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Abstract

Ž . Ž .6-Anilino-5,8-quinolinedione LY83583 has been widely used as an agent to reduce levels of nitric oxide NO -dependent cGMP in
tissues. We report here that suppression of NO formation and production of superoxide during enzymatic reduction of LY83583 by
neuronal NO synthase appeared to be potentially involved in the pharmacological action caused by LY83583. LY83583 suppressed

Žneuronal NO synthase activity of 20,000=g rat cerebellar supernatant preparation in a concentration-dependent manner IC50
.values12.9 mM . A kinetic study revealed that LY83583 is a competitive inhibitor with respect to NADPH, with a K value of 2.57i

mM. With purified neuronal NO synthase it was found that LY83583 was a potent inhibitor of NO formation by the enzyme and served as
efficient substrate for reduction with a specific activity of 173 nmol of NADPH oxidized per mg of protein per minute. The reductase
activity was stimulated about 19.8-fold by addition of CaCl rcalmodulin, indicating that the presence of CaCl rcalmodulin is essential2 2

to express maximal activity of LY83583 reduction. Although LY83583 was a good substrate for both NADPH-cytochrome P450
Ž .reductase P450 reductase and DT-diaphorase, these flavin enzymes-catalyzed reductions of LY83583 were less than the neuronal NO

synthase-mediated reduction in the presence of CaCl rcalmodulin. Enzymatic generation of superoxide during reduction of LY83583 by2
Ž .neuronal NO synthase, P450 reductase or DT-diaphorase was confirmed by electron spin resonance ESR experiments. Thus the present

results indicate that a benzoquinone derivative LY83583 appears to interact with the P450 reductase domain on neuronal NO synthase,
resulting in inhibition of NO formation and superoxide generation, which is involved in suppression of intracellular cGMP content.
q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .6-Anilino-5,8-quinolinedione LY83583 lowers intra-
Žcellular cGMP in various tissues Schmidt et al., 1985;

Diamond and Chu, 1985; MacLeod et al., 1987; Barbier
.and Lefebvre, 1992 by different mechanisms. Mulsch et¨

Ž .al. 1988 had reported that LY83583 inhibits soluble
guanylate cyclase which catalyzes the conversion of GTP

Ž . Žto cGMP and is activated by nitric oxide NO Dierks and
.Burstyn, 1996 . It was also shown that this compound

suppresses not only endothelium-dependent vasorelaxation
ŽMacLeod et al., 1987; Mulsch et al., 1988; Cherry et al.,¨
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3039; E-mail: yk-em-tu@md.tsukuba.ac.jp

.1990; Støen et al., 1997 , an effect which is mediated by
enzymatically formed NO, but also endothelium-indepen-
dent relaxation induced by exogenous NO generated from

Žnitrovasodilator drugs Mulsch et al., 1988; Furchgott and¨
Jothianandan, 1991; Barbier and Lefebvre, 1992; Kontos

.and Enoch, 1993 . Although possible mechanisms to ex-
plain the LY83583-promoted pharmacological action have

Žbeen suggested by others Mulsch et al., 1988; Gidari et¨
al., 1989; Kontos and Enoch, 1993; Sundqvist and Axels-

.son, 1993; Luo et al., 1995 , details of the mechanism for
inhibition of NO formation by NO synthase and superox-
ide generation by LY83583 still remain obscure.

Endogenous formation of NO from L-arginine is cat-
alyzed by NO synthase. Isozymes of NO synthase consist-
ing of neuronal-, endothelial- and inducible forms have in
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Žcommon a NADPH-cytochrome P450 reductase P450
. Ž .reductase domain Lowenstein and Snyder, 1992 , which

is capable of transferring electrons from NADPH to artifi-
Ž .cial acceptors Klatt et al., 1992 . We have recently found

that quinoid compounds, which undergo one- or two-elec-
tron reduction by flavoenzymes such as P450 reductase

Ž .and DT-diaphorase Chesis et al., 1984; O’Brien, 1991 ,
are potent inhibitors of rat neuronal NO synthase activity
and that the enzyme can serve as a quinone reductase
which shunts electrons away from oxygen activation and

Ž .L-arginine oxidation Kumagai et al., 1998 . These find-
ings suggested that neuronal NO synthase would effec-
tively reduce quinones, causing a marked decrease in the
formation of NO from L-arginine. Since LY83583 pos-
sesses a benzoquinone structure, it was assumed that the
blockage of electron flow from NADPH to suppress NO
formation during reduction of this quinone by NO syn-
thase, could possibly be associated with a decrease in
cGMP content. Thus the present study was designed to test
whether or not neuronal NO synthase is capable of reduc-
ing LY83583, and in the process, lead to superoxide
generation in the presence of NADPH. We also examined
the contribution of other flavoproteins, P450 reductase
and DT-diaphorase, to the generation of active oxygen
species from LY83583.

2. Materials and methods

2.1. Materials

LY83583 was obtained from Calbiochem–Nova-
Ž . wbiochem La Jolla, CA, USA . L-Arginine and L- 2,3-

3 x ŽH arginine were purchased from Sigma St. Louis, MO,
. ŽUSA and DuPontrNEN Research Products Boston, MA,
. X XUSA , respectively. DEAE-Sephacel, 2 5 -ADP Sepharose

4B and calmodulin Sepharose 4B were obtained from
Ž . XPharmacia LKB Biotechnology Uppsala, Sweden . 5,5 -
Ž .Dimethyl-1-pyrroline N-oxide DMPO was purchased

Ž .from Labotech Tokyo, Japan . DT-diaphorase was ob-
Ž .tained from TOYOBO Osaka, Japan . All other chemicals

used were of the highest grade available.

2.2. Enzyme preparation

Ž .Wistar male rats 5 weeks were decapitated and the
cerebellums were homogenized with 2 vol of 50 mM

Ž .Tris–HCl pH 7.4 –0.1 mM EDTA–0.1 mM EGTA–0.5
mM dithiothreitol–1 mM pepstatin–2 mM leupeptin–1
mM phenylmethylsulfonyl fluoride. The homogenate was
centrifuged at 20,000=g for 60 min. Supernatants ob-
tained were frozen under liquid nitrogen and kept at
y708C until use. Neuronal NO synthase was purified from
the 20,000=g supernatant preparation of rat cerebellum
by DEAE-Sephacel column chromatography, 2X5X-ADP
Sepharose 4B column chromatography, and calmodulin

Sepharose 4B column chromatography according to the
Ž .methods of Bredt and Snyder 1990 and Schmidt et al.

Ž .1991 . P450 reductase was purified from liver micro-
somes from phenobarbital-treated Sprague–Dawley rats by

Ž .the method of Kumagai et al. 1994a . Calmodulin was
purified from bovine brain by the method of Gopalakr-

Ž . 2q 2qishna and Anderson 1982 . Cu ,Zn -superoxide dismu-
tase was purified from bovine erythrocytes as described

Ž .previously Kumagai et al., 1994b . Each final preparation
of purified protein showed a single bond on sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis. Protein
concentration was measured by the method of Bradford
Ž .1976 with bovine serum albumin as a standard.

2.3. No formation

Ž .Incubation mixtures 0.1 ml contained enzyme prepara-
tion, various concentrations of LY83583, complete medium
Ž w 3 x20 nM 2,3- H arginine, 50 mM L-arginine, 100 mM

Ž .NADPH, 10 mM 6R -5,6,7,8-tetrahydro-L-biopterin, 2
.mM CaCl , 1 mg of calmodulin and 40 mM HEPES2

Ž .buffer pH 7.6 . Reactions were initiated by addition of the
complete medium and were carried out at 378C for 10 min.

Ž .LY83583 was dissolved in dimethyl sulfoxide DMSO
and the maximal volume of DMSO was kept to 20 mlrml
of assay mixture. Under these conditions, NO synthase

Žactivity was slightly affected by DMSO 10.7% inhibition
.of control . After the reaction, production of citrulline

from arginine was performed according to the method of
Ž .Bredt and Snyder 1990 .

2.4. Reduction of LY83583

The reductase activity of LY83583 was determined by
NADPH oxidation at 340 nm using an extinction coeffi-
cient of 6.22 mMy1 cmy1, with a Shimadzu UV-1600

Ž .double beam spectrophotometer Kyoto, Japan . Briefly,
Ž .incubation mixtures 1.2 ml contained purified neuronal

ŽNO synthase, P450 reductase or DT-diaphorase added to
.the sample cuvette only , 10–100 mM LY83583, complete

Žmedium described above and 40 mM HEPES buffer pH
.7.6 . Reactions were initiated by addition of the complete

medium to the reference and sample cuvettes. The
LY83583-dependent NADPH oxidation was estimated by
subtracting the enzymatic NADPH consumption in the
presence of DMSO only.

2.5. Detection of superoxide

Superoxide generated during reduction of LY83583 by
flavin enzymes was identified as DMPO-OOH adduct.

Ž .Electron spin resonance ESR was performed at 258C
Ž .using a JES-TE200 spectrometer JEOL, Tokyo, Japan as

Ž .reported previously Kumagai et al., 1997 . Incubation
Ž .mixture 0.2 ml containing 0.1 mM LY83583, various

amounts of enzymes, 0.1 mM NADPH, 100 mM DMPO
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Ž .and 40 mM Hepes buffer pH 7.6 was incubated at 258C
for 2 min unless otherwise noted. The spectrometer set-
tings are indicated in the figure legend.

3. Results

3.1. Inhibition of neuronal NO synthase actiÕity by
LY83583

Fig. 1 shows the effect of LY83583 on neuronal NO
synthase activity of 20,000=g supernatant preparation of
rat cerebellum. LY83583 was a potent inhibitors of NO
production as determined by citrulline formation with an
IC value of 12.90 mM which is comparable to that50

Ž . Ž .reported by Luo et al. 1995 . Addition of GSH 1 mM ,
2q 2q Ž . ŽCu ,Zn -superoxide dismutase 10 units , catalase 10
. Ž . Ž .units , mannitol 100 mM or thiourea 10 mM to the

incubation mixture of the neuronal NO synthase prepara-
tion in the presence of LY83583 failed to appreciable
restore the decrease in NO formation caused by LY83583
Ž .data not shown , suggesting that either covalent modifica-
tion of the NO synthase protein or generation of poten-
tially destructive active oxygen species was not involved
in the LY83583-mediated suppression of neuronal NO
synthase activity. As shown in Fig. 2, LY83583 was found
to be a competitive inhibitor with respect to NADPH; the
K value obtained from Dixon plot analysis was 2.57 mM.i

3.2. Reduction of LY83583 by neuronal NO synthase and
other flaÕin enzymes

Since neuronal NO synthase is capable not only to form
NO from L-arginine but also to reduce a variety of quinones
Ž .Kumagai et al., 1998 , the possibility of enzyme-catalyzed
reduction of LY83583 was tested. Table 1 summarizes

Fig. 1. Inhibition by LY83583 of neuronal NO synthase activity by
20,000= g supernatant preparation of rat cerebellum. Neuronal NO
synthase activity was determined as citrulline formed from L-arginine.
Each pint is the average of two determinations.

Fig. 2. Lineweaver–Burk plot of NO formation by 20,000= g super-
natant preparation of rat cerebellum in the absence and presence of
LY83583. NO formation was determined as citrulline formation. Each
point is the average of two determinations.

results of reductase activities for LY83583 of flavoen-
zymes, neuronal NO synthase, P450 reductase and DT-di-
aphorase. In the absence of LY83583 and L-arginine, the
rates of neuronal NO synthase-catalyzed NADPH oxida-
tion with and without CaCl rcalmodulin were 981 and 662

nmolrmgrmin, respectively. As expected, LY83583 was
Žreduced by neuronal NO synthase specific activity: 173
.nmol of NADPH oxidizedrmgrmin . While neuronal NO

synthase catalyzed NO formation with a specific activity
Žof 647.70 nmol of citrulline formedrmgrmin in the

.presence of CaCl rcalmodulin , the reduction of LY835832

was stimulated about 19.8-fold by addition of CaCl r2

Table 1
Reduction of LY83583 by neuronal NO synthase, P450 reductase and
DT-diaphorase

aConditions Reductase activity of LY83583

Neuronal P450 reductase DT-diaphorase
NO synthase

nmolrmgrmin
Ž .% of control

Ž . Ž . Ž .Complete 173 100 831 100 1716 100
b Ž . Ž . Ž . Ž .qNADH 0.1 mM 0 0 0 0 1822 106

Ž . Ž . Ž .qCaCl rcalmodulin 3419 1976 479 58 1205 702
c Ž . Ž . Ž .qdiphenylene 313 181 638 77 2015 114

Ž .-iodonium 10 mM

a LY83583-dependent NADPH oxidation was estimated by subtracting the
Ženzymatic NADPH consumption in the presence of DMSO only see

.Section 2.4 .
b Ž .This was used instead of NADPH 0.1 mM .
c Reaction was carried out in the presence of 2 mM CaCl and calmodulin2
Ž .1 mg . Specific activities of NADPH oxidation in the absence of

Ž .LY83583 DMSO only by neuronal NO synthase were 981
Ž .nmolrmgrmin with CaCl rcalmodulin and 66 nmolrmgrmin2

Ž .without CaCl rcalmodulin . Each pint is the average of duplicate2

determinations.
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calmodulin, indicating that CaCl rcalmodulin is required2
Žfor the maximal activity, not only of NO formation Bredt

.and Snyder, 1990 but also of reduction of LY83583, like
Ž .9,10-phenanthraquinone Kumagai et al., 1998 . Under

these conditions, NO formation from L-arginine by neu-
Žronal NO synthase was suppressed by LY83583 IC50

.values29 mM . Although P450 reductase and DT-di-
aphorase reduced LY83583 effectively, the reductase activ-

Ž .ity of these flavin enzymes was 24% P450 reductase and
Ž .50% DT-diaphorase of that of neuronal NO synthase in

the presence of CaCl rcalmodulin. In contrast, the pres-2

ence of CaCl rcalmodulin suppressed either P450 reduc-2

tase- or DT-diaphorase-mediated reduction of LY83583.
When NADH was used instead of NADPH, no reductase
activity of neuronal NO synthase and P450 reductase was
measurable whereas reduction of LY83583 by DT-di-
aphorase was required either pyridine nucleotide as the

Ž .cofactor. Diphenyleneiodonium 10 mM , which competes
with a nucleotide cofactor for binding to NO synthase
Ž .Stuehr et al., 1991 , blocked the neuronal NO synthase-
catalyzed reduction of LY83583 markedly. However, this

compound had a negligible effect on the reduction of
LY83583 by P450 reductase and DT-diaphorase.

3.3. Superoxide generation

If semiquinones, which easily undergo autooxidation to
Ž .produce superoxide O’Brien, 1991; Monks et al., 1992 ,

are formed from one-electron reduction of LY83583 by
neuronal NO synthase in the presence of NADPH, any
active oxygen species generated should be detectable. As
shown in Fig. 4, the ESR spectrum was monitored in
which the primary species was characteristic of the

ŽDMPO-OOH adduct, due to superoxide generation Fig.
. Ž .3A , but L-arginine 0.1 mM , a natural substrate for NO

Žsynthase, blocked the spin trapping of superoxide Fig.
.3B , which was consistent with the report by Pou et al.

Ž . Ž .1992 . Addition of LY83583 0.1 mM to the incubation
mixture of neuronal NO synthase resulted in a dominant
formation of DMPO-OOH adduct compared to the control

Ž .incubation in the absence of L-arginine Fig. 3C , which
was completely inhibited by Cu2q,Zn2q-superoxide dismu-

Ž .tase Fig. 3D . Similar results, i.e., that superoxide was

Ž . Ž .Fig. 3. Generation of active oxygen species during interaction of neuronal NO synthase with NADPH. A complete system 0.2 ml consisted of 40 mM
Ž . Ž . Ž . Ž . Ž .Hepes pH 7.6 , neuronal NO synthase 0.1 mg , BSA 2 mgrml , 2 ml of DMSO, calmodulin 1 mg , 2 mM CaCl , 10 mM 6R -5,6,7,8-tetrahydro-L-2

Ž . Ž . Ž .biopterin, 100 mM DMPO and 0.1 mM NADPH; B complete system q0.1 mM arginine; C complete system q0.1 mM LY83583; D complete
2q 2q Ž . Ž . Ž . Ž .system q0.1 mM LY83583q Cu ,Zn -superoxide dismutase 100 units ; E incubation mixture of P450 reductase 1.2 mg ; F incubation mixture

Ž .of DT-diaphorase 20 pg . Arrowhead, DMPO-OOH adduct; v, DMPO-OH adduct; `, DMPO-methyl adduct. The instrument settings were as follows:
modulation width, 100 kHz–0.079 mT; sweep time, 8 min; time constant, 1 s; microwave power, 16 mW; microwave frequency, 9.4251 GHz; magnetic
field, 336.5"5 mT. DMPO-OOH adduct: a , 0.14 mT; a , 1.13 mT; a , 1.41mT. DMPO-OH adduct: a , 1.49 mT; a ,, 1.49 mT.H g Hb N N H
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Fig. 4. Neuronal NO synthase-catalyzed reduction of LY83583 and subsequent generation of superoxide. nNOS, neuronal NO synthase; CaM, calmodulin.
Theoretically, it is presumed that, during one-electron reduction of 2 mol of quinone by flavin enzyme in the presence of 1 mol of NADPH, 2 mol of

Ž .semiquinone radical produced reacts with 2 mol of molecular oxygen to form 2 mol of superoxide Iyanagi, 1987 .

generated during interaction of neuronal NO synthase with
ŽLY83583, were also observed with P450 reductase Fig.

. Ž .3E or DT-diaphorase as enzyme source Fig. 3F . These
DMPO-OOH adducts detected were eliminated by addition

2q 2q Žof Cu ,Zn -superoxide dismutase in both cases data not
.shown . In contrast, neither GSH nor dithiothreitol was

capable of reducing LY83583, as no DMPO-OOH adduct
formation was detected during reaction of this quinoid
compound with the thiol agents at a physiological concen-

Ž .tration 5 mM .

4. Discussion

LY83583 has been found to reduce the intracellular
cGMP concentration by inhibiting the endothelium-derived

Ž .relaxing factor Furchgott, 1984 identified as NO, or by
Žgenerating superoxide, which can inactivate NO Palmer et

.al., 1987; Ignarro, 1989 . The present results with purified
neuronal NO synthase indicate that a decrease in NO
formation and generation of superoxide caused by LY83583
result from enzymatic reduction of this quinoid compound
by the enzyme. The inhibition of neuronal NO synthase by
LY83583 was non-competitive with respect to L-arginine

Ž .as reported by Luo et al. 1995 but competitive with
Ž .respect to NADPH Fig. 2 , indicating that LY83583 does

not bind to the substrate binding site of neuronal NO
synthase but rather binds to or near the NADPH binding
site. Our recent studies have shown that quinoid com-
pounds such as 9,10-phenanthraquinone, 1,4-naph-
thoquinone and menadione, which are reduced by neuronal
NO synthase, inhibit NO formation whereas 1,4-benzo-
quinone, 9,10-anthraquinone, mitomycin C, which have a
negligible inhibitory action on neuronal NO synthase activ-
ity, were poor substrates for reduction by the enzyme.
Ž .Kumagai et al., 1998 . Thus it seems likely that LY83583
also binds to the P450 reductase domain close to the
C-terminal of neuronal NO synthase, thereby shunting the
electron flow from the cofactor, resulting in the inhibition
of NO formation.

Ž .Mulsch et al. 1988 reported previously that LY83583¨
may require some interaction with intact cells before it can
exert its inhibitory action on NO production or NO-media-

Ž .ted smooth muscle relaxation. Gidari et al. 1989 , and

Ž .Barbier and Lefebvre 1992 have proposed that the activ-
ity of LY83583 was attributable to its ability to generate
superoxide in tissues because Cu2q,Zn2q-superoxide dis-
mutase attenuated this compound-mediated inhibition of
relaxation, but the exact mechanism for superoxide genera-
tion from LY83583 is not known. The chemical contribu-
tion to LY83583-promoted superoxide production was al-
most negligible compared to neuronal NO synthase-depen-
dent reaction. This was suggested by the results of ESR
studies, indicating that neuronal NO synthase appears to be
a catalyst for one-electron reduction of LY83583 to a
semiquinone radical, which reacts readily with molecular

Ž . Žoxygen to form superoxide Fig. 4 O’Brien, 1991; Monks
.et al., 1992 . Thus these observations point to an alterna-

tive mechanism involved in the suppression of intracellular
cGMP content by LY83583 and the mechanism is that,

Ž .like 9,10-phenanthraquinone Kumagai et al., 1998 ,
LY83583 can act as artificial electron acceptor and thus
inhibit NO synthesis and produce superoxide.

Furthermore, enzymatic production of superoxide, ac-
companied by interaction of LY83583 with P450 reduc-

Ž .tase or DT-diaphorase, was observed Fig. 3 . Immunoblot
analysis with antibodies against rat liver P450 reductase
and DT-diaphorase showed that both enzymes exist in a

Ž .blood vessel Kumagai et al., unpublished observation .
Peroxynitrite, produced by reaction of superoxide gener-

Žated with NO Beckman et al., 1990; Huie and Padmaja,
.1993 is thought to fail to activate the guanylate cyclase

responsible for producing cGMP. Hence, we suggest that
P450 reductase and DT-diaphorase also may play an im-
portant role in the inactivation of endogenous and exoge-
nous NO by LY83583 after it is reduced.

In conclusion, antineoplastic anthracyclic quinones such
as doxorubicin and aclarubicin have been reported to affect

Ž .NO synthase activity Luo and Vincent, 1994 and to
inhibit endothelium-dependent relaxation of aorta
Ž .Wakabayashi et al., 1991 . This together with our present
results suggested strongly that the pharmacological actions
of quinones could be associated with their resulting reduc-
tion by NO synthase isozymes. To confirm this hypothesis,
an extensive examination of the structure-activity relation-
ships of quinoid compounds, showing inhibition of NO-de-
pendent relaxation and reduction of cGMP content, is now
in progress in our laboratory.



( )Y. Kumagai et al.rEuropean Journal of Pharmacology 360 1998 213–218218

Acknowledgements

This research was supported in part by a grant-in-aid,
Ž .a08670385 YK , for scientific research from the Ministry

of Education, Science and Culture of Japan and by a fund
Ž .University Research Project from the University of
Tsukuba.

References

Barbier, A.J.M., Lefebvre, R.A., 1992. Effect of LY83583 on relaxation
induced by non-adrenergic non-cholinergic nerve stimulation and
exogenous nitric oxide in the rat gastric fundus. Eur. J. Pharmacol.
219, 331–334.

Beckman, J.S., Beckman, T.W., Chen, J., Marshall, P.A., Freeman, B.A.,
1990. Apparent hydroxyl radical production by peroxynitrite: implica-
tions for endothelial injury from nitric oxide and superoxide. Proc.
Natl. Acad. Sci. USA 87, 1620–1624.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation
of protein utilizing the principle of protein-dye binding. Anal.
Biochem. 72, 248–254.

Bredt, D.S., Snyder, S.H., 1990. Isolation of nitric oxide synthase, a
calmodulin-requiring enzyme. Proc. Natl. Acad. Sci. USA 87, 682–
685.

Cherry, P.D., Omar, H.A., Farrell, K.A., Stuart, J.S., Wolin, M.S., 1990.
Superoxide anion inhibits cGMP-associated bovine pulmonary arterial
relaxation. Am. J. Physiol. 259, H1056–1062.

Chesis, P.L., Levin, D.E., Smith, M.T., Ernster, L., Ames, B.N., 1984.
Mutagenicity of quinones: pathways of metabolic activation and
detoxification. Proc. Natl. Acad. Sci. USA 81, 1696–1700.

Diamond, J., Chu, E., 1985. A novel cyclic GMP-lowering agent,
LY83583, blocks carbachol-induced cyclic GMP elevation and in
rabbit atrial strips without blocking the negative inotropic effect of
carbachol. Can. J. Physiol. Pharmacol. 63, 908–911.

Ž .Dierks, E.A., Burstyn, J.N., 1996. Nitric oxide NOØ , the only nitrogen
monoxide redox form capable of activating soluble guanylyl cyclase.
Biochem. Pharmacol. 51, 1593–1600.

Furchgott, R.F., 1984. The role of the endothelium in the response of
vascular smooth muscle to drug. Annu. Rev. Pharmacol. Toxicol. 24,
175–197.

Furchgott, R.F., Jothianandan, D., 1991. Endothelium-dependent and
-independent vasodilation involving cyclic GMP: relaxation induced
by nitric oxide, carbon monoxide and light. Blood Vessels 28, 52–61.

Gidari, A.S., Furchgott, F.R., Jothianandan, D., 1989. Inhibition by
LY83583 of endothelium-dependent relaxation of rabbit aorta. FASEB
J. 3, A1178.

Gopalakrishna, R., Anderson, W.B., 1982. Ca2q-induced hydrophobic
site on calmodulin: application for purification of calmodulin by
phenyl-sepharose affinity chromatography. Biochem. Biophys. Res.
Commun. 104, 830–836.

Huie, R.E., Padmaja, S., 1993. The reaction of NO with superoxide. Free
Rad. Res. Commun. 18, 195–199.

Ignarro, L.J., 1989. Biological actions and properties of endothelium-de-
rived nitric oxide formed and released from artery and vein. Circ. Res.
65, 1–21.

Iyanagi, T., 1987. On the mechanisms of one- and two-electron transfer
by flavin enzymes. Chemica Scripta 27A, 31–36.

Kontos, H.A., Enoch, P., 1993. Hydroxyl radical-dependent inactivation
of guanylate cyclase in cerebral arterioles by methylene blue and by
LY83583. Stroke 24, 427–434.

Klatt, P., Heinzel, B., John, M., Kastner, M., Bohme, E., Mayer, B.,¨
1992. Ca2qrcalmodulin-dependent cytochrome c reductase activity
of brain nitric oxide synthase. J. Biol. Chem. 267, 11374–11378.

Kumagai, Y., Lin, L.Y., Hiratsuka, A., Narimatsu, S., Suzuki, T., Ya-
mada, H., Oguri, K., Yoshimura, Y., Cho, A.K., 1994a. Participation
of cytochrome P450-2B and -2D isozymes in the demethylenation of
methylenedioxy-methamphetamine enantiomers by rats. Mol. Pharma-
col. 45, 359–365.

Kumagai, Y., Shinyashiki, M., Sun, G.F., Shimojo, N., Sagai, M., 1994b.
An efficient method for purification of cuprozinc superoxide dismu-
tase from bovine erythrocytes. Experientia 50, 673–676.

Kumagai, Y., Arimoto, T., Shinyashiki, M., Shimojo, N., Nakai, Y.,
Yoshikawa, T., Sagai, M., 1997. Generation of reactive oxygen
species during interaction of diesel exhaust particle components with
NADPH-cytochrome P450 reductase and involvement of the bioacti-
vation in the DNA damage. Free Rad. Biol. Med. 22, 479–487.

Kumagai, Y., Nakajima, H., Midorikawa, K., Homma-Takeda, S., Shi-
mojo, N., 1998. The inhibition of nitric oxide formation by neuronal
nitric oxide synthase by quinones: nitric oxide synthase as a quinone
reductase. Chem. Res. Toxicol. 6, 608–613.

Lowenstein, C.J., Snyder, S.H., 1992. Nitric oxide, a novel biologic
messenger. Cell 70, 705–707.

Luo, D., Vincent, S.R., 1994. Inhibition of nitric oxide synthase by
antineoplastic anthracyclines. Biochem. Pharmacol. 47, 2111–2112.

Luo, D., Das, S., Vincent, S.R., 1995. Effects of methylene blue and
LY83583 on neuronal nitric oxide synthase and NADPH-diaphorase.
Eur. J. Pharmacol. 290, 247–251.

MacLeod, K.M., Ng, D.D.W., Harris, K.H., Diamond, J., 1987. Evidence
that cGMP is the mediator of endothelium-dependent inhibition of
contractile responses of rat arteries to a-adrenoceptor stimulation.
Mol. Pharmacol. 32, 59–64.

Monks, T.J., Hanzlik, R.P., Cohen, G.M., Ross, D., Graham, D.G., 1992.
Quinone Chemistry and toxicology. Toxicol. Appl. Pharmacol. 112,
2–16.

Mulsch, A., Busse, R., Liebau, S., Forstermann, U., 1988. LY83583¨ ¨
interferes with the release of endothelium-derived relaxing factor and
inhibits soluble guanylate cyclase. J. Pharmacol. Exp. Ther. 247,
283–288.

O’Brien, P.J., 1991. Molecular mechanisms of quinone cytotoxicity.
Chem. Biol. Interact. 80, 1–41.

Palmer, R.M.J., Ferrige, A.G., Moncada, S., 1987. Nitric oxide release
accounts for the biological activity of endothelium-derived relaxing
factor. Nature 327, 524–526.

Pou, S., Pou, W.S., Bredt, D.S., Snyder, S.H., Rosen, G.M., 1992.
Generation of superoxide by purified brain nitric oxide synthase. J.
Biol. Chem. 267, 24173–24176.

Schmidt, M.J., Sawyer, B.D., Truex, L.L., Marshall, W.S., Fleisch, J.H.,
1985. LY83583: an agent that lowers intracellular levels of cyclic
guanosine 3X,5X-monophosphate. J. Pharmacol. Exp. Ther. 232, 764–
769.

Schmidt, H.H.H.W., Pollock, J.S., Nakane, M., Gorsky, L.D., Forster-¨
mann, U., Murad, F., 1991. Purification of a soluble isoform of
guanylyl cyclase- activating factor synthase. Proc. Natl. Acad. Sci.
USA 88, 365–369.

Støen, R., Brubakk, A.M., Vik, T., Lossius, K., Jynge, P., Karlsson,
J.O.G., 1997. Postnatal changes in mechanisms mediating acetyl-
choline-induced relaxation in piglet femoral arteries. Pediatr. Res. 41,
702–707.

Stuehr, D.J., Fasehun, O.A., Kwon, N.S., Gross, S.S., Gonzalez, J.A.,
Levi, R., Nathan, C.F., 1991. Inhibition of macrophase and endothe-
lial cell nitric oxide synthase by diphenyleneiodonium and its analogs.
FASEB J. 5, 98–103.

Sundqvist, T., Axelsson, K.L., 1993. The cGMP modulator, LY83583
alters oxygen metabolites differently in cultured endothelial cells and
isolated neutrophilic granulocytes. Pharmacol. Toxicol. 72, 169–174.

Wakabayashi, I., Sakamoto, K., Hatake, K., 1991. Inhibitory effect of
aclarubicin on endothelium-dependent relaxation of rat aorta. Pharma-
col. Toxicol. 68, 187–191.


