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Abstract

3-(5'-Hydroxymethyl-2'-furyl)-1-benzyl indazole (YC-1), a soluble guanylyl cyclase (sGC) activator, inhibited formyl-methionyl-
leucyl-phenylalanine (fMLP)-induced superoxide anion (O,°*~) generation and O, consumption in rat neutrophils (icso values of
12.7 £ 3.1 and 17.7 £ 6.9 uM, respectively). Inhibition of O,*~ generation by YC-1 was partially reversed by the cyclic GMP-lowering
agent 6-anilinoquinoline-5,8-quinone (LY83583) and by the Rp isomer of 8-(4-chlorophenylthio)guanosine-3’,5'-monophosphorothioate
(Rp-8-pCPT-cGMPS), a cyclic GMP-dependent protein kinase inhibitor. In cell-free systems, YC-1 failed to alter O,* ™~ generation during
dihydroxyfumaric acid autoxidation, phorbol 12-myristate 13-acetate (PMA)-activated neutrophil particulate NADPH oxidase prepara-
tion, and arachidonic acid-induced NADPH oxidase activation. YC-1 increased cellular cyclic GMP levels through the activation of sGC
and the inhibition of cyclic GMP-hydrolyzing phosphodiesterase activity. The plateau phase, but not the initial spike, of fMLP-induced
[Ca®™]; changes was inhibited by YC-1 (icso about 15 pM). fMLP- but not PMA-induced phospholipase D activation was inhibited by
YC-1 (1csp about 28 uM). Membrane-associated ADP-ribosylation factor and Rho A in cell activation was also reduced by YC-1 at a
similar concentration range. Neither cytosolic protein kinase C (PKC) activity nor PKC membrane translocation was altered by YC-1.
YC-1 did not affect either fMLP-induced phosphatidylinositol 3-kinase activation or p38 mitogen-activated protein kinase phosphoryla-
tion, but slightly attenuated the phosphorylation of extracellular signal-regulated kinase. Collectively, these results indicate that the
inhibition of the fMLP-induced respiratory burst by YC-1 is mediated by cyclic GMP-dependent and -independent signaling mechanisms.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Microbicidal reactive oxygen species derived from neu-
trophil-generated O,°~ have an important role in host
defense against microbial infection. The enzyme respon-
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Abbreviations: ARF, ADP-ribosylation factor; dhCB, dihydrocytocha-
lasin B; ERK, extracellular signal-regulated kinase; fMLP, formyl-
methionyl-leucyl-phenylalanine; HBSS, Hanks’ balanced salt solution;
MAPK, mitogen-activated protein kinase; O,* ", superoxide anion; PDE,
phosphodiesterase; PI3K, phosphatidylinositol 3-kinase; PKC, protein
kinase C; PLD, phospholipase D; PMA, phorbol 12-myristate 13-acetate;
8-pCPT-cGMP, 8-(4-chlorophenylthio)guanosine-3’,5'-monophosphate;
Rp-8-pCPT-cGMPS, Rp-isomer of 8-(4-chlorophenylthio)guanosine-3',5'-
monophosphorothioate; sGC, soluble guanylyl cyclase; SOD, superoxide
dismutase.

sible for O,* generation is NADPH oxidase, which is
inactive in resting cells and becomes active during the
acute immune response. The oxidase consists of membrane
cytochrome bssg (p227"°* and gp917"°%) and cytosolic
components (p407"°*, p477"* p677"* and Rac), which
assemble into a functional complex upon activation [1,2].
Thus, activated neutrophils evoke a respiratory burst in
which oxygen uptake from the extracellular medium is
increased and large amounts of O,° are generated. The
signal transduction events pertaining to the respiratory
burst remain elusive. The intracellular signals from the
fMLP receptors are mediated by G; protein. Phospholipase
C is activated rapidly, leading to the hydrolysis of phos-
phatidylinositol 4,5-bisphosphate to generate inositol tri-
sphosphate and diacylglycerol, resulting in an increase of
[Ca”]i and activation of PKC, respectively [3]. These two
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second messengers act synergistically in O,*~ generation.
PLD is also activated by fMLP in neutrophils and appears
to be functionally linked to O,°*~ generation [4]. Moreover,
activation of PI3K and MAPK by fMLP eventually leads to
NADPH oxidase activation [5,6].

3-(5'-Hydroxymethyl-2'-furyl)-1-benzyl indazole (YC-
1), an sGC activator [7], has been introduced as an impor-
tant research tool to characterize sGC and to probe for the
involvement of cyclic GMP in various biological pro-
cesses. YC-1 was shown to exert an anti-thrombotic effect
in vivo, and to inhibit platelet aggregation and relax
vascular smooth muscle in vitro [8,9]. Unlike the two
well-known sGC activators, nitric oxide and carbon mon-
oxide, YC-1 exerts an allosteric regulation without inter-
acting with the heme moiety of sGC [10]. YC-1 acts
synergistically in combination with nitric oxide and carbon
monoxide. In general, an increase in cellular cyclic AMP
levels inhibits chemoattractant-induced responses. How-
ever, the physiological role of cyclic GMP in neutrophils
is still poorly understood. Both an inhibitory effect and a
negligible effect of cyclic GMP on fMLP-induced res-
ponses have been reported [11,12]. The aims of this study
were to characterize the effect of YC-1 on the respiratory
burst in rat neutrophils and to determine a possible
mechanism(s) of this action. The present data provide
evidence that the inhibition of fMLP-induced respiratory
burst by YC-1 is mediated only partly by cyclic GMP and is
also attributed to the blockade of Ca®" entry and the PLD
signaling pathway.

2. Materials and methods
2.1. Materials

YC-1 (purity > 99%) was synthesized as described
previously [13]. Dextran T-500, cyclic GMP enzyme
immunoassay kit, enhanced chemiluminescence reagent,
[8-*H]cyclic GMP, and 1-O-[*H]octadecyl-sn-glycero-3-
phosphocholine were purchased from Amersham Pharma-
cia Biotech. HBSS was obtained from Gibco Life Tech-
nologies. Diphenylene iodonium and 6-anilinoquinoline-
5,8-quinone (LY83583) were from RBI Laboratories. Rp-
8-pCPT-cGMPS and 8-pCPT-cGMP were obtained from
Biolog Life Science. 4-(3-Butoxy-4-methoxybenzyl)imi-
dazolidin-2-one (Ro 201724) and zaprinast were obtained
from Biomol Research Laboratories. Wortmannin, 2-[1-(3-
dimethylaminopropyl)- 1 H-indol-3-yl]-3-(1 H-indol-3-yl)-
maleimide (GF109203X), and fluo-3/AM were purchased
from the Calbiochem-Novabiochem Co. *P and [y-
32P]ATP were obtained from NEN Life Science Products.
DE-52 cellulose was from Whatman International. AG 1-
X8 resin was from Bio-Rad. Rabbit polyclonal antibodies
to phospho-p44/42 MAPK, phospho-p38 MAPK, and p38
MAPK were purchased from New England Biolabs. Mouse
monoclonal pan ERK antibody was purchased from BD

Transduction Laboratories. Rabbit polyclonal ARF and
mouse monoclonal Rho A antibodies were obtained from
Santa Cruz Biotechnology. Polyvinylidene difluoride
membrane was from the Millipore Co. Other chemicals
were purchased from the Sigma Chemical Co. The final
volume of DMSO in the reaction mixture was <0.5% (v/v).

2.2. Isolation of neutrophils

Rat blood was collected from the abdominal aorta, and
neutrophils were purified by dextran sedimentation, cen-
trifugation through Ficoll-Hypaque, and hypotonic lysis of
erythrocytes [14]. Purified neutrophils containing >95%
viable cells were resuspended in HBSS containing 10 mM
HEPES, pH 7.4, and 4 mM NaHCO3;, and kept in an ice
bath before use.

2.3. Measurement of O,*~ generation and O,
consumption

The generation of O,* ™ in the neutrophil suspension was
determined by the SOD-inhibitable reduction of ferricy-
tochrome c [14]. For the determination of O,°* ™ scavenging
activity, O,°" generation during dihydroxyfumaric acid
(2.5 mM) autoxidation in a cell-free system was assessed
by measuring the reduction of nitroblue tetrazolium [15].
Absorbance changes of the reduction of ferricytochrome ¢
and nitroblue tetrazolium at 550 and 560 nm, respectively,
were monitored continuously in a double-beam spectro-
photometer. The O, consumption in the neutrophil suspen-
sion was measured continuously with a Clark-type oxygen
electrode using a YSI biological oxygen monitor (model
5300).

2.4. Measurement of NADPH oxidase activity
in cell-free systems

Neutrophils were treated with 2.5 mM diisopropyl fluor-
ophosphate, disrupted in Tris buffer by sonication, and
fractionated by centrifugation [16]. Supernatants were
pooled as the cytosolic fractions, and pellets were collected
and resuspended in Tris buffer as the membrane fractions.
Plasma membrane and cytosolic fractions were mixed in
1.5 mL of assay buffer (0.17 M sucrose, 2 mM NaNj,
I mM MgCl,, 1 mM EGTA, 65 mM KH,PO,~NaOH,
pH 7.0) supplemented with 10 uM FAD, 3 uM GTPyS,
0.25 mg/mL of ferricytochrome ¢, 50 uM NADPH, and
activated by 100 pM arachidonic acid. PMA-activated
NADPH oxidase was isolated, and its activity was deter-
mined as described previously [16]. The assay mixture
contained 0.04% (w/v) sodium deoxycholate, 12.5 uM
FAD, 0.25 mg/mL of ferricytochrome c, particulate protein
solution, and 62.5 uM NADPH in a final volume of
1.6 mL. NADPH oxidase activity was measured spectro-
photometrically by continuously detecting the absorbance
changes of SOD-inhibitable ferricytochrome ¢ reduction.
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2.5. Determination of cellular cyclic GMP levels

Neutrophils in HBSS were incubated with test drugs for
20 min at 37°, and then added to 0.05 M acetate buffer, pH
6.2, containing 50 pM zaprinast. After being boiled for
5 min, the suspension was sonicated, and then sedimented.
Supernatants were acetylated by the addition of 0.025 mL
of triethylamine:acetic anhydride (2:1, v/v). The cyclic
GMP content of the samples was assayed using an enzyme
immunoassay kit. Values are expressed as pmol cyclic
GMP formation per 107 cells.

2.6. Measurement of sGC and PDE activities

Neutrophils were sonicated in buffer containing 25 mM
Tris—HCl, pH 7.5, 0.25 M sucrose, 100 uM phenylmethyl-
sulfonyl fluoride, 2 mM EDTA, 5 mM MgCl,, and 10 uM
each of leupeptin and pepstatin; then they were sedimented
at 100,000 g for 40 min at 4°. Supernatants were pooled
and used as sources for sGC and PDE. For the sGC assay,
the reaction mixture contained 50 mM Tris—HCI, pH 7.5,
10mM MgCl,, 5mM 3-isobutyl I-methylxanthine,
7.5 mM creatine phosphate, 3 units creatine phosphoki-
nase, | mM GTP, and the sGC sample in a final volume of
0.1 mL. The reaction was carried out for 10 min at 37° [17]
and terminated by adding 0.9 mL of ice-cold 50 mM
acetate buffer, pH 4.0, and boiling for 3 min. The cyclic
GMP content of the samples was assayed using an enzyme
immunoassay kit. Values are expressed as fmol cyclic
GMP formed/10 min per 10° cells. For the PDE assay,
the reaction mixture contained 40 mM Tris—HCI, pH 8.0,
5mM MgCl,, 1 uM cyclic GMP (0.05 pCi [*H]cyclic
GMP/test), 0.1 mg/mL of BSA, and the PDE sample in
a final volume of 0.2 mL. The reaction was carried out for
30 min at 37° and stopped by the addition of 0.2 M HCI,
and incubation with 0.2 mg/mL of Crotalus atrox snake
venom at 37° for 15 min [18]. The reaction mixture was
applied to an AG 1-X8 resin (formate) column. The
nucleoside product was eluted using 30 mM ammonium
formate adjusted to pH 6.0 with formic acid and then was
assessed for radioactivity. Values are expressed as pmol
cyclic GMP degraded/30 min per 107 cells.

2.7. [Ca2+],- measurement

Neutrophils were loaded with 5 uM fluo-3/AM at 37° for
45 min. After being washed, the cells were resuspended in
HBSS to a concentration of 5 x 10° cells/mL. Fluores-
cence was monitored with a fluorescence spectrophot-
ometer at 535 nm with excitation at 488 nm. [Ca”]i
was calibrated from the fluorescence intensity as follows:
[Ca®"]; = Kg X [(F — Fumin)/(Fmax — F)], where F is the
observed fluorescence intensity [19]. The values of Fiax
and F,;, were obtained at the end of the experiments by the
sequential addition of 0.33% (v/v) Triton X-100 and
50 mM EGTA. The K4 was 400 nM.

2.8. PKC activity assay

For the preparation of cytosolic and membrane PKC,
neutrophils were disrupted by sonication [14]. After cen-
trifugation at 100,000 g for 60 min at 4°, the supernatants
(cytosolic fractions) and pellets were separated. Pellets
were resuspended in the presence of 0.1% Triton X-100,
and then sonicated. After centrifugation at 30,000 g for
15 min at 4°, supernatants were collected (membrane
fractions). The cytosolic and membrane fractions were
applied to DE-52 columns to obtain partially purified
PKC. For the membrane PKC assay, the reaction mixture
contained 50 mM Tris—HCI, pH 7.5, 1 mM dithiothreitol,
5 mM MgCl,, 0.1 mM Na3;VO,, 0.1 mM sodium pyropho-
sphate, ] mM NaF, 1 mM EGTA, 0.1 mg/mL of myelin
basic protein, 50 pM ATP (0.2 uCi [y-*P]ATP/test), and
the PKC sample in a total volume of 75 pL. The reaction
was performed at 25° for 15 min. For the cytosolic PKC
assay, the reaction mixture also contained 1 mM CaCl,,
80 pg/mL of phosphatidylserine, and 2 uM PMA.

2.9. PLD activity assay

Neutrophils were loaded with 10 pCi of 1-O-[*H]octa-
SS at 37° for 75 min, then washed, and resuspended in
HBSS to a concentration of 5 x 107 cells/mL. The cells
were incubated with test drugs in the presence of 1 mM
CaCl, and 0.5% (v/v) ethanol for 3 min at 37° before
stimulation with fMLP or PMA. Lipids in the reaction
mixture were extracted, dried, and separated on silica gel
60 [16]. The plates were developed halfway using a system
consisting of hexane:diethyl ether:methanol:acetic acid
(90:20:3:2, by vol.), then dried, and developed again to
the top using the upper phase of the solvent system
consisting of ethyl acetate:isooctane:acetic acid:water
(110:50:20:100, by vol.). The radioactivities of [*H]phos-
3H]phosphatidylethanol were quantified directly with
a Phosphorlmager (Molecular Dynamics 445 SI) using
ImageQuaNT software.

2.10. PI3K activity assay

Neutrophils were incubated with 150 uCi *?P; in HEPES
buffer (30 mM HEPES, pH 7.4, 110 mM NaCl, 10 mM
KCl, 1 mM MgCl,, and 10 mM glucose) supplemented
with 2 mg/mL of BSA at 37° for 90 min, then washed,
and resuspended in HEPES buffer to a concentration of
1 x 107 cells/mL. The cells were incubated with test drugs
in the presence of 1 mM CaCl, for 3 min at 37° before
stimulation with fMLP. Reactions were terminated by the
addition of chloroform:methanol:8% HClO, (50:100:5, by
vol.). Lipids in the reaction mixture were extracted, dried,
and separated on silica gel 60 [20], which had been
impregnated with 1.2% (w/v) potassium oxalate. The plates
were developed with a solvent system containing chloro-
form:acetone:methanol:acetic acid:water (80:30:26:24:14,



580 J.-P. Wang et al./Biochemical Pharmacology 63 (2002) 577-585

by vol.), then dried, and visualized for the radioactivity of
[**P]phosphatidylinositol trisphosphate with a Phosphor-
Imager using ImageQuaNT software.

2.11. Immunoblot analysis

For MAPK activation, cells were preincubated with test
drugs for the indicated time before stimulation with fMLP.
Reactions were terminated by the addition of stop solution
[20% (w/v) trichloroacetic acid, 1 mM phenylmethylsul-
fonyl fluoride, 2 mM N-ethylmaleimide, 10 mM NaF,
2 mM Naz;VO,, 2 mM p-nitrophenyl phosphate, 7 pg/mL
each of leupeptin and pepstatin]. Proteins were resolved by
10% SDS-PAGE and transferred to polyvinylidene difluor-
ide membrane. The membranes were blocked with 5% (w/v)
non-fat dried milk in TBST buffer (10 mM Tris—HCl, pH
7.5, 150 mM NaCl, and 0.1% Tween 20) and probed with
anti-phospho-p44/42 MAPK or anti-phospho-p38 MAPK
antibody. To standardize protein loading in each lane, blots
were stripped with buffer containing 62.5 mM Tris—HCI,
pH 6.8, 100 mM 2-mercaptoethanol, and 2% SDS at 50°
for 30 min. Then the blots were washed thoroughly, fol-
lowed by reprobing with anti-pan ERK or anti-p38 MAPK
antibody. For the membrane association of ARF and Rho
A, cells were disrupted by sonication, and membrane
fractions were isolated. Proteins were resolved by 13%
SDS-PAGE, then transferred to polyvinylidene difluoride
membrane, probed with anti-ARF or anti-Rho A antibody,
and revealed using the enhanced chemiluminescence
reagent. Quantification was by densitometry.

2.12. Statistical analysis

Statistical analyses were performed using the Bonfer-
roni ¢-test method after analysis of variance. P < 0.05 was
considered significant for all tests. Analysis of the regres-
sion line test was used to calculated 1csy values. Data are
expressed as means £ SD.

3. Results
3.1. Effect of YC-1 on respiratory burst

Addition of 0.3 uM fMLP to rat neutrophil suspensions in
the presence of 5 pig/mL of dhCB evoked arapid and transient
production of O,° . Inthe presence of | mM NaNjz and 5 pg/
mL of dhCB, 0.1 pM fMLP induced non-mitochondrial O,
consumption in neutrophil suspensions. YC-1 inhibited the
fMLP-induced generation of O,*~ and O, consumption in
rat neutrophils in a concentration-dependent manner with
ICso values of 12.7 + 3.1 and 17.7 & 6.9 uM, respectively
(Fig. 1A). The viability was about 95% when cells were
incubated with 100 upM YC-1 for 15 min at 37° (the cells
released 5.1 + 1.6% lactate dehydrogenase in comparison
with the Triton X-100-treated value).
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Fig. 1. Effect of YC-1 on the generation of O,*~ and O, consumption in
fMLP-stimulated neutrophils. (A) Cells were preincubated with DMSO (as
control) or 3-100 pM YC-1 in the presence of 5 pg/mL of dhCB for 3 min
at 37° before stimulation with 0.3 pM fMLP for O,*~ generation or with
0.1 uM fMLP for O, consumption measurements. Results were calculated
as the percent inhibition of control values (6.3 &+ 1.2 nmol O,°* /10 min
per 10° cells and 8.3 + 1.5 nmol O,/5 min per 6 x 10° cells). Values are
means + SD of 3-5 separate experiments. (B) Cells were preincubated
with DMSO, 100 uM Rp-8-pCPT-cGMP (RP), or 10 pM LY 83583 (LY) in
the presence of 5 pg/mL of dhCB for 3 min at 37°, and then incubated with
DMSO, 50 uM 8-pCPT-cGMP, or 30 uM YC-1 for another 3 min before
stimulation with 0.3 pM fMLP for the measurement of O,®~ generation.
Values are means = SD of 4-6 separate experiments. (*) P < 0.01,
compared with the control value (first column).

Cells treated with 50 uM 8-pCPT-cGMP, the selective
activator of cyclic GMP-dependent protein kinase [21],
significantly attenuated the fMLP-induced generation of
0,°" (48.3 £ 9.7% inhibition). This effect was reversed by
100 uM Rp-8-pCPT-cGMPS, a cell membrane permeant
cyclic GMP-dependent protein kinase antagonist [22]. Rp-
8-pCPT-cGMPS (at 1 mM) has been shown to antagonize
the activation of cyclic GMP-dependent protein kinase by
8-pCPT-cGMP without affecting cyclic AMP-dependent
protein kinase or cyclic GMP-regulated PDE in platelets.
Pretreatment of cells with 100 uM Rp-8-pCPT-cGMPS or
10 pM LY 83583, an agent that lowers cellular cyclic GMP
[23], partially reversed the inhibition by 30 uM YC-1
(Fig. 1B).

3.2. Effect of YC-1 on O,° generation in cell-free
systems

To address the question of whether YC-1 acts as an O,°* ™~
scavenger, the effect of YC-1 on O,* generation during
dihydroxyfumaric acid autoxidation in a cell-free system
was examined. Unlike SOD (data not shown), YC-1
(30 uM) had no scavenging activity (0.24 £ 0.02 for con-
trol vs. 0.23 4+ 0.02 AAseo). We next determined whether
YC-1 directly inhibits the activity of NADPH oxidase in
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cell-free systems. In PMA-activated neutrophil particulate
NADPH oxidase preparations, addition of NADPH
induced O,°~ generation. In an arachidonic acid-stimu-
lated cell-free system, 100 uM arachidonic acid induced
the assembly of the components of NADPH oxidase from
the cytosolic and membrane fractions and generation of
0,°" in the presence of NADPH. Addition of the NADPH
oxidase inhibitor diphenylene iodonium [24] greatly atte-
nuated the O,°~ generation in both systems (0.89 £ 0.03
for control vs. 0.14 & 0.07 nmol/10 min per 6 x 10° cells
for PMA-activated NADPH oxidase, and 2.09 & 0.14 for
control vs. 0.44 4+ 0.23 nmol/10 min per 10" cells for
arachidonic acid-stimulated NADPH oxidase, both at
P < 0.01). However, YC-1 up to 100 uM failed to alter
0,*" generation significantly (1.16 &+ 0.13 nmol/10 min
per 6 x 10° cells and 2.11 % 0.32 nmol/10 min per 10’
cells, respectively, both at P > 0.05).

3.3. Effect of YC-1 on cellular cyclic GMP levels

YC-1 elicited a concentration-dependent increase in
cellular cyclic GMP levels in rat neutrophils (up to 9-fold
at 100 pM), which was abolished by preincubation with
10 pM LY 83583 (Fig. 2A). YC-1 also activated sGC of the
cytosolic fraction in a concentration-dependent manner (up
to 10-fold at 100 uM), whereas the nitric oxide donor
sodium nitroprusside at 100 uM stimulated cytosolic
sGC activity up to 25 times the basal level (Fig. 2B). To
determine PDE activity in the neutrophil cytosolic fraction,
cyclic GMP breakdown in the presence of [*H]cyclic GMP
was determined. The addition of 100 uM zaprinast, the
selective inhibitor of PDES [25], attenuated the degrada-
tion of cyclic GMP. A significant inhibition of cyclic GMP
degradation by YC-1 was observed only at high concen-
tration (100 pM) (Fig. 2C), whereas 30 pM Ro 201724, a
specific inhibitor of PDE4 [26], had no inhibitory effect.

3.4. Effects of YC-1 on [Ca*']; and PKC activity

Addition of fMLP to the fluo-3/AM-loaded cells evoked
an initial spike, followed by a plateau phase of [Ca®'];
changes in the presence of extracellular Ca*". When YC-1
was added simultaneously with fMLP, the initial spike was
not affected (up to 50 pM YC-1); however, the plateau
phase of the fMLP-induced response was inhibited by YC-1
in a concentration-dependent manner with an 1cso value of
about 15 pM (assessed using the maximum [Ca®"]; level at
the plateau phase) (Fig. 3A). In the absence of extracellular
Ca2+, fMLP induced a small spike of [Ca”]i change. This
response was not affected by YC-1 up to 30 uM but was
partially inhibited by 50 pM YC-1 (Fig. 3B).

Addition of 2 uM PMA and [y-*?P]ATP to the PKC
preparation from the cytosolic fraction of unstimulated
neutrophils (in the presence of Ca®* and phosphatidylser-
ine) resulted in the incorporation of 3*P into myelin basic
protein. Addition of 10 pM GF109203X, a PKC inhibitor
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Fig. 2. Effect of YC-1 on cellular cyclic GMP levels and the activities of
sGC and PDE. (A) Cells were preincubated with DMSO or 10 uM
LY83583 (LY) for 3 min at 37° before stimulation with 3-100 uM YC-1
for 20 min. Values are means £ SD of 4-6 separate experiments. (B) Cell
cytosolic fractions were incubated with DMSO (as control), 3-100 uM
YC-1, or 100 uM sodium nitroprusside (SNP) for 10 min at 37° in the
presence of 1 mM GTP. Values are means +SD of 4-6 separate
experiments. (*) P < 0.05 and (**) P < 0.01, compared with the control
value. (C) Cell cytosolic fractions were incubated with DMSO (as control),
10-100 uM YC-1, 100 pM zaprinast (ZAP), or 30 uM Ro 201724 (RO) for
30 min at 37° in the presence of 1 uM cyclic GMP (0.05 uCi [*H]cyclic
GMP). Values are means £ SD of 5-6 separate experiments. (¥) P < 0.01,
compared with the control value.

[27], greatly reduced the phosphorylation of myelin basic
protein (2.90 % 0.19 for the PMA-stimulated control with-
out inhibitor vs. 0.13 = 0.02 nmol/min per mg protein in
the presence of inhibitor, P < 0.01). However, YC-1 had
no effect on the PMA-induced phosphorylation of myelin
basic protein (2.78 £ 0.37 nmol/min per mg protein,
P > 0.05). Moreover, pretreating cells with 50 pM YC-1
did not affect the subsequent stimulatory effect of PMA on
membrane-associated PKC activity (2.66 £ 0.19 for the
PMA-stimulated control vs. 2.61 4 0.39 nmol/min per mg
protein for YC-1 pretreatment, P > 0.05).

3.5. Effect of YC-1 on PLD activity

PLD catalyses the hydrolysis primarily of phosphatidyl-
choline to produce phosphatidic acid [28]. In the presence
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Fig. 3. Effect of YC-1 on [Ca®**];. Fluo-3/AM-loaded cells in (A) 1 mM
Caztcontaining or (B) Ca®>'-free HBSS were stimulated (arrow) with
0.3 pM fMLP in combination with the indicated concentrations (UM) of
YC-1. Results presented are representative of 3 independent experiments
with similar results.

of ethanol, phosphatidic acid yields phosphatidylethanol
via a transphosphatidylation reaction. Addition of 1 uM
fMLP for 0.5min to 1-O-[*H]octadecyl-sn-glycero-3-
phosphocholine-loaded cells, pretreated with 5 pg/mL of
dhCB, increased the formation of phosphatidic acid and
phosphatidylethanol significantly. This effect was abol-
ished by the general tyrosine kinase inhibitor genistein
(100 uM) and attenuated by YC-1 in a concentration-
dependent manner with icsy values of 27.0 +9.2 and
28.9 £ 6.1 uM for phosphatidic acid and phosphatidy-
lethanol, respectively (Fig. 4A). Inhibition by 50 uM
YC-1 was partially reversed by 30 uM Rp-8-pCPT-cGMPS
(from 89.4 4+ 8.9 to 67.5 &+ 5.7% inhibition of phosphati-
dylethanol). Cells treated with 0.2 uM PMA for 30 min in
the presence of ethanol greatly increased the formation of
phosphatidylethanol. GF109203X (10 pM), but not 50 pM
YC-1, inhibited the PMA-induced response (Fig. 4B).

To determine the subcellular distribution of ARF and
Rho A, immunoblot analysis was carried out. Only a small
amount of ARF and Rho A was detected in the unstimu-
lated cell membrane fraction. Both ARF and Rho A
became significantly associated with the membrane frac-
tion of neutrophils in response to 0.1 pM fMLP plus dhCB
(5 pg/mL). These effects were similarly attenuated by YC-
1 in a concentration-dependent manner with an ics, value
of about 30 uM in both cases (Fig. 4C).

3.6. Effects of YC-1 on PI3K activity and MAPK
phosphorylation

Addition of 1 uM fMLP for 0.5 min to cells pretreated
with 5 pg/mL of dhCB for 3 min and labeled with *P;,

A
500

400
300

PLD activity (dpm)

DMSO DMSO YC-1 GF
PMA
fMLP

YC-1 = - 3 10 30 100 100

C

RhoA-vI W —

ARF =» S — -

Fig. 4. Effect of YC-1 on PLD activity. (A) 1-O-[?H]Octadecyl-sn-glycero-
3-phosphocholine-loaded cells were preincubated with DMSO, 10-50 uM
YC-1, or 100 uM genistein (GEN) in the presence of 0.5% ethanol and
5 pg/mL of dhCB for 3 min at 37° before the addition of DMSO or 1 pM
fMLP for 0.5 min. Lipids in the reaction mixture were extracted and
separated. The radioactivities of phosphatidylethanol (PEt) and phosphatidic
acid (PA) were counted. Values are means &= SD of 3-7 separate experi-
ments. (¥) P < 0.01, compared with the corresponding control values
(second group of columns). (B) 1-O-[*H]Octadecyl-sn-glycero-3-phospho-
choline-loaded cells were preincubated with DMSO, 50 uM YC-1, or
10 uM GF109203X (GF) in the presence of 0.5% ethanol for 3 min at 37°
before the addition of DMSO or 0.2 uM PMA for 30 min. Lipids in the
reaction mixture were extracted and separated. The radioactivities of PEt
were counted. Values are means = SD of 3-6 separate experiments. (*)
P < 0.01, compared with the control value (second column). (C) Cells were
preincubated with DMSO or 3—100 pM YC-1 in the presence of 5 pg/mL of
dhCB for 3 min at 37° before addition of DMSO or 0.1 pM fMLP for 1 min.
Membrane fractions were prepared and then subjected to immunoblot
analysis using anti-ARF or anti-Rho A antibodies. Results are representative
of 3 independent experiments with similar results.

resulted in a 3-fold elevation of radioactivity in phospha-
tidylinositol trisphosphate (11,683 £ 2622 for control vs.
35,419 47663 counts, P < 0.01). Pretreatment of cells
with 3 uM wortmannin, a PI3K inhibitor [29], abolished
the fMLP-induced response (12,344 4+2679 counts,
P < 0.01). However, YC-1 up to 50 pM did not affect
the formation of phosphatidylinositol trisphosphate
(32,725 £ 11,939 counts, P > 0.05).

Stimulation of rat neutrophils with fMLP results in a
rapid phosphorylation of ERK and p38 MAPK. YC-1 up to
30 pM had no effect on fMLP-induced ERK phosphoryla-
tion. A marked inhibition was observed only at a high
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concentration of YC-1 (about 50% inhibition at 100 uM).
A similar lack of inhibition by YC-1, up to 100 uM, was
seen in fMLP-stimulated p38 MAPK phosphorylation
(data not shown).

4. Discussion

YC-1 inhibited fMLP-induced O,*~ generation in rat
neutrophils in a concentration-dependent manner. The
inhibition of O, consumption in intact cells together with
the negligible effect on O,°~ generation during dihydroxy-
fumaric acid autoxidation in a cell-free system, precluded
the O,* scavenging activity of YC-1. The inhibition of
O,° generation by YC-1 was not due to cytotoxicity since
cell viability was not changed after incubation with YC-1.
PKC, which is directly activated by PMA, plays a role in
the phosphorylation of p477"°* and the assembly of an
active NADPH oxidase complex [30]. The membrane
fraction isolated from PMA-activated cells contained
active NADPH oxidase, which produced O,°" in the
presence of NADPH. Addition of arachidonic acid to
the cytosolic and membrane fractions, which mimics the
effect of phosphorylation of p47”"°* that occurs during cell
activation, produces assembly and activation of NADPH
oxidase [31]. Because YC-1 did not inhibit O,*" genera-
tion in the cell-free NADPH oxidase systems used in this
study, it is plausible that inhibition of the respiratory burst
by YC-1 occurs through an interaction with certain signal
transduction steps that follow fMLP-receptor activation,
not through direct suppression of NADPH oxidase.

YC-1, an sGC activator, increases cellular cyclic GMP
levels in platelets and vascular smooth muscle [7,9]. Pre-
vious reports demonstrated that neutrophils possess sGC,
cyclic GMP-hydrolyzing PDE, and cyclic GMP-dependent
protein kinase [32-34]. However, the role of cyclic GMP in
the neutrophil respiratory burst is not clear. It has been
shown that 8-bromo-cyclic GMP (8-Br-cGMP), up to
1 mM, has little effect on O,°" generation induced by
10 nM fMLP in human neutrophils [12]. In contrast, N>-2'-
O-dibutyryl-cyclic GMP (Bt,-cGMP; 1 mM) abolishes the
50 nM fMLP- but partially inhibits the 0.3 pM fMLP-
induced O,°*~ generation in human neutrophils [11]. In
the present study, we used 8-pCPT-cGMP, which is super-
ior to 8-Br-cGMP, as the selective activator of cyclic GMP-
dependent protein kinase [21]. 8-pCPT-cGMP inhibited
fMLP-induced O,°*~ generation significantly in rat neu-
trophils. This effect was reversed by the cell membrane
permeant cyclic GMP-dependent protein kinase antagonist
Rp-8-pCPT-cGMPS. These results suggest that cyclic
GMP has a negative regulatory effect on fMLP-induced
0,°" generation. In addition, the inhibitory effect of YC-1
on fMLP-induced O,°" generation, being partially
reversed by Rp-8-pCPT-cGMPS and LY83583, an agent
that lowers cellular cyclic GMP [23], suggests the involve-
ment of cyclic GMP.

We next determined the cyclic GMP levels in cells
treated with YC-1. YC-1 (100 uM) increased cellular
cyclic GMP levels and activated sGC of the cytosolic
fraction about 9- and 10-fold, respectively, compared with
basal levels. At the same concentration, YC-1 has been
found to cause a 5-fold increase in cellular cyclic GMP
levels and a 4-fold stimulation of cytosol sGC activity in
human platelets [7]. The PDE isoenzymes in the cytosol of
neutrophils show the predominant presence of PDE4
(cyclic AMP specific) and PDES (cyclic GMP specific)
[35]. The cyclic GMP-hydrolyzing activity in the cytosolic
fraction of rat neutrophils was inhibited by the PDES5
inhibitor zaprinast and the high concentration of YC-1,
but not by the PDE4 inhibitor Ro 201724. These results
suggest that the elevation of cellular cyclic GMP levels by
YC-1 is attributable to the activation of sGC and, at higher
concentrations of YC-1, to the inhibition of PDES in rat
neutrophils and, therefore, are consistent with previous
reports in human platelets and vascular smooth muscle
[36,37].

The fMLP-induced respiratory burst is a Ca*"-depen-
dent process. The fMLP-induced elevation in [Ca*); is
comprised of an initial spike phase, supported primarily by
the inositol trisphosphate-induced release of Ca*" from
intracellular stores, followed by a plateau phase, which is
sustained by Ca”*" entry from the extracellular medium
[38]. YC-1 reduced the plateau phase but not the initial
spike phase in the presence of extracellular Ca*". Only a
high concentration of YC-1 (50 uM) in the absence of
extracellular Ca®'reduced the Ca*" spike. These results
suggest that YC-1, at concentrations capable of inhibiting
the respiratory burst, did not affect the phospholipase C
signaling pathway, but inhibited extracellular Ca®" entry
through certain mechanisms. Inhibition of Ca®" entry
might play an important role in the inhibition of the
respiratory burst since both effects occur with similar
IC50 values of YC-1. It has been shown that both 8-Br-
cGMP and Bt,-cGMP have little effect on the fMLP-
induced elevation of [Ca“]i [12,39]. Therefore, the reduc-
tion of [Ca®"]; by YC-1 probably takes place through a
cyclic GMP-independent mechanism. This notion is sup-
ported by our recent report [40].

It is generally accepted that the fMLP-induced activa-
tion of oxidase occurs mainly via a PKC-independent
signaling pathway. PKC activity is found primarily in
the cytosol of unstimulated cells [41], but becomes firmly
associated with the membrane fraction after PMA treat-
ment. It seems likely that YC-1 did not affect the PKC
signaling pathway since neither the PMA-stimulated cyto-
solic PKC activity prepared from unstimulated cells nor the
membrane-associated PKC activity isolated from PMA-
activated cells was inhibited by YC-1.

The observations that YC-1 inhibited fMLP- but not
PMA-induced PLD activation in rat neutrophils suggest
that YC-1 did not suppress PLD activity directly, but
probably indirectly through the blockade of certain signal
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transduction processes. The latter possibility is supported
by the fact that YC-1 prevented the membrane association
of Arf and Rho A in response to fMLP, because transloca-
tion of ARF and Rho A to membrane fractions is required
for effective activation of PLD [42]. In neutrophils, PLD
activation by fMLP has been shown to be Ca*"- and
tyrosine kinase-dependent, but PKC-independent [43],
whereas PMA-induced PLD activation was through PKC
but not Ca*". Our findings that YC-1 inhibited [Ca®'];
elevation but not PKC activity as described above are
compatible with the inhibition of PLD activation. It has
been reported that 8-Br-cGMP partially blunts thrombin-
induced PLD activity in human platelets [44]. Therefore,
inhibition of PLD activation by YC-1 probably occurs via
both cyclic GMP-dependent and -independent mechanisms
since Rp-8-pCPT-cGMPS partially reversed the inhibition
(cyclic GMP-dependent), and inhibition involved the ele-
vation of [Ca®"]; (cyclic GMP-independent).

PI3K phosphorylates phosphatidylinositols at the D3
position; therefore it converts phosphatidylinositol 4,5-
bisphosphate to phosphatidylinositol 3,4,5-trisphosphate,
which is a critical component of the signaling pathway
leading to NADPH oxidase activation by fMLP [20].
Unlike the PI3K inhibitor wortmannin, YC-1 did not affect
the fMLP-induced PI3K activation. Cell stimulation
induces a signaling cascade that leads to the activation
of MAPK via phosphorylation on both tyrosine and threo-
nine residues [45]. YC-1 had no effect on fMLP-induced
p38 MAPK phosphorylation and weakly attenuated ERK
phosphorylation.

In conclusion, the elevation of cellular cyclic GMP
levels by YC-1 in rat neutrophils resulted from the activa-
tion of sGC and the inhibition of PDES. YC-1 inhibits the
fMLP-induced respiratory burst via cyclic GMP-depen-
dent and -independent mechanisms. The latter mechanism
may involve the blockade of Ca®" entry. The results
exclude a role for PKC, PI3K, and MAPK in the inhibition
by YC-1.

Acknowledgments

This work was supported by grants from the National
Science Council (NSC89-2320-B-075A-003), the Tai-
chung Veterans General Hospital (TCVGH-897303C),
and the China Medical College (CMC88-M-08), Taiwan,
ROC.

References

[1] Segal AW, Abo A. The biochemical basis of the NADPH oxidase of
phagocytes. Trends Biochem Sci 1993;18:43-7.

[2] Cross AR. p40”"** participates in the activation of NADPH oxidase
by increasing the affinity of p47”"°* for flavocytochrome bssg.
Biochem J 2000;349:113-7.

[3] Berridge MIJ. Inositol trisphosphate and diacylglycerol: two interact-
ing second messengers. Annu Rev Biochem 1987;56:159-93.

[4] Bonser RW, Thompson NT, Randall RW, Garland LG. Phospholipase

D activation is functionally linked to superoxide generation in the

human neutrophil. Biochem J 1989;264:617-20.

Thelen M, Wymann MP, Langen H. Wortmannin binds specifically to

1-phosphatidylinositol 3-kinase while inhibiting guanine nucleotide-

binding protein-coupled receptor signaling in neutrophil leukocytes.

Proc Natl Acad Sci USA 1994;91:4960-4.

Zu YL, Qi J, Gilchrist A, Fernandez GA, Vazquez-Abad D, Kreutzer

DL, Huang CK, Sha’afi RI. p38 Mitogen-activated protein kinase

activation is required for human neutrophil function triggered by

TNF-o or fMLP stimulation. J Immunol 1998;160:1982-9.

[71 Wu C-C, Ko F-N, Kuo S-C, Lee F-Y, Teng C-M. YC-1 inhibited
human platelet aggregation through NO-independent activation of
soluble guanylate cyclase. Br J Pharmacol 1995;116:1973-8.

[8] Teng C-M, Wu C-C, Ko F-N, Lee F-Y, Kuo S-C. YC-1, a nitric

oxide-independent activator of soluble guanylate cyclase, inhibits

platelet-rich thrombosis in mice. Eur J Pharmacol 1997;320:161-6.

Wegener JW, Gath I, Foerstermann U, Nawrath H. Activation of

soluble guanylyl cyclase by YC-1 in aortic smooth muscle but not

in ventricular myocardium from rat. Br J Pharmacol 1997;122:

1523-9.

[10] Friebe A, Koesling D. Mechanism of YC-1-induced activation of
soluble guanylyl cyclase. Mol Pharmacol 1998;53:123-7.

[11] Ervens J, Schultz G, Seifert R. Differential inhibition and potentia-
tion of chemoattractant-induced superoxide formation in human
neutrophils by the cell-permeant analogue of cyclic GMP, N*2'-0-
dibutyryl guanosine 3':5'-cyclic monophosphate. Naunyn-Schmiede-
berg’s Arch Pharmacol 1991;343:370-6.

[12] Morikawa M, Inoue M, Tokumaru S, Kogo H. Enhancing and
inhibitory effects of nitric oxide on superoxide anion generation in
human polymorphonuclear leukocytes. Br J Pharmacol 1995;115:
1302-6.

[13] Yoshina S, Kuo SC. Studies on heterocyclic compounds XXXV.
Synthesis of furo[3,2-c]pyrazole derivatives. (2) Electrophilic sub-
stitution of 1,3-diphenylfuro[3,2-c] pyrazole. Yakugaku Zasshi
1978;98:204-8.

[14] Wang J-P, Raung S-L, Kuo Y-H, Teng C-M. Daphnoretin-induced
respiratory burst in rat neutrophils is, probably, mainly through
protein kinase C activation. Eur J Pharmacol 1995;288:341-8.

[15] Goldberg B, Stern A. The role of the superoxide anion as a toxic
species in the erythrocyte. Arch Biochem Biophys 1977;178:218-25.

[16] Wang J-P, Tsao L-T, Raung S-L, Hsu M-F, Kuo S-C. Inhibition by
HAIJI11 of respiratory burst and the involvement of protein tyrosine
phosphorylation and phospholipase D activation. Br J Pharmacol
1997;120:79-87.

[17] Mittal CK. Determination of adenylate cyclase and guanylate cyclase
activities in cells of the immune system. Methods Enzymol
1986;132:422-8.

[18] Bauer AC, Schwabe U. An improved assay of cyclic 3',5"-nucleotide
phosphodiesterases with QAE-Sephadex columns. Naunyn-Schmie-
deberg’s Arch Pharmacol 1980;311:193-8.

[19] Merritt JE, McCarthy SA, Davies MPA, Moores KE. Use of fluo-3
to measure cytosolic Ca*" in platelets and neutrophils. Loading cells
with the dye, calibration of traces, measurements in the presence
of plasma, and buffering of cytosolic Ca®>". Biochem J 1990;269:
513-9.

[20] Okada T, Sakuma L, Fukui Y, Hazeki O, Ui M. Blockage of
chemotactic peptide-induced stimulation of neutrophils by wortman-
nin as a result of selective inhibition of phosphatidylinositol 3-kinase.
J Biol Chem 1994;269:3563-7.

[21] Butt E, Nolte C, Schulz S, Beltman J, Beavo JA, Jastorff B, Walter U.
Analysis of the functional role of cGMP-dependent protein kinase in
intact human platelets using a specific activator 8-para-chlorophe-
nylthio-cGMP. Biochem Pharmacol 1992;43:2591-600.

[5

—

[6

[t}

[9

—



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

J.-P. Wang et al./Biochemical Pharmacology 63 (2002) 577-585 585

Butt E, Eigenthaler M, Genieser H-G. (Rp)-8-pCPT-cGMPS, a novel
cGMP-dependent protein kinase inhibitor. Eur J Pharmacol
1994;269:265-8.

Schmidt MJ, Sawyer BD, Truex LL, Marshall WS, Fleisch JH.
LY83583: an agent that lowers intracellular levels of cyclic guanosine
3/,5'-monophosphate. J Pharmacol Exp Ther 1985;232:764-9.
Cross AR, Jones OT. The effect of the inhibitor diphenylene
iodonium on the superoxide-generating system of neutrophils:
specific labeling of a component polypeptide of the oxidase.
Biochem J 1986;237:111-6.

Lugnier C, Schoeffter P, Le-Bec A, Strouthou E, Stoclet JC. Selective
inhibition of cyclic nucleotide phosphodiesterases of human, bovine
and rat aorta. Biochem Pharmacol 1986;35:1743-51.

Reeves ML, Leigh BK, England PJ. The identification of a new
cyclic nucleotide phosphodiesterase activity in human and guinea-pig
cardiac ventricle: implications for the mechanism of action of
selective phosphodiesterase inhibitors. Biochem J 1987;241:535-41.
Gschwendt M, Dieterich S, Rennecke J, Kittstein W, Mueller HJ,
Johannes FJ. Inhibition of protein kinase C u by various inhibitors.
Differentiation from protein kinase C isoenzymes. FEBS Lett
1996;392:77-80.

Billah MM, Eckel S, Mullmann TJ, Egan RW, Siegel MI
Phosphatidylcholine hydrolysis by phospholipase D determines
phosphatidate and diglyceride levels in chemotactic peptide-stimu-
lated human neutrophils. Invovement of phosphatidate phosphohy-
drolase in signal transduction. J Biol Chem 1989;264:17069-77.
Powis G, Bonjouklian R, Berggren MM, Gallegos A, Abraham R,
Ashendel C, Zalkow L, Matter WF, Dodge J, Grindey G, Vlahos CJ.
Wortmannin, a potent and selective inhibitor of phosphatidylinositol
3-kinase. Cancer Res 1994;54:2419-23.

Majumdar S, Kane LH, Rossi MW, Volpp BD, Nauseef WM,
Korchak HM. Protein kinase C isotypes and signal-transduction in
human neutrophils: selective substrate specificity of calcium-
dependent B-PKC and novel calcium-independent nPKC. Biochim
Biophys Acta 1993;1176:276-86.

Fuchs A, Dagher M-C, Vignais PV. Mapping the domains of
interaction of p40”"* with both p477"°* and p67°"** of the neutrophil
oxidase complex using the two-hybrid system. J Biol Chem
1995;270:5695-7.

Lad PM, Glovsky MM, Richards JH, Smiley PA, Backstrom B.
Regulation of human neutrophil guanylate cyclase by metal ions, free
radicals and the muscarinic cholinergic receptor. Mol Immunol
1985;22:731-9.

Wright CD, Kuipers PJ, Kobylarz-Singer D, Devall LJ, Klinkefus
BA, Weishaar RE. Differential inhibition of human neutrophil
functions. Role of cyclic AMP-specific, cyclic GMP-insensitive
phosphodiesterase. Biochem Pharmacol 1990;40:699-707.

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Pryzwansky KB, Wyatt TA, Nichols H, Lincoln TM. Compartmen-
talization of cyclic GMP-dependent protein kinase in formyl-peptide
stimulated neutrophils. Blood 1990;76:612-8.

Schudt C, Winder S, Forderkunz S, Hatzelmann A, Ullrich V.
Influence of selective phosphodiesterase inhibitors on human
neutrophils functions and levels of cAMP and [Ca**T;. Naunyn-
Schmiedeberg’s Arch Pharmacol 1991;344:682-90.

Friebe A, Mullershausen F, Smolenski A, Walter U, Schultz G,
Koesling D. YC-1 potentiates nitric oxide- and carbon monoxide-
induced cyclic GMP effects in human platelets. Mol Pharmacol
1998;54:962-7.

Galle J, Zabel U, Hubner U, Hatzelmann A, Wagner B, Wanner C,
Schmidt HH. Effects of the soluble guanylyl cyclase activator, YC-1,
on vascular tone, cyclic GMP levels and phosphodiesterase activity.
Br J Pharmacol 1999;127:195-203.

Meldolesi J, Clementi E, Fasolato C, Zacchetti D, Pozzan T. Ca%*
influx following receptor activation. Trends Pharmacol Sci
1991;12:289-92.

Wenzel-Seifert K, Ervens J, Seifert R. Differential inhibition and
potentiation by cell-permeant analogues of cyclic AMP and cyclic
GMP and NO-containing compounds of exocytosis in human
neutrophils. Naunyn-Schmiedeberg’s Arch Pharmacol 1991;344:
396-402.

Wang J-P, Chang L-C, Huang L-J, Kuo S-C. Inhibition of
extracellular Ca®* entry by YC-1, an activator of soluble guanylyl
cyclase, through a cyclic GMP-independent pathway in rat neutro-
phils. Biochem Pharmacol 2001;62:679-84.

Wolfson M, McPhail LC, Nasrallah VN, Snyderman R. Phorbol
myristate acetate mediates redistribution of protein kinase C in
human neutrophils: potential role in the activation of the respiratory
burst enzyme. J Immunol 1985;135:2057-62.

Kuribara H, Tago K, Yokozeki T, Sasaki T, Takai Y, Morii N,
Narumiya S, Katada T, Kanaho Y. Synergistic activation of rat brain
phospholipase D by ADP-ribosylation factor and rhoA p21, and its
inhibition by Clostridium botulinum C3 exoenzyme. J Biol Chem
1995;270:25667-71.

Planat V, Tronchere H, Record M, Ribbes G, Chap H. Involvement of
vicinal dithiols in differential regulation of fMLP and phorbol ester-
activated phospholipase D in stimulated human neutrophils. Biochem
Biophys Res Commun 1996;218:847-53.

Sane DC, Bielawska A, Greenberg CS, Hannun YA. Cyclic GMP
analogs inhibit gamma thrombin-induced arachidonic acid release
in human platelets. Biochem Biophys Res Commun 1989;165:
708-14.

Derijard B, Raingeaud J, Barrett T, Wu IH, Han J, Ulevitch RJ, Davis
RJ. Independent human MAP-kinase signal transduction pathways
defined by MEK and MKK isoforms. Science 1995;267:682-5.



	Inhibition of superoxide anion generation by YC-1 in rat neutrophils through cyclic GMP-dependent and -independent mechanisms
	Introduction
	Materials and methods
	Materials
	Isolation of neutrophils
	Measurement of O2&z.rad;- generation and O2 consumption
	Measurement of NADPH oxidase activity in cell-free systems
	Determination of cellular cyclic GMP levels
	Measurement of sGC and PDE activities
	[Ca2+]i measurement
	PKC activity assay
	PLD activity assay
	PI3K activity assay
	Immunoblot analysis
	Statistical analysis

	Results
	Effect of YC-1 on respiratory burst
	Effect of YC-1 on O2&z.rad;- generation in cell-free systems
	Effect of YC-1 on cellular cyclic GMP levels
	Effects of YC-1 on [Ca2+]i and PKC activity
	Effect of YC-1 on PLD activity
	Effects of YC-1 on PI3K activity and MAPK phosphorylation

	Discussion
	Acknowledgements
	References


