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The inhibitory action of butyrate on lipopolysaccharide-induced
nitric oxide production in RAW 264.7 murine macrophage cells
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The effect of butyrate, a natural bacterial product of colonic bacterial flora, on lipopolysaccharide
(LPS)-induced nitric oxide (NO) production in RAW 264.7 murine macrophage cells was studied.
Butyrate significantly reduced NO production in LPS-stimulated RAW cells. The inhibition was
abolished by the removal of butyrate. Butyrate also inhibited the expression of inducible type NO
synthase (iNOS) in LPS-stimulated RAW cells. Furthermore, butyrate prevented the activation of
nuclear factor (NF)-kB through the stabilization of IkB-0 and IKB-[3. Butyrate did not affect the
phosphorylation of mitogen-activated protein (MAP) kinases by LPS. It was, therefore, suggested that
butyrate down-regulated LPS-induced NO production in RAW cells through preventing the expression
of iNOS, and that it was due to the inhibitory action of butyrate on the activation of NF-kB.

INTRODUCTION

Butyrate is a short chain fatty acid derived from the metab-
olism of intestinal contents by gut bacteria and is present in
normal large intestines at a concentration range of 5-24
mM.! However, in conditions such as inflammatory bowel
diseases, the level of butyrate seems to be elevated.>* Bio-
active butyrate has been shown to modulate various
immune functions of the host, such as enhancement of
enzyme activities,* production of prostaglandin® and gene
expression of pro-inflammatory cytokines.>® Moreover,
butyrate is suggested to collaborate with bacterial lipo-
polysaccharide (LPS) in modulating immune functions of
the host.> Butyrate synergistically acts with LPS to induce
the production of pro-inflammatory cytokines and media-
tors.%>1% Nitric oxide (NO) exhibits a wide range of
immune functions, acting as a major regulatory molecule
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and principal cytotoxic mediator of the immune sys-
tem.!!"1* LPS is well known to enhance NO production in
macrophages.'* There are no reports on the effect of
butyrate on LPS-induced NO production in macrophages.
In the present study, we investigated the effect of sodium
butyrate on LPS-induced NO production in the RAW
264.7 murine macrophage cell line. Here we describe the
mechanism of the inhibitory action of butyrate on LPS-
induced NO production in RAW macrophage cells.

MATERIALS AND METHODS
Materials

LPS from Escherichia coli O55:B5 and sodium butyrate
was obtained from Sigma Chemical Co. (St Louis, MO,
USA). Stock solutions of LPS and sodium butyrate were
dissolved at 1 mg/ml and 100 mM in distilled water,
respectively. They were further diluted in culture medium
for experiments.

Cell culture

The RAW 267.4 murine macrophage cell line was
obtained from Health Science Resource Bank (Tokyo,
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Japan) and maintained in RPMI 1640 medium (Sigma)
containing 5% heat-inactivated fetal calf serum (Gibco-
BRL, Grand Island, NY, USA) at 37°C with 5% CO,.
The cells were washed gently with Hank’s balanced salt
solution (Sigma) and scraped from the dishes. The cells
were counted and seeded in a 96-well or 12-well plates.

Determination of nitrite concentration

Nitrite, as the end product of NO metabolism, was mea-
sured by using the Griess reagent as described else-
where.!> Culture supernatants (50 pl) were mixed with
100 pl of the Griess reagent, and the nitrite concentration
in the culture supernatant was measured 10 min after
mixing at an absorbance of 570 nm. The nitrite concen-
tration was determined with reference to the standard
curve using sodium nitrite. All data represent the mean
of triplicates + SD from four experiments.

Immunoblotting

RAW cells were cultured with butyrate (10 mM), LPS (1
Mg) or the mixture of butyrate and LPS in 35-mm culture
dishes (4 x 10° cells/dish) for 8 h. The cells were sus-
pended directly in a lysis buffer and boiled for 5 min at
100°C. The cell lysates containing an equal amount of
protein (20 pg/lane) were loaded onto a 4-20% gradient
gel, run under reducing conditions and transferred to the
membrane. The membranes were treated with 5% bovine
serum albumin for 1 h, rinsed and incubated with a 1:1000
dilution of rabbit anti-inducible type NO synthase (iNOS)
antibody (Upstate Biotechnology, Lake Placid, NY, USA)
or rabbit anti-IkB-a or anti-IkB-B antibody (New
England Biolabs, Beverly, MA, USA) for 1 h. The blots
were further treated with a 1:3000 dilution of peroxidase-
conjugated protein G for 1 h. The immune complex on the
blots was detected with enhanced chemiluminescence
substrate (New England Nuclear, Boston, MA, USA) and
exposed to Kodak XAR X-ray film. Rabbit antibodies
against extracellular signal-regulated kinase 1/2 (Erk1/2),
p38 or Jun-N-terminal kinase (SAPK/INK) and their
phospho-products (New England Biolabs) were also used.

Luciferase reporter gene assay for NF-KB activation

RAW cells (3 x 10°/ml) were seeded in 35-mm dishes and,
on the following day, transfected with 0.5 g of luciferase
reporter genes driven by 5 times tandem repeats of NF-kB
(pNFkB-Luc plasmid, PathDetect system, Stratagene, La
Jolla, CA, USA) and 0.5 pg of pPCMV-f3-gal plasmid'® by
the lipofectin method (Gibco-BRL, Gaithesburg, MD,
USA) for 8 h. After removal of the plasmids, the cells

were incubated for 48 h and further treated with butyrate
(10 mM), LPS (1 pg/ml) or the mixture of butyrate and
LPS for 8 h. The cells were lysed with 100 pl of the
reporter lysis buffer (Promega, Madison, WI, USA) for
measurement of the luciferase activity. The cell lysates

A 4
l:l Butyrate
Butyrate + LPS
2
0
0 2 4 8 10 20 40 50
Butyrate (mM)
B 4
LPS pre-exposure ’iiz S
2 i
g 27
T
=
0
C &6
Butyrate pre-exposure % gutyrate s
utyrate—=
3 ]
0
0 1 2
Time (h)

Fig. 1. Effect of butyrate on LPS-induced NO production in RAW 264.7
macrophage cells. (A) RAW cells were seeded in 96-well plates and
incubated with various concentrations of sodium butyrate in combination
with LPS (1 pg/ml) for 24 h. (B) RAW cells were exposed to LPS (1
pg/ml) for various times, washed to remove LPS, and further incubated
with sodium butyrate (10 mM) and LPS (1 pg/ml) for 24 h. (C) RAW cells
were exposed with sodium butyrate (10 mM) for various times, washed
and further incubated with LPS (1 pg/ml) for 24 h. The concentration of
nitrite in the culture supernatant was determined for NO production. The
concentration of nitrite (UM) is expressed as the mean value of triplicates
+SD.



(10 pl) were mixed with the luciferase substrate (100 pl),
and the luciferase activity was determined by a lumi-
nometer. The activity of [-galactosidase was measured
using o-nitro phenyl galactopyranoside as substrate and
used for normalizing transfection efficiencies. All bar dia-
grams are shown as the mean + SD of two experiments in
which each transfection was performed in duplicate.

RESULTS

Effect of butyrate on LPS-induced NO production in
RAW cells

The effect of various concentrations of butyrate on LPS-
induced NO production was examined by using RAW
264.7 cells (Fig. 1A). Butyrate at concentrations ranging
from 2 to 50 mM reduced NO production in LPS-stimu-
lated macrophages in a dose-dependent manner. Butyrate
alone did not affect NO production at any concentration
tested. In addition, butyrate alone or in combination with
LPS exhibited no cytotoxic effect on RAW cells, suggest-
ing that reduced NO production was not due to cell dam-
age by butyrate. Next, the effect of butyrate on
LPS-pretreated RAW cells was examined (Fig. 1B). RAW
cells were pre-exposed with LPS (1 pg/ml) for 1, 2, 4 and
6 h, washed to remove LPS and incubated with fresh cul-
ture medium containing sodium butyrate (10 mM) for 24
h. The addition of butyrate to the cultures of LPS-pre-
treated RAW cells significantly reduced LPS-induced NO
production. The inhibitory action of butyrate was effec-
tive even when it was added 6 h after LPS stimulation.
Subsequently, we examined LPS-induced NO production
in butyrate-pretreated RAW cells (Fig. 1C). RAW cells
were cultured with sodium butyrate (10 mM) for 1-5 h,
and then butyrate was removed from the cultures by
washing. Butyrate-pretreated and untreated RAW cells
were further incubated with LPS (1 pg/ml) for 24 h to
determine NO production. There was no significant dif-
ference in LPS-induced NO production between butyrate-
pretreated and untreated RAW cells, suggesting that an
inhibitory action of butyrate on LPS-induced NO produc-
tion could be reversed by the removal of butyrate. The
inhibition of LPS-induced NO production by butyrate
seemed to require the continuous presence of butyrate.

Effect of butyrate on LPS-induced iNOS expression in
RAW cells

Since butyrate inhibited LPS-induced NO production in
RAW cells, the expression of iNOS was examined in
RAW cells treated with butyrate, LPS or the mixture of
LPS and butyrate (Fig. 2). The immunoblotting analysis
clearly demonstrated the band of iNOS protein in LPS-
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Fig. 2. Effect of butyrate on LPS-induced iNOS expression in RAW 264.7
macrophage cells. The cells were cultured with sodium butyrate (10 mM),
LPS (1 pg/ml) or the mixture of butyrate and LPS for 8 h. The expression

of iNOS protein was detected by an immunoblotting method.

stimulated RAW cells. On the other hand, the expression
of iNOS was not detected in RAW cells treated with the
mixture of butyrate and LPS, suggesting that butyrate
inhibited the iNOS expression in LPS-stimulated RAW
cells.

Effect of butyrate on LPS-induced NF-KB activation in
RAW cells

LPS-induced NO production via iNOS is reported to be
mainly dependent on the activation and translocation of
NF-kB.!718 Therefore, we investigated the effect of
butyrate on the activation of NF-kB in LPS-stimulated
RAW cells (Fig. 3). The NF-KB activation was measured
by NF-kB-dependent luciferase reporter gene activity.
LPS significantly augmented luciferase reporter gene
activity, indicating NF-kB activation, whereas butyrate
completely repressed it. Treatment with butyrate alone

4
&
=
st
«
2
g
&
2 27
L
2=
K|
O - S
-4
0
None Butyrate LPS  Butyrate
+
LPS

Fig. 3. Effect of butyrate on LPS-induced NF-KB activation in RAW
264.7 macrophage cells. The cells transfected with the NF-kB-dependent
reporter genes were incubated with sodium butyrate (10 mM), LPS (1
Hg/ml) or the mixture of LPS and sodium butyrate for 8 h. Values are
expressed as the mean + SD for two experiments in which each
transfection was performed in duplicate.
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Fig. 4. Effect of butyrate on LPS-induced degradation of IKB-a and IkB-3
in RAW 267.4 macrophage cells. The cells were incubated with sodium
butyrate (10 mM), LPS (1 pg/ml) or the mixture of LPS and butyrate for 1
h. The expression of IKB-a and IKB-f3 proteins were detected by an
immunoblotting method.

did not affect reporter gene activity. The inhibitory
action of butyrate on LPS-induced NO production might
be due to the repression of NF-kB activation.

Effect of butyrate on LPS-induced degradation of IKB-a
and IKB-[3in RAW cells

The effect of butyrate on IkB-a and IkB-3 degradation
was examined to clarify the inhibitory action of butyrate
on LPS-induced NF-KB activation (Fig. 4). The expres-
sion of IkB-a and IkB- protein was studied in RAW
cells stimulated with LPS in the presence or absence of
butyrate. The immunoblotting analysis demonstrated
that LPS did not affect the constitutive expression of
IkB-a and IkB-P in the presence of butyrate, although it
markedly down-regulated IkB-0 and IKB-3 expression
in the absence of butyrate. Butyrate seemed to inhibit
LPS-induced degradation of IKB-a and IKB-f3 in RAW
cells and stabilize them.

Effect of butyrate on the phosphorylation of various
mitogen-activated protein (MAP) kinases in RAW cells
treated with LPS

In the preceding section, we found that NF-KB signaling
played a crucial role in the inhibition of LPS-induced NO
production by butyrate. It was of interest whether MAP
kinases as well as NF-KkB participated in the down-regula-
tion of LPS-induced NO production by butyrate. We stud-
ied the effect of butyrate on the phosphorylation of
Erk1/2, p38 and Jun-N-terminal kinase (JNK) — MAP
kinases which are closely related to LPS-induced macro-
phage activation.!®* By an immunoblotting method using

anti-phospho-MAP kinase antibody, butyrate did not
inhibit LPS-induced phosphorylation of Erk1/2, p38, and
JNK/SAPK MAP kinase (data not shown). These results
indicate that a series of MAP kinases tested might not be
involved in the inhibition of LPS-induced NO production
by butyrate.

DISCUSSION

In the present study, we demonstrated that butyrate inhib-
ited LPS-induced NO production in RAW 264.7 macro-
phage cells by preventing iNOS expression. As far as we
know, this is the first report concerning the inhibitory
action of butyrate on NO production in LPS-stimulated
macrophages. Butyrate seems to be an important bacterial
modulator of NO production in macrophages. Butyrate is
already known to modulate various immune functions,
such as the production of colony-forming factor,’ inter-
leukin-8,° prostaglandin E,,’ antibody,*** and tumor
necrosis factor (TNF)-0.°> Butyrate is also capable of
increasing lysozyme production by monocytic cells.”
Furthermore, butyrate synergistically acts with LPS to
induce the production of pro-inflammatory cytokines and
mediators.®>!° In the present study, however, butyrate
counteracted LPS in NO production by macrophages. The
synergistic action of butyrate and LPS was mostly
observed in epithelial cells,5*1° whereas butyrate down-
regulated LPS-induced TNF-0 production in Kupffer
cells. The discrepancy in the actions of butyrate might be
elucidated by the difference in cell types. Thus, in inflam-
matory bowel disease, butyrate and LPS could modulate
the immune function of macrophages in a complicated
fashion.

The inhibitory action of butyrate on LPS-induced
iNOS expression and NO production seemed to be due
to the down-regulation of NF-KB activation. Moreover,
the present study demonstrated that butyrate inhibited
the degradation of IKB-a and IKB-3 molecules for NF-
KB activation. Therefore, butyrate seems to inhibit NF-
KB activation through the stabilization of IkB-a and
IKkB-, although we did not confirm the inhibition of NF-
KB translocation by butyrate. Based on the fact that the
induction of iNOS in LPS-stimulated macrophages is
dependent on NF-KB activation,!”!® the inhibitory action
of butyrate on LPS-induced NO production might be
essentially caused by the stabilization of IKB. The down-
regulation of NF-kB through IKB by butyrate has also
been reported in a colonic epithelial cell line.** Further-
more, our finding is consistent with the report that
butyrate inhibits NF-kB-dependent TNF-a production in
LPS-stimulated Kupffer cells.> On the other hand,
butyrate induced interleukin-8 production in intestinal
epithelial cells through NF-kB activation.® Therefore, NF-
KB, which plays a central role in regulating immune and



inflammatory response, was the important target of
butyrate. In addition, it is unlikely that Erk1/2, p38 and
JNK/SAPK MAP kinases might be target molecules of
butyrate in the inhibition of LPS-induced NO production.

Macrophages as inflammatory cells might be exposed
to butyrate and LPS in conditions of inflammatory bowel
disease. It is reasonable that butyrate might down-regulate
LPS-induced NO production in activated macrophages.
NO is a principal cytotoxic mediator of activated immune
effector cells.!'"'* As a cytotoxic effector molecule, NO
has been shown to inhibit the growth and function of
infectious agents.!*!* Therefore, it is likely that butyrate, a
metabolite derived from bacteria, might reduce the pro-
duction of cytotoxic NO by immune effector cells to
escape from the protective mechanisms of the host. On the
other hand, the host might recognize the presence of LPS,
a bacterial product from the outer membranes of Gram-
negative bacteria, and induce the production of cytotoxic
NO molecules by activated immune effector cells. The
phenomenon found in the present study might indicate the
delicate balance of the host-parasite relationship.
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