- s L‘:
LSEVIER

Available online at www.sciencedirect.com

science (@horneer

Biochemical Pharmacology 67 (2004) 1411-1419

www.elsevier.com/locate/biochempharm

Inhibitory mechanisms of YC-1 and PMC in the induction of iNOS
expression by lipoteichoic acid in RAW 264.7 macrophages

George Hsiao®, Hsin-Yi Huang®, Tsorng-Harn Fong®, Ming-Yi Shen®,
. . . *
Chien-Huang Lin®, Chen-Ming Teng®, Joen-Rong Sheu™"
4Graduate Institute of Pharmacology, Taipei Medical University, 250 Wu-Shing Street, Taipei 110, Taiwan, ROC

SGraduate Institute of Medical Sciences, Taipei Medical University, 250 Wu-Shing Street, Taipei 110, Taiwan, ROC
®Pharmacological Institute, College of Medicine, National Taiwan University, Taipei, Taiwan, ROC

Received 4 June 2003; accepted 4 December 2003

Abstract

In the present study, the signal pathways involved in NO formation and iNOS expression in RAW 264.7 macrophages stimulated by LTA
were investigated. We also compared the relative inhibitory activities and mechanisms of PMC, a novel potent antioxidant of a-tocopherol
derivatives, with those of YC-1, an sGC activator, on the induction of iNOS expression by LTA in cultured macrophages in vitro and LTA-
induced hypotension in vivo. LTA induced concentration (0.1-50 pg/mL)- and time (4-24 hr)-dependent increases in nitrite (an indicator of
NO biosynthesis) in macrophages. Both PMC (50 uM) and YC-1 (10 pM) inhibited NO production, iNOS protein, mRNA expression, and
IxBo degradation upon stimulation by LTA (20 pg/mL) in macrophages. On the other hand, PMC (50 pM) almost completely suppressed
JNK/SAPK activation, whereas YC-1 (10 uM) only partially inhibited its activation in LTA-stimulated macrophages. Moreover, PMC
(10 mg/kg, i.v.) and YC-1 (5 mg/kg, i.v.) significantly inhibited the fall in MAP stimulated by LTA (10 mg/kg, i.v.) in rats. In conclusion,
we demonstrate that YC-1 shows more-potent activity than PMC at abrogating the expression of iNOS in macrophages in vitro and
reversing delayed hypotension in rats with endotoxic shock stimulated by LTA. The inhibitory mechanisms of PMC may be due to its
antioxidative properties, with a resulting influence on JNK/SAPK and NF-kB activations. YC-1 may be mediated by increasing cyclic
GMP, followed by, at least partly, inhibition of JNK/SAPK and NF-«xB activations, thereby leading to inhibition of iNOS expression.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In septic shock, a circulating bacterial endotoxin
(Gram-negative, LPS) induces cardiovascular alterations
including systemic arterial hypotension and a hyporespon-
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Abbreviations: BHA, butylated hydroxyanisole; LTA, lipoteichoic acid;
LPS, lipopolysaccharide; IFN-y, interferon-y; IkBo, NF-kB inhibitory
protein; iNOS, inducible nitric oxide synthase; ERK, extracellular signal-
regulated kinase; JAK/STAT, janus kinases/signal transducers and activators
of transcription; JNK/SAPK, c-Jun-N-terminal kinase/stress activated
protein kinase; mAb, monoclonal antibody; MAP, mean arterial blood
pressure; MAPK, mitogen-activated protein kinases; MTT, 3-(4,5-di-
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buffered saline; PKC, protein kinase C; PMC, 2,2,5,7,8,-pentamethyl-6-
hydroxychromane; ROS, reactive oxygen species; sGC, soluble guanylate
cyclase; TNF-a, tumor necrosis factor-o; VSMC, vascular smooth muscle
cell; YC-1, 1-benzyl-3-(5'-hydroxymethyl-2'-furyl) indazole.
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siveness to pressor agents [1]. The overproduction of NO
generated by iNOS is a deleterious factor in inflammatory
vasculopathies, and NO also contributes to vascular failure
in endotoxic shock [1]. The contribution of NO to the
pathophysiology of septic shock is highly heterogeneous,
and inhibition of iNOS expression and/or activity still
represents a rational therapeutic goal [2].

Traditionally recognized as a consequence of Gram-
negative bacteremia, however, septic shock is also caused
by Gram-positive organisms, fungi, and probably viruses
and parasites. Although relatively rare in the 1970s, the
incidence of Gram-positive septic shock has markedly
increased over the past 15 years [1]. On the basis of this
evidence, it seems reasonable to conclude that between
one-third and one-half of all cases of sepsis are currently
caused by Gram-positive organisms, and that the incidence
of Gram-positive sepsis should continue to rise for at least
the next few years [1].
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The formation of NO by iNOS is correlated with and
primarily regulated at the level of iNOS mRNA in a variety
of cell types [3]. The signal transduction cascades of
expression of iNOS stimulated by LPS or cytokines such
as TNF-oa, interleukin-1, and IFN-y are thought to be
mediated through different signal pathways, including
NF-xB, MAPK, and JAK/STAT [3]. iNOS mRNA is
induced after encountering activated free or phosphory-
lated transcription factors (e.g. NF-kB, AP-1, and the
ATF/cyclic AMP response element binding domain) in
the nucleus where they activate transcription by binding to
specific iNOS gene promoters [4,5]. Among these tran-
scription factors, only NF-xB has been demonstrated to
mediate the enhanced expression of the iNOS gene in
macrophages stimulated by LPS [6]. On the other hand,
LTA, a component associated with the membrane of
Gram-positive bacteria [7], can induce the expression of
iNOS in cultured VSMCs [8] or in macrophages [9]
in vitro. LTA has therefore been implicated as the major
component of the Gram-positive bacterial cell wall which
by itself and/or via cytokines release is responsible for the
induction of iNOS. However, the signal transduction
events leading to the expression of iNOS by LTA are
unclear and have only relatively rarely been compared
with those of LPS.

PMC is the most potent derivative of a-tocopherols in
antioxidation and inhibits the activation of NF-xB [10-12]
(Fig. 1). It is more hydrophilic than other a-tocopherol
derivatives, and has potent free radical-scavenging activity
[10]. On the other hand, the benzylindazole-derivative,
YC-1, has been described as an NO-independent activator
of sGC [13,14] (Fig. 1). In this study, we investigated the
intracellular signal pathways in LTA-mediated iNOS
expression in macrophages, and concurrently compared
the relative inhibitory activities of PMC and YC-1 in this
effect. We therefore utilized these findings to characterize
the relationship between the inhibition of NO production in
vitro and protective LTA-induced hypotension in vivo in
both PMC and YC-1.

2. Materials and methods
2.1. Materials

PMC was obtained from Wako Pure Chem. YC-1 was
donated by Prof. C.M. Teng of the Pharmacological Insti-
tute, College of Medicine, National Taiwan University.
Both drugs were dissolved in 0.2% DMSO. In each experi-
ment, DMSO was employed at a constant final concentra-
tion (0.2%, v/v). LTA (from Staphylococcus aureus L-
2515), MTT, HEPES, NP-40, SDS, phenylmethylsulfonyl
fluoride (PMSF), B-mercaptoethanol, cremophor EL, ODQ
and leupeptin were purchased from Sigma. Murine anti-
iNOS mADb was purchased from Transduction Lab. Anti-
mouse IgG linked to horseradish peroxidase and the Wes-
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Fig. 1. Chemical structures of a-tocopherol, PMC, and YC-1.

tern blotting detection system (ECL™ plus) were purchased
from Amersham.

2.2. Cell culture

RAW 264.7 cells, a murine macrophage cell line, were
obtained from American Type Culture Collection (ATCC)
and grown in DMEM supplemented with 10% fetal calf
serum (FCS) and 100 units/mL penicillin G/100 mg/mL
streptomycin in a humidified 37° incubator.

2.3. Determination of nitrite concentration

NOS activity was assessed by measuring the accumula-
tion of nitrite in the supernatant of RAW 264.7 macro-
phages using the Griess reaction [15]. Briefly, RAW 264.7
cells (1 x 10 cells/mL; 500 uL per well) were dispensed
onto 24-well plates until 80% confluency and then treated
with various concentrations of LTA (0.1-50 pg/mL)
for 24 hr or LTA (20 pg/mL) for the indicated times
(424 hr). In some experiments, cells were pretreated
with various concentrations of PMC (1-100 uM) or
YC-1 (0.5-10 uM) for 30 min followed by the addition
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of LTA (20 pg/mL) for stimulation for 24 hr. For determi-
nation of nitrite accumulation, supernatants were analyzed
via a colorimetric reaction based on the Griess reagent (1%
sulfanilamide and 0.1% naphthylenediamine in 2.5% phos-
phoric acid). The optical absorbance at 550 nm was mea-
sured using a microplate reader (MRX microplate reader).
Nitrite concentrations were calculated by regression with
standard solutions of sodium nitrite prepared in the same
culture medium.

2.4. Cell viability

RAW 264.7 cell viability after 24 hr of continuous
exposure to LTA (50 pg/mL) was measured with a colori-
metric assay based on the ability of mitochondria in viable
cells to reduce the MTT as described previously [16]. The
percentage of cell viability was calculated as the absor-
bance of treated cells/control cells x 100%.

2.5. Western blot analysis

For determination of the expression of iNOS, MAPKs,
and NF-kB in RAW 264.7 cells, Western blot analyzes
were performed as described previously [17]. Briefly,
RAW 264.7 cells were cultured in 100-mm petri dishes.
After reaching confluence, cells were pretreated with PMC
50 puM) or YC-1 (10 uM) for 30 min followed by the
addition of LTA (20 pg/mL) for 24 hr or indicated times
in a humidified incubator at 37°. After incubation, cells
were washed with ice-cold PBS buffer (pH 7.3). Proteins
were extracted with lysis buffer (10 mM Tris—HCI,
140 mM NaCl, 3 mM MgCl,, 0.5% NP-40, 1 mM DTT,
2 mM PMSEF, 1 uM aprotinin, and 1 uM leupeptin, pH 7.0)
for 30 min. Additionally, phosphatase inhibitors (10 mM
sodium fluoride, 1 mM sodium orthovanadate, and 10 mM
sodium pyrophosphate) were added to the lysis buffer for
phosphorylated MAPK analysis. Lysates were centrifuged,
and the supernatant (50 pg protein) was subjected to SDS—
PAGE, and electrophoretically transferred onto PVDF
membranes (0.45 um; Hybond-P; Amersham). After incu-
bation in blocking buffer (50 mM Tris—HCI, 100 mM
NaCl, 0.1% Tween 20, 5% dry skim milk, pH 7.5) over-
night at 4° and being washed three times with PBS buffer,
blots were treated with either an anti-iNOS mAb (1:2000;
Transduction Lab.), anti-MAPK mAb (1:2000; Transduc-
tion Lab.), or a rabbit anti-human IxBa Ab (1:3000; Santa
Cruz Biotech) in PBS buffer for 3 hr. They were subse-
quently washed three times with PBS buffer and incubated
with peroxidase-conjugated goat anti-mouse or anti-rabbit
Abs (Amersham) for 2 hr. Blots were then washed three
times, and the band with peroxidase activity was detected
using film exposure with enhanced chemiluminescence
detection reagents (ECL" system; Amersham). Densito-
metric analysis of specific bands was performed with a
Photo-Print Digital Imaging System (IP-008-SD) with
analytic software (Bio-1Dlight, V 2000).

2.6. Isolation of total RNA and reverse-transcription
polymerase chain reaction

Total RNA was isolated from RAW 264.7 cells by a
commercially available kit according to the manufacturer’s
instructions (TRIzol, Gibco). For each RT-PCR reaction,
0.5 mg of the RNA sample and 0.2 uM of primers were
reverse-transcribed and amplified in a 50-mL reaction
mixture of commercially available reagents (Super Script
On-Step RT-PCR system, Gibco) containing a 1x reaction
mixture and 0.2 pM of an RT/Taq mixture in one cycle of
30 min at 50° for reverse transcription and one cycle at 94°
for 2 min; followed by 35 cycles at 94, 60, and 72° for 15,
30 s, and 1 min, respectively; with a single extension step
at 72° for 5 min followed by 4° for amplification in a
thermal cycler (GeneAmp PCR system 2400, Perkin-
Elmer). The primers used to target the iNOS mRNA were
5'-CTGGCAGCAGCGGCTCCATG-3’' (sense) at base
positions 2987-3006 and 5'-GAAAAGACCGCACCGA-
AGAT-3’ (antisense) at base positions 3389-3409 of rat
iNOS c¢DNA [18]. The GAPDH primers were 5'-GCCG-
CCTGGTCACCAGGGCTG-3' (sense) and 5'-ATGGAC-
TGTGGTCATGAGCCC-3’ (antisense). For visualization
and quantification by densitometry of each RT-PCR reac-
tion, a 10-pL aliquot was subjected to electrophoresis on a
1.0% agarose gel using a mini horizontal submarine unit
(HE 33) containing 0.5 mg/mL ethidium bromide to allow
UV-induced fluorescence (TCP-20.M, Vilber Lourmat).
Densitometric analysis of the bands of the PCR products
was performed as previously described. Preliminary
experiments were performed to determine the range of
amplification cycles and the beginning RNA substrate
within the linear phase of the exponential increase of
PCR products for each particular primer pair.

2.7. Endotoxic shock

Male Wistar rats (200-300 g) used in this study were
obtained from the Department of Laboratory Animal Cen-
ter of National Taiwan University. All animal experiments
and care were performed according to the Guide for the
Care and Use of Laboratory Animals (National Academy
Press, 1996). PMC (10 mg/kg) and YC-1 (5 mg/kg) were
dissolved in cosolvent as cremophor EL/ethanol (1:1)
before injection. Control rats were injected with an equiva-
lent volume of the vehicle solution (cosolvent).

Rats were anesthetized by an intraperitoneal injection of
a combination of urethane (0.5 g/kg) and chloral hydrate
(0.4 g/kg). The trachea was cannulated to facilitate respira-
tion, and the rectal temperature was maintained at 37° with
a homeothermic blanket. A PE-50 tube was inserted into
the right femoral artery for measuring hemodynamic para-
meters using a pressure transducer (P23ID). The Ileft
femoral vein was cannulated to administer the drug or
vehicle solution. The hemodynamic parameters were dis-
played on a Grass polygraph recorder (model 7D; Grass
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Instruments). Animals were allowed to stabilize for at least
30 min, during which time arterial pressure and heart rate
were continuously monitored. To examine the effects of
PMC and YC-1 on the hemodynamic parameters during
Gram-positive-induced endotoxemia, PMC, YC-1, and the
solvent control (cosolvent) were separately administered
30 min before LTA (10 mg/kg, i.v.) treatment, and animals
were continuously monitored for 5 hr. In our preliminary
test, we chose three doses (2, 5, and 10 mg/kg) of PMC and
YC-1 to evaluate and compare the relative inhibitory
activities of both drugs in LTA-induced septic shock in
vivo. We found that PMC at 10 mg/kg and YC-1 at 5 mg/kg
reach submaximal effects, respectively. Therefore, we
fixed these doses of both drugs in the following experi-
ments. At the end of the experiment, plasma was collected
for the measurement of nitrite.

2.8. Statistical analysis

The experimental results are expressed as the
means £ SEM and are accompanied by the number of
observations. Data were assessed by Student’s unpaired
t-test. ANOVA followed by a multiple comparison test
(Scheffe’s test) was used to determine significant differ-
ences in the study of endotoxic shock. A P-value of less
than 0.05 was considered statistically significant.

3. Results

3.1. Effects of PMC and YC-1 on nitrite production and
INOS expression in LTA-stimulated RAW 264.7 cells

Within 24 hr, LTA (0.1-50 pg/mL) induced a concen-
tration-dependent increase in nitrite production in the
culture medium of RAW 264.7 macrophages of from
23+£0.1uM (resting) to 6.8 +0.1 uM (20 pg/mL)
(Fig. 2A). Furthermore, the increase in nitrite production
was also time-dependent and reached a maximal level at
24 hr (Fig. 2B). There were no significant differences in
cell viability in LTA-treated cells compared to control cells
(normal saline treated) for 24 hr observed at the highest
concentration of LTA in the MTT assay (50 pg/mL, >95%
of control, N = 5). Therefore, cells were treated with LTA
at 20 pg/mL for 24 hr in the following experiments.

After pretreatment of cells with various concentrations
of PMC (1-100 uM), an a-tocopherol derivative, or YC-1
(0.5-10 pM), an sGC activator, for 30 min followed by the
addition of LTA (20 pg/mL), we found that both PMC (20—
100 pM) and YC-1 (0.5-10 uM) concentration-depen-
dently respectively inhibited nitrite production stimulated
by LTA (Fig. 3A and B). The ics, values of PMC and YC-1
at inhibiting this reaction were about 47.8 = 5.0 pM and
4.3 £ 1.3 uM, respectively. On a molar basis, YC-1 was
about 11-fold more potent than PMC in this reaction.
However, neither PMC (50 uM) or YC-1 (10 uM) nor
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Fig. 2. Concentration- and time-dependent increases in nitrite formation
stimulated by LTA in RAW 264.7 macrophages. Cells (1 x 10° cells/mL)
were treated with (A) various concentrations of LTA (0.1-50 pg/mL) for
24 hr or (B) with LTA (20 pg/mL) for the indicated times (4-24 hr). Cell-
free supernatants were assayed for nitrite production as described in
Section 2. Data are presented as the means + SEM (N = 5). **P < 0.01
and "™"P < 0.001 as compared with the resting group.

the solvent control (0.2% DMSO) affected the cell viability
of macrophages according to the MTT assays (data not
shown). Furthermore, PMC and YC-1 neither interfered
with the Griess reaction nor reacted with native NO. These
results demonstrate that both PMC and YC-1 markedly
suppress NO formation stimulated by LTA in RAW 264.7
cells.

3.2. Effects of PMC and YC-1 on the expression of iNOS
protein and mRNA in LTA-stimulated RAW 264.7 cells

As shown in Fig. 4A, LTA (20 pug/mL)-induced ex-
pression of iNOS protein was markedly detectable as
compared with that of the control group (resting) after a
24-hr treatment (Fig. 4A, lanes 1 and 2). Pretreatment with
PMC or YC-1 for 30 min before LTA treatment revealed
that both PMC (50 uM) and YC-1 (10 uM) markedly
inhibited the expression of iNOS protein by about 75
and 92%, respectively (Fig. 4A, lanes 3 and 4). On
the other hand, ODQ (6 uM), an inhibitor of sGC [19],
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Fig. 3. Effects of PMC and YC-1 on LTA-induced nitrite formation in
RAW 264.7 macrophages. Cells (1 x 10° cells/mL) were treated with
solvent control (0.2% DMSO) or various concentrations of (A) PMC
(1-100 pM) or (B) YC-1 (1-10 pM) for 30 min followed by the addition of
LTA (20 pg/mL) for 24 hr. Cell-free supernatants were assayed for nitrite
production as described in Section 2. Data are presented as the
means = SEM (N = 5). **P < 0.001 as compared with the resting group;
##p < 0.01 and ™ P < 0.001 as compared with the LTA group.

significantly reversed the inhibitory effect of YC-1 in this
effect (Fig. 4A, lane 5). Furthermore, 8-bromo-cyclic GMP
(80 uM) also markedly inhibited the expression of iNOS
protein induced by LTA (data not shown). These results
indicate that YC-1 stimulates, at least partly, the cyclic
GMP-dependent mechanism, leading to inhibition of iNOS
expression.

Furthermore, LTA (20 pg/mL) markedly stimulated an
increase in iNOS mRNA in RAW 264.7 cells as compared
with the resting control (Fig. 4B, lanes 1 and 2). Pretreat-
ment with PMC (50 pM) or YC-1 (10 uM) for 30 min
markedly reduced the expression of iNOS mRNA stimu-
lated by LTA, respectively (Fig. 4B).

3.3. Effects of PMC and YC-1 on NF-kB and MAPK
activations

To further investigate the inhibitory mechanisms of
PMC and YC-1 on the reduction of iNOS expression in
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Fig. 4. Effects of PMC and YC-1 on LTA-induced expression of iNOS
protein and mRNA in RAW 264.7 macrophages. Cells (1 x 10° cells/mL)
were treated with solvent control (0.2% DMSO), PMC (50 uM), or YC-1
(10 uM), or ODQ (6 uM) plus YC-1 (10 uM) for 30 min followed by the
addition of LTA (20 pg/mL) for 24 hr. Cells were collected and subcellular
extracts were analyzed for the expression of (A) iNOS protein and (B)
mRNA. Lane 1, cells treated with normal saline only (resting group); cells
pretreated with solvent control (lane 2, 0.2% DMSO), PMC (lane 3,
50 uM), YC-1 (lane 4, 10 uM) or ODQ (6 pM) plus YC-1 (10 uM) (lane 5)
followed by the addition of LTA (20 pg/mL). The densitometric data was
expressed by the relative arbitrary unit on the top of bands. The results are
representative examples of four similar experiments. (A) Equal loading in
each lane is demonstrated by similar intensities of o-tubulin. (B) The
B-actin levels were used to normalize the amount of the cDNA template
used in each PCR reaction.

LTA-stimulated RAW 264.7 cells, we detected several
signaling molecules including IkBa and MAPKSs, which
we refer to as p38 MAPK, p42/44 MAPK (ERK 1/2), and
p46/54 MAPK (JNK/SAPK). The immunoblotting analy-
sis revealed that treatment with LTA (20 pg/mL) caused a
rapid and time-dependent disappearance in the immunor-
eactive bands of IkBa (Fig. SA). IkBa protein was mark-
edly degraded within 30 min after LTA stimulation, and
returned to basal levels after 40 min. Both PMC (50 uM)
and YC-1 (10 puM) significantly attenuated the degradation
of the immunoreactive bands of IxBa with 30 min of LTA
stimulation (Fig. 5B).

Stimulation of cells with LTA (20 pg/mL) at various
time points (5—40 min) resulted in marked time-dependent
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Fig. 5. Effects of PMC and YC-1 on the degradation of immunoreactive
IkBo stimulated by LTA in RAW 264.7 macrophages. (A) Cells
(1 x 10° cells/mL) were treated with LTA (20 pg/mL) for the indicated
times (10-40 min) or (B) cells were pretreated with normal saline only
(lane 1, resting group), solvent control (lane 2, 0.2% DMSO), PMC (lane
3,50 uM), or YC-1 (lane 4, 10 pM) for 30 min followed by the addition of
LTA (20 pg/mL) for 30 min. Cells were then collected, and subcellular
extracts were analyzed for the degradation of immunoreactive IkBo as
described in Section 2. The densitometric data was expressed by the
relative arbitrary unit on the top of bands. The results are representative
examples of four similar experiments.

phosphorylation of p46/54 INK/SAPK (Fig. 6A), while
having no effect on the activation of p38 MAPK or p42/44
MAPK (ERK 1/2), even with stimulation using a higher
concentration of LTA (40 pg/mL) or a prolonged stimula-
tion time (2 hr) (data not shown). The peak activation of
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Fig. 6. Effects of PMC and YC-1 on the LTA-induced activation of
INK/SAPK in RAW 264.7 macrophages. (A) Cells (1 x 10° cells/mL)
were treated with LTA (20 pg/mL) for the indicated times (10—40 min) or
(B) cells were pretreated with normal saline only (lane 1, resting group),
solvent control (lane 2, 0.2% DMSO), PMC (lane 3, 50 pM), or YC-1 (lane
4, 10 uM) for 30 min followed by the addition of LTA (20 pg/mL) for
30 min. Cells were then collected, and subcellular extracts were analyzed
for the phosphorylation of JNK/SAPK. JNK/SAPK activation was
determined by Western blotting with an mAb which recognizes only
phosphorylated JNK/SAPK (p46/54). The results are representative
examples of four similar experiments.

p46/54 JNK/SAPK by LTA occurred after 30 min of
stimulation, and returned to basal levels after 40 min. After
pretreatment with PMC (50 pM) or YC-1 (10 uM) fol-
lowed by stimulation with LTA (20 pg/mL) for 30 min, we
found that PMC (50 puM) completely inhibited the activa-
tion of p46/54 JNK/SAPK about 92%, whereas YC-1
(10 uM) only partially inhibited its activation by about
19% (Fig. 6B, lanes 3 and 4).

3.4. Effects of PMC and YC-1 on LTA-induced septic
shock in vivo

As shown in Fig. 7, there was a rapid fall of about 28%
in MAP within 60 min after administration of LTA
(10 mg/kg, i.v.); it then increased, but thereafter continu-
ously decreased until 5 hr. At 5 hr after LTA injection,
MAP was markedly decreased from 110 & 6 mmHg to
58 + 4 mmHg. However, in the control group (cosolvent),
there was no significant change in MAP during the experi-
mental period. The effect of PMC (10 mg/kg, i.v.) attained
significance at 300 min as the effect of YC-1 (5 mg/kg, i.v.)
attained significance at 240-300 min (Fig. 7). The MAP of
PMC- and YC-1-treated groups were significantly elevated
by about 21% (from 58 + 4 mmHg to 70 + 3 mmHg) and
29% (from 58 + 4 mmHg to 75 + 3 mmHg), respectively,
as compared with the LTA-treated group at 300 min after
LTA administration. In addition, when PMC (10 mg/kg,
i.v.) was combined with YC-1 (5 mg/kg, i.v.), the MAP was
greater than that produced by the individual drug alone at
300 min after LTA administration (84 £ 7 mmHg, N = 3,
data not shown). Furthermore, pretreatment of L-NAME
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Fig. 7. Effects of PMC and YC-1 on MAP in rats treated with LTA. Depicted
are the changes in MAP during the experimental period in different groups of
rats that received injections of cosolvent (cremophor EL/ethanol) only as
the control group (QO), or cosolvent plus LTA (10 mg/kg, i.v.) (V),
YC-1 (5 mg/kg, at 30 min prior to LTA treatment) plus LTA ([]), or PMC
(10 mg/kg, at 30 min prior to LTA treatment) plus LTA (). Data are
presented as the means + SEM from eight separate animals. “P < 0.05 and
**P < 0.001 as compared with the control group; *P < 0.05 and
#P < 0.01 as compared with the cosolvent plus LTA group.
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(5 mg/kg, i.v.), an inhibitor of iNOS [20], and 8-bromo-
cyclic GMP (6 mg/kg, i.v.) for 30 min followed by the
administration of LTA (10 mg/kg, i.v.), the MAP of
L-NAME- and 8-bromo-cyclic GMP-treated groups
were also significantly elevated by about 22% (from
58 + 4 mmHg to 70 & 7 mmHg, N = 3) and 24% (from
58 &4 mmHg to 72 £ 6 mmHg, N = 3) as compared with
the LTA-treated group at 300 min after LTA administration
(data not shown). Additionally, plasma nitrite concentra-
tions markedly increased from 2.5 4= 0.6 pM in control rats
to 14.7 & 1.8 uM in LTA-treated rats (N =5, P < 0.001,
data not shown). The increase was significantly inhibited
by pretreatment of animals with PMC (10 mg/kg)
52+£09puM, N=5; P<0.05) and YC-1 (5 mg/kg)
(6.3+£0.7uM, N=5; P <0.01) at 300 min after LTA
administration (data not shown). This result indicates that
YC-1 is more potent than PMC at attenuating the delayed
phase of hypotension in rats with endotoxemia stimulated
by LTA.

4. Discussion

The present study demonstrates that the increase in NO
formation stimulated by LTA in RAW 264.7 macrophages
is a consequence of the induction of iNOS and indicates
that JNK/SAPK and NF-«kB are involved in the signal
transductions leading to the expression of iNOS mRNA
and protein stimulated by LTA. The major findings of the
study are to show that PMC, a novel potent antioxidant of
an o-tocopherol derivative, and YC-1, an sGC activator,
both markedly inhibited LTA-stimulated NO formation in
macrophages and significantly attenuated the delayed
phase of hypotension stimulated by LTA.

iNOS is expressed in macrophages in response to sti-
mulation by bacterial LPS, LTA, and/or certain inflamma-
tory cytokines [6,8,21]. Once expressed, iNOS is
maximally activated and remains for several hours, gen-
erating high levels of NO. Overproduction of NO has been
implicated in the pathogenesis of several important disease
states, most notably septic shock [2]. It is well known that
LPS causes a receptor protein (CD 14) to initiate the
induction of iNOS. It is not fully clear whether LTA uses
a similar CD 14-like protein for the induction of iNOS.
Nevertheless, the induction of NO synthesis and iNOS
gene expression stimulated by LTA was significantly inhib-
ited by an anti-CD 14 mAb [22]. Therefore, it is possible
that both LTA and LPS bind to the same receptor, CD 14.

The iNOS gene is precisely regulated at the level of
transcription in mammalian cells [4]. However, the effects
of the upstream signaling pathways utilized by stimulation
of LTA on the induction of iNOS are not fully understood.
Recently, it was reported that LTA may activate phospha-
tidylcholine-phospholipase C (PC-PLC) and phosphatidy-
linositol-phospholipase C (PI-PLC) to induce PKC
activation, which is followed by initiation of NF-xB acti-

vation, and finally induces iNOS expression and NO for-
mation [21]. NF-kB is constitutively present in cells as a
heterodimer, consisting of a p50 DNA-binding subunit and
a p65 transactivating subunit. NF-kB is normally held in
the cytoplasma in an inactivated form by the inhibitor
protein IxBa [23]. LPS or cytokines activate cell receptors
resulting in dissociation of [kBa from the NF-kB complex,
and then proteolytic degradation of IkBo by IkBat protease,
followed by translocation of the activated NF-kB into the
nucleus and attachment to relevant DNA binding sites on
the promoter region of genes, ultimately leading to initia-
tion of iNOS transcription. Our work has also proven
that NF-xB is involved in transcriptional regulation of
LTA-induced iNOS expression in marcophages.

One of the major intracellular signal transduction path-
ways stimulated by inflammatory cytokines such as TNF-a
and IFN-y are the MAPKs. The MAPKs are comprised
of three principal family membranes, namely ERK 1/2,
JNK/SAPK, and p38 MAPK with different isoforms exist-
ing within each member. In this study, JNK/SAPK but
not ERK 1/2 or p38 MAPK was activated by LTA in
RAW 264.7 macrophages. This result is consistent with
prior work by Chan and Riches [24] who suggest that only
JNK/SAPK but neither ERK 1/2 nor p38 MAPK was
involved in signal transduction stimulated by cytokines
(TNF-a or IFN-y) in the induction of iNOS in macro-
phages. There is increasing evidence that INK/SAPK may
be associated with the c-Rel subunit of NF-xB and may
directly enhance the activation of NF-xB [25]. The
mechanism through which JNK/SAPK is involved in the
activation of NF-kB is not known, although it has been
hypothesized to behave as a tethering protein that brings
necessary components together or perhaps to play a more
direct role by phosphorylating c-Rel-associated proteins
[25]. Therefore, there are convincing data to suggest that
JNK/SAPK, at least partly, is involved in the activation of
NF-kB, a potential transcriptional element in iNOS induc-
tion by LTA in macrophages.

One of the determinants of NF-kB activation is the redox
status of cells [26]. This status is determined by the
concentration of ROS such as superoxide, hydrogen per-
oxide, and hydroxy radicals. There is ample evidence to
suggest that cytokines increase the formation of cellular
ROS by causing alterations in electron flows in mitochon-
dria [26]. The antioxidants rotenone and BHA prevented
iNOS induction by LTA, suggesting that ROS are gener-
ated by activation of macrophages by LTA [26,27]. Thus,
ROS, presumably by their ability to activate NF-kB,
play an important role in the series of events leading
to the expression of iNOS induced by LTA. In this
study, LTA-mediated NO formation and iNOS expression
were concentration-dependently inhibited by PMC (ics,
47.8 +£5.0) and YC-1 (icsg, 4.3 £ 1.3). Furthermore, both
PMC and YC-1 significantly reversed the LTA-mediated
degradation of IxBa, indicating that PMC and YC-1
possibly inhibit iNOS gene expression through stabilizing
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the association between IxBa and NF-«xB. a-Tocopherol is
known to effectively inhibit cytokine-induced NF-«xB acti-
vation [12]. Therefore, PMC inhibition of LTA-mediated
iNOS expression, JNK/SAPK phosphorylation, and IxBa
degradation may occur through its antioxidation and/or
inhibition of NF-xB. On the other hand, YC-1 not only
decreased iNOS and NO formation, but also partially
inhibited INK/SAPK activation in macrophages stimulated
by LTA. However, the discordance between the marked
inhibition of iINOS mRNA levels and the incomplete
inhibition of INK/SAPK by YC-1 suggests that the inhi-
bitory effect of YC-1 on iNOS transcription is only partially
dependent on its ability to inhibit JNK/SAPK. In addition,
the attenuation of iNOS mRNA by YC-1 was paralleled by
areversal in IkBa degradation. This implies that activation
of IxBa protease is more important than phosphorylation of
JNK/SAPK in the induction of iNOS caused by LTA.

A number of events precede the activation of NF-kB
after stimulation of cells by LPS or cytokines. For example,
PC-PLC controls the activation of NF-kB in response to
LTA [24]. Kuo et al. [21] reported that LTA activates PC-
PLC to induce PKC activation, and finally induces iNOS
expression in marcophages. Increased intracellular cyclic
GMP negatively inhibits agonist-induced PKC activation
and iNOS expression in murine macrophage [28-30].
Therefore, the inhibitory mechanisms of YC-1 may be
mediated by increasing cyclic GMP formation, resulting in
the inhibition of PKC activation, followed by inhibition of
NF-kB activation.

In anesthetized rats, injection of LTA results in the
elevation of plasma NO and induction of iNOS activity
associated with delayed circulatory failure [31]. iNOS-
generated NO is an important causal factor in septic shock
syndrome, characterized by peripheral vasodilation and
profound hypotension. Septic shock results in poor tissue
perfusion, which leads to multiple organ failure and ulti-
mately death [32]. In the present study, both PMC and YC-
1 significantly attenuated the delayed hypotension in rats
with septic shock. YC-1 (5 mg/kg) exhibiting more-potent
activity than PMC (10 mg/kg) in vivo is consistent with the
results of LTA-mediated iNOS expression in vitro. There-
fore, we propose that the improvements in septic hypoten-
sion by PMC and YC-1 were due to their inhibition of
iNOS-dependent NO generation.

In conclusion, YC-1 shows more-potent activity than
PMC at abrogating the expression of iNOS in macrophages
in vitro and reducing the delayed hypotension in rats with
endotoxic shock stimulated by LTA. The inhibitory
mechanism of PMC may be due to its antioxidative proper-
ties, with a resulting influence on JNK/SAPK followed by
inhibition of NF-xB activation and subsequent inhibition
of iNOS expression. On the other hand, YC-1 may mediate
the increasing cyclic GMP formation, resulting in the
inhibition of PKC activation, followed by, at least partly,
inhibition of JNK/SAPK and NF-«B activations, thereby
leading to inhibition of iNOS expression.

Acknowledgments

This work was financially supported by a research
grant from the National Science Council of Taiwan
(NSC 89-2320-B-038-058).

References

[1] Bone RC. The pathogenesis of sepsis. Ann Intern Med 1991;115:
457-69.

[2] Moncada S, Palmer RMJ, Higgs EA. Nitric oxide: physiology, patho-

physiology and pharmacology. Pharmacol Rev 1991;43:109-43.

[3] Taylor BS, Geller DA. Molecular regulation of the human inducible

nitric oxide synthase (iNOS) gene. Shock 2000;13:413-24.

[4] Nathan C, Xie QW. Regulation of biosynthesis of nitric oxide. J Biol

Chem 1994;269:13725-8.

Chartrain NA, Geller DA, Koty PP, Sitrin NF, Nussler AK, Hoffman

EP, Billiar TR, Hutchinson NI, Mudgett JS. Molecular cloning,

structure, and chromosomal localization of the human inducible nitric

oxide synthase gene. J Biol Chem 1994;296:6765-72.

Chen CC, Wang JK. p38 but not p44/42 mitogen activated protein kinase

is required for nitric oxide synthase induction mediated by lipopolysac-

charide in RAW 264.7 macrophages. Mol Pharmacol 1999;55:481-8.

Wicken AJ, Knox KW. Lipoteichoic acid: new class of bacterial

antigen. Science 1975;187:1161-7.

Lonchampt MO, Auguet M, Delaflotte S, Goulin-Schulz J, Chabrier

PE, Braquet P. Lipoteichoic acid: a new inducer of nitric oxide

synthase. J Cardiovasc Pharmacol 1992;20:5145-7.

Kengatharan M, De Kimpe SJ, Thiemermann C, Vane JR. Character-

ization of the mechanism of enhanced nitrite formation by lipoteichoic

acid (from S. aureus) in cultured J 774.2 macrophage cells. Br J

Pharmacol 1995;115:9P.

[10] Sheu JR, Lee CR, Hsiao G, Hung WC, Lee YM, Chen YC,
Yen MH. Comparison of the relative activities of a-tocopherol and
PMC on platelet aggregation and antioxidative activity. Life Sci 1999;
65:197-206.

[11] SheulJR, Lee CR, Lin CC, Kan YC, Lin CH, Hung WC, Lee YM, Yen
MH. The antiplatelet activity of PMC, a potent a-tocopherol analogue
is mediated through inhibition of cyclooxygenase. Br J Pharmacol
1999;127:1206-12.

[12] Suzuki YJ, Packer L. Inhibition of NF-kappa B activation by Vitamin
E derivatives. Biochem Biophys Res Commun 1993;193:277-83.

[13] Wu CC, Ko FN, Kuo SC, Lee FY, Teng CM. YC-1 inhibits human
platelet aggregation through NO-independent activation of soluble
guanylate cyclase. Br J Pharmacol 1995;116:1973-8.

[14] Rothermund L, Friebe A, Paul M, Koesling D, Kreutz R. Acute blood
pressure effects of YC-1-induced activation of soluble guanylyl
cyclase in normotensive and hypertensive rats. Br J Pharmacol
2000;130:205-8.

[15] Gross SS, Stuehr DJ, Aisaka K, Jaffe EA, Levi R, Griffith OW.
Macrophages and endothelial cell nitric oxide synthesis: cell type
selective inhibition by NS-amino-arginine, N®-nitro-L-arginine and
NS-methyl-arginine. Biochem Biophys Res Commun 1990;170:
96-103.

[16] Mosmann T. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assay. J Immunol Meth
1983;65:55-63.

[17] Hsiao G, Shen MY, Chang WC, Cheng YW, Pan SL, Kuo YH, Chen
TF, Sheu JR. A novel antioxidant, octyl caffeate, suppression of LPS/
IFN-v-induced inducible nitric oxide synthase gene expression in rat
aortic smooth muscle cells. Biochem Pharmacol 2003;65:1383-92.

[18] Marczin N, Carolyn YG, Catravas JD. Induction of nitric oxide
synthase by protein synthesis inhibition in aortic smooth muscle cells.
Br J Pharmacol 1998;123:1000-8.

[5

—

[6

—

[7

—

[8

[t}

[9

[t



[19]

[20]

[21]

[22]

[23]

[24]

[25]

G. Hsiao et al./Biochemical Pharmacology 67 (2004) 1411-1419

Zhao Y, Brandish PE, DiValentin M, Schelvis JP, Babcock GT,
Marletta MA. Inhibition of soluble guanylate cyclase by ODQ.
Biochemistry 2000;39:10848-54.

Porsti I, Paakkari I. Nitric oxide-based possibilities for pharmacother-
apy. Ann Med 1995;27:407-20.

Kuo CT, Chiang LL, Lee CN, Yu MC, Bai KJ, Lee HM, Lee WS, Sheu
JR, Lin CH. Induction of nitric oxide synthase in RAW 264.7
macrophages by lipoteichoic acid from Staphylococcus aureus: in-
volvement of protein kinase C- and nuclear factor-kB-dependent
mechanisms. J Biomed Sci 2003;10:136-45.

Hattor Y, Kasai K, Akimoto K, Thiemermann C. Induction of NO
synthesis by lipoteichoic acid from Staphylococcus aureus in J774
macrophages: involvement of a CD 14-dependent pathway. Biochem
Biophys Res Commun 1997;233:375-9.

Grimm S, Baeuerle PA. Review article: the inducible transcription
factor NF-«kB structure—function relationship of its protein subunits.
Biochem J 1993;290:297-308.

Chan ED, Riches DWH. Potential role of the JNK/SAPK signal
transduction pathway in the induction of iNOS by TNF-o.. Biochem
Biophys Res Commun 1998;253:790-6.

Meyer CF, Wang X, Chang C, Templeton D, Tan TH. Interaction
between c-Rel and the mitogen-activated protein kinase kinase 1

[26]

[27]

[28]

[29]

[30]

[31]

[32]

1419

signaling cascade in mediating kappa B enhancer activation. J Biol
Chem 1996;271:8971-6.

Baeuerle PA, Henkel T. Function and activation of NF-kB in the
immune system. Annu Rev Immunol 1994;12:141-79.

Kengatharan M, De Kimpe SJ, Thiemermann C. Analysis of the signal
transduction in the induction of nitric oxide synthase by lipoteichoic
acid in macrophages. Br J Pharmacol 1996;117:1163-70.

Murohara T, Parkinson SJ, Waldman SA, Lefer AM. Inhibition of nitric
oxide biosynthesis promotes P-selectin expression in platelets. Role of
protein kinase C. Arterioscler Thromb Vasc Biol 1995;15:2068-75.
Pérez-Sala D, Cernuda-Morollon E, Diaz-Cazorla M, Rodriguez-Pasc-
ual F, Lamas S. Posttranscriptional regulation of human iNOS by the
NO/cGMP pathway. Am J Physiol Renal Physiol 2001;280:466-73.
Kiemer AK, Vollmar AM. Autocrine regulation of inducible nitric-
oxide synthase in macrophages by atrial natriuretic peptide. J Biol
Chem 1998;273:13444-51.

De Kimpe SJ, Hunter ML, Bryant CE, Thiemermann C, Vane JR.
Delayed circulatory failure due to the induction of nitric oxide
synthase by lipoteichoic acid from Staphylococcus aureus in anaes-
thetized rats. Br J Pharmacol 1995;114:1317-23.

Glauser MP, Zanetti G, Baumgartner JD, Cohen J. Septic shock:
pathogenesis. Lancet 1991;338:732-8.



	Inhibitory mechanisms of YC-1 and PMC in the induction of iNOS expression by lipoteichoic acid in RAW 264.7 macrophages
	Introduction
	Materials and methods
	Materials
	Cell culture
	Determination of nitrite concentration
	Cell viability
	Western blot analysis
	Isolation of total RNA and reverse-transcription polymerase chain reaction
	Endotoxic shock
	Statistical analysis

	Results
	Effects of PMC and YC-1 on nitrite production and iNOS expression in LTA-stimulated RAW 264.7 cells
	Effects of PMC and YC-1 on the expression of iNOS protein and mRNA in LTA-stimulated RAW 264.7 cells
	Effects of PMC and YC-1 on NF-kappaB and MAPK activations
	Effects of PMC and YC-1 on LTA-induced septic shock in vivo

	Discussion
	Acknowledgements
	References


