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Comparison of superoxide detection abilities of newly developed spin
traps in the living cells
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Abstract

This study compared the superoxide detection abilities of four spin traps, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO),
5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (DEPMPO), 5-(diphenylphosphinoyl)-5-methyl-1pyrroline N-oxide
(DPPMPO) and 5-(2,2-dimethyl-1,3-propoxy cyclophosphoryl)-5-methyl-1-pyrroline N-oxide (CYPMPO) in living cells.
Electron spin resonance (ESR) signals of the superoxide adducts were observed when spin traps were added to a suspension
of human oral polymorphonuclear leukocytes (OPMNs) stimulated by phorbol 12-myristate 13-acetate. The ESR signal of
the CYPMPO-superoxide adduct (CYPMPO-OOH) increased for 24 min after the initiation of the reaction, whereas the
signals from DMPO-OOH and DPPMPO-OOH peaked at 6 and 10 min, respectively. The maximum concentrations of
DMPO-OOH, DPPMPO-OOH and CYPMPO-OOH in OPMNs were 1.9, 6.0 and 10.7 pM, respectively. Furthermore,
CYPMPO could more efficiently trap superoxide in blood PMNs compared with DEPMPO. From these results, it was
concluded that CYPMPO performs better than DMPO, DPPMPO and DEPMPO for superoxide measurements in living
cell systems because it has lower cytotoxicity and its superoxide adduct has a longer lifetime.

Keywords: CYPMPO, diphenyl-PMPO, electron spin resonance, superoxide, spin trapping, polymorphonuclear leukocytes

Abbreviations: BPMN, blood polymorphonuclear leukocyte; CYPMPO, 5-(2,2-dimethyl-1,3-propoxy cyclophosphoryl)-5-
methyl-1-pyrroline N-oxide; DEPMPO, 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide; DMPO, 5,5-dimethyl-1-
pyrroline-N-oxide; DMSO, dimethyl sulphoxide; DPPMPO, 5-(diphenylphosphinoyl)-5-methyl-1-pyrrole N-oxide; DTPA,
diethylenetriamine-N,N,N',N",N"-pentaacetic acid; ESR, electron spin resonance; HPX, hypoxanthine; OPMN, oral
polymorphonuclear leukocyte; ROS, reactive oxygen species; SOD, superoxide dismutase; XOD, xanthine oxidase

Introduction Scavenging of hydroxyl radicals by exogenously
administered antioxidants is very difficult, since
hydroxyl radical immediately reacts with the com-
pounds of the living body such as lipids, proteins and
DNA [2]. On the other hand, scavenging of super-
oxide before formation of the hydroxyl radical would
be possible since the reactivity of superoxide is much
lower than that of the hydroxyl radical and it would
be effective in preventing oxidative damage by ROS.
Therefore, the superoxide scavenging activity of

Reactive oxygen species (ROS) such as superoxide
and hydroxyl radical readily react with biomolecules
in living cells and their excessive production is
harmful to the living body. Although superoxide is
not highly reactive, it is a precursor of the highly
reactive hydroxyl radical, which is formed via the
Fenton or Haber-Weiss reaction following dismuta-
tion of the superoxide into hydrogen peroxide [1].
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natural and synthetic antioxidants has been evaluated
in numerous studies [3-9].

There are several methods of detecting superoxide,
of which spin trapping coupled with electron spin
resonance (ESR) is very useful for selective detection
of oxygen radicals including superoxide. In this
method, short-lived oxygen radicals can react with a
spin trapping agent to form relatively stable spin
adducts, which contain nitroxide radicals in most
cases, and the adducts are then detected by an ESR
spectrometer [10,11]. Among the various spin trap-
ping agents, 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO, Figure 1) is frequently used for detecting
hydroxyl radicals and superoxides [12]. However,
DMPO has disadvantages when it comes to measur-
ing superoxide, because of its slow reaction rate with
superoxide (reaction rate constant: 15.7 M~ ' s 1)
and the poor stability of the DMPO-superoxide spin
adduct (DMPO-OOH, half life: 1 min) [13,14]. To
overcome these drawbacks, several analogues of
DMPO were synthesized [15-22]. Recently, two
novel spin traps that possess high reactivity with
superoxide and spin adduct stability were synthesized
[23,24] and used in cell-free systems [25-27]. These
spin traps are 5-(diphenylphosphinoyl)-5-methyl-1-
pyrroline N-oxide (DPPMPO) and 5-(2,2-dimethyl-
1,3-propoxy cyclophosphoryl)-5-methyl-1-pyrroline
N-oxide (CYPMPO). The second-order reaction
rate constants of DPPMPO and CYPMPO with
superoxide are 39.5 and 48 M~ ! s~ ! and half-lives
of their superoxide adducts are 8 and 15 min,
respectively [23,24]. Based on these properties, it is
expected that superoxide generation can be moni-
tored more efficiently by using DPPMPO and
CYPMPO as compared with DMPO. However, the
results were obtained from cell-free superoxide gen-
eration systems. Living cells contain antioxidants,
antioxidative enzymes, reducing substances and re-
ducing enzymes and these substances would affect
superoxide detection using spin traps. In particular, it
is well known that reaction with reductants reduces
the ESR signal of nitroxide radicals [28-30]. Further-
more, it is reported that several spin traps have
cytotoxicity [31,32]. Therefore, it is necessary to
evaluate the abilities of DPPMPO and CYPMPO in
detecting superoxide in living cells for bioapplica-
tions. In this study, we investigated the stability of
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spin adducts in the presence of reductants and the
cytotoxicity of DPPMPO and CYPMPO. We also
compared the trapping abilities of four spin traps
(DMPO, 5-(diethoxyphosphoryl)-5-methyl-1-pyrro-
line N-oxide (DEPMPO), DPPMPO and CYPMPO)
in model systems of superoxide generating cells,
namely human oral and blood polymorphonuclear
leukocytes (OPMNSs and BPMNs).

Materials and methods
Reagents

DPPMPO (Diphenyl-PMPO), diethylenetriamine-
N,N,N’,N",N"-pentaacetic acid (DTPA) and a cell
counting kit-8 (CCK-8) were obtained from Dojindo
Laboratories (Kumamoto, Japan). CYPMPO was
synthesized according to the protocol described in
the previous report [24]. DMPO and xanthine
oxidase (XOD, obtained from cow milk) were pur-
chased from Labotec (Tokyo, Japan). Dimethyl
sulfoxide (DMSO), ascorbic acid, glutathione (re-
duced form, GSH) and phorbol 12-myristate 13-
acetate (PMA) were purchased from Wako Pure
Chemical Industries (Osaka, Japan). Superoxide dis-
mutase (SOD, obtained from bovine erythrocytes)
and hypoxanthine (HPX) were purchased from
Sigma-Aldrich (St. Louis, MO). DEPMPO was
purchased from Cosmo Bio Co., Ltd. (Tokyo, Japan).
All other reagents used were of analytical grade.

Preparation of OPMNs

The OPMNs were collected from healthy volunteers
according to the procedures of other reports [33-35]
with a small modification. Briefly, 1 h after brushing
the teeth, the volunteers thoroughly rinsed their oral
cavity for 30 s with 20 mL of physiological saline six
times. The collected suspension was centrifuged at
300 g for 10 min after passing it through a nylon net
filter (NY30, Millipore, Bedford, MA). The pellets
were suspended in 1 mL Hank’s balanced salt solu-
tion (HBSS). OPMNs were counted and prepared
with HBSS at 1 x 10° cells/mL.

BPMNs were isolated from heparinized blood of
healthy volunteers using Mono-poly resolving med-
ium (DS Pharma Biomedical Co., Ltd., Osaka,
Japan). Heparinized blood (3.5 mL) was layered on
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Figure 1. Structures of DMPO, DEPMPO, DPPMPO and CYPMPO
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the resolving medium (3.0 mL) and centrifuged at
400 g for 20 min. After centrifugation, the layer of
PMNs was collected, and washed in HBSS. BPMNs
were counted and prepared with HBSS at 1 x
10° cells/mL. The Ethics Committee of Tohoku
University approved this study’s protocol.

Measurements of superoxide and hydroxyl radical in cell-
free system

For the superoxide measurements, 50 u. of 2 mM
HPX, 20 ulL of a spin trapping agent, 30 pL. of
DMSO (or 20 mM DTPA), 50 pL. of phosphate
buffer and 50 pLL of 0.4 U/mL XOD were mixed in
a test tube. The mixture was transferred to an ESR
quartz flat cell (Labotec) and ESR spectra were
recorded after 1 min of reaction at room temperature.
For the hydroxyl radical measurements, a test tube
containing a 1 mL solution of spin trapping agent was
irradiated with 1.0 MHz ultrasound for 1 min at
30°C. The reaction mixture was then transferred to
an ESR quartz flat cell and the ESR spectra were
immediately recorded.

Measurements of reactive oxygen species generated by

PMNs

We prepared 2.23 M DMPO, 200 mM DEPMPO
and 200 mM CYPMPO solutions in pure water. The
1.0 M DPPMPO solution was prepared in DMSO
and diluted to the appropriate concentration with
pure water in each experiment. We mixed 16 pL. of
spin trapping agent, 16 pLL of 2 mM DTPA, 8 uLL of
10 pg/mL. PMA and 120 pL of 1 x 10° cells/mL
PMNs in a test tube. The mixture was transferred
to an ESR quartz flat cell and the ESR spectra were
measured at room temperature.

The ESR spectra were recorded with a JES FA-100
spectrometer (JEOL, Tokyo, Japan). The conditions
of the measurements were as follows: magnetic field,
335.54+5mT or 335.75+4+ 7.5 mT; field modulation
frequency, 100 kHz; field modulation width, 0.1 mT;
time constant, 0.1 s; sweep time, 2 min; and micro-
wave power, 8 mW. The concentration of spin
adducts was estimated from the ESR signal intensity
by using a calibration curve obtained from 4-hydroxy-
2,2,6,6-tetramethylpiperidine-N-oxyl.

Evaluation of cytotoxiciry of spin trapping agents

Cell survivals were assessed 2 h after the addition of
spin trapping agents by using CCK-8, according to
the manufacturer’s instructions; 8 pL. of HBSS,
12 pLL of a spin trapping agent and 90 pLL of 1 x
10° cells/'mL. OPMNs were placed in each well of a
96-well plate and 10 pL of CCK-8 solution was
added into each mixture. After 2 h of reaction at
room temperature, the absorbance at 450 nm was
measured using a DTX 880 multimode detector

(Beckman Coulter, Tokyo, Japan) with a reference
absorbance at 620 nm.

Results

Decrease in ESR signals of spin adducts in the presence
of reductant

Figure 2A shows representative ESR spectra of
DPPMPO-superoxide (DPPMPO-OOH) and hy-
droxyl radical (DPPMPO-OH) adducts obtained
from the HPX/XOD superoxide generation system
and ultrasound irradiation of water, respectively.

(A) DPPMPO-OH

Simulated

DPPMPO-OOH

Simulated

5mT

(B)
CYPMPO-OH

Simulated

CYPMPO-OOH

Simulated

<<

5mT

Figure 2. (A) ESR spectra of DPPMPO-OH obtained from the
DPPMPO solution irradiated with ultrasound and DPPMPO-
OOH from the HPX/XOD superoxide generation system and
corresponding simulated spectra. The signals on both sides are of
manganese oxide, which is an external standard. Computer
simulations were performed by using hfcc listed in Table I. (B)
ESR spectra of CYPMPO-OH and CYPMPO-OOH measured in
the same reaction system as DPPMPO.
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Figure 2B shows representative ESR spectra of
CYPMPO-superoxide (CYPMPO-OOH) and hy-
droxyl radical (CYPMPO-OH) adducts obtained
from the same systems as DPPMPO. CYPMPO-
OOH and CYPMPO-OH are clearly identified by
their centre signals since these signals do not overlap.
The computer simulated spectra of each adduct,
which were made by using hyperfine coupling con-
stants (hfcc) summarized in Table I, are also shown in
Figure 2.

We evaluated the stability of spin adducts of
DMPO, DEPMPO, DPPMPO and CYPMPO in
the presence of reductants. Figure 3 shows the
changes in the peak height of the ESR signals of
hydroxyl radical adducts after addition of ascorbic
acid or GSH. The hydroxyl radical adducts were
generated by irradiation of the spin trap solution with
1.0 MHz ultrasound and 5-10 pM hydroxyl radical
adducts were obtained in each spin trap. Ascorbic
acid readily reacted with the hydroxyl radical adducts
of the four spin traps and decreased their ESR signals,
whereas GSH didn’t affect the stability of the
hydroxyl radical adducts (Figure 3). DMPO-OH,
DEPMPO-OH and CYPMPO-OH were more stable
than DPPMPO-OH in the absence of a reductant.
However, the half-life of DMPO-OH, DEPMPO-OH
and CYPMPO-OH decreased from 57.5, 43.8 and
44.8 min to 7.3, 3.5 and 3.2 min, respectively, by
adding 10 pM ascorbic acid (Table II). Superoxide
adducts also decreased by adding a reductant (Figure
4). Although the half-lives of CYPMPO-OOH
(30.4 min) and DEPMPO-OOH (24.4 min) were
much longer than those of DMPO-OOH (1.3 min)
and DPPMPO-OOH (6.7 min) in the absence of a
reductant, they were decreased by the reaction with
ascorbic acid and GSH. The half-life of CYPMPO-
OOH became 2.4 and 5.0 min in the presence of
10 uM ascorbic acid and 100 pM GSH, respectively.
Indeed, when GSH was added to the superoxide
adducts of these four spin traps, the ESR signal of the
superoxide adducts decreased and an ESR signal of
hydroxyl radical adducts appeared (data not shown).
We couldn’t evaluate the half-life of DPPMPO-OOH
in the presence of GSH, since the ESR signal of
DPPMPO-OH and DPPMPO-OOH overlapped.

Table I. Hyperfine coupling constants of superoxide and hydroxyl
radical adducts of DPPMPO and CYPMPO.

aN ayg ap

DPPMPO-OOH A* 1.31 1.13 3.82 65%

B 1.26 1.20 3.87 35%
DPPMPO-OH 1.39 1.39 3.58
CYPMPO-OOH A 1.31 1.04 5.10 65%

B 1.29 1.15 5.24 35%
CYPMPO-OH A 1.38 1.22 4.88 80%

B 1.38 1.38 5.04 20%

*A and B are diastereomer.
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ESR spectra from OPMN system with DPPMPO
and CYPMPO

We used DPPMPO and CYPMPO for the detection
of ROS generated in PMA-stimulated OPMNs.
Figure 5 plots the ESR spectra obtained from the
PMA-stimulated OPMNs suspension. These spectra
have the same hfcc as DPPMPO-OOH and CY-
PMPO-OOH that were observed in the HPX/XOD
superoxide generation system listed in Table 1. The
signal intensities of DPPMPO-OOH and CYPMPO-
OOH in Figure 5 (0 SOD) were almost the same.
The ESR signals decreased by adding SOD depen-
dent on the concentration and they completely
disappeared when 10 U/mL SOD was added. These
results indicate that the superoxide adduct mainly
contributed to the ESR spectra from the PMA-
stimulated OPMNs system and that other radicals
such as hydroxyl and carbon-centred radicals exerted
little effect on the spectra.

Cyrotoxicity of spin traps

The signal from the OPMNs system when 12.5 mM
DPPMPO was used was much larger than the one
observed when 6.25 mM DPPMPO used. However,
the ESR signal decreased with DPPMPO concentra-
tions higher than 12.5 mM and the signal was very
small when 100 mM DPPMPO was used (Figure 6).
These results indicate the possibility that DPPMPO
has cytotoxic effects on OPMNs at these concentra-
tions. Therefore, we evaluated the cytotoxicity of the
spin traps. As shown in Figure 7, the OPMNs
survival rate decreased with increasing concentration
of DPPMPO. The cytotoxic effect was observed even
when 12.5 mM DPPMPO was used and 100 mM
DPPMPO decreased the survival rate of OPMNs by
55%. On the other hand, cytotoxicity was not
observed at concentrations of 10, 20 and 33.3 mM
CYPMPO and 223 mM DMPO, which are the
concentrations used for superoxide detection in this
study. Cytotoxicity of DEPMPO couldn’t be esti-
mated, since the absorbance at 450 nm of the mixture
with DEPMPO (10, 20, 33.3 mM) became ~ 1.6-
times higher than that of the control after 2h of
incubation (data not shown). The cytotoxic effect was
also observed when 10% DMSO, which is present in
the 100 mM DPPMPO solution, was used.

Concentrations of superoxide adducts of DMPO,
DEPMPO, DPPMPO and CYPMPO in the
PMA-stimulated PMNs system

First, we evaluated superoxide generation from
PMA-stimulated OPMNs with three kinds of spin
traps, namely, DMPO (223 mM), DPPMPO
(12.5mM) and CYPMPO (20 mM). DMPO is
usually used at a higher concentration for superoxide
detection since it has low reactivity with superoxide.
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Therefore, we used DMPO at 223 mM for efficient
trapping of superoxide. From the results shown in
Figure 6, we chose to use 12.5 mM of DPPMPO, the
concentration at which the highest ESR signal was
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Figure 3 (Continued)

Table II. Half-life (min) of hydroxyl radical- and superoxide-spin
adducts of four spin traps in the absence and presence of
reductants.

DMPO DEMPO DPPMPO CYPMPO

‘OH Non 57.5 43.8 6.2 44.8
GSH 54.2 42.9 6.3 41.3
Asc 7.3 3.5 2.4 3.2
O, Non 1.3 24.4 6.7 30.4
GSH 1.2 5.1 5.0
Asc 0.9 2.1 1.9 2.4

obtained, even though it had some cytotoxic effect on
OPMNs. CYPMPO was used at 20 mM. It has no
cytotoxicity for OPMNs (Figure 7) and it efficiently
trapped superoxide in the HPX/XOD and OPMNs
systems (Figures 2 and 5).

The concentrations of the superoxide adduct of each
spin trap are plotted in Figure 8A. When DMPO was
used, its superoxide adduct (DMPO-OOH) increased
for 6 min after the beginning of the reaction and then
gradually decreased. The maximum concentration of
DMPO-OOH was 1.9 pM. When DPPMPO was used
instead of DMPO, the concentration of DPPMPO-
OOH was greater than that of DMPO-OOH. The
maximum concentration of DPPMPO-OOH was
6.0 uM at 10 min. Furthermore, when CYPMPO
was used, the concentration of CYPMPO-OOH was
almost the same as that of DPPMPO during the first
few minutes and it increased for 24 min. The concen-
tration of CYPMPO-OOH was greater than 10 pM
after a reaction of 18 min.

Next, the superoxide detection abilities of CY-
PMPO and DEPMPO were compared by using
PMA-stimulated BPMNs. CYPMPO and DEPMPO
were of the same concentration (20 mM) in the
experiments. The concentration of CYPMPO-OOH
detected in BPMNs was lower than in OPMNs
during first 10 min, but it increased over the course
of 35 min and was 29.4 uM at 38 min (Figure 8B).
DEPMPO-OOH also increased over the course of
35 min. However, its concentration was significantly
lower than that of CYPMPO-OOH.

Discussion

Although DMPO is frequently used for detecting
oxygen radicals in biological systems, it has
disadvantages in measuring superoxide. Many spin

Figure 3. Peak heights of (A) DMPO-OH, (B) DEPMPO-OH,
(C) DPPMPO-OH, (D) CYPMPO-OH in the absence (®) and
presence of ascorbic acid and GSH. The spin trap solution was
irradiated with 1.0 MHz ultrasound for 1 min and then ascorbic
acid (10 pM (H), 50 uM (4A)) or GSH (100 pM (O), 500 uM
(Aa)) was added. The peak heights of ESR signals were measured
after adding a reductant. Each value represents the mean of
duplicate measurements.
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traps that can trap superoxide more quickly and form
more stable adducts than DMPO were synthesized as
possible alternatives to DMPO [15-22]. Of these,
DEPMPO is a good spin trap and it has been used for
ROS measurements in various ROS generation
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Figure 5. (A) ESR spectra from a mixture of OPMNs (7.5 x 10°
cells/mL), PMA (0.5 pg/mL), DTPA (0.2 mM) and DPPMPO
(12.5 mM) in the absence and presence of SOD (1, 10 U/mL). The
spectra were recorded after 5 min reaction at room temperature.
The signals on both sides are of manganese oxide, which is an
external standard. (B) Same as (A) except CYPMPO (20 mM) was
added instead of DPPMPO.

systems [36-39]. CYPMPO has properties (reaction
rate with superoxide, half-life of superoxide adduct)
similar to those of DEPMPO [24]; therefore, it is
thought that the CYPMPO would give similar results
to those of DEPMPO. In our results, the stabilities of
the superoxide adduct and the hydroxyl radical
adduct of CYPMPO were almost the same as that
of DEPMPO in the presence and absence of ascorbic
acid and GSH, except that the half-life of CYPMPO-
OOH was a little longer than that of DEPMPO-OOH
in the absence of a reductant. In the measurements
using PMA-stimulated BPMNs, CYPMPO could
detect superoxide more efficiently than DEPMPO

Figure 4. Peak heights of (A) DMPO-OOH, (B) DEPMPO-
OOH, (C) DPPMPO-OOH, (D) CYPMPO-OOH in the absence
(®) and presence of ascorbic acid and GSH. Superoxide adducts
were formed by the 1 min reaction in HPX/XOD system. Ascorbic
acid (10 pM (W), 50 uM (a)) or GSH (100 uM (0O), 500 uM
(a)) was added after stopping superoxide generation by allopur-
inol (2mM) and the peak heights of the ESR signals were
measured. Each value represents the mean of duplicate measure-
ments.
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Figure 6. ESR spectra from a mixture of OPMNSs (7.5 x 10° cells/
mL), PMA (0.5 pg/mL), DTPA (0.2 mM) and DPPMPO (6.25,
12.5, 25, 50 and 100 mM). The signals on both sides are of
manganese oxide, which is an external standard.

(Figure 8B). This may be attributed to the faster (1.5-
times) reaction rate of CYPMPO with superoxide
compared with DEPMPO [24]. Furthermore, the
differences in half-life between CYPMPO-OOH
(30.4 min) and DEPMPO-OOH (24.4 min) in the
absence of reductants may contribute to the differ-
ence in spin concentrations of CYPMPO-OOH and
DEPMPO-OOH detected in the BPMNs system. We
also think that CYPMPO is advantageous over
DEPMPO with respect to ease of handling and
purification, as suggested in the previous report [24].
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Figure 7. Cell survival after adding spin traps. DPPMPO (12.5,
25, 50, 100 mM), CYPMPO (10, 20 and 33.3 mM), DMPO
(223 mM) or DMSO (10%) were mixed with OPMNs (7.5 x 10°
cells/mL) and the cell counting kit-8 solution was added to the
mixtures. The control contained pure water instead of spin traps.
The absorbance at 450 nm and 620 nm were measured after 2 h of
reaction at room temperature. Cell survivals were estimated with
the absorbance differences between 450 nm and 620 nm and are
represented by the means +SD of three experiments. * p <0.05 as
compared with control.
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Figure 8. (A) Differences between DMPO, DPPMPO and CY-
PMPO in detecting superoxide in OPMNs. The spin trap (223 mM
DMPO (@), 12.5 mM DPPMPO (H) or 20 mM CYPMPO (a))
was mixed with DTPA (0.2 mM), PMA (0.5 pg/mL) and OPMNs
(7.5 x10° cells/mL). (B) Differences between DEPMPO and
CYPMPO in detecting superoxide in BPMNs. DEPMPO
(20 mM, ¢) or CYPMPO (20 mM, a) was mixed with DTPA
(0.2 mM), PMA (0.5 pg/mL) and BPMNs (7.5 x 10° cells/mL).
ESR spectra were recorded at 2 min intervals during the reaction at
room temperature and the concentration of DMPO-OOH,
DPPMPO-OOH and CYPMPO-OOH were estimated from the
ESR signal intensities. Values are the means +SD of three measure-
ments. *p <0.05 between CYPMPO-OOH and DEPMPO-OOH.

The ESR signal of CYPMPO-OOH increased until
24 min in the PMA-stimulated OPMNs system. This
indicates that superoxide was generated for at least
24 min. In contrast, the ESR signals of DMPO-OOH
and DPPMPO-OOH start to decrease at 6 and
10 min, respectively. Furthermore, the DMPO-
OOH signal was much smaller than the DPPMPO-
OOH and CYPMPO-OOH signals even during the
first few minutes of the reaction. These results
suggest that the estimated superoxide concentration
is less than the actual concentration when DMPO is
used. Although DMPO has a lower reaction rate
constant with superoxide than those of CYPMPO
and DPPMPO, it was used at a considerably higher
(greater than 10-times) concentration than CY-
PMPO and DPPMPO in this study. Therefore,
superoxide would be efficiently trapped by DMPO
in the same way as CYPMPO and DPPMPO. The
lower concentration of DMPO-OOH is probably
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attributed to its low stabilityy. DMPO-OOH may
decay during the first few minutes, since its half-life
is 1.3 min, even in the absence of a reductant (Table
II). The concentration of DPPMPO-OOH was al-
most the same as that of CYPMPO-OOH up to
6 min, but it decreased after 10 min of reaction,
whereas the concentration of CYPMPO-OOH con-
tinued to increase. We consider that this difference in
the superoxide adduct concentration might also be
due to the different stabilities of DPPMPO-OOH and
CYPMPO-OOH.

As described above, when GSH was added to the
superoxide adducts, the ESR signal from them
decreased and an ESR signal from hydroxyl radical
adducts appeared. This phenomenon was observed in
all four spin traps. It is known that the glutathionyl
radical adduct of DMPO gives an ESR signal similar
to that of the hydroxyl radical adduct [12]. However,
the ESR signals observed here were identified as
hydroxyl radical adducts and not glutathionyl adducts
from their hyperfine coupling constants. It was
reported that DMPO-OH is generated from
DMPO-OOH by the reaction with GSH [40]. Our
results suggest that the same reaction as DMPO can
occur with DEPMPO, DPPMPO and CYPMPO.

When the concentration of the spin trapping agent
increased, the trapping efficiency for radicals in-
creased. Consequently, the ESR signal should also
increase. However, the ESR signal of DPPMPO-
OOH decreased when the concentration of
DPPMPO increased (Figure 7). It is known that
certain nitrone-type spin traps have cytotoxic effects
at various concentrations [31,32]. We believe that the
cytotoxicity of DPPMPO at high concentrations is
responsible for the decrease in DPPMPO-OOH. This
expectation was clearly realized in the measurements
of cell survivals (Figure 8). Even a low concentration
(12.5mM) of DPPMPO affected cell survival,
whereas 33.3 mM CYPMPO and 223 mM DMPO
did not affect it at all. Furthermore, the DPPMPO
solution was prepared in DMSO since it is not very
soluble in water. High DMSO concentrations present
in higher DPPMPO concentrations may also affect
cell survival. Therefore, a high concentration of
DPPMPO is not suitable for experiments with living
cells, since both DPPMPO and the solvent DMSO
adversely influence cell survival. The mechanism of
the cytotoxicity of DPPMPO has yet to be elucidated.
However, some reports have indicated that lipophilic
spin traps such as 5-butoxycarbonyl-5-methyl-1-pyr-
roline N-oxide are more toxic than other spin traps
such as DMPO and DEPMPO [31,32]. DPPMPO is
lipophilic compared with DMPO and CYPMPO
[23,41]. Therefore, the effects on the cell membrane
may be responsible for the cytotoxicity of these
lipophilic spin traps.

In this study, we evaluated the stabilities of super-
oxide and hydroxyl radical adducts of four spin traps in
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the presence of ascorbic acid and GSH. It was revealed
that CYPMPO-OOH and DEPMPO-OOH are more
stable than DMPO-OOH and DPPMPO-OOH in the
absence of a reductant, but their stabilities decreased
rapidly in the presence of ascorbic acid and GSH. We
applied these spin traps to measurements of super-
oxide in a living cell system. DEPMPO, DPPMPO
and CYPMPO could detect superoxide more effi-
ciently than DMPO. In particular, CYPMPO gave a
larger ESR signal and a more stable superoxide adduct
compared with other three spin traps in the experi-
ments using PMNs. Furthermore, no cytotoxicity was
observed with CYPMPO at the concentration used in
this study. From these results, we conclude that (1)
DEPMPO, DPPMPO and CYPMPO perform better
than DMPO because their superoxide adducts have a
longer lifetime than DMPQO’s and (2) CYPMPO is
better than DPPMPO because it has lower cytotoxi-
city; i.e. in the presence of CYPMPO, live PMNs
continue to produce superoxide. Furthermore, the
results shown in Figure 8B indicate that CYPMPO can
detect superoxide in living cells as well as or better than
DEPMPO. Therefore, we believe that superoxide
generation in living cells can be more precisely
monitored by using CYPMPO rather than DMPO,
DEPMPO or DPPMPO. However, it is necessary to
consider the existence of reductants and the reduction
of spin adducts in living cells when we interpret the
results.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are responsible
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