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Abstract Diesel exhaust particles contain redox-active
quinones, such as 9,10-phenanthraquinone (9,10-PQ)
and 1,2-naphthoquinone (1,2-NQ), which act as potent
electron acceptors, thereby altering electron transfer
tgljoint @|Set Line Joint Styleon proteins. We have
previously found that 9,10-PQ inhibits constitutive nitric
oxide synthase (NOS) activity, by shunting electrons
away from NADPH on the cytochrome P450 reductase
domain of NOS, and thus suppresses acetylcholine
(Ach)-induced vasorelaxation in the aortic ring. How-
ever, the effect of 1,2-NQ on endothelial NOS (eNOS)
activity is still poorly understood. With the membrane
fraction of cultured bovine aortic endothelial cells, we
found that 1,2-NQ was a potent inhibitor of eNOS with
an IC50 value of 1.4 lM, whereas trans-1,2-dihydroxy-
1,2-dihydronaphthalene (1,2-DDN), a redox-negative
naphthalene analog of 1,2-NQ, did not show such an
inhibitory action. Although 1,2-DDN (5 lM) did not
affect Ach-mediated vasorelaxation, 1,2-NQ caused a
significant suppression of Ach-induced endothelium-
dependent vasorelaxation in the aortic ring. However,
1,2-NQ did not affect sodium nitroprusside-induced
endothelium-independent vasorelaxation. These results
suggest that 1,2-NQ is an environmental quinone that
inhibits eNOS activity, thereby disrupting NO-depen-
dent vascular tone.
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Introduction

Endothelium-derived nitric oxide (NO), which is syn-
thesized by NO synthase (NOS), is a critical regulator of
cardiovascular homeostasis. In vascular physiology, NO
regulates blood pressure (Calver et al. 1992; Moncada
et al. 1991), maintains vasodilator tone (Palmer et al.
1987), prevents platelet aggregation (Radomski et al.
1987) and inhibits vascular smooth muscle cell prolif-
eration (Stewart et al. 1994). In the vasculature, NO is
synthesized from L-arginine, by the endothelial isoform
of NOS (eNOS) (Ignarro 1989; Moncada and Higgs
1993), and NO production is regulated by eNOS activity
and/or expression.

Diesel exhaust particles (DEP) contain numerous
components such as aliphatic hydrocarbons, polycyclic
aromatic hydrocarbons and their hydroxyl derivatives,
quinones and various metals. It is well known that
exposure to DEP components causes oxidative stress in
experimental animal and in cultured mammalian cells
(Sagai et al. 1993; Hiura et al. 1999; Li et al. 2000).
Recently, polycyclic aromatic hydrocarbon quinones
have been identified as a potential component of DEP
in the oxidative stress-dependent deleterious action of
DEP. We reported that a variety of quinones, with
one-electron reduction potential (E1

7) values ranging
from �240 to �100 mV, are capable of inhibiting
neuronal NOS (nNOS) activity (Kumagai et al. 1998).
We also found that by shunting electrons away from
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NADPH as the electron donor, 9,10-phenanthraqui-
none (9,10-PQ), with an E1

7 value of �124 mV, is the
most potent inhibitor of nNOS with an IC50 value of
10 lM (Kumagai et al. 1998). Subsequent studies
indicated that 9,10-PQ inhibits eNOS activity (IC50

value=0.6 lM) and, thus, diminished NO-dependent
vasorelaxation in rat aortic ring (Kumagai et al. 2001).
Since the exposure of DEP components to rat aorta
results in the suppression of acetylcholine (Ach)-
dependent vasorelaxation (Ikeda et al. 1995), these re-
sults suggest that quinones, such as 9,10-PQ, play a
role in the impairment of NO-dependent vasorelaxation
in the aortic ring.

We have recently developed a sensitive and repro-
ducible assay for the simultaneous quantitation of qui-
nones in DEP by gas chromatography–mass
spectrometry. Using this assay, we reported that besides
9,10-PQ (24.19 lg/g DEP), 1,2-naphthoquinone, (1,2-
NQ) is contained in DEP (13.69 lg/g DEP) (Cho et al.
2004). It was reported that 1,2-NQ affects the enzyme
activity of nNOS with an IC50 value of 11.5 lM
(Kumagai et al. 1998), but the effects of 1,2-NQ on
eNOS activity and on NO-dependent vascular tone re-
main to be elucidated. This study shows that 1,2-NQ
inhibits eNOS activity and suppresses NO-dependent
vasorelaxation.

Materials and methods

Materials

Chemicals were obtained as follows: 1,2-naphthoqui-
none (1,2-NQ), dithiothreitol (DTT) from Nacalai Tes-
que (Kyoto, Japan); dimethyl sulfoxide (DMSO), Ach,
sodium nitroprusside (SNP) and L-arginine from Sigma
Chemical (St Louis, MO); L-[2,3-3H]arginine from Du-
Pont-NEN Research Products (Boston, MA) and
AG50W-X8 resin from Bio-Rad Laboratories (Hercules,
CA). Calmodulin (CaM) was purified from the bovine
brain, as described by Gopalakrishna and Anderson
(1982). trans-1,2-Dihydroxy-1,2-dihydronaphthalene
(1,2-DDN) was synthesized as described by Platt and
Oesch (1983). The synthetic chemical showed >95%
purity. All other chemicals used were of the highest
grade available.

Animals

A total of 11 male New Zealand rabbits (1–1.5 kg) were
used in this study. They were obtained from the
Experimental Animal Center of the University of Tsu-
kuba. All of them were housed in standard cages and
allowed free access to standard rabbit chow and water
ad libitum. They were all handled and cared for
according to institutional guidelines in compliance with
the ‘‘Principles of Laboratory Animal Care’’ and the
‘‘Guide for the Care and Use of Laboratory Animals.’’

Oxygen consumption by 1,2-NQ

Both 1,2-NQ and 1,2-DDN were dissolved in DMSO.
Others were prepared with double distilled deionized
water. The reaction mixture (2 ml) consisted of 1,2-NQ
or 1,2-DDN (50 lM), 500 lM DTT and 100 mM HE-
PES (pH 7.6)–3 mM EDTA. After the reactions were
initiated by the addition of 1,2-NQ or 1,2-DDN, oxygen
consumption in the solution was measured by a DO
meter B-505 (Iijima Electronics Corp., Aichi, Japan)
every 30 s for 5 min at room temperature.

Enzyme preparation

Bovine aortic endothelial cells (BAECs) were obtained
from Dainippon Pharmaceutical Industrial (Tokyo, Ja-
pan). The BAECs were maintained in a Dulbecco’s
modified Eagle’s medium-nutrient F-12 (1:1, vol/vol)
containing 15% heat-inactivated fetal bovine serum–
penicillin (100 U/ml)–streptomycin (100 lg/ml) and
fibroblast growth factor—acidic (5 ng/ml)–heparin
(10 U/ml). The cells were incubated in a humidified
atmosphere of 95% air–5% CO2. BAECs between pas-
sages 3 and 7 were used in the preparation of the en-
zyme. The enzyme was prepared and kept as described in
Sun et al. (2005).

Enzyme activity

The incubation mixtures (0.1 ml) consisted of a sus-
pension of the membrane fraction of the BAECs (0.08–
0.10 mg of protein), 1,2-NQ (0.25–4 lM), a complete
medium (20 nM 2,3-[3H]arginine, 50 lM L-arginine,
100 lM NADPH, 10 lM tetrahydrobiopterin, 2 mM
CaCl2, 1 lg of CaM) and 20 mM HEPES (pH 7.4). 1,2-
NQ was dissolved in DMSO; the maximal volume of the
DMSO was maintained at 20 ll/ml of the assay mixture
because DMSO slightly affected eNOS activity. The
enzyme activity was measured according to the method
described in Sun et al. (2005). To calculate the IC50

value, eNOS activities, in the presence of different con-
centrations of 1,2-NQ, were analyzed by a nonlinear
regression program using the PRISM version 3.0 (Graph
Pad Software, San Diego, CA).

Measurement of vascular relaxation

The rabbits were sacrificed after being anesthetized with
pentobarbital sodium (120 mg/kg i.v.). Rabbit aortic
rings were prepared as described by Furchgott and Za-
wadzki (1980). The thoracic aortas were carefully re-
moved to protect the endothelial lining, cleared of
adhering fat and connective tissue, and cut into 3-mm-
wide transverse rings. The rings were mounted under 1 g
of resting tension on stainless-steel hooks in 20-ml
capacity muscle chambers and bathed in an oxygenated
(95% O2–5% CO2) Krebs–Henseleit solution (115 mM
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NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4,
1.2 mM KH2PO4, 25 mM NaHCO3 and 10 mM glu-
cose, pH 7.4) at 37�C. Tension was measured isometri-
cally, using a force–displacement transducer (model
DSA-603, Minebea, Tokyo, Japan). Experiments were
conducted to determine the responsiveness of the
endothelium-intact aortic rings to Ach, an endothelium-
dependent vasodilator. After pre-incubation of the aor-
tic rings with 1,2-NQ or 1,2-DDN for 60 min, the organ
bath was washed three times in a Krebs–Henseleit
solution. Then, 1 lM of phenylephrine was added to
precontract the aortic ring and increasing concentrations
of Ach were added in a cumulative manner (10�9–
10�6.5 M). Concentration–response curves were then
determined, with relaxation expressed as the percentage
decrease in the contractile tone elicited by 1 lM phen-
ylephrine. The responsiveness to the endothelium-inde-
pendent vasodilator SNP (10�11–10�7 M) was also
measured in the endothelium-denuded aortic rings.

Statistics

Each value was expressed as the mean ± SE with re-
peated measurements for each group. A t-test was car-
ried out on a personal computer, using a biomedical
program (HALBAU, Japan).

Results

Redox cycling

We reported that the inhibition potency of nNOS and
eNOS activities by quinones is correlated with their E1

7

values (Kumagai et al. 1998). Thus, it is postulated that
redox-active quinones react readily with electron do-
nors, such as thiol chemicals, resulting in the occurrence
of redox cycling associated with the generation of reac-
tive oxygen species (ROS) as previously reported
(Kumagai et al. 2002). To investigate whether 1,2-NQ is
a redox-active quinone like 9,10-PQ, we determined the
redox cycling reaction of 1,2-NQ in the presence of
DTT. Oxygen consumption in the incubation mixture of
1,2-NQ was monitored for ROS generation. As shown in
Fig. 1, dissolved oxygen in the reaction mixture was
rapidly consumed after the addition of DTT (500 lM)
to 1,2-NQ (50 lM). Such oxygen consumption was also
observed with 9,10-PQ (data not shown). However,
when 1,2-DDN (see Fig. 2) was used instead of 1,2-NQ,
no appreciable change in oxygen consumption in the
presence of DTT was seen. For these reasons, 1,2-DDN
was utilized as a redox-negative analog for 1,2-NQ in
subsequent experiments.

eNOS activity

To determine whether 1,2-NQ affects eNOS enzyme
activity, we incubated with 1,2-NQ and BAECs mem-

brane fraction. As shown in Fig. 3a, 1,2-NQ inhibited
eNOS enzyme activity in a concentration-dependent
manner. The IC50 value of 1,2-NQ, estimated by a
nonlinear regression analysis, was 1.4 lM. More than
90% of the eNOS activity was inhibited by 10 lM of
1,2-NQ. In contrast, 1,2-DDN showed a slight inhibi-
tion of eNOS activity even at 10 lM (Fig. 3b).

Vasorelaxation of the aortic ring

Although 1 lM of 1,2-NQ did not affect Ach-induced
endothelium-dependent vasorelaxation, 5 lM of 1,2-NQ
significantly suppressed endothelium-dependent relaxa-

Fig. 1 Structures of a 1,2-naphthoquinone (1,2-NQ) and b trans-
1,2-dihydroxy-1,2-dihydronaphthalene (1,2-DDN)

Fig. 2 Oxygen consumption by 1,2-NQ and 1,2-DDN. The
reaction mixture (2 ml) consisted of 1,2-NQ or 1,2-DDN
(50 lM), 500 lM DTT and 0.1 M HEPES (pH 7.6)–3 mM EDTA.
Reactions were initiated by the addition of 1,2-NQ or 1,2-DDN.
Dissolved oxygen in the solution was measured every 30 s for 5 min
at room temperature. Each value is the mean ± SD of three
determinations
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tion (the percentage of maximal relaxation was
98.15±3.2, 96.3±6.4 and 13.74±1.1% in the control,
the 1- and 5-lM concentrations of 1,2-NQ, respectively)
(Fig. 4a). Under the same concentration, however, 1,2-
DDN failed to diminish such a pharmacological action
(the percentage of maximal relaxation was 98.15±3.2
and 99.35±1.1% in the control and the 5-lM concen-
tration of 1,2-DDN) (Fig. 4b). In contrast, 1,2-NQ did
not affect SNP-induced endothelium-independent va-
sorelaxation (Fig. 5).

Discussion

The present study indicates that 1,2-NQ is a component
of DEP, which affects eNOS activity with the membrane
fraction of endothelial cells; thus suppressing Ach-in-
duced vasorelaxation of the aortic ring. Considering its
structure, it is recognized that 1,2-NQ has at least two
chemical properties. One is the covalent attachment to
thiol functions, due to the existence of a,b-unsaturated

carbonyl group, and the other is redox cycling, with
electron donors such as dithiols, as indicated by a pre-
vious study (Kumagai et al. 2002). As shown in Fig. 1, a
rapid oxygen consumption of dissolved oxygen occurs
after the reaction of 1,2-NQ with DTT, but not after the
reaction of 1,2-DDN with DTT; suggesting that 1,2-NQ
is a potent redox-active chemical whereas 1,2-DDN is a
poor substance for redox cycling. We found that qui-
nones that interact with thiols, such as DTT, inhibit
eNOS activity (Kumagai et al. 1998, 2001, 2002). Al-
though the covalent binding of 1,2-NQ with eNOS,
through reactive thiols, might be involved in 1,2-NQ-
induced inhibition of eNOS activity, 1,2-NQ–4-mer-
captoethanol, which has a negative covalent binding
reactivity, caused marked oxygen consumption in the
presence of DTT and also inhibited eNOS activity with
1,2-NQ (K. Taguchi et al., unpublished observation)

Fig. 3 Effects of 1,2-NQ and 1,2-DDN on eNOS activity. a
Concentration-dependent inhibition of eNOS activity by 1,2-NQ.
After the enzyme solution was pre-incubated with 1,2-NQ from
0.25 to 4 lM at 37�C for 5 min, reactions were initiated by the
addition of the complete medium and carried out at 37�C for
30 min. eNOS activity was determined as conversion from L-
arginine to L-citrulline. Each point is the average of two
determinations. b Alteration in eNOS enzyme activity during
incubation with 10 lM 1,2-NQ or 1,2-DDN for 5 min. Under the
same conditions in (a), the enzyme solution was pre-incubated with
1,2-NQ or 1,2-DDN by 10 lM, respectively, and then NO
production was determined. Each bar is the average of two
determinations

Fig. 4 Effects of 1,2-NQ and 1,2-DDN on Ach-induced endothe-
lium-dependent relaxations in the aortic ring. a Effects of 1,2-NQ
on endothelium-dependent relaxation. After the aortic rings with
endothelium were treated with 1,2-NQ (1 and 5 lM) for 60 min,
respectively, phenylephrine (1 lM) was added to precontract the
aortic ring, and then increasing concentrations of Ach were added
in a cumulative manner. Concentration–response curves were
determined with relaxation expressed as the percentage decrease
in contractile tone elicited by 1 lM phenylephrine, contrast to
control. Each value is the mean ± SE of three animals. b Effects of
1,2-DDN on endothelium-dependent relaxation. After the aortic
rings with endothelium were treated with 1,2-DDN (5 lM) for
60 min, the experiments were carried out as described in (a).
Concentration–response curves were determined with relaxation
expressed as the percentage decrease in the contractile tone elicited
by 1 lM phenylephrine, in contrast with the control. Each value is
the mean ± SE of three animals
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with the same tendency. This suggests that 1,2-NQ-in-
duced inhibition of eNOS activity is caused by its redox-
active property rather than its covalent modification to
eNOS. From these observations, we thought that unlike
1,2-DDN, 1,2-NQ could affect eNOS activity, thereby
disrupting NO-dependent vasorelaxation. Consistent
with this notion, 1,2-NQ suppressed Ach-induced
endothelium-dependent vasorelaxation, whereas 1,2-NQ
did not affect SNP-induced endothelium-independent
vasorelaxation. In addition, 1,2-DDN had no effect on
Ach-mediated vasorelaxation of rabbit aortic ring. Ta-
ken together, our findings suggest that 1,2-NQ-induced
impairment of NO-dependent vascular tone is, at least,
partially due to the inhibition of NO formation by
eNOS, presumably through shunting electrons away
from NADPH on the cytochrome P450 reductase do-
main of NOS, as reported previously (Kumagai et al.
1998, 2001).

Epidemiological examinations have suggested that
the exposure of humans to ambient particulate matter is
associated with an increased risk of cardiopulmonary-
related diseases and mortality (Dockery et al. 1993; Pope
et al. 1995). Ikeda et al. (1995) previously reported that
incubation of rat aortic ring with a suspension of DEP
caused an impairment of Ach-induced endothelium-
dependent vasorelaxation. These findings suggest that
DEP chemicals in urban air participate in an impairment
of vasorelaxation. Since DEP contains multiple qui-
nones with high redox activity, other than 9,10-PQ and
including 1,2-NQ (Cho et al. 2004), we speculate that
such redox-positive quinones contaminated in DEP af-
fect eNOS activity and, thus, alter NO-dependent vas-
cular tones. It is reported that the exposure of 9,10-PQ
to human pulmonary epithelial A549 cells resulted in
marked oxidative protein modification and subsequent

apoptosis (Sugimoto et al. 2005). These deleterious ac-
tions of 9,10-PQ result from the generation of ROS,
through redox cycling, and account for the oxidative
stress-dependent cellular toxicity caused by 1,2-NQ seen
in the BAECs and A549 cells in our laboratory.
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