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Inhibition of inducible nitric oxide synthase by f-lapachone in rat

alveolar macrophages and aorta
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1 f-Lapachone, a plant product, has been shown to be a novel inhibitor of DNA topoisomerase.
In this study, we performed experiments to examine the effects of f-lapachone on lipopolysaccharide
(LPS)-induced inducible nitric oxide (NO) synthase (iNOS) in rat alveolar macrophages and aortic
rings.

2 In alveolar macrophages, incubation with LPS (10 ug ml~") for various time intervals resulted in
a significant increase in nitrite production and iNOS protein synthesis, that was inhibited by co-
incubation with f-lapachone (1-4.5 uM) without any cytotoxic effects. However, addition of /-
lapachone after induction of NO synthase by LPS failed to affect the nitrite production.

3 Treatment with LPS (10 ug ml~') for 6 h resulted in significant expression of mRNA for iNOS
which was significantly inhibited in the presence of f-lapachone (3 uM) in alveolar macrophages.
4 In endothelium-intact rings of thoracic aorta, f-lapachone (1 and 3 pM) markedly inhibited the
hypocontractility to phenylephrine in aortic rings treated with LPS (10 ug ml~") for 4 h. When §-
lapachone was added 3 h after LPS into the medium, the contractions evoked by phenylephrine were
not significantly different in the presence or absence of f-lapachone.

5 Treatment with LPS (10 ug mi=") for 4 h resulted in a significant increase in iNOS protein
synthesis which was inhibited in the presence of f-lapachone (3 uM), but did not affect the
constitutive (endothelial and neuronal) NOS forms in aortic rings.

6 These results indicate that f-lapachone is capable of inhibiting expression and function of iNOS
in rat alveolar macrophages and aortic rings. It is considered that f-lapachone can be developed as a
potential anti-inflammatory agent in the future.
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Introduction

p-Lapachone (3,4 dihydro-2,2-dimethyl-2H-naphtho-[1,2-b]
pyran-5,6-dione), a novel DNA topoisomerase inhibitor (Li
et al, 1993), is synthesized by simple sulphuric acid
treatment of a natural plant product ‘lapachol’, which is
readily extracted from Tabecuia avellanedae growing mainly
in Brazil, or is easily synthesized from lomatiol, isolated
from seeds of lomatia growing in Australia (Goncalves et
al., 1980; Schaffner-Sabba et al., 1984). f-Lapachone and its
derivatives have been shown to exhibit a number of
pharmacological actions including antibacterial, antifungal
and antitrypanocidal activities (Goncalves et al., 1980;
Guiraud et al., 1994).

Nitric oxide (NO), induced by bacterial lipopolysacchar-
ide or cytokines, plays an important role in macrophage
killing of cells (Hibbs et al., 1987; Stuerhr & Nathan, 1989).
NO is recognized as an intercellular messenger in the
cardiovascular, nervous, muscular and immune systems
(Moncada et al., 1991; Murphy et al., 1993; Kobzik et al.,
1994). 1t is through the activation of inducible NO synthase
(INOS) produced in large amounts of NO during endotox-
aemia and has been suggested as a mediator of endotox-
aemic shock (Lowenstein & Snyder 1992; Vallance &
Moncada, 1993) and many other inflammatory conditions
(Morris & Billiar, 1994). Drugs, that inhibit iNOS
expression or enzyme activity resulting in decreasing NO
generation, have beneficial therapeutic effects; examples of
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such agents include glucocorticoids (Moncada et al., 1991),
anti-fungal imidazoles (Bogle et al., 1994) and some tyrosine
kinase inhibitors (Joly et al., 1997). In this study, we
performed experiments to examine the effects of f-lapachone
on the regulation and effects of lipopolysaccharide (LPS)-
iNOS in rat alveolar macrophages and aortic rings.

Methods

Rat alveolar macrophage cultures

Alveolar macrophages were obtained by tracheal lavage using
modifications of the technique described by Brain & Frank
(1968). Briefly, adult male Wistar rats (250—300 g) were
anaesthetized with sodium pentobarbital (50 mg kg™'). The
trachea was cannulated, and the lungs lavaged repetitively with
5-ml aliquots of sterile cold phosphate buffer solution (PBS).
All aliquots were centrifuged for 10 min at 200 x g at 4°C. The
cells were resuspended in RPMI 1640 medium with 10% foetal
bovine serum, penicillin (100 U ml~") and streptomycin
(100 ug ml™"), and cultured at a density of 1.2 x 10° cells per
60-mm dish at 37°C in 5% CO, in moist air. Giemsa staining
revealed that the alveolar cells were more than 95%
macrophages. Cell viability was measured by exclusion of
trypan blue. Macrophages grown and treated with either
control vehicle (dimethyl sulphoxide, DMSO, less than 0.1%
v/v) or LPS (10 ug ml~") in the presence or absence of f-
lapachone (1-4.5 uM) for various time intervals (3, 6, 12, 24,
and 48 h).
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Nitrite assay

Measurement of nitrite production as an assay of NO release
was performed. Accumulation of nitrite in the medium was
determined by colorimetric assay with Griess reagent (Green et
al., 1982). Aliquots of conditioned media were mixed with an
equal volume of Griess reagent (1% sulphanilamide and 0.1%
N-(1-naphthyl)-ethylenediamine dihydrochloride in 2% phos-
phoric acid). Nitrite concentrations were determined by
comparison with ODss, of standard solutions of sodium nitrite
prepared in cell culture medium.

RT— PCR for iNOS expression

The expression of iINOS was determined by reverse
transcription-polymerase chain reaction (RT—-PCR) analysis.
Approximately 3 x 10° alveolar macrophages treated with
LPS (10 ug ml~") in the presence or absence of f-lapachone
were homogenized with 1 ml of Trizol reagent (GIBCO-
BRL), and total RNA was isolated according to the
manufacturer’s protocol. The first strand cDNA was
synthesized by extension of (dT) primers with 200 U of
SuperScript II reverse transcriptase (GIBCO) in a mixture
containing 1 ug of total RNA digested by RNase-free
DNase (2 U ug="' of RNA) for 15 min at 37°C. The cDNA
was then used as a template in a PCR using the Perkin
Elmer DNA Thermal Cycler Model 480. PCR was
performed in a final volume of 50 ul containing all four
dNTPs, MgCl, (1.5 mMm), 2.0 U of AmpliTaq (GIBCO), and
each primer (commercial mouse macrophage inducible NO
synthase amplimer set, CLONTECH) at 0.4 uM. The
amplification cycles were 94°C for 45 s, 65°C for 45 s, and
72°C for 2 min. The PCR products were separated by
electrophoresis on a 1.8% agarose gel after 30—35 cycles
and visualized by ethidium bromide staining. The mRNA of
p-actin served as control for sample loading and integrity.

Rat thoracic aortic rings

Wistar rats (250-300 g) were stunned and killed by
exsanguination. Rings, 4—5 mm wide, of thoracic aorta were
suspended between two hooks connected to a transducer
(Grass FT.03) for the measurement of isometric force.
Endothelium-intact rings were used. The rings were suspended
in 10 ml organ baths containing oxygenated (95% O,+5%
CO,), warmed (37°C) Krebs solution containing (composition
in mM) NaCl 118.3, KCl1 4.7, CaCl, 2.5, KH,PO, 1.2, MgSO,
1.2, NaHCOj; 25.0 and glucose 11.1. Basal tension was set at
1.0 g. The rings were washed every 20 min for three times
before a concentration-response curve to phenylephrine was
obtained. The rings were incubated with either control vehicle
(DMSO), LPS (10 pug ml~"), B-lapachone (1 and 3 M) or LPS
and f-lapachone under resting tension. After 4 h incubation
concentration-response curves to phenylephrine (107°—
1073 M) were constructed. In some experiments, S-lapachone
(3 uM) was added 3 h after LPS into the medium. On the other
hand, for NOSs immunoblotting studies, the rings after 4 h
incubation with either control vehicle (DMSO), LPS
(10 ug ml~"), B-lapachone (3 um) or LPS and pB-lapachone,
were homogenized in buffer containing (composition in mm)
Hepes 20, EDTA 0.5, dithiothreitol 2, phenylmethylsulphonyl
fluoride (PMSF) 1, sucrose (0.25 M), 10 ug ml~' leupeptin and
10 ug ml~" aprotinin, pH 7.5, and centrifuged at 10,000 r.p.m.
for 20 min at 4°C to remove debris. Proteins were determined
according to Lowry et al. (1951) with bovine serum albumin as
standard.

Western blot analysis

A 30-50 ug sample of cellular lysate protein was subjected to
electrophoresis on 8% SDS—polyacrylamide gels for detecting
inducible (macrophage and aorta samples) and constitutive
(endothelial (eNOS) and neuronal (nNOS), aorta sample)
NOS forms. The samples were then electroblotted onto
nitrocellulose paper. After blocking, blots were incubated with
anti-NOSs antibodies (Transduction Laboratories, U.S.A.) in
PBS/Tween 20 for 1 h followed by two washes in PBS/Tween
20 and then incubated with horseradish peroxidase-conjugated
goat anti-mouse IgG (Cappel, U.S.A.) for 30 min. The levels
of NOSs protein expression were determined using the
enhanced chemiluminescence kit (Amersham, U.K.). The
cellular lysates as positive controls were from LPS-treated
RAW 264.7 cells (for iNOS), human endothelial cells (for
eNOS) and rat pituitary cells (for nNOS). All these positive
controls were provided by Transduction Laboratories
(U.S.A)). Moreover, a-tubulin served as control for sample
loading and integrity.

Cytotoxicity assay

Cytotoxicity was measured by the tetrazolium salt MTT (3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide)
colorimetric assay using the modifications of the technique
described by Mosmann (1983). Briefly, cells were cultured on
96-well plastic plates in a concentration of 10° cells per well
and allowed to grow overnight in RPMI 1640 medium and
10% foetal bovine serum. At 24 h treatment with tested drugs,
MTT solution (0.2 mg ml™') was added to all wells of an
assay, and plates were incubated at 37°C for 4 h. The cells were
then treated with DMSO for 30 min. The plates were read on a
Dynatech MRS5000 multiwell scanning spectrophotometer
using a test wavelength of 570 nm.

Materials

p-Lapachone was prepared according to the procedures
described by Schaffner-Sabba et al. (1984). f-Lapachone was
dissolved in DMSO as a stock solution at 10 mM concentra-
tion and stored in aliquots at —20°C. The following reagents
were obtained from Sigma Chemical (U.S.A.): lipopolysac-
charide (E. coli, 055:B5, lyophilized powder prepared by TCA
extraction procedure), phenylephrine, sodium nitrite, N°-
nitro-L-arginine methyl ester hydrochloride and MTT (tetra-
zolium salt).

Statistics

The values given are means+s.e.mean. The significance of
difference from the respective controls for each experimental
test condition was assessed by using one-way analysis of
variance (ANOVA) followed by Dunnett’s test for each paired
experiment. P values<0.05 were regarded as indicating
significant differences.

Results
Production of nitrite and iNOS expression

The rat alveolar macrophages were used to study the effects of
LPS or combination with f-lapachone on the production of
nitrite (a stable oxidation product of NO). The exposure of
alveolar macrophages to LPS (10 ug ml~') for several hours
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was associated with the accumulation of nitrite in the
incubation medium. Treatment of alveolar macrophages with
p-lapachone alone had no significant effects on basal levels of
nitrite, while elicited a concentration-dependent inhibition of
LPS-induced nitrite production (Figure la). This inhibitory
effect of f-lapachone on LPS-induced nitrite production also
appeared to be time dependent. A time course of nitrite
accumulation in macrophages treated with LPS (10 ug ml™")
and inhibition by co-incubation with f-lapachone (3 uM) was
shown in Figure 1b. However, when macrophages were pre-
activated with LPS (10 ug ml~") for 24 h following which the
LPS was removed, and subsequently treated with fresh
medium containing f-lapachone (4.5 um) for a further 24 h,
no inhibition of nitrite production was observed (Figure 1c).
For further understanding the effects of fS-lapachone on
iNOS protein and mRNA expression, Western blot analysis
and RT—PCR were used to determine the protein and iNOS
mRNA in alveolar macrophages treated with LPS. Exposure
of alveolar macrophages to LPS (10 pug ml~") for 24 h resulted
in an induction of iNOS protein. f-Lapachone elicited a
concentration-related inhibition of LPS-induced iNOS (Figure
2a). Moreover, as shown in Figure 2b, treatment with LPS
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Figure 1 Inhibition of LPS-induced nitrite production. (a) Effects of
increasing concentrations of f-lapachone (f-LP) on production of
nitrite from alveolar macrophages exposed to LPS (10 ug ml™") for
24 h. (b) B-LP (3 pum) inhibits the time-dependent increase of LPS-
induced NO production in alveolar macrophages. (c¢) Nitrite
production was measured 24 h after co-incubation (co-incub.) of
macrophages with LPS and f-LP (4.5 uM) or pre-stimulated (pre-
stimu.) of macrophages with LPS for 24 h after which LPS was
removed and macrophages subsequently incubated in medium
containing f-LP (4.5 um) for a further 24 h. Data are presented as
means+s.e.mean of 3-5 separate experiments performed in
triplicate. *P<0.05 as compared with control. **P<0.05 as
compared with LPS alone.

(10 ug ml~") for 6 h resulted in significant expression of
mRNA for inducible NO synthase which was significantly
inhibited in the presence of f-lapachone (3 uM) in alveolar
macrophages.

On the other hand, treatment with LPS (10 ug ml™"),
LPS + p-lapachone (3 and 4.5 uM) or f-lapachone alone (3 and
4.5 um) for 24 h, did not induce the cytotoxicity in alveolar
macrophages using the colorimetric MTT assay (Table 1).

Studies on rat aortic rings

In intact endothelium aortic rings, phenylephrine caused a
concentration-dependent increase in contraction (Figure 3a).
Incubation with LPS (10 ug ml™') for 4 h, shifted the
concentration-contraction curve evoked by phenylephrine
significantly to the right and decreased the maximal contractile
response (Figure 3a). Co-incubation with f-lapachone (1 and
3 uM) significantly reversed the LPS-induced changes in the
response to phenylephrine (Figure 3a). The calculated ECs,
values and maximal contractile responses in these experiments
were shown in Table 2. When f-lapachone (3 uM) was added
3 h after LPS into the medium, the contractions evoked by
phenylephrine were not significantly different in the presence
(pECsp, 6.35+0.05) or absence (pECsy, 6.42+0.06) of pf-
lapachone. Treatment of aortic rings with f-lapachone (3 um)
alone had no significant effects on contractions evoked by
phenylephrine (data not shown).

For further understanding the involvement of NOSs
including inducible and constitutive forms in the aortic ring
system, Western blot analysis was used to determine the
NOSs proteins expression in the LPS-treated aortic rings in
the presence or absence of f-lapachone. The results were
shown in Figure 3b, treatment with LPS (10 ug ml~") for
4h resulted in a significant increase in iNOS protein
synthesis which was inhibited in the presence of f-lapachone
(3 uM), but did not affect the constitutive NOSs (eNOS and
nNOS) in aortic rings.
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Figure 2 Inhibition of LPS-induced iNOS protein and iNOS mRNA
expression. Alveolar macrophages were stimulated with LPS

(10 ug ml~") in the presence or absence of f-lapachone (-LP, 1—
4.5 um). Cells were harvested at 24 h for Western blot analysis (a)
and at 6 h for iNOS mRNA analysis (b). The internal controls of
iNOS protein and mRNA were a-tubulin and f-actin respectively.
Data are typical of three separate experiments.



S.H. Liu et al

p-Lapachone and inducible nitric oxide synthase 749

O—C0O: Control
®—@©:LPS
1207 A—A: p-LP(3 uM)+LPS
A—A: B-LP(1 uM)+LPS %
100+ -
KR=13

)

g

.5 80- /

g /2 . A
3 o/ _a
~5 =07 VN
8 /. o—®
S 401 A" A ~

: A e

g 20' A ./‘

[ &)

Phenylephrine, log (M)

LpPS — + -—
BLP — — +
Waww -

——— e &

Figure 3 Inhibition of LPS-induced hypovasocontractility and aortic
iNOS protein. Rat aortic rings with endothelium were stimulated
with LPS (10 ug ml~') in the presence or absence of f-lapachone (-
LP, 1 and 3 um) for 4 h. Effects of f-LP on contractions evoked by
phenylephrine (a) or inducible and constitutive (endothelial and
neuronal) NOS forms (b) in LPS (10 ug ml~")-treated rings were
shown. In Western blot analysis, the cellular lysates as positive
controls (C(+)) were from LPS-treated RAW 264.7 cells (iNOS),
human endothelial cells (eNOS) and rat pituitary cells (nINOS) and -
tubulin served as control for sample loading and integrity. Data are

presented as means +s.e.mean of 3—5 separate experiments in (a) and
are typical of three separate experiments in (b).
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Discussion

In this study, we performed experiments to examine the effects
of f-lapachone on NO production and iNOS expression
induced by LPS in rat alveolar macrophages. In addition, the
effects of f-lapachone on LPS-induced aortic relaxation and
iNOS protein expression were also studied. We found that low
concentrations of ff-lapachone were capable of inhibiting all of
these effects induced by LPS. These results may have
implication for the design of a novel anti-inflammatory agent
working through the L-arginine-nitric oxide pathway.

The exposure of rat alveolar macrophage to LPS for several
hours was associated with the accumulation of nitrite in the
incubation medium. f-Lapachone was capable of inhibiting
the production of NO in alveolar macrophages when co-
incubated with LPS in a time and concentration-dependent
manner, without any evidence for a cytotoxic effect, but was
ineffective once inducible NO synthase is expressed by pre-
activation with LPS. These results imply that f-lapachone may
inhibit induction of NO synthase gene expression. To further
investigate this possibility, the protein and mRNA for
inducible NO synthase was examined. We found that the
iNOS protein and gene expression in alveolar macrophages
treated with LPS could be inhibited by f-lapachone. These
results indicate that f-lapachone inhibits the induction rather
than the activity of NO synthase. This profile of action is
similar to that of glucocorticoids which probably act by
inhibiting gene expression or the transcription of inducible NO
synthase mRNA (Radomski ez al., 1990). On the other hand,
there is an iNOS induction leading to widespread vasodilata-
tion and reduced responsiveness to vasoconstrictors in septic
shock (Vallance & Moncada, 1993). Our results showed that
the stimulation of isolated rat aortic rings with LPS for several
hours reduced their responsiveness to phenylephrine, as results
similar to previous studies (Bogle & Vallance, 1996; Joly et al.,
1997), which demonstrated induction of iNOS in vascular rings
by LPS. Co-incubation with p-lapachone prevented this
vascular hypocontractility. However, f-lapachone failed to
inhibit the hypocontractility to phenylephrine once NO
synthase was induced by LPS in contrast N®-nitro-L-arginine

Table 1 Cytotoxicity assay for f-lapachone in control and LPS-treated rat alveolar macrophages

Control LPS

ODsy 0.3840.05 0.44+0.07

LPS+ B-LP(3)
0.4040.04

LPS+ B-LP(4.5) B-LP(3) B-LP(4.5)

0.4140.03 0.4040.06 0.3940.05

The values of ODs7, were measured by the colorimetric MTT assay as described in Methods. The alveolar macrophages were treated
with control vehicle, LPS (10 ug ml™"), f-lapachone (f-LP, 3 and 4.5 um) and LPS+ f-lapachone for 24 h. Data are presented as

means +s.e.mean of 3—35 separate experiments performed in triplicate.

Table 2 Effects of fS-lapachone on vascular reactivity evoked by phenylephrine in LPS-treated rat aorta rings

Treatment PECs Maximum tension (g)
Control 7.0640.08 1.3440.17

LPS 6.42+0.06* 0.7240.12*
LPS + p-lapachone (1 um) 6.6040.03%** 0.94+0.19%**
LPS + S-lapachone (3 um) 6.934+0.06%* 1.28+0.11**

Rat thoracic aorta rings were incubated for 4 h with either control vehicle, LPS (10 ug ml~') or LPS and f-lapachone. Concentration-
response curves to phenylephrine were then constructed and curves fitting using a logistic-sigmoid curve weighted for the standard
deviation of each experimental value. Data are presented as means+s.e.mean of 3—35 separate experiments. * P <0.05 as compared with

control; **P<0.05 as compared with LPS alone.
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methyl ester (100 uM), an inhibitor of NOS, did significantly
inhibit this response (data not shown). Furthermore, treatment
with LPS for 4 h resulted in a significant increase in iNOS
protein synthesis which was inhibited in the presence of /-
lapachone, but did not affect the constitutive NOSs (eNOS and
nNOS) in aortic rings. Thus, f-lapachone likely prevents the
induction of a functional active iNOS in the vessel wall as well
as macrophages and thus might contribute to the anti-
inflammatory effect of this drug.

p-Lapachone has been identified as a potent inhibitor of
topoisomerase I (Li et al., 1993). Recent studies showed that
p-lapachone is capable of inducing human promyelocytic
leukaemia or human prostate cancer cells to undergo
programmed cell death (Planchon et al., 1995; Li et al.,
1995), but it (1-5 uM) did not induce apoptosis in normal
human lymphocytes (Chau er al., 1998) or rat alveolar
macrophages (data not shown). DNA topoisomerase has
been reported to be involved in the noncytotoxic and
cytotoxic cellular processes mediated by tumour necrosis
factor (Baloch et al., 1990) or as a cofactor for activator-
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