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In this paper, we investigated the inhibitory mechanism of the production of nitric oxide (NO) by polyanions
and liposomes composed of phosphatidylserine (PS-liposomes) focusing on cytokine production and mitogen ac-
tivated protein kinase (MAP kinase) activation. NO production by macrophages was inhibited by treatment with
oxidized lipoprotein (OxLDL), maleylated bovine serum albumin (mBSA), and heparin. No inhibitory effect was
exhibited by poly-cytidilic acid (PolyC). To clarify the mechanism of the inhibitory effect of polyanions on NO
production, we evaluated the productions of transforming growth factor-8 (TGF-B) and interleukin (IL)-10
which are known to be anti-inflammatory cytokines. TGF-f8 was produced when macrophages were treated with
OxLDL as was the case with PS-liposomes. No increase in TGF-f production was observed for mBSA, heparin,
and PolyC. On the other hand, significant production of IL-10 was observed using mBSA. Extracellular signal-
regulated kinase (ERK), a member of the MAP kinase superfamily, was activated when macrophages were
treated with OxLDL as well as PS-liposomes. In the case of mBSA, the activation of ERK and c-Jun N-terminal
kinase (JNK) was observed. No activation of p38 MAP kinase was observed using any of the polyanions. Al-
though heparin had an inhibitory effect on NO production by macrophages, no activation of MAP kinase or pro-
duction of TGF-f and IL-10 was observed. The inhibitory effect of these ligands on NO production may be regu-
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lated via different signaling pathways.
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Nitric oxide (NO) is an endogenously synthesized free rad-
ical gas that has been demonstrated to modulate a variety of
cellular and physiological processes."? Activated macro-
phages express inducible NO synthase (i-NOS) in response
to lipopolysaccharide (LPS) or a variety of cytokines, and
NO derived from i-NOS is an important mediator of acute or
chronic inflammation, and also contributes to the killing of
virally infected cells, tumor cells and some pathogens.> >

Negatively charged liposomes composed of anionic phos-
pholipids such as phosphatidylserine (PS) are preferentially
taken up by phagocytic cells, especially macrophages,
through receptors such as class A and B scavenger
receptors,®” CD68.® vitronectin receptor,” and PS-specific
receptor.'” Fadok et al. reported extensively on the PS-spe-
cific receptor-mediated recognition and endocytosis of PS-
expressing apoptotic cells by macrophages.'” We have al-
ready reported that PS-liposomes inhibited the production of
NO by macrophages stimulated with LPS, and demonstrated
that PS-liposomes interact with macrophages through PS-
specific receptors, leading to the production of transforming
growth factor-f8 (TGF-f) via the activation of extracellular
signal-regulated kinase (ERK) and finally, the TGF-f pro-
duced by PS-liposomes inhibited NO production in macro-
phages.'>'¥ We also investigated the effects of other nega-
tively charged materials (polyanions), which are recognized
as ligands for scavenger receptors, on NO production, and
found that oxidized lipoprotein (OxLDL), maleylated bovine
serum albumin (mBSA), and heparin, but not acetyl-LDL or
PolyC, inhibited NO production by macrophages stimulated
with LPS.'"Y However, the receptors for these ligands differ,
and it is not clear how the ligands inhibit the production of
NO in macrophages stimulated with LPS.

In this paper, we investigated the inhibitory mechanism of
NO production induced by these ligands in mouse peritoneal
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macrophages focusing on cytokine production and mitogen
activated protein (MAP) kinase activation.

MATERIALS AND METHODS

Materials PS from bovine brain, lipopolysaccharide
(LPS) from Escherichia coli (serotype 0111; B4), Poly-
Cytidylic acid (PolyC), human LDL, and recombinant human
interleukin (IL)-10 were purchased from Sigma Co., Ltd.
Heparin and bovine serum albumin (BSA, fraction V) were
purchased from LKT Laboratories, Inc. and Boehringer
Mannheim Co., respectively. Anti-mouse TGF-f1 antibody,
biotinylated anti-mouse TGF-1 antibody, anti-mouse IL-10
antibody, biotinylated anti-mouse IL-10 antibody and recom-
binant human TGF-f were purchased from R&D systems.

Preparation of OxLDL and mBSA Copper OxLDL
was prepared by incubating LDL (250 pg/ml) with Cu(Ac),
(5 um) in phosphate-buffered saline at 37 °C for 24 h as de-
scribed by Yang et al.'® The extent of oxidation was esti-
mated by measuring lipid peroxidation in terms of the
amount of thiobarbituric acid reactive substance expressed as
nmol of malondialdehyde. mBSA was prepared according to
the procedures of Sakai et al.'®

Preparation of Liposomes Multilamellar liposomes
were prepared by vortexing and passed through a membrane
filter (0.45 um; Corning Glassworks, Corning, NY, U.S.A.)
before use. The lipid composition of liposomes was PS: PC:
cholesterol=2:1:1 (PS-liposomes).

Preparation of Macrophages Animal use and relevant
experimental procedures were approved by the Tokyo Uni-
versity of Pharmacy and Life Science Committee on the Care
and Use of Laboratory Animals. C3H/HeN mice (male, 6—8
weeks old, Japan SLC Inc., Shizuoka) were injected in-
traperitoneally with 1.0 ml of 3% thioglycollate (Difco Labo-
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ratory, Detroit, MI, U.S.A.). On day 4, the peritoneal macro-
phages were prepared according to our previous method.!”

Nitrite Assay Macrophages (1X10° cells/well) were
treated with several negatively charged ligands for at least
24h, and then further incubated for 48h with LPS (10
ug/ml). NO production was estimated by measuring the
amount of nitrite in the culture supernatant using Griess
reagent as described by Stuehr and Nathan.'® In brief, an
aliquot of the conditioned medium was mixed with an equal
volume of 1% sulfanilamide and 0.1% N-1-naphthyletylene-
diamine dihydrochloride in 5% phosphoric acid. The ab-
sorbance at 540nm was measured to evaluate NO produc-
tion. Sodium nitrite diluted in HBSS was used to generate a
standard curve.

Detection of TGF-B and IL-10 Macrophages (5X10°
cells/well) were treated with several polyanions and super-
natants were collected the appropriate time. TGF-f1 and IL-
10 concentrations were determined by ELISA using pairs of
purified capture and biotinylated detection antibodies recog-
nizing murine TGF-f1, B2, B3 and IL-10, respectively, ac-
cording to the manufacturer’s instructions (BD Biosciences).

Western Blotting Analysis Macrophages (1X10° cells/
well) were treated with several negatively charged ligands for
specific periods. Cells were then lysed using our previous
method. For the determination of phosphorylated ERK, p38,
or c-Jun N-terminal kinase (JNK) protein, cell lysates were
separated by 12% SDS-PAGE, blotted on Immobilion P
membranes (Nihon Millipore, Tokyo, Japan) and analyzed
using a Phospho plus p44/p42 MAP Kinase (Thr202/Tyr204)
Antibody Kit, Phospho plus p38 MAP Kinase (Thrl180/
Tyr182) Antibody Kit or Phospho plus SAPK/JNK (Thr183/
Tyr185) Antibody Kit (Cell Signaling Technology, Inc., Bev-
erly, MA, U.S.A.), respectively.

Statistical Analysis The statistical significance of mean

(A) (B)
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comparisons was determined by ANOVA with Duncan’s test
for multiple comparisons. The p-values for significance were
setat 0.01.

RESULTS AND DISCUSSION

Inhibition of NO Production by Various Negatively
Charged Ligands We previously reported that negatively
charged liposomes inhibited the production of NO in mouse
peritoneal macrophages stimulated with LPS.'” It is well es-
tablished that negatively charged liposomes are recognized
and taken up via scavenger receptors.'” Several types of
scavenger receptors have been reported to be present on the
macrophage surface,”” and not only chemically modified
LDL, mBSA, and selected polysaccharides but also nega-
tively charged phospholipids such as PS could serve as lig-
ands. Therefore, we investigated the effects of negatively
charged ligands (polyanions) on NO production in thiogly-
collate-elicited mouse peritoneal macrophages. The produc-
tion of NO was inhibited by treatment with PS-liposome,
mBSA, OxLDL, and heparin in a dose dependent manner.
However, in comparison with PS-liposomes (125 ug
lipid/ml), the inhibitory effects of these anions were weak
(Figs. 1A—D). No inhibitory effect was exhibited by PolyC
(Fig. 1E).

Induction of TGF-B and IL-10 by Various Negatively
Charged Ligands TGF-f and IL-10 are known to be anti-
inflammatory cytokines, and both inhibit the production of
NO by macrophages.'>?" The former contributes to numer-
ous physiological processes, including cell growth, differen-
tiation, and the down-regulation of proinflammatory cytokine
production in macrophages.”** TGF-f8 was produced when
macrophages were treated with PS-liposomes, and TGF-f
was involved in the inhibitory effect on NO production by
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Effects of Polyanions on NO Production in Macrophages Stimulated with LPS

Macrophages (5X 10° cells/well) were pretreated with various concentrations of PS-liposomes, mBSA, OxLDL, heparin, and PolyC for 24 h. The macrophages were then stimu-
lated with 10 ug/ml of LPS for 48 h, and NO production was evaluated as described in Materials and Methods. Asterisks (*) indicate p values of <0.01 versus LPS only stimu-

lated.
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Fig. 2. Production of TGF-f by Macrophages Treated with Indicated
Polyanions

Macrophages (5X10° cells/well) were treated with PS-liposomes (125 ug lipid/ml),
mBSA (250 ug/ml), OxLDL (20 ug/ml), heparin (100 pg/ml), and PolyC (50 ug/ml) for
24 h. The supernatants of macrophage cultures were collected and TGF-f was meas-
ured as described in Materials and Methods. The values are means*S.D. of triplicate
cultures from three independent experiments. Asterisks (*) indicate p values of <0.01
versus unstimulated cells.
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Fig. 3. Production of IL-10 by Macrophages Treated with Indicated
Polyanions

Macrophages (5X10° cells/well) were treated with PS-liposomes (125 ug lipid/ml),
mBSA (250 ug/ml), OXLDL (20 pg/ml), heparin (100 pg/ml), and PolyC (50 pg/ml) for
24 h. The supernatants of macrophage cultures were collected and IL-10 was measured
as described in Materials and Methods. The values are means=S.D. of triplicate cul-
tures from three independent experiments. Asterisks (*) indicate p values of <0.01
versus unstimulated cells.

PS-liposomes. However, no production of IL-10 was ob-
served.'¥ To clarify the mechanism of the inhibitory effect of
polyanions on NO production, we evaluated the production
of these cytokines by macrophages following treatment with
polyanions. As shown in Fig. 2, TGF-f production was ob-
served when macrophages were treated with OXxLDL as is the
case with PS-liposomes. No increase in TGF-f production
was observed using mBSA, heparin, and PolyC.

On the other hand, significant production of IL-10 was
observed when macrophages were treated with mBSA (Fig.
3). Although PS-liposomes, OxLDL, mBSA and heparin all
have show inhibitory effects on NO production, their effects
on cytokine production differ, suggesting the involvement of
a different inhibitory mechanism for each ligand.

Effects of Negatively Charged Ligands on MAP Kinase
Activation Mitogen-activated protein (MAP) kinases are
composed of three principal family members, extracellular
signal-regulated kinase (ERK), c-jun N-terminal kinase or
stress-activated protein kinase (JNK/SAPK), and p38 MAP
kinase.’® These kinases have been shown to be intimately in-
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Fig. 4. Effects of Various Polyanions on Phosphorylation of the MAP Ki-
nase Superfamily, ERK, JNK, and p38

Macrophages (1X10° cells/dish) were treated with PS-liposomes (125 ug lipid/ml),
heparin (100 pg/ml), OXLDL (20 pg/ml), mBSA (250 ug/ml), and PolyC (50 ug/ml) for
the periods indicated. Macrophage lysates were analyzed by Western blotting as de-
scribed in Materials and Methods.

volved in cell proliferation, differentiation, apoptosis, and in-
flammation.”>?® We have recently reported that PS-lipo-
somes activated ERK, and the ERK signaling pathway might
be one of the mechanisms that lead to TGF- 3 production fol-
lowing PS-liposome treatment. This is supported by the find-
ing that the addition of an inhibitor for ERK reduced signifi-
cantly the production of TGF-f. Consequently, we evaluated
the effects of polyanions on MAP kinase activation by meas-
uring tyrosine phosphorylation with a Western blotting. As
shown in Fig. 4, tyrosine phosphorylation of ERK increased
when macrophages were treated with OxLDL for 5 and
15 min as well as PS-liposomes. In the case of mBSA, band
intensities of tyrosine phosphorylated ERK were remarkably
high at Smin and returned to the control levels at 15min
after treatment. Furthermore, mBSA activated JNK at 5 min.
Additionally, PolyC activated both ERK and JNK at 15 min
after treatment. No activation of p38 MAP kinase was ob-
served with any of the polyanions. Although heparin had an
inhibitory effect on NO production in macrophages, no acti-
vation of the MAP kinase superfamily was observed under
our experimental conditions.

The characteristics of several types of scavenger receptor
have been reported. Scavenger receptor class-A (type I/II)
has affinity for OxLDL, acetyl LDL, mBSA, and dextran sul-
fate, but not for PS-liposomes. Scavenger receptor class-B
(SR/BI and CD36) has affinity for OXLDL, acetyl-LDL, and
PS-liposomes.'**"*® Fadok et al. reported extensively on the
PS-specific receptor-mediated recognition and endocytosis of
PS-expressing apoptotic cells by macrophages.'” PS-lipo-
somes interact with macrophages through PS-specific recep-
tors, leading to the production of TGF-f via the activation of
ERK, and finally, the TGF-f produced by PS-liposomes in-
hibited NO production by macrophages.'” OxLDL affected
cytokine production and MAP kinase activation similar to
PS-liposomes, suggesting the contribution of a PS-specific
receptor to the inhibitory effect of OxLDL on NO produc-
tion. Furthermore, the contribution of scavenger receptor
class-B to inhibitory effect of OxLDL was also suggested.
With mBSA, cytokine production and MAP kinase activation
were different from those with PS-liposomes. Scavenger re-
ceptor class-A has affinity for mBSA, suggesting that liga-
tion scavenger receptor class-A causes the activation of MAP
kinases (ERK and JNK) and production of IL-10, and this
pathway contributes to the inhibition of NO production.
Macrophage scavenger receptors exhibit an unusually broad
specificity, and polynucleotide binding to macrophages
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depends on the formation of base-quartet-stabilized four-
strand helices, and PolyC is not a ligand for scavenger re-
ceptors.”” On the other hand, complement receptor Mac-1
(CD11b/CD18) functioned as a receptor for the binding of an
oligodeoxynucleotide,*” suggesting that signaling via com-
plement receptors has no effect on the production of NO by
macrophages stimulated with LPS. Nakamura ez al. reported
that heparin has an affinity for scavenger receptor class-A in
Kupffer cells.’” However, heparin did not affect MAP kinase
activation and cytokine production, suggesting the contribu-
tion of some receptor(s) other than scavenger receptors or the
PS-receptor.

The inhibition of NO production by several ligands for
scavenger receptors does not appear to be due to the forma-
tion of a ligand-LPS or ligands competing for the LPS recep-
tor, and scavenger receptors and or some other receptor(s)
are suggested to contribute to this inhibition.'****¥ Studies
are currently underway to clarify the difference between
these ligands in the inhibitory effect on NO production by
macrophages stimulated with LPS.
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