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ABSTRACT. Estimation of radical scavenging capacity of lipophilic antioxidants by electron spin resonance (ESR) in vitro is a challenging
issue due to their poor solubility in aqueous radical generating and measuring systems.  Water-miscible organic solvents are used for
this purpose.  A novel radical trapping agent, 5-(2,2-dimethyl-1,3-propoxy cyclophosphoryl)-5-methyl-1-pyrroline N-oxide (CYPMPO),
that has practical advantages over well-known trapping agents was synthesized.  However, no available data for the influence of solvents
in an ESR system that uses CYPMPO has been presented.  The influences of six water-miscible organic solvents, acetonitrile (AcN),
acetone, dimethyl sulfoxide (DMSO), ethanol, polyethylene glycol (PEG), and dimethoxyethane (DME), on ESR responses to Fenton
Fe2+/H2O2 OH· and hypoxanthine/xanthine oxidase superoxide generation systems in vitro were studied.  Reduction of the ESR signal to
CYPMPO-OH· adducts by 55.86  5.95 and 83.17  2.50% compared with the control was observed in the presence of AcN and acetone,
respectively, at a final concentration of 5% (v/v).  AcN of less than 1% had minimal effects.  DMSO, ethanol, PEG and DME at 5% (v/
v) strongly inhibited the ESR signals and/or caused derangement in the signal patterns.  The six water-miscible solvents at 5% (v/v) had
no influence on the ESR spectra of CYPMPO-superoxide adducts.  From these results, AcN, at less than 1% (v/v), is a useful water-
miscible organic solvent for assessing radical scavenging capacities of lipophilic compounds in the CYPMPO-Fenton Fe2+/H2O2 OH·
reaction system in an ESR assay.  Any of the solvents used in the present study can be used in a hypoxanthine/xanthine oxidase super-
oxide generation system.
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Reactive oxygen species (ROS) has been recognized as
an important factor in a variety of disease processes and bio-
logical responses, including cardiovascular diseases,
inflammatory conditions, defensive mechanisms, and can-
cer [3, 6, 8, 13, 16].  ROS affects biological components
such as protein, nucleic acids and lipids to cause cell dys-
functions [9].  Antioxidants may suppress the initiation and
propagation of the oxidative chain reaction and contribute to
reducing the pathophysioloigcal states caused by ROS.  The
electron spin resonance (ESR) spin trapping method has
been used for detection and characterization of ROS, such as
superoxide and hydroxyl radicals, from biological, chemical
and biochemical reactions [11, 17].  Estimation of radical
scavenging capacity of lipophilic antioxidants by the in vitro
ESR technique is a challenging issue due to their poor solu-
bility in aqueous radical generating and measuring systems.
Therefore, water-miscible organic solvents have been uti-
lized to increase the solubility of lipophilic antioxidants in
the in vitro ESR method.  Several water-miscible organic
solvents including methanol, ethanol, dimethyl sulfoxide
(DMSO) and acetone, but not acetonitrile (AcN), had strong
interference effects on a Fenton Fe2+/H2O2 OH· generating
system and significantly inhibited the signal intensity of
ESR using 5,5-dimethyl N-oxide pyrroline (DMPO) [5].

DMPO has been the most frequently used spin trapping
agent for identification and quantification of oxygen radi-
cals [4].  However, its reaction rate with superoxide is slow,
and the stability of the DMPO-superoxide spin adduct is
poor (half life of the adduct: 1 min) [14].  Kamibayashi et al.
[10] synthesized 5-(2,2-dimethyl-1,3-propoxy cyclophos-
phoryl)-5-methyl-1-pyrroline N-oxide (CYPMPO, Fig. 1)
as a novel radical trapping agent that has practical advan-
tages over DMPO [14].  CYPMPO shows excellent spin
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Fig. 1. Chemical structures of CYPMPO, DMPO and DEP-
MPO. CYPMPO, 5-(2,2-dimethyl-1,3-propoxy cyclophospho-
ryl)-5-methyl-1-pyrroline N-oxide; DMPO, 5,5-dimethyl N-
oxide pyrroline; DEPMPO, 5-(diethoxyphosphoryl)-5-methyl-
pyrroline N-oxide.
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trapping capabilities toward superoxide and hydroxyl radi-
cals.  Furthermore, ESR spectra in each adduct are clearly
separated and readily identifiable.  The ESR spectra of
CYPMPO adducts remain stable for a long period [10, 12].
Moreover, CYPMPO has low cytotoxicity [14].  However,
no precise data concerning the influence of organic solvents
in an ESR system that uses CYPMPO is available.  In the
present study to identify suitable organic solvents for an
ESR system that uses CYPMPO, the influences of six water-
miscible organic solvents on ESR responses to Fenton Fe2+/
H2O2 OH· and hypoxanthine/xanthine oxidase superoxide
generating systems were studied in vitro.

MATERIALS AND METHODS

Methods: The Fenton reaction (Fe2+ + H2O2 Fe3+ +
2OH·) was used to generate OH·.  The spin-trapping reac-
tion mixture for the Fenton reaction consisted of 0.1 ml of
10 mM CYPMPO, 0.1 ml of 0.10203 mM H2O2, 0.1 ml of
50 mM sodium phosphate buffer (pH 7.4) with and without
organic solvents and 0.1 ml of 3 mM FeSO4 mixed in this
order.  The reaction mixture was shaken well, and the ESR
spectrum was recorded after 1 min after the addition of
FeSO4.  A hypoxanthine/xanthine oxidase system was used
to generate superoxide.  The spin-trapping reaction mixture
for the hypoxanthine/xanthine oxidase system consisted of
0.1 ml of 50 mM CYPMPO, 0.1 ml of 2 mM hypoxanthine,
0.1 ml of 0.4 U/ml xanthine oxidase and 0.1 ml of 50 mM
potassium phosphate buffer containing 1 mM diethylenetri-
amine pentaacetic acid (DTPA; pH 7.4) with and without
organic solvents.  The reaction mixture was shaken well,
and the ESR spectrum was recorded 1 min after shaking.
ESR experiments were performed at room temperature
using a JES-FA100 X-band spectrometer (JEOL Co., Ltd.,
Tokyo, Japan).  The reaction mixture was placed in the ESR
cavity using a 0.13-ml flat quartz glass cell (LC-12) for
measurements.  ESR measurements were performed under
the following conditions: modulation frequency, 9.4 GHz;
field modulation, 100 kHz; modulation amplitude, 0.1 mT;
microwave power, 4 mW; center field, 335.944 mT; sweep-
width, 5 mT; sweep time, 2 min; and time constant, 0.03 sec
[15].

Chemicals: CYPMPO (gauche form) was synthesized
according to the method of Kamibayashi et al. [10].  CYP-
MPO is commercially available from Radical Research Inc.
(Tokyo, Japan).  The other chemicals used were as follows:
AcN, ethanol, FeSO4, and dimethoxyethane (DME; Wako,
Osaka, Japan); acetone, dimethyl sulfoxide (DMSO) and
H2O2 (Kanto Chemical, Tokyo, Japan); hypoxanthine and
DTPA (Sigma-Aldrich, St. Louis, MO, U.S.A.); polyethyl-
ene glycol (PEG; Nakalai Tesque, Kyoto, Japan); and xan-
thine oxidase (Roche Applied Science, Indianapolis, IN,
U.S.A.).

Statistics: Results are expressed as means ± SEM.  Statis-
tical evaluation of the data was performed by ANOVA fol-
lowed by Bonferroni’s test.  Results were considered
significant when the P value was less than 0.05.

RESULTS

Influences of six water-miscible organic solvents (5% v/v)
on ESR spectra of hydroxy radicals: The ESR spectra of
CYPMPO-radical adducts in the Fenton Fe2+/H2O2 OH·
generation system with six water-miscible solvents are
shown in Fig. 2.  Typical 8-line spectra (8 time repetitive
waves up and down from the middle in the spectra) corre-
sponding to CYPMPO-OH· adducts were obtained [6].
Reduction of the ESR signal intensity by 55.86 ± 5.95%
(n=4) and 83.17 ± 2.50% (n=4) compared with the control
was observed in the presence of AcN and acetone, respec-
tively, at a final concentration of 5% (v/v) in the reaction
mixture.  DMSO, ethanol, PEG and DME at 5% (v/v)
strongly inhibited the ESR signals and/or caused derange-
ment in the signal patterns.  These data suggest that the
water-miscible solvents used in the present study, except for
AcN, are not suitable for measuring the OH· scavenging
capacity of drugs using a CYPMPO-Fenton Fe2+/H2O2 OH·
reaction system.

Concentration-dependent effect of AcN on ESR spectra of
hydroxy radicals: The influences of AcN at different con-
centrations ranging from 0.1 to 20% (v/v) on the Fenton
reaction were examined (Fig. 3).  Up to 1% (v/v) AcN
showed only slight influence on the ESR spectra; the fold
increases were 1.23 ± 0.18 for 0.1%, 0.93 ± 0.06 for 0.5%
and 0.84 ± 0.05 for 1% (n=4, fold increase relative to the
control).  AcN at higher concentrations, 5, 10 and 20% (v/v),
significantly and concentration-dependently inhibited the
signals, with the fold increases being 0.50 ± 0.05, 0.30 ±

Fig. 2. Influences of the six water-miscible solvents (5% v/v) on
ESR spectra of CYPMPO-OH· adducts. A fenton Fe2+/H2O2

reaction system and CYPMPO were used as an OH· generation
system and spin trapping agent, respectively. Reactions and
measurements were performed at room temperature. The same
results were obtained in 4 experiments repeated at different
times. AcN, acetonitrile; DMSO, dimetyl sulfoxide; PEG, poly-
ethylene glycol; DME, dimethoxyethane.
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0.03 and 0.18 ± 0.02, respectively (n=4, P<0.01, fold
increase relative to the control).  Less than 1% (v/v) AcN
can be used for in vitro assessment of water-insoluble agents
for radical scavenging capacities in a CYPMPO-Fenton
Fe2+/H2O2 OH· reaction system.

Influences of six water-miscible organic solvents (5% v/v)
on ESR spectra of superoxide: The ESR spectra of CYP-
MPO-radical adducts in the hypoxanthine/xanthine oxidase
superoxide generation system with six water-miscible sol-
vents are shown in Fig. 4.  Typical 8-line spectra corre-
sponding to CYPMPO-superoxide adducts were obtained
[10, 14].  All solvents used in the present study at a final
concentration of 5% (v/v) had no influence on the ESR sig-
nals of the superoxide generation system.  The ESR signal
intensities in the presence of AcN, acetone, DMSO, ethanol,
PEG and DME were 99.93 ± 6.37, 112.95 ± 3.94, 96.80 ±

6.30, 99.08 ± 7.80, 100.64 ± 3.64 and 107.48 ± 3.76, respec-
tively (n=4, % relative to the control).

DISCUSSION

The ESR spin-trapping technique is the most reliable ana-
lytical method for detecting and characterizing ROS and
radicals in biological systems [11, 17].  DMPO has been the
most frequently used spin-trapping agent.  However, DMPO
has disadvantages in its reaction rate and stability of spin
adducts [10].  DEPMPO is a better trapping agent than
DMPO in terms of spin adduct stability [10].  However, it is
a very hygroscopic oil, and its handling and purification
require much effort [7].  On the other hand, CYPMPO is in
a hygroscopic colorless crystalline state at room tempera-
ture.  An aqueous solution of CYPMPO can be stored under
ambient conditions for at least one month.  The stability of
the hydroxyl and superoxide adducts of CYPMPO is similar
to that of DEPMPO [10].  Discrimination between the
hydroxyl and superoxide adducts of CYPMPO is easier
because the distance between the 4th and 5th lines in the
ESR spectra is narrow in the CYPMPO-hydroxyl adducts,
whereas it is wide in the CYPMPO-superoxide adducts (see
Control in Figs. 2 and 4) [10, 14].

In the present study, the influences of six water-miscible
organic solvents on the ESR signal intensity of CYPMPO-
radical adducts were examined in vitro.  Among the aprotic
solvents, AcN and acetone inhibited the ESR signal inten-
sity of the CYPMPO-Fenton Fe2+/H2O2 OH· reaction sys-
tem.  However, typical 8-line spectra corresponding to
CYPMPO-OH· adducts were observed in the presence of

Fig. 3. Concentration-dependent effect of acetoni-
trile (AcN, 0.1 to 20% v/v) on ESR spectra of
CYPMPO-OH· adducts. A. Representative ESR
spectra. B. Cumulative results of 4 experiments.
The relative ESR signal intensity normalized to
an individual control recording was assessed by
the size of the third wave. Results are shown as
fold increase relative to the control. ** P<0.01
vs. cont.

Fig. 4. Influences of the six water-miscible solvents (5% v/v) on
ESR spectra of CYPMPO-superoxide adducts. A hypoxanthine/
xanthine oxidase system and CYPMPO were used as a superox-
ide production system and spin trapping agent, respectively.
Reactions and measurements were performed at room tempera-
ture. The same results were obtained in 4 experiments repeated
at different times.
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AcN and acetone at 5% (v/v).  AcN, at less than 1% (v/v),
had practically no influence on the ESR signals of the CYP-
MPO-Fenton Fe2+/H2O2 OH· system.  The other aprotic sol-
vents, DMSO, PEG and DME, caused strong inhibition and
derangement of the ESR signal.  It is known that DMSO
traps hydroxyl radicals to form a stable and nonradical com-
pound [2].  PEG shows a strong quenching effect on the
ESR signal intensities of DMPO- and DEPMPO-OH· spin
adducts [1].  These trapping activities of both solvents
appeared in the CYPMPO-Fenton Fe2+/H2O2 OH· reaction
mixture used in the present study.  A polar protic organic
solvent, ethanol, has been shown to have a strong interfer-
ence effect, like DMSO, on a DMPO-Fenton Fe2+/H2O2 OH·
generating system [3].  Ethanol at 5% (v/v) cannot be used
in the CYPMPO system because it causes derangement of
the ESR signal.  These influences of water-miscible solvents
on ESR signals of CYPMPO-radical adducts almost con-
firm the findings of a previous report concerning DMPO-
OH· spin adducts [5].

In the case of ESR spectra of CYPMPO-superoxide
adducts in the hypoxanthine/xanthine oxidase superoxide
generation system, the six water-miscible organic solvents
used in the present study had no influence on the typical 8-
line spectra.  All of the protic and aprotic organic solvents
used in the present study seemed to be suitable for detection
of the CYPMPO-superoxide adducts.

CYPMPO is superior to other spin-trapping agents, such
as DMPO and DEPMPO, in nature [10, 12, 14].  Although
the CYPMPO-ESR assay is a suitable method for screening
antioxidants, there is insufficient information available
about the influences of organic solvents on CYPMPO-
induced ESR signals.  The present study is the first to pro-
vide fundamental information on the effects of water-misci-
ble organic solvents on CYPMPO-ESR signals.

In summary, AcN at a low concentration, less than 1% (v/
v), is a useful water-miscible organic solvent for assessing
the radical scavenging capacities of lipophilic compounds in
the CYPMPO-Fenton Fe2+/H2O2 OH· reaction system in an
ESR assay.  Furthermore, all the solvents used in the present
study can be used for assessing CYPMPO-radical adducts in
a hypoxanthine/xanthine oxidase superoxide generation sys-
tem.

REFERENCES

  1. Anzai, K., Aikawa, T., Furukawa, Y., Matsushima, Y., Urano,
S. and Ozawa, T. 2003. ESR measurement of rapid penetration
of DMPO and DEPMPO spin traps through lipid bilayer mem-
branes. Arch. Biochem. Biophys. 415: 251–256.

  2. Babbs, C. F. and Steiner, M. G. 1990. Detection and quantita-
tion of hydroxyl radical using dimethyl sulfoxide as molecular
prove. Methods Enzymol. 186: 137–147.

  3. Becker, L. B., vanden Hoek, T. L., Shao Z. H., Li, C. Q. and
Schumacker, P. T. 1999. Generation of superoxide in cardi-

omyocytes during ischaemia before reperfusion. Am. J. Phys-
iol. Heart Cir. Physiol. 277: H2240–2246.

  4. Buettner, G. R. 1983. Spin trapping: ESR parameters of spin
adducts. Free Radical Biol. Med. 3: 259–303. 

  5. Cheng, Z., Zhou, H., Yin, J. and Yu, L. 2007. Electron spin res-
onance estimation of hydroxyl radical scavenging capacity for
lipophilic antioxidants. J. Agric. Food Chem. 55: 3325–3333.

  6. Diaz, M. N., Frei, B., Vita, J. A. and Keaney, J. F. 1997. Anti-
oxidants and atherosclerotic heart disease. New Eng. J. Med.
337: 408–416.

  7. Frejaville, C., Karoui, H., Tuccio, B., Le Moigne, F., Cylcasi,
M., Pietri, S., Lauricella, R. and Tordo, P. 1995. 5-(Diethoxy-
phosphoryl)-5-methyl-1-pyrroline N-oxide: a new efficient
phosphorylated nitrone for the in vitro and in vivo spin trap-
ping of oxygen-centered radicals. J. Med. Chem. 38: 258–265.

  8. Griendling, K. K., Sorescu, D. and Ushio-Fukai, M. 2000.
NAD(P)H oxidase: role in cardiovascular biology and disease.
Circ. Res. 86: 494–501.

  9. Halliwell, B. 1992. Oxidative stress, nutrition and health.
Experimental strategies for optimization of nutritional antioxi-
dant intake in humans. Free Radial Res. 25: 57–74. 

10. Kamibayashi, M., Oowada, S., Kameda, H., Okada, T., Inan-
ami, O. and Ohta, S. 2006. Synthesis and characterization of a
practically better DEPMPO-type spin trap, 5-(2,2-dimethyl-
1,3-propoxy-cyclophophoryl)-5-methyl-1-prroline N-oxide
(CYPMPO). Free Radical Res. 40: 1166–1172.

11. Khan, N., Wilmot, C. M., Rosen, G. M., Demidenko, E., Sun,
J., Joseph J., O’Hara, J., Kalyanaraman, B. and Swartz, H. M.
2003. Spin trap: in vitro toxicity and stability of radical
adducts. Free Radical Biol. Med. 34: 1473–1491.

12. Ogra, A., Oowada, S., Kon, Y., Hirayama, A., Yasui, H.,
Meike, A., Kobayashi, S., Kuwabara, M. and Inanami, O.
2009. Redox regulation in radiation-induced cytochrome c
release from mitochondria of fuman lung carcinoma A549
cells. Cancer Lett. 277: 64–71.

13. Ralph S. J., Rodriguez-Enriquex, S., Neuzil, J. and Moreno-
SAanchez, R. 2010. Bioenergetic pathways in tumor mitochon-
dria as targets for cancer therapy and the importance of the
ROS-induced apoptotic trigger. Mol. Asp. Med. 31: 29–59.

14. Saito, K., Takahashi, M., Kamibayashi, M., Ozawa, T. and
Kohno, M. 2009.  Comparison of superoxide detection abilities
of newly developed spin traps in the living cells. Free Radical
Res. 43: 668–676.

15. Ueno, S., Kashimoto, T., Susa, N., Wada, K., Ito, N., Takeda-
Homma, S., Nishimura, Y. and Sugiyama, M. 2006. Estimation
of hydroxyl radical generation by salicylate hydroxylation
method in multiple organs of mice exposed to whole-body X-
ray irradiation. Free Radical Res. 40: 944–951.

16. Usui, T., Yamawaki, H., Kamibayashi, M., Okada, M. and
Hara, Y. 2010. CV-159, a unique dihydropyridine derivative,
prevents TNF-induced inflammatory responses in human
umbilical vein endothelial cells. J. Pharmacol. Sci. 113: 182–
191.

17. Zhang, H., Joseph, J., Vasquez-Vivar, J., Karoui, H., Nsan-
zumuhire, C., Martásek, P., Tordo, P. and Kalyanaraman, B.
2000. Detection of superoxide anion using an isotopically
labeled nitrone spin trap: potential biological applications.
FEBS Lett. 473: 58–62.


