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Induction of nitric oxide synthase activity in phagocytic cells
inhibited by tricyclodecan-9-yl-xanthogenate (D609)
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1 The synthesis of nitric oxide (NO) by immune-stimulated murine phagocytic cells (J774) and the
modulation of this synthesis by tricyclodecan-9-yl-xanthogenate (D609), a specific inhibitor of
phosphatidylcholine-specific phospholipase C (PC-PLC), was investigated. D609 dose-dependently sup-

pressed production of NO, as measured by the release of nitrite and nitrate, in response to lipopolysac-
charide (LPS) and interferon-y (IFN-y) in intact cultured cells with an ICm of approximately 20 ltg ml"-'.
D609 at 40 pg ml ' completely abrogated immune-stimulated nitrite production.
2 The inhibitory effects of D609 on nitrite production were time-dependent and restricted to the first
18 h post-stimulation. D609 did not inhibit nitrite production in the cytosol of immune-stimulated
phagocytes.
3 These findings indicate that the xanthogenate, D609, is a potent inhibitor of the induction of
NO-synthase activity in immune-stimulated phagocytes. Furthermore, since D609 has been demon-
strated to inhibit PC-PLC specifically, our findings suggest that the activation of this enzyme by LPS
and IFN-y is a proximal step in the signal transduction of inducible NO-synthase in phagocytic cells.
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Introduction

Nitric oxide (NO) has been recognized as an important
mediator of various cellular activities. For example, NO
regulates vascular tone and blood flow (Palmer et al., 1987)
and in sepsis, excess production of NO by macrophages and
other cells activated by endotoxin and cytokines, is thought
to induce massive vasodilatation and shock (Kilbourn et al.,
1990; Meyer et al., 1992). Moreover, NO synthesized by
macrophages contributes to their cytotoxic activity against
bacteria (Granger et al., 1990). NO reacts rapidly with water
and oxygen to yield nitrite and nitrate, the accumulation of
which provides a measure of NO production (Stuehr et al.,
1989).
As identified by molecular cloning, there are at least three

distinct classes of nitric oxide synthases (NOS) producing
NO. Two of them are dependent upon calcium/calmodulin
and are constitutively expressed in rat brain (Bredt et al.,
1991) and in bovine and human endothelial cells (Lamas et
al., 1992; Marsden et al., 1992), respectively. The other type
of NOS (termed iNOS) is a Ca2"-independent enzyme and is
induced in macrophages, smooth muscle cells, hepatocytes,
and fibroblasts several hours after exposure to some
cytokines and endotoxin (LPS) (Moncada et al., 1991).
To date, iNOS from murine macrophages has been cloned

and characterized (Xie et al., 1992), but little is known about
the intracellular signal transduction mechanisms involved in
the expression of iNOS. Glucocorticoids have been found to
inhibit iNOS expression in activated endothelial cells
(Radomski et al., 1990). In addition, cytokines such as trans-
forming growth factor-P, interleukin-4 (IL-4), macrophage
deactivating factor, and IL-10 were shown to inhibit iNOS
activity induced by interferon-y (IFN--y) but had no
inhibitory effect on the NO release induced by IFN--y plus
lipopolysaccharide (LPS) (Ding et al., 1990; Oswald et al.,
1992). Recently, inhibitors of nuclear transcription factor
kappa B (NF-kB) and inhibitors of protein kinase C (PKC),
a regulatory enzyme known to activate NF-kB (Gosh &
Baltimore, 1990), have been shown to suppress the induction
of iNOS activity in LPS- and IFN-^y-stimulated macrophages
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(Severn et al., 1992; Mulsch et al., 1993; Sherman et al.,
1993; Tschaikowsky et al., 1994). These findings suggest that
expression of iNOS is regulated by NF-kB.
We questioned, whether there is also a common signal

proximal in the induction pathway of iNOS, mediating
activation of NF-kB and subsequent synthesis of iNOS
activity. Phosphatidylcholine-specific phospholipase C (PC-
PLC) has recently been demonstrated to control the
upregulaton of NF-kB in response to TNF (Schuitze et al.,
1992). In these experiments, tricyclodecan-9-yl-xanthogenate
(coded D609), previously described as an antiviral (Sauer et
al., 1984) and antitumoural (Amtmann & Sauer, 1990) com-
pound, has been demonstrated to inhibit PC-PLC specifically
(Schuitze et al., 1992). Additionally, D609 has been shown to
suppress dose-dependently the TNF-induced release of
diacylglycerol (DAG) (Schutze et al., 1992).

In the present study, we investigated the role of D609 in
the induction of iNOS activity in immune-stimulated murine
macrophages, and discuss the role of PC-PLC and PKC in
the signal transduction of iNOS.

Methods

Cell culture and treatment of cells

J774A.1 cells, a mouse macrophage-like cell line (American
Type Culture Collection, Rockville, MD, U.S.A.) were grown
continuously in 250 ml plastic bottles (Falcon). Supplemented
modified Eagle's medium (SMEM) without Phenol red con'
taining 10% heat-inactivated foetal bovine serum Heartline
(endotoxin tested < 50 pg ml ') 0.1 1 g Il' sodium pyruvate,
glucose 3.5gl-1, 100uml'lpenicillin, 100plgml-' strep-
tomycin and 2 mM L-glutamine was used as culture medium.
Cells were harvested by centrifugation and then resuspended
in culture medium. To induce NO-synthesis, cells were cul-
tured at a concentration of 1 x 106 ml' in 24 well cluster
plates (Costar). Two hours after incubation (37°C, 5% C02),
medium was aspired to remove non-adherent cells and
replaced by fresh, Phenol red-free culture medium adjusted to
pH 7.0 (D609 is only active at pH < 7.0), with various
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concentrations of D609 that ranged from 0 (control) to
40pgml-', final concentration. After 1 h of incubation,
iNOS activity was induced by adding 1 fig ml' LPS (E. coli
serotype 0111 :B4) and 200 u ml' IFN-i (final concentra-
tions) either alone or in combination. If not stated otherwise,
supernatants were collected at 18 h after stimulation. In
subsequent time course experiments, D609 (30ligmlh1) was

added to the cultures at 2, 6, 12 and 18 h after stimulation.
In these experiments, cells were incubated (37°C, 5% C02)
for 24 h, followed by recovery of the supernatant. Super-
natants were subsequently analysed for nitrite and nitrate.
Some wells were used to estimate the cytotoxic effect of D609
(10-40 ig ml- 1), LPS and IFN-y. Cell viability at the end of
the experiments, as assessed by Trypan blue exclusion, ex-

ceeded 90% at all concentrations of D609 and under all
stimulatory conditions used.

Preparation of cytosolfrom stimulated macrophages

J774 cells grown in culture bottles were stimulated with LPS
(1 plg ml-1) and IFN-y (200 u ml-'). After 18 h of incubation
(37°C, 5% C02), cells were harvested by mechanical agita-
tion. After centrifugation (400 g, 10 min, 4C), cells were

washed in PBS and resuspended in deionized water contain-
ing protease inhibitors (0.1 mM phenylmethyl sulphonylfluor-
ide, 5 pg ml1 aprotinin, 1 pg ml-' chymostatin, 5 ptg ml-'
pepstatin A; final concentrations). Cells were adjusted to a

concentration of 107 ml-' and then lysed by three cycles of
rapid freezing and thawing. Cell lysates were centrifuged
(50,000g, 1 h, 4°C), and aliquots of cytosol were stored at
-70°C. Cytosol (70 1l) was incubated with 2 1l NADPH
(30mM), 41A1 L-arginine (30mM), and 4jl MgCl2 (30mM)
for 2 h at 37'C. Under these conditions iNOS activity was

optimal. For determination of the total amount of accum-
ulated nitrate and nitrite, activated cytosol (80 1tl) was further
processed as described (nitrate assay). To assess the concen-

tration of nitrite, residual NADPH, which interferes with the
Griess reaction, was enzymatically oxidized to NADP+ by
addition of 10 Ail of a quench solution (25 mM a-keto-
glutarate, 0.15 M NH4Cl, and 0.52 u L-glutamic dehydro-
genase from Proteus species; final concentrations) (Marletta
et al., 1988). Complete oxidation of NADPH to NADP was

achieved after 2 h of incubation at 37°C, as determined by
the loss of absorbance at 340 nm (data not shown). Finally,
10 IL PBS was added and nitrite was determined as described
below.
iNOS activity of the cytosol was defined as the amount of

nitrite and nitrate produced per mg of protein and per
minute of incubation. In some experiments NG-monomethyl-
L-arginine (0.5-5 mM) was added to the cytosol in order to
determine whether the formation of nitrite and nitrate was

due to iNOS activity.

Adherent cell protein determination

After complete recovery of the supernatant, remaining cell
layers were washed with PBS and lysed in 1 ml PBS contain-
ing Triton X-100 (0.02%). Cell lysates were centrifuged
(50,000 g, 1 h, 4°C) and stored at - 20°C. The Pierce bicin-
choninic acid method was used to determine protein concen-

trations, with human serum albumin as standard.

Determination of NO-production

Production of NO in the cell culture was determined by the
accumulation of nitrite using a colorimetric assay based on

the Griess reaction (Green et al., 1982). Where indicated,
nitrate in the sample was additionally measured.

Nitrite assay

Nitrite (NO2-) concentration in samples of supernatant or

activated cytosol was assessed as follows. Griess colour re-

agent was freshly prepared by combining (1:1) reagent A
(0.1% N-(l-naphthyl)ethylenediamine) and reagent B (1%,
w/v, sulphanilamide in 5% H3PO4). Samples (100,l) were
transferred to a 96 well plate (Costar). Colour reagent
(100 jtl) was added and after 30 min incubation at 210C,
absorbance was read at 560 nm using a MKII Titertek plate
reader. Standard curves were constructed using sodium nit-
rite (0-120 pM) dissolved in Phenol red-free culture medium.

Nitrate assay

Samples of supernatant (70 al) together with 2 fil NADPH
(30 mM) and 8 jtl distilled H2 or activated cytosol (80 ild) were
added per well of a 96 well plate (Costar). Complete reduc-
tion of nitrate (NO3-) to nitrite was achieved by adding 10 fil
Aspergillus nitrate reductase [EC 1.6.6.2.] and 60 min incuba-
tion at 370C. Residual NADPH was quenched by addition of
10 ,I freshly prepared quench solution. Nitrite concentration
present before conversion of nitrate to nitrite was determined
in parallel by using the same protocol, but adding PBS
instead of nitrate reductase. Nitrate concentrations were cal-
culated as difference between nitrite concentrations measured
with and without nitrate reductase. Sodium nitrate standards
were run in parallel to nitrite standards to verify complete
conversion of nitrate to nitrite.

Reagents and media

Tricyclodecan-9-yl-xanthogenate (D609) was kindly provided
by Dr G. Sauer, German Cancer Research Center, Heidel-
berg, Germany. D609 was freshly prepared as a 0.1% stock
solution in distilled water and then further diluted in culture
medium at pH 7.0. Recombinant mouse IFN-y was obtained
from Genzyme. The 'BCA Protein Assay' kit was purchased
from Pierce Chemical Company. Culture medium and all
other chemicals were purchased from Sigma.

Statistics

Results are presented as mean ± standard error of the mean
(s.e.mean) and were compared by Student's t test for
unpaired data. Only P values <0.05 were considered statis-
tically significant. For multiple comparisons, analysis of
variance (ANOVA) was performed. In case of significant F
values, ANOVA was followed by t tests for unpaired data.
The Bonferroni correction was used to correct the t statistic
for the number of comparisons made between groups.

Results

LPS and IFN-y, either alone or in combination, substantially
induced expression of iNOS activity in J774 cells with a
subsequent release of NO, as measured as NO2- after 18 h of
incubation. Inhibition of PC-PLC by D609 added 1 h before
stimulation, markedly diminished the production of NO2- in
the supernatant of cells under all stimulatory conditions
tested (Figure 1). However, when D609 was added directly to
the activated cytosol of LPS- and IFN-y-stimulated macro-
phages, no inhibitory effect on the enzyme activity of iNOS
was found. Under the conditions chosen, production rate was
0.12nmol NO2-9mg' proteinmin-' which correlates well
with the rate of nitrite production of 0.09nmolmg-' of
protein min-' reported for the cytosol of stimulated RAW
264.7 cells (Marletta et al., 1988). Production rate for the
total of NO2- and NO3-, that was reduced and measured as
NO2-, was approximately 0.34 nmol NO2; mg- protein
min'. Nitrite production by the cytosol of stimulated mac-
rophages was due to iNOS activity, since it could be com-
pletely abrogated by incubation with 5 mM NMMA (data
not shown).

Therefore, activation of PC-PLC with the subsequent
release of DAG seems to be a primary step in iNOS induc-
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tion. At the end of each experiment, cell viability was above
90% in all groups. Moreover, adherent cell protein values
from 106 J774 cells following 18 h of incubation were
149 ± 18 fg in the control group and did not differ
significantly from the means of groups treated with D609
(data not shown). These findings indicate that the suppres-
sion of iNOS activity by D609 at the concentrations tested,
can neither be explained by a cytotoxic nor by an inhibitory
effect on cell proliferation. Additionally, the ratio of nitrite to
nitrate in the supernatant was invariably about 55% to 45%,
whereas in the stimulated cytosol, the ratio was about.35%
to 65%, irrespective of the treatment. These ratios of nitrite
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Figure 1 Effect of tricyclodecan-9-yl-xanthogenate (D609) on
inducible nitric oxide synthase (iNOS) activity. Data represent the
amount of nitrite (NO2-) in the supernatant and activated cytosol of
stimulated murine J774 macrophages (means ± s.e.mean, n = 8) in
the absence (open columns) or presence of D609 (30 pgml-') (solid
columns). Supernatants were collected at 18 h after stimulation.
Cytosol prepared from stimulated cells (Ae1.49 mg protein from 107
cells) was incubated (37C, 5% CO2) with L-arginine (1.5 nM),
NADPH (0.75 mM) and MgCl2 (1.5 mM) for 2 h. Subsequently, nit-
rate reductase was added. After 1 h of incubation (37C, 5% CO2),
residual NADPH was enzymatically quenched, and the concentration
of NO2- was determined. Pretreatment with D609 significantly
inhibited N02- production in the supernatant of cells stimulated by
lipopolysaccharide (LPS; 1 fig ml-'), interferon gamma (IFN;
200 u ml-'), or both (LPS + IFN). D609 did not affect unstimulated
cells (control) or iNOS activity in activated cytosol. *Indicates
P<0.001 versus stimulated cells without D609 (t test).
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Figure 2 Dose-dependent inhibition of inducible nitric oxide syn-
thase activity by D609. Macrophages were treated with D609
(0-40jtgml-') 1 h prior to stimulation with lipopolysaccharide
(1 Ftg ml-') plus interferon gamma (200 u ml-'). After incubation for
18 h, supernatants were assayed for nitrite. Results are presented as
means ± s.e.mean of duplicates from eight different experiments.
*Indicates P<0.01 versus mean of cells treated with the next lower
concentration of D609 (ANOVA followed by t test).

to nitrate are in close agreement to results of previous studies
(Iyengar et al., 1987).

Inhibition of LPS- and IFN-y-induced N02/NO; produc-
tion by D609 was dose-dependent (Figure 2). At 10 tg ml-',
D609 induced significant suppression of N02 production in
J774 cells stimulated with LPS (1 fig ml-') and IFN-Ty
(200 u ml-'). The ICo value for inhibition of the nitrite
release by D609 was approximately 20 fg ml-'. At 40 fig
ml-', added 1 h prior to stimulation, D609 suppressed the
induction of iNOS activity by 90-100%.
We next carried out experiments to determine the time at

which expression of iNOS activity was susceptible to inhibi-
tion by D609. As illustrated in Figure 3, D609 time-
dependently inhibited the amount of NO2- accumulated after
24 h in the supernatant of stimulated cells. Up to 18 h after
stimulation, we observed an almost linear relationship
between the time D609 was present in the culture and the
amount of inhibition. However, addition of D609 18 h after
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Figure 3 D609 inhibits the induction of nitrite (NO2-) synthesis, but
not the activity of nitrite producing enzymes. Cells were incubated
(37°C, 5% CO2) with lipopolysaccharide (1 jig ml-') plus interferon
gamma (200 u ml-') (zero time point) in the absence (control) or
presence of D609 (30 pg ml-') added to the culture at the indicated
times (-I h to 18 h). The data represent the amount of NO2
accumulated in the supernatant at 24 h. D609 added at 18 h after
stimulation did not reduce the concentration of NO2 as compared to
control. Importantly, iNOS was still active between 18 h and 24 h,
producing approximately 4.5 nmol NO2- (106 cells)-' h-'). Results
are given as means ±s.e.mean of duplicates from eight different
experiments. *Indicates P<0.001 versus control (t test).
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Figure 4 Effect of phorbol 12-myristate 13-acetate (PMA) on
inducible nitric oxide synthase (iNOS) activity. Results represent the
nitrite (NO2-) production (means ± s.e.mean, n = 4) in culture super-
natant of unstimulated cells (control) and macrophages stimulated
for 24 h by lipopolysaccharide (LPS; 1 tg ml-'), interferon gamma
(IFN; 200 u ml-'), or both (LPS + IFN), in the absence (open col-
umns) or presence of PMA (1 pg ml-') (solid columns). *Indicates
P< 0.05 versus stimulated cells without PMA (t test).
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the stimulation, did not reduce further accumulation of NO2-
in the supernatant between 18 h and 24 h. Together with the
finding that D609 did not inhibit enzyme activity of iNOS in
the activated cytosol, this finding suggests that 18 h after
co-stimulation with LPS and IFN-y, macrophages stopped de
novo synthesis of iNOS.
We also investigated whether activation of PKC could

induce iNOS activity and eventually overcome the inhibitory
effect by D609. In these experiments cells were incubated
with PMA (1 pg ml-') that directly activates PKC, but not
acidic sphingomyelinase (SM-ase) (Kolesnick, 1987). We
found that PMA alone did not induce nitrite production. In
combination with other stimuli, PMA enhanced only mar-
ginally the induction of iNOS activity by IFN-j showing no
significant effect on N02- production induced by LPS and
LPS + IFN-y (Figure 4). Furthermore, addition of PMA to
LPS and IFN-y could not prevent the suppression of iNOS
induction by D609 (data not shown).

Discussion

D609 dose-dependently reduced NO2- and NO3- production
in response to LPS, IFN-y and a combination of both. The
ratio of nitrite to nitrate in the supernatant was unchanged
by D609, excluding a shift within the oxidation products of
NO. D609 did not inhibit NO production by iNOS present in
lysates of stimulated J774 cells and was no longer inhibitory
on NO production in cell cultures when added 18 h after
stimulation. These findings indicate that D609 inhibits the
induction of iNOS in response to LPS and IFN-y. Induction
of iNOS sensitive to D609 inhibition was found to be limited
to the first 18 h post-stimulation, which is in close agreement
with the kinetics of iNOS induction found by Ding et al.
(1990).
The concentration of D609 needed for a 50% reduction in

NO2- release was 20 ig ml-1, which is nearly the same con-
centration as that needed to inhibit TNF-induced DAG
release by 50% in the human monocytic cell line U937
(Schutze et al., 1992). At 30-40pgml1', D609 completely
abrogated NO production in response to LPS and IFN-y.
Again, this correlates well with finding of Muller-Decker
(1989) showing that D609 at 30ligml-l almost completely
blocked the phorbol ester-stimulated DAG release in hamster
fibroblasts.

Together with the finding that D609 specifically inhibits
PC-PLC, with no effects on phosphatidylinositol-specific
PLC, phospholipase A2 and phospholipase D (Schiitze et al.,
1992), our results suggest that iNOS induction by LPS and
IFN-y depends on the activation of PC-PLC and the subse-
quent release of DAG. In a previous study, LPS has been
demonstrated to induce hydrolysis of phosphatidyl-inositol-

4,5-biphosphate in murine peritoneal macrophages (Pripic et
al., 1987).

Collectively, our results suggest that the activation of
PC-PLC is a proximal signal in the induction of iNOS. In
agreement with data from the literature, we propose the
following signaling pathway as a model of iNOS expression:
LPS and IFN-y activate PC-PLC resulting in a release of
DAG. DAG is a well-known activator-of PKC, which has
recently been implicated in iNOS induction in a study show-
ing that iNOS induction can be blocked by inhibition of
PKC (Severn et al., 1992). Moreover, DAG released by
PC-PLC has recently been shown to activate acidic SM-ase
which subsequently produces ceramide (Schiitze et al., 1992).
Both pathways, via PKC and via ceramide, lead to an activa-
tion of NF-kB (Gosh & Baltimore, 1990; Schutze et al.,
1992), that finally induces the expression of iNOS, as
indicated by two recent studies (Mtilsch et al., 1993; Sherman
et al., 1993). It seems difficult, however, to determine which
of the two pathways is more important for the induction of
iNOS. Activation of PKC has been shown to induce activa-
tion of phosphatidylcholine-degrading phospholipase C with
subsequent generation of DAG (Kolesnick & Paley, 1987;
Muller-Decker, 1989). Thus, PKC may act as an endogenous
amplifier for the acidic SM-ase-ceramide pathway. The
finding that immune-stimulated iNOS activity is suppressed
by inhibitors of PKC (Severn et al., 1992; Tschaikowsky et
al., 1994), can therefore not provide clear-cut evidence on
which is the prevailing pathway of iNOS induction. In our
experiments, PMA, that activates PKC, but not acidic SM-
ase (Kolesnick, 1987), enhanced only marginally induction of
iNOS activity by IFN-y, but could not induce iNOS activity
per se, nor did it show a significant effect on iNOS induction
by LPS and LPS + IFN-T in the absence or presence of
D609. These findings seem to favour the hypothesis that
subsequent to activation of PC-PLC, both acidic SM-ase and
PKC activation are necessary for iNOS induction, but
neither pathway is sufficient to induce iNOS activity
independently.

In conclusion, we have demonstrated that the xan-
thogenate D609 is a potent inhibitor of the induction of
iNOS in immune-stimulated murine macrophages. Further-
more, our findings suggest that the activation of PC-PLC is a
proximal step in the signal transduction of iNOS activity.
However, clarification of the complete signal transduction
pathway leading to iNOS expression awaits further investiga-
tions.

The authors wish to express their gratitude to Dr Sauer and Dr
Amtmann (Deutsches Krebsforschungszentrum Heidelberg, Heidel-
berg, Germany) for the gift of D609.
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