
In the late sixties, McCord and Fridovich showed that su-
peroxide free radical anion (O2

2) could be produced enzymat-
ically in mammalian tissues, and demonstrated that superox-
ide dismutase (SOD) catalyzed the dismutation of O2

2.1) The
role of O2

2 has been recognized for some time in nonspecific
host defence, and more recently in signal transduction for
physiological communication as well as in the pathophysio-
logical mechanisms of various processes.2) Often, the contri-
bution of reactive oxygen species (ROS) to these processes is
demonstrated indirectly through the use of antioxidant mole-
cules. Indeed, the half-life of ROS as O2

2 is very short and the
assessment of its production is not easy, particularly in non-
phagocytic cells such as endothelial cells.

It has been reported that synthetic and natural estrogens
such as diethylstilbestrol (DES) and its metabolite, 17b-
estradiol, produce free radicals and active oxygen species via
redox reactions.3) These active oxygen species are implicated
in the carcinogenesis by these compounds.

Previously, we reported that (6)-indenestrol A (IA) but
not DES produces O2

2 spontaneously in phosphate buffered
saline (PBS).4) Although these compounds produce free radi-
cals or O2

2 in the presence of peroxidase or under alkaline
conditions, we are interested in the possibility that they
might produce active oxygen species under mild cell culture
conditions. In the presence of the murine macrophage cell
line RAW 264.7 cells, which produce O2

2 and NO following
stimulation by LPS and/or IFN-g ,5) we examined the produc-
tion of active oxygen species from these compounds. For the
detection of active oxygen species, we used electron spin res-
onance spectroscopy with a spin trapping agent, 5,59-di-
methyl-1-pyrroline-N-oxide (DMPO).

MATERIALS AND METHODS

Materials DES was obtained from Sigma Chemical Co.
(St. Louis, MO, U.S.A.). (6)-IA was prepared as described
previously.6) The structures of the compounds were defined
by 1H-NMR analysis. All other reagents were obtained from

Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and
were of the highest grade available commercially. The struc-
tures of the test compounds are shown in Fig. 1.

Cell Culture The murine macrophage-like cell line,
RAW 264.7 cells, were cultured in COS-001 (Cosmo Bio
Co., Ltd.) without serum, in a humidified 5% CO2 incubator
at 37 °C.

Incubation of DES and (6)-IA with RAW Cells RAW
274.7 (13107) cells were collected and cultured in 90-mm
Petri dishes with 10 ml of medium. When necessary, cells
were stimulated with LPS (1 mg/ml) and IFN-g (100 U/ml)
for 8 h. They were collected, suspended in 900 m l of PBS in 
a 1.5-ml tube, mixed with 100 m l of diethylenetriamine-
N,N,N9,N0,N0-pentaacetic acid (DETAPAC) (10 mM pH 7.5)
and DES (1, 10, 30 mM) or (6)-IA (1, 10, 30 mM) dissolved
in 1 m l of DMSO, and incubated for 10 min at 37 °C. After
centrifugation at 5000 rpm for 2 min, 500 m l of the super-
natant was discarded. The cell pellet was suspended in 500 m l
of supernatant. Then, 250 m l of the suspension was trans-
ferred to a new tube, with 16 m l of DMPO, and incubated for
30 min at 37 °C. After centrifugation at 15000 rpm for 2 min,
the supernatant was used for ESR spectroscopy.

ESR Spectroscopy ESR measurements were recorded
on a JEOL JES-RE1X spectrometer (JEOL, Tokyo, Japan)
with 100 kHz field modulation operating at 9.4240 GHz and
at room temperature. The following instrumental parameters
were employed: modulation amplitude, 0.100 mT; microwave
power, 8.0 mW; scan time, 10.0 min.
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Previously, we reported that (6)-IA but not DES produces O2
2 spontaneously in PBS. We are interested in

the possibility that these compounds might produce active oxygen species under mild cell culture conditions. On
incubation of RAW 264.7 cells with (6)-IA, the signal of 5,59-dimethyl-1-pyrroline-N-oxide (DMPO)-OH adducts
increased but no more than the additive effect. However, stimulation of RAW cells with LPS and INF-gg enhanced
the formation of DMPO-OH adducts slightly more than the additive effect, especially when the concentration of
(6)-IA increased. In the case of DES, the spectra of DMPO-OH adducts did not increase concentration-depen-
dently in the absence of RAW 264.7 cells, however in their presence, they increased concentration-dependently,
especially when these cells were stimulated with LPS and IFN-gg . The results were interpreted to mean that DES
would have a higher oxidation potential than (6)-IA, not be oxidized to semiquinoes spontaneously, and there-
fore not produce DMPO-OH adducts in the absence of RAW cells. In their presence, DES might be easily oxi-
dized to semiquinones by the reaction with O2

2 produced from RAW 264.7 cells.
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Fig. 1. Structures of Diethylstilbestrol (DES) and (6)-Indenestrol A (IA)



RESULTS AND DISCUSSION

Spontaneous Production of DMPO Adducts from DES
and (6)-IA in PBS Previously we detected production of
O2

2 from (6)-IA but not from DES by a reduction of cy-
tochrome c.4) However, the assay depends on the rate of O2

2

production and is not suitable for the comparison of relative
amounts of O2

2 produced in various systems. In this report,
we detected active oxygen species by electron spin resonance
spectroscopy using a spin trapping agent, DMPO. As shown
in Fig. 2A, we could detect spectra of DMPO adducts con-
centration-dependently in the presence of (6)-IA. The main
signals observed (aN5aH51.5 mT, Fig. 2A) were assigned
to DMPO-OH produced at 1 mM (6)-IA in PBS, but were su-
perimposed on small signals of DMPO-OOH in 30 mM (6)-
IA in PBS based on the following results. First, these main
signals have the same hyperfine splitting constants as those
obtained by a Fenton reaction in vitro; second the superim-
posed signals (estimated as, aN51.43, aHb51.17, aHg5

0.125) have the same hyperfine splitting constants as those
obtained by a reaction between xanthine and xanthine oxi-
dase (data not shown). Probably, primary DMPO-OOH
adducts were decomposed to DMPO-OH, whose signals we
detected as main signals. This interpretation was supported
by the fact that in the presence of SOD, we could not detect
any signals from DMPO adducts in 30 mM (6)-IA in PBS.
The possibility that these DMPO-OH adducts are produced
from a Fenton reaction by H2O2 dismutated from O2

2 was ex-
cluded by the fact that catalase had no effect on the spectra
from (6)-IA in PBS. As shown by the relative intensity of
the signals in Fig. 3, calculated partly from Fig. 2A, signals
of DMPO-OH adducts increased concentration-dependently
in (6)-IA in PBS. In the case of DES, however, the signals
did not increase concentration-dependently. These results are
consistent with our previous results.4)

Production of DMPO Adducts from (6)-IA and DES
during Culture with RAW 264.7 Cells Before the mea-
surement of O2

2 from DES and (6)-IA in the presence of ac-
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Fig. 2. ESR Spectra of DMPO Adducts Generated in the Presence of (6)-IA or DES under Various Conditions

A) ESR spectra of DMPO adducts generated in the presence of various concentrations of (6)-IA or DES in PBS. B) ESR spectra of DMPO adducts generated in the presence of
various concentrations of (6)-IA or DES in RAW 264.7 cells. C) ESR spectra of DMPO adducts generated in the presence of various concentrations of (6)-IA or DES in
LPS/IFN-g-stimulated RAW 264.7 cells. The experimental conditions for A, B and C were described in the experimental section.



tivated RAW cells, the production of O2
2 by RAW cells was

examined. As shown in Fig. 2B, the spectrum of DMPO
adducts from RAW cells was similar to that obtained in (6)-
IA solution. The main signals observed (aN5aH51.5 mT,
Fig. 2B) were assigned to DMPO-OH based on the fact that
they have the same hyperfine splitting constants as those ob-
tained by a Fenton reaction in vitro as shown previously (Fig.
2A). Since the signal for DMPO-OH adducts from RAW
cells was missing in the presence of SOD but not in the pres-
ence of catalase, the DMPO-OH adducts were ascribed to de-
composed products of DMPO-OOH, as in the case of (6)-IA
in PBS. On incubation of RAW 264.7 cells with (6)-IA, the
signal of DMPO-OH adducts increased but no more than the
additive effect. However, stimulation of RAW cells with LPS
and INF-g enhanced the formation of DMPO-OH adducts
slightly more than the additive effect, especially when the
concentration of (6)-IA increased (Fig. 2C). We interpret
this to mean that (6)-IA has low oxidation potential and eas-
ily suffers from autoxidation. In the presence of excess O2

2,
the efficiency of oxidation to semiquinones and resultant pro-
duction of O2

2 from semiquinones would not be much in-
creased. In the case of DES, the spectra of DMPO-OH
adducts were not increased concentration-dependently in the
absence of RAW cells, however in their presence, they in-
creased concentration-dependently, especially when these

cells were stimulated with LPS and IFN-g . These results
were interpreted to mean that DES would have a higher oxi-
dation potential than (6)-IA as shown in Fig. 2C, not be oxi-
dized to semiquinoes spontaneously, and therefore not pro-
duce DMPO-OH adducts in the absence of RAW cells. How-
ever, in their presence, DES might be easily oxidized to
semiquinones by the reaction with O2

2 produced from RAW
264.7 cells. These semiquinones would be converted to hy-
droquinones, producing O2

2 which would be trapped by
DMPO. Producing O2, DES would be converted to quinones,
which might be converted again to semiquinones due to a
themodynamic equilibration of quinones and hydroquinones.7)

Since semiquinones would disappear, the equilibration would
proceed toward producing semiquinones (Fig 4).

Recently, it was elucidated that DES is one of the few sub-
stances for which a clear association with carcinogenicity has
been established in humans.8) However, DES and (6)-IA (a
DES metabolite), in contrast to most other carcinogens, did
not induce mutations in the Salmonella/microsome test9,10) or
the malignant transformation of eukaryotic cells in culture.11)

The results support that active oxygen species from DES and
(6)-IA are implicated in the carcinogenesis by these com-
pounds.

Acknowledgments We are grateful to Dr. Yoshihiro Sato
for suggestions and critical reading of the manuscript.

REFERENCES

1) McCord J. M., Fridovich I., J. Biol. Chem., 244, 6049—6055 (1969).
2) Suzuki Y. J., Forman H. J., Sevanian A., Free Radic. Biol. Med., 22,

269—285 (1997).
3) Diaz M. N., Frei B., Vita J. A., Keaney J. F., N. Engl. J. Med., 337,

408—416 (1997).
4) Kodama M., Inoue F., Saito H., Oda T., Sato Y., Anticancer Res., 17,

439—444 (1997).
5) Lowenstein C. J., Alley E. W., Raval P., Snowman A. M., Snyder S. H.,

Russell S. W., Murphy W. J., Proc. Natl. Acad. Sci. U.S.A., 15, 9730—
9734 (1993).

6) Oda T., Sakakibara Y., Sato Y., Hanzawa H., Hata T., Chem. Pharm.
Bull., 40, 588—592 (1992).

7) Ronald P. M., “Free-Radical Intermediates in the Metabolosm of Toxic
Chemicals,” ed. by Willium A. P., Academic Press, New York, Lon-
don, 1982, pp. 161—222.

October 2002 1313
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ated in the Presence of (6)-IA or DES under Various Conditions

All values were corrected using Mn signal as a standard. The data are means of three
independent experiments.

Fig. 4. Super Oxide Production from (6)-IA or DES
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