
1996 Stockton Press All rights reserved 0007-1188/96 $12.00 9

Interaction of nitric oxide synthase inhibitors and their D-
enantiomers with rat neutrophil luminol dependent
chemiluminescence response

'M. Dikshit, S.S. Chari, P. Seth & R. Kumari

Pharmacology Division, Central Drug Research Institute, Lucknow 226001, India

1 Formyl-methionyl-leucyl-phenylalanine (FMLP) or arachidonic acid (AA) induced luminol
dependent chemiluminescence (LCL) response of rat polymorphonuclear leukocytes (PMNLs) was

found to be inhibited by nitric oxide synthease inhibitors and their D-enantiomers.
2 Rat PMNLs LCL response was inhibited by NG-nitro-L-arginine methyl ester (L-NAME), D-NAME,
N0-monomethyl-L-arginine (L-NMMA) or D-NMMA, in a concentration- and time-dependent manner.

3 It was observed that both L- and D-enantiomers of the arginine analogues (1000 gM) did not inhibit
AA induced lucigenin-dependent chemiluminescence (LUCDCL) response and cytochrome c reduction,
used for estimating the NADPH-oxidase activity in the cells and in the cell free system, respectively.
4 None of the L- and D-enantiomers had any effect on either rat basal PMNLs or AA-induced oxygen

consumption.
5 In addition, neither the L nor D-enantiomers of NAME altered either AA-induced release or the
activity of myeloperoxidase from rat PMNLs azurophilic granules.
6 The results obtained indicate that the attenuation of the LCL response by L- and D-enantiomers of
arginine analogues, is a non-specific effect as there was no inhibition of NADPH-oxidase and MPO
activity, MPO release or oxygen consumption. Therefore, the data obtained indicate that these agents
should be used with caution to analyse the role of nitric oxide in rat PMNLs LCL response.
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Introduction

Nitric oxide (NO) is synthesized from the terminal guanidino
nitrogen atom of L-arginine in the presence of NO synthase
(NOS). NO is known to participate in various physiological
(vascular relaxation, inhibition of platelet aggregation and
adhesion) and pathological responses (ischaemia-reperfusion
injury and tumour necrosis factor-mediated cytotoxicity).
Identification of the guanidino group of L-arginine as the
precursor of NO led to the development of Nw-derivatives of
L-arginine as potent inhibitors of NO formation (Moncada et
al., 1991). NOS inhibitors have been instrumental in estab-
lishing the role of NO in the regulation of blood pressure and
vascular tone. Most of the NOS inhibitors are arginine de-
rivatives and are known to be substrate analogue inhibitors
of NOS. D-Arginine, an enantiomer of L-arginine which is
not utilized by NOS has been used to establish the specificity
of the response being analyzed (Moncada et al., 1991; Seth et
al., 1994).
Many workers have used analogues of L-arginine to de-

monstrate the role of NO in polymorphonuclear leukocyte
(PMNL) functions such as free radical generation, chemotaxis,
aggregation, adhesion and microbicidal activity (Kaplan et al.,
1989; Rubanyi et al., 1991; Kubes et al., 1991; Malawista et al.,
1992; Belenky et al., 1993). Recently inhibition of free radical
generation from rat PMNLs by both endogenous and exo-
genous nitric oxide has been demonstrated by us (Seth et al.,
1994). However, we also observed that the NOS inhibitors
(NG-nitro-L-arginine methyl ester (L-NAME) and N0-mono-
methyl-L-arginine (L-NMMA) inhibited free radical generation
from rat PMNLs, suggesting nonspecificity of these agents.
NOS inhibitors have also been shown to release NO, interfere
with nitrate assays, inhibit the cyclo-oxygenase pathway, in-
teract with muscarinic receptors and affect haemodynamic
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parameters in addition to inhibiting NOS (Archer & Hampl,
1992; Peterson et al., 1992; Thomas & Ramwell, 1992; Wes-
tergaard et al., 1993; Buxton et al., 1993; Shimizu et al., 1994;
Greenberg et al., 1995; Mitaka et al., 1995; Nakaike et al.,
1995).

The present investigation was therefore undertaken to study
the effect of commonly used NOS inhibitors (L-NAME and L-
NMMA) and their D-enantiomers on the luminol and luci-
genin-dependent chemiluminescence response, release of mye-
loperoxidase (MPO), oxygen consumption and NADPH-
oxidase and MPO activity in rat PMNLs.

Methods

Isolation of PMNLs

Rat blood PMNLs were obtained from male Sprague-Dawley
rats (130-150 g) by the method of Boyum (1968). Blood was
collected by cardiac puncture in to sodium citrate (0.129 M,
pH 6.5, 9: 1, v/v) under ether anaesthesia from normal ani-
mals. Platelet-rich plasma was obtained by centrifugation at
150 g for 20 min, at 20°C and the buffy coat was subjected to
dextran sedimentation as described in detail previously (Dik-
shit et al., 1993). Cells obtained were suspended in Hanks'
balanced salt solution (HBSS) and were counted under a mi-
croscope. The viability of the cells was tested by a trypan blue
exclusion test in some experiments and was never less than
95%. PMNLs (1-5 x 107 cells ml-') were kept at 4°C till the
time of experimentation, which was never more than 2-3 h.

Measurement of luminol (LCL) and lucigenin
(LUCDCL) chemiluminescence

Free radical generation from rat neutrophils (1-5 x 106 cells
ml-') stimulated with formyl-methionyl-leucyl-phenylalanine
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(FMLP; 1 x 10-6 M) or arachidonic acid (AA; 1 x i0-5 M) was
measured, at 37°C with constant stirring at 900 r.p.m. by use
of a dual channel lumiaggregometer (Model 560 Chronolog
Corp. Havertown, PA, U.S.A.) and has been presented as LCL
and LUCDCL units. The LCL or LUCDCL units have been
defined as the maximum output (obtained from stimulated
PMNLs) divided by the 'gain setting' of the instrument at the
time of response (Seth et al., 1994). The assay mixture
(1000 pl) contained 1-5 x 106 PMNLs, 10 giM luminol or
50 gM of lucigenin, test substance (L- and D-arginine analo-
gues) and FMLP (1 x 10-6 M) or AA (1 x I0-5 M).

Preparation of membrane and cytosol fractions of
PMNLs

Rat PMNLs (5 x 107 cells ml-') were suspended in ice-cold
extraction buffer (100 mM HEPES), 100 mM NaCl, 5 mM
MgCl2, 0.1 mM PMSF and 0.1 mM DTT, pH 7.4). Cells
were disrupted by sonication and centrifuged at 100 000 x g
(4°C) for 1 h, the two fractions (pellet and supernatant) were
suspended in the extraction buffer (Ding et al., 1994). Both
the fractions were either used immediately or stored at
- 70°C for not more than 24 h for measuring superoxide
release (Ding et al., 1994). NADPH-oxidase activity induced
by AA (1 x l0-5 M) and NADPH (0.3 mg ml-1) was esti-
mated in duplicate in the cell free system as superoxide
dismutase (SOD) inhibitable ferricytochrome c (cyt c)
(1 x l0-4 M) reduction at 550 nm. The test substances (L-
and D-NAME or sodium nitroprusside (SNP), 1 mM) were
preincubated with the cell free system for 30 min before the
activation by AA. In some sets these agents were added
after AA addition; however, the rate of cyt c reduction re-
mained unaltered in these sets.

Measurement of myeloperoxidase (MPO) activity

Experiments were performed to determine the effect of L- and
D-NAME (300 and 1000 gM) on the granular release from the
PMNLs. AA (1 x l0-4 M) induced release of enzyme MPO
from the control and NAME pretreated PMNLs was esti-
mated in the supernatant; the remaining enzyme activity was
also estimated in the lysed PMNLs preparations by methods
described previously (Dikshit et al., 1992). The amount of
enzyme released (in %) was calculated from the total activity;
total activity was obtained by adding the activity estimated in
the supernatant and in the lysate in each set.

In another set the effect of these agents on myeloperox-
idase (MPO) activity was also assessed. Cells were sonicated
in 2 ml HBSS and equal amounts of homogenate were dis-
tributed to different test tubes, which were incubated for
30 min at 37°C with L-NAME (1 mM), D-NAME (1 mM),
SNP (100 gM) or HBSS. After 30 min, 2 ml (50 mM) acetic
acid containing 0.5% hexadecyl trimethyl-ammonium bro-
mide (HTAB) were added and incubated for 15 min at 37°C
in a shaking water bath. Colour was developed as described
earlier (Dikshit et al., 1992).

Measurement of the oxygen consumption by rat PMNLs

Oxygen consumption of rat PMNLs was recorded by use of a
Clark's oxygen electrode (Gilson Oxygraph, Gilson Medical
Electronics, USA) as described by Babior and Cohen (1981).
The cells in the mixing vial were maintained at 37°C by a water
bath circulator. Cells were continuously stirred by a magneti-
cally driven teflon stir bar. Neutrophils (4 x 106 cells ml-l)
suspended in the Hanks' balanced salt solution supplemented
with glucose (10 mM) were added to the mixing vial (2 ml) and
allowed to equilibrate for 4 min, and for 10 min the basal
oxygen consumption was followed. After 10 min AA
(5 x l0-4 M) was added to induce the oxygen consumption
which was recorded for 10- 20 min. To assess the effect of test
compounds, cells were preincubated at 37°C with the test agent
for 30 min before the cells were transferred to the mixing vial.

The same protocol was followed as in the control to evaluate
the effect of L-NAME, D-NAME and SNP. The rate of oxygen
consumption has been presented in ,mol per 106 cells h-'.

Chemicals

FMLP, arachidonic acid (AA) ferricytochrome c, superoxide
dismutase (SOD), dextran-500, L-arginine, D-arginine, L-
NAME, phenylmethylsulphonyl fluoride (PMSF), dithio-
threitol (DTT), 0-dianisidine, lucigenin and luminol were
purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.).
L-NMMA, D-NMMA and D-NAME were obtained from
Research Biochemicals International (U.S.A.). All other che-
micals used in the present study were of analytical grade (SRL,
Bombay, India).

Statistical analysis

The results are presented as means + s.e.mean. Comparisons of
the differences between the groups were performed by one-way
analysis of variance. When the F ratio was significant, differ-
ences between individual groups were calculated with t test.
Differences were considered to be statistically significant when
the P value was less than 0.05.

Results

Effect of NOS inhibitors on the luminol- and lucigenin-
dependent chemiluminescence response

Table 1 summarizes the effects of the L- and D-enantiomers of
NAME and NMMA on the PMNLs FMLP-induced LCL
response. The response was found to be inhibited by the NOS
inhibitors following preincubation for 60 min at concentra-
tions of 300 and 1000 gM. The D-enantiomers of NAME and
NMMA were also found to be equally effective in inhibiting
the LCL response. L- and D-NAME inhibited the LCL re-
sponse by approximately 35% and 50% at 300 and 1000 uM,
respectively. However, attenuation of the LCL response by L-
NMMA and D-NMMA was around 40-70% at 300 and
1000 pM, following 60 mn incubation.
To rule out the possibility that the inhibitory effect of these

agents was specific to FMLP, the effects of L-NAME and D-
NAME were also tested on the AA-induced LCL response and
a similar degree of inhibition was observed (Figure la). In
normal rat peripheral PMNLs AA-induced LCL was
905.27 + 63.63 units, which was found to be significantly atte-
nuated (P<0.01) in the presence of both L-NAME
(694.40 +12.93 units) and D-NAME (618.75+ 31.66 units)
both at a concentration of 1 mM.

The effect of L-NAME and D-NAME was also in-
vestigated on the PMNLs LCL response at different time

Table 1 Attenuation of FMLP-induced rat PMNLs
immunol dependent chemiluminescence (LCL) response by
L- and D- enantiomers of arginine analogues

L (enantiomer) D
Agents Control 300pM 1000 pM 300 uM 1000 gM
NAME 144.19 96.61* 71.76* 88.65* 68.34*
(n=12) ±18.45 +6.88 +12.54 +12.74 +15.88

NMMA 272.22 122.20* 129.02 107.89* 74.15*
(n= 15) ±25.13 +20.55 +10.16 +23.94 +11.27

Values (LCL units) are mean + s.e.mean. Time of incubation
with each test substance was 60 min. n = number of
observations. F ratio for comparison between control and
L-NAME is 7.5; F ratio for comparison in between control
and D-NAME is 18. *P<c.01 in comparison to the
respective controls.
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Figure 1 Effect of L-NAME (1 mM) and D-NAME (1 mM) on
PMNLs (a) luminol dependent chemiluminescence (LCL, 1 x 106 cells
ml- 1) and (b) lucigenin dependent chemiluminescence (LUCDCL,
5 x 106 cells ml-l) response induced by arachidonic acid (AA,
Sx 10 5M).

Table 2 Modulation of the FMLP induced lumiminol
dependent chemiluminescence pretreatment with L-NAME
or D-NAME at different time intervals

was not inhibited by these agents as estimated by cyt c re-
duction. In control preparations cyt c reduction was
6.44±0.76 mmol/5 x I07 cells 10 min-'. Treatment with L-
NAME or D-NAME resulted in values of 6.26+0.23 and
6.39 +0.31 mmol cyt c/5 x 107 cells 10 min-', respectively.
To validate the cell free system we also investigated the ef-
fect of the NO-donor sodium nitroprusside (SNP) on su-
peroxide radical generation. SNP was found to inhibit
significantly (50%) the superoxide radical generation; in-
hibition of the superoxide radical generation in the cell free
systems by NO is well documented.

Effect of L- and D-NAME on myeloperoxidase release
from PMNLs

AA-induced release of MPO from the specific as well as
azuorphilic granules of the PMNLs remained unaltered in the
presence of L-NAME and D-NAME (300 and 1000 gUM). Re-
lease of MPO induced by arachidonic acid in the supernatant
was 24.15+4.28%. In the presence of L-NAME (1 mM) the
release of MPO induced by AA was 31.01+6.75%. Similarly,
AA-induced release ofMPO was 30.53 + 6.04% in the presence
of 1 mM D-NAME. In addition neither L- nor D-NAME
(1 mM) had any effect on the MPO activity tested in the
PMNLs homogenate.

Effect of L- and D-NAME on the oxygen consumption of
PMNLs

Basal oxygen consumption by rat PMNLs was found to be
5.37+0.31 umol/106 cells h-' and after the addition of AA
(5 x 10-4 M) it was augmented to 18.22+ 1.15 ymol/106 cells

Preincubation time (min)
15 30 45

250.09
+ 20.88
206.74
+ 17.89
219.08
+ 16.13

250.70
+ 12.32
184.75*
+ 15.92
210.38*
+ 26.41

218.97
+ 30.51
157.22*
+ 25.99
182.44*
+ 18.03

203.79
+31.11
131.66*
+20.42
143.77*
+33.31

Table 2 Modulation of the FMLP induced lumiminol
dependent chemiluminescence pretreatment with L-NAME
or D-NAME at different time intervals

188.39
+23.52
129.94*
+ 6.35
129.57*
+ 28.73

Values (LCL units) are mean+ s.e.mean. n =6 observations,
concentration of each agent used was 300 gM. *P<0.01 in
comparison to control.

intervals (15, 30, 45 and 60 min, Table 2). It was observed
that both enantiomers of NAME attenuated the free radical
generation in a time-dependent manner and there was no
significant difference between the inhibitory effects of these
two enantiomers.

The effect of different concentrations (30, 100, 300,
1000 ,UM) of L- and D-NAME was also investigated, following
60 min incubation, on the FMLP-induced PMNLs LCL re-
sponse. PMNLs free radical generation or LCL was found to
be significantly inhibited by both L- and D-NAME in a con-
centration-dependent manner (Table 3). A 300 gM concentra-
tion of L- or D-NAME was found to reduce significantly the
FMLP-induced LCL response.

The AA-induced (5 x 10' M) generation of superoxide ra-
dicals, as measured by LUCDCL in rat peripheral PMNLs was
105.74+15.48 units (n=4). In L-NAME or D-NAME pre-
treated (1 mM, 30 min) PMNLs, there was no significant re-
duction in 02-generation (75.48 + 9.24 and 88.06 + 14.24 units,
respectively; Figure lb).

Effect ofNOS inhibitors on superoxide generation in the
cell free systems

L-NAME, D-NAME and other agents (all 1 mM) were pre-
incubated with PMNLs membrane and cytosol fractions for
30 min. It was observed that superoxide radical generation

Treatment 5

Control 250.09
+ 20.88

L-NAME 206.74
+17.89

D-NAME 219.08
+ 16.13

Values (LCL units) are mean + s.e.mean. n=6 observations,
concentration of each agent used was 300 gM. *P<0.01 in
comparison to control.
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Figure 2 Effect of (a) sodium nitroprusside (SNP, 100 gM; broken
line); (b) L-NAME (1 mM; dotted line) and D-NAME (1 mM; broken
and dotted line) oxygen consumption of rat PMNLs (4 x 106 cells
ml- 1). Solid lines show control oxygen consumption before and after
the addition of arachidonic acid (AA, 5 x 10 M).

Treatment 5

Control

L-NAME

D-NAME

60

Preincubation time (min)
15 30 45

250.70
+ 12.32
184.75*
+15.92
210.38*
+ 26.41

218.97
+ 30.51
157.22*
+ 25.99
182.44*
+ 18.03

60

188.39
+ 23.52
129.94*
+ 6.35
129.57*
+ 28.73

203.79
+31.11
131.66*
+20.42
143.77*
+ 33.31
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h-1. Pretreatment of PMNLs with SNP (100 /iM) attenuated
the oxygen consumption and it was found to be
14.11+0.35 pmol/106 cells h-', which was significantly
(P<0.001) lower than control (Figure 2a). However, in the
presence of 1 mM L-NAME (18.85+ 1.27 imol/I06 cells h'- or
D-NAME (17.66+1.02 Mmol/106 cells h-') the oxygen con-
sumption was not altered significantly (Figure 2b).

Discussion

The results obtained in the present investigation demonstrate
inhibition of the LCL response, by both L- and D-enantiomers
ofNAME and NMMA (arginine analogues). The almost equal
effect of the inactive D-enantiomer indicates that the inhibition
is non-specific. Such an observation has not been published
previously and indicates that these agents should be used with
caution to delineate the role of NO in PMNLs free radical
generation estimated by luminol.

In our previous study, while investigating the role of
endogenous as well as exogenous NO on rat PMNLs free
radical generation, we observed that NO from both sources
inhibited, as well as scavenged, the free radicals (Seth et al.,
1994). Similar observations were also obtained by others
in human PMNLs (Rubanyi et al., 1991; Clancy et al.,
1992). However, we observed that L-NAME and L-NMMA
both inhibited the LCL response, suggesting the non-
specificity of these inhibitors. Concentrations of these two
compounds used by us have also been used by many other
investigators to study the involvement of NO in the func-
tions of PMNLs (Kaplan et al., 1989; Kubes et al., 1991;
Malawista et al., 1992; Belenky et al., 1993). Interestingly,
Pou et al. (1992) have demonstrated that brain NOS can
generate superoxide radicals in the absence of L-arginine and
that this response was found to be inhibited by the NOS
inhibitor L-NAME. They suggested that L-NAME interferes
with the NADPH-dependent reduction of molecular oxygen
and it is well known that the electron transfer reaction is
basically catalysed by both NOS and NADPH-oxidase.
McCall et al. (1991) demonstrated that L-NNA and L-
NAME inhibit NO generation from PMNLs by around
50% at a concentration of 300 UM. It has also been found
that PMNLs have to be incubated for at least 30-60 min to
achieve inhibition of the intracellular NOS activity by the
arginine analogues (McCall et al., 1991; Malawista et al.,
1992). On the other hand Schmidt et al. (1993; 1994) have
shown that NOS inhibitors in the endothelial cells are taken
up by different channels. L-NMMA is taken up by the
arginine transporter, while L-NAME is transported by the
leucine transport system. Therefore, we used L-NAME, L-
NMMA and their D-enantiomers to investigate their role on
the LCL response at different concentrations. In addition, we
investigated the effect of L-NAME and D-NAME on the
PMNLs LCL responses at different time intervals. We ob-
served that both enantiomers produced a similar degree of
inhibition of LCL, suggesting that NAME-mediated inhibition
is non-specific (Tables 1 and 2) and is not mediated by NOS
inhibition.

Piper et al. (1994) used 500 uM L-NAME, added only
5 min before the addition of a NO donor compound, to
investigate the modulator role of endogenous NO on re-
active oxygen species production in canine PMNLs. They
suggested that endogenous NO might increase neutrophil
activation. Inhibition of opsonized zymosan-induced LCL by
L-NAME has also been observed by Piper et al, which they
explained on the basis of the nonavailability of endogenous
NO. However, according to our observations this hypothesis
is unlikely to be true, as they did not use D-NAME. It is
probable that the effect of L-NAME was in fact not due to
the inhibition of NOS, but to a nonspecific effect of NAME.
Similarly, Carreras et al. (1994) obtained a concentration-
dependent increase in the human PMNLs LCL response by
phorbol 12-myristate 13-acetate (PMA). They also observed

a concentration-dependent increase in NO release, oxygen
uptake and hydrogen peroxide production by PMA. PMA-
induced LCL responses in PMNLs preincubated with L-
NMMA (1 mM) for 30 min was found to be attenuated.
This was explained by them totally on the basis of the in-
hibition of peroxynitrite synthesis in PMNLs during PMA-
induced respiratory burst. However, this may not necessarily
be so since, in our studies, both L- and D-enantiomers of
NMMA inhibited the LCL response at this concentration to
a similar extent. Antonini et al. (1994) have demonstrated
the inhibition of PMA-induced LCL response of the rat lung
phagocytic cells by 1 mM L-NAME, which was also attrib-
uted to the inhibition of peroxynitrite synthesis. On the
other hand, Chen et al. (1994) demonstrated an increase in
superoxide radical generation induced by PMA in the pre-
sence of 1 mM L-NMMA in human PMNLs following
60 min preincubation, which implies the scavenging of su-
peroxide radicals by NO. However, since we have not tested
the effect of these inhibitors on the PMA-induced response,
there is no immediate explanation for this discrepancy. It is
possible that the difference might be due to the use of
PMNLs from different species. In addition, Shimizu et al.
(1994) have demonstrated a reduction of hydrogen peroxide-
induced endothelial injury in bovine aortic endothelial cell
cultures by L-NNA at concentrations of l0' and l0-4 M
which is not due to NOS inhibition.

Some workers have used very low concentrations (30-
100 gM) of NOS inhibitors (Simonet et al., 1993; Hecker et
al., 1994; O'Murchu et al., 1994; Vanheel et al., 1994) in
different preparations, therefore we though it was worth
investigating the effect of L-NAME at different concentra-
tions on the PMNLs LCL response after 60 min incubation
(Table 3). We observed a concentration-dependent inhibition
of the LCL response by L- as well as D-NAME. Since al-
most similar results were obtained with NAME and NMMA
on the LCL response of rat PMNLs, we investigated the
effect of L- and D-NAME in detail on different parameters
which individually participate in the LCL response, such as
NADPH-oxidase and MPO activity, MPO release and oxy-
gen consumption.

It is known that the LCL response is dependent on re-
active oxygen species and MPO (Takahashi et al., 1991),
therefore the release of MPO induced by AA from the
PMNLs in the presence of L-NAME and D-NAME was
investigated. However, the release of MPO remained un-
altered by both L-NAME and D-NAME, suggesting that the
inhibition of LCL is not due to inhibition of MPO release.
In order to investigate the action of these inhibitors on the
LCL response futher, their effect was also studied on the
activity of MPO in PMNL homogenates, this was found to
be unaffected by both L-NAME and D-NAME. In addition,
the activity of NADPH-oxidase was also estimated in the
cell free system where the membrane and cytosol fractions
were co-incubated with these agents before the induction of
free radical generation with AA. During activation of the
enzyme NADPH-oxidase, cytosolic components translocate
to the membrane and lead to free radical generation (De-
wald et al., 1979). Addition of these agents prior to the
activation of the NADPH oxidase with AA did not decrease
cytochrome-c reduction, suggesting that L-NAME, as well as
the D-enantiomer, does not interfere with the enzyme acti-
vation, as the interaction of the subcellular components is
necessary for the generation of superoxide radicals. Super-
oxide radical generation in the presence of L-NAME and D-
NAME was also estimated in intact PMNLs as lucigenin-
dependent chemiluminescence. We did not observe any sig-
nificant alteration in the PMNLs lucigenin dependent che-
miluminescence response in the presence of L-NAME and D-
NAME, suggesting that inhibition of the LCL response
could also not be explained on the basis of oxygen con-
sumption since we did not observe any changes in the
oxygen consumption by the PMNLs in presence of L-
NAME and D-NAME.
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In conclusion, these studies have demonstrated inhibition of
the LCL response in the rat PMNLs by NOS inhibitors (both
L- and D-enantiomers) in a non-specific manner. This suggests
caution should be exercised in interpreting data from studies in
which NOS inhibitors have been used to study the role ofNO
in the rat PMNLs LCL response.

The authors thank Mr C.P. Pande for technical assistance and Mr
S.K. Mandal for statistical analysis. This work has been supported
by a grant from Department of Science and Technology, N. Delhi,
India. Financial support to R.K. and P.S from Council of Scientific
and Industrial Research, New Delhi is gratefully acknowledged.

References

ANTONINI, J.M., DYKE, K.V., YE, Z., DIMATTO, M. & REASOR, M.J.
(1994). Introduction of Luminol dependent chemiluminescence
as a method to study silica inflammation in the tissue and
phagocytic cells of rat lung. Environ. Health Perspect, 102 (Suppl
10), 37-42.

ARCHER, S.L. & HAMPL. V. (1992). N -monomethyl-L-arginine
causes nitric oxide synthesis in isolated arterial rings: Trouble in
paradise. Biochem. Biophys. Res. Commun., 188, 590- 596.

BABIOR, B.M. & COHEN, H.J. (1981). Biological defense mechanisms.
The production by leukocytes of superoxide, a potential
bactericidal agent. In Leukocyte Function. ed. Cline M.J.
pp.39 - 72. New York: Churchill Livingstone.

BELENKY, S.N., ROBBINS, R.A. & RUBINSTEIN, I. (1993). Nitric
oxide synthase inhibitors attenuate human monocyte chemotaxis
in vitro. J. Leukocyte Biol., 53, 498 - 503.

BOYUM, A. (1968). Isolation of granulocyte cells and lymphocytes
from human blood. Scan. J. Lab. Invest., 21 (Suppl 97), 77 - 89.

BUXTON, I.L.O., CHEEK, D.J., ECKMAN, D., WESTFALL, D.P.,
SANDERS, K.M. & KEEF, K.D. (1993). NGnitro-L-arginine-methyl
ester and other alkyl ester of arginine are muscarinic receptor
antagonists. Circ. Res., 72, 387 - 395.

CARRERAS, M.C., PARGAMENT, G.A., CATZ, S.D., PODEROSO, J.J.
& BOVERIS, A. (1994). Kinectics of nitric oxide and hydrogen
peroxide production and formation of peroxynitrite during the
respiratory burst ofhuman neutrophils. FEBS Lett., 341, 65 - 68.

CHEN, L.Y., LAWSON, D.L.&MEHTA, J.L. (1994). Reduction in human
neutrophil superoxide anion generation by N-3 polyunsaturated
fatty acids: Role of cyclooxygenase products and endothelium-
derived relaxing factor. Thrombosis Res., 76,317 - 322.

CLANCY, R.M., LESZCZYNSKA-PIZIAK, J. & ABRAMSON, S.B.
(1992). Nitric oxide, an endothelial cell relaxation factor, inhibits
neutrophil superoxide anion production via a direct action on the
NADPH oxidase. J. Clin. Invest., 90, 1116-1121.

DEWALD, B.M., BAGGIOLINI, J.T., CURNUTTE, J.T. & BABIOR, B.M.
(1979). Subcellular localization of the superoxide forming
enzymes in human neutrophils. J. Clin. Invest., 63, 21-29.

DIKSHIT, M., KUMARI, R. & SRIMAL, R.C. (1992). Effect of
pulmonary thromboemoblism on circulating neutrophils in
mice. Thrombosis Res., 66, 133 - 139.

DIKSHIT, M., KUMARI, R. & SRIMAL, R.C. (1993). Pulmonary
thromboembolism induced alteration in nitric oxide release from
rat circulating neutrophils. J. Pharmacol. Exp. Ther., 265, 1369 -
1372.

DING, J., LU, D.J., PEREZSALA, D., MA, Y.T., MADDOX, J.F.,
GILBERT, B.A., BADWEY, J.A. & RANDO, R.R. (1994). Farnesy-
L-Cysteine analogues can inhibit or initiate superoxide release by
human neutrophils. J. Biol. Chem., 269, 16837- 16844.

GREENERG, S.S., XIE, J., SPITZER, J.J., WANG, J., LANCASTER, J.,
GRISHAM, M.B., POWERS, D.R. & GILES, T.D. (1995). Nitro
containing L-arginine analogs interfere with assays for nitrate
and nitrite. Life Sci., 57, 1949-1961.

HECKER, M., BARA, A.T., BAUERSACHS, J. & BUSSE, R. (1994).
Characterization of endothelial-derived hyperpolarizing factor as
a cytochrome metabolite in mammals. J. Physiol., 481, 407 -414.

KAPLAN, S.S., BILLIAR, T., CURRAN, R.D., ZDZIARSKI, U.E.,
SIMMONS, R.L. & BASFORD, R.E. (1989). Inhibition of
chemotaxis with NG-monomethyl-L-arginine: a role for cyclic
GMP. Blood, 74, 1885-1887.

KUBES, P.M., SUZUKI, M. & GRANGER, D.N. (1991). Nitric oxide: an
endogenous modulator of leukocyte adhesion. Proc. Natl. Acad.
Sci. U.S.A., 88, 4651-4655.

MALAWISTA, S.E., MONTGOMERY, R.R. & BLARICOM, G.V. (1992).
Evidence for reactive nitrogen intermediates in killing of
staphylococci by human neutrophil cytoplasts. A new micro-
bicidal pathway for polymorphonuclear leukocytes. J. Clin.
Invest., 90, 631-636.

MCCALL, T.B., FEELISH, M., PALMER, R.M.J. & MONCADA, S.
(1991). Identification of N-iminoethyl-L-ornithine (NIO) as an
irreversible inhibitor of nitric oxide synthase in phagocytic cells.
Br. J. Pharmacol., 102, 234-238.

MITAKA, C., HIRATA, C., ICHIKAWA, K, VCHIDA, T., YOKOYAMA,
K., NAGURA, T., TSUNODO, Y & AMAHA, K. (1995). Effects of
nitric oxide synthase inhibitor on hemodynamic change and
oxygen delivery in septic dogs. Am. J. Physiol., 268, H2017-
H2023.

MONCADA, S., PALMER, R.M.J. & HIGGS, E.A. (1991). Nitric oxide:
physiology, pathophysiology and pharmacology. Pharmacol.
Rev., 43, 109- 142.

NAKAIKE, R., SHIMOKAWA, H., YASUTAKE, H., SUMIMOTO, H.,
ITO, A., NUMAGUCHI, K., EGASHIRA, K., TAKESHIGE, K. &
TAKESHITA, A. (1995). Effects of L-arginine analogs on
vasomotion of isolated porcine coronary arteries. Am. J.
Physiol., 268, H1966-H1972.

O'MURCHU, B., MILLER, V.M., PERRELLA, M.A. & BURNETT, J.C.
Jr. (1994). Increased production of nitric oxide in coronary
arteries during congestive heart failure. J. Clin. Invest., 93, 165-
171.

PETERSON, D.A. (1992). The nonspecificity of specific nitric oxide
synthase inhibitors. Biochem. Biophys. Res. Commun., 187, 797-
801.

PIPER, G.M., CLARK, G.A. & GROSS, G.J. (1994). Stimulatory and
inhibitory action of nitric oxide donor agents vs nitrovasodila-
tors on reactive oxygen production by isolated polymorpho-
nuclear leukocytes. J. Pharmacol. Exp. Ther., 269, 451-456.

POU, S., POU, W.S., BREDT, D.S., SYNDER, S.H. & ROSEN, G.H.
(1992). Generation of superoxide by purified brain nitric oxide
synthase. J. Biol. Chem., 267, 24173 -24176.

RUBYANI, G.M., HO, E.H., CANTOR, E.H., LUMMA, W.C. &
BOTELHO, L.H.P. (1991). Cytoprotective function of nitric oxide:
Inactivation of superoxide radiacls produced by human
leukocytes. Biochem. Biophys. Res. Commun., 181, 1392-1397.

SCHMIDT, K., KLATT, P. & MAYER, B. (1993). Characterization of
endothelial cell amino acid transport systems involved in the
action of nitric oxide synthase inhibitors. Mol. Pharmacol., 44,
615-621.

SCHMIDT, K., KLATT, P. & MAYER, B. (1994). Uptake of nitric oxide
synthase inhibitors by macrophage RAW 264.7 cells. Biochem. J.,
301, 313-316.

SETH, P., KUMARI, R., DIKSHIT, M. & SRIMAL, R.C. (1994).
Modulation of rat peripheral polymorphonuclear leukocyte
response by nitric oxide and arginine. Blood, 84, 2741-2748.

SHIMIZU, S., NOMOTO, M., YAMAMOTO, T. & MOMOSE, K. (1994).
Reduction of NG nitro L-arginine of H202-induced endothelial
cell injury. Br. J. Pharmacol., 113, 564- 568.

SIMONET, S., BAILLIENCOURT, J.P.D., DESCOMBES, J.J., MENNE-
CIER, P., LAUBIE, M. & VERBEUREN, T. (1993). Hypoxia causes
an abnormal contractile response in the atherosclerotic rabbit
aorta - Implication of reduced nitric oxide and cGMP
production. Circ. Res., 72, 616-630.

TAKAHASHI, R., EDASHIQE, K., SATO, E.F., INOUE, M., MATSUNO,
T. & UTSUMI, K. (1991). Luminol chemiluminscence and active
oxygen generation by activated neutrophils. Arch. Biochem.
Biophys., 285, 325-330.

THOMAS, T. & RAMWELL, P.W. (1992). Interaction of non-arginine
compounds with the endothelial derived relaxing factor inhibitor
NG-monomethyl L-arginine. J. Pharmacol. Exp. Ther., 260, 676-
679.

VANHEEL, B., VAN DEVOORDE, J. & LEUSEN, I. (1994). Contribution
of nitric oxide to the endothelium dependent hyperpolarization in
the rat aorta. J. Physiol., 475, 277-284.

WESTERGAARD, N., BEART, P.M. & SCHOUSBOE, A. (1993).
Transport of L-[3H] arginine in cultured neurones: Character-
istics and inhibition by nitric oxide synthase inhibitors. J.
Neurochem., 61, 364-367.

(Received January 15, 1996
Revised April 10, 1996

Accepted June 20, 1996)


