSOH 0.5CH,0 + 05H*  0.5CHzOH
CHDO 9005 o
R=t-Bu 716° CE«-OH oo+ H
R = CHs 77054 780%
R = CH,0OH 8305
R=H 750% Peroxyl radicals derived from methanol inactivated GOx

) o whereas those derived frotBuOH were practically inactive
the concentration of the nitroxide and the rate constant for the demonstrating that in this systerBuOH can serve as a useful

reaction of the nitroxide with ROOWe have no way to check  -OH-scavenger without the formation of secondary toxic
if the reported upper-limit rate constant of110° M~* s™tis radicals. The inactivation of GOx by GEDH)OO was inhibited
correct because the concentration of the nitroxide is not given, in the presence of nitroxides. The extent of inhibition correlated
the “other” ROO are not specified and it is not clear if these el with the respective rate constant, i.e., the efficacy being in
experiments were done in aqueous or nonaqueous solutions. Ithe order TPO> 3-CP > CHDO. In the present system, the
addition, we previously determined relatively high rate constants npitroxide provided protection at extremely low concentrations

for the uncatalyzed reaction of HOE*(HOO/HOO™) = 750
mV43) with the nitroxides, e.g., 2.& 10’ and 1.1x 10° M1
s 1 for TPO and 4-OH-TPO, respectivel§2” which support
our present results.

The results using-radiolysis also support the formation of
the oxoammonium ion as the main product of reaction 10 as
follows. TPO is consumed in the methanol but not inttBeiOH
system. In addition, we determingd(-TPO) ~ G(H,0,) ~
0.5G(CH;0) ~ 5.6. These results are in agreement with the
ability of TPO" to oxidize only primary and secondary alcohols
to aldehydes and ketons, respectively, forming the respective
hydroxylamine**#>which has no appreciable absorption around
the absorption peak of TPO, i.e., reactions-1%. We note
that reaction 16 was suggested to take place through the
formation of an adduct as an intermediété®

TPO+ HOCH,00 -~ TPO' + HOCH,00H (15)
(16)
17)

TPO" + CH;OH— TPO-H+ CH,O + H"
HOCH,00H— CH,0 + H,0,

TPO can be regenerated by the reaction of HPOwith TPO",

but this reaction is too slow at pH 5.k £ 2.6 M~1 s71),*” and
does not compete efficiently with the reaction of TP@ith

0.5 M CH;OH (ki1 = 0.5 M1 s71).16 The reaction of 3-CP
with CHo(OH)OQ is relatively fast, yet 3-CP is not consumed
andG(CH,0) ~ G(H20,) ~ 5.6. We therefore assume that the
reaction of 3-CP with CH;OH proceeds via the formation of
an adduct, which reacts with another 3-CP before it decompose
into CH,O and the respective hydroxylamine (reactions 18 and
19). An outer sphere electron-transfer mechanism forming 3-CP
and*CH,OH is ruled out because we have previously shown
that O~ is not formed as an intermediate in this proc¥ss.

3-CP" + CH,OH — adduct+ H" (18)

3-CP" + adduct— 3-CP+ 3-CP+ CH,0 + H" (19)

4-0xo-TPO is even a better oxidant than 3-CGPbut it is
relatively unstablé®2and most probably its self-decomposition
competes efficiently with its reaction wittBuOH. The overall
mechanisms for TPO and 3-CP in the methanol system are
summarized in Scheme 2.

S

most probably because it is recycled either via the reaction of
3-CP" with CH3;OH (Scheme 2) or via the reaction of TPO
with CH3OH followed by the reaction of TPO-H with the
peroxyl radical. Under physiological conditions, the nitroxides
could detoxify peroxyl radicals because recycling of the
nitroxide is expected through its reaction with common biologi-
cal reductants such as thidfs?®

Conclusions

Many controversies in the literature exist regarding the
reaction of nitroxides with peroxyl radicals. The present results
demonstrate that the reaction of nitroxide with peroxyl radicals
forms mainly the corresponding oxoammonium cation. The most
efficient peroxyl radical scavenger is TPO, which has the lowest
oxidation potential among the studied nitroxides. The rate
constants are in the order @®H)OC > CH;OO > t-BuOQC,
which correlates with the oxidation potential of these peroxyl
radicals, and for TPO it varies between 810" and 1.0x
108 M~1 s71. The inactivation of GOx by CH{OH)OO was
inhibited in the presence of nitroxides. The extent of inhibition
correlated well with the respective rate constant, i.e., the efficacy
being in the order TPG> 3-CP > CHDO. Nitroxides may
provide protection at extremely low concentrations most prob-
ably because they are recycled through the reaction of the
respective oxoammonium cations with common biological
reductants.
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