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Nitric oxide (NO) plays an important role in immunological reactions as a host defense mechanism against tumor cells and
invasive microorganisms, but it may also damage healthy tissue. The excessive formation of NO in IL-1 beta-stimulated
renal mesangial cells not only alters glomerular filtration, but it may also cause tissue injury and thus contribute to the
pathogenesis of certain forms of glomerulonephritis. We report here that, although NO alone has no evident effect on NO
synthase expression, it potently augments IL-1 beta-stimulated NO synthase expression in mesangial cells. NO donors
such as sodium nitroprusside and S-nitroso-N-acetyl-D,L-penicillamine markedly increase IL-1 beta-induced NO synthase
mRNA and protein levels as well as enzyme activity. Nuclear run-on experiments suggest that NO acts to increase IL-1
beta-induced NO synthase gene expression at the transcriptional level. Furthermore, inhibition of NO synthesis by
different pharmacological approaches reduces IL-1 beta-induced NO synthase expression, thus suggesting that NO
functions in a positive feedback loop that speeds up and strengthens its own biosynthesis. We suggest that this potent
amplification mechanism forms the basis for the excessive formation of NO in acute and chronic inflammatory diseases.
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Amplification of Nitric Oxide Synthase Expression by Nitric Oxide
in Interleukin 18-stimulated Rat Mesangial Cells
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Abstract

Nitric oxide (NO) plays an important role in immunological
reactions as a host defense mechanism against tumor cells
and invasive microorganisms, but it may also damage
healthy tissue. The excessive formation of NO in IL-18-
stimulated renal mesangial cells not only alters glomerular
filtration, but it may also cause tissue injury and thus con-
tribute to the pathogenesis of certain forms of glomerulo-
nephritis. We report here that, although NO alone has no
evident effect on NO synthase expression, it potently aug-
ments IL-18-stimulated NO synthase expression in mesan-
gial cells. NO donors such as sodium nitroprusside and S-
nitroso-N-acetyl-D,L-penicillamine markedly increase IL-
1B8-induced NO synthase mRNA and protein levels as well
as enzyme activity. Nuclear run-on experiments suggest that
NO acts to increase IL-18—induced NO synthase gene ex-
pression at the transcriptional level. Furthermore, inhibi-
tion of NO synthesis by different pharmacological ap-
proaches reduces IL-18-induced NO synthase expression,
thus suggesting that NO functions in a positive feedback
loop that speeds up and strengthens its own biosynthesis.
We suggest that this potent amplification mechanism forms
the basis for the excessive formation of NO in acute and
chronic inflammatory diseases. (J. Clin. Invest. 1995.
95:1941-1946.) Key words: nitric oxide * nitric oxide syn-
thase « interleukin 1 - mesangial cells « nitric oxide donors

Introduction

Nitric oxide (NO)," a free radical gas produced by many cell
types, mediates blood vessel relaxation, functions as a neuro-
transmitter in the central and peripheral nervous system, medi-
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ates macrophage cytotoxicity during host defense, and leads to
tissue injury in some inflammatory and autoimmune diseases
(1-5). Increasing evidence indicates that NO orchestrates acute
and chronic inflammatory processes and contributes to the
pathomechanisms of septic shock (6); contributes to the de-
struction of pancreatic islet cells during the development of
insulin-dependent type 1 diabetes (4); and adjuvant arthritis
(7), progression of renal failure (8, 9), and neural destruction
in vascular stroke and other neurodegenerative diseases (10).
The careful control of this extremely reactive molecule is essen-
tial for the prevention of deleterious inflammatory reactions.
Whereas the activity of the constitutive brain and endothelial
cell NO synthases (NOS) are mainly regulated posttransla-
tionally by cytoplasmic Ca?* levels or phosphorylation by a
variety of protein kinases, the inducible NO synthase is regu-
lated primarily at a transcriptional level. Once induced, the latter
enzyme synthesizes NO for long periods of hours and days (1,
3,5).

We have used renal mesangial cells, a specialized type of
vascular smooth muscle cell that takes part in the regulation
of the glomerular filtration rate (11). These cells respond to
endothelial-derived NO with increased levels of intracellular
c¢GMP (12, 13) and express a macrophage type of NO synthase
when exposed to inflammatory cytokines (14—16). In the pres-
ent report we have addressed possible self-regulatory mecha-
nisms modulating the expression of NO synthase in mesangial
cells.

Methods

Materials. Recombinant human IL-18 was generously supplied by Dr.
Klaus Vosbeck (Ciba-Geigy Ltd., Basel, Switzerland); sodium nitro-
prusside (SNP) and 2,4-diamino-6-hydroxypyrimidine were from Sigma
Chemical Co. (Buchs, Switzerland); N°-monomethyl-L-arginine and S-
nitroso- N-acetyl-D,L-penicillamine (SNAP) were from Alexis Corpora-
tion (Laufelfingen, Switzerland); sepiapterin was purchased from Dr.
B. Schirks Laboratories (Jona, Switzerland); the cDNA clone pMac-
NOS, coding for the inducible macrophage NO synthase, was kindly
provided by Dr. J. Cunningham (Brigham and Women’s Hospital, Har-
vard Medical School, Boston, MA ); the cDNA clone pEX6, coding for
human S-actin, was a gift from Dr. U. Aebi (Maurice E. Miiller Institute
Biozentrum, University of Basel, Basel, Switzerland); nylon membranes
were purchased from DuPont de Nemours International (GeneScreen;
Regensdorf, Switzerland); [*?P]dATP (specific activity 3,000 Ci/
mmol) was from Amersham (Diibendorf, Switzerland); cell culture
media and nutrients were from Gibco BRL (Basel, Switzerland), and
all other chemicals were either from Merck (Darmstadt, Germany) or
Fluka Chemie AG (Buchs, Switzerland).

Cell culture. Rat glomerular mesangial cells were cultured and
cloned as described previously (17). The cells were grown in RPMI
1640 supplemented with 10% (vol/vol) fetal calf serum, penicillin (100
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U/ml), streptomycin (100 pg/ml), and bovine insulin at 0.66 U/ml
(Sigma Chemical Co.). For the experiments, passages 9—16 were used.

Nitrite analysis. Nitrite production by rat glomerular mesangial cells
was measured as a readout for NO synthase activity as described pre-
viously (18). Confluent mesangial cells in 24-well plates were washed
twice with PBS and incubated in DME without phenol red and supple-
mented with 0.1 mg/ml of fatty acid—free BSA with or without agents
for the indicated time periods. Thereafter, the medium was withdrawn
and nitrite was measured by mixing 200 gl of the supernatant with 50
ul of Griess reagent. The absorbance at 550 nm was measured and
the nitrite concentration was determined using a calibration curve with
sodium nitrite standards.

Citrulline assay. Mesangial cells were lysed by sonification and the
homogenate was centrifuged for 1 h at 4°C at 100,000 g. Protein content
of the cytosol was determined and assayed for NOS activity. The conver-
sion of L-arginine to L-citrulline was assayed as reported previously
(18). Cytosolic samples (50 ul) were incubated for 30 min at 38°C
with L-['“C]arginine (5 uM; 5 nCi), dithiothreitol (1 mM), NADPH
(1.0 mM), flavin adenine dinucleotide (1.0 uM), and (6R)-5,6,7,8-
tetrahydro-L-biopterin dihydrochloride (0.1 mM) in a final vol of 150
pl. Some experiments were done in the absence of the cofactors and in
the presence of N°-monomethyl-L-arginine (L-NMMA, 5 mM). The
reaction was stopped by heating to 90°C for 2 min. After addition of
sodium citrate (20 mM, pH 2.2; total vol 230 ul) and centrifugation, 2
ml of a buffer containing EDTA (2 mM), sodium acetate (20 mM, pH
5.5), and L-citrulline (0.1 mM) was added. The mixture was loaded
onto a strongly acidic cation exchange column (AG 50W-X8, Na*-
form; Bio-Rad Laboratories, Glattbrugg, Switzerland). The flow-
through and the eluate (2 ml of water) were collected and radioactivity
was quantified in a S-counter.

Northern blot analysis. Total cellular RNA was extracted from mes-
angial cell pellets using the guanidinium thiocyanate/cesium chloride
method (19). Samples of 25 ug RNA were separated on 0.8% agarose
gels containing 0.66 M formaldehyde before transfer to GeneScreen
membranes (New England Nuclear, Boston, MA ). After baking at 80°C
for 2 h and prehybridization for 4 h, the filters were hybridized for 16—
18 h to a **P-labeled Smal cDNA insert from pMac-NOS (20). To
correct for variations in RNA amount, the NOS probe was stripped with
boiling 0.1X SSC buffer (3 M NaCl, 0.3 M sodium citrate), 1% (wt/
vol) SDS, and the blots were rehybridized to the **P-labeled BamHI/
Sall cDNA insert from clone pEX 6, coding for S-actin. DNA probes
(~ 2x 10° cpm/ml) were radioactively labeled with a-[**P]dATP by
random priming (Boehringer Mannheim, Mannheim, Germany). Hy-
bridization reactions were performed in 50% (vol/vol) formamide, 5X
SSC, 10X Denhardt’s solution, 0.5% (wt/vol) SDS, and 250 pg/ml
salmon sperm DNA. Filters were washed three times in 2X SSC, 0.1%
SDS at room temperature for 30 min, and then in 2X SSC, 2% SDS at
65°C for 30 min. Filters were exposed for 6-48 h to X-Omat XAR film
(Eastman Kodak Co., Rochester, NY) using intensifying screens.

Nuclear run-on transcription. Preparation of nuclei was done as
described (21). For the run-on transcription assay, the nuclei suspension
was mixed with 0.2 ml of 2X reaction buffer (100 mM Hepes, pH 8.0/
10 mM MgCl,/300 mM KC1/200 U of RNasin [ Boehringer Mannheim]
per ml/1 mM each ATP, GTP, and CTP/150 pCi of [**P]JUTP [3,000
Ci/mmol)) and incubated for 30 min at 30°C. Transcription was stopped
by adding 20 pg of DNase I, followed by 80 ug of proteinase K. The
32p_labeled RNA was purified by extraction with phenol/chloroform and
two sequential precipitations with ammonium acetate. Equal amounts of
labeled RNA (8 X 107 dpm/ml) were hybridized in 50% formamide/
5% SSC/5% Denhardt’s solution/1% SDS (1X SSC = 150 mM NaCl/
15 mM sodium citrate, pH 7.0) at 42°C for 72 h. Filters contained 10
ug each of linearized plasmids immobilized on GeneScreen membranes
after blotting in 12X sodium chloride sodium phosphate EDTA buffer
with a dot-blot apparatus. After hybridization, filters were rinsed for 30
min in 2X SSC at 60°C, for 5 min in 2X SSC containing 10 ug of
RNAse A per ml at 37°C, and finally for 1 h in 2x SSC at 37°C.
Filters were air-dried and evaluated by PhosphorImaging (Molecular
Dynamics, Inc., Sunnyvale, CA).
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Figure 1. Nitric oxide amplifies IL-15—stimulated nitrite production in
mesangial cells and vascular smooth muscle cells. (A) Confluent mesan-
gial cells (open bars) or rat aortic smooth muscle cells (hatched bars)
were incubated for 16 h with vehicle (control), SNP (500 uM), IL-18
(2 nM), or combinations of IL-14 (2 nM) plus the indicated concentra-
tions of SNP. (B) Mesangial cells were incubated for 16 h with vehicle
(control) or the indicated concentrations of IL-15 alone (open bars)
or in combination with SNP (250 uM). Thereafter, the cells were
washed several times to remove all agents, and fresh medium with or
without IL-143 but without SNP was added for a second incubation
period of 6 h. Nitrite production during this second incubation period
was measured as a readout for NO synthase activity. Data are
means*SD of four experiments.

Western blot analysis. Confluent mesangial cells were stimulated
with or without agents for the indicated time periods. Cells were washed
twice with PBS and harvested into 500 ul lysis buffer (50 mM Tris/
HCl, pH 7.6, 100 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1 mM DTT,
1 mM PMSF, 1% Triton X-100) and incubated for 30 min on ice.
Thereafter the lysates were centrifuged for 15 min at 100,000 g at 4°C.
The supernatants were collected and the protein content was determined
using the method of Bradford (22). 60 ug of protein was then separated
by SDS-PAGE (10% acrylamide gel), and, after blotting onto nitrocel-
lulose (Schleicher & Schuell, Richen, Switzerland), inducible NOS
was immunodetected using a monoclonal antibody (Affiniti Research
Products, Nottingham, U. K.) at a dilution of 1:500. Bands were detected
by an alkaline phosphatase—conjugated second antibody (Sigma Chemi-
cal Co.).

Results

Fig. 1 A (open bars) shows that SNP, an NO-generating com-
pound, was unable to induce NO synthase activity on its own.



Figure 2. Nitric oxide
amplifies IL-15-stimu-

lated NO synthase pro-
g == = —116 kD tein expression in mesan-
—97.4 gial cells. Confluent cells
were incubated with ve-
—66 hicle (lane 1), IL-18 (2

nM, lane 2), IL-15 plus
SNP (500 uM, lane 3),
IL-18 plus SNP (250
M, lane 4), IL-18 plus
SNAP (500 uM, lane 5), or IL-18 plus SNAP (250 uM, lane 6) for
20 h. The cells were then lysed in ice-cold homogenization buffer fol-
lowed by Western blot analysis with an antiserum specific for inducible
NO synthase at a dilution of 1:500. Relative molecular mass markers
are shown on the right. Bands were visualized with alkaline phosphatase.

In contrast, when SNP was added to cells together with IL-15,
a cytokine known to induce NO synthase expression in mesan-
gial cells (14—16), NO synthase activity and nitrite synthesis
were markedly enhanced (Fig. 1 A). Comparable data were
obtained with SNAP, a second NO-generating compound that
is structurally not related to SNP (data not shown). The ampli-
fying effect of SNP is dependent on the concentration of IL-
18 used to trigger NO synthase expression and is most pro-
nounced at submaximal concentrations of the cytokine (Fig. 1
B). The increased production of nitrite is paralleled by increased
NO synthase protein (Fig. 2) and mRNA (Fig. 3) levels as
determined by Western blot and Northern blot analyses, respec-
tively. To obtain information on the time course of interaction
between IL-18 and the NO donors, cells were incubated with
IL-1p for 24 h, and SNP was added for different periods during
this stimulation. The data in Fig. 4 show that, for maximal
potentiation of nitrite production, SNP must be present during
the whole incubation period, suggesting that a sustained supply
of NO is necessary for maximal augmentation of NO synthase
expression,

We have shown recently that inducible NO synthase is ex-
pressed in mesangial cells in response to two principal classes
of activating signals that interact in a synergistic fashion. These
two groups of activators comprise inflammatory cytokines such
as IL-15 and TNF-a and agents that elevate cellular levels of
cAMP (18, 21, 23). SNP only amplified the action of IL-18

Figure 3. Nitric oxide
amplifies interleukin IL-
15-stimulated NO syn-
thase mRNA accumula-
tion in mesangial cells.
Confluent cells were in-
cubated with SNP (500
uM, lane 1); IL-18 (2
nM, lane 2), or IL-18 (2
nM) plus SNP (1 uM,
lane 3), 10 uM (lane 4),
100 M (lane 5), or 500
M (lane 6) for 20 h. To-
tal cellular RNA was
successively hybridized
to *’P-labeled NO synthase and S-actin probes as described in Methods.
The NO synthase mRNA was present as a single band of ~ 4.5 kb. In
unstimulated cells there was no detectable NO synthase mRNA (18,
21).
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Figure 4. Critical time period for the interaction of IL-183 and SNP.
Mesangial cells were incubated for 24 h with vehicle (control), IL-18
(1 nM), or IL-15 plus SNP (250 uM). The indicated time periods refer
to the presence of SNP in the stimulation medium (IL-18 was added
at time 0 and was present throughout the 24-h incubation period).
Thereafter, the medium was removed and used for nitrite determination.
Results give the nitrite production during the last 12 h (in the absence
of SNP) of the 24-h stimulation period and are expressed as means*+SD
of four experiments.

but not NO synthase induction triggered by cAMP (data not
shown). To test the possibility that NO augmented cytokine-
induced NO synthase expression by changing the level of cellu-
lar cGMP, we treated the cells with a membrane-permeable
analogue, dibutyryl cGMP. Addition of dibutyryl cGMP did not
induce NO synthase activity and did not alter IL-15—stimulated
nitrite production (data not shown). Taken together, these find-
ings suggest that amplification of NO synthase expression is an
action of NO that is not mediated by cGMP and is selective for
inflammatory cytokines like IL-14 and TNF-a (data not shown)
without affecting cAMP induction of NO synthase.

To determine whether such a positive feedback loop trig-
gered by NO is physiologically relevant, we used different com-
pounds known to modulate NO formation in cytokine-stimu-
lated mesangial cells. IL-183 induction of NO synthase mRNA
was substantially reduced by inclusion in the culture media of
N®-monomethyl-L-arginine (L-NMMA ), a guanidino-N—sub-
stituted L-arginine analogue that acts as a competitive inhibitor
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Figure 5. Effects of different agents on IL-14—stimulated NO synthase mRNA accumulation in mesangial cells. (A) L-NMMA inhibits IL-18—
stimulated NO synthase mRNA levels. Confluent cells were incubated with vehicle (lane 7); IL-13 (2 nM, lane 2); or combinations of IL-18 (2
nM) plus L-NMMA (100 uM, lane 3), 500 uM (lane 4), 1 mM (lane 5), or 5 mM (lane 6) for 20 h. (B) L-Arginine augments IL-18-stimulated
NO synthase mRNA levels. Confluent cells were incubated with vehicle (lane 1), IL-18 (2 nM) in medium containing 84 mg/liter L-arginine (lane
2), or IL-13 (2 nM) in medium free of L-arginine (lane 3) for 20 h. (C) Inhibition of tetrahydrobiopterin synthesis inhibits IL-18—stimulated NO
synthase mRNA levels. Confluent cells were incubated with vehicle (lane 6); IL-18 (2 nM, lane 5); combinations of IL-18 (2 nM) plus DAHP
(0.5 mM, lane 4), 1 mM (lane 3), or 5 mM (lane 2), or combinations of IL-18 (2 nM) plus DAHP (1 mM) plus sepiapterin (50 uM, lane 1)
for 20 h. Total cellular RNA was successively hybridized to *’P-labeled NO synthase and SB-actin probes as described in Methods.

of NO synthase, as shown in Fig. 5 A. Conversely, changes
of L-arginine concentration markedly modulate NO synthase
mRNA levels, as shown in Fig. 5 B. In an alternative approach,
we inhibited NO production by blocking the synthesis of tetra-
hydrobiopterin, an essential cofactor of NO synthase. Inhibition
of the tetrahydrobiopterin synthetic enzyme GTP-cyclohydro-
lase I by 2,4-diamino-6-hydroxy-pyrimidine (DAHP) has been
shown to prevent NO synthesis in fibroblasts (24), macro-
phages (25), vascular smooth muscle cells (26), and mesangial
cells (27). As shown in Fig. 5 C, DAHP markedly reduced IL-
15-stimulated NO synthase mRNA levels in a concentration-
dependent manner. Addition of sepiapterin, which is intracellu-
larly converted into tetrahydrobiopterin (24), completely re-
versed the inhibitory action of DAHP and even potentiated NO
synthase mRNA levels (Fig. 5 C). In this context it is worth
noting that sepiapterin dose-dependently augments IL-13—stim-
ulated NO synthesis, indicating that the availability of tetrahy-
drobiopterin limits the production of NO in stimulated mesan-
gial cells (27).

To determine specifically the molecular mechanism by
which NO amplifies NO synthase mRNA, we directly measured
mRNA stability and transcriptional rate. The half-life of NO
synthase mRNA was assessed by actinomycin D experiments.
Mesangial cells were stimulated with IL-15 (1 nM) or a combi-
nation of IL-18 (1 nM) plus SNP (500 uM) for 16 h. Thereaf-
ter, actinomycin D (10 pg/ml) was added to the cells to inhibit
further transcription, and the NO synthase mRNA was measured
at 1, 2, 4, and 8 h as previously described (21). The half-life
of NO synthase message stimulated by IL-1/ alone was 1.2+0.2
h (mean*SD, n = 4). SNP did not significantly alter NO syn-
thase mRNA stability, and a half-life of 1.6+0.3 h (mean+SD,
n = 2) was calculated (P > 0.05, by Student’s ¢ test). Nuclear
run-on experiments were performed to determine the transcrip-
tional rate of the NO synthase gene. IL-18 markedly increased
NO synthase gene transcription in mesangial cells, as described
previously (21). Addition of SNP alone has no effect on NO
synthase gene transcription, but it potently augmented IL-18-
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induced transcriptional rate by ~ 130% (Fig. 6). In summary,
these results suggest that NO acts as an autocrine mediator that
upregulates IL-18—induced NO synthase gene expression in
mesangial cells and thus leads to an optimal generation of NO
by the cells. This positive feedback mechanism of NO serving
to maximally amplify its own production is not restricted to
renal mesangial cells, but it is also observed in vascular smooth
muscle cells derived from rat aorta, as shown in Fig. 1 A
(hatched bars), and thus may be a general mechanism operative
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Figure 6. NO synthase gene transcription in IL-18— and SNP-stimulated
mesangial cells. Mesangial cells were incubated with vehicle (control),
SNP (500 uM), IL-13 (1 nM), or a combination of IL-18 plus SNP
for 16 h. The rate of transcription of the genes of NO synthase or §-
actin by isolated nuclei was determined by hybridizing the elongated,
labeled RNA transcripts to NO synthase cDNA or a $-actin probe
immobilized onto GeneScreen membranes and evaluation by Phos-
phorlmaging. Results are means*SD of three independent experiments.
Significant difference from stimulation with IL-143 alone. *P < 0.05;
Student’s ¢ test.



in cells and tissues that are able to express the inducible form
of NO synthase.

Discussion

These results raise several questions as to the mechanism of
NO-induced NO synthase expression, the physiological role of
this positive feedback loop, and the possible termination of this
positively regulated process. The precise mechanism by which
NO amplifies NO synthase expression remains to be clarified
but may be related to the ability of NO to activate the transcrip-
tion factor NFkB. Lander et al. (28) found that NO-generating
compounds such as SNP and SNAP induce NF«B binding activ-
ity in peripheral blood mononuclear cells, an effect that is not
mimicked by a cell-permeable cGMP analogue. In this context
it is important to note that activation of NF«B is critical in
the induction of NO synthase in macrophages (29-31) and
mesangial cells (23). Furthermore, we have reported recently
that pyrrolidine dithiocarbamate, a potent inhibitor of NF«B,
completely inhibits NO synthase induction in response to IL-
18 without affecting cAMP-induced NO synthase expression
(23). These observations are compatible with the data reported
in the present paper showing that NO amplifies IL-18—-induced,
but not cAMP-stimulated, NO synthase activity. The physiolog-
ical role of the described potent amplification mechanism of
NO generation may be to rapidly provide injured cells with a
powerful host defense mechanism that also may form the basis
for the dramatic production of NO in acute and chronic inflam-
matory diseases. Evidence for the presence of the L-arginine
NO pathway in the renal glomerulus in vivo and its relevance
for several types of experimental glomerulonephritis has been
provided by the work of Cattell and Cook (9) and Jansen et
al. (32). Moreover, Weinberg et al. (33) reported that oral
administration of L-NMMA prevents the development of glo-
merulonephritis and reduces the intensity of inflammatory ar-
thritis in MRL-Ipr/lpr mice that develop a spontaneous autoim-
mune disease. It is tempting to suggest that the regional or
systemic use of compounds that block the positive amplification
cycle of NO production may be of value in therapy to autoim-
mune diseases. The careful control of this extremely reactive
molecule is essential for the prevention of deleterious inflam-
matory reactions. Powerful negatively acting regulatory path-
ways are required to terminate amplification loops such as the
one described in this paper. Recently, Moncada and co-workers
(34) reported that NO generators markedly inhibit macrophage
NO synthase activity in vitro in an irreversible fashion. How-
ever, a high concentration of NO donors was required to get
significant inhibition of the enzyme. Incubation of cytosolic
fraction of IL-183-stimulated mesangial cells with SNAP gave
a dose-dependent inhibition of NO synthase activity as mea-
sured by the citrulline assay (Fig. 7). Significant reduction of
NO synthase activity required concentrations of SNAP as high
as 500 uM (Fig. 7). These data show that NO donors not only
potentiate the effects of IL-143 on the expression of NO synthase
mRNA (Fig. 2), synthesis of NO synthase (Fig. 3), and produc-
tion of NO (Fig. 1), but they also inhibit IL-15—induced activ-
ity of the enzyme (Fig. 7). Therefore, NO may provide an
additional level of modulation with an effect on the amount of
the enzyme combined with the opposite effect on its activity.
Can these seemingly disparate results be reconciled? We sug-
gest that NO acts as positive feedback regulator to rapidly am-
plify its own synthesis, but as soon as a critical threshold of
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Figure 7. Inhibition of IL-15-stimulated NO synthase activity extracted
from mesangial cells by SNAP. Cells were incubated with IL-18 (2
nM) for 20 h and thereafter washed and lysed. Cell cytosols were
prepared from lysates and incubated in the presence and absence of L-
NMMA (5 mM) for 30 min at 37°C with 5 nCi L-['*C]arginine. The
incubations were terminated and the formation of L-['“C]citrulline was
quantified as described in Methods. The specific nitric oxide synthase
activity was calculated as the L-NMMA —sensitive formation of L-["*C]-
citrulline per minute per milligram of protein. Data are means=SD of
three experiments.

NO production is reached NO now functions as a negative
feedback modulator, to terminate its production finally in an
irreversible manner. In an alternative scenario, NO-triggered
amplification of NO synthase expression is suppressed simply
because of substrate depletion. The remarkably high turnover
of L-arginine may reduce extracellular L-arginine concentration
to an extent that it becomes rate limiting for NO synthase activ-
ity and thus provides a stop signal for further NO synthase
expression. The phenomenon of NO-modulated NO synthase
expression and activity may have broad implications for under-
standing the regulation of NO synthase activity and may help
to develop new pharmacological approaches applicable to con-
ditions of pathological NO overproduction.
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