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Nitric oxide at a low concentration protects murine macrophage
RAW264 cells against nitric oxide-induced death via cGMP

signaling pathway
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1 We investigated the cytoprotective effect of low-dose nitric oxide (NO) on NO-induced cell death
in mouse macrophage-like cell line RAW264.

2 Sodium nitroprusside (SNP), an NO donor, at a high concentration (4 mM) released cytochrome ¢
from mitochondria and induced death in RAW264 cells. Acetyl-L-aspartyl-L-glutamyl-L-valyl-L-
aspart-1-al (Ac-DEVD-CHO, 100 -200 uM), a caspase-3 inhibitor, attenuated the SNP-induced cell
death in a concentration-dependent manner.

3 Pretreatment with 100 uM SNP for 24 h, which had no effect on cell viability, attenuated the cell
death and reduced cytochrome c release from mitochondria to the cytosol induced by 4 mm SNP.

4 LY83583 (1-3uM)and 1H-[1,2,4Joxadiazolo[4,3,-a]quinoxalin-1-one (ODQ, 30 — 100 uM), soluble
guanylate cyclase inhibitors, negated the protective effect of the 100 uM SNP pretreatment.

5 Pretreatment with I mM dibutylyl guanosine-3',5'-cyclic monophosphate (DBcGMP), a cell-
permeable guanosine-3’,5'-cyclic monophosphate (cGMP) analogue, for 24h inhibited both
cytochrome c release and cell death induced by SNP.

6 Protein kinase G inhibitor KT5823 (10 uM) significantly reduced the cytoprotective effects of low-
dose SNP and DBcGMP.

7 These results indicate that low-dose NO protects RAW264 cells from NO-induced apoptosis
through cGMP production and activation of protein kinase G.
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Introduction

Nitric oxide (NO), a radical produced in mammalian cells
from arginine in a reaction catalyzed by NO synthase
(Moncada & Higgs, 1993), has been implicated in a variety
of biological phenomena, such as vasodilation, platelet
aggregation, synaptic transmission and cytotoxicity (Moilanen
& Vapaatalo, 1995; Wang & Robinson, 1997; Pfeifer et al.,
1998; Riddell & Owen, 1999). Most of these physiological
events are exerted by an increase in the guanosine-3,5-cyclic
monophosphate (cGMP) concentration wvia activation of
soluble guanylate cyclase (sGC). Recent data indicate that
endogenously generated or exogenously supplied NO induces
characteristic apoptotic features, that is, chromatin condensa-
tion and DNA fragmentation. NO-induced apoptosis occurs in
p cells of the pancreas (Ankarcrona et al., 1994; Kaneto et al.,
1995), thymocytes (Fehsel ez al., 1995; Sandau & Brune, 1996),
hepatocytes (Kim et al., 1995), macrophages (von Knethen
et al., 1999) and several other cells (Suenobu et al., 1999;
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Vincent & Maiese, 1999; Battinelli & Loscalzo, 2000; Taimor
et al., 2000). NO inhibits mitochondrial respiration and
disrupts energy metabolism and calcium homeostasis (Brown,
1999). In addition, NO modulates the mitochondrial perme-
ability transition, a process that is linked to the release of
apoptogenic factors such as cytochrome c¢ (Brookes et al.,
2000). The release of cytochrome ¢ constitutes an important
step in the activation of a specific subgroup, CPP32, of
caspases, and thus promotes apoptosis (Nijihawan et al.,
1997). On the other hand, an antiapoptotic role of NO in some
cultured cells has also been demonstrated. NO at a low
nontoxic concentration induces resistance to TNF-a-induced
hepatotoxicity (Kim er al., 1997), inhibits Fas-induced
apoptosis in B lymphocytes (Mannick et al, 1997), and
modulates CD95-induced apoptosis in T lymphocytes (Sciorati
et al., 1997).

Macrophages play a significant role in the host defense
mechanism. When activated, they produce large amounts of
NO that inhibit the growth of a wide variety of tumor cells and
microorganisms (MacMicking et al., 1997). Since this NO
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production is also toxic for the macrophages themselves
(Albina et al., 1993), they must have self-defense mechanisms
against NO toxicity. Sensitivity of cells to NO toxicity seems to
differ among cell types. For example, pancreatic beta cells and
thymocytes are very susceptible to NO toxicity (Kroncke et al.,
1993; Fehsel et al., 1995; Kaneto et al., 1995), but hepatocyte
and mesangial cells are less susceptible to it (Kim et al., 1995;
Muhl et al., 1996), suggesting the presence of protective
mechanisms in the latter cell types. Their self-defense mechan-
isms may depend on antiapoptotic effects of NO. Actually,
von Knethen ez al. (1999) indicated that S-nitrosoglutathione
(GSNO), an NO donor, at a low concentration inhibited
apoptosis induced by high-dose GSNO in macrophages. The
mechanism of the antiapoptotic effect of NO, however, is
largely unknown. In this study, we investigated the protective
effect of NO at a low concentration on NO-induced cell death
in the mouse macrophage cell line RAW264.

Methods
Cell culture and treatment with drugs

Clonal murine macrophage-like RAW264 cells were cultured
as described previously (Fujimori et al., 2001). Briefly, the cells
were grown in Dulbecco’s modified Eagle’s medium (Sigma, St
Louis, U.S.A.) supplemented with 10% heat-inactivated fetal
calf serum (Gibco-BRL, Gaithersburg, U.S.A.) containing
100 ug ml~! streptomycin, 100 IU ml~! penicillin, and 1 ygml™
fungizone in a humidified atmosphere of 95% air— 5% CO, at
37°C. The cells were plated at a density of 2 x 10*/well
on 96-well tissue culture plates for viability experiments or
2 x 10° on 100-mm-diameter dishes for Western blotting ex-
periments. LY83583 (Calbiochem, La Jolla, CA, U.S.A.), 1H-
[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one (ODQ, Calbiochem),
PD98059 (Calbiochem), SB203580 (Wako Chemicals, Osaka,
Japan), wortmannin (Sigma), acetyl-L-aspartyl-L-glutamyl-L-
valyl-L-aspart-1-al (Ac-DEVD-CHO) (Peptide Institute, Osa-
ka, Japan) or KT5823 (Calbiochem) was added 30 min before
exposure to sodium nitroprusside (SNP) or dibutylyl guano-
sine-3’,5-cyclic monophosphate (DBcGMP) (Sigma). All other
reagents were of the highest grade of purity and were
commercially available.

Cell viability

Cell viability was determined by a colorimetric 3,4,5-
dimethylthiazol-2-yl-2,5-diphenyl tetrazolium bromide
(MTT) assay (Mosmann, 1983) or LIVE/DEAD viability/
cytotoxicity kit (Molecular Probe, Inc., Eugene, OR, U.S.A.)
as described previously (Kanesaki et al., 1999; Koyama et al.,
2000). Briefly, for MTT assay, cells were incubated with MTT
(Nakarai Tesque, Kyoto, Japan) solution for 2—4h. Then the
medium was discarded, and the resulting dye was dissolved in
dimethyl sulfoxide, and thereafter the absorbance was
measured at 570nm. MTT reduction was expressed as a
percentage of that of the untreated control. When the LIVE/
DEAD viability/cytotoxicity kit was used, cells were incubated
for 30 min with calcein AM and ethidium homodimer. Then
the numbers of both green and red fluorescent cells were
counted under a fluorescence microscope.

Hoechst 33258 staining

Chromosomal condensation and DNA fragmentation were
determined by using the chromatin dye Hoechst 33258. Cells
were harvested and fixed with 1% glutaraldehyde for 30 min at
4°C. Then the cells were washed with phosphate-buffered
saline (PBS) and stained with 100 uM Hoechst 33258/PBS as
described previously (Koyama et al., 2000).

Western blot analysis

To prepare whole-cell lysate, we lysed cells with a buffer
consisting of 1% nonidet p-40, 1% sodium deoxycholate,
0.1% sodium dodecylsulfate, 150 mM sodium chloride, 5mM
sodium ethylenediaminetetraacetic acid, and 0.1 mM PMSF.
Preparation of cytosolic S-100 fraction was performed as
described by Hiura et al. (2000). In brief, RAW264 cells were
lysed by three cycles of freeze — thawing in another lysis buffer
(20mM HEPES/KOH, 1.5mMm MgCl,, 10mM KCl, 1mMm
sodium ethylenediaminetetraacetic acid, 1mM DTT, 0.1 mM
PMSF, 250 mM sucrose; pH 7.5). The cell lysates were then
centrifuged at 100,000 x g for 1 h at 4°C. The supernatant was
collected, and the protein concentration was measured with a
BCA protein assay kit (Pierce, Rochford, IL, U.S.A.).
Aliquots of whole-cell lysate and the supernatant (30pug
protein) were separated by 15% SDS —PAGE and transferred
onto Immobilon-P membranes (Millipore Corp., Waters
Chromatography, Milford, MA, U.S.A.). The membranes
were rinsed three times with Tris-buffered saline (TBS) and
blocked for 30min with 5% nonfat dry milk/TBS/0.1%
Tween-20. The membranes were then incubated for 2h at
room temperature with a monoclonal antibody specific for
cytochrome ¢ (1:200 dilution, PharMingen, San Diego, CA,
U.S.A.). Next, the membrane was rinsed five times with TBS/
0.1% Tween-20, and incubated for 1h with a horseradish
peroxidase-conjugated anti-mouse IgG antibody (Cappel,
Durham, NC, U.S.A.). Signals were detected with a chemilu-
minescence detection kit (NEN, Boston, MA, U.S.A)).

Statistical evaluation

The results were expressed as means +s.e. for five — nine wells
obtained from three — five independent experiments. One-way
ANOVA and two-way ANOVA were used to test for
differences between group means. When appropriate, post
hoc multiple comparisons were performed to test for differ-
ences between experimental groups (Scheffe test). When the P-
value was less than 0.05, the difference was considered to be
significant.

Results

We estimated SNP-induced damage to RAW264 cells by using
the MTT assay and LIVE/DEAD viability/cytotoxicity Kkit.
Treatment of the cells with 4mM SNP for 12h caused loss of
viability. A caspase-3 inhibitor, Ac-DEVD-CHO, at concen-
trations of 100 and 200 uM attenuated this decrease in the cell
viability (Figure 1). Pretreatment of the cells with 100 gM SNP
for 24h before their exposure to 4mM SNP significantly
reduced the cell death (Figure 2). This protective effect of SNP
pretreatment was concentration-dependent (1 —100uM), but
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Figure 1 Effect of a caspase-3 inhibitor, Ac-DEVD-CHO, on cell
death induced by 4 mM SNP in RAW264 cells. (a) Cells were treated
with various concentration of SNP for 24h. Cell viability was
determined by the colorimetric MTT assay. Results show the
mean =+ s.e. for nine wells and were obtained from three independent
experiments. (b) Cells were treated with 4 mM SNP in the absence or
presence of Ac-DEVD-CHO for 12 h. Cell viability was determined
by the colorimetric MTT assay. Results show the mean+s.e. for
nine wells and were obtained from three independent experiments.
***P<0.001, significantly different from the values for cells without
Ac-DEVD-CHO (Scheffe test).
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Figure 2 Effect of SNP at a low concentration on cell death
induced by 4mM SNP in RAW264 cells. Cells were treated with
100 uM SNP for 24 h. Then the cells were treated with 4 mm SNP for
various times (0 — 24 h). Cell viability was determined with a LIVE/
DEAD viability/cytotoxicity kit as described in Methods. Results
show the mean+s.e. for eight wells and were obtained from four
independent experiments.

no further protective effect was detected at concentrations
higher than 300 uM (Figure 3). Furthermore, the pretreatment
with low-dose SNP inhibited high-dose SNP-induced nuclear
condensation (Figure 4).

Next, we examined the effects of sGC inhibitors on the
protection against cell death by low-dose SNP. Both LY83583
(1-3 M) and ODQ (30 — 100 uM) reduced the protective effect
of low-dose SNP (Figure 5). DBcGMP (1 mM), a cell-perme-
able cGMP analogue, attenuated cell death induced by various
NO donors, for example, SNP (4mM), GSNO (3mM) and
1-hydroxy-2-0x0-3,3-bis-(2-aminoethyl)-1-triazene ~ (NOCIS,
3mM; Figure 6). It is well known that cytochrome ¢ released
from mitochondria into the cytosol can induce caspase-3
activation followed by apoptosis. To investigate effects of low-
dose NO and cGMP on cytochrome c¢ release induced by high-
dose SNP, we measured the cytosolic and total levels of
cytochrome ¢, using anti-cytochrome c¢ antibody in the
Western blotting procedure. The cytosolic level of cytochrome
was increased by 4 mM SNP, and this increase was reduced by
pretreatment of the cells with 100 uM SNP. The sGC inhibitor
LY83583 (3 uM) markedly blocked the effect of 100 umM SNP
pretreatment on the cytochrome ¢ release (Figure 7a).
DBcGMP (1 mM) diminished the cytochrome c release induced
by NO donors (Figure 7b). Total cytochrome ¢ levels were not
affected by these NO donors, and cytochrome c levels in the
cytosol after the treatment with SNP, GSNO, and NOCIS,
were 66.04+6.6%, 67.84+2.0% and 68.34+8.3% of the total
cytochrome ¢, respectively.

Finally, we examined the effect of a protein kinase G
inhibitor, KT5823, on the protection against cell death by low-
dose SNP or DBcGMP. KT5823 (10 uM) significantly reduced
the protective effect of low-dose SNP (Figure 8), and also
inhibited the effect of DBcGMP. In contrast, the mitogen-
activated protein kinase (MAP kinase)/extracellular signaling-
regulated kinase (ERK) kinase inhibitor PD98059 (50 uM), the
p38 MAP kinase inhibitor SB203580 (10uM), and the
phosphatidylinositol 3 (PI 3)-kinase inhibitor wortmannin
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Figure 3 Concentration — survival relation for the effects of SNP
pretreatment on SNP-induced cell death in RAW 264 cells. Cells
were treated with the indicated concentrations of SNP for 24 h. Then
the cells were treated with 4mM SNP for 24 h. Cell viability was
determined by using the colorimetric MTT assay. Results show the
mean +s.e. for nine wells and were obtained from three independent
experiments. **P<0.01, ***P<0.001, significantly different from
values without SNP pretreatment (Scheffe test).
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SNP (Figure 9).

Discussion and conclusions

The major findings of the present study are that NO at a low
concentration protects RAW264 cells against a toxic concen-
tration of NO inducing apoptosis through cGMP production
and activation of protein kinase G.

In rat mesangial cells and RAW264.7 cells, it was reported
that a high concentration of NO induced both apoptosis and
necrosis (Messmer & Brune, 1996; Sandau et al., 1997). In the
present study, high-dose SNP induced cell death and
cytochrome c¢ release in RAW264 cells. The caspase-3 inhibitor
Ac-DEVD-CHO, however, only partially inhibited the high-
dose SNP-induced cell death, indicating that the cell death
induced by SNP may include both apoptosis and necrosis. In
endothelial cells and cardiomyocytes, NO-induced cell death
was shown to be mediated through c¢cGMP production
(Suenobu et al., 1999; Taimor et al., 2000). We observed that
LY83583 did not inhibit SNP-induced cell death and that
DBcGMP did not induce cell death even at a concentration
higher than 1 mM (data not shown). These results suggest that
NO-induced cell death does not depend on cGMP production
in RAW264 cells.

The pretreatment with SNP at a low concentration inhibited
cytochrome c¢ release, nuclear condensation, and fragmenta-
tion induced by high-dose SNP, suggesting that low-dose SNP
inhibited the high-dose SNP-induced apoptosis in RAW264
cells. Pretreatment of the cells with potassium ferrocyanide or
potassium ferricyanide, which are compounds structurally

Figure 5 Effects of LY83583 and ODQ, sGC inhibitors, on the
protection from cell death by SNP pretreatment of RAW264 cells.
Cells were treated with 100 uM SNP for 24h in the absence or
presence of LY83583 (a) or ODQ (b). Then they were incubated with
(solid columns) or without (open columns) 4 mM SNP for 24 h. Cell
viability was determined by using the colorimetric MTT assay.
Results show the mean +s.e. for nine wells and were obtained from
three independent experiments. *P<0.05, ***P <(.001, significantly
different from 100 uM SNP pretreatment +4 mM SNP (Scheffe test).

similar to SNP but devoid of NO, did not affect SNP-induced
apoptosis (data not shown). This observation indicates that the
cytoprotective effect of low-dose SNP is mediated through NO
production. In some cells, NO prevents apoptosis via cGMP-
dependent mechanisms (Beauvais et al., 1995; Genaro et al.,
1995). In other cell lines, however, the antiapoptotic mechan-
ism of NO is independent of cGMP (Mannick et al., 1994,
1997; Sata et al., 2000). In the present study, both LY83583
and ODQ inhibited the cytoprotective effect of low-dose SNP,
and DBcGMP attenuated the cell death and cytochrome ¢
release induced by NO donors. These results indicate that low-
dose NO protects RAW264 cells against NO-induced death
mostly through a cGMP-dependent mechanism.

The present study showed that high-dose NO-induced
cytochrome ¢ release was reduced by DBcGMP pretreatment
and that a protein kinase G inhibitor significantly inhibited the
effects of low-dose SNP or DBcGMP. These results suggest
that NO at a low concentration protects RAW264 cells against
NO-induced death partly due to inhibition of cytochrome ¢
release by activation of protein kinase G. The molecular
mechanism by which protein kinase G inhibits cytochrome ¢

British Journal of Pharmacology vol 139 (1)
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Figure 6 Effect of pretreatment with DBcGMP on death of
RAW264 cells induced by NO donors. Cells were treated with
1 mM DBcGMP for 24h. Then they were treated with 4mM SNP,
3mM GSNO, or 3mM NOCI8 for 24h. Cell viability was
determined by using the colorimetric MTT assay. Results show
the mean+s.e. for nine wells and were obtained from three
independent experiments. ***P <0.001, significantly different from
the values for cells without DBcGMP pretreatment (Scheffe test).
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Figure 7 Western blot analysis of cytochrome c¢ release. (a)
RAW264 cells were treated with 100 uM SNP in the absence or
presence of 3 uM LY83583 for 24h. Then they were treated with
4mM SNP for 4h. After the cells had been lysed in a hypotonic
buffer, the S-100 fraction was collected and subjected to Western
blotting as described in Methods. (b) RAW264 cells were treated
with | mM DBcGMP for 24 h. Then they were treated with 4 mm
SNP, 3mM GSNO or 3mM NOCI18 for 4 h. Cytosolic S-100 fraction
and whole-cell lysate were subjected to Western blot analysis.
Results are representative of three independent experiments.
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Figure 8 Effect of KT5823, a protein kinase G inhibitor, on the
protection from death of RAW264 cells by SNP or DBcGMP
pretreatment. Cells were treated with 100ugM SNP or 1mM
DBcGMP for 24h in the absence or presence of KT5823 (10 uM).
Then they were incubated with (solid columns) or without (open
columns) 4 mM SNP for 24 h. Cell viability was determined by using
the colorimetric MTT assay. Results show the mean +s.e. for nine
wells and were obtained from three independent experiments.
***P<0.01, significantly different from the values for cells without
KT5823 (Scheffe test).
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Figure 9 Effect of PD98059, SB203580 or wortmannin on the
protection from death of RAW264 cells by SNP pretreatment. Cells
were treated for 24 h with 100 uM SNP in the absence or presence of
50 um PD98059 (PD), 10 um SB203580 (SB), or 200 nM wortmannin
(wort). Then they were incubated for 24 h with (solid columns) or
without (open columns) 4 mM SNP. Results show the mean +s.e. for
nine wells and obtained from three independent experiments.

release is now under investigation. One possibility is that
protein kinase G may phosphorylate some apoptosis-related
protein that modulates cytochrome ¢ release. In this context, it
was demonstrated that protein kinase G directly inhibited the
opening of the mitochondrial permeability transition pore; this
opening results in apoptotic events (Takuma et al., 2001). Bcl-2
family proteins appear to be able to regulate mitochondrial
integrity (Harris & Thompson, 2000). It is well known that the
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PI 3-kinase/Akt pathway induces phosphorylation at Ser-112
and Ser-136 of Bad, a Bcl-2 family protein. In the absence of
this phosphorylation, Bad is thought to induce cytochrome ¢
release, possibly via the formation of heterodimers with
another Bcl-2 family member, Bcl-xL (Zha et al., 1996; Datta
et al., 1997; Soane et al., 2001). Recently, it was reported that
Akt was activated by NO through cGMP signaling in
cerebellar granule neurons (Ciani et al., 2002). In the present
study, however, wortmannin did not inhibit the cytoprotective
effect of low-dose SNP, suggesting that the PI 3-kinase/Akt
pathway may not be involved in the effect of SNP. MAP
kinases ERK and p38 MAP kinase are known to modulate
apoptosis induced by NO (Kim et al., 2002). It was reported
that these kinases were activated by NO through the NO/
c¢GMP/protein kinase G pathway (Browning ez al., 2000;
Komalavilas et al., 1999). However, the cytoprotective effect of
NO would appear to be independent of MAP kinase
activation, since PD98059 or SB203580, a specific inhibitor
of ERK phosphorylation or p38 MAP kinase, respectively, did
not affect the cytoprotection by SNP in the present study.
Another possibility is that activation of protein kinase G may
induce expression of some as yet unknown gene whose product
inhibits cytochrome c¢ release. It was reported that over-
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expression of Bcl-xL or cyclooxygenase-2 (COX-2) prevented
NO-induced cell death in macrophages (von Knethen & Brune,
1997; Okada et al., 1998). It was indicated that the expression
of Bcl-xL and COX-2 was regulated by transcriptional factor
NF-kappa B, which can be activated by protein kinase G (von
Knethen et al., 1999; Kalra et al., 2000; Bui et al., 2001).
Consistent with these reports, NF-kappa B inhibitors— N-
acetylcysteine and pyrrolidine dithiocarbamate — each partially
but not completely inhibited the cytoprotective effects of SNP
or DBcGMP in our study (3mM N-acetylcysteine caused 53.5
or 60.7% inhibition of the effect of low-dose SNP or
DBcGMP, respectively; and 3 uM pyrrolidine dithiocarbamate,
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the NO/cGMP/protein kinase G pathway against NO toxicity
may include the induction of these antiapoptotic proteins.

In conclusion, our present results demonstrate the existence
of a potential self-defense mechanism against NO toxicity in
macrophages through ¢cGMP production and activation of
protein kinase G.
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