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Feedback inhibition of nitric oxide synthase activity by nitric

oxide
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1 A murine macrophage cell line, J774, expressed nitric oxide (NO) synthase activity in response to
interferon-gamma (IFN-y, 10 uml~') plus lipopolysaccharide (LPS, 10 ng ml~!). The enzyme activity
was first detectable 6 h after incubation, peaked at 12 h and became undetectable after 48 h.

2 The decline in the NO synthase activity was not due to inhibition by stable substances secreted by
the cells into the culture supernatant.

3 The decline in the NO synthase activity was significantly slowed down in cells cultured in a low
L-arginine medium or with added haemoglobin, suggesting that NO may be involved in a feedback
inhibitory mechanism.

4 The addition of NO generators, S-nitroso-acetyl-penicillamine (SNAP) or S-nitroso-glutathione
(GSNO) markedly inhibited the NO synthase activity in a dose-dependent manner. The effect of NO on
the enzyme was not due to the inhibition of de novo protein synthesis.

5 SNAP directly inhibited the inducible NO synthase extracted from activated J774 cells, as well as the
constitutive NO synthase extracted from the rat brain.

6 The enzyme activity of J774 cells was not restored after the removal of SNAP by gel filtration,
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suggesting that NO inhibits NO synthase irreversibly.
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Introduction

Nitric oxide (NO), derived from molecular oxygen and the
guanidino nitrogen of L-arginine, is involved in a variety of
biological functions (reviewed in Moncada et al., 1991). Nit-
ric oxide is the transduction mechanism for the soluble
guanylate cyclase responsible for endothelium-dependent vas-
cular relaxation, modulation of platelet aggregation and
some forms of central and peripheral neurotransmission
(reviewed in Moncada et al., 1991). Nitric oxide also con-
tributes to the cytotoxic and cytostatic actions of macro-
phages activated by various immunological stimuli (Hibbs et
al., 1988). The production of NO is catalysed by the enzyme
NO synthase, of which there are at least two different types.
One is constitutive and is Ca?*/calmodulin-dependent. The
other is inducible by cytokines and bacterial lipopolysac-
charide (LPS) and is Ca’*-independent. The activity of these
enzymes can be specifically and stoichiometrically inhibited
by structural analogues of L-arginine such as L-NC-
monomethyl arginine (L-NMMA).

The generation of NO by the inducible NO synthase is
tightly regulated. Indeed, a number of cytokines such as
transforming growth factor-beta (TGF-B) (Ding et al., 1990),
interleukin-4 (IL-4) (Liew et al., 1991) and IL-10 (Cunha et
al., 1992) are effective in inhibiting the expression of the NO
synthase. Furthermore, the induction of NO synthase in
macrophages in vitro is accompanied by a steep increase in
nitrite (NO,”) accumulation in the culture supernatant,
which reaches a plateau 40-60 h after the initial stimulus
(Stuehr & Marletta, 1987; Takema et al., 1991). This suggests
that there may also be a self-regulatory mechanism
modulating the activity of NO synthase. We show here that
NO can act as a negative feedback mechanism for its own
synthesis.
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Methods

Materials

The murine macrophage cell line J774 was obtained from
American Tissue Culture Collection (ATCC). Cells were
maintained in culture medium (DMEM [Gibco] supple-
mented with 10% foetal calf serum [FCS], 2 mM L-glutamine,
100 u ml~! penicillin, 100 ug ml~! streptomycin and 20 mM
glucose). For this standard DMEM, the initial L-arginine
concentration was 351%102uM (n=9). In some
experiments, DMEM with a low L-arginine concentration
(13.5 £ 0.5 uM; n = 3) was used. The residual L-arginine was
due to the amino acid present in FCS which was not
dialysed. Murine recombinant IFN-y was kindly provided by
Dr G. Adolf, Ernst Boehringer-Institut fur Arzneimettel-
Forschung, Vienna, Austria. LPS from E. coli (026:B6) was
obtained from Difco. S-nitroso-acetyl-penicillamine (SNAP)
was kindly provided by Dr H. Hodson (Department of
Medicinal Chemistry, The Wellcome Research Laboratories,
Beckenham). S-nitroso-glutathione (GSNO), synthesized ac-
cording to the method of Hart (1985), was kindly provided
by Dr A. Noronha-Dutra (Middlesex Hospital, University of |
London). 8-Bromo-guanosine 3':5'-cyclic monophosphate (8-
Br-cyclic GMP) was purchased from Sigma. L{*H]-leucine
(specific activity 120 Ci mmol-'; 4.44 TBq mmol~') and L-
[2,3,4,5-*H]-arginine (specific activity 62 Ci mmol~'; 2.3 TBq
mmol~') were obtained from the Radiochemical Centre,
Amersham (UK). All other reagents were purchased from
Sigma (Poole, England).

Induction of NO synthase activity and NO,~ synthesis

J774 cells were cultured for 2 h at 37°C in an atmosphere of
5% CO, in 12-well Costar plates at 2 X 10° cells per 2 ml of
DMEM. To each well, 2ml of medium alone (control) or
medium containing the stimulus (10umil~' IFN-y plus
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10 ng ml~! LPS) was added. The activity of NO synthase and
the NO,~ concentration were determined 6, 12, 24 and 48 h
after activation.

Effect of cell supernatant on NO synthase levels

Cells were left in contact with or without the stimulus for
4 h, washed and cultured in fresh medium for another 12 h.
Preliminary experiments demonstrated that the levels of NO
synthase attained with this short period of exposure were the
same as when the stimulus was left for longer periods. The
supernatant was collected, filtered through a 0.2 um filter and
diluted 1:1 with fresh DMEM. Fresh J774 monolayers were
pre-incubated with this culture supernatant (2 ml per well)
for 12 h followed by stimulation with IFN-y plus LPS. Nitric
oxide synthase activity was determined 12 h after stimulation.

Effects of NO donors, 8-Br-cyclic GMP and
haemoglobin on NO synthase levels

All experiments with SNAP, GSNO or 8-Brcyclic GMP
were carried out in low L-arginine medium to avoid
interference by endogenously-produced NO. The NO donors
and the cyclic nucleotide analogue were added together with
the stimulus and the enzyme activity was assayed 12 h later.
To test the effects of these compounds on the total protein
synthesis, cells were pulsed with L-[’H]-leucine (1 uCi per
well; 2 h, 37°C) 4 h or 6 h after the stimulation. The medium
was removed and the cells were washed with PBS containing
2mM cold L-leucine and finally with 10% and 5% trichlor-
acetic acid. The radioactivity in the monolayers was counted
in a liquid scintillation counter (LKB, Sweden). The
experiments with haemoglobin were carried out in standard
DMEM.

Effect of SNAP on the inducible and constitutive NO
synthases

Cytosol (20,000 g) from J774 cells was prepared by sonicating
cells activated by 12 h incubation with the stimulus and used
as the source of inducible enzyme. Rat brain cytosol was
prepared by homogenizing brains in 0.1 M HEPES/1 mM
dithiothreitol (DTT), pH 7.4, in a ratio of 1:5 (w/v) followed
by centrifugation (20,000 g). The supernatant was used as the
source of constitutive enzyme. Aliquots of both cytosols
containing SpuM tetrahydrobiopterin were incubated for
30 min at room temperature in the reaction mixture for the
citrulline assay (see below) containing 0, 30, 100, 300 or
1000 uM of SNAP. The addition of SNAP or GSNO did not
alter the pH of the medium. The citrulline assay was used
because NO released by SNAP interferes with the spectro-
photometric assay (see below).

To assess whether removal of SNAP would restore the
enzyme activity, stimulated J774 cytosol was incubated with
1 mM of SNAP or buffer for 1 h at room temperature. These
mixtures were then passed through a Sephadex G-50 (2.5 ml
volume) column which was equilibrated and eluted in 0.1 M
HEPES/1 mM DTT/1 mM EDTA/100 pm NADPH/5uM tet-
rahydrobiopterin to avoid loss of enzyme activity by removal
of cofactors. Fractions of 0.25ml were collected. Peak
enzyme activity appeared in fraction 6 while the SNAP
appeared from fraction 10 onwards. The enzyme activity in
the various fractions and in the controls was determined by
the citrulline assay (see below).

Assays of NO synthase activities

Spectrophotometric assay The cell monolayers were washed
with PBS and sonicated after addition of 0.25ml of buffer
(0.1 M HEPES/1 mM DTT/1 mm EDTA, pH 7.4). The cyto-
sol (20,000 g) was assayed for NO synthase activity by the
spectrophotometric assay based on the conversion of oxy- to
methaemoglobin as described previously (Feelisch & Noack,

1987). The protein content of the cytosol was determined by
the Coomassie Blue binding method (Pierce Chemical).
Activity was expressed as pmol of NO mg~! protein min~!.
The NO synthase activity in the positive controls varies
between 600—1000 pmol NO mg~! protein min~' in different
experiments. This probably reflects stages of differentiation of
the cell line in different passages.

Citrulline assay This was performed by the conversion of
radioactive L-arginine to L-citrulline as previously described
(Salter et al., 1991), except that it was carried out at room
temperature for 30min and [*H)-L-arginine was used.
Activlity was expressed as pmol of citrulline mg=! protein
min~

Measurement of NO,~

The concentration of NO,~ in the supernatants was deter-
mined by chemiluminescence as previously described (Palmer
et al., 1987).

Statistical analysis

Results are expressed as mean * s.e.mean and statistical
significance (P <<0.05) was analysed by Student’s ¢ test. In
the figures, vertical bars = 1 s.e.mean; where no bar is seen, it
is covered by the symbol.

Results

Time course of NO synthase activation and NO,”
production

After 6 h of exposure to IFN-y plus LPS a small amount of
NO,~ was detectable in the culture supernatant, increasing
until 24 h and remaining essentially the same at 72 h (Figure
1). The NO synthase activity (measured by the spectro-
photometric method) in the cytosolic fraction showed a high
activity by 6 h, which peaked at 12 h, decreased thereafter to
a low level by 48 h and was not detectable by 72 h (Figure 1).
At this time 70-80% of the cells remained viable, as judged
by trypan blue exclusion (data not shown).

There was no difference in the levels of enzyme activity in
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Figure 1 Time-course of NO,~ accumulation (O) and NO synthase
activity (@) in J774 cells stimulated with interferon gamma (IFN-y,
10 u ml-") plus lipopolysaccharide (LPS, 10 ng ml-'). Medium was
standard DMEM. NO synthase activity was assayed by the spectro-
photometric method. Vertical bars = 1s.e.mean of triplicate wells.
Results are representative of 3 experiments.



the cells which were pre-incubated with the supernatant
derived from stimulated and non-stimulated cells before
stimulation with IFN-y plus LPS for 12h (611 £ 73 vs
519 £ 19 pmol NO mg~! protein min~!, respectively, n=3;
P>0.05).

Effects of haemoglobin or low L-arginine on NO
synthase levels

Low concentrations of NO,~ (10* 1.03 uM; n=3) were
found in the supernatant of cells stimulated in low L-arginine
DMEM when compared to the NO,~ concentrations in the
supernatant from cells stimulated for 12h in standard
DMEM (137.1x3.4uM, n=3). The presence of haemo-
globin also reduced the NO,™ concentrations in the super-
natant (71.7 £ 1.6 mM; Figure 2a). In contrast, when the
enzyme activity from those cells was studied by the spectro-
photometric method, the peak enzyme activity in low L-
arginine DMEM was markedly increased and the decay of
this activity was slowed down when compared to that
observed after activation in standard DMEM. The presence
of haemoglobin also increased the peak activity of the
enzyme by 50% and reduced the rate of its decay (Figure
2b).
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Figure 2 Time-course of NO,~ accumulation (a) and NO synthase
activity (b) of J774 cells activated with interferon gamma (IFN-y,
10uml-') plus lipopolysaccharide (LPS, 10 ngml-'), in standard
DMEM (O), in the presence of 200 uM of haemoglobin (@), or in
low L-arginine DMEM (A). NO synthase activity was assayed by the
spectrophotometric method. Each point is the mean * s.e.mean of
triplicate wells. Results are representative of 2 experiments.
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Effects of SNAP, GSNO and 8-Br-cyclic GMP

When added to the cells at the same time as the stimulus, the
NO donors SNAP and GSNO inhibited the enzyme activity
in a dose-dependent manner, whereas 8-Br-cyclic GMP was
without effect (Figure 3). The inhibitory effect of SNAP and
GSNO was due to NO, since neither acetyl-penicillamine nor
glutathione (which do not release NO) had any effect on NO
synthase activity (779 £ 144 and 734 £ 90 pmol NO mg™"'
protein min~!, respectively, n = 3). Neither SNAP nor 8-Br-
cyclic GMP (10-100 uM) affected the macrophage total pro-
tein synthesis assayed 4, 8 or 12 h after stimulation (n = 3 for
each concentration and each time).

Effect of SNAP on NO synthase activity in a cell-free
system

When SNAP was incubated with the cytosolic fraction of
stimulated J774 cells, it inhibited the NO synthase activity
(measured by the citrulline assay) in a dose-dependent man-
ner (Figure 4). In parallel experiments, the enzyme activity of
the constitutive NO synthase extracted from rat brain was
similarly inhibited by SNAP (Figure 4). The removal of
SNAP by gel filtration did not restore the NO synthase
activity (Figure 5).

Discussion

The NO synthase activity induced in macrophages following
activation by immunological stimuli decays rapidly. Since
supernatants of stimulated cells failed to affect the produc-
tion of NO by other stimulated J774 cells, such decay is not
likely to be due to inhibitory stable substances produced by
the cells and present in the culture supernatant. We have now
provided evidence that the decay in NO synthase activity is
due, at least in part, to feedback inhibition by NO. Thus, low
concentrations of L-arginine (which limit NO synthesis), or
the presence of haemoglobin (which scavenges NO), in-
creased the activity and slowed the decay of NO synthase
activity. In contrast, the addition of SNAP and GSNO,
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Figure 3 Effect of NO donors and 8-Br-cyclic GMP on the NO
synthase activity in J774 cells. S-nitroso-acetyl-penicillamine (SNAP,

), S-nitroso-glutathione (GSNO, @) or 8-Br-cyclic GMP (A) were
added together with the stimuli (10 umil~' interferon gamma plus
10 ng ml~! lipopolysaccharide) and the enzyme activity assayed 18 h
later by the spectrophotometric assay. Each point is the mean
s.e.mean of triplicate wells. Results are representative of 2
experiments.
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Figure 4 Inhibitory effect of S-nitroso-acetyl-penicillamine (SNAP)
on NO synthase extracted from the cytosol of stimulated J774 cells
(open columns) and from rat brain (cross-hatched columns). Ali-
quots of both cytosols were incubated with SNAP in the presence of
5 uM tetrahydrobiopterin. After 30 min at room temperature, the NO
synthase activity was assayed by the citrulline assay. Original
activities were 1000 and 300 pmol citrulline mg~! protein min~' for
J774 and rat brain cytosol, respectively. Similar results were obtained
with a 60 min incubation time. Data are representative of 2
experiments each with triplicate samples.

which produce NO, strongly inhibited the enzyme activity
either in whole cells or in a cell-free system. The latter finding
clearly indicates that NO inhibits the enzyme directly. The
requirement of relatively high concentrations of NO donors
in this system is probably due to the slow release of NO by
these compounds. NO is released by GSNO at a rate of
0.02 nmol min~! (Radomski et al., 1992). Since the dose-
response curves of SNAP and GSNO on the inhibition of
NO synthase are very similar, it is likely that SNAP releases
NO at a similar rate.

SNAP also inhibited the activity of the constitutive brain
NO synthase. An inhibition of the particulate but not the
soluble constitutive NO synthase in endothelial cells caused
by superoxide has been suggested (Mitchell er al., 1991). The
mechanism by which NO inhibits NO synthase activity is at
present unknown. The concentrations of NO released by
SNAP, although sufficient to inhibit the enzyme activity, had
no effect on the total protein synthesis of the macrophages.
The inhibition did not appear to be mediated by cyclic GMP,
since 8-Br-cyclic GMP had no effect. It is also unlikely that
NO inhibits the NO synthase activity indirectly by affecting
the levels of NADPH or tetrahydrobiopterin, co-factors
essential for NO synthase activity, since excess concentrations
of these compounds were added in the NO synthase assays.
It may be that NO has a direct effect on the activity of NO
synthase. This is consistent with our finding that SNAP
could inhibit the enzyme activity in a cell-free system. Fur-
thermore, the removal of SNAP from the incubate did not
restore the enzyme activity. This suggests that the inhibition
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Figure 5 Gel-filtration analysis of S-nitroso-acetyl-penicillamine
(SNAP)-inactivated NO synthase. Aliquots of cytosol extracted from
activated J774 cells and containing 5puM tetrahydrobiopterin were
incubated with buffer or with 1 mm of SNAP for 60 min at room
temperature. Part of the mixtures was then gel filtered through a
Sephadex G-50 column. NO synthase activity was assayed by the
citrulline assay. The data are total activity of non-fractionated
enzyme (open columns) or of fractionated (pooled fractions 5-7)
enzyme (hatched columns). Results represent mean * s.e.mean of 3
experiments.

of NO synthase by NO may be irreversible. Whether other
free radicals can also inhibit NO synthase is at present
unknown.

Nitric oxide has been shown to induce S-nitrosylation of
four cysteine residues of glyceraldehyde-3-phosphate de-
hydrogenase which are essential for the catalytic function,
thereby inhibiting the enzyme activity (Molina y Vedio et al.,
1992). Mouse macrophage inducible enzyme has been shown
to have 24 cysteine residues (Lyons et al., 1992; Xie et al.,
1992), the potential sites of S-nitrosylation. Nitric oxide has
also been shown to react with amino groups of proteins
(Moriguchi et al., 1992). It was recently shown that NO
synthase is a haem protein (White & Marletta, 1992). It is
possible that NO binds directly to the haem moiety of the
enzyme. Whether NO inhibits the synthase activity by these
or other mechanisms remains to be established. It is also
unclear whether, in addition to its direct inhibitory effect on
the enzyme, NO also inhibits the induction process leading to
the expression of the NO synthase.

Earlier studies have demonstrated that a number of
cytokines (TGF-B, IL-4 and IL-10) can inhibit the induction
of NO synthase in macrophages. Our present data suggest an
additional regulatory process of NO synthesis via a feedback
mechanism by NO.
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