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tetramethylpiperidine�N�oxyl (TEMPOL) and 3�carbamoyl�2,2,5,5�

tetramethylpyrrolidine�N�oxyl (CmP), with reactive oxygen species

(ROS) were compared as typical 6�membered and 5�membered

ring nitroxyl compounds, respectively. The reactivity of the

hydroxylamine forms of both these nitroxyl radicals (TEMPOL�H

and CmP�H) was also assessed. Two free radical species of ROS,

hydroxyl radical (•OH) and superoxide (O2
•-), were subjected to a

competing reaction. •OH was generated by UV irradiation from an

aqueous H2O2 solution (H2O2�UV system), and O2
•- was generated

by a reaction between hypoxanthine and xanthine oxidase

(HX�XO system). •OH and O2
•- generated by the H2O2�UV and

HX�XO systems, respectively, were measured by electron para�

magnetic resonance (EPR) spin�trapping, and the amount of spin

adducts generated by each system was adjusted to be equal. The

time courses of the one�electron oxidation of TEMPOL, CmP,

TEMPOL�H, and CmP�H in each ROS generation system were com�

pared. A greater amount of TEMPOL was oxidized in the HX�XO

system compared with the H2O2�UV system, whereas the reverse

was observed for CmP. Although the hydroxylamine forms of the

tested nitroxyl radicals were oxidized evenly in the H2O2�UV and

HX�XO systems, the amount of oxidized CmP�H was approxi�

mately 3 times greater compared with TEMPOL�H.

Key Words: nitroxyl radical, superoxide, hydroxyl radical, 

hydroperoxyl radical, one�electron oxidation

IntroductionNitroxyl radicals can undergo redox transformations and form
hydroxylamine via oxoammonium cations or one-electron

reductions (Fig. 1). The paramagnetic nitroxyl radical can be
converted to form diamagnetic hydroxylamine by reduction or via
the oxoammonium cation in vivo. Relatively strong reductants,
such as ascorbic acid, can directly reduce nitroxyl radicals by one
electron reductions to form hydroxylamine. The nitroxyl radical is
commonly oxidized by oxidants, such as a hydroxyl radical (•OH),
hydroperoxyl radical (HO2

•), and/or Fe3+ ion, to form the oxoam-
monium cation. The oxoammonium cation can then sequentially
receive a hydrogen atom from a coexisting hydrogen-donor
(H-donor), such as reduced glutathione (GSH), reduced b-
nicotinamide adenine dinucleotide (NADH), or reduced b-
nicotinamide adenine dinucleotide phosphate (NADPH) to form
hydroxylamine. This two-step reduction of nitroxyl radicals to
hydroxyl amine, i.e., one-electron oxidation followed by two-
electron reduction, can be processed enzymatically in vivo.
Hydroxylamines can be slowly oxidized by oxidants, such as •OH,
HO2

•, and/or Fe3+ ions, to re-form nitroxyl radicals. In addition,

N

Fig. 1. Redox transformations of nitroxyl radicals in (A) the free
radical state, (B) the oxoammonium cation, and (C) the hydroxylamine.
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GSH may also directly and irreversibly react with oxoammonium
cations to form a stable complex.(1)

Superoxide dismutase (SOD) mimetic reactions have been
reported for 6-membered ring-type nitroxyl radicals.(2,3) The redox
pair of nitroxyl radicals and oxoammonium cation states underlie
its SOD mimic effects.(4) The nitroxyl radical can be one-electron-
oxidized by HO2

•, which exists in equilibrium with superoxide
(O2

•-) in an aqueous environment. Furthermore, the oxoammo-
nium cation can be one-electron-reduced by O2

•-. This cycling
redox reaction is able to function as a SOD mimic.

A common nitroxyl radical, 4-hydroxy-2,2,6,6-tetramethyl-
piperidine-N-oxyl (TEMPOL), has gained attention as a new
class of normal tissue-selective radio-protector.(3,5–8) This tissue
selectivity is closely associated with the in vivo redox mechanisms
of nitroxyl radicals. Although nitroxyl radicals may have direct
radioprotective effects, hydroxylamines do not.(3,5) The addition of
a free radical form of TEMPOL to cell culture showed radio-
protective effects in a dose-dependent manner.(3) In contrast, the
addition of hydroxylamine in the form of TEMPOL (TEMPOL-H)
did not show any radioprotective effects at 100 mM.(3) However,
the administration of TEMPOL-H in mice showed similar radio-
protective effects to TEMPOL,(5) because TEMPOL-H is re-oxidized
to form TEMPOL in vivo. The concentration of the free radical
forms in the blood increased even after the administration of
hydroxylamine.(5) The pharmacokinetic curves of the free radical
form in blood, after the administration of TEMPOL-H and that
of TEMPOL, almost overlapped, 15 min after the administration
and later.(5)

TEMPOL has been shown to protect C3H mice against whole-
body radiation-induced bone marrow failure.(6) Tumor growth
curves generated after 10 and 33.3 Gy of radiation showed no
difference in growth between TEMPOL- and PBS-treated
animals.(7) In another study, TEMPOL was evaluated for potential
differences in radiation protection in salivary glands and in tumors
using fractionated radiation.(8) Five daily 6 Gy fractions to the
head region of mice reduced saliva production by 54%; however,
these effects were significantly reduced by 5 daily treatments
with TEMPOL. These results suggested that TEMPOL may protect
the salivary tissues from radiation. Because TEMPOL treatment
had no effect on radiation-induced tumor regrowth, TEMPOL
may work as a selective radioprotector for normal tissue. The
difference in radioprotection between normal and tumor tissues
may be due to TEMPOL being reduced or cleared from the tumor
tissue faster than in normal tissues.

Another common nitroxyl radical, 3-carbamoyl-2,2,5,5-
tetramethylpyrrolidine-N-oxyl (CmP), has been used as a redox
sensitive molecular probe and contrast agent.(9–12) It is also an in
vivo radioprotector against whole-body radiation.(13,14) Evidence
for fast decay rates of CmP in tumor tissues have been obtained
by electron paramagnetic resonance (EPR) spectroscopic and
imaging experiments. CmP decayed faster in RIF-1 and SCC
tumors compared with normal muscle tissues.(15–17) The moderate
in vivo decay rate of CmP was suitable for EPR experiments.

Paramagnetic nitroxyl radicals have a proton T1-shortening
effect and can be a T1-weighted magnetic resonance (MR) contrast
agent. Mapping in vivo decay rates of CmP in an SCC tumor
loaded on a mouse thigh was measured using MR imaging
(MRI).(18) The tumor tissue showed a faster decay rate of MR
intensity compared with normal tissue and was similar to the
EPR results. Good temporal MRI resolution makes dynamic
imaging of TEMPOL possible.(8,19) The decay rate of TEMPOL in
MR intensity was similar for both normal muscle and salivary
glands; however, the decay rate was significantly faster in the
tumor region.(8)

Takeshita et al.(20) reported that the rate constants of the nitroxyl
radical reactions with •OH were in the order of 109 M-1s-1 and that
with O2

•- in the presence of cysteine was 103–104 M-1s-1. It is
unclear whether this high reaction rate constant between nitroxyl

radicals and •OH is due to the reaction specificity of nitroxyl
radicals or the result of a disordered reactivity of •OH. That is, a
higher reaction rate constant with •OH may not be due to the
efficient neutralization of •OH. Furthermore, each nitroxyl radical
has a reactive specificity with O2

•-. The normalized reduction
rates of TEMPOL and CmP (0.1 mM) reacted with O2

•- generated
using the hypoxanthine and xanthine oxidase (HX-XO system)
(0.02 U/ml) in air-saturated phosphate buffer were 0.88 and 0.17,
respectively.(21) When the 6-membered ring nitroxyl radicals were
compared, the reaction specificity of the nitroxyl radicals with
other reductants was found to be dependent on Gibbs energy.(22)

However, studies regarding the competitive reaction specificity
of nitroxyl radicals at specific doses of ROS are still in progress.

In this study, the amount of one-electron oxidation of TEMPOL,
CmP, and their hydroxylamine forms (TEMPOL-H and CmP-H,
respectively) in •OH and O2

•- atmospheres were compared. To
allow for comparison, the amount of spin-trapped O2

•- in the HX-
XO reaction system and the amount of spin-trapped •OH generated
from H2O2 by UV irradiation was adjusted to be equal.

Materials and Methods

Chemicals. TEMPOL, CmP, xanthine oxidase (from bovine
milk), and hypoxanthine were purchased from Sigma-Aldrich
Co. (St. Louis, MO). GSH and H2O2 were purchased from
Wako Chemical Co. (Tokyo, Japan). TEMPOL-H and CmP-H
were gifts from Dr. Murali C. Krishna (Radiation Biology Branch,
NCI, NIH, Bethesda, MD). A spin-trapping agent, 5-(2,2-
dimethyl-1,3-propoxycyclophosphoryl)-5-methyl-1-pyrroline-N-
oxide (CYPMPO) was a gift from Mr. Masato Kamibayashi
(Kyoto Pharmaceutical University).(23) The other chemicals were
of analytical grade. The basic solvent for preparing reaction
mixtures was 100 mM phosphate buffer (PB; pH 7.0) containing
0.05 mM diethylenetriaminepentaacetic acid (DTPA) (100 mM
PB), and this was used for all experiments. Deionized water
(Milli-Q system) was used to prepare 100 mM PB.

Adjustment of the amount of ROS generation. O2
•- was

generated from the reaction between hypoxanthine and xanthine
oxidase (HX-XO system). An aliquot of the hypoxanthine solution
was added (final concentration 0.5 mM) to initiate a reaction in a
mixture containing 1 U/ml xanthine oxidase and 0.5–100 mM
CYPMPO. An aliquot of the reaction mixture (120–130 ml) was
sampled in a quartz flat cell. The flat cell containing the sample
solution was then placed in a TE-mode cavity that was attached
to an X-band EPR spectrometer (JEOL, Akishima, Tokyo), and
the EPR spectrum was measured immediately. The X-band EPR
signal derived from the O2

•--adduct of CYPMPO (CYPMPO-
OOH) was measured repeatedly using the EPR conditions
described below.

From the results shown in Fig. 2, the concentration of
CYPMPO in the experiments described below was set at 50 mM,
which was probably sufficient to detect most of the O2

•- generated
in the HX-XO system. The experiment was repeated using 50 mM
CYPMPO, and then the time courses of the EPR signal intensity
derived from the O2

•--adduct of CYPMPO (CYPMPO-OOH)
and the •OH-adduct of CYPMPO (CYPMPO-OH) were obtained
separately (Fig. 3A).

•OH was generated from H2O2 by UVB irradiation (H2O2-UV
system). An aliquot of the reaction mixture (120–130 ml)
containing 1 mM H2O2 and 50 mM CYPMPO was sampled in a
quartz flat cell. The flat cell containing the sample solution was
subsequently placed in a TE-mode cavity using a special cell
holder. The reaction mixture was then irradiated by UVB
(290 nm) using a UV irradiation unit (JEOL) equipped onto the
TE-mode cavity. The time courses of the EPR signal intensity
derived from the •OH-adduct of CYPMPO (CYPMPO-OH) were
obtained (Fig. 3B). Using the diaphragm, the UV intensity was
adjusted, and the H2O2-UV experiments were repeated until the



 J. Clin. Biochem. Nutr. | January 2019 | vol. 64 | no. 1 | 15

©2019 JCBN
M. Nyui et al.

concentration of CYPMPO-OH in the H2O2-UV system (circle
in Fig. 3B) was similar to the concentration of CYPMPO-OOH
in the HX-XO system (square in Fig. 3A) at plateau. The UV
irradiation parameters were fixed during all the experiments.

Reactivity of the nitroxyl radical and ROS. An aliquot of
a hypoxanthine solution was added (final concentration 0.5 mM)
to initiate a reaction mixture containing 1 U/ml xanthine oxidase,
1 mM GSH, and 0.1 mM TEMPOL or CmP. An aliquot of the
reaction mixture (120–130 ml) was sampled in a quartz flat cell.
The flat cell containing sample solution was subsequently placed
in a TE-mode cavity using a special cell holder, and the EPR
spectrum was measured immediately. The time courses of EPR
signal decay of TEMPOL or CmP were observed using the EPR
conditions described below.

An aliquot of the reaction mixture (120–130 ml) containing
1 mM H2O2, 1 mM GSH, and 0.1 mM TEMPOL or CmP was
sampled in a quartz flat cell. The flat cell containing the reaction
mixture was then placed in a TE-mode cavity and subsequently

irradiated by UV irradiation. The time courses of the EPR signal
decay of TEMPOL or CmP was observed using the EPR condi-
tions described below.

Reactivity of hydroxylamine and ROS. An aliquot of a
hypoxanthine solution was added (final concentration 0.5 mM)
to initiate a reaction mixture containing 1 U/ml xanthine oxidase
and 0.1 mM TEMPOL-H or CmP-H. An aliquot of the reaction

Fig. 2. Saturation of CYPMPO�OOH detection observed when the
concentration of CYPMPO in the reaction mixture was increased in a
step�wise manner. (A) Time course of CYPMPO�OOH generation with
several concentrations of CYPMPO. (B) Plot of the molecular density of
CYPMPO in the reaction mixture versus EPR signal intensity obtained at
60 min after starting the reaction. CYPMPO�OOH generation appeared
saturated when the CYPMPO density was higher than 209 mm-1, which is
corresponding to a concentration of 15.1 mM.

Fig. 3. Time course comparisons between O2

•- and •OH generation.
(A) O2

•- was generated by reacting hypoxanthine and xanthine oxidase
together in the reaction mixture (HX�XO system). (B) •OH was generated
from H2O2 by UV irradiation of the reaction mixture (H2O2�UV system).
(C) Time course of instantaneous generation of CYPMPO�ROS adducts,
i.e., differentiation of the corresponding accumulation profiles. The O2

•-

and/or •OH generated in the reaction mixture was spin�trapped using
CYPMPO. The generation of CYPMPO�OH in the H2O2�UV system (circle)
was adjusted to be similar to the generation of CYPMPO�OOH in the
HX�XO system (square) at the plateau stage.
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mixture (120–130 ml) was sampled in a quartz flat cell. The flat
cell containing the sample solution was then placed in a TE-mode
cavity using a special cell holder, and the EPR spectrum was
measured immediately. The time courses of the EPR signal for
TEMPOL or CmP were observed using the EPR conditions
described below.

An aliquot of the reaction mixture (120–130 ml) containing
1 mM H2O2 and 0.1 mM TEMPOL-H or CmP-H was sampled in
a quartz flat cell. The flat cell containing the reaction mixture
was placed in a TE-mode cavity and then irradiated by UV. The
time courses of EPR signal for TEMPOL or CmP were observed
subsequently.

X�band EPR measurement. The X-band EPR conditions
were as follows: microwave frequency, 9.4 GHz; microwave
power, 4 mW; center field, 334 mT; sweep width, 10 mT; sweep
speed, 5 mT/min; modulation frequency, 100 kHz; modulation
amplitude, 0.079 mT; and time constant, 0.03 s.

Results and Discussion

Figure 2A shows the accumulation profiles of CYPMPO-OOH
in the HX-XO reaction system obtained using several different
concentrations of CYPMPO. When the CYPMPO concentration
in the reaction mixture was increased, the amount of CYPMPO-
OOH detected increased with the CYPMPO concentration. The
maximum EPR signal intensities of CYPMPO-OOH obtained at
60 min after starting reaction were plotted versus the molecular
density of CYPMPO (Fig. 2B). The molecular density was
defined as the reciprocal of the molecule-to-molecule distance
in the previous paper.(24,25) Detected CYPMPO-OOH increased
linearly with increasing CYPMPO density, and was saturated
when the CYPMPO density was more than 209 mm-1, which
corresponded to a concentration of 15 mM. This result suggested
that most O2

•- generated in this reaction mixture could be detected
using CYPMPO at a concentration of more than 15 mM. Because
the inflection point of the plot was obtained at 209 mm-1, localized
generation of O2

•- at the corresponding concentration of 15 mM
was expected. The molecular density of 209 mm-1, i.e., concentra-
tion of 15 mM, corresponds to a molecule-to-molecule distance
of 5 nm. This was the roughly the same order as the size of a sub-
unit of xanthine oxidase reported previously, 10 ´ 9 ´ 7 nm.(26)

Therefore, the generation of O2
•- may be localized on the xanthine

oxidase enzyme. In addition, the concentration of 50 mM used in
later experiments was enough to detect most of the O2

•- generated.
Figure 3A shows the accumulation profile of CYPMPO-OOH

in the HX-XO reaction system. The simultaneous accumulation of
CYPMPO-OH with CYPMPO-OOH was also observed in this
system. The concentration of CYPMPO-OOH increased gradually
with time and reached a concentration of 0.4 mM after 60 min
from the start of the reaction before gradually decaying. Similarly,
the concentration of CYPMPO-OH increased gradually until
90 min after the start of the reaction and reached a plateau
at 0.1 mM. The accumulation rates for CYPMPO-OH and
CYPMPO-OOH in the HX-XO reaction system were 0.0207 min-1

and 0.0562 min-1, respectively.
Figure 3B shows the accumulation profile of CYPMPO-OH

in the H2O2-UV reaction system. The concentration at which
CYPMPO-OH plateaued was positively correlated with the level
of UV intensity (data not shown). Using the diaphragm of the UV
irradiation unit, the plateau level of CYPMPO-OH accumulation
was adjusted to approximately 0.4 mM. The accumulation rate of
CYPMPO-OH in the H2O2-UV reaction system was 0.0409 min-1.
This UV condition was used for all subsequent experiments.

The instantaneous generation of CYPMPO-OOH and CYPMPO-
OH in the very early moment of the reaction can be calculated
from generation rates of 0.377 and 0.275 mM/s, respectively.
Therefore, 37% more O2

•- compared with •OH can be reacted with
CYPMPO in the early stage of the reactions. The time course of

instantaneous generation of CYPMPO-ROS adducts, i.e., differ-
entiation of the accumulation profile, decreased gradually with
time, and the lead switched after 20 min (Fig. 3C).

The accumulation rates of CYPMPO-OOH and CYPMPO-OH
in the reaction system should be proportional to the generation
rates of O2

•- and •OH; however, this did not exactly mean the true
generation rates of O2

•- and •OH. Such reactive species, especially
•OH, can react with other molecules found in the reaction mixture
and part of them could be canceled before they reached CYPMPO.
The generations and reactions of O2

•- and •OH with CYPMPO
can be indicated as Eq. 1–4.

[1]

[2]

[3]

[4]

Where, ks1 and kh1 are the generation rates of O2
•- and •OH, but

these are difficult to estimate in this experiment; ks2 and kh2 are the
generation and ks3 and kh3 are the degradation rates of CYPMPO-
OOH and CYPMPO-OH, respectively.

The accumulation rate of CYPMPO-OH and CYPMPO-OOH
can be indicated as shown below.

[5]

[6]

The half-lives of CYPMPO-OOH and CYPMPO-OH, were re-
ported as 51 min and more than 60 min, respectively.(23) The decay
constants ks3 and kh3 can be calculated as 0.23 ´ 10-3 and
0.19 ´ 10-3 s-1 from the half-lifes, when the half-life of CYPMPO-
OH was as 60 min for simplification. The decay of CYPMPO-
OOH and CYPMPO-OH can be negligible, since the decay rates
ks3 and kh3 are sufficiently slow. If the accumulation rates of
CYPMPO-OOH and CYPMPO-OH were ascribed as being the
same, ks2[O2

•-] must be equal to kh2[
•OH]. The second-order rate

constants for trapping O2
•- and •OH by CYPMPO were reported as

48 M-1s-1 and >109 M-1s-1, respectively.(23) When the trapping rate
of •OH was 1 ´ 109 M-1s-1 for simplification,

 [7]

Then, [O2
•-] should be roughly 20,000,000 times more than [•OH].

This fact suggests that only 0.000005% or less of total •OH could
react with CYPMPO in each moment in this reaction system. In a
practical sense, however, the actual concentration difference
between [O2

•-] and [•OH] might be much smaller, since the rate-
controlling factors for accumulating CYPMPO-OOH and
CYPMPO-OH in the sequential reactions are definitely ks1 and kh1,

HX‐XO
     ks1      O2

∙− cancelled

O2
∙− + CYPMPO

     ks2      CYPMPO‐OOH
     ks3      degraded

H2O2‐UV
     kh1      OH∙                  cancelled

OH∙ + CYPMPO
     kh2      CYPMPO‐OH

     kh3      degraded

Vs = d
dt CYPMPO‐OOH

= ks2 O2
∙− CYPMPO − ks3 CYPMPO‐OOH

Vh = d
dt CYPMPO‐OH

= kh2 OH∙ CYPMPO − kh3 CYPMPO‐OH

ks2 O2
∙− = kh2 OH∙ ∶ 48 M−1s−1  O2

∙− = 109 M−1s−1  OH∙ .
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respectively. It was due to that the trapping rates ks2 and kh2 were
predominantly faster than the generation rates ks1 and kh1.

In 50 mM CYPMPO, the molecular distance between CYPMPO
molecules was calculated as 3.2 nm, which is a longer distance
than •OH can travel in water. There can be 10 or more water
molecules present within a 3.2 nm linear space. •OH was generated
from 1 mM H2O2 in the H2O2-UV reaction system in our study.
The concentration of 1 mM H2O2 resulted in a molecular distance
of 11.8 nm. The molecular distance between CYPMPO mole-
cules, the detector of •OH, was sufficiently shorter than the
distance of •OH generated, whereas a concentration of 50 mM
CYPMPO was not sufficient for detecting all •OH molecules
generated.

This level, however, would probably be sufficient for detecting
most of the O2

•- generated in the reaction mixture, as described
above. The O2

•- generated in the HX-XO reaction system was
derived from dissolving oxygen in the reaction mixture. The
maximum possible oxygen concentration in air-saturated water
at 25°C is 0.26 mM, resulting in an average molecular distance
of 18.7 nm between oxygen molecules. However, O2

•- generation
may be localized on the enzyme and it may corresponding to
15 mM at a local concentration.

The amount of total adduct formation (0.4 mM), which corre-
sponded to the amount of ROS able to reach the target, was almost
the same between the HX-XO and H2O2-UV systems used in this
study (Fig. 3A and B). The spin-adduct formation at each instanta-
neous moment in the O2

•- atmosphere in the HX-XO system and
•OH atmosphere in the H2O2-UV system used in this paper were
approximately the same (Fig. 3C). Available oxidation reactions
at each instantaneous moment may be similar between these
reaction systems. The use of 50 mM CYPMPO as the target
molecules for oxidation is probably suitable when a congested
intracellular environment is considered.(27) Therefore, this experi-
ment was actually adjusting the total oxidation reaction by ROS
to target molecules in the HX-XO and H2O2-UV systems.

CYPMPO could provide more stable adducts of ROS compared
with DMPO. DMPO adducts of O2

•- (DMPO-OOH) have a rela-
tively short half-life (≈ 1 min), whereas the CYPMPO-OOH adduct
has a half-life of 51 min in the HX-XO system.(23) CYPMPO-OH
is more stable and has a longer half-life (>60 min).(23) These
are sufficiently long half-lives to follow the reactions caused
gradually over 60–120 min.

When TEMPOL or CmP was exposed to a reaction with
ROS generation, the EPR signal intensity of TEMPOL or CmP
decreased in the presence of GSH (Fig. 4). This reduction reaction
of nitroxyl radicals was not observed in the absence of GSH (data
not shown). Therefore, as shown in Fig. 1, the nitroxyl radicals
were one-electron oxidized to form an oxoammonium cation
and subsequently two-electron reduced to form hydroxylamine or
another stable molecule. The one-electron oxidation of nitroxyl
radicals in the aqueous environment of the HX-XO reaction
system is most likely due to HO2

•, an alternate form of O2
•-.

However, its population is small compared with that of O2
•-.

There was a greater reduction in TEMPOL in the O2
•- atmo-

sphere (HX-XO reaction system) than in the •OH atmosphere
(H2O2-UV reaction system) (Fig. 4A). In other words, TEMPOL
is more oxidized in environments containing HO2

• than those with
•OH. When the ROS generation was adjusted to reach a plateau
at approximately 0.4 mM after 60 min, approximately 0.1 mM
TEMPOL could be reduced during this time in the HX-XO
reaction system, whereas 0.08 mM TEMPOL could be reduced
in the H2O2-UV system. A greater amount of CmP was reduced
in the •OH atmosphere (H2O2-UV reaction system) than in the O2

•-

atmosphere (HX-XO reaction system) (Fig. 4B). Therefore, CmP
is oxidized to a greater extent in a reaction with •OH than with
HO2

•. Considering the population of HO2
•, the nitroxyl radicals,

especially TEMPOL, preferably react with HO2
•.

In general, CmP is more redox stable compared with

TEMPOL. The redox potentials of TEMPOL and CmP reported
by Krishna et al.

(21) and Kinoshita et al.(22) suggested that CmP is
more resistant against reduction. Another reason for the stability
of CmP is the stearic hindrance of the nitroxyl radical moiety. The
5-membered ring structure of CmP is fixed and kept in a plane
ring, whereas the 6-membered ring of TEMPOL can bend and
exchange between boat and chair forms. The free radical on the
pie-orbital of the N-O bond of CmP was always hidden by 4
methyl moieties on neighbor carbons, whereas the free radicals on
TEMPOL can peep from the hindrance by methyl moieties due to
the bending of the ring formation. Therefore, the free radical on
TEMPOL has more chance for a reaction. However, the exact
mechanism of the faster reaction of TEMPOL with HX-XO is
unclear.

Figure 5 shows the reactivity between hydroxylamines and
ROS. The one-electron oxidation of hydroxylamines to the
corresponding nitroxyl radical occurs almost evenly in both the
•OH (H2O2-UV reaction system) and O2

•- atmospheres (HX-XO
reaction system). Reactions between TEMPOL-H and ROS
occurred at a rate of less than 1/10 of those that occurred between
TEMPOL and ROS. There was no difference in the oxidation
reactivity of CmP-H in the •OH or O2

•- atmospheres. The amount
of oxidized CmP-H was approximately 3 times greater than that
of TEMPOL-H.

TEMPOL could be oxidized to the corresponding oxoammo-
nium cation form relatively quickly, and then sequentially reduced
to a diamagnetic species with coexisting GSH. However, the
oxidation of TEMPOL-H, which is a one-electron reduced form

Fig. 4. ROS�induced reduction of TEMPOL and CmP in the presence of
GSH. (A) Reaction profiles of TEMPOL. (B) Reaction profiles of CmP.
Squares indicate the reaction profiles in the HX�XO system. Circles
indicate the reaction profile in the H2O2�UV system. Marks and error
bars indicate the average ± SD of 3 experiments.
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of TEMPOL, was substantially slower, when similar amounts of
oxidizing ROS were provided. Moreover, TEMPOL could be

more sensitively oxidized in the O2
•-/HO2

• atmosphere compared
with the •OH atmosphere. Therefore, the accelerated reduction of
TEMPOL in vivo may be a good candidate as a redox probe for
O2

•--induced oxidative stress. Because O2
•--induced oxidative

stress may be caused by an error during electron transfer in
mitochondrial energy production, the amphiphilicity of TEMPOL
is convenient as a probe in such intracellular patho-physiological
conditions. On the other hand, CmP as an in vivo redox probe is
probably sensitive enough to show the existence or absence of the
reoxidation process of CmP-H to CmP, which may be caused in
extracellular conditions. Investigators should choose a suitable
nitroxyl redox probe for the purpose of the investigation according
to its characteristic redox behavior.

Conclusion

By generating similar amounts of •OH or O2
•- in reaction

mixtures containing different types of nitroxyl radicals, the reac-
tion specificity of nitroxyl radicals for a particular ROS can be
estimated. TEMPOL was more easily oxidized in an O2

•-

atmosphere than in an •OH atmosphere, whereas the opposite
was observed for CmP. Although the hydroxylamine forms of
TEMPOL-H and CmP-H were oxidized evenly in the •OH or O2

•-

atmospheres, the amount of oxidized CmP-H was 3 times greater
than that of TEMPOL-H.

Acknowledgments

The authors are grateful to Dr. Murali C. Krishna (NCI, NIH,
MD, USA) for the gifts of TEMPOL-H and CmP-H. The authors
are also grateful to Mr. Masato Kamibayashi (Kyoto Pharma-
ceutical University as when the compound gifted, and NIRS,
QST, Chiba, Japan for the current) for the gift of CYPMPO type
spin-trapping agent.

Conflict of Interest

No potential conflicts of interest were disclosed.

References

1 Matsumoto K, Okajo A, Nagata K, et al. Detection of free radical reactions in

an aqueous sample induced by low linear-energy-transfer irradiation. Biol

Pharm Bull 2009; 32: 542–547.

2 Samuni A, Mitchell JB, DeGraff W, Krishna CM, Samuni U, Russo A.

Nitroxide SOD-mimics: modes of action. Free Radic Res Commun 1991; 12–

13 Pt 1: 187–194.

3 Mitchell JB, DeGraff W, Kaufman D, et al. Inhibition of oxygen-dependent

radiation-induced damage by the nitroxide superoxide dismutase mimic,

tempol. Arch Biochem Biophys 1991; 289: 62–70.

4 Krihsna MC, Russo A, Mitchell JB, Goldstein S, Dafni H, Samuni A. Do

nitroxide antioxidants act as scavengers of O2

•- or as SOD mimics? J Biol

Chem 1996; 271: 26026–26031.

5 Hahn SM, Krishna MC, DeLuca AM, Coffin D, Mitchell JB. Evaluation of

the hydroxylamine Tempol-H as an in vivo radioprotector. Free Radic Biol

Med 2000; 28: 953–958.

6 Hahn SM, Tochner Z, Krishna CM, et al. Tempol, a stable free radical, is a

novel murine radiation protector. Cancer Res 1992; 52: 1750–1753.

7 Hahn SM, Sullivan FJ, DeLuca AM, et al. Evaluation of Tempol radioprotec-

tion in a murine tumor model. Free Radic Biol Med 1997; 22: 1211–1216.

8 Cotrim AP, Hyodo F, Matsumoto K, et al. Differential radiation protection of

salivary glands versus tumor by Tempol with accompanying tissue assess-

ment of Tempol by magnetic resonance imaging. Clin Cancer Res 2007; 13:

4928–4933.

9 Yasukawa K, Miyakawa R, Yao T, Tsuneyoshi M, Utsumi H. Non-invasive

monitoring of redox status in mice with dextran sodium sulphate-induced

colitis. Free Radic Res 2009; 43: 505–513.

10 Kawano T, Murata M, Hyodo F, et al. Noninvasive mapping of the redox

status of dimethylnitrosamine-induced hepatic fibrosis using in vivo dynamic

nuclear polarization-magnetic resonance imaging. Sci Rep 2016; 6: 32604.

11 Eto H, Hyodo F, Kosem N, et al. Redox imaging of skeletal muscle using in

vivo DNP-MRI and its application to an animal model of local inflammation.

Free Radic Biol Med 2015; 89: 1097–1104.

12 Li H, He G, Deng Y, Kuppusamy P, Zweier JL. In vivo proton electron

double resonance imaging of the distribution and clearance of nitroxide

radicals in mice. Magn Reson Med 2006; 55: 669–675.

13 Anzai K, Ueno M, Yoshida A, et al. Comparison of stable nitroxide, 3-

substituted 2,2,5,5-tetramethylpyrrolidine-N-oxyls, with respect to protection

from radiation, prevention of DNA damage, and distribution in mice. Free

Radic Biol Med 2006; 40: 1170–1178.

14 Hahn SM, DeLuca AM, Coffin D, Krishna CM, Mitchell JB. In vivo radio-

protection and effects on blood pressure of the stable free radical nitroxides.

Int J Radiat Oncol Biol Phys 1998; 42: 839–842.

15 Kuppusamy P, Afeworki M, Shankar RA, et al. In vivo electron paramagnetic

resonance imaging of tumor heterogeneity and oxygenation in a murine

model. Cancer Res 1998; 58: 1562–1568.

16 Matsumoto A, Matsumoto K, Matsumoto S, et al. Intracellular hypoxia of

tumor tissue estimated by noninvasive electron paramagnetic resonance

oximetry technique using paramagnetic probes. Biol Pharm Bull 2011; 34:

142–145.

17 Subramanian S, Matsumoto K, Mitchell JB, Krishna MC. Radio frequency

continuous-wave and time-domain EPR imaging and Overhauser-enhanced

magnetic resonance imaging of small animals: instrumental developments

Fig. 5. ROS induced oxidation of TEMPOL�H and CmP�H. (A) Reaction
profiles of TEMPOL�H. (B) Reaction profiles of CmP�H. The squares
indicate the reaction profiles in the HX�XO system. Circles indicate the
reaction profile in the H2O2�UV system. Marks and error bars indicate
the average ± SD of 3 experiments.



 J. Clin. Biochem. Nutr. | January 2019 | vol. 64 | no. 1 | 19

©2019 JCBN
M. Nyui et al.

and comparison of relative merits for functional imaging. NMR Biomed 2004;

17: 263–294.

18 Matsumoto K, Hyodo F, Matsumoto A, et al. High resolution mapping of

tumor redox status by magnetic resonance imaging using nitroxides as redox-

sensitive contrast agents. Clin Cacer Res 2006; 12: 2455–2462.

19 Hyodo F, Matsumoto K, Matsumoto A, Mitchell JB, Krishna MC. Probing

the intracellular redox status of tumors with magnetic resonance imaging and

redox-sensitive contrast agents. Cancer Res 2006; 66: 9921–9928.

20 Takeshita K, Saito K, Ueda J, Anzai K, Ozawa T. Kinetic study on ESR

signal decay of nitroxyl radicals, potent redox probes for in vivo ESR

spectroscopy, caused by reactive oxygen species. Biochim Biophys Acta

2002; 1573: 156–164.

21 Krishna MC, Grahame DA, Samuni A, Mitchell JB, Russo A.  Oxoammonium

cation intermediate in the nitroxide-catalyzed dismutation of superoxide.

Proc Natl Acad Sci U S A 1992; 89: 5537–5541.

22 Kinoshita Y, Yamada K, Yamasaki T, et al. In vivo evaluation of novel

nitroxyl radicals with reduction stability. Free Radic Biol Med 2010; 49:

1703–1709.

23 Kamibayashi M, Oowada S, Kameda H, et al. Synthesis and characterization

of a practically better DEPMPO-type spin trap, 5-(2,2-dimethyl-1,3-propoxy

cyclophosphoryl)-5-methyl-1-pyrroline N-oxide (CYPMPO). Free Radic Res

2006; 40: 1166–1172.

24 Matsumoto K, Ueno M, Nakanishi I, Anzai K. Density of hydroxyl radicals

generated in an aqueous solution by irradiating carbon-ion beam. Chem

Pharm Bull 2015; 63: 195–199.

25 Ogawa Y, Sekine-Suzuki E, Ueno M, Nakanishi I, Matsumoto K. Localized

hydroxyl radical generation at mmol/L and mol/L levels in water by photon

irradiation. J Clin Biochem Nutr 2018; 63: 97–101.

26 Enroth C, Eger BT, Okamoto K, Nishino T, Nishino T, Pal EF. Crystal

structures of bovine milk xanthine dehydrogenase and xanthine oxidase:

structure-based mechanism of conversion. Proc Natl Acad Sci U S A 2000;

97: 10723–10728.

27 Cino EA, Karttunen M, Choy WY. Effects of molecular crowding on the

dynamics of intrinsically disordered proteins. PLoS One 2012; 7: e49876.


